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ABSTRACT. The nonstructural protein NS3 of the hepatitis C virus (HCV) harbors a serine protease domain
that is responsible for most of the processing events of the nonstructural region of the polyprotein. Its
inhibition is presently regarded as a promising strategy for coping with the disease caused by HCV. In
this work, we show that the NS3 protease undergoes inhibition by the N-terminal cleavage products of
substrate peptides corresponding to the NS&S4B, NS4B-NS5A, and NS5A-NS5B cleavage sites,
whereas no inhibition is observed with a cleavage product of the intramolecular NS8A junction.

The K; values of the hexamer inhibitory products(NS4A) = 0.6 uM, Ki(NS5A) = 1.4 uM, andK;-
(NS4B)= 180uM] are lower than thé&, values of the respective substrate peptides{I[NS4A—NS4B)

= 10uM, Kn(NS5A—NS5B) = 3.8uM, andKn(NS4B—NS5A) > 1000uM]. Mutagenesis experiments

have identified Lys136 as an important determinant for product binding. The phenomenon of product
inhibition can be exploited to optimize peptide inhibitors of NS3 protease activity that may be useful in
drug development.

The hepatitis C virus (HCV) was identified by molecular determined by mutagenesis experimefs 22, 28, 30, 31),
cloning in 1989 {). Its genome is a 9.5 kb single-stranded spectroscopic 32) and kinetic studies 33), and X-ray
positive sense RNA that contains a single open reading framecrystallography 23—25), the NS4A cofactor and the peptide
encoding a polyprotein of 30+B033 residues. Upon its  derived from it bind to the N-terminal region of the NS3
synthesis, this polyprotein is processed into at least 10 matureprotease, thereby causing its structural rearrangement and
viral proteins. Both cellular signal peptidases and two virally the correct alignment of the residues that constitute the

encoded proteolytic enzymes are involved in this maturation catalytic triad of the enzyme. This process results in the
process. Whereas the structural HCV proteins arise throughgctivation of the catalytic machinery.

the action of cellular protease®<5), the viral enzymes are o . ) .
required for the processing of the nonstructural region. Thus, Substrate specificity studies using peptide substrates based
the NS2-NS3 junction is cleaved by a zinc-dependent ©N the sequences of the polyprotem cleavage sites have
autoprotease associated with NS2 and the N-terminal regionShown that the NS3 protease requires at least decamer
of the NS3 protein -9). This same region of NS3 also  Peptides spanning P&4, with a preference for an acidic
contains a serine protease that performs all remainingresidue in P6, cysteine in P1, serine or alanine ih &id a
cleavages at the intramolecular NSSS4A site and at the ~ hydrophobic residue in P433—35). Notably, the intramo-
intermolecular NS4A-NS4B, NS4B-NS5A, and NS5A- lecular cleavage site between NS3 and its NS4A cofactor
NS5B cleavage site§,(10—14). Besides containing a serine differs from this consensus, having threonine as its P1
protease domain of about 20 kDa at its N terminus, the NS3 residue. When incorporated into peptide substrates, this
protein harbors an RNA helicase in its400 C-terminal residue has been shown to decrease cleavage efficiency by
residues15). Deletion experiments have shown that helicase almost 2 orders of magnitud&4), indicating that factors

and protease domains can work independently of each otherpther than maximized cleavage efficiency are operative in
with the separate polypeptide chains expressing the respectivgelecting for a suboptimal residue in the P1 position of the
activities (L5-22). This has recently permitted the crystal- NS3-NS4A junction.

lization of the NS3 protease and helicase domaz3s-6).

Although the NS3 protease has proteolytic activity of its h During our subs_trate;peuflcny ZtUd".aSH.\t')v.g realized thit
own, in vivo complex formation with the viral NS4A protein the NS3 protease is subject to product inhibition. Remark-

is essential for efficient processing of all NS3-dependent 2Ply; the enzyme displays a higher affinity for the products
polyprotein cleavage sited§ 27—29). NS4A is a cofactor than it does for thel correspor.1d|.ng substyates. In this paper,
that enhances the specific activity of the NS3 protease andWe Present a detailed description of this phenomenon and
increases its metabolic stability in transfected celig 9). report evidence for the involvement of Lys136 in the
In vitro, NS3 can be activated by addition of a peptide Stabilization of the enzymeproduct complex. In the fol-
harboring residues 2134 of the NS4A cofactor. As lowing paper in this issue3g), we show that very potent
competitive inhibitors of HCV serine protease activity can

* To whom correspondence should be adressed. Teleph686:6 bg ob_tained through single-mutant and combinatorial opti-
91093232. Fax:+39 6 91093225. E-mail: Steinkuhler@IRBM.it. mization of NS3 cleavage products.
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EXPERIMENTAL PROCEDURES reactions were stopped by addition of 4D of 1% TFA.
o . . Cleavage of peptide substrates was determined by HPLC
Purification of the NS3 Protease Domaim plasmid ~5ing a Merck-Hitachi chromatograph equipped with an
containing the serine protease domain of NS3 (amino ac'dsautosampler. Samples (80) were injected onto a Lichro-
1-180, from the HCV J strain, followed by the sequence spher C18 reversed-phase cartridge colums (5 mm, 5
ASKKKK) cDNA under the control of the bacFeri.ophage um, Merck), and fragments were separated using a 10 to
T7 gene 10 promoter was used to transf@scherichia coli 4q04 acetonitrile gradient at 5%/min using a flow rate of
BL21 (DE3) cells. Protein expression and pur|f!cat|0n WEre 2 5 mL/min. Peak detection was accomplished by monitor-
carried out as previously describedl7]. The purity of the g oth the absorbance at 220 nm and tyrosine fluorescence
enzyme was evaluated to b©5% by silver-stained SDS_ (ex = 260 NM, Zem = 305 nm). Cleavage products were
polyacrylamide gels and by reversed-phase HPLC using agantitated by integration of chromatograms with respect to
Vydac C4 column (4.6« 250 mm, 5um, 300 A). In the appropriate standards. Kinetic parameters were calculated
latter case, eluents were®0.1% TFA (A) and acetonitrile/  ¢rom 4 nonlinear least-squares fit of initial rates as a function

0.1% TFA (B). A linear gradient from 3 t0 95% B in 60 ot gpstrate concentration with the help of a Kaleidagraph
min was used. The concentration of protein stocks was ¢y fware assuming MichaefidMenten kinetics.

estim_ated by quantitative ami.no acid analy_sis. Purified K; values of peptide inhibitors were calculated from
proteins were further characterized by N-terminal sequenceg qirate titration experiments performed in the presence of
analysis, using Edman degradation on an Applied Biosystemsjncreasing amounts of inhibitor. Experimental data sets were

model 470A gas-phase sequencer, and by electrospray massimytaneously fitted to eq 1 using a multicurve fit macro
spectrometry with a Perkin-Elmer API 100 instrument. Both ..tk the help of a Sigmaplot software:

techniques indicated an N-terminal heterogeneity of protein
samples with 80% of the molecules starting with Met1 and V= (VoK1 + Kl + 9 1)
20% with Pro3.

NS3 Mutants.The Arg155Ser, Lys136Met, and Lys136Arg  Alternatively, K; values were derived from kg values,
mutations were inserted by PCR site-directed mutagenesiscalculated using a two-parameter logistic function, according
using suitable primers. cDNAs were fully sequenced and to eq 2:
purified proteins analyzed by mass spectrometry to ascertain
that no additional mutations were introduced by PCR. The IC5p= (1 + KK 2
Arg155Ser mutation was inserted in the context of the
sequence of the HCV Bk strain protease, since the corre-pH dependence experiments were carried out using a three-
sponding J strain mutant turned out to be very poorly component buffer containing 25 mM Tris, 12.3 mM acetate,
expressed irE. coli. Control experiments have shown no 12.3 mM Mes, 15% glycerol, 1% CHAPS, 30 mM DTT,
significant differences in the inhibition of wild-type Bk orJ and 80uM Pep4AK. pH-dependent variations of ionic
strain proteases by the cleavage products DEMEEC-OH orstrength were corrected by addition of NaCl such that the
EDVVADbuC-OH. final ionic strength of all solutions was 15 mM. Enzymatic

Peptides and HPLC AssaysSubstrate 4AB, having the reactions using this buffer system were performed as
sequence Ac-DEMEECASHLPYK-NHwas purchased from ~ described above. Enzyme concentrations were varied be-
Peptides International. Substrate 5AB (EDVVAbuCSMSY) tween 500 and 20 nM, and after 30 min, reactions were
was obtained from AnaSpec. Protected amino acids werestopped by addition of 40L of 1% TFA.
commercially available from Novabiochem “(ifalfingen, Molecular Modeling. All computer simulations were
Germany), Bachem (Bubendorf, Germany), Neosystem (Stras-P€rformed on a Silicon Graphics Indigo workstation. Energy
burg, Germany), or Synthetech (Albany, NY). Peptide Minimization and molecular dynamics were carried out with
synthesis was performed by Fmoc/t-Bu chemisB$) (on the program BatchMin39) and the molecular modeling
Novasyn TGA (peptide acids) or Novasyn TGR (peptide Package Insightll/Discover (Biosym Technologies Inc., San
amides) resin. Peptides were purified by HPLC and char- Diego, CA). All hydrogen atoms were included, and the
acterized by mass spectrometry and amino acid analysis.potential energy of the complex was expressed by the force
Concentrations of stock solutions of peptides, prepared infield MMFF (40) implemented in the MacroModel V5.0
DMSO or in buffered aqueous solutions and kept-&0 distribution of the simulation program BatchMin. To ap-
°C until they were used, were determined by quantitative Proximate solvation, a continuous solvent model for water,
amino acid analysis performed on HCI-hydrolyzed samples. &s implemented in BatchMin, was employed. Molecular

If not specified differently, cleavage assays were per- dynamics simulations were performed at 300 K All atoms
formed in 57uL of 50 mM Hepes (pH 7.5), 1% CHAPS, of t_he NSS protease, except those of the amino acid s_lde
15% glycerol, and 10 mM DTT (buffer A), to which &L cham_s in thfa substrate binding region, were k_ept f|xed during
of substrate peptide was added. As the protease cofactorth® Simulation. The MacroModel V5.0 distribution of the
we used a peptide spanning the central hydrophobic coreSimulation program BatchMin was used.

(residues 2134) of the NS4A protein, Pep4AK [KKKGS- RESULTS

VVIVGRIILSGR(NHy)]. Buffer solutions containing 86M

Pep4AK were preincubated for 10 min with 2200 nM We have analyzed the time course of the NS3-catalyzed
protease, and reactions were started by addition of substratecleavage of the substrate peptide DEMEECASHLPYK
Six duplicate data points at different substrate concentrations(substrate 4AB) which is based on the sequence of the
were used to calculate kinetic parameters. Incubation timesNS4A—NS4B cleavage site of the HCV polyprotein. Figure
were chosen to produce7% substrate conversion, and 1 shows that, starting with a substrate concentration of 30
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Ficure 1: Time course of the cleavage of substrate 4AB. NS3
protease (200 nM) was incubated in 50 mM Hepes (pH 7.5), 30
mM DTT, 1% CHAPS, 15% glycerol, and 8M Pep4A in the
presence of 3«M substrate 4AB. Aliquots were withdrawn at

500

timed intervals, and the reactions were quenched by addition of
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experiments were made using eight substrate concentrations
between 5 and 20@M. The reactions were stopped at
different times. Subsequentlk., and K, values were
calculated for each experiment. Figure 2A shows that, as
expected, the appareldf, value for substrate 4AB increases
with increasing substrate conversion, whereas no significant
variation ink., could be detected. This pattern is compatible
with competitive product inhibition and again indicates that
deviation from the theoretical time course is not due to
enzyme inactivation, which should go along with a decrease
in Keat

To test which of the two fragments arising from NS3-
mediated cleavage of substrate 4AB was responsible for the
observed inhibition of the enzyme, both were synthesized
and tested separately. We found that the C-terminal fragment
ASHLPYIEQG did not affect enzymatic activity up to a

1% TFA and analyzed by HPLC. A theoretical time course of concentration of 50@M, whereas the N-terminal cleavage

substrate consumption obtained from eq 3, assumiKg, af 10
uM and akgy of 2.5 mir?, is shown as a straight line; th@

symbols mark the experimental time course. The experimental time

course data have been fitted to eq 4, assumikg af 10 uM and
a ke Of 2.5 mirl, the straight line through the data points
representing a fit from which &; of 0.7 uM has been obtained.

uM (3Ky,), a considerable deviation from linearity is observed
in the time course after only the first 15% of substrate
conversion. To investigate the nature of this nonlinearity,
Km andkg, values were determined for the peptide substrate
under near-initial rate conditions:{% substrate conversion).
We obtained &, of 10 uM and akg, of 2.5 mimt. These

values were used to generate a theoretical time course curvi

by substituting them into the integrated form of the Michae-
lis—Menten equation4l):

Vma)J: = 2'3Km Iog(%/& + (S) -9 3

where Vmax = keofE] and & and S are the substrate
concentrations at time zero and tirherespectively. The
curve thus generated deviates significantly from the experi-
mental time course curve (Figure 1). Enzyme instability,
the simplest explanation for a curvilinear time course, could

be ruled out as a cause since preincubation of the proteas

in buffer for up © 5 h did not significantly affect the specific
activity (not shown). The experimental time course data
could, however, be fitted with an integrated form of the
Michaelis—-Menten equation that takes into account the
possibility that one of the cleavage products is an inhibitor
of the enzyme41) (eq 4):

Vinat = 2.3p[1 + (S/K)] 1og(S/9) + [1 — (K/K)] x
(-9 @)

wherekK; is the dissociation constant of the enzynpeoduct
inhibitor complex. A fit according to eq 4 with &, of 10
uM and aVnax of 0.5 uM/min is shown in Figure 1. From
this fit, we obtained &; of 0.7 uM.

Thus, the time course experiments are compatible with

fragment, having the sequence DEMEEC-OH, competitively
inhibited NS3 activity with &; of 0.6 uM (Figure 2B and
Table 1). This figure is consistent with ti& value of 0.7
uM extrapolated from the fit of eq 2 to the time course data.

We next addressed the question of whether product
inhibition is restricted to substrates derived from the sequence
of the NS4A-NS4B junction or if it is a general feature of
all NS3 substrate sequences. For this purpose, time course
experiments like those described above were made using a
10-mer substrate based on the sequence of the NSEZ5SB
cleavage site (substrate 5AB, not shown). Again, a deviation
from the theoretical progress curve was observed that was
(?:ompatible with the formation of an inhibitory product with
aK; of 3uM. Next, the P side and'Bide fragments of all
cleavage sites were analyzed for their inhibitory potency
(Table 1). None of the C-terminal fragments, harboring the
P residues, affected NS3 activity to a significant extent up
to a concentration of 30@M. Conversely, both the hexamer
P side fragments of the NS4BNS5A and of the NS5A
NS5B junctions were micromolar inhibitors of the enzyme.
We observed a hierarchy of inhibitory potencies with the
NS4A-derived product having the lowd&tvalue, the NS5A-

erived fragment having an intermediate value, and the

S4B-derived P side hexamer showing the weakest affinity
for the enzyme. This order is similar to the ranking of the
Km values for the corresponding substrates (Table 1). In
contrast to these data, no inhibition, up to a concentration
of 500 uM, was observed with a hexamer fragment corre-
sponding to the P side of the intramolecular cleavage site
NS3—-NS4A. The lack of inhibition by this peptide could
be related to the fact that this is the only sequence containing
a threonine in the P1 position (see Discussion).

The Pla-carboxylate function appears to play a crucial
role in determining the potency of the inhibitory P side
hexamers. In the case of the 4A-derived sequence DE-
MEEC-OH, amidation of the Pi-carboxylate went along
with a 130-fold decrease in potency (Table 1). The resulting
amide, DEMEEC-NH, was still a competitive inhibitor of

the formation, during substrate cleavage by the NS3 proteasethe NS3 protease. Its affinity for the active site was however

of an inhibitory product with a submicromol&; value. If
this product is competitively inhibiting the enzyme, it can
be predicted that the appardft, value for substrate 4AB

1 order of magnitude weaker than that of the corresponding
substrate 4AB.

Inspection of the structure of the active site of the NS3

should increase as a function of substrate conversion, whereaprotease Z5) reveals the presence of two basic residues,

keat should be unaffected. To verify this, substrate titration

namely, Arg155 and Lys136, in the vicinity of the S1 pocket.
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Ficure 2: (A) Dependence of apparekit, andk:,; values on substrate conversion. Protease (50 nM) was incubated in 50 mM Hepes (pH
7.5), 30 mM DTT, 1% CHAPS, 15% glycerol, and 8M Pep4A. The reaction was started by addition of increasing substrate concentrations.
After 10, 30, and 60 min, aliquots were withdrawn and the reactions stopped by the addition of 1% TFA. Reactions were analyzed by
HPLC, and kinetic parameters were determined as a function of incubation t#epparenK,, value as a function of incubation time

and @) k. value as a function of incubation time. (B) Lineweav&urk analysis of the inhibition of the NS3 protease by its cleavage
product DEMEEC-OH. Protease (50 nM) was incubated in 50 mM Hepes (pH 7.5), 30 mM DTT, 1% CHAPS, 15% glyceroluéhd 80
Pep4A @) or in the same buffer containing 0.a), 1 (v), or 2uM (H) DEMEEC-OH. Reactions were started by addition of increasing
amounts of substrate and stopped by the addition of 1% TFA786 substrate conversion.

Table 1: Affinity of NS3 Substrates and Their Cleavage Products  Table 2: Kinetic and Inhibition Parameters of the Arg155Ser and
Lys136 Mutants of NS3

peptide Km (uM) Ki (uM)

NS4A-NS4B Ki (M)
DEMEEC-ASHLPYK-NH 10 enzyme Ky (M) kea(min™) DEMEEC-OH DEMEEC-NH
DEMEEC-OH 0.6 wild-type 10 25 0.6 84
DEMEEC-NH, 80

R155S 39 0.2 1.3 nd
ASHLPYIEQG-NH >500
_ K136M 14 0.3 5.0 86

NS5A-NS5B K136R 17 2.0 0.8 70
EDVVAbuC-SMSY-NH, 3.8 . .

EDVVAbuC-OH 1.4 a All reactions were performed in the presence of Pep4AK. Kinetic

SMSYTWTGALKK-NH, >300 parameters were determined using substrate 4AB DEMEECASHLPYK.
NS4B—NS5A nd means not determined.

DCSTPC-SGSW-NH >1000

DCSTPC-OH 180 .

SGSWLRDVWDKK-NH, >300 analogue DEMEEC-NKwas unaffected (Table 2). The ratio

NS3-NS4A Kmsubstraidfiipemeec—on)y, decreased from 16.6 in the wild-
DLEVVT-STWV nd type enzyme to 2.8 in the Lys136Met mutant, implying that,
DLEVVT-OH >500

S— in contrast to Arg155, Lys136 is selectively contributing to
2All data were determined in the presence of Pep4AKvalues the stabilization of the bound product inhibitor. Time course
were obtained from substrate titration experiments in the presence ofcurves recorded with the Lys136Met mutant were compatible

increasing inhibitor concentrations, as described in Experimental . S . h
Procedures, using the substrate peptide 4AB, having the sequencé’v'th an inhibition of this enzyme by DEMEEC-OH with a

DEMEECASHLPYK. All peptides used were N-terminally acetylated. Ki of 3 «M (not shown), a value similar to that obtained in
nd means not determined. direct DEMEEC-OH titration experiments (BM). To
further test the hypothesis that a positively charged residue
These residues could potentially participate in binding to in position 136 is involved in binding the product P1
product inhibitors PIx-carboxylate. Therefore, we decided o-carboxylate, Lys136 was also mutagenized into arginine.
to mutagenize both and to characterize the effect of theseThis mutation yielded an enzyme with both kinetic and
mutations on the affinity of the product inhibitor DEMEEC- inhibition parameters that were very similar to those of the
OH. wild-type enzyme (Table 2), implying that a positively
Arg155 was mutagenized into serine, since most chymot- charged residue in position 136 is important for both catalytic
rypsin-like serine proteases contain this residue in the efficiency and product binding.
homologous position. The Arg155Ser mutation affected both  To characterize further the phenomenon of product inhibi-
keat and K, values for the substrate 4AB (Table 2). In tion, pH dependence experiments of substrate and product
contrast, only a small (2-fold) effect of this mutation was binding were performed. Binding of the substrate 4AB as a
observed on the potency of product inhibitor DEMEEC-OH. function of pH is shown in Figure 3A. ThK, value of
The ratioKmsubstrardKipemeec—ony, Which is a measure of the  this substrate titrates with akp of <5 and varies little
relative extent of product inhibition, increased from 16.6 to between pH 7 and 9. We compared this behavior to the pH
30, indicating that this mutation slightly strengthened the dependence of thi€; value of the inhibitors DEMEEC-NH
interaction with DEMEEC-OH relative to substrate binding. and DEMEEC-OH. TheK; value of DEMEEC-NH was
Mutagenesis of Lys136 into methionine also affected the relatively invariant between pH 6 and 8.5, which resembles
catalytic efficiency of the enzyme, resulting in decredsgd  the behavior of the substrate (Figure 3B). In contrast, there
and slightly increase&,, values for substrate 4AB (Table was a striking increase in th€ value of DEMEEC-OH
2). Furthermore, the mutation led to an 8.3-fold increase in above pH 7.5 (Figure 3B). The titration data of this product
theK; value of DEMEEC-OH, whereas th& for the amide inhibitor were thus compatible with the interaction of the
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Ficure 3: pH dependence of substrate 4AB and inhibitor binding to the NS3 protease. ProteaS8q2M) was incubated in a three-
component buffer containing 25 mM Tris, 12.3 mM acetate, 12.3 mM Mes, 15% glycerol, 1% CHAPS, 30 mM DTT, @vd&p4AK,
adjusted to a final pH between 5.0 and 8.6. (A) Titration experiments were performed with substrate 4KB,\atdes were calculated
as a function of pH. (BK; values for the inhibitors DEMEEC-OH and DEMEEC-bWere calculated at different pH values from titration
experiments performed at [S} Kn,. Due to the different affinities of the two compound§,values at pH 7.5 were normalized to 1, to
superimpose both curves on the same graph.

DEMEEC-OH P1la-carboxylate with a group on the enzyme
having a K, of >8.5. The exact determination of thi&p
value proved to be difficult due to a decreased stability of
the enzyme at high pH values. It can be concluded, however,
that the deprotonation of this group selectively destabilizes
the interaction with DEMEEC-OH, but not with DEMEEC-
NH,, which indicates that it is probably directly interacting
with the P1a-carboxylate in the product inhibitor. pH
dependence experiments performed with the Lys136Met
mutant indicated that also in the absence of a positively
charged residue in position 136 the affinity for DEMEEC-
OH decreased with increasing pH (not shown), suggesting
that some other titratable group(s) besides Lys136 contributes &
to the stabilization of the bound inhibitor.

Energy minimization and molecular dynamics were further
used to explore the possible interactions between the product
inhibitor and the active site of the NS3 protease. Modeling
different side chain conformations of the amino acids close
to the active site revealed stabilizing interactions between FIGURE 4: Representation of the X-ray structure of the oxyanion

: ; C e hole including the catalytic His57 and Lys136 with the P1 amino
the side chain of Lys136, which is is located next to the acid (Cys) of a product inhibitor modeled into the active site of

oxyanion hole, and the carboxylic acid moiety of the product {he NS3 protease. The carbon atoms of the amino acids taken from
inhibitor DEMEEC-OH. Hydrogen bond interactions be- the X-ray crystal structure are presented in gray and those of the
tween the Lys136 side chain and the carboxylic acid oxygen P1 Cys in green. The modeled side chain conformation of Lys136
atoms can be achieved by minor changes of the side chain" the complex with the product inhibitor is shown in pink.
conformation of this residue (Figure 4). In modeling studies . , . .. . .

using a continuous water model, this interaction seems to!nﬂ!g!:!on clgarly d(ljﬁerihfr(irrr tT\leS;nech?nlsm of rﬁ)mdut";[
contribute significantly to the stabilization of negatively Il\rll-tlerlnlw?rz]aloclzz\r/\;e o V\:'O ductg bind torl;]oee:rwsz&mvé v(\e/irt?\ Iovs
charged groups bound to the active site. The reduction 0fmicromolar affinitigs réom arable to or hi her¥han those of
the distance between the anionic group of the inhibitor and the correspondin s’ubstr:gtes Amidatio% of theoRdar-

the positively charged Lys side chain is associated with boxylate ag well a?s a series of other chemical modifications
weakening of the hydrogen bonds between the carboxylic ythe following paper in this issug€j] has highlighted
acid and the Serl39 amide group. Additional hydrogen Eﬁee_ ¢ gf ghp tribut £ thi 'dg 9 i
bonds, typical for the oxyanion hole of serine proteases, can € Importance ot the contribution of this acidic group 1o

e S G e and e ooen . S S o 53 proshet ptr e e
atoms of the carboxylic acid. group p

therefore attracted our interest.
DISCUSSION A series of complexes of serine proteases and their
N-terminal cleavage products have been crystalliz&4-(
Product inhibition of serine proteases, to the extent 47). There is a common binding motif that stabilizes the
observed with the NS3 protease, is unusual. In general,P1a-carboxylate function in its enzyme-bound state; in the
serine proteases may be inhibited by high millimolar Sindbis Virus core protein4(/), the streptomyces griseus
concentrations of their C-terminal cleavage products for protease A (SGPA) complexed with tetramer product pep-
thermodynamic reasons, the free amino group acting as atides @4) and in bovine thrombin complexed with a
nucleophile in an acyl transfer reactiof#?f. This mode of tetradecapeptide mimicking theoAchain of human fibrino-
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gen @5) the Ploa-carboxylate oxygens are positioned to be operative in selectively stabilizing the bound carboxylic

make hydrogen bonds with the imidazole ring of the catalytic acid with respect to the amide, thereby partially compensating
histidine and with the main chain amido groups of the for the loss of a positively charged side chain in position

residues of the oxyanion hole. For SGPA, it has furthermore 136.

been proposed that the’ ©f the catalytic Ser195 which is This stabilization of a serine proteasgroduct complex
very close (2.62 A) to the carboxyl carbon atom of the through interaction with a lysine residue at the active site
product actually is engaged ina partial bond with this atom has also been observed in thrombtn'peptide product
(44). A close contact between these two groups is also complexes46). Thus, in the thrombinp-Phe-Pro-Arg-OH
observed in the thrombintetradecapeptide complexs). complex, the Phi-carboxylate is accepting a hydrogen bond
The main stabilization of the SGPAproduct complexes was  from the N2 of the catalytic His57 as well as from an ordered
postulated to arise from a hydrogen bond betweehdl  solvent molecule. This ordered solvent is in turn hydrogen-
the catalytic His57 and the terminal oxygen atom of the ponded to Lys60FNy. Furthermore, in the Sindbis pro-
product. This stabilization relies on the protonation of His57 tease, an arginine residue is conserved in a position similar
at the low pH (4.1) used to grow the crystals and would be tg that of Lys136 in NS3. In line with this finding, our data

lost upon raising the pH above 7. Under these conditions, on the Lys136Arg mutant show that in NS3 arginine can
not only hydrogen bond formation but also an ion pair substitute for lysine in product binding.
electrostatic stabilization of the protonated imidazole and the 114 question of whether product inhibition of the NS3

carboxylate group would be lost. We reasoned that, if such po1ease has any physiological relevance is still open for
an interaction was making a crucial contribution to the yepate In this context, it is interesting to notice that in the

stabilization of the NS3product complexes, a change in jnramolecular cleavage site between NS3 and NS4A, at

the protonation state of His57 of NS3 should affect the \ariance with the substrate preference of the protease, a
affinity for the product, whos&; value should titrate with e onine residue is conserved in all isolates. On the other

the (K, value of His57. This K, value has previously been  p5n4 \we have shown that the resulting cleavage product does
determined, both by activity titration (manuscript in prepara- ot inhibit the enzyme to any significant extent. If product

tion) and by NMR titration of the His57 proton resonances jqninition does play a role also during polyprotein processing,
(48), to be 6.9. Our experimental data indicated instead that it could be argued, in the light of these findings, that its

the product PI-carboxylate was stabilized by the interaction 5ccrrence at the intramolecular site should be counter-
\leltgr'trr:s';)I(ram?hn:t?gdf%rgmpzfr igr(;):gshr?gtmeg ga‘g; ;8527 s Selected since it may impede subsequent cleavages.
inci is findi xclu i : o "
) ” : : We have noticed that product inhibition is very sensitive

an interacting residue. In fact, th&pvalue of the catalytic e : AN

o L L to ionic strength [see also the following paper in this issue
histidine of chymotrypsin in complexes.Wn.h tr!fluoromethyl @6 In thisg regpect binding of pro%lﬁ)ctg parallels the
ke_tones has be_en _shown to ba0 (49), |n_d|cat|ng_ that we previously reported ionic strength dependence of substrate
might aiso be titrating glpavalue alterqno_n .Of His57, due binding 60). This observation is also in line with a
to cqmplex formation with the productmmb!tqr. Thg exact predominantly electrostatic stabilization of the enzyme
binding mode of NS3 protease product inhibitors will have product complex. In the following paper in this iss@é

o Obe detetrmlned k?y X-ray.crysttallogr.a?hdy.t Lvs136 we show that product inhibitors of the NS3 protease can be
.(lj” mtllf] atgene5|s ei(psr'tments ?ﬁ'n et b'Ic" tYs f et‘ﬁ aoptimized to yield peptidic inhibitors with nanomolar poten-
residue that was contriouting to the stabilization of the oo \hich also show reduced sensitivity to ionic strength.

E;irezcg?]ntr\’]\gtgézzrsgf{;gﬁrgfglgi o;r?r:ii%ir;?;/u;ggr\:\(lz?/sof These molecules may be useful in the design of peptidomi-
DEMEEC-OH, but not of the corresponding amide, in the metics with therapeutical potential as anti-HCV drugs.
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DEMEEC-OH in the Lys136Arg mutant. Also, the

Lys136Met mutant enzyme showed a pH-dependent decrease We thank S. Acali for peptide synthesis, R. Petruzzelli
in the inhibitory potency of DEMEEC-OH at pH-7.5, for N-terminal sequence analysis, and F. Naimo and F.
indicating that, although being important, Lys136 was not Bonelli for mass spectrometry of protein samples.

the sole titratable group involved in the stabilization of the
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