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Abstract: Although peptides themselves are not usually the end products of a drug discovery effort, peptide
research often plays a key role in many aspects of this process. This will be illustrated by reviewing the
experience of peptide research carried out at IRBM in the course of our study of hepatitis C virus (HCV). The
target of our work is the NS3/4A protease, which is essential for maturation of the viral polyprotein. After
a thorough examination of its substrate specificity we fine-tuned several substrate-derived peptides for
enzymology studies, high-throughput screening and as fluorescent probes for secondary binding assays. In
the course of these studies we made the key observation: that the protease is inhibited by its own cleavage
products. Single analog and combinatorial optimization then derived potent peptide inhibitors. The crucial
role of the NS4A cofactor was also addressed. NS4A is a small transmembrane protein, whose central
domain is the minimal region sufficient for enzyme activation. Structural studies were performed with a
peptide corresponding to the minimal activation domain, with a series of product inhibitors and with both.
We found that NS3/4A is an induced fit enzyme, requiring both the cofactor and the substrate to acquire its
bioactive conformation; this explained some puzzling results of ‘serine-trap’ type inhibitors. A more
complete study on NS3 activation, however, requires the availability of the full-length NS4A protein. This
was prepared by native chemical ligation, after sequence engineering to enhance its solubility; structural
studies are in progress. Current work is focused on the P% region of the substrate, which, at variance with
the P region, is not used for ground state binding to the enzyme and might give rise to inhibitors showing
novel interactions with the enzyme. Copyright © 2001 European Peptide Society and John Wiley & Sons,
Ltd.
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INTRODUCTION

It is common experience that several barriers, nota-
bly low bioavailability and short half-lives, prevent
the development and utilization of peptide drugs.
This conclusion however—peptides are usually not
the end result of a drug discovery effort—should
not be conducive to another one, i.e. that peptides
(and peptide research) have no, or at best a minor,
role in drug discovery.

I would like to highlight the multifaceted role of
peptide research in a drug discovery project by
virtue of a personal account drawn from my own
experience. The present paper will therefore limit
itself to a single project, the search for inhibitors of
the serine protease of human hepatitis C virus
(HCV), and within this project, to the work carried
out essentially in a single research institute. More-
over, the project is still in progress. Despite this
strong bias, I believe that the conclusions drawn
may be sufficiently illustrative for two reasons: first,
most of our findings on HCV have been indepen-
dently or successively confirmed in other laborato-
ries, so that they have general value for this
therapeutic target. Second, because of the impor-
tance of proteases as drug discovery targets. 2% of
the gene products of the genomes that have been
completely sequenced encode for proteases [1]. A
rough estimate for a 100 kb human genome would
yield approximately 1100 different (mostly new)
candidate protease targets [2]. This figure of course
ignores pathogens’ genomes and their proteases.

HEPATITIS C, HEPATITIS C VIRUS AND NS3

Hepatitis C is a slowly progressing disease caused
by infection with HCV, which frequently results in
end-stage liver disease and its complications, in-
cluding hepatocellular carcinoma [3]. Today, hepati-
tis C is widely recognized as a major public health
concern, with more than 300 million people infected
worldwide, most of them unknowingly [4], while
neither a generally effective treatment nor a preven-
tive vaccine is available [5–7].

The genome of HCV is a 9.6-kb single-stranded
positive sense RNA molecule, which contains a
single open reading frame encoding for a polyprotein
of approximately 3000 amino acids [8]. Replication
of HCV depends on the proteolytic maturation of the
polyprotein precursor and this maturation, in turn,
is crucially dependent on the serine protease en-
coded in the viral protein NS3. Inhibition of this

protease activity is thus currently considered a
promising approach to an anti-HCV therapy [6,7]. A
notable feature of the NS3 protease is that it is only
weakly active on its own, requiring the formation of
a non-covalent complex with another virally en-
coded protein, NS4A, for full activity [9–12]. Accord-
ingly, the protease is frequently referred to as the
NS3/4A protease [6].

NS3 is a multifunctional protein, containing both
a serine protease and an RNA helicase [13–16]. The
serine protease domain (henceforth NS3pro), which
is contained within the first 180 amino acids of the
NS3 protein, has been produced in enzymatically
active form in both bacterial and eukaryotic expres-
sion systems [13–15,17–20]. A synthetic 14-
residue peptide (Pep4A), corresponding to the
central hydrophobic domain of the NS4A protein,
has been shown to be both necessary and sufficient
for activation of NS3pro [21–24]. Expression of the
native complex between full-length NS3 and full-
length NS4A was achieved later [25,26]. Single-
chain forms of NS3 and NS3pro, where Pep4A is
fused through a flexible linker to the N-terminus of
the enzyme, have also been produced [27,28]. All
the above-mentioned forms of the enzyme show
similar activity towards polypeptide substrates. For
essentially all the studies described below, we made
use of the NS3pro/Pep4A complex [14,15].

SUBSTRATE SPECIFICITY OF NS3pro

A comparative analysis of the sequences flanking
the peptide bonds cleaved by NS3/4A within the
HCV polyprotein yielded the following consensus
(P6–P4% , according to the nomenclature of Schechter
and Berger [29]): Asp/Glu-Xaa-Xaa-Xaa-Xaa-Cys/
Thr¡Ser/Ala-Xaa-Xaa-Xaa. Cleavage occurred after
a Cys residue in all trans-cleavage sites, whereas
the intramolecular cis cleavage site (between NS3
and NS4A) was unique in this respect by having a
Thr residue in the P1 position. Other conserved
features were a negatively charged residue in P6,
and Ser or Ala in P1% . In addition, the amino acid
present in the P4% position of all sites, although not
strictly conserved, always possessed a bulky hydro-
phobic side-chain.

We initially determined the minimal substrate
length by preparing a series of N- and C-terminally
truncated peptides derived from the NS4A/NS4B
cleavage site. The choice for this site was deter-
mined by the fact that the corresponding junction
was cleaved with a relatively high efficiency in the
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context of the polyprotein, while the synthesis was
anticipated to be easier than the other two trans-
cleavage sites, which had both one more cysteine
residue. All the findings reported below, however,
also apply to the NS5A/NS5B cleavage site [30].
Starting from a 20-residue peptide spanning posi-
tions P10–P10% , we found that a decapeptide span-
ning P6–P4% was the optimum compromise between
number of residues, cleavage efficiency and ease of
detection by a standard HPLC method [20]. We then
investigated the substrate specificity of NS3pro in
more detail by introducing several modifications
into this decapeptide [31].

The initial focus was on P1-cysteine substitutes,
using both natural and non-natural amino acids. In
addition to interest in P1 as the main determinant of
specificity in serine proteases, in our case substitu-
tion of cysteine would have removed a serious ob-
stacle for medicinal chemistry. For example, the
thiol nucleophile complicated the preparation of
classical mechanism-based serine proteinase in-
hibitors (‘serine-traps’) due to its incompatibility
with a serine-targeting electrophile present within
the same molecule. Unfortunately, no suitable sub-
stitute for Cys was identified in our [31] or others’
laboratory [30,32]. In fact, most P1 substitutions
resulted in uncleaved substrates.

Among the natural amino acids, only threonine
was accepted in P1, with a \30-fold lower kcat/Km

value. This finding was strongly suggestive that fac-
tors, different from cleavage efficiency, must have
acted in the selection of Thr in P1 for the NS3/NS4A
junction. A reasonable explanation for the choice of
a suboptimal residue, however, came only later (see
below) with the discovery of product inhibition [33–
35] and the appearance of the crystal structure of
the full-length NS3 protein [16].

Among the non-natural amino acids, the best
cysteine substitutes turned out to be homocysteine
(hCys, 5-fold decreased efficiency) with the side
chain increased by one methylene unit. Replace-
ment of the SH group by a hydroxyl group (Ser)
abolished cleavage, as did incorporation of the SH
group in a thiophene ring or its carboxymethylation.
The most common isosteric replacement of cysteine,
Abu, was compatible with cleavage of the resulting
decamer, but at the expense of a 15-fold decrease in
kcat/Km.

We could rationalize the strong preference for Cys
in P1 on the basis of the structure of the enzyme S1

specificity pocket [13–15]. In fact, based on a ho-
mology model elaborated before the appearance of
the crystal structure, this preference had even been

predicted [41]. The specificity pocket of NS3pro was
found to be small and lipophilic, lined by the hydro-
phobic side-chains of Leu135, Phe154 and Ala157. The
shape of the relatively small and lipophilic Cys side-
chain was thus complementary to it. In addition to
this, the positively polarized �SH hydrogen could
favorably interact with the p-cloud of the aromatic
ring of Phe154 (Plate 1). This interaction gave also a
plausible explanation for hCys being the best Cys
substitute. Similar contacts had been observed in a
number of protein and small molecule crystal struc-
tures [42,43].

The lack of a good alternative to cysteine, among
the most commonly available amino acids, was later
confirmed for the product inhibitors (see below) [34
and unpublished data]. Ultimately, a suitable re-
placement had to be designed [36] in the form of the
�CF2H fragment of difluoroaminobutyric acid. This
allowed the preparation of potent serine-trap in-
hibitors [36–40], whose covalent complex with
NS3pro with [38] or without [39] the cofactor Pep4A
have been recently disclosed.

It was clear from the beginning that electrostatics
was playing a role in substrate cleavage. First, an
acidic amino acid in P6 was strictly conserved in all
natural substrates. Second, the two sites with the
highest turnover had an additional negative charge
in P5. Third, Km values for all substrates increased
with an increase in ionic strength [20]. However,
mutation of P6-Asp to Asn or Ala in our decapeptide
reduced turnover only 2-fold, and even charge in-
version (Asp-to-Lys mutation) reduced turnover
only 5-fold [31]. From the data of Zhang et al. [30],
the effect was somewhat more pronounced (10-fold)
for the NS5A/NS5B junction. Our results on
polypeptide substrates—a preference rather than a
stringent requirement for a negative charge in P6—
fitted well with the findings of other authors, who
had introduced point mutations in polyprotein sub-
strates [44,45]. It appeared that, in the context of
different cleavage sites, extensive mutagenesis of
the P6 position had little if any effect on cleavage
efficiency. The absolute conservation of this
residue, especially in light of the pronounced vari-
ability of the HCV genome, seemed thus to indicate
that it served some more subtle function. More
insight on this aspect of NS3pro activity would
come with the availability of substrate-derived in-
hibitors (see below).

We attempted (but failed) to identify additional
major determinants of substrate recognition by
both ‘classical’ alanine scanning and by ‘inverse
alanine scanning’ [31]. In the former experiment, P1
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Plate 1 The specificity pocket of NS3pro. The S1 subsite is small and lipophilic, lined by the hydrophobic side-chains of
Leu135 and Ala157, and closed at the bottom by Phe154. The site is complementary to a small and lipophilic side-chain.
Highlighted is the aromatic ring of Phe154, whose p-cloud could favorably interact with a positively polarized -SH hydrogen.
This interaction is believed to explain the strong preference for cysteine in position P1 of the substrate.

Plate 2 Influence of inhibitor/substrate binding on the catalytic diad of NS3/4A. The stick model of the product inhibitor
Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH (Dif=3,3-diphenylalanine, Cha=b-cyclohexylalanine) is docked in the S-subsite of the
protease on the basis of NMR data, as described in [46]. The solvent-accessible surface of the His57-Asp81 catalytic diad is
shown as a CPK model, while the rest of the protease is shown as solvent-accessible surface (white), with the regions of
higher electrostatic potential in red (negative) and blue (positive). The side chain of the P2 residue (Cha) sits on top of the
catalytic diad, shielding it from solvent. For more details see text.
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was confirmed to be the only critical position for
substrate processing, which could not be elimi-
nated. P3 had the greatest effect on Km and P6 on
kcat, but both effects were modest. In the latter
experiment, residues from the natural substrate
were re-introduced, one at a time, in a ‘minimalist’
substrate having alanine in all but the most crucial
positions (P1, P3, P6), and the effect on cleavage
efficiency was analyzed. We did not observe a sharp
increase in cleavage efficiency at any position within
the substrate, but rather a gradual and apparently
synergistic effect.

In summary, our results showed a rather permis-
sive substrate-binding site, where the only absolute
requirement for cleavage was a small, hydrophobic
P1 residue. Several minor contributions arising from
contacts with distal residues then cooperated in
modulating substrate recognition and cleavage. The
picture was consistent with what would be deduced
from the structure of NS3pro [13–15]. The sub-
strate-binding channel was found to be wide, shal-
low and almost completely solvent exposed. All the
loops connecting the b strands, which in other ser-
ine proteases of similar fold (e.g. chymotrypsin or
elastase) form the S2, S3 and S4 subsites, were
shorter or absent in NS3pro. Accordingly, substrate
modeling in the active site suggested that major
binding contributions should come from the P6–P2

peptide backbone, with an apparent lack of P5–P2

side-chain-to-enzyme interaction [14,32]. Modeling
also suggested that the two positively charged side-
chains of Arg161 and Lys165 were engaged in specific
interactions with the negatively charged residue in
P6 [16,46,47].

SUBSTRATES FOR ENZYMOLOGY AND
HIGH-THROUGHPUT SCREENING

The picture emerging from the initial studies on
NS3pro did not augur well for the development of a
small-molecule drug. On one side, little or no inhi-
bition was observed with classical serine protease
inhibitors, such as aprotinin, leupeptin, Na-p-tosyl-
Lys-chloromethyl ketone [18,48,49], suggesting that
specific rationally designed inhibitors had to be de-
veloped. On the other side, natural substrates did
not offer a good starting point for rational drug
design: NS3pro did not cleave small peptide sub-
strates, and the binding interaction was spread
along a large surface, with a major electrostatic
component. These considerations heightened the
need for a lead structure coming from high-

throughput screening (HTS) and hence the require-
ment for a suitable substrate.

In the case of viral proteases, the identification of
a high turnover substrate is usually difficult [50]
since the kinetic parameters of synthetic peptides
based on the natural cleavage sites are generally
unfavorable: for example, values of kcat/Km as low as
12–400 M−1 s−1 [51] and 17–37 M−1 s−1 [52] had
been found for human cytomegalovirus and herpes
simplex virus proteases, respectively. Indeed, when
we started our work to produce a HTS substrate,
our recombinant NS3pro produced in Baculovirus
gave kcat/Km=100 M−1 s−1 for the 20-residue pep-
tide Fmoc-Tyr-Gln-Glu-Phe-Asp-Glu-Met-Glu-Glu-
Cys-Ala-Ser-His-Leu-Pro-Tyr-Ile-Glu-Gln-Gly-NH2

[19].
To solve the problem we first prepared the simple

ester substrate Ac-Asp-Glu-Met-Glu-Glu-Abu-
OCH3, on the ground that the acyl–enzyme inter-
mediate would form more readily as a result of the
thermodynamically favored transesterification reac-
tion [53]. This ester indeed gave a kcat/Km of 1010
M−1 s−1. The corresponding ester with the cysteine
in P1 proved, however, very difficult to obtain in a
reasonable yield. We then considered a depsipeptide
substrate incorporating an internal ester bond at
the cleavage site: alanine in P1% was substituted by
lactic acid (HO�CH(CH3)COOH), yielding Ac-Asp-
Glu-Met-Glu-Glu-Abu-c[COO]Ala-Ser-His-Leu-Pro-
Tyr-Lys(Ac)-NH2. The kinetic parameters for this
substrate were dramatically improved (kcat/Km=
13600 M−1 s−1) with respect to the corresponding
amide substrate, even with the more favored Cys
residue in P1 [53]. Spontaneous hydrolysis of the
ester bond was also found to be almost negligible,
when compared with enzyme-catalyzed cleavage.

As is often the case for a work in progress, suc-
cessive improvements in expression and purifica-
tion of NS3pro, and especially in the conditions
used for the enzyme assays had since substantially
increased the kinetic parameters for the tridecapep-
tide substrate with a standard scissile bond, from
kcat/Km=100 M−1 s−1 [53] to kcat/Km=1460 M−1

s−1 [31]. This was a sufficiently high value to allow
the use of this substrate for a radiometric HTS
assay [54].

Although the above depsipeptide was not actually
used for our own HTS, the idea had general value
and we used it again to prepare a substrate suitable
for continuous monitoring of protease activity [55].
The peptide used was an internally quenched
fluorogenic substrate based on resonance energy
transfer (RET) with a P1–P1% Abu-c[COO]Ala
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depsipeptide bond. It contained a fluorescent donor,
5-[(2%-aminoethyl)amino]naphthalene sulfonic acid
(Edans) near one end of the peptide and an accep-
tor group, 4-[[4%-(dimethylamino)phenyl]azo]benzoic
acid (Dabcyl) near the other end. The fluorescence
of this type of substrate is initially quenched by
intramolecular RET between the donor and the ac-
ceptor, but as the enzyme cleaves the substrate, the
products are released from RET quenching and the
fluorescence of the donor becomes apparent. The
result is an increase of fluorescence proportional to
the amount of substrate cleaved. We introduced
Edans and Dabcyl in positions P4 and P3% , respec-
tively, which had been shown to exert little influ-
ence on substrate binding [31]. The resulting
kinetic parameters were excellent (kcat/Km=345000
M−1 s−1) and we were allowed to run the continu-
ous assay both in a cuvette and in a microplate,
with enzyme concentrations as low as 250 pM. The
fluorogenic substrate found several applications in
the course of our project (see for example Refer-
ences [31,37]) and is now also commercially avail-
able. Given its usefulness, we elaborated an
improved scheme for the solid-phase synthesis of
this type of peptides (with or without a depsipeptide
bond) [56].

At the conclusion of this chapter, it must be said
that unfortunately no convincing lead from HTS has
so far emerged [57], or at least none has so far been
disclosed. Rational design, therefore, still repre-
sents the main avenue to elaborate inhibitors of
NS3/4A.

PRODUCT INHIBITION

A major discovery, with a large impact on our sub-
sequent work, came with the realization that
NS3pro was subject to inhibition by its own cleav-
age products [33]. At about the same time, indepen-
dent discovery of this phenomenon occurred in
another laboratory [35]. Starting from the observa-
tion that during a time-course cleavage experiment
of the NS4A/4B substrate (Ac-Asp-Glu-Met-Glu-
Glu-Cys-Ala-Ser-His-Leu-Pro-Tyr-Lys(Ac)-NH2) a
considerable deviation from linearity was apparent
already after 15% of substrate conversion, we fitted
our data with an integrated form of the Michaelis–
Menten equation, which took into account the pos-
sibility that one of the cleavage products was an
inhibitor of the enzyme [58]. The data were indeed
compatible with an inhibitor with a Ki of 0.7 mM. We
synthesized the peptides corresponding to the N-

and C-terminal cleavage products of the NS4A/4B
junction and found that the P6–P1 N-terminal
product (Ac-Asp-Glu-Met-Glu-Glu-Cys-OH) inhib-
ited the enzyme with Ki=0.6 mM.

We quickly found that NS3pro underwent inhibi-
tion by the N-terminal cleavage products of sub-
strate peptides corresponding to the NS4A/NS4B,
NS4B/NS5A and NS5A/NS5B trans junctions,
whereas no inhibition was observed with a cleavage
product of the intramolecular NS3/NS4A cis cleav-
age site. By contrast, none of the C-terminal prod-
ucts had any inhibitory activity. The order of
potency for the substrate-derived inhibitors was
NS4A (Ac-Asp-Glu-Met-Glu-Glu-Cys-OH, Ki=0.6
mM)\NS5A (Ac-Glu-Asp-Val-Val-Cys-Cys-OH, Ki=
1.4 mM)�NS4B (Ac-Asp-Cys-Ser-Thr-Pro-Cys-OH,
Ki=180 mM). These values of Ki were all lower than
the Km of the corresponding substrates, which were
10 mM, 3.8 mM and \1 mM, respectively, a clear
signature of product inhibition. We chose the NS4A
peptide for further studies.

Product inhibition of serine proteases, to the ex-
tent observed with NS3pro, is unusual. In general,
serine proteases may be inhibited by high millimo-
lar concentrations of their C-terminal cleavage
products for thermodynamic reasons, the free
amino group acting as a nucleophile in an acyl-
transfer reaction [59]. This mode of inhibition
clearly differed from the mechanism of N-terminal
product inhibition observed by us. A series of exper-
iments [33,34] was carried out in parallel on the
NS4A-derived product inhibitor and its C-terminally
amidated analog, including pH titration and site-
directed mutagenesis. They all pointed to the inter-
action of the P1 a-carboxylate in the active site of
NS3pro as the key factor for the high affinity of the
product inhibitors. Modeling suggested that the car-
boxylate be positioned in the active site to form
hydrogen bonds with the backbone amides of Ser138

and Gly137 (the ‘oxyanion hole’), with the No2 of the
catalytic histidine and with the side chain of the
conserved Lys136. This binding mode was analogous
to published structures of serine protease-product
complexes [60–62].

While product inhibition of the NS3pro offered an
excellent opportunity for the development of more
potent inhibitors, the question whether it had phys-
iological relevance was open to debate. It was clear,
however, that it offered a good explanation for the
presence in the intramolecular cleavage site be-
tween NS3 and NS4A of a threonine residue, in
sharp contrast with the P1 preference of the
protease (see Section ‘Substrate Specificity of
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NS3pro’). This threonine was conserved in all HCV
isolates, suggesting a selective pressure to preserve
it. Our studies had just told us that the resulting
cleavage product did not inhibit the enzyme, in
contrast with those derived from the trans cleavage
sites. It could be argued, therefore, that a product
inhibitor with the preferred Cys in P1, gaining fur-
ther potency by an intramolecular interaction,
should be necessarily counter-selected, since it
might prevent all the subsequent cleavages. A
telling picture of such a potentially self-inactivating
interaction was given by the crystal structure of the
NS3 full-length protein [16]. The structure also con-
firmed the presence of hydrogen bonds between the
C-terminal carboxylate, derived from cleavage at the
NS3/4A cis junction and the Ser138, Gly137 and His57

residues.

OPTIMIZATION OF PRODUCT INHIBITORS

The SAR of the product inhibitors was studied in
depth in both our [33,34] and Linàs-Brunet’s
[35,63] laboratories, reaching similar conclusions.
Optimal binding was found to require a dual an-
chor: a ‘P1 anchor’ at the C-terminus of the
molecule and an ‘acid anchor’ at the N-terminus. In
addition to the already mentioned key role of the
C-terminal a-carboxylate, the P1 residue gave a ma-
jor contribution to binding also through its side-
chain. Not surprisingly, the P1 preferences were the
same as those observed for the substrate, with cys-
teine being the side-chain providing optimal occu-
pancy of the S1 pocket of the enzyme, followed in
decreasing order of potency by Abu, Val and Ser. As
previously mentioned, a suitable replacement for
Cys [36] was designed in the form of difluo-
roaminobutyric acid [36–40].

The second anchor of the product inhibitors
resided in the P6–P5 acidic pair, whose simulta-
neous deletion yielded a \100-fold decrease in ac-
tivity. This interaction was found to be quite
permissive on the exact nature of the negatively
charged moiety, with simple C4 or C5 carbon chain
diacids being good substitutes for the acidic amino
acids. This was qualitatively similar to the substrate
preferences in the P6 and P5 [30,31] but the magni-
tude of the effect was much more pronounced and
allowed better appreciation of the importance of the
N-terminal anchor for substrate/inhibitor binding.
This was best underlined by the finding that the
P1-deleted pentapeptides and the C-terminally ami-
dated hexapeptides, both lacking a crucial compo-

nent of the P1 anchor, were still competitive
inhibitors of NS3pro, albeit with much reduced po-
tency. As observed for the Km of the substrate [20],
the Ki of product inhibitors for NS3/4A also in-
creased with an increase in the ionic strength of the
medium, the effect being greater the greater the
charge density of the inhibitor [34]. Analysis of the
electrostatic potential of NS3pro showed a charge
distribution rather unusual for a serine protease.
Beyond the already mentioned Arg161 and Lys165,
other basic amino acids (Arg117, Arg119, Arg123 and
Arg130) contributed to the positive electrostatic po-
tential in the S6/S5 subsite area [46]. A strong posi-
tive potential was also apparent in the vicinity of the
active site, with Lys136 being the main player [33].
The electrostatic potential of the inhibitor was oppo-
site (and complementary) to the protease potential
in both regions [82]. The high degree of electrostatic
complementarity in the S6/S5 sub-sites seemed
therefore to represent a compensatory mechanism
for the lack of well-defined binding pockets in the
S4–S2 subsites. Moreover, during the maturational
cleavage of the polyprotein, it could serve as electro-
static guidance for the correct docking of the scis-
sile junctions onto the NS3 active site [16].
Interestingly, limited proteolysis experiments,
which compared the ternary complex NS3pro/Pep4A
with inhibitors spanning either P6–P1 or P5–P1,
showed that Lys165, which had been suggested to
make a specific interaction with the P6 residue of
the inhibitor [16,46,47], had comparable accessibil-
ity to proteolysis in the two complexes [64], a find-
ing that was more in line with the residue playing a
role in substrate docking.

Having defined the general features of binding to
NS3, our goal was now to optimize the sequence of
the product inhibitors [34]. To this aim, we decided
to target the positions that were less critical to
binding and therefore less likely to have already
been optimized by evolution. We chose as a starting
point the NS4A-derived product inhibitor, Ac-DE-
MEEC-OH, because of the higher potency (IC50=1
mM) and the much better solubility, and prepared
combinatorial peptide libraries targeting positions
P5–P2. To have a compilation as complete as possi-
ble of the SAR for each subsite, we used a large set
of amino acids, including coded and non-coded
amino acids, in both L- and D-configuration.

P2 showed a preference for either negatively
charged or hydrophobic residues, while polar and
positively charged residues were not accepted; the
best P2 residue was Cha (b-cyclohexylalanine), fol-
lowed by Leu. P4 showed a strong preference for
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hydrophobic amino acids, the best residue being Dif
(3,3-diphenylalanine); The Cha/Dif combination for
P2/P4 gave a potent inhibitor of the NS3 proteinase,
with a Ki of 40 nM. The results for position P3 were
very clear-cut: only two residues yielded a potency
comparable with Glu in the P3 position: Val and Ile.
The preference for hydrophobic amino acids in P3

could be explained by the lipophilic nature of the S3

region, formed by the side-chains of Val132, Leu135,
Ala157 and Cys159 [7], while the effect of Dif in P4

seemed to derive from the entropy benefit of preor-
ganizing the peptide backbone, prior to complex
formation [46].

However, the preference for hydrophobic amino
acids, such as Leu and Cha, in P2 was not immedi-
ately obvious. Once again, a plausible explanation
required more studies, in particular the structural
analysis of enzyme–inhibitor complexes [38,39,
46,64]. These studies showed that the S2

subsite is mainly formed by the His57-Asp81 cata-
lytic diad. One of the members of the diad in partic-
ular, Asp81, appeared to be completely solvent-
exposed in the free enzyme, thus compromising its
ability to form the hydrogen bond with His57,
which is essential for the functioning of the enzyme
catalytic machinery. As shown in Plate 2, the
inhibitor (and by analogy the substrate) was well
positioned to provide the necessary shield from
solvent, via its P2 residue [46].

Further optimization found a D-amino acid as
preferred in position P5, and brought the potency of
the best inhibitor (Ac-Asp-(D)-Gla-Leu-Ile-Cha-Cys-
OH, Gla=g-carboxyglutamic acid) to an IC50 of 1.5
nM [34]. Modeling here suggested that the exchange
in chirality changed the backbone conformation,
thus approximately exchanging the positions of the
P5 and P6 side chains relative to NS3pro.

Apart from its value to guide the design of small
molecule drugs, the SAR information obtained on
product inhibitors allowed for the design of an ac-
tive site fluorescent probe [40]. Active site occu-
pancy could now be monitored by following the
fluorescence energy transfer between a Dansyl fluo-
rophore, in position P4 of an hexapeptide product
inhibitor, and tryptophan residues of NS3pro,
which are in close vicinity of the active site (Trp53

and Trp85, distance from modeling B20 A, ).

NS3/4A AS AN INDUCED-FIT PROTEINASE

I have already quoted results coming from the
structural analysis of the covalent complex between

NS3pro and a serine-trap inhibitor [38,39]. How-
ever, the first results with serine traps were totally
disappointing. When peptide aldehydes were pre-
pared based on the sequence of natural substrates,
the resulting inhibitors were only marginally more
potent than the corresponding peptide acids [Narjes
F et al. Unpublished data]. Similar data have since
appeared in the literature [32,63,65,66]. For exam-
ple, the hexapeptide aldehydes Ac-Glu-Asp-Val-Val-
Abu-Val-H [32], Ac-Asp-Asp-Ile-Val-Pro-Nva-H [63]
and Ac-Glu-Asp-Val-Val-Abu-Nva-H [66] showed
IC50s of 50, 10 and 12 mM, respectively. For com-
parison, simple di- or tripeptide aldehydes like Z-
Val-Pro-H [67] or Boc-(D)Phe-Pro-Arg-H [68] had low
nanomolar potency against their target enzymes.
Moreover, the substrate-derived serine traps were
found to be much less selective towards NS3 than
the parent peptide acids [63]. Therefore, not only
active site-directed small molecule protease in-
hibitors (chymostatin, Pefabloc, etc.), and other
classical serine protease inhibitors (aprotinin, leu-
peptin, etc.) failed to significantly inhibit NS3pro
[18,48,49], but also specifically designed substrate-
derived inhibitors did so.

The discovery and optimization of product in-
hibitors was key to an explanation of this puzzling
results. We had already learned by CD studies that
NS3pro underwent major conformational changes
upon binding of the cofactor Pep4A [68]. This was
interpreted as the result of flexibility in the N-termi-
nal domain of the enzyme which, in the absence of
the cofactor, was completely disordered in the 1–23
region [70]. Accordingly, kinetic analysis had sug-
gested that cofactor binding induced formation of
the S% subsites in the protease N-terminal domain
[32]. Structural data then showed that in the com-
plex with NS3pro, Pep4A formed a b-strand interca-
lating between two b-strands contributed by the
N-terminal domain of the enzyme, resulting in a
more ordered structure [14,15]. This conformational
change led to a rearrangement of the catalytic triad,
which was proposed as being the activation mecha-
nism of NS3 by the cofactor.

With the availability of a series of competitive
product inhibitors, spanning a potency range of
1–1000 nM [34] we could now study binding to the
S region of the enzyme [64]. This is located in the
C-terminal domain of NS3pro, while the active site
is in a crevice between the N- and C-terminal do-
mains. Near-UV CD showed that the binding of
each inhibitor induced a change in the tertiary
structure of NS3pro, a change that varied among
different inhibitors. By contrast, the near-UV CD
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spectrum of the ternary complex NS3pro/Pep4A/
inhibitor was identical for all the peptides, despite
the large difference in their potency [64].

We compounded the spectral results with limited
proteolysis experiments, a simple yet powerful way
to investigate the dynamics of protein–protein inter-
action [64,71–73]. In excellent agreement with the
CD data, we observed that (i) upon Pep4A binding,
NS3pro became less susceptible to proteolysis. With
the exception of a few specific sites, mostly located
at the extreme N-terminal region, hydrolysis at pre-
viously sensitive sites [73] became slower, or was
completely prevented, including residues located in
the C-terminal domain and the inter-domain loop.
Therefore, binding of the cofactor to the N-terminal
domain extended its effect to the active site and the
C-terminal domain. (ii) An even more dramatic sta-
bilization toward proteolytic attack was apparent in
the ternary complex NS3pro/Pep4A/inhibitor, and
the level of stabilization paralleled the potency of
the inhibitor. Here again occupancy of the S region
of the enzyme did not only protect residues directly
implicated in substrate binding, such as Phe154 and
Cys159, but also (completely or partially) residues in
the N-terminal domain, including the 1–26 region
[64]. In line with these reciprocal effects, it has been
recently shown that the affinity of Pep4A for NS3pro
is increased in the presence of the substrate, and
vice versa [73].

Our conclusion was the cofactor and the inhibitor
(and by extension the substrate) played a mutually
stabilizing role, and that both were required for the
protease to achieve a stable, fully functional state.
Unlike other proteases of its family, NS3pro appar-
ently exists in solution as an ensemble of many
rapidly interconverting structures, and this flexibil-
ity needs to be reduced to achieve effective cataly-
sis. The cofactor and the substrate/inhibitor
synergistically guide the movement and rigidifica-
tion of a relatively large portion of the protein
around them. This reciprocal influence might be
exerted through the stabilization of the N-terminal
and C-terminal domains after binding of the cofac-
tor and the inhibitor, respectively, and subsequent
tightening of the interdomain interaction (Plate 3).

The above qualified NS3/4A as an induced-fit
protease, using the terminology of LaPlante et al.
[74] for the serine protease of human cyto-
megalovirus. According to these authors, the
meaning of induced fit is that the strength of bind-
ing of the substrate is reduced by a factor that
reflects the energy cost of converting the enzyme to
its activated state. This offered an explanation for

the poor performance of the serine traps prepared
so far. Mechanism-based inhibitors require an opti-
mal functioning of the catalytic machinery, and now
we knew that this in turn depended on the cofactor
and the substrate/inhibitor. Even with the cofactor
already bound, the substrate/inhibitor had to: (i)
complete stabilization of the active site; and (ii)
shield the His57-Asp81 diad from solvent exposure
through its P2 residue (see section ‘Optimization of
Product Inhibitors’). If the peptidyl portion of the
serine trap was not good in this role, the reactive
electrophilic moiety attached to it could not react
effectively to form a reversible covalent complex
mimicking the Transition State. The weak alde-
hydes described above all had a relatively unopti-
mized P6–P2 peptidyl moiety. Accordingly, when
serine traps based on the sequence of optimized
hexapeptide product inhibitors were prepared, they
inhibited NS3/4A with the expected subnanomolar
potency [36–38,40]. The presence of a bulky P2

residue with its diad-shielding effect, coupled to the
designed P1 Cys mimetic, and to optimization of the
electrophilic moiety, allowed to finally obtain a
tripeptide a-chetoacid with a Ki of 27 nM [36],
whose complex with the protease was characterized
[38,39].

Moreover, induced-fit offered an explanation for
the surprisingly high Kd (6.8 mM) that we had deter-
mined for the NS3pro/Pep4A complex [69]. This
value was indicative of a loose complex, and poorly
compatible with the view offered by the crystal
structure, where more than 2000 A, 2 of surface were
buried in the complex. By applying the same argu-
ment of the substrate, the observed Kd would incor-
porate the energetic cost of reducing NS3pro
flexibility. Accordingly, it was later shown [73] that
this Kd could vary by more than two orders of
magnitude, depending on physicochemical condi-
tions, such as concentration of glycerol, salt and
detergent. An analogous antichaotropic effect has
been associated with an induced-fit mechanism of
action for cytomegalovirus protease [74].

To shine further light on this aspect of NS3 acti-
vation, it would have been desirable to repeat some
of these studies using the full-length NS4Acofactor
(NS4Afl). However, despite its small size (54 amino
acids (aa)) NS4Afl proved very difficult to prepare.
The protein was predicted to be a type I transmem-
brane (TM) protein [75], with the TM domain located
in the 20 N-terminal residues (Plate 4). Any attempt
at preparing NS4Afl by recDNA failed, while step-
wise chemical synthesis, even with optimized proto-
cols, produced a highly heterogeneous crude
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product [75]. This was not surprising since NS4A is
the prototype of a ‘difficult sequence’ according to
Kent’s definition [76]. For both techniques the key
problem was the extreme insolubility and aggrega-
tion potential of the protein, even in media like
DMSO or 6M guanidine hydrochloride, which pre-
vented any chromatographic purification. We there-
fore decided to engineer NS4Afl into a more soluble
protein by addition of a lysine tail, a strategy that
we had successfully pursued in the past [77]. In
this case to obtain a well-behaved protein it was
necessary to derivatize the protein at both sides
(Plate 4). Engineered NS4Afl was now a 67-aa
protein, which was monomeric at a concentration
higher than 100 mM in 10 mM Tris buffer, pH 7 [75].
The yield from stepwise assembly of engineered
NS4Afl, however, was still very low, mostly due to
failure to efficiently incorporate the 19 N-terminal
residues. We then realized that native chemical liga-
tion [78] was ideally suited for our purpose, since
the required cysteine residue was conveniently lo-
cated close to one end of the N-terminal TM do-
main. We could thus produce NS4Afl in good yield
by ligating a 19-aa fragment corresponding to TM
helix with and a 48-aa fragment corresponding to
the rest of the molecule [75] (Plate 3). We have
already reported the initial characterization of the
NS3pro/NS4Afl complex [75] and further studies are
in progress.

SUMMARY AND PERSPECTIVES

Clearly, the maturational cleavage of HCV
polyprotein does not fit the picture of an ‘active’
enzyme (NS3) cleaving a ‘passive’ substrate. Unlike
cellular enzymes like trypsin or elastase, the sub-
strate(s), the cofactor protein (NS4A) and the mini-
mal catalytic entity (NS3pro) collaborate in an
elaborate scheme to achieve optimal activity. In our
current view, NS3pro is extremely inefficient as an
enzyme, being only capable to cleave intramolecu-
larly at the NS3/NS4A junction thanks to optimal
substrate positioning within the folded NS3
protease–helicase. This optimal positioning also
serves to compensate for the presence of the subop-
timal Thr in the P1 position of the substrate. How-
ever, it is precisely this lack of intrinsically good
features as a substrate that allows the NS3 C-termi-
nus, once cleaved, to leave the active site free for the
trans cleavages. The freed NS4A cofactor can now
do two things: (i) anchor the newly formed NS3/4A
complex to the ER membrane; and (ii) complete the

folding of the N-terminal domain of NS3pro, forming
the much more stable (and protease resistant) NS3/
4A protease. Unlike NS3pro, NS3/4A has a correctly
oriented His57-Asp81 catalytic diad. This diad, how-
ever, is essentially all solvent-exposed, which limits
the ability of these residues to form the H-bond,
critical to activate the catalytic machinery. Shield-
ing is thus provided by the substrate, more specifi-
cally by its P2 residue. The surface exposed area is
reduced from 86 A, 2 in NS3/4A to 45 A, 2 in the
ternary NS3/4A–inhibitor complex [Koch U. Unpub-
lished]. The effect of NS4A and the substrate(s) on
NS3pro are synergic, with the net effect of reducing
the conformational flexibility of the protease to a
level compatible with full enzymatic activity. Dock-
ing of the yet-to-be-cleaved junctions to the NS3/4A
active site is mainly electrostatically driven.

Within this background, it is difficult to define the
perspectives for the successful design of NS3-
targeted drugs. The increasing understanding of the
way in which HCV orchestrates the maturation of
its polyprotein reinforces on one side the pessimism
on the ability to block it with a small MW molecule.
The most linear direction for drug design, i.e. to
study how the substrate binds and then improve on
it, seems almost precluded. On the other side, alter-
native targets within the enzyme, not yet been fully
exploited, have been suggested, such as the NS3/
NS4A interaction and the zinc-binding site [79,80].

Our most recent work is directed towards the
prime side of NS3/4A, since it represents, in our
opinion, an untapped opportunity for drug design
[81]. Inspection of the structure of NS3pro with or
without Pep4A shows the presence of binding pock-
ets in the S% region, which might be exploited for
binding of active site-directed inhibitors. The poten-
tial interaction with the prime side of the enzyme
however, is not used by the substrate. We know in
fact that, in contrast to the P region, the P% region of
the substrate is important for catalysis but makes
little contribution to ground state binding [30–32].
Accordingly, peptides based on the P% regions of the
natural substrates (spanning residues P1% up to P10% )
do not inhibit NS3/4A to any significant extent
[33,47]. We have reasoned therefore that a ligand,
taking advantage of S%-binding, could display a
range of interactions with the enzyme different from
the ones evolved by the virus, and represent a novel
class of HCV protease inhibitors. S%-binding was
optimized in the context of non-cleavable decapep-
tides spanning P6–P4% . It was sequentially increased
by introducing the previously optimized P-region
[33], changing the P4% residue, and combinatorially
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Plate 3 Hypothetical mechanism for substrate- and cofactor-driven induced fit activation of the catalytic machinery of NS3
protease. See text for details. The NS3 structure shown as Ca trace is taken from [70].

Plate 4 Engineering and chemical synthesis of full-length NS4A. Top: hydrophobicity plot and secondary structure
prediction. The minimal activation domain (aa 21–34) and the putative transmembrane region (aa 1–20) are indicated. The
protein was first engineered for improved solubility and then synthesized by native chemical ligation. For more explanation
see text and for full details see [75].
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optimizing positions P2% –P3% . The overall process led
to an increase in binding of more than three orders
of magnitude, with the best decapeptide showing
IC50B200 pM [81].

In line with our assumptions, we found that the
binding mode of the decapeptide inhibitors shared
features with the natural substrates, but we found
also a new and unexpected preference for an acidic
residue in position P3% . Since natural amino acids
(Asp and Glu) are most effective here, we are
tempted to speculate that the virus should neces-
sarily avoid them, to allow the P% substrate region to
leave the enzyme after cleavage. Accordingly, we
found that substrate peptides, derived from the se-
quence of the NS5A/5B junction but incorporating
the optimized P2% –P4% sequence -Cha-Asp-Leu-
showed kcat values 10–20-fold lower than the corre-
sponding wild-type substrates [81].

CONCLUSION

From the above, I hope it is apparent how peptide
research has played a major role in our efforts to
design a suitable inhibitor of the NS3 serine
protease from HCV, acting as an interface with the
many disciplines integrated in this drug discovery
effort. In parallel with screening, peptide research is
still being pursued as one of the most promising
ways to identify a weak point of this difficult drug
target. I anticipate that this course of events will
frequently occur for many other (especially viral)
protease targets.
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Marino G, Pucci P. Topology of the calmodulin-melittin
complex. J. Mol. Biol. 1998; 277: 945–958.
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