
JOURNAL OF VIROLOGY,
0022-538X/99/$04.0010

Sept. 1999, p. 7138–7146 Vol. 73, No. 9

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Modulation of Hepatitis C Virus NS5A Hyperphosphorylation
by Nonstructural Proteins NS3, NS4A, and NS4B

JAN OLIVER KOCH AND RALF BARTENSCHLAGER*

Institute for Virology, Johannes Gutenberg University Mainz, 55131 Mainz, Germany

Received 29 March 1999/Accepted 21 May 1999

NS5A of the hepatitis C virus (HCV) is a highly phosphorylated protein involved in resistance against
interferon and required most likely for replication of the viral genome. Phosphorylation of this protein is
mediated by a cellular kinase(s) generating multiple proteins with different electrophoretic mobilities. In
the case of the genotype 1b isolate HCV-J, in addition to the basal phosphorylated NS5A (designated pp56),
a hyperphosphorylated form (pp58) was found on coexpression of NS4A (T. Kaneko, Y. Tanji, S. Satoh,
M. Hijikata, S. Asabe, K. Kimura, and K. Shimotohno, Biochem. Biophys. Res. Commun. 205:320–326, 1994).
Using a comparative analysis of two full-length genomes of genotype 1b, competent or defective for NS5A
hyperphosphorylation, we investigated the requirements for this NS5A modification. We found that hyper-
phosphorylation occurs when NS5A is expressed as part of a continuous NS3-5A polyprotein but not when it
is expressed on its own or trans complemented with one or several other viral proteins. Results obtained with
chimeras of both genomes show that single amino acid substitutions within NS3 that do not affect polyprotein
cleavage can enhance or reduce NS5A hyperphosphorylation. Furthermore, mutations in the central or
carboxy-terminal NS4A domain as well as small deletions in NS4B can also reduce or block hyperphospho-
rylation without affecting polyprotein processing. These requirements most likely reflect the formation of a
highly ordered NS3-5A multisubunit complex responsible for the differential phosphorylation of NS5A and
probably also for modulation of its biological activities.

Hepatitis C virus (HCV) is the major causative agent of
sporadic and transfusion-associated non-A, non-B hepatitis
(10, 24). Although most infections are inapparent or initially
associated with only mild symptoms, due to the high persis-
tence the long-term effects are dramatic. About 50% of all
infections lead to chronic liver disease, which can range from
an apparently healthy carrier state to chronic active hepatitis,
liver cirrhosis, or hepatocellular carcinoma. It is estimated that
100 million to 200 million people worldwide are infected with
this insidious agent.

HCV was classified as the distinct genus Hepacivirus to-
gether with the genera Flavivirus and Pestivirus in the family
Flaviviridae (41). These viruses are characterized by an envel-
oped virion harboring a plus-strand RNA genome. In case of
HCV, this genome has a length of ca. 9.6 kb and carries a single
long open reading frame (ORF) flanked at the 59 and 39 ends
by nontranslated regions required for RNA translation and
replication (for reviews, see references 4, 9, and 45). The viral
genes are expressed as a polyprotein, just 3,000 amino acids in
length, which is cleaved co- and posttranslationally by host cell
signal peptidases and two viral proteinases. At least 10 differ-
ent cleavage products have been identified, which are ordered
within the polyprotein (from the amino to the carboxy ter-
minus): NH2-core-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-
NS5B-COOH. The structural proteins core, envelope protein 1
(E1), and E2 are the major constituents of the virion. The
function of p7, a small highly hydrophobic peptide is not
known. NS2 and the amino-terminal domain of NS3 constitute
the NS2-3 proteinase responsible for cleavage at the NS2/3
junction (18, 20). NS3 is a bifunctional molecule. The amino-
terminal domain carries a serine-type proteinase required for

cleavage at the NS3/4A, NS4A/B, NS4B/5A, and NS5A/B junc-
tions (5, 12, 19, 20, 39, 55). The carboxy-terminal two-thirds
constitute a nucleoside triphosphatase-RNA helicase (23, 30,
50, 51) belonging to the superfamily class II helicases (27).
NS4A is a proteinase cofactor forming a stable complex with
NS3 and enhancing proteolytic activity (6, 7, 13, 31, 34, 38, 53,
57). Mutation analyses have shown that sequences close to the
amino terminus of NS3 (residues 1027 to 1049) and a 14-
residue-long sequence in the center of NS4A (residues 1678 to
1691) are sufficient for interaction and full proteinase activa-
tion (7, 14, 32, 33, 47–49, 56). Except for its hydrophobic
nature, virtually nothing is known about NS4B. The highly
phosphorylated NS5A can interfere with the function of the
interferon (IFN)-induced protein kinase PKR, accounting for
the IFN resistance observed at least with some genotypes (16,
17). Whether NS5A has an additional, more direct role in
formation or activity of the replicase complex is not known.
NS5B is the RNA-dependent RNA polymerase (8, 37).

Labeling experiments with 32Pi and phosphoamino acid
analyses have shown that NS5A is phosphorylated on serine
and, to a much lesser extent, on threonine residues (25, 28, 44).
For the genotype 1b HCV-J isolate, on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) at least two
NS5A phosphorylation variants can be found, migrating with
apparent molecular masses of 56 and 58 kDa; they were des-
ignated the basal and hyperphosphorylated forms, respectively
(28, 54). Two distinct NS5A domains located around the center
and close to the carboxy terminus (residues 2200 to 2250 and
2350 to 2419, respectively [1, 54]) were shown to be required
for basal phosphorylation. Although phosphate acceptor sites
have not directly been mapped, mutation analyses indicate that
three serine residues in the central region (at positions 2197,
2201, and 2204) are important for hyperphosphorylation (54).
At least for the HCV-J isolate, hyperphosphorylation of NS5A
requires the presence of fully processed NS4A (28, 52, 54).
Coprecipitation studies have shown that NS4A and NS5A can
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form a complex (1). Mutational ablation of this interaction, in
which amino-terminal NS5A sequences, in particular residues
2135 to 2139, play an important role, also affects hyperphos-
phorylation (1). However, this observation does not account
for all HCV isolates. For the HCV-H isolate, belonging to
genotype 1a, multiple phosphorylated NS5A species were
found even when the protein was expressed in the absence of
other nonstructural proteins (44). The enzyme responsible for
NS5A phosphorylation is not known. Results from an in vitro
kinase assay clearly show that one or several cellular enzymes
are responsible (25, 44), and their inhibitor profiles identify
them as members of the CMGC group of serine-threonine
kinases (44).

Using a comparative analysis of two full-length HCV ge-
nomes of genotype 1b, differing with respect to NS5A hyper-
phosphorylation, we found that a continuous NS3-5A region is
required for this NS5A modification. Various amino acid sub-
stitutions or small deletions in the NS3-4B region not affecting
proteolytic processing severely reduced formation of pp58.
Our results suggest that hyperphosphorylation of NS5A re-
quires a higher-order protein complex forming only in cis and
imply that different mechanisms operate in NS5A hyperphos-
phorylation of different HCV isolates.

MATERIALS AND METHODS

Cells and viruses. Cell monolayers of the BHK-21 cell line were grown in
Dulbecco’s modified minimal essential medium (DMEM) supplemented with 2
mM L-glutamine, nonessential amino acids, 100 U of penicillin, 100 mg of strep-
tomycin, and 10% fetal calf serum. The recombinant vaccinia virus vTF7-3
expressing the RNA polymerase of bacteriophage T7 (15) was obtained from B.
Moss (National Institutes of Health, Bethesda, Md.). Stocks of recombinant
vaccinia viruses were grown in human TK 143 cell monolayers, and titers of
infectious progeny were determined by plaque assay using the same cell line.

Construction of full-length NC and C genomes. Two full-length HCV genomes
of genotype 1b were cloned by reverse transcription-PCR (RT-PCR) methodol-
ogies from serum and total liver RNA of a chronically infected German patient
who had undergone liver transplantation. The serum-derived genome was ob-
tained by conventional RT-PCR performed with RNA isolated from several
blood samples. Total nucleic acids were isolated from 350 ml of serum by diges-
tion with proteinase K (40 mg/ml) in a buffer containing 10 mM Tris-HCl (pH
8.3), 0.5% SDS, and 100 mM NaCl in a total volume of 900 ml. After 2 h at 56°C,
samples were extracted with phenol and phenol-chloroform and nucleic acids
were precipitated with ethanol. Samples were resuspended in 20 ml of RNase-
free water, and one half was denatured for 10 min at 80°C in the presence of an
HCV-specific primer. cDNA synthesis was performed with Superscript reverse
transcriptase (Life Technologies, Karlsruhe, Germany) at 42°C for 1 h. The
cDNA mixture was treated with RNase H (Boehringer Mannheim), and the
enzymes were inactivated by 10 min of incubation at 95°C. Nested PCRs were
performed with Taq DNA polymerase (Perkin-Elmer, Weiterstadt, Germany)
under standard conditions using two rounds of 35 cycles and HCV-specific
primers derived from published genome sequences. Cloned PCR fragments were
sequenced, and the complete ORF was reconstituted from overlapping frag-
ments, which were combined via convenient restriction sites or by PCR according
to the method of Ho et al. (22). The complete ORF was inserted into the vector
pTM1-2 (7) via engineered NcoI and SpeI sites at the 59 and 39 ends, respectively.
Due to this cloning strategy, the core protein starts with MG instead of MS
whereas translation stops at the authentic UGA codon of NS5B at position 9372
of our isolate. The resulting nonconsensus (NC) sequence plasmid was desig-
nated pTM-NC1. Corresponding polypeptides are termed NS5ANC, etc.

The second genome was cloned by long-distance RT-PCR using total RNA
prepared from a piece of the explanted liver of the same patient. This genome
represents an isolate-specific consensus (C) sequence derived from comparisons
of sequences of several cloned PCR fragments. Details of the cloning procedure
and reconstitution of this full-length genome will be described elsewhere. The
complete ORF of this genome was cloned via engineered NcoI and SpeI sites
into pTM1-2 and designated pTM-C1. Corresponding polypeptides are termed
NS5AC, etc.

Plasmid constructions. Standard recombinant DNA techniques were used for
generation of the expression plasmids (46). Construction of the basic expression
vector pTM1-2 directing the transcription of HCV sequences under control of
the bacteriophage T7 RNA polymerase and allowing the translation under con-
trol of the internal ribosome entry site of the encephalomyocarditis virus has
been described elsewhere (7). All HCV sequences were inserted into pTM1-2 via
NcoI and SpeI sites introduced by oligonucleotides used for PCR or, in case of
pTM2-5BC, by using an authentic NcoI site present at the exact 59 end of NS2.

The following conserved restriction sites within the NS3-5B region were used to
generate chimeras between the NC and the C sequences (all numbers refer to the
nucleotide positions of our HCV isolates): SfiI (3622), SalI (4725), StuI (5032),
NsiI (5286), StuI (5869), EcoRI (6699), and NsiI (8726). Site-directed mutagen-
esis was done by generating overlapping PCR fragments carrying the desired
nucleotide exchange within the overlap. Fragments were combined by second
PCR and subcloned into the appropriate plasmids. In-frame deletions of NS4B
sequences were generated in the same way, using oligonucleotides carrying the
desired deletion. All HCV sequences amplified by PCR were completely se-
quenced after subcloning.

Protein expression with the vaccinia virus-T7 hybrid system, immunoprecipi-
tation, and protein analyses. Transient expression of HCV proteins in cell
cultures with the vaccinia virus-T7 hybrid system and metabolic labeling have
been described elsewhere (7). In brief, 0.75 3 105 cells seeded in 15-mm-
diameter dishes were infected with vTF7-3 with a multiplicity of infection of 5 to
10 for 1 h at room temperature. After removal of the inoculum and a 30-min
incubation in DMEM supplemented with 10% fetal calf serum and 2 mM
glutamine, cells were transfected with 350 ng of purified plasmid DNA and 2.5 ml
of Lipofectamine (Life Technologies, Eggenstein, Germany) as instructed by the
manufacturer. After 3 h at 37°C, cells were washed with prewarmed DMEM
lacking methionine and incubated for 4 h in DMEM supplemented with 2 mM
glutamine and 100 mCi of 35S protein labeling mixture (Express; NEN Life
Science, Köln, Germany) per ml. For radiolabeling of proteins with [32P]ortho-
phosphate (Amersham Pharmacia Biotech, Freiburg, Germany), cells were
transfected as described above, washed three times with phosphate-free medium
(Sigma, Deisenhofen, Germany), and labeled for 4 h in the same medium supple-
mented with 100 mCi of [32P]orthophosphate per ml. Cells were washed several
times, and HCV-specific proteins were isolated by immunoprecipitation from
cell lysates under nondenaturing or denaturing conditions as described recently
(6, 7). Proteins were separated by SDS-PAGE or Tricine-SDS-PAGE. For op-
timal separation of the two NS5A phosphoprotein variants, SDS-PAGE using
gels with an acrylamide:bisacrylamide ratio of 12.5%:0.08% was performed. De-
phosphorylation of NS5A was performed with calf intestinal phosphatase (CIP)
or lambda protein phosphatase (both purchased from New England Biolabs
GmbH, Schwalbach/Taunus, Germany), using immunoprecipitated proteins as
instructed by the manufacturers. Immunocomplexes were washed three times
with lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1% Nonidet P-40, 1%
sodium deoxycholate, 0.1% SDS) and once with the corresponding phosphatase
assay buffer. Samples were treated with 400 U of phage l phosphatase or 10 U
of CIP. After 1 h at 30°C, samples were centrifuged, supernatants were removed,
and dephosphorylated immunocomplexes were analyzed by SDS-PAGE and auto-
radiography.

Nucleotide sequence accession number. The nucleotide and amino acid se-
quences of the HCV NC and C genomes used in this study are deposited in the
EMBL nucleotide sequence database and can be retrieved under accession no.
AJ238800 (NC1) and AJ238799 (Con1), respectively.

RESULTS

Phosphorylation of NS5A expressed from two different full-
length HCV genomes. In an attempt to construct a functional
HCV genome, we cloned two full-length sequences of geno-
type 1b from a chronically infected German patient. The first
genome was cloned by conventional RT-PCR from multiple
serum samples and reconstituted from 11 different fragments.
The second genome, cloned by long-distance RT-PCR from
total liver RNA, represents a consensus sequence established
by sequence analysis of several PCR fragments each spanning
half of the genome. Therefore, the sequence of the first ge-
nome is referred to as the NC sequence; it differs from the C
genome at 30 positions scattered throughout the polyprotein
(Fig. 1A).

To analyze functionality with respect to polyprotein process-
ing, the full-length ORFs of both genomes were transiently
expressed with the vaccinia virus-T7 hybrid system in BHK-21
cells. Proteins were radiolabeled metabolically with [35S]me-
thionine-cysteine, and production of HCV proteins was ana-
lyzed by nondenaturing immunoprecipitation, SDS-PAGE,
and autoradiography. As shown in Fig. 1B, cleavage products
of correct sizes, immunoreactivities, and coprecipitation prop-
erties were found, with two major differences between the ge-
nomes. First, the apparent molecular weight of E2C was higher
than that of E2NC (compare lane 2 with lane 9), most likely due
to the presence of an additional glycosylation site at amino acid
position 576, conserved between most HCV genomes but ab-
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sent in the NC sequence. Second, while NS5ANC appeared as
a single protein species, two anti-NS5A-reactive proteins with
apparent molecular masses of approximately 56 and 58 kDa
were found with the C ORF (compare lane 13 with lane 6).
Since NS5A is a phosphoprotein, described for HCV genotype
1b as a 56-kDa hypophosphorylated species and a 58-kDa hy-
perphosphorylated form (28, 54), this result suggested a selec-
tive defect of NS5ANC hyperphosphorylation.

To further substantiate this assumption, we expressed the
complete polyproteins of both genomes with the vaccinia virus
T7-hybrid system in BHK-21 cells and radiolabeled proteins
with either [32P]orthophosphate or [35S]methionine-cysteine.
NS5A was isolated by immunoprecipitation and analyzed ei-
ther directly by SDS-PAGE or after treatment with phage l
phosphatase or CIP. As shown in the top panel of Fig. 2, NS5A
expressed from both genomes underwent basal phosphoryla-
tion. However, the heavily labeled hyperphosphorylated pp58
form was found only with NS5AC and not with NS5ANC (com-
pare lane 1 with lane 4). All 32P-labeled NS5A proteins were
sensitive to treatment with phosphatases. The loss of the sig-
nals after dephosphorylation could not be ascribed to contam-
inating proteinases present in the phosphatase preparations,
because no degradation of the 35S-labeled proteins was found
(bottom panel). In summary, these results show that the slow-
er-migrating form of NS5AC (pp58) is a phosphatase-sensitive
hyperphosphorylated species and that only the basal phosphor-
ylated form is generated with NS5A of the nonconsensus ge-
nome. It should be noted that the overall electrophoretic mo-

FIG. 1. (A) Structure of the HCV genome and comparison of the C and NC polyproteins. (A) Schematic representation of the HCV genome organization, with
the structural proteins core to E2, p7, and the nonstructural proteins NS2 to NS5B shown at the top. Numbers below refer to the nucleotide positions of our HCV
isolate. Amino acid deviations of the NC polyprotein from the C sequence are indicated by vertical lines. (B) Expression of the complete ORFs of the NC and C isolates
in BHK-21 cells and detection of cleavage products. Cells infected with the vTF7-3 vaccinia virus recombinant were transfected with plasmids directing expression of
the complete polyprotein of the NC or C genome. After metabolic radiolabeling with [35S]methionine-cysteine, HCV-specific proteins were isolated from the cell lysate
under nondenaturing conditions by immunoprecipitation (IP) using antisera with specificities given above the lanes. Identification of HCV-specific proteins and the
positions of protein molecular mass standards (in kilodaltons) are given on the left and right, respectively.

FIG. 2. Hyperphosphorylation of NS5A encoded by the C genome. Cells
previously infected with vTF7-3 were transfected with plasmids encoding the
core-5B sequence of the C or NC genome or with the plasmid vector (mock).
Four hours after transfection, proteins were metabolically labeled with [32P]
orthophosphate (top) or [35S]methionine-cysteine (bottom). HCV-specific pro-
teins were isolated by immunoprecipitation, and one third of the immunocom-
plexes was loaded directly onto the gel. One half of the remainder was treated
with CIP, and the other half was treated with phosphatase from phage l (l-
PPase) prior to SDS-PAGE.
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bility of NS5ANC was slightly faster than that of NS5AC. Since
this difference was not affected by dephosphorylation, it most
likely can be ascribed to differences in the amino acid compo-
sitions rather than to different levels of phosphorylation (see
below).

A continuous NS3-5A sequence is required for hyperphos-
phorylation of NS5A. Having confirmed the different phos-
phorylation states of the two NS5A proteins, we assumed that
the lack of NS5ANC hyperphosphorylation was caused by par-
ticular deviations from the C sequence within the NS5A re-

gion. To simplify the analysis, we determined the phosphor-
ylation patterns of both NS5A proteins after transient
expression in the absence of other nonstructural proteins, be-
cause it was shown that expression of NS5A alone is sufficient
for generation of multiple phosphorylation forms with some
genotypes (44). However, under these conditions only the fast-
er-migrating form of NS5AC (pp56) was generated, suggesting
that additional nonstructural proteins are required for hyper-
phosphorylation (Fig. 3, lane 3). The most likely candidate was
NS4A, because for the HCV-J isolate, belonging to genotype
1b like our isolate, it is required for hyperphosphorylation of
NS5A (1, 28, 54). However, no hyperphosphorylation was
found even when NS4AC was coexpressed with NS5AC (lane
4), suggesting that other or additional HCV proteins are re-
quired.

To identify such additional cofactors, we analyzed various
amino- and carboxy-terminal truncations, introduced into the
parental core-5B polyprotein for NS5AC hyperphosphoryla-
tion. pp58 was found with the NS2-5B, NS3-5B, and NS3-5A
polyproteins, demonstrating that the structural proteins, p7,
NS2, and NS5B are dispensable for NS5A hyperphosphoryla-
tion (Fig. 3, lane 6 to 8). In fact, a gradual increase of the
pp58/pp56 ratio was found with the amino-terminally trun-
cated polyproteins, suggesting that sequences amino terminal
of NS3 negatively affect hyperphosphorylation.

To analyze whether hyperphosphorylation of NS5AC can be
mediated in trans, a series of cotransfection experiments was
performed with constructs directing the expression of individ-
ual HCV proteins or polyprotein fragments. An example of
this type of analysis is given in Fig. 3. When the NS3/4A
proteinase was coexpressed with an NS4B-5B polyprotein, no
hyperphosphorylation of NS5A was found (lane 9). Similarly,
coexpression of NS3 with an NS4A-5B polyprotein did not
allow formation of pp58 (not shown). In an extensive series of
cotransfection experiments, every possible combination of in-
dividual nonstructural proteins and polyprotein fragments was
tested, but we never observed hyperphosphorylation of NS5A
(not shown), demonstrating that this modification occurs only
when NS5A is expressed in the context of a continuous NS3-5A
polyprotein.

Influence of the NS3-4B region on NS5A hyperphosphory-
lation. Using an amino acid sequence comparison between
NS5AC and NS5ANC, we found seven differences, among them
two serine residues close at the carboxy terminus (Fig. 4A;
Table 1). Since NS5A is preferentially phosphorylated at serine
residues with one cluster most likely located close to the car-
boxy terminus (residues 2350 to 2419 [54]), we assumed that
the absence of these two serine residues with NS5ANC might

FIG. 3. A continuous NS3-5A sequence is required for NS5A hyperphospho-
rylation. vTF7-3-infected BHK-21 cells were transfected with plasmids directing
the expression of proteins given above the lanes, and HCV-specific proteins were
analyzed after radiolabeling by immunoprecipitation under nondenaturing con-
ditions, allowing the coprecipitation of NS4A with NS3. Specificities of antisera
are given at the left; identities of the HCV proteins are shown at the right.

FIG. 4. Removal of two serine residues at the carboxy terminus of NS5AC

does not affect hyperphosphorylation. (A) Amino acid sequence differences
between NS5A of the C (shaded bar) and NC (light bar) genomes (see also Table
1). Arrows point to alanine residues substituting for serine residues of 5AC at
positions 2368 and 2413. (B) Cells were transfected with constructs directing the
expression of NS3-5BC polyproteins carrying the indicated amino acid substitu-
tions within NS5AC. HCV-specific proteins were radiolabeled and analyzed by
immunoprecipitation using antisera given to the right and SDS-PAGE. wt, wild
type; DM, double mutant.

TABLE 1. Differences in amino acid sequence of the
NS3-5B region between the NC and C genomes

Position of amino acid differencea

NS3
(1027–1657b)

NS4A
(1658–1711)

NS4B
(1712–1972)

NS5A
(1973–2419)

NS5B
(2420–3010)

1028 (H3P) 1687(V3I) 1792(V3A) 2047 (F3V) 2536 (S3N)
1061 (M3V) 2119 (L3P) 2626 (T3A)
1263 (S3G) 2260(R3Q) 2629 (S3A)
1285 (T3I) 2360(A3V) 2979 (T3I)
1373 (V3I) 2368 (P3S) 2981(R3H)
1496 (I3M) 2383(G3E)

2413 (G3S)

a Amino acids are given in single-letter code, with the arrow pointing to the
residue found in the consensus sequence.

b Amino- and carboxy-terminal boundaries.
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be responsible for the lack of hyperphosphorylation. In this
case, mutations affecting serine residues 2368 and 2413 of
NS5AC should block hyperphosphorylation. Therefore, single
or double alanine substitutions for the serine residues were
introduced into NS5AC, and the mutants were expressed in
BHK-21 cells in the context of the NS3-5B polyprotein. As
shown in Fig. 4B, both the single substitutions and the double
mutation did not affect production of pp58, suggesting that
other differences between the two genomes were responsible
for the selective hyperphosphorylation of NS5AC.

To analyze whether any of the other amino acid sequence
differences might be responsible, the complete NS5A se-
quences of both isolates were exchanged in the context of the
NS3-5B polyproteins, and the resulting chimeras (Fig. 5A)
were examined as described above. Surprisingly, NS5AC ex-
pressed in the context of NS3-5BNC sequence was no longer
hyperphosphorylated (Fig. 5B, lane 3), whereas NS5ANC ex-
pressed in the context of the NS3-5BC sequence became hy-
perphosphorylated (lane 2). Thus, NS5ANC was competent for
hyperphosphorylation and the failure to generate pp58, ob-
served with the NC genome, was due to mutations in the
NS3-4B region.

A single amino acid substitution in the amino terminus of
NS3 affects NS5A hyperphosphorylation. To further narrow
down the sequence(s) or protein(s) responsible for the defect
of NS5ANC hyperphosphorylation, a panel of NS3-5B chimeras
was constructed by exchanging sequences of variable lengths
between the C and NC genomes (Fig. 6). These constructs
were transiently expressed in BHK-21 cells and analyzed for

the production of pp58. Surprisingly, the smallest change, re-
placement of only a proline residue at the amino terminus of
NS3C (position 1028 of the polyprotein [Table 1]) with the NC
histidine residue, significantly reduced production of pp58
(compare lane 1 with lane 2). Additional, more extensive re-
placements of C sequences with NC sequences, including a C
valine residue at position 1061, further reduced hyperphospho-
rylation of NS5AC (lane 3). No pp58 was found when most of
the NS3 sequence of the C genome was replaced by the NC
sequence (lane 4 to 6). Conversely to this loss of NS5A hyper-
phosphorylation, a gain of hyperphosphorylation was found
when NS3 sequences of the NC genome were replaced by
corresponding sequences of the C genome. Introduction of the
C proline residue into the amino terminus of NS3NC led to
production of pp58 (compare lane 10 with lane 11). Increasing
the size of the transferred NS3C sequence led to an increase of
NS5A hyperphosphorylation, which was at maximum when
almost the complete NS3NC was replaced by the corresponding
C sequence (lane 12 to 15). In summary, these data demon-
strate that NS3 strongly affects hyperphosphorylation of NS5A.

Phosphorylation of NS5A most likely takes place after re-
lease from the polyprotein precursor (53, 54). Therefore, it was
possible that the effect of NS3 on NS5A hyperphosphorylation
was due to different efficiencies with which these chimeric
polyproteins were cleaved. For example, a delay of NS5A pro-
cessing might lead to a low hyperphosphorylation rate. Al-
though the amounts of cleavage products accumulating during
the 4-h labeling period did not differ significantly between the
various chimeric polyproteins (not shown), it was possible that

FIG. 5. Effect of flanking sequences on NS5A hyperphosphorylation. (A)
Schematic representation of the NC and C polyproteins carrying exact substitu-
tions for 5AC and 5ANC, respectively. Shaded and light areas indicate the C and
NC sequences, respectively. (B) Expression of chimeric polyproteins in BHK-21
cells and detection of radiolabeled HCV proteins by immunoprecipitation under
nondenaturing conditions allowing the coprecipitation of NS4A with NS3. Spec-
ificities of antisera are given at the right; identities of HCV proteins are shown
at the left.

FIG. 6. Hyperphosphorylation of NS5A is influenced by NS3. A schematic
representation of the chimeric NS3-5B polyproteins expressed with the vaccinia
virus-T7 hybrid system in BHK-21 cells is given above each lane. Thick lines refer
to the C sequence; thin lines indicate the NC sequence. The individual constructs
are identified above the lines. Schematic drawings of the corresponding C and
NC polyproteins are given at the left and right, respectively, with dotted hori-
zontal lines indicating the cleavage sites. Amino acid deviations of the NC
sequence from the C sequence are marked with horizontal lines in the NC ORF.
The phosphorylation patterns of NS5A proteins expressed from given constructs
are shown below. The two phosphoprotein variants pp56 and pp58 are marked.
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we missed more subtle effects on processing kinetics. To rule
out this possibility, a pulse-labeling experiment was performed
with the parental NS3-5BC and a chimera producing very low
amounts of pp58 (NC-1648C). The comparison shown in Fig. 7
demonstrates that the two polyproteins were processed with
similar kinetics, ruling out the possibility that the different
degrees of hyperphosphorylation were due to different cleav-
age efficiencies. Since enzymatic activities of the two protein-
ases were comparable, yet hyperphosphorylation of NS5A was
found only with the C polyprotein, these results suggest that
NS3 acts as a structural component in pp58 formation.

Influence of NS4A on NS5A hyperphosphorylation. Al-
though the data described so far show that NS3 is a determi-
nant of NS5A hyperphosphorylation, they do not rule out the
contribution of the other nonstructural proteins, in particular
NS4A. First, it was shown for the HCV-J isolate that NS4A is
required for production of pp58, although in this case it can be
mediated in trans by NS4A alone (1, 28, 54). Second, the
serine-type proteinase located in the amino-terminal NS3 do-
main forms a stable complex with NS4A, which most likely
leads to conformational changes within NS3 (31, 38, 57) that
might also affect the function of NS3 with respect to NS5A
hyperphosphorylation. Therefore, a panel of amino acid sub-
stitutions within NS4AC was generated and expressed in
BHK-21 cells in the context of the NS3-5B polyprotein of the
consensus isolate (Fig. 8A). The mutations were selected to
preserve functional domains of NS4A: an amino-terminal
transmembrane helix, ca. 20 residues in length (57), and the
central proteinase activation domain (residues 1678 to 1691)
[7, 31, 34, 48, 49, 53, 56]). We also included a valine substitu-
tion for the isoleucine at position 1687, corresponding to the
only amino acid sequence difference within NS4A between the
two isolates (Table 1). As shown in Fig. 8B, the alanine sub-
stitution for the leucine residue amino terminal of the activa-
tion domain as well as the substitution converting the NS4AC

sequence to the NC sequence did not affect NS5A hyperphos-
phorylation (lanes 2 and 4, respectively). In case of the substi-
tution in the central proteinase activation domain (G1678L),
previously shown not to affect polyprotein processing (7), pro-
duction of pp58 was completely abolished (lane 3). Interest-
ingly, the multiple alanine substitutions carboxy terminal of the
activation domain drastically reduced NS5A hyperphosphory-
lation (lane 5 to 8). These results suggest that a proper struc-
ture of NS4A is required for hyperphosphorylation of NS5A. Essential role of NS4B for NS5A hyperphosphorylation.

Having shown that both NS3 and NS4A are required for hy-
perphosphorylation of NS5A, we anticipated that NS4B might
play a role as well, because formation of pp58 was found only
with a continuous NS3-5A polyprotein. To validate this as-
sumption, two NS4B in-frame deletions were constructed (Fig.
9A). By using secondary structure predictions and the hydro-
phobicity profile, the mutations were designed not to affect the
overall structure of the protein. When expressed in the context
of the NS3-5BC polyprotein, all cleavage products were found,
indicating proper processing. However, formation of pp58 was
completely blocked, demonstrating that an intact NS4B is also
required for hyperphosphorylation of NS5A.

DISCUSSION

In this study, we investigated the requirements for NS5A
phosphorylation. Taking advantage of the different phosphor-
ylation patterns of NS5A observed with two cloned full-length
genomes, a genetic analysis was performed. Our results show that
a continuous NS3-5A sequence is required for NS5A hyper-
phosphorylation. Mutations at various positions in the NS3-4B
region, not affecting polyprotein processing, can reduce or en-

FIG. 7. Comparison of processing kinetics of NS3-5BC and the chimeric
NC-1648C polyprotein. BHK-21 cells infected with vTF7-3 were transfected with
the indicated constructs, and proteins were pulse-labeled with [35S]methionine-
cysteine for various times. HCV proteins were analyzed after immunoprecipita-
tion by SDS-PAGE and autoradiography.

FIG. 8. Modulation of NS5A hyperphosphorylation by NS4A. (A) A sche-
matic representation of the NS3-5BC sequence is given at the top; a magnifica-
tion of NS4A is drawn below. Amino acid residues in NS4A selected for site-
directed mutagenesis are given in single-letter code, with arrows pointing to the
substituting residue. Subscript numbers refer to the positions of the amino acids
(in case of multiple substitutions of the last residue) within the complete polypro-
tein. The central proteinase activation domain of NS4A is indicated by the line
above the magnified NS4A ORF. (B) Cells infected with the vTF7-3 recombinant
vaccinia virus were transfected with NS3-5BC constructs noted above the lanes;
after metabolic radiolabeling, HCV proteins were isolated from cell lysates by
immunoprecipitation under nondenaturing conditions. Therefore, NS4A is co-
precipitated with NS3. Specificities of antisera and the identities of HCV pro-
teins are given at the right and left, respectively. wt, wild type.
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hance this NS5A modification. Thus, structural integrity of each
of these proteins, forming most likely a multisubunit protein
complex, is essential for differential phosphorylation of NS5A.

Although phosphorylation of NS5A is a biochemical trait
conserved among all HCV isolates analyzed so far, the condi-
tions required for this modification appear to differ between
various genotypes and even between different isolates of the
same genotype. In case of the genotype 1a HCV-H isolate, the
phosphorylation patterns of NS5A expressed on its own or in
the context of an NS2-5B polyprotein were almost identical,
suggesting that no viral proteins other than NS5A itself are
involved (44). For the HCV-J isolate, a member of genotype
1b, two distinct phosphorylation variants were described (28):
a basal phosphorylated form with an apparent molecular mass
of 56 kDa and a 58-kDa hyperphosphorylated form. Produc-
tion of the latter occurred only in the presence of a fully
processed NS4A which could be provided in trans to restore
hyperphosphorylation (28). Results from coprecipitation anal-
yses showed that NS4A and NS5A form a complex (1). Since
mutational ablation of this interaction also affected production
of pp58, complex formation appears to be required for hyper-
phosphorylation of NS5A. In case of the HCV-BK isolate, also
belonging to genotype 1b, NS2 appears to be important for
NS5A hyperphosphorylation (36). For the HCV isolate de-
scribed in the present report, much more complex require-
ments were found. First, NS5A expressed on its own is not
hyperphosphorylated; second, hyperphosphorylation cannot
be restored by coexpression of NS4A or other nonstructural

proteins; third, NS3 and NS4B are required in addition to
NS4A. The explanation for these various observations is not
clear, but isolate-specific differences appear to play an impor-
tant role. The HCV C genome analyzed in this study belongs
to genotype 1b and therefore is more closely related to the
HCV-J than the HCV-H isolate. This similarity is partly re-
flected by the dependence of NS5A hyperphosphorylation on
additional viral factors, namely, NS4A for HCV-J or a contin-
uous NS3-5A polyprotein for the genome described here. It
remains to be determined whether analogous complex require-
ments will be found for NS5A hyperphosphorylation with
other HCV isolates and whether there is a correlation with the
genotype.

The finding that several mutations affecting NS3, NS4A, or
NS4B can reduce or enhance NS5A hyperphosphorylation sug-
gests the formation of a highly ordered multisubunit protein
complex, containing most likely also cellular proteins, in par-
ticular the protein kinase(s) associated with NS5A (25, 44).
Although NS5B is not required for hyperphosphorylation, this
result does not exclude the possibility that NS5B also partici-
pates in this complex. In fact, it was shown that NS5A can also
interact with NS5B (21), suggesting that the cleavage products
of the NS3-5B precursor form a multiprotein complex. The
formation of such a complex has been proposed by others.
Using coprecipitation studies, Lin and coworkers (35) have
shown that NS4A of the HCV-H isolate forms a nonionic
detergent-stable complex with an uncleaved NS4B-5A sub-
strate as well as with NS3 and NS4B. In a similar approach, a
coprecipitation of NS5B with NS3 and NS4A has been shown
after transient expression of individual proteins in cell culture
(26). Thus, formation of a multisubunit protein complex, most
likely constituted of NS3-5B plus a cellular protein(s), is a
feature found with several HCV isolates.

The role of NS5A phosphorylation in the viral life cycle is
not known. The conservation of this biochemical trait among
divergent isolates may indicate an important role. Interest-
ingly, for the NS5 protein of dengue virus type 2, two phos-
phorylated forms were predominantly found in infected cells
(29). While the hyperphosphorylated form was located primar-
ily in the nucleus, the hypophosphorylated form was found in
the cytoplasm. Coprecipitation studies showed that NS3 inter-
acts with NS5 but only with the hypophosphorylated form (29).
Based on these results and immunofluorescence studies, it was
suggested that NS3 and NS5, the key players in RNA replica-
tion, form a complex tightly associated with endoplasmic re-
ticulum membranes. Due to hyperphosphorylation of NS5 at a
late stage of replication, the NS3/5 interaction would be dis-
rupted and NS5 be transported to the nucleus (29).

As discussed recently (44), regulation of virus replication by
phosphorylation has also been shown for other viruses. In case
of the well-studied vesicular stomatitis virus, a sequential phos-
phorylation of the P protein is required for transcription. Using
an in vitro reconstitution system composed of a vesicular sto-
matitis virus mRNA, purified L protein (the RNA polymer-
ase), and recombinant P protein, it was shown that transcrip-
tion occurred only after in vitro phosphorylation of P protein
with casein kinase II followed by a second phosphorylation
mediated by a kinase(s) associated with the purified L protein
(2, 3). Similar requirements have been described for other
nonsegmented minus-strand RNA viruses such as parainflu-
enza virus and human respiratory syncytial virus (11, 40). Due
to the lack of an efficient cell culture system, the importance of
NS5A hyperphosphorylation for the HCV life cycle is unclear.
However, the aforementioned conservation of this modifica-
tion among HCV isolates as well as the flaviviruses and pesti-

FIG. 9. Hyperphosphorylation of NS5A is influenced by NS4B. (A) Sche-
matic drawing of the NS3-5BC sequence, with a magnification of the NS4B given
below. The positions of in-frame deletions (‚) are drawn below. Numbers refer
to the first and the last residue of the deleted sequence. (B) Analysis of immu-
noprecipitated HCV proteins after transient expression of given NS3-5BC con-
structs in BHK-21 cells. Identification of HCV proteins is given at the left;
specificities of antisera are shown at the right.
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viruses (43) together with numerous examples from other virus
systems strongly suggests an important role.

Apart from its putative function for virus replication, NS5A
has been implicated in modulation of the host IFN-stimulated
antiviral response. It was shown that NS5A isolated from cer-
tain genotypes can interact with the IFN-induced double-
stranded RNA-dependent protein kinase PKR (17). Interac-
tion requires a 66-residue sequence around the center of NS5A
(16) and includes two of the three serine residues shown by
genetic studies to be important for hyperphosphorylation (54).
It is not known whether phosphorylation of NS5A contributes
to the interaction with PKR or to some other function(s) inter-
fering with host defense mechanisms. If this is the case, then
mutations outside the IFN sensitivity-determining region (ISDR)
or even outside NS5A itself may influence the cellular antiviral
response. As exemplified by the single amino acid substitution
at the amino terminus of NS3 or in the central NS4A domain,
mutations in nonstructural proteins other than NS5A can af-
fect the phosphorylation state of NS5A and in this way might
alter its biological activity. This observation may in part explain
the contradictory results on the correlation between mutations
in the ISDR and IFN resistance. It seems likely that resistance
can be achieved in many ways. Apart from mutations within
the ISDR or somewhere else in NS5A, directly affecting its
ability to interfere with PKR, the same effect might be caused
by alterations within other nonstructural proteins affecting in
turn NS5A functions. In agreement with this assumption re-
cent epidemiological data suggest that HCV-1b resistance to
IFN might be conferred by mutations located at different po-
sitions throughout the viral genome (42).

Finally, as suggested in recent reports (43, 44), the possibility
that hyperphosphorylation of NS5A is an epiphenomenon
not relevant for virus replication or interference with the host
defense cannot be ruled out; e.g., NS5A might be required to
trap a cellular kinase(s), which itself participates in RNA rep-
lication. In this case, the distinct requirements for hyperphos-
phorylation described here might reflect an alteration of NS5A
structure upon interaction with NS3-4B proteins. Such inter-
actions could induce conformational changes of NS5A, thereby
exposing target sequences for cellular kinases or phosphatases.
Further studies requiring the development of a cell-based
HCV replication system are necessary to address these ques-
tions.
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