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ABSTRACT: Infection by Hepatitis C Virus (HCV) leads to a slowly progressing disease that over two
decades can lead to liver cirrhosis or liver cancer. Currently, one of the most promising approaches to
anti-HCV therapy is the development of inhibitors of the NS3/4A protease, which is essential for maturation
of the viral polyprotein. Several substrate-derived inhibitors of NS3/4A have been described, all taking
advantage of binding to the S subsite of the enzyme. Inspection of HubSite of NS3/4A shows binding
pockets which might be exploited for inhibitor binding, but due to the fact that ground-state binding to
the S subsite is not used by the substrate, this does not represent a suitable starting point. We have now
optimized Sbinding in the context of noncleavable decapeptides spanningPB6 Binding was
sequentially increased by introduction of the previously optimized P-region [Ingallinella et al. (1998)
Biochemistry 378906-8914], change of the P4esidue, and combinatorial optimization of positions
P2—P3. The overall process led to an increase in binding of more than 3 orders of magnitude, with the
best decapeptide showings4>< 200 pM. The binding mode of the decapeptides described in the present
work shares features with the binding mode of the natural substrates, together with novel interactions
within the S subsite. Therefore, these peptides may represent an entry point for a novel class of NS3
inhibitors.

Hepatitis C is a slowly progressing viral infection that over sites @, 4, 10). Accordingly, it is now more common to refer
two decades can lead to liver cirrhosis or liver cancer. to this proteinase as the NS3/4A protease.
Infection by Hepatitis C virus (HC\)is widely recognized Recently, we 11, 12) as well as othersl@, 14) reported
today as a huge public health concern, with more than 170on the discovery of potent peptide inhibitors derived from
million people infected worldwide, most of them unknow- the N-terminal region of the substrate upon cleavage by NS3/
ingly, while neither a generally effective treatment nor a 4A (“product inhibitors”). Apart for the binding energy
preventive vaccine is availabl&,(2). Currently, one of the  extracted from the C-terminal carboxylate, the interaction
most promising approaches to anti-Hepatitis C Virus therapy of these inhibitors with NS3/4A is similar to the substrate,
is the development of inhibitors of the virally encoded including binding in the S1 pocket and the prominent
protease NS3, which is essential for the maturation of the electrostatic interaction of the P®% acidic couple. This
HCV polyprotein. The chymotrypsin-like serine proteinase finding is consistent with the previous observation that the
domain is contained within the N-terminal 180 amino acids main determinants of ground-state substrate binding to the
of NS3, residues 10271206 of the polyprotein3—=8). The enzyme (reflected in thK,) reside in the P-regioril(, 15—
C-terminal portion of the protein contains an RNA helicase 17).
and an RNA-stimulated NTPas@®)( Although the NS3 At variance with the P region, the' Region of the
proteinase has proteolytic activity of its own, interaction with substrate, while being important for catalysis, contributes
a second viral protein, NS4A, is essential for efficient |ittte to ground-state binding to the enzymd5¢17).
processing of all the NS3-dependent polyprotein cleavage Accordingly, peptides based on therBgions of the natural
substrates (spanning residues B to P10) do not inhibit

*To whom correspondence should be addressed. Phéi32-6- NS3/4A nv significant exten 18). This notwith-
91093445. Fax:+39-6-91093482. E-mail: pessi@irbm.it. S3/ to any significant exte U.E, 8) S hotwit

1 Abbreviations: CHAPS, 3-(3-cholamidopropyl)dimethylammonio- standing, Inspe_ctlo_n of th_e crystal structure of the NS3
1-propanesulfonate; DIEA, diisopropylethylamine; DMARN'-(di- protease domain with or without 4A.9—21), of the NMR
methylamino)-pyridine; DMFN,N'-dimethylformamide; DMSO, di- structure of the protease doma2) and more recently of
methyl sulfoxide; DTT, dithiothreitol; Fmoc, 9-fluorenylmethyloxy-
carbonyl; HCV, (human) hepatitis C virus; HATWD-(7-azabenzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt, 2We follow the nomenclature of Schechter and Berger [Schechter,
N-hydroxybenzotriazole; Pep4AK, amino acids 164891 of the HCV I., and Berger, A. (1967Biochem. Biophys. Res. Commun, 237—
polyprotein sequence encompassing the central hydrophobic domain162] in designating the cleavage sites as—P6-P4—P3—-P2—
of the NS4A protein sufficient for NS3 activation, with three additional P1...P1-P2—P3—P4, etc., with the scissile bond between P1 and
non-HCV N-terminal lysine residues, sequence KKKGSVVIVGRI- P1I and the C-terminus of the substrate on the prime site. The binding
ILSGR-NH,; PyBOP, benzotriazole-1-yl-oxy-tris-pyrrolidino-phospho-  sites on the enzyme corresponding to residuesA®s-P4—P3—P2—
nium hexafluorophosphate; t-Btert-butyl; TFA, trifluoroacetic acid; P1...P1-P2—P3—P4 are indicated as S655-S4-S3-S2-S1...S1-
TNBS, trinitrobenzenesulfonic acid. S2—-S3—-54, etc.
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the crystal structure of the whole NS3/4A prote?3)shows guantitative amino acid analysis performed on HCI-hydro-
the presence of binding pockets in tHe&yion which might lyzed samples. The HPLC enzymatic assay was performed
be exploited for binding of active-site directed inhibitors. A as described in ref$1 and12. The protease cofactor was a
ligand taking advantage of-Binding could therefore display  peptide spanning the central hydrophobic core of the NS4A
a range of interactions with the enzyme different from the protein, with a three-lysine tag at the N-terminus to increase
ones used by the substrate, and represent a novel class dfolubility (31) Pep4AK (KKKGSVVIVGRIILSGR-NH,).
NS3/4A inhibitors. Potencies in the low nanomolar to subnanomolar range were
In the present work, we have optimizetiSnding in the determined with the fluorescent substrate Ac-DEMEE-
context of noncleavable decapeptides spanning AR5 CASHLPYE(EDANS)-NH that allows the use of 150 pM
Using single analogues and combinatorial libraries, we have €nzyme in the assay. For the experiments at high ionic

produced decapeptides withsC< 200 pM. strength enzyme, activity was determined using the substrate
EAGDDIVPCSMSYTWGA-OH, based on the sequence of
MATERIALS AND METHODS the NS5A/5B cleavage site of the HCV polyprotein. Assays

) _ _ ) were done using 021 nM NS3 protease in 50 mM Hepes,
Peptides SynthesidProtected amino acids were com- 4 75 1 mM DTT, 15% glycerol, 150 mM NaCl, 1%
mercially available from Novabiochem {Utelfingen), Bachem  cHAPS, containing 80 mM Pep4AK and analyzed as

(Bubendorf), Neosystem (Strasbourg), or Synthetech (Al- previously described1(l, 12). The microplate assay is
bany). Peptide synthesis was performed by Fmoc/t-Bu described in detail in re82.

chemistry 24) on Novasyn TGA (peptide acids) or Novasyn
TGR (peptide amides) resin. The first residue of the
C-terminal acids was esterified to the resin in the presence
of DMAP (24). Individual peptide sequences were assembled
on a Millipore 9050 Plus synthesizer, using PyBOP/HOBt/
DIEA (1:1:2) activation, 5-fold excess of acylants over the
resin amino groups and a coupling time of-30 min.
Multiple peptide synthesis and the assembly of combinatorial
libraries were performed on a Zinsser SMPS 350 synthesizer,
using PyBOP/HOBU/DIEA (1:1:2) activation, 5-fold excess
of acylants, and a coupling time of 2020 min as judged

by the standard ninhydrin and TNBS color tests, essentially
as described25—28). The undefined or “mixed” positions
were incorporated by coupling a mixture of activated amino
acids, with the relative ratios suitably adjusted to compensate
for the differences in reactivity2(’); near equivalence of the
incorporation was assessed by quantitative amino acid
analysis. The peptides were cleaved with TFA 88%, phenol
5%, triisopropylsilane 2%, water 5% (reagent B, B£)).
Crude peptides were purified by revzrsed-phase HPLCona
Nucleosyl C-18, 250« 21 mm, 100 A, 7um, using HO, - :
0.1% TFA, and acetonitrile, 0.1% TFA, asﬂeluents. Analytical substrat_e bmdmg region. . L

HPLC was performed on a Ultrasphere C-18, 258.6 mm, At variance \_N|th the S—subs_lte, the organization of the S
80 A, 5um (Beckman). Purified ¥95%) peptides were '€gion as defined by modeling strongly depends on the

characterized by mass spectromet#{]{NMR and amino presence of NS4A. Comparison of the crystal structures of
acid analysis. NS3/4A in the absence and presence of ketoacids which bind

£ . : . . to the S-subsite shows no significant influence on the S
nzyme Preparations and Site-Directed Mutagendsis. )

. ; . . region @5). Larger changes, however, are to be expected
protease domain of the HCV J strain NS3 protein (amino upon binding of the decapeptide inhibitors. In the absence
acids 10271206, followed by the sequence ASKKKK) was f structural data on the complex. our hodelin ains
prepared and purified as previously describ&d).(Single- o S.f. f h q | P ,b h 99
mutant enzymes, carrying either the Lys136Met or the significance from the good correlation between the strueture

. . activity relationship [SAR] predicted from the model and

Arg109GIn amino acid change, were produced to analyze the one observed experimentally (see later)
the importance of these two residues for inhibitor binding, '
in particular, in position P3(see later). The two mutations RESULTS
were introduced by PCR using appropriate mutagenic prim-
ers. Clones were fully sequenced on both strands to exclude Deyelopment of Peptide Inhibitors Spanning PB4’
the introduction of additional mutations by PCR. All enzymes  Since we found no activity in any of the peptides corre-
were purified and quality-controlled as previously described sponding to the isolated #egion (12), optimization of the
(12 30). Enzyme stocks were quantitated by amino acid S-pinding region was pursued in the context of noncleavable
analysis, shock-frozen in liquid nitrogen and kept in aliquots decapeptides spanningPB4. To stabilize the scissile bond
at —80 °C until use. toward hydrolysis, we studied two types of modifications in

Protease Actiity AssaysConcentration of stock solutions  P1: N-methylation of the natural residue (Ala from the
of peptides, prepared in DMSO or in buffered aqueous NS4A/4B cleavage site) and substitution with a secondary
solutions and kept at80 °C until use, was determined by amino acid (1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid

Modeling of the Substrate NS3/4Rrotease Complex.
Models of the complex between the decapeptide Ac-Asp-
Glu-Dif-lle-Cha-Cys-Pro-Cha-Asp-Leu-NHDif, 3,3-diphen-
ylalanine; Chag-cyclohexyl-alanine) and NS3/Pep4A were
constructed using energy minimization and molecular dy-
namics. All calculations were carried out with the program
BatchMin and the molecular modeling package Insight 11/
Discover (Biosym Technologies Inc., San Diego, CA).
Hydrogen atoms were included, and the potential energy of
the complex was expressed by the force field MMBB)(
as implemented in the MacroModel V5.0 distribution of the
simulation program Batchmin. No nonbonded or Coulombic
cutoffs were used and the dielectric constant was set to 1.0.
NMR data for the hexapeptide product inhibit@4) were
used to define the interactions and conformation of the P-site
portion of the substrate. The P-site of the decapeptide was
docked onto NS3, and the'-Bite of the substrate was
attached in an extended conformation. Theike conforma-
tion was optimized by a combination of molecular dynamics
and energy minimization of the substrate docked into the
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Table 1: IGo Values for Cleavable and Noncleavabl@ecapeptide
Inhibitors

|C50
peptidé-c (uM)
cleaved by NS3/4A
1. Ac-GluAspValValAbuCys(Me)AlaNleSerTyr-NH 35
2. Ac—AspGluDiflleChaCys(Me)AlaSerHisLeu-NH 3.4
3.  Ac-GluAspValValAbuCysTicNleSerTyr-NH 1.9
4. Ac-GluAspValValLeuCysTicNleSerTyr-NH 1
5.  Ac—Asp-D-GluLeulleChaCys(Me)AlaSerHisLeu-NH 0.6
6. Ac—AspGluDiflleChaCys(Me)AlaNleSerTyr-Ni 0.2
7. Ac—AspGluDiflleChaCysTicNleSerTyr-Ni 0.1
not-cleaved by NS3/4A
8. Ac-GluAspValValAbuCysProNleSerTyr-NH 8.5
9. Ac—AspGluDiflleChaAbu(Me)AlaSerHisLeu-NH 29
10. Ac—AspGluDiflleCha(Me)AbuAlaSerHisLeu-NH 8
11. Ac-AspGluDiflleCha(Me)Abu(Me)AlaSerHisLeu-NH 3.8
12. Ac-Aspd-GluLeulleChaAbu(Me)AlaSerHisLeu-NH 5
13. Ac-Aspo-GluLeulleCha(Me)Abu(Me)AlaSerHisLeu-NH 3.1
14. Ac-AspGluDiflleChaCysProNleSerTyr-NH 0.9
15. Ac-AspGluDiflleChaCysProNleSerLeu-NH 0.1

2 KealKm < 100 M1 s7%, b Abbreviations: Abup-aminobutyric acid;
Nle, Norleucine; Dif, 3,3-diphenylalanine; Chascyclohexylalanine;
Tic, 1,2,3,4-tetrahydroisoquinolinet3earboxylic acid.c N-Methylation
of the amide nitrogen is indicated as (Me) preceding the three-letter
code of the amino acid.

= Tic, and proline), as reported by Landro et dl6) As
shown in Table 1, peptides with P£ Cys and P1=
N-methyl-alanine are still cleaved, albeit very slowly, by
NS3/4A (peptides 1, 2, 5, and @)-Methylation prevents
hydrolysis in the context of a suboptimal P1 (Abu, peptides
9 and 12)N-Methylation in P1 (with or without concomitant
N-methylation in PJ) is also effective (peptides 10, 11, and

Ingallinella et al.

experiment of reverse alanine scanning on the NS4A/4B
substrate 15). We had studied the effect of reintroducing
P4-Leu in a minimalist analogue (DEAEACAAAPYK) of
the NS4A/4B cleavage site (DEMEECASHLPYK). The
resulting peptide (DEAEACAAA PYK) showed a 10-fold
increase in turnover, resulting from a 3.3-fold increase in
kearand a 3.1-fold decrease l&,. Moreover, we had observed
that in this series P4.eu gave 4-fold more turnover than
P4-Tyr. The peptide inhibitor resulting from the Tyr-to-Leu
substitution in P4 (peptide 15, Table 1) showed a further
10-fold increase in potency, and withdG= 60 nM, it was
now a good starting point for combinatorial optimization.
Combinatorial Optimization of Positions P2P3. On the
basis of Ac-Asp-Glu-Dif-lle-Cha-Cys-Pro-Nle-Ser-Leu-jH
(Nle = norleucine), we prepared &'PP;' combinatorial
library in the format Ac-Asp-Glu-Dif-lle-Cha-Cys-Préoo-
Xxx-Leu-NH, with Ooo and Xxx defined as in Houghten et
al. (36): Ooo = defined amino acid, one of a panel of 91
amino acids, and Xxx mixed position, anyone of the amino
acids of the same panel (Table 2). Overall, the library was
composed of 91 mixtures of 91 peptides each. The peptides
were tested as crude products coming from cleavage, in the
microplate assay at a final concentration @fNl. As shown
in Figure 1, position P2is best occupied by hydrophobic
amino acids, either aliphatic or aromatic, including the parent
residue Nle; polar, charged, and conformationally constrained
amino acids are strongly disfavored, and thehirality is
absolutely not allowed. The best pools were (in this order)
p-cyclohexylalanine (Cha), phenylglycine (Phg), homophen-
ylalanine (Hof) and norleucine (Nle). Titration curves for
these pools yielded s of 85 nM, 88 nM, 120nM and 156

13). For secondary amino acids, although we confirmed the nM, respectively.

finding of Landro et al. that P1= Tic gives a more potent
inhibitor with respect to P1= Pro (compare peptides 3 and
8, 7 and 14), we also found that peptides with B1Tic
(but not those with P1= Pro) are slowly hydrolyzed by the

Since these values were very close to each other, instead
of choosing a single amino acid, we used a mixture of these
four residues in the P2osition. The resulting library was
Ac-AspGluDiflleChaCysPralha/Phg/Hof/Nle]Ood_eu-

enzyme. The observed 10-fold difference in potency betweenNH,, composed of 91 mixtures of four peptides each, which
peptide 7 and 14 might therefore be due at least in part towere tested at a lower concentration (200 nM) than the

the generation in situ of a potent product inhibitor 4 @r
Ac-Asp-Glu-Dif-lle-Cha-Cys-OH is 0.06M, ref 12, Dif =
3,3-diphenyl-alanine, Cha -cyclohexyl-alanine). From the

previous library (Figure 2). Polar residues are preferred in
this position, like Asn, GIn, Thr, Hyp (hydroxyproline), and
methionine sulfoxide, and including the parent residue Ser.

above considerations, and also taking into account the easerhe best result, however, was obtained with the acidic amino
of synthesis of the corresponding decapeptides (to ensure acids. Titration curves for the best pools gaveol@alues

more consistent quality of all the library members), for
subsequent work we selected’ P4 Pro.

Development of the Parent Nonclezble Decapeptide for
Combinatorial OptimizationOur previous experience with
combinatorial libraries]1, 27, 28 and unpublished data) had

of 16, 17, 20, 24, 31, and 33 nM for Asp, Glu, Gla

(y-carboxyglutamic acid), GIn, Asn, and Hyp, respectively.
Single peptides were then prepared which corresponded

to the combination of the best residues il B2d P3. From

the data in Table 3, it is apparent that the contributions of

shown that we could unambiguously assess the relativethe residues in these two positions are additive and not

potency of the library pools in a straightforward manner only

synergic: the rank order for the best residue it B3he

when the parent compound showed potency at least in thesame, Asp> Hyp > GIn > Ser, with either P2= Nle

low micromolar range. Therefore, we (arbitrarily) set our
threshold potency for a suitable parent decapeptide as IC
< 500 nM. Starting from the decapeptide of Landro et al.
(16) (peptide 8, Table 1), we first introduced the P-region

(peptide 4, 3, 2, and 1), Cha (peptides 9, 8, or 7), or Hof
(peptides 12, 11, or 10). Likewise, the rank order for the
P2 residues Cha and Nle (ChaNle) is maintained between
P3 = Asp (peptides 9 and 4) and P3 Ser (peptides 5 and

residues, which had been optimized for the product inhibitors 1).

(12); the resulting peptide (peptide 14, Table 1) showed a
10-fold improvement in potency. We then changed the P4
residue from Tyr (NS5A/NS5B cleavage site) to Leu (NS4A/

NS4B cleavage site). The rationale for this was the estab-

lished importance of P4or catalysis 15—17), most likely
as a contact for the NS4A cofactat§) and our previous

SAR of the PP’ Inhibitors. The most active decapeptide
deriving from this optimization is Ac-Asp-Glu-Dif-lle-Cha-
Cys-Pro-Cha-Asp-Leu-N§i (peptide 9, Table 3, 1= 1.3
nM). A summary of the optimization process starting from
the decapeptide of Landro et all] is given in Table 4.
Further improvement is possible by introducing in-F24
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Table 2: Noncoded Amino Acids Used in the Xxx and 000 ICs0 = 13.5uM. This is the shortest inhibitor, since neither
Positions the P2-P4 nor the P3-P3 hexapeptide (peptides 4 and 8)
amino acid code chirality shows activity in our assays'.-Beletions show that P4and

P3 give a similar contribution to binding, both yielding a

g:‘;iﬁ?ﬁ;ggg;:@n;g;c'd AGt:3 N 35-fold decrease in potency (peptides 6 and 7). .
2-aminoisobutyric acid Ab L Electrostatics of inhibitor binding. (i) Effect of lonic
B-alanine pAla L Strength As in our previous study of the product inhibitors
y-aminobutyric o yAbu L (11), optimization of the P-P decapeptide inhibitors was
éjgmmgﬁej}fzﬁggzﬁge carboxylic acid AAr‘s(X N carried out using a low ionic strength buffer: the binding
5-aminovaleric acid Ava L affinity is maximized in these conditions, in line with the
8-aminooctanoic acid Aoc L electrostatic stabilization observed for the enzyraebstrate
methioninesL-sulfoxide M@©O) complex. We also tested a selection of the peptides resulting
ﬁgﬁfg&%?ﬁgy"a'am”e '\?Iga tig from each step of optimization using a higher ionic strength,
norvaline Nva  L+p i.e., in the presence of 150 mM NaCl. Thes€ in both
sarcosine Sar L conditions are shown in Table 6. As it might be expected,
hydroxyproline Hyp peptides 2 and 3, which contain a charged residue in P3
t(ggzg’_'l{‘_‘;mino_B_hy droxy-6-methylheptanoic Sstzro t are more sensitive to ionic strength (40-folCso) than

acid peptide 1, having Ser in the same position (7-fAlCsg).
(3S.49)-4-amino-3-hydroxy-5-cyclohexylpentanoi@ch The extent of the ionic strength effect is very similar to the

acid _ _ one previously observed for product inhibitoidy; the data
(3545)—4-amino-3-hydroxy-5-phenylpentanoic - Ahp for the two most potent ones are shown in Table 6 for
4_f;'goxymethylpiperazine cmpi L com_parison (peptides 4 and 5). It is apparent that peptide 3
ornithine omn L retains low nanomolar potency also in the presence of 150
a-diaminopropionic acid oDP L mM NaCl and represents in both assay conditions the most
f-diaminopropionic acid poP L potent inhibitor of NS3/4A described to date.
diaminobutyric acid Dab L " o .
3-pyridylalanine Pyr 4D (ii) Inhibition of Mutant EnzymesMerI!ng of the
homophenylalanine Hof L complex between NS3/4A and the—P' inhibitors had
4-chloro-phenylalanine Fcl  L+D suggested that the aspartic acid in positiohdP8uld interact
4-nitro-phenylalanine Fno L with Arg109, but could not rule out an alternative interaction
g;l“noyrl‘a'lsgﬁgylalan'ne ;)hﬁg t+D with Lys136. Inhibition studies were therefore carried out
1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid ~ Tic  L+b on NS3/4A mutants in these residues, using high ionic
3,3-diphenyl-alanine Dif  L+D strength conditions to increase the specificity of the elec-
2-naphthylalanine Nap  L+D trostatic interactions (see above). While no difference was
gﬁ:ﬂ:?ﬁ?iﬂ?ﬁ?ﬁf mg t+D observed for the lysine mutant @&on NS3/4A wt= 5 nM,
B-cyclopropyl-alanine Cpa L ICs0 0n NS3/4A[K136M]= 5 nM), a 5-fold difference was
2-aminoindane-2-carboxylic acid Aic L found for the arginine mutant (Kgon NS3/4A[R109QF
(4-carboxymethyl)-piperidine Cmp L 22 nM).
g_%%?ﬁgg{faﬁﬁf_z_acid 'Rtpc o Modeling. We have modeled the interaction of the de-
N-(cyclohexyl)-glycine Chg capeptide Ac-Asp-Glu-Dif-lle-Cha-Cys-Pro-Cha-Asp-Leu-
octahydroindole-2-carboxylic acid Oic L NH, and NS3/Pep4A by energy minimization and molecular

aBeyond the amino acids listed in the table, all the natural amino dynamics. The P¥-interaction site is a narrow cleft formed
acids with the exception of Cys are included in both theand the by Lys136 on one side and GIn41 and Thr40 together with
p-configuration. The total number of amino acids used is 91. a number of polar amino acids on the other side (Figure 4).
The lipophilic parts of the side chains of Lys136 and Arg109
the couplep-Glu-Leu (also from our previous work on create alocal environment favorable for hydrophobic residues
product inhibitors, refLl), yielding Ac-Aspb-Glu-Leu-lle- in PZ. In the case of Cha and phenylglycine, modeling
Cha-Cys-Pro-Cha-Asp-Leu-NHpeptide 6 and 7, Table 4, suggests that the cyclic residue is stacked between the side
ICs0 < 200 pM; with our current assays we could not chains of Arg109 and Lys136 so that lipophilic interaction
measure the true Kg). Lineweaver-Burk analysis for this is maximized. By contrast, due to its conformational prefer-
inhibitor (peptide 6) was carried out in higher ionic strength ences, this stacking would not be possible for Phe, and we
conditions (150 mM NacCl), which slightly lower the potency believe this is the reason this amino acid is not preferred at

(see below). In these conditions, the measuredik’s nM, this position (Figure 1). According to the model, backbone
and the mechanism is clearly competitive, with= 1.2 nM hydrogen bonds are formed between theédgino acid and
(Figure 3). the solvent exposed backbone of Ser41. The presence of the

P—P' Deletions Deletion of amino acids from the P region  basic amino acids Lys136 and, especially, Arg109 justifies
of the decapeptides gives a very pattern similar to the onethe preference for an acidic amino acid in Rdutagenesis
observed for the product inhibitord 1), as illustrated in data (see above) disprove an important contribution by
Table 5 (reference peptide 5): deletion of P6 has the Lys136, while confirm a role for Arg109, which is well
maximum effect on activity (peptide 1, 120-fold increase in positioned to form a salt bridge with the 'P&spartate. In
ICs0,) and deletion of both P6 and P5 (peptide 2) yield agreement with previous modeling by Landro et &6)( our
another 20-fold increase. Further shortening has a comparablynodeling also suggests that NS4A is involved directly in
lower effect, yielding a P3P4 heptapeptide (peptide 3) with  the formation of the S4site. In the area supposed to interact
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Ficure 1: Optimization of Position P2of the decapeptide inhibitor: screening of the 91 mixtures of the combinatorial library
Ac-AspGluDiflleChaCysProooXxxLeu-NH; at the concentration of AM, using the microplate assay (see 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, AbBAksipyAbu,

Acx, Ahx, Ava, Aoc, M(O), Cha, Nle, Nva, Sar; Polar/Conformationally Constrained, GIn, Asn, Thr, Ser, Pro, Hyp, SPro, Sta, Ach, Acx,
Ahp, Cmpi; Positive, Arg, Lys, His, OrrgDP, SDP, Pyr; Aromatic, Trp, Tyr, Phe, Hof, Fcl, Fno, Pff, Phg, Tic, Dif, Nap, Thz, Tha, Aic,
Atc; a few hydrophobic non aromatic residues were added to this group for practical reasons: Cpa, Cmp, Inp, Chagp,0ival, p-lle,

D-Trp, D-GIn, D-Asn, D-Arg, b-His, D-Tyr, b-Pro, b-Phe,p-Met, b-Glu, p-Asp, b-Lys, p-Thr, b-Ser,b-Leu, b-Ala, b-Abu, b-Cha,b-Nle,

p-Nva, b-Fcl, b-Phg,p-Tic, b-Dif, b-Pyr, b-Nap,p-Thz, p-Pff. The classes of amino acids are separated by vertical lines, and an horizontal
line is drawn at the height of the reference pool corresponding to the parent peptide, in this'caddl®2For the most active pools, the
identity of the amino acid is indicated above the corresponding bar.

Negative Hydrophobic Polar/CC Positive Aromatic D-amino acids
120 L SR L L B B N DL I L LI I L B BN I B I N A R e S RN RN R RN
100 H
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o
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Ficure 2: Optimization of position P3of the decapeptide inhibitor: screening of the 91 analogue set AspGluDiflleChaCgéR/Bhg/
Hof/Nle]OooLeu-NH,. An equimolar mixture of 4 residues, Cha, Phg, Hof, and Nle, was used in positioBd& bar in the graph thus
represents the cumulative inhibition of the four peptides having either one of the above residuesnid 2 indicated residue in P2l
the other conditions are as described in the legend to Figure 1, except the concentration of the peptide pools, whichMash@.2
reference line is drawn at the height of' R3 Ser.

Table 3: G Values for Analogues with Optimized P3P4 Table 4: Summary Table of the Evolution of the Decapeptide
Residues Inhibitors
ICso peptldé ICso (nM)
peptide (M) 1. Ac-GluAspValValAbuCysProNleSerTyrNH 8500
1. Ac-AspGluDiflleChaCysProNleSerLeu-NH 64 2. Ac-AspGluDiflleChaCysProNleSerTyr-NH 876
2. Ac-AspGluDiflleChaCysProNBInLeu-NH, 32 2b.  Ac-AspGluDiflleChaCys-Nbl 3100
3. Ac-AspGluDiflleChaCysProNkdypLeu-NH, 26 3. Ac-AspGluDiflleChaCysProNIleSerLeu-NH 64
4.  Ac-AspGluDiflleChaCysProNksplLeu-NH, 1.8 4. Ac-AspGluDiflleChaCysProChaSerLeu-NH 23
5. Ac-AspGluDiflleChaCysPrGhaSerLeu-NH 23 5. Ac-AspGluDiflleChaCysProChaAspLeu-NH 1.3
6.  Ac-AspGluDiflleChaCysPGha(D)TrpLeu-NH, 820 6. Ac-AspD-GluLeulleChaCysProChaAspLeu-NMH <0.2
7. Ac-AspGluDiflleChaCysPr6haGInLeu-NH;, 14 7. Ac-Aspb-GluLeulleChaCysProChaAspLeuPro-  <0.2
8.  Ac-AspGluDiflleChaCysPrGhaHypLeu-NH, 11 TyrLys(Ac)-NH;
9. Ac-AspGluDiflleChaCysPrBhaAspLeu-NH; 1.3 . -
10.  Ac-AspGluDifleChaCysPigdofGIn Leu-NHs 18 * Abbreviations as in Tables 1 and 2.
11. Ac-AspGluDiflleChaCysPidofHyp Leu-NH;, 15 .
12.  Ac-AspGluDiflleChaCysPidofAspLeu-NH, 1.8 features would explain the absolute preference for a P4
13.  Ac-AspGluDiflleChaCysPihgAspLeu-NH, 7 hydrophobic amino acids in all natural substrates, confirmed
a Abbreviations as in Tables 1 and 2. in the present study for the decapeptide inhibitors.

with P4, some of the hydrophobic side chains of NS4A are DISCUSSION

solvent exposed. Moreover, the NS4A binding pocket of the In the past few years, remarkable progress has been
NS3-protease itself is mainly formed by hydrophobic amino achieved in elucidating the molecular mechanism by which
acids, some of which (Leul3, Val35, and Leu44) are also the NS3/4A protease exerts its activity in the maturation of
solvent exposed and form part of the lipophilic Sie. These  the HCV polyprotein. Several structures have been reported,
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Ficure 3: Lineweaver-Burk analysis of the optimized—P
inhibitor Ac-Asp-D-Glu-Leu-lle-Cha-Cys-Pro-Cha-Asp-Leu-NH
(peptide 6, Table 4) in high ionic strength conditions, showing
competitive behavior with<; = 1.2 nM.

Table 5: P and PDeletions of
Ac-Asp-D-GluLeuGluChaCysProChaAspLeu-NH

peptidé 1Cs0 (NM)
1. Ac-D-GluLeuGluChaCysProChaAspLeu-NH 80
2. Ac-LeuGluChaCysProChaAspLeu-NH 1600
3. Ac-GluChaCysProChaAspLeu-NH 13 500
4. Ac-ChaCysProChaAspLeu-NH na
5. Ac-AspD-GluLeuGluChaCysProChaAspLeu-NH 0.63
6. Ac-AspD-GluLeuGluChaCysProChaAsp-NH 22
7. Ac-AspD-GluLeuGluChaCysProCha-NH 770
8. Ac-GluChaCysProChaAsp-NH na

2 Abbreviations as in Table £.Not active at 10Q«M.

Table 6: Comparison of the Potency of the® Decapeptide
Inhibitors in Low and High lonic Strength Conditions

ICs0 (NM)©
ICsp 150 nM
peptidé (nM)>  NacCl
Ac-Aspb-GluLeulleChaCysProNleSer-Leu-NH 10 66
Ac-AspGluDiflleChaCysProChaAspLeu-NH 1.3 47

Ac-AspD-GluLeulleChaCysProChaAspLeu-NH <0.2 5
Ac-Aspb-GluLeulleChaCys-OH 15 120
Ac-Aspb-GlaLeulleChaCys-OH 15 40

a Abbreviations as in Table £.Experiments were performed using
buffer a, see Materials and Method€xperiments were performed
using buffer B, see Materials and Methods.

agrwNE

including the isolated NS3 protease domain witB, 1) or
without (20, 22) a peptide corresponding to the central
domain of the NS4A cofactor (Pep4A), the single chain NS3
protease domain/Pep4A87—39), and the full-length NS3
protein/Pep4A 23). This last paper in particular shows at

Biochemistry, Vol. 39, No. 42, 200@2903

covalently bound to reversible inhibitor34, 35). From the
above, it is apparent that the binding mode of the P-region
of the substrate and of the corresponding product inhibitors,
and the stabilizing effect on the enzyme, are currently known
in considerable detail.

By contrast, very little is known about the interaction of
the P-region of the substrate with the' $egion of the
enzyme, mainly through indirect enzymologicib{-17) and
modeling studies1, 20, 23). Interaction with Ssubsites
has been shown to contribute significantly to substrate
recognition in other serine proteases of the chymotrypsin
family (42—44). For several enzymes of this group, rate
acceleration between 2 and 3 orders of magnitude was
observed upon optimization of the 'Pdr P2 positions of
the substrate, or of 'Bide products used in acyl transfer
reactions 43, 44). In contrast, the P3side chain gave
comparatively minor contributions. In the case of NS3/4A
protease, the 'Region of the substrate is important for
catalysis (as reflected in the contributionktg), while most
of the energy used for ground-state binding (as reflected in
Km) is extracted by the P-regiodl%—17). Accordingly the
P-region of all the natural substrates, in the form of synthetic
peptides spanning residues' PP10, does not inhibit NS3/
4A (12, 18). As a consequence;-Region peptides could not
be used as a suitable starting point for the development of
inhibitors. Therefore, we decided to explore the binding
potential of the Sregion of the protease using noncleavable
substrate analogues including both P ahdeBidues. In the
present work we have thus systematically optimized a low-
potency (IGo = 80uM), noncleavable decapeptide spanning
P6—P4, derived from the work of Landro et all§) into a
subnanomolar inhibitor, by using single analogues and
combinatorial libraries.

The most important criterion in our choice of the'P1
residue was to confer on the scissile bond complete resistance
to hydrolysis, even upon prolonged incubation with high
concentrations of NS3/4A. As previously notetb); it is
possible to mistake simple substrate competition for inhibi-
tion, and the rank order of the library pools could then be
dependent on assay conditions. In our case, the issue was
further complicated by the fact that substrate hydrolysis
generates inhibitors in situl{, 12). We prepared several
peptides havingN-methylated or secondary amino acids in
P1 (Table 1) and set an arbitrary threshold.{K, < 100
M~% s1) to consider a peptide completely resistant to
hydrolysis. This threshold in practice corresponds to the

the molecular level the complex between the protease andabsence of detectable products upon overnight incubation
the P-region product of the cis cleavage reaction at the NS3/with 10-fold more enzyme than the highest amount used in
NS4A junction: the C-terminus of NS3 is bound to the active our assays. Some residues did not meet our criterion,
site of the protease domain, in agreement with the previousincludingN-methylalanine, when cysteine was the P1 residue
observation that NS3/4A is inhibited by its own cleavage and Tic (unlike the findings of ref6). The peptides having
products 12). Product inhibitors derived from the P-region proline in P1 were found to be completely stable, and since
of the substrate have been optimized to low nanomolar Pro was also the easiest amino acid from the synthetic point
potency {1, 13, 14) and their complex with the NS3 protease of view, it became our standard in all the subsequent work.
domain has been studied in the absert® 40, 41) and We first examined whether the same pattern of P-region
presence41) of the Pep4A cofactor. These studies indicate amino acids previously optimized in product inhibitoid)

that NS3/4A is an induced fit protease, since binding of both would be effective in these decapeptides as well, and found
the cofactor and the substrate is required to reduce thethis to be the case. We then focused our attention to the P4
conformational flexibility of the enzyme and achieve its residue, based on previous studi&5-17) showing that it
cleavage-competent state. In particular, activation of the could influence bottk.,:andK,, of the substrate, and on our
catalytic machinery of NS3/4A by the P-region of the observation that Leu was superior to Tyr in this positib8) (
substrate has been confirmed by the structure of the enzymeéNe found here that in the absence of cleavagéjdd key
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Ficure 4: Modeling of the P-P' inhibitor Ac-Asp-Glu-Dif-lle-Cha-Cys-Pro-Cha-Asp-Leu-NHh the active site of,. NS3/4A protease

domain, using the coordinates from r2f. Color code for NS3/4A: Yellow, hydrophobic, red, negative charge density, blue, positive
charge density, magenta, NS4A residues; Color code for the inhibitor: green, carbon, red, oxygen, blue, nitrogen, yellow, sulfur; Hydrogens
omitted for clarity.

contributor to binding, yielding a potency increase (10-fold) observations). The preference for an acid does not result from

equivalent to introduction of the whole optimized P82 a generic electrostatic effect, akin to the role played by the
region. Modeling suggests (r&6, this paper) that P4s most acidic couple in P& P5 within the substrate and the product
likely in direct contact with the NS4A cofactor. inhibitors (L1, 12, 15—17). First, an increase in competing

Finally, an extensive compilation of the SAR in positions ionic strength does not detract from the potency-enhancing
P2—P3 was obtained by combinatorial chemistry. Here we effect of the acid in position P3 compare peptides 1 and
found a clear preference for a hydrophobic residue ih P2 4, Table 3 with peptides 1 and 3, Table 6. Second, our
and a polar residue in P3Similar preferences are found in mutagenesis data and modeling studies strongly suggest that
the presence of turnover, i.e., in the natural substrates of NS3the gain in binding energy results from a specific interaction
4A. P2 is hydrophobic (Met) in NS5A/5B and polar in  between the carboxylate and the positive charge of arginine
NS4A/4B (Ser) and NS4B/5A (Gly). All the natural trans 109. As a consequence, we believe that this interaction may
cleavage sites have a polar residue ift FRer in NS4B/5A be a novel component of an active-site-directed small
and NS5A/5B, His in NS4A/4B. The NS5A/5B substrate molecule inhibitor.

EDVVCCSMSY, featuring in both P2and P3 two of the Among the many inhibitors of serine proteases described
most preferred residues in our inhibitor library, is the best so far, few make contact with the 8gion of the enzyme
one in terms ok. (46). Overall, these findings indicate that (16, 45, 47—53), and most of them do not interact beyond
the binding mode of the inhibitors shares several featuresthe S1 subsite $0—52). Nevertheless, these authors had
with the binding mode of the substrate. This is most apparent established that binding td Sould in principle be exploited

in positions P4(as discussed above) and Rghere amodest  for inhibitors. In the case of Proteinase K7( 50), the
gain in potency over the best natural residue (Met) was inhibitor is actually cleaved while remaining bound to the
obtained only through the use of noncoded amino acids (Nle,enzyme (as we observed for one of the NS3/4A inhibitors
Hof, Phg, and Cha). described by Landro et al.). Imperiali and Abeldg)(showed

At the same time, a new and unexpected preference, whichthat residues P2 P3 in difluoromethyl ketone inhibitors of
is not observed in any of the natural substrates, was foundchymotrypsin, spanning+ could improve potency 1000-
for an acidic residue (Asp, Glu, or Gla) in position'PBhe fold. The choice of the side chains was based on known
change from the best natural residue (Ser) to Asp ih P3 inhibitors of the Serpin family. The most direct antecedent
brings about a 30-fold increase in binding (Table 3). In of our work was reported by Eichler and Houghtetb)(
contrast to P2 our library selected coded amino acids as who screened a combinatorial hexapeptide library which was
the most preferred in P3It is tempting to speculate that biased toward trypsin (preferred P1 residue Arg or Lys) by
they should necessarily be disfavored by the virus, to allow the presence of lysine as fixed amino acid. Lysine was
the P substrate region to leave the enzyme after cleavage.scanned along the sequence to produce hexapeptides span-
This hypothesis is corroborated by the finding that substrate ning P5-P1 to P1-P5. The resulting best hexapeptide was
peptides, derived from the sequence of the NS5A/5B junction P2—P4, Ac-AKIYRP-NH; (ICso = 46 uM). This peptide,
but incorporating the optimized P2P4 sequence-ChaAsp- however, was still a substrate for the enzyme, being
Leu—, are turned over wittk.: Values 16-20-fold lower completely hydrolyzedi 4 h @5). Moreover, extending the
than the corresponding wild-type substrates (unpublishedsequence to a dodecapeptide spanning 5 improved
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potency only modestly (Ac-YYGAKIYRPDKM, I = 10
uM). When combinatorial libraries of peptide inhibitors of
chymase and chymotrypsin were prepardé),( based on
randomization of the P2P3 or the Pt-P2 positions, the
former yielded 18fold more potent inhibitors (1 nM versus
1 uM K; for the best compounds).

For NS3/4A, the contribution to binding of thé-rRegion
from a natural HCV cleavage site (NS5A/NS5B) is almost
negligible: there is a 3.5-fold difference in potency for the
inhibitor spanning P6P4 versus the one spanning PB1
(compare inhibitor 2 with inhibitors 2b and 5, Table 4). This
is because, as already notetb), noncleavable substrate
analogues extract most of their binding energy from the
P-side. Conversely, the gain in binding energy resulting from
our systematic optimization of the P2P4 residues accounts
for more than 3 orders of magnitude increase in potency
(compare inhibitors 2b and 5, Table 4). The difference in
potency between inhibitors containing the natural and the
optimal P2—P4 moiety is thus>600-fold.

From the perspective of NS3/4A inhibitor design, it is
useful to compare the present work with previous studies in
this laboratory and elsewhere of the P-region of product
inhibitors (L1—14). Optimization of the equivalent region
on the P-side (residues P#2) had brought about a 20-fold
gain in potency 11) to be compared with the 2000-fold
gain for P2—P4. For the product inhibitors a further 30-
fold improvement was obtained by optimizing position P5
(11); the P5 position has not been explored here, although
modeling would suggest that additional binding is possible.
Moreover, a substantial portion of the binding energy in
product inhibitors was extracted by the binding of the
C-terminal carboxylate into the active sitel( 12), a feature
which is absent from the-PP decapeptides. In the absence
of the carboxylate contribution, inhibitors binding mainly
to the S or Ssubsites of NS3/4A show comparable potency
(compare 2b, Table 4, with 2 and 3, Table 5).

Motivation for this study was the hypothesis that a ligand
taking advantage of binding to thé f&gion of NS3 could
interact with the enzyme differently from the substrate, and
could represent an entry point for a novel class of NS3
inhibitors. In light of the above, we believe this promise is
fulfilled.
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