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ABSTRACT. The NS3 protein of the hepatitis C virus contains a serine protease that, upon binding to its
cofactor, NS4A, is responsible for maturational cleavages that occur in the nonstructural region of the
viral polyprotein. We have studied in vitro complex formation between the NS3 protease domain expressed
in Escherichia coland a synthetic peptide spanning the minimal domain of the NS4A cofactor. Complex
dissociation constants in the low micromolar range were measured using different techniques such as
activity titration, fluorescence titration, and pre-equilibrium analysis of complex formation. Cofactor binding
was strictly dependent on the glycerol content of buffer solutions and was not significantly influenced by
substrate saturation of the enzyme. NS4A peptide binding to NS3 was accompanied by changes in the
circular dichroism spectrum in the region between 270 and 290 nm, as well as by an enhancement of
tryptophan fluorescence. Conversely, no changes in the far UV region of the circular dichroism spectrum
were detectable. These data are indicative of induced tertiary structure changes and suggest that the
secondary structure content of the uncomplexed enzyme does not differ significantly from that of the
NS3—cofactor complex. Pre-equilibrium measurements of complex formation showed very low values
for kon, SUggesting conformational transitions to be rate limiting for the association reaction.

The N-terminal third of the hepatitis C virus (HCMYS3 as a cofactor of the protease enhancing cleavage at all sites
protein contains a chymotrypsin-like serine protease thatand being an absolute requirement ifowivo processing of
performs four out of the five processing events that take placethe NS4B/NS5A junction (Failla et al., 1994). Several
during maturation of the nonstructural portion of the HCV  studies have shown that a peptide encompassing the central
polyprotein (Tomei et al., 1993; Grakoui et al., 1993; hydrophobic domain of NS4A is sufficient to elicit full
Bartenschlager et al., 1993; Eckard et al. 1993; Hijikata et activation of the protease (Lin et al., 1995; Tomei et al., 1996;

al., 1993; Komoda et al., 1994). Besides, the protease domainshimidzu et al., 1996: Koch et al., 1996: Steihler et al.,
at its N-terminus NS3 also contains an RNA helicase domain 1996a; Butkiewcz et al., 1996). Recently, we have inves-

atits C-terminus. It has been shown that this latter domain (g ateq the effects of complex formation with an NS4A based
is dispensable for optimum protease activity (Failla et al., peptide on the cleavage kinetics of NS3 using peptide

1995). _For this reason, many groups have focused on thesubstrates (Urbani et al.,, 1997). Monitoring enzymatic
expression and purification of a protein of about 20 kD

. . activity, it was possible to demonstrate that the degree of
encompassing only the NS3 protease domain from heuar'activit enhancement experienced by the protease upon
ologous expression systems (Suzuki et al., 1995; Shoji et y b y P b

al., 1995; Mori et al., 1996; Butkiewcz et al., 1996). We binding to Pep4A is both a function of buffer composition

have recently described the purification and characterization and of the sequence of the substrate peptide. This latter

of the enzymatic activity of this truncated protein (Steinku nding implies that NS4A influences the mechanism of
hler et al., 1996a,b). substrate recognition. Also, some physicochemical require-

In vivo, NS3 is a heterodimer consisting of a complex Ments of the protease change upon complex formation with
between the protease itself and the viral protein NS4A. The the cofactor peptide. Thus, NS3 is competitively inhibited
latter is a 54 residue protein that has been shown to bind toPy NaCl (Steinkiler et al., 1996a). This susceptibility to
the N-terminal region of the proteasea a central hydro-  salt inhibition changes quantitatively in the NSBep4A
phobic domain spanning residues-234 (Failla et al., 1994;  complex, suggesting that substrates may experience different
Lin et al., 1994, 1995; Failla et al., 1995; Tamji et al., 1995, binding modes in free NS3 and in the complex with the
Satoh et al., 1995; Bartenschlager et al., 1995). NS4A actscofactor.

_ i Single amino acid substitutions introduced into a wild-
* To whom correspondence should be addressed: IRBM, Via Pontina - . .
Km 30, 600 -00040-Pomezia, Italy. Phone:+39 6 91093232, Fax: ~ (YP€ minimum peptide have demonstrated the importance

++39 6 91093225. E-mail: Steinkuhler@IRBM.it. of several residues such as Val-23, Val-24, lle-25, Val-26,
® Abstract published idvance ACS Abstractdune 1, 1997. a - - 31 ishi
L Abbreviations: Abu, alpha aminobutyric acid; CHAPS, 3-[(3- Gly-27, Argf28, lle 2|9’ a?d Leu. slin E'St??lbllshlng fomaCtS_
cholamidopropyl)dimethylammonio]-1-propanesulfonate; cme, critical Necessary for complex formation (Shimidzu et al., ?—996’
micelle concentration; DABCYL, 4-[[4(dimethylamino)phenyl]azo]- Butkiewcz et al., 1996). These data are suggestive of
benzoic acid; DTT, dithiothreitol; EDANS, 5-{tzaminoethyl)aminol-  extensive, multiple contacts between the protease and Pep4A.

naphthalenesulfonic acid; Fmoc, 9-fluorenylmethyloxycarbonyl; HCV, . . .
hepatitis C virus; HPLC, high-performance liquid chromatography; NS, The recently published three-dimensional structures of the

nonstructural; TFA, trifluoracetic acid. free protease domain (Love et al., 1996) and of the enzyme
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complexed to an NS4A-derived peptide (Kim et al., 1996)
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Analytical HPLC was performed on a Ultrasphere C18, 250

have shed much light on the nature of the interaction betweenx 4.6 mm, 80 A, 5um (Beckman). Purified peptides were

the enzyme and its cofactor. In the structure of the complex,

the cofactor peptide intercalates withinfasheet of the
enzyme core actually forming an integral structural compo-

characterized by mass spectrometry and amino acid analysis.
The synthesis of the fluorogenic ester substrate, S2, having
the sequence Ac-DED(Edans)EEABICOO]ASK(Dabcyl)-

nent of the protease. In the absence of the NS4A peptide,NH;, has been previously reported (Taliani et al., 1996).

the N-terminus of the protease, which in the complex forms
an antiparallels-sheet with the cofactor, adopts an open

Concentration of stock solutions of peptides, prepared in
DMSO or in buffered aqueous solutions and kept-&0

conformation, contacting exposed hydrophobic patches on°C until use, was determined by quantitative amino acid

adjacent molecules in the asymmetric unit.
In the present work we have investigated the formation

analysis performed on HCI-hydrolyzed samples.
If not specified differently, cleavage assays were per-

of a complex between NS3 and its peptide cofactor by formed in 57uL of 50 mM Tris, pH 7.5, 2% CHAPS, 50%
monitoring changes in enzymatic activity and the spectro- glycerol, and 10 mM DTT (buffer A), to which AL of

scopic properties of the enzyme as a function of the
physicochemical environment. We show that complex

substrate peptide S1, having the sequence Ac-DEMEE-
CASHLPYK-NH,, were added. Six duplicate data points

formation is absolutely dependent on the presence of glycerolat substrate concentrations between 15 and /4@0were

in the buffer and does not cause changes in the protein’sused to calculate kinetic parameters. As protease cofactor,
secondary structure. Changes in the tertiary structure canwe used peptides spanning the central hydrophobic core
instead be measured by perturbations of the environment of(residues 2134) of the NS4A protein. The NS4A-derived

the tryptophan residues of the protein. Pre-equilibrium
association kinetics show very slow on-rates of complex

peptides Pep4A GSVVIVGRIILSGR-NHor Pep4AK
(KKKGSVVIVGRIILSGR-NH,) were preincubated for 10

formation, suggesting that conformational rearrangements min with 10-50 nM protease, and reactions were started by
must occur in order to accomodate the NS4A peptide into addition of substrate. NS4A peptide concentrations were
its binding site. The results are discussed in the light of the varied between 0.2 and 2aM, and eight duplicate data

published three-dimensional structures.

MATERIALS AND METHODS

Enzyme Preparation. E. colBL21(DE3) cells were
transformed with a plasmid containing the cDNA coding for
the serine protease domain of the HCV BK strain NS3
protein (amino acids -+180) under the control of the

points were determined. Incubation times were chosen in
order to obtain<8% substrate conversion. Reactions were
stopped by addition of 4L of 1% TFA. Cleavage of
peptide substrates was determined by HPLC using a Merck-
Hitachi chromatograph equipped with an autosampler.
Samples of 8QuL were injected on a Lichrospher C18
reversed phase cartridge column{45mm, 5um, Merck),

and fragments were separated using a40% acetonitrile

bacteriophage T7 gene 10 promoter. Details of plasmid gradient at 5%/min using a flow rate of 2.5 mL/min. Peak
construction will be published elsewhere. The protease jetection was accomplished by monitoring both the absor-

domain was purified as previously described (Stéh&u

bance at 220 nm and tyrosine fluorescentg € 260 nm,

et al., 1996a). The enzyme was homogeneous as judged,, — 305 nm) for substrate S1, while cleavage of the ester

from silver stained SDSPAGE and>95% pure as judged
from reversed phase HPLC performed using a #.@50

substrate S2 was monitored following the fluorescence of
the EDANS fluorophoreAex = 355 nm,lem = 495 nm).

mm Vydac C4 column. Enzyme preparations were routinely  cleavage products were quantitated by integration of
checked by mass spectrometry done on HPLC-purified chromatograms with respect to appropriate standards. Initial

samples using a Perkin-Elmer API 100 instrument and

rates of cleavage were determined on samples havB#g

N-terminal sequence analysis carried out using Edmangypstrate conversion. Kinetic parameters were calculated

degradation on an Applied Biosystems model 470A gas-

from nonlinear least-squares fit of initial rates as a function

90% of the enzyme molecules the N-terminal methionine

software, assuming Michaelidvlenten kinetics.

a|_1d alanine had been removed, yieIding an enzyme starti_ng Kinetic determination oKgq values was performed at 0

analysis, shock-frozen in liquid nitrogen, and kept in aliquots
at —80 °C until use. Control experiments had shown that
this freezing procedure does not affect the specific activity
of the enzyme.

Peptides and HPLC AssaysPeptide synthesis was

Kq values were calculated by nonlinear least-squares fitting
of eq 1 to the data points:

V =Vy+ (V,.dPePAAK])/ K, + [Pep4AK]) (1)

performed by Fmoc/t-Bu chemistry. Protecting groups were with V, being the velocity in the absence of the cofacior,

as follows: N{(Fmoc), Asp(Ot+Bu), Glu(O+t-Bu), Lys(Boc),
Tyr(t-Bu), Ser{-Bu), Thrt-Bu), His(Trt), and Cys(Trt). All
amino acids were activated by benzotriazol-1-yloxytris-
(pyrrolidino)phosphonium hexafluorophosphatiehydroxy-
benzotriazole, and diisopropylethylamine. All peptides were
assembled on a Tentagel R RAM resin, yielding peptide
amides upon cleavage with TFA 88%, phenol 5%, triiso-
propylsilane 2%, and water 5%.

being the initial velocity of enzymatic catalysis at a given
Pep4AK concentratiorVmax the velocity at Pep4AK satura-
tion, andKq the dissociation constant of the NSBep4AK
complex.

Circular Dichroism Spectroscopy.Circular dichroism
measurements were performed using a Jasco 710 spectro-
polarimeter equipped with a cell holder thermostatically
controlled by a circulating water bath. Spectra were collected

Crude peptides were purified by reversed phase HPLC onat 15°C by using rectangular quartz cells of 1 cm path length

a Nucleosyl C18, 256« 21 mm, 100 A, 7um, using HO,
0.1% TFA and acetonitrile, and 0.1% TFA as eluents.

for the near-UV region (326250 nm) and 0.01 cm path
length for the far-UV region (256190 nm). The measure-



7892 Biochemistry, Vol. 36, No. 25, 1997 Bianchi et al.

ments were recorded with a 16- s time constait @2 nm/ whereF; is the fluorescence at time Vs is the final steady
min scan speed. Protein concentration was 1 mg/mL for state velocity,V, is the initial velocity in the absence of
both far- and near-UV regions. The concentration of the cofactor att = 0, koys iS the first-order rate constant for the
samples was determined by quantitative amino acid analysis.approach to steady state, aRdis the initial displacement
Mean residue ellipticity [@] was calculated according to  of F; from zero att = 0. This equation has been derived to
describe the inhibition by slow binding inhibitors (Williams
[2] = @100Ic (2) & Morrison, 1979; Morrison, 1982; Cha, 1972) whose kinetic
h, behavior is formally identical to that of a slow binding

| is the cell path length in centimeters, andés the protein activator. In the former cas#), > Vi, yielding a concave-

concentration in residue moles per liter; the mean residue{j/owln ::hqrvle&whereas in the prezencelgfdan a.%t'va‘@ﬁ
weight for the protein is MRW= 106 for NS3. Protein . In this lalter case, expression 4 would describe a concave-

solutions were prepared in sodium phosphate buffer 50 mM, up curve. Expres_si_on 4is based_ on the assumption that
pH 7.5, 3 mM DTT, and different concentrations of CHAPS steady-state conditions are applicable to the enzyme

and glycerol. Estimation of the secondary structure content_SUbStrate interaction. - Therefore, it was demonstrated in

was carried out by using the program K2d for the data independent control experiments that the valuesvfoand
between 240 and 200 nm (Andrade et al., 1993). The V; were the true steady-state velocities and that no time-
titration experiment in the near-UV was ;.),erforme.d by dependent deviation from linearity was detectable. It was
preincubating 60uM protease at increasing amounts of calculated that substrate depletion wa25% during the

Pep4AK for 10 min at 15C. The titration curve, which is experiment. .

accompanied by a decrease in ellipticity in the near-UV, was The second order association rate conskanis related
monitored by following the ellipticity at 290 nm as a function t0 kops by the expression

of Pep4AK concentration. _

Fluorescence MeasurementBSluorescence emission spec- Kons = Kott + Kon[PEPAAK] ()
tra were recorded on a Perkin-Elmer LS50B instrument with
a cuvette holder thermostatted at 2D. Excitation was at
295 nm, and emission was recorded between 300 and 40
nm at a scan speed of 60 nm/min. Emission and excitation
slits were opened to 5 nm. Spectra were routinely corrected
for the background signal of buffer and for dilution effects.
Titration experiments were performed by pre-equilibrating
800 nM protease for 10 min in 2.5 mL of buffer A. Spectra

were recorded before and after addition of PepdAK. Du- stirring 25uL of complex was then diluted directly into the

plicate determinations were made for each titration point. fluorescence cuvette containing 1% substrate S2 in 2.5
For each determination, a fresh enzyme solution was usedmL buffer A. Progress curves were monitored over a time

Ez)2\/(?(')?12{;?{3?/5;”5?:gtlccuwgtneg de?rg]r;hf?u%?gg:z'CeD('jSaSthE'period of 700 s, and instantaneous velocities were calculated
fitting expression 3 to the data: Yat 10-20 time points along the progress curve. The resulting
g exp ’ data were fitted to the expression

AF = (AF,_PepdAK)/K, + PepdAK)  (3)

where @ is the measured ellipticity at a certain wavelengt

with k. being the first-order dissociation rate constant of
c}he NS3-Pep4AK complex. ko, was calculated from the
slope of a secondary plot &f,s versus Pep4AK concentra-
tion by linear regression analysid was also calculated
from this plot as intercept of the linear regression curve with
they-axis. Alternatively ko« was calculated after preforma-
tion of an NS3-Pep4AK complex at «M proteaset 20
uM Pep4AK for 20 s at 20C in buffer A. Under vigorous

Vi = Vilexp(—kyt)] +V, (6)
where AF is the fluorescence increase at 334 nm induced ) ) ) ] ) )
by a given concentration of Pep4AK amtiFms is the whereV, is the instantaneous velocity at agiven time; is
fluorescence increase observed at enzyme saturation. the velocity attained when the enzymactivator complex
Progress Cupe Analysis. To determine association rates 1S fully dissociated, an®; is the initial, near-zero velocity.
of Pep4AK with the protease, progress curves were rec:ordedRESULTS
using substrate S2. To this purpose, 25 nM enzyme was
preincubated in 2.5 mL buffer A in a thermostatted fluores-  The study of complex formation between NS3 and Pep4A
cence cuvette at 28C for 5 min. Solutions were continu- was complicated by the low solubility of the 14-mer 4A-
ously stirred. Reactions were started by addition of 19.2 peptide. As a matter of fact, upon addition of Pep4A to
uM substrate S2 and, in addition to automatic stirring, solutions of NS3 protease, insoluble NS3ep4A complexes
manually mixed for 5 s. This procedure was required in could be detected using high-speed centrifugation (not
order to obtain thorough mixing of all components in the shown). This insoluble material was detectable even at
presence of 50% glycerol. Substrate S2, being an esternanomolar protease concentrations. Furthermore, changes
substrate, shows burst kinetics at incubation times that arein the CD spectrum of Pep4A, indicative of aggregate
within the dead time of our mixing procedure. However, in formation, could be monitored at peptide concentrations
order to ascertain that steady-state conditions have beerabove 100uM (Tomei et al., 1995). These findings
actually reached, Pep4AK was only added (following the prompted us to explore the solubilizing effect of the addition
same procedure described above) after verification that aof a stretch of three lysine residues to the N-terminus of
constant velocity had been attained (usually after@0s). Pep4A. This approach has already proven successfull both
Progress curves for activation of the NS3 protease were fittedfor peptides and small proteins, the lysine tail yielding much
by nonlinear least-squares analysis to the integrated expresimproved solubility without any perturbation of activity and
sion folding (Bianchi et al., 1994). Indeed, the resulting peptide,
Pep4AK, showed significantly improved solubility. More-
Fo= Vit + (Vo = V)I1 — exp(Kopd)l Kops T Fi (4) over, using this peptide, no aggregates could be detected upon
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Ficure 1: Dependence oKy, andk. on glycerol concentration.
NS3 protease (50 nM) was incubated in 50 mM Tris, pH 7.5, 2%
CHAPS, 30 mM DTT, and variable glycerol concentrations in the
absence (squares) or in the presence (circles) efM@ep4AK.
After 10 min at 23°C, the reaction was started by addition of-10
300 uM substrate S1. Samples were subsequently analyzed by
HPLC. ForKy, (A) andk.,: (B) determination, initial velocities were
calculated at<8% substrate conversion. Kinetic parameters were
determined at any single glycerol concentration by fitting the
Michaelis—Menten equation to six duplicate data points.

complex formation with the protease in centrifugation
experiments, and no concentration-dependent alterations i
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Ficure 2: Kinetic determination of the dissociation constant of
the NS3-Pep4AK complex. NS3 protease (50 nM) was incubated
in 50 mM Tris, pH 7.5, 2% CHAPS, 30 mM DTT, and 50%
glycerol in the presence of increasing amounts of Pep4AK.
Reactions were started by addition of different amounts of substrate
S1. After HPLC analysis{y values were determined by fitting eq

1 to the data. No significant dependence oftyealue on substrate
concentration could be detecte&y values of 5.3, 5.3, 4.7, and
4.6 uM were obtained in the presence of 10, 40, 80, and A0
substrate S1, respectively.

Table 1: Effect of Glycerol and CHAPS on the Dissociation
Constant of the NS3-Pep4AK Compfex

glycerol CHAPS Kg (uM)
50% 2% 5.3
25% 2% 58
10% 2% >100
4% 2% >1000
50% 0.1% 9
50% 0% 31

a Dissociation constants were determined kinetically as described in
the Materials and Methods. Assays were performed in 50 mM Tris,
pH 7.5, 30 mM DTT, and variable concentrations of CHAPS and
glycerol. Protease concentrations were-80 nM. After addition of
Pep4AK, samples were preincubated for 10 min at@3after which
the reaction was started by addition of 4M substrate. Reactions

Nyere stopped by addition of TFA, and samples were analyzed by HPLC.

the CD spectrum were detectable at peptide concentrations

as high as 1 mM. As a result of these properties, Pep4AK

was also found to activate the NS3 protease more than its

nontagged counterpart. In light of these findings, we selected
Pep4AK to study complex formation with the NS3 protease.
A similar strategy was used by Kim et al. (1996) who
crystallized the complex between NS3 and a synthetic 4A
peptide modified with the addition of two lysines at both
the N- and C-terminus.

Effects of Complex Formation on Enzymatic Catalysis.

Previous work has shown that glycerol and detergents
enhance the activity of the NS3 protease (Stéiméuet al.,

The Pep4AK dependence of enzymatic activity was used
to determine the dissociation constant of the N88p4AK
complex under optimized assay conditions (50% glycerol and
2% CHAPS). From the titration curves in Figure 2, we
calculated K4 = 5.3 uM at [S1] = K, Under our
experimental conditions, this value actually reflects the
affinity of Pep4AK for a mixed population of free enzyme
and enzyme substrate complex. The exact amount of these
species depends on the Bj:ratio and is thus related to the
substrate concentration used to detect enzymatic activity. In
order to determine whether free NS3 and the NS

1996a). Using a peptide substrate based on the NS4ABcomplex have different affinities for Pep4AK, titration
sequence (substrate S1), we explored the combined effectgxperiments were repeated at different substrate concentra-

of glycerol, Pep4AK, and the detergent CHAPS on the
kinetic parameter¥,, and kea: Glycerol caused both an
increase irkea: as well as a decrease in tKg, for substrate
S1 (Figure 1). These effects were observed both in the

tions ranging from 1M (K/4) to 160uM (4Ky) (Figure
2). Fitting of eq 1 to the titration data yielded only marginal
differences in theKy values as a function of substrate
saturation, indicating that the NS&1 complex has, within

absence and in the presence of Pep4AK. However, thethe experimental error, the same affinity for the cofactor

glycerol-dependence curve kf;; was much steeper in the

Pep4AK as the free enzyme.

presence of the cofactor than in its absence, whereas no such Activity titration experiments were also repeated using

Pep4AK dependence could be detected monitoring the
glycerol effect onK,,. CHAPS on the other hand, had no
appreciable effect oy, but steadily increasel., in the
absence of Pep4AK (not shown). In the presence of the
cofactor, an increase ik, could be monitored going from

0 to 0.1% CHAPS, after which a plateau was reached (not
shown).

different glycerol and CHAPS concentrations (Table 1). The
affinity of the protease for the Pep4AK cofactor turned out

to be strictly dependent on the glycerol concentration used
in the buffer system, becoming actually undetectable at
glycerol concentrations below 10%. Also, omission of

detergent apparently affected Pep4AK binding (Table 1). In
this case, however, optimum binding was restored at
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FiIGURE 3: Far (A) and near-UV (B) circular dichroism spectra of  getected by near-UV CD in 50% glycerol, 2% CHAPS, 3 mM DTT,
NS3 at 1 mg/mL at 15C in phosphate buffer, 50 mM, pH 7.5, 3 phogphate buffer 50 mM, pH 7.5. (A) CD spectra of NS3 at 60
mM DTT, and different glycerol and CHAPS concentrations: (1) uM and increasing amount of Pep4AK: (1) 0 equiv, (2) 0.27 equiv,
50% glycerol, 2% CHAPS; (2) 5% glycerol, 0.1% CHAPS; (3) (3) 0.53 equiv, (4) 0.8 equiv, (5) 1.03 equiv, (6) 1.29 equiv, (7)
5% glycerol, 2% CHAPS; and (4) 50% glycerol, 0.1% CHAPS. 1 5g equiv, (8) 1.9 equiv. (B) Pep4AK titration of the near-UV

. . CD at 290 nm for NS3.
relatively low detergent concentrations (around 0.1%), well

below the cmc value of CHAPS (around 0.5%). in the absence of and complexed with Pep4AK reveals that
In the following, we explored whether spectroscopically there is no effect on secondary structure upon complex
detectable conformational changes could be correlated withformation (not shown). The far-UV CD spectrum of the
the kinetic effects observed upon formation of the NS3 complex is in fact superimposable on the sum of the
Pep4AK complex. individual spectra of NS3 and Pep4AK. It is noteworthy
CD Spectroscopy.Figure 3A shows the far-UV CD that the CD contribution of the peptide itself in 50% glycerol
spectra of purified NS3 in 50% glycerol, 2% CHAPS, and and 2% CHAPS is alread§y as it would be expected to be
50 mM phosphate buffer, pH 7.5, and in 5% glycerol, 0.1% also in the complex.
CHAPS, and 50 mM phosphate buffer, pH 7.5. The spectra The effect of the titration of NS3 with increasing amounts
are superimposable in the region accessible for both solventspf Pep4AK in the near-UV region is shown in Figure 4. The
suggesting that neither glycerol nor CHAPS affect secondary formation of the complex was followed in 50% glycerol,
structure content. The estimation of secondary structure was2% CHAPS, 3 mM DTT, and 50 mM phosphate buffer, pH
determined with the program K2d (Andrade et al., 1994) and 7.5, at a protein concentration of M. Under these
gave 10%ca-helix, 38% j-structure, and 52% other struc- conditions, the addition of Pep4AK produces a large change
tures. in the near-UV spectrum, with a decrease of ellipticity,
The near-UV CD of NS3 is on the contrary strongly especially in the region between 270 and 290 nm which is
dependent on the medium. Spectral changes in this regiondominated by the signals arising from the aromatic side
indicate changes in the asymmetric environment of aromatic chains, namely two tryptophans and five tyrosines in NS3
residues and disulfide bonds, therefore reflecting changes(Kahn, 1979; Strickland, 1974). In fact, there is no direct
in the tertiary or the quaternary structure of the protein contribution in this spectral region by Pep4AK as it contains
(Woody, 1995; Kahn, 1979). In Figure 3B, the effect of no aromatic residues in the sequence. The observed change
different concentrations of glycerol and CHAPS is shown. should be interpreted as due to local alterations of the
While spectra obtained at 0.1 and 2% CHAPS show only environment of the side chains, since no change in the global
very slight but reproducible differences in the region around fold of the protein is suggested by the far-UV CD. By
290 nm, the effect of glycerol is much more pronounced, monitoring the ellipticity at 290 nm as a function of Pep4AK
producing an overall increase of the intensity of the spectrum. concentration, we could derive a stoichiometry of 1:1 for
These spectral changes are expected to reflect changes ithe complex between NS3 and Pep4AK (Figure 4B). The
the packing of the side chains of the protease. We can rulechange in the near-UV CD upon complex formation was
out the possibility of the formation of oligomers or higher found to be strictly dependent on glycerol concentration (data
aggregates in these conditions from high-speed centrifugationnot shown).
studies (not shown). Fluorescence Spectroscopyddition of Pep4AK to the
The interaction of NS3 with Pep4AK was studied by NS3 protease resulted in an increase in tryptophan fluores-
monitoring the spectra in both the far- and the near-UV cence with a concomitant blue shift of the fluorescence
region. A comparative analysis of the far-UV CD of NS3 maximum from 338 to 334 nm (Figure 5). These changes
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Ficure 5: (A) Fluorescence emission spectra of NS3 protease in o
the presence of increasing amounts of Pep4AK. NS3 protease (8007/GURE 6: (A) Progress curves for activation of NS3 by Pep4AK.
nM) was incubated at 26C in 50 mM Tris, pH 7.5, 3 mM DTT, Progress curves were recorded in the presence of A®12
2% CHAPS, and 50% glycerol. Fluorescence emission spectra werefluorogenic ester substrate S2 after 10 min preincubation with 20
recorded between 305 and 400 nm after excitation at 295 nm in M Pep4AK (curve a) and in the absence of cofactor (curve c). In
the absence and in the presence of 3, 12, 20, andVPRep4AK. curve b, 20uM Pep4AK was added after 50 s. The time point of
Spectra were corrected for buffer background and dilution effects. @ddition is indicated by the arrow. (B) Determination of the
(B) Plot of AF versus Pep4AK concentration. The fluorescence dissociation rate constarkf) of the NS3-Pep4AK complex. NS3
increase at 334 nm obtained upon addition of increasing amountsProtease (2:M) was incubated for 20 s in the presence of.20
of Pep4AK was plotted against the Pep4AK concentration. Equation PEP4AK. The preformed complex (28.) was then diluted into
3 was fitted to the data, and the dissociation constant of the 2-5 ML of buffer (50 mM Tris, pH 7.5, 3 mM DTT, 2% CHAPS,

Pep4AK-NS3 complex was calculated from the fit. We obtained and 50% glycerol) containing 192V substrate S2. The solution
Kg = 6.8 uM. was automatically stirred and manually mixed for 5 s, after which

the progress curve was recorded over a time period of 700 s.

_ Instantaneous velocities were calculated from the progress curve
are characteristic of one or both of the two tryptophan by linear regression analysis performed on 120 data points collected

residues of the protease experiencing a more hydrophobicat intervals of 0.5 s along the curve. The velocities thus obtained

environment upon cofactor binding. The fluorescence were plotted against time and eq 6 was fitted to the datawas

increase was dependent on the presence of glycerol (notcalculated from the fit.

shown), which is in agreement with both the kinetic data

and the CD data discussed above. Progress curves in the absence (curve C), after preincu-
We used the increase in tryptophan fluorescence to bation (curve A), and upon addition of Pep4AK (curve B)

determine the dissociation constant of the complex indepen-are shown in Figure 6. From the time-dependence of the

co b b b b by

[
100 200 300 400 500 600

time (s)

700

dently from the presence of substrate (Figure 5). Khe
value thus obtained (6 /8M) is in good agreement with the
one determined kinetically (see above).

Pre-Steady State Kinetics of Complex Formatioie

onset of activation, a first-order rate const&mis can be
calculated, which is related tQ,, andky; according to eq 5.
kopswas determined at different Pep4AK concentrations, and
kon was calculated from a secondary plot ks versus

used the continuous cleavage assay of the fluorogenic este[pep4AK] (not shown). From the slope of this plot we
substrate S2 previously described (Taliani et al., 1996) to obtainedk,, = 390 M1 571, Ky can be calculated from the

monitor how progress curves are affected by addition of
Pep4AK to the NS3 protease. The experiments have bee his case, we obtainddy = 0.0015 S’

performed using 19.2M initial substrate concentration (5

Km). Under these conditions, 83% of the enzyme molecules

will be present under the form of enzymsubstrate com-
plexes ([E-S2]). The binding of Pep4AK to the NS3

protease under our experimental conditions can therefore b

described as follows:
Kon
[E—S2]+ [Pep4AK]ﬁ [PepdAK—E—S2] (7)

where [Pep4AK-E—S2] is the ternary enzymesubstrate-
activator complex andt,, and ko are the association and
dissociation rate constants, respectively.

€

intercept of the linear regression function with thaxis. In
Since this procedure
used to calculatk,s may be affected by a rather large error,
we undertook an independent determination of the dissocia-
tion rate constant by preforming an NSBep4AK complex

at high concentration, followed by dilution of the complex
in a buffer-containing substrate. The velocity of catalysis
was then monitored over a period of 700 s. Its decrease
with time is expected to reflect the dissociation of the
enzyme-activator complex. A plot of velocity versus time
describing this behavior is shown in Figure 6. Subsequently,
kott was calculated from triplicate experiments and found to
be 0.003 s'. From these values d§, and ko, Ky values
could be calculated and found to be between 3.8 and 7.7
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uM. These figures are in good agreement withkhealues explained by the cancelling of negative and positive CD

determined under equilibrium conditions. signals arising by the conformational transition of the side
chains. Alternatively, it could be assumed that some
DISCUSSION tyrosines and/or tryptophans could have become more

exposed to solvent and quite mobile as a consequence of
complex formation. This latter hypothesis, however, is
unlikely for the two tryptophan residues, because of the
results obtained by fluorescence spectroscopy. In fact, under
the same conditions, tryptophan fluorescence spectra show
a blue shift and a concomitant increase in intensity. Taken
together, the spectroscopic data suggest that one or both of
the protein tryptophan residues are shifted into a more
hydrophobic environment. In the structure of the NS3
Pep4A complex, the side chain of Val23 of the NS4A peptide

The mechanism of activation of the NS3 protease by its
cofactor NS4A is unknownlIn vivo NS4A, besides exerting
effects on the enzymatic activity of the protease, was also
shown to stabilize it toward proteolytic degradation and to
target the enzyme to cell membranes (Tanji et al., 1995).
The latter function is probably linked to the N-terminal region
of NS4A, spanning residues-R1, which has been suggested
to form a trans membrane helix. A clue to explain the
stabilization effect is given by the recently published three-

dimensional structure of the NSRS4Apeptide complex is buried in a hydrophobic pocket at the bottom of which

(Kim et al., 1996), in which the peptide is embedded in a TroS5 is located. A this trvptoph id
[-sheet structure of the protease core, adopting approximately, rpeo IS located. AS a consequence, this tryptophan residue
the same location as strand D1 in chymotrypsin. In the IS expected tp EXperience major d|ffe.ren_ces n '.ts physico-
structure without NS4A, the N-terminus of the protease chemical e_nV|ronmer_1t upon Pep_4AK binding and 1S therefore
adopts an open conformation binding to hydrophobic sun‘acesthe most likely candidate to which the ghanges In bOt.h C.:D
and fluorescence spectra can be ascribed. These findings

of adjacent molecules in the asymmetric unit (Love et al., : . S .
1996). These data suggest that NS4A is an integral part ofcan be directly correlated with the activation mechanism of
' the NS4A cofactor. We have shown that the free protease

the enzyme and that its absence is likely to destabilize the )
protein. Still, it is not clear whether the orientation of the IS activeper sg although to about a 7-fold lower degree.

N-terminus in the structure without NS4A results from crystal 1€ extent of activation depends on the sequence of the
packing or reflects the situation in solution. We have shown Substrate (Urbani et al., 1997) and is restricted to an increase
that the far-UV CD spectrum is not affected by complex I k.caf, at least using sybstrate 51. The rate-limiting st'ep in
formation with Pep4AK, suggesting that no major rearrange- @mide bond hydrolysis by serine proteases usually is the
ments in the secondary structure of the enzyme occur upon@cylation of the serine nucleophile at the enzyme's active
binding to the cofactor, which is at variance with the crystal Site. Conversely, during ester bond scission by serine
data. Our determination of the secondary structure of NS3 Proteases, acylation is usually fast, with deacylation of the
in solution was 10% helix, 3898 structure, and 52% other ~€nzyme becoming the rate-limiting step (Fersht, 1985). We
structures. This analysis shows a much better agreement wittave previously shown that deacylation is indeed rate limiting
the one derived from the three-dimensional structure of in the hydrolysis of ester substrates based on the sequence
NS3-NS4A complex (11% helix, 4398 structure, and 46%  Of the NS4A/NS4B cleavage site as documented by a
other structures) rather than with the one of NS3 alone (3% decrease in th&r value with respect to the homologous
helix, 47%) structure, and 50% other structures). Also, we amide substrates (Bianchi et al., 1996; Urbani et al., 1997)
were unable to detect a deviation from monomeric state of and by characteristic burst kinetics (Urbani et al., 1997).
NS3 in the absence of Pep4AK (data not shown). Our Since an NS4A-peptide-induced increase kg, can be seen
hypothesis is that the N-terminus of the uncomplexed both on amide and on ester substrates activation appears to
protease is not disordered and exhibits the same secondaryffect both acylation and deacylation rate constants.
structure as in the complex. However, in the absence of Qur hypothesis is that cofactor binding causes rearrange-
Pep4AK it might still be endowed with quite a large ments in the active site leading to a realignment of the
conformational freedom. Being not optimally packed and catalytic triad. This finds support in the comparison of the
very hydrophobic, this region might be stabilized in the crystal structures with and without cofactor. In the latter,
crystal via intermolecular interactions that do not occur in - His57 is oriented toward the catalytic serine but is too far
solution. away to abstract a proton. Furthermore, Asp81, expected
We have shown that complex formation is modulated by to provide charge stabilization for His57 after deprotonation
the physicochemical conditions under which it is monitored. of Serl39, is oriented away and forms an ion pair with
In particular, we have found that glycerol (and to a lesser Argl55. These features change in the complex with Pep4A,
degree also the detergent CHAPS) is a requirement foryielding an enzyme with a “conventional” catalytic triad. It
binding to the cofactor. Glycerol is known to have stabiliz- appears that the distortion of the catalytic triad observed in
ing effects on proteins that have been explained by its the uncomplexed NS3 should yield an inactive enzyme or
stronger solvophobic effect as compared to acqueous solventain enzyme that cleaves peptide bonds by a substantially
(Timasheff, 1993). Also, dimer stabilization by glycerol has different mechanism than that employed by the NSIS4A
recently been shown for viral proteases such as CMV complex. This raises the question whether the activity
protease (Darke et al., 1996; Margosiak et al., 1996; Cole, observed in the absence of the cofactor is attributable to a
1996). In our case, we have found that glycerol increaseshomogeneous population of sparingly active enzyme mol-
the overall intensity of the near-UV CD spectrum. This ecules or whether in solution there is an equilibrium between
increase is expected to reflect differences in side chaininactive and fully active enzyme molecules that is influenced
packing. by both buffer composition and addition of Pep4AK. If such
On the other hand, complex formation with Pep4AK an equilibrium exists, it has to be fast since active site
causes a decrease of the intensity of the CD band in thetitrations performed on the enzyme in the absence of its
region between 270 and 290 nm. This finding could be cofactor have yielded 94% active sites (Urbani et al., 1997).



Complex Formation between NS3 and NS4A Peptide Biochemistry, Vol. 36, No. 25, 19977897

The effects of Pep4AK on tryptophan fluorescence and Darke, P. L., Cole, J. L., Waxman, L., Hall, D. L., Sardana, M., &
on enzymatic activity were used to determine the equilibrium _ Kuo, L. C. (1996)J. Biol. Chem. 2717445-7449.
dissociation constants of the complex. The values that we Pobrota, M., & Hinton, R. (1992) ifPreparatie centrifugation, a
obtained by both methods were in the low micromolar range practical approach(Rickwood, D., Ed.) pp 77142, Oxford

Y i o * University Press, Oxford.

a value which is unexpectedly high taking into account the gckard, M. R., Selby, M., Masiarz, F., Lee, C., Berger, K.,
number of contacts that link the two molecules in the  Crawford, K., Kuo, C., Kuo, G., Houghton, M., & Choo, Q. L.
complex and that lead to a total of 2400 & buried surface (1993)Biochem. Biophys. Res. Commun. 1999-406.
area (Kim et al., 1996). To address this issue, we followed Failla, C., Tomei, L., & De Francesco, R. (1994 )Virol. 68, 3753~
the association and dISSOCIa.tIOFI kinetics of the complex. The Failla, C., Tomei, L., & De Francesco, R. (199B)Virol. 69, 1769~
on-rates of complex formation turned out to be very slow = ;777
with kon = 390 Mt s™%. It has to be remarked that this  persht, A. (1985Enzyme Structure and Mechanisfneeman, New
value has been obtained in 50% glycerol, which is expected York.
to impose limitations on diffusion rates due to increased Grakoui, A., McCourt, D. W., Wychowski, C., Feinstone, S. M.,
viscosity. In fact, at the temperature of our experiments (20 H“ﬁ‘( Fi'CeMC-MM- (12_93)J-HVIF$|- 67, \2(835—28‘(113- Y Hirowatar
o i i i R i 0, lJikata, M., Mizushima, H., lanjl, Y., KOmoada, Y., Rirowatarl,
e Ry, T Kt . K . & Shtoni . (1559

; : 1 . L : Proc. Natl. Acad. Sci. U.S.A. 900773-10777.
relationship between the diffusion coefficient of a given kann, p. C. (1979Methods Enzymol. 6839-378.
molecule and the viscosity of the medium, viscosity effects Kim, J. L., Morgenstern, K. A., Lin, C., Fox, T., Dwyer, M. D.,
are likely to decrease on-rates by not more than 1 order of Landro, J. A, Chambers, S. P., Markland, W., Lepre, C. A,,

magnitude. Glycerol has additional effects on the hydration 8"\"3”63F’; ER- Té; I;ﬁrbeson, \]S',l\_"(?é%%e(ﬁ'g"shgicsksos’ M. A,
. e - aron, P. R., & Thomson, J. A. , :
properties of proteins (Timasheff, 1993) thereby potentially Koch, J. O., Lohmann, V., Herian, U., & Bartenschlager, R. (1996)

affecting Stoke’s radii. However, the order of magnitude Virology 221 54-66.
of these effects is such that they cannot account alone forkomoda, Y., Hijikata, M., Tanji, Y., Hirowatari, Y., Mizushima,
the slow association rate of NS3 with its cofactor peptide.  H., Kimura, K., & Shimotohno, K. (1994Fene 145221—226.
Therefore, it must be assumed that association with Pep4AKLin, C., Pragai, B. M., Grakoui, A., Xu, J., & Rice, C. M. (1994)
is limited by some slow transient rearrangement which is J. Virol. 68, 8147-8157. _
necessary to accomodate the cofactor productively within Lin: C., Thomson, J. A., & Rice, C. (1995). Virol. 69, 4373~
its binding sij[e. Differently_ from the slow assoc_iation rate, Love, R A., Parge, H. E., Wickersham, J. A., Hostomsky, Z.,
kotr, was relatively fast, leading to a complex half-life of about — Haphyka, N., Moomaw, E. W., Adachi, T., & Hostomska, Z.
3.5 min. (1996) Cell 87, 331—342.

The stability measured for the complex between the Margosiak, S. A., Vanderpool, D. L., Sisson, W., Pinko, C., & Kan,
protease domain and the NS4A peptide differs significantly ~ C. C. (1996)Biochemistry 355300-5307.
from what has been observed for the complex between full- Mori, A., Yamada, K., Kimura, J., Koide, T., Yuasa, S., Yamada,
length NS3 and full-length NS4A. When this complex was E., & Miyamura, T. (1996FEBS Lett, 37837~42.

. . . o L Morrison, J. F. (1982)rends Biochem. Sci., 102—105.

fqrmed bym vitro translatlon and |mmun9prec.|p|.tated at saoh, S, Taniji, Y., Hijikata, M., Kimura, K., & Shimotohno, K.
different times, no evidence of complex dissociation could  (1995)J. Virol. 69, 4255-4260.
be detected for up to 6 h, suggesting very long half-lives of Shimizu, Y., Yamaiji, K., Masuho, Y., Yokota, T., Inoue, H., Sudo,
the native complex (De Francesco, R., unpublished observa- S., & Shimotohno, K. (1996). Virol. 70, 127-132.
tions). Therefore, it is possible that other portions of either Shoji, I., Suzuki, T., Chieda, S., Sato, M., Harada, T., Chiba, T.,

the NS4A or the full-length NS3 protein may contribute to 'iﬂgg;u”ra' Y., & Miyamura, T. (1995)iepatology 221648~

complex stability. Steinkihler, C., Urbani, A., Tomei, L., Biasiol, G., Sardana, M.,
Bianchi, E., Pessi, A., & De Francesco, R. (1998aYirol. 70,
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