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Abstract: We addressed the frequent occurrence of mixed-chain lipids in biological membranes and1

their impact on membrane structure by studying several chain-asymmetric phosphatidylcholines2

and the highly asymmetric milk sphingomyelin. Specifically, we report trans-membrane structures3

of the corresponding fluid lamellar phases using small-angle X-ray and neutron scattering, which4

were jointly analyzed in terms of a membrane composition-specific model, including a headgroup5

hydration shell. Focusing on terminal methyl groups at the bilayer center we found a linear relation6

between hydrocarbon chain length mismatch and the methyl-overlap for phosphatidylcholines, and a7

non-negligible impact of the glycerol backbone-tilting, letting the sn1-chain penetrate deeper into the8

opposing leaflet by half a CH2 group. That is, penetration-depth differences due to the ester-linked9

hydrocarbons at the glycerol backbone, reported previously for gel phase structures also extend to the10

physiological more relevant fluid phase, but are significantly reduced. Moreover, milk sphingomyelin11

was found to follow the same linear relationship suggesting a similar tilt of the sphingosine backbone.12

Complementary performed molecular dynamics simulations revealed that there is always a part of13

the lipid tails bending back, even if there is a high interdigitation with the opposing chains. This14

suggests that hydrocarbon chain interdigitation plays only a minor role in transbilayer coupling. For15

both cases of adaption to chain length mismatch, chain-asymmetry has a large impact on hydrocarbon16

chain ordering, inducing disorder in the longer of the two hydrocarbons.17

Keywords: Mixed-chain lipids; Neutron scattering; X-ray scattering; MD simulations18

1. Introduction19

As the main structural constituents of biological membranes, glycerophospholipids and sphingolipids20

occur in a large variety of species, differing in their hydrophilic heads, hydrophobic tails and backbone21

structure. A considerable fraction of the most abundant double-chained membrane lipids exhibit22

distinct compositional differences of their hydrocarbons [1,2]. Particularly, combinations of a saturated23

and an unsaturated chain are very common for glycerophospholipids and are therefore widely used in24

membrane mimics. Some of these, and in particular monounsaturated phosphatidylcholines (PCs)25
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like palmitoyl oleoyl PC (POPC) or stearoyl oleoyl PC (SOPC) are therefore well characterized in their26

fluid phase structures [3]. In contrast, saturated phospholipids with mixed chain lengths are much less27

abundant and hence less frequently studied. Large chain length asymmetries including long, saturated28

chains are however frequent in sphingolipids, such as, e.g. sphingomyelin. Sphingomyelin contains29

a sphingosine backbone of 18 carbons and an acyl chain, which can largely vary in length. Its chain30

asymmetry and heterogeneity has been shown to impede the formation of liquid-ordered domains in31

mixtures with cholesterol [4], which might be due to hydrocarbon packing stresses caused either by a32

penetration of the longer hydrocarbon chain into the opposing leaflet (interdigitation) or by bending33

the chain back into its host leaflet. Further hydrocarbon chain interdigitation has been also implied in34

transleaflet coupling of asymmetric lipid bilayers [5–7].35

In order to explore the effects of hydrocarbon chain interdigitation versus chain backward bending,36

we focused on the chemically well-defined stearoyl myristoyl PC (SMPC), myristoyl stearoyl PC37

(MSPC) and palmitoyl myristol PC (PMPC). These lipids melt close to physiological temperatures,38

but their melting temperature (Tm) depends strongly on the degree of chain length-asymmetry [8].39

Interestingly, thermotropic data for SMPC, MSPC and dipalmitoyl PC (DPPC) suggest that the Tm is40

highest for equal chain lengths, which occurs however not for DPPC, but for a hypothetical lipid with41

a sn2-chain that is about 1.5 carbon units longer than the sn1-chain. This is usually attributed to the42

ester bonds that link the acyl chains to the glycerol backbone, which causes an effective tilting of the43

glycerol backbone with respect to the bilayer central plane [9,10]; see supplementary Fig. A1 for lipid44

structure. On the other hand, this suggests that the hydrocarbons of DPPC in the lamellar gel phase45

are slightly interdigitated. This has been indeed confirmed by experiments recently [11]. Studies of46

such effects in the physiologically more relevant lamellar fluid phase are currently missing, but needed47

to address the above mentioned issues of hydrocarbon-mediated transleaflet coupling.48

We have therefore studied the fluid lamellar phases of SMPC, MSPC and PMPC using small-angle49

X-ray and neutron scattering (SAXS/SANS) experiments, exploiting their different contrasts to enhance50

structural fidelity [12]. In particular, we jointly analyzed scattering data in terms of compositional51

modeling applying a slightly modified version of the well known scattering density profile (SDP)52

model [13]. The advanced SDP model in combination with the separated form factor technique [14]53

allowed us to include also scattering intensities at very low scattering vectors and led us to introduce54

a hydration layer in the lipid’s headgroup region. The new model was validated against DPPC and55

confirmed previously reported structural parameters. We consecutively focused on the fluid structures56

of SMPC, MSPC and PMPC and included also monounsaturated POPC, SOPC and milk sphingomyelin57

(MSM), which is a natural lipid extract with high chain length asymmetry.58

For the fluid phase lipids, we found a large decrease of the lipids’ backbone tilt compared to the59

gel phase corresponding to a length difference of about 0.5 carbon units between sn-2 and sn-1 chains.60

Moreover, hydrocarbon chain overlap depends linearly on chain length mismatch for all studied61

lipids. All-atom molecular dynamics simulations further helped to disentangle interdigitated from62

backward-bending hydrocarbons. Interestingly, we found that, close to the lipids’ backbone, bending63

back of hydrocarbons into their host leaflet occurs more likely than interdigitation from the opposing64

leaflet. This suggests that hydrocarbon interdigitation plays only a minor role in interleaflet coupling65

of chain-asymmetric fluid lipid bilayers.66

2. Results and Discussion67

2.1. Introducing a headgroup hydration shell in the scattering model for lipid bilayers68

The SDP model simultaneously accounts for small-angle neutron and X-ray data (SANS/SAXS)69

of lipid bilayers thus enabling a unique combination of the different contrasts offered by the two70

techniques (see, e.g. [12]). The very backbone of the SDP model is a parsing of the transbilayer71

structure into quasimolecular fragments, based on molecular dynamics (MD) simulations [13,15].72

This leads to a representation of the membrane structure in terms of Gaussian-type volume73

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 July 2021                   doi:10.20944/preprints202107.0039.v1

https://doi.org/10.20944/preprints202107.0039.v1


Version June 30, 2021 submitted to Symmetry 3 of 26

probability distributions (Fig. A1). The SDP technique has been highly successful in reporting74

high-resolution membrane structures of numerous glycero- and sphingolipids [3,16–20], including75

also polyunsaturated phosphatidylcholines [21].76

We first implemented the SDP model for a sphere using the separated form factor method [14],77

which extended the analysis to previously not considered low scattering vectors q (see section 4.3 and78

appendix A) and performed test on the benchmark-lipid DPPC. It turned out that the model, using79

published parameters [3], fits very well to our SANS data, but not to the low-q region in SAXS (Fig.80

1a,b). In particular, the SAXS intensity minimum at q ∼ 0.02 Å−1 is completely missed by the fit, while81

a good agreement is obtained for q > 0.1 Å−1, i.e. the q-range reported previously. We also measured82

an independently prepared sample of DPPC using a SAXSpoint laboratory camera. Although these83

data are intrinsically more noisy, in particular at low q, they clearly agree with synchrotron data84

and demonstrate that the mismatch of the previous data modeling is a salient feature. Fits to this85

region have been however attained by other models, which unlike SDP do not depend on the specific86

composition of the lipid bilayer [22,23]. This indicates that the solution might be an additional degree of87

freedom in the scattering length density (SLD) profile. Indeed we found that increasing the contrast in88

the headgroup region , e.g. by decreasing the headgroup volume, drastically improves the agreement89

to low-q SAXS-data, while having no significant impact on the neutron form factor (data not shown).90

Note that a similar approach has been reported in [24]. An alternative, and physically realistic way to91

do this, is to account for the layer of bound water molecules (Fig. 1c,d). In this model we assumed that92

the water molecules surrounding the polar headgroup take up a more ordered structure than in the93

bulk, leading to a higher density in this region. Hydration shells of this kind are extensively used for94

SAXS data analysis of protein solutions [25,26] and have also been predicted for lipid membranes [27].95

We implemented hydration water using an error function that adds one layer of more dense water96

to the water accessible groups of the lipid bilayer as detailed in section 4.3 and appendix A. Our fit97

estimates the water density in this shell to be 3% higher than in the bulk, which agrees with previous98

reports on hydration shells for proteins or nucleic acids [25,26].99

Original model
New model
Data Metaljet

Data BM29

Original model
New model
Data

Original model
New model

a)

b)

c)

d)

Figure 1. Comparison of the present and original SDP-models [3] for DPPC at 50◦C. The two models
show differences mainly in the low-q region of SAXS (a), whereas they overlap in the case of SANS in
100 % D2O (b). The vertical black line in (a) marks the lower limit of the accessible range in the original
study. (c) shows volume probability distributions p(z) of the lipid moieties through the bilayer profile.
The resulting neutron SLD (black) and electron density profiles (cyan) are drawn in (d). Dashed lines
correspond to the original, solid lines to the new model.
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In achieving this fit we also tested for overfitting or parameter correlations. The SDP-model relies100

on a rather high number of fitting parameters (i.e. 12 to describe the membrane structure) compared101

to simpler models using slabs [28] or Gaussian distributions [29]. The high number of adjustable102

parameters is mostly due to the limited available information about the volumes and structures of103

the individual moieties in the lipid, which are hardly accessible experimentally and can only be104

estimated from scattering studies and simulations [30]. Previous studies applying the SDP-model105

led to no obvious temperature or composition-dependent trends for several parameters, especially106

for those describing the headgroup (σCG, σPCN , DH1) and the volume fractions (RCG = VCG/VH ,107

RPCN = VPCN/VH , r = VCH3/VCH2, r12 = VCH/VCH2) [3,19] ; see Tabs. A2, A3 for a list of all SDP108

parameters.109

We therefore decided to analyze parameter correlations using a Markov chain Monte Carlo110

(MCMC) approach as described in section 4.3 (see also [31]). MCMC provides the probability density111

profiles of the used model parameters and, if plotted in 2 dimensions, correlations between them (Fig.112

2). Plateaus of high probability as seen in e.g. (Fig. 2 c), suggest strong correlations, meaning that113

the quality of the fit will only change minimally if one moves along iso-probability regions. Small114

differences in the experimental noise can therefore lead to large changes in these parameters, making115

the estimates of the most likely value (or global minimum) less reliable. In our case, we observed116

strong correlations between headgroup parameters, such as the positions of carbonyl-glycerol and117

phosphate groups (Fig. 2a). Also the volume fractions (RCG, RPCN , r) are very flexible parameters118

insofar that they correlate with the standard deviations of their respective Gaussians (σCG, σPCN , σCH3).119

Fig. 2b shows for example the correlation between r and σCH3. In the following, σCH3 will be one of120

our parameters of interest. Therefore, we decided to fix its volume, along with the ones of the other121

moieties to the values recently published in [30] (see tables A2, A3), to maximize the comparability122

between different lipids. This also reduces the number of adjustable parameters for the trans-bilayer123

structure by 3 (4 in case of mono-unsaturated lipids) compared to previous studies. We also fixed124

σCholCH3 = 3 Å, as has been done before [3], and σCH2 = 2.5 Å.125

Fig. 2c) also shows how the introduction of the hydration shell is in fact an alternative to varying126

the volume of the headgroup VH . The volume per bound water molecule VBW is linearly correlated127

with VH , if we keep the headgroup structure constant. Varying either of them is thus a valid approach128

to increase the headgroup SLD. We choose to include the hydration shell in order to conform to129

published values for the volumes [30]. Additionally, if we keep the headgroup volume constant130

(VH = 328 Å3), VBW correlates with the width of the headgroup and thus the number of bound water131

molecules (shown by the correlation between the distance phosphate to choline dChol and VBW in Fig.132

2d). The distribution shows the highest probability density between VBW = 29.0 – 29.5 Å3 for VBW ,133

which also leads to a physically realistic range of distances dChol . We chose VBW = 29.3 Å3, which is at134

the peak of the distribution.135

Despite the improved fit of SAXS data at q < 0.1 Å−1 we observed only minor changes in136

membrane structural parameters (Tab. A2). This can be expected due to the excellent agreement137

of the previous SDP model for q > 0.1 Å−1, i.e. for scattering vectors probing distances on the138

order of the membrane thickness and below. The newly introduced hydration shell gives us an139

estimate of the number of bound water molecules per lipid. Note that this is not an explicit fitting140

parameter, but is defined by the integral over the water volume probability density function within141

the Luzzati thickness, as has been in detail described in [32].The number of bound water molecules142

we obtained, varied between 9.6 to 12.8 for saturated PCs and MSM, and was about 16 for the more143

loosely-packed monounsaturated PCs. These numbers agree roughly with previously published values144

[32,33]. However, there is a wide spread in measured values, mostly due to varying definitions of nw.145

Also in our case we attribute a large uncertainty to these values, as it is strongly influenced by the146

choice of other parameters as discussed above.147
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a) b)

c) d)

Figure 2. Exemplary parameter correlations in the joint SAXS/SANS-analysis of DPPC vesicles,
visualised by MCMC sample histograms. Colored spots correspond to Monte Carlo samples, the
brighter the color, the more samples are contained in the point, thus corresponding to higher probability.
a) shows the correlation between the positions of the carbonyl-glycerol and the phosphate group, b)
between terminal methyl relative volume r and distribution width σCH3, c) between volume per bound
water molecule VBW and headgroup volume VH (with constant headgroup structure), and d) between
VBW and the position of the choline-CH3 group (with constant VH).

2.2. Membrane structure and interleaflet hydrocarbon partitioning148

In the next step we applied our modified SDP anaylsis to various chain-asymmetric PCs as well as149

the highly asymmetric milk-sphingomyelin extract (average acyl chain length: C22:0). Fits and all150

parameters are reported in the appendix, Figs. A2, A3 and Tabs. A2, A3. High-resolution structural data151

for POPC and SOPC have been detailed previously [3]. Again we find no substantial modifications152

to reported structural details upon the application of our model. To the best of our knowledge153

structural details for MSPC, SMPC, PMPC and MSM have not been reported before, however. Notably,154

we found that the area per lipid, A, of all four lipids is very similar and compares well to that of155

DPPC. This demonstrates that chain-asymmetry has no major influence on the general packing of156

these lipids within the bilayer in the biologically most relevant lamellar fluid phase. Substituting the157

sn2-hydrocarbon with an oleoyl chain increases A significantly, in agreement with [3]. The thickness of158

the bilayer, DB, and the thickness of the hydrocarbon chain region, 2DC, in turn vary between MSPC,159

SMPC, PMPC and MSM according to the total number of methylenes. Interestingly, DB = 40.3 Å160

for DPPC, MSPC, and SMPC, suggesting that the overall membrane thickness depends for saturated161

hydrocarbons only on the average number of carbons per chain and is not influenced by even the162

extreme acyl chain asymmetries of MSPC and SMPC. Note also that the slightly different 2DC values163

for these three lipids are equal within experimental resolution.164

Several fluid phase structures of sphingomyelins have been recently published [20,34], namely165

palmitoyl-sphingomyelin (PSM), stearoyl-sphingomyelin (SSM) and egg yolk-sphingomyelin (ESM).166

In both studies the structure of PSM was measured at 45 ◦C; the reported areas per lipid however167

differ, possibly due to the different experimental approaches (X-ray surface diffraction on stacks of168

bilayers vs. SAXS/SANS on vesicles). For ESM, a natural lipid mixture like MSM, but with PSM as169
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its main constituent, the same structure as for PSM was measured [34], suggesting that hydrocarbon170

chain heterogeneity does not induce a significant disorder in the chain region. For SSM however, the171

reported A = 62.5 Å
2

is considerably higher than the one for PSM [20]. Our result for MSM is again172

higher (A = 64.8 Å
2
), using a similar methodology as reported in [20]. The lateral packing density of173

sphingomyelin might therefore be directly related to the (average) length of its acyl-chain: PSM/ESM174

(16:0) < SSM (18:0) < MSM (22:0). Bilayer thickness and terminal methyl overlap are higher for MSM175

than for the other published lipids, which is expected, again due to its longer acyl chains.176

Table 1. Results from joint SAXS/SANS data analysis/from MD simulations: Area per lipid A, Luzzati
thickness DB, hydrophobic thickness 2DC, standard deviation of the terminal methyl Gaussian σCH3,
relative methyl overlap Y. The column ε gives an error estimate relative to the values in the table.

ε [%] DPPC MSPC SMPC PMPC POPC SOPC MSM
A [Å²] 2 63.1 62.2 62.0 62.9 67.5 68.8 64.8
DB [Å] 5 40.3 40.3 40.3 38.4 38.4 39.4 42.1
2DC [Å] 3 28.6 29.1 29.2 27.0 28.4 29.2 32.8
σCH3 [Å] 5 2.91 3.34 3.67 3.12 3.41 3.31 4.29
nW 10 9.7 11.3 12.8 12.1 16.6 15.1 9.6
Y 7 0.43 0.55 0.65 0.54 0.60 0.55 0.71

In the following we focus on the hydrocarbon chain interdigitation, which can be expected to177

be significant given the chain asymmetries of the presently studied lipids. Interleaflet interdigitation178

may, however, also arise from the specific backbone structure of glycerophospholipids, where the179

ester bonded hydrocarbon at sn2 protrudes less into the bilayer core even at nominally equal chain180

length [10]. Here we use the width of the terminal methyl group, σCH3, as a measure for hydrocarbon181

chain interdigitation. σCH3 varied significantly for the different lipids studied (Tab. 1). In order to182

derive a possible correlation between chain asymmetry and σCH3, we define the chain length mismatch183

∆lC := lC(sn1)− lC(sn2). Further, we estimated ∆lC by assuming lC to be equal to the half-hydrophobic184

thickness DC of the corresponding chain-symmetric lipid bilayers (see Tab. A5). Figure 3 presents the185

resulting dependence of σCH3 on ∆lC. We observed a nearly linear increase of hydrocarbon overlap186

with increasing chain length mismatch.187

SMPC and MSPC possess a priori the same absolute value of chain length mismatch. In this case it188

is, however, important to take the well-known tilting of the glycerol backbone [9] into account, which189

effectively lengthens the sn1 and shortens the sn2 chain. We therefore introduce a correction dtilt on190

the chain length-mismatch (Eq. 1).191

∆lC,corr := lC(sn1)− lC(sn2) + dtilt (1)

We estimate its value by assuming a linear relation between the corrected, absolute chain length
mismatch |∆lC,corr| and σCH3. In order to evaluate the most likely value for dtilt, we use an iterative
approach, optimizing alternately

σCH3 = k|∆lC,corr|+ σ
sym
CH3, (2)

and Eq. 1. Here k is the slope and σ
sym
CH3 is the terminal methyl width of a hypothetical lipid of equally192

long chains; for details, see the pseudocode algorithm 1.193

The result is shown in the upper panel of Fig. 3, with the value dtilt = 0.48 Å. In terms of chain194

length dependence on the number of carbons (Tab. A5), this corresponds to about half the length of a195

CH2-segment. The parameters of the linear fit result in k = 0.20 and σ
sym
CH3 = 2.75 Å. The chain overlap196

thus rises only slowly with the chain length mismatch (20 % of its length), which fits into a bilayer197

picture of fluid hydrocarbon chains, not directly pointing towards the center, but significantly diverted198

and/or bent. Note that our analysis indicates that even DPPC has an quite large inherent hydrocarbon199

interdigitation.200
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Figure 3. Standard deviations σCH3 of the Gaussian volume distributions of the terminal methyl groups
(upper plot) and relative interdigitation parameters (lower plot), plotted over the corrected chain length
mismatch |∆lC,corr| of the respective lipids. The upper plot contains a linear regression according to eq.
A1. σCH3 over uncorrected values |∆lC| are shown in appendix Fig. A4
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2.3. Quantifying hydrocarbon chain overlap relative to the hydrophobic thickness201

The standard deviation of the Gaussian accounting for the terminal methyl groups σCH3 gives a
measure for hydrocarbon chain interdigitation or, more correct, the terminal methyl dislocation.
However, in some cases it might be helpful to describe this quantity relative to the thickness of the
hydrocarbon layer to estimate its effect on chain disordering. We therefore introduce the dimensionless
parameter Y and connect it to the SDP model, by defining the state Y = 0 (no chain overlap) when
the volume probability density of the CH3-groups reaches one at the bilayer center. This is the case
for σ0

CH3 = 2VCH3/(
√

2πA). Further we define the state Y = 1 by 3σCH3 = DC, representing a
smeared-out state, where the CH3 volume is distributed over the whole hydrocarbon region (fully
interdigitated). This leads to the definition

Y :=
σCH3 − σ0

CH3

DC/3− σ0
CH3

. (3)

The extreme states (Y = 0, 1) are most likely purely theoretical. σ0
CH3 is around 1.4 Å for the studied202

lipids, while results from section 2.2 suggest that σCH3 ≥ 2.75 Å for PC-lipids. Moreover, also the203

σ-values of other molecular groups lie far above this value, suggesting that overall fluctuations of204

the molecules will not permit a localisation to such an extent. On the other hand, for Y approaching205

1 the probability distribution of the CH3 group might no follow a Gaussian shape. In intermediate206

cases, as for systems used in this study, Y could mark a major characteristic of a bilayer. Here, our207

results suggest that the relative dislocation of the chain termini also increases monotonously with208

hydrocarbon chain mismatch (Fig. 3), and can reach up to ∼ 70% of hydrocarbon chain thickness.209

POPC, interestingly does not fit into this picture, having within experimental uncertainty a relative210

chain overlap similar to that of SOPC or SMPC. This is most likely a signature of the unsaturated211

hydrocarbon, which increases due to its kink at the cis double bond the width of the distribution of the212

terminal CH3.213

2.4. Chain interdigitation and back-bending in simulated systems214

From our experiments we are not able to distinguish between lipids in the inner in and outer leaflets.215

Hence, broadening of the CH3-Gaussian could be either caused by interdigitation or by back-bending216

of the longer hydrocarbon chain. In order to clarify this issue, we performed MD-simulations on DPPC,217

MSPC, SMPC, PMPC, and dimyristoyl PC (DMPC) to gain access to details in the behavior of the218

hydrocarbon chains at the bilayer center. Simulation snapshots and the overall volume probability219

distributions of terminal methyl groups of DPPC, MSPC, SMPC, PMPC are shown in Fig. 4. In all220

cases the CH3 distributions are centered in the middle of the bilayer, although their widths are broader221

than our experimental values (Tab. A2). However the trend over the chain length mismatch agrees222

with our experimental observation. The snapshots show additionally a significant number of chains223

penetrating deeply into the opposing leaflet for MSPC, PMPC and SMPC.224

A closer look into the the shape of the CH3 distribution functions reveals that they actually225

decay slower than Gaussians (Fig. A5). Separating the distribution into contributions from sn1 and226

sn2-chains, from inner and outer leaflet (Fig. 5) leads to further insight. In particular, one can see227

that the deviation from a bell-shaped function is connected to the shape of the distributions of the228

individual chains, which are slightly asymmetric with a tailing to the back towards their headgroups.229

In the cases of MSPC, PMPC and MSPC the distributions of the shorter chains from inner and outer230

leaflet are well separated, while the long chains overlap in the center. In the case of MSPC and PMPC,231

the long chain distribution functions from opposing leaflets almost perfectly overlap in the center of232

the lipid bilayer and deviate only in the tailing toward the headgroup region. This suggests that there233

is a balance between hydrocarbon interdigitation and back-bending in the center of the membrane,234

while contributions from backward bent chains dominate over interdigitated hydrocarbons when235

moving closer to the glycerol backbone. This asymmetric part accounts for 8% of the total area of the236
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Figure 4. Snapshots of MD-simulations for saturated phosphatidylcholines. Spheres mark the positions
of phosphorus. The overlaid graphs represent the volume probability distributions of the CH3 groups,
summed over all lipids in the bilayer.

distribution (Fig. A5). In the case of SMPC, the long chains penetrate deeper, with the maxima of their237

distributions in the opposing leaflet. An interesting consequence of the prevalence of contributions238

from back-bent hydrocarbons further away from the bilayer center comes clear considering that239

packing defects typically have larger effects on the lateral pressure profile, if they occur closer to the240

glycerol backbone [35]. That is, even if we do find similar lipid areas for DPPC, SMPC, MSPC, and241

PMPC, their stored elastic energies may differ significantly and will be dominated by the back-bent242

hydrocarbons, not by the interdigitating ones.243

MSPC PMPC SMPC

Figure 5. Number probability distributions p(z) from MD-simulations of the terminal methyl groups,
separately plotted for lipids from inner (left) and outer (right) leaflet, as well as for sn1- and sn2-chains.

Another effect of the hydrocarbon chain mismatch can be seen in the orientational order parameter244

SCH of the hydrocarbons, which was also derived from MD simulations. This dimensionless number245

represents the average orientation of the respective C-H bonds relative to the bilayer normal [36] and246

approaches 1 for perfectly ordered chains. Hydrocarbons are labelled by the number nC, starting247

with 1 at the ester bond. In the case of chain-symmetric lipids, the strength of the attractive van248

der Waals-interactions between the hydrocarbon chains increases with chain length, leading to a249
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Myristoyl-chains Non-myristoyl-chains

Figure 6. Orientational order parameters SCH from MD-simulations for individual lipids and chains.

higher ordered state, as can be seen in the example of DMPC (14 carbons /chain) and DPPC (16250

carbons/chain). If there is a chain length-mismatch however, the longer chain lacks its direct neighbor251

at its tip, decreasing its order. In fact, order parameters of the longer chains in MSPC, SMPC and252

PMPC are close to the ones of DMPC for low nC and well below those of DPPC. Again we see a253

difference between MSPC and SMPC: due to the glycerol-tilt the 18:0 chain in MSPC has a lower254

effective length difference to its 14:0 chain and is therefore more ordered than in SMPC. On the other255

hand, the behavior of the short myristoyl-chain is almost identical for all lipids, as they all have a long256

neighboring chain to optimize van der Waals interactions. Solely the sn1-chain in DMPC, being again257

longer than its sn2 due to the glycerol-tilt, has slightly lower order parameters.258

3. Conclusion259

We report trans-bilayer structural profiles of free-floating large unilamellar vesicles containing260

several chain-asymmetric PCs as well as milk sphingomyelin. Additionally, we introduced a shell of261

hydration water into the well-established SDP model, which allowed us to model low-q SAXS-data262

conserving previously reported lipid headgroup volumes. For fully saturated PCs we observed no263

significant effects on overall bilayer structure resulting from the chain asymmetry, except for the overlap264

of their terminal methyl groups in the membrane center. This overlap displays a linear dependence on265

the length difference between both acyl chains, if one considers the tilt of the glycerol-backbone. We266

found that the tilt elongates the sn1-chain by 0.48 Å, which is about one third of the value previously267

reported for gel phases [8]. For PCs with a saturated and an unsaturated chain, we find a poorer268

agreement with the linear relation between chain length difference and hydrocarbon overlap, which269

might be a consequence of the kink induced at the double bond. MSM in turn is well described by270

the model and shows, as expected, the highest hydrocarbon chain overlap of all studied lipids. It has271

however a lower packing density than fully saturated PCs, which agrees with other recent studies,272

suggesting that long acyl chains lead to a lower packing density in the case of sphingomyelins.273

Using MD simulations, we found that every chain, which does not have an equally long or274

longer direct neighbor, is significantly more disordered – not only at its tip but over the whole chain275

length. Moreover, close investigation of the positions of the methyl groups revealed that chains are not276

distributed symmetrically around a mean position, but have a higher fraction of chains bending back277

towards their own headgroup. Since, membrane elasticity is more affected by packing defects close to278

the lipids’ backbone this implies that any effect on transleaflet coupling induced by chain asymmetric279

lipids will be dominated by back-bent hydrocarbons and not by those interdigitating into the opposing280

leaflet.281
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4. Materials and Methods282

4.1. Lipids, chemicals and sample preparation283

All lipids were purchased in form of powder from Avanti Polar Lipids (Alabaster, AL) and used284

without further purification. Chloroform and methanol (pro analysis grade) were obtained from Merck285

KGaA, Darmstadt, Germany. Lipid films were prepared by dissolving weighted amounts in organic286

solvent chloroform/methanol (2:1, vol/vol) followed by evaporation under a soft N2 stream and287

overnight storage in a vacuum chamber. The dry filmes were hydrated with ultrapure H2O, D2O288

or a mixture of both, and equilibrated for one hour at 50◦C followed by 5 freeze-and-thaw cycles289

using liquid N2 and intermittent vortex-mixing. Large unilamellar vesicles (LUVs) were obtained by290

51 extrusions with a hand held mini extruder (Avanti Polar Lipids, Alabaster, AL) using a 100 nm291

pore diameter polycarbonate filter. Vesicle size and polydispersity was determined via dynamic light292

scattering using a Zetasizer NANO ZS90 (Malvern Panalytical, Malvern, UK).293

4.2. Scattering experiments294

SANS measurements were performed at D22, Institute Laue-Langevin, Grenoble, France [37]. We295

measured three configurations at sample-to-detector distances of 1.6, 5.6 and 17.8 m with corresponding296

collimations of 2.8, 5.6 and 17.8 m and a wavelength of 6 Å (∆λ/λ = 10%). Data was recorded on297

3H multidetector of 128 linear sensitive Reuter-Stokes® detector tubes, with a pixel size of 0.8 x 0.8298

cm. Samples were filled in Hellma 120-QS cuvettes of 1 mm pathway and measured at 50 ◦C. Lipid299

concentrations were 5 mg/ml in 100 % D2O, 10 mg/ml in 75 % D2O and 15 mg/ml in 50 % D2O. Data300

were reduced using GRASP (www.ill.eu/users/support-labs-infrastructure/software-scientific-tools/301

grasp/), performing flat field, solid angle, dead time and transmission correction, normalizing by302

incident flux and subtracting contributions from empty cell and solvent.303

SAXS data were recorded at BM29, ESRF, Grenoble, France (Experiment MX-2282), equipped304

with a Pilatus3 2M detector, using a photon energy of 15 keV at a sample-to-detector distance of 2.867305

m [38]. Samples were measured at a concentration of 10 mg/ml, at 50 ◦C and exposed for 20 times306

2 s in a flow-through quartz capillary of 1 mm light path length. Data reduction and normalisation307

was done by the automated ExiSAXS system; for subtraction of solvent and capillary contributions308

SAXSutilities 2 (www.saxsutilities.eu) was used. Additionally DPPC LUVs were measured using a309

SAXSpoint camera (Anton Paar, Graz, Austria) connected to a MetalJet X-ray generator (Excillum,310

Kista, Sweden) with a liquid, Ga-rich alloy, jet anode. Data was recorded using an Eiger R 1 M detector311

system (Dectris, Baden-Daettwil, Switzerland) and reduced via the software SAXSanalyis (Anton312

Paar).313

4.3. SDP-modeling of lipid bilayers314

Small-angle scattering (SAS) data were analyzed in terms of a probability-density based approach,315

also known as the scattering density profile (SDP) model, which is frequently used in small-angle316

scattering and reflectrometry e.g. [13,15,39,40]. We used the same parsing scheme as Kučerka et al.[3]317

for saturated phosphatidylcholines, describing the volume probability distributions of individual318

moieties of the lipid molecules by Gaussian distributions (terminal methyls, carbonyl-glycerol319

backbone, phosphate group, choline-CH3 group) and error-functions (hydrocarbon chains without320

terminal methyls), see Fig. 1 and appendix A. From these functions, the neutron or X-ray scattering321

length density profiles can be easily calculated. The model in its current form has been applied to322

describe SAXS-data from LUVs in the range of scattering vectors, q from 0.1 to 0.6 Å−1; lower-q323

data have been excluded from the SDP analysis. This motivated us to introduce a few adjustments,324

permitting us to extend the q-range by one order of magnitude.325

Upon combining the SDP-model, which describes a flat bilayer, with an appropriate model to326

describe the overall vesicle shape – according to the separated form factor model [14], we found that327
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the calculated intensities do not fit experimental SAXS data in the low-q region (Fig. 1). The position328

of the first minimum connected to the membrane structure (see Fig. 1a, q ∼ 0.02 Å−1) suggests that329

the electron density in the head group region is higher than initially thought. One way to account330

for this, is by introducing a layer of higher density water around the headgroup. This was inspired331

by previous considerations about lipid bilayers [15] as well as the established necessity to include a332

hydration layer in protein and nucleic acid models [25]. Hydration water was included into the model333

using another error-function adjacent to the ones describing the hydrocarbon chains, with the same334

smearing parameter σCH2 and reaching up to the position of the choline-CH3 group in addition of335

σChol . This ensures that the hydration layer always surrounds the headgroup by roughly one water336

molecule. We used a width of dshell = 3.1 Å around the lipid head group and set the upper limit for337

the volume per molecule to the bulk water value of 30.28 Å3 (see appendix A4).338

The second modification addresses the mismatch of the model with the depth of bilayer-related339

minima of the X-ray data. We were able to account for this by including a Gaussian polydispersity340

on the membrane thickness. It is implemented by varying only the width of the hydrocarbon chain341

region, while keeping all other parameters unchanged. One could attempt to extend the model to a342

more flexible headgroup for states of different unit cell area, however, as described in the result section.343

However, one would risk that area-compressed states could end up with an over-filled unit cell. Also,344

headgroup parameters from scattering data are generally ill-defined and highly correlated; therefore345

we remained with a static headgroup. A possible physical explanation for this effect is the influence of346

peristaltic modes, which have been found for this q-region in MD-simulations [41]. These fluctuations,347

however, do not exert the same amplitudes for all wavelengths. This might also explain why our348

implementation, despite the large improvement in fit quality still did not perfectly match the form349

factor minima.350

We further note that the various volume probability functions in our model do not necessarily351

overlap perfectly for all configurations of positions and standard deviations, potentially leading to352

an overfilling of the unit cell which the model would automatically compensate for with "negative353

water". To have our optimization algorithm automatically avoid these regions, we introduced a penalty354

on the cost function minimized in the procedure. To do this, we calculate the number of negative355

water molecules n−H2O in each iterations and modify the cost function χ2 −→ χ2 + n2
−H2O/σ2

−H2O. The356

strength of the penalty can be tuned by adjusting σ2
−H2O.357

Parameter optimization was done using the Trust Region Reflective algorithm from the SciPy 1.6.2358

package [42]. To analyze parameter correlations within the model we used the No-U-Turn Sampler359

within the PyMC3 package [43,44].360

4.4. Molecular Dynamics simulations361

At the time of bilayer construction, the three lipids, MSPC, PMPC and SMPC were not available in362

the CHARMM-GUI web server [45–49]. We therefore first used CHARMM-GUI to construct bilayers of363

pure distearoyl PC (DSPC) or pure DPPC lipids. Each bilayer had 100 lipids per leaflet (200 lipids total)364

and was hydrated with 45 water molecules per lipid (without any salt ions). PMPC was then built365

from the DPPC bilayer by removing the last carbon on the sn1 chain (C216 in CHARMM36 notation)366

together with its 3 hydrogens (H16R, H16S, H16T) and the 2 hydrogens bonded to the last-but-one367

carbon on that same chain (H15R and H15S). Carbon C215 was then changed to hydrogen (H14T) by368

modifying its atom name, type and charge accordingly to complete the terminal methyl group of the369

myristoyl chain of the newly created PMPC lipid.370

The MSPC and SMPC bilayers were similarly generated from the DSPC bilayer by removing371

the last 3 carbons and their hydrogens on the sn1 or sn2 chains, respectively, then modifying the 15th
372

carbon by removing its hydrogens and changing its name, type and charge to complete the terminal373

methyl group of the myristoyl chain of the newly created lipids. Additionally, a pure DMPC bilayer374

was constructed with CHARMM-GUI. The bilayer had 100 lipids per leaflet and was hydrated with 45375

water molecules per lipid.376
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All simulations were run with the NAMD software [50] and the CHARMM36 force field for377

lipids [51,52]. Each of the bilayer systems, excluding DMPC, was energy minimized for 1200 steps,378

then simulated for a total of 1 ns with an integration time-step of 1 fs before the production run379

which employed a time-step of 2 fs. DMPC was equilibrated following CHARMM-GUI’s 6-step380

equilibration protocol. All simulations were run at constant temperature of 50 ◦C (323K) and pressure381

of 1 atm maintained by NAMD’s Langevin thermostat and Nose-Hoover Langevin piston, respectively.382

Long-range interactions were modeled with a 10-12 Å Lennard-Jones potential using NAMD’s383

vdwForceSwitching option. All hydrogen bonds were constrained with the rigidbonds parameter set384

to all and electrostatic interactions were modeled using the Particle Mesh Ewald (PME) method with a385

grid spacing of 1 Å. The four simulations were run for a total of 1 µs (MSPC), 0.969 µs (PMPC) , 1.03386

µs (SMPC) and 0.8 us (DMPC). The first 50 ns were discarded and the rest was used to calculate the387

number density profile of each system with the density plugin in VMD [53]. The calculation was done388

at a resolution (slab thickness) of 0.2 Å on trajectory frames spaced 100 ps apart. For comparison, a389

system of a DPPC bilayer simulated under the same conditions was taken from [54] and its number390

density profile was calculated following the same procedure.391
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Abbreviations405

The following abbreviations are used in this manuscript:406

407

SAXS Small-angle X-ray scattering
SANS Small-angle neutron scattering
SLD Scattering length density
SDP Scattering density profile
MD Molecular dynamics
MCMC Markov chain Monte Carlo
LUV Large unilamellar vesicle
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
MSPC 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine
SMPC 1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine
PMPC 1-palmitoyl-2-myristoyl-sn-glycero-3-phosphocholine
MSM Milk sphingomyelin

408

Appendix A Full SAS-model409

The signal in small-angle scattering is described by the absolute square of the form factor, meaning
the Fourier-transform of the scattering length density profile (SDP). As the overall vesicle shape and
the trans-bilayer structure contribute on different length scales, we can describe them separately and
approximate the bilayer as an infinite flat sheet [14]. As we are using error-functions and Gaussians to
describe the SDP, the required Fourier transforms are given in the following. Note that the formulas
omit the imaginary part of the form factor, which is antisymmetric around the origin and therefore
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vanishes for a symmetric trans-bilayer profile.
The real part of the Fourier-transform for a slab, described by 2 mirrored error-functions centered
around µ, with a width of d, a smearing parameter of σ and its area normalized to 1, is given by

<
{

1
2d

∫ ∞

−∞

[
erf
(

x− µ + d/2√
2σ

)
− erf

(
x− µ− d/2√

2σ

)]
eiqxdx

}
=

sin(qd/2)
qd/2

e−
σ2q2

2 cos(µq) (A1)

For the Gaussian distribution centered at µ and standard deviation σ we use the following:

<
{∫ ∞

−∞

1√
2πσ

e−
(x−µ)2

2σ2 eiqxdx
}

= e−
q2σ2

2 cos(qµ) (A2)

410

411

Table A1. Molecular groups described by individual functions
∗ Sphingosine backbone in the case of MSM

Abbr. Content Function
CH3 Terminal methyl group Gaussian
CH2 Methylene chains Error-function
CG Carbonyl-Glycerol backbone∗ Error-function

PCN Phosphate + CN Gaussian
Chol Choline-CH3 group Gaussian
BW Hydration layer Error-function

We added up scattering contributions of the parts in table A1, by using the normalized functions412

(A1) and (A2), weighted by the factors Vk
A , A denoting the area per lipid and Vk the volume of the413

respective moiety. The functions for CH2 and BW are treated differently: They are normalized to fill the414

whole unit cell area, followed by subtraction of the groups they contain. We applied a polydispersity415

on the chain-width DC by summing over a series of form factors with different DC,i, weighted by416

a Gaussian distribution N (x|D̄C, σpoly) with a mean D̄C and standard deviation σpoly. The average417

chain-width is calculated by D̄C = nCH2VCH2+2VCH3
A . Contrasts of the individual moieties k are defined418

by ∆ρk = bk
Vk
− ρsolvent, b and ρ denoting scattering length and scattering length density for either419

radiation (X-rays or neutrons). A graphical representation of all distances between moieties and420

thicknesses is given in fig. A1.421
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I(q) ∝ Fsphere(rmean, σR)∑
i
N (DC,i|D̄C, σPoly)

[
2(∆ρT − ∆ρCH2)

VCH3DC,i

VCH2 + VCH3
e−

q2σ2
CH3
2 +

∆ρCH2
1
q

e−
q2σ2

CH2
2 sin (qDC,i) +

2(∆ρCG − ∆ρBW)
VCG

qAdCG
e−

q2σ2
CG

2 sin (qdCG/2) cos
(

q(DC,i + dCG/2)
)
+

2(∆ρPCN − ∆ρBW)
VPCN

A
e−

q2σ2
PCN
2 cos

(
q(DC,i + dCG + dPCN/2)

)
+

2(∆ρChol − ∆ρBW)
VChol

A
e−

q2σ2
Chol
2 cos

(
q(DC,i + dCG + dPCN + dChol/2)

)
+

2∆ρBWe−
q2σ2

CH2
2 sin

(
q

dCG + dPCN + dChol + dshell
2

)
cos
(

q(DC,i +
dCG + dPCN + dChol + dshell

2
)

)
]2

+ Iinc

To describe the contribution from the overall vesicle shape, we use the Schultz-distributed form422

factor of a sphere, as described in Kucerka et al. 2007 [55]:423

Fsphere =
8π2(z + 1)(z + 2)

s2q2

{
1−

(
1 +

4q2

s2

)−(z+3)/2

cos
[
(z + 3) arctan

(
2q
s

)]}
Mean vesicle radius Rm and polydispersity σR come in via the auxiliary quantities s and z:

s =
Rm

σ2
R

, z =
R2

m

σ2
R
− 1

Appendix B SDP-model parameters424

Tables A2 and A3 contain all information about the SDP-profiles for all studied lipids and425

references. Parameter notation was chosen to be conform to former publications such as [3].426

427
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Table A2. Results from joint SAXS-SANS analyis of LUVs containing saturated lipids, comparison to
literature values and simulations. ε in the second column denotes relative error-estimates from our
SAS-experiments. Quantities not marked with any symbol (∗,† ,‡) were adjustable during the analysis.

ε [%] DPPCa DPPCb DPPCc MSPCa MSPCc SMPCa SMPCc PMPCa PMPCc

V∗L [Å³] 1232 1228.5 1209.2 1232 1210 1232 1211.1 1175.8 1155.7
V∗H [Å³] 328 331 314.4 328 314.6 328 315.4 328 314.7
r∗CG 0.44 0.40 0.48 0.44 0.48 0.44 0.49 0.44 0.48
r∗PCN 0.3 0.29 0.21 0.3 0.22 0.3 0.22 0.3 0.22
r∗ 2.09 1.95 2.06 2.09 2.06 2.09 2.06 2.09 2.05
D‡

B [Å] 5 40.3 38.9 39.3 40.3 39.1 40.3 38.2 38.4 36.6
D‡

HH [Å] 3 37.5 38.4 38.4 35.7 38.4 34.8 37.6 33.9 36
2D‡

C [Å] 3 28.6 28.4 29.1 29.1 28.9 29.2 28.3 27.0 26.6
D‡

H1 [Å] 20 4.5 4.97 4.7 3.3 4.8 2.8 4.7 3.5 4.7
A [Å²] 2 63.1 63.1 61.6 62.2 62 62.0 63.4 62.9 63.2
zCG [Å] 8 15.2 14.7 16.4 15.6 16.2 15.7 15.9 14.5 15
σCG [Å] 20 2.5 2.19 2.93 2.5 2.97 2.5 2.99 2.5 2.85
zPCN [Å] 8 19.2 19.6 20.1 18.7 19.9 18.4 19.6 17.8 18.7
σPCN [Å] 20 2.3 2.35 2.99 3.1 3.04 3.1 3.06 3.0 2.92
zChol [Å] 3 21.1 20.2 21.39 22.3 21.2 23.1 20.89 21.5 20.1
σ†

Chol [Å] 3 2.98 3.6 3 3.63 3 3.63 3 3.51
σ†

CH2 [Å] 2.5 2.47 2.83 2.5 2.88 2.5 2.88 2.5 2.73
σCH3 [Å] 5 2.9 2.94 3.23 3.3 3.59 3.7 4.32 3.1 3.58
σpoly [%] 6 3.6 0 2.9 5.3 3.5
V‡

W,bound [Å³] 6 29.3 29.3 29.3 29.3

n‡
W 10 9.7 11.3 12.8 12.1

Y‡ 7 0.43 0.46 0.52 0.55 0.63 0.65 0.88 0.54 0.71
a SAS-analyis, this work, b Kučerka et al. [3], c MD-simulations, this work, ∗ fixed according to Nagle

et al. [30], † fixed, ‡ calculated quantity.
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Table A3. Results from joint SAXS-SANS analyis of LUVs containing unsaturated lipids and
comparison to literature values. ε in the second column denotes relative error-estimates from our
SAS-experiments. Quantities not marked with any symbol (∗,† ,‡) were adjustable during the analysis.

ε [%] POPCa POPCb SOPCa SOPCb MSMa

V∗L [Å³] Lipid volume 1276.9 1275.5 1333.1 1327.5 1336.3
V∗H [Å³] Headgroup volume 320 331 328 331 274
r∗CG VCG/VH 0.45 0.41 0.44 0.43 0.32
r∗PCN VPCN/VH 0.29 0.3 0.3 0.3 0.32
r∗ VCH3/VCH2 2.09 1.93 2.09 1.94 2.09
r∗12 VCH/VCH2 0.8 0.8 0.8 0.8 0.8
D‡

B [Å] Luzzati bilayer thickness 5 38.4 37.9 39.4 39.0 42.1
D‡

HH [Å] Head-head distance 3 37.5 35.9 35.7 37.0 43.0
2D‡

C [Å] Hydrophobic thickness 3 28.4 28.1 29.2 29.3 32.8
D‡

H1 [Å] (DHH − 2DC)/2 20 4.6 3.91 3.3 3.9 5.1
A [Å²] Area per lipid 2 67.5 67.3 68.8 68.1 64.8
zCG [Å] DC + dCG/2 8 15.0 14.8 15.9 15.5 18.4
σCG [Å] 20 2.5 2.48 2.5 2.5 2.5
zPCN [Å] DC,i + dCG + dPCN/2 8 19.1 19.3 19.0 19.5 22.1
σPCN [Å] 20 2.5 2.81 3.0 2.7 2.4
zChol [Å] DC + dCG + dPCN + dChol/2 3 23.4 20.3 23.0 20.5 22.1
σ†

Chol [Å] 3 2.98 3 2.98 3
σ†

CH2 [Å] 2.5 2.50 2.5 2.5 2.5
σCH3 [Å] 5 3.4 2.69 3.3 3.1 4.3
σpoly [%] Thickness polydispersity 6 7.9 0 3.6 0 3.5
V‡

W,bound [Å³] Volume per bound water molecule 6 29.9 29.7 29.8

n‡
W Number of bound waters 10 16.6 15.1 9.6

Y‡ Relative methyl overlap 7 0.60 0.41 0.55 0.50 0.71
a SAS-analyis, this work, b Kučerka et al. [3], c MD-simulations, this work, ∗ fixed according to Nagle

et al. [30], † fixed, ‡ calculated quantity.

The volume of MSM was measured via the vibrating tube principle [56] using a DMA 4500 M428

density meter (Anton Paar). We measured the density ρs of 3 concentrations of MSM at 50◦C, prepared429

as described in section 4.1 in H2O without extruding (Tab. A4). The volume per MSM molecule was430

calculated by the following equation [57], using the lipid molecular weight ML = 785.034 g/mol,431

masses of water mw and lipid mL according to the concentrations given in Tab. A4, and a water density432

ρw of 0.98806 g/ml. The density measurements were performed with a nominal accuracy of 0.00005433

g/ml.434

VL =
ML

0.6022ρs

[
1 +

mw

mL

(
1− ρs

ρw

)]
, (A3)

c [g/l] ρs [g/ml] VL [Å3]
10 0.98798 1330

5 0.98803 1327
2.5 0.98800 1351

0 0.98806 (pure H2O)
average 1336 ± 15

Table A4. Volumetric measurements of MSM vesicles in H2O. c... concentration of lipid. ρs... measured
density. VL... volume per MSM molecule according to eq. A3
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Appendix C Evaluation of σCH3-data435

Table A5. Chain lengths DC at 50 ◦C in chain-symmetric phosphatidylcholines from previous scattering
studies.

Chain DC Reference
14:0 12.4 [3]
16:0 14.3 [3]
18:0 16.2 [3], extrapolated
22:0 20.1 [3], extrapolated
18:1 13.0 [58], extrapolated
PSM 13.3 [34], 45 ◦C

Algorithm 1 Iterative fitting of the chain length mismatch correction to a linear function
Parameters behind ; in function definitions designate fixed inputs in the optimizations
Data inputs are ∆lC, σCH3

function Flin(k, σ
sym
CH3; |∆lC,corr|)

return k|∆lC,corr|+ σ
sym
CH3

function Fcorr(dtilt; ∆lC, k, σ
sym
CH3)

|∆lC,corr| ← |∆lC + dtilt|
return k|∆lC,corr|+ σ

sym
CH3

initialize: k, σ
sym
CH3, dtilt, |∆lC,corr|

while |Flin− Fcorr| > ε do
k, σ

sym
CH3 ← optimize Flin− σCH3 = 0

dtilt ← optimize Fcorr− σCH3 = 0
end while
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Appendix D Supplementary figures436

Figure A1. Examplary profile of probability distribution functions (top) and scattering length density
(SLD)/electron density (ED) profiles (bottom) with definitions of distances used in the SDP-model.
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Figure A2. SAXS and SANS-data with fits (black lines); SDP-volume probability, electron density and
neutron scattering length density profiles for MSPC, SMPC and PMPC. Neutron intensities of different
contrasts have been shifted for better visibility.
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Figure A3. SAXS and SANS-data with fits (black lines); SDP-volume probability, electron density and
neutron scattering length density profiles for POPC, SOPC and MSM.
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Figure A4. Standard deviations σCH3 of the Gaussian volume distributions of the terminal methyl
groups (upper plot) and relative interdigitation parameters (lower plot), plotted over the chain length
mismatch ∆lC of the respective lipids.

Figure A5. The upper panels show the total number probability density distributions of all CH3 groups
in the bilayer for the chain-asymmetric saturated lipids MSPC, PMPC and SMPC. Shaded areas and
lightly-drawn lines correspond to Gaussian functions fitted to the distribution. In the lower panels the
distributions are divided into the CH3 groups of sn1 and sn2 chains, showing just the lipids from the
left side of the bilayer. Again, Gaussians are inserted in form of shaded areas. They fit almost perfectly
in all cases on the right side of the distributions, however to the left there is some mismatch, which
causes also the mismatch of the overall distribution. This might be caused by chains bending back
towards their headgroups.
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