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Abstract: Entry of enveloped animal viruses into their host cells always depends on a step of membrane fusion triggered by
conformational changes in viral envelope glycoproteins. Vesicular stomatitis virus (VSV) infection is mediated by virus spike
glycoprotein G, which induces membrane fusion at the acidic environment of the endosomal compartment. In a previous work,
we identified a specific sequence in the VSV G protein, comprising the residues 145-164, directly involved in membrane
interaction and fusion. In the present work we studied the interaction of pep[145-164] with membranes using NMR to solve
the structure of the peptide in two membrane-mimetic systems: SDS micelles and liposomes composed of phosphatidylcholine
and phosphatidylserine (PC:PS vesicles). The presence of medium-range NOEs showed that the peptide has a tendency to form
N- and C-terminal helical segments in the presence of SDS micelles. Analysis of the chemical shift index indicated helix—coil
equilibrium for the C-terminal helix under all conditions studied. At pH 7.0, the N-terminal helix also displayed a helix—coil
equilibrium when pep[145-164] was free in solution or in the presence of PC:PS. Remarkably, at the fusogenic pH, the region
of the N-terminal helix in the presence of SDS or PC:PS presented a third conformational species that was in equilibrium with
the helix and random coil. The N-terminal helix content decreases pH and the minor B-structured conformation becomes more
prevalent at the fusogenic pH. These data point to a g-conformation as the fusogenic active structure-which is in agreement with
the X-ray structure, which shows a g-hairpin for the region corresponding to pep[145-164]. Copyright © 2007 European Peptide
Society and John Wiley & Sons, Ltd.

Supplementary electronic material for this paper is available in Wiley InterScience at http://wwuw.interscience.wiley.com/jpages/
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INTRODUCTION

Virus infection depends on the delivery of viral genome
and accessory proteins into the cytosol or, in some
cases, into the nucleus of the host cell, thereby by-
passing or modifying the barrier properties imposed by
the plasma membrane. In the case of enveloped viruses,
the entry process involves the fusion of their lipid
envelope with the plasma or endosomal membranes of
the host cell [1-4]. Membrane fusion induced by viruses
is mediated by viral fusion glycoproteins, which acquire
the fusogenic activity after conformational changes
triggered either by their interaction with a specific virus
receptor on the cell surface or by the acidic pH of
the endosomal medium [5,6]. It is believed that these
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conformational changes lead to the exposure of a short
sequence in the glycoprotein, which is directly involved
in the interaction with the target membrane during the
fusion reaction, known as the fusion peptide [7].

Vesicular stomatitis virus (VSV) belongs to the
Rhabdoviridae family, a group of enveloped, negative,
single-strand RNA viruses. The VSV envelope contains
many copies of a single transmembrane glycoprotein,
the G protein that forms trimeric spikes on the
virus surface. VSV G protein is involved in virus
attachment to the host cell surface, and in the
membrane fusion mediated by the virus that occurs
at the endosomal compartment where the acidic pH
induces conformational changes on G protein [8,9].

In previous works, we have demonstrated that
a synthetic peptide corresponding to amino acids
145-164 of G protein (pep[145-164]), which is the
VSV binding site to phosphatidylserine (PS) [10], was
as efficient as the whole virus in catalyzing fusion
at pH 6.0 [11,12]. Several pieces of evidence in the
literature suggest a direct role for PS in VSV entry
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into the host cell [13-15]. This phospholipid has also
shown to be essential for VSV-membrane interactions
at neutral and fusogenic pHs [16,17]. The identification
of PS binding segments in several rhabdovirus G
proteins [10] and the fact that antibodies against this
segment of the G protein of a salmonid rhabdovirus
were able to inhibit both PS binding to this virus and
virus-induced cell to cell fusion [18] suggest a direct
participation of the PS binding site in rhabdovirus
entry.

Whether pep[145-164] has a direct participation
in VSV fusion or this segment only takes part of
the membrane-interacting regions of the G protein is
still an open question. Much data from other groups
and us [10-18] strongly indicate a direct interaction
between pep[145-164] and the target membrane. As
already shown for the whole virus, peptide—membrane
interaction is specific to PS [17] and dependent on the
presence of His in its sequence, whose substitution
by Ala or modification with diethylpyrocarbonate
(DEPC) inhibits peptide fusogenic properties. This is in
agreement with our previous data showing that the G
protein His-modified with DEPC avoids the virus entry
into the host cell both in vitro and in vivo [19].

The main goal of the present work was the
understanding of the structural requirements for the
pepl[145-164] to induce fusion. We used NMR to
solve the structure of the peptide in SDS micelles
and liposomes composed of phosphatidylcholine and
phosphatidylserine (PC:PS vesicles). We showed that
the peptide forms two helical segments in the presence
of SDS micelles. Analysis of chemical shift index
indicated that the N-terminal helix is in equilibrium
with other minor conformational states, and that the
N-terminal helix content decreases at the fusogenic
pH. The analysis of pep[145-164] bound to PC:PS
vesicles also showed the presence of the N-terminal
helix at pH 7.0, but revealed that a minor extended
conformation becomes more prevalent at the fusogenic
pH. These data point to a B-conformation as the
fusogenic active structure — which is in agreement with
the X-ray structure - which shows a B-hairpin for
region corresponding to pep[145-164] [20].

MATERIAL AND METHODS

Peptide Synthesis

The VSV G protein peptide corresponding to the sequence
between amino acids 145 and 164 (VTPHHVLVDEYTGEWVD
SQF-NHjy) was synthesized by solid phase using the Fmoc
methodology. All protected amino acids were purchased from
Calbiochem-Novabiochem (San Diego, USA) or from Neosystem
(Strasbourg, France). The syntheses were carried out in
an automated bench-top, simultaneous multiple solid-phase
peptide synthesizer (PSSM 8 system from Shimadzu). The final
deprotected peptides were purified by semipreparative HPLC
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using an Econosil C-18 column (10 um, 22.5 x 250 mm) and
a two-solvent system: (A) trifluoroacetic acid/H20O (1:1000,
v/v) and (B) trifluoroacetic acid/acetonitrile/H2O (1:900: 100,
v/v/v). The column was eluted at a flow rate of 5 ml min~!
with a 10, 30-50 or 60% gradient of solvent B over 30
or 45 min. Analytical HPLC was performed using a binary
HPLC system from Shimadzu with an SPD-10AV Shimadzu
UV /vis detector coupled to an Ultrasphere C-18 column (5 um,
4.6 x 150 mm), which was eluted with solvent systems Al
(HsPO4/H20, 1:1000, v/v) and B1 (acetonitrile/HoO/H3PO4,
900:100:1, v/v/v) at a flow rate of 1.7 ml min~! and a
10-80% gradient of B1 over 15 min. The eluted materials
from the HPLC column were monitored by their absorbance
at 220 nm. The molecular mass and purity of synthesized
peptides were checked by MALDI-TOF mass spectrometry
(TofSpec-E, Micromass) and/or peptide sequencing using a
protein sequencer PPSQ-23 (Shimadzu Tokyo, Japan).

Preparation of Liposomes

The phosphatidylcoline (PC) from chicken egg and phos-
phadylserine from bovine brain were purchased from Avanti
Polar Lipid. Phospholipds in a molar ration of 3:1 (PC:PS)
were dissolved in chloroform and evaporated under nitrogen.
The lipid film was resuspended in 20 mm phosphate buffer (pH
7.0 or 6.0) and 50 mM NacCl in a final total lipid concentration
of 20 mm (15 mm of PC plus 5 mm of PS). The vesicles were
extruded through a membrane (0.22 um) during 10 cycles,
forming unilamellar vesicles.

NMR Sample Preparation

For experiments using the peptide free in solution, the
lyophilized peptide sample was solubilized in 20 mm phosphate
buffer (pH 6.0 or 7.5) and 50 mMm NaCl to a final concentration
of 1 mMm. For experiments with SDS micelles, perdeutered
SDS in a final concentration of 400 mm was added to the
1 mMm peptide solution in 20 mMm phosphate buffer (pH 6.0
or 7.5) and 50 mm NaCl. Perdeuterated SDS was purchased
from Cambridge Isotopes Inc., Boston (USA). The sample for
experiments with vesicles was prepared with the peptide at
1 mm final concentration in the presence of PC:PS vesicles
(3:1) in 20 mm phosphate buffer and 50 mm NaCl.

NMR Experiments

The NMR experiments were acquired in a Bruker spectrometer
DRX-600 MHz and at 25°C. All NOESY and TOCSY spectra
were acquired using 4096 x 512 complex points, digital
quadrature detection mode and States-TPPI for the frequency
discrimination in the indirect dimension.

Before carrying out the experiments in SDS micelles, a series
of one-dimensional 'H spectra of pep[145-164] were acquired
with increasing SDS concentration (40 to 400 mm, data not
shown). The lines became sharper, reaching a limit after
200 mM of SDS. The increase in SDS concentration results
in a shift towards the bound state, leading to a decrease
in conformational exchange and a sharpening of resonances.
Thus, all experiments were carried out at 400 mm SDS with
the peptide in the SDS-bound state. For the NOESY spectra
in SDS micelles, we used a mixing time of 120 ms. This value
was chosen on the basis of an NOE build-up curve. For the
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transfer NOESY spectra in the presence of vesicles, three
different mixing times (60, 120 and 160 ms) were used. The
spectrum that was used for most of the analyses was NOESY
with a mixing time of 120 ms. For each of the transfer NOESY
experiments in the presence of vesicles, we ran an identical
experiment under the same condition, but without the vesicles.
The spectra were processed using NMR Pipe [21] and analyzed
using NMR View v5.02 [22].

RESULTS

Peptide Interaction with SDS Micelles

Two-dimensional NOESY and TOCSY experiments of
pepl145-164] were performed in the presence of
SDS micelles at pH 6.0 and compared with data
obtained at pH 7.5. Full assignment of the peptide was
obtained using the sequential methodology proposed by
Wiithrich (1986) [23]. Figure 1(A) shows a summary of
the NOEs assigned at pH 6.0 and 7.5. Consecutive,
medium-range NOEs oN (i, i+ 3), oN (i, i+4), o
(i, i+ 3) were observed, typical of helical structures. In
SDS, pep[145-164] has a tendency to form two helical
spans. The N-terminal helix was observed from residues
T146 to L151 at pH 7.5 and from H149 to Y155 at pH
6.0. The C-terminal helix was observed from residues
V160 to F165 at pH 7.5 and from W159 to Q164 at
pH 6.0.

Helical structural tendency is always followed by up-
field chemical shift deviation for the hydrogen linked to
the a-carbon («¢H) [24]. Figure 1(B) shows that this was
the case with the C-terminal helix at both pHs. On the
other hand, the N-terminal helix displayed NOEs typical
of helix but chemical-shift index typical of random-coil
or extended structures. The fact that the typical NOEs
of helix were not followed by negative Ho chemical-
shift deviations could be explained by the presence
of minor conformation(s) contributing positively to the
chemical-shift values. Positive chemical shift indexes
are typical of extended conformation or g-structures
[24], suggesting that the N-terminal helix is in fast
equilibrium with these structural species.

The pH-driven transition toward the fusogenic
conformation was evaluated by the number and the
intensities of the NOEs in the two pHs. The number of
NOEs typical of the helix was higher at pH 7.5 than at
the fusogenic pH (6.0) (Figure 1(A)). In accordance with
the number of NOEs, the changes in the normalized
intensities increase for the g-related NOEs (aN (i, i + 1))
and decrease for the helix-related NOEs (eN (i, i+ 3)
and (e (i, i+ 3)) (Figure 1(C)). These data suggest that
the content of helix decreases in the fusogenic state.

Peptide Interaction with PC : PS Vesicles

As shown in the previous section, pep[145-164] has
the tendency to form two helical segments in SDS.
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In the N-terminal end there is equilibrium between
the helical conformation and other structures, which
could be extended or random coil. In addition, the
helix content decreases at the fusogenic pH. These
observations raised the question whether the fusogenic
conformation is the prevalent helical conformer or the
B-structured conformer. To answer this question we
performed transfer NOESY experiments in the presence
of PC: PS vesicles at neutral and fusogenic pHs, which
mimic better the microenvironment experienced by viral
glycoprotein during the infection of the host cell.

The NOESY spectra of pep[145-164] free in aqueous
solution at both pH 6.0 and 7.0 showed a small
number of NOEs, which corresponded exclusively to
inter-residue NOEs (Figure 2(A), left panels). However,
the NOESY spectra in presence of PC:PS vesicles at
both pHs displayed a great increase in the number
of NOEs, a result of the interaction of pep[145-164]
with the membrane (Figure 2(A), right panels). These
data also show that the interaction occurred in the
fast/intermediate timescale, typically microseconds.
The number and intensity of transfer NOEs were much
higher at pH 6.0 than at pH 7.0. This evidences that
the interaction at the fusogenic pH is stronger.

In the presence of vesicles, the number of trans-
fer NOEs was not enough for structural calculation.
However, the analysis of the Ha chemical-shift per-
turbations induced by the interaction gave important
structural insights of the peptide in the membrane-
bound state. Figure 2(B) shows the chemical-shift dif-
ference between the Ha of pep[145-164] in the presence
of PC: PS vesicles and the expected values for a random
coil. Negative values for the C-terminal helix region were
observed, indicating the presence of helix—coil equilib-
rium at this segment of the peptide at both pHs. The
N-terminal helix also displayed negative values at pH
7.0 for the segment V152-Y155, typical of helix—coil
equilibrium. The profile obtained for pep[145-164] in
PC:PS at pH 7.0, presented in Figure 2(B), was very
similar to that obtained for free pep[145-164] in aque-
ous solution at both pH 6.0 and 7.0 (Supplementary
Figure 1), meaning that when pep[145-164] is free
in solution there is also helix—coil transition in the
region of both N-terminal (segment V152-Y155) and C-
terminal helices (segment W159-Q163). Remarkably,
the region of the N-terminal helix displayed a more
complex behavior at the fusogenic pH. The values of Ha
chemical-shift deviation became less negative, or even
positive, for some residues of the segment V152-Y155.
This indicates that there is another conformational
species in equilibrium with the helix and coil structures
which produces positive Ho deviations, suggesting that
the fusogenic conformation is an extended conforma-
tion or a g-structure.
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Figure 1 (A) NOE summary of the pep[145-164] in SDS micelles, showing the sequential and medium-range NOEs. On the

left are the results at pH 6.0, and on the right, at pH 7.5. The bars at the top represent the helical regions predicted from the
presence of (i, i + 3) and (i, i + 4) NOEs. (B) Difference of He chemical shift for each residue of pep[145-164] in SDS micelles and
the expected random-coil values (A§) as a function of the residue name. At the top are the results at pH 6.0, and at the bottom, at
PH 7.5. The solid bars indicate the helical regions predicted by the NOEs and confirmed by chemical-shift deviations. The hollow
bars indicate the helical regions predicted by the NOEs but not confirmed from chemical-shift deviation. (C) NOE summary of
the pep[145-164] in SDS micelles showing only the cross-peaks that are common for both pH 6.0 and 7.5. For each NOE we
show the comparison of the normalized intensities at pH 6.0 and 7.5. The normalization was obtained by dividing the intensity
of the cross-peaks with the intensity of the corresponding diagonal peak. The arrows indicate whether the normalized intensity
increases (pointing up) or decreases (point down) on going from pH 7.5 to 6.0. We have not considered the effect of overlaps in the
diagonal peaks in the NOE normalization because they are present both at pH 6.0 and 7.5. All experiments were carried out at
20 mMm phosphate buffer, 50 mm NaCl and 400 mm SDS.

the infection of the host cell. Moreover, NMR data
of pep[145-164] in PC:PS yielded qualitative struc-
tural features that are very informative for mapping the

DISCUSSION

In the present work we studied the interaction of
pepl145-164] with two different membrane mimetic

systems: SDS micelles and PC: PS vesicles. The study residues involved in the interaction with the membrane

in SDS micelles enabled higher-resolution structural
information of the peptide in the membrane-bound con-
formation. PC:PS vesicles better mimic the microen-
vironment experienced by viral glycoprotein during

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.

and also in the secondary structure changes.

The pep[145-164] showed a tendency, mapped by
the presence of NOEs and He chemical-shift deviation,
to form helixes in two segments of the sequence, at
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Figure 2 (A) NOESY spectra of pep[145-164] in the presence
(A2 and A4) and absence of PC:PS vesicles (Al and A3). The
spectra at pH 6.0 are at the top (Al and A2) and at pH 7.0 are
at the bottom (A3 and A4). (B) Difference of He chemical shift
of pep[145-164] in the presence of PC:PS vesicles and the
expected random-coil values (A§) as a function of the residue
name. At the top are the results at pH 6.0 and at the bottom,
at pH 7.5. The bars indicate the helical regions predicted from
the Ho chemical-shift deviations. All experiments were carried
out at 20 mm phosphate buffer, 50 mm NaCl and PC:PS, as
described in ‘Materials and Methods’.

the N- and C-termini. As depicted in Figure 3, the C-
terminal helix displays helix—coil equilibrium in all the
studied conditions, producing (i, i+ 3) medium-range
NOEs and negative Hae chemical-shift deviations. The
N-terminal helix, on the other hand, showed a more
complex equilibrium that appears only at the fusogenic
pH. both in the presence of SDS and in the presence of
PC: PS vesicles.

Copyright © 2007 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 3 Schematic representation of conformational equi-
librium of pep[145-164]. At the top is represented the
helix-coil equilibrium. The helical conformer results in (i,
i+ 3) NOEs and negative Hoe chemical-shift deviation (AS < 0).
The random-coil conformation results in absence of or weak
NOEs and Aé close to zero. The expected result of the two
species in fast equilibrium would be the presence of NOEs typ-
ical of helix and AS < O. At the bottom is represented a more
complex equilibrium among helix, coil and a third species. The
helical conformer results in (i, i +3) NOEs and A§ < 0. The
random-coil conformation results in the absence of or weak
NOESs and AS$ close to zero. If the third species is an extended or
B-structured conformer, strong N (i, i+ 1) and A§ > 0 would
be expected. The expected result of the three species in fast
equilibrium would be the presence of NOEs typical of helix and
typical of g-structure (N (i, i + 1)) and AS§ ~ O.

It has been extensively demonstrated that many
helicoidal peptides undergo helix—coil equilibrium
[25-27]. Since helix produces negative Ho chemical-
shift deviations, and random coil results in values
close to zero, helix—coil equilibrium will always bring
in negative values of Ho chemical-shift deviations.
The equilibrium of helix, random coil and a third
conformational species that produces positive Ha
chemical-shift deviations would result in values slightly
positive or zero, as obtained for the equilibrium in which
the N-terminal helix is involved. This third species is
expected to be an extended conformation such as a 8-
structure (Figure 3(A)). The formation of the g-structure
also explains the stronger «N (i, i + 1) and weaker oN
(i, i+ 3) NOEs.

The model shown in Figure 3 takes into considera-
tion a new view of binding that, instead of presum-
ing an induced fit of the peptide to the interface,
assumes the existence of pre-existent, ordered con-
formational states in equilibrium (for a review see
[Ref.28]). Here we mapped the existence of a third
conformational state in extended conformation. This
B-structured state represents a minor conformation
when the peptide is free in solution. However, the
presence of the membrane interface at the fusogenic

J. Pept. Sci. 2008; 14: 429-435
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conditions shifted the population toward this state,
increasing its contribution to the observed chemical-
shift deviation. Our previous calorimetric studies indi-
cated that peptide binding to membranes depends on
electrostatic interactions, suggesting that the binding
might be mediated by a direct interaction between the
negative charges of PS and the positively charged pep-
tide His residues at the fusogenic pH [17]. These His
residues are located in the N-terminal segment of the
peptide, the region that forms the extended structure.
Thus, their protonation (pKa ~ 6.0) could be driving
and stabilizing the peptide interaction with the mem-
brane.

It is interesting to compare the findings of a minor
B-structured conformation with the recently solved
X-ray structures of the ectodomain of the VSV G-
protein in the fusogenic [20] and pre-fusogenic state
[29]. These data point to a B-conformation as the
fusogenic active structure —in agreement with the
X-ray structure — which shows not a helix but a g-
hairpin for the region corresponding to pep[145-164].
The B-hairpin that could be the minor conformation
for the pep[145-164] free in solution is the major
conformation in the whole protein, possibly stabilized
by tertiary contacts with the rest of the G protein.
The solved X-ray structures revealed that pep[145-164]
is not at the tip of the fusogenic domain [20,29],
where the putative fusion peptide was supposed to
be. However, much data, from other groups and us
[10-18], strongly indicate a direct interaction between
pepl[145-164] and the target membrane. Probably,
pepl145-164] might participate in VSV fusion as an
accessory segment.

CONCLUSIONS

One of the main achievements of the present work
was to give structural insights on the membrane-active
region of pep[145-164]. NMR studies indicated the
presence of equilibrium among several conformational
species in pep[145-164]. The helical species is preva-
lent in the presence of SDS micelles. We demonstrated
the presence of a B-structured minor conformation
within the N-terminal region of the peptide. The equi-
librium shifts toward this B-structured conformation
when the peptide is at the fusogenic pH, in the pres-
ence of membranes. The residues for which we observed
the highest changes when the pH was shifted from 7.0
to 6.0 in the presence of PC:PS vesicles were Vall52-
Aspl153-Glul54 and Tyr155. These residues take part
of the -hairpin in the X-ray structure of VSV G protein,
which is formed by the residues Leul51-Vallb2-
Aspl153-Glul54 (first B-strands); Tyrl55, Thr156
(8-turn); and Gly157-Glul58-Trp159-Vall60 (second
B-strand).
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