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1 Effect of hypotonic conditions on membrane tension

Preparation of acceptor vesicles in 25 mM NaCl and washing in pure water after CD-mediated lipid exchange
creates an osmotic imbalance between the lumen of the aLLUVs and the bulk water solution, which potentially
leads to a surface tension that affects bending rigidity measurements. In the following, we estimate this effect.
Lipid vesicles are known to swell under hypotonic conditions until reaching a critical tension beyond which
pores or defects may form to relax the stress [1]. At lower tension and in equilibrium, the osmotic pressure

created by the osmolytes
Posm = kT'NaoAcs (1)

balances the Laplace pressure
P, =20/R, (2)

where k is Boltzmann’s constant, N4 is Avogadro’s constant, Ac, is the concentration difference of the solute
between the lumen of the vesicle and bulk solution, o is the surface tension and R is the vesicle radius. The
change in membrane tension due to swelling of the vesicle is easily calculated from the change of vesicle size.

TNAA
Ao = %AR. (3)

We observed an increase of vesicle radii between 0 and 18 nm (Tab. S1) by DLS. The highest value appears
to be an outlier due to the presence of a minor population of donor vesicles; see also (Fig. S8). Thus, using
Acy = 25 mM and AR = 3 nm (average size increase, excluding the outlier) we calculate Ao ~ 10~* mN/m.

We can estimate the effect of the calculated membrane tension change on the membrane thickness, dp.
Molecular dynamics simulations of dioleoyl phosphatidylcholine reported i—df ~ —1.33x10°> A/(mN/m) [2].
The expected change of membrane thickness for Ao ~ 10~% mN/m, therefore, is ~ —0.1 A, ie. within
our present experimental uncertainty of SAXS/SANS (consistent with our observations). Membrane tension
does affect the undulation amplitudes of vesicles, which might couple for sufficiently high values to the
bending rigidity, x [3]. However, the calculated tension change is well within the low-tension regime (< 0.5
mN/m), where x remains constant and enables its measurement via micropipette pressurization of giant
bilayer vesicles [4]. Thus, we can neglect any systematic increase of bending rigidity originating from our
aLLUV preparation.

Table S1: Vesicle radii for acceptor vesicles, R, and aL.UVs, R%Y™ from DLS experiments (experimental
uncertainty: £+3 nm). Experiments and data analysis were done using a Malvern Zetasizer Nano ZS90 and the
software supplied by the manufacturer (Malvern Panalytical, Malvern, UK). PDI denotes the polydispersity

index of the measured size distribution.

Sample R [nm] PDI [%] | R&Y™ [nm] PDI [%] | AR [nm]
POPE™ /ESM°™ 61 6 63 11 2
POPE™ /MSMeut 55 10 58 18 3
POPE" /POPCeY 55 10 64 30 9
POPE™ /(POPC/MSM)°tt 55 10 58 17 3
(POPE/POPS)™ /MSMett 65 15 65 6 0
(POPE/POPS)™ /POPCout 65 15 83 30 182
(POPE/POPS)™ /(POPC/MSM)°ut 65 15 68 13 3

@ minor donor contamination (see also Fig. S8)



2 Evaluation of NMR data

Figure S1 shows an exemplary NMR spectrum of asymmetric vesicles before and after addition of Pr3+.
The areas Ag and A; under the Lorentzian fits of the peak at 3.4 ppm (dotted lines) correspond to the
total amount of choline headgroups (before) and the amount of choline lipids inside the vesicle (after),
respectively. The mol-fraction of PC-lipids (POPC and/or Sphingomyelin) in the inner leaflet is therefore
given by x% = A1 /Ay.

—— pure vesicles
—— with shift reagent

Intensity (a.u.)

4.2 4.0 3.8 3.6 3.4 3.2 3.0
Chemical shift (ppm)

Figure S1: The graph shows a part of the NMR spectrum of asymmetric vesicles before and after adding
Pr3*. While the majority of the choline peak is moved from its original position (3.4 ppm), the rest of the
spectrum is unaffected. Dotted lines mark Lorentzians used to fit the peaks and to calculate the underlying
areas.



3 SDP-model used for SAS-analysis
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Figure S2: Lipid parsing and scattering length density profile modelling: a) The upper graphic shows how
a lipid is divided in fragments on the example of DPPC. The parsing off all other used lipids can be found
in Table S2. b) The color-coded arrangement of functions (pdf) in the upper diagram corresponds to the
probability density to find a fragment at a distance z from the bilayer center. The pdfs for the terminal
methyls (7, lipid backbones (BB), phosphate groups (P) and heads (h) are modelled by Gaussian functions.
Hydrocarbon chains (HC) and a hydration water layer (bound water, BW) are slabs with altitude 1 and
smeared with error-functions. From these, the functions of T' and BB + P + H are substracted respectively.
The pdf of the solvent (bulk water W) fills the remaining space, so that the sum of all pdfs is 1 at all z. The
lower diagram shows the neutron scattering length density (SLD) and electron density (ED) profiles of the
modelled lipid in D>O. It is obtained from the sum over all pdfs, multiplied with the respective SLD or ED.



Table S2: List of lipid fragments and chemical compositions for all used lipids. X denote exchangable
hydrogens, which are replaced with deuterium in a DyO-environment.

Fragment | Terminal methyls Chains without T Backbone Phosphate group Head

Abbr. T HC BB P h

DPPC (CH3)2 (CH2)28 C504H5 PO4(CH2)2N (CHg)g
DPPG (CHs)2 (CHz)as Cs04H;5 POy CsH502X4
POPE (CHs)2 (CHz)2s(CH)2 C504H;5 POy (CH3)oNX3
POPG (CHg)g (CHQ)QS(CH)Q C5O4H5 PO4 03H502X2
POPS (CH3)2 (CHQ)Qg(CH)Q C504H5 PO4 CgHQXgNOgH
POPC (CH3)2 (CHs)28(CH)o C504H5 PO4(CH3)oN (CH3)s

ESM (CH3)2 (CH2)26_6(CH)2 C4OQNH6 PO4(CH2)2N (CHg)g

MSM (CHg)Q (CH2)32(CH)2 C4OQNH6 PO4(CH2)2N (CH3)3

SAS-data are modelled using the vesicle form factor Fippere, the bilayer form Fjy;, which we split into real
and imaginary part, and the incoherent background I;,.. Furthermore, we applied a Gaussian polydispersity
on the hydrophobic thickness D¢, which results in a weighted average over several bilayer form factors Fy;; k.
A more detailed description of the model was published earlier [5]. Due to the lack of contrast between both
leaflets, we are not able to locate the bilayer center by SANS and therefore fixed the position of the terminal
methyl group zr = 0 in this study. For all symmetric references, the imaginary part of the bilayer form
factor is equal 0 and only one leaflet has to be modelled. All quantities Ap denote the scattering length
density contrast of moiety k with respect to the water/heavy water environment Apy = pr, — pw. Distances
are defined in Fig. S2, where Dp is defined as the Luzzati bilayer thickness and Dy the distance between
the maxima in the ED-profile. Dg1 = (D — Dpp)/2. o are the standard deviations of the respective pdfs.
dshey Was fixed to 3.1 A for all samples. Further parameters: A area per lipid; V, total lipid volume; Vg total
head group volume (back bone, phosphate group and head); rgg = Vgg/Vu, rp = Ve /Vu, r = Vous/Vone,
r12 = Vou/Vonz; Vwpouna volume per bound water molecule; ny number of bound water molecules; Y
relative interdigitation (see [6]).
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To describe the contribution from the overall vesicle shape we use the Schultz-distributed form factor of

a sphere, as described in [7]:

P, = BT DE42) {1 _ (1 + iq;) T {(Z +3) arctan(iqﬂ } (7)

52¢2

Mean vesicle radius R,,, and polydispersity ocr enter via the auxiliary quantities s = 1;%: and z = }:g —1.



4 The contribution of diffusion in NSE-data modelling
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Figure S3: The graphic shows the comparison of 2 models used to evaluate NSE-data of DPPC-vesicles at
50 °C: (I) the pure Zilman-Granek (ZG) model (a,b) and (IT) the ZG model with a contribution from diffusion
(c,d), using a translational diffusion constant D; = 0.66 A2 /ns, measured by dynamic light scattering. The
formulas to fit data are given in (a) and (c). Both models are in reasonable agreement with the raw data,
however using model (1), the resulting values for the g-dependent decay constant T'; (b) do not follow ¢* as
predicted by the ZG-theory. Model (II) improves the agreement over a wider ¢g-range (d), but still deviates
at low ¢g. The given values for the bending rigidity « in (b) and (d) correspond to the orange lines.



5 Bending Rigidities of Lipid mixtures
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Figure S4: The graphic shows the measured bending rigidities x for all aLUVs (red) as well as symmetric
references (blue). We performed linear regressions through the reference samples and extrapolated to retrieve
the x at the measured inner/outer leaflet compositions (orange). Some points had to be excluded from the
analysis due to large deviations from the linear law: a) Xggas = 0.1 and Xgsy = 1, ¢) Xpopc = 0.1 and
Xporc =0.7,d) Xpcysyu = 0.7, e) Xprsu = 0.46. The origin of these deviations is unclear.
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Table S3: Summary of structural properties of symmetric LUVs at 50°C.

SAS-model parameters of donor/acceptor lipids

A (A?)

Dun (A)°

2D¢ (A)

h (A)

DPPC®
POPC?
MSM®

ESM

POPE
POPE/POPSP

63.1 £ 1.3
675 £ 14
64.8 £ 1.3
56.2 £ 1.1
60.5 £ 1.2
65.3 £ 1.3

375 £ 1.1
375 £ 1.1
43.0 £ 1.1
415 £ 1.1
36.0 £ 1.1
371 £1.1

28.6 £ 0.9
284 £0.9
328 £1.0
33.6 £ 1.0
31.2 £0.9
289 £0.9

152 £ 1.2
14.8 £1.2
184 £ 1.5
19.8 £ 1.6
170+14
170+ 14

2 Structural data taken from ref. [6].
b7:3 mol/mol.
¢ head-to-headgroup distance.

Table S4: Properties of symmetric lipid bilayers from SAXS/SANS analysis at 50 °C containing POPE/POPG
9:1 (POPE), POPE/POPS 7:3 (PE/PS) and ESM/DPPG 19:1 (ESM).

¢ [%] | POPE PE/PS ESM

Vi (A3 1193.8  1199.3 12185
V7 [A3] 249.6 2549  274.9
g 0.51 050  0.33

% 0.14 0.18  0.31

r* 2.09 2.09  2.09

Tt 0.8 0.8 0.8

Dp [A] 3 39.5 36.8  43.4
Dyp [A] 3] 36.0 371 415
2Dc¢ [A] 3 31.2 28.9 33.6
D [A] 20 2.4 4.1 4.0
A [A?] 2 60.5 65.3 56.2
zpp [A] 8| 17.0 170 198
opp [A] 20 2.5 2.5 3.2
zp [A] 8 18.8 20.0  21.1
op [A] 20 3.5 3.0 2.9
zn [A] 3 23.8 20.0 21
ol [A] 2.8 3 3.0
orc [A] 2.5 2.5 2.5
or [A] 5 3.0 3.0 4.1
Tpoly (%] 6 4.0 8.1 3.5
Vivbound [A%] 6 29.6 204 273
nw 6| 138 10.0 4.4

Y 9| 040 0.45  0.62
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Figure S5: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and neutron
scattering length density profiles for symmetric lipid vesicles containing POPE/POPG 9:1, POPE/POPS 7:3
and Egg-SM/DPPG 19:1.
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7 SAS-model parameters of asymmetric vesicles

Table S5: SAS-fitting parameters of aLUVs containing either a POPE/POPG 9:1 mixture (POPE) or a
POPE/POPS 7:3 mixture (PE/PS) as acceptor lipids and ESM, POPC, MSM or a 1:1 POPC/MSM mixture
(PC/SM) as donor lipids.

POPE POPE POPE POPE PE/PS PE/PS PE/PS

€[% | ESM POPC MSM PC/SM POPC MSM PC/SM

Total acc/don % 5| 61:39  77:23  67:33 52:48 71:29 59:41 62:38
In acc/don % 5| 982  90:10  82:18  65:35 97:3 97:3  T7:23
Out acc/don % 5| 2872  65:35  54:46 40:60 48:52 25:75 49:51
Dp [A] 3| 376 390 403 39.6 37.1 40.0 39.1
Dpp [A] 3| 373 366 378 37.8 34.3 37.4 38.5
2D¢ [A] 3] 295 304 319 30.9 28.8 31.6 30.5

D [A] 5| 143 152 154 15.7 13.5 16.3 15.1

D [A] 5| 152 152 165 15.2 15.3 15.3 15.5
D [A] 20 4.6 2.8 3.3 3.8 2.3 3.4 3.9
Dy [A] 20 3.2 3.4 2.6 3.2 3.2 2.4 4.1

A% [A?) 2| 640 620 614 62.9 66.0 62.8 63.4
Z [A] 6| -164 -160 -16.2 -165  -143  -17.1 -15.9

224 [A] 6| 174 160 173 16.0 16.1 16.1 16.3
oot (4] 2.5 2.5 2.5 2.5 2.5 2.5 2.5
2 [A] 10| -194  -21.0  -19.2 212  -17.3 =201 -19.3

294t [A] 10| 224 190 215 19.0 19.7 19.9 20

o [A] 10 2.0 3.5 2 3.0 4.0 2.0 2

ot [A] 10 4.0 2.0 3.5 2.3 3.0 3.8 2

zin [A] 10| -21.7  -240  -22.2 242 =203 -23.1 -22.3

zout [A] 10| 246 220 245 22.0 22.7 22.9 23
o [A] 3.0 3.0 3 3.0 3.0 3.0 3
oot [A] 2.5 2.5 2.5 2.5 2.5 2.5 2.5
or [A] 20 3.7 3.0 3.4 3.7 5.0 3.6 3.1

Opoty %] 6 0.0 3.9 4.3 5.0 10.0 7.0 7
Vivbound [A?] 6| 303 303 302 30.0 29.4 29.6 29.3
nin 6| 144 154 118 14.6 14.2 10.3 12.8

nget 6| 167 11.0 134 11.5 11.6 14.8 12.7

R, [A] 10 361 361 3453 3734 369 3612 3819

or [A] 10 133 133 1014 1117  116.1 133 134.7
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Figure S6: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for the systems POPE™ /ESM°%* and POPE™ /POPC°ut,
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Figure S7: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for the systems POPE™ /MSM°" and POPE™/(PC/SM)°ut.
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Figure S8: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and neutron
scattering length density profiles for the systems (PE/PS)™/POPC°" and (PE/PS)™"/MSM°ut. SAXS data
in the upper panel show a small bragg peak, which is probably connected to a small contamination of
multilamellar donor vesicles in the sample. This could be also responsable for the disagreement between data

and model in low-¢ SANS. We expect a higher experimental error for this sample.
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8 SAS-model parameters of reference LUVs

Table S6: SAS-fitting parameters of symmetric reference LUVs for POPE/POPG acceptor vesicles.
Inner leaflet samples (in): 90% POPE/POPG (9:1 mol/mol) and 10% POPC, MSM, or POPC/MSM (1:1

mol/mol).
Outer leaflet samples (out): 30% POPE/POPG (9:1 mol/mol) and 70% POPC, MSM, or POPC/MSM (1:1
mol/mol).
Scrambled vesicles (scram): same composition as aLLUVs, see Tab. S5.
POPC MSM PC/SM
€ (%] in out  scram in out  scram in out  scram
Vi [AS] 1202.1  1252.0 1212.94 | 1208.1 1293.56 1240.85 | 1205.11 1272.77 1247.96
Vi [AS] 257.4  304.48 267.63 252.0 266.68 257.65 254.74 285.58 274.27
LR 0.50 0.46 0.49 0.49 0.38 0.45 0.5 0.42 0.45
P 0.16 0.25 0.18 0.16 0.27 0.2 0.16 0.26 0.22
r* 2.09 2.09 2.09 2.09 2 2.09 2.09 2.09 2.09
g 0.8 0.8 0.8 0.8 1 0.8 0.8 0.8 0.8
Dg [A] 3 39.6 38.9 37.37 40.6 43.13 38.87 39.92 41.28 38.36
Dyy [A] 3 37.2 35.6 33.84 37.0 39.44 35.59 36.3 37.53 35.31
2D¢ [A] 3 31.1 294 29.12 32.2 34.23 30.79 31.47 32.01 29.92
D [A] 20 3.1 3.1 2.36 2.4 2.61 2.4 2.41 2.76 2.7
A [Az] 2 60.8 64.5 64.93 59.5 60 63.86 60.39 61.68 65.08
ZBB [A] 8 17.9 17.1 15.65 17.7 18.24 16.53 17.13 18.04 16.63
opp [A] | 20 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
zp [A] 8 19.1 18.2 17.66 18.9 20.83 18.81 19.15 19.21 18.21
op [A] 20 3.0 3.2 3.2 3.0 3 3.3 3.5 3.01 3.05
Zh, [A] 3 22.0 21.5 19.95 23 23.72 21.37 23.06 21.1 20.02
ol [A] 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
onc [A] 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
or [A] 5 2.4 2.4 2.79 2.4 4 3.76 3.51 2.7 4
Opoly [70] 6 4.8 3.22 5.96 5.4 6.34 4.82 4.31 3.66 7.5
Vivbouna [A3] 6 29.8 29.9 28.83 29.5 29.8 29.01 29.75 29.87 28.47
nw 6 10.0 10.3 8.73 10.8 9.83 10 11.77 6.66 7.84
R [A] 10 | 370.1  370.2 430.7 | 3725 470.2 408.6 356.2 391.4 390.6
or[A]| 10| 1039 1237 1717 | 1023  127.7 1829 | 91.67  106.7 1883
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Table S7: SAS-fitting parameters of symmetric reference LUVs for POPE/POPS acceptor vesicles.
Inner leaflet samples (in): 90% POPE/POPS (7:3 mol/mol) and 10% POPC, MSM, or POPC/MSM (1:1

mol/mol).
Outer leaflet samples (out): 30% POPE/POPS (7:3 mol/mol) and 70% POPC, MSM, or POPC/MSM (1:1
mol/mol).
Scrambled vesicles (scram): same composition as al.LUVs, see Tab. S5.
POPC MSM PC/SM
e [%] in out  scram in out  scram in out  scram
Ve [AS] 1207.1  1253.6 1221.8 | 1213.03 1295.21 1255.49 | 1210.06 1274.42 1240.09
Vi [AS] 262.2  306.07 276.1 256.81 268.27 262.73 259.51 287.17 272.42
BB 0.49 0.46 0.48 0.48 0.37 0.42 0.48 0.41 0.45
p 0.19 0.26 0.21 0.19 0.28 0.24 0.19 0.27 0.23
r* 2.09 2.09 2.09 2.09 2 2.09 2.09 2.09 2.09
g 0.8 0.8 0.8 0.8 1 0.8 0.8 0.8 0.8
Dg [A] 3 37.8 38.2 37.2 38.22 42.65 39.08 38.06 40.22 37.09
Dyy [A] 3 37.0 35.3 32.7 36.85 38.99 38.93 36.28 37.2 36.53
2D¢ [A] 3 29.6 28.8 28.8 30.12 33.81 30.89 29.89 31.15 28.93
Dm [A] 20 3.7 3.2 2.0 3.37 2.59 4.02 3.19 3.03 3.8
A [A?] 2 63.8 65.7 65.8 63.49 60.75 64.27 63.61 63.39 66.89
ZBB [A] 8 16.3 16.1 16.0 17.22 18.53 19.39 16.8 17.84 17.31
OBB [A] 20 2.5 2.5 2.5 2.5 2.5 2.86 2.5 2.5 2.5
zp [A] 8| 191 183 160 | 19.92 2034 1939 | 19.59 191  19.42
op [A] 20 2.2 2.8 2.9 3.5 3.29 2.2 3.5 3.27 3.5
Zn [A] 3 24.1 23.3 21 19.92 21.77 24.39 19.59 19.47 19.42
ol [A] 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
ouc [A] 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5
or [A] 5 3.5 3.1 4.0 3.32 3.89 24 3.26 3.19 4
Opoly (/0] 6 7.3 6.63 10.0 5.26 4.81 9.46 6.08 5.58 6.92
Vivbound [A%] 6 30.0 29.7 30.3 30.03 29.78 30.01 28.97 29.26 29.41
nw 6 16.9 15.2 11.4 7.58 6.53 16.25 7.07 4.54 8.14
R [A] 10 381  392.6  469.1 409.5 495.7 607.7 430.9 451.9 500.7
OR [A] 10 109.2 133.5 154.4 131.7 167.1 151.9 140.6 133.1 128.7
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Table S8: SAS-fitting parameters of symmetric reference LUVs for POPE/POPG acceptor vesicles.
Inner leaflet samples (in): 90% POPE/POPG (9:1 mol/mol) and 10% ESM.

Outer leaflet samples (out): 30% POPE/POPG (9:1 mol/mol) and 70% ESM.

Scrambled vesicles (scram): same composition as aLUVs, see Tab. S5.

ESM
e [%] in out  scram
V(A3 1196.5 1212.2 1181.0
vy (A3 252.0 266.68  259.1
5 049 038  0.44
h 0.16 027  0.21
r* 209  2.09 209
%y 0.8 0.8 0.8
Dg [A] 3] 380 411 38.2
Dyy [A] 30 369 370 349
2D¢ [A] 30 300 320 298
Dy [A] 20 3.4 2.5 2.6
A [A?] 2| 630  59.1 61.8
255 [A] 8| 176 176  15.7
opp [A] 20 2.5 2.5 2.5
zp [A] 8 19.4 187 202
op [A] 20 3.5 2.7 3.5
2 [A] 3 19.4 22.9 21
ol [A] 2.8 2.8 2.8
onc [A] 2.5 2.5 2.5
or [A] 5 3.1 2.4 4.0
Tpoly (%] 6 53 495 8.5
Vv bound [A3] 6| 277 276 303
nw 6 6.7  10.0 8.8
R [A] 10 | 393.1 455  531.6
or [A] 10 | 1141 1329 1389
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Figure S10: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for POPE/POPC inner/outer leaflet symmetric mimics, as well as
the scrambled sample.
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Figure S11: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for POPE/MSM inner/outer leaflet symmetric mimics, as well as
the scrambled sample.
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Figure S12: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for POPE/(PC/SM) inner/outer leaflet symmetric mimics, as well
as the scrambled sample.
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Figure S13: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for (PE/PS)/POPC inner/outer leaflet symmetric mimics, as well
as the scrambled sample.
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Figure S14: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for (PE/PS)/MSM inner/outer leaflet symmetric mimics, as well
as the scrambled sample.
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Figure S15: SAXS and SANS data with fits (black lines); SDP volume probability, electron density and
neutron scattering length density profiles for (PE/PS)/(PC/SM) inner/outer leaflet symmetric mimics, as
well as the scrambled sample.
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