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Abbreviations 
 
 
 
 
3Dpol  poliovirus RdRp 
aa  amino acid 
cDNA  complementary DNA 
cIRES  complementary IRES 
CRE  Cis-Regulating Element 
CSFV  Classical Swine Fever Virus 
C-terminus Carboxyl group terminus 
DNA  Deoxyribonucleic Acid 
dNTP  deoxyribonucleoside triphosphate 
dsDNA  double-stranded DNA 
EMCV  Encephalo-myocarditis Virus 
ER  Endoplasmic Reticulum 
GBV-B  GB virus-B 
HIV-1  Human Immunodeficiency Virus 1 
HCV  Hepatitis C Virus 
IRES  Internal Ribosome Entry Site 
Luc  Luciferase 
mAb  monoclonal Antibody 
NS5B  Non-Structural protein 5B 
NS5B∆21 NS5B lacking 21 aa from C-terminus 
NS5Bwt Non-Structural protein 5B of wild type 
NPT  Neomycin Phosphotransferase 
NS  Non-Structural 
nt  nucleotide 
N-terminus amino group terminus 
ORF  Open Reading Frame 
PVI  Poliovirus IRES 
RACE  Rapid Amplification of cDNA ends 
rATP  adenosine triphosphate 
rCTP  cytidine triphosphate 
RdRp  RNA-dependent RNA polymerase 
rGTP  guanosine triphosphate  
RNA  Ribonucleic Acid 
RNAi  RNA interference 
RNase  Ribonuclease 
rNTP  ribonucleoside triphosphate 
RT  Reverse Transcriptase 
rUTP  uridine triphosphate 
siRNA  small interfering RNA 
SL  Stem Loop 
sp  spacer 
TNTase  Terminal Transferase 
tRNA  transfer RNA 
UTR  Un-translated Terminal Region 
VPg  Viral Protein genomic 
vSL  Stem Loop of variable region 
xSL  Stem Loop of X-region 
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Introduction 
 
 

Viruses use special types of enzymes called polymerases to replicate their 

genome inside of a host organism. The polymerase is often virus-encoded 

protein that uses the viral genome to produce a copy of it. Depending on the viral 

genome nature there are different mechanisms for achieving this result. 

Particularly, the polymerase initiates viral genome synthesis in concert with other 

viral and/or cellular proteins. After the synthesis of a genome is complete the 

polymerase molecule must be able to reinitiate the synthesis of a new copy of the 

genome. Thus, recycling of the polymerase activity is a crucial aspect of viral life-

cycle inside of the host cell. 

 
epatitis C Virus (HCV) has a single stranded RNA sense-message 

genome (International Classification on Taxonomy of Viruses, ICTV) that 

uses a non-structural protein (NS) 5B as a polymerase. Based on the 

data that NS5B polymerase possesses conserved amino acid motifs 

intrinsic for other particular viral polymerases it was proposed to be an 

RNA-dependent RNA polymerase (RdRp) by Miller and Purcell in 1990 (43). 

Confirmation of this hypothesis followed in 1996 when Behrens et al. (3) 

established an in vitro polymerase assay for this enzyme, showing that it was 

indeed RdRp possessing a Terminal Transferase activity (TNTase) as well. The 

model proposed by Behrens described the synthesis mediated by HCV RdRp as 

a �copy-back� mechanism when the 3� end of an input RNA was used as both 

primer and template origin for the polymerase. This model was later confirmed by 

Lohmann et al. in 1997 (37). Similar mechanism is associated with poliovirus 

3Dpol (39, 78) and rabbit haemorrhagic disease (69) polymerases. Mentioned 

mechanism, however, is not the best strategy for virus to replicate intracellularly 

unless its RNA is shielded from cellular double-stranded RNA-specific 

H 
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ribonucleases (RNases). Most plant viral RdRps, however, utilize specialized 

structures, located on the 5� and 3� ends of corresponding genomes to initiate 

RNA synthesis de novo. De novo synthesis consists of two stages: negative 

sense RNA synthesis from the viral positive sense genome, and positive sense 

genomes amplification from negative sense genome intermediate. For example, 

brome mosaic plant virus is capable of recognizing a 3� tRNA-like structure for 

initiation of a minus strand synthesis(13). First evidence of primer-independent 

NS5B activity capable of amplifying the whole-length HCV genome and lacking 

TNTase activity was obtained in the 1999 by Jong-Won et al. (46). This 

recombinant full-length polymerase maximally mimicked the in vivo HCV NS5B 

polymerase properties. Thus, it took almost 10 years to achieve the transition 

from �copy-back� mechanism working on fragmented HCV genome to the actual 

biologically relevant de novo full-length genome initiation. However, this 

mechanism of switching between �copy-back� and de novo initiation remains to 

be resolved(30). 
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Genome (Virus backbone)  

 

In accordance with International Classification on Taxonomy of Viruses Hepatitis 

C virus is classified as Flaviviridae family member and is assigned a new 

Hepacivirus genus (23). It is an enveloped virus with positive-stranded linear 

continuous genomic RNA molecule, which is enclosed in a round polyhedral 

symmetry-possessing nucleocapsid. The HCV genome is approximately 9.6 kb in 

length, and has a long open reading frame (ORF) encoding a polyprotein of 

about 3,010 amino acids. N-terminal portion of polyprotein harbours the structural 

proteins (both envelope and core components), followed by non-structural 

proteins crucial for viral maintenance and replication. The polyprotein is 

processed co- or post-translationally by both cellular and viral proteases yielding 

at least 10 polypeptides (NH2-C-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-

COOH) (2, 19, 23, 32, 67). Additional F protein, overlapping with C protein, has 

been reported to be synthesized from the polyprotein initiation codon with a 

consequent �2/+1 ribosomal frame shift (5, 73). HCV ORF 5�-terminus is flanked 

by an un-translated region (UTR) of 341 nucleotides that contains a highly 

conserved cap-independent translation control element named internal ribosome 

entry site (IRES) (58, 68). At the 3�-terminus the ORF is flanked by another UTR 

that contains three consequent elements: poly(U-UC) region, variable region, and 

highly conserved 98 nucleotides X-tail (64). 

 

Genomic structures-mediated integration of Replication, 
Transcription, and Translation processes (Viral message) 

 

Integration of replication, transcription, and translation circuit is impossible 

without protein � nucleic acid physical interaction, at least from current scientific 

point of view. This interaction goes via reciprocal protein-nucleic acid induction of 

corresponding topological structures. Topological genomic structures provide 
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landmarks for protein recognition and vice versa. In particular, RNA genomic 

structures consist mainly of A-form duplex regions, which can be stacked upon 

each other, and bulges perplexing the overall higher dimensional RNA structure 

compared to simple B-DNA form (62). Moreover, the ability of RNA molecules to 

adopt unique structures and non-Watson-Crick (G·U is the most common one, 

depicted on Figure 4) base pairs formed in �loop� regions makes difficult the 

characterization of specific structure-protein interactions. The ability of RNA � 

protein interaction depends highly on steric compatibility between RNA and α-

helices/β-sheets of protein. That is why these interactions occur primarily through 

the minor groove interface that is shallow and broad (~10 Å wide) in contrast to 

deep and narrow major groove (4 Å) (51). Another important aspect is a 

sequence-dependent alternative RNA conformation structures that possess 

different free energies (for example NS5B cruciform structure, see below), which 

is especially important for rapidly mutating RNA viruses. RNA uniqueness, 

however, is not limited by mentioned facts. Single-stranded RNA regions that are 

capable of adopting conformation, which is prohibited energetically for duplex 

DNA, play an important role in RNA-protein recognition process (probable 

replicase formation on poly(U/UC) region, see below). Thus, genomic structures, 

embedded in HCV genome (coding region and UTRs), ab initio provide the viral 

message for host cell machinery utilization and manipulation. 

 

HCV 5� UTR region role in the translation process has 

been extensively studied. In silico modelling and 

structure probing have exposed four stem-loop (SL) 

domains in this region (57): SL1, SL2, SL3, and SL4 

(Figure 1). The highest degree of structural conservation 

belongs to SL3 that participates in the pseudoknot 

structure formation crucial for IRES activity (71). 

Interestingly, deletion of SL1 region results in the 

enhanced IRES translational activity (58). Polyprotein 
Figure.1. Adapted from Friebe et 
al. (2001), based on Honda et al. 
(1999) results. 



initiator codon resides in the fourth stem-loop structure SL4. Its stability is 

inversely proportional to translation efficiency (24). The most controversial 

suggestions are associated with SL2 region; generally however its presence is 

linked with increased translation levels (56, 58).  

 

A well established functioning subgenomic bicistronic replicon system that 

amplified viral RNA to high levels in Huh7 human hepatoma cell line was 

reported in 1999 (38). That is why the 5� UTR importance in the replication 

process remained unexamined until the year 2001. Friebe et al. used this system 

to assess the function of 5� UTR using the in vivo replication system (17). They 

used HCV 5� UTR extended to contain 12 or 16 aa of Core protein-encoding 

sequence fused with either npt or luc sequence as template for subsequent 

deletions (Figure 2).  

 

 

 

 
Figure.2. Bicistronic replicon harboring IRES elements of HCV (designated as 5� bar, H-I) 
and EMCV (E-I). The translation of NPT RNA and nonstructural polyprotein part is 
driven by H-I and E-I respectively. Adapted from Lohmann et al. 1999.   
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Neomycin Phosphotransferase Gene (NPT) selectable marker or Luciferase 

reporter gene were used for selectable and transient (34) replication studies 

respectively. Using the selectable system they showed that deletion of SL1 (5-20 

nts) or spacer between SL1 and SL2 (24-40 nts) resulted in no replication. From 

the other hand, another approach was applied for the retrieval of minimal 

replication-conferring sequence element without affecting RNA translation. To 

achieve this 5� UTR fragments were fused with poliovirus IRES (PVI) through a 

63-nt random spacer (Figure 3).  
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Interestingly, mentioned mutants defective for replication were still translationally 

functional. Furthermore, transient luciferase assay experiments with 341-sp-PVI 

modified backbone replicons showed that replicons harbouring 125 nts of HCV 5� 

UTR are sufficient for RNA replication. However, replication was significantly 

enhanced when remaining downstream sequences were added. Thus, genetic 

uncoupling of translation and replication resides in two stem-loops SL1 and SL2 

that are critical for replication and could be a part for the minimal promoter of 

HCV plus strand synthesis (17). This finding was further supported and refined 

by in vitro experiments performed by Kashiwagi et al. (30). They used the 

complementary strand of IRES termed cIRES and its deletion mutants in a 

transcription assay for the identification of complementary SL (cSL) structures 

important for transcription/replication initiation of positive strand synthesis. As a 

result of this promoter/origin structure analysis it became clear that cSL1 and 

cSL2 serve as negative and positive RNA synthesis regulators respectively. 

Furthermore, Kashiwagi et al. established that cSL2 is important for binding with 

RdRp, especially at 0.5 mM MgCl2 concentration.  

 

Interestingly, double stranded DNA (dsDNA) sequence corresponding to the 

HCV 5� UTR had been recently associated with a strong promoter activity in vivo 

(14). It had been shown that HCV 5� UTR DNA sequence could drive a 

transcription of downstream reporter genes. HCV IRES DNA was responsible 

also for the nuclear integration of genetic elements carrying it. Existence of a 

eukaryotic promoter implies that there is a transcription initiation site. After 

subsequent analysis by 5� RACE method, it was established that IRES 

transcription start point was localized to a nucleotide 67, residing in the SL2 

structure (14). Thus, it is obvious that when bicistronic replicons (38) are used for 

Figure.3. 341-sp-PVI backbone. HCV 5� UTR, random spacer (63 
nts), and PVI fusion, followed by npt/luc and second cistron. Adapted 
from Friebe et al (2001). 
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a cell line establishment care must be taken to avoid any DNA contamination (14, 

38). Replicon DNA form can easily integrate (14) into host nuclear genome and 

be transcribed (14) by cellular RNA polymerases. Such integration could give 

false perception of viral replication in vivo. However, 5� deletion of 66 nts from 

replicon template would result in phenotype deficient for viral replication, because 

of both SL1 and SL2 requirement for replication (17). In such case no negative-

sense replicon RNA would be detected, which is easy to control. Moreover, 

Dumas et al. showed that deleted subgenomic RNAs are capped, thus even if 

the replication might have been possible it is conceivable that replication could 

still occur. 

 

It is obvious that HCV-specific IRES intactness is crucial for maximal 

downstream polyprotein/protein production (24, 31, 50, 55, 56, 59). However, 

there were debates on the requirement of HCV-specific coding sequence 

immediately downstream of IRES element for efficient translation. Reynolds et al. 

(56) suggested that efficient IRES activity requires a HCV-specific coding 

sequence juxtaposed to the polyprotein initiator codon, and it should be in the 

sense orientation. On the other hand, results of Rijnbrand et al. (59) show that no 

HCV-specific polyprotein sequence is required for efficient IRES-dependent 

translation of a downstream protein. In fact, after comparison analysis of 

polyprotein initiator codon downstream sequences for HCV, classical swine fever 

virus CSFV and GB virus-B (GBV-B) it is clear that there is a strong selective 

pressure against secondary structures. As a result there is selection in the favour 

of stretches of adenosine residues that prevent inter-nucleotide base-pairing and 

thus any stable secondary structure in the site of ribosome entry. Interestingly, 

HCV utilizes this identical residues stretch for encoding alternative protein F (5, 

73). Interaction of mentioned IRES sequences and ribosome 40S subunit occurs 

directly in the absence of any additional soluble factors (50). The positioning of 

ribosome does not involve any viral RNA scanning mechanism; instead it is 

positioned precisely at the polyprotein initiator codon into ribosome P-site (31, 

50). Interestingly, the conformation of 40S ribosomal subunit is dramatically 
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changed during interaction with HCV IRES RNA, suggesting latter to be an active 

host translational machinery manipulator (61). The physical location of ribosome 

positioning extends 15 nts both upstream and downstream directions from 

initiator AUG codon (50). Thus any stable secondary structure occurring in the 

downstream portion of this region will interfere with the efficiency of IRES-

dependent protein synthesis (59).   

 

The 3� UTR of HCV genome has a tripartite structure (16) and is absolutely 

essential for both �copy-back� and de novo viral replication. As mentioned earlier 

it consists of about 40 nts variable region, heterogeneous length poly(U/UC) 

region, and a highly conserved 98-nt X-tail sequence (16, 64). Variable region  
 

Figure.4. RNA structure of X-tail. Vertical bar designates NS5B binding region. NS5B-protected 

nucleotides reside in open circles, judged from Rnase T1 mapping. Redrawn and modified from Oh et al. 

[2000].   

 

has two consequent stem-loop structures vSL1 and vSL2. Loop of vSL1 contains 

UGA stop codon terminating the polyprotein synthesis (16). 3� UTR is terminated 

by X-tail structure that consists of three consequent stem-loops: xSL1, xSL2, and  

xSL3 (Figure 4). It had been shown that NS5B formed a complex by binding both 

poly(U/UC) and X regions (47) as well as part of the NS5B-coding region (9). 

Cheng and co-workers, however, underestimated the importance of 3� UTR for 

NS5B binding. Subsequent analysis revealed that NS5B is actually capable of 

binding xSL2 and the intermediate region between xSL2 and xSL1 (47). Although 

NS5B binds both NS5B-coding and X-tail regions weakly, but specifically at least 
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for latter, poly(U/UC) region is the primary sequence with the strongest affinity for 

RdRp (47). Deletion of the entire poly(U/UC) region blocks the replication of HCV 

in vivo, however replication is regenerated by replacing poly(U/UC) with a 26 

length homouridine tract (16). Interestingly, both NS5B and NS3 proteins bind 

preferentially to homouridine polymers in vitro (21, 37). Moreover, it is known that 

cellular PTB proteins, which are the most likely components of a functional 

ribonucleoprotein complex that are required for synthesis of RNA minus strand, 

are bound by poly(U/UC) also (18). Thus, it is possible that poly(U/UC) region 

could serve as a recruiting site for HCV replicase components, including primary 

component NS5B, NS3 and other viral and cellular factors. It is possible to 

speculate that poly(U/UC) interface-mediated assembly of viral and cellular 

proteins could be crucial for the initiation of minus-strand RNA synthesis from the 

initiation site embedded in xSL3 (16), beginning at U78 loop nucleotide (47). 

Interestingly, deletion of all or any of X-region stem-loops results in replication-

deficient phenotype in vivo (16). It has been further refined by in vitro studies that 

a 3� UTR 35 nt maximum deletion is possible without replication block. Mentioned 

conserved U78 nucleotide serves as RNA initiation site only if the X-terminus 

contains the double-stranded region. Upon addition of single stranded RNA to its 

terminus results in the shift of initiation start point to the single-stranded region 

closest to 3� RNA end (47). However, other more recent results of Kim et al. (33) 

show that the initiation site resides in the xSL3 stem region. Such a different data 

could possibly be explained by cross-genotypic variability of replication initiation: 

genotype 1b (47) and 3a (33) were used respectively. Variable length region 

could be deleted without influence on the replication; however, it could play a 

regulatory role in viral replication (16). It has been shown also that a poly(U-UC) 

region and X-tail are absolutely required for viral infectivity in vivo in 

chimpanzees (75). Thus, there is no conflict between in vitro and in vivo studies.  

 

The control of viral replication, however, is not limited by 5� and 3� UTR structures 

embracing the HCV genomic ORF. Recently, based on in silico thermodynamic 

RNA folding programs and phylogenetic analysis a cis-acting replication element 
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(CRE) that localizes in the NS5B coding region was predicted and experimentally 

confirmed to be indispensable for the HCV replication. Particularly, this CRE is 

located in a cruciform structure near the 3� end of ns5b gene. Upon deletion of its 

element, named 5BSL3.2 (Figure 5), RNA replication was 

blocked (77). 

 

  

  

 

 

Replicator (Heart of Virus) 

 

Replicator function of HCV is embedded in NS5B protein, a 66 kDa membrane-

associated protein, which resides in the distal HCV polyprotein C-terminus (35). 

Initially NS5B was proposed to be RdRp (43) since it contained conserved motif 

Gly-Asp-Asp (GDD) that is an RdRp hallmark sequence. GDD motif is directly 

involved in Mg2+ ions binding essential for polymerase function (51). Generally, 

nucleic acid polymerases catalytic domain structure embraces the central cavity 

resembling a right hand, with the sub-domains named �fingers�, �palm� and 

�thumb� as originally described for Klenow fragment of E. coli DNA polymerase I 

(7, 48). HCV NS5B shares the catalytic domain structure that is observed in all 

known nucleic acid polymerases. It is a heart-shaped molecule (Figure 6) with 

dimensions of 70 x 60 x 40 Å completely encircling the active site forming a 20 Å 

deep and 15 Å across cavity (35) in the middle with a palm at the base (7). This 

fact makes NS5B a unique polymerase with overall architecture completely 

different from other U-shaped polymerases (35). Such a compact NS5B structure 

implies that large-scale subdomain movements are strongly hindered, which is 

not the case for many other polymerases (36). 

 

Figure.5. Cruciform structure predicted by program Mfold, based on the lowest 
thermodynamic free energies. Formation of 5BSL3.2 structure  is highly 
favourable as mirrored by the value of free energy ∆G = - 17.4 kcal/mol. 
Adapted from You et al. (2004). 
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Figure.6. Three-dimensional structure of NS5B RNA dependent RNA polymerase (Protein Data 

Bank accession number 1C2P), front view.  

 

The HCV NS5B polymerase was bacterially expressed and purified as a 21 aa C-

terminal deletion (NS5B∆21) and crystallized in 1999 (7, 35). Thus, there are two 

nomenclatures applied to its structure: first, standard secondary structure 

nomenclature used first for the Klenow fragment (7, 48); second, based on amino 

acid number and conserved RdRp motifs (35). Former nomenclature assigns 

numbers to β-strands and capital letters for helices beginning from the protein N-

terminus. Latter uses conserved structures called motifs for the comparing 

process. 

 
Figure.7. The mixed barrel of NS5B RdRp composed of six β-sheets (six radial arrows) and an 
alpha helix, lying at the tip of fingers (7). Two loops originate from the barrel. Amino acids 1-45 
(∆1 loop) are coloured green, and 139-160 (∆2 loop) � red-coloured. The model is based on the 
1C2P X-ray diffraction structure. 
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The fingers subdomain can be further divided into palm-proximal α-helical region 

and fingertips distal region, having a barrel shape, composed of six-stranded 

mix-directional β-sheet twisted about the B helix structure of NS5B (Figure 7). 

Two loops originate from the barrel, termed ∆1 (aa 11-45) and ∆2 (aa 139-160). 

These two loops span the fingers and thumb subdomains to encircle the active 

site cavity (35). Interestingly, the corresponding barrel had been also found in 

retroviral polymerases; however, the N-terminal end connectivity is different. 

There is a shorter loop corresponding to ∆2 in RT. However, the loop ∆1 have no 

analogues in RT structure. Thus, this loop is a unique HCV NS5B feature (7). 

 

The fact that NS5B apoenzyme structure reported in Lesburg et al. could be 

structurally aligned with HIV-1 RT ternary complex (RT/dNTP/DNA) reveals that 

structure of crystallized polymerase possesses �closed fingers� conformation, as 

in report by Bressanelli et al. �Closed fingers� conformation means that the 

enzyme is in NTP bound conformation. However, this contradicts the apoenzyme 

notion. It has been proposed that fingers flexing upon NTP binding is an 

important step in the translocation of the template to the next base, because the 

structure adopted after the esterification reaction (binary complex) is different, 

with fingers more open (12). Bressanelli et al. cannot explain why 

unliganded/apoenzyme HCV polymerase is in the closed form (7). Nevertheless, 

this fact allows determining the NS5B residues that are the most ligand proximal 

ones. Superimposing HIV-1 RT ternary complex with HCV NS5B exposes that 

HIV-1 RT Arg 72 (which in the structure of ternary complex makes a number of 

interactions with the nucleotide) is structurally equivalent to Arg 158 of NS5B. 

Lesburg et al. propose a new RNA-dependent polymerase conserved motif 

structure for this NS5B region of 155-160 aa termed F motif (NTP binding loop) 

(35). 

 

Modelling of a RNA template binding by NS5B expects a movement of the thumb 

to create a space to accommodate double-stranded RNA molecule (approximate 
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A-form) and displacing another NS5B unique structure termed β-hairpin/β-loop 

(aa 443-454) out of active site cavity (7, 35). 

 

Subsequent studies with NS5B crystals ribonucleoside triphosphates soaking 

revealed the existence of an alternative rGTP binding site, located 30 Å away 

from the catalytic site of HCV NS5B (6). Six NS5B amino acids make direct or 

water-mediated contacts with this nucleotide: four from thumb domain (Pro 495 

and 496, Val 499, and Arg 503) and two from fingertips (Arg 32, Ser 29). 

Particularly, contacts are established only with a nucleoside moiety of rGTP. 

Independently on divalent cation metal presence (Mg2+ or Mn2+) this site is 

occupied by rGTP exclusively even at 1mM nucleotide concentration. High 

temperature factors for Arg 32 side chain mirror its high mobility. Density for its 

guanidinium group was obtained only in the complexes with rGTP indicating the 

restriction of mobility by rGTP. Thus, Arg 32 seems to be an important specificity 

determinant. It is known that Arg guanidinium makes a preferential bidentate 

interaction with the N7 and O6 of guanine, other interactions however are not 

excluded (60). This is an example of RNA � protein idiosyncratic interaction 

manner when there is no transparent code for nucleic acids recognition (41). 

 

Bressanelli et al. (6) offers two different functions for rGTP alternative binding 

site: allosteric regulator site and homodimerization surface. Allosteric regulator 

site implies a conformational change in the structure of polymerase upon binding 

of regulator, which is not the case (6). Second possibility is supported by another 

study on NS5B oligomerization, which reveals that surface amino acids Glu 18 

and His 502 are essential for dimerization and activity (6, 52). 

 

Replication initiation (‘copy-back’ or de novo) 

 

Both de novo and �copy-back� activities (Figure 8) are associated with NS5B 

polymerase (3, 37, 40, 46, 63, 79, 80). Moreover, some reports describe an 
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additional TNTase activity for NS5B enzyme (3, 37). Interestingly however, 

utilizing the same template RNA as Behrens et al. it was found by Luo et al. that 

previously stated template-sized TNTase generated RNA is actually dependent 

on all four ribonucleotides presence. Thus, it is possible that the template-sized 

RNA firstly observed by Behrens et al. is mainly due to de novo mechanism. It is 

obvious, that de novo and �copy-back� mechanisms are intrinsic for NS5B but the 

TNTase activity seems to be dispensable and could be associated with a co-

purified TNTase function of some exogenous protein. Although, it is not clear 

what triggers the de novo ↔ �copy-back� mechanism switching and remains to be 

solved. It had been shown also that Mn2+ ions enhance the NS5B∆21-mediated 

replication by a factor of 20 fold compared to Mg2+ ions (40). On the other hand, 

it is known that poliovirus replication initiation by 3Dpol requires VPg protein (49), 

however, it is capable of de novo initiation under particular in vitro conditions 

(requiring 5 mM Mn2+ (1)). Based on these facts Bressanelli et al. (6) makes a 

warning that in vitro de novo initiation could be a biologically irrelevant. In fact, 

copy-back initiation have been obtained with Mg2+ (3, 37, 74, 79) and de novo 

with Mn2+ (40, 80). This observation is fully consistent with mentioned warning 

(54). Thus, Luo remarks concerning full-length RNA template source in Behrens 

et al. article (3) is conceivable, because of different in vitro conditions. However, 

there is at least one work by Jong-Won Oh et al. (46) that reports the NS5B 

possessing RdRp activity capable of synthesizing full-length HCV genome in the 

presence of MgCl2.  
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Figure.8. Scheme representing �copy-back� and de novo replication initiation modes mediated by 

NS5B polymerase in vitro. 

 

HCV RdRp as a target for inhibition (Stopping the Replicator)  

 

The NS5B RdRp is a central enzyme in the HCV nucleic acid metabolism. 

Inactivating this polymerase would abolish HCV replication. Thus, NS5B is a 

promising therapeutic target. Variety of approaches have been tried to inhibit this 

heart-shaped enzyme, including non-nucleosides (66): heterocyclic inhibitors 

(10), heterocyclic derivatives (20); nucleosides (4), and nucleoside analogues 

(42, 70). Interestingly that the effect of non-nucleosides such as 

benzothiadiazines (20) and benzimidazoles (65) is associated primarily with the 

replication initiation halt: inhibition of polymerase reaction was proportional to the 

time of preincubation of substance with NS5B, whereas the sites of action for 

both chemicals are not overlapping. In addition, the action of non-nucleosides is 

highly specific targeting NS5B enzyme only. On the other hand, nucleosides and 

its analogues are broad-spectrum antiviral action substances that impede the 

inhibitory effects upon a high range of both DNA and RNA polymerases. Instead 

of initiation arrest as for nonnucleosides, nucleosides trigger the termination of 

nucleic acid chain growth. The primary site of chemical modification is a sugar 

backbone 2� carbon or 2� oxygen atom (8), which serve as a sterically interfering 

methyl group introduction sites. Interestingly, however that for both nucleosides 

and non-nucleoside classes of chemicals a single point amino acid substitution at 

particular polymerase sites leads to total abolishment of the inhibitory effect. 

 

Another experimental approach for NS5B polymerase inhibition is 

macromolecular, namely monoclonal antibodies (mAbs) that recognize particular 

regions, termed epitopes, are raised against the polymerase. Particularly 

conformation-sensitive epitope recognizing antibodies are of special interest for 

such inhibition studies. Antibodies of that type are capable of recognition and 

binding NS5B in its active conformational form, influencing the polymerase action 
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in different ways depending on the site of interaction. There were at least two 

reports characterizing conformation-sensitive mAbs against NS5B (27, 44). 

However, only Moradpour et al. showed that mAb identified in their study 

inhibited NS5B completely at equimolar ratio. This mAb, termed 5B-12B7, did 

recognize palm subdomain of HCV RdRp and detected native NS5B in the 

context of subgenomic replicon (44). Further analysis of obtained mAb showed 

that it blocked rNTP binding to NS5B, however the binding of template RNA was 

not affected (44). Thus, utilizing monoclonal antibody approach it is possible to 

dissect different functions and mechanistic properties of HCV RdRp. 

 

Finally, RNA interference (RNAi) mechanism was utilized to target HCV RNA 

genome for degradation (29, 53, 72, 76). RNAi is a cellular gene silencing 

mechanism during which small interfering RNAs (siRNAs) are produced and 

recognize its homologous sequence to produce small duplexes of RNA. These 

small RNA duplexes are targets for subsequent degradation by cellular RNases 

(22). As reported by Randall et al. introduced siRNAs cured more than 98% of 

infected cells, leading to no detectable expression of HCV antigens and 

abolishing the existence of replication-competent HCV RNAs. These results 

support the proof of principle for siRNA-mediated potential HCV therapy. 
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Aims of the thesis 
 

The main objective of this study is to examine the structure-function relationship 

of HCV NS5B RdRp, using specific monoclonal antibodies in vitro and investigate 

molecular mechanism underlying this process. The specific aims are to: 

 

I. Amplify the HCV RdRp coding sequence, and clone it into expression 

plasmid vector. 

II. Produce sufficient quantities of pure native recombinant HCV RdRp protein 

appropriate for animal immunization. 

III. Immunize animals and produce hybridomas secreting specific monoclonal 

antibodies. 

IV. Characterize obtained antibodies by epitope mapping technique and select 

mAbs for further studies. 

V. Establish RdRp in vitro assay with purified RdRp utilizing HCV subgenomic 

replicon RNA as a substrate RNA. 

VI. Determine the optimal conditions for RdRp reaction. 

VII. Identify the mAbs capable of inhibiting the in vitro RdRp reaction. 
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Methods 
 

Expression constructs 

 

We amplified the coding sequence of the genotype 1b ns5b gene, possessing 

NdeI 5� terminal site and Bpu1102I 3� terminal site, using RT-PCR and subcloned 

the respective fragment into pTZ57R/T plasmid vector (Fermentas) for DNA 

propagation. Subsequently this fragment was subcloned into pET19b (Novagen) 

NdeI-Bpu1102I backbone vector, generating pET19bNS5Bwt. This vector 

contains N-terminal deca-histidine tag, some amino acids preceding 

enterokinase site, immediately juxtaposed to NdeI restriction site. NdeI site 

endogenous ATG codon was used to drive the expression of NS5Bwt (NS5B 

wild-type protein, 591 aa). 

 

For epitope mapping studies all primers were generated based on known X-ray 

structure for NS5B protein (Protein Data Bank accession number 1C2P). Briefly, 

upon translation from nucleotide to protein sequence N- and C-terminal ends of 

truncated proteins resided in the middle of alpha-helix or beta-sheet structure. 

Preferentially intrinsic N- and C-terminal protein ends were kept intact to confer 

enhanced stability of deletion mutants. In particular, after PCR amplification 

(Finnzyme) of ns5b deletion mutants possessing 3�-dA overhangs were ligated 

into pTZ57R/T vector (Fermentas) and sub-cloned into pCG-3F12 (Quattromed). 

Two types of cloning schemes were applied: BamHI-BamHI for longer inserts 

and BamHI-HindIII cloning for shorter ones. Plasmids pCG-3F12-dom591, pCG-

3F12-dom570, pCG-3F12-dom177-591, pCG-3F12-dom265-591, pCG-3F12-

dom335-591, pCG-3F12-dom360-591, pCG-3F12-dom443-591, pCG-3F12-

dom204-591, pCG-3F12-dom46-591, pCG-3F12-dom86-591 allowing the 

expression of NS5B aa 1-591, 1-570, 177-591, 265-591, 335-591, 360-591, 443-

591, 204-591, 46-591, and 86-591 respectively, were constructed by ligation of 
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the BamHI-BamHI fragments of pET19bNS5Bwt, derived by PCR, into the 

BamHI-BamHI sites of pCG-3F12. Expression of aa 1-235, 1-297, 1-393, 204-

393, 1-139, 1-485, and 1-389 was achieved by ligating corresponding 

pET19bNS5Bwt-derived BamHI-HindIII fragments into the BamHI-HindIII sites of 

pCG-3F12. Constructs generated from the pCG-3F12 allowed eukaryotic 

expression of mentioned fragments from a cytomegalovirus promoter, 

intracellular replication (SV40 origin of replication) and their subsequent detection 

of expression with BPV1 E2 3F12 epitope tag, at N-terminus of each fragment). 

 

Sequence verification 

 
All plasmid constructs generated in this study were sequenced at least twice 

using BigDye v3.1 cycle sequencing kit (Applied Biosystems) on MegaBace 

1000 (AmershamPharmacia) sequencer apparatus. Sequence analysis was 

performed using BioEdit sequence alignment editor version 5.0.9 (Tom Hall, Ibis 

Therapeutics) and BLAST (Basic Local Alignment Tool), located at National 

Center for Biotechnology Information web site. 

 

Cell lines, electroporation, and eukaryotic extracts preparation 

 

African green monkey (Cercopithecus aethiops) Cos7 (American Type Culture 

Collection [ATCC], CRL-1651) cells were used for recombinant eukaryotic protein 

production. Cells were maintained in IMDM medium supplemented with 100U 

penicillin, 100 µg streptomycin and 10% foetal calf serum. Electroporation of the 

cells was done at 975 µF and 180V setting using Gene pulser system (BioRad) 

and electroporation cuvettes with a 0.4 cm gap width (BioRad). For maximum 

protein production the plasmid DNA electroporation amount was found to be 10 

µg per 106 cells. Cells were harvested 48 h after DNA electroporation. Two types 

of cell extracts were prepared: native (made with modified buffer C [20 mM 

HepesNaOH pH 7.9, 0.42 M NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM PMSF, 
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0.5 mM DTT, 0.5% CHAPS (Sigma), 0.5% IGEPAL-CA630 (Sigma), protease 

inhibitors set (Roche), 25% glycerol] (11)) and denatured with Laemmli sample 

buffer (2% SDS, 50 mM TrisHCl pH 6.8, 0.1% bromphenol blue, 100 mM DTT, 

20% glycerol). 

 

Production and purification of HCV RdRp 

 

NS5B protein was expressed in E. coli BL21 (DE3) pLysS [F- ompT hsdSB [rB
- mB

-

] gal dcm (CmR); Novagen] by the following protocol. E. coli transformed with 

pET19bNS5B plasmid was propagated in Luria-Bertani medium containing 100 

µg of ampicillin (Roche) per ml at 37ºC. When the optical density at 600 nm 

(OD600) reached 0.8 the isopropyl-β-D-thiogalactoside (IPTG) was added to final 

concentration 600 µM and the bacterial culure shifted to 25ºC for protein 

induction. After 8 h of induction bacteria were collected by centrifugation at 5000 

g for 10 min, washed once with phosphate-buffered saline (PBS) and re-

suspended in 40 ml of binding buffer (50 mM sodium phosphate [pH 8.0], 300 

mM NaCl, 10 mM imidazole, 10 mM β-mercaptoethanol, 10% glycerol, 0.25% 

CHAPS, 0.25% IGEPAL-CA630) supplemented with 1mM phenylmethylsulfonyl 

fluoride (Sigma), and protease inhibitors set (Roche). Subsequently, suspension 

was frozen at -70ºC and thawed at room temperature once. Cells were sonicated 

on ice and the lysate was cleared by 4ºC centrifugation at 40 000 g (Sorvall) for 1 

h. Cleared lysate was applied and NS5B was bound to pre-equilibrated (10 resin 

volumes) with binding buffer Ni-nitrilotriacetic acid (NTA) Sepharose resin 

(Qiagen). Further, resin was washed with 50 and 25 volumes of binding buffer 

containing 20 mM and 40 mM imidazole respectively. The bound NS5B was 

eluted with binding buffer containing 200 to 300 mM imidazole. The NS5B peaks 

were combined and dialyzed against PBS (optional) and  dialysis buffer B (20 

mM TrisHCl [pH 7.5], 1 mM EDTA, 5 mM MgCl2, 1 mM dithiothreitol (DTT), 50 

mM NaCl, 0.01% TritonX-100, 50% glycerol) for long-term storage of the enzyme 

at -20ºC. The concentration of protein was determined empirically as judged from 
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Coomassie R250-stained SDS-polyacrylamide gel by comparison with protein 

marker of known weight. 

 

Immunization of mice, generation of hybridomas, and mAb 
production 

 

Female BALB/C mice were injected with 50 µg of purified HCV NS5B protein five 

times at 3- to 4-week intervals. The injections were intraperitoneal, with NS5B 

suspended initially in Freund�s complete adjuvant and subsequently in PBS. 

Following the final injection, mice were allowed to rest for 5 weeks and then were 

injected with 100 µg of antigen. One week later, final boosts with 100, 200, and 

200 µg of protein in PBS at 4, 3, and 2 days before fusion, respectively, were 

performed. Sp2/0 myeloma cells and cells from one third of the spleen were 

washed three times with sterile PBS. The final pellet was mixed by tapping the 

tube, and 1 ml of 50% polyethylene glycol (PEG) 4000 (Merck) was added over 1 

min with gentle shaking. The cells were centrifuged at 100 g for 5 min, the PEG 

solution was removed, and the resuspended cells were plated on five 96-well 

microtiter plates containing hypoxanthine-aminopterin-thymidine medium. 

Supernatants were tested 10 days after fusion by a direct enzyme-linked 

immunosorbent assay (ELISA) with bacterially expressed NS5B. The MAbs were 

purified from ascitic fluid by ammonium sulfate precipitation and ion-exchange 

chromatography on Blue DEAE-Toyopearl 650S with a Pharmacia standard fast 

protein liquid chromatography system (28). The IgG concentration was estimated 

at 280 nm by use of an extinction coefficient of 14. For in vitro RdRp inhibition 

assays, mAbs were dialyzed for 16 h at 4 °C against buffer containing 100 mM 

NaCl and 10 mM Tris-HCl (pH 7.5) (44). 
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Western blot and epitope mapping 

 

Prokaryotic NS5Bwt and eukaryotic NS5B deletion mutant-proteins, described in 

expression constructs section, were expressed in E. coli and Cos7 cells 

respectively and detected with 5E11 Horseradish Peroxydase Conjugated 

monoclonal antibody (Quattromed, Estonia) directed against 3F12 epitope tag. 

Specific signals were detected with Enhanced Chemiluminescence (ECL�, 

Amersham Biosciences). Eukaryotic NS5B deletion mutant-proteins were further 

used for epitope mapping studies. Epitopes of mAbs were determined by western 

blotting standard procedure with a goat-raised Alkaline Phosphatase Conjugated 

Antibody (LabAS, Estonia) as a secondary antibody that was used to visualize 

the specific protein signals.  

 

Preparation of in vitro transcribed templates for RdRp assay 

 

For preparation of the HCV subgenomic replicon RNA, plasmid pFK-I389/neo/3-

3�/5.1 (kindly provided by Ralf Bartenschlager) was linearized with ScaI 

restriction endonuclease. Linearized plasmid was used to generate run-off 

transcripts with the T7 RNA polymerase (Fermentas). In vitro transcription 

reactions were performed in 40 µl final volume contained 80 mM Hepes [pH 7.5], 

12.5 mM MgCl2, 2 mM spermidine, 40 mM DTT, 1 mM of each rNTP (Promega), 

RNasin (Promega) (1U/µl), DNA template 100 ng/µl, and T7 RNA polymerase 

(0.75 U/µl). After 2 h of incubation at 37ºC another 0.75 U/µl of T7 RNA 

polymerase were added and incubated for additional 2 h to increase the yield of 

RNA. Further, 2U of DNase I (Worthington) per microgram of DNA was added 

and incubated at 37ºC for 1 h. After that, the solution was treated with acidic 

phenol (saturated phenol (Amresco): chloroform: 10% SDS: 0.5 M EDTA 

[1:1:0.2:0.04]) to remove any contaminating DNA and proteins. RNA was 
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precipitated with 2.5 volumes of 5M ammonium acetate: isopropanol (1:5), 

washed twice with 70% ethanol and re-dissolved in 30 µl of double deionized 

water (ddH2O). The concentration of RNA was determined empirically as judged 

from ethidium bromide-stained gel by comparing it with RNA marker of known 

weight. 

 

In vitro RdRp and TNTase assays 

 

Standard in vitro RdRp reactions were performed in a total volume of 40 µl 

containing 50 mM TrisHCl [pH 7.5], 25 mM KCl, 5 mM MgCl2, 1 mM DTT, 10 µCi 

of [α-32P] rUTP (10 µCi/µl; Amersham), and 5 µM cold rUTP, 0.5 mM each rATP, 

rCTP, and rGTP, 20 U of RNasin (Promega), approximately 500 ng of replicon 

RNA, and about 500 ng of purified NS5Bwt. The RdRp reaction was initiated by 

an addition of RNA and nucleotides to the remaining mixture and incubated at 

27ºC for 2 h. After RdRp reactions, the reaction volume was adjusted to 100 µl 

with ddH2O and 20 µg of glycogen. Subsequently, the reaction was terminated 

and protein was removed with an acidic phenol extraction. RdRp reaction 

products were precipitated with 2.5 volumes of ammonium acetate: isopropanol 

(1:5) and washed twice with 70% ethanol. RNA was dried for 10 min and re-

suspended in 10 µl of 1xRNA loading buffer (Fermentas) and resolved on 0.8% 

agarose gel. After the gel was run at 2 V/cm for 14 h it was stained with ethidium 

bromide and photographed to locate the template position. Subsequently, the gel 

was vacuum-dried at 50ºC and exposed to PhosphorImager (Molecular 

Dynamics) screen for autoradiography. 

 

The TNTase assay was performed similarly to RdRp assay with cold 5 µM rUTP 

and 10 µCi of [α-32P] rUTP, but without any of the rNTPs of other type (in this 

case without rATP, rCTP, rGTP). 
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In vitro mAb inhibition assays 

 

In vitro mAb inhibition assays were performed essentially as described for RdRp 

assays with the exception that NS5B protein and mAb at different concentrations 

were pre-incubated for 5 min on ice, after that RNA and ribonucleoside 

triphosphates were added to initiate the RdRp reaction. 
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Results and Discussion 
 

Cloning of the HCV ns5b gene 

 

The coding sequence, corresponding to the 3� part of HCV genomic RNA, was 

amplified from the total RNA of a chronically infected and ribavirin-treated patient 

serum, using long distance RT-PCR. Previously described primers S4961 and 

A9386 (Lohmann et al., Science) were used for this purpose. The amplified 

fragment contained coding sequences for five HCV genotype 1b specific non-

structural genes: ns5b, ns4b, ns4a, a portion of ns3, however ns5a gene was 

impossible to amplify. This fact is fully consistent with an observation that 

patients who get ribavirin-interferon combined treatment have an increased ns5a 

mutation rates (25, 45). Mentioned fragment was cloned into pTZ57R vector, 

generating pTZ57R4961-9386. Consequently, the wild type HCV ns5b gene was 

amplified by PCR with primers NS5Bs and NS5Bas and inserted into pET19b 

backbone, generating the plasmid vector pET-NS5B allowing the prokaryotic 

expression of ns5b gene. 

 

Expression and purification of native NS5B RdRp 

 

The ns5b gene was cloned under the control of bacteriophage T7 promoter into 

pET19b plasmid using NdeI and Bpu1102I restriction enzymes. Genetically 

modified E. coli strain BL21 (DE3), possessing endogenous gene encoding T7 

phage RNA polymerase, was used as a host strain. Resulting recombinant 

protein contained deca-histidine tag at its N-terminus, followed by enterokinase 

proteolysis site juxtaposed to His and Met encoded by Bpu1102I restriction site, 

and immediately followed by a full-length NS5Bwt protein. A protein 
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corresponding to histidine tagged NS5Bwt (NS5Bwt will further refer to histidine 

tagged NS5Bwt if not otherwise stated) of an approximate 66 kDa molecular 

weight was overexpressed in E. coli transfromants by the addition of a lactose 

nonhydrolyzable analogue isopropyl-β-D-thiogalactoside. The soluble protein 

was found to be efficiently expressed at 25ºC temperature as previously reported 

by Oh et al. (46). However, the time of induction (8 h) was critical for obtaining 

moderately high yield of NS5B; particularly 0.7 mg per 1-liter bacterial culture 

was achieved. Due to 21 C-terminal amino acids highly hydrophobic region 

majority of the NS5B protein was found to be membrane-associated. 

Nevertheless using the combination of specific CHAPS and IGEPAL CA-630 

(NP-40) detergents, first applied by Behrens et al. (3), it was possible to extract 

more than 50% of total protein. Moreover, exploiting the BL21 (DE3) pLysS 

bacterial strain that encodes a lysozyme enhanced the recovery of NS5B greatly, 

compared to RP and RIL strains. Soluble protein was efficiently bound to Ni-NTA 

resin. Presence of a deca-histidine tag allowed very stringent washing conditions, 

allowing up to 50 resin volumes of 40 mM imidazole containing binding buffer, 

which washed out majority of contaminating proteins. After washing of resin, 

NS5B was eluted in the narrow range of 200-300 mM imidazole containing 

binding buffer. As judged by a Coomassie Brilliant Blue R250 staining 3 

additional proteins were present in the elution fractions: two of them were present 

near the 72 kDa marker band, and one slightly over the 25 kDa (Figure 9A). 

Latter protein is the NS5B degradation product as detected with mouse 

polyclonal serum raised against NS5B (Figure 9B). Two faint bands 

corresponding to other proteins in the vicinity of NS5B, impossible to remove with 

either S- or Q-Sepharose, did not give the reaction in immunoblot experiment. 

Interestingly however, western blot analysis NS5Bwt from eukaryotic extracts 

(Cos7 and BHK [Syrian golden hamster] cells) reveals essentially the same 

pattern in the vicinity of 66 kDa NS5Bwt protein, as seen for bacterial protein 

(data not shown). The reports, concerning NS5B with slightly different 

electrophoretic mobilities are controversial; some authors propose that those 

proteins are bacterial chaperones (52). From the other hand, there are reports 
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clearly demonstratng that for eukaryotic NS5Bwt these are slower migrating 

membrane-associated NS5Bwt forms (26). As it is observed for NS5Bwt protein 

purified in this study, the last explanation by Hwang et al. seems to be supported. 

Absence of these two specific signals in the immunoblot experiment done with 

polyclonal antibodies can be explained as an ECL sub-threshold concentration 

(only 5 ng of NS5Bwt was used for immunobot experiment). Another explanation 

is that extended denaturation of the sample at small NS5Bwt concentrations, 

which is the case for western blot experiment done with bacterially purified 

protein, resulted in the disappearance of slower-migrating forms. However, upon 

more detailed analysis it becomes clear that for bacterially purified NS5Bwt this 

slower migrating form is a bacterial contaminating protein (possibly chaperone), 

but the eukaryotic counterpart is the membrane-associated NS5Bwt form. 

Anyway, the NS5B protein is clearly > 90% pure. NS5B elution fractions were 

combined and dialyzed against phosphate buffered saline (PBS) for animal 

immunization and further against dialysis buffer B (please see Materials and 

Methods) for RdRp enzymatic assays and long-term storage. Approximately 5 

mg of pure native NS5Bwt was used for animal immunization (in collaboration 

with Jüri Parik and Erkki Juronen). 

 

        
   
Figure.9. Purification of deca-histidine tagged NS5Bwt from BL21 (DE3) pLysS bacterial strain. 
Vertically positioned horizontal bars represent molecular weight in kilodaltons. (A) Elution 
fractions containing NS5Bwt were resolved on a 15% SDS polyacrylamide gel (PAG), stained 
subsequently with Coomassie brilliant blue R250. (B) Western blot of elution fractions from (A), 
resolved on 10% SDS PAG.   
 

A B 
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Characterization of mAbs raised against HCV NS5B 

 

Set of 64 mAbs was analyzed by western blotting experiments. Specifically, 

different NS5B deletion mutants (Figure 10A) expressed in Cos7 cells were 

loaded as single probes onto different 10% SDS polyacrylamide gels. Thus, 

every particular gel contained one type of stable NS5B deletion mutant protein 

(as can be judged from Figure 10B). However, not all constructs yielded stable 

proteins, probably because of intrinsic instability of particular deletion mutant 

higher dimensional structure. Particularly, pCG-3F12-dom443-591 and pCG-

3F12-dom265-591 constructs failed to express or expressed instable truncated 

proteins. SDS PAGE size-fractionated proteins were electroblotted (Trans-Blot, 

BioRad)  

 

 

 

 
Table.1. Primers used in this study. Restriction enzyme recognition sites are underlined; stop-

codons are shown in bold case, s and as designate sense and anti-sense orientation 
respectively. 

 
S4961    5� GGCTTACCTAAACACACCAG    3� 
A9386    5� TTAGCTCCCCGTTCATCGGTTGG    3� 
NS5BNdeIs (NS5Bs) 5� GGG CAT ATG TCG ATG TCC TAC ACA TGG ACA GG  3� 
NS5BBpu1102I (NS5Bas) 5� TT G CTC AGC TTA CC GGT TGG GGA GCA GGT AGA TG 3� 
Dom_1_s   5� GCA GGA TCC TCG ATG TCC TAC ACA TGG AC  3� 
Dom_177_Asp_s  5� GCA GGA TCC GAC GTA GTC TCC ACT CTT C   3� 
Dom_265_Pro_s  5� GCA GGA TCC CCC CTG ACT AAT TCA AAG G   3� 
Dom_335_Ser_s  5� GCA GGA TCC AGC CTA CGA GCC TTC ACG GAG  3� 
Dom_360_Leu_s  5� GCA GGA TCC TTG GAG TTG ATA ACA TCA TG  3� 
Dom_204_Leu_s  5� GCA GGA TCC CTG GTG AAT GCC TGG AAA TCG  3� 
Dom_443_Leu_s  5� GCA GGA TCC CTA GGT TGT CAG ATC TAT GGG  3� 
Dom_46_Gly_s  5� GCA GGA TCC AGC CAA CGG CAG AAG AAG GTC  3� 
Dom_86_Glu_s  5� GCA GGA TCC GAA GAG GCC TGC CAG CTG ACG  3� 
Dom_139_Met_as  5� GGG AAG CTT TCA CAT GAT GGT GGT GTC AAT   3� 
Dom_235_Val_as  5� GGG AAG CTT TCA AAC ACG GAT GTC ATT CTC   3� 
Dom_297_Leu_as  5� GGG AAG CTT TCA CAA GTA ACA TGT GAG GG  3� 
Dom_389_Thr_as  5� GGG AAG CTT TCA GGT GGG GTC ACG GGT GAG  3� 
Dom_393_Ala_as  5� TAT AAG CTT TCA CGC AAG GGG GGT GGT GGG   3� 
Dom_485_Val_as  5� GGG AAG CTT TCA CAC CCT ATT GAT CTC ACC   3� 
Dom_525_Leu_as  5� CA GGA TCC TTA GAG GTA CTT GCC ACA AGT G  3� 
Dom_591_as  5� GCA GGA TCC TCA CCG GTT GGG GAG CAG GTA  3� 
Dom_591_as_TTA  5� GCA GGA TCC TTA TCG GTT GGG GAG CAG GTA  3� 
Dom_570_as  5� CA GGA TCC TTA GCG GGG TCG GGC ACG AGA C  3� 
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Figure.10. A, Panel of NS5Bwt protein deletion mutants used for epitope mapping studies 

(numbers of terminal amino acids and constructs are depicted respectively on the right- and left-

side of the scheme). B, Western blot analysis of eukaryotic proteins corresponding to those 

depicted on scheme A, but with construct number at the top. BPV 1 5E11 monoclonal antibody 

recognizing 3F12 tag was utilized as primary antibody to detect NS5Bwt recombinant proteins.  

 

to previously methanol-soaked polyvinyl-dinene difluoride (PVDF) membranes, 

which were further dried and cut into set of collateral fragments. These 

fragments, containing particular NS5B deletion mutant, were further subjected to 

standard procedures (blocking with 5% nonfat dry milk) and incubated with 

different mAbs as primary antibodies. Specific signals were detected with goat 

anti-mouse alkaline phosphatase conjugated monoclonal antibody (LabAS, 

Estonia). The results are represented in Figure 11 (below). 

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
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Figure.11. Characterization of mAbs by epitope mapping. Collateral fragments of PVDF 
membrane containing the same type of deletion protein (having the name of type NS5BdomX-Y, 
where X and Y are N-terminal and C-terminal aa respectively) are represented as discrete sets. 
The conditions of the experiments are the same (antibody dilution: primary mAb 1:1000, 
secondary 1:5000) except that for NS5Bdom1-485 the dilution of secondary antibody is 1:8000. 
Sets of deletion proteins that gave at least one positive signal (marked with asterisk) are 
represented. Numbers at the top of each discrete set represent particular mAb as specified in 
Table 1 (see below). 
 

The strategy of mAb epitope mapping is to �divide and conquer�, divide protein 

into pieces and then see which pieces are recognizable by mAbs and which are 

not to draw a conclusion. The general logic behind the analysis of this 

experimental data is that smaller set must be within bigger set, containing smaller 

set elements, in other words mAbs recognizing the NS5Bdom1-139 protein must 

also recognize NS5Bdom1-235, and NS5Bdom1-485. As it seen from Table 2 

(Appendix I) this is generally the case, however, for some mAbs there is no such 

correlation. For NS5Bdom1-485 protein absence of positive signals of recognition 

by mAbs 6G11, 10D9, 10H2, 7G4, 10D7, and 3D12 could be explained by an 

initial optimization of an experiment, namely secondary antibody dilution of 

1:8000 was used, which gave too weak signals (Figure 11, mAbs 1-34). Although 

this circumstance was clearly understood during experiments, there was no need 
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in repeating this experiment because smaller protein fragments provided higher 

epitope resolution. However, when additional experiments were done, the 

situation became clear, in particular it was shown that mAbs 6G11, 10D9, 7G4, 

and 3D12 did recognize alternative incorrect protein when screened with 

bacterial NS5Bwt (in collaboration with Pirjo Spuul). Thus, these mAbs are raised 

against bacterial chaperone protein and are useless for further studies. 

Controversial results were obtained with 8C1 mAb, as it was tested later this 

mAb hybridoma supernatant media (actually containing mAb) contained an 

additional contaminating mAb from another hybridoma. That is why results for 

8C1 were not interpreted.  
 

It must be mentioned that the purpose was to obtain only highly specific mAbs 

that is why 1:1000 dilution of hybridoma supernatant media was used. The 

overall epitope mapping results are represented in Table 3 (Appendix II). 
 

Utilization of western blot technique allows mapping of the mAbs to their linear 

epitopes only that are essentially continuous stretches of amino acids. On the 

other hand, mAbs recognizing the sites on native protein structure, termed 

conformational epitopes, are of the greatest interest. However, mAb recognizing 

linear epitope is capable of native form protein recognition. This is the case when 

the linear epitope is exposed on the molecular surface of the conformationally-

active protein.  

 
 
Figure.12. HCV NS5Bwt RdRp structural domains are shown in different colour. Loops ∆1 (11-45 
aa), ∆2 (139-160 aa), and β-loop (443-454 aa) are shown below the upper bar. Asterisks indicate 
epitopes for particular mAbs that are listed in Table 2 (see below).  
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As it can be seen from Table 3 and Figure 12 majority of mAbs recognize N-

terminal regions of HCV NS5Bwt protein. Further refining experiments (in 

collaboration with Pirjo Spuul, data not shown) demonstrated that all mAbs 

mapped to 46-139 aa region, except 9A2 (86-139 aa), recognized actually the 

46-85 aa region. The fact that more than 70% of mAbs (Figure 12) recognizing 

linear epitopes were mapped to 1-85 aa region strongly suggested that this 

region have some unique structure, eliciting highly specific immune response in 

the immunized animals. As it has been previously noted the unique ∆1 loop, 

which does not have an analogue in HIV1 RT structure, resides in the 11-45 aa 

region (7). Moreover, N-terminus contains very important amino acids such as 

Ser 29, Arg 32 (7), and Glu 18 (52) that are required for alternative rGTP binding 

site and dimerization of NS5Bwt protein respectively. It is also known that N-

terminus of NS5B is sensitive to truncation and modification, deletion of 19 aa 

from it results in a 200-fold drop in activity (37). Thus, further analysis was 

required to make the situation clear. For this purpose NS5B X-ray crystal 

structure was analyzed using RasMol program version 2.7.2.1 (H. Bernstein). 

            
Figure.13. A, Three-dimensional structure of NS5B based on the 1C2P structure (Protein Data 
Bank), rear view (180º rotation). The entry of rNTP tunnel, which ends near the β-loop (pink), is 
indicated by discontinuous black circle. Amino acid residues 1-66 are colored in green. Motif D 
(336-346) is colored in yellow, with Arg345 shown in red. Majority of mapped mAbs were 
localized to 1-85 aa protein region. B, NS5B front-view is shown, red amino acids are from 86-
139 region. 
 

Residues 1-66 of NS5B molecule are highly solvent-exposed and are located on 

the surface of polymerase molecule, which means that they could serve as a 
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linear epitopes for mAbs identified earlier. Moreover, such a topology is extended 

to amino acid 85, where the stretched linear epitope character is transformed into 

globular compact structure possessed by residues 86-139 (Figure 13). 

Interestingly that only one mAb maps to 86-139 region. Linear topology nature of 

NS5B 1-86 aa region prompted us to test the capability of mAbs recognizing 

linear epitopes of this region to immunoprecipitate the eukaryotic NS5Bwt 

protein. mAbs 7G8, 10D7, 6B12 and 10D6 immunoprecipitated NS5Bwt 

efficiently (data not shown, Pirjo Spuul). Moreover, mAbs from other regions 6G5 

and 7F12 precipitated NS5Bwt also. Indirect immunofluorescence microscopy 

revealed that all mentioned mAbs, except 7F12, gave specific Endoplasmic 

Reticulum (ER) staining pattern Figure 14 (21 C-terminal aa of NS5Bwt encode 

ER-membrane retention signal). 

 

     
 
Figure.14. BHK cells were transfected with Semliki Forest Virus (SFV) based vector containing 
gene encoding full-length NS5B protein. NS5Bwt protein was detected with 7G8 mAb by indirect 
immunofluorescence microscopy. On the right hand is negative control. Pictures are kindly 
provided by Pirjo Spuul. 
 

The fact that these mAbs do immunoprecipitate native NS5Bwt protein and 

detect it in immunofluorescence assays strongly suggests that they can 

specifically bind HCV RdRp in its active conformation form. It was decided to 

produce mAbs in greater quantity to test their ability to interfere with NS5Bwt-

mediated replication in vitro. Particularly, 10 mAbs: 6G5, 7G8, 10D7, 3D12, 

7F12, 1D1, 6B12, 10D6, 9A2, and 8G6 were selected. However, as it had been 

previously shown, the 3D12 mAb did actually recognize a bacterial chaperon. 
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Confirmation of amino acid sequence motifs intactness 
essential for NS5B RdRp enzymatic function 

 

As it had been previously shown there are 4 amino acid motifs (A � D) that are 

conserved among RdRps (37, 51). Additional two motifs E (51) and F (35) were 

also reported to be unique feature of RdRps. Motifs A � D were shown to be 

crucial for in vitro enzymatic activity of NS5Bwt, because majority of amino acid 

substitutions in these regions led to the inactivation of the polymerase (37). Thus, 

it is very important to have the NS5B protein possessing all these motifs in intact 

form in order to have the active enzyme. Prior to the enzymatic activity test ns5b 

gene nucleotide sequence and its corresponding amino acid sequence were 

analyzed. It has been found that all four motifs A, B, C, and D are intact and 

identical to those NS5B RdRps reported earlier (Figure 15) (37). Subsequently, 

purified NS5Bwt should have been enzymatically active RdRp, as it shared all 

the motifs essential for RdRp activity. 

 
SMSYTWTGVLITPCIAERAKLPINALSNSLLRHHNMVYATTSRSASQRQKKVTFDRLQVLDDHYR

DVLKEMKAKASTVKAKLLSVEEACQLTPPHSARSKFGYGAKDVRNLSSRAVKHIRSVWKDLLED

LETPIDTTIMAKNEVFCVEPEKGGRKPARLIVFPDLGVRVCEKMALYDVVSTLPQAVMGSSYGFQ

YSPGQRVEFLVNAWKSKKCPMGFAYDTRCFDSTVTEADIRVEESISQCCDLAPEARQAIGSLPE

RLYIGGPLPNSKGQNCGYRRCRASGVLTTSCGNTLTCYLKASAACRAAKLQDCTMLVCGDDLV

VICESAGTQEDAASLRAFTEAMTRYSAPPGDPPKPEYDLELITSCSSNVSVAHDASGKRVYYLTR

DPTNPLVRAAWETAKHTPVNSWLGNIIMYAPTLWARMILMTHFLSILLAQEQLGKALGCQIYGAC

YSIEPLDLPQIIQRLHGLSAFSLHSYSPGEINRVASCFRKLGVPPLRVWRHRARNVRAKLLSQGG

RAATCGKYLFNWAVRTKLKLTPIPAAPQLDLSGWFVAGYSGGDIYHSLSRARPRWFMWCLLLLS

VGVGILLFPNR* 

 
Figure.15. Amino acid sequence of the NS5Bwt used in this study. Motifs A � D (distributed 
sequentially from N- to C-terminus of the protein) that are essential for enzymatic activity of HCV 
RdRp are underlined. Amino acids shown in bold case are highly conserved among all viral RdRp 
polymerases (37). Stop codon is marked with asterisk.  
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Purified HCV NS5Bwt is enzymatically active RdRp possessing 
de novo polymerase and lacking TNTase activity 

 

Run-off in vitro transcripts generated from the pFK-I389/neo/3-3�/5.1 backbone 

were used as templates for the purified NS5Bwt. NS5Bwt was capable of 

synthesizing an RNA product equal in length to the input RNA template (Figure 

16). No exogenous primer was required for the observed synthesis. When the 

RdRp assay was done without template RNA, no products of synthesis were 

observed, indicating that NS5Bwt protein was not contaminated by co-purified 

RNAs that can be utilized as a template. From the other hand, when NS5Bwt 

protein was left out of RdRp assay reaction, still no products were observed, 

indicating that the RNA template was not contaminated by T7 RNA polymerase. 

These results clearly show that the purified HCV NS5Bwt is responsible for the 

synthesis of the input full-length template RNA and that the RNA synthesis is 

template-dependent. 

 
Figure.16. RdRp reaction conditions optimization. Pluses and minuses indicate the presence or 
absence of specific component (marked on the right) respectively. Arrow at the left indicates the 
position of input template RNA as judged by EtBr staining just before the drying of the gel.  
 

The RNA products generated by NS5Bwt are equal or smaller of the size of input 

template RNA. This fact implies that the mechanism for the initiation of the RNA 

synthesis is de novo, but not �copy-back�. �Copy-back� mechanism generated 

products must be clearly longer than the input template RNA, which is clearly not 
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the case. Thus, the properties of the purified NS5Bwt essentially resemble the 

RdRp characterized by Oh et al. (46). Similarly, NS5Bwt purified in this study is 

capable of copying the full length HCV-specific template RNA utilizing de novo 

mechanism. 

 

Moreover, different previously reported reaction conditions were controlled for 

NS5Bwt purified in this study. RdRp in vitro assay conditions are essentially the 

same in different reports however different metal (1.5-12.5 mM Mg2+, 1.5-5 mM 

Mn2+), and salts (25-40 mM KCl, 100 mM K glutamate) concentrations are used. 

The nature of each biochemical reaction and its specific conditions depend 

greatly on the source of isolated enzyme. Thus, the conditions optimal for purified 

protein expressed in the animal cells might differ from those optimal for the 

enzyme having prokaryotic source. However, after the analysis it was found that 

the conditions optimized for Spodoptera frugiperda-expressed NS5B reported by 

Behrens et al. (3) matched the conditions required for NS5Bwt used in this study. 

Thus, 5 mM MgCl2 and 25 mM KCl concentrations were chosen for further RdRp 

assays. Interestingly NS5Bwt RdRp used in this study was not stimulated by 

Mn2+ as previously reported by two groups (15, 40, 80). However, majority of 

groups use Mg2+ (3, 37, 44, 46, 47, 63, 74) as NS5B polymerase function 

activator. As it was mentioned previously Mn2+ can contribute to biologically 

irrelevant de novo  initiation (6). 

 

In addition, very stringent actinomycin D (DNA-dependent RNA polymerases 

inhibitor) concentration was used (50 µg/ml), usually 20 µg/ml is used (46). From 

the Figure 16 it can be seen that upon addition of actinomycin D the synthesis is 

slightly inhibited, however raising actinomycin D concentration to 100 µg/ml or 

dropping it to 20 µg/ml had essentially the same influence on RNA synthesis by 

HCV RdRp. This fact suggests that the effect is due to slightly denaturation by 

methanol (actinomycin D stock solutions are prepared in methanol, final 

concentration in RdRp reaction ~ 1.5%). Moreover, the only possible source for 

DNA-dependent RNA polymerases is the NS5Bwt preparation. However, the 
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control reaction in the presence of NS5B and absence of actinomycin D and RNA 

gives no signal indicating absence of contaminating polymerases. 

 

In addition, it had been found that NS5B RdRp did not utilize rUTP as substrate 

for terminal transferase activity (Figure 17). However, it is known that rUTP is the 

preferential substrate associated with terminal transferase activity of NS5B RdRp 

(3). Thus, the fact that [α-32P] rUTP had not been used by the purified NS5Bwt 

indicates that this enzyme would hardly possess any TNTase activity at all (with 

any other of ribonucleoside triphosphates). Typically however bacterially purified 

NS5B is not associated with TNTase activity (40, 46, 63, 79, 80). Consequently, 

the hypothesis that TNTase activity is associated with some exogenous co-

purified eukaryotic enzyme is supported by this study.  

 

Inhibition of NS5Bwt polymerase function by mAbs in vitro 

 

Based on the fact that mAbs 6G5, 7G8, 10D7, 6B12, and 10D6 were capable to 

recognize native NS5Bwt we hypothesized that those mAbs might have been 

able of inhibiting the HCV RdRp-mediated RNA synthesis in vitro. To test this 

hypothesis the RdRp assay had been established with constant amount (0.5 

µg/[40 µl reaction]) of highly purified native NS5Bwt and mAbs at various 

concentrations, which were purified from ascitic fluid by ammonium sulfate 

precipitation and ion-exchange chromatography on Blue DEAE-Toyopearl 650S 

(in collaboration with Jüri Parik and Erkki Juronen). mAbs 3D12, 1D1, 9A2, 7F12, 

and 8G6 served as negative controls because they failed to immunoprecipitate 

NS5Bwt and did not function in immunofluorescence experiments. After 

ammonium acetate-isopropanol precipitation of the reactions they were resolved 

on agarose gel electrophoresis, dried and exposed to PhosphorImager capture 

screen (see Methods). As can be seen from Figure 17 almost all mAbs inhibited 

the RdRp reaction already at 0.2 mAb to NS5Bwt molar ratio. 
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Figure.17. Inhibition of NS5Bwt function by mAbs I. Arrow at the right marks the input template 
position as judged from EtBr staining that had been done prior to drying of the agarose gel (0.8 
%). mAb/NS5Bwt molar ratio is represented as numbers at the top of the gel. Positive control (+) 
is the RdRp reaction without mAb, and the negative (-) control is the RdRp reaction with the 
NS5Bwt left out. Letter T designates terminal transferase reaction (with cold rUTP and [α-32P] 
rUTP as the only rNTPs in reaction mix). 
 

However, that was impossible, because 8G6 did not recognize native NS5Bwt, 

moreover 3D12 did actually recognize a bacterial chaperone. Consequently, 

some other substance in the mAb preparation inhibited the RdRp reaction. The 

preparation of mAbs contained 50% of saturated ammonium sulphate and 50% 

PBS. Thus, any of these substances could potentially inhibit the reaction. To 

eliminate this background inhibition the mAbs ammonium sulphate precipitate 

was pelleted and re-suspended in 10 mM TrisHCl (pH 7.5), 100 mM NaCl 

solution and dialyzed against it for 18 h. RdRp assay was performed again with 

the dialyzed mAbs. As it can be judged from Figure 18 mAbs 3D12, 7F12, 10D7, 

1D1, 7G8, and 8G6 did not inhibit the RdRp reaction at 1:1 mAb/NS5Bwt molar 

ratio. Comparing Figures 17 and 18 it becomes clear that the problem associated 

with mAb preparation background inhibition is solved, namely mAbs that are not 

supposed to inhibit NS5Bwt (3D12 and 8G6, Figure 17) do not inhibit it (Figure 

18). However, to interpret Figure 18 correctly, effect of 3D12, 7G8, and mAb 

5E11 (recognizing heterologous epitope of E2 protein, BPV 1) must be 

considered. The fact that mAbs 3D12 and 5E11 recognize heterologous proteins 

implies that mentioned mAbs must not inhibit HCV NS5Bwt protein mediated 

RNA synthesis, even at 10 fold molar excess. However, as it seen from figure 9 

this is not the case. The lowest threshold for the inhibition by 5E11 mAb is 2.8 

fold molar excess, in other words 5E11 begin inhibiting the NS5Bwt non-
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specifically at 2.8 fold molar excess. It is also seen that 3D12, 5E11, and 7G8 at 

mAb/NS5Bwt molar ratio 1 do not inhibit RdRp reaction. Thus, the potential of 

mAbs to inhibit NS5Bwt specifically can be interpreted if their molar ratio to 

NS5Bwt does not exceed 1, which is clearly the case (Figure 18). Indeed mAbs 

6G5, 10D6, and 6B12 do to some extent inhibit the RdRp reaction at the molar 

ratio 1 to the NS5Bwt. However, further analysis of mAbs preparations, 

especially 5E11, must be done to clarify why heterologous mAb does inhibit 

RdRp reaction non-specifically. Actually 5E11 preparation had the highest 

concentration of all mAbs analyzed, thus it is possible that residual ammonium 

sulphate is still present. Consequently, 5E11 preparation control is not a proper 

one and should be further purified. Instead, it is more logical to use 3D12 as 

endogenous control since it is known that this mAb recognizes heterologous 

protein or even 7G8 that hardly inhibits NS5Bwt. If the latter is used then the 

threshold of possible mAb range control could be easily shifted to 4 fold molar 

excess of mAb above the NS5Bwt. 

 
 
Figure.18. Inhibition of NS5Bwt function by mAbs II. Arrow at the right marks the input template 
position as judged from EtBr staining that had been done prior to drying of the agarose gel (0.8 
%). mAb/NS5Bwt molar ratio is represented as numbers at the top of the gel. Positive control (+) 
is the RdRp reaction without mAb, and the negative (-) control is the RdRp reaction with the 
NS5Bwt left out. mAbs 3D12, 1D1, 9A2, 7F12, and 8G6 served as negative controls. 
Heterologous mAb 5E11 is included as additional negative control. 
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Conclusions 
 

1. Enzymatically active NS5Bwt was produced in bacteria, purified using 

column chromatography and used for animal immunization and 

subsequent production of highly specific hybridoma lines producing 

monoclonal antibodies. The specificity of monoclonal antibodies was 

confirmed at several levels, including inter-molecular interaction with linear 

and conformational fragments of NS5Bwt as well as full-length native 

RdRp. In addition, sub-cellular NS5Bwt Endoplasmic Reticulum 

localization was confirmed. 

 

2. Some of the linear epitope recognizing mAbs were capable of native 

protein recognition, demonstrating that their recognition epitope is located 

on the molecular surface of native protein. 

 

3. NS5Bwt dominant structural region eliciting maximal immune response 

coincide with the region, which embed unique features that distinguish it 

from all other RdRps. Particularly, this structural region is clustered around 

N-terminal ∆1 loop, which is NS5B unique structure critical for enzyme 

function and oligomerization that has no analogue in HIV-1 RT. 

 

4. NS5Bwt RdRp purified in this study lacks TNTase activity and is capable 

of de novo RNA synthesis initiation. It is also responsible for the synthesis 

of the input full-length template RNA and its synthesis is template-

dependent. 

 

5. Preliminary data indicate that mAbs recognizing NS5Bwt linear epitope in 

the context of its native conformation are capable, to some extent, of 

inhibiting NS5Bwt RdRp activity. However, additional experiments must be 
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done to complete the analysis of the structure-function relationship of the 

NS5Bwt mediated in vitro RNA synthesis shutdown. 
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Summary  
Viruses use special types of enzymes to replicate their genomes inside a host 
organism. For majority of viruses these enzymes, termed polymerases, are 
encoded by their own genetic material. The mechanism of viral genome 
replication depends on its nature. A polymerase initiates viral genome replication 
together with other viral and/or cellular proteins. Its ability to reinitiate the 
synthesis of new genome copies is crucial for viral life cycle inside the host cell. 
Hepatitis C virus has a positive sense single strand RNA genome encoding 
nonstructural protein 5B, which is an RNA-dependent RNA polymerase. This 
enzyme is capable of copying full-length HCV RNA genome in vitro without any 
accessory proteins. Two types of replication initiation are associated with 
nonstructural protein 5B: de novo and �copy back�. However, the mechanism of 
switching between these two modes of replication initiation is unknown. 
The HCV RNA-dependent RNA polymerase is the central enzyme in viral nucleic 
acid metabolism and therefore is promising therapeutic target. The inactivation of 
polymerase will result in the shutdown of the HCV replication.  
The aim of this thesis was to investigate the structure-function relationship of 
HCV polymerase activity with the help of highly specific monoclonal antibodies in 
vitro. The monoclonal antibodies ability to inhibit HCV polymerase is also 
addressed. 
 
The following conclusions were drawn from the experimental data presented in 
this thesis: 
! We have produced highly specific monoclonal antibodies directed against 

HCV polymerase. This fact was confirmed by observation of direct inter-
molecular interaction between nonstructural protein 5B (in both denatured 
and native conformation) and antibodies. Moreover, HCV polymerase 
distribution in eukaryotic cells is primarily associated with endoplasmic 
reticulum membrane witch is the site of viral replication apparatus nucleation. 

! Monoclonal antibodies that recognized linear epitope of polymerase in 
denatured state were capable of native protein recognition. This indicates that 
their recognition epitopes are located on the molecular surface of native 
protein. 

! The majority of monoclonal antibodies were raised against the N-terminal 
region of polymerase, which embed unique features of this enzyme that 
distinguish it from other RNA-dependent RNA polymerases. This structural 
region is critical for enzyme function and oligomerization and has no 
analogues in human immunodeficiency virus 1 reverse transcriptase. 

! HCV polymerase purified in this study is capable of copying the full-length 
HCV-specific template. It lacks terminal transferase activity and functions in 
de novo mode. 

! The ablility of monoclonal antibodies, recognizing HCV polymerase linear 
epitope in the context of its native conformation, to inhibit RNA synthesis is 



 46

questionable. Additional optimization of RNA replication inhibition assays 
must be done to clarify the situation. 
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Summary in Estonian 
Viirused kasutavad spetsiaalseid ensüüme oma genoomi replitseerimiseks 
peremeesorganismis. Enamike viiruste puhul on need ensüümid, polümeraasid, 
mis on kodeeritud viiruse enese genoomi poolt. Koos teiste viiruse ja/või rakuliste 
valkudega initsieerib polümeraas viiruse genoomi sünteesi ning tema võime 
reinitsieerida RNA replikatsioonprotsessi peremeesrakus on viiruse elutsüklis 
ülioluline. 
Hepatiit C viiruse genoom on positiivse polaarsusega üheahelaline RNA mis 
kodeerib RNA-sõltuva RNA polümeraasi (mittestruktuurne valk 5B). In vitro on 
see ensüüm võimeline kopeerima täispikka HCV RNA genoomi teiste valkude 
osaluseta. Mittestruktuurse valgu 5B puhul on näidatud kahte tüüpi replikatsiooni 
initsiatsiooni � de novo ja �copy back�. Kuid täpselt ei teata, millest on tingitud 
ümberlülitus nende kahe mehhanismi vahel. 
HCV RNA-sõltuv RNA polümeraas on viiruse nukleiinhappe metabolismis keskne 
ensüüm ning on seega paljulubav terapeutiline märklaud. Polümeraasi 
inaktivatsioon põhjustaks HCV replikatsiooni välja lülitamise. 
Antud magistritöö eesmärgiks oli uurida HCV polümeraasi struktuuri-funktsiooni 
vahelist seost kasutades kõrgelt spetsiifilisi monoklonaalseid antikehi in vitro 
tingimustes. Töö hõlmas ka monoklonaalsete antikehade võimaliku inhibeeriva 
mõju näitamist HCV polümeraasile. 
 
Eksperimentaalse töö tulemused võib kokku võtta järgnevalt: 
! Saadud monoklonaalsed antikehad, mis on suunatud HCV polümeraasi 

vastu, on kõrgelt spetsiifilised. Seda kinnitasid katsed, kus näidati 
mittestruktuurse valgu 5B (nii denatureeritud kui natiivses vormis) ning 
antikehade otsest molekulidevahelist interaktsiooni. Veelgi enam, HCV 
polümeraas on eukarüootsetes rakkudes lokaliseerunud perinukleaarselt ning 
on peamiselt seotud enoplasmaatilise retiikulumi membraanidega, kus asub 
aktiivne viiruse replikatsioonikompleks. 

! Monoklonaalsed antikehad, mis tundsid denatureeritud polümeraasi 
lineaarseid epitoope, olid suutelised seonduma ka natiivse valguga. See 
viitab asjaolule, et nende epitoopid on eksponeeritud natiivse valgu pinnal. 

! Enamus antikehadest olid suunatud polümeraasi N-terminaalse regiooni 
vastu, mis omades unikaalseid tunnuseid eristab seda teistest RNA-
sõltuvatest RNA polümeraasidest. See struktuurne regioon on kriitiline 
ensüümi funktsionaalsuseks ja oligomerisatsiooniks ning ei oma analoogset 
struktuuri inimese immuunpuudulikkuse viirus 1 pöördtranskriptaasiga.  

! Käesolevas töös puhastatud HCV NS5B on võimeline kopeerima täispikka 
HCV-spetsiifilist matriitsi. Antud polümeraasil puudub terminaal transferaasne 
aktiivsus ja ta funktsioneerib de novo mehhanismil.  

! Lineaarseid epitoope natiivses HCV polümeraasis tundvate monoklonaalsete 
antikehade võime inhibeerida RNA sünteesi on vaieldav. Edaspidi on vaja 
optimiseerida RNA replikatsiooni inhibitsiooni reaktsiooni tingimusi. 
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Summary in Russian 
Вирусы используют специальные ферменты для репликации своих геномов 
внутри организма-хозяина. Для большинства вирусов эти ферменты, 
называемые полимеразами, кодируются их собственным генетическим 
материалом. Полимераза начинает репликацию вирусного генома 
совместно с другими вирусными и/или клеточными белками. Её 
способность возобновления синтеза новых копий генома является 
наиважнейшим фактором, определяющим судьбу вирусного клеточного 
цикла внутри клетки-хозяина.  
Геном вируса гепатита С представляет собой одноцепочечную 
несегментированную молекулу рибонуклеиновой кислоты, обладающей 
кодирующим потенциалом как и матичная РНК, используемая клеткой для 
кодирования синтеза белковых молекул. Одним из белков, кодируемых 
геномом Гепатита С вируса, является неструктурный белок 5В обладающий 
свойствами РНК-зависимой РНК полимеразы. Данный белок способен 
копировать весь вирусный геном in vitro без помощи каких-либо 
вспомогательных протеинов. Два типа начала репликации связаны с 
неструктурным белком 5B: de novo и �copy back�. Однако, механизм 
переключения между этими двумя рабочими режимами начала репликации 
неизвестен. 
Так как РНК-зависимая РНК полимераза вируса гепатита С является 
центральным ферментом вирусного метаболизма нуклеиновой кислоты, 
она представляет собой обещающую терапевтическую цель. Инактивация 
полимеразы повлечёт за собой остановку репликации вируса Гепатита С. 
Цель данной работы - исследовать зависимость функции полимеразы 
вируса Гепатита С от её структуры с помощью высоко специфических 
моноклональных антител в in vitro экспериментальной системе. 
 
Следующие выводы были сделаны, исходя из экспериментальных данных 
представленных в этой работе: 
! Полученные моноклональные антитела, распознающие полимеразу 

вируса Гепатита С, являются высоко специфичными антителами. Этот 
факт был подтверждён наблюдением прямого молекулярного 
взаимодействия между неструктурным белком 5В (как в 
денатурированном нефункциональном так и в естественном 
функциональном состояниях) и моноклональными антителами. Более 
того, внутриклеточное распределение данной полимеразы главным 
образом совпадало с мембраной эндоплазматического ретикулума, 
которая является местом нуклеации репликационного аппарата. 

! Моноклональные антитела, узнающие линейный эпитоп полимеразы в 
её денатурированном состоянии, узнавали также белок в естественной 
конформации. Это означало, что эпитопы распознавания находились на 
молекулярной поверхности полимеразы, доступной для взаимодействия 
с антителами. 
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! Большинство моноклональных антител было получено против N-
концевой части полимеразы, которая скрывает в себе уникальные 
особенности данного фермента, отличающие его от всех остальных 
РНК-зависимых РНК полимераз. Этот структурный регион является 
незаменимым для ферментативной функции и олигомеризации данного 
белка. Более того, упомянутый регион не имеет аналогов у обратной 
транскриптазы вируса иммунодефицита человека 1. 

! Полимераза вируса Гепатита С полученная в этом исследовании 
способна копировать полную вирус-специфическую рибонуклеиново-
кислотную молекулу. Данная полимераза не имеет терминально-
трансферазной активности и функционирует в de novo режиме. 

! Способность моноклональных антител , распознающих линейный эпитоп 
полимеразы вируса Гепатита С в контексте его нативной конформации, к 
ингибированию РНК синтеза, опосредованного данной полимеразой, 
является трудно интерпретируемой. Дальнейшая оптимизация 
экспериментов по ингибированию способности синтеза РНК 
неструктурным белком 5В должна быть продолжена чтобы прояснить 
ситуацию. 
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APPENDIX I 
 

Table.2. Characterization of mAbs by epitope mapping. Positive signals (pluses) and negative 
signals (zeros) are represented for each mAb tested with different NS5B deletion mutant protein. 
Empty cells designate that the corresponding mAb had not been tested against particular NS5 

deletion mutant. 
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N
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48
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1 
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23
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– 

13
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46
 –

 5
91

 

86
 –

 5
91

 

1 
– 

38
9 

20
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– 
39
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17
7 

– 
59

1 

20
4 

– 
52

5 

33
5 

– 
59

1 

36
0 

– 
59

1 

1 
– 

29
7 

1 6G5 + + 0 0   + 0 0 0 0 0 + 
2 3C9 0 0 0     0 0           
3 7A12 + + + 0 0               
4 7G8 + + + + 0               
5 8C1 + 0 0     + 0 0 + 0 0 0 
6 8F3 0 0 0     0 0           
7 10E6 0 0 0     0 0           
8 5D5 0 0 0     0 0           
9 6G10 0 0 0     0 0           

10 6C11 + + + + 0               
11 10E2 + + + + 0               
12 7B6 0 0 0     0 0           
13 8E4 0 0 0     0 0           
14 7F10 0 0 0     0 0           
15 8H9 0 0 0     0 0           
16 6D10 + + + 0 0               
17 7E4 0 0 0     0 0           
18 10D10 0 0 0                   
19 5F5 0 0 0                   
20 10C4 0 0 0                   
21 6G11 0 + 0 0   0 0 0 0 0 0 0 
22 10D9 0 + 0 0   0 0 0 0 0 0 0 
23 10H2 0 0 + 0 0               
24 8B2 0 0 0                   
25 7G4 0 + 0     0 0 0 0 0 0 0 
26 4H7 0 0 0                   
27 6D5 0 0 0                   
28 10A11 0 0 0                   
29 10D7 0 + + 0 0               
30 5H11 0 0 0                   
31 9E12 + + + + 0               
32 3D12 0 + 0     0 0 0 0 0 0 0 
33 2F7 0 0 0                   
34 9B11 0 0 0                   
35 7F12 + 0 0     + + + + 0 0 + 
36 1A4 0 0 0                   
37 7H7 0 0 0                   
38 10E11 0 0 0                   
39 1G11 0 0 0                   
40 1D1 + 0 0     + + + + 0 0 + 
41 6A3 + + + 0 0               
42 6F3 0 0 0                   
43 6G9 0 0 0                   
44 3F6 0 0 0                   
45 9D11 0 0 0                   
46 6B12 + + + 0 0               
47 10E7 + + + + 0               
48 10D6 + + + + 0               
49 9H9 + + + 0 0               
50 1G11 0 0 0                   
51 9H12 0 0 0                   
52 7C11 + + + + 0               
53 6F4 0 0 0                   
54 10H8 0 0 0                   
55 1D9 0 0 0                   
56 5B8 0 0 0                   
57 3G7 + + + + 0               
58 9B2 0 0 0                   
59 8H3     0 0   0 0           
60 9A2     + + 0 + 0           
61 8G6     0 0   + + + + 0 0 + 
62 3E3     0 0   + + + + 0 0 + 
63 3G8     0 0   0 0           
64 8C7     0 0   + + 0 0 0 0 + 
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Table.3. Linear epitopes mapped for different mAbs. 
mAb NS5Bwt epitope 
7A12   
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 - 
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9A2   86 - 139   
6G5 140 - 176    
7F12 298 - 389 
1D1 236 - 297 
8G6 
3E3 
8C7 

204 - 297 
20

4 
- 3

89
 a

a 
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