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Combination therapy with direct-acting antivirals including nucleotide analogs 

(NAs) and non-nucleoside inhibitors (NNIs) targeting the RNA-dependent RNA 

polymerase NS5B have seen recent advancements and have dramatically improved the 

potency of Hepatitis C Virus (HCV) treatment. However, other than the identification of 

their site of action, very little is known about the inhibition mechanisms of these 

clinically relevant drugs. Lately, our lab has developed robust kinetic assays to 

characterize de novo RNA synthesis catalyzed by HCV NS5B, and then applied the 

assays to examine the mechanistic basis of action and to establish kinetic parameters 

governing the efficacy of various clinically relevant NAs and NNIs provided by three 

pharmaceutical companies (Gilead Sciences, Inc., Alios Biopharma and AbbVie Inc.). In 

addition, to probe the enzyme conformational dynamics of NS5B from de no initiation to 

elongation in the presence and absence of allosteric inhibitors, we collaborated with Dr. 

Patrick Wintrode on Hydrogen Deuterium exchange kinetics and Dr. Serdal Kirmizialtin 

on Molecular Dynamics simulations. Together, our collaborative efforts have provided a 

fundamental understanding of RNA-dependent RNA replication catalyzed by the HCV 

viral polymerase NS5B, and have established the inhibition mechanisms of anti-HCV 
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agents. This work offers significant insights to aid the development of more effective 

drugs against HCV. 
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Chapter 1: Introduction 

1.1 PROJECT SUMMARY 

The work reported in this dissertation aims to kinetically characterize Hepatitis C 

Viral RNA-dependent RNA polymerase (RdRp) NS5B, investigate the inhibition 

mechanisms of frontline drugs developed targeting HCV NS5B and probe the enzyme 

dynamics of NS5B from de no RNA synthesis. Our work established a robust activity 

assay for assessing different phases of HCV replication by NS5B and provided the 

platform for screening of HCV drugs and understanding their mechanisms of inhibition. 

Chapter 1 provides a comprehensive review of Hepatitis C Virus with focus on its RdRp-

NS5B. Chapter 2 reports the mechanistic basis of NS5B inhibition by Palm site and 

Thumb site I non-nucleoside inhibitors, whereas Chapter 3 demonstrates the NS5B 

inhibition mechanism by Thumb site II non-nucleoside inhibitors. Chapter 4 examines the 

kinetics of incorporation and nucleotide-dependent excision of nucleotide analogs against 

NS5B and offers new perspectives for the evaluation of analog efficacy. In Chapter 5, we 

probe the dynamics of β-loop motions in NS5B from initiation to elongation using a 

combination approach of Molecular Dynamics simulations and pre-steady state kinetics. 

Chapter 6 summarizes our preliminary attempt to explore the conformational changes of 

NS5B by labeling the enzyme with a fluorophore. Lastly, Chapter 7 transitions to the 

work completed on kinetics characterization of HIV Reverse Transcriptase mutants to 

examine previously reported conformational dynamics of HIV RT by MD simulations 

(1). 

1.2 SIGNIFICANCE OF HEPATITIS C VIRAL INFECTION 

Prior to its discovery in 1989, the Hepatitis C Virus (HCV) was named non-A, 

non-B hepatitis due to the identification of hepatitis cases that were not associated with 
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Hepatitis A or B viruses (2,3). To date, approximately 180 million people worldwide are 

infected with HCV (4). HCV is a small, single-stranded, positive-sense (+) RNA virus 

from the Flaviviridae virus family. Other well-known human viruses from this virus 

family include Dengue, West Nile and Yellow Fever. While most of these viruses in the 

family are arthropod-borne, the transmission of HCV is primarily via blood-to-blood 

contact, and although the original spread of the virus is attributed to blood transfusion, 

currently new infections are most frequently caused by intravenous drug use (5,6). 

Chronic infections will develop into hepatitis, leading to liver fibrosis, cirrhosis, and 

cancer such as hepatocellular carcinoma (7,8). HCV has become the most common 

reason for liver transplantation in the United States. Furthermore, six different HCV 

genotypes have been identified throughout the world, classified as genotype 1-6. Within 

each genotype, it further divides into subtypes a, b, c etc. (9,10). The diverse genotypes 

respond very differently to prior interferon-based antiviral treatment, thus making 

targeted therapies as well as vaccine development challenging (11). Currently, genotype 

1 is the most prominent HCV genotype in the United States, which accounts for almost 

75% of HCV-infected patients in the country (12). 

1.3 HCV LIFE CYCLE  

A HCV viral infection starts off by extracellular HCV virus particles initiating 

contact with the host receptor molecules on the surface of a cell as illustrated in Figure 

1.1 (13). Viral entry is granted through receptor-mediated endocytosis. Facilitated by 

HCV glycoproteins, the enveloped viral membranes are fused into cell membranes, 

releasing its viral RNA that is enclosed by a nucleocapsid into the cytoplasm. 

Subsequently, the positive sense genomic RNA is translated to a single viral polyprotein 

that is cleaved into ten viral proteins, from which six proteins constitute the HCV 
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replication module. HCV viral replication mainly occurs at the endoplasmic reticulum 

(ER) where a membranous web forms through both viral and cellular factors. Viral RNA 

amplification is achieved by RNA synthesis of positive RNA strands using intermediate 

negative RNA strands as a template. Meanwhile, the newly systemized viral RNA is 

packed into nucleocapsids and coated with HCV glycoproteins to form nascent virions. 

These virions later reach maturity by budding into ER and processing through the cellular 

secretory pathway. Finally, the mature virions burst out of the cell to complete the viral 

life cycle and are ready to infect other cells.  
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Figure 1.1 Schematic diagram of HCV life cycle. This figure is from (13), showing the 
steps of HCV infection inside a cell. (1) Interaction between virion and host receptor at 
the cell surface; (2) Viral entry by endocytosis; (3) Membrane fusion to release viral 
RNA; (4) Translation of genomic RNA to produce single viral polyprotein and further 
developed into 10 viral proteins; (5) Viral replication complex assembly for HCV 
replication on membranous web; (6) Virion assembly and budding into ER; (7) Virion 
maturation via cellular secretory pathway; (8) Mature virion is released from the cell and 
completes its life cycle. 
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1.4 HCV GENOME ORGANIZATION 

The HCV genome is about 9.6 kb in length and is replicated by its RNA-

dependent RNA polymerase requiring de novo initiation for RNA synthesis (14). The 

open reading frame (ORF) encodes for a single polyprotein that is composed of three 

structural proteins (Core, E1, and E2) and seven nonstructural proteins (p7, NS2, NS3, 

NS4A, NS4B, NS5A, and NS5B) as represented in Figure 1.2A (15). Polyprotein 

cleavage of structural proteins is mediated by cellular peptidases whereas cleavage of 

non-structural proteins is processed by viral proteases (16). Both ends of HCV genome 

are flanked by highly structured Non-Translated Regions (NTRs). The 5’ NTR serves as 

an internal ribosome entry site (IRES) for recruitment of ribosomes to facilitate viral 

translation (17). 

The structural core protein (C) contains a hydrophobic C-terminus and assembles 

into the nucleocapsid for harboring viral nucleic acids (18). E1 and E2 are two envelope 

glycoproteins ubiquitously covering the surface of nucleocapsid and are responsible for 

interacting with host receptors for membrane fusion and viral entry (19,20). All three 

structural proteins described above, together with nonstructural protein p7 and NS2 (21), 

are recognized as the assembly module for HCV virion morphogenesis.  

The replication module forming HCV replication complex involves NS3, NS4A, 

NS4B, NS5A and NS5B(15). NS3 is a dual function enzyme possessing N-terminal 

serine protease activity and C-terminal ATP-dependent helicase activity (22). Using 

NS4A as a cofactor, NS3-4A not only acts to cleave nonstructural viral proteins, but also 

slices adaptor proteins for innate immunity signaling to interrupt the host immune 

response (23). Almost all peptic segments of NS4B were identified to be membrane-

associated, as the result, NS4B aids in the formation of a membranous web to allow HCV 

replication taking place at the membrane surface of endoplasmic reticulum (24,25). 
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NS5B is the RdRp core of the replication complex with a molecular weight of 68 kDa. 

Due to its essential role in viral replication, NS5B is primarily targeted for antiviral 

treatment. Although small molecule inhibitors targeting NS5A have been discovered and 

approved to be part of the anti-HCV regimen, the exact function of NS5A is still not well 

understood. Previous studies have demonstrated that NS5A is phosphorylated in cells, 

and because it is an RNA binding protein, it was proposed to interact with NS5B and 

assist in HCV replication (26). Overall, most HCV nonstructural proteins do not 

participate directly in viral replication but are associated with providing structural support 

or modulating interactions with host factors to thrive in host cells (27). Figure 1.2B is the 

membrane topology diagram indicating the location and major functions of each HCV 

viral proteins. 
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Figure 1.2 HCV viral genome and membrane topologies. This figure is reproduced from 
(15). (A) The HCV single-stranded RNA encoding a single open reading frame (ORF) for 
10 viral proteins and is flanked by 5′ and 3′ non-translated regions (NTRs) with predicted 
secondary structures shown. The 5′ NTR forms the internal ribosome entry site (IRES). 
(B) Membrane topologies displaying major functions of the HCV viral proteins after 
cleavage. 
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1.5 DE NOVO RNA SYNTHESIS FOR HEPATITIS C VIRAL REPLICATION  

NS5B catalyzes HCV RNA replication in the absence of a primer. De novo RNA 

synthesis can be divided into three distinct mechanistic phases: Initiation, Transition, and 

Elongation as illustrated in Figure 1.3 (28,29). 1) Initiation of RNA replication is slow 

and inefficient and often leads to the accumulation of short abortive products (30). The 

3’-end of the RNA acts as a template to direct the formation of the initial dinucleotide 

primer (31); 2) Followed by gradually incorporating 2-3 more nucleotides, a Transition 

phase occurs in which the polymerase undergoes drastic structural changes to switch 

from the initiation to elongation mode; 3) RNA replication during Elongation is rapid and 

highly processive (32,33). Because of large differences observed in the Km values for 

nucleotide incorporation in initiation and elongation phases of RNA synthesis, NS5B is 

believed to adopt two different conformations during initiation and elongation (34).  

 

 

 

Figure 1.3 Reaction scheme illustrating the de novo RNA synthesis by NS5B from 
initiation and transition to elongation. 
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1.6 STRUCTURAL DYNAMICS OF HCV VIRAL POLYMERASE NS5B 

HCV NS5B adopts the typical right-hand shape morphology shared by most 

polymerases in the Pol A family. The central “palm” domain harbors catalytic residues 

that coordinate with divalent metal ions to carry out nucleotidyl transfer reactions, with 

the “fingers” and “thumb” domains dwelling on each side (35). Overall, NS5B appears in 

a closed-fist conformation as displayed in Figure 1.4 with its active site encircled by 

extensions from the fingers domain and blocked by a β-loop from the thumb domain as 

well as a C-terminal tail (36–38). Hence, NS5B is unable to bind long double-stranded 

RNA from solution. In fact, the RNA binding pocket may only able to accommodate up 

to a tri-nucleotide (39), making structural and kinetic characterization of NS5B 

elongation complex very challenging. However, deletion of the β-loop from NS5B 

allowed enzyme binding to a short RNA duplex (40), and afforded crystallization of a 

NS5B ternary complex with RNA duplex bound (41). These studies implied that although 

β-loop is necessary to facilitate NS5B initiation, it must swing out of the active site as the 

enzyme switches from initiation to elongation modes during the transition phase (42). 

Recently, Gilead has obtained another NS5B ternary complex trying to mimic the NS5B 

elongation complex, but crystalized with the β-loop truncation mutant to accomodate 

longer and larger RNA duplex (43). Other crystal structures of NS5B reported are in 

complex with inhibitors, NTPs and short ssRNA (44). Unfortunately, the structural 

information of the native elongation complex with the β-loop intact is still absent to date, 

which hindered the structural analysis of NS5B conformational dynamics from initiation 

to elongation. Similar to previous approaches of using Molecular Dynamics simulations 

to probe conformational dynamics of HIV RT during nucleotide incorporation (1), we 

collaborate again with Dr. Serdal Kirmizialtin from New York University at Abu Dhabi 

where he simulated the movement of β-loop from NS5B initiation to elongation by 
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building back the β-loop onto the available structure of elongation complex (crystallized 

with Δβ-loop mutant). Afterward, kinetics studies on several selected NS5B mutants as 

predicted by MD simulations were performed for additional validation. This work is 

outlined in details in Chapter 5. 

 

 

  
 
 

Figure 1.4 The Structure of HCV NS5B polymerase. The structure of HCV NS5B apo 
enzyme follows the right hand model as shown with fingers (blue), palm (red), and thumb 
(green) domains. In addition, there are extensions from the fingers domain (cyan) that 
encircle the active site and a β-loop (yellow) from the thumb domain and the C-terminal 
tail with residues 546-561 (pink) appear to block the active site. Structure is made from 
PDB: 4AEP (36). In this structure and in all enzyme forms studied herein, a 21 amino 
acid C-terminal membrane-anchoring domain has been deleted to facilitate enzyme 
solubility and stability (14).  
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1.7 KINETICS CHARACTERIZATION OF HCV REPLICATION BY NS5B 

Because de novo initiation is obligated for viral RNA synthesis, previous studies 

have always encountered poor polymerization activity of NS5B in vitro, which 

significantly restricted detailed mechanistic studies of HCV replication (41,45). Despite 

the fact that the crystal structure of NS5B was determined decades ago (37,38,46), kinetic 

characterization of enzyme specificity and fidelity governing nucleotide incorporation 

were limited because of the slow and inefficient initiation.  

A major breakthrough in exploring HCV replication kinetically was attained by 

Jin et al. (47), where a 2-hour extension and pause reaction was designed by incubating 

NS5B with a 20-nt RNA template, a dinucleotide primer (pGG), and two of the four 

nucleoside triphosphates (ATP and UTP) leading to formation of a stalled NS5B 

elongation complex. Surprisingly, once the elongation complex is formed, it is extremely 

stable with half-life of at least a week. Also, abortive intermediates formed during 

inefficient de novo initiation in the reaction sample can be removed from the elongation 

complex, allowing direct measurements of RNA synthesis during NS5B elongation. Most 

importantly, the observed rate of processive polymerization catalyzed by the elongation 

complex is comparable to viral replication in vivo (47,48). Moreover, the exceedingly 

active and stable nature of this elongation complex is advantageous to solve the structure 

of the elongation complex in the future. 

The ability to isolate the NS5B elongation complex has provided us the platform 

to study NS5B elongation. We further modified the aforementioned assay to be able to 

monitor all three phases of HCV replication from initiation, transition to elongation. 

Assay optimization is outlined in more detail in (49) and in Chapter 2. Briefly as shown 

in Figure 1.5, our assay to characterize NS5B replication was to first mix enzyme with 

20nt RNA template, and the reaction was then initiated with a high concentration of GTP 



 

 12 

to allow efficient formation of the first dinucleotide primer. After the addition of [α32P]-

ATP, UTP and chain terminator ddCTP, primer extension was allowed to develop into a 

10nt product. Separation of reaction samples quenched at various time intervals on a 

sequencing gel visually demonstrated the formation of a trimer from initiation, followed 

by some minor intermediates, and at some point, there was a transition to rapid 

elongation.  

Our kinetic assays described above enabled the dissection of the reaction pathway 

for NS5B catalyzed HCV replication and allowed the direct measurements of individual 

phases from HCV de novo RNA synthesis. Guided by pre-steady state studies on the HIV 

reverse transcriptase (50,51), our advanced kinetic assays have set the stage for us to use 

transient state kinetics as tool to explore mechanisms of HCV replication, drug inhibition, 

and resistance. 
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Figure 1.5 Optimized GTP-start NS5B replication assay. Pre-incubation of NS5B with 
20 nt RNA template. NS5B replication is initiated with high concentration of GTP to 
allow efficient formation of the first dinucleotide primer. Together with [α32P]-ATP, UTP 
and chain terminator ddCTP, primer extension is monitored over time to the formation of 
a 10nt NS5B elongation complex.  
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1.8 HCV NS5B AS THE TARGET FOR DIRECT-ACTING ANTIVIRALS 

There is still yet no vaccine available for HCV. Current treatment of HCV is 

combination therapy with direct-acting antivirals including nucleotide analogs (NAs) and 

non-nucleoside inhibitors (NNIs) targeting the HCV RdRp NS5B (52,53). These small 

molecule inhibitors have been significantly advanced within last few years, which 

prominently improved the efficacy of HCV treatment. From de novo initiation to 

elongation, these distinct phases are thought to correlate with different NS5B structural 

conformations that can be targeted by specific inhibitors (52). Most HCV inhibitors in 

current use were discovered from drug screenings using subgenomic replicons, an assay 

monitoring viral RNA replication in human hepatoma cell lines (54–56). Although the 

HCV replicon assay is beneficial for identification of inhibitor binding sites based on 

emerging resistance mutations, very little is known about their inhibition mechanisms. 

More quantitative measurements are still needed to establish mechanism of action of 

these inhibitors. 

Nucleotide Analogs 

Nucleotide analogs (NAs) are thought to compete with the incoming normal 

nucleotide for binding and incorporation, thus act as chain terminators. NAs are 

administered as prodrugs that undergo metabolic activation to the triphosphate form to 

inhibit NS5B at its active site. The current standard of care for genotype 1 patients is 

Harvoni, developed by Gilead Science Inc. which has shown drastically improved 

inhibition efficacy (57). Because the Uridine analog of Sofosbuvir contains the 2′-fluoro-

C-methyl motif, a series of related compounds with modifications at the sugar moiety 

were evaluated kinetically to establish the structure/potency relationship for NS5B 

inhibition (58). Those compounds with 2′-C-methylated motif are shown to be potent 

chain terminators. Crystal structure of NS5B bound with nucleoside analog suggested 
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that the 2′-C-methyl motif caused a steric clash with the incoming nucleotide, providing 

structural evidence to the inhibition mechanism (43). So far, S282T is the signature 

mutation observed in replicon assays leading to resistance to 2′-C-methylated compounds 

(59,60). Fortunately, this mutation is hardly seen in clinics because serine to threonine is 

a transversion mutation that occurs at less frequency compare to a transition mutation 

(61). In addition, the S282T mutant has shown decreased efficiency for nucleotide 

incorporation (60). Other variants emerging during NA therapy are rare and their clinical 

relevance are still unclear (62). 

Alios Biopharma has provided to us several of their pharmacologically relevant 

nucleoside analogs that are not commercially available. Since these NAs are in their 

triphosphate form, we quantified the specificity constant (kcat/Km) for analogs 

incorporation to assess their efficiency in inhibiting viral RNA replication as well as 

determine their ability for chain termination. Recently, Jin et al. discovered that NAs 

could be efficiently removed through a nucleotide-dependent excision reaction to rescue 

RNA synthesis (48). On the other hand, since each NA in our study has a 3’OH that 

could be extended by the next correct nucleotide to overcome chain termination. 

Therefore, the rigorous evaluation of the inhibition efficiency of each NA relies upon 

accurate measurements of NA incorporation, excision and extension. This work is 

demonstrated in details in Chapter 4. 

Non-Nucleoside Inhibitors 

At least four classes of non-nucleoside inhibitors (NNIs) have been discovered 

that bind to distinct regions on the NS5B polymerase as shown in Figure 1.6 (15). These 

inhibitor-binding sites are recognized by crystallography data as well as resistance 

mutations seen in replicon screenings (63,64). Gilead has offered us NNIs representing 
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each class of binding sites (65): a Thumb site I benzimidazole acid (GS-026916), a Palm 

site 1 benzothiazine (GS-462049), a Palm site II inhibitor (HCV-796; GS-340494), and 

three Thumb site II inhibitors: GS-9669 (GS-465142), Lomibuvir (GS-430319), and 

Filibuvir (GS-445146). In addition, AbbVie has also provided Dasabuvir (Palm site II 

inhibitor) along with four other related compounds to allow us to resolve the kinetic basis 

for the action of each class of inhibitors. This work on NNIs inhibition of NS5B is 

described in (49) as well as in Chapter 2 and 3. Structures of these NNIs are shown in 

Figure 2.1 and 3.1 (65–67).   
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Figure 1.6 Binding sites for four classes of non-nucleoside inhibitors. Structures with 
each of the four classes of NNI bound are overlaid to illustrate the four binding sites: 
Palm 1 (2GIQ.PDB), Palm 2 (3FQK.PDB), Thumb 1 (2DXS.PDB) and Thumb 2 
(3FRZ.PDB). Thumb I inhibitors cause an outward movement of the thumb and disorder 
in the fingers extension domain, which is not shown well in this overlay. Palm 1 site 
inhibitors interact with the palm, fingers and thumb domains in addition to the β-loop 
(L443-V454). Palm 1 and Palm 2 sites are distinguished by their distinct patterns of 
resistance mutations seen in replicon assays, but there is some overlap. Color-coding of 
the protein structure shows the fingers (blue), palm (red) thumb (green), finger extension 
(cyan), β-loop (yellow) and C-terminal tail (violet). Inhibitors are shown in space-filling 
CPK colors, but the Palm 2 inhibitor is shown in pink with CPK coloring for N, P and O.  
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Palm site I &II inhibitors 

Benzothiadiazine-based inhibitors are found to be the typical Palm site inhibitors. 

For instance, Dasabuvir (ABT-333) is the approved Palm site II inhibitor with the 

IC50 value of less than 10 nM, and is selective against genotype 1 HCV (68,69). Palm I 

and II sites are mostly overlapped as observed by the pattern of resistance mutations from 

the replicon assays. Overall, Palm site is a hydrophobic region located in close proximity 

to the binding site of initiating nucleotide. Due to the extreme stability of HCV 

elongation complex, our kinetic study showed that Palm site inhibitors were not able to 

bind to NS5B once duplex RNA is already bound during elongation. Thus, Palm site 

inhibitors do not affect NS5B during elongation, but rather inhibit RNA synthesis at the 

level of initiation (49).  

Thumb site I inhibitors 

Benzimidazole or Indole-based (Beclabuvir, BMS-791325) inhibitors are 

considered the typical Thumb site I inhibitors. The Thumb I binding site appears to 

interact with the fingers extension domain at the flexible fingertip loops (70).  The 

fingertips region become disordered in the crystal structure of NS5B bound with 

inhibitors of this class, which suggest that Thumb site I inhibitors might interfere with the 

loop region, leading to disruption of NS5B conformational changes during initiation or 

transition to elongation (70,71). Our kinetic assay suggested that Thumb site I inhibitors 

indeed inhibit the initiation reaction of NS5B for RNA synthesis (49). 

Thumb site II inhibitors 

Thumb site II inhibitors are represented by a group of diversely structured 

inhibitors that are selected based on mutations appearing at the binding site, Met423 and 

Leu419 (72). As an example, GS-9669 is a potent Thiophene-based inhibitor that has 
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progressed into phase II clinical trials (67). Thumb site II inhibitors bind at the base of 

the thumb domain and allosterically inhibit the conformational changes during NS5B 

transition from initiation to elongation modes (49,66). Studies to define the mechanism of 

inhibition of Thumb site II inhibitors are described in Chapters 2 and 3. 
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Chapter 2: Establish modes of action for Palm site and Thumb site I 
non-nucleoside inhibitors on Hepatitis C viral polymerase NS5B  

2.1 PREFACE 

The following chapter contains studies done on the Palm site and Thumb site I 

inhibitors, which are provided by Gilead Sciences, Inc. Parts of this chapter have been 

published in The Journal of Biological Chemistry in February 2016 (49)1. In this chapter, 

the published results are then followed by unpublished data on Palm site II inhibitors 

provided by AbbVie Inc. Related work in the publication has been adapted for this 

dissertation without any major alteration. Minor changes on references and figure 

numbers have been made in order to conform to the dissertation guideline. 

2.2 INTRODUCTION 

Approximately 3% of the world’s population is infected with the hepatitis C virus 

(HCV), including 4-5 million people in the United States, and chronic HCV infections 

lead to fibrosis, cirrhosis and hepatocellular carcinoma (8,73). The hepatitis C viral 

genome is replicated by NS5B, a virally encoded RNA-dependent RNA polymerase 

requiring de novo initiation of RNA synthesis. Antivirals acting directly against viral 

proteins such as NS5B have been developed recently, and have dramatically improved 

the prognosis for treatment (69,74,75). However, in spite of these advances, the 

biochemical mechanisms of action of drugs currently on the market are poorly 

understood. Very little is known about the kinetics and mechanism of initiation and 

                                                
1 Parts of this Chapter were adapted from published paper: Li J, Johnson KA. Thumb Site 2 
Inhibitors of Hepatitis C Viral RNA-dependent RNA Polymerase Allosterically Block the 
Transition from Initiation to Elongation. J Biol Chem. 2016 May 6;291(19):10067–77. JL 
performed the experiments. JL and KAJ designed the experiments, analyzed the results and wrote 
the paper. 
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elongation governing RNA polymerization. In the next two chapters (2 and 3), we detail 

preliminary works that address these deficiencies.  

Replication proceeds through three distinct phases: 1) initiation in which the 3’-

end of the RNA acts as a template to direct the formation of the initial dinucleotide, 

followed by the addition of 2-3 more nucleotides; 2) transition in which the polymerase 

dramatically changes structure to switch from the initiation to elongation mode; and 3) 

elongation in which the polymerase catalyzes rapid and highly processive synthesis (47). 

A β-loop structure projecting from the “thumb” domain is thought to facilitate the 

initiation reaction but also blocks the active site, effectively preventing the binding of 

duplex RNA from solution (76). Accordingly, it is thought that the β-loop must swing out 

of the active site as the enzyme switches from initiation to elongation modes during the 

transition phase.   

A major advance in studying the polymerization reaction was achieved by 

showing that a 1-2 hour incubation of enzyme with template, a dinucleotide (pGG), and 

two of the four nucleoside triphosphates (NTP’s) led to the formation of a stalled, yet 

very stable elongation complex. This complex catalyzed subsequent elongation reactions 

with processivity and rates expected for viral replication in vivo (47,48). Consequently, 

these studies enabled the dissection of the kinetics of polymerization during processive 

elongation using transient state kinetic analysis. As exemplified by the studies on HIV 

reverse transcriptase, transient kinetic analysis allows direct measurement of the 

mechanisms of polymerization and modes of inhibition by both nucleoside analogs and 

nonnucleoside inhibitors (1,50,51,77,78).   

In addition to nucleoside analogs, four classes of non-nucleoside inhibitors have 

been discovered that bind to different sites on the NS5B polymerase as shown in Figure 

1.6 (65). Palm site 1 and Palm site 2 inhibitors bind to residues in the palm domain, 
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which contains the catalytic residues for polymerization, and accordingly are expected to 

serve as competitive inhibitors. Thumb site 1 inhibitors bind at the junction between the 

thumb domain and the fingers extension and appear to disrupt this crucial structural 

interaction. The most interesting type is that of the Thumb site 2 inhibitors, which bind to 

the outside surface of the thumb domain and therefore, must act allosterically to alter 

polymerase dynamics. In this chapter, we first demonstrated how assay conditions for 

RNA replication by HCV NS5B were optimized to characterize the kinetics of initiation, 

transition, and elongation. Using the optimized kinetic assay, we then monitored the 

effect of each class of non-nucleoside inhibitors on NS5B activity, we showed that both 

Palm site and Thumb site 1 inhibitors appear to block NS5B initiation reaction through 

inhibition of the formation of the first dinucleotide primer. The non-nucleoside inhibitors 

studied in this Chapter with known chemical structure are shown in Figure 2.1. The 

mechanistic basis of action of Thumb site 2 inhibitors is outlined in the following Chapter 

3. 

 

  
              HCV-796                        Dasabuvir   
 
 

Figure 2.1 Chemical structures of two Palm site II inhibitors targeting NS5B. HCV-796 
(GS-340494) is discovered by Gilead Science, Inc. Structure is from (66). Dasabuvir is 
developed by AbbVie Inc.. 
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2.3 MATERIALS AND METHODS 

Expression vector used for HCV NS5B 

The pcltsind+ vector used to express HCV NS5B was developed by Dr. John 

Brandis in our lab (79). This vector was modified by incorporating the powerful 

rightward promoter of bacteriophage lambda into the pUC19 plasmid with high-copy 

number and can be transformed to any strain of E. coli cells for high-density growth. 

Under the control of the lambda repressor on the same plasmid, NS5B expression is 

induced by temperature increase as well as chemically induced by Nalidixic Acid. 

(Figure 2.2)	 	

	

 

Figure 2.2 Plasmid map of 6-His-NS5BΔ21 in the pcl
ts
ind

+ 
expression vector.  
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Cloning of HCV NS5B 

21 amino acids at the C-terminus corresponding to a membrane anchor domain 

were deleted from the full-length NS5B protein (Con 1 strain, Genotype 1b, GenBank 

accession #: AJ242654). This truncation has been commonly used in previous studies to 

facilitate in vitro enzyme solubility and stability. A His-tag was added at the N-terminus 

for protein purification. The nucleotide sequence of NS5BΔ21 was synthesized by 

GeneScript and delivered as insertion between restriction enzymes NdeI and EcoRI 

(NEB) in pUC57 vector. The desired NS5BΔ21 gene was digested, subsequently cloned 

into pcltsind+ vector and then transformed into Turbo competent E. coli cells (New 

England Biolabs) for expression (Figure 2.3). The gene sequence was confirmed using 

forward and reverse sequencing primers for pcltsind+ plasmid as well as two internal 

primers specific to NS5B (Table 2.1). 

Table 2.1 Sequencing primers for HCV NS5B 

Forward Primer: 5’-TCTGCGACAGATTCCTGGGATAAGCCAA-3’ 
Internal Primer 1: 5’-GGAAAGATCTGCTGGAAGACAC-3’ 
Internal Primer 2: 5’-GGTGTGCTGACCACGAGTT-3’ 

 Reverse Primer: 5’-TTTCTCGAGTCAACGCGGACGG-3’ 

 

Expression of HCV NS5B 

A 250 ml starter culture of TB medium containing 100 μg/ml ampicillin was 

inoculated with a single colony transformant with pcltsind+ 6-His-NS5BΔ21. After 

incubation at 30°C while shaking at 150 rpm overnight, the starter culture was used to 

inoculate 6 x 1L TB medium culture to OD600 of 0.1 for large scale expression. The cell 

cultures were incubated at 30°C with shaking at 100 rpm. When OD600 reached 4, the 

protein expression was induced by increasing temperature to 37°C as well as the addition 



 

 25 

of 50 μg/ml Nalidixic Acid. After an overnight induction, cells were harvested by 

centrifugation at 4,000xg in 4°C using JLA8.1 rotor (Beckman) and stored at -80°C 

(Figure 2.3).  

 

 

 
 

Figure 2.3 Expression of HCV NS5B. (A) Growth curve of NEB Turbo cells containing 
expression plasmid of pcl

ts
ind

+ 
6-His-NS5BΔ2. Cells in TB media were cultured at 30 °C 

to an OD600 of 4 and then protein expression was induced with the addition of 50 μg/ml 
Nalidixic Acid as well as by increasing temperature to 37°C. After overnight induction, 
cells were harvested by centrifugation. (B) SDS-PAGE analysis of expression of HCV 
NS5B. Pre- and Post-induction samples were lysed, processed and ran on 10% SDS-
PAGE gel. The arrow denotes the presence of NS5B expression (65kDa) after overnight 
induction. 
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Lysis and Purification of HCV NS5B 

The purification methods for N-terminal 6-His-NS5BΔ21was adapted and 

modified from previous work by Jin et al. The cell pellet was thawed and resuspended in 

5 volumes (5 ml/g) NS5B Lysis Buffer (50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM 

imidazole, 20% (v/v) Glycerol, 2mM β-mercaptoethanol, 0.1% (w/v) octyl-glucoside and 

protease inhibitors (Roche)). The cells were treated with DNase (Thermo Scientific) for 

10 min and incubated with lysozyme (0.3 mg/ml) for 15 min while stirring on ice. Then 

the cells were lysed by sonication using a Branson sonifier 450 with 20% duty cycle, 

output 6 for 20 min while stirring on ice. The resulting lysate was ultra-centrifuged at 

30,000 rpm for 30min at 4°C using a Beckman 45Ti rotor to remove cell debris. The 

supernatant was applied to a 5ml cOmpleteTM His-Tag Purification Column (Roche) at 

1ml/min. NS5BΔ21 protein was eluted in 2ml fractions with NS5B Elution Buffer (50 

mM Tris-HCl, pH 7.5, 500 mM NaCl, 400 mM imidazole, 20% (v/v) Glycerol, 2mM β-

mercaptoethanol and 0.1% (w/v) octyl-glucoside). SDS-PAGE analysis (Figure 2.4) of 

fractions was performed and peak fractions were pooled, concentrated and dialyzed to 

NS5B Dialysis Buffer containing 50mM Tris-Cl, pH 7.5, 400 mM NaCl, 2mM 

dithiothreitol (DTT), 10% (v/v) Glycerol. Protein concentration was measured by 

absorbance at 280 nm using the previously determined extinction coefficient, ε280 = 

170,850 M-1cm-1. Aliquots of the protein were flash frozen in liquid nitrogen and stored at 

-80°C until use.  
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Figure 2.4 His-tagged NS5B purification using His-Tag column. (A) Roche cOmplete 
His-Tag column chromatography of NS5BCell lysate containing NS5B was loaded onto 
the nickel affinity column pre-equilibrated with NS5B lysis buffer, then the column was 
washed with 10% NS5B elution buffer. NS5B was eluted by 100% elution buffer. 
Absorbances at 280 nm (blue) and 254 nm (red) were monitored to detect protein and 
DNA, respectively. Conductivity (brown) and elution buffer percentage (green) were also 
measured in real-time. (B) SDS-PAGE analysis of the loaded lysate (Load), flow-through 
(FT), wash and fractions 1-18 to confirm the presence of NS5B (65kDa). Fractions 4-12 
were pooled for further dialysis and storage. 
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Preparation of Substrate RNA 

The RNA substrates used in these studies were purchased from Dharmacon, Inc. 

where desalting and decapping were performed prior to delivery. Sequences of these 

RNA oligomers are shown in Table 2.2. The primer strand is a pGG dinucleotide and the 

RNA template is a 20-mer. The sequence was chosen for consistency with previous 

studies from Jin et al. For kinetic assays, the dinucleotide primer pGG was 32P-labeled by 

reacting OHGG with [γ-32P]-ATP (PerkinElmer Life Sciences) in the presence of T4 

polynucleotide kinase (New England Biolabs) for 1 h at 37 °C. The reaction was stopped 

by heating at 95 °C for 5 min and mixed with cold pGG to achieve desired concentration 

of 32P-pGG. 

Table 2.2 RNA substrates sequences for kinetic assays 

GG-Primer   

 
2mer: 5’-pGG-3’ 

 
2mer: 5’-OHGG-3’ 

20-nt Template 

 
20mer: 5’-AAUCUAUAACGAUUAUAUCC-3’ 

 

HCV NS5B Initiation assay (pGG-dimer start vs. GTP start) 

Assay outline for NS5B catalyzed RNA synthesis with pGG-dimer start and GTP 

start are depicted in Scheme 2.1. To allow proper binding of non-nucleoside inhibitors 

onto NS5B, NS5B (10 μM) in the presence or absence of various NNIs (14 μM) were 

pre-incubated in the Reaction Buffer containing 40 mM Tris-Cl, pH 7.0, 20 mM NaCl, 5 

mM DTT, and 2 mM MgCl2 for 30 min at 30°C. For RNA replication initiated with 

preformed dinucleotide pGG primer, primer extension was started by addition of 20 μM 

[32P]-pGG, 20 μM 20-mer RNA template, 50 μM ATP and UTP. Whereas for GTP-start 

RNA initiation, primer formation was started by adding 1 mM GTP, 20 μM, 20-mer 
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RNA template, 50 μM of [α-32P]-ATP, UTP, and ddCTP. 5 μl aliquots from the reaction 

sample were taken out and quenched at various times up to 4 hours by mixing with 30 μl 

of the Quench Solution containing 90% formamide, 50 mM EDTA, 0.1% bromophenol 

blue, and 0.1% xylene cyanol. The quenched reaction samples were heat-denatured for 3 

min at 95 °C and applied to a 16% denaturing polyacrylamide gel (7 M Urea) for 

electrophoresis at 100 W using the Bio-Rad Sequi-Gen GT system. Gels were exposed to 

a storage phosphor screen and imaged by the Typhoon 9400 scanner (GE Healthcare). 

Band intensity was quantified using ImageQuant (GE Healthcare). Product formation was 

calculated as the fractional intensity of each product band relative to the sum of the 

intensities of all bands in a particular lane.  

 

 

 
 

Scheme 2.1 Protocols for RNA initiation. Two protocols were used to initiate RNA 
synthesis as shown in the two schemes, involving starting with pGG (right) or with GTP 
(left). In each case the enzyme was pre-incubated with (or without) inhibitor, then RNA 
template and nucleotides were added to start the reaction. 



 

 30 

Purification of HCV NS5B elongation complex by centrifugation  

The HCV NS5B initiation reaction containing 10 μM NS5B, 20 μM 20-mer, 1 

mM GTP, 50 μM of [α-32P]-ATP, UTP in the Reaction Buffer (40 mM Tris-Cl, pH 7.0, 

20 mM NaCl, 5 mM DTT, 2 mM MgCl2) was developed for 2hr at 30°C. To isolate the 

elongation complex, the reaction sample was centrifuged at 16,000 g for 5 min using a 

bench top centrifuge (Eppendorf) at room temperature and the supernatant was discarded. 

To purify the elongation complex, the remaining pellet was washed at least twice by 

additional resuspension and centrifugation using the Reaction Buffer. Finally, the pellet 

was resuspended in the Elongation Buffer (40 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM 

DTT, and 2 mM MgCl2). A 5 μl aliquot from the resuspended pellet containing the 

elongation complex was dotted on a TLC plate along with a series of [α-32P]-ATP 

standards (5 μl) with known concentrations. After the TLC plate was exposed to a storage 

imager screen, the concentration of elongation complex was calculated from plotting a 

calibration curve. 

HCV NS5B Elongation assay 

HCV NS5B initiation reaction (GTP-start) was allowed to develop for 2 hours in 

the presence of various non-nucleoside inhibitors to form NNI/NS5B/9-mer/20-mer 

elongation complex. After 2 hours, the reaction mixture was centrifuged, purified and 

resuspended in the elongation buffer (40 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM 

DTT, and 2 mM MgCl2) as described previously (47). Using an RQF-3 rapid quench-

flow instrument (KinTek Corp., Austin, TX), 0.2 μM NNI-bound NS5B elongation 

complex (final concentration after mixing) was reacted with 400 μM of all four NTPs and 

4 μM NNI in the elongation buffer at 30°C. Each reaction was quenched by mixing in the 

quench solution (90% formamide, 50 mM EDTA, 0.1% bromophenol blue, and 0.1% 
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xylene cyanol) at indicated time points as shown in Figure 2.8. The fraction of each 

species among the products formed was determined as described in the initiation assay.  

Data Fitting and Analysis 

The kinetics of multiple nucleotide incorporations during NS5B elongation were 

fitted globally using the Kinetic Explorer (KinTek Corp., Austin, TX) based upon 

numerical integration of rate equations for an input model (80). The kinetics data sets 

describing multiple nucleotide incorporations were fit to the model shown in Scheme 2.2 

to obtain well-constrained rate constants defining each step of polymerization. The 

program also estimated standard error values for each parameter during nonlinear 

regression, which is also verified by confidence contour analysis (80,81). 

2.4 RESULTS 

Effect of GTP and NaCl concentrations on NS5B initiation efficiency 

While earlier success was based upon using pGG to start the initiation reaction 

(47), we sought conditions to study initiation starting with GTP to more closely mimic 

the physiological reaction. To determine the optimum assay conditions for RNA 

synthesis by NS5B in vitro, we first examined how GTP concentration affects the 

efficiency of primer formation. The GTP-start RNA initiation assay was performed with 

GTP concentrations ranging from 50 to 1000 µM. Products were labeled by the 

incorporation of [α32P]-ATP, occurring with the formation of the trinucleotide so the 

kinetics of dinucleotide formation were not observed directly. As shown in Figure 2.5, 

the results indicated that a high GTP concentration (mM) is required to allow efficient 

formation of nascent primers and RNA elongation product. Previously, Jin et al. 

discovered that reaction buffer with low NaCl concentration provided more efficient 

formation of the NS5B elongation complex. Thus we performed the GTP-start assay in 
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reaction buffer containing NaCl concentrations ranging from 20 to 150 mM. Our 

observations are consistent with the prior study; a reaction buffer containing 20 mM 

NaCl yielded the highest amount of RNA synthesis (Figure 2.5). Subsequent studies use 

1 mM GTP in a buffer containing 20 mM NaCl.  

 

 

 

Figure 2.5 Optimization of HCV NS5B initiation assay. Various concentrations of GTP 
ranging from 50 to 1000 μM were examined to optimize the efficiency of primer 
formation (upper panel). In the presence of 500 μM GTP, reaction buffer containing 20 to 
150 mM NaCl were assessed for initiation efficiency (lower panel). Kinetics of NS5B 
initiation were monitored by following the time dependence of elongation complex 
formation with the 10-nt product observed on a denaturing PAGE gel. HCV initiation is 
most efficient when high concentration of GTP (1000 μM) is added to induce primer 
formation and the elongation complex is preferably formed in reaction buffer containing 
low concentration of NaCl (20mM). 
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Effects of NNI inhibitors on HCV initiation 

The GTP-start initiation assay is adapted from the pGG-start initiation assay 

developed by Jin et al (47). We next compared the effect of four different classes of NNIs 

on RNA initiation using each of the two methods (GTP-start and pGG-start). As shown in 

Figure 2.6, we observed an increase in formation of abortive intermediates (3- to 5-nt) in 

the presence of Thumb site 2 inhibitor GS-9669 in both assays relative to when the 

inhibitor was absent. However, in the cases of Palm site inhibitors GS-462049, GS-

340494 and Thumb site 1 inhibitor GS-026916, no significant product formation was 

seen in assays started with GTP while slight inhibition was observed in the pGG-start 

assay. The high-potency of GS-026916, GS-462049 and GS-340494 observed in RNA 

synthesis are initiated with GTP, but not with pGG. This suggests that these inhibitors 

may block the formation of the initial dinucleotide. Same experiments were also repeated 

for Palm site II inhibitors provided by AbbVie Inc. with the results displayed in Figure 

2.7. In the presence of Dasabuvir (a previously approved Palm site II inhibitor), and four 

other modified compounds related to Dasabuvir (structural information was not provided 

by AbbVie Inc.), no significant elongation complex formation was observed in either 

GTP or pGG-start assays. Only small amounts of abortive intermediates were detectable 

in the presence of these Palm site II inhibitors when reaction was initiated with pGG 

dimer, indicating the strong potency of these inhibitors to block HCV inhibition and 

supporting the fact that these drugs are performing well on clinical trials. 
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Figure 2.6 HCV NS5B Initiation with GTP vs. GG-dimer in the presence of NNIs from 
Gilead Science Inc. The experimental setup of HCV NS5B initiation with GTP vs. GG-
dimer are depicted in Scheme 2.1. Time course of primer extension and elongation 
complex formation (10-mer for GTP start and 9-mer for GG start) was monitored on 
PAGE gel. The arrow denotes the apparent increase of abortive intermediates (5-mer) in 
the presence of GS-9669 in both assays. In the presence of GS-026916, GS-46029 and 
GS-340494, elongation complex formation was slightly inhibited in assay start with GG-
dimer, but no significant product formation was seen in assay start with GTP. 
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Figure 2.7 HCV NS5B Initiation with GTP vs. GG-dimer in the presence of NNIs from 
AbbVie Inc. The experimental setup of HCV NS5B initiation with GTP vs. GG-dimer are 
depicted in Scheme 2.1. Time course of primer extension and elongation complex 
formation (10-mer for GTP start and 9-mer for GG start) was monitored on PAGE gel. 
The elongation complex formation in the presence of compound A and B was inhibited in 
assay start with GG-dimer, but no significant product formation were seen in the presence 
of Dasabuvir, compounds C and D. For NS5B initiation assay start with GTP, no 
significant product formation were observed in the presence of all AbbVie inhibitors.  
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Effects of NNI inhibitors on HCV elongation 

In addition to HCV initiation, we further explored the effect of Palm site 

inhibitors on the rates of processive elongation by assessing the kinetics of multiple 

nucleotides incorporation during NS5B elongation. After the stable NS5B/9-mer/20-mer 

elongation complex was isolated, the kinetics of the NS5B elongation were monitored for 

up to 20 s after the addition of all four nucleotides. Formation and decay of intermediates 

leading to full-length primer extension (20-nt formation) in the presence and absence of 

Palm site II inhibitors were separated on a sequencing gel as shown in Figure 2.8A. The 

time-dependence of multiple steps of nucleotide incorporation during processive RNA 

polymerization was analyzed by global fitting using a minimal model as described in 

Scheme 2.2 and previously (47) with results summarized in Figure 2.8B. The observed 

rates for processive elongation catalyzed by NS5B in the presence of Dasabuvir, 

Compound A to D were 1.35 s-1, 1.37 s-1, 1.22 s-1, 1.16 s-1 and 1.13 s-1, respectively. As 

the control, in the absence of inhibitor, the observed rate was 1.47 s-1. Thus the average 

rate of nucleotide incorporation was only slightly altered when NS5B was treated with 

these Palm site II inhibitors.  

 

 

 

   

Scheme 2.2 Minimal model for processive nucleotide incorporation by HCV NS5B. 

 

 

 

 

		

ER9→ ER10→ ER11→ ER12→ ER13→ ER14→ ER15
→ ER16→ ER17→ ER18→ ER19→ ER20
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Figure 2.8: continued next page 
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Figure 2.8 HCV NS5B Elongation in the presence of NNIs. (A) From the GTP start NS5B initiation assay, NS5B/9-mer/20-
mer elongation complex was generated and isolated, then reacted with 400 μM of ATP, UTP, GTP, and CTP in the elongation 
buffer and quenched at indicated time intervals. Multiple nucleotide incorporations during NS5B elongation in the presence of 
NNIs were monitored on a 16% PAGE gel. (B) The time course of multiple nucleotide incorporation from 10-nt to 20-nt by 
HCV NS5B in the presence of NNIs were fit globally to mechanism shown in Scheme 2.2 for processive nucleotide 
incorporation catalyzed by NS5B using KinTek Explorer.  

B 
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2.5 DISCUSSION 

We have optimized conditions to examine de novo initiation and elongation 

catalyzed by the HCV RNA-dependent RNA polymerase, examined the kinetics of 

initiation, and assessed the effects of four different classes of non-nucleoside inhibitors 

on NS5B polymerization. Noted that the results from Thumb site 2 inhibitors are 

discussed separately in Chapter 3. 

Palm site inhibitors appear to block the initiation reaction at the formation of the 

first dinucleotide primer. This conclusion is inferred from the observation that these 

inhibitors are less effective when polymerization is initiated using a pGG dinucleotide, 

where the critical first step of the reaction is bypassed. Because Palm site I and Palm site 

II inhibitors bind in the active site, they are expected to be competitive with the template 

and/or nucleotide. When the effects of Palm site II inhibitor Dasabuvir and its derivative 

compounds were examined in the initiation reaction, these inhibitors were so potent that 

the products formed were only small amounts of abortive intermediate, which was only 

seen when reaction was initiated using a pGG dimer. Based on different degrees of 

inhibition seen on NS5B initiation from inhibitors provided by AbbVie Inc., it would be 

interesting to have the molecular structures of these inhibitors to further investigate drug 

potency at the structural level and to provide insight for more efficient drug design in the 

future. It is important to note that the surprising result here is that the binding of the pGG 

somewhat overcomes inhibition, either because the binding affinity and concentration of 

pGG in solution exceed the binding affinity and concentration of inhibitor, or because the 

inhibitors specifically block the formation of the dinucleotide from the two GTP 

molecules. Lastly, our results show that these Palm site inhibitors do not affect NS5B 

activity during elongation, which is expected due to the inhibitor binding site already 
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being preoccupied with RNA substrates. Although the current results in this chapter are 

suggestive, further studies are required to establish the underlying mechanisms of 

inhibition and relevant thermodynamic parameters. Next, the mode of action for Thumb 

site II inhibitors will be described in Chapter 3. 
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Chapter 3: Establish modes of action for Thumb site II non-nucleoside 
inhibitors (NNI2) on Hepatitis C viral polymerase NS5B  

3.1 PREFACE 

The Thumb site II inhibitors we studied in this chapter were provided by Gilead 

Science Inc. This work has been published in two papers in The Journal of Biological 

Chemistry in February (49)2 and March (82)3 of 2016. Related work in the original 

publications has been adapted for this dissertation without altering the original contents. 

Minor changes on reference and figure numbers have been made to follow the 

dissertation guideline. 

3.2 INTRODUCTION 

HCV is a single stranded, positive-sense (+) RNA virus that replicates its viral 

genome by an RNA-dependent RNA polymerase, encoded NS5B. Therefore, NS5B has 

become the primary target for anti-HCV treatment. One subclass of non-nucleoside 

inhibitors bind to the “Thumb II Site” of NS5B as shown in Figure 1.6, however, their 

mechanism of allosteric inhibition is not well understood. Continued from work outlined 

in Chapter 2, this chapter examines three Thumb site II inhibitors, GS-9669, Lomibuvir 

and Filibuvir using our optimized assay to allow analysis of the kinetics of NS5B 

initiation, transition and elongation in the presence and absence of inhibitors. The 
                                                
2 Parts of this Chapter were adapted from published paper: Li J, Johnson KA. Thumb Site 2 
Inhibitors of Hepatitis C Viral RNA-dependent RNA Polymerase Allosterically Block the 
Transition from Initiation to Elongation. J Biol Chem. 2016 May 6;291(19):10067–77. JL 
performed the experiments. JL and KAJ designed the experiments, analyzed the results and wrote 
the paper. 
3 Parts of this Chapter were adapted from published paper: Deredge D, Li J, Johnson KA, 
Wintrode PL. Hydrogen/Deuterium Exchange Kinetics Demonstrate Long Range Allosteric 
Effects of Thumb Site 2 Inhibitors of Hepatitis C Viral RNA-dependent RNA Polymerase. J Biol 
Chem. 2016 May 6;291(19):10078–88. DD performed the experiments and wrote the first draft of 
the paper. JL prepared the protein and assisted in interpreting the results and writing the paper. 
PLW guided and KAJ assisted in the design of the experiments, interpretation of the results, and 
writing the paper. 
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structures of these Thumb site II non-nucleoside inhibitors in this study are shown in 

Figure 3.1. In addition, hydrogen/deuterium exchange (HDX) experiments were 

performed in collaboration with the Wintrode lab to probe the changes in NS5B enzyme 

dynamics as attenuated by the binding of these Thumb site II inhibitors. This work 

provides both kinetic and structural basis for understanding the allosteric mechanism of 

action of the HCV NS5B Thumb site II inhibitors and lays the foundation to investigate 

inhibition mechanism of other HCV inhibitors. 

 

 

Figure 3.1 Structures of NS5B Thumb site II inhibitors. Structure is adapted from (67). 

3.3 MATERIALS AND METHODS 

Cloning, Expression and Purification of HCV NS5B 

HCV NS5B was cloned, expressed and purified as described in Chapter 2 and in 

previous studies (47). This NS5B protein is N-terminal His-tagged for affinity column 

purification, and had 21 amino acids truncated from the C-terminus, hence removing the 

membrane anchor domain to improve protein stability and solubility in vitro. 

HCV NS5B Initiation and Elongation assays 

NS5B initiation and elongation reactions were carried out using the same RNA 

substrates under the same assay conditions as described in Chapter 2 and in previous 

studies (47). Each of all four Thumb site II non-nucleoside inhibitors was examined.  
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HCV NS5B elongation complex stability assay 

NNI/NS5B/9-mer/20-mer elongation complex was generated after the 2-hour 

initiation reaction, then resuspended in the NS5B elongation buffer and incubated at 30 

°C for up to 44 hours in the presence and absence of 0.2 mg/ml heparin. To examine the 

remaining activity of the elongation complex, a 10 μL aliquot of the sample was reacted 

with 10 μL of 100 μM CTP for 20 s and quenched by 60 μL quench solution. The 

percentage of CTP incorporation was calculated from the fraction of primer that was 

elongated as described in the initiation assay to provide a measurement of the remaining 

active elongation complex. 

Pyrophosphate release kinetics during HCV elongation 

Pyrophosphate release was measured in a stopped-flow coupled assay as 

described previously (83) using an AutoSF-120 series stopped-flow instrument (KinTek 

Corp., Austin, TX). 200 nM of NS5B/9-mer/20-mer elongation complex was obtained 

and pre-incubated with 0.6 μM yeast inorganic pyrophosphatase (PPase), 0.5 μM 7-

diethylamino-3-((((2maleimidyl)ethyl)amino)carbonyl)coumarin (MDCC) labeled 

phosphate binding protein (PBP) and a “Pi MOP” consisting of 100 μM 7-

methylguanosine (7-MEG) and 0.02U/ml purine nucleoside phosphorylase (PNPase) in 

the NS5B elongation buffer (83). The MDCC fluorophore on PBP was excited at 425 nm 

and the change of fluorescence triggered by pyrophosphate binding was measured as a 

function of time using a 475 nm single-band bandpass filter (Semrock). In this study, 200 

μM CTP was added to the reaction mix and the pyrophosphate (PPi) release signal after 

CTP incorporation was monitored at 30°C for 1s. Same experiment was repeated for each 

Thumb site II inhibitor bound HCV elongation complex (Figure 3.5).  

Control experiments for phosphate binding to MDCC-PBP, pyrophosphate 

hydrolysis by PPase, followed by subsequent phosphate binding to MDCC-PBP were 
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performed to ensure that these rates were rapid enough that the coupled assay indeed 

measures the rate of pyrophosphate release by NS5B. Kinetics of phosphate (Pi) binding 

to MDCC-PBP was characterized by recording fluorescence signals from mixing 0.1, 0.2, 

0.4, 0.8, 1.6, 3.2 μM Pi with 0.5 μM PBP at 30°C for 0.1s using the stopped flow 

instrument. These data served to calibrate the kinetics of the assay and were included in 

the global data fitting using KinTek Explorer software (80,81). Kinetics of PPi hydrolysis 

by PPase was determined by incubating 0.2, 0.4, 0.8, 1.6, 3.2 μM PPi with 0.6 μM PPase 

and 0.5 μM MDCC-PBP in the presence of the “Pi MOP”. Fluorescence signal was 

measured by stopped flow instrument at 30°C for 0.15s. 

Hydrogen Deuterium exchange kinetics 

All HDX experiments were carried out by Dr. Daniel Deredge in the Wintrode lab 

at the University of Maryland, School of Pharmacy, and were described in details in (82).  

Data Fitting and Analysis 

The kinetics of multiple nucleotide incorporations during NS5B initiation and 

elongation were fitted globally using the Kinetic Explorer (KinTek Corp., Austin, TX) to 

define the rate of each step in the polymerization reaction as described in Chapter 2 and 

in (47). The kinetics of Pi binding to MDCC-PBP, PPi hydrolysis by PPase and PPi 

release was fitted globally (Figure 3.5) using KinTek Explorer to determine rate constants 

summarized in Table 3.1.  
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3.4 RESULTS  

Effect of NNI2 on RNA initiation 

Firstly, we examined the effect of three NNI2’s (GS-9669, Lomibuvir and 

Filibuvir) on the de novo initiation of RNA synthesis. In our assay conditions, primer 

formation was terminated after generating a 10-nt product due to the incorporation of the 

chain terminator, ddCTP. Prior studies have established that the polymerase forms a very 

stable elongation complex with the RNA template and newly synthesized primer under 

these conditions (47). We first pre-incubated NS5B with an excess of each NNI2 for 30 

minutes at 30°C and then added the RNA template and nucleotides to begin the initiation 

and primer extension reactions (Scheme 2.1). The kinetics of NS5B initiation were 

monitored by following the time courses for formation of each intermediate and the final 

stable elongation complex (10-nt), which were resolved by gel electrophoresis. A similar 

assay was performed using [α32P]-UTP rather than [α32P]-ATP and the radiolabeled 

products from both experiments were compared to identify the intermediates (Figure 

3.2A). Note that it is not feasible to use [α32P]-GTP because the high concentration of 

GTP required for efficient initiation contributes a high background obscuring the 

observation of intermediates.  

In Figure 3.2A, the arrows denote abortive intermediates that accumulate over 

time as the full-length primer is formed. In the absence of NNI2’s the major abortive 

intermediate is a trimer, as described previously (47). However in the presence of each of 

the NNI2’s there was a significant increase in the formation of abortive intermediates 4 

and 5 nucleotides in length. Similar results were obtained in assays performed using a 

lower concentration of NS5B (1 μM) although the initiation efficiency was not as high 

(Figure 3.3). It is important to note that the abortive “intermediates” do not decrease in 
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intensity at longer reaction times, suggesting that they do not react so they accumulate in 

solution and do not efficiently rebind to the enzyme.  

The total fraction of 4-mer and 5-mer relative to total product at each time point 

was plotted versus time as shown in Figure 3.2B. The data indicate that during the de 

novo initiation phase of NS5B replication, about ~5% of the initiated RNA trimer (GGA) 

partitions to release from the enzyme rather than going on to form the full-length 

elongation complex. A much higher percentage of abortive intermediates was seen in the 

presence of Lomibuvir, GS-9669 and Filibuvir (29%, 20%, and 13%, respectively). This 

figure also shows that the fraction of abortive intermediates was nearly constant over 

time, suggesting a constant kinetic partitioning to release from the enzyme versus 

transitioning to rapid elongation mode to form the full-length product.  

 

 

 

Figure 3.2: continued next page 
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Figure 3.2 HCV NS5B initiation in the presence of NNI2s. (A) Time course of primer 
formation (10-mer) was monitored on denaturing PAGE gel. 10 μM NS5B was pre-
incubated with 14 μM of each NNI2 for 30 min and primer formation was initiated by 
adding 1 mM GTP and 50 μM of ATP, UTP and ddCTP and quenched at indicated time 
intervals. Abortive intermediates were observed due to de novo initiation catalyzed by 
NS5B. The arrows denote the abortive intermediates (4- and 5-nt) formed in reactions 
where NNI2s were present. The initiation assay was also performed with either [α32P]-
ATP or [α32P]-UTP as the radioactive probe. By comparing radiolabeled products 
between [α32P]-ATP (upper panel) and [α32P]-UTP (lower panel), we established the 
identities of different abortive intermediates. (B) Fraction of the abortive intermediates 
species (4-mer and 5-mer) relative to total product was plotted against reaction time. (C) 
The amount of extended primer, as well as abortive intermediates with various lengths 
was plotted versus time. Data were fitted based on simulated model as shown in Scheme 
3.1 using KinTek Explorer.  
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Figure 3.3 HCV NS5B initiation in the presence of GS-9669 at high and low 
concentrations of NS5B. Kinetics of NS5B initiation were monitored by following the 
time dependence of abortive intermediates accumulation leading to stable elongation 
complex formation with the 10-nt product observed on a PAGE gel. Both high and low 
concentrations of NS5B at 10 μM and 1 μM, respectively, were assessed with a 4 μM 
excess of GS-9669. Abortive intermediates were observed due to de novo initiation 
catalyzed by NS5B. The arrows denote the increase of abortive intermediates 
accumulated in the presence of GS-9669 for both reactions containing 10 μM and 1 μM 
NS5B. Similar results were seen with other Thumb site II inhibitors, Lomibuvir and 
Filibuvir. 

Kinetic mechanism for NS5B initiation 

In Figure 3.2C, we show the time course for formation of each measureable 

intermediate and the final 10-nt product in the absence and presence of each NNI2. The 

concentration of each species was converted from its radioactivity based on a standard 

curve generated by known concentrations of [α-32P]-ATP spotted on the gel. The kinetics 

are not as expected for a sequential reactions. Namely, there is no lag phase in the 

formation of the 10-nt product as would be expected if the sequential reactions were 

comparable in rate. Rather, our results suggest that the first step, the formation of the 

dinucleotide is rate-limiting. In addition, the observed accumulation of abortive 
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intermediates appears to be due to their rapid dissociation from the enzyme as described 

in Scheme 3.1. Thus only a fraction of the intermediates undergo a transition to the 

elongation mode and then rapidly go on to form the full-length product. Accordingly the 

observed “abortive intermediates” appear to represent a sum of the intermediates bound 

to the enzyme and those that accumulate in solution. Our data support the suggestion that 

the short oligonucleotides, once released into solution, do not rebind to the enzyme-

template RNA complex at a significant rate. Indeed, decades of work document the 

frustrations in attempting to find conditions to get efficient formation of a stable 

elongation complex by binding from solution. Formation of a stable elongation complex 

requires its synthesis from within the active site (47).  

 

 
Scheme 3.1 Minimal model for initiation kinetics. We model the kinetics of initiation 
starting with RNA (R) binding to enzyme (E). Then in sequential steps, nucleotides (not 
shown) bind and react to form primers of varying length (p2, p3, etc). The fitting derives 
apparent rates of reaction for each step in the model, which in reality represents at least 
two steps. Therefore, the model is used only to capture the essential features of the 
mechanism and kinetics of initiation, rather than defining intrinsic rate constants, which 
is not possible given the information content of the data relative to the minimal number 
of steps in the model.  

We have modeled the kinetics by computer simulation, using the model shown in 

Scheme 3.1. It should be noted that if each intermediate was formed and then reacted 

processively to form the next species, we could model the kinetics explicitly to get the 

rate constants for each step as we have done for the kinetics of elongation (see forward 

Figure 3.4D and (47). However, because the intermediates accumulate with time, it 
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appears that they dissociated from the enzyme and do not rebind. Therefore, the rate and 

amplitude information that would allow definitive modeling of the rate constants for 

sequential reactions is lost. In our modeling, it is apparent that there are too many rate 

constants to be defined by the data and therefore, we do not report individual rate 

constants. Rather, our modeling demonstrates only that the data can be accounted for by 

the simple model. Moreover, the sets of rate constants capture the essential features of the 

underlying model without defining the actual rate constants; namely, rate-limiting 

formation of the di- and tri-nucleotides, followed by fast sequential elongation of various 

intermediates which partition between continued polymerization versus dissociation from 

the enzyme at each step in the sequence up to the formation of the 5-nt product. 

According to our modeling, most of the observed trimer is due to accumulation in 

solution.  

These results clearly demonstrate the effects of the NNI2 inhibitors. They do not 

alter the rates of formation of the di- and tri-nucleotide initiation products, but appear to 

block the transition from initiation to elongation, leading to accumulation of 4- and 5-nt 

intermediates. These results suggest that the 5-nt RNA duplex may the largest that can be 

accommodated in the active site prior to transition to the elongation mode. Presumably, 

polymerization beyond the 5-nt product is sterically blocked by the β–loop, which must 

move out of the active site in the transition to the fast, processive elongation mode. That 

is, the structural transition leading to fast, processive synthesis occurs before the 

formation of the 6-nt product.  
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Effects of NNI2 on rates of elongation 

The kinetics of nucleotide incorporation were measured to investigate the effect 

of each NNI2 on the rates of processive elongation. Figure 3.4A shows the protocol used 

to isolate the stable NS5B/RNA elongation complex, and then to monitor the kinetics of 

elongation after mixing rapidly with all four nucleotides. The reactions were quenched at 

various time points for up to 20 s. Formation and decay of intermediates leading to full-

length primer extension (proceeding from 10-nt to 20-nt) in the presence and absence of 

each NNI2 were resolved on a sequencing gel (Figure 3.4B). The time-dependence of 

multiple steps of nucleotide incorporation during processive RNA polymerization was 

analyzed by global fitting using a minimal model as described previously (84) and in 

Chapter 2 (Scheme 2.2) to get the results shown in Figures 3.4C&D. The average rate of 

nucleotide incorporation was only slightly altered when NS5B was incubated with the 

NNI2’s. The observed rates were 1.3 s-1, 1.3 s-1, and 1.47 s-1 with GS-9669, Lomibuvir 

and Filibuvir, respectively, compared to 1.5 s-1 with no inhibitor. However, we also noted 

that the first nucleotide incorporation was much faster than subsequent reactions and that 

GS-9669 and Lomibuvir slow the rate of this reaction approximately twofold. However, 

the faster rate for the first incorporation appears to be due to sequence context effects, 

consistent with prior studies (47).  For example, starting with the 11-nt primer shows 

that the rate of the first nucleotide incorporation is comparable to subsequent steps.  
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Figure 3.4: continued next page 
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Figure 3.4 HCV NS5B Elongation in the presence of NNI2s. (A) A scheme depicting the 
experimental setup for HCV NS5B elongation assay. Through the initiation assay with 
GTP start, NS5B/9-mer/20-mer elongation complex was generated and isolated, then 
reacted with 400 μM of ATP, UTP, GTP, and CTP in the elongation buffer and quenched 
at indicated time intervals. (B) Multiple nucleotide incorporation during NS5B elongation 
in the presence of NNIs was monitored on a PAGE gel. (C) The time course of 10-nt and 
20-nt products formation were global fitted to mechanism for processive nucleotide 
incorporation catalyzed by NS5B using KinTek Explorer. (D) The time course of 
multiple nucleotide incorporation from 10-nt to 20-nt by HCV NS5B in the presence of 
NNI2. 

PPi release after CTP incorporation by HCV elongation complex 

Figure 3.5 shows the analysis of the kinetics of pyrophosphate (PPi) release, 

measured in a fluorescence assay coupled to the hydrolysis of PPi by pyrophosphatase 

(PPase) and the binding of phosphate (Pi) to fluorescently labeled phosphate binding 

protein (PBP) using methods described previously (83). In Figures 3.5A and 3.5B we 

show the calibration of the coupled assay involving the kinetics of phosphate binding and 

the kinetics of PPi hydrolysis (monitored by Pi binding to PBP), respectively. Figure 3.5C 

shows the time course of the fluorescence change after mixing the elongation complex 

with CTP in the presence of the coupled assay system. By fitting the three data sets 

simultaneously, the kinetics of the coupled assay are included in the interpretation of the 

signal. The results show that the release of PPi must be faster than the rate of chemistry 

(measured separately) as summarized in Table 3.1. One should note that the observable 

rate of pyrophosphate release cannot be faster than chemistry when the two are measured 

in parallel. The rate constant governing the chemical reaction limits the observed rate of 

PPi release. However, in fitting by simulation, we derive a minimal rate constant 

sufficient so that the observed kinetics of the chemistry step and PPi release are 

coincident. Accordingly, the rate constants reported in Table 3.1 represent the minimal 
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rates of PPi release sufficient for the PPi release to be coincident with the observed 

kinetics of the chemical reaction. 

 

 

 

 

Figure 3.5: continued next page 
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Figure 3.5 Kinetics of PPi release after CTP (10-mer) incorporation by NS5B elongation 
complex. (A) Calibration of Pi binding to MDCC labeled phosphate binding protein 
(PBP). Reaction containing 0.1, 0.2, 0.4, 0.8, 1.6, 3.2 μM Pi were reacted against 0.5 μM 
PBP. Fluorescence signal was monitored by stopped-flow at 30°C for 0.1 s. (B) Kinetics 
of PPi hydrolysis by yeast inorganic pyrophosphatase (PPase) was determined by 
incubating 0.2, 0.4, 0.8, 1.6, 3.2 μM PPi with 0.6 μM PPase and 0.5 μM MDCC-PBP. 
After PPi was hydrolyzed by PPase into Pi and captured by PBP, the fluorescence signal 
was measured at 30°C for 0.15 s. (C) 200 μM CTP was introduced as the incoming 
nucleotide at 10-mer position for HCV elongation complex (200 nM). The PPi release 
signal after CTP incorporation was measured in the presence of 0.6 μM PPase and 0.5 
μM MDCC-PBP at 30°C for 1 s. The experiment was repeated for NNI2 bound HCV 
elongation complex. All experiments were globally fitted to models shown in Figure 
3.5D using KinTek Explorer to determine rate constants summarized in Table 3.1.  
 
 

Table 3.1 Kinetic parameters for elongation and PPi release  

 
CTP incorporation, s

-1
 

(10-mer) 
PPi release, s

-1
 GTP incorporation, s

-1
 

(11-mer) 

No inhibitor 10 ± 1.8 
(9.1 – 10.9) 

65 ± 3.0 
(> 27) 

1.6 ± 0.9 
(1.3 – 2.2) 

GS-9669 7.7 ± 0.8 
(6.8 – 9.3) 

17 ± 0.5 
(8.8 – 65.7) 

1.6 ± 0.6 
(1.0 – 3.3) 

Lomibuvir 6.8 ± 0.2 
(6.5 – 7.3) 

43 ± 1.6 
(> 22) 

0.8 ± 0.1 
(0.6 – 1.1) 

Filibuvir 8.4 ± 0.5 
(7.8 – 9.3) 

30 ± 0.7 
(19.6 – 74.8) 

1.5 ± 0.2 
(1.2 – 1.9) 

Rates of incorporation and pyrophosphate release were measured as described in the text. 
Standard error limits were derived by nonlinear regression in globally fitting each data set 
(80). The numbers in parentheses are the upper and lower boundaries from confidence 
contour analysis (81).  
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Effects of NNI2 on the stability of HCV elongation complex 

We also investigated the stability of the NNI2 bound elongation complex with and 

without an enzyme trap, 0.2mg/ml heparin, for up to 44 hours. The remaining activity of 

the elongation complex after various times of incubation was examined by monitoring the 

ability of the enzyme to incorporate CTP to form a 10-nt product from the 9-nt primer 

(Figure 3.6A), thus providing a measurement of the amount of active elongation 

complex. The concentration of active elongation complex stayed high during the long 

time of incubation as first described by Jin et al (47), but was reduced in the presence of 

NNI2 (Figure 3.6B). These data indicate that the dissociation of the RNA from the NS5B 

elongation complex during long time incubation was facilitated in the presence of NNI2, 

perhaps due to a structural change leading to faster release of the primer/template duplex. 

However, the effect was small and not likely to be physiologically significant given the 

time scale of the experiment relative to the expected time required to replicate the viral 

genome in vivo.  
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Figure 3.6 Stability of the elongation complex in the presence of NNI2. (A) A PAGE gel 
displaying the stability of the NNI2 bound elongation complex in the elongation buffer 
with and without heparin. The elongation complex pre-formed in the presence of NNI2 
was incubated in the elongation buffer with and without 0.2 mg/ml heparin. The 
remaining activity of the elongation complex was examined by reacting with 50 μM CTP 
for 20 s at indicated incubation time intervals. (B) The fraction of the 10-mer primer 
extension product formation was plotted versus incubation time. 
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HDX kinetics for apo NS5B 

To gain insights into the underlying molecular basis for the inhibition of NS5B by 

NNI2s, we used Hydrogen/Deuterium exchange (HDX) kinetics to quantify changes in 

enzyme dynamics in the absence and presence of three different NNI2’s.  

All HDX experiments were carried out by Dr. Daniel Deredge in Dr. Patrick 

Wintrode’s lab at the University of Maryland, School of Pharmacy as described in (82). 

Starting from apo protein NS5B, 146 peptides covering 96.5% of the NS5B sequence 

were successfully identified. The percentage of deuterium incorporation (%D) at each 

deuterium exchange time point monitored were mapped onto the NS5B structure 

(3FQL.PDB) and shown in Figure 3.7A. The 0 to100% HDX is color-labeled from blue 

to red, reflecting the mobility of peptic fragments. The overall HD exchange profile was 

characterized by summing up HDX throughout the full deuterium incubation time of up 

to 2 hours. As the result, Figure 3.7B reveals highly protected regions at the fingers and 

palm domains, which forms the rigid core of NS5B polymerase. Three highly dynamic 

regions are the thumb domain especially NNI2 binding sites, the fingers extension loop as 

well as the C-terminal tail. In addition, these observations are in agreement with 

previously studies for HIV-RT (85). 
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Figure 3.7 Percentage of deuterium incorporation by apo NS5B. (A) The percentage of 
HDX within the peptic fragments from apo NS5B at various D2O incubation time 
intervals were obtained and mapped onto the structure of the NS5B polymerase (PDB 
3FQL). Both front and top views are shown. (B) The top view of apo NS5B HDX after 2-
hour D2O incubation. The percentage of deuterium incorporation is mapped according to 
the color gradient in which blue to red represents 0% to 100% HDX.  
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Long range effects of NNI2 on enzyme dynamics 

Subsequently, HDX experiments were carried out for each NNI2-bound NS5B. 

The common effects in change of HDX kinetics in the presence of all three NNI2s were 

mapped onto the structure of NS5B and highlighted in dark blue in Figure 3.8. Upon 

NNI2s binding, an immediate reduction of the rate of deuterium exchange surrounding 

the inhibitor-binding site was seen, indicating the local effects from inhibitor binding. 

However, we have observed decrease in rate of deuterium exchange, not only at the 

inhibitor binding site but also at distant sites, throughout the protein. These distant effects 

are especially significant at later deuterium incubation times. This common allosteric 

network is characterized by a rigidification of enzyme dynamics in the fingers, fingers 

extension loop, parts of the thumb and the NNI2 binding site, suggesting a long range 

allosteric effect from NNI2 binding on NS5B conformational change resulting in the 

exposure of amide hydrogen.  
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Figure 3.8 Long range effects on deuterium uptake induced by all three NNI2. This 
figure demonstrated the allosteric network common to all three NNI2. Peptic fragments 
displaying significant Δ%D at any incubation time point for all three NNI2 were mapped 
on NS5B (PDB 3FQL) and colored dark blue. Dinucleotide primed template (orange and 
yellow spheres) and representative inhibitor (magenta sticks) were positioned through 
alignment with structure of (PDB 4WTK) for the dinucleotide-primed template and (PDB 
3FRZ) for the inhibitor-Filibuvir.  
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Difference map of NS5B HDX correlates with inhibitor potency 

Furthermore, we also analyzed the difference in degrees of NS5B HDX resulted 

from each of the three NNI2 binding. Figure 3.9 displayed three separate NS5B HDX 

profiles in the presence of each NNI2. The peptic fragments with significant protection 

from HDX (reduced Δ%D) upon each NNI2 binding are colored in light blue whereas 

common regions showing reduced Δ%D caused by all three NNI2 binding are shown in 

dark blue. Throughout the protein, we noticed one region displaying increased HDX, 

which is surrounding the binding sites of NNI2, as illustrated in red color in Figure 3.9. 

Such increase in deuterium exchange is only observed for Thiophene derivatives 

Lomibuvir and GS-9669. Overall, by comparing the observed level of Δ%D caused by 

each NNI2 binding, Thiophene-based inhibitors such as Lomibuvir and GS-9669 have 

induced a more extensive allosteric network which encircles the RNA binding cleft 

almost entirely, leading to greater rigidification of NS5B enzyme conformational 

dynamics. The order Lomibuvir > GS-9669 > Filibuvir, is ranked by the observed 

magnitude of Δ%D, and is also correlated with the potency of inhibition seen in kinetic 

studies.  
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Figure 3.9 NNI2 results in differential effects on the HD exchange protection patterns 
away from the binding site. Significant Δ%Ds upon NNI2 binding were mapped on the 
structure of NS5B polymerase (PDB 3FQL) and exhibited from both top and front views. 
Peptic regions showing significant protection from HD exchange upon NNI2 binding are 
displayed in blue. Dark blue-colored regions are affected significantly by all three NNI2s. 
Regions showing increased HD exchange are displayed in red. Peptic regions with effects 
that are not common to all three inhibitors were represented in surface rendition. 
Inhibitors (magenta sticks) were positioned through alignment with corresponding 
available structure (PDB 4EO6) for GS-9669 and Lomibuvir and PDB 3FRZ) for 
Filibuvir, and the dinucleotide-primed (yellow spheres) template (orange spheres) was 
positioned through alignment with PDB 1WTK.  
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3.5 DISCUSSION 

Taking advantage of the previously optimized assays to examine de novo 

initiation and elongation catalyzed by the HCV RNA-dependent RNA polymerase as 

described in Chapter 2, we measured the kinetics of initiation, and assessed the effects of 

three Thumb site II non-nucleoside inhibitors on various stages of polymerization.  

The initiation reaction leads to the accumulation of abortive intermediates 3-5 

nucleotides in length, after which a very stable elongation complex is formed. It is 

important to note that the amplitude of the abortive intermediates formed is not limited by 

substrate depletion, because nucleotide concentrations were at least 10-fold in excess of 

the concentration of elongation complex. The elongation complex is also formed without 

evidence of a lag phase, which is contrary to the predictions of any simple sequential 

polymerization model. Thus, these data suggest that the initiation reaction is rate limiting 

and the transition from initiation to elongation mode results in rapid formation of the full-

length product. The observed abortive intermediates do not appear to react to form the 

full-length elongation product, but rather appear to accumulate into solution. Our data 

suggest that the transition from initiation to elongation can occur from any intermediate 

between 3 and 5 nucleotides in length. 

We have modeled the kinetics of initiation by computer simulation using a 

minimal model (Scheme 3.1). Although the individual rate constants are not well 

constrained by the data, the model accurately mimics the essential features of the reaction 

where any intermediate can dissociate into solution, be elongated by a single base while 

still in the initiation mode, or transition to a state in which sequential elongation reactions 

are fast and processive. The model is consistent with the observation that the initiation 

reaction requires approximately one hour to approach completion, while individual 

elongation steps occur in a fraction of a second. Thus the minimal features of this model 



 

 65 

can easily account for the observed reactions with widely varying rates so that 

intermediates between 5 and 9 nucleotides are not observed. Namely, slow 

initiation/transition followed by fast elongation. In the cell, it is hypothesized that host 

cell factors, or other viral factors in the membrane associated replisome (possibly NS5A) 

that recognize viral RNA and facilitate the initiation reaction to greatly increase its 

efficiency. Our in vitro initiation reaction retains the essential steps in the reaction, and 

must serve as a surrogate for the in vivo initiation until better conditions can be found to 

increase the efficiency of the steps we have defined.    

Thumb site II inhibitors do not significantly block initiation or elongation; rather 

they inhibit the transition from initiation to the elongation mode, leading to the 

accumulation of abortive intermediates 3-5 nucleotides in length. Little is known and 

much is speculated about the transition from initiation to elongation, centering on the role 

of the β-loop that protrudes into the active site from the thumb domain. A recent crystal 

structure shows that the thumb domain is positioned to participate in the initiation 

reaction and mutations in key residues in the β-loop interfere with initiation (43). These 

data provide strong evidence for the role of the β-loop in the initiation reaction. 

Moreover, the HCV polymerase does not efficiently bind duplex RNA from solution, but 

deletion of the β-loop allows for the binding of short duplex RNA and for solution of 

crystal structures thought to mimic the elongation complex (43,86,87). These results 

suggest that the β-loop catalyzes initiation, but then must move out of the active site in 

the transition from initiation to processive elongation. However a structure of the 

elongation complex has yet to be published and details of the β-loop movement are 

lacking. In addition, structures with short duplex RNA bound to a β–loop-deletion mutant 

show a more open active site relative to the apo-enzyme (41,76). 
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Hydrogen/deuterium exchange kinetics were used to addresses the fundamental 

properties of the apo-enzyme and reveals significant long-range effects of NNI2 on 

enzyme dynamics. Our work provides the first experimental evidence to show that NNI2 

induce long-range perturbation of the conformational dynamics of NS5B. These results 

are especially suggestive when combined with kinetics data showing that NNI2 block the 

transition from initiation to elongation, resulting in the accumulation of abortive 

products, 3 to 5-nt in length. The magnitude of this effect follows the order Lomibuvir > 

GS-9669 > Filibuvir. In Figure 3.9, it is clear that the extent of rigidification of NS5B by 

NNI2 follows this same trend, with the most extensive effects seen for Lomibuvir, 

followed by GS-9669 and then Filibuvir. The parallel between enzymatic assays and 

HDX suggests that suppression of conformational dynamics provides a rationale for the 

long-range effects leading to inhibition. The NNI2 induced rigidification revealed in this 

study is consistent with the overall mechanism of inhibition revealed by nucleotide 

incorporation kinetic assays (78) but also provides molecular details underlying a 

conformational basis for differences in potency among the three NNI2’s studied.  

The elongation reaction was then further investigated. After the first incorporation 

the enzyme must release pyrophosphate and translocate to allow the binding and 

incorporation of the next nucleotide, and either of these steps may be limited by a 

conformational change in going from a closed catalytically active state to an open state 

allowing the release of pyrophosphate and/or translocation (88). Using a fluorescence 

assay we have shown that the release of pyrophosphate in a single turnover experiment is 

faster than the subsequent processive elongation reaction. Moreover, the rate of 

elongation is dependent on the sequence context and/or identity of the base-pair, with 

rates varying more than 10-fold from one base-pair to the next. This is unusual among 

polymerases, and further studies are needed to quantify the sequence context dependence.  
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We noted a small effect of the NNI2 on slowing the rate of elongation. This 

observation is consistent with the overall rigidification of the protein as observed by 

HDX (82), and the suggestion that the rate-limiting step may involve a conformational 

change. However, the physiological significant of these reactions remain to be 

established. One possibility is that the polymerase works in concert with the helicase 

during processive synthesis to unwind duplex RNA and secondary structure in the 

template.   

Our studies on the NNI2 are particularly intriguing because they demonstrate an 

allosteric action at a distance and illuminate one of the least understood aspects of RNA-

dependent RNA polymerization; namely, the transition for initiation to elongation mode. 

The studies shown here and previously (47) have suggested that the transition from 

initiation to elongation occurs after the formation of oligonucleotides in the range of 3-5 

nucleotides in length. Here, when the transition is blocked, there is a significant 

accumulation of 5-nt products.  

In the current models for the initiation and transition, the 3’ end of the template 

strand enters the active site and directs the synthesis of a dinucleotide and its subsequent 

extension to 3-, 4-, and 5-nucleotide products. At some point, the growing primer gets too 

big to fit in the active site and pushes the β-loop out of the active site to transition to the 

processive elongation mode. Here, when the transition is inhibited, the maximum length 

observed is 5-nucleotides, leading us to conclude that 5-nt of duplex may be the largest 

that can be accommodated in the active site in the presence of the β-loop. Our data 

indicate that by binding to the outside surface of the thumb domain the NNI2’s 

allosterically inhibit this critical structural transition from the initiation to elongation 

mode to inhibit RNA replication.   
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In summary, HDX kinetics suggested that all three inhibitors rigidify an allosteric 

network extending up to 40 Å from the binding site, providing a structural rational for the 

disruption of the transition from initiation to elongation seen in kinetics assays. Together, 

these results establish the allosteric mechanisms by NNI2 inhibitors, reveal important 

conformational changes underlying polymerase function, and point the way to the design 

of more effective allosteric inhibitors that exploit this new information. 

  



 

 69 

Chapter 4: Kinetics of incorporation and excision of nucleoside analogs 
(NAs) by Hepatitis C viral polymerase NS5B  

4.1 INTRODUCTION 

Previously the HCV treatment required a 48-week regimen of interferon-α (IFN) 

and ribavirin. The treatment resulted only 45% responsiveness towards genotype 1 

patients, and showed significant toxic effects (89,90). Since late 2015, the standard of 

care for HCV has shown drastic improvement through the use of Harvoni, a daily tablet 

developed by Gilead Science Inc., with more than 90% cure rate after a 12-week therapy 

(91). Harvoni contains two active ingredients against HCV, Sofosbuvir, which 

metabolizes to a Uridine analog, and Ledipasvir, a small molecule inhibitor targeting 

NS5A (57). Generally, nucleoside analogs function as chain terminators for viral 

replication. Nucleoside analogs (NAs) are commonly administrated in the form of 

prodrugs. Metabolic activation is required to transform the drug into the nucleoside 

triphosphate form (92), which can then compete with natural nucleotide for binding and 

incorporation by NS5B, leading to chain termination. 

Because the metabolite from Sofosbuvir is an uridine triphosphate analog that has 

the 2′-fluoro-C-methyl motif, a series of UTP analogs with related modifications at the 

sugar moiety was designed by Alios Biopharma to probe the structure/potency 

relationship of nucleoside analogs for NS5B inhibition (58). In spite of the existence of a 

3’OH that could support subsequent nucleotide incorporation, UTP analogs with 2′-C-

methylated motif are all potent chain terminators. Structural analysis of NS5B in complex 

with a nucleoside analog suggested a steric clash between the 2′-C-methyl motif and the 

next incoming nucleotide, offering structural insights to the mechanism of inhibition of 

the incorporation of the next nucleotide (76). In the work presented in this Chapter, we 

measured the kinetics of incorporation of several frontline CTP nucleoside analogs 
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provided to us by Alios Biopharma. The structure of these CTP analogs is shown in 

Figure 4.1. These are analogs with 2’-C-methyl and 4’-azido modifications that exhibited 

selective activity in the replicon assays (54,65). Since each analog in our study has the 

terminal 3’OH ready to react with the next correct nucleotide to bypass chain termination, 

we also measured the chain-terminating efficiency of these analogs. 

 

 

Figure 4.1 Structures of ribonucleoside analogs provided by Alios Biopharma.  

A recent study from Jin et al. discovered that NS5B also catalyzes a nucleotide-

dependent excision reaction as shown in Figure 4.2, which was suspected to be the 

mechanism of HCV replication fidelity (48). Most importantly, they found that after a 

chain-terminating CTP analog was incorporated by NS5B, it could be efficiently removed 

via nucleotide-mediated excision to overcome chain termination (48). A similar 



 

 71 

phenomenon was previously identified in studies on the thymidine analog resistance 

mutants (TAMs) of HIV RT, where the resistance to AZT was suggested to be the 

consequence of ATP-mediated excision of the chain terminator (93,94). Thus, nucleotide-

mediated excision is another key kinetic parameter to evaluate the inhibition efficiency of 

chain-terminating NAs of NS5B. In this chapter, we assessed the inhibition efficiency of 

each NA using transient state kinetics by quantifying the kinetics of NA incorporation, 

extension and excision. Our analysis allowed rigorous evaluation for the effectiveness of 

each inhibitor and provided a quantitative baseline for assessing other nucleoside analogs.  

 

 

 

 

 

Figure 4.2 NTP-dependent excision reaction. The NS5B-RNA complex with a 10-nt 
primer (ER10) reacts with a nucleoside triphosphate (NTP) to form a dinucleotide 
tetraphosphate (Np4C). This figure is from (48). 
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4.2 MATERIALS AND METHODS 

Preparation of Substrate RNA 

The RNA substrates used in these studies were chemically synthesized by 

Dharmacon Inc. (Chicago, IL). Both desalting and decapping were performed prior to 

delivery. Sequences of these RNA oligomers are listed in Table 4.1. To facilitate the 

initiation ratecion we used a pGG dinucleotide with the 20 nt RNA template. The 

sequence was chosen for consistency with previous studies from Jin et al (47). For kinetic 

assays, the dinucleotide primer pGG was 32P-labeled by reacting OHGG with [γ-32P]-ATP 

(PerkinElmer Life Sciences) in the presence of T4 polynucleotide kinase (New England 

Biolabs) for 1 h at 37 °C. The reaction was stopped by heating at 95 °C for 5 min and 

mixed with cold pGG to achieve desired concentration of 32P-pGG (the ratio of 

radiolabeled pGG was about 5%).  

Table 4.1 RNA substrates sequences for kinetic assays 

GG-Primer   

 
2mer: 5’-pGG-3’ 

 
2mer: 5’-OHGG-3’ 

20-nt Template 

 

20mer: 5’-AAUCUAUAACGAUUAUAUCC-3’ 
 

Cloning, Expression and Purification of NS5B.  

N-terminal 6-His–tagged NS5BΔ21 [con1 strain, codon sequence is from 

GenBank (accession no. AJ242654); 21 C-terminal amino acids were removed from the 

full-length NS5B protein] was cloned into pcltsind+ vector and expressed in Turbo 

competent E. coli cells (New England Biolabs). The purification procedure was described 

previously in (47) and in Chapter 2.  
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Site-directed mutagenesis of HCV NS5B 

Site-directed PCR mutagenesis was performed to introduce S282T, S282R and 

S282G mutations onto HCV NS5B for the work described in this chapter. For each 

mutagenesis, 50 ng of parental parental DNA, 125 ng of forward and reverse primers 

(Table 4.2), 1X cloned Pfu Initiation Buffer, 1 μl of 10 mM dNTPs (Promega), and 2.5 

units of Pfu Turbo DNA polymerase (NEB) were mixed in a 50μL reaction. The PCR 

amplification was then thermocycled using a hot start incubation at 95°C for 5 minutes, 

followed by 18 cycles of 95°C for 30 seconds, 55°C for 1 minute, and 72°C for 8 

minutes. After the PCR reaction was cooled down to 4°C, 20 units of DpnI (NEB) was 

added and incubated at 37°C for 1 hour to degrade methylated parental DNA. Then 1 μL 

of mutant DNA was transformed into NEB Turbo competent E. coli cells. Single colonies 

from transformation were selected to grow in 5 ml LB media and mini-prepped (Qiagen) 

to obtain plasmids for sequencing. The results of mutagenesis for both mutants are 

confirmed using forward and reverse sequencing primers for pcltsind+ plasmid as well as 

two internal primers specific to NS5B as shown in Chapter 2 (Table 2.1).  

Table 4.2 Mutagenic primers for HCV NS5B mutants 

S282T 
     

 
Forward: 5’-TACCGTCGTTGTCGTGCAACTGGTGTGCTGACCACGAGT-3’ 

 
Reverse: 5’-ACTCGTGGTCAGCACACCAGTTGCACGACAACGACGGTA-3’ 

S282R 
     

 
Forward: 5’-TACCGTCGTTGTCGTGCACGTGGTGTGCTGACCACGAGT-3’ 

 
Reverse: 5’-ACTCGTGGTCAGCACACCACGTGCACGACAACGACGGTA-3’ 

S282G 
     

 
Forward: 5’-TACCGTCGTTGTCGTGCAGGTGGTGTGCTGACCACGAGT-3’ 

 
Reverse: 5’-ACTCGTGGTCAGCACACCACCTGCACGACAACGACGGTA-3’ 
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Isolation of NS5B/*9P/20T elongation complex for single nucleotide incorporation 
assay 

HCV NS5B initiation reaction containing 12 μM NS5B, 20 μM 5′-end 32P-

labeled pGG, 20 μM 20-nt (CG), 50 μM of ATP, UTP in the NS5B Reaction Buffer (40 

mM Tris-Cl, pH 7.0, 20 mM NaCl, 5 mM DTT, 2 mM MgCl2) was incubated at 30°C for 

2 hours to form about 1.5 μM NS5B protein into a stable NS5B/*9P/20T complex with 

5’-32P-labeled 9-nt Primer as described previously (47,49). To isolate the 9-nt elongation 

complex, the reaction sample was centrifuged at 16,000 g for 5 min using a bench top 

centrifuge (Eppendorf) at room temperature to separate active EC in the pellet from 

residual intermediates in the supernatant. To purify the elongation complex, the 

remaining pellet was washed at least twice by additional re-suspension and centrifugation 

with the Reaction Buffer. Finally, the pellet was resuspended in 6X reaction volume of 

the Elongation Buffer (40 mM Tris-Cl, pH 7.4, 150 mM NaCl, 5 mM DTT, and 2 mM 

MgCl2). The final concentration of resuspended elongation complex was about 0.2 μM.  

Nucleoside Analog Incorporation Assay 

To measure the incorporation of each nucleoside analog by the NS5B elongation 

complex, chemical quench flow experiments were conducted using the RQF-3 rapid-

quench-flow apparatus (KinTek Corporation). In a typical assay, 125 nM purified 

NS5B/10P*/20T elongation complex was rapidly mixed with equal volume of various 

concentrations of CTP (2.5, 5, 15, 50, 100 and 200 μM) or CTP analog (1, 2.5, 5, 10, 50 

and 100 μM). All reactants concentrations listed are the final concentrations. The 

reactions were then quenched at various time points by the addition of the quench 

solution (90% formamide, 50 mM EDTA, 0.1% bromophenol blue, and 0.1% xylene 

cyanol).  
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Chain Termination in the presence of the next correct nucleotides 

To test for chain terminating ability of nucleoside analog, the 5′-32P-labeled 

NS5B/9P*/20T EC was reacted with 100 μM of each CTP analog for 5min. Then ATP, 

GTP and UTP, each at 100 μM was mixed in for 20 s. The reaction was stopped by the 

addition of quench buffer. 

Isolation of NA-terminated NS5B/*10P/20T elongation complex for ATP/PPi-
mediated excision assay 

The 2-hour initiation reaction was developed to form stable NS5B/*9P/20T 

complex. Subsequently, 100 μM CTP analog was added for 20 s at 30 °C to allow analog 

incorporation and extension to an NS5B/*10P/20T complex with a chain terminated 5’-
32P-labeled 10-nt primer. To isolate the chain-terminated elongation complex, the reaction 

sample was centrifuged at 16,000 g for 5 min using a benchtop centrifuge (Eppendorf) at 

room temperature to separate active EC in the pellet from residual intermediates in the 

supernatant. To purify the elongation complex, the remaining pellet was washed at least 

twice by additional re-suspension and centrifugation using the Reaction Buffer. Finally, 

the pellet was resuspended in 6x reaction volume of the Elongation Buffer (40 mM Tris-

Cl, pH 7.4, 150 mM NaCl, 5 mM DTT, and 2 mM MgCl2). The final concentration of 

resuspended elongation complex NS5B/10P*/20T complex was determined to be about 

0.2 μM. 

ATP/PPi-Mediated nucleoside analog excision assay  

In a typical excision assay, purified nucleoside analog terminated 

NS5B/*10P/20T elongation complex was incubated at 30 °C with an equal volume of 

ATP or PPi at various concentrations. The reactions were quenched at time points 

indicated on Figures 4.6 and 4.7 by the addition of the quench solution containing 90% 

formamide, 50 mM EDTA, 0.1% bromophenol blue, and 0.1% xylene cyanol. 
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Product Analysis 

The quenched reaction samples were heat-denatured for 3 min at 95 °C and 

separated on a 16% denaturing polyacrylamide gel (7 M Urea) for electrophoresis at 100 

W using the Bio-Rad Sequi-Gen GT system. The gels were exposed to a storage 

phosphor screen (Molecular Dynamics) and imaged by the Typhoon 9400 scanner (GE 

Healthcare). Band intensity quantification was done using ImageQuant (GE Healthcare). 

Product formation was calculated as the product of the fractional intensity of the product 

band relative to the sum of all bands in a particular lane times the concentration of NS5B 

elongation complex.  

Data Fitting and Analysis 

Kinetic data obtained for product generated over time were fit globally using the 

KinTek Explorer simulation software (KinTek Corp, Austin TX). Firstly, a reaction 

model describing the sequence of reaction pathways was designed, and followed by 

inputting the experimental setup and reasonable initial estimates of rate constants. The 

program then conducts multiple rounds of refinement using nonlinear regression based on 

numerical integration of the rate equations to converge on an optimally estimated value 

for each parameter (80,81). Error analysis offers standard error values for each parameter. 

A confidence contour analysis was also conducted (81). Two models were used in the 

fitting of data in this chapter as shown in Scheme 4.1 for analog incorporation, Scheme 

4.2 for ATP-mediated analog excision and Scheme 4.3 for PPi-mediated analog excision.  
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4.3 RESULTS 

Isolation of HCV elongation complex 

Previously, Jin et al. have succeeded in optimizing the assembly of a 

stoichiometric NS5B/primer/template ternary complex (47). The exceedingly active and 

stable nature of this elongation complex is advantageous for setting the stage for our 

studies on the pre-steady state kinetics of nucleoside analogs incorporation and excision 

by NS5B in order to explore mechanisms for drug inhibition and drug resistance. Briefly, 

active NS5B elongation complex were obtained as shown in Figure 4.3A, 5’-32P labeled 

dinucleotide primer (*pGG), 20-nt RNA template, and NS5B were pre-incubated in the 

reaction mixture. The RNA synthesis reaction was initiated by adding ATP and UTP. The 

reaction paused after forming a 9-nt product because of the absence of CTP required for 

subsequent polymerization. Due to the fact that the elongation complex precipitates under 

low salt reaction conditions, the reaction products after a 2-hour incubation can be 

centrifuged at 16,000xg for 5 min to remove excess starting material and abortive 

intermediates from the elongation complex. The final active NS5B elongation complex 

can be readily obtained by re-suspending the remaining pellet in elongation buffer 

containing 150 mM NaCl. This 9-nt EC was used for incorporation assays.  

CTP analogs were then mixed with the purified elongation complex to examine 

the kinetics of incorporation at the 3’end of nascent RNA primer to form a 10-nt NS5B 

elongation complex, which can then be used for nucleotide-dependent excision assays. 

Figure 4.3B shows that abortive products are no longer present in the resuspended 

elongation complex, which signifies the efficiency of purification. The purified 

elongation complex can be extended to 10-nt in the presence of CTP analogs, suggesting 

productive RNA elongation activity. 
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Figure 4.3 Isolation of NS5B elongation complex (EC) for nucleotide analog 
incorporation. (A) Experimental scheme of NS5B initiation, elongation and labeling 
reactions. RNA synthesis by NS5B was initiated in the presence of 20-nt RNA template 
along with 32P-pGG-dinucleotide primer, ATP and GTP. After 2 hours of incubation at 
30C, RNA primer was extended and paused at the 9-nt position. Then the NS5B-
10P*/20T EC was centrifuged and purified for pre-steady state nucleotide or analog 
incorporation assays. (B) Concentration estimation of NS5B-10P*/20T EC by 32P-pGG 
standards. 5 uL of the total (T), supernatant (S), resuspended pellet (P) and diluted pellet 
(DP) reaction samples containing the NS5B-10P*/20T EC was run on 16% sequencing 
gel and exposed simultaneously to a phosphor imager with 5 uL of various known 
concentrations of 32P-pGG standards dotted on TLC plate. By plotting intensity of 32P-
pGG against its concentrations, a calibration curve was generated to calculate absolute 
concentrations of NS5B elongation products. 
 

Pre-steady-state kinetics of CTP analogs incorporation.  

In this study, we first explored the efficiency of HCV NS5B elongation complex 

to incorporate nucleoside analogs using single nucleotide incorporation assays. Under 

single turnover conditions, the preformed NS5B 9-nt elongation complex (200 nM) with 

radiolabel on the 5’end of the primer was rapidly mixed with various concentrations of 

the CTP analogs in the NS5B Elongation Buffer (Figure 4.4A). Primer extension to a 10-

nt RNA product was quenched at various time points by addition of 50 mM EDTA and 

the reaction products were separated on a 16% sequencing gel as shown in Figure 4.4B, 
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where 2’C-Me-2’F-CTP incorporation is shown as an example. Time courses of 10-nt 

RNA product formation at different substrate concentrations were fit globally to a 

minimal pathway presented in Scheme 4.1.  

 

		
E.R9 + XTP

Kd⎯ →⎯← ⎯⎯ E.R9XTP
kpol⎯ →⎯← ⎯⎯ E.X10PPi ⎯→⎯←⎯⎯ E.X10 +PPi  

Scheme 4.1 
The NS5B elongation complex formed with a 9-nt primer (ER9) reacts with a nucleoside 
analog (XTP) to form E.X10 

 

The model above is the minimal kinetic pathway describing nucleotide or analogs 

binding and incorporation catalyzed by HCV NS5B EC. Following on the mechanistic 

studies of other polymerases, we assume that nucleotide binding is in rapid equilibrium 

and the polymerization step is the single rate-limiting step (95). After fitting the kinetic 

data to Scheme 4.1 using KinTek Explorer based on numerical integration of rate 

equations, both the equilibrium dissociation constant for nucleotide binding (Kd) and the 

rate of nucleotide incorporation at saturating nucleotide concentration (kpol) were 

determined. Then both rate constants were combined to estimate kcat/Km = kpol/Kd , which 

quantifies the enzyme specificity and efficiency of substrate incorporation by HCV 

NS5B.  

Single nucleotide incorporation of both normal nucleotide CTP and CTP analogs 

were performed and analyzed as shown in Figure 4.4C-F, and the kinetic parameters are 

presented in Table 4.3. In agreement with previously reported values (47), Kd and kpol for 

CTP incorporation were 46 ± 8.9 μM and 21 ± 3.3 s-1, respectively, yielding an overall 

substrate efficiency, kpol/Kd, of 0.46 ± 0.1 μM-1 s-1.  For CTP analogs, 4’-azido-CTP was 

incorporated by NS5B EC at a tighter Kd of 23 ± 7.1 μM, but much slower kpol of 1.5 ± 
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0.4 s-1, resulting a net 6-fold decrease in kpol/Kd of 0.07 ± 0.03 μM-1 s-1 when compare to 

CTP incorporation. Moreover, NS5B binds 2’C-Me-CTP and 2’C-Me-2’F-CTP with Kd 

of 61 ± 11 μM and 59 ± 14 μM, respectively, which is comparable to CTP. However, 

drastically reduced incorporation rates (kpol) of 1.0 ± 0.2 s-1 and 1.9 ± 0.4 s-1 were 

observed, generating low substrate specificity of 0.02 ± 0.004 μM-1 s-1 and 0.03 ± 0.01 

μM-1 s-1, respectively. Overall, the efficiency of NS5B EC to incorporate CTP nucleotide 

analogs can be ranked from high to low as follows: 4’-azido-CTP > 2’C-Me-2’F-CTP > 

2’C-Me-CTP. When comparing to normal nucleotide CTP incorporation, the 

discrimination factors for 4’-azido-CTP, 2’C-Me-2’F-CTP and 2’C-Me-CTP are 6.8, 14.5 

and 27.4, respectively. 

 

 
 

Equation 4.1                                                          

 

 

 

		
Discrimination	(D)	 =

(kpol /Kd )correct
(kpol /Kd )incorrect

                      Resistance	 = Dmutant
Dwild	type
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Figure 4.4: continued next page 

 



 

 82 

Figure 4.4 Single-turnover kinetics of CTP or CTP analog incorporation by NS5B EC.  
(A) Experimental scheme. 9-nt EC was obtained from extension and pause reaction as 
described in Figure 4.3. The final concentration of resuspended NS5B EC was calculated 
from the calibration curve to be 200 nM. For nucleotide incorporation, CTP or CTP 
analogs was added to NS5B 9-nt EC to monitor RNA primer extension to a 10-nt. (B) 
Representative 16% denaturing PAGE gel shows the time course of 2’C-Me-2’F-CTP 
incorporation by NS5B EC, indicated by the extension of 9-nt to 10-nt RNA product. 
Increasing concentration of 2’C-Me-2’F-CTP from 1, 2.5, 5, 10, 50 to 100 μM was added 
to NS5B 9-nt EC and the reaction was quenched by addition of formamide with 50 mM 
EDTA at indicated time intervals. (C-F) Incorporation of CTP and CTP analogs at 
various concentrations by NS5B EC was globally fit to Scheme 4.1 yielding rate 
constants as summarized in Table 4.3. 
 
 
 

Table 4.3 HCV NS5B nucleotide and nucleoside analogs incorporation parameters 

 
Rate constants for incorporation of each NA are from the data in Figure 4.4. The net 
Discrimination was calculated from the ratio of specificity constants for the cognate 
nucleotide relative to the analog (Equation 4.1). 
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The chain-terminating efficiency of CTP analogs 

Nucleoside analogs are important drugs or drug candidates for direct acting 

antiviral treatments. For DNA polymerases such as HIV reverse transcriptase, nucleotide 

analogs function as chain terminators because they lack the 3’OH (96). However, the 

HCV NS5B is an RNA polymerase that requires the presence of a 3’OH in the NA in 

order to be incorporated. To evaluate whether our CTP analogs act as chain terminators 

or not, we examined the ability of NS5B EC (pre-incorporated with CTP analogs at 3’end 

of its nascent RNA) to resume primer extension in the presence of the next correct 

nucleotides. In our assay, the NS5B EC was isolated after incorporation of CTP or CTP 

analog at the 10-nt. Then the next correct nucleotides GTP, UTP and ATP were added to 

each EC for 20s to monitor the possibility of elongation to a full-length RNA product 

(20-nt). For natural CTP, primer extension was as expected as the full-length 20-nt 

product was observed (Figure 4.5). In the case for 4’-azido-CTP, primer extension was 

resumed but with much slower rate. Conversely, incorporation of 2’C-Me-CTP and 2’C-

Me-2’F-CTP largely blocked the extension of the 10-nt EC in the presence of the next 

correct nucleotides. Overall, the observed efficiencies of our CTP analogs as chain-

terminators are similar to previous studies reported on UTP analogs (58). Specifically, 

these studies show that modification of the ribose by addition of a methyl group and/or 

fluorine at the 2’ position is sufficient to inhibit incorporation of the next correct 

nucleotide.   
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Figure 4.5 Examine the ability of chain termination by CTP analogs. After CTP or CTP 
analogs incorporation, a stalled 10-nt EC was isolated to mix with the rest of the correct 
nucleotides (A+U+G) for 20s to allow multiple nucleotides incorporation with 20-nt 
product formation. The results were shown on a 16% denaturing PAGE gel. 
 

Efficiency of CTP analog excision by ATP 

Next, we assessed the ATP-mediated excision of chain-terminating CTP analogs 

in detail using transient kinetic analysis. The excision reaction was initiated by mixing 

the NS5B EC chain-terminated with 2’C-Me-CTP or 2’C-Me-2’F-CTP with various 

concentrations of ATP (Figure 4.6A). The concentration of the 9-nt RNA product 

formation over time in the presence of 0.25. 0.5, 1, 2, 4 and 8 mM ATP were resolved on 

a 16% denaturing gel as shown in Figure 4.6B. We also observed small amounts of 
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misincorporation leading to formation of an 11-nt RNA products at high ATP 

concentrations. Families of curves on the time dependence of 9-nt formation at different 

ATP concentrations were analyzed by fitting data globally to the excision model outlined 

in Scheme 4.2. The reversible model was used because Figure 4.6 C&D showed that the 

amplitude of the excision reaction to form 9-nt product did not go to completion, but 

rather, approached an endpoint that was a function of ATP concentration. This suggests 

that the reaction was reversible. After fitting by KinTek Explorer, the kinetic parameters 

determined for the forward and reverse reactions are listed in Table 4.4.  

 

		
EX10 + ATP

k1

k−1
⎯ →⎯← ⎯⎯ EX10.ATP k2

k−2
⎯ →⎯← ⎯⎯ ER9.Ap4X

k3

k−3
⎯ →⎯← ⎯⎯ ER9 + Ap4X  

Scheme 4.2 
The reaction of ATP with RNA, chain-terminated by a NA (X), produces a dinucleotide 
tetraphosphate (Ap4X). The reaction is reversible in that the Ap4X can react to re-
incorporate the NA.   
 

When the NS5B EC was terminated with 2’C-Me-CTP, the apparent dissociation 

constant (Kd = 1/K1) for ATP binding during excision was 1.2 ± 0.17 mM, and the rate of 

excision, k2, was 0.028 ± 0.002 s-1, yielding a specificity constant (kcat/Km= k2K1) of (23 ± 

3.5) x 10-6 μM-1s-1. When NS5B EC was terminated with 2’C-Me-2’F-CTP, the apparent 

Kd for ATP binding during excision was 2.7 ± 0.55 mM, and the rate of excision, k2, was 

0.031 ± 0.005 s-1, resulting in a specificity constant (kcat/Km) of (12 ± 3.0) x 10-6 μM-1s-1. 

These results are summarized together with the rate constants governing normal 

nucleotide CTP excision in Table 4.4. As shown, the ATP-mediated excision of both 

terminal nucleotide analogs from NS5B elongation complex was almost as efficient as 

the normal nucleotide, with discrimination factor of only 1.2 and 2.3 for 2’C-Me-CTP 

and 2’C-Me-2’F-CTP, respectively. 
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Figure 4.6 Excision of Chain-terminating CTP analogs by ATP. (A) Experimental setup 
for ATP-mediated primer excision. In these reactions, 0.2 μM NS5B EC with chain-
terminating CTP analog incorporated at 10-nt position was incubated with increasing 
concentrations of ATP. (B) A 16% denaturing PAGE gel displays the time courses of 
2’C-Me-CTP excision mediated by various ATP concentrations (0.25, 0.5, 1, 2, 4, and 8 
mM). Each excision reaction was quenched at various time points of up to 240 s. The 
amount of excision product (9-nt) formation was calculated as the percentage of the 
initial concentration of 10-nt NS5B EC (100 nM after mix). (C) The time course of 
excision of 2’C-Me-CTP and (D) 2’C-Me-2’F-CTP at various ATP concentrations was 
globally fit to the mechanism shown in Scheme 4.2, and the fitted parameters are 
presented in Table 4.4.  
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Efficiency of CTP analog excision by Pyrophosphorolysis 

We also explored the kinetics of pyrophosphorolysis for nucleotide analog 

excision. The experiments were carried out in similar fashion to excision by ATP, except 

that NS5B EC chain-terminated with 2’C-Me-CTP or 2’C-Me-2’F-CTP was mixed with 

various concentrations of PPi instead as shown in (Figure 4.7A). The time dependence of 

pyrophosphorolysis producing 9-nt RNA were monitored at different PPi concentrations 

and the reaction products were separated on a sequencing gel (Figure 4.7B.) The kinetic 

data were collected and analyzed based on the minimal mechanism shown in Scheme 4.3. 

The amplitude of product formation appears to be PPi concentration-dependent (Figure 

4.7C&D), indicating that the reaction is reversible. The kinetic parameters governing 

pyrophophorolysis of nucleotide analogs are summarized in Table 4.4 along with 

previously reported rate constants for CTP.  

 

		
EX10 +PPi

k1

k−1
⎯ →⎯← ⎯⎯ EX10.PPi

k2

k−2
⎯ →⎯← ⎯⎯ ER9.XTP

k3

k−3
⎯ →⎯← ⎯⎯ ER9 + XTP  

Scheme 4.3 
 

For 2’C-Me-CTP terminated NS5B EC, the apparent Kd of PPi binding during 

excision was 0.99 ± 0.39 mM, which is 3-fold weaker than NS5B EC incorporated with 

CTP. The excision rate (k2) was 0.39 ± 0.14 s-1 (comparable to CTP excision), resulting in 

a specificity constant (kcat/Km= k2K1) of (400 ± 210) x 10-6 μM-1s-1. For 2’C-Me-2’F-CTP 

terminated NS5B EC, the apparent Kd of PPi binding during excision was 1.77 ± 0.39 

mM, which is 5-fold weaker than NS5B EC incorporated with CTP. The excision rate 

(0.31 ± 0.06 s-1) was slightly lower than CTP excision, making the specificity constant 

down to (175 ± 52) x 10-6 μM-1s-1. Therefore, the excision reactions for both CTP analogs 

were less efficient than normal nucleotide by pyrophosphorolysis, in particular, 3.0 and 
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6.8-fold decrease in excision efficiency for 2’C-Me-CTP and 2’C-Me-2’F-CTP was 

observed, respectively.  

 

 

 

Figure 4.7 Excision of Chain-terminating CTP analogs by pyrophosphorolysis. (A) 
Experimental setup for PPi-mediated primer excision. In these reactions, 0.2 μM NS5B 
EC with chain-terminating CTP analog incorporated at 10-nt position was incubated with 
increasing concentrations of PPi. (B) A 16% denaturing PAGE gel displays the time 
courses of 2’C-Me-CTP excision mediated by various PPi concentrations (15.6, 31.3, 
62.5, 125, 250, and 500 μM). Each excision reaction was quenched at various time points 
of up to 60s. The amount of excision product (9-nt) formation was calculated as the 
percentage of the initial concentration of 10-nt NS5B EC (100 nM after mix). (C) 
Excision of 2’C-Me-CTP and (D) 2’C-Me-2’F-CTP at various PPi concentrations was 
globally fit to the mechanism shown in Scheme 4.3, and fitted parameters are presented 
in Table 4.4. 
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In summary, the excision of chain-terminating CTP analogs from the nascent 

RNA of NS5B EC by pyrophosphorolysis is ~20 fold more efficient than by ATP, which 

is compounded by tighter binding affinity as well as 10-fold faster excision rate. 

 

Table 4.4 HCV NS5B ATP or PPi-mediated nucleoside analog excision parameters 

Parameters for natural nucleotide CTP was obtained from (48).  

 

Resistance mutations against 2′-C-methylated compounds are predominantly 

emerging at position S282 involving S282T, S282R and S282G from the replicon assays. 

However, these mutations are rarely seen in clinical data. Nevertheless, we have 

generated all of the variants above and wish to further investigate the mechanism of 

resistance. To our surprise, all three S282 mutations have caused varying degrees of 

efficiency loss for elongation complex formation as shown in Figure 4.8 The NS5B 

fidelity was also largely compromised in the presence of S282 mutations as increased 

mismatch formation was observed. These results agree with a previous study where the 
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S282T mutant was shown to decrease the efficiency of nucleotide incorporation (59,60). 

As a result, these reported effects have occluded our further attempts to explore the 

mechanistic basis of drug resistance for these nucleoside analogs. 

 

 

 

Figure 4.8 NS5B elongation complex formations in the presence of S282 mutations.  
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4.4 DISCUSSION 

The goal of the studies outlined in this chapter was to understand the mechanistic 

basis for HCV NS5B inhibition by various clinically relevant CTP analogs. We measured 

the kinetic parameters governing both incorporation and excision of nucleoside analogs 

by NS5B EC to address the differences in their inhibition potency profiles. Our first step 

was to conduct pre-steady state kinetic analysis of the incorporation efficiency of CTP 

analogs by NS5B EC. The kinetic data obtained from single nucleotide incorporation 

assays under single turnover conditions were globally fit to the one-step nucleotide 

binding model (Scheme 4.1) to determine the maximum rate of analog incorporation (kpol) 

and the apparent dissociation equilibrium constants (Kd). Based on the rate constants 

summarized in Table 4.3, when compared to normal nucleotide CTP, all of our CTP 

analogs have shown comparable binding affinity to NS5B and were incorporated 

efficiently with only modest reduction in rates of incorporation. The discrimination 

against analogs incorporation ranges from 6-27 fold. This moderate discrimination effect 

demonstrates that these analogs are good substrates for NS5B. The incorporation 

efficiency of CTP analogs can be ranked in descending order based on the specificity 

constant: 4’-N3> 2’F-2’C-Me > 2’C-Me. This ranking denotes the substrate incorporation 

efficiency of each inhibitor. Also, our results are in agreement with previous studies on 

UTP analogs with similar modifications (58). 

In theory, primer extension after ribonucleoside analog incorporation is possible 

due to the presence of hydroxyl group at the 3’ position of the sugar moiety. However, 

this hypothesis is challenged by the structural perturbations from the modifications at the 

2’ and 4’ positions in the analogs. Hence, these nucleotide analogs have previously been 

described as “non-obligate chain terminators” (65,97). Thus, the next step in our study 

was to understand the potential for primer extension after each of the CTP analogs in 
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order to provide insights to establish their mechanisms of inhibition. To evaluate whether 

our analogs act as chain terminators, we examined the extension ability of each analog by 

the incorporation of the next correct nucleotide. As shown in Figure 4.5, both CTP 

analogs with 2’C-methyl modifications were demonstrated to be chain terminators as 

they efficiently prevented primer extension. On the other hand, RNA synthesis could be 

resumed in the presence of 4’-azido-CTP, suggesting that chain termination is not the 

only the inhibition mechanism of this analog. For example, the inhibition of this analog 

might be due to its mutagenic potential for HCV replication after being incorporated.  It 

is also interesting to note the appearance of a band the accumulates after the 

incorporation of 3 nucleotides on top of 4’-azido-CTP (Figure 4.5), suggesting a possible 

delayed termination that may due to altered structure of the RNA duplex.   

Future experiments to investigate the effects on nucleotide incorporation can be 

done using template strand (containing this analog) created through enzymatic synthesis 

as described in (98). Moreover, more structural analyses are needed to understand how 

subtle modifications on the sugar moiety can influence substrate recognition and chain 

termination efficiency. 

We were also aware that both PPi- and ATP-mediated excision of incorporated 

chain-terminating nucleoside analogs were demonstrated previously for NS5B EC to 

suggest that these reactions may affect the efficiency of a chain terminator as an anti-

HCV agent (48). Thus, it is critical to measure the kinetics of not only incorporation but 

also the excision of nucleoside analogs to better understand antiviral drug potency and 

evolution of resistance. Kinetic parameters for excision by ATP and PPi were 

summarized in Table 4.4. The observed excision rates for both CTP analogs were similar. 

The excision rate mediated by PPi (0.3 s-1) was about 10-fold faster than that mediated by 

ATP (0.03 s-1). This difference in rates could be explained by the difference in structural 
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alignment in the transition state, where PPi could be most optimal. Also, the excision 

efficiency kcat/Km is defined as K1k2, which is contributed by both the equilibrium constant 

of the apparent ground state binding and the rate of excision. By comparing the 

specificity constants, PPi-mediated excision overall is much greater than ATP mediated 

excision, which could be explained by a combination of tighter binding affinity and faster 

excision rate. However, if we take the physiological concentration of ATP (3mM) and 

pyrophosphate (150 μM) into consideration, both excision rates are then comparable. 

According to the data shown in Table 4.4, it is also clear that there is little discrimination 

against the CTP analog in normal nucleotide excision. In fact, our observed efficiency of 

ATP-mediated excision of CTP analogs catalyzed by HCV NS5B was about 50-fold 

greater than the efficiency of ATP-mediated excision of AZT by HIV RT (94,99). Since 

ATP-mediated excision was shown to play a significant role in nucleoside potency and 

drug resistance of HIV RT, this stark difference in excision efficiency suggests that the 

excision may be involved in more mechanisms of HCV replication other than NS5B 

fidelity and drug resistance. Further studies on additional nucleoside analogs with various 

modifications and in different NTP forms are necessary to understand how structural 

difference and primer/template sequences affect the relative excision efficiencies. 

Most importantly, it should be noted that CTP analog with 2’C-Me-2’F 

modification is more resistant to excision as compare to 2’C-Methyl. Recall that the 

incorporation efficiency is greater for 2’C-Me-2’F-CTP. These observations provide 

explanations for why such modification is preferred clinically as in the case of 

Sofosbuvir. Overall, our studies on NA inhibition of NS5B have suggested that both 

incorporation and excision are important factors when evaluating the effectiveness of 

chain-terminating inhibitors. 
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Chapter 5: Probing the dynamics of β-loop motions from initiation to 
elongation by Hepatitis C viral polymerase NS5B 

5.1 INTRODUCTION  

The crystal structure of NS5B that was previously determined shows the typical 

fingers, thumb and palm domains as seen in most polymerases in the PolA family. One 

unique feature of NS5B is the extensive interactions between the fingers and thumb 

domains, which completely encircle the active site as described in Chapter 1 (Figure 1.4). 

These interactions are primarily mediated by a short (35 residue) β-loop called the Δ1 

loop (37). In addition, a short, 12-residue β-loop projects from the thumb into the active 

site. Hence a narrow channel that can only accommodate short ssRNA was suggested due 

to the closed active site of NS5B (86). To date, structural information for the NS5B 

elongation ternary complexes with the β-loop being intact is still absent, which prevents 

the assessment of its role on the dynamics of NS5B transition from initiation to 

elongation. Previous studies (42,49,82) and the work outlined in Chapter 2 and 3 have 

suggested that significant structural rearrangement in which the β-loop is required to 

move out of from the active site accommodate double stranded RNA to allow efficient 

elongation. Recently, a collaboration with Drs. Ron Elber and Serdal Kirmizialtin utilized 

molecular dynamics simulations to study the overall changes in the structure of HIV-RT 

from the open to closed states upon nucleotide binding (1).  

In this Chapter, using HIV-RT as the model system, our collaboration with Dr. 

Kirmizialtin combined methods in MD simulations and experimental work in transient 

kinetics to examine the dynamics of β-loop motions during NS5B transition from 

initiation to elongation mode. Together, our collective results could lead to a deeper 

understanding of the molecular basis of de novo RNA synthesis catalyzed by NS5B. 
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5.2 MATERIALS AND METHODS 

Cloning, Expression and Purification of HCV NS5B 

N-terminal His-tagged NS5BΔ21-con1strain (GenBankTM accession number 

AJ242654; 21 amino acid truncation at C-terminal) was subcloned into pcltsind+ vector 

and expressed in Turbo competent E. coli cells. Protein expression was induced by the 

addition of Nalidixic Acid and an increase of temperature to 37oC. NS5B protein in cell 

lysate was purified by passing through a 5 ml cOmpleteTM His-Tag Purification Column 

(Roche) using the methods described in Chapter 2 and in (47). 

Site-directed mutagenesis of HCV NS5B 

Site-directed PCR mutagenesis was performed to introduce Y448A, Y448H, 

C451A, C451E, and C451 mutations onto HCV NS5B for the work described in this 

chapter. For each mutagenesis, 50 ng of parental DNA, 125 ng of forward and reverse 

primers (Table 5.1), 1X cloned Pfu reaction buffer, 1 μl of 10 mM dNTPs (Promega), and 

2.5 units of Pfu Turbo DNA polymerase (NEB) were mixed in a 50μL reaction. The PCR 

amplification was then thermocycled using a hot start incubation at 95°C for 5 minutes, 

followed by 18 cycles of 95°C for 30 seconds, 55°C for 1 minute, and 72°C for 8 

minutes. After the PCR reaction was cooled down to 4°C, 20 units of DpnI (NEB) was 

added and incubated at 37°C for 1 hour to degrade the methylated parental DNA. Then 1 

μl of mutant DNA was transformed into NEB Turbo competent E. coli cells. Single 

colonies from transformation were selected to grow in 5 ml LB media and were mini-

prepped (Qiagen) to obtain plasmids for sequencing. The results of mutagenesis for both 

mutants are confirmed using forward and reverse sequencing primers for pcltsind+ 

plasmid as well as two internal primers specific to NS5B as shown in Chapter 2 (Table 

2.1). 
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Table 5.1 Mutagenic primers for HCV NS5B mutants 

Y448A           

 
Forward: 5’-GGAAAAAGCCCTGGATTGCCAGATTGCTGGTGCGTGTTAC-3’ 

 
Reverse: 5’-GTAACACGCACCAGCAATCTGGCAATCCAGGGCTTTTTCC-3’ 

Y448F 
     

 
Forward: 5’-AAAAGCCCTGGATTGCCAGATTTTTGGTGCGTGTTA-3’ 

 
Reverse: 5’-TAACACGCACCAAAAATCTGGCAATCCAGGGCTTTT-3’ 

Y448H 
     

 
Forward: 5’-GCCCTGGATTGCCAGATTCATGGTGCGTGTTACAG-3’ 

 
Reverse: 5’-CTGTAACACGCACCATGAATCTGGCAATCCAGGGC-3’ 

Δloop to GG 
    

 
Forward: 5’-ACTGGAAAAAGCCCTGGGCGGCATCGAACCGCTGGACC-3’ 

 
Reverse: 5’-GGTCCAGCGGTTCGATGCCGCCCAGGGCTTTTTCCAGT-3’ 

C451V 
    

 
Forward: 5’-TGCCAGATTTATGGTGCGGTTTACAGTATCGAACCGCT-3’ 

 
Reverse: 5’-AGCGGTTCGATACTGTAAACCGCACCATAAATCTGGCA-3’ 

C451A 
    

 
Forward: 5’-TGCCAGATTTATGGTGCGGCTTACAGTATCGAACCGCT-3’ 

 
Reverse: 5’-AGCGGTTCGATACTGTAAGCCGCACCATAAATCTGGCA-3’ 

C451E 
    

 
Forward:  5’-TGCCAGATTTATGGTGCGGAATACAGTATCGAACCGCT-3’ 

 

Reverse:  5’-AGCGGTTCGATACTGTATTCCGCACCATAAATCTGGCA-3’ 
 

*Mutation codons are underlined 
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HCV NS5B Initiation and Elongation assays 

NS5B initiation and elongation reactions were carried out using the same RNA 

substrates under the same assay conditions as described in Chapter 2 and in previous 

studies (47). The initiation to elongation complex formation by each NS5B mutant in the 

presence and absence of the three Thumb site II non-nucleoside inhibitors studied in 

Chapter 3 (GS-9669, Lomibuvir, Filibuvir) were also examined to complement the results 

from MD simulations. 

Molecular Dynamics Simulations 

MD simulations were completed by Dr. Serdal Kirmizialtin and his student 

Nadine Ibrahim from the New York University at Abu Dhabi. Two crystal structures of 

the NS5B initiation complex (PDB: 4WTI) and the NS5B elongation complex (PDB: 

4WTF) were used in the simulation setup to probe the motions of the β-loop in NS5B 

from initiation, and transition to elongation. The third structure of NS5B complex with 

the inhibitor Filibuvir (PDB: 3FRZ) was used to examine the effect of ligand binding on 

the dynamics of NS5B. Previous collaborations with Dr. Kirmizialtin elucidated global 

changes in the structure of HIV-RT from the open to closed states as described in (1).  
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5.3 RESULTS 

Mutation analysis to investigate the role of β-loop in NS5B Initiation  

The β-loop that blocks the active site of apo NS5B has been reported to be 

important for NS5B de novo initiation. In order to confirm previous findings as well as to 

validate our kinetic assay systems, we have also created a NS5B mutant with β-loop 

truncation and subjected it to our NS5B initiation assay. The results are shown in Figure 

5.1. Without the β-loop, NS5B activity is completely compromised in both scenarios 

(with or without NNI2s); this result indicates that β-loop is essential for NS5B initiation. 

In addition, one specific residue, Tyr448, which is positioned at the tip of the β-loop 

(spanning residues 442 to 454 of the thumb domain), was demonstrated in previous 

studies to stack against the initiating GTP at the active site of NS5B to facilitate de novo 

initiation (100). In addition, the Y448H mutation has emerged to confer resistance to 

various non-nucleoside inhibitors and is the most frequently detected mutation in patients 

with Genotype 1 HCV receiving treatment of Tegobuvir (Palm site non-nucleoside 

inhibitor) (101). After conducting NS5B initiation assay on both Y488A and Y448H 

NS5B mutants, no product formation was observed in the presence of Y448A, suggesting 

that Tyr448 is the key residue regulating the nascent di-nucleotide primer formation for 

de novo initiation. Interestingly, the Y448H resistance mutation showed comparable 

activity to WT NS5B in terms of elongation complex formation whether Thumb site II 

inhibitor is present or not. The only effect that was observed when Thumb site II 

inhibitors were present was that the yield of abortive intermediates was less when 

compare to WT NS5B. 
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Figure 5.1: continued next page 
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Figure 5.1 Wild type and mutants HCV NS5B initiation in the presence of NNI2s. Time 
course of primer formation (10-mer) was monitored on 16% denaturing PAGE gel. 10 
μM NS5B or NS5B mutants was pre-incubated with 14 μM of each NNI2 for 30 min and 
primer formation was initiated by adding 1 mM GTP and 50 μM of [α32P]-ATP, UTP and 
ddCTP and quenched at indicated time intervals. 

Molecular Dynamics simulations of β-loop motions from NS5B initiation to 
elongation 

The most straightforward approach to explore the movement of the β-loop within 

NS5B from its initiation to elongation mode would be a direct comparison of the 

structures of the NS5B initiation and the NS5B elongation complexes. Through the 

comparison, we can assess the change in structural elements during such transition. 

However, there is no genuine structure of the NS5B elongation complex available, except 

for the aforementioned structure obtained with a β-loop deletion mutant to accommodate 

longer RNA substrate duplex (43). Based on our past successful collaborations with Dr. 

Serdal Kirmizialtin to model the molecular basis of HIV RT during nucleotide 

incorporation (1), the approach chosen was to combine MD simulations and transient 

state kinetics to elucidate the dynamics of β-loop motions in NS5B during its elongation. 

After building back the β-loop onto the structure of the NS5B elongation complex (PDB: 

4WTF), the initiation (PDB: 4WTI) and elongation complexes were setup for computer 

simulations to probe the changes in structure of NS5B over time between these two 

endpoints structures. The results showing the change in β-loop during transition are in 

Figure 5.2. The results suggest that during initiation, the β-loop is projecting down into 

and blocking the active site to prevent binding of duplex RNA. The transition to 

elongation mode occurs as RNA strands gradually extend to at least 5-nt, after which, the 

β-loop swings out of the way to allow further elongation. In the elongation mode, the β-

loop appears to ride along the minor groove of the growing RNA duplex, possibly 

contributing to the extreme processivity during elongation (half life of 7 days). 
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Figure 5.2 MD simulations revealed the dynamics of β-loop in NS5B from initiation to 
elongation. The ternary structure of PDB: 4WTI was used to model the NS5B initiation 
complex; the β-loop was manually built back onto PDB: 4WTF and used to model the 
NS5B elongation complex. During initiation, the β-loop is projecting downward and 
blocking the active site. Then transition occurs as the β-loop swings out of the way and 
then rids along the minor groove while RNA duplex is elongated. Fingers (blue), fingers 
extension (cyan), palm (red), thumb (green) domains and the β-loop (yellow) are 
displayed. 
 

Mutation analysis to investigate the role of β-loop in NS5B Elongation 

Since the function of β-loop in NS5B initiation is well established (43,49,66), in 

order to supplement the MD simulations on NS5B elongation and also to understand 

kinetically the role of β-loop during elongation, we characterized several β-loop mutants 

and examined how these mutations affected the NS5B elongation process. 

The residue we decided to pursue is Val451, which is positioned in the middle of 

one β-sheet strand within the hairpin loop as shown in Figure 5.3. Based on MD 

simulations of NS5B transition from initiation to elongation, Val451 appears to have no 

apparent role in initiation. As transition to elongation occurs, it begins to interact with the 

growing RNA duplex, suggesting a potential role of this residue in NS5B elongation. 

Because the structures of NS5B used in MD simulations belong to HCV genotype 2a, 

which is different from the genotype 1b construct used in our kinetics study, a sequence 
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alignment of NS5B was performed across various HCV stains and genotypes, as 

illustrated in Figure 5.4, with emphasis on the β-loop region. Val451 in genotype 2 HCV 

was found to be Cys451 in genotype 1 HCV instead.  

 

 

 

 

 

Figure 5.3 The involvement of V451 in NS5B elongation as predicted by MD simulations.   
Val451 does not participate in initiation based on the MD simulations, as transition to 
elongation occurs, it starts to interact with the elongating RNA duplex. Fingers (blue), 
fingers extension (cyan), palm (red), thumb (green) domains and the β-loop (yellow) are 
displayed. 
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Figure 5.4 Amino acids sequence alignment among various strains and genotype 1 and 2 
of HCV. The red box encircled the sequence of β-loop while the arrow denotes Val451 
and Cys451 are concurrently present in genotype 2 and genotype 1 of HCV, respectively. 
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The first NS5B mutant we examined is C451V. Since Cys and Val residues are 

present at this position in different genotypes of HCV, they should be interchangeable. 

Indeed, the activity of NS5B in the presence of C451V mutation is comparable to that of 

the wild type as shown in Figure 5.5. Secondly, we examined the conserved mutation of 

Cysteine to Alanine. Surprisingly, the ability for C451A NS5B to form the elongation 

complex is strongly suppressed. However, in the presence of NNI2 inhibitors, the primer 

extension is somewhat restored, with the most prominent effect observed in the presence 

of Filibuvir. Next, mutation was made to the negatively charged residue, C451E, the 

RNA initiation activity is blocked again. But in the presence of NNI2 inhibitors, 

especially Filibuvir, the combination enables the C451E mutant to form elongated 

product.  

As predicted by MD simulations, it was suspected that C451 might not play a role 

in NS5B initiation; however, C451A and C451E mutations have been shown to 

completely compromise the NS5B initiation; this observation suggests that the structure 

of the β-loop may be destabilized, or that the motions of β-loop during initiation may be 

interfered by these mutations. 
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Figure 5.5: continued next page 
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Figure 5.5 Wild type and C451 mutants HCV NS5B initiation in the presence of NNI2s.  
Time course of primer formation (10-mer) was monitored on denaturing PAGE gel. 10 
μM NS5B or NS5B mutants was pre-incubated with 14 μM of each NNI2 for 30 min and 
primer formation was initiated by adding 1 mM GTP and 50 μM of 32P-αATP, UTP and 
ddCTP and quenched at indicated time intervals. 
 
 

The dynamics of NS5B is affected by Filibuvir binding 

Despite mutations on C451 have greatly inhibited NS5B initiation, to our surprise, 

the binding of NNI2 inhibitors, especially Filibuvir binding, has restored and stimulated 

NS5B initiation to some degree. We then analyzed how the binding of Filibuvir affected 

the dynamics of NS5B relative to its native state.  MD simulations were carried out on 

the structure of NS5B complexed with Filibuvir (PDB: 3FRZ). As shown in Figure 5.6, 

the B-factor is measured to illustrate the displacement of each atom from an average 

position. Higher B-factor value represents peptic segment with greater displacement, thus 

are more flexible. Low to high B-factor values are colored from blue to red, respectively. 

In the ligand-free state of NS5B, the β-loop and some regions in the thumb domain are 

shown to be highly mobile. In the Filivubir-bound NS5B, however, the β-loop appears to 

have almost no flexibility. This observation suggested that Filibuvir acts to rigidify these 

otherwise flexible regions, which is consistent with previous HDX studies demonstrated 

in Chapter 3 (82). These results are in agreement with our previous notions that those 

mutations have destabilized the structure of the β-loop, which is essential for initiation. 

However, upon inhibitor binding, the structure of the β-loop was rigidified and stablized 

again, thus facilitating initiation. 
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Figure 5.6 B-factors of the free and inhibitor-bound NS5B. This figure is prepared by 
Nadine Ibrahim from the Kirmizialtin lab. The structure on the left represents the colored 
B-factor of the free enzyme while the structure on the right represents the colored B-
factor of Filibuvir-bound NS5B. The color-coding of B-factors is from blue to red, 
illustrating low to high values of B-factors. 
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5.4 DISCUSSION 

Like most other polymerases, NS5B has adopted the right hand shape morphology 

with the fingers, palm and thumb domains. However, the active site of NS5B is uniquely 

encircled by this fingers extension domain and is blocked by the C-terminal tail and a β-

loop, thus appearing in a closed-fist conformation. Previous studies and the work outlined 

in Chapters 2 and 3 have revealed that the transition from NS5B initiation to the 

elongation mode may require significant structural rearrangement of β-loop so that it can 

be moved out from the active site to allow for efficient elongation. Using the two 

endpoint-structures of the NS5B initiation and elongation complexes, computer 

simulation was used to model the changes in structure of the enzyme, especially in the β-

loop region over time between these two endpoints. The resulting dynamics of β-loop 

movement are presented in Figure 5.2, the β-loop is projecting downward and blocking 

the active site during initiation, but possibly mediating nascent primer formation through 

Tyr448 residue which is stacking against the initiating GTPs. Then, transition occurs as 

the β-loop swings out of the way and then rides along the minor groove of RNA duplex 

while elongation takes place. The mutation of Tyr448 to Alanine resulted in substantial 

loss of NS5B initiation activity, but the resistance mutation Y448H restored NS5B 

initiation. These effects could be due to the fact that both tyrosine and histidine residues 

have rings that are attached to the core via CH2 group as shown in Figure 5.7. In addition, 

Y448F mutation was seen to also retain the initiation activity of NS5B (data not shown). 

This further supports the idea that the residue required at position 448 should have the 

structure of longer side chain with an attached ring, which might provide the optimal 

structural alignment for stabilizing GTP at the active site of NS5B to facilitate initiation. 
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Figure 5.7 Close views of Y448, Y448H and Y448A NS5B at the active site. Mutagenesis 
was performed by PyMOL using NS5B structure of PDB: 3FQL. 

To complement the computer simulation results, we have characterized several β-

loop mutants to see how the mutations affected NS5B elongation kinetically. Cys 451 

was chosen for mutagenesis because it appears to only interact with growing RNA at the 

stage of NS5B elongation as predicted by the MD simulations. After kinetic assays were 

performed, we had two unexpected results. First, mutations of Cys451 to Alanine and 

Glutamate completely abolished any NS5B activity in initiation, which could be due to 

the disrupted structural integrity of the β-loop by these mutations. Another surprise was 

that, in the presence of NNI2 inhibitors, specifically Filibuvir, the enzyme activity of the 

mutants was somewhat restored. MD simulations on Filibuvir bound NS5B suggested 

that Filibuvir acts to rigidify the β-loop and thumb domain regions that show high 

flexibility in the inhibitor-free enzyme, in agreement with our previous HDX experiments 
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described in Chapter 3 and in (82). We postulate that the C451A and C451E mutations 

could have destabilized the structure of the β-loop that is necessary for NS5B initiation, 

but inhibitor binding rigidified and stabilized the β-loop structure sufficient to restore 

initiation. Ongoing MD simulations are being performed on C451A and C451E NS5B 

mutants with and without inhibitor bound, as this would give us further insight into how 

these mutations affect β-loop dynamics from initiation to elongation, as well as the 

changes in β-loop dynamics in the presence of inhibitor. 
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Chapter 6: Labeling of Hepatitis C viral polymerase NS5B for 
spectroscopic measurement of HCV replication 

6.1 INTRODUCTION 

Upon nucleotide binding, a conformational change preceding chemistry was 

demonstrated to play a critical role in the enzyme specificity for several polymerases, 

including HIV-RT and T7 DNA polymerase (50,51,102,103). In the case of HIV-RT, the 

substrate-induced conformational change step was examined by labeling the fingers 

subdomain of HIV-RT with an environmentally sensitive fluorophore-MDCC, the 

structure of which is shown in Figure 6.1 (50). By recording the fluorescence signal from 

MDCC-labeled HIV RT using a stopped flow instrument, the change in fluorescence 

intensity corresponding to the isomerization of HIV RT from an open to a closed state 

was monitored, affording rate constants of the conformational change to establish its role 

in enzyme specificity (50). 

It is not clear whether a similar conformational change step exists for HCV NS5B 

due to the lack of information on the current structure of the enzyme/primer/template 

ternary elongation complex (41,76). Combining the facts that NS5B catalyzes HCV RNA 

replication via de novo initiation with analysis of the kinetics and MD simulation studies 

outlined in Chapter 3 and 5, it is most likely that there is a significant structural 

rearrangements of the β-loop in transitioning from the NS5B initiation to elongation 

mode (42,49,82). However, NS5B may also undergo a conformational change during 

each nucleotide incorporation step during elongation. 

The MDCC fluorophore is a coumarin derivative and its structure is shown in 

Figure 6.1. The maleimide group within MDCC is able to react with the thiol group from 

a cysteine residue, resulting in labeling of protein via covalent bonding. In order to site-

specifically attach MDCC onto a protein, all other reactive cysteine residues must be 



 

 112 

removed (50,102). Fortunately for HIV RT, there are only two naturally occurring 

cysteine residues at positions 38 and 280. At these positions, Cys38 is not solvent 

accessible for MDCC labeling and C280 was mutated to C280S due to its frequent 

appearance in other HIV RT isolates. Several site-directed mutagenesis of HIV RT to 

introduce cysteine residues were performed to survey possible labeling sites on the 

enzyme. Ultimately, the labeling of E36C RT mutant was chosen because it provided the 

strongest signal for stopped flow assays (Figure 6.2) (50). Unfortunately, our NS5B 

construct contains about 20 cysteine residues, and as a result, it is almost impossible to 

remove them all without compromising enzyme activity. Our initial attempt was to label 

wild type NS5B with MDCC based on previously developed protocols for HIV RT and to 

identify which ones out of the 20 cysteines are reactive towards MDCC. Therefore, this 

chapter will outline our preliminary work to label wild type NS5B with MDCC followed 

by an initial screening of its fluorescence property. 

 

 

Figure 6.1 Chemical structure of MDCC fluorophore. 7-Diethylamino-3-[N-2-
maleimidoetgyl)carbamoyl]coumarin with molecular weight of 383.4 and molecular 
formula of C20H21N3O5. Structure from Sigma-Aldrich. 



 

 113 

 

 

 

 

 

Figure 6.2 MDCC labeling of HIV RT at position E36C of the p66 subunit. Structure of 
MDCC fluorophore (magenta) is overlaid on the “closed” conformation of p66 subunit of 
E36C HIV RT structure from PDB:1RTD (104). The fluorophore is solvent accessible 
and positioned at the finger subdomain of HIV RT that is in close proximity (15Å) to the 
incoming nucleotide at the polymerase active site. 
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6.2 MATERIALS AND METHODS 

Cloning, Expression and Purification of HCV NS5B 

N-terminal His-tagged NS5BΔ21-con1strain (GenBankTM accession number 

AJ242654; 21 amino acid truncation at C-terminal) was subcloned into pcltsind+ vector 

and expressed in Turbo competent E. coli cells. Protein expression can be induced by the 

addition of Nalidixic Acid as well as by a temperature increase. NS5B protein in cell 

lysate was purified by passing through a 5 ml cOmplete His-Tag Purification Column 

(Roche) using the method described in Chapter 2 and in (47). 

MDCC-labeling of HCV NS5B 

After nickel affinity column, purified NS5B proteins were dialyzed twice against 

1L of MDCC Labeling Buffer containing 50 mM Tris-HCl pH 7.0, 400 mM NaCl, 10% 

Glycerol and 1 mM TCEP, each for 1hour. After dialysis, NS5B protein solution was 

transferred to a 2 ml micro-centrifuge tube and MDCC-labeling reaction was initiated by 

the addition of MDCC (10mM stock in DMSO) to a 10X molar excess over NS5B. The 

reaction tube was wrapped with aluminum foil to protect from light and incubated at 

room temperature over night. Excess MDCC was removed by passing through SP-

Sepharose column equilibrated in SP Buffe A  (50 mM Tris-HCl, pH 7.0, 100 mM NaCl, 

10% Glycerol, 2 mM DTT). Absorbances at 425, 260 and 280nM were monitored. After 

loading was completed, SP-Sepharose column was washed with Buffer A until A425 fell, 

then NS5B was eluted with 0-100% gradient of SP Buffer B (50 mM Tris-HCl pH 7.0, 1 

M NaCl, 10% Glycerol, 2 mM DTT). SDS-PAGE analysis of fractions was performed 

and peak fractions were pooled, concentrated and dialyzed to NS5B Dialysis Buffer 

containing 50mM Tris-Cl, pH 7.5, 400 mM NaCl, 2mM dithiothreitol (DTT), 10% (v/v) 

Glycerol. Protein concentration was determined using the method described in Chapter 2. 
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Determination of MDCC-labeling Sites on NS5B by LC-ESI-MS/MS 

Both protein samples with MDCC-labeled and unlabeled NS5B (negative control) 

were loaded onto a 12% SDS-PAGE gel as shown in Figure 6.3. The gel bands 

containing both MDCC-labeled and unlabeled NS5B were cut out and submitted to the 

Proteomics Core Facility from the University of Texas at Austin, College of Pharmacy 

for MDCC-labeling sites determination. Enzymatic digests of both protein samples were 

performed by the automated robotic platform of Intavis DigestPro MSi. The digested 

peptic fragments were separated by the Dionex 3000 nanospray UPLC chromatography 

and coupled with the Thermo Orbitrap Elite mass spectrometer for LC-ESI-MS/MS. The 

MDCC-modified peptic fragments were analyzed and visualized by the Scaffold software 

to identify cysteine residues with MDCC-labeling on NS5B. 

 

 

Figure 6.3 SDS-PAGE gel analysis of MDCC-labeled and unlabeled NS5B protein 
samples. The gel bands for both protein samples were obtained and submitted for 
proteomic analysis to determine MDCC-labeling sites.  
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Preparation of Substrates RNA 

The RNA substrates used in these studies were purchased from Dharmacon, Inc. 

where desalting and decapping were performed prior to delivery. Sequences of these 

RNA oligomers are shown in Table 6.1. The sequences were chosen for consistency with 

previous studies from Jin et al (47). 
 

Table 6.1 RNA substrates sequences  

GG-Primer     

 
2mer: 5’-pGG-3’ 

5-nt Template-A 
 

 
5mer: 5’- UAUCC -3’ 

14-nt Template-C 
 

 

14mer: 
 

5’- UAACGAUUAUAUCC -3’ 
 

 

Fluorimeter measuring response of MDCC-labeled NS5B to substrate binding  

To probe potential fluorescence change of MDCC-labeled NS5B upon substrate 

binding, fluorescence emission was measured in a steady-state fluorimeter (Photon 

Technologies Inc.) by exciting MDCC fluorophore at 425 nm and the fluorescence 

emission scan was monitored from 450 to 550 nM. To measure NS5B initiation, initial 

scan was run for control sample in the cuvette containing NS5B Reaction Buffer (40 mM 

Tris-Cl, pH 7.0, 20 mM NaCl, 5 mM DTT, and 2 mM MgCl2). The second scan was 

performed after the addition of MDCC-labeled NS5B to the cuvette at a final 

concentration of 1 μM to set the base line of measurement. The third scan was performed 

for sample containing 5 μM 5-nt RNA template (Table 6.1) and 1 μM NS5B after 

incubation at 30°C for 10 min. The next scan was performed for sample containing 5 μM 

pGG/5-nt primer/template RNA duplex and 1 μM NS5B after incubation at 10°C for 30 
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min to form NS5B initiation complex. The final scan was performed after the correct 

nucleotide (25 μM ATP) was added to the NS5B initiation complex and incubated at 

30°C for 30 min. To measure NS5B elongation, a scan was performed for sample 

containing 5 μM 14mer RNA template (Table 6.1) and 1 μM NS5B after incubation at 

30°C for 10 min. the second scan was performed for sample containing 5 μM pGG/14mer 

primer-template RNA substrate and 1 μM NS5B after incubation at 30°C for 10 min. The 

third scan was performed after 25 μM ATP and UTP were added to NS5B/pGG/14merT 

and incubated at 30°C for 1 hour to form NS5B elongation complex. The final scan was 

performed after the correct nucleotide (25 μM CTP) was added to the NS5B elongation 

complex and incubated at 30°C for 5 min. 

Nucleotide incorporation by MDCC-NS5B measured by stopped flow assay 

The potential fluorescence change of MDCC-labeled NS5B during nucleotide 

incorporation was measured using an AutoSF-120 series stopped-flow instrument from 

KinTek Corp. For NS5B initiation, 1 uM MDCC-labeled NS5B was incubated with 5 uM 

pGG/5mer RNA duplex for 10 min at 30°C to form NS5B initiation complex. The 

reaction was initiated by mixing in with equal volume of solution containing 25 uM ATP 

in NS5B reaction buffer. For NS5B Elongation, 1 uM MDCC-labeled NS5B was 

incubated with 5 uM pGG/14mer RNA duplex, 25 uM ATP and UTP for 30 min at 30°C 

to form NS5B elongation complex. The reaction was initiated by mixing in with equal 

volume of solution containing 25 uM CTP in NS5B reaction buffer. The MDCC 

fluorophore was excited at 425 nm and the fluorescence emission was measured over 

time using a 475 nm single-band bandpass filter (Semrock). 
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6.3 RESULTS 

Mass Spectrometry to determine MDCC Labeling sites on NS5B 

Two samples of MDCC-labeled and unlabeled NS5B were submitted to the 

Proteomics Core Facility at University of Texas at Austin for MDCC-labeling sites 

identification. After treated with enzymatic digestion, the resulted tryptic fragments were 

separated by C-18 reverse phase chromatography and analyzed using mass spectrometry. 

A total of four unique peptic fragments from the MDCC-labeled NS5B were discovered 

to show a mass shift corresponding to the molecular weight of MDCC when compare to 

the unlabeled protein fragments. The mass spectra of these four MDCC-labeled peptic 

fragments are shown in Figure 6.4, which shows that the MDCC molecule is covalently 

attached at position C146, C213, C223 and C445. Thus, only 4 out of 20 cysteine 

residues from NS5B are reactive towards MDCC. From the NS5B structure shown in 

Figure 6.5, it appears that all four labeled cysteine residues are surface exposed and 

solvent accessible. Furthermore, C445 is positioned on the beta-loop and C146 is located 

at the flexible fingers extension domain. Both regions are highly dynamic during NS5B 

initiation to elongation as suggested by previously described HDX studies (Chapter 2) 

and MD simulations (Chapter 5). Thus, these labeling sites could contribute to a change 

in fluorescence signal for us to probe the conformational change of NS5B transitioning 

from initiation to elongation. In addition, from the rear view of NS5B structure shown in 

Figure 6.5, both C146 and C223 are located near the RNA exiting tunnel of NS5B, which 

could lead to potential fluorescence change during the RNA extension to allow us to 

monitor the conformational change of NS5B during elongation. Since the work in this 

chapter aims to explore possible fluorescence labeling strategies for NS5B, preliminary 

analysis of the wild type NS5B containing four MDCC-labeled cysteine residues could be 

carried out ahead of the main objective. Next, the steady state fluorimetric assays as well 
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as stopped flow assays measuring nucleotide incorporation were performed to evaluate 

the fluorescence profiles of MDCC-labeled NS5B.  
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Figure 6.4 Mass spectrometry analysis of NS5B peptides labeled with MDCC.(A) MS 
spectra collected from MDCC-labeled CV NS5B tryptic fragments. Ion peak of 788.36 
m/z representing the tryptic fragment labeled with MDCC. (B) MS spectra for MDCC-
labeled tryptic fragment with ion peak of 772.32 m/z (C) MS spectra for MDCC-labeled 
tryptic fragment with ion peak of 891.89 m/z (D) MS spectra for MDCC-labeled tryptic 
fragment with ion peak of 1054.85 m/z	
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Figure 6.5: continued next page 
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Figure 6.5 MDCC-labeling sites on HCV NS5B.  The cysteine residues within NS5B are 
shown in spheres. 4 of 20 cysteine residues were confirmed for MDCC-labeling by 
LC/MS. These four cysteine residues are in yellow spheres. The labeling sites are found 
on the beta-loop (yellow), the fingers extension domain (cyan), the palm domain (red) 
and the fingers domain (blue). Both front and back views of NS5B are displayed (PDB: 
3FQL).  

 

Fluorimetric response of MDCC-labeled NS5B to substrate binding 

The first step was to utilize steady-state fluorimetric assay to probe change in 

fluorescence intensity at different enzyme states of MDCC-labeled NS5B in response to 

different substrates binding. As shown in Figure 6.6, the fluorescent emission spectra of 

MDCC-labeled NS5B displayed a peak emission at 468 nm when excited by light at 425 

nm. The fluorescence signal increased by 5% when short pGG/5-nt RNA duplex was 

bound to NS5B and formed the initiation binary complex. The addition of the next 

correct nucleotide (ATP) to the initiation complex resulted in a further 15% fluorescence 

increase, signifying the formation of the initiation tertiary complex. In Figure 6.7, a 25% 

increase in fluorescence signal was observed when pGG/14-nt RNA duplex was added to 

bind NS5B and form the initiation binary complex containing longer RNA template. 

After the addition of ATP and UTP, only 5% increase in fluorescence intensity was seen 

after the formation of NS5B elongation complex. Finally, the addition of the next correct 

nucleotide CTP to the elongation complex only yielded very small increase (almost no 

difference) in fluorescence signal.  
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Figure 6.6 Emission spectra of HCV NS5B Initiation.  Binding of short 5-nt RNA 
template to the MDCC-labeled NS5B resulted an increase in fluorescence emission (red 
to blue). The addition of pGG RNA primer to form NS5B binary complex decreased the 
fluorescence (blue to green). However, the addition of the correct nucleotide ATP to 
NS5B initiation complex resulted an increase in fluorescence emission (green to 
magenta). Overall, ATP binding to NS5B initiation complex generated a 15% change in 
fluorescence emission. HCV reaction buffer alone is shown in grey as a control. 
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NS5B	+	5mer	RNA	Template	
NS5B	+	pGG/5merT	
NS5B	+	pGG/5merT	+	ATP	
	



 

 124 

 
 
 
 

 
 

Figure 6.7 Emission spectra of HCV NS5B Elongation.  Binding of 14-nt RNA template 
to the MDCC-labeled NS5B resulted an increase in fluorescence emission (red to blue). 
The addition of pGG RNA primer did not alter fluorescence intensity (blue to green). 
Then the addition of ATP and UTP to form elongation complex resulted a small increase 
in fluorescence emission (green to magenta). Overall, NS5B elongation complex 
generated a 15% change in fluorescence emission. HCV reaction buffer alone is shown in 
grey as a control.   
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Stopped Flow experiment of nucleotide incorporation by MDCC-labeled NS5B 

To further study the fluorescence change of both NS5B initiation and elongation 

complex during nucleotide incorporation, stopped flow assays were designed to monitor 

change in the fluorescence signal upon addition of the next correct nucleotide. According 

to the template sequence, the next correct nucleotide incorporation for NS5B initiation 

and elongation complexes are ATP and CTP, respectively. The results of the stopped 

flow experiments are summarized in Figure 6.8 and Figure 6.9. Unfortunately, no 

noticeable change in fluorescence was observed for both initiation and elongation 

complex upon nucleotide binding. Thus, no suitable signal was discovered for monitoring 

nucleotide incorporation by NS5B. However, our work in this chapter could serve as a 

guideline to help survey other possible labeling sites in future studies. 

 

 

Figure 6.8 Fluorescence Stopped-flow signal of MDCC-labeled NS5B during Initiation.  
(A) To set for baseline control, the fluorescence intensity of a preformed NS5B-pGG-5-nt 
template initiation complex with 1 μM MDCC-labeled NS5B and 5 μM pGG/5-nt 
primer/template RNA duplex was monitored for 30s. The MDCC fluorophore was 
excited at 425 nm and emission was detected using a 475 nm single-band bandpass filter 
(Semrock). (B) The NS5B initiation complex from (A) was rapidly mixed with the next 
correct nucleotide ATP at the final concentration of 25 μM. Traces displayed are 
averaged from at least five individual shots of experiments. 
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Figure 6.9 Fluorescence Stopped-flow signal of MDCC-labeled NS5B during 
Elongation. (A) To set for baseline control, the fluorescence intensity of a preformed 
NS5B-9-nt primer-14-nt template elongation complex was monitored for 0.5 and 5s. The 
elongation complex was generated by incubating 1 μM MDCC-labeled NS5B, 5 μM 
9mer RNA primer, 5 μM 14mer RNA template, 25 μM ATP and UTP for 1 hour at 30°C. 
(B) The NS5B elongation complex from (A) was rapidly mixed with the next correct 
nucleotide CTP at the final concentration of 25 μM for 0.5 s. Traces displayed are 
averaged from at least five individual shots of experiments. 
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6.4 DISCUSSION 

The work presented in this chapter was to adapt the methods previously 

developed for HIV RT to fluorescently label HCV NS5B to probe conformational 

changes of NS5B from initiation to elongation and/or nucleotide incorporation during 

elongation. Unfortunately, the NS5B (Con1 strain, Genotype 1b) isolate studied in our 

kinetic assays has 20 cysteine residues that could be reactive towards the coumarin 

derivative MDCC fluorophore. Hence mutagenesis to remove these cysteine residues 

without perturbing NS5B enzyme activity seems impossible. As the initial attempt, we 

decided to label NS5B with MDCC and to determine which of those 20 cysteine residues 

are responsive to the labeling reaction. The results from LC/MS showed that only four 

cysteines were covalently linked with MDCC molecule (Figure 6.4 and 6.5). Therefore, if 

none of the native labeling sites provided appreciable signal for measuring 

conformational changes, our work in this chapter has already narrowed down the number 

of background cysteine residues to eliminate before introducing cysteine at other desired 

labeling sites in future studies. Our initial screening by steady-state fluorescence 

measurements has suggested relatively measurable change in fluorescence intensity when 

NS5B bind a short duplex RNA (Figure 6.6 and 6.7). However, as shown in Figure 6.8 

and 6.9, the MDCC-labeled wild type NS5B did not produce a significant fluorescence 

signal for measuring enzyme conformational changes after nucleotide binding. This is not 

a surprising result since the labeled NS5B contains four cysteine residues that have 

reacted with MDCC, which complicates the observed fluorescence signal. Future studies 

would need to mutate out three of the four cysteine residues so that only one labeling site 

is retained for MDCC-labeling to provide direct characterization and interpretation on 

each of the native labeling sites.  
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If other residues are chosen for mutation to cysteine for labeling with MDCC 

fluorophore in further studies, the potential labeling positions must meet the following 

criteria: 1) The residue needs to be exposed at the protein surface with high solvent 

accessibility; 2) The residue cannot be highly conserved; 3) The residue must undergo 

movement during enzyme conformational change as predicted by molecular simulations; 

4) The signal change measured in stopped flow must be significant enough to overcome 

the measurement noise in the stopped flow instrument; 5) The site with fluorescence label 

does not affect enzyme activity when compare to unlabeled enzyme. Once the best 

candidate providing reliable fluorescence signal is found, the enzyme dynamic during 

NS5B initiation to elongation as well as the kinetics of substrate-induced conformational 

change in NS5B structure during elongation can then be direct monitored. 
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Chapter 7: Characterization of nucleotide incorporation by W71 HIV 
Reverse Transcriptase mutants   

7.1 INTRODUCTION 

Previous efforts in our lab to label HIV RT with a fluorescent probe enabled us to 

measure the rate and equilibrium constants that govern nucleotide binding and 

incorporation and establish the role of substrate-induced conformational changes in 

specificity (103). These methods allowed us to not only determine the nucleotide 

specificity of HIV RT for different nucleotide analogs, but also to explore the 

mechanistic basis for resistance mutations against these nucleoside analogs (51). More 

importantly, the fluorescence signal recorded by the stopped flow assay revealed a rapid 

change in HIV RT structure after binding of a correct incoming nucleotide, which results 

in a large enzyme conformational change. The chemistry occurs thereafter at a rate that 

limits polymerization. Because the rate at which the enzyme re-opens to release the 

bound nucleotide is small, the net rate of polymerization has no effect on the specificity 

constant. In other words, once HIV RT undergoes conformational change from open to 

closed state, the substrate selection has already taken place. Hence, the conformational 

change is a critical molecular switch for HIV RT to maintain its fidelity (103,96). 

Furthermore, these transient kinetic measurements were later combined with Molecular 

Dynamics simulations to provide both kinetics and structural evidence for the significant 

role of conformation changes in substrate specificity of HIV RT (1). 

The goal of this chapter is to further study the significance of enzyme 

conformational change and test prediction from the MD simulations for our proposed 

induced-fit model. We first identified residues based on MD simulations that have 

undergone large movements to afford the conformational change of HIV RT from the 

“open” to “closed” state. We then strategically mutated these residues and then examined 
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how these mutations affected the structural dynamics of HIV RT during nucleotide 

incorporation. As a result, the impact on enzyme specificity and fidelity were further 

revealed. Tryptophan 71 was selected due to its drastic movement along with the fingers 

subdomain of HIV RT based on MD simulations as shown in Figure 7.1, which is and 

important residue governing the closure of fingers domain during isomerization. Hence, 

in this study, we utilized site-directed mutagenesis to establish both W71A and W71D 

variants and performed pre-steady state analysis to characterize the effect of mutations on 

HIV RT specificity and fidelity. 

 

 

Figure 7.1 W71 undergoes drastic movement from the “open” to “closed” 
conformations of HIV RT. Snapshots captured representing the “open” and “closed” 
forms of HIV RT p66 subunit upon nucleotide binding from the MD simulations by 
Kirmizialtin et al (1). The open complex is from PDB: 1J5O (105) while the closed 
complex is from PDB: 1RTD (104). W71 is displayed as magenta spheres. The incoming 
nucleotide is shown in Cyan, the DNA primer and template strands are shown in pink and 
yellow, respectively. The two catalytic magnesium ions are shown as orange spheres. 
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7.2 MATERIALS AND METHODS 

Cloning of HIV-RT 

The catalytic (p66) and accessory subunit (p51) of HIV-1 RT (Strain: HxB2) were 

cloned and expressed individually, and later combined during the purification step. The 

full-length p66 catalytic subunit was subcloned into a pET-21a vector (Novagen).The p51 

accessory subunit containing a thirteen amino acid C-terminal deletion (p51Δ13) was 

subcloned into a pET-30a vector (Novagen). Both constructs within the pET vectors are 

under the control of the T7 lac promoter by which the expression is induced with the 

addition of isopropyl-β-D-thiogalactopyranoside (IPTG). The only difference is that pET-

21a is ampicillin resistant and pET-30a is kanamycin resistant for antibiotic selection. 

Noted that both subunits contain no affinity tags to aid purification. 

Site directed mutagenesis of HIV-RT 

Site-directed PCR mutagenesis was performed to introduce W71A and W71D 

mutations onto HIV-RT for the work described in this chapter. Other mutations on p66 

and p51subunits (p66: E36C/C280S, p51: C280S) are present in the parental DNA to 

allow MDCC labeling. For each mutagenesis, 50 ng of parental DNA, 125 ng of forward 

and reverse primers (Table 7.1), 1X cloned Pfu reaction buffer, 1 μl of 10 mM dNTPs 

(Promega), and 2.5 units of Pfu Turbo DNA polymerase (NEB) were mixed in a 50μL 

reaction. The PCR amplification was then thermocycled using a hot start incubation at 

95°C for 5 minutes, followed by 18 cycles of 95°C for 30 seconds, 55°C for 1 minute, 

and 72°C for 8 minutes. After the PCR reaction was cooled down to 4°C, 20 units of 

DpnI (NEB) was added and incubated at 37°C for 1 hour to degrade methylated parental 

DNA. Then 1 μL of mutant DNA was transformed into Novablue competent E. coli cells 

(Novagen). Single colonies from transformation were selected to grow in 5 ml LB media 
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and mini-prepped (Qiagen) to obtain plasmids for sequencing. The results of mutagenesis 

for both mutants are confirmed using T7 promoter and T7 terminator sequencing primers 

as shown in Table 7.2. Once site-directed mutagenesis was confirmed, the plasmid was 

transformed into BL21 (DE3) competent E. coli cells (EMD Millipore) for expression. 

Table 7.1 Mutagenic primers for HIV RT mutants 
  

W71A       
 Forward: 5’-GCCATAAAGAAAAAAGACAGTACTAAAGATAGAAAATTAGT 

AGATTTC-3’ 
 Reverse: 5’-GAAATCTACTAATTTTCTATCTTTAGTACTGTCTTTTTTCTTTA 

TGGC-3’ 
W71D       
 Forward: 5’-GCCATAAAGAAAAAAGACAGTACTAAAGCGAGAAAATTAGT 

AGATTTC-3’ 
 Reverse: 5’-GAAATCTACTAATTTTCTCGCTTTAGTACTGTCTTTTTTCTTTA 

TGGC-3’ 
*Mutation codons are underlined     

Table 7.2 Sequencing primers for HIV RT 

Forward Primer: 5’-TAATACGACTCACTATAGGG-3’ 
Reverse Primer: 5’-GCTAGTTATTGCTCAGCGGT-3’ 

 

Expression of HIV-RT p66 and p51 subunits 

Transformants containing pET21a-p66 plasmid and pET30a-p51 plasmid were 

selected based on ampicillin (100 μg/ml) and kanamycin (50 μg/ml) resistance on LB 

agar plates, respectively. An individual colony was then used to inoculate a starter culture 

of 250 ml LB media containing antibiotic, and grown at 37°C overnight while shaking at 

250 rpm for large-scale expression. The next morning, based on the measured OD600 of 

the starter culture by spectrophotometer, appropriate amount of starter culture was 
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calculated and applied to inoculate 6X 1L LB media in baffled-bottom flasks to an OD600 

of 0.1. The cultures were grown at 37°C while shaking at 150 rpm until the OD600 reached 

0.6. Then 0.5 mM IPTG was added to each flask to induce protein expression. Allow the 

induction to proceed for 3 hours, cells were then harvested by centrifugation at 4000xg 

for 20 minutes and the cell pellet was stored at -80°C until purification. A typical 

expression curve and an 8% SDS-PAGE gel with samples of pre- and post-induction are 

shown in Figure 7.2A below. Same protocol was followed and conducted separately for 

different HIV RT subunit. 

 

Figure 7.2 Expression of W71A HIV-RT.  (A) Growth curve of BL21(DE3) cells 
containing the pET30a expressing vector for p51 subunit of W71A HIV-RT. After cells 
were grown to an OD600 of 0.6 at 37°C (solid circles), 0.5 mM IPTG was added for 
protein expression induction. After induction, cells were grown for an additional 3-hour 
(open circles) before harvesting by centrifugation. (B) SDS-PAGE analysis of expression 
of subunits of HIV-RT. The expression levels of Pre and Post induction samples of both 
pET21a_W71A_p66 subunit and pET30a_W71A_p51 subunit are displayed. 
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Lysis, Purification and MDCC labeling of HIV-RT 

In order to achieve heterodimeric HIV RT formation, p66 and p51 subunits need 

to be combined at a 1:1 molar ratio. Thus, prior to purification, the level of protein 

expression for both subunits was analyzed on an 8% SDS-PAGE gel. Six OD600 units of 

cells, with pre and post-induction, from each subunit culture were resuspended in buffer 

containing 50 mM Tris-HCl pH 8.0, 50mM NaCl and 2mM EDTA and lysed by addition 

of 100 μg/ml lysozyme (Sigma-Aldrich) under incubation at 37°C for 10 minutes. The 

lysate was then sonicated for 30 bursts with 20% duty cycle; output level 1.5 using 

Branson sonifier 450 and centrifuged at 10,000 rpm for 10 minutes. The supernatant 

containing soluble fraction of proteins was mixed with 6X SDSPAGE loading dye, 

separated on an 8% SDS-PAGE gel and visualized by coomassie blue staining. Then the 

gel was scanned using an Odyssey CLx (LI-COR) and the intensity for protein bands 

corresponding to the expression level of both subunits was quantified and converted to 

weight of cell pellets necessary to obtain a 1:1 molar ratio of p66 and p51for purification 

as shown in Figure 7.2B. 

Cell pellets for p66 and p51 were combined and resuspended in RT Buffer A (30 

mM HEPES pH 7.9, 60 mM NaCl, 1 mM DTT, 0.1 mM EDTA) in the presence of 

protease inhibitor cocktail IV (AG Scientific). Then cells were lysed by sonication (20% 

duty cycle, output level 6) using a Branson sonifier 450 for 20 minutes while stirring on 

ice. The lysate was ultra-centrifuged at 40,000 rpm for 30 minutes using a Beckman 45Ti 

rotor at 4°C to remove cell debris. Then the supernatant was collected and loaded at 

5ml/min onto a 60 ml Q sepharose column (GE) in tandem with a 20 ml Bio-Rex 70 

column (Bio-Rad) pre-equilibrated in buffer A (Figure 7.3). After washing the tandem 

columns with 5 column volumes of RT buffer A, the Q sepharose column was detached 

and the Bio-Rex 70 column was washed with 2% RT Buffer B (30 mM HEPES pH 7.9, 1 
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M NaCl, 1 mM DTT, 0.1 mM EDTA). The bound protein was eluted at 2.5 ml/min with 

2-47% linear gradient of RT Buffer B for 40 minutes in 5 ml fractions. Fractions 

containing HIV RT were pooled based on SDS-PAGE analysis, and diluted with RT 

Buffer C (30 mM HEPES pH 7.9, 1 mM DTT, 0.1 mM EDTA) to the conductivity of RT 

Buffer A. 

The diluted protein sample containing both HIV RT subunits was loaded at 2.5 

ml/min onto a single-stranded DNA cellulose column (Sigma Aldrich) equilibrated in RT 

Buffer A (Figure 7.4). After washing the column with 2% RT Buffer B, the bound protein 

was eluted with 2% to 47% linear gradient of RT Buffer B collecting in 5 ml fractions. 

Fractions were analyzed on SDS-PAGE and samples containing HIV RT were pooled, 

concentrated and dialyzed against 1L MDCC Labeling Buffer (30 mM HEPES pH 7.9, 

250 mM NaCl, 0.1 mM EDTA, 1 mM Tris(2-carboxyethyl)phosphine hydrochloride 

(Sigma-Aldrich)) for 1 hour, then the dialysis was repeated with fresh buffer for another 

hour.  

To label HIV RT with MDCC, 10-fold molar excess of MDCC was added to the 

labeling reaction and rotated overnight at 4°C. Excess MDCC label was removed by 

loading the labeling sample onto the Bio-Rex 70 column pre-equilibrated with RT Buffer 

A at 2.5ml/min and washing with 2% RT buffer B until A425 fell off. Finally, the labeled 

protein was eluted with 30% RT Buffer B in 1 ml fractions (Figure 7.5). Fractions were 

then analyzed on SDS-PAGE, pooled, concentrated, dialyzed into RT Storage Buffer (50 

mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM DTT, 0.1 mM EDTA), flash frozen in liquid 

nitrogen and stored at -80°C. The protein concentration was determined by A280 using the 

ε280 = 260,450 M-1cm-1.  
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Figure 7.3 Purification of HIV RT W71A by Q sepharose and Bio-Rex70 columns.  (A) 
Representative chromatogram for the purification of HIV RT W71A by tandem columns 
of Q sepharose and Bio-Rex70. After cell lysate was loaded onto the tandem columns, the 
Q sepharose column was detached and the Bio-Rex 70 column was washed with 2% RT 
Buffer B. HIV-RT was eluted using a linear gradient of 2% to 47% RT Buffer B. 
Absorbance at 280 nm (blue) and 254 nm (red) was measured to monitor protein and 
DNA, respectively. Conductivity (brown) and Buffer B percentage (green) were also 
monitored in real-time. (B) SDS-PAGE analysis of the loaded cell lysate (Load), flow-
through (FT), wash and fractions 1-19 to detect the presence of both HIV-RT p66 and 
p51 subunits. Fractions 9-17 were pooled for loading onto ssDNA cellulose column. 
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Figure 7.4 Purification of HIV-RT W71A by ssDNA cellulose column.  (A) 
Representative chromatogram for the purification of HIV RT W71A by ssDNA cellulose 
column. The fractions containing HIV-RT p66 and p51 subunits from the previous Bio-
Rex 70 columns were pooled and loaded onto ssDNA cellulose column. Then ssDNA 
cellulose column was washed with 2% RT Buffer B. HIV-RT W71A was eluted with a 
linear gradient of 2% to 47% RT Buffer B. Absorbance at 280 nm (blue) and 254 nm 
(red) was measured to monitor protein and DNA, respectively. Conductivity (brown) and 
Buffer B percentage (green) were also monitored in real-time. (B) SDS-PAGE analysis of 
the loaded cell lysate (Load), flow-through (FT), wash and fractions 1-11 to detect the 
presence of both HIV-RT p66 and p51 subunits. Fractions 2-7 were pooled for MDCC-
labeling reaction. 
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Figure 7.5 Purification of MDCC-labeled HIV-RT W71A by Bio-Rex 70 column.  (A) 
Representative chromatogram for the purification of MDCC-labeled HIV RT W71A by 
Bio-Rex 70 column. After overnight MDCC-labeling reaction, the sample was 
centrifuged to remove unreacted MDCC and the supernatants were loaded onto Bio-Rex 
70 columns. The column was washed with RT Buffer A to remove excess MDCC. 
Labeled HIV-RT W71A was eluted with 30% RT Buffer B. Absorbance at 280 nm(blue) 
and 254 nm (red) was measured to monitor protein and DNA, respectively. Conductivity 
(brown) and Buffer B percentage (green) were also monitored in real-time. (B) SDS-
PAGE analysis of the loaded cell lysate (Load), flow-through (FT), wash and fractions 9-
22 to detect the presence of both HIV-RT p66 and p51 subunits. Fractions 10-17 were 
pooled for dialysis and final storage. 
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Preparation of Substrates DNA  

The DNA substrates used in this study were purchased from Integrated DNA 

Technologies (IDT). Purification was performed using 15% denaturing polyacrylamide 

gel electrophoresis. Sequences of 25-nt DNA primer and 45-nt DNA template DNA 

oligomers are listed in Table 7.3. For quenched flow assays, the 5’ end of the primer 

oligomer was 32P-labeled using T4 polynucleotide kinase (NEB) and [γ-32P]-ATP 

(PerkinElmer Life Sciences) for 1 h at 37 °C. The reaction was stopped by heating to 

95°C for 5 minutes. The labeled primer was purified using a Bio-Spin P-6 gel column 

(Bio-Rad) to remove unincorporated [γ-32P]-ATP. DNA duplex substrates (5’-32P-

25/45mer) were annealed by incubating primer and template at a 1:1 molar ratio in the 

Annealing Buffer (10 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA) at 95°C for 5 

minutes then cool the reaction to room temperature. 

Table 7.3 DNA substrates sequences for HIV RT kinetic assays 

   
25/45mer 

 
25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCA-3’ 

 

45mer: 
 

3’-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACG 
GCAGG-5’ 

25ddA/45mer 
  

 
25mer: 5’-GCCTCGCAGCCGTCCAACCAACTCAdd-3’ 

  
45mer: 
 

3’-CGGAGCGTCGGCAGGTTGGTTGAGTAGCAGCTAGGTTACG 
GCAGG-5’ 

*Templating base is underlined 
     

 

Synthesis of 2’, 3’-dideoxy-terminated DNA Substrates 

In the stopped flow assay that is designed to measure only the binding of 

incoming nucleotide without chemistry occurring, dideoxy-terminated DNA primer 

/template was used as the substrates due to absence of 3’OH for catalysis. The dideoxy-
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terminated DNA duplex was obtained by first annealing a 24-nt DNA primer and a 45-nt 

DNA template to form a 24/45mer DNA substrate, sequences shown in Table 7.3. Then 

the synthesis reaction was performed by incubating 560 μM 24/45mer DNA, 500 μM 

HIV-RT, 10 units of pyrophosphatase (Sigma), and 1.5 mM ddATP (UBS) in buffer 

containing 50 mM Tris-Cl pH 7.5, 10 mM MgCl2, 100 mM KCl, and 0.1 mM EDTA for 

2 hours at 37°C. The final products of dd25/45mer DNA duplex were extracted by 

phenol:chloroform from the reaction solution and  purified by ethanol precipitation as 

well as 15% denaturing PAGE. 

Incorporation of TTP by quench flow assay 

Chemical quench flow experiments were conducted to measure single nucleotide 

incorporation (TTP) by both W71 RT mutants using the RQF-3 rapid quench-flow 

apparatus (KinTek Corporation). RT mutant (350 nM) was pre-incubated with 150 nM 

5’-32P-25/45mer primer/template duplex at 37 ºC in RT Buffer (50 mM Tris-Cl pH 7.5, 

100 mM KCl, 0.1 mM EDTA, 10 mM MgCl2) to form an enzyme-DNA complex. The 

time dependence of TTP incorporation was monitored after rapidly mixing the enzyme-

DNA complex with various concentrations of TTP at 0.2, 0.5, 1.5, 6, and 30 μM. Then 

the reactions were quenched at various time points of up to 3 seconds by the addition of 

0.5 M EDTA along with the denaturing PAGE loading dye (0.25% bromophenol blue, 

0.25% xylene cyanol). The quenched reaction samples were heat-denatured for 3 min at 

95 °C and separated on a 15% denaturing polyacrylamide gel (7 M Urea) for 

electrophoresis at 100 W using the Bio-Rad Sequi-Gen GT system. Gels were exposed to 

a storage phosphor screen (Molecular Dynamics) and imaged by the Typhoon 9400 

scanner (GE Healthcare). Band intensity was quantified using ImageQuant (GE 

Healthcare). Product formation resulted by TTP incorporation was determined as the 
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product of the fractional intensity of 26mer product band relative to the sum of all bands 

in a particular lane times the concentration of radiolabeled DNA substrate.  

Mismatch incorporation of dGTP by quench flow assay 

Similar to TTP incorporation described above, 350 nM W71 RT mutant was pre-

incubated with 150 nM 5’-32P-25P/45T DNA duplex at 37 ºC in RT Buffer containing 50 

mM Tris-Cl pH 7.5, 100 mM KCl, 0.1 mM EDTA, 10 mM MgCl2 to form an enzyme-

DNA complex. Mismatch dGTP incorporation was initiated by reacting the enzyme-

DNA complex with high concentrations of dGTP from 0.5, 2, 4, 8, to 16 mM. Then the 

reactions were quenched at preset time intervals indicated in Figure 7.6 by the addition of 

0.5 M EDTA. 

TTP binding and incorporation by stopped flow assay 

Stopped flow experiments were performed to measure nucleotide binding and 

incorporation by HIV RT W71 mutants using an AutoSF-120 series stopped-flow 

instrument (KinTek Corporation, Austin, TX). 300 nM HIV RT was pre-incubated with 

400 nM 25/45-nt primer/template duplex at 37 ºC in RT Buffer (50 mM Tris-Cl pH 7.5, 

100 mM KCl, 0.1 mM EDTA, 10 mM MgCl2) to form an enzyme-DNA complex. 

Nucleotide incorporation was started by mixing the enzyme-DNA complex with equal 

volume of various concentration of TTP (5, 10, 20, 40, 60, 80, 100, 150 μM). The MDCC 

fluorophore on HIV RT was excited at 425 nm and the fluorescence emission at 475 nm 

was monitored over time. Same experiment conditions were repeated for 2’, 3’-dideoxy-

terminated DNA duplex to prevent chemistry and measure nucleotide binding only. 

Nucleotide dissociation using stopped flow assay 

Stopped flow experiments were designed to measure the rate of nucleotide 

dissociation from the 2’, 3’-dideoxy-terminated DNA duplex using an AutoSF-120 series 
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stopped-flow instrument (KinTek Corporation). 400 nM HIV-RT mutant was pre-

incubated with 600nM 25ddT/45P DNA duplex and 8 μM TTP at 37 ºC in RT Buffer (50 

mM Tris-Cl pH 7.5, 100 mM KCl, 0.1 mM EDTA, 10 mM MgCl2). An equal volume of 

RT Buffer containing 4 μM unlabeled HIV RT-DNA complex was added to trap the 

dissociated and free nucleotides in solution. Meanwhile, the fluorophore on HIV RT was 

excited at 425 nm and fluorescence change was monitored by recording emission at 475 

nm over time. 

Global data fitting 

The experimental data were complied and fit globally using the KinTek Explorer 

simulation software (KinTek Corp, Austin TX). After inputting reaction model, 

experimental setup and initial estimate of rate constants, the program uses nonlinear 

regression to numerically integrate the rate equations to obtain well-constrained rate 

constants governing nucleotide binding and incorporation (112, 113). Fitting data directly 

to a reaction model and fitting multiple experiments simultaneously ensure that the 

proposed model accounts for all of the data sets obtained. In addition, the program also 

provides error analysis to determine standard error values for each parameter, as well as a 

confidence contour analysis. The data in this chapter were fit to Scheme 7.1 and 7.2.   
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7.3 RESULTS 

Kinetics of correct nucleotide incorporation (TTP) by rapid quench-flow  

Firstly, the kinetics of correct nucleotide (TTP) binding and incorporation was 

measured in the rapid quench-flow instrument. MDCC-labeled W71 HIV RT mutants 

were preincubated with the 25P/36T double stranded DNA substrate to form an enzyme-

DNA complex. An excess of HIV RT over DNA substrate were designed in the reaction 

to ensure enzyme single turnover. Then various concentrations of the correct incoming 

nucleotide TTP at 0.2, 0.5, 1.5, 6, 30 μM were added to the enzyme-DNA complex and 

primer extension was quenched with 0.5M EDTA at time intervals shown in Figure 7.6. 

TTP incorporation resulted primer extension and was indicated as a 26-nt formation on 

the DNA sequencing gel. The amount of primer extension over time was plotted and 

fitted globally to the one-step single model shown in Scheme 7.1 to determine the 

apparent nucleotide dissociation constant Kd and the maximum rate of incorporation, kpol . 

 

 
Scheme 7.1 

 

This simple one-step model above assumes that nucleotide binding is in rapid 

equilibrium; subsequent polymerization step is rate limiting followed by fast 

pyrophosphate release. Therefore, Kd,app  here measures the apparent Kd value for relative 

rates of substrate binding and incorporation, which makes it more similar to the Michaelis 

constant (Km), and is not a precise estimate of ground-state binding affinity (106). 

However, the ratio of kpol over Kd does provide an estimate for the specificity constant as 

kcat/Km = kpol/Kd. for each sequential incorporation during processive synthesis. The 

specificity constants for both W71A and W71D mutants are summarized in Table 7.4 

		EDn +dNTP
Kd ,app⎯ →⎯⎯← ⎯⎯⎯ EDndNTP

kpol⎯ →⎯← ⎯⎯ EDn+1PPi
fast⎯ →⎯ EDn+1 +PPi
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along with previously determined parameters for wild type RT. The rate of 

polymerization kpol for W71A and W71D RT were 16.7 ± 2.3 s-1 and 15.5 ± 2.6 s-1, 

respectively, which is similar to that of the wild type (16.7 s-1). However the apparent Kd 

for TTP was 6.7 ± 1.2 μM for W71A and 9.6 ± 2.1 μM for W71D, suggesting a 2 to 3-

fold decrease in nucleotide binding affinity as compared to wild type (2.8 μM). 

Consequently, the W71 mutants (W71A: 6.7 μM-1s-1, W71D: 9.6 μM-1s-1) have yielded a 

2 to 3-fold reduction in specificity constants to that of the wild type RT (6 μM-1s-1). 
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Figure 7.6 Incorporation of TTP and dGTP by W71A and W71D HIV RT mutants using 
chemical quench flow. All concentrations listed are final. (A) Enzyme-DNA complex 
formed by preincubating 175 nM W71A HIV-RT with 75 nM 5’-32P labeled 25P/45T 
DNA duplex was rapidly mixed with increasing concentrations of correct nucleotide TTP 
(0.2, 0.5, 1.5, 6 and 30 μM). The reactions were quenched by the addition of 0.5 M 
EDTA at times from 0 to 3 seconds. (B) Enzyme-DNA complex formed by preincubating 
175 nM W71A HIV-RT with 75 nM 5’-32P labeled 25P/45T DNA duplex was rapidly 
mixed with high concentrations of mismatch nucleotide dGTP (0.5, 2, 4, 8, to 16 mM). 
The reactions were quenched by the addition of 0.5 M EDTA at times from 0 to 10 
second. (C) Enzyme-DNA complex formed by preincubating 175 nM W71D HIV-RT 
with 75 nM 5’-32P labeled 25P/45T DNA duplex was rapidly mixed with increasing 
concentrations of correct nucleotide TTP (0.2, 0.5, 1.5, 6 and 30 μM). The reactions were 
quenched by the addition of 0.5 M EDTA at times from 0 to 3 seconds. (D) Enzyme-
DNA complex formed by preincubating 175 nM W71D HIV-RT with 75 nM 5’-32P 
labeled 25P/45T DNA duplex was rapidly mixed with high concentrations of mismatch 
nucleotide dGTP (0.5, 2, 4, 8, to 16 mM). The reactions were quenched by the addition of 
0.5 M EDTA at times from 0 to 20 seconds. The formation of 26mer product over time 
for each experiment was fit to the simple model in Scheme 7.1 using KinTek Explorer. 
Kinetic parameters determined from fitting are described in Table 7.4. 
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Table 7.4 Summary of rate constants for TTP incorporation derived from one-step 
nucleotide binding model 

 dNTP kpol Kd, app kpol/Kd app Da Rb 
 s-1 μM μM-1s-1 

WT       

 TTP 16.7 2.8 
6 - - 

(15 - 18.5) (2.3 - 3.3) 

 dGTP 3.4 3700 
9.2 x10-4 6522 - 

(3.1 - 4) (3100 - 4600) 
W71A       

 TTP 16.7 ± 2.3 6.7 ± 1.2 2.5 ± 0.56 - - 

 dGTP 3.8 ± 0.6 6450 ± 1600 (5.8 ± 1.7) x10-4 4230 ± 1570 0.65 ± 0.1 
W71D       

 TTP 15.5 ± 2.6 9.6 ± 2.1 1.6 ± 0.45 - - 

 dGTP 2.4 ± 0.4 6020 ± 1440 (4.0 ± 1.1) x10-4 4050 ± 1620 0.62 ± 0.1 
a Discrimination is derived by Equation 7.1 
b Resistance is calculated by Equation 7.2 

Kinetics of mismatch nucleotide incorporation (dGTP) by rapid quench-flow 

The mismatch incorporation of dGTP by both W71 mutants was conducted using 

the rapid quench-flow instrument. The same as TTP incorporation, a preformed enzyme-

DNA complex was mixed with different concentrations of dGTP. dGTP with high 

concentration starting from 0.5, 2, 4, 8, to 16 mM were added to afford primer extension.  

The product formed at various nucleotide concentrations were compiled and fitted to the 

simple model shown in Scheme 7.1. The rate constants generated are listed in Table 7.4. 

For W71A RT, the Kd,app for mismatch dGTP was 6450 ± 1600 μM and kpol was 3.8 ± 0.6 

s-1, resulting in a specificity constant of (5.8 ± 1.7) x10-4 μM-1s-1. Similarly, the Kd,app for 

mismatch dGTP was 6020 ± 1440μM and kpol was 2.4 ± 0.4s-1, yielding a specificity 

constant of (4.0 ± 1.1) x10-4 μM-1s-1. Then, the discrimination factor representing the 

fidelity of HIV RT was calculated according to Equation 7.1.  
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                Equation7.1                   Equation 7.2           
                 

Discrimination is defined as the ratio of the specificity constant for correct 

nucleotide to that of incorrect nucleotide incorporation. The discrimination factor 

obtained for both W71 RT mutants were ~ 4000, suggesting that incorporation of 

mismatch dGTP versus correct TTP incorporation is disfavored by approximately 4000-

fold by both W71 RT mutants. Finally, by comparing the fidelity of both wild type 

(6500) and mutant RT, the effect of W71 mutations on HIV RT fidelity were assessed by 

Equation 7.2. The resistance factor for both W71 RT mutants were approximately 0.6, 

indicating that W71 mutation reduced the fidelity of HIV RT by ~1.7-fold. 

Kinetics of correct nucleotide binding and incorporation (TTP) by stopped flow 
methods 

Although the simple model described in Scheme 7.1 provides a quantification of 

enzyme specificity, previous study on HIV RT has identified an additional step of 

substrate-induced isomerization between the ground state binding and chemistry using 

MDCC-labeled HIV RT (50). The results showed that nucleotide binding occurs in two 

steps: A weak rapid equilibrium binding (K1) to the open state (EDnN) followed by a 

rapid change in enzyme structure to form a closed state (FDnN) at rate k2, then a slower 

chemical reaction at rate k3 preceding fast pyrophosphate release (50). Moreover, this 

phenomenon has also been identified on other polymerases (102,107,108). This two-step 

model provides a more accurate representation of the kinetics, which can be used to 

determine the dissociation constant for ground state binding, the rate and equilibrium 

constants for the conformation change step, as well as the rate of chemistry.  

 

		
Discrimination	(D)	 =

(kpol /Kd )correct
(kpol /Kd )incorrect

                      Resistance	 = Dmutant
Dwild	type
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Scheme 7.2 
 

Taking advantage of the fluorescent MDCC label on the dynamic fingers 

subdomain of HIV RT, the role of W71 in the two-step nucleotide binding model was 

further explored using stopped-flow fluorescence methods. The MDDCC-labeled W71 

HIV RT mutants were pre-incubated with 25P/45T DNA duplex to form enzyme-DNA 

complex, then the reaction was initiated with the addition of various concentrations of 

TTP (5, 10, 20, 30, 40, 60, 80, 100 and 150 μM). The change in MDCC fluorescence 

over time was measured in the stopped-flow instrument and fit globally as shown in 

Figure 7.7B and 7.8B.  

Same experiments were repeated with dideoxy-terminated 25ddP/45T DNA duplex 

to monitor only the nucleotide binding (TTP) induced enzyme conformation change since 

chemistry was blocked by the absence of 3’OH at the 3’end of the growing primer strand. 

This experiment as shown in Figure 7.7D and 7.8D is designed to verify that the 

fluorescence signal monitors changes in enzyme structure rather than chemistry and 

enhance global fitting to the two-step model.  

In addition, the rate of nucleotide dissociation from the enzyme-DNA complex 

was measured through a competition assay in the stopped-flow instrument (Figure 7.7C 

and 7.8C). In this experiment, W71 mutants preformed with dideoxy-terminated 

25ddP/36T DNA duplex was incubated with nucleotide, then the reaction was rapidly 

mixed in with an excess of free, unlabeled enzyme-DNA duplex to trap free nucleotides 

after their release from the labeled enzyme-DNA complex. This change in fluorescence 

over time provides an independent measurement to determine k-2, which is associated 

		
EDn
open

+N
K1⎯ →⎯← ⎯⎯ EDnN

open k2

k−2
⎯ →⎯← ⎯⎯ FDnN

closed k3⎯→⎯←⎯⎯ FDn+1PP
closed

i
fast⎯ →⎯ EDn+1

open

+PPi
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with the enzymatic transition from the closed nucleotide-bound state (FDnN) to the open 

nucleotide-free state (EDn) at a rate that limits the rate of dissociation of the nucleotide. 

Global fitting of TTP binding and incorporation by W71 HIV RT mutants 

Kinetic data defining TTP binding and incorporation by W71 HIV RT mutants 

from both quench-flow and stopped-flow experiments were fit globally based on the two-

step nucleotide binding model in Scheme 7.2. The global fitting for W71A and W71D are 

shown in Figure 7.7 and Figure7.8, respectively, and the derived rate constants are listed 

in Table 7.5.  

For W71A mutant, TTP binds to the mutant enzyme in its open conformation with 

a ground state binding (1/K1) of 280 ± 20 μM. Then nucleotide binding induces an 

enzyme conformational change at 1330 ± 80 s-1 with a reverse rate of 13.9 ± 0.5 s-1. Such  

a change in enzyme structure is demonstrated by the decrease in fluorescence in the 

stopped-flow experiment, indicating that the conformational change of the enzyme from 

its “open” to “closed” state has taken place. Following the conformational change, 

chemistry occurs at 20.5 ± 0.2 s-1 to allow primer extension, which is determined by the 

regain of fluorescence signal in the stopped flow, which occurs after nucleotide 

incorporation and the return of the enzyme to its “open” state, ready for the next round of 

polymerization. For W71D mutant, the dissociation constant (1/K1) for TTP binding is 

200 ± 10 μM. The rate for W71D conformational change is 570 ± 20 s-1 (2-fold slower 

than W71A due to charged side-chain of W71D), with a reverse rate of 11.6 ± 0.5 s-1. The 

following chemistry step for nucleotide incorporation by W71D is 20.69± 0.3 s-1 and is 

similar to that of W71A.  

When compare to WT RT, both W71 mutants have shown slightly tighter 

nucleotide binding in the first step. However, the forward rate of the enzyme 



 

 150 

conformational change was reduced by 2 to 5-fold in the presence of W71 mutation, with 

the most drastic effect from mutation to the aspartic acid. The reverse rateof 

conformational change, as well as rate of chemistry are also reduced in the presence of 

W71 mutations. Steady state parameters kcat, Km, the net binding affinity of TTP (Kd,net) 

and specificity constant (kcat/Km) were calculated using rate constants obtained from 

global fitting by Equations 7.3. All kinetic parameters are listed in Table 7.6. The 

specificity constants yielded for TTP incorporation by W71A and W71D mutants are 2.8 

± 0.3 μM-1s-1 and 1.8 ± 0.1 μM-1s-1, respectively. These values are consistent with those 

obtained by fitting the quench flow experiment alone (Table 7.4).  
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Figure 7.7 Global fitting of TTP binding and incorporation by W71A HIV RT mutant.  
(A) TTP incorporation by W71A HIV RT mutant measured by rapid quench-flow. Enzyme-DNA 
complex formed by preincubating 175 nM W71A HIV-RT with 75 nM 5’-32P labeled 25P/45T 
DNA duplex was rapidly mixed with increasing concentrations of correct nucleotide TTP (0.2, 
0.5, 1.5, 6 and 30 μM). The reactions were quenched by the addition of 0.5 M EDTA at times 
from 0 to 3 seconds. Products were resolved by electrophoresis and quantified using a phosphor-
imager. (B) TTP binding and incorporation by W71A HIV RT mutant measured by stopped-flow. 
Preformed enzyme-DNA complex (150 nM W71A HIV-RT, 200 nM 25ddP/45T DNA duplex) 
was rapidly mixed with increasing concentrations of TTP (5, 10, 20, 40, 60, 80, 100, 150 μM). 
Fluorescence change of MDCC-labeled HIV RT was monitored over time. (C) TTP nucleotide 
dissociation from the closed enzyme-DNA complex measured by stopped-flow. A preformed 
TTP-bound enzyme-DNA complex (200 nM W71A HIV-RT, 300nM 25P/45T DNA duplex with 
dideoxy-terminated primer, 4 μM TTP) was rapidly mixed with 4 μM unlabeled HIV RT-DNA 
complex to serve as a trap for the dissociated and free nucleotides in solution. Change in 
fluorescence as TTP was released from the enzyme ternary complex was recorded over time. (D) 
TTP binding by W71A HIV RT mutant measured by stopped-flow. Preformed enzyme-DNA 
complex (150 nM W71A HIV-RT, 200 nM 25ddP/45T DNA duplex with dideoxy-terminated 
primer) was rapidly mixed with increasing concentrations of TTP (5, 10, 20, 40, 60, 80, 100, 150 
μM). Fluorescence change due to nucleotide binding (chemistry was blocked) was measured over 
time. All four experiments were fit globally to the two-step nucleotide-binding model in Scheme 
7.2 using KinTek Explorer. Rate constants derived from the global fitting are summarized in 
Table 7.5. 
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Figure 7.8 Global fitting of TTP binding and incorporation by W71D HIV RT mutant.  
(A) TTP incorporation by W71A HIV RT mutant measured by rapid quench-flow. Enzyme-DNA 
complex formed by preincubating 175 nM W71D HIV-RT with 75 nM 5’-32P labeled 25P/45T 
DNA duplex was rapidly mixed with increasing concentrations of correct nucleotide TTP (0.2, 
0.5, 1.5, 6 and 30 μM). The reactions were quenched by the addition of 0.5 M EDTA at times 
from 0 to 3 seconds. Products were resolved by electrophoresis and quantified using a phosphor-
imager. (B) TTP binding and incorporation by W71A HIV RT mutant measured by stopped-flow. 
Preformed enzyme-DNA complex (150 nM W71D HIV-RT, 200 nM 25ddP/45T DNA duplex) 
was rapidly mixed with increasing concentrations of TTP (5, 10, 20, 40, 60, 80, 100, 150 μM). 
Fluorescence change of MDCC-labeled HIV RT was monitored over time. (C) TTP nucleotide 
dissociation from the closed enzyme-DNA complex measured by stopped-flow. A preformed 
TTP-bound enzyme-DNA complex (200 nM W71D HIV-RT, 300 nM 25P/45T DNA duplex with 
dideoxy-terminated primer, 4 μM TTP) was rapidly mixed with 4 μM unlabeled HIV RT-DNA 
complex to serve as a trap for the dissociated and free nucleotides in solution. Change in 
fluorescence as TTP was released from the enzyme ternary complex was recorded over time. (D) 
TTP binding by W71A HIV RT mutant measured by stopped-flow. Preformed enzyme-DNA 
complex (150 nM W71D HIV-RT, 200 nM 25ddP/45T DNA duplex with dideoxy-terminated 
primer) was rapidly mixed with increasing concentrations of TTP (5, 10, 20, 40, 60, 80, 100, 150 
μM). Fluorescence change due to nucleotide binding (chemistry was blocked) was measured over 
time. All four experiments were fit globally to the two-step nucleotide binding model in Scheme 
7.2 using Kintek Explorer. Rate constants derived from the global fitting are summarized inTable 
7.5. 
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Table 7.5 Summary of rate constants governing TTP incorporation by wild type and W71 
mutants HIV RT from global fitting to two-step model 

  1/K1 k2 k-2 K2 k3 
  µM s-1 s-1   s-1 

WT 310 ± 10 2750 ± 100 3.9 ± 0.2 705 ± 44 34.4 ± 0.1 

W71A 280 ± 20 1330 ± 80 13.9 ± 0.5 96 ± 7 20.5 ± 0.2 

W71D 200 ± 10 570 ± 20 11.6 ± 0.5 49 ± 3 20.9 ± 0.3 

 

Table 7.6 Kinetic parameters derived from global fitting constants 

  kcat K m Kd, net kcat/Km 
  s-1 µM µM µM-1s-1 

WT 34 ± 1.8 4.7 ± 0.2 0.45 ± 0.05 7.3 ± 0.5 

W71A 20 ± 1.7 7.3± 0.4 2.9 ± 0.3 2.8 ± 0.3 

W71D 19.8 ± 1.0 11 ± 0.4 4 ± 0.3 1.8 ± 0.1 

 

 

                    

 

 

Equations 7.3  

		
kcat =

k2k3
k2 +k−2 +k3 		

Km =
k2k3 +k−1(k −2 +k3)
k1(k2 +k−2 +k3)

		
kcat /Km =

k1k2k3
k2k3 +k−1(k −2 +k3)

		
Kd ,net =

1
K1(1+K2)
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7.4 DISCUSSION 

Previous studies of HIV RT studies in our lab have developed a protocol to 

covalently attach a fluorescence probe on the fingers subdomain of HIV RT to monitor its 

structural change during nucleotide binding and incorporation. Using this protocol, a 

~30% decrease in fluorescence signal was seen initially upon addition of nucleotide, 

followed by fluorescence recovery at a rate that is limited by chemistry (50). The rate 

constants governing nucleotide binding and incorporation were determined and combined 

with Molecular Dynamics simulations to show how substrate-induced change in enzyme 

structure is essential for enzyme specificity (1). In order to explore and test the 

predictions from MD simulations, Tryptophan 71 was chosen for its dramatic movement 

on the fingers subdomain of HIV RT during nucleotide incorporation as predicted by MD 

simulations. After W71 was mutated to alanine or aspartic acid, the kinetic 

characterization of both W71A and W71D mutants have shown similar binding affinity to 

correct nucleotide compared to the wild type enzyme. However, the equilibrium constant 

for enzyme conformational change was drastically reduced, resulting in reduction in 

enzyme specificity and fidelity.  

Specifically, the initial analysis using quench flow methods alone measured the 

incorporation of the correct nucleotide (TTP) and mismatched nucleotide (dGTP) by the 

W71 mutants. After fitting data to a simple one-step binding model, which assumes that 

the nucleotide binding occurs in rapid equilibrium and subsequent polymerization step is 

rate-limiting, the obtained rate constants indicated that the discrimination of dGTP versus 

TTP by both W71A and W71D RT mutants was around 4000. This result is lower when 

compared to the wild-type RT (6500), leading to a ~1.7 fold reduction of enzyme fidelity. 

TTP incorporation by both W71 mutants were also examined using stopped flow 

fluorescence methods. Both stopped-flow and quench-flow data were combined and then 
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fitted globally to a more expanded two-step nucleotide-binding model. This model can be 

used to investigate the effect of W71 mutations on the conformational change of HIV RT. 

All the rate constants obtained from the fitting are summarized in Table 7.5. When 

compare to TTP incorporation by wild type RT, the equilibrium constant for the 

conformational change step (K2) was reduced from 705 ± 44 to 96 ± 7 and 49 ± 3 for the 

W71A and W71D mutants, respectively. This is a drastic 7-14 fold reduction in enzyme 

conformational change during nucleotide incorporation in the presence of W71 

mutations, confirming the essential role of fingers domain for mediating the structural 

changes of HIV RT as suggested by MD simulations. The values for Km and net Kd are 

also calculated by Equations 7.3, and presented in Table 7.6. For both W71 mutants, it is 

clear that the apparent Kd, (Kd,app) values determined from quench flow experiments are 

more similar to the Km than the net Kd. This similarity can be explained by the rate of 

chemistry (k3) being greater than the reverse rate of conformational change (k-2), so that 

Km can be estimated as k3/(K1k2), which is the ratio of the rates of product turnover to the 

rates of formation of the closed complex, and are thus comparable to Kd,app. The Kd,net of 

TTP binding to the W71A and W71D mutant are 2.9 μM and 4 μM, these values are 

about 6-9 fold weaker than the binding to wild type RT, indicating that the binding 

affinity for nucleotide is sacrificed with the W71 mutations. As a result, the specificity 

constant was 8-14 fold lower than the wild type RT in the presence of W71 mutations. 

Ideally, the stopped-flow experiments characterizing the mismatch of dGTP 

incorporation by W71 RT mutants should be included as well, however, the nucleotide 

off rate of mismatch nucleotide is so rapid that the forward rate of conformational change 

was unable to be recorded within the dead time of the stopped-flow instrument. Future 

efforts could be made to conduct the fluorescence experiments at low temperatures so 
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that the effect of W71 mutations on the conformational change of HIV RT during 

mismatch incorporation could also be explored. 

Overall, the kinetic analysis of nucleotide incorporation by W71A and W71D 

mutants shows that the W71 mutations have shown much less favorable enzyme 

conformational change leading to a reduction in net binding affinity to nucleotide, and 

slower rate of chemistry. In addition, mutations on W71 decreased the discrimination of 

mismatch dGTP over TTP, which reduced the fidelity of HIV RT by 1.7-fold. These 

observations provide additional support for the important role of induce-fit in enzyme 

specificity. Our observed results are also in agreement with previous characterization of 

an adjacent residue on the fingers subdomain of HIV RT, the R71A mutant. R71A 

mutation made the isomerization step 170-fold less favorable causing net binding 45-fold 

weaker, revealing a network of residues spanning the fingers domain and its crucial role in 

mediating the induced-fit mechanism of HIV RT.  
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