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Nonstructural protein 5A (NS5A) is essential for hepatitis C
virus (HCV) replication and constitutes an attractive target for
antiviral drug development. Although structural data for its
in-plane membrane anchor and domain D1 are available, the
structure of domains 2 (D2) and 3 (D3) remain poorly defined.
We report here a comparative molecular characterization of
the NS5A-D3 domains of the HCV JFH-1 (genotype 2a) and
Conl (genotype 1b) strains. Combining gel filtration, CD, and
NMR spectroscopy analyses, we show that NS5A-D3 is
natively unfolded. However, NS5A-D3 domains from both
JFH-1 and Conl strains exhibit a propensity to partially fold
into an a-helix. NMR analysis identifies two putative a-heli-
ces, for which a molecular model could be obtained. The
amphipathic nature of the first helix and its conservation in
all genotypes suggest that it might correspond to a molecular
recognition element and, as such, promote the interaction
with relevant biological partner(s). Because mutations con-
ferring resistance to cyclophilin inhibitors have been mapped
into NS5A-D3, we also investigated the functional interac-
tion between NS5A-D3 and cyclophilin A (CypA). CypA
indeed interacts with NS5A-D3, and this interaction is com-
pletely abolished by cyclosporin A. NMR heteronuclear
exchange experiments demonstrate that CypA has in vitro
peptidyl-prolyl cis/trans-isomerase activity toward some, but
not all, of the peptidyl-prolyl bonds in NS5A-D3. These stud-
ies lead to novel insights into the structural features of
NS5A-D3 and its relationships with CypA.
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Hepatitis C virus (HCV),? a small enveloped virus from the
Flaviviridae family, is a major cause of chronic liver disease that
may lead to steatosis, liver cirrhosis, and hepatocellular carci-
noma. Given about 180 million chronically infected individuals
worldwide, HCV is an important health challenge (1). Current
therapy is based on a combination of pegylated interferon-«
and ribavirin but is not fully satisfying because numerous
patients are not responding or suffer from serious side effects
caused by this treatment. The development of new drugs to
treat HCV infections requires a better understanding of the
structural and functional features of the viral proteins and their
relationships with host cell factors. The HCV genome (~9.6 kb)
encodes for a single polyprotein precursor (~3,000 aa) that is
co- and post-translationally processed by cellular and viral pro-
teases to yield 10 mature proteins (2, 3). They are classified into
structural proteins (Core, E1, and E2), which constitute the
viral particle, and nonstructural proteins, of which two, p7 and
nonstructural protein 2 (NS2), are required for virus assembly.
The remainder of the nonstructural proteins (NS3, NS4A,
NS4B, NS5A, and NS5B) are involved in HCV RNA replication
(reviewed in Refs. 2 and 3).

Cyclophilins are host cell factors that in addition to viral pro-
teins, are equally essential for HCV replication. The human
genome encodes up to 16 different cyclophilins (4) that, despite
differences in their tissue distribution, subcellular localization,
and relative abundances, all share a similar three-dimensional
structure and show in vitro peptidyl-prolyl cis/trans-isomerase
(PPIase) activity (5). In vivo, they have been assigned numerous
cellular functions, including protein folding, immune response,
lipid and protein trafficking, or regulation of transcription. Ini-
tially, cyclophilins were identified as immune response modu-
lators through their binding to cyclosporin A (CsA) (6) that
creates a novel molecular surface leading to inhibition of the

3 The abbreviations used are: HCV, hepatitis C virus; aa, amino acid(s); CsA,
cyclosporin A; CypA, CypB, and Cyp40, cyclophilin A, B, and 40, respec-
tively; HSQC, heteronuclear single quantum correlation; NS5A-D3 (JFH-1),
recombinant protein representing aa 355-464 of NS5A from JFH1 HCV
strain with an N-terminal methionine and a C-terminal LQHHHHHH exten-
sion; NS5A-D3 (Con1), recombinant protein representing aa 359-445 of
NS5A from Con1 HCV strain with an N-terminal methionine and a C-termi-
nal LQHHHHHH extension; PPlase, peptidyl-prolyl cis/trans-isomerase; TFE,
2,2,2-trifluoroethanol; CSI, chemical shift index.
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calcineurin phosphatase. Recently, the same interaction of CsA
with cyclophilins was shown to disrupt an essential role of
cyclophilins in the HCV life cycle (7). This replication block is
independent of the CsA interaction with calcineurin because
the non-imunosuppressive cyclosporin analogues Debio-025
(8-10), NIM811 (11), and SCY635 (12) are equally potent.
However, the precise molecular role of the cyclophilins remains
to be elucidated. It has been proposed that CypB, CypA, or even
Cyp40 is involved (13-17). However, recently, several labora-
tories have identified CypA as the key player in the HCV repli-
cation (17-20).

The identification of mutations in NS3, a serine protease,
NS5B, the viral RNA-dependent RNA polymerase, and NS5A
that all confer in vitro resistance to CsA or non-immunosup-
pressive CsA analogs, suggested that these proteins are poten-
tial cyclophilin binding partners (21-24). Recent studies also
suggested that NS2, a cysteine protease, is an additional cyclo-
philin target (19, 25). NS5A mutations, mostly located in the
C-terminal half of the protein, were shown to confer the highest
resistance against cyclophilin inhibitors (21, 22). NS5A is a
49-kDa phosphoprotein essential for RNA replication and pro-
duction of HCV particles (26, 27). Although it has been dem-
onstrated that NS5A has RNA-binding properties (28, 29), its
precise function(s) in the HCV life cycle remains to be eluci-
dated. The protein is anchored to the cytoplasmic side of the
endoplasmic reticulum membrane via an amphipathic N-ter-
minal a-helix (30). In addition, NS5A is composed of three
cytoplasmic domains: NS5A-D1, -D2, and -D3, which are con-
nected by short low complexity sequences. The structure of D1
(residues 27-213) reveals a zinc-binding domain that could
adopt at least two kinds of homodimeric structures: a claw-
shaped dimer that has been proposed to be properly suited for
RNA binding (31) and an alternative structure (32) that may be
required for another function of NS5A in viral RNA replication
or particle formation. Despite the lack of knowledge of its pre-
cise molecular role, D1 appears to be a very promising drug
target, as demonstrated by the recent development of the pico-
molar BMS 790052 inhibitor (33). D2 of NS5A (residues 250 —
342) is essential for viral RNA replication (27, 34), although a
large segment of this domain can be deleted without detectable
effects on replication and assembly (26) and has been shown to
be natively unfolded (35, 36). However, we showed in a recent
study that NS5A-D2 from the JFH-1 strain (genotype 2a) inter-
acts with, and is a substrate for, the PPIase of human cyclophilin
A (35). In addition, we could correlate the CypA interaction
sites with mutations in D2 that significantly influence viral
RNA replication (27) and that confer resistance to cyclophilin
inhibitors (14, 22, 37). Finally, D3 (residues 356 —447) has been
shown, at least in the context of the JFH-1 strain (2a), to be
involved in the production and assembly of viral particles (26,
38). Mutations that confer resistance to cyclophilin inhibitors
have equally been mapped to NS5A-D3 (19, 21), suggesting that
a cyclophilin might (directly) interact with this domain as well.

We recently reported a preliminary molecular characteriza-
tion of NS5A-D3 of the Conl (1b) HCV strain and showed that
this domain is globally unfolded (39). In the present study, we
report a comparative biochemical and molecular characteriza-
tion of NS5A-D3 from the HCV JFH-1 strain (genotype 2a) and
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the Conl (1b) strain. NS5A-D3 from JFH-1 has a 20-residue
insertion specific to the genotype 2, raising questions about the
structural implications of this insertion. We show that although
NS5A-D3 is globally unfolded, the D3 domains from both
JEH-1 and Conl HCV strains have an intrinsic propensity to
adopt an a-helical fold. In addition, we investigate the func-
tional relationships between D3 and CypA and show that CypA
has in vitro PPlase activity toward some, but not all, of the
peptidyl-prolyl bonds in NS5A-D3. These data provide novel
insights into the structure of NS5A-D3 and suggest that the
interaction with CypA might involve more than one specific
NS5A domain.

EXPERIMENTAL PROCEDURES

Sequence Analysis—Sequence analyses were performed
using the web site tools of Network Protein Sequence Analysis
(NPSA) (40) and of the European HCV Data base available at
the Institut de Biologie et Chimie des Protéines. Multiple-se-
quence alignments and amino acid conservations were carried
out with the ClustalW program using default parameters. The
repertoire of residues at each amino acid position and their
frequencies were computed by using the tool “Extract” in the
euHCVdb (41).

Expression and Purification of Non-labeled and *°N- and
15N, "3C-Labeled NS5A-D3 (JFH-1)—The synthetic sequence
coding for domain 3 of NS5A from HCV JFH-1 strain
(euHCVdb; GenBank™ accession number AB047639, geno-
type 2a) was inserted in the pT7.7 plasmid. The recombinant
domain 3 (NS5A-D3 (JFH-1)) comprises residues 355—464 of
HCV NS5A protein and has extra M- and -LQHHHHHH
sequences at N and C termini. Expression of recombinant
NS5A-D3 (JFH-1) was done in Escherichia coli BL21(DE3)Star.
Bacteria were grown in Luria-Bertani (LB) medium for non-
labeled protein or in M9-based semirich medium (M9 medium
supplemented with ["’N]NH,CI (1 g/liter), p-['*C,]glucose (2
g/liter) (when '>C labeling was required), Isogro N (or
13C,'>N) powder growth medium (0.7 g/liter; Sigma-Aldrich),
and ampicillin (100 pg/ml). When Agp,.m reached ~0.8,
induction was carried out at 37 °C with 0.3 mm isopropyl-B-p-
galactopyranoside for 4 h. Harvested cells were lysed using
lysozyme and sonication. NS5A-D3 (JFH-1) was first purified
on a HisTrap column (1 ml; GE Healthcare). Selected fractions
were then pooled, dialyzed again with 20 mm Tris-Cl, pH 7.4, 2
mMm EDTA overnight, and loaded on an anion exchange column
(ResourceQ (1 ml), GE Healthcare). NS5A-D3 (JFH-1)-con-
taining fractions were selected, using SDS-PAGE analysis,
pooled, and dialyzed overnight against 20 mm NaH,PO,/
Na,HPO,, pH 6.3, 30 mm NaCl, 0.02% NaN,, 1 mm tris(hy-
droxypropyl)phosphine. NS5A-D3 (JFH-1) was then concen-
trated up to 500 uMm with a Vivaspin 15 concentrator (cut-off 5
kDa) (Satorius Stedim Biotech). Following filtration at 0.2 um,
NS5A-D3 aliquots were frozen at —80 °C with a few Chelex
beads (Sigma-Aldrich).

Expression and Purification of Non-labeled and "*N- and
1SN,*3C-Labeled NS5A-D3 (Conl)—Expression and purifica-
tion of domain 3 of NS5A from the HCV Conl strain
(euHCVdb; GenBank™" accession number AJ238799, geno-
type 1b) were performed as described previously (39). The
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recombinant domain 3 (NS5A-D3 (Conl)) comprises residues
359445 of HCV NS5A protein and has extra M- and -LQH-
HHHHH sequences at the N and C termini.

Circular Dichroism—CD spectra were recorded on a Chiras-
can dichrograph (Applied Photophysics, Surrey, UK) calibrated
with (15)-(+)-10-camphorsulfonic acid. Measurements were
carried out at room temperature in a 0.1-cm path length quartz
cuvette, with protein concentrations ranging from 8 to 10 um.
Spectra were recorded in the 185-260-nm wavelength range with
a 0.5-nm increment and a 2-s integration time. Spectra were pro-
cessed, base line-corrected, and smoothed using Chirascan soft-
ware. Spectral units were expressed as the molar ellipticity per
residue by using protein concentrations determined from meas-
urements of UV light absorbance of tyrosine and tryptophan at
280 nm (molar extinction coefficients of 1,536 and 5,600
M~ 'em ™, respectively). The a-helix content was estimated using
the method of Chen et al. (42), assuming that the residue molar
ellipticity at 222 nm is exclusively due to a-helix.

NMR Data Collection and Assignments—All of the NMR
spectra used for the backbone assignment were acquired on a
Bruker Avance 800-MHz spectrometer with a standard triple
resonance probe (Bruker Biospin, Karlsruhe, Germany). The
proton chemical shifts were referenced using the methyl signal
of sodium 3-trimethyl-sill-[2,2',3,3'-d4]propionate at 0 ppm.
Spectra were processed with the Bruker TopSpin software
package 1.3 and analyzed using the product plane approach
developed in our laboratory (43). Backbone assignments were
achieved using two-dimensional 'H,"®N HSQC and triple res-
onance three-dimensional 'H,'*N,*C HNCO, HN(CA)CO,
HNCACB, HN(CO)CACB, and HN(CA)NNH spectra.

For assignment of NS5A-D3 (JFH-1) resonances without and
in the presence of 50% TFE, NMR experiments were, respec-
tively, acquired with 500 um '°N,'*C-labeled NS5A-D3 (JFH-1)
samples in 20 mm NaH,PO,/Na,PO,, pH 6.3, 30 mm NaCl, 1
mM tris(hydroxypropyl)phosphine, 0.02% NaN, with or with-
out 50% TFE-d3 at 298 K (Biological Magnetic Resonance Data
Bank accession numbers 16798 and 16799).

Assignments of NS5A-D3 (Conl) in aqueous buffer were
described in a previous study from our laboratory (39) (Biolog-
ical Magnetic Resonance Data Bank accession number 16166).
Assignment of NS5A-D3 (Conl) resonances in the presence of
50% TFE were acquired on a 440 um *°N,'*C-labeled NS5A-D3
(Conl) sample in 20 mm NaH,PO,/Na,PO, pH 6.3, 30 mm
NaCl, 1 mwm tris(hydroxypropyl)phosphine, 0.02% NaNj, 50%
TFE-d3 at 298K (Biological Magnetic Resonance Data Bank
accession number 16800).

Structural NMR Data Collection in 50% TFE—Additional
three-dimensional *H,**N,"H NOESY-HSQC and 'H,'*N,'H
HNHA spectra were acquired on the NS5A-D3 samples in the
presence of 50% TFE-d3, using a Bruker Avance 600-MHz
spectrometer equipped with a cryogenic triple resonance probe
head (Bruker). These experiments were used to measure dis-
tance-based (NOE) and backbone dihedral angle-based
(*Jinte (Hz) coupling constants) experimental restraints,
respectively, on NS5A-D3 samples. Due to partial overlap in the
proton dimension maximum, peak intensities rather than peak
integrals were measured for NOE cross-peaks. The /1 110
coupling constants (Hz) are related to the backbone dihedral
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angle ® via the Karplus equation, /,; 11, = A-cos*(P-60) +
B-cos(P-60) + C (where A = 6.51, B= —1.76, and C = 1.60)
(44). Experimental /, ;. 1., constants were extracted from the
HNHA spectra using Equation 1,

/
T - - tanZ(ZWJHNHag) (Ea. 1)
ldiag

where I, and I4;,, represent the intensity of the cross-peak

(HyH,) and of the corresponding diagonal peak (HyH,),
respectively (45). The 2{ parameter corresponds to the total
evolution time for the /14, coupling and was set to 26.1 ms.
The PyMOL software (available on the World Wide Web) was
used for molecular graphics.

Structural NMR Structure Model Calculation of NS5A-D3
in 50% TFE—Three-dimensional structure calculations of
NS5A-D3 (JFH-1 and Conl) in 50% TFE were done using the
CNS software (46). '>C chemical shift values, */;;n 1., cOupling
constant values, and a list of NOE cross-peaks (see supplemen-
tal Table 2) were used as experimental restraints using the CNS
dynamical annealing protocol; about 500 structures were cal-
culated for NS5A-D3 (JFH-1) and for NS5A-D3 (Conl). In each
case, on the initial set of accepted structures that fulfill the
experimental restraints, an additional round of selection was
made with acceptance criteria being no distance restraint vio-
lations >0.5 A and no 3/, coupling constant violations of
>1 Hz for the values that were <5 Hz. This stricter selection
step led to 111 accepted structures for NS5A-D3 (JFH-1) and 65
accepted structures for NS5A-D3 (Conl). Finally, from these
accepted ensembles, only the 20 lowest energy structures were
retained for NS5A-D3 (JFH-1) and for NS5A-D3 (Conl) in 50%
TFE (see statistics in supplemental Table 2).

Interaction between NS5A-D3 and Cyclophilin A—Recombi-
nant expression and purification of human cyclophilin A were
performed as described previously. Unlabeled CypA was mixed
with [">N]NS5A-D3, from the JFH-1 or Con1 strain, at equimo-
lar concentration (100 uM each), and 'H,'*N HSQC spectra
were acquired. Interaction was assessed by comparing the
'H," N HSQC spectra of NS5A-D3 recorded without and in the
presence of CypA and in the latter case without or with
cyclosporin A.

PPlase Activity of Cyclophilin A on NS5A-D3 Measured by
NMR—The PPIase activity of CypA toward NS5A-D3 from the
JEH-1 and Conl strains was assessed using heteronuclear
"H,""N z-exchange spectra (47, 48). >N z-exchange spectra,
with 25-, 50-, 100-, 200-, 300-, and 400-ms mixing times, were
recorded in triplicate for both NS5A-D3 using a 900-MHz spec-
trometer equipped with a cryoprobe. Experiments were
recorded on a sample of 220 um [**N]NS5A-D3 and 23 um
CypA and on a sample of 300 um [*°*N]NS5A-D3 and 30 um
CypA. The exchange rates (k.,.,), as a function of mixing time
(M), were determined as described previously (35).

RESULTS

Sequence Analysis of NSS5A-D3 (JFH-1)—Sequence align-
ment of the NS5A-D3 domains shows that the sequence of
JEH-1 (genotype 2a) differs by a small 3-amino acid residue
insertion (positions 378 —380) and a long 20-residue insertion
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FIGURE 1. Sequence comparison of NS5A-D3 from JFH-1 and Con1 HCV strains and interaction with cyclophilin A. The NS5A-D3 sequence from the HCV
JFH-1 strain (aa 355-464; genotype 2a; GenBank™ accession number AB047639) is aligned with the NS5A-D3 sequence from the HCV Con 1 strain (aa 359 -445;
genotype 1b; AC number, AJ238799). Amino acids are numbered with respect to the respective NS5A proteins. The hyphens indicate gaps compared with the
sequence alignment. Similarities between NS5A sequences are depicted according to ClustalW convention (asterisk, invariant; colon, highly similar; dot,
similar). Proline residues (which are not visible in the 'H-">N HSQC NMR experiment; see “Experimental Procedures”) are highlighted in gray, and those
conserved in both strains are in boldface type. The perturbations of chemical shifts observed for each residue in the 'H,"”” N HSQC spectrum of ['>N]JNS5A-D3 (100
um) in the presence of cyclophilin A (100 uMm) are indicated as follows: residue in blue, chemical shift perturbation and/or decreased intensity; residue in red,
broadening of the resonance beyond detection; residue underlined, residue with its minor form perturbed (chemical shift perturbation and/or decreased

intensity).

(positions 431-450) when compared with the Conl strain
(genotype 1b) (Fig. 1 and supplemental Fig. 1). The latter is
located near the C terminus of the protein and is only observed
in genotype 2 sequences (see supplemental Fig. 1C). Moreover,
itislocated within a region of high conservation in all genotypes
(see supplemental Fig. 1C), arguing for an important function
for the viral replication cycle. Amino acid sequence comparison
also highlights additional intergenotypic conservation in the
N-terminal region of NS5A-D3 (positions 363—380 in genotype
1b, supplemental Fig. 1C). Except for the conserved C-terminal
residues of NS5A-D3, which are already part of the NS5A-
NS5B cleavage site, the remaining sequence is poorly conserved
between genotypes. However, the amino acid repertoire
derived from the alignment of 363 and 21 sequences of geno-
type 1b and 2a, respectively, revealed the strict conservation of
residues at some positions and the conservation of the physic-
ochemical character of residues at most other positions (see
supplemental Fig. 1, A and B). Together, these data indicate that
the overall structure of NS5A-D3 is conserved across the differ-
ent HCV genotypes and that the 20-residue insertion in geno-
type 2 probably corresponds to an extra loop.

Analysis of the amino acid composition of NS5A-D3 indi-
cates that this domain is composed of numerous residues gen-
erally observed in flexible structures. As exemplified with
NS5A-D3 of JFH-1, a mere 2 (Ser and Gly) or 4 (Ser, Gly, Pro,
and Glu) amino acids represent 34 or 56% of the complete
sequence, respectively. The domain is highly acidic with a cal-
culated isoelectric point (pI) of 3.5 (Asp + Glu = 15 versus
Arg + Lys = 2).

Biochemical Characterization of HCV NS5A-D3 (JFH-1)—
NS5A-D3 from the JFH-1 strain (residues 355—464) was over-
expressed in E. coli and purified to homogeneity by using a two-
step purification procedure (Fig. 24). Although the molecular
mass of NS5A-D3 (JFH-1) was 11,837 Da, as determined by
mass spectroscopy, the purified protein migrates as a ~27-kDa
protein by SDS-PAGE (Fig. 2A). This discrepancy, already
observed previously for NS5A-D3 of Conl1 (39) (Fig. 24), can be
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FIGURE 2. Purification and gel filtration analyses of HCV NS5A-D3. A, puri-
fied recombinant proteins from JFH-1 (11.8 kDa) and Con1 (9.9 kDa) HCV
strains were analyzed by 15% SDS-PAGE and stained with Coomassie Blue.
B, the gel filtration analyses of NS5A-D3 (Con1) (black curve) and NS5A-D3
(JFH-1) (gray curve) were performed on a Superdex S200 column equilibrated
in 50 mm sodium phosphate, pH 7.4, T mm TCEP, with a flow rate of 0.5 ml/min.
Elution volumes of globular protein standards are indicated by black arrows
with the following corresponding molecular masses. 1, thyroglobulin
(669,000 Da); 2, ferritin (440,000 Da); 3, aldolase (158,000 Da); 4, conalbumin
(75,000 Da); 5, ovalbumin (43,000 Da); 6, chymotrypsin (25,000 Da); 7, ribonu-
clease (13,700 Da); 8, vitamin B12 (1355 Da).

explained by the high content of acidic amino acids and proline
residues (Fig. 1) (49). When analyzed by gel filtration chroma-
tography, the elution time of NS5A-D3 (JFH-1) corresponds to
a ~43-kDa globular protein (Fig. 2B). This behavior is fre-
quently observed for proteins that lack a globular organization
(50, 51) and is similar to that observed for the unfolded
NS5A-D3 of the Conl strain (Fig. 2B) (39). Although NS5A-D3
from JFH-1 exhibits 23 additional residues as compared with
that of the Conl strain, its elution volume was slightly higher
using the same experimental conditions. This unexpected
behavior suggests a slightly higher level of structuring in
NS5A-D3 of JFH-1.

NMR Analysis of NS5A-D3 (JEH-1)—NMR spectroscopy was
used to gain structural and functional information of NS5A-D3
at an atomic level. At 800 MHz, the *H,*>N HSQC of NS5A-D3
(JFH-1) proved sufficiently well resolved despite the limited
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0.85-ppm dispersion of the amide proton resonances (Fig. 3A4).
Both the narrow amide proton dispersion and the clustering of
glycine and serine/threonine resonances confirm the non-
structured nature of NS5A-D3 (JFH-1). Using standard triple
resonance experiments on a doubly labeled ['°N,">C]NS5A-D3
(JFH-1) sample and using our product plane-based assignment
method (43), all of the backbone proton amide resonances were
assigned with the exception of the first methionine and the
proline residues (Fig. 3A). Several less intense peaks were
assigned to residues that are close to one of the 14 prolines in
NS5A-D3 (JFH-1) and for which their amide proton resonance
is sensitive to the cis/trans equilibrium of this proline. Up to 25
of these less intense resonances were assigned (see supplemen-
tal Table 1). In addition to proton amide, **C,, '*Cg, and '°C,
resonances could also be assigned for almost all NS5A-D3
(JEH-1) residues. The unassigned *>C resonances correspond to
Pro®”?, Pro**”, Pro**’, and Pro®® that are located in (Pro), or
(Pro), motifs. These >C chemical shifts were used to assess the
secondary structure content in NS5A-D3 (JFH-1), at a per res-
idue level. The chemical shift index (52) values for *C,, are
essentially negative, whereas the ones for '*Cj are mostly pos-
itive (Fig. 3B). These values would indicate an extended struc-
ture for NS5A-D3 (JFH-1). Regarding the '*C,, chemical shift
index (CSI) values are distributed between positive and nega-
tive values. The resulting zero CSI consensus values thereby
confirm the absence of stable secondary structure elements.
Nevertheless, for residues Glu®>*®-Ala®>*”-Leu®®®, the CSI con-
sensus values are —1 (Fig. 3B) and might correspond to a single
a-helical turn. In conclusion, in aqueous buffer, NS5A-D3
(JEH-1) is mostly unfolded but has a short and stable a-helical
secondary structure element centered around the N-terminal
Ala®®”,

NS5A-D3 Has a-Helical Propensity—We showed previously
that NS5A-D3 (Conl) is unfolded in an aqueous environment,
although "*>C_ and '>C, values in the 369 379 region indicated
some helical tendency (39). This region corresponds to the
same location where we observe the short a-helix in NS5A-D3
(JFH-1) (Figs. 1 and 3). Disorder predictors (including the
VL-XT PONDR® algorithm (53, 54) and the metaPrDOS meta
server (55)) indeed predicted a high degree of disorder in both
NS5A-D3 sequences of the JFH-1 and the Conl HCV strains,
with, however, disorder scores close to the order/disorder limit
value (0.5) for the N-terminal region (~25 first residues) and
the extreme C termini (Fig. 4). In these locations, the VL-XT
PONDR® algorithm gave scores that would correspond to
slightly ordered regions, whereas the metaPrDOS predictor
gave scores above the disorder threshold (score >0.5), although
the values marked a significant decrease. The metaPrDOS score
is below the 0.5 threshold only for residues 365-369 of
NS5A-D3 from JFH-1. This prediction exactly matches with
the short a-helical elements that we identified on the basis of
the NMR CSI scores (Fig. 3). We next reanalyzed our experi-
mental '*C, and '’C, chemical shifts of both NS5A-D3
domains in aqueous conditions with the SSP (Secondary Struc-
ture Propensities) program (56), developed to probe the pro-
pensities of unfolded proteins to form secondary structures
from experimental NMR data. SSP analyses showed that both
NS5A-D3 (JFH-1) and NS5A-D3 (Conl) have significant posi-
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tive SSP scores (corresponding to an «-helix) in their N- and
C-terminal regions and detected only significantly negative
scores for residues 439 —444 from JFH-1 located in the geno-
type 2-specific insertion (Fig. 4). In the N-terminal region of
NS5A-D3, the SSP score is higher for JFH-1 than for Con1, with
a maximal value of 0.398 for Ala®*®” in JFH-1 compared with
0.233 for Ala®>"" in Conl. Altogether, these results show that,
despite being globally unfolded in aqueous solution, both
NS5A-D3 (JFH-1) and NS5A-D3 (Con1) have intrinsic a-heli-
cal propensity in their N-terminal (residues 356 —375 for JFH-1
and 360-379 for Conl) and C-terminal (residues 460 — 464 for
JFH-1 and 442-445 for Conl) regions (Fig. 4).

Folding Propensity of NSS5A-D3—The CD spectrum of
NS5A-D3 is typical for a poorly folded protein with a large
negative peak centered at 198 nm. Only the small but reproduc-
ible shoulder at 222 nm points toward a possible helical contri-
bution (Fig. 5, A and D). To further probe the conformational
preferences of NS5A-D3, we used TFE as a co-solvent known to
stabilize transient secondary structures, especially a-helices
(57). Once dissolved in a TFE/water (50:50) mixture, the far-UV
CD difference spectra of both NS5A-D3 of JFH-1 and of Conl
exhibited the distinct minima at 208 and 222 nm and the max-
imum at 192 nm, both characteristic for a-helical folding (Fig.
5, A and D). Titration experiments with increasing concentra-
tions of TFE, ranging from 0 to 75%, showed that maximal CD
helical signals were obtained around 45% TFE for NS5A-D3
(JEH-1) (Fig. 5G). This is consistent with the suggestion of
Jasanoff and Fersht (58) that, for a peptide with helical propen-
sity, helicity is generally at a maximum by 20-30% TFE, and
folding is complete by 50%. Above this concentration, TFE
could induce irrelevant folding, as is likely the case for
NS5A-D3 (Conl). Using the CD signal at 222 nm, the a-helical
content in 50% TFE was estimated to be ~19% for NS5A-D3
(JFH-1) and ~27% for NS5A-D3 (Conl). Taking into account
the respective lengths of the two proteins (119 and 96 residues,
including the affinity tag), this means that ~23 and ~26 resi-
dues adopt an a-helical conformation in NS5A-D3 from JFH-1
and Conl, respectively. Similar a-helical folding was observed
by CD in the presence of detergents (SDS, n-dodecyl-B-p-
maltoside (DM), or dodecyl phosphocholine (DPC)) mimicking
a hydrophobic environment (Fig. 5, B, C, E, and F).

To gain further structural insights at the atomic level, we
next investigated the a-helical conformation of NS5A-D3 by
NMR spectroscopy in 50% TFE. Under these experimental con-
ditions, the 'H,'*N HSCQ spectrum of NS5A-D3 became bet-
ter resolved with the amide proton resonances for NS5A-D3
(JFH-1) comprised between 7.6 and 9.15 ppm and those of
NS5A-D3 (Conl) between 7.65 and 8.95 ppm (Fig. 6 and sup-
plemental Fig. 2). Chemical shift values were very different
upon the addition of 50% TFE (supplemental Fig. 2), forcing us
to reassign the proton amide resonances of NS5A-D3 in these
novel conditions (Fig. 6). Nearly complete assignments of °>C_,
®*Cg, and "°C,, resonances were achieved for both NS5A-D3
domains and showed significant deviations of '*C chemical
shifts (A'>C) from random coil values in two regions of both
NS5A-D3 (JFH-1) and NS5A-D3 (Con1) (Fig. 7A). In NS5A-D3
(JFH-1), two stretches of consecutive positive A'*C_ and A'"*C,
values (A'*C = 0.7ppm), corresponding to residues Glu**'—
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FIGURE 4. Disorder predictions and helical propensity of NS5A-D3. In the graphics the sequences of NS5A-D3 (JFH-1, 2a) (top) and NS5A-D3 (Con1, 1b)
(bottom) are keptaligned as shown in Fig. 1. Disorder predictions were performed on the sequences of NS5A-D3 using the PONDR software (solid curve) and the
MetaPrDOS meta server (dashed curve). A disorder score (left axes) above the 0.5 threshold indicates a disorder state, whereas a lower score indicates an order
state. Results of the SSP analyses of the C, and Cz NMR chemical shifts of NS5A-D3 residues are indicated as gray bars. The positive SSP scores (right axes)
correspond to helical propensity, whereas negative scores indicate extended regions.

Phe®”¢ and Thr*®>~Val*®*, are typical for a-helical secondary
structure. Similar observations were made for NS5A-D3
(Conl1) in regions Ser®**~Gly*®' and Ser**'-Val***. Negative
A'®C, values, which indicate a-helices, are observed for some
but not all residues in these regions. In addition, we measured
the *Jin pa cOupling constants in both NS5A-D3 domains in
50% TFE using a three-dimensional HNHA experiment (45).
Because the /,; 11, is related to the backbone dihedral angle ®
via the Karplus equation (44), this parameter is also a good
indicator of the secondary structure content. *J,;; 14, values are
close to random coil values (3/,; 11, = 6.5Hz) over most of the
NS5A-D3 sequences, but significantly lower values corre-
sponding to dihedral angles @ found in a-helices were meas-
ured in the N-terminal regions (Fig. 7A). The coupling constant
values are comprised between 3.13 and 5.15 Hz for residues
Glu®*'—Lys*”* in NS5A-D3 (JFH-1) and between 3.3 and 4.98
Hz for residues Glu***~Lys®*”® in NS5A-D3 (Conl). Concerning
the C-terminal region, low */; ;5 11, Values were found for resi-
dues Glu***~Val**®* in NS5A-D3 (Conl) but only Thr*®* in
NS5A-D3 (JFH-1). Analysis of the heteronuclear three-dimen-
sional NOESY-HSQC spectra recorded in 50% TFE gave a fur-
ther overview of the NOE connectivities in NS5A-D3 (JFH-1
and Conl). Typical short range (i, i + I) and medium range (i,
i+2), (i, i+ 3), and (i, i + 4) NOE connectivities confirmed
the presence of a a-helix in the Ser®**°~Gly*”” region of the

JFH-1 domain and in the Ser***-Gly**' region of Conl (Fig.
7B), although no long range NOEs could be identified. Similar
characteristic NOE patterns were observed for a shorter region
(i.e. 3—4 residues) at the C terminus of each NS5A-D3. Else-
where in the sequence, only a few sequential NOE cross-peaks
were detected, in agreement with an unstructured state.

NMR Structure Model of NS5A-D3 in 50% TFE—Using the
combined experimental NMR data collected in 50% TFE as a
starting point, we performed three-dimensional structure cal-
culations on NS5A-D3 (JFH-1) and NS5A-D3 (Conl) using the
CNS software (46). '*C chemical shift assignments, /1 110
coupling constant values, and a list of NOE cross-peaks (see
supplemental Table 2) were used as experimental restraints for
the calculations. Using the CNS dynamic annealing protocol,
~500 structures were calculated for NS5A-D3 (JFH-1) and for
NS5A-D3 (Conl) and led to a final set of 20 low energy struc-
tures that fulfill all of the experimental restraints (see statistics
in supplemental Table 2). The absence of convergence during
calculation of a global root mean square deviation over the C,_,
atoms of either NS5A-D3 (JFH-1 or Conl) reflects their pre-
dominant unfolded nature even in 50% TFE (see supplemental
Fig. 3). Reflecting our previous observations, however, two dif-
ferent NS5A-D3 segments were found to adopt a regular a-hel-
ical conformation. The segment a1 corresponds to the longer
one and extends from residue Ser**®° to Gly*”” in NS5A-D3

FIGURE 3. Molecular NMR characterization of NS5A-D3 (JFH-1). A, assigned 'H,">N HSQC spectrum of domain 3 of NS5A (JFH1). The small inset shows the
spectrum region corresponding to the unique tryptophan side chain. B, CSl analysis of NS5A-D3 (JFH-1). NS5A-D3 (JFH-1) '3C,,, "3C,, and '*C, chemical shifts
were analyzed using the CSI software (52). The resulting CSI consensus is shown, at the bottom, along the NS5A-D3 (JFH-1) sequence.
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(JFH-1) and from residue Glu®*® to Gly*®' in NS5A-D3 (Con1).
Following the superimposition of the 20 lowest energy struc-
tures over al, the backbone (N, C_,, C, atoms) root mean
square deviation for this segment is 2.00 A for NS5A-D3 from
JFH-1 and 1.84 A for the domain from Conl (Fig. 8, A-C, and
supplemental Fig. 4). The a2 element is shorter and located at
the extreme C terminus of NS5A-D3. In fact, a2 comprises the
extreme C-terminal residues of NS5A-D3 and even a few resi-
dues coming from the purification tag. In the JFH-1 construct,
a2 corresponds to residues Asp*®'—Val*** of domain 3 plus 3
residues from the tag. In the Conl construct, o2 is slightly lon-
ger and comprises NS5A-D3 residues Ala**°~Val**® and 6 addi-
tional residues from the tag. The backbone root mean square
deviation of a2, over the 20 lowest energy structures, is 1.81 A
for NS5A-D3 from JFH-1 and 1.72 A for the domain from Conl
(Fig. 8, Band D). Helices a1 of NS5A-D3 of JFH-1 and of Conl
are quite similar in length and correspond to the same region
within domain 3. As shown in Fig. 8, E and F, the a1 helix has
remarkable asymmetric distribution of hydrophobic residues
and thus exhibits an amphipathic character. Save for Ile*”? of
JEH1, all hydrophobic residues of a1 are clustered on one side
of the helix and are identical or conserved between JFH-1 and
Conl. No particular structural features were observed for the
genotype 2-specific 20-residue insertion (residues 431-450 of
NS5A-D3 of JEH-1).

Interaction between Cyclophilin A and NS5A-D3—Because
mutations in NS5A-D3 have been shown to confer resistance to
cyclophilin inhibitors (19, 21) and because of the high number
of proline residues in this domain, we tested for a direct inter-
action between NS5A-D3 and CypA. In a first step, we mixed
["*N]CypA with unlabeled NS5A-D3 either from the JFH-1 or
Conl HCV strain. In the presence of NS5A-D3, only a limited
subset of CypA resonances was affected. The residues of CypA
involved in the interaction with NS5A-D3 are similar to the
ones we previously showed to be involved in the interaction
with NS5A-D2 (JFH-1) (35). These correspond to residues cen-
tered around the PPIase active site of CypA that also match with
the CsA binding site of the cyclophilin.

In a second step, we wanted to monitor these interactions on
the NS5A-D3 side. We therefore mixed equimolar concentra-
tions (ie. 100 um) of either ["*NINS5A-D3 (JFH-1) or
[**N]NS5A-D3 (Conl) with unlabeled CypA and acquired
'H-'*N HSQC spectra. By comparison with the NS5A-D3 spec-
tra recorded alone, we identified the residues involved in inter-
action with CypA based on chemical shift perturbations and/or
peak broadening. Most of the perturbed resonances belong to
residues in the C-terminal half of NS5A-D3 (from Ser*'® to
Asp®®! for JFH-1 and from Ser*'* to Val*** for Con1) (Fig. 1).
Numerous NMR peaks in the ***TCSEEDD*®! motif from the
JEH-1 strain or in the corresponding one from Conl
(**>TVSEEAS**!) were indeed broadened beyond detection in
the presence of CypA. Interestingly, the insertion specific to
JEH-1 is also involved in interaction with CypA, because 11 of

difference spectra are reported in Cand D. In all cases, the difference spectra
were typical of a-helix folding with two minima at 208 and 222 nm and a
maximum at 192 nm. G, the a-helix contents in NS5A-D3 JFH-1 (black circles)
and in NS5A-D3 Con1 (white circles) are plotted as a function of percent TFE.
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FIGURE 6. NMR analysis of NS5A-D3 in 50% TFE. Shown are assigned "H,"*N HSQC spectra of NS5A-D3 from the JFH-1 (A) and the Con1 (B) HCV strains that
have been recorded in the presence of 50% TFE using an 800-MHz NMR spectrometer.

these 20 residues have their corresponding peak shifted and/or
broadened. Except for the C-terminal motifs mentioned above,
almost all NS5A-D3 residues that are affected by CypA are
located close to proline residues. Moreover, many but not all of
the less intense peaks in the HSQC spectrum assigned to resi-
dues in close proximity of a cis proline were perturbed (Fig. 1,
underlined). This indicates that CypA interacts with some pro-
line residues in the cis conformation of NS5A-D3. The addition
of cyclosporin A in the NS5A-D3-CypA samples completely
abolished the interaction between NS5A-D3 and CypA. Indeed,
in the presence of the cyclophilin inhibitor, all the NS5A-D3
'H,"N resonances recovered their full intensities and chemical
shifts comparable with NS5A-D3 alone. These data led us to
investigate the PPlase activity of CypA toward NS5A-D3.
NS5A-D3 Is a Substrate for the PPlase Activity of CypA—In
order to assess the potential PPlase activity of CypA toward
NS5A-D3, we used heteronuclear '°N z-exchange NMR exper-
iments (47, 48) in the presence of catalytic amounts of CypA
(i.e. with a 10:1 molecular ratio). In '°N z-exchange experi-
ments, the isomerization processes between cis and trans con-
formers are characterized by exchange peaks connecting the
major and minor 'H,'°N amide peaks of a given residue, which
is located close to a proline. In the presence of CypA and with
mixing times in the 25—400 ms range, several exchange peaks
were detected for both NS5A-D3 domains (Fig. 9, A and B).
These observations led us to the conclusion that CypA has in
vitro PPlase activity toward NS5A-D3 of both HCV strains.
Residues on which a CypA-catalyzed PPIase activity has been
detected are shown along the NS5A-D3 sequences in Fig. 9C. In
NS5A-D3 (Conl), CypA PPlase activity was detected for 2 of 6
prolines, Pro**° and Pro*'®, based on the exchange peaks for
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residues GIn®*%, Ser*®!, and Leu**®. Concerning NS5A-D3 from
the JFH-1 HCV strain, CypA activity was also detected on the
basis of 8 residues, GIn3”8, Ser*®!, Glu*®?*, Ala*®®, Met*1®, Val***,
Ala**®, and Gly*"’, located in the close proximity of 6 proline
residues, Pro®”?, Pro*°2, Pro*®, Pro*®’, Pro*'”, and Pro**°.
CypA is, however, specific for some of the peptidyl-prolyl bonds
of NS5A-D3 because no PPlase activity was observed around
several proline residues. For most of these, we could exclude
spectral overlap as the culprit because minor and major *H,**N
peaks had been assigned for surrounding residues. In accord-
ance with the higher number of proline residues in NS5A-D3
from JFH1 (14 versus 6 prolines in NS5A-D3 from Conl), we
observed more exchange peaks in the NS5A-D3 (JFH1) z-ex-
change spectra than in the ones of Conl. However, CypA
showed in vitro PPlase activity toward only 1 (Pro**®) of 4 prolyl
bonds in the genotype 2-specific insertion, with no detectable
activity at the other 3 prolines clustered in the Pro; motif (Fig.
9C). From the buildup curves of the exchange peaks as a func-
tion of the z-exchange mixing time, reliable CypA-catalyzed
exchange rates (k) were extracted for GIn**° in NS5A-D3
(Conl) and for Ser*®!, Glu*®*, Ala*®®, and Ala**® in NS5A-D3
(JEH-1) (Fig. 9, D-F), The strongest PPlase activity of CypA,
with a k,, = 30.9 s7', was measured on Ala*** located in the
insertion of NS5A-D3 (JFH-1). The addition of cyclosporin A in
the assays inhibited the PPlase activity of CypA toward
NS5A-D3 because exchange peaks were no longer detectable.

DISCUSSION

The JFH-1 (genotype 2a) strain, isolated from a Japanese
patient with a fulminant hepatitis thus far is the only HCV
strain that supports virus production in cell culture (59). In this
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FIGURE 7. Structural NMR parameters of NS5A-D3 in 50% TFE. A, the '>C chemical shift deviations from random coil values (A'3C, left axes) are plotted along
the NS5A-D3 (JFH-1) (top) and the NS5A-D3 (Con1) (bottom) sequences that are aligned as shown in Fig. 1. A, A3C,; X, A"3C,; [, A'3C,,. The CSl analyses of
13C,, "°Cp and ">C, values resulted in consensus helical segments that are indicated as thick black bars on the residue axes. The *J,y y,, coupling constants (Hz)
(right axes), which are related to the backbone dihedral angle ® (see “Experimental Procedures”) are plotted along the NS5A-D3 sequences as gray bars.
B, overview of the NOE connectivities in NS5A-D3 (JFH-1) (top) and Con1 (bottom) that have been recorded using three-dimensional 'H,"*N,"H NOESY-HSQC
experiments. Only short sequential (i, i + 7) and medium range (i,i + 2), (i, i + 3),and (i,i + 4) NOE connectivities were detected in NS5A-D3 in the presence of

50% TFE. Typical NOE connectivities for an a-helix include sequential dy (i, i +

study, we report the molecular characterization of its NS5A
domain 3. The migration behavior of NS5A-D3 in SDS-PAGE,
its elution profile in gel filtration at higher than expected
molecular weight (see Fig. 2), the CD spectrum devoid of typical
secondary structure element signature (see Fig. 5), and the lim-
ited dispersion of the amide proton NMR resonances (see Fig.
3A) all classify this protein as an intrinsically unstructured
protein.

The amino acid sequences of NS5A-D3 of JFH-1 (2a) and
Conl (1b) have only 45% identity, and genotype 2a is character-
ized by an insertion of 20 amino acid residues (Asp**'-Ser**°)
(see Fig. 1). The analyses of both JFH-1 and Conl NS5A-D3
sequences with disorder predictors (53, 55) combined with
detailed analyses of experimental C,and Cg 13C chemical shifts
with the SSP software (56) led to the identification of two
regions in each NS5A-D3 that have an intrinsic propensity to
adopt an a-helical conformation in an aqueous environment
(see Fig. 4). The existence of this small a-helical structural ele-
ment around the N-terminal Glu®®°-Ala®®”-Leu®®® tripeptide in
the JFH-1 NS5A-D3 (Fig. 3B) is more pronounced than in the
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1) and medium range dy(iii + 2), d (i + 3), and d(i,i + 4) connectivities.

Conl HCV strain, where '*C chemical shift values in the 369 —
379 region had merely pointed to a nascent helical tendency
(39).

The comparative studies of NS5A-D3 from JFH-1 and Conl
by NMR spectroscopy in the presence of 50% TFE allowed us to
further explore the putative structural conformations that
these domains tend to adopt in aqueous media. All of the exper-
imental data collected (i.e. the 'H,"*N proton amide and **C,,
®Cg, 1°C,, chemical shifts, the *J;;_y,coupling, and finally the
short sequential (i, i + 1) and medium range (i, i + 2), (i, i + 3),
(i,i + 4) NOE contacts) show that in 50% TFE, the a-helical
tendency observed mainly in the NS5A-D3 JFH-1 domain
extends into a full-length helix (see Figs. 6 and 7). Predicted by
secondary structure predictor programs to be helical in all gen-
otypes (see supplemental Fig. 1), it is now also experimentally
visible in Conl NS5A-D3 when 50% TFE is used. The NMR-
derived structural model for both NS5A-D3 from JFH-1 and
Conl HCV strains show two a-helices (see Figs. 7 and 8) whose
lengths fit well with the helical content that was estimated by
CD spectroscopy in 50% TFE. The a1 helix corresponds to res-
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B. o2

FIGURE 8. NMR structure model of a1 and a2 helices of NS5A-D3. Shown are superimpositions of the backbone atoms (N, C,,, and Co atoms) of the 20 final
structures of NS5A-D3 from JFH-1 HCV strain (A and B) and of NS5A-D3 from Con1 HCV strain (C and D). Superimpositions of the final NS5A-D3 structures were
done over the backbone atoms of either the a1 helix (A and C) or the a2 helix (B and D). The amphipathic character of the a1 helix from NS5A-D3 (JFH-1) and
from NS5A-D3 (Con1) is shown in E and F, respectively. The average a1 helix structures from both HCV strains are represented as a schematic and colored
according to the Kite and Doolittle hydrophobicity scale (80) (—4.5 (green) to +4.5 (red)). The molecular surfaces are shown in the right panels and are colored

using the same criteria as described above.

idues Ser®*°-Gly®”” in NS5A-D3 (JFH-1) and to residues
Glu***~Gly**! in NS5A-D3 (Con1) and is well defined in both
NMR models. The shorter a2 helix is located at the extreme C
terminus of the domain but contains a few residues from the
purification tag. Hence, we cannot exclude the possibility that
the purification tag may influence the conformation of the C
terminus of NS5A-D3, even if disorder predictions indeed sug-
gested that the C terminus should be ordered (see Fig. 4).
Regions in intrinsically disordered proteins that have resid-
ual structure in aqueous solution may undergo disorder-to-
order transition upon interaction with relevant biological
partner(s) and have therefore been described as molecular rec-
ognition elements (60). The a1 helix in NS5A-D3, identified in
this study, displays a pronounced asymmetrical distribution of
the hydrophobic residues, rendering it amphipathic (see Fig. 8).
Moreover, all of the hydrophobic residues in a1, except for
le®”? in JFH-1, are strictly conserved or have the same physic-
ochemical properties among all reference sequences of the dif-
ferent HCV genotypes (see supplemental Fig. 1), strongly sug-
gesting an important structural and/or functional role of this
helix formation for some step(s) in the viral replication cycle.
The amphipathic nature of @l in NS5A-D3 may constitute a
crucial feature for the proper establishment of an interaction
with a biological partner. Numerous protein-protein interac-
tions have been reported for NS54, including viral (61-65) or
host cell proteins (reviewed in Ref. 66). The unfolded nature of
D2 and D3 could contribute to their hublike character for protein
interactions with high specificities and low affinities (67). Potential
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interaction candidates for the helices in NS5A-D3 are the host cell
apolipoprotein E (ApoE) and the HCV capsid protein (Core).
ApoE has been reported to interact with NS5A and to be required
for the production of infectious particles (68, 69). The ApoE-NS5A
interaction appeared to be strongly affected by deletion of
NS5A-D3 (68). ApoE is reported to interact with NS5A via its
C-terminal a-helix domain (residues 205-280) (70), which corre-
sponds to the lipid- or lipoprotein-binding region and is equally
predicted to form an amphipathic a-helix (71). ApoE hence con-
stitutes a possible candidate to interact with the amphipathic al
helix in NS5A-D3. However, when we tested the interaction, by
NMR, between both NS5A-D3 (JFH-1) and NS5A-D3 (Conl) and
ApoE3 N-terminal domain (72) or even full-length monomeric
mutant ApoE3-J5 (73), we did not observe any interaction (data
not shown). There are several possibilities to explain our results: (i)
domain 3 is required but not sufficient to promote the interaction
of NS5A with ApoE; (ii) the mutations in the monomeric
ApoE3-J5 mutant interfere with the NS5A-D3/ApoE interaction;
(iii) a specific conformation of ApoE is required for interaction
with NS5A; or (iv) another cofactor (protein, lipids, etc.) is manda-
tory to the proper establishment of the NS5A-D3/ApoE interac-
tion that has, so far, only been observed in HCV-infected cells or in
HCYV particles. The other candidate, the HCV Core protein, is
crucial for the production of infectious viruses (74, 75), a process
for which domain 3 of NS5A is also a key element (26, 38). Several
studies have pointed out NS5A-D3 as being essential for the
NS5A/Core interaction (26, 64). However, both the membrane
anchoring and the oligomerization properties of Core as well as its
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FIGURE 9. Analysis of the PPlase enzymatic activity of CypA toward NS5A-D3. A and B, superimposition of a 'H,"N HSQC (in red) and a 'H,"*N heteronuclear
exchange spectrum (200-ms mixing time) that have been acquired on a ['"°NJNS5A-D3 sample in the presence of catalytic amount of CypA (1:10 ratio). A, NS5A-D3
(JFH-1); B,NS5A-D3 (Con1). The NMR resonances (trans, cis, and the two exchange peaks) of NS5A-D3 residues on which the PPlase enzymatic activity of CypA has been
detected are connected by a dotted black box. C, residues on which a PPlase activity of CypA has been evidenced are shown in blue boldface type along the amino acid
sequence of NS5A-D3 (JFH-1 (top) and Con (bottom)). Proline residues are highlighted in gray. Residues that gave both a major and a minor resonanceina 'H,"*N HSQC
spectrum are underlined. Residues Gly*°® and Ser**® of NS5A-D3 (JFH-1) correspond to residues for which exchange peaks were tentatively assigned on the sole basis
of >N frequency because no minor peaks were assigned for these residues. D and E, determination of the CypA-catalyzed exchange rates (k. s~ ') toward the
peptide bonds Ala***-Pro**¢ in NS5A-D3 (JFH-1) (D) and GIn**°-Pro*®® in NS5A-D3 (Con1) (£). Taking into account the maximal intensity of the trans-cis exchange peak
() and the trans diagonal peak (/,;), experimental data that have been measured for I,./I;, (L, mean of triplicate experiments; bars, S.D. values in D and E) at different
mixing times were fitted to the theoretical equation (Equation 2 in Ref. 35) (solid line) (see “Experimental Procedures”). F, CypA-catalyzed exchange rates (s '; mean +
S.D.) that have been quantified using the procedure described above.

highly basic nature (76) render the investigation of the NS5A-D3/ Because mutations that confer resistance to cyclophilin
Core interaction very challenging and have prevented so far in  inhibitors not only map to the D2 domain but equally to
vitro analyses by NMR. NS5A-D3 (19, 21), we investigated by NMR spectroscopy a pos-
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sible direct interaction between this domain and CypA. For two
different genotypes, we found a direct interaction between
NS5A-D3 and CypA via residues of the PPlase active site that
coincides with the CsA binding pocket. Residues of NS5A-D3
that are involved in the interaction with CypA reside mainly in
the second half of D3 (Fig. 1) that is located just N-terminal of
the a2 helix. Interestingly, numerous residues of the 20-residue
insertion in JFH-1 are also involved in CypA interaction. Dis-
appearance of the minor cis-related cross-peaks in the HSQC
spectra of NS5A-D3 (see Fig. 1) suggests that especially the cis
prolines are targeted. Using 'H,'”N heteronuclear z-exchange
spectroscopy (47, 48), we show that CypA has in vitro PPlase
activity toward NS5A-D3 (see Fig. 9). However, in contrast to
what we observed previously with NS5A-D2 (35), CypA exhib-
its a certain degree of enzymatic specificity toward given pep-
tidyl-prolyl bonds, with an important in vitro PPlase activity
toward the peptide bond preceding the Pro**® that is located
in the JFH-1 insertion. The exchange rates (k.,.,,) measured for
the NS5A-D3 residues are in the 1-30 s~ ! range and are similar
to the ones measured toward NS5A-D2 (14—61 s~ 1) (35) and
also toward the Gly**'-Pro*** HIV capsid bond (15 s %).

Several research teams have shown that CypA is a host factor
that plays a key role in the HCV replication process (17—-20). Inhib-
itors of CypA, such as CsA (15, 77) or non-immunosuppressive
analogues (8, 10—12), thereby exert anti-HCV activity. The D3
domain of NS5A, despite its minor contribution for RNA replica-
tion (27, 78, 79) but major role for assembly (26, 38) is a site for
mutations conferring resistance against CsA or even Debio-025, a
structural analog. The mutations have been identified at the
extreme C terminus of the domain (i.e. V448A in a genotype 1b
subgenomic replicon (21) and V464A in a JFH-1 (2a) subgenome
(19)). Interestingly, in the latter case, the mutation slows down
proteolytic cleavage at the NS5A/B site, suggesting an indirect
relationship between NS5A-D3 and CypA. Our results indicate a
direct interaction of CypA with the C-terminal region of NS5A-
D3, reinforcing the idea that cyclophilins might engage in multiple
functional interactions with the viral proteins, most notably with
NS5A.

In conclusion, we report here a comparative structure-func-
tion study between the NS5A-D3 proteins from two different
HCV strains. Importantly, although intrinsically unfolded,
NS5A-D3 exhibits localized helical propensity, which might be
crucial for molecular interactions with host or other viral pro-
teins. Our results also point out a direct molecular relationship
between NS5A-D3 and the host chaperone CypA. Because the
binding and PPlase activity of CypA are tightly linked, addi-
tional experiments are required to determine which one oper-
ates in vivo during the HCV replication cycle.
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