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GRAPHICAL ABSTRACT 
 
 

 
 
 

 

HIGHLIGHTS 

• The transmembrane domain (TMD) of VAMP2 and lipids influence membrane fusion 

• VAMP2-TMD undergoes concentration dependent reversible structural changes in bilayers  

• VAMP2 TMD structures are highly sensitive to the composition of the lipid environment  

• Mutating 2 central residues, crucial for exocytosis, increases β-sheet content 

• The same mutation increases acyl chain perturbation   
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ABBREVIATIONS 
 
ATR, attenuated total reflection ;DMPC, 1,2-dimyristoyl-sn-glycero-3-

phophatidylcholine;DOPC, 1,2-dioleoyl-sn-Glycero-3-Phosphocholine;DOPS, 1,2-dioleoyl-

sn-glycero-3-phosphoserine; FTIR, Fourier transform infrared ; Ri, peptide to lipid ratios; 

SNARE, soluble NSF attachment receptor; TMD, transmembrane domain; VAMP, vesicle 

associated membrane protein or synaptobrevin; VAMP2TM22, VAMP2 transmembrane 

domain; 
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Abstract 

Neurotransmitter and hormone exocytosis depends on SNARE protein transmembrane 

domains and membrane lipids but their interplay is poorly understood. We investigated the 

interaction of the structure of VAMP2, a vesicular transmembrane SNARE protein, and 

membrane lipid composition by infrared spectroscopy using either the wild-type 

transmembrane domain (TMD), VAMP2TM22, or a peptide mutated at the central residues 

G100/C103 (VAMP2TM22VV)  previously identified by us as being critical for exocytosis. Our 

data show that the structure of VAMP2TM22, in terms of α-helices and β-sheets is strongly 

influenced by peptide/lipid ratios, by lipid species including cholesterol and by membrane 

surface charges. Differences observed in acyl chain alignments further underscore the role of 

the two central small amino acid residues G100/C103 within the transmembrane domain during 

lipid rearrangements in membrane fusion. 

 

 

Keywords 

ATR-infrared spectroscopy, Synaptobrevin, Exocytosis, SNARE proteins, cholesterol, 

phospholipids. 
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1. Introduction 

Fusion of proteolipid membranes forms the base of events such as intracellular vesicular 

transport as well as exocytosis in neurotransmission or hormone secretion [1]. A set of 

evolutionary highly conserved membrane proteins, the SNARE proteins, plays a major role 

within this process. These proteins are characterized by a cytosolic SNARE motif able to form 

a coiled coil consisting of four parallel helices termed the core complex [2, 3]. During 

exocytosis, the single-span integral membrane proteins VAMP/synaptobrevin, (localized at 

vesicle membranes), and syntaxin 1 in the plasma membrane, interact through their cytosolic 

SNARE domains to form the SNARE core complex [2, 3]. The N- to C-terminal zippering of 

this coiled-coil locally approaches the two adjacent membranes, thus bridging the two 

compartments [4]. Exocytosis subsequently proceeds through fusion of the adjacent 

membrane leaflets and formation of a stalk [5, 6]. Finally full fusion and release of soluble 

cargo occurs via the creation of a fusion pore which may further extend and lead to the 

diffusion of vesicular membrane components into the plasma membrane [7]. A number of 

isoforms have been identified for VAMP/synaptobrevin, the isoform VAMP2 is required for 

neuroexocytosis at the synapse [8] and for the fusion of peptide-hormone containing large 

dense core vesicles in endocrine cells [9]. 

The role and structure of the soluble SNARE domains and the juxtamembrane domains 

of the SNARE protein VAMP2 in membrane fusion are reasonable well understood [1, 10] 

whereas the structure and potential role of the transmembrane domain remained controversial 

[11-15, 16 ]. Membrane fusion proceeds through distinct stages in reconstituted systems and 

in live cells: hemifusion of adjacent leaflets, opening and eventually dilation of the fusion 

pore [17, 18].  Membrane fusion can occur independently from the a protein TMD in the case 

of VAMP2, however, detailed analysis of the different stages of membrane fusion has shown 

that efficient fusion clearly requires the TMD [15, 16, 19-21] (for detailed discussion see 

recent reviews [7, 22-24]). Recent data from our and other laboratories have shown that its 

role may relate to the opening, expansion and stability of the fusion pore itself [16, 25, 26]. In 

structural terms the VAMP2 TMD is endowed with several unusual features: a high 

percentage of Cβ-branched hydrophobic amino acids (isoleucine, valine) [14] and 

consecutively a high amount of β-sheets [12, 13, 25, 27]. Moreover, the ratio between α-

helices and β-sheets changes reversibly depending on peptide/lipid ratios in DOPC 

membranes with a preponderance of β-sheets at high protein concentrations [12, 13, 25]. Such 

high local concentrations of VAMP2 are expected to occur during membrane fusion as a 
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synaptic vesicle contains some 70 copies of this protein [28] and their crowding is essential 

for fusion [29]. We do not know whether such an unusual and reversible structural conversion 

from α-helices to β-sheets occurs in native cell membranes, but it clearly reflects a unique 

structural  mobility of the VAMP2 TMD.  

Synthetic transmembrane peptides containing only LV repeats are highly mobile and are 

fusogenic in artificial systems [30]. The current view holds that such a mobility of the 

transmembrane domain is crucial for membrane fusion [25, 26, 31]. It is intriguing that their 

activity is further enhanced by inserting a small amino acid glycine in the middle of the 

sequence [32, 33]. VAMP isoforms involved in exocytosis contain at least two small amino 

acids in a central position (G100 and C103 in VAMP2). These may confer a mobile kink linking 

the N- and C-terminal halves of the TMD [32, 34, 35]. We have shown previously that the 

point mutation of G100 and C103 to valines retards and shortens fusion pore opening in live 

cells [25].  

Exocytotic vesicles contain a high amount of cholesterol [28] and this lipid is required 

for efficient membrane fusion in synthetic or cellular systems [36-38] although the precise 

step involved is still a matter of debate [39]. In the same vein charged phospholipids such as 

phosphatidylserine are relevant in membrane fusion [40]. Up to now, structural data on 

VAMP2 TMDs have been obtained in the absence of lipids [41], on proteins embedded in 

dehydrated membranes [11] or membranes containing only phosphatidylcholine [25], in 

detergent micelles or complex lipid bilayers albeit at low protein/lipid ratios of 1/200-300 [35, 

42, 43] or using a charge restrained and shortened TMD in 

phosphatidylcholine/phosphatidylserine bilayers [27] (for detailed discussion see Hastoy et al. 

[7] ). We therefore addressed the effect of phosphatidylserine and cholesterol on the structural 

properties of the full-length VAMP2 TMD. Vibrational spectroscopy allows label-free 

simultaneous detection of the orientation and structural conformation of peptides and 

lipids [44]. We used these methods were used to address numerous issues pertinent to 

membrane rearrangement or fusion in model systems, improving considerably our 

understanding of viral membrane fusion proteins [45]. We have previously demonstrated 

the reversible structural mobility of VAMP2 TMDs in DOPC using either synthetic peptides 

or recombinant full-length proteins [12, 13, 25]. We have now used attenuated total 

reflection-FTIR (ATR-FTIR) spectroscopy to examine the structure wild-type VAMP2 TMDs 

(VAMP2TM22) in various lipid compositions and peptide/lipid ratios. We have additionally 

taken advantage of biologically well characterized mutations in the central small residues 
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(G100, C103; VAMP2TM22VV) that impede fusion pore opening and stability [25] and compared 

them to wild-type VAMP2TM22. 

 

 

1. Material and methods 
1.1.Peptides and lipids 

The transmembrane segment of the SNARE protein VAMP2, VAMP2TM22, 

(MMIILGVICAIILIIIIVYFST) and its VV mutant VAMP2TM22VV 

(MMIILVVIVAIILIIIIVYFST) were synthesized in-house (Applied Biosystems Synthesizer 

433A, PE Biosystem, Courtaboeuf, France).  HPLC could not be used for purification of the 

peptides as they are very hydrophobic and only soluble in 1,1,1,3,3,3-hexafluoroisopropanol 

(HFIP), therefore they were purified by several rounds of precipitation in butanol. The purity 

of the samples was estimated at over 98% according to mass spectrometry. MALDI-MS 

(Matrix-Assisted Laser Desorption Ionization Mass Spectrometry) analysis was performed on 

a MALDI-TOF-TOF (Ultraflex III, Bruker Daltonics, Bremen, Germany). VAMP2TM22 and 

VAMP2TM22VV were dissolved in HFIP at a final concentration of around 10µM for MS 

analysis.  Samples were prepared with a thin layer method: the peptide solution was deposited 

on a thin layer of matrix crystals (alpha-cyano-4-hydroxycinnamic acid prepared in acetone)  

on the MALDI plate. The peaks at m/z 2474.45 and m/z 2512.41 observed on the MALDI 

spectra could be assigned to the [M+Na]+ adduct ion of the peptides VAMP2TM22 and 

VAMP2TM22VV, respectively. These experimental masses were in agreement with the 

theoretical values: m/z 2474.42 and m/z 2512.53.  

1,2-dimyristoyl-sn-glycero-3-phophatidylcholine (DMPC, CAS 8194-24-6), 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC, CAS 4235-95-4), 1,2-dioleoyl-sn-glycero-3-phosphoserine 

(DOPS, CAS 90693-88-2) and cholesterol (CAS 57-88-5) were obtained from Sigma-Aldrich, 

France. 

1.2. ATR spectroscopy of multibilayers  

Stock solutions of phospholipids in chloroform were mixed with peptides (in 

hexafluoroisopropanol), followed by vortexing and stirring for 10min. Solvents were removed 

by rotatory evaporation vacuum pump and D2O was added for rehydration of the pure lipid or 

VAMP2TM22/lipid mixture. Hydration ratios were higher than 70%. Multibilayers used for 
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ATR spectroscopy were obtained  by shearing a pure lipid or mixed VAMP2TM22/lipid gels on 

the diamond ATR crystal surface (Golden gate, Eurolabo, Paris, France) with a Teflon stick 

[46]. ATR spectra of multibilayers [47-50] were recorded with a Nexus 670 equipped with a 

MCT detector cooled at 77 K. Generally, 600 scans were co-added at a resolution of 8 cm-1, 

and a two-level zero-filling was performed. The amide I band was decomposed into 

individual bands characteristic of each secondary structure element using 6 components at 

1620, 1630, 1640, 1655, 1670 and 1685 cm-1 (data not shown). This decomposition was 

performed with Peaksolve software (Version 5.0, GRAMS) and analyzed as a sum of 

Gaussian/Lorentzian curves, with a consecutive optimization of amplitudes, band positions 

and half-width of individual bands. Individual amide I band components are assigned to 

various peptide secondary structures on the basis of a large body of experimental data [48]. 

To determine the percentage of each secondary structure, deconvolution analysis was 

performed on the summation signal of the two polarization spectra to avoid the orientation 

effect of each secondary structure.  
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Figure 1: Sequences of wild-type VAMP1 or VAMP2 and mutated VAMP2 
transmembrane domain (VAMP2TM22). a: Sequence comparison of VAMP1 and VAMP2 
transmembrane domains and VAMP2 mutant peptide. Note the preservation of small 
amino acids at G100 and C103 in both isoforms (given in blue), whereas exchanges are 
given in red (upper two sequences) and are mostly conservative ones among β-branched 
amino acids. The G100V and C103V mutation is given in red (lower sequence, VAMP2 VV 
mutant). b: ATR-IR spectra on a Ge crystal of the VAMP2TM22 wild type and 
VAMP2TM22VV (G100V/C103V) at room temperature. Both are mainly structured into anti-
parallel β-sheets as dry powder (solid line) or when dissolved in HFIP (dashed line). 

 

 

2. Results  

2.1. Polarized ATR study of VAMP2TM22 alone or inserted into neutral and negatively 

charged lipid multibilayers 

We have previously demonstrated a reversible transition between α-helices to β-sheets 

in lipid bilayers using a peptide corresponding to the transmembrane domain of the VAMP 
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isoform VAMP1 [12, 13]. The isoform VAMP2, involved in neurotransmission and peptide 

hormone secretion, differs within the TMD by 36% from VAMP1 (9 of 22 amino acids, see 

Fig 1a) but contains a similar amount of Cβ-branched residues. The G100V/C103V mutant 

abolishes the presence of central small residues and increases the overall Cβ-branched content 

(Fig. 1a). and rigidifies this region without significance increase in the local bulkiness [51]. 

We performed first ATR-FTIR experiments to provide quantitative data on the structure of 

VAMP2 TMD peptides (VAMP2TM22) in the absence of lipids. The wild-type or the 

G100V/C103V (VV) mutant peptides were used as dry powder or dissolved in HFIP (Fig. 1b). 

Under both conditions, wild-type and VV peptides are mainly structured into anti-parallel β-

sheets similar to VAMP1 [12].  

Next VAMP2TM22 was inserted into lipid bilayers composed either of DOPC or 

DOPC/DOPS with different peptide to lipid ratios. Note that these bilayers form stacks of 

multiple layers which enhance the signal. The polarized ATR spectra presented in the 1800-

1550 cm-1 domain for wild-type and mutant VAMP2TM22 in DOPC bilayers (Fig. 2a) show the 

ν(C=O) ester band of the lipid at a wavenumber of approximately 1735 cm-1 and the amide I  

band characteristic of the VAMP2TM22 between 1600 and 1700 cm-1. The amide I band 

mainly reflects C=O as well as C-N stretching vibrations, which are modulated by the peptide 

backbone conformation such α-helices (around 1652 cm-1) or β-sheets (around 1630 cm-1). At 

the molecular ratio of 1/300 (peptides/DOPC), mainly α-helices (56% of observed structures) 

and only a small amount of anti-parallel β-sheets were observed (7%). The percentages of α-

helix and β-sheets structures in VAMP2TM22 inserted into lipid multibilayers at different 

peptide/lipid ratio are presented in supplemental data (Table S1) after the deconvolution of the 

amide I band. As the wild type peptide/lipid ratio was increased, amide I/I' bands at around 

1630/1685 cm-1 increased progressively (Fig. 2a), characteristic of anti-parallel β-sheets [52]. 

At the highest ratio tested (1/20), β-sheets became the predominant structure with the 

presence of residual α-helical structure in DOPC bilayers as seen by a small peak at around 

1655 cm-1 (Fig. 2a). For a more precise view of the α-helix/β-sheet region of the spectra at 

1/300 peptide/lipid ratios, see supplemental Figure S1. The concentration dependent variation 

of structures in DOPC lipid membranes is similar to our previous finding with the 

transmembrane domain peptide VAMP1TM22 or full-length VAMP1 [12, 13].Note that the use 

of TMD peptides implies the loss of directional information due to the absence of the soluble 

domain. However, we had shown for the isoform VAMP1 that β-sheets are mainly 
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Figure 2: Lipid composition-dependent conformation of the transmembrane domain of 
VAMP2. a: ATR spectra on diamond crystal of VAMP2TM22 (WT or VV mutant) inserted 
into DOPC multibilayers hydrated by D2O at a peptide/lipid ratio of 1/300, 1/50 or 1/20. 
Each spectrum resulted from the summation of the two polarization spectra (parallel (p) and 
perpendicular (s)). For detailed view of α-helix and β-sheet regions at 1/300, see 
supplemental figure S1. b: relative percentage of β-sheets structure of VAMP2TM22 inserted 
into different lipid compositions DOPC or DOPC/DOPS (93/7 mol%) multibilayers as 
obtained from ATR spectra. Wild-type ○, VV mutant ●. c: Kinetics of structural dynamics 
in DOPC/DOPS bilayers.  ATR–IR spectra of the synthetic peptide VAMP2TM22 (either WT 
or VV mutant) in a lipid multi-bilayer (DOPC/DOPS, 93/7 mol%) were obtained at an initial 
peptide/lipid ratio of 1/20 at room temperature. After approximately 1h peptides were diluted 
with DOPC/DOPS to a peptide/lipid ratio of 1/300 (indicated by arrow) and structural 
changes measured for 3h at room temperature. The ratios of intensities of β-sheets vs α-
helices are given. N=3, note that SD does not exceed symbol size. 
 

antiparallel when using the TMD only, but parallel when investigating the full-length peptide 

[12, 13].  
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VAMPTM22VV peptides incorporated in DOPC are also predominantly structured as 

anti-parallel β-sheets at high peptide/lipid concentration (1/20). This proportion decreases 

with decreasing peptide/lipid concentration, similarly as observed with wild type peptides 

(Fig. 2a and b, Table S1). However, the proportion of α-helical structure is globally lower as 

compared to wild-type peptides. Using the shorter phosphatidylcholine DMPC instead of 

DOPC comparable effects were observed for both peptides in terms of peptide/lipid ratio 

dependent changes in structure (data not shown).  

The effect of negative charges of the lipid membrane on the structure of VAMP2TM22 

was investigated using DOPC/DOPS lipid bilayers. Typically, cell membranes contain 5 to 

15% of negatively charged lipids in their cytoplasmic leaflets, mostly as phosphatidylserine 

[53]. This lipid plays a complex role in exocytosis [54]. Its charge serves as anchorage for 

proteins implicated in membrane fusion and its regulation, but also favors positive curvatures 

of membranes or dimpling largely due to electrostatic interactions of the charged head groups 

[55]. In the present system, surprisingly, we observed that the addition of only 7% of 

negatively charged DOPS to the neutral DOPC membranes totally inversed the structural 

behavior of VAMP2TM22 (Fig. 2b). At a 1/300 peptide/lipid ratio, 53% of the peptide formed 

anti-parallel β-sheets and 23% was α-helices whereas at a much higher peptide ratio, i.e. 1/20, 

α-helices were predominant (51% vs 21% for β-sheets) (see Table S1). In the case of mutant 

VAMP2TM22, β-sheets were preponderant at a 1/300 peptide/lipid ratio and converted to α-

helices at high peptide/lipid ratio (1/20). Thus a trend similar to the wild-type peptides was 

observed, but with higher proportion of β-sheets (+ 12%) at the expense of α-helical structure 

(- 11%) at the highest peptide/lipid ratio (1/20) (Fig 2b, Table S1).  

We also investigated the reversibility and the kinetics of the structural changes of 

these peptides as we have previously reported for VAMP2TM22 in DOPC membranes [25]. 

Similarly to those studies, the dilution of the peptide/lipid membranes (from 1/20 to 1/300) by 

further addition of lipids demonstrated the structural reversibility at room temperature (Fig. 

2c). The kinetics of structure transition revealed that the structure transition of 

VAMP2TM22VV  in DOPC/DOPS lipid bilayers occurs in two steps whereas the transition of 

VAMP2TM22WT occurs in one step: an initial rapid one that was common for both wildtype 

and VV mutated VAMP2TM22 and a second less pronounced one starting approximately 60 

minutes after the dilution that was only observed for VAMP2TM22VV. This latter one may 

reflect the increased content in Cβ-branched amino acids in VAMP2TM22VV that further 
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Figure 3: Cholesterol-dependent conformation of the transmembrane domain of VAMP2. 
Relative percentage of β-sheets structure of VAMP2TM22 inserted into DOPC/DOPS 
multibilayers containing different either 20% cholesterol (DOPC/DOPS 73/7 mol%) or 
44% cholesterol (DOPC/DOPS 49/7 mol%) as obtained from ATR spectra. N=3, note that 
SD does not exceed symbols size.  

favors the presence of β-sheets. 

  

2.2. Effect of Cholesterol on the structures of VAMP2TM22  

Cholesterol is a major component of the plasma and the vesicle membranes [56]. Lipid 

analysis revealed a high cholesterol content of synaptic vesicles, constituting ~45 mol % of 

the total lipids [28] and cholesterol may influence vesicle fusion [36]. We assessed the effect 

of high cholesterol content in the multibilayers on the conformation of the SNARE TMDs and 

analyzed two lipid mixtures at increasing molecular percentages of cholesterol, consisting of 

either 73/7/20 or 49/7/44 DOPC/DOPS/Cholesterol molecular ratios.  

The addition of 20 % cholesterol to the lipid mixture totally suppressed the variation 

of the α-helix and β-sheets in VAMP2TM22, and the structure of the peptide remains 

intermediate and unchanged (~40% for α or β) at all peptide/lipid ratios tested. A further 
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increase of cholesterol content to 44%, anti-parallel β-sheet becomes the dominant secondary 

structure (~60-70%) except at the intermediate ratio, 1/50 (~45%) (see Fig 3 and Table S1). 

Globally, our data clearly demonstrated that cholesterol plays a role in decreasing the 

variation of the secondary structures and maintaining them at a relatively high anti-parallel β-

sheets regardless of the peptide to lipid ratio. 

 

The addition of cholesterol to DOPC/DOPS multibilayers reduced the variations of the 

secondary structures of VAMP2TM22VV similar to their effects on the wild type VAMP2 

peptide. A higher overall percentage of β-sheets was observed for VAMP2TM22VV  with 

respect to the wild type peptides at 20% cholesterol whereas differences disappeared at 44% 

cholesterol (see Fig 3 and Table S1). Compared to DOPC/DOPS alone, cholesterol increased 

the presence of β-structures throughout the different ratios tested.  

  

2.3.  Lipid chains perturbations induced by the inclusion of peptides  

Membrane fusion as in exocytosis imposes tight constraints on lipid acyl chain 

organisation [7]. We therefore addressed the effect of lipids and of lipid/peptide interactions 

on the properties of the membranes in terms of acyl chain organization (Fig. 4 and Tables S2). 

To this end, we evaluated the consequence of peptide insertion on the organization of the lipid 

multibilayers via the evolution of the frequencies of the antisymmetric and symmetric 

stretching modes of methylene groups, νs(CH2) and νas(CH2) (Table S2). Indeed, the 

frequencies of these bands are known to be sensitive to changes in the configuration of the 

acyl chains, in chain mobility and packing. In the absence of peptides, the DOPC bilayers 

show the highest proportion of trans conformations of the acyl chains (νas (CH2) = 2921.2 cm-1, 

νs (CH2) = 2851.7 cm-1). The organization of the lipids decreases significantly both in the 

presence of DOPS or cholesterol and in the presence of peptides (both wild type and mutant 

VAMP2TM22), even at low peptide content (1/300 peptide/lipid ratio). These results further 

corroborated the analysis of the dichroic ratio (RATR) of the νs (CH2-2853 cm-1) band of 

DOPC lipid chains measured with the polarized ATR spectra (see Fig. 4). Multibilayers 

containing only DOPC are well organized, (RATR = 1.4 in average). When VAMP2TM22 or 

mutants peptides are inserted in multibilayers, the observed dichroic ratio (RATR) of the νs 

(CH2-2853 cm-1) band strongly increased confirming the disorganization of lipids. Whereas 

there was no appreciable difference between wild-type and mutant VAMP2TM22 in DOPC, the 

mutant clearly induced a stronger effect in the presence of DOPS and especially upon further 
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Figure 4: Effect of VAMPTM22 wt or mutant on lipid acyl chain alignment. Dichroic ratio 
(RATR) of the νs(CH2-2853 cm-1) band of lipid acyl chains were determined with 
VAMP2TM22 wild type or VAMP2TM22VV mutant peptides in various multibilayers at 
different molar peptide/lipid ratios employed. Note that an increase in RATR of the νs (CH2-
2853 cm-1) band indicates a decrease in the molecular ordering of acyl chains. Composition 
of multibilayers (in molecular percentages): a: DOPC, b: DOPC/DOPS (93/7 mol%), c: 
DOPC/DOPS/Chol (49/7/44 mol%). N=3, note that SD does often not exceed symbol size. 

addition of cholesterol (Fig. 4).  Note that these perturbations of the lipid chain organization 

also clearly demonstrate the interaction of the peptides with the hydrophobic portion of the 

bilayers even at high Ri and are indicative of the insertion of the peptides into the bilayer. 
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4.  Discussion  

Our observations indicate that the structure of the transmembrane domain of VAMP2 

exhibits a strong sensitivity to local protein concentration and to specific lipid environments 

when incorporated into lipid bilayers. Most of our previously published results had been 

obtained using full-length or a TMD peptide of the isoform VAMP1 [12, 13], but clearly 

VAMP2 behaves similarly in DOPC. Although 9 out of the 22 residues of the TMD differ, 

most are conservative exchanges and the overall content in Cβ-branched amino acids, a hall 

mark of SNARE proteins TMDs, is conserved. The dependence of reversible α-helices vs. β-

sheets occurrence on peptide/lipid ratios in DOPC also applies to the full-length VAMP2 as 

shown recently by us [25] and does therefore not present an artefact due to truncation of the 

protein. Moreover, as shown here, reversibility is observed not only in DOPC but also in 

DOPC/DOPS. Although we cannot exclude a role of the juxtamembrane domain or the 

cytosolic portion in membranes containing DOPS and/or cholesterol, molecular dynamics 

suggest that the juxtamembrane domain contributes only little to the behavior of the TMD 

[57]. 

The pronounced effect of a small percentage of charged lipid head groups, as in the case 

of DOPS, on the hydrophobic membrane peptides VAMP2TM22 is striking. DOPS, used here 

at a physiological concentration range, is sufficient to change the surface potential [58]. This 

lipid is required for SNARE protein-mediated vesicle fusion. Indeed, DOPS is thought to 

interact with charged residues of the VAMP juxtamembrane domain and may be involved 

during the hemifusion as well as the pore formation steps [40]. However, the peptides used 

here contain only the TMD without the juxtamembrane domain of VAMP2 and thus no 

charges are present in the peptide which may stabilize the TMD [59]. DOPS is characterized 

by a relatively rigid headgroup structure as compared with DOPC [60]. Globally, it stiffens 

lipid bilayers, alters lateral pressure profiles and may promote membrane curvature [61]. 

Especially the latter characteristic may also play a role in membrane deformation during 

fusion. Although we do not have any ready molecular explanation for the dramatic effect of 

DOPS on the structure of the TMD, our data clearly indicate an exquisite sensitivity to lipid 

headgroups that has not been observed previously for any other TMD. Notably, even in this 

setting VAMP2 TMD structure conserves its dependency on peptide/lipid ratios although the 

effect is completely inversed. 
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Membranes containing only DOPC and DOPS are poorly fusogenic and further 

components such as cholesterol are required [62]. Cholesterol is required throughout 

exocytosis during hemifusion, fusion pore opening and its expansion [36, 63] although yeast-

derived vesicle fusion assays suggest mainly a role at earlier steps such as docking [39] . It 

contains a rigid ring structures that disrupts local packing order [64, 65] which is in perfect 

agreement with our observation (Fig 4 and table S2). It also favors bending of the lipid bilayer 

[66] and increases membrane thickness [67].  The latter effect does not differ between 20 and 

44% cholesterol in DOPC/cholesterol bilayers [68] but the concentration dependency in 

DOPC/DOPS membranes is unknown. Both, plasma membrane and exocytotic vesicles are 

rich in cholesterol, however, this lipid seems to be required mainly in the vesicle membrane 

[43, 69]. 

Addition of cholesterol restored the preponderance of β-sheet structures. Notably, an 

increase in cholesterol concentration from 20 to 44% further increased the overall the 

percentage of β-sheets, clearly demonstrating a specific and concentration dependent effect. 

Detailed fine analysis of cholesterol effects on membrane fusion and pore opening in cell 

assays and proteoliposome fusion indicated a role for this lipid beyond membrane bending 

and it was suggested that it may directly alter the conformation of the VAMP TMD [43, 64, 

69]. We may therefor hypothesize that the change in structures observed here may correlate at 

least in part with a cholesterol effect on the TMD function observed in the aforementioned 

assays.  

Clearly we did not observe an influence of the peptide/lipid ratio in the presence of 

cholesterol as compared to the effects observed here for DOPC or DOPC/DOPS or in our 

previously published experiments [12, 13, 25]. A number of SNARE complexes are required 

for exocytosis at a physiological rate [70, 71], although one or two may suffice to obtain 

fusion [72, 73]. Indeed, the extent of fusion pore opening, expansion and stability in artificial 

membranes is exponentially enhanced by an increase in the number of SNARE complexes 

[16, 74, 75]. We previously argued that the presence of numerous copies of VAMP2 [28] and 

its further crowding of TMDs during fusion [29] may be a trigger for conformational changes. 

The absence of an effect through peptide/lipid ratios in the presence of cholesterol argues at 

first sight against such a phenomenon. However, theoretical considerations suggest that not 

only SNARE distributions may change during exocytosis, but also the distribution of lipid 

species, such as cholesterol, to obtain the membrane curvature required for initial hemifusion, 

stalk formation and fusion pore opening [7]. This issue has not yet been addressed 
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experimentally due to inherent technical difficulties. In light of these requirements one may 

hypothesize that dynamic changes in TMDs still occur and are perhaps even mainly driven or 

stabilized by the changing lipid environment. 

We have shown previously that the VAMP2TM22 mutant (G100V/C103V) reduces 

exocytosis by altering fusion pore opening and expansion in live cells [25]. These residues are 

probably situated close to the center of the bilayer as the preceding amphipathic 

juxtamembrane domain is already partially embedded in the membrane [34, 35]. Within the 

static assays performed here, the mutant behaved as wild-type VAMP2TM22 in zwitterionic 

and anionic bilayers (DOPC, DOPC/DOPS) although some higher propensity for β-sheets 

was observed, in line with the additional presence of two Cβ-branched residues known to 

favor β-sheet conformation. Note that using a dynamic assay (and DOPC only) we have 

previously observed, a considerable delay and reduction in the structural conversions from α-

helices to β-sheets and back to α-helices in the case of the VAMP2TM22 mutant (G100V/C103V) 

[25]. A major difference between wild-type and mutant was observed now in the presence of 

20% cholesterol, i.e. a higher percentage of β-sheets in the case of mutant VAMP2TM22, which 

was no longer apparent at 44% cholesterol. Some attention has to be paid to the physiological 

relevance of the two cholesterol concentrations used here. Although cholesterol accounts for 

some 40 to 60% of all the lipids in exocytotic vesicles [28, 76], almost half of the synaptic 

vesicle surface is occupied by transmembrane domains. In contrast, in our approach, we use 

only a single peptide which amount at most to 5% of the total peptide/lipid mixture. One may 

therefore assume that the total number of cholesterol molecules available for VAMP2 in situ 

in synaptic vesicles may be closer to the lower cholesterol concentration used in this study 

(20%).  

A further difference between wild-type and mutant was observed in terms of acyl-chain 

ordering. In DOPC/DOPS and in DOPC/DOPS/CHOL membranes the mutant induced a more 

pronounced disordering as compared to the wild-type peptides. Molecular simulations and 

structural studies indicated some unwinding around G100, which should result in an increased 

flexibility [11, 34]. Loss of this flexibility, as in the case of the mutant, may decrease 

adaptation of the peptide to the bilayer. Since during fusion and fusion pore opening the 

membrane is exposed to a number of constraints such as strong bending and high protein 

concentration, loss of flexibility in the mutant may contribute to its functional effects which 

we have reported recently [25].  
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In conclusion, the role of VAMP TMDs during the final stages of exocytosis has been 

established recently in cellular assays by us and others [25, 26]. Results presented here extend 

our previous observation on the general influence of protein/lipid ratios on the structure of 

VAMP TMDs to the strong role of the specific lipid environment. The reversible conversion 

from α-helices to β-sheets is an in-vitro readout of the structural dynamics of VAMP2 TMD 

and may not happen to this extent in highly complex native cell membranes. However, more 

subtle qualities such as structural mobility and helical kink are clearly involved in 

physiological exocytosis [25, 26, 34]. The parameters measured here may reflect the capacity 

of the TMD to sense the dynamic lipid environment and to adapt to the different constraints 

during the fusion pore opening and dilation. 
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FIGURE LEGENDS 

 

Figure 1: Sequences of wild-type VAMP1 or VAMP2 and mutated VAMP2 transmembrane 

domain (VAMP2TM22). a: Sequence comparison of VAMP1 and VAMP2 transmembrane 

domains and VAMP2 mutant peptide. Note the preservation of small amino acids at G100 and 

C103 in both isoforms (given in blue), whereas exchanges are given in red (upper two 

sequences) and are mostly conservative ones among β-branched amino acids. The G100V and 

C103V mutation is given in red (lower sequence, VAMP2 VV mutant). b: ATR-IR spectra on a 

Ge crystal of the VAMP2TM22 wild type and VAMP2TM22VV (G100V/C103V) at room 

temperature. Both are mainly structured into anti-parallel β-sheets as dry powder (solid line) 

or when dissolved in HFIP (dashed line). 

 

Figure 2: Lipid composition-dependent conformation of the transmembrane domain of 

VAMP2. a: ATR spectra on diamond crystal of VAMP2TM22 (WT or VV mutant) inserted into 

DOPC multibilayers hydrated by D2O at a peptide/lipid ratio of 1/300, 1/50 or 1/20. Each 

spectrum resulted from the summation of the two polarization spectra (parallel (p) and 

perpendicular (s)). For detailed view of α-helix and β-sheet regions at 1/300, see 

supplemental figure S1. b: relative percentage of β-sheets structure of VAMP2TM22 inserted 

into different lipid compositions DOPC or DOPC/DOPS (93/7 mol%) multibilayers as 

obtained from ATR spectra. Wild-type ○, VV mutant ●. c: Kinetics of structural dynamics 

in DOPC/DOPS bilayers.  ATR–IR spectra of the synthetic peptide VAMP2TM22 (either WT 

or VV mutant) in a lipid multi-bilayer (DOPC/DOPS, 93/7 mol%) were obtained at an initial 

peptide/lipid ratio of 1/20 at room temperature. After approximately 1h peptides were diluted 

with DOPC/DOPS to a peptide/lipid ratio of 1/300 (indicated by arrow) and structural 

changes measured for 3h at room temperature. The ratios of intensities of β-sheets vs α-

helices are given. N=3, note that SD does not exceed symbols size. 

 

Figure 3: Cholesterol-dependent conformation of the transmembrane domain of VAMP2. 

Relative percentage of β-sheets structure of VAMP2TM22 inserted into DOPC/DOPS 

multibilayers containing different either 20% cholesterol (DOPC/DOPS 73/7 mol%) or 44% 

cholesterol (DOPC/DOPS 49/7 mol%) as obtained from ATR spectra. N=3, note that SD does 

not exceed symbols size. 
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Figure 4: Effect of VAMPTM22 wt or mutant on lipid acyl chain alignment. Dichroic ratio 

(RATR) of the νs(CH2-2853 cm-1) band of lipid acyl chains were determined with VAMP2TM22 

wild type or VAMP2TM22VV mutant peptides in various multibilayers at different molar 

peptide/lipid ratios employed. Note that an increase in RATR of the νs (CH2-2853 cm-1) band 

indicates a decrease in the molecular ordering of acyl chains. Composition of multibilayers (in 

molecular percentages): a: DOPC, b: DOPC/DOPS (93/7 mol%), c: DOPC/DOPS/Chol 

(49/7/44 mol%). N=3, note that SD does often not exceed symbols size. 
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Figure S1: ATR spectra on diamond crystal of VAMP2TM22 (WT or VV mutant) inserted into 

DOPC multibilayers hydrated by D2O.  Detailed view of α-helix and β-sheet regions at 1/300. 
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Table S1: Percentage of secondary structure (α-helix and β-sheets) for VAMP2TM22 WT and 
VV mutant in DOPC, DOPC/DOPS (93:7), DOPC/DOPS/Cholesterol (49:7:44), and 
DOPC/DOPS/Cholesterol (73:7:20) membranes, as obtained from ATR spectra. 
Deconvolution of ATR spectra was accomplished by peaksolve (GRAMS, version 3.0). The 
accuracy is estimated to within ca.±5%. T = 25 °C. 

Peptide Lipid composition 
% of secondary structure elements 
β-sheets/α-helix at peptide/lipid ratio 

1/300 1/50 1/20 

VAMP2TM22WT 

DOPC 7/56 34/50 72/25 

DOPC/DOPS 
93/7 (w/w %) 

53/23 39/43 21/51 

DOPC/DOPS/Cholesterol 
73/7/20 (w/w/w %) 

38/46 33/35 37/39 

DOPC/DOPS/Cholesterol 
49/7/44 (w/w/w %) 

69/11 45/46 59/21 

VAMP2TM22VV  

DOPC 25/55 29/51 72/22 

DOPC/DOPS 
93/7 (w/w %) 51/30 38/40 33/40 

DOPC/DOPS/Cholesterol 
73/7/20 (w/w/w %) 

64/22 51/28 57/22 

DOPC/DOPS/Cholesterol 
49/7/44 (w/w/w %) 

61/21 49/40 58/25 

 

Table S2: Frequencies of the νs(CH2) and νas(CH2) bands of lipids chains in presence or in 
absence of VAMP2TM22VV (G100V/C103V mutant). Composition of multibilayers: DOPC, 
DOPC/DOPS (93/7) or DOPC/DOPS/Cholesterol (49/7/44). 

 νas (CH2) cm-1 νs (CH2) cm-1 

Peptide 
Peptide/Lipid 

Ratios 
DOPC 

DOPC/ 
DOPS 

DOPC/DOPS/ 
CHOL 

DOPC 
DOPC/ 
DOPS 

DOPC/DOPS/ 
CHOL 

 No peptide 2921.2 2924.4 2925.5 2851.7 2852.8 2853.2 

WT 

1/300 2924.1 2924.5 2925.6 2853.6 2854.6 2854.6 
1/50 2924.3 2924.7 2925.5 2854.2 2854.4 2854.6 

1/20 2924.6 2924.6 2925.6 2854.3 2854.3 2854.7 

VV 
1/300 2924.3 2924.4 2925.6 2854.2 2854.3 2854.2 
1/50 2924.6 2924.4 2925.6 2854.6 2854.3 2854.4 
1/20 2924.9 2924.4 2925.7 2854.8 2854.3 2854.5 

 

 

 




