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Abstract

The inhibition mechanism of electrophilic peptide-based protease inhibitors of full-length hepatitis C virus (HCV) NS3 has
been investigated by determining the K;-values for a series of compounds differing in the electrophilicity and acidity of the C-
terminal residue at pH-values above and below the pK, of the catalytic histidine (6.85) and at two different ionic strengths.
Electrophilic compounds with a pentafluoroethyl ketone group showed stronger inhibition at pH 8 than pH 6, as expected for
a mechanism requiring an unprotonated catalytic histidine. However, the difference was only significant at high ionic strength.
In contrast, electrophilic compounds with an acidic C-terminal group or a cyclic P1 residue showed a lower inhibitory effect at
pH 8 than at pH 6, inconsistent with a mechanism-based inhibition. Moreover, all electrophilic compounds had an
unexpectedly strong inhibition at pH 6, when mechanism-based inhibition is unlikely. The results suggest that for some of the
electrophilic compounds the reactive group may not be properly positioned in the active site and that binding of these

inhibitors is a result of non-covalent interactions. The nature of these interactions is discussed.
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Introduction

Hepatitis C virus (HCV) is a global pathogen with a 3%
average infection prevalence but with large geographic
differences in the distribution of cases. The identifi-
cation of the virus in 1989 has resulted in reduced
transmission and improved therapeutic strategies for
infected patients. But current therapy is inadequate
and coming medication is predicted to be hampered by
development of resistance (for a review, see [1]). There
is therefore a great need to discover and develop new
therapeutic strategies for treatment of HCV infections.

One of the most actively pursued targets for HCV
drug therapy is the non-structural protein 3 (NS3) of
the virus. It is a bifunctional protease/helicase with the
two different enzymatic activities situated in separate

domains of the protein. The protease is a chymo-
trypsin-like serine protease, but with some distinct
features of relevance for drug discovery. An important
early observation was that N-terminal cleavage
products of HCV NS3 protease are inhibitors of the
enzyme itself [2,3]. This has been exploited for the
creation of a variety of potent peptide-based inhibi-
tors. Three compounds, which have been designed
with such lead compounds as starting points, have
shown proof-of-concept in clinical trials: BILN 2061,
VX-950 and SCH 503034 [4-6], confirming that
inhibition of NS3 protease is a viable strategy for HCV
therapy. However, cell-based assays of viral replication
in the presence of BILN 2061 [7], VX-950 [8] or SCH
503034 [9] have confirmed that resistance against
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protease inhibitors arises as a result of single amino
acid substitutions in the protease domain, and that
cross-resistance between inhibitors can be expected
[10]. Furthermore, a cardiac histological toxicity
towards BILN 2061 has been detected in rhesus
monkeys [11], indicating a potential, but severe, side
effect of this compound. Hence, there are obviously
still considerable challenges in the development of
effective and safe drugs based on inhibition of HCV
protease.

Optimization of peptide-based NS3 protease inhibi-
tors includes the reduction of the peptidic nature of the
inhibitors and the introduction of C-terminal carbo-
xylic acid replacements. Potent peptide-based inhibi-
tors of serine and cysteine proteases can be designed by
replacing a C-terminal amide carbonyl by an electro-
philic carbonyl group whereby a mechanism-based
inhibition is achieved (for a review, see [12]). This
mechanism is illustrated in Figure 1A and resembles
the first step of substrate hydrolysis. It involves a
nucleophilic attack by the catalytic serine on the
electrophilic carbonyl group of the inhibitor and
the formation of a covalent, but reversible bond. The
formed oxyanion is stabilized by interaction with
two backbone amides in the oxyanion hole. Although
the covalent complex is transient, it can be compared to
the reversible non-covalent complex formed between
product based inhibitors and the enzyme, as illustrated
in Figure 1B. The stabilizing forces in this complex
arises from interactions between the a-carboxylate
oxygens of the inhibitor with the main chain amido
groups of the residues forming the oxyanion hole, and

possibly also with the OY of the catalytic serine residue
[2,13,14]. An interaction with the imidazole ring of the
catalytic histidine has also been proposed [13,14], but
this interaction is expected to be less significant at pH
values above that of the catalytic histidine residue [2].
Both types of inhibitors have succesfully been deve-
loped as far as clinical trials, with BILN 2061
representing an inhibitor with a C-terminal carboxylic
acid [4], and VX-950 and SCH 503034 representing
inhibitors with a C-terminal electrophilic group (an a-
ketoamide). Structural studies of VX-950 have
confirmed that it acts according to the general serine
protease inhibition mechanism [15].

We have also explored electrophilic groups in our
attempts to design effective inhibitors of HCV NS3
protease. But we obtained some unexpected struc-
ture-activity relationships when comparing the inhibi-
tory effect of electrophilic and non-electrophilic
compounds. For example, peptide-based inhibitors
with electrophilic C-terminals, e.g. pentafluoroethyl
ketone, ketotetrazole or ketoacid, were not much
better, or sometimes worse, than the corresponding
inhibitors without the electrophilic group, for ex-
ample carboxylates and acyl sulfonamides [16]. The
results supported an earlier exploration of different
electrophilic groups which found that only «-
ketoamides afforded an enhanced inhibitory effect
[17]. In addition, the characteristic slow-binding of
many electrophilic inhibitors of serine and thiol
proteases was absent in our studies of electrophilic
NS3 protease inhibitors [18], although it had been
observed for a-ketoacid and a-ketoamide inhibitors
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Figure 1. A schematic representation of the active site of HCV NS3 and its interaction with non-electrophilic and electrophilic inhibitors,

assuming typical serine protease inhibition mechanisms. (A) mechanism-based inhibition by compounds with a C-terminal electron
withdrawing group (EWG), and (B) product-based inhibitors with C-terminal carboxyl groups.

RIGHTS

i
L

| MR



Journa of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskola on 12/25/11

For personal use only.

Mechanism of electrophilic protease inhibitors of HCV NS§3 193

[15,19]. Taken together, these observations have led
us to question the inhibition mechanism for a number
of electrophilic peptide-based inhibitors of NS3
protease.

The present experiments were designed to deter-
mine if a covalent bond was critical for the inhibition
of HCV NS3 protease by electrophilic compounds
and how much it contributed to the affinity of the
interaction, as compared to alternative interactions in
the active site, for example electrostatic interactions
between an acidic C-terminal group and the catalytic
histidine or the oxyanion hole. It was based on the two
alternative mechanisms for inhibition of serine
proteases illustrated in Figure 1, and differences in
the effects of varying the pH and ionic strength of the
assay buffer. Electrophilic inhibitors are expected to
be more efficient at pH values above the pK, of the
catalytic histidine since a prerequisite for the
formation of a covalent bond is the same as for
catalysis. High pH thus ensures that the catalytic triad
is functional so that the essential proton transfer from
the catalytic serine to the catalytic histidine can occur.
This mechanism should not be significantly influen-
ced by changes in ionic strength. In contrast, the
interaction with a non-electrophilic compound having
a C-terminal carboxylate residue is expected to have
higher affinity at pH values below the pK, of the
catalytic histidine (but above the pK, of the C-
terminal carboxylic acid group) and at low ionic
strength conditions since these conditions favour the
ionic interactions and hydrogen bonds that stabilize
the enzyme-inhibitor complex. The strategy used to
investigate the mechanism for inhibition of HCV NS3
was consequently based on a simple approach where
the inhibition was studied at two pH values; one above
and one below the pK, of the catalytic histidine
residue. In addition, two ionic strengths were used for
the measurements.

For this study, a series of hexapeptide inhibitors
differing both in the P1 side chain and the C-terminal
group (Table I) was used. Three P1-side chains were
selected as replacements for the P1 cysteine in the
native substrate: L-aminobutyric acid (Abu), L-
norvaline (Nva) and l-aminocyclopropane-1-car-
boxylic acid (ACPC). These have all been used in
product-based inhibitors with a C-terminal carboxylic
acid [3,20]. The ACPC group has most successfully
been exploited in BILN 2061 [21]. In addition, four
different C-terminal groups were evaluated in our
study and these can be further divided into three
groups on the basis of electrophilicity and acidity: 1)
the electrophilic and non-acidic pentafluoroethyl
ketone (PFK) group, 2) the electrophilic and acidic
ketotetrazole (KT) and ketoacid (KA) groups and 3)
the non-electrophilic and acidic carboxylic acid
(COOH) group. This set of compounds was suitable
for an initial exploration of the mechanism of
electrophilic HCV NS3 inhibitors.

Materials and methods
Inhibitors

All inhibitors (Table I) except the L.-aminobutyric acid
peptide with a C-terminal carboxylic acid group (Abu
COOH) have R = succinyl and have been described
previously [16]. Abu COOH had R = acetyl and has
been described by [22]. Compounds were dissolved in
DMSO and stored at —20°C between measurements.

Kinetic analysis

Measurements of the activity of full length HCV NS3
and the determination of kinetic constants have been
carried out essentially as described earlier [23].
Specifically, the enzyme was incubated in 25mM
MES, 25 mM MOPS, 25 mM BICINE, pH 6.0-9.0,
0-100mM NaCL10mM DTT, 40% glycerol, 0.1%
n-octyl-B-D-glucoside, 3.3% DMSO with 25pM
cofactor (KKGSVVIVGRIVLSGK) and inhibitor at
30°C for 10 min; the reaction was initiated by addition
of substrate (Ac-DED(Edans)EEAbuf;[ COO]ASK
(Dabcyl)-NH,, AnaSpec, San Jose, CA, USA). All
measurements were performed in triplicates. Kinetic
constants (Vgax and K, were determined with
substrate concentrations from 0.25 to 4 M and 1 nM
enzyme. Inhibition measurements were performed
with 1nM enzyme, 0.5 pM substrate and different
inhibitor concentrations.

K,- and V_,,values were determined for each
buffer separately by fitting the Michaelis-Menten
equation to initial reaction rate velocities (vy) at
different substrate concentrations by non-linear
regression analysis (GraFit, Erithacus Software,
Staines, MX, UK). V., was expressed in arbitrary
units (AU), since the enzyme concentration was
constant in all measurements, and there was no need
to convert the relative fluorescence units into molar
units. K;-values were calculated from initial velocities
at different inhibitor concentrations by non-linear
regression analysis using the standard equation for
competitive inhibition:

VmaxS

K(1+@) +s W

Vo =

where K, was set to be constant.

Determination of pK,

The pK, of catalysis was determined by non-linear
regression analysis, using:

i H—-pK,
PVt vER10eH

10®PH-PKy) 1 |

(2)

and data of V., as a function of pH. V% and Vo

are the high and low limits of V,,,,. The equation is a
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Table I. Inhibition of HCV NS3 by electrophilic and non-electrophilic inhibitors at different pH and ionic strengths’
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K; (M)*
pH 6.0 pH 8.0
NaCl (mM)
Inhibitor P, 0 100 0 100
Electrophilic and non-acidic
Abu PFK* 0.084 = 0.008 0.15 = 0.03 0.082 = 0.007 0.051 = 0.003
\lvjﬁ‘/CZFs
H (0)
Nva PFK* 0.15 = 0.01 0.35 = 0.06 0.145 = 0.018 0.117 = 0.011
\#Ii‘/czljs
H (0]
ACPC PFK 1.49 = 0.08 3.2+0.8 4.1 £0.15 1.68 = 0.16
C,F
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H (0]
Electrophilic and acidic
Nva KT* 0.134 *= 0.009 0.46 += 0.1 1.74 = 0.09 1.88 = 0.14
—N
HN- \\N
\171 SN
H O
ACPC KT HN-N 0.37 = 0.02 1.07 = 0.26 5.62 = 0.37 2.27 = 0.23
A\Y
N
H (0]
ACPC KA o 0.052 = 0.003 0.19 = 0.03 3.77 = 0.21 1.82 = 0.13
WWOH
H (0]
Non-electrophilic and acidic
Abu COOH 0.098 * 0.007 0.25 + 0.044 2.75 = 0.02 1.25 = 0.08
OH
)
H (@)

RIGHTS LI MN Kiy



Journa of Enzyme Inhibition and Medicinal Chemistry Downloaded from informahealthcare.com by Mamo Hogskola on 12/25/11

For personal use only.

Mechanism of electrophilic protease inhibitors of HCV NS§3 195

Table I — continued

K; (nM)*
pH 6.0 pH 8.0
NaCl (mM)
Inhibitor P, 0 100 0 100
Nva COOH 0.016 £ 0.001 0.031 + 0.006 0.45 = 0.006 0.245 = 0.018
OH
oy
H (0]
ACPC COOH 0.0062 = 0.00009 0.025 + 0.0045 0.32 = 0.017 0.2 £0.01
OH
\%‘Xr(
H (0]

* Stereocenters next to electrophilic carbonyls are assumed to be racemized in the assay buffer; TR = Acetyl for Abu COOH [22], all other
compounds have R = succinyl [16]; ¥ These K; values differ slightly from those published previously [16,22] due to differences in buffer

composition and pH.

rearrangement of the equation for a singly ionizing
system [24] as implemented in GraFit.

Results

The activity of HCV NS3 protease as a function of pH
was determined in order to identify the pH range for
which the activity of the enzyme could be reliably
measured, and to determine the pKa of the catalytic
histidine residue. Therefore, K, and V.., values were
determined as a function of pH over range from 5.4 to
9.0 (Figure 2). A full set of measurements was
performed at low ionic strength, while measurements
at high ionic strength (here “low” and “high” are
relative terms for this assay, represented by 0 and
100 mM NaCl in the buffer, respectively) were limited
to two pH values, as this was sufficient for verifying that
the same trend was valid for both conditions. Both K,
and V., were found to increase with pH, as illustrated
in Figures 2A and 2B. A wider pH range could be used
for V.., than for K, (the graph only includes values
that could be reliably determined). By fitting an
equation representing a single ionic species to the plot
of pH versus V.« (Figure 2A) the pK, of NS3 protease
was estimated to be 6.85 *= 0.16, in accordance with
that previously reported for the catalytic histidine of the
truncated enzyme [25]. The pH values used for
inhibition analysis in the present study were selected to
clearly span the pK,-value of the catalytic histidine and
to represent the lowest pH where the enzyme was
sufficiently active for accurate inhibition measure-
ments, and the highest judged suitable for the current
buffer (pH 6.0 and 8.0, respectively).
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Figure 2. Dependence of the kinetic constants of HCV NS3 on
pH. A) V... and B) K, as a function of pH, at low (e) and high (OJ)
ionic strength.
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The inhibition constant for inhibition of HCV NS3
by a series of hexapeptide inhibitors, differing in the
electrophilicity and acidity of the P1 residue was
determined at pH-values above and below the pK, of
the catalytic histidine and with or without 100 mM
NaCl (Table I). In general, the inhibition was
significantly affected by changes in pH and ionic
strengths, but the effect was characteristic for the
different inhibitors and a general pattern could not
easily be identified from the table. In order to reveal
differences between the different compounds the data
set was also visualized graphically (Figure 3).

Figure 3A shows that the inhibitory effect was not
simply correlated with either electrophilicity or acidity,
irrespective of the conditions. The most potent
inhibitors were either electrophilic and non-acidic
(Abu PFK and Nva PFK) or non-electrophilic and
acidic (Nva COOH and ACPC COOH), and
significantly less effective compounds were found in
these groups as well as in the group of electrophilic and
acidic compounds. From a practical perspective, Abu
PFK and Nva PFK are expected to be the most efficient
inhibitors under physiological conditions which can be
assumed to be best represented by pH > 6.85. This is
independent on the ionic strength, even if 100 mM
would be more realistic than 0 mM.

The inhibitory effects of the non-acidic electrophilic
compounds (Abu PFK, Nva PFK and ACPC PFK)
were not significantly different at pH 6 and pH 8 at
low ionic strengths (Figure 3A). However, the
inhibitory effects were significantly higher at pH 8
than at pH 6 when the ionic strength was “high” (here
100 mM), seen as values <1 in the KPH 80/KpH 6.0
graph (Figure 3B). An exception was ACPC PFK
which was more inhibitory at pH 6 than at pH 8 at low
ionic strength. However, this compound had a
relatively high K; and other effects should perhaps be
considered (see discussion). In contrast, all acidic
compounds, irrespective of whether they were
electrophilic or not (Abu COOH, Nva COOH,
ACPC COOH, ACPC KT, Nva KT, ACPC KA),
showed the opposite, i.e. had lower K; at the lower pH
(pH 6) at both high and low ionic strength (seen as
values > 1 in the KPH 8:9/KPH 60 graph, Figure 3B).

The inhibitory potency of all compounds was
significantly reduced (higher K;-values) in the presence
of salt at pH 6 (values > 1 in the K} mM NaCl/g0 mM
NaCl graph, Figure 3C), while the Ki-values of all
inhibitors (except Nva KT) were lower in the presence
of salt at pH 8 (values < 1 in the K]0 ™M NaCl/g0 mM
Nacl graph, Figure 3C). The importance of electro-
static interactions was obviously different above
and below the pK, of histidine, irrespective of whether
compounds were electrophilic or acidic. But the
influence of ionic strength on the potencies of
the inhibitors was less pronounced as compared to
the effect of changing the pH (note the differences in
the y-axis scale in Figures 3B and 3C).
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Figure 3. Effect of pH and NaCl concentrations on the inhibition
constants for different inhibitors. A) Overview of K; values for all
compounds and conditions, see Table I for details, B) Ratio of KPH
8.0/RPH 60 3t 0mM NaCl (grey) and 100mM NaCl (black). C)
Ratio of K00 mM NaCligo mM NaCl ¢ n1 6.0 (grey) and pH 8.0
(black).

Discussion

The present study confirms our previous observation
that the structure-activity relationship of electrophilic
inhibitors of HCV NS3 protease is unexpected and
that the formation of a covalent bond can be
questioned [16]. The data for this series of inhibitors
only support a mechanism-based inhibition of HCV
NS3 protease by the pentafluoroethyl ketones, i.e. the
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non-acidic electrophilic compounds tested. This is
concluded from the fact that they are the only
compounds that show a more effective inhibition at
pH 8 than at pH 6, but only at high ionic strength
when electrostatic interactions are less pronounced.
The weaker effect for the ACPC PFK compound is
in accordance with the sterically unfavourable
formation of the tetrahedral intermediate when the
P1 side chain is a,a-disubstituted [26], as for ACPC
compounds.

So how do the remaining electrophilic compounds
become potent inhibitors of the enzyme without
exploiting the reactivity of the active site? An obvious
alternative is that inhibition occurs by a mechanism
similar to that for non-electrophilic compounds. In
this study we have therefore used a series of non-
electrophilic analogues with a C-terminal carboxylate
for comparison. The acidic group of these compounds
interacts with the oxyanion hole of the enzyme,
forming a non-covalent but tight enzyme-inhibitor
complex (Figure 1B). We propose that the acidic
electrophilic compunds interact in a similar way via
the acidic residue (i.e. the carboxylate or the
tetrazole). Although this does not rule out the
formation of a covalent bond, it appears that
electrostatic interactions are more important and
that they interfere with the proper positioning of the
electrophilic carbonyl group relative to the catalytic
residues and that they thereby hinder the nucleophilic
attack. The effect is probably accentuated for the
sterically hindered ACPC-compounds (see above).

However, this does not explain why the non-acidic
electrophilic compounds are such potent inhibitors at
pH 6, when the covalent bond is unlikely to form, or
why the acidic electrophilic compounds are more
inhibitory at pH 6 than at pH 8, a pH range where the
interactions with the oxyanion hole should be
unaffected. The most obvious residue that may be
involved is the catalytic histidine, a residue that is
protonated and positively charged at pH 6, but not at
pH 8. Thus, the present data can be rationalized by
assuming that the electrophilic carbonyl is oriented
towards the catalytic histidine, where it can form a
hydrogen bond with the imidazole ring, instead of
towards the oxyanion hole as is typical for serine
proteases. This carbonyl orientation has been found
for the binding of a-ketoacid inhibitors to HCV NS3
protease [19,27] and a related orientation for «-
ketoamides [28]. Another residue that has a similar
pH dependence is Hissyg, located in the helicase
domain of NS3. It may form a hydrogen bond with the
carbonyl oxygen of the P4 residue [13,29]. Note that
this interaction is only possible in the full-length HCV
NS3, and may be overlooked in studies based on the
truncated enzyme. The non-electrophilic acidic
compounds show a more enhanced inhibition at pH
6, suggesting that two histidine residues may be
involved, supporting a role for Hiss,g.

In addition to the specific interactions between the
active site and the C-terminal moiety of the inhibitors,
there are other interactions of importance for the
binding of these compounds. They include interactions
between the positively charged arginine and lysine
residues in the S5/S6-sites (Arg;¢; and Lys;45) and the
negative P5/P6 residues [30]. There are also hydro-
phobic interactions with the P1—-P4 side chains. These
non-active site interactions are not expected to be
significantly influenced by the changes in pH in the
range from 6 to 8, but may be affected by the changes in
ionic strength. The somewhat enhanced affinity of
non-acidic electrophilic compounds at higher ionic
strength at pH 8 suggests that electrostatic interactions
are of minor importance under these conditions.
Whether the increase is simply due to the formation of a
covalent bond or if hydrophobic interactions contri-
bute significantly cannot be discerned.

The present data suggest that the orientation of the
carbonyl oxygen of electrophilic compounds is critical
for the ability of the catalytic serine to perform a
nucleophilic attack, and thus for the inhibitory effect.
Thus, both the electrophilic group and the groups
adjacent to the electrophilic carbon have an effect. For
example, the ACPC group was not favourable for the
formation of the covalent bond. Likewise, the ketoacid
group did not result in a mechanism where the
formation of a covalent group contributed signifi-
cantly to the inhibitory effect. This indicates that the
nature of the peptide scaffold also has an indirect
effect since the ketoacid group has been found to
result in mechanism-based inhibition when incorpo-
rated into two other peptide scaffolds [27].

Despite the rational strategy for the insertion of an
electrophilic group in peptide-based inhibitors of NS3
protease, the benefit of forming a covalent bond can
be questioned since high affinity can obviously be
achieved even without the electrophilic group (e.g.
Nva COOH and ACPC COOH). The effective
binding of non-electrophilic acidic compounds is
afforded both by the general electrostatic and
hydrophobic interactions mentioned above, and
more specifically by electrostatic interactions with
the oxyanion hole and the histidine. Although a
second electrostatic interaction may also be involved
(as discussed above), it cannot be distinguished from
that with the catalytic histidine since these two
interactions have the same pH and ionic strength
dependencies. Even if the acidic electrophilic com-
pounds contain an electrophilic group, it does not
appear to be responsible for the inhibitory effect since
these compounds interact in the same mode as the
non-electrophilic compounds and show the same pH-
and ionic strength-dependency.

Nevertheless, electrophilic groups have successfully
been incorporated into HCV NS3 protease inhibitors,
with VX-950 being the most successful so far. A
practical problem with electrophilic inhibitors is that
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they have been found to have a lower selectivity
compared to their non-electrophilic counterparts
[17,18]. VX-950 is an interesting exception to this
principle [15], but the clinical potential of electro-
philic compounds as drugs for HCV therapy remains
to be established.

In addition to the information about the interaction
between the enzyme and inhibitors, this study has
revealed the importance of an electrostatic interaction
between the enzyme and the C-terminal moiety of the
substrate. It comes from the observation that the pH-
dependency of the K., determined with the substrate
was different in this study compared to that found in a
previous study [2]. Here it was similar to that for
inhibitors with C-terminal carboxylate groups, indi-
cating that substrate and inhibitor interactions were
similar. However, Steinkiihler ez al. found that K, was
greatly increased as pH was reduced below the pK,
expected for a histidine residue. There appears to be
electrostatic repulsion between the substrate and the
enzyme at pK,-values below that for a histidine,
consistent with that expected from the histidine residue
in the P3’-position of the substrate used for their
studies (Ac-DEMEECASHILPYK-NH,). In contrast,
the substrate used in this study (DED(Edans)EEA-
buy[COO]ASK(Dabceyl)-NH,) contained a lysine in
the P3’-position and the K, for this substrate showed
less pH-dependency and in the opposite direction, not
at all characteristic of a histidine. The P3'residue in the
natural HCV NS3 protease substrates varies, and
includes both histidine and lysine. (Note that the
Steinkthler er al. study cannot show effects of an
interaction with Hiss,g since this residue is located in
the helicase domain, not present in the truncated form
of NS3 used in their study.)

Conclusions

The present study has shed light on the mechanism of
electrophilic peptide-based inhibitors of HCV NS3
protease. Importantly, it has revealed that inhibition of
HCYV NS3 protease by electrophilic compounds via a
mechanism-based formation of a covalent bond is only
significant if they are non-acidic and if the ionic
strength is high. In contrast, inhibition at low ionic
strength is dominated by electrostatic interactions,
particularly if the compounds contain an acidic C-
terminal group. Moreover, at least two types of
interactions are responsible for the high affinity of the
non-acidic but electrophilic compounds, where the
covalent interaction dominates at high pH and
electrostatic interactions dominate at low pH. The
acidic electrophilic and non-electrophilic compounds
achieve their inhibitory effect by electrostatic inter-
actions which are stronger at pH 6 than pH 8. The
findings are consistent with the unconventional
orientation of the carbonyl oxygen in electrophilic
inhibitors towards the catalytic histidine in HCV NS3

protease, and/or the involvement of an additional
interaction between a histidine residue and the
N-terminal moiety of the inhibitor.
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