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The nonstructural 5A (NS5A) protein of the hepatitis C virus (HCV) is a multifunctional phosphoprotein
that is implicated in viral replication and HCV-mediated pathogenesis. We report here that the NS5A protein
from the HCV genotype 1a is processed into shorter distinct forms when expressed in mammalian cells (Vero,
HepG2, HuH-7, and WRL68) infected with an NS5A-expressing HSV-1-based amplicon vector or when tran-
siently transfected with NS5A-expressing plasmids in the absence of exogenous apoptotic stimuli. Inhibitor
studies combined with cell-free cleavage assays suggest that calcium-dependent calpain proteases, in addition
to caspase-like proteases, are involved in NSSA processing. Interestingly, His-tagging experiments indicated
that all the detectable NS5A-cleaved products are N-terminal forms of the protein. Additionally, immunoflu-
orescence studies showed that, despite proteolytic cleavage, the NS5A protein exhibits a cytoplasm-perinuclear
localization similar to that of the full-length protein. Thus, our results are consistent with recent data that
demonstrated that NS5A is capable of perturbing intracellular calcium homeostasis and suggest that NS5A is
both an inducer and a substrate of the calcium-dependent calpain protease(s). This may imply that cleavage

of NS5A by calpain(s) could play a role in the modulation of NS5A function.

The hepatitis C virus (HCV) is the major etiological agent
worldwide of chronic hepatitis, which often leads to liver cir-
rhosis and hepatocellular carcinoma (8, 11, 50). HCV is a small
hepatotropic virus classified within the Flaviviridae family (40).
The viral genome consists of a 9.6-kb single-stranded positive-
sense RNA that encodes a precursor polyprotein of about
3,000 amino acid residues. The polyprotein is processed by
host and viral proteases to produce at least 10 mature proteins.
These proteins include at least three structural proteins, the
nucleocapsid and two envelope glycoproteins (E1 and E2), the
p7 protein, and six nonstructural proteins (NS2, NS3, NS4A,
NS4B, NS5A, and NS5B) with various enzymatic activities
(47). An additional protein known as ARFP (for alternative
reading frame protein), F (for frameshift), or core+1 (to de-
scribe the localization of the protein) has recently been iden-
tified. This protein is encoded by an alternative reading frame
within the core coding region, but its function remains un-
known (63, 64, 69).

Among the HCV nonstructural proteins, NS5A has received
a lot of attention due to its proposed implication in the inter-
feron response and its apparent key role in controlling the host
antiviral properties (17, 26, 44, 45, 57). The HCV NS5A pro-
tein is a multifunctional serine phosphoprotein with a mass of
56 to 58 kDa (28, 48, 59) that displays a wide range of activities
related to viral replication and HCV-mediated pathogenesis
(2, 3, 33, 60). NS5A modulates viral replication by its direct
association to the viral replicase complex formed at the cyto-
plasmic side of the endoplasmic reticulum (ER) (54, 62). Ad-
ditionally, NS5A interacts with a number of cellular proteins,
thereby affecting numerous host functions, including modula-
tion of signal transduction pathways (19, 27, 58, 60), suppres-
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sion of apoptosis (18, 20, 35, 39, 43), perturbation of cell
growth and differentiation (1, 22), disruption of lipid metabo-
lism (53), and modulation of transcription (10, 21, 32, 39, 46,
55). In addition, NS5A was recently shown to perturb calcium
homeostasis, both in transfected cells and in the replicon sys-
tem, leading to oxidative stress and activation of STAT3 and
NF-«kB transcription factors as well as the calcium-dependent
calpain protease(s) (25, 65, 66).

The native NS5A protein is predominantly localized to the
cytoplasm and the perinuclear area despite the presence of a
functional nuclear localization signal (NLS) in its C-terminal
region (29). A small amphipathic a-helix in the N terminus of
NS5A was recently shown to acts as an ER membrane reten-
tion signal (5). On the other hand, N-terminal deletion mu-
tants of the protein have been almost exclusively localized in
the nucleus and reported to function as potent transcriptional
activators (32, 55). These findings suggested that cleavage of
the NSS5A protein could operate as a posttranslational modi-
fication aiming to unmask its NLS, thus leading the C-terminal
fragments of the protein to the nucleus where they could act as
transcriptional factors (24, 52, 60). In this regard, subsequent
studies demonstrated that NS5A from genotype 1b is cleaved
at a few sites by caspase-like proteases in the presence of
apoptotic stimuli generating NS5A products with N-terminal
deletions, which could enter the nucleus and function as tran-
scriptional activators (24, 52). On the basis of these data, cas-
pase-mediated proteolytic processing of NSSA was proposed
to activate the cryptic NLS and allow the protein to function as
a transcription factor (52). However, the physiological rele-
vance of these observations remains unclear. Furthermore,
only a small amount of NS5A, if any, was found in the nucleus
of cells expressing native HCV-1b NS5A protein under apo-
ptotic conditions (52).

In this study we show that the HCV NS5A protein, in addi-
tion to caspases, is a substrate for the Ca”*-dependent calpain
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TABLE 1. Plasmids used in this study

Plasmid Vector Description of insert
pHPI 691 pGEM-3zf(+) The entire NS5A coding sequence (nt 6258-7601) from HCV-1a
pHPI 728 pCI The HindIII fragment encoding the entire NS5A from pHPI 691
pHPI 757 pA-SKlacZ The HindIII fragment encoding the entire NS5A from pHPI 691
pHPI 758 pIND-V5 His A The Sal-I fragment encoding most of the NS5A from pHPI 691
pHPI 782 pA-SKlacZ Pmel fragment containing the C-terminal six-His-tagged NS5A sequences from pHPI 758
pHPI 730 pGEM-3zf(+) Pvull-HindIII C-terminal fragment of NS5A from pHPI 691
pHPI 765 pHPI 730 Sacl N-terminal fragment of NSSA from pHPI 691
pHPI 1402 pEBV-His C EcoRI-Xbal fragment containing the entire NS5A from pHPI 765
pHPI 1403 pA-EUA2 EcoRI fragment containing the N-terminal six-His-tagged NSSA from pHPI 1402
pHPI 1406 pCI PCR product of N-terminal deleted (—162 amino acids) NSSA from pHPI 611 (reference 31)

proteases. Furthermore, despite cleavage, we were unable to
detect nuclear localization of the NSSA protein, and the de-
tection of C-terminal truncated NS5A protein products re-
mained elusive.

MATERIALS AND METHODS

Chemicals. The following inhibitors were purchased from Affiniti Research
products (Mamhead, Exeter, United Kingdom): MG132 (N“-benzyloxycarbonyl-
L-leucyl-L-leucl-L-leucinal); lactacystin; N-acetyl-Leu-Leu-Met-H (ALLM) or
calpain II inhibitor; N-acetyl-Leu-Leu-Nle-H (ALLN) or calpain I inhibitor, and
Z-Val-Ala-Asp(OMe)-fluoromethylketone (Z-VAD-FMK). All products were
used within the indicated times. The purified 80-kDa subunit of rabbit m-calpain
(calpain IT) was obtained from Sigma.

Plasmids. All plasmids were constructed by using standard technology, and a
summary of all plasmids is shown in Table 1. The entire NS5A sequence (nu-
cleotides [nt] 6258 to 7601) from HCV 1a strain H77 was PCR amplified from
plasmid p90-FL (kindly provided by C. Rice). The following primers were used:
sense, 5'-AGATATCATGAGCTCCGGTTCCTG-3" (EcoRV and Sacl restric-
tion sites are underlined; the translation initiation codon is indicated in bold);
antisense, 5'-CTCGAGAAGCTTAGCAGCACACGA-3" (Xhol and HindIII re-
striction sites are underlined; the complementary sequence of a stop codon is
shown in bold). The PCR conditions were as follows: 94°C for 1 min followed by
35 cycles of 94°C for 1 min, 65°C for 30 s, and 72°C for 2 min, with a final
extension at 72°C for 10 min. The PCR product was digested with EcoRV and
XhoI-Klenow and inserted into the Smal site of pGEM-3zf(+) (Promega),
yielding plasmid pHPI 691. The sequence of the NS5A coding region was verified
by dideoxy sequencing analysis. For expression in mammalian cells, the HindIII-
blunt-ended fragment, containing the entire NSSA coding sequence from plas-
mid pHPI 691, was inserted into the Xbal-blunt-ended site of vector pCI (Pro-
mega), generating plasmid pHPI 728. The NS5A open reading frame is under the
control of the human cytomegalovirus (HCMV) immediate-early promoter. To
generate the herpes simplex virus type 1 (HSV-1)-based amplicon vectors, the
HindIII-blunt-ended fragment, encoding the entire NSSA protein from plasmid
pHPI 691, was inserted into the Notl-blunt-ended site of vector pA-SKlacZ,
generating plasmid pHPI 757. The NS5A open reading frame is under the
control of the HSV-1 IE4 (a22/a47) promoter. The vector pA-SKlacZ is a
pBluescript IT derivative (Stratagene) that contains the amplicon module, ori-S,
and o sequences from the HSV-1 genome and the LacZ B-galactosidase expres-
sion cassette [based on the HCMV promoter and the simian virus 40 poly(A)
sequences] (61). For the construction of the C-terminal six-His-tagged NS5A
protein, the Sall-blunt-ended fragment of the NS5A coding sequence from
plasmid pHPI 691 was cloned into the Xhol-blunt-ended site of the pIND-V5
His A plasmid (Invitrogen), giving rise to plasmid pHPI 758. For expression from
the amplicon plasmid, the Pmel fragment encoding the C-terminal six-His-
tagged NSS5A from plasmid pHPI 758 was cloned into the NotI-blunt-ended site
of the pA-SKlacZ amplicon plasmid, giving rise to pHPI 782 (NS5A/His-C). For
the construction of the N-terminal six-His-tagged NS5A protein, the (EcoRI-
Xbal)-blunt-ended fragment derived from pHPI 765, a plasmid containing the
entire NS5A coding sequences from pHPI 691 (nt 6258 to 7601) but lacking the
initiation codon was cloned into the BamHI-blunt-ended site of vector pEBV-
His C (Invitrogen), giving rise to plasmid pHPI 1402. For expression from the
amplicon plasmid, the EcoRI-blunt-ended fragment encoding the N-terminal
six-His-tagged NS5A protein from pHPI 1402 was cloned into the Xbal-blunt-
ended site of the pA-EUA2 amplicon plasmid, yielding plasmid pHPI 1403
(NS5A/His-N), such that the NS5A coding sequence was under the control of the

HCMYV promoter and the simian virus 40 poly(A) sequence (see Fig. 5). The
pA-EUAZ2 vector has been derived from the pA-SK amplicon plasmid and carries
the green fluorescent protein-coding sequence and the BGH poly(A)-taken from
pIRES-EGFP (Clonetech)-under the HSV-1 TE4 («22/a47) promoter (A. L.
Epstein and V. Revol-Guyot, unpublished data). Plasmid pHPI 1406 encodes an
N-terminal deletion (—162 amino acids) fragment of NS5A and was constructed
following amplification of the corresponding sequence from pHPI 611 (31). The
sense primer was 5'-CCAAGCTTGCCATGGCGCCCCCTTGC-3" (HindIII and
Ncol restrictions sites are underlined; the translation initiation codon is indi-
cated in bold), and the antisense primer was as described above. PCR conditions
were as described above. For expression in mammalian cells the HindIII-blunt-
ended fragment of the PCR product was inserted into the Xbal-blunt-ended site
of pCI, generating plasmid pHPI 1406. The nucleotide sequence of this C-
terminal fragment of NS5A was verified by sequencing analysis (MWG-Biotech
Co.). pHPI 662, expressing the MBP-NS5A.1 protein, was used to generate the
rabbit polyclonal antibody against the NS5A protein (31). pGEM-Luc, which was
used for the in vitro cleavage assays, was purchased from Promega. A list of all
plasmids is provided in Table 1.

Cells and viruses. Vero (green monkey kidney fibroblasts), HepG2 (epithe-
lium from human hepatocellular carcinoma), and HuH-7 (human hepatome)
cells were obtained from the American Type Culture Collection. WRL68 (hu-
man liver embryonic hepatoma) cells were kindly provided by A. Budkowska
(Institut Pasteur, Paris, France). Vero, WRL68, and HuH-7 cells were main-
tained in Dulbecco’s modified Eagle medium (Biochrom KG) supplemented
with 5 (Vero) or 10% (WRL68 and HuH-7) fetal bovine serum (Gibco BRL),
penicillin and streptomycin (at concentrations of 5 IU ml~" and 50 mg ml™',
respectively), 2 mM L-glutamine, and nonessential amino acids (only for HuH-7)
(1x; Biochrom KG). HepG2 were grown in minimal essential medium (Gibco
BRL) containing 10% fetal bovine serum, penicillin-streptomycin, and L-glu-
tamine, as above.

A high-titer amplicon virus stock was generated as previously described (61).
The viability of the cells following the treatment with cellular protease inhibitors
was assessed by trypan blue, as specified by the supplier (Biochrom AG). Infec-
tions were performed as previously described (61). Briefly, monolayer cell cul-
tures were infected either with the pA-SKlacZNS5A amplicon vector at a mul-
tiplicity of infection (MOI) of 1 and an amplicon/helper virus (A/H) ratio of 1:10
or with the HSV-1 strain LalL at an MOI of 10. After 1 h of adsorption, the
medium was replaced with fresh 199V medium (Gibco BRL) supplemented with
1% fetal bovine serum. At the indicated times post infection (p.i.), cells were
washed twice with ice-cold phosphate-buffered saline (PBS-A), resuspended in
PBS-A, pelleted at 8,000 rpm (Eppendorf centrifuge 5417C) for 2 min, and
stored at —20°C until use.

Antibodies. The MBP-NS5A.1 protein was used to generate a polyclonal
antibody against NS5A. The protein was produced in Escherichia coli harboring
the pHPI 662 plasmid and purified by affinity chromatography, as previously
described (31). Rabbits were immunized against the NSSA protein following
three injections, each containing approximately 300 g of the purified fusion
protein, at intervals of about 3 weeks. After the third injection the antibody
response was analyzed by Western blotting. The antibody dilution was 1:100. The
monoclonal antibody against NS5A was purchased from Biotrend Chemikalien
GmbH and used at a dilution of 1:500.

The anti-NS5A polyclonal antibody was purified by a slightly modified affinity
chromatography method based on CNBr-activated Sepharose 4B beads, as has
been previously described (13). For this purpose the glutathione transferase-
NS5A.1 protein, produced and purified from E. coli harboring the pHPI 913
plasmid, was used (31). The protein was dialyzed against the coupling buffer (0.2
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M NaHCOs3, 0.5 M NaCl [pH 8.5]) and coupled to CNBr-activated Sepharose 4B
beads (Sigma) (1 to 10 mg of protein per ml of gel incubated overnight at 4°C).
Subsequently, beads were spun out at 2,000 rpm (Beckman GPR centrifuge) and
the excess protein was removed by several washes with ~10 volumes of coupling
buffer. Remaining active groups were blocked by incubation of the suspension
with 0.2 M glycine, pH 8, overnight at 4°C. The noncovalently adsorbed proteins
and the excess of blocking reagents were washed away by three cycles of coupling
buffer, followed by acetate buffer (0.1 M Na acetate-HCI, 0.5 M NaCl [pH 4]).
Beads coupled with the antigen were then washed with PBS-A and incubated
with antiserum overnight at 4°C. Subsequently, they were packed in a column of
appropriate size and washed with PBS-A until the optical density at 280 nm
reached ~0. The antibodies bound were eluted with 100 mM glycine-HCI, pH
2.8, and neutralized with 33.7 mM Tris-HCI, pH 8.8, and 0.3 M KCI. Purified
antibody was divided into small aliquots and stored in —80°C.

Immunoblotting. Cell monolayers were harvested at the indicated times,
rinsed twice with ice-cold PBS-A and lysed (20 min on ice) in triple detergent
buffer (50 mM Tris-HCI [pH 8], 150 mM NaCl, 0.1% sodium dodecyl sulfate
[SDS], 100 pg of phenylmethylsulfonyl fluoride per ml, 1% NP-40, 0.5% sodium
deoxycholate) in the presence of protease inhibitor cocktail (Sigma) or the
complete mini protease inhibitor cocktail (Roche), as specified by the suppliers.
SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer was added to
each sample, and the samples were boiled for 3 min before separation on 12%
denaturing polyacrylamide gels and transfer onto nitrocellulose sheets. After
blocking in PBS containing 0.02% (vol/vol) Tween 20 (PBST) and 5% (wt/vol)
dried milk for 40 min at room temperature, the membranes were incubated with
the primary antibodies in PBST-1% dried milk overnight at 4°C. The membranes
were then washed in PBST-1% dried milk three times for 30 min in total and
incubated at room temperature for 2 h with a horseradish peroxidase-conjugated
secondary antibody (DAKO), diluted in PBST-1% dried milk. After three
washes with PBST-1% dried milk (total time, 30 min) and three washes with PBS
(total time, 10 min), the membranes were soaked in Pierce enhanced chemilu-
minescence reagent and used to expose a film (Kodak).

Immunofluorescence analysis. For immunofluorescence analysis, Vero cells
were cultured on 10-mm cover glasses (Mikroskopische-Deckgldser) the day
before transfection. The transfection procedure based on the Lipofectamine Plus
reagent (Invitrogen) was as specified by the supplier. At 36 h posttransfection
(p.t.), the cells were fixed with 3.7% paraformaldehyde for 30 min at room
temperature and neutralized for 10 min with 100 mM glycine in PBS-A. The cells
were then washed once with PBS-A and permeabilized with 0.1% Triton-X in
PBS-A in the presence of 2 mg of bovine serum albumin per ml for 30 min at
room temperature. Next, the cells were incubated for 2 h at room temperature
with the affinity-purified NS5A rabbit polyclonal antibody in the permeabiliza-
tion buffer. After at least three washes with the permeabilization buffer, the cells
were incubated with the anti-rabbit Alexa Fluor 488-conjugated secondary anti-
body (Molecular Probes), diluted 1:1,000 in the permeabilization buffer, for 1 h
at room temperature. After several washes first with the permeabilization buffer
and then with PBS-A, coverslips were mounted with Mowiol (Sigma) and exam-
ined by laser scanning confocal microscopy (Leica TCS-SP microscope equipped
with Leica confocal software).

Transfection. Vero cells were seeded in six-well culture plates (Nunc) the day
before transfection in Dulbecco’s modified Eagle medium supplemented with
10% fetal bovine serum. After 18 h, the cells (60 to 70% confluence) were
transfected with 1 wg of CsCl-purified DNA per well by using the Lipofectamine
Plus reagent (Invitrogen), as specified by the supplier. At the indicated times p.t.,
cells were treated with the indicated protease inhibitors for 12 h. For the rever-
sion experiments, after the 12-h treatment with the drugs, cells were washed
three times with culture medium and further incubated until the time of har-
vesting. In each case, half of the cell lysates were used for protein analysis.

Purification of the six-His-tagged NS5A protein. Approximately 10° Vero cells
were infected with the pA-SKlacZNS5A/His-C amplicon vector at an MOI of 0.5
and an A/H ratio of 1:10. Cells were collected when a 100% cytopathic effect was
observed. The six-His-tagged NS5A protein was purified by using a Ni-nitrilotriace-
tic acid agarose matrix according to the manufacturer’s protocol (QIAGEN).

In vitro transcription and translation. For in vitro transcription, plasmids
pHPI 691 and pGEM-Luc were linearized with the EcoRI and Xhol enzymes
(Biolabs), respectively. In both cases, in vitro transcription was performed by
using the SP6 RNA polymerase according to manufacturer’s protocol (Pro-
mega). The in vitro translation of the NS5A and Luc RNAs was performed in the
presence of [**S]methionine (Amersham) under standard conditions in rabbit
reticulocyte lysate (RRL) extracts, as specified by the supplier (Promega). Al-
ternatively, a TNT transcription-translation kit (Promega) was used with the
circular pHPI 691 plasmid. Translation was conducted at 30°C.
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In vitro cleavage assay and autoradiography. Cell-free cleavage assays were
carried out at 37°C in a final volume of 50 wl. In vitro translated 3°S-labeled
protein (3 to 5 ul) was mixed with PBS (150 mM NaCl, 10 mM sodium phosphate
[pH 7.5]) and CaCl, (2 mM) and EGTA (4 mM) were added when necessary.
The 80-kDa subunit of rabbit m-calpain was used at a concentration of 4 U/ml
unless otherwise indicated. When one component was omitted, the volume was
adjusted to 50 pl with PBS. To study the effect of protease inhibitors on m-
calpain, 4 U of the 80-kDa subunit of rabbit m-calpain per ml was preincubated
with ALLM (800 and 100 pM), ALLN (800 and 100 wM), or their solvent
dimethyl sulfoxide (DMSO; equal volumes) in cleavage buffer (25 mM Tris-HCl
[pH 7.5], 100 mM NaCl, and 3 mM dithiothreitol) on ice for 30 min. 3*S-labeled
proteins (3 to 5 pl) and CaCl, (2 mM) were added when necessary, and all the
samples (final volume, 50 pl) were incubated at 37°C for 1 h. Finally, the samples
were separated on a 12% denaturing polyacrylamide gel, blotted onto nitrocel-
lulose sheets, and analyzed by autoradiography.

RESULTS

Construction of HSV-1-based amplicon vectors expressing
the HCV-1a NS5A protein. To achieve efficient expression of
the HCV NS5A protein, we used HSV-1-based amplicon vec-
tors (Fig. 1A) (14, 16, 38). These viral vectors allow the ex-
pression of foreign genes into different cell lines, including
primary hepatocytes, and they have been previously used to
produce properly modified HCV structural proteins (61). For
this purpose, the nucleotide sequence encoding the NSS5A
polypeptide (nt 6258 to 7601) was cloned into the pA-SKlacZ
amplicon plasmid (38), and the amplicon vector was prepared
as described in Materials and Methods (Fig. 1A). First, Vero
cells were infected either with the pA-SKlacZNSS5A amplicon
vector or with helper HSV-1 virus strain LaL (38). Cells were
collected at 10 h p.i., and the production of the NS5A protein
was assessed by Western blot analysis by using either a rabbit
polyclonal antibody raised against an MBP-NS5A recombinant
protein, as described in Materials and Methods, or a commer-
cially available NS5A monoclonal antibody. As shown in Fig.
1B, both antibodies reacted with a 56-kDa protein, corre-
sponding to the full-length NS5A protein. However, two addi-
tional proteins of about 40 and 24 kDa strongly reacted with
the NS5A polyclonal antibody (Fig. 1B, lane 2), whereas only
the 40-kDa product was detectable with the NS5A monoclonal
antibody (Fig. 1B, lane 4). No bands were observed in extracts
of Vero cells infected with the control virus (Fig. 1B, lanes 1
and 3). Thus, HSV-1-based amplicon vectors support efficient
production of the full-length HCV NS5A protein in Vero cells.
The unexpected detection of the 24- and 40-kDa products
appeared at first to be in agreement with recent studies, which
showed cleavage of the HCV-1b NS5A by caspase-like pro-
tease(s) under certain conditions (24, 52). Therefore, both prod-
ucts were assumed to be truncated forms of the NS5A protein.

To further characterize the processing of the NS5A protein,
we performed kinetic studies in Vero and HepG?2 cells infected
with the NS5A-expressing HSV amplicon vector. Cells were
infected either with the pA-SKlacZNS5A amplicon vector or
with the control virus. Infected cells were harvested at selected
times p.i. and proteins were analyzed by immunoblotting. As
shown in Fig. 1C, both cell lines supported NS5A cleavage,
albeit differences in the kinetics of the NS5A cleavage pattern
were observed. Unexpectedly, in Vero cells generally only the
shorter forms (the 24- or both the 24- and the 40-kDa proteins)
were detected at early times p.i., indicating that efficient cleav-
age of NS5A occurs prior to protein accumulation in the cells
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FIG. 1. Expression of the NS5A coding sequence from the pA-SKlacZNSS5A amplicon vector. (A) Schematic representation depicting the
PA-SKlacZNS5A amplicon plasmid used to generate the HSV-1-based amplicon vectors. The NS5A coding sequence is expressed under the
control of the HSV-1 IE4 («22/a47) promoter. The sequences designated o and ori-S represent the packaging signal sequence and the origin of
replication of the HSV-1 DNA, respectively. The lacZ gene is under the control of the HCMV immediate-early promoter. For the generation of
the HSV-1-based amplicon vectors, mammalian cells were transfected with the amplicon plasmid and superinfected with the helper virus HSV-1
strain LaL. In the presence of the helper virus, the plasmid DNA is amplified (presumably by a rolling-circle mechanism) into a head-to-tail
concatemer, which is then packaged into defective HSV-1 particles that are up to the size of one genome (150 kb) (15, 16). (B) Production of the
NS5A protein from the HSV-1-based amplicon vectors. Vero cells were infected either with the pA-SKlacZNSS5A amplicon vector (lanes 2 and 4)
(MOI = 1; A/H = 1:10) or with the virus HSV-1 strain LaL (control; MOI = 10) (lanes 1 and 3). Cells were lysed at 10 h p.i., separated on SDS—
12% PAGE gels and analyzed by Western blotting by using the NS5A polyclonal antibody produced in this study (half of the lysates) or with a
commercially available mouse monoclonal antibody (half of the lysates) (Biotrend Chemikalien GmbH). Arrows indicate the major products that
were detected with the NS5A monoclonal or polyclonal antibodies. The positions of the molecular mass markers are shown on the right. (C)
Monolayers of Vero or HepG2 cells seeded in six-well plates were infected either with the pA-SKlacZNS5A amplicon vector (MOI = 1; A/H =
1:10) (lanes with even numbers) or with the HSV-1 strain LaL (control, MOI = 10) (lanes with odd numbers). Cells were harvested at the indicated
times p.i., and the proteins were separated on SDS-12% PAGE followed by Western blot analysis by using the NS5A polyclonal antibody. Arrows
indicate the major products that reacted with the NS5A polyclonal antibody. The positions of the molecular mass markers are shown on the right.

(Fig. 1C and data not shown). All the forms of the NS5A ported almost equivalent levels of production of the full-length
protein (full-length and shorter forms) are easily detected at and the 40-kDa fragment during early and late times after
15 h p.i. The kinetics of the NS5A cleavage pattern was af- infection, whereas the amount of the 24-kDa fragment was
fected by the physiological state of the Vero cells, such as cell reduced at late times p.i. (Fig. 1C). Similar results were ob-
density and passage. On the other hand, HepG2 cells sup- served with HuH-7 and WRL68 cells (data not shown). These
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FIG. 2. Effect of protease inhibitors on the NS5A cleavage in pA-SKlacZNS5A-infected cells. (A) Vero cells (2 X 10°) were infected either with
the amplicon vector pA-SKlacZNS5A (MOI = 1; A/H = 1:10) (lanes 2 to 5) or with the control virus HSV-1 strain LaL. (MOI = 10) (lane 1). Cells
were treated with different concentrations of Z-VAD-FMK (50 to 200 M) (lanes 3 to 5), beginning at the time of adsorption. Cell lysates,
harvested at 10 h p.i., were analyzed by Western blotting, as described in the legend of Fig. 1. The positions of the molecular mass markers are
shown on the right. (B) Vero cells were infected either with the amplicon vector pA-SKlacZNSS5A (lanes 2 to 5) or with the control virus HSV-1
strain LaL (lane 1), as above. Cells were either left untreated (lanes 1 and 2) or were treated with MG132 (5 wM; lane 3), DMSO (the solvent
of MG132; lane 4) or lactacystin (25 wM; lane 5), beginning at the time of adsorption. Cells were harvested at 10 h p.i. and proteins were visualized
by Western blotting, as above. The positions of the molecular mass markers are shown on the right. (C) Vero cells were infected either with the
amplicon vector pA-SKlacZ NS5A (lanes 2 to 5) or with the control virus HSV-1 strain LaL (lane 1), as above. Cells were either left untreated
(lanes 1 and 2) or treated with MG132 (5 uM; lane 3), ALLN (10 wM; lane 4), or ALLM (100 wM; lane 5), beginning at the time of adsorption.
Cells were harvested at 10 h p.i., and the proteins were visualized by Western blot analysis, as above. The positions of the molecular mass markers
are shown on the right. (D) Monolayers of HepG2 cells, seeded in six-well plates, were infected either with the amplicon vector pA-SKlacZNS5A
(lanes 2 to 5) or with the control virus HSV-1 strain LaL (lane 1), as above. Cells were either left untreated (lanes 1 and 2) or were treated with
MG132 (5 uM; lane 3), ALLN (10 pM; lane 4), or ALLM (100 pM; lane 5), beginning at the time of adsorption. Cells were collected 10 h p.i.,
and the proteins were visualized by Western blot analysis, as above. The positions of the molecular mass markers are shown on the right. Arrows

indicate the intact NS5A and the major proteolytic products.

data suggest that the HCV-1a NS5A is cleaved into shorter
forms in cells infected with the NS5A-expressing amplicon
vector. Furthermore, the properties of the host cell appear to
influence the efficiency of NS5A cleavage.

Caspase inhibitors only partially block the NS5A cleavage.
To examine whether caspase-like proteases are responsible for
the cleavage of the HCV-1a NS5A protein, we tested the effect
of Z-VAD-FMK, a pancaspase inhibitor, on NS5A processing
in cells infected with the NS5A-expressing amplicon vector.
Initial experiments were performed in Vero cells, as they ap-
pear to support the most efficient production of both the 40-
and 24-kDa proteins. Cells were infected either with the pA-
SKlacZNS5A amplicon vector or with the control virus in the
absence or presence of Z-VAD-FMK, and cell lysates were
analyzed by immunoblotting by using the NS5A polyclonal
antibody. To ensure effective inhibition, a wide range of drug
concentrations (50 to 200 nM) was used. Representative re-
sults are shown in Fig. 2A. Consistent with a caspase-like-
mediated proteolytic cleavage of NS5A, the abundance of the
full-length NS5A protein increased, whereas the levels of the
24-kDa protein band were markedly decreased in a concentra-
tion-dependent manner in the presence of Z-VAD-FMK (Fig.
2A, lanes 3 to 5). In the presence of 100 to 200 wM concen-
trations of the inhibitor, the 24-kDa protein band was unde-
tectable (Fig. 2A, lanes 4 and 5). Interestingly, however, the
level of the 40-kDa band was slightly increased at a 50 pM
concentration of inhibitor (Fig. 2A, lane 3) and remained un-
affected at higher concentrations (Fig. 2A, lanes 4 and 5). In

the absence of Z-VAD-FMK only the truncated forms of the
NS5A protein were detected (Fig. 2A, lane 2). No evidence for
toxic effects of the inhibitor was observed (data not shown).
Therefore, consistent with previous studies (24, 52), the cleav-
age of the HCV-1a NS5A protein appears to be affected by
caspase-like protease(s). However, Z-VAD-FMK had only a
limited effect on the stabilization of the protein, as the pro-
duction of the 40-kDa fragment was totally unaffected by the
pancaspase inhibitor, suggesting that additional proteases are
involved in the processing of the HCV-1a NS5A protein.

Effect of proteasomal inhibitors on NS5A processing. Pro-
teasome is the most abundant cellular protease, and many viral
proteins are substrates for the ubiquitin-proteasome pathway
(30). Furthermore, examples of limited cleavage by protea-
somes have been reported (42). To determine whether the
cleavage of the NS5A protein is controlled by the proteasome-
mediated pathway, the cell-permeable, pharmacological pro-
teasomal inhibitors MG132 and lactacystin were tested.
MG132, a tripeptide aldehyde that reversibly inhibits the chy-
motrypsin- and trypsin-like activities of the proteasome, is the
most widely used proteasomal inhibitor, even though it can
also inhibit a number of cathepsins and cysteine proteases (4,
37). Lactacystin, a Streptomyces metabolite, is more specific
than MG132, as it only blocks proteasome and cathepsin A
activities (37). In contrast to MG132, lactacystin inhibits pro-
teasomal activity irreversibly (4, 37).

As shown in Fig. 2, MG132 efficiently inhibited the produc-
tion of both the 40- and 24-kDa truncated forms of the NSSA
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protein (Fig. 2B, lane 3), whereas in the presence of DMSO,
the solvent of MG132, the levels of both the 40- and 24-kDa
proteins remained the same as in untreated cells (Fig. 2B, lanes
2 and 4). In contrast, treatment with lactacystin had virtually no
effect on NS5A processing (Fig. 2B, lane 5). Similar data with
lactacystin were obtained after treatment with epoxomycin (data
not shown). To ensure that the proteasomal inhibitors were ac-
tive under our experimental conditions, the accumulation of
total ubiquitinated proteins was analyzed by Western blotting.
As expected, ubiquitinated proteins were accumulated only in
the presence of the proteasomal inhibitors but not in the pres-
ence of Z-VAD-FMK or in untreated cells (data not shown).

Based on the lack of an effect of the most specific protea-
some inhibitors (lactacystin and epoxomycin) on NS5A cleav-
age, we conclude that NS5A processing does not depend on the
proteolytic activity of the proteasomes. The effect of MG132
on NS5A processing is most likely due to the inhibition of a
proteasome-independent proteolytic activity.

Calpain inhibitors totally block NS5A cleavage. While these
studies were in progress, it was reported that the expression of
NS5A in transfected cells perturbs intracellular Ca®*, suggest-
ing that Ca®*-dependent proteases might also be activated in
cells that produce the NS5A protein (25, 66). Furthermore,
calcium-dependent proteases are also inhibited by MG132 (4,
37). Therefore, we examined the effect of calpains, Ca**-de-
pendent cysteine proteases, on NSSA processing by using two
cell-permeable pharmacological inhibitors, ALLM (a calpain
II inhibitor) and ALLN (a calpain I inhibitor), which affect the
isoenzymes m-calpain and p-calpain, respectively. For this pur-
pose, Vero (Fig. 2C) or HepG2 (Fig. 2D) cells infected either
with the pA-SKlacZNS5A amplicon vector (lanes 2 to 5) or
with the control virus (lane 1) were treated separately with
ALLN, ALLM, or MG132, and cell lysates were analyzed by
Western blotting by using the NS5A polyclonal antibody. As
before, MG132 suppressed the cleavage of the full-length NSSA
protein (Fig. 2C and D, lanes 3). Additionally, both calpain
inhibitors effectively inhibited the production of both the 40-
and 24-kDa products (Fig. 2C and D, lanes 4 and 5). The effect
of the inhibitors was concentration dependent, and 0.1 pM
MG132 or 5 pM ALLM was enough to block NS5A cleavage
(data not shown). Overall, these results are in agreement with
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the involvement of calpain protease(s) in the posttranslational
processing of the HCV-1a NS5A protein.

Enzyme m-calpain is involved in Ca®*-dependent NS5A
cleavage in vitro. Next, we sought to determine whether the
NSS5A protein acts as a substrate for purified calpain in vitro.
The *S-labeled NS5A protein translated in Flexi (Fig. 3A and
B) or TNT (Fig. 3C and D) RRLs was incubated with the
purified 80-kDa subunit of rabbit m-calpain under different
conditions and analyzed by SDS-PAGE. A titration (0.2 to
0.001 units) of purified m-calpain (Fig. 3A, lanes 5 to 10) shows
that calpain concentrations ranging from 0.2 to 0.05 units
(lanes 5 to 7) efficiently cleaved the full-length NS5A protein in
the presence of 2 mM CaCl, (34). Under these conditions only
a 24-kDa fragment was detectable. Furthermore, consistent
with the Ca®* requirement for calpain activation, cleavage of
NS5A was completely blocked when the lysates were incubated
with the calcium chelator EGTA (Fig. 3A, lane 11). The *>S-
labeled full-length NS5A protein remained intact in the ab-
sence of Ca**, with or without m-calpain (Fig. 3A, lanes 4 and
1, respectively). However, in the presence of Ca®”", there was a
decrease in the amount of the protein, suggesting the existence
of Ca**-dependent proteolytic activity in Flexi lysates (Fig. 3A,
lane 3). These data prompted us to use the TNT in vitro tran-
scription-translation system as described below (Fig. 3C and
D), in which the NS5A protein remained intact under the pre-
viously described conditions (in fact, the protein remained sta-
ble in the presence of higher Ca** concentrations, up to 5 mM).

In parallel, we assessed the specificity of the cleavage assay
by testing the cleavage of *°S-labeled Renilla luciferase pro-
duced in Flexi reticulocyte lysates (Fig. 3B). Purified m-calpain
(0.2 U) had no effect on the integrity of the **S-labeled lucif-
erase protein in the presence of 2 mM CacCl, (Fig. 3B, lane 4).
The protein was also equally as stable as the untreated protein
(Fig. 3B, lane 1) when incubated in the presence of Ca** (Fig.
3B, lane 3) or at 37°C for 1 h (Fig. 3B, lane 2). Furthermore,
to verify that calpain was responsible for the cleavage of the
NS5A protein, calpain inhibitors were used in the in vitro assay
(Fig. 3B). Both ALLN and ALLM completely inhibited the
cleavage of NS5A produced in vitro by the calcium-activated
m-calpain (Fig. 3B, lanes 5 and 6), whereas DMSO, the solvent

FIG. 3. Processing of the NS5A protein by m-calpain in vitro. (A) NS5A was produced in vitro in Flexi RLL extracts (lane 1). NS5A was
incubated at 37°C for 1 h in the absence (lane 2) or in the presence (lane 3) of 2 mM CaCl,. NS5A was treated with 0.2 U of m-calpain in the
absence of CaCl, (lane 4) The NS5A protein was incubated with 0.2 to 0.001 U of m-calpain (lanes 5 to 10) in the presence of 2 mM CaCl, The
effect of EGTA (4 mM) is shown in a sample prepared as in lane 5 (lane 11). The positions of the molecular mass markers are shown on the left.
(B) Production of Renilla luciferase (Luc) in Flexi RRLs (lane 1). Luc was incubated at 37°C for 1 h in the absence (lane 2) or in the presence
(lane 3) of 2 mM CaCl,. Luc was treated with 0.2 U of m-calpain and 2 mM CacCl, (lane 4). The NS5A protein produced in vitro (panel A) was
incubated at 37°C for 1 h with 0.2 U of m-calpain and 2 mM CaCl, in the presence of ALLN (800 wM; lane 5), ALLM (800 wM; lane 6), or DMSO
(the solvent of inhibitors; lane 8). NS5A was treated with DMSO and 2 mM CaCl, in the absence of m-calpain (lane 7). The positions of the molecular
mass markers are shown on the right. Starting from the top, arrows indicate the luciferase, full-length NS5A, and the 24-kDa NS5A bands. (C) The NS5A
protein produced in RRLs by using the TNT transcription-translation kit was incubated at 37°C for 1 h in the absence (lane 1) or in the presence (lane
2) of 2 mM CaCl,. The protein was treated with 0.2 U of m-calpain in the presence of 2 mM CaCl, at 37°C for 10 (lane 3), 20 (lane 4), 30 (lane 5), or
40 min (lane 6). The positions of the molecular mass markers are shown on the left. (D) NS5A produced by the TNT transcription-translation kit was
incubated at 37°C for 1 h in the absence (lane 1) or in the presence (lane 2) of 2 mM CaCl,. The protein was treated with 0.2 U of m-calpain in the
presence of 2 mM CaCl, at 37°C for 60 min (lane 3). Effects of EGTA (4 mM) and ALLM (800 M) are shown in samples prepared as in lane 3 (lanes
4 and 5, respectively). Activity of m-calpain was partially inhibited by 100 wM ALLM (lane 6). The positions of the molecular mass markers are shown
on the right. (E) Partially purified NS5A/His-C (9 pg) was incubated at 37°C for 60 min in the absence (lane 1) or in the presence (lane 2) of 2 mM CaCl,.
The protein was treated with 0.3 to 0.05 U of m-calpain (lanes 3 to 5) in the presence of 2 mM CaCl, Samples prepared as in lane 4 were treated with
ALLM (800 uM) (lane 6) or EGTA (4 mM) (lane 7). The positions of the molecular mass markers are shown on the right. Arrows indicate the intact
NS5A protein and the two calpain-dependent 40- and 24-kDa products.
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FIG. 4. Effect of protease inhibitors on NS5A cleavage in transiently transfected cells. (A) Vero cells, seeded in six-well plates (60 to 70%
confluence) were transfected either with plasmid pHPI 728 (lanes 2 to 5) or with the empty plasmid pCI (control; lane 1) (1 ug of DNA/well). At
36 h p.t., cells were treated for 12 h with ALLN (10 wM; lane 3), ALLM (100 wM; lane 4), or Z-VAD-FMK (50 wM; lane 5) or left untreated (lanes
1 and 2). Cells were harvested at 48 h p.t., and half of the cell lysates were analyzed by Western blotting, as described in the legend of Fig. 1.
(B) WRL68 cells were transfected either with plasmid pHPI 728 (lanes 2 to 4) or with the pCI (control; lane 1), as above. At 36 h p.t. the cells
were treated for 12 h with ALLN (10 uM; lane 3) or ALLM (100 uM; lane 4) or left untreated (lanes 1 and 2). Cells were harvested at 48 h p.t.
and proteins were visualized by Western blot analysis, as above. (C) HuH-7 cells were transfected either with plasmid pHPI 728 (lanes 2 to 3) or
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of the inhibitors, had no effect on the enzyme activity (Fig. 3B,
lanes 7 and 8).

We also studied the effect of m-calpain on the NS5SA protein
produced from the TNT transcription-translation kit, as no
endogenous Ca’"-dependent activity was observed. Calpain
digested NS5A in a time-dependent manner (Fig. 3C, lanes 3
to 6) in the presence of 2 mM CaCl,, and complete cleavage
was observed after at least a 40-min incubation (Fig. 3C and D,
lanes 6 and 3, respectively). The protein was stable in the pres-
ence or absence of Ca>* even 1 h after at 37°C (Fig. 3C and D,
lanes 1 and 2 of both panels). NS5A cleavage was blocked by
EGTA (Fig. 3D, lane 4) and by ALLM (Fig. 3D, lanes 5 and 6).

To further verify these results, recombinant His-tagged NS5A
protein produced in Vero cells infected by the NS5A/His-C
amplicon vector was affinity purified and used as a substrate for
m-calpain in an in vitro cleavage assay. For this purpose, par-
tially purified six-His-tagged NS5A was treated by different
concentrations (0.3 to 0.05 U) of purified m-calpain in the
presence of 2 mM CaCl,. Samples were incubated for 1 h at
37°C, and protein(s) was separated by SDS-PAGE, followed by
immunoblot analysis with the NS5A polyclonal antibody. Con-
sistent with the previous in vitro assays, in the presence of
Ca®* m-calpain effectively cleaved the full-length NS5A pro-
tein in a concentration-dependent manner (Fig. 3E, lanes 3 to
5), whereas the full-length NS5A protein remained intact in
the presence of Ca®>" alone (Fig. 3E, compare lanes 1 and 2).
The cleavage of NS5A was inhibited in the presence of EGTA
(Fig. 3E, lane 7) or ALLM (Fig. 3E, lane 6). As before, the 40-
kDa product was hardly detected. Overall, these data suggest
that the NS5A protein is a substrate for calpain protease(s).

Intramolecular cleavage of the HCV NS5A protein in trans-
fected cells. To assess the role of the HSV viral vector on
NS5A processing, the production of the NS5A protein was
analyzed in transiently transfected cells. In the first series of
experiments, the effects of Z-VAD-FMK and calpain inhibi-
tors on the cleavage of the NSS5A protein were compared in
transfected Vero and liver cells. First, Vero cells were trans-
fected either with plasmid pHPI 728, which encodes the entire
NSS5A protein, under the control of the HCMV promoter, or
with the pCI empty vector (control). At 36 h p.t., the cells were
treated with the calpain inhibitors ALLN or ALLM (Fig. 4A,
lanes 3 and 4) or Z-VAD-FMK (Fig. 4A, lane 5) and harvested
at 48 h p.t. The NS5A protein was visualized by immunoblot
analysis with the NS5A polyclonal antibody. When NS5A was
transiently produced in Vero cells, the full-length NS5A pro-
tein, plus the 40- and 24-kDa forms, was detected, indicating
that the cleavage of NS5A is independent of HSV-1 infection
(Fig. 4A, lane 2). Consistent with the infection experiments in
the presence of the calpain inhibitors (ALLN or ALLM), the
levels of the full-length NS5A protein were increased and the
levels of the 40- and 24-kDa proteins decreased (Fig. 4A, lanes
3 and 4). Furthermore, as noted previously, the cleavage of the
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NSS5A protein was only partially inhibited by Z-VAD-FMK, as
the production of the 24-kDa but not of the 40-kDa fragment
was inhibited (Fig. 4A, lane 5). These data are consistent with
the involvement of both caspases and calpains in the cleavage
of the NSS5A protein. Most importantly, as calpain activity is
normally low in nonstimulated cells, these data suggest that the
NSSA protein by itself is responsible for the activation of
calpains (25, 66). Interestingly, a novel 31-kDa fragment as
well as a 17-kDa fragment was reproducibly present only in
transfected cells. The production of these fragments was un-
affected by the presence of calpain inhibitors, but it was com-
pletely inhibited by Z-VAD-FMK (Fig. 4A, lanes 3 to 5). Next,
these findings were confirmed in HuH-7 and WRL68 cells. As
shown in Fig. 4B and C, consistent with the above data, both
HuH-7 and WRL6S cells transfected with the NS5A-express-
ing plasmid (pHPI 728) produced the full-length and the
shorter forms of the NS5A protein. Furthermore, calpain in-
hibitors blocked the production of both the 40- and 24-kDa
fragments (Fig. 4B and C).

In a second series of experiments, we investigated whether
the cleavage pattern of NS5A was restored after drug removal,
as the action of both MG132 and ALLM inhibitors is reversible
(4, 37). This would provide further evidence that inhibition of
the NS5A cleavage is not mediated by a general toxic effect of
the drugs but is specific for calpain proteases(s). Vero cells
were transfected with plasmid pHPI 728 (Fig. 4D, lanes 1 to
12) and 36 h later were treated with MG132 (Fig. 4D, lanes 3,
6,9, and 12) and ALLM (Fig. 4D, lanes 2, 5, 8, and 11) for an
additional 12 h or were left untreated (Fig. 4D, lanes 1, 4, 7,
and 10). The abundance of the 40- and 24-kDa products was
determined at selected intervals following the removal of the
drugs. Both ALLM and MG132 reversibly inhibited the cleav-
age of the NS5A protein, as 8 h after their removal the cleav-
age pattern of NS5A was similar to that of untreated cells (Fig.
4D, lanes 10 to 12). The reversibility of the process is consis-
tent with the known biochemical mechanisms of the two in-
hibitors and provides further evidence that their ability to
block NSS5A cleavage is calpain specific. Overall, these data
suggest that except from caspase(s), calpain activity is impli-
cated in the cleavage of NS5A.

Characterization of the NS5A cleavage products. To deter-
mine the nature of the proteolytic products of the NSSA pro-
tein, two His-tagged forms of NS5A were constructed: one
containing a six-His tag at its amino (NS5A/His-N) terminus
and one containing this tag at its carboxy (NS5A/His-C) ter-
minus (Fig. 5A). Both His-tagged forms were introduced into
amplicon plasmids, and their expression was assessed in Vero
cells infected with the tagged or untagged NSS5A-expressing
amplicon vectors or with the control virus. Cells were har-
vested at 10 h p.i., and the proteins were visualized by immu-
noblot analysis with the NS5A polyclonal antibody (Fig. 5B).
When expressed in Vero cells, the N-terminal tagged NS5A

with the pCI (control; lane 1), as above. At 36 h p.t. cells were treated for 12 h with ALLM (100 wM; lane 3) or left untreated (lanes 1 and 2).
Cells were harvested at 48 h p.t. and proteins were visualized by Western blot analysis, as above. (D) For the reversion experiments, Vero cells
were transfected with plasmid pHPI 728 (lanes 1 to 12). At 36 h p.t. cells were treated for 12 h with MG132 (5 uM; lanes 3, 6, 9, and 12) or ALLM
(100 wM; lanes 2, 5, 8, and 11) or left untreated (lanes 1, 4, 7, and 10). Subsequently, the drugs were removed by washing several times with culture
medium. Cells were harvested at 0, 1, 3, and 8 h after drug removal and proteins were analyzed by Western blotting, as described above. Arrows
indicate the intact NS5A protein and the major products. The positions of the molecular mass markers are shown on the right.
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FIG. 5. Construction and production of the His-tagged NS5A proteins. (A) The NS5A protein tagged at the N terminus with the six-His tag
was produced under the control of the HCMV immediate-early promoter from the pA-EUA2 amplicon plasmid (Epstein and Revol-Guyot,
unpublished). The Xpress peptide and an enterokinase cleavage site were interposed between the six-His tag and the NSSA coding sequence. The
NS5A tagged at the C terminus with the six-His tag was produced under the control of the IE4 (a22/a47) promoter of the HSV-1 virus from the
pA-SKlacZ amplicon plasmid. The V5 epitope was interposed between the six-His tag and the NS5A coding sequence. (B) Vero cells (2 X 10°)
seeded in six-well plates were infected with the amplicon vector pA-SKlacZNS5A (lane 2), pA-EUA2NS5A/His-N (lane 3), pA-SKlacZNS5A/
His-C (lane 4) (MOI = 1; A/H = 1:10), or with the control virus HSV-1 strain LaL. (MOI = 10) (lane 1). Cells were harvested at 10 h p.i. and
the proteins were analyzed by Western blotting, as described in the legend of Fig. 1. Arrows indicate the major products that reacted with the NSSA
polyclonal antibody. The positions of the molecular mass markers are shown on the right.

protein exhibited 59-, 43-, and 27-kDa products, consistent
with the predicted size increase (3-kDa) (Fig. 5B, lane 3). In
contrast, the C-terminal tagged NS5A protein exhibited an
analogous increase only in the size of the full-length product
(Fig. 5B, lane 4). Similar results were obtained by immunoblot
analysis with the anti-Xpress antibody raised against the X
epitope of the N-terminal six-His-tagged NS5A protein (data not
shown). These data indicate that both the 40- and 24-kDa
polypeptides originate from the N-terminal part of the NS5A
protein.

To further verify these results, we sought to compare the

subcellular localization of the NS5A protein by immunofluo-
rescence analysis in the presence or absence of calpain and
proteasome inhibitors. This experiment was based on previous
studies indicating that the entire NS5A protein is anchored to
the ER membranes (5) and that recombinant forms of NS5A
lacking the N-terminal ER anchoring sequence translocate
into the nucleus of transfected cells (32, 55). To examine this,
Vero or HuH-7 cells were transfected with the plasmid pHPI
728. At 24 h p.t. cells were treated for 12 h with MG132 (5 M)
or ALLN (10 uM) for 12 h, and at 36 h p.t. cells were fixed and
stained with the affinity-purified NS5A rabbit polyclonal anti-
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body described in the present study. As determined by immu-
nofluorescence analysis, the wild-type NS5A protein, which is
proteolytically processed, exhibits a cytoplasmic, ER-like pe-
rinuclear staining (Fig. 6B, frames a and g), indicating that the
produced NS5A fragments do not translocate to the nucleus.
In the presence of MG132 or ALLN (Fig. 6B, frames b, c, h,
and 1), the staining pattern of the NS5A could not be differ-
entiated from that of the untreated cells (Fig. 6B, frames a and
g), expressing the protein. As a control plasmid pHPI 1406 was
constructed. This plasmid was designed to lack 162 amino acids
from the N-terminal part of the protein, as shown in Fig. 6A.
This form of NS5A translocates to the nucleus or exhibits both
nuclear and cytoplasmic localization (Fig. 6B, frames e and f).
Thus, only the in vitro synthesized recombinant N-terminally
truncated forms of NS5A are detectable by Western blotting or
by immunofluorescence assays and are found to localize to the
nucleus of transfected cells. In contrast the N-terminally trun-
cated forms, which are predicted to be produced by proteolysis
of the wild-type NSSA, could not be detected under the exper-
imental conditions used in our study.

DISCUSSION

By infection studies of HSV-based-amplicon vectors ex-
pressing the NS5A protein or transient transfection assays, we
show that NSS5A when expressed in Vero, HepG2, HuH-7, or
WRL6S cells is proteolytically processed into distinctly sized
fragments. Most importantly, we provide evidence implicating
the calcium-dependent calpain proteases in addition to cas-
pases in the cleavage of the NS5A protein. Interestingly, de-
spite cleavage, no changes could be observed in the subcel-
lular localization of the NS5A protein, which remained in
the cytoplasmic-perinuclear region, a finding that correlates
with the detection of only the amino-terminal forms of the
NSS5A protein.

One of the most intriguing findings of our studies is the in-
volvement of the calcium-activated calpain proteases in HCV
NS5A cleavage. This is based on the finding that the calpain
inhibitors ALLN and ALLM, but not proteosomal-specific in-
hibitors, completely blocked the production of both the 40- and
the 24-kDa N-terminal NS5A cleavage products in infected and
transfected NS5A-expressing cells including Vero, HepG2,
WRL68, and HuH-7 cells. Although the specificity of calpain
inhibitors has been challenged, their primary targets are cal-
pains, and higher concentrations of both inhibitors are re-
quired to achieve nonspecific inhibition of other proteases (36).
Furthermore, cell-free cleavage assays showed that in vitro syn-
thesized radiolabeled NS5A protein or recombinant His-
tagged full-length NS5A protein produced in mammalian cells
appears to be a substrate for the 80-kDa subunit of rabbit
m-calpain in the presence of calcium (Fig. 3). Differences in
the cleavage pattern of NS5A between the in vivo and in vitro
experiments may be due to an increased susceptibility of NSSA
protein to the calpain protease in the cell-free system that is
related to differences in the structure of the protein and/or
exposure of amino acid sequences that otherwise are hidden
due to the anchorage of the protein to the ER membranes.
Notably, unlike caspases that require specific amino acid se-
quences at their cleavage sites (12), calpains show no apparent
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sequence preferences, and it is believed that the calpain cleav-
age site is conformation dependent (6).

Interestingly, while the production of the 40-kDa fragment is
affected only by the calpain inhibitors, the production of the
24-kDa fragment is blocked by both a pancaspase (Z-VAD-
FMK) and calpain inhibitors, suggesting a different mechanism
for the cleavage of the 24-kDa fragment. We speculate that this
may be due to the interplay between caspase and calpain pro-
teases (36, 67, 68). Indeed, recent studies have shown that
calpain proteases are capable of activating or inhibiting cas-
pase activity (36, 41, 49).

It should be noted that previous studies have shown that
caspase-like proteases could cleave HCV-1b NS5A in the pres-
ence of exogenous apoptotic stimuli and have mapped the pre-
dominant caspase recognition sites at Asp'>* and Asp>*® (52).
However, none of those sites appears to be involved in the pro-
duction of the 24-kDa form inasmuch as Asp®® is unique for
HCV-1b and conversion of Asp'>* to Glu'>* did not abolish the
production of the 24-kDa NS5A cleaved form (data not shown).
The identity of caspases and their possible interplay with cal-
pains in the NS5A-expressing cells remains to be elucidated in
light of the fact that NS5A has a generally antiapoptotic func-
tion (27, 36).

It should be mentioned that an effort has been made to
detect the cleavage of NS5A in the replicon system by using
our NS5A polyclonal antibody. However, the low expression
levels of the NS5A protein have prevented the evaluation of
NS5A cleavage in this system. On the other hand, we were able
to detect the production of both the 40- and 24-kDa forms in
the presence of all HCV proteins in stable transfected cells
expressing the entire HCV polyprotein (data not shown). Al-
ternatively, NS5A cleavage could be negatively associated with
genomic replication.

An unexpected finding of this study was that all the detect-
able cleaved NS5A products, such as the 40- and the 24-kDa
polypeptides, are N-terminal forms of the protein. This finding
is based on the His-tagged experiments indicating that the size
of these fragments was increased only when a six-His tag was
placed at the N but not at the C terminus of the NS5A protein
(Fig. 5). Therefore, all the detectable cleaved NS5A forms
contain the ER anchorage signal and are predicted to follow
the same cytoplasmic-perinuclear subcellular distribution as
the entire NS5A protein. For reasons that remain unclear at
the moment, detection of the remaining C-terminal NS5A
products is elusive. In accordance with this finding and with
previous studies (52), we were unable to detect nuclear local-
ization for the NS5A protein in the cellular environment that
supports cleavage. Conversely, artificially synthesized C-termi-
nal NS5A fragments of a similar amino acid composition are
easily detectable by Western blot analysis and are almost ex-
clusively localized in the nucleus. It is likely that extensive
cleavage within the C-terminal part of NS5A prevents produc-
tion of large C-terminal NS5A fragments. Alternatively, differ-
ences in the posttranslational modifications between the C-
terminal fragments that are artificially synthesized and the
same fragments produced following cleavage of the entire
NSS5A protein may affect the stability of the protein. Last, but
not least, limited proteolysis of the protein by calpain(s) and/or
caspase(s) could render some of the products susceptible to
another proteolytic pathway. This hypothesis is supported by
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FIG. 6. Subcellular localization of the NS5SA protein in transiently transfected cells. (A) Schematic representation of the entire NSSA protein
and its major structural components. Representation of the amino acid composition of the NS5A fragments used in the subcellular localization
studies. Plasmid pHPI 1406 encodes the NS5A protein that lacks the first 162 amino acids from the N terminus. Abbreviations: AD I, acidic domain
I; ADII, acidic domain II; PRR, proline-rich region. Asp'>* is a previously identified caspase recognition site (52). (B) Vero or HuH-7 cells, seeded
in 10-mm cover glasses, were transfected with either plasmid pHPI 728 (a, b, ¢, g, h, and i), pHPI 1406 (e and f), or with the empty plasmid pCI
(d) and either left untreated (a, d, e, f, and g) or treated with MG132 (5 wM; b and h) or ALLN (10 wM; ¢ and i), for the last 12 h. Cells were
fixed at 36 h p.t. with 3.7% paraformaldehyde, and immunofluorescence analysis was performed by using the affinity-purified NSSA polyclonal
antibody. Samples were examined by laser scanning confocal microscopy.



VoL. 78, 2004

previous studies demonstrating that the calpain-dependent
cleavage of p53 is required for subsequent ubiquitin-depen-
dent degradation (56).

Thus, in light of our data the role of a functional NLS in the
NSS5A protein remains an unsolved puzzle, inasmuch as our
data indicate that NS5A cleavage favors the generation of C-
terminally truncated NS5A forms which lack these sequences.
Consequently, under the conditions used in the present study,
NSS5A cleavage appears to emphasize the anchorage of NS5A
on the ER membranes rather than its transport to the nucleus.
On the other hand, failure to detect C-terminal forms of NS5A
protein by Western blotting or even by immunofluorescence
analysis does not exclude the possibility that small amounts of
these proteins are produced that are sufficient to operate in
vivo as transcription modulators, as has been suggested (32,
55). It should be noted that recent studies have shown the
clustering of important functional domains within the amino-
terminal half of NS5A (60). The amphipathic a-helix, which
mediates the anchorage of the NS5A protein to the ER mem-
branes, may be related to the disturbance of calcium homeo-
stasis (5, 25, 66). In addition, the N-terminal part of the protein
interacts with ApoAl1, which is basic component of lipid drop-
lets and is related to lipid metabolism and steatosis (53, 66).
Also, it interacts with karyopherin b3, which is related to traf-
ficking of proteins into the nucleus (9), and with NS5B, which
is a component of the viral replisome (54). NS5A also interacts
with hVAP-33, a SNARE-like molecule, which is associated
with the ER and Golgi membranes (62). In contrast, the func-
tional domains that allow the protein to interact with cellular
signaling pathways appear to cluster mainly in the C-terminal
part of the protein (10, 29, 55).

Calpains are calcium-dependent intracellular cysteine pro-
teases produced either in a ubiquitous and/or tissue-specific
manner in a wide range of higher organisms (23, 51). Two ma-
jor calpain isoforms have been identified: w-calpain (calpain I)
and m-calpain (calpain II), which are distinguished by the op-
timal Ca®" concentration for maximal activity (23). Calpain ac-
tivity is normally low in unstimulated cells because it is strictly
regulated by a number of factors including intracellular Ca**
concentration, the presence of the endogenous calpain inhib-
itor calpastatin (23), the phosphorylation state of the molecule,
and its cellular distribution (23). Activation of calpains is ini-
tiated by the elevation of calcium levels, followed by autocleav-
age (23). Viral infections usually activate a number of cellular
proteases including calpains (7). However, since calpain-medi-
ated NS5A cleavage was observed both in infected and trans-
fected cells, we speculate that NS5A protein is directly respon-
sible for calpain activation.

In conclusion, our study establishes a novel cleavage mech-
anism for HCV NS5A protein through the calpain proteases.
Since recent studies have shown that NS5A perturbs Ca** ho-
meostasis and induces calpain activation (25, 65, 66), it is in-
triguing to speculate that there may be a linkage between the
NS5A-mediated activation of calpains and calpain-mediated
NSS5A cleavage. As protein cleavage may represent a posttrans-
lation mechanism required to unmask functional domains of a
protein (24, 52), we propose that NS5A cleavage by calpains
may provide a previously unrecognized level of control that
may determine the biological function of NS5A in response to
particular stimuli.
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