


 
ABSTRACT 

 
 
Title of Document: 

USING MOLECULAR SIMULATIONS TO 
EXPLORE CONFORMATIONAL 
TRANSITIONS IN THE HEPATITIS C 
VIRUS POLYMERASE. 

  
 Ester Sesmero Diaz, Ph.D., 2017 
  
Directed by: Dr. Ian F. Thorpe, Department of Chemistry & 

Biochemistry 
 

 

Hepatitis C virus (HCV) is a global health concern for which there is no vaccine 

available. The HCV polymerase is responsible for the critical function of replicating the RNA 

genome of the virus. Transitions between its conformations are necessary for the appropriate 

functioning of the enzyme in the replication of the enzyme’s RNA. We have shown that one can 

generate the free energy landscape (FEL) of the free enzyme by combining the results from 

Molecular Dynamic (MD) simulations initiated from a collection of X-ray structures of NS5B 

without inhibitor bound. MD is a suitable tool for this purpose since it provides structural and 

dynamic information regarding the conformational space sampled by the enzyme.  From these 

results, we have elucidated key interactions that stabilize each conformation and that modulate 

the transitions between them. This new knowledge is essential to gain insight on the role of these 

conformations in replication and may be also valuable in suggesting novel targets for inhibition 

of the enzyme. Furthermore, by comparing these observations with the results of MD simulations 

of inhibitor bound systems, we gained a deeper understanding on the allosteric mechanisms of 

currently reported inhibitors. As a result, the knowledge garnered from this computational study 

may be instrumental for improving HCV therapies and those of other related viruses. 
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Chapter 1.  Introduction: Using the Hepatitis C Virus RNA-

Dependent RNA Polymerase as a Model to Understand Viral 

Polymerase Structure, Function and Dynamics  

This chapter is reproduced in part from: Sesmero, E. and Thorpe, I.F, Viruses 2015, 7, 3974-3994  

 

1.1 Dissertation Outline 

The conformations sampled by the NS5B enzyme have a key role in replicating the RNA 

genome of HCV. Thus, characterizing the conformations will supply more detailed knowledge 

on how the enzyme works and how to inhibit it. The results generated by the Molecular 

Dynamics (MD) simulations of NS5B structures will provide a deeper insight into the structure, 

function and dynamics of each conformation. These simulations will also provide valuable 

information about the interactions that are key for stabilizing each conformation and facilitating 

transition between them. This knowledge may suggest new targets or novel strategies to inhibit 

the enzyme. In first place, the results of MD simulations of NS5B structures without inhibitor 

bound allowed us to construct the free energy landscape (FEL) of the conformational space 

sampled by NS5B as a free enzyme and elucidate the key interactions that stabilize each 

conformation. Once these conformations were characterized, they were compared with the 

results of MD simulations of NS5B bound to inhibitors and with mutations to allow further 

understanding of the fundamental role that conformational changes play in the function of viral 

polymerases.  
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1.1.1 Specific Aims: 

1. Determine the structural and dynamic properties of the conformations sampled by 

NS5B as a free enzyme and understand what enzyme properties govern the transitions 

between them.  

We have shown that combining the results of several MD simulations of NS5B 

structures without inhibitor bound allowed us to generate the FEL of the 

conformational space sampled by the enzyme. Furthermore, from the simulation data 

we were able to characterize the structure, dynamics and key interactions of each 

conformation and their role in mediating transitions between them.  

 

2. Determine how the structural and dynamic properties of the NS5B conformations are 

perturbed by mutations and the binding of inhibitors. 

Comparing our findings from Aim 1 with the results of MD simulations of NS5B 

bound to inhibitors or subject to mutations enabled us to understand how these 

conditions alter the conformational sampling and dynamics of the enzyme. This 

information illuminates the fundamental roles of conformational changes in RNA 

replication. 

 

 

1.1.2 Significance 

Despite a wealth of enzymatic and structural information regarding the HCV polymerase 

there are gaps in our understanding of the mechanism of RNA replication and the role that 

enzyme conformational changes and dynamics play in this process. In our research, we 
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employed extensive MD simulations to examine the conformational space explored by the 

enzyme. The FEL reveals features of the enzyme conformational space not apparent from the 

initial X-ray structures. This knowledge advanced our understanding of the molecular 

mechanism that governs the conformational transitions during the RNA replication cycle and 

allowed us to better understand the mechanisms of action of HCV polymerase inhibitors. This 

contribution is significant because it provides a deeper understanding of the role that 

conformational changes play in the RNA replication process. This knowledge may also be 

applied to other less studied viruses for which fewer treatments are available.  In addition, this 

information could be transferred to understand the process of allosteric inhibition in other viral 

polymerases such as HIV-RT, facilitating the identification of novel inhibitors for these 

enzymes.  In general, understanding the molecular basis of replication in viral polymerases will 

have a broad impact because these enzymes are critical for a number of viral infections. 

Moreover, greater knowledge of allostery is important because this process plays an important 

role in many biochemical processes such as enzyme kinetics and cell signaling. 

 

 

1.2 Chapter Overview 

 The primary goals of this dissertation are to characterize the conformations of NS5B as a 

free enzyme and determine how they are perturbed by mutations and the binding of inhibitors. In 

Chapter 1, we give a general outlook about the knowledge up-to-date related to HCV, NS5B, the 

RNA replication process that it performs and the current inhibitors for it. In Chapter 2, we 

employ molecular dynamics (MD) simulations to understand the specific structural and dynamic 

characteristics of each conformation of NS5B as a free enzyme.  We were able to generate the 

FEL of NS5B as a free enzyme, which was unknown before.  This FEL shows the existence of 
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an intermediate conformation that was not previously reported. We characterized each one of the 

conformations (open, intermediate and closed) and the transitions between them, suggesting new 

targets and strategies for therapeutics. Chapter 3 discusses the effect of mutations and allosteric 

inhibitors on the NS5B conformations and how the latter are perturbed by those. The results from 

this study showed that the model we proposed for NS5B as a free enzyme may be widely 

applicable (to other genotypes and maybe other viral polymerases). It also confirmed our 

hypothesis that one mechanism of inhibition used by reported inhibitors is modifying the FEL. 

Furthermore, based on our H-bonds study, we found two strategies that the inhibitors use to 

prevent the enzyme from working that are: i) breaking the communication between domains, and 

ii) stabilizing preferentially one of the conformations. Lastly, Chapter 4 summarizes the 

implications of our findings and describes future research efforts. 

 

 

1.3 Introduction 

Polymerases are crucial in the viral life cycle. They have an essential role in replicating and 

transcribing the viral genome and as a result are key targets for therapies to treat viral infection. 

A virus may not need to encode its own polymerase depending on where it spends most of its life 

cycle. Some small DNA viruses that spend all their time in the cell nucleus can make use of the 

host cell’s polymerases. However, viruses that remain in the cytoplasm do need to encode their 

own (1). 

For viruses that require their own polymerase, most of these enzymes display detectable 

activity in vitro without accessory factors. This is primarily because the sizes of genomes that 

can be packaged in the viral capsid are limited (1, 2). In addition, some polymerases perform 

other functions related to viral genome transcription and replication. Examples include the RNA-
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dependent RNA polymerases from the Flavivirus genus of the Flaviviridae family, retrovirus 

reverse transcriptases and some viral DNA-dependent polymerases. Flavivirus polymerases have 

a methyltransferase domain that catalyzes methylations of a 5′-RNA cap (3). The retrovirus 

reverse transcriptase has an additional ribonuclease H domain that catalyzes degradation of the 

RNA strand in the RNA-DNA hybrid during genome replication (4). Some viral DNA-dependent 

polymerases have a nuclease domain with proof-reading activity to correct nucleotides 

incorrectly incorporated during genome synthesis (5). 

With regard to copying the viral genome, distinct replication mechanisms are used by 

different types of viral polymerases. A number of functions must be orchestrated depending on 

the specific virus in question (1):  

(1) Recognition of the nucleic acid binding site 

(2) Coordination of the chemical steps of nucleic acid synthesis 

(3) Conformational rearrangement to allow for processive elongation 

(4) Termination of replication at the end of the genome 

Viral polymerases are often classified into four main categories based on the nature of the 

genetic material of the virus as follows: RNA-dependent RNA polymerases (RdRps), RNA-

dependent DNA polymerases (RdDps), DNA-dependent RNA polymerases (DdRps), and DNA-

dependent DNA polymerases (DdDps) (1). DdDps and DdRps are used for the replication and 

transcription, respectively, of DNA for both viruses and eukaryotic cells. In contrast, RdDps and 

RdRps are mainly used by viruses since the host cell does not require reverse transcription or 

RNA replication. RdDps are employed by retroviruses such as the human immunodeficiency 

virus (HIV). RdRps are employed by viruses such as Hepatitis C virus (HCV), poliovirus (PV), 

human rhinovirus (HRV), foot-and-mouth-disease virus (FMDV) and coxsackie viruses (CV), 
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among others. We will primarily focus on RdRps in this review since they are crucial in the 

replication process of viruses that are important global pathogens. 

There are seven classes of viruses according to the Baltimore classification (6) based on the 

genome type and method of mRNA synthesis. These are associated with the four classes of 

polymerases specified in the previous paragraph as shown in Table 1.1. 

 

 

1.4 General Structural Features of Viral Polymerases 

The structure of all polymerases resembles a cupped right hand and is divided into three 

domains referred to as the palm, fingers and thumb (see Figure 1.1 a) (1, 7). This nomenclature is 

based on an analogy to the structure of the Klenow fragment of DNA polymerase (8). The palm 

domain is the most highly conserved domain across different polymerases and is the location of 

the active site. In contrast, the thumb domain is the most variable. Finger and thumb domains 

vary significantly in both size and secondary structure depending on the specific requirements 

for replication in a given virus (i.e., replicating single- or double-stranded RNA/DNA genomes). 

The finger and thumb domains of different polymerases have similar positions with respect to the 

palm, which contains the active site in which catalytic addition of nucleotides occurs. Changes in 

the relative positions of the finger and thumb domains are associated with conformational 

changes of the polymerase at different stages of replication (7). Three well-defined channels 

have been identified on the polymerase, serving as the entry path for template and NTPs (i.e., the 

template and NTP channels) and exit path for double stranded RNA (dsRNA) product (i.e., the 

duplex channel) (9, 10) (see Figure 1.1 b,c,e). 
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Figure 1.1. (a) Right-hand structure of HCV polymerase (NS5B). Palm, fingers and thumb 
domains are shown in red, blue and green, respectively; (b) Duplex channel in NS5B (front of 
the enzyme); (c) NTP channel in NS5B (back of the enzyme); (d) Motifs and functional regions 
of NS5B. Motif A in red, B in orange, C in yellow, D in bright green, E in pink, F in purple and 
G in cyan. Functional regions: I in light green, II in violet and III in tan;  
(e) Template channel (top view of the enzyme). 
 

In the active site, the correct NTP to be added to the daughter strand is selected by Watson-

Crick base-pairing with the template base. The selectivity for ribose (rNTP) vs. deoxyribose 

NTPs (dNTP) is regulated by the interaction of the polymerase with the 2′-OH of the NTP. In 

general, DNA polymerases that incorporate dNTP in the growing daughter strand have a large 

side chain that prevents binding of an rNTP with a 2′-OH. However, RNA polymerases utilize 

amino acids with a small side chain and form H-bonds with the 2′-OH of the rNTP. The 

polymerase active site often binds the correct NTP with 10–1000-fold higher affinity than 

incorrect NTPs (11). While viral polymerases often have domains in addition to the fingers, palm 
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and thumb that carry out functions related to other aspects of viral genome transcription and 

replication (see Introduction), this is not the case for the HCV polymerase 

 

 

1.5 Conserved Structural Motifs of Viral Polymerases 

There are several structural motifs (designated A through G, see Figure 1.1 d) that display 

varying levels of conservation among the different viral polymerases. Some motifs have been 

shown to be conserved across all viral polymerases (motifs A to E) while others (motifs F and G) 

have only been shown to be conserved for the RdRps. High levels of conservation, despite the 

low sequence similarity among polymerases, suggests that these motifs have functions that are 

vital for the action of these enzymes (1, 7, 9, 12, 13). 

Motifs A and C have been closely studied because they are located in the active site. Motif C 

includes the GDD amino acid sequence that is the hallmark of RdRps. These conserved residues 

are bound to the metal ions (Mg2+ or Mn2+) necessary for catalysis. Motif B contains a consensus 

sequence of SGxxxT and is located at the junction of the fingers and palm domain (7). Motif F 

binds to incoming NTPs and RNA and is situated near the entrance of the RNA template 

channel. The sequence of this motif is not conserved in de novo initiating RdRps such as that 

present in HCV (14). These polymerase sequence motifs have also been used to identify new 

polymerase genes in newly sequenced virus genomes (1). Further details about the roles of each 

motif are shown in Table 1.2 . Other regions have also been shown to have fundamental 

importance in the RdRps function and have been named “functional regions”. See Table 1.3 for a 

list of the residues included in these regions and the functional roles of each. 
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Table 1.1. Baltimore classification of viruses compared with the classification of viral 

polymerases based on their targeted genetic material. 

Genetic 

material 

Baltimore 

Classification 

Polymerase Classes Examples 

DNA ssDNA viruses  

dsDNA viruses 

DNA dependent DNA polymerases  

DNA dependent RNA polymerases 

Human parvovirus B19  

Bacteriophage φ29 

RNA (+) ssRNA viruses  

(−) ssRNA viruses  

dsRNA 

RNA dependent RNA polymerases HCV, PV, West Nile virus  

Influenza  

Bacteriophage φ6 

RT ssRNA-rt viruses  

dsDNA-rt viruses 

RNA dependent DNA polymerases Retrovirus  

Hepatitis B 

 

1.6 Structural Features of RdRps 

RdRps replicate the genomic material in RNA viruses. Many of these viruses are significant 

public health concerns including HCV, Dengue virus, Japanese encephalitis and Yellow fever. 

For this reason, RdRps are key targets for new drugs and it is crucial to understand the 

mechanisms by which they replicate viral genomes. The fact that there are no mammalian 

homologs of RdRps (17, 18) makes them an optimal drug target because potential therapeutics 

would tend to selectively affect the viral polymerases without interfering with the function of 

host polymerases. 

Within RdRp encoding viruses, there are ssRNA viruses (both + and − sense) and dsRNA 

viruses (see Table 1.3.). Genome replication in (+) ssRNA viruses takes place in a membrane-

bound replication complex (9, 19, 20). (+) RNA serves as mRNA and can be translated immediately 
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after entering the cell (1). Thus, unlike the (−) RNA viruses, (+) RNA viruses do not need to package 

an RdRp within the virion (21). 

 

Table 1.2. Characteristic sequence motifs in polymerases from prototypical viruses: 

hepatitis C virus (HCV), poliovirus (PV) and foot-and-mouth-disease virus (FMDV) (7, 9, 

12, 15, 16). 

 

Conserved 

elements 
Role Location 

Residues 

HCV PV FMDV 

Motifs 

A 
Coordinates Magnesium and selects type of nucleic acid 

(RNA vs. DNA) 
Palm 216–227 229–240 236–247 

B Determines nucleotide choice (rNTP or dNTP) Palm 287–306 293–312 303–322 

C Coordinates Magnesium Palm 312–325 322–335 332–345 

D Helps accommodate active site NTPs Palm 332–353 338–362 348–373 

E 
Maintains rigidity of secondary structure that is required 

for relative positioning of thumb and palm domains 
Palm 354–372 363–380 374–392 

F Binds incoming NTPs and RNA Fingers 132–162 153–178 158–183 

G Binds primer and template Fingers 95–99 113–120 114–121 

Functional 

regions 

I Binds template Fingers 91–94 107–112 108–113 

II Binds template Fingers 168–183 184–200 189–205 

III Binds nascent RNA duplex Thumb 401–414 405–420 416–430 
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 Table 1.3. RdRps virus families and species (1, 22). 

 Virus family Representative Species 
(+) ssRNA Picornaviradae Poliovirus (PV)  

Human rhinovirus (HRV)  
Foot-and-mouth-disease virus (FMDV)  

Coxsackie viruses (CV)  
Hepatitis A virus (HAV) 

Caliciviridae Rabbit hemorrhagic disease virus (RHDV)  
Norwalk virus (NV)  

Sapporo virus 
Togaviridae Sindbis virus 
Flaviviridae West Nile virus (WNV)  

Yellow fever virus  
Dengue virus (DENV)  

Japanese encephalitis disease virus (JEV)  
Hepatitis C virus (HCV)  

Bovine viral diarrhea virus (BVDV) 
(−) ssRNA Orthomyxoviridae Influenza virus 

Paramyxoviridae Measles and mumps viruses 
Bunyaviridae Hantavirus 

Rhabdoviridae Rabies virus 
Filoviridae Ebola and Marburg virus 

Bornaviridae Borna disease virus 
dsRNA Cystoviridae Bacteriophage ϕ6 

Reoviridae Reovirus 
Birnaviridae Fish infectious pancreatic necrosis virus (IPNV)  

Infectious bursal disease virus (IBDV) 
 

The first X-ray structure of an RdRp was generated for Poliovirus (PV) polymerase in 1997 

(23). X-ray structures are currently available from seven families of RdRps. These include (+) 

RNA viruses: Picornaviridae (PV, HRV, FMDV, CV and HAV), Caliciviridae (RHDV, NV and 

Sapporo virus) and Flaviviridae (HCV and BVDV) as well as (−) RNA viruses: 

Orthomyxoviridae (Influenza virus) and dsRNA viruses: Cystoviridae (Bacteriophage ϕ6), 

Reoviridae (Reovirus and Rotavirus) and Birnaviridae (IBDV). A table listing each NS5B 

structure currently available in the PDB is included as supporting information. The PDB IDs, a 

description of each structure and their resolution is provided. Similar information for other viral 

polymerases is presented in Tables 1 and 2 of Subissi et al. (14). 
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A characteristic trait of RdRps is the extensive interaction between finger and palm domains 

(24). RdRps have an extension of the finger domain called the fingertips that connects the finger 

and thumb domains to form a fully enclosed active site. The fingertips also contribute to the 

formation of well-defined template and NTP channels in the front and back of the polymerase, 

respectively. 

RdRps were originally thought to be found uniquely in viruses. However, in 1971 the first 

eukaryotic RdRp was found in Chinese Cabbage (25). Later on, cellular RdRps were also found 

in plants, fungi and nematodes (26-28). Cellular RdRps play important roles in both 

transcriptional and post-transcriptional gene silencing (29). Although viral and cellular RdRps 

show little sequence homology, both share the “right hand” shape containing palm, thumb and 

finger domains. The palm domain of cellular RdRps is particularly well-conserved and contains 

four motifs maintained in all polymerases. These facts make it likely that the cellular RdRps 

share some of the basic mechanistic principles of viral RdRps and that knowledge obtained for 

viral RdRps may be transferable to cellular RdRps (13). 

The Flaviviridae family has been widely studied because many members of this family cause 

diseases in humans. Within this family, there are three genera: Flaviviruses, Hepaciviruses and 

Pestiviruses (see Table 1.4.). HCV is part of the Hepaciviruses genus and is an important 

pathogen for which no vaccine is currently available. In explaining recent insights regarding the 

mechanism by which the HCV RdRp (gene product NS5B) replicates the viral genome, we will 

make comparisons with other members of the Flaviviridae family. However, we note that some 

differences may exist, particularly if the other family members are part of a different genus. 
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1.7 Catalytic Mechanism and Polymerase Reaction Steps 

All known polymerases synthesize nucleic acid in the 5′ to 3′ direction (9). Thus, replication 

in positive-stranded RNA viruses occurs via a negative-stranded intermediate. The polymerase 

reaction has three stages: initiation, elongation and termination. For this cycle to take place the 

polymerase needs to have binding sites for: (a) the template strand; (b) the primer strand or 

initiating NTP (P-site) and (c) incoming NTP (N-site). The 3′-nucleotide defining the site of 

initiation is designated “n”. Residues at the “n” and “n + 1” positions of the template define the 

P-site and N-site. 

 

Table 1.4. Genera and species of the Flaviviridae family. 
 

Virus Family Genus Species 

Flaviviridae Flaviviruses West Nile virus  

Yellow fever virus  

Dengue virus  

Japanese encephalitis disease virus 

Hepaciviruses Hepatitis C virus (HCV) 

Pestiviruses Bovine viral diarrhea virus (BVDV) 

 

At the initiation stage, the formation of the first phosphodiester bond is key for 

polymerization of the nucleotides to begin. To form this phosphodiester bond, a hydroxyl group 

corresponding to a nucleotide 3′-OH is needed. Depending on how this 3′-OH is supplied, two 

mechanisms are differentiated: primer dependent in the case that a primer provides the required 

hydroxyl group, or primer independent (also called de novo) if this hydroxyl group is provided 

by the first NTP (2). The variety of mechanisms reflect the adaptation of the viruses to the host 
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cell (1). The size of the thumb domain seems to define whether a polymerase uses the primer-

dependent or de novo mechanism. Most viruses in Picornaviridae and Caliciviridae families 

utilize a primer-dependent mechanism, but exceptions are found, such as noroviruses in the 

Caliciviridae family, that synthesize the (−) strand de novo (30). In general, these enzyme have a 

small thumb domain that provides a wider template channel to accommodate both template and 

primer. For this mechanism, different primers such as polypeptides, capped mRNAs or 

oligonucleotides may be used. In contrast, the Flaviviridae family that employs the de novo 

mechanism has a large thumb domain and narrower template channel suited to accommodate 

only the ssRNA and NTP (1, 14). However, we note that under certain conditions de novo 

polymerases can be induced to become primer dependent (31). 

When the de novo mechanism is used, initiation takes place exactly at the 3′-terminus of the 

template RNA, so the initiating NTP (the first NTP of the growing strand) is dictated by the 

template. Both HCV and BVDV from the Flaviviridae family have been observed to require high 

concentrations of GTP for the initiation of RNA synthesis regardless of the RNA template 

nucleotide, (32, 33) which led to the suggestion that GTP may be needed for structural support of 

the initiating NTP. Harrus et al. (34) also suggested that GTP may act as the “initiation platform” 

and D’Abramo et al. (35) pointed out that this GTP may stabilize the interaction between the 3′-

end of the template and the priming nucleotide. This stabilizing GTP binds inside the template 

channel, 6 Å from the catalytic site. It is not incorporated into the nascent RNA strand and is 

thought to be released from the active site during the elongation stage (9). We note that another 

GTP molecule has been reported to bind at the rear of the thumb domain near the fingertips in 

NS5B. This GTP has been suggested to play a role in activating de novo initiation or in 

allosterically regulating the conformational changes needed for replication (36). 
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Because base-pairing alone is insufficient to stabilize the dinucleotide product in the “P-site”, 

specialized structural elements are employed (13). Besides the stabilizing GTP, there is also a 

polymerase structural initiation platform, the so-called β-flap (residues 443–454). This β-flap 

likely supports the stabilizing GTP but would need to move out of the way in the elongation 

phase to allow the dsRNA product to exit (1, 9, 34). Other researchers have suggested the C-

terminal linker (residues 531 to 570) also plays a regulatory role in the initiation stage of 

replication by acting as a buttress during the initiation stage and moving out of the template 

channel in a similar way as the β-flap in order to allow egress of the double stranded RNA (14, 

37) (see Figure 1.2). 

An advantage of the primer-dependent mechanism is that a stable elongation complex is 

formed more easily. There is limited abortive cycling, if any, and no requirement for large 

conformational rearrangements (13). In contrast, for the de novo mechanism, the first 

dinucleotide is not sufficiently stable, and an initiation platform is needed to provide additional 

stabilization. This reduced stability sometimes results in abortive cycling for the de novo 

mechanism. However, an advantage of the de novo mechanism is that no additional enzymes are 

needed to generate the primer (38). 

After the template and primer or initiating NTP are bound to the enzyme, the steps required 

for single-nucleotide addition are (1):  

(1) incorporation of the incoming NTP into the growing daughter strand by formation of the 

phosphodiester bond 

(2) release of pyrophosphate 

(3) translocation along the template. 
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These three steps are repeated cyclically during elongation until the full RNA strand is 

replicated. 

 

 

Figure 1.2. Schematic describing de novo initiation in Hepaciviruses and 
Pestiviruses. Note that Flaviruses do not anchor their C-terminus in the 
Endoplasmatic Reticulum (ER). This figure was generated by incorporating the 
descriptions provided by both Appleby et al. [35] and Choi [1]. The linker and C-
terminal anchor are shown in orange as one contiguous element. The β-flap is 
colored red (as in Figure 1.3), the template strand in purple, the growing strand in 
green, the stabilizing GTP in blue and the Endoplasmic Reticulum (ER) in brown. 
The “N” and “P” indicate where the N-site (nucleotide-site) and P-site (priming-site) are. 
These correspond to the positions of the growing strand that bind to residues “n” and 
“n + 1” of the template strand, respectively. 
 

In order to facilitate nucleotide addition, all polymerases have two metal ions (Mg2+ or Mn2+) 

in the active site bound to two conserved aspartic acid residues. These metal ions have been 

shown to be essential for catalysis via the so-called “two metal ions” mechanism. This 



 
 

 
 

17 

mechanism was proposed by Steiz in 1998 (39) and is as follows: the incoming NTP binds to 

metal ion B that orients the NTP in the active site and that may contribute to charge 

neutralization during catalysis. Metal ion B coordinates to the β- and γ-phosphate groups of the 

incoming NTP as well as the aspartic acid residue in motif A. Once the nucleotide is in place, the 

second divalent cation (Metal ion A) coordinates to the initiating NTP, lowering the pKa of the 

3′-OH and facilitating nucleophilic attack on the α-phosphate. This then leads to formation of the 

phosphodiester bond and the release of pyrophosphate (PPi). Metal ion A coordinates to the α-

phosphate group of the incoming NTP, the 3′-OH of the priming NTP and the aspartic acid 

residue in motif C (see Figure 1.4). Both metal ions stabilize the charge and geometry of the 

phosphorane pentavalent transition state during the nucleotidyl transfer reaction (1, 13, 38). 

 

 

 

Figure 1.3. NS5B structure with characteristic elements highlighted. (a) Front view 
and (b) top view. The linker is shown in orange, the β-flap in red. The fingertips are 
shown in blue (the delta 1 loop) and green (the delta 2 loop). 
 

The switch to elongation requires a major conformational change in the polymerase structure. 

Both the β-flap and the linker need to be displaced and an opening of the enzymatic core occurs. 

This open conformation may be one of the factors that enable a higher processivity in the 
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elongation stage compared to the initiation stage (for more detailed information about this 

change in conformation see Section 5 below). 

 

 

 

Figure 1.4. Two metals ions mechanism in RdRps. The squares represent the bases 
that are part of the nucleotides. This figure is inspired by a similar figure from Choi 
et al. (1). 
 

Little is known about the termination of RNA synthesis. It has been suggested that the 

polymerase may simply fall off the end of the template once the complementary strand has been 

synthesized (14, 40). It is important to note that RNA synthesis by NS5B is error-prone due to the 

lack of proofreading activity of the RdRp enzymes. The mutation rates are estimated to be on the 

order of one mutation per 103–107 nucleotides resulting in approximately one error per replicated 

genome (1, 41). In contrast, the mutation rate in E. coli, where cellular polymerases benefit from 

error-correcting mechanisms, is on the order of one mutation per 109–1010 nucleotides (1). The 

large error rate results in the high genetic variability of the HCV viruses and provides a 

molecular basis for the rapid development of resistance to therapies. 
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1.8 NS5B Conformational Changes during the Replication Cycle 

One characteristic unique to viral RdRps is their “closed-hand” shape. This terminology 

started to be used because their X-ray structures appear to be more closed than the previously 

characterized DdDps, DdRps and RTs (called “open-hand”) (7, 14, 38, 42). This “closed-hand” 

shape is characterized by the fingertips region, a hallmark of RdRps, that connects the finger and 

palm domains on the back of the enzyme as well as by the so-called β-flap on the front of the 

enzyme (see Figure 1.3). The latter is specific to the Flaviviridae RdRps while the linker, or a 

variation of it, is common to most of the de novo initiating RdRps (40) (note, however, that it is 

not found in the Flavivirus RdRps). The linker (residues 531 to 570) connects the NS5B catalytic 

core (residues 1 to 530) with the C-terminus transmembrane anchor (residues 571 to 591). These 

last twenty-one C-terminal residues seem not to influence RNA synthesis in vitro (40). Given 

that these residues are very hydrophobic, their removal facilitates expression and purification of 

the enzyme. Thus, most biochemical and all structural studies have been carried out with the so-

called NS5B Δ21 enzyme variant in which these residues have been removed. 

Most of the NS5B structures that have been reported are thought to be in the closed 

conformation. However, it has been observed that de novo initiation by NS5B in vitro does not 

only occur at the 3′ end of the template but also can take place at internal template sites (43, 44) 

and on circular templates (31). These facts suggest that in solution there is an equilibrium 

between the closed and open conformations. The existence of the open conformation is 

supported by the structure of NS5B from genotype 2a NS5B, (45) as well as the structure 

recently published by Mosley et al. (46). The latter contains a variant of NS5B that lacks the β-

flap in complex with primer-template RNA. Molecular dynamics simulations of Davis et al. (47) 

also indicate the occurrence of open NS5B conformations. 
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The closed conformation is thought to represent the initiation state of the polymerase. In this 

conformation, the catalytic core only provides sufficient space for a single-stranded RNA 

template and the nucleotides required for de novo initiation of RNA synthesis, but is not wide 

enough to accommodate double-stranded RNA (40). To transition to elongation, a major 

conformational change is needed so that the nascent RNA can egress. Primer-dependent RdRps 

undergo less dramatic conformational changes than de novo-initiating RdRps (14) because the 

thumb domain of primer-dependent RdRps is smaller, leaving enough room for the dsRNA 

product to exit. Transitioning to elongation in RdRps thus requires the adoption of an open 

conformation (34, 40, 46, 48). To arrive at the open conformation, the β-flap would need to be 

moved out of the way, the stabilizing GTP should unbind and also a rotation of the thumb 

domain should take place. This would position it further from the center of the enzyme, 

increasing the size of the template and duplex channels so the dsRNA can exit the enzyme (34, 

48). If the C-terminal linker does act as an initiation platform together with the β-flap, this 

element would also need to move away from the template channel in the transition to elongation 

as described by Appleby et al. (37) (see Figure 1.2). It is worth noting that conformational 

changes have been reported in several RdRp structures (45, 46, 49). These findings suggest that 

these enzymes exhibit considerable conformational variability, which is similar to observations 

made for other polymerases (50, 51). 

 

 

1.9 NS5B Inhibitors and Mechanisms of Action 

There are two main classes of NS5B inhibitors: nucleoside inhibitors (NIs) and non-

nucleoside inhibitors (NNIs) (see Figure 1.5). NIs bind in the active site and generally act as non-



 
 

 
 

21 

obligate terminators of RNA synthesis after being incorporated into the newly produced RNA 

strand. The advantages of NIs are that they have shown stronger antiviral activity, are able to 

inhibit multiple HCV genotypes and have a higher barrier to the emergence of drug resistance 

(48). However, they have the potential to also affect host polymerases since they interact with an 

active site that has similar features among diverse types of polymerases. Sofosbuvir, the drug 

most recently approved for HCV treatment is in this group. NNIs are allosteric inhibitors that 

bind to sites other than the active site. NNIs are also promising, though they have not yet been 

used in a clinical setting. NNIs are attractive for use in future anti-HCV therapies due to the 

decreased likelihood that they will exhibit nonspecific side effects compared to NIs. However, 

HCV is more likely to become resistant to these inhibitors because there is typically not strong 

evolutionary pressure to maintain the amino acid sequence of NNI binding sites. We focus on 

NNIs in this review because the role of NIs as terminators of RNA synthesis is well understood. 

In contrast, although many structures with NNIs bound have been solved, their mechanism of 

action still remains to be elucidated. 

Four NNI sites have been identified: two in the thumb (NNI-1 and NNI-2) and two in the 

palm (NNI-3 and NNI-4) (see Figure 1.5). Brown et al. [74] provide evidence that NNI-3 and 

NNI-4 are likely to be distinct regions within a single large pocket rather than two individual 

pockets. For this reason, we use the nomenclature NNI-3/4 to denote both of these partially 

overlapping sites. Due to the fact that there are multiple distinct allosteric sites, it may be 

possible to use multiple NNIs in combination with each other or with NIs in the effort to 

overcome resistance. NNIs are thought to inhibit NS5B by affecting the equilibrium distribution 

of conformational states required for normal catalytic activity of the enzyme (13, 47). Most of 
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the NNIs that bind to the palm domain have been found to stabilize the β-flap via critical 

interactions with Tyr448 (60), fixing it in the closed, initiation-appropriate conformation and 

preventing these residues from moving out to allow the RNA double helix to egress (46). NNI-2 

 

 

Figure 1.5. NS5B inhibitors. (a) The three allosteric sites of NS5B are highlighted 
with space filling representations of inhibitors that bind in these locations. Thumb site 
1 (NNI-1) in yellow, thumb site 2 (NNI-2) in green, palm sites (NNI-3/4) in purple; 
(b) chemical structures of NIs and NNIs that are in clinical trials or have already been 
approved (52-59). 
 

ligands have also been suggested to prevent the occurrence of important conformational 

changes in NS5B (16, 45, 61). Some studies have suggested that palm NNIs inhibit initiation 

while thumb NNIs inhibit an early phase of replication that occurs after initiation but before 

elongation starts (62-65). Thus, the different allosteric sites may display distinct modes of action. 

Davis et al. [46] studied the mechanism of inhibition of allosteric inhibitors in the different 

allosteric sites. They found that inhibitors in the NNI-1 pocket seem to prevent enzyme function 

by reducing its overall stability and preventing it from stably adopting functional conformations. 

In contrast, NNI-2 inhibitors seem to reduce conformational sampling, preventing the transitions 
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between conformational states that are required for NS5B to function. NNI-3 inhibitors were also 

observed to restrict conformational sampling, though the dominant mode of action of these 

molecules was predicted to result from blocking access of the RNA template (see Figure 1.6). 

 

 

Figure 1.6. Mechanisms of inhibition for NNIs. NS5B must transition between open 
and closed states to perform replication (upper left). NNI-1 inhibitors have been 
observed to reduce enzyme stability. NNI-2 inhibitors have been shown to reduce 
conformational sampling, confining the enzyme in closed conformations. NNI-3 
inhibitors mainly block access of the RNA template but also induce some restriction 
of conformational sampling. The RNA template is represented as a black rectangle 
and the inhibitor as an orange ellipse. 
 

This may facilitate their use in combination therapies by degrading complementary 

functionalities in the enzyme. Understanding the molecular mechanisms by which small 

molecules in general and NNIs in particular inhibit the function of NS5B is essential for 

rationally design NS5B inhibitors. Such molecules may ultimately serve as a basis for more 

efficacious or cost-effective HCV therapies, either individually or in combination. 

One informative example that illustrates the useful interplay between determining the roles of 

structural and functional elements of NS5B and understanding the efficacy of NNIs is provided 
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by recent studies of Gilead pharmaceuticals. Boyce et al. (66) assessed the activities and 

biophysical properties of a number of NS5B variants using mutations and deletions in the 

enzyme C-terminus and β-flap, in concert with challenging the enzyme using diverse NNIs. 

Their observations suggest that ligands which bind to NNI-2 exhibit a unique inhibitory 

mechanism relative to other NNIs. Boyce et al. (66) discovered that NNI-2 ligands are most 

effective when both the C-terminus and β-flap of the enzyme are present. These inhibitors were 

found to stabilize NS5B in a closed conformation, consistent with simulation studies by Davis et 

al. (16, 47). Boyce et al. (67) found that interactions between the C-terminus and the β-flap were 

required for inhibition, but not for ligand binding. These authors determined that NNI-2 

inhibitors exhibited decreased efficacy for truncated NS5B variants and suggested that while the 

C-terminus and β-flap do not alter the intrinsic interactions of NNI-2 ligands with the enzyme, 

they do play an important role in propagating the allosteric effects that result from inhibitors 

binding to distant enzyme locations. This finding is consistent with mutational data for NNI-2 

inhibitors, which map viral resistance mutations to areas around the β-flap(67). 

Simulation studies by Davis and Thorpe suggest that the enzyme C-terminus reduces 

conformational sampling in NS5B, likely eliminating transitions between the closed and open 

conformations necessary for the initiation and elongation phases of replication respectively (68). 

These observations predict that enzymes without C-terminal residues should display increased 

activity, consistent with the findings of Boyce et al. (67). Other studies from Davis et al. (16, 47) 

indicate that an NNI-2 ligand can restrict conformational sampling even if the C-terminus is 

absent, stabilizing the enzyme in a very closed state. One might expect that this property could 

account for the inhibitory action of NNI-2 ligands without needing to invoke a role for the C-

terminus as suggested by Boyce et al. (67). However, there are several important considerations 
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to be noted. First, the simulation studies examine the impact of binding a ligand to the enzyme 

and do not directly probe inhibition. The studies of Boyce et al. (67) indicate that binding 

affinities of NNI-2 ligands are not a good proxy for inhibition efficacy. Thus, observations in the 

simulation studies may not be explicitly linked to allosteric inhibition. Another consideration is 

that the simulation studies were not carried out with both the inhibitor and the C-terminus 

present. It is possible that conformational restriction of the enzyme in the presence of both 

entities would be even more dramatic, consistent with the enhanced inhibition in Boyce et al. 

(67) measured in the presence of the C-terminus. Finally, different ligands were employed in 

each study and it could be that distinct inhibitors elicit different effects even though they bind to 

the same location. There is evidence that different NNI-2 ligands are able to alter the 

conformational distribution of NS5B to different extents (47). Thus, it is possible that the 

enzyme C-terminus is only required for observing the inhibitory effects of certain NNI-2 ligands. 

In contrast to NNI-2, Boyce et al. (67) observed that the potency of NNI-1 ligands was not 

affected by the presence of the C-terminus or β-flap. This observation suggests that these ligands 

possess a completely different mechanism of action compared to NNI-2 inhibitors. These authors 

noted that the presence of NNI-1 ligands lowered the melting temperature of NS5B, consistent 

with decreased stability of the enzyme. The decrease of NS5B stability in the presence of NNI-1 

ligands was noted as well in other studies (69, 70). This finding is also consistent with results from 

simulations of Davis et al. (47) that suggest NNI-1 and NNI-2 ligands have distinct modes of 

action. In contrast to the stabilizing effect of NNI-2 ligands, it was observed that an NNI-1 ligand 

destabilized conformational sampling in NS5B, preventing the enzyme from stably occupying 

functional conformational states. 
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With regard to palm inhibitors, Boyce et al. (47) observed that such ligands display larger 

dissociation constants in NS5B constructs for which C-terminal residues were deleted, 

suggesting that the C-terminus facilitates binding to palm sites. Palm site inhibitors also 

demonstrate decreased potency in these deletion constructs, indicating that the C-terminus is 

needed for both binding and inhibition. In simulation studies, Davis et al. (47) observed that 

NNI-3 ligands were able to bind to the enzyme without the C-terminus present and also restricted 

conformational sampling of NS5B in a similar manner to NNI-2 ligands. However, the 

conformations sampled when ligands were bound to NNI-3 tended to be more open in general 

than those induced by an NNI-2 ligand. These conformations may perturb the replication cycle to 

a reduced extent compared to NNI-2 or NNI-1 ligands. It is possible that in the presence of the 

C-terminus NNI-3 ligands elicit more dramatic changes in conformational sampling. 

Nonetheless, the authors concluded that the dominant inhibitory effect of palm ligands is likely 

due to direct obstruction of the RNA template channel (thus preventing the template from 

accessing the active site) rather than conformational restriction. This observation is consistent 

with previous predictions (71). 

The findings of Boyce et al. (67) are important because they indicate the enzyme C-terminus 

plays a crucial role in modulating the efficacy of NNIs. The likely molecular basis of this 

observation can be readily understood by considering the schematic shown in Figure 1.2 . In this 

figure, it is apparent that the C-terminus acts as a “stopper” in the template channel, preventing 

elongation of the nascent RNA strand. Thus, both the C-terminus and β-flap need to be removed 

from the template channel before elongation can proceed. If the C-terminus is not present, the 

template channel cannot be effectively blocked and replication is less likely to be affected by 

presence of the inhibitor. This is a quite interesting result, as it points to the limitations of some 
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inhibitor studies that may have been carried out in vitro using enzyme variants without the C-

terminus. It is likely that any ligands employing the inhibitory mechanisms described by Boyce 

et al. (47) would not be identified in such studies. Thus, the role of NS5B regulatory elements in 

strongly modulating the efficacy of inhibitors must be taken into account when assessing ligand 

potency. 

Studies such as those of Boyce et al. (66) or Davis and colleagues (16, 47, 68) may be useful 

to understand the differing susceptibility of different NS5B variants (and thus different HCV 

strains or genotypes) to the presence of diverse inhibitors. For example, in some viral genotypes, 

the C-terminus might interact more strongly with the template channel than in others. One would 

anticipate that NNI-2 ligands would be more effective in inhibiting such enzyme variants. The 

studies reviewed in this article indicate that understanding the structure and function of NS5B 

provides powerful insight into the molecular mechanisms governing inhibition of this enzyme 

and the functional properties of other RdRps. For example, recent structural studies of the 

Influenza virus polymerase reveal a β-flap element similar to that which modulates the activity of 

NS5B and which may adopt a similarly important role in these enzymes (72, 73). We note that 

simulation studies are particularly helpful in this regard by allowing molecular mechanisms 

underlying the observed structure-function relationships to be elucidated (16, 47, 68). 

Understanding the molecular mechanisms involved in inhibition by NNIs could facilitate the 

design and deployment of these molecules. The insights acquired may also be transferable to 

other polymerases to better understand the relationship between structure, function and dynamics 

in these enzymes. Due to the fact that individual NNIs can have distinct sites of binding, it 

should be possible to combine multiple NNIs such that their total inhibitory effect is enhanced 

relative to applying any given inhibitor on its own (74). It may be beneficial to target 
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complementary activities or distinct conformational states of the enzyme with an array of small 

molecules to degrade a wide spectrum of NS5B functionality in a therapeutic context. For 

example, it is possible that a large fraction of NS5B exists within the host cell in an auto-

inhibited state with the C-terminus occupying the template channel. In this way, the virus can 

avoid negatively perturbing the host cell and facilitate evasion of the host immune response. One 

could envision targeting both actively replicating and auto-inhibited NS5B molecules with 

different inhibitors in order to more effectively degrade intracellular enzyme activity. 

 

 

1.10 Summary 

Flaviviridae viruses are (+) RNA viruses with RdRp polymerases that utilize the de novo 

mechanism for initiation. While Flaviviridae polymerases possess elements common to other 

RdRps such as the fingertips region, they are also unique in possessing the β-flap that may be 

used as an initiation platform during genome replication. 

The important pathogen HCV is a member of the Flaviviridae family within the Hepacivirus 

genus and employs NS5B as the RdRp that replicates its genome. There are two key steps 

involved in the replication process: (1) the formation of the initial dinucleotide and (2) the 

transition from initiation to processive elongation. Structural elements of NS5B that likely have a 

crucial role in these steps are the C-terminal linker and the β-flap (see Figure 1.3). Initiation is 

also facilitated by the so-called “stabilizing GTP” in the active site (see Figure 1.2). Finally, a 

conformational change involving movement of the thumb and finger domains to position them 

further apart has been observed to accompany the transition from initiation to elongation, 

resulting in an open-hand conformation. The linker and the β-flap may have dual roles: (1) acting 
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as initiation platforms to stabilize formation of the first dinucleotide and (2) regulating the 

transition to elongation. These structural elements can prevent the enzyme from moving to the 

elongation stage and must be displaced to allow for processive elongation to take place. 

Thus, the available evidence suggests that NS5B possesses an intrinsic capacity to be 

regulated via allosteric effectors including NNIs, the β-flap and the C-terminal linker. In 

addition, the role of these effectors seems to be strongly modulated by the specific context of the 

interaction. Understanding how these structural elements govern enzyme activity and how they 

interface with inhibitors is important for understanding the molecular mechanisms of allosteric 

inhibition in NS5B. Such knowledge paves the way for rational design of inhibitors and 

combination therapies both for NS5B and for the polymerases to which these insights can be 

generalized. This information may also be useful in designing enzymes with attenuated activity, 

as would be required if one sought to develop a strain of HCV that could serve as the basis for a 

vaccine. Attenuating HCV by degrading the activity of NS5B is one strategy that could prove 

useful in this regard. One potential drawback to such efforts is the high mutation rate of HCV 

that results from the error-prone nature of NS5B. However, it is possible that one could 

circumvent this issue by generating a polymerase that not only possesses reduced efficacy, but 

also displays increased fidelity and thus faithfully replicates the viral genome. 

Viral polymerases and, specifically, RdRps share many common structural, functional and 

dynamic features. Thus, the knowledge obtained in understanding how NS5B functions may be 

transferable to polymerases from closely related viruses such as Dengue or West Nile virus, or 

even to other more distantly related polymerases such as reverse transcriptase from HIV and 3D-

pol from Poliovirus. 
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Chapter 2.  Molecular Simulations to Delineate Functional 

Conformational Transitions in the HCV Polymerase  

 

This chapter is reproduced in part from: Sesmero, E., Brown, J.A. and Thorpe, I.F, Journal of 

Computational Chemistry, accepted, DOI: 10.1002/jcc.24662 

 

2.1 Introduction 

Despite a wealth of enzymatic and structural information regarding the HCV polymerase 

there are gaps in our understanding of the mechanism of RNA replication and the role that 

enzyme conformational changes and dynamics play in this process (1). In this study we 

employed extensive molecular dynamics (MD) simulations to examine the conformational space 

explored by the free enzyme. Simulations were initiated from five different crystal structures 

representing HCV genotype 1b (see Table 2.1.). This genotype is estimated to be most prevalent 

worldwide, comprising 83.4 million cases and 46.2% of all HCV cases, as well as being the most 

prevalent source of infection in the United States (2). The results from the independent 

simulations were combined using the Weighted Histogram Analysis Method (WHAM) to 

generate Free Energy Landscapes (FELs) describing conformational transitions in the enzyme. 

The FELs reveal the location of distinct conformational states that likely have functional 

significance as well as the molecular interactions associated with these states. This knowledge 

will advance our understanding of the molecular mechanism that govern the conformational 

transitions during the RNA replication cycle and may ultimately allow us to better understand the 

mechanisms of action of HCV polymerase inhibitors. 
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2.2 Methods 

2.2.1 Structure Preparation and Simulation Conditions 

The PDB IDs for structures employed in this study are specified in Table 2.1. . Bound 

ligands were removed from 2WHO,(3) 3HHK,(4) 3CO9(5) and 2BRL(6) so that all five 

structures were simulated as free enzymes. Simulations of 2WHO were previously performed by 

Davis and Thorpe;(7) simulations of 3HHK, 3CO9 and 2BRL by Davis, Brown and Thorpe (8) 

and simulations of 1QUV(9) by Brown and Thorpe (10). These data were subjected to further 

analysis in this study. Most of our original studies were designed to probe the impact of ligands 

on the enzyme, and so we focused on PDB structures of enzyme-ligand complexes. Among this 

subset we chose to use structures that include ligands bound to each of the three distinct 

allosteric sites in the enzyme. 2WHO and 2BRL contain ligands bound to the NNI-2 and NNI-1 

sites respectively while 3HHK and 3CO9 contain ligands at the NNI-3 site. Finally, 1QUV was 

selected because it is one of the few structures in the PDB of the HCV polymerase not bound to 

any ligand and we desired to see whether this would influence the results.  

Structure 2BRL does not contain residues 22-35 or 148-152. Consequently, coordinates 

for these residues were taken from 2WHO, placed into the 2BRL structure and energy minimized 

before simulations were initiated as described previously (10). The C-terminal residues of the 

enzyme are not necessary for its function in vitro and are thought to be membrane associated in 

vivo (11). Thus, the C-terminal residues of all systems were truncated so that each contained a 

total of 531 residues. 

Simulations were performed using the CHARMM (12) protein force field and NAMD (13) 

version 2.7 or later as detailed in our previous studies (7, 8, 10). Minimization of each solvated 

enzyme was carried out using NAMD for 1000 steps using the conjugate gradient method and 
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applying periodic boundary conditions. All bonds to hydrogen atoms were constrained using the 

SHAKE algorithm, and electrostatic interactions were calculated by the Particle Mesh Ewald 

method.  A distance of 9 Å was used for the Coulomb cutoff and 11.4 Å for the non-bonded pair 

list.  Minimization was followed by 2,500,000 steps of simulation in the NVT ensemble at 300 K 

using a 2 fs integration time step. Temperature was maintained via velocity reassignment every 

100 steps, during which the positions of alpha carbons was restrained using force constants of 10 

kcal(mol-1 Å-2). Restraints were removed and simulations performed in the NPT ensemble at 300 

K for 2,500,000 steps using Berendsen pressure coupling at 1.01 bar with a relaxation time of 

100 fs.  The temperature was maintained via velocity reassignment every 100 steps.  Finally, 

production NVT simulations were performed using the same conditions as the original NVT 

simulations, except that temperature was maintained using a Langevin thermostat with a 

damping coefficient of 1 ps-1 applied to heavy atoms and restraints were not employed.  The 

pressure was checked every 10 ns to confirm that it remained within reasonable range of 1.01 

bar. Table 2.1. provides a description of each system and lists how much MD data was generated 

for each. Simulations were carried out for each system until the temporal evolution of various 

structural metrics indicated that the different systems began to sample stable, stationary 

probability distributions. This procedure has been detailed in our previous studies (7, 8, 10). The 

evolution of molecular dynamics trajectories is subject to some degree of randomness, in 

particular for systems that employ a stochastic thermostat such as the Langevin thermostat 

employed in these studies. In addition to their different initial configurations, the independent 

trajectories are subject to different random fluctuations. Consequently some trajectories attained 

the criteria noted above at an earlier time point than others, leading to different total trajectory 

lengths.  
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For each simulation the final 200 ns of data was analyzed. This choice was made for two 

reasons. First, we wanted to use data that was close to the end of each trajectory to ensure that 

the probability distribution being sampled is likely to be stationary. Second, the underlying 

probability distributions reconstructed from the independent trajectories will depend on which 

data is included. Inclusion of more data from a given trajectory could in principle skew the 

results to be more similar to the distribution in that trajectory. Without a priori information that 

would cause us to have more faith in the data coming from a given trajectory than any other, we 

treat all the data on equal footing by including the same amounts of data for each. We chose 200 

ns as a standard interval because this is the largest amount of equilibrated data available from the 

shortest trajectory (2WHO). 

 

 

2.2.2 Metrics of Conformational Sampling 

As stated in the Introduction, the enzyme is thought to adopt at least two distinct 

conformational states: closed and open. Consequently, it is essential to detect and analyze 

distinct states in the protein conformational ensemble. To achieve this goal we employed two 

different structural metrics. As one metric we selected the angle formed between enzyme 

subdomains, as this structural coordinate is directly related to the extent to which the enzyme is 

open or closed. The other metric is based on the largest amplitude mode obtained from Principal 

Component Analysis (PCA) of the 2BRL trajectory. This mode was used as a coordinate unto 

which we projected snapshots from each trajectory. Both metrics are described in more detail 

below. 
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Figure 2.1. a) Structure of HCV polymerase showing the fingers, palm, and thumb subdomains 
colored blue, red and green respectively. The inter-domain angle formed at the intersection of the 
subdomains is shown in black. The location of the template channel is indicated by the 
translucent rectangle. b) Schematic describing the role of polymerase conformational states in 
the RNA replication cycle. 

 

2.2.2.1 Inter-domain Angle 

 The inter-domain angle occurs at the intersection of the fingers and thumb with the palm 

(see figure 2.1) and is computed by determining the vectors connecting the centers of mass of 

each subdomain.  The residue composition of each subdomain is defined according to Lesburg et 

al.:(14) the fingers contains residues 1 to 188 and 227 to 287, the palm contains residues 189 to 

226 and 288 to 370, and the thumb contains residues 371 to 531. The centers of mass for each 

subdomain were computed according to these definitions and used to evaluate the inter-domain 

angle for each protein snapshot. Larger values of this angle are associated with more open 

conformations while smaller values are associated with more closed conformations. 

 

 

2.2.2.2 Principal Components Analysis (PCA) 

 In order to perform PCA, we replaced each amino acid residue in the enzyme by the 

coordinates of its center of mass (COM) in every snapshot. The resulting trajectories of residue 
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COMs were then employed to compute covariance matrices for the protein fluctuations. Cij, the 

covariance value between the COMs for residues i and j, is defined as: 

𝐶"# =
𝑟" − 𝑟" 𝑟# − 𝑟#
𝑟" − 𝑟" 𝑟# − 𝑟#

	

        (1)

 

where ri is the instantaneous position of the COM of residue i, <ri> is the average position of this 

site (obtained after least squares fitting of the coordinates in each snapshot to the initial structure) 

and the angle brackets denote ensemble averages. The covariance matrix is normalized as shown 

in equation (1) so that sites with completely positively correlated motion display Cij values of 1, 

while sites with completely negatively correlated motions display Cij values of -1.  If two sites 

are not correlated or move in orthogonal directions, their Cij values will be zero. Calculation of 

the covariance matrices was performed using the CORREL module of CHARMM. 

To calculate the principal components (PCs), we diagonalized the covariance matrix 

using the CHARMM VIBRAN module: 𝐕)𝐂𝐕 = 𝚲. Each PC is defined by an eigenvalue 𝜆 and 

an orthonormal eigenvector V. The eigenvectors describe the character (i.e. shape) of structural 

fluctuations sampled during the trajectories, while the eigenvalues describe the magnitude of 

these fluctuations. Typically the largest eigenvalue accounts for the majority of the overall 

fluctuations in the system, the second for the next largest contribution to the fluctuations and so 

on.  

In order to define a PC-based coordinate appropriate for construction of free energy 

landscapes, we first identified 2BRL as the system with the greatest overall fluctuations among 

all the protein simulations. We then selected the 2BRL eigenvector associated with the largest 

eigenvalue. One reason for these choices is that 2BRL is most likely to encompass fluctuations 
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present in the other systems since it has the largest degree of overall fluctuations. In addition, the 

largest amplitude PC from 2BRL is likely to be representative of fluctuations occurring in each 

of the different protein trajectories. This PC corresponds to a motion primarily associated with 

opening and closing of the enzyme, in which the fingers and thumb move towards and away 

from one another while the palm acts as a fulcrum (see movie in supplemental material). 

Individual trajectory snapshots were projected unto this PC, with the numerical values 

resulting from the projection defining our desired structural metric. The projection Plk of a 

specific snapshot Rk unto PC eigenvector Vl is computed by evaluating the dot product between 

the eigenvector and the normalized coordinates: 𝑃./ = 𝑉. ∙ 𝑅/ 𝑅/ , where Rk represents the 

difference between the instantaneous value of the coordinates for snapshot k and the average 

structure. The result of this calculation is a measure of the degree of overlap between the 

conformational space represented by a specific snapshot and that described by the PC 

eigenvector. Larger values of Plk indicate greater overlap between the “direction” inherent in a 

trajectory snapshot and the PC eigenvector. Thus, projections of the trajectories unto this PC 

provide an additional coordinate that is useful in characterizing the protein conformational space.  

 

 

2.2.3 Root Mean Squared Fluctuations 

The root mean square fluctuation (RMSF) for the center of mass of each residue was 

calculated to determine the variability of the enzyme structure with respect to its average in a 

particular ensemble. The RMSF for the ith residue was computed by subtracting the average 

position of the center of mass of the residue 𝑟" from its instantaneous position 𝑟" as shown 

below: 
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𝑅𝑀𝑆𝐹" =
𝑟" − 𝑟" 67

"
𝑁  

(2) 

Above, N denotes the total number of data points. RMSF provides a measure of the local 

flexibility or conformational diversity of the enzyme. 

 

 

2.2.4 Free Energy Landscapes 

 In order to describe the conformational space adopted by the enzyme, we took the 

probability distribution P(𝜂:, 𝜂6) obtained from our trajectories, inverted it to generate free 

energy profiles via ΔF = -kBT ln P(𝜂:, 𝜂6)) and projected the free energy ΔF unto the coordinates 

described above. Although the inter-domain angle is an intuitive structural coordinate, the lowest 

frequency PC from 2BRL provides an unbiased way to delimit the enzyme conformational space 

that only depends on the dominant fluctuations occurring in the trajectory. Projection of 

structural data unto this mode may provide additional information because PCs innately 

represent the intrinsic structural fluctuations of the enzyme. Thus, this mode may incorporate 

fluctuations that are not obviously related to the conformational transition, but nonetheless play a 

role in it. To combine the results of the five independent trajectories we used the Weighted 

Histogram Analysis Method (WHAM) as described below. 

 

2.2.5 Weighted Histogram Analysis Method (WHAM) 

 WHAM is a well-known approach for incorporating data from multiple simulations in 

order to optimally describe a probability distribution, under the assumption that each simulation 
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provides an independent estimate of this distribution. One of the underlying goals for performing 

WHAM is to reproduce the potential of mean force (PMF) from a probability distribution 

obtained from molecular simulations. WHAM is an evolution of single histogramming 

techniques developed by Ferrenberg and Swendsen(15) and extended to the case of multiple 

histograms by these authors in later studies.(16, 17) WHAM defines a weighting function to 

combine information from independent trajectories such that the statistical error is minimized 

among the different data sets. Other approaches have been introduced more recently to optimally 

combine data from independent simulations, such as the lambda windows employed for free 

energy perturbation calculations (18, 19). However, an advantage of WHAM is that it can be 

easily extended to systems that do not involve alchemical perturbation or for cases in which one 

wishes to match probability distributions across multiple dimensions. The method only requires 

that one can define a probability distribution (i.e. as a histogram) along the coordinates of 

interest. The essential equations of WHAM are as follows:(20, 21) 

𝜌= 𝜂 = 𝐶
𝑛"

𝑛#𝑒@ABCDA E7
#F:

7

"F:

𝜌"G 𝜂  

𝑒B@A = 𝑑 𝜂𝑒BCDA E 𝜌= 𝜂  

= 𝐶 𝑑 𝜂
𝑛"𝑒BCDA E

𝑛#𝑒@ABCDA E7
#F:

7

"F:

𝜌"G 𝜂  

(3) 

Above, 𝜌= 𝜂  represents the underlying unbiased probability distribution as a function of some 

coordinate 𝜂, 𝜌"G is the (possibly biased) distribution from simulation i, N is the number of 

simulations, ni is the number of data points in the ith simulation, fj is the free energy coefficient 

(or thermodynamic weight) of the jth simulation and Wj is the biasing potential applied to the jth 
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simulation. C is an undetermined constant that does not impact free energy differences evaluated 

using this approach. The aim of WHAM is to shift the probability distributions of individual 

simulations so that they agree with one another as closely as possible, while minimizing the error 

in the underlying probability distribution 𝜌= 𝜂 . This goal is accomplished via the fj values 

shown above. The reader will note that 𝜌= 𝜂  depends on the fj values, but that these coefficients 

also depend on 𝜌= 𝜂 . Thus, the equations in (3) must be solved iteratively in order to determine 

a solution. First, a value is assumed for each fj (these are typically set to zero initially) and an 

estimate made for 𝜌= 𝜂 . The computed 𝜌= 𝜂  is then employed to update values of each fj and 

the cycle is continued until the fj values no longer change appreciably, at which point the process 

is halted. 

While it has become common practice to use WHAM to combine simulations subject to 

biasing potentials,(20-22) it is not widely recognized that use of such energy functions is 

optional when applying the method (16, 17, 23). Biasing potentials only serve to encourage a 

system to visit regions of the FEL that may be higher in energy and thus not well sampled (24, 

25). Because there were no explicit biasing potentials applied to our simulations, the Wj in 

equation 3 were set to zero. The resulting probability distribution and free energy coefficients are 

then written as:(16, 17, 23) 

𝜌= 𝜂 = 𝐶
𝑛"
𝑛#𝑒@A7

#F:

7

"F:

𝜌" 𝜂  

𝑒B@I = 𝐶 𝑑 𝜂 JI
JAK

LAM
ANO

7
"F: 𝜌" 𝜂  

(4) 

In writing these equations we represent the probability distributions from the independent 

MD simulations as being distinct 𝜌" 𝜂 . Our reason for doing so is that any realistic simulation is 
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finite and thus: i) subject to statistical errors and/or ii) preferentially explores conformations that 

are concentrated in the vicinity of the initial point. These effects may result in disparities 

between the probability distributions evaluated from independent trajectories. Such effects can 

ultimately be ascribed to insufficient sampling, since systems that are truly ergodic will display 

probability distributions that match exactly. The result of these effects is a shift in the probability 

distribution obtained in one simulation relative to that obtained in another. Such effects can thus 

be corrected via WHAM to ensure that the probability distributions in independent simulations 

match as closely as possible (15, 16, 23). One can thus use WHAM to correct for limited 

sampling and distinct initial conditions in independent simulations of a given system. 

  

Table 2.1. Simulated systems.   

PDB 

ID 

Number 

of 

residues 

in PDB 

structure 

Ligand 

location 

in PDB 

structure 

[a] 

Simulation 

time (ns) 

 

Total No. 

of 

simulated 

atoms 

Inter-

domain 

angle in 

PDB 

structure 

PC2BRL× 10-1 

[b] 

2WHO 531 NNI-2 400 60,304 71.3 1.82 

1QUV 556 None 1000 60,391 70.1 1.55 

3HHK 563 NNI-3 900 68,550 69.9 1.56 

3CO9 562 NNI-3 710 62,397 69.4 1.52 

2BRL 531 NNI-1 800 60,265 72.2 1.88 

[a] NNI: Non-nucleoside inhibitor site 

[b] Projection of original PDB structure on PC2BRL  
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2.3 Results and Discussion 

2.3.1 The free enzyme samples a broad conformational distribution 

The free energy landscape obtained using the combined data from all five simulations is 

shown in figure 2.2 . Landscapes generated for each individual trajectory are provided as 

supporting information in appendix A. It is apparent that the free enzyme can explore diverse 

conformations. The conformational states adopted include those that are very open as well as 

states that are quite closed, spanning a range of approximately 16 degrees with respect to the 

inter-domain angle. These diverse conformations occur despite the absence of other components 

of the replication complex, including nucleotides and the RNA template, which might be 

anticipated to facilitate adoption of these states. In particular, one might expect that open states 

required for processive elongation would be more likely in the presence of the bound template 

and nascent RNA duplex. The observed conformational diversity suggests that the structural 

transitions required for enzyme function occur via a conformational selection mechanism. 

Consequently, it is likely that other components of the replication complex will preferentially 

stabilize one or more of the observed conformations at the appropriate point in the replication 

cycle, but are not necessarily required for these states to be adopted. 

The conformational space in the landscape can be divided into three distinct zones. These 

are classified based on the inter-domain angle as follows: closed (inter-domain angle < 69°), 

intermediate (69° < inter-domain angle < 74°) and open (inter-domain angle > 74°). Each zone 

describes a population in which the enzyme primarily adopts a closed, intermediate or open 

conformation respectively. As noted previously, the closed and open conformations are thought 

to be required for the initiation and elongation stages, respectively, of RNA replication (26-31). 

The intermediate state appears to be necessary in order to convert between these two 
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conformations. It is interesting to note that all of the initial crystallographic coordinates for the 

simulations are located in the vicinity of the local minimum found in the intermediate state. This 

can be clearly seen if the locations of the crystal structures are plotted with respect to the FEL 

coordinates shown in figures 2.2 and 2.3 (see supporting material in appendix A). To more 

closely examine this issue, we computed inter-domain angles for a random sample of HCV 

polymerase structures currently available in the PDB (see appendix A). In every case we observe 

that the inter-domain angle for these structures also falls within the intermediate interval 

described above. It is possible that conditions amenable to crystallization may preferentially 

stabilize structures with these domain angle values, thus leading to a preponderance of crystal 

structures occurring in the local minimum represented by the intermediate region.  While 

previous studies have suggested the existence of open and closed states in the HCV 

polymerase,(26, 27, 32) our work is the first to show the relationship between different states in 

the context of the free energy landscape and to provide detailed structural information regarding 

the identity of these states.  

The conformational distribution in figure 2.2 is also apparent if one examines one-

dimensional (1D) free energy profiles along the individual structural coordinates (see figure 2.3). 

The 1D profile for the inter-domain angle clearly shows the presence of a minimum 

corresponding to each of the three states identified above, with a higher barrier separating the 

intermediate from the open state. This barrier is also reflected in the 1D profile along PC2BRL. 

However the latter profile also shows that, along this coordinate, the intermediate state can be 

further subdivided into two substates. Thus, there are a total of four distinguishable states that 

occur in the enzyme. The presence of an obligate intermediate between the closed and open 

states suggests a sequential order of transitions between closed, intermediate and open that may 
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reflect the sequence of conformational states that occurs during the RNA replication cycle. Thus, 

these free energy landscapes are likely to provide information about the molecular forces and 

interactions that facilitate transitions between functional conformational states. These 

observations are consistent with kinetic studies that indicate the initiation and elongation stages 

of replication are associated with conformational states that display distinct kinetic signatures.  

Studies by Tomei et al.(33) suggest that a slow conformational change in the enzyme 

precedes the elongation stage of RNA replication. This process may represent the transition from 

initiation to the elongation stage, but the precise nature of this phenomenon is unknown (33). 

Later work by Reich et al.(34) indicate that a large-scale tertiary structural change is required to 

convert from initiation to elongation. The results of both studies are consistent with the larger 

barrier we observe between the intermediate and open states on the landscape representing the 

structural change required to convert from initiation to elongation.  

Reich et al. also observed that product release by the polymerase proceeds in a stepwise 

fashion. This was attributed to the adoption of a series of four states that can be differentiated 

based on their distinct contributions to binding progress curves. At saturating nucleotide 

concentrations, Reich et al. observed decreased rate constants associated with the first three of 

these states. These authors ascribed this observation to reduced fluctuations of the template due 

to stabilization induced by the presence of nucleotides. This proposal is consistent with the 

possibility that nucleotides stabilize preferred locations for template occupancy and thus induce 

reduced positional fluctuations. 

In contrast to the first three states, the rate constant associated with the fourth state 

increased in a hyperbolic manner at saturating nucleotide concentrations. Reich et al. interpreted 
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these observations to indicate that the three initial states are directly involved in RNA replication 

via template repositioning, while the fourth reflects product release.  

 

 

 

 

 

 
 

 
Figure 2.2. Free energy landscape obtained from combining all trajectories and projected unto 
the inter-domain angle (x-axis) and the largest amplitude PC from the 2BRL simulation (y-axis). 
Contours in the plot are displayed at intervals of kBT / 2 

 

The observations of Reich et al. are consistent with the free energy landscapes presented 

above, and in particular the 1D profile along PC2BRL shown in figure 2.3 . The three initial states 

identified by Reich et al. are consistent with the three minima towards the left-most (i.e. more 

closed) region of the x-axis in the lower panel of figure 2.3 . Thus, these minima may correspond 

to the states associated with repositioning of the RNA template as suggested by Reich et al. It is 

conceivable that relatively low barriers between these states allow for facile repositioning of the 

template once it is bound.  

Consequently, the fourth state reported by Reich et al. likely corresponds to the right-

most (i.e. most open) minimum shown in this figure. This situation is consistent with product 

release occurring from the most open state. This relationship seems reasonable given that newly 

synthesized RNA is most likely to be released from an open enzyme conformation since this 

state is required for processive elongation. However, the studies of Reich et al. are unable to 
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supply details about the relative stability of these states or the molecular interactions that occur 

within them as is provided in the present study. 

  

 

 

 

 

 

 
Figure 2.3. One-dimensional free energy landscapes obtained from combining all 

trajectories and projected unto a) the inter-domain angle and b) the largest amplitude PC from 
2BRL (PC2BRL). In both plots the left side corresponds to more closed states while the right 
corresponds to more open states. 

 
Moreover, the congruence between the results presented in this work and the studies 

described above suggests that our simulations describe conformational ensembles that are 

relevant to understanding global conformational changes that mediate the RNA replication cycle 

in HCV polymerase and the molecular signatures associated with these conformations. These 

topics are described in greater detail below. 

 

 

2.3.2 Conformational states exhibit distinct characteristics 

It is apparent that the closed and intermediate states shown in figure 2.2 are quite close in 

energy and would appear to be part of the same broad minimum. However, we provide evidence 

below that all three states are distinct with their own unique structural fluctuations, correlated 

motions and patterns of hydrogen bonding. In order to examine these properties, we constructed 
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trajectories only comprised of the data within a given zone for analysis. Below, we note that the 

center of mass trajectories were employed for RMSF and covariance analyses.  

2.3.2.1 Structural differences 

The primary structural differences among the three conformational states lie within the 

thumb and fingers. The most marked difference is movement of the thumb away from the fingers 

in the open conformation relative to the closed conformation such that the inter-domain angle 

increases. Another less pronounced change occurs within the fingers involving the outward 

motion of regions within the fingers in the open conformation. Structural alignment of the open 

and closed conformations (see figure 2.4) reveals the altered positions of numerous components 

of the thumb and fingers. The displaced components include a helix that encompasses functional 

region III (residues 401-404) in the thumb, which has been noted to have a role in binding 

nascent RNA duplex. Thus, movement of this region would be needed to convert from the 

initiation stage of RNA synthesis to the elongation stage (which requires an open conformation 

to allow the exit of the nascent RNA duplex). Displaced regions within the fingers include 

functional regions I and II (residues 91-94 and 168-183, respectively) and motif G (residues 95-

99). All three regions are thought to be involved in binding RNA template. 

A noticeable displacement was also seen in the beta flap region (residues 443-454) that is 

implicated in correct positioning of the template (35). As we consider the closed, intermediate 

and open conformations in turn we observe that the beta flap moves further from the center of 

the enzyme. This observation is consistent with its role as a platform that helps to stabilize the 

initiation stage of RNA replication (28, 36, 37). The beta flap is likely to interact with a GTP 

needed to form the initiation complex in the closed conformation.  
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However, the beta flap would need to move out of the way of the nascent RNA duplex 

when transitioning to the intermediate and open conformations for elongation, consistent with 

the shifted positions we observe in the intermediate and open states. 

 

Figure 2.4. Motifs, functional regions and characteristic elements of NS5B affected in the 
conformational transitions. Motif G is shown in green, functional region I in yellow, functional 
region II in blue, functional region III in pink, delta 1 loop in purple, delta 2 loop (which 
overlaps with motif F) in orange, beta flap in red. (a) front view, (b) top view.(c) Zoomed image 
of regions within rectangle in a) showing relative positions of fingers and thumb subdomains in 
closed, intermediate and open conformations. 
 

A displacement is also seen in the fingertips region formed by delta loops 1 and 2 (residues 9 to 

41 and 142-157, respectively, see figure 2.4). The fingertips are characteristic of RNA-dependent 

RNA polymerases and contribute to create a fully enclosed active site. Allosteric inhibitors that 

bind to the NNI-1 pocket in the thumb (6) have been reported to destabilize the enzyme by 

disrupting the interactions between the delta 1 loop and the thumb, thus preventing the transition 
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to the open state (8). Consequently, stabilization of this loop is likely to be a key factor in 

allowing the enzyme to convert from the closed to the intermediate and open states.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5. RMSF (left) and covariance (right) plots generated from conformational ensembles 
in the open, intermediate and closed states. 
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2.3.2.2 Root Mean Squared Fluctuations (RMSF) 

The conformational diversity of individual protein residues within each zone can be 

assessed via evaluating the RMSF for each ensemble of structures. In order to compute the 

RMSF, each protein snapshot was first aligned to the average structure computed from the 

ensemble via least squares fitting of the coordinates. In the closed state high peaks of the RMSF 

are observed in each subdomain of NS5B, indicating that each subdomain exhibits a fairly broad 

distribution of conformations (see figure 2.5). These values are reduced significantly when the 

enzyme adopts the intermediate state. RMSF values in the intermediate and the open states are 

more similar to one another compared to those present in the closed state, although there appear 

to be additional slight decreases in the open state relative to the intermediate. In the open state, 

the enzyme is more rigid due to enhanced interactions between distant regions of the enzyme. 

Thus, there is a reduced propensity for enzyme fluctuations in the open state compare to the 

other two states (see also section 2.3.2.4 below). 

The peaks in the RMSF plot for the closed state highlight key residues important to the 

initiation stage of the RNA replication cycle. The peak around residue 14 corresponds to the 

flexible delta 1 loop noted previously that plays a role in converting from the closed to the 

intermediate state.  

The peak around residue 150 in the RMSF plot corresponds to the delta 2 loop. The delta 

2 loop shows a decrease in flexibility going from closed to intermediate and open conformations. 

This loop contains motif F, which has a role in binding incoming NTPs and RNA (27, 36-39). 

Decreased flexibility in the intermediate and open states may reflect a decreased need for the 

enzyme to promote binding of NTPs and RNA, given that these species should have already 
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become bound to the enzyme during the initiation stage of the RNA replication cycle that occurs 

in the closed conformation.  

A region that is highly flexible in all conformational states occurs in the vicinity of 

residue 448 that corresponds to the beta flap (residues 443-454). There are also peaks around 

residue 465 and 469 that are part of an alpha-helix spatially proximal to the beta-flap. As we note 

above, the beta-flap is required for correct positioning of the RNA template. Thus, a high degree 

of flexibility in this region may be required to allow the enzyme to modulate the template 

location throughout the RNA replication cycle. 

 

 

2.3.2.3 Covariance Analysis 

Covariance maps computed for the different conformations (see figure 2.6) indicate that there are 

three main regions with distinct correlation patterns in each state: 1) within the thumb (inside the 

dashed oval), 2) between the thumb and the fingers (inside the rectangle) and 3) between the 

fingers and palm (inside the triangle).  

The rectangular outlined area displays many negative correlations in the intermediate and 

open state that are less evident in the closed state. Inspection of the PCs computed from the 

intermediate and open ensembles indicate this correlation results from the thumb and fingers 

moving in opposite directions with respect to the average structure, consistent with the opening 

and closing motion necessary for altering the conformational state of the polymerase (see movies 

in supporting material). The oval and triangular regions contain numerous residues that display 

positive correlations in all three states, though these are more intense for the intermediate state. 

The positive correlations in the oval region result from rigid-body motion of residues within the 
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thumb as it shifts position with respect to the fingers. Positive correlations in the triangle region 

are a result of residues in the palm and thumb moving in concert due to the proximity of the two 

subdomains. In general the patterns of correlated motion are consistent with the changes in 

flexibility reported above as well as with large-scale movement of the thumb and fingers relative 

to each other along the open to closed direction.  

We note that the intermediate state displays the greatest intensity of correlations in all 

three regions. This is due to the fact that this state has enhanced fluctuations along the structural 

coordinates that define the open-close transition. When viewing the 1D version of the FEL 

constructed with respect to the PC coordinate (see figure 2.3), it is apparent that the intermediate 

state contains two separate minima (see discussion in section 3.1). The dominant modes in the 

intermediate state arise from fluctuations between these two minima (data not shown).  

 

2.3.2.4 Large amplitude motions 

We visualized the motion corresponding to the largest amplitude mode for each one of 

the conformational states (see movies in supplementary information). The largest amplitude PCs 

for the open and intermediate conformational states involve motions in which the thumb and 

fingers move towards and away from each other. In contrast to the open and intermediate states, 

the largest amplitude PC for the closed state shows more local movements, especially in the 

thumb and the fingertips (delta 1 and delta 2 loops). It is noteworthy that while the intermediate 

and open states are less flexible overall than the closed state, large scale motion in the former 

two states is concentrated along the direction of the open-closed coordinate. This observation 

suggests that in the open and intermediate states the overall enzyme motions are being funneled 

along the open-closed direction. 
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2.3.2.5 Hydrogen bonding patterns 

Hydrogen bonds (H-bonds) play a crucial role in defining the structure and dynamics of 

biomolecules. Thus, it is not surprising that we see patterns of H-bonds that correspond to 

distinct conformational states. We observed two main categories of H-bonds that differ between 

the conformations: 1) H-bonds that are unique to one conformation and 2) H-bonds that are 

specific to two conformations. H-bonds in each group are likely responsible for stabilizing the 

conformation(s) in question. In the latter group we further observe the following subcategories: 

a) H-bonds that are found in the closed state, break in the intermediate and reform in the open 

(and are thus common to the closed and open states), b) H-bonds that are formed after converting 

from the closed to the intermediate and maintained in the open (and thus common to the 

intermediate and open states), c) H-bonds formed in converting from the open to the intermediate 

and maintained in the closed state (thus common to the intermediate and the closed). A full list of 

these H-bonds is provided in appendix A.  

H-bonds that link the fingers and thumb at the front of the enzyme are of particular 

interest, as the lengths of these bonds are indicators of the enzyme conformation. For example, 

when the distance between the H-bond connecting ASP 444 and ARG 109 is plotted as a 

function of time, it is directly correlated to fluctuations in the inter-domain angle (see appendix 

A). Two of these H-bonds (ASP 444-ARG 109 and CYS 451-LEU 91) were previously reported 

by Davis et al.(8) to play a role in differentiating conformational states in the HCV polymerase. 

Our present results support this observation and allow us to identify an extensive list of H-bonds 

characteristic to each conformation.  

 The open state displays more unique H- bonds at the palm/fingers interface and the 

thumb/fingers interface than either of the other states. When the enzyme transitions to the open 
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state these additional H-bonds stabilize the enzyme structure, resulting in a more rigidified 

system. This occurrence is apparent in the decreased RMSF values obtained for the open state 

(see figure 2.5).  

In the intermediate state, we see H-bonds formed involving residues 310, 312, 313, 316 

and 325 that are part of motif C. This motif is in the palm and has a role in binding the 

magnesium ions required for the nucleotide transfer. The formation of these H-bonds help to 

rigidify this region of the enzyme (see figure 2.5), decreasing fluctuations of the magnesium ions 

in a way that may facilitate catalysis.  

Two of the H-bonds formed during the transition from closed to intermediate and 

maintained in the open state (HSD 402 – GLU 398 and ARG 401 – GLU 18) include residues 

401 and 402 that are part of functional region III. The presence of these H-bonds stabilizes this 

structural element, which plays a role in binding the nascent RNA duplex. Stabilization of 

functional region III likely facilitates interactions with the RNA duplex in the open state, 

allowing the enzyme to engage in processive elongation of the daughter strand.(40)  

We find that the H-bonds are clustered into specific networks that are distinct to each 

classification. These often play a role in connecting the enzyme subdomains to one another  (see 

appendix A). Perturbing H-bonds connecting subdomains would be expected to be particularly 

effective in inhibiting conformational transitions in the enzyme. This is because the movement of 

subdomains relative to one another is key in defining the global enzyme conformation. Of 

particular interest are H-bonds between the fingers and the thumb at the back of the enzyme (e.g. 

LYS 491 – HSD 33 or ALA 396- SER 27) as well as at the front of the enzyme (e.g. ASP 444 – 

ARG 109, CYS 451 – LEU 91 or ASN 406 – HSD 95). The former group includes interactions 

between the delta 1 loop and thumb that facilitate transitions to the open state (8). The latter 
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group includes H-bonds that we have shown to be highly correlated to fluctuations in the inter-

domain angle (see discussion above and appendix A). This observation suggests that eliminating 

these H-bonds would be likely to reduce or eliminate fluctuations in the inter-domain angle. This 

would prevent the enzyme from making transitions between conformational states and result in 

cessation of the RNA replication cycle.   

These H-bonds highlight key residues that are involved in modulating the conformational 

distribution present in the HCV polymerase. These locations could be targeted to induce desired 

conformational changes. For example, eliminating H-bonds unique to a given state is likely to 

specifically decrease the stability of that state. This occurrence may be relevant to understanding 

the mechanisms of action for inhibitors that target the enzyme. It is known that allosteric 

inhibitors that bind to different locations on the HCV polymerase are able to reduce enzyme 

activity despite being distant from the active site. Only recently have molecular mechanisms 

underlying the impact of these inhibitors been elucidated (7, 8, 10). It is possible that at least 

some of these inhibitors mediate their allosteric effects by altering the H-bonds as described 

above.  

 

 

2.3.3. Potential relevance for therapeutics 

 The presence of multiple enzyme conformational states may be relevant to the search for 

therapeutics that target the HCV polymerase. Each conformational state could reflect a different 

target for therapeutic molecules such as polymerase inhibitors. It is well known that the 

polymerase has multiple locations at which diverse small molecule inhibitors are known to bind. 

These include the active site as well as at least three distinct allosteric sites on the enzyme (3-6). 
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The different conformational states may exhibit altered affinities for inhibitors at these distinct 

sites. For example, prior studies from our group indicate that inhibitors bound at the allosteric 

NNI-2 site in the thumb preferentially stabilize conformational states of the enzyme that are 

more closed.(7, 8, 10) Given that ligand binding can alter conformational preferences, it is 

conceivable that distinct conformational states can also modulate inhibitor affinity.  

This result could be relevant to understanding one source of diminished inhibitor 

efficacy. Some allosteric inhibitors may be less effective than desired because they only target a 

subset of the available conformational states. This opens up the possibility of using combinations 

of small molecules targeting multiple conformational states in order to reduce enzyme activity to 

very low levels. In this context, even molecules that are not very potent on their own could be 

combined into an effective mixture if they target complementary conformational states. If such a 

strategy is employed, it is feasible that some HCV polymerase inhibitors that have displayed 

limited efficacy to date could be rescued as potential therapeutics. Thus, it may be possible to 

reduce enzyme activity effectively by targeting distinct conformations, thereby disrupting 

multiple points in the replication cycle. 

  Given their high degree of structural and functional similarity, the pattern of 

conformational fluctuations we observe for the HCV polymerase may occur in other viral 

polymerases as well. Our own studies strongly suggest that the structural similarities shared 

between polymerases from Foot-and-Mouth Disease Virus,(41) West Nile Virus (42) and 

Dengue Virus (43, 44) with the HCV polymerase extend to the presence of multiple allosteric 

inhibitor sites on the enzyme surface (45). Thus, it is conceivable that these enzymes can also 

adopt multiple conformational states along the RNA replication cycle. If this is the case, the 

ability of small molecules to stabilize specific conformational states (7, 8, 10) and consequently 
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block transitions between conformations may represent a general strategy that could be 

employed to reduce the activity of these enzymes. 

 

 

2.3.4. Insights into the RNA replication cycle 

When one compares the schematic of the RNA replication cycle shown in figure 2.1 with 

the 1D free energy landscapes shown in figure 2.3, it is apparent that the cycle represented in the 

schematic could be described by repeated traversals of the 1D landscapes: first in one direction 

and then in another.  Thus, the polymerase could travel from the closed state to the open state via 

the intermediate and then reverse direction to adopt the closed state and begin the cycle anew. 

However, it is also possible that the cycle incorporates a different intermediate between the open 

and closed states that was not uncovered in our current analysis. This may occur, for example, if 

the presence of bound ligands such as nucleotides or RNA template significantly perturbs the 

free energy landscape. 

Our work may also inform us about the conformational states that modulate RNA 

replication in other viral polymerases. Most of the studies done in this area to date have focused 

on detailed structural rearrangements of the active site rather than global conformational states 

important for the polymerase function. The most relevant work in this arena includes studies of 

the RNA polymerase from poliovirus by Gong and Peersen (46). These authors used crystal 

structures containing elongation complexes to identify distinct conformations of the polymerase 

active site occurring during RNA replication. These results were used to propose a cycle of 

conformational transitions for the active site that encompasses six distinct states the authors 

termed S1 – S6. The initial state S1 displays an open, empty enzyme active site. In S2, the active 
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site remains open but includes bound nucleotide. A conformational change then occurs to lead to 

S3 in which the priming nucleotide and substrate become aligned for nucleotidyl transfer as the 

active site adopts a catalytically competent conformation. While the authors did not observe S3 

directly, this state has been captured in previous crystallographic studies of the Norwalk virus 

RNA polymerase by Zamyatkin et al.(47) S4 represents a conformation immediately after the 

nucleotidyl transfer has occurred, but before the geometry of the active site has changed 

appreciably. As the enzyme complex proceeds to S5 the catalytic geometry becomes distorted. 

Finally, the hypothetical state S6 represents a translocation intermediate that is required to restore 

the enzyme to S1 in order to accommodate the next nucleotide.  

Gong and Peersen describe these conformational transitions as involving an anti-

correlated motion of the fingers and palm in which the two subdomains move towards and away 

from each other. They noted that this fluctuation is distinct from that which modulates the global 

open-close transition of the enzyme and which is also described in their work. The latter motion 

is consistent with the low frequency motions displayed in our own studies for the intermediate 

and open conformational states (see movies in appendix A). As described previously, it involves 

an anti-correlated movement of the thumb and fingers towards each other such that the inter-

domain angle is modulated. Given that the states S1 - S6 identified by these authors involve only 

local structural rearrangements, it is likely that these states are encompassed within one or more 

of the conformational states identified in the present study since the latter involve global 

conformational reorganization. Since the sequence of events involved in RNA replication must 

form a closed loop in order for the process to occur repeatedly, we propose that the entire cycle 

of active site states S1 – S6 can occur within the closed and open conformational ensembles 

identified in this work. The initiation of RNA synthesis is likely to begin with S1 in the closed 
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ensemble as defined by inter-domain angles < 69°. It would be necessary for the enzyme to then 

adopt the intermediate state (69° < inter-domain angle < 74°) before commencing processive 

elongation. After visiting the intermediate state, the enzyme must adopt an open conformation 

(inter-domain angle > 74°) in order to allow elongation of the daughter RNA strand. This 

transition must necessarily encompass states S2 – S6. Once this is accomplished the enzyme must 

repeatedly convert between S1 - S6 in the open state in order for the cycle of nucleotide addition 

to proceed during processive elongation. Consequently, the local active site rearrangements 

theorized by Gong and Peersen are likely to occur for multiple global enzyme conformations. 

Gong and Peersen suggest that the S1 - S6 sequence is likely to be common to viral RNA 

polymerases that employ (+)-sense templates, such as the poliovirus and HCV polymerases. This 

proposal is further supported by more recent work by Shu and Gong (48). These authors used 

seven different crystal structures of the RNA polymerase from a human enterovirus bound to 

RNA template to characterize different stages of the nucleotide addition cycle. They identified 

structures corresponding to each of local active site conformations S1 - S6 identified by Gong and 

Peersen. Given the similar observations for two different viral species, we believe it is highly 

likely that Gong and Peersen are correct in their suggestions regarding commonalities in the 

RNA replication cycle mediated by (+)-sense viral RNA polymerases. This would suggest that 

the conformational ensembles we have identified for the HCV polymerase are functionally 

relevant to other viruses as well. 
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2.4 Summary 

 Our present studies demonstrate that the HCV polymerase can explore diverse 

conformations that appear relevant to the RNA replication cycle. This phenomenon is observed 

even in the absence of other components of the replication complex such as nucleotides or the 

RNA template. This observation suggests the enzyme adopts a conformational selection 

mechanism, in which functionally relevant conformations are accessible to the free enzyme. 

Distinct conformations may be preferentially stabilized by specific binding partners, such as 

components of the replication complex or small molecule inhibitors, but are not necessarily 

required for the conformation to be observed. The conformational distribution we observe is 

consistent with previous studies that identify four conformational states with unique kinetic 

signatures (34). While that work was informative in demonstrating the presence of distinct 

conformational states, our present investigation reveals molecular details regarding intrinsic 

fluctuations of the polymerase as well as the structural ensembles that allow these states to be 

adopted. 

 Each state is characterized by specific patterns of flexibility, large amplitude fluctuations 

and correlated motions. Of particular interest are the unique hydrogen bond networks that appear 

to play a key role in stabilizing each state and in facilitating transitions between them. Given that 

the RNA replication cycle is thought to be highly similar among viral polymerases (particularly 

those that employ (+)-sense templates) our observations are likely to be relevant to these 

enzymes in other viruses as well. 

Our work suggests concrete ways these observations could be experimentally verified. 

The role of specific residues in adopting distinct conformations can be evaluated by mutating 

these residues to remove H-bonding groups. One could then determine whether the kinetic 
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signatures measured by Reich et al. are perturbed. For example, if one removes H-bonds 

important for stabilizing the intermediate state, we would expect that the waiting time for 

product release should increase, as it should become more difficult for the enzyme to convert 

from initiation to the elongation stage of RNA replication. One could also label hydrogen-

bonding partners with FRET donor-acceptor pairs to determine whether measured distance 

distributions are consistent with the identified conformational states.  

The observed conformational distribution has important consequences for understanding 

how therapeutics may work to target the HCV polymerase. Distinct conformational states may 

modulate the affinity or efficacy of small molecule inhibitors. In previous studies, we have 

shown that inhibitors bound to the different allosteric sites on the enzyme can alter its 

conformational preferences (7, 8, 10). Conversely, it is not unreasonable to expect that the 

specific conformation adopted by the enzyme could modulate its interactions with small 

molecule ligands. Thus, drugs that target the initiation stage of RNA replication may be 

ineffective during elongation and vice versa. Such a model is consistent with studies 

demonstrating that certain allosteric inhibitors disrupt the transition from elongation to 

inhibition, while others inhibit initiation (3, 33, 49-51). Thus, it may be necessary to employ 

combinations of inhibitors if one desires to effectively target all the functionally relevant 

conformational states adopted by the enzyme. It is possible that a collection of distinct 

conformational states defined by large-scale structural changes is also present in other viral 

polymerases given the extensive functional and structural similarities between these enzymes. 

Thus, the potential impact of this conformational distribution on modulating inhibitor efficacy 

should be an important consideration for developing therapeutics that can target viral RNA 

polymerases.  
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Finally, our findings are consistent with previous structural studies of similar viral RNA 

polymerases that identified conformational states of the active site (46, 48). The work of these 

authors is complementary to our own in that those studies focused on local structural 

rearrangements while our present work examines global conformational changes and structural 

fluctuations. Thus, it should be possible to combine both the detailed active site description 

afforded by these previous studies in concert with the global structural changes identified in this 

work to better understand the molecular processes that govern RNA replication in viral 

polymerases.  
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Chapter 3. Effects of structural perturbations on conformational 

sampling in the HCV polymerase  

 

3.1 Introduction 

In this chapter we describe how the structural and dynamic properties of the NS5B 

conformations, reported in chapter 2, are perturbed by mutations and the binding of inhibitors.   

One of our goals has been to further understand the relationship of allosteric inhibition in 

NS5B with its conformations. In NS5B, as we pointed out in chapter 1, four allosteric (NNI) 

sites have been identified: two in the thumb (NNI-1 and NNI-2) and two in the palm (NNI-3 and 

NNI-4) (see Figure 1.5). Brown et al. (1) showed that NNI-3 and NNI-4 are likely to be distinct 

regions within a single large pocket rather than two individual pockets. For this reason, we use 

the nomenclature NNI-3/4 to denote both of these partially overlapping sites. The inhibition 

mechanisms for NNIs reported to-date are: 

1) Thumb NNIs (NNI-1 & NNI-2) inhibit an early phase of replication that occurs after 

initiation but before elongation starts (2-5). Inhibitors targeting the NNI-1 pocket 

seem to prevent enzyme function by reducing overall stability of the enzyme and 

preventing it from stably adopting functional conformations. In contrast, NNI-2 

inhibitors seem to reduce conformational sampling, preventing the transitions 

between the open and closed conformational states that are required for NS5B to 

function (6). 

2) Most of the NNIs that bind to the palm domain (NNI-3/4) have been found to 

stabilize the β-flap via critical interactions with Tyr448 (7), fixing it in the closed, 
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initiation-appropriate conformation and preventing these residues from moving out to 

allow the RNA double helix to egress (8). Thus, it has been suggested that palm NNIs 

inhibit initiation. NNI-3/4 inhibitors were also observed to restrict conformational 

sampling, though the dominant mode of action of these molecules was predicted to 

result from blocking access of the RNA template (6). 

In the present study we complement these previous findings by showing how some of 

these observations, especially in the cases of NN-1 and NNI-2, have their root in the 

modification of the enzyme FEL. H-bond analysis of the inhibitor-bound systems suggest two 

dominant mechanisms by which inhibitors mediate their effects: i) disrupting the communication 

between domains, ii) preferentially stabilizing one of the available conformations. These 

strategies could be adopted moving forward in drug design of new inhibitors for NS5B and 

related polymerases for which fewer treatments are available.  

Introducing enzyme mutations allowed us to understand to what degree the inhibitor 

effects depend on the enzyme sequence and thus to what extent we expect our findings to be 

transferable to other viruses. We focused on the impact of these mutations on the conformations 

sampled by the enzyme. Our results showed that the mutations have a much smaller impact on 

the enzyme FEL than the inhibitors. In addition, they also showed that the genotype 2a systems 

sampled analogous closed and intermediate conformations as the genotype 1b. Thus, we expect 

that the insights we garnered from this study will be applicable to other related viral 

polymerases.  
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3.2 Methods 

3.2.1 Structure Preparation and Simulation Conditions 

The structures employed in this study are specified in Table 3.1. In the naming of the 

inhibitor-bound systems the first set of letters before the dash is the PDB ID of the inhibitor(s) 

followed by the PDB ID of the protein structure. In the naming of the mutated systems, the first 

set of letters before the underscore is the PDB ID of the protein structure. The next set of letters 

indicates a mutation made by our group. Structures where no mutation is specified were taken 

directly from the PDB database. 

For the inhibitor-bound systems, simulations of 2WHO with the VGI inhibitor were 

previously performed by Davis and Thorpe (9); simulations of 2WHO, 3HHK, 3CO9 and 2BRL 

with the PFI, 77Z, 3MS and POO inhibitors respectively by Davis, Brown and Thorpe (6) and 

simulations of 1QUV with 3MS and VGI inhibitors by Brown and Thorpe (1). This data was 

subjected to further analysis in this study. Structure 2BRL does not contain residues 22-35 or 

148-152. Consequently, coordinates for these residues were taken from 2WHO, placed into the 

2BRL structure and energy minimized before simulations were initiated as described by Davis, 

Brown and Thorpe (6). Inhibitor parameters were generated using the methods of 

Vanommeslaeghe et al. (10-12) as described by Davis and Thorpe (6) and ligand binding was 

confirmed by visual comparison to the crystal structure.  All structures were solvated with TIP3P 

(13) water and placed in a truncated octahedron that was larger than the protein by at least 10 Å 

in each dimension.  This generated unit cells with an edge length of at least 93 Å for each 

structure.  Nineteen chloride ions were added to each system to neutralize the system.  Any water 

molecules overlapping with protein, ligand, or chloride ions were removed.  Each system 

contained approximately 60,000 atoms.  
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For the mutated polymerase systems there are three different categories: 1) mutations that 

we made, 2) structures that we obtained already mutated from the PDB data base and 3) 

structures from HCV genotype 2a. Structures in the third category contain a collection of amino 

acid changes relative to genotype 1b. Genotype 2a has 75.53% identity and 85.18% similarity 

respect to genotype 1b. 

 

Category 1. 

For the first category, bound inhibitors were removed from 2WHO, (9) 3CO9 (14) and 2BRL (6) 

so that all structures were simulated as free enzymes. One mutation was generated for each of the 

three enzymes.  Criteria for a residue to be mutated were as follows: i) it was identified as a 

critical residue using NetworkView,(15) ii) it was not critical in both free and ligand-bound 

systems, iii) it did not directly interact with the ligand, and iv) it was in a conserved 

region.  Satisfaction of criterion (iv) was determined via sequence alignment of NS5B sequences 

from several genotypes available at NCBI (http://www.ncbi.nlm.nih.gov/protein). The genotypes 

and sequence accession numbers employed are as follows: 1a (AAB67036.1), 1b (BAA83719.1), 

2a (AAF01178.1), 2b (AAF59945.1), 2c (BAA88057.1) and 3a (AAC03058). The identification 

of criterion (i) was done as follows: trajectories containing the centers of mass of each residue 

for our mutated structures were generated. These were analyzed to identify allosteric 

communication networks as described below.  In this analysis each residue center of mass is 

considered a node. Two nodes are connected by an edge if they are within 8.5 Å of each other for 

at least 75% of the trajectory.  Residues adjacent in sequence are excluded and cannot be 

connected by an edge.  Edges are weighted according to the correlation between nodes as 

computed via Eq. 3.  The Girvan–Newman algorithm (16) was used to calculate communities in 
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the network: these are collections of nodes that have more connections to other nodes in the 

community than to nodes outside the community.  Allosteric communication is thought to occur 

preferentially over nodes between two communities with the greatest betweeness, where 

betweeness equals the number of shortest paths that pass through a node. These nodes/residues 

may be part of important routes of communication across the enzyme.  This identification was 

done by Dr. Brittny Davis and the mutated systems in this category were originally generated for 

a different study carried out by Dr. Brittny Davis and Dr. Ian Thorpe. However, these 

simulations were employed to perform new data analysis described in our present work.  

Mutations D55A, L469P, and Y452H were originally selected as mutations that would 

counteract the effect of the NNI-1, NNI-2 and NNI-3 inhibitors, respectively. Here we use the 

simulations of Davis and Thorpe to study the effect of mutations on the FEL of the free enzyme. 

In addition, the L30S mutation was selected to disrupt functional motions and conformational 

sampling in the free enzyme. Finally, A73L was generated to serve as a control. Note that 

mutations L30S and Y452H were also chosen because of available experimental data regarding 

the impact of these mutations on the properties of the enzyme (17, 18). L30S was shown to 

reduce enzyme activity while Y452H was shown to confer resistance to an inhibitor bound to the 

palm site.  See figure 3.1 for location of the mutations on the enzyme.  

 Mutations were made using the MMTSB toolset (19). The protein coordinates employed 

were taken from the last snapshot of simulations of free structures of 2BRL (6), 2WHO (9) and 

3CO9 (14). To make the mutation MMTSB preserves the positions of the α-Carbon and side-

chain center of mass for the mutated residue.  It then rebuilds an all-atom structure with the new 

sequence while choosing a side chain rotamer that minimizes unfavorable interactions with 

residues that are not being altered.    
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Category 2. 

For the second category, the structures of 2HAI (20) and 3FRZ (21) were obtained from 

the PDB database with previously existing mutations.  Both structures were crystallized with 

inhibitors bound so the inhibitors were removed for the simulations. The 2HAI simulations were 

previously performed by Davis and Thorpe (14). 2HAI has mutations L47Q, F101Y and K114R. 

3FRZ contains all the mutations present in 2HAI as well as the additional mutation V59D.  

 

Category 3. 

For the third category we employed PDB coordinates 1YUY and 1YV2 (22) that are from 

genotype 2a. These structures are of particular interest because they were the first ones to be 

reported as “open” and “closed” (see chapter 1). In addition, these structures allow us to 

determine whether the observations made for genotype 1b are also transferable to genotype 2a.   

The C-terminal residues of the enzyme are not necessary for its function in vitro (23). 

Thus, the C-terminal residues of all systems were truncated so that each contained a total of 531 

residues. 

Simulations were performed using the CHARMM 27 (24) protein force field and NAMD 

version 2.9 (25). Minimization of each solvated enzyme was carried out using NAMD for 1000 

steps using the conjugate gradient method and applying periodic boundary conditions.  All bonds 

to hydrogen atoms were constrained using the SHAKE algorithm, and electrostatic interactions 

were calculated by the Particle Mesh Ewald method.  A distance of 9 Å was used for the 

coulomb cutoff and 11.4 Å for the non-bonded pair list.  Minimization was followed by 

2,500,000 steps of simulation in the NVT ensemble at 300 K using a 2 fs integration time step. 

Temperature was maintained via velocity reassignment every 100 steps, during which the 
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positions of alpha carbons was restrained using force constants of 10 kcal(mol-1 Å-2). Restraints 

were then removed and simulations performed in the NPT ensemble at 300 K for 2,500,000 steps 

using Berendsen pressure coupling at 1.01 bar with a relaxation time of 100 fs. At this stage the 

temperature was still maintained via velocity reassignment every 100 steps.  Finally, production 

 

Table 3.1 Simulated systems. 
System’s 

modification 
PDB ID 

[a, b] 

Ligand location in 
PDB structure 

[c] 

Simulation time 
(ns) 

 

in
hi

bi
to

r-
bo

un
d 

VGI-1QUV NNI-2 1000 
3MS-1QUV NNI-3 1000 

3MS-VGI-1QUV NNI-2 & 3 1000 
3MS-3CO9 NNI-3 710 
VGI-2WHO NNI-2 400 
PFI-2WHO NNI-2 500 
77Z-3HHK NNI-3 500 
POO-2BRL NNI-1 520 

m
ut

at
ed

 

3FRZ - 700 
2HAI - 700 
1YUY - 500 
1YV2 - 600 

2BRL_D55A - 300 
2BRL_A73L - 300 

2WHO_L469P - 300 
2WHO_A73L - 300 
3CO9_L30S - 400 

3CO9_Y452H - 400 
3CO9_A73L - 300 

[a] In the naming of the inhibitor-bound systems, the first set of letters before 
the dash is the PDB ID of the ligand(s) followed by the PDB ID of the protein 
structure. 
[b] In the naming of the mutated systems, the first set of letters before the 
underscore is the PDB ID of protein structure. The next set of letters indicates 
a mutation made by our group. Structures where no mutation is specified were 
taken directly from the PDB database.  
[c] NNI: Non-nucleoside inhibitor site 
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NVT simulations were performed using the same conditions as the original NVT simulations, 

except that temperature was maintained using a Langevin thermostat with a damping coefficient 

of 1 ps-1 applied to heavy atoms and restraints were not employed.  The pressure was checked 

every 10 ns to confirm that it remained within reasonable range of 1.01 bar. The final 200 ns of 

each trajectory was analyzed. 

For explanation of the metrics for conformational sampling (i.e. inter-domain angle, 

PCA) and FEL and WHAM see Methods section in chapter 2.  

 

Figure 3.1. Location of mutations in the NS5B polymerase. In the figure we show inhibitors in the 
allosteric sites so that the locations of mutations with respect to the inhibitors are easily recognizable. 
NNI-1 is in yellow, NNI-2 in green and NNI-3 in purple.  
 

 

3.3 Results and Discussion  

3.3.1 The FEL of the enzyme maintains its essential features despite the presence of 

perturbations 

Comparing the 1-D FELs, we observe that in the inhibitor-bound systems the barriers are 

reduced between closed/intermediate and intermediate/open relative to the free systems. 
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Following the classification we did in chapter 2: closed (inter-domain angle < 69°), intermediate 

(69° < inter-domain angle < 74°) and open (inter-domain angle > 74°).   

 a) Free energy landscapes of the free enzyme (26)        

 

 

 

 

 

 

 

b) Free energy landscapes from the inhibitor-bound systems. 

    

 

 

 

 

 

 

 

c) Free energy landscapes of the mutated systems.  
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Figure 3.2. 1-D (right) and 2-D (left) Free energy landscapes of free systems and ligand bound 
systems.  
 

However, the stability of the open state is reduced as well so that the closed state is now 

most stable rather than both closed and open states displaying the same stability. This suggests 

that one strategy for inhibition may be preferentially stabilizing one of the enzyme 

conformations so that the enzyme gets “locked” in that conformation and cannot cycle between 

conformations as required for the replication cycle. In the inhibitor-bound systems we also 

clearly see that the hyper-closed conformation (~62 degrees) reported by Davis et al. (9) is a trap 

that is off the pathway of functional conformations transitions as described in their paper. 

Looking at the mutated systems, we also see a reduction in the barriers between conformations. 

In addition, we observe that the minimum corresponding to the closed conformation now is 

higher in energy than in the free enzyme and the minimum corresponding to the open 

conformation now is lower in energy with respect to the free enzyme. Thus, the closed 

conformation becomes slightly less stable than the open.  We also observe that the 

closed/intermediate barrier is now larger and the intermediate/open barrier is now smaller. If the 

barrier from intermediate to open is lower it may be easier for the enzyme to transition to the 

elongation stage. This would make the enzyme more processive.  

The 1-D and 2-D free energy landscapes (FELs) obtained using the combined data for the 

inhibitor-bound systems and the mutated systems are shown in figure 3.2. Individual FELs of 

each system are in appendix B. The FEL for the free systems, from chapter 2, is also shown here 

for completeness and for easier comparison.  

Comparing the 2-D FELs, we readily notice that the inhibitors cause a much larger effect 

in perturbing the FEL than the mutations but that the range of conformations sampled by the 

NS5B as a free enzyme is maintained. In all three scenarios (free, inhibitor-bound and mutated 
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systems) we see minima analogous to the minima of the FEL of the free systems that sample the 

open (inter-domain angle > 74), intermediate (69 < inter-domain angle < 74) and closed (inter-

domain angle < 69) conformations. Thus, this suggests that the model that we reported in chapter 

2 for the free enzyme is also applicable to other HCV genotypes. It is not unreasonable to expect 

that this model will be relevant for other viral polymerases as well.  

Looking at the FEL (see figure 3.3) 

that combines the results that we 

obtained for the genotype 2a systems 

(i.e. 1YUY and 1YV2), we observe 

closed and intermediate states similar 

to those sampled by genotype 1b. The 

open state is not sampled by those 

structures but it is worth noting that 

to generate this FEL we only used 

the simulations started from 2 structures, while to generate the FEL for genotype 1b we used 5 

structures. Only one of simulation of genotype 1b sampled the open state, so this may suggest 

that more simulation data would be needed to see the full conformational space with genotype 

2a.  

From the comparison of the 2-D FELs we see that, like the free enzyme, the inhibitor-

bound and mutated systems sample a variety of conformations. Thus, the conformational 

selection mechanism that we proposed for the free enzyme appears to still apply for perturbed 

systems. In addition, we observe that the closed minimum remains unchanged but that the 

positions and shapes of the intermediate and open states are drastically modified. The fact that 

Figure 3.3. FEL of genotype 2a systems. 
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there are additional minima in the intermediate state compared to the free enzyme may slow the 

transition from closed to open by trapping the enzyme as it converts between them.  The closed 

state is the least impacted by binding of inhibitors or mutations, what may be due to the fact that 

in this state the domains are closer together and can be more easily stabilized via hydrogen 

bonding.  

We picked snapshots that corresponded to the FEL minima based on the metrics shown in Figure 

3.2. and generated PDB files representative of minimum. Aligning the palm domain we 

performed a pair-wise comparison of the root mean square deviation (RMSD) for each structure 

(see appendix B). This analysis confirmed that inhibitors perturb the free structure more than 

mutations in all three (open, intermediate and closed) minima. Thus, inhibitors likely have a 

larger effect than differences due to sequence that might be observed for other genotypes or even 

other viral polymerases. This observation further suggests that the general feature of the FEL 

may be transferable to other HCV genotypes and related viral polymerases.  Comparing the 

inhibitor-bound systems and the free systems we observe that the inhibitors cause the largest 

perturbation to the intermediate state. Thus, inhibitor binding has a dominant impact on the 

transition between open and closed states.  

As we see in the 2-D FEL, the minimum for the closed state of inhibitor-bound systems 

also has a different shape and position compared to the free enzyme. Disruption of the closed 

state may make the initiation stage more difficult since initiation is thought to occur in this state. 

Inhibitors likely do not impact elongation significantly, given that the RMSD differences 

between the open state in the free and the inhibitor-bound minima is small (2.4 Å). This agrees 

with what has been reported for NNI-2 inhibitors (5). Looking at the RMSD values for the 

mutated systems, we see that the open state is most perturbed, consistent with the FEL. 
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Perturbing the open state should have an impact on transition to the elongation stage of 

replication and the elongation itself.  

We superimposed the structures representative of each minima by aligning those corresponding 

to a given conformation (see appendix B) and noticed that the closed state is the least perturbed 

among different systems, in agreement with our observations for the 2-D FELs. The main feature 

that differentiates the closed states seems to be the position of the beta-flap, what can affect the 

positioning of the template, since the beta-flap has been reported to be involved in stabilizing it 

(27). 

 

 

3.3.2 Inhibitors modify the Free energy landscape 

In previous publications (1, 6) it was hinted that perturbing the FEL would be one mechanism 

used by inhibitors to prevent the enzyme’s function but it was never fully developed or tested. 

The present results confirm this hypothesis and show that there are two different ways used by 

the inhibitors to alter the FEL: i) sampling a novel conformation (such as in the case of VGI, 

3MS and POO) ii) changing the probability with which the conformations are sampled (as 

observed for the remaining inhibitors studied).   

 

 

3.3.3 Inhibitors disrupt communication between domains and preferentially stabilize specific 

conformations  

 We analyzed the Hydrogen bonds (H-bonds) of the inhibitor-bound systems (see 

appendix B) for the open, intermediate and closed conformations and identified the H-bonds that 
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were different between them. We observed that H-bond networks involving the delta 1 loop, 

delta 2 loop and fingers were eliminated in the open and closed conformations. H-bonds between 

the fingers, thumb and palm domains were also removed in the inhibitor bound systems. All 

these observation lead us to conclude that one of the strategies for inhibition is breaking the H-

bonds between domains, thus disrupting inter-domain communication.  

The comparison of the number of H-bond networks that differ between conformations 

when looking at the free enzyme and the inhibitor-bound enzyme revealed a much lower number 

for inhibitor-bound systems (see appendix B), this shows how the inhibitor-bound systems are 

less coupled than the free enzyme as a consequence of the disruption of the H-bonds between 

domains as it was noted in the previous paragraph.  

 We also observed that in the inhibitor-bound systems there are fewer H-bonds between 

the thumb and fingers in the open conformation and fewer H-bonds between the thumb and palm 

in the closed conformation. Our conclusion from these observations is that another mechanism 

for inhibition is preferentially stabilizing specific conformations, thus preventing transitions 

between conformations as is also suggested by the 1-D FEL.  

 

 

3.3.4 Mutations destabilize enzyme conformations.  

 For the H-bond analysis of the mutated systems we used one system that primarily 

sampled a given minimum to represent that minimum. The systems we used were: 2HAI for the 

open conformation (sampled this conformation in 1914 out of 2000 frames), 3FRZ for the 

intermediate conformation (sampled this conformation in 1675 frames out of 2000) and 1YUY 

for the closed conformation (sampled this conformation in 1988 frames out of 2000). From this 
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analysis (see appendix B) we observed that there are more H-bonds forming and breaking during 

the transitions in both the fingers and the thumb domain compared to the free enzyme. In 

addition, we observed that some H-bonds that were only broken in the intermediate state of the 

free enzyme were not present in the mutated systems. These suggest that the mutations 

destabilize the enzyme conformations, making it more difficult for the enzyme to establish the 

interactions that buttress each conformation.  

 Both 3FRZ and 2HAI sample the open conformation and have the mutation L47Q. In the 

H-bond analysis of the free enzyme it is apparent that L47 is involved in the H-bond network 

that we reported (see chapter 2) between the delta 1, delta 2 and the rest of the fingers domain, 

stabilizing the closed conformation. The fact that L47 is mutated to a glutamine could result in 

this network not to be formed and favor the sampling of the open conformation versus the 

closed.   

Highlighted in cyan are hydrogen bonds between residues at the same position but which 

have different sequence identity in genotype 1b and genotype 2a. For example, in the delta 1 

loop in the closed conformation the hydrogen bonded pair is CYS 39 – GLU 18 and in the open 

conformation the pair is ALA 39 – GLU 18. The fact that the H-bond is still formed even if the 

amino acid sequence is different agrees with our previous observations that support the possible 

transferability of our results to other genotypes and related viruses.  

 

 

3.4 Conclusions 

 The study in this chapter showed that the free energy landscape we described for NS5B 

as a free enzyme (in chapter 2) may be widely applicable to other HCV genotypes. Both 



 
 

 
 

85 

inhibitor-bound and mutated systems in this study have shown how the NS5B polymerase is a 

very tightly coupled allosterically regulated system. However, the structural aspect has been 

shown to have a more decisive impact in the function of the enzyme than the sequence. For that 

reason, we expect for the insights garnered from this study to be transferable to other genotypes 

of HCV and also other viral polymerases. This knowledge may be of crucial importance in drug 

development in particular for other viruses for which there is not much information and 

treatments are scarce, such as West Nile virus or foot-and-mouth disease virus.  

 The results from this study also indicate that previously reported inhibitors have a large 

impact on modifying the Free energy landscape. We showed that these inhibitors can encourage 

novel conformations to be adopted or change the relative probability of sampled conformations. 

Analyzing the H-bonds of the inhibitor-bound systems, we found that the inhibitors accomplish 

these effects by disrupting communication between domains and preferentially stabilizing 

specific conformations. These strategies are of remarkable importance because they may be 

applied in a new stage of drug design. The H-bonds that we have reported could be used as 

targets for inhibition of the enzyme function.  
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Chapter 4.  Summary, Significance and Future Directions 

 

4.1 Dissertation Summary: Major Findings of this Dissertation 

Our overall findings contribute to understanding the role that enzyme conformational 

changes play in replication of the viral genome. Specifically, we have examined, for the first 

time, the Free Energy Landscape (FEL) of the NS5B RNA polymerase from Hepatitis C Virus 

and the way in which it is altered by structural perturbations. The enzyme FEL revealed the 

existence of an intermediate conformation that was not hitherto reported. We characterized each 

conformation and the transitions between them, identifying the stabilizing H-bond interactions 

that are specific to each. From these findings we suggested new targets and strategies for 

developing therapeutics. The strategies we suggested in chapter 2 as possible avenues for 

inhibition were i) disrupting the communication between domains, and ii) preferentially 

stabilizing one of the conformations. Those strategies were confirmed in chapter 3 as 

mechanisms by which the previously reported inhibitors act. From this outcome, we determined 

principles underlying the mechanism of action of the inhibitors included in this study. 

Furthermore, we suggested that given that these strategies (shown in chapter 3) are adopted by 

the inhibitors in this study, they likely decrease enzyme function and thus may be suitable for 

drug development with the key H-bond interactions that we described as targets.  
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4.1.1 Characterization of the NS5B conformations and the transitions between them 

         (Chapter 2) 

Our study demonstrated that the HCV polymerase without ligands present explores 

diverse conformations that appear relevant to the RNA replication cycle. This is observed even 

in the absence of other components needed for the RNA replication cycle such as nucleotides or 

the RNA template. This observation may not have been necessarily expected. It could have been 

the case that the enzyme stays in the closed conformation (needed for initiation) until the 

components needed for the replication complex are bound and converts to the open conformation 

at the elongation stage. These observations would be more consistent with an induced fit model 

of enzyme function. However, the fact that the free enzyme appears to sample many of the 

conformations needed for replication suggests that the enzyme adopts a conformational selection 

mechanism in which functionally relevant conformations are accessible to the free enzyme. 

Specific conformations may be preferentially stabilized by particular binding partners, such as 

components for the replication complex or small molecule inhibitors, as seen in chapter 3, but 

these molecules are not necessarily required for the conformation to be observed.  

 Each conformation is characterized by distinct patterns of flexibility, large amplitude 

structural changes and correlated motions. Noteworthy are the unique H-bonds of each 

conformation and the H-bond networks formed among them that play a key role in stabilizing 

each state and in facilitating transitions between them. Those H-bonds may be good targets for 

new drug development strategies. Given that the RNA replication cycle is thought to be highly 

similar among viral polymerases (particularly those that employ (+)-sense templates) our 

observations are likely to be relevant to these enzymes in other viruses as well. Thus, the 
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strategies suggested in this work of breaking inter-domain H-bonds and preferentially stabilizing 

specific conformations as a means to inhibit the function of NS5B may also be applicable to 

other viruses for which fewer treatments are available.   

  

4.1.2 The effect of mutations and inhibitors show that insights from NS5B may be   

         transferable to other viral polymerases (Chapter 3) 

 This study showed that the FEL of the enzyme maintains its essential elements despite 

the presence of perturbations such as mutations or allosteric inhibitors. This observation suggests 

that the insights obtained from NS5B will be transferable to other polymerases since the 

structural aspects of the enzyme seem to have a more dominant impact on its function than its 

sequence.   

 Another highly valuable conclusion from our results was how modification of the Free 

Energy landscape is the underlying principle behind mechanisms of inhibition observed 

previously. We observed how this modification could occur if an inhibitor encourages the 

enzyme to sample a novel non-functionally relevant conformation or if it changes the probability 

by which the conformations are sampled.  

  The H-bond analysis of the inhibitor-bound systems revealed that they mainly disrupt 

communication between domains and preferentially stabilize one or more conformations. This 

finding is of particular importance because it brings to light the mechanism of action of the 

previously reported inhibitors, and it also suggests strategies to be used for designing new drugs. 

Thus, the H-bonds identified in chapter 2 to be characteristic of each conformation may be 

targets for new therapies. Inhibitors could be designed that would break the inter-domain H-
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bonds, preventing communication between domains and, as a result, the conformational changes 

needed for the replication cycle to take place.       

 

 

4.2 Significance 

Characterization of NS5B conformations and the deeper understanding of the replication 

process that we obtained from the results of the present study is a major milestone for viral 

polymerases. The details of the conformational distribution that the Free Energy landscape of the 

free enzyme (see chapter 2) revealed have important consequences for understanding how 

therapeutics may work to target the HCV polymerase. Specific conformational states may 

modulate the affinity or efficacy of small molecule inhibitors. We have shown in previous 

studies that inhibitors bound to the different allosteric sites on the enzyme can alter its 

conformational preferences (1-3). Conversely, it is not unreasonable to expect that the specific 

conformation adopted by the enzyme could modulate its interactions with small molecule 

ligands. As a consequence, drugs that target the initiation stage of RNA replication (when the 

enzyme is in the closed conformation) may be ineffective during elongation (when the enzyme is 

in the open conformation) and vice versa. Such a model is consistent with studies demonstrating 

that certain allosteric inhibitors disrupt the transition from elongation to inhibition, while others 

inhibit initiation (4-8).Thus, it may be advantageous to employ a combination therapy using a 

variety of inhibitors directed at different conformational states if one desires to effectively target 

the enzyme at all stages of RNA replication. It is likely that a collection of distinct 

conformational states defined by large-scale structural changes, as we see in NS5B, is also 

present in other viral polymerases, given the extensive functional and structural similarities 
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between these enzymes. As a result, the potential impact of this conformational distribution on 

modulating inhibitor efficacy should be an important factor to take into consideration for 

developing therapeutics that can target viral RNA polymerases.  

  

 

4.3 Future Directions 

 The present study opens door for several research opportunities in the future. Three main 

studies would be recommended after this work: 

 

1) MD simulations with mutations that are expected to reproduce the action of the 

inhibitors. To design these simulations, the residues that form the H-bonds that have been 

shown to be affected by the inhibitors would be mutated to residues that are unable to 

form those H-bonds. If the mutations reproduce the effect of the inhibitors, we would 

expect to see a shift in the relative probability with which the conformations are sampled 

by the enzyme or the sampling of a novel conformation such as we have seen to result 

from inhibitor action. Thus, those simulations will confirm our understanding of the 

mechanism of action of the given inhibitors and will contribute to further our knowledge 

for new drug discovery efforts.    

2) Hydrogen-deuterium exchange experiments coupled to mass spectrometry may be 

employed to evaluate the impact of inhibitor binding on the H-bonds of the HCV 

polymerase. Results from such a study may provide additional evidence for the changes 

to H-bonds and dynamics for each conformation predicted in this dissertation and further 

validate the use of computational approaches in understanding protein conformations and 

allosteric inhibition in viral polymerases. Validating the computational studies 



 
 

 
 

93 

experimentally would be highly beneficial since the in silico approaches require a lower 

investment of funds and could be useful in guiding the experimental work. Moreover, 

such studies reveal the molecular details underlying the experimental observations that 

are not always readily accessible from the experiments. 

3) MD simulations of free and ligand-bound HCV polymerase in the presence of RNA 

template to evaluate any impact on the conformational sampling and dynamics mediated 

by inhibitor binding. Our work revealed that the free enzyme sampled the closed, 

intermediate and open conformations and that inhibitor binding perturbs the free energy 

landscape, changing the frequency with which the minima are sampled. The presence of 

RNA template may also favor specific conformations. Insights regarding changes to the 

free energy landscape in the presence of template may provide us with a better 

framework for understanding the allosteric behavior of the HCV polymerase in the 

context of replication. An important piece of information resulting from such a study is 

whether the enzyme automatically opens up in preparation for elongation, or if the 

enzyme stays in the closed conformation until duplex RNA is formed to force the enzyme 

open. Each of these scenarios would facilitate the understanding of how effective specific 

inhibitors can be during different stages of the RNA replication cycle. If a specific 

inhibitor can only bind to the closed conformation, it would be most effective in the 

initiation stage of replication. However, if the enzyme readily transitions to the open 

conformation once bound to template RNA, then an inhibitor that can bind to the open 

conformation found during the elongation stage of replication might be more beneficial. 

Thus, this knowledge would be very helpful in designing effective combination therapies.    
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Appendix	
  A	
  
	
  

	
   	
   	
  

	
   	
  

	
  

Figure	
  A1.	
  Free	
  energy	
  landscapes	
  computed	
  for	
  individual	
  trajectories.	
  
In	
   figure	
   A1	
   are	
   displayed	
   the	
   individual	
   free	
   energy	
   landscapes	
   generated	
   from	
   each	
   trajectory.	
   It	
   is	
   apparent	
   that	
   the	
  
trajectories	
   explore	
   distinct	
   regions	
   of	
   conformational	
   space	
   despite	
   representing	
   the	
   same	
   system	
   biological	
   system	
   and	
  
beginning	
  from	
  roughly	
  the	
  same	
  starting	
  point	
  with	
  regard	
  to	
  the	
  structural	
  coordinates	
  shown	
  in	
  Table	
  1	
  of	
  the	
  main	
  text.	
  
Thus,	
  any	
  given	
  trajectory	
  only	
  provides	
  a	
  limited	
  description	
  of	
  the	
  overall	
  landscape-­‐-­‐it	
  is	
  only	
  by	
  combining	
  all	
  the	
  data	
  that	
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we	
  are	
  able	
  to	
  obtain	
  a	
  representative	
  picture	
  of	
  the	
  conformational	
  distribution.	
  When	
  we	
  examine	
  the	
  space	
  explored	
  by	
  the	
  
distinct	
  starting	
  points,	
  most	
  systems	
  are	
  observed	
  to	
  sample	
  only	
  one	
  minimum	
  in	
  the	
  landscape	
  and	
  are	
  thus	
  limited	
  in	
  the	
  
information	
   they	
  can	
  provide.	
  This	
   limited	
  sampling	
   is	
  despite	
  most	
  of	
   the	
  simulations	
  being	
  performed	
   for	
  hundreds	
  of	
  ns	
  
using	
  both	
  conventional	
  MD	
  and	
  TAMD	
  and	
  demonstrates	
  the	
  utility	
  of	
  employing	
  diverse	
  starting	
  points	
  for	
  MD	
  simulation	
  
studies.	
  	
  
	
  
	
  
Table	
  A1:	
  WHAM	
  weights	
  and	
  number	
  of	
  snapshots	
  in	
  each	
  substate	
  for	
  individual	
  trajectories.	
  
	
   Substate	
   	
   	
   	
  
PDB	
  ID	
   Closed	
   Intermediate	
   Open	
   fi	
  
2BRL	
   -­‐-­‐-­‐	
   113	
   1887	
   0.062	
  
2WHO	
   979	
   1021	
   -­‐-­‐-­‐	
   0	
  
3C09	
   1998	
   2	
   -­‐-­‐-­‐	
   0.329	
  
3HHK	
   1992	
   8	
   -­‐-­‐-­‐	
   0.345	
  
1QUV	
   1966	
   34	
   -­‐-­‐-­‐	
   0.108	
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Figure	
   A2.	
   Location	
   of	
   the	
   original	
   PDB	
   coordinates	
  with	
   respect	
   to	
   free	
   energy	
   landscapes	
   presented	
   in	
   the	
  main	
   text.	
  
Symbols	
   corresponding	
   to	
   PDB	
   IDs	
   for	
   each	
   structure	
   are	
   provided	
   in	
   the	
   legend	
   of	
   each	
   panel.	
   Note	
   that	
   all	
   of	
   the	
  
coordinates	
  display	
  conformations	
  in	
  the	
  vicinity	
  of	
  the	
  free	
  energy	
  minimum	
  in	
  the	
  intermediate	
  region	
  of	
  the	
  landscapes	
  
(69°	
   <	
   inter-­‐domain	
   angle	
   <	
   74°).	
   It	
   is	
   possible	
   that	
   conditions	
   amenable	
   to	
   crystallization	
   may	
   preferentially	
   stabilize	
  
structures	
  with	
  these	
  domain	
  angle	
  values.	
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Table	
  A2:	
  Inter-­‐domain	
  angles	
  computed	
  for	
  a	
  random	
  sample	
  of	
  HCV	
  polymerase	
  structures	
  from	
  the	
  PDB	
  
PDB	
  ID	
   Inter-­‐domain	
  Angle	
  

(°)	
  
3I5K	
   68.89	
  
1YVF	
   70.51	
  
1Z4U	
   70.71	
  
3HKY	
   69.86	
  
2FVC	
   69.26	
  
1OS5	
   69.05	
  
3GNV	
   69.76	
  
2GC8	
   69.11	
  
2AX0	
   69.99	
  
2AWZ	
   70.03	
  
2AX1	
   69.88	
  
2XI2	
   69.35	
  
1CSJ	
   71.92	
  
1GX5	
   71.79	
  
1GX6	
   71.46	
  
1YVZ	
   71.17	
  
1YVX	
   70.92	
  
1NB4	
   69.55	
  
1NB6	
   69.59	
  
1NB7	
   68.84	
  
2QE5	
   69.42	
  
1YV2	
   71.15	
  
1YUY	
   69.58	
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Table	
  A3.	
  Characteristic	
  hydrogen	
  bonds	
  in	
  each	
  conformational	
  state	
  
	
   	
   Closed	
  –	
  intermediate	
  transition	
   Intermediate	
  –	
  open	
  transition	
  	
  
	
   	
   Broken	
  in	
  the	
  transition	
  from	
  

closed	
  to	
  intermediate	
  states	
  
Formed	
  in	
  the	
  transition	
  from	
  
closed	
  to	
  intermediate	
  states	
  

Broken	
  in	
  the	
  transition	
  from	
  
intermediate	
  to	
  open	
  states	
  	
  

Formed	
  in	
  the	
  transition	
  from	
  
intermediate	
  to	
  open	
  -­‐	
  states	
  

	
   	
   Residues	
   occa	
   Residues	
   occ	
   Residues	
   occ	
   Residues	
   occ	
  

Fi
ng
er
s	
  d
om

ai
n	
  

Re
st
	
  o
f	
  t
he
	
  fi
ng
er
s	
  d
om

ai
n	
  
	
  

ARG	
  250	
  –	
  TYR	
  240	
  
ARG	
  278	
  –	
  GLU	
  230	
  
CYS	
  279	
  –	
  SER	
  3	
  

THR	
  286	
  –	
  GLU	
  171	
  
ARG	
  56	
  –	
  ASP	
  55	
  
VAL	
  228	
  –	
  ARG	
  56	
  	
  

0.2	
  
0.4	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
	
  

GLN184	
  –	
  SER	
  180	
  
ASP	
  232	
  –	
  GLN	
  58	
  
ARG	
  250	
  –	
  GLN	
  241	
  
LYS	
  254	
  –	
  GLU	
  237	
  

	
  

0.1	
  
0.5	
  
0.3	
  
0.2	
  

ARG	
  65	
  	
  –	
  ASP	
  62	
  
LEU	
  91	
  –	
  ALA	
  88	
  
THR	
  92	
  –	
  ALA	
  88	
  
ARG	
  109	
  –	
  THR	
  92	
  
ARG	
  168	
  –	
  ALA	
  97	
  
ARG	
  168	
  –	
  SER	
  96	
  
ARG	
  168	
  –	
  PRO	
  163	
  
SER	
  226	
  –	
  SER	
  3	
  

ARG	
  250	
  –	
  GLN	
  241	
  
LYS	
  254	
  –	
  GLU	
  237	
  
SER	
  255	
  –	
  ASP	
  129	
  
ARG	
  277–	
  THR	
  136	
  
SER	
  282	
  –	
  LEU	
  159	
  

0.2	
  
0.2	
  
0.2	
  
0.6	
  
0.7	
  
0.7	
  
0.7	
  
0.4	
  
0.3	
  
0.2	
  
0.3	
  
0.7	
  
0.3	
  

HSD	
  63	
  –	
  ASP	
  61	
  
GLU	
  171	
  –	
  ARG	
  168	
  
	
  VAL	
  228	
  –	
  ARG	
  56	
  
CYS	
  243	
  –	
  ALA	
  75	
  
ARG	
  277	
  –	
  TYR	
  261	
  
ARG	
  278	
  –	
  GLU	
  230	
  
THR	
  286	
  –	
  GLU	
  171	
  

0.2	
  
0.2	
  
0.8	
  
0.2	
  
0.3	
  
0.7	
  
0.5	
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Be
tw
ee
n	
  
de
lta
	
  1
	
  a
nd
	
  d
el
ta
	
  2
	
  lo
op
s	
  a
nd
	
  

re
st
	
  o
f	
  f
in
ge
rs
	
  d
om

ai
n	
  

SER	
  44	
  –	
  THR	
  41	
  
ALA	
  45	
  –	
  SER	
  42	
  
LEU	
  47	
  –	
  SER	
  44	
  
ARG	
  48	
  	
  –	
  SER	
  44	
  
ARG	
  48	
  –	
  ALA	
  45	
  
PRO	
  156	
  	
  –	
  ARG	
  48	
  

ALA	
  157	
  –	
  THR	
  41	
  
ALA	
  157	
  –	
  SER	
  44	
  
ALA	
  157	
  –	
  ARG	
  48	
  
LYS	
  155	
  –	
  THR	
  41	
  
ALA	
  140	
  –	
  THR	
  12	
  
ALA	
  140	
  –	
  CYS	
  14	
  
ASN	
  142	
  –	
  CYS	
  14	
  
ASN	
  142	
  –	
  SER	
  42	
  

0.3	
  
0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.3	
  
0.3	
  
0.6	
  
0.2	
  
0.4	
  
0.5	
  
0.3	
  
0.4	
  

LYS	
  141	
  –	
  THR	
  40	
  
ASN	
  142	
  –	
  GLU	
  18	
  
ARG	
  154	
  –	
  ASN	
  35	
  

0.3	
  
0.6	
  
0.3	
  
	
  

LYS	
  141	
  –	
  THR	
  40	
  
ASN	
  142	
  –	
  GLU	
  18	
  
ARG	
  154	
  –	
  ASN	
  35	
  

0.3	
  
0.6	
  
0.3	
  

LYS	
  155	
  –	
  THR	
  41	
  
PRO	
  156	
  –	
  ARG	
  48	
  
ALA	
  157	
  –	
  ARG	
  48	
  
ALA	
  157	
  –	
  THR	
  41	
  
	
  ALA	
  157	
  –	
  SER	
  44	
  

	
  

0.4	
  
0.9	
  
0.9	
  
0.6	
  
0.3	
  
	
  

	
  Delta	
  
2	
  loop	
  

GLY	
  153	
  GLU	
  150	
   0.2	
   LYS	
  151	
  –	
  GLN	
  148	
   0.3	
   LYS	
  151	
  –	
  GLN	
  148	
   0.3	
   GLY	
  153	
  –	
  GLU	
  150	
   0.3	
  

	
  

De
lta
	
  1
	
  lo
op
	
  

LEU	
  26	
  –	
  ASN	
  24	
  
HSD	
  34	
  –	
  LEU	
  21	
  
ALA	
  39	
  –	
  GLU	
  18	
  

0.3	
  
0.4	
  
0.4	
  

ALA	
  9	
  –	
  THR	
  7	
  
VAL	
  37	
  -­‐	
  HSD	
  34	
  
ALA	
  39	
  –	
  SER	
  19	
  
SER	
  42	
  –	
  GLU	
  17	
  

0.3	
  
0.4	
  
0.7	
  
0.2	
  

VAL	
  37	
  –	
  HSD	
  34	
  
ALA	
  39	
  –	
  SER	
  19	
  
SER	
  42	
  –	
  GLU	
  17	
  

	
  

0.4	
  
0.7	
  
0.2	
  

LEU	
  26	
  –	
  ASN	
  24	
  
HSD	
  34	
  –	
  LEU	
  21	
  
ALA	
  39	
  –	
  GLU	
  18	
  
SER	
  42	
  –	
  ALA	
  15	
  
ALA	
  45	
  –	
  SER	
  42	
  
ASN	
  142	
  –	
  SER	
  42	
  
SER	
  44	
  –	
  THR	
  41	
  
LEU	
  47	
  –	
  SER	
  44	
  
ARG	
  48	
  –	
  SER	
  44	
  

0.3	
  
0.4	
  
0.3	
  
0.4	
  
0.3	
  
0.8	
  
0.2	
  
0.4	
  
0.3	
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Pa
lm
	
  d
om

ai
n	
  

	
  GLN	
  194–	
  GLY	
  188	
  
GLN	
  194	
  –	
  TYR	
  191	
  
ARG	
  200	
  –	
  GLY	
  192	
  
ARG	
  200	
  –	
  TYR	
  195	
  
GLY	
  317	
  –	
  CYS	
  295	
  

	
  	
  

0.3	
  
0.3	
  
0.2	
  
0.4	
  
0.2	
  

TYR	
  195	
  –	
  SER	
  189	
  
ASP	
  310	
  –	
  LYS	
  211	
  
THR	
  312	
  –	
  LYS	
  211	
  
MET	
  313	
  –	
  SER	
  190	
  
ASN	
  316	
  –	
  ARG	
  200	
  
GLU	
  325	
  –	
  LYS	
  212	
  
PRO	
  350	
  –	
  ARG	
  222	
  
SER	
  365	
  –	
  ARG	
  200	
  
CYS	
  366	
  	
  –	
  ASP	
  319	
  

0.7	
  
0.2	
  
0.2	
  
0.4	
  
0.8	
  
0.2	
  
0.2	
  
0.8	
  
0.8	
  
	
  
	
  

TYR	
  195	
  –	
  SER	
  189	
  
TYR	
  191	
  –	
  GLY	
  188	
  
LEU	
  308	
  –	
  CYS	
  303	
  
ASP	
  310	
  –	
  LYS	
  211	
  
THR	
  312	
  –	
  LYS	
  211	
  
MET	
  313	
  –	
  SER	
  190	
  
VAL	
  315	
  –	
  SER	
  190	
  
VAL	
  315	
  –	
  GLY	
  192	
  
ASN	
  316	
  –	
  ARG	
  200	
  
SER	
  365	
  –	
  ARG	
  200	
  
CYS	
  366	
  –	
  ASP	
  319	
  

SER	
  368	
  –	
  CYS	
  366	
  
ASN	
  369	
  –	
  THR	
  364	
  
GLU	
  325	
  –	
  LYS	
  212	
  
GLU	
  325	
  –	
  GLN	
  309	
  

0.6	
  
0.2	
  
0.6	
  
0.2	
  
0.2	
  
0.4	
  
0.9	
  
0.8	
  
0.9	
  
0.8	
  
0.8	
  
0.3	
  
0.4	
  
0.2	
  
0.3	
  

GLY	
  198	
  –	
  SER	
  196	
  
ARG	
  200	
  –	
  GLY	
  192	
  
ARG	
  200-­‐TYR	
  195	
  
LYS	
  211	
  –	
  THR	
  207	
  
GLY	
  317	
  –	
  CYS	
  295	
  
ASP	
  332	
  –	
  LYS	
  307	
  
SER	
  368	
  –	
  SER	
  367	
  
ASN	
  369	
  –	
  ILE	
  363	
  

0.4	
  
0.7	
  
0.9	
  
0.4	
  
0.3	
  
0.3	
  
0.2	
  
0.3	
  

Th
um

b	
  
do
m
ai
n	
  
	
  

VAL	
  405	
  –	
  THR	
  403	
  
ARG	
  401	
  –	
  GLU	
  398	
  
ASN	
  411	
  –	
  TRP	
  408	
  	
  
TYR	
  415	
  –	
  SER	
  368	
  

ARG	
  422	
  –	
  ALA	
  416	
  
HSD	
  428–	
  THR	
  399	
  
ASP	
  444	
  –	
  ASN	
  406	
  
LYS	
  531	
  –	
  TRP	
  528	
  

0.3	
  
0.3	
  
0.3	
  
0.5	
  
0.3	
  
0.7	
  
0.2	
  
0.3	
  

HSD	
  402	
  –	
  GLU	
  398	
  
SER	
  407	
  –	
  GLU	
  398	
  
HSD	
  467	
  –	
  TYR	
  448	
  
GLY	
  468	
  –	
  HSD	
  467	
  
GLY	
  468	
  –	
  ILE	
  463	
  
ARG	
  484	
  –	
  ARG	
  386	
  
GLY	
  493	
  –	
  ARG	
  490	
  
ASN	
  527	
  –	
  PHE	
  472	
  
ASN	
  527	
  –	
  TYR	
  524	
  
TRP	
  528	
  –	
  ARG	
  501	
  
THR	
  390	
  –	
  ASP	
  387	
  

0.2	
  
0.4	
  
0.4	
  
0.2	
  
0.5	
  
0.8	
  
0.3	
  
0.7	
  
0.6	
  
0.3	
  
0.3	
  

THR	
  390	
  –	
  ASP	
  387	
  
SER	
  407	
  –	
  GLU	
  398	
  
ILE	
  412	
  –	
  LEU	
  409	
  	
  
HSD	
  467	
  –	
  TYR	
  448	
  
GLY	
  468	
  –	
  HSD	
  467	
  
ARG	
  484	
  –	
  ARG	
  386	
  	
  
ASN	
  527	
  –	
  TYR	
  524	
  
ALA	
  529	
  –	
  ARG	
  505	
  
TRP	
  528	
  –	
  ARG	
  501	
  
LYS	
  531	
  –	
  ARG	
  501	
  

0.3	
  
0.4	
  
0.2	
  
0.3	
  
0.2	
  
0.8	
  
0.6	
  
0.2	
  
0.3	
  
0.3	
  

VAL	
  405	
  –	
  THR	
  403	
  	
  
SER	
  407	
  –	
  VAL	
  405	
  
GLY	
  410	
  –	
  SER	
  407	
  
LEU	
  409	
  –	
  ASN	
  406	
  	
  
HSD	
  428	
  –	
  THR	
  399	
  
ASP	
  444	
  –	
  ASN	
  406	
  
SER	
  473	
  –	
  LEY	
  469	
  
SER	
  473	
  –	
  ALA	
  376	
  
SER	
  473	
  –	
  ASP	
  375	
  
GLU	
  481	
  –	
  SER	
  371	
  
TRP	
  528	
  –	
  ASN	
  527	
  

0.4	
  
0.2	
  
0.3	
  
0.4	
  
0.6	
  
0.9	
  
0.4	
  
0.7	
  
0.3	
  
0.2	
  
0.3	
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Be
tw
ee
n	
  
pa
lm
	
  

an
d	
  
fin
ge
rs
	
  

THR	
  287–	
  ARG	
  280	
  
LYS	
  298	
  –	
  GLN	
  58	
  
GLY	
  188	
  –	
  GLN	
  184	
  

0.3	
  
0.2	
  
0.3	
  

TYR	
  191–	
  MET	
  187	
  
SER	
  347	
  –	
  GLN	
  58	
  
SER	
  288	
  –	
  VAL	
  284	
  
LYS	
  298	
  –	
  TYR	
  64	
  
THR	
  227–	
  ARG	
  222	
  

	
  

0.2	
  
0.4	
  
0.3	
  
0.2	
  
0.4	
  

SER	
  347	
  –	
  GLN	
  58	
  
SER	
  190	
  –	
  MET	
  187	
  
TYR	
  191–	
  MET	
  187	
  
TYR	
  191	
  –	
  GLY	
  188	
  
THR	
  227–	
  ARG	
  222	
  
LYS	
  298	
  –	
  TYR	
  64	
  
THR	
  287	
  –	
  VAL	
  284	
  
SER	
  288	
  –	
  VAL	
  284	
  

0.4	
  
0.8	
  
0.2	
  
0.2	
  
0.5	
  
0.2	
  
0.2	
  
0.3	
  

GLY	
  188	
  –	
  GLN	
  184	
  
SER	
  189	
  –	
  GLN	
  184	
  
SER	
  190	
  –	
  SER	
  189	
  
THR	
  287	
  –	
  ARG	
  280	
  
THR	
  287	
  –	
  SER	
  282	
  
LYS	
  298	
  –	
  GLN	
  58	
  
ARG	
  345	
  –	
  ASP	
  61	
  
TYR	
  346	
  –	
  HSD	
  63	
  

0.5	
  
0.3	
  
0.2	
  
0.6	
  
0.3	
  
0.2	
  
0.4	
  
0.2	
  

Be
tw
ee
n	
  

th
um

b	
  
an
d	
  

fin
ge
rs
	
  

ASP	
  444	
  –	
  ARG	
  109	
  
CYS	
  451	
  –	
  LEU	
  91	
  
ALA	
  396	
  –	
  SER	
  27	
  
LYS	
  491	
  –	
  HSD	
  33	
  

0.2	
  
0.2	
  
0.3	
  
0.4	
  

ARG	
  394	
  –	
  VAL	
  144	
  
ARG	
  401	
  –	
  GLU	
  18	
  
LEU	
  492	
  –	
  ARG	
  32	
  

0.3	
  
0.3	
  
0.3	
  

ARG	
  394	
  –	
  VAL	
  144	
  
	
  

0.3	
   THR	
  390	
  –	
  CYS	
  146	
  
ALA	
  400	
  –	
  ASN	
  24	
  
ASN	
  406	
  –	
  HSD	
  95	
  
	
  ASP	
  444	
  –	
  ARG	
  109	
  
CYS	
  451	
  –	
  LEU	
  91	
  
LYS	
  491	
  –	
  HSD	
  33	
  
ARG	
  503	
  –	
  SER	
  29	
  

0.2	
  
0.3	
  
0.4	
  
0.4	
  
0.3	
  
0.3	
  
0.2	
  

Be
tw
ee
n	
  

th
um

b	
  
an
d	
  

pa
lm
	
  	
  

HSD	
  467	
  –	
  GLY	
  198	
  
SER	
  473	
  –	
  ALA	
  376	
  
SER	
  473	
  –	
  ASP	
  375	
  
HSD	
  475	
  –	
  SER	
  473	
  
GLU	
  481	
  –	
  SER	
  371	
  
GLU	
  481	
  –	
  TYR	
  383	
  

0.3	
  
0.3	
  
0.3	
  
0.3	
  
0.4	
  
0.2	
  

	
   	
   	
   	
   ARG	
  386	
  –	
  SER	
  368	
   0.2	
  

a:	
  occupancy	
  (fraction	
  of	
  ensemble	
  in	
  which	
  H-­‐bond	
  is	
  present)	
  
H-­‐bonds	
  that	
  differ	
  between	
  the	
  conformations	
  can	
  be	
  divided	
   into	
  two	
  main	
  categories:	
  1)	
  H-­‐bonds	
  that	
  are	
  unique	
  to	
  one	
  
conformation	
  (colored	
  green	
  above)	
  and	
  2)	
  H-­‐bonds	
  that	
  are	
  specific	
  to	
  two	
  conformations.	
  In	
  the	
  latter	
  group	
  we	
  observe	
  the	
  
following	
  subcategories:	
  a)	
  H-­‐bonds	
  that	
  are	
  common	
  to	
  the	
  closed	
  and	
  open	
  states:	
  colored	
  yellow	
  above),	
  b)	
  H-­‐bonds	
  that	
  
are	
  common	
  to	
  the	
  intermediate	
  and	
  open	
  states:	
  purple),	
  c)	
  H-­‐bonds	
  common	
  to	
  the	
  intermediate	
  and	
  the	
  closed	
  states:	
  red).	
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Table	
  A4.	
  Characteristic	
  hydrogen	
  bond	
  networks	
  in	
  each	
  conformational	
  state	
  

Broken	
  in	
  the	
  transition	
  from	
  
closed	
  to	
  intermediate	
  states	
  

Formed	
  in	
  the	
  transition	
  from	
  
closed	
  to	
  intermediate	
  states	
  

Broken	
  in	
  the	
  transition	
  
from	
  intermediate	
  to	
  
open	
  states	
  	
  

Formed	
  in	
  the	
  transition	
  
from	
  intermediate	
  to	
  open	
  -­‐	
  
states	
  

#1	
  (see	
  below)	
   ASP	
  310	
  –	
  LYS	
  211	
  –	
  THR	
  312	
   LEU	
  91–	
  ALA	
  88	
  –	
  THR	
  
92	
  –	
  ARG	
  109	
  

SER	
  42	
  –	
  ALA	
  15,	
  ALA	
  	
  45	
  &	
  	
  
ASN	
  142	
  

GLN	
  184	
  –	
  GLY	
  188	
  –	
  	
  GLN	
  194	
  
–	
  TYR	
  191	
  

ASN	
  316	
  –	
  	
  ARG	
  200	
  –	
  SER	
  365	
   ARG	
  168	
  –	
  SER	
  96,	
  ALA	
  
97	
  &	
  PRO	
  163	
  

SER	
  44	
  –	
  THR	
  41,	
  LEU	
  47	
  &	
  
ARG	
  	
  48	
  

GLY	
  192	
  –	
  ARG200	
  –	
  TYR	
  195	
   HSD	
  402	
  –	
  GLU	
  398	
  –	
  SER	
  407	
   SER	
  190	
  –	
  MET	
  187	
  –	
  
TYR	
  191	
  –	
  GLY	
  188	
  

#2	
  (see	
  below)	
  

ARG	
  109	
  –	
  	
  ASP	
  444	
  –	
  ASN	
  406	
   TYR	
  448	
  –	
  HSD	
  467	
  –	
  GLY	
  468	
  
–	
  ILE	
  463	
  

THR	
  287	
  –	
  VAL	
  284	
  –	
  
SER	
  288	
  

GLY	
  188	
  –	
  GLN	
  184	
  –	
  SER	
  
189	
  –	
  	
  SER	
  190	
  

ALA	
  376	
  –	
  SER	
  473	
  –	
  ASP	
  375	
  
&	
  HSD	
  475	
  

PHE	
  472	
  –	
  ASN	
  527	
  –	
  TYR	
  524	
   ASP	
  310	
  –	
  	
  LYS	
  211	
  –	
  
THR	
  312	
  

ARG	
  280	
  –	
  THR	
  287	
  –	
  	
  SER	
  
282	
  

TYR	
  383	
  –	
  GLU	
  481	
  –	
  SER	
  371	
   	
   MET	
  313	
  –	
  SER	
  190	
  –	
  
VAL	
  315	
  –	
  GLY	
  192	
  

GLY	
  192	
  –	
  	
  ARG	
  200	
  –	
  	
  TYR	
  
195	
  

	
   	
   ASN	
  316	
  –	
  	
  ARG	
  200	
  –	
  	
  
SER365	
  

THR	
  403	
  –	
  	
  VAL	
  405	
  –	
  	
  SER	
  
407	
  –	
  	
  GLY	
  410	
  

	
   	
   ASP	
  319	
  –	
  	
  CYS	
  366	
  –	
  	
  
SER	
  368	
  

ARG	
  109	
  –	
  	
  ASP	
  444	
  –	
  	
  ASN	
  
406	
  

	
   	
   LYS	
  212	
  –	
  	
  GLU	
  325	
  –	
  	
  
GLN	
  309	
  

SER	
  473	
  –	
  LEU	
  469,	
  ALA	
  376	
  
&	
  ASP	
  375	
  

	
   	
   TYR	
  448	
  –	
  	
  HSD	
  467	
  –	
  
GLY	
  468	
  

	
  

	
   	
   TRP	
  528	
  –	
  ARG	
  501	
  –	
  	
  
LYS	
  531	
  

	
  

	
  
Colors	
  above	
  indicate	
  the	
  same	
  categories	
  described	
  in	
  Table	
  S4.	
  The	
  occurrence	
  of	
  
these	
  H-­‐bond	
  categories	
  in	
  each	
  state	
  is	
  summarized	
  by	
  the	
  schematic	
  below.	
  
	
  

	
  
	
  
Figure	
  A3.	
  Schematic	
  descriptions	
  of	
  H-­‐bond	
  categories.	
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Network	
  #1	
  	
   (closed	
  state)	
  	
   	
   	
   	
  
	
  
	
  
	
  
	
  
	
   	
  
	
  
	
  
	
  
	
  
	
  
	
  
Network	
  #2	
  (open	
  state)	
  
	
  
LYS	
  155	
  (d2)	
  –	
  THR	
  41	
  (f)	
  –	
  ALA	
  157	
  (d2)	
  –	
  SER	
  44	
  (f)	
  
	
   	
  |	
  
	
  	
  	
  ARG	
  48	
  (f)	
  –	
  PRO	
  156	
  (d2)	
  
	
  
Figure	
   A4.	
   Schematic	
   depictions	
   of	
   hydrogen	
   bond	
   networks	
   in	
   open	
   and	
   closed	
  
states.	
   Text	
   in	
   parentheses	
   refers	
   to	
   the	
   enzyme	
   domain	
   or	
   structural	
   element	
   in	
  
which	
  a	
  given	
  residue	
  is	
  located	
  as	
  follows:	
  fingers	
  (f),	
  delta	
  1	
  loop	
  (d1),	
  delta	
  2	
  loop	
  
(d2).	
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Figure	
   A5.	
   Molecular	
   view	
   of	
   residues	
   involved	
   in	
   H-­‐bond	
   network	
   #1	
   that	
   is	
  
schematically	
   represented	
   above.	
   The	
   polymerase	
   is	
   depicted	
   in	
   cartoon	
  
representation.	
  The	
  delta	
  1	
  and	
  delta	
  2	
  loops	
  are	
  shown	
  in	
  purple	
  and	
  orange	
  while	
  
residues	
   in	
   the	
   fingers	
  domain	
  are	
   shown	
   in	
  black.	
  This	
  extensive	
  network	
  occurs	
  
only	
  in	
  the	
  closed	
  conformation	
  and	
  involves	
  twelve	
  residues	
  from	
  the	
  delta	
  1	
  loop,	
  
delta	
   2	
   loop	
   and	
   part	
   of	
   the	
   adjoining	
   fingers.	
   The	
   occurrence	
   of	
   this	
   network	
  
emphasizes	
   the	
   key	
   role	
   of	
   the	
   delta	
   1	
   and	
   2	
   loops	
   in	
   stabilizing	
   the	
   closed	
  
conformation.	
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Figure	
  A6.	
  Length	
  of	
  hydrogen	
  bond	
  connecting	
  ASP	
  444	
  and	
  ARG	
  109	
  (blue)	
  and	
  
inter-­‐domain	
  angle	
  (orange)	
  as	
  a	
  function	
  of	
  simulation	
  time	
  in	
  the	
  2WHO	
  trajectory.	
  	
  
	
  	
  	
  
	
  
Movies	
   A11.	
   Movies	
   of	
   largest	
   amplitude	
   PCs	
   from	
   2BRL	
   simulations	
   and	
   from	
  
ensembles	
  for	
  the	
  closed,	
  intermediate	
  and	
  open	
  states	
  are	
  provided	
  separately.	
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Appendix	
  B	
  
	
  
Table	
  B1.	
  Characteristic	
  hydrogen	
  bonds	
  in	
  each	
  conformational	
  state	
  for	
  the	
  mutated	
  systems.	
  They	
  are	
  color	
  coded	
  
following	
  the	
  same	
  criteria	
  that	
  in	
  appendix	
  A.	
  	
  
	
  
	
   	
   Closed	
  –	
  intermediate	
  transition	
   Intermediate	
  –	
  open	
  transition	
  	
  
	
   	
   Broken	
  in	
  the	
  transition	
  from	
  

closed	
  to	
  intermediate	
  states	
  
Formed	
  in	
  the	
  transition	
  from	
  
closed	
  to	
  intermediate	
  states	
  

Broken	
  in	
  the	
  transition	
  from	
  
intermediate	
  to	
  open	
  states	
  	
  

Formed	
  in	
  the	
  transition	
  from	
  
intermediate	
  to	
  open	
  states	
  

	
   	
   residue	
   occ	
   residue	
   occ	
   residue	
   occ	
   residue	
   occ	
  

Fi
ng
er
s	
  d
om

ai
n	
  

Re
st
	
  o
f	
  t
he
	
  fi
ng
er
s	
  d
om

ai
n	
  
	
  

MET	
  2	
  –	
  SER	
  1	
  
ASP	
  70	
  –	
  SER	
  66	
  
GLU	
  87	
  –	
  ARG	
  81	
  
SER	
  96	
  –	
  PRO	
  93	
  
GLY	
  102	
  –	
  SER	
  99	
  
GLY	
  102	
  –	
  ARG	
  98	
  
ARG	
  109	
  –	
  THR	
  92	
  
LEU	
  111	
  –	
  VAL	
  108	
  
LEU	
  165	
  –	
  ASP	
  164	
  
VAL	
  167	
  –	
  ASP	
  164	
  
ARG	
  168	
  –	
  ALA	
  97	
  
ARG	
  168	
  –	
  PRO	
  163	
  
ARG	
  168	
  –	
  LYS	
  172	
  
LEU	
  91	
  -­‐	
  LYS	
  172	
  
TYR	
  191	
  –	
  MET	
  187	
  
SER	
  226	
  –	
  CYS	
  223	
  
SER	
  226	
  –	
  ARG	
  56	
  
THR	
  227	
  –	
  ARG	
  222	
  
VAL	
  228	
  –	
  ARG	
  56	
  
THR	
  229	
  –	
  GLN	
  58	
  
GLU	
  230	
  –	
  SER	
  1	
  
SER	
  238	
  –	
  THR	
  235	
  
CYS	
  243	
  –	
  ILE	
  239	
  

0.6	
  
0.2	
  
0.6	
  
0.7	
  
0.4	
  
0.2	
  
0.4	
  
0.8	
  
0.3	
  
0.6	
  
0.9	
  
0.9	
  
0.7	
  
0.2	
  
0.3	
  
0.4	
  
0.6	
  
0.6	
  
0.4	
  
0.4	
  
0.2	
  
0.2	
  
0.3	
  

GLN	
  47	
  –	
  SER	
  44	
  
ARG	
  48	
  –	
  ALA	
  45	
  
ARG	
  56	
  –	
  ASP	
  55	
  
HSD	
  63	
  –	
  ASP	
  61	
  
ARG	
  65	
  –	
  ASP	
  62	
  
THR	
  92	
  –	
  ALA	
  88	
  
PRO	
  163	
  –	
  LYS	
  98	
  
LEU	
  165	
  –	
  LYS	
  98	
  
GLU	
  171	
  –	
  ARG	
  168	
  
LYS	
  172	
  –	
  VAL	
  169	
  
ASP	
  232	
  –	
  GLN	
  58	
  
GLN	
  241	
  –	
  SER	
  238	
  
ARG	
  250	
  –	
  GLN	
  241	
  
GLY	
  275	
  –	
  ASN	
  273	
  
ARG	
  277	
  –	
  TYR	
  261	
  
ARG	
  278	
  –	
  GLU	
  230	
  
CYS	
  279	
  –	
  SER	
  3	
  

GLY	
  283	
  –	
  ARG	
  168	
  
	
  

0.5	
  
0.3	
  
0.3	
  
0.2	
  
0.3	
  
0.9	
  
0.2	
  
0.8	
  
1.0	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.4	
  
0.6	
  
0.2	
  
0.8	
  
	
  

ALA	
  45	
  –	
  SER	
  42	
  
GLN	
  47	
  –	
  SER	
  44	
  
ARG	
  48	
  –	
  SER	
  44	
  
VAL	
  52	
  –	
  SER	
  3	
  
ARG	
  65	
  –	
  ASP	
  62	
  
TYR	
  101	
  –	
  SER	
  99	
  
ASP	
  107	
  –	
  GLY	
  104	
  
ASP	
  107	
  –	
  ARG	
  114	
  
PRO	
  163	
  –	
  LYS	
  98	
  
ASP	
  164	
  –	
  LYS	
  100	
  
ARG	
  168	
  –	
  SER	
  96	
  
GLU	
  171	
  –	
  ARG	
  168	
  
LYS	
  172	
  –	
  VAL	
  169	
  
ASP	
  232	
  –	
  GLN	
  58	
  
ILE	
  233	
  –	
  THR	
  229	
  
GLN	
  241	
  –	
  SER	
  238	
  
CYS	
  243	
  –	
  ALA	
  75	
  
GLU	
  248	
  –	
  TRP	
  123	
  
ARG	
  250	
  –	
  GLN	
  241	
  
ARG	
  277	
  –	
  TYR	
  261	
  
CYS	
  279	
  –	
  SER	
  3	
  

GLY	
  283	
  –	
  ARG	
  168	
  

0.4	
  
0.6	
  
0.2	
  
0.7	
  
0.3	
  
0.5	
  
0.9	
  
0.9	
  
0.3	
  
0.2	
  
0.8	
  
1.0	
  
0.3	
  
0.2	
  
0.6	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.4	
  
0.2	
  
0.8	
  

ASP	
  55	
  –	
  SER	
  1	
  
GLU	
  70	
  –	
  ASP	
  66	
  
GLY	
  102	
  –	
  SER	
  99	
  
ARG	
  109	
  –	
  THR	
  92	
  
LEU	
  111	
  –	
  VAL	
  108	
  
ASP	
  135	
  –	
  LYS	
  100	
  
ASP	
  164	
  –	
  LYS	
  98	
  
VAL	
  167	
  –	
  ASP	
  164	
  
ARG	
  168	
  –	
  LEU	
  165	
  
ARG	
  168	
  –	
  PRO	
  163	
  
LYS	
  172	
  –	
  ARG	
  168	
  
SER	
  226	
  –	
  ARG	
  56	
  
ARG	
  234	
  –	
  ASN	
  231	
  
ARG	
  250	
  –	
  LEU	
  245	
  
LYS	
  254	
  –	
  GLU	
  237	
  
SER	
  269	
  –	
  THR	
  12	
  
SER	
  269	
  –	
  PRO	
  13	
  
ARG	
  277	
  –	
  THR	
  136	
  
GLY	
  283	
  –	
  VAL	
  161	
  

	
  
	
  
	
  

0.2	
  
0.2	
  
0.4	
  
0.6	
  
0.7	
  
0.2	
  
0.2	
  
0.6	
  
0.3	
  
0.6	
  
0.7	
  
0.4	
  
0.2	
  
0.3	
  
0.2	
  
0.5	
  
0.4	
  
0.8	
  
0.9	
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ARG	
  250	
  –	
  CYS	
  243	
  
HSD	
  254	
  –	
  GLU	
  237	
  
GLY	
  263	
  –	
  LEU	
  260	
  
SER	
  269	
  –	
  THR	
  12	
  
SER	
  269	
  –	
  PRO	
  13	
  
ARG	
  277	
  –	
  THR	
  136	
  
GLY	
  283	
  –	
  VAL	
  161	
  
THR	
  286	
  –	
  TYR	
  261	
  

0.4	
  
0.4	
  
0.2	
  
0.2	
  
0.3	
  
0.8	
  
0.3	
  
0.6	
  

Be
tw
ee
n	
  
de
lta
	
  1
	
  a
nd
	
  	
  

de
lta
	
  2
	
  lo
op
s	
  a
nd
	
  re
st
	
  

	
  o
f	
  f
in
ge
rs
	
  d
om

ai
n	
  

SER	
  42	
  –	
  GLU	
  19	
  
ASN	
  142	
  -­‐	
  GLU	
  18	
  
GLY	
  152	
  –	
  ASP	
  148	
  
ALA	
  157	
  -­‐	
  SER	
   44	
  
TYR	
  162	
  –	
  CYS	
  14	
  

0.3	
  
0.3	
  
0.6	
  
0.7	
  
0.2	
  

CYS	
  146	
  –	
  MET	
  36	
  
GLY	
  153	
  –	
  GLU	
  150	
  
LYS	
  155	
  –	
  THR	
  41	
  
ALA	
  157	
  –	
  THR	
  41	
  

0.2	
  
0.5	
  
0.9	
  
0.8	
  

SER	
  44	
  –	
  THR	
  41	
  
LYS	
  155	
  –	
  THR	
  41	
  

0.3	
  
0.8	
  

SER	
  42	
  –	
  THR	
  41	
  
SER	
  42	
  –	
  ILE	
  11	
  
ARG	
  43	
  –	
  THR	
  41	
  
ARG	
  43	
  –	
  GLU	
  17	
  
ASN	
  142	
  –	
  ALA	
  15	
  
PRO	
  156	
  –	
  ARG	
  48	
  
ALA	
  157	
  –	
  ARG	
  48	
  

0.2	
  
0.4	
  
0.4	
  
0.5	
  
0.3	
  
0.5	
  
0.5	
  

	
  Delta	
  2	
  
loop	
  

	
   	
   	
   	
   GLY	
  153	
  –	
  GLU	
  150	
   0.5	
   GLY	
  152	
  –	
  GLN	
  148	
  
GLY	
  153	
  –	
  GLN	
  148	
  

0.6	
  
0.9	
  

De
lta
	
  1
	
  

lo
op
	
   VAL	
  37	
  –	
  HSD	
  34	
  

CYS	
  39	
  –	
  GLU	
  18	
  
0.5	
  
0.4	
  

GLU	
  18	
  –	
  GLU	
  17	
  
VAL	
  37	
  –	
  LEU	
  21	
  
ALA	
  39	
  –	
  SER	
  19	
  

0.5	
  
0.2	
  
0.6	
  

GLU	
  18	
  –	
  GLU	
  17	
  
VAL	
  37	
  –	
  LEU	
  21	
  
ALA	
  39	
  –	
  SER	
  19	
  
LEU	
  26	
  –	
  ASN	
  24	
  

0.6	
  
0.2	
  
0.6	
  
0.4	
  

ALA	
  39	
  –	
  GLU	
  18	
  
THR	
  41	
  –	
  GLU	
  17	
  

0.2	
  
0.3	
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Pa
lm
	
  d
om

ai
n	
  

TYR	
  195	
  –	
  GLY	
  188	
  
LYS	
  211	
  –	
  ALA	
  207	
  
GLY	
  307	
  –	
  LYS	
  304	
  
GLU	
  325	
  –	
  SER	
  324	
  
ARG	
  334	
  –	
  GLU	
  331	
  
PRO	
  349	
  –	
  ARG	
  222	
  
GLU	
  357	
  –	
  ARG	
  355	
  
CYS	
  366	
  –	
  ASP	
  319	
  

	
  

0.2	
  
0.2	
  
0.2	
  
0.4	
  
0.5	
  
0.8	
  
0.3	
  
0.6	
  
	
  

TYR	
  191	
  –	
  GLY	
  188	
  
GLN	
  194	
  –	
  TYR	
  191	
  
ARG	
  222	
  –	
  ASP	
  220	
  
THR	
  312	
  –	
  LYS	
  211	
  
ASN	
  316	
  –	
  ARG	
  200	
  
GLY	
  317	
  –	
  CYS	
  295	
  
GLU	
  325	
  –	
  LYS	
  212	
  
GLU	
  325	
  –	
  GLN	
  309	
  
PRO	
  349	
  –	
  THR	
  221	
  
ASP	
  352	
  –	
  ARG	
  222	
  
SER	
  365	
  –	
  ARG	
  200	
  

0.3	
  
0.5	
  
0.8	
  
0.2	
  
0.9	
  
0.2	
  
0.2	
  
0.3	
  
0.9	
  
0.2	
  
0.7	
  

ARG	
  222	
  –	
  ASP	
  220	
  
ASN	
  291	
  –	
  ASP	
  225	
  
ASP	
  310	
  –	
  LYS	
  211	
  
THR	
  312	
  –	
  LYS	
  211	
  
PRO	
  349	
  –	
  THR221	
  
ASP	
  352	
  –	
  ARG	
  222	
  
SER	
  368	
  –	
  CYS	
  366	
  
ASN	
  369	
  –	
  THR364	
  

0.8	
  
0.3	
  
0.2	
  
0.2	
  
0.9	
  
0.2	
  
0.3	
  
0.4	
  

PRO	
  349	
  –	
  ARG	
  222	
  
VAL	
  370	
  –	
  ASN	
  369	
  

1.0	
  
0.3	
  

Th
um

b	
  
do
m
ai
n	
  
	
  

ARG	
  401	
  –	
  GLU	
  398	
  
SER	
  403	
  –	
  GLU	
  398	
  
ILE	
  412	
  –	
  TRP	
  408	
  
ILE	
  413	
  –	
  LEU	
  409	
  
ASN	
  444	
  –	
  PRO	
  404	
  
TYR	
  448	
  –	
  SER	
  288	
  
LEU	
  457	
  –	
  SER	
  455	
  
GLY	
  493	
  –	
  ARG	
  490	
  
ARG	
  514	
  –	
  ASP	
  437	
  
ARG	
  514	
  –	
  ASP	
  440	
  
GLY	
  515	
  –	
  ILE	
  512	
  
ALA	
  519	
  –	
  GLY	
  516	
  
ASN	
  527	
  –	
  ARG	
  508	
  

0.6	
  
0.3	
  
0.8	
  
0.7	
  
0.4	
  
0.2	
  
0.3	
  
0.3	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  

SER	
  377	
  –	
  ASP	
  375	
  
GLY	
  378	
  –	
  HSD	
  374	
  
ARG	
  380	
  –	
  HSD	
  374	
  
ALA	
  400	
  –	
  ALA	
  396	
  
ARG	
  401	
  –	
  TRP	
  397	
  
HSD	
  402	
  –	
  GLU	
  398	
  
HSD	
  402	
  –	
  THR	
  399	
  
VAL	
  405	
  –	
  THR	
  403	
  
SER	
  407	
  –	
  GLU	
  398	
  
TRP	
  408	
  –	
  GLU	
  398	
  
GLY	
  410	
  –	
  SER	
  407	
  
CYS	
  445	
  –	
  LEU	
  443	
  
ILE	
  462	
  –	
  LEU	
  459	
  
LEU	
  466	
  –	
  TYR	
  448	
  
HSD	
  475	
  –	
  SER	
  473	
  
CYS	
  488	
  –	
  THR	
  389	
  
ARG	
  517	
  –	
  GLU	
  455	
  
PHE	
  526	
  –	
  GLY	
  522	
  
LYS	
  531	
  –	
  ARG	
  501	
  

0.4	
  
0.5	
  
0.2	
  
0.5	
  
0.8	
  
0.5	
  
0.2	
  
0.3	
  
0.5	
  
0.2	
  
0.3	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.4	
  
0.3	
  
0.3	
  
0.3	
  

HSD	
  402	
  –	
  GLU	
  398	
  
SER	
  407	
  –	
  GLU	
  398	
  
TRP	
  408	
  –	
  GLU	
  398	
  
LEU	
  409	
  –	
  ASN	
  406	
  
GLY	
  410	
  –	
  SER	
  407	
  
ASP	
  444	
  –	
  ASN	
  406	
  
CYS	
  445	
  –	
  LEU	
  443	
  
SER	
  453	
  –	
  ASP	
  444	
  
ILE	
  462	
  –	
  LEU	
  459	
  
LEU	
  466	
  –	
  TYR	
  448	
  
HSD	
  467	
  –	
  ILE	
  413	
  
ALA	
  471	
  –	
  ARG	
  422	
  
HSD	
  475	
  –	
  SER	
  473	
  
PHE	
  526	
  –	
  GLY	
  522	
  
LYS	
  531	
  –	
  TRP	
  528	
  
LYS	
  531	
  –	
  ARG	
  501	
  

0.5	
  
0.5	
  
0.2	
  
0.6	
  
0.3	
  
0.7	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.3	
  
0.4	
  
0.3	
  

ARG	
  401	
  –	
  GLU	
  398	
  
THR	
  403	
  –	
  GLU	
  398	
  
ILE	
  412	
  –	
  TRP	
  408	
  
ILE	
  413	
  –	
  LEU	
  409	
  
ASP	
  444	
  –	
  TRP	
  408	
  
GLN	
  446	
  –	
  VAL	
  405	
  
GLY	
  468	
  –	
  GLU	
  464	
  
SER	
  473	
  –	
  LEU	
  469	
  
TYR	
  477	
  –	
  ARG	
  422	
  
GLU	
  481	
  –	
  SER	
  371	
  
CYS	
  488	
  –	
  VAL	
  485	
  
GLY	
  515	
  –	
  LEU	
  512	
  
ASN	
  527	
  –	
  ARG	
  422	
  
ASN	
  527	
  –	
  PHE	
  472	
  
TRP	
  528	
  –	
  ASN	
  527	
  

	
  

0.7	
  
0.3	
  
0.6	
  
0.9	
  
0.8	
  
0.2	
  
0.4	
  
0.7	
  
0.9	
  
0.2	
  
0.4	
  
0.2	
  
0.6	
  
0.8	
  
0.6	
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Be
tw
ee
n	
  

pa
lm
	
  a
nd
	
  

fin
ge
rs
	
   THR	
  287	
  –	
  SER	
  282	
  

THR	
  287	
  –	
  VAL	
  284	
  
TYR	
  346	
  –	
  GLN	
  58	
  

0.2	
  
0.5	
  
0.3	
  

THR	
  287	
  –	
  ALA	
  281	
  
ASN	
  291	
  –	
  ARG	
  280	
  
ARG	
  304	
  –	
  ASP	
  66	
  
ARG	
  304	
  –	
  GLU	
  70	
  
ARG	
  345	
  –	
  ASP	
  61	
  

0.2	
  
0.2	
  
0.3	
  
0.6	
  
0.3	
  

THR	
  287	
  –	
  ALA	
  281	
   0.2	
   SER	
  226	
  –	
  CYS	
  223	
  
THR	
  287	
  –	
  SER	
  282	
  

0.5	
  
0.7	
  
	
  

Be
tw
ee
n	
  
th
um

b	
  
an
d	
  
fin
ge
rs
	
   THR	
  390	
  –	
  CYS	
  146	
  

ARG	
  394	
  –	
  GLU	
  143	
  
0.6	
  
0.2	
  

TRP	
  397	
  –	
  GLU	
  17	
  
ARG	
  401	
  –	
  GLU	
  17	
  
LYS	
  491	
  –	
  HSD	
  33	
  

0.2	
  
0.5	
  
0.7	
  

TRP	
  397	
  –	
  GLU	
  17	
  
ARG	
  401	
  –	
  GLU	
  18	
  
ARG	
  401	
  –	
  GLU	
  17	
  
LYS	
  491	
  –	
  HSD	
  33	
  
LEU	
  492	
  –	
  ARG	
  	
  32	
  
LEU	
  492	
  –	
  HSD	
  33	
  

0.2	
  
0.2	
  
0.5	
  
0.7	
  
0.3	
  
0.7	
  

ALA	
  400	
  –	
  ASN	
  24	
   0.4	
  

Be
tw
ee
n	
  

th
um

b	
  
an
d	
  

pa
lm
	
  	
   TYR	
  415	
  –	
  SER	
  368	
  

HSD	
  467	
  –	
  ALA	
  198	
  
0.9	
  
0.3	
  

	
   	
   	
   	
   SER	
  478	
  –	
  GLU	
  361	
  
GLU	
  481	
  –	
  TYR	
  383	
  
ARG	
  484	
  –	
  ASN	
  369	
  

0.3	
  
0.2	
  
0.2	
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Table	
  B2.	
  Characteristic	
  hydrogen	
  bonds	
  in	
  each	
  conformational	
  state	
  for	
  the	
  inhibitor	
  bound	
  systems.	
  They	
  are	
  color	
  coded	
  
following	
  the	
  same	
  criteria	
  that	
  in	
  appendix	
  A.	
  	
  
	
  
	
  
	
   	
   Closed	
  –	
  intermediate	
  transition	
   Intermediate	
  –	
  open	
  transition	
  	
  
	
   	
   Broken	
  in	
  the	
  transition	
  from	
  

closed	
  to	
  intermediate	
  states	
  
Formed	
  in	
  the	
  transition	
  from	
  
closed	
  to	
  intermediate	
  states	
  

Broken	
  in	
  the	
  transition	
  from	
  
intermediate	
  to	
  open	
  states	
  	
  

Formed	
  in	
  the	
  transition	
  from	
  
intermediate	
  to	
  open	
  -­‐	
  states	
  

	
   	
   residue	
   occ	
   residue	
   occ	
   residue	
   occ	
   residue	
   occ	
  

Fi
ng
er
s	
  d
om

ai
n	
  

Re
st
	
  o
f	
  t
he
	
  fi
ng
er
s	
  d
om

ai
n	
  
	
  

TYR	
  64	
  –	
  ASP	
  	
  61	
  
GLU	
  70	
  –	
  ASP	
  66	
  
ARG	
  109	
  –	
  LYS	
  90	
  
GLU	
  230	
  –	
  SER	
  1	
  
ASP	
  232	
  –	
  GLN	
  58	
  
GLU	
  248	
  –	
  TRP	
  123	
  
ARG	
  250	
  –	
  GLN	
  241	
  
ASN	
  268	
  –	
  LEU	
  10	
  
CYS	
  279	
  –	
  SER	
  3	
  

0.2	
  
0.3	
  
0.4	
  
0.4	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  

LEU	
  47	
  –	
  SER	
  44	
  
HSD	
  63–ASP	
  61	
  
ARG	
  109	
  –	
  THR	
  92	
  
SER	
  226	
  –	
  SER	
  3	
  

GLU	
  237	
  –	
  ARG	
  234	
  
CYS	
  243	
  –	
  ILE	
  239	
  
ARG	
  250	
  –	
  TYR	
  240	
  
ARG	
  277	
  –	
  THR	
  136	
  
GLY	
  283	
  –	
  VAL	
  161	
  
THR	
  286	
  –	
  ARG	
  280	
  
THR	
  286	
  –	
  TYR	
  261	
  

	
  0.3	
  
0.2	
  
0.4	
  
0.4	
  
0.2	
  
0.2	
  
0.2	
  
0.5	
  
0.7	
  
0.2	
  
0.2	
  
	
  

ARG	
  48	
  –	
  SER	
  44	
  
HSD	
  63	
  –	
  ASP	
  	
  61	
  
LEU	
  91	
  –	
  ALA	
  88	
  
LYS	
  151–GLN148	
  
PRO	
  156	
  –ARG48	
  
VAL	
  228	
  –ARG56	
  
CYS	
  243	
  -­‐	
  ILE239	
  
CYS	
  243	
  -­‐	
  ALA75	
  
ARG	
  250-­‐TYR240	
  
LYS	
  270	
  -­‐ASN268	
  
GLY	
  271-­‐ASN268	
  
ASN	
  273	
  -­‐	
  THR7	
  
GLY	
  275-­‐ASN273	
  
THR	
  286-­‐GLU171	
  

0.2	
  
0.2	
  
0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.5	
  
0.2	
  
0.2	
  
0.2	
  
	
  

ASP	
  55	
  –	
  SER	
  1	
  
ARG	
  56	
  –	
  ASP	
  55	
  
TYR	
  64	
  –	
  ASP	
  61	
  
ARG	
  65	
  –	
  ASP	
  62	
  
GLU	
  70	
  –	
  ASP	
  66	
  
ASP	
  135	
  –	
  LYS	
  100	
  
GLY	
  166	
  –	
  ASP	
  164	
  
THR	
  229	
  –	
  GLN	
  58	
  
GLU	
  230	
  –	
  SER	
  1	
  

ARG	
  250	
  –	
  GLN	
  241	
  
THR	
  257	
  –	
  GLU	
  237	
  
SER	
  269	
  –	
  THR	
  267	
  
CYS	
  274	
  –	
  ASN	
  268	
  
ARG	
  277	
  –	
  TYR	
  261	
  
CYS	
  279	
  -­‐	
  	
  SER	
  3	
  

THR	
  287	
  –	
  SER	
  282	
  

0.2	
  
0.2	
  
0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.3	
  
0.2	
  
0.4	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.7	
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Be
tw
ee
n	
  
de
lta
	
  1
	
  a
nd
	
  	
  

de
lta
	
  2
	
  lo
op
s	
  a
nd
	
  re
st
	
  

	
  o
f	
  f
in
ge
rs
	
  d
om

ai
n	
  

SER	
  44	
  –	
  THR	
  41	
  
GLN	
  49	
  –	
  ILE	
  11	
  
ASN	
  142	
  –	
  ALA	
  15	
  
ALA	
  157	
  –	
  SER	
  44	
  
ALA	
  157	
  –	
  ARG	
  48	
  

	
  

0.2	
  
0.4	
  
0.2	
  
0.4	
  
0.2	
  

SER	
  42	
  –	
  ALA	
  16	
  
ARG	
  43	
  –	
  THR	
  41	
  
ARG	
  43	
  –	
  ALA	
  15	
  
ARG	
  154	
  –	
  GLU	
  18	
  
ASN	
  142	
  –	
  SER	
  42	
  
LYS	
  155	
  –	
  THR	
  41	
  

	
  

0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.3	
  

SER	
  	
  42	
  –	
  ALA	
  16	
  
ARG	
  43	
  –	
  ALA	
  15	
  
ALA	
  140–THR	
  12	
  
ALA	
  140–CYS	
  14	
  
LYS	
  155	
  –THR	
  41	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

0.3	
  
0.2	
  
0.3	
  
0.4	
  
0.2	
  	
  

	
   	
  

	
  Delta	
  2	
  
loop	
  

GLY	
  152	
  –	
  GLN	
  148	
  
GLY	
  153	
  –	
  GLU	
  150	
  

	
  

0.2	
  
0.2	
  

LYS	
  151	
  –	
  GLN	
  148	
   0.2	
   	
   	
   	
   	
  

	
  

De
lta
	
  1
	
  lo
op
	
  

SER	
  19	
  –	
  GLU	
  18	
  
LEU	
  30	
  –	
  SER	
  27	
  
HSD	
  34	
  –	
  LEU	
  21	
  
THR	
  41	
  –	
  GLU	
  17	
  

0.2	
  
0.2	
  
0.2	
  
0.2	
  

VAL	
  37	
  –	
  HSD	
  34	
  
VAL	
  37	
  –	
  LEU	
  21	
  

	
  

0.2	
  
0.2	
  

	
   	
   SER	
  19	
  –	
  GLU	
  18	
  
LYS	
  20	
  –	
  GLU	
  18	
  
LEU	
  30	
  –	
  SER	
  27	
  
HSD	
  33	
  –	
  ARG	
  32	
  
HSD	
  34	
  –	
  ARG	
  32	
  
HSD	
  34	
  –	
  SER	
  27	
  
HSD	
  34	
  –	
  ASN	
  28	
  
MET	
  36	
  –	
  HSD	
  33	
  
SER	
  44	
  –	
  THR	
  41	
  

0.4	
  
0.4	
  
0.3	
  
0.2	
  
0.3	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  

Pa
lm
	
  d
om

ai
n	
  

ASN	
  369	
  –	
  ILE	
  363	
   0.2	
   	
  TYR	
  195	
  –	
  GLY	
  192	
  
TYR	
  195	
  –	
  SER	
  189	
  
LEU	
  308	
  –	
  CYS	
  303	
  
ASN	
  316	
  –	
  ARG	
  200	
  
GLY	
  317	
  –	
  CYS	
  295	
  
PRO	
  349	
  –	
  ARG	
  222	
  
SER	
  365	
  –	
  ARG	
  200	
  
CYS	
  366	
  –	
  ASP	
  319	
  
SER	
  368	
  –	
  CYS	
  366	
  
ASN	
  369	
  –	
  THR	
  364	
  
ASN	
  369	
  –	
  GLU	
  361	
  

0.3	
  
0.7	
  
0.3	
  
0.5	
  
0.4	
  
0.6	
  
0.4	
  
0.2	
  
0.3	
  
0.3	
  
0.2	
  

TYR	
  191-­‐GLY	
  188	
  
ARG	
  200-­‐TYR	
  195	
  
PRO	
  349-­‐THR	
  221	
  
ASP	
  352-­‐ARG	
  222	
  
CYS	
  366	
  –ASP	
  319	
  
ASN	
  369-­‐THR	
  364	
  
ASN	
  369-­‐GLU	
  361	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

0.3	
  
0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.3	
  
0.2	
  
	
  

ASP	
  310	
  -­‐	
  LYS	
   	
  211	
  
THR	
  312	
  –	
  LYS	
  211	
  
ASP	
  318	
  –	
  THR	
  221	
  
VAL	
  370	
  –	
  ASN	
  369	
  

0.2	
  
0.2	
  
0.6	
  
0.5	
  



	
   113	
  

Th
um

b	
  
do
m
ai
n	
  
	
  

VAL	
  372	
  –	
  SER	
  371	
  
ARG	
  386	
  –	
  SER	
  368	
  
TRP	
  420	
  –	
  ARG	
  386	
  
HSD	
  428	
  –	
  THR	
  399	
  
HSD	
  467	
  –	
  ILE	
  413	
  
PHE	
  472	
  –LEU	
  469	
  
ARG	
  484	
  –	
  ASP	
  387	
  
LYS	
  531	
  –	
  TRP	
  528	
  

	
  

0.3	
  
0.6	
  
0.5	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.3	
  

GLY	
  378	
  –	
  HSD	
  374	
  
ARG	
  380	
  –	
  HSD	
  374	
  
ASP	
  387	
  –	
  ARG	
  386	
  
THR	
  389	
  –	
  ASP	
  387	
  
VAL	
  405	
  –	
  THR	
  403	
  
TRP	
  408	
  –	
  ASN	
  406	
  
GLY	
  410	
  –	
  ASN	
  406	
  
ARG	
  422	
  –	
  ALA	
  416	
  
GLN	
  446	
  –	
  VAL	
  405	
  
PHE	
  472	
  –	
  GLY	
  468	
  
LEU	
  474	
  –	
  SER	
  470	
  
GLY	
  493	
  –	
  ARG	
  490	
  
LYS	
  531	
  –	
  ARG	
  501	
  

0.2	
  
0.2	
  
0.5	
  
0.3	
  
0.2	
  
0.2	
  
0.3	
  
0.2	
  
0.4	
  
0.4	
  
0.2	
  
0.2	
  
0.2	
  
	
  

HSD	
  402	
  –	
  GLU	
  398	
  
VAL	
  405	
  –	
  THR	
  403	
  
TRP	
  408	
  –	
  ASN	
  406	
  
LEU	
  409	
  –	
  ASN	
  406	
  
GLY	
  410	
  –	
  ASN	
  406	
  
TYR	
  415	
  –	
  SER	
  368	
  
ARG	
  422	
  –	
  ALA	
  416	
  
GLN	
  446	
  –	
  VAL	
  405	
  
PHE	
  472	
  –	
  GLY	
  468	
  
SER	
  473	
  –	
  LEU	
  469	
  
LEU	
  474	
  –	
  SER	
  470	
  
HSD	
  475	
  –	
  SER	
  473	
  
SER	
  476	
  –	
  HSD	
  374	
  
GLU	
  481	
  –	
  SER	
  371	
  
GLU	
  481	
  –	
  TYR	
  383	
  
TRP	
  528	
  –	
  LEU	
  525	
  
LYS	
  531	
  –	
  ARG	
  501	
  

0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.3	
  
0.4	
  
0.2	
  
0.4	
  
0.4	
  
0.3	
  
0.2	
  
0.3	
  
0.4	
  
0.4	
  
0.3	
  
0.2	
  
0.2	
  

SER	
  371	
  –	
  GLU	
  361	
  
VAL	
  372	
  –	
  SER	
  371	
  
ASN	
  406	
  –	
  THR	
  403	
  
SER	
  407	
  –	
  THR	
  403	
  
SER	
  407	
  –	
  GLU	
  398	
  
TRP	
  408	
  –	
  THR	
  399	
  
ILE	
  412	
  -­‐	
  LEU	
  409	
  
HSD	
  428	
  –	
  THR	
  399	
  
GLY	
  468	
  –	
  HSD	
  467	
  
CYS	
  488	
  –	
  THR	
  389	
  
GLN	
  514	
  –	
  LEU	
  511	
  
VAL	
  530	
  –	
  ASN	
  527	
  
LYS	
  531	
  –	
  TRP	
  528	
  

0.2	
  
0.3	
  
0.2	
  
0.2	
  
0.2	
  
0.2	
  
0.3	
  
0.6	
  
0.4	
  
0.4	
  
0.2	
  
0.3	
  
0.2	
  
	
  

Be
tw
ee
n	
  

pa
lm
	
  a
nd
	
  

fin
ge
rs
	
   SER	
  288	
  –	
  VAL	
  284	
  

CYS	
  289	
  –	
  LEU	
  285	
  
ASN	
  291	
  –	
  ARG	
  280	
  
THR	
  294	
  –	
  ARG	
  280	
  
ASP	
  318	
  –	
  THR	
  221	
  

0.5	
  
0.8	
  
0.3	
  
0.3	
  
0.2	
  

	
   	
   SER	
  226	
  –	
  CYS	
   223	
  
THR	
  287	
  –	
  VAL	
  284	
  
THR	
  287	
  –	
  ALA	
  281	
  

0.5	
  
0.3	
  
0.6	
  

THR	
  227	
  –	
  ARG	
  222	
  
ASN	
  291	
  –	
  ASP	
  225	
  
LYS	
  298	
  –	
  TYR	
  64	
  

0.3	
  
0.2	
  
0.2	
  

Be
tw
ee
n	
  
th
um

b	
  
an
d	
  
fin
ge
rs
	
   ALA	
  396	
  –	
  SER	
  27	
  

ASN	
  406	
  –	
  HSD	
  95	
  
ASP	
  444	
  –	
  ARG	
  109	
  
TYR	
  448	
  –	
  TYR	
  176	
  
CYS	
  451	
  –	
  LEU	
  91	
  
ARG	
  503	
  –	
  SER	
  29	
  

0.2	
  
0.2	
  
0.3	
  
0.3	
  
0.5	
  
0.2	
  

LYS	
  491	
  –	
  HSD	
  33	
   0.3	
   	
   	
   LEU	
  492	
  –	
  ARG	
  32	
  
ARG	
  503	
  –	
  SER	
  29	
  

0.2	
  
0.6	
  

Be
tw
ee
n	
  

th
um

b	
  
an
d	
  

pa
lm
	
  	
   	
   	
   TYR	
  415	
  –	
  SER	
  368	
  

LEU	
  466	
  –	
  GLY	
  198	
  
0.3	
  
0.2	
  

LEU	
  466	
  –	
  GLY	
  198	
   0.3	
   SER	
  478	
  –	
  GLU	
  361	
  
ARG	
  484	
  –	
  ASN	
  369	
  

0.3	
  
0.8	
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Table	
  B3.	
  RMSD	
  comparison	
  of	
  the	
  PDBs	
  representative	
  of	
  the	
  different	
  minima.	
  	
  
	
  

	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
   	
   free	
   ligands	
   mutations	
  
	
   	
   closed	
   inter	
   open	
   closed	
   inter	
   open	
   D	
   E	
   F	
   closed	
   inter	
   open	
  

Closed	
   0	
   3.6	
   4.1	
   3.1	
   4.3	
   4.7	
   3.3	
   3.2	
   4.9	
   2.8	
   3.8	
   6.3	
  
Inter	
   3.6	
   0	
   2.9	
   2.7	
   4.9	
   3.1	
   3.1	
   2.4	
   5.1	
   3.1	
   3.5	
   6.1	
  

free	
  

open	
   4.1	
   2.9	
   0	
   4.0	
   4.0	
   2.4	
   4.3	
   3.1	
   4.0	
   3.8	
   2.2	
   4.1	
  
Closed	
   3.1	
   2.7	
   4.0	
   0	
   4.4	
   3.8	
   2.4	
   2.6	
   4.8	
   3.1	
   3.8	
   6.4	
  
Inter	
   4.3	
   4.9	
   4.0	
   4.4	
   0	
   4.4	
   4.2	
   4.5	
   2.2	
   5.0	
   3.1	
   4.6	
  
open	
   4.7	
   3.1	
   2.4	
   3.8	
   4.4	
   0	
   4.5	
   3.0	
   4.1	
   4.5	
   3.2	
   4.7	
  
VGI	
   3.3	
   3.1	
   4.3	
   2.4	
   4.2	
   4.5	
   0	
   3.4	
   5.1	
   3.0	
   3.9	
   6.7	
  
3MS	
   3.2	
   2.4	
   3.1	
   2.6	
   4.5	
   3.0	
   3.4	
   0	
   4.7	
   3.2	
   3.5	
   5.9	
  

ligands	
  

POO	
   4.9	
   5.1	
   4.0	
   4.8	
   2.2	
   4.1	
   5.1	
   4.7	
   0	
   5.7	
   3.5	
   3.9	
  
Closed	
   2.8	
   3.1	
   3.8	
   3.1	
   5.0	
   4.5	
   3.0	
   3.2	
   5.7	
   0	
   3.8	
   6.4	
  
Inter	
   3.8	
   3.5	
   2.2	
   3.8	
   3.1	
   3.2	
   3.9	
   3.5	
   3.5	
   3.8	
   0	
   3.7	
  

mutations	
  

open	
   6.3	
   6.1	
   4.1	
   6.4	
   4.6	
   4.7	
   6.7	
   5.9	
   3.9	
   6.4	
   3.7	
   0	
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Figure	
  B1.	
  Individual	
  Free	
  Energy	
  landscapes	
  of	
  the	
  inhibitor	
  bound	
  systems.	
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Figure	
  B2.	
  Individual	
  Free	
  Energy	
  landscapes	
  of	
  the	
  mutated	
  systems.	
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