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The NS3 serine protase of Hepatitis C virus (HCV)
equires NS4A protein as a cofactor for efficient cleav-
ge at four sites in the nonstructural region. The co-
actor activity has been mapped to the central hydro-
hobic region (aa 22–34) of this 54-amino-acid NS4A
rotein, and site-directed mutagenesis has identified
lternating hydrophobic amino acids, particularly
le25 and Ile29, as critically important. A double mu-
ant of NS4A cofactor peptide, I25A/I29A, completely
bolished the cofactor activity. We now report that the
ofactor peptide activity in the I25A/I29A double mu-
ant can be restored specifically by introducing a
iotin–aminohexanoic acid fusion at the N-terminus.
n addition, a similar N-terminal fusion of biotin–
minohexanoic acid with the wild-type 4A peptide sig-
ificantly enhanced cofactor activity. Our data cor-
oborate the crystal structure-based hypothesis of
ydrophobic interaction between the N-terminus of
S4A and the N-terminal a0 helix of NS3 protease.
2000 Academic Press

Hepatitis C virus, the major etiological agent of post-
ransfusion non-A, non-B hepatitis, contains a single-
tranded positive-sense RNA genome of about ;9.6 kb
hich encodes a polyprotein of ;3000 amino acids. The
olyprotein is proteolytically processed by host signa-
ase in the structural region and by two HCV encoded
roteases in the nonstructural region to produce ma-
ure viral proteins. NS2/3, a Zn21-dependent metallo-
rotease, is responsible for cleavage at the NS2/3
unction (1, 2). The other four cleavages in the non-
tructural region, between NS3/4A, NS4A/4B, NS4B/
A, and NS5A/5B, are catalyzed by NS3 protease, a
hymotrypsin-like serine protease encoded within the
-terminal portion of the NS3 protein (2, 3). NS4A, a
4-amino-acid protein, is a cofactor for NS3 and is
equired for efficient cleavage by the protease (4, 5).
278006-291X/00 $35.00
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egion of approximately 12 amino acids (aa 22–33) in
S4A, within which the hydrophobic amino acids Ile25
nd Ile29 have been identified as determinants of the
ofactor activity (6–8). Confirming the importance of
le25 and Ile29 is the finding that substitutions of
hese two amino acids by alanine residues destroys the
bility of the cofactor peptide to form a complex with
he NS3 protease (8). Crystal structures of the NS3/
S4A peptide complex have further elucidated the na-

ure of the interaction of protein and cofactor, reveal-
ng that the NS4A cofactor peptide intercalates with
he enzyme and becomes an integral part of the en-
yme core (9, 10). No structure has been published,
owever, for NS3 complexed with the entire 54 amino
cid NS4A protein.
During our investigation of the NS3/NS4A complex

ormation, we made the observation that an N-ter-
inally fused biotin-aminohexanoic acid moiety re-

tored the cofactor activity of the mutant NS4A pep-
ide. In this report we describe the novel role of this
iotin moiety in the NS4A peptide-mediated cofactor
ctivity. In addition to reactivating the mutant pep-
ide, a similar N-terminal fusion of biotin to the wild-
ype peptide cofactor significantly enhanced cofactor
ctivity.

ATERIALS AND METHODS

Expression and purification of NS3 protease. Cloning of NS3
rotease H77 strain catalytic domain with a T7 tag at the
-terminus and a polyhistidine (His-) tag at the C-terminus has been
escribed previously, as has the expression and purification of this
onstruct (9). Purified protease was characterized using electro-
pray ionization mass spectrometry (ESI-MS), N-terminal sequence
nalysis and SDS–polyacrylamide gel electrophoresis. Purity was
etermined to be approximately 95% based on amino acid sequence
nalysis.

Cloning and expression of in vitro translated substrate. The clon-
ng of HCV NS4A/NS4B polyprotein substrate (pNB NAE) into cell-
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ree expression plasmid pBD7 has been previously described (8). The
n vitro transcribed RNA produced from the plasmid DNA was trans-
ated in rabbit reticulocyte lysates (Promega) in the presence
f [35S]methionine (Amersham) according to the manufacturer’s
ecommendation.

Peptide synthesis. Peptides containing NS4A sequence and its
erivatives were synthesized in house and by AnaSpec (San Jose,
A). The peptides were cleaved off the resin and deprotected follow-

ng a standard TFA cleavage protocol. Peptides were purified to
95% purity on reverse phase HPLC and confirmed by mass spec-

rometry analysis.

NS3 protease translation assay and analysis. HCV protease
ranslation assays were initiated with the addition of 2 ml [35S]-
abeled translated substrate to a reaction mix of 20 ml containing 2.5
M purified protease, 100 mM NS4A peptide, 50 mM Tris, pH 7.5, 0.3

NaCl, 5 mM DTT, 0.1% NP-40, and 10% glycerol, followed by a 30
in incubation at 30°C. Reactions were stopped by the addition of an

qual volume of 23 Laemmli sample buffer and boiling for 3 min.
amples were analyzed by SDS–15% PAGE and autoradiography.
ata was quantitated and compared by volumetric integration using
PhosphorImager and ImageQuant software (Molecular Dynamics).

ESULTS AND DISCUSSION

For these studies we used an HCV polyprotein sub-
trate containing the NS4A/4B cleavage site produced
y cell-free transcription-translation systems. This
ubstrate, designated D4A/D4B, contains amino acids
6 through 54 of NS4A and the N-terminal 192 amino
cids of NS4B. It does not contain the NS4A cofactor
equence (aa 22–33), and, as we have previously shown
8), cleavage of this polypeptide is strictly dependent on
he addition of NS4A cofactor peptide. Various NS4A

FIG. 1. Sequence of NS4A peptides used in these studies. The
ofactor region (aa 22–34) derived from HCV H77 isolate (HCV 1a) is
nderlined. Amino acid residues 25 and 29, which are critical for the
S4A cofactor activity, are shown in bold type. The last two se-
uences in the series are non-4A peptides. For comparison, the entire
4-amino-acid sequence of NS4A (HCV 1a) is shown in the top box.
he following terminology has been used: Ac, N-acetyl; ahx, 6-ami-
ohexanoyl; K-biotin, Lys [N e-biotinyl]; K-ahx-biotin, Lys [N e-(N 6-
iotinyl)aminohexanoyl].
279
ig. 1. Our experiments utilized the HCV protease
-terminal catalytic domain (181 amino acids) to study

he role of various NS4 cofactor peptides on NS3-
ediated trans-cleavage activity. Cloning, expression,

nd purification of the protease has been previously
escribed (9). We first examined the effect of alanine
ubstitutions at Ile25 and Ile29 in the 13-mer peptide
rom the cofactor region (aa 22–34). An alanine substi-
ution at Ile25 showed a reduced cofactor activity to
bout 40% of wildtype levels (see Fig. 2, lane 5). A
imilar mutation at Ile29 had a more dramatic effect,
educing activity to only 8% of wildtype, while a double
utant containing both of these substitutions showed
similar profile (lanes 4 and 6, respectively). When we

ooked at a peptide containing the biotin-aminohexa-
oyl (ahx) moiety fused N-terminal to this double mu-
ant cofactor peptide, we observed an almost complete
estoration of activity to control levels (lane 7). This
eactivation was specific to the NS4A cofactor se-
uence, since fusion of biotin-ahx to a non-4A sequence
biotin-ahx-YRGVVNASSRLAK in lane 8) showed no
ofactor activity. We next examined the effects of mod-
fying this N-terminal fusion. Only biotin with the ahx
pacer fused to NS4A mutant cofactor peptide showed
estoration of cofactor activity (Fig. 3A, lane 5). Neither
iotin nor ahx alone fused to the 13-mer mutant co-
actor (lanes 6 and 7, respectively), restored activity.
iotin itself, either with or without the mutant NS4A

FIG. 2. HCV NS3 protease activity abolished by NS4A I25A and
29A mutations can be restored by introducing a biotin–amino-
exanoic acid (ahx) fusion at the N-terminus of 4A peptide. trans-
leavage reaction mixtures containing [35S]-labeled substrate desig-
ated D4A/D4B was mixed with 20 nM purified protease in the
resence of 100 mM synthetic peptides from either wildtype NS4A or
lanine-substituted NS4A derived from the 13-mer peptide (aa 22–
4). Modification of the wildtype peptide tested is shown at the top of
ach lane and this corresponds to the sequence identification de-
cribed in the legend to Fig. 1.
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ofactor, had no cofactor activity (see lanes 8 and 9).
hese observations led us to investigate the effect of
-terminal fusion of biotin-ahx to the wildtype cofactor

equence. Interestingly, this fusion enhanced the co-
actor activity over wildtype control by 160% (lane 11).
iotin fused alone also showed some enhancement

lane 10), with nearly 140% of control cleavage activity.
These data, showing enhancement of mutant and
ildtype cofactor activity, seem to indicate a favorite

nteraction between biotin, with an appropriate ahx

FIG. 3. (A) Reactivation of I25A/I29A mutant NS4A and en-
ancement of wildtype cofactor peptide is specific to biotin–ahx fu-
ion at the N-terminus. (B) Effects of C-terminal biotin–ahx fusions
n I25A/I29A double mutant 4A peptide and on the wildtype 4A
ofactor peptide. Experimental conditions are as described in the
egend to Fig. 2. The NS4A cofactor peptide tested is shown at the top
f each lane and this corresponds to the sequence identification
escribed in the legend to Fig. 1.
280
ofactor peptide, and the NS3 protease domain. Histor-
cally the protein-binding properties of biotin have
een well-studied (14–17). X-ray structures of the
iotin-binding proteins avidin and streptavidin, for ex-
mple, indicate an array of hydrophobic and polar in-
eractions resulting in extremely tight and specific
inding of biotin and protein. The bicyclic ring system
f the biotin molecule is lured by a hydrophobic region
ormed by aromatic residues in these proteins (18). In
he NS3/4A complex, crystal structure studies show
hat a hydrophobic patch is created on the surface by
ydrophobic amino acids on the a0 helix of NS3 located
t the N-terminus (Fig. 4A). The a0 helix itself is sta-
ilized by the local hydrophobic environment, which in
ne way can be supplied by crystal packing (10). In
ivo, the hydrophobic stability observed in the crystal
tructures (9, 10) could mirror the stabilization in-
uced by the membrane-bound hydrophobic N-termi-
us of NS4A protein in the native protein-to-protein

nteractions of NS3 and NS4A. Such a functional role
or the N-terminal 20 amino acids of NS4A is suggested
y Roth et al. through their prediction that the
-terminal 20 amino acids of NS4A forms a hydropho-
ic trans-membrane helix (16), and this is further sup-
orted by data which suggest that the NS4A protein
tself is membrane-associated (2, 17). One aspect of
S4A function may be to serve as an anchor to recruit
S3 and other nonstructural proteins to the mem-
ranes of the endoplasmic reticulum (ER). More re-
ently, this idea has been reinforced by the findings of
oradpour et al. who demonstrated co-localization of
, E1, E2, NS3, NS4, and NS5A with the ER in a
uman cell line inducibly expressing the entire HCV
pen reading frame (18). It seems likely that the spe-
ific N-terminal fusion of biotin and ahx spacer to
S4A cofactor peptide mimics a similar hydrophobic

nvironment which stabilizes the NS3/4A complex.
onfirmation of this stabilization by comparing such a

usion to the native NS4A N-terminal sequence fused
o the cofactor peptide is technically difficult because of
olubility and aggregation issues at the concentrations
ecessary to saturate the system. It should be noted
hat the K d for the complex formed between a catalytic
omain of NS3 protease and NS4A cofactor peptide is
n the low micromolar range, while that of NS3 and
ull-length NS4A protein is more than a thousand
old less (19–21). A proposed model for ahx-biotin-
nteraction with NS3 is shown in Fig. 4. Here ahx,
ovalently attached to the aliphatic side chain of biotin,
s shown fused to the N-terminus of the NS4A cofactor
eptide (aa 22–34). Although alternative interaction
ites in the NS3 protease cannot be ruled out, this
ffectively positions the bicyclic ring of biotin to the
ydrophobic surface area of the NS3 protease N-ter-
inal region, potentially promoting stabilization of the

0 helix. Such a model was based on crystal structures
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f HCV NS3 protease/NS4A cofactor complexes (9, 10),
s well as recent modeling predictions proposed for
S3 and NS4A protein (22). Interestingly, if the ahx
oiety is removed, leaving biotin fused directly to
-terminal NA4A cofactor peptide, the bicyclic ring
as limited access to the hydrophobic domains of NS3.
uch limited access could explain failure of N-terminal
iotin alone to reactivate the I25A/I29A mutant cofac-
or peptide (Fig. 3A, lane 6).

An additional piece of evidence pointing to a poten-
ial structure-stabilizing role for the biotin-ahx fusion
oiety would be the site specificity. We therefore con-

tructed fusions at the C-terminus of both the I25A/
29A mutant and the wildtype cofactor peptides. As
hown in Fig. 3B (lanes 5 and 6), C-terminal fusions to
he double mutant of either biotin alone or biotin-ahx
howed virtually no restorative effect on cofactor activ-
ty. Also, as expected, biotin fused C-terminal to a
on-4A peptide (YRGVVNASSRLAK-biotin, lane 9)
ad no cofactor activity. Looking at effects on the wild-
ype cofactor peptide, C-terminal fusion of biotin alone
esulted in an inhibition of activity, with about half the
ontrol cleavage levels (lane 8), while an ahx-biotin
usion resulted in an even more dramatic reduction to
nly 27% of the control (lane 7). This is in direct con-
rast to the enhancing effects observed with the
-terminal fusions of these moieties. Structural pre-
ictions show that such a C-terminal fusion would put
he ahx-biotin moiety in close proximity to the P39 and

FIG. 4. (A) Surface representation of the crystal structure of H
istributions on the protease surface. Color-coding is as follows:
-(biotinyl)-aminohexanoyl group is shown in green covalently fus
ydrophobic region of NS3 protease domain. (B) Ribbon representatio
he intercalating NS4A cofactor peptide (aa 22–34) is shown in yellow
nd Ser-139 in NS3 protease. The N-(biotinyl) aminohexanoic acid is
s described in A. The a-helix (a0) is indicated at the top of the figu
281
49 amino acids in the substrate binding pocket, per-
aps explaining the negative impact of this fusion.
In summary, we have reengineered an NS4A cofac-

or peptide, by fusing biotin with ahx spacer to the
-terminus of NS4A aa 22–34 resulting in enhanced

ofactor activity. This enhanced activity is demon-
trated by our observations of reactivation of mutant
ofactor peptide disabled by alanine substitutions for
ritical hydrophobic isoleucine residues, as well as en-
ancement of native (wild type) cofactor peptide activ-

ty. The results point to the biological importance of the
S4A N-terminus, in fully potentiating NS3 enzymatic
ctivity.
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