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Introduction

Origins of virology 

‘’Virus (Latin - poison) - any of a group of submicroscopic entities consisting 
of a single nucleic acid surrounded by a protein coat and capable of 
replication only within the cells of animals and plants: many are 
pathogenic’’. http://www.wordreference.com 

‘’Enzyme (from Medieval Greek enzumos, leavened, from Greek EN-2 + 
zume leaven) - any of a group of […] proteins that are produced by living 
cells and act as catalysts in specific biochemical reactions’’. 
http://www.wordreference.com 

Fighting against infections (historical perspectives) 

It would not be an exaggeration to say that infectious diseases 
have shaped the history of mankind. Bacterial diseases like plague and 
cholera, viral diseases caused by smallpox and poliovirus have been 
known since ancient times and have often devastated local 
communities and whole continents, thus slowing down the 
development of civilization. The history of combat against infections 
is probably as ancient as the infections themselves. It is known that 
ancient Greeks treated infected wounds with heat. Many plants, such 
as garlic and onion, have been used for treatment of different 
infections in folk medicine. Moreover, vaccination against smallpox 
(also called variolation) was widespread in India and China already by 
the 11th century.

The discovery of anthrax vaccine by Pasteur in 1881 and 
antitoxins against diphtheria and of tetanus by Von Behring in 1890 
was the beginning of the end of the reign of bacterial diseases. It was 
later helped by the discovery of sulphanilamides and penicillin, highly 
effective, broad-range antibacterial substances.
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The development of antiviral vaccines was also successful: the 
introduction of cowpox virus vaccine by Edward Jenner and the 
revolutionary efforts of Louis Pasteur with rabies vaccine were later 
followed by discoveries of vaccines against other viral infections. This 
eventually resulted in complete eradication of smallpox and effective 
control of many deadly viruses. Many, but far from all. Unfortunately, 
the development of powerful and specific antiviral chemicals did not 
follow. Without an effective vaccine at hand, physicians were often 
left with only a handful of palliative tools for helping patients. 
However the quality of antiviral treatment had satisfied expectations 
of society for some time until the balance was tipped over by the 
arrival of AIDS, understanding of the connection between viruses and 
cancer and discovery of the viral nature of many previously known 
diseases. All that necessitated active search for specific antiviral 
drugs. But before that, a drug target had to be found. Viral enzymes, 
like polynucleotide polymerases and proteases, had become prime 
targets in this search. The successful launching of drugs against 
Herpes Simplex Virus (DNA polymerase inhibitor) and Human 
Immunodeficiency Virus (reverse transcriptase inhibitor and protease 
inhibitors) told us that this approach can be fruitful and should be 
applied to other viral infections. 

History of discovery of viruses in a nutshell 

Not visible in a light microscope, unable to grow on any kind 
of media by themselves, viruses were elusive for a long time after the 
discovery of bacteria. The first virus to be discovered was not from 
humans. In 1887, the Russian scientist Dimitri Ivanovski, 
investigating a case of tobacco mosaic disease in tobacco plants in 
Crimea, provided the first operational definition of viruses by showing 
that ‘’the sap of [tobacco] leaves infected with tobacco mosaic disease 
retains its infectious properties even after filtration through 
Chamberland filter candles’’.  Defined in this way, viruses were called 
‘’filterable agents’’ for several decades after Ivanovski’s discovery. 
Another important step was taken by the Dutch microbiologist 
Martinus Beijerinck in 1898. He showed that the filterable agent of 
tobacco mosaic disease regained its infectious ‘’strength’’ after 
dilution only in the presence of tobacco plant cells. Viruses thus 
became defined as filterable infectious agents that were invisible in a 
microscope and only multiplied in living cells. Guided by this 
definition, the finding of other viruses was only a matter of time and 
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the first human filterable agent, yellow fever virus, was soon (1901) 
discovered by Walter Reed and co-workers. Invention of the plaque 
assay, culturing of viruses in living animals and cell cultures, 
nucleotide sequencing, etc. had resulted in the accumulation of an 
enormous amount of knowledge about viruses by the 20th century. The 
discovery of PCR paved the way for the identification of the virus that 
is the main subject of the present thesis: in 1989 hepatitis C virus 
became the first virus to be discovered by molecular cloning (Choo et 
al. 1989). 

The hepatitis C virus 

History of hepatitis C virus discovery 

By the middle of the seventies of the 20th century it was 
already known that hepatitis A and B viruses were not the only 
causative agents of viral hepatitis in humans (Barker et al. 1976, 
Feinstone et al. 1975). A number of patients with mild hepatitis did 
not fit into the clinical picture of hepatitis A or B infections and their 
blood serum was negative for immunological markers of the two 
known hepatitis viruses; this disease was called as what it was not: 
non-A non-B hepatitis (NANBH). By the end of the seventies, the 
clinical picture of the disease was well established (Wyke et al. 1980), 
but the etiological factor was still unknown and laboratory tests for 
identification of the disease were not available. No specific antibody 
was found in the blood of diseased individuals and infectivity was 
only shown with chimpanzees (this was the first direct proof of 
existence of NANBH), which, of course, was not suitable for broad 
screening. However, it was possible to observe virus-like particles in 
liver tissue from both infected humans and chimpanzees. The 
morphology of the particles raised speculations about the existence of 
more than one virus (Maugh TH 2nd, 1980). In the eighties, the 
number of research centres that were dealing with NANBH and the 
number of publications on the matter had exploded. But quantity had 
not grown into quality and at the end of the eighties no etiological 
agent had been identified and no reliable diagnostic test had been 
discovered (Choksi et al. 1989). Amidst growing anxiety, a long-
awaited discovery was made by Choo et al. (Choo et al. 1989) at 
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Chiron Corporation in 1989. Using an extensive set of random 
primers, they were able to pick up a polynucleotide sequence from the 
plasma of HCV-infected chimpanzees that did not belong to humans 
or chimpanzees. Peptides encoded by this sequence did bind 
antibodies from the plasma of individuals infected with NANBH, but 
not of healthy individuals. Hepatitis C virus (HCV) was thus 
discovered. The procedure used in the latter experiment was 
immediately recognised as a ready-to-use diagnostic tool (Kuo et al. 
1989). As blood screenings began, the extent of the hepatitis C 
problem was soon unveiled. In the years to follow, HCV was 
extensively studied: it was found to contain at least four enzymes 
besides structural proteins: two proteases (NS2-3 and NS3), NS3 
helicase and RNA-dependent RNA polymerase. These enzymes have 
become prime targets in the search for anti-HCV chemicals, and one 
of them (NS3 protease inhibitor) may soon make its way to drug 
stores (Lamarre et al. 2003). 

Hepatitis C virus 

Taxonomy 

HCV belongs to the Hepacivirus genus of the Flaviviridae

family. It is an enveloped, single-strand positive-sense RNA-
containing virus. Like other Flaviviruses, the RNA of HCV 
propagates by using an RNA-dependent RNA polymerase (RdRp), 
which lacks a proofreading mechanism. This gives rise to great 
heterogeneity in the HCV genome. Based on sequence analysis of the 
5’-non-coding region (Bukh et al. 1992), genes coding for different 
structural and non-structural proteins (Bukh et al. 1993, Bukh et al. 
1994, Simmonds et al. 1993) or the whole open reading frame (ORF) 
(Bukh et al. 1995), six major genotypes (I-VI) and 12 subtypes of 
HCV were originally identified. Despite difficulties in classifying 
some HCV isolates into any of the six major genotypes, the 
classification is still in use. Due to its high mutational rate, HCV 
circulates as a population of related, but slightly different genomes, 
the so-called quasispecies (Martell et al. 1992) and identification of a 
viral strain infecting a particular patient may be quite complicated by 
that fact. 
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Genome structure 

The HCV genome is about 9.5 kbp long and consists of a 
major open reading frame flanked by two non-coding, highly 
conserved regions (Fig.1) (Pozzetto et al. 1996, Plagemann 1991); an 
additional smaller reading frame was also proposed (Ina et al. 1994). 

Figure 1. HCV genome and polyprotein processing. The genome is ≈9.5 kb long, the 
polyprotein is ≈3010 aa long. Cleavage of different junctions of the polyprotein by 
responsible proteases is indicated by arrows. UTR – untranslated region, IRES – 
internal ribosome entry site, polyU-tract – poly uracil stretch of RNA. 

5’-untranslated region (5’UTR)

The 5’-UTR is approximately 340 nt long and is considered to 
contain regulatory elements important for viral gene expression and 
replication. Devoid of cap, HCV RNA contains an internal ribosome 
entry site (IRES), which attaches itself to a ribosome and initiates viral 
RNA translation (Tsukiyama-Kohara et al. 1992). The IRES spans the 
5’-UTR from 40 nt to 370 nt, which overlaps the ORF (starts at 342 
nt) (Reynolds et al. 1995). The 5’-UTR has a complex secondary 
structure, which is important for proper functioning of the IRES 
(Brown et al. 1992, Le et al. 1995, Rijnbrand et al. 1995). Secondary 
structural elements may play regulatory roles by interacting with 
cellular factors (Ali et al. 2000, Spangberg et al. 1999). The 5’-UTR 
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can also play a role in the viral RNA replication, as was shown by 
deletion mutagenesis (Kim et al. 2002).

3’-untranslated region (3’UTR)

The 3’UTR is approximately 200 to 235 nt long and consists 
of several regions: 1) a short (~40 nt) variable sequence; 2) a poly(U) 
region followed by U(C)n-stretch and 3) an approximately 98 nt long 
sequence (98nt stretch) that is highly conserved among different HCV 
strains (Kolykhalov et al. 1996, Yamada et al. 1996). The 3’-UTR is 
predicted to form several loop structures (Fig. 2).

Figure 2. 3’-untranslated region (3’UTR) of the HCV genome. 

Removal of loops in the variable region results in impaired 
RNA replication, whereas removal of the poly(U) stretch or 98nt 
stretch completely abolishes replication (Friebe et al. 2002). The 
length of the poly(U) stretch is an important determinant of its 
functionality – only truncation to fewer than 26 nt results in loss of 
RNA replication. Changes in the 98nt-stretch are much less tolerated: 
removal of any of the three loop structures present in 98nt abolishes 
RNA replication, but do not affect RNA stability or translation. This 
indicates that the 3’-UTR is of major importance for HCV RNA 
replication (Friebe et al. 2002). This is supported by the fact that 
blocking of the 3’ end of the 3’-UTR inhibits initiation of RNA 
replication (Reigadas et al. 2003). 



7

Finally, removal of both the poly(U) and the 98nt stretches 
results in loss of HCV infectivity in chimpanzees (Kolykhalov et al. 
2000). Taken together, these facts point out the importance of the 3’-
UTR for viral proliferation and explain the high conservation of this 
region among different HCV strains.  

Open reading frames (ORF) 

An interesting feature of the flavivirus genome is the presence 
of more than one start codon in the 5’-UTR. In the case of HCV, the 
ORF starts at the fourth AUG codon (Tsukiyama-Kohara et al. 1992).  
The main ORF (mORF) is about 9 kb long and is translated into a 
single polyprotein of about 3000 amino acids. Based on the functions 
of the proteins encoded by the mORF, it can be divided into two 
regions: a) structural proteins, which are clustered on the 5’-end and 
b) non-structural proteins, which are clustered on the 3’-end 
(Takamizawa et al. 1991, Choo et al. 1991, Houghton et al. 1994) 
(Fig. 1).

Processing of the polyprotein into separate functional proteins 
is carried out both by cellular and viral proteases: cellular proteases 
cleave between structural proteins and between the p7 and NS2 
proteins, whereas cleavage between the rest of the proteins is carried 
out by two viral proteases encoded by the NS2-3 and NS3 genes 
(Lohmann et al. 1996). 

The presence of another ORF (xORF), which overlaps the 
Core gene, was predicted by computer-assisted analysis of the HCV 
genome (Ina et al. 1994, Smith et al. 1997). The xORF lacks a start 
codon and is supposed to be expressed via a ribosomal frameshift (see 
4.2.5.). Several reports suggest that xORF is functional (Varaklioti et 
al. 2002, Xu et al. 2001), but the function of the encoded protein is not 
known.

HCV structural proteins

Core protein 

The sequence of the Core protein is highly conserved among 
different HCV strains (Bukh et al. 1994). The Core protein is released 
from the polyprotein by proteolytic cleavage at residue 191 (Fig. 1) 
and between residues 174 and 191, most probably by a signal 
peptidase complex on the lumenal site of the ER (McLauchlan et al. 
2000). Core protein variants of 21 kDa, 19 kDa and 16 kDa have been 
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described (Lo et al. 1995). The direct function of the Core protein, as 
implied by its name, is to form the capsid shell of the viral particle 
(Fig. 3). The Core protein can be homo-oligomerized to form a viral 
capsid. The binding of RNA and the formation of the nucleocapsid 
seem to stabilize the whole assembly (Shimoike et al. 1999, Kunkel et 
al. 2002). Very little is known about the structure of the HCV capsid 
and the virion in general, since HCV does not proliferate in cell 
cultures and very few viral particles are generated upon infection in 
living organisms.  

A                                                  B 

Figure 3. HCV virion structure. A. Image of a HCV virion particle in an electron 
microscope. B. Hypothetical structure of a HCV particle. 

Viral genomes are limited in size, especially in RNA viruses, 
and whatever information is encoded has to be used with maximum 
efficiency. Viruses have developed multiple ways of maximizing the 
information stored in the genome without physically increasing the 
genome size. One such way is to have multiple functions associated 
with one gene product. The nucleotide sequence coding for the Core 
protein appears to be involved in the regulation of HCV translation 
(Zhao et al. 1999). The presence of a DNA-binding motif, nuclear 
localization signals, the localization of the protein in the cytoplasm, 
nucleus and mitochondria and its binding to a broad range of host 
proteins suggests that the Core protein has a regulatory function 
besides being a structural protein (McLauchlan et al. 2000, Ray et al. 
2001). It has been shown that the Core protein might be involved in 
different cellular processes, such as apoptosis (Kountouras et al. 
2003), cell growth/transformation (Schulze zur Wiesch et al. 2003), 
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lipid metabolism (Petit et al. 2003) and gene expression (McLauchlan 
et al. 2000). It also plays an important role in the evasion of the 
immune system by the virus (Moorman et al. 2001). In general, it 
appears that the Core protein plays an important role in the 
pathogenesis of HCV infection. 

E1 and E2

E1 (35 kDa) and E2 (70 kDa) are two highly glycosylated 
proteins that are presumed to be present on the surface of the viral 
particle (Dubuisson et al. 2000) (Fig. 3). The lipid envelope of HCV 
originates from the ER membrane with E1 and E2 already integrated 
into it via their C-terminally localized transmembrane regions 
(Cocquerel et al. 2000, Cocquerel et al. 1999, Blanchard et al. 2002). 
It is likely that viral cell entry is mediated by the interaction of both 
envelope proteins with CD81 (Pileri et al. 1998, Cocquerel et al. 2003) 
and low-density lipoprotein (Monazahian et al. 1999, Agnello et al. 
1999) receptors and, possibly, with some other cellular proteins 
(Pandya et al. 2002). The N-terminal end of the E2 protein contains 
two hypervariable regions (Kurosaki et al. 1994), which are proposed 
to play an important role in the evasion of the immune system by the 
virus (Dubuisson et al. 2000, Chang 2003). 

p7

p7 is a small (7 kDa) protein, which has been shown to be 
essential for viral infectivity (Sakai et al. 2003). Recent reports 
suggest that p7 forms an ion channel (Pavlovic et al. 2003, Griffin et 
al. 2003), but its exact role in the HCV life cycle is not yet clear. 

Non-structural proteins 

NS2

NS2 (23 kDa) is a highly hydrophobic, transmembrane protein 
(Yamaga et al. 2002) with a still unknown function. It has been shown 
that NS2 inhibits apoptosis by interaction with the liver-specific pro-
apoptotic CIDE-B protein, which suggests involvement of NS2 in the 
pathogenesis of HCV infection (Erdtmann et al. 2003).  

The NS2-3 protease spans the C-terminal half of NS2 and the 
N-terminal part of NS3 proteins (Hijikata et al. 1993) and is 
responsible for cleaving itself at the NS2/NS3 junction (Thibeault et 
al. 2001, Grakoui et al. 1993, a). The question of which family of 
proteases the NS2-3 protease belongs to is still unresolved. The NS2-3 
protease has no sequence homology to other known proteases, but 



10

mutagenesis studies have revealed the importance of His-952 and 
Cys-993 for NS2-3 autocleavage (Hijikata et al. 1993, Grakoui et al. 
1993), which indicates that NS2-3 is a cysteine protease. On the other 
hand, it was discovered that NS2-3 activity is stimulated by Zn and 
inhibited by EDTA, which led to the suggestion that NS2-3 might be 
metalloprotease (Thibeault et al. 2001, Hijikata et al. 1993).  
Inhibition studies have revealed that the NS2-3 protease is inhibited 
by serine, cysteine and metalloprotease inhibitors (Thibeault et al. 
2001), which has also contributed to the confusion about classification 
of the protease. 

NS3 and NS4A

The NS3 protein is a 631-amino acid long, multifunctional 
protein with protease, helicase and NTPase activities. It consists of 
two distinct domains: protease and helicase/NTPase. 

NS3 protease 

The N-terminal part of the NS3 protein of flaviviruses had 
been predicted to contain a serine protease (Gorbalenya et al. 1989a,
Bazan et al. 1989) before the discovery of HCV. This was later 
confirmed by mutagenesis studies where substitution of proposed 
catalytic residues led to the lack of polyprotein processing 
(Bartenschlager et al. 1993, Eckart et al. 1993, Tomei et al. 1993, 
Grakoui et al. 1993b), by biochemical studies with purified NS3 
protease (Shoji et al. 1995) and by structure determination (Love et al. 
1996, Kim et al. 1997, Yan et al. 1998, Love et al. 1998). 

The NS3 protease spans 180 N-terminal amino acids of the 
NS3 protein and is responsible for separation of non-structural 
proteins from each other (Fig. 1). It belongs to the chymotrypsin 
family of serine proteases and consists of two canonical Greek-key β-
barrels with the active site placed between the domains (Fig. 4). The 
NS3 protease lacks the long surface loops that feature the substrate-
binding site of other chymotrypsin-like serine proteases. The NS3 
protease substrate-binding site is unusually flat, pocketless and 
solvent-exposed (Love et al. 1996).



11

The C-terminal β-barrel of the NS3 protease contains a 
structural Zn2+, which is coordinated by Cys-97, Cys-99, Cys-145 and 
His-149 via a water molecule (Love et al. 1996, Kim et al. 1997, De 
Francesco et al. 1996). Refolding of NS3 without Zn2+ results in 
misfolding and aggregation of the protein (Urbani et al. 1998). Zn2+

thus seems to stabilize structure of the protease. The Zn2+-binding site 
in NS3 is equivalent to that in another chymotrypsin-like protease, the 
2A protease of Picornaviridae (Voss et al. 1995). In both proteases, 
the Zn2+-binding site seems to correspond to a disulfide bond found in 
a similar position in other chymotrypsin-like proteases. Like other 
intracellular proteins, NS3 is devoid of S-S bonds, since they would 
not survive in the reducing intracellular milieu; Zn2+ may play the role 
of the S-S bond without being reduced (De Francesco et al. 2000). 

Figure 4. Structure of the protease domain of HCV NS3 (coordinates are from PDB 
file 1A1R). The structure is colored according to the secondary structure: β-strands 
in blue, α-helices in red. The N-terminal β-barrel with the NS4A cofactor (magenta) 
is on the right, the C-terminal β-barrel with the structural Zn2+ (green) is on the left. 
The catalytic triad, showed in ball and stick, is in the interdomain cleft: Ser-139 (on 
the C-terminal β-barrel), His-57 and Asp-81 (behind His-57) (on the N-terminal β-
barrel). 

Another interesting feature of the NS3 protease is its 
dependence on the NS4A protein, which activates the NS3 protease 
and is absolutely necessary for cleavages at the NS3-NS4A, NS4A-
NS4B and NS4B-NS5A junctions of the viral polyprotein (Failla et al. 
1994, Bartenschlager et al. 1994). NS4A is a 54 amino acid long 
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protein with a highly hydrophobic N-terminus. The central part of 
NS4A has been shown to interact with the NS3 protease by forming 
an antiparallel β-strand with its N-terminus (Fig. 4). NS3 in complex 
with NS4A is less susceptible to proteolysis and is more stable both in
vitro and in vivo (Urbani et al. 1999, Tanji et al. 1995). Several 
theories were proposed to explain the mechanism of activation of the 
NS3 protease by NS4A cofactor, including proper alignment of 
catalytic residues (Archer et al. 2002, Yan et al. 1998) and influence 
on the prime side of the substrate binding site (Kim et al. 1997, 
Landro et al. 1997). 

Sequence at the junction Junctions between non-
structural proteins 

P6 P5 P4 P3 P2 P1 - P1’P2’P3’ P4’ 
NS3-NS4A D L E V V T - S T W V
NS4A-NS4B D E M E E C - A S H L
NS4B-NS5A D C S T P C - S G S W
NS5A-NS5B              E D V V C C - S M S Y 
Consensus sequence D X X X X C - S X X X

Figure 5. Natural cleavage sites of HCV NS3 protease. Sequences at the junctions 
are shown using the nomenclature of Schechter and Berger (1967). Prime residues 
(P’) lie on the right of the scissile bond (marked with a dash), non-prime residues (P) 
lie on the left. NS3/NS4A junction is the only junction with non-Cys P1. P6 is 
invariably occupied by an amino acid with acidic side chain – Asp or Glu. P1’ is 
occupied by an amino acid with a small, hydrophobic side chain. Most of the 
remaining prime residues are occupied by hydrophobic amino acids. 

The substrate specificity of the NS3 protease is rather unusual 
(Fig. 5), with P1 being Cys in all natural cleavage sites except for the 
NS3-NS4A junction, where Thr is found (Grakoui et al. 1993b, Pizzi 
et al. 1994, Zhang et al. 1997). The S1 pocket is a rather shallow 
cavity that is lined by the side chains of Ala-157 and Leu-135 and by 
the aromatic ring of Phe-154 at the bottom (Love et al. 1996, Kim et 
al. 1997, Yan et al. 1998). Apparently, only amino acids with non-
bulky side chains (like cysteine, homocysteine, allylglycine, 2-
aminobutyric acid, norvaline and valine) are accepted in the P1 
position of the NS3 substrate. There are no other well-defined pockets 
on either the prime or non-prime parts of the substrate-binding site 
(Love et al. 1996). Another important interaction also resides in the 
non-prime side. The P6 residue, which is invariably Asp or Glu in all 
natural NS3 substrates (Fig. 5), was shown to interact with a 
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positively charged area on the surface of the protease. Removal of P6 
or its substitution by a non-charged amino acid results in great loss of 
substrate affinity (Steinkuhler et al. 1996, Komoda et al. 1994). Prime 
side interactions (P1’-P4’) have also been shown to be important for 
substrate recognition, but again – no single interaction was especially 
important for the substrate affinity (Steinkuhler et al. 1996). The 
interaction of NS3 protease with its substrate is mediated by multiple 
weak interactions spread along the substrate-binding site, with most of 
the interaction energy coming from the non-prime side. As a 
consequence, the NS3 protease effectively cleaves only long peptides 
(minimum decapeptides spanning P6-P4’) (Steinkuhler et al. 1996).  

It has been noticed that the N-terminal hexapeptide product of 
NS3 protease substrate is a rather potent competitive inhibitor of the 
enzyme (Steinkuhler et al. 1998, Llinas-Bruneta et al. 1998) (Fig. 13). 
Its optimization led to the creation of hexapeptide inhibitors with Ki

values in the low nanomolar range (Ingallinella et al. 1998). Besides 
interactions observed with the non-prime side of the substrate, the 
additional interaction between the C-terminal carboxylate created 
upon proteolytic cleavage and the active site is present in the product 
inhibitor (Fig. 13) (Tsantrizos et al. 2003). 

NS3 helicase 

The NS3 helicase/NTPase comprises the C-terminal two-thirds 
of the NS3 protein. It is capable of unwinding RNA, DNA and 
heteroduplexes in a 3’ to 5’ direction (Hong et al. 1996, Morgenstern 
et al. 1997) and its main function appears to be to unwind the RNA 
duplex during RNA replication. 

The NS3 helicase belongs to super family II of helicases 
(DEAD-box family, DexH subfamily) according to (Gorbalenya et al. 
1989b). The NS3 helicase contains the conserved motifs I and II 
(Walker motifs), shared by all helicases, and motifs III and IV 
(Kwong et al. 2000). Motif I is responsible for binding of nucleotide 
triphosphates, motif II binds Mg for NTP hydrolysis, motif III 
participates in coupling of NTP hydrolysis and RNA unwinding, 
whereas the role of motif IV is not yet known (Kwong et al. 2000). 
The structure of NS3 helicase has been resolved and revealed that the 
protein consists of three domains; a groove between the two first 
domains and the third domain forms a binding site for the 
oligonucleotide substrate (Kim et al. 1998, Cho et al. 1998). 
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Full length NS3 protein 

Although both the protease and the helicase domains of NS3 
had been shown to be active when expressed alone, there is no 
evidence that they become separated in vivo. This may imply that 
there must be a reason for two enzymes to be linked. Several reports 
suggest a mutual influence between the helicase and protease domains 
in the full-length protein (Morgenstern et al. 1997, Johansson et al. 
2001, Gallinari et al. 1998). The crystal structure has revealed that the 
domains are clustered together although interdomain interactions do 
not appear to be extensive (Yao et al. 1999). More interesting is the 
fact that the helicase domain ‘hangs’ over the substrate binding site of 
the protease (Fig. 6), thus providing a structural rationale for how the 
helicase domain influences the activity of the protease. 

Figure 6. Full length HCV NS3 protein (coordinates are from PDB file 1CU1). The 
structure is colored according to the secondary structure: β-strands in blue, α-helices
in red. The protease domain is at the bottom of the structure, the helicase domain is 
at the top. Active site residues of the protease are depicted in ball and stick; the C-
terminus of the helicase domain occupies the substrate-binding site of the protease. 

Helicase domain 

Protease domain 
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NS4B

NS4B is a membrane protein with still unknown function 
(Lundin et al. 2003). NS4B has been suggested to encode selenium-
dependent glutathione peroxidase in an overlapping –1 reading frame 
(Zhang et al. 1999). Expression of NS4B alone or in fusion with 
NS4A results in distinct structural rearrangements of the cell secretory 
apparatus and a reduced rate of protein traffic (Konan et al. 2003, 
Egger et al. 2002). 

NS5A

NS5A (56-58 kDa) is a highly phosphorylated protein with an 
as yet unknown function (Pawlotsky et al. 1999). Production of p58, 
the hyperphosphorylated form of p56, may depend on the presence of 
NS4A (Kaneko et al. 1994). NS5A has been found to be localized in 
the cytoplasmic membrane surrounding the nucleus, but not in the 
nucleus, despite the presence of a nuclear localization signal 
(Pawlotsky et al. 1999). NS5A lacking the 146 N-terminal amino 
acids, but not a full length NS5A, is a potent transcriptional activator 
in yeast and mammalian cells (Tanimoto et al. 1997, Kato et al. 1997) 
but it is not clear whether NS5A can perform this function in vivo.

NS5A binds to PKR (a 68 kDa serine-threonine protein kinase) 
(Satoh et al. 1998, Gale et al. 1997). Interferon produced in response 
to viral infection increases PKR expression, which is further activated 
by binding of viral-encoded or cellular double-strand RNA (activated 
PKR inactivates eucaryotic initiation factor 2α via phosphorylation). 
This, in turn, inhibits initiation of mRNA translation and blocks viral 
replication by inhibiting protein synthesis (Clemens et al. 1997). 
Inhibition of PKR by NS5A prevents this sequence of events and 
clears the way for viral replication. NS5A can interfere with the IFN-
induced signalling upstream of PKR activation (Heim et al. 1998). It 
has also been reported that the NS5A protein can interact in vitro with 
a cellular putative tumour suppressor, which may play a role in HCV 
carcinogenesis (Herion et al. 1998). 

NS5B

NS5B (66 kDa) is an RNA-dependent RNA polymerase 
(RdRp), which is able to copy homologous as well as heterologous 
RNA templates (Behrens et al. 1996). Together with the NS3 helicase, 
NS5B forms the core of the HCV replicase complex. NS5B 
polymerase can utilize primers for initiation of RNA synthesis 
(Behrens et al. 1996) but is also able to initiate de novo RNA synthesis 
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on a single-stranded RNA template (Luo et al. 2000). The latter 
mechanism is probably the one that takes place in vivo, since the 
template-dependent initiation of transcription of the self-primed 3’-
end of the HCV genome (Fig. 2) would result in the loss of genetic 
information.  

NS5B has an overall structure that is typical for most 
polynucleotide polymerases; it consists of three domains: ‘’fingers’’, 
‘’palm’’ and ‘’thumb’’ (Ago et al. 1999, Bressanelli et al. 1999) and 
contains a GDD motif that is shared by all RdRps. NS5B has a highly 
hydrophobic C-terminal region which mediates binding of the protein 
to the ER membrane (Shirota et al. 2002, Ivashkina et al. 2002). This 
is consistent with the idea that the HCV replicase complex is 
assembled on the membrane of ER. 

Replicase complex

The exact sequence of events that take place at the 3’-UTR 
during RNA replication is not fully understood, but it is obvious that 
HCV NS5B (RdRp) must be around to start the synthesis of the 
negative sense strand. Indeed, NS5B binds to 3’UTR, but the binding 
is not very strong (Oh et al. 2000) and the question remains of how 
NS5B, which does not possess helicase activity, can initiate a primer-
independent synthesis of RNA which is double stranded on the 3’-
UTR end with only one terminal U unpaired (Fig. 2). HCV proteins 
NS3, NS4B (Piccininni et al. 2002, Banerjee et al. 2001) and NS5A 
(Shirota et al. 2002) were shown to be involved in this process. The 
NS3 protein, which possesses helicase activity (see below), produces 
the most dramatic effect on NS5B activity, increasing primer-
independent RNA synthesis (Piccininni et al. 2002), probably via 
unwinding of the 3’-terminal duplex (Fig. 2). 

Replication of the HCV genome has been proposed to take 
place on the membrane of the endoplasmic reticulum (Hwang et al. 
1997), which is supported by the fact that all of the non-structural 
proteins of HCV associate with the ER membrane (Dimitrova et al. 
2003). Complex interplay of interactions between non-structural 
proteins and the genomic RNA during replication is only possible in 
an ordered, confined in space structure, where local concentrations of 
viral factors are high and where sequential, concerted action of all 
players is permitted. The exact structure of the replicase complex is 
still not known but it is possible that all of the non-structural and, 
possibly the structural proteins are involved in the replication of the 
viral genome (Dimitrova et al. 2003). 
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xORF, protein F.

An additional protein is expressed from the Core coding 
sequence (xORF) by a –2/+1 ribosomal frameshift in the vicinity of 
codon 11 (Varaklioti et al. 2002, Xu et al. 2001, Roussel et al. 2003). 
Protein F (as it has been called by Xu et al. 2001) is a 16 or 17 kDa. In 
fact, expression of a 16 kDa form of Core protein has been described 
earlier (Lo et al. 1995). HCV-positive sera specifically recognize 
protein F, which confirms the in vivo expression of this protein 
(Varaklioti et al. 2002, Xu et al. 2001, Boulant et al. 2003). The 
function of protein F is still unknown, but it has been shown to be 
associated with the ER, like other HCV proteins, which may point to 
the participation of protein F in HCV replication (Xu et al. 2003). 

HCV virion structure

The lack of methods for viral replication in cell culture and the 
low number of viral particles produced upon infection in living tissue 
has proved to be a serious obstacle to studying the structure of the 
HCV virion. However, virus-like particles are visible in the electron 
microscope (Fig. 3A) in liver tissue or blood serum extracts from 
infected humans and chimpanzees infected with HCV (Ishida et al. 
2001, Li et al. 1995, Kaito et al. 1994, Prince et al. 1996, Shimizu et 
al. 1996). A number of studies have been performed using artificial 
virus-like particles (Blanchard et al. 2002, Clayton et al. 2002). Based 
on the data obtained with virions of other viruses from the 
Flaviviridae family, a structure of HCV has been deduced: the 
oligomerized Core protein forms complex with viral RNA and is 
surrounded by a lipid envelope in which the E1 and E2 proteins are 
embedded (Fig. 3B). Direct observation of virions has revealed that 
they are approximately 50 – 70 nm in diameter and that the HCV core 
has an icosahedron-like structure (Ishida et al. 2001, Li et al. 1995, 
Prince et al. 1996, Shimizu et al. 1996).  

HCV epidemiology 

Infected population

Globally, about 200 million persons are estimated to be 
chronically infected with HCV, and 3 to 4 million persons are newly 
infected each year (World Health organisation). Thanks to the 
introduction of HCV tests, the number of new cases has dropped 
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significantly, but their number still remains high, making HCV one of 
the most common chronic infections in the world. 

The prevalence rate of HCV infection differs significantly 
among different regions of the world (Fig. 7). The lowest prevalence 
rates are observed in the United Kingdom and Scandinavia (0.01 – 
0.1%), followed by South and North America, Western Europe, 
Australia and South Africa (0.2 – 0.5%), Brazil, Eastern Europe, the 
Mediterranean, the Mideast and the Indian subcontinent (1 - 5%). The 
highest rate is observed in Egypt (17 –20%) (Wasley et al. 2000). 

Figure 7. Global prevalence of HCV infection (WHO, 1998). 

HCV transmission routes 

Transmission of HCV occurs via direct blood contact. This can 
occur in different situations: 

Injection drug use. Use of contaminated injection material or 
needles for injections is the cause of the high prevalence (70 to 90%) 
of HCV among drug users (Thorpe et al. 2000). 

Blood transfusions and use of blood products. Multiple cases 
of non-A, non-B hepatitis after blood transfusions were the principal 
motivation of the search for HCV in the 70th. Accurate statistical data 
on blood-transfusion-associated cases of HCV during that time are not 
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available since the screening for potential contamination of donor 
blood had begun in the beginning of the 1980s, before discovery of 
the virus and the availability of a reliable detection method. The risk 
of HCV infection in connection with blood transfusion became as low 
as 0.001% per unit of transfused blood by the beginning of the 1990s 
(Donahue et al. 1992). Before vapor treatment of factors VIII and IX 
became standard, up to 95% of patients with haemophilia were 
seropositive for HCV (Blanchette et al. 1991). 

Chronic hemodialysis. The current risk of HCV infection after 
hemodialysis is around 10% per year (Fabrizi et al. 2001). 

Organ transplantation.
Occupational. Health care workers are obvious risk group for 

HCV. In the early 1990s, the prevalence of HCV among health care 
workers was 3 times higher than in the rest of the population 
(Lanphear et al. 1994). 

Sexual transmission (Fletcher 2003). 
Vertical transmission (mother to child). Infection of a child 

during birth and breast-feeding is possible (Tajiri et al. 2001). 
Miscellaneous: tattooing, body piercing, etc. 

HCV pathogenesis and symptoms 

The sequence of events after infection with HCV is shown in 
Fig. 8. The incubation period (time between exposure and the 
appearance of the first symptoms) is 6 to 8 weeks. As is clear from the 
scheme in Fig. 8, most cases of primary HCV infection are 
asymptomatic and in the rest of cases symptoms are often quite mild, 
which explains the big reservoir of HCV infection. After 3 to 12 
weeks either clearance of the virus or development of chronic 
infection takes place (Zoulim et al. 2003). In general, about 80-95% of 
newly infected patients progress to chronic infection (Fig. 8). 
Cirrhosis develops in about 10% to 20% of persons with chronic 
infection, and liver cancer develops in 1% to 5% of persons with 
chronic infection over a period of 20 to 30 years (World Health 
organisation).

HCV infection is famous for its weak clinical manifestations 
(Zoulim et al. 2003). Primary infection with symptoms can hardly be 
described as acute hepatitis. Even less pronounced symptoms are 
observed in the chronic phase of the infection. Considering the serious 
outcomes of the disease, it is easy to understand why HCV is often 
referred to as a ‘’silent killer’’. As in the case of other types of viral 
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hepatitis, all symptoms of HCV infection can be grouped into four 
major syndromes: a) cytolytic - presence of liver enzymes in the blood 
due to the cytolysis); b) cholestatic – impairment of gall drainage; c) 
insufficiency of liver function: lowered protein synthesis and 
detoxication; d) inflammatory syndrome. 

As in the case of Hepatitis B virus, the principal cause of liver 
destruction in HCV infection appears to be the immune system rather 
than the virus itself (Nakamoto et al. 2003). The immune response to 
viral proteins and the ability of the virus to evade the immune system 
by different means creates a continuous circle of sub-acute 
inflammation. Regeneration of liver tissue takes place, but in a rather 
disordered way, leading to the creation of liver tissue devoid of its 
natural cellular and vascular architecture and with a lot of connective 
tissue – liver cirrhosis (Nakamoto et al. 2003, Cerny et al. 1999). 
Continuous chronic inflammation leads to autoimmunization (Pleister 
et al. 2003, Pawlotsky et al. 1995) and, together with viral factors, to 
the development of hepatocellular carcinoma (Block et al. 2003). 

Figure 8. Course and outcomes of HCV infection. The primary infection occurs 3-12 
weeks after exposure to the virus. It takes 20-30 years to develop liver cirrhosis and 
a further 5-10 years to develop hepatocellular carcinoma. 
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Multiple extra hepatic symptoms are associated with HCV 
infection. There is a strong correlation between HCV and essential 
mixed cryoglobulinaemia (Pawlotsky et al. 1995), membranous and 
membranoproliferative glomerulonephritis (Meyers et al. 2003), 
porphyria cutanea tarda (Gisbert et al. 2003) and rheumatic 
manifestations such as Sjögren’s syndrome (Manns et al. 1999). 
There’s a possible link between HCV and other diseases associated 
with autoantibody production: systemic vasculitis-polyarteriitis, 
autoimmune thrombocitopenia and type II diabetes (Manns et al. 
1999). Evidence is mounting for the possible involvement of HCV in 
different types of lymphomas (Weng et al. 2003). 

How to kill a virus 

The aim of any antiviral therapy is to clear the host organism 
of virus. This might be achieved either by a) modulation of the host’s 
antiviral defence mechanisms or b) intervening in the viral life cycle 
and preventing it from proliferating. 

Modulation of host antiviral defense 

a) Vaccination is the oldest way of preventing viral infections. 
Unfortunately, the development of vaccine against HCV has 
not been successful due to the high genetic variability of the 
virus.

b) Interferon-α, either alone or in combination with ribavirin 
(Patel et al. 2003), is the cornerstone of anti-HCV treatment 
today. Interferon-α has been shown to possess antiviral, 
antiproliferative and immunomodulatory activities, but the 
exact mechanism of interferon-α influence in anti-HCV 
treatment is not known. Although the host immune system is 
known to be involved in the response to interferon-α therapy 
(Lau 1998), it is not clear whether the immune system is 
affected by interferon-α directly. 

Viral life-cycle intervention 

Interfering with different steps of the viral life cycle could stop 
viral proliferation: 
a) Adsorption of the virus to a host cell. In the case of HCV, both 

envelope proteins, E1 and E2, take part in the interaction with 
receptors on the cell surface (see description of E1 and E2). 
Disruption of this interaction will prevent viral adsorption and 
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will stop the virus from proliferating (VanCompernolle et al. 
2003).

b) Penetration of enveloped viruses happens via fusion or 
endocytosis. The latter is the case with HCV. A number of 
substances like lysosomotropic agents (ammonium chloride, 
chloroquine), carboxylic ionophores (monensin and nigericin) 
and dicyclohexylcarbodiimide can abolish acidification of the 
viral endosome, thereby preventing entry of the core viral 
particle into the cell (Iacoangeli et al. 2000). Unfortunately, 
these substances lack specificity and are toxic to the host. 

c) Replication. Viruses adopt different replication strategies. 
According to The International Committee on Taxonomy of 
Viruses (http://www.ncbi.nlm.nih.gov/ICTV/) HCV belongs to 
group IV, (+) sense RNA viruses with no DNA intermediate in 
their life cycle. Translation of the HCV genome starts right 
after entry into the cell. The translation product, the 
polyprotein, needs to be processed, which is achieved by both 
cellular and HCV NS2-3 and NS3 proteases. After that, the 
NS5B polymerase, with the help of the NS3 helicase and some 
other viral and cellular factors, replicates the HCV genome, 
which, in turn can be used for further translation or be packed 
into new viral particles. Inactivation of the viral enzymes is 
lethal to the virus (Kolykhalov et al. 2000) and the design of 
inhibitors for those enzymes is under way (De Francesco et al. 
2003, Kleymann 2003). Inhibition of translation could be 
achieved by other means than inhibition of enzymes, such as 
blockage of regions on the viral genome important for its 
replication (Reigadas et al. 2003). 

d) Virus assembly. Inhibition of any stage of assembly of the 
infectious viral particle will prevent viral proliferation (Tang et 
al. 2003, Deres et al. 2003, Tan 2002). 

e) Viral release. Inhibition of the release of virus from the cell 
will end the spread of the virus and will stop viral proliferation 
(Wen et al. 2003). 
In the present study, we concentrated on trying to find good 

inhibitors of the NS3 protease with the aim of obtaining a good lead 
compound for future anti-HCV drug development. 
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How to inhibit the NS3 protease 

Classifications of serine protease inhibitors 

Enzyme inhibition (inhibeo (lat) – to hold in, to restrain) 
means suppression of the enzymatic reaction. An inhibitor is a 
chemical substance that specifically inhibits an enzyme. There are 
many ways to do that but, in general, enzyme-inhibitor interaction 
results in: a) prevention of substrate binding and/or b) disruption of 
the catalytic machinery of an enzyme. Upon closer inspection, most 
inhibitors (except purely competitive inhibitors) will influence both 
substrate binding and the catalytic machinery. This influence can be 
direct (competing for the substrate or prosthetic group binding site) or 
indirect (competition for binding of non-catalytic cofactor). 

Kinetic classification of inhibitors is the only well established 
classification that is valid for all types of enzymes (Table 1, I) 
(Nomenclature Committee of the International Union of Biochemistry, 
http://www.chem.qmul.ac.uk/iubmb/kinetics/). Any inhibitor can be 
more or less well described by a kinetic classification, but this does 
not always tell us about the exact mechanism of the inhibitor-enzyme 
interaction. Additional mechanistic classification of inhibitors that 
takes into account the inhibition mechanism (and, possibly, some 
structural features of inhibitors that influence this mechanism) is 
needed. Classifications of inhibitors that appear in the literature (like 
classification II (Sanderson 1999), III (Ripka et al. 1998) and VI 
(Demuth 1990) in Table 1) do not account for all aspects of the 
inhibitory mechanisms and structures. Box IV of Table 1 lists 
different inhibitory types that often appear in the literature, many of 
which are synonymous to each other. In this work, two classifications 
(II and V, Table 1) have been adopted for describing different types of 
inhibitors.

Non-covalent serine protease inhibitors 

Protein non-covalent serine protease inhibitors. 

A large number of non-covalent protein inhibitors exist in 
nature. These inhibitors are physiologically important, since they are 
involved in regulation of serine protease activity in vivo (Roberts et al.
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Table 1 Different classifications of serine protease inhibitors. 

Classification Types of inhibitors 
  I. Kinetic
(Nomenclature Committee of the 
International Union of 
Biochemistry) 

1. a) reversible 
b) irreversible (catalytic poisons) 

2. a) linear 
b) non-linear 

3. a) competitive (specific) 
               b) uncompetitive (catalytic or   
                coupling inhibition) 
               c) mixed and non-competitive 

4. a) fast-binding 
               b) slow-binding 

5. a) tight-binding 
               b) non-tight-binding 

  II. Mechanistic         (Sanderson 
E.J., 1999) 

a) non-covalent  
b) covalent 

III. Peptidomimetic         (Ripka 
A.S., 1998) 

a) Peptidomimetics I: peptides and 
peptide-like substances  

b) Peptidomimetics II: small non-peptidic 
inhibitors of peptide receptors 

c) Peptidomimetics III: non-peptide 
inhibitors that mimic interaction of 
enzyme with peptidic inhibitor      

  IV. Other terminology commonly 
used in scientific literature 

      Substrate analogs 
      Substrate based inhibitor 
      Product based inhibitor 
      Alternate substrate inhibitor 
      Suicide substrate inhibitor 
      Suicide inactivator 
      Pseudo-suicide inactivator    
              (paracatalytic inhibitor) 

  V. Structural classification a) Protein inhibitors 
b) peptide and peptide-mimicking 

inhibitors 
c) non-peptide inhibitors 

  VI. Mechanistic classification of 
covalent serine and cysteine 
protease inhibitors 
(Demuth 1990) 

      1.   Affiniy-mediated inhibitors 
a) affinity labels 
b) transition-state analogs 

      2.   Mechanism-based inhibitors 
a) acyl-enzyme inhibitors 
b) enzyme-activated inhibitors 
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1995, Bode et al. 1992). There are at least 59 different families of 
protein inhibitors of serine proteases (MEROPS database, 
http://merops.sanger.ac.uk) and most of them do not form a covalent 
bond with the protease - like the Kunitz family (inter-α-trypsin 
inhibitor (Salier 1990), the Kazal family (avian egg ovomucoid 
inhibitor (Saxena et al. 1997), dipetalin (Schlott et al. 2002), etc. 

The need for parenteral administration of protein inhibitors and 
their inability to pass through cellular membranes limits their medical 
applications to conditions where excessive activity of extracellular 
proteases is a problem (bacterial sepsis, acute pancreatitis). 

Peptide non-covalent inhibitors 

Peptides that interact with a protease in a substrate-like way 
but are not cleaved become inhibitors. There are two strategies for the 
design of such inhibitors: 

- Non-cleavable substrate. Replacement of the scissile bond in a 
natural protease substrate by an uncleavable bond turns a 
substrate into an inhibitor (Ingallinella et al. 2000). 

- Product inhibitor. The products of nearly all enzyme-catalyzed 
reactions behave as inhibitors when they are present in the 
reaction mixture (Nomenclature Committee of the 
International Union of Biochemistry, 1981). Product inhibition 
is a phenomenon that is known to occur with serine proteases 
too (Edwards et al. 1994, Bru et al. 1991, Knight et al. 1995). 
Product inhibition is especially pronounced in the case of the 
HCV NS3 protease (Steinkuhler et al. 1998): very potent non-
prime-site (Ingallinella et al. 1998) and less potent prime-site 
(Ingallinella et al. 2002) based product inhibitors were 
developed based on the sequence of peptides originated form 
natural HCV NS3 cleavage sites. 
Peptides that do not mimic a substrate constitute another class 

of non-covalent peptide inhibitors of serine proteases. Exosite 
thrombin inhibitors (Dennis et al. 2001) and inhibitor of the NS4A 
cofactor interaction with HCV NS3 protease (Shimizu et al. 1996) are 
examples. These inhibitors do not interact with the substrate-binding 
site of the protease. 

Peptide inhibitors offer high selectivity due to specific and 
often unique interactions with a target protease. But, being peptides, 
they are likely to have poor pharmacokinetic properties and are often 
viewed as unpromising drug candidates. However, peptide-based 
inhibitors may serve as templates for optimization toward compounds 
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with higher inhibitory potency, a less peptidic nature and better 
pharmacokinetic properties. Recent successes with HIV (Dash et al. 
2003) and HCV (Lamarre et al. 2003) protease inhibitors, which 
originated from peptides demonstrate the importance of this class of 
inhibitors in drug design in the future. 

Non-peptidic, non-covalent inhibitors 

A number of potent non-peptidic inhibitors of serine proteases 
have been developed in the last decade, for example, towards 
thrombin, factor Xa (Sanderson 1999) and HCV NS3 protease 
(Dymock 2001). These inhibitors are usually specific and have better 
pharmacokinetic properties than do peptide-based inhibitors. 
Discovery of such compounds is complicated by the fact that their 
structures are difficult to deduce a priori. As a consequence, the 
design of such compounds is often guided by SAR previously 
obtained with substrate-derived inhibitors, by sheer luck or by a 
combinatorial approach using known templates. 

Covalent serine protease inhibitors. 

A large number of serine protease inhibitors form a covalent 
bond with catalytic residues of proteases, thus inhibiting them. 
Classification VI in Table 1 summarizes different types of covalent 
inhibitors. Covalent inhibitors usually exploit catalytic mechanism of 
enzymes for inhibition. 

The general mechanism of action of serine proteases is 
depicted in (Fig. 9). The charge relay system, Asp, His and Ser (Fersht 
et al. 1973) results in abstraction of a proton from the catalytic serine 
and transformation of its hydroxyl group from a poor nucleophile into 
a good one (Fig. 9a). The next step is a nucleophilic attack on the 
carbonyl carbon of the scissile bond by the activated serine hydroxyl 
and the creation of a tetrahedral intermediate that is stabilized by 
hydrogen bonding of the carbonyl’s oxyanion by the amide protons of 
Ser-195 and Gly-193 (oxyanion hole) (Fig. 9b). His-57 transfers a 
proton to the amine of the scissile bond whereby it breaks (Fig. 9c). 
The remaining part of the substrate is now attached to the catalytic Ser 
via an ester bond, which is easily hydrolyzed, assisted by general acid 
catalysis by His-57 (Silverman 2000) (Fig. 9d-f). 

Covalent inhibitors act like substrates from the beginning and 
they proceed through several catalytic steps up to a tetrahedral 
intermediate (reversible inhibitors) or an acyl intermediate (often 
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irreversible inhibitors) but not further, thus occupying the catalytic 
center and inhibiting protease. 

Figure 9. General catalytic mechanism of serine proteases. Members of the catalytic 
triad are marked Asp102, His57, Ser195 (numbering is based on chymotrypsin 
sequence). Backbone amides of Ser195 and Gly193 form an oxyanion hole. A)
Activation of the hydroxyl group of Ser195 by proton abstraction. Nucleophilic attack 
on the peptide bond carbonyl. B) Formation of the tetrahedral intermediate and its 
stabilization by the oxyanion hole. C) Collapse of the tetrahedral intermediate with 
peptide bond breakage. Creation of the acyl intermediate. D, E, F) Hydrolysis of the 
ester bond of the acyl intermediate by water, activated by the catalytic histidine. 
Release of peptide moiety. 

Protein covalent serine protease inhibitors. 

The serpins constitute a large family of protein protease 
inhibitors (Gettins 2002). Interaction of a serpin with protease results 
in cleavage of the specificity loop of the serpin (Gettins 2002). After 
formation of an acyl-intermediate (Fig. 9c) the serpin-protease 
complex undergoes a conformational transformation that results in 
disruption of the catalytic machinery of the enzyme, stabilization of 
the serpin-enzyme acyl-intermediate complex and irreversible enzyme 
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inhibition (Gettins 2002). The HCV NS3 protease has also been 
shown to be inhibited by serpins (Drouet et al. 1999, Richer et al. 
2003).

Peptide covalent inhibitors. 

Inhibitors of this class consist of two principal parts: a) a 
peptidic moiety, which is usually derived from a substrate or product 
(denoted as R in Fig. 10a), and b) an electrophilic moiety (a serine 
trap or an electrophilic ‘warhead’). The peptidic moiety guides the 
‘warhead’ into the active center of the protease and the inhibitor’s 
electrophilic residue (carbonyl in Fig. 10a) becomes a subject for 
nucleophilic attack by the catalytic serine with subsequent formation 
of the covalent tetrahedral intermediate. 

Figure 10. Interaction of covalent inhibitors with a serine protease active site. The 
numbering of catalytic residues is based on the NS3 protease sequence. A.
Interaction of the electrophilic moiety of the covalent peptide inhibitor with the 
catalytic center of serine protease. Formation of the tetrahedral hemiketal structure. 
R - peptide chain, EWG – electron withdrawing group. B. Interaction of the non-
peptide covalent inhibitor, phenylmethylenesulfonylfluoride (PMSF), with a serine 
protease. Formation of an acyl-intermediate-like structure (sulfonester). 

There is a big variety of electrophilic moieties in peptidyl 
electrophilic inhibitors, including diketones, ketoamides, ketoesters, 
ketoacids, carbamates, carbazates, peptidy α-keto heterocycles, 
aldehydes, boronates, phosphonates, chloro- and fluoroketones and 
inverse substrates (Walker et al. 2001, Edwards et al. 1994). Inhibition 
of serine proteases by peptidyl chloromethyl ketones involves not only 
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formation of a covalent bond with the catalytic serine but also 
alkylation of the catalytic histidine residue. 

Many types of peptide covalent inhibitors have been described 
for the NS3 protease, including peptidyl aldehydes (Landro et al. 
1997, Llinas-Brunetb et al. 1998, Attwood et al. 1999, Fattori et al. 
2000), boronates (Archer et al. 2002), trifluoromethyl ketones, 
pentafluoromethyl ketones, α-ketoamides (Llinas-Brunetb et al. 1998, 
Yaya et al. 2004) and α-keto acids (Narjes et al. 2000). 

Electrophilic peptide inhibitors are usually very potent, but 
seldom selective (Llinas-Brunetb et al. 1998), inhibiting many serine 
and even cysteine proteases. The metabolic stability of electrophilic 
groups is low due to their high reactivity. Another problem is the 
slow-binding nature of many electrophilic inhibitors (Edwards et al. 
1994). Such inhibitors are likely to be useless in cases where the target 
protease does its business shortly after its activation (like thrombin, 
Stone 1995) or translation (like NS3 protease). For these reasons, few 
electrophilic inhibitors proceeded from in vitro inhibition studies into 
clinical trials (Walker et al. 2001, Edwards et al. 1994, Sanderson 
1999) and none (to my knowledge) have yet been approved for use in 
humans. 

Non-peptidic covalent  inhibitors 

The mechanism of inhibition by this type of compounds is 
similar to that of electrophilic peptide inhibitors (Fig. 10b). A 
nucleophilic attack of an electrophilic group in the inhibitor results in 
the formation of a stable acyl-intermediate (boronic acids, 
phosphonates, sulfonyl fluorides (Fig. 10b), chloropyrones, 
benzoxazinones, benzisothiazolines (Edwards et al. 1994)). It 
sometimes also results in a subsequent alkylation of a close-to-
catalytic-center residue (usually a catalytic histidine): halo enol and 
ynenol lactones, isocoumarins, β-lactams and succinimides (Edwards 
et al. 1994). 

Like covalent peptide inhibitors, non-peptide inhibitors are 
seldom selective and have not yet produced any medically useful 
compound for the very same reason. 

Inhibitor optimization strategy. 

The first step in inhibitor design is the selection of a lead 
compound, i.e., a compound that is known to inhibit the target 
protease and, for various reasons, looks promising as a scaffold for 
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future improvements. Guided by the results of different in vitro and in
vivo tests, different chemical groups of the lead compound should be 
modified in order to improve the following properties of the 
compound: 

- Inhibitory potency. Guided by in vitro inhibition studies 
using purified enzyme. 

- Selectivity. In vitro inhibition studies using different 
related enzymes. 

- Chemical stability. In vitro tests. 
- Pharmacokinetic properties (metabolic stability of the 

drug, its absorption/excretion, etc.). Many pharmacokinetic 
properties can be predicted using the wealth of knowledge 
accumulated in the area of drug design. In vivo tests are 
needed to verify these predictions. 

- Pharmacodynamic properties. In vivo tests. 
Improvement of four of five parameters can, and should be 

done, without in vivo tests. 
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Present study 

Aims of the study 

1. To obtain and clone the gene corresponding to full length NS3 
protein. Express the gene and purify NS3 protein. 

2. To develop an assay for the NS3 protease and to study its 
enzymatic properties. 

3. To obtain potent peptide-based inhibitors of the NS3 protease, to 
study their structure-activity relationships (SAR) and to optimize 
them according to what SAR revealed. 

4. To study the selectivity of peptide based inhibitors of the NS3 
protease by measuring the inhibition of other serine and cysteine 
proteases.

Obtaining the target enzyme 

The sequence of the NS3 gene obtained was close to that of 
H77 strain of type 1a hepatitis C virus. Total RNA was extracted from 
the serum of a patient infected with HCV and reverse transcribed 
using HCV-specific primers. NS3 cDNA was then introduced into 
pGEM-3Z(+) vector (Promega, Madison, WI, USA) (Paper I) and this 
sequence was used for making different constructs of NS3. All of the 
constructs of NS3 tested in the present study and the results of their 
expression and purification are summarized in Table 2. Early 
experiments with constructs I and III (Table 2) (unpublished data) 
showed that NS3 is poorly expressed, often with accumulation of a big 
portion of the protein in an insoluble fraction of the cell. Furthermore, 
it requires quick handling during purification due to rapid loss of 
activity after cell lysis. The problem of protein instability is probably
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         Table 2 Different constructs of NS3. 

related to the absence of the NS4A cofactor. It has been previously 
shown that NS3 is quickly degraded in the cell if NS4A is not present 
(Tanji et al. 1995). In the absence of NS4A, the N-terminal part of NS3 
is rather disordered and accessible for degradation by proteolytic 
enzymes and aggregation (Urbani et al. 1999). The problem of 
instability of NS3 from constructs I-III and V was solved when we 
found that 25% glycerol and detergents like CHAPS or n-octyl-β-D-
glucoside prevented loss of protease activity during purification, 
indicating that protein aggregation is the most likely cause of the loss 
of the protease activity. However, the presence of glycerol and 
detergent in the buffers has created other problems: 

1. Initially, lysis of the host cells expressing NS3 was performed 
by sonication. The presence of detergent in the lysation buffer 
led to foaming immediately after the first bursts of ultrasound. 
Foam is a very poor conductor of sound waves and lysis of 
cells cannot be achieved if foam is present. The use of a 
French press for cell lysis solved this problem. 

2. Due to the high viscosity of buffers with 25% glycerol, the 
efficiency of many purification procedures, like gel filtration 
and ion-exchange chromatography, was dramatically 
decreased. This, together with the fact that the concentration of 
soluble protein in the cell lysate was very low, made 
purification of constructs with no affinity tags (I and III) 
impossible. Due to the presence of the affinity tag (glutathione 
transferase) we were able to partially purify construct II; this 

Construct Host 
Expression 

Activity 
Purification 

I E.coli − −

II E.coli + ±

III E.coli + −

IV P.pastoris − −

V E.coli + +

VI E.coli + −

NS3 protease 

NS3 whole length 

GST NS3 protease NS4A

NS3 full-length 

His6 Linker, EK site NS3 whole length 

NS4A Linker His7 NS3 whole length 
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indicated that use of affinity techniques is required. Successful 
purification of construct V by means of IMAC and polyU-
Sepharose chromatography (Paper I) proved it was right. 
Whole length NS3 protein fused to a histidine tag (his-tag) via 

a linker containing an enterokinase cleavage (EK) site (construct V, 
Table 2) was successfully purified using immobilized metal affinity 
chromatography (IMAC) and affinity chromatography using polyU-
Sepharose (Paper I). Attempts to cleave the affinity tag were 
unsuccessful, probably due to inaccessibility of the EK cleavage site 
in the protein. All of the kinetic and inhibition studies presented in this 
study were performed using the protein with the tag. We have 
validated the eligibility of the purified enzyme for the inhibition 
studies by showing that it cleaves the specific NS3 protease substrate 
and that it is inhibited by the existing specific NS3 protease inhibitors 
(Paper I). 

Construct VI, with the NS4A peptide cofactor fused to the N-
terminus of full-length protein via a linker containing a stretch of 
seven histidines has been successfully designed and expressed in 
E.coli (unpublished data). No glycerol or detergent was required for 
preservation of the protease activity, which supports the idea of the 
stabilizing effect of the NS4A cofactor on the NS3 protein. 
Purification of construct VI has not yet been achieved, probably due to 
the formation of complexes between the NS3 protein and cellular 
components present in the cell lysate. 

Establishment of assay for NS3 protease (construct V).  

In order to perform an efficient screening of the inhibitors and 
to obtain reliable and reproducible results, a robust assay is needed. 
Important parameters found to influence NS3 protease activity are 
presented below. 

Substrate

The substrate used in this work mimics the natural cleavage 
sites of the NS3 protease (Taliani et al. 1996). It contains a 
chromophore and a fluorophore placed on opposite sides of the 
scissile bond. The detection principle is based on resonance energy 
transfer (RET), where the quenching effect of the chromophore on the 
fluorescence of fluorophore is greatly reduced upon cleavage of the 
molecule and separation of the two groups. The advantages of this 
method are that it is continuous and more sensitive than absorbance 
measurement. 
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Inner filter effect (IFE) 

IFE is a problem common to all RET substrates. It arises from 
the fact that the quenching group in a substrate absorbs some light 
even after separation from the fluorophore. The degree of this 
absorption is directly proportional to the substrate concentration (Liu
et al. 1999) and, thanks to that, a correction coefficient can be 
determined for each substrate concentration (using substrate and free 
fluorophore) and used for calculating true fluorescence values. IFE 
correction was only required in measurements where the substrate 
concentration was varied (unpublished data). 

NS4A cofactor 

Since construct V (Table 2) had no NS4A cofactor we were 
forced to use synthetic peptides mimicking a central part of the NS4A 
cofactor (Fig. 11) (the central part has been found to be sufficient for 
modulation of NS3 protease activity (Koch et al. 1996, Tomei et al. 
1996)). With the second cofactor (NS4A 2) (Fig. 11) the activity of the 
NS3 protease was higher and it was therefore used in all kinetic and 
inhibition studies done thereafter (Papers II-V).  

Figure 11. HCV NS4A cofactor peptides used in NS3 protease assay.  The sequence 
of the NS4A protein of HCV strain H77 is given in the upper row. The minimal 
fragment of NS4A required for activation of NS3 is framed. Peptides mimicking this 
region are also in frame, aligned to the upper sequence. 

The titration curve of NS3 with NS4A peptide has a 
maximum, suggesting that high cofactor concentrations are 
detrimental to the protease activity (Fig. 12) (unpublished data). At 
high ionic strength (150 mM NaCl) the decrease of NS3 activity at 
higher NS4A concentrations is more pronounced and maximum 
activity occurs at a lover cofactor concentration (switched to the left, 
(Fig. 12)), which suggests that hydrophobic forces might be blamed 
for the observed phenomenon. 

NS4A protein STWVLVGGVLAALAAYCLSTG CVVIVGRIVLSGK PAIIPDREVLYQEFDEMEEC 

NS4A 1 CVVIVGRVVLSGK

NS4A 2 KKG SVVIVGRIVLSGK
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Figure 12. Dependence of HCV NS3 protease activity on the NS4A peptide 
concentration. The protease activity expressed in arbitrary units is plotted on the Y-
axis. Black circles represent the NS3 protease activity in an assay buffer with low 
ionic strength (50 mM HEPES pH 7.5, 40% glycerol, 10 mM dithiotreitol, 0.1% n-
octyl-β-D-glucopyranoside, no NaCl), white circles – in a buffer with high ionic 
strength (the same buffer but with a supplement of 150 mM NaCl). 

Buffer conditions 

pH of the assay. Like many other serine proteases, NS3 has its 
optimum activity at a pH close to neutral; pH 7.5 was used in all 
buffers for inhibition measurements. 
Ionic strength. At high ionic strength, the activity of the NS3 protease 
was lower, since several important interactions of the substrate with 
the protease are of electrostatic nature (Fig. 13). 
Glycerol. We found that the activity of the NS3 protease is strongly 
dependent on the concentration of glycerol in the assay buffer (Paper 
I). Both Km and kcat are affected (unpublished data). A buffer with 
40% glycerol was used in most of the inhibition studies (Papers II-V). 
To avoid erroneous results due to mixing problems with such a 
viscous solution a rigorous mixing procedure was used in all 
measurements. 
Detergents. NS3 from constructs I-V were prone to aggregation 
(unpublished data) and it was important to have detergent in all 
buffers, including the assay buffer. 0.1% n-octyl- β-D-glucopyranosid
in the assay buffer was found to increase the activity of the protease, 
probably by reducing aggregation (unpublished data). Careful 
pipetting was needed to avoid formation of foam in the assay mixture. 
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Reducing agents. NS3 is an intracellular enzyme and is devoid of 
disulfide bridges. In order to keep all of NS3’s cysteines reduced, 10 
mM dithiothreitol was included in the assay buffer. 

Substrate inhibition 

We have noticed that at higher substrate concentrations 
(>10Km), the activity of the protease decreases. This phenomenon 
cannot be explained by the IFE, since the trend remains even after IFE 
correction. Therefore it is likely that we are observing substrate 
inhibition. In order to minimize the substrate inhibition effect on the 
inhibition data we used a low substrate concentration (3-4 Km) in the 
inhibition studies. 

Kinetic constants of NS3 protease 

The kinetic constants of the NS3 protease (construct V, Table 
2) measured in 50 mM HEPES pH 7.5, 40% glycerol, 10 mM DTT, 
0.1% n-octyl-β-D-glucopyranoside at 30°C were as follows: Km=0.15
µM, kcat=0.42 s-1, kcat/Km=2.8 µM-1 s-1 (Paper II). The substrate 
concentrations used for the measurements were between 0.25 Km and 
3Km in order to avoid problems with substrate inhibition. 

Selectivity measurements 

One of the important properties of any drug is its selectivity, 
i.e., the compound should interact only with the intended target and 
thus produce only the desired pharmacological effect. In order to 
select a lead compound for further optimization, one has to perform a 
selectivity study to check the activity of the compound on other 
enzymes related to the target enzyme. We were thus interested to 
know whether the chosen NS3 protease inhibitors would inhibit other 
serine and cysteine proteases. Peptidic inhibitors with different C-
terminal residues and P1 side chains, but otherwise identical sequence, 
were tested on the serine proteases HLE, PPE, BPC and the cysteine 
protease CatB. Selectivity indexes were calculated for each compound 
with every protease. The results of the selectivity studies are presented 
in Table 4 and are discussed below. 

Slow-binding inhibition 

In most inhibition studies, the inhibitor was incubated with 
enzyme for at least 10 minutes before starting the reaction by the 
addition of the substrate (Papers II-IV). However, with electrophilic 
inhibitors we tried to look for signs of slow-binding inhibition (Paper 
V), since many electrophilic inhibitors of serine and cysteine proteases 
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are slow binders, and it had also been shown to occur with the NS3 
protease (Narjes et al. 2000). Slow-binding inhibition is characterized 
by two-phase association kinetics in non-stop-flow measurements 
(Morrison et al. 1988):

1. Fast phase – the formation of (usually) a loose non-covalent 
enzyme-inhibitor complex: steady state is achieved in few 
seconds. This phase is characterized by Ki (Morrison et al. 
1988), which is an inhibition (equilibrium) constant of the 
complex formed. 

2. Slow phase – intramolecular rearrangement of enzyme-
inhibitor complex, often with the formation of a covalent 
complex: this phase may take from few minutes to many 
hours and is characterized by Ki* (Morrison et al. 1988), 
which is an inhibition constant of the final enzyme-inhibitor 
complex. In this work we have always measured only this 
final Ki*, which we always denote as Ki (Paper V). 

Detection of slow-binding inhibition is achieved by continuous 
measurement of the enzymatic reaction and inspection of the results 
for signs of the two-phase progress curve. An important determinant 
of successful detection is the duration of the linear part of the progress 
curve, which should last for longer than it takes to reach the steady 
state of the slow phase (hours? days?). This could be achieved by a) 
high substrate concentration (ideally >10Km) and b) as low enzyme 
concentration as possible. Another important parameter of slow-
binding measurements is protein stability. Some enzymes loose their 
activity with time and this will complicate analysis of inhibition data, 
especially when the loss of protease activity is caused by 
autoproteolysis. The presence of protease inhibitor will slow down 
autoproteolysis along with cleavage of the substrate, which will make 
comparison of progress curves of inhibited and uninhibited reactions 
impossible. 

We were able to maintain linearity of the progress curve for 
most of the enzymes used in our study (Paper V). HLE, however, was 
a problem, since a loss of activity of uninhibited enzyme was obvious 
just 10 minutes after the start of the reaction. 

The Ki values of slow-binding inhibitors were calculated using 
the slope of the progress curve after the steady state of the slow phase 
was achieved. 
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Optimization of peptide-based inhibitors of the NS3 protease 
(inhibitory potency and selectivity) 

Figure 13. Schematic representation of the interaction of the NS3 protease with the 
N-terminal part of the substrate (product inhibitor). Positively charged subsites 5 and 
6 are indicated as S5,6. 

Inhibitor design strategy 

The choice of the lead compound(s) is the first step. 
Pronounced inhibition of the NS3 protease by its N-terminal reaction 
product has been shown (Steinkuhler et al. 1998) and potent N-
terminal product based hexapeptide inhibitors were created 
(Ingallinella et al. 1998) (Fig. 13).  These inhibitors belong to non-
covalent peptide inhibitors of proteases and looked promising as lead 
compounds (see 5.1.1.2.) for optimization towards higher inhibitory 
potency and better pharmacokinetic properties. The initial goals were: 

- To find a good substitution for the P1 cysteine residue, 
which produced the best inhibition results (Paper II and 
III). The thiol group of cysteine is highly reactive and will 
be catabolysed very quickly in vivo.

- To shorten hexapeptide inhibitors from the N-terminal part. 
- To increase inhibitory potency by modifying side chain 

residues (Paper II). 

CH2

S5,6

S5,6

S5,6

Phe154

Gly137

Hydrophobic interaction

Hydrogen bonding in
oxyanion hole

Electrostatic interactions

His57

N

H

Cap
NH

NH
NH

NH
NH

SH

O

O

O

O

O

O

R2

R3

R4

R5

R6

N
H

O

Ser139

Hydrogen
 bonding
    with
 catalytic
 histidine     

H N

NH



39

- To increase inhibitory potency and selectivity by 
modifying the inhibitor’s C-terminal residues and P1 side 
chains (Papers III and IV). 

Optimization strategy is depicted in (Fig. 14). Below is a 
description of the optimization of different groups. 

Figure 14. Strategy for optimization of the product inhibitor depicted in Fig.13. 

N-terminal capping groups 

The interaction of the N-terminal part of the product inhibitor 
of the NS3 protease is electrostatic in nature (Fig.13), which explains 
why the presence of the positively charged amino group is detrimental 
to the enzyme-inhibitor interaction. The negatively charged acidic 
groups on the N-terminus produce better results. A succinic acid 
residue invariably produced slightly better inhibitors, since it bears 
more negative charge than acetic acid residue (Paper II). The effect of 
the capping group on selectivity was not studied. 

P5 and P6 residues. 

Removal of P5 and P6 residues from hexapeptide inhibitors 
resulted in 10 to 25-fold loss of inhibitory potency (Johansson et al. 
2001). This must be compared with 600 to 1600-fold loss of inhibitory 
potency in assays where only the protease domain of NS3 was used 
(Ingallinell et al. 1998, Cicero et al. 1999). 

Modification of P1 
and capping 

groups

Shortening of the 
peptides from the 

N-terminus

Modification of 
P2, P3, P4
residues

Shortening of the 
peptides from the 

N-terminus



40

C-terminal residues 

We have tested several types of C-terminal residues:  
1. Free carboxylate (Fig. 15A) (Papers III and IV). This moiety 

occurs naturally in NS3 protease product inhibitors. The 
interaction of carboxylate group with the active site of the 
protease is schematically depicted in (Fig. 13). Carboxylate 
group uses unique properties of the NS3 active site structure 
and produces quite potent and generally selective inhibitors 
(compounds 15-19, Table 4). But from the pharmacokinetic 
point of view the carboxylate group is not good, since it is 
easily metabolized in vivo and its high polarity worsens 
absorption of the drug administered per os.

2. Carboxylic acid isosteres (Fig. 15B) (Paper III). Bioisosteric 
replacements are often used to enhance the pharmacokinetic 
and pharmacodynamic properties of drug candidates (Olesen 
2001, Patani et al. 1996). Inhibitors with tetrazole and acyl 
sulfonamide residues (Fig. 15B) were both potent and very 
selective (compounds 20-23, Table 4). Molecular modeling 
had revealed that specific interactions of acyl sulfonamide 
group, different from free carboxilate containing inhibitors, 
might be the reason for the high potency and selectivity of 
this type of compounds (Fig. 16). 

3. Electrophilic residues (Fig. 15C) (Paper III and IV). In order 
to boost inhibitory potency we decided to include an 
electrophilic group into peptide inhibitors. Introduction of an 
electrophilic group into inhibitor often increases inhibitory 
potency by several orders of magnitude (Narjes et al. 2000, 
Wiley et al. 1995). These inhibitors are electrophilic
(covalent) peptide inhibitors. To our surprise, inhibitors with 
an electrophilic C-terminal residue were equally or less 
potent than corresponding inhibitors with a free carboxylate 
(Table 4). The selectivity of electrophilic inhibitors was low. 
In fact, some compounds were better at inhibiting other 
proteases than NS3, such as compound 1 on PPE and 
compounds 11 on HLE (Table 4).  

P1 side chains 

 We found that amino acids with non-bulky, hydrophobic side 
chain residues are best accepted in the P1 position (cysteine being the 
best) (Fig. 15A) in full accordance with NS3’s substrate specificity 
(Paper II and III). Cysteine is not suitable in potential drugs, since it is 
metabolically instable. The cyclopropane side chain (Fig.15A, 
compound 52b) is especially promising in non-electrophilic inhibitors, 
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since it is chemically stable and produces potent inhibitors (Paper III). 
The P1 cyclopropane side chain residue is not well accepted in 
electrophilic inhibitors (Fig. 15C) (see below). 

Figure 15. Structure-activity relationships of peptide-based inhibitors with A: non-
electrophilic, B: with electrophilic and C: carboxylic acid bioisostere C-terminal 
residues. Top – general structure of the peptide inhibitor; bottom – different P1 
residues, their numbers as they appear in Paper III (in bold) and Ki-values of 
inhibitors containing corresponding residues. 

We have observed that inhibitors with an amino butyric acid-
based P1 side chain residue (compounds 6-14 and 19, Table 4) are 
usually good inhibitors of HLE, which is in good agreement with HLE 
preference for small hydrophobic P1 side chains in substrates. This 
result highlights the importance of the P1 side chain residue for 
selectivity of both covalent and non-covalent peptide inhibitors and it 
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is in a good agreement with the major role of the P1 side chain residue 
in the substrate specificity of serine proteases in general (Hedstrom 
2002).

Figure 16. Model of the interaction of a peptide inhibitor with a C-terminal acyl 
sulfonamide group (Suc-D-Glu-Leu-Ile-Cha-Nva-NHSO2Ph, compound 45a in 
Paper III) in P1 position with full length NS3 protein (Paper III). A – Full length 
NS3 protein (coordinates are taken from PDB file 1CU1), the helicase domain is 
colored blue and the protease domain is pink. B and C – two predicted modes of 
interaction of two P1 and P2 groups of the inhibitor with the active site of HCV NS3 
protease and with the helicase. The inhibitor is colored with all carbons in green, 
oxygens in red, nitrogens in blue and hydrogens in gray. Hydrogen bonds are 
indicated by a dashed line. 

P2, P3, P4 side chains (Paper II) 

Using a library of tetrapeptides (Table 3), we revealed that 
structure-activity relationships (SAR) for P2-P4 side chain residues 
are rather complex. 2-Nal is best accepted in the P2 position when 

B

C
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Figure 17. Model of the interaction of a tetrapeptide inhibitor Suc-Chg-Glu-2-Nal-
Cys (compound 9 in Paper II) with the full-length NS3 protein (Paper II). A – Full 
length NS3 protein (coordinates are taken from PDB file 1CU1), the helicase 
domain is colored blue and the protease domain is pink. B and C – two predicted 
modes of interaction of the tetrapeptide inhibitor with the active site of HCV NS3 
protease and with the helicase. Inhibitor is colored with all carbons in green, 
oxygens in red, nitrogens in blue and hydrogens in light blue. Hydrogen bonds are 
indicated by a dashed lines. Both possible tautomeric forms of His528 are considered: 
B – protonation at His-N4, C – protonation at His-N2. 

Chg occupies P4. Replacement of Chg in P4 by Dif makes Glu rather 
than 2-Nal preferable at the P2 position. To explain rather high 
inhibitory potency of the tetrapaptides inhibitors we hypothesized that 
the helicase domain of NS3 might constitute a part of the 
substrate/inhibitor binding site. Molecular modeling had revealed a 
hydrogen bond between His528 of the helicase domain and the 
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carbonyl oxygen of the P4 residue and there is a large S2 pocket 
separated from the S4 pocket by the side chain of Gln526 (Fig. 17).

This result highlights the importance of using full-length 
enzyme in inhibition studies. The importance of the P2-P4 residues for 
inhibitory selectivity was not studied. 

Structure-activity relationships of electrophilic inhibitors with 
cyclopropane side chain residue 

Influence of cyclopropane P1 residue on the activity of electrophilic 

inhibitors

1-aminocyclopropane-1-carboxylic acid (ACPC)-based 
inhibitors (2 and 4 in Table 4) were invariably poorer than norvaline  

Capping group P4 P3 P2 P1 
Ac
Suc
Glt

Chg
Dif 
Leu 

Ile
Glu
Val

Cha
Leu 
Glu

2-Nal 
Phe
Bip

Cys 
ACPC

Table 3 Building blocks for tetrapeptide inhibitors (Paper II). Ac, acetyl-; Chg, 
cyclohexylglycine; Cha, β-cyclohexylalanine; Suc, succinyl-/3-carboxypropanoyl-; 
Dif, 3,3-diphenylalanine; ACPC, 1-aminocyclopropane-1-carboxylic acid; Glt, 
glutaryl-/4-carboxybutanoyl-; 2-Nal, 2-naphthylalanine; Bip, β-(4-biphenylyl)-
alanine.

(Nva)-based inhibitors (1 and 3 in Table 4) on HLE, PPE, BPC and 
Cathepsin B. In contrast, the ACPC-based non-electrophilic 
compound 16 was better than a Nva-based non-electrophilic 
compound 15 in inhibiting the NS3 protease (Table 4), which is in 
agreement with data from the literature (Llinas-Brunet et al. 2000). 
The observed poor performance of ACPC-based electrophilic 
compounds 2 and 4 (Table 4) might depend on: a) unfavorable 
interaction of the cyclopropane residue with the S1 pocket of the 
protease; b) instability of the tetrahedral intermediate; c) the electron 
donating nature of the cyclopropane residue, which might diminish the 
electrophilicity of the neighboring carbonyl group (Francis et al. 
fourth edition). The first explanation is not likely, since all of the 
proteases have different S1 site structures and cannot produce the 
same trend in the P1 side chain SAR. Calculations have shown that 
the electron-donating ‘strength’ of cyclopropane is not enough to 
lower the electrophilicity of the neighboring carbonyl (unpublished 
data). Therefore b) seems to be the most reasonable explanation for 
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the observed phenomenon. The strain imposed by cyclopropane on the 
α-carbon of the P1 amino acid should result in instability of 
tetrahedral hemiketal (Fig. 10a) and should weaken the inhibitor-
enzyme interaction. 

High selectivity of ACPC-based electrophilic keto acid inhibitor 

A ketoacid inhibitor (compound 5 in Table 4) having the 
suboptimal cyclopropane group as the P1 side-chain was still a 
relatively good inhibitor of the NS3 protease, but a poor inhibitor of 
the reference proteases, being the most selective electrophilic inhibitor 
used in this study. This is a little bit surprising, since ketoacids are 
generally good inhibitors of serine proteases (Narjes et al. 2000, 
Tanizawa et al. 1985). The high selectivity of the ACPC-based 
ketoacid inhibitor may be explained by an insignificant contribution of 
the electrophilic group to the interaction with the proteases. In fact, 
the inhibitory potency of the ketoacid on NS3 is equal to that of the 
non-electrophilic product-based inhibitor with similar structure 
(compound 16, Table 4), which breaks the pattern observed with other 
ACPC-based electrophilic inhibitors and raised the question of 
whether formation of a covalent bond between inhibitor and the NS3 
protease takes place at all. Unfortunately, the ketoacid (compound 5, 
Table 4) does not have a reference substance with Nva in P1 position 
and cannot be compared with the other ACPC-containing inhibitors. 
However, from the discussion above, it is likely that an Nva-based 
ketoacid could be a more potent, but less selective inhibitor of the 
NS3 protease. 

Indirect evidence for non-covalent interaction of peptidyl electrophilic 

inhibitors with NS3 protease. 

Close inspection and comparison of inhibition data obtained 
with the NS3 protease and HLE, PPE, BPC and cathepsin B enabled 
us (Paper III, IV and V) to raise the question about the mode of 
interaction of electrophilic compounds with the NS3 protease. 
Although we have not yet obtained direct evidence, we speculate that 
covalent bond formation (Fig. 10a) between electrophilic compounds 
used in our study and the NS3 protease does not take place. The 
possible indications of that are: 

1. The introduction of electrophilic functionality into peptide 
inhibitors was expected to boost their inhibitory potency by 
exploiting covalent bonding of the inhibitor’s electrophilic 
group to the enzyme. It turned out that non-ACPC-based 
electrophilic compounds (compounds 1,3, 6-11, Table 4) 
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were not much better (or even worse, like compounds 3) at 
inhibiting the NS3 protease than were their non-electrophilic 
counterparts (compounds 15, 16 and 19, Table 4).  

2. Many electrophilic inhibitors of serine and cysteine 
proteases are characterized by slow binding to their target 
enzymes (Narjes et al. 2000, Brady et al. 1990, Morrison et 
al. 1988, Smith et al. 1988) and that is what we observed in 
the inhibition of HLE, PPE, BPC and cathepsin B by 
electrophilic inhibitors. None of the electrophilic inhibitors 
exhibited slow-binding with the NS3 protease in our study 
(Table 4).
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Ki (µM), or inhibition (%) 

N
R

NS3 HLE PPE BPC CatB 

1

N
C2F5

H O

0.12a 0.35 + 0.2 0.065 + 0.0013c 4.8 + 1.1c
0%

at 100 µM 

2 N
C2F5

H O

1.8a 5.6 + 1.5 
0%

at 100 µM 

21%

at 100 µM

0%

at 100 µM 

3
N

H O

N
N

NHN
0.30a 8.1 + 1.8 7.9 + 1.7c

15%

at 100 µM
45 + 8 

4 N

H O

N
N

NHN

1.9a
45%

at 100 µM

0%

at 100 µM 

8%

at 100 µM

0%

at 100 µM 

5 N

H O

OH

O

0.098a
49%

at 100 µMc

0%

at 100 µM 

3%

at 100 µM
19 + 2c

6 N

H O

S

N

0.32b n.d. 
4%

at 100 µM 
8.6 + 2.4c 4.7 + 0.5c

Cap
N

N
N

N
N

R

H

H

H

H

H O

O

O

O

O

O

OH
O

HO
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7 N

H O

0.20b 16.2 + 1.4
29%

at 100 µM 
35 + 12c 9.1 + 0.7c

8 N

H O

0.39b 0.44 + 0.04
0%

at 100 µM 
32 + 7.7 1.54 + 0.11c

9
S

N

N

H O

≈ 1 3.1 + 0.2 
9%

at 100 µM 
38 + 5 9.3 + 0.8c

10 
N

H O

0.65b 1.77 + 0.18
33%

at 100 µM 
18 + 3c

30%

at 100 µM 

11 
N

H O

0.46b 0.37 + 0.08
2%

at 100 µM 
30 + 4 15 + 2 

12 
S

N

N

H OH

2.3b n.d. 
8%

at 100 µM 
7.7 + 2.4 41 + 3 

13 N

H OH

17 31 + 2.5 
0%

at 100 µM 
44 + 4.7 

0%

at 100 µM 

14 N

H OH

0.98b 0.12 + 0.03
0%

at 100 µM 
60 + 13 17 + 3 

15 
N

OH

H O

0.22a
19.9% 

at 200 µM

0%

at 100 µM 

18%

at 200 µM

0%

at 200 µM 

16 N
OH

H O

0.091a
7.5% 

at 100 µM

0%

at 100 µM 

9%

at 100 µM

0%

at 100 µM 
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17 
N

OH

H O

HS

0.028a
27.5% 

at 200 µM

0%

at 200µM 

16%

at 200 µM

20%

at 200 µM 

18 
N

OH

H O

HS

0.092a
40%

at 100 µM

0%

at 100µM 

0%

at 100µM

0%

at 100 µM 

19 
N

OH

H O

1.54b 3.8 + 0.8 
0%

at 100 µM 
22.8 + 3.9

37%

at 100 µM 

20 
N

H N
N

N

H
N 0.16a 3.8 + 1.2 

34%

at 200 µM 

15%

at 200 µM

0%

at 100 µM 

21 N

H N
N

N

H
N

0.19a 49.5 + 6.6
0%

at 200 µM 

21%

at 200 µM

13%

at 200 µM 

22 
N

H O

N
S

H

OO

0.014a
42%

at 200 µM

9%

at 200 µM 

0%

at 200 µM

0%

at 100 µM 

23 N
S

H

OO

N

H O

0.0038a 39.9 + 3.7
0%

at 200 µM 

0%

at 200 µM

0%

at 200 µM 

Table 4. Activity of NS3 protease inhibitors on other serine and cysteine 
proteases. This table is a truncated version of Table 1 in Paper V. On the top 
is a general inhibitor structure. Cap - capping group was either succinic or 
acetic acid residue (not shown in the table). cSlow-binding inhibition 
observed.
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Conclusions

In this work we successfully obtained and cloned HCV 
NS3 gene from a HCV infected patient. Despite the low level of 
the protein expression and high glycerol concentration in all 
buffers we have successfully purified the full-length NS3 
protein by combination of IMAC and polyU-Sepharose 
chromatography. Assay for NS3 protease was developed and 
kinetic constants of the enzyme were obtained. 

The results obtained in the present work have provided 
an important insight into structure-activity relationships of 
peptide-based HCV NS3 protease inhibitors. This information 
may help in the creation of more potent and selective inhibitors 
of the NS3 protease and, eventually, may result in the 
development of a drug candidate for treatment of HCV 
infection.

Of special interest were compounds with bioisosterically 
replaced C-terminal residues, which produced the most potent 
NS3 inhibitors in this work. Molecular modeling has revealed 
that the high inhibitory potency of bioisosteric inhibitors with an 
acyl sulfonamide moiety is most likely due to specific 
interaction of the bioisosteric group with the active center of the 
NS3 protease. 

In order to investigate selectivity of the NS3 protease 
inhibitors we have measured their inhibitory activity of other 
serine (human leucocyte elastase, bovine pancreatic 
chymotrypsin and porcine pancreatic elastase) and cysteine 
(Cathepsin B) proteases. 

NS3 protease inhibitors with an electrophilic C-terminal 
residue were very non-selective and were not more potent than 
inhibitors with a C-terminal carboxylate. These results have led 
to exclusion of electrophilic inhibitors form further efforts 
towards inhibitor optimization. 

Our results have highlighted an important role of the P1 
residues of peptide inhibitors in the interaction with serine 
proteases, especially in selectivity issues. 
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Analysis of inhibition data of electrophilic versus non-
electrophilic inhibitors has allowed us to question the 
occurrence of covalent bond formation between electrophilic 
inhibitors and the NS3 protease. 

The SAR of non-covalent inhibitors and molecular 
modeling of interactions of these inhibitors with the NS3 protein 
have revealed the possible involvement of helicase domain of 
the NS3 in inhibitor binding. This highlights the importance of 
using a full-length NS3 protein for inhibition studies, since most 
research groups have earlier used only the protease domain for 
this purpose. 
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