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HIGHLIGHTS

* The transmembrane domain (TMD) of VAMP2 and lipinffuence membrane fusion
 VAMP2-TMD undergoes concentration dependent relsrstructural changes in bilayers
* VAMP2 TMD structures are highly sensitive to thengmsition of the lipid environment

» Mutating 2 central residues, crucial for exocytpsisreasef-sheet content

» The same mutation increases acyl chain perturbation



ABBREVIATIONS

ATR, attenuated total reflection :DMPC, 1,2-dimyoid-sn-glycero-3-
phophatidylcholine;DOPC, 1,2-dioleoyl-sn-Glycerd?Bosphocholine;DOPS, 1,2-dioleoyl-
sn-glycero-3-phosphoserine; FTIR, Fourier transforrfraired ; R, peptide to lipid ratios;
SNARE, soluble NSF attachment receptor; TMD, tragsiorane domain; VAMP, vesicle
associated membrane protein or synaptobrevin; VAMR2 VAMP2 transmembrane

domain;



Abstract

Neurotransmitter and hormone exocytosis dependSNARE protein transmembrane
domains and membrane lipids but their interplapasrly understood. We investigated the
interaction of the structure of VAMP2, a vesiculsansmembrane SNARE protein, and
membrane lipid composition by infrared spectroscopyging either the wild-type
transmembrane domain (TMD), VAMRZ,, or a peptide mutated at the central residues
G100 Ci03 (VAMP2122VV) previously identified by us as being critical fotoeytosis. Our
data show that the structure of VAMERZ,, in terms ofa-helicesand 3-sheets is strongly
influenced by peptide/lipid ratios, by lipid spexigcluding cholesterol and by membrane
surface charges. Differences observed in acyl chalggnments further underscore the role of
the two central small amino acid residuegy&;03 within the transmembrane domain during

lipid rearrangements in membrane fusion.

Keywords

ATR-infrared spectroscopy, Synaptobrevin, Exoc@osBENARE proteins, cholesterol,
phospholipids.



1. I ntroduction

Fusion of proteolipid membranes forms the basesehts such as intracellular vesicular
transport as well as exocytosis in neurotransmmssipo hormone secretion [1]. A set of
evolutionary highly conserved membrane proteing, SNARE proteins, plays a major role
within this process. These proteins are charaeeimy a cytosolic SNARE motif able to form
a coiled coil consisting of four parallel helicermhed the core complex [2, 3]. During
exocytosis, the single-span integral membrane prot€AMP/synaptobrevin, (localized at
vesicle membranes), and syntaxin 1 in the plasmabreme, interact through their cytosolic
SNARE domains to form the SNARE core complex [2,T3]e N- to C-terminal zippering of
this coiled-coil locally approaches the two adjdacemembranes, thus bridging the two
compartments[4]. Exocytosis subsequently proceeds through fus@f the adjacent
membrane leaflets and formation of a stalk [5,Fehally full fusion and release of soluble
cargo occurs via the creation of a fusion pore Wwhtay further extend and lead to the
diffusion of vesicular membrane components into plkeesma membrane [7]. A number of
isoforms have been identified for VAMP/synaptobmythe isoform VAMP2 is required for
neuroexocytosis at the synapse [8] and for theofusif peptide-hormone containing large

dense core vesicles in endocrine cells [9].

The role and structure of the soluble SNARE domaims the juxtamembrane domains
of the SNARE protein VAMP2 in membrane fusion aeasonable well understood [1, 10]
whereas the structure and potential role of thestrembrane domain remained controversial
[11-15, 16 ]. Membrane fusion proceeds throughirtisistages in reconstituted systems and
in live cells: hemifusion of adjacent leaflets, opw and eventually dilation of the fusion
pore [17, 18]. Membrane fusion can occur indepetigérom the a protein TMD in the case
of VAMP2, however, detailed analysis of the difigrstages of membrane fusion has shown
that efficient fusion clearly requires the TMD [156, 19-21] (for detailed discussion see
recent reviews [7, 22-24]). Recent data from ouwt ather laboratories have shown that its
role may relate to the opening, expansion andlgtabf the fusion pore itself [16, 25, 26]. In
structural terms the VAMP2 TMD is endowed with saeunusual features: a high
percentage of gbranched hydrophobic amino acids (isoleucine, negli [14] and
consecutively a high amount @tsheets [12, 13, 25, 27]. Moreover, the ratio betwe-
helices and(-sheets changes reversibly depending on peptide/liptios in DOPC
membranes with a preponderanc@atheets at high protein concentrations [12, 13, 86¢h

high local concentrations of VAMP2 are expectedotzur during membrane fusion as a
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synaptic vesicle contains some 70 copies of thisepr [28] and their crowding is essential
for fusion [29]. We do not know whether such ansural and reversible structural conversion
from a-helices tof3-sheets occurs in native cell membranes, but drblereflects a unique
structural mobility of the VAMP2 TMD.

Synthetic transmembrane peptides containing onlyépéats are highly mobile and are
fusogenic in artificial systems [30]. The currenew holds that such a mobility of the
transmembrane domain is crucial for membrane fugén 26, 31]. It is intriguing that their
activity is further enhanced by inserting a smatlirro acid glycine in the middle of the
sequence [32, 33]. VAMP isoforms involved in exasy$ contain at least two small amino
acids in a central position (g and Gozin VAMP2). These may confer a mobile kink linking
the N- and C-terminal halves of the TMD [32, 34].38e have shown previously that the
point mutation of G and Gos to valines retards and shortens fusion pore ogemrlive
cells [25].

Exocytotic vesicles contain a high amount of chieled [28] and this lipid is required
for efficient membrane fusion in synthetic or cldlusystems [36-38] although the precise
step involved is still a matter of debate [39]the same vein charged phospholipids such as
phosphatidylserine are relevant in membrane fu$ij. Up to now, structural data on
VAMP2 TMDs have been obtained in the absence addip41], on proteins embedded in
dehydrated membranes [11] or membranes containmyg phosphatidylcholine [25], in
detergent micelles or complex lipid bilayers allaitow protein/lipid ratios of 1/200-300 [35,
42, 43] or using a charge restrained and shorteneBMD in
phosphatidylcholine/phosphatidylserine bilayerq [@3@r detailed discussion see Hastoy et al.
[7] ). We therefore addressed the effect of phoggylaerine and cholesterol on the structural
properties of the full-length VAMP2 TMDVibrational 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 DOPC using either synthetic peptides
or recombinant full-length proteins [12, 13, 25].e\have now used attenuated total
reflection-FTIR (ATR-FTIR) spectroscopy to examihe structure wild-type VAMP2 TMDs
(VAMP21y22) in various lipid compositions and peptide/lipiatios. We have additionally
taken advantage of biologically well characterizadtations in the central small residues
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(G1oa Cro3 VAMP2122VV) that impede fusion pore opening and stabil@§][and compared
them to wild-type VAMP 2y22.

1. Material and methods

1.1.Peptidesand lipids
The transmembrane segment of the SNARE protein VAMPVAMPZrv22,
(MMILGVICAILHIVYFEST) and its \AY mutant VAMP2 tm22VV
(MMIILVVIVAIILIINIVYFST) were synthesized in-house(Applied Biosystems Synthesizer
433A, PE Biosystem, Courtaboeuf, France). HPLddoot be used for purification of the
peptides as they are very hydrophobic and onlybéelin 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP), therefore they were purified by severalndsi of precipitation in butanol. The purity
of the samples was estimated at over 98% accorgingiass spectrometry. MALDI-MS
(Matrix-Assisted Laser Desorption lonization Mage&rometry) analysis was performed on
a MALDI-TOF-TOF (Ultraflex Ill, Bruker Daltonics, Bemen, Germany). VAMRZ22 and
VAMP2m22VV were dissolved in HFIP at a final concentratioharound 10uM for MS
analysis. Samples were prepared with a thin leygthod: the peptide solution was deposited
on a thin layer of matrix crystals (alpha-cyanoytitoxycinnamic acid prepared in acetone)
on the MALDI plate. The peaks aW¥z 2474.45 andnw/z 2512.41 observed on the MALDI
spectra could be assigned to the [M+Napduct ion of the peptides VAMR2.> and
VAMP21»22VV, respectively. These experimental masses wereagreement with the
theoretical valuesz 2474.42 anan/z 2512.53.

1,2-dimyristoyl-sn-glycero-3-phophatidylcholine (W, CAS 8194-24-6), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC, CAS 4235-95-4);did?eoyl-sn-glycero-3-phosphoserine
(DOPS, CAS 90693-88-2) and cholesterol (CAS 57-B&«re obtained from Sigma-Aldrich,

France.
1.2. ATR spectroscopy of multibilayers

Stock solutions of phospholipids in chloroform weneixed with peptides (in
hexafluoroisopropanol), followed by vortexing arigrsag for 10min. Solvents were removed
by rotatory evaporation vacuum pump angdDvas added for rehydration of the pure lipid or
VAMP21y2o/lipid mixture. Hydration ratios were higher thaf%. Multibilayers used for
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ATR spectroscopy were obtained by shearing a lquiceor mixed VAMP Zry2-/lipid gels on
the diamond ATR crystal surface (Golden gate, Elno] Paris, France) with a Teflon stick
[46]. ATR spectra of multibilayers [47-50] were oeded with a Nexus 670 equipped with a
MCT detector cooled at 77 K. Generally, 600 scaeseveo-added at a resolution of 8tm
and a two-level zero-filling was performed. The denil band was decomposed into
individual bands characteristic of each secondamyctire element using 6 components at
1620, 1630, 1640, 1655, 1670 and 1685 cfdata not shown). This decomposition was
performed with Peaksolve software (Version 5.0, G5 and analyzed as a sum of
Gaussian/Lorentzian curves, with a consecutivenapétion of amplitudes, band positions
and half-width of individual banddndividual amide | band components are assigned to
various peptide secondary structures on the bdsaslarge body of experimental data [48].
To determine the percentage of each secondarytwteyucdeconvolution analysis was
performed on the summation signal of the two ppéron spectra to avoid the orientation

effect of each secondary structure.



2. Results

2.1. Polarized ATR study of VAM P22, alone or inserted into neutral and negatively
charged lipid multibilayers
We have previously demonstrated a reversible tiiandbetweeru-helices tq3-sheets

in lipid bilayers using a peptide correspondinghie transmembrane domain of the VAMP

a VAMP1 NP_037222 97-118 MMIMLGAICA IIVVVIVIYI FT

VAMP2 VV mutant MMIILVVIVA IILIITIIVYE S

b —— Powder - HFIP
0,020 ~ 0,040 —
VAMP2,_ WT VAMP2,_ WV
a f a f
i vy
0,015 - 0,030
L m
O 8]
= =
< 0,010+ L 0,020-
i 4
O o)
@ %)
m @
< <
0,005 - 0,010 4
0,000 === 0,000
T T T T I T T T T I T T ¥ T I T T T Ll I T T T T l L 4 T T T I
1800 1700 1600 1500 1800 1700 1600 1500

Wavenumber (cm'1 )

Figure 1. Sequences of wild-type VAMP1 or VAMP2 and mutat&AMP2
transmembrane domain (VAMRZ,). & Sequence comparison of VAMP1 and VAMP2
transmembrane domains and VAMP2 mutant peptidee No¢ preservation of small
amino acids at o and Gos in both isoforms (given in blue), whereas exchangee
given in red (upper two sequences) and are mostlgervative ones amorfigbranched
amino acids. The {gvV and Go3V mutation is given in red (lower sequence, VAMPY V
mutant). b: ATR-IR spectra on a Ge crystal of the VAMRZ wild type and
VAMP21y22VV (G100V/C103V) at room temperature. Both are mainly structurgd anti-
parallelf3-sheets as dry powder (solid line) or when dissbineHFIP (dashed line).



isoform VAMP1 [12, 13]. The isoform VAMPZ2, involveid neurotransmission and peptide
hormone secretion, differs within the TMD by 36%rfr VAMP1 (9 of 22 amino acids, see
Fig 1la) but contains a similar amount of-i#anched residues. The;da//C103V mutant
abolishes the presence of central small residuésnaneases the overalg®ranched content
(Fig. 1a). and rigidifies this region without sifjoance increase in the local bulkiness [51].
We performed first ATR-FTIR experiments to provigeantitative data on the structure of
VAMP2 TMD peptides (VAMPZ2u22) in the absence of lipids. The wild-type or the
G100V/C103V (VV) mutant peptides were used as dry powderissalved in HFIP (Fig. 1b).
Under both conditions, wild-type and VV peptides arainly structured into anti-parallgi
sheets similar to VAMP1 [12].

Next VAMPZ2n\22 was inserted into lipid bilayers composed eitherDDPC or
DOPC/DOPS with different peptide to lipid ratiosotd that these bilayers form stacks of
multiple layers which enhance the signal. The potak ATR spectra presented in the 1800-
1550 cmi* domain for wild-type and mutant VAMRi,, in DOPC bilayers (Fig. 2a) show the
v(C=0) ester band of the lipid at a wavenumber giraximately 1735 cim and the amide |

band characteristic of the VAMRZ,, between 1600 and 1700 ¢niThe amide | band
mainly reflects C=0 as well as C-N stretching vilamas, which are modulated by the peptide
backbone conformation suchhelices (around 1652 ¢hhor B-sheets (around 1630 & At
the molecular ratio of 1/300 (peptides/DOPC), maaHhelices (56% of observed structures)
and only a small amount of anti-paraleEheets were observed (7%). The percentagas of
helix and [3-sheets structures in VAMR,, inserted into lipid multibilayers at different
peptide/lipid ratio are presented in supplemendith {Table S1) after the deconvolution of the
amide | band. As the wild type peptide/lipid ratias increased, amide I/I' bands at around
1630/1685 cni increased progressively (Fig. 2a), characterisftianti-parallelB-sheets [52].
At the highest ratio tested (1/20p;sheets became the predominant structure with the
presence of residuai-helical structure in DOPC bilayers as seen by allspeak at around
1655 cnt (Fig. 2a). For a more precise view of théelix/B-sheet region of the spectra at
1/300 peptide/lipid ratios, see supplemental Figilte The concentration dependent variation
of structures in DOPC lipid membranes is similar dar previous finding with the
transmembrane domain peptide VAMRZ; or full-length VAMP1 [12, 13].Note that the use
of TMD peptides implies the loss of directionaldrmhation due to the absence of the soluble

domain. However, we had shown for the isoform VAMRBfat B-sheets are mainly
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antiparallel when using the TMD only, but paralldien investigating the full-length peptide
[12, 13].
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Figure 2. Lipid composition-dependent conformation of thransmembrane domain of
VAMP2. a: ATR spectra on diamond crystal of VAMRZ, (WT or VV mutant) inserted
into DOPC multibilayers hydrated by,D at a peptide/lipid ratio of 1/300, 1/50 or 1/20.
Each spectrum resulted from the summation of tleegalarization spectra (parallel (p) and
perpendicular (s)). For detailed view af-helix and (-sheet regions at 1/300, see
supplemental figure Sh: relative percentage @-sheets structure of VAMRg.. inserted
into different lipid compositions DOPC or DOPC/DORS3/7 mol%) multibilayers as
obtained from ATR spectra. Wild-tyge, VV mutant@. c: Kinetics of structural dynamics
in DOPC/DOPS bilayersATR—-IR spectra of the synthetic peptide VAMB2 (either WT

or VV mutant) in a lipid multi-bilayer (DOPC/DOPS3/7 mol%) were obtained at an initial
peptide/lipid ratio of 1/20 at room temperaturetehfapproximately 1h peptides were diluted
with DOPC/DOPS to a peptide/lipid ratio of 1/30@dicated by arrow) and structural
changes measured for 3h at room temperature. Tios 1&f intensities off3 -sheets vau-
helices are given. N=3, note that SD does not eksgmbol size.
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VAMP\22VV peptides incorporated in DOPC are also predontlgastructured as
anti-parallel 3-sheets at high peptide/lipid concentration (1/2)is proportion decreases
with decreasing peptide/lipid concentration, simylaas observed with wild type peptides
(Fig. 2a and b, Table S1). However, the proportba-helical structure is globally lower as
compared to wild-type peptides. Using the shorteosphatidylcholine DMPC instead of
DOPC comparable effects were observed for bothigeptin terms of peptide/lipid ratio

dependent changes in structure (data not shown).

The effect of negative charges of the lipid membran the structure of VAMR22
was investigated using DOPC/DOPS lipid bilayerspi¢ally, cell membranes contain 5 to
15% of negatively charged lipids in their cytoplasneaflets, mostly as phosphatidylserine
[53]. This lipid plays a complex role in exocyto$tst]. Its charge serves as anchorage for
proteins implicated in membrane fusion and its k&pn, but also favors positive curvatures
of membranes or dimpling largely due to electrostateractions of the charged head groups
[55]. In the present system, surprisingly, we obsérthat the addition of only 7% of
negatively charged DOPS to the neutral DOPC menelsrdatally inversed the structural
behavior of VAMP 2\, (Fig. 2b). At a 1/300 peptide/lipid ratio, 53% of the pdp formed
anti-parallelB-sheets and 23% washelices whereas at a much higher peptide ra&o1i20,
a-helices were predominant (51% vs 21% [esheets) (see Table 51n the case of mutant
VAMP21\u22, B-sheets were preponderant at a 1/300 peptideMaiid and converted ta-
helices at high peptide/lipid ratio (1/20). Thusrend similar to the wild-type peptides was
observed, but with higher proportion [pfsheets (+ 12%at the expense af-helical structure
(- 11%) at the highest peptide/lipid ratio (1/2Biy2b, Table S1).

We also investigated the reversibility and the #agseof the structural changes of
these peptides as we have previously reported AWIRZ:y22 in DOPC membranes [25].
Similarly to those studies, the dilution of the peg/lipid membranes (from 1/20 to 1/300) by
further addition of lipids demonstrated the strugtueversibility at room temperature (Fig.
2c). The kinetics of structure transition revealédat the structure transition of
VAMP21y22VV in DOPC/DOPS lipid bilayers occurs in two steps wherde transition of
VAMP21v22WT occurs in one step: an initial rapid one thaswammon for both wildtype
and VV mutated VAMPZu22 and a second less pronounced one starting appretym@0
minutes after the dilution that was only observed VAMP2m\22VV. This latter one may

reflect the increased content irg-ranched amino acids in VAMR%.VV that further
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favors the presence ptsheets.

2.2. Effect of Cholesterol on the structuresof VAMP21yv22

Cholesterol is a major component of the plasmathedesicle membranes [56]. Lipid
analysis revealed a high cholesterol content ofgifa vesicles, constituting ~45 mol % of
the total lipids [28] and cholesterol may influenasicle fusion [36]. We assessed the effect
of high cholesterol content in the multibilayerstbe conformation of the SNARE TMDs and
analyzed two lipid mixtures at increasing molecydarcentages of cholesterol, consisting of
either 73/7/20 or 49/7/44 DOPC/DOPS/Cholesterolemalar ratios.

The addition of 20 % cholesterol to the lipid mpduotally suppressed the variation

DOPC/DOPS
YOr  cHOL 20% CHOL 44%
0,8
° °

@ »
O - o
g \./
5 06 |-
ha i
S 5 o/O ©
(OIS
= < 04}
E, —O-WT
5 ——VV
o 02 |

0,0 L

I I R I I R
0,00 0,02 0,04 0,06 0,00 0,02 0,04 0,06

Peptide/Lipid Ratio

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

Relative percentage of-sheets structure of VAMRg,, inserted into DOPC/DOPS
multibilayers containing different either 20% chsilrol (DOPC/DOPS 73/7 mol%) or
44% cholesterol (DOPC/DOPS 49/7 mol%) as obtainech fATR spectra. N=3, note that
SD does not exceed symbols size.

of the a-helix and [3-sheets in VAMPZ2y22, and the structure of the peptide remains

intermediate and unchanged (~40% ¢oor ) at all peptide/lipid ratios tested. A further
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increase of cholesterol content to 44%, anti-pakfHsheet becomes the dominant secondary
structure (~60-70%) except at the intermediateydti50 (~45%) (see Fig 3 and Table S1).
Globally, our data clearly demonstrated that chiele$ plays a role in decreasing the
variation of the secondary structures and maimgitihem at a relatively high anti-paralfel

sheets regardless of the peptide to lipid ratio.

The addition of cholesterol to DOPC/DOPS multibdes/reduced the variations of the
secondary structures of VAMR#2VV similar to their effects on the wild type VAMP2
peptide. A higher overall percentage [dfsheets was observed for VAMRRVV with
respect to the wild type peptides at 20% cholektehereas differences disappeared at 44%
cholesterol (see Fig 3 and Table S1). ComparedQ®C/DOPS alone, cholesterol increased

the presence @@-structures throughout the different ratios tested.

2.3.  Lipid chainsperturbationsinduced by theinclusion of peptides

Membrane fusion as in exocytosis imposes tight ttaimés on lipid acyl chain
organisation [7]. We therefore addressed the efieétipids and of lipid/peptide interactions
on the properties of the membranes in terms of @tgin organization (Fig. 4 and Tables S2).
To this end, we evaluated the consequence of meptsertion on the organization of the lipid
multibilayers via the evolution of the frequencies the antisymmetric and symmetric
stretching modes of methylene groups(CH,) and v,{CH,) (Table S2). Indeed, the
frequencies of these bands are known to be semgaichanges in the configuration of the
acyl chains, in chain mobility and packing. In thiesence of peptides, the DOPC bilayers
show the highest proportion trfans conformations of the acyl chaingd(CH,) = 2921.2cm*,
Vs (CHy) = 2851.7cmi"). The organization of the lipids decreases sigaifity both in the
presence of DOPS or cholesterol and in the preseipeptides (both wild type and mutant
VAMP21\u22), even at low peptide content (1/300 peptide/limtio). These results further
corroborated the analysis of the dichroic ratig{® of the vs (CH»-2853 cni) band of
DOPC lipid chains measured with the polarized ATgecira (see Fig. 4). Multibilayers
containing only DOPC are well organized.afR = 1.4 in average). When VAMPR,, or
mutants peptides are inserted in multibilayers, dhserved dichroic ratio (fgg) of the vs
(CH»-2853 cnm) band strongly increased confirming the disorgaiiin of lipids. Whereas
there was no appreciable difference between wipe-gnd mutant VAMPRZ,2, in DOPC, the
mutant clearly induced a stronger effect in thespnee of DOPS and especially upon further
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Figure 4: Effect of VAMPv22 wt or mutant on lipid acyl chain alignment. Dicloreoatio
(Ratr) Of the v(CH-2853 cm') band of lipid acyl chains were determined with
VAMP21\22 wild type or VAMPZ\22VV mutant peptides in various multibilayers at
different molar peptide/lipid ratios employed. Nob&at an increase inaRz of thevs(CH,-
2853 cn) band indicates a decrease in the molecular ovgler acyl chains. Composition
of multibilayers (in molecular percentages): a: DM: DOPC/DOPS (93/7 mol%), c:
DOPC/DOPS/Chol (49/7/44 mol%). N=3, note that S@goften not exceed symbol size.

addition of cholesterol (Fig. 4). Note that th@s&eturbations of the lipid chain organization
also clearly demonstrate the interaction of thetidep with the hydrophobic portion of the
bilayers even at high;Bnd are indicative of the insertion of the peptihs the bilayer.
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4. Discussion

Our observations indicate that the structure oftthtesmembrane domain of VAMP2
exhibits a strong sensitivity to local protein centration and to specific lipid environments
when incorporated into lipid bilayers. Most of gpreviously published results had been
obtained using full-length or a TMD peptide of tiseform VAMP1 [12, 13], but clearly
VAMP2 behaves similarly in DOPC. Although 9 outtbke 22 residues of the TMD differ,
most are conservative exchanges and the overatrbm G-branched amino acids, a hall
mark of SNARE proteins TMDs, is conserved. The degeace of reversibla-helices vs-
sheets occurrence on peptide/lipid ratios in DOBRG applies to the full-length VAMP2 as
shown recently by us [25] and does therefore nesgmt an artefact due to truncation of the
protein. Moreover, as shown here, reversibilityoisserved not only in DOPC but also in
DOPC/DOPS. Although we cannot exclude a role of jpgamembrane domain or the
cytosolic portion in membranes containing DOPS andholesterol, molecular dynamics
suggest that the juxtamembrane domain contributés lidtle to the behavior of the TMD
[57].

The pronounced effect of a small percentage ofgduhlipid head groups, as in the case
of DOPS, on the hydrophobic membrane peptides VAME2s striking. DOPS, used here
at a physiological concentration range, is suffici® change the surface potential [58]. This
lipid is required for SNARE protein-mediated vesidusion. Indeed, DOPS is thought to
interact with charged residues of the VAMP juxtarbemme domain and may be involved
during the hemifusion as well as the pore formasteps [40]. However, the peptides used
here contain only the TMD without the juxtamembratwmmain of VAMP2 and thus no
charges are present in the peptide which may s&tatihe TMD [59]. DOPS is characterized
by a relatively rigid headgroup structure as coragawith DOPC [60]. Globally, it stiffens
lipid bilayers, alters lateral pressure profilesdamay promote membrane curvature [61].
Especially the latter characteristic may also pdayole in membrane deformation during
fusion. Although we do not have any ready molecabgslanation for the dramatic effect of
DOPS on the structure of the TMD, our data cleartlicate an exquisite sensitivity to lipid
headgroups that has not been observed previousnfp other TMD. Notably, even in this
setting VAMP2 TMD structure conserves its depenganrt peptide/lipid ratios although the

effect is completely inversed.
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Membranes containing only DOPC and DOPS are potusogenic and further
components such as cholesterol are required [6BpleSterol is required throughout
exocytosis during hemifusion, fusion pore opening ds expansion [36, 63] although yeast-
derived vesicle fusion assays suggest mainly aabkarlier steps such as docking [39] . It
contains a rigid ring structures that disrupts lqEcking order [64, 65] which is in perfect
agreement with our observation (Fig 4 and table B2)so favors bending of the lipid bilayer
[66] and increases membrane thickness [67]. Tiberlaffect does not differ between 20 and
44% cholesterol in DOPC/cholesterol bilayers [68it bhe concentration dependency in
DOPC/DOPS membranes is unknown. Both, plasma membaad exocytotic vesicles are
rich in cholesterol, however, this lipid seems &rbquired mainly in the vesicle membrane
[43, 69].

Addition of cholesterol restored the preponderaoic@-sheet structures. Notably, an
increase in cholesterol concentration from 20 t&o4#urther increased the overall the
percentage oB-sheets, clearly demonstrating a specific and aunagon dependent effect.
Detailed fine analysis of cholesterol effects onmbheane fusion and pore opening in cell
assays and proteoliposome fusion indicated a wnlghis lipid beyond membrane bending
and it was suggested that it may directly alterabeformation of the VAMP TMD [43, 64,
69]. We may therefor hypothesize that the changdructures observed here may correlate at
least in part with a cholesterol effect on the TMDction observed in the aforementioned

assays.

Clearly we did not observe an influence of the peglipid ratio in the presence of
cholesterol as compared to the effects observee foerDOPC or DOPC/DOPS or in our
previously published experiments [12, 13, 25]. Anfner of SNARE complexes are required
for exocytosis at a physiological rate [70, 71thaugh one or two may suffice to obtain
fusion [72, 73]. Indeed, the extent of fusion popening, expansion and stability in artificial
membranes is exponentially enhanced by an incrieatiee number of SNARE complexes
[16, 74, 75]. We previously argued that the presesfcmumerous copies of VAMP2 [28] and
its further crowding of TMDs during fusion [29] még a trigger for conformational changes.
The absence of an effect through peptide/lipidogatn the presence of cholesterol argues at
first sight against such a phenomenon. Howevengrétigal considerations suggest that not
only SNARE distributions may change during exocigobut also the distribution of lipid
species, such as cholesterol, to obtain the meralmanvature required for initial hemifusion,
stalk formation and fusion pore opening [7]. Thissue has not yet been addressed
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experimentally due to inherent technical difficedti In light of these requirements one may
hypothesize that dynamic changes in TMDs still o@nd are perhaps even mainly driven or

stabilized by the changing lipid environment.

We have shown previously that the VAMRZ, mutant (GooV/Ci3V) reduces
exocytosis by altering fusion pore opening and agjmm in live cells [25]. These residues are
probably situated close to the center of the bilags the preceding amphipathic
juxtamembrane domain is already partially embeddeitie membrane [34, 35]. Within the
static assays performed here, the mutant behavedidgsype VAMPZ2ry22 in zwitterionic
and anionic bilayers (DOPC, DOPC/DOPS) althoughesdngher propensity fop-sheets
was observed, in line with the additional preseatéwo Gs-branched residues known to
favor 3-sheet conformation. Note that using a dynamic yag¢aad DOPC only) we have
previously observed, a considerable delay and temum the structural conversions fram
helices td3-sheets and back to-helices in the case of the VAMRg, mutant (GooV/C103V)
[25]. A major difference between wild-type and mitavas observed now in the presence of
20% cholesterol, i.e. a higher percentagB-sheets in the case of mutant VAMR2, which
was no longer apparent at 44% cholesterol. Soreataih has to be paid to the physiological
relevance of the two cholesterol concentrationsl dsge. Although cholesterol accounts for
some 40 to 60% of all the lipids in exocytotic wbss [28, 76], almost half of the synaptic
vesicle surface is occupied by transmembrane danhincontrast, in our approach, we use
only a single peptide which amount at most to 5%heftotal peptide/lipid mixture. One may
therefore assume that the total number of cholelsteolecules available for VAMPI situ
in synaptic vesicles may be closer to the loweragterol concentration used in this study
(20%).

A further difference between wild-type and mutamisvobserved in terms of acyl-chain
ordering. In DOPC/DOPS and in DOPC/DOPS/CHOL memésahe mutant induced a more
pronounced disordering as compared to the wild-fyeptides. Molecular simulations and
structural studies indicated some unwinding aro@ggd, which should result in an increased
flexibility [11, 34]. Loss of this flexibility, asin the case of the mutant, may decrease
adaptation of the peptide to the bilayer. Sinceindufusion and fusion pore opening the
membrane is exposed to a number of constraints ascstrong bending and high protein
concentration, loss of flexibility in the mutant yneontribute to its functional effects which

we have reported recently [25].
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In conclusion, the role of VAMP TMDs during the dinstages of exocytosis has been
established recently in cellular assays by us &hers [25, 26]. Results presented here extend
our previous observation on the general influentcprotein/lipid ratios on the structure of
VAMP TMDs to the strong role of the specific lipghvironment. The reversible conversion
from a-helices to-sheets is am-vitro readout of the structural dynamics of VAMP2 TMD
and may not happen to this extent in highly complative cell membranes. However, more
subtle qualities such as structural mobility andiché kink are clearly involved in
physiological exocytosis [25, 26, 34]. The paramsetaeasured here may reflect the capacity
of the TMD to sense the dynamic lipid environmemd &0 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 mutatédMP2 transmembrane
domain (VAMP2Z\22). a: Sequence comparison of VAMP1 and VAMP2 transmamdr
domains and VAMP2 mutant peptide. Note the presienvaf small amino acids atigp and
Ci03 in both isoforms (given in blue), whereas exchangee given in red (upper two
sequences) and are mostly conservative ones affitbrgnched amino acids. Thedg/ and
C103V mutation is given in red (lower sequence, VAMPYZ Mutant).b: ATR-IR spectra on a
Ge crystal of the VAMPR2 wild type and VAMPZ2u22VV (G1o0V/Ci103V) at room
temperature. Both are mainly structured into aataflel 3-sheets as dry powder (solid line)

or when dissolved in HFIP (dashed line).

Figure 2: Lipid composition-dependent conformation of thransmembrane domain of
VAMP2. a: ATR spectra on diamond crystal of VAMRZ, (WT or VV mutant) inserted into
DOPC multibilayers hydrated by,D at a peptide/lipid ratio of 1/300, 1/50 or 1/FEach
spectrum resulted from the summation of the twoampodtion spectra (parallel (p) and
perpendicular (s)). For detailed view af-helix and (-sheet regions at 1/300, see
supplemental figure Sh: relative percentage @@-sheets structure of VAMR,. inserted
into different lipid compositions DOPC or DOPC/DORS3/7 mol%) multibilayers as
obtained from ATR spectra. Wild-tyge, VV mutant@®. c: Kinetics of structural dynamics
in DOPC/DOPS bilayersATR-IR spectra of the synthetic peptide VAMR@2 (either WT
or VV mutant) in a lipid multi-bilayer (DOPC/DOPS3/7 mol%) were obtained at an initial
peptide/lipid ratio of 1/20 at room temperatureteifapproximately 1h peptides were diluted
with DOPC/DOPS to a peptide/lipid ratio of 1/300dicated by arrow) and structural
changes measured for 3h at room temperature. Tl @af intensities of3 -sheets vaa-

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

Figure 3: Cholesterol-dependent conformation of the tramsbrane domain of VAMP2.
Relative percentage of-sheets structure of VAMRg,, inserted into DOPC/DOPS
multibilayers containing different either 20% chaikrol (DOPC/DOPS 73/7 mol%) or 44%
cholesterol (DOPC/DOPS 49/7 mol%) as obtained fAOR spectra. N=3, note that SD does

not exceed symbols size.
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Figure 4: Effect of VAMPrv22 wt or mutant on lipid acyl chain alignment. Diclooatio
(Ratr) of thevy(CH,-2853 cnm') band of lipid acyl chains were determined with MR2ry22
wild type or VAMPZ2,VV mutant peptides in various multibilayers at drfint molar
peptide/lipid ratios employed. Note that an incees Rarr of thevs (CH,-2853 cnit) band
indicates a decrease in the molecular orderinggf@hains. Composition of multibilayers (in
molecular percentages): a: DOPC, b: DOPC/DOPS (936/0), c: DOPC/DOPS/Chol
(49/7/44 mol%). N=3, note that SD does often naieexl symbols size.
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Figure S1: ATR spectra on diamond crystal of VAMR2. (WT or VV mutant) inserted into
DOPC multibilayers hydrated by,D. Detailed view obi-helix andp-sheet regions at 1/300.
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Table S1: Percentage of secondary structuxehglix andp-sheets) for VAMPZu22 WT and
VV mutant in DOPC, DOPC/DOPS (93:7), DOPC/DOPS/€ktdrol (49:7:44), and
DOPC/DOPS/Cholesterol (73:7:20) membranes, as rwdai from ATR spectra.
Deconvolution of ATR spectra was accomplished bgkgelve (GRAMS, version 3.0). The
accuracy is estimated to within ca.+5¥= 25 °C.

. Linid i % of secondary structure elements
Peptide Ip1d cOMposItion B-sheetsi-helix at peptide/lipid ratio
1/300 1/50 1/20
DOPC 7/56 34/50 72125
DOPC/DOPS 53/23 39/43 21/51
93/7 (w/w %)
VAMP2m22WT 555 c/DoPS/Cholesterol 38/46 3335 | 37/39
73/7/20 (w/w/w %)
DOPC/DOPS/Cholesterol
4917144 (Wiwiw %) 69/11 45/46 59/21
DOPC 25/55 29/51 72/22
DOPC/DOPS 51/30 38/40 | 33/40
93/7 (w/w %)
VAMP21m22VV
DOPC/DOPS/Cholesterol 64/22 51/28 57/22
7317120 (w/w/w %)
DOPC/DOPS/Cholesterol 61/21 49/40 58/25
49/7/44 (wiwlw %)

Table S2: Frequencies of thesCH,) andv,d{CH,) bands of lipids chains in presence or in
absence of VAMPR22VV (G1ooV/C103V mutant). Composition of multibilayers: DOPC,
DOPC/DOPS (93/7) or DOPC/DOPS/Cholesterol (49/7/44)

Vas (CHp) cm® Vs (CHp) cmi*
veioe | PRSP pop | OOPCT [GOPCEOPS/ pop | 207 [GOPCIOPS
No peptide | 2921.2 | 2924.4 | 29255 | 2851.7 | 2852.8| 2853.2
1/300 20241 | 29245 | 29256 | 2853.6 | 2854.6| 2854.6
WT 1/50 20243 | 29247 29255 | 28542 | 2854.4| 2854.6
1/20 20246 | 2924.6 | 29256 | 2854.3 | 2854.3| 2854.7
1/300 20243 | 2924.4 | 29256 | 2854.2 | 2854.3 28542
VV 1/50 2024.6 | 29244 29256 | 2854.6 | 2854.3| 2854.4
1/20 29249 | 2924.4 | 29257 2854.8 | 2854.3| 28545
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