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No, no, you are not thinking.
You are merely being logical.
Niels Bohr to Albert Einstein

List of Papers

This thesis is based on the following papers, which are referred to in the text
by their Roman numerals.
I

Örtqvist, P.; Peterson, S. D.; Åkerblom, E.; Gossas, T.; Sabnis,
Y. A.; Fransson, R.; Lindeberg, G.; Danielson, U. H.; Karlén,
A.; Sandström, A. Phenylglycine as a Novel P2 Scaffold in
Hepatitis C Virus NS3 Protease Inhibitors. Bioorganic &
Medicinal Chemistry 2007, 15, 1448-1474.

II

Örtqvist, P.; Vema, A.; Ehrenberg, A.; Dahl, G.; Rönn, R.;
Åkerblom, E.; Danielson, U. H.; Sandström, A. Structure–
Activity Relationships of HCV NS3 Protease Inhibitors
Evaluated on the Drug-Resistant Variants A156T and D168V.
Submitted.

III

Gising, J.; Örtqvist, P.; Sandström, A.; Larhed, M. A
Straightforward Microwave Method for Rapid Synthesis of
N-1, C-6 Functionalized 3,5-dichloro-2(1H)-pyrazinones.
Organic & Biomolecular Chemistry 2009, 7, 2809-2815.

IV

Örtqvist, P.; Gising, J.; Ehrenberg, A.; Vema, A.; Borg, A.;
Larhed, M.; Danielson, U. H.; Sandström, A. Discovery of
Achiral Inhibitors of the Hepatitis C Virus NS3 Protease Based
on 2(1H)-Pyrazinones. Manuscript.

Reprints were made with the permission of the respective publishers.

Contents

1 Introduction.............................................................................................. 11
1.1 The Hepatitis C Virus ...................................................................... 11
1.1.1 General Background............................................................ 11
1.1.2 Transmission and Prevalence .............................................. 12
1.1.3 The Course of Infection....................................................... 13
1.1.4 Current Treatment Options.................................................. 13
1.1.5 The Viral Life Cycle ........................................................... 14
1.1.6 The Viral Proteins ............................................................... 15
1.2 The HCV NS3 Protease ................................................................... 16
1.2.1 Characteristics of the NS3 Protease .................................... 16
1.2.2 Catalytic Mechanism ........................................................... 18
1.3 Drug Design Strategies Applied to Hepatitis C Virus NS3 Protease
Inhibitors .......................................................................................... 19
1.3.1 Amino Acid Modifications.................................................. 21
1.3.2 Bioisosteres ......................................................................... 22
1.3.3 Conformational Constraints ................................................ 23
1.3.4 HCV NS3 Protease Inhibitors in Clinical Trials ................. 24
1.4 Hepatitis C Virus and Resistance to Protease Inhibitors .................. 26
1.4.1 Substitutions of Arginine 155 ............................................. 27
1.4.2 Substitutions of Alanine 156 ............................................... 29
1.4.3 Substitutions of Aspartic Acid 168 ..................................... 29
2 Aims......................................................................................................... 31
3 Initial Evaluation of P2 Phenylglycine in Hepatitis C Virus NS3 Protease
Inhibitors .................................................................................................. 32
3.1 Background ...................................................................................... 32
3.2 Design .............................................................................................. 33
3.3 Synthesis .......................................................................................... 34
3.4 Biochemical Evaluation ................................................................... 39
3.4.1 Enzymatic Assay ................................................................. 39
3.4.2 Replicon Assay.................................................................... 39
3.4.3 Results ................................................................................. 39
3.5 Chapter Summary ............................................................................ 44

4 A Structure–Activity Relationship Study on the Inhibition of the
Resistant Variants A156T and D168V .................................................... 45
4.1 Background ...................................................................................... 45
4.2 Biochemical Evaluation ................................................................... 46
4.3 Computational Studies ..................................................................... 50
4.4 Chapter Summary ............................................................................ 52
5 Synthesis of Multi-Substituted Pyrazinones and their use as P3 Scaffolds
in Hepatitis C Virus NS3 Protease Inhibitors .......................................... 53
5.1 Pyrazinones as Scaffolds in Medicinal Chemistry ........................... 53
5.2 Synthesis of the Pyrazinone Scaffold ............................................... 54
5.2.1 Reaction Mechanism ........................................................... 55
5.3 Design of Inhibitors Incorporating a P3 Pyrazinone ........................ 56
5.4 Inhibitor Synthesis ........................................................................... 57
5.5 Biochemical Evaluation ................................................................... 60
5.5.1 Inhibition of the Wild Type NS3 Protease .......................... 60
5.5.2 Inhibition of the Resistant Variants A156T and D168V ..... 66
5.6 Chapter Summary ............................................................................ 67
5.6.1 Achiral Protease Inhibitors .................................................. 67
6 Concluding remarks ................................................................................. 68
7 Populärvetenskaplig sammanfattning (Summary in Swedish) ................ 70
8 Acknowledgements.................................................................................. 72
9 References................................................................................................ 74

Abbreviations

A
ACCA
Ala
Arg
Asp
Bn
Boc
Bu
Cbz
CDI
cPr
Cys
D
DBU
DIPEA
difluoroAbu
difluoroAbuOMe
DME
DMF
DMSO
Et
Et2O
EtOAc
Gly
HATU

HBTU

HCV
His
iPr
K
Ki

L-alanine
1-aminocyclopropyl carboxylic acid
L-alanine
L-arginine
L-aspartic acid
benzyl
t-butoxycarbonyl
butyl
benzyloxycarbonyl
1,1-carbonyldiimidazole
cyclopropyl
L-cysteine
L-aspartic acid
1,8-diazabicyclo[5.4.0]undec-7-ene
N,N'-diisopropylethyl amine
(2S)-4,4-difluoro-2-aminobutyric acid
(2S)-4,4-difluoro-2-aminobutyric acid methyl ester
1,2-dimethoxyethane
N,N'-dimethylformamide
dimethylsulphoxide
ethyl
diethyl ether
ethyl acetate
glycine
N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin1-yl-methylene]-N-methylmethanaminium
hexafluorophosphate N-oxide
N-[(1H-benzotriazole-1-yl)-(dimethylamino)methylene]-N-methylmethanaminium
hexafluorophosphate N-oxide
hepatitis C virus
L-histidine
isopropyl
L-lysine
inhibition constant, Ki = [EI]/[E][I], a measure of the
dissociation of the enzyme/inhibitor complex EI

Me
MeCN
MeO
MeOH
NS
Ph
Q
R
RNA
SAR
+ss

-ss

T
t
THF
Tle
S
Ser
V

Val
vinylACCA
vinylACCAOEt
WT
xantphos

methyl
acetonitrile
methoxy
methanol
non-structural
phenyl
L-glutamine
L-arginine
ribonucleic acid
structure–activity relationship
positive sense single-stranded (a single-stranded
nucleotide sequence directly translatable to the desired
proteins)
anti-sense single-stranded (a single-stranded
nucleotide sequence not directly translatable to the
desired proteins)
L-threonine
tert(iary)
tetrahydrofuran
tert-leucine
L-serine
L-serine
L-valine (in discussions concerning amino acids) or
vitality value (in discussions concerning the inhibition
of resistant enzymes)
L-valine
(1R,2S)-1-amino-2-vinylcyclopropanecarboxylic acid
(1R,2S)-1-amino-2-vinylcyclopropanecarboxylic acid
ethyl ester
wild type
4,5-bis(diphenylphosphino)-9,9-dimethylxanthene

1 Introduction

1.1 The Hepatitis C Virus
1.1.1 General Background
The increasing use of injections to administer drugs during the first decades
of the 20th century was frequently accompanied by outbreaks of jaundice.
However, little was known about the transmission routes of infectious
diseases, and the cause of these outbreaks remained obscure.1 Furthermore,
the connection between jaundice and liver inflammation, or hepatitis, was
not firmly established at the time.1
As a result of scientific achievements and accumulated evidence, it had
become obvious by the late 1950s that there were two variants of hepatitis,
which occurred under different conditions: one as a result of poor sanitary
conditions, and the other by direct contact with blood.2 The two types were
called infectious and serum hepatitis. In 1967, the connection between the
route of transmission and the clinical manifestations of the ensuing infection
was described.3 Thereafter, the type formerly known as infectious hepatitis
was renamed hepatitis A, while the serum-associated variant became known
as hepatitis B. In the mid-1970s, when serological tests for hepatitis A and B
became available, it was shown that hepatitis B only could explain about
25% of the cases of serum-related hepatitis.4 The other, yet unknown agent,
was called non-A, non-B hepatitis.5 Finally, 25 years later, the agent causing
non-A, non-B hepatitis was cloned and identified,6 and has thereafter been
known as hepatitis C virus (HCV). Retrospective studies have later shown
that 70–90% of non-A, non-B hepatitis cases can be explained by HCV
infection.5 Today, HCV is subdivided into six major genotypes, each with a
number of subtypes, based on genetic variability.7
The different hepatitis-causing viruses are not closely related; their main,
common characteristic is that they primarily infect the liver. The HCV is a
positive sense, single-stranded (+ss) RNA virus and the only member of the
Hepacivirus genus of the Flaviviridae family.8 Other members of this family
include the viruses causing yellow fever, dengue fever and Japanese
encephalitis.9 Although the principal target organ of the HCV is the liver,
replication has also been detected in other tissues, for instance, the lymph
nodes,10 the thyroid gland11 and the brain.12 Apart from humans, the only
other species known to be infected by the HCV is chimpanzees.13

11

1.1.2 Transmission and Prevalence
Infections by the HCV are mainly transmitted via parenteral contact with
contaminated blood, tissues or products thereof. Consequently, two large
groups have acquired the infection in very different circumstances: those
who became infected accidentally during medical procedures, for instance
by the reuse of insufficiently sterilised injection needles or by blood transfusions before it was possible to screen donor blood for HCV, and drug
addicts sharing needles.
Estimates of the number of HCV-positive individuals worldwide range
from 12314 to 170 million,15 but the infection is not equally distributed
throughout the world. High-prevalence areas include Africa and Eastern
Asia, while the virus is less frequent in Europe and the Americas
(Figure 1).16 The higher estimate, 170 million people, corresponds to 2–3%
of the global population, and can be compared with the 33 million people
infected by the human immunodeficiency virus17 (i.e. HIV) or the fact that 
of the world’s population carry Mycobacterium tuberculosis,18 the causative
agent of tuberculosis. To provide a wider perspective, the estimated
population of the European Union in January 2007 was 495 million people,
with Germany being the most populous nation (82.3 million citizens).19

<1.0%
1.0–1.9%
2.0-2.9%
>3.0

Figure 1. Estimated prevalence of HCV infection derived from the World Health
Organization global burden of disease study.16 Note that Greenland and Western
Sahara (both in white) not were included in the study. Reproduced with permission
of the author.

The HCV genotypes are unevenly distributed throughout the world, and the
genetic heterogeneity of the virus strains present in the population is also
different in different regions. It has been suggested that a geographical concentration of a certain genotype, represented by several subtypes, indicates
that the virus has been spreading slowly over a long period in that region.20
On the other hand, a large number of genotypes but a smaller genetic
12

variability within the genotypes, indicates a faster spread during a shorter
time. Applied to the current situation, this implies that HCV infection has
long been endemic in certain regions, for instance, Western and Central
Africa (types 1 and 2 and their subtypes) and South-East Asia (genotype 6
and subtypes), followed by an epidemic, global spread starting relatively
recently, resulting in global occurrence of types 1b, 2a and 2b.20 Considering
the transmission routes, the present epidemic is probably the result of the
medical advances of the last 200 years leading to vaccination campaigns,
blood transfusions, etc.21

1.1.3 The Course of Infection
Infection with the HCV has two stages: an acute and a chronic phase. After
an incubation period of typically two months, the infected person may
experience relatively mild symptoms; nausea, jaundice, general malaise, etc.
Accordingly, the acute infection often passes without clinical diagnosis and
about 20% of those infected recover completely after the initial infection.
However, in the majority of cases the infection becomes chronic.22
Of those who suffer from chronic HCV infection, it is estimated that 15–
20% will develop liver cirrhosis, though this may take up to 30 years or
more. Once cirrhosis is established, it confers an increased risk of
hepatocellular carcinoma.22

1.1.4 Current Treatment Options
Today, there are no commercially available drugs that specifically target the
HCV. Moreover, there is no vaccine, so the course open is preventive
measures aimed at avoiding exposure to the virus. Hepatitis C virus infection
can be treated with the broad-spectrum anti-viral agent ribavirin,23 with
pegylated interferon- (an immune system stimulant)24-26 or more efficiently
with a combination of the two,27 as is currently recommended.28
Unfortunately, the outcome of therapy is heavily dependent on the virus
strain that caused the infection: genotypes 2 and 3 can be successfully
treated in up to 80% of cases, while the corresponding number for genotype
1 is only 40–50%.15 The treatment also causes side effects which have a
profound impact on quality of life, such as anaemia, psychic disorders,
vertigo, myalgia, malaise and gastrointestinal distress.29 Evidently, there is
an immense and unmet need for safe and efficient drugs that specifically
target the HCV.
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1.1.5 The Viral Life Cycle
The HCV proved to be unusually difficult to grow in cell culture, and it was
not until 2005 that the first reports of infectious viral particles produced
in vitro were published.30-32 The combination of the lack of a reliable in vitro
model and the narrow host range displayed by the virus, made research in
many areas concerning it difficult.
The first step in any viral infection is the attachment of the virion to a
susceptible cell. In the case of HCV, it has been suggested that several cellsurface structures are involved in the attachment process, among others,
glycosaminoglycans,33 CD81,34 SR-BI35 and claudin-1.36 The second step in
the life cycle, schematically outlined in Figure 2, is cell entry, which occurs
by endocytosis (a).37,38 Recently, it was proposed that human occludin is an
important factor in the cell entry of the HCV.39 Once the virus is inside the
cell, the envelope and nucleocapside disintegrate, and the viral RNA is
released into the cytoplasm (b). The RNA thus released, together with newly
synthesised +ss RNA, forms the translation template for a viral polyprotein
(c) that is further processed into functional protein units (d). For replication
of the genome, the complementary, anti-sense single-stranded RNA (ss RNA) is synthesised, which in turn serves as a template (e) for the
+ss RNA, to be incorporated into the new virions. The membranous web (f)
is thought to be derived from the membrane of the endoplasmic reticulum,
and harbours both the replicating RNA and the replication complex,
consisting of the non-structural viral proteins.40 It is possible that the steps
from translation to RNA replication occur in close association with one
another, and not separately as shown in Figure 2.38

Figure 2. Schematic representation of the HCV life cycle.38 (a) Cell entry; (b)
release of viral genomic RNA into the cytoplasm; (c) translation; (d) polyprotein
processing; (e) synthesis of -ss RNA; (f) RNA replication; (g) assembly; (h) budding
and (i) infection of another cell. ER: endoplasmic reticulum.
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Virion assembly (g) and release (h) from the cell conclude the replication
cycle of the HCV, which is repeated upon infection of the next susceptible
cell (i).38 Dashed arrows indicate feedback loops of the newly formed
+ss RNA, which can serve as a template for protein synthesis (b), as well as
for the synthesis of complementary, -ss RNA (e).

1.1.6 The Viral Proteins
The HCV genome consists of a single open reading frame, i.e. it is translated
as a polyprotein that contains the structural and non-structural (NS) viral
proteins.41 In order to produce functional protein units, the polyprotein is
cleaved by either endogenous or viral enzymes (Figure 3).38,41 A brief
description of viral proteins is given below. The NS3 protease, which is the
subject of this research, is discussed in more detail in Section 1.2.

Figure 3. Schematic representation of the organisation of the HCV polyprotein,
showing the order of the structural proteins (C, E1, E2, p7) and the non-structural
proteins (NS2, 3, 4A, 4B, 5A and 5B).38 The cleavage sites are indicated by arrows
(white: mediated by host signal peptidases; solid grey: mediated by the NS2
protease; shaded grey: mediated by the NS3 protease).

1.1.6.1 The Structural Proteins
In the virion, the structural proteins C, E1, E2 and p7 form the nucleocapside, the envelope and possibly ion channels.
The core protein, C, forms the nucleocapside38,42 and, compared with the
other HCV proteins, it shows very little sequence variance between different
genotypes.42 In addition, the core protein has regulatory properties and is
involved in signalling, gene expression, etc.42
Both E1 and E2 are glycoproteins forming the viral envelope, and they
play fundamental roles in the cell entry process. It has been suggested that
E2 is the initiating factor of cell adhesion, and that E1 probably is involved
in fusion of the viral components to intracellular membranes.37,43
The protein p7 has been shown to form ion channels in artificial membranes,44,45 and is necessary for infection in vivo but not in vitro. If it is an
ion-channel-forming protein in vivo, it could be involved in the later stages
of the viral life cycle, i.e. maturation and release.38

15

1.1.6.2 The Non-Structural Proteins
The non-structural proteins (NS2, 3, 4A, 4B, 5A and 5B) act as enzymes or
co-factors, or are otherwise involved in virus-specific processes.
NS2 is a zinc-dependent metalloprotease which, together with the
N-terminal of NS3, cleaves the polyprotein between NS2 and NS3. After
cleavage, its proteolytic activity is lost.37,46
The NS3 protein is bifunctional in that it comprises both a protease and a
helicase/NTPase. The protease cleaves at the junctions of the downstream
proteins,47 and the helicase/NTPase is responsible for unwinding the
+ss RNA to enable replication. To date, no one has been able to ascertain
whether the two NS3 components remain connected or not in vivo, but there
are indications that they enhance each other’s catalytic efficiency.48,49
NS4A acts as a co-factor of the NS3 protease, possibly anchoring the
enzyme complex to cellular membranes, and is important, but not necessary,
for the proteolytic capacity of the NS3 protease.50-52
The membrane-bound NS4B is involved in forming what is known as the
membranous web, where the HCV replication complex is located.38
The function of the NS5A protein is not completely clear. It has been
reported to interact with viral as well as host proteins, and is thought to be
involved in RNA replication.38
The NS5B protein is an RNA-dependent RNA polymerase, responsible
for catalysing the +ss RNA  -ss RNA  +ss RNA process in the viral
replication cycle.38 Together with the NS3 protease, it is perhaps the most
studied putative target for a specific anti-HCV therapy.

1.2 The HCV NS3 Protease
1.2.1 Characteristics of the NS3 Protease
The NS3 protease is a serine protease, sometimes described as
chymotrypsin-like53,54 and sometimes as trypsin-like,55 located at the
N-terminal part of the NS3 protein. The protease catalyses the cleavages that
liberate the other NS proteins (Figure 3, grey shaded arrows), and its
function is necessary for the production of infectious viral particles.56,57
Apart from being involved in polyprotein cleavage, the NS3 protease has
also been shown to interfere with the host’s immune response by inhibiting
antiviral signalling pathways.58,59
The first published crystal structures of the NS3 protein were of the
isolated protease domain.55,60 Compared to related proteases, they showed
that the area surrounding the active site of the HCV NS3 protease is flatter,
without the pockets and crevices normally offering anchor points for the
substrates, and unusually exposed to the surroundings. When the crystal
structure of the full-length (i.e. protease and helicase) NS3 protein was
solved (Figure 4), it was revealed that the active site is situated at the
16

interface between the protease and the helicase.53 Thus, the two domains
together may compensate for the lack of pockets in the protease part. This
particular enzyme structure corresponds to that of the NS3/4A cleavage, with
the newly formed C-terminal still in the active site.

Figure 4. The full-length NS3 protein and the N-terminal part of NS4A. The
domains are colour-coded as follows: NS3 protease; green, with the catalytic triad in
pink. NS3 helicase; blue, with the P6–P1 residues of the NS3/NS4A cleavage site,
here shown occupying the active site, in yellow. The 13 N-terminal residues of
NS4A, acting as the NS3 protease activator, in beige. Pdb code 1CU1.53

When discussing substrates and inhibitors of proteases, it is customary to
refer to the amino acid residues (or the groups corresponding to them)
according to a nomenclature devised by Schechter and Berger.61 Starting
from the scissile amide bond, i.e. the one that is cleaved by the protease, and
progressing outwards along the peptide backbone, the residues on the Nterminal side are numbered P1, P2, etc., and the C-terminal residues P1', P2'
and so on. The corresponding interaction areas or pockets in the enzyme are
called S1, S2, and S1', S2' (Figure 5).
Scissile bond
S2

S1'

P2
N terminal

N
H

O

P1'

O

H
N

N
H
P1
S1

O

H
N
O

C terminal
P2'
S2'

Figure 5. Schematic representation of the amino acids (P2, P1, P1', P2') surrounding
the scissile peptide bond of an otherwise unspecified peptide or protein, and the
corresponding enzyme pockets (S2, S1, S1', S2'). The amino acid residues and
enzyme pockets are numbered according to Schechter and Berger.61
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1.2.2 Catalytic Mechanism
As for other serine proteases, the residues making up the catalytic triad of
the HCV NS3 protease are a serine (Ser), hence the name, a histidine (His)
and an aspartic acid (Asp). A generic mechanism for serine proteasecatalysed hydrolysis is shown in Figure 6.62

Figure 6. Mechanism of peptide bond hydrolysis catalysed by a serine protease
(amino acid residues numbered as in the HCV NS3 protease). (a) Nucleophilic
attack by the OH of serine 139 on the carbonyl carbon of the scissile bond, forming
a tetrahedral intermediate stabilised by the oxyanion-hole residues glycine137 and
serine 139. (b) The collapse of the first tetrahedral intermediate is followed by the
liberation of the C terminal of the substrate. (c) Histidine 57 activates a water
molecule, which in turn forms the second tetrahedral intermediate by attacking the
P1 carbonyl. (d) Collapse of the second tetrahedral intermediate, leading to the
liberation of the N terminal of the substrate, and (e) restoration of the hydrogen
bonds between the residues of the catalytic triad to the state in (a).62
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The catalytic process is initiated by the recognition and binding of the
substrate to the enzyme. For substrates of the NS3 protease, the amino acid
residues in positions P6, P1 and P1' are conserved, with acidic functionalities
at P6, either aspartic acid (Asp) or glutamic acid, cysteine (Cys) in P1
(except for the NS3/NS4A junction, which has a threonine),63 and serine or
alanine (Ala) in P1'.64 Of these, the P1 residue is the most critical for
substrate recognition.65
Mechanistically, the first step is a nucleophilic attack by the hydroxyl of
serine 139 on the carbonyl carbon of the scissile bond, with transfer of the
hydrogen to histidine 57 (Figure 6a). The resulting negative charge on the
carbonyl oxygen is stabilised by interactions with the oxyanion hole, i.e. the
backbone NHs’ of glycine (Gly) 137 and serine 139. When the tetrahedral
intermediate collapses, as shown in Figure 6b, it ultimately leads to the
release of the C-terminal part of the substrate, and the transfer of a proton
from histidine 57 to the newly formed N terminal.
The cleavage process is propagated by activation of a water molecule by
histidine 57, which is thereby protonated once again. The nucleophile thus
formed attacks the carbonyl carbon of the P1 residue (Figure 6c), forming a
second tetrahedral intermediate (Figure 6d). The collapse of the second
tetrahedral intermediate closes the catalytic cycle by breaking the covalent
bond to the N terminal of the substrate. Upon the release of the product, a
proton is transferred from histidine 57 to serine 139, and the hydrogen bond
network within the catalytic triad is restored (Figure 6e).
Figure 6e also illustrates the product inhibition observed for the NS3
protease, with the new C terminal formed in the catalytic process lingering in
the active site.

1.3 Drug Design Strategies Applied to Hepatitis C
Virus NS3 Protease Inhibitors
The natural substrates of proteases are peptides and proteins. Hence,
evolution has optimised these enzymes for binding amino-acid-based
substrates, and the obvious starting point for an inhibitor would be
something that closely resembles the natural substrate, i.e. a peptide.
However, peptides tend to make poor drugs, since they are too flexible, too
unstable and often also too large.
A general guide to drug design is provided by the so-called “Lipinski’s
rule of five”. Based on empirical evidence, it recommends the following for
an orally available drug: molecular weight 500, 5 hydrogen bond donors,
10 hydrogen bond acceptors and a clogP 5.66 The recommendations 10
rotational bonds and a polar surface area 140 Å2 have since been added to
the initial set of parameters.67
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When peptides or proteins are used as therapeutic drugs, for instance,
insulin in the treatment of diabetes, they typically require parenteral
administration to avoid degradation in the gastrointestinal tract. Since the
“ideal” drug is administered orally and preferably also only once daily,
anything that requires injection is by definition undesirable. Injectables also
present other drawbacks, such as higher technical demands and, in some
cases, administration by medically trained personnel.
The typical serine protease inhibitor is a molecule containing a group that
is a better electrophile than the normal peptide carbonyl, and therefore more
susceptible to attack by the nucleophilic serine. Unlike the substrate, the
electrophilic group in the inhibitor is surrounded by non-hydrolysable bonds.
After the attack, the serine is therefore attached to the inhibitor by a covalent
bond that halts the catalytic machinery and inhibits the enzyme. Inhibitors
containing an electrophilic moiety are known as serine traps or quasisubstrates, as they mimic the substrate to some extent. The main drawback
of the quasi-substrate approach to inhibitor design is selectivity; a multitude
of other nucleophiles are present in the living organism to which the
inhibitor could bind, for instance in the genome, resulting in more or less
severe side effects.
A relatively unusual aspect of the NS3 protease is that it is inhibited by
peptides corresponding to the C-terminal cleavage products (Figure 7),68,69
more precisely by the new C terminal that is formed when the scissile
peptide bond is hydrolysed (Figure 6e). As a matter of fact, the enzyme
displays a higher affinity for the cleavage product than for the substrate.69
The product inhibition of the NS3 protease has made a second inhibition
strategy possible, namely product-mimicking inhibitors. Since an acidic
functionality is less reactive than an electrophilic, the potential side-effects
of product-based inhibitors are less serious than those of serine-trap
inhibitors, at least in theory.

Figure 7. Hexapeptides corresponding to the P6–P1 residues of the NS4A/4B and
5A/5B cleavage products, having HCV NS3 protease inhibitory properties. 68,69
Amino acid sequences correspond to the HCV J strain,69 i.e. genotype 1b.70
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The following sections will present strategies commonly used in drug
design to improve the pharmacokinetic and/or pharmacodynamic properties
of bioactive compounds, focusing on those that have been applied to HCV
NS3 protease inhibitors.

1.3.1 Amino Acid Modifications
There are several ways of masking the peptide character of an otherwise
amino-acid-based compound. The simplest is perhaps to exchange a coded
amino acid for a non-coded one. Apart from making the inhibitors less
recognisable to endogenous proteolytic enzymes, exchanges like these are
also used to optimise interactions with the target enzyme.
Compound A68 (Figure 8) corresponds to the P6–P1 residues of the
NS5A/5B cleavage site, apart from the P2 proline which in that compound
replaces the native cysteine. As mentioned in Section 1.2.2, a preserved P1
cysteine is crucial for interactions between the NS3 protease and its
substrates. However, the mercapto functionality of cysteine is chemically
unstable, and norvaline (compound B,71 Figure 8) was found to be a more
suitable alternative. Further studies on the P1 moiety led to the discovery of
1-aminocyclopropane carboxylic acid (ACCA), which, in combination with
a naphthyl substituent on the P2 proline, allowed truncation to a tetrapeptide
(compound C72, Figure 8) without loss of too much inhibitory potency. A
vinyl group on the ACCA was found to be superior to all other substituents
evaluated, leading to (1R,2S)-1-amino-2-vinylcyclopropane carboxylic acid
(vinylACCA),73,74 which is highly optimised for interactions with the S1
pocket.
With the vinylACCA as P1 and a better P2 proline substituent, the P4
residue could be omitted, leading to N-terminal-capped tripeptides such as
compound D74 (Figure 8). Both ACCA and vinylACCA contribute to
additional masking of the -amino acid character as they have a disubstituted
-carbon, not found in the genetically encoded amino acids.
Compounds E and F (Figure 8) represent a different design route. The
hexapeptide E is the combined result of optimisation of the P6–P1 sequences
of the NS4A/4B and NS5A/5B cleavage sites (Figure 7), with the P1
cysteine still in place.75 In the corresponding hexapeptide, compound F, the
cysteine is replaced by 4,4-difluoroaminobutyric acid (difluoroAbu),
designed to mimic the size and electronic properties of cysteine.76
Compound F also incorporates an example of an electrophilic moiety, its
-keto carboxylic acid.
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Figure 8. Amino acid substitutions in the early optimisation of HCV NS3 protease
inhibitors. Compound A: Sequence corresponding to P6–P1 of the NS5A/5B
junction, but with P2 proline instead of the native cysteine.68,77 Compound B: The
norvaline analogue of A.71 Compound C: Introduction of ACCA instead of
norvaline in combination with a substituent on the P2 proline allowed truncation to
an N-capped tetrapeptide.72 Compound D: Further optimisation of all positions in
inhibitors like C resulted in tripeptides such as D.74 Compound E: The result of joint
optimisation of the P6–P1 residues of the NS4A/4B and NS5A/5B junctions.75
Compound F: The P1 difluoroAbu -keto carboxylic acid analogue of E.76

1.3.2 Bioisosteres
A bioisostere is a functional group that can replace another functionality but
still elicit the same biological response. Replacing a certain group by its
bioisostere therefore offer a means of improving the general properties of a
bioactive compound.78,79 To qualify as bioisosteres, the two groups should in
addition have similar physicochemical properties.
Several examples of bioisosteric exchange can be found among the NS3
protease inhibitors, many of them concerning the C-terminal. Among the
product-based inhibitors, replacement of the carboxylic acid by acyl
sulphonamides is very common (compounds G80 and H,81 Figure 9).
Carboxylic acids have approximate pKa values of 4.5, while for acyl
sulphonamides it is close to 5.82 The advantage of acyl sulphonamides,
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compared with carboxylic acids, is that they (depending on the substituent)
are less polar, and therefore more likely to allow passage through biological
membranes. Other carboxylic acid bioisosteres include tetrazoles80 and acyl
cyanamides,83 but compared to them, acyl sulphonamides offer the
advantage of a variable substituent.
The simplest electrophilic groups, aldehydes, are too unstable to be of
practical use in drugs. There are many bioisosteric alternatives, typically
containing an -keto carbonyl (for instance -keto acids such as F in Figure
8, or -keto amides, perhaps best exemplified by the clinical candidates in
Figure 11), but also boronates, such as compound K84 (Figure 10).
Other examples of bioisosterism are the removal or reversal of amide
bonds.79 Compound I85 (Figure 9) exhibits a combination of the two: the
proline nitrogen is replaced by a methine group, resulting in a nonhydrolysable bond between the cyclopentane ring and the carbonyl. Since
this carbonyl is involved in an amide bond to the residues corresponding to
the P4–P3 region, the direction of the peptide backbone, and thus also the
amide bonds, is reversed from NC to CN. The side-chains of the P4 and
P3 residues are also shifted one atom further out.

Figure 9. Examples of bioisosteres. Compounds G80 and H:81 Examples of acyl
sulphonamides as carboxylic acid bioisosteres. Compound I:85 Removal and reversal
of the amide bond normally connecting the P3 and P2 residues.

1.3.3 Conformational Constraints
As a rule, proteases require their substrates to adopt extended, or -strand,
conformation prior to binding. This also applies to their non-peptidic
substrate analogues,86,87 which in the case of HCV NS3 protease inhibitors
has been confirmed in an NMR study.88 Inhibitory potency can thus be
23

gained by locking a substrate-mimicking inhibitor in the bioactive conformation as it decreases the entropic penalty of reorganising the conformation.
Such conformational constraints can, for instance, be introduced by
macrocyclisation (compound J,89 Figure 10) or by the introduction of rigid
structural units into the backbone of an otherwise amino-acid-based
inhibitor. The latter alternative can be achieved by replacement of an amino
acid by ring structures. An example of a commonly used six-membered ring
is the pyrazinone, which has been used in inhibitors of various proteases.90-92
Fused to the P2 proline residue, it has also been incorporated into HCV NS3
protease inhibitors (compound K, Figure 10).84
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Figure 10. Examples of rigidification by macrocyclisation (compound J89) and by
incorporation of a cyclic system into the backbone (compound K84).

1.3.4 HCV NS3 Protease Inhibitors in Clinical Trials
Initially, it was broadly assumed that the discovery of potent NS3 protease
inhibitors of low molecular weight was an unlikely event. This assumption
was based on the characteristics of the active site; potent inhibitors were
thought to have to be large in order to find enough anchor points on the flat
enzyme surface. Although the inhibitors being tested in clinical trials today
are not small by medicinal chemistry standards, it cannot be denied that the
development has left the simple peptides based on optimised substrate
sequences (e.g. compounds A, B, E and F in Figure 8 and compound G in
Figure 9) far behind.
1.3.4.1 Electrophilic Inhibitors
Two electrophilic inhibitors have reached as far as phase III clinical studies
(Figure 11), which is hitherto further than any other candidates designed to
target the HCV NS3 protease. In these inhibitors, the electrophilic components are two different -ketoamides; a primary in boceprevir and a
secondary in telaprevir.
The reaction mechanism of -ketoamides involves two steps, described
for thrombin inhibitors.93 The first is a recognition step, with weak, noncovalent interactions between the enzyme and the inhibitor that induce
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structural rearrangements making the second step possible. During the
second step, the enzyme and the inhibitor are joined by a strong, covalent
bond between the active site serine and the electrophilic moiety. The
inhibition complex is not permanent, but dissociation is slow.94,95
Contrary to what would be expected, selectivity does not seem to be a
major problem for these inhibitors.94,96,97 This could be due to the nature of
the S1 pocket, sometimes referred to as the specificity pocket, as the HCV
NS3 protease prefers small, lipophilic P1 residues,98 whereas the typical
trypsin- or chymotrypsin-like proteases require positively charged or large,
hydrophobic groups in that position, respectively.62

Figure 11. Electrophilic inhibitors currently being tested in phase III trials:
boceprevir (formerly SCH503034) and telaprevir (formerly VX-950).

1.3.4.2 Product-Based Inhibitors
The first HCV NS3 protease inhibitor to be evaluated clinically was
ciluprevir, a product-based inhibitor retaining the P1 carboxylic acid (Figure
12).99 Further development of this inhibitor was stopped due to the
observation of cardiac toxicity in rhesus monkeys.100 However, the observed
toxicity appears to be substance-specific, and two structurally related
compounds, R7227101 and TMC 435,102 are currently being evaluated in
phase II studies (Figure 12). In these, and also in the fourth clinically
evaluated, product-based inhibitor, MK7009 (Figure 12), the carboxylic acid
is replaced by the bioisosteric acyl sulphonamide.
Three inhibitors (ciluprevir, R7227 and TMC 435) have the P1 residue,
vinylACCA, in common. All three are also macrocycles, with a linker
between the P3 and P1 residues in the case of ciluprevir and R7227, and at a
similar position in TMC435. An example of a different type of macrocycle is
provided by MK7009,103 also being studied in phase II trials, where the P2
substituent is linked to the P3 capping group.
Inhibitors of this class do not form a covalent bond to the enzyme as the
electrophilic inhibitors do, but they rely on rapidly forming and dissolving
non-covalent interactions for inhibition. Interestingly, R7227 has been
reported to dissociate very slowly from the enzyme-inhibitor complex,104
thereby displaying kinetic properties similar to those of the electrophilic
inhibitors, rather than the other product-based compounds.
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Figure 12. Examples of product-based inhibitors that are or have been evaluated in
clinical trials: ciluprevir,99 R7227 (formerly ITMN-191),101 TMC 435 (formerly
TMC 435350)102 and MK-7009.103

1.4 Hepatitis C Virus and Resistance to Protease
Inhibitors
As mentioned above, the NS5B protein is an RNA polymerase, responsible
for the synthesis of RNA copies during the viral replication process.
However, it lacks a proof-reading function,105,106 and this fact, combined
with the high replication rate of the HCV,107,108 results in the frequent
generation of mutants. As a consequence, analysis of the viral population of
an HCV-positive person will reveal a multitude of closely related virus
strains known as quasispecies.109,110 Furthermore, in an environment where
anti-viral agents are present, this implies rapid selection for resistant
variants.
Several mutations giving rise to virus strains resistant to protease
inhibitors have been reported from in vitro studies,111-113 enzymatic as well
as cell-based, and also from clinical samples.114,115 Certain resistanceconferring mutations have also been reported to occur spontaneously in vivo
without the selective pressure of protease inhibitors, albeit at low
frequency.116-118
26

A more detailed discussion of the most studied enzyme variants, observed
in studies of the clinical candidates in Figures 11 and 12, and where
modelling is available to help explain the results, will follow. However, it
should be emphasized that these variants will not necessarily be the most
important ones, if and when a number of inhibitors are in daily clinical use.
As the amino acid substitutions will not only influence the interactions
between the enzyme and a certain inhibitor, but also the catalytic efficiency
of the enzyme, they might make the mutants less viable than the wild type
virus.
To assist the reader, the side-chains of the amino acids discussed in the
following sections are shown in Figure 13. In the discussion, the amino acids
and their respective positions in the proteins are referred to according to the
format AXB, where A is the wild type residue, X is the position in the amino
acid sequence and B is the corresponding amino acid in the substituted
enzyme variant.

Figure 13. Amino acids that are frequently substituted after exposure of the HCV to
NS3 protease inhibitors.

1.4.1 Substitutions of Arginine 155
Arginine 155 (R155) is one of several residues forming the S2 pocket, and
thus has the potential to form interactions with the large, aromatic P2
substituents of inhibitors similar to those in Figure 12. Additionally, it has
been suggested that in the wild type enzyme the basic R155 helps stabilise
the S4–S2 region by ionic interactions with aspartic acid 168 (D168,
Figure 14).
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Two substitutions are commonly found in this position, either for
glutamine (Q)111 or lysine (K).113 The R155Q substitution has been
extensively investigated using computer modelling. In the glutamine variant,
the ionic interaction between R155 and D168 is replaced by a hydrogen
bond, and the D168 is forced upwards as the side-chain of glutamine is
shorter than that of arginine (Figure 13). The upward movement of D168 is
reported to affect the overall interactions in the S2–S4 region.119,120 In spite
of the altered conformation, the R155Q variant displays a relatively low
degree of resistance and has a replicative capacity almost comparable to that
of the wild type.113 The change in the charge in the R155Q variant, from
positive to neutral, is likely to affect the interactions with ciluprevir-like
inhibitors (Figure 12).119

Figure 14. Schematic representation of the relative positions of a generic tripeptide
inhibitor and the amino acid residues discussed in Sections 1.4.1–1.4.3.119 The
network of hydrogen bonds between the enzyme and the P1 residue suggested by the
full-length crystal structure53 is also shown.

Regarding the R155K variant, it has been reported to replicate as well as the
wild type.113 In the case of the inhibitor R7227, there are indications that the
R155K substitution has a negative effect on the aforementioned slow
dissociation of that compound (Section 1.3.4.2).104
Docking comparisons of telaprevir and boceprevir (Figure 11) suggest
that telaprevir suffers more from the R155K substitution because the
recognition step (Section 1.3.4.1) of telaprevir is more disturbed by the loss
of the salt bridge between R155 and D168 than that of boceprevir. As a
consequence, the second, covalent step is also more negatively affected for
telaprevir than for boceprevir.121
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1.4.2 Substitutions of Alanine 156
Alanine 156 lies close to the P2 residue, with possible hydrophobic
interactions with both it and its substituent.119 The most commonly observed
substitutions are for threonine (T)111, serine (S)112 and valine (V), Figure
13.122 The A156T and/or V substitutions are reported to confer resistance to
all inhibitors studied so far,113,122,123 and the A156T has in addition been
detected in a patient prior to exposure to protease inhibitors.116 Due to a
marked decrease in viability of the virus strains carrying this substitution, its
future, clinical importance can be debated.123 There are, however, reports of
compensatory mutations leading to substitutions Q86R123,124 and glutamic
acid to glycine in position 176,123 which partially restore the catalytic
efficiency of the A156T variant.
The underlying mechanism in all three cases is increased bulk when the
methyl in alanine is replaced by the larger side-chains of threonine, valine or
serine (Figure 13). As a result, there is steric repulsion between the enzyme
and the P2 and P4 residues of the inhibitors. Docking studies of ciluprevir119
as well as of R7227125 using the A156T and A156V variants have indicated
unfavourable interactions in the P2 and P4 regions in both cases.
Regarding telaprevir and boceprevir, it has been suggested that the steric
clash between the inhibitors and the A156T variant interferes with both the
recognition and the covalent steps, resulting in marked resistance.126
The A156S substitution was initially suggested to affect telaprevir but not
ciluprevir (Figures 11 and 12), explained by the higher flexibility of the P4
group of ciluprevir, which could adjust to the extra bulk in the enzyme.112
However, the A156S variant has since been detected also in conjunction
with boceprevir, which is one amino acid residue shorter than telaprevir.123

1.4.3 Substitutions of Aspartic Acid 168
In contrast to R155 and A156 discussed above, D168 is not directly involved
in any enzyme–inhibitor interactions. It is located between the S2 and the S4
pockets, and forms a stabilising link between the two by forming salt bridges
to both R123 (S4 pocket) and R155 (S2 pocket).119,120 The most commonly
observed substitutions for D168 are alanine or valine (i.e. D168A or
D168V).120
Neither alanine nor valine can replace aspartic acid in the salt bridges to
the two arginines discussed above. The increased flexibility of the arginines
in the D168A/V variants would make compounds like ciluprevir (Figure 12)
suffer from lost interactions between R155 and the P2 substituent, as well as
from destabilisation of P4–S4 interactions (arising from the altered conformation of R123).119 The D168V variant is more resistant than D168A to
ciluprevir, perhaps due to more pronounced destabilisation of R155 accompanied by conformational changes in the S2–S4 region in the former
variant.119
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R7227 is expected to be affected by these substitutions in the same way as
ciluprevir, but perhaps to a smaller extent since it depends less on
interactions in the P2 region for its binding.125 The D168A substitution is
reported to have effects on the binding kinetics of R7227 similar to those
discussed for R155K above.104
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2 Aims

The work presented here has been carried out as part of an ongoing project
with the long-term goal of designing and synthesising novel peptidomimetic
HCV NS3 protease inhibitors, and thereby contributing to a deeper understanding of the structure–activity relationships (SARs) of inhibitors targeting
that enzyme.
The particular aims of this work were as follows:
•

to investigate the possibility of further decreasing the peptide character
of HCV NS3 protease inhibitors by replacing coded -amino acids by
either non-coded variants or scaffold structures:
- Valine  t-leucine  a pyrazinone scaffold in the P3 position,
- Proline  phenylglycine in the P2 position, with or without
substituents in the para position,
- -amino acids  an ,-disubstituted amino acid  an aromatic
scaffold in the P1 position,

•

to develop strategies for the synthesis of the above-mentioned scaffold
structures, as well as for their introduction into the inhibitors, and

•

to investigate the connection between inhibitor structure and resistance
by studying the SARs of P2 proline- and phenylglycine-based inhibitors
on the inhibitor-resistant variants A156T and D168V of the HCV NS3
protease.
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3 Initial Evaluation of P2 Phenylglycine in
Hepatitis C Virus NS3 Protease Inhibitors

3.1 Background
The most common P2 residue in HCV NS3 protease inhibitors is proline,
which is also found in that position in one of the natural substrates (at the
NS4B/5A junction).64 Phenylglycine first appeared in a report by Ingalinella
et al., where it was stated to be the most suitable P2 residue of the aromatic
amino acids studied, closely followed by 2-naphthylalanine.75
In a study of tetrapeptides, preceeding Paper I, it was found that an
unsubstituted phenylglycine produced an inhibitor with more than 20-fold
higher potency than the corresponding P2 proline inhibitor. As one of the
aims was to find an opportunity to introduce substituents on the P2 sidechain, a wider synthetic scope was envisaged for the phenylglycine due to its
aromaticity.

Figure 15. Comparison of the inhibitory potencies of the N-capped tetrapeptides
Suc-Chg-Ile-Pro-CysOH and Suc-Chg-Ile-Phg-CysOH, and the interaction leading
to a hypothetical advantage for phenylglycine. Suc: succinyl; Chg: cyclohexylglycine; Ile: isoleucine; Pro: proline; Phg: phenylglycine; HBD: hydrogen bond
donor.

Docking studies of the tetrapeptides illustrated in Figure 15 in the active site
of the full-length NS3 protein indicated that the P2 phenylglycine may be
able to form two interactions with the enzyme that proline cannot: a stacking interaction with histidine 57, and a hydrogen bond from its -NH to
the side-chain carbonyl of glutamine 526 in the helicase.
A prerequisite for the interaction with glutamine 526 is of course that it is
possible for an inhibitor bound to the protease active site to simultaneously
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interact with the helicase domain. Previous results published by our group
indicate that the helicase can influence the inhibition of the protease127 and
also the SARs of NS3 protease inhibitors.128 On the other hand, the results of
a recently published study, where glutamine 526 and two other residues in
the helicase were replaced by alanine without any significant effect on
inhibitor potency, suggest that the helicase does not significantly affect the
binding of NS3 protease inhibitors.129 However, all the inhibitors included in
that study were based on P2 proline, and consequently unable to act as
hydrogen bond donors to glutamine 526, as phenylglycine is suggested to do.
Until a crystal structure of an inhibitor binding to the active site of the fulllength NS3 protease is published, there will not be a definite answer to the
question of the importance of the helicase for protease inhibitor binding.

3.2 Design
In order to investigate the potential of phenylglycine as a proline replacement in the P2 position of HCV NS3 protease inhibitors, it was decided to
synthesise a series of phenylglycine-based inhibitors incorporating P374,130,131
and P1-P1' 71,73,76,80,81 structural motifs established in the proline series. Both
known and novel P2 substituents were also included in the initial
investigation (Paper I, Figure 16).132

Figure 16. The initial structural variations of inhibitors based on P2 phenylglycine.
Ph: phenyl; cPr: cyclopropyl.
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It was hoped that a substituted phenylglycine residue in the P2 position
would find the interactions described for the unsubstituted analogue above.
Hypothetically, replacing proline with phenylglycine could confer an
approximately 10-fold increase in potency.

3.3 Synthesis
The tripeptide inhibitors were synthesised in a convergent fashion by
assembly of the P3, P2 and P1-P1' blocks. Starting with the P2 aryl ether
blocks depicted in Scheme 1, the first step of the synthesis was
t-butoxycarbonyl (Boc) protection of 4-hydroxyphenylglycine, leading to
compound 1.
Scheme 1. Synthesis of the phenylglycine-based P2 building blocks.

Reaction conditions: (a) MeI, Cs2CO3, DMF; (b) LiOH, THF/H2O/MeOH; (c) A, B,
C or D, KOtBu, DMSO; (d) Compound 7, 4-pyridine-B(OH)2, Pd2(dba)3,
[(t-Bu)3PH]BF4, KF, THF.
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Treatment of 1 with methyl iodide and Cs2CO3 in N,N'-dimethylformamide (DMF) gave the ester-protected methyl ether 2, which was
hydrolysed to the corresponding carboxylic acid 3 by treatment with LiOH
in tetrahydrofuran (THF), water and methanol (MeOH). The aryl ethers 4–7
were synthesised following the same procedure as that developed for the
proline counterpart of 4,81 in a nucleophilic aromatic substitution of the aryl
chlorides A–D by compound 1, in the presence of KOtBu in
dimethylsulphoxide (DMSO). Compound 7 also served as an intermediate in
the synthesis of 8, which was finalized in a Suzuki reaction with compound
7, 4-pyridine boronic acid, Pd2(dba)3, [(t-Bu)3PH]BF4 and KF in THF.
The synthetic route illustrated in Scheme 2 was designed to provide the
tripeptides as free P1 carboxylic acids, as well as acyl sulphonamides.
Therefore, the P2 block 4 was coupled to the hydrochloride salts of
vinylACCA ethyl ester (vinylACCAOEt, P1 side-chain E) or difluoroAbu
methyl ester (difluoroAbuOMe, P1 side-chain F) using either HATU* or
HBTU† and DIPEA‡ in DMF, resulting in the P2-P1 dipeptides 9 and 10. The
Boc group of the dipeptides was removed by treatment with 4 M HCl in
1,4-dioxane, and the resulting P2-P1 hydrochloride salts were coupled to
Boc-protected valine or t-leucine (BocValOH or BocTleOH, respectively),
once again using HATU or HBTU and DIPEA in DMF, leading to the esterprotected tripeptides 11 and 12.
The tripeptide inhibitors 13 and 14, with a C-terminal carboxylic acid,
were obtained by treating 11 and 12 with LiOH in THF/H2O/MeOH.
Compound 13 was also converted into the corresponding phenyl acyl
sulphonamide 15 by coupling with benzenesulphonamide mediated by
1,1-carbonyldiimidazole (CDI) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU). The main drawback of this route is the necessity of using basic ester
hydrolysis (step 4), which also leads to complete epimerisation of the basesensitive phenylglycine. Inhibitors 13 and 14 could not be obtained
stereochemically pure, but the acyl sulphonamide derivative 15 was obtained
as pure L and D P2 epimers (15a and b, respectively) after HPLC
purification.

*

N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-yl-methylene]-N-methylmethanaminium hexafluorophosphate N-oxide
†
N-[(1H-benzotriazole-1-yl)-(dimethylamino)-methylene]-N-methylmethanaminium
hexafluorophosphate N-oxide
‡
N,N'-diisopropylethyl amine
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Scheme 2. Tripeptide synthesis designed to provide C-terminal carboxylic acids as
well as acyl sulphonamides.
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13: P3 = iPr, P1 = E, R = OH
14: P3 = tBu, P1 = F, R = OH
15a: P3 = iPr, P1 = E, R = NHSO2Ph
(Phg L-isomer)
15b: P3 = iPr, P1 = E, R = NHSO2Ph
(Phg D-isomer)

Reaction conditions: (a) HCl×vinylACCAOEt or HCl×difluoroAbuOMe, HATU or
HBTU, DIPEA, DMF; (b) 4 M HCl/1,4-dioxane (c) BocValOH or BocTleOH,
HATU or HBTU, DIPEA, DMF; (d) LiOH, THF/H2O/MeOH; (e) benzenesulphonamide, CDI, DBU, THF.

In order to overcome the problem of epimerisation, or at least suppress it as
much as possible, an alternative route was designed, which is presented in
Scheme 3.
Conversion of the Boc-protected amino acids (side-chains E–H) into their
corresponding P1-P1' acyl sulphonamides 16–20 was achieved by coupling
to benzene sulphonamide or cyclopropyl sulphonamide mediated by CDI
and DBU in THF. This was followed by acidic Boc removal (HCl in either
1,4-dioxane or ethyl acetate (EtOAc)) and coupling to the P2 building blocks
1 and 3–8 (Scheme 1), mediated by HATU or HBTU and DIPEA in DMF,
resulting in the P2-P1-P1' blocks 21–31. These were first treated with either
4 M HCl in 1,4-dioxane or HCl in ethyl acetate (EtOAc) to remove the Boc
group, after which coupling to the P3 residues followed. The inhibitors 32–
44 were thus finalised by HATU-mediated coupling of the hydrochloride
salts of 21–31 to BocValOH or BocTleOH in the presence of DIPEA in
DMF.
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Scheme 3. The synthesis of P2 phenylglycine-based tripeptides, designed to
minimize epimerisation at the phenylglycine -carbon.

Reaction conditions: (a) Benzenesulphonamide or cyclopropylsulphonamide, CDI,
DBU, THF; (b) 4 M HCl in 1,4-dioxane or HCl in EtOAc or H2, Pd/C, MeOH; (c)
Compounds 1, 3–8, HATU or HBTU, DIPEA, DMF; (d) 4 M HCl in 1,4-dioxane or
HCl in EtOAc; (e) BocTleOH or BocValOH, HATU, DIPEA, DMF.

Using this method, the treatment of a phenylglycine-ester intermediate with
a strong base is avoided. However, it was found that even the relatively mild
conditions of the standard peptide couplings (pH > 10, using the sterically
hindered base DIPEA) were enough to provoke a certain degree of
epimerisation (<15%). The D-epimers of inhibitors 41 and 44 (41b and 44b),
were obtained at sufficient amounts to allow enzymatic evaluation of their
inhibitory potency, in addition to those of the L-epimers 41a and 44a.
It was also interesting to investigate whether the phenylglycine-based
inhibitors would benefit as much from macrocyclisation as those based on
P2 proline. Therefore, compounds 4, 7 and 8 were coupled to
vinylACCAOEt, using HATU and DIPEA in DMF, resulting in dipeptides 9,
45 and 46 (Scheme 4). The P2 Boc group was cleaved under acidic
conditions, and HATU and N-methylmorpholine in DMF was used to couple
the P3 residue (2S)-N-Boc-2-amino-8-nonenoic acid to the dipeptides,
resulting in tripeptides 47–49. The macrocycle spanning from P3 to P1 in
compounds 50–52 was synthesised in a ring-closing metathesis reaction
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using Grubb’s catalyst, 2nd generation, in dry toluene. Ester hydrolysis by
LiOH in a THF/H2O/MeOH mixture yielded inhibitors 53–55, with
C-terminal carboxylic acids. These inhibitors were also converted into the
corresponding acyl sulphonamides 56–59 using benzene- or cyclopropyl
sulphonamide, CDI and DBU in THF. In these cases, the stereochemistry of
the phenylglycine -carbon was not affected by the basic conditions of the
ester hydrolyses.
Scheme 4. Synthesis of the macrocyclic inhibitors.

Reaction conditions: (a) HCl × vinylACCAOEt, HATU, DIPEA, DMF; (b) 4 M HCl
in 1,4-dioxane or HCl in EtOAc; (c) (2S)-N-Boc-2-amino-8-nonenoic acid, HATU,
NMM, DMF; (d) Grubb’s catalyst (2nd generation), dry toluene; (e) LiOH,
THF/H2O/MeOH; (f) benzene sulphonamide or cyclopropyl sulphonamide, CDI,
DBU, THF.
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3.4 Biochemical Evaluation
3.4.1 Enzymatic Assay
The enzyme-inhibiting potency of the inhibitors was assessed in a
fluorescence resonance energy transfer (FRET) assay, using the full-length
NS3 protein together with the activating region of its co-factor NS4A.*,133
After preincubation of the enzyme, the co-factor and the inhibitor, the
reaction was started by the addition of an internally quenched substrate.
The enzymatic cleavage leads to the activation of the fluorophore in the
substrate, hence enabling the enzymatic activity to be measured as the
absorbance. The measurements were performed at 30 °C, and pH 7.5 in
HEPES† buffer, with DTT‡ (reductive agent), glycerol (enzyme stabilisation
agent), n-octyl- -D-glycoside (detergent) and DMSO (to aid inhibitor
solubility) as additives.

3.4.2 Replicon Assay
The replicon assay uses the part of the genome coding for the non-structural
proteins that, together with a gene coding for antibiotic resistance, can
replicate stably in a cell line derived from human liver.134
The transfected cells, containing the construct described above and a
luciferase reporter gene were grown in DMEM§ containing 10% foetal calf
serum and 250 μg/mL geneticin. After trypsination, the cells were seeded in
96-well microplates, and the following day the inhibitor, serially diluted in
the growth medium, was added. The cells were incubated in the presence of
inhibitor for 48 h, and thereafter lysed. The EC50 values were determined as
the inhibitor concentration that led to a 50% decrease in the luciferase
signal.135

3.4.3 Results
Table 1 presents the inhibition constants (Ki-values) of the acyclic inhibitors
13–15b and 32–44b, and Table 2 the corresponding values for the
macrocycles 53–59. A few selected compounds, 13–15b, 32–38, 53 and 56–
59, were also evaluated in the replicon assay. The inhibitors 13, 15a and 57
had measurable cellular potency (EC50 values of 8.5, 5.1 and 4.6 μM,
respectively). The other inhibitors evaluated in the replicon assay all had
EC50 values exceeding 10 μM.
*

Amino acid sequence Lys-Lys-Gly-Ser-Val-Val-Ile-Val-Gly-Arg-Ile-Val-Leu-Ser-Gly-Lys,
corresponding to the central part of the NS4A but with one CysSer mutation and two lysine
residues added to the N-terminal in order to increase solubility.
†
4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
‡
1,4-Dithiothreitol
§
Dulbecco’s Modified Eagle’s Medium
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Generally, the acyclic inhibitors follow the expected trend, based on
results from previous inhibitor series,80,135 in that the potency increased when
the C-terminal carboxylic acid was masked as an acyl sulphonamide
(compare the P2 epimeric 13 with its corresponding analogues L-Phg 15a,
D-Phg 15b and L-Phg 37, as well as 14 and 36, Table 1).
Another way of increasing the potency is to introduce larger P2 substituents. Compare, for instance, inhibitors 38–42 and 44a (Table 1): inhibitors
38, 41a and 42, with the larger quinolinyl- or isoquinolinyl substituents,
have Ki-values around 0.20–0.40 μM, whereas inhibitors 39, 40 and 44a (all
three with smaller P2 substituents) are markedly less potent, showing
Ki-values of 2.6 μM or higher. The fact that inhibitor 44a (P2 L-epimer)
retains a Ki-value of 5.4 μM, despite only having a methoxy group as P2
substituent, makes it very interesting. A similar compound based on P2
proline (BocTle-Pro-vinylACCAOH, Figure 16, Section 3.5) has a reported
Ki-value > 600 μM.136
Due to phenylglycine’s tendency to epimerise, the opportunity to isolate
three pairs of L- and D-phenylglycine occured (inhibitors 15a and b, 41a and
b and 44a and b, Table 1). For the quinolinyl- and isoquinolinyl-substituted
15a/15b and 41a/b, the difference in potency between the epimers is
surprisingly low, with the D-epimers 15b and 41b being slightly less potent
than their L-counterparts. When the size of the P2 substituent was reduced to
methyl, as in compounds 44a and b, the L-epimer was more than six times
more potent than its D counterpart.
The different combinations of P1 residues with P2 phenylglycine
evaluated here allow interesting comparisons with the corresponding P2
proline inhibitors. In the proline series, norvaline in the P1 position results in
an inhibitor equipotent to the phenylglycine-based inhibitor 32, and there is a
clear increase in inhibitory potency when going from P1 norvaline  ACCA
 vinylACCA*.135 When proline was replaced by phenylglycine, norvaline
and vinylACCA yielded equipotent inhibitors (15a and 32, with Ki-values of
0.27 and 0.28 μM, respectively, and 33 and 35, both with Ki = 0.23 μM). On
the other hand, ACCA in the P1 position produced an inhibitor with lower
potency than the other two (compound 34, Ki = 1.2 μM).

*

Inhibitor 32: Ki = 0.28 μM. Corresponding inhibitors from the P2 proline series with P1
residues as stated: norvaline (Ki = 0.23 μM), ACCA (Ki = 0.055 μM) and vinylACCA
(Ki = 0.00053 μM), inhibitors 63-65, Section 4.3).

40

Table 1. Inhibition of the full-length HCV NS3 protease by acyclic inhibitors based
on P2 phenylglycine.

Ki ± SDa
(μM)

Ki ± SDa
(μM)

Cpd

R

R'

A

2.4 ± 0.5

37

-H

A

0.20 ± 0.04

-Me

A

2.8 ± 0.6

38

-Me

A

0.18 ± 0.04

-H

A

39

-Me

B

2.6 ± 0.1

32

-H

A

0.28 ± 0.02

40

-Me

C

7.0 ± 0.8

33

-Me

A

0.23 ± 0.04

-Me

D

34

-Me

A

1.2 ± 0.2

42

-Me

E

0.29 ± 0.08

35

-Me

A

0.23 ± 0.05

43

-H

-H

130 ± 20

36

-Me

A

0.78 ± 0.1

Cpd

R

R'

13b

-H

14c

P1-P1'

0.27 ± 0.06

15a
d

15b

P1-P1'

0.40 ± 0.03

0.41 ± 0.09

41a
d

41b

5.4 ± 0.3

44a
44bd

1.1 ± 0.2

-Me -Me
34 ± 2

a

SD = standard deviation
L:D Phg epimeric ratio; 60:40
c
L:D Phg epimeric ratio; 68:32
d
D-Phg
b
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The docking studies discussed in Section 3.1 revealed that phenylglycine
induces a different conformation in the P1 region from proline (Paper I). It
appears that phenylglycine does not allow the P1 side-chain to become as
deeply inserted into the S1 pocket as the proline does, which would explain
the potency pattern observed for inhibitors with norvaline, ACCA and
vinylACCA P1s. Accordingly, in an inhibitor based on phenylglycine, the
longer side-chains of norvaline and vinylACCA can find some interactions
with the S1 pocket. The side-chain of ACCA, on the other hand, is too short
for that.
However, due to the difference in conformation, vinylACCA (highly
optimised for use with proline) combined with phenylglycine cannot find all
possible interactions and therefore does not contribute as much to the
potency as it does in the proline series. The difluoroAbu P1 in inhibitors 14
and 36 was originally designed as a cysteine replacement. When
incorporated into hexapeptides with C-terminal carboxylic acids,
difluoroAbu and cysteine gave equipotent inhibitors.76 In the present work,
difluoroAbu and vinylACCA performed equally well as P1 residues in
combination with a carboxylic acid (compare inhibitors 13 and 14), but
when the carboxylic acid was replaced by an acyl sulphonamide, the gain in
potency was 3–4 times lower for the compound carrying difluoroAbu than
for the vinylACCA counterpart.
The P3 residues evaluated, valine and t-leucine, did not produce any
significant difference in enzymatic inhibition, as is evident from comparison
of the equipotent valine/t-leucine pairs 15a/35, 32/33 and 37/38. t-Leucine
did, however, improve the solubility, which made the inhibitors easier to
handle.
The phenylglycine-based macrocycles (Table 2) follow the expected trend
for C-terminal carboxylic acids versus acyl sulphonamides; the acids 53–55
are less potent than the corresponding acyl sulphonamides 56–59, among
which the most potent inhibitors in this series are found (56–58). Inhibitor 57
also showed some inhibitory potency in the cell-based assay, as mentioned
above, with an EC50 of 4.6 μM.
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Table 2. Inhibition of the full-length HCV NS3 protease by macrocyclic inhibitors
based on P2 phenylglycine.

Ki ± SDa
(μM)

Compound

R

R'

53

-OH

0.79 ± 0.2

54

-OH

1.1 ± 0.2

55

-OH

1.3 ± 0.5

56

0.095 ± 0.01

57

0.076 ± 0.02
Cl

58

59
a

N

0.074 ± 0.01

0.24 ± 0.04

SD = standard deviation
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3.5 Chapter Summary
Considering the inhibitory potencies of the phenylglycine-based inhibitors, it
appears that they cannot adopt a conformation that allows them to -stack
with histidine 57 when they carry substituents optimised for proline. An
alternative interpretation of the results is that they do find the -stacking
interaction, but that it enforces a conformation that does not allow crucial
interactions in for instance the P1 region (Paper I).
The P2 substituent is known to make a substantial contribution to the
potency
of
proline-based
inhibitors,
exemplified
by
the
Boc-Tle-Pro-vinylACCA-OH backbone that gains more than 30,000 times in
potency upon the addition of a P2 quinolinyl substituent (Figure 17).
Therefore, the Ki-value of the L-epimer of inhibitor 44a (5.4 μM) indicates
that phenylglycine has potential as the P2 residue of HCV NS3 protease
inhibitors, but that the other parts of the inhibitors must be optimised for
phenylglycine, and not for proline.

Figure 17. Comparison of inhibitor 44a and Boc-Tle-Pro-vinylACCAOH with and
without the P2 substituent.136 Pro: proline
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4 A Structure–Activity Relationship Study on
the Inhibition of the Resistant Variants
A156T and D168V

4.1 Background
It is a broadly acknowledged fact that the evolution of drug-resistant virus
strains will be a major issue in future treatment of infections by the hepatitis
C virus. Despite this, no thorough SAR studies have been conducted on the
resistant variants. Almost all the information acquired so far regarding the
effects amino acid substitutions in the enzyme have on enzyme–inhibitor
interactions is related to the clinical candidates presented in Figures 11 and
12. As each of them represents an isolated and optimised example, the
reports do not provide much information regarding the SAR for inhibition of
the resistant variants.
In 2007, our group published a limited SAR study comprising hexa-,
tetra- and tripeptides tested in an assay using the R155Q, A156T and D168V
single-substituted variants of the full-length NS3 protein, respectively.137
The two key findings of that study, which prompted the initiation of a more
extensive investigation, were as follows
•

A possible influence of the P1 residue: an inhibitor with norvaline in the
P1 position was more potent on the A156T variant than on the wild
type, whereas the corresponding inhibitor with vinylACCA in that
position showed greatly reduced inhibitory potency against the
substituted enzyme variant.

•

A possible beneficial effect of replacing the P2 proline: a P2
phenylglycine-based inhibitor retained its wild type inhibitory potency
on the substituted enzymes.

The interest in the P2 position was intensified by molecular modelling by
other groups, which suggested that the P2 residue is the key determinant for
resistance.119,120 Additionally, replacement of alanine 156 with amino acids
with bulkier side-chains (valine, threonine) led to cross-resistance to
product-based, as well as electrophilic inhibitors, with a proline-based P2
residue (see Section 1.4.2).
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To investigate these issues and to collect as much information as possible
regarding the structural requirements of the P3, P2 and P1 positions, a
number of tripeptide inhibitors were selected from the previously discussed
phenylglycine series (Paper I), as well as from our stock.83,135,138 The
inhibitory potency of the selected inhibitors was assessed on the enzyme
variants A156T and D168V (Paper II). The third variant, R155Q, was
omitted from the second study due to aberrant kinetic properties.137

4.2 Biochemical Evaluation
The results of the enzyme assays (conditions briefly described in Section
3.4.1), using the full-length wild type133 as well as the A156T and D168V
variants137 are given in terms of the inhibition constant and vitality values in
Tables 3–5.
When discussing and comparing the inhibitory potency of a certain
substituted enzyme versus other substituted variants or the wild type, the
kinetic properties of the enzymes in question must be taken into account,
since these might be affected by the amino acid substitutions. Therefore, the
Ki-values for both the substituted variant and the wild type enzyme were
normalised by the factor kcat/Km* for the respective enzyme, giving the
vitality value (V) as the normalised ratio.139 Thus, V < 1 indicates that the
substituted enzyme is at disadvantage compared to the wild type in the
presence of the inhibitor, i.e. that a particular compound inhibits that
particular enzyme variant more effectively than it does the wild type.
Conversely, V > 1 represents the, for the virus, evolutionarily favoured case,
where the amino acid substitution in the enzyme makes the enzyme less
vulnerable to a certain inhibitor.
Tables 3 and 4 present the inhibitory potencies of the phenylglycinebased inhibitors, acyclic in Table 3 and macrocyclic in Table 4. As discussed
above, the SAR of the phenylglycine series is not as unambiguous as that of
the corresponding proline-based inhibitors. The inhibitors 15a, 32, 33, 35
and 37 (Table 3) are more or less unaffected by the resistance-conferring
substitutions, in terms of both Ki-values and vitality values.
Inhibitor 60 is interesting, not only because of its inhibition profile, with
vitality values of 1.0 or 1.1 on the A156T and D168V variants, respectively
(Table 3). It also provides an example of a P1 scaffold more suitable for
phenylglycine than for proline, as the corresponding proline-based inhibitor,
compound 66 (Table 5), is less than half as potent on both the wild type and
the substituted variants. Moreover, its aromatic P1-P1' scaffold is entirely
*

kcat is the turnover number or the maximum number of substrate  product transformations
per second per active site. Km is the substrate concentration that leads to a 50% occupancy of
the active sites, and serves as a measure of how strongly the enzyme binds its substrates. The
ratio kcat/Km is the specificity constant, or a measure of how fast an enzyme works at low
substrate concentrations.
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Table 3. Inhibition of the wild type as well as of the A156T and D168V variants of
the full-length HCV NS3 protease by P2 phenylglycine-based acyclic inhibitors.

a
b

WT
Ki ± SDa
(nM)

A156T
Ki ± SDa
(nM)

-H

240 ± 53

260 ± 48

1.3

170 ± 27

1.1

32

-H

280 ± 20

630 ± 120

3.1

710 ± 86

2.6

33

-Me

230 ± 40

410 ± 60

2.5

370 ± 27

1.7

35

-Me

230 ± 50

300 ± 54

1.8

330 ± 27

1.5

37

-H

200 ± 40

360 ± 96

2.5

570 ± 120

3.0

60

-Me

310 ± 60

230 ± 36

1.0

330 ± 57

1.1

Cpd

R

15a

P1-P1'

Vb

D168V
Ki ± SDa
(nM)

Vb

SD = standard deviation
Calculated using kcat/Km as in Dahl et al.137

void of -amino acid character, thereby contributing to an overall decrease in
the peptide nature of the inhibitor.
The macrocyclic inhibitor 56 and the acyclic inhibitors 15a and 35 share
the same structural elements, except for the P3 residue. The macrocycle is
the most potent inhibitor of the three of on all enzyme variants studied.
For the other two macrocycles included in the resistance investigation,
there are no direct, structural counterparts among the acyclic inhibitors. It
can, however, be deduced that the change in the P2 substituent from
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Table 4. Inhibition of the wild type as well as of the A156T and D168V variants of
the full-length HCV NS3 protease by P2 phenylglycine-based macrocyclic
inhibitors.

R'

WT
Ki ± SDa (nM)

A156T
Ki ± SDa (nM)

Vb

D168V
Ki ± SDa (nM)

Vb

56

A

95 ± 10

160 ± 35

2.4

130 ± 21

1.4

58

B

74 ± 10

410 ± 57

7.7

140 ± 18

2.0

59

C

76 ± 20

170 ± 30

3.1

95 ± 6

1.3

Cpd

a
b

R

SD = standard deviation
Calculated using kcat/Km as in Dahl et al.137

quinolinyl in inhibitor 56 to the isoquinolinyl variants in compounds 58 and
59 does not have any effect on the inhibition of the resistant variants.
Table 5 lists the inhibition constants and vitality values for inhibitors with
proline in the P2 position. As mentioned in Section 3.4.3, the gradual change
in P1, from the flexible and relatively unoptimised norvaline, via the more
rigid ACCA, to the highly optimised vinylACCA, is reflected in the wild
type inhibitory potencies of the inhibitors in question (61–63). When
including the information obtained from the testing on the resistant variants,
the observations are as expected: the more optimised the inhibitor is to bind
the wild type, i.e. the lower the value of Ki, the greater the loss of activity
when the structure of the target changes. Thus, inhibitor 63 is the most
potent of the three on the wild type, but loses, in relative terms (i.e. the
vitality values), the most on the substituted variants. However, it should be
pointed out that the inhibitory potency of 63 on the substituted variants is in
the same range as that of compound 61 on the wild type. Compound 62, with
a P1 ACCA, display vitality values between those of compounds 61 and 63.
The highly potent inhibitors 64 and 65, with low nanomolar Ki-values on
the wild type, display considerably decreased potencies on the substituted
variants, reflected in vitality values between 271 and 644.
Inhibitors 66–68 show that the P2 residue is not the sole factor
determining the vulnerability to the known, resistance-conferring
substitutions, since these proline-based inhibitors display similar potency
towards the substituted variants and the wild type. Rather, these results
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indicate that there is an interplay between the P2 and the P1 groups, with P2
proline and a rigid P1 -amino acid residue being the most vulnerable
combination.
Table 5. Inhibition of the wild type, A156T and D168V forms of the full-length
HCV NS3 protease by P2 proline-based acyclic inhibitors.

WT
Ki ± SDa
(nM)

A156T
Ki ± SDa
(nM)

-H

230 ± 40

69 ± 23

0.4

1350 ± 500

8.6

62

-H

55 ± 7.0

2300 ± 380

58

6100 ± 1500

120

63

-H

0.53 ± 0.26

220 ± 27

480

280 ± 28

770

64

-Me

0.34 ± 0.05

66 ± 10

270

200 ± 28

610

65

-Me

0.058 ± 0.007

16 ± 1.6

390

36 ± 5.8

640

66

-Me

830 ± 110

830 ± 150

1.4

780 ± 81

1.0

67

-Me

310 ± 50

380 ± 51

1.7

330 ± 27

1.1

68

-Me

350 ± 50

250 ± 48

1.0

360 ± 39

1.1

Cpd

R

61

a
b

P1P1'

b

V

D168V
Ki ± SDa
Vb
(nM)

SD = standard deviation
Calculated using kcat/Km as in Dahl et al.137
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4.3 Computational Studies
As a part of the investigation, four selected inhibitors (33, 35, 61 and 64)
were docked in the protease active sites of the A156T and D168V
substituted enzymes. The docking studies of the D168V variant did not yield
any conclusive suggestions, perhaps a reflection of the indirect nature of the
interactions between that position and the inhibitors discussed in Section
1.4.3. On the other hand, comparison of the modelling of inhibitors in the
active sites of the wild type and the A156T variant helped explain the
experimentally observed differences between phenylglycine- and prolinebased inhibitors.
In Figure 18, an overlay of two inhibitors with a vinylACCA P1 residue
and either a P2 phenylglycine (inhibitor 35, shown in orange) or proline
(inhibitor 64, shown in green), in the wild type active site is presented. The
model shows how the side-chain bulk of proline is placed closer than that of
phenylglycine to the A156. This is in line with the findings of the first
study137 where the phenylglycine-based inhibitor was less affected by
increased bulk in that area than those with a P2 proline.
Figure 19 presents the overlaid conformations of phenylglycine-based
inhibitors docked into the active site of the wild type (green) or A156T
variant (orange), with either norvaline (inhibitor 33, left) or vinylACCA
(inhibitor 35, right) as the P1 residues. There is good overlap of the bound
conformations in both cases, explaining the small difference in inhibition of
the two enzyme variants (33: wild type Ki = 230 nM; A156T Ki = 410 nM;
35: wild type Ki = 230 nM; A156T Ki = 300 nM).
Figure 20 shows a similar comparison for the corresponding prolinebased compounds 64 and 61. Inhibitor 61, with norvaline P1 (on the left)
behaves like the phenylglycine-based inhibitors in Figure 19, with retained
wild type binding conformation in the A156T variant. Regarding the
Ki-values of that inhibitor, there is even a three-fold increase in potency
towards the substituted variant (wild type Ki = 230 nM, A156T Ki = 69 nM).
For the corresponding inhibitor with vinylACCA in the P1 position,
inhibitor 64, the A156T binding conformation is strikingly different to that
derived from the wild type (Figure 20, right). In the wild type, the P1 vinyl
substituent forms a -stacking interaction with phenylalanine 154 at the
bottom of the S1 pocket, but in the A156T, that interaction is lost. The loss
of this beneficial interaction is reflected in the observed increase in the
inhibition constant, 0.34 nM on the wild type compared with 66 nM on the
A156T variant.
A plausible explanation of the influence of the P1 residue is given by
Figure 21, showing inhibitor 61 in orange and inhibitor 64 in green overlaid
in the A156T active site. Norvaline in the P1 position of inhibitor 61
contributes enough flexibility to allow the inhibitor to adjust to the increased
bulk without losing crucial interactions. In contrast, the vinylACCA of
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Figure 18. Inhibitors 35 (P2 Phg, orange) and 64 (P2 Pro, green) overlaid in the
wild type NS3 protease active site.

Figure 19. Comparison of wild type (green) and A156T (orange) binding
conformations for inhibitors 33 (left) and 35 (right).

Figure 20. Comparison of wild type (green) and A156T (orange) binding
conformations for inhibitors 61 (left) and 64 (right).

Figure 21. Inhibitors 61 (orange) and 64 (green) overlaid in the A156T active site.
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inhibitor 64 makes the compound too rigid to allow such accommodation,
and consequently this inhibitor is very vulnerable to the increased bulk in the
A156T variant.
Phenylglycine in inhibitors 33 and 35 (Figure 19) is in itself more flexible
than proline and this, in combination with the fact that the side-chain bulk
rests higher up above the inhibitor backbone, probably makes the
phenylglycine-based inhibitors less sensitive to the A156T mutation.

4.4 Chapter Summary
One general aim in drug design is to reduce flexibility in order to limit the
number of possible conformations. However, with a rapidly changing target
there is a danger in designing very rigid ligands. In this particular case, it
seems that one rigid amino acid affords the system enough flexibility to
allow the necessary conformational accommodations of the inhibitor when
the structure of the enzyme changes. On the other hand, two rigid amino
acids make the entire inhibitor too locked in the conformation optimised for
the wild type and consequently more vulnerable to structural alterations in
the target.
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5 Synthesis of Multi-Substituted Pyrazinones
and their use as P3 Scaffolds in Hepatitis C
Virus NS3 Protease Inhibitors

5.1 Pyrazinones as Scaffolds in Medicinal Chemistry
As discussed in Section 1.3.2, pyrazinones have been used in inhibitors of
both the HCV NS384,140 and other proteases (e.g. thrombin, tryptase, tissue
factor VIIa and caspase-3).90-92,141 It is their inherent ability to induce strand conformation that is of interest in the design of protease inhibitors
(Figure 22), since substrates and inhibitors bind proteases in extended
conformation.86,87 Substituted pyrazinones have also been used in nucleoside
analogues142,143 and as -turn inducers in somatostatin analogues.144

Figure 22. Comparison of the hydrogen bond network corresponding to that of a
peptide in extended, or -strand, conformation (left) and its pyrazinone analogue
(right). HBA: hydrogen-bond acceptor; HBD: hydrogen-bond donor.

The previously published pyrazinone-based HCV NS3 protease inhibitors
were either based on a bicyclic P3-P2 scaffold (compound K, Section
1.3.3)84 or lacked a P2 side-chain altogether, which was not a practicable
route.140 It was therefore decided to initiate a study on substituted
pyrazinones as P3 scaffolds in HCV NS3 protease inhibitors in combination
with phenylglycine in the P2 position (Papers III and IV).
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5.2 Synthesis of the Pyrazinone Scaffold
A limited number of strategies are available for the synthesis of
functionalised pyrazinone scaffolds.92,145-147 The method employed in this
work (Paper III) has the advantage of a combination of comparatively few
steps and readily available, diverse starting materials. Starting with a
Strecker-type reaction, an -aminonitrile is formed from a primary amine, an
aldehyde and a cyanide source, and subsequently cyclised by the addition of
oxalyl chloride (Scheme 5).148
Paper III presents several diversely substituted pyrazinones. As the focus
of this thesis is on the design and synthesis of HCV NS3 protease inhibitors,
only those included in such inhibitors will be discussed in detail here. The
target pyrazinones 75–80 were synthesised as shown in Scheme 5.
As mentioned above, a Strecker-type reaction gave the intermediate
-aminonitriles 69–74 after heating the appropriate amino acid esters and
aldehydes with trimethylsilyl cyanide in 1,2-dimethoxyethane (DME). Next,
HCl enrichment was achieved by bubbling HCl gas through an ether solution
of the intermediates, and finally, cyclisation was achieved by microwave
heating149 in the presence of oxalyl chloride in DME.
Scheme 5. Strecker synthesis of -aminonitriles followed by cyclisation, leading to
the pyrazinone scaffolds.

Reaction conditions: (a) trimethylsilyl cyanide, DIPEA (when the HCl salt was
used), DME; (b) HCl, Et2O; (c) oxalyl chloride, DME.

This synthetic approach was originally hampered by long reaction times, but
by using microwaves instead of conventional heating, the synthesis could be
performed in 20 minutes (2 × 10 minutes). To identify appropriate reaction
conditions for the -aminonitrile formation, initially at least three experiments were performed for each combination of reactants by heating the
reaction mixtures for 10 minutes at different temperatures (20 °C intervals).
The optimal temperature was found to depend on the starting materials.
When the glycine-derived compounds 72–74 were synthesised, enough
experience had been gained to start at 170 °C, and since the yields were
satisfactory no specific optimisation was attempted.
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The protocol was designed as a one-pot, two-step process, to avoid the
need for purification of the -aminonitrile intermediate. This approach
worked excellently when simple and relatively nucleophilic amines were
used, i.e. starting materials that tend to give full or almost full conversion to
-aminonitriles. Pyrazinones 75 and 76 were synthesised using the one-step
approach, 75 at room temperature and 76 by microwave heating at 80 °C,
and these were isolated in yields of 32 and 44%, respectively. When the
more demanding starting materials, formaldehyde (pyrazinone 77) or glycine
derivatives (pyrazinones 78–80), was used, purification of the -aminonitrile
was deemed necessary (two-step yields, 22–58%). The cyclisation step
proved to be difficult to optimise; however, microwave heating at 170 °C for
10 minutes produced satisfactory yields in all cases.
When L-phenylglycine was used as the amine, it produced a racemic
product. However, phenylglycine is uncommonly easily racemised, and
when the synthesis was carried out with L-valine or L-phenylalanine, no
racemisation was observed (Paper III, results not included here).
The practical limitations of this otherwise versatile synthetic strategy are
that it is sensitive to bulk in both the aldehyde and the amine, and that the
less nucleophilic amines, such as anilines, tend to give lower yields. Another
drawback is the necessity of handling cyanides.

5.2.1 Reaction Mechanism
The mechanism for the formation of the pyrazinone scaffold is illustrated in
Figure 23.150 The process is initiated by a nucleophilic attack by the amine
on the aldehyde, resulting in an iminium ion, which in turn is attacked by the
cyanide to form the -aminonitrile in a Strecker-type reaction. Synthetically,
this constitutes the first step.

Figure 23. The mechanism of 1,6-disubstituted, 3,5-dichloro-2(1H)-pyrazinone
formation.150
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The second synthetic step starts with HCl enrichment, followed by
addition of oxalyl chloride to the -aminonitrile. Next, HCl is added to the
nitrile functionality, thereby forming an imine that tautomerises to the
corresponding enamine. Ring closure is mediated by an intramolecular
addition/elimination reaction, resulting in a cyclic diketo compound which
reacts with a second molecule of oxalyl chloride, ultimately leading to the
substituted pyrazinone core structure.
Thus, the substituents in positions 1 and 6 of the final products are determined by the side-chains of the amine and the aldehyde, respectively (Figure
24). As for the chlorides in positions 3 and 5, the 3-chloro is easily replaced
by a wide range of nucleophiles, whereas the 5-chloro requires much harsher
conditions.150 Regioselective substitution is therefore readily achievable.

Figure 24. The origin and reactivity of the substituents of an N-1, C-6 disubstituted
3,5-dichloro 2(1H)-pyrazinone.

5.3 Design of Inhibitors Incorporating a P3 Pyrazinone
From the docking of the phenylglycine-based inhibitors described in Paper I,
it was concluded that inhibitors such as 38 (Table 1, Section 3.4.3), based on
a P2 phenylglycine with the P2 substituent and P1-P1' group both optimised
for use with P2 proline, could not take advantage of all theoretically possible
interactions. Encouraged by the fact that the methoxy-substituted inhibitor
44a retained a Ki-value of 5.4 μM (P2 L-epimer, Table 1, Section 3.4.3), it
was decided to omit the P2 substituent from the new series based on the
P3-pyrazinone, P2-phenylglycine scaffold presented in Papers III and IV. It
was also feared that a very large P2 substituent would make the development
and evaluation of the synthetic protocol difficult. A further argument for
leaving out the quinolinyl substituent was that it results in a reduction of the
molecular weight of approximately 30%, thus creating space for additional,
structural optimisation.
Introduction of t-butyl carbamate, different 2-substituted ethylamines and
glycine amides in position 3 on the pyrazinone allowed the influence of
different side-chains corresponding to the P3 capping group as well as of the
position of a carbonyl functionality on the substituent to be explored. In the
case of t-butyl carbamate substitution, the opportunity to apply a new type of
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reaction to the pyrazinone core became available, namely a Buchwald-type
palladium-catalysed substitution of an aryl chloride by a carbamate.151,152
In the search for a better alternative to vinylACCA in position P1, two
alternatives were included in the study: the non-coded -amino acid
-cyclopropyl alanine, previously evaluated in electrophilic inhibitors,97 and
the aromatic P1 scaffold used in inhibitor 67.138
Docking of HCV NS3 protease inhibitors indicated that the S2 pocket
could be reached from position 6 on the pyrazinone, if the aldehyde sidechain was large enough. Other groups, studying pyrazinone-based inhibitors
of thrombin153 and tissue factor VIIa,141,154 have published similar modelling
results. Accordingly, a series of inhibitors that would allow an investigation
of the contributions from the P2 side-chain and the substituent in position 6
was designed. Different combinations of either a large P2 residue (phenylglycine) and small aldehydes (acetaldehyde, formaldehyde), or vice versa; a
small P2 (glycine) and large aldehydes (benzaldehyde, 2-phenylacetaldehyde) were evaluated, as schematically depicted in Figure 25. A
control inhibitor with small substituents in both positions (a combination of
glycine and acetaldehyde) was also synthesised.

Figure 25. Representation of the P2 side-chain transfer to the pyrazinone scaffold.

5.4 Inhibitor Synthesis
Having obtained the P3-P2 scaffolds 75–80 (Scheme 5), the inhibitors 111a–
124 were synthesised in three or four consecutive steps as presented in
Schemes 6 and 8, (Papers III and IV). As in the study presented in Paper I, it
was decided to introduce the P1 and P1' groups as a prefabricated entity,
prepared as described in Scheme 7.
Scheme 6 outlines the introduction of the substituents in position 3 on the
pyrazinone core. Two different strategies were used: the 3-N-Boc
compounds 81 and 82 were synthesised with a Buchwald-type reaction
utilizing a protocol previously developed at our department,152 starting from
pyrazinones 75 and 76, t-butyl carbamate, Pd(OAc)2, xantphos*, Cs2CO3 and
DME. The yields from this transformation were moderate, due to instability
of the product under the required reaction conditions. Compounds 83–92
were synthesised by nucleophilic aromatic substitution of the 3-chloro by
either substituted amines (compounds 83–85) or glycine derivatives (86–92).
*

4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene
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The reactions proceeded smoothly, giving the desired products in good
yields by microwave heating of the starting materials in acetonitrile (MeCN)
in the presence of DIPEA. Others have previously reported the introduction
of glycine esters, using a similar approach. However, their method relied on
conventional heating at 80 °C for 16 hours and resulted in yields of
approximately 40%.155 With microwave heating, the reaction takes 2.5 hours
at 100 °C, and results in yields between 58 and 80% in representative cases.
Scheme 6. Substitution at position 3 on the pyrazinone core.

Reaction conditions: (a) BocNH2, Pd(OAc)2, xantphos, Cs2CO3, DME; (b)
2,2-dimethylbutylamine or 4-(2-aminoethyl)morpholine or 2-phenylethyl-amine,
DIPEA, MeCN; (c) HCl×HGlyNH2 or HCl×2-amino-N,N'-dimethyl acetamide or
HCl×2-amino-1-morpholine-4-yl-ethanone, DIPEA, MeCN.

Scheme 7 illustrates the synthesis of the P1-P1' blocks. The acyl sulphonamides are obtained by using the same methodology as that described in
Paper I, i.e. coupling of the N-Boc-protected P1 acids with the appropriate
sulphonamide mediated by CDI and DBU in dry THF. The amino functionality was as before unmasked by treatment with HCl in 1,4-dioxane, and the
resulting hydrochlorides 93, 96 and 98 were used in the subsequent coupling
without further purification (Scheme 8).
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Scheme 7. Synthesis of the P1-P1' building blocks.

Reaction conditions: (a) 4M HCl/1,4-dioxane; (b) cyclopropyl sulphonamide, CDI,
DBU, THF; (c) 4-trifluoromethylbenzenesulphonamide, CDI, DBU, THF.

The esters of P3-P2 blocks 81–92 were either hydrolysed by treatment with
LiOH in a mixture of THF and H2O at room temperature as described above,
or by microwave irradiation in the presence of K2CO3 in MeCN and water,
resulting in the carboxylic acids 99–110 (Scheme 8). The choice of method
depended on the stability of the substituent in position 3 on the pyrazinone:
the N-Boc group in compounds 81 and 82 did not survive heating, and
therefore the former method was applied in those hydrolyses. However, even
at room temperature the undesirable cleavage of the Boc group occurred to
some extent, which affected the yields negatively. In the other cases, both
methyl and benzyl esters were conveniently hydrolysed in quantitative
yields.
After the ester hydrolysis, the inhibitors 111a–124 were finalised by
solution-phase peptide coupling with the appropriate P1 or P1-P1' block
(HCl × vinylACCA-OEt, 93, 96 or 98) mediated by HATU and DIPEA in
DMF or DCM. In the case of inhibitor 111, a second hydrolysis stage was
necessary to deprotect the P1 carboxylic acid. After that, it was possible to
separate the P2 epimers. However, the absolute configuration of 111a and
111b has not been established.
The primary amides of inhibitors 119 and 122–125 had remained intact
throughout the preceding reactions (route c, Scheme 6 and step a, Scheme 8).
Therefore, it was highly unexpected to find an M/Z of +2 in the LC-MS
analyses of the reaction mixtures during the final peptide coupling of
inhibitors 122–124. After purification by HPLC, the high-resolution mass
spectroscopy analyses suggested molecular formulas corresponding to the
carboxylic acids, not the expected and intended primary amides. However
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improbable such a hydrolysis might appear under the coupling conditions, all
evidence point in that direction.
Scheme 8. The final step in the synthesis of HCV NS3 protease inhibitors based on
P3 pyrazinones.

Reaction conditions: (a) LiOH, THF/H2O/MeOH or K2CO3, MeCN, H2O; (b) i)
HCl × vinylACCA-OEt, HATU, DIPEA, DMF; ii) LiOH, THF/H2O; (c) 93 or 96 or
98, HATU, DIPEA, DMF or DCM.

5.5 Biochemical Evaluation
The enzyme-inhibiting potency of the pyrazinone-based inhibitors was
evaluated on the wild type and in a few, selected cases also on the A156T
and D168V variants, using the conditions described above (Section 3.4.1
provides a brief description).133,137 The results are presented in Tables 6–9.
For a discussion of the vitality values (V, Table 9), see Section 4.2.

5.5.1 Inhibition of the Wild Type NS3 Protease
Table 6 presents the results from the investigation of different P1-P1' blocks
in combination with the P3 pyrazinone core. The lead compound for the P3
pyrazinone evaluation, the acyclic, P1-P1' acyl sulphonamide 44a, has a
Ki-value of 5.4 μM (Table 1, Section 3.4.2). It is thus equipotent or slightly
more potent than the inhibitors combining a P3 pyrazinone with a P1-P1'
acyl sulphonamide (112–115), indicating a successful introduction of the
pyrazinone scaffold instead of the P3 amino acid residue. The pyrazinonebased inhibitors with a C-terminal carboxylic acid, 111a and 111b, were less
potent than the acyl sulphonamide counterparts, as expected. In this case,
there is no difference in potency between the epimers of the P2 -carbon
(111a and b, Ki = 11 and 13 μM, respectively).
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Inhibitor 112 is the pyrazinone-based analogue of the lead 44a, and is
roughly equipotent to both 44a and inhibitor 113a. As no positive influence
of the p-methoxy group on the inhibitory potency was detected (compare
112 and 113a, Ki-values of 7.2 and 4.3 μM, respectively) it was decided to
continue with the unsubstituted phenylglycine for the sake of synthetic
simplicity.
Table 6. Inhibition of the wild type full-length HCV NS3 protease by inhibitors
combining a P3 pyrazinone-based scaffold with a P2 phenylglycine. Evaluation of
the P1-P1' building block.

Compound

R

R1

111ab

a

Ki ± SD (μM)
11 ± 1.1

-H
111bb

13 ± 2.4

112

-OMe

7.2 ± 0.5

113a

-H

4.3 ± 0.6

H
N

114

-H

115

-H

O O O
S
N
H

9.6 ± 1.2

3.8 ± 0.6

a

SD = standard deviation
Obtained as stereochemically pure P2 epimers after purification by HPLC. The
absolute stereochemistry in either case has not been determined

b
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The -cyclopropylalanine was evaluated as the P1 residue of inhibitor 114
because, to the best of the author’s knowledge, it has previously only been
investigated in combination with electrophilic structural elements.97 In the
present study, this caused a slight decrease in potency (114, Ki = 9.6 μM).
On the other hand, incorporation of the aromatic P1-P1' scaffold into 115 led
to a more potent inhibitor (Ki = 3.8 μM), albeit in the same range as the lead
compound. In addition, the aromatic scaffold is structurally very dissimilar
to -amino acids, thus contributing to the decrease in peptide character of the
inhibitor.
The carbamate substituent in position 3 on the pyrazinone core of
inhibitors 111a–113a, 114 and 115 is equivalent to the Boc capping group of
the P3 residue in the tripeptide inhibitors. It was found to be unexpectedly
unstable in this type of compound, being partially cleaved off not only at low
pH or at considerably elevated temperatures, but also during aqueous, basic
ester hydrolysis at room temperature as well as upon prolonged storage at
temperatures well below 0 °C. However, repurification of inhibitor 113a
after a year’s storage at -20 °C, allowed a small amount of the 3-amino
analogue 113b to be isolated and its inhibitory potency assessed. The amino
functionality was not well tolerated in that position, as 113b exhibited a
Ki-value of 11.4 μM (Table 7). Since molecular modelling did not reveal any
crucial interactions between the enzyme and the Boc oxygens, attempts were
made to find a chemically stable substitute. With inhibitor 113a as reference,
the inhibitors 116–118 were first synthesised.
Removal of the carbamate oxygens in inhibitor 116, otherwise analogous
to 113a, did not significantly alter the potency (Ki-value of 116, 6.8 μM). In
contrast, the introduction of a morpholinyl cap onto the two-carbon spacer
resulted in decreased potency (inhibitor 117, Ki = 11.2 μM). A phenyl in the
same position as in inhibitor 118 yielded a slightly less potent inhibitor.
Docking results indicated a possible interaction with the backbone NH of
cysteine 159 if a hydrogen bond acceptor could be introduced one carbon
further out than the carbamate carbonyl of 113a. The putative hydrogen
bond between Cys 159 and the P3 capping group has been discussed by
others, and has been shown to increase the potency of -ketoamide
inhibitors.156 To achieve a hydrogen bond acceptor in that position, the
N-terminal of glycine derivatives was used as the nucleophile, thus the
glycine derivatives were inserted in the reversed, CN direction. Since the
molecular modelling had indicated that the primary amide of inhibitor 119
would contribute the most to the inhibitory potency, it was decided to use it
in the study of the side-chain transfer of the inhibitors presented in Table 8.
However, the inhibitors with a glycine-derived substituent, 119–121
(Table 7), do not appear to find the proposed interaction with Cys 159, as
they only show moderate potencies. Indeed, the dimethyl amide in inhibitor
120 results in a marked decrease in potency.
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Table 7. Inhibition of the wild type full-length HCV NS3 protease by inhibitors
combining a P3 pyrazinone-based scaffold with a P2 phenylglycine. Evaluation of
the substituent in position 3 on the pyrazinone scaffold.

Compound

R

4.3 ± 0.6

113a
113b

a

Ki ± SDa (μM)

H2N-

11 ± 1.8

116

6.8 ± 1.1

117

11 ± 1.9

118

8.3 ± 1.6

119

12 ± 3.4

120

28 ± 5.6

121

10 ± 2.3

SD = standard deviation

63

Bearing in mind the results of the P1-P1' study, it was decided to use the
aromatic scaffold of inhibitor 115 in the P2 side-chain transfer series.
Initially, the simple aldehydes benzaldehyde and 2-phenylacetaldehyde were
used, since they were the closest analogues of phenylglycine and would
allow the influence of a flexible linker to be investigated. If the approach
would prove successful, a possibility to introduce structural diversity in this
position was envisaged. A pyrazinone scaffold based on formaldehyde was
also synthesised, to rule out any general negative influence of substituents in
position 6. Unfortunately, due to the hydrolysis of the primary amides, no
conclusions regarding this can be drawn from the information available
today. Still, the inhibitor based on that pyrazinone, 122, exhibited an
inhibitory potency in the same range as 115 and 123 (Ki-values:
115, 3.8 μM; 122, 2.3 μM; 123, 3.0 μM).
The docking results had indicated that the benzyl-substituted 124 would
fit the active site better than the more rigid phenyl-substituted 123, but the
enzymatic evaluation revealed only a two-fold difference in potency between
the two (Ki values of 123 and 124: 3.0 and 1.5 μM, respectively). A
comparison of inhibitors 122–124 further indicates that the side-chain
transfer is allowed with respect to inhibitory potency. Figure 26 provides a
schematic view of the hydrogen bonds suggested by the docking of inhibitor
124, with a primary amide as it was designed, in the active site of the NS3
protease.

Figure 26. Schematic representation of the suggested hydrogen bond network
between the primary amide analogue of inhibitor 124 and the HCV NS3 full-length
protease.

Inhibitor 124 is the most potent in the pyrazinone series, and with a Ki-value
of 1.5 μM it is also more than three times as potent as the lead, 44a
(Ki = 5.4 μM). The best acyclic phenylglycine-based inhibitors (with
Ki-values around 0.20 μM, Table 1) are only 7–8 times more potent than
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124, while the macrocycles (Table 2, Section 3.4.2) are approximately
20-fold more potent. However, all these inhibitors carry the quinoline
substituent in P2, which is known to improve potency considerably.
Inhibitor 125 was designed as a control to assess the importance of
aromatic groups in the S2 pocket. Molecular modelling of acyclic inhibitors
(Paper I) revealed a possible -stacking interaction between the phenylglycine side-chain and histidine 57 of the catalytic site. Indeed, inhibitor
125, completely lacking aromatic substituents in that region, exhibited a
more than 10-fold reduction in its inhibition constant compared with 124
(Ki of 125; 18 μM). Since the M/Z of inhibitor 125 corresponds to that of the
intended compound, with the primary amide intact, a possible influence from
pyrazinone substituent on the inhibitory potency cannot be excluded.
Table 8. Inhibition of the wild type full-length HCV NS3 protease by inhibitors
combining a P3 pyrazinone-based scaffold with a P2 phenylglycine. Investigation of
the effects of the side-chain transfer from P2 to the pyrazinone.

Compound

R

122

-H

R2 intended

R2 observed

Ki ± SDa (μM)

-NH2

-OH

2.3 ± 0.36

123

-H

-NH2

-OH

3.0 ± 0.56

124

-H

-NH2

-OH

1.5 ± 0.32

-H

-NH2

-NH2

18 ± 3.3

125
a

R1

-Me

SD = standard deviation
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5.5.2 Inhibition of the Resistant Variants A156T and D168V
Five inhibitors selected from the pyrazinone series were evaluated with
regard to their inhibition of the resistant variants A156T and D168A, in
addition to the wild type enzyme assay. The results are presented in Table 9.
Inhibitors 113a and 115 show that the aromatic P1-P1' block confers an
advantage over the vinylACCA also in combination with a P3 pyrazinone,
reflected as a four-fold difference in their respective vitality values. Inhibitor
115, with the aromatic P1-P1' scaffold, was also twice as potent on the
substituted enzymes as on the wild type (wild type Ki = 3.8 μM; A156T:
Ki = 1.5 μM; D168V = 1.7 μM).
The P2 glycine-based inhibitors, 122–124, either retain their wild type
potency or exhibit a slight decrease in Ki-values when tested on the
substituted enzyme variants. When the catalytic parameters of the enzymes
are taken into account in the calculation of the vitality values, the A156T
variant in particular is at disadvantage in the presence of these inhibitors.
Table 9. Inhibition of the wild type, A156T and D168V forms of the full-length
HCV NS3 protease by P3 pyrazinone-based inhibitors.

a
b

Compound

WT
Ki ± SDa (μM)

A156T
Ki ± SDa (μM)

113a

4.3 ± 0.6

5.9 ± 1.6

1.9

8.6 ± 1.2

2.1

115

3.8 ± 0.6

1.5 ± 0.3

0.5

1.7 ± 0.3

0.5

122

2.3 ± 0.4

1.8 ± 0.2

0.4

6.4 ± 1.1

2.1

123

3.0 ± 0.6

5.6 ± 1.2

0.9

6.0 ± 0.6

1.6

124

1.5 ± 0.3

2.5 ± 1.0

0.8

3.1 ± 0.8

1.6

SD = standard deviation
Calculated using kcat/Km as in Dahl et al.137
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Vb

D168V
Ki ± SDa (μM)

Vb

5.6 Chapter Summary
With access to a rapid and convenient synthetic protocol for the preparation
of the pyrazinone core, the first examples of a novel class of HCV NS3
protease inhibitors were designed and synthesised. The inhibitors in this
series demonstrate that extensive modifications to the backbone structure
with retained or improved inhibitory potency are feasible. Indeed, a
tripeptide could be transformed into achiral compounds by careful design of
the component parts. The classical tripeptides discussed in Chapter 3 are
more potent, but only approximately 10 to 20-fold. The unlikely hydrolysis
of the primary amides in inhibitors 122–124 complicated the analysis of the
accumulated information. Still, the finding that the pyrazinone-based
inhibitors are as potent as they are, despite their relatively small size and the
drastic structural modifications made, is both gratifying and interesting.

5.6.1 Achiral Protease Inhibitors
It could be argued that biological macromolecules are chiral, as are living
organisms, and that most drugs licensed for marketing contain one or several
stereocentres. So why design an achiral protease inhibitor?
One reason is that the number of published HCV NS3 inhibitors is
constantly growing, each compound adding to the information available on
the requirements of size, polarity, pKa, etc. In general, the compounds are
inspired by each other and therefore structurally closely related, with a
relatively pronounced peptide resemblance. A certain decrease in the peptide
character of the inhibitors has been achieved; however, few, if any, attempts
have been made to methodically remove one or several stereocentres once
the size of the inhibitors was reduced to tri- or tetrapeptides. In this context,
the merit of the present work lies in the demonstration of a design concept
that starts with tetrapeptides and, via structurally modified tripeptides, finally
results in achiral compounds. Moreover, the synthetic route of the achiral
inhibitors has the advantages of comparatively few steps and the possible
adaptation to combinatorial synthesis.

67

6 Concluding remarks

This thesis describes the design and synthesis of HCV NS3 protease
inhibitors with a gradually decreasing peptide character. In addition, it
presents the structure–activity relationships obtained when inhibitors
designed to target the wild type NS3 protease were evaluated on the resistant
variants A156T and D168A.
The design process can be outlined as follows:

Coded to non-coded amino acids
• The results obtained from a series of tetrapeptides indicated a possible
-stacking interaction between a P2 phenylglycine and histidine 57 of
the active site of the HCV NS3 protease. Guided by these findings, a
series of tripeptides was designed in which the genetically encoded
proline was replaced by the non-coded phenylglycine. To enable a
comparison of P2 proline and phenylglycine, structural elements known
to produce potent proline-based inhibitors were retained in the positions
P3 and P1-P1'. Regarding the P2 substituent, both known and novel
groups were included. When the novel inhibitors were assessed, none of
them was found to be remarkable in terms of inhibitory potency. Taken
together, these results suggested that phenylglycine induced a different
binding mode from proline, and it was therefore concluded that the
entire inhibitor must be optimised with regard to phenylglycine if its
full potential is to be utilised.
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Introduction of aromatic scaffolds in P3 and P1
• The next step away from the peptides was the successful introduction of
a P3 pyrazinone scaffold instead of the amino acids valine or t-leucine.
• The incorporation of a P1 acyl sulphonamide building block based on
2-aminobenzoic acid instead of vinylACCA led to inhibitors with
retained inhibitory potency as well as further decreased peptide
character, since the aromatic scaffold lacks -amino acid character.
Backbone to scaffold transfer
• Finally, the side-chain phenyl of phenylglycine was transferred to
position 6 on the pyrazinone, leaving glycine as the P2 residue. In
combination with the aromatic P1-P1' scaffold, this final change made
the inhibitors achiral. In the last series, an in our experience
unprecedented amide hydrolysis occurred during the final peptide
coupling. Despite that, the most potent of the resulting inhibitors was
almost four times more potent than the lead compound of the series.
Inhibition of inhibitor-resistant variants of the NS3 protease
• The effect of proline versus phenylglycine on the inhibitors’ potency
against the resistant variants A156T and D168A was also investigated,
with the aim of establishing the structure–activity relationships regarding the inhibition of these enzymes. It was found that it is not the P2
residue alone that determines the inhibitor’s vulnerability to the
resistance-conferring substitutions, but the collective effects of the P2
and P1 residues. Overall, inhibitors based on proline suffered more
from the substitutions than their phenylglycine counterparts.
A novel and highly promising pyrazinone-based scaffold has been designed,
synthesised and evaluated. The collected results of the work presented in this
thesis provide a somewhat clearer picture of the workings of the hepatitis C
NS3 protease.
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7 Populärvetenskaplig sammanfattning
(Summary in Swedish)

Hepatit C (HCV) är ett virus som främst infekterar leverceller. Infektionen
har två faser, dels en akut som relativt ofta passerar utan klinisk diagnos,
dels en kronisk där symptom på allvarlig leverskada (cirrhos och/eller
cancer) kommer smygande, ibland 30 år efter den akuta fasen. Viruset sprids
via blod och blodprodukter, och i och med att det identifierades
förhållandevis nyligen (1989), finns en stor grupp bärare som har blivit
smittade inom vården innan t.ex. donerat blod kunde testas. Dessutom är
viruset mycket vanligt bland sprutnarkomaner. Totalt beräknas mellan 123
och 170 miljoner vara smittade över hela världen. Än så länge finns varken
läkemedel specifikt riktade mot hepatit C eller vacciner tillgängliga, men
forskning pågår och ett flertal kandidater utvärderas i olika stadier av
kliniska prövningar.
Proteaser är enzymer som katalyserar nedbrytning av proteiner och peptider,
och de är mycket vanliga måltavlor för läkemedel. Det finns också gott om
proteaser i till exempel mag-tarmkanalen, då med uppgift att klyva proteiner
i födan till aminosyror som kroppen kan tillgodogöra sig. Vad HCV beträffar
så finns ett av virusets proteaser, NS3, med bland de mest utredda, tänkbara
måltavlorna för framtida läkemedel. Under min doktorandtid har jag arbetat
med design och syntes av hämmare av NS3-proteaset.
Nedbrytningsprocessen förutsätter att proteaset och dess substrat (det
protein det ska klyva) interagerar med varandra. Både proteiner och peptider
består av aminosyror, och därför är proteaser evolutionärt optimerade för att
känna igen och binda till de kemiska strukturer som finns i de genetiskt
kodade aminosyrorna. Det kan tyckas logiskt att utgå från substratets
struktur vid design av hämmare, vilket det på sätt och vis också är eftersom
enzymet uppenbarligen kan binda till det. Däremot blir proteiner och
peptider sällan bra läkemedel, av flera skäl. Ett är att de lätt bryts ned av
proteaser i mag-tarmkanalen, ett annat är att de ofta är för stora och ett tredje
att de kan anta för många tredimensionella (3D) former.
Ett sätt att gå runt problemet är att identifiera de delar av substratet som
har störst betydelse för interaktionen med enzymet och var de ska befinna
sig i rymden i förhållande till varandra. Nästa steg är att länka ihop dem på
ett sätt som bevarar den rumsliga orienteringen men inte påminner om ett
protein eller en peptid.
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I arbete I beskrivs hur vi som första steg bytte ut en genetiskt kodad
aminosyra (prolin) mot en icke-kodad (fenylglycin). Eftersom fenylglycin
inte ingår i proteiner har en peptid där den ingår större chans att inte brytas
ned av de kroppsegna proteaserna, än en peptid som enbart innehåller
kodade aminosyror. Inga av de kombinationer av fenylglycin och andra
strukturelement vi prövade gav upphov till riktigt effektiva hämmare, men
däremot var hämmarna tillräckligt bra för att motivera fortsatt arbete med
fenylglycin.
Arbete III och IV beskriver hur vi gick vidare. I arbete III ligger fokus på
utveckling och optimering av en ny syntesmetod, som sedan tillämpades på
NS3-hämmarsyntes i arbete IV. I arbete IV diskuteras även hur potenta de
nya hämmarna var i enzymtesterna.
Målet med både arbete III och IV var att ytterligare minska hämmarnas
peptidkaraktär, vilket vi gjorde genom att byta ut en icke-kodad aminosyra
(t-leucin) mot en sexledad ringstruktur, en pyrazinon. Till pyrazinoners goda
egenskaper hör att de har vissa strukturella likheter med aminosyror utan att
vara några, och att de är stela. Genom att infoga något stelt i en biologiskt
aktiv molekyl minskar man antalet 3D-former den kan anta, vilket är bra
(förutsatt att den fortfarande kan anta den biologiskt aktiva formen).
I det här fallet fungerade utbytet, vissa av hämmarna baserade på
pyrazinoner var mer aktiva än referenshämmaren. Dessutom visade vi att det
är möjligt att flytta delar av fenylglycinen till pyrazinonen utan att förlora
aktivitet, så alltså upptäckte vi ett nytt sätt att länka ihop viktiga delar av
hämmarna. De pyrazinon-baserade hämmarna binder inte lika hårt till
enzymet som våra tidigare peptidhämmare, men de hämmare som
presenteras i arbete III och IV är de första av den här typen och
strukturoptimeringsarbetet har alltså bara börjat.
I likhet med många andra virus muterar HCVs gener mycket snabbt. När
ett virus utsätts för ämnen som motverkar dess tillväxt, utvecklas ofta
resistenta stammar eftersom de får en konkurrensfördel gentemot den
ursprungliga stammen eller vildtypen. Bakom arbete II ligger en
undersökning av hur våra hämmare, som designats för att hämma vildtypsHCV, fungerade när de testades mot två kända proteashämmarresistenta
enzymvarianter. Andra studier har tidigare pekat ut aminosyran prolin i de
undersökta hämmarna som den del som har störst betydelse för den
försämrade hämningen av de resistenta enzymerna. Vi visade att det för våra
hämmare var ett samspel mellan prolinen och vissa andra delar av
föreningarna som styrde hur känsliga de var för förändringar i enzymets
struktur. Vi kunde också visa att fenylglycin-baserade hämmare inte drabbas
lika hårt som prolin-baserade av de kända mutationerna, utan hämmar de
resistenta enzymerna ungefär lika bra som vildtypen. Information av det här
slaget är av stor betydelse för design av nästa generations hämmare.
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