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ABSTRACT

Hepatitis C virus (HCV) is a significant cause of human hepatitis, for
which there is at present only limited therapies. The virus expresses a
serine proteinase which is itself first cleaved from the viral polyprotein; this
enzyme then acts to complete processing of the HCV polyprotein.
Enzymatic and structural characterization of the HCV serine proteinase is a
key first step in the development of specific proteinase inhibitors which
may have therapeutic application. Such characterization requires
significant quantities of HCV serine proteinase in an enzymatically active
form. To obtain a cDNA fragment encoding the HCV serine proteinase,
viral RNA was extracted from the serum of infected patients, reverse
transcribed, and amplified using the polymerase chain reaction (PCR). The
resulting fragments were cloned into a plasmid vector, characterized by
DNA sequencing, and after further engineering used to express recombinant
protein in E. coli. Two slightly different proteins, each fused to an N-
terminal Met-His 6 segment, were expressed and purified using a nickel
chelating column. Both proteins were deposited as insoluble inclusion
bodies in E. coli, necessitating the use of a denaturing agent during the
extraction and purification process. To obtain an enzymatically active
product, attempts were made to refold both of these purified, denatured
proteins. Since the precise N-terminus of the HCV serine proteinase was
not known at the time this work began, the first protein was engineered to
give an N-terminus which was reasonable by comparison with other

known serine proteinase enzymes. This protein was used to generate rat



immune sera, but was not tested for catalytic activity, since soon after it was
made new data published by another group showed that our first protein
did not contain the N-terminal 10 residues of the mature serine proteinase.
The second protein was constructed so as to contain the necessary additional
N-terminal residues, and in such a way that the mature N-terminus could
be generated by enterokinase cleavage. This second recombinant protein
was shown to be catalytically active after enterokinase cleavage and
refolding, and generated the expected peptide fragment using a model

synthetic peptide substrate.
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CHAPTER1
INTRODUCTION

1. Hepatitis C Virus - History, Epidemiology and Clinical Features

Hepatitis C virus (HCV) was discovered by Choo et al. (19) using a
purely molecular cloning approach. These investigators constructed a
prokaryotic cDNA expression library from RNA extracted from the plasma of a
chimpanzee infected with non-A, non-B (NANB) hepatitis. By screening their
library with immune serum from patients suffering from NANB hepatitis,I a
single positive cDNA clone was initially isolated. The cloned nucleic acid
fragment was not derived from human DNA (i.e. it gave a negative result when
used to probe Southern blots of human DNA), and it hybridized specifically to
RNA extracted from the plasma or liver of patients suffering from NANB
hepatitis. Thus the original clone appeared to be expressing a virus-specific
antigen and to contain a virus-specific DNA sequence. The DNA sequence of
the cloned fragment was similar to a DNA sequence found in flaviviruses and
pestiviruses, and it was concluded that a fragment from the genome of the
causative agent for NANB hepatitis had been cloned. This agent was renamed
hepatitis C virus (HCV), and subsequently the entire genome of this virus was

cloned and sequenced.

It is now clear that HCV is the predominant, but probably not the sole
etiological agent of a 'catch all' group of diseases which were formerly
described as transfusion associated non-A, non-B (NANB) hepatitis. For the
purposes of this introduction, NANB hepatitis and HCV hepatitis will be used
interchangeably, depending on whether the reference was written before or

after the introduction of the term HCV, and the more refined definition of the
1



disease. In practical terms, older references which refer to transfusion
associated NANB hepatitis are for the most part describing HCV hepatitis.
HCV hepatitis is a parenterally transmitted or in some cases sporadically
acquired disease which is found throughout the world. In 1985 in the United
States, NANB hepatitis (i.e. hepatitis C) accounted for 20 to 40% of cases of
acute viral hepatitis (4). Today HCV appears to be the single most common
cause of acute hepatitis in most western countries. The disease is a well known
complication in the treatment of hemophiliacs with Factor VIII concentrates
and other blood products (23). Other risk factors for infection by HCV include
intravenous drug use, hemodialysis, or receipt of an organ transplant (27).
HCV now accounts for at least 85% of the cases of transfusion-associated

hepatitis worldwide (1).

In addition to the parenteral route, hepatitis C virus appears to be
transmitted by other routes as well. Data from the CDC's Sentinel Countries
Study of Acute Hepatitis showed that in 1987 in the United States
approximately 62% of patients with NANB hepatitis (i.e. HCV) had a
recognized risk factor for the disease (3,5). Predominant risk factors included:
1) a history of intravenous drug abuse (42% of cases), 2) a history of
heterosexual or household contact with a person who had hepatitis, or a history
of heterosexual activity with multiple partners (10%), 3) a history of recent
blood transfusion (5%) and 4) a history of medical or dental employment (5%).
This study showed that approximately 40% of patients presenting with acute
NANB hepatitis had no evident source of infection, and were considered to be
sporadic cases. This suggests that HCV hepatitis can be transmitted by other,

as yet unknown mechanisms.



Infection by HCV frequently (if not universally) leads to persistent
disease, and results in a range of clinical conditions, from an inapparent or
asymptomatic carrier statc, which may persist for life, to severe acute hepatitis,
chronic active hepatitis, cirrhosis, or even hepatocellular carcinoma (HCC; (45)).
After transmission by parenteral or non-parenteral routes, the hepatitis C virus
appears to be specifically located within the liver, since if tissue damage does
occur, it is limited to this organ (13). In parenterally transmi‘*ed NANB
hepatitis (i.e. Hepatitis C ), the mean incubation period from transfusion to the
first elevated liver enzymes (e.g. ALT) was found to range from 2 to 26 weeks,
with a peak of ¢ set between 6 and 12 weeks (24). Interestingly, infections
often remain asymptomatic. When acute illness does develop, it generally
consists of a range «:f symptoms including fever, chills, headache, weakness
and jaundice. Compared with hepatitis B, although the acute course of
Hepatitis C is more likely to be clinically mild (peak ALT Jevels of 200 to 600
Ul/liter) and less commonly icteric (25% of cases) (2,75), individual cases may
be severe and can be clinically indistinguishable from severe cases of hepatitis

A orB.

The hallmark of HCV infection is persistent, chronic hepatitis. This in
turn can lead to cirrhosis and hepatocellular carcinoma (HCC). Approximately
50% of patients with HCV hepatitis eventually develop biochemical and
histological evidence of chronic hepatitis. After only 5 to 10 years of follow up,
25% of patients with chronic NANB hepatitis had developed cirrhosis which
appearcd to be more indolent than alcohol-related cirrhosis (27). Seventy
percent of Japanese patients with HCC have been found to be HCV
seropositive (68). More recent studies have revealed that the high prevalence

(70%) of anti-HCV antibodies in chronic, non-alcoholic, and persistently anti-



hepatitis B negative patients with hepatocellular carcinoma indicates a strong
association between HCV infection and tumor development (17,21,29,49,81,93).
The time interval from transfusion to the clinical presentation of chronic
hepatitis, cirrhosis and hepatocellular carcinoma may be extremely long.
Historically, for NANB hepatitis the mean interval to recognition of chronic
hepatitis was 14 years; to the development of cirrhosis, 18 years; and to the

development of hepatocellular carcinoma, 23 years (49).

Until recently, the only accepted animal model for hepatitis C virus
infection was the chimpanzee. Unfortunately, to date the virus has not been
satisfactorily propagated in any in vitro cell culture system, despite a few
reports of limited successes (38,86). However, recent unpublished reports
suggest that propagation of the virus in vitro in eukaryotic cell lines may be
feasible in the near future (Personal communication, Jonathan Coates, Glaxo

Inc.).

The only available treatment for HCV infection is the administration of
Interferon o. (IFN-0)), which can cure about 30% of patients without signs of
recurrence. Unfortunately this therapy is very expensive, and it is not possible

to predict which patients will respond.
2. Genome Structure and Proteins of the Hepatitis C Virus

The hepatitis C virus genome consists of a 9.4 kilobase (kb) positive-
sense, single-stranded, linear RNA. The viral RNA is complexed with
nucleoproteins and packaged in a lipid envelope. Recently hepatitis C virus
has been assigned to a new, independent genus in the Flaviviridae family. The
life cycle of HCV is not known thus far, partly because no acceptable in vitro
culture system has been established for the virus.

4



cDNA sequence analysis has indicated that the viral genome contains a 5'
untranslated region of 341 nucleotides, followed by a single long open reading
frame (ORF) encoding a precursor polyprotein of 3010 or 3011 amino acids, and
then a 3' untranslated region of variable length (20,47,92). The 5' end of the
viral RNA may contain a 5Me-dG cap structure, and a poly (U) (16,47,69,92,94)
or a poly (rA) (20,36) tract occurs at the 3' end. The genomic organization of
HCV resembles that of the flaviviruses and pestiviruses, with structural
proteins located in the N-terminal region and a variety of nonstructural (NS)
proteins in the C-terminal region of the polyprotein. The deduced amino acid
sequence of some of the HCV-NS proteins suggests that they have significant
sequence similarities to those of other pestiviruses and flaviviruses. The gene
order obtained by analogy with those related viruses, and by in vitro
transcript-ion/translation studies or transient expression assays is 5'-C-E1-E2-

NS2-NS3-NS4A-NS4B-NS5A-NS5B-3' (33,41,96,97) (Figure 1 A).

The functions of all the various HCV proteins are not yet known with
certainty (Table 1). C is a basic protein that binds RNA (84) and is postulated to
be the nucleo-capsid protein. E1 and E2 are envelope glycoproteins. NS2
through NS5B are the viral nonstructural proteins that are proposed to be
responsible for polyprotein processing and viral genome replication. For the
purpose of the present thesis, cleavage of the polyprotein is of particular
significance, since this process generates the mature functional proteins that
replicate the viral genome, and mediate invasion of hepatocytes by the mature

virion.
3. Proteinases Which Act on the Hepatitis C Polyprotein

Both host and viral proteinases are required for processing of the HCV



polyprotein, and these result in at least nine distinct cleavage products (Figure
1 A and Table 1). The signal peptidase present in the endoplasmic reticulum is
responsible for generating the N termini of E1, E2 and possibly NS2 (41). A
novel virus-encoded cis-acting zinc-dependent metalloproteinase is responsible
for the cleavage between NS2 and NS3 (31,42). The viral serine proteinase
derived from the NS3 N-terminal region (Figure 1 B) is responsible for cleavage
at the NS3-NS4A, NS4A-NS4B, NS4B-NS5A and NS5A-NS5B junctions
(7,8,25,32,96).

Analysis of the amino acid sequence of the NS3 polypeptide of HCV
suggesis that this viral protein contains a trypsin-like serine proteinase domain
in the N-terminal region as well as a helicase domain in the C-terminal region
(Figure 1 B) (9). It is not known exactly where the proteinase domain ends and
the helicase domain begins, nor has the isolated proteinase domain been shown
to be active independent of the helicase. The serine proteinase domain

functions in the processing of viral polyprotein as described above.

The active site of any serine proteinase invariably contains three residues:
histidine, aspartate, and serine. These residues maintain the same relative
spatial position in all known structures of these enzymes, and they constitute
the catalytic triad. The histidine imidazole group abstracts the alcohol proton
of the serine and transfers it to the amine-leaving group, while the aspartate
stabilizes the positive charge developed on the histidine in the intermediate
complex (72). The histidine 1083, aspartate 1107 and serine 1165 residues are
highly conserved among all HCV strains sequenced so far (Figure 6) and have
been proposed to constitute the catalytic triad of the HCV proteinase. Using a
transient eucaryotic expression assay (the BHK-21 cell line or the A16 subclone
of the human hepatoma HepG2 cell line co-infected with vaccinia virus-HCV
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recombinants plus vTF7-3 - a vaccinia virus recombinant expressing the T7
DNA-dependent RNA polymerase), Gracoui et al. (32) recovered NS4A, NS4B,
NS5A, and NS5B proteins by immunoprecipitation with HCV region specific
polyclonal rabbit antiserum and human patient serum. These radio-labeled
HCV-specific proteins were separated by SDS gel electrophoresis, transferred to
Immobilon polyvinylidene difluoride membranes, localized by
autoradiography, and sequenced by partial N-terminal amino acid sequence
analysis. From this analysis the NS3 proteinase-dependent cleavage sites were
localized. Sequence comparison of the residues flanking these cleavage sites for
all sequenced HCV strains suggested that the HCV proteinase encoded in NS3
region may have substrate specificity for an acidic residue (Asp or Glu) at the
P6 position, a Cys or Thr residue at the P1 position, and a Ser or Ala residue at
the P1' position (Table 2). Nev rtheless, five additional sites conforming to this
same motif have also been identified from the polyprotein of several HCV
strains (Table 3). So far, no product consistent with cleavage at these sites has
been observed, suggesting that additional factors, such as substrate
conformation, may be involved in determining the cleavage preferences of the
HCV serine proteinase. It may be that the sites which are not cleaved are not

accessible (i.e. they are in the interior of the folded proteins).

Failla and colleagues have suggested that, in addition to NS3, a 33-amino-
acid fragment from the C-terminus of the NS4A protein is required for cleavage
at the NS3-NS4A and NS4B-NS5A sites. Furthermore, this fragment apparently
accelerates the rate of cleavage at the NS5A-NS5B junction. Thus, NS4A
supplied in trans apparently activates the NS3 serine proteinase (26). Most

recently Lin et al. reported that NS4A appears to be absolutely required for



trans-cleavage at the NS4B-NS5A sites, but it is not an essential cofactor for

HCV serine proteinase activity (57).
4. General Approaches to Expressing Recombinant Proteinases in E. coli
a) Systems for Expressing Recombinant Proteins in E. coli

Since 1976, biotechnology has become a reality as the methodologies for
DNA cloning, oligonucleotide synthesis, and gene expression have been
perfected so *hat virtually any protein can now be expressed from recombinant
DNA. The popular expression systems include the bacteria E. coli and Bacillus
subtilis, yeast, and cultured insect and mammalian cells. Bacterial cells offer
simplicity, short generation times, and large yields of product with low costs.
These characteristics, coupled with a long history of use in genetics and 18
years of applicition in recombinant gene expression, have established E. coli as

the leading host for expression of genetically engineered proteins.

A number of E. coli expression systems have been developed since 1976.
The most popular of these are all based on inducible expression, and use a
variety of promoters including: 1) the T7 RNA polymerase/T7 promoter
system, ™) ~.iage A regulatory sequences, 3) the lac Z or trp E promoters, or a
hybrid " these, (i.e. the tac promoter, which is also regulated by the lac
repressor) (82,91). Several vector systems, such as the pUR series of plasmids
(79) and pMR100 (35), use the lac promoter to drive expression of lac Z fusion
proteins. Both pUR and pMR100 vectors are thus IPTG inducible.

The pSKF and pEX series of vectors utilize bacteriophage A regulatory
signals, for example the powerful pi, promoter in pSKF vectors and the pgr

promoter in pEX vectors. In these systems, gene expression is induced by



rapidly increasing the temperature to 42°C. The taajor advantage of using
phage regulatory signals is that they are more tightly regulated (but see below)
and the induced expression is highly efficient. The major disadvantage of this
type of vector is that the increase in temperature induces a variety of
endogenous keat shock proteins including several with strong proteolytic
activities, in addition to inducing expression of the recombinant protein. The
phage A, lac Z, trp E and tac promoters all rely on E. coli RNA polymerase for
their transcription. Unfortunately, these promoters are always "leaky”. This
means that a small amount of fusion protein is constantly being made, which if
it is toxic will kill all expressing cells. For example, cells that are making
recombinant protein due to basal expression will be lost during an overnight
growth, and the culture (or colony) will be overtaken by cells containing either
no plasmid or mutations ti:«t prevent the recombinant protein from being
expressed. This can happen even at the DNA subcloning stage, during the
plating of transformations, and mapping of the plasmid minipreps, and well

before any attempts to actually express the protein of interest.

To overcome the problems of promoter "leakiness" during the initial
DNA cloning steps, the T7 RNA polymerase system was developed (90). It
puts expression of the recombinant gene under the control of a T7 promoter,
which is only active when bacteriophage T7 RNA polymerase is present. This
approach has a number of advantages: 1) T7 RNA polymerase is a very active
enzyme-- it synthesizes RNA at a rate several times that of E. coli RNA
polymerase, and in a very processive way (For example, transcription can
'circumnavigate' a plasmid more than once, resulting in RNA transcripts
several times the unit length of the plasmid, although this is not an advantage

in terms of protein expressior}. 2) The T7 promoter is not recognized by E. coli



RNA polymerase, therefore no basal expression is possible so long as no T7
RNA polymerase is present (i.e. there is no promoter 'leakiness’ in the ordinary
E. coli host). 3) T7 RNA polymerase is highly selective for initiation at its own
promoter sequence, and does not initiate at any site on the E. coli DNA. 4) T7
RNA polymerase is resistant to antibiotics such as rifampicin which inhibit E.
coli RNA polymerase, so that the addition of rifampicin to cells that are
producing T7 RNA polymerase results in exclusive expression of only those

genes which are under control of the T7 promoter.

Expression of recombinant lac Z or trp E fusion proteins in E. coli has been
widely used for antigen production. For example, the pATH vectors (51)
express trp E fusion proteins under the tac promoter. An advantage of
producing usion proteins is that the B-gal or trp E moiety can be used as a
means of .uentifying the recombinant protein (e.g. on Western blot).
Antibodies directed against the B-gal or trp E protein domain can also be used
for affinity purification of the fusion protein. However, a potential problem in
using fusion proteins for biochemical analysis is that the properties of the
native protein may be significantly altered due to the inclusion of the foreign

residues encoded by the E. coli protein.

A number of more modern fusion protein expression systems have also
been developed to allow affinity purification of recombinant proteins. Four
examples are included here for illustration. 1) The maltose-binding protein
(MBP) vectors, such as the pMAL vectors (New England Biolabs, Beverly, MA),
which allow for the expression of a cloned gene fused to the C-terminus of MBP
encoded by the mal E gene of E coli. This method uses a strong, inducible tac
promoter and the mal E translation initiation signal to give high level
expression. Affinity purification of non-denatured protein is accomplished by
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passing the fusion protein over an amylose resin (binds the MBP) and eluting
with maltose (48). 2) The glutathione-S-transferase (GST) vectors (e.g. pGEX
vectors (88)), use a tac promoter to express recombinant proteins as fusions
with the C-terminus of glutathione-S-transferase (GST) from Schistosoma
japonicum. Fusion with GST may help to make the recombinant protein more
soluble, and allows it to be purified under nondenaturing conditions by
absorption onto glutathione-agarose beads. Recombinant protein is eluted with
glutathione, which can then be dialyzed away. 3) The flag vectors, such as
pFLAG (Kodak, IBI, New Haven, CT), allow the expression, detection, and
purification of a protein encoded by a cloned gene by fusing it to the C-
terminus of the FLAG octapeptide DYKDDDDK. This system uses an
inducible tac promoter and an omp A transcription initiation signal to drive
gene expression. Ideally the omp A signal sequence (at the extreme N-terminus)
produces a periplasmic fusion protein which can be purified by affinity
chromatography over a column which has the murine anti-FLAG monoclonal
antibody covalently attached to agarose. Binding of FLAC to the monoclonal
antibody via the DYKD residues is critically dependent on the presence of Ca2+,
and recombinant protein can be eluted with a Ca?* chelator such as EDTA. 4)
The polyhistidine fusion system, such as the pET-14b to pET-23a vectors
(Novagen, Inc. Madeson, WI) and the pBlueBacHis vector (Invitrogen
Corporation, San Diego, CA). These systems express the recombinant protein
as a fusion with six consecutive histidines, either at the C- or N-terminus. The
poly-His 'tag' has a high affinity for immobilized metal ions, typically Ni2* or
Cu?2* ions, on a soiid phase chelating resin. Host cell proteins do not bind
tightly to the nickel resin and can be easily washed away, and the purified
recombinant protein can then be eluted either with a low pH buffer under

denaturing conditions or with an imidozole gradient under native conditions
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(44). More recently, E. coli thioredoxin fusion proteins (55) and E. coli Gro EL
(heat-shock protein 60) (54) fusion proteins have been made. These fusions
may provide some advantage in efficient re-folding of the overexpressed

recombinant protein domains.

When a recombinant protein is to be used in a biochemical or biological
experiment, in addition to its purity the authenticity of the protein's function
(e.g. enzymatic activity, biological activity) is very important. To achieve this,
proteins expressed as fusions may require cleavage away from the non-native
affinity 'tag’, using a highly specific proteinase. The proteinases commonly
used for this purpose include Factor Xa, thrombin, and enterokinase. Each of
them recognizes and cleaves one particular peptide sequence: IEGR! for Factor
Xa, LVPRIGS for thrombin, and DDDDKJ{ for enterokinase. Factcr Xa and
enterokinase cleave at the C-terminus of the recognition sequence, so that the
authentic N-terminus of the protein is released, providing that the protease
cleavage site is fused at the proper point in the recombinant construct. The
cleavage of thrombin is within the recognition sequence, and it leaves two extra
residues attached to the target protein when fused at the N-terminus. Efficient
recovery of intact, authentic proteins is obtaine.’ using cleavage with

enterokinase (FLAG™ Biosystem catalogue, IBI, New Haven, CT, and Figure 2).
b) (His)e Affinity Purification System

In 1975 Porath and co-workers introduced immobilized metal ion affinity
chromatography for the purification of peptides and proteins (73). The
principle of this technique is based on the coordination between the electron
donor groups or. a peptide surface and immobilized transition metal ions such

as Ni2+, Cu2+, or Zn¢+. The predominant electron donor groups are histidine
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residues which are present on a protein surface (39). The apparent dissociation
constant pK; (imidazole) of histidine is 5.97. At neutral pH (pH7) more than
91% of the imidozole residues are unprotonated (44). Therefore the histidine
residues in a protein are most likely to form stable coordination bonds with
metal chelates at neutral or slightly alkaline pH. In 1990, Hochuli used genetic
engineering to add a (His)s affinity tag to the C-terminus of mouse
dihydrofolate reductase (DHFR). The fusion protein was expressed in E. coli
and successfully purified from inclusion bodies using a Ni2+*-nitrilotriacetic acid
adsorbent (Ni2+-NTA adsorbent) column under denaturing conditions (6 M
guanidine hydrochloride). In the same series of experiments, a (His),
tag/DHER fusion protein was purified by passage over the same column under
native conditions (44). This method has now become a widely accepted and
routine technique for purifying recombinant proteins. After loading the cell
extract onto a Ni2*-NTA column, proteins binding nonspecifi ally to the
column are washed away with extraction buffer and wash buffer. Elution can
then be carried out at a constant pH by ligand exchange (using a gradient of 0
to 200 mM imidazole ), or by changing the pH in a linear or stepwise fashion.
In the case of pH gradients, the imidazole residues of the histidines become
protonated as the pH decreases, and this reverses their capacity to bind to the

immobilized metal ion.

The (His)g tag/Ni2+-NTA affinity column approach offers a simple, quick,
and effective method for purifying recombinant proteins. This system is
especially well suited for the purification of those proteins which aggregate in
the form of inclusion bodies when overexpressed in bacteria. Such proteins
require denaturing conditions to dissolve, but with Ni2*-NTA, purification is

still possible in the presence of the denaturant (e.g. 8 M urea or 6 M guanidine
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hydrochloride). Another advantage of the (His)s tag over maltose-binding
protein (MBP) and glutathione-S-transferase (GST) ﬁrotein fusions is that the
affinity tag is relatively small in size. If each of the fusion proteins accumulates
to the same level, say 5% of the total cellular protein, then the total quantity of
authentic protein (i.e. after removal of affinity 'tag’) obtained from the (His)s
system will be significantly more than that from the MBP or GST systems.
Although the FLAG fusion protein system also has this advantage, it requires
an expensive and relatively delicate antibody column constructed from a
murine anti-FLAG monoclonal antibody covalently attached to agarose.
Unfortunately, this antibody column also binds some unrelated E. coli proteins
(author's unpublished data). The Ni2*-NTA adsorbent columns are, on the
other hand, relatively inexpensive and more robust, and they can be

regenerated and reused multiple times (44).
¢) Active Viral Proteinases Which Have Been Expressed in E. coli

Many viruses encode proteinases for the post-translational processing of
virally encoded proteins or polyproteins. The expression and purification of
active recombinant viral proteinases allows for biochemical characterization of
those enzymes and can lead to a better understanding of viral replication.
Biochemically pure proteinases can be used to screen for specific inhibitors of
those enzymes which might be effective as antiviral compounds. Several
virally encoded proteinases have been successfully expressed in an active form
in Escherichia coli. Active 3C encoded hepatitis A virus (HAV) proteinase was
over-expressed in E coli and biochemically characterized, and the active site
cysteine residue identified through site-directed mutagenesis (60). Poliovirus
3C proteinase has also been expressed in E. coli , purified, and its specific
cleavage éctivity on natural and synthetic peptide substrates characterized
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(67,71). Human rhinovirus 3C proteinase was similarly cloned and expressed

in an active form (50,56).

Active recombinant human immunodeficiency virus 1 (HIV-1) proteinase
(an aspartylproteinase) from E. coli has contributed to our understanding of the
enzyme and its role in the viral life-cycle (11,12,58,63,64,76). Recently, efficient
processing of the N52-NS3 junction of the HCV polyprotein has been observed
using the cis-acting NS2-NS3 encoded Zn?* dependent HCV metalloproteinase
expressed in E coli (31). By the time this thesis was completed, self-cleavage of
HCV NS3 in E. coli using a construct which contained adjacent parts of NS2 and
NS4 had also been reported (100).

5. Assays for Proteinases Using Peptide Substrates

The use of synthetic peptides as substrates to assay for proteinase activity
is a widely accepted method. This approach has been used to assay viral
proteinase activity, including recombinant proteinases expressed in E. coli. For
example, it has been applied to studiez of the HAV 3C proteinase (60), the
peliovirus 3C proteinase (67,71), the human rhinovirus 3C proteinase (50,56),

and the HIV proteinase (11,12,64,76).

Several methods for quantitative determination of peptide cleavage by
proteinases have been described, including: 1) colorimetric assays using 2,4,6-
trinitrobenzenesulfonic acid (TNBS) (11,60,70,85), 2)HPLC analysis (12,64), 3)
thin-layer electrophoresis (TLE) (52), 4) continuous spectrophotometric
monitoring (66,78,95), 5) radiometric assays (10,99), and 6) fluorometric
methods (28,43,62). The colorimetric assay uses 2,4,6-trinitrobenzenesulfonic
acid (TNBS) to detect the primary amino groups generated by cleavage of
terminally blocked peptide substrates. The reaction of an exposed primary
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amino group with TNBS yields a yellow-colored product which has a peak
absorbance near 340 nm or 420 nm (70,85). This method provides a high
capacity assay for enzymes and can be performed on microtiter plates ‘n a fast,

simple and discontinuous fashion.
6. Research Goals and Rationale

Clearly, more work needs to be done in order to characterize the HCV
trypsin-like serine proteinase encoded in the NS3 region. Thus far, analysis of
this proteinase has been carried out mainly in cell-free transcription/translation
systems, and in transient expression systems in eucaryotic cells { e.g. using
recombinant vaccinia virus). In addition to bicchemical and enzymatic
characterization, it would be useful to overexpress catalytically active HCV
serine proteinase in E. coli in large quantities for a number of other reasons. (1)
It would allow the generation of immune serum to enable the establishment of
convenient, sensitive, and reproducible assays such as immunostaining,
immunoprecipitation, and ELISA to detect the protein in vitro and in tissue
samples, (2) Should sufficiently high expression levels be obtained,
crystallization and X-ray diffraction analysis could be attempted. A structure
solution would shed light on the properties of the catalytic site and the
structural basis for the substrate specificity of the enzyme. This structural
information could also be used to help design optimal peptide-based or other
inhibitors. (3) It would facilitate the screening of non-peptide-based and
peptide-based inhibitors. Once initial non-peptide or peptide-based inhibitors
have been identified, medicinal chemistry, peptide modification strategies, etc.
can be applied to enhance the activity and specificity of the inhibitors as well as
optimizing their pharmacological properties. Such compounds could
potentially be used in antiproteinase therapy for hepatitis C virus infections.
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This project was designed at the outset to focus on the cDNA cloning and
overexpression in E. coli of catalytically active HCV serine proteinase and on

the generation of polyclonal, mono specific immune serum against the protein.
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CHAPTERII
MATERIALS AND METHODS

(I) REAGENTS

Restriction enzymes and DNA modifying enzymes were purchased from
New England Biolabs (Mississauga, ON), Boehringer Mannheim (Laval, PQ),
GIBCO BRL (Burlington, ON) or Pharmacia (Baie d'urfé, PQ) and were used as
recommended by the manufacturers; AMV super reverse transcriptase (SRT)
was from Molecular Genetic Resources, Inc. (Tampa, FL); RNasin®
ribonuclease inhibitor was from Promega/Fisher (Edmonton, AB);
Sequenase™ version I and version II were from USB/Amersham (Oakville,
ON); Thermus aquaticus DNA polymerase was produced in house (Engelke et
al. 1990); Pyrococcus furiosus DNA polymerase was from Stratagene (PDI,
Mississauga, ON); Deoxynucleotides were from Pharmacia (Baie d'urfé, PQ).
Oligonucleotides used in the amplification of the target DNA / site directed
mutagenesis by polymerase chain reaction (PCR) were synthesized in our
laboratory on a 391 DNA synthesizer (Applied Biosystems, Mississauga ON)
using chemicals from Applied Biosystems or Glen Research (BIO/CAN
Scientific, Mississauga ON). Peptide synthesis regent (Fmoc-L-amino acids)

were from BACHEM Bioscience (Philadelphia, PA).

Radioactive chemicals were purchased from Du Pont {(Markham, ON) or

Amersham (Oakville, ON).

ProBond™ resin was purchased from Invitrogen (San Diego, CA);
Immobilon™ PVDF transfer memberane was from Millipore (Bedford, MA);

Spectra/Por® 1 Molecularporous Dialysis Membrane (MWCO: 6,000-8,000) was
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from Spectrum® (Houston, TX); Plasmid Maxi Kit was from QIAGEN
(Chatsworth, CA); BCA Protein Assay Reagent was from PIERCE (Rockford,
IL); Complete and incomplete Freund's adjuvant was from GIBCO®

Laboratories Life Technologies, Inc. (Burlington, ON).

Buffer and other reagent chemicals were purchased from Sigma (ST.
Louis, MO), BDH (Toronto, ON), Bio-Rad (Mississauga, ON), GIBCO BRL
(Burlington, ON); Applied Biosystems (Mississauga, ON), Millipore (Toronto,
ON) or ICN (Mississauga, ON) and were the best quality available.

pBluescript® plasmids are described by Short et al. (87). The expression
plasmid pT7-7 was obtained from S. Tabor (Harvard University) (90). The
DNA sequence of the pT7-7 polylinker cloning sites was determined to be 5'-
ATATACATATGGCTAGAATTCGCGCCCGGGGATCCTCTAGAGTCGACCT
GCAGCCCAAGCTTATCGATGATAAGCTGTCAAAC-3', with translation
starting signal at 5' most ATG. Using standard DNA manipulation methods
(82), we constructed the expression plasmid pT7-7His6 by inserting the
sequence 5-CATATGCACCACCACCACCACCACCTGGTTCCGCGTGGTTCC
GGAATTC-3' in between the Nde I and Eco Rl sites of the polylinker.

Bacterial E. coli strain DH5a. is endA1 hsdR17 (rx- mg*+) supE44 thi-1 recAl
gyrA (Nalr) relA1 AdaczyA-argF) U169 deoR ($80dlacA(lacZ)M15); BL21(DE3) is F-

ompT rg"mp; As a B strain, it is also deficient in the lon proteinase.

Experimental animals were provided by University of Alberta Health

Sciences Laboratory Animal Services.
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(II) GENERAL METHODS
(1) Gel electrophoresis
(a) SDS PAGE

SDS PAGE is a well established method (53). Here described is the

specific protocol used throughout this project.

For a final volume of 20 ml of 15% separating gel solution: 10 ml 30%
s zylamide and 0.8% N,N'-methylenebisacrylamide (8 ml for 12% separating
gel solution and 2 ml HyO added to adjust the volume) was mixed with 10 ml
0.75 M Tris-HCI (pH8.8) 0.2% SDS, 0.1 ml 10% ammonium persulfate and 13 pl

TEMED to initiate polymerization.

For the stacking gel: 4.25 ml 0.134 M Tris-HCl (pH6.8) mixed with 0.75 ml
30% acrylamide and 0.8% N,N'-methylenebisacrylamide stock solution, 0.1 ml

10% ammonium persulfate and 6 pl TEMED to initiate the polymerization

Ten times (10X) concentrated SDS polyacrylamide gel electrophoresis
buffer was made by dissolving 120 g Trisma base, 570 g glycine and 40 g SDS in
H,0 to a final volume of 4 L. This was diluted ten times to make the working

solution.

The protein samples were prepared in 50 mM Tris-HCI (pH6.8), 100 mM
dithiothreitol (DTT), 2% SDS (electrophoresis grade), 10% glycerol, and 0.1%
bromophenol blue and boiled for 5 minutes or more, then spun for 15 to 20
minutes in a micro centrifuge at 14,000 Xg to bring down any undissolved
matter before being applied to the gel. Visualization of the proteins in the gel

was achieved by staining the gel in 0.25% Coomassie Brilliant Blue R250, 50%

20



methanol and 10% acetic acid, and then destaining the gel to reduce the

background with 10% acetic acid and 10% methanol.
(b) Agarose gel electrophoresis

Non-denaturing agarose gels buffered by Tris-borate-EDTA (TBE) were

prepared and used in electrophoresis according to standard methods (82).
(c) DNA sequencing gel electrophoresis

Denaturing polyacrylamide gels containing 8 M urea buffered by Tris-
borate-EDTA (TBE) were prepared and used as follows: for 100 ml of 8% gel, 50
g urea dissolved in 30 ml of distilled water was well mixed with 20 ml of 38%
acrylamide/2% N,N'-methylenebisacrylamide stock solution. The solution was
adjusted to 95 ml with distilled water and filtered through a 0.22 um filter.
Ammonium persulfate (1 ml 10% w/v solution) was added, and then 40 ul
TEMED to initiate polymerization. The gel was cast using 0.4 mm spacers and
a shark’s tooth comb, and allowed to polymerize for at least 2 hours before
mounting on a home-made or GIBCO/BRL (Burlington, ON) S2 sequencing gel
electrophoresis apparatus. After sample loading, the gel (dimensions 30 X 40
cm) was run for 2-4 hours at 60 watts constant power using a ECPS 3000/150
power supply (Pharmacia). The gel was soaked in 10% acetic acid/10%
methanol solution for 15 minutes to remove urea, dried at 80°C under vacuum
on a slab gel drier (Hoefer Scientific Instrument, San Francisco, CA) and
exposed 17 hours to ¥odak X-ray film (XAR-5) at room temperature before

developing.
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(2) Preparation of Plasmid DNA and single stranded phagmid DNA
(a) Mini-preparation of plasmid DNA by the alkaline lysis method

Glass culture tubes containing two miilliliters of 2XYT medium (82), 10
mM Tris-HCl (pH7.5) and supplemented with the appropriate antibiotic (e.g.
100pg/ml ampicillin) were inoculated with a single isolated bacterial colony
and grown at 37°C overnight on a roller wheel at top speed. About 1.5 ml of
the overnight culture was transferred into a Eppendorf tube and centrifuged
for one minute to collect the bacterial cells. The pellet of the bacterial cells was
drained well and resuspended completely in 100 pl of 50 mM glucose, 10 mM
EDTA, 25 mM Tris-HCI (pH8.0). It was gently mixed with 200 pul of freshly
prepared 0.2 M NaOH and 1% SDS and left on ice for 5 minutes. The solution
was neutralized by adding 150 pl of 3 M potassium acetate (pH4.8), left on ice
for 5 min., and pelleted 15 min. at 4°C in a microfuge. The supernatant was
transferred to a fresh tube and the plasmid DNA precipitated with an equal
volume of isopropanol. The pellet was resuspended in 400 pl of 50 mM Tris-
HCI (pH8.0), 150 mM NaCl and treated with RNase A (10pg/ml) at 37°C for
one hour. The plasmid solution was extracted with an equal volume of phenol,
followed by an equal volume of phenol/chloroform (1:1/v:v), and then
chloroform alone before precipitation using one-tenth volume of 3.0 M sodium
acetate (pH5.2), 2.5 volumes of 95% ethanol and chilling to -20°C. The plasmid
DNA was collected by centrifugation (15 min., at 4°C in micro centrifuge),
rinsed with cold 70% ethanol (stored at -20°C) and dried under vacuum before

being redissolved in Tris EDTA (TE).
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(b) Maxi-preparation of plasmid DNA by QIAGEN Maxi Kit

Maxi-plasmid preparation using QIAGEN Maxi Kits was performed

according to the manufacturer's protocol.
(c) Maxi-preparation of plasmid DNA by CsCl method

For each plasmid, 500 ml of 2XYT medium, containing 10 mM Tris-HCl
(pH?7.5) and supplemented with the appropriate antibiotic was inoculated with
a 2 ml overnig iv, bacterial culture grown from a single isolated colony carrying
the plasmid of interest. After overnight incubation at 37°C with vigorous
shaking in an air shakez, the bacterial cells were pelleted by centrifugation in a
1 L centrifuging bottle (3,500 Xg for 30 min.). The cell pellet was drained well,
and resuspended in 7.5 ml of 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl
(pH8.0). This was transferred to a fresh 250 ml centrifuging bottle, followed by
a 5 ml rinse of the 1L bottle with the same buffer. The rinse was added to the
same 250 ml bottle, and resuspended cells were gently mixed with 25 ml of
freshly prepared 0.2 M NaOH, 1% SDS and left on ice for 10 minutes. The
mixture was neutralized by adding 19 ml of 3.0 M potassium acetate (pH4.8),
shaken vigorously, and then left on ice for 10 minutes. The cell debris was
spun down (10,000 Xg, 4°C, 30 min.), and the supernatant prured into a new
bottle through 4 layers of cheesecloth. The crude plasr:id DNA was
p: xci itated by adding 35 ml isopropanol, mixing at room temperature, and
centrifuging at 15,000 Xg, 4°C for 30 min. The drained DNA pellet was rinsed
with 70% ethanol, drained well, and resuspended in 8 ml TE (pH8.0). 8.62 gram
CsCl and 0.8 ml of 10 mg/m] ethidium bromide were added and the contents
were mixed till the salt dissolved. The sample was centrifuged at 4,600 Xg for

10 minutes at room temperature and the supernatant was transferred into a

23



labeled quick-seal tube with a pasture pipette. The tube was filled, balanced,
heat sealed, and spun overnight (> 16 hours) at 60,000 r.p.m. 20°C in an 80 Ti
fixed angle rotor (Beckman). The plasmid DNA band was harvested with a
syringe and a 16 gauge needle and extracted 6 times with water saturated n-
butanol to remove ethidium bromide. The DNA solution was diluted with 2.5
volumes of TE, brought to 0.3 M sodium acetate, and precipitated with an equal
volume of isopropanol overnight at -20°C followed by centrifugation (5,500 Xg,
4°C, 30 min.). The pellet was rinsed with 70% ethanol, redissolved in 400 ul TE
and extracted twice with phenol, twice with phenol/chloroform ( 1:1 /v:v ) and
twice with chloroform containing 4% iso-amy! alcohol. The plasmid DNA was
adjusted to 0.3 M sodium acetate, precipitated with 2.5 volumes 95% ethanol,
rinsed with 70% ethanol and vacuum dried in a speedvac for 3 minutes before

dissolving in TE.
(d) Preparation of single stranded DNA template

Two culture tubes each containing 2 ml 2XYT/MT medium were
inoculated with 0.2 ml/tube of a fresh overnight culture of E. coli TG2
containing the plasmid to be sequenced. They were grown at 37°C on a roller
wheel for one hour, and then 0.2 ml helper phage R408 (5 X 10! pfu) was
added to each tube and the cultures were alliiwved to grow at 37°C on a roller
wheel for 6 to 8 hours with vigorous aeration. Cultures were distributed to
three Eppendorf tubes and pelleted in a microfuge at 4°C for seven minutes.
The supernatants were transferred to fresh tubes and centrifuged again at 4°C
for 12 minutes. The supernatants were transferred to fresh tubes, and the phage
precipitated by adding 0.3 ml of 20% polyetheleneglycol (PEG 8,000), 2.5 M
NaCl, mixing welil, and storing on ice for 15 minutes. The phage was collected
by centrifugation at 4°C in a microfuge for 15 minutes. Phage pellets were
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resuspended in 233 pl TE, pooled into a single tube, and extracted two times
with phenol, two times with phenol/chloroform ( 1:1 /v:v ) and two times with
chloroform containing 4% iso-amyl alcohol. The single stranded DNA was
precipitated by adding 60 pl 3 M sodium acetate, and 2.5 volumes of ethanol.
Tubes were stored on powdered dry ice for 12 minutes before centrifuging at
4°C in a microfuge for 15 minutes. The single stranded DNA pellet was rinsed
with 1 mi of 70% ethanol, dried in a speedvac, and resuspended in 50 pl sterile
Milli Q water. The yield and purity of the single strand DNA template was
determined by electrophoresis on a 0.7% nondenaturing agarose gel, with
helper phage alone as a control. Single-stranded DNA templates were stored at

~70°C prior to DNA sequencing.
(3) DNA sequencing reactions

Single strand DNA sequencing reactions were performed according to
the manufacturer's "Protocol For DNA Sequencing With Sequenase® Version
2.0" (USB, Cleveland, Ohio). Double strand DNA sequencing reactions were
performed as described (Cullmann et al. 1993).

(4) Isolation of viral RNA

This protocol is adopted from Chomczynski and Sacchi (18). Fresh serum
from patients infected with hepatitis C virus was mixed thoroughly with three
volumes of total RNA extracting solution (2 M guanidium isothiocyanate, 13
mM sodium citrate pH7.0, 0.5% sarcosyl, 0.1 M B-mercaptoethanol, 0.1 M
sodium acetate pH4.0, and 50% water saturated phenol). Chloroform (0.2
volumes) was added and thoroughly mixed for 30 seconds, the solution was
cooled on ice for 15 minutes, and then centrifuged at 10,000 Xg, 4°C for 20

minutes. The aqueous phase containing RNA was transferred to a fresh tube, 5
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ul carrier polyacrylamide (100 mg/ml non-cross-linked but polymerized
acrylamide in TE) was added followed by one volume of isopropanol. The tube
was placed at -20°C for 1 hour or overnight to precipitate the RNA, and this
was harvested by centrifugation at 10,000 Xg, 4°C for 20 minutes. The resulting
RNA pellet was rinsed in 75% ethanol, drained well, and dissolved in 0.3 ml
0.1% SDS, 2 mM EDTA. This was transferred into a 1.5-ml Eppendorf tube, and
precipitated with 0.3 M sodium acetate pH5.2 and 3 volumes of 95% ethanol.
After centrifugation in an Eppendorf centrifuge for 15 minutes at 4°C, the RNA
pellet was rinsed twice with 75% ethanol, vacuum dried, and dissolved in
desired buffer (0.1% SDS, 2 mM EDTA or DEPC treated autoclaved milli Q

vrater containing 1 unit/ml RNasin).

(5) Reverse transcription-polymerase chain reaction (RT-PCR) and DNA

cloning

One quarter of the total RNA prepared from 5 ml of hepatitis C patient
serum was mixed with the oligonucleotide primer HCV-NS3-2A: 5'-
TT(A/G)GT GCTCTTGCCGCTGCC-3' in water in a total volume of 15 ul. It
was heated at 100°C for 5 minutes and then allowed to cool at room
temperature for 20 minutes. The sample was combined with 0.05 units RNasin,
reverse transcription buffer (25 mM Tris-HCl pH8.8 [pH8.2 at 42°C], 25 mM
KCl, 3 mM MgCly), 0.1 mM each dNTPs, 20mM DTT and 0.02 unit AMV super
reverse transcriptase. The reaction was incubated at 42°C for 90 min. and then
terminated by heating the sampie for 10 minutes at 68°C. The RT reaction (2
ul)was added to a 50 pl reaction and amplified through 36 cycles of polymerase
chain reaction (PCR) (80). The PCR reaction contained 50 mM KCl, 10 mM Tris-
HCl [pH8.3 at room temperature}, 1.5 mM MgCl, 0.01% gelatin, 200 uM each

of dNTPs and 0.5 pg each of the primers HCV-NS3-B: 5'-
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ACCGCGGCGTGTGGGGATATCATC-3' (5' end primer) and HCV-NS3-2A: 5'-
TT(A/G)GTGCTCTTGCCGCTGCC-3' (3' end primer). Denaturing was at 94°C
for 1 minute, primer annealing at 50°C for 90 seconds, and elongation at 72°C
for 2 minutes. The primers were designed to anneal to relatively conserved
regions of the sequence which bracket the putative serine proteinase (see
results, Figure 3). The PCR reactions were analyzed by non-denaturing agarose
gel electrophoresis and ethidium bromide staining. The resultant bands of the
expected size were amplified again through 25 cycles of PCR. The amplified
DNA fragments were blunted using the Klenow fragment of E. coli DNA
polymerase I, and cloned into the Eco RV site of the plasmid pBluescript® KSt+.

Clones were verified by DNA sequencing using the dideoxy method (83).
{6) Construction of expression plasmids

Standard methods were used for recombinant DNA manipulations (82).
Subclones containing DNA fragments from the PCR amplifications were in all
cases verified by nucleotide sequence analysis. The PCR reactions (total
volume 50 pl) were performed with 1 pg of each primer, 2.5 units of Pfu
polymerase (Stratagene), 20 mM Tris-HCI (pH 8.2), 10 mM KCl, 6 mM
(NH4),504, 2 mM MgCly, 0.1% Triton X-100, 500 ng nuclease-free BSA, 100 pM
dNTPs, 5% DMSO, and 10 ng of template DNA from plasmid HCV #6. Each
PCR involved 25 cycles of amplification, with denaturing at 95°C for 90
seconds, elongation at 74°C for 2 minutes, and annealing for 2 minutes (48°C

for the first 5 cycles, then 60°C for the remainder).

For the construct pT7-Hg/HCVP (Figure 7), a DNA fragment containing
the putative HCV serine proteinase beginning at the HCV polyprotein residue

1037 and ending at 1221 was constructed using the following primers:
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5'-GGAATTCGGGGCCTCTTGGGATGCATAAT-3' (§' primer) and 5-TCTCTG
TCGACTCACTGGGGCACTGCTGGTGG-3' (3' primer). These primers added
an 'in frame' Eco Rl site at the 5' end and a stop codon followed by Sal I site at
the 3' end of the DNA. The PCR fragment was inserted into the Eco RI and Sal 1
sites of pT7-7His6 (Figure 8) after digestion of both the DNA fragment and the

vector with the appropriate restriction enzymes.

The construct pT7-H6/HCVPfix was nearly identical, but included
additional 5' nucleotides from HCV, so as to encode the actual N-terminal
sequence of the HCV serine proteinase which was discovered during the course
of this project (32). The pT7-H6/HCVPfix construct encodes polyprotein
residues 1027 to 1221. It was constructed by PCR engineering in the same way
as was pT7-Hg/HCVP, using HCV#6 plasmid DNA for the starting template
and using the same 3' oligonucleotide primer but a different 5' oligonucleotide
primer (sequence 5-GGAATTCGCGACGACGATGACAAGGCACCCATTA
CGGCGTATGCCCAGCAGACAAGGGGCCTCTT-3'). The 5' primer was
designed to engineer an 'in frame' 5' Eco Rl site followed by a short segment of
DNA encoding an enterokinase cleavage sequence. This was positioned in
such a manner that cleavage of the protein by enterokinase would free the
actual N-terminus of the HCV serine proteinase (i.e. Alanine 1027). The
oligonucleotide also corrected the single base (dC) deletion mutation at
position 1033 which was present in our original clones HCV #5 and #6 (see

results).

Constructs pT7trx/HCVP and pT7trx/HCVPfix were constructed by
placing the E. coli thioredoxin A coding sequence 'in frame' between the Nde 1
and Eco RI sites of pT7-H6/HCVP and pT7-H6/HCVPfix. The thioredoxin A
gene was obtained by PCR amplification of E. coli strain K 12 genomic DNA
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using the primers 5-TCTCTCATATGAGCGATAAAATTATTCAC-3' (5
primer) and 5-GGAATTCCCTTGTCATCGTCATCACCAGAACCAGAACCG
GCCAGGTTAGCGTCGAGGAA-3' (3' primer). The amplified fragment
contained a Nde I site at the 5' end, and an enterokinase site follow by an 'in

frame' Eco Rl site at the C-terminal end of the thioredoxin A.
(7) Expression of protein in Escherichia coli

Overexpression of recombinant proteins in E. coli using the pT7 system is
a well established method as described by Studier et al. (89). The protocol used

in this project is described below.
(a) Preliminary assays for expression

A 13 X 100 mm culture tube containing 5 ml of 2XYT medium and 100
pg/ml ampicillin was inoculated with a single isolated BL-21 (DE3) colony
carrying the pT7-HCV serine proteinase recombinant plasmid to be expressed.
Cultures were grown at 37°C on a roller wheel until the ODggo reached 0.7. A1
ml aliquot of the culture was mixed with 200 pl of autoclaved 50% glycerol,
frozen on powdered dry ice, and stored at -70°C. A second 1 ml aliquot of the
culture was pelleted for 1 minute in a micro centrifuge and the cell pellet stored
on ice to provide the t=0 sample. 1.5 ml of the culture was transferred to a new
tube and induced with IPTG at a final concentration of 0.4 mM. The remaining
1.5 ml of the culture continued to be grown but without induction. Both
induced and non-induced cultures were grown on the roller wheel at 37°C for
an additional 3 to 4 hours, and then equivalent numbers of cells (i.e. ODggo
equivalents) as were obtained in the t=0 sample were spun down from both

cultures. The drained cell pellets were resuspended in 50 pl of 10 mM Tris-HCl
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(pH8.0), 1 mM EDTA containing lysozyme (0.7 mg/ml), and then subjected to

three cycles of freeze-thawing before being processed for SDS-PAGE analysis.
(b) Large-scale protein expression

To express the protein, 2 ml overnight culture grown from a single
isolated colony was used to innoculate a 1L culture flask containing 500 ml of
2XYT medium supplemented with 100 pg/ml ampicillin. This was grown at
37°C with vigorous shaking until #iic ODggo reached 0.7. Protein expression
was induced by adding IPTG to a final concentration of 0.4 mM, and the
incubation continued at 37°C for three and a half hours before the cells were
harvested by centrifugation (3,500 Xg, 20°C, 30 min.). The cell pellet was
drained well, re-suspended in 35 ml of 0.1IM NaH;PO4 /10 mM Trisma base
(pHB8.0) and passed through a French-press three times (8,000 psi). The
resulting suspension was centrifuged at 15,000 Xg, 4°C for 30 minutes to pellet
the insoluble components. In a typical case preliminary ex-~eriments with
small-scale expression had established that the recombinant protein was
present as insoluble inclusion bodies. The pelleted inclusion bodies were
drained, washed in the same buffer as above, and dissolved in 6 M guanidine-
HCl, 0.1 M NaH2PO4,0.01 M Tris (pH8.0), 1 mM pB-mercaptoethanol.
Remaining cell debris was removed from the guanidine solution by
centrifugation at 15,000 Xg, 4°C for 30 minutes, and the solution was used in

nickel-chelate affinity chromatography.
(8) Nickel-chelate affinity chromatography

A typical column had dimensions of 15 X 50 mm, and was prewashed
with autoclaved milliQ water and then equilibrated with 6 M guanidine-HCI,
0.1 M NaH,POy, 0.01 M Tris pH8.0, 1 mM B-mercaptoetharol (Gu-HCl buffer).
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The guanidine solution containing the recombinant protein was loaded at a
flow rate of 1 ml/min. This flow rate was maintained throughout the course of
the chromatography. The column was washed first with 10 column voiumes of
Gu-HCl buffer, then with 6 column volumes of 8 M urea, 0.1 M NaH2POy4, 0.01
M Tris (pH8.0), 1 mM B-mercaptoethanol buffer, followed by 6 column
volumes of the same buffer but with the pH adjusted to 6.3. Finally, the
recombinant protein was eluted stepwise with 3 different elution buffers, using
6 column volumes each time. Buffers contained 8 M urea, 0.1 M NaH2POy4, 0.01
M Tris, 1 mM B-mercaptoethanol at the following pHs: 5.9, 5.3 and 4.5. Eluted
proteins were followed by continuous UV monitoring at 280 nm using an LKB
2138 uvcord S. Fractions were collected using a LKB Bromma 2111 Multirac
fraction collector, and each fraction was analyzed by SDS-PAGE to determine

the purity and the yield.
(9) Dialysis and refolding of the purified proteins
(a) Dialysis

Fractions containing the purified recombinant protein (from the NTA Ni-
chelating column) were pooled (volume ~ 80 ml) and transferred into prepared
dialysis tubing. This was clamped at each end with plastic clamps (Spectrum,
Houston, TX). The protein solution was dialyzed against six exchanges (4L
each) of 1 mM DTT, 10 uM sodium acetate in milli-Q water, (measured pH was
6.3). The first exchange was made after one hour, the second after six to eight

hours of dialysis, and the subsequent four exchanges were at 12 hour intervals.
(b) Refolding of proteins
This protocol was used when the protein came out of solution during the
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dialysis procedure or during the course of lyophilization when the sample was
inadvertently thawed. 10 mg of precipitated protein was dissolved in 3 ml of
reducing buffer (6 M guanidine HCl, 100 mM Tris-HCl (pH8.0), 1 mM EDTA
and 60 mM DTT) by stirring for 2 hours at room temperature. The protein
solution was added slowly dropwise to 100 ml pre-chilled (5°C) refolding
buffer (0.5 M guanidine-HCl, 100 mM Tris-HCIl (pH8.2), 2 mM EDTA and 2
mM oxidized glutathione) with rapid continuous mixing on a stir platform in
the cold room. The solution was kept stirring at 5°C for 24 to 36 hours or until it
became clear. The refolded protein was dialyzed against 0.2 mM DTT, 2 uM
sodium acetate (at least two 4L exchanges over 24 hours in milliQ water with
0.2 mM DTT, 0.2 pM sodium acetate, measured pH was 6.3), and then
lyophilized and stored frozen at -20°C.

(c} Protein quantitation

Protein quantitation was accomplished using the PIERCE BCA protein
assay reagent. The assay was performed by following the manufacturer's

'microtiter plate protocol’ without modification.
(d) Enterokinase cleavage

This procedure was used to prepare the enzyme prior to assay on the

peptide substrate.

H6/HCVPfix protein which had been previously purified over a Ni?*-
NTA column, dialyzed against 1 mM DTT, 10 uM sodium acetate (measured
pH: 6.3), lyophilized, and stored at -20°C, was dissolved (2 mg/10 ml) in 50
mM sodium acetate pH 5.0, 15 mM calcium chloride, 0.1% triton X-100, and 4 M

urea. Enterokinase (100 units, Sigma Chemicals) was added and the reaction
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mixture was incubated overnight at 37°C with gentle shaking. Urea (2.6 g) was
added to bring the urea concentration to 8 M. The cleaved (i1is)6 tag, together
with uncleaved H6/HCVPfix protein, was removed by running the reaction
mixture through a small nickel-chelate affinity column (about 1 ml resin bed).
The flow-through HCV serine proteinase solution was adjusted to 2 mM DTT
with 22 ul 1 M DTT and dialyzed against 1 mM DTT, 10 puM sodium acetate
(measured pH: 6.3) for 4 hours, 0.2 mM DTT, 2 pM sodium acetate (measured
pH: 6.3) overnight, 0.05 X PBS for 10 hours, and 0.02 X PBS overnight. The
enzyme was concentrated 2 fold and washed once with reaction buffer (100
mM potassium phosphate, 6 mM sodium citrate, 2 mM EDTA, pH 7.5) using a
centricon-10 spin column. It was stored at 4°C overnight and used in the

enzyme assay.
(10) HCV serine proteinase activity assay

Reactions were carried out in duplicate wells using a flat bottomed 96
well microtiter plate. Each reaction contained 2.5 mM of peptide substrate in
reaction buffer (100 mM potassium phosphate, 6 mM sodium citrate, 2 mM
EDTA, pH 7.5), 0.5 mg/ml BSA, and 0.19 pM of the enterokinase cleaved HCV
serine proteinase described above. Reactions with buffer only served as blanks,
and those with the enzyme plus BSA, or the peptide substrate plus BSA served
as negative controls. Reactions of enterokinase alone with the substrate and the
recombinant malaria protein PfsY-c1 with substrate (PsfY-c1 was purified in
exactly the same way as was the H6/HCVPfix protein), were also included as
negative controls. At various times aliquots (10 pl) of the reaction mixture were
transfered to new microtiter wells containing 0.25 M borate/0.13 M sodium
hydroxide pH9.5 (quenching buffer, 50 ul). Freshly prepared 0.14 M 2,4,6-
trinitrobenzene-sulfonic acid (TNBS ) in 0.25 M borate (pH9.5) (12.5 ul) were
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added to each well and the plate was incubated at room temperatur2 on a
shaker for 10 minutes. Immediately thereafter, color stabilization solution (3.5
mM Najy503, 0.2 M KH;PO4, 200 pl) were added to each well and the
absorbance at 405 nm was measured using a microtiter plate reader and
Microplate Manager II software. To generate a standard curve, duplicate
aliquots of glycine solution at various concentrations ranging from 5 uM to 5
mM (10 pl each well)were added to wells containing quenching buffer (50 ul)
and assayed in the same manner and at the same time as the proteinase

samples.
(11) Calculation of Molecular weight for peptides/polypeptides

Calculations of Molecular weight for peptides/polypeptides were done

using MacProMass computer software program.
(12) Construction of peptide substrate
(a) Synthesis

The peptide substrate was synthesized using Fmoc-L-amino acids on a
PS3 Automated Solid Phase Peptide Synthesizer (RAININ instrument Co. Inc.
Woburn, MA) at the 0.05 mmole scale. For each coupling step, 0.2 mmole
HBTU activator and ().2 mmole Fmoc-L-amino acid was used (i.e. a 4 fold molar
excess). Double coupling procedures were used for each amino acid (program

4). The peptide synthesized had the sequence:
Ac-Tyr-GIn-Glu-Phe-Asp-Glu-Nle*-Glu-Glu-Cys-Ser-GIn-His-Leu-amide

* Nle stands for norleucine, which is substituted for methionine.
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The C-terminal amide was achieved by using Rink resin for the synthesis (77).
The Fmoc group on the N-terminal amino acid was removed during the course
of synithesis on the instrument, and the peptide was acetylated in a subsequent

chemical modification step prior to deprotection and cleavage from the resin.
(b) Chemical modification and cleavage

The resin to which the synthetic peptide was attached was drained and
washed in turn with N,N-dimethylformamide, 100% ethanol, and then,
dichloromethane. The resin was dried on an aspirator and the peptide
acetylated by resuspending the resin in a mixture of 100 pl acetic anhydride, 1
ml dichloromethane, 150 pl triethanolamine. The reaction was allowed to
proceed for 30 minutes at room temperature with gentle shaking. The resin
was drained, washed 6 times with dichloromethane, and then dried in a
vacuum desiccator. Peptide (0.05 mmole) on dried resin was added to a
solution containing 10 ml of trifluoroacetic acid, 0.5 mi anisole, 0.5 ml
thioanisole, and 0.5 ml water. The cleavage and deprotection reaction was
allowed to proceed with gentle stirring for 2 hours at room temperature in a
parafilm covered 30 ml beaker. The cleaved resin was filtered out using a
fritted glass disc funnel and washed 4 times with 1 ml of trifluoroacetic acid
(TFA) each time. The TFA was removed from the filtrate using a rotary
evaporator at 30-32°C (typically a half hour operation). The peptide was
precipitated from the remaining solution by adding 50 ml diethyl ether, and
then filtered using a 15 ml fritted disc buchner funnel. It was washed 6 times

with diethyl ether before being dried in a vacuum desiccator.
(c) HPLC purification

Crude synthetic peptide was dissolved in 50% acetic acid/water to a final
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concentration of about 1-4 mg/ml and then purified by reverse phase high
performance liquid chromatography (HPLC). About 2 mg crude peptide was
injected each time onto a semi-preparative C-18 reverse-phase HPLC column
(1/2" X 250 mm, Macherey-Nagel, Nuc.) using a 0-70% acetonitrile gradient
with 0.05% trifluoroacetic acid in both solvents. A flow rate of 2 ml/min,
0.5%/min. was used. The column eluate was monitored at 210 nm. Fractions
containing the major product peak were collected and verified by mass

spectrometry.
(13) Immunization of laboratory animals

Methods used to immunize laboratory animals to produce antibody are
as described by Harlow and Lane (37). The specific protocols used in this

project are described below.
(a) Rats

Two female Sprague-Dawley rats, each about two months of age (200 g),
were bled twice to obtain preimmune serum, and then immunized with 100 pul
purified H6/HCVP protein (1 mg/ml in sterile milli-Q water) homogenized
with 100 pl of complete Freund's adjuvant. Each rat was boosted at 4 week
intervals with the same dose of antigen humogenized with 100 pl incomplete
Freund's adjuvant. A single intraperitoneal site was used for each injection.
Test bleeds were performed 10 to 14 days after the second and successive
boosts. The serum antibody titer was determined by enzyme-linked
immunosorbent assay (ELISA). Once high titer antibodies were induced, the
rats were euthanized and bled out. The antiserum was separated and stored in

100 u! aliquots at -70°C.
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(b) Rabbits

Two female New Zealand white rabbits, each 2 months of age, were
initially bled twice to collect preimmune serum. They were injected
subcutaneously at four different sites with a total of 900 ug purified Ho/HCVP
protein (dissolved in 500 pl sterile milli-Q water and homogenized with 500 pl
complete Freund's adjuvant). Rabbits were boosted at six to nine week
intervals with the same antigen dose, this time dissolved in 400 pl sterile water
and homogenized with an equal volume of incomplete Freund's adjuvant. All
booster injections were also at four different subcutaneous sites. Test bleeds
were performed 10 to 14 days after the boosts, and serum antibody titers

assayed as above.
(c) Mice

Four micr ~ach 6 weeks of age, were bled for preimmune serum and
then primed n‘rap ritoneally with 50 pl antigen (1 mg/ml in sterile water)
homogenized with 50 pl complete Freund's adjuvant. Booster injections were
given intraperitoneally at three to six week intervals, using the same dose of
antigen homogenized in 50 pl incomplete Freund's adjuvant. Terminal bleeds

were performed 14 days after the third injection.
(14) Enzyme-linked immunosorbent assay (ELISA)

Ninety-six well microtiter plates (Falcon 3911 MicroTest IIT) were coated
with H6/HCVP protein (2.0 mg/ml protein in phosphate buffered saline (PBS),
50 pul per well) by incubating at 37°C for 30 minutes. Each well was then
blocked with 100 pl 20% fetal calf serum in PBS by incubating at 37°C for 10

minutes. Plates were washed with PBS containing 0.5% Tween-20 (PBST), and
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the antiserum added to individual wells from serial dilution made in 1% >cvine
serum albumin (BSA)/PBST. Diluted preimmune serum (1:50, v:v) was also
assayed. The plate was incubated at 37°C in a humidified CO; incubator for 30
minutes, and then washed three times with PBST. Secondary antibodies
conjugated with horse radish peroxidase and against rat, mouse or rabbit Fc's
were diluted 1: 5000 in 1% bovine serum albumin (BSA)/PBST and added in 50
pl aliquots to each well. This was incubated for 30 minutes at 37°C and the
plate again washed with PBST. 0.1% 2, 2'-azino-bis(3-ethylbenz-thiazoline-6-
sulfonic acid) (ABTS) in 0.2 M Na;HFO4, 0.1 M citric acid (pH7.5) and 0.003%
H>0; was added and the plate left at room temperature for an appropriate
period of time to allow for color development. The absorbance was measured
at 405 nm with a reference of 490 nm using a microtiter plate reader (Molecular

Devices, Palo Alto, CA) and ASoft software (BioMetallics, Princeton, NJ).
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CHAPTERIII
RESULTS AND DISCUSSION

Cloning of a DNA fragment encoding the HCV serine proteinase

Previous analysis of the hepatitis C viral genome and the deduced
polyprotein sequence indicated that the N-terminal domain of the NS3 region
may represent a serine proteinase (9,20,30,65). These conclusions were based
on the fact that the amino-terminal region of the HCV NS3 contains consensus
sequences found in all serine proteinases, including the catalytic triad H, D, S
and the consensus sequence GXSGXP surrounding the active-site serine
residue. Furthermore, the spacing and order of the residues is similar to that
found in other flavi- and pestiviruses for which NS3 has been demonstrated to

be a viral serine proteinase involved in polyprotein processing (74).

The goal of this project was to clone and express in E. coli a catalytically
active HCV serine proteinase which could be used to screen proteinase
inhibitors. Such proteinase inhibitors might have therapeutic applications
agaiast HCV. Considering the relatively low titer of HCV in clinical samples
(14), we chose to clone the proteinase gene by reverse transcription and
polymerase chain reaction amplification (RT-PCR). However, despite the fact
that several strains of HCV had been molecularly cloned and their genomes
sequenced (16,19,46,47,69,92,94), little was known about the precise boundaries
of either the serine proteinase or the NS3 region when we started this project in
1992. Initially, with the assistance of Dr. Bruce Malcolm, we made an informed
'guess’ as to the boundaries of the HCV serine proteinase. These were placed

between residues 1007 and 1221 in the polyprotein. At the time we were
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designing the PCR primers, the NS3 proteinases of Dengue virus type 2 and
Kunjin virus had been reported to cleave their respective polyproteins C-
terminal to double basic amino acid residues to produce the mature N-termini
of NS2B, NS3, and NS5 (15,74). We hypothesized that the HCV serine
proteinase might also cleave at the N-terminus of NS3 (i.e. cleave its own N-
terminus). Therefore our PCR primers included both the putative N-terminal
region of the NS3 as well as the C-terminus of NS2 region. We hypothesized
that if a HCV serine proteinase did cleave at the NS2/NS3 junction, then the
proteinase activity might be assayed by self cleavage of the recombinant
protein. Oligonucleotides primer pairs were derived from regions of relatively
conserved DNA sequence for the known HCV sequences (Figure 3), and which

flanked the putative HCV serine proteinase domain.

Since there appeared to be sequence variation among the HCV strains,
and because of the fact that we did not know the DNA sequence or strain
designation of the HCV patient samples we were using in RT-PCR, we actually
generated a series of primer pairs as follows: 5-ACCGCGGCGTGTG
GGGATATCATC-3' (5' end primer) and 5-AGGTCGGCCGACATGCATG
CCATG-3' (3' end primer) and 5-ACCGCGGCGTGTGGGGATATCATC-3' (5§’
end primer) and 5-TT(A/G) GTGCTCTTGCCGCTGCC-3' (3' end primer). This
trial-and-error approach to RT-PCR clone the required segment of the HCV
genome also involved testing a variety of different PCR conditions. The
following conditions were attempted: standard PCR buffers (50 mM KCl, 10
mM Tris-HCl pH8.3 at room temperature, 1.5 mM MgCl,, 0.01% gelatin, 200
UM each of ANTPs, 0.1 nM each primer, 50 ng template cDNA from RT), with
denaturing at 94°C for 1 minute, elongation at 72°C for 2 minutes, and primer

annealing for 90 seconds at 1) 68°C for 10 cycles and then 65°C for 30 cycles; 2)
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65°C for 40 cycles; 3) 62°C for 30 cycles; 4) 60°C for 36 cycles; 5) 55°C for 36
cycles; 6) 50°C for 10 cycles and then, 55°C for 30 cycles; 7) 49°C for 40 cycles;
and 8) 50°C for 36 cycles. Eventually, using the PCR primers shown in Figure 3
and the RT and PCR conditions described in the Materials and Methods, we
were able to generate the expected 749 base pair fragments (Figure 4) from
three different patient samples. The cDNA fragments were cloned into the Eco
RV site of pBluescript KSt, giving rise to clones HCV#3, HCV#5, and HCV#6,

all of which were verified by DNA sequence anulysis.
Characterization of HCV proteinase cDNA clones

Each clone was sequenced across one strand using both single stranded
and double stranded templates and the dideoxy method. A segment of DNA
sequence from each clone was sent by e-mail to a blast search server using
blastn@ncbi.nlm.nih.gov. The return message showed that the DNA segments
from clones #3, #5, and #6 had relatively high sequence homology to HCV
strains HPCPLYPRE and HPCJCG. The entire cDNAs were subsequently
sequenced, and the data processed using DNA Strider 1.2 software. The cDNA
sequences were translated in all three reading frames and compared to that of
known strains of HCV. Clone HCV#3 (from one patient sample) contained two
deletions (a dG deletion in the codon which normally codes for giycine 1007,
and a dC deletion in the codon codes for alanine 1033), while clones HCV#5
and HCV#6 both had a single dC-deletion in the third position of the codon
which normally codes for alanine 1033 of the HCV polyprotein (Figure. 5).
Except for the single frame-shift mutation (circled dC missing), the derived
amino acid sequence in Figure 5 corresponds to the HCV polyprotein residues
990 to 1238 inclusive. This includes 38 amino acid residues that belong to the C-
terminal region of NS2 and the 211 N-terminal residues of the N53 region (32).
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Most importantly, the deduced protein sequence contains the proposed
catalytic triad (His 1083, Asp 1107, and Ser 1165) and the consensus sequence
GXSGXP surrounding the active-site serine residue found in all serine
proteinases (Figure 5). The deduced amino acid sequences are all highly

homologous to that of HCV strains HPCPLYPRE and HPCJCG.

The DNA sequence information suggested that the cloning of the cDNA
segment of NS3 had been successfi’. However, all clones contained a dC
deletion muta:ion at codon position 3> Hf the HCV polyprotein. At the time
this work was done, the real N- or C-terminus of NS3 had not yet been
published. Although we had originally assumed that the serine proteinase
might begin at residue 1007 (after the dibasic RR) and end at residue 1221, the
occurrence of this point deletion in the cDNA led to a re-evaluation of the
assumptions about the N-terminus of the HCV serine proteinase. Production of
a recombinant protein starting at polyprotein residue 1007 would require site-
specific mutagenesis of codon 1033 which would require some time and effort.
The reasons for choosing residue 1007 as the N-terminus of the NS3 were
relatively weak, and a comparison with rat pancreatic trypsin (Figure 6) -
suggested that starting at polyprotein residue 1037 might be equally successful,
and not require the site-specific mutagenesis. Therefore the HCV serine
proteinase was first expressed from residue 1037 to residue 1221 (construct
pT7-H6/HCVP, Figure 8). This H6/HCVP protein was not ultimately used in
the proteinase assay, since more accurate information about the boundaries of
NS3 became available mid-way through this work (see below). However, the

protein was used to generate antibodies in laboratory animals.
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Expression of HCV proteinase using pT7-H6/HCVP

The pT7-H6/HCVP construct was created by re-amplifying the gene
from clonc: #5 with a new pair of oligonucleotide primers (see Materials and
Methods) to engineer an Eco RI site at 5' end and a Sal I site at 3' end for
appropriate in-frame cloning into the expression plasmid pT7-7Hisé (Figure 7
and 8B). The newly created copy of the gene encoding the HCV polyprotein
residues 1037 to 1221 was cloned downstream of the T7 bacteriophage
promoter in the vector. In addition to the T7 promoter, this expression vector
contains a ribosome binding/Shine-Calgarno sequence, a start codon (ATG)
followed by six triplets (CAC) coding for (histidine)g, a short DNA sequence
encoding a thrombin cleavage site, and a polylinker segment beginning with an
Eco RI site (Figure 7). The cloned gene is effectively transcribed by
bacterophage T7 RNA polymerase and the transcripts translated to produce a
recombinant protein fused with (His)s and a thrombin cleavage site at the N-

terminus.
HCV proteinase polypeptide expressed at high levels

Various recombinant proteins were expressed at high levels throughout
this project using the pT7 expression system in E. coli BL21(DE3). Figure 9 A
shows the first expression trial which was conducted with the construct pT7-
H6/HCVP. Total cell lysates of IPTG induced cultures were assayed side-by-
side with those from non-induced cultures. An obvious band of recombinant
protein can be seen in E. coli total cell lysates from the IPTG induced culture
(Figure 9 A. lane 2, arrowhead) which is absent from the non-irtduced culture

(Figure 9 A. lane 1). The calculated molecular weight for the protein expressed

43



from the construct pT7-H6/HCVP is 21,232 daltons. The apparent molecular
weight of the recombinant protein on SDS-PAGE is about 23 kilodaltons.

Recombinant HCV serine proteinase present in inclusion bodies

To obtain large quantities of protein, preparative scale expression (total
volume of 2 liter culture) was carried out (Figure 9 B.). the cell pellet from
each 500 ml of IPTG induced culture was resuspended in 35 ml buffer (0.1M
NaH2PO4, 10 mM Tris-HCI pH8.0) and lysed by passing 3 times ‘irough a
French press (>8,000 p.s.i.). The supernatant was separated from insoluble
protein by centrifugation. Both the supernatant and the pellet were assayed on
SDS-PAGE (Figure 9 B.), and the recombinant protein was found at high levels
only in the pellet (Figure 9 B. lane 2, arrowhead).

It has been well documented that when exogenous proteins are
overexpressed in E. coli they frequently accumulate intracellularly in an
insoluble form known as inclusion bodies (61,98). These can only be dissolved
with strong detergents or with dissociating agents such as 6 M guanidine
hydrochloride or 8 M urea, and often this process also requires B-
mercaptoethanol. When the HCV serine proteinase was expressed in E. coli,
and the cells lysed by French press or by cycles of freeze-and-thaw, the
recombinant protein was found almost exclusively in the pellet fraction after
centrifugation. This simply indicates that the recombinant protein has
accumulated in the form of inclusion bodies. These were found to be
completely soluble in 6 M guanidine hydrochloride at all the times, while 8 M
urea failed to dissolve the recombinant protein completely. The (His)¢ fusion

protein was solubilized in 6 M guenidine hydrochloride, cell debris was



removed by centrifugation, and the protein was purified directly by nickel-

chelate affinity chromatography.
Nickel-chelate affinity chromatography offers one step purification

Very often the purpose of overexpression of a recombinant protein is to
obtain large quar‘ities of pure protein. This approach is especially useful if the
protein is available in only limited quantities from naturally occurring sources,
and/or if it is difficult to isolate in pure form from these sources. A key step in
obtaining useful recombinant proteins from E. coli or from other expression
systems involves purification of the desired protein to eliminate other
contaminating polypeptides. For example, it may be necessary to remove
endogenous cellular proteinases from the recombinant protein in order to avoid
degradation. As a simple rule of thumb, the fewer steps that are involved in
purification, the less time and money is expended and the more likely the
protein of interest is to be intact. A simple, inexpensive, and efficient approach
is always preferred. In this project, we employed nickel-chelate affinity
chromatography to purify the recombinant protein H6/HCVP. The approach
involved loading and eluting under denaturing conditions, using a step
gradient of different pH's (Figure 10 ). This method offered a simple and
effective way to purify the protein with only a single step. After dialysis, the
eluted fractions were pure enough for immunization and biochemical studies

(Figure 11).

From a one liter culture of E. coli cells transformed with the construct
pT7-H6/HCVP, at least 30 mg of purified recombinant HCV proteinase was
obtained following nickel chelate affinity chromatography and dialysis.

Protein express-ion was typically induced for 3.5 to 4 hours prior to harvest.
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Extending the induction time at 37°C from 4 hours to overnight had no
appreciable effect on the yield of recombinant protein. Overexpression of this
initial HCV serine proteinase using the pT7 expression system produced ample

amounts of protein for animal immunizations.
Recombinant proteinase has the expected N-terminus

The HCV serine proteinase recombinant protein H6/HCVP expressed
from the construct pT7-H6/HCVP was purified and dialyzed, and the protein
run on SDS-PAGE (Figure 11) and electro-transferred to a PVDF membrane.
The membrane was stained with Coomassiei _iiant blue and the protein band
cut out for N-terminal amino acid sequencing. Data for the first 20 cycles gave
a sequence of MHHHHHHLVFPRGSGIRGLLG, which is exactly the same
sequence as expected from the engineered DNA (Figure 8). The purified
recombinant protein was dialyzed, refolded, lyophilized and used immunize
laboratory animals. In this case 'refolding’ was accomplished by simple dialysis
against 1 mM DTT, which apparently made the purified HCV serine proteinase
with the (His)g tag soluble in water. Unfortunately, when the protein was first
obtained we did not know what peptide substrate to use to test the enzyme,
since this was prior to the identification of the cleavage sites by Grakoui et al.

(32). The protein could, however be used immediately to generate antisera.
Generation of antiserum zgainst the H)/HCVP protein

Polyclonal antise:tii vgainst the HCV serine proteinase should provide a
usefis! iool for protein purification. Such antiserum makes it possible to
develop an immobilized antibody column for affinity purification, and to use
standard assay teck:niques such as ELISA, Western blotting, immunostaining,
and immunoprecipitation. Figure 12 shows the ELISA result for antiserum
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from two rabbits (#D420 and #D669), two rats (#1 and #2), and a pool of four

mice. For all these animals, purified, dialyzed, and lyophilized H6/HCVP
protein was used as the immunogen. Immunization protocols are described in
the Materials and Methods section. Rabbit #D420 was boosted 3 times, and
rabbit #D669 2 times. Two weeks after the final boost antiserum was assayed
by ELISA (Figure 12). Rabbit #D669 developed antibody titers of 1:100-..£,000,
while the rabbit #D420 showed virtually no response. Later on it became
apparent that rabbit #D420 had become ill and was treatec with ¢'eroids by the
Health Science Laboratory Animal Services during the course of the
immunization and this explains the minimal titers. These rabbit antisera were

not harvested.

In total, rat #1 received 6 injections, and rat #2, 7 (initial immunizations
plus boosting injections). The fiual antibody titers as assayed by ELISA were 1:
64,000 for rat #1, and 1: 8,000 for rat #2 (Figure 12). Both rat antisera were
harvested and stored for future experiments. Antibody titers for mice assayed
as a pool 2 weeks after the final immunization (total of 3 injections) were also
disappointing. The ELISA assay showed only minimal titers in the mice (Figure
12).

Construction of pT7-H6/HCVPfix and production of a second recombinant

HCYV proteinase

The expression plasmid pT7-H6/HCVPfix was designed mid-way
through this project, as soon as new information was released regarding the
cleavage of NS2/3 site which defines the N-terminus of the HCV serine
proteinase (31). This cleavage occurs between amino acids residue 1026/1027

(Leu-Ala) of the HCV polyprotein. The construct pT7-H6/HCVPfix was
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engineered with the DNA sequerce beginning at HCV polyprotein residue
1027 and ending at residue 1221(Figures 8). The 5' end of the gene was cloned
into the Eco Rl site of pT7-7His6 (Figure 7) with a short segment of DNA added
which codes for an enterokinase cleavage sequence. The construct was
engineered in such a manner that cleavage of the protein by enterokinase will
release the defined N-terminus of the HCV serine proteinase (i.e. the residue
1027, Figure 8). The 5' oligonucleotide primer used in the PCR was made so as
to correct the single dC deletion (Figure 5), to complete the HCV coding region
back to residue Ala 1027, to add the enterokinase site, and to enable in-frame

cloning into the Eco Rl site (see Materials and Methods).

After the construct pT7-H6/HCVPfix was made and confirmed by DNA
sequencing, it was transformed into E.coli BL21(DE3), and a pilot expression
assay was conducted. Figure 13 shows a comparison of IPTG induced and non-
induced cultures on SDS-PAGE, where a single induced band is seen (lane 1,
arrowhead). The calculated molecular weight of the protein encoded by pi7-
H6/HCVPfix is about 23 kilodaltons. The apparent molecular weight of the
recombinant protein by SDS-PAGE is about 25 kilodaltons. The new recombin-
ant protein was produced in a 1 liter culture, the cells processed by French
press, and the supernatant and insoluble pellet assayed by SDS-PAGE (Figure
14). Again, the recombinant protein was found in the insoluble peliet (Figure
14, lane 2, arrowhead) indicating deposition of the protein in inclusion bodies.
The recombinant protein was purified by nickel-chelate affinity
chromatography (Figure 15). After dialysis against 1 mM DTT to refold the
protein (the same as for H6/HCVP), the protein ran as a doublet on SDS-PAGE.
A careful examination of the deduced amino acid sequence of H6/HCVPfix

showed that a consensus sequence for the HCV serine proteinase cleavage
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motif (32) had been inadvertently added at the N-terminus of the protein
(Figure 8). It was hypothesized that once refolded, the serine proteinase might
be active and intermolecular cleavage might occur at this N-terminal site. In
order to rule out this possibility, the two protein bands (see Figure 16, lane 1)
constituting the doublet were separated by SDS-PAGE, transferred to a PVDF
membrane, and each bands sequenced separately by Edman degradation (40).
The protein band which had the smaller apparent molecular weight on SDS-
PAGE gel was also characterized by mass spectrometry. The Mass spectrum
showed that this protein had a mass of 23066, which was in close agreement
with the calculated mass of 23022 daltons for the full length recombinant (His)s
fusion protein. This information suggested that the polypeptide was not
cleaving itself. This result was confirmed by amino acid sequence analysis,
which showed that both protein bands had the same N-terminus, namely
MHHHHHHLYV. Although these results indicated that the serine proteinase
was not self cleaving, they did however, verify that overexpression of the new

altered HCV serine proteinase in E. coli had been successful.

Purified recombinant protein produced from construct pT7-
H6/HCVPfix (Figure 15) was refolded by dialysis against 1 mM DTT, 10 uM
sodium acetate pH5.2. Two mg of this refolded and lyophilized protein was
used as the starting material for enterokinase processing to produce proteinase
with an authenti. N-terminus. Figure 16 shows the result of enterokinase
processing. Lane 1 shows the starting material, and lane 2 was the same
material following overnight incubation with enterokinase. The enterokinase
digested protein (lane 2) was repurified cwver a nickel-chelate affinity column,
this time the follow through collected (lare 3). Presumably all protein in lane 3

has time (His)s segment removed, suggesting that the enterokinase digestion
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was not very efficient. The longer band in lane 3 was hypothesized to be the
(His)e tag cleaved full length HCV serine proteinase since its calculated
molecular weight is 20.5 kilodaltons. In this case the (His)g tag segment on the
original proteint ve apparently caused the protein run slower on the gel. The
shorter fragments in lane 2 suggest that internal cleavage of the protein also

occurred.
Production of E. coli thioredoxir fusion proteins

LaVallie and col'league ¢’ - 3) reported that expression of heterologous
recombinant proteius in E. coli us fusions with E. coli thioredoxin circumvents
the formation of inclusion bodies in the bacterial cytoplasm. To explore this
possibility for the HCV proteinase, the E. coli thioredoxin gene was cloned by
PCR and fused to the HCV serine proteinase (constructs pT7trx/HCVP and
pT7trx/HCVPfix; Figures 7 and 8), using the same approach as LaVallie. We
anticipated that this might make the HCV enzyme soluble, and induce proper
folding. Although the HCV serine proteinase/thioredoxin fusion protein
accumulated to high levels in IPTG induced cells (Figures 17 and 18),
unfortunately the "dramatic increase in solubility of heterologous proteins
synthesized in the E. coli cytoplasm” was not demonstrated when osmotic
shock fractionation was conducted as described (55) (Figures 17 B. and 18).
Cultures were also grown and induced at different temperatiures in order to see
if this would have an effect on protein solubility (Figure 17), but unfortunately
in none of these experiments were we able to produce soluble protein. Osmoti¢
shock buffers of different pH's were also tested to see if they would miake the
fusion protein more soluble. Again, w0 significant amount of soluble E. coli
thioredoxin fusion protein was released from the E. coli cytoplasm by osmotic

shock treatment (Figure 18). This suggests that use of the thioredoxin fusion
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system to increase the solubility of heterologous proteins synthesized in E. coli
is likely to be protein specific, since it did not circumvent the formation of
inclusion bodies for the recombinant HCV serine proteinase. Given these
results, production of the E. coli thioredoxin fusion with the HCV proteinase
was not pursued further, particularly since there was no simple and effective

means for purification of the recombinant material.

Gener:.‘ion of synthetic peptide substrate

The peptide substrate for testing the recombinant HCV serine proteinase
expressed in E.coli was carefully modeled from: the NS4A/NS4B junction of the
HCV polyprotein (32). This junction has the sequence: Tyr-Gln-Glu-Phe-Asp-
Glu-Met-Glu-Glu-Cys-Ser-Gln-His-Leu. This sequence is representative of the
majority of the consensus cleavage recognition sequences at the P6, P1, and P1'
positions (Table 2), using ten different HCV strains all aligned at the
NS4A /NS4B, NS4B/NS5A, and NS5A /NS5B junctions (32). The amino acid
sequence of the NS3/NS4A junction was not considered here since it is cleaved
in cis. A 33-amino-acid segment from the NS4A protein was reported to be
required for cleavage at the NS3/NS4A and NS4B/NS5A sites, and it
accelerated cleavage at the NS5A /NS5B junction (26). However, cleavage at
the NS4A /NS4B junction did not appear to require the presence of the NS4A C-
terminal 33-amino-acid fragment, making a peptide ~egment from this junction
the most ideal candidate for the substrate uporn which to base our HCV serine

proteinase activity assay.

Several modifications were made to the actual substrate peptide for
technical reasons. Norleucine (Nle) was used in place of methionine, since
methionine is known to have potential problems with oxidation to methionine

sulfoxide, which shifts the elution point on reverse-phase HPLC during
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purification (34). The peptide was synthesized by solid phase Fmoc methods
(6) on Rink resin (77) to generate an amidated carboxyl terminus. This removes
the charges from the carboxyl terminus making the whole structure more
closely mimic a peptide bond. The same argument also applies to the
acetylation of the N-terminus. Moreover, since we chose a colorimetric assay
using 2,4,6-trinitrobenzenesulfonic acid (TNBS) to measure the proteolytically
cleaved peptide (11,60), the N-terminus of the peptide substrate was also
blocked in order to prevent this primary amino group from reacting with TNBS
and contributing to a high background. Following peptide synthesis, the N-
terminus was acetylated using acetic anhydride. This was done while the
peptide was still on the resin, so that the side chain protecting groups are still
present and the acetylation occurs only on the available N-terminal amino
group. After cleavage and deprotection with 95% TFA and the appropriate
free-radical scavengers (6), the TFA was removed and the crude peptide
precipitated, washed, and dried in vacuum desiccator. The crude peptide was
not easily dissolved in 5-20% glacial acetic acid, but could be dissolved in 60%
acetic acid, to a concentration <4 mg/ml. After filtering through a 0.8 mm
syringe filter, the crude peptides were purified by HPLC on a C-18 reversed-
phase column (Figure 19). The major product peak was verified by mass
spectroscopy. The mass spectra showed a major mass of 1811.3 which is in

excellent agreement with the predicted mass of 1811.9 for the peptide.

Interestingly, the yield of the desired product accounted for only 50%
(0.025 mmole) of the total synthesis. A second large peak (Figure 19) accounted
for about 40% of the product, and had a mass of 2055. Since 2055-1811.9=243.1,
this suggests that there was a trityl protecting group (molecular weight 242;

present on His, Cys, and GIn Fmoc-amino acids) remaining on the peptide, and
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that the material need further treatment with TFA. Given this reasonable
assumption, it suggests that the original peptide synthesis yielded 90% (i.e.
0.045 mmole) of the desired protected peptide--which is quite reasonable--but

that incomplete cleavage of protecting groups further reduced the final yield.
Enterokinase cleaved H6/HCVPfix is catalytically active

The goal of this project was to express a catalytically active recombinant
HCV serine proteinase. In order to assay the enzyme we first had to construct
and purify a peptide substrate. The enzyme used in the initial activity assay
was first processed by enterokinase cleavage and passage over a Ni?*-NTA
column to remove the (His)g fusion peptide (see Material and Methods). This
was followed by dialysis against 1 mM DTT in order to remove the urea and
refold the protein. The substrate peptide (Ac-Tyr-GIn-Glu-Phe-Asp-Glu-Nle-
Glu-Glu-Cys-Ser-Gln-His-Leu-NHp) was expected to be cleaved into two parts:
a N-terminal decapeptide (Ac-Tyr-GlIn-Glu-Phe-Asp-Glu-Nle-Glu-Glu-Cys),
and a C-terminal tetrapeptide (Ser-Gln-His-Leu-NH). The colorimetric assay
used to measure proteinase activity depends in theory on the reaction of TNBS
with the primary amino group of the tetrapeptide Ser-Gin-His-Leu-NH>
generated by the enzymatic cleavage. The proteolysis assays were conducted
at room temperature (23°C) for variable times using a biological buffer (0.1 M
potassium phosphate, 6 mM sodium citrate, 2 mM EDTA, pH 7.5) as in the
hepatitis A 3C proteinase study (60).

1) Evidence from the colorimetric assay using TNBS

Figure 20 shows the results of the colorimetric assay using TNBS. The
proteinase (0.19 uM) was incubated at room temperature with 2.5 mM peptide

substrate and biological buffer, in a total volume of 200 pl. Aliquots were taken
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from the reaction at 2, 3, 4, 5, 6, and 23hrs., and quenched in borate buffer. The
following day, freshly prepared TNBS was added and the samples incubated at
room temperature for 10 minutes. Color stabilization solution was added and
the absorbance at 405 nm measured. Values obtained from the colorimetric
assay (which measures the putative tetra peptide cleavage product) were
converted into pM of amino groups released using a glycine standard curve.
The data showed that with a low concentration of enzyme (0.19 uM) the
conversion to product was linear with time (Figure 20). Amiro groups were
generated at a rate of 1.2 uM/min, well above the background generated with
substrate or enzyme alone. Although there was some scatter in the base-line of
the control reactions, enzyme alone or substrate sione had essentially zero
slopes, suggesting that little or no product was released from either of these
reactions. Addition of PMSF (7 ui of a 10 mM stock solution) to the 20 ul of
enzyme solution 10 minutes before adding the substrate peptide significantly
reduced the rate of generation of amino groups (Figure 20). In order to rule out
the possibility of contamination by endogenous E. coli proteolytic activities, a
recombinant malaria sexual stage surface antigen protein PfsY-c1 was also
tested in the assay with our peptide substrate. Tt 2 PfsY protein was expressed
in the same E. coli host and purified in exactly the same way as was the
H6/HCVPfix protein. The results using PfsY, suggested only random,
scattered background values (Figure 20). Addition of 5 units of enterokinase to
the assay also did not induce the release of any significant quantity of primary

amino groups (Figure 20).

The initial velocity at which amino groups were generated increased as
more enzyme was used (Figure 21). Furthermore, the increase in the velocity at

which amino groups were generated is also linear in the range of enzyme
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concentrations tested (Figure 21). Initial rate measurements yielded a kcat of
6.6 £ 0.2 571, assuming that the enzyme preparation contained 100% active
molecules. This compares to a kcat of 1.8 £ 0.1 51 for the Hepatitis A 3C
proteinase (60), which is among the lowest values of kcat reported for any
proteinase. The kcat for the HCV serine proteinase may actually be
considerabi - higher, since it is highly unlikely that all of the recombinant
molecules would be perfectly refolded and enzymatically active. The assay
was also conducted in HEPES-buffered saline (0.8% NaCl, 0.037% KCl, 75 mM
Na,HPO4, 2.1 mM HEPES, pH8.2). The results showed a small but not
significant difference in velocity of the reaction between HEPES-buffered saline

and phosphate buffer (Table 4).

2) HPLC purification and mass spectroscopy of the major cleavage product

derived from the peptide substrate

The - -oteolysis reaction for this study was done in a total volume of 300
pil, and included 1.66 mM substrate peptide and 1.9 uM enterokinase cleaved
and refolded H6/HCVPfix protein in potassium phosphate buffer pH 7.5. The
reaction was incubated overnight at 37°(C to maximize yield of product, and the
entire 300 1 was subjected to HPLC separation on a C-18 reverse phase column
(Figure 22). The eluded peaks were collected and dried in a Speedvac. The
expected C-terminal tetrapeptide fragment (Ser-Gln-His-Leu-NH,) is very polar
and probably flows through the reverse phase column. On the other hand, the
expected N-terminal decapeptide cleavage product (Ac-Tyr-GIn-Glu-Phe-Asp-
Glu-Nle-Glu-Glu-Cys) is more polar than the substrate, and we anticipated that
it would elute earlier than the substrate and could be collected. The HPLC
profile of the cleavage reaction was compared with that of the identical reaction

at t=0 under exactly the same conditions (Figure 22). The fraction containing
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the differential peak (indicated by the arrow in Figure 22) was analyzed by
plasma desorption mass spectroscopy (PDMS) (22,59) (Figure 23). The
differential peak gave a mass at 1370.5, (likely the sodium adduct of the
expected peptide), and a mass at 1386.5 (likely the potassium adduct of the
same peptide). These type of adducts are often seen in mass spectra. In
particular the reaction buffer contained potassium which could account for its
presence in the product. Because the HPLC separation was performed at about
pH3 (0.5% TFA) it is likely that only the terminal carboxyl group was
unprotonated (i.e. the pKa of the acidic side chains would be higher than 3.0),
thus accounting for the fact that only a single sodium or single potassium ion
could become associated with the peptide. Since 1370.5-23 (the mass of
sodium)=1347.5, and 1386.5-39.1(the mass of potassium)=1347.4, both values
are in excellent agreement with the calculated average mass of 1347.4 for the N-
terminal decapeptide (Ac-Tyr-GIn-Glu-Phe-Asp-Glu-Nle-Glu-Glu-Cys). This
mass spectra data offered direct evidence that the substrate tetradecapeptide
was actually cleaved specifically at the Cys-Ser bond, just as would be
predicted for enzymatic cleavage by the HCV serine proteinase (32). It also
supports the initial results obtained using the colorimetric/ TNBS assay that the
enterokinase cleaved, refolded HCV serine proteinase expressed in E. coli was

enzymatically active.
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CHAPTER FOUR
FINAL DISCUSSION AND CONCLUSIONS

The goal of this research project was to produce enzymatically active
HCV serine proteinase. During viral replication, HCV initially produces a
polyprotein which is subsequently cleaved to generate the various structural
and non-structural (NS) proteins. Normally a single viral protein (NS3)
expresses both serine proteinase and helicase activities, and we attempted to
isolate the proteinase activity by expressing only a N-terminal subsegment of
NS3. By comparing the HCV polyprotein sequence with amino acid sequences
of other similar viral and non-viral serine proteinases, an initial hypothesis was
made about the N-terminal and C-terminal boundaries of the HCV serine
proteinase domain. The domain was initially assumed to extend from
polyprotein residue 1007 (the G following RR) to 1221 (ending PQ). With this
information in hand, the next step was to obtain or generate a DNA fragment

encoding the desired protein.

Since cloned HCV genes were not readily available, but infected patient
serum was, it was decided that it would be relatively simple to generate the
necessary DNA fragment de novo. By trying several different reaction
conditions, a cDNA fragment encompassing roughly the desired region of the
HCV genome was obtained by RT-PCR of viral RNA obtained from patient
serum. Since the HCV virus nucleotide sequence is highly polymorphic
between strains, the initial boundaries of the cDNA fragment generated were
dictated not only by assumptions about the serine proteinase domain, but also
by the necessity of designing PCR primers which weuld recognize conserved

sequences which are present in a variety of HCV strains (Figures 3 and 5).
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The cDNA fragments generated independently from three different HCV
patient isolates were cloned and characterized by DNA sequencing.
Surprisingly, all three sequences showed the same deletion--a dC normally
present at about nucleotide position 3440 in the HCV genome (polyprotein
codon number 1033) was absent--and one sequence contained a second deletion
as well (dG at about HCV nucleotide position 3360). The fact that all three
independent cDNA isolates contained an identical deletion suggested that
either the viral polymerase has a tendency to make a systematic error during
viral replication (HCV is know to generate large quantities of defective viral
particles), or that a systematic error occurred during either the reverse
transcription or the PCR reactions. Another possible explanation for this result
is that of a systematic sequencing error, since only one strand of the DNA was
sequenced, but a careful review of the sequencing gels showed the data to be
very clear, and free of any compression artifacts. Given that one clone had a
second deletion mutation, and that such deletion mutations are relatively rare
in RT-PCR, the theory that HCV RNA polymerase itself is responsible for the

deletion mutations is most likely.

The occurrence of the dC deletion mutation at codon position 1033 of the
HCV polyprotein lead to a re-evaluation of the assumptions about the N-
terminal boundary of the HCV serine proteinase. Production of a recombinant
protein starting at polyprotein residue 1007 would require site-specific
mutagenesis of the cDNA at codon position 1033 to restore the reading frame,
and this would require some time and effort. The reasons for choosing residue
1007 were relatively weak, and comparison with rat pancreatic trypsin (Figure
6) suggested that starting at polyprotein residue 1037 might be equally

successful, and not require the site-specific mutagenesis. This chain of logic
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lead to the production of the first recombinant protein, H6/HCVP, by making
use of PCR to re-engineer the original cloned cDNA fragment shown in Figure

5.

To express H6/HCVP we used E. coli, since this was the simplest,
cheapest, and most straightforward system available. Since it was assumed
that expression of an active HCV proteinase might be toxic to E. coli, a T7
vector and T7 RNA polymerase driven expression system was used. This
system allowed the DNA cloning to be completed in the absence of any
possible protein expression, and it is reputed to give very high yields of
recombinant protein in the appropriate host. The protein was expressed as a
fusion protein with a short N-terminal (His)s tag and thrombir cleavage site
(Figure 8), since this would facilitate purification of the protein under either
denaturing or non-denaturing conditions, and the affinity tag could then be

cleaved off using thrombin.

Although H6/HCVP was expressed at high ievels using the T7
expression system in E. coli, it was unfortunately deposited in the E. coli
cytoplasm as insoluble inclusion bodies. These could only be solubilized in
guanidine-HCl, and this meant that the recombinarit protein would be
completely denatured and would not retain any enzymatic activity.
Fortunately the (His)s tag allowed affinity purification of the protein under
denaturing conditions using a nickel chelating-NTA column, and this method

proved to be simple, straightforward, and reproducible.

With highly purified but denatured H6/HCVP protein in hand (in 8 M
urea), the next task was to attempt to re-fold it and perhaps restore enzymatic

activity. Since no assay for enzymatic activity was available, the simple
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assumption was made that once the protein was properly refolded, it would
remain soluble in water or physiological saline at approximately neutral pH.
Since the H6/HCVP protein contained 7 cysteines, proper formation of intra-
chain disulfide bonds appeared critical for the refolding process. Several
refolding protocols were attempted, including rapid 100-fold dilution into and
extended mixing in 'refolding buffer' which contained reduced and oxidized
glutathione (see Materials and Methods). Empirically it was discovered that
dialysis into water containing 1 mM DTT at a certain rate resulted in
completely soluble protein, whereas dialysis into other buffers or at faster rates
did not. This enabled the production of purified soluble H6/HCVP protein in
mg quantities, with yields of up to 30 mg/1 of bacterial cuiture. The purified
protein was sequenced from the N-terminus, which demonstrated that the

expected H6/HCVP polypeptide had been generated.

The soluble H6/HCVP protein was also dialyzed into dilute phosphate
buffered saline, dried down, and used to immunize mice, rats, and rabbits. It
was reasonable to begin immunization with the first available purified HCV
proteinase, since the generation of polyclonal immune antisera can take some
time. The rationale for generating immune sera was as follows: even if the
H6/HCVF protein proved not to be enzymatically active, and even if slightly
different boundaries for the HCV serine proteinase were defined in the future,
the immune sera would provide a valuable reagent for Western blotting and
monitoring the expression and purification of any future related recombinant
proteins, with or without affinity tags, and whether expressed in prokaryotic or

eucaryotic systems.

The immunization experiments were in general surprisingly

unsuccessful, since a group of mice and one of the rabbits showed virtually no
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immune response after repeated immunizations. A second rabbit gave a very
minimal response as well. Fortunately both rats responded considerably better,
and one rat in particular yielded 8 ml of immune serum with a titer of 1:64,000.
This result demonstrates the value of trying a number of different animals, and
a number of different species, when trying to generate polyclonal immune
serum. Clearly rats would be the animal of choice for any future immunization

experiments with this or related recombinant HCV proteins.

Once soiuble H6/HCVP protein was obtained in quantity, and
immunization experiments were underway, the design of an assay for the HCV
serine proteinase was seriously considered. During the first year of this project,
the exact cleavage sites on the HCV polyprotein were not known. This meant
specifically that the N-terminal boundary of the NS3 region (i.e. serine
proteinase) was not defined, and in general the nature of the cleavage
recognition site for the viral serine proteinase was unknown. However, when
the naiure of the cleavage sites suddenly became available from a conference
report, it became apparent that the H6/HCVP protein was missing the 10 N-
terminal amino acids present on the native HCV protein. Therefore it was
decided to construct and purify a second recombinant protein, H6/HCVPfix,
which would incorporate the 10 additional N-terminal amino acids, rather than
expending effort at that time to develop a peptide based HCV serine proteinase
assay to test the original H6/HCVP protein. It was also anticipated that with
the experience gained with the first recombinant protein, the construction,

purification, and refolding of a second protein would go much more quickly.

Other information which became available at the same time
demonstrated that the NS2-NS3 junction was first cleaved in cis by a viral

metalloproteinase present in the NS2 region, and suggested that this release of
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the N-terminus of the NS3 region was a key even in activation of the viral
serine proteinase. This idea and consideration of a series of other serine
proteinases which are synthesized as inactive precursors and which are
activated by cleavage at the N-terminus lead us to focus on a method to
generate a recombinant protein with an N-terminus precisely the same as the
wild-type viral proteinase. Thus the H6/HCVPfix construct was designed in
such a way that the precursor could be affinity purified over an NTA-Ni2+
chelating column, and then cleaved with enterokinase--a relatively specific
proteinase which cleaves immediately C-terminal to its recognition sequence--

to generate the precise N-terminus of the viral protein (Figure 8).

The expression and purification of the H6/HCVPfix protein was done in
an identical fashion as was the previous H6/HCVP protein. Again the protein
was expressed in E. coli as insoluble inclusion bodies, and again denaturing
agents were required during the purification process. Since it would have been
highly desirable to have the recombinant protein expressed in a soluble form,
attempts were also made at that time to express both the HCVP and HCVPfix
proteins as fusions with E. coli thioredoxin. All constructs gave comparable
yields, but unfortunately none of these proteins were soluble in E. coli, even
when cultures were grown at lower temperatures, and these attempts were

abandoned.

The final purified, denatured H6/HCVPfix protein could also be
'refolded’ (i.e. result in a soluble protein) by dialysis against 1 mM DTT using
the same protocol which had been successful for the H6/HCVP protein. Yields
of the two proteins were also comparable. One rather surprising result was
that after dialysis the H6/HCVPfix protein began to run as a doublet on SDS-
PAGE. This raised the possibility that the refolded protein might be cleaving
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itself, either in cis or most likely in trans. Examination of the expected amino
acid sequence near the N-terminus of the protein and in the vicinity of the
enterokinase cleavage site demonstrated that a HCV serine protease cleavage
recognition sequence had indeed serendipitously been added in this region
(Figure 8.), and that self-cleavage might be possible. To confirm this possibility,
the two bands present in the doublet were separated on a long SDS-PAGE gel,
transferred to a membrane, and subject to separate N-terminal sequencing.
Contrary to expectation, boiin bands had exactly the same N-terminal sequence,
suggesting that some factor other than length (e.g. folding and/or disulfide
bond formation) was accounting for the difference in mobility between the two
proteins. Another possibility is that the longer form represents a read-through
of the first stop-codon, but this seems less likely since tiie original denatured

protein ran as a single band.

To generate recombinant protei which had the same N-terminus as the
wild-type HCV serine proteinase, t ‘e purified and refolded H6/HCVPfix
protein was subjected to cleavage |- enterokinase. This cleavage reaction
would be expected to cleave the (His), ‘ag from the N-terminus of the protein,
so that any cleaved protein would now run through a NTA-Ni2+ chelating
column. The cleavage reaction appeared to be extremely inefficient, since the
vast majority of the H6/HCVPfix protein still bound to the nickel column after
overnight incubation with enterokinase (Figure 16, lane 2). The small quantity
of protein which did flow through the column (Figure 16, lane 3) contains two
major protein bands which run at about 15 and 21 KDa. Both bands are shorter
than expected if the H6/HCVPfix protein had been cleaved at the enterokinase
site, which would remove only 21 amino acids or about 2.3 KDa from the

original protein. Perhaps the minute quantity of full-length enterokinase
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cleaved protein which is present cannot be detected with the relatively
insensitive Coor.assie brilliant blue staining method. On the other hand, the
calculated molecular weight of enterokinase cleaved H6/HCVPfix protein is
about 20.5 KDa, and it may be that the larger band seen in lane 3 is the full-
length recombinant enzyme. If this were the case, it would suggest that the N-
terminal 21 amino acids present on the H6/HCVPfix protein caused a
disproportionaie decrease in mobility of the original protein. This question
could be resolved by sequencing the N-terminus of the 21 KDa band seen in
lane 3, but because of the small quantities available, in the present project all of

this material was devoted to enzymatic assays.

The enterokinase cleavage buffer contained 4 M urea, and although
recommended in some protocols, the presence of this denaturant might in part
be responsible for the low activity of the enterokinase. Future experiments are
planned which will test enterokinase cleavage in the absence of urea, and also
determine the optimal enterokinase:subsirate ratio, the optimal time of

incubation, and the optimal commercial source for the enzyme.

Material from the enterokinase cleavage reaction which flowed through
the nickel chelating column under denaturing conditions was refolded by
dialysis against 1 mM DTT, 10 mM sodium acetate (pH measured: 6.3) and then
concentrated. This was tested in a cleavage assay using a purified synthetic
peptide which was modeled on the NS4A-NS4B junction. Rationale for the use
of this particular peptide, and details of the proteinase assay are contained in
the previous chapter. The TNBS assay suffered from high and sometimes
fluctuating backgrounds, but in general demonstrated that the enterokinase
cleaved H6/HCVPfix was the only protein tested which gave a continual

increase in primary amino groups over a 23 hour period. This activity was
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totally inhibited by PMSF (a classical inhibitor of serine proteinases). A control
protein which was expressed and purified by the same method gave no
activity, nor did enterokinase alone. As well, the initial velocity of the reaction
(i.e. the rate of generation of primary amino groups) increased linearly with

increasing concentrations of the enterokinase cleaved H6/HCVPfix protein.

When the assay reaction containing the substrate peptide and
enterokinase cleaved H6/HCVPfix protein was analyzed on HPLC at t=0 and
t=16 hours, a differential peak was observed in the t=16 hour material. When
the molecules constituting this differential peak were analyzed by plasma
desorption mass spectroscopy (PDMS), a mass corresponding precisely to the
sodium and potassium adducts of the expected decapeptide cleavage product
was obtained. This provided proof that the substrate peptide was being
cleaved at the exact HCV serine proteinase recognition site. Although it is
possible that another proteinase might also be catalyzing this cleavage, this
would appear highly unlikely in the present set of experiments. The most
likely possibility is that the enterokinase cleaved H6/HCVPfix protein
preparation contains at least a small quantity of catalytically active recombinant

HCYV serine proteinase.

Although this project was successful in expressing a minimal quantity of
enzymatically active recombinant HCV serine proteinase, obviously more work
needs to be done to confirm these results. For example the differential peaks
obtained after cleavage could also be analyzed by protein sequencing to
confirm their identity. Antisera from patients with HCV, as well as our own rat
polyclonal antisera could be tested for specific blocking of the enzyme activity.
Perhaps even more importantly, the various experiments should be repeated
once more substrate peptide becomes available. Since the final yields of
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enterokinase cleaved proteins were quite poor, this cleavage reaction should be
further optimized. Western blots cculd also be performed on the enterokinase
cleaved material which flows through the nickel chelating column--using our
rat antisera and sera from HCV patients--to confirm size and identity of the

flow through products.

Since this work was started, HCV serine proteinase activity has been
reported by other groups when the polyprotein residues 1027-1207 (57), 1049-
1215 (101), or 1007-1237 (26) were expressed using eucaryotic systems. This
information suggests that our original assignment of the C-terminal boundary
of the HCV serine proteinase domain at polyprotein residue 1221 is quite
reasonable. Furthermore, it also suggests that having the precise N-terminal
boundary at residue 1027 may not be absolutely necessary for at least some

protein: -~ - ctivity.

T,

Ir: iz.... of mechanisms of activation after N-terminal cleavage, Brayer,
De.. . and James suggested that activation of chymotrypsin requires
stabilization of the active site by the formation of a permanent salt-bridge with
Asp 194, (adjacent to the active site serine 195; ref. 102). In this case, N-terminal
cleavage of the zymogen apparently releases the N-terminal a-amino group of
Ile 16 which forms the necessary salt bridge. However, in the case of the HCV
serine proteinase there is a Ser residue adjacent to the active site serine, and
therefore no similar salt bridge could be formed. This is at least consistent with
the observation that active HCV serine proteinases have been expressed with a
variety of N-termini. Since the H6/HCVPfix protein had only 21 additional
residues (i.e. Hisg, etc.) appended to the natural N-terminus of the viral
proteinase, it is also possible that this protein is active. One preliminary
experiment with the refolded H6/HCVP protein (data not shown)
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demonstrated some proteinase activity, but this was perhaps 100-fold less than

that obtained with the enterokinase cleaved H6/HCVPfix protein.

In the future, once additional substrate peptide is available, the original
refolded H6/HCVP and refolded but uncleaved H6/HCVPfix protein can also
be carefully tested for enzymatic activity, and compared to optimally cleaved
Hé6/HCVPfix protein. Once any quantity of active enzyme has been produced
and tested using the existing peptide substrate and TNBS assay, a new and
more sensitive fluorescence assay--based on the cleavage of a substrate peptide
with a fluorescence group on one end and a fluorescence quenching group on
the other--should be rapidly developed. With the development of this assay
and with quantities of refolded, active protein in hand additional enzymatic
and kinetic studies can be carried out. These studies would include complete
characterization in terms of kcat and km. Attempts to demonstrate what
proportion of the molecules were properly folded and enzymatically active
could be made using suicide substrates as active-site titrants such as radio-
labeled peptide chloroketon derivatives. Design of optimal peptide substrates
using phage display or random peptide strategies, and construction and testing

of peptide based or other inhibitors could then be undertaken.

The major limitation of the present E. coli expressicn system is thai the
recombinant HCV proteinase must be denatured and then eventually refolded
to generate enzymatically active materiai. This process is very inefficient, and
means tha. properly folded molecules will be contaminated with disordered
proteins. Although such material could be used to screen proteinase inhibitors,
it would not be suitable for structural studies such as X-ray crystallography.
The use of other expression systems such as Pichia pastcris, baculovirus, or

mammalian cells may yield solublc, active recombinant protein which would

67



be highly advantageous. This work would be facilitated by the rat polyclonal
antisera which was generated in the present project. However, preliminary
reports from Glaxo Inc. suggest that a similar recombinant NS3-derived protein
is also insoluble when expressed in baculovirus. Therefore, use of the E. coli
expression system described in the present thesis may still be a efficient way to
proceed to produce active enzyme, particularly if cleavage and refolding
protocols can be further optimized. Another straightforward possibility would
be to try and express the protein with a prokaryotic signal sequence, either in E.
coli or in another bacteria such as Bacillus subtilis. Should sufficient soluble
protein be obtained, and providing that properly folded molecules could be
purified away from the unfolded material, crystallization and X-ray liffraction
analysis is also a real possibility. In the future, perhaps highly specific non-
peptide or peptide-based inhibitors can be designed using the information
obtained in the structural studies, On a more practical note, existing libraries of
proteinase inhibitor molecules (peptide based or otherwise) can be screened
immediately, even with relatively crude preparations of enzyme such as the

one produced in the present thesis.
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Table 1. HCV-encoded proteins and proposed functions.

Protein Positionin | Molecular Proposed Notes
Polyprotein Weight Functions
C aa1- 191 21kD Nucleo-Capsid | RNA Binding
El aa 192 - 383 31kD Envelope Glycoprotein
E2 aa 384 - 809 70kD Envelope Glycoprotein
NS2-NS3 Zn“*
NS2 aa 810 - 1026 23kD Metallo- Denpendent
proteinase
NS2-NS3
Metallo- Polyprotein

NS3 | aa1027-1657| 70kD | proteinase+ Ser| Processing
Proteinase +

Helicase

Membrane

NS4A | aa1658-1711 8kD ? Binding
Membrane

NS4B | aa1712-1972 27kD ? Binding
Polymerase Replicase
NS5A | 2a1973-2420! S8kD (NS5) Domain A
Polymerase Replicase
NS5B aa 2421 - 3011 68 kD (NS5) Domain B

* Apparent molecular weight by SDS-PAGE.
# It is reported recently that a p7 protein (aa 747-809) was generated by
incomplete cleavage, leading to the production of two E2-specific species: E2

and E2-p7 (Lin, et al., 1994).
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Table 2. Proteinase recognition sites in HCV polyprotein known to be
cleaved by HCV viral proteinases (from Gracoui et al., 1993).

o Cleavage
Cleavage Site Position in Senquencet Proteinase Which
Polyprotein | PgPsP4P3P,P P Cleaves
1P 2
NS2 - NS3 aa 1021 - KGWRLLJAP* | Metalloproteinase
1029
NS3 - NS4A aa 1651 - DLEVVTIST* Serine Proteinase
1658
DEMEEC{SQ _ ,
NS4A - NS4B aa 1706 - DEMEECLAS Serine Proteinase
1714
NS4B - NS5A aa 1967 - DCSTPCLSG Serine Proteinase
1974
NS5A - NS5B 2415 EDVVCCISM Serine Protei
- aa - DSVVCCLSM rine Proteinase
2422 R Al
NOTE:

# HCV serine proteinase has consensus ( bold ) cleavage sequence as:

* Cleavage incis .

F¢PsPyPsPoP PP,

CS
T A
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Table 3. Other sites in the HCV polyprotein which have the consensus serine
Proteinase recognition sequence but which are not cleaved.

. . P¢PsP4P3P,P1 PP,
CONSENSUS SEQUENCE for HCV Serine Proteinase  p CS
E T A
SITE POSITION SEQUENCE
PPsP4P3P,P; PP’y
NS5A #1 aa 2167 - 2174 DVAVLTSM
NS5A #2 aa 2177 - 2184 DPSHITAE
NS5A #3 aa 2337 - 2344 ESTLSTAL
NS5B #1 aa 2779 - 2786 DLELITSC
NS5B #2 aa 2781 - 2788 ELITSCSS

NOTE:

Amino acids residue in consensus position are in bold.
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Table 4. Rate at which glycine-equivalent primary amino groups are
released from the substrate peptide in the presence of refolded HCV serine
proteinase (lane 3, Figure 16) under two different buffer conditions.

Buffer Conditions Velocity (WM / min.) *
Potassium Phosphate (pH 7.5) 1.12+ 0.05
HEPES-Buffered Saline (pH 8.2) 0.89+0.05

* Calculated after converting the absorbance of TNP-peptide at 405 nm into
glycine equivalents using the Linear Regression Pro- computer software
written. by Gerar.! i xmmond, 1993. The reaction contained 0.19 uM
enzyme, 2.5 mM p»y cde substrate, in 0.1 M potassium phosphate, 6 mM
citrate, and 2 mM £DTA (pH 7.5). It was incubated at 23°C and sampled at
2,3,4,5,6,and 23 hrs. Incubation of buffer plus substrate alone, or enzyme

alone, gives nearly 0 velocity under identical condition.
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A. HCV Polyprotein

" El E2 NS2 NS3 NS4A NS4B NSS5A NS5B
i _JL il 1 C 11 i
p21 gap3? 1070 p23 p70 p8 p27 p58 p68

E. NS3 Region & Constructs

NS3 NS4
827 NS2 1027 1638
Serine Proteinase Helicase
17
I_.Zr) 1037 1221
pT7-H6/HCVP iy )
T7
|SD: 1037 1221
pT7trx/HCVP
T
sp 1027 1221
pT7H6/HCVPfix ~t—p -z i
7 -~
7 e

S

~ T ——
<-M[(is)g]Thrombin Site [DDDDKAPITAYAQQ — = =
I

Enterokinase site

Figure 1. Schematic representation of the HCV polyprotein cleavage
products, and relationship to the recombinant proteins expressed in
this study. A. The virus polyprotein cleavage products are shown as
open boxes; the name of each protein and its molecular size are indi-
cated. B. The NS3 region and the expression constructs are shown .
The narze of each piasmid is shown on the left. The T7 promoter is
shew= as an arrow; the ribosome binding/ Shine-Delgarno sequence
indicated by SD. The fusion peptides, either 6 histidines and a throm-
bin cleavage site or E. coli thiordexin A and a enterokinase cleavage
site, are shown as cpen box. The amino acid residues are numbered
as they are in HCV po!vprotein. The amino acid sequence from 1027

t0 1221 is APITAYAQ ...... SSPPAVPQ, and that from 1037 to 1221 is
RGLLGCIL...... SSPPAVPQ.
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Recovery of Intact Protein Relative to Factor Xa

Enterokinase
25 -
201 23.5
15|
Thrombin
10
11.75
5
Factor Xa
11

Cleavage Sites for Tag Removal

Figure 2. The probability of recovery of an intact protein after ceavage of
affinity tag by enterokinase is 23.5 times greater than with Factor Xa, and 2
times greater than with thrombin (data from the IBI FLAG™ Biosystem,
Kodak, New Haven, CT).
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HPCPLYPRE 3305 AGATACCGCCGCGTGCGGTGACATCATCARCGGCTTGCCLGTETCCGCCCGCAGG =" r" """
HPCCGAA 3305 AGATACCGCCGCGTGCGGTGACATCATCAACGGCTTGCCCGTITCLGCCCGLAGG - v r r™"
HPCJTA 3305 GGACACCGCGGCGTGTGGGGACATCATCTTGGGACTGCCCGTCTCCGCCCGAAGG: - w st e
HPCJTB 3305 GGACACCGCGGCGTGTGGGGACATCATCTTGGGACTGCCCGTCTCCGCCCGAAGG: -2 wwr "t ™"
HPCJCG 3293 aGACACCGCGGCGTGTGGGGACATCATCTcGGGtCTaCCaGTCTCCGCCCGAAGG """"""""
HPCJIBG 3317 tGAgACaGTGGCGTGTGGaGACATCchcatGGcCTcCCgGTCTCCGCgachta """"""""

consensus aGACACCGCAGCGTGEGGIGACAT AT ctagGGecTgCCcGTeTCCGCecGaagyg: """
5 ' ~ACCGCGGCGTGTGGGGACATCATC-3 "

Oligonucleotides Primer (5'): HCV-NS3-B

"""""""" CECACCTCcCATGCT JCACaGGCAGCGGCARAAGCACCAAGGTCCCGGCTGCaTAL 4074 HPCPLYPRE
"""""""" CCCACCTgCATGCTCCCACcGGCAGCGGtAAGAGCACCAAGGTCCCGGCTGCGTAC 4074 HPCCGAA
"""""""" CCCATCTACACGCTCCCACTGGCAGCGGCARGAGCACTAAAGTGCCGGCTGCGTAC 4074 HPCJITA
"""""""" CCCATCTACACGCTCCCACTGGCAGCGGCAAaAGCACTARAGTGCCGGCTGCGTAC 4074 HPCJITB
"""""""" CaCATTTACACGCTCCCACTGGCAGCGGCAAGAGCACCAAAGTGCCGGCTGCATAT 4062 HPCJCG
"""""""" gttAcTTgCACGCaCCaACaGGCAGCGGaAAGAGCACCAAgGTcCCtGCcGCgTAT 4086 HPCJ8G

"""""""" cccA-cTaCACGCtCCCACtGGCAGCGGCAAGAGCACCAA-GT-CCgGCLtGCgTA~ consensus

3'-CCGTCGCCGTTCTCGTGGTT-S'

A
Oligonucleotides Primer (3'): HCV-NS3-2A

Figure 3. Viral cDNA sequences flanking the putative HCV serine proteinase
domain. The identity of the HCV strains and the position in their genome (first
and the last bases inclusive) are listed next to each sequence. The relative
consenst's regions from which the PCR cloning primers were designed is
underlined, and the actual primers used are listed below this. cDNA position
3305-3307 rorresponds to residue 988 in the polyprotein, and cDNA position
4074 corresponds to residue 1244 in the polyprotein.
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Figure 4. Non-denaturing agarose gel electrophoresis of RT-PCR products
stained with eth:dium bromide and photographed under uv illumination.
cDNA fragments encoding the putative hepatitis C virus serine proteinase
gene were amplified originally from viral RNA isolated from the serum of
three different HCV patient: PG, ZA, and BF (lanes 1, 2, 3), and these resulted
in clones #3 (747 bp), #5 (748 bp) and #6 (748 bp) respectively. Lane 4 is the
negative control without the target cDNA. Lane M contains DNA size markers
of 4132, 2835, 1942, 1543, 1276, 1043, 812, 636, 525, 413, and 400 base pairs (top
to bottom). The markers were derived from pCDM8 (Brian Seed) which has
been digested in separate reactions with Sty I, Pvu II, Xho I, and Hae IIl and
then pooled following inactivation of restriction enzymes by heating (70°C, 15

min.) in 25 mM EDTA.
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Figure 5. Complete nucleotide sequence and deduced amino acid sequence of
the clone #¥6 ¢cDNA insert (Figure 4). A single dC deletion was found at
nucleotide 132, which is added as a circled C in order to maintain the open
reading frame. Therefore the entire DNA sequence presented here totals 749
instead of 748. DNA sequences contributed by the PCR primers are
underlined with dotted lines. The putative HCV serine proteinase catalytic
triad includes histidine 1083, aspartate 1107, and serine 1165, all shown in
bold. The GXSGXP motif around the active site serine residue is underlined.
The amino acid numbers correspond to the residue number in the HCV

polyprotein.
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TRYP IVGGYTCQENSVPYQVSLNSGYHFCGGSLIND

HCV APITAYAQOTRGLLGCIITSLTGRDKNQVEGEVQIVSTAAQTFLATCIN
consensus I NV v S

TRYP QWVVSAAHCY 37 TLNNDIMLIKLS 79 DSCQGDSGGPVVCNGEL 36
HCV GVCWTVYHGA 17 NVDODLVGWPAP 44 SYLKGSSGGPLLCPAGH 46
consensus H D GXSGGE C

Figure 6. Comparison of the protein sequence of rat pancreatic trypsin II with
that of the HCV serine proteinase, using the N-terminus of the HCV serine
proteinase molecule published during the course of this work (Grakoui ¢t al.,
1993). This N-terminus was used in the final construct pT7-H6/HCVPfix,
whereas the N-terminal 10 amino acid residues (underlined with dots, ending
in QQT) are absent in constructs pT7-H6/HCVP and pT7trx/HCVP. The N-
terminal A corresponds to residue 1027 in the HCV polyprotein. The residues
of the catalytic triad found in both proteinases are in bold, and the GXSGXP
motifs surrounding the active site serines are underlined. Numbers between
the blocks of sequence indicate the number of amino acids present in that
region of the polypeptide; numbers at the end indicate the number of residues
to the real (trypsin) or assumed (HCV) C-terminus.
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Figure 7. DNA sequence and the deduced protein sequence in the polylinker

of expression vectors which were used in this project. pT7-7(A), pT7-7His6 (B),

and pT7-7trx (C) are included. Unique restriction sites are underlined and

occur in the following order: Nde 1, Eco R1, Sma I, Bam Hl, Sal 1, Pst 1, Hind 111,
and Cla I.
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Figure 8. A. Amino acid sequences of the various recombinant proteins
expressed in the course of this project. The name of each plasmid construct
from which the protein was made is indicated on the left. The putative
catalytic triad of H1083, D1107, and 51165 are indicated in boldface type. The
sequence of a possible HCV serine proteinase cleavage motif (Grakoui et al.
1993) which was serendipitously added to the pT7-H6/HCVPfix and
pT7trx/HCVPfix constructs is underlined. The proteins which would result
from possible self cleavage at this site, or from cleavage at the enterokinase
site are also indicated. Except for the different N-terminal sequences, all
proteins would be the same and hence are indicated by a single sequence
labeled "HCV serine protease’.

B. DNA sequences and the deduced amino acid sequence at 5' end and
3' end of expression constructs including pT7H6/HCVP, pT7trx/HCVP,
pT7H6/HCVPfix, and pT7trx/HCVPfix. Restriction sites Eco RI and Sal I used

to clone the cDNAs into the expression vectors are underlined.



A. 1037

pT7-H6/HCVP MHHHHHHLVPRGSGIRGLLGCIITSLTGRDK
pTTrx/HCVP MSDKIIHLTDDS.....DANLAGSGSGDDDDKGIRGLLGCIITSLTGRDK
pT7-H6HCVPix MHHHHHHLVPRGSGIRDDDDKAPITAYAQQTRGLLGCIITSLTGRDK
pTNex/HCVPfix ~ MSDKTI.....GDDDDKGIRDDDDKAPITAYAQQTRGLLGCIITSLTGRDK

pT7-H6/HCVPfix (possible Self-cleavage) AYAQOTRGLLGCIITSLTGRDK
pT7-H6/HCVPfix (enterokinase cleaved) APITAYAQOTRGLLGCIITSLTGRDK
HCYV serine proteinase L (%’IP ITAYAQQTRGLLGCIITSLTGRDK

HCV serine proteinase NQVEGEVQIVSTAAQTFLATCINGVCWTVYHGAGTRTIASPKGPV
HCV scrine proteinase  TQMYTNVDQODLVGWPAPQGARSMTPCTCGSSDLYLVTRHADVIPV
HCV serirz proteinnse  RRRGDSRGSLLSPRPISYLKGSSGGPLLCPAGHAVGIFRAAVCTR

HCV serine proteinase  GVAKAVDFIPVESLETTMRSPVFTDNSS PPAVPg2 L

pT7-HS/HE R E eeeeee CCG CGT GGT TCC GGA _ATT _CGG GGC CTC TTG GGA ‘- TCC TCT CCA
P R G S G I R G L L G S ) P

CCA GCA GTG CCC CAG tga gtg gac ctc -3!
P A \Y P Q Stop

pT7trx/HCVP §leeeees TCT GGT TCT GGT GAT GAC GAT GAC AAG GGA ATT CGG GGC CTC TTG
S G S G D D D D K G I R G L L

GGA* e TCC TCT CCA CCA GCA GTG CCC CAG tga gtg¢ gac ctec -3'
G S S P P A v p Q Stop

pT7-H6/HCVPfix 5% CCG CGT GGT TCC GGA_ATT CGC GAC GAC GAT GAC AAG GCA CCC ATT
P R G S G I R D D D D K A P I

ACG G eroree TCC TCT CCA CCA GCA GTG CCC CAG tga gtc gac ctc -3°
by S S P P A v P Q Stop

pTTex/HCVPfix §"GGT TCT GGT GAT GAC GAT GAC AAG GGA ATT CGC GAC GAC GAT GAC
G S G D D D D K G I R D D D D

AAG GCA CCC ATT ACG G TCC TCT CCA CCA GCA GTG CCC CAG tga
K A P I T S S P P A v P Q Stop

gtc gac-3'
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Figure 9. Coomassie brilliant blue stained SDS-PAGE of recombinant HCV
serine proteinase expressed from construct pT7-H6/HCVP in E. coli
BL21(DE3). A. Total cell lysate from an IPTG induced culture (lane 2) is
compared with that from a non-induced culture (lane 1). B. Soluble
supernatant (lane 1) is compared with in-soluble pellet (lane 2) after the cell
lysis using a French press. The recombinant HCV serine proteinase is
indicated by a arrowhead. Molecular weight standards (shown left) are in

kilodaltons.
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Figure 10. Affinity purification of recombirsnt protein H6/HCVP by nickel
chelate column chromatography. This recombinant protein with a (His), tag
was purified over a Ni2*-NTA volurw: under denaturing conditions. The
starting point of the loading, washing, ar! ¢iuting events are indicated. The
inclusion bodies containing the recombiii«:3 »:otein were dissolved in 6 M
guanidine-HC], 0.1 M NaH2POy, 0.01 M Tris, :. =¥ B-mercaptoethanol (pH8.0)
(Gu-HCl buffer) and loaded onto the Ni2¢- A column which had been
prewashed and equilibrated with Gu-HCl buffer. The column was washed
first with Gu-HCl buffer, then with 8 M urea, §.1 M NaH2POy ,0.01 M Tris, 1
mM B-mercapto-ethanol (pH8.0) followed by the same buffer but with the pH
adjusted to 6.3 using HCL. The recombinant protein was eluted with 8 M urea,
0.1 M NaH,POy,0.01 M Tris, 1 mM B-mercaptoethanol af the following pHs:
5.9,5.3 and 4.5.
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Figure 11. Protein purified by Ni2*-NTA affinity chromatography. Protein
expressed from the construct pT7-H6/HCVP was eluted from the nickel-
chelating resin at low pH. Fractions 20 to 25 eluted at pH5.9 correspond to
lanes 1 to 6 above. The protein was dialyzed, lyophilized, and used to
immunize animals. Molecular weight standards (left) are shown in

kilodaltons.
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Figure 12. Antibody titers for anti-H6/HCVP antisera raised in a
variety of laboratory animals. Animals were immunized with the
purified H6/HCVP protein (Figure 10) dialyzed against water, and using
complete and incomplete Freund's adjuvants as discribed in the
Materials and Methods. Antibodies were measured by ELISA assay,
using plates coated with H6/HCVP protein. The secondary antibodies
used in this assay are goat anti-rat, rabbit, or mouse conjugated to
peroxidase. This reacts with ABTS/H,0, to give a green product that
absorbs at 405 nm, Plates were measured on a ELISA plate reader and
are expressed in OD,,5 units.
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Figure 13. Coomassie brilliant blue stained SDS-PAGE of expression trial
from construct pT7-H6/HCVPfix in E. coli BL21(DE3). Cells were pelleted
and lysed by the freeze-and-thaw method, and the total lysate from an IPTG
induced culture (lane 1) was compared with that from a non-induced culture
(lane 2). The recombinant protein is indicated by the arrow head. Position of
molecular weight standards are shown at left, with weights given in

kilodaltons.






Figure 14. Coomassie brilliant blue stained SDS-PAGE of recombinant
HCV serine proteinase released from the cell pellet after lysis using a
French press. The recombinant protein expressed by the construct pT7-
H6/HCVPfix in E. coli BL21(DE3) was found in the pellet (lane 2,
arrowhead), and not in the supernatant (lane 1). Molecular weight

standards (left) are shown in kilodaltons.
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Figure 15. The recombinant (His)s fusion protein produced from the
construct pT7-H6/HCVPfix was purified by nickel-chelating affinity
chromatography as in Figure 9. Fractions which eluted at pH5.9 (lanes 1 to
4), pH5.3 (lanes 5 to 7), and pH4.5 (lanes 8 to 9) are shown. Molecular

weight standards (left) are in kilodaltons.
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Figure 16. Coomassie brilliant blue stained SDS-PAGE of recombinant
HCYV serine proteinase processed by enterokinase. Purified recombinant
protein produced from construct pT7-H6/HCVPfix (Figure 15) was
refolded by dialysis against 1 mM DTT. 2 mg of refolded, lyophilized,
recombinant protein was digested by incubation at 37°C overnight with
100 units of enterokinase (Sigma) in 10 ml of 50 mM sodium acetate pH5.0,
15 mM CaCly, 0.1% triton X-100, and 4 M urea. Lane 1 shows an aliquot of
the starting material, and lane 2 shows the same material following
incubation with enterokinase. The reaction mixture was brought to a final
concentration of 8 M urea and 2 mM DTT, and the (His)¢* protein /peptide
was removed by nickel-chelate affinity column (about 1 ml resin bed). The
purified HCV serine proteinase (lane 3) was dialyzed against 1 mM DTT
for 4 hours, 0.2 mM DTT overnight, 0.05 X PBS for 10 hou:s, and finally
0.02 X PBS overnight. The dialyzed proteinase was concentrated 2 fold by

centricon-10 spin column (Amicon) and then used in the proteolysis assay.



14.4—



Figure 17. Coomassie brilliant blue stained SDS-PAGE of total cellvlar
proteins from non-induced (lane 1) and IPTG induced (lanes 2 and 3)
cultures grown at various temperatures. Protein was expressed from the
construct pT7trx/HCVPfix in BL21(DE3) cells, and cells were grown at the
following temperatures: (A) at 23°C, (B) 30°C, and (C) 37°C. Almost no
recombinant protein is expressed at 23°C (A), whereas high levels of
expression are seen at 37°C (C, lane 2, arrowhead). Growth and expression
at 30°C (B) gives intermediate level of expression, with most of the
recombinant protein in the insoluble pellet (lane 3, arrowhead), and almost
none in the supernatant (lane 2). Osmotic shock treatment (LaVallie et al.)
was used to release the protein from the cells in (B). Molecular weight

standards (left of each gel) are in kilodaltons.






Figure 18. Coomassie brilliant blue stained SDS-PAGE of proteins from
pT7trx/HCVPfix expressed in E. coli BL21(DE3), with cells lysed by osmotic
shock in a variety of different solutions. The final supernatant (lanes 1, 3, 5, 7,
and 9), and pellet fractions (lanes 2, 4, 6, 8, and 10) run along with the
original total cell lysate with (lane II) and without (lane I) induction by IPTG.
The osmotic-shock solutions tested include: 20 mM Tris-HCI, pH7.8 (lanes 1
, 2), 20 mM Tris-HCI, pH 8.0 (lanes 3, 4), TE pH8.0 (lanes 5, 6), 20 mM Tris-
HCI, pH 8.55 (lanes 7, 8), and pure HyO (lanes 9, 10). Note: None of the
solutions contained additional salts or detergents. In all cases virtually all of
the recombinant thioredoxin/HCVP fusion protein (Position indicated by
arrow head) remained in the insoluble pellet. Molecular weight standards

(left) are shown in kilodaltons.
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Figure 19. Purification of the synthetic peptide Ac-Tyr-Gln-Glu-Phe-Asp-
Glu-Nle-Glu-Glu-Cys-Ser-Gln-His-Leu-amide by HPLC. The products of
peptide synthesis, deprotection, and cleavage were purified over a C-18
reverse phase column (250 mm X 1/2") at a flow rate of 2 ml/min. using a 15-
70% acetonitrile gradient (0.5%/min.) containing 0.05% TFA. The major
product peak is indicated by the arrow. Mass spectroscopy analysis assigned
the peak a molecular weight of 1811.3, which is in agreement with the
calculated molecular weight of 1811.9. The second large peak (arrowhead),
representing ~40% of the product , has a mass of 2055.
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Figure 20. Generation of primary amino groups by the enterokinase
cleaved, refolded H6/HCVPfix protein (protein shown in lane 3, Figure 16).
0.19 pM of refolded protein was incubated with 2.5 mM substrate peptide in
0.1 M potassium phosphate, 6 mM citrate, 2 mM EDTA (pH?7.5) with (®) or

without (%) the inhibitor PMSF (350ug/ml). Controls include substrate

alone (O) and enzyme alone (¢) incubated in the same buffer system over
the same time period. Also included are enterokinase alone (A), and a

recombinant malaria control protein PfsY () (see text), both incubated with
the peptide substrate. Aliquots of the reaction were taken at various times,
and the accumulation of primary amino groups was assayed by conversion
of TNBS to a yellow compound TNP-peptide, which absorbs at 405 nm
(Satake et al. 1959). Absorbance at 405 was converted to glycine equivalents
of total primary amino groups released, using a standard curve generated
under the same assay conditions.
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Figure 21. Initial velocity at which primary amino groups are generated
when incubating the substrate peptide with various concentrations of
the enterokinase cleaved, refolded protein H6/HCVPfix. The reaction
conditions are as in Figure 20. Aliquots of the reaction were taken at time
0, 10, 20, 30, 40, 60, and 80 min. and assayed as in Figure 20. Velocity was
assumed to be linear over this short time period.
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Figure 22. HPLC profile of the proteolyzed substrate peptide (bottom)
compared with that of HCV serine proteinase assay mixture at t=0 (top).
Enterokinase cleaved, refolded protein H6/HCVPfix (lane 3, Figure 16) was
incubated at 37°C at a concentration of 0.067 uM. The reaction included 1.6
mM peptide substrate in 0.1 M potassium phosphate, 6 mM citrate, 2 mM
EDTA (pH7.5). Separation of the reaction mixtures at t=0 and t=16 hrs.
were done over a C-18 column (same as in Figure 18) t a flow rate of 2
ml/min. and using a 0-70% acetonitrile, 0.05% TFA gradient (0.5%/min.).
The major differential peak generated by proteolysis is indicated by the
arrow. The substrate peak present in both traces is indicated by the

arrowhead.
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Figure 23. Plasma desorption mass spectra (PDMS) of the differential peak
shown in Figure 22. The mass at 1370.5 is likely the sodium adduct of the
decapeptides and the mass at 1386.5 suggests a potassium adduct of the
same peptide (see text for the details).
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