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ABSTRACT: In the absence of a broadly effective cure for hepatitis caused by hepatitis C virus (HCV),
much effort is currently devoted to the search for inhibitors of the virally encoded protease NS3. This
chymotrypsin-like serine protease is required for the maturation of the viral polyprotein, cleaving it at the
NS3—NS4A, NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B sites. In the course of our studies on the
substrate specificity of NS3, we found that the products of cleavage corresponding totRé& R&yion

of the substrates act as competitive inhibitors of the enzyme, wii$s I@nging from 360 to kM. A

detailed study of product inhibition by the natural NS3 substrates is described in the preceding paper
[SteinKihler, C., et al. (1997Biochemistry 378899-8905]. Here we report the results of a study

of the structure-activity relationship of the NS3 product inhibitors, which suggest that the mode of binding

of the P region-derived products is similar to the ground-state binding of the corresponding substrates,
with additional binding energy provided by the C-terminal carboxylate. Optimal binding requires a dual
anchor: an “acid anchor” at the N terminus and a “P1 anchor” at the C-terminal part of the molecule.
We have then optimized the sequence of the product inhibitors by using single mutations and combinatorial
peptide libraries based on the most potent natural product, Ac-Asp-Glu-Met-Glu-Glu-Cy&:GHQ(6

uM), derived from cleavage at the NS4AIS4B junction. By sequentially optimizing positions P2, P4,

P3, and P5, we obtained several nanomolar inhibitors of the enzyme. These compounds are useful both
as a starting point for the development of peptidomimetic drugs and as structural probes for investigating
the substrate binding site of NS3 by modeling, NMR, and crystallography.

Hepatitis C virus (HCV), a member of the Flaviviridae  nonstructural portion of the HCV polyprotein, i.e., proteins
family, is the principal etiologic agent of both parenterally NS2-NS3—NS4A—NS4B—NS5A—NS5B (arranged in this
transmitted and sporadic non-A non-B hepatifis3). It is order), depends on the activity of two proteases. The first
estimated that over 50 million people worldwide are infected one, as yet poorly characterized, cleaves at the-N$23
by the virus 8); in more than half of these individuals, the junction 8—210). The second one is a chymotrypsin-like
infection becomes chronical, and liver cirrhosis develops in serine protease contained within the N-terminal region
approximately 20% of the caseS)( Moreover, HCV is (amino acids +180) of NS3 (henceforth NS3 protease). It
suspected to play a role in the onset of hepatocellular accomplishes all the cleavages downstream of NS3, i.e., at
carcinoma §). Neither an effective therapy for HCV- the NS3-NS4A, NS4A-NS4B, NS4B-NS5A, and NS5A-
associated chronic hepatitis nor a vaccine for preventing NS5B junctions {1—-16). It has been shown that the
HCV infection has to date been developed. A general cleavage between NS3 and NS4 is intramolecular (cis), while
strategy for the development of antiviral agents is inactivation all the remaining sites are processed in trans.

of virally encoded proteases which are essential for replica-  |n vivo, NS3 is a heterodimer formed by the protease itself
tion (7). In the case of HCV, the generation of the mature and the NS4A protein; the latter is a 54-residue protein which
binds to the N-terminal region of NS3 via a central

* To whom correspondence should be addressed. Telephog@: hydrophobic domain spanning residues—38 (17-22).
6-91093445. Fax:+39-6-91093654. E-mail: pessi@irbm.it. NS4A enhances cleavage at all sites, and its presence is an

. ;rﬁgg;eevsiﬁﬂ‘g?;tew&zi' 3Lfi?s'gg?é?)ﬂig&‘)yﬁ%ﬂ?-mEt&y/l?mmR?ro”io' absolute requirement for in vivo processing of the NS4B
(qimethylaminq)pyrihine; D‘MF’N’N._dimethylformamde; DMSO, NSSA junction (7). _ Several studies have shqwn that a
dimethyl sulfoxide; DTT, dithiothreitol; Fmoc, 9-fluorenylmethyloxy- ~ Peptide encompassing the central hydrophobic region of
carbonyl; HCV, (human) hepatitis C virus; HATWD-(7-azabenzot- NS4A is sufficient as an activating cofactor for NS3&L(
riazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOB, 23-27)

N-hydroxybenzotriazole; Pep4AK, amino acids 162891 of the HCV ' .

polyprotein sequence encompassing the central hydrophobic domain Recently, two groups have independently reported the
of the NS4A protein sufficient for NS3 activation, with three additional ~ crystal structure of the recombinant protease, was) r

non-HCV N-terminal lysine residues, sequence KKKGSVVIVGRI- i ; . .
ILSGR-NH,; PyBOP, (benzotriazol-1-yloxy)tris(pyrrolidino)phospho- without (29) the NS4A peptide cofactor; Koch and Barten

nium hexafluorophosphate; t-Btgrt-butyl; TFA, trifluoroacetic acid; schlager 80) using an intracellular trans cleavage assay and
TNBS, trinitrobenzenesulfonic acid. extensive mutagenesis of NS3 have further confirmed
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that the main determinant of substrate binding is phenyla- (=95%) peptides were characterized by mass spectrometry,

lanine 154, with an additional minor role for alanine 157.

Initially, the substrate specificity of NS3 has been quali-
tatively investigated using transient transfectif, 32), in
vitro translation 83), or intracellular processing of fusion
proteins inEscherichia coli(34). More recently, efficient

IH NMR, and amino acid analysis.
Enzyme Preparatian The protease domain of the NS3
protein (amino acids 1180, followed by the sequence

ASKKKK) of the HCV J strain was prepared and purified

as previously described in ré0.

heterologous expression and purification of the enzymatically Protease Actiity Assays. Concentrations of stock solu-

active protease domain have been descrital 35—43),

tions of peptides, prepared in DMSO or in buffered aqueous

and optimized conditions for the determination of protease solutions and kept at-80 °C until they were used, were

activity have been establishe#f¥-45). This has allowed a

determined by quantitative amino acid analysis performed

systematic study of NS3 substrate specificity using synthetic on HCI-hydrolyzed samples. The HPLC enzymatic assay

peptides derived from the NS4ANS4B (@46) or NS5A—
NS5B cleavage sitegi{, 48).

was performed in 5L of 50 mM Hepes (pH 7.5), 1%
CHAPS, 15% glycerol, and 10 mM DTT (buffer A). In the

In the course of our studies on the substrate specificity of €XPeriments at high ionic strength, buffer A was comple-

NS3, we found that one of the products of cleavage of the

NS4A—NS4B peptide (Ac-DEMEEC-OH) acts as a com-
petitive inhibitor of NS3 with &K; of 0.6 uM (see ref60).
Although not unprecedented$—52), this is unusual for

mented with 150 mM NaCl (buffer B). As the protease
cofactor, we used a peptide spanning the central hydrophobic
core (residues 2134) of the NS4A protein, with a three-
lysine tag at the N terminus to increase the solubily)(

serine proteases, and we sought confirmation by the synthesi@f PEP4AK (KKKGSVVIVGRIILSGR-NH,). PepaAK (16
of the corresponding product inhibitors derived from the #M) was preincubated for 10 min with 50 nM protease.

NS5A—NS5B (Ac-EDVVCC-OH) and NS4BNS5A (Ac-

Inhibitors were added to the preformed proteaBep4AK

DCSTPC-OH) junctions; these peptides also display a complex, and the mixture was incubated for a further 10 min.

competitive behavior withK; values of 3.2 and 18@M,
respectively. A detailed study of product inhibition by the
natural NS3 substrates is reported in @€f

Here we show that product inhibition can be exploited by
single-mutant and combinatorial optimization to yield na-
nomolar inhibitors of NS3 protease.

MATERIALS AND METHODS

Peptide Synthesis Protected amino acids were com-
mercially available from Novabiochem (utelfingen, Ger-

Enzyme concentrations were always kept at least 5 times
below theK; value of the inhibitor. Reactions were then
started by addition of 3L of the substrate peptide Ac-
DEMEECASHLPYK(Ac)-NH, (scissile Cys-Ala bond in
bold) to yield a final concentration of 10M in buffer A

and 500uM in buffer B. These concentrations correspond
to theK, values under the respective assay conditions. To
accurately determine potencies in the low nanomolar range,
the fluorescent substrate peptide Ac-DEMEECASHLPYE-
(EDANS)-NH, was used which permitted lowering of
enzyme concentrations to 150 pM. Incubation times were

many), Bachem (Bubendorf, Germany), Neosystem (Stras-chosen to produce 7% substrate conversion. The reaction
burg, France), or Synthetech (Albany, NY). Peptide synthesiswas stopped by addition of 40 of 1% TFA, and the extent

was performed by Fmoc/t-Bu chemistr$3) on Novasyn

TGA (peptide acids) or Novasyn TGR (peptide amides) resin.

of substrate cleavage was determined by HPLC analysis as
described §0). Dual detection was used for both the

The first residue of the C-terminal acids was esterified to absorbance at 220 nm and the fluorescence of the tyrosine

the resin in the presence of DMAP according to Atherton
and Sheppard5@). Individual peptide sequences were

residue fex = 260 nm,Aem = 305 nm) or for the EDANS
fluorophore fex = 355 nm, lem = 495 nm). Cleavage

assembled on a Millipore 9050 Plus synthesizer, using products were quantitated by integration of chromatograms

PyBOP/HOBU/DIEA (1:1:2) activation, a 5-fold molar excess

with respect to appropriate standards. Kinetic parameters

of acylants over the resin amino groups, and a coupling time were calculated from nonlinear least-squares fit of initial rates

of 30 min to 1 h. Multiple peptide synthesis and the

as a function of substrate concentration with the help of

assembly of combinatorial libraries were performed on a Kaleidagraph software, assuming Michaeldenten kinet-
Zinsser SMPS 350 synthesizer using PyBOP/HOBU/DIEA ics. 1Gsp values were calculated by fitting a two-parameter
(1:1:2) activation, a 5-fold molar excess of acylants, and a logistic function (eq 1) to the data:

coupling time of 20 mina 2 h asjudged by the standard

ninhydrin and TNBS color tests, essentially as described

(54—-56). The undefined or “mixed” positions were incor-

% residual activity= 100/[1+ ([I//IC )7 (1)

porated by coupling a mixture of activated amino acids, with where [l] is the inhibitor concentration arglis the slope
the relative ratios suitably adjusted to compensate for the factor of the curve.

differences in reactivity; near equivalence of the incorpora-

Ki values were calculated by fitting a modified version of

tion was assessed by quantitative amino acid analysis. Usingthe Michaelis-Menten equation to the data (eq 2):

this method, we achieve a maximum deviation from equimo-

larity of £30% (66). The peptides were cleaved with 88%
TFA, 5% phenol, 2% triisopropylsilane, and 5% wat&¥)(

V= VinaS[Kn[1 + ([IVK)] + I )

Crude peptides were purified by reversed-phase HPLC on aFor the Microplate protease ass#ye J strain protease was

Nucleosyl C18 column (25& 21 mm, 100 A, 7um) using
H,0/0.1% TFA and acetonitrile/0.1% TFA as eluents.
Analytical HPLC was performed on an Ultrasphere C18
column (250x 4.6 mm, 80 A, 5um, Beckman). Purified

stored until it was used at-80 °C in 250 mM NacCl,
phosphate buffer (pH 6.5), 50% glycerol, and 0.1% CHAPS;
Pep4AK was stored at80 °C in DMSO, and the tritiated
substrate Ac-DEMEECASHLPYK2H-Ac]-NH, and the cor-
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responding cold substrate Ac-DEMEECASHLPYK(Ac)-NH
were stored at-80 °C in DMSO/DTT. The assay was run
in Costar polypropylene 96-well plates. The composition
of the reaction mixture was as follows (100 mL): 15%
glycerol, 30 mM DTT, 50 mM Hepes (pH 7.5), 0.05% Triton
X-100, 10 nM protease, &M tritiated and cold substrate
(300 000 cpm), and 15M Pep4AK. The test compound,
dissolved in DMSO, was diluted to a final concentration of
10% DMSO in the assay buffer. Pep4AK was preincubated
with the protease for 5 min before addition of the substrate
mix. Under these conditions, th&, of the substrate was 7

+ 2 uM. The plates were shaken for 30 min at room
temperature, and then 100 of 20% Fractogel TSK-DEAE

650S (Merck) was added to capture unreacted substrate and 1

the plate shaken for another 10 min. After the resin was
allowed to settle by gravity, 30L of the reaction mixture
was transferred in a 96-well plate (Picoplate, Packard) and
admixed with 250uL of scintillation cocktail (Microscint
40) and the radioactivity measured in a Packard Top Count
f-counter.

RESULTS

General Features of the Structurdctivity Relationship
of the Product Inhibitors

The general features of the structuiactivity relationship
(SAR) of the product inhibitors were found to be identical
for the peptides derived from the cleavage of the natural NS3
sites (with potency in the micromolar range) and for the
optimized inhibitors with nanomolar potency (vide infra).
Therefore, in this section, we prefer to illustrate the SAR
using data from both series of compounds, instead of
following the chronological order of the experiments.
Optimization of the parent inhibitors is described in the
following section. We follow the nomenclature of Schechter
and Berger %8) in designating the cleavage sites asP6
P5-P4-P3-P2-P1:--P1—-P2—-P3—P4, with the scissile
bond between P1 and Pand the C terminus of the substrate
on the prime site. The inhibitory potencies of the compounds
are expressed as d€values, since kinetic experiments to
determine the mechanism and calculdfe were only
performed on selected peptides. Under our experimental
conditions,K; ~ 0.51Gs.

C-Terminal Carboxylate The activity of the product
inhibitors is crucially dependent upon the presence of a free
carboxyl at the C terminus. Substitution with a carboxya-
mide or reduction to the alcohol resulted in>al00-fold
reduction in activity [compare Ac-Asp-Glu-Met-Glu-Glu-
Cys-OH with Ac-Asp-Glu-Met-Glu-Glu-Cys-NHand Ac-
Asp-Glu-Met-Glu-Glu-Cys(ol), 16 = 1, 160, and 13@&M,
respectively]. The same trend was later observed in the
optimized peptides (data not shown).

P1 Residue SubstitutionsThe effect of the P1 residue
was studied in the NS4A-derived and in the optimized series;
in order of decreasing potency, we found XCys > Abu
(2-aminobutyric acid) (compare Ac-Asp-Glu-Met-Glu-Glu-
Cys-OH and Ac-Asp-Glu-Met-Glu-Glu-Abu-OH, ig=1
and 5.84M, respectively)> Val (compare Ac-Asp-Glu-Leu-
Glu-Cha-Cys-OH and Ac-Asp-Glu-Leu-Glu-Cha-Val-OH,
ICs0 = 0.12 and 4uM) > Ser > Gly (compare Ac-Asp-
Glu-Met-Glu-Glu-Cys-OH, Ac-Asp-Glu-Met-Glu-Glu-Ser-
OH, and Ac-Asp-Glu-Met-Glu-Glu-Gly-OH, 16 = 1, 41,

Ingallinella et al.

Table 1: Importance of P6P5 Acidic Residues in the Binding of
Product Inhibitors

peptidé ICs0 (uM)®
NS4A-Derived Inhibitors
1 Ac-Asp-Glu-Met-Glu-Glu-Cys-OH 1
2 Ac-Glu-Met-Glu-Glu-Cys-OH 21
3 Ac-Met-Glu-Glu-Cys-OH 150
4 Suc-Glu-Met-Glu-Glu-Cys-OH 1.3
5 Suc-Met-Glu-Glu-Cys-OH 77
6 Glut-Met-Glu-Glu-Cys-OH 69
NS5A-Derived Inhibitors
7 Ac-Glu-Asp-Val-Val-Abu-Cys-OH 2.8
8 Suc-Asp-Val-Val-Abu-Cys-OH 4.6
9 Glut-Asp-Val-Val-Abu-Cys-OH 55
0 Ac-Glu-Asp-Val-Val-Cys-Cys-OH 5.3
11 Ac-Asp-Glu-Val-Val-Cys-Cys-OH 21
Optimized Inhibitors
12 Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH 0.05
13 Ac-Glu-Dif-Glu-Cha-Cys-OH 1.4
14 Ac-Dif-Glu-Cha-Cys-OH 30
15 Ac-Asp-Glu-Dif-lle-Cha-Cys-OH 0.06
16 Ac-Glu-Dif-lle-Cha-Cys-OH 2.4
17 Ac-Dif-lle-Cha-Cys-OH 100

a Abbreviations: Abu, 2-aminobutyric acid; Chgscyclohexylala-
nine; Dif, 3,3-diphenylalanine; Glut, glutaryl; Suc, succirfUnder
our experimental conditions; ~ 0.5ICs, (see the text).

and 62uM, respectively). The P1 residue must be in the
L-configuration, as shown in the NS5A-derived (compare Ac-
Glu-Asp-Val-Val-Abu-Cys-OH and Ac-Glu-Asp-Val-Val-
Abu-p-Cys-OH, Gy 2.8 and 194uM) and in the
optimized series (compare Ac-Asp-Glu-Dif-Glu-Cha-Cys-
OH and Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH, 1Go = 0.05
and 3.4uM). Surprisingly, however, Ac-Asp-Glu-Met-Glu-
Glu-p-Cys-OH is only 4-fold less potent (kg= 4 uM) than
Ac-Asp-Glu-Met-Glu-Glu-Cys-OH (16 = 1 uM).

P1 Deletion AnaloguesThe combined effect of eliminat-
ing the contributions of the P1 side chain and the C-terminal
carboxylate could be examined only in the optimized
analogues, which retained a sufficient level of inhibitory
activity. As expected, deletion of the P1 residue yields a
>700-fold decrease in activity (compare Ac-Asp-Glu-Dif-
Glu-Cha-Cys-OH and Ac-Asp-Glu-Dif-Glu-Cha-OH, 4=
0.05 and 12QuM). A free carboxyl is a better C-terminal
group than a carboxyamide or &N-dimethylamide also
in these shortened analogues, although the difference is now
only 2-fold; this modest effect could be due to the basic
nature of the electrostatic surface of NS3 in the-Sa
region, which favors negatively charged ligands [compare
Ac-Asp-Glu-Dif-Glu-Cha-OH, Ac-Asp-Glu-Dif-Glu-Cha-
NH,, and Ac-Asp-Glu-Dif-Glu-Cha-N(Chj,, 1Cso = 120,
210, and 245M, respectively]. Moreover, although much
less potent, these P82 pentapeptides remain competitive
inhibitors of the enzyme (data not shown).

P6 and P5 ResiduesDeletion of the acid in P6 causes a
significant (-10-fold) decrease in activity, while simulta-
neous deletion of both the P6 and the P5 acids give$@0-
fold decrease. We found this in both the product inhibitor
directly derived from NS4A (compare entries 3 in Table
1) and the optimized peptides, where the effect is even more
pronounced (compare entries-124 as well as entries 15
17, Table 1). However, in both the NS4A and NS5A series,
the P6 aspartic acid may be substituted with a simple
carboxylic acid like succinic acid, with loss of the acety-
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Table 2: Noncoded Amino Acids Used in the Xxx and Ooo Glu-Met-Glu-Leu-Cys-OH (IG = 1.1 uM) and Ac-Asp-
Positions Glu-Met-Glu-Cha-Cys-OH (e = 0.3uM). P2= Cha was
therefore selected for the decoding of the P4 position. A

. , a@no acid code _chirality set of 81 single-substitution analogues was synthesized in
;’gﬁmgg’gﬁgﬁfgéﬁ‘d AA‘?;)J t the format Ac-Asp-Glu-Ooo-Glu-Cha-Cys-OH (Figure 2).
B-alanine BAla L Many peptides inhibited NS3 to a greater extent than the
y-aminobutyric acid yAbu L parent where P4 Met, namely, where P4 Tha, Phe, Val,
6-aminohexanoic acid Ahx L Fcl, Tyr, Nle, lle, Cha, Phg, Leu, and Dif. The peptides
;i%%ﬂggf;gﬂﬂ%e "éﬁ? Lo were purified by HPLC and characterized by mass and NMR
1-amino-1-cyclohexanecarboxylic acid AcX L spectroscopy, and their }gvalues were determined (Table
y-carboxyglutamic acid Gla L 3). The mechanism of inhibition was determined for the
homophenylalanine Hof L two most potent compounds, Ac-Asp-Glu-Leu-Glu-Cha-Cys-
%ﬂreouxéﬁ?“”e m"f o OH and Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH; they are both
norvaline Nva  L+D competitive inhibitors with &; of 96 and 40 nM, respec-
ornithine orn L tively. The kinetic analysis for the latter peptide is shown
4-chlorophenylalanine Fcl L+D in Figure 3.
g:g;r;lgﬁ?zlealanme lfr?; X Optimization of Position P3 Mainly because of the high
sarcosine Sar L cost of the amino acid Dif, the peptide whereP4.eu was
thioproline SPro L chosen as a starting point to optimize the P3 position. Like
(3549-4-amino-3-hydroxy-5-cyclohexylpentanoicAch for P4, we prepared an 81-amino acid analogue set (Table

acid 2) with the general structure Ac-Asp-Glu-Leu-Ooo-Cha-Cys-

(35:49-4-amino-3-hydroxy-S-phenylpentanoic acid Ahp OH. The peptides were tested at a final concentration of 1

5-aminovaleric acid Ava L . . .

8-aminooctanoic acid Aoc L uM (Figure 4). Only two residues yielded a potency
a-diaminopropionic acid oDP L comparable with the P3 Glu, i.e., P3= Val and lle. The
f-diaminopropionic acid BDP L peptides were purified by HPLC, characterized by mass and

(3549)-4-amino-3-hydroxy-6-methylheptanoic acid Sta

1,2,3,4-tetrahydroisoquinolinet3earboxylic acid  Tic L+D NMR spectroscopy, and retested to determine thg; -

3,3-diphenlyalanine Dif L+D Asp-Glu-Leu-Val-Cha-Cys-OH and Ac-Asp-Glu-Leu-lle-
3-pyridylalanine Pyr L+D Cha-Cys-OH have I§ values of 79 and 60 nM, respectively.
i?ﬁ?ﬁ?&'ﬁﬁfﬁ?g yhf"zp tig When the Glu— lle substitution was included in the peptide
4-fluorophenylalanine P L4b where P4= Dif, Ac-Asp-Glu-Dif-lle-Cha-Cys-OH, we

4-carboxymethylpiperazine Cmpi L obtain_ed_ an |G of 63 _n.M (competitiveKij = 30 nM).

aBeyond the amino acids listed in the table, all the natural amino Optimization Of_ Position P> AC—A.sp-GIu'—Leu-GIu-Chg .
acids with the exception of Cys are included in both theand Cys-OH was again taken as a starting point also to optimize
p-configuration. The total number of amino acids used is 81. the P5 position. We synthesized a series of analogues with
the general structure Ac-Asp-Ooo-Leu-Glu-Cha-Cys-OH,
lamino moiety (compare entries 1 with 4 and entries 7 with ©°0 being the usual panel of 81 amino acids. The peptides
8, Table 1) the exact length of the side chain is not Were tested as crude pr_oducts comlng.from cleavgge in the
important, since C-terminal succinic and glutaric acid are Microplate assay at a final concentration of#! (Figure
equivalent (compare entries 8 with 9, Table 1). Thisis true 2)- TN€ 1Ges of the most active compounds after HPLC
also for the P5 position, since deletion of P6-Asp and purification are given in Table 4. The most notablamino

substitution of P5-Glu with either succinic or glutaric acid acid substitutions are PS Tyr (ICso = 135 nM), which is

yield equipotent analogues (compare entries 5 and 6, Table®S active as the parent peptide, and=P%la (IGso = 55
nM). Moreover, we found that in this position, at variance

1). In line with a permissive binding of an acidic pair in

P6-P5, Asp-Glu and Glu-Asp are both allowed s with all the othersp-amino acids are well tolerated (Table
residues (compare entries 10 and 11, Table 1). 4, entries 25, 7, 10, and 12). When a Rbresidue was

coupled with the P3 Glu— lle substitution, we obtained a

Optimization of the Product Inhibitors 3-fold increase in potency (Table 4, entry 13). Finally, when
the chirality of the best P%-residue was inverted, we
Combinatorial Peptide Library in Positions P2P4. Ac- obtained the most potent hexapeptide so far, Ac-B<pla-
Asp-Glu-Met-Glu-Glu-Cys-OH was taken as a starting point Leu-lle-Cha-Cys-OH (16 = 1.5 nM; Table 4, entry 14).
to optimize positions P2P4. A combinatorial library was Comparison of the Potency of the Inhibitors in Low and
prepared in the format Ac-Asp-Glu-Xxx-Glu-O00-Cys-OH, High lonic Strength Buffers.Optimization of the product
with Ooo and Xxx defined as in Houghten et &9): Ooo inhibitors was carried out using a low-ionic strength buffer

= a defined amino acid, one of a panel of 81 amino acids, (see Materials and Methods). Under these conditions, the
and Xxx= a mixed position, anyone of the amino acids of binding affinity of the product inhibitors is maximized,
the same panel (Table 2). Overall, the library was composedconsistent with the electrostatic stabilization observed for the
of 81 mixtures of 81 peptides each. The peptides were testedenzyme-substrate complex. The peptides resulting from
as crude products coming from cleavage in the microplate each step of optimization were also tested using a higher
assay at a final concentration of/ (Figure 1). The most  ionic strength, i.e., in the presence of 150 mM NaCl. The
active mixtures were those where Ged_eu and Cha. We  ICsgs under both conditions are shown in Table 5. As might
synthesized the corresponding single-mutant analogues rebe expected, the sensitivity to ionic strength decreases with
taining the parent residue (Met) in position P4: Ac-Asp- hydrophilic to hydrophobic substitutions: P2 Gi# Cha
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Ficure 1: Optimization of position P2 of the product inhibitor Ac-Asp-Glu-Met-Glu-Glu-Cys-OH by screening of the 81 mixtures of the
combinatorial library Ac-Asp-Glu-Xxx-Glu-Oo0-Cys-OH at a concentration @\, using the microplate assay (see the text). The amino

acids included in the Xxx and Ooo positions are shown in Table 2. For easier data readability, amino acids have been grouped according
to their physicochemical properties: negative, Asp, Glu, and Gla; hydrophobic, Gly (reference), Val, lle, Met, Leu, Ala, AlfiAlAib,

yAbu, Ahx, Ava, Aoc, M(O), Cha, Nle, Nva, and Sar; polar and/or special, GIn, Asn, Thr, Ser, Pro, Hyp, SPro, Sta, Ach, Ahp, and Cmpi;
positive, Arg, Lys, His, OrnpDP, SDP, and Pyr; aromatic, Trp, Tyr, Phe, Hof, Fcl, Fno, Pff, Phg, Tic, Dif, Nap, Thz, and Tha; and
p-configuration, Val, lle, Trp, GIn, Asn, Arg, His, Tyr, Pro, Phe, Met, Glu, Asp, Lys, Thr, Ser, Leu, Ala, Cha, Nle, Nva, Fcl, Phg, Tic, Dif,

Pyr, Nap, Thz, and Pff. The classes of amino acids are separated by vertical lines, and a horizontal line is drawn at the height of the
reference pool corresponding to the parent peptide, in this case BRi. For the most active pools, the identity of the amino acid is
indicated above the corresponding bar.
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FiGURE 2: Optimization of position P4 of the product inhibitor Ac-Asp-Glu-Met-Glu-Glu-Cys-OH by screening of the 81-analogue set
Ac-Asp-Glu-Oo00-Glu-Cha-Cys-OH. All the conditions are as described in the legend of Figure 1, except the concentration of the peptides,
which was 2uM. The reference line is drawn at the height of P4Viet.

Table 3: 1Go Values for the P4 Analogues of 1400 |
Ac-Asp-Glu-Met-Glu-Cha-Cys-OH 1200 r
peptide ICs0 (uM) ;

1 Ac-Asp-GluMet-Glu-Cha-Cys-OH 0.350 1000 3
2 Ac-Asp-GluTha-Glu-Cha-Cys-OH 0.870 ~ 800 [
3 Ac-Asp-GluPhe-Glu-Cha-Cys-OH 0.420 - .
4 Ac-Asp-GluVal-Glu-Cha-Cys-OH 0.330 600 [
5 Ac-Asp-Glufcl-Glu-Cha-Cys-OH 0.300 r o ]
6 Ac-Asp-GluTyr -Glu-Cha-Cys-OH 0.236 400 no inhibitor E
7 Ac-Asp-GluNle-Glu-Cha-Cys-OH 0.224 200 E 3
8 Ac-Asp-GluCha-Glu-Cha-Cys-OH 0.140 r ]
9 Ac-Asp-Gluile-Glu-Cha-Cys-OH 0.122 0 (4 I R R S S
10 Ac-Asp-GluPhg-Glu-Cha-Cys-OH 0.120 -0.2 0 0.2 0.4 0.6 0.8 1
11 Ac-Asp-GluLeu-Glu-Cha-Cys-OH 0.118
12 Ac-Asp-GluDif-Glu-Cha-Cys-OH 0.055 1/8

Ficure 3: LineweavetBurk analysis of the optimized product
inhibitor Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH using 5 nM enzyme
and inhibitor concentrations between 25 and 100 nM.

a Abbreviations like those used in Table 2.

(compare entries 1 and 3) and P3 Ghlle (compare entries

4 and 5) but not P4 Met> Dif (compare entries 3 and 4) [P4—P2 = Val-Val-Cys (peptide entry 2), Dif-lle-Cha
and P5 Glu— p-Glu (with P4 Dif— Leu) (compare entries  (peptide entry 5), or Leu-lle-Cha (peptide entry 6)], despite
5 and 6). When the three central amino acids are all the significant difference in potency (6= 38 uM, 50 nM,
hydrophobic, the sensitivity to the presence of salt is similar and 15 nM, respectively).
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FiGURE 4: Optimization of position P3 of the product inhibitor Ac-Asp-Glu-Met-Glu-Glu-Cys-OH by screening of the 81-analogue set
Ac-Asp-Glu-Leu-O00-Cha-Cys-OH. All the conditions are as described in the legend of Figure 1, except the concentration of the peptides,
which was 1uM. The reference line is drawn at the height of P3Glu.
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Ficure 5: Optimization of position P5 of the product inhibitor Ac-Asp-Glu-Met-Glu-Glu-Cys-OH by screening of the 81-analogue set

Ac-Asp-Ooo-Leu-Glu-Cha-Cys-OH. All the conditions are as described in the legend of Figure 1, except the concentration of the peptides,

which was 2uM. The reference line is drawn at the height of P5Glu.

Table 4: 1Go Values for the P5 Analogues of Table 5: 1Go Values of Selected Product Inhibitors in the Absence
Ac-Asp-Glu-Leu-Glu-Cha-Cys-OH and Presence of 150 mM NacCl
peptldé 1Cs0 (uM) 1Cs0 1Cs0 (ﬂM)C with
1 Ac-Asp-Glu-Leu-Glu-Cha-Cys-OH 0.120 peptidé (uM)® 150 mM NaCl
2 Ac-AspD-Phe-Leu-Glu-Cha-Cys-OH 0.820 1 Ac-Asp-Glu-Met-Glu-Glu-Cys-OH 1.0 500
3 Ac-AspD-Tyr-Leu-Glu-Cha-Cys-OH 0.680 2 Ac-Glu-Asp-Val-Val-Cys-Cys-OH 5.3 38
4 Ac-AspD-Val-Leu-Glu-Cha-Cys-OH 0.470 3 Ac-Asp-Glu-Met-Glu€ha-Cys-OH  0.35 13
5 Ac-AspD-lle-Leu-Glu-Cha-Cys-OH 0.330 4 Ac-Asp-GluDif-Glu-Cha-Cys-OH 0.05 2
6 Ac-Asp-Asp-Leu-Glu-Cha-Cys-OH 0.290 5 Ac-Asp-GluDif-lle-Cha-Cys-OH 0.06 0.8
7 Ac-AspD-Dif-Leu-Glu-Cha-Cys-OH 0.276 6 Ac-AspD-Glu-Leu-lle-Cha-Cys-OH 0.015 0.12
8 Ac-Asp+no-Leu-Glu-Cha-Cys-OH 0.240 7 Ac-AspD-Gla-Leu-lle-Cha-Cys-OH 0.0015 0.04
9 Ac-Asp-Tyr -Leu-Glu-Cha-Cys-OH 0.135 - — - - -
10 Ac-Aspo-Asp-Leu-Glu-Cha-Cys-OH 0.122 Abbrewatl_ons like those used in Table tIZExperlment_s were
11 Ac-AspGla-Leu-Glu-Cha-Cys-OH 0.055 performed using buffer A; see Materials and Methddsxperiments
12 Ac-Aspb-Glu-Leu-Glu-Cha-Cys-OH 0.045 were performed using buffer B; see Materials and Methods.
13 Ac-Aspb-Glu-Leu-le-Cha-Cys-OH 0.015
14 Ac-Aspo-Gla-Leudle-Cha-Cys-OH 0.0015 carboxylate (Table 3). The importance of a free carboxyl
* Abbreviations like those used in Table 2. was highlighted by deletion with maintenance of the side

DISCUSSION chain, by substitutipn with a ca.rl_aoxyamide, and by reduction
to the corresponding alcohol; in all cases, we observed a

The purpose of our work was to exploit the observation >100-fold reduction in activity. The possible contacts

that NS3 is subject to significant product inhibitioB0f to between the enzyme and the C-terminal carboxylate have

develop potent inhibitors of the enzyme. The starting point been discussed in r&0. Not surprisingly, the side chain

was therefore the sequence of the peptides derived fromproviding optimal occupancy of the S1 pocket of the enzyme

cleavage of the natural substrates. We first synthesized ais cysteine, followed in decreasing order of potency by

series of analogues aimed at defining the general features2-aminobutyric acid, valine, and serine; whenPGly, the

of the SAR of the product inhibitors; these are illustrated in ICs increases 60-fold.

Figure 6. Even though the crucial role of the P1 residue has been
The main contribution to the binding energy comes from underlined, it is however important to note that both the P1-

the P1 amino acid, through both its side chain and its free deleted peptides and the C-terminally amidated hexapeptides
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Ficure 6: General features of the structuractivity relationship of the hexapeptide product inhibitors of hepatitis C virus NS3 protease.
The features illustrated for peptide Ac-Asp-Glu-Met-Glu-Glu-Cys-O&l € 0.6 uM) are valid for the inhibitors derived from all the
natural cleavage sites and also for the nanomolar inhibitors obtained at the end of the optimization process (see the text).

are still competitive inhibitors of NS3. The complementary by multiple interactions involving distal residues, notably,
interaction of the P6P5 acidic pair is as important as P1; P6, P5, P1, and, to a lower extent, P3.

their simultaneous deletion yields=al00-fold decrease in We have shown in reB0 that the relative potency of the
activity. Binding is rather permissive on the exact nature product inhibitors (NS4A> NS5A> NS4B) correlates only
of the negatively charged moiety; achiral diacids witha C partially to theK, value of the uncleaved substrates, which
or Gs carbon chain are good substitutes for Asp in P6, and js NS5A-NS5B > NS4A—NS4B> NS4B-NS5A (43, 46).
this is true also for the P5 position in the PB1 pentapep-  Our data nevertheless suggest that the mode of binding of
tides (Table 1). the P region-derived product inhibitors is similar to the
We can now compare these general features of the SARground-state binding of the corresponding substrates, with
with the binding of the corresponding substrates. A detailed additional binding energy provided by the C-terminal car-
analysis of substrate specificity at the NS4NS4B (46) boxylate. Optimal binding requires a dual anchor: an “acid
and NS5A-NS5B sites 47, 48) had shown that the main  anchor” at the N terminus and a “P1 anchor” at the
determinants of ground-state substrate binding to the enzymeC-terminal part of the molecule. Accordingly, Landro et al.
(reflected inK,,) reside in the P6P1 region. We have (48) have recently described peptide inhibitors spanning the
already discussed the contribution of the P1 residue. A P6—P4 region and found that they also extract most of their
negative charge in P6 is conserved in all cleavage sites.binding energy from the P side.
However, this preference is not very stringent since in the  After we defined the general features of binding to NS3,
context of the decapeptide Ac-DEMEECASHL mutation of our goal was to optimize the sequence of the product
Asp to Asn reduces ground-state affinity only 6-fold, and inhibitors. Toward this end, we decided to prepare combi-
even inversion of the charge (Asp Lys mutation) reduces  natorial peptide libraries based on the NS4A-derived product,
Km only 10-fold; notably, Asp—~ Ala mutation affectskcar Ac-DEMEEC-OH, which was chosen by taking into account
but notKy, values: K, = 105 and 125:M, respectively. both the higher potency and the much better solubility. Our
Alanine scanning of the same decapeptide had actually showrfirst combinatorial library was Ac-Asp-Glu-Xxx-Glu-Ooo-
a greater reduction i, for the P5 rather than for the P6 Cys-OH (Ooo= a defined position, and Xxx a mixed
acid @6). Zhang et al. 47) report very similar values of  position; see the Results). Screening of this library at a
kealKm for alanine mutants in position P6 and P5 in the concentration of 6:M showed that negatively charged and
NS5A—NS5B substrate EDVVCCSMSYK (37 and 29 ¥ hydrophobic (both aliphatic and aromatic) residues are
s™%, respectively). Finally, when using HCV polyprotein accepted in this position, while polar (Gln, Asn, Thr, and
substrates, both P6 and P1 may undergo much moreSer), positively charged (Lys, Arg, HiaDP, and3DP), and
extensive mutagenesis with little effect on cleavage efficiency conformationally constrained residues (Pro, SPro, and Cmpi)
(31, 32). Our conclusion was that no single dominant factor are not accepted (with the partial exception of hydroxypro-
explains the binding of NS3 substrates, which is mediated line). The chirality at P2 must be since all theno-amino
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acid pools are inactive at this concentration (Figure 1). The p-Gla for p-Glu, we observed a further 10-fold increase in
best residue is3-cyclohexylalanine (Cha). The single- potency: Ac-Aspe-Gla-Leu-lle-Cha-Cys-OH with an I§
mutation analogue Ac-Asp-Glu-Met-Glu-Cha-Cys-OH was of 1.5 nM (Table 4, entry 14).

found to be 3-fold more active than the parent peptidedIC e had previously shown that NS3 is susceptible to
= 0.3uM). inhibition by increased ionic strength, with an about 50%
Therefore, we fixed Cha in position P2 and prepared the drop in activity that can be detected by addition to the buffer
P4 analogue set Ac-Asp-Glu-Oo0o-Glu-Cha-Cys-OH. It is of 50 mM NaCl. At 150 mM, the residual activity is only
apparent from Figure 2 and Table 3 that the P4 position has200, 43). The effect of NaCl is to increase th@, of the
a strong preference for hydrophobic amino acids, both with supstrates and, according to what we have been observing
aliphatic and with aromatic side chains, the best residue beingso far, to increase the kg of the product inhibitors,
3,3-diphenylalanine (Dif), followed by leucine, isoleucine, presumably via destabilization of the PB6 interaction
and phenylglycine. Positively charged amino acids are (Table 5). Because we observed this early in our stéy, (
detrimental to binding, a finding consistent with the previous the study of the SAR and the optimization of the product
studies on substrate specifici§g). Finally, thep-chirality inhibitors were pursued in a buffer with low ionic strength.
is absolutely not tolerated; r»amino acid is active inthis  puring the progress of the optimization, however, the
position. Given the remarkable number of residues which peptides resulting from each incremental improvement in
scored better than the wild-type Met, some peptides were potency were also tested in high ionic strength (“high-salt”
purified and retested (Table 3). The best combination for conditions), i.e., in the presence of 150 mM NaCl; the#C
P4—P2 resulting from this optimization was therefore P4 under both conditions are shown in Table 5. We were
Dif and P2= Cha. This peptide is fully competitive with  pleased to observe that the increase in potency throughout
NS3, with aK; of 40 nM (Figure 3), an 18-fold improvement  the series was larger when considering the high-ionic strength
compared to that of the starting product inhibitor. data than when considering the low-ionic strength conditions.
We then addressed position P3, with the analogue set Ac-QOverall, depending on the comparison used, the gain in
Asp-Glu-Leu-Oo0-Cha-Cys-OH (instead of Dif, we used the inhibitory potency was between 600- and 10000-fold.

less expensive amino acid Leu which is only 2-fold Iess. In conclusion, a detailed analysis of the structtaetivity
active, Table_ 3)- The results are very clear-cut (F|g_ure 4. relationship of the peptide inhibitors derived from HCV
only two residues yielded a potency comparable with that 10556 substrates has enabled us to obtain much more
for the case _where P2 Glu, i.e., P3= Val anq lle. Wh|le potent compounds, which will be useful both as a starting
other negatwe]y chargeq and hydrophobic resudues arepoint for the development of peptidomimetic drugs and as
tolerated (albeit less active), polar, conformationally €on- gyt ral probes for investigating the binding site of NS3

strained, positively charged, ammtamino acids are not b - :
' . y modeling, NMR, and crystallography. These studies are
accepted. Itis notable that Glu and Val are the P3 re5|duesalready in progress (D. Cicero et al., manuscript in prepara-

in the two sequences corresponding to the best naturaltion)_
substrates and/or product inhibitors. The Gtule substitu-
tion in P3 ylelds Ac-Asp-GIu—Dif—IIe—Cha—CyS—OH, with a ACKNOWLEDGMENT

modest improvement in potenci(= 30 nM).
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