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ABSTRACT. Serine proteases are the most studied class of proteolytic enzymes and a primary target for
drug discovery. Despite the large number of inhibitors developed so far, very few make contact with the
prime site of the enzyme, which constitutes an almost untapped opportunity for drug design. In the course
of our studies on the serine protease NS3/4A of hepatitis C virus (HCV), we found that this enzyme is an
excellent example of both the opportunities and the challenges of such design. We had previously reported
on two classes of peptide inhibitors of the enzyme: (a) product inhibitors, which include-ttig FRegion

of the substrate and derive much of their binding energy from binding of their C-terminal carboxylate in
the active site, and (b) decapeptide inhibitors, which span theé5S subsites of the enzyme, whose
P,—P4 tripeptide fragment crucially contributes to potency. Here we report on further work, which
combined the key binding elements of the two series and led to the development of inhibitors binding
exclusbely to the prime site of NS3/4A. We prepared a small combinatorial library of tripeptides, capped
with a variety of constrained and unconstrained diacids. The SAR was derived from multiple analogues
of the initial micromolar lead. Binding of the inhibitor(s) to the enzyme was further characterized by
circular dichroism, site-directed mutagenesis, a probe displacement assay, and NMR to unequivocally
prove that, according to our design, the bound inhibitor(s) occupies (occupy) shbsite and the active

site of the protease. In addition, on the basis of the information collected, the tripeptide series was evolved
toward reduced peptide character, reduced molecular weight, and higher potency. Beyond their interest
as HCV antivirals, these compounds represent the first example of prime site inhibitors of a serine protease.
We further suggest that the design of an inhibitor with an analogous binding mode may be possible for
other serine proteases.

Serine proteases are perhaps the most studied class ofiCV therapy. Infection by hepatitis C virus (HCV) is widely
proteolytic enzymes and a primary target for drug discovery. recognized today as a huge public health concern, with more
Despite the large number of inhibitors developed so far, very than 170 million people infected worldwide, most of them
few make contact with the prime site of the enzyhtiven unknowingly. HCV infection is associated with a slowly
that the starting point for inhibitor design is generally the progressing liver disease that over 2 decades can lead to liver
substrate, this is not surprising, since for this class of enzymescirrhosis or liver cancer. Unfortunately, neither a generally
the key determinants of substrate specificity reside in the effective treatment nor a preventive vaccine is available (
P-region {, 2—5). Therefore, developing inhibitors of serine 7). The chymotrypsin-like serine proteinase domain, which
proteases, which specifically target the prime site, is an is strictly required for polyprotein maturation, is contained
almost untapped opportunity for drug design. In the course within the N-terminal 180 amino acids of the NS3 protein
of our studies on the serine protease NS3/4A of hepatitis C (8—13). Although NS3 has proteolytic activity of its own,
virus (HCV), we found that this enzyme is an excellent interaction with a second viral protein, NS4A, is essential
example of both the opportunities and the challenges of suchfor efficient processing of all the NS3-dependent polyprotein
design. cleavage sites8( 9, 14), and it is now common to refer to

The target of our work is a key virally encoded enzyme, this proteinase as the NS3/4A protease.
whose inhibition holds much promise for an effective anti-  As for serine proteases in general, for NS3/4A the main
determinants of ground-state substrate binding (reflected in
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represent an entry point for a novel class of NS3/4A acid analysis on HCI-hydrolyzed samples. Six duplicate data

inhibitors. Following on this, we optimized prime site binding points at different substrate concentrations were used to

in the context of noncleavable decapeptides spannirg P calculate kinetic parameters. Incubation times were chosen

P, and were able to develop subnanomolar inhibit@3.( in order to obtain<7% substrate conversion, and reactions

In addition to a previously optimizedsPP; sequence?), were stopped by addition of 40L of 1% TFA. Kinetic

these inhibitors include aP-P,' tripeptide fragment, which ~ parameters were calculated from nonlinear least-squares fit

contributes>2000-fold gain in potency. While the binding  of initial rates as a function of substrate concentration with

mode of the nonprime fragment was found to be similar to the help of Kaleidagraph software, assuming Michaelis

the natural substrates, novel interactions were indeed presenienten kinetics.

in the prime site of the decapeptide. This was most clearly K; values of peptide inhibitors were calculated from

demonstrated by the finding that a substrate, whose primesubstrate titration experiments performed in the presence of

site derived from the optimized sequence, was cleaved byincreasing amounts of inhibitor. Experimental data sets were

the protease with mucteducedturnover @3). simultaneously fitted using a multicurve fit macro (SigmaPlot
While proving that prime site binding can be a component Software) with the equatiol = (VmaS)/(Km(1 + Ki/l) +

of a high-affinity interaction, our inhibitors did not bind to 9. Alternatively,K; values were derived from kg values,

the prime sitén the absencef contacts with the nonprime  calculated using a four-parameter logistic function, according

region of the enzyme. In this respect, they were thus similar to the equation 16 = (1 + SKn)K;. Adaptation of the assay

to previously reported examples of serine protease inhibitorsto the microplate is reported in detail in r88.

spanning both enzyme subsitds 24—31). Here we report Circular Dichroism Spectroscopgircular dichroism (CD)

on further work, which led to the development of peptidic measurements were performed using a Jasco J-710 spec-

and nonpeptidic inhibitors that birekclusiely to the prime  tropolarimeter equipped with a cell holder thermostatically

site of NS3/4A. Beyond their interest as antivirals, these controlled by a circulating water bath. Measurements were

compounds represent the first such case for a serine proteaséecorded at 15C, with an 8 s time constant and 5 nm/min
and averaged for two acquisitions. Protein concentration was
MATERIALS AND METHODS 1.2 mg/mL, and spectra were collected with rectangular
_ ) ) . quartz cells of 1 cm path length in the near-UV region (320
Enzyme Preparations and Site-Directed Mutagenesis. 550 nm). The concentration of both protein and inhibitor
Escherichia coliBL21(DE3) cells were transformed with  giock solutions was determined by quantitative amino acid
plasmids containing the cDNA coding for the serine protease analysis. Results are reported as mean residue ellipt®ity [
domain of the HCV J strain NS3 protein (amino acids 1027 having units of deg cAqdmol* and were calculated using a
1206, followed by the sequence ASKKKK) under the control ean residue mass of 106 Da for NS3. Titration experiments

of the bacteriophage T7 gene 10 promoter in a pT7-7 Vector. o NS3/pep4AK and the inhibitor were performed in sodium
Point mutations were introduced by PCR-directed mutagen- phosphate buffer, 50 mM, pH 7.5, 15% glycerol, 2%

esis using appropriate mutagenic oligonucleotides. CloneSCHAPS, and 3 mM DTT by incubating the protein with a
were fully sequenced on both strands to exclude the gayrating amount of Pep4AK and increasing amounts of
introduction of additional mutations by PCR. All enzymes  jnpipitor for 10 min at 15°C. Spectra were recorded before

Wereo purified as previously describetj and found to be 514 after the addition of Pep4AK and inhibitor and routinely
>95% pure as judged from reversed-phase HPLC performed;qrected for background signal and dilution effects. The

using a 4.6x 250 mm Vydac C4 column. Enzyme prepara- +jyration curve was followed by monitoring ellipticity at 288
tions were routinely checked by mass spectrometry done onpy a5 a function of inhibitor concentration. For each point

HPLC-purified samples gsing a Perkin—EImer API' 100 of the titration curve the observed ellipticitp can be
instrument and by N-terminal sequence analysis carried OUtexpressed by the equation:

using Edman degradation on an Applied Biosystems model
470A gas-phase sequencer. Enzyme stocks were quantified O = 0B,y gt (1 — )O;
by amino acid analysis, shock-frozen in liquid nitrogen, and oun ree

kept in aliquots at-80 °C until use. wherea is the percentage of bound enzyn®@youngis the
Protease Actiity AssaysThe HPLC assay was performed  ejjipticity of the complexed enzyme, af@keis the ellipticity

as previously describe@,(15). Briefly, we used 0.21 nM of the uncomplexed enzyme. From this equation it is possible
NS3 protease in 50 mM HEPE$H 7.5, 1 mM DTT, 15% o derive the percentage of bound enzyme:

glycerol, 150 mM NacCl, and 1% CHAPS, containingdd
Pep4AK. PepdAK (KKKGSVVIVGRIILSGR-NH) is the a=(0 — O/ (Opound— Osred
protease cofactor, a peptide spanning the central hydrophobic

core of the NS4A protein, with a three-lysine tag at the The pound inhibitor at each point of the titration curve is
N—term_njus to increase solubilitBp). _Reac'uons were started equal tooE] i, Where [Elw is the total enzyme concentra-
by addition of 3uL of substrate peptide, whose DMSO stock  tion. By plotting the concentration of the bound inhibitor
solution concentration was determined by quantitative amino yersuys the concentration of the free inhibitor for each titration
point, it was possible to derive the dissociation conskant

2 Abbreviations: ACE, angiotensin-converting enzyme; Ghay- Probe Displacement Assalhe assay was run as described
CloheXylalélifr(l)ir?aet:eGSaAP%i :n-q(i%:hrglaigﬁriiogé%p)g)i?iggtg?/lﬁ?nmlg?;ﬂﬁél (34). Briefly, fluorescence emission spectra were recorded
pDrI\(;IpSa(g,egilinethyl éulfog(’ide; DTT,pditI;iothreitoI;’HEiDIéS, 4?(2-h§droxy- * on a Perkin-Eimer LS50B instrument with a Cl.’lvette hOId.er
ethyl)piperazine-1-ethanesulfonic acid; Phg, phenylglycine; TFA, tri- thermostated at 23C. Protease (100 nM) was incubated in
fluoroacetic acid; SAR, structureactivity relationship. 2.5 mL of 50 mM HEPES, pH 7.5, 1 mM DTT, 15%
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glycerol, and 1% CHAPS containing 30M Pep4AK until

attainment of thermal equilibrium. Active site probe (500 Q L;OP?H 0

nM), having the sequence Ac-Asp-Glu-Diig§-dansyl)-Glu- j\ i . Hz"g)\u N\;)LNHZ
Cha-Cys-OH (Dap, diaminopropionic acid; Chicyclo- HO™ =X™ "OH O/ ° Y
hexylalanine), was added, and emission spectra were re-

corded between 400 and 600 nm at a scan speed of 60 nm/ °

min upon excitation at 280 nm. Emission and excitation slits ~ ©§°" HO on Ho on
were 2.5 and 5 nm, respectively. Spectra were routinely &YOH o m
corrected for the background signal of buffer and for dilution 0 © ©
effects. Increasing amounts of competing, nonfluorescent X X
ligand were added, spectra were recorded as described above, ' o ’ o ’

and probe displacement was monitored as a decrease in the wo_ HO HO OH
fluorescence peak intensity at 510 nmsd@alues for probe 70'/\)\0" 11/\)\0'* m
displacement were calculated by fitting a two-parameter % Xs %,
logistic equation to the fluorescence intensity data.

NMR NMR spectra were recorde_d on a Brucke_r AMX- HO_,0 HO_ Ho on MO0,
500 spectrometer, equipped for multichannel operation. Two- \;<\,(°“ m Y \;)L oH
dimensionalH—1°N HSQC experiments to monitor complex 0 0" OH °°
formation by NH chemical shift changes were acquired at e X Xe X0

25 °C and analyzed as previously describ&8)(

Modeling Energy minimization and molecular dynamics HomoH @\ HO 0 o
were used for modeling. All calculations were carried out 0 ) [i_(m
with the program BatchMin and the molecular modeling @ ”0)(3\(0” @Lo” o
package Insight ll/Discover (Biosym Technologies Inc., San o o
Diego, CA). Hydrogen atoms were included, and the X4 Xez Xeo Xoa
potential energy of the complex was expressed by the force
fl.eld. MMFF’ as Im_pleme_nted in the MacroModeI V5.0 Ficure 1: Diacid fragments used in the prime site inhibitor library.
distribution of the simulation program BatchMin. Due to the presence of isomers, a total of 26 compounds were

SynthesisDetailed procedures and analytical data for the produced. The fragment (¥ yielding the active mixture is

solid-phase and solution synthesis of the libraries and the highlighted.
single compounds of the Results section are described in the

Supporting Information. inhibitors, which would bind exclusively to the prime site
of NS3/4A, should combine two elements: (a) the optimized
RESULTS prime site binding tripeptide (Cha-Asp-Leu-MHand (b) an

The work described here evolves from our previous work, N-terminalcarboxylic acid, suitably positioned in the active
which exploited binding to the 'Sregion of NS3/4A to  Site to engage in interactions, similar to those previously
develop inhibitors of the enzym@3). Since the prime region ~ €stablished for th€-terminalcarboxylate of peptide product
of all the natural substrates, in the form of synthetic peptides inhibitors @, 15). The key to a successful design was
spanning residues,P-Pyq, does not inhibit NS3/4A to any  therefore how to devise the proper linkage between these
significant extent 15, 40), we had explored its binding WO elements. Two elements argued against the design of a
potential using noncleavable substrate analogues, whichSPecific molecule, using computer modeling: (i) no structural
included both P and'Residues. The optimization process data were available to us of NS3/4A with the prime site
led to an increase in binding of more than 3 orders of occupied by an inhibitor; (ii) NS3/4A shows an induced-fit
magnitude, with the best decapeptide, Ac-Asp-Glu-Dif-lle- Mechanism of binding37, 38), with the prime site in
Cha-Cys-Pro-Cha-Asp-Leu-NHDif, 3,3-diphenylalanine), partlcular_formln_g _dlfferent tertiary structures_wnh different
showing 1Go <200 pM. Prime site optimization (residues decapeptide inhibitors3g). Therefore, we decided to probe
P,—P/) had improved potency-2000-fold @3), to be our hypothesis by the synthesis of a small combinatorial
compared with the 20-fold gain of the equivalent region library.

(residues P-P;) on the P-side ). This was because for The chosen structure for the library was very simple, as
P-region binding inhibitors (“product inhibitors”) a substan- shown in Figure 1; the £-P, tripeptide fragment was
tial portion of the binding energy is due to interactions of capped by a diacid moiety. By including fragments with a
the C-terminal carboxylate into the active si® (5), a flexible or a more rigid tether between the acids, with or
feature which was absent in the-P' decapeptides. In the  without an intervening side chain, we collected a small
absence of the carboxylate contribution, inhibitors binding representative set of 14, commercially available, diacids.
mainly to the S or Ssubsites of NS3/4A showed comparable Because of the presence of isomers, the library contained
potency 23). More importantly for drug design, prime site 26 compounds, not all of which were actually produced,
binding derived from interactions not used by the substrate, because of spontaneous decarboxylation of the inhibitors
as shown by the finding that, in the context of a cleavable containing some of the fragments (see Materials and
substrate, the optimized prime site sequemiszreased Methods). To reassure ourselves that any inhibitor selected
turnover by the proteas@?3). from the library would exploit binding of the optimized'P

Combinatorial Library of Prime Site Inhibitord.he above P, fragment, we also prepared a control library, based on
data suggested to us that a viable strategy to developthe nonoptimized -Ser-His-Leu-NHragment of the NS4A/



5486 Biochemistry, Vol. 41, No. 17, 2002 Ingallinella et al.

n

R’ ICso(uM) R IC50(uM)

o
ss  na
RR 54 Et RSSR na. coom

Et S8 n.a. COOH H 0 H o
R,R 62 N\)L N\)j\
v v N NH,
= - H
~ (o]

o Z
\U\ 7N o B
na. O; Et 28 0P on Y
Trans H na. COOH

0

O)K H 15
n.a.
Jrans H na. ’COOH Et 32

(o}

Tran:

@
D
[o]
o
T

OI
o

g

=0

Q
Q
[*]
I

Compund1a ICgq = 15 uM

64

f\i
[=]
X
x

n.a.

CooH coon  Et 115
i COOH
o Lo o1
I Et 38 H na. N\)j\ H ~
cooH g ANy A
p COOH HOD G- A
¢ O OAOH Y
COOH
CooH 4
0
o
o Et na (\fl\ Bt RS 159 Compund 1b  1Cs0 = 32 uM
N?~cooH
ca COOH
OH O ) o
Et RSSR na E 2 Et n.a.
COOH N?>cooH

Ficure 2: SAR of the cyclic diacid moiety of the capped tripeptide inhibitors. The complete structure (and activity) of the two more active
compounds is given on the left.

4B cleavage site3d). As expected, no inhibitor was selected instability, with easy loss of the dicarboxylic moiety, a
from the control library. By contrast, the combination of the phenomenon previously observed for analogous molecules
optimized -Cha-Asp-Leu-NH tripeptide with the cyclic (40, 41). This tendency was present, to a lower extent, also
diacid fragment X4 yielded an active compound. It is worth in the phthalic acid derivatives. Moreover, substitutions in
noting that the active fragmentrédns1,2-cyclopentanedi- the ring lowered the potency of the compound. Ttems
carboxylic) is the diacid analogue of proline, the residue cyclohexanedicarboxylic acid (compoutid, R = H, 1Cs
which was used as the/'Presidue during the selection of = 15uM; compoundlb, R = CH,—CHs, IC50 = 32 uM,;
the P-P spanning decapeptides. Figure 2) was therefore selected for all our subsequent
The SSandR R isomers present in the active mixture of studies. The commercial availability of the puRR) enan-
the derivatives withirans-1,2-cyclopentanedicarboxylic acid  tiomer also allowed us to establish the absolute configuration
were chromatographically separated and retested, and onlyof the active compound, which was found to B&R) in

one compound was found active £G= 54 uM). Kinetic agreement with modeling predictions (see Figure 2).
analysis on the active compound showed competitive be- Within the capping group, the presence of a free carboxy-
havior, withK; = 32 uM. late was absolutely required, as this could not be deleted,

Structure-Activity Relationship (SAR) of the Capped Tri- nor transformed into an amide, without complete loss of
peptidesWe prepared multiple analogues of the initial lead, activity (data not shown). By contrast, the C-terminal amide
which specifically addressed the various elements of the could be either primary or secondary-CO—NH, and
molecule, i.e., the N-terminal cyclic diacid, the side chains —CO—NH—CH,—CHs had similar activity (Figure 2).
in positions B and R', and the C-terminal carboxamide. (B) P2 and P3 Positions We next turned our attention

(A) The Capping DiacidThe SAR around the cyclic diacid  to the tripeptide moiety and prepared a series of analogues
moiety was very tight, with only a few fragments resulting aimed at comparing the SAR in the current series with that
in active compounds (Figure 2). The best capping groups previously established for the same prime binding tripeptide

weretrans-cyclohexanedicarboxylic acid (compouhdCsp in the context of a decapeptid@d). Results for the P
= 15uM), cyclohex-1-enedicarboxylic acid (§¢= 38 uM), _resm_iue are shown in Figure 3 and those for tHer€sidue
and phthalic acid (compoun?, R = H, ICso = 64 uM). in Figure 4.

The cyclohexene derivative, despite the good affinity and  Probably due to the much reduced potency of the tripep-
lack of chiral centers, was abandoned because of its intrinsictides with respect to the decapeptides, magdyrésidues,
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which were accepted in the latte?3), gave rise to inactive
compounds in the former: for example, Nle and homophen-
ylalanine. However, the optimal,Pamino acids remained
the same, i.e., Cha followed by phenylglycine (Phg), with
or without substituents in the aromatic ring.

Similarity between the two series was also observed for

Biochemistry, Vol. 41, No. 17, 2005487

Table 1: Site-Directed Mutagenesis of the NS3 Residues in
Proximity of the B’ Negative Charge

enzyme 1Go of compoundla?
wWT 32
Lys!3¢Arg 17
Lyst*Met 27
Lys!e¢Ser 50
ArglGin >300

a8The 1Gy is shown of compounda on the mutant enzymes (WT
= wild-type, i.e., no mutation).

0
*2-20'— ]
5 [ no inhibitor
a E
£ -40 -
o L 4
o 4
D L |
2 _60 saturated complex
e f '
B 1
Y T T T PR P P
250 260 270 280 290 300 310 320

Wavelength (nm)

Ficure 5: Binding of compoundato NS3/4A studied by circular
dichroism. Near-UV region of the CD spectra of the protease/
cofactor with increasing concentrations of inhibitor. The dissociation
constantKy was calculated by plotting bound versus free inhibitor
concentration (see text for more explanation).

compoundsdl and?2, respectively. The latter finding formed
the basis for the design of a new series (see below).
Sensitivity of R' to N-methylation was anticipated by
modeling, which predicted the existence of a hydrogen bond
with Sef? of the enzyme (see below).

Overall, all of the above data were highly suggestive that,
according to our design, the capped tripeptides bound to the
S region of the enzyme in a manner very similar to the
decapeptides from which they derived, with their N-terminal
carboxylate positioned in the active site, as observed for the
product inhibitors 2, 15).

Detailed Studies of Compoundlia and 1b. In addition to
the clear, but indirect evidence from SAR, we sought further
proof of the binding mode of the inhibitors by a series of
experiments, carried out on compouridsand 1b (Figure
2). Kinetic analysis (not shown) confirmed that the inhibitor
is competitive with the substrate: compouhd K; = 13
uM; compoundlb, K;j = 22 uM.

(A) Binding Studies by CEBinding of compoundla to

the R residues (Figure 4), where a negative charge was NS3/4A was then studied by circular dichroism (CD)

required, and Asp was preferred over Glu (compar@8gf

Site-directed mutagenesis of the two potential basic
contacts for this acid, Ly and Ard® (Table 1) indicated
that the latter was responsible for the' Preference, as
previously observed for the decapeptide serigs. (

(C) N-Methyl AnaloguesThe importance of the backbone
primary amide for inhibitor binding was probed through a
series ofN-methyl analogues. N-Methylation at botki Bnd
Ps' markedly decreasea (L0-fold) inhibitory potency, while
the B’ position was almost unaffected: we found a 2-fold
and 3-fold increase in the kg in the series based on

spectroscopy in the near-UV region (Figure 5). CD of a
protein in the near-UV range is contributed by the aromatic
side chains and is characteristic of the protein tertiary
structure. The addition of compourth to the NS3/4A
complex causes a change in the near-UV spectrum of the
protease, with a small but consistent increase of intensity
between 252 and 292 nm. Therefore, a tertiary structure
rearrangement of the protease occurs upon bindingapf
suggesting that an induced-fit mechanism is associated with
the inhibition process. By monitoring the variation of the
ellipticity at 288 nm upon addition of increasing concentra-
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Ficure 7: Comparison between the chemical shift perturbations observed with (A) compbwamdl (B) a representative product inhibitor
(see text). The ligand-binding region in the backbone of the enzyme, as determined in the titration experiments, is colored in red. Residues
of the catalytic triad are in ball-and-stick representation.

tions of inhibitor, we could indeed determindaof 10 uM of *H and®®N and is the same previously used to characterize
for the inhibitor—enzyme complex formation, in good binding of the product inhibitors to NS3%). The most
agreement with the inhibitory constant derived from kinetic important perturbations were observed around*’Sghe
experiments; = 13 uM). region from Se¥ to Thr*®) and around two of the members
(B) Binding Studies by NMRThe binding mode of the  of the catalytic triad (Asf} and Sef*9). The shifts observed
inhibitors was further investigated by NMR, using the for these residues are similar to those previously measured
chemical shift perturbation method. Titration of tA¥N- (35), highlighting that both the old 15, 35) and the new
labeled enzyme with compountb (Figure 6) produced inhibitors occupy the active site of the enzyme. By contrast,
chemical shift variations of both th#d and >N nuclei of no significant shift was observed in the previously defined
the backbone amide group. These shifts were used to mapS region of the enzyme (residues Afato Val'’9), in striking
the interaction surface between the enzyme and the inhibitor,contrast with the binding of inhibitors based on the P region
characterizing the region of the protein involved in compound of the substrate35). New, large shifts were instead measured
recognition. This study was performed in the absence of the for Leuf* and Arg*®.
cofactor, since the complex between NS3 and Pep4AK The difference in the binding mode of the two classes of
peptide g, 3, 15, 23) is not stable enough in solution to allow inhibitors is illustrated in Figure 7. Figure 7B shows a
characterization by NMR2(1). previously characterized product inhibitor derived from the
The titration is shown in Figure 6. The quantity(42) is P region of the substrate, Ac-Asp-Glu-Dif-Glu-Cha-Cys-OH
a weighted average of the perturbations of the chemical shifts(2, 15, 35), that binds to the S region of the enzyme and to
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FiGURE 8: Modeling of compoundain the S region of NS3/4A FiGURE 9: Design of a second generation NS3/4A prime site
protease. inhibitor series. For explanation, see text.

the active site. By contrast, Figure 7A shows the capped Modeling and experimental data also indicate that the P
tripeptide inhibitor, compoundb, which extends from the  residue forms backbone hydrogen bonds t*Ses high-
active site into the ‘Sregion. lighted in Figure 8. These backbone interactions help in
(C) Probe Displacement Assalyigure 7 highlights that,  stabilizing the binding conformation of the inhibitor. In the
according to our design, the only region in common between Ps' position the vicinity of Arg® favors acidic residues, and
the capped tripeptide series and the P-side derived product@spartate in particular is especially suited for short-range
inhibitors is the active site, where the carboxylate binds. interaction with Arg®. NS4A and its binding region provide
Since both series derive a major part of their binding energy a lipophilic surface patch, which is exploited by hydrophobic
from this interaction, they should be unable to simultaneously residues in positionf? Overall, the interactions contributing
bind to NS3. We tested this hypothesis by using a previously to the binding of this class of inhibitors are distributed over
developed displacement ass&@d)(based on a dansylated the whole Sregion. Moreover, many of these interactions
hexapeptide probe, Ac-Asp-Glu-Dap3-dansyl)-Glu-Cha-  are lipophilic in nature, thus offering an attractive opportunity
Cys-OH. The probe, which derives from an optimized for further improvement of potency and pharmacological
product inhibitor @), binds to the S region of the enzyme properties.
and positions its C-terminal carboxylate into the active site  Evolution of the Lead: Reduction in Peptide Character.
(15, 34). Active site occupancy by this compound can be Having established the validity of our initial design, we used
monitored by following fluorescence energy transfer between the information collected to design a new series of inhibitors
the dansyl fluorophore and tryptophan residues of NS3/4A. with reduced peptide character. The design of the new series
The probe was previously used to unambiguously assessused the same logic of the first one (Figure 9).

active site binding of NS3/4A inhibitors34). Compound We designed a generic structure and looked for a specific
1b is able to displace the dansylated probe, with ag compound by preparing a small combinatorial library. From
30uM, in excellent agreement with the one established by modeling, it appeared that (i) the' Pesidue was contributing
kinetic analysis (32«M). to binding only with its side chain; very little, if any, contact

(D) Modeling of the Complex between Compodadnd was made by the C-terminal carboxamide, and no hydrogen
NS34A. All of the above knowledge, direct and indirect, bond was formed with the enzyme; (ii) likewise, the amide
was used to model the compound into tHe&jion of the NH of the B’ residue was pointing outward, toward the
NS3/4A protease (Figure 8). The'Rnteraction site is a  solvent; (iii) accordingly, alkylation of the;,PNH was well
narrow cleft formed by LyS® on one side and Gf# and tolerated; (iv) the acidic side chain iny’Rvas critical for
Thr* on the other side. Together, these residues severelyactivity and was to be preserved. Our design therefore deleted
limit the space available to the capping diacid group. This residue B (in red in Figure 9) and moved its side chain (in
observation provides a structural explanation for the tight blue in Figure 9) onto the amide nitrogen of residug, P
SAR observed in this position. The carboxylate of the creating a “peptoid-like”43) center bearing simultaneously
capping group contributes to binding electrostatically by the B and the F side chains. One of these side chains was
forming a number of hydrogen bonds to the residues of the held fixed as the side chain of an aspartic acid, while the
oxyanion hole and to Hi similarly to the carboxylate of  other was randomized (in violet in Figure 9). The expectation
hexapeptide product inhibitor8%). The apolar parts of the  was that the binding mode of the compounds would be
capping group contribute to binding by lipophilic interactions different from the capped tripeptide series and therefore the
with the aliphatic part of the Ly$° side chain. The Sis specific side chain filling the S cavity would be better
formed by the side chains of Li#and Arg%, which create  selected than designed. For the same reason, we used three
a narrow interaction site for lipophilic residues. The side different amino acids in position,R(in violet in Figure 11),
chains of Cha and Phg are well placed to interact with the including a glycine to allow for maximal flexibility in
lipophilic parts of the side chains of these two residues, in positioning of the randomized side chain.

a stacking fashion which maximizes the lipophilic contact  The building blocks used in the two variable elements of
area. the library (X and Y in Figure 12) are shown in Figure 10.



5490 Biochemistry, Vol. 41, No. 17, 2002

O =
S 7y S %)WHW A

Xy Xz X3 X4 Xs X¢ X7 Xg X9 Xypo

] Y I Y
vz ?@@@@@

"Jk,? X1

3

w@????‘@“
‘9‘?@ o9 %

Xas X7 Xag
Ficure 10: Building blocks used for the second combinatorial
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Ficure 11: Active compounds from the combinatorial library
illustrated in Figure 10.

Overall, the library was composed of 4¢4 3 = 123
compounds. In Figures 2 the phenylglycine is indicated
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[ n.a.

Br

Ficure 12: Effect of ring substituents on the activity of prime site
inhibitors.

refer to the most active isomer, after HPLC separation.
Although we assume, on the basis of the SAR and modeling,
that the active isomer containg phenylglycine, the absolute
configuration has not yet been formally assigned.

Four different X fragments gave active compounds, in
combination with Y= Phg or Cha, while all of the library
members with Y= Gly were inactive (Figure 11). The
comparison between compounds having the same X frag-
ment, but different Y, highlighted that consistently the
phenylglycine side chain was superior to fheyclohexyl-
alanine side chain. In the capped tripeptides, the opposite
was true, highlighting some difference in the binding mode
of the two series.

(A) Compounds with Phenylglycine Degtives This
finding offered the opportunity to introduce substituents into
the phenyl ring, which readily lead to improved potency
(Figure 12), and indeed the 4-Br substituent yielded a
compound with 7-fold lower 16 (2 uM). This inhibitor,
with a molecular weight below 600, is a promising lead for
a new iteration of design.

DISCUSSION

The evidence presented in this paper supports the notion
that we have successfully designed prime site inhibitors of
NS3/4A. The correctness of our design was confirmed
through several lines of evidence: First, kinetic analysis and
CD showed that inhibition was due to occupation of the
substrate-binding site. Second, SAR around the lead com-
pound 1 showed that in the capped tripeptides all of the

with no defined chirality, because we realized during the elements were maintained, which were key to binding of
synthesis that complete racemization was occurring at thethe prime fragment of the decapeptides, and in addition that

phenylglycine @ during the coupling step (for more details,

the N-terminal acid was absolutely required for activity.

see Materials and Methods). In Figure 11, the activity values Third, NMR showed that the regions of NS3, which make
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contact with the inhibitor, are indeed the prime site and the serine proteases. In the case of NS3/4A, we found that the
active site. Although this result was acquired in the absenceoxygen atoms of the ;Rx-carboxylate are the recipients of
of the NS4A cofactor, it was confirmed in its presence by extensive hydrogen-bonded interactions, in particular with
displacement, by compourid of a product inhibitor-derived  the imidazole ring of the catalytic histidine and with the main
fluorescent probe. chain amido groups of the residues of the oxyanion hibte (
We then used modeling, site-directed mutagenesis, and35). This binding motif is not limited to NS3 but has been
selective N-methylation to derive a binding hypothesis, which found in the crystal structure of the complex of other serine
suggested a way to evolve the capped tripeptide series towargroteases with their N-terminal cleavage products: Sindbis
reduction in size and peptide character, with concomitant virus core protein49), Streptomyces griseysotease AJ0),
improvement in potency. Notably, the SAR of the new series and bovine thrombing1). Further interactions in the active
suggested similarities, but also differences, with respect to site are more peculiar to each enzyme; for example, NS3/
the previous one, holding promise for a new iteration of the 4A interacts with the carboxylate also with the side chain of
design cycle. Lys!%¢ (15, 35). When an acidic moiety is not a viable option
Overall, the above work on NS3/4A shows that targeting for active site binding, a classical “serine trap” might be more
the prime site of a serine protease can be a successful strategindicated, especially for those proteases displaying a “lock-
for drug design. Prior to our work on NS3/4R3), other and-key” catalytic machinery, rather than an induced-fit
authors had already shown that prime site binding could be mechanism like NS3/4A4(1, 42). The active site binding
an effective component of a potent inhibitor: for example, element might be combined with an optimized prime site
Imperiali and Abeles reported that in their difluoromethyl binding fragment, generated by the same course of action
ketone inhibitors of chymotrypsin, spanningP, prime site used for NS3Z%3). The needed starting point, a noncleavable
residues could improve poteneyl000-fold @5). However, substrate analogue, can be easily obtained by simply
binding of all the previously described inhibitors depended substituting the P residue with proline or @-amino acid
on contacts in the nonprime region of the enzyme. Therefore, (52). The critical choice of the proper active site binding
the current work represents the first example of purely prime fragment will of course depend on the particular enzyme
site inhibitors of a serine protease. under study. As in our case, a combinatorial search of the
The closest analogy with our inhibitors is found in a best fragment could help to compensate for the inevitable
different class of proteolytic enzymes, namely, metallopro- uncertainties of the specific design.
teases. Our design is indeed strongly reminiscent of Byers
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