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NS5A plays a critical, yet poorly defined, role in hepatitis C virus genome replication. The protein
consists of three domains, each of which is able to bind independently to the 3� untranslated region (UTR)
of the viral positive strand genomic RNA. The peptidyl-prolyl isomerase cyclophilin A (CypA) binds to
domain II, catalyzing cis-trans isomerization. CypA inhibitors such as cyclosporine (CsA) have been shown
to inhibit hepatitis C virus (HCV) replication. We show here that CypA stimulated domain II RNA binding
activity, and this stimulation was abrogated by CsA. An isomerase mutant of CypA (H126Q) failed to bind
to domain II and did not stimulate RNA binding. Finally, we demonstrate that the RNA binding of two
domain II mutants, the D316E and D316E/Y317N mutants, previously shown to exhibit CypA indepen-
dence for RNA replication, was unaffected by CypA. This study provides an insight into the molecular
mechanism of CypA activity during HCV replication and further validates the use of CypA inhibitors in
HCV therapy.

Hepatitis C virus (HCV) is an important human pathogen
that infects approximately 3% of the global population (170
million individuals), causing persistent infection in many of
these patients (17). Therapeutic options are currently lim-
ited to a combination of pegylated alpha interferon and
ribavirin, with limited success and significant side effects. In
the search for new therapies, much interest has focused on
inhibitors of cyclophilins (Cyps). Cyps are a family of pro-
teins that possess peptidyl-prolyl isomerase activity; the pro-
totypic member of the family, CypA, is the target for an
immunosuppressive drug, cyclosporine (CsA), as the CsA-
CypA complex binds to calcineurin and inhibits T-cell acti-
vation. CypA (and, controversially, CypB and CypC) has
been shown to play a role in HCV replication, binding to
both NS5A and the polymerase NS5B. CypA may also act
via NS2, thereby modulating cleavage of the polyprotein (3).
The isomerase activity of CypA has been shown to be es-
sential for HCV replication (1, 15), and specific residues
within NS5A are the target for this isomerase activity (4, 7).
Accordingly, CsA and other, nonimmunosuppressive CypA
inhibitors, such as DEB025 (Alisporivir), NIM811, and
SCY635, have been shown to potently inhibit HCV replica-
tion both in vitro and also in a clinical context in an inter-
feron-independent manner. A critical mutation within do-
main II of NS5A, D320E (genotype 1b numbering), is

associated with CypA independence and resistance to
DEB025 (4).

Despite this body of knowledge regarding the involvement
of CypA in viral replication, the molecular mechanisms un-
derpinning the precise role of this cellular factor remain to
be determined. Intriguingly, CypB binds to NS5B and mod-
ulates its affinity for RNA in a genotype-dependent fashion
(10, 19). In this regard, we (6) and others (8, 9) have re-
cently shown that NS5A also binds to RNA, and we there-
fore set out to address whether CypA might also modulate
this activity.

We previously established conditions for the expression
and purification of each of the three domains of NS5A,
derived from both the genotype 1b J4 isolate and the geno-
type 2a JFH-1 isolate (6). We further showed that each
domain could independently bind to the 3� untranslated
region (UTR) of the virus-positive strand genomic RNA,
although the binding of domain III was weak in comparison
to that of domains I and II. As CypA has been shown to bind
to domain II, we were interested in determining whether
CypA might influence the interactions between this domain
and RNA. Initially, we focused on the genotype 2a JFH-1
isolate and verified that CypA was able to bind to the indi-
vidual domains of NS5A. CypA was expressed as a glutathi-
one S-transferase (GST) fusion protein in Escherichia coli
and purified as previously described (2). Purified NS5A,
lacking the N-terminal amphipathic helix and thus termed
NS5A(�AH), or each of the individually expressed three
domains (18) (Fig. 1a), were incubated with GST-CypA
immobilized on glutathione-agarose beads. Bound NS5A
was detected by Western blotting using a sheep polyclonal
antiserum (16), and as shown in Fig. 1b, NS5A(�AH) and
either domain II or III alone bound to GST-CypA, although

* Corresponding author. Mailing address: Institute of Molecular
and Cellular Biology, Faculty of Biological Sciences, University of
Leeds, Mount Preston Street, Leeds LS2 9JT, United Kingdom.
Phone: 44 113 343 5632. Fax: 44 113 343 5638. E-mail: m.harris@leeds
.ac.uk.

� Published ahead of print on 18 May 2011.

7460



the binding of domain III was weak. In contrast, domain I
did not bind to GST-CypA.

We then investigated the effects of GST-CypA on the
ability of NS5A(�AH) to bind the 3� UTR RNA. A 32P-
labeled RNA of 236 bases in length, corresponding to the 3�
UTR of the JFH-1 isolate, was produced by in vitro tran-
scription and binding to NS5A(�AH) assessed using a filter
binding assay as previously described (6, 8). Constant
amounts of both NS5A(�AH) (10 nM) and 32P-labeled 3�
UTR RNA (1 nM) were incubated with increasing concen-
trations of GST-CypA (0 to 100 nM) or GST alone as a
negative control. We had previously shown that under these
reaction conditions, a concentration of 10 nM NS5A(�AH)
was not saturating (6). As shown in Fig. 2a, the addition of
GST-CypA resulted in a dose-dependent increase in the
fraction of RNA bound, up to a maximum 2.5-fold increase
at 100 nM GST-CypA. Addition of GST alone had no effect,
even at the maximal concentration used (Fig. 2b). In the
absence of NS5A(�AH), neither GST-CypA nor GST at the
maximal concentration used bound to RNA above the back-
ground level (left hand bar).

CsA is a cyclic nonribosomal peptide that binds to CypA;
the resulting complex inhibits calcineurin-mediated T-cell

activation and is thus immunosuppressive. CsA and other
CypA inhibitors also represent a potent new class of anti-
HCV agents (5). To test whether CsA was able to block the
CypA-mediated enhancement of NS5A RNA binding, filter
binding assays were performed in the presence of a constant
amount of NS5A(�AH) (10 nM), 32P-labeled 3� UTR RNA
(1 nM), and GST-CypA (100 nM), together with an increas-
ing concentration of CsA (0 to 1 �M). As shown in Fig. 2c,
CsA was indeed able to inhibit the CypA-mediated enhance-
ment of NS5A 3� UTR RNA binding, although in the ab-
sence of CypA, CsA had no effect on the ability of NS5A to
bind the 3� UTR RNA. We conclude from these data that
CypA binds to NS5A and enhances binding to the 3� UTR
RNA and that this enhancement is dependent on the pep-
tidyl-prolyl isomerase activity of CypA.

We had previously shown that each of the three domains
of NS5A was able to bind independently to the 3� UTR
RNA, so we therefore asked the question of whether the
RNA binding activities of each of the three domains were
also modulated by CypA. We again performed filter binding
assays using constant amounts of both NS5A (10 nM) and
32P-labeled 3� UTR RNA (1 nM) together with increasing
concentrations of either GST-CypA (0 to 100 nM) or GST

FIG. 1. GST-CypA interacts with domains II and III, but not domain I, of NS5A. (a) Schematic diagram of the functional domains of
NS5A and the design of the constructs used in the article (JFH-1 genotype 2a NS5A protein numbering). The NS5A constructs all lacked
the N-terminal amphipathic helix (AH) and contained an N-terminal Strep tag and a C-terminal hexahistidine tag (6). The full-length
construct is referred to as NS5A(�AH). (b) Purified GST, or GST-CypA (40 �g), was immobilized on 20 �l glutathione-agarose beads and
incubated with 5 �g purified NS5A(�AH) or individual domains overnight at 4°C in binding buffer (40 mm Tris-HCl, pH 7.5, 5 mm MgCl2,
10 mm dithiothreitol [DTT], 50 �g/ml bovine serum albumin [BSA], 10 �g/ml yeast tRNA [Ambion]) (6). Beads were washed three times,
eluted in SDS-PAGE sample buffer, and analyzed by Western blotting (WB) with a sheep polyclonal antibody to NS5A (16) or a mouse
anti-GST antibody (Serotec).
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alone as a negative control. Remarkably, only the RNA
binding of domain II was significantly affected by CypA (Fig.
3b); again, at the maximal concentration of GST-CypA (100
nM), there was a 2.5-fold increase in the fraction of RNA
bound. Furthermore, the addition of CsA resulted in a dose-
dependent inhibition of the CypA-mediated enhancement.
Neither GST-CypA nor CsA had any effect on the RNA
binding of domain I or III (Fig. 3a and c), despite the fact
that domain III was able to bind to CypA, albeit inefficiently
compared to domain II (Fig. 1b). These data show that the
effect of CypA on the RNA binding of NS5A can be com-
pletely attributed to its influence on domain II.

To confirm the dependence on the peptidyl-prolyl isomer-
ase activity of CypA, we utilized a mutant (H126Q) which
lacks this activity. This mutant had previously been shown to

be unable to bind to full-length NS5A of genotype 1b (2),
as expected; therefore, we showed that domain II of JFH-
1 NS5A was also unable to bind to GST-CypA(H126Q)
(Fig. 4a, lane 5). Consistent with this observation, GST-
CypA(H126Q) was unable to stimulate the RNA binding
activity of domain II (Fig. 4b). As a further control, we
generated two mutant forms of domain II, the D316E and
D316E/Y317N (DEYN) mutants, containing amino acid
substitutions associated with CypA independence and CsA
resistance of virus RNA replication. Note that residue D316
of genotype 2a (JFH-1) NS5A corresponds to D320 in ge-
notype 1b, due to a 4-amino-acid deletion toward the N-ter-
minal end of domain II in JFH-1 (12). Both of these muta-
tions retained the ability to bind the 3� UTR RNA at a level
similar to that observed for wild-type domain II; however,
the RNA binding ability of both mutants was nonresponsive
to CypA. However, this was not due to the inability of these
mutants to bind CypA, as both bound as well as the wild type
(Fig. 4a), consistent with previously published data (2, 20).

Our data are consistent with the notion that CypA is able to
stimulate the binding of NS5A to the 3� UTR RNA. This
stimulation requires both a stable interaction between CypA
and domain II of NS5A and the CypA-catalyzed cis/trans
isomerization of peptidyl-prolyl bonds within domain II. The
interaction of CypA with NS5A in the absence of isomerase
activity is not sufficient to mediate the stimulation of NS5A
RNA binding. However, it has previously been noted that CsA
disrupts the NS5A-CypA interaction (4), so the observation
that CsA abolishes the CypA enhancement of NS5A RNA
binding may be due to this disruption rather than inhibition of
isomerase activity.

The role of CypA in HCV RNA replication remains un-
defined, although various mechanisms have been proposed.
These include recruitment of NS5B into the replicase (15)
and stimulation of polyprotein proteolytic cleavage (11).
What is clear is that the isomerase activity of CypA is re-
quired (1, 15). Furthermore, recent biochemical studies
have demonstrated that CypA catalyzes cis/trans isomeriza-
tion of peptidyl-prolyl bonds within domain II of NS5A, in
particular the peptide bond preceding residue P319 (in ge-
notype 1b) or P315 (in genotype 2a JFH-1) (4, 7), although
other prolines within domain II may also be substrates for
cis/trans isomerization (7). Domain II has been shown to be
natively unstructured (13, 14), and there is good evidence
that CypA-catalyzed cis/trans isomerization could result in a
conformational change (4, 20). This conformational change,
to a more extended form at the CypA substrate binding site, is
also induced by the D316E mutation, explaining the CypA inde-
pendence of the D316E replicon. Our data show that domain II
containing the D316E mutation binds as well as the wild type to
both CypA and RNA; however, CypA does not stimulate RNA
binding (Fig. 4). These data suggest that the D316E mutation
blocks some additional event required for stimulation of RNA
binding by CypA, for example, cis/trans isomerization at residues
other than P315 within domain II. Structural data for the domain
II-RNA complex with or without CypA would be needed to
address this question, although it is notable that, using a mass
spectrometric approach, the C. Cameron laboratory recently
identified two peptide sequences within domain II of genotype 1b
NS5A that interacted with poly(U) RNA (9), residues 263 to 277

FIG. 2. CypA stimulates RNA binding by NS5A in a CsA-sensitive
fashion. NS5A(�AH) (10 nM) was preincubated with increasing con-
centrations of GST-CypA (a) or GST (b) at 4°C in binding buffer.
32P-labeled 3� UTR RNA (1 nM) was added, and binding reactions
proceeded for 30 min in binding buffer prior to washing and filter
binding as described previously (6). The left hand bar shows the back-
ground RNA binding of either GST-CypA or GST in the absence of
NS5A(�AH). (c) NS5A(�AH) (10 nM), 32P-labeled 3� UTR RNA (1
nM), and GST-CypA (100 nM) were incubated with increasing con-
centrations of CsA (0 to 1 �M). The left hand bar shows the back-
ground RNA binding of NS5A(�AH) in the presence of CsA (1 �M)
and the absence of GST-CypA.
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and 295 to 311. The latter peptide contains two conserved proline
residues (although overall conservation with JFH-1 is poor within
this sequence) and a basic cluster; it is thus conceivable that the
conformation of this putative RNA binding motif could be mod-
ulated by cis/trans isomerization.

In conclusion, our data provide the first biochemical evi-
dence for a functional role for CypA-NS5A interaction in
the process of HCV RNA replication that can be recapitu-

lated in vitro. In this regard, we propose that the observed
role of CypA in the enhancement of HCV RNA replication
may be dependent, at least in part, on its stimulation of the
RNA binding ability of NS5A. One note of caution should
be considered: if this were the case, the D316E/Y317N mu-
tant would be expected to bind the RNA more efficiently
than the wild type, and our data do not support this conclu-
sion (Fig. 4b). However, as yet, the RNA binding motifs in

FIG. 3. CypA stimulates RNA binding by NS5A domain II in a CsA-sensitive fashion. Purified NS5A domain I (a), domain II (b), or domain
III (c) was preincubated with the indicated concentrations of GST, GST-CypA, and CsA for 30 min at 4°C in binding buffer as described above.
32P-labeled 3� UTR RNA (1 nM) was added, and binding reactions proceeded for 30 min at 4°C in binding buffer. �, no NS5A protein; �, 10 nM
NS5A protein.
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NS5A remain undefined, and it may be that the D316E/
Y317N mutation also directly impacts the RNA binding of
domain II. Experiments for addressing these questions are
under way in our laboratory.
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FIG. 4. CypA stimulation of domain II RNA binding requires
isomerase activity. (a) GST-CypA binding assays were performed as
described in the legend to Fig. 1. Mutant forms of NS5A domain II
were generated by QuikChange mutagenesis (primer sequences are
available upon request). (b) RNA binding assays were performed as
described in the legend to Fig. 2. Where indicated (�), GST-CypA
(wild type [WT] or H126Q) were included at 100 nM.
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