Biochemistry2006,45, 2221-2233 2221

NMR Structure and Molecular Dynamics of the In-Plane Membrane Anchor of
Nonstructural Protein 5A from Bovine Viral Diarrhea Vifids

Nicolas Sapay,Roland Montserret,Christophe Chipdt,Volker Brass;] Darius Moradpout, Gilbert Deleage$ and
Franmis Penin*

Institut de Biologie et Chimie des Pfates, CNRS-UMR 5086, IFR128 BioSciences Lyon-Gerlandyddsity of Lyon, F-69367
Lyon, France, Institut Nariden de Chimie Mdleulaire, CNRS-UMR 7565, Unérsity of Nancy |, BP 239, F-54506
Vandoeure-les-Nancy Cedex, France, Department of Medicine Il, dénsity of Freiburg, Hugstetter Strasse 55, D-79106
Freiburg, Germany, and DRision of Gastroenterology and Hepatology, Centre Hospitalier@rsitaire Vaudois,
University of Lausanne, Rue du Bugon 46, CH-1011 Lausanne, Switzerland

Receied September 1, 2005; Reed Manuscript Receeéd December 19, 2005

ABSTRACT: Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) is a monotopic membrane protein
anchored to the membrane by an N-terminal in-plane amphipatitielix. This membrane anchor is
essential for the assembly of a functional viral replication complex. Although amino acid sequences differ
considerably, putative membrane anchors with amphipathic features were predicted in NS5A from related
Flaviviridae family members, in particular bovine viral diarrhea virus (BVDV), the prototype representative
of the genusPestiirus. We report here the NMR structure of the membrane anch@8lof NS5A from

BVDV in the presence of different membrane mimetic media. This anchor includes a long amphipathic
o-helix of 21 residues interacting in-plane with the membrane interface and including a putative flexible
region. Molecular dynamic simulation at a watelodecane interface used to mimic the surface separating

a lipid bilayer and an aqueous medium demonstrated the stability of the helix orientation and the location
at the hydrophobie hydrophilic interface. The flexible region of the helix appears to be required to allow
the most favorable interaction of hydrophobic and hydrophilic side chain residues with their respective
environment at the membrane interface. Despite the lack of amino acid sequence similarity, this amphipathic
helix shares common structural features with that of the HCV counterpart, including a stable, hydrophobic
N-terminal segment separated from the more hydrophilic C-terminal segment by a local, flexible region.
These structural conservations point toward conserved roles of the N-terminal in-plane membrane anchors
of NS5A in replication complex formation of HCV, BVDV, and other related viruses.

Nonstructural protein 5A (NS5A)from bovine viral replication complex. Numerous additional functions and a
diarrhea virus (BVDV) and that from hepatitis C virus (HCV) plethora of interaction partners have been postulated for
are phosphorylated proteins of unknown functi@n2). In NS5A (reviewed in ref$ and7), including the modulation

HCV, it is found in a 56 kDa basally phosphorylated form of cellular interferon responses (reviewed in8gfHowever,
and in a 58 kDa hyperphosphorylated form. The phospho- the definitive function of NS5A is elusive, and surprisingly
rylation state of NS5A was recently proposed to have a little effort has been devoted to the basic biochemical
regulatory function in HCV RNA replication3-5). NS5A characterization of this protein.

is believed to be an essential component of the HCV A characteristic feature of positive-strand RNA viruses
such as HCV is that the nonstructural proteins form a
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Our recent NMR structure analyses demonstrated that A

membrane anchorage is due to the embedding of a long . Ems 7 NS4A .
amphipathica-helix at the membrane interfac3). This yomeroc] [E1] E2 [[Ns2 | Ns3 | [Ns4B[|NSSA| NSSB jmm
helix (amino acids 525) displays a hydrophobic, tryp-

tophan-rich side interacting with the hydrophobic core of 1 10 20 28
the phospholipid bilayer, while the polar, charged side is & NYTLDLIYSLHKQINRGLKKMVLGWA

exposed to the cytosol. Thus, NS5A is a monotopic
membrane protein exhibiting an in-plane amphipatiieelix

as a membrane anchor located at its amino terminds ( NS5A[1-28]-GFP GFP-NS5A[1-28]
13). Functional analyses demonstrated that this helix defines
a platform probably involved in specific protetiprotein
interactions essential for the formation of a functional HCV
replication complex3). Limited proteolysis of recombinant
NS5A has allowed the organization of this protein in three
domains downstream of the membrane-anchoring amphi-
pathic a-helix to be specified?). Recently, Tellinghuisen

et al. (14) reported the X-ray structure at 2.5 A resolution
O.f the relatlvgly highly Conserve.d domain | which forms FiGUrRe 1: Genome organization of bovine viral diarrhea virus
dimers associated by the N-terminal ends of the molecules.gypv) and association of its NS5A N-terminal sequence of
Since only five residues are missing between the membrane-residues +28 with the ER membrane. (A) The BVDV genome is
anchoring amphipathia-helix and domain 1, it is probable  a single-stranded RNA with positive polarity of 12.6 Kiv), and
that the N-terminus of domain | is located close to the itsorganization is similar to that of HC\6g). The single encoded

: _ . _ polyprotein precursor is co- and post-translationally processed by
membrane. The basic nature of the surface of N-terminal cellular and viral proteases to yield the mature structural and

domain | led the authors to propose that it could interact nonstructural proteins. For both BVDV and HCV, the structural
with the negatively charged phospholipid headgroups on theproteins include the core protein (C) and envelope glycoproteins
membrane surface. This interaction would position a groove E1 and E2, and an additional envelope protein EO with associated

“ lika” di ; RNase activity () for BVDV (59). In addition, the N-terminus
gene[)ated by ;he _(;Iaw Ill(lj(e. tdlmetr fiﬂnF?NaAway from the of the BVDV polyprotein includes the proteinPM that ensures
memborane, where It could Interact wi 4). the release of the core protein by autoproteoly6®).(For both

We recently studied the determinants for membrane viruses, the nonstructural proteins include NS2-3 autoprotease, NS3
association of NS5A from HCV-related Flaviviridae family protein composed of an N-terminal serine protease domain and a
members (V. Brass, Z. Pal, N. Sapay, H. E. Blum, F. Penin, ﬁggrm|?altRNﬁShf£case goma'”* NtS_4ANrg%errar:jeNp§éy£eFf£ie
and DI Moradpour, SUb.m.Itted for pu.b.llcatlon). Th|$_famlly depeﬁgeanct 0IQNA polr;]nﬁg}agaler?ehﬁ)é%ilni’s (:olor,eaéin gray, and its
comprises the genefdavivirus, Hepacvirus, andPestuirus N-terminal membrane anchor of a& 28 studied here is indicated
as well as the yet unassigned GB viruses A (GBV-A), GBV- (GenBank accession number M31182). (B) Confocal laser scanning
B, and GBV-C. A wide range of diseases is induced by these microscopy views showing the subcellular distribution of the green

; i ; iti< fluorescent protein (GFP) fused to N-terminal aa2B of BVDV
viruses in humans (e.g., hemorrhagic fever or encephalitis NS5A expressed in U2-OS cells (V. Brass et al., submitted for

for genusFlavivirus and hepatitis C for genusepaciirus) publication). The BVDV NS5A[+28] sequence fused to either
or in animals [e.g., fatal mucosal disease for BVDV, the the N- or C'terminus of GFP (NS5Af28]—-GFP and GFPNS5A-
prototype representative of the gersstvirus (15)]. All [1—28] panels) is sufficient to target this protein to endoplasmic

of these viruses are enveloped positive-strand RNA virusesreticulum membranes, while GFP expressed alone is diffusely
exhibiting a similar overall genome organization (see Figure distributed in the cytoplasm and nucleus (see Figure 2 ol tgf

1A) and expressing their structural and nonstructural proteins

via translation of a single open reading frarié)( Although NS5A in replication complex formation. This conservation
primary amino acid (aa) sequences differed considerably, may be exploited in the search for cellular factors involved
putative membrane anchors with amphipathic features werein HCV RNA replication and in the development and
predicted in the N-terminal sequences of NS5A from BVDV, evaluation of novel antiviral strategies.

GBV-B, and GBV-C (V. Brass et al., submitted for publica- Monotopic membrane proteins constitute a particular class
tion). By confocal laser scanning microscopy as well as of protein which binds to the surface of the membrane.
membrane sedimentation and flotation analyses, these proHowever, detailed three-dimensional structures are known
teins exhibited membrane association characteristics veryfor only four protein types listed as monotopic in the
similar to those of HCV NS5A. Analyses of GFP fusion Membrane Protein Resource (http://blanco.biomol.uci.edu/
constructs revealed that the N-terminal segments of residuesMembrane_Proteins_xtal.html). The parts of the proteins
1-27 to 1-33 of these NS5A proteins were sufficient for located in the membrane interface region have received

membrane association (segmentZB for BVDV; see Figure limited attention, and the structural constraints imposed on
1). Circular dichroism analyses of synthetic peptides repre- the proteins by this region of the phospholipid bilayer remain
senting these membrane anchors confirmed thdielical poorly documentedl(7). Thus, the positioning of in-plane

structure. We concluded that membrane association of NSS5Aamphipathic helices at the membrane interface remains
with an N-terminal amphipathia-helix is a feature shared poorly understood, and molecular dynamics (MD) in mem-

by HCV and related members of the Flaviviridae family. brane mimetic environments is an attractive tool for gaining

This observation further supports the relevance of thesefurther insight (8, 19).

viruses as model systems for HCV and points toward In this study, we have investigated the structure of the
conserved roles of the N-terminal amphipatbitelices of NS5A membrane anchor from BVDV which presents no
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obvious aa conservation with its HCV counterpart. The three- detergent to a final peptide concentration of 2 mM (pH 4.5
dimensional structure of a synthetic peptide corresponding and 4.8 in SDS and DPC, respectively). DSS (2,2-dimethyl-
to this membrane anchor, NS5Af28], was determined by  2-silapentane-5-sulfonic acid) was used as an intékhahd
NMR in the presence of sodium dodecyl sulfate (SDS) or '3C chemical shift reference in all NMR samples.
trifluoroethanol (TFE, 50%) used to mimic the membrane  NMR experiments in 50% TFHE, were recorded in
environment. NMR data revealed the presence of a long nonspinning mode at 303 and 313 K. Multidimensional NMR
amphipathia-helix and support an in-plane interaction with  experiments were carried out at 500 MHz on a Varian Unity-
the membrane bilayer interface. In addition, this helix shares plusspectrometer equipped with a triple-resonance preton
common structural features with that of the HCV counterpart. carbon-nitrogen 5 mm probe with a self-shieldedradient
The positioning of this amphipathic helix at the membrane coil andultra-nmr shims. Nuclear Overhauser effect spec-
interface and its flexibility suggested by the NMR data were troscopy (NOESY), double-quantum-filtered correlation spec-
investigated by using molecular dynamics simulations at a troscopy, homonuclear total correlation spectroscopy (TOC-
water-dodecane interface. We report that the helix backbone SY), and*H—'3C heteronuclear single-quantum correlation
is very likely located at the polar headgrotalkyl chain (HSQC) experiments using conventional optimized pulse
interface of phospholipids and that the local flexibility of sequences were performed as described previoQdly26
the helix appears to be required to allow the most favorable and references therein). NOESY spectra were recorded with
interaction of hydrophobic and hydrophilic side chain mixing times ranging from 50 to 150 ms, and an isotropic
residues with their respective environment. These studiesmixing time of 80 ms was used for clean-TOCSY (spectral
allowed us to propose a model of the positioning of the NS5A window of 11 ppm, 2048 data points i, and 256 or 512
membrane anchor from BVDV. increments inF;). Varian VNMR software was used to
process all data, and Sparky (from T. D. Goddard and D. G.
EXPERIMENTAL PROCEDURES Kneller, University of California, San Francisco, available
Sequence Analysi@VDV NS5A full-length sequences  at www.cgl.ucsf.edu/home/sparky) was used for analysis of
where retrieved from the UniProt protein datab&® (sing two-dimensional spectra. Intraresidue backbone resonances
the BLAST homology search prograr21). HCV NS5A and aliphatic side chains were identified from two-dimen-
sequences were retrieved from the European HCV databaseional (2D)!H TOCSY and confirmed witAH—3C HSQC
developed by our laboratory (http://euhcvdb.ibcp.f2p)( in 3C natural abundance. Sequential assignments were
using BLAST. Multiple-sequence alignments were performed determined by correlating intraresidue assignments with
with CLUSTAL W (23) using default parameters. The interresidue cross-peaks observed in’2DNOESY. NMR-
repertoire of residues at each aa sequence position and theiderivedHo. and *3Co. chemical shifts are reported relative
frequencies observed in natural sequence variants wereo the random coil chemical shifts in TFRT, 28).
computed by using a program developed by our laboratory For H—D exchange experiments, the peptide lyophilized
(F. Dorkeld, C. Combet, F. Penin, and G. Deleage, unpub- in the presence of SDS was solubilized in 100%40Oland
lished data). fast NOESY spectra were recorded at appropriate time
Confocal Laser Scanning Microscopgonfocal laser intervals over the course of 72 h. To confirm observed™
scanning microscopy was performed as described previouslyexchange, this SDS/peptide sample was lyophilized again
(11). In brief, U-2 OS human osteosarcoma cells were grown prior to solubilization in 100% kD, and again fast NOESY
on coverslips and transiently transfected with the pCMV- spectra were recorded over a period of 72 h. Fast NOESY
BVDV-5AN28-GFP or pCMV-GFP-BVDV-5AN28 plasmid  spectra were recorded with a mixing time of 100 ms.
that allows expression of the 28 N-terminal amino acids of NMR-Derived Constraints and Structure Calculations.
BVDV NS5A fused to either the N- or C-terminus of the NOE intensities used as input for the structure calculations
green fluorescent protein (V. Brass et al., submitted for were obtained from the NOESY spectrum recorded with a
publication). Cells were fixed with 2% paraformaldehyde 100 ms mixing time and checked for spin diffusion with
and mounted in SlowFade (Molecular Probes, Eugene, OR).spectra recorded with shorter mixing times (50 ms). NOEs
Slides were analyzed with a Zeiss LSM 510 confocal were partitioned into three categories of intensities that
microscope, and images were processed with Adobe Pho-corresponded to distances ranging from a common lower
toshop version 7.0. limit of 1.8 A to upper limits of 2.8, 3.5, and 4.5 A for strong,
Peptide Synthesi3he NS5A[1-28] peptide, representing  medium, and weak intensities, respectively. The cross-peak
the first 28 N-terminal residues of NS5A from the BVDV 1 intensities of the ld—He protons of Tyr10 were used as the
isolate NADL (GenBank accession number M31182), was reference distance (2.45 A). Neither dihedral angle nor
synthesized by the stepwise solid-phase method of Merrifield hydrogen bond restraints were introduced. Protons without
and by employing Fmoc chemistry. After cleavage and stereospecific assignments were treated as pseudoatoms, and
deprotection, the peptide was purified by RP-HPLC and the correction factors were added to the upper and lower
exhibited the expected mass of 3200 Da when measured bydistance constraint29). Three-dimensional structures were
electrospray mass spectrometry. generated from NOE distance constraints by the restrained
NMR Spectroscopy-or the NMR sample in 50% TF8.- dynamical simulated annealing protocol with XPLORIH
(>99% isotopic enrichment), the lyophilized NS5A28] version 2.0.6 30) using standard force fields and default
purified peptide was dissolved at a concentration of 2 mM parameter sets. Sets of 50 structures were calculated to widely
(pH 4.5). For NMR samples in SD&s (>98% isotopic sample the conformational space, and structures with no
enrichment) or dodecylphosphocholine (DRigg-(>98% distance restraint violations>0.5 A) were retained. The
isotopic enrichment), the lyophilized peptide was dissolved selected structures were compared by pairwise root-mean-
in a 95/5 mixture of HO and DO containing 100 mM square deviation (rmsd) over the backbone atom coordinates
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(N, Ca, and C). Local analogies were analyzed by calculat-
ing the local rmsd of a tripeptide window sliding along the

sequence. Statistical and structural analyses were performed

using AQUA version 3.2 and PROCHECK-NMR version
3.5.4 BY).

Molecular Dynamics SimulationdMolecular dynamics
(MD) simulations were performed in the isobarisothermal
ensemble using NAMD version 2.8%). The trajectories
were analyzed with the NAMD LogParser 1.0 (available

at http://namd-Ip.sourceforge.net/) and Ptraj (available at

www.chpc.utah.eddw/cheatham/software.html) utility codes.
The MDTools 0.62 python module (available at www.
ks.uiuc.edutjim/mdtools/) has been used additionally to

compute atom densities and first-order hydrophobic moments

(33). The hydrophobic moment was computed using the
Eisenberg hydrophobicity scal84). Eight-state secondary
structure assignment has been computed using Stige (
Image rendering was carried out with VMD version 1.8.2
(36).

System Setuphe simulation cell consisted of one pre-
equilibrated dodecane lamella in equilibrium between two
lamellae of water as detailed previousBB7). The NS5A-
[1—28] average structure obtained in 50% TFE (PDB entry
2AJN) was placed slightly above the watefodecane
interface. The initial dimensions of the cell were 50450
A x 75 A. The complete system included 2926 water
molecules, 892 dodecane molecules, and the NS5281

peptide, representing a total of 4288 atoms. The peptide
N-terminus was treated as a charged ammonium moiety and

its C-terminus as a carboxyl group. The histidine was
protonated at the 8L site. The net charge of the peptide
equal to+3 was neutralized by three chlorine counterions.

The setup of the system and energy minimization were

completed with CHARMM 27 §8).

Simulation ParameterdAll simulations were carried out
by employing the CHARMMZ27 force field39). The system
was simulated using periodic boundary conditions with a
short-range cutoff radius of 12 A. Long-range electrostatic
interactions were handled with the particle mesh Ewald
(PME) method 40, 41). All bonds between hydrogen and
heavy atoms were fixed to their equilibrium value. The
equations of motion were integrated with a multiple-time
step algorithm and a time step of 2 fs. The temperature an

the pressure were fixed at 300 K and 1 bar, respectively,
using Langevin dynamics and the Langevin piston method.

The system was equilibrated over a period of 2 ns, followed
by production for 6 ns.

RESULTS

NMR Structure of the BVDV NS5AfR8] Peptide in
Membrane Mimetic MediaCircular dichroism analyses of
the BVDV NS5A[1-28] synthetic peptide performed in the

Sapay et al.
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Ficure 2: Extracts of the NOESY spectra of BVDV NS5Af1
28]. NH—Ha region of 2 mM NS5A[1-28] in 50% TFE (A) and
100 mM SDS (B) recorded at 303 K with a mixing time of 150
ms. NH-Ha intraresidue cross-peaks are labeled by residue
number. Note that in 100 mM SDS (B), each of the two. H
resonances of Gly26 is observed.

homo- and heteronuclear NMR experiments with BVDV
NS5A[1—-28] dissolved in 50% TFE, or 100 mM SDS-

dos yielded well-resolved spectra (panels A and B of Figure
2, respectively). The spin systems were identified with
TOCSY spectra at 298 and 308 K with the helpdf-13C
HSQC spectra in natural abundance. The sequential assign-

gment was performed with the help of the NOESY spectrum

obtained with a mixing time of 150 ms and temperatures of
298 and 308 K. Despite the poor dispersion of the NH and
Ho resonances (25 of 28 HN anddHesonances are spread
over a range from 0.9 to 0.6 ppm, respectively), the
sequential assignment of all spin systems was completed in
50% TFE (Figure 3A, left). ThéH—3C HSQC experiment
allowed the confirmation of all proton side chain resonances
as well as the determination of tHéC resonances and
calculation of the chemical shift differences fota. and**Ca
(Figure 3B,C). The intensities of NOE cross-peaks were

presence of various membrane mimetic media such as SDSJefined from the NOESY spectrum recorded at 298 K with

or DPC detergent micelles or TFE/water mixtures showed
an o-helix content of~84% (V. Brass et al., submitted for
publication). Here, the conformational behavior of NS5A-

a mixing time of 100 ms. Few side chain NOE cross-peaks
were defined from the NOESY spectrum recorded at 208
K. NOESY spectra of the peptide in SO micelles

[1—28] in these commonly used membrane mimetic solvents exhibited broader resonances and narrower dispersion of the

for structure analysis of membrane peptidé3 (vas further
investigated by NMR to gain insights into peptide folding
at the atomic level. As illustrated by the NOESY spectral
extracts of the @-NH region shown in Figure 2, the 2D

NH and Hx resonances, as illustrated in Figure 2B. These
spectra were however sufficiently well-resolved to allow the
assignment of all spin systems, whereas the sequential
assignment was only partially performed due to overlapping
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Ficure 3: NMR analysis of BVDV NS5A[128]. (A) Summary of sequential,( + 1) and medium-range,(i + 2 toi, i + 4) NOEs in

50% TFE (left) and 100 mM SDS (right). Intensities of NOEs are indicated by the height of the bars. Asterisks indicate that the presence
of a NOE cross-peak that is not confirmed because of overlapping resonances. Amide protons that remained observable in a NOESY
spectrum in 100 mM SDS after 14 h in,O are denoted with filled circles (very slowly exchangeable protons), while those disappearing
within 14 h are denoted with empty circles (highly exchangeable protons). (B akdloCind*Ca. chemical shift differences (in parts per

million) in 50% TFE (left) and 100 mM SDS (right), respectively. Chemical shift difference were calculated by subtraction of the experimental
values from the random coil conformation values reported in 2&fand 28 and corrected using sequence-dependent correiQr2g).

The dashed lines indicate the standard threshold value for-laglix for AHa (—0.1 ppm) andACo (0.7 ppm). (D) Histogram of the
averaged rmsd values (i.e., local rmsd) of three residues for the backbone atoms of the final set of calculated structures in 50% TFE (left)
and 100 mM SDS (right). Note that the corresponding structures are reported in Figure 4.

cross-peaks (Figure 3A, right). In contrast, for the peptide fewer or even no medium-range connectivities. This is the
in dodecylphosphocholine (DP@z) micelles, the broaden-  sign of fraying helix ends often encountered in peptide
ing and overlapping of NMR cross-peaks were too large to termini. In SDS micelles (Figure 3A, right), severahelix
complete the assignments (data not shown). NOE connectivities are missing in this-25 segment when
The overview of the sequential and medium-range NOE compared to those observed in TFE, especially between
connectivities in 50% TFE (Figure 3A, left) shows that the Glul5 and Leu20. Moreover, cross-peaks between Lys14 and
main body of the peptide (residues-85) displays typical Leu20 display lower intensities, suggesting differences in
a-helix NOEs, including strongiy(i, i + 1) sequential the dynamic behavior in this region (see-B exchange
connectivities and weallyn(i, i + 2), medium and strong  results below). In summary, with regard to medium-range
deg(i, i + 3), and weakdun(i, i + 4) medium-range  connectivities in SDS micelles, segment B displays the
connectivities. In contrast, residues flanking the N- and most typicalo-helix ones while that observed in segment
C-terminal ends of the-525 helix remain more flexible with ~ 21—25 suggests a flexible helix turn. Due to the lack of NOE
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information, the helical status of segment—1 remains A
unclear. Finally, the N-terminal end of the peptide is devoid 1 10 20 28

of medium-range NOEs, and the C-terminal end has only a I | I I
SGNYVLDLIYSLHKQINRGLKKIVLGWA

few medium-range connectivities, indicating a large flex-
ibility at each peptide extremity.

The differences intHo and **Ca chemical shifts from
those found in random coil peptides are additional indicators
of the secondary structurg, 28). Chemical shift differences
for 'Ho. and*3Ca are shown in panels B and C of Figure 3
for TFE and SDS, left and right, respectively. The long series
of negative'Ha (AHa. < —0.1 ppm) and positivé3*Ca
chemical shift differencesA®*Ca. > 0.7 ppm) observed in
segment 525 are typical of ana-helical conformation.
However, the smalleAHa difference for residues Argl8
and Gly19 in both 50% TFE and SDS micelles suggests some
flexibility of the a-helix around these residues. In addition,
the weakerA'Ha and A'Ca differences observed for
residues 1519 in SDS micelles suggest that this region is
more dynamic than in 50% TFE. These observations are
reinforced by protorrdeuterium exchange data in SDS
showing that segments +39 and 2122 exhibit high H-D
exchange rates, indicating a larger solvent accessibility and
flexibility when compared to those of the rest of the helix
region (Figure 3A, right© and @, respectively).

Taken together, these results show that in both 50% TFE
and SDS micelles, the main body of the peptide adopts an
a-helix conformation, including residues-25, with some
flexibility around residue Gly19. This flexibility appears to
be greater in SDS than in 50% TFE, especially for the
C-terminal part of the helix (i.e., segment-185).

NMR Structure Model of NS5AH128]. The numbers of  Fure 4: Structural characterization of the BVDV NS5A28]

NOE-derived interproton distance constraints used for the peptide. (A) Peptide sequence. (B) Superimposition of the backbone
structure calculations are reported in Table 1 of the Sup- heavy atoms (N, &, and C) of the 31 final structures in 50%

porting Information. From the 50 initial computed structures, TFE (top, PDB entry 2AJJ) and a cartoon representation of the

: : ] : average structure (bottom, PDB entry 2AJN). The 31 structures
final sets of 31 and nine low-energy structures were retamedWere superimposed for the best overlap of residue85 corre-

for the peptide in 50% TFE and SDS micelles, respectively. sponding to thex-helical segment. (C) Superimposition of the final
Structure selection was based on NOE violations lower than set of nine structures in 100 mM SDS (top and middle, PDB entry
0.5 A, and both sets of structures fully satisfied the 2AJM) and a cartoon representation of a representative structure

conesponding experimental NVIR data, The fnal siatstics 337 1o 1 T 1 e (ot 00 S A0,
are listed in Table :_L_Of the Supporting Information. residues 519 (top) or 19-25 (middle), which correspond to the
The superimposition of the 31 calculated structures well-definedo-helical segments.

obtained in 50% TFE is shown in Figure 4A. All structures
exhibit a regulara-helical conformation extending from  structures in SDS is analyzed by VADARI3). This is
residues Val5 and Leu25, as also reflected by the low local illustrated in the representative structure reported in Figure
rmsd for the backbone heavy atoms (Figure 3D, left) as well 4C (bottom). These conformational fluctuations are in
as the low global rmsd of 0.54 A in this segment. agreement with the various NMR data reported above in this
In contrast, the higher rmsd value of 2.38 A between region (low Hx and Gx chemical shift differences, high
residues 5 and 25 for the set of nine structures in SDS H—D exchange rate, low intensities of medium-range NOEs,
micelles reflects an apparent conformational heterogeneity. a;—/i+3 connectivities) and suggest that residues surrounding
This is highlighted in the superimposition of the nine Gly19 constitute an intrinsic flexible helical element of the
structures (Figure 4C) showing some conformational fluctua- BVDV NS5A[1—28] membrane anchor. This flexibility was
tions of the backbone around residue Gly19. However, eachfurther documented by molecular dynamic simulation (see
helical segment (519 and 19-25) is well defined, as  below). Finally, both edges of the-25 a-helix in TFE and
indicated by their lower global rmsds of 0.73 and 0.93, SDS (panels B and C of Figure 4, respectively) appeared to
respectively (see the Supporting Information). The local be unstructured. However, these apparent structural instabili-
conformational fluctuations around Gly19 are illustrated by ties might be explained by the absence of stabilizing
the high local rmsd values, including residues-21, when interactions with the rest of NS5A and/or membrane phos-
compared to the low values 0f0.1 A observed in well- pholipids in the context of the isolated NS54{28] peptide.
defined regions (Figure 3D, right). In addition, due to the  Despite the local conformation differences observed
presence of noncanonical dihedral angles and low helix between the NS5A[£28] structures in 50% TFE and SDS
backbone H-bond energies, region-122 is assigned as micelles, the asymmetric distribution of polar and hydro-
either a-helical or coiled when the set of nine calculated phobic residues on each side of helixZb clearly reveals
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Ficure 5: Structures of the NS5A aa—25 amphipathia-helix in 50% TFE (left) and 100 mM SDS (right) and expected location in the
membrane. (A) The aa sequence of NS5APB], including helix 5-25 (box). (B-D) Side, top, and bottom views of the surface of the
NS5A[1-28] average structure in 50% TFE (PDB entry 2AJN)—(&) Side, top, and bottom views of the surface of a NS5AZ8]
representative structure in 100 mM SDS (PDB entry 2AJO). The structure backbones are displayed as ribbons in panels B and E. Residues
are color-coded according to their physicochemical properties. Hydrophobic (A, V, L, and I) and polar residues (S, N, D, Q, H, K, and R)
are colored gray and yellow, respectively, except for Trp and Tyr (magenta) and Gly (white). Positively and negatively charged groups of
basic (K and R) and acidic (D and E) residues are colored blue and red, respectively. Hydrophilic neutral groups (OH, NH, and CO) of
polar residue side chains (S, N, Q, Y, and W) are colored green, and the histidine ring is colored cyan. The aa sequence-628IS5A[1

is colored accordingly (A). (G) Expected location and orientation of the BVDV NS5A amphipathéix in the membrane. The positioning

of the peptide backbone (ribbon representation) and residue side chains (stick representation) at the interface between polar heads and
hydrophobic tails of phospholipids was deduced from the molecular dynamics simulations in water and dodecane reported in Figure 6. The
simulated model of the POPC bilayer was obtained from 18fand19 (http://moose.bio.ucalgary.ca/). A single POPC molecule in a thick

stick representation is shown at the right. The polar head and the hydrophobic tail of phospholipids are colored light gray and orange,
respectively. Panels-BH were rendered with the PyMOL molecular graphics system (DeLano Scientific, http://www.pymol.org).

the amphipathic character of thishelix (Figure 5B-G). hydrophilic and hydrophobic grooves are clearly more linear
However, the positioning of residues along helixZ5 in for the structure determined in SDS micelles (Figure-5E
50% TFE defines slightly twisted hydrophobic and hydro- G). This structural feature might be explained by the flexible
philic grooves (Figure 5BD). This is due to the slight region centered on Gly19 which possibly allows the peptide
bending of the helix determined in 50% TFE. Such bending to adapt to the waterSDS micelle interface. As illustrated
often observed for isolated helices in TFE studied by NMR in Figure 5F for the structure determined in SDS, all charged
is mainly due to the lack of long-range distance restraints and polar chemical groups of residues are exposed along both
when the 3D structure is calculated. In contrast, both edges of the hydrophilic side of the peptide. On the other
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Ficure 6: Analysis of the NS5A[+28] molecular dynamics at a watedodecane interface. (A) Snapshot of the assayed peptide at the
water—dodecane interface at 6 ns. The backbone is depicted as a yellow ribbon. Hydrophobic, hydrophilic, negatively charged, and positively
charged side chains are colored gray, green, red, and blue, respectively. The reader is looking down the helix from its N-terminus. Water
and dodecane molecules are represented as van der Waals spheres colored light blue and orange, respectively. Dodecane chains are als
represented as sticks. (B) Density profiles (left) and free energy profiles (right) describing the position of the assayed peptide with respect
to the water-dodecane interface. In density profiles, water is colored cyan, dodecane orange, and the peptide backbone green and hydrophobic
and hydrophilic side chains are colored black and blue, respectively. The free energy profile of all backbone atoms is colored black, while
that of a-helix is colored red. For clarity, the origin of threaxis has been set at the interface (in fact, the interface was located 17.8 A from

the dodecane center of mass). (C) Secondary structure evolution of the assayed peptide during the molecular dynamics simulation. The
secondary structure is computed in eight states by St88e the a-helical content is shown in red, thesdhelix content in purple, the turn

content in pink, and the coil content in cyan. (D) Hydrophobic moment of the assayed peptide during the simulation colored purple. The
red line is the hydrophobic moment computed for the whole peptide constraints as canemétixl and residue side chain orientation. The

green curve is the hydrophobic moment of this canonical helix but with the side chain orientation of the assayed peptide during the dynamics
(the canonicabi-helix was fitted on the backbone of the assayed peptide during the dynamics).

hand, aromatic rings of Tyr4 and Trp27 appear to be well polar helical element emerge from these analyses. The
positioned at the hydrophilichydrophobic interface, sug-  N-terminal portion (residues-512), including polar residues
gesting an essential role in the membrane association of theAsp7 and Serll exhibiting slowly exchangeable amide
peptide. A similar role could be assigned to Tyr10, although protons, appears to be very hydrophobic. This region, which
it appears mainly located on the hydrophilic helix side. forms a very stablei-helix in SDS according to the medium-
Positioning of NS5A[128] in SDS MicellesThe posi- range NOE connectivities (Figure 3A, right), is likely more
tioning of the peptide in SDS micelles was investigated by buried in the micelle core than the basic C-terminal helix of
assessing the proterdeuterium exchange of the amide residues 1825. From these data, it is possible to deduce
proton by NMR using either lyophilized protonated peptide/ that amphipathic helix-525 forms an in-plane amphipathic
SDS micelles dissolved in O or lyophilized amide- o-helix embedded at the phopholipid interface in the
deuterated peptide/SDS micelles dissolved isOHThe membrane context.
disappearance or appearance of amide protons was estimated Molecular Dynamics of BVDV NS5AF128] at a Water-
on the basis of NOESY spectra recorded at various time Dodecane InterfaceTo investigate further the positioning
points up to the exchange of all amide protons (72 h). Theseof NS5A segment 128 in a membrane as well as its putative
analyses allowed us to distinguish four groups of exchange-conformational fluctuations reported above, we studied the
able amide protons: rapid exchange (less than 3 h), residuesehavior of the peptide structure by MD simulations at a
1-3, 15, 17, and 28; intermediate exchange (from 3 to 6 h), water-oil interface utilized to mimic the hydrophilie
residues 4, 13, 14, 16, 26, and 27; slow exchange (from 6 tohydrophobic interface of a watemembrane arrangement
14 h), residues 7, 18, 19, 21, and 22; very slow exchange(37, 44, 45). For the simulations, the average structure
(>14 h), residues 5, 6,812, 20, 23, and 24 (the latter are determined in 50% TFE was chosen (PDB entry 2AJN)
reported with filled circles in Figure 3A, right). All hydro-  because of the homogeneity of the set of calculated structures
phobic residues but lle16 belonging to helical regier2s in this medium. In the equilibration step, stabilization of
appeared to be slowly exchangeable, indicating that they aretemperature and energy was reached in less than 6 ps, and
likely buried in the SDS micelle hydrophobic core. In they became remarkably stable after that period. The water
contrast, most of the hydrophilic residues are rapidly dodecane interface remains stable, and marginal water
exchangeable and thus likely exposed at the micelle surfacediffusion in the hydrophobic phase was observed. The
These data indicate that amphipathic helix25 is located optimal positioning of the peptide at this interface was,
at the SDS micelle surface with its hydrophobic side however, significantly longer and occurs over ca. 1 ns. The
interacting with the hydrophobic core of the micelle. production step was thus run over 6 ns (Figure 6). A snapshot
Interestingly, two distinct regions connected by the-13 of the system at the end of the simulation is reported in
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Figure 6A and an animated video of the 6 ns molecular = These conformational changes can be seen as the adapta-
dynamics simulation is available as Supporting Information. tion of the peptide to the watedodecane interface. A
During the entire production period, the NS5A{28] peptide measurement of this adaptation is given by the values of the
remained at the watedodecane interface (see Figure 1 of first-order hydrophobic momenty (33), which include both
the Supporting Information). The average distance betweenthe peptide backbone conformation and the side chain
the centers of mass of the peptide and the dodecane lamell@rientations (Figure 6D). First, the hydrophobic moment of
was 18.64 0.6 A over the 6 ns. The total displacement of the assayed peptide was roughly oriented perpendicular to
the peptide along the normal (i.e-axis) to the interface  the dodecane phase, andatoordinate was relatively stable.
plane was 4.2 A in the course of the equilibration and Second, the norm of, was systematically larger in the
production steps. During the latter period, the peptide assayed peptide (purple curve) than for a theoretical peptide
diffused freely in the plane of the watedodecane interface.  with a canonicabi-helix and either a perpendicular orienta-
The water-dodecane interface can be visualized in the tion of residue side chains (red line) or the orientation of
atom density profiles (Figure 6B, left) and is located where side chains of the assayed peptide during the dynamics (green
the density profiles of water (cyan line) and dodecane (orangecurve). In the latter case, the canonioahelix was fitted to
line) intersect (origin of the-axis). The free energy profile  the backbone of the assayed peptide at each time point during
reported in Figure 6B (right, black line) shows that the the dynamics. The conformational changes reported above
peptide center of mass was located~d.8 A above the  at the C-terminus of the peptide during the simulation and
interface, on the water phase. As shown by the increase inaffecting the orientation of the side chains allow the peptide
AG, a significant energetic penalty was witnessed when the to exhibit a larger hydrophobic moment than would be
peptide moved from this equilibrium position. The density observed for a canonicethelix, or for the peptide structure
profiles (Figure 6B, left) show that the peptide backbone in 50% TFE.
atoms appear to gather preferentially in the water phase. In Interestingly, the structure of the peptide at the end of the
fact, the backbone density curve results from the additive simulation appears to be closer to the NMR structures
contribution of helical segment-225 and nonhelical seg- obtained in the presence of SDS micelles than to the average
ments -4 and 26-28. When examined independently, the structure obtained in 50% TFE, whereas the latter has been
backbone of the helical segment is closer to the water used as the initial structure for the simulation. Typically, the
dodecane interface<0.6 A above), albeit still in the aqueous groove of hydrophobic residues is linear in both SDS and
phase (Figure 6B, right, red line). As expected, the density MD structures while it is twisted for the structure in 50%
profile shows that the hydrophilic side chains were exposed TFE. As TFE stabilizes helices by strengthening their
to the water medium (Figure 6B, left). Interestingly, the time- hydrogen bonds4g), it tends to yield rigido-helices as
average density of basic (Argl8 and Lys14, -21, and -22) observed here for helix -525. The twisted hydrophobic
and acidic (Asp7) side chains does not seem to be directlygroove observed in the structure thus appears as a conse-
correlated with their length. Indeed, the density profile of quence of the rigidity of helix 525 in 50% TFE. Impor-
Asp7 is close to that of Argl8 or Lys21 (Figure 2A of the tantly, the untwisting of this hydrophobic groove observed
Supporting Information). Although the hydrophobic side during the MD simulation supports the presence of the
chains were essentially buried in the dodecane phase, dlexible region revealed by the NMR structure analysis in
bimodal density profile was observed (Figure 6B, left). This SDS. In addition, the histogram of the local rmsd evaluated
is mainly due to Leu6 and Ala28 exposed to the aqueousover the 6 ns of MD production reveals a slightly higher
environment, while all other aliphatic side chains are clearly rmsd for region 19-21 than for the surrounding regions (see
oriented toward the dodecane phase (for details, see Figurdrigure 2 of the Supporting Information). Although these data
2B of the Supporting Information). Aromatic residues Tyr4 are consistent with the flexibility of the backbone around
and Trp27 as well as His13 are the residues closest to theresidue Gly19, it remains very limited. This could, however,
interface (Figure 2C of the Supporting Information). In be due to the difference in the time scales being explored
summary, the segregation of residue side chains between thédy MD simulations and NMR simulations (i.e., a few
water and dodecane phase is consistent with the periodicitynanoseconds and hundreds of milliseconds, respectively).
of hydrophilic and hydrophobic residues in tlehelical Finally, it is worth noting that both MD simulations and

conformation. NMR data clearly show that the N-terminal half of helix
The evolution of NS5A[+28] secondary structure during 5—25 is the most stable region of the membrane anchor.
the simulation shows that the regutashelical conformation From the combination of both NMR and MD simulation

extending from residue 5 to 25 in the initial peptide structure results, it is possible to propose a reasonable positioning of
in 50% TFE was slightly modified at both ends of the helix the NS5A[1-28] structure in a model membrane (Figure 5H)
(Figure 6C). At the N-terminus, the-helix extended to  with the helix backbone located at the boundary between
residue 3 during the first 1.4 ns of simulation and then the alkyl chains and the polar headgroups, i.e., at the level
remained stable. At the C-terminus, thehelix initially of the glycerol groups of phospholipids. This positioning is
extending to residue 25 tends to stop at residue 23, while similar to that we deduced from the NMR analysis of the
residues from position 24 to 27 were assigned as a turnHCV NS5A[1-31] membrane anchor in SDS and DPC
conformation and transiently as a®elix. In fact, segment  micelles (1).

22—26 tends to globally adopt a noncanoniecahelical Comparison of BVDV NS5Af28] and HCV NS5A[+
conformation, as denoted by the average values of torsion31] Sequencedlthough there are no obvious aa sequence
angle¢ which were smaller than the canonical value in the similarities between BVDV and HCV NS5A membrane
a-helix. This corresponds to the last visible turn of the helix anchors, the experimental demonstration of the presence of
in Figure 6A, which appears to be larger than in dhkelix. a long amphipathie-helix for both proteins (this study and
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A 1 10 20 with the amphipathic nature of these helices. The main
[ re— Lo ey : b o vasney differences between the BVDV and HCV repertoires appear

low frequency L to be the number and the repartition of aromatic and charged

> Repertoire MY K 1 residues along the sequences (see the Discussion). Of
o) Bl < VI particular interest is an acidic position in the first part of the
E i S Ol K R R <MV L GHA sequences that is highly conserved in BVDV and HCV

NS5A[1-28] SGNMD"L"I;‘SM“ Q"m"GmK“ "IVLGWA (positions 7 and 10, respectively). Both positions 1 and
Pattem ioiockEhiE v il villicoiooo i + 1 of acidic positioni exhibit fully conserved Trp residues

in HCV, while fully conserved Leu residues are observed in

Pattern vviocoiveoicoovoovieivooiviocoovo BVDV. Interestingly, for both viruses, positioris— 2 and

”;5"‘[1'31'1' SGSWLRDIWDWICEVLSDFKTWLKAKIMPQL i + 2 are occupied bg-branched hydrophobic residues (i.e.,
e either Ile or Val). Hence, this small symmetric segment of

B
3 High frequency |6 G SWLRDVWDWICTVLTDFKTWLOSKLLPRL . . ; ; ; ;
3 asp xIEE <N B B :rTv KM five aa can be considered as a canonical amphipathic-helix

Repertoire | E £ A A RT VF A turn mot_if,. i.e.,_ﬁ—branched hydrophobic residues (Trp.or
Soifiomacn M| T T VO Leu)—acidic residue-(Trp or Leu}-f-branched hydrophobic

4 EEEREEEE [EEEEERE [ B residues. In both BVDV and HCV membrane anchor

1 10 20 30 structures, this motif belongs to the most stable and

FiGURE 7: Comparison of BVDV NS5A[%28] and HCV NS5A- hydrophobic part of the amphipathic helix, indicating that it

[1—31] membrane anchor Sequences_ (A) BVDV%] Sequence ||ke|y p|ayS a CI‘UCIa| I’O|e fOI’ membrane anChOFIng |t
(EMBL accession number M31182) and HCV NS5A{31] possibly constitutes a typical motif of an in-plane amphip-
sequence (EMBL accession number M67463) are reported asathic membrane helix, at least for the NS5A proteins in
reference sequences and numbering for BVDV and HCV, respec- ganergHepaciirus andPestiirus. To sum up, BVDV and

tively (middle). The experimentally determineshelices (residues g -
5-25) of NS5A from BVDV (this study) and HCV1@) are HCV membrane anchors exhibit a similar structural orga-

schematically reported above and under each reference sequencdlization despite a low degree of sequence similarity.
respectively. The aa repertoires at each sequence position for BVDV
NS5A[1-28] (top) and for HCV NS5A[%31] (bottom) segments ~ DISCUSSION

were deduced from the multiple alignment of sequences retrieved . .
using the BLAST homology search program. Sets of 16 and 107 Three-dimensional NMR structure analyses of the BVDV

sequences were considered for the BVDV NS5APB] and HCV NSS5A[1-28] peptide performed either in 50% TFE or in
NS5A[1-31] repertoires, respectively. The amino acids are listed SDS micelles to mimic the membrane environment revealed

in decreasing order of observed frequency, from bottom to top for that the N-terminal membrane anchor of NS5A includes a
BVDV NS5A[1-28] and from top to bottom for the HCV NS5A- |53 amphipathie-helix (aa 5-25) divided into two portions

[1—31] segment. Only residues observed more than twice at a given . . .
position were considered. Hydropathic consensus patterns wereSEparated by a flexible region centered around residue Gly19.

deduced from the corresponding repertoires: (i) hydrophilic posi- The protor-deuterium exchange NMR analysis in SDS
tions (including T, S, K, Q, N, H, E, D, and R), (0) hydrophobic micelles showed that the helix hydrophobic residues were
positions (including F, I, W, Y, L, V, M, P, C, A, and G), and (v)  mainly buried in the hydrophobic core of the detergent/

variable positions (i.e., where either hydrophilic or hydrophobic : ;
residues were observed). Identical hydrophobic or hydrophilic peptide micelles, whereas the polar and charged aa were

positions within BVDV and HCV helices are highlighted in light ~Mainly accessible at their surface. By MD simulation at a
gray. water-dodecane interface to mimic the hydrophebic

hydrophilic interface of phospholipids in a membrane, the
ref 11) led us to compare their sequences to better define peptide helix backbone was found to be located at the
the structural determinants of in-plane amphipathic mem- interface with the hydrophobic aa mainly buried in the
brane helices. To facilitate the comparison of the numerous dodecane, whereas the polar and charged aa were found in
NS5A N-terminal sequences from HCV and BVDV variants the water phase. It can thus be concluded that the BVDV
reported in generic databases, the repertoires of aa at eacNS5A membrane anchor is embedded in-plane in the
sequence position were deduced from multiple alignments cytosolic leaflet of the membrane by an amphipathic helix
(Figure 7). Amino acids were listed in decreasing order of exhibiting a hydrophobic side buried in the membrane and
observed frequency, from bottom to top for BVDV NS5A- a polar/charged side accessible from the cytosol.
[1—28] and from top to bottom for HCV NS5A[31]. The MD simulation of NS5A[1-28] in a water-dodecane
These repertoires show that (i) numerous residues areenvironmentis assumed to reflect the behavior of the peptide
conserved at specific positions, (i) most of the other positions at the hydrophobiehydrophilic interface of membrane
showing apparent variability are occupied by residues with phospholipids. The average structure of the peptide in 50%
similar hydropathic character, i.e., either hydrophilic (i) or TFE used for simulation tends to be quickly stabilized at
hydrophobic (0), and (iii) only a few positions appear to be the water-dodecane interface, but a noteworthy mobility is
variable (v), i.e., when either hydrophilic or hydrophobic was preserved. The conformation of both ends of the helix
observed. The letter-coded motifs summarizing the deducedevolved toward a longea-helix at the N-terminus and a
hydropathic patterns of BVDV NS5A28] and HCV globally helical but noncanonical-helix at the C-terminus.
NS5A[1—-31] are shown in the middle of Figure 7. The Concurrently, the twisted hydrophobic groove observed in
comparison of these patterns shows that most of the alignedthe structure in 50% TFE rapidly evolved to yield a straight
positions in the helices exhibit the same hydropathic characterhydrophobic groove similar to that observed in the structure
(highlighted in light gray in Figure 7). In addition, the determined in SDS micelles. This conformation is the most
corresponding hydrophobic and hydrophilic positions are favorable for the interaction of the hydrophobic residues with
located at regular intervals in the sequences, in agreementhe planar dodecane phase. These conformational changes
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correspond to the structural adaptation of the peptide during MD simulation which showed that Trp and Tyr side
backbone and side chains to the hydrophobic interface of chains were located at the watatodecane interface. This
dodecane and seem to be due to the flexibility of the feature further points out the role of these residues as
C-terminal region of the helix. It is thus tempting to conclude membrane anchors. Besides, among the hydrophobic resi-
that the dynamical behavior of this region should allow the dues, Leu seems to be a particularly important residue for
peptide to adapt to the hydrophititiydrophobic interface membrane anchorage as it represents 21% of the residues
of the phospholipid layer. Interestingly, our previous struc- observed in the interface regions of monotopic protelrf. (
tural analysis of NS5A[+31] from HCV (11, 13) has As many as five Leu residues are present in BVDV NS5A
pointed out a potential flexible region centered on Leul6 in helix 5—25, four of them being fully conserved among the
the a-helix which might play a similar adaptation role. Itis 17 sequences of BVDV variants reported (Leus, -8, -12, and
thus possible that such a flexible element constitutes a-25) and the fifth Leu (Leu20) being substituted with lle in
particular structural feature of in-plane amphipathic mem- some variant (see the BVDV aa repertoire in Figure 7). In
brane helices for their adaptation to the membrane interface.addition, lle at position 16 can also be substituted with a
The MD simulation also shows that the backbone of the Leu in some variants, pointing out a similar role of lle in
helical segment spans the watelodecane interface, in  membrane anchorage. In summary, although the Trp residue
contrast with segments outside the helix which are prefer- is poorly represented in the BVDV NS5A membrane anchor,
entially exposed to the water phase. In the context of a helix 5—25 exhibits a sufficient number of membrane anchor
phospholipid membrane, the peptide is expected to be locatedesidues (Tyr, Leu, and lle) to ensure the anchoring of this
at the boundary between the alkyl chains and the polar amphipathic helix to the hydrophobic core of the phospho-
headgroups, as previously observed in MD simulations of lipid bilayer.
melittin, a well-studied in-plane membrane amphipathic ~ The phylogenetic proximity between HCV and BVDV
peptide 47). The schematic view of the putative position of suggests a similar role for their NS5A proteins. Moreover,
NS5A[1-28] in a phospholipid bilayer (Figure 5H) illustrates examination of the BVDV NS5A aa sequence downstream
this feature, with the backbone of NS5A{28] located at of the N-terminal membrane anchor using various bioinfor-
the level of the glycerol group of phospholipids. This matics tools suggests an organization in three domains similar
particular location renders the polar side of this helix to that reported for NS5A of HCVZ). In addition, multiple
accessible at the membrane surface. The presence of fourlignments of NS5A domain | from HCV and related viruses
basic residues (Lys and Arg) in the polar sideoshelix indicate the putative conservation of a zinc binding motif
5—25is in keeping with the high frequency of these residues (14). These features suggest that the N-terminal helix anchor
in helices at the membransvater interface region in  of BVDV NS5A should exhibit the same structur@unction
transmembrane and monotopic membrane proteid. ( relationships as its HCV counterpart. From the structural
Intriguingly, these residues are essentially located in the point of view, the comparative NMR structure analyses of
C-terminal half of the helix, forming a cluster of positive HCV NS5A[1-31] (11, 13) and BVYDV NS5A[1-28] (this
charges. In contrast, the single acidic residue is located instudy) reveal the presence of a common long amphipathic
the highly hydrophobic, N-terminal part of the helix (Asp7). helix of 26 residues exhibiting a common hydropathic pattern
These charged groups, together with the polar groups of the(see Figure 7) and including a putative local flexible region.
other hydrophilic residues present in the polar helix side, For both proteins, the N-terminal part of this helix appears
exhibit a particular arrangement at the peptide surface (shownto be very stable and hydrophobic and includes a similar
in Figure 5F). The resulting motif likely forms a specific amphipathic helix-turn motif that likely plays a crucial role

interaction site that could mediate specific protemotein in membrane anchoring, while the C-terminal part of the
interactions at the membrane surface as already proposedhelix appears to be more hydrophilic and basic. These
for the NS5A amphipathic helix from HCVL(, 13). features suggest a major role in membrane anchoring for the

In membrane proteins, Trp is known to be preferentially former, while the latter might be more important in mediating
located at the membrane interfagi8,(49) and its presence  intermolecular interactions. Finally, the local flexibility in
at the interface between the hydrophilic and hydrophobic both helices might be required to ensure the most favorable
sides of in-plane amphipathic membrane helices is a typical interactions of the helix residue side chains with their
feature. For example, the HCV NS5A membrane anchyr ( respective hydrophilic and hydrophobic sides at the polar
13) and the membrane-proximal region of human immuno- headgroup-alkyl chain interface of the phospholipid layer.
deficiency virus glycoprotein gp450Q) include four and five ~ Alternatively or additionally, this flexible region might play
Trp residues, respectively. In contrast, only one Trp residue a role in the folding of the helix at the membrane interface.
is present in the BVDV NS5A N-terminal sequence, but It is noteworthy that the NMR structure analysis of the
outside of the experimentally determineehelix (Trp27). membrane-binding C-terminus of bovine milk component
Examination of the BVDV NS5A[128] structure suggests PP3 revealed the presence of a bend dividing this long 38-
that Tyr4 located at the hydrophitidiydrophobic interface  residue helical region into two amphipathiehelical seg-
likely plays a similar role. In contrast, the reason for the ments, both residing in the plane of the bilayBd) In a
involvement of Tyr10 is unclear as it is mainly in the water manner similar to what we observed for the NS5A membrane
phase. Indeed, a recent statistical study of aa in helices atanchor, this bend is likely a means of ensuring the most
membrane-water interface regions in transmembrane and favorable contacts between lipid hydrocarbons and the
monotopic membrane proteins reported that Tyr and Trp are hydrophobic regions of the peptidgl). With regard to the
very frequently found at the membrane interface and that few monotopic membrane proteins of known 3D structure
most side chains of these residues are directed toward theavailable to date, all of them have short amphipathic
membrane X7). This is in keeping with our observation o-helices residing in the plane of the membrane-binding
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interface. Prostaglandin H synthase isoforms 1 and 2 bind peptide structure), and an animated movie of the 6 ns
to the ER membrane via four short in-plane amphipathic molecular dynamics simulation. This material is available
a-helices that form a horseshoe-shaped planar motif andfree of charge via the Internet at http://pubs.acs.org.

interact with one leaflet of the phospholipid bilay&2(53).
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