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ABSTRACT: The virus−host cell fusion process is mediated
by a membrane anchored viral fusion protein that inserts its
hydrophobic fusion peptide into the plasma membrane of the
host cell, initiating the fusion reaction. Therefore, fusion
peptides are an important functional constituent of the fusion
proteins of enveloped viruses. In this work, we characterize the
fusion peptide or VT18 (V84YPFMWGGAYCFCDAENT101)
of Chikungunya virus (CHIKV) using NMR and fluorescence
spectroscopy in zwitterionic lipid environments. Our results
demonstrate that the VT18 peptide is able to induce liposome
fusions in a pH independent manner and interacts with the
zwitterionic lipid vesicles. The NMR derived three-dimen-
sional structure of VT18, in solution of dodecylphosphocho-
line (DPC) micelles, is typified by extended or β-type
conformations for most of the residues, whereby residues
M88-W89-G90-G91 adopt a type I β-turn conformation.
Strikingly, the aromatic side chains of residues Y85, F87, Y93,
and F95 in the VT18 structure are found to be well-packed forming an aromatic core. In particular, residue F87 is situated at the
center of the aromatic core establishing a close proximity with other aromatic side chains. Further, the aromatic core residues are
also involved in packing interactions with the side chains of residues M88, C94. Paramagnetic relaxation enhancement NMR,
using spin labeled doxyl lipids, indicated that the aromatic core residues of VT18 are well inserted into the micelles, whereas the
polar residues at the C-terminus may be surface localized. The atomic resolution structure and lipid interactions of CHIKV fusion
peptide presented here will aid to uncover the fusion mechanism by the type II viral fusion proteins.

Enveloped viruses protect their genetic materials (DNA or
RNA) from the environment by a lipid bilayer. This lipid

bilayer is acquired from the host cell membrane during the
process of maturation, assembly, and budding of the virus.
Consequently, a new cycle of infection requires a fusion of the
lipid membrane of virus with the plasma membrane of host
cell.1−5 The cell−cell fusion delivers the genetic materials of the
virus into the cytoplasm of the infected host.1−5 The lipid
bilayer of virus contains transmembrane proteins those are
involved in the membrane fusion and also for binding to the
cellular receptors.1−5 The fusion protein plays a major role in
virus host cell fusion undergoing a large conformational
change.1,2 It is generally considered that the large and
irreversible conformational change of the fusion protein
occurring upon membrane insertion facilitates in overcoming
the free energy barrier of fusion reaction.1,2 The virus
membrane fusion may occur at the plasma membrane at
neutral pH which is triggered by the binding of the virus to the
cell receptors.6−9 By contrast, the membrane fusion reaction
can also take place after cellular internalization, through the
receptor mediated uptake by the endocytic pathway, of viruses,
e.g., influenza viruses, alphaviruses, and flaviviruses.10−13 A
mildly acidic condition of endosome activates the fusion

protein causing virus membrane fusion.11−14 The activation of
fusion proteins, taking place either at low pH or receptor
binding, exposes a hydrophobic peptide segment, termed fusion
peptide or fusion domain.1,2,14−16 Insertion of the fusion
peptide into the plasma membrane of the host cell is vital for
the initiation of the cell fusion process.14−16 High resolution
structures, by X-ray crystallography, of a number of fusion
proteins have been determined in their prefusion and
postfusion states. On the basis of these structures, the viral
fusion proteins are categorized into two major classes, type I
and type II.4,5,17,18 The type I fusion proteins, observed in
influenza virus, HIV and SARS virus, are typified by a trimeric
assembly of α-helical coiled coil hairpins in the postfusion
state.4,5,17,18 On the other hand, the type II fusion proteins,
determined in flaviviruses and alphaviruses, are found to be
trimers of hairpins composed of β-sheets in the post fusion
state.4,5,17,18 A third set or type III fusion protein, found in
vesicular stomatitis virus and herpes simplex virus, is also

Received: July 5, 2012
Revised: September 13, 2012
Published: September 14, 2012

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 7863 dx.doi.org/10.1021/bi300901f | Biochemistry 2012, 51, 7863−7872

pubs.acs.org/biochemistry


characterized by trimers of hairpins albeit formed both by the
helical coiled-coil and β-sheets structures.5,19 Collectively, these
structural studies have provided critical information of the
assembly of fusion proteins and insight toward the mechanism
of cell fusion. However, the interactions of fusion proteins with
the cell membrane have been inferred indirectly, since the
structures of fusion proteins could not be determined in
complex with the lipid membranes. In order to gain insights
into the membrane fusion process, several research groups have
utilized fusion peptides, predominantly from the type I fusion
proteins, for structural and functional investigations in lipid
environments.20−26 These studies have shown that the isolated
fusion peptide can display fusogenic activity. NMR spectros-
copy, both in solution and solid states, has been extensively
used for structural characterization of fusion peptides.27−35

Toward this, three-dimensional (3-D) structures of a number of
fusion peptides have been determined in lipid, DPC or SDS,
micelles, by solution NMR spectroscopy.27−33 Notably, NMR
studies revealed helical hairpin or helical boomerang con-
formations of the fusion peptide of influenza virus HA2.27,30

However, straight or kinked helical conformations were
obtained for the fusion peptides of type I fusion proteins
including HIV and SARS virus.28,29,31

It is noteworthy that similar studies of the fusion peptides
from type II fusion proteins are highly limited. Recently, the
NMR structure, in DPC micelles, was reported for the fusion
peptide from type II fusion protein of dengue virus belonging
to the class of flavivirus.36 However, type II fusion peptides of
the family alphaviruses are yet to be structurally characterized in
complex with lipid membranes. Chikungunya virus (CHIKV), a
mosquito-borne alphavirus, utilizes type II fusion protein for
the virus cell fusion.37,38 CHIKV has caused infection of
millions of people in Africa, Asia, and Europe in recent years.38

Infection by CHIKV in humans is typified by symptoms of high
fever, rash, and severe arthritis, the hallmark feature of the
disease.37,38 CHIKV has been causing a significant health
problem in humans and drug development is highly essential.39

The structural glycoprotein E1 of alphaviruses is responsible for
fusogenic activity, whereas glycoprotein E2, derived from furin
cleavage, of a precursor protein p62 into E2 and E3, is involved
in receptor binding.40−43 The E1 and E2 proteins form a
heterodimer, at the neutral pH, burying the fusion peptide.41−43

Under the acidic endosomal environment, the E1/E2
heterodimer dissociates and the E1 protein undergoes
conformational changes into β-sheet homotrimers following
insertion of the fusion peptide into the plasma membrane.44−47

Recently, crystal structures are determined for the heterodimer
of E1/p62 and matured E1/E2/E3 complexes of CHIKV
glycoproteins.47 In order to better understand the process of
membrane fusion of alphaviruses, in this work, we have
determined the micelle-bound 3-D structure, liposome fusion
and interactions of the fusion peptide VT18 of CHIKV.

■ MATERIALS AND METHODS
Peptide and Lipids. VT18 peptide was purchased from

GL-Biochem (Shanghai, China). Crude peptide was further
purified by HPLC Waters, and the molecular weight of the
peptide was verified by mass spectrometry. 1,2-Dimyristoyl-sn-
glycero-3-Phosphocholine (DMPC), Rho-PE (N-(lissamine
rhodamine B-sulfonyl) dioleolylphosphatidylethanolamine)
(Rho-PE), and NBD-PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)dioleoylphosphatidylethnaolamine) were obtained from
Avanti polar lipids (Alabaster, AL). Spin-labeled lipids 5-

doxyl-stearic acid (5-DSA), 16-doxyl-stearic acid (16-DSA), and
Triton-X-100 were purchased from Sigma (St. Louis, MO).
Perdeuterated dodecylphosphocholine (DPC-d38) was obtained
from Cambridge Isotope Inc.

Preparation of Large Unilamellar Vesicle (LUV). DMPC
lipid solution of 5 mM was prepared in a 2:1 chloroform/
methanol mixture. A thin film of lipid was obtained by
evaporation of the solvent under a stream of nitrogen gas. The
lipid film was freeze-dried promptly and rehydrated in a 10 mM
sodium phosphate buffer solution. The LUV was prepared
following freeze−thaw and extrusion through two stacked of
100 nm polycarbonate filters (Avanti polar lipids, Alabaster,
AL). The size of LUV was checked using dynamic light
scattering (Malvern zeta sizer Nano ZS, Malvern, UK)
measurements.

Intrinsic Tryptophan Fluorescence Experiments. Fluo-
rescence measurements were carried out using a Cary Eclipse
fluorescence spectrophotometer (Varian, Inc.). Peptide and
LUV samples were prepared in a 10 mM sodium phosphate
buffer solution, pH 5.0. The binding of the peptide to the
DMPC LUV was probed using intrinsic tryptophan fluo-
rescence emission whereby a fixed concentration, 5 μM, of
VT18 peptide was titrated with different concentrations of
LUVs with lipid/peptide ratios of 4, 8, 32, 64, 128, 256, and
512. Fluorescence spectra were recorded with an excitation
wavelength of 280 nm, and emission signal was collected from
wavelength of 300−400 nm. A band-pass of 5 nm was used
both for the excitation and emission wavelengths. In order to
minimize inner filter effect and possible light scattering from
LUVs, a cuvette of 0.1 cm path length was used for the
fluorescence experiments. An equilibrium dissociation constant
(Kd) of the interactions between the fusion peptide with the
DMPC LUVs was estimated from the change of fluorescence
emission intensity from a single site binding model using Origin
6.1 (Origin laboratories, Northampton, MA).

Lipid Mixing by the Fusion Peptide. VT18 induced
vesicle fusion or lipid mixing was investigated using standard
probe dilution assay detecting fluorescence resonance energy
transfer (FRET) between NBD-PE (donor) and Rho-PE
(acceptor).48 For these experiments, two different types of
LUVs were prepared. Unlabeled LUVs were made using solely
DMPC lipid and labeled LUVs were prepared by mixing
DMPC (5 mM) with 1 mol % of each of NBD-PE (0.05 mM)
and Rho-PE (0.05 mM) lipids. FRET experiments were carried
out for VT18 peptide in 10 mM sodium phosphate buffer either
at pH 5.0 or pH 7.5 in a cuvette of 0.1 cm path length. A stock
solution of 1 mM of VT18 peptide was prepared in dimethyl
sulfoxide. A basal fluorescence emission of NBD probe was
recorded by mixing 100 μM of unlabeled LUVs with 25 μM of
labeled LUVs. The fluorescence emission of NBD was
monitored at 530 nm with an excitation wavelength of 470
nm. A band-pass of 5 nm was fixed both for the excitation and
emission wavelengths. Increasing concentrations of VT18
peptide, at the molar peptide/lipid ratios of 0.2, 0.4, 0.6, and
0.8, were added to the above mixture of LUV solution and
emission intensity of NBD was monitored. Control experi-
ments were also carried out whereby only dimethyl sulfoxide
was added to the mixed LUV containing solutions. The
percentage of lipid mixing was calculated using the equation: %
of lipid mixing = [(F − F0)/(Fmax − F0)]*100, where F0 and F
represent fluorescence intensity of the NBD probe in the
absence or presence of peptide respectively. Fmax is the
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maximum fluorescence intensity observed for NBD after the
addition of 10% Triton-X-100.
NMR Experiments. NMR data were collected on a Bruker

DRX 600 MHz spectrometer, equipped with cryo-probe and
pulse field gradients. NMR data processing and analyses were
carried out using the programs TOPSPIN (Bruker) and
SPARKY, respectively. One-dimensional (1-D) proton NMR
spectra of VT18 were acquired at 0.2 mM, 0.3 mM, and 0.5
mM peptide concentrations at temperatures of 298, 303, and
310 K whereby lyophilized powder of VT18 was dissolved
either in 125 mM or 200 mM perdeuterated DPC solutions in
water, at pH 5.0 containing 2 mM tris(2-carboxyethyl)
phosphine (TCEP) as reducing agent.
Because of the favorable spectral quality, 2D NMR studies of

VT18 (0.5 mM) were further carried out in aqueous solution
containing 125 mM perdeuterated DPC, at pH 5.0 with 2 mM
TCEP at 310 K. All NMR samples also contain 10% D2O for
lock and 1 mM DSS as an internal reference of chemical shifts.
The two-dimensional (2-D) 1H−1H TOCSY (mixing time; 80
ms) and 1H−1H NOESY (mixing time, 150 ms, 200 ms)
spectra were acquired with 2K × 512 complex points using
WATERGATE for water suppression and the States-TPPI for
quadrature detection at the t1 dimension. Spin labeled lipids, 5-
DSA and 16-DSA, induced resonance perturbation studies were
carried out by obtaining 2D TOCSY spectra of VT18 either in
the absence or presence of 1 mM doxyl lipids. Stock solutions,
10 mM, of 5-DSA and 16-DSA were made in deuterated
methanol. The intensities of the HN/CαH cross-peaks of amino
acids in TOCSY spectra of VT18 were estimated before and
after addition of the paramagnetic probes and the ratio of
remaining amplitudes for 5-DSA and 16-DSA were calculated.
Structure Calculation. An ensemble of micelle-bound

structures of VT18 was determined based on NOE-driven
distance constraints. The intensities of NOE cross peaks, from
NOESY spectra collected with a mixing time 150 ms, were
categorized into strong, medium, and weak and translated into
inter proton upper bound distance of 3.0, 4.0, and 5.0 Å,
respectively. The lower bound of the inter proton distance was
fixed to 2.0 Å. The backbone dihedral angle (ϕ) was varied
from −30° to −120° for nonglycine residues to restrict the
conformational space. NMR structures of VT18 were iteratively
calculated from an extended polypeptide chain using Cyana
2.149 program. Twenty lowest energy structures represented
the final structural ensemble. MOLMOL, PyMOL, and Insight
II softwares were used to view and examine the structures. The
stereochemistry of structures was determined using Procheck.50

■ RESULTS AND DISCUSSION
Fusogenic Activity of the VT18 Peptide. The fusion

peptide segment of CHIKV was assigned for residues 84−101
in the full-length E1 glycoprotein.46 Notably, the amino acid
sequences of the fusion peptide region are highly conserved
among several alphaviruses.46 We have used the probe dilution
assay48 to examine fusogenic activity of the fusion peptide
VT18 of CHIKV at pH 5.0 and 7.5. In separate experiments,
fluorescence emission from NBD was monitored while
mixtures of unlabeled DMPC LUV and DMPC LUV
containing fluorescently labeled lipids; NBD-PE (energy
donor) and rhodamine-PE (energy acceptor) were titrated
with increasing concentrations of peptide. In the event of fusion
between unlabeled and labeled LUVs the fluorescence emission
intensity of NBD would increase as a result of reduced energy
transfer between NDB and rhodamine.48 Figure 1A shows

fluorescence emission intensity of the NBD-PE at 530 nm as a
function of the peptide/lipid molar ratio. As evident, additions
of VT18 peptide, either at pH 5.0 or pH 7.5, have yielded an
enhancement in the intensity of fluorescence emission of the
NBD-PE, indicating intervesicular fusion (Figure 1A). How-
ever, a somewhat higher fluorescence intensity increase of the
NBD-PE can be seen at pH 5.0 in comparison to that of at pH
7.5. Further, the extent of lipid mixing caused by the fusion
peptide was quantified with relative to the detergent, Triton X-
100 (Figure 1B). The VT18 peptide has rendered 65% and
55% lipid mixing at the peptide/lipid ratio of 0.8, at pH 5.0 and
pH 7.5, respectively (Figure 1B). Taken together, these results
demonstrate that the fusion peptide, VT18, of CHIKV can
independently function in membrane fusion without the rest of
the E1 protein. Moreover, the fusogenic activity of the fusion
peptide appears to be largely pH independent. Notably, the 3-D
structure of the E1−E2 complex demarcated that the fusion

Figure 1. (A) Plots showing the changes of fluorescence emission
intensity of NBD-PE at 530 nm at pH 5.0 and 7.5 at different molar
ratio of the peptide/lipid obtained from probe dilution assays. Peptide
aliquots were added to a mixture of labeled DMPC LUVs containing 1
mol % of each NBD-PE and Rho-PE and unlabeled DMPC. The
dequenching of fluorescence emission of NBD in the presence of
VT18 peptide indicated fusion between the labeled and unlabeled
LUVs. (B) Dose dependence of lipid mixing of DMPC LUVs by VT18
peptide at pH 5.0 and 7.5. The maximal values of NBD-PE
fluorescence emission intensity yielded after the inclusions of VT18
peptide were plotted as a function of the peptide/lipid molar ratio.
The fluorescence intensity of NBD-PE upon addition of 10% Triton-
X-100 was referred to as 100%. Fluorescence experiments were carried
out in 10 mM sodium phosphate buffer, pH 5.0 or pH 7.5. The
excitation wavelength was fixed at 467 nm and emission was recorded
at 530 nm.
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peptide segment is buried at the interface of E2 protein
whereby several His residues of E2 are in close proximity with
the fusion peptide segment.46 These His residues of E2 may be
critically involved as the pH sensor for the activation of the
fusion protein at lower pH.46

Interactions of the VT18 Peptide with LUVs by
Intrinsic Trp Fluorescence. The primary structure of the
VT18 fusion peptide contains a single Trp residue at the
position 89. Interactions of VT18 with DMPC LUVs were
examined by the intrinsic Trp fluorescence experiments (Figure
2). The emission maximum of Trp residue of VT18, in free
solution, was shifted toward the longer wavelength of 350 nm,
typically observed for a solvent exposed fluorophore (Figure 2).
The emission maximum of Trp residue showed an enhance-
ment of fluorescence intensity and a shift toward the shorter
wavelength, 342 nm at 100 μM LUVs, upon stepwise additions
of DMPC vesicles (Figure 2). The increased quantum yield
with the concomitant blue shift of emission spectra of Trp
residue of VT18 demonstrates an insertion of Trp into the
hydrophobic milieu of the zwitterionic DMPC lipid vesicles.
The extent of solvent exposure of Trp residue of VT18 was
further investigated by means of quenching with acrylamide in
free solution and in complex with LUVs. There was a limited
quenching of Trp fluorescence in the presence of DMPC
LUVs, indicating the Trp residue of VT18 is rather buried
inside lipid vesicles (Supporting Information, Figure S1).
Further, an equilibrium dissociation constant (Kd) ∼ 9 μM,
of the interactions of VT18 with DMPC LUVs was estimated
from the change of Trp fluorescence emission intensity (Figure
2 inset). It is well-known that Trp plays an important role in

anchoring membrane active peptides, including fusion
peptides,27−29,36 and transmembrane proteins into lipid
bilayers.27−29,36,51,52 Collectively, fluorescence studies indicated
that the Trp residue of the fusion peptide is inserted into the
zwitterionic DMPC lipid vesicles.

NMR Studies of VT18 in DPC Micelles. Smaller size
detergent micelles, DPC or SDS, are convenient systems for
structural analyses of membrane active peptides and integral
membrane proteins.53−55 Fast tumbling of the micellar complex
in solution is often favorable for proton NMR studies of short
peptides. Thereby, structures of a number of fusion peptides in
solution are largely determined in lipid micelles. We have
reconstituted VT18 peptide into the detergent solution of DPC
micelles for NMR structural analyses. It may be noted that cell
membranes of higher organisms including humans are rich in
zwitterionic lipid molecules. Thus, DPC micelles may provide a
closer mimic to the lipid environment of cell fusion event.
NMR spectra of VT18 were evaluated at different experimental
conditions of varying peptide concentrations, detergent/
peptide ratios, and temperatures. Sequence specific resonance
assignment of VT18 was achieved by the use of 2-D 1H−1H
TOCSY and 1H−1H NOESY experiments. Figure 3A shows the
fingerprint region, delineating correlation between the back-
bone NH and CαH resonances of each amino acid, of the 2-D
TOCSY spectrum of VT18 in DPC micelles. As can be seen,
the NH/CαH cross-peaks are well resolved and identified for
the 16 residues Y85-T101, except for the first residue V84 and
residue P86, of VT18. The chemical shifts of proton resonances
for the aliphatic side chains of amino acids were obtained either
from TOCSY or NOESY spectra correlating NH resonances.

Figure 2. Intrinsic tryptophan fluorescence emission spectra of VT18 in the free solution and in the presence of different concentrations of DMPC
LUVs. Fluorescence experiments were performed in 10 mM sodium phosphate buffer, pH 5.0 with a peptide concentration of 5 μM. (inset) Plot
shows increase in the fluorescence intensity (ΔF) of Trp at the different molar ratios of lipid/peptide. The data were fitted into a set of single site
binding mode to determine the dissociation constant (Kd) value of the interactions between DMPC LUVs and VT18.
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The primary structure of VT18 contains as many as five
aromatic residues, Y85, F87, W89, Y93, and F95. The ring
proton resonances of these aromatic residues were identified
from the intraresidue NOE contacts involving CαH and/or NH
resonances. Analyses of 2-D 1H−1H NOESY spectra of VT18
in detergent micelles revealed intense sequential CαH/NH
NOEs and relatively less intense sequential NH/NH NOE for
most of the residues (Figure 3B). In addition, the ring proton
resonances of residues Y85, F87, W89, Y93, and Y95 were
found to be involved in medium-range and long-range NOE

contacts (Figure 3C). In particular, long-range NOEs were
detected between residues F87/F95, M88/F95, Y85/F95, F87/
C94. Figure 4 shows a bar diagram summarizing type of NOEs
of each residue of VT18 in DPC micelles. Notably, most of the

Figure 3. (A) The fingerprint region of the 1H−1H 2-D TOCSY spectrum of VT18 showing correlation between the backbone NH and CαH
resonances of amino acid residues. Selected regions of 2-D NOESY spectra of VT18 showing NOE connectivity between (B) backbone NH/NH
resonances and (C) among the aromatic ring proton resonances with the aliphatic proton resonances. NMR spectra were acquired in aqueous
solution, pH 5.0, containing 125 mM perdeuterated DPC at 310 K. Peptide concentration was kept at 0.5 mM.

Figure 4. A bar diagram summarizing type (intra, sequential, medium-
range, and long-range) and number of NOE contacts observed for
each amino acid of VT18 in DPC micelles. The residue F87 delineated
26 NOEs including a number of long-range NOEs. Long-range NOE
interactions were also detected for residues Y85, M88, Y93, C94, and
F95.

Table 1. Summary of Structural Statistics of the 20 Lowest
Energy Structures of VT18 Bound to DPC Micelles

Distance restraints
intraresidue (|i − j| = 0) 15
sequential (|i − j| = 1) 52
medium range (2 ≤ |i − j| ≤ 5) 26
long-range ((|i − j| ≥ 6) 11
total NOE constraints 104

Dihedral angle constraints (ϕ) 14
Distance restraints violations

number of violations 16
average violation ≤0.10 Å
maximum violation ≤0.30 Å

Deviation f rom mean structure
backbone atoms (N, Cα, C′) (Å) 0.24 ± 0.12
heavy atoms (Å) 0.55 ± 0.12

Ramachandran plot analysisa

residues in the most favorable
region

M88, A92, F95, C96, A98, E99

residues in the additionally
allowed region

Y85, P86, W89, Y93, C94, D97,
N100

residues in the generously allowed
region

F87

residues in the disallowed region None
aData obtained from Procheck50 of the nonglycyl residues. Two
residues, V84 and T101, at the termini were excluded from analysis.
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aromatic residues were involved in medium range and long-
range NOE interactions, whereby F87 delineated as many as 26
NOEs including several long-range ones (Figure 4). By

contrast, residue W89 was characterized only by the medium
range and sequential NOE interactions (Figure 4).

Three-Dimensional Structure of VT18 in DPC Micelles.
An ensemble of micelle-bound structure of the fusion peptide
VT18 was determined utilizing 104 distance constraints
including 26 medium-range and 11 long-range (Table 1). In
order to limit conformational search, backbone dihedral angle ϕ
was restricted between −30° to −120° for the nonglycine
residues. Figure 5A shows superposition of backbone atoms
(Cα, N, and C’) of 20 lowest energy structures of the VT18
fusion peptide. The rmsd values for the backbone atoms and
heavy atoms from the mean structure are found to be 0.24 Å
and 0.55 Å, respectively (Table 1). The NMR structure of
VT18 reveals an overall antiparallel orientation of the backbone
topology around a type-I β-turn for the residues M88-W89-
G90-G91 (Figure 5A,B). The nucleation of the β-turn is well
supported by the diagnostic medium-range and intense
sequential NOE contacts among the turn residues (Figures
3B and 4). The residue G90 occupying the i+2 position in the
turn adopts ϕ, ψ values of −97° and −3.9°, respectively
indicating the reversal of the polypeptide chain (Figure 5B).
The backbone geometry of other residues, Y85−F87 and Y93−
N100, of VT18 appears to be in extended conformations
(Figure 5B). Strikingly, the 3-D structure of VT18 is well-
defined in terms of mutual packing interactions among the side

Figure 5. (A) Superposition of the backbone atoms (Cα, N, and C’) of 20 lowest energy structures of VT18 while bound to DPC micelles. (B) A
representative structure of the DPC micelle-bound VT18 showing side chain disposition and topology. (C) A space-filling representation of the
packing interactions among aromatic residues Y85, F87, Y93, and F95 in 3-D structure of VT18 in DPC micelles. In the aromatic cluster, residue F87
located centrally and critically involved in consolidating side chains of other aromatic residues by π/π stacking. (D) Orientation of the side chain of
residues M88, C94, and C96 around the aromatic cluster of VT18 structure. Residues M88, C94, and C96 are shown in a space-filling model, and
other residues are presented as stick. Figures were generated using INSIGHT II.

Figure 6. Electrostatic surface potential of VT18 fusion peptide bound
to perdeuterated DPC-micelles showing for a representative structure
(A) the front view and after a rotation of 180° along the z-axis and (B)
the side view and after a rotation of 180° along the x-axis. Surfaces in
red, blue and white stand for, respectively, negatively charged,
positively charged and neutral residues. The figure was generated by
PYMOL.
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chains of aromatic residues, Y85, F87, Y93, and F95 at the N-
and C-termini (Figure 5C). In the aromatic cluster, the side
chain of residue F87 is centrally located and is involved in an
extensive aromatic ring stacking interactions with Y85, Y93, and
F95 (Figure 5C). The NH group of F87 remains in a close
proximity with the aromatic side chains of residues Y93, F95
that may indicate potential amide-π interactions. As a
consequence, the chemical shift of the amide proton, 7.4
ppm, of F87 is shifted toward upfield in comparison to the
other amide resonances (Figure 3A). The aromatic cluster is
further complemented by the close packing interactions of the
side chains of residues M88, A92, and C94 (Figure 5D).
Notably, the side chain S-CH3 group of M88 intercalates
between the aromatic rings of residues Y85 and F95 (Figure
5D). In addition, the side chain CH2−SH group of C94 is also
located at the edge of the phenyl ring of residue F87 (Figure
5D). The close proximity of S-CH3 and CH2−SH groups of

M88 and C94, respectively, to the aromatic residues may
represent aromatic-sulfur interactions in VT18 structure.
Interestingly, intimate interside chain contacts between Met
and/or Cys residues with aromatic residues could be seen in
the 3-D structures of fusion peptides of HIV, SARS, dengue,
and influenza viruses.27,29−31 The electrostatic surface potential
of the VT18 structure discloses a large hydrophobic region with
only a limited negatively charged surface at the C-terminus of
the molecule (Figure 6).

Localization of VT18 in DPC Micelles. Paramagnetic
lipids, 5-doxyl stearic acid (5-DSA), and 16-doxyl stearic acid
(16-DSA) were used to find out micelle insertion of the VT18
peptide. These paramagnetic or spin labeled doxyl lipids
enhance relaxation of NMR active nuclei while incorporated
into the lipid micelles.56,57 In particular, micelles containing 5-
DSA will induce broadening of NMR signals of amino acids
located at the surface or within 3−4 carbon atoms from the site
of spin label. On the other hand, residues deeply inserted or at
the center of the micelle will experience signal attenuation in
the presence of 16-DSA probe.56,57 Two-dimensional 1H−1H
TOCSY spectra of VT18 were obtained in DPC micelles either
in the absence or presence of 1 mM spin labeled doxyl lipids.
Figure 7 shows remaining amplitude of the NH/CαH
correlations of residues of VT18 in the presence of 5-DSA
(panel A) and 16-DSA (panel B). Clearly, 5-DSA and 16-DSA
both have attenuated intensity of the NH/CαH cross-peaks of
residues of VT18, as a result of line broadening, however to a
different extent. In order to compare the effect of the two PRE
probes, the ratio of remaining amplitude of cross-peak intensity
in 5-DSA and 16-DSA for each residues of VT18 is plotted in
Figure 7C. As can be seen, a number of residues including Y85,
F87, M88, G91, A92, Y93, F95, C96 of VT18 demonstrate a
larger perturbation by 16-DSA, as 5-DSA/16-DSA > 1 (Figure
7C). In other words, these residues penetrate deeply toward the
hydrophobic core of the DPC micelles. On the other hand,
NH/CαH cross-peaks of residues W89, G90, A98, E99, N100,
and T101 of the fusion peptide experienced a larger broadening
by 5-DSA, as 5-DSA/16-DSA < 1 (Figure 7C). Thus, these
residues of VT18 are located closer to the lipid headgroup or at
the surface of the micelles. Collectively, these data indicated
that the aromatic-hydrophobic core region of the VT18
structure is inserted into the DPC micelles. By contrast,
residues W89 and G90 at the center of the β-turn and the polar
and negatively charged C-terminal residues of VT18 are most
likely orientated along the micellar surface.

Structural Comparison of the Type II Fusion Peptides.
Recently, 3-D structure of CHIKV fusion protein E1 has been
determined, by X-ray crystallography, in complex with the
receptor binding proteins E3 and E2.46 In the crystal structure,
the fusion peptide region (V84-T101) is buried at the interface
of E1-E2 complex whereby side chains of His residues of E2
protein are potentially involved in hydrogen bonding with the
main chain of the fusion peptide.46 It may be instructive to
compare the NMR derived DPC bound structure or the
fusogenic structure of VT18 (Figure 8B) with that of the
conformation deduced in the context of protein complexes
(prefusion state) (Figure 8A). Figure 8C shows the super-
position of the NMR derived structure and the crystal structure
of the fusion peptide. Interestingly, in both the structures,
deduced either in DPC micelles or in the context of E2 protein
complexes, the type I β-turn for residues M88-W89-G90-G91
of the fusion peptide is well maintained along with the N- and
C-termini pointing in an antiparallel orientation (Figure 8A−

Figure 7. Bar diagrams showing the remaining signal amplitude
observed for NH/CαH correlations in 2-D TOCSY spectra, after
addition of paramagnetic lipid 5-DSA (A) and 16-DSA (B) in separate
experiments, as a function of residues of VT18 fusion peptide. (C) Bar
diagram shows the ratio of remaining signal amplitude, observed for
NH/CαH correlations in 2-D TOCSY spectra, after addition of
paramagnetic lipid 5-DSA and 16-DSA, as a function of residues of
VT18 fusion peptide. A ratio of >1 indicates a larger diminution of
signal intensity by 16-DSA in comparison to that of 5-DSA, where as a
ratio of <1 implies the opposite trend. Peptide samples were prepared
in solution containing 125 mM perdeuterated DPC and TOCSY
spectra were acquired either in the absence or in the presence of 1 mM
doxyl lipids.
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C). It may be worthwhile to consider that such a structural
preservation of the β-turn conformation perhaps have
important implications in membrane insertion and fusion. It
is tempting to speculate that the β-turn residues of the fusion
protein, upon pH-induced activation, make a facile insertion
into the lipid membranes without loss of conformational
entropy. On the other hand, the micelle-bound structure of the
fusion peptide, VT18, markedly differs in terms of packing
interactions of the aromatic side chains of residues Y85, F87,
Y93, and F85 (Figure 8C). In the X-ray structure, there are
diminished packing interactions among these aromatic side
chains, in particular the side chain of residue F95 resided far
apart from other aromatic residues (Figure 8C). In other words,
in the lipidic environment of DPC micelles the fusion peptide
has undergone a significant conformational reorganization for
the aromatic residues (Figure 8B). In order to verify the
plausible functional role of the aromatic residues and packing
interactions, an analog peptide of VT18, whereby aromatic
residues, F87, W89, and F95, were replaced with Ala, was
examined for fusogenic activity. The mutated peptide did not
exhibit any detectable lipid mixing activity, implying involve-
ment of these aromatic residues in a structure−activity
relationship (Supplementary Figure S2). However, role of the
individual aromatic residue to the fusogenic activity and for the
3-D structure of VT18 peptide needs to be further investigated.
T h e N M R s t r u c t u r e o f 1 5 - r e s i d u e

(D98RGWGNGCGLFGKGG112) fusion peptide of dengue
virus, the only structure known for a type II fusion peptide in
lipid environments, was solved in DPC micelles.36 The
fusogenic conformation of dengue virus fusion peptide deduced
in DPC micelles also demonstrated a close proximity of the side
chains of aliphatic and aromatic residues. However, in the full-
length E protein these side chains are not highly involved in
packing interactions.36 A replacement of aromatic residue
W101 with Ala has caused a dramatic diminution of the
fusogenic activity of the dengue virus fusion peptide.36 It is

noteworthy that the overall 3-D structures, observed in DPC
micelles, of the fusion peptides of CHIKV and dengue virus
have remarkably differences (Figure 8B,D). Most notably, the
3-D structure of dengue virus fusion peptide is characterized by
a limited hydrophobic surface consisting of residues W101,
F108, and L107, correlating with a fewer number of nonpolar
residues in the amino acid sequence. By contrast, the micelles-
bound structure of VT18 fusion peptide displays a larger
nonpolar surface with a fewer polar surface (Figure 6). This
observation might implicate to a potentially different mode of
insertion and membrane fusion of the fusion proteins of
alphavirus and flavivirus.

■ CONCLUSION

Viral fusion peptides are critical in promoting host-virus
membrane fusion. A vast amount of work has been reported
fusogenic activities and structures of fusion peptides derived
from type I fusion proteins.14−16 Collectively, these studies
have provided important insight toward the membrane fusion
process by type I fusion proteins. By contrast, fusion peptides
of type II viral fusion proteins are inadequately explored for
their structures and activities. The current study has
demonstrated membrane fusion and interactions with zwitter-
ionic liposomes of a type II fusion peptide, VT18, of CHIKV
from alphavirus family. The atomic-resolution structure,
determined in DPC micelles, of VT18 is defined by a
hydrophobic core formed by the packing among aromatic
and aliphatic residues. The hydrophobic core region of the
fusion peptide is well inserted into the lipid micelles. These
structural features of VT18 could be critical for the membrane
fusion activity. We believe that the current work will provide a
starting framework toward a better understating, plausibly
through mutational analyses of fusion protein, of the virus−host
fusion by alphaviruses.

Figure 8. Comparison of conformations of the fusion peptides of CHIKV (A−C) and dengue virus (C) in different fusogenic states. (A) 3-D
structure corresponding to the fusion peptide segment (V84-T101), determined by X-ray crystallography, in the full-length E1 protein in the
prefusogenic state.45 (B) The DPC-bound structure of the fusion peptide VT18 of CHIKV in fusogenic state solved by NMR spectroscopy in the
current study. (C) Superposition of the NMR derived conformation with the X-ray structure of the fusion peptide of CHIKV. The X-ray structure of
the fusion peptide is presented as a yellow stick. (D) The DPC-bound structure of the 15-residue fusion peptide of dengue virus solved by NMR
spectroscopy.36
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