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Abstract

NS5B is the hepatitis C virus (HCV) RNA-dependent RNA polymerase. This pro-

tein has been extensively studied by X-ray crystallography and shows an organization

in three subdomains called fingers, palm and thumb. Whereas static crystallographic

data are abundant, structural studies of this protein in solution are limited. Nuclear

magnetic resonance (NMR) spectroscopy was used to study the 65 kDa NS5B in so-

lution as well as its interaction with binding partners. It was characterized using se-

lective isotopic labeling of isoleucine side-chain methyl groups, which gives rise to a

simplified NMR spectrum with an improved signal-to-noise ratio. This characteriza-

tion confirmed the presence of particular dynamics in the subdomains, especially in

the thumb, as well as long-range effects that are transmitted through to other subdo-

mains. Furthermore, this system was used to investigate the binding of the domain 2

of NS5A (NS5B-D2), a disordered domain of another HCV protein that has been shown

to directly interact with NS5B in vitro. Using paramagnetic relaxation enhancement we

showed that NS5A-D2 binds to NS5B via, at least, two binding sites on the thumb sub-

domain. As one of these sites was the binding site of allosteric inhibitor filibuvir, we

characterized the binding of this small molecule to NS5B by NMR spectroscopy and

found long-range effects of its binding throughout the polymerase. Finally, we studied

the binding of a small RNA template strand to NS5B and found that both NS5A-D2 and

filibuvir reduce but do not abolish the interaction between the polymerase and RNA.

In sum, NMR was used to study dynamic properties of NS5B and its interactions with

binding partners.

Keywords: Nuclear magnetic resonance spectroscopy, Hepatitis C virus, NS5B
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Résumé

NS5B est l’ARN polymérase du virus de l’hépatite C (VHC). Sa structure a beau-

coup été étudiée par radiocristallographie. Elle contient trois sous-domaines appelés

doigts, paume et pouce. Cependant, les études structurales de cette protéine en solu-

tion sont très limitées. La résonance magnétique nucléaire (RMN) a été utilisée pour

étudier NS5B en solution ainsi que son interaction avec différents partenaires. L’emploi

d’un échantillon de NS5B (65kDa) perdeuterée et sélectivement enrichie au niveau des

méthyles δ1 des résidus d’isoleucines a permis d’obtenir un spectre simplifié et de

bonne qualité. Cette étude a confirmé la présence d’une dynamique particulière dans

le pouce et a permis de mettre en évidence des effets à longues distances qui se trans-

mettent aux autres sous-domaines. Cette approche a alors été utilisée pour étudier

l’interaction entre NS5B et le domaine 2 de la protéine NS5A (NS5A-D2) du VHC.

Celui-ci est un domaine intrinsèquement désordonné qui interagit directement avec

NS5B in vitro. Nous avons identifié que NS5A-D2 se lie via deux sites d’interaction sur

le sous-domaine du pouce. Puisqu’un de ces sites est le site de liaison de l’inhibiteur

allostérique filibuvir, nous avons étudié la liaison de cette molécule à la polymérase. Sa

liaison cause des effets à longues distances tout au long de NS5B. Enfin, nous avons car-

actérisé la liaison d’un ARN simple brin à NS5B et nous avons identifié que NS5A-D2 et

filibuvir réduisent mais ne suppriment pas l’interaction de NS5B avec l’ARN. L’analyse

de NS5B par RMN en solution a permis d’étudier des interactions et d’accéder à des

paramètres dynamiques très complémentaires des études cristallographiques.

Mots-clés : Spectroscopie de la résonance magnétique nucléaire, Virus de l’hépatite

C, NS5B
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Introduction

1.1 Hepatitis C

1.1.1 Discovery

During the 1970s, a large fraction of transfusion patients were found to develop hep-

atitis that was not caused by the viruses responsible for hepatitis that were known at

the time, the hepatitis A and B viruses. Therefore, the illness was called non-A, non-B

hepatitis [1]. A chimpanzee model of acute and chronic non-A, non-B hepatitis was

developed in the late 1970s [2]. The agent responsible for this disease was found to

be hard to isolate. With a complementary DNA (cDNA) library derived from infected

chimpanzee plasma, antibodies from human patients and multiple assays to assure

that the genome was of viral origin, the hepatitis C virus (HCV) was identified in 1989

[3, 4] as being the causative agent of non-A non-B chronic hepatitis. In 1997, it was

confirmed that this virus alone is the causative agent of this disease. This was done

by infecting a chimpanzee with cDNA coding for a consensus sequence from an HCV-

infected patient [5].

1.1.2 Transmission

HCV is transmitted through exposure to infected blood. This can be through the receipt

of contaminated blood or blood products, medical procedures with unsafe materials

or injection drug use. Sexual transmission of HCV is possible but unlike the human

immunodeficiency virus (HIV) sexual transmission is rare and is strongly dependent

on prior HIV infection [6].

HCV can be transmitted by vertical transmission, that is from mother to child dur-

ing the period immediately before or after birth. Vertical transmission is rare but its

incidence rate increases with HIV co-infection and if the mother has a high viral load,

especially in the third trimester. Breastfeeding does not seem to be related to a larger

risk of HCV transmission [7].
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Certain populations are considered at risk for HCV infection. In middle- to high-

income countries the population with the highest risk for HCV infection are people

who inject drugs. Recipients of infected blood products and patients who underwent

invasive procedures are also at high risk of infection. This is particularly important for

those who have received blood products prior to the introduction of the screening of

blood products in the early 1990s.

Transmission rates have been declining since the discovery of the viral agent re-

sponsible for hepatitis C. This is attributed to improved medical practices and wide-

spread sterilization, screening of blood products for HIV and HCV, and expansion of

needle exchanging programs [6].

1.1.3 Epidemiology

Despite this virus being estimated to infect human populations for at least several cen-

turies [8, 9] most of the infections happened during the later half of the twentieth cen-

tury. This is due to the increase in medical procedures that required perforating and

cutting, and injection drug use that saw a large rise after the 1940s. However, in most

patients the infection takes several decades to develop and cause symptoms.

Since its discovery, the burden of the disease has increased. In 1990, 333000 people

were estimated to have died from this disease. By 2010 this increased to 499000 and

704000 in 2013 [10, 11]. This is in spite of a decrease in transmission after the discovery

of the viral agent and improvement in the medical procedures to reduce transmission.

The increased burden is due to the delayed development of symptoms that can take

decades to develop after initial infection.

Worldwide, 115 million people are estimated to have a history of HCV infection,

testing positive for anti-HCV antibodies. Of these people, 80 million are estimated to

be chronically infected. The difference in the values arises from people who have either

been treated for an HCV infection or have spontaneously cleared the virus but still

present the antibodies [12]. Even though this value is significantly lower than earlier

estimates of 184 million with a history of infection and 170 million chronically infected

[13], it still amounts to 1.6% of the world population being chronically infected.
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FIGURE 1.1: The prevalence of anti-HCV antibodies by country. This value differs from the
number of chronically infected because patients who have cleared the virus are still positive for
anti-HCV antibodies. From Gower et al. [12], available under a Creative Commons Attribution-

Noncommercial-NoDerivatives license.

The prevalence of infection varies throughout the world (Figure 1.1). This has to do

with how the virus spread in each region. For example, Egypt has the highest preva-

lence worldwide, with 14.7% [12] of the population estimated to have a history of HCV

infection. This high prevalence is because of exposure during anti-schistosomiasis ther-

apy without proper sterilization practices that was applied community-wide from the

1950s until the 1980s [14] and resulted in a large reservoir of HCV in the country [15].

1.1.4 Disease

After initial infection there is an acute phase of the disease 0 to 24 weeks after con-

tamination (Figure 1.2). In most patients (70-80%) this phase is asymptomatic and the

infection is rarely diagnosed. In patients with symptomatic acute hepatitis C it has

been shown that treatment during this phase can prevent chronic hepatitis [16–18].

HCV-infected individuals that did not clear the virus after the acute phase (about

70% of infected individuals) develop chronic hepatitis C (CHC). The chronic presen-

tation is characterized by inflammatory changes in the liver. Chronic inflammation

causes activation of hepatic stellate cells. These cells are fundamental for the healing

of wounds in the liver. They are usually quiescent but in the presence of an immune

response or inflammation they become active myofibroblasts. Myofibroblasts cause

an increased deposition of fibrous extracellular matrix proteins which become fibrotic

23

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction

FIGURE 1.2: Evolution of hepatitis C virus infection. After the entry of the virus into the liver
through the hepatic artery and portal vein, there is an often asymptomatic acute phase of the
infection that can last 0 to 24 weeks. The virus is eliminated during this phase in about 30% of
patients. Those that do not clear the virus go on to develop chronic hepatitis C (CHC). Most
of these patients do not develop liver fibrosis or liver disease. Nevertheless, cirrhosis devel-
ops over 10–40 years in 15%–25% of patients with CHC. Cirrhotic patients have a 1–5% risk
of developing hepatocellular carcinoma per year. Decompensated cirrhosis and hepatocellu-
lar carcinoma are the main causes of death in end-stage CHC. Reprinted by permission from

Macmillan Publishers Ltd: Nature Reviews Immunology, Heim[19], copyright 2013.

scarring [20]. Initially the fibrotic modifications are confined to the portal triad of the

hepatic lobule but it progresses to the centrilobular area [21]. Fibrosis development is

dependent on many factors, including age, duration of infection, genotype, male sex

and co-infection with HIV or HBV [22]. Over several decades, this CHC develops into

cirrhosis in 15–25% of patients [19]. Cirrhosis can become decompensated; that is, pre-

senting either jaundice, ascites, variceal hemorrhage, or hepatic encephalopathy; and

increase the risk of death among these patients. Patients with cirrhosis have a 1-5% per

year rate of developing hepatocellular carcinoma, a malignant hepatoma [22]. Decom-

pensated cirrhosis and hepatocellular carcinoma are the main causes of death due to

HCV [11].

Pathogenesis is not well understood and is believed to be due to an ineffective im-

mune response. This immune reaction is responsible for the liver damage but not capa-

ble of clearing the virus. Another possible culprit is oxidative stress. Oxidative stress

can be elicited by the expression of the viral proteins, the alterations of the intrahep-

atic lipid metabolism and inflammatory immune response. Also, oxidative stress can

stimulate the conversion of hepatic stellate cells to myofibroblasts [23, 24].

The goal of current treatment is to clear the virus. It is defined as sustained virolog-

ical response (SVR), the absence of viral RNA, either 12 or 24 weeks after the end of the
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treatment. Once SVR is achieved, fibrosis stops developing. However, it does not re-

verse cirrhosis and hepatocellular carcinoma that have already developed. Reinfection

is possible after clearance (spontaneously or due to treatment) and behavioral changes

may be needed if the patient has high risk of re-infection [22].

1.2 Hepatitis C virus (HCV)

1.2.1 Classification and genetic distribution

The hepatitis C virus, recently renamed Hepacivirus C [25], is a positive-sense single

stranded RNA virus of the family Flaviviridae and genus Hepacivirus. The Flaviviri-

dae family contains four genera: Flavivirus, Pestivirus, Pegivirus and Hepacivirus [26].

Among these genera, over 80 species of viruses have been identified. Many of these

infect humans. In the genus Flavivirus, these include the West Nile virus, dengue virus,

yellow fever virus and Zika virus.

GB virus B was the first Hepacivirus to be identified after HCV, despite it originially

being classified as a Pegivirus. It was found in tamarins, a type of new-world monkey,

after infection by plasma from individuals with unexplained hepatitis [27, 28].

All currently identified hepaciviruses have mammalian hosts [25]. Other hepaci-

viruses include primate hepaciviruses [29] and nonprimate hepaciviruses, that infect

horses [30, 31], bats [32], rodents [33, 34], cows [35] and dogs [36]. The horse nonpri-

mate hepacivirus is the most closely related to the HCV [37]. The zoonotic origin of

HCV is still a subject of debate [38, 39].

The hepatitis C virus shows extensive genetic variability. HCV is classified in 7

genotypes and subtypes within them (Figure 1.3) [40]. The genotypes present varia-

tions of 30-35% in the nucleotide sequence while the variation within a subtype is less

than 15%.

Genotype 1 is the most common globally, accounting for 46% of infections. How-

ever, much like the prevalence of HCV in different countries, the genotypes vary greatly

between regions [12]. Genotype 1 is the most prevalent in Europe, the Americas and

25



Introduction

FIGURE 1.3: Phylogenetic tree of complete coding regions. For clarity, the authors included
only sequences that were complete (and not just of some regions of the genome) and only one
sequence from each subgenotype. From Smith et al. [40], available under a Creative Commons

Attribution-Unported license.

many regions of Asia (Figure 1.4). Its global prevalence is believed to be due to dis-

semination during the twentieth century prior to discovery of the virus through con-

taminated blood and blood products. Genotype 3 is the second most prevalent world-

wide and accounts for 40% of infections in Asia. Its spread is associated with injection

drug use and population migration from regions where the genotype is dominant. The

other genotypes are believed to be more endemic but can become epidemic under cer-

tain conditions. For example, Genotype 4 is the most prevalent in North Africa and

the Middle East but this is greatly from the contribution of Egypt where the exposure

during anti-schistosomiasis therapy caused the spreading of mainly this genotype [41].

Genotype 7, the most recently discovered genotype, has a handful of identified cases,

mostly identified in Canada in patients native from central Africa [42].
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FIGURE 1.4: Relative prevalence of each HCV genotype by region. Size of pie charts represent
the estimated number of seropositive cases in each region. From Messina et al. [41], available

under a Creative Commons Attribution-Unported license.

Identification of the genotype of the infection is important for the patient and physi-

cian to identify the best therapeutic procedure as different genotypes have different

suggested treatments and prognoses. Prior to 2011, when only interferon-based ther-

apy was available, treatment was significantly less effective on genotype 1-infected

patients [43] compared to other genotypes. Current therapies present sustained viro-

logical response in over 90% of patients with HCV genotype 1 but now genotype 3 has

become the hardest to treat HCV genotype.

1.2.2 Viral particle

The hepatitis C virus is a small enveloped virus whose ribonucleic genome is encap-

sulated in a capsid composed of the viral protein Core that is further surrounded by a

membrane composed of lipids, apolipoproteins (Apo) and viral glycoproteins E1 and

E2 [44]. Unlike related Flaviviridae viruses, the HCV particle is very heterogeneous.

Particles derived from cell culture (as opposed to originary from patients) have sizes

varying from 40 to 100 nm in diameter [45]. Ultracentrifugation of patient serum gives

rise to particles that have a large range of densities from less than 1.0063 g/mL to 1.055

g/mL [46]. Cell culture-derived HCV particles have a higher average density and are

less infectious than chimpanzee-derived HCV particles (which have densities similar

to human HCV particles) suggesting that the low-density factors are responsible for

infectivity [47].
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FIGURE 1.5: Structure of HCV virions. A Organization from Bartenschlager et al. in which
HCV is associated with a lipoprotein to form a virolipoprotein particle. RNA (in green) is encir-
cled by the capsid and further encircled by lipids and ER-derived membranes containing host
apolipoproteins B and E, and the viral glycoproteins E1 and E2. Reprinted from [48], Copyright
2011, with permission from Elsevier. B Electron micrographs from Piver et al. showing HCV
particles derived from patients (top, HCV serum) and cell culture (bottom, HCVcc) display-
ing the structure organization. Scale bars represent 100 and 50 nm, respectively. Adapted by

permission from BMJ Publishing Group Limited [49].

In 2005, André and colleagues [50] proposed an organization of the infectious lipid-

associated viral particle, called a lipoviroparticle (LVP) (Figure 1.5). The viral RNA is

encapsulated in a capsid composed of the structural viral protein Core. This capsid is

surrounded by the hydrophilic heads of an endoplasmic reticulum-derived phospho-

lipid monolayer forming a hydrophobic particle. The outer monolayer contains host

proteins ApoE and ApoB. Between these layers is a neutral lipid core that contains

low-density phospholipids and triglycerides. The viral glycoproteins are attached to

the surface of these LVPs [51]. Recent electron micrographs of HCV particles are in

agreement with this structure organization and show a smaller lipid fraction in cell

culture-derived HCV particle compared to patient derived [49].

1.2.3 Genome

The hepatitis C virus contains a 9.6 kbase single-stranded positive-sense RNA genome

(Figure 1.6). That is, it can directly act as an mRNA for the cellular machinery. The

genome contains a single open reading frame (ORF) that is translated to give a ~3000
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amino acid precursor polyprotein. The ORF is flanked by very conserved 5’- and 3’-

untranslated regions (UTRs) which aid in RNA replication and translation.

FIGURE 1.6: Organization of the HCV genome. Original caption: The HCV genome with the 5’-
and 3’-UTRs. The two miR-122 target consensus sequences in the 5’-UTR and one in the variable region
(VR) of the 3’-UTR are boxed. Cis-acting replicative elements (CREs) and their interactions as well as
the stem-loops in the core-coding region are indicated. From Niepmann [52], Copyright Springer-

Verlag Berlin Heidelberg 2013, used with permission of Springer.

5’-Untranslated region

The first 340 nucleotides of the viral genome (JFH-1 isolate) are untranslated and con-

stitute the 5’-untranslated region (5’-UTR). The 5’-UTR contains structures important

for replication, notably the first two stem-loops [53]. In this part celullar microRNA-

122 (miR-122), a non-coding RNA molecule highly expressed in the liver, binds and

stabilizes the viral genome [54]. It also contains a structured region called the internal

ribosome entry site (IRES) responsible for recruiting host ribosomes and initiation fac-

tors [55] for the translation of viral mRNA by forming a complex with the human 40S

ribosomal subunit [56]. It is due to this IRES that the translation of the viral genome by

host proteins is possible without the presence of a cap structure [57].

Open reading frame

With the aid of the IRES to align the ribosome, translation starts at a start codon at

position 341. The viral genome has a single ORF that codes for a large polyprotein of

3033 amino acids that is cleaved by viral and host proteases to give rise to 10 mature

viral proteins.
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3’-Untranslated region

The final 236 nucleotides of the viral genome (JFH-1 isolate) are a 3’-untranslated re-

gion. It is composed of a variable region, a poly-U/UC sequence and the final 98 nu-

cleotides which form a stem loop called X region. The X region is very conserved. Like

the 5’-UTR, this region is highly structured. The 3’-UTR is the site for initiation of viral

RNA replication of the positive-sense strand to form the intermediary negative-sense

RNA strand. The poly-U/UC and X region are necessary for replication [58, 59]. Addi-

tionally, the 3’-UTR stimulates viral translation possibly by retaining host ribosomes at

the termination of translation to facilitate efficient subsequent initiation [60].

1.2.4 Proteins

The large polyprotein is cleaved co- and post-translationally to give rise (from amino-

to carboxylterminal) to three structural proteins: Core, E1 and E2; and seven non-

structural (NS) proteins: p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B (Figure 1.7). These

proteins are found within cells associated to the endoplasmic reticulum (ER) mem-

brane. Since they all derive from the same polyprotein these proteins are produced in

equimolar amounts [61]. Non-structural proteins NS3 through NS5B are necessary for

RNA replication as can be shown from subgenomic replicons that only code for these

viral proteins [62, 63].

Core

Core is the first protein to be encoded by the viral ORF. This protein forms the viral

capsid. It is cleaved from the following protein, E1, by signal peptidase then further

processed by intramembrane cleaving protease SPP to give rise to the 21 kDa mature

core protein. Core contains an N-terminal hydrophilic domain that can bind RNA and

oligomerize to assist in nucleocapsid formation. Core has nucleic acid chaperone activ-

ity to further assist the formation of the nucleocapsid. Its other domain is hydrophobic

and mediates the anchoring of Core to lipid droplets by two amphipathic α-helices [66].

Core also assists in virion production by recruiting NS5A to the lipid droplets [67].

30



Introduction

FIGURE 1.7: HCV polyprotein organization. Top The viral open reading frame is translated
to give rise to a single polyprotein that is cleaved by viral and host proteases. Reprinted from
Fusco and Chung [64]. Bottom Ten mature ER membrane-associated proteins are produced in
this cleavage. Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Micro-

biology. Moradpour et al. [65], copyright 2007.

F-protein

Frameshift (F) or Alternative reading frame protein is a 17 kDa protein produced by a

+1 shift of the Core reading frame, with translation starting at the same AUG codon as

for Core. It can be detected in patients [68]. Its role is not well understood but recent

studies suggest it modulates interferon sensitivity [69].

E1 and E2

E1 and E2 are envelope glycoproteins that are found embedded in the ER-derived phos-

pholipid bilayer that encapsulates infectious virions [70]. Together, these proteins form

a heterodimer that is essential to viral entry, fusion and secretion [71]. Each protein

possesses a transmembrane helix that anchors it to the membrane and mediates for-

mation of the heterodimer. They also contain structured ectodomains. Parts of these

ectodomains have been crystallized independently [72–74]. E2 contains a region that
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binds to CD81 (cluster of differentiation 81) to aid in viral entry as well as hypervariable

regions that assist in immune evasion. The heterodimers further oligomerize to form

a trimer of dimers [75] with three monomers of E1 at the center and three E2 around

them.

p7

p7 is a 63 amino acid, 7 kDa integral membrane protein. It is a viroporin, that is, a

small viral protein can manipulate membrane permeability for ions [76]. It aids in

viral release from host cells. This protein is not necessary for RNA replication but

needed for the production of infectious viral particles. Oligomerization in hexameric

structures forms a hydrophilic pore that gives rise to this protein’s ion channel activity.

This activity equilibrates intracellular vesicle pH to promote viral production. Its role

appears to be most important during the later stages of viral assembly [77].

NS2

NS2 is an autoprotease that catalyzes the cleavage at the NS2/NS3 junction. NS3 needs

to be cleaved to be functional but NS2 itself is dispensable for RNA replication and can

be omitted from subgenomic replicon systems [63]. It plays a role in viral assembly

since mutations within it can affect HCV infectivity. It has been suggested that it re-

cruits structural and non-structural proteins for viral assembly [78].

NS3/4A protease

NS3 has two domains with distinct activities. Its N-terminal 181 residues, with the aid

of NS4A as a cofactor, constitute a serine protease which is responsible for the cleavage

of the remaining viral proteins. The role of this protein is not only to cleave the viral

polyprotein but also to cleave some host proteins. In particular, through the cleavage

of proteins responsible for immune sensing of the virus this protease plays a role in the

persistence of HCV [79, 80]. This protein is the target of several direct-acting antivirals

that have reached commercialization.
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NS3 helicase

The C-terminal two-thirds of NS3 have helicase activity and catalyze ATP hydrolysis

to translocate along either RNA or DNA. This region of the protein folds to give rise to

three domains responsible for moving along RNA strands to dislodge bound proteins

and complementary strands [81]. These three domains all interact with ssRNA during

binding, mainly through hydrogen bonds with the backbone of the nucleic acid [82].

The role of this enzyme in HCV replication is still not well understood. Its function

can be to help unwind duplex secondary RNA structures for translation and transcrip-

tion. Additionally, it can also unwind dsRNA after polymerase synthesis and assist in

packaging [83].

NS4B

NS4B is an integral membrane protein with amphipathic helices at the amino- and

carboxy- terminals [84] and four predicted transmembrane passages. As the only pro-

tein without an elucidated crystallographic structure, its function is less well under-

stood. This protein is responsible for the formation of the membranous web, a reorgani-

zation of host membranes to form vesicles that contain the HCV replication complexes

[85].

NS5A

Nonstructural protein 5A (NS5A) is the most intriguing of the HCV viral proteins as

it has no known enzymatic activity [86] but is necessary for replication of the viral

genome [87, 88] and formation of viral particles. It is a very promiscuous protein with

over 100 possible interaction partners described in vitro [86]. Among its partners, it

had been shown to interact with the HCV RNA-dependent RNA polymerase, NS5B.

However, experiments are conflicting on whether it activates [89–91] or inhibits [92–

94] the polymerase. NS5A is associated to the cellular endoplasmic reticulum by an

N-terminal amphipathic α-helix membrane anchor [95, 96]. Its cytoplasmic part is or-

ganized in three domains separated by two low complexity sequences (LCSs) (Figure
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1.8). Domains 1 and 2 are mainly involved in RNA replication, while domain 3 has an

essential role in viral assembly.

AH	 D1	 D2	 D3	LCS	I	 LCS	II	

Intrinsically	disordered	

N	

FIGURE 1.8: Domain organization of NS5A. The structures of the amphipathic α-helix (pdb
1R7C) [96] and domain 1 dimers (pdb 1ZH1) [97] are shown under their position on the orga-

nization. The blue bar highlights the regions without a fixed three-dimensional structure.

Domain 1 (NS5A-D1) is structured and its crystallographic structures form dimers

[97]. Each of its monomers binds a zinc atom in a tetracysteine motif [98]. The dimeric

structures have been obtained with multiple organizations [97, 99, 100]. The first of

these structures by Tellinghuisen et al. shows a basic cleft between the monomers.

NS5A has been shown to bind RNA [101]. Taking the structure and RNA binding

together, it has been hypothesized that NS5A and, in particular, its domain 1 acts as a

track or tether for RNA to coordinate its different fates during HCV replication [102].

Furthermore, this domain and the amphipathic N-terminal α-helix are responsible for

DMV formation [103].

Domain 2 (NS5A-D2) is intrinsically disordered as has been shown by nuclear mag-

netic resonance and circular dichroism [104–106]. It does, however, have regions of

transient structure as shown by deviations of carbon chemical shifts from random

coil values [107]. NS5A-D2 from the JFH-1 isolate has regions of helical propensity

at residues 252-262 and 295-303 and an extended region at residues 278-287 [108]. In-

terestingly, both NS5A-D2 from the JFH-1 and Con1 isolates present these regions of

helical tendency but the higher positive secondary structure propensity (SSP) of NS5A-

D2 Con1 suggests that the protein from this isolate samples a helical conformation more

often. This is in agreement with SAXS data that shows that NS5A-D2 Con1 presents

a smaller radius of gyration [109]. Another structural motif in this domain has been
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recently identified in our group. It contains the conserved residues P314 and W316

(numbering from the Con1 isolate, these correspond to P310 and W312 in the JFH-1

isolate) and forms a small turn called PW-turn. This motif is necessary for RNA repli-

cation and for the interaction between NS5A and Cyclophilin A (CypA) [110]. CypA

is a host protein with peptidyl-prolyl cis/trans isomerase (PPIase) activity, that is, an

enzyme that interconverts the conformation of proline residues between cis and trans.

This enzyme is necessary for HCV RNA replication [111, 112], a function that seems to

be mediated via NS5A-D2. Indeed, this motif is in the overlapped region of the CypA

and NS5B binding sites on NS5A [108].

Domain 3 (NS5A-D3) is also intrinsically disordered as shown by NMR spectroscopy

[113]. Contrary to domain 2, D3 is dispensable for RNA replication and can support the

introduction of inserts [114, 115] in replicon systems. This domain plays an important

role in viral packaging and assembly [116]. The role may in part be due to its ability to

recruit Apolipoprotein E [117, 118]. For its role in the assembly of infectious viral par-

ticles NS5A is recruited by Core [67]. This leads to its association with lipid droplets

[119] necessary for the late steps of viral life cycle. Its role is believed to be to help

recruit RNA for encapsidation [120]. Supporting this, it was recently shown that D3

contains two distinct regulatory regions that act on the HCV assembly. Firstly, a serine

cluster in the C-terminal region recruits the replication complex to Core. Secondly, a

highly conserved basic cluster at the N-terminal part delivers the RNA genome to Core

[121].

NS5A acts on most steps of the HCV life cycle. It has been suggested this pro-

tein is regulated by phosphorylation and different phosphoforms are responsible for

early and late steps in the viral life cycle [122]. NS5A is phosphorylated by multiple

host kinases such as casein kinase I and II [123, 124], mitogen-activated protein kinase,

glycogen synthase kinase 3 [125] and polo-like kinase 1 [126]. This protein exists in two

forms depending on its phosphorylation state: p56, the basally phosphorylated state

important for RNA replication and the p58 hyperphosphorylated form involved in the

production of infectious particles [127]. Evidence for the importance of the basally

phosphorylated state for RNA replication comes from the improved RNA replication

in the presence of kinase inhibitors [128]. The characterization of the phosphorylation
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sites in both forms is still under investigation.

Several phosphorylation sites have been identified. In D1 there is a phosphory-

lation site that was observed in NS5A from the JFH-1 isolate in S146 that appears to

suppress hyperphosphorylation in other sites [122]. However, this serine is not strictly

conserved. In the LCS I, there is a cluster of conserved phosphorylation sites. Among

these, S222 was identified as phosphorylated in a replicon system and appears to func-

tion as a negative regulator of RNA replication [129]. Another site in the LCS I plays in

an important role in RNA replication, phosphorylation of S235 promotes RNA replica-

tion [124]. This site appears to be phosphorylated by casein kinase Iα [130]. Further-

more, phosphorylation at S235 promotes the phosphorylation at a neighboring site,

S238 [131]. Other sites have been identified in LCS II (T348 [122] and T356 [132]).

Recently, NS5A from the Con1 isolate produced in a wheat germ cell-free system

and its phosphorylation sites were characterized [109]. Heterogeneous populations

arose from the combination and level of phosphorylation. The authors identified sites

in LCS I (S222, S230 and S249), D2 (S274 and S306), and D3 (T360, S364, T366, S370,

S401, S408, S412, S429, S432, S434, T435 and S437) with varying levels of phosphoryla-

tion. Several of these sites in D3 were observed by phosphorylation of D3 with casein

kinase II (S401, S408, S412, S429 and S434) [133].

Briefly, NS5A plays important roles in various parts of the viral life cycle possibly

modulating the function of other proteins, both viral and from the host.

NS5B

The protein responsible for replication of the viral genome is the RNA-dependent RNA

polymerase (RdRp) NS5B. NS5B is capable of replication of RNA through both de novo

initiation (without the need for a primer) and extension of a primer bound to the tem-

plate [135, 136]. Its crystallographic structure was determined independently by three

groups in 1999 [137–139]. All three crystal structures were of NS5B of the BK isolate

(genotype 1b). Since then, over 160 crystallographic structures of the polymerase have

been deposited in the Protein Data Bank (PDB) [140], of several genotypes, either on its

own, bound to small molecule inhibitors [141–143] and in complex with nucleic acids

[144, 145].
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FIGURE 1.9: Subdomain organization of NS5B. Crystallographic structure of NS5B JFH-1 (pdb
3I5K) [134] colored by domain: Fingers (residues 1-188 and 227-287, blue and purple), palm
(residues 189-226 and 288-370, red), thumb (residues 371-531, green and black), fingertips
(residues 11-45 and 139-161, purple), β-loop (residues 442-454, black), linker (residues 532-566,

beige).

NS5B is a protein of about 66 kDa (NS5B from Con1 and JFH-1 isolates weigh

65757.8 and 65668.7 Da, respectively) and 591 amino acids. At its C-terminal end, 21

hydrophobic residues form an α-helix that targets the ER membrane. These residues

anchor the polymerase to the the endoplasmic reticulum [146]. Its cytoplasmic part

of 570 amino acids has a structure akin to a right hand. It is composed of three sub-

domains called thumb, fingers and palm (Figure 1.9), like other polymerases, and a

linker of 39 amino acids that attaches the globular protein to the transmembrane he-

lix [137]. Its crystal structures present some additional structural features: loops that

extend from the finger subdomain (called fingertip loops Λ1 and Λ2) that bind to the

thumb subdomain stabilizing a closed conformation and a β-loop that extends into the

active site.

Palm The palm is the catalytic subdomain, the most conserved in all known poly-

merases [145]. It contains the GDD motif responsible for RNA polymerase activity

[147]. NS5B binds two Mg2+ ions in this domain with conserved aspartates D220, D318

and D319 [137, 148]. These ions can be exchanged for Mn2+ and result in 20-fold in-

creased activity [135, 149]. These metal ions are responsible for the coordination of

the α and β phosphates of the incoming nucleotides [148]. Allosteric inhibitor binding

sites have been mapped to this region and their binding blocks the polymerase in a

conformation that is too inaccessible for RNA replication [150].
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Fingers The fingers are made up of residues 1-188 and 227-287. This region contains

conserved arginine residues R48 and R158 that coordinate the α and β phosphates of

the template strand opposite the incoming nucleotides [148]. Additionally, like other

Flaviviridae polymerases, NS5B has extensions from the fingers to the thumb. These

loops called Λ1 and Λ2 or fingertips have contacts with the thumb domain and are

responsible for an enclosed active site and leave a narrow tunnel for the access of in-

coming nucleotides. The Λ1 loop binds to a hydrophobic pocket in the thumb domain

at the position of the very conserved Pro 495 [151]. However it is known that these

loops can open because the polymerase is able to initiate RNA synthesis from a cir-

cular template [152]. Disrupting this contact by introducing hydrophilic residues at

the binding region of the Λ1 loop reduces NS5B activity 50-fold [153] suggesting this

contact is essential to stabilize an active form of the polymerase.

Thumb The thumb subdomain is the one which varies the most among polymerases

[145]. In the case of NS5B, it contains sites for allosteric inhibition. It also contains a

motif called β-loop (also β-hairpin or β-flap, in black in Figure 1.9) formed by a two-

stranded anti-parallel β-sheet [137]. It is necessary for HCV replication [154] but crystal

structures of NS5B in complex with double-stranded RNA with a primer longer than 2

nucleotides required its deletion [145, 148]. This motif extends from the thumb to the

RNA binding groove formed between the subdomains reducing the space in the active

site for RNA-binding. It has been proposed that this β-hairpin aids in the alignment of

the template strand with nucleotides of the complementary strand in de novo initiation

but is dislocated for primer elongation [148].

C-terminal The C-terminal 21 amino acids form a transmembrane helix that anchors

NS5B to the cellular ER membrane. These residues are necessary for RdRp activ-

ity in vivo but are dispensible for the polymerase activity in vitro [155, 156] and are

deleted from constructs used in crystallographic structures. The C-terminal part prior

to the hydrophobic anchor is found in crystallographic structures wrapped around the

thumb domain and with its tip folded into the RNA-binding groove [157]. This part is

called the linker (in beige in Figure 1.9). The comparison of crystallographic structures
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deleted of 21 and 55 C-terminal amino acids showed that the removal of the linker re-

sults in the crystallization of a more open conformation [158]. Additionally, truncations

in the linker up to the deletion of 60 amino acids result in increased polymerase activity

[157] compared to the deletion of only the transmembrane helix. Molecular dynam-

ics studies show that the presence of the C-terminal linker reduces the flexibility and

conformational sampling by NS5B [159]. However, in vivo due to the association of the

C-terminal to cellular membranes it would be more difficult for the linker to bind to the

remainder of the polymerase. Indeed, a recent study using full length NS5B showed

improved enzymatic activity after association of the polymerase to a biomimetic lipid

bilayer [91].

FIGURE 1.10: Crystallographic structure of NS5B bound to double-stranded RNA obtained by
Mosley et al.[145] with the deletion of the β-loop (PDB 4E78).

The presence of the linker, β-loop and fingertips loops result in an enclosed active

site. Until 2012, all known structures of this protein (always crystallized without the

transmembrane helix) were considered ‘closed’ due to the lack of space to fit double-

stranded RNA within its active site due to steric hinderance. In 2012, Mosley et al.[145]

presented an open structure in complex with a short double-stranded RNA fragment

(Figure 1.10) where there is a reorganization of the relative positions of the subdomains

to allow for the accommodation of the RNA fragment. This was done by deletion of

the β-loop. At least two interchangeable conformations are thought to be required
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for the function of this polymerase. A closed conformation would be required for de

novo initiation and an open conformation for elongation of the newly replicated RNA

strand. The conformational rearrangement is a rate-limiting event that is believed to

occur between de novo initiation and processive elongation of the new RNA strand [160,

161].

Recently, Appleby et al.[148] published several structures using a different mutant

containing 5 point mutations (S15G E86Q E87Q C223H V321I) which stabilize a more

open form of NS5B. In some of their structures they used a construct that also had a

deletion of the β-loop. This enabled the authors to crystallize the polymerase in dif-

ferent steps of RNA replication and to propose a mechanism for the de novo initiation

and elongation of RNA during replication (Figure 1.11). In this proposed mechanism

initially the linker leaves the active site, allowing for the entry of the template strand

and the first nucleotide (de novo initiation). The following formation of the first dinu-

cleotide is a slow step. This is followed by another slow step, the rearrangement of the

protein, especially the β-loop, to allow for elongation.

FIGURE 1.11: Mechanism of NS5B RNA replication. In its apo form, a part the RNA binding site
is blocked by the C-terminus (blue line) and the β-loop (yellow). For de novo initiation, the RNA
template and the first nucleotides enter the active site, the β-loop positions the first nucleotide
aligned with the beginning of the template strand. The formation of the first dinucleotide is
a first slow step. The β-loop leaves the active site and there is a large rearrangement of the
relative positions of the subdomains during the transition to the processive elongation state.
This rearrangement is a second slow step. From Appleby et al.[148]. Reprinted with permission

from AAAS.

NS5B is highly error-prone which is the origin of the large genetic variance seen in

the hepatitis C virus [65, 162]. These errors give rise to genetic variation even within

a single individual giving rise to a population of genetically distinct variants called

a "quasispecies" [163]. Depending on the mismatch, the rate of error can reach 10−3

per site. However, NS5B can excise nucleotides (and chain-terminating analogues) by
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an NTP-mediated mechanism [164] which is nucleotide dependent. The rapid rate of

mutation has important implications on the development of resistance to antivirals.

1.2.5 Life cycle

FIGURE 1.12: Life cycle of the hepatitis C virus. a. Entry. b. Release of genomic RNA from nu-
cleocapsid. c. Translation of genome into structural and non-structural proteins. d. Replication
of RNA by the replication complex (first to (-)RNA then to (+)RNA). e. Assembly of virions. f.
Release of virions. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews

Microbiology. Moradpour et al. [65], copyright 2007.

The life cycle of the hepatitis C virus can be split in several parts: entry and uncoat-

ing, translation of the viral genome, replication of viral RNA, assembly of virions and

release of infectious particles (Figure 1.12).

Entry and uncoating The first step is the entry of the virus into a host cell (Figure

1.13). The initial step of viral attachment involves the envelope glycoproteins E1 and

E2 as well as apolipoproteins on the surface of lipoviroparticles and various cell surface

molecules. Firstly, glycosaminoglycans and the low-density lipoprotein receptor seem

to be responsible for low affinity binding. Following this initial attachment a multi-

receptor complex which involves CD81, scavenger receptor class B member 1, claudin

1, occludin and other host proteins as well as the viral glycoproteins is responsible

for the clathrin-mediated endocytosis. The viral lipid membrane then fuses with host

endosomal membranes aided by E1 to release the nucleocapsid in the cytoplasm.
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FIGURE 1.13: Entry of the HCV particle into a hepatocyte. Adapted by permission from
Macmillan Publishers Ltd: Nature Reviews Disease Primers. Manns et al. [165], copyright

2017.

Translation of the viral genome The positive-strand RNA is released into the cytosol

with the uncoating of the viral RNA. The 5’-UTR and the first nucleotides of the core

coding region form an IRES that together with a 40S ribosomal subunit consitute a bi-

nary complex and with eukaryotic initiation factors [55] and a 60S subunit form a 80S

complex [166]. Translation of the single open reading frame yields a large polyprotein

that is cleaved co- and post-translationally. Core, the envelope glycoproteins and p7

are cleaved by the host endoplasmic reticulum signal peptidase. The NS2/NS3 auto-

protease cleaves between NS2 and NS3 and the NS3/4A serine protease is responsible

for the cleavage at the remaining sites.

Replication of the viral RNA The non-structural proteins are responsible for RNA

replication [62]. They induce a change in the structures of intracellular ER membranes

into structures called the membranous web that is made up of double membrane vesi-

cles. These structures emerge as protrusions in the ER membranes but present a differ-

ent lipid composition compared to the ER membranes [167]. This structure serves as

scaffolding for the replication complex. The viral non-structural proteins as well as host

proteins are needed to form an effective replication complex. This is centered around
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NS5B, the RNA-dependent RNA polymerase. NS5B, from a positive-sense strand, syn-

thesizes a negative-sense strand that acts as a template for new positive strands.

Virus assembly and release Assembly of new virions is believed to happen on the

surface of lipid droplets within the cell where Core protein localizes [168]. NS5A can

also be found in proximity of the lipid droplets. Given its ability to bind RNA and its

presence in the replication complex it has been suggested that NS5A acts as a carrier

of RNA between steps of the life cycle. Positive-sense RNA strands serve as new tem-

plates and are progressively assembled into infectious virions which are released from

the cell by the very low-density lipoprotein (VLDL) secretory pathway[44, 65, 169].

1.2.6 Models

In vitro models

In 1999, Lohmann et al. [62] developed a replicon system capable of producing vi-

ral RNA in a human hepatoma cell line, Huh7. A replicon is a nucleic acid polymer

(DNA or RNA) capable of replication. Lohmann and colleagues achieved this using a

subgenomic replicon composed of the 5’-IRES, the neomycin phosphotransferase gene

(which grants resistance to the antibiotic G418), the EMCV-IRES and HCV sequences

from NS3 to the HCV 3’ end. This was done with a consensus genome derived from

RNA isolated from a patient chronically infected with genotype 1b (Con1). The repli-

con was transfected into human Huh7 cells and under G418 selection, colonies capable

of replicating the replicon RNA were isolated.

Since then, replicon systems have been developed for various isolates of several

genotypes [170–172]. Additionally, replicon systems have been improved to enhance

replication by selecting Huh-7 cells that were more permissive for HCV RNA repli-

cation (for example Huh-7.5) and introduction of adaptive mutations within the ORF.

Such systems have been widely used to study RNA replication in HCV-infected cells

[173].

To study viral entry, another viral model was developed. Retroviral pseudoparti-

cles (HCVpp) can be used to study HCV entry into hepatoma cells. To produce these

particles, human embryo kidney 293T cells are transfected with three plasmids coding,
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firstly, for HCV glycoproteins E1 and E2; secondly, for retroviral Gag and Pol proteins,

necessary for RNA packaging and encapsulation; and finally, for a reporter gene (ei-

ther luciferase or GFP). This results in membrane coated particles displaying E1 and E2

tropism and can be used to infect Huh-7 cells and study the entry step of HCV infection

independently [174, 175].

One of the major limitations of these model systems is the lack of production of viral

particles. However, full-length HCV genomes were not able to sustain infection that

could be subsequently transmitted. Nonetheless, in 2005, cell-culture derived HCV

(HCVcc) particles were developed based on a sequence isolated from a Japanese pa-

tient with a fulminant form of hepatitis [176]. The full sequence could be transfected

into hepatoma Huh-7.5 cells without the need for adaptive mutations and was repli-

cated efficiently [171]. This isolate, called JFH-1 (for Japanese Fulminant Hepatitis),

was shown to be capable of producing infectious particles that could be used to infect

chimpanzees [177–179] producing the first cellular model of the full viral life cycle.

JFH-1, as a genotype 2a isolate, is not representative of the majority of infections

worldwide, which are mainly from genotype 1. To obtain HCVcc of other genotypes,

chimeric sequences of JFH-1 and other genotypes have been developed [175] that in-

troduce culture-adaptive mutations into other HCV isolate sequences.

Even though these HCVcc particles are able to reproduce the full HCV life cycle

and have been instrumental to the development of antiviral drugs that target the virus

specifically, they have limitations that arise from the use of cancer-derived hepatoma

cells. These cells present differences compared to non-malignant primary human hep-

atocytes. For example, hepatoma cell lines are deficient in lipoprotein assembly [51]

which has been proposed to result in differing virion structure [48, 49] compared to

primary hepatocytes. In 2010, Banaudha et al. [180] reported a culture system of pri-

mary hepatocytes capable of supporting the replication of infectious clones of HCV

genotypes 1a, 1b and 2a without the need for culture-adaptive mutations. This pro-

vides a model that represents the host-virus interactions more accurately. For example,

recently Harak and coworkers [181] showed that HCV requires only low levels of a

host lipid kinase called phosphatidylinositol-4 kinase IIIα (PI4KA) that is activated by

NS5A. Huh-7-derived cells overexpress this protein compared to primary hepatocytes.
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Culture-adaptive mutations in HCVcc models reduce the activation of these proteins

which allow the virus to replicate despite the high expression of the host protein.

Animal models

Chimpanzees (Pan troglodytes) are the only species that can develop full hepatitis C after

infection. They were used in the initial discovery of the etiological agent responsible

for the disease [3]. Many characteristics of human and chimpanzee infection are very

similar including viral titers and evolution of pathology to chronicity, despite a milder

disease in chimpanzees without the presence of fibrosis [182]. However, the elevated

cost and rising ethical concerns as well as the development of other models have widely

stopped the use of chimpanzees as models for HCV [183, 184].

The tupaia (Tupaia belangeri) is a small tree-shrew that was considered as a small

animal model for HCV infection due to the capacity of infecting its primary hepatocytes

with HCV from humans [185]. Experimental inoculations of tupaias with HCV resulted

in lower viremia, however, studies show that tupaia pathogenesis resembles that of

humans with chronicity, liver steatosis and tumorigenesis within 3 years [186].

Ideally, the goal is to be able to research HCV in a small animal model that is largely

available. Mice are resistant to HCV infection due to the lack of viral entry factors

specific to humans. By adenoviral delivery of genes coding for these entry factors for

the transient expression of human CD81 and OCLN proteins it was possible to obtain a

mouse model for viral entry [187]. By introducing four human entry factors and using

mice deficient in several immune pathways, in 2013, Dorner and colleagues reported

the development of genetically humanized mice in which the entire HCV life cycle is

reproduced [188].

Another strategy for using mice as models for HCV infection is to transplant human

hepatocytes and have them populate the mouse liver. To achieve this, the mice need

to be immune-deficient to avoid rejection of the graft [189, 190]. These models are

quite robust and can be infected with both HCVcc and patient-derived virus [190, 191].

These liver chimeric mice can be used to test novel antiviral strategies. However, due to

their immunodeficiency they cannot be used as models for immune response to HCV.

Mice transplanted with both CD34+ human hematopoietic stem cells and hepatocyte
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progenitors have allowed the study of the T-cell response [192] and can be used for the

study of pathogenesis and drug response [193].

1.3 Hepatitis C replication complex

Characteristic of positive-sense RNA viruses, HCV infection causes alterations in the

membranes within the host hepatocytes [194]. Due to their appearance these invagina-

tions and protrusions in the case of HCV are called "membranous web" (Figure 1.14).

It was later found that the membranous web was made up of mainly of double mem-

brane vesicles (DMVs) of about 200 nm [195]. This sort of organization in vesicles was

shown to be induced by the viral non-structural proteins, NS4B and NS5A, in particular

[167, 196, 197].

FIGURE 1.14: "Membranous web" structures found in HCV-infected cells. Letters ER, M and N
represent the endoplastic reticulum, mitochondria and nucleus, respectively. From Gosert et al.
[198] and Moradpour et al. [156]. Reprinted from Moradpour et al. [156], copyright 2003, with

permission from Elsevier.

DMVs were found to contain double-stranded RNA (dsRNA) and enzymatically

active RNA polymerase [167] as well as all other non-structural proteins [199]. This

is in agreement with earlier findings that HCV RNA is found mostly in a detergent-

protected environment [200]. These detergent-resistant vesicles are proposed to form

the hepatitis C virus replication complex.

Replication complexes are supported onto the modified membranes (Figure 1.15).

The main protein of the complex is the RNA-dependent RNA polymerase NS5B that is
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FIGURE 1.15: Schematic model of HCV replication complex in a double membrane vesicle
(DMV). The majority of viral RNA is protected from nuclease activity inside the vesicles.

Reprinted from Paul et al. [167], copyright 2013 American Society for Microbiology.

anchored to the membrane through an carboxyterminal transmembrane helix. How-

ever, for the replication complex to be active it needs other viral non-structural pro-

teins. NS3 and NS5A have been shown in vitro to bind NS5B when it is tethered to

a lipid bilayer. NS5A also increases replicase activity after a lag period under these

conditions [91]. The lag period was attributed to a conformational rearrangement of

the NS5B-NS5A-RNA system. Immuno-electron microscopy showed that NS5A and

dsRNA co-localized within the vesicles [195]. Despite their precise role in replication

not being fully understood it is likely related to the helicase activity for NS3 and RNA

binding and conformational rearrangement for NS5A.

Host factors also play an important role in the formation of the replication complex.

One such protein is the lipid kinase phosphatidylinositol-4 kinase IIIα (PI4KA) [201]. It

catalyzes the conversion of phosphatidylinositol to phosphatidylinositol 4-phosphate

(PI4P). Mediated by NS5A, its product accumulates in HCV infected cells [202, 203].
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PI4P can recruit lipid transport proteins, for example oxysterol-binding protein whose

inhibition reduces the transport of cholesterol to DMVs [204]. DMV membranes are

enriched in cholesterol 9-fold compared to ER membranes, as cholesterol appears to

have a structural function in these vesicles [167].

Vesicle-associated membrane protein-associated proteins (VAPs), in particular VAP-

A and VAP-B, are host proteins involved in HCV replication through interaction with

NS5A and NS5B [205, 206]. These proteins co-localize with NS5A in the DMVs [167].

The polymerase’s C-terminal linker [207] and domain 3 of NS5A [208] interact with

overlapping binding sites on VAP-B.

There is however a paradox in the localization of the replicase complex within

DMVs. Only 8% of vesicles presented visible openings that would allow the entry of

nucleotides and release of nascent RNA [197]. Some hypotheses have been proposed

to explain this apparent incoherence [197, 199]. Possibly only a fraction of DMVs are

replication-competent or the transport of NTPs and other necessary factors is mediated

by unidentified protein channels. Another hypothesis is that the replicase complex is

located on the exterior surface of the DMVs but this is inconsistent with the resistance

to nuclease activity of the viral RNA [167].

Within infected cells, Quinkert et al. [61] found on average 40 copies of negative-

strand RNA. Compared to the negative-strand RNA, they found a 5-fold excess of

positive-strand RNA and a 20 000 to 40 000-fold excess of viral proteins. This is in

agreement with Caroll et al. [209] who showed that less than 1% of NS5B is catalytically

active. Quinkert et al. [61] also proposed that since each replication complex requires a

negative-strand RNA, 40 is the upper limit to the number of active complexes per cell.

1.4 Treatment

In the last decade, the treatment of hepatitis C has greatly evolved. Until 2011, treat-

ment was based on interferon and broad spectrum antivirals. Improvement in experi-

mental models, notably the possibility to reproduce the entire cell cycle in culture, has

led to the development of drugs that target viral proteins specifically.
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1.4.1 Treatment before 2011

Since the identification of non-A, non-B hepatitis there has been a need to treat patients

with this form of hepatitis. The rates of “cure” are measured through a value called

the sustained virologic response (SVR) which means undectectable serum HCV RNA

level 24 weeks after the termination of treatment [210]. In 1986, prior to the identifi-

cation of the virus responsible for the disease, treatment was suggested with recombi-

nant human alpha interferon [211]. Interferons are a group of human proteins released

by host cells in the presence of pathogens to modulate the immune response. Many

viruses have evolved resistance mechanisms against interferons. HCV NS5A protein,

for example, inhibits intracellular interferon alpha [212, 213]. Treatment with interferon

alpha for 48 weeks allowed 15-20% patients to achieve SVR [210].

Through to 1998, interferon continued to be the main treatment option for patients.

In this year, ribavirin, a guanosine analogue broad spectrum antiviral was added to im-

prove the percentage of patients that achieved SVR to 31-38% [214]. In 2001, to reduce

the clearance of interferon in the body it was fused with polyethylene glycol (PEG) to

form pegylated interferon (PEG-IFN) [43]. However, treatment lasted 24-48 weeks de-

pending on genotype with significant side-effects. Additionally, 17% of patients are

not eligible for combined interferon and ribavirin treatment [215, 216]. Moreover, the

response to interferon-based treatment was very dependent on genotype. Genotype 1,

the main genotype in Western countries, responds to interferon-based therapy in less

than 50% of patients [217].

The need for improvement of SVR rates, especially for genotype 1 patients, and

the reduction of side-effects drove the development of drugs that target the hepatitis C

virus specifically and revolutionized its treatment.

The goal of drug development for HCV was to find a treatment that had the fol-

lowing characteristics: (a) short treatment duration; (b) without side-effects; (c) be pan-

genotypic, that is, be active on all HCV genotypes; (d) be taken orally, ideally with a

single pill; (e) be interferon-free, so patients that are not eligible for interferon treatment

can also use it; (f) low costs.
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1.4.2 Direct-acting antivirals

Direct-acting antivirals (DAAs) specifically target viral proteins. In the case of the hep-

atitis C virus, these drugs are mainly of three classes depending on the protein they

target: (1) Protease inhibitors, the first to be approved, target the NS3/4A protease. (2)

NS5A inhibitors target the RNA-binding domain of NS5A. (3) Polymerase inhibitors

target NS5B to inhibit RNA replication.

Protease inhibitors

Protease inhibitors block the NS3/NS4A protease complex. This inhibits the cleavage

of the polyprotein into the mature non-structural proteins. Boceprevir and telapre-

vir were the first DAAs to be approved for therapeutic use. Since then, simeprevir,

paritaprevir and grazoprevir have been approved by the U.S. food and drug adminis-

tration (FDA). All of these target the active site of NS3. However, these drugs present

narrow genotype specificity and low barrier to resistance [218]. Allosteric inhibitors of

the HCV protease have also been described and bind to the interface between the NS3

protease and helicase domains [219, 220].

NS5A inhibitors

Due to the lack of enzymatic activity, NS5A inhibitors appeared as a viable antiviral

strategy only after development of cell-based screening which identified the iminoth-

iazolidinone BMS-858 as an inhibitor of RNA replication. After extensive chemical

refinement, Daclatasvir (previously known as BMS-790052) was identified as a potent

HCV replication inhibitor [221, 222]. Since NS5A is involved with both RNA replica-

tion and viral assembly [116] its inhibitors have great potential [223]. Indeed they are

shown to be very potent antivirals with low and sub-picomolar activities in cells [221,

224].

Daclatasvir is the basis for the structures of most other NS5A inhibitors (Figure

1.16). The symmetric nature of their structures suggest they bind to a symmetric pro-

tein structure [225]. Indeed, mapping of the resistance mutations to daclatasvir sug-

gests that it targets the interface between domain 1 of NS5A and the ER membrane
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FIGURE 1.16: Examples of NS5A inhibitors that have reached clinical use. Their structures are
derived from the symmetric daclatasvir.

[226, 227]. Attempts to co-crystallize NS5A with an inhibitor have not been success-

ful but molecular docking studies suggest that these small molecules favor a dimeric

conformation unable to bind RNA [228, 229].

NS5A inhibitors have the highest potencies among HCV antivirals with effective

doses in the pM range [218]. Several NS5A inhibitors (names ending in -asvir) have

been approved for therapeutic use. As of April 2017, daclatasvir, velpatasvir, ledi-

pasvir, ombitasvir and elbasvir are to be used in combination with other DAAs without

the use of interferon [230]. However, resistance-associated variants have high repli-

cation fitness. Presence of high baseline levels of resistance substitutions to NS5A

inhibitors seems to be an important factor whether NS5A inhibitor-based therapy is

effective and screening for these mutations before initiating treatment is currently a

subject of debate [231].

Recently, a new class of NS5A inhibitors has been discovered whose resistance mu-

tations are localized in domains 2 and 3 of NS5A without mutations in NS5B [225].

51



Introduction

Nucleos(t)ide inhibitors of the HCV polymerase

Nucleos(t)ide inhibitors are nucleoside/nucleotide analogues. They are incorporated

in the nascent RNA strand by the viral polymerase and block further incorporation

of nucleotides. These inhibitors possess a 3’-hydroxyl group. Their activity arises

from steric hindrance at the 2’ position [232]. These analogues are functionalized to

be cleaved by hepatic enzymes avoiding systemic exposure [233]. They become active

by phosphorylation by host enzymes.

Sofosbuvir is the only compound of this class to have reached approval [230]. It

was first approved for use in combination with interferon and ribavirin or just rib-

avirin in 2013, but has since been approved for use with DAAs of other classes without

the need for interferon or ribavirin. This class of inhibitors has the highest barrier to re-

sistance among DAAs. A serine to threonine substitution at position 282 was identified

as a major resistance mutation for sofosbuvir [234] and other nucleos(t)ide inhibitors

[235]. Crystal structures of NS5B in its elongation assembly with nucleotides or the

active metabolite of sofosbuvir showed that S282 is part of the hydrogen bonding net-

work involved in recognizing the incoming nucleotide [148]. This mutation reduces

the replication fitness of HCV in replicon models [234].

Allosteric inhibitors of the HCV polymerase

Non-nucleotide inhibitors (NNIs) bind to different allosteric sites on the protein and

inactivate it. Structures with NNIs have shown five binding pockets, in the thumb (I

and II) and palm (I, II and β) domains (Figure 1.17) [239, 240].

The thumb-I binding pocket is located at the contact between the fingertips Λ1 loop

and the thumb domain. Binding of an inhibitor to the hydrophobic pocket at the very

conserved [151] Pro 495 disrupts the contact between the two domains of the poly-

merase. In the crystal structures of NS5B co-crystallized with inhibitors of this type,

the fingertips loop becomes too flexible to identify its electron density [143, 241, 242].

Disrupting this contact is believed to uncorrelate the movement of the thumb and fin-

gers. It has been suggested that this locks the enzyme in an open conformation [241].

However, molecular dynamics suggests that the polymerase is not locked but actually
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Palm-II	

Thumb-I	
Palm-I	

Thumb-II	

FIGURE 1.17: Allosteric inhibitor sites on NS5B. Cartoon representation of NS5B (PDB 3I5K
[134]) featuring the non-nucleotide inhibitor sites. MK-3281 (green, from PDB 2XWY [143]), Fil-
ibuvir (yellow, from PDB 3FRZ [236]), a pyridazone inhibitor (magenta, from PDB 3BSC [237])
and Nesbuvir (blue, from PDB 4TLR [238]) were positioned through alignment and are shown
in stick representation to highlight the positions of the allosteric inhibitor sites except Palm-β
for which no representative crystallographic structure is available. Adapted from Caillet-Saguy

et al.[158]

rapidly samples multiple conformations, both open and closed [243]. Of the inhibitors

of this class, deleobuvir (previously BI 207127) was the most advanced in clinical trials,

having reached phase III but development was discontinued due to insufficient efficacy

[244, 245].

The thumb-II binding site is located at the base of the thumb. Classes of molecules

that bind to this pocket include thiophene-2-carboxylic acids like lomibuvir (previously

VX-222) and dihydropyranones like filibuvir (previously PF-00868554) [246]. Resis-

tance mutations to these inhibitors appear mainly located on the hydrophobic residues

of the binding pocket: L419, M423, M426 and I482 (genotype 1). In monotherapy these

inhibitors have a low barrier to resistance [247]. These inhbitors cause only small dif-

ferences in conformation compared to the apo enzyme in crystallographic structures

[158]. However, inhibitors of this type are believed to limit the dynamics of the poly-

merase, in particular blocking the conversion between closed and open conformations

needed to switch between de novo initiation and elongation [248, 249].

The palm-I pocket is at the contact between the thumb and the palm subdomains,

near the enzymatic active site. A system of hydrogen bonds between the inhibitor and

the enzyme block NS5B in a closed conformation [243] and prevent the access of sub-

strates to the active site [150]. Molecules that bind to this pocket are benzothiadiazine

derivatives. One such example, dasabuvir (ABT-333) has been approved for clinical
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use. Resistance to these inhibitors occurs with the mutation S556G within the bind-

ing pocket [250]. Analysis of crystallographic structures of NS5B bound to inhibitors

of this class showed either a structure indistinguishable from the apo form or a small

displacement of the central fingertips and rotation of the thumb [158].

The palm-II pocket partially overlaps with the palm-I pocket. Benzofurans are the

only class of molecules found to bind to this site and nesbuvir (HCV-796) is the model

inhibitor of this class. Nesbuvir binds to the polymerase through an induced-fit mech-

anism [142]. Like for palm-I inhibitors, nesbuvir causes a rotation of the thumb but

in the opposite direction. In this case, the rotation is due to the displacement of the

polymerase to open a binding subpocket [158].

The most recent class of allosteric inhibitors of NS5B bind to the Palm-β site. The

resistance mutations to this type of inhibitor appear near the active site as well as in the

thumb β-loop. The most advanced inhibitor of this type is tegobuvir (GS-9190). This

molecule does not directly bind to the polymerase but undergoes metabolic activation

to bind covalently to the polymerase [251].

1.4.3 Host-targeted antivirals

Another strategy for HCV inhibition is targeting the host biomolecules it requires for

replication. This approach, alternative to the direct-acting antivirals, has been devel-

oped to avoid resistance and achieve pan-genotypic coverage [252]. These include

cyclophilin A (CypA), phosphatidylinositol-4 kinase IIIα (PI4KA) and microRNA 122

(miR-122).

MicroRNAs (miR) are non-coding strands of RNA produced by many eukaryotic

cells involved in gene expression. In general their role is to negatively regulate expres-

sion by binding to mRNA targets [253]. However, in the case of the HCV genome, a

liver-specific miR, miR-122, actually positively regulates the replication of HCV RNA

[254] by binding to two sites on the 5’-UTR (Figure 1.6). This nucleic acid polymer to-

gether with a human argonaute protein, a human protein that also typically downreg-

ulates expression, stabilizes the uncapped viral RNA from degradation [255]. A nucleic

acid, miravirsen (previously SPC3649) is the main miR-122 antagonist. Its structure is a
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modified complementary strand of miR-122 [256]. Clinical trials for this molecule have

reached phase 2 [256, 257] and have shown high barrier to resistance [258].

The lipid kinase phosphatidylinositol-4 kinase IIIα is one of the host proteins nec-

essary for RNA replication. It is activated by NS5A-D1 [259] and its product is believed

to be an essential component of the replication complex membrane [260]. Conversely,

PI4KA regulates the phosphorylation state of NS5A [261]. PI4KA inhibitors were first

thought to inhibit HCV replication by targeting NS5A instead of a host protein [262].

One such inhibitor, AZD-2836 reached phase I-II clinical trials but was discontinued

[263]. Development of new inhibitors is ongoing since the discovery of a novel mecha-

nism of inhibition [264].

FIGURE 1.18: Structure of Cyclophilin A inhibitors. Cyclosporine A (CsA) and its non-
immunosuppressive analogues alisporivir, NIM811 and SCY-635 with their difference in struc-
ture highlighted as well as an example of a novel class of cyclophilin inhibitors (30) described

by Ahmed-Belkacem et al. [265].

Cyclosporine A (CsA), a well-known immunosuppressant, was identified as in-

hibiting HCV RNA replication in a replicon system [266]. This was shown to be due

to its ability to inhibit cyclophilins. Cyclophilins (Cyp) are peptidyl-prolyl cis/trans

isomerases (PPIases), thus catalyze the conversion between the trans and cis configu-

rations of the amino acid proline. There was some debate about which cyclophilin iso-

form is biologically relevant in HCV replication but now evidence points to cyclophilin

A [111, 112]. Cyclosporine A is immunosuppressive because, when it is bound to the
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Cyp active site, Cyp can bind to calcineurin, a human phosphatase involved in im-

mune signaling [267]. Since HCV replication inhibition is due to the inhibitor binding

to the Cyp active site [112], development of Cyp inhibitors focused on removing the

immunossupressive interaction with calcineurin.

Alisporivir (DEB025), SCY-635 [268] and NIM811 [269] are the main examples of

this class of anti-HCV drugs (Figure 1.18). Clinical trials with alisporivir were put on

hold at phase III due to pancreatic toxicity in combination with interferon [270]. Phase I

and II trials have since been restarted with alisporivir in the absence of interferon [271].

Resistance to CsA and its derivatives has been mapped mainly to the domain 2 of

NS5A and NS5B [272, 273]. Congruently, direct interaction between CypA and NS5A

in vitro [111] and D2 in particular [105] has been described. Additionally, NS5A-D2 can

act as a substrate for the cyclophilin PPIase activity. However, our group has previously

shown that CypA does not directly interact with the polymerase [108]. Therefore, the

effect that CypA has on RNA replication is expected to be mediated via NS5A-D2.

CypA is involved in the life cycle of various viruses and thus its inhibitors are being

investigated to be applied to other diseases [274–276] and novel inhibitors are being

researched. Ahmed-Belkacem et al. [265] recently described using fragment-base drug

discovery to design a non-peptidic cyclophilin inhibitor without immunosuppressive

properties.

1.4.4 Current treatment options

Since 2011, treatment has rapidly evolved and changed. The first direct-acting antivi-

rals to be approved, telaprevir and boceprevir, both protease inhibitors, were used in

combination with interferon and ribavirin. Direct-acting antivirals are often used in

combination to avoid the development of resistance mutations. This combination ther-

apy had improved SVR but had a larger side-effect profile.

Sofosbuvir, a nucleotide inhibitor, was approved in 2013 and revolutionized the

treatment of HCV with SVR in over 90% of patients in combination therapy. Soon after,

additional direct acting antivirals were approved for use and combination therapies

without interferon or ribavirin became standard of care. The effectiveness of current

56



Introduction

treatment protocols is such that the first-generation DAAs, telaprevir and boceprevir,

have been discontinued [277, 278].

Current standard of care is dependent on genotype and whether the patient has

compensated or decompensated cirrhosis (Table 1.1). Interferon-based therapies are no

longer recommended by the American FDA.

sofosbuvir
ledipasvir

sofosbuvir
velpatasvir

sofosbuvir
daclatasvir

sofosbuvir
simeprevir

ombitasvir
paritaprevir

ritonavir
dasabuvir

ombitasvir
paritaprevir

ritonavir
ribavirin

elbavir
grazoprevir

Genotype 1
Genotype 2
Genotype 3
Genotype 4
Genotype 5
Genotype 6

TABLE 1.1: Summary of recommended treatment for patients with or without cirrhosis. Boxes
filled in black represent drug combinations that are recomended for patients with the geno-
type on the left. Patients with compensated cirrhosis should not use treatments with protease

inhibitors (gray background). Adapted from the 2016 EASL guidelines [279].

For genotype 1, previously the hardest genotype to treat, many combinations have

been approved. All of these combine two or more types of DAAs. In particular, there

are many treatment options for patients without cirrhosis or with compensated cirrho-

sis. These include sofosbuvir combined with either ledipasvir, simeprevir, velpatasvir

or daclatasvir. In late 2014, an ombitasvir, paritaprevir, ritonavir and dasabuvir com-

bination was approved and has since been included as a recommended treatment for

these patients. Most recently, elbasvir and grazoprevir have also been approved [280].

All of these treatments last for 12 weeks and have very low side-effect profiles. This is

a major improvement over interferon-era 24–48 week treatments.

All genotypes have treatment options since sofosbuvir in combination with either

velpatasvir or daclatasvir is recommended for all genotypes. Indeed, effective treat-

ment is available for most patients, even those who did not have such options pre-

viously. In patients with decompensated cirrhosis, defined as the presence of at least

one of the following symptoms: jaundice, ascites, variceal hemorrhage, or hepatic en-

cephalopathy, options are available despite the fact that the use of NS3 protease in-

hibitors is contraindicated because of lower protease inhibitor clearance [279]. Recently,

sofosbuvir with either ribavirin or ledipasvir was approved for use in pediatric pa-

tients, a group in which the only treatment options were interferon-based therapy [281].
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Treatment of patients with HCV/HIV co-infection should choose the HCV antiviral

treatment depending on the antiretroviral therapy to avoid drug-drug interactions [6].

Similarly, DAAs can have interactions with lipid lowering drugs, anti-depressants,

anti-psychotics, cardiovascular drugs and immunosuppressants. Thus patients tak-

ing these medications concomitantly might require adjustments in their DAA dosage,

increased monitoring or even contraindicate the use of some DAAs [279].

Treatment failure, despite becoming less frequent, still occurs in 5-10% [280] of

patients. It is usually tied to the underlying presence or development of resistance-

associated substitutions (RAS) [279]. The resistance profile and resistance barrier is

dependent on the class of the DAA [218]. For example, the resistance barrier to NIs is

high. For sofosbuvir the main RAS is S282T. Since this mutation reduces the replica-

tion fitness of HCV this RAS tends to disappear after termination of an unsuccessful

treatment and repeat treatment with sofosbuvir is recommended even in the case of

failure. The profiles of NS5A inhibitor RASs are dependent on the particular drug but

these mutations result in a virus with high replication fitness. Protease inhibitors and

dasabuvir (NS5B palm-I) can develop RASs near their binding sites and, like for NS5A

inhibitors, repeat treatment in treatment-experienced patients should select a combina-

tion that does not have the same resistance profile and should ideally target different

viral proteins [279].

HCV treatment options have become much more varied, efficient and with a smaller

side-effect profile in recent years. However, the elevated price tag for the new DAA-

based protocols precludes the treatment of all HCV-infected patients at this time. The

continued study of HCV and its cellular and biochemical mechanisms can aid in the

development of newer, more cost-effective treatment options as well as improve our

understanding of mechanisms common to other viruses [282].

1.5 Hepatitis C virus infection affects cellular metabolism

To aid in its adaptation within the host, the hepatitis C virus can modify the metabolism

of the host. It has been described that the virus modulates both the glucose and lipid

metabolisms [283, 284].
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The mechanisms by which HCV perturbs the lipid metabolism can include in-

creased lipogenesis, reduced β-oxidation and fatty acid export. Lipogenesis is in-

creased by activation of sterol regulatory element-binding protein 1c [285] which ac-

tivates genes responsible for fatty acid and cholesterol synthesis [286]. Oxidative stress

caused by HCV induces increased peroxidation of lipids [287] and this seems to act

as a regulatory feedback loop that inhibits HCV replication [288]. Additionally, β-

oxidation, a catabolic process that breaks down lipids is decreased in infected cells

[289]. Furthermore, to allow the virus to co-assemble with VLDL for viral secretion,

the VLDL secretion is decreased [290]. Together, these processes are believed to con-

tribute to the development of steatosis [291].

Steatosis is a condition commonly present in HCV-infected individuals. This pathol-

ogy is characterized by the accumulation of lipid droplets in the liver [292]. The virus

uses lipid droplets as platforms for virion assembly. The lipid droplets supply lipids

for the VLDL production and release. The virus makes use of this assembly pathway

to produce its LVP.

Cholesterol homeostasis is also affected in the HCV infection. There is increased

biosynthesis of this sterol in infected cells but chronic HCV patients had lower blood

levels of cholesterol compared to uninfected controls [293]. Interestingly, not only

virion assembly [294] is affected by cholesterol biosynthesis inhibition but also RNA

replication [295]. This may be explained by the role of cholesterol in the DMVs that

surround the replication complexes that have much higher concentrations of this lipid

than ER membranes.

Beyond the perturbations in the lipid homeostasis, HCV also modulates other met-

abolic pathways. In particular, the proteomic profiling of HCV-infected Huh-7.5 cells

suggested that HCV induces perturbations in several central carbon metabolism path-

ways, including the glycolytic pathway [283]. The goal of this perturbation may be to

support cell viability in spite of high viral replication.

In 2014, Ramière et al. [296] showed that Huh-7.5 infected with HCV had increased

consumption of glucose, glutamate and pyruvate compared to uninfected cells. They

related this increased consumption with an activation of hexokinase 2 (HK2) by NS5A.

Hexokinases catalyze the first rate-limiting step of glycolysis, the phosphorylation of
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glucose to glucose-6-phosophate. Hepatoma cells, as used in their study, mainly ex-

press the HK2 isoform of hexokinase. However, in hepatocytes the main hexokinase

isoform present is glucokinase (GCK). Based on this we were interested in investigating

the mechanism of activation of GCK by NS5A-D2 (see Chapter 8).

1.6 Intrinsically disordered proteins

Since 1894, when Emil Fischer proposed the "lock and key" analogy to explain the speci-

ficity observed in enzymes that catalyze the reduction of sugars [297], protein structure

was believed to be necessary for function. His analogy suggested that the substrate of

an enzyme acts as a key. This key should have the right shape to fit into the lock, the

active site. If the fit was not perfect, no reaction would occur. Later, because certain ex-

perimental observations could not be explained by a rigid enzyme, the "lock and key"

analogy was questioned in 1958 in the proposal by Koshland [298] called the "induced

fit" model. In this model, the binding of the substrate causes a conformational change

in the enzyme and a certain flexibility of the enzyme is necessary for it to achieve its

catalytically active conformation. However, structure was still believed to be necessary

for function.

The necessity of structure for function was called into question only much later

during the 1990s. In 1996, Kriwacki and coworkers showed that the N-terminal region

of p21Waf1/Cip1/Sdi1, that acts as a cyclin-dependent kinase inhibitor, lacks stable sec-

ondary and tertiary structure while free in solution. When bound to one of its biologi-

cal targets, however, the protein undergoes a disorder-order transition. Later, in 1998,

Romero et al. [299] predicted that over 15000 proteins in the SwissProtein database

displayed disordered regions at least 40 amino acids long. In 1999, Wright and Dyson

[300] reviewed the growing body of evidence and showed that proteins without stable

three-dimensional structure are ubiquitous in various roles and processes throughout

the cell. These proteins may undergo folding only in the presence of a binding part-

ner. Additionally, they suggested that disorder may provide functional advantages to

a protein.

During the last two decades, our understanding of intrinsically disordered proteins
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(IDPs), proteins that do not possess stable tertiary structure, and the biological pro-

cesses in which they are implicated has greatly improved.

1.6.1 Characterization of IDPs

IDPs do not have a global stable three-dimensional structure over time due to their

amino-acid composition. They tend to have a higher percentage of charged residues

and prolines and a lower percentage of hydrophobic and aromatic residues, which

tend to cause folding to form the cores of globular proteins [301].

Rather than existing as stable conformations, IDPs can sample a large ensemble

of exchanging conformations. Thus, one of the main characteristics of IDPs is their

flexibility. Unlike folded proteins, these molecules do not have single conformations

that are well-defined energetic minima (Figure 1.19). Instead, these proteins are capable

of sampling a multitude of conformations in solution that are minima separated by low

energy barriers [302].

FIGURE 1.19: Energy landscapes of folded proteins and intrinsically disordered proteins. Left
The energy landscape of a “normal” folded protein is well funneled so that the protein confor-
mation is a well-defined minimum. Center Intrinsically disordered proteins can be funneled
as well but are weakly funneled and thus present more flexibility being able to sample more
conformations. Right IDPs can also have a “rugged landscape” where they can change con-
formations and sample many conformations with small energy barriers between them. From

Papoian [302]. Copyright 2008 National Academy of Sciences.

A region or protein without any structural propensities is called "random coil". The

orientation of each amino acid within a protein chain is described by its torsion angles

φ and ψ. In a random coil, for each amino acid there will be a distribution of torsion

angles [303] and all allowed conformations are being sampled. However, often certain

conformations are populated more often than others. Many IDPs have propensities

to form secondary or tertiary structural motifs and are not completely random coil,
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which can be called structural propensity. For example, region of an IDP with helical

tendencies will be in a helical conformation more often than would be expected if it

was random coil. These motifs can be transient or longer lasting [304].

The characterization of the structure of an IDP consists in characterizing either an

average structure or an ensemble of possible conformations the IDP can populate. This

consists in identifying whether there are secondary structural motifs (transient or not),

the residues involved in such structures or even long-range transient structures.

The main challenge in characterizing these mostly unstructured proteins is that X-

ray crystallography, a tool commonly used in structural characterization of proteins,

cannot be used for the study of the dynamic free state of IDPs, because the intrinsic

flexibility of these proteins precludes their crystallization. In some cases where the

affinity between a structured protein and its intrinsically disordered partner is high it

is possible to crystallize a complex representative of the bound state of this IDP [305].

However, for most studies other experimental techniques are used for the characteriza-

tion of an IDP. Nuclear magnetic resonance spectroscopy, one of the main experimental

techniques used for the study of IDPs, will be discussed in Section 1.7.2.

FIGURE 1.20: Far-UV CD spectra of typical of secondary structure and random coil. Poly-L-
lysine forms different structures depending on the conditions. The far-UV CD spectrum of
typical of an α-helical structure is represented with filled circles (0.1 mg/mL poly-L-lysine
freshly dissolved at pH 11.1). A CD spectrum typical of a β-sheet is represented with open
circles (0.1 mg/mL poly-L-lysine at pH 11.1 after heating at 52◦C for 15 minutes) and the CD
spectrum characteristic of random coil conformation (diamonds, 0.1 mg/mL poly-L-lysine in
pure water). From Fändrich and Dobson [306]. Copyright 2002 European Molecular Biology

Organization.
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One powerful technique for the assessment of conformational properties of a pro-

tein is circular dichroism (CD) in the far ultraviolet region. This technique involves the

differential absorption of left- or right-handed circularly polarized light. This can be

used to determine folding properties and secondary structure content of a protein. The

structural dependence occurs because when the amides of the backbone are aligned

in arrays their optical transitions are shifted [307]. Different structural elements give

rise to characteristic CD spectra (Figure 1.20). The CD spectrum of a protein does not

provide information of the secondary structure of specific residues but can be used to

determine whether a protein is globally intrinsically disordered [308]. Additionally,

it can also be used to identify the presence of structural propensity within an other-

wise disordered protein as has been done for NS5A-D2 [106]. The CD spectrum of this

protein largely resembles a random coil conformation. Additionally, the presence of a

negative shoulder at 220 nm that increases with the addition of 2,2,2-trifluoroethanol

(which stabilizes helical folding) and temperature increase (that strengthens hydropho-

bic interactions) suggests that there is not only random coil structure but also structure

or structural propensity.

A B 

FIGURE 1.21: SAXS characteristics of IDPs. Data simulated from three 60 kDa proteins.
A globular protein (dark blue), a protein 50% unfolded (light blue) and fully disordered
(gray) are shown. Left Distance distribution p(r) showing the larger radii of disordered pro-
teins. Right The Kratky plot displays a bell-shape for proteins with globular regions. From
Kikhney and Svergun [309], available under a Creative Commons Attribution-Noncommercial-

NoDerivatives license.

Another technique that can be used to characterize the global structure of IDPs is

small-angle X-ray scattering (SAXS) that can be used to investigate the overall shape
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of biomolecules. The scattering pattern of X-rays traversing a protein solution is mea-

sured at different angles. The scattered intensity (I) is given as a function of the mo-

mentum transfer s = 4π sin θ
λ , where 2θ is the scattering angle and λ is the wavelength

of the incident light. The scattered pattern is isotropic as the measurement is done in

solution. The scattered intensity can be related to the electron density of the particle (ρ).

Globular monodisperse systems show electron density that reflects the shape and size

of the protein. As natively unfolded proteins are more extended than globular ones of

the same number of amino acids, these proteins have larger radii of gyration (Figure

1.21A). Proteins that have both folded and disordered regions present a distribution

that is as a combination of both globular and natively unfolded characteristics. This is

particularly visible using a dimensionless Kratky plot, given as (sRg)
2I as a function

of sRg (Figure 1.21B) [309].

Other analytical techniques that can be used to characterize IDPs include fluores-

cence spectroscopy, infra-red spectroscopy, dynamic light scattering and size-exclusion

chromatography, i.e., techniques that can be used to infer information on secondary

structure and on the size/shape of the protein [310].

1.6.2 Biological roles of IDPs

There are many advantages to the increased flexibility of IDPs. These proteins can be

shaped by their environment which allows them to recognize a variety of biological tar-

gets [300]. Furthermore, their extended structure provides them with a larger surface

area which contributes to their binding of multiple partners and allows for easier access

by enzymes responsible for post-translational modifications [311]. Binding to partners

can occur with the IDP in an (at least locally) ordered configuration [312]. Additionally,

due to their lack of structure, IDPs are more sensitive to degradation by proteases. At

first glance this may seem as a disadvantage but it provides an additional mode for the

cell to regulate their activity.

These advantages provide insight into the biological roles in which we find IDPs or

intrinsically disordered protein regions (IDPRs). Based on their functions they can be

classified into six categories [313, 314]: entropic chains, display sites, chaperones, effec-

tors, assemblers and scavengers. Firstly, their flexibility allows regions of disorder to
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act as entropic chains, in which their ability to populate a large conformational space is

central to their activity. An example of this are linkers that connect structured domains

of a protein. Other roles of IDPs and IDPRs are related to their recognition of binding

partners. Display sites are proteins in which their disordered nature allows for easy

access by proteins that introduce post-translational modifications (PTMs). These PTMs

can then modulate the interactions between the disordered protein and its partner(s).

Chaperones assist in the correct folding of proteins or RNA. Disordered regions make

up a large part of both RNA and protein chaperones [315]. Effectors act by modifying

the activity of their partner, either activating or, more often, inhibiting it. Assemblers

bind to multiple targets to aid in the formation of multi-protein complexes by bring-

ing together different partners. Finally, scavengers are a class of IDPs and IDPRs that

store and neutralize small ligands, for example calcium-binding phosphoproteins can

solubilize calcium phosphate [316].

Disorder is present in all kingdoms of life and is prevalent even among viruses

[317]. For viruses, IDPs provide the advantage of being capable of interacting with a

large number of partners, both from the host and the virus itself thus maximizing the

functions with a minimal genome. Additionally, disordered regions provide flexibility

to mutate to adapt to the host. This was shown to be the case for the C-terminus of the

viral polymerase of the Nodamura virus [318]. Indeed, several viral genomes contain

regions coding for IDPs. For example, the human immunodeficiency virus 1, hepatitis

δ virus, influenza virus, human papillomavirus as well as many others have IDPs [319].

Also, in the hepatitis C virus the C-terminal of NS5A protein is intrinsically disordered,

which contributes to the large number of interaction partners this protein is capable of

binding, including NS5B and glucokinase.

1.6.3 Binding mechanisms of IDPs

IDPs are often folded when bound to their biological targets [312]. There are two mech-

anisms in which folding to bind to a partner occurs (Figure 1.22). Firstly, the active con-

formation already exists in solution and is selected by the binding partner in a mech-

anism called "conformational selection". Secondly, IDPs can undergo induced fit, in

which binding occurs with a somewhat unfolded state that becomes structured upon
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FIGURE 1.22: Binding mechanisms of IDPs. If the IDP is folded in its bound state there are
two main binding mechanisms. In an induced fit mechanism (IF) the disordered partner (B)
only folds into its final bound state (B*) upon binding. Additionally, binding can occur with a
conformation that resembles the bound state that exists in solution in the case of conformational

selection (CS). From Mollica et al.[320]

binding. Nonetheless, these two mechanisms are only two extremes of possible binding

mechanisms. So far, for IDPs neither extreme case has been proven to exist exclusively.

Often binding mechanisms are a combination of both cases, for example by binding a

pre-existing structure but undergoing further rearrangement upon binding [320, 321].

Despite the fact that most interaction of IDPs occur with folding, some proteins re-

main disordered even upon binding. These form what are called "fuzzy complexes"

[322]. This is the case of the disordered signaling protein Sic1. This protein is recog-

nized by Cdc4 prior to degradation. This only occurs when six sites on the disordered

protein are phosphorylated but its binding partner Cdc4 only has one recognition site.

In 2008 it was shown that Sic1 is disordered even when bound to Cdc4 and that the

phosphate groups take turns binding to the site on Cdc4 [323]. It is through increased

electrostatic interactions in the presence of phosphorylation that the presence of six

sites on one protein is detected by single site on its partner [324].

1.7 Protein nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy, like other spectroscopic techniques,

uses the interaction of electromagnetic waves with matter. In NMR spectroscopy the

wavelengths used are radiofrequency or MHz range frequency. Additionally it makes
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use of an effect called the Zeeman effect in which the energy levels of of nuclear spin

states split in the presence of an external magnetic field (B0). This splitting is propor-

tional to the applied magnetic field. For NMR experiments, the magnetic field strengths

applied are homogeneous and very high (in this work we use spectrometers that have

a field strength of 14.1 and 21.1 tesla). Despite the high magnetic fields, the splitting

is small compared to the thermal energy at the temperature of the experiments and

results in a very small excess (about 1 in 100 000) of the lower energy nuclear spin mag-

netization state resulting in the low sensitivity that is characteristic of this technique.

The resulting magnetization vector in a magnetic field is aligned with the external

magnetic field (Z direction). By exciting the nuclei with a pulse of radiofrequency of

the right wavelength the magnetization vector can go to the plane perpendicular to the

external magnetic field (XY plane). There it precesses at a specific frequency, called the

Larmor frequency (ω0) which induces a current in the receiver coil of the spectrometer.

This current gives the signal known as free induction decay (FID) that decays over

time due to relaxation mechanisms. By Fourier transform this time-domain signal is

transformed to give the frequency-domain signal known as the NMR spectrum.

HN 

aromatic 

Hα 

aliphatic *

methyl 

1H (ppm) 

FIGURE 1.23: 1H NMR spectrum of human ubiquitin. This spectrum of 13C,15N-labeled ubiq-
uitin (8 kDa) shows the approximate regions of different protons from the protein. Water was
suppressed with a WATERGATE pulse sequence and the residual water signal is visible as the
negative peak at 4.8 ppm. Even with such a small protein the 1D spectrum is complex. The

peaks labeled with an asterisk are due to the buffer.

The most simple type of NMR experiment is a 1D experiment where there is a sin-

gle 90◦ pulse then the FID is acquired. The Fourier-transformed 1D 1H spectrum of

ubiquitin obtained with water suppression [325] (to remove the large signal due to the

proton of water) is shown Figure 1.23. Simultaneous excitation of all 1H gives rise to a
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spectrum with a frequency dimension, where frequency is specified in parts per million

relative to a defined standard. The position of the peaks correspond to their chemical

shifts.

Some of the most interesting experiments that can be done by NMR spectroscopy

are done by manipulating the nuclear spins between the excitation pulse and detection

of the signal. By using timed pulses of varying lengths and intensities as well as spe-

cific delay times we can manipulate the state of the ensemble of nuclear spins [326].

The nuclei commonly used in protein NMR, 1H, 15N, 13C are spin 1
2 nuclei that have

spherical charge distributions.

In a quantum mechanical description of NMR spectroscopy, the energy operator,

the Hamiltonian, of a spin i has the following terms that affect an NMR experiment

[326]:

Ĥi = Ĥstatic
i + ĤCS

i + ĤJ
ij + ĤDD

ik + ĤRF
i + Ĥother

i (1.1)

These are terms for the contribution of the static field (static), also called Zeeman

Hamiltonian, of the additional magnetic field due to the electrons surrounding the nu-

cleus (CS), of scalar coupling (also called J-coupling) with nucleus i (J) summed for all

j, of dipole-dipole interaction with nucleus i (DD) summed for all k, of radiofrequency

fields like the one caused by the pulse (RF ) and any other fields present (other).

Chemical shift (CS) arises from the movement of electrons within the sample, in-

duced by the external magnetic field. Since this movement is an electrical current, it

creates a smaller local magnetic field which in turn changes the value of the magnetic

field effectively detected by a particular nucleus. It can be expressed through its Hamil-

tonian

Ĥstatic
i + ĤCS

i = −γiB0(1 + δi)Iz (1.2)

where γ, called the gyromagnetic ratio, is a characteristic of the nucleus that is pro-

portional to the strength of the NMR signal; Iz is the angular momentum operator

and δ is the value of the chemical shift. CS contains information on the chemical en-

vironment of a nucleus which can be extended to information about the structure of
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a molecule. Chemical shift is given in parts per million (ppm) which is a unit that

does not depend on the magnitude of the external magnetic field and is relative to the

frequency of a reference compound. For 1H and 13C, tetramethylsilane (TMS) or its

water-soluble derivative Trimethylsilylpropanoic acid (TMSP) can be used as internal

reference compounds at 0 ppm.

Scalar coupling, the isotropic component of J-coupling (given by ĤJ
ij in Equation

1.1), is due to an indirect interaction between two nuclei that is mediated by electrons

in the bonds that connect them. Scalar coupling causes the splitting of signals in NMR.

For J-coupling to heteronuclei this can be removed by applying decoupling during

the acquisition of the FID. Scalar coupling can also be used to transfer magnetization

between nuclei that are connected through bonds, a strategy often used to obtain mul-

tidimensional spectra.

The dipole-dipole contribution arises from the effect of the magnetic field of one

nucleus on another. Since the effect of the magnetic field is dependent on the relative

positions and orientations of the nuclei, this effect is through space and can provide

insight into the proximity of two nuclei. However, for most applications in solution

NMR, the dipolar contribution to the energy levels of a nuclear spin is averaged be-

cause all orientations can be sampled in an isotropic solution. It does, however, occur

as a perturbation that causes relaxation.
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FIGURE 1.24: Spin relaxation mechanisms. The magnetization vector is shown as a black arrow
in the rotating-frame (to simplify the precession in the XY plane at the Larmor frequency). Top
Spin-lattice relaxation (T1) causes the return of the magnetization from the XY plane to the Z-
axis, reducing the projection of the magnetization vector on the XY plane over time. Bottom
Spin-spin relaxation causes a change in the frequency of precession of the nuclear spins which

reduce net magnetization.
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Relaxation causes the FID signal that is acquired in an NMR experiment to decay

over time. This is due to different mechanisms that result in the loss of coherence on

the XY plane (Figure 1.24). The first type of relaxation is longitudinal relaxation. This

relaxation is the return of magnetization from the XY plane to the Z-axis. It has a time

constant called T1 and relaxation rate (the inverse of the time constant) called R1. The

second type of relaxation is spin-spin relaxation, also known as transverse relaxation,

and is the decay of the magnetization on the XY plane. It is caused by loss of coherence,

that is, the nuclear spins to precess in the XY plane at progressively different frequen-

cies and consequently net magnetization is lost. Both types of relaxation originate from

random fluctuations of the local magnetic field. Spin-spin relaxation has a time con-

stant called T2 and a relaxation rate called R2. Relaxation causes exponential decay of

the FID signal. The Fourier transform of a signal that decays slowly is a narrow peak.

Inversely, fast decay results in broad peaks. Therefore, quickly relaxing nuclei give rise

to broad resonances in the NMR spectrum and the width of the peak can be used to

estimate the transverse relaxation rate.

Two sources of nuclear spin relaxation are the anisotropic part of chemical shift

interaction and dipole-dipole coupling. These mechanisms turn the the molecular dy-

namics into fluctuating magnetic fields that result in NMR relaxation. Thus, these are

both directly related to dynamic properties of the protein, such as the rotational cor-

relation time (τr) and internal motions. T1 is shortest when the rotational correlation

time is 1/ω0, which is of the order of 1 ns for a proton at 900 MHz. Since T2 is equal or

shorter than T1, T2 is the main contributor of the two to the broadening of peaks.

Nuclear magnetic resonance spectroscopy allows for the study of proteins in so-

lution with atomic resolution. This can provide information that cannot be obtained

by X-ray crystallography where the proteins are locked in a conformation that can be

crystallized which might not be representative of the conformation(s) in solution. In

general, a spectrum obtained is a weighted average of conformations that exist in so-

lution. Other advantages of protein NMR spectroscopy are that it can be used to study

interactions between protein and other biomolecules to obtain both thermodynamic

parameters and the regions of the protein(s) that interact and investigate the dynamics

of proteins in solution with atomic resolution.

70



Introduction

However, as can be seen in Figure 1.23 the abundance of peaks makes the analy-

sis of a 1D 1H spectrum unpractical for even small proteins. Additional dimensions,

particularly those of heteronuclei are used to disperse the peaks and gain further infor-

mation. One of the main types of multidimensional spectra used in protein NMR is the

1H,15N-heteronuclear single quantum coherence (HSQC) spectrum.

1.7.1 1H,15N-Heteronuclear single quantum coherence spectrum

With specific combinations of pulses and delays we can manipulate the spin polariza-

tion to transfer it from one nucleus to the other, through bonds or through space. By

exciting 1H nuclei and transferring their spin polarization to 15N through one bond we

can do 2D NMR and observe the amide bonds of the protein backbone, as well as other

N-H bonds in the protein side chains, through the chemical shift of the 1H and the 15N

bound to it.

Most protein NMR makes use of labeling the nitrogens. 14N, the most abundant

nitrogen isotope is NMR active but has spin 1 and is therefore quadrupolar, that is, does

not have a spherical nuclear charge distribution which causes very broad signals. In its

place, we make use of 15N, that has a natural abundance of 0.37% and spin 1
2 . Due to its

low natural abundance, isotopic enrichment is necessary for its use. This is achieved

using an expression system and introducing 15N as the main source of nitrogen. For

example, by growing Escherichia coli cells that can overexpress the protein of interest

with [15N]NH4Cl as the sole source of nitrogen, the protein will be uniformly labeled

15N.

Once the protein is uniformly 15N-labeled the spectra acquired are typically a form

of heteronuclear 2D spectrum called 1H,15N-Heteronuclear Single Quantum Coherence

(HSQC) spectrum. Like other heteronuclear pulse sequences, the HSQC (Figure 1.25)

transfers magnetization from one nuclei (here 1H) to the other (15N) and then has an

evolution time (t1) of the magnetization on the second nucleus, then transfers magneti-

zation back to the original nucleus to detect, while decoupling on the second nucleus.

This sequence is repeated several times with variable evolution times. Fourier trans-

form is applied twice to give rise to spectra that have two frequency dimensions. In the

spectra there are cross-peaks that correspond to the frequencies of 1H (on what is called
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direct dimension of the 2D spectrum because the detection is done on this nucleus) that

are one bond from 15N atoms, whose frequencies are also visible in the indirect dimen-

sion.

FIGURE 1.25: Basic HSQC pulse sequence. Initially the I nucleus is excited by a 90◦ pulse. Then
its magnetization is transfered to the S nucleus and allowed to evolve for a period of t1 followed
by the return of the magnetization to the I nucleus to be detected while a decoupling pulse
sequence on the S nucleus removes J-coupling from the spectrum. This sequence is repeated
for variable values of t1 giving rise to a 2D spectrum. For a 1H,15N-HSQC the hydrogen is the
I nucleus and the nitrogen is the S nucleus due to the improved sensitivity of detecting on

hydrogen. From Cavanagh et al. [327].

In the 1H,15N-HSQC, the region of interest for protein NMR is about from 6.5 to 11

ppm in the 1H dimension where the amide protons can be located. Each amino acid

has an amide bond on the protein backbone and except for proline, that is a secondary

amine, each amino acid has an amide proton. Therefore, it is expected that this region

of the spectrum has one cross-peak for each amino acid except proline. Therefore, this

1H,15N-HSQC spectrum can be imagined as a fingerprint of the protein (Figure 1.7.2).

The 1H-15N cross-peaks are sensitive to their chemical environment and the struc-

ture of the protein. In a well-structured protein the environment observed by the amide

protons is varied. On the other hand, in an intrinsically disordered protein the amide

protons mostly see the solvent. Therefore, for a well-structured protein the proton di-

mension of the spectrum is well dispersed compared to the spectrum of a denatured or

intrinsically disordered protein.

To make full use of a 1H,15N-HSQC spectrum we must assign its resonances to

residues in the amino acid sequence. This is typically done by what is called triple

resonance backbone assignment. To do this, the protein used is isotopically labeled

15N and 13C because in these NMR experiments the magnetization is transferred from

the amide hydrogen to a carbon in either in the same amino acid (i) and/or the amino

acid before it in the sequence (i-1) through the nitrogen atom. There are many types
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FIGURE 1.26: Comparison of the 15N,1H-HSQC spectra of a folded protein and an IDP. Left
The 1H,15N-HSQC spectrum of human cyclophilin A (CypA) which is a 18 kDa folded protein.
Right The 1H,15N-HSQC spectrum of the domain 2 of NS5A (NS5A-D2) a 11.6 kDa IDP shows

a much less disperse spectrum characteristic of a disordered protein.

of complementary triple resonance experiments. HNCA and HN(CO)CA have peaks

due to to both i and i-1 Cα and only the i-1, respectively. Similarly, HNCACB and

HN(CO)CACB have peaks due to Cα and Cβ due to both i and i-1 and only the i-1

residues, respectively. HN(CA)CO and HNCO contain signals due to carbonyl carbons

(C’). These pairs of spectra allow the discrimination of the carbon chemical shift of the

i and i-1 residues.

Beyond assigning the resonances manually, it is also possible using a software to

find sequential assignments from a table of chemical shifts. One such program is MARS

[328]. It searches for sequential connectivity between spin systems and also compares

the chemical shift values to those expected of the amino acid sequence and secondary

structure. Furthermore, it does so without penalty for missing chemical shifts.

The assignment of the 1H,15N-HSQC spectrum can be used as a starting point to

investigate structure, interactions and dynamics with per residue resolution.

1.7.2 NMR spectroscopy of intrinsically disordered proteins

The lack of a fixed three-dimensional structure of intrinsically disordered proteins makes

NMR an important technique for their investigation.
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Since the chemical shift is averaged for the conformations that the protein samples

(as long as it samples these conformations fast enough) and the spins are often exposed

to the solvent. Thus, the main characteristic of the NMR spectra of intrinsically disor-

dered proteins is that the peaks are not very dispersed, especially in the 1H dimension

(Figure 1.26). In IDPs the values of the chemical shift of a resonance will be close to

the "random coil" value [329], that is, the value of the chemical shift if rotational con-

formations of the carbon bonds interconvert freely to all the accessible conformations.

Therefore, CSs of these nuclei depend mainly on the nature of the residue observed

and contributions from the closest neighbors.

Deviations from random coil values occur when there is propensity to form struc-

ture. Several methods exist to determine the presence of structure or structural propen-

sity in a residue-specific way.

Using the chemical shift information from 1Hα [330] and then further extended to

use values from the backbone 13C [331], Wishart and colleagues developed a protocol

that determines an index called the chemical shift index (CSI) that identifies secondary

structure. 13Cα and 13C’ present a downfield shift in CS values when in a helical struc-

ture and an upfield shift when in a β-strand. Inversely, 13Cβ present an upfield shift in

CS values when in a helical structure and a downfield shift when in a β-strand. Based

on this the residue is given a score of -1, 0 or 1 which when grouped together represent

β-strands, coil and α-helices, respectively.

CSI was developed for use with folded proteins and as such it predicts fully formed

structure. For IDPs, however, it is interesting to get a measure of structural tendencies.

For this, the secondary structure propensities (SSP) score [332] makes use of the devi-

ation of the chemical shift values of multiple nuclei from the random coil values and

also compares them to fully α- and β- structures. This gives a weighted score that in-

dicates a propensity to form these secondary structures. Despite being able to include

13Cα, 13Cβ , 13C’, 1Hα, 1HN and 15N in the calculation, the original authors suggest the

use of 13Cα, 13Cβ and 1Hα as these will be the most sensitive to the presence of α-helices

and extended structure propensities. An SSP score, calculated for each residue in the

protein, gives a value between -1 and 1 with negative values suggesting extended struc-

tural propensity, positive values for α-helical propensity and 0 for random coil. Values
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of -1 or 1 represent fully formed structure while, for example, a value of 0.3 for a cer-

tain residue indicates that roughly 30% of conformers are sampling a helical structure

at that residue at a given time.

Originally, the random coil CS values came from experimental measurement of

small peptides like GGXAGG [329] where X is the amino acid whose random coil CS is

being measured. Instead, Tamiola et al. [333] proposed the use of a "neighbor-corrected"

value for the expected chemical shift in the absence of structure. In this way, a reference

random coil CS value of each amino acid is modulated by the amino acid immediately

before and the amino acid after giving more accurate expected chemical shift values

for random coil residues which can be used to calculate secondary chemical shifts (the

difference between experimental CS and random coil CS) as well as in combination

with the previous chemical shift analysis techniques to better assess the presence of

secondary structure.

Another way to determine secondary structure in IDPs by NMR spectroscopy is

measuring the three-bond J-coupling of between 1HN and 1Hα that can be related to

the φ dihedral torsion angle through the Karplus equation [334] (Equation 1.3).

3J(φ) = Ccos2φ+Bcosφ+A (1.3)

where A, B and C are empirically derived parameters [335]. These angles can then be

used to determine the structure of the protein backbone. However, the use of this in

disordered proteins is limited due to their lack of dispersion [326].

Furthermore, NMR experiments can be used to determine distance restraints in

IDPs. Nuclear Overhauser effect spectroscopy (see Section 1.7.6) can give short range

distance restraints that may indicate the presence of stable local structure within an IDP

and can be used to calculate an ensemble of conformers that conform to these distance

restraints to identify the structure as was used to determine the structure of a small

structural motif in the domain 2 of NS5A [110]. Somewhat similarly, paramagnetic

relaxation enhancement (see Section 1.7.7) provides long-range distance restraints that

can be used to identify long-range contacts within the IDP [336].

IDPs are highly dynamic and therefore have short correlation times, giving rise to
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slow relaxation and narrow peaks even for very large IDPs. However, this is not the

case for large folded proteins.

1.7.3 High molecular weight protein NMR spectroscopy

The study large proteins or complexes is challenging using protein NMR spectroscopy.

For globular proteins using “classical” protein NMR with 15N-labeled samples and the

1H,15N-HSQC there is an upper limit of about 30 kDa. There are two main factors

that contribute to the difficulty in obtaining spectra with increasing size. Firstly, the

amount of signals increases with the number of amino acids in the protein, which can

cause signal overlap. This can be remediated by using different strategies. Higher

field strength can be used to improve resolution in ppm. Additional dimensions may

be needed if two amide N and H have the same chemical shifts. For example, in an

HNCO spectrum, magnetization is transferred to the carbonyl of the previous amino-

acid and the spectrum gains a third dimension that represents the chemical shift of the

carbonyl carbon and it is less likely to have two cross-peaks with the same chemical

shift for all three nuclei. Another strategy, which is protein-dependent, is segmental

labeling in which one or more domains of the protein are labeled with NMR-active

nuclei while the remainder is NMR-inactive. They are then fused together to obtain the

entire protein which will give a spectrum that contains only a fraction of the resonances.

Another major difficulty in obtaining and assigning spectra with globular proteins

larger than 30 kDa is that as the protein increases in size it tumbles more slowly. This

increases its correlation time and shortens its transverse relaxation time (T2) (Figure

1.27). One of the main contributions to the fast relaxation are dipolar interactions be-

tween protons. The effect this has on the spectrum are broader peaks which are less

intense and overlap even more. For proteins larger than 30 kDa, peaks can be so broad

that they can no longer be detected.

Some strategies have been developed to reduce the broadening of peaks with large

proteins.
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FIGURE 1.27: Effect of rotational correlation time on relaxation times. With long correla-
tion times, the relaxation effects due to orientation-dependent relaxation processes (dipo-
lar interaction and chemical shift anisotropy, for example) result in faster relaxation and
shorter T2. T1 is most affected by relaxation when the timescale of these processes is of
the same order as the (field-dependent) Larmor frequency. For large proteins, slow tum-
bling (represented by a large τc) gives rise to large R2. From Reich [337] (available at

https://www.chem.wisc.edu/areas/reich/nmr/index.htm).

Deuteration

Deuteration is the substitution of 1H by 2H. The resonance frequency of 2H is far from

that of 1H. The early applications of deuteration in protein NMR took advantage of this

to simplify 1D spectra. In their 1968 article Crespi et al. [338] extracted C-phycocyanin

from blue-green algae that had been grown in D2O supplemented with protonated

leucine. This resulted in simplified 1H NMR spectra of the leucine side-chain protons.

Beyond just the simplification of the spectra, the deuterated background also improved

the linewidth of the peaks. The application of deuteration to high molecular weight

proteins takes advantage of the dependence of the dipolar coupling on the gyromag-

netic ratio (γ). The relaxation due to dipolar coupling (RDD) on nucleus I is related to

the gyromagnetic ratios of nucleus I and its neighbor S, that are separated by a distance

r by Equation 1.4.

RDD ∝
γ2
Iγ

2
S

r6
(1.4)
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Since the ratio between the gyromagnetic ratios of 1H and 2H is about 6.5 we can see

a theoretical reduction of the relaxation by 42 times by deuteration [339]. There is also

a dependence on the distance between the nuclei for the effectiveness of relaxation

by dipole-dipole interactions, therefore protons that are isolated from other protons

will relax more slowly. Improved relaxation properties result in spectra with smaller

linewidths, which is essential for experiments with high molecular weight proteins

where the slow tumbling rates result in broadening.

Perdeuteration, that is complete deuteration of all hydrogens, can be done in pro-

teins produced recombinantly by producing them in a medium where the main sources

of hydrogens are deuterated [340], notably D2O and glucose. It can be done with a

minimal medium but there are also deuterated rich media available commercially. It

is typically done in procaryotic expression systems but protocols exist for perdeuter-

ation in yeast [341] and by cell-free protein synthesis [342] for proteins that cannot be

expressed in bacteria.

After the protein was produced in deuterated medium some hydrogens need to

be exchanged back to 1H to use as the active nucleus in NMR. This exchange is done

by incubating the protein in a protonated aqueous buffer, typically the buffer used

for the NMR experiments. Exchangeable hydrogens like those in amide groups are

exchanged with the solvent, the degree of exchange depends on the structure of the

protein and incubation time. The protonation of the exchangeable hydrogens allows

for the acquisition of a 1H,15N-HSQC spectrum with improved relaxation properties.

Transverse relaxation optimized spectroscopy

Another strategy that improves the signal-to-noise ratio in large proteins or complexes

is the use of transverse relaxation optimized spectroscopy (TROSY) pulse sequences.

In the HSQC pulse sequence in Figure 1.25 there is decoupling to obtain a single

peak. This avoids the splitting caused by J-coupling to nucleus S. By removing the

decoupling during t1 and t2, splitting produces four signals, called a multiplet, instead

of one, which reduces the intensity of the signal and may cause more overlap.

The main contributors to transverse relaxation in large proteins are the chemical

shift anisotropy and dipole-dipole interaction. These mechanisms contribute to the
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(d)

(e) (f)

FIGURE 1.28: TROSY-HSQC spectra have smaller linewidths than equivalent HSQC spectra.
(a) Example of a 15N-1H spin system obtained with an HSQC pulse sequence with decoupling.
(b) The same spectrum without decoupling displays four peaks forming a multiplet with a 100
Hz J-coupling constant. Each peak has different relaxation contributions from the dipole-dipole
interactions and chemical shift anisotropy. The bottom-right peak has a smaller linewidth due
to the destructive interference between these effects resulting in slower relaxation. (c) Phase-
cycling or application of pulsed field gradients is used to select only the coherence transfer
pathway with the improved relaxation properties. From Pervushin et al. [343]. (d) Example
of TROSY-HSQC pulse sequence. (e) HSQC spectrum of ubiquitin acquired with decoupling
during both t1 and t2. (f) TROSY-HSQC spectrum showing the smaller linewidth when using

this type of pulse sequence. From Cavanagh et al. [327].

relaxation of the different components of the multiplet with different signs. In one of

the peaks of the multiplet, these contributions interfere destructively with each other,

which results in reduced relaxation for this signal. A TROSY experiment consists in not

decoupling but instead using phase-cycling to remove the three peaks that have less

desirable relaxation properties (Figure 1.28). Phase-cycling is the changing of phases in

the pulses in the pulse sequence so that undesired signals have opposing signals during

successive scans and cancel themselves out when adding all the scans. The result in the

spectrum is that only the peak with improved relaxation properties is present from the

multiplet. It has a smaller linewidth compared to the decoupled signal in the HSQC,

resulting in improved resolution and signal to noise ratio.

Since chemical shift anisotropy is field-dependent and dipole-dipole coupling is

field independent the choice of the field strength is important to use this effect. It has
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been proposed that about 1 GHz proton resonance frequency (or 23.5 T) results in the

optimum reduction of the relaxation [343].

The TROSY strategy can be added to many types of pulse sequences. TROSY-based

pulse sequences exist not only for the HSQC but also for triple-resonance pulse se-

quences [344], NOESY pulse sequences [345], etc.

Selective labeling

The studies of the largest proteins and complexes by NMR were done using selective

labeling. Selective labeling is a strategy in which only certain sites on the protein are

labeled with NMR active nuclei. This simplifies the spectrum by reducing the amount

of resonances that are visible. This is often done in a way where one or a few amino

acids are the only residues to be labeled. For example, the introduction of a single 15N-

labeled amino acid in an otherwise 14N culture medium results in the labeling of only

these residues in the HSQC spectrum, as long as there is no isotope scrambling during

the expression of the protein. The evident advantage of this strategy is the simplifi-

cation of the spectrum which can aid the assignment of the HSQC by identifying the

nature of the amino acid that gives rise to certain resonances [346].

While the selective labeling of backbone amides has great advantages, the true

power of selective labeling is harnessed by using selective protonation and 13C-labeling

on an otherwise perdeuterated and 12C-labeled protein. The chemical group usually la-

beled in high molecular weight proteins are the methyl groups. In this strategy methyl

groups are selectively labeled 13C and protonated within a protein that is otherwise

at natural abundance for carbon and perdeuterated. Methyls are often found in hy-

drophobic cores and interaction surfaces and are less sensitive to pH variations than

amide protons. They contain three hydrogens that are equivalent, because of the rapid

rotation of the methyl group. Thus, these three hydrogens give a single resonance in

the NMR spectrum resulting in an improved signal-to-noise ratio. Additionally, the

rapid rotation of the methyl group results in improved relaxation properties that result

in smaller linewidths [347]. This increases the size of systems that can be studied by

solution protein NMR spectroscopy beyond 100 kDa [348].
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Protocols exist for the labeling of side-chain methyl groups of leucine, valine, isoleucine,

alanine, methionine and threonine. For alanine [349], methionine [350] and threonine

[351] the protocols consist in adding the desired amino acid, that is deuterated and

12C except for the 13C1H3-labeled methyl group, just prior to the induction of the cells

grown in a deuterated medium. Additional amino acids that share a biosynthetic path-

way may be added to avoid isotopic scrambling, i.e. the labeling of unwanted amino

acids.

2-oxobutanoate-4-13C,3,3-d2 Isoleucine-δ1

ethyl-2-hydroxy-2-ethyl-d5-oxobutanoate-4-13C Isoleucine-γ2

3-methyl-13C-2-oxobutanoic-4-13C,d acid

Leucine-δ

Valine-γ

FIGURE 1.29: Precursors used for selective protonation of methyl groups of isoleucine, leucine
and valine. The precursors on the left are converted by E. coli metabolism to methyl groups
selectively 13C-labeled and protonated in the amino acids on the right. The labeled methyl
group in the precursors and the amino acids are highlighted in blue. Adapted from Kerfah et

al. [352].

To label the side chain methyl groups of leucine, valine and isoleucine precur-

sors can be used. 3-methyl-2-oxobutanoic acid or α-isoketovaleric acid is transformed

into leucine and valine [353] and 2-oxobutanoic acid or α-ketobutyric acid [354] and

2-hydroxy-2-ethyl-3-oxobutanoate [355] is transformed into isoleucine by the E. coli
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metabolism. In a deuterated culture, their 13C,1H-methyl labeled derivatives are con-

verted to leucine and valine that are selectively protonated and 13C on their methyl

groups and similarly labeled isoleucine δ1 or γ2 [356] methyl groups (Figure 1.29).

Protocols also exist for stereospecific labeling of the leucine and valine methyl groups.

Another advantage of the labeling of methyl groups was the discovery that methyl

groups are intrinsically TROSY-optimized when using a 1H,13C-heteronuclear multiple

quantum coherence (HMQC) pulse sequence [357, 358]. There is a five-fold improve-

ment of the sensitivity when a HMQC pulse sequence is compared to a HSQC-type ex-

periment [359]. This is because for isolated methyl groups in slow tumbling molecules,

in the HMQC there is complete cancellation of 1H-1H and 1H-13C dipolar interaction

for 50 % of the signal. Unlike the TROSY-HSQC, this mechanism does not involve the

cancellation between chemical shift anisotropy (field-dependent) and dipolar interac-

tions (field-independent) and is, therefore, independent of the external magnetic field

strength. However, in the presence of external 1H spins dipolar interactions with these

spins cause the slowly relaxing coherences to interconvert with the fastly relaxing co-

herences, losing the benefits of the TROSY effect. Consequently, the 1H-13C-TROSY

HMQC spectrum (methyl-HMQC spectrum) should be acquired on a sample with a

high level of deuteration, avoiding the dipolar interactions with external 1H [360].

Several large proteins and protein complexes have been investigated using selec-

tive labeling of the methyl groups [361]. One of the largest systems for which there

is extensive assignment of methyl groups is the 670 kDa 20S proteasome from the ar-

chaeabacterium Thermoplasma acidophilum CP [362]. In their work, Sprangers and Kay

investigated the interaction between the 20S proteasome and the 11S activator complex

from Trypanosoma brucei to form a 1.1 MDa complex. They took advantage of thermal

stability of the proteins and complexes as well as a highly symmetrical nature of the

protein complex. Indeed, many of the largest systems to be studied using methyl label-

ing take advantage of symmetry to simplify the spectra or at least complexes formed

of smaller strucutres that are investigated separately (in what is called a divide-and-

conquer strategy) [363–365].
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1.7.4 The study of protein dynamics by NMR spectroscopy

Proteins are inherently flexible meaning they can sample many conformations in so-

lution. The motions that give rise to these different conformations can be of different

timescales, for example methyls rotate at a picosecond timescale [366] while domain

motion is often in the microsecond to millisecond timescale. Different NMR techniques

can probe conformational exchange with rates that can vary from the picosecond to

days ranges (Figure 1.30).

The NMR signal is affected by chemical exchange and its rate between states in

solution. We can imagine a theoretical protein that has two conformations in exchange

in solution. This chemical exchange causes a change in resonance frequency between

two states (A and B) of a spin. In such a two-state system, A is in exchange with B as in

Equation 1.5.

A
ka−−⇀↽−−
kb

B (1.5)

where ka and kb are the forward and backward kinetic rate constants, whose sum is

called kex.

As long as states A and B have different NMR resonance frequencies then the com-

parison of the exchange rate (kex) and the difference in the resonance frequencies of the

states (∆ω) will determine what will be observed in the spectrum (Figure 1.30). At low

exchange frequencies (when kex << ∆ω, called slow exchange) we will observe two

peaks, one for each state with relative peak volumes that give the relative population in

each state. At high exchange frequencies (when kex >> ∆ω, called fast exchange) these

peaks are merged into a single peak. At intermediate frequencies (when kex ≈ ∆ω, in-

termediate exchange) these peaks broaden, even beyond detection, when the rate of

the chemical exchange is of the same order as the difference in resonance frequencies

of the two states. The peaks merge at a condition called coalescence that is shown in

Equation 1.6 [368] where pA and pB are the populations of the A and B states.

2(pApB)1/2kex ≈ ∆ω (1.6)
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FIGURE 1.30: Two-state chemical exchange and NMR dynamics experiments. The figure shows
simulated NMR spectra for the exchange between two states that resonate at the chemical shifts
ωA and ωB with ∆ω = ωA − ωB = 100 Hz. (a) Slow exchange occurs when the exchange
rate is much slower than ∆ω resulting in separate peaks for each state. (b) When kex ≈ ∆ω
the peaks coalesce and broadening is observed, sometimes even causing broadening beyond
detection. (c) Fast exchange occurs when the exchange rate is much faster than ∆ω, in this
case the resonances merge to give a peak at an average frequency. The experiments that probe
different timescales are shown on the left. Reprinted from Trends in Biochemical Sciences, 34,
Mittermaier and Kay, Observing biological dynamics at atomic resolution using NMR, 601–611,

Copyright (2009), with permission from Elsevier [367].

Depending on the range of the dynamics observed in the protein different NMR

strategies can be applied.

When in the two states are in slow exchange, where two peaks are visible, exchange

spectroscopy (EXSY) can be used study this exchange. In this experiment, a delay
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(called mixing time) is introduced in which the protein can exchange between states.

This provides cross-peaks that connect the resonances of both states. By varying the

mixing time and measuring the intensity of the peaks the rate constants can be deter-

mined. This technique can be applied to systems with rate constants from 0.5 s−1 to 50

s−1 [367]. When the population of the minor state is too small to be observed chem-

ical exchange saturation transfer (CEST) and dark-state exchange saturation transfer

(DEST) can be used to saturate the invisible state and observe the transfer of saturation

by chemical exchange on the visible state [369, 370].

In intermediate to fast exchange (with timescales of the order of 100 s−1 to 2000 s−1)

the Carr-Purcell-Meiboom-Gill (CPMG) measurements are the most used. The CPMG

experiment is based on the spin echo that refocuses the dephasing of the magnetiza-

tion due to field inhomogeneity. In the absence of exchange, after a spin echo, mag-

netization is refocused. However, the random exchange between different precession

frequencies during the spin echo due to chemical exchange prevents full refocusing of

the signal. In the CPMG experiment, the refocusing pulses are applied at different fre-

quencies (identified as νCPMG), as this frequency is increased dephasing is decreased

usually giving rise to a lower value of R2,eff (which is composed of the transverse relax-

ation rate and the contribution from the chemical exchange). The plot of νCPMG versus

R2,eff can be fit to the appropriate model of exchange and provides information on the

rate of exchange between the states, their population and difference in chemical shift

[371].

An experiment closely related to the CPMG experiment called R1ρ relaxation ex-

periment measures spin relaxation in the rotating frame. With this, it is possible to use

higher refocusing frequencies and thus it can probe protein dynamics on a timescale

that is one order of magnitude faster than with CPMG [372].

NMR-active nuclei cause a weak magnetic field on other neighboring nuclei, this is

called magnetic dipolar coupling. This effect is highly dependent on the orientation of

these nuclei with respect to the external magnetic field. In isotropic solutions, no dipo-

lar coupling is observed because molecular tumbling makes all orientations equally

likely. However, if the protein is in a partially ordered solution called an alignment
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medium the protein may align itself with the particles in the medium and present resid-

ual dipolar coupling (RDC). This is often used for structure determination [373, 374]

but can also be used for the investigation of dynamics [375]. When intramolecular dy-

namics cause the protein to change conformations, the observed RDC is a population-

weighted average. It is usually necessary to measure the protein in several alignment

conditions to obtain a large dataset to obtain information on dynamic systems by RDC.

RDCs can probe dynamics that are in timescales that are too fast to detect with CPMG

experiments and too slow to characterized by analysis of the spin relaxation [376].

Very fast exchange, from the nanosecond to picosecond exchange, is on the timescale

of spin relaxation. Therefore, measurement of the relaxation can probe into dynamics

on this timescale such as internal dynamics and rotational diffusion of the molecule.

Dynamics in this range is typically investigated by measuring the T1 and T2 relaxation

rates and heteronuclear NOEs [377].

1.7.5 Interactions by NMR spectroscopy

Besides the study of protein dynamics, one of the main interests of using NMR spec-

troscopy for the study of proteins is to study interactions. The main technique that is

used is the analysis of the chemical shift perturbation. In a titration experiment, a spec-

trum of the protein of interest labeled with an NMR-active nucleus, 15N for example,

is acquired in the absence and presence of increasing concentrations of its unlabeled

ligand. This experiment allows for the simultaneous determination of dissociation con-

stants (KD) and a binding site. This strategy can be used with various ligands including

both biomolecules and synthetic small molecules. The binding of a ligand L to a pro-

tein P can be described by the following reversible reaction where kon and koff are the

forward and backward kinetic rate constants.

P + L
kon−−⇀↽−−−
koff

PL. (1.7)
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The concentrations of the free protein [P ], free ligand [L] and complex [PL] are related

by the dissociation constant (KD) by Equation 1.8.

KD =
[P ][L]

[PL]
(1.8)

The dissociation constant is related to the rate constants by Equation 1.9.

KD =
koff

kon
(1.9)

The rate of exchange between the free and bound states will determine the effect

observed in the titration spectra. If the exchange rate (in s−1) is much faster than the

chemical shift perturbation in Hz we will observe a gradual shifting of the resonance

to the from the frequency of the free protein to the frequency of the complex as in this

case the signal is a weighted average of signals due to free and bound states. In fast

exchange the position of the resonance as a function of the ligand concentration can be

used to determine the dissociation constant.

∆obs = ∆max
(KD + [L]0 + [P ]0)−

√
(KD + [L]0 + [P ]0)2 − (4[P ]0[L]0)

2[P ]0
(1.10)

where [P ]0 and [L]0 represent the concentrations in solution of the labeled protein and

the ligand, respectively. ∆obs and ∆max are the shifts at the observed concentration of

ligand and at saturation, respectively. For two-dimensional spectra the shifts used in

this calculation are usually combined chemical shifts perturbations (CSP). In this work

we combined them as an Euclidean distance (see Equation 3.1) with a scaling factor to

compensate for the larger dispersion in ppm of the 13C and 15N dimensions compared

to the 1H dimension.

On the other extreme, if the exchange rate is much slower than the chemical shift

difference the resonance there will be only two resonance frequencies, those of free and

bound states (Figure 1.31), with intensities corresponding to the populations of each

state. If the exchange rate is similar to the chemical shift difference, the resonances will

shift and broaden at the same time [378].
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FIGURE 1.31: Effect of exchange rate on titration spectra. In fast exchange peaks that move
gradually from the position of the free resonance to the position of the bound resonance. In
slow exchange peaks become broadened when in equilibrium and reappear at the position
of the bound resonance at saturation. Reprinted from Williamson [378], copyright 2013, with

permission from Elsevier.

Broadening can also occur when the complex tumbles more slowly than the free

protein even in the fast exchange regime. This is often observed with the binding of

an IDP to a globular protein of high molecular weight which can significantly slow

the tumbling rate of the residues near the binding site. Complex behavior of the reso-

nances during a titration like non-linear shifts in fast exchange or broadening but not

reappearing at a bound frequency at saturation, in case this cannot be explained by

slow tumbling, suggest a binding mechanism that cannot be described by a single step,

for example a change in conformation with the binding.

The addition of unlabeled ligand to a protein can also be used to determine the

binding site of a ligand. In general, atoms that give rise to the signals that shift the

most in the spectrum are often near the binding site of the ligand as long as the res-

onances due to residues at the binding site are present in the spectrum. However,

chemical shift is sensitive to any change in the electronic environment of the observed

nucleus. This means that a change in conformation upon binding can cause chemical

shift perturbations away from the binding site. While the magnitude of the chemical

shift perturbations may be indicative of the direct binding (with the largest shifts being

due to direct binding) this experiment does not distinguish between direct binding or

long-range allosteric effects.

Additionally, when the ligand in this experiment is also a protein, it can be done

with each of the partners labeled, one at a time to gain complementary information

on the binding sites on each of the partners and should independently give the same

dissociation constant.
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1.7.6 Nuclear Overhauser effect spectroscopy

The nuclear Overhauser effect (NOE) is the transfer of spin magnetization via a dipole-

dipole interaction. Since this type of interaction occurs through space, the multidi-

mensional experiments that makes use of this effect, called nuclear Overhauser effect

spectroscopy (NOESY) provide information on atoms that are near in space, including

those that may not be close through bonds.

Like for the HSQC experiment, this experiment is repeated multiple times with a

variable evolution time, however it also includes a fixed delay called a mixing time

in which the transfer of spin magnetization through dipolar interaction occurs. This

results in a spectrum with a diagonal that resembles the 1D spectrum and additionally

has off-diagonal cross-peaks at the frequencies of residues that are close in space.

The intensity of the NOE cross-peaks at first approximation is proportional to r−6,

where r is the distance between the two nuclei, and thus can be used as distance re-

straints. Most NOE cross-peaks that are visible in protonated proteins are due to nuclei

less than 5-6 Å from each other. However, this is dependent on the density of protons in

the protein. In the case of a perdeuterated protein with selective incorporation of pro-

tons into methyl sites, NOE cross-peaks have been observed for interatomic distances

up to 12 Å [379] in a 20 kDa protein.

A 2D 1H-1H-NOESY experiment can be combined with a heteronuclear magnetiza-

tion transfer, like the HSQC or HMQC to give three-dimensional spectra. In these 3D

NOESY-HSQC and 3D NOESY-HMQC experiments the 2D NOESY is resolved along

an additional heteronuclear dimension, reducing spectral overlap [380].

This is used to help in the assignment of a 1H,13C-HMQC spectrum of NS5B that

has been perdeuterated and selectively labeled 13C1H3 on the side-chain methyl groups

of isoleucine residues. Since the through-bond connectivities are lost when using this

labeling strategy, the through-space magnetization transfer can be used to identify the

atoms that are close in space by comparison to the crystallographic structures.
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1.7.7 Paramagnetic relaxation enhancement

Much like the NOE, paramagnetic relaxation enhancement (PRE) provides informa-

tion about distances through space. But PRE makes use of the the large magnetic mo-

ment of the electron. This causes dipolar coupling relaxation and consequently larger

linewidths on the resonances of atoms in proximity of an unpaired electron. For para-

magnetic centers with isotropic spin distribution this effect has a distance dependence

of r−6. However, compared to NOE this effect has a much larger effective distance due

to the larger magnetic moment of the electron.

In practice, PRE is often done by labeling the protein with a spin label that contains

a stabilized nitroxide radical. For this paramagnetic center, broadening is observed up

to about 25 Å from the unpaired electron [381]. The most commonly used spin labels

are MTSL, TEMPO, PROXYL and their derivatives (Figure 1.32). Depending on their

functional groups these can be used to label cysteine side-chains through a disulfide

bond (S-S) or a carbon-sulfur bond, which is not sensitive to the presence of reducing

agents. Site-directed mutagenesis can be used to assure there is only a single cysteine

and therefore a single labeled site on the protein [382].

MTSL 3-(2-iodoacetamido)-
PROXYL 

4-maleimido- 
TEMPO 

FIGURE 1.32: Examples of nitroxide-based spin labels used in the labeling of proteins. These
spin labels can be incorporated into proteins to be used in NMR spectroscopy studies. MTSL
(1-oxy(-2,2,5,5-tetramethyl-3-pyrroline-3-methyl) methanethiosulfonate), 3-(2-iodoacetamido)-
PROXYL (3-(2-iodoacetamido)-2,2,5,5-tetramethyl-1-pyrolinyloxyl) and 4-maleimido-TEMPO
(4-maleimido-2,2,6,6-tetramethyl-1-piperidinyloxyl) can be used to label cysteine residues

[382].

The PRE NMR experiment is done by repeating the acquisition of the HSQC or

HMQC spectrum with a paramagnetic and diamagnetic sample and comparing the in-

tensities of the resonances. The diamagnetic sample can be obtained by reducing the

nitroxide radical with ascorbic acid. The ratio of the intensities of a resonance between
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the paramagnetic and diamagnetic samples can be related to distances in solution [381].

PRE can be used to gain intramolecular distance restraints if a single protein is labeled

with NMR-active nuclei (15N, for example) and with a single spin-label. PRE can also

be used to obtain intermolecular distances between proteins by labeling one protein

with the spin-label and another with the NMR-active nuclei. This can be used to deter-

mine a binding surface or in some cases to gain distance restraints for determination of

the structure of the complex [383]. This has the advantage over CSP for the determina-

tion of a binding surface that it is not affected by allosteric effects.

Additionally, PREs can cause broadening even when the conformation where the

nucleus is close to the unpaired electron is weakly populated, as long as the exchange

rate between conformations is fast. Therefore, even if the paramagnetic atom is close

to a nucleus only in a transient conformation (with populations as low as 1%), this

will cause broadening that can be detected [381, 384]. This can be used to identify

minor states in fast exchange based on a mismatch between PREs calculated from the

structure of a major state and the experimental PREs.

The use of paramagnetic labels in protein NMR is not a recent development [385]

but has seen a resurgence due to its application in the investigation of long-range order

in IDPs [386] and application in studies with selectively labeled proteins where NMR-

active nuclei may be too distant for structural information using NOEs, particularly in

the case of supramolecular complexes [387].
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The hepatitis C virus genome codes for 10 viral proteins, one of which is the RNA-

dependent RNA polymerase responsible for its RNA replication, NS5B. With a limited

number of viral proteins, the virus makes use of proteins that interact with a large

number of partners, both host and viral. One such promiscuous protein is NS5A. Its

three domains are necessary in different steps of the viral lifecycle: in RNA replication,

virion formation and regulation of the host metabolism. However its precise role in

these activities is not well elucidated.

The main aim of this work is to gain insight into the structure and dynamics of the

HCV RNA-dependent RNA polymerase NS5B in solution. Additionally, we wanted to

understand the role of the intrinsically disordered domain 2 of NS5A in RNA replica-

tion via its regulation of NS5B.

To achieve these main objectives, initially we characterized the polymerase in solu-

tion using NMR spectroscopy. In particular, we were interested in characterizing the

conformations of the polymerase that are expected to exist in solution and dynamics

present in different timescales. Then, we investigated the binding site of NS5A-D2

on NS5B as well as the effect of the domain on the stability of NS5B. Additionally, we

compared the effect of NS5A-D2 on NS5B to the effect of a small molecule inhibitor that

has a partially overlapping binding site. Finally, the effect of NS5A-D2 and the small

molecule inhibitor on RNA binding by the polymerase were examined and compared

to the structural and dynamic data obtained by NMR.

An independent main objective in this work was to investigate the role of domain

2 of NS5A in regulation of the host metabolism. A study by Ramière and cowork-

ers [296] identified the activation of hexokinase II in the context of overexpression of

NS5A in hepatoma cell lines. Hexokinases catalyze the phosphorylation of hexoses, the

first step of the metabolic glycolysis pathway. Since the hexokinase mainly present in

hepatocytes is hexokinase IV, or glucokinase, we investigated the interaction between

NS5A-D2 and glucokinase to elucidate the activation of the enzyme by the viral pro-

tein.
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3.1 Expression and purification of recombinant NS5B JFH-1

Expression of the recombinant NS5B from HCV JFH-1 isolate (GenBank AB047639)

fused to a C-terminal His6 tag was performed in Escherichia coli BL21(DE3). The pET21-

NS5B ∆21 wild-type (corresponding to residues 1-570 of NS5B JFH-1) and pET21-NS5B

∆60 wild-type (corresponding to residues 1-531 of NS5B JFH-1) plasmids that contain

extra MA- and -HHHHHH extensions at the N and C termini were kindly provided

by Dr. S. Bressanelli (CNRS, Gif-sur-Yvette, France) [134]. All other plasmids coding

for NS5B were obtained by site-directed mutation. The pET-derived plasmids were

introduced into the E. coli BL21(DE3) cells by electroporation and transformed cells

were selected by resistance to ampicilin on agar plates. A pre-culture of 25 mL Luria-

Bertani (LB) culture medium supplemented with ampicillin (100 mg/L) was inoculated

with an isolated colony and grown to saturation at 37◦C prior to inoculate the culture

mediums used for protein expression.

Non-labeled NS5B

To obtain non-labeled NS5B∆21 and NS5B∆60 1 liter of LB medium supplemented with

ampicillin (100 mg/L) was inoculated with cells from the pre-culture that had been

centrifuged at 4000 × g to remove the liquid culture medium to obtain an initial opti-

cal density at 600 nm (OD600) of 0.05. Then, cells were grown at 37◦C in ampicillin-

supplemented Luria-Bertani medium and when the OD600 of the culture reached about

0.7 the temperature was lowered to 22◦C. Protein production was then induced with

0.4 mM isopropyl 1-thio-β-D-galactopyranoside (IPTG) for 23h. Cells were harvested

by centrifugation at 5000 × g for 20 minutes and resuspended in 40 mL of lysis buffer

(20 mM Tris-Cl pH 7.5, 500 mM NaCl, 1 tablet protease inhibitors (Complete EDTA-

free, Roche Applied Science) 10% v/v glycerol). DNAse I (22.9 mg/L) and RNAse

A (12.5 mg/L) were added to the suspension. Cells were lysed with a high-pressure

homogenizer (Emulsiflex-B30) at 30 psi then centrifuged at 35000× g at 4◦C for 45 min-

utes to obtain the protein-containing supernatant. Subsequently, the supernatant was
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filtered at 0.45 µm. NS5B was purified by Ni2+ affinity chromatography (1 mL His-

Trap column GE Healthcare) using an ÄKTA pure fast protein liquid chromatography

(FPLC) system with UV detection at 215, 260 and 280 nm. The supernatant was loaded

onto the column previously equilibrated with buffer A (50 mM potassium phosphate

buffer pH 7.6, 500 mM NaCl). Then column was washed with buffer A containing 20

mM imidazole to remove non-specific binding. The protein was eluted with buffer A

and a gradient of imidazole (20–375 mM over 10 column volumes). NS5B-containing

fractions were identified by sodium dodecyl sulfate polyacrylamide gel electrophore-

sis (SDS-PAGE) then pooled and dialyzed twice at 15◦C against 3L of 20 mM Tris-Cl

pH 7.0, 300 mM NaCl, 2 mM MgCl2, 0.5 mM EDTA. 4 mM THP was added after dial-

ysis. NS5B was then concentrated with a VivaSpin 4 (cutoff 30 kDa, Sartorius Stedim

Biotech) to about 110 µM or until significant precipitation was present. 350 µL aliquots

were flash-frozen in liquid nitrogen and stored at -80◦C until use.

U-[15N,13C,2H],-labeled NS5B

To obtain uniformly [15N,13C,2H]-labeled NS5B∆21, cells were grown in deuterated M9-

based semi-rich medium (M9 medium in 99.9% D2O with D-glucose-13C6d7 (3 g/L),

[15N]NH4Cl (1 g/L) and 15N, 13C, 2H-rich medium (0.5 g/L) (Isogro 15N,13C, D, Isotec)

supplemented with 100 mg/L of ampicillin. Otherwise, culture and purification were

as for non-labeled NS5B. After purification NS5B-containing fractions were dialyzed

twice at 15◦C against 3L of 300 mM sodium phosphate buffer (pH 6.8), 50 mM NaCl,

2 mM MgCl2, 0.5 mM EDTA, 5 mM DTT. 4 mM THP was added after dialysis. NS5B

was then concentrated with a VivaSpin 4 (cutoff 30 kDa, Sartorius Stedim Biotech) to

110 µM and 5 % D2O was added. 300 µL aliquots were flash-frozen in liquid nitrogen

and stored at -80◦C until use.

U-[15N,2H]-labeled NS5B

To obtain uniformly [15N,2H]-labeled NS5B∆21, cells were grown in deuterated M9-

based semi-rich medium (M9 medium in 99.9% D2O with D-glucose-d7 (3 g/L), 15NH4Cl

(1 g/L) and 15N, 2H-rich medium (0.5 g/L) (Isogro 15N, D, Isotec) supplemented with

100 mg/L of ampicillin. Otherwise, culture and purification were as for non-labeled
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NS5B. After purification NS5B-containing fractions were dialyzed twice at 15◦C against

3L of 300 mM sodium phosphate buffer (pH 6.8), 50 mM NaCl, 2 mM MgCl2, 1 mM

EDTA. 4 mM THP was added after dialysis. NS5B was then concentrated with a Vi-

vaSpin 4 (cutoff 30 kDa, Sartorius Stedim Biotech) to 110 µM and 5 % D2O was added.

350 µL aliquots were flash-frozen in liquid nitrogen and stored at -80◦C until use.

U-[2H], Ile δ1-[13C1H3]-labeled NS5B

Transformed Escherichia coli BL21(DE3) cells were grown in deuterated M9-based semi-

rich medium (M9 medium in 99.9% D2O with D-glucose-d7 (3 g/L), NH4Cl (1 g/L) and

15N,2H-rich medium (Isogro 15N, D, Isotec) (0.5 g/L)) supplemented with ampicillin

(100 mg/L). Cells were grown at 37◦C. Isoleucine 13C1H3-labeling was achieved by

introduction of 2-ketobutryric acid-4-13C,3,3-d2 sodium salt (60 mg/L)(Sigma Aldrich)

when the culture reached OD600 ≈ 0.8. 2-ketobutyric acid-4-13C,3,3-d2 was prepared

by the overnight incubation of 2-ketobutyric acid-4-13C in 50 mL D2O at 45◦C with pH

adjusted to ≈ 10. One hour after this addition the temperature was lowered to 22◦C

and protein production was induced with 0.4 mM IPTG for 22 h. Cells were harvested

by centrifugation and resuspended in 50 mL of lysis buffer per liter of culture (20 mM

Tris buffer pH 7.0, 500 mM NaCl, 10% Glycerol v/v, 1 cOmplete EDTA-free protease

inhibitor tablet). Purification by nickel-affinity chromatography and storage were as

for unlabeled NS5B.

Trp ε1-[15N]-labeled NS5B

Transformed cells were grown in M9 minimum medium. When OD600 ≈ 0.8, 50 mg

of 15N-indole dissolved in 500 µL of DMSO was added to the culture. Fifteen minutes

after addition of the precursor the temperature was lowered to 22◦C. Protein produc-

tion was then induced with 0.4 mM IPTG for 23h. Dialysis was done against 300 mM

sodium phosphate buffer (pH 6.8), 50 mM NaCl, 2 mM MgCl2, 1 mM EDTA. Otherwise,

culture, purification and storage were as for non-labeled NS5B.
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3.2 Expression and purification of NS5A-D2

In most of this work NS5A-D2 from the JFH-1 isolate was used. However, in Chap-

ter 8 both NS5A-D2 from the JFH-1 (genotype 2a) and Con1 (genotype 1b) isolates

were used. The sequence of NS5A-D2 JFH-1 used in this study corresponds to residues

248–341 from the HCV JFH-1 isolate (GenBank AB047639 [388], genotype 2a) and the

sequence of NS5A-D2 Con1 corresponds to the residues 245–341 from the HCV Con1

isolate (GenBank AJ238799, genotype 1b). Both have extra M- and –LQHHHHHH ex-

tensions at the N- and C-termini and were introduced into a pT7-7 expression vector.

Other plasmids of NS5A-D2 with single site mutations were obtained by site-directed

mutagenesis.

Non-labeled NS5A-D2 (JFH-1 and Con1)

The plasmids were introduced into E. coli BL21(DE3) cells by electroporation. Trans-

formed cells were selected by growth on ampicillin-containing (100 mg/L) agar plates.

A 25 mL pre-culture in ampicillin-supplemented LB was grown to saturation from an

isolated colony. This was used to inoculate 1L of LB with 100 mg/L of ampicillin to

an initial OD600 of 0.05. Cells were grown at 37◦C. At an OD600 of about 0.7 the pro-

tein production was induced with 0.4 mM IPTG and cells were harvested 3.5 hours

post-induction by centrifugation at 5000 × g for 20 minutes. DNAse I (22.9 mg/L) and

RNAse A (12.5 mg/L) were added to the suspension. Cells were lysed with a high-

pressure homogenizer (Emulsiflex-B30) at 30 psi then centrifuged at 35000 × g for 45

min at 4◦C to obtain the protein-containing supernatant. NS5A-D2 was purified in

two steps. As an intrinsically disordered protein, NS5A-D2 is thermostable therefore

a heating step at 75◦C for 15 minutes was used to denature most bacterial proteins.

Denatured proteins were separated by centrifugation at 35000 × g for 20 minutes at

4◦C. Then Ni2+ affinity chromatography (1 mL HisTrap column GE Healthcare) using

an ÄKTA pure fast protein liquid chromatography (FPLC) system with UV detection

at 215, 260 and 280 nm was used. The supernatant was loaded onto the column previ-

ously equilibrated with buffer A (50 mM sodium phosphate pH 7.8 and 300 mM NaCl).
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Then column was washed with buffer A containing 20 mM imidazole to remove non-

specific binding. The protein was eluted with buffer A and a gradient of imidazole

(20–250 mM over 5 column volumes) NS5A-D2-containing fractions were identified by

SDS-PAGE then pooled and dialyzed twice against 3L of 50 mM sodium phosphate

buffer pH 6.4 (pH 6.8 if producing NS5A-D2 Con1), 50 mM NaCl and 0.2 mM EDTA. 1

mM of THP was added after dialysis. The protein was concentrated up to 300 µM us-

ing a Vivaspin 4 concentrator (cutoff 5 kDa) (Sartorius Stedim Biotech). 350 µL aliquots

were flash-frozen and stored at -80◦C until use.

15N-labeled NS5A-D2

To obtain 15N-labeled NS5A-D2, cells were grown in M9-based semi-rich medium sup-

plemented with [15N]NH4Cl (1 g/L) and Isogro 15N powder growth medium (0.5 g/L,

Sigma-Aldrich). Otherwise, culture, purification and storage were as for non-labeled

NS5A-D2.

Nitroxide-labeling of NS5A-D2

Wild-type NS5A-D2 of the JFH-1 strain contains two natural cysteines at positions 298

and 338. Three single cysteine constructs of NS5A-D2 were obtained by site-directed

mutagenesis: NS5A-D2C254, NS5A-D2C298, NS5A-D2C338. NS5A-D2C298 and NS5A-

D2C338 were obtained by substituting cysteines 338 and 298 for serine, respectively.

NS5A-D2C254 was obtained by substituting both natural cysteines for serines and the

substitution of the methionine 254 for a new cysteine. These constructs were expressed

and purified as described for wild-type non-labeled NS5A-D2. The proteins’ buffer

was exchanged by Zeba Spin desalting column (cutoff 7 kDa, 2 mL, Thermo Scientific)

to ammonium carbonate buffer (100 mM NH4HCO3, 50 mM NaCl, 1 mM THP) prior

to the labeling. The cysteine residues of these proteins were labeled with a nitrox-

ide group by the addition of a 25-fold molar excess of 3-(2-Iodoacetamido)-PROXYL

(Sigma Aldrich) and incubated at room temperature for 3 h, protected from light. The

unreacted reagent was quenched with 5 mM 1,4-dithiothreitol (DTT). Zeba Spin desalt-

ing columns were used to exchange the buffer to the NMR buffer of the partner protein

prior to the use in NMR experiments.
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3.3 Expression and purification of glucokinase

Human glucokinase (GCK) (Uniprot P35357, residues 16-465) was cloned into a pETNKI-

His-3C vector. Expression of the recombinant human GCK fused to a N-terminal hex-

ahistidine tag was performed in Escherichia coli BL21(DE3) in a culture medium supple-

mented with kanamycin (25 mg/L).

Non-labeled GCK

Transformed cells were grown at 37◦C in Luria-Bertani medium and when the cul-

ture reached OD600 ≈ 0.6 the temperature was lowered to 22◦C. Protein production

was then induced with 0.4 mM isopropyl 1-thio-β-D-galactopyranoside for 23h. Cells

were harvested by centrifugation and resuspended in 40 mL of lysis buffer (50 mM

sodium phosphate buffer pH 7.8, 300 mM NaCl, protease inhibitors (Complete EDTA-

free, Roche Applied Science) 10% v/v glycerol). Cells were lysed with a high-pressure

homogenizer (Emulsiflex-B30) at 40 psi then centrifuged at 35000 x g for 45 minutes

at 4◦C. GCK was purified by Ni2+ affinity chromatography (1 mL HisTrap column

GE Healthcare). The supernatant was loaded onto the column previously equilibrated

with buffer A (50 mM sodium phosphate buffer pH 7.8, 300 mM NaCl). The column

was washed with buffer A containing 20 mM imidazole and the protein was eluted

with buffer A and a gradient of imidazole (20–250 mM over 8 column volumes). GCK-

containing fractions were pooled and dialyzed twice against 3L of 50 mM potassium

phosphate buffer pH 7.4, 150 mM NaCl 5 mM DTT 0.2 mM EDTA. 5 mM THP and 10%

v/v glycerol was added after dialysis. GCK was then concentrated with a VivaSpin 4

centrifugal concentrator (cutoff 30 kDa, Sartorius Stedim Biotech) to about 400 µM. 400

µL aliquots were flash-frozen in liquid nitrogen and stored at -80◦C until use.

U-[15N, 2H], Ile δ1-[13C1H3]-labeled GCK

Transformed cells were grown in semi-rich deuterated M9-based medium (M9 medium

in 99.8% D2O with 1 g/L of 15NH4Cl, 3 g/L of D-2H7glucose and 5 mL/L of 2H,15N-

rich 10X concentrate culture medium (BioExpress, Cambridge Isotope Laboratories))
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and when the optical density at 600 nm reached 0.7, 60 mg/L of 2-ketobutyric acid-4-

13C,3,3-d2 sodium salt hydrate was added to the culture. One hour after addition of the

precursor the temperature was lowered to 22◦C. Protein production was then induced

with 0.4 mM isopropyl 1-thio-β-D-galactopyranoside for 23h. Otherwise, culture, pu-

rification and storage were as for non-labeled GCK. Before use for NMR experiments

protein sample was unfrozen and buffer exchanged to 50 mM potassium phosphate

buffer pH 6.8, 50 mM KCl, 0.2 mM EDTA, 5 mM THP, 5% v/v glycerol-d5 in 99.9%

D2O) by Zeba Spin Desalting column (cutoff 7 kDa, 2 mL, Thermo Scientific).

Trp ε1-[15N]-labeled GCK

Transformed cells were grown in M9 minimum medium. When OD600 ≈, 0.8 50 mg

of 15N-indole dissolved in 500 µL of DMSO was added to the culture. Fifteen minutes

after addition of the precursor the temperature was lowered to 22◦C. Protein produc-

tion was then induced with 0.4 mM isopropyl 1-thio-β-D-galactopyranoside for 23h.

Otherwise, culture, purification and storage were as for non-labeled GCK.

Cleavage of hexahistidine purification tag

The purification tag fused to GCK was cleaved using a recombinant human rhinovirus

3C protease fused to glutathione S-transferase (GST). The buffer containing GCK was

exchanged to cleavage buffer (50 mM TrisCl pH 7.0, 150 mM NaCl, 1 mM EDTA and 1

mM DTT) by a 2 mL Zeba Spin desalting column (Thermo Fisher) and 2 units of pro-

tease were added per 100 µg of GCK. This mixture was left incubating with agitation

at 5◦C for 4 hours. The protease was removed using Glutathione Sepharose beads (GE

Healthcare) previously equilibrated with the cleavage buffer that were left incubating

overnight at 4◦C with agitation. The cleaved protein was recovered by centrifugation

at 8000 × g for 15 minutes to separate the beads. The buffer was then exchanged to

NMR buffer by a 2mL Zeba Spin desalting column.
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3.4 Site-directed mutagenesis

Site-directed mutagenesis for both NS5B∆21 and NS5A-D2 single-site mutations was

done either by GeneCust (Luxembourg) or in-house using a QuikChange II Site-Directed

Mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA).

3.5 Nuclear magnetic resonance spectroscopy

3.5.1 Spectrometers and data treatment

NMR experiments were performed either on a Bruker 900 MHz Avance III HD spec-

trometer equipped with a CPTCI 5 mm cryoprobe or a Bruker 600 MHz Avance I spec-

trometer equipped with a CPQCI 5 mm cryoprobe. 5 mm Shigemi D2O matched NMR

tubes with 300–400 µL samples were used for all NMR experiments. 3-(Trimethylsilyl)propionic-

2,2,3,3-d4 acid sodium salt (TMSP) was used as an internal standard. Spectra were

acquired and processed with TopSpin 3.5 software (Bruker). They were further visual-

ized and analyzed using the NMRFAM-Sparky software package [389, 390]. Combined

chemical shift perturbations (CSP) were calculated using Equation 3.1,

∆δ =
√

∆δ(1H)2 + (α×∆δ(X))2 (3.1)

where X represents either 13C or 15N depending the on the heteroatom being ob-

served, α is a scaling factor that is representative of the dispersion of the cross-peaks

in the indirect dimension. In this work, for 15N-1H correlations the value used was 0.2

and for 13C-1H methyl correlations the value used was 0.16.

3.5.2 NMR experiments on [15N,2H]-labeled NS5B

NMR experiments containing NS5B were performed at 305K on a Bruker 900 MHz

Avance III HD spectrometer equipped with a CPTCI 5 mm cryoprobe.

1H,15N-HSQC spectra were acquired with a band-selective excitation short-transient

(BEST) TROSY HSQC pulse sequence with 160 scans, 2048 and 512 points and sweep

widths of 14 and 31.3 ppm in the direct and indirect dimensions, respectively. The
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buffer used was 300 mM sodium phosphate pH 6.8, 50 mM NaCl, 1 mM MgCl2, 0.5

mM EDTA, 4 mM THP and 5 % D2O.

These experiments were done with samples containing either 89 µM U-[15N,2H]-

labeled NS5B∆21, both 69 µM U-[15N,2H]-labeled NS5B∆21 and 69 µM nitroxide-labeled

NS5A-D2C338 in the absence and presence of 4 mM ascorbic acid or 89 µM U-[15N,2H]-

labeled NS5B∆21 saturated with filibuvir (by incubating overnight with 1 mg of solid

filibuvir).

Tentative Assignment

The assignment of the HSQC spectrum of NS5B was attempted using a triple reso-

nance backbone assignment strategy with BEST pulse sequences [391]. This was done

with uniformly triple-labeled samples (15N, 13C and perdeuterated) in 300 mM sodium

phosphate pH 6.8, 50 mM NaCl, 2 mM MgCl2, 1 mM EDTA and 4 mM THP in with 5%

D2O.

A 1H,15N BEST-TROSY-HSQC spectrum was acquired with a 15N, 13C, 2H-labeled

NS5B sample at 110 µM with 2048 and 64 complex points in the direct and indirect

dimensions respectively and with 80 scans. The same sample was used for BEST-

TROSY-HNCA and BEST-TROSY-HNCACB experiments with 2048, 96 and 70 com-

plex points in the direct, indirect (13C) and indirect (15N) dimensions respectively and

with 112 scans for the BEST-TROSY-HNCA and 2048, 116 and 40 complex points in

the direct, indirect (13C) and indirect (15N) dimensions respectively and with 368 scans

for the BEST-TROSY-HNCACB. To obtain further Cβ i-1 resonances, a BEST-TROSY-

HN(COCA)CB was used with 2048, 42 and 120 complex points in the direct, indirect

(15N) and indirect (13C) dimensions and 352 scans. The BEST-TROSY-HNCACB and

BEST-TROSY-HN(COCA)CB were acquired with non-uniform sampling 60%.

Furthermore a new sample at 101 µM was used to acquire BEST-TROSY-HNCO

and BEST-TROSY-HN(CA)CO spectra with 2048, 48 and 48 points in the direct, indirect

(15N) and indirect (13C) dimensions. The BEST-TROSY-HNCO and the BEST-TROSY-

HN(CA)CO were acquired with 272 and 688 scans respectively, both with non-uniform

sampling 60%.
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3.5.3 NMR experiments on selectively isoleucine-labeled NS5B

Spectra of uniformly deuterated and selective isoleucine δ1-[13C1H3]-labeled NS5B∆21

samples were acquired with a 1H,13C-TROSY HMQC spectrum centered on the reso-

nances of the δ1 methyl group of the isoleucine side chain (called methyl-HMQC for

clarity). Control spectra containing only NS5B∆21 were acquired with samples of 30

to 100 µM of polymerase with 2048 and 128 complex points and 14 and 10 ppm in the

direct and indirect dimensions respectively. The number of scans varied from 16 to 96.

These experiments were done in one of two buffers. The phosphate buffer used was

300 mM sodium phosphate pH 6.8, 50 mM NaCl, 2 mM MgCl2, 1 mM EDTA and 4 mM

THP in D2O. The RE buffer used was 20 mM TrisCl buffer pH 7.0, 100 mM NaCl, 100

mM arginine, 100 mM glutamate, 2 mM MgCl2, 1 mM EDTA 4 mM THP in 99.9% D2O.

The buffer was changed from the storage buffer to one of these buffers just prior to the

NMR experiments by Zeba spin desalting column (2 mL, cutoff 7 kDa).

Assignment of the methyl-HMQC

Isoleucine-to-valine single substitution mutants and NOESY spectra were used to as-

sign the methyl-HMQC spectrum. The resulting assignment was deposited in the Bio-

logical Magnetic Resonance Data Bank under accession number under 27073.

Isoleucine-to-valine substitution The methyl-HMQC spectra of several isoleucine-

to-valine substituted mutants of NS5B∆21 were used to assign resonances on the spec-

trum of the wild-type protein. The substitutions used were I23V, I119V, I160V, I233V,

I363V, I405V, I412V I413V, I419V, I432V, I462V, I463V, I512V and I560V. Methyl-HMQC

spectra of these mutants were acquired with samples of about 30 µM with 32 scans,

2048 and 128 complex points, and 14 and 10 ppm in the direct and indirect dimensions,

respectively.

NOESY spectra A 3D 1H,13C NOESY-HMQC and a 3D 1H,13C HMQC-NOESY-HMQC

were acquired with a sample of 100 µM U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 in

phosphate buffer. The 3D 1H,13C NOESY-HMQC was acquired with 0.9 s mixing time,

16 scans, 2048, 166 and 48 points, and 14, 9.5 and 10 ppm in the direct, indirect (1H) and
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indirect (13C) dimensions, respectively The 3D 1H,13C HMQC-NOESY-HMQC was ac-

quired with a 1.0 s mixing time, 16 scans, 2048, 66 and 66 points, and 14, 10 and 10 ppm

in the direct, indirect (13C) and indirect (13C) dimensions, respectively.

NS5B open constructs

Methyl-HMQC spectra were acquired of various constructs of NS5B that have been

described as being more open than wild-type NS5B∆21.

NS5B∆60 A methyl-HMQC spectrum of a sample of 20 µM U-[2H], Ile δ1-[13C1H3]-

labeled NS5B∆60 in phosphate buffer was acquired with 2048 and 128 complex points

and 14 and 10 ppm in the direct and indirect dimensions and 160 scans.

NS5B∆21 L30S A methyl-HMQC spectrum of a sample of 20 µM U-[2H], Ile δ1-[13C1H3]-

labeled NS5B∆21 L30S in RE buffer was acquired with 2048 and 140 complex points and

14 and 10 ppm in the direct and indirect dimensions and 228 scans.

NS5B∆21 5mut A methyl-HMQC spectrum of a sample of 37 µM U-[2H], Ile δ1-[13C1H3]-

labeled NS5B∆21 S15G E86Q E87Q C223H V321I (called 5mut) in RE buffer was ac-

quired with 2048 and 140 complex points and 14 and 10 ppm in the direct and indirect

dimensions and 160 scans. A 13C-decoupled 2D 1H-1H NOESY spectrum of a 31 µM

sample of U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 5mut was acquired with 2048 and

200 complex points and 14 and 11 ppm in the direct and indirect dimensions, respec-

tively with 32 scans.

Experiments with NS5A-D2

Titration with NS5A-D2 A titration of U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 was

done with a sample containing 40 µM selective isoleucine-labeled NS5B∆21 to which

0, 20, 40, 80 µM of unlabeled NS5A-D2 JFH-1 was added. Independent NMR sam-

ples contained 40 µM selective isoleucine-labeled NS5B∆21 and either 200 or 400 µM

of NS5A-D2 JFH-1 were also used to avoid significant dilution. The titration done in

phosphate buffer was followed by methyl-HMQC spectra with 2048 and 256 complex

points, 14 and 20 ppm in the direct and indirect dimensions, respectively with 32 scans.
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Paramagnetic relaxation enhancement Intermolecular paramagnetic relaxation en-

hancement (PRE) experiments were done with samples containing 71 µM of U-[2H], Ile

δ1-[13C1H3]-labeled NS5B∆21 and an equimolar amount of nitroxide-labeled NS5A-D2

in phosphate buffer. Methyl-HMQC spectra were acquired with 2048 and 280 points,

and 14 and 20 ppm in the direct and indirect dimensions, respectively and 112 scans. 4

mM of ascorbic acid was added to an independent and identical sample to reduce the

paramagnetic label and obtain a diamagnetic control spectrum acquired in the same

conditions. This was done with the three single cysteine constructs of NS5A-D2: NS5A-

D2C254 (M254C, C298S, C338S), NS5A-D2C298 (C338S) and NS5A-D2C338 (C298S).

Effect of PW-turn A spectrum of 71 µM U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 with

an equimolar amount of unlabeled NS5A-D2 A311G JFH-1 in phosphate buffer was

used to determine the effect of the proline-tryptophan (PW)-turn motif to NS5B∆21

binding to NS5A-D2. The methyl-HMQC spectrum was acquired with 2048 and 280

points, and 14 and 20 ppm in the direct and indirect dimensions, respectively and 112

scans. This was compared to a spectrum of U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21

with NS5A-D2 C298S (NS5A-D2C338) because both were acquired with NS5B∆21 from

the same culture batch and under the same conditions.

Experiments with Filibuvir

Filibuvir was added to samples using about 1 mg of solid powder filibuvir (Sigma-

Aldrich) directly added to 350-400 µL samples of NS5B∆21 (or mutant) and incubated

for 6-12 hours at 15◦C with agitation to obtain NS5B∆21 saturated with the inhibitor.

Excess solid filibuvir was removed by centrifugation for 10 s at 10 000 x g at room

temperature.

NS5B∆21 wild-type A methyl-HMQC spectrum was acquired of 81 µM filibuvir-

saturated U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21. This spectrum was acquired in

phosphate buffer with 2048 and 140 complex points, 14 and 10 ppm and 96 scans.
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NS5B∆21 L30S A methyl-HMQC spectrum was acquired of 20 µM filibuvir-saturated

U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 L30S. This spectrum was acquired in RE buffer

with 2048 and 140 complex points, 14 and 10 ppm and 226 scans.

NS5B∆21 5mut A methyl-HMQC spectrum was acquired of 37 µM filibuvir-saturated

U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 5mut. This spectrum was acquired in RE

buffer with 2048 and 140 complex points, 14 and 10 ppm and 160 scans.

NS5B∆21 with NS5A-D2 A methyl-HMQC spectrum was acquired of 48 µM filibuvir-

saturated U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 with an equimolar amount of NS5A-

D2 added. This spectrum was acquired in phosphate buffer with 2048 and 240 complex

points, 14 and 20 ppm and 112 scans. An independent sample in the same conditions

without NS5A-D2 was acquired as control.

Titration with ssRNA

A titration of U-[2H], Ile δ1-[13C1H3]-labeled NS5B∆21 with a single strand of RNA

(5’-CUAAGAUGCUCGCUGC-3’) (RNA16) (GeneCust, Luxembourg) was done with

independent samples containing 30 µM of NS5B∆21 and either 0, 10, 30 or 60 µM of

unlabeled RNA16 in RE buffer. This titration was followed by methyl-HMQC spectra

acquired with 240 scans, 2048 and 128, and 14 ppm and 10 ppm. After acquisition,

0.5 mg of filibuvir powder was added to the sample containing 30 µM RNA16 and

incubated overnight at 15◦C, then another methyl-HMQC spectrum was acquired of

this sample with the same parameters.

3.5.4 NMR experiment on selectively tryptophan-labeled NS5B

A 1H,15N-BEST-TROSY-HSQC spectrum of a 58 µM Trp ε1-[15N]-labeled sample of

NS5B∆21 was acquired in 300 mM sodium phosphate pH 6.8, 50 mM NaCl, 2 mM

MgCl2, 1 mM EDTA, 4 mM THP and 5% D2O. This spectrum was acquired with 512

scans, 2048 and 64 points and 14 and 12 ppm in the direct and indirect dimensions,

respectively with the center of the 15N dimension at 126 ppm.
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3.5.5 NMR experiments on selectively isoleucine-labeled GCK

NMR experiments containing GCK were performed at 305K on a Bruker 900 MHz

Avance III HD spectrometer equipped with a CPTCI 5 mm cryoprobe. Experiments

on U-[15N,2H], Ile δ1-[13C1H3]-labeled GCK were done in 50 mM potassium phosphate

buffer pH 6.8, 50 mM KCl, 0.2 mM EDTA, 5 mM THP and 5% glycerol-d5 in 99.9% D2O.

Control methyl-HMQC spectra were acquired with 313 µM U-[15N,2H], Ile δ1-[13C1H3]-

labeled GCK, unliganded, in the presence of 200 mM D-glucose, and with both 200 mM

D-glucose and 10 mM adenylyl-imidodiphosphate (AMP-PNP). These spectra were ac-

quired with 2048 and 200 points, 14 and 11 ppm in direct and indirect dimensions,

respectively with 32 scans.

A spectrum of 82 µM U-[15N,2H], Ile δ1-[13C1H3]-labeled GCK that had its purifica-

tion tag previously removed was acquired in the same conditions.

Experiments with NS5A-D2

To 100 µM of U-[15N,2H], Ile δ1-[13C1H3]-labeled GCK 100 µM and 300 µM unlabeled

NS5A-D2 (lyophilized) was added. Methyl-HMQC spectra were acquired in the ab-

sence of NS5A-D2 and at the two ratios with 2048 and 200 points and 14 and 11 ppm in

the direct and indirect dimensions, respectively with 32 scans. After, 100 mM D-glucose

was added and another spectrum under the same conditions was acquired.

3.5.6 NMR experiments on selectively tryptophan-labeled GCK

15N,1H-HSQC spectra of 315 µM Trp ε1-[15N]-labeled GCK unliganded, in the pres-

ence of 200 mM D-glucose and with both 200 mM D-glucose and 10 mM AMP-PNP

were acquired with 2048 and 128 points, and 16 and 12 ppm, in the direct and indirect

dimensions, 72 scans and the center of the 15N dimension set to 126 ppm. 50 mM potas-

sium phosphate buffer pH 6.8, 50 mM KCl, 0.2 mM EDTA, 5 mM THP, 5% glycerol-d5

and 5% D2O was used as a buffer.
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3.5.7 NMR experiments on 15N-labeled NS5A-D2

NMR experiments containing 15N-labeled NS5A-D2 were performed at 298K on a Bruker

600 MHz spectrometer equipped with a cryoprobe. Assignment of the NS5A-D2 15N,1H-

HSQC has been previously reported by our group and had been deposited in the Bi-

ological Magnetic Resonance Data Bank (BMRB) under the accession numbers 16165

(JFH-1) and 19055 (Con1).

Experiments with NS5B

15N,1H-HSQC spectra of 20 µM 15N-labeled NS5A-D2 JFH-1 were acquired in the ab-

sence of NS5B, with 100 µM unlabeled NS5B∆21 and with 100 µM unlabeled filibuvir-

saturated NS5B∆21. The samples were in 300 mM sodium phosphate pH 6.8, 50 mM

NaCl, 4 mM THP, 2 mM MgCl2 The spectra were acquired with 2048 and 256 complex

points, 14 and 25 ppm in the direct and indirect dimensions, respectively and 192 scans.

Experiments with ssRNA

15N,1H-HSQC spectra were acquired of two independent samples of 50 µM 15N-labeled

NS5A-D2 JFH-1 in the absence and presence of an equimolar amount of RNA16 in 50

mM Tris-d11 pH 6.4, 30 mM NaCl, 0.5 mM EDTA, 1 mM THP 2 mM MgCl2 in 5 % D2O.

The spectra were acquired with the same parameters as the experiments with NS5B.

Experiments with GCK

15N,1H-HSQC spectra were acquired of independent samples of 87 µM 15N-labeled

NS5A-D2 JFH-1 in the absence and presence 87 and 174 µM unlabeled GCK in 50 mM

sodium phosphate pH 6.4, 150 mM NaCl, 0.2 mM EDTA, 1 mM THP 2 mM MgCl2 in 5

% D2O. The spectra were acquired with 2048 and 256 complex points, 14 and 25 ppm in

the direct and indirect dimensions, respectively and 48 scans. To the sample containing

87 µM 15N-labeled NS5A-D2 JFH-1 and 174 µM unlabeled GCK 100 mM of D-glucose

was added and another spectrum was acquired in the same conditions.
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A similar titration was done using 83 µM 15N-labeled NS5A-D2 from the Con1 iso-

late in the absence and presence of 83 µM and 166 µM GCK in 50 mM sodium phos-

phate pH 6.8, 150 mM NaCl, 0.2 mM EDTA, 1 mM THP 2 mM MgCl2 in 5 % D2O. The

spectra were acquired in the same conditions and 100 mM D-glucose was added to the

sample with 166 µM of GCK.

3.5.8 Chemical shift predictions

Chemical shift predictions for NS5B were obtained from crystallographic data using

ShiftX2 [392] to determine isoleucine δ1 carbon and hydrogen chemical shifts for the

deuterated protein at pH 7 and 305 K. Predictions were obtained from both closed

(PDB: 2XXD, 2XYM [393], 3I5K [134], 4AEP, 4AEX [161]) and open (PDB ID 4E76 [145],

4OBC [394], 4WT9 [148]) apo structures of the JFH-1 strain. When multiple NS5B chains

were present in a deposited structure only the first chain was used in the prediction.

Normalized deviations for each isoleucine cross peak were calculated for 13C and 1H

dimensions and combined using Equation 3.2,

σ = σH + α× σC (3.2)

where σC and σH are the standard deviations taken across the CS predictions, and α is

the carbon scaling factor used in the calculation of chemical shift perturbations with a

value of 0.16.

3.5.9 CPMG experiments

Data acquisition and treatment of Carr-Purcell-Meiboom-Gill (CPMG) relaxation dis-

persion experiments were kindly done by Dr. Robert Schneider. The methyl-TROSY

13C-1H multiple-quantum CPMG relaxation dispersion experiments relaxation dispe

[359] were recorded on samples of about 80 µM NS5B∆21 in phosphate buffer (300 mM

sodium phosphate pH 6.8, 50 mM NaCl, 2 mM MgCl2, 1 mM EDTA) with or without

filibuvir on both 600 and 900 MHz spectrometers. 10 or 12 points were acquired for

each dispersion curve with CPMG frequencies (νCPMG) between 100 and 1000 Hz, with

1 or 2 repeat experiments for error analysis. Spectra were acquired with acquisition
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times of 82 and 32 ms; 2048 and 128 real points in 1H and 13C dimensions, respectively

at 900 MHz. At 600 MHz, spectra were acquired with acquisition times of 76 and 42

ms; 2048 and 112 real points in 1H and 13C dimensions, respectively. Spectra were pro-

cessed with NMRPipe [395] and analyzed with Sparky [390]. Peak heights were used

to calculate relaxation dispersion profiles, R2,eff(νCPMG) using Equation 3.3.

R2,eff(νCPMG) = − 1

T
ln

(
I(νCPMG)

I0

)
(3.3)

where I(νCPMG) and I0 are the peak heights obtained with CPMG frequency νCPMG and

in a reference spectrum recorded without CPMG pulse train. Errors in R2,eff were cal-

culated based on repeat measurements as described by Ishima and Torchia [396] and

a minimum error of 0.5 s−1 was assumed. The relaxation dispersion curves were fit to

both a two-site exchange model [359] using the software cpmg_fitd9 [397] kindly pro-

vided by Dimitry Korzhnev and to a model assuming no exchange (i.e. a flat horizontal

line). Non-flat dispersion curves were defined as those with at least a 2 s−1 difference

between R2,eff measured at the minimum and maximum νCPMG frequencies and where

the two-site exchange model improved the fit, with a 98% confidence level according

to F test statistics. Individual residues were fit either allowing both 13C and 1H chemi-

cal shift differences between states (∆ω) to vary or only 13C with 1H ∆ω fixed to zero.

The 1H ∆ω fit parameter did not statistically significantly improve the fits. However,

for some residues its inclusion decreased errors of fit substantially. For these residues,

both 13C and 1H ∆ω variables are given; otherwise only 13C ∆ω is reported. Global fits,

grouping all non-flat relaxation dispersion curves, were performed allowing both 13C

and 1H ∆ω to vary for each residue. χ2, the chi-squared goodness of fit measure was

calculated as in Equation 3.4.

χ2 =
∑

i

[
R2,eff

exp(i)−R2,eff
calc(i)

]2
σ2
i

(3.4)

whereR2,eff
exp andR2,eff

exp are experimental and back-calculatedR2,eff values from the

dispersion curves, σ is the experimental error and i runs over all data points fit together.

The reduced χ2 is the χ2 value divided by the number of degrees of freedom of the fit

(number of data points minus the number of fit parameters).

111



Experimental Section

3.6 Fluorescence spectroscopy

The binding of NS5B∆21 to an RNA template strand was assayed by fluorescence spec-

troscopy at 294 K on a PTI fluorescence spectrometer (PTI Monmouth Junction, NJ,

USA). The 16-mer RNA single strand (5’-CUAAGAUGCUCGCUGC-3’) fused to a 6-

carboxyfluorescein (6-FAM) label on the 5’ end was obtained from GeneCust (Luxem-

bourg). The excitation of the fluorescein label was done at 492 nm and emission spec-

trum was scanned from 500 to 530 nm (1 nm step-wise, 2 seconds per scan). Fluores-

cence intensities were integrated from 515 to 525 nm. The excitation and the emission

slit widths were set to 1 nm. This assay was carried out in RE buffer (20 mM TrisCl

buffer pH 7.5, 100 mM NaCl, 80 mM arginine, 80 mM glutamate, 5 mM MgCl2,1 mM

DTT) in 1 cm length cells. The fluorescence of 50 nM 6-FAM-labeled RNA was detected

in the presence of 0-3.5 µM of NS5B. The assay was repeated in the presence of 0, 1.33,

4 and 20 µM of NS5A-D2.

3.7 Size-exclusion chromatography

Size-exclusion chromatography was performed on an ÄKTA Purifier FPLC system (GE

Healthcare, Little Chalfont, UK) with a UV detector. Chromatographic separations

were done with a Superdex 75 3.2/300 column (GE Healthcare, Little Chalfont, UK)

at room temperature. The mobile phase buffer (20 mM Tris pH 7.0, 100 mM arginine,

100 mM glutamate, 100 mM NaCl, 5 mM MgCl2, 2mM THP) was passed through the

column at a flow rate of 20 µL/min. 40 µL samples containing 10 µM of 6-FAM-labeled

RNA template (as used for fluorescence spectroscopy) were injected and detected at

260, 280 and 495 nm. Samples with RNA and 0, 3, 7, 10, 15 µM of NS5B∆21 or RNA

and 0, 5, 15, 50 µM of NS5A-D2 were injected. To study the effect of NS5A-D2 on

RNA binding to NS5B RNA, 7 µM NS5B∆21 and 0, 5, 15, 50 µM of NS5A-D2 were

also injected. The proteins were exchanged to the same buffer as the mobile phase

prior to the sample preparation by Zeba Spin desalting columns (Thermo Fisher). The

effect of Filibuvir on RNA-binding was observed with an NS5B∆21 sample incubated

with solid filibuvir prior to injection at the same concentrations as the RNA and apo

NS5B∆21 samples described above. Samples containing only 10 µM of either NS5B∆21,

112



Experimental Section

Filibuvir-loaded NS5B∆21 or NS5A-D2 were used to determine the elution time for

these proteins.

3.8 Differential scanning fluorimetry

In preparation for differential scanning fluorimetry (DSF) the proteins had their buffers

exchanged to RE buffer (20 mM Tris, 100 mM NaCl, 100 mM arginine, 100 mM gluta-

mate, 5 mM MgCl2 and 2 mM THP) using Zeba spin desalting columns. The assay

performed in the presence of Filibuvir was done with NS5B loaded and incubated

overnight with the inhibitor. DSF was carried out on a Stratagene Mx3005P QPCR

system (Agilent Technologies, Santa Clara, CA, USA) with a 40 µL reaction volume

containing RE buffer and 1:1000 diluted Sypro orange (ThermoFisher) fluorophore. For

the assay, NS5B concentration was kept constant at 30 µM. Increasing concentrations

of NS5A-D2 (0 – 180 µM) were added to NS5B to determine the effect of the interac-

tion. A control containing 180 µM of NS5A-D2 without NS5B was done to confirm

that NS5A-D2 did not present a residual melting temperature. Thermal denaturation

was carried out while collecting fluorescence intensity data (excitation at 492 nm and

emission at 516 nm) during an increase in temperature from 298 K to 368 K with a rate

of 1 K/min. The inflection point of the melting curves, which represents the melting

temperature (Tm), was determined by fitting the obtained intensities, up to the plateau,

to a Boltzmann model (Equation 3.5),

F (T ) = Fbase +
Fmax − Fbase

1 + exp
(
Tm−T
a

) (3.5)

where Fmax and Fbase are the maximum and minimum recorded fluorescence intensi-

ties, respectively, and a is the slope of the curve.
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nance spectroscopy

4.1 Introduction

The HCV RNA polymerase, NS5B, is a 66 kDa protein with a C-terminal 21 amino-

acid transmembrane helix. Expression of NS5B truncated of its transmembrane helix

results in a protein with improved solubility [398]. Cleavage of these 21 residues and

preceding 39 amino acids in the linker gives rise to a protein that is catalytically active

in vitro [155] and can be used for structural and functional studies.

HCV has a large genetic variability with over 90000 genomes deposited in the Eu-

ropean hepatitis C virus database [388]. We chose to work with NS5B from the JFH-1

isolate (genotype 2a) because, it was the first isolate for which the entire life cycle of

the virus could be reproduced in cell culture [177–179]. Consequently, there is an abun-

dance of structural and functional information available [134, 393, 399] for this isolate.

In this work we used two different constructs of NS5B that varied by amino acid

length. One had the C-terminal 21 amino acids (the transmembrane helix) deleted

and in the other the C-terminal 60 amino acids (both the transmembrane helix and the

linker) were deleted. These were called NS5B∆21 and NS5B∆60, respectively for clarity.

However, due to the better expression, higher stability, higher signal-to-noise ratio in

the NMR spectra obtained for the NS5B∆21 construct, most of this work was done with

this construct.

4.2 Expression and purification of NS5B

Recombinant NS5B from the JFH-1 isolate was expressed in the BL21(DE3) strain of

Escherichia coli using a pET-derived expression vector [134]. Cell growth and pro-

tein expression was done in either Luria-Bertani (LB) rich culture medium for unla-

beled samples or supplemented M9 minimal medium for various labeling strategies.

D2O and D-glucose-d7 in the culture medium were used to perdeuterate the recombi-

nant protein. Similarly, 15N-labeled ammonium chloride and D-glucose-13C6-d7 were
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used to achieve near complete labeling of the nitrogens and carbons respectively when

necessary. To selectively label the δ1 methyl groups on the isoleucine side-chains 2-

ketobutyric acid-4-13C-3,3-2H was added prior to induction. 2-ketobutyric acid-4-13C-

3,3-2H is produced by incubating 2-ketobutyric acid-4-13C for 12 hours at 45◦C at pH

10 in D2O to take advantage of the high acidity of the β-hydrogens to exchange them

for deuterium. Subsequent purification of the protein is done by nickel-affinity chro-

matography and the protein is concentrated to 100 µM or until significant precipitation

is observed as it is not stable at higher concentrations. Purification gives rise to the 65

kDa protein shown in Figure 4.1.

MW 
(kDa) NS5BΔ21

116.0

66.2

45.0

35.0

25.0

FIGURE 4.1: SDS-PAGE of NS5B∆21 labeled U-2H Ile δ1-13C1H3 with a 10% acrylamide gel
stained with Coomassie blue.

The yields obtained after purification were dependent on labeling strategy and

NS5B construct. For wild-type NS5B∆21 the yield was about 15 mg/liter of culture

for unlabeled protein and 8–10 mg/liter of culture for deuterated or selectively labeled

on the tryptophan side-chains. For open constructs of NS5B (NS5B∆21 L30S, NS5B∆21

5mut and NS5B∆60 the yield was about 4–6 mg/liter of culture for unlabeled protein

and 3–4 mg/liter of uniformly deuterated and selectively isoleucine-δ1 methyl group

13C1H3-labeled NS5B.

4.3 1H,15N-Heteronuclear single quantum coherence spectrum

of NS5B∆21

A nuclear magnetic resonance (NMR) experiment frequently used for proteins is a

1H,15N-heteronuclear single quantum coherence (HSQC) experiment. The protein is
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enriched in 15N to obtain signal. This experiment results in a two-dimensional spec-

trum with one axis for 1H and the other for 15N. The resonances in this spectrum rep-

resent each unique proton attached to a nitrogen. By focusing on the region between 7

and 10 ppm we observe mainly amide protons, of which the majority are from the pro-

tein backbone N-H bonds. Therefore, in the absence of slow exchange (which can give

more than one peak per resonance), one peak in this spectrum represents one residue

except proline. Some side chain N-H groups like that of tryptophan, asparagine and

glutamine can also give signals in the same region of the spectrum. Prolines are sec-

ondary amines, consequently they do not have amide protons when they form peptide

bonds and thus are invisible in this experiment.

The polymerase of the hepatitis C virus, NS5B, is a large globular protein. The con-

struct we are working with has a molecular weight of 65 kDa in its form cleaved of

the 21 amino acids from the transmembrane helix. Protein NMR presents challenges

beyond 25–30 kDa [347]. NS5B∆21 also presents other characteristics that make NMR

experiments with it challenging. Beyond about 90 µM, the polymerase precipitates

which limits the concentration that can be used in the study. Additionally, the poly-

merase needs high salinity to be stable at this concentration. This results in lower sen-

sitivity compared to a lower salinity buffer, especially when using a cryoprobe [400].

In most experiments a buffer composed of 300 mM sodium phosphate pH 6.8, 50 mM

NaCl, 2 mM MgCl2, 1 mM EDTA and 4 mM THP (called phosphate buffer) was used.

MgCl2 was added as divalent magnesium ions are needed for polymerase activity.

Several strategies are used to improve the quality of the spectrum obtained of NS-

5B∆21. Firstly, most experiments were carried out using a 900 MHz spectrometer equip-

ped with a cryoprobe. High-field spectrometers provide better resolution as the signals

have a larger frequency difference between them than they would have with a spec-

trometer of lower field. Secondly, TROSY-type experiments [343] are used to reduce

peak linewidth. The spectrometer frequency also improves the TROSY effect. Thirdly,

perdeuteration reduces transverse relaxation due to dipolar coupling to protons.

NS5B∆21 was expressed in E. coli in a culture medium that contained deuterated

D-glucose and D2O and [15N]NH4Cl to obtain perdeuterated and 15N-labeled poly-

merase. In this way, most of the protons responsible for relaxation are exchanged to
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deuterium. The amide protons are labile and are exchanged to 1H by doing the purifi-

cation of protein and NMR experiment in protonated water.

The 1H,15N-TROSY-HSQC spectrum of NS5B∆21 is shown in Figure 4.2. This TROSY-

HSQC spectrum is well dispersed, as expected of a well-folded protein. The peaks have

a large distribution of intensities (Figure 4.3) which can suggest either that there is dy-

namics in a timescale close to intermediate exchange or that there are multiple slowly

exchanging conformations in solution that have variable relative populations.
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FIGURE 4.2: 15N,1H-HSQC NMR spectrum of NS5B∆21. This shows a well dispersed spec-
trum characteristic of a well-folded protein. However, only 318 of the expected 544 peaks (this

protein contains 35 prolines) are present.
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FIGURE 4.3: Histogram of signal-to-noise ratio (S/N) of peaks in 15N,1H-TROSY-HSQC spec-
trum of NS5B∆21. The dispersion in this histogram suggests dynamic processes. The highest

S/N is due to the hexahistidine tag.

4.3.1 Assignment

Assignment of the 1H,15N-TROSY-HSQC was attempted by a triple-resonance assign-

ment strategy. HNCA, HNCACB, HN(COCA)CB, HNCO and HN(CA)CO TROSY 3D

spectra [344, 391, 401, 402] were acquired on 15N,13C,2H-labeled samples. To improve

global signal-to-noise (S/N) in the 3D spectra we used Band-selective Excitation Short
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Transient (BEST)-type pulse sequences [402]. These pulse sequences make use of selec-

tive pulses, that is, pulses that only excite a subset of the proton spins in the protein.

The unexcited protons act as a reservoir of protons to which the excited protons can

transfer their spin magnetization, thus reducing the T1 relaxation time. This allows

more scans in the same period of time and therefore obtain an increased S/N per unit

time in the center of the spectrum. The S/N ratios are smaller towards the edge of our

spectrum as we have a large dispersion of frequencies and the selective pulses irradi-

ate more efficiently at the frequencies at center of the spectra. However, due to the low

S/N ratio observed for many peaks in the TROSY-HSQC and 3D spectra we often lack

the peaks required to follow the connectivity between spin systems (Cα i-1, for exam-

ple). Only 318 peaks in the 1H,15N-TROSY-HSQC spectrum present peaks in one of

the 3D spectra (which is necessary for the triple-resonance assignment strategy). There

are 544 non-proline residues in our NS5B∆21 construct, thus a large fraction of these

resonances are not present in the spectrum.

Due to the use of BEST, the information on the carbon resonances (Cα, Cβ , C’) to-

wards the edge of the spectra was much more limited than for peaks at the center of the

spectrum. However, in comparison, we attempted to acquire 3D spectra without BEST

but the global reduced S/N per unit time meant these peaks were not visible with these

pulse sequences either.

Despite the long acquisition times and many triple resonance spectra used for the

assignment, we were not able to assign the 1H,15N-HSQC spectrum with this strategy.

4.4 Selective isoleucine-δ1 labeling

Due to the challenges of assigning the 1H,15N-HSQC spectrum, we used another NMR

strategy developped for large proteins. Selective labeling of methyl side chains is a

strategy widely used in the NMR study of high molecular weight proteins [361]. This

can be done for several methyl-containing amino acids, independently or combined:

alanine, isoleucine, leucine, methionine, threonine and valine. Methyl groups are of-

ten chosen to be labeled because they appear in hydrophobic cores and at biomolec-

ular interfaces and bacterial metabolic pathways can be used to label these side-chain
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groups. Furthermore, three 1H contribute to the intensity of the same methyl signal.

Their fast rotation give signals with narrow linewidths even in the context of slowly-

tumbling large proteins. Additionally, methyls are intrinsically optimized for TROSY

experiments by using the heteronuclear multiple quantum coherence (HMQC) spec-

trum instead of the HSQC [360]. The main challenge with selective labeling is that the

sequential connectivity used to assign HSQC spectra is lost and different assignment

strategies must be applied.

For NS5B from the JFH-1 isolate cleaved of its transmembrane helix (NS5B∆21)

we chose to label isoleucine side chains as opposed to other methyl groups because

isoleucine 405 has been shown to be a key residue in de novo RNA synthesis. This

residue is a valine in most HCV isolates. By mutating the residue at position 405,

Scrima et al. showed that this position has a role in the formation of the first dinu-

cleotide and the transition between initiation and elongation competent conformations

[161]. Additionally, the isoleucines of NS5B∆21 are well distributed throughout the

three subdomains and I560 in the linker. This protein contains 24 natural isoleucines

(Table 4.1).

To obtain the samples of NS5B selectively on the isoleucine side-chain methyl groups,

a selectively labeled precursor, 2-ketobutyric acid-4-13C-3,3-2H, was added to the deuter-

ated culture medium. The bacterial metabolism transforms this precursor into selec-

tively labeled isoleucine that is incorporated into the expressed protein without scram-

bling [353]. The resulting perdeuterated protein should give a 1H-13C-TROSY HMQC

spectrum (called methyl-HMQC spectrum for clarity) [357] with one resonance per

isoleucine δ1 methyl group at about 9 – 16 ppm in the 13C dimension and 0 – 1.5 ppm

in the 1H dimension.

The methyl-HMQC spectrum obtained on uniformly 2H-labeled and selectively

isoleucine δ1 13C1H3-labeled NS5B∆21 wild-type shows 20 resonances (Figure 4.4). The

lack of 4 peaks (to complete the expected 24) suggests that these residues give reso-

nances that are broadened beyond detection by millisecond to microsecond dynamics,

invisible to NMR spectroscopy.
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Isoleucine Location
11

Fingertips loop Λ1
23
71

Fingers

119
134
138
160
178
233
239
253
293
308
323 Palm
363
405
412
413
419

Thumb
432
462
463
512
560 Linker

TABLE 4.1: Location of the 24 isoleucines on NS5B.

4.4.1 Assignment

To assign the resonances in the methyl-HMQC spectrum of wild-type NS5B∆21 we used

a combination of single-site substitutions with valine, NOE correlations and chemical

shift predictions.

A total of 14 isoleucine to valine mutations were done by site-directed mutagen-

esis to assign the isoleucine resonances in the methyl-HMQC spectrum (Figures 4.5

and 4.6). In the spectrum of the mutant, the resonance corresponding to the mutated

isoleucine will disappear. Comparing the spectrum of the mutant with that of wild-

type allows for the identification of the resonance that corresponds to each isoleucine

in the methyl-HMQC spectrum of wild-type NS5B∆21.

The I-to-V mutants allowed us to ascertain that I405, I412, I413 and I560 are the

isoleucines whose resonances are broadened beyond detection as no resonances disap-

peared from these spectra. Using these mutations, isoleucines 23, 119, 160, 233, 363,
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FIGURE 4.4: Selective isoleucine-δ1 labeling of NS5B∆21. Top Crystallographic structure of
NS5B (PDB 3I5K [134]) with the isoleucine δ1 carbons shown as green spheres. The fingers,
palm and thumb are shown in light, medium and dark gray, respectively. The structural fea-
tures called fingertips Λ1 and Λ2 loops, β-loop and linker are highlighted in magenta, purple,
red and tan, respectively. Bottom Methyl-HMQC spectrum of 97 µM U-2H, Ile δ1-[13C1H3]-
NS5B∆21 wild-type in phosphate buffer (300 mM sodium phosphate pH 6.8, 50 mM NaCl,

2mM MgCl2, 0.5 mM EDTA, 4 mM THP in D2O). Obtained with 16 scans.

419, 432, 462, 463 and 512 were assigned to resonances in the spectrum.

Nuclear Overhauser effect spectroscopy (NOESY) spectra were used to assign peaks

that are close in space. Two types of 3D HMQC-NOESY spectra were used. The 1H,13C-

NOESY-HMQC shows the NOE cross-peaks in a 1H-1H plane while the 1H,13C-HMQC-

NOESY-HMQC represents the NOE cross-peaks in a 13C-13C plane. These approaches

are complementary because of the overlap of peaks in the carbon and hydrogen dimen-

sions if a single nucleus was used.

NOE cross-peaks between isoleucine resonance pairs 11/138, 178/253, and 323/363
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FIGURE 4.5: Isoleucine-to-valine mutants used for assignment (part 1). The disappearance of a
resonance in the isoleucine-to-valine mutant methyl-HMQC spectrum (red) compared to wild-
type (black) permits the assignment of the corresponding mutated isoleucine residue. I405V,
I412V and I413V shown above do not give rise to observable disappearing signals meaning

they are broadened beyond detection in the wild-type spectrum.

and between isoleucines 71, 239 and 293 allowed the identification of these residues

(Figures 4.7 and 4.8 and Table 4.2). This identification is ambiguous for all of these ex-

cept 323/363 because neither of the resonances from the other pairs has been assigned

by mutation. We used the chemical shift prediction software ShiftX2 [392] to resolve

the ambiguity (Tables 4.5 and 4.6, in the next section). This was done by comparing

the relative upfield and downfield position of the resonances and the predictions. The
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FIGURE 4.6: Isoleucine-to-valine mutants used for assignment (part 2). The disappearance of a
resonance in the isoleucine-to-valine mutant methyl-HMQC spectrum (red) compared to wild-
type (black) permits the assignment of the corresponding mutated residue. I560V shown above
does not give rise to an observable disappearing signal meaning this isoleucine is broadened

beyond detection in the wild-type spectrum.

remaining isoleucines, 134 and 308, were also identified by their very different chemi-

cal shifts as calculated by chemical shift prediction. The combination of isoleucine-to-

valine point mutations, NOE cross-peaks and chemical shift predictions allowed the

assignment of the 20 resonances in the methyl-HMQC spectrum of NS5B∆21 wild-type

(Figure 4.9). This assignment has been deposited in the BMRB under accession number

27073.

The isoleucines that present resonances broadened beyond detection are located

around the RNA-binding groove. Ile 405, 412 and 413 are at the top of the thumb sub-

domain (using the orientation shown in Figure 4.4, left) and Ile 560 within the part of

the linker that folds back into the RNA-binding groove in the crystallographic struc-

tures of apo NS5B. Their broadening suggests chemical exchange in an intermediate

timescale. Thus, it is possible that they are sensitive to exchange between open and

closed conformations of NS5B∆21, which is in agreement with their orientation towards

the central groove.
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NOE Distance (Å)
178/253 3.579
11/138 4.153
323/363 4.518
413/462 4.739
239/71 5.442
239/293 5.519
413/463 7.197
412/463 7.303
462/463 7.468
71/293 7.601

TABLE 4.2: Shortest distances between isoleucine δ1 carbons in the crystallographic structure
of NS5B∆21 JFH-1 (PDB 2XXD). These are in agreement with the NOE cross-peaks identified
in the NOESY spectra. NOE cross-peaks written in gray are not observed because one of the

residues is broadened beyond detection in the methyl-HMQC spectrum.

Mutation CSP Height increase Height decrease
I23V 432 160
I119V 419 138
I160V 138, 462
I233V 160 119, 512
I363V 308, 323 462
I405V 462, 363 134, 178, 233, 253, 308, 512
I412V 432, 23, 160 432
I413V 160, 432, 462, 419 462
I419V 363 119
I432V 23
I462V 432, 463 119
I463V 160, 462, 432
I512V
I560V 160, 419

TABLE 4.3: Residues for which their NMR resonances are affected by an I-to-V mutation. 1H
and 13C combined chemical shift perturbations (CSP) higher than 0.015 ppm are shown in black
and 0.010-0.015 ppm in gray. Variations in normalized data height are also shown (height in-

crease: > 150% of wild-type, height decrease: < 75% of wild-type.
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FIGURE 4.9: Assignment of the methyl-HMQC spectrum of NS5B∆21. Top Crystallographic
structure of NS5B (PDB 3I5K) with the isoleucine δ1 carbons shown as spheres, green for
those visible in the spectrum and red for the isoleucines broadened beyond detection. Bottom

Methyl-HMQC spectrum of NS5B∆21 showing the assignment of the 20 resonances.

Interestingly, the I-to-V mutants give us insight into the long-range allosteric net-

works within the protein (Table 4.3). For example, by mutating I363 we cause not

only a combined chemical shift perturbation (CSP) on the resonance of I323 that is 4.5

Å from the mutation but also on the resonance of I308 which is farther away (12.3 Å)

but also within the palm subdomain. Usually, the perturbations of isoleucine reso-

nances stay within the same subdomain. However, it also highlights the association of

the fingertips Λ1 loop to the thumb through the effect I23V has on the I432 resonance

and, conversely, I432V has on the I23 resonance. Furthermore, the mutation of I413,

an isoleucine for which no peak was detected, causes NMR signal perturbations in the

resonances corresponding to isoleucines 462, 432, 419 and 160 that are 4.7, 18.1, 20.3

127



Characterization of NS5B by nuclear magnetic resonance spectroscopy

and 22.2 Å away. In sum, this points to the subdomains of NS5B∆21 being connected

via a network that we can probe using the methyl-HMQC spectra.

4.5 Chemical shift predictions and measures of conformation

The JFH-1 isolate of HCV was chosen as the object of this study despite not being

representative of most infections because of the abundance of structural and functional

data that exists on the polymerase of this isolate. As of May 2017, 185 structures of

NS5B have been deposited in the protein data bank (PDB) [140] and of these, 24 are

of the JFH-1 isolate. In particular, structures that show NS5B in complex with double-

stranded RNA, believed to represent the elongation complex, have only been obtained

with mutants of this isolate [145, 148].

We looked at all structures of NS5B JFH-1 that were not bound to a ligand in the

PDB. These were classified as either closed or open using the structural metrics defined

by Davis and colleagues [243] (Figure 4.10). In their work they use two structural met-

rics to define the degree of closure. Firstly, the template channel width is calculated

by measuring the distance between the centers of mass of residues 139 and 405. Sec-

ondly, the interdomain angle is defined as the angle between the centers of mass of

the fingers, palm and thumb subdomains. Values of 20 Å and 70◦ are the cutoff values

between open and closed structures. To be classified as an open structure both criteria

must be above this cutoff, conversely closed structures have values below the cutoff for

both criteria. Structures that do not satisfy either are classified as intermediate.

The PDB contained 8 apo structures of NS5B JFH-1, 5 of which were classified as

closed and 3 were classified as open (Table 4.4). These structures were input into the

chemical shift prediction software ShiftX2 [392] to obtain predicted values for the chem-

ical shifts of the isoleucine δ1 side-chain methyl groups. Only chain A was chosen when

multiple chains are present in the asymmetric unit of the crystallographic structure to

avoid oversampling of some orientations. Since we are assuming large scale dynam-

ics to be present in solution it was important to obtain chemical shift predictions from

crystallographic structures with open and closed conformations.
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FIGURE 4.10: Structural metrics used to define degree of opening of an NS5B structure.
Adapted from Davis et al. [243]. A The template channel width is defined as the distance be-
tween the center of mass of residues 139 and 405. B The interdomain angle is the angle formed
between the centers of mass of the fingers, palm and thumb subdomains. C The structures
are classified as open, closed or intermediate depending whether these measures are above or
below the cutoff values of 20 Å and 70◦ for template channel width and interdomain angle,

respectively.

PDB structure Interdomain angles Template channel width Classification
2XXD 68.807 16.595
2XYM 66.844 16.158
3I5K 68.823 15.872 Closed
4AEP 68.290 16.568
4AEX 69.193 16.074
4E76 75.915 26.027
4OBC 74.311 25.944 Open
4WT9 75.444 26.152

TABLE 4.4: Crystallographic structures of unliganded NS5B JFH-1 used for chemical shift pre-
dictions. Interdomain angles and template channel width are used as structural metrics to

define whether these structures are open or closed.

Despite the absolute values of the chemical shift predictions (Tables 4.5 and 4.6) not

corresponding directly to the experimental values observed, certain tendencies from

the predictions can be used. For example, I308 and I432 have resonances that are shifted

upfield compared to the other isoleucine 13C both in the predictions and experimen-

tally. Therefore, we looked at the normalized deviation (standard deviations combined

both in proton and carbon dimensions, see Equation 3.2) of the predicted values and

found that four of the six with the highest normalized deviations are the residues that

are broadened beyond detection (Figure 4.11). In the case of I560, no electron density
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Isoleucine
Predicted chemical shift (ppm) Experimental

chemical shift (ppm)Closed Open
11 0.655 ± 0.055 0.634 ± 0.096 0.664
23 0.746 ± 0.082 0.827 ± 0.021 0.726
71 0.931 ± 0.018 0.936 ± 0.008 0.865
119 0.717 ± 0.040 0.794 ± 0.026 0.846
134 0.734 ± 0.013 0.711 ± 0.007 0.625
138 0.875 ± 0.031 0.817 ± 0.090 1.028
160 0.849 ± 0.104 0.775 ± 0.088 0.815
178 0.690 ± 0.025 0.718 ± 0.011 0.788
233 0.766 ± 0.006 0.771 ± 0.015 0.652
239 0.739 ± 0.017 0.755 ± 0.012 0.610
253 0.803 ± 0.011 0.859 ± 0.019 0.883
293 0.774 ± 0.058 0.766 ± 0.039 0.771
308 0.740 ± 0.015 0.718 ± 0.022 0.693
323 0.841 ± 0.051 0.902 ± 0.026 0.896
363 0.709 ± 0.043 0.732 ± 0.026 0.603
405 0.706 ± 0.032 0.546 ± 0.050 n.d.
412 0.899 ± 0.022 0.267 ± 0.013 n.d.
413 0.440 ± 0.128 0.735 ± 0.058 n.d.
419 0.560 ± 0.052 0.490 ± 0.046 0.603
432 0.658 ± 0.031 0.981 ± 0.013 0.460
462 0.833 ± 0.056 0.885 ± 0.021 0.848
463 0.881 ± 0.027 0.904 ± 0.025 0.804
512 0.771 ± 0.010 0.772 ± 0.027 0.700
560 0.834 ± 0.071 n.a. n.d.

TABLE 4.5: Prediction of the 1H chemical shifts of NS5B∆21. Average chemical shift predictions
from ShiftX2 obtained for the δ1 hydrogens of the isoleucine side-chains of NS5B∆21 separated
by closed and open structures and compared to the experimental chemical shifts. n.a. not
available, the open crystallographic structures did not have electronic density for I560. n.d. not
determined, resonances in the spectra were not identified for isoleucines 405, 412, 413 and 560.
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FIGURE 4.11: Standard deviations of chemical shift predictions for δ1-methyl groups from each
of the 24 isoleucines. These values are for 1H and 13C combined. Isoleucines in dark blue are
those that are broadened beyond detection. There is a correlation between the variation in the

predictions and the broadness in the methyl-HMQC spectrum.
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Isoleucine
Predicted chemical shift (ppm) Experimental

chemical shift (ppm)Closed Open
11 14.335 ± 0.202 14.372 ± 0.161 13.961
23 13.714 ± 0.425 13.641 ± 0.082 12.889
71 13.944 ± 0.414 14.223 ± 0.195 12.457

119 14.225 ± 0.181 14.128 ± 0.202 14.590
134 14.040 ± 0.059 13.966 ± 0.091 13.422
138 14.325 ± 0.030 14.288 ± 0.190 14.246
160 13.954 ± 0.457 12.589 ± 1.273 12.350
178 14.229 ± 0.066 14.069 ± 0.182 14.424
233 14.377 ± 0.123 14.063 ± 0.251 12.524
239 14.349 ± 0.117 14.148 ± 0.184 13.398
253 13.941 ± 0.345 13.849 ± 0.066 14.304
293 14.026 ± 0.107 14.360 ± 0.110 13.547
308 12.159 ± 0.174 11.990 ± 0.075 9.958
323 14.495 ± 0.109 14.164 ± 0.138 13.514
363 13.408 ± 0.805 14.046 ± 0.292 12.826
405 12.283 ± 0.951 14.346 ± 0.168 n.d.
412 14.116 ± 0.209 14.642 ± 0.072 n.d.
413 14.171 ± 0.198 14.073 ± 0.195 n.d.
419 13.792 ± 0.300 13.816 ± 0.336 13.861
432 11.577 ± 0.206 12.966 ± 0.149 11.808
462 14.076 ± 0.100 13.851 ± 0.588 14.427
463 14.016 ± 0.116 13.878 ± 0.090 14.621
512 13.633 ± 0.211 13.820 ± 0.124 13.522
560 13.134 ± 0.497 n.a. n.d.

TABLE 4.6: Prediction of the 13C chemical shifts of NS5B∆21. Average chemical shift predictions
from ShiftX2 obtained for the δ1 carbons of the isoleucine side-chains of NS5B∆21 separated
by closed and open structures and compared to the experimental chemical shifts. n.a. not
available, the open crystallographic structures did not have electronic density for I560. n.d. not
determined, resonances in the spectra were not identified for isoleucines 405, 412, 413 and 560.

was identified in the crystallographic structures of NS5B in open conformations. Addi-

tionally, I160 and I432 that also have large deviations in the predictions have resonances

with larger linewidths in the 13C dimension. This suggests that these residues are more

affected by changes in conformation which supports possible open/close dynamics.

We measured the 1H, 13C combined chemical shifts perturbations between the ex-

perimental positions of chemical shifts and the positions calculated by ShiftX2 for all

structures, for closed structures and open structures exclusively (Figure 4.12). The

chemical shifts predicted for the closed structures are closer to the experimentally ob-

served position of the resonances for most resonances and in particular for I432, I419

and I363. Contrastingly, the experimental 1H, 13C chemical shifts of I160 are closer to

131



Characterization of NS5B by nuclear magnetic resonance spectroscopy

C
S

P 
(p

pm
) 

Isoleucine residue 

0	

0.1	

0.2	

0.3	

0.4	

0.5	

0.6	

11	 23	 71	 119	 134	 138	 160	 178	 233	 239	 253	 293	 308	 323	 363	 405	 412	 413	 419	 432	 462	 463	 512	 560	

All	

Closed	

Open	

FIGURE 4.12: Comparison between open and closed chemical shift predictions. 1H, 13C com-
bined chemical shifts perturbations (CSP) between the experimental chemical shifts of the res-
onances of NS5B∆21 and the average predicted chemical shifts obtained using ShiftX2. These
values are shown for all structures (red), only closed structures (black) and only open structures

(gray).

the predictions of the open structures. Nonetheless, this data suggest that the poly-

merase mainly samples a closed conformation but should also sample open conforma-

tions.

One of the major contributions to the Cδ1 chemical shifts of isoleucines is the isoleucine

side-chain χ2 dihedral angle [403]. These correspond to dihedral angles between the

isoleucine carbons α, β, γ1 and δ1. The side-chains χ2 can lead to four conformations,

of which trans, gauche- and gauche+ can be populated in solution. These correspond to

dihedral angles that are on average 170◦, -60◦ and 60◦, respectively. Trans and gauche+

conformations give rise to similar Cδ1 chemical shifts, however gauche- gives rise to

smaller values of Cδ1 chemical shift. Due to this relationship between the angle and the

chemical shift we measured the χ2 dihedral angles in the structures used for chemical

shift predictions (Figure 4.13).

FIGURE 4.13: χ2 dihedral angles of the isoleucines in the NS5B JFH-1 apo structures. Values
around 170◦ represent trans conformations and values of 60◦ and -60 represent gauche+ and
gauche- conformations respectively. Structures in shades of gray (4E76A, 4OBCA and 4WT9A)

are of NS5B in open conformations.
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NS5BΔ21 closed NS5BΔ21 open

I413
I412 F430

F429W408

F445
Y452

F551

I413
I412

F430

F429

W408

F445

W550

F551

Y452

W550

FIGURE 4.14: Reorientation of the aromatic amino acid side-chains around isoleucines 412 and
413. Closed (3I5K, left) and open (4OBC, right) structures are shown in line representation.
Ile 412 and 413 δ1 carbons are shown as spheres. The aromatic amino acids are shown in
magenta/pink and those that are reoriented in the open structure are shown as sticks. The
reorientation of the aromatic side-chains can affect the proton chemical shift observed by the
resonances corresponding to these residues. This can explain the large normalized chemical

shift deviations observed for these residues.

The distribution of dihedral angles correlates well to characteristics we observe in

the spectrum. In the structures, most isoleucine side-chains are in always in trans,

this corresponds well to the observation that most resonances have Cδ1 chemical shifts

above 12 ppm. I308 and I432 are the only residues with all structures in gauche- con-

formation and they give the only resonances with Cδ1 chemical shifts below 12 ppm.

However these resonances are not at 9.3 ppm as would be expected if they populated

the gauche- conformation exclusively, demonstrating that in solution they should pop-

ulate other conformations as well. Furthermore, I405 presents a distribution of χ2 di-

hedral angles, both in trans and gauche- that is consistent with its broadening beyond

detection. None of the open crystallographic structures has electron density for I560

but even the variation of its dihedral angles between trans and gauche- among the

closed crystallographic structures suggest that it may be sampling a very large confor-

mational space in solution. I412 and I413 do not show this variation in dihedral angles

but the large normalized deviation of chemical shift predictions was mainly due to con-

tributions from the 1H chemical shifts. Indeed, in the crystallographic structures, these

neighboring residues are near aromatic amino acids (W408, F429, F430, F445, Y452,

W550, F551) whose relative orientation and/or distance appears to change between

open and closed conformations of NS5B (Figure 4.14).
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4.6 Study of the dynamics of NS5B∆21

The first crystallographic structures of NS5B [137–139] were too closed to allow the fit of

dsRNA which was needed for the polymerase activity. Consequently, it was hypothe-

sized that the polymerase must undergo a change in conformation to form a competent

elongation complex. More recently, crystal structures of mutants have been obtained

that are in a conformation that is capable of containing dsRNA [145, 148], in a con-

formation called "open" as opposed to the "closed" conformation of the wild-type apo

enzyme.

In this work, initially, we will consider the global dynamics of the polymerase as

an exchange between two states, closed and open, related by an exchange constant

kex (Equation 4.1). This is only an approximation, however, as it is unlikely that the

exchange between open and closed states is a single step and also unlikely that there

are only one open and one closed states of the polymerase. Indeed, we will see that

this two-state model does not correctly describe all of our observations.

NS5Bclosed
kex−−⇀↽−− NS5Bopen (4.1)

The exchange regime of each resonance depends on whether kex is larger (fast ex-

change), approximately the same (intermediate exchange) or smaller (slow exchange)

than the difference in chemical shift between the states in angular frequency units (∆ω).

In the methyl-HMQC spectrum we observe mostly one resonance for each isoleucine

δ1 methyl group that is present. If indeed we have two states that are exchanging, for

each residue that gives a single resonance we have three possibilities: there is no differ-

ence in chemical shift between the states, the second state has a very small population

or the exchange is fast between the states. For the residues that are broadened beyond

detection these are in the intermediate exchange regime where kex ≈ ∆ω. If there is

only a single chemical exchange occurring in this protein, the presence of two regimes

within the same protein is due to a difference in ∆ω.
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FIGURE 4.15: Linewidths of the methyl-HMQC spectrum. A Crystallographic structure of
wild-type NS5B (PDB 3I5K) showing the 13C linewidths of the δ1 carbons of the isoleucines
(spheres) obtained with a 900 MHz spectrometer. Orange spheres represent the larger
linewidths. Red spheres represent the isoleucines with resonances broadened beyond detec-
tion. B 13C linewidths of the δ1 carbons of the isoleucines obtained with 900 and 600 MHz
spectrometers. C 1H linewidths of the δ1 hydrogens of the isoleucines obtained with 900 and

600 MHz spectrometers.

4.6.1 Line-broadening as a measure of dynamics

We extracted the linewidths of the methyl resonances in the direct and indirect dimen-

sions at two different field strengths (Figure 4.15). In the 1H dimension only I432 has a

larger linewidth than most other visible residues at 900 MHz. Interestingly, at 600 MHz

I432 is not broader than other residues, this suggests that its ∆ω is already rather close

to kex, becoming closer to kex at 900 MHz. Analysis of the 13C linewidths show that I71,

I160 and I432 have a larger linewidth than other visible residues. For residues I160 and

I432 this could be explained by a possible open/close exchange as both are near the

residues that are broadened beyond detection. I160 is on the interior side of the RNA

binding groove and I432 is at the top of the thumb subdomain, regions expected to be

perturbed by this reorientation. This is harder to explain for I71. Despite it being on
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the interface between the fingers and the palm, I239 and I293 are on the same interface

and are not broadened.

4.6.2 Slow exchange in NS5B∆21
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FIGURE 4.16: Identification of minor forms of I160 and I363. Top Comparison of the methyl-
HMQC of NS5B∆21 wild-type (black) and I160V (red) showing that a minor peak (blue arrow)
disappears with the mutation. In the 3D 1H,13C-HMQC-NOESY-HMQC spectrum of NS5B∆21

there are cross-peaks between the major and minor peaks corresponding to I160. Bottom A
minor peak is also observed in the methyl-HMQC of NS5B∆21 wild-type (black) and I363V

(red) that also displays cross-peaks in the 3D 1H,13C-HMQC-NOESY-HMQC spectrum.

The 3D NOESY spectra acquired for the assignment of the isoleucine side-chain

resonances also provide insights into the slow exchange regime. Resonances due to

isoleucines 160 and 363 have minor peaks adjacent to them that also disappear from the

spectrum when these isoleucines are substituted by valines suggesting these are minor

conformations of these isoleucines (Figure 4.16, left). By observing their frequency on
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the HMQC-NOESY-HMQC we can detect cross-peaks between these peaks and the

major peaks of I160 and I363 (Figure 4.16, right). The presence of these cross-peaks

is probably because these residues have two distinct conformations that are in slow

exchange between each other. The mixing time used for the NOESY transfer can also

provide the necessary time for chemical exchange to occur in a slow exchange regime

like in an EXSY experiment.

Interestingly, these residues are about 29 Å from each other in the crystallographic

structures and are in very different structural parts of the protein. I160 is in the fingers

subdomain facing the RNA-binding groove and I363 is in a hinge region between the

palm and thumb. Since we do not seem to observe this exchange with other residues,

it is likely that the exchange in this timescale observed on these residues is isolated to

specific regions of the polymerase instead of a global exchange.

The relative volume of these minor peaks compared to the major peaks can provide

information on the population of the minor state but is hard to estimate as these are not

well-isolated peaks. The minor resonances of I160 and I363 correspond to 32.8 % and

21.0 % of the total volume due to these isoleucine methyl groups.

We can estimate a range for this slow exchange. I160 and its minor peak are sepa-

rated by 0.35 ppm in the 13C dimension, which corresponds to a frequency of 498 rad/s.

To be in slow exchange, kex needs to be much slower than this frequency (2 or 3 times

slower at least). So the slow exchange on I160 should be much slower than 498 s−1 and

285 s−1 on I363.

4.6.3 Intermediate exchange in NS5B∆21

The lack of signal for the resonances for isoleucines 405, 412, 413 and 560 suggest that

they exchange on a ms-µs timescale. To investigate exchange in this timescale, we used

methyl-TROSY 1H-13C multiple quantum Carr-Purcell-Meiboom-Gill (CPMG) relax-

ation dispersion experiments (Figure 4.17). We repeated the experiment using 900 and

600 MHz spectrometers. The data was fit to a two-state chemical exchange model like

in Equation 4.1. The experiment provides an exchange rate kex, the relative population

of the minor state pB and the difference in chemical shift between the states [367, 404].
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FIGURE 4.17: Relaxation dispersion plots for resonances with significant exchange contribu-
tions to transverse relaxation rate R2,eff. Red curves were from experiments at acquired with
a 600 MHz spectrometer and blue curves were acquired with a 900 MHz spectrometer. Solid
lines represent the best fits obtained by fitting the residues individually. Dashed lines represent

the best fit obtained by fitting the residues with significant dispersion grouped together.

Firstly in this experiment, we tested whether there were significant exchange con-

tributions to the transverse relaxation, i.e. non-flat dispersion curves, among the reso-

nances. Of the 20 resonances, 7 displayed non-flat dispersion curves according to F test

statistics. The exchange rates of the individual resonances (Table 4.7) can be split into

three different ranges, around 600, 1450 and above 2000 s−1. Still, there is no appar-

ent correlation between these values and the position on the structure. Moreover, the

populations of the minor form are ill-defined and not consistent among these groups.

A global fit of all resonances (Table 4.8) with non-flat dispersion curves gave a

global kex of (1309 ± 135) s−1 and a not well defined pB of (6.1 ± 6.6) %. However,

as there is a large variation among the individual-fit kex values and a sizeable increase

in the reduced χ2 measure of goodness of fit between the global and individual-residue

fits this indicates that different dynamic processes are acting on different residues.

This data supports that we do not have a single global exchange process occurring

in solution. Instead, different parts of the protein may have separate movements with

different rates or we may observe an exchange that must be fitted to a model with

more states. Caillet-Saguy et al. [158] used crystallographic structures of the BK isolate
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Isoleucine
kex ∆kex pB ∆pB ∆ω(13C) ∆∆ω(13C) ∆ω(1H) ∆∆ω(1H)

χ2 Reduced
(s−1) (s−1) (%) (%) (ppm) (ppm) (ppm) (ppm) χ2

23 2187 481 21.5 217.7 0.20 0.73 -0.032 7.295 2.659 0.222
71 1398 114 25.9 11.2 0.25 0.04 -0.064 0.241 3.961 0.330
160 2024 509 3.8 3.4 0.83 0.39 – – 26.068 2.005
233 620 1418 26.4 307.7 0.13 0.24 0.041 2.025 4.031 0.336
363 570 117 2.3 0.4 0.59 0.09 – – 3.232 0.249
432 1502 288 20.7 46.2 0.32 0.32 0.093 0.255 9.818 0.818
462 2675 2068 0.7 0.8 1.38 0.95 – – 19.707 1.516

Total: 69.476 0.799

TABLE 4.7: Parameters obtained from fitting a two-state exchange model to the methyl-TROSY
multiple quantum CPMG relaxation data of individual resonances of apo NS5B∆21. These val-
ues and their uncertainties were obtained using the cmpg_fitd9 software [397]. kex, exchange
rate; pB, population of the minor exchanging state; ∆ω, chemical shift change between states,
χ2, chi-squared goodness of fit measure. When 1H ∆ω are shown both 1H and 13C ∆ω were
allowed to vary, otherwise 1H ∆ω was set to zero. The choice between the two was based on

smaller parameter uncertainties as the difference in goodness of fit was not significant.

Isoleucine
kex ∆kex pB ∆pB ∆ω(13C) ∆∆ω(13C) ∆ω(1H) ∆∆ω(1H)

χ2 Reduced
(s−1) (s−1) (%) (%) (ppm) (ppm) (ppm) (ppm) χ2

23 1309 135 6.1 6.6 0.32 0.17 -0.070 0.050 88.008 0.917
71 0.49 0.26 0.000 316.4
160 0.69 0.39 0.090 0.030
233 0.28 0.14 0.000 115.3
363 0.35 0.19 0.000 54.8
432 0.55 0.28 0.030 0.110
462 0.43 0.25 0.120 0.020

TABLE 4.8: Parameters obtained from fitting a two-state exchange model to the methyl-TROSY
multiple quantum CPMG relaxation data of apo NS5B∆21 globally. The non-flat dispersion
curves were simultaneously fit to a single exchange rate. Abreviations are as in Table 4.7.
These values and their uncertainties were obtained using the cmpg_fitd9 software [397]. For

the global fit, both 1H and 13C ∆ω were allowed to vary.

(genotype 1b) to determine independent rigid parts and flexible regions of the poly-

merase. The authors suggest division of the polymerase in fingers, palm and thumb

but also other independent rigid groups: top of fingers, outer fingertips, central finger-

tips, beta-hairpin hinge and beta-flap. They also identified flexible regions that were

not part of these rigid groups, like the linker. Despite the difference in genotype, if

we use their division of independently moving parts we observe that most of our res-

onances with non-flat dispersion are in different independent rigid groups (Table 4.9).

Those that are in the same independent rigid groups, I71 and I233 (fingers), and I432

and I462 (thumb) do not display kex of the same order when fit independently. Thus,

this does not suggest that they have coordinated movement. This further supports that

more resonances would be needed to use the CPMG experiment to determine indepen-

dently exchanging groups.
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Isoleucine Independent rigid group
23 outer fingertips
71 fingers
160 central fingertips
233 fingers
363 beta-hairpin hinge
432 thumb
462 thumb

TABLE 4.9: Independent rigid groups of the residues that display non-flat relaxation disper-
sion. Caillet-Saguy et al. proposed the further division of NS5B beyond the subdomains based
on independent rigid groups observed by comparison of crystallographic structures. Our 7 res-
onances that display non-flat relaxation dispersion are in 5 different independent rigid groups.

Furthermore, how slow exchange observed for resonances corresponding to Ile 363

and 160 fits into this model is not clear. Since both of these resonances also present

intermediate exchange, they should exchange between at least three states, related by

two different exchange rates.

Altogether, NS5B∆21 is a dynamic protein with dynamics in various timescales that

cannot be fit to a single two-state exchange model. Extending the selective labeling to

other methyl groups (the polymerase contains 55 leucine and 38 valine residues) or to

other amino acids could provide a more complete set of resonances that could aid in

identifying the different dynamic processes at play.

4.7 Selective tryptophan-ε1 labeling

Another selective labeling strategy that was used for NS5B∆21 was the labeling of the

nitrogens in the tryptophan indole side chains. By introducing 15N-labeled indole in

the culture medium prior to induction of protein expression, the protein is selectively

15N-labeled on the tryptophan side-chains. This method described by Tarragò et al.

[405] takes advantage of the favorable relaxation properties of tryptophan side-chains

and can be used without deuteration. This should result in a more cost-effective label-

ing strategy when compared to selective isoleucine labeling with perdeuteration.

NS5B∆21 has 9 natural tryptophans of which 5 are in the thumb subdomain. How-

ever, only resonances corresponding to five tryptophan side-chains are present in the

spectrum (Figure 4.18). The remaining four are broadened beyond detection. This may

be due to the same dynamics that broadened four of the isoleucine resonances. None of
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FIGURE 4.18: Tryptophan labeling of NS5B JFH-1. Left Cartoon representation of the crys-
tallographic structure of NS5B JFH-1 (pdb 3I5K) with the position of tryptophan ε1 nitrogens

marked as blue spheres. Right 15N,1-TROSY-HSQC of Trp-ε1-{15N}-labeled NS5B∆21 JFH-1.

the tryptophan side-chain nitrogens are within 10 Å of each other so it is not possible to

use NOEs cross-peaks to get a preliminary assignment. Since we wanted to gain new

probes in a region of the protein in which we did not have many probes and there is

a high chance that these residues are broadened beyond detection we did not pursue

mutation-based assignment of the detected resonances.

4.8 NS5B open structure constructs

Several different constructs of NS5B were used in this work to try to identify a spec-

tral signature of the potential opening of NS5B. These constructs are described in the

literature as being more open or having modified open-close dynamics.

4.8.1 NS5B∆21 L30S

In 2002, Labonté and coworkers [406] described a point mutation in NS5B that intro-

duced a polar residue at the apex of the Λ1-loop where it binds to a pocket in the thumb

subdomain. In the wild-type protein, this contact is mediated by a strong hydrophobic

interaction by leucine 30. This loop is one of the structural characteristics believed to

be responsible for the closed conformation of NS5B. The L30S mutant was shown to be

almost inactive in a polymerase assay. This mutant was further investigated by Rigat et

al. [153] that showed a 100-fold decrease in polymerase activity compared to wild-type.

Additionally, it was demonstrated that this mutant was more sensitive than wild-type
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FIGURE 4.19: Methyl-HMQC spectrum of NS5B∆21 L30S (red) overlaid on the wild-type spec-
trum (black). I23, I160 and I432 could not be identified in the spectrum.

to trypsin proteolysis between lysines 50 and 51 at the base of the fingertips and that

the same digestion pattern occurred in the presence of inhibitors of the thumb-I class.

These thumb-I inhibitors, first described by Di Marco et al. [241], were shown to

cause the displacement of the fingertips Λ1-loop. In crystals of the enzyme bound to

this type of inhibitor, no electron density was identified for 14 residues of this loop,

suggesting that it is moving freely. Additionally, the crystal structure displays an inter-

mediate opening with interdomain angles larger than 70◦ and template channel lengths

smaller than 20 Å. Kinetic studies of the binding of a thumb-I inhibitor to wild-type and

L30S suggest that binding to L30S is diffusion controlled, unlike for the case of wild-

type, further supporting the hypothesis that the Λ1-loop is free from the thumb-domain

in this mutant [407].

Using molecular dynamics simulations, Davis et al. [243] proposed that thumb-I

inhibitors do not allow the enzyme to stably sample active conformations, instead it

rapidly samples both open and closed conformations. Additionally, the movement of

the thumb domain, which was previously correlated to the movement of the fingers

through the Λ1-loop becomes uncorrelated.

We were interested in observing the effect of the L30S mutation on our methyl-

HMQC spectrum as an example of NS5B that has been suggested to sample open con-

formations more than wild-type. The overlay of the methyl-HMQC spectra of NS5B∆21
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FIGURE 4.20: Effect of L30S on NS5B∆21. I23, I432 and I160 could not be identified in the spec-
trum. Top Crystallographic structure of wild-type NS5B (PDB 3I5K) showing the chemical shift
perturbations (CSP, blue) due to the introduction of the L30S mutation (in pink). Isoleucines
that correspond to resonances not visible in the wild-type spectrum are colored in gray. Mid-
dle Changes in peak height caused by the mutation of the fingertips loop residue. Bottom
1H,13C combined chemical shift perturbations caused by the mutation. Asterisks represent the

resonances that could not be identified in the NS5B∆21 L30S methyl-HMQC spectrum.

L30S and wild-type is shown in Figure 4.19.

The resonances assigned to I23, I160 and I432 have disappeared showing that this

mutation changes the dynamics of the protein, either causing some residues to become

disordered or broaden beyond detection. In the spectrum of mutant NS5B∆21 we ob-

serve additional signals in the random-coil region of the spectrum (0.86 ppm, 12.90

ppm [329]). Based on the crystal structures of NS5B bound to thumb-I inhibitors and

the kinetic studies of NS5B L30S binding to such inhibitors we expect that I23, in the

Λ1-loop, becomes disordered or is in a different exchange regime. That is, if the finger-

tips Λ1-loop was previously bound to the thumb and now exchanges between bound
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and free states we could be observing intermediate exchange for this residue. I432 is

in the binding pocket within the thumb that is in contact with the fingertips Λ1-loop.

A chemical exchange between states where the loop is bound and is free could also

explain the disappearance of this resonance. I160 presented a slow exchange between

two forms, it is possible that the mutation shifted its population towards the minor

form in the disordered region of spectrum.

Additionally, residues throughout the protein are affected by this mutation and un-

dergo chemical shift perturbations. Isoleucines 419, 462 and 463 in the thumb, 323 and

363 in the palm, and 71 and 119 in the fingers present the largest combined chemical

shift perturbations. The core of the fingers subdomain (with the exception of I71) ap-

pears to be the least perturbed region. This suggests a global average conformation

that is different than wild-type, possibly with a reorientation of the thumb subdomain

toward an open conformation (Figure 4.20).

4.8.2 NS5B∆60

Another structural characteristic proposed to be responsible for the closed conforma-

tion of NS5B observed in crystal structures is the presence of the 39 amino acid linker,

between the C-terminal anchor sequence and the catalytic domain, which appears

folded back into the RNA-binding groove in the structures. Deletion of the C-terminal

55 amino acids results in a more active polymerase than the 21-amino acid deleted con-

struct [157] suggesting that the linker precludes the adoption of a functionally active

conformation. Molecular dynamics suggest that the presence of the linker limits the

conformational sampling of the enzyme [159].

Compared to NS5B∆21, the construct deleted of the final 60 amino acids, NS5B∆60

is more difficult to express and purify, even when not labeled, 4 mg/L of culture were

achieved with this construct, compared to 15 mg/L of culture for NS5B∆21. Addition-

ally, only lower concentrations were achieved before precipitation of the protein. This

is in agreement with differential scanning fluorimetry experiments by Boyce et al. [408]

that showed that progressive deletion of the linker results in lower thermal denatura-

tion temperatures for NS5B.

144



Characterization of NS5B by nuclear magnetic resonance spectroscopy

1.0

1.0

0.8

0.8

0.6

0.6

0.4

0.4

0.2

0.2

 1H (ppm)

15 15

14 14

13 13

12 12

11 11

10 10

 13
C 

(p
pm

)

308

432
160

71

138

233
23 363

239
134

41911

512

293
323

253
119

178462

463

Front view Top view

119

134

405
11138

160
560

512

43223

413

419

462

463

412

363
323

308
71

239
293
233

253

178

23

432
419

412

512

463
462413405560

119253 293

239

134

71
233

160

138
11

308 323 363

FIGURE 4.21: Methyl-HMQC spectrum of NS5B∆60. Top Spectrum of NS5B∆60 (red) overlaid
on the NS5B∆21 spectrum (black). The abundance of resonances can be due to slow exchange
between two conformations. Bottom Crystallographic structure of NS5B with the residues that
have been deleted in NS5B∆60 (from the linker) highlighted in pink. Isoleucine δ1 carbons are
shown as spheres, green for the resonances visible in the NS5B∆21 spectrum and red for the

others.

The methyl-HMQC of a selective isoleucine-labeled sample of this construct (Fig-

ure 4.21) displays roughly 40 resonances while the construct contains 23 isoleucines.

The larger number of resonances compared to total isoleucines suggests that there may

be two conformations in slow exchange in solution. However, we do not have an as-

signment of the resonances in this methyl-HMQC spectrum, thus we cannot fully take

advantage of this spectrum.
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4.8.3 NS5B∆21 5mut

Lam and colleagues [394, 409] identified three point mutations that provided resis-

tance to a guanosine analogue (a nucleotide inhibitor). Together these mutations, S15G,

C223H and V321I resulted in an enzyme that presents 50% higher activity than wild-

type [394]. A crystallographic structure with these mutations and two surface stabiliza-

tion amino acid substitutions, E86Q and E87Q, was obtained and presented extension

of the Λ1-loop and rearrangement of the thumb subdomain as well as partial disorder-

ing of C-terminal residues. This structure (PDB 4OBC) revealed the same rearrange-

ments that had been observed in a crystal structure of NS5B bound to primer-template

duplex RNA in which the β-hairpin loop had been deleted [145].

The crystal structure of NS5B JFH-1 with five amino acid substitutions S15G, E86Q,

E87Q C223H and V321I (which here we call 5mut for simplicity) exhibits a structure

that is classified as open by the conformational parameters described previously. There-

fore, we were interested in observing how these mutations would impact the spectrum.

The influence on the thumb subdomain was of particular interest because none of the

point mutations are in this region and it experiences the largest rearrangement in the

crystal structure.

We acquired the methyl-HMQC spectra of NS5B∆21 5mut (Figure 4.22). Due to

the V321I substitution, this mutant possesses an extra isoleucine and indeed 21 reso-

nances can be identified in the spectrum. Most resonances have not shifted with the

inclusion of the five point mutations and could be assigned directly from the wild-type

spectrum. The remaining resonances were tentatively assigned assuming that the elec-

tronic effect of the new isoleucine would affect I323 and I363 similarly and cause in

both a downfield shift (in proton and carbon dimensions) as expected by comparing

the chemical shift predictions of closed conformations and PDB 4OBC. The remaining

resonance was assigned to I321. This was confirmed by a 1H-1H 2D NOESY spectrum

(Figure 4.23) that shows the correlation between the resonances assigned to I321, I323

and I363.

The changes in peak height and chemical shift compared to wild-type are shown

in Figure 4.24. As expected, the largest changes occur in resonances corresponding
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of the spectrum.
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FIGURE 4.24: Effect of 5mut (S15G E86Q E87Q C223H V321I) on NS5B∆21. I321 was introduced
by the mutations and is therefore highlighted. Top Crystal structure of NS5B∆21 5mut (PDB
4OBC) showing the combined chemical shift perturbations (CSP, blue) due to the introduction
of the mutations (in pink). Middle Changes in peak height caused by the introduction of the
mutations. Bottom CSP caused by the mutations. I323 and I363 have CSP values larger than
the scale, therefore their CSP values are labeled. I321 that was introduced by the mutations is

marked with an asterisk.

to residues which are relatively close to the mutations. Isoleucines 11 and 160 are

about 15 Å from both S15G and C223H mutations and isoleucines 323 and 363 are 6

Å from the V321I mutation. However, despite the lack of mutations in the thumb re-

gion, isoleucines 419 and 432 display 1H,13C combined chemical shift perturbations

larger than 0.01 ppm. I419 also is also more intense in the mutant than wild-type.

Interestingly, resonances corresponding to residues in the fingers subdomain that are

not as close to mutations as 11 and 160, like 178 and 233, display smaller CSPs than

for I419 and I432, suggesting that indeed it is the thumb subdomain that undergoes a

rearrangement as proposed by X-ray crystallography.
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4.8.4 Comparison between NS5B open structures

From the chemical shift predictions, the resonances corresponding to I160 and I432 are

expected to be the most the sensitive to the opening. However, the resonance of I160 is

not visible in the methyl-HMQC spectrum of NS5B∆21 L30S and the perturbation may

be due to a mutation in close proximity in the NS5B∆21 5mut methyl-HMQC spectrum.

The resonance of I432 is broadened in the methyl-HMQC of NS5B∆21 L30S, no reso-

nances are close to its expected position in the methyl-HMQC spectrum of NS5B∆60

and it is shifted in the NS5B∆21 5mut spectrum. Thus, if there is a concerted opening

movement, this residue seems to act as a probe as it is perturbed by these mutations.

Nevertheless, it cannot be used to determine a degree of opening because sometimes

broadening, sometimes chemical shift perturbations are observed thus it is not consis-

tent enough to use as a probe.
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FIGURE 4.25: Comparison of the resonance corresponding to I419 in NS5B∆21, NS5B∆21 L30S
and NS5B∆60. Left Overlay of methyl-HMQC spectra of NS5B∆21 (gray), NS5B∆21 L30S (black)
and NS5B∆60 (red). The position of the resonances estimated to correspond to I419 are shown
with a dashed box. Right Zoom of the region containing the I419 resonances. In the NS5B∆60

spectrum, the two closest resonances to the expected I419 are shown.

Another resonance, the one that corresponds to I419, seems to be an interesting can-

didate to be a probe of this open/close reorientation. If we compare the methyl-HMQC

spectrum of NS5B∆60 to that of NS5B∆21 and NS5B∆21 L30S around the resonance of Ile

419 (Figure 4.25) we observe that one of the peaks of NS5B∆60 overlaps with a peak of

NS5B∆21 and the resonance assigned to I419 in the methyl-HMQC of NS5B∆21 L30S is
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about halfway between the peak that aligns well with the NS5B∆21 wild-type position

of I419 and another peak present in the NS5B∆60 spectrum. We can hypothesize that

NS5B∆21 wild-type is in one conformation, while NS5B∆60 exchanges slowly between

this and another conformation. Crystal structures suggest these could be closed and

open conformations. NS5B∆21 L30S in this interpretation would be in fast exchange

between these conformations as shown by its resonance that is an average of the peaks

apparent in the NS5B∆60 spectrum. However this is only speculation and does not

seem to occur with other peaks in the spectrum.

NS5B construct CSP (ppm) Classification
∆21 wild-type 0 Closed

∆21 L30S 0.023 Intermediate
∆60 0.009 / 0.063 Intermediate

∆21 5mut 0.016 Open

TABLE 4.10: Comparison of combined chemical shift perturbations (CSP) of I419 for NS5B open
structures. CSP were calculated compared to NS5B∆21 wild-type. Both resonances shown in
Figure 4.25 are shown for NS5B∆60. The classification of structures as open or closed was as

shown in Figure 4.10.

We had observed an apparent correlation between the shifting of the resonance cor-

responding to I419 in the NS5B∆21 L30S and NS5B∆60 and the opening of the structure.

NS5B∆21 5mut also displays a shifting of this resonance in the same direction as for

the other mutants but the degree of shifting does not appear to correlate directly to the

degree of opening of the structure as the crystal structure of NS5B∆21 5mut (PDB 4OBC

[394]) displays structural metrics that correspond to a fully open structure. Compared

to this, structures with the linker cleaved (NS5B∆55, 1GX5 and 1CSJ, [137, 410]) display

structural metrics that can be classified as intermediate. The only NS5B L30S crystallo-

graphic structure available [411] also shows intermediate values but was obtained with

a palm-II inhibitor so it might not be representative of the apo enzyme. Thus, the de-

gree of CSP of the resonance corresponding to I419 does not appear to directly correlate

to the degree of opening observed in the crystallographic structures (Table 4.10).

Altogether, we do not observe a consistently useful probe into the possible opening

of the polymerase. This may be because the change between the conformations in

solution is not a single concerted movement, in agreement with the CPMG relaxation

dispersion data.
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4.9 Conclusions

NS5B∆21 is a large protein by NMR standards which makes its study without perdeuter-

ation and TROSY-type pulse sequences unpractical. Despite both of these advances, the

assignment of the 1H,15N–TROSY-HSQC is difficult due to heterogeneous linewidths

among the peaks and many that are broadened beyond detection, at least in the triple

resonance spectra needed for the assignment even at 900 MHz.

To study this protein despite this challenge we used perdeuteration and selective

isoleucine labeling. Combined with the intrinsic TROSY effect of the methyl groups

we are able to obtain a methyl-HMQC that has 20 resonances for the 24 isoleucines and

these peaks were assigned.

Compared to other proteins and complexes beyond 100 kDa to which this labeling

strategy has been applied in solution NMR spectroscopy [361], NS5B∆21 is rather small.

However, NS5B∆21 presents different challenges. Beyond 100 µM (and even less for

the mutants) we observe precipitation of the polymerase. Also, unlike the 670 kDa 20S

proteasome studied by Sprangers and Kay [362] it is not stable at high temperatures,

which can be used to reduce the rotational correlation time (τC). Additionally, as it is

a monomer so we cannot take advantage of symmetry to improve signal and reduce

signal overlap. All of this, combined with the intrinsic exchange dynamics of NS5B in

solution create an interesting but challenging system to study by NMR spectroscopy.

We characterized exchange in the millisecond to microsecond timescale using CPMG

relaxation dispersion experiments and identified slow exchange on two residues. Based

on these experiments, NS5B∆21 does not seem to undergo single two-state exchange.

Instead, independent movement of different parts and more than two exchanging con-

formations likely occur.

Using different mutants and constructs, we looked for spectral probes of opening.

Based on χ2 dihedral angles determined using crystallographic structures and chemical

shift predictions the resonances that should be the most sensitive to this change in

conformation are those that correspond to I160 and I432. NS5B∆60 presented a double

population of resonances with about the same intensity, suggesting two conformations

populated about equally, exchanging slowly. NS5B∆21 L30S and 5mut display changes
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in the thumb subdomain but only one set of resonances suggesting that these mutants

may be quickly exchanging between conformations.

The resonances of I160, I419 and I432 appear to be affected in the spectra of open

constructs. I432 is affected by broadening, usually beyond detection, making it not a

very useful probe if we wish to use it to measure the degree of opening. Similarly,

I419 is shifted in open structures, however, the degree of shifting does not seem to be

directly correlated to the the degree of opening. Furthermore, comparing crystallo-

graphic structures to determine the degree of opening in solution may be misleading

as the structure present in solution can be a combination of exchanging conformations

and the crystallographic structure could be a local energetic minimum.

In conclusion, the isoleucine methyl-HMQC spectrum of NS5B∆21 was assigned.

Based on this spectrum of wild-type NS5B∆21, spectra of mutants, a NOESY/EXSY

spectrum and CPMG experiments, we observe that NS5B is a dynamic system in so-

lution that cannot be described simply by an exchange between two forms. In the

following chapters we will be using this spectrum to study the interactions of NS5B∆21

with partners.
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5.1 Introduction

NS5A is an intriguing protein because it has been shown to interact with over 100

partners both from the host and virus [86] but for which no enzymatic activity has

been described. It has an organization in three domains, of which the domain 1 (D1) is

structured and has been crystallized as homodimers [97, 99, 100]. The other domains

are mainly intrinsically disordered [104, 106, 412].

Domain 2 of NS5A (NS5A-D2) has been shown to be necessary for RNA replica-

tion [87, 88]. The structure of this domain is intrinsically disordered with regions with

secondary structure tendencies [105, 107], a stable structural motif called the PW-turn

[110] and weak tertiary structure proposed based on paramagnetic relaxation enhance-

ment studies [413].

NS5A-D2 has been shown to interact directly with NS5B [89, 94, 108]. Surface plas-

mon resonance data suggests that this interaction is at a 1:1 ratio between the poly-

merase and NS5A-D2 [108]. However, the importance of this interaction for the activ-

ity of the polymerase is not well understood. There are studies that show that NS5A

can both stimulate [89–91] and deactivate the polymerase [89, 92, 93] but these studies

have been done under different conditions, which can partially explain their disparate

results.

5.2 Expression and purification of NS5A-D2 JFH-1

Since in this work we are using NS5B∆21 from the JFH-1 strain, we used NS5A-D2

from the same strain. E. coli containing a pT7-7 plasmid coding for NS5A-D2 with a

C-terminal hexahistidine tag were grown in ampicillin-supplemented mediums, either

LB medium (for unlabeled protein) or M9 minimal culture medium with [15N]NH4 as

the source of nitrogen (for 15N-labeled protein).
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Purification was done in two steps. After lysis of the bacterial cells, the lysate was

heated at 75◦C for 15 minutes. This takes advantage of the disordered nature of NS5A-

D2 which is thermoresistant while the majority of the other proteins in the lysate de-

nature, precipitate and can, subsequently, be separated by centrifugation. After this, a

nickel affinity-chromatography step is used to further purify the protein. The result-

ing 11.6 kDa protein migrates in SDS-PAGE gels as if it is over 18 kDa because of its

intrinsic disorder (Figure 5.1) [414]. The yields obtained for NS5A-D2 were about 20

mg/liter of culture for unlabeled samples and 10 mg/ liter of culture for 15N-labeled

samples.

116.0

66.2

45.0

35.0

25.0

18.4
14.4

MW 
(kDa) 

NS5A-D2
JFH-1

FIGURE 5.1: SDS-PAGE of NS5A-D2 with a 12% acrylamide gel stained with Coomassie blue
stain.

5.3 Interactions between NS5B and NS5A-D2

Nuclear magnetic resonance can provide information on interactions with residue-level

resolution by using one of the partners labeled with an NMR-active nucleus and adding

the other partner or partners unlabeled. The cross-peaks of the labeled protein can

undergo two types of changes with the addition of a binding partner. The interaction

between partners can cause a shift or a broadening of the cross-peaks or a combination

of both, depending on the exchange rate and difference in chemical shift between free

and bound states. In general, when the exchange rate is fast compared to the chemical

shift difference between states, the resonance appears to shift from the frequency of

the free to the frequency of the bound state. Conversely, when the exchange rate is

slow, the resonance at the free frequency decreases in intensity and a new resonance

appears at the bound frequency. Broadening can occur when the exchange rate is of

the order of the difference in chemical shift between the states. Broadening can be
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observed even with a fast exchange rate when the bound state has a different rotational

correlation time. Otherwise, deviations from this behavior indicate that a model with

two states (free/bound) may not be sufficient to describe this interaction. Using NMR

to study interactions is particularly interesting when one of the partners is intrinsically

disordered as NS5A-D2 because of the difficulty of co-crystallizing these proteins.

5.4 Mapping the interaction on NS5A-D2
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FIGURE 5.2: NMR analysis of the effect of NS5B∆21 on NS5A-D2. Top Relative peak intensity
is given by normalizing the peak height of the interaction spectrum containing 20 µM [15N]-
NS5A-D2 and 80 µM unlabeled NS5B∆21 with the peak height in the absence of NS5B∆21.
This profile is in good agreement with the profile obtained by Rosnoblet et al. [108]. Bottom
Secondary structure propensities (SSP) [332] based on Cα and Cβ chemical shifts of NS5A-D2
JFH-1 [109]. Positive and negative values represent tendencies to form α-helical and extended

structures, respectively.

The interaction between NS5A-D2 and NS5B∆21 was studied by our group [108]

using 15N-labeled NS5A-D2 from the JFH-1 strain that had been previously assigned

by triple resonance backbone assignment. In this work, unlabeled NS5B was added

to 15N-labeled NS5A-D2 at 1:1 and 5:1 ratios and mainly broadening of residues was

detected. This is likely due to the large size of NS5B that causes the reduction of the

rotational correlation time of the residues in contact with it. This allowed the identi-

fication of three regions of NS5A-D2 whose resonances broaden with the addition of
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NS5B. These correspond to regions on NS5A-D2 that have structural tendencies. The

first one (residues 251-261) is in a region with α-helical tendency [106, 413] due to the

positive deviation from carbon random coil values [329]. The second interaction region

(residues 274-281) shows a negative deviation from these random coil values, repre-

senting an extended structure. Finally, the large third region contains a small structural

motif that was later identified as a proline-tryptophan turn [110] at residues 310-313.

The region of the small structural motif is highly conserved [105]. It has been shown

to be implicated in several other of NS5A-D2’s interactions, including with human

MOBKL1B and cyclophilin A [94, 415] in the JFH-1 (genotype 2a) and Con1 (genotype

1b), respectively. This suggests that this region and its structure may be essential for

the activity of NS5A-D2 on its partners independent of its genotype.

We repeated this experiment to compare it to the previous results. The regions of

NS5A-D2 that broaden in the presence of NS5B∆21 (Figure 5.2) are in good agreement

with Rosnoblet et al. [108].

5.5 Mapping the interaction on NS5B

After mapping the interaction on NS5A-D2, our interest shifted to mapping the inter-

action on NS5B as this can improve our understanding of the functional importance of

the interplay between these proteins. NS5B∆21 is a 65 kDa protein and, as we saw in

the previous chapter, this creates challenges for its study by NMR spectroscopy. Un-

fortunately, the lack of the assignment of the 1H-15N TROSY-HSQC creates a limitation

for residue-level resolution mapping of the interaction. However, taken globally, the

effect of the addition of unlabeled NS5A-D2 can be compared to ligands with known

interaction zones.

In 2012, our group [108] compared the effect of NS5A-D2 on the 1H,15N TROSY-

HSQC of NS5B to the binding of thiophene-2-carboxylic acid (TCA), a thumb-II in-

hibitor, and recognized that the NS5A-D2 binding site(s) partially overlap with the

binding site of TCA. Based on this, it was proposed that NS5A-D2 bound to the thumb-

II site on NS5B. In this work, we compared the interaction of NS5B with NS5A-D2 to

another thumb-II inhibitor, filibuvir, in Chapter 6.
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5.5.1 Selective isoleucine labeling

After the characterization of NS5B selectively labeled on the δ1 methyl groups of isoleucines,

we could take advantage of the methyl-HMQC spectrum to gain information on the

protein’s interactions with NS5A-D2. To monitor by NMR spectroscopy the effect of

NS5A-D2 on NS5B∆21, 40 µM isoleucine-labeled NS5B∆21 was titrated with 0 – 400 µM

of unlabeled NS5A-D2 (Figure 5.3, top). The concentrations were chosen based on the

estimation that the affinity constant between NS5B and NS5A-D2 in solution was of

the same order as the affinity constant between cyclophilin A and NS5A-D2 of 64 µM

[105]. This is because NS5B and CypA share a binding site on NS5A-D2 and have been

shown to have affinity constants of the same order. The affinity constant between the

polymerase and disordered protein has been determined by surface plasmon resonance

as 21±14 µM [108]. This may be different from the the value determined in solution by

NMR because of the immobilization of NS5B∆21 [416].

The titration is shown in Figure 5.3. The resonances that display CSPs and/or

broadening can provide information on the location of the binding site of NS5A-D2

on NS5B (Figure 5.4). The resonance that has the largest chemical shift perturbation,

that corresponds to I419, is at the thumb-II site. This is the same site that was sug-

gested by our group by comparing the effect of the thumb-II site inhibitor TCA and

NS5A-D2 on NS5B∆21 using 1H,15N-HSQC spectra of NS5B [108]. CSPs are also ob-

served in the fingertips Λ1 loop (I23) and palm (I323 and I363). Changes in intensity

occur throughout the polymerase, broadening occurs in resonances corresponding to

isoleucines 419 and 432. The perturbation of resonances corresponding to residues in

all three subdomains point to two possibilities: (1) There are multiple binding sites on

NS5B∆21, which is consistent with three binding sites observed on NS5A-D2 that cover

about half its length. (2) That the interaction can cause both direct and allosteric ef-

fects. These possibilities are not mutually exclusive as we may observe multiple sites

and also long-range allosteric effects.
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FIGURE 5.3: Titration of isoleucine δ1-labeled NS5B∆21 with NS5A-D2 by NMR. Increasing
concentrations of NS5A-D2 (0-200 µM) were added to 40 µM of isoleucine labeled NS5B∆21.
Top Overlay of the methyl-HMQC spectra of NS5B∆21 in the presence of NS5A-D2. Bottom
1H and 13C combined chemical shift perturbations of I419, I23 and I363 were fit together to

measure an affinity constant for this interaction of 70 µM.

CSPs from residues shifting in fast exchange can be used to determine the affinity

constant (KD) by using Equation 1.10 [417].

∆obs = ∆max
(KD + [L]0 + [P ]0)−

√
(KD + [L]0 + [P ]0)2 − (4[P ]0[L]0)

2[P ]0
(5.1)

where [P ]0 and [L]0 represent the concentrations in solution of the labeled protein and

the ligand, respectively. ∆obs and ∆max are the CSPs at the observed concentration

of ligand and at saturation, respectively. In this titration the residues with the largest

CSP were I419, I23 and I363. By fitting the CSP for these residues simultaneously, the

dissociation constant (KD) of this interaction was estimated to be 70 µM (Figure 5.3,

bottom).
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Using the experimental KD, the expected percentage of NS5B∆21 bound to NS5A-

D2 at each point in the titration can be calculated using Equation 5.2 to estimate the

concentration of the complex:

[PL] =
([P ]0 + [L]0 +KD)−

√
([P ]0 + [L]0 +KD)2 − 4[P ]0[L]0

2
(5.2)

where [PL] is the concentration of the bound complex (NS5B:NS5A-D2) and [P]0

and [L]0 are the initial concentrations of the protein (NS5B∆21) and ligand (NS5A-D2),

respectively. The percentages of NS5B∆21 that is expected to be bound in solution dur-

ing the titration are shown in Table 5.1.

[NS5A-D2] (µM) % bound NS5B∆21

0 0
20 22.2
40 36.4
80 53.3
200 74.1
400 85.1

TABLE 5.1: Proportion of NS5B∆21 that is bound to NS5A-D2 at the concentrations used in the
titration in Figure 5.3 based on a dissociation constant of 70 µM.
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In the spectrum we observe broadening of the resonances of NS5B∆21 with the ad-

dition of NS5A-D2. However, this is not consistent with a slow-exchange process be-

cause we do not detect the apparition of resonances corresponding to the bound state,

despite the high ratio NS5B∆21 expected to be bound at the end of the titration experi-

ment. Instead, this suggests that the binding mechanism includes more than one step

and/or the complex retains some dynamics.

To discriminate between a direct effect due to nearby binding and long-range al-

losteric effects and to determine whether there are other binding sites on NS5B∆21, we

continued the investigation of this interaction.

5.5.2 Is this interaction dependent on the PW-turn motif?
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FIGURE 5.5: Effect of the A311G mutation on the ability of NS5A-D2 to bind to NS5B. Top
Methyl-HMQC spectrum of 71µM of NS5B∆21 in the absence of NS5A-D2 (gray) or with 71µM
of NS5A-D2, either C298S (black, as a substitute for wild-type) or A311G (red) showing that the
mutant that lacks the PW-turn (A311G) still interacts with NS5B∆21. Bottom Peak height ratios
of the cross-peaks in these spectra. There do not seem to be systematic height differences. The
peak heights were normalized using I293 because the spectra were not acquired with the same

number of scans.
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Our group showed the presence of a small structural motif called a PW-turn [110]

that contains residues 310PAWA314 of NS5A-D2 from the JFH-1 isolate. This struc-

tural motif is required for the proper interaction between this viral protein and host

cyclophilin A. The resonances of the PW-turn and surrounding residues broaden with

the addition of NS5B∆21 so we investigated whether this structural motif is required for

the interaction between the polymerase and the disordered domain. We used NS5A-

D2 A311G, a mutant in which the structural motif is absent. The substitution of the

alanine at position 311 for a glycine destabilizes the structural motif in the JFH-1 strain

much like the I315G mutation described for the con1 strain [110]. This mutation has

been shown to significantly disrupt the ability of a subgenomic replicon to replicate in

Huh-7 cells [88]. Additionally, our group had also shown that this mutation enhances

the cyclophilin A-catalyzed cis/trans isomerization on the proline adjacent to it [110].

For this we compared the methyl-HMQC spectrum of NS5B in the presence of either

NS5A-D2 A311G or NS5A-D2 C298S (as a substitute for wild-type). NS5A-D2 C298S

can be used as a substitute for wild-type as it causes the same perturbations as the

wild-type NS5A-D2 (see Section 5.5.3).

We expected to see a reduction of the interaction between NS5A-D2 and NS5B when

using the NS5A-D2 A311G mutant because the region containing and surrounding the

PW-turn was shown to be an NS5B binding site on NS5A-D2. However, there was no

significant difference between the interaction spectra (Figure 5.5) suggesting that this

motif is not necessary for the interaction between NS5A-D2 and NS5B.

5.5.3 Paramagnetic relaxation enhancement experiments

In the titration experiment described above we cannot discriminate whether the ef-

fect (CSP or broadening) on a resonance is direct or due to allostery. This, combined

with the limited number of probes (in particular in the RNA-binding groove), made

it necessary to use a different strategy to complement the mapping of the interaction.

Furthermore, Ngure et al. [94] recently suggested that NS5A-D2 inhibits RNA-binding

to NS5B competitively, as they suggested the interaction between the polymerase and

the disordered domain occurred at the RNA-binding site. Also, we observed that the

resonance of I419 was affected through long-range allosteric effects with the binding

161



Interaction between NS5B and NS5A-D2

of RNA (see Chapter 7). Thus, to discern between direct and allosteric effects and in-

vestigate this hypothesis, despite the lack of probes within the RNA-binding groove,

we used an NMR technique that gives long-range distance information, paramagnetic

relaxation enhancement (PRE).
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FIGURE 5.6: NS5A-D2 single-cysteine constructs used for PRE. The position of the spin label
is represented as a yellow burst symbol. A Amino acid sequence of the NS5A-D2 JFH-1 wild-
type construct used in this work. It contains two natural cysteines at positions 298 and 338.
B To obtain a single cysteine near the N-terminal, both natural cysteines were exchanged for
serines and methionine 254 was mutated into a cysteine to obtain the NS5A-D2 C254 construct.
This cysteine was subsequently labeled with 3-(2-iodoacetamido)-PROXYL. C The C338 natural
cysteine was mutated into a serine to obtain the NS5A-D2 C298 construct. D The C298 natural
cysteine was mutated into a serine to obtain the NS5A-D2 C338 construct. E After the labeling
reaction the 3-(2-iodoacetamido)-PROXYL forms this label covalently bound to the protein by

a C-S bond.

Paramagnetic atoms cause increased relaxation that has a r−6 distance dependence.

This causes broadening of NMR resonances in the presence of a paramagnetic atom.

Residues up to 20-25 Å[381] from the paramagnetic label usually display broadened

resonances compared to a diamagnetic sample. A smaller ratio between the intensities

of the paramagnetic and diamagnetic sample represents a residue that is physically

closer to the spin label. Thus we can label NS5A-D2 with a paramagnetic label to gain

information on residues in NS5B∆21 that are spatially close to the disordered protein.

The resonances of residues of NS5B∆21 within 25 Å of the spin label on NS5A-D2 are

expected to display broadening.
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In this work we used 3-(2-iodoacetamido)-PROXYL, that contains a stabilized ni-

troxide radical, as a spin label. This label was attached to NS5A-D2 through a cysteine

residue. To have only a single position labeled at a time, single-cysteine constructs of

NS5A-D2 were used. Three such nitroxide radical-labeled single-cysteine constructs of

NS5A-D2 were used to determine if there is a preferred orientation of the disordered

protein bound to the polymerase. Spin labels were introduced at N-terminal (NS5A-

D2C254), center (NS5A-D2C298) and C-terminal (NS5A-D2C338) positions of the disor-

dered protein (Figure 5.6). To obtain a diamagnetic sample we prepared an identical

sample and added 4 mM ascorbic acid that reduces the nitroxide radical [418].
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FIGURE 5.7: Methyl-HMQC spectrum of NS5B∆21 with spin-labeled NS5A-D2C254 Top Over-
lay of methyl-HMQC spectra of NS5B alone (gray) and in the presence of NS5A-D2C254 with the
spin label (diamagnetic in black and paramagnetic in green). Bottom Crystallographic struc-
ture of NS5B (PDB 3I5K) showing the broadening caused by the paramagnetic probe (darker
green spheres are the isoleucine δ1 carbons most affected). The unpaired electron causes the

broadening of the cross-peaks due to residues physically closest to it.
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FIGURE 5.8: Methyl-HMQC spectrum of NS5B∆21 with spin-labeled NS5A-D2C298.Top Over-
lay of methyl-HMQC spectra of NS5B alone (gray) and in the presence of NS5A-D2C298 with
the spin label (diamagnetic in black and paramagnetic in red). Bottom Crystallographic struc-
ture of NS5B (PDB 3I5K) showing the broadening caused by the paramagnetic probe (darker
red spheres are the isoleucine δ1 carbons most affected). Cross-peaks I419 and I11 are both

broadened despite being 40Å from each other in crystal structures.

The mutations and addition of the spin label do not appear to perturb NS5A-D2

binding to NS5B∆21. The methyl-HMQC spectra of NS5B∆21 with diamagnetic samples

of these NS5A-D2 mutants display same the chemical shift perturbations compared to

apo NS5B∆21, in particular of the resonances corresponding to I419, I23 and I363 that

shift with this interaction.

The methyl-HMQC spectra of NS5B∆21 in presence of spin-labeled (paramagnetic)

NS5A-D2 show that the isoleucines on NS5B∆21 closest to NS5A-D2 are those in the

thumb subdomain and in the fingertips Λ1-loop (Figures 5.7, 5.8, 5.9 and 5.10). In-

dependent of the position of the spin label on NS5A-D2, the resonances on NS5B∆21
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FIGURE 5.9: Methyl-HMQC spectrum of NS5B∆21 with spin-labeled NS5A-D2C338. Top Over-
lay of methyl-HMQC spectra of NS5B alone (gray) and in the presence of NS5A-D2C338 with
the spin label (diamagnetic in black and paramagnetic in blue). Bottom Crystallographic struc-
ture of NS5B (PDB 315K) showing the broadening caused by the paramagnetic probe (darker

blue spheres are the isoleucine δ1 carbons most affected).
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labeled NS5A-D2 for each of the single-cysteine mutants. A lower ratio suggests that the para-

magnetic label is located close to the residue that corresponds to this resonance.
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that are the most broadened are those of I419 and I432 and to a lesser extent I11, I23

and I512. Little broadening is observed for other resonances from the fingers or any

of the resonances from the palm. The isoleucine 419 resonance is the most broadened

when the paramagnetic label is on the N-terminal site. In contrast, the isoleucine 432

resonance is the most broadened when the paramagnetic label is on the center and C-

terminal regions. These isoleucines are located near the thumb-II and thumb-I inhibitor

sites, respectively. One of the main features supporting that the thumb-II site is not the

only binding site on NS5B is that the resonance of isoleucine 11 is still affected by the

paramagnetic labels, especially those at the center and C-terminal. This isoleucine is

located in the fingers subdomain, over 40 Å from the thumb-II site,

Based on the residues with the lowest intensity ratio for each NS5A-D2 mutant, we

propose that there is small preference for the orientation of NS5A-D2 when binding to

NS5B∆21 (Figure 5.11). When the spin-label is close to the N-terminal region, in NS5A-

D2C254, the most broadened resonance is the one corresponding to I419. C254 is in a

region of NS5A-D2 that broadens when NS5B∆21 is added, thus it is expected to be

within a binding site. The PRE experiment shows that this position of the spin-label

causes less broadening on the resonance of I11 than the other two positions of the spin

label, as well as less broadening than NS5A-D2C298 on resonances of I432 and I512.

Based on this, we suggest that the N-terminal region has a preference for binding to

the thumb-II site.

Spin-labeled NS5A-D2C298 causes the largest broadening on resonance I432. The

central position of the spin-label is located in a region that is not a binding site on

NS5A-D2 but it is between two sites that display broadening when NS5B∆21 is added

to NS5A-D2. The spin-label at this position also causes large broadening on resonances

I11 and I419 which are 40 Å apart. The midway point between these residues is close

to the thumb-I site. Also, resonance I512 displays the largest broadening when the spin

label is on this position. All of this supports that the center of NS5A-D2 is preferentially

close to the thumb-I site.

Finally, spin-labeled NS5A-D2C338 has a similar broadening pattern as when the

spin label is on C298, with less broadening on the resonances of I419, I432 and I512.

Additionally, it shows broadening (that is less intense than what is observed on the
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FIGURE 5.11: Proposed position of the spin-label with respect to the NS5B∆21 structure. The
spin label position is represented by a orange-yellow circles that has about 25 Å radius in the
scale of the structures. The top or front view were chosen depending to best represent the po-
sition of the spin-label. Top Front view of NS5B∆21 from Figure 5.7 and the estimated position
of the spin label on NS5A-D2C254, close to the thumb-II site. Center Top view of NS5B∆21 from
Figure 5.8 and the estimated position of the spin label on NS5A-D2C298, close to the thumb-I
site. Bottom Top view of NS5B∆21 from Figure 5.9. Multiple positions of the spin label on

NS5A-D2C338 are shown to represent the flexibility proposed for this spin label.

resonances from the thumb) on resonances of I134, I138 and I160 in the fingers subdo-

main. This more “diffuse” broadening, that is spread out over a larger area but less

intense, compared to the other spin-label positions leads us to propose that this spin
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label is mobile in solution. The resonance of C338 does not display large broadening

when NS5B∆21 is mixed with NS5A-D2, thus we do not consider it to be within one

of the binding sites on NS5A-D2. The PRE data suggests that NS5A-D2 is tethered

to NS5B∆21 but the C-terminal part containing this residue remains largely mobile in

solution.

The interaction between NS5A-D2 and NS5B∆21 cannot be described by a single

position of NS5A-D2 with respect to NS5B∆21 in a conformation like the crystal struc-

tures. In this next sections, we will show examples using PRE restraints that show that

this interaction cannot be fit with a simple docking method. The intrinsic disorder of

NS5A-D2 can cause the paramagnetic label to be in multiple positions with respect to

NS5B even if this protein is bound. As a guideline for the discussion, we estimated the

distance between the paramagnetic label and the nucleus as a function of the relative

intensity.

Estimation of the distance between nitroxide group and methyl groups

To better understand how the paramagnetic label on NS5A-D2 affects NS5B we used

some approximations to estimate the relative intensity of the resonances and their

dependence on the distance between the methyl groups and the paramagnetic label.

This analysis was first described by Battiste and Wagner [381] based on the Solomon-

Bloembergen equations and applied to HSQC pulse sequences.

The peak intensities of the paramagnetic and diamagnetic samples are roughly pro-

portional to

Ipara ≈ e−R
∗
2t and Idia ≈ e−R2t (5.3)

where t is the total polarization transfer time in the pulse sequence. This protocol

originally used the INEPT transfer time in the 1H,15N-HSQC sequence but has been

successfully applied to methyl-HMQC spectra by using its total polarization transfer

time [363]. In our PRE experiments, this transfer time is 6.9 ms.
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The transverse relaxation rate of a resonance in the paramagnetic sample has the

contribution of both the R2 and the paramagnetic relaxation rate enhancement (Γ2)

R∗
2 = R2 + Γ2 (5.4)

Γ2 can be determined from the experimental data by solving Equation 5.5.

Ipara
Idia

=
R2e

−Γ2t

R2 + Γ2
(5.5)

Lapinaite et al. [364] extended this for 1H,13C-HMQC experiments by taking into

account the transverse relaxation rates for both methyl protons (RH2 ) and the HC dou-

ble quantum coherence (RHC2 ) in the diamagnetic state (Equation 5.6). In this analysis,

the paramagnetic contribution to the methyl group relaxation was assumed to be the

same for the protons and double quantum coherence.

Ipara
Idia

=
RH2 R

HC
2 e−Γ2t

(RH2 + Γ2)(RHC2 + Γ2)
(5.6)

The relationship between the PRE rate and the distance between nuclear and elec-

tronic spins is given by Equation 5.7.

r = 6

√
K

Γ2

(
4τc +

3τc
1 + ω2

hτ
2
c

)
(5.7)

where r is the distance between the nucleus and the electron, ωh is the Larmor

frequency of the proton, K is a constant dependent on the nuclear gyromagnetic ratio,

the electronic g factor and the Bohn magneton. This constant is 1.23× 10−32cm6/s2 for

the relaxation of a proton enhanced by a nitroxide spin label. τc is the correlation time

between the nuclear spin and the unpaired electron and depends on both the electron

spin relaxation time τs and the protein rotational correlation time τr.

1

τc
=

1

τs
+

1

τr
(5.8)

In our case, the estimation of the τc is not straightforward because we are observing

the effect of a spin label that is attached to an IDP and detecting its effects on the nuclei
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of a globular protein. We used two extreme cases: One where the nitroxide is on a

completely flexible part of the protein with an estimated τc of 5 ns [386]. The other case

we considered was that the spin label is on a part of the protein that directly bound to

the polymerase. We combined the estimated τr of NS5B∆21 (about 40 ns) with the τs of

the spin label (> 100 ns) [419]. Since τs is much longer than τr, τc is approximately the

same as τr, so about 40 ns.

Comparison of the curves of relative peak intensity (Ipara/Idia) as a function of the

distance of the paramagnetic label show that the distance affected by the spin label is

dependent on the correlation time (Figure 5.12).
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FIGURE 5.12: Simulated relative peak heights relative to the distance between the nucleus and
the electron in the nitroxide label. Using Equations 5.6 and 5.7, the relative peak heights can be
related to the distance to the spin label. The parameters used were a HMQC transfer time of 6.9
ms, a proton Larmor frequency of 900 MHz, a proton transverse relaxation rate of 38 s−1 and a

double quantum coherence transverse relaxation rate of 104 s−1.

To calculate these curves there are several approximations that may not strictly be

valid. Firstly, values of τc calculated using the protein rotational correlation time may

not be valid for methyl groups due to their rapid rotation. Secondly, single values of

RH2 and RHC2 estimated from the linewidths in the spectrum were used, but to gain

more exact values, RH2 and RHC2 would have to be determined for each resonance in a

diamagnetic sample. Furthermore, the mobility of disordered NS5A-D2 is taken into

account by using two extreme examples, where τc is that of a disordered protein and

where it is the τc of NS5B∆21 but the true value of τc may not be represented by these

cases.

These curves can still help us compare the proposed the binding sites of NS5A-D2

on NS5B∆21 with the experimental data. In particular, this can be done by comparing
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the relative intensity of the resonance and the position of the residue in the crystallo-

graphic structures.

Deviations from calculated distances

The curves shown in Figure 5.12 can be used to obtain a range for the expected distance

between the nucleus and the unpaired electron based on the experimentally measured

relative intensities. These distances can help position the paramagnetic labels with re-

spect to the crystallographic structure of NS5B∆21. However, deviations from distances

that are expected based on the position of the spin label suggest either reorientation of

the polymerase compared to its position in the crystallographic structure or movement

of the paramagnetic label. PRE experiments can detect dynamics because transiently

occupied conformations where the distances between the paramagnetic center and ob-

served nucleus are small will be enhanced due to the dependence of the PRE on r−6.

The paramagnetic label on NS5A-D2C298 causes broadening of resonances of both

I11 and I419. These relative intensities are 22% and 5% and suggest that these residues

are 13.1 – 18.4 Å and 11.4 – 16.0 Å from the paramagnetic label, respectively. However,

crystallographic structures show that these residues are at least 40 Å from each other.

The midway point between them, approximately within the thumb-I inhibitor binding

site, is about 20 – 30 Å away from each residue. This suggests that there is flexibility

in the position of the spin label, because the distance values are smaller than expected.

The spin label may be closer to I11 in one conformation and closer to I419 in another,

causing this deviation. This can be the case because C298 is in a region of NS5A-D2

that does not display broadening with the addition of NS5B∆21 [108], so it is likely to

remain mobile and just tethered, but not directly bound, to the polymerase.

The paramagnetic label on NS5A-D2C254 causes less broadening on the resonance of

I11 than when the spin label is on one of the other positions on NS5A-D2. Previously,

we used this to orient the N-terminal region of NS5A-D2 preferentially toward the

thumb-II site. C254 is within a binding site on NS5A-D2 that broadens in the presence

of NS5B∆21 supporting that it should directly interact with the polymerase. However,

despite I11 being over 40 Å away from the thumb-II site in the crystal structures, a

distance where we do not expect to detect PREs, the resonance due to I11 displays only
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66% of its intensity in the presence of the paramagnetic atom. Thus showing that either

the N-terminal part also displays mobility and that multiple binding modes between

the two proteins potentially exist or that I11 is closer to the thumb-II site than predicted

by the crystal structures.

There are also changes in the conformation of the polymerase with respect to the

crystallographic structures of apo NS5B that are exposed by this experiment. This be-

comes apparent when observing the effect of the paramagnetic probes on the resonance

that corresponds to Ile 23. The presence of the spin label on C298 results in a relative

intensity of 45 % which would correspond to a distance of 15.1 – 21.2 Å between this

spin label and isoleucine 23. Since this residue is in the region of the fingertips Λ1 loop,

in the crystal structures, that is in contact with the thumb-I site this distance seems in-

coherent with the binding of NS5A-D2 to this site. Also, the resonance of I11 displays

greater or equal PREs with all positions of the paramagnetic label despite appearing

farther than I23 from the expected binding sites. Yet, in crystallographic structures of

NS5B bound to thumb-I inhibitors [143, 241] the electron density of this loop cannot be

seen, consistent with it becoming flexible with the binding of the inhibitor to the site.

Thus, the smaller PREs observed for I23, despite it appearing to be in the center of the

region affected by PREs, lead us to propose that NS5A-D2 binding to the NS5B thumb-I

site can cause the reduction of the contact between the thumb-I site and the fingertip

loop, which would distance Ile 23 from the paramagnetic label.

Other resonances that support a perturbation of the fingertips Λ1 loop are those

corresponding to I11 and I138. NOE contacts between these resonances (see Chapter

4) showed that these residues are close in unliganded NS5B∆21. The PREs observed

on the resonance corresponding to I11 are much stronger than those observed on the

resonance of neighboring I138. This could be explained by displacement of the Λ1 loop

upon binding of NS5A-D2.

While we do seem to observe a tendency for a preferential orientation of NS5A-

D2 binding, it is possible that more than one binding mode exists. Different binding

modes may be in exchange, thus resulting in a fuzzy complex between NS5B∆21 and
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NS5A-D2 [322]. This would not be the first time that NS5B would be described form-

ing a fuzzy complex with a binding partner, as this has been described for the interac-

tion of NS5B with the human vesicle-associated membrane protein-associated protein

C (VAPC) [420]. Furthermore, the fact that we observe broadening of resonances like

those that correspond to I419 and I432 without the appearance of resonances corre-

sponding to the bound state of these residues in the titration experiment suggests that

the binding may not be described as a single step and/or the complex remains flexible

when bound.

Taken together, these issues result in a large difficulty to model the complex using

these distance restraints as both proteins display flexibility not represented by typical

docking programs.

For IDPs, an ensemble approach can be used with PRE restraints. In this approach,

the conformational space is extensively sampled to construct an ensemble of structures

based on the amino acid sequence. Then, using experimental restraints like PRE, chem-

ical shifts and/or RDCs; structures within the ensemble that fit the data are selected

[386, 421]. In another approach, the structure of a protein-protein complex containing a

flexible peptide has been calculated using PREs by first determining the structure of the

bound peptide then fitting that to the other protein with intermolecular PRE restraints

[363]. Our case, however, would need a combination of both approaches. An ensem-

ble of conformations of NS5A-D2 that correspond to the intermolecular PRE restraints

would need to be selected but the flexibility that NS5B∆21 displays in solution would

also need to be included in the model.

These paramagnetic resonance enhancement NMR experiments supported that the

thumb-II site is a direct interaction site, as opposed to being affected by allostery. This

site appears to interact preferentially with the N-terminal binding site on NS5A-D2.

These experiments also identified thumb-I as an additional binding site that could not

be discerned with chemical shift perturbations alone. We cannot determine which of

the three binding sites on NS5A-D2 bind(s) to the thumb-I site on NS5B∆21. These

experiments highlighted the flexible nature of this interaction. Thus, it is possible that

NS5B∆21 and NS5A-D2 may form a fuzzy complex with multiple binding modes.
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[NS5A-D2] (µM) Tm (◦C) % bound NS5B
0 41.4 0

30 38.5 24.5
60 36.7 40.6
180 36.1 69.5

TABLE 5.2: Melting temperatures of NS5B∆21 with the addition of NS5A-D2. These values
are the inflection points of the curves in Figure 5.14 determined by fitting a Boltzmann model
(Equation 3.5). The addition of NS5A-D2 reduces the thermal stability of NS5B and causes a

lowering of the melting temperature.

5.6 Differential scanning fluorimetry

When mixing NS5A-D2 with NS5B∆21 we observe small quantities of white precipi-

tate that form in the NMR tube. Thus, we were interested in the effect of NS5A-D2

on the thermal stability of NS5B∆21. To investigate this, we used differential scanning

fluorimetry (DSF), also known as thermofluor. DSF can be used to measure the tem-

perature at which a protein unfolds by measuring the increase of fluorescence of a dye

like SYPRO orange. The dye has affinity for hydrophobic residues that are exposed

during unfolding and denaturation [422]. The melting temperature of the investigated

protein using this technique is defined as the inflection of the fluorescence curve un-

der increasing temperature and can be determined by fitting a Boltzmann sigmoidal

curve between the minimum and maximum fluorescence. The fluorescence reaches

a maximum when hydrophobic residues become exposed and then decreases due to

aggregation.

DSF is often used to determine the variation in melting temperature due to binding

of a small-molecule ligand to a structured protein [423]. An increase in melting tem-

perature suggests an increase in protein stability and, conversely, a decrease indicates

lower protein stability.

In this study, we are detecting the interaction between two proteins which could

potentially both contribute to the fluorescence increase. Therefore, we tested whether

NS5A-D2 alone presented a thermal denaturation transition that could be detected by

the probe. We used NS5A-D2 at 180 µM in the same buffer used in the following study

with NS5B∆21. No melting transition that could directly interfere with the interaction

study was detected (Figure 5.13).
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FIGURE 5.13: NS5A-D2 does not present a melting transition between 25-95◦C as no sharp
increase in fluorescence of SYPRO Orange is detected during the temperature ramp. We can
assume that an effect NS5A-D2 has on NS5B melting temperature is thus not due to a melting

transition of its own.
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FIGURE 5.14: Effect of NS5A-D2 on NS5B∆21 thermal stability. NS5A-D2 was added to 30
µM NS5B∆21 at the concentrations of 0 µM (black, ♦), 30 µM (dark gray, �), 60 µM (medium
gray,4), 180 µM (light gray,©). The addition of NS5A-D2 causes the reduction of the melting

temperature of NS5B∆21, represented by the inflection point of the curves.

The effect of NS5A-D2 on the stability of NS5B was investigated with the addition

of 0 – 180 µM of NS5A-D2 to 30 µM NS5B∆21 This addition causes a dose-dependent

shift to lower values of melting temperature (Figure 5.14 and Table 5.2). A decrease in

apparent melting temperature observed by DSF means that the hydrophobic residues

of the protein are exposed at a lower temperature meaning that the protein is destabi-

lized by the binding of the ligand [423]. Thus, NS5A-D2 can decrease the stability of

NS5B∆21.

The reduction of the melting temperature of NS5B∆21 observed in the presence of

NS5A-D2 is in line with the decrease in thermal stability observed in the presence of
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thumb-I inhibitors and with C-terminal deletions of NS5B that were described by Boyce

et al. [408]. Thus, a lowering of the melting temperature could be expected if NS5A-D2

displaces the fingertips Λ1-loop as a thumb-I inhibitor or results in a less stable open

conformation like the C-terminal deletions. In contrast, it was shown that thumb-II

inhibitors increase the thermal stability of NS5B∆21 (next chapter and [408]).

Unfortunately, this method cannot be used to estimate an affinity constant for the

interaction because the affinity constant is a function of temperature.

5.7 Conclusion

In this chapter the interaction between NS5A-D2 and NS5B was investigated by NMR

spectroscopy and differential scanning fluorimetry. Interactions between NS5A-D2 and

NS5B had been already studied by NMR using 15N-labeled NS5A-D2 and had shown

three interaction sites on the intrinsically disordered protein.

Using selectively isoleucine-labeled NS5B∆21, direct interaction by NMR shows

broadening and chemical shift perturbations throughout the thumb subdomain but

most intensely at isoleucine 419 close to the thumb-II inhibitor site. Based on chemical

shift perturbations of the most perturbed resonances, we estimated an affinity constant

of 70 µM. This value is higher than had been determined by surface plasmon reso-

nance [108] because in the second case NS5B is immobilized, resulting in an different

apparent affinity.

To discriminate between a direct interaction and an allosteric effect we used para-

magnetic relaxation enhancement. By labeling three positions on NS5A-D2 we observe

broadening of resonances in the methyl-HMQC spectrum of NS5B∆21 within 20-25 Å of

each of the paramagnetic labels. The N-terminal paramagnetic label causes the largest

broadening on I419, which corresponds to the thumb-II site. The center paramagnetic

label causes the largest broadening on I432 which corresponds to the thumb-I site. Fi-

nally, the C-terminal paramagnetic label causes the same broadening as the center site

with lesser effect on the intensity, suggesting it is free in solution. The proposed pref-

erential orientation is shown in a tentative model in Figure 5.15. Furthermore, our
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data suggest that this complex is dynamic, possibly forming what is called a “fuzzy

complex”.

NS5B 

NS5A-D2 

N 

C 

= PROXYL 

1 

2 

3 

FIGURE 5.15: Tentative model of the binding of NS5A-D2 based on PRE data. NS5B∆21 is
shown as a cartoon representation colored as in Figure 4.9. NS5A-D2 is shown as a blue line
with its N- and C-terminals labeled, the position with respect to NS5B is to show the prefer-
ential orientation observed in PRE data, however the conformation is arbitrary to represent its
intrinsic disorder. Spin label positions are shown in yellow. 1 The broadening profile of the
paramagnetic label closest to the NS5A-D2 N-terminal (C254) suggests that this part of the pro-
tein binds to the thumb-II site on NS5B. 2 The broadening profile of the paramagnetic label
at the center of NS5A-D2 (C298) suggests that this part of the protein binding to the thumb-I
site on NS5B. 3 Since the broadening profile of the paramagnetic label closest to the C-terminal
(C338) resembles that of C254 with less broadening would suggest that this part of the protein is

flexible and not bound to the polymerase.

Other authors have already attempted to map this interaction. Qin et al. [424] used

alanine mutations and pull-down experiments to identify 4 regions whose mutation

abolishes the interaction. These sites are on the back of the thumb at positions 139–

145, 149–155, 365–371 and 382–388. These mutated regions correspond to the fingertips

loop Λ2, and hinge region between the palm and thumb. While these sites do not

correspond to the binding sites we observed, these results do not preclude our own.

NS5A-D2 bound to both thumb sites could be wrapped around the thumb subdomain

in a pattern that resembles the regions they described. Indeed, we observe a chemical

shift perturbation of the resonance of I363, an isoleucine residue within the mutated

zones they proposed.

Ngure et al. [94] proposed a binding site by mapping basic residues on the surface

of NS5B exposed to protecting agents in the absence and presence of NS5A-D2. They
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proposed that NS5A-D2 binds to the NS5B RNA-binding groove because most of the

residues that became protected with NS5A-D2 binding were located there. Our results

by PRE, however, are not in agreement with this result. If NS5A-D2 bound to the RNA-

binding groove we would expect a general broadening of the residues upto 25 Å from

the RNA-binding groove, which includes residues in the fingers subdomain that are not

broadened. Additionally, the authors mutated arginine residues that they had identi-

fied and tested their NS5A-D2 binding. Interestingly, the mutation that most decreased

NS5A-D2 binding was R380E, which is at the hinge between the thumb and palm sub-

domains, about 10 Å below the thumb-II site. They did not have any probes near the

thumb-I site. The binding site they observe may be due to a conformational change

brought on by NS5A-D2 that decreases the exposure of the RNA-binding groove to the

protecting agents.

In sum, we propose that NS5A-D2 binds to two allosteric binding sites on the thumb

subdomain, possibly with multiple binding modes. These sites have been described as

having different effects on NS5B conformational dynamics and stability [243, 408]. This

may contribute to the seemingly contradictory results that show that NS5A-D2 reduces

polymerase activity [94] but is necessary for RNA replication [87].
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6.1 Introduction

In the previous chapter we showed that NS5A-D2 affects the thumb-II inhibitor site.

Based on this, the goal of this chapter is two-fold. Firstly, we want to investigate in

solution the effect of a small molecule binding on NS5B to its thumb-II site. Secondly,

we want to compare the binding of the small molecule to NS5B with the binding of

NS5A-D2.

FIGURE 6.1: Chemical structure of Filibuvir.
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FIGURE 6.2: Filibuvir binds to the thumb-II allosteric inhibitor binding site. Crystallographic
structure of NS5B (PDB 3I5K) in cartoon representation with isoleucine δ1 carbons shown as
spheres and colored as in Figure 4.9. Filibuvir, shown in yellow sticks, was positioned by

alignment with PDB 3FRZ [236]. Filibuvir is located in the pocket that contains I419.
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Filibuvir (Figure 6.1), previously known as PF-00868554, the small molecule in-

hibitor chosen for this study, is a dihydropyranone which has reached phase 2 trials

[425] but development was halted for strategic reasons [426]. Its binding site on NS5B

was mapped to the NNI-2 site, which contains I419. Figure 6.2 shows the location of

the binding site of this inhibitor on NS5B. This inhibitor does not a cause significant

change in conformation of the polymerase in the crystal structure [236].

There are two main hypotheses for the mode of action of thumb-II inhibitors like fil-

ibuvir. The first hypothesis is that has been suggested that the inhibitors act by blocking

the polymerase in an inactive conformation that is incapable of de novo initiation [158],

possibly in a closed conformation. Another hypothesis proposes that thumb-II in-

hibitors prevent a change in conformation between initiation- and elongation-compentent

forms of the polymerase [243].

However, few experiments have been done in solution to investigate these hypothe-

ses. Deredge and colleagues [248] have recently shown that the binding of filibuvir and

other thumb-II inhibitors significantly slows hydrogen/deuterium exchange, mainly in

the fingers and thumb subdomain, compared to apo NS5B. The authors propose that

this effect is due to a loss of conformational dynamics that correlates with inhibitor

potency.

Firstly, we will map the effect of filibuvir in solution using NMR which gives in-

formation on both direct and allosteric effects. In particular, we are interested in the

chemical shift perturbations that occur in resonances that are distant from the binding

site as these can provide insight into an allosteric communication pathway. We will

also measure chemical exchange in a millisecond to microsecond timescale to inves-

tigate whether the inhibitor affects the dynamics of the polymerase in this timescale.

Finally, we will compare the effects of filibuvir on NS5B∆21 to those observed in the

presence of NS5A-D2.

6.2 Mapping the interaction on NS5B

To investigate the effect of the binding of Filibuvir to NS5B, the inhibitor was added

to labeled NS5B∆21 and the changes in the spectra were observed. We avoided the
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use of an organic co-solvent for filibuvir, as this can significantly affect NS5B∆21. The

widespread effect of dimethyl sulfoxide as a co-solvent had been observed by our

group previously [108]. Thus, due to its low solubility in water and high affinity for

NS5B (KD of 27 nM) [246] an NS5B-filibuvir complex was obtained by the addition

of an excess of solid filibuvir and incubation overnight at 15◦C and the excess was

removed by centrifugation or filtration at 0.2 µM. This strategy had been effectively

applied by our group to investigate the high affinity complex between CypA and CsA

[427].

6.2.1 Mapping the interaction with methyl-HMQC spectra

We also used the assigned isoleucine methyl-HMQC spectrum to investigate the bind-

ing of filibuvir to NS5B∆21. A titration experiment was not acquired with filibuvir,

instead, filibuvir was added in excess as a powder, resulting in a spectrum of NS5B∆21

saturated with the inhibitor. The comparison of the spectrum of apo NS5B∆21 and

filibuvir-bound NS5B∆21 is shown in Figure 6.3. I419, I432 and I512 all display chemi-

cal shift perturbations larger than 0.05 ppm. Of these, only I419 is close to the binding

site (about 3.5 Å). I432 and I512 are about 16 and 18 Å from the expected position of

filibuvir. The others show that the long-range effects traverse the thumb subdomain.

Additionally, I23, I71 and I160 in the fingers; I308, I323 and I363 in the palm; and I463 in

the thumb all have CSPs larger than 0.01 ppm. This shows that the effect of filibuvir is

not limited to the thumb subdomain as it perturbs resonances in all three subdomains.

These effects throughout the polymerase are consistent with filibuvir acting as an

allosteric inhibitor in which the binding at the NNI-2 site causes a change in conforma-

tion or dynamics of the polymerase in solution. Furthermore, it is notable that I419 and

I432 are on the same α-helix, called Q in the nomenclature described by Bressanelli et

al. [137]. Since I432 is in the NNI-1 site, where the fingertips Λ1 loop makes contact

with the thumb subdomain it is possible that these structural elements, Q-helix and Λ1

loop, mediate the transmission of the perturbations from the thumb-II site through to

the fingers subdomain.

The NNI-1 site is in contact with the apex of the Λ1 loop. Thus the perturbation of

the this NNI site might be responsible for the transmission of the perturbation to the
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FIGURE 6.3: Methyl-HMQC spectrum of NS5B∆21 bound to filibuvir. Top Overlay of methyl-
HMQC spectra of NS5B∆21 in the absence (black) and presence (red) of filibuvir. Filibuvir
was added in excess so the spectrum corresponds to NS5B∆21 saturated with the inhibitor.
Center Crystallographic structure of wild-type NS5B (PDB 3I5K) showing the chemical shift
perturbations (CSP, blue) caused by the binding of filibuvir. Filibuvir is shown with sticks in
yellow. The largest CSPs are in the thumb subdomain but the effect of filibuvir is transmitted
throughout the three subdomains. Bottom Histogram of the CSP caused by the mutations. I419

and I432 have CSP values larger than the scale, therefore their CSP values are labeled.

fingers subdomain. Evidence for this is present in the perturbations of the resonances

of I23 and I160 that may be affected by the motion of the fingertips loop.

Another structural element that may mediate the transmission of perturbations is

the T α-helix. The closest part of this helix is less than 4 Å from the expected position
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of filibuvir, the other side of this helix contains I512, a residue that displays chemical

shift perturbation with this interaction.

We do not observe the apparition of new resonances. The resonances of isoleucines

405, 412, 413 and 560 remain broadened beyond detection, thus filibuvir does not stop

the intermediate exchange that is responsible for the broadening of these resonances.

I560 is in the C-terminal linker and I405, I412, I413 are near the β-loop. It has been

shown that thumb-II inhibitors require the β-loop and C-terminal tail for their poly-

merase inhibitory activity [408]. However, without the detection of these four reso-

nances we lack probes that can investigate this interplay. Deredge et al. [248] identi-

fied that filibuvir, unlike thumb-II inhibitors lomibuvir and GS-9669, did not appear to

cause a rigidification in the C-terminal linker or the β-loop.

The minor peaks of I160 and I363 are still apparent in the spectrum in the presence

of filibuvir. Therefore, the dynamics on a slow timescale that give rise to these minor

peaks is still present with the inhibitor.

Based on the perturbations of filibuvir visible in the methyl-HMQC spectrum, we

can observe that not only does the binding of the inhibitor cause perturbations around

the thumb-II binding site and but also causes perturbations in isoleucines that are dis-

tant from the binding site. These perturbations may be mediated mainly by helices Q

and T but also appear to depend on the fingertips loop Λ1.

6.2.2 Effect of filibuvir on NS5B open mutants

To continue the investigation of the effect filibuvir has on NS5B, we were interested

in investigating the hypothesis that filibuvir stabilized a closed conformation of the

polymerase. For this, we used two of the open mutants: NS5B∆21 L30S and NS5B∆21

5mut (Figure 6.4).

If the mechanism that filibuvir uses to stabilize a closed conformation opposes the

mechanisms that open these mutants we would expect to recover the changes caused

by these mutations, that is, observe a spectrum without the changes caused by the

apparent opening of these mutants. In particular, the three residues that disappear in

the NS5B∆21 L30S methyl-HMQC should reappear if this were the case. However, in

both mutants the effect of filibuvir is just summed to that of the mutants and we do
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FIGURE 6.4: Effect of filibuvir on open mutants of NS5B∆21. Since the effect of filibuvir (seen
in the wild-type) is just added to the effect of the mutations, these mechanisms seem indepen-
dent. Top left Overlay of the methyl-HMQC of NS5B∆21 L30S in the absence (black) and pres-
ence (green) of filibuvir. Isoleucines broadened beyond detection that are visible in wild-type
NS5B∆21 are labeled in gray. Top right Overlay of the methyl-HMQC of NS5B∆21 5mut in the
absence (black) and presence (blue) of filibuvir. All these spectra were acquired in RE buffer.
Center Chemical shift perturbations caused by filibuvir on NS5B∆21 L30S. Bottom Chemical

shift perturbations caused by filibuvir on NS5B∆21 5mut.

not observe an opposing effect. This suggests that the stabilization caused by filibuvir

is independent from the mechanisms triggered by these mutations or that an open

structure is not incompatible with filibuvir binding.
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Isoleucine
kex ∆kex pB ∆pB ∆ω(13C) ∆∆ω(13C) ∆ω(1H) ∆∆ω(1H)

χ2 Reduced
(s−1) (s−1) (%) (%) (ppm) (ppm) (ppm) (ppm) χ2

23 742 262 14.8 75.7 -0.23 0.51 – – 10.015 0.910
71 1570 400 20.6 165.1 0.28 0.82 0.019 5.5 19.318 1.932
160 2266 920 1.3 0.1 3.58 0.41 – – 6.114 0.556

Total: 35.447 1.108

TABLE 6.1: Parameters obtained from fitting a two-state exchange model to the methyl-TROSY
multiple quantum CPMG relaxation data of individual resonances of filibuvir-bound NS5B∆21.
These values and their uncertainties were obtained using the cmpg_fitd9 software [397]. kex,
exchange rate; pB, population of the minor exchanging state; ∆ω, chemical shift change between
states, χ2, chi-squared goodness of fit measure. When 1H ∆ω are shown both 1H and 13C ∆ω

were allowed to vary, otherwise 1H ∆ω was set to zero. The choice between the two was based
on smaller parameter uncertainties as the difference in goodness of fit was not significant.

6.3 Intermediate exchange in the presence of filibuvir

While the results with the open mutants suggest that an open structure is not incom-

patible with filibuvir binding, we were also interested in the effect filibuvir has on the

dynamics of the protein. The four resonances that are broadened beyond detection with

apo NS5B∆21 remain broadened thus exchange in an intermediate timescale appears to

occur even in the presence of filibuvir.

Based on molecular dynamics simulations, Davis and Thorpe [428] proposed that

the binding of thumb-II inhibitors reduced the overall flexibility of NS5B. Similarly,

Deredge and coworkers observed decreased hydrogen/deuterium exchange [248] in

NS5B in the presence of thumb-II inhibitors, especially in the thumb and palm subdo-

mains. Thus, we were interested in using NMR spectroscopy to investigate the pertu-

bation filibuvir causes on the dynamics of NS5B∆21

To investigate the effect filibuvir has on NS5B dynamics in the millisecond to mi-

crosecond timescale we used methyl-TROSY multiple quantum CPMG relaxation dis-

persion experiments. In Chapter 4 we investigated this dynamics of apo NS5B∆21 and

fit the data to two-state exchange models. Here, we repeated this experiment in the

presence of filibuvir.

By comparing the results (Figure 6.5) obtained for NS5B∆21 in the absence (Tables

4.7 and 4.8) and presence (Tables 6.1 and 6.2) of filibuvir we can observe that filibuvir

perturbs the exchange occurring in this timescale. In apo NS5B∆21 7 resonances dis-

played significant non-flat dispersion. The addition of filibuvir reduces this number to

3 resonances. The resonances that display non-flat dispersion with filibuvir are those
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Isoleucine
kex ∆kex pB ∆pB ∆ω(13C) ∆∆ω(13C) ∆ω(1H) ∆∆ω(1H)

χ2 Reduced
(s−1) (s−1) (%) (%) (ppm) (ppm) (ppm) (ppm) χ2

23 1074 145 3.6 1.1 0.48 0.08 0.000 197.3 54.739 1.610
71 0.60 0.11 0.000 21.4
160 3.07 0.63 -0.200 0.060

TABLE 6.2: Parameters obtained from fitting a two-state exchange model to the methyl-TROSY
multiple quantum CPMG relaxation data of filibuvir-bound NS5B∆21 globally. The non-flat
dispersion curves were simultaneously fit to a single exchange rate. These values and their
uncertainties were obtained using the cmpg_fitd9 software [397]. For the global fit, both 1H

and 13C ∆ω were allowed to vary.

that correspond to isoleucines 23, 71 and 160, all in the fingers submain. The residues

that no longer display non-flat relaxation dispersion (Ile 233, 363, 432 and 462) suggest

that there is a reduction of intermediate exchange dynamics in the thumb subdomain

as Ile 432 and 462 are in this region and I363 is at the edge between palm and thumb.

When the relaxation dispersion profiles are fit globally to a single two-state model

we observe a modest reduction of the exchange rate from 1309±135 to 1074±145 s−1with

the addition of filibuvir. However, like for the experiments with apo NS5B∆21, the re-

duced χ2 goodness of fit parameter increases when using a global fit. Instead, an in-

dependent fit to a two-state exchange model shows that Ile 71 and 160 display slightly

higher exchange rates compared to apo NS5B∆21 that are not statistically significant.

On the other hand, the resonance of I23 displays a significantly slower exchange. As

this residue is in the fingertips Λ1 loop, it is in contact with the thumb subdomain and

may be detecting the reduced dynamics of this region.

The difference in chemical shift between both forms mostly are not well defined for

the resonances of filibuvir-bound NS5B∆21. This does not help determine the identity

of the minor form. Both the individual fit and global fit show a reduction of the popu-

lation of the minor form pB , but this population is not well defined in the individual-

residue fit.

Altogether, this experiment supports the hypothesis that filibuvir reduces the dy-

namics of the polymerase. We observe, in particular, a reduction of the dynamics in

the thumb and resonances of isoleucines surrounding it. The lower population of the

minor form may also support a mechanism of inhibition where an active conformation

is sampled less often. This experiment would also benefit from more methyl probes, as

has been suggested for apo NS5B∆21, because this could help in obtaining more well
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FIGURE 6.5: Methyl-TROSY multiple quantum CPMG relaxation dispersion curves of all
NS5B∆21 isoleucine residues that display non-flat dispersion in apo NS5B∆21. Apo NS5B∆21

relaxation dispersion curves are shown on the left and filibuvir-bound NS5B∆21 relaxation dis-
persion curves are shown on the right. Full lines show the best fit to individual residues when
significant exchange is present. Dashed lines represent best fit to all residues exhibiting disper-
sion of each state (apo or filibuvir-bound), respectively. Red and blue represent data acquired

on 600 and 900 MHz spectrometers respectively.

defined parameters.
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6.4 Comparison between filibuvir and NS5A-D2 binding

In Chapter 5 we identified that one of the binding sites of NS5A-D2 on NS5B∆21 is

the NNI-2 site. Thus, we were interested in comparing the spectra of the polymerase

bound to either filibuvir or the disordered protein.
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FIGURE 6.6: Comparison of methyl-HMQC spectra of isoleucine δ1-labeled NS5B∆21 in the
presence of NS5A-D2 or filibuvir. Left Overlay of methyl-HMQC spectra of 40 µM NS5B∆21
in the absence (black) and presence (magenta) of 80 µM NS5A-D2. Right Overlay of methyl-
HMQC spectra of NS5B∆21 in the absence (black) and presence (red) of filibuvir (saturated).
Some of the same resonances (I23,I419, I432) display either CSPs or broadening with the addi-

tion of the ligands.

Comparing the methyl-HMQC spectra of isoleucine-δ1-labeled NS5B∆21 bound to

either NS5A-D2 or filibuvir, we observe that similar resonances are affected by both of

the partners (Figure 6.6). We cannot directly compare the CSP values because NS5A-

D2 is not saturated at the concentrations used in Figure 5.4 and the concentrations

of NS5A-D2 needed to saturate NS5B∆21 cause it to precipitate. The resonances cor-

responding to I23, I419, I432 are affected by both ligands. However, the resonances

corresponding to I512 is only affected by filibuvir. I419 is at the thumb-II site and on

helix Q. I432 is also on helix Q and I23 is on the fingertips Λ1 loop facing helix Q. Thus

all three of these resonances seem to be part of the same network that is perturbed by

the binding of both ligands. However, I512 is on helix T and is only perturbed by fil-

ibuvir. Therefore, it appears that both partners have at least one allosteric network in
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common and another one seems only to be affected by filibuvir.

6.4.1 Comparison of 1H,15N-TROSY HSQC spectra
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FIGURE 6.7: 15N,1H-BEST-TROSY-HSQC spectra of [2H,15N]-NS5B with filibuvir and NS5A-
D2 C338S. Top Overlay of apo NS5B∆21 (blue) and NS5B∆21 bound to filibuvir (red). Many
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FIGURE 6.8: Enlargements of the 15N,1H-BEST-TROSY-HSQC spectra of [2H,15N]-NS5B with
filibuvir and NS5A-D2. A, C and E show the overlay of NS5B∆21 in the absence (blue) and
presence (red) of filibuvir (saturated). B, D and F show the overlay of NS5B∆21 in the absence
(blue) and presence (red) of an equimolar amount of NS5A-D2C298. Squares, crosses and a star
are used to label cross-peaks that are perturbed with both filibuvir and NS5A-D2, only filibuvir

and only NS5A-D2, respectively. Adapted from Rosnoblet et al. [108].

To extend our insight into the allosteric networks perturbed by NS5A-D2 and fil-

ibuvir we used the 1H,15N-TROSY HSQC spectrum of NS5B∆21. Ideally, the study of

NS5B∆21 and its partners would be done with HSQC-type experiments in which we

observe the amide protons in the protein and obtain information on the interaction at

each backbone amide group, i.e. have a residue-level resolution. However, without the
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assignment, the interpretation of the 1H,15N-HSQC of [2H,15N]-NS5B∆21 can only be

by comparing spectra and the binding sites known by other techniques. We acquired

BEST-TROSY 1H,15N-HSQC spectra to improve the linewidth and signal-to-noise ra-

tio compared to HSQC spectra. These spectra were acquired on NS5B∆21 apo, bound

to filibuvir, bound to nitroxide-labeled NS5A-D2C298 and reduced nitroxide-labeled

NS5A-D2C298. This permits a comparison of the effect of filibuvir with that of NS5A-

D2.

Since we do not have an assignment for the resonances in the 1H,15N-BEST-TROSY-

HSQC of NS5B∆21 the 386 resonances visible in this spectrum (this count is higher

than in Chapter 4 because there we included only resonances that had peaks in the 3D

spectra) were arbitraily labeled. To assign these labels in the interaction spectra, if a

peak from the apo spectrum is not present, we looked for the closest resonance that is

not in a position of another apo peak. For some peaks in the apo spectrum a resonance

could not be identified in the interaction spectrum.

In the spectrum of NS5B∆21 bound to filibuvir, 29 of the resonances from the apo

spectrum could not be attributed to peaks in the interaction spectrum. This means they

are either broadened beyond detection or too shifted to be identified in the spectrum

of NS5B∆21 bound to filibuvir (Figure 6.7, top). Since there are only 4 resonances in the

NS5B∆21-filibuvir spectrum that did not correspond to resonances in the apo spectrum,

it means that despite NS5B being saturated with filibuvir, some resonances still broaden

beyond detection. Among the peaks that appear to display CSPs, 57 resonances have

15N,1H combined chemical shift perturbations larger than 0.03 ppm.

In comparison, in the 1H,15N-TROSY HSQC spectrum of NS5B∆21 with NS5A-

D2C298, 26 could not be attributed to peaks in the interaction spectrum and only 9

are shifted beyond 0.03 ppm compared to apo NS5B∆21. NS5A-D2C298 causes mainly

partial broadening of the peaks in the spectrum (Figure 6.7, bottom). This difference

is probably mainly due to the fact that NS5B was saturated with filibuvir in the sam-

ple containing the inhibitor and only 38% of NS5B∆21 was expected to be bound to

NS5A-D2 at the concentrations used in the sample containing the disordered protein.

Many of the same resonances are affected (either not having a corresponding reso-

nance in the interaction spectrum, displaying a CSP of more than 0.01 ppm or a relative
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intensity of less than 30% of the apo NS5B∆21 spectrum) by both ligands (Figure 6.8)

(101 resonances or 26.2% of the total resonances the spectrum). This suggests that they

not only bind to the same site but also cause the same allosteric effects. This is some-

what surprising because filibuvir is a small-molecule inhibitor with a specific binding

site on the thumb subdomain. NS5A-D2, on the other hand, is a 95-residue protein

with about half its length involved in its interaction with NS5B∆21. This highlights the

allosteric effect of filibuvir that can cause long-range perturbations on the NS5B∆21.

Furthermore, we observe more resonances that are only affected by filibuvir (91 res-

onances or 23.5% of all resonances) compared to resonances that are only affected by

NS5A-D2 (25 resonances or 6.5% of all resonances). This is in agreement with what was

observed using selective methyl labeling, that showed that there are allosteric path-

ways (i.e. helix T) only perturbed by filibuvir but not by NS5A-D2.
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FIGURE 6.9: Overlay of 1H,15N-BEST-TROSY-HSQC spectra of NS5B∆21 apo (gray) and in the
presence of spin-labeled NS5A-D2C298 both diamagnetic (black) and paramagnetic (red).

Furthermore, we used paramagnetic relaxation enhancement experiments (Figure

6.9) to aid in the discrimination between direct effects and very long-range perturba-

tions caused by NS5A-D2. The resonances with largest CSPs due to NS5A-D2 (above

0.03 ppm) are broadened by the spin label. However, there are peaks with CSPs above
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0.01 ppm that are not broadened by the paramagnetic label. This may be due to al-

losteric effects but also binding to NS5B∆21 of a part of NS5A-D2 that is distant from

the spin label. Thus we cannot ascertain with this PRE experiment alone the presence

of allosteric effects.

Altogether, many of the resonances that are affected by NS5A-D2 binding are also

affected by filibuvir, this could be used to extrapolate that they bind to the same site and

induce similar allosteric effects. However, due to the large amount of peaks that shift

in the presence of filibuvir we cannot discriminate between direct binding of the small

molecule and indirect perturbations with this experiment alone. A way to discrimi-

nate between direct effects and allosteric effects could be to use a NOESY spectrum to

determine which resonances on from NS5B∆21 are in close proximity to filibuvir.

6.5 Effect of filibuvir on NS5B binding to NS5A-D2

In the previous chapter, we proposed that one of the binding sites of NS5A-D2 on

NS5B∆21 is at the thumb-II site. Filibuvir binds to this site and apparently cause a

widespread effect on NS5B∆21 and therefore we are interested in investigating whether

its binding would induce a change in conformation or dynamics that would interfere

with the interaction between NS5A-D2 and the polymerase. Filibuvir has significantly

better affinity for NS5B compared to NS5A-D2 (27 nM compared to 70 µM). Therefore,

by saturating NS5B∆21 with filibuvir prior to the addition of NS5A-D2, the disordered

protein should not be able to efficiently compete with the small-molecule inhibitor for

its binding site.
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The addition of NS5A-D2 to NS5B∆21 previously loaded with filibuvir gives rise to

a spectrum with little difference compared to NS5B∆21 and filibuvir exclusively (Figure

6.10). The only difference is on the peak height of I134 and since this isoleucine is far

from the binding sites of either NS5A-D2 or filibuvir and is overlapped with I239 it

is possible that this effect is due to the overlap. Based on this, it is not possible to be

certain that NS5A-D2 still interacts with NS5B∆21 in the presence of filibuvir, especially

since the lack of probes due to the selective labeling might be obscuring the effect.
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To ascertain whether filibuvir reduces the interaction between NS5A-D2 and NS5B

the converse experiment was also done (Figure 6.11). By adding filibuvir-bound NS5B∆21

to 15N-labeled NS5A-D2 we could observe in the 1H,15N-HSQC that the NS5A-D2 still

interacts with the polymerase, but a in lesser extent. Filibuvir, however, interferes with

the binding between the proteins. Interestingly, the broadening of the resonances in

the three binding sites is still visible and for the second and third sites only slightly

reduced by the presence of filibuvir. Thus filibuvir does not completely abolish the in-

teraction between the proteins. The intensity of the peaks of the N-terminal binding site

however is increased from 20% to 60% of the intensity of NS5A-D2 alone. This can be

interpreted as filibuvir directly blocking the binding of NS5A-D2 to the thumb-II site.

The decreased interaction mainly in NS5A-D2’s N-terminal site further supports the

hypothesis presented in Chapter 5 that the N-terminal site of NS5A-D2 preferentially

binds to the thumb-II site on NS5B∆21.
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6.6 Differential Scanning Fluorimetry

DSF was used as in the previous chapter to show the effect of an interaction on the

NS5B∆21 thermal stability. Here we observe the effect previously described by Boyce

et al. [408] in which the thumb-II inhibitors cause an increase of the thermal stability of

NS5B (Figure 6.12).
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FIGURE 6.12: Effect of Filibuvir on NS5B∆21 thermal stability. Filibuvir was incubated with
NS5B∆21 to saturate the polymerase prior to the measurement (blue curve) and compared to
apo NS5B∆21 (black curve). The addition of the inhibitor increases of the melting temperature

of NS5B∆21, represented by the inflection point of the curves.

We measured a melting temperature of 41.4◦C for NS5B∆21 alone, lower than the

temperature described by Boyce and colleagues. This result can be due to the different

buffers used for these experiments, in particular in their work they used 1.5% DMSO

to act as a co-solvent for the inhibitors which we avoided by saturating with filibuvir

powder. Additionally, the authors observed a 3.4◦C increase in melting temperature in

the presence of filibuvir while we observed a smaller increase of 2.7◦C which is within

a 1◦C error (1◦C was the temperature step used between consecutive fluorescence mea-

surements).

This increase in thermal stability due to a thumb-II inhibitor is typically expected in

the case of a small molecule that binds a to a protein [423]. This is in contrast with the

decrease observed in the presence of a thumb-I inhibitor Boyce et al. reported and in the

presence of NS5A-D2 that we observed. To observe a decrease in thermal denaturation

temperature upon binding, ligands must trigger a partially unfolded configuration of

the polymerase that exposes more of its hydrophobic cores to the fluorescent probe.
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6.7 Conclusions

In this chapter we investigated the effect of filibuvir binding on NS5B∆21. Recently, Li

and Johnson [249] showed that filibuvir and other thumb-II site allosteric inhibitors do

not inhibit initiation, the binding of the template RNA and the polymerization of the

first 2-5 nucleotides, nor the elongation step, the processive synthesis of complemen-

tary RNA. Thus, the authors proposed that the inhibition observed for these molecules

occurs by reducing the conformational transition that is necessary to go from initiation

to elongation. Deredge et al. [248] correlate this effect with the protection from hydro-

gen/deuterium exchange that the inhibitors cause on large regions of the polymerase,

distant from the binding site.

Our results obtained using the methyl-HMQC spectrum of NS5B∆21 show that the

binding of filibuvir to the polymerase affects not only the binding site but also residues

that are 12 Å or more away from it. These effects seem to propagate through the pro-

tein through the Q and T helices and the fingertips Λ1 loop. Additionally, using two

open mutants of NS5B∆ we observe that filibuvir does not perturb the mechanism that

results in their opening, thus suggesting that filibuvir binding is not incompatible with

an open structure.

The intermediate exchange that results in the broadening of four resonances in apo

NS5B∆21 still exists with filibuvir binding. Thus we lack probes to investigate the effect

of filibuvir on the C-terminal linker and β-loop that have been shown to be required

for NNI-2 activity [408]. Interestingly, Deredge et al. [248] showed that filibuvir, unlike

other thumb-II inhibitors, did not protect these regions from deuterium exchange. It

would be interesting to test whether GS-9669 or lomibuvir, the other inhibitors tested

in their study, would allow us to observe the resonances that are broadened beyond

detection.

CPMG experiments were used to investigate the millisecond to microsecond dy-

namics present in the polymerase in the presence of the thumb-II inhibitor. Compared

to apo NS5B∆21, less resonances present non-flat relaxation dispersion. In particular,

the resonances in the thumb subdomain (I432 and I462) display flat relaxation disper-

sion and the resonance corresponding to I23 in the fingertips Λ1 loop has a markedly
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slower exchange rate. Thus, it appears that filibuvir affects the dynamics of the thumb.

Filibuvir can also be used to gain insights into NS5A-D2 binding on NS5B as they

share a binding site. The changes in peak height in the 1H,15N-HSQC of NS5A-D2 in the

presence of NS5B∆21 with and without filibuvir we can confirm that filibuvir does not

completely abolish the interaction between the proteins. It does however, bind to the

thumb-II site, blocking the access to this site for NS5A-D2. This allowed us to identify

the N-terminal binding site on NS5A-D2 as the one that preferably binds to the thumb-

II site on NS5B∆21. This further supports that two or more binding sites of NS5A-D2

exist on NS5B∆21 as not all binding sites on NS5A-D2 display reduced binding despite

the thumb-II being blocked. Additionally, filibuvir blocking the binding site of NS5A-

D2 might be contribute to its inhibitory activity in vivo.

In conclusion, filibuvir acts as a allosteric inhibitor with an effect on the dynamics

of the polymerase that results in a stabilization of the polymerase observed by DSF. In

particular, the thumb subdomain is most affected by chemical shift perturbations and

a reduction in its dynamics. This effect seems to be mediated by helices Q, T and the

fingertips Λ1 loop.
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7.1 Introduction

As a RNA-dependent RNA polymerase, the activity of NS5B is dependent on its capac-

ity to bind RNA. This polymerase is able to synthesize new RNA strands in two ways:

de novo initiation and primer extension, depending on whether there is a primer to initi-

ate its reaction or not. A recently proposed mechanism [148] highlights the importance

of the relative positions of the subdomains in the different steps of de novo RNA synthe-

sis (see Figure 1.11). Firstly, the binding of the template to NS5B and subsequent bind-

ing of the first complementary nucleotides to the template, has been proposed to occur

with the polymerase in a more closed conformation where the β-loop helps align the

first nucleotides to the template. Then, a change in conformation to a more open state

is necessary to transition to elongation [160, 429]. An X-ray crystallography structure

of NS5B∆21 from the HC-J4 isolate [144] bound to a small oligonucleotide shows two

distinct crystallized conformations of NS5B∆21, one that is classified as closed and one

that is intermediate by the definitions presented in Chapter 4 (see Figure 4.10). Con-

trastingly, crystallographic structures of NS5B bound to template-primer RNA [145,

148] are open structures (but the constructs of NS5B that were used had been modified

to be more open beforehand). Thus closed and open conformations, in addition to the

transition between the conformations all seem to be important for the activity of the

polymerase.

In this chapter we will study the effect of the binding of a single-stranded 16-mer

RNA to NS5B in vitro. This strand of RNA, 5’-CUAAGAUGCUCGCUGC-3’ (RNA16),

was used by Cramer et al. [430] to study the binding of NS5B∆21 from the HC-J4 isolate

(genotype 1b) to RNA. The binding of a single-strand RNA corresponds to the first step

of the RNA synthesis, the binding of the template strand, that is expected to occur in a

more closed conformation than the subsequent elongation steps. Furthermore, we will

investigate how NS5A-D2 and filibuvir affect this binding.
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7.2 Characterization of the interaction between NS5B and RNA

To characterize the interaction between RNA and NS5B we montitored the interac-

tion between NS5B∆21 and RNA16 by NMR and fluorescence spectroscopies and size-

exclusion chromatography (SEC).

7.2.1 By NMR spectroscopy

To study this interaction by NMR spectroscopy we had to use a different buffer so-

lution than the phophate buffer used in most experiments before. NS5B∆21 is only

soluble at concentrations necessary for NMR under saline buffer compositions which

are not always compatible with NMR experiments due to their high conductivity. The

buffer composition used in most of the previous experiments, the phosphate buffer

(300 mM sodium phosphate pH 6.8, 50 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 4 mM

THP) is not compatible with the study of the interaction with a nucleic acid. Instead,

RE (arginine/glutamate) buffer (100 mM arginine, 100 mM glutamate pH 7.0, 100 mM

NaCl, 2 mM MgCl2, 1 mM EDTA, 4 mM THP) was used for the experiments with

RNA16. This buffer provides improved solubility without significantly impacting the

NMR spectrum [431] and is compatible with nucleic acid binding. We compared the

methyl-HMQC spectra obtained for NS5B∆21 in phosphate buffer and RE buffer (Fig-

ure 7.1) and we observe a shift of the resonance corresponding to I160 and also to a

lesser extent I512. Interestingly for I160, this suggests that when unliganded this side

chain, that is oriented towards the RNA-binding groove, is somewhat solvent-exposed.

Furthermore, based on a crystallographic structure obtained for NS5B from the HC-J4

isolate co-crystallized to a ssRNA 4-mer poly-U oligonucleotide, this residue directly

interacts with the RNA strand [144]. Also, crystallographic structures of the NS5B

ternary elongation complex show that this residue together with Y162 interact with

template strand opposite the incoming nucleotide [148].

In their work, Cramer et al. [430] determined a dissociation constant of 99 nM be-

tween NS5B and RNA16, thus we expected to observe a strong affinity interaction by
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FIGURE 7.1: Effect of arginine/glutamate buffer on methyl-HMQC spectrum of U-2H, Ile δ1-
[13C1H3]-labeled NS5B∆21. Overlay of methyl-HMQC spectra of U-2H, Ile-[13C1H3]-labeled
NS5B∆21 obtained in phosphate buffer (300 mM sodium phosphate pH 6.8, 50 mM NaCl, 2
mM MgCl2, 1 mM EDTA, 4 mM THP; black) and RE buffer (20mM TrisCl pH 7.0, 100 mM
arginine, 100 mM glutamate, 100 mM NaCl, 2 mM MgCl2, 1 mM EDTA, 4 mM THP; red). The

resonance due to isoleucine 160 is the most affected by the change in buffer.

NMR spectroscopy. Using the RE buffer, perdeuterated and isoleucine δ1-[13C1H3]-

labeled NS5B∆21 was titrated with RNA16 and this was followed using the methyl-

HMQC spectrum. Figure 7.2 shows the effect of 0 - 30 µM of RNA16 on 50 µM of

NS5B∆21. Unfortunately, the addition of RNA in the large concentrations necessary

for NMR causes the progressive precipitation of NS5B∆21 out of solution. This may be

similar to the precipitation observed by Jin et al. [429] after mixing NS5B to its sub-

strates. To compensate for this effect we normalized the peak heights with respect to

the signal of I293. The following point in our titration, 60 µM of RNA16, had such low

signal-to-noise ratio that proper quantification of the protein signals was not possible.

In the titration, we observe the progressive reduction of the intensities of some

NS5B resonances with the addition of RNA16. This reduction is observed on the res-

onances that correspond to isoleucines 419, 432 and 512 in the thumb and 23, 134, 178

and 233 in the fingers.

We expected to observe perturbation of the resonance corresponding to I160 since

this residue appears to interact directly with the template strand in crystallographic

structures [144, 148]. However, unexpectedly, this resonance does not shift or broaden.
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FIGURE 7.2: Interaction between NS5B∆21 and RNA16 by NMR spectroscopy. Top Methyl-
HMQC spectrum of 50 µM U-2H, Ile δ1-[13C1H3] NS5B∆21 in the absence (black) and presence of
10 µM (blue) and 30 µM of RNA16. Bottom Relative peak height due to the addition of RNA16
colored as the spectrum. Normalization was done assuming that I293 was not perturbed by the

addition.

A possible, albeit seemingly unlikely, explanation for this behavior is that the chemical

shift of the resonance in the free and bound states are the same.

Owing to the lack of intensity from the residues on the inner surface of the RNA-

binding groove (I405, I412, I413) we do not have other direct probes of the RNA-

binding interaction. Nevertheless, the intensity of certain resonances is reduced with

the addition of RNA16. Based on a crystallographic structure of NS5B bound to single-

stranded RNA (PDB 1NB7) [144], these residues are not directly interacting with RNA

and are all over 12 Å away from the RNA oligonucleotide. The isoleucine Cδ1 of

isoleucine 419, whose resonance is the most affected, is over 28 Å from the expected

position of the RNA strand in the crystallographic structure (Figure 7.3). These effects

in the spectra highlight long-range allosteric effects. Since resonances from residues
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FIGURE 7.3: Effect of RNA16 on peak intensities. Crystallographic structure of NS5B∆21 (PDB
3I5K) shown as cartoon with spheres to represent isoleucine δ1 carbons. Resonances that are
broadened in the presence of RNA16 are shown in shades of blue while those unaffected are
shown in white. Relative peak intensities as shown in Figure 7.2 for 50 µM NS5B∆21 and 30
µM of RNA16. Isoleucines 405, 412, 413 and 560 that do not present intensity in the unliganded
spectrum are shown as gray spheres but are not labeled in the front view for clarity. The reso-
nance due to I419 broadens to 21.5% of the expected intensity, which is below the cutoff value
in the figure (40%). A 4-mer poly-U oligonucleotide was placed by alignment to PDB 1NB7 as
the estimated positioning of RNA16 in the polymerase and is represented as sticks. Its 5’ end is

labeled in red in the front view.

in the thumb subdomain and isoleucine 23 in the fingertips Λ1 loop (that is in contact

with the thumb subdomain) are the most affected. This suggests that the thumb either

undergoes a change in conformation to form an initial RNA-polymerase complex or

there is a change in the dynamics of the thumb upon binding.

This further highlights the importance of the thumb subdomain as the main subdo-

main perturbed by the dynamics of the polymerase. The binding of allosteric inhibitors

and NS5A-D2 to this region may therefore affect the movement of the thumb and con-

sequently the binding of RNA.

We observe the broadening of resonances during the titration of NS5B∆21. Broaden-

ing occurs when there is intermediate exchange between the free and bound states. We

do not observe new resonances appearing that could correspond to resonances in the

bound state. With the addition of 30 µM of RNA16 only a fraction of 50 µM NS5B∆21

(about 60% assuming this interaction is strong) that we are observing will be bound

but we still would expect to observe new resonances appearing.

In the mechanism proposed by Appleby et al., the first step in RNA synthesis would

involve the displacement of the linker. One of the residues whose corresponding res-

onance is broadened beyond detection is I560, which suggests that this residue is in
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intermediate exchange. This isoleucine is in the linker. Additionally, none of the open

structures of NS5B JFH-1 have electron density for this residue. Based on this, we were

expecting to observe a new disordered resonance due to this isoleucine to show that

the linker became disordered in solution. However, we do not observe the appear-

ance of a resonance in the disordered region of the spectrum which suggests that the

linker does not become completely disordered with the binding of ssRNA. The linker

would remain in intermediate exchange. Indeed, Harrus et al. [160] proposed that the

C-terminal linker region aids in de novo initiation and could be displaced but remain in

the RNA binding groove during this first step.

The concentrations needed to investigate this interaction by NMR spectroscopy re-

sulted in precipitation of the complex which precludes the determination of the disso-

ciation constant of this interaction using this technique, thus we used other techniques

to complement this investigation.

7.2.2 By fluorescence spectroscopy

To investigate the binding of NS5B∆21 to RNA we used fluorescence spectroscopy. For

this, the 5’-end of RNA16 was labeled with 6-fluorescein amidite to give 6FAM-RNA16.

We observed the quenching of the fluorescence with the addition of NS5B∆21 as shown

in Figure 7.4. This was done in a RE buffer (20 mM TrisCl pH 7.5, 100 mM NaCl, 80 mM

arginine, 80 mM glutamate, 5 mM MgCl2, 1 mM DTT) similar to the buffer used for the

NMR experiments with RNA16 and compatible with the observation of fluorescence

emission.

Titration data of the interaction of 6FAM-RNA16 with NS5B∆21 was fit to an adapted

version of Equation 1.10 for fluorescence data shown below (Equation 7.1), where

∆Fobs and ∆Fmax are the absolute variations of fluorescence integration at a given con-

centration of NS5B∆21 and at saturation, respectively, gave a KD of 0.89 µM. This is

9-fold larger than the KD of 99 nM observed by Cramer et al. [430]. They used the

same RNA fragment and tested the activity of NS5B∆21 from a genotype 1b isolate

whereas we used NS5B∆21 from the JFH-1 isolate (genotype 2a). Furthermore, they

used a smaller concentration of sodium chloride. In our case, the higher salinity can
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FIGURE 7.4: Quenching of 6FAM-RNA16 fluorescence by NS5B∆21. Fluorescence emission
spectrum of 50 nM of 6-FAM RNA16 (excitation at 492 nm) in the absence (black) and presence
of 70 - 3000 nM of NS5B∆21 (shades of blue). NS5B∆21 causes a quenching of the fluorescence
that was quantified by integrating the fluorescence intensity between 515-525 nm (highlighted

in gray).

interfere with the electrostatic nature of the NS5B∆21-RNA interaction.

∆Fobs = ∆Fmax
(KD + [L]0 + [P ]0)−

√
(KD + [L]0 + [P ]0)2 − (4[P ]0[L]0)

2[P ]0
(7.1)

7.2.3 By size-exclusion chromatography

To complement the investigation by fluorescence we analyzed the interaction between

NS5B and RNA16 by SEC. SEC separates particles by their size (hydrodynamic radius).

This is done by using a column packed with porous beads that act as the stationary

phase. Smaller particles enter the pores and are retained longer in the column while

large particles cannot enter as many pores and pass through the column less hindered.

Therefore, the larger the particle the faster it will elute in SEC [432].

Here we used the same fluorescent RNA, 6FAM-RNA16, as used in the fluorescence

assays. We used an analytical size-exclusion column with a fractionation range of 3 to

70 kDa for globular proteins. This is well adapted to the biomolecules we are study-

ing since the fluorescein-labeled RNA molecule has a molecular weight of 5.8 kDa,

NS5A-D2 11.6 kDa (but migrates as if it was larger because of its disordered nature)

and NS5B∆21 65 kDa. We can detect the elution of RNA by the characteristic absorp-

tion of the fluorescein label at 495 nm. To detect the elution of the proteins alone we
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FIGURE 7.5: Elution profiles of NS5B∆21 and NS5A-D2. Elution profiles of 10 µM NS5B∆21

(black), 10 µM NS5B∆21 saturated with filibuvir (gray) and 10 µM NS5A-D2 (green). These
were measured in the absence of RNA16, and the absorbance was detected at 280 nm. The

strong absorbance at 2.3 mL in the presence of filibuvir is due to excess filibuvir in solution.

[6FAM-RNA16] (µM) [NS5B∆21] (µM) % bound 6FAM-RNA16
10 0 0
10 3 26.7
10 7 57.8
10 10 74.3
10 15 87.5

TABLE 7.1: Expected ratio of bound 6FAM-RNA16 in the size-exclusion chromatography ex-
periments. The concentrations of NS5B for the SEC experiments were chosen based on the
dissociation constant determined by fluorescence spectroscopy (0.89 µM) to give a wide range

of ratios of bound 6FAM-RNA.

also observed the absorbance at 280 and 260 nm. The elution volumes for the proteins

alone were determined in this way (Figure 7.5). The range of concentrations used to

study the interaction between NS5B∆21 and 6FAM-RNA was chosen based on the dis-

sociation constant measured by fluorescence spectroscopy so that various ratios of the

NS5B:RNA complex formation could be observed (Table 7.1).

If 6FAM-RNA16 binds to NS5B∆21 we expect the absorbance peak measured at 495

nm (only the fluorescein-labeled oligonucleotide absorbs at this wavelength) to shift to

an earlier elution volume with the addition of NS5B∆21, as the complex is significantly

larger than 6FAM-RNA16 alone. Indeed, we observe a decrease in the elution peak of

6FAM-RNA16 at 1.54 mL and the progressive formation of a new elution peak at 1.10

mL with the addition of 3 – 15 µM of NS5B∆21, corresponding to the the NS5B-RNA

complex. This elution is faster than NS5B∆21 alone (at 1.25 mL). This is consistent with

the dissociation constant of 0.89 µM determined by fluorescence for this interaction.

However, a dissociation constant could not be confidently determined by this method.
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FIGURE 7.6: Interaction between 6FAM-RNA16 and NS5B∆21 or NS5A-D2. By size-exclusion
chromatography the elution of 10 µM of fluorescent RNA oligonucleotide 6FAM-RNA16 was
observed in the absence and presence of NS5B∆21 or NS5A-D2. Left The effect of the interaction
with NS5B∆21. 6FAM-RNA16 elution is shown in the absence (black dotted line), and with the
addition of 3 µM (light blue), 7µM (medium blue), 10 µM (dark blue) and 15 µM (full black line)
NS5B∆21. Right NS5A-D2 does not interact with 6FAM-RNA16. 10 µM 6FAM-RNA16 (alone,
black dotted line) was mixed with 0 (black dotted line), 5 (light blue), 15 (medium blue) and
50 (dark blue) µM of NS5A-D2. Elution times of NS5B∆21, NS5A-D2 and 6FAM-RNA16 are

labeled at the top of the chromatograms and have been measured at 280 nm.

This is due to two effects: (i) the integration of the peak should be taken into account for

this determination and this could not be confidently estimated due to overlap of free-

and bound-RNA peaks and (ii) the dissociation of the complex that can occur during

the chromatography.

In sum, NMR spectroscopy showed that RNA-binding causes long-range effects

and additional intermediate exchange that causes broadening of the resonances. Fluo-

rescence spectroscopy and SEC support a low micromolar interaction between NS5B∆21

and RNA16. However, the lack of the resonances corresponding to the four isoleucines

that surround the RNA-binding groove limit the usefulness of this analysis. It has still

provided the information that the thumb subdomain is affected during this step as seen

by the decrease in intensity of resonances due to residues in this subdomain. For this

reason, we were interested in the effects of NS5A-D2 and filibuvir on RNA-binding

because they bind to the thumb and have been shown to induce long-range effects on

NS5B∆21.
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7.3 Does NS5A-D2 bind RNA?

We were interested in investigating the effect of NS5A-D2 on the ability of NS5B∆21 to

bind RNA. Full-length NS5A is known to bind RNA. In particular its domain 1 dimers

have RNA-binding properties [101]. Furthermore, there have been reports that the

disordered domains of NS5A also contribute to RNA-binding [433, 434]. To under-

stand the contribution of NS5A-D2 in the RNA-binding activity of NS5B we first tested

whether our RNA template bound to NS5A-D2. This is important to decouple the effect

NS5A-D2 has on its own on RNA from the effect mediated through NS5B.
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FIGURE 7.7: NS5A-D2 does not bind RNA16. The addition of RNA16 to 15N-labeled NS5A-D2
JFH-1 does not cause changes in chemical shifts or peak heights. Top 15N,1H-HSQC of 50 µM
of 15N-labeled NS5A-D2 JFH-1 in the absence (black) and presence of an equimolar amount
of unlabeled RNA16 (red). Bottom Peak height ratios between NS5A-D2 in the presence and
absence of RNA16. A value of 1 indicates there is no broadening due to the interaction. Prolines

(that do not have amide protons) are shown as asterisks in the graph.
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NS5A-D2 binding to RNA was tested by the equimolar addition of RNA16 to 15N-

labeled NS5A-D2 (Figure 7.7). No chemical shift perturbations were detected on the

resonances corresponding to NS5A-D2 residues. There is only a shift of the resonance

of the hexahistidine tag, likely due to a slight change in pH with the addition of the

RNA. Additionally, the ratios of peak heights are also shown in Figure 7.7 and do not

present changes. Taken together this means that NS5A-D2 does not bind RNA16.
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FIGURE 7.8: Effect of NS5A-D2 on 6FAM-RNA16. The titration of 50 nM of 6FAM-RNA16
with NS5A-D2 shows that the fluorescence increases linearly with the protein concentration.
This suggests that there is not an interaction between these molecules as a we do not observe a

titration curve.

Fluorescence spectroscopy and size-exclusion chromatography further support the

lack of an interaction between NS5A-D2 and RNA16. In a fluorescence titration, we ob-

serve a linear increase in fluorescence with the addition of NS5A-D2 to 6FAM-RNA16

(Figure 7.8). This can be due to a change in the properties of the solution, for example

its viscosity, that can alter the fluorescence of the probe. If there were an interaction

we would expect a titration curve as seen with the addition of NS5B∆21. SEC does not

show elution of a 6FAM-RNA16 and NS5A-D2 complex (Figure 7.6, right). 5 – 50 µM

of NS5A-D2 was added to 10 µM of 6FAM-RNA16 to observe whether there was an in-

teraction. At 495 nm we did not detect a change in the elution profile of 6FAM-RNA16.

We did not expect to observe an interaction between NS5A-D2 and RNA as theo-

retical isoelectric point of our construct of the domain is 4.66 and at pH 7.0 it would

be negatively charged and would repel negatively charged RNA. The difference with

respect to reports of NS5A-D2 binding RNA could be due to the choice in RNA strand

and proteins from different isolates. Firstly, it has been suggested that NS5A has a
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preference for poly-U RNA [433]. Secondly, the experiments that showed RNA bind-

ing were done with NS5A-D2 from the Con1 isolate and were mapped to the positively

charged residues at positions 304-311 (which correspond to residues 300-307 in NS5A-

D2 from the JFH-1 isolate). NS5A-D2 from the JFH-1 isolate only has two arginine

residues in this region, compared to four arginines and a lysine in the same region in

the Con1 isolate.

Therefore, it is possible that this interaction is not present in NS5A-D2 JFH-1 but

exists in the Con1 protein. The absence of direct interaction between NS5A-D2 JFH-1

and our RNA oligomer thus allows us to investigate the possible indirect effect that can

be mediated through NS5B∆21.

7.4 Effect of NS5A-D2 on NS5B RNA-binding

The study of the ternary complex composed of RNA16, NS5B∆21 and NS5A-D2 using

the methyl-HMQC is not practical. Both NS5A-D2 and RNA16 cause the broadening

of many of the same resonances in NS5B∆21 and it would be difficult to identify if only

a small effect was present. Thus, we used other techniques to understand the effect

NS5A-D2 has on the capacity of NS5B∆21 to bind RNA.
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FIGURE 7.9: Effect of NS5A-D2 on NS5B∆21 binding to 6FAM-RNA16. Absolute variation of the
fluorescence intensity of 50 nM 6FAM-RNA16 during titration with NS5B∆21 in the presence of
0 - 20 µM of NS5A-D2. Dissociation constants were measured (see Table 7.2) for concentrations
of NS5A-D2 up to 4 µM (fitted curves shown as full lines). With the addition of 20 µM of NS5A-
D2 a dissociation constant could no longer be fit to the data. These experiments were done in

triplicate.

We repeated this titration in the presence of increasing concentrations of NS5A-

D2 (Figure 7.9). We observe an increase in the dissociation constant for the interaction
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[NS5A-D2] (µM) KD (µM) % NS5B bound to NS5A-D2
0 0.89 0

1.33 1.20 1.8
4 3.32 5.2
20 n.d. 21.7

TABLE 7.2: Experimental dissociation constant values for the NS5B∆21 and 6FAM-RNA16 inter-
action in the presence of NS5A-D2 determined by fluorescence spectroscopy by fitting Equation
7.1 to the experimental absolute variations in fluorescence integration. With the addition of 20
µM of NS5A-D2 we could not measure a dissociation constant with the experimental data (n.d.).
The last column shows the percentage of NS5B at the final titration point ([NS5B] = 3 µ) that
would be expected to be bound to NS5A-D2 in the absence of RNA based on an NS5B:NS5A-
D2 dissociation constant of 70 µM. The presence of NS5A-D2 decreases the affinity between

6FAM-RNA16 and NS5B∆21.

[NS5B∆21] (µM) [NS5A-D2] (µM) % bound NS5B
7 0 0
7 5 6.1
7 15 16.5
7 50 40.3

TABLE 7.3: Proportion of NS5B:NS5A-D2 complex at the concentrations used in SEC experi-
ments. NS5A-D2 concentrations were chosen to bind NS5B∆21 to give different proportions of
protein-protein complex to determine how this complex affects the formation of the NS5B:RNA
complex. These values are calculated based on the NS5B:NS5A-D2 dissociation constant deter-

mined by NMR spectroscopy (70 µM) in the absence of RNA.

between NS5B∆21 and RNA16 (Table 7.2), meaning that NS5A-D2 decreases the affinity

between these biomolecules since there is no interaction between NS5A-D2 and RNA.

We observe more than a 3-fold increase in dissociation constant with the addition of 4

µM of NS5A-D2. With the addition of 20 µM of NS5A-D2, the titration was no longer

displayed a quadratic KD curve and thus could not be used to determine the constant.

To further support these findings on the effect NS5A-D2 has on the binding of

NS5B∆21 to RNA16 we used SEC. We started with 10 µM 6FAM-RNA16 with 7 µM

NS5B∆21, which corresponds to about 58 % of RNA bound to NS5B without NS5A-D2.

Then, increasing amounts of NS5A-D2 we added to determine if it perturbs the forma-

tion of the NS5B:RNA complex. The concentrations chosen of NS5A-D2 in the absence

of RNA would be expected to bind 6 – 40 % of the polymerase in solution (Table 7.3)

based on the KD determined by NMR spectroscopy in Chapter 5.

Prior to the addition of NS5A-D2, the elution of the NS5B:RNA complex occurs at

1.15 mL. 5 – 50 µM of NS5A-D2 were mixed with samples containing 10 µM 6FAM-

RNA16 and 7 µM NS5B∆21 (Figure 7.10). We observe a decrease in the formation of the
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FIGURE 7.10: NS5A-D2 inhibits the interaction between NS5B∆21 and RNA16. 10 µM 6FAM-
RNA (alone, black dotted line) with 7 µM NS5B∆21 was mixed with 0 (light blue), 5 (medium
blue), 15 (dark blue) and 50 (black) µM of NS5A-D2. Elution times of NS5B∆21, NS5A-D2 and
6FAM-RNA16 alone are labeled at the top of the chromatograms and have been measured at

280 nm.

NS5B:RNA complex visible by the shift of the complex peak to 1.17 mL and decrease

of its intensity. Conversely, we observe an increase of the RNA elution peak by its

shift toward the elution of free RNA and increase in intensity of the free-RNA peak.

However, these peaks become broader suggesting an equilibrium between bound and

free forms. This is in agreement with the decrease in the affinity of NS5B∆21 for RNA

in the presence of NS5A-D2 that had been observed by fluorescence spectroscopy. We

cannot, however, determine with certainty whether both NS5A-D2 and RNA can bind

to NS5B simultaneously but the later elution of the RNA:NS5B peak in the presence of

NS5A-D2 compared to RNA:NS5B alone suggests that a ternary complex is not stable,

as the larger ternary complex would be expected to migrate faster in the column.

Since in the previous chapter we showed that NS5A-D2 interacts with NNI binding

sites on the thumb subdomain and we do not observe an interaction between NS5A-D2

and RNA, this suggests that NS5A-D2 modulates NS5B RNA-binding via an allosteric

mechanism. Moreover, fluorescence spectroscopy and SEC show that NS5A-D2 bind-

ing reduces NS5B∆21 binding to RNA16.

7.5 Effect of filibuvir on RNA-binding to NS5B∆21

We used our methyl-HMQC spectrum of NS5B∆21 to test whether filibuvir affects the

capacity of NS5B∆21 to bind RNA. It has been suggested that filibuvir does not affect or
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FIGURE 7.11: Effect of filibuvir on RNA-binding of NS5B∆21. Top left Methyl-HMQC spec-
tra of 81 µM U-2H, Ile-[13C1H3]-labeled NS5B∆21 unliganded (gray) and bound to filibuvir
(saturated, black) in phosphate buffer. Top right Methyl-HMQC spectra of 50 µM U-2H, Ile-
[13C1H3]-labeled NS5B∆21 unliganded (gray) or bound to filibuvir in the presence of 30 µM of
unlabeled RNA16 in RE buffer. Bottom Peak heights of NS5B∆21 (normalized with I293) bound
to filibuvir in the absence (light blue) and presence (dark blue) of 30µM of RNA16. There is an

increase of the peak height of I432.

only affects modestly de novo initiation [246, 249, 435] and therefore we should expect

to observe binding of RNA16 to NS5B∆21 when it is saturated with filibuvir.

Our spectrum of NS5B∆21 with filibuvir in the presence of RNA16 is very similar

to the spectrum of NS5B∆21 with only filibuvir (Figure 7.11, top). Analysis of the peak

heights shows that the peak height of I432 is increased with RNA16 suggesting an effect

of binding (Figure 7.11, bottom) despite being somewhat inconclusive.

To determine whether NS5B∆21 binds to RNA16 in the presence of filibuvir, we

used SEC. The effect of filibuvir on the binding of NS5B∆21 to 6FAM-RNA16 was in-

vestigated by the addition of 10 µM of both unliganded and filibuvir-bound NS5B∆21

to 10 µM 6FAM-RNA. Both chromatograms were compared to investigate the effect of
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FIGURE 7.12: Filibuvir inhibits the interaction between NS5B∆21 and RNA16. 10 µM of
6FAM-RNA16 (dotted black line) in the presence of 10 µM NS5B∆21 unliganded (dark blue)

or filibuvir-bound (gray).

the presence of the small molecule inhibitor (Figure 7.12). With unliganded NS5B∆21

most of RNA appears complexed with the polymerase. However, in the presence of

filibuvir, NS5B is less capable of binding RNA but it does not completely eliminate this

interaction as evidenced by the presence of the complex peak at 1.2 mL.

Overall, both size-exclusion chromatography using fluorescent-labeled RNA showed

that filibuvir perturbs the formation of the NS5B:RNA complex but does not com-

pletely abolish it.

7.6 Conclusions

Firstly, we investigated the binding of NS5B∆21 to a 16-nucleotide RNA oligomer by

NMR spectroscopy. The NS5B-RNA interaction was observed by NMR using the methyl-

HMQC spectrum characterized in Chapter 4 but due to the lack of probes in the RNA-

binding groove we could observe only indirect effects. These indirect effects show us

that the thumb subdomain is perturbed during RNA-binding, either due to a change

in conformation and/or dynamics. Since many of the same resonances that broaden

in the presence of NS5A-D2 broaden also in the presence of RNA16 we chose not to

characterize the ternary complex by NMR.

Unlike others in the literature [94, 433, 434] we did not observe an interaction be-

tween NS5A-D2 and RNA. This was confirmed by experiments done by NMR spec-

troscopy, fluorescence spectroscopy and SEC. The basic binding site that has been pro-

posed to bind RNA on NS5A-D2 [94] contains fewer basic residues in the protein from
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the JFH-1 isolate compared to the Con1 isolate used in the previous studies. The ab-

sence of interaction between these partners allows us to decouple the effect NS5A-

D2 has on NS5B-RNA binding and consider it to be only due to its interaction with

NS5B∆21.

We studied the effect of NS5A-D2 on the RNA:NS5B complex by fluorescence and

size-exclusion chromatography using a fluorescein-labeled derivative of our 16-mer

RNA. Both experiments support that NS5A-D2 decreases the affinity of NS5B for RNA16.

Ngure and coworkers [94] recently suggested that NS5A-D2 inhibits the RNA-binding

activity of NS5B by a competitive mechanism in which both the disordered protein

and RNA compete to bind to the RNA-binding groove. However, our results show an

affinity between NS5B and RNA that is more than an order of magnitude stronger com-

pared to the affinity between NS5B and NS5A-D2. As such, our results do not support

that NS5A-D2 reduces RNA-binding by a competitive mechanism. Furthermore, in

the previous chapter we did not observe the binding of NS5A-D2 to the RNA-binding

groove. Instead, the binding of NS5A-D2 to the NNI sites on the thumb subdomain

support an allosteric mechanism for the decrease in affinity observed in the presence

of NS5A-D2.

We also investigated the effect of filibuvir on the binding of RNA. It has been sug-

gested that filibuvir has only modest effects on de novo initiation [246, 249, 435] and

acted on a later step of RNA replication, like the transition between initiation and elon-

gation. We report that the presence of filibuvir reduces the capacity NS5B∆21 has for

binding our single stranded RNA but does not completely abolish it. This indicates that

filibuvir may have an inhibitory role in the early steps of RNA replication by reducing

RNA template-binding.

In sum, allostery plays an important role in the interaction between NS5B and RNA

templates. In particular, the thumb subdomain seems to undergo long-range perturba-

tions upon RNA-binding, even with the binding of a single strand. Both NS5A-D2

and filibuvir affect NS5B∆21 allosterically via the thumb subdomain and, indeed, we

observe perturbations on RNA binding in the presence of these molecules.
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8.1 Introduction

Hepatitis C virus causes metabolic changes in its host which are believed to aid in its

replication [291], to avoid immune response and generally facilitating persistance [436].

Furthermore, Diamond et al. [283] showed that the virus modifies biosynthetic path-

ways within the infected cell. At first this is to support the synthesis of biomolecules

like nucleotides and lipids. Later, as the infection progresses, the perturbed biosyn-

thetic pathways shift to use amino acids and lipids for energetic purposes. The mecha-

nisms by which the virus reprograms the cellular metabolism are not well understood.

Ramière et al. [296] studied the effect of HCV infection in Huh7.5 hepatoma cells in the

glycolysis pathway. They identified a direct interaction between the viral NS5A pro-

tein and cellular hexokinase II (HK2) that activates the host enzyme. HK2 is one of four

hexokinase isoforms in mammalian cells. These enzymes catalyze the phosphorylation

of hexoses with a molecule of ATP (Figure 8.1). HK2 is the main isoform present in tis-

sues such as heart, skeletal muscle and adipose tissues [437]. It is also associated with

hepatoma cells such as the Huh7.5 hepatocellular carcinoma-derived cell line that was

used in the the study that identified its activation in the presence of HCV infection.

ATP ADP

Hexokinase

FIGURE 8.1: Hexokinases catalyze the phosphorylation of hexoses. The conversion of glucose
to glucose-6-phosphate is one of the main reactions of these enzymes. To carry out the phos-

phorylation they transfer a phosphate group from an ATP molecule, converting it to ADP.

In collaboration with the research group of Patrice André, Vincent Lotteau and

Olivier Diaz, we were interested in investigating the underlying molecular mechanism

of the activation of hexokinases by NS5A. Previous work in our group identified a

binding site for HK2 on NS5A-D2 and confirmed by NMR that this domain is capable
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of activating its enzymatic activity [438]. However, HK2 is not the main hexokinase iso-

form present in mammalian hepatocytes. In these cells, the main isoform of hexokinase

is hexokinase IV, also known as glucokinase [439].

Glucokinase (GCK) is related to other mammalian hexokinase isoforms I-III, all

of which also catalyze glucose phosphorylation which is the first step in the glycol-

ysis pathway. Compared to other hexokinase isoforms, GCK has some differences:

monomeric structure, low affinity for glucose, its tissue expression, positive coopera-

tivity for glucose (Hill coefficient of 1.7) and it is not inhibited by its product. Due to

these characteristics, this protein has a special role as a sort of ‘glucose sensor’ in hu-

mans. This is due to the high glucose concentration it requires (K0.5 ≈ 8 mM, which

is within the physiological range), and that its activity has sigmoidal dependence on

glucose concentration [440]. Since this enzyme exhibits non-Michaelis-Menten kinetics

(due to cooperativity), the Michaelis-Menten constant (Km) is not used and instead K0.5

is used to represent the substrate concentration at half the maximum reaction rate. Sim-

ilarly, kcat/K0.5 represents the catalytic efficiency of such an enzyme instead of kcat/Km

that is used for enzymes with Michaelis-Menten kinetics.

+ glucose + AMP-PNP

FIGURE 8.2: Allosteric effect of glucose on human glucokinase. The unliganded structure of
glucokinase (left, PDB 1V4T [441]) is an ‘open’ structure with a disordered β-loop 151-180 re-
gion (blue dashed line). With the binding of glucose (center, PDB 1V4S [441]) the structure
‘closes’ to the catalytically-competent form and the β-loop (shown in dark blue) becomes struc-
tured. The binding of AMP-PNP (ATP analogue, on the right, PDB 3FGU [442]) does not appre-
ciably alter this active structure. The large domain (residues 5-66 and 204-461) is represented
in light blue and the small domain (residues 67-203), that contains the β-loop, in red and blue.
Glucose and AMP-PNP are represented in yellow and orange, respectively. The position of the
α13-helix is labeled with dark blue arrows in each structure. Adapted from Larion et al. [443].

Structurally, GCK has two subdomains called large and small subdomains (Fig-

ure 8.2). The active site is at the interface between these subdomains. The binding

218



Regulation of human glucokinase by NS5A-D2

of glucose stabilizes the enzyme in a ‘closed’ conformation. Also, the substrate bind-

ing causes a change in position of the C-terminal α-helix called the α13-helix and a

reduction of the conformational heterogeneity displayed by the protein [444]. The

closed form is the active form of this protein. Larion et al.[445] showed by NMR that

the small domain exhibits conformational exchange on the millisecond timescale. An

order-disorder transition of this domain leads to the cooperativity observed for this

enzyme. Most resonances from this subdomain are broadened in the methyl-HMQC

spectrum of GCK selectively labeled 13C and 1H on the δ1 methyl groups of isoleucine

side chains. The exception are the resonances due to two isoleucines in the disordered

151-180 loop. The binding of glucose reduces the mobility of the small domain (con-

firmed by the presence of the previously broadened resonances in the spectra) and

structures the 151-180 loop. The structuring of the 151-180 loop is evidenced by its

presence in the crystallographic structures obtained with bound glucose [441]. Further-

more, the chemical shift of its two previously disordered resonances shift to a region

in the methyl-HMQC spectrum that indicates that they are no longer disordered [443].

At the end of the catalytic cycle this loop is believed to become disordered to allow for

the release of the product and this step is a limitation for the turnover rate kcat [440].

Small-molecule GCK activators act by stabilizing a closed active form of GCK. This

results in a higher affinity for glucose. This is the case of RO-28-0450 and several related

activators that interact with Arg 63 and the α13-helix and which, when co-crystallized

with GCK, result in a closed crystallographic structure with a structured 151-180 loop

[446].

Persistent hyperinsulinemic hypoglycemia of infancy (PHHI) is a form of congeni-

tal hyperinsulinism associated with hyperactive GCK variants. These variants contain

substitutions in the α13-helix that cause reduced glucose cooperativity. Based on this,

Larion and Miller [447] redesigned the α13-helix. Their variant showed increased cat-

alytic activity. This increased activity is due to this variant being in closed conformation

even in the absence of glucose [443]. It has an increased affinity for glucose, effectively

increasing kcat/K0.5.

Another gain-of-function GCK mutant is the R155H-H156M-E157L-K161V β-loop

quadruple mutant described by Whittington et al [440]. This mutant possesses slightly
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lower affinity for glucose than wild-type GCK but increased kcat. It is believed that this

is due to increased mobility of the already disordered 151-180 loop which would allow

the faster release of the product. Effectively, these two activity-increasing mechanisms

are independent as is shown by combining both sets of mutations to obtain a mutant

GCK that has 100-fold increased activity [440].

We are interested in investigating the interaction between the viral NS5A-D2 and

GCK by NMR spectroscopy. As the small-molecule activators of GCK act by stabilizing

the active form, which is readily identified by NMR, we expect to observe this effect

also with NS5A-D2 as it acts as an activator with HK2. Compared to HK2, which

is a very large protein (103 kDa), the size of GCK (52 kDa) is better adapted to the

characterization by NMR spectroscopy. This investigation can provide insight into the

molecular mechanism of how the hepatitis C virus modulates glycolysis for its own

benefit.

8.2 Expression and purification of recombinant GCK

The coding sequence for residues 16-465 of human GCK (Uniprot P35557) was cloned

into a pETNKI-His-3C-LIC-kan vector to give the pETNKI-GCK plasmid. Residues

1-15, that were not included in our construct, are variable and at least three isoforms

(Uniprot P35557-1, -2 and -3) have variations in this region without known functional

difference [448]. The vector allows for the expression of GCK fused to an N-terminal

hexahistidine tag as well as a cleavage site for the human rhinovirus 3C protease. The

canonical cleavage site LEVLFQ/GP is cleaved between the glutamine and glycine

[449] by this protease Therefore, by using this vector, this cleavage can be used to re-

move the hexahistidine tag.

GCK was produced recombinantly in E. coli BL21(DE3) cells and purified using

nickel-affinity chromatography. Several labeling schemes were used in this study. Un-

labeled GCK was produced to be used in enzymatic activity assays and in titration

experiments with 15N-labeled NS5A-D2. GCK that was uniformly 15N-labeled and

perdeuterated and selectively 13C and 1H-labeled on the δ1 methyl group of isoleucine
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FIGURE 8.3: Distribution of isoleucines residues within GCK. GCK contains 17 isoleucines
that are present in both subdomains and also within the 151-180 loop. Left Position of the
isoleucines in unliganded GCK (PDB 1V4T). I159 and I163 are in the 151-180 loop that does
not have electron density in this crystallographic structure. Right Position of the isoleucines
in glucose-bound GCK (PDB 1V4S). All isoleucines are represented since the 151-180 loop be-
comes structured. Isoleucine δ1 carbons are shown as green spheres. The large subdomain is
represented in light blue and the small subdomain in pink. Glucose is represented by yellow

spheres.
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FIGURE 8.4: Distribution of tryptophan residues within GCK. GCK contains 3 tryptophans,
these are in regions perturbed by glucose-binding. Left Position of the isoleucines in unli-
ganded GCK (PDB 1V4T). W167 is in the 151-180 loop that does not have electron density in
this crystallographic structure. Right Position of the tryptophans in glucose-bound GCK (PDB
1V4S). Tryptophan ε1 nitrogen atoms are shown as blue spheres. The large subdomain is repre-
sented in light blue and the small subdomain in pink. Glucose is represented by yellow spheres.

side chains and GCK selectively 15N-labeled on the tryptophan side chain ε1 nitro-

gen were used to for most of the NMR experiments. GCK contains 17 isoleucines that

are well distributed throughout the protein (Figure 8.3) thus the selective labeling of
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these residues can provide information on various parts of the protein. Furthermore,

it contains 3 tryptophans (Figure 8.4): Trp 99 in the small subdomain, Trp 167 in the

disordered 151-180 loop and Trp 257 in the large subdomain. All of these residues are

in regions of the protein that is affected by glucose binding.

The yield obtained for 1 L of culture is about 70 mg of unlabeled GCK; 20 mg of

uniformly 15N and deuterated, and selectively isoleucine δ1 13C and protonated GCK

(Figure 8.5); and 14 mg of selectively tryptophan ε1-15N-labeled.

116.0

66.2

45.0

35.0

25.0

MW 
(kDa) GCK

FIGURE 8.5: SDS-PAGE of U-[15N,2H], Ile δ1-[13C1H3]-labeled GCK on a 10% acrylamide gel,
stained with Coomassie blue dye.

Unless stated explicitly, all studies were done with GCK that had not been cleaved

of its N-terminal purification tag.

8.3 Enzymatic activity of recombinant GCK

Our collaborators Patrice André, Vincent Lotteau and Oliver Diaz (Centre International

de Recherche en Infectologie, Lyon) tested the activity of the recombinant GCK using

a colorimetric enzymatic assay. This assay consists in coupling the hexokinase activity

of GCK with the activity of glucose-6-phosphate dehydrogenase. This second enzyme

oxidizes glucose-6-phosphate into 6-phosphogluconate by reducing NAD+ to NADH

(Figure 8.6). NADH can be detected by UV spectrophotometry at 340 nm to follow the

reaction.

Firstly, they showed that the recombinant GCK was indeed active and can be used

for further studies. Additionally they tested whether NS5A-D2 activates the enzyme.

They showed that 1:3 ratio of GCK to NS5A-D2 causes an increase in reaction velocity

that is over 1.5 times that of the enzyme alone (Figure 8.7).
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Glucose

ATP ADP

Glucokinase
Glucose-6-phosphate 6-phosphogluconate

NAD+ NADH

G-6-PDH

FIGURE 8.6: Coupled enzymatic reactions used to assay the activity of glucokinase. In the first
step GCK converts glucose to glucose-6-phosphate consuming a molecule of ATP, followed
by the conversion of glucose-6-phosphate to 6-phosphogluconate by Glucose-6-phosphate de-
hydrogenase. The second enzyme reduces a nicotinamide adenine dinucleotide from NAD+

(oxidized form) to NADH (reduced form). The product NADH can be detected by UV spec-
trophotometry at 340 nm.
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FIGURE 8.7: NS5A-D2 increases the enzymatic activity of GCK. Velocity of conversion of glu-
cose to glucose-6-phosphate in the presence of a 3-fold excess of NS5A-D2 compared to GCK

given as a proportion of the velocity of conversion of the control.

8.4 NMR characterization of GCK

As a first step in the investigation of the molecular mechanism of the interaction be-

tween NS5A-D2 and GCK we were interested in characterizing our recombinant GCK

by NMR spectroscopy. Human GCK has previously been characterized using selective

1H,13C-labeling on isoleucine δ1 side-chain methyl groups on an otherwise deuterated

protein, as well as selective 15N-labeling on tryptophan ε1-nitrogen within the indole

side-chains by Brüschweiler and colleagues [440, 443–445]. In these previous character-

izations, the resonances in the spectra in the presence and absence of glucose have been

assigned by point mutations. Furthermore, we used a similar buffer (50 mM potassium

phosphate buffer pH 6.8, 50 mM KCl, 0.2 mM EDTA, 5 mM THP and 5% glycerol-d5 in

99.9% D2O or 50 mM potassium phosphate buffer pH 6.8, 50 mM KCl, 0.2 mM EDTA,

5 mM THP and 5% glycerol-d5 in H2O for the experiments with isoleucine-labeled

and tryptophan-labeled GCK, respectively) to what was used in their study but with

a higher concentration of buffer and salt to aid in the stability of the protein. Glycerol

is needed for the stability of the protein but due to the high concentration needed and
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FIGURE 8.8: Methyl-HMQC spectra of U-2H Ile δ1-{13C1H3}-labeled GCK. Ile δ1 carbons are
shown with spheres, green for those visible in the spectra and gray if too broad in the spectrum.
Glucose and AMP-PNP are represented in yellow and orange respectively. Residues in the
small domain are marked with an S and those in the large domain are identified with an L. In
the spectrum of unliganded GCK (313 µM GCK, left) the resonances due to most residues in
the small domain are weaker than the lowest contour level represented (3.5 ×106 a.u). With the
addition of 200 mM glucose (center) all isoleucines are present and their large shift suggests
large structural changes. Finally, with the subsequent addition of 10 mM AMP-PNP (right) the

spectral change is less pronounced.

because it contains protons that can result in large signals in the spectrum, deuterated

glycerol was used to avoid the presence of these signals.

We tested whether our recombinant GCK provided spectra in good agreement with

the one that was used in the prior studies to see if we could take advantage of the

assignments. The methyl-HMQC spectra obtained for selectively 1H,13C isoleucine δ1

methyl groups are shown in Figure 8.8.

For unliganded GCK, the peak heights are very heterogeneous (Figure 8.9). There

are two major differences, with respect to what was described by Larion et al. [443, 445],

in the spectrum obtained for apo GCK. Firstly, the resonances due to I366 and I436 are
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hexahistidine tag-fused GCK is shown in black and in blue after cleavage to remove the tag.

The resonances due to I19 and I366 shift because of their proximity to the tag.

overlapped in our spectrum and cannot be well discriminated as the spectra in the lit-

erature. Secondly, I19 appears to be shifted in our spectrum. We hypothesized that this

is due to the varying constructs of GCK used in each study. In their work, Larion et al.

used GCK fused with a hexahistidine tag at the C-terminus. Here, we used a construct

where the purification tag is fused to the N-terminus of the protein. However, we have

a cleavage site that allows us to remove the tag. The cleavage was done with human

rhinovirus 3C protease fused to a GST tag to cleave at a LEVLFQ/GP site between the

tag and the recombinant protein. This caused a chemical shift displacement in the I19
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FIGURE 8.11: Change in peak heights upon the binding of glucose to GCK. Top Peak heights
of resonances in the 13C,1H-HMQC spectrum of unliganded U-{15N,2H} and Ile δ1-{13C1H3}-
labeled GCK. Resonances in the small domain are among the broadest of the spectrum except
for the resonances due to I159 and I163 which are in the disordered loop. Middle Peak heights
after the addition of 20 mM glucose to the previous sample. Peak heights become more ho-
mogeneous after the addition of glucose which has been attributed to stabilization of the small
domain to give a closed conformation.Bottom Peak heights after the addition of the ATP ana-
logue AMP-PNP to the glucose bound GCK sample. Only small perturbations are observed
compared to the glucose-bound enzyme. A light gray box in the graphs highlights the residues

in the small domain.

resonance (Figure 8.10) confirming its assignment. We also observe the separation of

the overlapped resonances due to I439 and I366. Isoleucine I366 is oriented towards

the N-terminal and therefore its resonance is shifted after the cleavage of the tag.

As was observed in the previous characterization of GCK, we observe large changes

in the spectrum with the addition of glucose, congruent with a conformational change

in the protein. Subsequent addition of adenylyl-imidodiphosphate (AMP-PNP), a non-

hydrolysable analogue of ATP, does not alter the spectrum as significantly (Figures 8.11

and 8.12).

The reproducibility of the NMR experiment was also tested with the selective tryp-

tophan labeling (Figure 8.13) and is in good agreement with the literature. Despite

the high protein concentration and a long experiment time in the Trp-15N-HSQC the

signal-to-noise ratio of the spectrum obtained is low.
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FIGURE 8.12: Combined chemical shift perturbations due to glucose and AMP-PNP. Top Chem-
ical shift perturbations in the 13C,1H-HMQC spectrum due to the addition of glucose. Bottom
Chemical shift perturbations in the 13C,1H-HMQC spectrum due to the addition of AMP-PNP
to glucose-bound GCK. Glucose causes a large rearrangement in spectrum that has been pro-
posed to be due to the stabilization of a closed conformation of GCK. The subsequent addition
of an ATP analogue does not greatly change the spectrum suggesting that GCK does not un-

dergo a large change in conformation with the binding of the ATP analogue.

8.5 Interaction between GCK and NS5A-D2

NS5A-D2 has been shown to be an activator of hexokinase II [296]. Our collaborators

also showed that NS5A-D2 from the Con1 isolate increases GCK activity. Larion et al.

[443] showed that the binding of a small-molecule activator to GCK causes a change

in the methyl-HMQC spectrum of GCK and presents a spectrum that resembles that

of glucose-bound GCK even in the absence of glucose. They proposed that the small

molecule activator shifts the equilibrium in solution toward a closed active conforma-

tion. Based on this, our first hypothesis was that NS5A-D2 acted as an activator by also

shifting the equilibrium in solution toward an active closed conformation.

To test this hypothesis, U-[15N,2H]; Ile δ1-[13C1H3]-labeled GCK was titrated with

increasing amounts of lyophilized unlabeled NS5A-D2 JFH-1. A small broadening of

peaks, mainly in the small subdomain was observed in the spectrum in the absence

(Figure 8.14) of glucose. Chemical shift perturbations after the addition of NS5A-D2

JFH-1 at a 1:3 ratio are smaller than 0.004 ppm for all resonances that were not over-

lapped. I130 appears to shift about 0.014 ppm but this is difficult to confirm as it is

broad and appears close to I404.

227



Regulation of human glucokinase by NS5A-D2

10.5

10.5

10.0

10.0

9.5

9.5

ω2 - 1H  (ppm)

129 129

128 128

127 127

126 126

ω
1
 -

 1
5
N

  
(p

p
m

)

167+99	
99	

10.5

10.5

10.0

10.0

9.5

9.5

ω2 - 1H  (ppm)

129 129

128 128

127 127

126 126

ω
1
 -

 1
5
N

  
(p

p
m

)

99	

167	

257	

10.5

10.5

10.0

10.0

9.5

9.5

ω2 - 1H  (ppm)

129 129

128 128

127 127

126 126

ω
1
 -

 1
5
N

  
(p

p
m

)

99	

167	

257	

+	glucose	 +	AMP-PNP	

FIGURE 8.13: 1H,15N-HSQC spectra of Trp ε1-{15N} glucokinase. Trp ε1-N are shown with
spheres, green for those visible in the spectra and gray if not present in the spectrum. Glucose
and AMP-PNP are represented in yellow and orange, respectively. Unliganded GCK (315 µM
GCK, left) has an intense resonance whose intensity is mostly due to Trp 167, present in the
disordered β-loop (and therefore not visible in the crystal structure). With the addition of 200
mM glucose (center) all three tryptophans are visible with a large shift for Trp 167. Finally, with

the subsequent addition of 10 mM AMP-PNP (right) there is no significant spectral change.

If NS5A-D2 acted as an activator by stabilizing the closed conformation we would

expect to have observed a change in the NMR spectrum like the change observed with

the addition of glucose. Therefore, NS5A-D2 must activate GCK by another mechanism

that does not cause large conformational changes. Furthermore, isoleucine labeling

does not introduce enough probes to identify a binding site on GCK.

Additionally, we tested whether NS5A-D2 JFH-1 affects glucose-bound GCK (Fig-

ure 8.15). Combined chemical shift perturbations are below 0.003 ppm and after ad-

justing for differences in GCK concentration, broadening is not observed.

Another hypothesis for the activation mechanism is that NS5A-D2 acts by a mech-

anism similar to the gain-of-function mutant described by Whittington [440]. These

authors observe a 9-fold increase in kcat/K0.5 using this mutant but its spectrum does
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FIGURE 8.14: Titration of labeled GCK with unlabeled NS5A-D2 JFH-1. Top Overlay of 13C,1H-
HMQC spectra of 100 µM perdeuterated, uniformly 15N and selective labeled Ile δ1-[13C1H3]
GCK without and with 300 µM of NS5A-D2 JFH-1. Bottom Peak heights of spectra of 100 µM Ile
δ1-[13C1H3]-labeled GCK with 100 and 300 µM of NS5A-D2 JFH-1 relative to the peak heights
of the spectrum in the absence of NS5A-D2. NS5A-D2 appears to affect mainly the residues in

the small domain (highlighted with a light gray box).

not show differences compared to unliganded GCK. Its increased activity is due to in-

creased mobility of the already disordered 151-180 loop which would allow the faster

release of the product. If NS5A-D2 acts through this mechanism large changes in the

NMR spectrum would not be observed because the effect is on the already disordered

loop containing residues 159 and 163. Further enzymatic tests in the presence of NS5A-

D2 are needed to support this hypothesis.

As the broadening observed on GCK is small following the addition of NS5A-D2

from the JFH-1 isolate we did the converse titration to confirm that there is an observ-

able interaction between GCK and NS5A-D2. We added unlabeled GCK to 15N-labeled

NS5A-D2 from both JFH1 and Con1 strains (Figures 8.16 and 8.17). Moreover, this

allows us to map the interaction between the two proteins on NS5A-D2.

We do not observe large chemical shift variations. The resonances that shift the
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313 µM GCK and 20 mM glucose) and presence (red, 100 µM GCK, 10 mM glucose) of 300 µM
NS5A-D2 JFH-1. Contours were adjusted to account for the difference in GCK concentration.

most corresponds to W316 (NS5A-D2 Con1) and W312 (NS5A-D2 JFH-1). We do, how-

ever, observe the effect of the interaction through broadening due to the large size of

GCK. The regions implicated in this interaction are mainly regions that had been rec-

ognized by our group as having structure or structural tendencies, including both re-

gions with helical tendencies and the PW-turn (where W316/312 is located), a small

structural motif [110] that is also implicated in the interaction with cyclophilin A and

NS5B. Interestingly, the effect of NS5A-D2 on GCK is more pronounced when using

the protein from the Con1 isolate.

If the interaction between NS5A-D2 and GCK is dependent on the presence of struc-

tural tendencies, it is possible that this may be the reason we observe a difference be-

tween the viral protein from both isolates. NS5A-D2 from the Con1 isolate has been

shown by our group to present higher SSP scores in its regions of secondary structure

propensity and present more compact structures in SAXS analyses [109], which could

suggest a mechanism where the already-formed secondary structure facilitate the in-

teraction.
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FIGURE 8.16: Titration of labeled NS5A-D2 Con1 with unlabeled GCK. Top 15N,1H-HSQC spec-
tra of 87 µM 15N-labeled NS5A-D2 Con1 with 0 (red), 83 (orange) and 166 (yellow) µM of unla-
beled glucokinase. Bottom Peak intensity ratios between the spectrum of 15N-NS5A-D2 Con1
in the presence of 2 molar equivalents and absence of GCK. We can observe broadening, notably

around the PW-turn (314PIWA317) [110]. Prolines are shown as gray asterisks.

8.6 Conclusions

Previous studies had shown in HCV-infected hepatoma cells that the virus enhances

glycolysis during infection. Furthermore, NS5A activates hexokinase II in these cells

[296]. However, GCK is the main hexokinase isoform in non-tumorous hepatocytes. In

this work we were interested in investigating the activation by the viral NS5A-D2 of

the human enzyme glucokinase which is the main enzyme involved in the first step of

glycolysis, the phosphorylation of glucose to glucose-6-phosphate, in hepatocytes.
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FIGURE 8.17: Titration of labeled NS5A-D2 JFH-1 with unlabeled GCK. Top 15N,1H-HSQC
spectra of 87 µM 15N-labeled NS5A-D2 JFH-1 with 0 (green), 87 (blue) and 174 (purple) µM
of unlabeled glucokinase. Bottom Peak intensity ratios between the spectrum of 15N-NS5A-D2
JFH-1 in the presence of 2 molar equivalents and absence of GCK. The broadening of resonances

in the spectra is less pronounced in the JFH-1 isolate. Prolines are shown as gray asterisks.

Firstly, we produced recombinant glucokinase, both unlabeled and selectively la-

beled on isoleucine and tryptophan side-chains. Our collaborators tested the enzymatic

activity of the recombinant GCK both in the absence and presence of NS5A-D2. They

showed that the recombinant GCK is active and that NS5A-D2 from the Con1 isolate

acts as an activator.

To investigate the mechanism in which NS5A-D2 acts as an activator of GCK by

NMR spectroscopy, we first characterized our recombinant enzyme. The spectra ob-

tained were in good agreement with spectra of GCK that had been previously described

and therefore we could use the published assignments.

We had expected that the viral protein stabilizes an active conformation as in the
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mechanism of action of small molecule GCK activators. Instead, the addition of NS5A-

D2 from the JFH-1 isolate caused only small changes in the spectrum of the enzyme,

mainly in the small domain.

To confirm this interaction and it interaction on the viral protein, the effect of the ad-

dition of GCK on the 1H,15N-HSQC spectrum of 15N-labeled NS5A-D2 was observed.

This was done for NS5A-D2 from both JFH-1 and Con1 isolates. Broadening occurred

in regions with structure, mapping the interaction to these regions. Larger broaden-

ing is observed with NS5A-D2 from the Con-1 isolate. Since this protein has a higher

tendency for the formation of secondary structure, this secondary structure may be

needed for binding to GCK.

Our results suggest NS5A-D2 activates GCK by a different mechanism than the one

described for small molecule activators of GCK that stabilize the active closed confor-

mation of GCK. One hypothesis is that it acts by a mechanism akin to that described

by Whittington et al. where the disordered 159–180 loop becomes more flexible, reduc-

ing the kcat by releasing the product faster. With this mechanism, no large changes

are expected in the NMR spectrum. Enzymatic assays that measure enzymatic pa-

rameters like K0.5 and kcat could be used to investigate this hypothesis. Furthermore,

intra-methyl 1H–1H cross-correlated spin relaxation rates can be used as probes to in-

vestigate the amplitude of motion of methyl-containing side-chains [450], thus could

also contribute to the testing of this hypothesis.

Further prospects in this investigation include testing the effect of NS5A-D2 from

the Con1 isolate on labeled GCK since protein from this isolate showed a greater re-

sponse to GCK in the converse titration. Tests to determine enzymatic parameters

could provide insights into the activation mechanism, as well as the measuring of 1H–

1H spin relaxation rates. Additionally, PRE experiments using the NS5A-D2 single

cysteine mutants used in Chapter 5 could aid in mapping the interaction on GCK.

Small molecule glucokinase activators have been studied for application in the

treatment of type 2 diabetes [451–453]. However, in phase II trials they have been

shown to lose their efficacy after months of treatment, give rise to a high incidence of

hypoglycemia and disturb lipid homeostatis [454]. If NS5A-D2 activates GCK through

an independent mechanism, the investigation of its GCK activation mechanism might
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provide insight into the development of novel GCK activators for use with type 2 dia-

betes.
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NS5B, the HCV RNA-dependent RNA polymerase

In this work we characterized the HCV polymerase NS5B and its interactions with

biological partners using NMR spectroscopy in solution.

Firstly, NS5B∆21 was selectively labeled on isoleucine δ1 side-chain methyl groups

to investigate the polymerase by NMR spectroscopy in solution using methyl-HMQC

spectra. The methyl-HMQC spectrum of NS5B∆21 contains 20 resonances correspond-

ing to a subset of the 24 isoleucines present in the protein. These resonances were

assigned by a combination of NOESY experiments, isoleucine-to-valine site mutations

and chemical shift predictions. The missing resonances highlight the presence of inter-

mediate exchange in this protein.

Based on the comparison of chemical shift predictions from both open and closed

crystallographic structures, NS5B∆21 appears to adopt mainly a closed conformation

in solution but also samples open conformations. Overall, the polymerase is highly

dynamic in solution and displays dynamics in multiple timescales.

Using methyl-HMQC spectra, we characterized constructs of NS5B that have been

described as being more open or having modified open-close dynamics to attempt to

identify a spectral signature of the opening of the polymerase. We identified that the

resonances corresponding to I160, I419 and I432 display spectral changes in the open

constructs but they do not display consistent chemical shift perturbations to use di-

rectly as a probe for the opening of the protein.

We were interested in the effect of NS5A-D2 on NS5B∆21. NS5A-D2 is an intrinsi-

cally disordered domain of HCV NS5A that had been shown to interact with the poly-

merase but the role of this interaction is not well understood. By NMR titration, we

determined that the dissociation constant of this interaction is 70 µM. We also observed

that the largest chemical shift perturbation was near the NNI-2 site on the resonance of

I419 but spectral changes appear in all three subdomains of the polymerase.

As the spectral changes observed could be due to direct interactions or allosteric

effects, intermolecular paramagnetic relaxation enhancement experiments were used
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to determine the regions of the polymerase that are closest to NS5A-D2. This allowed

us to identify two binding sites of NS5A-D2 on NS5B∆21 in the thumb subdomain, the

thumb-I and thumb-II allosteric inhibitor binding sites and a preferential orientation for

this interaction. However, multiple binding modes are possible for this interaction and

these two proteins may form a “fuzzy complex”. Due to the resonances of NS5B∆21

displaying spectral changes in the presence of NS5A-D2 and the results of the PRE

experiments, NS5A-D2 appears to perturb residues in helix Q on the polymerase and

fingertips Λ1 loop by binding to the thumb allosteric sites.

Since the thumb-II site is one of the binding sites of NS5A-D2 on the polymerase,

we used the methyl-HMQC spectrum of NS5B∆21 to investigate the binding of a small

molecule inhibitor that binds to this site, filibuvir. Our experimental data is compat-

ible with the small molecule inhibiting NS5B activity by binding to the thumb-II site.

This triggers perturbations via at least two allosteric pathways, including the helix Q

and fingertips Λ1 loop that are also perturbed by NS5A-D2 but also through helix T

that contains I512. Filibuvir perturbs the dynamics of the polymerase as CPMG experi-

ments in the presence of filibuvir showed that the inhibitor reduces the µs–ms dynam-

ics present in apo NS5B∆ especially in the thumb subdomain. Furthermore, as filibuvir

and NS5A-D2 appear to compete for a binding site on NS5B, it is possible that, at least

in part, the inhibitory activity of filibuvir be via the perturbation of the interaction be-

tween the viral proteins.

Finally, we characterized the interaction between NS5B∆21 and a 16-mer strand

of RNA using fluorescence and NMR spectroscopy and SEC. By fluorescence spec-

troscopy, a dissociation constant for this interaction of 0.89 µM was measured. We

observed long-range effects of this interaction by NMR spectroscopy, observable on

the resonances of I419 and I512 in the thumb subdomain and I23 in the fingertips Λ1.

Since the interaction between NS5A-D2 and RNA had been previously described

for NS5A-D2 from the Con1 isolate [433], we tested whether NS5A-D2 JFH-1, which

we used in this study, interacted with our RNA molecule. Experimental data obtained

by SEC, fluorescence and NMR spectroscopy do not show an interaction between this

protein and RNA.

Despite not interacting directly with RNA, NS5A-D2 decreases the affinity of NS5B∆21
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for RNA. Since NS5A-D2 binds to sites known to bind allosteric inhibitors of NS5B∆21,

this supports that the decreased affinity observed is via allosteric modulation of the

polymerase. Likewise, filibuvir also reduces the capacity of NS5B∆21 of binding single-

stranded RNA but does not completely eliminate it. Thus, filibuvir may have an in-

hibitory role by reducing RNA template-binding by the polymerase.

Altogether, the characterization of NS5B showed that this polymerase is highly dy-

namic in solution and that its conformation and/or dynamics can be perturbed via

allosteric pathways that involve helices in the thumb subdomain and the fingertips

loops. The thumb subdomain appears to be central to this modulation as resonances

in this region are perturbed by NS5A-D2, filibuvir and RNA binding. Thus, this work

provides new insights into the molecular properties of NS5B and its interactions with

selected partners. Furthermore, it can act as a basis for the investigation of NS5B with

other biological partners.

Perspectives

The characterization of NS5B∆21 selectively labeled isoleucine δ1 methyl groups in so-

lution by NMR spectroscopy provides a potential starting point for multiple studies

with the polymerase.

Firstly, we showed that NS5A-D2 binding both thumb-I and thumb-II inhibitor

sites. We characterized the binding of a thumb-II inhibitor. Similarly, the characteriza-

tion of the binding of a thumb-I inhibitor can provide further insight into the allosteric

pathways in the polymerase. The spectrum of the polymerase with an NNI-1 can be

compared to the spectrum in the presence of NS5A-D2 and NS5B∆21 L30S, as the effect

of this mutation has been described as similar to the effect of these inhibitors, to see

if similar resonances are perturbed. Furthermore, a spectrum of 15N-labeled NS5A-D2

with apo NS5B∆21 and NNI-1-bound NS5B∆21 could help identify the region of NS5A-

D2 that binds to the polymerase thumb-I site.

Secondly, a characterization of the µs–ms dynamics of the polymerase by CPMG

relaxation dispersion experiments in the presence of NS5A-D2 may provide insight

into the perturbations caused by NS5A-D2 to the dynamics of NS5B in this timescale.
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Thirdly, the effect of NS5A-D2 on open constructs of NS5B both by NMR and by

DSF can provide insight into the mechanism of allosteric modulation caused by the

disordered protein. If NS5A-D2 causes an opening of the polymerase, we may observe

that long-range effects of the binding are less present when using an open construct.

Similarly, we may not observe a decrease in the stability of the polymerase in the pres-

ence of NS5A-D2 with these constructs.

The main limitation of the methyl-HMQC spectrum are the limited number of

probes present on the polymerase and the lack of probes in structural elements like

the β-loop and the C-terminal. The labeling of other side-chain methyl groups is con-

ceivable. There are 55 leucines and 39 valines in NS5B∆21. The assignment of the

isoleucine resonances can aid in the assignment using NOESY spectra. This could sig-

nificantly reduce the number of potential single-site mutations necessary for the assign-

ment of spectra with these side-chain methyl groups labeled. More probes could aid

in identifying independently moving parts in solution to compare to the study using

crystallographic structures by Caillet-Saguy et al. [158].

Furthermore, extending this study to NS5B from other isolates can contribute to the

understanding of the differences between HCV isolates. NS5B from isolates that are

more representative of patient infections or harder to treat genotypes are of particular

interest.

Regulation of glucokinase by NS5A-D2

We also investigated the interaction between HCV NS5A-D2 and an enzyme from the

glycolysis pathway, GCK. NS5A-D2 activates GCK activity by a mechanism that is dis-

tinct from the mechanism described for small molecule activators. Small molecule in-

hibitors lock the enzyme in a closed active conformation, which causes a significant

change in the methyl-HMQC spectrum compared to unliganded GCK [443]. Instead,

the spectrum of GCK with NS5A-D2 JFH-1 is similar to the spectrum of unliganded

GCK with broadening in the small domain. Thus, on GCK, the binding site of NS5A-

D2 was mapped to the small domain.
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Conversely, the binding site of GCK on NS5A-D2 is mainly surrounding the PW-

turn structural motif that has been implicated in other interactions of the viral protein.

This is the case for both NS5A-D2 from JFH-1 and Con1 isolates, however, NS5A-D2

Con1 displays a stronger interaction with GCK. Since NS5A-D2 Con1 displays larger

secondary structural propensity than NS5A-D2 JFH-1 [109] it is possible that protein-

protein interaction occurs through a conformational selection mechanism.

As the activation appears to occur with a mechanism that has not yet been described

for activators, the investigation of this interaction and its mechanism can potentially

lead to the development of novel activators of GCK.

Perspectives

In the study of the interaction between GCK and NS5A-D2, we observed using 15N-

labeled NS5A-D2 that the viral protein from the Con1 isolate interacts more strongly

than the one from JFH-1. Methyl-HMQC spectra of GCK in the presence of NS5A-D2

Con1 could confirm this. Furthermore, PRE experiments with a single-cysteine mutant

of NS5A-D2 could help investigate whether the small domain is indeed the region of

GCK that interacts with NS5A-D2.

Another perspective for this study is the investigation of the mechanism of activa-

tion. Potentially it may act in a similar way as the mutant described by Whittington

et al. [440] that displays increased flexibility of the disordered loop. Enzymatic assays

could be used to investigate this hypothesis. Furthermore, intra-methyl 1H–1H dipo-

lar cross-correlated spin relaxation rates can be used to determine order parameters

and thus the amplitude of motion of methyl side-chains which would also aid in the

investigation of this mechanism.
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Le virus de l’hépatite C (VHC) est un virus à ARN simple brin responsable d’hépatites

aiguës et chroniques, lesquelles peuvent évoluer vers une cirrhose du foie et un car-

cinome hépatocellulaire. Les antiviraux développés récemment sont très efficaces, ils

ciblent les protéines virales et en particulier NS5B, l’ARN polymérase. La structure de

NS5B a beaucoup été étudiée par radiocristallographie (RX). Elle contient trois sous-

domaines appelés doigts, paume et pouce par analogie avec une main droite. Ces

structures révèlent une conformation de NS5B incompatible avec la liaison d’un ARN

double-brin, ce qui est nécessaire pour son activité de polymérase. Par conséquence,

la protéine doit être capable de changer entre des conformations ouvertes et fermées.

Tandis que des données statiques de cristallographie sont abondantes, les études struc-

turales de cette protéine en solution sont très limitées.

Nous avons utilisé la résonance magnétique nucléaire (RMN) pour caractériser

NS5B en solution. Cette approche permet d’examiner la dynamique locale des sous-

domaines et d’étudier des interactions avec des molécules qui lient NS5B avec une

faible affinité ou avec des protéines intrinsèquement désordonnées qui ne peuvent pas

être étudiées par cristallographie.

La caractérisation de NS5B (65kDa) par RMN a été faite avec la protéine perdeuterée

et sélectivement enrichie (13C, 1H) au niveau des méthyles δ1 des résidus d’isoleucines.

Cette stratégie permet d’obtenir un spectre simplifié, avec un nombre réduit de sig-

naux, ainsi qu’un bon rapport signal sur bruit. Cette étude a confirmé la présence

d’une dynamique particulière dans le sous-domaine pouce et a permis de mettre en

évidence des effets à longues distances qui se transmettent aux autres sous-domaines.

Nous avons alors utilisé cette approche expérimentale pour étudier l’interaction

entre NS5B et le domaine 2 de la protéine NS5A (NS5A-D2). Ce dernier est un domaine

intrinsèquement désordonné d’une autre protéine du VHC qui est nécessaire pour la

réplication du virus et dont l’interaction directe avec NS5B a été montrée in vitro. En

utilisant le spectre RMN de NS5B, son interaction avec NS5A-D2 a été caractérisée et

cartographiée sur la structure de NS5B. Pour distinguer entre les effets directs et les

effets induits par l’interaction, des expériences RMN de type paramagnetic relaxation

enhancement ont été utilisées. Ainsi nous avons déterminé que NS5A-D2 se lie via,
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au moins, deux sites de liaison (pouce-I et –II) sur le sous-domaine du pouce. Ceux-

ci correspondent à des sites de liaison d’inhibiteurs allostériques qui provoquent des

changements de la conformation et la dynamique de la polymérase.

Le spectre RMN de NS5B a été aussi été utilisé pour caractériser la liaison du

Filibuvir, un inhibiteur allostérique qui se lie au site pouce-II. La structure RX de la

polymérase liée à cette molécule n’est pas significativement différente de celle de NS5B

apo. Cependant, dans notre étude RMN en solution a permis de montrer que l’inhibiteur

provoque des perturbations dans tous les sous-domaines de la protéine. De plus, par

compétition avec le Filibuvir, nous avons identifié la zone de NS5A-D2 qui se lie à

ce site pouce-II. Enfin, par RMN nous avons observé que la liaison d’un ARN simple

brin dans le site actif de NS5B provoquait des effets à longues distances sur le pouce.

Nous avons pu constater que NS5A-D2 et Filibuvir réduisent l’affinité de NS5B pour la

matrice d’ARN mais ne l’éliminent pas.

L’analyse de NS5B par RMN en solution a permis d’étudier des interactions et

d’accéder à des paramètres dynamiques très complémentaires des études cristallo-

graphiques. D’autres interactions entre NS5B et différents partenaires (molécules, pro-

téines. . . ) pourront ensuite être caractérisées grâce à cette étude.
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