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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 NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B cleavage sites,
whereas no inhibition is observed with a cleavage product of the intramolecular NS3-NS4A junction.
TheKi values of the hexamer inhibitory products [Ki(NS4A) ) 0.6 µM, Ki(NS5A) ) 1.4 µM, andKi-
(NS4B)) 180µM] are lower than theKm values of the respective substrate peptides [Km(NS4A-NS4B)
) 10µM, Km(NS5A-NS5B)) 3.8µM, andKm(NS4B-NS5A)> 1000µM]. 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
cloning in 1989 (1). Its genome is a 9.5 kb single-stranded
positive sense RNA that contains a single open reading frame
encoding a polyprotein of 3010-3033 residues. Upon its
synthesis, this polyprotein is processed into at least 10 mature
viral proteins. Both cellular signal peptidases and two virally
encoded proteolytic enzymes are involved in this maturation
process. Whereas the structural HCV proteins arise through
the action of cellular proteases (2-5), the viral enzymes are
required for the processing of the nonstructural region. Thus,
the NS2-NS3 junction is cleaved by a zinc-dependent
autoprotease associated with NS2 and the N-terminal region
of the NS3 protein (6-9). This same region of NS3 also
contains a serine protease that performs all remaining
cleavages at the intramolecular NS3-NS4A site and at the
intermolecular NS4A-NS4B, NS4B-NS5A, and NS5A-
NS5B cleavage sites (3, 10-14). Besides containing a serine
protease domain of about 20 kDa at its N terminus, the NS3
protein harbors an RNA helicase in its∼400 C-terminal
residues (15). Deletion experiments have shown that helicase
and protease domains can work independently of each other,
with the separate polypeptide chains expressing the respective
activities (15-22). This has recently permitted the crystal-
lization of the NS3 protease and helicase domains (23-26).
Although the NS3 protease has proteolytic activity of its

own, in vivo complex formation with the viral NS4A protein
is essential for efficient processing of all NS3-dependent
polyprotein cleavage sites (16, 27-29). NS4A is a cofactor
that enhances the specific activity of the NS3 protease and
increases its metabolic stability in transfected cells (27, 29).
In vitro, NS3 can be activated by addition of a peptide
harboring residues 21-34 of the NS4A cofactor. As

determined by mutagenesis experiments (17, 22, 28, 30, 31),
spectroscopic (32) and kinetic studies (33), and X-ray
crystallography (23-25), the NS4A cofactor and the peptide
derived from it bind to the N-terminal region of the NS3
protease, thereby causing its structural rearrangement and
the correct alignment of the residues that constitute the
catalytic triad of the enzyme. This process results in the
activation of the catalytic machinery.

Substrate specificity studies using peptide substrates based
on the sequences of the polyprotein cleavage sites have
shown that the NS3 protease requires at least decamer
peptides spanning P6-P4′, with a preference for an acidic
residue in P6, cysteine in P1, serine or alanine in P1′, and a
hydrophobic residue in P4′ (33-35). Notably, the intramo-
lecular cleavage site between NS3 and its NS4A cofactor
differs from this consensus, having threonine as its P1
residue. When incorporated into peptide substrates, this
residue has been shown to decrease cleavage efficiency by
almost 2 orders of magnitude (34), indicating that factors
other than maximized cleavage efficiency are operative in
selecting for a suboptimal residue in the P1 position of the
NS3-NS4A junction.

During our substrate specificity studies, we realized that
the NS3 protease is subject to product inhibition. Remark-
ably, the enzyme displays a higher affinity for the products
than it does for the corresponding substrates. In this paper,
we present a detailed description of this phenomenon and
report evidence for the involvement of Lys136 in the
stabilization of the enzyme-product complex. In the fol-
lowing paper in this issue (36), we show that very potent
competitive inhibitors of HCV serine protease activity can
be obtained through single-mutant and combinatorial opti-
mization of NS3 cleavage products.
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EXPERIMENTAL PROCEDURES

Purification of the NS3 Protease Domain.A plasmid
containing the serine protease domain of NS3 (amino acids
1-180, from the HCV J strain, followed by the sequence
ASKKKK) cDNA under the control of the bacteriophage
T7 gene 10 promoter was used to transformEscherichia coli
BL21 (DE3) cells. Protein expression and purification were
carried out as previously described (37). The purity of the
enzyme was evaluated to be>95% by silver-stained SDS-
polyacrylamide gels and by reversed-phase HPLC using a
Vydac C4 column (4.6× 250 mm, 5µm, 300 Å). In the
latter case, eluents were H2O/0.1% TFA (A) and acetonitrile/
0.1% TFA (B). A linear gradient from 3 to 95% B in 60
min was used. The concentration of protein stocks was
estimated by quantitative amino acid analysis. Purified
proteins were further characterized by N-terminal sequence
analysis, using Edman degradation on an Applied Biosystems
model 470A gas-phase sequencer, and by electrospray mass
spectrometry with a Perkin-Elmer API 100 instrument. Both
techniques indicated an N-terminal heterogeneity of protein
samples with 80% of the molecules starting with Met1 and
20% with Pro3.
NS3 Mutants.The Arg155Ser, Lys136Met, and Lys136Arg

mutations were inserted by PCR site-directed mutagenesis
using suitable primers. cDNAs were fully sequenced and
purified proteins analyzed by mass spectrometry to ascertain
that no additional mutations were introduced by PCR. The
Arg155Ser mutation was inserted in the context of the
sequence of the HCV Bk strain protease, since the corre-
sponding J strain mutant turned out to be very poorly
expressed inE. coli. Control experiments have shown no
significant differences in the inhibition of wild-type Bk or J
strain proteases by the cleavage products DEMEEC-OH or
EDVVAbuC-OH.
Peptides and HPLC Assays.Substrate 4AB, having the

sequence Ac-DEMEECASHLPYK-NH2, was purchased from
Peptides International. Substrate 5AB (EDVVAbuCSMSY)
was obtained from AnaSpec. Protected amino acids were
commercially available from Novabiochem (La¨ufelfingen,
Germany), Bachem (Bubendorf, Germany), Neosystem (Stras-
burg, Germany), or Synthetech (Albany, NY). Peptide
synthesis was performed by Fmoc/t-Bu chemistry (38) on
Novasyn TGA (peptide acids) or Novasyn TGR (peptide
amides) resin. Peptides were purified by HPLC and char-
acterized by mass spectrometry and amino acid analysis.
Concentrations of stock solutions of peptides, prepared in
DMSO or in buffered aqueous solutions and kept at-80
°C until they were used, were determined by quantitative
amino acid analysis performed on HCl-hydrolyzed samples.
If not specified differently, cleavage assays were per-

formed in 57µL of 50 mM Hepes (pH 7.5), 1% CHAPS,
15% glycerol, and 10 mM DTT (buffer A), to which 3µL
of substrate peptide was added. As the protease cofactor,
we used a peptide spanning the central hydrophobic core
(residues 21-34) of the NS4A protein, Pep4AK [KKKGS-
VVIVGRIILSGR(NH2)]. Buffer solutions containing 80µM
Pep4AK were preincubated for 10 min with 10-200 nM
protease, and reactions were started by addition of substrate.
Six duplicate data points at different substrate concentrations
were used to calculate kinetic parameters. Incubation times
were chosen to produce<7% substrate conversion, and

reactions were stopped by addition of 40µL of 1% TFA.
Cleavage of peptide substrates was determined by HPLC
using a Merck-Hitachi chromatograph equipped with an
autosampler. Samples (80µL) were injected onto a Lichro-
spher C18 reversed-phase cartridge column (4× 75 mm, 5
µm, Merck), and fragments were separated using a 10 to
40% acetonitrile gradient at 5%/min using a flow rate of
2.5 mL/min. Peak detection was accomplished by monitor-
ing both the absorbance at 220 nm and tyrosine fluorescence
(λex ) 260 nm,λem ) 305 nm). Cleavage products were
quantitated by integration of chromatograms with respect to
appropriate standards. Kinetic parameters were calculated
from a nonlinear least-squares fit of initial rates as a function
of substrate concentration with the help of a Kaleidagraph
software, assuming Michaelis-Menten kinetics.
Ki values of peptide inhibitors were calculated from

substrate titration experiments performed in the presence of
increasing amounts of inhibitor. Experimental data sets were
simultaneously fitted to eq 1 using a multicurve fit macro
with the help of a Sigmaplot software:

Alternatively, Ki values were derived from IC50 values,
calculated using a two-parameter logistic function, according
to eq 2:

pH dependence experiments were carried out using a three-
component buffer containing 25 mM Tris, 12.3 mM acetate,
12.3 mM Mes, 15% glycerol, 1% CHAPS, 30 mM DTT,
and 80 µM Pep4AK. pH-dependent variations of ionic
strength were corrected by addition of NaCl such that the
final ionic strength of all solutions was 15 mM. Enzymatic
reactions using this buffer system were performed as
described above. Enzyme concentrations were varied be-
tween 500 and 20 nM, and after 30 min, reactions were
stopped by addition of 40µL of 1% TFA.
Molecular Modeling. All computer simulations were

performed on a Silicon Graphics Indigo workstation. Energy
minimization and molecular dynamics were carried out with
the program BatchMin (39) and the molecular modeling
package InsightII/Discover (Biosym Technologies Inc., San
Diego, CA). All hydrogen atoms were included, and the
potential energy of the complex was expressed by the force
field MMFF (40) implemented in the MacroModel V5.0
distribution of the simulation program BatchMin. To ap-
proximate solvation, a continuous solvent model for water,
as implemented in BatchMin, was employed. Molecular
dynamics simulations were performed at 300 K. All atoms
of the NS3 protease, except those of the amino acid side
chains in the substrate binding region, were kept fixed during
the simulation. The MacroModel V5.0 distribution of the
simulation program BatchMin was used.

RESULTS

We have analyzed the time course of the NS3-catalyzed
cleavage of the substrate peptide DEMEECASHLPYK
(substrate 4AB) which is based on the sequence of the
NS4A-NS4B cleavage site of the HCV polyprotein. Figure
1 shows that, starting with a substrate concentration of 30

V) (VmaxS)/[Km(1+ Ki/I) + S] (1)

IC50 ) (1+ S/Km)Ki (2)
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µM (3Km), 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 andkcat values were determined for the peptide substrate
under near-initial rate conditions (<7% substrate conversion).
We obtained aKm of 10 µM and akcat of 2.5 min-1. These
values were used to generate a theoretical time course curve
by substituting them into the integrated form of the Michae-
lis-Menten equation (41):

where Vmax ) kcat[E] and S0 and S are the substrate
concentrations at time zero and timet, respectively. 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 protease
in buffer for up to 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 enzyme (41) (eq 4):

whereKi is the dissociation constant of the enzyme-product
inhibitor complex. A fit according to eq 4 with aKm of 10
µM and aVmax of 0.5µM/min is shown in Figure 1. From
this fit, we obtained aKi of 0.7 µM.
Thus, the time course experiments are compatible with

the formation, during substrate cleavage by the NS3 protease,
of an inhibitory product with a submicromolarKi value. If
this product is competitively inhibiting the enzyme, it can
be predicted that the apparentKm value for substrate 4AB
should increase as a function of substrate conversion, whereas
kcat should be unaffected. To verify this, substrate titration

experiments were made using eight substrate concentrations
between 5 and 200µM. The reactions were stopped at
different times. Subsequently,kcat and Km values were
calculated for each experiment. Figure 2A shows that, as
expected, the apparentKm value for substrate 4AB increases
with increasing substrate conversion, whereas no significant
variation inkcat 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 kcat.

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
concentration of 500µM, whereas the N-terminal cleavage
fragment, having the sequence DEMEEC-OH, competitively
inhibited NS3 activity with aKi of 0.6 µM (Figure 2B and
Table 1). This figure is consistent with theKi value of 0.7
µM 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 NS5A-NS5B
cleavage site (substrate 5AB, not shown). Again, a deviation
from the theoretical progress curve was observed that was
compatible with the formation of an inhibitory product with
aKi of 3 µM. Next, the P side and P′ side 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 300µM. Conversely, both the hexamer
P side fragments of the NS4B-NS5A 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 lowestKi value, the NS5A-
derived fragment having an intermediate value, and the
NS4B-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 µM, 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 P1R-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 P1R-carboxylate went along
with a 130-fold decrease in potency (Table 1). The resulting
amide, DEMEEC-NH2, was still a competitive inhibitor of
the NS3 protease. Its affinity for the active site was however
1 order of magnitude weaker than that of the corresponding
substrate 4AB.

Inspection of the structure of the active site of the NS3
protease (25) reveals the presence of two basic residues,
namely, Arg155 and Lys136, in the vicinity of the S1 pocket.

FIGURE 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 80µM Pep4A in the
presence of 30µM substrate 4AB. Aliquots were withdrawn at
timed intervals, and the reactions were quenched by addition of
1% TFA and analyzed by HPLC. A theoretical time course of
substrate consumption obtained from eq 3, assuming aKm of 10
µM and a kcat of 2.5 min-1, is shown as a straight line; theb
symbols mark the experimental time course. The experimental time
course data have been fitted to eq 4, assuming aKm of 10µM and
a kcat of 2.5 min-1, the straight line through the data points
representing a fit from which aKi of 0.7 µM has been obtained.

Vmaxt ) 2.3Km log(S0/S) + (S0 - S) (3)

Vmaxt ) 2.3Km[1 + (S0/Ki)] log(S0/S) + [1 - (Km/Ki)] ×
(S0 - S) (4)
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These residues could potentially participate in binding to
product inhibitors P1R-carboxylate. Therefore, we decided
to mutagenize both and to characterize the effect of these
mutations on the affinity of the product inhibitor DEMEEC-
OH.
Arg155 was mutagenized into serine, since most chymot-

rypsin-like serine proteases contain this residue in the
homologous position. The Arg155Ser mutation affected both
kcat and Km values for the substrate 4AB (Table 2). In
contrast, only a small (2-fold) effect of this mutation was
observed on the potency of product inhibitor DEMEEC-OH.
The ratioKm(substrate)/Ki(DEMEEC-OH), which is a measure of the
relative extent of product inhibition, increased from 16.6 to
30, indicating that this mutation slightly strengthened the
interaction with DEMEEC-OH relative to substrate binding.
Mutagenesis of Lys136 into methionine also affected the

catalytic efficiency of the enzyme, resulting in decreasedkcat
and slightly increasedKm values for substrate 4AB (Table
2). Furthermore, the mutation led to an 8.3-fold increase in
theKi value of DEMEEC-OH, whereas theKi for the amide

analogue DEMEEC-NH2was unaffected (Table 2). The ratio
Km(substrate)/Ki(DEMEEC-OH), decreased from 16.6 in the wild-
type enzyme to 2.8 in the Lys136Met mutant, implying that,
in contrast to Arg155, Lys136 is selectively contributing to
the stabilization of the bound product inhibitor. Time course
curves recorded with the Lys136Met mutant were compatible
with an inhibition of this enzyme by DEMEEC-OH with a
Ki of 3 µM (not shown), a value similar to that obtained in
direct DEMEEC-OH titration experiments (5µM). To
further test the hypothesis that a positively charged residue
in position 136 is involved in binding the product P1
R-carboxylate, Lys136 was also mutagenized into arginine.
This mutation yielded an enzyme with both kinetic and
inhibition parameters that were very similar to those of the
wild-type enzyme (Table 2), implying that a positively
charged residue in position 136 is important for both catalytic
efficiency and product binding.
To characterize further the phenomenon of product inhibi-

tion, pH dependence experiments of substrate and product
binding were performed. Binding of the substrate 4AB as a
function of pH is shown in Figure 3A. TheKm value of
this substrate titrates with a pKa of <5 and varies little
between pH 7 and 9. We compared this behavior to the pH
dependence of theKi value of the inhibitors DEMEEC-NH2
and DEMEEC-OH. TheKi value of DEMEEC-NH2 was
relatively invariant between pH 6 and 8.5, which resembles
the behavior of the substrate (Figure 3B). In contrast, there
was a striking increase in theKi value of DEMEEC-OH
above pH 7.5 (Figure 3B). The titration data of this product
inhibitor were thus compatible with the interaction of the

FIGURE 2: (A) Dependence of apparentKm andkcat values on substrate conversion. Protease (50 nM) was incubated in 50 mM Hepes (pH
7.5), 30 mM DTT, 1% CHAPS, 15% glycerol, and 80µM 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 time: (b) apparentKm value as a function of incubation time
and (9) kcat value as a function of incubation time. (B) Lineweaver-Burk 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% glycerol, and 80µM
Pep4A (b) or in the same buffer containing 0.5 (2), 1 (1), or 2 µM (9) DEMEEC-OH. Reactions were started by addition of increasing
amounts of substrate and stopped by the addition of 1% TFA at<7% substrate conversion.

Table 1: Affinity of NS3 Substrates and Their Cleavage Productsa

peptide Km (µM) Ki (µM)

NS4A-NS4B
DEMEEC-ASHLPYK-NH2 10
DEMEEC-OH 0.6
DEMEEC-NH2 80
ASHLPYIEQG-NH2 >500

NS5A-NS5B
EDVVAbuC-SMSY-NH2 3.8
EDVVAbuC-OH 1.4
SMSYTWTGALKK-NH2 >300

NS4B-NS5A
DCSTPC-SGSW-NH2 >1000
DCSTPC-OH 180
SGSWLRDVWDKK-NH2 >300

NS3-NS4A
DLEVVT-STWV nd
DLEVVT-OH >500

a All data were determined in the presence of Pep4AK.Ki values
were obtained from substrate titration experiments in the presence of
increasing inhibitor concentrations, as described in Experimental
Procedures, using the substrate peptide 4AB, having the sequence
DEMEECASHLPYK. All peptides used were N-terminally acetylated.
nd means not determined.

Table 2: Kinetic and Inhibition Parameters of the Arg155Ser and
Lys136 Mutants of NS3a

Ki (µM)

enzyme Km (µM) kcat (min-1) DEMEEC-OH DEMEEC-NH2

wild-type 10 2.5 0.6 84
R155S 39 0.2 1.3 nd
K136M 14 0.3 5.0 86
K136R 17 2.0 0.8 70

a All reactions were performed in the presence of Pep4AK. Kinetic
parameters were determined using substrate 4AB DEMEECASHLPYK.
nd means not determined.
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DEMEEC-OH P1R-carboxylate with a group on the enzyme
having a pKa of >8.5. The exact determination of this pKa

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-
NH2, which indicates that it is probably directly interacting
with the P1R-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
the side chain of Lys136, which is is located next to the
oxyanion hole, and the carboxylic acid moiety of the product
inhibitor DEMEEC-OH. Hydrogen bond interactions be-
tween the Lys136 side chain and the carboxylic acid oxygen
atoms can be achieved by minor changes of the side chain
conformation of this residue (Figure 4). In modeling studies
using a continuous water model, this interaction seems to
contribute significantly to the stabilization of negatively
charged groups bound to the active site. The reduction of
the distance between the anionic group of the inhibitor and
the positively charged Lys side chain is associated with a
weakening of the hydrogen bonds between the carboxylic
acid and the Ser139 amide group. Additional hydrogen
bonds, typical for the oxyanion hole of serine proteases, can
be formed between Ser139, Gly137, His57, and the oxygen
atoms of the carboxylic acid.

DISCUSSION

Product inhibition of serine proteases, to the extent
observed with the NS3 protease, is unusual. In general,
serine proteases may be inhibited by high millimolar
concentrations of their C-terminal cleavage products for
thermodynamic reasons, the free amino group acting as a
nucleophile in an acyl transfer reaction (42). This mode of

inhibition clearly differs from the mechanism of product
inhibition observed with the NS3 protease, where the
N-terminal cleavage products bind to the enzyme with low
micromolar affinities, comparable to or higher than those of
the corresponding substrates. Amidation of the P1R-car-
boxylate as well as a series of other chemical modifications
[see the following paper in this issue (36)] has highlighted
the importance of the contribution of this acidic group to
the overall affinity of NS3 product inhibitors. The interac-
tions of this group with the active site of the protease have
therefore attracted our interest.
A series of complexes of serine proteases and their

N-terminal cleavage products have been crystallized (43-
47). There is a common binding motif that stabilizes the
P1R-carboxylate function in its enzyme-bound state; in the
Sindbis Virus core protein (47), the streptomyces griseus
protease A (SGPA) complexed with tetramer product pep-
tides (44) and in bovine thrombin complexed with a
tetradecapeptide mimicking the AR chain of human fibrino-

FIGURE 3: pH dependence of substrate 4AB and inhibitor binding to the NS3 protease. Protease (20-500 nM) 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, and 80µM Pep4AK,
adjusted to a final pH between 5.0 and 8.6. (A) Titration experiments were performed with substrate 4AB, andKm values were calculated
as a function of pH. (B)Ki values for the inhibitors DEMEEC-OH and DEMEEC-NH2 were calculated at different pH values from titration
experiments performed at [S]) Km. Due to the different affinities of the two compounds,Ki values at pH 7.5 were normalized to 1, to
superimpose both curves on the same graph.

FIGURE 4: Representation of the X-ray structure of the oxyanion
hole including the catalytic His57 and Lys136 with the P1 amino
acid (Cys) of a product inhibitor modeled into the active site of
the NS3 protease. The carbon atoms of the amino acids taken from
the X-ray crystal structure are presented in gray and those of the
P1 Cys in green. The modeled side chain conformation of Lys136
in the complex with the product inhibitor is shown in pink.
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gen (45) the P1R-carboxylate oxygens are positioned to
make hydrogen bonds with the imidazole ring of the catalytic
histidine and with the main chain amido groups of the
residues of the oxyanion hole. For SGPA, it has furthermore
been proposed that the Oγ of the catalytic Ser195 which is
very close (2.62 Å) to the carboxyl carbon atom of the
product actually is engaged in a partial bond with this atom
(44). A close contact between these two groups is also
observed in the thrombin-tetradecapeptide complex (45).
The main stabilization of the SGPA-product complexes was
postulated to arise from a hydrogen bond between Nε2 of
the catalytic His57 and the terminal oxygen atom of the
product. This stabilization relies on the protonation of His57
at the low pH (4.1) used to grow the crystals and would be
lost upon raising the pH above 7. Under these conditions,
not only hydrogen bond formation but also an ion pair
electrostatic stabilization of the protonated imidazole and the
carboxylate group would be lost. We reasoned that, if such
an interaction was making a crucial contribution to the
stabilization of the NS3-product complexes, a change in
the protonation state of His57 of NS3 should affect the
affinity for the product, whoseKi value should titrate with
the pKa value of His57. This pKa value has previously been
determined, both by activity titration (manuscript in prepara-
tion) and by NMR titration of the His57 proton resonances
(48), to be 6.9. Our experimental data indicated instead that
the product P1R-carboxylate was stabilized by the interaction
with the protonated form of a group having a pKa of >8.5.
In principle, this finding per se does not exclude His57 as
an interacting residue. In fact, the pKa value of the catalytic
histidine of chymotrypsin in complexes with trifluoromethyl
ketones has been shown to be>10 (49), indicating that we
might also be titrating a pKa value alteration of His57, due
to complex formation with the product inhibitor. The exact
binding mode of NS3 protease product inhibitors will have
to be determined by X-ray crystallography.
Our mutagenesis experiments pointed to Lys136 as a

residue that was contributing to the stabilization of the
interaction with the P1R-carboxylate. This conclusion was
based on the observation of a loss of inhibitory potency of
DEMEEC-OH, but not of the corresponding amide, in the
Lys136Met mutant compared to the unaltered potency of
DEMEEC-OH in the Lys136Arg mutant. Also, the
Lys136Met mutant enzyme showed a pH-dependent decrease
in the inhibitory potency of DEMEEC-OH at pH>7.5,
indicating that, although being important, Lys136 was not
the sole titratable group involved in the stabilization of the
bound product. Also, Lys136 is not the sole determinant
for discrimination between DEMEEC-OH and DEMEEC-
NH2 as judged from the preference of product with respect
to amide binding in the Lys136Met mutant. Our modeling
studies suggested that the oxygen atoms of the carboxylic
acid of the product inhibitor may engage in hydrogen bond
formation with His57 and residues Ser139 and Gly137 of
the oxyanion hole of NS3. From molecular dynamics
calculations, it was concluded that the interaction between
the side chain of Lys136 and the carboxylic acid moiety of
the product inhibitor goes along with a weakening of the
interaction with the amide group of Ser139. This suggests
that in the Lys136Met mutant alternative binding modes
involving stronger interactions with the oxyanion hole amide
functionalities or with the catalytic histidine might

be operative in selectively stabilizing the bound carboxylic
acid with respect to the amide, thereby partially compensating
for the loss of a positively charged side chain in position
136.
This stabilization of a serine protease-product complex

through interaction with a lysine residue at the active site
has also been observed in thrombin-tripeptide product
complexes (46). Thus, in the thrombin-D-Phe-Pro-Arg-OH
complex, the P1R-carboxylate is accepting a hydrogen bond
from the Nε2 of the catalytic His57 as well as from an ordered
solvent molecule. This ordered solvent is in turn hydrogen-
bonded to Lys60F-Nγ. Furthermore, in the Sindbis pro-
tease, an arginine residue is conserved in a position similar
to that of Lys136 in NS3. In line with this finding, our data
on the Lys136Arg mutant show that in NS3 arginine can
substitute for lysine in product binding.
The question of whether product inhibition of the NS3

protease has any physiological relevance is still open for
debate. In this context, it is interesting to notice that in the
intramolecular cleavage site between NS3 and NS4A, at
variance with the substrate preference of the protease, a
threonine residue is conserved in all isolates. On the other
hand, we have shown that the resulting cleavage product does
not inhibit the enzyme to any significant extent. If product
inhibition does play a role also during polyprotein processing,
it could be argued, in the light of these findings, that its
occurrence at the intramolecular site should be counter-
selected since it may impede subsequent cleavages.
We have noticed that product inhibition is very sensitive

to ionic strength [see also the following paper in this issue
(36)]. In this respect, binding of products parallels the
previously reported ionic strength dependence of substrate
binding (50). This observation is also in line with a
predominantly electrostatic stabilization of the enzyme-
product complex. In the following paper in this issue (36),
we show that product inhibitors of the NS3 protease can be
optimized to yield peptidic inhibitors with nanomolar poten-
cies which also show reduced sensitivity to ionic strength.
These molecules may be useful in the design of peptidomi-
metics with therapeutical potential as anti-HCV drugs.
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