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Abstract

Conformational changes occurring within the NS3 protease domain from the hepatitis C virus Bk strain~NS31–180!
under different physico-chemical conditions either in the absence or in the presence of its cofactor Pep4A were
investigated by limited proteolysis experiments. Because the surface accessibility of the protein is affected by confor-
mational changes, when comparative experiments were carried out on NS31–180 either at different glycerol concentra-
tions or in the presence of Pep4A, differential peptide maps were obtained from which protein regions involved in the
structural changes could be inferred. The surface topology of isolated NS31–180 in solution was essentially consistent
with the crystal structure of the protein with the N-terminal segment showing a high conformational flexibility. At higher
glycerol concentration, the protease assumed a more compact structure showing a decrease in the accessibility of the
N-terminal segment that either was forced to interact with the protein or originate intermolecular interactions with
neighboring molecules. Binding of the cofactor Pep4A caused the displacement of the N-terminal arm from the protein
moiety, leading this segment to again adopt an open and flexible conformation, thus suggesting that the N-terminus of
the protease contributes only marginally to the stability of the complex. The observed conformational changes might be
directly correlated with the activation mechanism of the protease by either the cosolvent or the cofactor peptide because
they lead to tighter packing of the substrate binding site.

Keywords: conformational analysis; hepatitis C virus; limited proteolysis; mass spectrometry; NS3 protease;
selective chemical modifications

Hepatitis C virus~HCV!, the major agent causing posttransfu-
sional non-A, non-B hepatitis~Houghton et al., 1991!, contains a
single positive-strand RNA genome that encodes for a single poly-
protein of about 3,000 amino acids~Kato et al., 1990; Choo et al.,
1991; Takamizawa et al., 1991!. The mature viral proteins are
generated by the proteolytic action of both host and viral proteases.
Among the latter, the N-terminal domain of NS3 protein contains

a chymotrypsin-like protease responsible for four out of five cleav-
age events taking place during the maturation of the nonstructural
~NS! region of the polyprotein~Bartenschlager et al., 1993; Eckart
et al., 1993; Grakoui et al., 1993; Hijikata et al., 1993; Tomei et al.,
1993; Komoda et al., 1994!. NS3 is a 630 amino acid protein that,
in addition to the protease domain, contains an RNA helicase do-
main encompassing the C-terminal two-third of the molecule; how-
ever, the helicase portion is not required for optimum protease
activity ~Failla et al., 1995!. The NS3 protease domain was ex-
pressed in heterologous systems, purified, and characterized, and
used for both structural and functional studies~Shoji et al., 1995;
Suzuki et al., 1995; Butkiewicz et al., 1996; Mori et al., 1996;
Steinkühler et al., 1996a!.

In vivo, NS3 performs its proteolytic functions upon interacting
with the viral polypeptide cofactor NS4A, a 54-residue protein that
binds the N-terminal region of NS3 through a central hydrophobic
segment spanning residues 21–34~Failla et al., 1994, 1995; Lin
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et al., 1994; Bartenschlager et al., 1995; Tanji et al., 1995; Satoh
et al., 1995!. Formation of the NS30NS4A complex greatly en-
hances proteolytic cleavages at all sites being an absolute require-
ment for in vivo processing at the NS4B0NS5A junction~Failla
et al., 1994!. Recently, kinetic and spectroscopic studies showed
that formation of the complex between the NS3 protease domain
and a peptide encompassing the central hydrophobic domain of
NS4A, Pep4A, is sufficient to elicit full activation of the protease
~Lin et al., 1995; Butkiewicz et al., 1996; Koch et al., 1996;
Steinkühler et al., 1996a; Tomei et al., 1996; Bianchi et al., 1997;
Urbani et al., 1997!.

The crystal structure of the free protease domain~Love et al.,
1996! and of the enzyme complexed to NS4A-derived peptides
~Kim et al., 1996; Yan et al., 1998! revealed many details of the
interactions occurring in the complex. However, a number of pe-
culiar features of the NS3 protease remain to be fully clarified. The
crystal structure of the free protease, obtained in the presence of
low concentrations of glycerol, showed an unexpected open con-
formation of the active site where the catalytic triad is not properly
aligned. In the three-dimensional structure of the complex, the
N-terminus of NS3 makes extensive contacts with the cofactor
peptide, giving rise to tight interactions. However, spectroscopic
findings led to the calculation of micromolar equilibrium dissoci-
ation constants indicative of a relatively loose complex and poorly
compatible with the tight structure observed by X-ray analysis
~Bianchi et al., 1997!. The concentration of the cosolvent glycerol
needed to stabilize the purified protease was shown to have mul-
tiple effects on the properties of NS3. The proteolytic activity of
NS3 increased with the increase of glycerol concentration, reach-
ing a plateau value at 50% glycerol~Steinkühler et al., 1996b!.
Similarly, glycerol greatly affected the near-UV region of the CD
spectrum of isolated NS3, producing an overall increase in the
intensity of the signal that had been interpreted in terms of en-
hancement of tertiary structure of the protein~Bianchi et al., 1997!.
Finally, high concentrations of the cosolvent are needed to stabilize
the NS30Pep4A complex, and the binding of the cofactor peptide
also increases the activity of the protease~Urbani et al., 1997!.
Therefore, it is conceivable that, under different physico-chemical
conditions, NS3 undergoes structural changes that lead the enzyme
to assume its proper biologically active conformation. Information
on the structural changes occurring in NS3 in solution is clearly of
great importance to define the actual active conformation of the
protease, an absolute requirement for the design of appropriate
inhibitors.

The aim of this paper is to provide a structural description of the
conformational changes responsible for the variations of the en-
zymatic activity and the spectroscopic properties of the NS3 pro-
tease. This investigation has been performed by employing a new
strategy that combines limited proteolysis and selective chemical
modification experiments with mass spectrometric methodologies.
This procedure was developed to probe the surface topology of
proteins and to investigate interface regions in protein complexes
~Suckau et al., 1992; Glocker et al., 1994; Cohen et al., 1995;
Zappacosta et al., 1996, 1997; Scaloni et al., 1998!. The confor-
mational changes taking place within the NS3 tertiary structure
have been analyzed under different physico-chemical conditions
either in the presence or in the absence of its cofactor Pep4A. The
results reported here show that, in both cases, the NS3 protease
undergoes conspicuous structural changes that mainly affect the
extreme N- and C-terminal segments of the molecule with a minor
although detectable effect on the active site region.

Results

The proteolytic domain encompassing the N-terminal 181 residues
of the NS3 protease from HCV strain BK was cloned and ex-
pressed inEscherichia coli. To increase protein solubility, a hy-
drophilic tail containing the sequence Ala-Ser-Lys-Lys-Lys-Lys was
added to the C-terminus, producing a 187-amino acid form of the
protease~NS31–180! ~Steinkühler et al., 1998!. The recombinant
protein was stable for several hours in a phosphate buffer solu-
tion ~50 mM! at pH 7.5 containing 10% glycerol, 0.5% 3@~3-
cholamidinopropyl! dimethyl ammonium#-1-propane sulfonate
~CHAPS!, and variable concentrations of DTT in the 0.5–2.5 mM
range.

The engineered protein was analyzed by HPLC and character-
ized by ESMS displaying a molecular mass of 19,538.96 1.5 Da
corresponding to a truncated form of the protease lacking the
N-terminal Met-Ala dipeptide~Fig. 1!. The truncated protease
showed biological and spectroscopic properties indistinguishable
from intact NS3 and was then used in all the subsequent experiments.

Topological studies of NS31–180

The surface topology of NS31–180 was probed by a combined ap-
proach that integrates selective alkylation of cysteine residues,
limited proteolysis, and mass spectrometric procedures~Zappa-
costa et al., 1996, 1997!. NS31–180was reacted with iodoacetamide
at pH 7.5, at 258C for 10 min in the presence of 2 mM DTT and
10% glycerol. Special care was needed to define the optimum
reagent to substrate ratio~0.9:1.0 mol0mol! because the reaction
mixture contained a large excess of DTT. The reaction was quenched
by lowering the pH to about 2 with 0.1% trifluoroacetic acid~TFA!,
and the modified species were fractionated by HPLC~Fig. 2!.
Individual fractions were collected and identified by ESMS analy-
sis. The major component showed a molecular mass of 19,653.16
1.1 Da corresponding to NS31–180 modified by two carboxyami-
domethyl groups, whereas the minor species showed the occur-
rence of a single alkylated Cys residue~measured molecular
mass5 19,596.66 1.3 Da!. It should be emphasized that both
modified forms of NS31–180may consist of a population of isomers
carrying the same number of alkylated residues but located at
different sites~Zappacosta et al., 1997!.

To identify the modified cysteines, the di-alkylated component
was digested with trypsin, and the resulting peptide mixture was
fractionated by HPLC. Individual fractions were identified by ESMS
leading to the verification of nearly the entire protein structure.
The mass values 1,360.16 0.3 and 676.26 0.1 Da could not be
assigned to any fragment within the NS3 sequence and were even-
tually attributed to peptides 13–25 and 157–162, respectively, mod-
ified by a single carboxyamidomethyl group. As both fragments
contain a single cysteine residue, the modification sites were di-
rectly assessed as Cys17 and Cys160. No further modified pep-
tides were detected. These data demonstrated that the major alkylated
form of NS31–180 consists of a homogeneous species containing
two alkylated cysteine residues. This can be explained in terms of
a much higher reactivity of Cys17 and Cys160 compared to the
remaining five cysteines, possibly due either to their exposure on
the protein surface, or to their chemical microenvironment, or
both.

Because the NS3 protease domain is stabilized in the presence
of 10% glycerol and DTT, the enzymatic activity of various pro-
teases was evaluated under these experimental conditions prior to
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limited proteolysis analyses. Preliminary proteolytic experiments
showed that elastase, V-8 protease, and endoprotease Asp-N dis-
played only a very low proteolytic activity under these conditions
and, hence, were not used. Limited proteolysis experiments were
performed using trypsin, chymotrypsin, subtilisin, and proteinase
K as proteolytic probes according to the strategy previously de-

scribed~Zappacosta et al., 1996; Scaloni et al., 1998!. NS31–180

was incubated with each protease using an appropriate enzyme-
to-substrate ratio, and the extent of the enzymatic hydrolysis was
monitored on a time-course basis by sampling the incubation mix-
ture at different interval times followed by HPLC fractionation.
The fragments released from the protein were identified by ESMS
leading to the assignment of cleavage sites.

As an example, Figure 3 shows the HPLC chromatograms of the
aliquots withdrawn following 5, 15, and 30 min of chymotrypsin
digestion. Protein NS31–180 was immediately cleaved at Tyr7 re-
leasing fragments 3–7 and 8–187~peaks 2 and 10 in Fig. 3A,
respectively!. Peak 9 was identified as the peptide 23–187, indi-
cating the occurrence of a secondary cleavage site at Leu22; this
interpretation was confirmed by the small fraction 8 containing the
fragment 8–22, which clearly originated from the larger peptide
8–187. At later stages of hydrolysis fragments, 8–187 and 23–187
became comparable. Moreover, a series of smaller fragments tend
to accumulate essentially with the same kinetics~fractions 1, 3, 4,
5, 6, and 7 in Fig. 3C!. Peaks were identified as fragments 129–
135, 77–86, 66–76, 87–106, 156–187, and 136–155, respectively,
from which protease-sensitive sites could be recognized at Leu65,
Tyr76, Trp86, Tyr106, Leu128, Tyr135, and Phe155. Mass spectral
identification of the chymotryptic peptides observed within all the
proteolysis experiments carried out throughout the paper are re-
ported in Table 1. Peak numbering is consistent within all the
chymotryptic digestions~Figs. 3–5!.

The overall data from the limited proteolysis experiments are
summarized in Table 2 and Figure 1. Preferential cleavage sites
were classified as “primary,” “secondary,” and “protease-sensitive”
sites merely on qualitative kinetic evaluation according to their

Fig. 1. Amino acid sequence of NS31–180. The hydrophilic tail added to the C-terminus is underlined. Primary and secondary
preferential cleavage sites are in bold, protease sensitive sites are doubly underlined; the two alkylated cysteines are marked by an
asterisk.

Fig. 2. RP-HPLC profile of NS31–180modified by iodoacetamide showing
the presence of two components.
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rate of appearance and accumulation during the time-course ex-
periments. All the primary and secondary sites are located within
the N-terminal segment 7–25, indicating that this region is partic-
ularly flexible and exposed. Protease-sensitive sites gathered into
two separate regions of the protein, the segment 65–86 and the
C-terminal portion from residue 124–179. Few isolated cleavage
sites were detected at Arg93, Tyr106, Thr109, and Arg110.

Chymotryptic hydrolysis at Phe155 was quite unexpected and
deserves some considerations. This residue is located within the
hydrophobic pocket forming the NS3 active site, and it is respon-
sible for the specificity of the protease toward small residues~Cys,
Thr! ~Pizzi et al., 1994!. The accessibility of this residue to chy-
motrypsin suggests that under these conditions the active site of
NS31–180is endowed with considerable conformational flexibility.

Conformational changes of NS31–180 at increasing
glycerol concentration

Conformational changes occurring within the NS31–180structure at
different glycerol concentrations were monitored by employing the
same limited proteolysis-mass spectrometry approach. Compara-
tive experiments were carried out on the protein in the presence of
10, 25, and 50% glycerol using chymotrypsin as proteolytic probe.

Before incubation with NS31–180, the enzymatic activity of chy-
motrypsin was evaluated at different glycerol concentrations using
the synthetic substrate Suc-Ala-Ala-Pro-Phe-4NA~data not shown!.

A

B

C

Fig. 3. Time-course analysis of NS31–180 digested with chymotrypsin, at
pH 7.5, 258C, using an enzyme:substrate ratio of 1:100. HPLC chromato-
grams of the aliquots withdrawn from the incubation mixture at~A! 15 min,
~B! 30 min, and~C! 1 h. Individual fractions were collected and analyzed
by ESMS. Peak numbering is consistent within all the chymotryptic di-
gestion experiments~see Figs. 4, 5; Table 1!. The CHAPS peak is marked
with an asterisk.

Table 1. Peptides released from NS31–180 following chymotryptic
proteolysis experiments

Fractionsa Peptide Measured mass Expected mass

1 129–135 804.56 0.1 804.9
2 3–7 563.46 0.1 563.6
4 66–76 1,161.86 0.3 1,162.4
5 87–106 2,022.76 0.5 2,023.2
6 156–187 3,495.86 0.3 3,496.1
7 136–155 1,896.46 0.6 1,897.2
8 8–22 1,588.96 0.2 1,588.4
9 23–187 17,421.86 0.9 17,421.9

10 8–187 18,992.46 1.1 18,993.8
11 161–180 2,161.76 0.4 2,162.1
12 23–180 16,596.26 1.4 16,596.8
13 8–180 18,167.36 1.0 18,166.8
14 3–187 19,540.36 1.2 19,539.4
15 3–180 18,713.96 1.3 18,715.1

aFractions numbering is consistent within the HPLC profiles shown in
Figures 3–5.

Table 2. Preferential cleavage sites detected on the isolated
NS31–180 proteasea

Protease
Primary

sites
Secondary

sites Protease-sensitive sites

Trypsin Arg12 Arg25 Arg93, Arg110, Arg124,
Arg156, Lys166

Chymotrypsin Tyr7 Leu22 Leu65, Tyr76, Trp86, Tyr106,
Leu128, Tyr135, Phe155

Subtilisin Tyr7 Thr20 Met75, Trp86, Thr109, Val168,
Met176, Thr179

Proteinase K Tyr7 Thr20 Met75, Asn78, Thr109, Arg110,
Val152, Val168

aDifferent sites were classified as primary, secondary, and protease-
sensitive merely on qualitative kinetic evaluation.
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The decrease of proteolytic activity observed at a higher percent-
age of glycerol was taken into account by increasing the enzyme-
to-substrate ratio in the corresponding experiments. NS31–180was
incubated with chymotrypsin in the presence of 10, 25, and 50%
glycerol using E0S ratios of 1:100, 1:85, and 1:25, respectively,
and the extent of proteolysis was monitored on a time-course basis
following the procedure described above.

Figure 4 shows the HPLC profiles corresponding to the 30 min
aliquots of the three experiments, and the identification of the

individual fractions is reported in Table 1. The data obtained at
10% glycerol~Fig. 4A! essentially confirmed previous results in
that Tyr7 and Leu22 were the most accessible sites, with a number
of other residues located both in the N- and C-terminal regions of
the protein being sensitive to the protease~for a comparison, see
Table 2!.

However, several differences were detected when the proteoly-
sis was performed at higher glycerol concentrations. At 25% glyc-
erol ~Fig. 4B!, chymotrypsin digestion revealed the occurrence of
a new cleavage site at Met180, as demonstrated by the presence of
the fragments 8–180 and 23–180~peaks 13 and 12 in Fig. 4B,
respectively! not previously observed. A slightly susceptibility of
Cys160 was detected due to the appearance of fraction 11 con-
taining the peptide 161–180. The HPLC analysis showed the de-
crease of fractions 6 and 7 containing the peptides 156–187 and
136–155, thus suggesting a lower accessibility of Phe155.

A dramatic change in the HPLC profile was detected when the
proteolysis was carried out at 50% glycerol. A remarkably large
portion of intact NS31–180, remained undigested in these conditions
~peak 14 in Fig. 4C!, indicating a higher resistance to the proteo-
lytic digestion possibly due to a more compact structure of the
protein. Identification of the individual fractions demonstrated the
increased accessibility of Met180 and the slower kinetic of hydro-
lysis at Tyr7 as shown by the appearance of peak 15, containing the
fragment 3–180, and the concomitant decrease of fractions 2 and
10 ~peptides 3–7 and 8–187, respectively!. Moreover, Leu22 could
barely be recognized by the protease, as shown by the almost
complete disappearance of fragments 23–187 and 23–180, peaks 9
and 12 in Figure 4. Finally, it should be noted that proteolysis at
Phe155 tended to be slower, as suggested by the disappearance of
peak 6 and the further decrease of peak 7, indicating that under
these conditions the active site of NS31–180is more structured, and
hence, less accessible.

These results clearly indicated that the overall structure of the
NS3 protease was affected by increasing concentrations of glyc-
erol. The protein adopted a more compact and rigid conformation,
showing an increasing resistance to proteolytic cleavages. Confor-
mational changes mainly occurred within the N-terminal tail that
became less flexible and exposed, showing an almost complete
protection of Leu22 and a much slower kinetics of hydrolysis at
Tyr7. The C-terminal region was also affected, leading to the ex-
position of Met180. Finally, in the active site region of NS31–180,
the accessibility of Phe155 decreased as the concentration of glyc-
erol increased, with the concomitant exposure of Cys160.

Topological studies of the NS31–1800Pep4A complex

The experimental approach described above was employed to in-
vestigate the surface topology of the complex between the NS3
protease domain and an NS4A peptide following the strategy de-
scribed previously~Scaloni et al., 1998!. The complex was formed
by incubating NS31–180 with a 10:1 molar excess of a 17-amino
acid synthetic peptide encompassing the hydrophobic region of
NS4A involved in the interaction with the viral protease, hereafter
designed as Pep4A. Because this complex was stabilized in the
presence of 50% glycerol~Bianchi et al., 1997!, enzymatic diges-
tions were all performed under these conditions using trypsin,
chymotrypsin, and subtilisin as proteolytic probes. A 1:10 E0S
ratio was used in all cases, as preliminary results had shown that
the protein complex was resistant to proteolytic attack.

A

B

C

Fig. 4. HPLC analysis of NS31–180digested with chymotrypsin under con-
trolled conditions in the presence of~A! 10%, ~B! 25%, and~C! 50%
glycerol using enzyme:substrate ratios of 1:100, 1:85, and 1:25~w0w!,
respectively. Individual fractions were collected and analyzed by ESMS.
The CHAPS peak is marked with an asterisk.
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Figure 5 shows the HPLC time-course analysis of the complex
digested with chymotrypsin. A number of fragments were released
from unbound Pep4A due to the large excess of the cofactor pep-
tide in solution. Control experiments performed using the peptide
substrate Suc-Ala-Ala-Pro-Phe-4NA demonstrated that chymotryp-
sin activity was not affected by the presence of up to 300mM of

Pep4A. The chromatograms showed the occurrence of rapid cleav-
ages at level of Tyr7 and Leu22, as revealed by the release of
peptides 3–7, 23–187, and 8–187 after 15 min of enzymatic hy-
drolysis ~peaks 2, 9, and 10 in Fig. 5A, respectively!. As the
hydrolysis time increased, species 23–187 became predominant,
with the concomitant decrease of fragment 8–187. A further cleav-
age site was detected at Met180, originating fragment 23–180
~peak 12 in Fig. 5B!. At later stages of incubation, a number of
minor peaks could also be detected generated by hydrolysis oc-
curring in the two inner protease-sensitive regions of NS31–180.
Again, it should be noted that Phe155 and the adjacent Cys160
were recognized by chymotrypsin, as demonstrated by the pres-
ence of peptides 136–155 and 161–180~peaks 7 and 11 in Fig. 5C,
respectively!.

The overall results of the limited proteolysis investigation of the
NS31–1800Pep4A complex are reported in Table 3. When these data
were compared with those obtained on the isolated protease at 50%
glycerol ~Fig. 4C!, a number of considerations could be drawn.
The complex showed a lower accessibility to proteases than the
isolated protein, as demonstrated by the higher E0S ratio needed to
observe proteolytic cleavages, thus suggesting that the interaction
with Pep4A led to a further increase in the compactness of the
NS31–180structure. Differences in the proteolytic sites were mainly
located within the N-terminal arm, where a rapid hydrolysis at
Tyr7 and Leu22 was observed. Chymotryptic digestion of isolated
NS31–180at 50% glycerol had shown slower kinetics of hydrolysis
at Tyr7 and an almost completely shielding of Leu22 to proteolytic
attack. These data suggested that following complex formation the
N-terminal arm might adopt a different conformation compared to
that observed at the same concentration of glycerol but in the
absence of Pep4A. The C-terminal region seemed to be less af-
fected by complex formation in that the accessibility of the pref-
erential cleavage sites remained essentially unchanged, although a
much slower hydrolysis at Met180 was observed. Finally, it should
be mentioned that no changes in the hydrolysis at Phe155 and its
neighboring residue Cys160 were observed, suggesting that the
conformation of the NS3 active site was only slightly affected by
the binding of the cofactor Pep4A.

Discussion

Conformational changes occurring within the tertiary structure of
NS31–180under different physico-chemical conditions either in the
absence or in the presence of its cofactor Pep4A were probed by
limited proteolysis combined with mass spectrometric methodol-
ogies. The overall strategy is based on the evidence that amino acid

A

B

C

Fig. 5. Time-course analysis of the NS31–1800Pep4A complex digested
with chymotrypsin under controlled conditions using an E0S ratio of 1:10.
HPLC profiles of the aliquots withdrawn from the incubation mixture at
~A! 15 min, ~B! 30 min, and~C! 1 h. Individual fractions were collected
and analyzed by ESMS. The CHAPS peak is marked with an asterisk;
peaks marked with P correspond to digestion products of unbound Pep4A.

Table 3. Preferential cleavage sites detected on the
NS31–1800Pep4A complexa

Protease
Primary

sites
Secondary

sites Protease-sensitive sites

Trypsin Arg12 Arg25
Chymotrypsin Tyr7 Leu22 Trp86, Tyr106, Leu128,

Tyr135, Phe155, Cys160, Met180
Subtilisin Tyr7 Thr20

aDifferent sites were classified as primary, secondary, and protease-
sensitive merely on qualitative kinetic evaluation.
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residues located within exposed and flexible regions of the protein
can be recognized by proteases, leading to a reasonably good
imprinting of the NS31–180 conformation in solution. Because the
surface topology of the protein is affected by conformational
changes, when comparative experiments were carried out on
NS31–180either at different glycerol concentrations or in the pres-
ence of Pep4A, differential peptide maps were obtained from which
protein regions involved in the structural changes could be inferred.

As first stage, the surface topology of isolated NS31–180 in the
presence of 10% glycerol was investigated, both as reference and
to assess whether or not the crystal phase mimics the solution
structure. Selective alkylation of the cysteine residues and limited
proteolysis data were essentially consistent with the crystal struc-
ture of the protein determined by X-ray analysis~Love et al., 1996!
and reported in Figure 6A, where the accessible sites are high-
lighted in red. For better clarity, the corresponding amino acid
residues in the NS3 sequence are indicated in Figure 1. The surface
topology of NS31–180 showed a characteristic pattern of exposed
and buried regions. The N-terminal segment encompassing the
first 25 residues was the most accessible portion where all the
preferential proteolytic cleavages and the alkylated Cys17 were
located, whereas protease-sensitive sites gathered into two inner
regions, the fragments 65–86 and 124–179, the latter containing
the other alkylated cysteine residue, Cys160. The pronounced ac-
cessibility of the extreme N-terminus is consistent with the pres-
ence of a long N-terminal strand, which extends away from the
protein and is endowed with high conformational flexibility. In the
crystal structure in the absence of the cofactor, the N-terminus
interacts with neighboring molecules, through a strand swapping in
which a hydrophobic patch on the surface of each molecule is
bound to the N-terminal of a different neighbor~Love et al., 1996!.
These interactions are likely to be peculiar features of the crystal-
lized enzyme, as the N-terminal segment showed accessibility at
nearly all the possible sites, indicating that in solution this region
is probably disordered.

Following alkylation of NS31–180 with iodoacetamide, a homo-
geneous doubly-derivatized species was obtained in which only
Cys17 and Cys160 had been modified. This result is in contrast
with previous data on selective chemical modifications of several
other proteins that had always shown the formation of mixtures of
isomeric components~Suckau et al., 1992; Glocker et al., 1994;
Zappacosta et al., 1997; Scaloni et al., 1998! and supports the
occurrence of a zinc binding site inferred by X-ray analysis~Love
et al., 1996!. This interaction coordinates the SH groups of Cys98,

Cys100, and Cys146, and it is expected to reduce the chemical
reactivity of these cysteines with respect to Cys17 and Cys160.
The remaining Cys48 and Cys53 are buried inside the core of the
protein and then could not be modified.

Our data confirm that the region containing the active site of
NS3 has an open conformation, and it is endowed with consider-
able flexibility that can be correlated with an exceedingly low
catalytic activity at 10% glycerol. In fact, glycerol has been shown
to have dramatic effects on both enzyme activity, protein structure,
and cofactor affinity~Steinkühler et al., 1996b; Bianchi et al.,
1997!. In line with these findings, a considerably different surface
topology of NS31–180 was observed at higher glycerol concentra-
tions as a consequence of conformational changes that mainly
affected the extreme N- and C-terminal portions of the molecule.
As a whole, the protein assumed a more compact structure show-
ing a generally lower accessibility, possibly reflecting a gradual
decrease in conformational flexibility with increasing concentra-
tions of the cosolvent. A much slower kinetics of hydrolysis was
observed at Tyr7, whereas Leu22 was not recognized by chymo-
trypsin, suggesting that this region became less exposed and flexible.

The enhancement of protein stability by cosolvents such as glyc-
erol has been proposed to arise by “preferential hydration” of the
protein, i.e., by exclusion of the cosolvent molecules from the
surface–solvent interface~Timasheff, 1993!. This exclusion is
thermodynamically unfavorable, leading to a tendency of the sys-
tem to decrease the protein–solvent contact area thereby, promot-
ing protein compactness. Glycerol was also proposed to induce a
release of “lubricant” water molecules, the presence of which main-
tains conformational flexibility by keeping apart adjacent seg-
ments of the polypeptide chain. This is expected to induce a collapse
of the voids containing the water, thereby decreasing volume and
compressibility of protein interior~Priev et al., 1996!. In light of
these effects, it may be argued that increasing concentrations of
cosolvent might force the N-terminal segment to interact with
exposed hydrophobic patches on the protein molecule with a con-
comitant decrease of conformational freedom. Alternatively, under
these conditions, the hydrophobic regions occurring in the N-terminal
tail might give rise to intermolecular interactions with neighboring
molecules that mimic those observed in the crystal structure. Sta-
bilization of dimeric structures by glycerol has recently been shown
for other viral proteases~Cole, 1996; Darke et al., 1996; Margosiak
et al., 1996!.

At 50% glycerol the active site Phe155 also showed a reduced
susceptibility toward chymotryptic action, suggesting that the con-

Fig. 6. Three-dimensional structure of isolated~A! NS31–180and the~B! NS31–1800Pep4A complex. The backbone of Pep4A is in green;
preferential cleavage sites are highlighted in red. The side chains of Tyr7, Leu22, and Phe155 are indicated in both panels, those of
Cys160 and Met180 are displayed inB.
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formational changes had caused the active site to adopt a more
compact structure. Thus, the tightening of the region around the
active site might account for the enhancement of the catalytic
activity of NS31–180 observed at higher glycerol concentrations
~Steinkühler et al., 1996b; Bianchi et al., 1997!. In fact, only minor
readjustments of the polypeptide chain would position the previ-
ously misaligned carboxylate of Asp82 closer to His58, as required
for catalysis. It is, therefore, likely that the cosolvent has a pro-
nounced effect especially on this region of the NS3 protease.

On the contrary, the structural changes occurring at the C-terminus
of NS31–180led to a higher exposure of the polypeptide chain that
was rapidly cleaved at Met180. An increased accessibility of this
region may be a direct consequence of an enhanced compactness
of the segment 65–86, which is located in direct vicinity to the
C-terminal helix. At low glycerol concentrations, the conforma-
tional mobility of this region may partially shield the underlying
C-terminal helix from proteolytic attack, and a glycerol-induced
tightening of the segment 65–86 may revert this situation.

Further conformational changes were detected in the surface
topology of NS31–180 when proteolytic experiments were carried
out in the presence of the cofactor Pep4A~Fig. 6B!. Following
complex formation, the N-terminal portion of the protease again
became highly susceptible to proteolytic enzymes, with a number
of residues located in the segment 7–25 rapidly cleaved by prote-
ases. These data suggest that in solution the N-terminal arm is
displaced from the protein moiety by the interaction with the co-
factor peptide, again becoming exposed to proteolytic attack. X-ray
crystallography data showed a very tight interaction between
NS31–180and the cofactor, with Pep4A being an integral part of the
N-terminal region of NS31–180. Such a complex is expected to be
very stable, much tighter than the previously determined micro-
molar equilibrium dissociation constants. Limited proteolysis re-
sults then support thermodynamic data in that the N-terminus of
NS31–180seem to only marginally contribute to the stability of the
complex~C. Steinkühler, pers. obs.!.

The pattern of preferential proteolytic sites in the complex is
resembling that found in the isolated protease at 10% glycerol and
is in agreement with the structure of one of the complexes de-
scribed by Kim et al.~1996! in which the N-terminal tail has a
disordered and flexible conformation. This view supports previous
hypotheses based on comparative spectroscopic studies that the
N-terminus of NS31–180exhibits the same secondary structure both
in the complex and in the isolated molecule, but it is endowed with
higher conformational freedom in the absence of Pep4A~Bianchi
et al., 1997!. Moreover, the displacement of the N-terminal tail
needed to accommodate the cofactor peptide might constitute the
rate-limiting step in the association of Pep4A, thus explaining the
slow on-rate of complex formation~Bianchi et al., 1997!. The
observed conformational changes might be directly related to the
mechanism of activation of the protease by its cofactor peptide.
The tightening of the N-terminal domain due to the binding of the
Pep4A, in fact, could be instrumental to a correct alignment of the
catalytic triad, as discussed above, thus explaining the concomitant
increase inkcat values~Bianchi et al., 1997; Urbani et al., 1997;
Yan et al., 1998!.

Altogether, these data suggest that the NS3 protease domain has
a high conformational flexibility, especially affecting the extreme
N-terminus of the molecule, that may serve a specific physiolog-
ical role. In fact, cleavage between NS2 and NS3, generating the
mature N-terminus of the NS3 protein, is accomplished intramolec-
ularly by a so far poorly characterized protease. At this stage of the

processing cascade, the N-terminus of NS3 must adopt a confor-
mation that allows the intramolecular cleavage to occur. Once the
mature N-terminus of NS3 has been generated, it is believed to
engage in an interaction with NS4A that leads to the activation of
the NS3 protease. Again, the N-terminus of NS3 will have to adopt
a conformation that allows complex formation with the cofactor.
The observed conformational flexibility may account for the dif-
ferent roles performed by the N-terminal domain of NS3 during
the processing and complexation events in which it is involved.
The stabilizing properties of glycerol in vitro may simply indicate
that other factors concur to stabilize the complex in vivo, such as
membranes, the N-terminus of NS4A, which is believed to form a
trans-membrane helix, thereby anchoring the NS30NS4A complex
to the ER, or the C-terminus of the NS3 protein, harboring the
helicase domain. More studies will have to be performed with
full-length proteins to shed light on the molecular details of the
function of this key player in the viral life cycle.

Materials and methods

Trypsin TPCK-treated, chymotrypsin, subtilisin, and proteinase K
were purchased from Sigma~St. Louis, Missouri!; iodoacetam-
mide was from Fluka~Buchs, Switzerland!; Suc-Ala-Ala-Pro-Phe-
4-NA synthetic peptide was from Calbiochem~La Jolla, California!.
RP-HPLC columns C4 and C18~25 3 0.46 cm, 5 mm! were
purchased from Vydac~The Separation Groups, Hesperia, Califor-
nia!; prepacked PD10 Sephadex G-25 columns were from Phar-
macia ~Uppsala, Sweden!. All other reagents and solvents were
HPLC-grade from Carlo Erba~Milano, Italy!.

Characterization of NS31–180

The protease domain of the HCV Bk strain NS3 protein encom-
passing residues 1027–1206 of the viral polyprotein, containing a
C-terminal fusion with the sequence ASKKKK, was purified from
E. coli, as previously described~Urbani et al., 1997!. The homo-
geneity of the NS31–180 preparation was verified by analyzing a
1 nmol aliquot of the protein by a RP-HPLC C4 column. The
protease was eluted by means of a linear gradient from 20 to 65%
of acetonitrile in 0.1% TFA over 33 min; elution was monitored at
220 and 280 nm. Individual fractions were collected and identified
by ESMS.

Chemical modification experiments

Modification of cysteine residues in NS31–180 was carried out by
incubating 37mg of the protein with iodoacetamide in 100mL
final volume using a reagent to a total thiol groups ratio of 0.9:1.
The reaction was performed in 50 mM sodium phosphate buffer
pH 7.5, containing 10% glycerol, 5 mM DTT, and 0.05% CHAPS,
at 258C, in the dark, under nitrogen atmosphere for 15 min. The
extent of protein modification was tested by HPLC analysis of an
aliquot of the incubation mixture using a Vydac C4 column; the
differently modified species of NS31–180were eluted by means of
the gradient previously described and the individual fractions were
collected and analyzed by ESMS. When the desired number of
modified cysteines was obtained, the remaining portion of the
incubation mixture was desalted by gel filtration chromatography
on a PD10 prepacked column, eluted with 50 mM sodium phos-
phate buffer~pH 7.5! containing 10% glycerol, 0.5 mM DTT, and
0.05% CHAPS. The eluted protein was then digested with trypsin
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at 258C for 3 h using a 1:50~w0w! enzyme:substrate ratio, and the
resulting peptide mixture was fractionated by RP-HPLC on a Vydac
C18 column.

Limited proteolysis experiments

Limited proteolysis experiments were carried out by incubating
NS31–180with trypsin, chymotrypsin, subtilisin, and proteinase K.
Enzymatic digestions were all performed in 50 mM sodium phos-
phate~pH 7.5! containing 10% glycerol, 2.5 mM DTT, and 0.5%
CHAPS, at 258C and using a 1:100 or 1:500~w0w! enzyme-to-
substrate ratio. The extent of the reaction was monitored on a
time-course basis by sampling the incubation mixture at different
times intervals. Proteolytic fragments were fractionated by RP-
HPLC on a Vydac C18 column, and the individual fractions were
manually collected and analyzed by ESMS. Chymotryptic diges-
tions at different concentrations of glycerol were carried out under
the same conditions in the presence of 10, 25, and 50% glycerol
using enzyme:substrate ratios of 1:100, 1:85, and 1:25~w0w!,
respectively.

When the experiments were performed on the NS31–1800Pep4A
complex, NS31–180was pre-incubated with a 10:1 excess of Pep4A,
encompassing residues 21–34 of the NS4A protein together with
an N-terminal lysine tag~Bianchi et al., 1997!, in 50 mM sodium
phosphate, pH 7.5, containing 50% glycerol, at 258C for 10 min
prior to the protease addiction. Digestions were performed using a
1:15 enzyme:substrate ratio.

Chromatographic separation of peptides

Peptide mixtures from the different proteolysis experiments were
fractionated by RP-HPLC on a Vydac C18 column. Peptides were
eluted by means of a linear gradient from 5 to 65% of acetonitrile
in 0.1% TFA over 73 min; elution was monitored at 220 and
280 nm. Fractions were collected and identified by ESMS.

Mass spectrometry

Protein samples and proteolytic fragments were analyzed by ESMS
using a Bio-Q triple quadrupole mass spectrometer~Micromass,
Manchester, United Kingdom! equipped with an electrospray ion
source. Samples were injected into the ion source~kept at 808C!
via a loop injection at a flow rate of 10mL 0min. Data were
acquired and elaborated using the MASSLYNX program, pur-
chased from Micromass. Mass calibration was performed by means
of multiply charged ions from a separate injection of horse heart
myoglobin ~Sigma; average molecular mass: 16,951.5 Da!; all
masses are reported as average values.
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