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SNARE proteins are implicated in membrane fusion during neurotransmission and peptide hormone
secretion. Relatively little is known about the molecular interactions of their trans- and juxtamembrane
domains with lipid membranes. Here, we report the structure and the assembling behavior of one of the
SNARE proteins, VAMP1/synaptobrevin1 incorporated in a lipid monolayer at an air–water interface which
mimics the membrane environment. Our results show that the protein is extremely sensitive to surface
pressure as well as the lipid composition. Monolayers of proteins alone or in the presence of the neutral
phospholipid DMPC underwent structural transition from α-helix to β-sheet upon surface compression. In
contrast, the anionic phospholipid DMPG inhibited this transition in a concentration-dependent manner.
Moreover, the orientation of the proteins was highly sensitive to the charge density of the lipid layers. Thus,
the structure of VAMP1 is clearly controlled by protein–lipid interactions.
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1. Introduction

A set of evolutionary conserved membrane proteins plays a major
role within cells during the fusion of proteolipid membranes, a
process that forms the base of events such as neurotransmission,
hormone secretion, intracellular vesicular transport or membrane
repair [1]. The crystal structure of the cytosolic core complex has been
resolved [2,3]. The single-span integral membrane proteins VAMP/
synaptobrevin, residing in vesicle membranes, and syntaxin 1 in the
plasma membrane, as well as the peripheral plasma membrane
protein SNAP25 form a stable ternary “trans-complex” through their
cytosolic domains thus bridging the two membranes. The membrane
fusion requires the interaction of the cytosolic domains of the SNARE
proteins which constitutes a minimal membrane fusion machinery
[4–6].

In contrast, the configuration of the transmembrane domains has
only recently been addressed due to the inherent difficulties in
determining membrane-embedded structures. Previously, we have
investigated the structure and orientation of the non-modified
transmembrane domain of the SNARE protein VAMP1 in various
lipid environments using synthetic peptides. This study revealed an
unprecedented dynamic and reversible switch between α-helical and
β-sheet structure of the peptides depending on the peptide to lipid
ratio and the nature of the lipids [7].

We now investigated the assembling behavior and the structure of
full-length recombinant VAMP1 at the air–water interface. Using
Brewster angle microscopy (BAM) and polarization modulation-
infrared reflection-adsorption spectroscopy (PMIRRAS), we
addressed the presence of molecular aggregates at a macroscopic
level as well as the molecular structures in these aggregates.
Experiments were performed in the presence of neutral and
negatively charged lipids in order to address the protein–protein
and protein–lipid interactions, in particular the potential influence of
the juxtamembrane and cytoplasm fragments of the full-length
protein on the organization of the transmembrane fragment.

Our results indicate that the structure and orientation of VAMP
spread at air/water interface was highly sensitive to the lipid
environment and the surface pressure. The BAM images of mono-
layers of VAMP deposited alone or mixed with zwitterionic phospho-
lipids DMPC exhibited domain segregation upon compression. This
probably reflects the instalment of protein-rich and protein-depleted
domains upon compression accompanied by reversible structural
transition from α-helix to β-sheet as observed by PMIRRAS. In
contrast, the presence of anionic phospholipids DMPG above a certain
concentration rendered the monolayers more homogeneous and the
structure of the proteins remained α-helical even at a high surface
pressure. The orientation of the α-helices in regard to the interface
depends largely on the surface charge density of the lipid monolayer.
Thus, the interaction between the lipid charge and the juxtamem-
brane domain of the proteins clearly plays an important role in
determining the protein structure.
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2. Materials and methods

2.1. Lipids and proteins

1,2-Dimyristoyl-sn-glycero-3-phophatidylcholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium
salt) (DMPG) with a purity b99%were purchased from Sigma-Aldrich.
Water (resistivity: 18.2 MΩ) used for buffer preparation was filtered
and deionized with an ELGA apparatus. Recombinant GST-VAMP1
(rat) was expressed in E. coli BL21, solubilized in Triton-X100
containing buffer and bound to glutathione beads [8,9]. After
exchanging the detergent for 0.8% octylglucoside, VAMP was eluted
from the beads by thrombin cleavage, concentrated and further
purified by FPLC (Superdex75). Purified proteins were stored at −80
in phosphate-buffered saline containing 0.8% octylglucoside and
10% glycerol. The sequence of VAMP1 is MSAPAQPPAE GTEGAAPGGG
PPGPPPNTTS NRRLQQTQAQ VEEVVDIIRV NVDKVLERDQ LSELDDRAD
ALQAGASVFE SSAAKLKRKYWWKNCKMMIM LGAICAIIVV VIVIYIFTwith
96 amino acids in the cytosolic domain (12 positive charges, 13
negative charges, 25 polar neutral, and 46 non polar at pH 7.4) and 22
amino acids in the transmembrane domain.

2.2. Film formation and surface pressure measurements

Monolayer experiments were performed on a computer-con-
trolled Langmuir film balance (Nima Technology, Coventry, UK). The
rectangular trough (V=150 cm3, S=300 cm2) and the barrier were
made of Teflon. Phospholipids were dissolved in chloroform (DMPC)
or chloroform/methanol (DMPG, DMPC/DMPG). First, the trough was
filled with a phosphate buffer (130 mM KCl, 5 mM NaCl, 13 mM
Na2HPO4, 10 mMMgSO4, pH 7.4). A solution of protein molecules was
deposited onto the subphase surface using a calibrated Hamilton
microsyringe. Thirty minutes after incubation, a protein monolayer
compression/decompression cycle at the surface was exerted to
ensure a homogenous repartition of the VAMP1 at the top of the
subphase. Subsequently phospholipids were injected on the decom-
pressed protein layer in order to form a mixed layer of protein/
phospholipids. The quantities of spread protein and protein/phos-
pholipid ratios were controlled such that protein/lipid films with
about 1/33 and 1/83 molar fractions were obtained at 0 mN/m
surface pressure before film compression. Note that after injection of
VAMP1 at the buffer interface, about 40% of the protein went from the
interface into the subphase. The values presented in this manuscript
are those present after the calibration, i.e. in order to obtain the 1/33
or 1/83 protein/lipid films, 1 protein molecule per 20 or 50 lipid
molecules were injected.

Surface pressure (π) wasmeasured by theWilhelmymethod using
a filter paper plate. Compression–expansion cycles were performed at
a rate of 10 cm2/min and isotherms were displayed by plotting the
surface pressure versus area per phospholipid molecule.

2.3. Brewster angle microscopy (BAM)

The morphology of protein and protein/lipid monolayers at the air–
water interface was observed using a Brewster angle microscope (NFT
BAM2plus, Göttingen, Germany) [10] mounted on a computer-controlled
Teflon Langmuir film balance (300 cm2) (Nima Technology, Coventry,
UK). The microscope was equipped with a frequency doubled Nd:Yag
laser (532 nm; 50 mW), polarizer, analyzer and CCD camera. The
exposition time (ET) depends on the shutter speed. The spatial resolution
of the BAM was about 2 μm and the image size was 600×450 μm. The
reflectivity calibrationobtained fromthegrey level and the layer thickness
estimate, (using the refractive index of water n=1.33 and of the protein
monolayer n=1.47 (for pure lipids, n=1.46)) were calculated with the
BAM2plus software package (I-Elli2000) [11,12].
2.4. PMIRRAS spectroscopy

Monolayers at the air–buffer interface were monitored in situ by
PMIRRAS [13]. PMIRRAS spectra were recorded during monolayer
compression–expansion on a Nicolet 870 spectrometer equippedwith
a photovoltaic HgCdTe detector cooled at 77 K [14]. Generally 600
scans were co-added at a resolution of 8 cm−1 for pure protein and
mixed protein/lipid (DMPC, DMPG, DMPC/DMPG) monolayers. The
PMIRRAS spectrometer was set up as follows: an IR beam was
polarized by a ZnSe polarizer and modulated by a ZnSe photoelastic
modulator between parallel (p) and perpendicular (s) polarizations to
the incidence plane. The two channel processing of the detected signal
gives the differential reflectivity spectrum ΔR/R=(Rp−Rs)/(Rp+Rs)
where Rp and Rs are the polarized reflectivities. To remove the
contribution of liquid water absorption, each IR spectrum is divided
by the corresponding spectrum of the subphase. PMIRRAS intensity is
a function of the number of molecules per unit surface and a function
of the molecular conformation and orientation. During compression
the number of molecules per area unit increases, increasing the
infrared absorption. Mao et al. have shown [15] that the PMIRRAS
signal is proportional to two parameters: the number of molecules per
unit area and an orientation function f(θ):

IPM�IRRAS/
N
A
⋅f θð Þ

where I is the intensity of the normalized PMIRRAS signal, N is the
number of molecules on the surface, A is the area of the trough at a
given pressure and θ is the average tilt angle of the transitionmoment
with respect to the normal surface. When the number of molecules is
kept constant during the experiment, the product I·A is directly
proportional to the orientation function f(θ):

f θð Þ = sin2 θ− sin2 θm

θm is the magic angle of PMIRRAS on water (θm=38°), when θ=θm
the adsorption disappears.

The differential reflectivity measurement allows us to follow
orientation and secondary structure changes at the interface.

3. Results

VAMP1 is amphiphilic as it contains 22 amino acids in the
hydrophobic transmembrane domain and 98 amino acids in its
soluble cytosolic portion. When deposited at air–water interface, the
protein remains therefore at the interface to form a monolayer. This
characteristic allows studying their aggregation behavior and their
structure by the Brewster angle microscope and PMIRRAS, respec-
tively, in the presence or absence of lipids.

3.1. VAMP1 as protein monolayer

A Langmuir trough was filled with a solution of phosphate buffer
and indicated quantities of VAMP1 in PBS (containing octyl-n-
glucoside, pH 7.4) were injected onto the subphase. Fig. 1 depicts
the isotherm curves of surface pressure during compression and
decompression (Fig. 1E) along with BAM images (Fig. 1A–D) and
PMIRRAS spectra (Fig. 1F) taken at various surface pressures.
Subsequent to the injection of VAMP1 at the air–water interface, the
luminosity of the interface seen from BAM images (Fig. 1A) increased
slightly and homogeneously with just a few bright spots representing
probably small protein aggregates. The surface pressure remained at
0 mN/m, which indicated that the proteins adsorb to the surface and
that only few protein–protein interactions occurred at this surface
concentration. The average layer thickness was 0.7 nm as calculated
from the BAM luminosity (grey levels) using a refractive index of 1.47



Fig. 1. Brewster anglemicroscopy of VAMP1. A)–D) BAM images of VAMP1 at the air–water interface in the absence of lipids, A) equilibrium at the surface pressure 0 mN/m (R=1.7 e−7,
ET=20ms, 7 Å); after proteinfilm compression: B) at 20 mN/m(R=1.2 e−6, ET=20ms, 30 Å), C) at 30 mN/m(R=1.34 e−5, ET=4 ms, 38 Å), andD) after total decompression (0 mN/
m, R=5.7 e−7, ET=20ms, 12 Å). E) Isotherm cycle of the VAMP1 at the buffer surface. Direction of the compression–decompression cycle is given by arrows. F) PMIRRAS spectra of
VAMP1 at the buffer surface recorded at 10, 20 and 30 mN/m. The insert spectra are those during decompression to show the reversible transition. The spectra are shifted vertically for
better visibility.
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for proteins (see Materials and methods). Thus, most of the proteins
probably spread over the air–water interface in an extended
conformation without forming aggregates.

These poorly organized and loosely distributed monolayers of
VAMP1 were then compressed in order to evaluate the effect of
increasing molecular interaction on their aggregation behavior.
Upon compression, the average luminosity of the BAM images and
the surface pressure increased gradually until the surface pressure
reached about 40 mN/m, a pressure at which the monolayer
collapsed. The strong amphiphilicity of the proteins allowed them
to remain at the water surface throughout the compression. The
luminosity of BAM images and the thickness of the monolayer
continued to increase homogeneously during compression. At a
lateral pressure of 20 mN/m and 30 mN/m, the thickness of the
protein film was about 30 Å (Fig. 1B) and 38 Å (Fig. 1C), respec-
tively. Note that a lateral pressure of 30 mN/m corresponds to that
expected in cellular membranes as deduced from various observa-
tions [17]. When the protein film was subsequently decompressed
after the collapse point, surface luminosity progressively decreased
indicative of a relatively fast reversible dynamic assembly/disas-
sembly of the protein. This is further supported by the weak
hysteresis on the compression/decompression isotherm of the
protein (Fig. 1E).

The macroscopic information on the protein assembly at the water
surface obtained by the BAM images and surface pressure isothermwas
then comparedwith PMIRRAS spectrawhichprovide information about
the molecular structure. The PMIRRAS spectra measured during
compression displayed large amide I bands between 1600 and
1700 cm−1 with two main maxima at 1630 cm−1 (accompanied
sometimes with a small band at 1690 cm−1) and at 1655 cm−1, the
characteristic IR bands of ß-sheets and α-helices, respectively, along
with a large amide II band centered at 1535 cm−1 [18–21] Interestingly,
the ratio of the two maxima of the amide I band evolved during the
compression: beyonda surface pressureof 20 mN/mthe intensity of the
bandat 1633 cm−1 increasedwith respect to the oneat 1655 cm−1. This
indicates that β-sheets became the dominant structure at high surface
pressure (Fig. 1F).

The evolution of PMIRRAS spectra showed that along with
the protein structure, the orientation of the proteins changed
with respect to the water surface during compression. As to the α-
helices, a decrease in the amide I (1650 cm−1 α-helix)/amide II
ratio upon compression showed that the helix axis at low surface
pressure became more perpendicular to the interface [22] during
compression in comparison to its initial orientation parallel to the
interface. The combination of a weak amide I′ band at 1690 cm−1

with a strong amide I at 1630 cm−1 suggested that initially the anti-
parallel ß-sheets also oriented mainly parallel to the interface at
low surface pressure. Upon compression, the amide I′ band at
1690 cm−1 became negligible reflecting the transformation of anti-
parallel ß-sheets to parallel ones at high surface pressure. During
decompression, the amide I band at 1630 cm−1 decreased more
rapidly than the band at 1655 cm−1, recovering the original spectra
at low surface pressure before compression in which the α-helix
was the majority structure (insert in Fig. 1F)). These observations
confirmed the reversible dynamics of VAMP1 as deduced from BAM
images.

Thus when dispersed in water, VAMP1 formed films at the air–
water interface due to their amphiphilicity. At low surface pressure,
α-helices coexist with anti-parallel ß-sheets both oriented parallel to
the interface. During compression, ß-sheets became the dominant
structure along with the transformation from anti-parallel to parallel
configuration and these sheets oriented perpendicular to the surface
at high surface pressure.

The proteins structure was subsequently investigated in the
presence of lipid monolayers in order to elucidate the effect of
protein/lipid interactions on the properties of VAMP1 proteins.
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3.2. VAMP1 in the presence of a neutral lipid monolayer (DMPC)

Our earlier study on the transmembrane domain of VAMP1
(VAMPTM22) in lipid membranes showed that the structure of the
TM peptide depended on the peptide/lipid ratios: at a low ratio, the
peptides formed α-helix and at a high ratio they converted to β-sheet
[7]. The critical peptide/lipid ratio for the transition was found to be
around 1/75. Therefore, in the present study, the protein structure
was studied at two different protein/lipid ratios, 1/83 and 1/33. Fig. 2
(A) compares the evolution of the BAM images of a DMPC monolayer
Fig. 2. A: BAM images of: DMPC layer a) at equilibrium on the interface (0 mN/m, GL=37
(GL=45, R=1.6 e−6, 18 Å). Mixed 1/83 VAMP1/DMPC monolayer d) at 0 mN/m (GL=42
22 Å); f) at 40 mN/m the appearance of large bright domain (arrow) (GL=155, R=9.5 e−6

aggregates with higher thickness. Dark domains in both images (e, f) are 18 Å thick (GL=90
40 mN/m b) of the DMPCmonolayer and the mixed DMPC/VAMP1 monolayer 1/83 during c
m d) of the DMPC monolayer and the mixed DMPC/VAMP1 monolayer 1/33 during compre
10 mN/m. For d), the spectra are shifted vertically for better visibility.
either alone (a–c) or in the presence of VAMP1 at a ratio of 1/83 (d–f)
and at different lateral pressures (0, 30 and 40 mN/m) at the surface
of a phosphate buffer (pH 7.4). On the one hand, the DMPCmonolayer
alone displayed a quasi homogeneous liquid phase whose thickness
increased uniformly with the compression. A few bright spots
appeared that are characteristic of lipid aggregates, as previously
reported (14 Å at 0 mN/m and 18 Å at 40 mN/m) [12].

On the other hand, the average luminosity of the mixed VAMP1/
DMPC layer increased strongly at a surface pressure beyond 30 mN/m
and segregations appeared between very small bright aggregates,
, R=9.5 e−7, 14 Å); b) at 30 mN/m (GL=45, R=1.5 e−6, 18 Å); and c) at 40 mN/m
, R=1.2 e−6, 14 Å); e) at 30 mN/m large bright domain (arrow) (GL=85, R=2.6 e−6,
, 38 Å) and very bright small spots (arrow head) reflect highly condensed protein/lipid
, R=1.4 e−6). B: Isotherm cycles a) and PMIRRAS spectra recorded at 3, 10, 20, 30 and
ompression. Isotherm cycles c) and PMIRRAS spectra recorded at 10, 20, 30 and 40 mN/
ssion. The insert spectrum e) is taken after the surface pressure was decreased back to



932 W. Yassine et al. / Biochimica et Biophysica Acta 1798 (2010) 928–937
larger homogeneous bright domains and dark domains. The large
bright domains showed rigid rectangular shapes and their thickness
was estimated as 42 Å at 40 mN/m corresponding to the typical
thickness of a lipid bilayer (using an averaged refractive index of
1.465, considering n=1.46 for pure lipid and n=1.47 for VAMP1).
Interestingly, the presence of these proteins induced the formation of
lipid bilayers whereas they are usually not stable at water surface [23].

3.2.1. PMIRRAS spectra at a protein/lipid ratio of 1/83
Secondary protein structure was evaluated using PMIRRAS. A

large amide II band between 1500 and 1600 cm−1 was apparent
(Fig. 2(B)b) which became more prominent with increased surface
pressure. For the amide I bands between 1600 and 1700 cm−1, on
the other hand, it changed the sign between low surface pressure
(positive) and high surface pressure (negative). At low surface
pressure up to 10 mN/m, a positive amide I band with its maxi-
mum at around 1652 cm−1 (dominant) characteristic of α-helices
and a shoulder at around 1635 cm−1 characteristic of β-sheets were
observed. As surface pressure exceeded ∼20 mN/m, a negative
band at 1680 cm−1 became dominant whilst keeping a positive
band at 1630 cm−1 which increased with increasing surface
pressure. The ensemble of these evolutions reflected a global
orientation of α-helices and β-sheets from horizontal to vertical
orientation upon the increase of the lateral pressure [14,23]. This is
reminiscent to the results obtained with monolayers of VAMP1 in
the absence of lipids (see above). This alteration of protein
orientation may result from interactions between protein mole-
cules brought into close contact upon compression. For the
secondary structure of the protein, due to the change in the sign
of the signal, it was not possible to evaluate the variation of the
relative proportion of α-helices and β-sheets during compression.
It seems that α-helices remain a dominant structure throughout
the compression.

As it was observed for themonolayer of VAMP 1, themixed DMPC/
VAMP1 monolayer also showed a relatively fast reversible dynamics
in the assembly/disassembly cycle of the protein during decompres-
sion: low hysteresis on the compression/decompression isotherm of
the proteins (Fig. 2(B)a) and a reversible evolution of BAM images as
well as of amide I and II bands were observed upon decompression.

3.2.2. The PMIRRAS spectra at a protein/lipid ratio of 1/33
Large and positive amide I bands between 1600 and 1700 cm−1

and a large amide II band centered at 1535 cm−1 were apparent
(Fig. 2(B)d). At low surface pressure, the amide I band exhibited two
maxima at 1655 cm−1 (dominant) and at 1630 cm−1 characteristic
of α-helices and β-sheets, respectively. As the surface pressure
exceeded ∼20 mN/m, the initially predominant band at 1655 cm−1

diminished and the band at 1630 cm−1 increased, reflecting a global
change of the protein structure from α-helices to β-sheets induced
upon the increase of the lateral pressure. This is reminiscent to the
results obtained with monolayers of VAMP1 in the absence of
lipids (see above). This structural transition was concomitant to
the appearance of bright domains in the BAM images at a surface
pressure of 30 mN/m.

The change in the structure of VAMP1 was also accompanied by a
change in its orientation in the lipid monolayer at the interface.
During compression, the axis of theα-helix oriented almost parallel to
the plane of the lipid monolayer at low surface pressure becamemore
vertical in regard to the DMPC layer as the amide I (1650 cm−1)/
amide II ratio decreased. Also the β-sheets present were oriented
more vertically at higher surface pressure as shown by the increasing
amide I (1630 cm−1)/amide II (1535 cm−1). This alteration of protein
orientation may result from interactions between protein molecules
brought into close contact upon compression.

As it was observed for themonolayer of VAMP 1, themixed DMPC/
VAMP1 monolayer also showed relatively fast reversible dynamics in
the assembly/disassembly cycle of the protein during decompression:
a low hysteresis on the compression/decompression isotherm of the
proteins (Fig. 2(B)a), and a reversible evolution of BAM images (Fig. 2
(A)g) as well as of amide I band ratios (1630 cm−1/1655 cm−1),
indicative for the recovery of an α-helical structure upon decompres-
sion (Fig. 2(B)e).

3.3. VAMP1 and DMPG monolayer: anionic lipid layer (protein
peptide/lipid ratio of 1/83)

According to Takamori et al. [24], the ratio of various lipids on
synaptic vesicles amounts to 24% phosphatidylcholine (PC), 15%
phosphatidylethanolamine (PE), 8% phosphatidylserine (PS) and 53%
cholesterol (Chol) where PS represents charged (anionic) lipids. As PS
interferes with the PMIRRAS signals of the amide bands, we have used
another negatively charged lipid, i.e. DMPG, in order to investigate
charge effects on the structure of VAMP1. Fig. 3 shows BAM images of
a pure DMPG monolayer compared with a DMPG monolayer in the
presence of VAMP1 (protein/lipid ratio of 1/83) at different lateral
pressures during surface compression. The surface compression
isotherm and PMIRRAS spectra of the amide bands of VAMP1 are
also provided.

An important difference was observed between the BAM images of
the DMPG and DMPC monolayers. At low surface pressure, a
homogeneous monolayer of DMPG in its expanded liquid phase was
present. Increases in surface pressure were accompanied by lipid
phase transition [25] at around 18 mN/m from an expanded liquid
phase (dark domains, thickness ∼9 Å) to a condensed liquid phase
(bright domains, thickness ∼18 Å). Upon further compression, bright
lipid domains became dominant. At a pressure of 25 mN/m, they
covered the entire surface and their thickness was estimated to be
about 20 Å (using a refractive index of 1.46) as expected for a
condensed DMPG monolayer.

In the presence of VAMP1, the BAM image at low pressure
demonstrated coexistence of expanded liquid phase lipid monolayers
withprotein aggregates as bright spots. Interestingly, at higher pressure,
these aggregates coalesced and a homogeneous protein/DMPG mono-
layer of∼28 Å thicknesswas observed. This behavior is in stark contrast
to theVAMP1/DMPC system inwhichsegregationbetweenprotein-rich
and -poor regions was observed upon compression.

The broad amide I band of VAMP1 in DMPG layer observed in
PMIRRAS spectra represented amixture ofα-helices, representing the
majority of structures, β-turns and anti-parallel β-sheets (bands
centered at 1655 cm−1 with two shoulders around 1675 cm−1 and
1630 cm−1 coupled to a smaller band at 1685 cm−1). Unlike the
results obtainedwith DMPCmonolayers, the proteins did not undergo
a clear structural transition upon compression but retained mainly an
α-helical structure. However, the global amide I band intensity did
not increase upon compression and there was a clear decrease in the
ratio of the amide I (1655 cm−1)/amide II bands (1535 cm−1). This
observation is compatible with the orientation of these α-helices
evolving under compression from an almost parallel orientation to the
interface at low pressure to a more perpendicular orientation to the
interface at higher pressure.

VAMP1 has a positively charged juxtamembrane domain with 6
positively charged amino acids out of 12 at pH 7.4 (5 lysines and 1
arginine). Electrostatic interplay between negatively charged DMPG
and VAMP1 might prohibit the formation of protein aggregates and
induce the vertical orientation. The homogeneous BAM images during
surface compression suggest that indeed non-aggregated proteins
were homogeneously distributed within the lipid layer. During
decompression from 45 mN/m to 10 mN/m, very little hysteresis
was detected on the isotherm, again indicating the dynamic nature of
the protein structure.

To further investigate the potential role of the lipid charge density
of the membrane, we have chosen two different DMPC/DMPG ratios.



Fig. 3. A)–C) BAM images of a pure DMPG monolayer at different lateral pressures A) 0 mM/m (R=7.5 e−7, 12 Å), B) 25 mM/m (R=1.7 e−6, 18 Å), and C) 45 mM/m (R=2.8 e−6,
20 Å) during surface compression. D)–G) BAM images of DMPGmonolayer in the presence of VAMP1 D) 0 mM/m (R=1.5 e−6, 17 Å), E) 25 mM/m (R=4.5 e−6, 24 Å), F) 45 mM/m
(R=6.2 e−6, 28 Å). G) Isotherm cycles of the DMPG monolayer and the mixed DMPG/VAMP1 monolayer at the buffer surface during compression. H) PMIRRAS spectra of VAMP1
incorporated in a DMPG monolayer and recorded at 10, 25, 35 and 45 mN/m. The spectra are shifted vertically for better visibility.
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Using a ratio of 2.3/1 similar to the PC to PS ratio found in synaptic
vesicles [24], we focused on the ratio of PC to PS. In contrast, a 9/1
ratio approaches the ratio between the sum of all the neutral and
zwitterionic lipids versus PS present in synaptic vesicles. In the latter
case, we focused mainly on the lipid charge distribution.

3.4. VAMP1 in mixed lipid monolayer of 2.3/1 DMPC/DMPG (protein
peptide/lipid ratio of 1/83)

Fig. 4 shows BAM images of the DMPC/DMPG (2.3/1) monolayer
film in the absence or presence of VAMP1 along with surface
compression isotherms and PMIRRAS spectra of the protein collected
at different lateral pressure.

BAM images of DMPC/DMPG (2.3/1) filmswith or without VAMP1
at the surface exhibited a similar evolution to that observed with
DMPG molecules alone at the interface. A phase transition from ex-
panded liquid phase to condensed liquid phase (phase transition
around 26 mN/m) was observed as seen by the formation of bright
lipid patches at the surface. In the presence of VAMP1, the BAM
images showed protein aggregates at low surface pressure. Upon
compression, these domains disappeared and a homogeneous
mixture of a 27 Å thick protein/lipid monolayer was observed, com-
parable to the DMPG/protein system.
PMIRRAS spectra were also similar to those of the DMPG/protein
system; a large unresolved amide I band between 1600 and 1700 cm−1

centeredat around1655 cm−1with small shoulders at around1675 cm−1

and1630 cm−1 andasmall amide II bandat1535 cm−1.Noclear evidence
of structural transition was observed throughout compression. The main
difference to the pure DMPG system was a gradual change in protein
orientation upon compression. The amide I/amide II ratio increased
during thecompression(Fig. 4: 1.97 for20 mN/mto7.45 for47 mN/m) in
contrast to the DMPG system. Whilst it is not possible to quantify the
orientation of each secondary structure component, due to the coexis-
tence of several structures as seen from large amide I band, someevidence
is provided by the very weak intensity of the amide II band which
furthermore decreased with compression. This observation indicates that
the contribution of components from each structure should also be very
weak and decrease with increasing surface pressure. Even though other
components coexist as observed from the amide I band, the α-helical
structure is themajorone.Moreover, for theseα-helical domains, the ratio
of amide I/amide II does increase at high surface pressure, as the
contribution of amide II approaches zero. Therefore,α-helical domains lie
essentially parallel to the surface at high surface pressure.

Note that more than 80% of the full-length VAMP1 consists of the
cytosolic and juxtamembrane domains and both contribute to the
signal if the sequence is structured. Under these circumstances they



Fig. 4. A)–C) BAM images of a pure DMPC/DMPG (2/1) monolayer are shown at different lateral pressures A) 0 mM/m (R=5.5 e−7, 10 Å), B) 25 mM/m (R=1.5 e−6, 14 Å), and
C) 45 mN/m (R=2.7 e−6, 20 Å) during surface compression. D)–F) BAM images of a DMPC/DMPG monolayer in the presence of VAMP1 d) 0 mM/m (R=1.6 e−6, 14 Å), E) 25 mM/
m (R=4.5 e−6, 24 Å), and F) 45 mN/m (R=6.9 e−6, 29 Å). G) Isotherm cycles of the DMPC/DMPG monolayer and the mixed DMPC/DMPG/VAMP1 monolayer at the buffer surface
during compression. H) PMIRRAS spectra of the DMPC/DMPG monolayer with VAMP1 incorporated and recorded at 20, 30, 40 or 45 mN/m. The spectra are shifted vertically for
better visibility.
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will provide the majority of the signal. Moreover, the highly
hydrophobic transmembrane domains are surrounded by lipids and
are thus not likely to lie parallel to the surface at high surface pressure.
It is therefore most probable that the observed orientation reflects
mainly the juxtamembrane and cytosolic domains that interact with
the membrane surface.

3.5. VAMP1 in mixed lipid monolayer of 9/1 DMPC/DMPG (protein
peptide/lipid ratio of 1/83)

The lipid mixture with a smaller DMPG ratio (DMPC/DMPG 9/1)
displayed a broad amide I band in PMIRRAS spectra up to a pressure of
20 mM/m again centered at 1655 (α-helix), 1670 cm−1 (ß-turn) and
at around 1645 and 1600 cm−1 (random structure) (Fig. 5). This may
reflect the random structure of cytosolic domains [26,27] along with
more structured membrane domains that are mainly α-helical.
However, at higher surface pressures structural transformation
differed from the one observed when using DMPC/DMPG at a 2.3/1
ratio. At 30 mN/m, the peak at 1630 cm−1 became dominant and was
accompanied by a peak at 1690 cm−1. Clearly, protein structures
transformed in majority to β-sheets upon compression and at least a
part of themwere oriented in anti-parallel fashion. This observation on
the role of protein/lipid density on the increased presence ofβ-sheet is
further corroborated by our observation on VAMP1 inserted into
monodisperse unilamellar vesicles (see Fig. S1). Importantly, the
amide I (1630 cm−1)/amide II ratio in PMIRRAS spectra in the DMPC/
DMPG 9/1 system decreased during the compression, clearly
indicating that anti-parallel β-sheets were oriented with the peptide
chains parallel to the water–lipid interface at higher surface pressure.
Although PMIRRAS spectra do not allow discrimination of transmem-
brane domains from cytosolic parts, these anti-parallel β-sheets are
unlikely to represent membrane domains of the protein for several
reasons. As previously reported by us [7] and others [28], tilted β-
sheets destabilize membranes, whereas we did not observe such an
effect on vesicle membranes (see supporting information in Fig. S1,
where stable vesicles were observed). In addition, the authors
previously observed in another model system that the β-sheets
formed by transmembrane domains became more perpendicular to
the monolayer as the surface pressure was increased even when
initially they formed parallel β-sheets which lie parallel with the
monolayers at low surface pressure [16]. This transformation from
anti-parallel β-sheets to parallel β-sheets accompanied by the change
in their orientation is most likely due to steric reasons [16]. In the
present case, it is probably the strong cationic character of the
juxtamembrane domain (6 amongst 12 amino acids are cationic with
no anionic ones for the first 16 amino acids) which induces its
organization parallel to the negatively charged monolayer interface.
The transmembrane domain will probably remain in α-helical



Fig. 5. A) Isotherm cycles of the DMPC/DMPG monolayer (9:1) and the mixed
DMPC/DMPG/VAMP1 monolayer at the buffer surface during compression.
B) PMIRRAS spectra of VAMP1 incorporated in the DMPC/DMPG monolayer (9:1)
and recorded at 20, 30 and 35 mN/m. The PMIRRAS spectra are shifted vertically for
better visibility.
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configuration. Since they are incorporated in lipid monolayers, these
α-helices are oriented in a direction such that the corresponding
amide I band is very weak (∼45°) and this may explain the relatively
small amplitude of the amide I band observed here.

Thus, whilst the structural transition from α-helices to β-sheets
upon compression is similar to that observed in the presence of DMPC
monolayer, the major difference at a DMPC/DMPG ratio of 9/1 is
given by the formation of anti-parallel β-sheets and their orientation
Table 1
The results of deconvolution of the PMIRRAS spectra for various secondary structures of V
(∼1655 cm−1), β-sheet (∼1620–1630 cm−1), random (∼1640 cm−1), and β-turn (∼1670 cm
(VAMP/DMPC 1/33) the ratio of α-helix and β-sheet structures evolved clearly during com
compression and remainedα-helical such as VAMP in DMPC/DMPG (1/2.3) or VAMP in DMP
to the air–water surface during compression.

α-helix β-sheets β/α Random

VAMP (mN/m)
10 0.03 0.03 1.231 0.03
20 0.03 0.05 1.500 0.04
40 0.04 0.09 2.143 0.05

VAMP in DMPC (1/33) (mN/m)
10 0.07 0.01 0.192 0.005
20 0.04 0.05 1.184 0.003
30 0.03 0.06 2.370 0.002
40 0.03 0.08 2.600 0.009

VAMP in DMPC/DMPG (1/2.3) (mN/m)
20 0.03 0.02 0.529 0.005
30 0.04 0.02 0.487 0.04
40 0.04 0.02 0.436 0.04
47 0.05 0.02 0.429 0.02

VAMP in DMPG (mN/m)
10 0.02 0.003 0.132 0.006
25 0.01 0.005 0.343 0.003
35 0.02 0.005 0.242 0.01
45 0.01 0.003 0.343 0.003
with respect to the interface at high surface pressure. Indeed, in DMPC
monolayers VAMP1 formed parallel β-sheets which were oriented
perpendicular to the interface. Again, the interaction of cationic
juxtamembrane domains of the proteins with anionic lipid head
groups probably provides the driving force for protein organization
and orientation parallel to the interface at increased surface pressure.

The result of deconvolution of the PMIRRAS spectra is summarized
in Table 1. The increase in β-sheet structures with respect to α-helical
structures during compression is clearly observed for monolayers
containing only VAMP as well as for VAMP in the presence of DMPC
lipid layer. In the presence of DMPG or DMPC/DMPG (3/1) lipid layers
VAMP1 remainsmainly asα-helical structure throughout the compres-
sion. In these cases, the ratio between Amide I and Amide II bands
unambiguously showed the evolution of the protein orientation with
respect to the lipidmonolayer. The increase of the amide I/amide II ratio
(in the case of VAMP in the presence of DMPC/DMPG lipid layer)
demonstrated thatα-helices becamemore horizontally oriented at high
surface pressure, whereas a decrease of the ratio (in the case of VAMP in
the presence of DMPG lipid layer) during compression was observed as
the α-helices were oriented vertically with the lipid layers.
4. Discussion

We have investigated the behavior of a full-length transmembrane
protein and collectively the data obtained reveal the importance of
protein–lipid interaction and the considerable sensitivity of VAMP1 in
lipid layers to its environment in terms of structure and orientation. A
schematic summary is represented in the Fig. 6.

Three factors are particularly important for protein structures, for
protein orientation with respect to lipid monolayer and for protein–
protein interaction: lateral pressure of the monolayers, protein/lipid
ratio and the surface charge density of the lipid layer. These three
parameters are physiologically present and regulated in cellular
membranes. Their influence is shown for example in the BAM images
of protein/DMPC films which demonstrated segregation between
thick and thin domains upon compression at high pressure. In
contrast, this segregation was absent in BAM images of the protein/
DMPG system. The strong interaction between the negative charges
on the polar heads of DMPG and positive charges provided by the
soluble (cytosolic) residues of the proteins seems to stabilize
uniformlymixed bilayers on the Langmuir trough under compression.
AMP proteins. Deconvolution was performed with four different structures; α-helix
−1) and the absolute values are given. For VAMP proteinmonolayer and VAMP in DMPC
pression. For the systems in which the secondary structure did not change during the
G,∑Amide I =∑Amide II gave the indication of the orientation ofα-helices with respect

β-turn ∑Amide I =∑Amide II Correlation factor

0.004 2.29 1.016
0.004 1.29 1.042
0.008 1.15 1.014

0.002 1.30 1.000
0.02 3.37 1.000
0.01 1.03 0.994
0.01 1.50

0.03 1.97 0.995
0.02 3.52 1.000
0.007 6.87 0.991
0.02 7.45 1.001

0.007 1.98 1.054
0.01 1.29 1.069
0.005 1.17 1.035
0.01 0.89 1.015



Fig. 6. Schematic representation of the dynamic structure of VAMP1 at an air/water interface upon compression with various lipid compositions. A) In the absence of lipids,α-helices
convert to parallel β-sheets upon compression, B) in the presence of DMPC, with the protein to lipid ratio of 1/83, the structure of VAMP1 remain α-helical in majority all through
compression, but they get strongly aligned perpendicular to air–water interface at high surface pressure. C) At higher protein to lipid ratio; 1/33, conversion from α-helices to
parallel β-sheets occurs as in a). D) In the presence of DMPC/DMPG (9/1 mixture) conversion occurs, however the presence of anti-parallel β-sheets which lie flat at the interface is
observed upon compression, E) using a more negatively charged lipid monolayer, DMPC/DMPG (2.3/1 mixture), the compression is accompanied mainly by changes in orientation
and organization at the interface of α-helices which become aligned with interface at higher surface pressure, and F) in the presence of pure DMPG monolayer, VAMP1 remains α-
helical during the compression, but becomes vertical to the interface at high surface pressure.
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From a structural point of view, at low protein/lipid ratio and/or at
low surface pressure condition, VAMP1 adopted predominantly α-
helical secondary structure with some β-turns regardless of the
surrounding lipid. Upon compression, a reversible transition from α-
helical to β-sheet structure was observed for the protein monolayer.
Transition was also observed in the presence of the neutral DMPC
layer at high protein to lipid ratio (Figs. 2 and 6C). As the charge
density of the lipid layer was modified by addition of negatively
charged lipids such as DMPG, structural transition was observed up to
a charge density of 10mol% (Fig. 6D), which corresponds to the
surface charge density reported for synaptic vesicles [24]. Beyond
30 mol% of DMPG, transition did not occur and the protein remained
α-helical throughout the compression (Fig. 6e and f). This underlines
the importance of lipid–protein interactions as a major factor on
protein organization in the lipid membrane.

One may question the validity of the use of supported lipid mono/
bilayers at an air–water interface as a model membrane system.
However, these results are in good agreement with our previous
findings on the structure of the transmembrane domain of VAMP 1 in
the presence of neutral lipids, DOPC or DMPC [7] performed in
different model systems such as multibilayer system, unilamellar
vesicles, as well as the Langmuir film. These studies underlined the
same tendency: at lower peptide to lipid ratio, the secondary
structure of the TMD peptides remained α-helical whereas at higher
ratio, a reversible transition to β-sheets was observed. The structural
properties of VAMP1 in the presence of DMPC monolayers (at 1/83
and at 1/33 ratio) reported now agree very well with this behavior. In
the present study, the presence of juxtamembrane and cytosolic
domains renders VAMP1 sensitive to charges of lipid headgroups.
Moreover, the structural investigation of full-length VAMP1 inserted
into unilamellar vesicles was performed using circular dichroism as a
function of different peptide/lipid ratios at a fixed negative phospho-
lipid ratio (80% DOPC/20% DOPS) (Supporting information). Again,
the transition between α-helical and β-sheet conformations was
observed upon increasing protein to lipid ratios illustrating the
sensitivity of the secondary structure of VAMP1 to lipid charge density
of vesicle membranes along with the surface pressure.

In all four lipid systems reported in this study, the compression
was accompanied by important changes in the orientation of the
protein at/in the lipid film. In pure (neutral) DMPC or pure (charged)
DMPG systems (Fig. 6B, C and F) the orientation of proteins became
more perpendicular to the membrane surfaces at high surface
pressure. In contrast, with a DMPC/DMPG lipid mixture, juxtamem-
brane domains of the protein were observed to lie flat at the lipid
membrane surface at high surface pressure (Fig. 6C and D) regardless
of the protein conformation. This clearly demonstrates that the
variation of the negative charge density of the lipid film has an
important effect on the protein orientationmost likely through strong
interactions with the juxtamembrane domain of the proteins.
Matching the density of lipid charges and protein charges may be
the key factor which controls the protein orientation in relation to the
membrane surface. Interestingly, structural transitions of the trans-
membrane domain depend on peptide/lipid ratios, whereas the
transition of the cytosolic portions of the protein depends on the surface
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charge (Fig. 6D vs. E). It is noteworthy that all the structural and
orientational changes observed upon compression were reversible
regardless of the lipid, indicating the dynamic behavior of the protein.
Obviously care has to be applied, however, when drawing conclusions
about the situation in biological systems. The presence of numerous
other transmembrane proteins as well as the dynamic recruitment of
cytosolic proteins to the membrane surface and to SNARE proteins
[3,24] may alter the charge density acting on VAMP1. It is, however,
intriguing to speculate that the highly dynamic structure of VAMPmay
have physiological relevance as both protein density and phospholipid
charges are known to be regulated during membrane fusion [29–31].
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