
Mechanistic Role of an NS4A Peptide Cofactor with the Truncated NS3 Protease of
Hepatitis C Virus: Elucidation of the NS4A Stimulatory EffectVia Kinetic Analysis

and Inhibitor Mapping

James A. Landro,* Scott A. Raybuck, Yu Ping C. Luong, Ethan T. O’Malley, Scott L. Harbeson,
Kurt A. Morgenstern, Govinda Rao, and David J. Livingston

Vertex Pharmaceuticals Incorporated, 130 WaVerly Street, Cambridge, Massachusetts 02139-4242

ReceiVed December 12, 1996; ReVised Manuscript ReceiVed May 12, 1997X

ABSTRACT: Infection by hepatitis C viruses (HCVs) is a serious medical problem with no broadly effective
treatment available for the progression of chronic hepatitis. The catalytic activity of a viral serine protease
located in the N-terminal one-third of nonstructural protein 3 (NS3) is required for polyprotein processing
at four site-specific junctions. The three-dimensional crystal structure of the NS3-NS4A co-complex
[Kim, J. L., Morgenstern, K. A., Lin, C., Fox, T., Dwyer, M. D., Landro, J. A., Chambers, S. P., Markland,
W., Lepre, C. A., O’Malley, E. T., Harbeson, S. L., Rice, C. M., Murcko, M. A., Caron, P. R., & Thomson,
J. A. (1996)Cell 87, 343-355] delineates a small hydrophobic region within the 54-residue NS4A protein
that intercalates with and makes extensive contacts to the core of the protease. The current investigation
addresses the mechanism of NS3 protease catalytic activation by NS4A utilizing a small synthetic NS4A
peptide (residues 1678-1691 of the virus polyprotein sequence) and the recombinantly expressed protease
domain of NS3. The addition of NS4A dramatically increased NS3kcat andkcat/Km catalytic parameters
when measured against small peptide substrates representing the different site-specific junctions of the
polyprotein. The catalytic effect of natural and non-natural amino acid substitutions at the P1 position in
a 5A/5B peptide substrate was investigated. NS3-NS4A demonstrated a marked catalytic preference for
the cysteine residue commonly found in authentic substrates. The pH dependence of the NS3 hydrolysis
reaction is not affected by the presence of NS4A. This result suggests that NS4A does not change the
pKa values of the active site residues of NS3 protease. A steady state kinetic analysis was performed and
indicated that the binding of NS4A and the peptide substrate occurs in an ordered fashion during the
catalytic cycle, with NS4A binding first. Two distinct kinetic classes of peptidyl inhibitors based upon
the 5A/5B cleavage site were identified. An NS4A-independent class is devoid of prime residues. A
second class of inhibitors is NS4A-dependent and contains a natural or non-natural cyclic amino acid
substituted for the commonly found P1′ residue serine. These inhibitors display an up to 80-fold increase
in affinity for NS3 protease in the presence of NS4A. Sequential truncation of prime and P residues
from this inhibitor class demonstrated the fact that the P4′ and P1′ residues are crucial for potent inhibition.
The selectivity of this NS4A effect is interpreted using a model of the 5A/5B decapeptide substrate bound
to the active site of the NS3-NS4A structure.

The hepatitis C virus (HCV)1 genus of the flavivirus family
is responsible for widespread and potentially fatal liver
diseases (Kuo et al., 1989; Houghton et al., 1991). Current
estimates indicate that>1% of the human population is
infected by the positive-strand RNA HCV. Protective

vaccines are not available, andR-interferon, the only
approved therapy, is effective in fewer than 25% of the cases.
Alternate therapeutic approaches aimed toward controlling
viral replication need to be investigated (Houghton, 1996),
and this has stimulated efforts to characterize HCV proteins
as targets for inhibitor design.

Hepatitis C viruses contain a positive-sense RNA genome
of 9.4 kilobases with a single open reading frame encoding
a polyprotein of 3010-3033 amino acids (Kato et al., 1990;
Choo et al., 1991; Takamizawa et al., 1991; Grakoui et al.,
1993c). The translated HCV polyprotein is proteolytically
processed by a combination of host- and virus-encoded
enzymes into nine distinct polypeptides: 5′-C-E1-E2-NS2-
NS3-NS4A-NS4B-NS5A-NS5B-3′. Structural proteins C
(nucleocapsid), E1, and E2 are excised from the HCV
polyprotein by a host-encoded endoplasmic reticulum signal
peptidase (Hijikata et al., 1991; Lin et al., 1994a; Mizushima
et al., 1994). The generation of mature nonstructural viral
proteins is catalyzed by proteases encoded by the virus
genome (Figure 1). Hydrolysis at the NS2/NS3 junction is
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1 Abbreviations: R-Abu, R-aminobutyric acid; DMSO, dimethyl

sulfoxide; DTT, dithiothreitol; Fmoc, fluorenylmethoxycarbonyl; HBTU,
O-benzotriazol-1-yl-N,N,N′,N′,-tetramethyluronium hexaflurophosphate;
HOBt, hydroxybenztriazole; HCV, hepatitis C virus; HEPES,N-(2-
hydroxyethyl)piperazine-N′-2-ethanesulfonic acid; HPLC, high-perfor-
mance pressure liquid chromatography; KK4A, amino acids 1678-
1691 of the HCV polyprotein sequence encompassing a hydrophobic
region of NS4A and containing two additional non-HCV N-terminal
lysine residues; MALDI, matrix-assisted laser desorption ionization;
MES, 2-(N-morpholino)ethanesulfonic acid; 2Nal, 2-naphthylalanine;
Nle, norleucine; NS, nonstructural; Phg, phenylglycine; Pip, pipecolinic
acid; PMSF, phenylmethanesulfonyl fluoride; pNA,p-nitroanilide; TFA,
trifluoracetic acid; Tic, tetrahydroisoquinoline-3-carboxylic acid; tNS3,
protease domain of NS3 generated by truncation of residues from the
C terminus of the full length protein.
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catalyzed by an incompletely characterized Zn2+-dependent
protease comprising NS2 and the N-terminal domain of NS3
(Grakoui et al., 1993b; Hijikata et al., 1993). Processing at
the NS3/NS4A, NS4A/NS4B, NS4B/NS5A, and NS5A/
NS5B sites is catalyzed by the NS3 protein (Bartenschlager
et al., 1993; Eckart et al., 1993; Grakoui et al., 1993a;
Hijikata et al., 1993; Tomei et al., 1993; Manabe et al., 1994).
Characterization of NS3-catalyzed proteolysis activity indi-
cates that processing at the NS3/NS4A junction is an
intramolecular event (occurring incis), while intermolecular
processing (intrans) is permitted at other junctions. Se-
quence analysis of individual cleavage sites indicates that
the intermolecular consensus sequence site2 D/E-X-X-X-X-
C*-A/S differs from the intramolecular cleavage site by
substitution of Thr for Cys at the P1 position (Grakoui et
al., 1993a; Pizzi et al., 1994).
A body of experimental evidence demonstrated that the

70 kDa NS3 protein is composed of two domains: a protease
domain encompassing the amino-terminal one-third of the
protein and an ATP-dependent RNA helicase domain
encompassing the C-terminal two-thirds (Miller & Purcell,
1990; Bartenschlager et al., 1993; Eckart et al., 1993; Grakoui
et al., 1993a; Tomei et al., 1993). The X-ray crystal
structures recently published by Kim et al. (1996) and by
Love et al. (1996) of the NS3 protease domain provide the
first structural analysis of a protease from the flavivirus
family. The protease has a chymotrypsin-like fold, an active
site catalytic triad, and a tetrahedrally coordinated metal ion
distal to the active site. In addition, the apposition of the
catalytic triad residues (Asp1107, His1083, and Ser1185) and
the positions of the backbone amides of Gly1163 and
Ser1165 which form the oxyanion hole are similar to the
active site topography of other chymotrypsin-like enzymes
(Kim et al., 1996; Love et al., 1996). These two published
structures differ in one critical feature. The structure
determined by Love et al. (1996) is of NS3 protease alone.
Kim et al. (1996), however, determined the structure of the
NS3-NS4A co-complex. In this co-complex, a 19-residue
NS4A peptide encompassing a hydrophobic region of the
protein (Gly21-Lys34) binds between strands A0 and A1 of
the N-terminal domain of NS3 protease and contributes one
of eight totalâ strands to the core. Extensive hydrogen
bonding between main chain carbonyl and amide residues
of Val23-Leu31 of NS4A and the N-terminal region of NS3
or strand A1 is observed, with a total of 2400 Å2 of surface
area buried by the interaction between them (Kim et al.,
1996).

A number of biochemical observations corroborate the
proximity of NS3-NS4A observed in the co-complex
structure and suggest NS3-NS4A is the biologically relevant
and catalytically active species in solution. Transfection
experiments have shown that the 54-residue NS4A protein
accelerates the basal NS3-catalyzed rate of hydrolysis at the
NS4A/NS4B and the NS5A/NS5B junctions and that it is
an obligate cofactor for cleavage at the NS4B/NS5A junction
(Failla et al., 1994; Lin et al., 1994b). Immunoprecipitation
and mutational analysis studies suggest stable and extensive
interactions between the N-terminal protease domain of NS3
and the central hydrophobic region of NS4A encompassing
residues Gly21-Lys34 (Failla et al., 1995; Lin et al., 1995;
Satoh et al., 1995). Using small peptide substrates, the
catalytic activity of the NS3 protease domain has been shown
to be stimulated up to 100-fold in the presence of an NS4A
peptide (Failla et al., 1994; Shimizu et al., 1996; Steinkuhler
et al., 1996b). Although these studies demonstrate thein
ViVo catalytic utility of NS4A and quantitate thein Vitro
stimulatory effect, they provide little insight into the kinetic
mechanism utilized by NS4A in the activation of NS3.
The present study defines the kinetic role of an NS4A

peptide in the catalytic activation of the NS3 protease domain
and probes the specificity of the NS3-NS4A complex
toward amino acid substitutions at the P1 and P1′ positions
of peptide substrates. The data suggest NS4A modulates
NS3 protease activity by alteration of S′ subsites and are
consistent with interactions observed within the NS3-NS4A
co-complex structure.

EXPERIMENTAL PROCEDURES

General. The expression and purification of the N-
terminal 181 amino acids of the NS3 protease domain (tNS3)
from hepatitis C virus strain H inEscherichia coliwas
performed as described previously (Kim et al., 1996).
Peptides and Assays.Peptides EDVVRAbuCSMSY (RAbu

designatesR-aminobutyric acid), DEMEECSQHLPYI, ECT-
TPCSGSWLRD, and EDVVRAbuC-p-nitroanilide were pur-
chased from AnaSpec Inc. (San Jose, CA).
Other peptides were prepared by the solid phase peptide

synthesis method (Advanced ChemTech 396 MPS or Applied
Biosystems 433A apparatus) beginning with the appropriate
NR-Fmoc aminoacyl Wang resin.NR-Fmoc-protected amino
acids were added sequentially using HBTU with HOBt as
coupling agents inN-methylpyrrolidinone. Cleavage from
the resin and global deprotection were accomplished with
95% trifluoroacetic acid and 5% water at room temperature
for 1.5 h [15 mL/(g of resin)]. The peptides were purified
by preparative high-performance liquid chromatography
(HPLC) on a Waters Delta Pak C18, 15µm, 300 Å column
(30 mm × 300 mm), eluting with a linear gradient of
acetonitrile in 0.1% aqueous trifluoroacetic acid over 35 min
at a flow rate of 22 mL/min. Lyophilization yielded the
peptides, which were characterized for purity by analytical
HPLC (Hewlett-Packard 1050 Series instrument) on a Waters
Delta Pak C18, 5µm, 300 Å column (3.9 mm× 150 mm).
All peptides yielded the correct (M+ H)+ and (M+ Na)+

molecular ions by matrix-assisted laser desorption mass
spectrometry (Kratos MALDI I). Peptide content was
determined by quantitative nitrogen microanalysis (Galbraith
Laboratories Inc., Knoxville, TN) or quantitative N-terminal
amino acid analysis, and the appropriate values were used

2 The asterisk indicates the site of hydrolysis and is referenced as
the P1 residue according to the nomenclature of Schechter and Berger
(Schechter, 1967).

FIGURE1: HCV polyprotein processing. The locations of structural
and nonstructural HCV proteins are indicated on the 3011-amino
acid polyprotein. Asterisks mark the locations of cleavages catalyzed
by host-encoded proteases. Cleavage between the NS2/NS3 junction
is mediated by the NS2/NS3 protease. The NS3 protease catalyzes
hydrolysis between the NS3/NS4A, NS4A/NS4B, NS4B/NS5A, and
NS5A/NS5B junctions.
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in preparing stock peptide solutions. pKa determinations
were determined by Robertson Microlit Laboratories, Inc.
(Madison, NJ).
HPLC hydrolysis assays were performed using 25 nM to

3.0µM enzyme in 100µL volumes at 30°C containing 50
mM HEPES-KOH (pH 7.8), 100 mM NaCl, 20% glycerol,
5 mM DTT, and the appropriate amount of substrate (in
DMSO), with or without NS4A peptide, such that the final
concentration of DMSO did not exceed 4%. Separate control
experiments verified that this percentage of DMSO did not
effect enzymatic activity. Cleavage reactions were quenched
by the addition of an equal volume of a mixture of 10%
TFA/acetonitrile (1/1), and activity was assessed on a
reversed phase HPLC column (Rainin C18 Microsorb-MV,
5 µm, 4.6× 250 mm; 0 to 50% acetonitrile and 0.1% TFA
at 3.33%/min) using a Hewlett-Packard 1050 instrument with
autoinjection and diode array detection at 210 and 280 nm
(where appropriate). Peptide elution fragments were col-
lected and identified by mass spectrometry and N-terminal
sequence analysis. Fragment identity and concentration were
further verified by authentic, synthesized products. Initial
rates of hydrolysis were determined at<20% substrate
conversion, and catalytic parameters were determined by
fitting rate Vs [substrate] data to the Michaelis-Menten
equation using MultiFit (Day Computing, Cambridge, MA).
Spectrophotometric assays were run in a 96-well microtiter

plate at 30°C, using a SpectraMax 250 reader (Molecular
Devices, Sunnyvale, CA) with kinetic capability. Cleavage
of EDVVRAbuC-p-nitroanilide (5A-pNA) substrate was
performed with or without NS4A in the identical buffer used
for HPLC assays at 30°C, and pNA release was monitored
at 405 nm. The extinction coefficient ofp-nitroaniline is
independent of pH at values of 5.5 and above (Tuppy et al.,
1962; S. A. Raybuck and Y. P. C. Luong, unpublished
observations). The percentage of DMSO did not exceed 4%
in these assays.
Determination of the pH dependence ofVmax/Km was

performed using a series of constant ionic strength buffers
containing 50 mMMES, 25 mM Tris, 25 mM ethanolamine,
and 0.1 M NaCl in the pH range of 5.5-9.5 (Morrison &
Stone, 1988). The inflection points for log(V/K) data were
calculated by nonlinear least-squares fit of the data to the
following equation (Dixon & Webb, 1979)

using the program KineTic (BioKin Ltd.).
Kinetic constants for the rapid equilibrium-ordered bisub-

strate reactions were determined from rateVs [4A],
[EDVVRAbuC-pNA], and [EDVVRAbuCSMSY] data by
nonlinear least-squares fitting to eq 1 (Morrison, 1969) as
described in the text.Kii andKis values for peptidyl inhibitors
were determined from rateVs [inhibitor] and [substrate] data
and fitting to the equation for mixed inhibition:

The commercial program KinetAsyst II (IntelliKinetics, State
College, PA) was used for both procedures.Ki values were
calculated from rateVs [inhibitor] plots by a nonlinear least-
squares fit of the data to the equation of Morrison for tight
binding competitive inhibition (Morrison, 1969). The Ki-
neTic program (BioKin Ltd.) was used for this procedure.

Substrate Model.The substrate [sequence] was modeled
in the NS3 protease on the basis of available data for ligands
bound to chymotrypsin fold proteins available in the Protein
Data Bank. The procedure used was essentially that as
described by Love et al. (1996). Figure 4 was generated
with GRASP (Nicholls et al., 1991).

RESULTS

ActiVity of Synthetic Peptide Substrates.The catalytic
specificity of purified protease toward various polyprotein
hydrolytic sites, re-created in small substrate peptides, was
addressed in the absence and presence of NS4A. As shown
in Table 1, the observed rate of hydrolysis of peptidyl
substrates is sequence-site-dependent. The peptide encom-
passing the NS5A/NS5B cleavage site was hydrolyzed most
efficiently. This peptide was chosen as the parent substrate
for a number of studies (Vide infra). Substitution of
R-aminobutyric acid for Cys, the naturally occurring P2

residue in this substrate cleavage site, had no effect on
catalytic parameters and let us avoid potential problems
arising from the adjacent Cys residue (data not shown).
Although the 5A/5B cleavage sequence is more hydrophobic
than the 4A/4B cleavage sequence, solubility problems were
not encountered. The peptide encompassing the NS4B/
NS5A cleavage site was hydrolyzed least efficiently. The
NS3/NS4A cleavage site was excluded from our substrate
peptide studies, as it is acis cleavage site. In all cases,
proteolytic activity was significantly increased in the presence
of an NS4A peptide. The NS4A peptide used in this study
re-creates amino acids 1678-1691 of the virus polyprotein
sequence with a Cysf Ser substitution at position 1679
and contains two N-terminal lysine residues introduced to
increase solubility (Kim et al., 1996). The resulting amino
acid sequence is H-KKGSVVIVGRIVLSGK-OH. This
NS4A peptide is designated KK4A and contains the hydro-
phobic core of the 54-residue NS4A protein shown to be
essential for enhanced protease activity (Lin et al., 1995;
Bukiewicz et al., 1996). Control experiments were con-
ducted in the absence of tNS3 protease to verify that KK4A
does not contain an endogenous hydrolytic activity on peptide
substrates (data not shown). The presence of KK4A
increasedkcat and decreasedKm of tNS3 protease for HPLC
substrates NS5A/NS5B and NS4A/4B (Table 1). KK4A
peptide increasedkcat for the spectrophotometric substrate
5A-pNA. In addition, as measured bykcat/Km, the specificity

log V ) log[Vmax/(1+H/Ka + Kb/H)]

rate) Vmax[S]/[Km(1+ [I]/Kis) + [S](1+ [I]/Kii )]

Table 1: Effect of the NS4A Peptide on the Hydrolysis Kinetics of
HCV Synthetic Peptide Substratesa

substrate
kcatwith or

without 4A (s-1)
Km with or

without 4A (µM)
kcat/Km with or

without 4A (M-1 s-1)

5A/5B 0.6( 0.007 32( 2 20000
0.18( 0.01 270( 38 700

4A/4B 0.26( 0.005 160( 11 1600
0.05( 0.0002 805( 73 60

4B/5A ND ND 110
ND ND 4

5A-pNA 0.2( 0.005 1010( 157 200
0.012( 0.002 1080( 167 10

aHydrolysis reactions were performed as described in Experimental
Procedures in the presence of 30µM KK4A1678-1691. Peptide
sequences are as follows: 5A/5B, EDVVRAbuC*SMSY; 4A/4B,
DEMEEC*SQHLPYI; 4B/5A, ECTTPC*SGSWLRD; and 5A-pNA,
EDVVRAbuC*-pNA. The asterisks indicate the site of hydrolysis.
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toward HPLC substrate 4B/5A was dramatically improved
in the presence of KK4A.
In order to determine whether the increased rate of

hydrolysis of peptide substrates in the presence of KK4A
was due to a perturbation of active site pKa values, the pH
dependence of tNS3-catalyzed processing of 5A/5B-derived
substrates EDVVRAbuC-pNA and EDVVRAbuCSMSY was
investigated as described in Experimental Procedures. The
pH dependence ofV/K for the chromophoric substrate
EDVVRAbuC-pNA catalyzed by tNS3 protease alone ex-
hibits a narrow bell-shaped curve which can be fit to pKa

values of 7.2 and 8.5 for the acidic and basic limbs,
respectively (data not shown). In the presence of KK4A,
an increase in the rate of hydrolysis is observed which is
typical of the activating effect of KK4A. However, the
profile of the curve is unchanged, and a fit of the data yields
identical values of 7.2 and 8.5. A similar determination of
the pH dependence of hydrolysis of the decapeptide substrate
EDVVRAbuCSMSY underV/K conditions gave pKa values
of 7.2 and 8.5, indicating that the profile is independent of
the choice of peptide substrate. The virtually identical
profiles indicate that the pH dependence of protease hy-
drolysis reactions is NS4A-independent.
Role of NS4A in Catalysis.The stimulatory effect of

NS4A on tNS3 protease-catalyzed cleavage of synthetic
peptide substrates merited further investigation. Thep-
nitroanilide substrate EDVVRAbuC-pNA (5A-pNA) was
employed as a convenient spectrophotometric probe of
protease activity.
In the absence of the KK4A peptide, the 5A-pNA substrate

is turned over slowly by the protease;kcat ) 0.012( 0.002
s-1, Km ) 1000 ( 200 µM. In the presence of 30µM
KK4A, a significant increase in protease activity is seen
which is due entirely to an increase inkcat to 0.20( 0.01
s-1; Km remains constant at 1100( 200 µM (Table 1).
Given that KK4A increases protease activity by more than
1 order of magnitude, this peptide can be considered an
essential activator. We began this study by exploring the
mechanism of this activation.
In a kinetic experiment designed to study bisubstrate

reactions, initial velocities of 5A-pNA cleavage were mea-
sured at varying concentrations of both KK4A and 5A-pNA,
keeping the concentration of the protease fixed. The
corresponding reciprocal plots are shown in Figure 2. Figure
2A shows the inverse velocities plotted against inverse KK4A
concentration and gives a pattern of straight lines intersecting
in the first quadrant to the left of the vertical axis. When
these same inverse velocities are plottedVs the inverse 5A-
pNA concentrations (Figure 2B), the pattern of lines now
intersects directly on the vertical axis, not to the left. The
intercept replot of the individual linesVs 1/[KK4A] is
constant, and the slope replotVs 1/[5A/5B] from Figure 2A
passes through the origin (data not shown). This replot
pattern is diagnostic of an equilibrium-ordered kinetic
mechanism in which the addition of the activator occurs
under equilibrium conditions and must precede the binding
of the 5A-pNA substrate. As an activator, KK4A need not
dissociate during each catalytic cycle; however, it must not
dissociate once thep-nitroanilide substrate is bound (Cleland,
1970). Likewise, prior binding of the 5A-pNA substrate to
the protease (which must occur as shown by the turnover in
the absence of KK4A) prevents subsequent binding and
activation by KK4A. Nonlinear least-squares fitting of the

complete data set to eq 1 for an equilibrium-ordered
bisubstrate reaction gives the following kinetic parameters:
kcat ) 0.20( 0.02 s-1, Kia ) 22( 3 µM, andKb ) 660(
130µM.

We have confirmed that this kinetic scheme is not unique
to the chromophoric substrate. Analysis of the data for
hydrolysis of the decapeptide EDVVRAbuCSMSY gives a
similar equilibrium-ordered pattern with the following kinetic
parameters:kcat ) 0.53( 0.04 s-1, Kia ) 20.0( 3.5 µM,
andKb ) 18 ( 3.0 µM (data not shown).
An active site inhibitor was then employed to confirm the

kinetic model. EDVVRAbuCPRAbuSY-OH is a variant of
the 5A cleavage site. Introduction of Pro into the P1′ position
of this peptide results in a peptide that is not hydrolyzed as
a substrate (Vide infra) but inhibits the enzyme in the
presence of efficiently processed substrates. This compound
shows an inhibition pattern which is competitive with respect
to the substrate 5A-pNA and has aKi of 80( 7.0µM under
standard conditions of [KK4A]) 30 µM (data not shown).
If the ordered model for 4A activation is correct and the
peptide binds only to the fully activated protease, an
uncompetitive inhibition pattern is expected when the de-
capeptide inhibitor is assayedVsvarious fixed concentrations
of the KK4A activator. The reciprocal plot representing the
data from this experiment is shown in Figure 3A, and reveals

FIGURE2: (A) 1/V Vs1/[KK4A] plot in the presence of fixed levels
of 5A-pNA. The concentrations of 5A-pNA are 0.25 (b), 0.5 (2),
0.75 (1), and 1.0 (9) mM; the concentrations of KK4A are 2, 7,
20, 70, and 100µM. The lines indicate a nonlinear least-squares
fit of the data to a rapid equilibrium-ordered bireactant model where
KK4A binds before 5A-pNA. (B) 1/V Vs1/[5A-pNA] plot of the
same data set in the presence of fixed levels of KK4A [2 (b), 7
(2), 20 (1), 70 (9), and 100 (*)µM]. The lines indicate a nonlinear
least-squares fit of the data to the same model as in panel A. See
Experimental Procedures for details.

V )
kcat[E]t[A][B]

KiaKb + Kb[A] + [A][B]
(1)
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a set of parallel lines which are characteristic of uncompeti-
tive inhibition. Nonlinear least-squares fitting of the data
rules out a mixed inhibition pattern; any contribution to the
inhibition from the slope term (Kis) is very much greater than
the measuredKii value of 75( 6 µM. TheKis term reflects
the binding of inhibitor to the free, unactivated protease and
is competitive with KK4A. The value of this term can be
independently determined by assaying the inhibitor against
the unactivated protease in the absence of KK4A. AKi of
2.3 mM was measured for inhibition of the free enzyme
under these conditions, a value which is 30-fold higher than
the affinity of the inhibitor for the activated protease and
confirms the uncompetitive inhibition pattern observed
above.
With the equilibrium-ordered kinetic mechanism con-

firmed, we next sought to use additional inhibitors to
delineate the role of NS4A in modifying the active site of
the protease. An aldehyde inhibitor, EDVVRAbuV-CHO,
was chosen as it lacks any of the prime-side residues. The
double-reciprocal plot for inhibition of protease activity at
varying KK4A concentrations is shown in Figure 3B. In
this case, the pattern observed is one of intersecting and not
parallel lines, indicative of mixed inhibition and suggesting
that appreciable binding of the aldehyde inhibitor to the

protease occurs both in the presence and in the absence of
KK4A. The measured inhibition constants of 50( 5.0µM
(with 4A) and 65( 5.0 µM (without 4A) are in good
agreement with the above results. The above data are
consistent with the notion of two distinct classes of inhibi-
tors: an NS4A-dependent class which binds to protease
subsequent to NS4A binding and an NS4A-independent class
whose binding to protease is not affected by the presence of
4A.
Structure-ActiVity Relationship at P1 and P1′ of 5A/5B.

In order to probe the substrate specificity of tNS3 protease,
a number of natural and non-natural amino acid substitutions
were introduced at the P1 and P1′ positions of the 5A/5B
substrate EDVVRAbuCSRAbuSY and tested using the HPLC
hydrolysis assay in the presence of KK4A peptide. In this
peptide series,R-aminobutyric acid replaces Met in the P2′
position. This substitution was shown to be without catalytic
consequence (data not shown). The protease exhibits a
marked preference toward cysteine at P1, the residue most
commonly found at this position in naturally occurring
substrates (Table 2). Methylation of cysteine sulfhydryl or
substitution by the ethyl side chain has a dramatic but
tolerable effect on activity, decreasingkcat by 1 order of
magnitude and increasingKm. As indicated by the P1 Ala
substrate, specificity is dependent upon enzyme-substrate
interactions beyond anR side chain methylene group.
However, as shown by the decrease inkcat/Km exhibited by
P1 Leu and Val substitutions,R-branching has deleterious
catalytic consequences. The absence of binding of P1 Asp
indicates that presumed negative charge at this position is
alone not a specificity determinant. The pKa of Cys at this
position is 8.2 and is therefore expected to have some
negative charge character under our assay conditions.
However, in the case of Asp, negative charge is apparently
insufficient to compensate for branching. Finally, natural
(Tyr) or non-natural, bulky aromatics (2-naphthylalanine)
exhibit a complete lack of binding to the tNS3 protease.
A similar analysis at the P1′ position (Table 3) indicates

the protease exhibits a catalytic preference toward serine,
the residue frequently found in naturally occurring substrates.
As opposed to the trend observed at P1 (substitutions decrease
bothkcat and affinity), substitutions at P1′ decreasedkcat but
had varied effects on affinity. Substrates containing P1′
residues of Ala, Tyr, Phe, or Trp exhibitKm values within
2-fold of that of Ser. Substitution of aD-amino acid, a

A

B

FIGURE3: (A) 1/V Vs1/[KK4A] plot in the presence of fixed levels
of decapeptide inhibitor EDVVRAbuCPRAbuSY and constant 5A-
pNA (0.5 mM). The concentrations of inhibitor are 200 (b), 100
(2), 50 (1), and 25 (9) µM; the concentrations of KK4A are 1.5,
2.5, 5.0, 10.0, 15.0, 20.0, 25.0, 50.0, and 100µM. The lines indicate
a nonlinear least-squares fit of the data to an uncompetitive model
where KK4A binding must precede EDVVRAbuCPRAbuSY bind-
ing. (B) 1/V Vs 1/[KK4A] plot in the presence of fixed levels of
aldehyde inhibitor EDVVRAbuV-CHO and constant 5A-pNA (1.0
mM). The concentrations of inhibitor are 200 (b), 100 (2), 50 (1),
and 25 (9) µM; the concentrations of KK4A are 5.0, 10.0, 20.0,
40.0, 80.0, and 100.0µM. The lines indicate a nonlinear least-
squares fit of the data to a noncompetitive model where
EDVVRAbuV-CHO binding may precede or follow KK4A binding.
See Experimental Procedures for details.

Table 2: Catalytic Consequences of P1 Substitutions on 5A/5B
Substrate Hydrolysisa

P1residue kcat (s-1) Km (µM) kcat/Km (M-1 s-1) Ki (µM)

Cys 0.61( 0.2 32( 2 20000 -
Abu 0.06( 0.003 110( 18 580 -
SMeCysb 0.049( 0.003 130( 20 385 -
Thr 0.024( 0.002 145( 25 165 -
Ala 0.022( 0.005 815( 205 25 -
Val 0.005( 0.0004 550( 67 9 -
Leu - - 5 -
Tyr - - - >700
Asp - - - >700
hPhec - - - >700
2Nald - - - >700

aHydrolysis reactions were performed as described in Experimental
Procedures in the presence of 30µM KK4A1678-1691. In all cases,
the P2 and P2′ residues wereR-aminobutyric acid.bRepresentsS-
methylcysteine.cRepresents homophenylalanine.dRepresents 2-naph-
thylalanine.
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positively charged (Lys) or a negatively charged (Asp)
residue, decreased affinity. Substitution of bulky cyclic
aromatics (Tic) or smaller cyclic alkyls (Pro or Pip) yielded
peptides which were not hydrolyzed under our standard assay
conditions (kcat/Km < 0.5 M-1 s-1). However, this latter class
of peptides maintain a high affinity for the protease as
indicated by the observedKi values (Table 3). These
noncleavable substrate analogues were highly useful as
probes of mechanism and pocket selectivity.
Effect of KK4A on the Binding of Peptidyl Inhibitors to

tNS3 Protease.The modulatory effect that KK4A imparts
on the active site of tNS3 protease was investigated. The
potency of peptide inhibitors truncated from the prime (2-
4) and P (5-8) sides was measured in the absence and
presence of KK4A (Table 4). The decapeptide inhibitor
containing the P1′ residue tetrahydroisoquinoline-3-carboxylic
acid (Tic) having the sequence E-D-V-V-L-C-Tic-Nle-S-Y
was used as the parental peptide (1) for both series. P2 Leu
and P2′ Nle residues increased the affinity of the inhibitor
for protease.
A comparison ofKi values of inhibitors from each series

determined for the tNS3-NS4A complex is presented in the
third column of Table 4. Deletion of up to three prime
residues, P4′-P2′ of the decapeptide (1 Vs 4), results in a
40-fold increase inKi, from 0.34 to 14µM. However,
stepwise truncation of residues from the P side results in a
dramatically decreased affinity of the peptide inhibitor for
tNS3-NS4A. The value ofKi increases from 0.34 to 2000
µM, nearly 6000-fold, with the deletion of four P residues
(1 Vs 8). Therefore, most of the binding energy of this
decapeptide is due to interactions with the tNS3-NS4A
complex on the P side of the inhibitor.
Inspection of theKi values determined for inhibitors from

each series in the presence (column 3, Table 4) and absence
of NS4A (column 4, Table 4) reveals the region of the
peptide inhibitor where interactions with tNS3 are most
influenced by NS4A. The 40-fold difference inKi values
between4 and1 determined for the tNS3-NS4A complex
(14Vs0.34µM, column 3) is reduced to a 4.3-fold difference
for tNS3 protease alone (120Vs 28 µM, column 4).

However, the without NS4A/with NS4A ratio of theseKi

values is reduced from a 83-fold difference (28Vs0.34µM)
for inhibitor 1 to an 8.4-fold difference (120Vs 14 µM) for
inhibitor 4. Comparison of theKi values determined for6
Vs 1 in the presence of NS4A (column 3, 79Vs 0.34 µM;
230-fold) and in the absence of NS4A (column 4, 2700Vs
28 µM; 100-fold) indicates the without NS4A/with NS4A
Ki ratio is reduced a mere 2.3-fold. When the same
comparison is made for5 Vs1, the without NS4A/with NS4A
Ki ratio is reduced 1.1-fold. This analysis suggests that the
greatest effect of NS4A can be found in interactions on the
prime side of these inhibitors. The large increase inKi values
in the absence of KK4A with peptidyl inhibitors which
contain the full array of prime-side residues renders deter-
mination of theKi value for7 difficult; no inhibition could
be detected at 1 mM peptide inhibitor, and only a lower limit
of 13 mM could be estimated.
The prime-side subsites of tNS3 protease influenced most

dramatically by NS4A can be assigned by comparing the
value ofKi determined for inhibitors1-4 in the presence
and absence of NS4A. The without NS4A/with NS4AKi

ratio exhibits a significant decrease upon deletion of P4′ (1
Vs 2, 83 Vs 15), demonstrating a substantial interaction
between KK4A and the S4′ subsite, which is occupied by
tyrosine in the 5A/5B series. The without NS4A/with NS4A
ratio remains constant as P3′ and P2′ are truncated (1 Vs 3
and4, 83Vs9.0 and 8.0, respectively), suggesting that NS4A
makes no significant contribution to the binding of residues
at these positions. Alternatively, the residues Nle and Ser
at the P2′ and P3′ positions, respectively, may not be
optimized to detect contributions in these peptides. In
contrast, the modulatory effect of the KK4A peptide is
markedly dependent upon the presence of a P1′ residue.
Peptide4 which contains a P1′ residue maintains a without
NS4A/with NS4A ratio of 8.0, demonstrating a 1 order-of-
magnitude greater potency in the presence of KK4A.
Truncation beyond P1′ renders peptides which inhibit tNS3
proteaseVia an NS4A-independent mechanism. This phe-
nomenon is most apparent by comparing inhibitor4 (Table
4) to the aldehyde inhibitor EDVVRAbuV-CHO. TheKi

values determined for this inhibitor are 50 and 65µM in the
presence and absence of KK4A, respectively. The truncated
spectrophotometric substrate 5A-pNA exhibits an increase
in kcat of greater than 1 order of magnitude in the presence
of NS4A, also supporting a role for 4A near the site of
hydrolysis when the S1′ pocket is occupied (albeit by an non-
natural residue in this case). In contrast, deletion of residues
from the P side of the inhibitor (1 Vs5 and6) has little effect
on the without NS4A/with NS4AKi ratio.

DISCUSSION

Many investigations have focused on the mechanism by
which NS3 protease processes downstream gene products,
and a number of hypotheses have been proposed to explain
the activation of NS3 protease by NS4A cofactor. These
include membrane anchoring, enhanced protease stability,
alteration of cleavage site specificity and enhanced substrate
recognitionVia alterations in subsite pockets (Failla et al.,
1994, 1995; Lin et al., 1994b, 1995; Satoh et al., 1995;
Steinkuhler et al., 1996a). The present study is the first
investigation which utilizes a number of kinetic tools and
substrate-derived peptide inhibitors to delineate the mecha-
nistic role of NS4A in the tNS3-NS4A complex.

Table 3: Catalytic Consequences of P1′ Substitutions on 5A/5B
Substrate Hydrolysisa

P1′
residue kcat (s-1) Km(µM)

kcat/Km

(M-1 s-1) Ki (µM)

Ser 0.61( 0.02 32( 2 20000 -
2Nalb 0.016( 0.002 40( 9 400 -
Phe 0.012( 0.0005 33( 5 350 -
Trp 0.008( 0.0005 33( 8 250 -
Phgc 0.01( 0.0005 205( 32 50 -
Ticd - - - 4( 0.2
Pipe - - - 18( 5
D-Ser - - - >700
Lysf 0.09( 0.006 2000( 210 45 -
Ala 0.1( 0.006 70( 14 1400 -
Asp 0.09( 0.005 205( 30 450 -
Tyr 0.013( 0.001 70( 18 190 -
Pro - - - 80( 1
aHydrolysis reactions were performed as described in Experimental

Procedures in the presence of 30µM KK4A1678-1691.bRepresents
2-naphthylalanine.cRepresents phenylglycine.dRepresents tetrahy-
droisoquinoline-3-carboxylic acid.eRepresents pipecolinic acid.f This
reaction and subsequent hydrolysis reactions were performed in the
presence of a NS4A peptide identical to KK4A but lacking terminal
lysine residues.
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For all substrates investigated, hydrolysis rates were
enhanced in the presence of the NS4A peptide. Thekcat/Km

values measured for the various peptide substrates are
increased 20-30-fold (Table 1). The magnitude of this
stimulatory effect is similar to that observed by Shimizu et
al. using anin Vitro system composed of a synthetic NS4A
peptide containing residues 18-40 of NS4A and recombi-
nantly expressed full length NS3 (Shimizu et al., 1996).
Therefore, the large rate enhancements seen in the presence
of KK4A for tNS3 protease-catalyzed hydrolysis of peptides
based upon downstream processing sites are specific to the
protease domain and are maintained upon deletion of the
helicase domain from the C terminus of the full length NS3
protein.
One potential explanation for the observed stimulatory

effect provided by NS4A is that it orchestrates a favorable
alignment of titratable catalytic groups within the active site.
While rarely straightforward, the interpretation of pH effects
on catalytic groups is exacerbated by the complexity of this
system. The similar pKa values extracted from theV/K Vs
pH data for the extended decapeptide substrate and the
truncated chromophoric substrate indicate that the P4′-P2′
residues do not contribute to the observed pH rate profile.
Given the numerous ionizations in the P region of substrate
(N-terminal amine, neighboring Glu and Asp residues, and
Cys), it is likely that substrate contributes to the observed
pH rate profile, and this complicates the dissection and
assignment of pKa values to individual protease residues.
However, our observation that KK4A does not alter logV/K
VspH profiles strongly suggests that KK4A does not increase
catalytic activity of the protease by a perturbation of the pKa

values for the active site residues involved in catalysis.
The specific interactions which are observed in the tNS3-

NS4A complex result in a substantial increase in catalytic
efficiency and are further reflected in the obligate order
kinetic mechanism proposed here. After hydrolysis of
substrate, product is released from the protease-4A complex
(Scheme 1, pNA release and 5A-acyl-enzyme hydrolysis/
release are indicated as a single step). The proposed
mechanism may reflect the catalytic cycle within HCV-
infected cells and is validated by the three-dimensional
structure of the co-complex. While a faithfulin ViVo
replication system is not currently available, it is likely, on
the basis of the above evidence, that NS3-NS4A complex

formation precedes hydrolysis of downstream sites and that
the complex remains associated between catalytic events.
The P1 substitution data presented in Table 2, demonstrat-

ing a catalytic preference for Cys, are supported by modeling
and mutagenesis studies (Pizzi et al., 1994; Failla et al., 1996)
as well as structural information (Kim et al., 1996; Love et
al., 1996). Structural information indicates a shallow S1

pocket which can accommodate small aliphatic residues.
Phe1180 is situated at the bottom of this pocket where
favorable van der Waals contacts to the P1 Cys residue are
likely (Kim et al., 1996; Love et al., 1996). This type of
interaction is documented (Burley & Petsko, 1988). Model-
ing studies predicted the location of Phe1180 (Pizzi et al.,
1994), and mutagenesis studies verified this substrate
recognition mechanism by demonstrating that the double
mutant Phe1180Thr/Ala1183Gly, having a larger S1 specific-
ity pocket, tolerated a bulky Phe residue at P1 (Failla et al.,
1996).
In contrast to the P1 substitution data, the P1′ substitution

data presented in Table 3 indicate that a reduction in the
rate of peptide substrate hydrolysis may be accompanied by
a reduced or an increased affinity of the peptide for protease.
The observation that the decapeptide containing the P1′ Tic
residue is a potent inhibitor of the tNS3 protease suggests a
relatively open binding pocket. Although less structural
information is available concerning the S′ specificity pocket,
our data, as well as that of Love et al. (1996), indicate that
the S1′ pocket is not fully occupied by P1′ Ser of the modeled
substrate, suggesting the potential to accommodate larger
residues. While the potent binding of the P1′ Tic decapeptide
inhibitor may be a consequence of an altered mode of peptide

Table 4: Effect of Prime and Nonprime Truncations onKi of P1′ Tic Decapeptide Inhibitors

number sequence Ki with 4A (µM) Ki without 4A (µM) without 4A/with 4A ratio

1 H2N-E-D-V-V-L-C-Tic-Nle-S-Y-OH 0.34 28 83
2 H2N-E-D-V-V-L-C-Tic-Nle-S-OH 27 380 14.5
3 H2N-E-D-V-V-L-C-Tic-Nle-OH 17 140 8.6
4 H2N-E-D-V-V-L-C-Tic-OH 14 120 8.4
5 H2N-D-V-V-L-C-Tic-Nle-S-Y-OH 4.4 320 73
6 H2N-V-V-L-C-Tic-Nle-S-Y-OH 79 2700 34
7 H2N-V-L-C-Tic-Nle-S-Y-OH 500 NI at 1 mMa >26
8 H2N-L-C-Tic-Nle-S-Y-OH 2000 NI at 1 mM

a In the absence of an inhibition of 5% that would have been detected by our assay system, a lower limit of 13 mM can be set for theKi of this
peptide in the absence of KK4A.

Scheme 1: Kinetic Model Depicting the Role of NS4A in
Substrate Hydrolysis and Inhibitor Bindinga

a J represents an inhibitor having prime-side residues.I represents
an inhibitor lacking prime-side residues.
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binding, it is of interest for inhibitor design and provides a
basis for probing the effect of NS4A on P′ residues.
TheKi data for the petidyl P1′ Tic series presented in Table

4 reveal three critical features of the interaction of peptidyl
inhibitors with the tNS3 protease. First, most of the binding
energy for a given inhibitor is extracted from the P side by
tNS3 protease. This observation is true irrespective of KK4A
and is consistent with observations made with other serine
(Powers & Harper, 1986) as well as cysteine proteases (Rich,
1986). Second, in all cases, the affinity of inhibitor for
protease is increased in the presence of KK4A peptide.
Third, the prime-side subsites of tNS3 protease influenced
most dramatically by KK4A are S4′ and S1′. In order to
correlate these latter two observations with the available
structural data, a decapeptide substrate (sequence) ranging
from P6 to P4′ was modeled into the active site of the tNS3-
NS4A complex (Figure 4). From this model, it appears likely
that the P4′ substrate Tyr residue is in close proximity to
NS4A and may be in direct contact. This is consistent with
the large loss in binding of inhibitors which extend to P4′
upon removal of NS4A. In addition, NS4A makes substan-
tial contacts with several loops on the prime side of the
subtrate binding channel. Removal of NS4A is likely to
perturb these loops, which make contact with the P1′-P3′
residues of substrate. This is consistent with the experi-
mental data, which show a decrease in the magnitude ofKi

of 1 order of magnitude upon removal of NS4A. Aldehyde
inhibitors do not extend into the prime side and would not
be expected to be as dramatically affected by the presence
or absence of NS4A. Experimentally, theKi value measured
for aldehyde inhibitors with the tNS3 protease is the same
as that for the tNS3-NS4A complex.

The dependency of HCV protease activity on the presence
of a virus-encoded peptidyl activator is not unique. Human
adenovirus-2 L3 23K protease (AVP) binds an 11-amino acid
cofactor encoded by the C terminus of the pVI protein (pVIc;
Webster et al., 1993) in a 1/1 stoichiometry which increases
kcat of this cysteine protease by 350-fold (Mangel et al.,

1996). Structural analysis revealed that the pVIc peptide is
surface-bound, distant from the active site (Ding et al., 1996).
Activation of AVP by pVIc has been proposed to occurVia
alterations in the active site imparted by interactions of the
peptide with noncontiguous segments of protease. In addi-
tion to HCV, the two other genera of the Flaviviridae family,
the pestiviruses and flaviviruses, also rely upon a two-
component protease. The genetic organization and the
processing of the bovine viral diarrhea virus (BVDV; a
member of thePestiVirus genus) polyprotein is analogous
to that of HCV. Wiskerchen and Collet (1991) have shown
that p80, the BVDV NS3 homologue, requires p10. This
small virally encoded peptide is released from the polyprotein
and is required for efficient hydrolysis of p58-p75, the BVDV
NS5A/5B homologue. As discussed by Fallia et al. (1994),
p10 is likely an NS4A functional homologue. Within the
FlaViVirusgenus, the absolute requirement of a virus-encoded
activator for efficient polyprotein processing at structural and
nonstructural sites has also been demonstrated (Wengler et
al., 1991; Chambers et al., 1993; Falgout et al., 1993). A
40-amino acid consensus peptide within the NS2B domain
of flaviviruses has been shown to be required fortrans
complementation of NS3 proteolytic activity in yellow fever
(Chambers et al., 1993) and dengue viruses (Falgout et al.,
1993). NS2B, which occurs N-terminal to NS3, is analogous
to HCV NS4A in that it may function incis or in transand
it is released from its catalytic domainVia an intramolecular
cleavage. The mechanism of action of the NS4A activator
elucidated here for HCV tNS3-NS4A may well be a general
phenomenon within theFlaViViridae family.
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