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Hyperphosphorylation of the Hepatitis C Virus NS5A Protein
Requires an Active NS3 Protease, NS4A, NS4B, and NS5A
Encoded on the Same Polyprotein
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The nonstructural protein NS5SA of hepatitis ¢ virus (HCV) has been demonstrated to be a phosphoprotein
with an apparent molecular mass of 56 kDa. In the presence of other viral proteins, p56 is converted into a
slower-migrating form of NS5A (p58) by additional phosphorylation events. In this report, we show that the
presence of NS3, NS4A, and NS4B together with NS5A is necessary and sufficient for the generation of the
hyperphosphorylated form of NS5A (p58) and that all proteins must be encoded on the same polyprotein (in
cis). Kinetic studies of NS5A synthesis and pulse-chase experiments demonstrate that fully processed NS5A is
the substrate for the formation of p58 and that p56 is converted to p58. To investigate the role of NS3 in NSS5A
hyperphosphorylation, point and deletion mutations were introduced into NS3 in the context of a polyprotein
containing the proteins from NS3 to NS5A. Mutation of the catalytic serine residue into alanine abolished
protease activity of NS3 and resulted in total inhibition of NSSA hyperphosphorylation, even if polyprotein
processing was allowed by addition of NS3 and NS4A in trans. The same result was obtained by deletion of the
first 10 or 28 N-terminal amino acids of NS3, which are known to be important for the formation of a stable
complex between NS3 and its cofactor NS4A. These data suggest that the formation of p58 is closely connected
to HCV polyprotein processing events. Additional data obtained with NS3 containing the 34 C-terminal
residues of NS2 provide evidence that in addition to NS3 protease activity the authentic N-terminal sequence

Vol. 73, No. 12

is required for NSSA hyperphosphorylation.

Hepatitis C virus (HCV) is the major agent of non-A, non-B
hepatitis, with more than 100 million infected individuals
worldwide (58). It belongs to the Flaviviridae family and con-
tains a single-stranded, positive-sense RNA genome that is
translated into a long viral polyprotein (8, 30, 53). Proteolytic
processing between C-E1, E1-E2, E2-p7 and p7-NS2 is per-
formed by host cell proteases (23, 49, 52), whereas viral pro-
teases cleave between the nonstructural proteins NS2-NS3,
NS3-NS4A, NS4A-NS4B, NS4B-NS5A, and NS5A-NS5B. The
NS2-NS3 junction is cleaved by a zinc-dependent autoprotein-
ase associated with NS2 and the N-terminal region of the NS3
protein (21, 25, 41, 50, 57). All cleavage sites downstream of
NS3 are processed by the NS3 protease either in cis between
NS3 and NS4A or in frans at the cleavage sites NS4A/4B,
NS4B/NS5A, and NS5A/5B (4, 11, 22, 24, 33, 56). NS4A has
been demonstrated to function as a cofactor for the NS3 serine
protease and is strictly required for the cleavage of the NS3/4A
and NS4B/NS5A sites (5, 15, 36, 54). The interaction between
NS3 and its cofactor NS4A is mediated by the extreme N-
terminal amino acids of NS3 (16, 32, 51).

Transient expression assays of NS5A from genotypes 1a, 1b,
and 2a in mammalian cells in the presence of [**PJorthophos-
phate and phosphoamino acid analysis indicate that NS5A is a
phosphoprotein which is preferentially modified at serine res-
idues (28, 45). Phosphorylation has been observed to occur in
the absence of other viral proteins, suggesting either that
NSS5A acts as an autokinase or that it is phosphorylated by one
or more cellular kinases. In support of the latter hypothesis,
coimmunoprecipitation and affinity purification experiments
have shown a tight association of cellular kinase(s) with NS5A

* Corresponding author. Mailing address: IRBM, Via Pontina Km
30,600, 00040 Pomezia/Roma, Italy. Phone: 39-06-91093221. Fax: 39-
06-91093225. E-mail: Neddermann@IRBM.it.

9984

(26, 45). The effect of different protein kinase inhibitors on
NS5A phosphorylation classified the kinase as a member of the
CMGC group of serine/threonine kinases (casein kinase II and
proline-directed kinases such as the mitogen-activated protein
kinase, cyclin-dependent kinases and glycogen synthase kinase
3). In addition, Escherichia coli-expressed glutathione S-trans-
ferase-NS5A could be phosphorylated in vitro by a purified
preparation of cyclic AMP-dependent protein kinase A-a cat-
alytic subunit (26). Phosphorylation of NS5A by stably associ-
ated kinases is not restricted to HCV but has been observed
also in bovine viral diarrhea virus and yellow fever virus, mem-
bers of the other two established genera in the family Flavi-
viridae (46).

Mutations within a discrete region of NSSA, termed the
interferon sensitivity-determining region, have been associated
with the resistance to interferon treatment (7, 12, 13, 35, 47).
This phenotype might be due to the inhibition of PKR, a
protein kinase involved in the cellular antiviral and antiprolif-
erative response induced by interferon, by direct interaction
with NS5A (18, 19). A possible correlation between NSS5A
phosphorylation and interferon resistance has not yet been
established.

In addition to the phosphorylated form of NS5A (p56), a
slower-migrating form of NS5A (p58) has been described (28).
It is generally accepted that p58 is a hyperphosphorylated form
of NS5A p56; however, the requirements necessary for its
formation are controversial. Earlier results suggested that the
formation of p58 was enhanced in the presence of NS4A, and
mutagenesis experiments identified three serine residues (S-
2197, S-2201, and S-2204) in the central region of NS5A as
phosphorylation sites responsible for the formation of p58
(55). However, none of the sites has directly been identified by
amino acid analysis. The NS5A region from amino acids 2135
to 2139 was found to be important for NS4A-dependent phos-
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phorylation (2). A recent report indicated that NS5A, which
was expressed in the context of a polyprotein expressing pro-
teins from NS3 to NS5B, could be hyperphosphorylated when
functional NS2 generated from a NS2-NS3 precursor protein
was supplied in trans (43).

To get more insight into the mechanisms that lead to the
formation of p58, we introduced several deletion and point
mutations into the polyprotein of HCV and analyzed electro-
phoretic migration and phosphorylation patterns of NS5A ex-
pressed from these constructs. Our results indicate that the
polyprotein expressing the proteins from NS3 to NS5A was
necessary and sufficient for the formation of p58. Time course
labelling and pulse-chase experiments demonstrated that
NSS5A released from the polyprotein migrated as p56, which
then served as a substrate for the formation of the hyperphos-
phorylated form p58. NS4A and NS4B are required, but they
cannot be supplied in trans with respect to NS5A. In addition,
we observed that the formation of p58 strictly depends on the
presence of an active NS3 serine protease with its authentic N
terminus. This latter observation implies a correlation between
NS3-dependent polyprotein processing and the formation of
NS5A p58.

MATERIALS AND METHODS

Tissue culture. Hep3B cells were grown in Dulbecco’s modified Eagle’s me-
dium containing 10% fetal calf serum. Vaccinia virus vI'F7-3 (17) was amplified
in RK13 cells cultured in minimum essential medium containing 10% fetal calf
serum.

Construction of recombinant plasmids. Unless otherwise indicated, all HCV-
coding regions were derived from cDNA clones of the HCV BK strain and
introduced into the polylinker of the eukaryotic expression vector pcDNA3
(Invitrogen). Appropriate synthetic oligonucleotides and PCR were used to
introduce artificial initiation and termination codons. All DNA fragments ob-
tained by PCR were verified by DNA sequence analysis. Standard recombinant
DNA technology (48) was used for construction of the plasmids described below
(numbers in parentheses indicate first and last amino acids of the expressed
proteins). pcD25R (810-3010) and pcD35R (1027-3010) contain, in addition to
the indicated coding region, the entire 3’ untranslated region (UTR) of HCV
and the hepatitis 8 antigenomic ribozyme (27) at its extreme 3’ end. pcD3-5A
(1027-2419), pcD5A (1973-2419), pcD3-4A (1027-1711), pcD3-4B (1027-1972),
pcD4A-5A (1658-2419), and pcD4B-5A (1712-2419) were derived from pcD25R
but do not contain the HCV 3’ UTR, like all following constructs. pcD5Amyc
and pcD3-5Amyc are identical to pcD5A and pcD3-5A, respectively, except
that a Myc epitope (-FEEQKLISEEDL-stop [14]) was added in frame to the
C terminus of NSS5A. The N-terminal deletion mutants pcD3;(3;,-5A and
pcD3;s5s-5A as well as the point mutant pcD3g;;454-5A were obtained by PCR
using appropriate synthetic oligonucleotides. pcD3/5A contains an internal de-
letion of NS4A-4B (1658-1972) and results in an in-frame fusion of NS3 with
NS5A. The last amino acid of NS3 was mutated from threonine to cysteine
(T1657C). Deletion mutants pcD3-4A/5A and pcD3/4B-5A contain internal de-
letions of NS4B (1712-1972) and NS4A (1658-1711), respectively. The construct
pcD3/4B-5A contains the T1657C mutation in NS3. NS4A (1658-1711) and
NS4B (1712-1972) were cloned into the expression vector pCITE-1 (Novagen).
The construction of the plasmid pCITE(SX) has been described earlier (56). The
expression vector pPBRTM/HCVNS3-5B (1027-3010) contains the cDNA of the
HCV-H strain and was a kind gift from C. M. Rice. pcD5A-H (1973-2419)
contains the coding regions derived from pBRTM/HCVNS3-5B cloned into the
pcDNAZ3 vector.

Transient expression of HCV proteins and preparation of labelled extracts.
DNA transfection and metabolic labelling of cells was performed as described
previously (56). Briefly, Hep3B cells (5.5 X 10° in 60-mm-diameter dishes) were
infected with vaccinia virus VIF7-3 for 1 h at 37°C and then transfected with 20
g of recombinant plasmid by the calcium phosphate precipitation technique
(20). In cotransfection experiments, 10 pg of each plasmid were used. After 4 h
of transfection, cells were starved for 1 h in minimal essential medium without
methionine (GibcoBRL) and labelled for 3 h with 100 pCi of 3°S-labelled
methionine (Promix; Amersham) per ml. For [*?Plorthophosphate labelling,
cells were washed once after transfection with Dulbecco’s modified Eagle’s
medium without phosphate (ICN) and labelled for 4 h in the same medium
containing 500 wCi of [**P]orthophosphate (285.5 Ci/mg; NEN) per ml. Cells
were harvested, and cell extract was prepared in 150 pl of lysis buffer (25 mM
sodium phosphate [pH 7.5], 20% glycerol, 1% Triton X-100, 150 mM NaCl, 1
mM EDTA, 2 mM dithiothreitol [DTT], 2 mM phenylmethylsulfonyl fluoride).

For pulse-chase experiments, Hep3B cells were starved for 1 h in minimal
essential medium without methionine (GibcoBRL) and labelled for 15 min with
100 pCi of *S-labelled methionine per ml. Cells were either collected (time
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zero) or washed twice with phosphate-buffered saline and further incubated with
complete Dulbecco’s modified Eagle’s medium supplemented with 4.6 mM cold
cysteine and 2.3 mM cold methionine. Cells were collected at different time
points as indicated in the figure legends.

Immunoprecipitation. For immunoprecipitation under denaturing conditions,
20 pl of extract was heated at 95°C for 4 min in the presence of 2% sodium
dodecyl sulfate (SDS) and 10 mM DTT. Five microliters of HCV-specific anti-
sera (for description, see references 42 and 56) or 10 wl of Myc-specific mono-
clonal antibodies (a kind gift from P. Delmastro) was incubated with 50 pl of
protein A-Sepharose (PAS) for 1 h at 4°C in 300 pl of immunoprecipitation
buffer (IPB150; 20 mM Tris-HCI [pH 8], 150 mM NaCl, 1% Triton X-100),
washed once with IPB150, and incubated with the extract for 1 h at 4°C in a
volume of 500 wpl of IPB150. All subsequent procedures were as described
previously (56). For immunoprecipitation experiments under native conditions,
the immunoprecipitation buffer was changed to IPB-phosphate (20 mM sodium
phosphate buffer [pH 7.5], 150 mM NaCl, 10% glycerol, 0.5% Triton X-100); 20
wl of extract was incubated with antisera bound to PAS in 300 pl of IPB-
phosphate. After incubation for 1 h at 4°C, the PAS was layered on 0.5X
NDETmod (0.4% sodium deoxycholate, 0.5% Triton X-100, 10 mM Tris-HCI
[pH 7.5], 10 mM EDTA) containing 30% sucrose and pelleted by centrifugation
for 5 min at 5,000 X g. The pellet was washed once with 500 pl of NDETmod and
once with 500 wl of IPB-phosphate. Protein was detached from the PAS-resin by
boiling in SDS sample dye.

In vitro dephosphorylation. Cell extract was immunoprecipitated under native
conditions as described above. Protein bound to PAS was washed once with 500
wl of Tris-buffered saline (10 mM Tris-HCI [pH 8], 150 mM NaCl), washed once
with 100 ul of phosphatase buffer (50 mM Tris [pH 7.5], 0.1 mM EDTA, 5 mM
DTT, 0.01% Brij 35, 2 mM MnCl,), and incubated for 1 h at 37°C with 200 U of
\-phospatase (Biolabs) in 100 pl of phosphatase buffer. After incubation, the
resin was washed twice with 500 pl of Tris-buffered saline, and protein was
detached from the resin by boiling in SDS loading dye.

RESULTS

The minimal HCV polyprotein sufficient for the formation of
NS5A p58 contains NS3, NS4A/B, and NS5A. NS5A has been
demonstrated to be a phosphoprotein migrating in SDS-poly-
acrylamide gel electrophoresis (PAGE) with an apparent mo-
lecular mass of 56 kDa. It was shown that in the presence of
other viral proteins, p56 is converted into a slower-migrating
form of NS5A (p58) by additional phosphorylation events. To
understand which viral proteins are necessary for NS5A hyper-
phosphorylation, we expressed all HCV nonstructural proteins
from the BK strain (genotype 1b) and different deletion mu-
tants (schematized in Fig. 1) in Hep3B cells, using the recom-
binant vaccinia virus T7 infection/transfection system. Cells
were metabolically labelled, and proteins of interest were im-
munoprecipitated and analyzed by SDS-PAGE. Expression of
the construct pCD25R resulted in the formation of p56 and
p58 (Fig. 2A, lane 2), whereas no p58 was visible when NS5A
alone was expressed (lane 5). The faster-migrating band visible
in lane 5 was presumably due to the usage of an internal ATG
as start codon. Expression of polyproteins in which either NS2
(lane 3) or both NS2 and NS5B (lane 4) were deleted still
resulted in the production of p58. It can thus be concluded that
the polyprotein starting from NS3 and ending with NS5A is
sufficient for the generation of NS5A p58. NS5A hyperphos-
phorylation was not restricted to genotype 1b, as p5S8 was also
formed in the H strain (genotype 1a). The expression of H
NSS5A alone resulted in the formation of p56 (lane 8), whereas
the expression of NS5A in the context of the polyprotein from
NS3 to NS5B produced the hyperphosphorylated form p58
(lane 7). To verify that the slower-migrating form of NS5A was
phosphorylated, NS5A labelled with either [**S]methionine
(Fig. 2B) or [*?P]orthophosphate (Fig. 2C) was immunopre-
cipitated and treated with N\-phosphatase prior to loading for
SDS-PAGE. When NS5A was labelled with [**S]methionine,
the slower-migrating form (p58) disappeared while the inten-
sity of p56 increased (Fig. 2B, lanes 2 to 7). In contrast, no
change of migration or intensity was detectable when [**S]me-
thionine-labelled NS5A alone was expressed (lanes 8 and 9). In
the case of [**PJorthophosphate-labelled NS5A, the bands cor-
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FIG. 1. Schematic representation of the expression plasmids used in this
study. The organization of the nonstructural region of the viral polyprotein is
shown at the top. Each numbers above the bar indicates the position of the
N-terminal amino acid of the following protein within the viral polyprotein. The
horizontal line indicates the 3" UTR. R, ribozyme sequence. The vertical bars
indicate the boundaries between the different proteins. The HCV polyprotein
portions expressed by the different constructs are shown below. myc, epitope with
the amino acid sequence EQKLISEEDL; A, the mutation S1165A in NS3.

responding to both forms of NS5A disappeared (Fig. 2C, lanes
2 t0 9). These results prove that both isoforms of NS5A (p56
and p58) are phosphoproteins and that phosphorylation of p56
occurs in the absence of other viral proteins.

Kinetics of NS5A hyperphosphorylation. Next we investi-
gated the biogenesis of p56 and p58 from the NS3-5A precur-
sor protein by pulse or pulse-chase experiments. In Fig. 3A, the
construct pcD3-5A was labelled with [**S]methionine for the
indicated times and NS5A was immunoprecipitated. The p56
band could already be detected after 15 min of labelling, and
its intensity increased with labelling time. pS8 could be de-
tected with a delay of 15 min (lane 3) and reached the same
intensity as p56 after 2 h of labelling (lane 5). This result
indicates that the first event to occur is the release of mature
NS5A (p56) from the precursor protein, which then serves as
a substrate for the hyperphosphorylation event(s) and the for-
mation of pS8.

The time course experiment shown in Fig. 3A demonstrates
that a constant ratio of p56 and p58 was reached after 2 h. The
sustained presence of p56 could be explained by continued
processing of newly synthesized polyproteins or by the fact that
part of the produced NS5A molecules was in a conformation
unfavorable for hyperphosphorylation events leading to p58.
We therefore performed a pulse-chase experiment (Fig. 3B) to
follow the fate of the p56 molecules. After 15 min of labelling,
3S-labelled methionine was chased with an excess of cold
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FIG. 2. Characterization of minimal requirements for NS5A hyperphospho-
rylation. Hep3B cells were transfected with the indicated constructs and labelled
with either [*>S]methionine (A and B) or [**PJorthophosphate (C) for 3 h. NS5A
was immunoprecipitated with NS5A antiserum, and protein was loaded onto an
SDS-7.5% polyacrylamide gel. (B and C) Immunoprecipitated proteins were
incubated with (+) or without (—) A-phosphatase as described in Materials and
Methods prior to loading for SDS-PAGE. NS5A p56 and p58 are indicated by
arrows on the right; the sizes of molecular weight marker proteins (M) are
indicated on the left. BK, HCV proteins derived from the BK strain; H, HCV
proteins derived from the H strain.

methionine, and cells were collected after the indicated times.
At time zero, most of the protein was still contained in several
precursor proteins, the most abundant of which was NS4A-
NSS5A. Only a fraction of the molecules migrated as p56 (Fig.
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FIG. 3. Time course of NS5A synthesis and phosphorylation. (A) Pulse-
labelling of NS5A expressed from the construct pcD3-5A. Hep3B cells were
transfected with pcD3-5A and labelled with [**S]methionine for the indicated
times. (B) Pulse-chase analysis of NS5A phosphorylation. Cells were transfected
as described above, labelled for 15 min with [**S]methionine, and chased for the
indicated times as described in Materials and Methods. NS5A was immunopre-
cipitated with NS5A antiserum, and proteins were loaded onto an SDS-7.5%
polyacrylamide gel. NS5A p56 and p58 proteins as well as the precursor proteins
NS3-5A, NS4A-5A, and NS4B-5A are indicated by arrows on the right. M,
molecular weight marker proteins.

3B, lane 2). The hyperphosphorylated form of NS5A became
evident after 30 min of chase and reached a plateau after 2 h
of chase (lanes 5-7). Interestingly, an additional band migrat-
ing slightly slower than p56 (marked with an asterisk in Fig.
3B) became visible after 1 h of chase and increased in intensity
with time. The same band was detected when pulse-chase ex-
periments were performed using the construct pcD5A (data
not shown). In both cases, this slower-migrating band was
sensitive to phosphatase treatment (data not shown). We con-
cluded that this band is the result of modification events of p56
independent of the presence of other viral proteins. These
results demonstrate that pS6 is a maturation intermediate of
NSSA which is converted to p58 with a half-life of approxi-
mately 30 min to 1 h.

NS3 must be encoded on the same polyprotein as NS5A.
Having demonstrated that the polyprotein consisting of HCV
proteins from NS3 to NS5A is sufficient for NSSA hyperphos-
phorylation, we wanted to analyze whether hyperphosphoryla-
tion also occurred when the individual proteins were translated
from different RNA templates (Fig. 4). To this end, we con-
structed the series of expression plasmids described in Fig. 1.
The first question addressed was whether the presence of an
NS3-5A polyprotein enables hyperphosphorylation of NS5A
added in frans. To discriminate between NS5A expressed by
the polyprotein and NS5A added in trans, a Myc epitope was
added to the C-terminal end of NS5A (pCD5Amyc). Immu-
noprecipitation was performed with a Myc-specific monoclonal
antibody. As shown in Fig. 4, lane 3, no p58 could be detected.
The Myc tag did not inhibit NS5A hyperphosphorylation be-
cause NS5Amyc expressed in the context of the polyprotein
(pcD3-5Amyc) was clearly hyperphosphorylated (lane 2). The
addition of the Myc epitope resulted in a slower migration of
the NS5A band. Thus, it appeared that p56-Myc comigrates
with p58 of the untagged NS5A molecule (compare lanes 3 and
4).

We then performed a series of experiments where NS3,
NS4A, NS4B, and NS5A were all present but not arising from
the same polyprotein. In these experiments, NS3 and NS5A
were always provided in trans, while NS4A and/or NS4B were
generated in cis or in frans with respect to NS5A (lanes 5 to 7).
In all cases, NS5A was correctly processed, but no p58 was
visible. The same result was obtained in an additional experi-
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ment, in which the construct pcD4A-5A was cotransfected with
a construct expressing only NS3. The only difference to the
result shown in Fig. 4 was a reduced efficiency of processing
(data not shown). The levels of expression of NS3 were com-
parable in all experiments (lanes 9 to 12). We conclude from
these results that NS3 must be encoded on the same polypro-
tein as NS5A (in cis) to enable NS5A hyperphosphorylation.
NS4A and NS4B are required in cis for NS5A hyperphos-
phorylation. The results in Fig. 4 demonstrate that NS3 must
be expressed in cis with NS5A. We next investigated whether
the presence of NS3 in cis with NS5A is sufficient for the
formation of p58. To this end, we fused NS3 directly to NSS5A,
at the same time changing the terminal amino acid of NS3
from threonine to cysteine (pcD3/5A). The cysteine in position
P1 was presumed to facilitate the cis cleavage between NS3
and NS5A (34). This construct produces mature NSSA without
coexpression of NS4A, indicating that the cis cleavage between
NS3 (T1657C) and NS5A takes place even in the absence of
NS4A. However, most of the protein was present as a non-
processed fusion protein NS3/NS5A (Fig. 5A, lane 2). Addi-
tion of NS4A and NS4B in trans resulted in complete cleavage
of the fusion protein into mature NS5A and NS3 (lane 3), but
no formation of p58 was found. We then constructed internal
deletion mutants retaining either NS4A (construct pCD3-
4A/5A [lanes 4 and 5]) or NS4B (construct pcD3/4B-5A, [lanes
6 and 7]) in cis with NS3 and NS5A. The deleted proteins were
then supplied in frans as indicated in Fig. SA. The fusion
protein NS3-NS4A/NS5A was completely processed, resulting
in mature NS5A (lane 4), which was not hyperphosphorylated
even when NS4B was added in frans (lane 5). The slower-
migrating band visible in lanes 4 and 5 does not correspond to
NS5A p58 but represents the precursor protein NS4A/NS5A,
which could be immunoprecipitated with an anti-NS4 anti-
serum (data not shown). Using the construct pcD3/4B-5A, we
detected an NS4A-independent cis cleavage between NS3
(T1657C) and NS4B. In this case, the anti-NS5A antiserum
immunoprecipitated the NS4B-NS5A precursor protein (lane
6). Addition of NS4A in trans resulted in a partial cleavage
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FIG. 4. Analysis of NS5A hyperphosphorylation with NS5A and NS3 ex-
pressed in trans. Cells were cotransfected with the following plasmids: lane 2,
pcD3-5Amyc alone; lanes 3, 4, and 9, pcD3-5A plus pcD5Amyc; lanes 5 and 10,
pcD4A-5A plus pcD3-4A; lanes 6 and 11, pcD4B-5A plus pcD3-4A; lanes 7 and
12, pcD3-4B plus pcD5A. Proteins were immunoprecipitated with Myc-specific
monoclonal antibodies (a-myc) NSSA antiserum (a-NS5A), or with NS3 anti-
serum («-NS3) and loaded onto an SDS-7.5% polyacrylamide gel. NSSA p56,
p58, and NS3 are indicated by arrows on the right; p56-Myc and p58-Myc are
indicated by arrows on the left. M, molecular weight marker proteins.
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FIG. 5. NS4A/B is required in cis for the formation of p58. Cells were
cotransfected with the indicated constructs. (A) Proteins were immunoprecipi-
tated with NS5A antiserum («-NS5A) and loaded onto an SDS-7.5% polyacryl-
amide gel. (B) Proteins were immunoprecipitated with NS4 antiserum (a-NS4)
and loaded onto an SDS-15% polyacrylamide gel. Arrows on the right indicate
HCV-specific proteins. 3/5A, pcD3/5A, 3-4A/5A, pcD3-4A/5A; 3/4B-5A, pcD3/
4B-5A; 4A, pCITE4A; 4B, pCITE4B; M, molecular weight marker proteins.

between NS4B and NSSA, but no formation of p58 was ob-
served (lane 7).

Expression of the NS4A and NS4B proteins supplied in trans
was controlled in Fig. 5B. Constructs expressing NS4A or
NS4B supplied in trans were transfected in molar excess with
respect to the construct expressing the fusion protein and ap-
pear therefore as more intense protein bands after immuno-
precipitation. The slightly faster migration of NS4A derived
from processing of the fusion protein (Fig. 5B, lane 3) can be
explained by the absence of the artificial methionine that had
been added to the constructs used for expression in trans.

These data suggest that NSSA hyperphosphorylation occurs
only when NS3, NS4A, and NS4B are present in cis with NS5A,
even though one cannot rule out the possibility that trans
complementation of NS4A and NS4B is prevented by the pres-
ence of an artificial N-terminal methionine residue.

The formation of p58 requires an active NS3 protease with
its authentic N-terminal sequence. Having obtained evidence
that NS5A can be hyperphosphorylated only when expressed
as a precursor comprising NS3, NS4A, and NS4B, we ad-
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dressed the question whether NS3 must be active as a protease
or whether the presence of the NS3 protein sequence as such
is sufficient for the production of p5S8. We constructed an NS3
point mutant and different NS3 deletion mutants of known
phenotype in the context of the polyprotein and tested their
effects on NS5A hyperphosphorylation (Fig. 6). Proteolytic
activity was abolished by changing the catalytic serine residue
into alanine (pcD3g;454-5A). As shown in Fig. 6, the construct
pcD3g11654-5A expressed a nonprocessed polyprotein contain-
ing proteins from NS3 to NS5A which could be immunopre-
cipitated with an NS5A-specific antiserum (lane 4) as well as
with an NS3-specific antiserum (lane 6). Addition of NS3-4A in
trans resulted in the formation of mature but not hyperphos-
phorylated NS5A (lane 5). It can therefore be concluded that
NS5A hyperphosphorylation requires an active NS3 protease
encoded on the same polyprotein molecule. Immunoprecipi-
tation with anti-NS3 antibodies showed a double band (lane 7)
corresponding to mature NS3 and the uncleaved NS3-NS4A
precursor. It has been demonstrated that the cleavage between
NS3 and NS4A occurs only in cis (56). For this reason, NS3 and
NS4A encoded on the polyprotein NS3g,,654-5A migrated as a
nonprocessed precursor protein, whereas the faster-migrating
band corresponds to mature NS3 which had been added in
trans. To exclude the possibility that the proteolytic release of
NS3 encoded in cis is necessary for the formation of p58, we
tested an N-terminal deletion mutant of NS3 (pcD3,55-5A).
This mutant is still capable of cis cleavage between NS3 and
NS4A (16) (Fig. 6, lane 10) but cannot cleave efficiently the
downstream NS4A/NS4B and NS4B/NS5A frans-cleavage sites
(lane 8). Adding NS3-4A in trans produced mature NS5A (lane
9) but no p58.

The experiments described thus far suggest that the exis-
tence of mature but proteolytically defective NS3 in cis is not
sufficient to promote the hyperphosphorylation of NSS5A.
However, it is worth pointing out that the NS3,,55 protein,
which lacks the N-terminal 28 amino acids, is not able to cleave
at the NS4B-NS5A site because it cannot interact with the
serine protease NS4A cofactor (16). This finding raises the
possibility that not only a proteolytically active NS3 proteinase
must be in cis with NS5A in order to promote formation of p58
but also the formation of a stable NS3/NS4A complex is re-
quired. To test this hypothesis, we deleted the first 10 N-
terminal amino acids from NS3 (pcD3,3,-5A). This NS3 mu-
tant is expected to be activated by the NS4A cofactor but is no
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- - -|+ —|+ —|+ -|+ -|+ - | + | peD3-4A
kDa
220 o - Y G VN O A <—NS3.5A PR
NS4A-5A
974 * NS4B-5A -
— pu— -
66 o WP — = R ——FGN T
L - ey e 4 NS5A pS6 — w—
P —
46 © . S
30 g sl
[1]2]3Jafs]e[7[8]oJw[u[z]i3]u [1s] [16 [17 [18 |

FIG. 6. NS5A hyperphosphorylation requires an active NS3 protease. Cells were transfected with the indicated plasmids in the presence (+) or absence (—) of
plasmid pcD3-4A. Proteins were immunoprecipitated with NSSA (a-5) or NS3 («-3) antiserum and loaded onto an SDS-7.5% polyacrylamide gel. HCV-specific
proteins are indicated by arrows. The positions of NS5A p56 and p58 expressed from the control plasmid pcD3-5A are indicated on the left. M, molecular weight marker

proteins.
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FIG. 7. Comparison of NS3/NS4A complex stability. Cells were transfected
with the indicated plasmids, and proteins were immunoprecipitated under native
conditions as described in Materials and Methods with either NS3 (a-NS3) or
NS4 («-NS4) antiserum. Immunoprecipitated proteins were then loaded onto an
SDS-13.5% polyacrylamide gel. NS4, NS3 expressed from pCITE(SX), and NS3
expressed from pcD3-5A are indicated by arrows on the right. M, molecular
weight marker proteins.

longer able to form an NS3/NS4A complex stable enough to be
immunoprecipitated (16, 32). Our data obtained with the con-
struct pcD3,(5,-5A are in agreement with these previously
published observations. NS3 expressed from this construct was
capable of cleaving both cis- and trans-cleavage sites of the
polyprotein, although with reduced efficiency (Fig. 6, lanes 12
and 14). The presence of significant amounts of precursor
protein NS4B/NS5A (lane 12) is consistent with the finding
that the interaction between NS3 and NS4A was not as stable
as that with the wild-type protein (compare lanes 3 and 12).
Interestingly, the fraction of NS5A which had been generated
was not hyperphosphorylated.

The latter results obtained with the N-terminal deletion mu-
tants of NS3 are in line with the idea that formation of a stable
complex between NS3 and NS4A is a prerequisite for the
formation of p58. An alternative but not exclusive interpreta-
tion is that the correct N-terminal sequence of NS3 protein is
required for the generation of p58 for reasons that are not
related—or are additional—to the formation of an NS3-NS4A
complex. Use of the construct pCITE(SX) (Fig. 1) helped us
address the question of how crucial the authentic N terminus
of NS3 is for NS5A hyperphosphorylation. NS3 expressed from
this construct begins at amino acid 992 (NS3,,,) and thus
contains the 34 C-terminal amino acids of NS2. Proteolytic
activity of NS3495 was comparable with that of wild-type NS3
(Fig. 6; compare lanes 2 and 3 with lanes 16 and 17); interest-
ingly, however, no hyperphosphorylation of NS5SA was de-
tected (lane 16). The stability of the complex between NS3 and
NS4A expressed from the constructs pcD3-5A, pCITE(SX),
and the N-terminal deletion mutants of NS3 was determined
by native coimmunoprecipitation experiments (Fig. 7). Immu-
noprecipitation with anti-NS3 antiserum clearly demonstrated
that NS4A coimmunoprecipitated with NS3 expressed from
the constructs pcD3-5A and pCITE(SX) (lanes 2 and 3). No
NS4A was present when the constructs pcD3,,5,-5A and
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pcD3,55-5A were used (lanes 4 and 5), as described previously
(16). Lanes 6 to 9 show the results of the immunoprecipitation
using anti-NS4 antiserum. The amount of coimmunoprecipi-
tated NS3 was clearly lower in the case of pCITE(SX) than
with pcD3-5A (compare lanes 6 and 7), even though the total
amount of NS4A from pCITE(SX) was higher. These results
suggest that the stability of the complex between NS3 and
NS4A is lower when expressed from pCITE(SX) than from
pcD3-5A; however, a significant amount of stable NS3/NS4A
complex was detected.

Together, these data demonstrate that the NS3 protein
present in cis with NS5A must contain a protease domain with
wild-type activity in order to facilitate the formation of p58.
The activity of NS3, however, is dependent on the presence of
a complex between NS3 and NS4A, which in turn requires a
correct folding of the N-terminal sequence of NS3 (10). It is
difficult to conclude whether the requirement of an authentic
N-terminal sequence of NS3 influences NS5A hyperphospho-
rylation via its effect on the formation of a tight NS3/NS4A
complex or through other, still unknown mechanisms.

DISCUSSION

Due to the lack of reliable tissue culture models for sus-
tained HCV replication, it is not possible to identify the iso-
form(s) of NS5A important for the viral life cycle. However,
transient transfection experiments (28), as well as human cell
lines inducibly expressing all HCV structural and nonstructural
proteins (38), showed two isoforms of NS5A with apparent
molecular masses of 56 and 58 kDa. Here we demonstrate that
transfection of NS5A alone resulted in the production of p56,
whereas the formation of p58 required the presence of a
polyprotein consisting of the nonstructural proteins from NS3
to NS5A (Fig. 2). Treatment of *?P-labelled NS5A with
N-phosphatase resulted in the loss of radioactive label of both
isoforms, indicating that both proteins are phosphoproteins.
The existence of phosphorylated NS5A/NSS proteins is not
unique to HCV but was also observed in bovine viral diarrhea
virus, yellow fever virus, tick-borne encephalitis virus, and den-
gue virus type 2 (29, 39, 46), other members of the Flaviviridae
family.

Characterization of the requirements necessary for the for-
mation of p58 demonstrated that (i) NS5A has to be encoded
on the same polyprotein with NS3 (Fig. 4) and (ii) the non-
structural proteins NS4A and NS4B have to be present in cis
together with NS3 and NS5A (Fig. 5). These observations
differ from what has been published previously by Shimotohno
and colleagues (2, 55), who reported that the only viral protein
necessary for NS5A hyperphosphorylation is NS4A which can
be supplied in trans. Interestingly, this group used NS5A de-
rived from the HCV ] strain, while we and others (43) who
found that NS4A is not sufficient for the production of p58
used the HCV BK strain.

Further characterization of the role of NS3 for NS5A hy-
perphosphorylation suggests that NS3 has to be active as a
protease that cleaves all downstream cleavage sites present in
the HCV polyprotein consisting of NS3 to NS5A. Mutations
which abolish the activity of the serine-protease or which re-
duce the activity on cis- or trans-cleavage sites result in pre-
vention of NS5A hyperphosphorylation (Fig. 6). It has been
shown previously that the protease activity of NS3 depends on
the interaction of NS3 with its cofactor NS4A. The results
shown in Fig. 7 demonstrate that N-terminal deletion mutants
of NS3 do not form an NS3/NS4A protein complex stable
enough to be immunoprecipitated. This result is in agreement
with the hypothesis that the formation of pS8 requires a stable
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NS3/NS4A complex necessary for NS3 activity. The situation is
different when the construct pCITE(SX) is used. The activity
of NS3 seems to be comparable with that of wild-type NS3, and
the NS3/NS4A complex in pCITE(SX) is present in reduced
but still significant amounts. One can draw two conclusions
from these observations. (i) Even though NS3 protease activity
and NS3/NS4A complex stability seem to be comparable with
that of wild-type NS3, at least in our experimental conditions,
there might still be differences in the kinetic parameters of
processing which could be significant for the production of p58.
More detailed kinetic studies are needed for a better under-
standing of the correlation between NS3 processing and NS5A
hyperphosphorylation. (ii) The correct N-terminal sequence of
NS3 is important for NSSA hyperphosphorylation. Qingyan et
al. (43) have reported that the HCV polyprotein containing the
region from NS3 to NS5B is not sufficient for the formation of
pS8 but that also the presence of NS2 is necessary. In their
case, however, NS3 did not initiate with the correct N-terminal
amino acid sequence. NS2 may thus be required in their case
to generate the authentic NS3 N terminus via the action of the
NS2/3 protease.

The presence of the authentic N terminus of NS3 might be
required for protein-protein interaction either directly be-
tween NS5A and NS3 or indirectly via additional viral or cel-
lular proteins. Protein-protein interactions between HCV
NS4A, NS4B, and NS5A have been demonstrated (37), and
direct interactions between NS3 and NS5 have been shown for
dengue virus type 2 (29). In rotavirus, protein-protein interac-
tion between the phosphoprotein NSP5, the double-stranded
RNA (dsRNA)- and single-stranded RNA (ssRNA)-binding
protein NSP2, and the viral polymerase VP1 has been detected
(1). In this regard, we note that the helicase domain of NS3
(31) contains ssRNA- as well as dsSRNA-binding activity. Di-
rect interaction between HCV proteins NS5A, NS3, and NS5B
has not yet been demonstrated; however, it is possible that this
protein complex is not stable enough to be coimmunoprecipi-
tated, and further experiments are required to determine
whether these interactions occur.

Kinetic studies of NS5A hyperphosphorylation demon-
strated that there is a time lag between the release of NSSA
from the precursor protein containing proteins from NS3 to
NS5A and the formation of pS8. This result suggests that p56
is the substrate for the formation of p58. The conversion of p56
to p58 could indicate that pS8 functions after completion of
polyprotein processing and is involved in later events of viral
replication which involve the proteins NS3, NS4A, and NS4B
and possibly other cellular proteins.

The role and mechanism of NS5A phosphorylation can only
be speculated. It has been shown that NS5A is phosphorylated
by a tightly associated cellular kinase (26, 45, 46). The conse-
quence of NS5A phosphorylation could be the induction of
conformational changes in NS5A that make it susceptible to
additional phosphorylation either by the same, already associ-
ated kinase or by a second kinase. Conformational changes of
viral proteins induced by phosphorylation have been demon-
strated for other RNA viruses such as vesicular stomatitis virus
(VSV) (9) and chandipura virus (44). In VSV, a viral protein
present in different phosphoisoforms has been demonstrated
to have different functions during viral replication (3, 40). The
authors showed that sequential phosphorylation by a cellular
kinase followed by a viral kinase produced a phosphoprotein
required for RNA transcription, whereas the same protein in a
nonphosphorylated state was necessary for viral genome rep-
lication. In the case of HCV, the proteins NS3, NS4A, and
NS4B could induce or stabilize conformational changes of
NSS5A or promote the association of additional kinases and/or
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other cellular proteins necessary for the formation of p58.
Another explanation would be that the viral proteins NS3,
NS4A, and NS4B protect additional phosphorylation sites in
p58 from fast dephosphorylation by cellular phosphatases. It
was demonstrated for rotavirus (6) that hyperphosphorylated
isoforms of the nonstructural protein NSP5, when transfected
in the absence of other viral proteins, could be detected only in
the presence of okadaic acid, a specific inhibitor of the major
cytosolic phosphatases PP1 and PP2A.

From our data, we conclude that the events resulting in the
formation of NS5A p58 are closely connected to HCV polypro-
tein processing and require at least the viral proteins NS3,
NS4A, and NS4B and possibly additional cellular proteins.
Sequential phosphorylation events are not unique to HCV but
have been demonstrated also in negative-strand RNA viruses
(VSV) and dsRNA viruses (rotavirus). These observations sug-
gest that phosphorylation is important for successful virus
propagation and/or pathogenesis. Further analysis is required
to elucidate the role of NSS5A and its different phosphoiso-
forms in the viral life cycle.
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