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Replication of hepatitis C virus (HCV) RNA occurs on intracellular membranes, and the replication complex
(RC) contains viral RNA, nonstructural proteins, and cellular cofactors. We previously demonstrated that
cyclophilin A (CyPA) is an essential cofactor for HCV infection and the intracellular target of cyclosporine’s
anti-HCV effect. Here we investigate the mechanism by which CyPA facilitates HCV replication. Cyclosporine
treatment specifically blocked the incorporation of NS5B into the RC without affecting either the total protein
level or the membrane association of the protein. Other nonstructural proteins or viral RNAs in the RC were
not affected. NS5B from the cyclosporine-resistant replicon was resistant to this disruption of RC incorpora-
tion. We also isolated membrane fractions from both naïve and HCV-positive cells and found that CyPA is
recruited into membrane fractions in HCV-replicating cells via an interaction with RC-associated NS5B, which
is sensitive to cyclosporine treatment. Finally, we introduced point mutations in the prolyl-peptidyl isomerase
(PPIase) motif of CyPA and demonstrated a critical role of this motif in HCV replication in cDNA rescue
experiments. We propose a model in which the incorporation of the HCV polymerase into the RC depends on
its interaction with a cellular chaperone protein and in which cyclosporine inhibits HCV replication by
blocking this critical interaction and the PPIase activity of CyPA. Our results provide a mechanism of action
for the cyclosporine-mediated inhibition of HCV and identify a critical role of CyPA’s PPIase activity in the
proper assembly and function of the HCV RC.

Hepatitis C virus (HCV), of the family Flaviviridae, is an
enveloped, positive-stranded RNA virus. Spread mostly by
blood-borne transmission, HCV infects more than 170 million
people worldwide. The viral genome is composed of a single
open reading frame (ORF) plus 5�- and 3�-nontranslated re-
gions. The ORF encodes a large polyprotein that is cleaved by
cellular and viral proteases into 10 viral proteins. The struc-
tural proteins, including the capsid protein (core), two glyco-
proteins (E1 and E2), and a small ion channel protein (p7),
reside in the N-terminal half of the polyprotein. The rest of the
ORF encodes six nonstructural (NS) proteins: NS2, NS3,
NS4A, NS4B, NS5A, and NS5B. NS3 through NS5B assemble
into a replication complex (RC) and are necessary and suffi-
cient for HCV RNA replication in cell culture (8, 42). NS3 is
a multifunctional protein with both a serine protease and an
RNA helicase activity. The protease activity is responsible for
cleavage at the NS3-NS4A, NS4A-NS4B, NS4B-NS5A, and
NS5A-NS5B junctions (5), and the helicase activity is probably
required to unwind the double-stranded RNA intermediates
formed during replication (38). NS4A serves as an essential
cofactor for the NS3 protease and anchors the NS3 protein to
intracellular membranes (25, 36, 39). NS4B induces the for-
mation of a “membranous web” that is probably the site of
HCV replication (16). It also contains a GTP-binding motif
that is required for replication (17). The web is derived from
the endoplasmic reticulum (ER) compartment, although pro-

teins of early-endosome origin have also been found to locate
to the web (62). NS5A is a phosphoprotein and an integral
component of the viral RC. The precise function of NS5A in
replication is still unknown but appears to be regulated by
phosphorylation and its interaction with several cellular pro-
teins (19, 22, 24, 51, 52, 59, 63, 67). In addition, it may be
involved in the transition from replication and particle forma-
tion (4, 45, 64). NS5B is the RNA-dependent RNA polymerase
that is responsible for copying the RNA genome of the virus
during replication. Several cellular cofactors interact with
NS5B and modulate its activity in the context of the viral RC
(22, 24, 35, 69, 71).

Positive-stranded RNA viruses alter the intracellular mem-
branes of host cells to form an RC in which RNA replication
occurs. Modifications include the proliferation and reorgani-
zation of certain cellular membranes (1). HCV forms an RC
associated with altered cellular membranes (16, 23), and crude
RCs (CRCs) that maintain the replicase activity in vitro can be
isolated by membrane sedimentation or flotation techniques
(2, 3, 18, 27, 37).

Cyclosporine is a widely used immunosuppressive and anti-
inflammatory drug for organ transplant patients. It functions
by forming an inhibitory complex with cyclophilins (CyPs) that
inhibits the phosphatase activity of calcineurin, which is impor-
tant for T-cell activation. In recent years, cyclosporine and its
derivatives have been shown to be highly effective in suppress-
ing HCV replication in vitro (44, 49, 53, 68) and in vivo (30).
The mechanism of this inhibition is independent of its immu-
nosuppressive function and distinct from that of interferon
(IFN) (44, 53, 56, 68).

We recently showed that HCV infection in vitro is inhibited
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when CyPA, a major intracellular target of cyclosporine, is
downregulated by RNA interference, and mutations in NS5B
that confer cyclosporine-resistant binding to CyPA contribute
to the cyclosporine resistance of the replicons harboring these
mutations (56, 71). Here we report that CyPA is recruited into
the HCV RC together with NS5B in HCV replicon or in
HCV-infected cells. Cyclosporine disrupts the association be-
tween RC-incorporated NS5B and CyPA and results in an
exclusion of the polymerase from the viral RC. We also show
that the prolyl-peptidyl isomerase (PPIase) motif of CyPA is
essential for HCV replication.

MATERIALS AND METHODS

Cell lines and antibodies. The genotype 1b-derived GS5 and RS1-2 replicon
cell lines were described previously (56). Huh-7.5 cells were provided by Charles
Rice and Apath, LLC. Anti-calnexin polyclonal and anti-Grp94 monoclonal
antibodies were purchased from Stressgen Bioreagents (Ann Arbor, MI), anti-
CyPA antibody was purchased from Biomol International (Plymouth, PA), anti-
NS5A and anti-NS5B antibodies were purchased from Virogen (Boston, MA),
and anti-NS3 polyclonal antibody was a gift from Guangxiang Luo (University of
Kentucky). Monoclonal antibodies specific for isolate JFH-1 were produced
in-house.

PK and S7 nuclease digestion. Replicon, infected cells, or NS5B-transfected
cells were permeabilized with 50 �g/ml of digitonin in buffer B (20 mM HEPES-
KOH [pH 7.7], 110 mM KOAc, 2 mM MgOAc2, 1 mM EGTA) for 5 min at 25°C
and incubated with various concentrations of proteinase K (PK) (Qiagen, Va-
lencia, CA) in buffer B for 5 min at 37°C. The PK-treated cells were covered with
immunoprecipitation buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride [PMSF], 0.5% NP-40) and incubated on ice for 30
min, after which the resulting lysate was centrifuged at 16,000 � g for 15 min. The
supernatant was collected. S7 nuclease digestions of cell lysate and CRC were
performed as previously described, with 0.8 U/�l of nuclease (55).

Trypsin digestion of cell lysates. GS5 cells (2 � 106 cells) were seeded into
T-25 flasks and treated with 4 �g/ml cyclosporine for 22 h before being lysed in
1 ml of immunoprecipitation buffer on ice for 30 min. Cell lysates were subjected
to centrifugation at 13,500 rpm for 15 min at 4°C. Forty microliters of the
supernatant was diluted fivefold in trypsin digestion buffer (10 mM Tris-HCl, 10
mM potassium acetate, 10 mM magnesium acetate, and 1 mM dithiothreitol [pH
7.6]) and digested with trypsin at room temperature for 30 min. The digestion
was stopped by adding 1 �l of 200 �M of PMSF and 40 �l of 2� sodium dodecyl
sulfate (SDS) loading buffer to the mixture, followed by boiling. The digested
samples were subjected to 8% SDS-polyacrylamide gel electrophoresis (PAGE)
and detected by anti-NS5B and anti-CyPA antibodies on Western blots.

Isolation and PK digestion of the CRCs. Approximately 1 � 108 GS5 cells
were scraped into 2 ml of phosphate-buffered saline (PBS) and collected by
centrifugation. The cell pellet was then resuspended in 4 ml of hypotonic buffer
(10 mM Tris-HCl [pH 7.5], 10 mM KCl, 1.5 mM MgCl2, 0.5 mM PMSF, and 2
�g of leupeptin) and lysed using a Dounce homogenizer. The nuclei and unbro-
ken cells were removed by centrifugation at 1,000 � g for 10 min at 4°C. The
supernatant was then centrifuged at 68,500 � g for 1 h at 4°C. The pellet, which
is the membrane fraction (MF) and contains the CRC, was resuspended in 100
�l of incomplete replication buffer (100 mM HEPES [pH 7.4], 50 mM NH4Cl, 7
mM KCl) containing freshly added spermidine (1 mM). To determine the PK
sensitivity of NS3, NS5A, and NS5B in the CRC, we diluted 10 �l of the MF
preparation with 30 �l of incomplete replication buffer containing 350 �g/ml of
PK and incubated the mixture at 37°C for 10 min.

In vitro PK sensitivity assay. A recombinant form of NS5B lacking the 21
C-terminal amino acids (NS5B �21) was kindly provided by Volker Lohmann of
the University of Heidelberg. Digestion of NS5B �21 (1.8 to 3 �g) was carried
out in PK digestion buffer (1 mM CaCl2, 50 mM Tris-HCl [pH 8.0]) for 5 min at
37°C using various concentrations of PK (50, 100, 200, and 250 ng/�l). The assay
was performed in the presence of a negative control fusion protein, glutathione
S-transferase (GST)-protocadherin �5 ectodomain 2 (EC2), or a GST-CyPA
fusion protein. The expression and purification of these proteins via glutathione-
Sepharose 4B beads were carried out according to the manufacturer’s protocol
(GE Healthcare, Piscataway, NJ), and 600 to 1,800 ng of purified fusion proteins
was mixed with NS5B �21 prior to PK treatment. After digestion, the recombi-
nant proteins were detected either by Coomassie staining or by Western blotting.

In vitro transcription, electroporation, and JFH-1-infected cells. Full-length
JFH-1 cDNA was a gift from Takaji Wakita (National Institute of Infectious

Diseases, Japan). In vitro transcription of JFH-1 RNA and electroporation of
Huh-7.5 cells were performed as described previously (72). For PK sensitivity
analysis and isolation of MFs, cells collected 19 days after electroporation
were used.

Quantification of Western blot bands. The band intensity on the Western blots
was quantified using Quantity One software (Bio-Rad, Hercules, CA) with a
Bio-Rad gel documentation system. We loaded increasing amounts of cell lysate
alongside known amounts of recombinant GST-CyPA onto SDS gels and then
probed the membrane after immunoblotting with anti-CyPA to determine the
total of amount of CyPA in the Huh-7.5 cells.

Rescue of HCV replication by CyPA cDNA. The cotransfection of replicon
RNA and a short interfering RNA-resistant CyPA cDNA was described previ-
ously (71). The F60A and F113A mutations were engineered into the CyPA
cDNA using the QuikChange kit (Stratagene, La Jolla, CA).

Recombinant proteins and binding assays. Wild-type and mutant cDNAs of
CyPA were cloned into vector pGEX-2T, and recombinant proteins were puri-
fied according to the manufacturer’s protocol (GE Healthcare, Piscataway, NJ).
Binding reactions were performed as previously described (71) except that rep-
licon lysates were digested with PK before being used in the binding reaction
mixture.

Immunofluorescence microscopy. Con1 replicon Rep1b cells were seeded onto
coverslips and treated with 4 �g/ml of cyclosporine for 22 h. The cells were then
permeabilized with 50 �g/ml of digitonin, followed by treatment with PK (0.5
�g/ml) for 5 min. The cells were then fixed and stained with anti-NS5B antibody
and fluorescein isothiocyanate-conjugated goat anti-rabbit immunoglobulin G
(IgG). Images were taken using a Zeiss LSM 510 confocal microscope.

BrUTP labeling of nascent HCV RNA in PK-digested cells. Rep1b cells (3 �
105 cells) were seeded onto a coverslip in a 12-well plate and treated with 4 �g/ml
of cyclosporine where indicated. At 18.5 h posttreatment, cells were treated with
5 �g/ml of actinomycin D (Sigma, St. Louis, MO) for 30 min. A total of 10 mM
BrUTP (Sigma) was then transfected into the cells using Lipofectamine 2000
(Qiagen) according to the manufacturer’s instruction. Cells were washed with 1�
PBS and permeabilized with 50 �g/ml of digitonin, followed by PK (0.5 �g/ml)
treatment at 37°C for 5 min. Cells were then fixed with 4% paraformaldehyde for
15 min and stained with anti-bromodeoxyuridine monoclonal (Exalpha Biologi-
cals, Inc., Watertown, MA) and anti-NS5B polyclonal (Virogen) antibodies for
2 h at room temperature. Cells were washed with PBS–0.2% Triton X-100 three
times for 15 min each and stained with fluorescein isothiocyanate-conjugated
goat anti-mouse IgG and tetramethyl rhodamine isocyanate-conjugated goat
anti-rabbit IgG (Sigma) for 2 h at room temperature. After three more washes
with PBS–0.2% Triton X-100, cells were mounted with Vectashield mounting
medium with DAPI (4�,6�-diamidino-2-phenylindole) (Vector Laboratories, Inc.,
Burlingame, CA). Images were captured with an LSM 510 confocal laser scan-
ning microscope (Carl Zeiss) and analyzed with Photoshop CS2 software.

RESULTS

Cyclosporine treatment increased the sensitivity of HCV
NS5B to PK. HCV NS proteins are located on the cytosolic
side of the intracellular membranes, probably of ER origin. In
the replicon cells, only a small fraction of each NS protein is
associated with the RC; the majority is not (46, 55). These two
fractions of NS proteins could be distinguished by their sensi-
tivity to PK digestion after cell permeabilization by digitonin.
The NS proteins incorporated into the RC are protected from
PK digestion, much as ER luminal proteins are protected in
the same assay. The mechanism of this selective incorporation
is not clear but may involve interactions between the HCV
replicase and cellular chaperones. We examined the effect of
cyclosporine treatment on the PK sensitivities of several cellu-
lar and HCV proteins from replicon cells. Although the treat-
ment of GS5 cells with 4 �g/ml cyclosporine for up to 22 h did
not affect the total level of proteins, it significantly reduced the
amount of PK-resistant NS5B (Fig. 1A). In contrast, the PK
sensitivities of NS3 and NS5A, two other NS proteins that are
critical for the initiation of HCV RNA synthesis (7), were not
affected by the cyclosporine treatment. Overall, NS5A is less
resistant to PK digestion in this assay regardless of cyclospo-
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rine treatment. The heightened PK sensitivity of NS5A com-
pared to those of other NS proteins was observed previously
(46, 55). In addition, the PK sensitivities of two ER chaperone
proteins, Grp94 and calnexin, also remained largely unchanged
by the treatment (Fig. 1B). A smaller calnexin band appeared
with PK treatment and presumably represents the N-terminal
portion of the protein, which resides in the ER lumen and is
protected from PK digestion (46, 55).

To determine whether cyclosporine’s effect on the PK sen-
sitivity of NS5B is an indirect result of the general inhibition of
viral RNA replication, we treated GS5 cells with IFN-� for
22 h and then performed the PK sensitivity experiment. Nei-
ther total nor PK-resistant NS5B was affected by this short-
term IFN treatment (Fig. 1C). The activity of IFN was con-

firmed, as it completely inhibited the replication of the GS5
replicon in a standard 3-day treatment (data not shown).

We reasoned that if the effect of cyclosporine on NS5B’s PK
sensitivity was indeed the result of a blockage of RC incorpo-
ration, then this effect would not be limited to PK. Therefore,
we also tested NS5B’s sensitivity to another protease, trypsin,
in a similar experiment. Again, cyclosporine treatment in-
creased the sensitivity of NS5B to trypsin, suggesting that the
increased protease sensitivity by cyclosporine was not specific
to a particular protease (Fig. 1D).

We also carried out immunofluorescence staining experi-
ments to determine if cyclosporine had any effect on the sub-
cellular localization of PK-resistant NS5B. Digestion with PK
prior to fixing and staining removed the majority of the cyto-
plasmic NS5B, leaving a distinct perinuclear and reticular pat-
tern of staining that presumably represents the location of the
RC on the ER membrane (Fig.2Ac). Cyclosporine treatment
abolished this concentration in the perinuclear region and sig-
nificantly reduced the staining intensity of PK-resistant NS5B
(Fig.2Ad), further suggesting that cyclosporine inhibits the in-
corporation of NS5B into the RC. Somewhat surprisingly, in
the absence of PK digestion, cyclosporine also had a significant
effect on the subcellular localization of NS5B (diffused
throughout the cell versus exclusive cytoplasmic staining) (Fig.
2Aa and b), although the total amount of NS5B did not seem
to be significantly affected, as shown in Fig. 1A. To further
confirm that the NS5B staining after PK digestion represents
RC-associated polymerase, we determined the subcellular lo-
cation of HCV nascent RNA in PK-digested replicon cells by
metabolic labeling with BrUTP in the presence of 5 �g/ml
actinomycin D, followed by immunostaining with anti-bro-
modeoxyuridine monoclonal antibody and confocal micros-
copy. In the absence of cyclosporine treatment, the BrU signal
(Fig.2Ba) and the PK-resistant NS5B signal (Fig.2Bb) colocal-
ized to dot-like structures around the nucleus, consistent with
data from a previous study of the HCV RC (47). Cyclosporine
treatment effectively blocked the synthesis of nascent HCV
RNA, eliminating the BrUTP signal; it also dispersed perinu-
clear punctuate staining of NS5B, consistent with a block in the
RC incorporation of NS5B. Differential interference contrast
images showed normal morphologies for most of the PK-
treated cells, suggesting that the perinuclear staining of NS5B
was not a result of cells rounding up.

Cyclosporine blocked the incorporation of NS5B into the
CRC without affecting its membrane association. The reduc-
tion of NS5B’s resistance to PK by cyclosporine treatment
suggested that the treatment inhibits the incorporation of
NS5B into the HCV RC. At least two possibilities could ac-
count for this effect: (i) cyclosporine blocks the proper mem-
brane insertion of NS5B, and (ii) cyclosporine suppresses the
inclusion of NS5B into the RC without affecting the membrane
association of the protein. We therefore isolated the MF from
GS5 cells and further treated it with PK to derive a preparation
that contained PK-resistant membrane proteins, which should
include the HCV CRC as well as ER luminal proteins. We
designated this preparation CRC-PK (Fig. 3A). The levels of
NS3, NS5A, NS5B, and several cellular proteins in the MF,
CRC-PK, and total lysate were then examined. Cyclosporine
treatment did not reduce the NS5B levels in the total lysate or
the MF, but it specifically decreased the levels of NS5B in the

FIG. 1. Effect of cyclosporine on the PK sensitivity of HCV and
cellular proteins. (A) Cyclosporine (CsA) reduces the PK resistance of
NS5B but not that of NS3 or NS5A. GS5 cells were treated with
cyclosporine and PK where indicated. The cell lysate was then sub-
jected to Western blotting for the detection of HCV proteins. PK
treatment sometimes generates a doublet band of Con1 NS5B by
SDS-PAGE; both were recognized by the antibody and were affected
by cyclosporine treatment. (B) PK treatment or cyclosporine treatment
did not compromise the integrity of ER membranes. The samples in A
were subjected to the detection of two ER-associated chaperone pro-
teins, Grp94 and calnexin. The antibody against calnexin recognizes
the N terminus of the protein, which resides in the ER lumen.
(C) IFN-� treatment did not alter the PK sensitivity of the NS5B
protein. Results shown are representative of results from three to six
independent experiments. (D) Cyclosporine increases the sensitivity of
the NS5B protein to trypsin in replicon cells. GS5 cells were treated
with cyclosporine for 22 h and lysed. The cell lysate was then digested
with trypsin at the indicated concentrations before being subjected to
Western blotting and detection with anti-NS5B antibodies. The pro-
tein loaded into each lane was obtained from 1 � 105 cells.
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CRC-PK sample. Levels of NS3, NS5A, and Grp94 were not
affected in any of the three samples (Fig. 3B). We also moni-
tored the distributions of glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) and �-tubulin to examine the quality of
these fractions. The former, which has been shown to associate
with intercellular membranes (13), copurified with MF but not
CRC-PK. On the other hand, �-tubulin was found only in the
cytosolic fraction but not in the MF or CRC-PK.

Like RC-incorporated proteins, the HCV RNA encapsu-
lated in the RC is protected and exhibits resistance to nuclease
treatment (46, 55). When a denucleated replicon lysate was
treated with S7 nuclease, 5 to 25% of the HCV RNA, as
detected by internal ribosome entry site (IRES)-specific
probes, remained resistant to nuclease treatment (Fig. 3C). In

contrast, the level of GAPDH RNA was reduced to less than
1% of that in the untreated sample. These results suggest that
S7 nuclease treatment effectively removes cytoplasmic mRNA
and that a fraction of the HCV RNA, presumably in the RC,
is protected. We next determined whether the same conditions
(concentration and duration of treatment) of cyclosporine
treatment would inhibit the incorporation of HCV RNA into
the CRC. We first isolated CRCs from GS5 cells treated or
untreated with cyclosporine and digested the CRCs with S7
nuclease before extracting RNA for the detection of HCV
RNA with reverse transcription (RT)-PCR. Cyclosporine
treatment did not significantly affect either the total HCV
RNA or the CRC-associated HCV RNA level (Fig. 3D). Note
that in this assay, we detected all HCV RNAs and not just the

FIG. 2. Cyclosporine alters the subcellular location of NS5B and reduces levels of PK-resistant NS5B within replication complexes. (Aa and
e) Cytoplasmic and punctuate localization of NS5B in untreated replicon cells. (b and f) Cyclosporine (CsA) treatment results in a diffused staining
pattern for total NS5B. (c and g) PK digestion removes nonprotected NS5B, revealing perinuclear and reticular staining. (d and h) Cyclosporine
reduces the accumulation of NS5B in the perinuclear area as well as the staining intensity of PK-resistant NS5B. (Ba to e) Colocalization of nascent
HCV RNA and NS5B in PK-resistant, dot-like structures around the nucleus. (f to j) Cyclosporine inhibits the synthesis of nascent RNA and the
incorporation of NS5B into PK-resistant replication complexes. DNA was stained with DAPI.
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nascent HCV RNA, as in Fig. 2B. Taken together, these results
indicate that cyclosporine specifically inhibits the RC incorpo-
ration of NS5B without affecting its membrane association or
compromising the integrity of the whole RC.

CyPA was associated with CRC-incorporated HCV replicase
in a cyclosporine-sensitive manner. The intracellular target of
cyclosporine is the CyP family of proteins. Several CyPs have
been implicated in HCV replication (50, 69, 71). We have
recently shown that CyPA, the most abundant isoform, is also
the main mediator of cyclosporine’s inhibitory effect on HCV
(71). NS5B from total replicon lysates interacts with GST-
CyPA in vitro and in vivo (71). Given the effect of cyclosporine
on the RC incorporation of NS5B, we next determined
whether CRC-associated NS5B could also interact with CyPA.
CRC-PK was isolated from GS5 cells that were lysed before
being mixed with GST-CyPA; the mixtures were then incu-
bated with glutathione beads for isolation of interacting pro-
teins. As shown in Fig. 4A, RC-associated NS5B bound to
GST-CyPA in this assay. The addition of cyclosporine to the
binding reaction mixtures significantly suppressed this interac-
tion. These results indicate that NS5B within the CRC retain

its ability to interact with CyPA, although whether the in vivo
association between CyPA and NS5B is direct or mediated by
another protein is currently unknown.

CyPA was recruited to intracellular membranes and the
viral CRC in cells replicating HCV RNA. An association of
CyPA with PK-resistant NS5B could result in the recruitment
of CyPA, presumed to be a cytosolic protein, to intracellular
membranes by the HCV replicase. We isolated MFs from
equal numbers of naïve Huh-7.5 and GS5 cells and then de-
termined the level of CyPA associated with membranes by
Western blotting (Fig. 4B). Approximately 3% of the total
CyPA protein was found in the MF isolated from Huh-7.5
cells, whereas close to 40% was found in the MF isolated from
GS5 cells (Fig. 4C). More importantly, the level of membrane-
associated CyPA was reduced to �3% in GS5 cells when the
cells were pretreated with cyclosporine for 22 h (Fig. 4C). The
low level of CyPA in the MF of Huh-7.5 cells did not respond
to cyclosporine treatment, indicating either a constitutive level
of membrane association of CyPA or the incomplete removal
of this abundant cytosolic protein from the MF. Nevertheless,
the level of membrane association of CyPA in replicon cells

FIG. 3. Cyclosporine blocks the incorporation of NS5B into the CRC of HCV. (A) Schematic representation of the different subcellular
fractions analyzed for cyclosporine sensitivity. (B) CRC incorporation, but not membrane association, of NS5B is reduced by cyclosporine (CsA)
treatment. The amounts of NS3 and NS5A in CRC-PK were not affected by cyclosporine treatment. The loading amounts of the different fractions
were obtained from 1 � 105 cells for total lysate, from 4 � 106 cells for the MF, and from 1 � 107 cells for CRC-PK. The detection of the different
proteins was achieved by the reprobing of either the same membrane or membranes that resulted from gels loaded with identical samples. (C) A
fraction of the HCV RNA exhibits resistance to S7 nuclease treatment. RNA samples were extracted from replicon lysates incubated with or
without S7 nuclease and subjected to real-time RT-PCR with HCV IRES- or GAPDH-specific primers; the untreated samples were normalized
to 100% for HCV IRES and GAPDH, respectively. (D) Cyclosporine treatment did not influence the level of CRC-associated, nuclease-resistant
HCV RNA. GS5 cells were treated with cyclosporine for 22 h before being lysed for RNA extraction (total) or CRC isolation and nuclease
treatment (CRC � S7). The HCV RNA level was determined by quantitative RT-PCR with HCV IRES primers, and the value for the untreated
total sample was normalized to 100%.
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was more than 10 times higher than that in naïve cells and also
sensitive to cyclosporine. This result, together with the disrup-
tion of the interaction between CyPA and RC-associated
NS5B by cyclosporine, suggested that CyPA is recruited to
membranes in replicon cells through its interaction with NS5B.

We next determined whether CyPA is part of the RC. PK-
resistant CyPA could be detected in GS5 cells but was elimi-
nated by cyclosporine treatment (Fig. 4D). Furthermore, a
fraction of the total CyPA could be detected in the CRC-PK
preparation in a cyclosporine-sensitive manner (Fig. 4E, right).
The block of the RC incorporation of CyPA appeared to be
due to the disruption of its membrane association (Fig. 4E,
middle). Strikingly different results were obtained for CyPB, a
related CyP protein that constitutively associates with ER
membranes. First, cyclosporine similarly reduced CyPB levels
in both the total lysate and MF, consistent with data from a
previous report showing that cyclosporine treatment releases
CyPB from the intracellular membrane and into the extracel-
lular medium (54). Second, CyPB was not detected in the CRC
fraction in any significant quantity even in the absence of
cyclosporine treatment despite a high level of membrane as-
sociation (Fig. 4E). These results suggest that CyPA accompa-
nies NS5B into the RC but dissociates from both the RC and
the intracellular membranes when its interaction with NS5B is
disrupted by cyclosporine.

Cell culture-derived infectious HCV virions (HCVcc) pro-
duced from a genotype 2a isolate, JFH-1, efficiently infect
Huh-7.5 cells in vitro (12, 40, 66, 72). To determine whether

the effect of cyclosporine on the RC incorporation of NS5B
applies to HCV-infected cells, we performed PK sensitivity
assays using the HCVcc system. Cyclosporine treatment again
reduced the level of PK-resistant NS5B without affecting levels
of NS3, NS5A, or Grp94 (Fig. 5A). Moreover, CyPA was also
recruited to the MF in JFH-1-infected cells in a cyclosporine-
sensitive manner (Fig. 5B and C). The effect of cyclosporine on
either NS5B or CyPA was less drastic in this system, a result
consistent with data from a previous study showing that the
replication of HCV genotype 2a was less sensitive to cyclospo-
rine treatment (31).

CyPA did not confer PK resistance to NS5B in the absence
of RC formation. The interaction between CyPA and NS5B
raised the possibility that CyPA binding alters the conforma-
tion of NS5B, rendering it resistant to PK digestion indepen-
dent of any RC formation. To address this, we performed an in
vitro PK sensitivity assay with NS5B in the presence of either
GST-CyPA or a control GST fusion protein. We first used a
PK concentration (250 ng/ml) at which most of the recombi-
nant NS5B would be digested. As shown in Fig. 6A, GST-
CyPA had no effect on NS5B’s PK sensitivity compared with
that of a control GST fusion protein, which contained an ex-
tracellular domain of the protocadherin �5 protein. We also
performed this assay with limiting concentrations of PK. At a
low concentration of PK (50 ng/ml), little digestion of either
NS5B or the GST recombinant proteins could be seen (Fig. 6B,
lanes 2 and 5). In contrast, the addition of 200 ng/ml of PK
resulted in a significant removal of both NS5B and the GST

FIG. 4. CyPA interacts with CRC-associated NS5B and is recruited to the MF and CRC. (A) CRC-associated NS5B interacts with CyPA in a
cyclosporine (CsA)-sensitive manner. The PK-digested CRC was resuspended in lysis buffer and then incubated with GST proteins in a pulldown
assay in the absence or in the presence of increasing amounts of cyclosporine. (B) CyPA is recruited to MFs in replicon cells. Huh-7.5 or GS5 cells
were treated with 4 �g/ml of cyclosporine for 22 h before being lysed. MFs were then isolated and analyzed for the presence of CyPA by Western
blotting. Proteins isolated from 4 � 105 cells were loaded into each lane. (C) The protein bands were quantified using Quantity One software. The
total level of CyPA without cyclosporine treatment was set at 100%. Data represent results from three independent experiments. (D) Cyclosporine
reduces the PK resistance of CyPA in replicon cells. GS5 cells were treated with cyclosporine and PK where indicated. The resulting cell lysate
was then subjected to SDS-PAGE and Western blotting for the detection of CyPA. The PK concentration used was 0.5 �g/ml. (E) CyPA, but not
CyPB, is incorporated into the CRC in a cyclosporine-sensitive manner. The fractions depicted in Fig. 3A were analyzed for the presence of both
CyPA and CyPB. For total lysate and the MF, proteins isolated from 4 � 105 cells were loaded into each lane, and for the CRC-PK fraction,
proteins isolated from 1 � 106 cells were loaded.
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proteins (Fig. 6B, lanes 4 and 7). Again, GST-CyPA did not
specifically protect NS5B from PK digestion compared to the
control protein under the limiting PK concentrations (Fig. 6B).
To further examine the effect of CyPA on NS5B’s PK sensi-
tivity in vivo without an active RC, we compared the PK sen-
sitivities of transfected NS5B in control and CyPA knockdown
Huh-7.5 cells. The knockdown of CyPA had no significant
effect on the PK sensitivity of NS5B, again under limiting PK
concentrations ranging from 20 to 320 ng/ml (Fig. 6C). To-
gether, these data argue against a role of CyPA in the protec-
tion of NS5B against PK digestion in the absence of RC for-
mation.

NS5B from a cyclosporine-resistant replicon retained PK
resistance and RC incorporation with cyclosporine treatment.
We previously isolated cyclosporine-resistant replicons, and
the most resistant clone, RS1-2, conferred an eightfold resis-
tance to cyclosporine in replication assays (56). We performed
the PK sensitivity assay with the GS5 (cyclosporine-sensitive)
and RS1-2 (cyclosporine-resistant) replicons. In contrast to
that of GS5 NS5B, the level of PK-resistant NS5B from the
RS1-2 replicon cells was not reduced by treatment with 4 �g/ml
of cyclosporine (Fig. 7A, top). The detection of Grp94 con-
firmed that this difference was not a result of more-efficient
digestion by the PK on proteins from the GS5 cells (Fig. 7A,
bottom). To examine the difference more quantitatively, we
performed the experiments with multiple doses of cyclosporine
and quantified the levels of NS5B proteins, both total and the
PK-resistant form, by normalizing to the loading control,
Grp94. Increasing concentrations of cyclosporine had minimal

effects on the levels of total NS5B proteins from either GS5 or
RS1-2 cells (Fig. 7B, left), whereas the effect of cyclosporine on
the PK sensitivity of GS5 NS5B was dosage dependent. More-
over, RS1-2 NS5B was resistant to cyclosporine at up to 8
�g/ml of the compound (Fig. 7B, right). Consistent with the PK
digestion results, NS5B of RS1-2 cells exhibited cyclosporine-
resistant RC incorporation (Fig. 7C).

Critical role of the PPIase motif of CyPA for HCV replica-
tion. The PPIase activity of CyPA catalyzes the cis-trans
isomerization of peptide bonds connecting proline residues.
This isomerization process is often the rate-limiting step in
protein folding and could be important for the proper RC
incorporation of NS5B. To probe the role of PPIase activity in
HCV replication, we generated point mutations in the active
site of CyPA that abolished its PPIase activity (41, 73). The
mutant CyPA proteins were then tested for their abilities to
bind to NS5B and to rescue HCV replication in a CyPA knock-
down cell line. In GST pulldown assays, the mutant CyPA
protein interacted with NS5B to various degrees. For example,
the F60A mutant pulled down more NS5B from the lysate than
did the wild type, whereas the F113A mutant was slightly
impaired in NS5B binding (Fig. 8A). In contrast, mutant
cDNAs all behaved essentially like the negative control in the
rescue experiment where a cDNA of CyPA was cotransfected
into CyPA knockdown cells with a replicon RNA. Without any
CyPA cDNA, HCV replication in the CyPA knockdown cells
was reduced the 2 to 3% of that in the short hairpin RNA
control cells (71). When a wild-type cDNA of CyPA was co-
transfected with replicon RNA, however, the level of replica-

FIG. 5. Effect of cyclosporine on PK resistance of NS5B and membrane enrichment of CyPA in HCV-infected cells. (A) PK-resistant NS5B
in JFH-1-infected cells exhibits cyclosporine (CsA) sensitivity. Huh-7.5 cells that were infected with HCVcc were treated with or without
cyclosporine for 22 h and then processed as described in the legend of Fig. 1. Results for treatment with 0.25 �g/ml PK are shown. (B) The level
of membrane association of CyPA is increased in the infected cells in a cyclosporine-sensitive manner. Proteins isolated from 4 � 105 cells were
loaded into each lane. (C) Quantitative results for of three independent experiments similar to the one shown above (B). The Western blotting
bands were quantified using Quantity One software with a Bio-Rad gel documentation system (see Materials and Methods).
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tion was increased more than sevenfold to result in a partial
rescue of replication (71) (Fig. 8B). Neither mutant was capa-
ble of rescuing HCV replication to any appreciable degree
(Fig. 8B). Western blotting showed comparable expression lev-
els for all the mutants. These data indicate that the PPIase
activity of CyPA is essential for HCV replication.

DISCUSSION

HCV NS proteins copurify with intracellular membranes.
Although membrane association is important for the function
of NS proteins in replication (48), it is not sufficient for their
incorporation into the RC. Less than 5% of each NS protein is
incorporated into the RC and exhibits resistance to PK diges-
tion (46, 55). On the basis of these results, a model of the
relationship between the intracellular membrane and the HCV
RC has been proposed (55). In this model, invagination of the

ER membrane forms vesicular membrane structures that
house the HCV NS proteins, viral RNA, and host cofactors, all
active components of the functional RCs. The interior of the
RC is accessible to nucleotides but not to macromolecules such
as PK or nucleases. Similar vesicular membrane-bound struc-
tures (spherules) have been observed in cells harboring the RC
of another positive-strand RNA virus, brome mosaic virus (57).
Despite this attractive model, little is known about the process
by which the HCV NS proteins are selected and assembled into
the RC, and specific inhibitors of RC assembly have not been
identified. Here we report that cyclosporine interferes with the
formation of a functional RC by inhibiting the incorporation of
NS5B into the HCV RC in human hepatoma cells harboring
either a subgenomic replicon or a full-length infectious clone.
Cyclosporine treatment specifically reduced the level of PK-
resistant NS5B but not that of NS5A, NS3, or RC-associated
HCV RNA. These results suggest that the exclusion of the
polymerase from the RC does not disrupt the overall structure
of the RC, consistent with data from a previous report showing
that the expression of NS4B alone was sufficient to induce the
formation of the “membranous web,” the presumed structure
of the RC (16).

CyPA is the most abundant member of the CyP subfamily of
immunophilins and the intracellular target of cyclosporine for
its regulation of immune function and human immunodefi-
ciency virus (HIV) infection (10, 26). Here we show that CyPA
interacts with the HCV replicase and is recruited to MFs and
into the CRC in a cyclosporine-sensitive manner. These data
are most consistent with a model in which CyPA is recruited to
the CRC through the CyPA-NS5B interaction, which is also
important for the proper inclusion of the viral polymerase in
the RC. Cyclosporine, on the other hand, inhibits the mem-
brane recruitment of CyPA and RC incorporation of NS5B by
blocking the CyPA-NS5B interaction. Because cyclosporine
does not affect the membrane association of NS5B, our results
suggest that CyPA is required for a step in the RC assembly
pathway downstream of the membrane association of NS5B,
which occurs posttranslationally through a C-terminal trans-
membrane anchor (32). We also report here that a point mu-
tation in the active site of CyPA abolishes the cofactor function
of CyPA without reducing NS5B binding, suggesting a critical
role of the PPIase activity of CyPA in a replication step after
NS5B binding. This novel mode of action is distinct from the
mechanism of either calcineurin inhibition or HIV regulation.
In calcineurin signaling, cyclosporine inhibits T-cell activation
by forming a cyclosporine-CyPA complex that in turn binds to
and suppresses the activity of calcineurin (41). Cyclosporine
binding, but not the PPIase activity, is required for calcineurin
inhibition (73). In HIV-infected cells, cyclosporine regulates
viral replication by competitively disrupting an essential inter-
action between CyPA and the HIV Gag (CA) protein (43, 65),
and the F60A and F113A mutations in CyPA significantly
decreased this interaction (9). Interestingly, although CyPA
was originally identified as being an HIV virion-associated
protein (21, 65), more-recent data suggest that it is the CyPA
in the target cells, not that in the virion, that is important for
HIV infection (28, 60).

Proving definitively that the CyPA-mediated catalysis of the
isomerization of a specific peptide bond is functionally relevant
for a biological process has been difficult, partly because of the

FIG. 6. Effect of CyPA on the PK sensitivity of NS5B in the ab-
sence of RC formation. (A) Recombinant NS5B �21 was readily di-
gested by 250 ng/ml of PK in the presence of the GST-CyPA protein.
Approximately 1,800 ng of NS5B and 600 ng of the GST proteins were
used. Proteins were detected by Coomassie staining. (B) GST-CyPA
does not protect NS5B from PK digestion under limiting PK concen-
trations. NS5B �21 was mixed with both GST fusion proteins (lane 1)
or GST-EC2 (lanes 2 to 4) or GST-CyPA (lanes 5 to 7) individually
prior to incubation with increasing concentrations of PK (lanes 2 to 4
and 5 to 7). Approximately 3,000 ng of NS5B and 1,800 ng of the GST
proteins were used. Proteins were detected with Western blotting.
(C) The PK sensitivity of NS5B expressed in the absence of RC formation
is independent of CyPA short hairpin (sh) RNA-mediated knockdown.
An NS5B-expressing plasmid was transfected into the indicated Huh-7.5
derivative cell lines. Forty-eight hours posttransfection, the cells were
treated with digitonin and increasing concentrations of PK as described in
Materials and Methods. The CyPA knockdown in the sh-A161 cell line
was shown previously (71).
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overlap of the active site and the hydrophobic, protein-binding
pocket of this single-domain protein (note that cyclosporine
can block protein binding, the PPIase function, or both). Our
study provides strong evidence for an involvement of the PPI-
ase activity, and not just protein-protein interactions, in HCV
replication, because the F60A and F113A mutants maintained
NS5B binding. Although the proline substrate of CyPA that is
pertinent for HCV replication remains unidentified, our data
nevertheless uncover a clever strategy by which a human virus
hijacks a cellular enzyme to facilitate the assembly of a mac-
romolecular complex that is essential for viral replication.

Our data suggest that up to 40% of the total CyPA protein
could be recruited onto the MFs in HCV replicon cells at least
partly by interactions with NS5B. We estimated the total

amount of CyPA in an Huh-7.5 cell using semiquantitative
Western blotting (with recombinant CyPA used as a standard)
to be �1.21 � 107 molecules (data not shown). The abundance
of the NS5B protein in replicon cells was estimated to be
�2.2 �106 copies (200 fg) per cell (55). Therefore, a 1:1
stoichiometry would not make sense for NS5B to be able to
recruit 40% of the CyPA to the membrane. Several reasons
could account for this apparent discrepancy. First, multiple copies
of CyPA could be binding to one NS5B molecule, as the latter
contains many proline residues; second, other HCV proteins such
as NS5A may contribute to the recruitment when they complex
with NS5B, forming an even larger surface for CyPA to bind.

Cyclosporine-resistant HCV replicons have been described,
and mutations associated with resistance map to NS5B and

FIG. 7. RC incorporation of NS5B from a cyclosporine-resistant replicon was resistant to cyclosporine. (A) GS5 and RS1-2 replicon cells were
treated in parallel with cyclosporine (CsA) and PK (0.25 �g/ml) as indicated. The cell lysates were then subjected to the detection of NS5B and
Grp94. The anti-Grp94 antibody also recognized an additional band of higher-than-expected molecular weight that was completely removed by PK
treatment (not shown). Proteins isolated from 4 � 105 cells were loaded into each lane. (B) Dosage-dependent effect of cyclosporine on the PK
sensitivity of the GS5, but not the RS1-2, NS5B protein. Experiments described above (A) were performed with 0 to 8 �g/ml of cyclosporine. The
protein bands detected by Western blotting were quantified, normalized to Grp94 for loading and PK digestion, and then plotted as the ratio of
the protein level in the cyclosporine-treated sample to that in the untreated sample. (C) The CRC incorporation of NS5B in RS1-2 cells was
resistant to cyclosporine. Isolation of the MF and digestion of the CRC were performed with RS1-2 cell lysates as described in the legend of Fig.
3. The loading amounts of the different fractions were obtained from 1 � 106 cells for total lysate and the MF and from 2.5 � 106 cells for CRC-PK.
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NS5A (20, 56). A correlation between enhanced CyPA and
RNA binding by mutant NS5B and cyclosporine resistance of
the replicon was observed previously (71). We now report that
the resistant replicons are less sensitive to cyclosporine’s in-
hibitory effect on NS5B incorporation into the RC as well,
lending further support to the notion that the interaction with
CyPA is important for the proper function of NS5B. Interest-
ingly, mutations in NS5A alone could also confer resistance to
cyclosporine (20), even though we could not detect any effect
of cyclosporine on NS5A’s incorporation into the RC or any
interaction between NS5A and CyPA. Because NS5A interacts
with NS5B and serves as functional cofactor for the replicase
(15, 58), it is possible that mutations in NS5A modulate its
interaction with NS5B in the context of RC formation, thus
indirectly conferring resistance to cyclosporine. This hypothe-
sis remains to be tested.

Cyclosporine treatment of HeLa cells has been shown to
inhibit the membrane association of CyPB and to result in the
secretion of the CyPB-cyclosporine complex (54). We indeed
consistently detected a decrease in the intracellular level of
CyPB upon cyclosporine treatment in both Huh-7.5 and rep-
licon cells (Fig. 4E and data not shown), but unlike the situa-
tion with the membrane association of CyPA, this inhibitory
effect of cyclosporine on the CyPB level was not specific to cells
harboring an HCV genome. In addition, reducing the CyPB
level alone by RNA interference had no significant effect on

HCV replication or infection (31, 56, 71). These data argue
against a reduction of the intracellular CyPB level as a signif-
icant contributor to the effect of cyclosporine on NS5B inclu-
sion in the membrane-associated viral RC.

The requirement of cellular chaperones for viral poly-
merases to function was reported previously for a variety of
other viruses, including both bacteriophages and human vi-
ruses (11, 14, 29, 34, 61, 70). The cellular mechanism under-
lying this requirement differs from one virus to another but is
usually related to intracellular trafficking, RC assembly, and
RNA binding. For example, the nuclear import of the herpes
simplex virus type 1 polymerase depends on the Hsp90 chap-
erone system, whereas hepatitis B virus reverse transcriptase
exhibits a strict dependence on cellular chaperones for ε RNA
binding and protein-mediated priming (11, 61). Interestingly,
Flock House virus, a positive-stranded RNA virus of the family
Nodaviridae, requires the heat shock proteins Hsp70 and
Hsp90 for RC assembly and efficient polymerase synthesis,
respectively (14, 70). For HCV, an inhibitory effect of cyclo-
sporine on template binding was also observed (56, 69).
Whether or not RNA binding is a prerequisite for the incor-
poration of NS5B into the HCV RC is currently not known.
Overall, current data suggest that CyPA, a cellular chaperone
with peptidylprolyl-cis-trans-isomerase activity, is recruited to
MFs by the HCV polymerase to ensure that the membrane-
anchored viral RNA-dependent RNA polymerase maintains
the optimal conformation for RC incorporation and template
binding. A similar recruitment of cellular cofactors to the in-
tracellular membrane sites where viral RCs assemble was re-
ported previously for other positive-stranded RNA viruses
such as poliovirus (6, 33). Such a recruiting mechanism would
give the RNA viruses that replicate on specialized membrane
structures access to cytosolic proteins that are important for
RNA replication.
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