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ABSTRACT. The interaction of the hepatitis C virus (HCV) NS3 protease domain with its NS4A cofactor
peptide (Pep4AK) was investigated at equilibrium and at pre-steady state under different physicochemical
conditions. Equilibrium dissociation constants of the NE&p4AK complex varied by several orders of
magnitude depending on buffer additives. Glycerol, NaCl, detergents, and peptide substrates were found
to stabilize this interaction. The extent of glycerol-induced stabilization varied in an HCV strain-dependent
way with at least one determinant mapping to an NS34A interaction site. Conformational transitions
affecting at least the first 18 amino acids of NS3 were the main energy barriers for both the association
and the dissociation reactions of the complex. However, deletion of this N-terminal portion of the protease
molecule only slightly influenced equilibrium dissociation constants determined under different physi-
cochemical conditions. Limited proteolysis experiments coupled with mass spectrometric identification
of cleavage fragments suggested a high degree of conformational flexibility affecting at least the first 21
residues of NS3. The accessibility of this region of the protease to limited chymotryptic digestion did not
significantly change in any condition tested, whereas a significant reduction of chymotryptic cleavages
within the NS3 core was detected under conditions of highNS&p4AK complex affinity. We conclude

the following: (1) The N-terminus of the NS3 protease that, according to the X-ray crystal structure,
makes extensive contacts with the cofactor peptide is highly flexible in solution and contributes only
marginally to the thermodynamic stability of the complex. (2) Affinity enhancement is accomplished by
several factors through a general stabilization of the fold of the NS3 molecule.

Hepatitis C is a major health problem affecting about0.5 order to generate the mature nonstructural proteins believed
1.5% of the world’s population. The disease is caused by ato form the replication machinery of the virus. The NS3-
viral infectious agent, the hepatitis C virus (H§Vwhose dependent processing occurs at the intramolecular NS3/NS4A
major route of transmission is parenterat-@). The virus site and at the intermolecular NS4A/NS4B, NS4B/NS5A,
was identified by molecular cloning in 1989)( and its and NS5A/NS5B cleavage sites of the HCV polyprotein.
genome, a 9.5-kilobase single-stranded positive sense RNABesides containing a serine protease domain of about 20 kDa
molecule, contains a single open reading frame encoding aat its N-terminus, the NS3 protein harbors an RNA helicase
polyprotein of 3016-3033 residues. Upon its synthesis in in its ~400 C-terminal residues). Deletion experiments
cells, this polyprotein is processed into the mature polypep- have shown that helicase and protease domains can work
tides through the combined action of both cellular signal independently of each other, with the separate polypeptide
peptidases and two virally encoded proteolytic enzymes chains expressing the respective activiti®s12). This has
(reviewed in refd). The serine protease domain contained recently permitted the crystallization of the NS3 protease
in the viral NS3 protein appears to play a prominent role in and helicase domaind §—16).

the processing of the HCV polyprotein. It is responsible for Although the NS3 protease has proteolytic activity of its

4 out of the 5 cleavage events that have to take place ingwn, in vivo complex formation with the viral NS4A protein

is essential for efficient processing of the NS3/NS4A and
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adopting a helical conformation. Deletion mutagenesis structural data using site-directed mutagenesis, fluorescence
experiments have shown that residues 34, corresponding  spectroscopy, and limited proteolysis/mass spectrometry as
to the extended, hydrophobic region of NS4A, are sufficient analytical tools. We show that complex affinities may differ
for eliciting full activation of the NS3 proteas&Z, 17, 20— by almost 3 orders of magnitude depending on the physi-
22). In vitro, NS3 can be activated by the addition of a cochemical conditions under which they are determined.
peptide harboring this central region of the NS4A cofactor Complex stabilities under a given condition may further vary
(12, 20—22). This peptide has also been crystallized in a significantly for NS3 proteases from different HCV isolates,
complex with the NS3 protease domaih3( 15). The with at least one of the affinity determinants mapping to an
structural data show that the bound cofactor is embeddedNS3—NS4A interaction site. In addition, we also present
into the core of the NS3 protease domain with a total of evidence for complex stabilization by substrate peptides to
2400 A of surface area buried by the interaction between the active site of the enzyme, suggesting a cross-talk between
the two molecules. The N-terminus of NS3 that is involved the substrate binding site and the cofactor binding site.

in this interaction has a peculigr-o—£ fold with a 8-strand

contributed by the cofactor intercalating into this structure. MATERIALS AND METHODS

In vivo the native NS3-NS4A complex is thought to be
associated with membranek). Membrane anchoring could
be provided by the extreme N-terminus of NS4A that was
proposed to form a trans-membrane helbb)( Deletion

Enzyme Preparations and Site-Directed Mutagenesis.
Escherichia coliBL21(DE3) cells were transformed with
plasmids containing the cDNA coding for the serine protease

mutagenesis experiments demonstrated that in vivo eitherdomains of the HCV BK or J-strains NS3 protein (amino
“loose” or “tight” complexes can be formed, depending on acids 10271206, followed by a solubilizing ASKKKK tag)

the integrity of the N-terminus of NS4AL8, 23). In addition, gnder the control of the bacteriophage T7 gene 10 promoter
the o-helical portion of the3—a—3 fold at the N-terminus N @ PT7-7 vector. The V36L, Q86P, and V36t Q86P

of NS3 was proposed to participate in membrane anchoring,mmations were introd_uced into th_e Iysin_e—tagged Bk_—strain
since hydrophobic residues on this helix (lle14, Leul7, lle18, Protease by PCR using appropriate primers. Proteins en-
and Leu21) face outward from the complex to create a COMPassing residues 1021213 and 10451213 (NS3-
hydrophobic arealf). In the structure without NS4A, the  J—AN) from the HCV J-strain were also obtained by PCR.
N-terminus of NS3 interacts with neighboring molecules Al constructs were fully seq_u_enced on bOIh strands to
binding to hydrophobic surface patchagl, These interac- exclude mtroductlo'n' of addltlopal mutatlons by PCR.
tions are likely to be peculiar features of the crystallized ENzymes were purified as previously described)(and
enzyme, and in solution, the N-terminal region of NS3 is found to be homogeneous as judged from silver-stained
probably disordered in the absence of NS4A, thus providing SPS~PAGE and>95% pure as judged from reversed-phase
an explanation for the enhanced metabolic stability of the HPLC performed using a 4.6 250 mm Vydac C4 column.
NS3-NS4A complex with respect to the uncomplexed ENZyme preparations were routinely checked by mass
enzyme 15). Enhancement of protease activity upon com- spectrometry don_e on HPLC-purified samples_ using a Perkin-
plexation appears to result from the correct positioning of EIMer AP 100 instrument and by N-terminal sequence
His57, Asp81, and Ser139, the residues that form the catalytic@lysis carried out using Edman degradation on an Applied
triad of the enzyme. In the absence of NS4A, Asp81 is tilted BioSystems model 470A gas-phase sequencer. Enzyme stocks
away from His57, interacting with the guanidinium moiety Weré quantified by amino acid anaIyS|s,o shock-frozen in
of a nearby arginine residue (Arg158)4 24). Also His57 liquid nitrogen, and kept in aliquots at80 °C until use.
and the catalytic Ser139 are too far away to engage in Peptides and HPLC AssaySynthetic peptides were
hydrogen bond interactions in the free enzyme. This con- obtained from AnaSpec, Inc. (San Jose) and Peptides
formation is clearly unfavorable for proton shuttle during International, Inc. (Louisville). The concentration of stock
catalysis, whereas in the complexed enzyme, the catalyticsolutions of peptides, prepared in DMSO or in buffered
triad assumes a structural organization that is also observecdqueous solutions and kept at80 °C until use, was
in other serine proteases. determined by quantitative amino acid analysis performed
We have previously shown that complex formation ©n HCl-hydrolyzed samples.
between the truncated NS3 protease and an NS4A peptide If not specified differently, cleavage assays were per-
goes along with changes in the protein near-UV CD spectrum formed in 57uL of 50 mM Tris, pH 7.5, 10 mM DTT to
and in its tryptophan fluorescence spectrud®)( These which differing amounts of glycerol, detergents, and NaCl
spectroscopic findings were interpreted in terms of changeswere added. Reactions were started by the additiondf 3
in the environment of Trp85, which is engaged in the of substrate peptides. Six duplicate data points at substrate
interaction with Val23 of the cofactor peptide, and have concentrations betwed€/4 and &, were used to calculate
allowed the calculation of the equilibrium dissociation kinetic parameters. As protease cofactor we used a peptide
constants in the low micromolar range and a complex half- spanning the central hydrophobic core (residues34) of
life of 3.5 min 25). These values are indicative of arelatively the NS4A protein, containing a solubilizing lys tag at its
loose complex and are poorly compatible with the extensive N-terminus (Pep4AK (KKKGSVVIVGRIILSGR(NH)). In-
interaction that is observed in the crystal structure. In the cubation times and enzyme concentrations were chosen in
present study we have therefore investigated complex forma-order to obtain<8% substrate conversion. Reactions were
tion in solution using pre-steady-state and equilibrium stopped by the addition of 40L of 1% TFA. Cleavage of
measurements of complex affinity to identify factors that peptide substrates was determined by HPLC as previously
influence the binding reaction. We have also attempted to described 27). Cleavage products were quantified by the
correlate some kinetic and thermodynamic information with integration of chromatograms with respect to appropriate
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standards. Kinetic parameters were calculated from a non-agreement (less than 15% deviation) was observed between
linear least-squares fit of initial rates as a function of substrate values obtained with either method.

concentration with the help of a Kaleidagraph software,
assuming MichaelisMenten kinetics.

Kinetic determination oKy values was performed at a
fixed substrate concentratioly values were calculated by

Limited Proteolysis Experiment&nzymatic digestions
were performed at 28C in the appropriate buffer system
using trypsin, chymotrypsin, subtilysin, or Lys C in a 1:100
or 1:500 (w/w) enzyme-to-substrate ratio. The extent of the

a nonlinear least-squares fitting of eq 1 to the data points reaction was monitored on a time-course basis by sampling

V= Vgt (VialPEPAAK])/ Ky opp T [PEPAAK]) (1)

with Vp being the velocity in the absence of the cofacior,
the initial velocity of enzymatic catalysis at a given Pep4AK
concentrationVmax the velocity at Pep4AK saturation, and
K, .pthe apparent dissociation constant of the N8&p4AK
complex.

Fluorescence Measuremeniuorescence emission spec-
tra were recorded on a Perkin-Elmer LS50B instrument with
a cuvette holder thermostated at 23. Excitation was at

the incubation mixture at different time intervals. Proteolytic
fragments were fractionated by reverse-phase HPLC on a
Vydac C18 column, and the individual fractions were
manually collected and analyzed using a Bio-Q triple
guadrupole mass spectrometer (Micromass, Manchester, UK)
equipped with an electrospray ion source. Samples were
injected into the ion source (kept at 8C) via a loop
injection at a flow rate of 1Q«L/min. Data were acquired
and elaborated using the MASSLYNX program, purchased
from Micromass. Mass calibration was performed by means
of multiply charged ions from a separate injection of horse

295 nm and emission was recorded between 300 and 40Cheart myoglobin (Sigma; average molecular mass of 16951.5
nm at a scan speed of 60 nm/min. Emission and excitation Da).

slits were opened to 5 nm. Spectra were routinely corrected

for the background signal of buffer and for dilution effects.
Equilibrium dissociation constants were calculated from
fluorescence data by fitting expression 2 to the data

AF = Fy + ((AF,,,Pep4AK)/K, + PepdAK)) (2)

whereFg is the initial fluorescence in the absence of added

RESULTS

Glycerol Dependence of the Affinity of the NG3p4AK
Complex.There are several methods by which the affinity
of the NS3 protease for the NS4A cofactor peptide (Pep4AK)
can be determined2B). Conveniently, titration of the
enhancement of proteolytic activity as a function of added
Pep4AK at a fixed substrate concentration can be used as a

Pep4AK,AF is the fluorescence increase at 333 nm induced technique. In this case, the affinity of Pep4AK for the

by a given concentration of Pep4AK, amin.« is the

enzyme-substrate complex is measured, provided that the

fluorescence increase observed at enzyme saturation. pHexperiment is performed at a saturating substrate concentra-
dependence experiments were done using a three-componertion ([S] > K,,). At lower substrate concentrations, apparent

buffer containing 25 mM Tris, 12.3 mM acetate, 12.3 mM
Mes, 15% glycerol, 1% CHAPS, and 150 mM NacCl. pH-

dissociation constants, reflecting the affinities for both the
enzyme-substrate complex and the free enzyme, will be

dependent variations of ionic strength were corrected by theobtained. The affinity of Pep4AK for the free enzyme can

addition of NacCl.
Pre-Steady-State Measuremeitssociation rate constants
were determined on an SX-MV18 Applied Photophysics

stopped-flow instrument equipped with a fluorescence detec-

also be directly monitored, taking advantage of the changes
in the tryptophan fluorescence spectra observed upon com-
plex formation 25). For the NS3 protease domain of the
HCV Bk-strain it has been previously shown that in the

tor and interfaced with a Risc computer. The samples and presence of 50% glycerol the substrate peptide Ac-DEMEE-

the flow cell were thermostated at 23. Protein fluorescence

CASHLPYK, substrat&1, derived from the NS4AB junction

was excited at 280 nm, and a 305 nm cutoff filter was used of the HCV polyprotein has little effect on the dissociation
to suppress the excitation wavelength. Time-dependentconstant of the enzymecofactor complex Z5). Titration

fluorescence changes upon addition of Pep4AK to the NS3 experiments of the Pep4AK dependence of proteolytic
protease were recorded under pseudo-first-order conditionsactivity have shown that glycerol is an important requirement

for at least 5x t/2 and could be best fitted to a single-
exponential equatiork,,s values derived from this fitting

for complex formation between the NS3 protease domain
from the HCV Bk-strain and its NS4A cofactor. Unexpect-

procedure were determined at different Pep4AK concentra- edly, we found that this glycerol dependence was much less
tions and used to calculate association rate constants acpronounced for the NS3 protease domain of the HCV J-strain

cording to eq 3.
Kobs = Kot T Kon[PEPAAK] )

Equilibrium dissociation constant&( values) were calcu-

lated from the dependence of the amplitude of the fluores-

(Table 1). Sequence comparison has shown that, while the
sequence of the central domain of NS4A is identical in both
strains, the two NS3 protease domains differ for 8, mostly
conservative, point mutations. Three sequence variations
between NS3BK and NS3-J, namely Glu30-Asp, Val36-
Leu, and GIn86-Pro, are located in the N-terminal region of

cence change on the concentration of Pep4AK according tothe NS3 molecule that is involved in complex formation with

eq 2. Dissociation rate constantgq( values) were subse-
quently calculated from the expressidg = KonKg. In

the cofactor. GIn86 is located adjacent to Trp85. Alterations
in the physicochemical environment of this latter residue have

selected cases dissociation rate constants were also directlypeen suggested to occur upon complex formation with
measured by monitoring the decrease in fluorescence intenPep4AK, based on changes in fluorescence and near-UV

sity upon rapid dilution of preformed NS3ep4AK com-
plexes at concentrations below thédy values. A good

circular dichroism spectra2f). These changes are thought
to result from binding of Val23 of the NS4A cofactor into a
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Table 1: Glycerol Dependence of the Apparent Equilibrium 0-035 F

Dissociation Constar{y of the NS3-Pep4AK Complex
Kq (uM) at glycerol concentration
enzyme 0% 15% 30% 50%

Bk >100 >100 58 53
J 60 25 5.5 1.3
Bk Q86P >100 98 32 3.2
Bk V36L >100 54 15 4.6 E
Bk Q86P+ V36L >100 24 8 2.3 0.01

a Dissociation constants were determined kinetically as described 0005 Lo v vl v v v
under Materials and Methods. Assays were performed in 50 mM Tris, 0 1 2 3 4 5
pH 7.5, 1% CHAPS, 10 mM DTT, and varying amounts of glycerol in time (s)
the presence of 20M substrate DEMEECASHLPYK.

0.03 |

0.025 [

0.02 |

Fluorescence (A.U.})

0.015 |

hydrophobic pocket of NS3 flanked, among other residues, i
also by Trp85 and Val36. Both the GIn86-Pro and the Val36- 0.8 ©
Leu mutations could therefore potentially alter the shape of _ I
this pocket and hence influence the stability of the enzyme @
cofactor complex. This was experimentally verified by 2
introducing the GIn86-Pro and Val36-Leu mutations in the =
context of the Bk sequence, both as single and as double
mutants. The apparent dissociation constants of the mutated r ]
enzymes were then determined at different glycerol concen- o Ml ]
trations in the presence of a fixed substrate concentration. 0 20 40 60 80 100 120 140 160
As shown in Table 1, the GIn86-Pro mutation lead to no [PepdAK] (uM)

significant alterations in the glycerol dependence of cofactor
binding. In contrast, substitution of Val36 for leucine leads ]
to an improved affinity of the mutant enzyme for Pep4AK 0.025 © E
at glycerol concentrations50%, whereas the double mutant : ]
Val36-Leu + GIn86-Pro was indistinguishable within ex-
perimental accuracy from the J-strain enzyme at glycerol
concentrations between 15% and 50% (Table 1), but showed
a significantly lower affinity in the absence of glycerol. These
data demonstrate that Leu36 contributes considerably to the
stabilization of the NS3Pep4AK complex.

So far, all Pep4AK affinity data have been generated in O T T S R
the presence of the substrate peptiieby monitoring the 0 20 40 ?gep4gg] (“1M0)° 120 140 160
enhancement of protease activity produced upon cofactor . o
binding. We next decided to investigate complex formation Ficure 1: Protein fluorescence changes upon association of

. P Pep4AK with the NS3 protease domain. Protein fluorescence at
between the free enzyme and its cofactor by monitoring the _ 365" 1 \was measured upon excitation at 280 nm on a stopped-

fluorescence changes that accompany the binding eventjoy instrument. To 100 nM NS3 protease in 50 mM Tris, pH 7.5,
(Figure 1A-C). These changes were monitored both under 15% glycerol, 1% CHAPS, and 1 mM DTT were added increasing
pre-steady-state conditions (Figure 1A) and upon attainmentamounts of Pep4AK dissolved in the same buffer. (A) Fluorescence
of thermodynamic equilibrium (Figure 1C) using a stopped- changes upon the addition of 10 Pep4AK as a function of
flow instrument. Table 2 reports the steady-state equilibrium time. Data were fitted to a first-order rate equation to determine

. I L the value of B) Plot of ersus Pep4AK concentration.
dissociation constant(), the association rate constants Data\l/ Wuere fli(t.}kgd(tg eq 3 tokoase\:ive uvameg i, (C) Plot (')f

(kon), and the dissociation rate constarks) obtained with  fluorescence amplitudes as a function of added Pep4AK. The
the J, Bk, BkV36L, and BKQ86P V36L enzymes at a fixed  equilibrium dissociation constant of the NSBep4AK complex

glycerol concentration of 30% and in the presence of 1% was derived from a fit of the data to eq 2.

CHAPS. Under these conditions, the affinity of the J-strain

enzyme for the cofactor is about 65-fold higher than that of the sole determinant of the enhanced cofactor affinity of
the Bk enzyme. The nature of this difference was explored NS3-J. The parameters determined for the V36LQ86P

by pre-steady-state measurements. Plotsk@f versus double mutant are very similar to the data obtained for the
cofactor concentration were linear for all enzymes (Figure V36L single mutant with an additional slight decrease in the
1B) and were used to calculate association rate constantglissociation rate constants.

according to eq 3. The pre-steady-state analysis revealed that Next, the effects of glycerol on both equilibrium and pre-
the difference in the equilibrium dissociation constants steady-state parameters of complex formation were inves-
between the two enzymes results from both a 3.8-fold highertigated using the NS3J enzyme. Complexation of the
association rate constant and a 18.5-fold lower dissociationcofactor with the free enzyme was monitored using fluores-
rate constant (Table 2). The V36L mutant shows a 6.9-fold cence spectroscopy. Table 2 shows that a 28-fold increase
increased on-rate with respect to the wild type enzyme but in equilibrium dissociation constants occurs by diminishing
little effect on the off-rate, confirming that this residue the glycerol concentration from 30% to 0%. This increase
significantly contributes to complex stabilization, but is not is attributable to a 76-fold increase in the dissociation rate

0.03

Amplitude (A.U.)
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Table 2: Equilibrium and Pre-Steady-State Parameters of Complex Scheme 1
Formation with Pep4AK of NS3 Proteases from HCV Strains J, Bk, Ks Kcat
and the Bk V36L and Bk Q86R- V36L Mutants E + S =—— E —> E+P
enzyme glycerol (%) Kqg (uM)  kon(M™1s™1) kot (S71) + N
Bk 30 260 1420 0.37 PepdAK PepdAK
Bk V36L 30 18 9750 0.17
Bk Q86P+ V36L 30 11 8700 0.09
J 30 4 5400 0.02 4 oKg
J 15 30 9360 0.28 oKy B keat
J 0 112 13620 1.52 E-Pep4dAK + S <=—— E-Pep4AK-S —> E-PepiAK + P

2 All of the values were determined by monitoring protein fluores- — significant stabilization of the NS3J—-Pep4AK complex by
cence changes upon complex formation of 100 nM NS3 protease with the substrate can be observed. In contrast, for the Bk enzyme

increasing amounts of Pep4AK in 50 mM Tris, pH 7.5, 1% CHAPS, . o -
1 mM DTT, and different concentrations of glycerkl, values were even in the presence of 30% glycerol a considerable

determined from the pre-steady-state changes in fluorescence adliSCrepancy between the equilibrium dissociation constants
described under Materials and Methods and shown in Figure 1,B8.  Obtained in the absence (2GfM, Table 2) and in the
values were obtained from plots of the amplitude of the fluorescence presence of 2(M substrateS1 (58 uM, Table 1) can be
change versus [Pep4AK] as shown in Figure kg values were noticed.

calculated assuming a simple equilibrium according to the relationship  \we next wanted to analyze the influence of substrate
kott = Kakon binding on the stability of the NS3Pep4AK complex in a

. . guantitative way, taking into account the various equilibria

constant, counterbalanced by a 2.5-fold increase in thenolying enzyme, substrate, and cofactor that are described
association rate. This latter effect is probably related to an by Scheme 1, where E, S, and Pep4AK correspond to the
augmented viscosity at higher glycerol concentrations that enzyme, substrate, and Pep4AK activator, respectively. This
is expected to affect diffusion phenomena. The result is an scheme conforms to a model of nonessential activation,
increase in the half-life of the NS3ep4AK complex from  \here substrate and activator bind to the enzyme in a random

0.4 s (in the absence of glycerol) to 35 s (in the presence oftaghion 8). The constants describing the various equilibria
30% glycerol). Due to the experimental difficulties arising 4y the following:

from the pronounced glycerol dependence of N8g, we
decided to perform all subsequent experiments with the Ks= [E][SV[E—-S]

enzyme from the HCV J-strain. e -
Stabilization of the NS3Pep4AK Complex by Substrate aKs = [E-Pep4AK][S)/[E-Pep4AK=S]

PeptidesThe equilibrium dissociation constants reported in K, = [E][Pep4AK]/[E—Pep4AK]
Table 1 have all been obtained by monitoring the Pep4AK- d
dependent increase in enzyme activity in the presence of 20 oK, = [ES][Pep4AK]/[E-PepdAK-S]

uM substrate. We noticed that in the absence of glycerol . ) .
the apparenKy value for the complex with the J-strain 1he equation correlating the measurable steady-state velocity

enzyme decreased when the same experiment was performeef substrgte consumption with the equilibrium constants has
in the presence of higher substrate concentrations (see below)P€en derived2s):
This suggests that in the absence of glycerol the free enzyme V
. . el maXS
and the enzymesubstrate complex have different affinities V=

for the cofactor peptide. We wanted to investigate this (It [Pep4AKIKy) (1 + [Pep4AK]JlaKy)
apparent stabilization of the NS®Pep4AK complex by the *(1+ B[Pep4AK]ioK,) (1+ p[Pep4AK]ioK,)
substrate in more detail. First, we attempted to determine 4
the Ky value of the complex fluorimetrically in the presence 4)

of added substrate. To this purpose, we switched to aln this equationgo is the factor by whickKy changes when
truncated version of the substrate peptide used so far, havinaall of the enzyme is present in the form of an enzyme
the sequence Ac-DEMEECASHL (substr&8. This pep- substrate complex. If all four enzyme species (5%
tide was used since it is turned over with a 4-fold lower E—Pep4AK, and EPep4AK-S) are at equilibrium, ac-
efficiency with respect to the longer substra2€)( thereby cording to the mechanism in Scheme 1, the dissociation
allowing one to record fluorescence data over a longer time constant of SKs, must also change by the same faatao
period with acceptable levels of substrate depletion (less thanoKsonce the enzyme is saturated with the activator. In other
20% during the whole titration experiment). Furthermore, words, if the ternary enzymesubstrate-activator complex
this substrate contains no fluorescent groups that would can be formed regardless of the path (through E an& E
interfere with the measurements. In the absence of glycerol,or through E and EPep4AK), the thermodynamic stabiliza-
the addition of 30Q«M of S2decreased the fluorimetrically  tion of the ternary complex with respect to the two binary
determinedKy value for the NS3-Pep4AK complex from complexes will affect the affinity both for the substrate and
112 to 19uM, whereas in the presence of 15% glycerol a for the activator by the same extent. Assuming Katis a
more modest decrease from 30 to ARl was observed.  good approximation oK for amide substrates of NS3, we
These data suggest that both glycerol and substrate concuwould expect that the factar by which a given substrate

in stabilizing the enzymecofactor complex, whereby the increases the affinity for Pep4AK should be quantitatively
stabilization effect produced by the substrate decreases withthe same factor by which Pep4AK increases the affinity for
increasing glycerol concentration. This interplay between the substrate. We attempted to verify this using both the
glycerol and substrate differs between the J and Bk enzymessubstrateS1 derived from the NS4A/NS4B cleavage site,
In fact, at glycerol concentrations above 15% no additional described so far, and a substrate based on the sequence of
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60 F Table 3: Stabilization of the Ternary EnzymActivator—Substrate
50 & Complex in the Presence of Two Different Substrates
o value
s o method substratg1 substrates3
=3
o 30 ¢ Km,appversus [Pep4AK] 0.10 0.032
g o Kg,appversus [S] 0.05 0.030
X 20 F multicurve fitting 0.12 0.034
10k @ Experiments were performed in 50 mM Tris, pH 7.5, 1% CHAPS,
o and 1 mM DTT. The stabilization of the ternary enzynseibstrate-
ot A R T B Pep4AK complexes with substrat&l (Ac-DEMEECASHLPYK—
0 20 40 60 80 100 NH>) and S3 (EAGD DIVPCSMSYWTGA) with respect to the two
[PepdAK] (uM) binary complexes was expressed in terms.pés defined in Scheme
1. a was determined by monitoring the decrease of appdfgrds a
120 e function of [Pep4AK] (Figure 2A), by monitoring the decrease of
[ B appareniq as a function of [S] (Figure 2B), or by simultaneous fitting
100 [ of eq 4 to a family of substrate titration curves recorded at different
[Pep4AK] concentrations.
80
3 i 30 —
. 60 r
= r 25 [
X 40 f F
[ 20 |
20 = r
[ E r
2 15[
0 T S S R - L - F
X
0 5 10 15 20 10 b
[S3] (uM) F
Ficure 2: Increase of affinity for substrate and Pep4AK in the 5 F
ternary enzyme substrate-activator complex. The dependence of L
Km values for substrat83as a function of Pep4AK concentration 0 Bl o b b s L
(panel A) and the dependence K values of the NS3Pep4AK 45 5 55 &6 S'EI 7 75 8 85

complex as a function of saturation by substi@8panel B) were
determined kinetically using 10 nM NS3 protease in 50 mM Tris, FicurRe 3: pH dependence of the equilibrium dissociation constant
pH 7.5, 1% CHAPS, and 1 mM DTTK,, values were calculated  of the NS3-Pep4AK complex. NS3 protease (300 nM) in 25 mM
from substrate titration curves at fixed Pep4AK concentrations and Tris, 12.3 mM acetate, 12.3 mM Mes, 15% glycerol, 1% CHAPS,
fit to the Michaelis-Menten equation, andy values were obtained and 150 mM NacCl, adjusted to the indicated pH values, was titrated
from Pep4AK titrations at the indicated substrate concentrations with increasing amounts of Pep4AK. Fluorescence spegtia
and fit to eq 2. TheKy value in the absence of substrate was 295 nm, emission 305400 nm) were recorded upon each addition.
determined fluorimetricallya values were obtained from a fit of ~ The fluorescence intensity at 330 nm was determined from the
the data to eq 5. spectra and plotted as a function of Pep4AK concentration.
Equilibrium dissociation constants were obtained from this plot by
the NS5A/5B junction of the HCV polyprotein, having the @ fit of the data to eq 2.
sequence EAGDDIVPCSMSYWTGA (substrags). For ) ) ) )
both substrates, kinetic parameters were determined in theSchéme 1 is compatible with the experimentally observed
absence of glycerol and in the presence of increasing cofactoreauilibria involving enzyme, activator, and substrate.

concentrations. Data from different experiments were simul- _ Influence of pH, Detergent, and lonic Strength on Complex

taneously fit to eq 4, and. values were derived from this
fit. Assuming the validity of the equilibria depicted in
Scheme 1, one can show that the appakgnvalues Ky,

Formation.We next explored whether other physicochemical
conditions may affect NS3cofactor complex formation.
Figure 3 shows the pH dependence of the equilibrium

app Obtained at different activator concentrations are related dissociation constant of the complex determined by fluores-
to o according to eq 528): cence titration. We noticed that the stability of the NS3

Pep4AK complex was invariant over a pH range from 7 to
9 and decreased at lower pH. Subsequently, the effect of
increasing ionic strength on tlikg value of the complex was
determined in the absence of substrate and in the presence
of 15% glycerol (Figure 4): am~10-fold decrease is

An analogous equation will describe the relationship between observed by increasing the concentration of NaCl from 0 to
the apparentky values obtained at different substrate 500 mM. Pre-steady-state analysis has shown that this effect
concentrations and. To verify this, we determined apparent was due to a decrease in the dissociation rate constant of
Kq values for Pep4AK at increasing substrate saturation. the complex with little effect ok, (Table 4).

Figure 2 shows the plots &y, appversus [Pep4AK] andy app We further explored the effect of different detergents on
versus [S] obtained for substre88, whereas Table 3 reports  the Ky value of the NS3-Pep4AK complex. All data shown

the a. values obtained for both substrates using the threeso far have been generated using 1% CHAPS as the
different procedures. A good agreement of thevalues detergent. Replacement of CHAPS by 0.05% Triton-X-100
obtained either from the global fitting procedure or from the or 0.05% LDAO resulted in a decrease from 3.7- (Triton,
effects of [S] onKgapp Or of [Pep4AK] on K app Was not shown) to 15-fold (LDAO, Table 4) in this value of
observed, indicating that the kinetic model depicted in the complex. Addition of Triton or LDAO in the presence

(1 + [Pep4AK]K,)

K =
mapp™ M (1 + [Pep4AK]K )

(5)
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35 [ . chymotrypsin rapidly cleaved NS3 at Tyr6 releasing
30 F ] fragments 26 and 7#186. Subsequent cleavages were

detected at Leu2l, through identification of the peptides
25 7—21 and 22-186, and at Leu36 as shown by the occurrence
20 of fragments 22-36 and 37186 (not shown). Minor internal

Kd (uM)

cleavage sites at Phe43, Trp53, Leu64, Tyr75, Tyrl05,
Tyrl34, Phel54, and Cys159 were also observed at later
stages of digestion. The overall results of the limited
proteolysis experiments on the NS3 protease under different
physicochemical conditions either in the absence or in the
50 | 100 presence of saturating amounts of I_Dep4AK are repo_rted in
[NaCI] (mM) Table 5. The NS3 protease domain was digested in 1%
Ficure 4: lonic strength dependence of tkgvalue of the NS3- CHAPS and 15% glycerolK for cofactor peptide= 30
Pep4AK complex. NS3 protease (300 nM) in 50 mM Tris, pH 7.5, M), showing a characteristic pattern: Tyr6 and Argll were
15% glycerol, 1% CHAPS, 1 mM DTT, and the indicated the most accessible sites followed by Thrl9, Leu21, and
concentrations of NaCl was titrate_d With Pep4AK. Fluore_s_ce'nce Arg24. All of these residues are located within the extreme
spectra were recorded for each fitration point, and equilibrium _terminal tail of the protease, thus indicating that in solution
dissociation constants were calculated from fluorescence changeﬁhiS segment is highly flexible and exposed. Protease-

as described under Figure 3. > - . .

sensitive sites gathered into three separate regions of the
Table 4: NS3-Pep4AK Complex Stabilization by LDAO and protein, the N-terminal PO”'O” 36_75' the C-terminal
NaCp segment 134180, and the interdomain loop 9209. When
buffer composition was changed to high-affinity conditions,
that is, 0.05% LDAO, 15% glycerol, and 500 mM Na®ly(

200 500

0

detergent  [NaCl] (mM) Kq (uM) kon(M71s™Y) kot (s t/2(s)

1% CHAPS 0 30 9360 0.28 24 _ : :
1% GHAPS 500 13 21160 0028 24 = 0.2 uM) and chymo_trypsm was used as conformatlon_al

0.05% LDAO 0 1.9 4970 0.01 73 probe, the cleavage kinetics at the extreme N-terminal sites
0.05% LDAO 500 0.2 8100 0.002 350 6 and 21 were only marginally affected either in the absence

2 Al of the values were determined by monitoring protein fluores- O in the presence of Pep4AK (Figure 5A). However, under
cence changes upon complex formation of 100 nM NS3 protease with these conditions, the binding of the cofactor peptide led to
increasing amounts of Pep4AK in 50 mM Tris, pH 7.5, 1 mM DTT, a complete protection of Leu36, Phe43, Trp53, Leu64, and
15% glycerol, and the indicated amounts of detergent and NaCl. Rate Tyr75 gl located in the N-terminal domain, and of Tyr105
constants were determined from the pre-steady-state changes i"positioned within the interdomain loop (Table 5). These data
fluorescence as described under Materials and Methods. Complex half- h der high-affini diti h : L
lives were calculated according #2 = In 2/ksf. suggest that, under high-affinity conditions, the association

with the cofactor peptide had little effect on the extreme

N-terminus where the segment containing the first 21
residues showed a high degree of conformational freedom.
. ' The N-terminal domain that is engaged in complex formation
that is, 500 mM NaCl, 15% glycerol, and 0.05% LDAO, i pepaak was induced to adopt a more compact and

we determinedq - 2.00 nM (Tabl_e 4)' Again, pre_—s_tea_dy- tight conformation, displaying a dramatic decrease in pro-
state parameters indicate that this increased affinity is dueteolytic accessibility

to a marked decrease in the dissociation rate constant of the . . .
Conformational changes as a function of buffer composi-

complex, leading to a half-life of 350 s. This value is almost
3 orders of magnitude higher than the half-life determined tion could also be detected by fluorescence spectroscopy

in the presence of 1% CHAPS and the absence of glycerol (Figure 5B). Changing buffer composition from 50 mM Tris,
and salt. 1 mM DTT, 1% CHAPS, and 15% glycerol (spectrum 1) to

Conformational Changes of the NS3 Protease as a 90 MM Tris, 1 mM DTT, 0.05% LDAO, 15% glycerol, and

Function of Physicochemical Conditions and Complex 200 MM NaCl resulted in a red shift of the emission
Formation with Pep4AKWe next wanted to investigate the Maximum together with an increase in the fluorescence
influence of different physicochemical conditions on the INtensity (spectrum 3). In both cases addition of saturating
solution structure of the J-strain NS3 protease domain @mounts of Pep4AK went along with a blue shift of the
complexed to its cofactor. To this purpose, limited proteolysis €Mission maximum and an increase in intensity (spectra 2
coupled to mass spectrometric detection of cleavage productsand 4).

was used as a technique. Limited proteolysis of N$8vas The Role of the N-Terminus of NS3 in Complex Stabiliza-
performed using chymotrypsin, trypsin, Lys C, and subtilisin tion. The results of our limited proteolysis experiments,
as proteolytic probes, and the experiments were monitoredindicating a high degree of mobility of the N-terminus of
on a time-course basis under conditions of maximum-NS3 NS3 even after complexation with Pep4AK, were unpredicted
Pep4AK complex affinity and under conditions of intermedi- since X-ray crystallographic data suggest an important role
ate affinity (1% CHAPS, 15% glycerol). A detailed study of the extreme N-terminus of NS3 in complex formation with
on the influence of glycerol on the surface topology of NS3  the cofactor. In fact, in the crystal structure of the complex

of 500 mM NaCl resulted in a further decrease of the
equilibrium dissociation constant. Under the best conditions

BK will be published elsewhere (Crr8., Dal Piaz, F., these residues contribute to the formation of stragdid
Casbarra, A., Biasiol, G., De Francesco, R., Stéliméy C. helix a0 that make extensive contacts with the cofactor and
and Pucci, P. (submitted for publication).). play a role in shielding Pep4AK from solvent. To investigate

Fragments released from NS3 under different experi-  the role of this portion of the NS3 protease in the binding
mental conditions were identified by mass spectrometry, reaction with its cofactor peptide, we decided to produce a
leading to the assessment of cleavage sites. As an examplenutant protein (NS3J—AN) in which the first 18 amino
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Table 5: Limited Proteolysis Experiments Performed on NS3 Protease from the HCV J-Strain under Different Experimental Conditions Either
in the Presence or in the Absence of the Cofactor Peptide Pep4AK

NS3 NS3—-Pep4AK NS3 0.05% NS3—-Pep4AK
protease 1% CHAPS 1% CHAPS LDAO/500 mM NacCl 0.05% LDAO/500 mM NacCl
chymotrypsin Tyr6, Leu21, Leu36 Tyr6, Leu2l Tyr6, Leu21, Leu36 Tyr6, Leu2l
Phe43, Trp53, Leu64, Leu64, Tyr75, Tyr134 Phe43, Trp53, Leu64 Tyrl34, Phel54, Cys159
Tyr75, Tyrl05, Tyrl34, Phel54, Cys159 Tyr75, Cys159, Metl179 Met179
Phel54, Cys159
trypsin Argl1l, Arg24 Argll, Arg24
Lys62, Arg92, Arg109 Lys62
Lys165, Arg180
subtilisin Tyr6, Thrl9, Leu36 Tyr6, Thrl9

Tyr75, Met74, Arg92
Arg109, Thr108, Tyr135
LysC Lys26
Lys62, Lys165

a All of the experiments were performed in the presence of 15% glycerol as described under Materials and Methods. Preferential cleavage sites

are in bold.
80 R Table 6: Role of the N-Terminus of NS3 in Complex Formation
70 F A with Pep4Ake
60 | NaCll  Ka ko ko
e 50 E enzyme detergent (mMM) (M) (M7is?) (sY
2 a0l . wWT 1% CHAPS 0 10 18200 0.18
< F S ] NS3-J-AN 1% CHAPS 0 15 120000 1.8
® 30 [ ) 3 WT 0.05% LDAO 500 0.2 28700 0.005
20 £ - %] NS3-J-AN 0.05%LDAO 500 0.6 710000 0.45
10 3 v : e 3 a All of the values were determined by monitoring protein fluores-
g ] cence changes upon complex formation of 100 nM NS3 protease either
0 e o b e o e wild type (WT) or with the deletion of the first 18 residues (NSB-
¢ 10 20 30 (m‘}r% 50 80 70 AN) with increasing amounts of Pep4AK. At variance with all previous
experiments, the proteases used in this experiment had no lysine tags
300 at their C-termini. Experiments were performed in 50 mM Tris, pH
FrT 4 CrT T 1 7.5, 1 mM DTT, 15% glycerol, and the indicated amounts of detergent
250 © B ] and NaCl. Rate constants were determined from the pre-steady-state
5 "_ 1 changes in fluorescence as described under Materials and Methods.
< 200 |
S sl C-terminus, and experiments were performed in parallel with
% F an appropriate control enzyme. The deletion had only little
s 100 ; effect on the catalytic properties of the enzyme as determined
T so | on substratéS], resulting in a 30% decrease kg, and no
’ alteration ofKy, values (data not shown). To determine the
0 b v effect of the deletion on the affinity of the enzyme for its

320 340 360 380 400 cofactor peptide titration, we performed experiments under
_ nm _either “low-affinity” (no salt, 1% CHAPS) or “high-affinity”
Ficure 5: Conformational changes of the NS3 protease and its (500 mM NaCl, 2 mM LDAO) conditions monitoring protein

complex with Pep4AK under different physicochemical conditions. i
(A) The accessibility of NS3 to limited digestion by chymotrypsin fluorescence changes (Table 6). Under both conditions, the

was determined as described under Materials and Methods. Thewild-type enzyme and NS3J—AN had very similar equi-
relative percentage of NS3 molecules cleaved after residue 6 (full librium dissociation constants. Thekg values were, how-
lines) and after residue 21 (dotted lines) is shown as a function of ever, the result of dramatically different, but compensating

i”‘:“;’.?tion %meM E)é%erimtents were. pertf)o;m;q ggde,(/l diff;rent effects on the individual association and dissociation rate
conaitions: Ql protease was Incubated In mivi sodium Wt _ ST e
phosphate, pH 7.5, 15% glycerol, and 1% CHAPS in the absence constants (Table 6). Thus, under “high-affinity” conditions

(dots) o in the presence (squares) of@0 Pep4AK. Alternatively, removal of the N-terminal 19 residues resulted in a 25-fold
30 uM NS3 protease was incubated in 50 mM sodium phosphate, increase in on-rate, counterbalanced by a 90-fold diminished
pH 7.5, 500 mM NacCl, 0.05% LDAO, and 15% glycerol in the off-rate.

presence of 8@M Pep4AK (diamonds). (B) Fluorescence spectra

(Aex = 295 nm, emission 3086400 nm) of 250 nM NS3 protease  DISCUSSION

in 50 mM Tris, pH 7.5, 15% glycerol, 1% CHAPS, and 1 mM

DTT prior to (1) and after (2) the addition of 8M Pep4AK. In the present work we attempted to address the different
Spectra were also recorded in 50 mM Tris, pH 7.5, 15% glycerol, factors that influence the stability of the NSBep4AK
500 mM NaCl, 0.05% LDAQ, and 1 mM DTT prior to (3) and s mpjex in solution. X-ray crystallography data show very
after (4) the addition of &M Pep4AK. : . - .

tight interactions between the two molecules, with the
acids of NS3 have been deleted. This deletion is expectedcofactor peptide becoming an integral part of the fold of the
to eliminate A and part ofoo but to leave strand A N-terminalp-barrel of the NS3 protease domain. As already
unaffected. The deletion was made in the context of a pointed out, Pep4AK is bound to a peculiar “molecular
protease domain devoid of the solubilizing Lys tag at its clamp” structure of the N-terminus of NS3, that adopts a



5214 Biochemistry, Vol. 38, No. 16, 1999 Urbani et al.

p—a—p fold with anothers-strand contributed by Pep4AK  NS3 did not affect proteolytic activity but abolished detect-

intercalating into this fold. Such a complex is expected to able co-immunoprecipitation of the two binding partners,

be very tight, much tighter than the previously determined suggesting a severe impairment of complex stability. Despite
micromolar equilibrium dissociation constang). It is not these differences, it has to be pointed out that the stability
clear to what extent crystal-packing forces contribute to the of the complex between the two full-length binding partners

interaction. In this context, it is interesting to compare the has been shown to depend on similar physicochemical
two published crystal structures of the complex. Kim et al. requirements as observed with the truncated NB&p4AK

(13) observe thgg—o—p fold of the N-terminus of NS3 in  complex (Gallinari, P. (manuscript in preparation).).

only one molecule in the asymmetric crystallographic unit.  Tightening of the NS3Pep4AK interaction under certain
In the other molecule the extreme N-terminus of the proteasephysicochemical conditions must therefore rely on driving
is not visible due to a high degree of conformational forces other than the stabilization of a particular fold of the
flexibility. The situation is different in the structure published extreme N-terminus of NS3. A possible explanation comes
by Yan and co-workers1g) where all molecules in the  from the recently solved NMR solution structure of the NS3
asymmetric unit adopt the same fold. In this case, however, protease domain obtained in the absence of the Cofm))r (
a different crystal symmetry and consequently different According to these structural data, the absence of NS4A
crystal-packing interactions contribute to the stabilization of results in a considerable conformational flexibility of the
the fold (L5). whole N-terminaj3-barrel. Enhancement of the compactness
In this work, we show that the affinity of the NS3 protease of this part of the molecule is expected to result also in an
domain for its cofactor peptide is dramatically affected by increased stability of the enzymeofactor interaction that
physicochemical conditions, such as glycerol, salt, and involves this region. Following this reasoning, one could
detergent concentration, leading to difference&drvalues explain the observed stabilization of the NS3ep4AK
of almost 3 orders of magnitude. Furthermore, some of thesecomplex with increasing salt concentration by the strengthen-
effects were shown to be strain-specific with at least one ing of hydrophobic interactions at increased ionic strength
determinant mapping to an NSBIS4A interaction site. We  that may result in an improved compactness of the N-terminal
reasoned that this dependence on physicochemical conditionglomain of the enzyme. Glycerol may have analogous effects.
may be related to the stabilization of the molecular clamp In fact, the enhancement of protein stability by glycerol has
structure of the N-terminus of NS3. However, deletion of been proposed to arise by “preferential hydration” of the
the first 18 amino acids of NS3 only slightly affected the protein, that is, by exclusion of the cosolvent molecules from
equilibrium dissociation constant of the complex, although the surface-solvent interface 30, 31). This exclusion is
it did decrease the energy barrier for both the associationthermodynamically unfavorable, leading to a tendency of the
and dissociation half-reactions, as monitored under pre-System to decrease the protesolvent contact area thereby
steady-state conditions. Together with results from limited promoting protein compactness. The effect of both glycerol
proteolysis experiments, showing a high degree of acces-and NaCl is to decrease the dissociation rate constant of the
sibility of the N-terminal portion of NS3, which was only —enzyme-cofactor complex with little effect on the on-rate.
marginally affected by buffer composition or complex This is compatible with an antichaotropic effect of both
formation, the mutagenesis data indicate that the overall buffer additives, contributing to a generic stabilization of the
energetic contribution by the extreme N-terminus of the fold of the NS3-Pep4AK complex. Changes in the protein
protease to Pep4AKNS3 complex stability is relatively  fluorescence spectrum as a function of buffer composition
small. Possibly, the favorable contacts that the N-terminal as well as limited enzymatic digestion experiments cor-
A, strand makes with the cofactor are counterbalanced byroborate this hypothesis. In fact, glycerol and NaCl, as well
the formation of thex-helical portion of the N-terminusxg) as complex formation with Pep4AK itself, did not signifi-
and the concomitant, energetically unfavorable solvent cantly affect the proteolytic pattern of the extreme N-terminus
exposure of the hydrophobic residues Leu14' ||e17, ||e]_8, of NS3 but primarily affected the kinetics with which internal
and Leu21 of NS3. This situation may lead, in solution, to cleavage sites, especially those located in the N-terminal
very short half-lives of the “closed” conformation of the f-barrel, were recognized by added proteases such as
complex that is observed in the crystal structure, thus Chymotrypsin.
contributing little to the thermodynamic stability but still The stabilization of the NS3Pep4AK complex by
constituting a diffusion barrier affecting both the association substrate peptides most likely relies on a mechanism similar
and the dissociation rate constants of the complex. In vivo, to that of the stabilization by antichaotropic agents. As a
the exposed, hydrophobic residues of helixmay interact matter of fact, substrate-induced complex stabilization was
either with the N-terminus of the NS4A protein or with the most evident at low glycerol concentrations and disappeared
membrane environment into which the complex has beenat higher concentrations of this buffer additive, suggesting
shown to be anchoredl). This interaction may prevent that both substrate and glycerol concur in stabilizing the
their solvent exposure and thereby favor the formation of NS3—-Pep4AK complex by the same mechanism. The
the molecular clamp structure at the N-terminus of the threshold glycerol concentration above which no substrate-
protease. Therefore, in the context of the full-length NS3  induced stabilization of the enzymeofactor complex was
NS4A complex, the interactions with the extreme N-terminus evident differed between J- and Bk-strain enzymes, being
of NS3 may become energetically important and may accounthigher for the latter. Landro and co-worker82( have
for the tightness of the interaction between the two full-length analyzed the multiple interactions between the NS3 protease,
binding partners. Data obtained on transiently expressed full-its substrate, and the cofactor peptide. They concluded that
length NS3/NS4A complexes are in line with this assump- prime-side residues of active site ligands bind to the enzyme
tion: thus, Bartenschlager and co-worke28)(reported that in an NS4A-dependent fashion. This is in line with the notion
deletion of either 7 or 14 residues from the N-terminus of that the prime-side binding pockets of the enzyme are located
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on the N-terminal domain where the interaction with NS4A

also occurs. Comparison of the X-ray crystal structures

6.

obtained in the presence or in the absence of cofactor has 7-
indeed shown significant differences in this region of the

enzyme due to the formation, in the complex, of a new
binding surface generated by the presence of the cofactor

and a repositioning of enzyme loopa4j.

Steady-state kinetic data, compatible with an ordered g

binding of NS4A and the substrate peptide, with NS4A

binding first in the catalytic cycle have been published by 11.

Landro and co-workers3@). In contrast to that report our

data are compatible with a random mechanism of activator 12.
and substrate binding according to Scheme 1. Since the NS3
protease is sparingly active also in the absence of its cofactor, 13-

complex formation with Pep4AK prior to substrate binding

is not an absolute, mechanistic requirement for the cleavage
of peptide substrates. An ordered mechanism, as proposed
by Landro et al., will differ from Scheme 1 by the absence 14.

of an equilibrium between the binary enzysmubstrate
complex and the ternary enzymsubstrate-activator com-

plex. In other words, Pep4AK should not be able to bind 15

once the enzymesubstrate complex is formed. However,

we have found in stopped-flow experiments that increasing
substrate concentrations did not affect the association rate =
constant of Pep4AK, whereas they did decrease its off-rate

(not shown), indicating that the enzymsubstrate complex
is still able to bind the cofactor. An intrinsically random

mechanism of activator and substrate binding may neverthe- 18.
less appear to be ordered in a steady-state analysis if under

a given set of conditions (buffer composition, range of

substrate, and activator concentrations) one particular path-

way of ternary complex formation is strongly favored. Due
to the dramatic influence of buffer composition on the affinity
of the NS3-Pep4AK complex, the discrepancy between our

study and the results published by Landro and co-workers
may well be related to the different experimental conditions

under which the experiments have been performed.

A random mechanism of substrate and activator binding
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