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Abstract

Most biological membranes show an asymmetric distribution of lipids be-
tween the two leaflets. This bilayer asymmetry is expected to affect structural
properties, such as area per lipid, bilayer thickness and thickness of the sin-
gle leaflets. Due to the difficulty of preparing asymmetric vesicles (aLUVs),
the interactions between bilayer leaflets are poorly understood. These prob-
lems were addressed by modifying a protocol to prepare tensionless and
solvent free asymmetric vesicles with well defined inner and outer leaflet
composition via a cyclodextrin mediated exchange process, which can be
used for a wide range of biophysical studies. Additionally, tools were de-
veloped to quantify the lipid composition of the single leaflets, enabling to
resolve bilayer structural features with sub-nanometer resolution. A high
and low resolution model was developed to determine these structural
parameters via a joint analysis of different contrasts of small angle neutron
and X-ray scattering data. First we investigated a sample where dipalmitoyl
phosphatidylcholine (DPPC) was partially exchanged into palmitoyl oleoyl
phosphatidylcholine (POPC) vesicles. These aLUVs consisted of a gel/fluid
outer- and fluid inner-leaflet. Interestingly, we have found that the disor-
dered inner leaflet reduces the lipid packing density of the outer leaflet.
Further, wide-angle X-ray scattering, differential scanning calorimetry and
cryo-transmission electron microscopy were applied to study the coupling
mechanism between the single leaflets of aLUVs consisting of palmitoyl
oleoyl phosphatidylethanolamine (POPE) and POPC. We observed strong
transbilayer coupling in the gel phase when POPE was placed on the inner
leaf, while no coupling was detected for samples where POPE was placed on
the outer leaflet in gel-phase. These results agree with the preferred location
of POPE on the inner monolayer due to its negative intrinsic curvature,
coupling the inner to the outer leaf. In general, no coupling was observed
when both lipids are in fluid phase for all studied samples.
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Kurzfassung

Die meisten biologischen Membranen weisen eine asymmetrische Verteilung
der Lipide zwischen den einzelnen Monolayern der Lipid-Doppelschicht auf.
Es wird vermutet, dass diese asymmetrische Verteilung der Lipide die struk-
turellen Parameter der Membran beeinflusst. Aufgrund der Schwierigkeiten
asymmetrische Lipid-Membranen zu erzeugen, werden bis jetzt die Wech-
selwirkungen zwischen den einzelnen Schichten kaum verstanden. In dieser
Arbeit wurden Protokolle zur Herstellung asymmetrischer Membranen mod-
ifiziert, um mittels Cyclodextrin spannungs- und l6sungsmittelfreie asym-
metrische Vesikel (aLUVs) zu erzeugen. Diese aLUVs konnen fiir eine grofse
Vielfalt an biophysikalischen Studien eingesetzt werden. Zusitzlich wurden
Methoden entwickelt um die Lipid-Zusammensetzung der inneren und
dufleren Membranschicht zu quantifizieren um in weiterer Folge die Struk-
tur der Doppelschicht mittels Kleinwinkel-Rontgen- und Neutronenstreu-
Daten (SAXS/SANS) im sub-Nanometerbereich zu bestimmen. Daftir wurde
ein hoch- und nieder-auflosendes Model zur gemeinsamen Analyse von
SAXS und SANS-Daten entwickelt. Zuerst wurden aLUVs hergestellt bei
welchen die dufiere Lipid-Schicht eines Palmitoyl Oleoyl Phosphatidyl-
choline (POPC) Vesikels mittels Dipalmitoyl Phosphatidylcholine (DPPC)
zum Teil ausgetauscht wurde. Somit setzten sich diese aLUVs aus einer
gelformigen/fluiden dufieren und einer homogenen fluiden inneren Mem-
branschicht zusammen. Interessanterweise haben wir festgestellt, dass
der ungeordnete innere Membran Monolayer die Lipid Packungsdichte
einer geordneten dufieren Membranschicht reduziert. Aufserdem wurden
Weitwinkel-Rontgenstreuung, dynamische Differenzkalorimetrie und Cryo-
Transmissionselektronenmikroskopie eingesetzt um den Kopplungsmech-
anismus zwischen den einzelnen Monolayern der Lipid-Doppelschicht,
zusammengesetzt aus Palmitoyl Oleoyl Phosphatidylethanolamine (POPE)
und POPC zu ermitteln. Eine starke Kopplung zwischen den Monoschichten
wurde gemessen wenn POPE auf der inneren Seite platziert wurde, jedoch



nicht wenn POPE auf der dufleren Seite lokalisiert ist. Diese Ergebnisse stim-
men mit der bevorzugten Positionierung von POPE im inneren Monolayer,
aufgrund dessen negativer intrinsischer Kriimmung, tiberein. Im Allge-
meinen wurde jedoch, fiir alle Proben die in der fluiden Phase gemessen
wurden, keine Kopplung zwischen den Monoschichten detektiert.
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1. Introduction

1.1. Cell Membrane - Asymmetry in Natural
Membranes

Biological membranes separate the interior of a cell from the outside envi-
ronment. They actively control cellular communication and are responsible
for transport through or within the membrane. Superresolution microscopy
has revealed fascinating images which show that the interior of eukaryotic
cells is packed with membrane surfaces, suggesting that most biochemical
processes take place at membranes or in their close vicinity [1-3]. Conse-
quently, biological membranes are moved to the fore for drug research and
novel therapies which aim to interfere with their physiological malfunction,
or to protect them from toxins or attacks by pathogens [4]. The cell mem-
brane consists of a lipid bilayer with more than a 1000 different lipid species
and proteins. It is believed that cellular function is due to tight coupling
between these components [5-8]. Biological membranes are conceived to
have an asymmetric distribution of lipids between the inner and outer side
of the bilayer [8, 9]. For example in the mammalian plasma membrane
high melting lipids such as sphingomyelin (SM) and phosphatidylcholine
(PC) are mainly located on the outer leaflet while the negatively charged
phosphatidylserine (PS) and phosphatidylethanolamine (PE) which has a
negative curvature are found on the inner leaflet, see Fig. 1.1 [8, 9]. Choles-
terol is located on both leaflets. Recent studies suggest that cholesterol is
distributed asymmetrically between the leaflets, however, it is still debated
in which monolayer it is more enriched [10-12]. Bacterial membranes show
also lipid asymmetry along the bilayer normal, with phosphatidylglycerol
(PG) located mainly in the outer leaflet, while phosphatidylinositol (PI) and
PE are sequestered on the inner leaf. An asymmetric membrane is a system
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which is not in equilibrium. Cells expend valuable energy to create and
maintain asymmetry [13]. Actually, one of the first indicators of cell death
is that the negatively charged PS-lipids flip to the outer side in the plasma
membrane, where they normally do not reside [14, 15]. Surprisingly little
is known about structural and functional consequences of an asymmetric
lipid distribution.
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Figure 1.1.: (A) Proposed lipid distribution in a human red blood cell [9, 11], (B) including
the chemical representation of the PC, PS, PE headgroups and SM. Chemical structures
were taken from Avanti: avantilipids.com

1.2. Lipid Bilayer Model

Obtaining quantitative insight into biological processes is one of the major
goals of biophysical research. Therefore, it is often useful to reduce the
level of complexity. Hence, a simplified model system needs to be carefully
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designed for a given biological problem [16]. For example biological mem-
branes are complex structures of lipids, proteins and carbohydrates which
build a highly dynamic, flexible and well structured material as previously
mentioned. Despite the complex structure of biological membranes, it can be
modeled as a lipid only membrane [17]. Such studies are often criticized, as
they neglect that biological membranes consist of an average protein mass of
~ 60%. This leads to doubts on the physiological relevance of such studies.
However, a closer look on biological membranes shows that most of the
protein mass is located either on the inner or outer side of the membrane. In
numbers, only 10 — 15% of matter bound by lipid headgroups is protein [18].
As a result, the properties of a lipid matrix are of significant importance
to biological membranes. However, findings from model systems cannot
be taken directly to describe living cells. Nonetheless, and in contrast to
living cells, important fundamental properties can be studied under ex-
perimentally and chemically well defined conditions by using a variety of
experimental techniques to explore their structural and dynamic behavior
at different length and time scales [16]. In this work the transbilayer and
intraleaflet structure of asymmetric lipid vesicles was studied.

1.3. Preparation of Asymmetric Vesicles

Lately, several techniques were developed to prepare free floating asym-
metric lipid vesicles (aLUVs) [19-26]. The most promising approach seems
to be the protocol, developed by the laboratory of Erwin London (Stony
Brook, NY, USA). For that procedure a cyclodextrin (CD) mediated lipid
exchange is applied to replace the outer leaflet of unilamellar vesicles with
the lipids of interest. CD consists of ring shaped oligosaccharides which
have a hydrophilic outer surface and a hydrophobic cavity, see Fig. 1.2.
This cavity is large enough to extract a hydrophobic lipid chain from the
bilayer and partially shield it from the surrounding water, which makes
CD an effective catalyst to exchange lipids between vesicles through so-
lutions [27]. Methyl-B-CD (MBCD) is mostly used as it carries out lipid
exchange more efficiently than e.g. hydroxypropyl-a-CD (HPxCD) and
hydroxypropyl-f-CD (HPBCD) [25], see Fig. 1.2 for structural details. By ap-
plying this CD mediated exchange technique it is possible to construct free
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floating asymmetric lipid vesicles with a variety of lipid headgroups and
acyl chain compositions. They are prepared by two pools of differently com-
posed lipid vesicles which are mixed in the presence of CD: donor vesicles
(mostly multilamellar vesicles (MLVs)) provide lipids for the outer leaflet,
while extruded (or sonicated) acceptor vesicles build the inner leaflet. The
preparation requires consecutive incubation processes and a final separation
process of donor and acceptor vesicles, which is achieved by density or size
differences between these two vesicle pools. London and co-workers used
acceptor vesicles which have 25% (w/v) of sucrose entrapped in the core of
acceptor vesicles. The obtained aLUVs filled with sucrose can be separated
from the donor MLVs by ultracentrifugation (190,000xg) through a sucrose
solution of intermediate density [23]. Cholesterol can also be incorporated
into the asymmetric vesicles, which will not be removed during the ex-
change process when CD with a small enough cavity is used [25, 26, 28, 29].
For example HPaCD [25] or MaCD [29] does not bind to cholesterol, but
it has the ability to exchange lipids, indicating that it is useful to prepare
aLUVs with a predefined amount of cholesterol. The advantage of MaCD
compared to HPaCD is that it interacts very efficiently with lipids similar
to MBCD [29]. This CD mediated exchange process was also adapted to
construct asymmetric supported bilayers [30].

These protocols have lead to new possibilities for a wide variety of biophys-
ical studies. However, one drawback of the original CD mediated protocol
(by the London group) is the presence of sucrose in the core of the final
aLUVs. The entrapped sucrose leads to an osmotic imbalance which thins
the bilayer reflecting a 30°C temperature change as shown in Fig. 1.3 [31].
Hence, it was necessary to remove the sucrose from the final asymmet-
ric vesicles, to avoid osmotic imbalance (and the resulting thinning of the
membrane). This was achieved by trapping sucrose in donor instead of the
acceptor vesicle core, enhancing the difference in sedimentation by the larger
size and higher density of the donor MLVs. Thus, low speed centrifugation
(20,000xg) is sufficient to separate the aLUVs from the donor vesicles [31].
Further, this protocol allows to obtain the individual leaflet compositions
by using two assays: the exchange efficiency can be determined e.g. by gas
chromatography (GC), ultra performance liquid chromatography (UPLC)
or differential scanning calorimetry (DSC) and the lipid distribution of
choline headgroups between the inner and outer leaflet can be obtained by
conducting 'H-NMR experiments after adding a paramagnetic shift reagent
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Pr3+ [31, 32], see sec. 2.1 for details.

Another approach to engineer free floating asymmetric vesicles was devel-
oped by Weitz and co-workers [19]. This method is similar to the Langmuir-
Schaefer/Langmuir-Blodgett technique for asymmetric supported mem-
branes [33, 34]. As schematically illustrated in Figure 1.4B these asymmetric
vesicles are engineered by two independently prepared monolayers. The
sample preparation is composed of three parts: (1) an inverted emulsion
where water droplets in oil are stabilized by lipids for the inner leaflet,
(2) an intermediate phase of o0il heavier than the inverted emulsion phase,
whose lipids form a monolayer at the oil water interface, and (3) the bottom
aqueous phase, containing the final asymmetric vesicles [19]. This protocol
seems to be less violent compared to the CD mediated exchange, however,
the possible presence of oil in the final sample is one major drawback of
this approach [11].

1.3.1. Stability of Asymmetric Vesicles

For investigation of asymmetric lipid vesicles, it has to be considered that
the systems are not at equilibrium and that lipid asymmetry will level-out
with time by passive lipid flip-flop.

Cells maintain the asymmetric distribution of lipids through the interplay
of active and passive lipid translocation events [13]. Active mechanisms
are hypothesized to rely on the so-called floppases which move newly
synthesized lipids from the inner to the outer leaflet, while the flippases
restores the asymmetry of passively translocated lipids [36, 37].

As lipid translocation rates have historically always been a challenge to mea-
sure, there is only little information available. Especially, a lot of flip-flop
data was obtained by using bulky lipid fluorescence dyes which might alter
the physical properties of the lipid membrane significantly. For example
this was shown by Liu and Conboy [38] who have studied passive flip-flop
rates of isotopically asymmetric dipalmitoyl phosphatidylcholine (DPPC) in
solid supported bilayers (SSBs) with sum-frequency generation (SFG) vibra-
tional spectroscopy. The addition of a common spin label TEMPO (tetram-
ethylpiperidinyl) to DPPC lead to a significant increase of the measured lipid
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Figure 1.2.: (A) Structure of cyclodextrin. Cavity size increases from & to g-CD. a-CD is
a 6- while B CD is a 7-membered sugar ring molecule (B) structure of methyl (M) and
hydroxypropyl (HP) CD, (C) structure of mBCD which was used in this study. Figure
modified from [35].



1.3. Preparation of Asymmetric Vesicles

vesicle core:
101 —— 25% d-sucrose/D;0
— D)0
‘TE 100
M
C
107 \-—'—'—'—\_____
AAL J
ADg= -1.8A =
102
0.1 0.2 0.5

q [A-1]

Figure 1.3.: Structural influence of heavy sucrose core acceptor vesicles: Small angle neutron
scattering curves of 100nm POPS LUVs in D,O (blue fit) and in 25%d-sucrose core in
an external DO solvent (red fit). This osmotic imbalance generates membrane tension
which is shown by a decreased bilayer thickness (Dp) (-1.8 A) and an increase in area per
lipid (+4 A%) compared to stress free POPS. (The position of the minimum representing the
bilayer thickness of the red fit shifts to higher g-values.) This increase in area per lipid and
decrease in bilayer thickness reflects a 30°C change in temperature. Figure adapted from

[31].

half-life by an order of magnitude in comparison to the label free DPPC data
(from 9.2 to 422min) [11, 38]. Just recently, we have revealed that the half-life
of stress-free, free floating isotopic asymmetric lipid vesicles is significantly
higher compared to studies conducted on SSBs by SFG spectroscopy [39].
This discrepancy between lipid translocation rates in vesicles and SSBs can
be explained by defect-mediated acceleration of lipid flip-flop in supported
bilayers, where long-lived, submicron-sized defects, resulting from incom-
plete surface coverage, are the sites of rapid transbilayer movement [40],
which is also suggested from MC simulations [39]. Half-times (t; ;) were
obtained by 'H-NMR by using a paramagnetic shift reagent [31, 39], which
were in the order of days for vesicles incubated in fluid phase (T> 50°C) and
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Figure 1.4.: Preparation of asymmetric vesicles. (A) Schematic illustriation of the cyclodex-
trin mediated exchange of the outer leaflet, and (B) illustrates the generation of asymmetric
vesicles by two independently prepared monolayers. Figure adapted from [11].

too slow for being measured in gel phase (T< 37°C). However, significantly
accelerated when the sample was incubated within the main phase transi-
tion (40°C). The increased lipid translocation rate at the phase transition
can be explained by the numerousness of defect-like boundaries between
lipid patches in gel and fluid phase [39]. Apart from the discrepancies of
half-life values obtained by different studies, there are common trends: In
general phospholipids with longer acyl chains (increased bilayer thickness)
show slower flip-flip rates. This can be explained by an increase of energetic
cost to transfer the polar headgroup through a thicker hydrophobic bilayer
core [38, 41]. Lipid translocation rates might accelerate due to perturbation
of the acyl chains [42]. For example, this may be facilitated by detergents,
which are expected to accelerate transbilayer lipid movement by inducing
defects into the hydrophobic structure [43].

It is important to determine which factors influence the life time of asym-
metric model membranes. It was revealed by Son and London that shorter
and polyunsaturated acyl chain lipids in the inner leaflet which are op-
posed by the highly structured SM show fast lipid translocation rates [44].
Further, fast flip-flop rates (1, ~ 5h) were reported in single-component
dimyristoyl phosphatidylcholine (DMPC) vesicles by SANS [42]. In con-
trast to this study, Lu et al. have reported on enhanced bending rigidity
in dioleoyl phosphatidylcholine (DOPC)/DMPC inverted emulsion giant
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unilamellar vesicles (GUVs), suggesting a high degree of asymmetry and as
these asymmetry effects were measurable it suggests slow DMPC flip-flop
when opposing a leaf consisting of DOPC [16, 45]. Furthermore, Son and
London have also demonstrated that flip-flop rates are strongly affected by
the polar headgroups: aLUVs with SM on the outer leaflet and the inner
monolayer consisting of PS, PE and PC headgroups form stable aLUVs
(slow translocation rates), while inner leaflet lipids with PG, PI, and CL
polar headgroup show fast flip-flop rates [28]. In conclusion, these results
suggest that lipid translocation rates are not only an intrinsic property of
the single lipids, but rather depended on the model system as well as the
chemical composition and environment they are located in [16].

1.4. Transbilayer Coupling Mechanism of
Asymmetric Lipid Vesicles

So far surprisingly little is known about the structural and functional conse-
quences of asymmetric lipid vesicles due to the lack of model systems to
prepare them. However, recent developments have laid the foundation for
such systematic studies. Membrane asymmetry is hypothesized to lead to
transbilayer coupling which has an influence on diverse physiological pro-
cesses requiring communication between for example receptors located on
the outer leaflet and components of signal transduction pathways secreted
in the cytoplasm [46]. Interestingly, lipid compositions of the outer leaflet
prefers the formation of raft-like domains [47, 48], while lipids located
on the inner leaf do not phase separate [49]. So far, theoretical treatments
have contemplated coupling from intrinsic lipid curvature [50], headgroup
electrostatics, cholesterol flip-flop, dynamic chain interdigitation [51, 52],
or from thermal membrane fluctuations [53], revealing that transbilayer
coupling does not need (however not exclude) contributions from proteins.
Further, fluorescent dye partitioning experiments of asymmetric planar
lipid bilayers were used to study, whether domain formation in the outer
leaflet induces domains in the inner leaflet [51, 54-56]. This was true for
inner leaflet mixtures consisting of at least one high melting lipid and
a low melting lipid and cholesterol [54]. The influence of an asymmet-
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ric lipid distribution on the structural properties of the single leaflet was
determined experimentally, and by simulation: For example fluorescence
anisotropy measurements have revealed that an outer leaflet consisting
of SM, melts independently from an inner leaflet made of a variety of
unsaturated lipids [22, 23, 26, 28]. In addition, the highly ordered SM on
the outer leaflet increased the degree of inner leaflet order suggesting a
significant degree of transbilayer coupling which disappears completely
above the lipids phase transition [23, 24]. These studies agree with earlier
reports using planar bilayers where transbilayer coupling was shown for
some systems as the formation of domains on one leaflet can induce the
occurrence of ordered domains on the other leaflet [51, 54-56]. Further,
lateral diffusion coupling between the inner and outer leaflet was found
for membranes composed of mixed (short/long, saturated /unsaterated)
acyl chains. This suggests a hydrocarbon chain interdigitation-mediated
mechanism [57], which was supported by theoretical considerations [52].
A study by Shlomovitz and Schick [58] suggested that the motive of trans-
bilayer coupling is related to properties from the inner leaflet, which is in
contradiction with almost all other findings. In particular, the difference in
intrinsic curvature (Jp) between the main lipids of the inner leaf PS and PE
( ](1)) E~ 5% ](1; 5 [58, 59]) is the driving force of leaflet coupling due to the
formation of micro emulsions in the inner monolayer, which are propagating
to the outer leaflet.

In this work transmembrane and intraleaflet coupling mechanisms are ad-
dressed, see Fig. 1.5. Briefly, transmembrane coupling suggests that the
single leafs interact strongly with each other, leading e.g. to a cooperative
melting of the bilayer, or to leaflet-averaged structural parameters, such as
the area per lipid (A1) that may take up a value that is intermediate between
those of individual, uncoupled leaflets. In contrast, intraleaflet coupling
reveals a strong coupling within the single monolayer, due to an adjustment
of the individual lipid properties, resulting e.g. in separate melting of the
leaflets and in individual structural properties of each leaf.

In order to determine how the two leaflets of aLUVs are coupled small
and wide angle scattering techniques are ideal, as these methods allow
the comparison between structural parameters (e.g. Ay of outer and inner
monolayer) of aLUVs and of symmetric LUVs. Additionally, differential
scanning calorimetry (DSC) gave insight, whether the leaflets melt together
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1.4. Transbilayer Coupling Mechanism of Asymmetric Lipid Vesicles

Figure 1.5.: Schematic illustration of transbilayer (A) and intraleaflet (B) coupling mecha-
nisms.

or separately. Together, these measurements helped to draw a conclusion if
transbilayer or intraleaflet coupling dominates in the single aLUV systems.
Further, dynamic light scattering (DLS), which measures the size distribu-
tion profile of the vesicles was used to detect possible contaminants, such as
donor MLVs, and to obtain the influence of the aLUVs preparation on the
vesicles size distribution. Furthermore, images acquired by cryo transmis-
sion electron microscopy (cryo-TEM) revealed the shape of the generated
aLUVs. Figure 1.6 gives an overview of the conducted experiments: Two
lipid systems were studied: (1) aLUVs with hydrocarbon chain asymmetry
by choosing DPPC as donor and POPC as acceptor lipid and (2) aLUVs
with headgroup asymmetry (POPE/POPC). For the latter system POPC was
used as donor and POPE as acceptor and vice versa, to study the influence
of lipid position on the leaflet properties.
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Figure 1.6.: Overview of samples and conducted experiments.
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This chapter focuses on a general description of the applied methods and
used models for data analyses, which were not fully given in publications.
The original publications are attached in the appendix containing addi-
tional information on the experimental settings, used materials and data
modeling.

2.1. Construction of Asymmetric Vesicles

Asymmetric large unilamellar vesicles (aLUVs) were constructed by using a
CD mediated exchange process between donor and acceptor lipid vesicles
[22, 23, 57]. The acceptor vesicles provide the lipids for the inner-leaflet
and the donor multilamellar vesicles (MLVs) the lipids for the outer-leaf.
For the preparation a donor to acceptor lipid mole ratio of 2:1 or 3:1 was
used, where the lipid stock concentration was determined to be within 1%
by inorganic phosphate assay [60]. This is done by measuring the amount
of phosphate (PO4) groups from a well defined volume of a sample and
therefore the concentration can be assessed. In this procedure the organic
groups of the lipids are cleaved off to measure the remaining PO, groups
which are compared to a phosphate dependent calibration curve. This is
done with a spectrometer (Jasco V-630 spectrophotometer) by reading the
absorbance at A = 82onm. Donor vesicles were hydrated in 20 % (w/w)
sucrose solution made from 18 M(-cm water (MQ water) and acceptor
vesicles were prepared by first hydrating the lipid film in a 20-25 mM NaCl
solution. Large unilamellar vesicles (LUVs) of the acceptor lipids were
prepared by using a hand-held mini-extruder (Avanti Polar Lipids, AL)
with a 100nm pore-diameter polycarbonate filter. Therefore, the acceptor
MLVs were passed through the filter 31-times at least 10°C above the phase
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transition. To obtain unilamellar acceptor vesicles, lipids were doped with
5 —10mol% PG. Low amounts of charged PG lipids (up to 4 mol%) were
previously shown not to influence the structural parameters [61]. For PE
lipids it was necessary to increase the PG concentration to 10 mol% to ensure
unilamellar acceptor vesicles.

Further, our protocol requires separation of donor and acceptor vesicles
which can be accomplished most easily by taking advantage of density
differences between the two populations. Figure 2.1a shows schematically
the preparation of aLUVs. First, the extravesicular sucrose was removed from
the donor MLVs by diluting the sample by a factor of 20 with water and by
centrifugation for 30 min at 20,000xg. The supernatant was discarded and the
pellet consisting of the donor lipids was resuspended with a MBCD solution.
The donor MLV /CD mixture was incubated for 2h at room temperature
with gentle stirring. In this step the CD got loaded with donor lipids. Next,
acceptor LUVs were added to the MLV /CD mixture at approximately 10°C
above the acceptor lipid’s phase transition for 30 - 60omin. The resultant
aLUVs were separated from the donor MLVs by an 8 fold dilution with water
and subsequent centrifugation at 20, 000xg for 30 min. Then the supernatant
containing the aLUVs and CD was carefully transferred to another container
and the pellet was discarded. Solubilized contaminants as CD and sucrose
were removed by centrifugal filtration with 100 kDa molecular weight cut-off
tilters, which were pre-washed with H,O at least 7 times to remove traces
of glycerol. The first concentration step was followed by three cycles of
successive dilution to 11 mL and concentration to < 0.5mL to allow for the
exchange of H,O and D,O for IH-NMR and SANS experiments, besides
removing CD and sucrose. [31]

As the outer leaflet of the aLUVs is not exchanged completely and small
amounts of donor lipids are located on the inner leaflet, two assays need to
be conducted to obtain the composition of the single leafs (see Fig. 2.1b): (1)
the exchange efficiency (mole fractions of donor and acceptor lipids in the
tinal aLUVs) needs to be determined e.g. by gas chromatography (GC), by
ultra performance liquid chromatography - mass spectroscopy (UPLC-MC)
or by differential scanning calorimetry (DSC) (see sec. 2.2) and (2) the lipid
asymmetry is quantified by 'H-NMR experiments (see sec. 2.3.1).

Further, symmetric LUVs were prepared from aLUVs, by drying aLUVs
to a film under reduced atmospheric pressure using a rotary evaporator.
The dried lipid film was redissolved in chloroform, to ensure complete
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scrambling of the lipids, and from that point on prepared as acceptor
vesicles. These LUVs are called ‘scrambled’ vesicles throughout the text.
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Figure 2.1.: (a) Schematic illustration of the preparation of asymmetric vesicles. (1) incuba-
tion of heavy donor MLVs (entrapped sucrose) and methyl-p cyclodextrin (MBCD). MBCD
is loaded with lipids from the donor MLVs, (2) acceptor LUVs are added to the incubation
process. MBCD catalyzes lipid exchange between donor MLVs and acceptor LUVs. (3)
Sucrose filled (heavy) donor MLVs are removed by centrifugation, (4) supernatant is taken
and the MBCD is removed by centrifugal concentration, aLUVs are recovered from the
retentate. (b) Assays to accurately determine the sample composition: GC/MS or UPLC is
used to determine the overall composition of the aLUVs (see sec. 2.2.1) and 'H-NMR is
applied to quantify lipid asymmetry in a lanthanide shift experiment (see sec. 2.3.1). Figure
taken from [31].

2.2. Assays for Lipid Exchange

Gas chromatography (GC), ultra performance liquid chromatography - mass
spectrometry (UPLC-MS) or differential scanning calorimetry (DSC) was
used to determine the exchange efficiency of aLUVs by assessing the mole
fraction of donor and acceptor lipids.

2.2.1. Chromatography Techniques (GC, UPLC-MS)

Chromatography is the general term for a number of techniques which
are used to separate different substances out of a sample. Chromatographs
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consist of a column capillary, where the inside is coated with a thin layered
material known as stationary phase. Molecules which travel through the
column are separated as they are retained by the stationary phase according
to their chemical properties. Thus, different molecules elute at different
times. Chromatographic techniques can then be coupled to different detector
types for identification and quantification of the sample. The two main
chromatography techniques which were used in this work are GC and
UPLC, see Fig. 2.2 and for more details e.g. [62-64].

In GC the column is coupled to a mass-selective detector (MSD), which
records the signal intensity of the analytes against the retention time, where
the peak areas are proportional to the mole fractions of each component in
the sample. The UPLC on the other hand is connected to a mass spectrome-
ter (MS) giving a further dimension of information, the mass to charge ratio
of the molecules, enabling the discrimination of lipid molecular species. The
MS captures, ionizes, accelerates, deflects, and detects the ionized molecules
separately. The gas chromatograph analysis only compounds which can be
vaporized, while UPLC is applicable to liquids. Hence, for GC measure-
ments lipids had to be converted to fatty acid methyl esters (FAMEs). Briefly,
this means that the lipid headgroups are cleaved off and only the chains are
analyzed (see [31] for details). Therefore, for GC it was necessary to take
acceptor and donor lipids which have a chemical or isotopical difference in
the chains, while UPLC requires only a chemical or isotopical difference in
lipids.

For both methods the mole fraction y; of a single component can be deter-
mined directly from the chain (lipid) peak areas P:

P;
i B

Xi = (2.1)

where P; states the i* chain (lipid) peak area and the denominator represents
the sum over all mixture components j. This expression is valid when the
chain (lipid) peak area fractions vary linearly with mixture composition.
Both systems showed a deviation from linearity. Thus, it was necessary
to measure a standard curve for data correction (see [31, 65] for details).
Parameter uncertainties are estimated to be less than 5%.
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Figure 2.2.: (A) Schematic illustration of a gas chromatograph apparatus [68], and (B) of
liquid chromatography tandem mass spectrometry [69].

GC measurements were conducted on an Agilent 5890A gas chromatograph
(Santa Clara, CA) with a 5975C mass-selective detector operating in electron-
impact mode. An HP-5MS capillary column (30 m x 0.25 mm, 0.25 pm
film thickness) was used with a helium carrier at 1 mL/min and an inlet
temperature of 270°C. UPLC-MS analysis was performed by an AQUITY-
UPLC system (Waters, Manchester, UK) with a BEH-C18-column (2.1x150
mm, 1.7 um) (Waters) as previously described [66]. A SYNAPT'MG1 qTOF
HD mass spectrometer (Waters) equipped with an ESI source was taken
for analysis. Data acquisition was done by the MassLynx 4.1 software
(Waters) and for lipid analysis the 'Lipid Data Analyser’ software [67] was
used. UPLC-MS experiments were conducted by Dr. Gerald N. Rechberger
(Institute of Molecular Biosciences, University of Graz).
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2.2.2. Differential Scanning Calorimetry

Apart from the determination of the exchange efficiency of aLUVs, DSC was
also applied to obtain the phase transition temperatures of the single leaflets.
This was performed to investigate, whether the leafs melt independently
or the whole bilayer simultaneously in aLUVs. DSC is an experimental
technique for studying the phase transitions and conformational changes
in biological systems, such as proteins, nucleic acids, and lipids [70-72].
Thermodynamic information, such as phase transition temperature (Ty),
transition enthalpy and cooperativity can be obtained from DSC scans. DSC
uses a sample cell containing the lipid hydrated in buffer at a concentration
of ~1mg/mL and a reference cell filled with the used buffer. Both cells were
heated /cooled (30°C/hour) through the transition temperature (e.g. lipid
phase transition) of interest. Throughout the experiment the two cells are
kept at the same temperature. By heating/cooling both cells, the difference
in power consumption is measured. This leads to a DSC thermogram (curve)
which reveals the amount of differential power consumed to keep the two
cell temperatures equal.

Calorimetric experiments were performed on a MicroCal VP-DSC high
sensitivity differential scanning calorimeter (MicroCal, Inc., Northhamp-
ton, MA, USA). The phase transition temperature Ty, is taken from the
temperature of maximum heat capacity.

The exchange efficiency was determined for POPE/POPC aLUVs via DSC.
Therefore, DSC measurements were conducted on POPE/POPC mixtures
(LUVs and MLVs) at various POPE concentrations with 10 mol% POPG
(POPG is not considered in all labels) from 2 — 40°C (see Fig. 2.3). To note,
doping with POPG lowers the phase transition temperature (T;) by 1°C [73].
A linear regression was computed through the Ty, which was taken as
the temperature of maximum heat capacity cp of the DSC-cooling scans
of LUVs and MLVs (blue and red dashed line in the inset of Fig. 2.3). To
note, DSC cooling (instead of heating) scans were used as the system was
equilibrated, which means that the whole sample was in fluid phase at the
beginning of the scan (40°C). Especially for high POPC (Tp; ~ —3.6°C [74])
concentrations the heating-scan phase transition is already ongoing at the
initial temperature of the measurement (2°C). In addition, cooling scans
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Figure 2.3.: DSC cooling thermograms of POPE/POPC mixtures at various POPE concentra-
tions (adjacent data give the molar fractions of POPE (xpopr)). Inset, transition temperatures
Ty in dependence of xpopg of LUVs (blue dots) and MLVs (red starts) calibration curves.
Figure taken from [75].

show sharper transition peaks, due to higher cooperativity (K. Lohner,
personal communication, June 22, 2017), which facilitated the determination
of Tp1. As the determined Tyss increase linearly with POPE concentration, it
allowed us to determine the molar fraction of POPE (xppopg) by conducting
DSC scans of the scrambled samples

_ Tm—ap
XPOPE = E— (2.2)

where T); is the phase transition temperature of the scrambled sample,
ap = 4.2°C, a; = 18.2°C [75]. It has to be noted that the linear relationship
between T)s and xpopr breaks down at low POPE content. Therefore, Eq. 2.2
is not valid for xpopg < 0.3. (POPC is supposed to melt at ~ —3.6°C [74]
and at even slightly lower temperatures by investigation of a cooling scan.
By taking the linear regression (eq. 2.2), POPC melting transition would be
at +4.2°C.)
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2.3. Assay for Lipid Asymmetry

2.3.1. Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) spectroscopy uses the physical phe-
nomenon where nuclei in a magnetic field absorb and re-emit electromag-
netic (EM) radiation. The frequency of radiation necessary to absorb the
energy depends on the following properties: First, it is characteristic of
the type of nucleus (e.g. IH, 13C). Second, it depends on the chemical
environment of the nucleus. Third, the frequency also depends on the spa-
tial location in the magnetic field, which provides the basis for magnetic
resonance imaging (MRI). However, for most spectroscopic experiments a
homogeneous magnetic field through the sample is necessary. The ability
of the nuclei to absorb EM radiation is due to Zeeman splitting leading to
a separation of the nuclear energy levels (AE) for spin I = 1/2 nuclei. The
magnitude of the Zeeman splitting in an NMR experiment is typically in
the order of the radio frequency and increases with field strength. As the
Zeeman splitting depends on the magnetic field strength, NMR spectra are
expressed in chemical shift which is the resonance frequency of a nucleus
relative to a standard in a magnetic field. The chemical shift ¢ is usually
given in parts per million (ppm) by frequency:

1% le — V.
o= sample ref/ (2.3)
Vref

where Vsgp. and v, expresses the absolute resonance frequency of the
sample and the standard resonance compound, respectively [76].

In our case, 'TH-NMR is especially useful to determine the distribution of
PC-headgroups between the inner and outer leaflet by using a paramagnetic
shift reagent: The choline methyl group consists of nine equivalent protons
leading to the strongest resonance by investigating PC-LUVs, see Fig. 2.4.
Adding a paramagnetic lanthanide ion (Pr®") to the sample, which interacts
with choline protons located on the outer leaflets only, leads to a downfield
resonance shift [32]. As a result, outer and inner leaflet of the choline
resonances can be separately investigated, and the integrated NMR peak
area of each resonance is proportional to the number of molecules having
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protiated headgroups in the corresponding leaf [32]. The choline resonance
was modeled by using a Lorentzian peak for the unshifted (inner leaflet) and
shifted choline (outer leaflet), see Fig. 2.4. For clarification, the deuterated
choline (of head deuterated PC lipids) does not contribute to the "H-NMR
signal allowing the investigation of isotopically asymmetric samples, see
Fig. 2.4.

Proton NMR spectra were collected on an Avance III 300 or 400 MHz
spectrometer (Bruker, Billerica, MA) taking the Bruker TopSpin acquisition
software, and analyzed with TopSpin 3.2.

The integrated area R of both resonances is proportional to the number of
molecules having protiated headgroups in the corresponding leaflet. The
peak fraction of the outer leaf is defined as:

[ (2.9
T R+R 4

where the superscripts 0 and i represent the outer and inner leaf.

Further, it has to be considered that the surface area of the outer leaflet is
slightly bigger. Therefore, the mole fraction of lipids on the outer leaflet (X°)
is increased compared to the inner leaflet. Additionally, X° depends on the
average Ay of the outer and inner leaflet (A9 and A%:)

1/A9
= — X
1/A9 +1/AQ

0

sf (2.5)

where sf stands for surface fraction considering the slightly bigger surface
of the outer to the inner leaflet (sf = 1.06 for a vesicle diameter of 130 nm,
bilayer thickness of 4nm [11]). As only one mixture component possesses a
protiated choline we define the peak fraction of component 7 on the outer
leaf by

XO 0
£ = X—X (2.6)
n
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Figure 2.4.: Proton NMR of aLUVs prepared from POPC acceptor and choline deuterated
POPC donor (which stays silent). Upper panel, 'H-NMR shows a sharp choline resonance
from POPC acceptor (dashed field). Lower panel, in the presence of Pr** not exchanged
acceptor POPC lipids shift (green shading) relative to the unshifted population (blue
shading) which reveals substantial outer leaflet donor enrichment in the aLUV sample.
Minor contaminants glycerol and MBCD are shown with red shading. Figure adapted from
[31].
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where x9 is the outer leaflet mole fraction and ) is the total bilayer mole
fraction of component 1, where fU is given by eq. 2.4 [31].

For a bilayer consisting of lipid A and B, all compositional parameters X%,B
can be expressed as [31]:

IBO — 1 o Xl[qO

The same approach can be used to study the life-time of asymmetric sam-
ples [39]. Therefore, aliquots of the aLUVs are taken for NMR measurements
right after the preparation to obtain a value for time zero and at a series of
time points of interest. It has to be noted, that Pr3t was added just before
conducting NMR measurements. By this approach the passive lipid flip-flop
rate can be studied, which is given by

213 (t) —1
AC(t) = % (2.8)
2fpcy—1
where fgléto and f%t is the fraction of POPC on the outer leaf at time zero
and at time ¢, respectively. To clarify, AC(t) of one indicates no lipid flip-flop,

while zero represents a the lipid composition of a symmetric sample.

2.4. Vesicle Size - Quality and Distribution

2.4.1. Dynamic Light Scattering

A Zetasizer Nano ZSP (Malvern Instruments, Herrenberg, Germany) equipped
with 1omW laser with A = 632.8 nm was used for determination of the size
distribution profile of acceptor LUVs and aLUVs. Samples were diluted
with filtered MQ-water to a concentration of ~ 0.05 mg/mL. Dynamic light
scattering (DLS) measurements were conducted to obtain the influence of
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the aLUVs preparation on the size distribution and for detecting contamina-
tion, such as donor MLVs in the aLUVs. Thus, the size distribution profile
of extruded acceptor vesicles and of the final aLUVs was measured. DLS
is a technique to measure the size distribution profile of small particles in
solutions. Monochromatic light is shot through a polarizer into a specimen,
where it is getting scattered elastically at the sample as long as the particle
size is small in comparison to the wavelength (A) of the light. The scattering
intensity fluctuates over time, because of the movement of the particles
in solution as they undergo Brownian motion. The scattered light shows
either constructive or destructive interference with the surrounding parti-
cles, which changes over time due to these intensity fluctuations. Hence,
information on the time scale of the particles movement is contained. The
dynamic information of particle movement is derived by an autocorrelation
function from which the diffusion coefficient D can be determined. As the
viscosity of the solvent is known, it is possible to assess the size distribution
profile (r) by applying the Stokes-Einstein equation:

kgT

r= 67D’ (2.9)

where kg is the Boltzmann constant, T the absolute temperature and # the
viscosity of the media [77]. For our DLS measurements the scattering at an
angle of 173° was detected, which is known as backscatter detection. This
reduces multiple scattering, and the influence of large contaminant particles
(e.g. dust) as they scatter mainly in forward direction [78].

In DLS the mean value for the size (Z-average) and the polydispersity
index (PDI), which is a dimensionless measure of the broadness of the
size distribution are obtained. The PDI is defined as the squared ratio of
the peak width and particle size (PDI = (width/size)?). One indication of
an successful sample extrusion is a PDI < 0.1 revealing a ‘'monodisperse’
narrow distribution [78].

2.4.2. Cryo-Transmission Electron Microscopy (cryo-TEM)

Cryo transmission electron microscopy (cryo-TEM) is a complementary
technique to SAS. In general, cryo-TEM is ideal to investigate a small part of
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the sample, while with scattering techniques the whole illuminated sample
is obtained which means that average parameters are determined. In this
work cryo-TEM images were acquired to gain information about the vesicle
shape in gel and fluid phase, while scattering techniques were used to
determine structural parameters.

As electrons would scatter at air particles, the chamber needs to be evacuated
for cryo-TEM measurements. Consequently, the liquid specimen has to be
frozen for investigation. The formation of cubic ice in the sample has to be
prevented, which can be achieved by very fast freezing. To note, cubic ice is
water in a crystal lattice which easily absorbs the electron beam, screening
the sample. For sample preparation, the following steps are performed:
First a droplet of the sample is added on the grid and residual water is
removed by filter paper. Afterwards it is frozen in liquid ethane as the
freezing process is quick enough for water to only solidify as vitreous ice
(amorphous ice). Liquid nitrogen would be at cold enough temperatures
(~ —195°C), however, its heat capacity is very low. Thus, as soon as the
grid is dropped into the liquid nitrogen, a part of it boils off, which slows
down the freezing process leading to the formation of cubic crystals. Ethane,
compared to liquid nitrogen, has a much higher heat capacity and a slightly
higher melting point (-188°C), which makes it capable to freeze water fast
enough to reach an amorphous state. After the sample is frozen it can be
stored in liquid nitrogen until it is used for measurement, see Fig. 2.5 (see
e.g. [79] for further information). Images were acquired using a FEI T12,
120 kV, LaBg-cathode transmission electron microscope (Hillsboro, Oregon).
Our samples were prepared in a very controlled atmosphere in 99% relative
humidity using a Leica EM GP plunge freezer (Wetzlar, Germany) and
investigated on the TEM grids at 22°C. Cryo-TEM images were acquired at
the FELMI-ZFE (Graz, Austria) by Dr. Ilse Letofsky-Papst.

2.5. Small/Wide Angle Scattering Techniques

Small-angle scattering (SAS) is a powerful technique to obtain information
about the shape and structure of e.g. colloidal particles, proteins and li-
posomes. The accessible length scale of SAS experiments depends on the
experimental settings, but in general it is in the range of ~1 - 1000 A.
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Figure 2.5.: Schematic illustration of the cryo-TEM sample preparation. A) Droplet of
sample is added on the grid, B) liquid residues are removed with filter paper, C) sample is
quickly frozen in liquid ethane and D) stored in liquid nitrogen till measurement. Figure
adapted from [80].

SAS-techniques investigate small deflections (~ 0.1 — 10°) of collimated
radiation after interaction with much larger structures in comparison to the
radiation wavelength (for X-rays A ~ 1A and neutrons A ~ 5A). Hence,
SAS methods are ideal to study the structure of lipid bilayers (~ 40 A) as
well as the organization of the chains in gel phase which can be determined
with wide angle X-ray scattering (WAXS). Neutrons and X-rays can scatter
elastically (collisions lead to a change of direction with no loss in energy)
and inelastically (loss of energy during the interaction process with the
sample). In SAS, only elastic scattering of X-rays and neutrons is used.
These techniques and how to model scattering data are described in more
detail below (see sec. 2.5.1, 2.5.2, 2.6).

2.5.1. Small Angle Scattering (SAXS/SANS)

X-rays are a form of electromagnetic radiation which can be produced at
a synchrotron or with a home source X-ray generator, while neutrons are
produced in an atomic reactor or in a spallation neutron source (SNS). In
case of X-rays energies E and wavelength A can be expressed by De Broglie’s
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equation:

hc
Ex—ray = 1 (2.10)

where £ is the Planck constant and c the speed of light. In contrast, neu-
trons neutrons have a finite mass (m = 1.674 * 10~?” kg) and therefore it is
necessary to consider its kinetic energy given by

2 2
En:_ h

5 = W (2.11)

Hence, for a wavelength of e.g. A = 1.5 A the X-ray energy is more than
200,000 times higher compared to the energy of neutrons (Ex_ 4y ~ 8.2keV,
E, ~ 36meV) [81]. SAXS samples were measured with photon energies of
20keV (A = 0.6 A) at the P12 BioSAXS beamline, located at the Petra III
(EMBL/DESY) in Hamburg (Germany) and with 12.5keV (A = 0.99 A) at the
ESRF-BM2g9 in Grenoble (France). While SANS experiments were conducted
at the BL-6 Extended Q-range Small Angle Neutron Scattering (EQ-SANS)
instrument located at the SNS in the Oak Ridge National Laboratory (TN,
USA) with a wavelength band of A = 4.0 —75A and 10.0 — 13.5A, and
at KWS-1 at the FRMII reactor (Garching, Germany) [82, 83] by A = 5 A.
As mentioned above SAS techniques use only elastic scattering, which is
characterized by zero energy transfer. Hence, the norm of the incident
wavevector (k) is equal to the norm of the scattered wavevector (k’). SAS
patterns are typically represented by the scattering vector g which is defined
as:

47tsin(0)

— F—R| =
q=k—FK| )

(2.12)
SAXS measures the inhomogeneities in electron density of the sample as
X-rays interact with outer shell electrons of the single atoms. Figure 2.6A
illustrates the scattering cross sections of X-rays (upper-panel) and neutrons
(lower panel). It can be seen that the X-ray scattering cross section increases
with the size of the atoms, while for neutrons there is no obvious correlation
between the atomic size and neutron scattering length density. In contrast,
neutrons are scattered by atomic nuclei which can be used for contrast
variation analysis, as hydrogen and its isotope deuterium scatter with
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similar efficiencies, however 180° out of phase. This means that deuterium’s
coherent neutron scattering length (NSL) is positive while hydrogen’s is
negative. Hence, contrast variation in neutron experiments can be realized
by taking different ratios of DO to H,O for the solvent, or by specific
deuteration of the material [84, 85]. For this work the hydrogen atoms of the
headgroup or acyl chains were exchanged with deuterium atoms to obtain a
large intramolecular contrast [86-89], see Fig. 2.7. It has to be noted, that the
deuteration of lipids does not change the chemical nature of the material,
which is a significant advantage compared to the use of bulky lipid probes
which are taken for many spectroscopic techniques [16].

To obtain a good signal the net electron/neutron density Ap(7) has to be
high, which is defined as the difference of the average scattering length den-
sity (SLD) (electron or neutron scattering length (NSL) density (ED/NSLD))
from the sample p(7) and the solvent ps:

Ap(F) = p(7) = ps, (2.13)
where p of a molecule is defined as:
_Yib
p - Vm / (2'14)

where b; is the amount of electrons/NSL of the i" atom in the molecule and
Vi is the volume of the molecule.

In biological samples the net electron density is generally low because they
contain a lot of light molecules, such as hydrocarbons which are mainly
located in the lipid chain. By investigating lipid bilayers with X-rays, a
good contrast (big net electron density) is obtained for the phosphate group
located in the lipid’s headgroup, while for SANS measurements a good
signal comes from the glycerol backbone, see Fig. 2.6B. The highest structural
confidence can be gained by using different contrasts obtained by neutrons
and X-rays [16].

2.5.2. Wide Angle X-ray Scattering (WAXS)

Besides the structural parameters of the lipid bilayer which are determined
in the small angle region (q ~ 0.05 — 0.8 A 1), the wide angle reflections
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Figure 2.6.: (A) Schematic illustration of X-ray and neutron scattering cross sections: The
X-ray cross section (electron scattering length density) increases with the size of atoms
(upper panel), while there is no correlation between atomic size and neutron scattering cross
section (lower panel). Further, the neutron scattering cross section for D is positive (blue
sphere), while H has a negative one (black sphere) [90]. (B) Chemical representation of a
DPPC-lipid: In SAXS measurements a good contrast is obtained from the phosphate group
(red) and in SANS experiments from the glycerol backbone (blue). Chemical structure
taken from Avanti: avantilipids.com.

(@ ~ 1.3—1.6 A1) correspond to the packing of the chains in gel phase.
WAXS measurements were performed in house at the SAXSpace System
(Anton Paar, Austria). Cu Ka (1.54 A) radiation is supplied by a Genix 3D
microfocus tube (Xenocs, France) with a power consumption of 30 W (anode
current: I = 0.6 mA, tube voltage: V = 50kV). It is equipped with a Eiger
R 1M detector system (Dectris, Swiss) with a pixel size of 75x75 yum?. The
g-range in the wide angle configuration reaches from 0.4 to 1.82 A~1.

Chains in gel-phase pack into a 2-dimensional lattice. In contrast the lipid
headgroups do not form a crystalline lattice in the gel phase, which means
they contribute to diffuse scattering, however, do not diffract [91]. The 2-
dimensional chain packing is for the L phase (e.g. for POPE) hexagonal,
or for the Lg phase (e.g for DPPC) distorted hexagonal, see Fig. 2.8. In the
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POPC-d31 POPC-d13 POPC-d44 DPPC-d62  DPPC-d13 POPE-d31

Figure 2.7.: Chemical structures of deuterated phospholipids. Lipids are displayed in space
fill representation: white indicates hydrogen and yellow deuterium. Chemical structure
taken from Avanti: avantilipids.com

hexagonal chain packing all neighbors are equivalent (sy; = s11 = sp9, where
the subscripts correspond to the Miller indices), leading to a rise of the first
order diffraction peak which can be fitted with a single Gaussian. For the
disordered hexagonal lattice two of the six neighbors are closer compared to
the other four. Consequently, the WAXS diffraction peak splits into two (s,
=511 < S20)), see Fig. 2.8. The area per hydrocarbon (A¢) of chains packed
in a hexagonal lattice (Lg) can be determined by [92]:

82
Ac = , (2.15)
V33,
and for the Ly it is obtained by [93]
472

A

c= , (2.16)
\/Q%lq%o — 030/4

where the g correspond to the hydrocarbon WAXS reflection with the
Miller indices h and k. The lateral area per lipid (Ap) for lipids in the Lg
phase is simply

AL = 2Ac, (2.17)

while for the Lﬁ, phase it is
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Figure 2.8.: In the Lg phase the chains arrange in a hexagonal lattice leading to a sharp
wide angle reflection which can be fitted with a Gaussian (left), while for the Ly phase
the chains arrange in a distorted hexagonal lattice, leading to a split of (2 0) and (1 1) peak
(right). Figure modified from [95].

_ 2Ac

AL = cos (01 (2.18)

where 6; is the average tilt of the hydrocarbon chains. Besides A, also the
correlation length of scattering domains ¢p can be estimated by using the
Scherrer equation from the width of the diffraction peak. The Scherrer
equation is given by [94]

A
¢p =~ M/ (2.19)

where B is the full width half maximum, after subtracting the instrumental
broadening and 6 is the Bragg angle.

31



2. Methods

T-Ty
from DSC

—)

ALLAY
ALY

426
48 16 14 12 10 8 6 -4 2 0 2 4
Trel T-Tm[°C]

Figure 2.9.: WAXS calibration curves of POPE/POPC mixtures for xpopg = 1 (black line) to
0.3 (green line) on absolute (A) and reduced temperature scale (B), including the calculated
linear regression. Figure adapted from [75].

WAXS measurements were conducted to study the coupling mechanism
of POPC/POPE aLUVs in gel-phase. Therefore, it was necessary to deter-
mine A; of symmeteric POPC/POPE (+10 mol% PG) LUVs (Fig. 2.9A).
To note, the same sample compositions were taken as for DSC measure-
ments (xpopr = 0.3 — 1.0), see sec. 2.2.2. The obtained A; were collapsed
by using the reduced temperatures (T — Tys), where Ty was taken from
the DSC calibration curve, eq. 2.2 (Fig. 2.9B). The A} of the symmetric
POPC/POPE samples is given by the calculated linear regression on the
reduced temperature scale (Fig. 2.9B)

AL =k(T—Ty) + AIT%PE, (2.20)

where the slope k = 0.0625 +0.0002 A2/°C and A4, = 43.6 +0.002 A2,
By considering egs. 2.20 and 2.2 it is possible to determine the Ay of any
symmetric POPE/POPC composition. These values were used to compare
with obtained Ay of aLUVs to draw conclusions on the coupling mechanism,
see sec 3.4.5 for details.

2.6. Modeling of SAXS and SANS Data

SAXS and SANS data can be analyzed analogously. In contrast to imag-
ing techniques, real-space information cannot be taken directly from the
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measured data. Due to the loss of phase information, scattering data has
to be reconstructed to obtain real space information. For lipid membranes
this can be either done by a model-free approach [96] or by using special
models [97]. Here, we focus on the latter route as it enables insight into
structural details of lipid membranes.

Low- and high-resolution models were adapted to describe the internal
transbilayer structure of aLUVs. These models were previously applied to
symmetric lipid bilayers and are applicable to jointly analyze SAXS and
SANS data to obtain the highest structural confidence as mentioned above.
The underlying SLD profile is either described in form of slabs or by the
so called scattering density profile (SDP). Structural details, such as the
individual A; and the hydrocarbon thickness (D¢) of the single leafs were
obtained by both approaches. Both models are described below, for further
information see [65].

The intensity of a SAXS and SANS curve I(g) can be approximated for a
sufficiently diluted system and for g > 0.03 by

I(q) ~ |Frs(q)[%, (2.21)

where Frp is the flat bilayer form factor which contains information about
the distribution of matter across the bilayer (for further information see
[98, 99]). Additionally, Brzustowicz and Brunger [100] have shown that for
free floating vesicles with transmembrane asymmetry, a flat bilayer model
leads to a good description of the scattered intensity.

The flat bilayer form factor (Frp) is expressed as the Fourier transform of
the SLDs:

D,
Frsl = [  Ap(z) expligz)dz

— F2 + FZ

cos sin’ (2'22)

where Ap(z) is the net scattering length density, and Feos = [ PI")i Ap cos(qz)dz

and Fyj, = [ PB Ap sin(gz)dz are the real and imaginary parts of Frp. The in-
tegration proceeds over the full bilayer thickness, where D; is the innermost
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distance and D, its outermost distance. To note, for symmetric bilayers the
imaginary part of the Fourier transform (F;;,) is zero as a centrosymmetric
system is getting investigated.

2.6.1. Slab Model

The advantage of the slab model is that it requires less free parameters to
analyze the scattering data compared to the SDP model (see 2.6.2). To fit
SANS data of aLUVs, a 4—slab model is sufficient where the slabs correspond
to the headgroup (including the number of bound water molecules (1))
and hydrocarbon region on the inner and outer leaflet. However, for the
SAXS data analyses an additional slab for the terminal methyl groups on
both leafs needs to be included due to the significant differences in electron
densities between the CH; and methyl (CH3) groups resulting in a 6-slab
model [65]. The bilayer’s SLD profile for the 4-slab model is expressed as

(Pcore z < _(Dic + DIH)

Py — (Dg+Djy) <z < —Dg

p(z) = pg ~Pesz<0 , (2.23)
pe 0 <z < D¢

py D¢ <z < DZ+ Dy

(ps z > D¢+ Dy

where the p’s are SLDs (see Sec 2.5.1) and the D’s denote thicknesses of
the single slabs. The superscripts i and o state outer and inner leaflets,
respectively (see also Fig. 2.10) [31, 65]. As the SLD of the membrane core
matches that of the solvent (pcore = ps), the limits of the integral in Eq. (2.22)
are well-defined, and insertion of Eq. 2.23 into Eq. 2.22 yields an analytical
solution for the |Frp| (see [31, 65] for details).

It is possible to reduce the number of adjustable parameters by enforcing
matter conservation by assuming volume incompressibility and space filling,
which essentially couples the thicknesses of the individual layers to the
projected Ay and lipid molecular volume V;, as schematically illustrated in
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Figure 2.10.: Schematic illustration of the slab model: (A) space-filling representation of an
asymmetric bilayer. Individual bilayer components (lipid-headgroups, chains and water
molecules) are represented by boxes with fixed areas (representing fixed lipid volumes).
The thicknesses in z direction can be different for the inner and outer leaflet, but only with
a corresponding change in the projected area (y-dimension). The number of lipids can be
different for the inner and outer leaflet. (B) the neutron scattering length density (NSLD)
profile across the bilayer is obtained by averaging over the composition of each slab. Figure
adapted form [65].

Fig. 2.10A [101-103]. The hydrocarbon chain length of each leaflet is defined

as ,
0,1
oi_ 'C
D& = o (2.24)
L
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and the total bilayer (Luzzati) thickness [104] as

(2.25)

Volumetric data for the single slabs and for the single molecular fragments of
the asymmetric SDP-model (aSDP) (see Sec. 2.6.2) were taken from Kucerka
et al. [105-107]. Furthermore, temperature-dependent values of Vj; can be
found e.g. in [105, 108, 109].

SAXS data were treated very similarly to SANS, however, an additional slab
on each leaflet had to be added for the terminal methyl groups as explained
above. Further, due to different electron SLDs compared to NSLDs the single
slabs were parsed differently (see [65] for details).

2.6.2. Asymmetric Scattering Density Profile Model (aSDP)

The slab model assumes sharp boundaries between the single slabs, however,
this does not appear to be a realistic view, as individual lipid molecules
fluctuate. The SDP-model considers these fluctuations by parsing the lipid
structure into quasi-molecular fragments with a certain distribution pro-
file [103, 110]. These quasi-molecular fragments were parsed based on
MD-simulations [103].

The SDP model was adapted to describe asymmetric bilayers (aSDP-model),
because of the higher spatial resolution, however, more free parameters are
needed compared to the slab model. The bilayer structure is described by
the SDP model in terms of one-dimensional volume probability distribution
(VPD) of quasi-molecular lipid fragments. The net SLD of the SDP-model is
expressed by

Ap(z) = Z(Pn — ps)Pu(2), (2.26)

where p,, and p; is the SLD of the n" molecular lipid fragment and of the
solvent, while P, (z) indicates the VPD of the molecular fragments [111, 112].
Inspired by [61], each leaflet was parsed as follows: methyl (M), hydrocarbon
(HC), carbonyl + glycerol (CG), and into the residula headgroup (RH) . The
RH-group consists for PC lipids of choline methyl + phosphate + CH,CH,;N
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and for PE-lipids of CH2CH2NH3 + phosphate. The VPDs for the RH, CG
and M groups are modeled as Gaussians.

N2
Ro) = ey (~E52), arn
n=RH,CG, M, (2.28)

where ¢, = V,,/(AL0n) and 0, and z, are the width and position of the
Gaussian, respectively (Fig. 2.11). The HC groups are normally described
by smooth plateau-like functions using error functions [111]. However, we
must also consider different contrasts in the outer and inner HC region.
Therefore two separate smooth bridging functions are required, which leads
to a significant increase in computational efforts. Hence, inspired by [113]
two half period of a squared sine/cosine functions were applied

. (z—zmN; +oMN)
Sin (Wf for ZMNI.—U-MN <:Z<ZMNi+0'MN

Prc(z) = {1 for zyn, + omMN <=z < ZMN, — OMN ’
2
(z—zMN, HoMN)
cos (W% for zyN, — omN <=z < ZMN, + OMN
(2.29)

where zpy;, , is the o.5-probability value for the hydrocarbon region, defining

also the thickness of the inner and outer hydrocarbon layer D’. The bridge
function reaches a volume probability value of one between the squared
sine/cosine functions to ensure spatial conservation, hence the probability
function of the methylene regime is Pyn = Pyc — Pu.

In case the outer and inner bilayer leaflets contain contrasting hydrocarbon
chains, two distinct methyl groups must be modeled. This was accomplished
by displacing each leaflet’s methyl group slightly from the bilayer midplane.
However, we ensured that the combined envelope function is a single
Gaussian, as observed for symmetric bilayers when both amplitudes are
equal (Fig. 2.11) [65].

Following the spatial conservation, the water (solvent) probability function
P can be calculated as

Pz) =1 Y Pul2), (230)
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Figure 2.11.: Schematic illustration of the volume probability distribution for an asymmetric
bilayer. Figure taken from [65].

with n = RH%, CG%, MN®, M° [61, 110].

Structural parameters were calculated by the same approach as for the slab
model (see Eq. 2.24 and 2.25) by fitting the scattering curve with the |Fp|
(see Eq. 2.21 and 2.22).

2.6.3. Joint Refinement of Small Angle X—ray and Neutron
Scattering Data

To fully exploit the advantages of contrast variation, all SAXS and differently
contrasted SANS datasets were fitted together. For the slab model, this was
accomplished by demanding the same values for A7’ and the number of
bound water molecules n}y for all SAXS and differently contrasted SANS
datasets, while for the aSDP model, the VPDs of quasi-molecular fragments
are the common backbone. For the joint analysis the summed square of
the residuals was determined and minimized for all SANS and SAXS
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data sets for a certain aLUV system by using optimization routines. For
the slab and aSDP model different optimization routines were applied.
Because of the small amount of free parameters of the slab model, it was
sufficient to use the trust region reflective algorithm, which is related to the
Levenberg-Marquardt algorithm, however, the step size is restricted in order
to prevent it from overstepping [114]. This algorithm is not applicable to
the aSDP-model, due to the risk that it will get stuck in a local minimum,
because of the large number of adjustable parameters. To overcome this
problem, a random search or stochastic algorithm, like the differential
evolution (DE) algorithm [115-117] is ideal to apply. Therefore, we applied
the DE algorithm, which uses a global search for the best solution. This
is accomplished by starting with an initial population of solutions, which
are subsequently combined and “mutated” to form new solutions that are
accepted or rejected based on their agreement with experimental data [65].
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3. Results and Discussion

This section gives an overview of all obtained results. Further details to
e.g. structural/experimental parameters, and equations are explained in the
original publications, which are attached at the end of this thesis.

The major goal of this work was to determine how the structural properties
of the two leafs are coupled. Scattering techniques (SAXS, SANS, WAXS)
are the ideal tools in this regard, as they allow to determine structural
properties of the single leaflets, such as the A, thickness of the bilayer (Dp)
and thickness of the hydrocarbon region (D).

3.1. Testing Models on Symmetric POPC LUVs

The adapted slab and SDP model (see sec. 2.6) were tested by standalone
SAXS or SANS data and by joint analyses of SAXS and different contrasted
SANS data. Therefore, we prepared four symmetric POPC LUVs samples
with different internal contrasts (POPC, POPC-d13, POPC-d31, and POPC-
d44). For the analysis of these datasets, the parameters of the inner and outer
leafs were constrained to be identical. All samples were doped with 5 mol%
POPG to ensure the formation of unilamellar vesicles and were measured
in the L, (fluid) phase at 20°C (Tp; of POPC: ~ —3.5°C [74]). Figure 3.1
reveals that both models are capable to fit the data, however, the fit quality
determined by x?,, is improved by the aSDP model compared to the slab
model. The determined structural parameters of both models agree within
experimental uncertainties to prior published literature values [105, 118],
see Tab. 3.1. This confirms that both models are suitable to fit symmetric
POPC LUVs with different internal contrast. Additionally, it shows that
lipid deuteration does not reveal changes in structural parameters.

41



3. Results and Discussion

Table 3.1.: Structural parameters of symmetric POPC vesicles determined by the joint
analysis of SAXS and SANS data compared to literature values which were determined
by the SDP model [105] (SDP;) and by an atomistic model [118] (ADP;). Parameter
uncertainties are estimated to be < 2%. Table adapted from [65].

Model A [A7] Dc [A] Dg [A] Xred
Slabjoins  67.5 13.6 36.9 54.2
SDPjpint 66.3 13.8 37.6 34.6
SDP; 62.7 14.6 39.8 -
ADPp 67.0 13.7 37.2 -
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Figure 3.1.: Joint analysis of SAXS (A) and SANS (B) data from symmetric POPC LUVs
with different internal contrasts, (a) POPC; (b) POPC-d13; (c) POPC-31; and (d) POPC-d44,
measured at 20°C. The maximum SANS resolution is indicated by the g54N%-arrow in the
SAXS panel (A). Best fits are represented by blue dashed lines using the asymmetric slab

and red-dashed line for the aSDP-model. Figure adapted from [65].
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3.2. Testing the Models on Isotopic aLUVs

Next, we tested whether the preparation of aLUVs has an influence on struc-
tural parameters. Therefore, isotopic aLUVs composed of POPC-d44%°" /POPC?
and vice versa were prepared for SANS experiments, while for SAXS mea-
surements only one contrast (POPCH" /POPC-d13%) was measured, as the
X-ray cross-section does not differ between hydrogen and deuterium (see
Fig. 2.6). Figure 3.2 shows the best fits of the joint analysis of the slab (blue
dashed line) and aSDP model (red dashed line). Again, we found that both
models are capable to fit the data. The determined structural parameters
agree within experimentental uncertainty with the values of symmetric
POPC (see attached paper), indicating that the preparation of aLUVs does
not influence the structural parameters. Further, the aSDP model has shown
that the Ay of the inner leaf (A?) is slightly smaller compared to the Ay, of
the outer leaflets (A7), which is consistent with an earlier analysis on 20nm
diameter egg-phosphatidylcholine vesicles [119]. This was argued by the
very small vesicle diameter, resulting in a curvature induced packing dif-
ference between the outer and inner layer. However, a recent spectroscopic
study on LUVs has also proposed A} < A¢ [120]. In order to understand
the dependence of lipid packing differences on vesicle size and curvature,
additional studies would be necessary, which is beyond the scope of this
work. Importantly, the presented control experiments demonstrated that the
preparation of aLUVs does not influence the lipid structure.

3.3. aLUVs with Hydrocarbon Chain Asymmetry :
DPPC/POPC

As we prooved by isotopic POPC aLUVs, that the samples preparation
does not influence structural parameters, we were able to study cou-
pling mechanism of chemical aLUVs. We first prepared aLUVs with chain
asymmetry. Therefore, DPPC lipids were exchanged into POPC LUVs
(DPPCH" /POPC*C). The final aLUVs consisted of 34 mole% DPPC on
the outer leaflet and the inner leaf was composed of 98 mole% POPC. Firstly,
aLUVs were measured at 20°C, which means that DPPC by itself would
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Figure 3.2.: Structural parameters for POPC aLUVs measured at 20 °C. (A) SAXS data from
POPC-d13°¢¢ /POPC#" al.UVs, including corresponding fits (dashed lines) and electron
density profiles (right). The maximum SANS resolution in reciprocal space is indicated by
the g5ANS-arrow. (B) SANS data from (a) POPC-d44%" /POPC““® and (b) POPC“°" /POPC-
d44%“ aLUVs, and corresponding fits (dashed lines) and neutron scattering length density
profiles (right). Blue and red colors denote analysis using the slab and SDP models,
respectively. Figure adapted from [65].

be in gel-phase (T = 42°C) and POPC in fluid-phase (Tj; = —3.5°C [74]),
see Fig. 3.3A. The WAXS pattern of DPPC/POPC aLUVs at 20°C (Fig. 3.34,
right) reveals a loss of the chain reflection peaks, indicating that DPPC
loses its chain order when coupling to a fluid POPC bilayer. In addition
to WAXS experiments, SAXS and SANS measurements were conducted
and data were jointly analyzed by the slab model, see Fig. 3.3B. In order to
model the scattering data it was necessary to apply two form factors, which
implies the presence of coexisting domains in the outer leaflet, found also in
symmetric DPPC/POPC mixtures [121]. That is, one form factor accounted
for a gel-like DPPC enriched phase on the outer leaflet and fluid POPC-rich
inner leaflets, while the other form factor described an all fluid symmetric
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POPC enriched bilayer, see Fig. 3.3A. Interestingly, the DPPC-rich phase
was less densely packed (57 A%) compared to a typical DPPC gel-phase
(48 A?) packing, suggesting a partial fluidization due to transbilayer cou-
pling. This result agrees with the disappearance of the sharp WAXS reflects
due to an at least partial fluidization of the DPPC-rich phase. Furthermore,
DPPC" /POPC** SAXS and different contrasts of SANS were measured at
50°C in order to assess whether there is transbilayer coupling when both
lipids are in the fluid-phase, see Fig. 3.3C. A joint data analysis was con-
ducted with both models, which showed that the structural parameter of
DPPC and POPC agree with determined values for DPPC and POPC of the
scrambled samples. This reveals that there is no transbilayer coupling when
both lipids are in fluid phase. Additionally, by calculating the molecular
average of the outer and inner leaflet, revealing that A? > A? (Fig. 3.3). This
result is expected as POPC has a larger A; compared to DPPC [105].

3.4. aLUVs with Headgroup Asymmetry: Lipid
Sidedness of POPE/POPC

Next, we focused on aLUVs with headgroup asymmetry and on the ‘lipid-
sidedness’ of transmembrane coupling in aLUVs. Therefore, we prepared
aLUVs composed of POPC and POPE with either POPE®" /POPC*, or
POPC" /POPE*“. For both systems a donor to acceptor ratio (D/A) of
3:1 and 2:1 was prepared. In general, the amount of donor lipids of D/A
3:1 was higher compared to 2:1 systems, however, more donor lipids were
placed on the inner leaf for a D/A 3:1 system. Hence, we defined the degree
of asymmetry (¥,,), which is expressed as ¥, = x5 — x , where /"""
represents the donor mole fraction on the inner and outer leaf, respectively.
Interestingly, ) ,s was very similar for both systems, see Tab. 3.2.

In order to determine the coupling mechanism of these two systems, a series
of experiments were conducted including SAXS, SANS, WAXS, DSC and
cryo-TEM [75].
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Figure 3.3.: (A) Modeling of DPPC/POPC aLUVs required the use of two asymmetric
form factors (left). WAXS pattern of DPPC LUVs (red line) including DPPC/POPC aLUVs
measured at 20°C (right). Determination of the lipid structure of DPPC/POPC aLUVs
below (B) and above (C) the melting temperature of DPPC via a joint analysis of SAXS and
SANS data using headgroup and hydrocarbon deuterated lipid variants. Figure adapted
from [16].
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3.4. aLUVs with Headgroup Asymmetry: Lipid Sidedness of POPE/POPC

Table 3.2.: Mole fraction of donor lipids (see secs. 2.2.2 and 2.3.1) on the inner Xfi on and

outer leaf X?i on of POPCH?" /POPE*¢ and POPE?" /POPC*¢ alL.UVs, including the degree
of asymmetry [75].

Component Xion Xion s
POPC" /POPE™¢ *  0.06 0.54 0.48
POPC®" /POPE™¢ ¥ 0.11 0.64 0.53
POPE“" /POPC?c T .00 0.60 0.60
POPE“" /POPC™ ¥ 0.19 0.76 0.57
D/A = 2:1.
"D/A = 31

3.4.1. Stability of aLUVs

Due to the different melting transitions of POPE and POPC the life-time of
the samples asymmetry was determined. Especially lipids within the main
phase transition exhibit an enhanced lipid flip-flop rate [39]. For that reason,
consecutive DSC scans were investigated, as this technique is very sensitive
to the vesicles composition. Only minor differences were detected between
the single scans, which indicates that the asymmetry is maintained within
the experimental time frame. In addition, 'H-NMR flip-flop studies were
conducted for both samples in the course of five days. This study revealed
that the changes of the degree of asymmetry are minor, proving evidence
that the samples are stable before and during experiments (see attached
manuscript).

3.4.2. Vesicles Size and Morphology

Temperature dependent DLS measurements were conducted from 5 — 35°C,
and showed a linear increase of vesicle size with temperature, see Fig. 3.4A.
In contrast, DLS measurements of POPE LUVs (black line) revealed a signifi-
cant increase of surface area at the phase transition temperature (T3; ~22°C).
In order to gain deeper insight we determined the area expansion coefficient
(al) by assuming ideal spherical vesicles: a, =1/A-9A/9dT, where A is the
vesicle’s surface area (see dashed lines in Fig. 3.4A). For the gel phase aJ, is
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3. Results and Discussion

approximately two times smaller compared to the fluid phase. Interestingly,
i of the aLUVs agrees with the fluid phase, suggesting an overall fluid
behavior of aLUVs.

Additionally, DLS measurements showed that the vesicle diameter of aLUVs
increases by ~ 10% compared to the initial acceptor LUVs, which could
be e.g. due to vesicles morphology. Hence, cryo-TEM measurements were
conducted. Figure 3.4 displays acquired images of both asymmetric samples,
which show spheres in gel-phase (4°C) and in fluid phase (35°C). The occu-
rance of spherical vesicles below the Ty, is unusual. Typically, symmetric
LUVs in the gel-phase reveal faceted vesicles as displayed in Fig. 3.5A, which
was also shown previously on GUVs, see e.g. [122]. To determine the influ-
ence from the osmotic imbalance of NaCl in the aLUVs core, we fabricated
POPE LUVs, which contained 25 mM NaCl solution in the vesicles” core
(see sec. 2.1 for details) and water on the outside. Cryo-TEM images have
suggested that the small osmotic imbalance (resulting to a small pressure
difference of AP ~ 0.01 bar [123]) is sufficient to achieve spherical vesicles.
This could be explained through defects in gel-phase having increased flex-
ibility. To note, AP is too small to induce any detectable structural leaflet
change as shown by our experiments on isotopically asymmetric POPC
vesicles (see sec. 3.2).

3.4.3. Structural Details Obtained by WAXS

The lateral Ay of gel phase lipids of both systems was determined via WAXS
by the position of the wide angle reflection, see eq. 2.15, 2.17. Figure 3.6A
shows that the wide angle reflex of aLUVs (red) is much broader compared
to the scrambled sample (blue), revealing a smaller correlation length of
scattering domains {p (eq. 2.19), which suggests a smaller gel phase domain
size for aLUVs compared to symmetric LUVs (see inset). Further, the WAXS
reflect of POPE?" /POPC*C reveals a coexistence between an L,- and an
Lﬁ-phase, while POPC?" /POPE*¢ showed an L/; contribution only, see
Fig. 3.6B.
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Figure 3.4.: (A) Vesicle diameter (symbols) as a function of temperature and correspond-
ing ocl;L (dashed lines) for POPE#" /POPC?¢ aLUVs (red) and POPE LUVs (black) ob-
tained from DLS. Dashed-dotted gray line displays determined a’; from scattering ex-
periments [106]. (B) shows cryo-TEM images of POPE%" /POPC" (upper panel) and
POPC" /JPOPE* (lower panel) acquired at 4°C (left) and 35°C(right). Figure taken
from [75].
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Figure 3.5.: Cryo-TEM images of POPE in gel phase (4°C) (A), containing 25 mM NaCl
solution in the core (B) and in fluid phase (35°C). Figure taken from [75]

3.4.4. Melting Behavior and Gel-Leaflet Structure of aLUVs

Next, we wanted to gain insight into whether the leaflets melt separately or
together in aLUVs and how the structural parameters of aLUVs compare
with symmetric LUVs to draw conclusions on coupling mechanisms. There-
fore, DSC and WAXS measurements were conducted on POPC%" /POPE#¢¢
and POPE“’" /POPC"* al.UVs, see Fig. 3.8. Interestingly, only a broad single
melting transition was detected when POPE was the major component of
the inner leaf (POPCY" /POPE®¢), Fig. 3.8A. To note, DSC cooling scans
of scrambled LUVs (gray dashed lines) (Fig. 3.8) were taken to determine
the exchange efficiency, see sec. 2.2.2 for details. Further, WAXS data re-
vealed that these aLUVs pack tighter compared to the theoretical packing
density of the outer leaflet and looser than symmetric bilayers of the inner
membrane composition, see Fig. 3.8A. Resultant, the average A; reveals
to be a compromise between the properties of the single monolayers. To-
gether, these results reveal transbilayer coupling, see sec. 1.4. Further, the
¢p is lower in aLUVs indicating less expressed lateral positional correla-
tions between the hydrocarbons in contrast to their symmetric systems
(smaller gel-domains (see above)), which leads most likely to an increase
of defect-zones between the gel-domains and the surrounding fluid lipid
environment. In contrast to that, aLUVs with POPE placed mainly on the
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Figure 3.6.: Comparision of WAXS data of aLUVs (red) and scrambled LUVs (blue),
including the fitted Gaussians. The inset shows that the average {p of aLUVs (red) is
smaller compared to scrambled LUVs (blue). (B) WAXS data of POPC" /JPOPE** (red)
revealing an Ly phase only, while POPE“" /POPC™* (green) displays a coexistence between
an Lg and L, phase. Figure adapted from [75].
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3. Results and Discussion

outer leaflet (POPE" /POPC“*‘) shows two separate consecutive melting
transitions, see Fig. 3.8B. In addition, WAXS measurements display compa-
rable gel packing as determined for a symmetric system with the identical
outer leaflets composition. It has to be noted, that the inner leaf is expected
to be in fluid-phase as it consists of POPC, which does not contribute to the
sharp Lg WAXS reflect. This is affirmed by the detected overlap of a sharp
Lg and a broad L, peak, see Fig. 3.6. These findings show strong intraleaflet
coupling when POPE is located on the outer monolayer, see sec. 1.4.

Additionally, it has to be considered that there is an extended range of
temperatures in POPE“" /POPC* aL.UVs, where a fluid inner monolayer
coexists with an outer gel leaflet (Fig. 3.8B, right). One would expect that
the different lateral expansions of gel and fluid phases lead to a significant
strain within the vesicle which may result in aLUV invagination, budding or
even rupture. A gel-fluid area expansion of 16% is estimated to occur across
the melting transition of the outer leaf, while the fluid inner membrane
would increase by only 5% in the same temperature interval (estimated
from measured WAXS data and literature [105, 106]). However, cryo-TEM
images yielded no evidence for morphological changes of vesicles within
the phase transition regime (see Fig. 3.7), which is consistent with the high
stability of aLUVs (see sec. 3.4.1). This suggests, that the melting of the gel
domains occurs more or less continuously at the boundaries of the defects.
Indeed, consistent with this notion Cp, unlike POPE“" / POPC*, never
reached the baseline in our corresponding DSC experiments (Fig. 3.8). In
addition, WAXS data showed a coexistence between the fluid phase and
the gel phase (Fig. 3.6B). While this probably originates mainly from the
fluid inner leaf, as discussed above, we cannot exclude contributions from a
partially fluid outer leaflet. For this system ¢p is lowered as well, indicating
smaller gel domains and therefore more defect zones. Since melting occurs
at the boundary between gel and fluid regions and because of the high
lateral expansivities in the melting regime (Fig. 3.4A), these defect zones
are expected to account for the lateral space which will be needed when
lipids undergo the gel to fluid phase transition. This would also explain the
overall fluid melting behavior of the aLUVs and their stability across the
melting transition (Fig. 3.4A).
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35°C

Figure 3.7.: Cryo-TEM images of POPE“°" /POPC“® al.UVs in gel-phase (4°C), within the
phase transition (18°C) and in fluid phase (35°C). Figure taken from [75].

coupled

A DSC WAXS r‘\

®

POPC
| Jano
>

Cp [kd/mol°C]
IS

POPE
Jauul
s

g PC fluid

POPE
Jano

Cp [kJ/mol°C]
2 o

13uul

o & N
! 5 gg PE enriched gel

~

POPC

o

decoupled
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3. Results and Discussion

3.4.5. Leaflet Structure in Fluid Phase

Furthermore, both systems were investigated at 35°C, where both lipids
are in fluid-phase, by a joint analysis of differently contrasted SANS and
SAXS data by the aSDP model, see sec. 2.6. The determined structural
parameter agree well for both systems with values calculated from the
molecular average of reported values in literature for pure POPC, POPE
and POPG [105, 106, 124], see Tab. 3.3. Therefore, no coupling was detected,
which agrees with DPPC/POPC aLUVs in fluid-phase (see sec. 3.3). How-
ever, it has to be noted that the uncertainty of the applied SANS/SAXS
analysis is significantly higher compared to that performed with WAXS
data in the gel phase (<3% to <0.1%). Hence, subtle changes in structural
parameters might be hidden within the uncertainty.

Table 3.3.: Leaflet specific lipid areas (AiL”/ outy of fluid aLUVs determined by the joint
analysis of SANS and SAXS data, including calculated values in parenthesis [105, 106, 124].
Experimental uncertainties are within 3% [75].

AT [A’] A [A7]
POPC%" /POPE™‘ 59.7 (59.3) 64.7 (63.0)
POPE“" /POPC™  64.7 (64.9) 59.9 (60.7)

3.4.6. Curvature Induced Coupling Mechansim

At this point, the question arises why the gel-phase coupling of the two sys-
tems differs significantly: As schematically illustrated in Fig. 3.8(left), POPE
has a negative intrinsic curvature Jy [125], which would energetically favor
to locate on the inner leaflet of lipid vesicles. However, [y of POPE decreases
nearly twice as fast with temperature compared to POPC [125]. In general,
the intrinsic curvature strain stored within the aLUVs should increase also
with temperature which would lead to a transmembrane coupling in the
fluid-phase. Hence, we would expect to have a strong transbilayer cou-
pling in the fluid-phase. However, both systems (POPC%" /POPE* and
POPE®" /POPC“*‘) do not show (within experimental uncertainty) trans-
membrane coupling in the fluid-phase.
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Consequently, we considered specific features of the hydrocarbon chain
structure. POPE consists of one monounsaturated chain, which means that
its oleoyl chain will stay kinked even within the gel-phase and requires
laterally more space than all-trans palmitic chains [126—128]. Thus, POPE
can be expected to reveal even in the gel-phase a significant negative J.
In addition, lipids in the gel-phase experience decreased motional entropy,
which means that intrinsic curvature strain can be less easily compensated
by hydrocarbon chain dynamics. This might explain the abolishment of
transmembrane coupling in the fluid-phase. Further, in contrast to PC, PE
has a primary amine which makes it capable to form hydrogen bonds [129,
130], however, compositional differences of POPE concentration in the inner
leaf of POPC“" /POPE"* and of the outer leaflet of POPE#" /POPC"* are
small, which suggests that this contribution is most likely insignificant.
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4. Conclusion

We have adapted the CD-mediated protocol to prepare stress-free, free
floating aLUVs and have developed assays to accurately determine the com-
position of the single leaflets in order to have an improved model system
to better represent the asymmetry found in most biological membranes.
The advantage arising from the adapted protocol is the applicability for a
wide variety of biophysical experiments. We were especially interested in
studying the transmembrane coupling. Thus, a low resolution slab model
and a high resolution SDP model were designed for the joint analysis of
SAXS and differently contrasted SANS data of aLUVs. For the application of
the aSDP model a large amount of free parameters is needed. Hence, some
parameters have to be constrained to avoid nonphysical results. Due to the
high amount of adjustable parameters a differential evolution algorithm
was applied to avoid getting trapped in a local minimum. In contrast, the
slab model has less free parameters, which means that the use of the trust
region reflective algorithm was sufficient. However, the computational effort
of the aSDP model are justified as the determined fit quality by the x?2,, is
improved. Both models were tested on symmetric POPC LUVs and isotopic
asymmetric POPC aLUVs. Furthermore, the analysis of the isotopic POPC
aLUVs has revealed that the sample preparation does not have an influence
on the structural parameters such as area per lipid (A1) and bilayer thickness
(Dg). Interestingly, POPC aLUVs suggest also A} < A%, which is consistent
with prior studies [120] and with the presence of residual curvature strain
in ~120nm aLUVs. Next, the transmembrane coupling was studied on
chemical asymmetric DPPC#" /POPC?* and on POPCA0"(ecc) /pQPE#cc(don)
samples. In fluid phase no transmembrane coupling mechanism was de-
termined by jointly analyzing SAXS and differently contrasted SANS data
for all samples. This also agrees with earlier aLUVs studies where SM is
enriched on the outer leaf [22, 24], while in gel phase coupling was detected.

57



4. Conclusion

For DPPC#" /POPC“*® systems we have found a notable reduction of gel
phase packing density on the outer leaf, while the inner fluid phase was
not affected. For POPC#" /POPE®* strong transmembrane coupling was
determined by WAXS and DSC, which however switched to intraleaflet
coupling by reversing donor and acceptor lipids (POPE%" /POPC"*). These
findings suggest the energetically preferable location of POPE on the in-
ner monolayer, due to its negative curvature. Additionally, by comparing
DPPC?" /POPC** to POPE®" /POPC”* it was seen that in the latter system
the inner fluid POPC leaflet did not influence the packing density of the
outer gel domains.
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5. QOutlook

This thesis contains results which were obtained over the last three years.
However, this period of time was just sufficient to develop the tools which
will help to pave the way for controlled studies of more complex asymmetric
bilayer structures to determine how lipid asymmetry influences the trans-
bilayer coupling mechanism. Finally, studies on more complex aLUVs and
also the addition of proteins will help to better understand physiological
processes. This includes for example raft-formation and transmembrane
signaling, and might support the design of novel drugs which will interfere
especially with the function of the membrane [4]. Here, I will give some
suggestions and ideas for prospective research in this field.

In this work, we demonstrated the development of a “scattering friendly”
protocol to prepare aLUVs and assess precisely the degree of asymmetry,
which can be used for a wide variety of biophysical experiments. This pro-
cedure is ideal to study transbilayer and intraleaflet coupling mechanisms
as shown for DPPC/POPC and POPE/POPC systems. A next step would
be to include different amounts of cholesterol to investigate in which leaflet
it is located predominately and to obtain information about coupling mech-
anisms, see sec. 2.1. Therefore, the preparation needs to be redesigned to
use a MaCD [29] instead of MBCD as it is not capable to remove cholesterol
from the acceptor vesicles. The dominant position of cholesterol in a bilayer
as well as the transbilayer coupling mechanisms could be studied with
SANS by preparing samples with a variety of internal contrasts (e.g. deuter-
ated cholesterol or lipids) and external contrasts (variation of HyO/D,O in
the solvent), see sec. 2.5.1. It is still a matter of debate whether cholesterol
is located predominately in the outer or inner leaf [11]. On the one hand
cholesterol has a negative intrinsic curvature and therefore would prefer
to be placed on the inner leaf. On the other hand cholesterol preferentially
interacts with saturated- or sphingolipis, as the interaction of cholesterol
with lipids is given to a large extend by interaction between the planar
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5. Outlook

steroid ring of cholesterol with the lipids” acyl chains [131]. Hence, fully
saturated lipids or sphingolipids can interact over the full length of the
steroid ring [131]. Thus, I would expect that the predominant position of
cholesterol depends significantly on the lipid composition of the investi-
gated model systems. In order to obtain information about the coupling
mechanism, it is necessary to determine some parameters with control ex-
periments, as there will be a large amount of free parameters. For example,
the distribution of PC/SM-lipids can be accurately determined via proton
NMR (sec. 2.3.1). Additional GC or UPLC-MS measurements to 'H-NMR
studies determine the composition of the single leaflets (sec. 2.2.1). This
information can be used on the one hand for SANS data analyses and on
the other hand to find the HyO/D,O ratio to contrast match the single
leaflets. To note, it is only possible to design a contrast matched sample,
when the exact composition of the single leafs is known. First, it would
be interesting to design aLUVs with an outer leaflet consisting of a lipid
mixture, which shows a liquid-ordered / liquid-disordered phase separa-
tion in symmetric systems (e.g. DSPC/DOPC/chol) [48] and the inner leaf
should be composed of lipids which do not phase separate in symmetric
bilayers (e.g. POPE/chol). These samples would mix homogeneously in each
leaflet at high temperatures and would probably phase separate at lower
temperatures due to the properties of DSPC/DOPC/chol mixtures [132] as
shown for supported bilayers [54]. At first the sample has to be heated for
SANS measurements to obtain homogeneously mixed leaflets to contrast
match the inner and outer leaflets separately by calculated H,O/D,O ratios,
which will lead to structural parameters of the single leafs and additionally
would be a control experiment whether the correct HyO/D,O ratio was
taken. It should be possible to fit the scattering curve with a single form
factor. When the samples are cooled, the SANS curve provides information
about the formation of domains. In order to fit these datasets separate form
factors describing the single domains would be necessary. In a next step,
the internal contrast of the two leaflets can be adjusted to match with the
H,O/D;,0 aqueous environment by using fully or partly deuterated lipids
and cholesterol. No signal should be obtained at high temperatures when
both leafs mix homogeneously, as shown for symmetric systems [133]. Cool-
ing of the sample will lead to phase separation, which would be detected in
the SANS signal. In addition to SANS experiments, steady-state fluorescence
anisotropy measurments [22, 23] could be conducted, to gain information

60



whether the single leafs are in a more ordered or disordered state. All
these datasets will path the way to draw conclusions about the coupling
mechanisms. Furthermore, the lifetime of these asymmetric samples has
to be determined by proton NMR (secs. 1.3.1, 2.3.1), which allows to study
lipid flip-flop rates for PC/SM-lipids. So far lipid translocation rates were
investigated by our protocol for DPPC [39], POPC (to be published) and
POPE/POPC aLUVs [75]. Lipid flip-flop rates of samples with incorpo-
rated cholesterol were determined, see e.g. [42, 134]. However, whether
cholesterol accelerates or reduces the translocation rates is still a matter of
dispute. A study on SSBs has shown that cholesterol shortens the life-time
of asymmetric bilayers [134]. In contrast, e.g. SANS studies on vesicles have
revealed that lipid translocation rates were significantly hampered in the
presence of cholesterol, suggesting that lipids can barely translocate in rigid
membranes [42]. As explained above (sec. 1.3.1), SSBs show accelerated flip-
flop rates, due to incomplete surface coverage leading to submicron-sized
defects, in comparison to “our” stress-free isotopic aLUVs [39]. Therefore, 1
would expect to obtain more accurate flip-flop values by using our approach
to prepare and quantify the leaflet composition of aLUVs.

Regarding the curvature induced packing density (see sec. 3.2) of the inner
and outer leaflet, the aSDP model is capable to determine the packing den-
sity of the single leafs, which would be interesting to study in dependence of
vesicle sizes of isotopic aLUVs, via SANS and SAXS. As curvature decreases
with increasing vesicle size, I would expect that the differences in packing
density of lipids in the outer and inner leaflet are smaller for bigger vesicles.
For this approach a very monodisperse sample, which is achievable e.g.
by size exclusion chromatography [135] of the acceptor vesicles, would be
helpful. The vesicle size can be easily varied by taking polycarbonate filters
with different pore sizes for acceptor extrusion.

A similar approach can be used for POPE/POPC aLUVs, which have re-
vealed strong transbilayer coupling when POPE was predominantly placed
mainly on the inner leaf, while intraleaflet coupling dominated for POPE
located on the outer leaf. This behavior was explained with a curvature
induced coupling mechanism. Therefore, by increasing the vesicle size it
would be expected that both samples (POPE placed on the inner or outer
leaf) behave similar. This can be investigated by conducting DSC and WAXS
experiments (sec. 3.4.4).

Additionally, we have seen that the uncertainty of the structural parameters
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determined by SAXS/SANS is significantly higher compared to WAXS
(<3% to <0.1%). For receiving more accurate information about coupling in
the fluid phase, it would be instructive to develop a procedure to determine
structural parameters from the broad fluid WAXS signal. In a first step,
this problem could be addressed by conducting temperature dependent
WAXS measurements on well studied lipid systems, where the structural
parameters are well known, in order to determine a calibration curve.

So far, we have developed assays to determine the degree of asymmetry for
PC/SM lipids. For example, it has been shown that zeta potential measure-
ments are ideal to determine the exchange efficiency of charged lipids [136].
London and co-workers have used high performance thin layer chromatog-
raphy (HPTLC), combined with steady-state fluorescence anisotropy mea-
surements to estimate the composition of the single leaflets [22]. However, a
further development of assays which are sensitive to different lipid head-
groups (e.g. PE,PI) would be highly desired in order to accurately determine
the leaflet composition.
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ABSTRACT: Cell membranes possess a complex three-dimensional architecture,
including nonrandom lipid lateral organization within the plane of a bilayer leaflet,
and compositional asymmetry between the two leaflets. As a result, delineating the
membrane structure—function relationship has been a highly challenging task. Even
in simplified model systems, the interactions between bilayer leaflets are poorly
understood, due in part to the difficulty of preparing asymmetric model membranes
that are free from the effects of residual organic solvent or osmotic stress. To address
these problems, we have modified a technique for preparing asymmetric large e
unilamellar vesicles (aLUVs) via cyclodextrin-mediated lipid exchange in order to
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produce tensionless, solvent-free aLUVs suitable for a range of biophysical studies.

Leaflet composition and structure were characterized using isotopic labeling strategies, which allowed us to avoid the use of bulky
labels. NMR and gas chromatography provided precise quantification of the extent of lipid exchange and bilayer asymmetry,
while small-angle neutron scattering (SANS) was used to resolve bilayer structural features with subnanometer resolution.
Isotopically asymmetric POPC vesicles were found to have the same bilayer thickness and area per lipid as symmetric POPC
vesicles, demonstrating that the modified exchange protocol preserves native bilayer structure. Partial exchange of DPPC into the
outer leaflet of POPC vesicles produced chemically asymmetric vesicles with a gel/fluid phase-separated outer leaflet and a
uniform, POPC-rich inner leaflet. SANS was able to separately resolve the thicknesses and areas per lipid of coexisting domains,
revealing reduced lipid packing density of the outer leaflet DPPC-rich phase compared to typical gel phases. Our finding that a
disordered inner leaflet can partially fluidize ordered outer leaflet domains indicates some degree of interleaflet coupling, and
invites speculation on a role for bilayer asymmetry in modulating membrane lateral organization.

Bl INTRODUCTION

Cells have evolved to produce a great diversity of lipids,
providing cellular membranes with remarkable functionality.
Within the plasma membrane (PM) alone, hundreds of distinct
lipid species serve both as a barrier to the external environment,
as well as a solvent for the membrane’s protein machinery. It is
increasingly clear that the three-dimensional spatial organ-
ization of these lipid molecules can have profound effects on
protein function.'

Synthetic liposomes (vesicles) have proven to be highly
successful model systems for elucidating membrane properties
that are otherwise difficult to study in vivo. In part, their utility

v ACS Publications © 2016 American Chemical Society
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stems from the fact that model membranes, compared to their
natural counterparts, are chemically simpler and well-defined,
and thereby enable stringent experimental control and detailed
theoretical calculations at the molecular level. Nevertheless, the
use of model systems requires a careful balancing act, where
experimental tractability is weighed against biological relevance.
The inherent tension between these conflicting goals is

exemplified by transbilayer compositional asymmetry. While
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Figure 1. (a) Illustration of aLUV preparation: (1) methyl-f-cyclodextrin (mfCD) is loaded with lipid from donor MLVs entrapped with sucrose;
(2) mpCD catalyzes lipid exchange between donor MLVs and acceptor LUVs; (3) large, heavy donor MLVs are removed by centrifugation; (4)
mpiCD is removed with a centrifugal concentrator, and the aLUV sample is recovered from the retentate. (b) GC is used to quantify the overall

composition of the aLUVs following derivatization of acyl chains to

fatty acid methyl esters (FAMEs), and 'H NMR is used to quantify lipid

asymmetry in a lanthanide shift experiment. For a detailed description of the preparation and assays, see the Supporting Information.

the existence of asymmetry in natural cell membranes has been
known since the early 1970s,* the vast majority of model
membrane studies still employ symmetric vesicles, despite
concerns about their ability to capture crucial aspects of lipid—
lipid and lipid—protein interactions present in vivo.”> Progress
toward more realistic models of cell membranes has been
hindered by the lack of a robust method for preparing
asymmetric vesicles, including tools for precisely quantifying
their composition and degree of asymmetry. Consequently,
experimental data from asymmetric bilayers are scarce, and the
effects of asymmetry on membrane structure and physical
properties remain poorly understood.

Recent years have seen renewed effort toward the production
of asymmetric membranes in a wide range of sample
geometries, including supported®™® and unsupported’ planar
bilayers, and freely floating vesicles of various sizes.'"’~"> Of
special utility are large unilamellar vesicles (LUVs) with
diameters on the order of 100 nm. Because they are amenable
to study by diverse nanoanalytical techniques, LUVs have
become workhorse model systems for protein—membrane
interaction studies, and structural characterization using small-
angle scattering, fluorescence and NMR. While protocols for
asymmetric LUV (aLUV) preparation have been developed,
they suffer from drawbacks that can compromise the membrane
environment or hinder structural characterization. For example,
inverted emulsion techniques'®'""® can provide excellent
control of leaflet composition and achieve nearly complete
asymmetry, but can trap organic solvents in the bilayer. aLUVs
produced by catalyzed lipid exchange'’ are solvent-free, but
have relied on a dense sucrose vesicle core for LUV
purification. Entrapped sucrose presents an additional and
potentially undesirable source of structural perturbation arising
from sucrose-lipid interactions ' and/or membrane tension
from the resulting osmotic gradient."”

Here, we present a novel experimental strategy for
determining asymmetric bilayer composition and structure
based on differential isotopic labeling of aLUVs. A key aspect of
our approach is the use of sucrose-free LUVs to minimize
structural perturbations from membrane tension, which
required modification of existing protocols for aLUV
preparation. We have therefore organized the paper as follows.

First, we describe a modification of catalyzed lipid exchange
that eliminates osmotic gradients, enabling the production of
large amounts of solvent- and stress-free aLUVs with a well-
defined size distribution. We use isotopic labeling to avoid
fluorescent or spin-labeled lipids that can potentially perturb
bilayer structure. Differentially deuterated donor and acceptor
lipids enable the use of NMR and gas chromatography to
precisely quantify the compositions of both leaflets following
lipid exchange, while small-angle neutron scattering (SANS) is
used to determine the bilayer structure with subnanometer
resolution.

Next, in order to identify any structural perturbations caused
by experimental conditions, we characterized aLUVs with
different isotopic variants of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) in the inner and outer leaflets.
Within measurement uncertainty, these aLUVs were identical
to symmetric POPC LUVs with respect to bilayer thickness and
area per lipid.

Finally, we undertook a detailed structural characterization of
aLUVs having a mixture of POPC and 1,2-dipalmitoyl-sn-
glycero-3-phosphatidylcholine (DPPC) in the outer leaflet, and
POPC in the inner leaflet. SANS analysis revealed both outer
leaflet phase separation and interleaflet coupling, with the latter
manifested as reduced lipid packing density in the outer leaflet
ordered phase. We discuss the implications of this finding for
lateral organization in cellular membranes.

B EXPERIMENTAL SECTION

Preparation of Asymmetric LUVs. Solvent-free exchange
protocols achieve an asymmetric lipid distribution through cyclo-
dextrin (CD)-mediated lipid exchange between donor and acceptor
vesicles."*™"* The acceptor vesicles thus provide lipids for the aLUV
inner leaflet, while the donor vesicles provide different lipids for the
outer leaflet through catalyzed exchange. This process requires
coincubation and eventual separation of donors and acceptors, most
easily accomplished by taking advantage of density or size differences
between the two vesicle populations.'”"* Established protocols make
use of density differences by trapping a concentrated sucrose solution
in the acceptor LUV core, allowing aLUVs to be purified from larger,
lower-density donor multilamellar vesicles (MLVs) and residual CD
by ultracentrifugation."* Our modified protocol reversed this scheme,
instead trapping sucrose between the donor lamellae (Figure 1 and
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Figure 2. Characterization of aLUV composition. (a) Upper: "H NMR spectra reveal the outer leaflet (yellow) and inner leaflet (red) population of
protiated headgroup lipid, after external addition of the shift reagent Pr’*. The black curve is the sum of fitted peaks including trace glycerol and
residual mpCD (purple). Lower: the composition of three aLUV samples determined by joint GC, "H NMR, and SANS analysis (see also Tables
$2—84 and Figures $4—S6). (b) The stability of POPC aLUVs is demonstrated by the inner/outer distribution of POPC donor exchanged into
POPC-dH acceptor vesicles, shown immediately following aLUV preparation (0 h, 22 °C) and after 24 h of incubation at room temperature (24 h,
22 °C). A gradual loss of asymmetry is observed over 4 days of incubation at S0 °C.

Supporting Information Figure S2). This important change both
eliminated sucrose from the aLUV core, and enhanced the difference
in sedimentation velocities between donor and acceptor vesicles, due
to the larger size and density of the sucrose-loaded donor MLVs. As a
result, low-speed centrifugation (20000g) was sufficient to achieve
>95% purification of aLUVs by mass. Subsequent dilution/
concentration cycles with centrifugal ultrafiltration devices (100 kDa
molecular weight cutoff, 5000g) allowed for the efficient removal of
residual sucrose and CD, as well as the ability to exchange H,O with
D,0 for small-angle neutron scattering (SANS) and 'H NMR
experiments. Importantly, the modified protocol yielded large amounts
of aLUVs suitable for sample-intensive techniques. Details of the
protocol and assessment of sample purity are found in the Supporting
Information.

Characterization of aLUV Composition and Structure.
Asymmetric LUVs prepared by the new protocol were characterized
for donor exchange efficiency, degree of asymmetry and nanostructure
using assays designed to avoid large labels that can potentially affect
membrane properties. In particular, we exploited the chemical
similarity of hydrogen and deuterium, and the ability of gas
chromatography (GC), NMR spectroscopy, and SANS to distinguish
between protiated lipids and their deuterated counterparts.

The composition of the asymmetric vesicles’ two leaflets was
determined by combining two assays, each of which relies on
isotopically labeled lipids. First, donor exchange efficiency was
evaluated for aLUVs having differentially chain-labeled donor and
acceptor. Exchange efficiency is directly given by the ratio of labeled to
unlabeled lipids, and was readily quantified because the sn-1 fatty acid
methyl ester (FAME) derivatives (ie., methyl palmitate and methyl
palmitate-ds;) were fully resolved by capillary gas chromatography
(Figure S3). Second, the degree of asymmetry—i.e., the distribution of
lipids between the two leaflets—was evaluated for aLUVs having
differentially head-labeled donor and acceptor (ie., choline vs choline-
d,3). The choline distribution was determined using solution "H NMR,
which detects choline but not choline-d, 3, by quantifying the shift of
the outer leaflet choline methyl resonances in the presence of
externally added paramagnetic lanthanide ion Pr** (Figures $4—86)."
Pr** does not permeate into the LUV core on the time scale of days,
and the interaction is therefore specific for outer leaflet headgroups.'’
Because bilayer defects at the boundaries between gel and fluid
domains may facilitate passive ion transport,”® we also verified that
phase-separated vesicles were impermeable to Pr*" during the time
required to measure the NMR spectrum (Supporting Information
Figure S8).

We used SANS to characterize bilayer structure on the
subnanometer length scale. The unique scattering signatures of
deuterium and hydrogen generate strong interleaflet contrast for
isotopically asymmetric bilayers. Differential donor/acceptor labeling
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schemes allowed us to independently determine both inner and outer
leaflet structural properties, including thickness, headgroup water
content, and lateral area per lipid, which is related to lipid packing
density (Figures 3 and S9).

SANS data were analyzed using a four-slab bilayer model for the
neutron scattering length density (NSLD) profile. The model was
constrained with the compositional information obtained from GC
and NMR experiments, and lipid headgroup and acyl chain volumes
obtained from literature.”"”* The addition of independent composi-
tion and volume constraints allowed us to reduce the number of fitting
parameters. Full details of the model and data analysis are found in the
Supporting Information.

B RESULTS

Isotopically Asymmetric POPC aLUVs. Because aLUV
preparation involves subjecting lipid vesicles to cyclodextrin
and centrifugal filtration, it is important to assess structural
changes caused by experimental conditions. To this end, we
prepared aLUVs composed of POPC and its chain (-dC),
headgroup (-dH), and fully labeled (-dHC) isotopic variants
(Figure S1), and compared them to symmetric POPC LUVs
prepared by conventional techniques.

We first examined a combination of labeled donor and
acceptor lipids (POPC and POPC-dHC) that is amenable to
both GC and "H NMR analysis. This allowed us to characterize
the asymmetric vesicles” inner and outer leaflet composition
(details are found in the Supporting Information). Isotopically
asymmetric POPC aLUVs prepared from an initial 2:1 donor/
acceptor molar ratio exhibited ~75% exchange efficiency and a
high degree of asymmetry (Figure 2a and Tables S2—S3).
Scrambled LUVs prepared with lipid extracted from aLUVs
were found to have a symmetric transbilayer choline
distribution (Supporting Information Figure S7).

To assess the stability of lipid asymmetry, we exchanged
POPC donor into POPC-dH acceptor vesicles, and monitored
POPC asymmetry with 'H NMR. No appreciable flip-flop was
observed over 24 h (Figure 2b), consistent with previous
reports for POPC (t,,, > 1000 h at 37 °C).>* After heating the
sample to 50 °C, a gradual loss of asymmetry was observed over
the course of 4 days.

Comparing different POPC aLUVs (Figure 2), small
differences in exchange efficiency were observed. Because the
amount of exchange depends on several factors including the
ratio of donor to acceptor lipid, and the temperature and
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duration of the exchange step, some sample-to-sample variation
in exchange efficiency is not surprising, and further underscores
the importance of precise assays for aLUV composition like
those described here.

Structural parameters for isotopically asymmetric POPC
aLUVs determined by SANS (Figure 3, Table S6) were (within
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Figure 3. Structure of isotopically asymmetric POPC aLUVs at 20 °C
determined by SANS. Left: SANS data (open symbols) and fits to the
data (solid colored lines) for POPC aLUVs with different isotopic
labeling of the inner and outer leaflets (Tables S2—S3). Upper right:
schematic cartoon of the bilayer unit cell used to model SANS data;
structural parameters obtained from the analysis include headgroup
and hydrocarbon thicknesses (DH and DC, respectively) and area per
lipid (AL) for inner and outer leaflets. Lower right: best-fit neutron
scattering length density (NSLD) profiles color coded to SANS curves.
Recovered structural parameters from left to right: inner leaflet AL,
DH, and DC; outer leaflet DC, DH, and AL. Structural parameters are

listed in Table Sé.

error) identical to those of symmetric POPC LUVs (Table SS,
Figure S8), and compared well with literature values,”"**
indicating that sample preparation conditions did not alter the
bilayer structure. In contrast, comparison of the membrane
thickness of symmetric LUVs with and without a 25 wt%
sucrose core indicated significant bilayer thinning in the
presence of a sucrose core, consistent with osmotically
generated membrane tension (Figure S11). This finding
underscores the importance of stress-free vesicles for character-
izing bilayer structure. Centrifugal filtration did not affect
vesicle integrity or significantly alter the vesicle size distribution
as judged by dynamic light scattering (Supporting Information
Table S8).

Donor contamination in the form of MLVs and small
unilamellar vesicles (SUVs) was not detected by SANS and
NMR, respectively (Figures S12—S15), in asymmetric prepara-
tions. However, a small quantity of SUVs was found in donor-
only control samples, an indication that minor contamination
(<5% by mass) from donor-derived or mixed donor/acceptor
SUVs may intrude in some cases. In particular, a small SUV
population in POPC outer/POPC-dHC inner samples is
inferred from the slightly larger amount of POPC found by
NMR in the vesicles’ inner leaflet (Figure 2a). A greater
propensity for contamination is expected for lower density
donor lipids, due to their reduced separation efficiency from
acceptor vesicles. If complete removal of SUVs is necessary,
sucrose density gradients can be employed."
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Chemically Asymmetric DPPC/POPC aLUVs. We next
examined chemically asymmetric aLUVs composed of POPC
and DPPC. Exchanging the high-melting donor lipid DPPC
(Ty 41 °C) into low-melting POPC acceptor vesicles (T —2
°C) should increase the outer leaflet order relative to the inner
leaflet. For ease of discussion, we will refer to such vesicles as
“O0/DI”, an abbreviation for “ordered outer/disordered
inner”.

Our sample preparation conditions employed a 3:1 ratio of
DPPC donors to POPC acceptors, with exchange performed at
room temperature. Asymmetric vesicles analyzed by GC, 'H
NMR, and SANS were found to contain 34 mol % DPPC in the
outer leaflet and 2 mol % DPPC in the inner leaflet (Figure 2a,
Table S4). At room temperature, symmetric bilayers with this
outer leaflet composition (i.e, DPPC:POPC = 34:66 mol %)
are immiscible and contain coexisting gel and fluid phases,
enriched in DPPC and POPC respectively.”> However,
different interleaflet interactions present in asymmetric bilayers
may alter the compositions or properties of the coexisting
phases, or abolish phase separation entirely.”

We found that SANS data could not be adequately modeled
with a single asymmetric form factor, implying the presence of
coexisting phases (Figure 4). Indeed, the data were well fitted
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Figure 4. Structure of chemically asymmetric DPPC/POPC aLUVs at
20 °C determined by SANS. Left: SANS data (open circles) for aLUVs
composed of DPPC-dC and POPC-dH, containing 34 mol % DPPC-
dC in the outer leaflet and 98 mol % POPC-dH in the inner leaflet
(Table S4). Experimental data were modeled assuming either a single
outer leaflet phase (dashed line) or two outer leaflet phases (solid line)
as indicated by schematic vesicles. Right: best-fit NSLD profiles for
one phase (lower) and two phase (upper) models, with recovered
structural parameters as in Figure 3. Structural parameters are listed in
Table S7.

by a weighted sum of two bilayer form factors, corresponding
to coexisting POPC- and DPPC-enriched phases in the outer
leaflet and a uniform POPC phase in the inner leaflet (Figure 4
and Table S7). The possibility of two distinct vesicle
populations with different compositions (which could arise
from budding of phase domains) was ruled out by DLS
measurements, which indicated a single LUV size distribution
centered at ~130 nm both before and after lipid exchange
(Supporting Information Table S8).

Importantly, best fit values of the area per lipid (4;) indicate
a marked reduction in lipid packing density of the DPPC-rich
ordered phase (56.7 A’/molecule, Table S7), compared to
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typical gel phase packing (47.2 A% for DPPC at 20 °C).*° The
presence of 18 mol % POPC in the DPPC-rich phase is unlikely
to account for this difference: assuming that the areas of
individual species are additive, and using a value of 62.7 A? for
POPC at 20 °C*' yields an A; of 50.2 A for the DPPC/POPC
mixture. In fact, our best fit A; for the outer leaflet DPPC-rich
phase lies between this value, and that of fluid phase DPPC
(63.1 A2 at 50 °C).*!

B DISCUSSION

Interleaflet Coupling in Asymmetric, Phase-Separated
Bilayers. Our observations for DPPC/POPC aLUVs suggest
some degree of interleaflet coupling, whereby a leaflet senses
and responds to the physical state of the apposing leaflet.
Strong coupling of lipid dynamics has been observed in
asymmetric giant unilamellar vesicles (GUVs) having a similar
composition to our OO/DI LUVs: when the outer leaflet of
POPC acceptor vesicles was partially replaced with brain or
milk sphingomyelin (SM), lipid diffusion was reduced in both
leaflets."* Interestingly, for these asymmetric OO/DI GUVs,
inner leaflet structural order was almost completely decoupled
from outer leaflet order. This finding is consistent with our
structural modeling of asymmetric OO/DI LUV, in which we
observe no change in inner leaflet POPC packing density after
partial outer leaflet exchange with the more ordered DPPC.
However, we did find substantially altered properties of the
outer leaflet ordered domains, which appear to be partially
fluidized by coupling to a POPC inner leaflet. In contrast, for
OO/DI LUVs in which the outer leaflet was almost completely
replaced with SM, little or no decrease in outer leaflet order or
transition temperature (relative to pure SM vesicles) was
observed.'®> The lower levels of exchange in our DPPC/POPC
aLUVs result in an outer leaflet DPPC-rich phase occupying a
total area fraction of 0.37; however, we do not know the size
and number of DPPC-rich domains, and therefore cannot
exclude the possibility that boundary effects and interfacial
phenomena are contributing to the observed order. It is likely
that both composition (e.g., DPPC vs SM, as well as the extent
of outer leaflet exchange) and temperature are important
parameters for determining coupling strength in asymmetric
bilayers. Establishing the rules that govern interleaflet coupling
will be facilitated by the experimental strategy outlined here,
which enables direct measurement of inner and outer leaflet
structural properties in probe-free bilayers.

Our finding that interleaflet coupling can alter the packing of
ordered domains may have implications for cell membrane
organization. For example, a unifying theme of raft functionalitz
is the selectivity of raft phases for specific proteins."”
However, ordered phases in symmetric model membranes
exclude most transmembrane proteins, including those thought
to partition favorably into membrane rafts.”®* The discrep-
ancies between protein partitioning in vitro and in vivo may be
related to the relative packing density of the coexisting
environments: significantly greater differences in hydrocarbon
chain order are observed for coexisting liquid-disordered (Ld)
and liquid-ordered (Lo) phases in model membranes,
compared to coexisting phases in PM-derived vesicles.”> Our
early results suggest a previously unconsidered mechanism that
can influence the relative packing density of coexisting phases,
namely, bilayer asymmetry.

Limitations of SANS Modeling. SANS data are relatively
featureless, and the possibility of a nonunique fit (especially for
models having multiple free parameters) must always be
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considered. We chose to use a four-slab NSLD model, arguably
the simplest reasonable model for asymmetric bilayer structure,
in order to minimize the number of fit parameters. We also
constrained as many parameters as possible, by incorporating
lipid volumetric data obtained from the literature (Table S1 and
eqs 15—16 in the Supporting Information), in addition to
leaflet composition information from GC and NMR measure-
ments.

Given the simplicity of the model and the number of
constraints that were used, it is not surprising that fits to the
SANS data are imperfect, for example near the first scattering
minimum at q ~ 0.2 A~ of POPCo/POPCi aLUVs (Figure 3,
red curve). The form factor of a perfectly symmetric, flat bilayer
should decay to zero at the first minimum, but experimental
data obtained from spherical vesicles often show nonzero
intensity, even in nominally symmetric bilayers.” Conse-
quently, flat bilayer form factors, like those used here, often
result in poor fits at minima between scattering lobes for
samples having low interleaflet contrast. Still, the fact that
reasonably good fits are achieved despite the imposition of
many external constraints, gives us confidence that the reported
bilayer structure is essentially correct at the resolution of the
slab model (i.e,, ~1 nm). The probability of a unique fit can be
increased through the joint refinement of data from differently
contrasted samples that share a common structure, for example
DPPC/POPC aLUVs having different isotopic variants, but
similar levels of exchange.

H OUTLOOK

We combined SANS measurements with sensitive analytical
tools for quantifying asymmetric bilayer composition, resulting
in the first detailed structural characterization of an asymmetric
model membrane. In aLUVs having a mixture of ordered and
disordered lipids in the outer leaflet and a disordered lipid in
the inner leaflet, we found distinct differences in structural
properties as compared to symmetric LUVs, notably reduced
gel phase packing density. Future studies of synthetic
asymmetric bilayers mimicking raft phases (ie., by incorporat-
ing cholesterol) will likely result in Ld and Lo phases with more
biologically faithful properties and partitioning behaviors. More
broadly, the procedures outlined here will pave the way for
controlled studies of asymmetric bilayer structure and
interleaflet coupling, and of the interplay between trans-
membrane proteins and biologically relevant membranes.
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Table S1 Bilayer components and neutron scattering length density calculations. Molecular
volumes of deuterated components are assumed to be identical to their protiated counterpart.

Component Formula V [AY] b [fm]? SLD [fm A7)
16:0-18:1 chains CxHes 915.0° -26.6 -0.029
16:0(d31)-18:1 chains | Cs,Hs3Ds; 915.0° 296.1 0.322
di-16:0(d31) chains C30Dez 810.4° 613.0 0.756
PC head in D,0 C1oH sNOgP 331¢ 60.1 0.181
PC(d13) head in D,O | C;oHsD;3sNOgP 331¢ 195.4 0.590
Heavy water D,0 30.0 19.2 0.636

“coherent neutron scattering length; “scattering length density, b/V; °ref 1; “ref 2



Table S2 Leaflet compositions for an asymmetric LUV sample prepared from POPC acceptor
and POPC-dHC donor, determined from GC, '"H-NMR, and SANS modeling. Data columns from
left to right indicate: bilayer mole fraction; component fraction in the outer versus inner leaflet;
mole fraction of all lipids found in the outer leaflet; inner leaflet mole fraction; and outer leaflet

mole fraction.

Component X fFout xout x™ x°u
POPC (acceptor) 0.64 0.29° .| 0.90(0.45% | 0.389(0.19%
POPC-dHC (donor) 0.36° 0.494 0.104(0.05%) | 0.62¢(0.31°)
Total 1.00 1.004(0.50%) | 1.00%(0.50°%)

“from GC; °from 'H-NMR; ‘from SANS structural modeling; 9lcaflet mole fraction; “total bilayer mole

fraction

Table S3 Leaflet compositions for an asymmetric LUV sample prepared from POPC-dHC

acceptor and POPC donor, determined from GC, IH—NMR, and SANS modeling. Data columns
as described in Table S2 legend.

Component X fout xout x™ xOut
POPC-dHC (acceptor) 0.62° . 0.84% (0.42%) | 0.40%(0.20°
POPC (donor) 0.38° 0.79° 020 0.16° (0.08%) | 0.60%(0.30%
Total 1.00 1.004 (0.50% | 1.00°(0.50%

“from GC; °from 'H-NMR; “from SANS structural modeling; 9lcaflet mole fraction; “total bilayer mole

fraction

Table S4 Leaflet compositions for an asymmetric LUV sample prepared from POPC-dH

acceptor and DPPC-dC donor, determined from GC, lH—NMR, and SANS modeling. Data
columns as described in Table S2 legend.

Component X fout Xout xin Xout
POPC-dH (acceptor) 0.82° .| 0.989(0.48%) | 0.66°(0.34%)
DPPC-dC (donor) 0.18 0.95° 0212 0.029 (0.01%) | 0.34(0.18%)
Total 1.00 1.00% (0.49%) | 1.00%(0.52°

“from GC; °from 'H-NMR; ‘from SANS structural modeling; 9leaflet mole fraction; ‘total bilayer mole

fraction




Table S5 Refinement of symmetric POPC vesicles. Best fit parameters for differently contrasted
symmetric POPC bilayers. Data were both individually and jointly modeled with a symmetric
four slab scattering length density profile as described in Supporting Information Section S8.
Model parameters from top to bottom indicate: area per lipid (4, ); number of headgroup waters
(ny); headgroup thickness (Dy); and hydrocarbon thickness (D).

Individual refinement Joint
Param POPC POPC-dH POPC-dC POPC-dHC | Tefinement
inner/outer inner/outer inner/outer inner/outer inner/outer
A, [AY? 68.6 68.1 66.7 63.5 67.5
ny 8.2 2.0 8.0 2.0 7.2
Dy [A] 8.4 5.7 8.0 6.1 8.0
D¢ [AT° 13.4 13.4 13.7 14.4 13.5

“variable parameter; "derived from other model parameters, parameter uncertainties are estimated to be
<2%

Table S6 Refinement of asymmetric POPC vesicles. Best fit parameters for two differently
contrasted asymmetric POPC bilayers. Data were both individually and jointly modeled with an
asymmetric four slab scattering length density profile as described in Supporting Information
Section S8. Model parameters as in the Table S5 legend.

Individual refinement Joint
Param | POPC acc/POPC-dHC don. | POPC-dHC acc./POPC don. | Tefinement
inner outer inner outer inner | outer
A, [AY? 64.8 66.4 65.9 65.9 64.8 66.4
ny" 2 2 3.6 1.6 2 2
Dy [AT° 6.0 59 5.7 6.7 6.0 59
Dc [AT° 14.1 13.8 13.9 13.9 14.1 13.8

“variable parameter; "derived from other model parameters, parameter uncertainties are estimated to be

<2%




Table S7 Refinement of chemically asymmetric aLUVs. Bilayer structural best-fit parameters
for an aLUV sample prepared from POPC-dH acceptor and DPPC-dC donor, determined from
fitting SANS data to an asymmetric two phase model. Model parameters from top to bottom
indicate: mole fraction of DPPC within each leaflet (ypppc); area per lipid (A.); number of
headgroup waters (ny,); headgroup thickness (Dy); hydrocarbon thickness (D.); and phase area
fraction (ay).

Phase 1 Phase 2
Parameter
inner outer inner outer

XDPPC 0.019* 0.024° 0.019" 0.82°
A, [A% 64.0° 64.0° 64.0° 56.7°

ny" 7 7 7 7
Dy [A]° 8.5 8.5 8.5 9.6
D¢ [AY° 14.3 14.3 14.3 14.6

a® 0.63 0.37

*fixed parameter; °constrained from matter balance; “variable parameter; dj ointly variable parameters;
‘derived from other model parameters, parameter uncertainties are estimated to be < 2%

Table S8 LUV size and polydispersity determined by dynamic light scattering before and after
centrifugal filtration. Uncertainty is estimated to be £ 5 nm. All measurements were performed at
room temperature.

Before centrifugal filtration After centrifugal filtration”
Sample
Diameter [nm] | Rel. polydisp. | Diameter [nm] | Rel. polydisp.
POPC LUV 130.2 0.27 128.4 0.25
POPC LUV* 123.3 0.23 128.9 0.36
POPC-dH LUV* 125.1 0.23 131.1 0.28
POPC-dC LUV* 116.2 0.22 118.9 0.28
DPPC-dC LUV* 116.6 0.12 116.3 0.24
(Pojggiﬂifﬁggfo 131.2 0.24 129.6 0.30

iyesicles prepared in 20 mM NaCl; "2-4 concentration/dilution cycles were performed as described in
Supporting Information section S1. “Measurement before centrifugual filtration is of symmetric extruded
acceptor LUVs, measurement after centrifugal filtration is of asymmetric LUVs.

5



POPC POPC-dC POPC-dH POPC-dHC DPPC-dC

16:0,18:1 16:0,18:1 16:0,18:1 16:0,18:1 16:0,16:0

OMe
Lo}

?i‘?m%'*o ovs 6.5 A
mBCD Neove Mol »
oH ”°$/0Me 7.8A
]

N
v

MeO 0 MeO
OMSOH OH
o MeO o
MeQ o

Figure S1 | Chemical structures of phospholipids and methyl-beta-cyclodextrin (mBCD) used in
this study. Lipids are displayed in space fill representation with white indicating hydrogen and
yellow indicating deuterium. The label underneath each lipid shows the number of carbons and
the number of double bonds in the sn-1 and sn-2 chains, respectively.
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Figure S2 | Protocol for the preparation of sucrose-free asymmetric liposomes. Step 1, donor
multilamellar vesicles (MLVs) are prepared in 20% (w/w) sucrose, then diluted 20-fold with
water and centrifuged (supernatant is discarded). Step 2, aqueous methyl-beta cyclodextrin
(mBCD, 35 mM) is added to the MLV pellet in an 8:1 mBCD:donor ratio and incubated for 2 h at
room temperature while stirring. Step 3, a suspension of acceptor large unilamellar vesicles
(LUVs) is added to the donor/mBCD sample to achieve a desired donor:acceptor molar ratio and
an mBCD concentration of ~ 29 mM, then incubated for 1 h at room temperature while stirring.
Acceptor LUVs can be prepared in low osmolarity buffer (e.g., 10-30 mM NaCl) to balance
residual solutes remaining after the asymmetric sample preparation. Depending on the mBCD
concentration, a small fraction of the heavy donor vesicles may be dissolved and reformed as
light small unilamellar vesicles (SUVs). Step 4, the mixture is diluted 8-fold with H,O, then
centrifuged for 30 min at 20K x g (pellet is discarded). Step 5, supernatant from Step 4 is first
concentrated to 0.5—1 mL with a 100K MWCO centrifugal filter. The remaining mBCD is then
removed by repeated dilution (with H,O or D,0O, depending on experimental needs) and
concentration steps, with the filtrate discarded between steps, to achieve a desired dilution factor.
Step 6, asymmetric sucrose-free LUVs in water are recovered from the retentate following the
final wash.
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Figure S3 | GC determines the total composition of lipid mixtures. 4, A lipid sample is
subjected to an acid- or base-catalyzed transesterification, converting individual chains to
volatile FAMESs suitable for GC analysis (inset cartoon). A binary equimolar mixture of POPC
and POPC-dC yields a 2:1:1 ratio of methyl oleate, methyl palmitate, and methyl palmitate-d31,
which is reflected in the relative peak areas from the total ion chromatogram. B, Changing the
mixture composition alters the relative areas of the methyl palmitate and methyl palmitate-d31
peaks. The composition of an unknown sample can therefore be obtained from its peak area
fraction. C, Detection inefficiencies result in a nonlinear dependence of peak area fraction vs.
mixture composition. Precise quantitation of an unknown sample requires comparison to a
standard curve obtained from mixtures of known composition.
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Figure S4 | "H-NMR of an aLUV sample prepared from POPC acceptor and POPC-dHC
donor. Upper panel, proton NMR shows a single choline resonance from the POPC acceptor in
the absence of shift reagent (blue line), in addition to the minor contaminants glycerol and mpCD
(gray shading). The sum of all fitted components is shown as a solid black line. Lower panels,
addition of Pr’* selectively shifts outer leaflet choline resonances (green shading), revealing
acceptor enrichment in the inner leaflet, where it is inaccessible to the shift reagent (blue
shading).
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Figure S5 | "H-NMR of an aLUV sample prepared from POPC-dHC acceptor and POPC
donor. Upper panel, proton NMR shows a single choline resonance from POPC donor in the
absence of shift reagent (blue line), in addition to the minor contaminants glycerol and mBCD
(gray shading). The sum of all fitted components is shown as a solid black line. Lower panels,
addition of Pr’* selectively shifts outer leaflet choline resonances (green shading), revealing
donor enrichment in the outer leaflet. Approximately 20 mol % of donor lipid is found in the
inner leaflet, where it is inaccessible to the shift reagent (blue shading).
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Figure S6 | "H-NMR of an asymmetric LUV sample prepared from POPC-dH acceptor and
DPPC-dC donor. Upper panel, proton NMR shows a single choline resonance from DPPC-dC
donor in the absence of shift reagent (blue line), in addition to the minor contaminants glycerol
and mBCD (gray shading). The sum of all fitted components is shown as a solid black line.
Lower panels, addition of Pr’* selectively shifts outer leaflet choline resonances (green shading),
revealing donor enrichment in the outer leaflet. A small fraction (~ 6 mol %) of donor lipid is
found in the inner leaflet, where it is inaccessible to the shift reagent (blue shading).
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Figure S7 | "H-NMR of an aLUV sample prepared from POPC-dH acceptor and POPC
donor, before and after chemical scrambling. Upper panel, proton NMR shows the choline
resonance from POPC donor in the presence of Pr’’. The large shifted population (green
shading) relative to the unshifted population (blue shading) reveals substantial outer leaflet donor
enrichment in the aLUV sample. Lower panel, the same sample after chemical scrambling (i.e.,
removal of water, dissolution in chloroform, and reformation of extruded LUVs) shows shifted
and unshifted resonances with nearly equal areas, demonstrating the loss of asymmetry. Minor
contaminants glycerol and mBCD are shown with gray shading.
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Figure S8 | "H-NMR of a symmetric, phase-separated LUV. A single choline resonance is
observed in phase-separated POPC/DPPC (1/1 molar ratio) LUVs in the absence of Pr’* (upper
panel). Distinct resonances of nearly equal area corresponding to inner leaflet (blue shading) and
outer leaflet (green shading) choline are observed immediately following external Pr'" addition
(middle panel), and after 1 hour of incubation at room temperature (/ower panel), demonstrating
that Pr’" does not penetrate into the vesicle lumen during the ~ 15 minute measurement time.
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Figure S9 | Four shell scattering length density profile for an asymmetric bilayer. Upper, a
schematic representation of an asymmetric bilayer. Lower, the corresponding scattering length
density profile is represented by a simplified four slab model with parameters for slab
thicknesses and scattering length densities. Parameter symbols are as defined in the Supporting
Information text.
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Figure S10 | SANS data and fits for symmetric POPC vesicles. Experimental SANS data
(circles) for different contrast symmetric POPC bilayers. Data were modeled individually (solid
lines) and jointly (dashed lines) with a symmetric four shell scattering length density profile as
described in the Supporting Information text. Predicted scattered intensity is shown as solid
lines, with best fit parameters given in Table S5. Data are vertically offset by powers of 10 for

clarity.
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Figure S11 | Osmotic imbalance generates membrane tension and thins POPS vesicles.
Experimental SANS data for symmetric 100 nm diameter POPS LUVs, with different
core/solvent conditions. Osmotically stressed POPS vesicles containing a 25% d-sucrose core
(red) in an external D,O solvent show a decreased bilayer thickness (—1.8 A) and an increased
area per lipid (+4 A%) compared to stress-free POPS vesicles prepared in D,O (blue), consistent
with vesicle swelling and lateral bilayer expansion. Data are vertically offset for clarity.
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Figure S12 | "H-NMR detection mpCD. Titration of mBCD into D,O (left) reveals the solute’s
detection limit with proton NMR. The characteristic CD peaks occur at 3.29 ppm and 3.46 ppm.
Comparison of corresponding resonances in an asymmetric LUV sample provides a lower limit
for residual mBCD concentration of 1:130 CD:lipid molar ratio. Titration of mBCD into an
LUV/D,0O dispersion (right) reveals the solute’s quantity relative to the lipid (CD:lipid). The
choline peak (3.17 ppm) was used to determine CD:lipid ratios. Spectra are vertically offset for
clarity. Inset, proton NMR spectra of an asymmetric LUV sample reveals a low quantity of CD
relative to lipid (~7:100 molar ratio). An octet at 3.6 ppm is attributed to trace glycerol
contamination originating in the centrifugal filters, despite extensive pre-washing as described in
the Supporting Information Section S2.

17



100

Intensity [cm™]

102

0.01 0.05 0.1 0.2

Figure S13 | SANS is sensitive to the presence of multilamellar vesicles (MLVs). Shown are
SANS data for a 10 mM POPC-dC vesicle suspension in D,0, before (MLVs, gray circles) and
after (LUVs, black triangles) extrusion to produce 50 nm diameter LUVs. For MLVs, density
correlations between the stacked bilayers give rise to Bragg scattering peaks at a length scale
corresponding to integer multiples of the lamellar repeat distance (e.g., the first Bragg order at ¢
~0.1 A™, corresponding to a lamellar repeat distance of ~ 63 A). Following extrusion to produce
unilamellar vesicles, Bragg peaks are no longer observed, and vesicles exhibit the typical form
factor for a dilute spherical shell particle. The inset shows a weighted sum of the black and gray
curves as indicated in the inset legend, demonstrating the sensitivity of SANS to MLV
contamination.
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Figure S14 | '"H-NMR is sensitive to the presence of small unilamellar vesicles (SUVs).
Shown are choline resonances from 14.6 mM POPC LUVs (red) and 5.3 mM POPC SUVs
(black), as well as the sum of the LUV and SUV spectra (blue curve, offset for clarity). The
shoulder at 3.16 ppm demonstrates that ~ 27 mol % SUV can be easily identified in the presence
of LUVs. Inset, small unilamellar vesicles (SUVs) give rise to a split choline resonance even in
the absence of extravesicular shift reagent. This is due to both lipid number density and packing
differences between the inner (green area) and outer (red area) leaflet. SUVs were obtained from
an acceptor-free prep with omitted washing steps.
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Figure S15 | "H-NMR T1 relaxation measurements reveal SUVs and LUVs relax at the
same rate, and Pr'* does not change the T1 of the outer leaflet. Upper, SUVs generated from
incubation of donor MLVs with mBCD. Middle, relaxation of symmetric LUVs. Bottom,
relaxation of inner (square) and outer (star) leaflets of symmetric LUVs in the presence of
extravesicular shift reagent Pr’*. Since the T1 relaxation times are identical, peak areas do not
need to be scaled for the given spectrometer parameters.
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S1. Methods

Materials. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0/18:1 PC, POPC), 1-palmitoyl-d31-2-
oleoyl-sn-glycero-3-phosphocholine [16:0(d31)/18:1 PC, POPC-d(], 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9 [16:0/18:1 PC(d13), POPC-dH], 1-palmitoyl-d31-2-
oleoyl-sn-glycero-3-phosphocholine-1,1,2,2-d4-N,N,N-trimethyl-d9 [16:0(d31)/18:1 PC(d13), POPC-
dHC], 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine [di-16:0(d31) PC, DPPC-d(C], 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) [16:0/18:1 PG, POPG], and 1-palmitoyl-d31-
2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) [16:0(d31)/18:1 PG, POPG-dC] were
purchased from Avanti Polar Lipids (Alabaster, AL) and used as received. Lipid stock solutions were
prepared by dissolving dry lipid powder in HPLC-grade chloroform, and phospholipid stock
concentration was determined to within 1% by inorganic phosphate assay.’ Methyl-beta-cyclodextrin
(mBCD) was purchased from Acros Organics (Thermo Fisher Scientific, Waltham, MA) and prepared as
a 35 mM stock solution in H,O. Fig. S1 shows representative structures of lipids and mpCD.
Praseodymium(III) nitrate hexahydrate {Pr(NOs); 6H,0O} (Pr’") was purchased from Alfa Aesar (Ward
Hill, MA) and prepared as a 100 mM stock solution in D,0. Centrifugal filter devices (Amicon Ultra-15,
100,000 Da molecular weight cutoff) were purchased from EMD Millipore (Billerica, MA) and washed
seven times with H,O prior to use to remove trace glycerol. Ultrapure H,O was obtained from a High-Q
purification system (Wilmette, IL), and 99.9% D,0 was purchased from Cambridge Isotopes (Andover,
MA).

S2. Preparation of asymmetric liposomes. Phospholipid films were prepared by transferring the desired
volumes of stock solutions to a glass scintillation vial with a syringe (Hamilton USA, Reno, NV) and then
drying the organic solvent with an N, stream and gentle heating, followed by overnight drying in vacuo
(~12 h). Acceptor films were doped with 5 mol % of the anionic lipid POPG to prevent formation of
paucilamellar vesicles, which are known to form in extruded neutral liposomes of 100 nm diameter or
larger."* The isotopic variant of POPG used (i.e., POPG or POPG-dC) was always chosen to match that
of the acceptor chains, and for data analysis its asymmetric distribution was assumed to be identical to

that of the acceptor PC.

Donor multilamellar vesicles (MLVs) were prepared by hydrating a preheated (50 °C) lipid film
with 20% (w/w) sucrose solution to a lipid concentration of 20 mg/mL, followed by vigorous vortexing to
disperse the lipid. The resulting MLV suspension was incubated at 50 °C for 1 h with intermittent
vortexing, and then subjected to three freeze/thaw cycles between -78 and 50 °C to facilitate equilibration

of sucrose across lamellae. The MLV suspension was then diluted 20-fold with H,O and centrifuged at
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20,000 x g for 30 min at 20 °C, after which time the supernatant was discarded, and the pellet was re-
suspended with 35 mM mBCD solution to an 8:1 mpBCD:lipid molar ratio. The MLV/mBCD mixture was

incubated at room temperature for 2 h with gentle stirring.

Acceptor large unilamellar vesicles (LUVs) were prepared by hydrating a preheated (40 °C) lipid
film with 20 mM NaCl solution to a concentration of 10—12 mg/mL, followed by vigorous vortexing to
disperse the lipid. The resulting MLV suspension was incubated at 40 °C for 1 h with intermittent
vortexing, and then subjected to five freeze/thaw cycles as described above. LUVs were prepared using a
hand-held miniextruder (Avanti Polar Lipids, Alabaster, AL) assembled with a 100 nm pore-diameter
polycarbonate filter, by passing the vesicle suspension through the filter 31 times at room temperature.
LUV size was measured with dynamic light scattering (DLS) using a BI-200SM Research Goniometer
and Laser Light Scattering system (Brookhaven Instruments, Holtsville, NY). Mean vesicle diameters
were typically ~ 125 nm, with a relative polydispersity (distribution width divided by mean diameter) of ~
0.25.

Asymmetric LUVs were prepared by mixing acceptor LUVs with the donor MLV/mBCD
suspension, at a donor:acceptor molar lipid ratio of 2:1 (for POPC donor/POPC acceptor samples) or 3:1
(for the DPPC donor/POPC acceptor sample). The mixture was stirred at room temperature for 1 h, and
then diluted 8-fold with H,O and centrifuged at 20,000 x g for 30 min to pellet remaining donor MLVs.
The pellet was discarded, and the supernatant (containing asymmetric LUVs, mBCD, and residual
sucrose) was concentrated to ~ 1 mL using a prewashed 100K MWCO centrifugal filter device at 5,000 x
g. Soluble contaminants (i.e., mBCD and sucrose) were removed by successive dilution/concentration
cycles, whereby the sample was diluted with D,O to the filter device’s capacity (~ 11 mL) and then
centrifuged at 5,000 x g to obtain a final retentate volume of 0.5—1 mL. The time for centrifugal filtration
varied depending on the phase state of the lipids and the quantity of asymmetric vesicles being washed,
and ranged from 30-60 min per wash. Typically, four such cycles reduced the mBCD concentration by a
factor of > 10, and exchanged > 99% of H,O with D,0O. The asymmetric vesicle preparation is

summarized in Fig. S2. The final yield was estimated as not less than half of the initial acceptor amount.

S3. Gas chromatography (GC). Phospholipids were converted to fatty acid methyl esters (FAMESs) via
acid catalyzed methanolysis. Briefly, 5-10 puL of an aqueous vesicle suspension (containing 20—-100 pg

total lipid) was dispensed into a 13 x 100 mm screw top glass culture tube, followed by addition of 1 mL
methanolic HCI (1 M) prepared with concentrated HCI and methanol.” The sample was vortexed, sealed

under Ar, and incubated at 85 °C for 1 h. After cooling to room temperature, 1 mL H,O was added and
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the sample was vortexed. FAMEs were extracted with 1 mL hexane and vigorous vortexing, followed by
low-speed centrifugation (500 x g) for 10 min. Finally, 800 pL of the upper (hexane) phase were

transferred to an autosampler vial and brought to 1 mL with hexane, for injection into the GC column.

GC analysis was performed on an Agilent 5890A gas chromatograph (Santa Clara, CA) with a
5975C mass-sensitive detector operating in electron-impact mode. An HP-5MS capillary column (30 m x
0.25 mm, 0.25 um film thickness) was used with a helium carrier at 1 mL/min and an inlet temperature of
270 °C. A 1 pL aliquot of FAME dissolved in hexane was injected in splitless mode using an Agilent
7693 A automatic liquid sampler. After sample injection, the following column temperature program was
initiated: 2 min at 60°C; 20 °C/min to 170 °C; 5 °C/min to 240 °C; 30 °C/min to 300 °C; 2 min at 300°C,
for a total run time of 25.5 min. Total ion chromatogram peaks were assigned and integrated using

GC/MSD ChemStation Enhanced Data Analysis software (Agilent Technologies, Santa Clara, CA).

S4. Determination of total bilayer composition using GC. Lipid mixture composition can be
determined from GC, provided there are chemical or isotopic differences between chains of the
constituent lipids. In principle, the mole fraction y of each mixture component i can be determined

directly from a set of unique chain peak areas A = {4;}:

Lo
Xi = ,
b4

where A; denotes the i chain peak area and the denominator is a sum over all mixture components j,

Aj € A. For this relationship to be strictly valid, chain peak area fractions must vary linearly with mixture
composition. In practice, we found a slight deviation from linearity which necessitated the use of standard
curves (Fig. S3). Briefly, standard two-component FAME samples covering a range of compositions and
containing 20—100 g total lipid, were prepared by dispensing lipid stock solutions into glass culture
tubes. Chloroform was removed by an N, stream and gentle heating, followed by derivatization and
extraction of FAMEs as described above. Peak area fractions a; were plotted vs. component mole fraction

x; and fitted to a four-parameter function:

_ ax;® + by;
axi?+by;+c(1—x)?+d1—yx)’

a;

(2)
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using Mathematica 10.0 (Wolfram Research, Champaign, IL) to obtain a standard curve, from which the

composition of unknown samples was determined.

S5. Proton nuclear magnetic resonance spectroscopy (‘H-NMR). 'H-NMR spectra were collected on
an Avance III 400 MHz spectrometer (Bruker, Billerica, MA) using Bruker TopSpin acquisition software,
and analyzed with TopSpin 3.2. Lipid suspensions in D,O were brought to a total volume of 600 pL (for a
total lipid concentration of ~ 5 mM) and loaded into 5 mm NMR tubes (Wilmad LabGlass, Vineland, NJ).
A standard 'H pulse sequence with a 30° flip angle and 1 s delay time was employed to collect 32-256
transients at 21 °C. "H-NMR data were processed with a line-broadening parameter of 1 Hz. The
distribution of protiated choline between inner and outer vesicle leaflets (described further below) was
determined by addition of the shift reagent Pr’*.° Briefly, 2 uL of 100 mM Pr**/D,0 solution was
dispensed directly into the NMR tube, which was then capped and inverted a minimum of three times to
mix the contents. Typically, several such Pr’" additions were made, with spectra obtained between
titrations. Analysis of choline and mBCD resonances was performed using Origin 8.5 software
(OriginLab, Northampton, MA) and built-in nonlinear least-squares optimization tools. Resonances for
the 9 identical choline protons were modeled using a single Lorentzian in the absence of Pr**, or two
Lorentzian peaks in the presence of Pr’. In most cases, spectra obtained from 2—3 successive Pr’”
titrations were separately modeled to determine the inner:outer leaflet ratio (and associated uncertainty) as
described below. The reported outer leaflet fraction (Tables S2-S4) represents the average value obtained

from these fits, with final uncertainty determined by error propagation.

S6. Evaluation of bilayer asymmetry with "H-NMR. The paramagnetic lanthanide ion Pr’" interacts
with choline protons, shifting their resonance downfield as shown in Figs. S4-S6. Because the ion’s
association and disassociation rates are fast relative to the NMR time scale, an average of shifted and
unshifted resonances is obtained, and as such the extent of the observed shift depends on the molar ratio
of Pr’" and lipid. When Pr’" is added externally to a vesicle suspension, the shift is selective for outer
leaflet protiated choline, due to the low bilayer permeability of Pr’” and the short-range distance
dependence (inverse °) of the lanthanide-proton interaction. As a result, inner and outer leaflet protiated
choline resonances can be separately resolved,” and the integrated area R of each resonance is
proportional to the number of molecules having protiated headgroups in the corresponding leaflet. We

define the outer leaflet peak fraction:

Rout

fout = 3)

Rin +Rout’
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where the superscript denotes the inner (in) or outer (out) leaflet. If all bilayer components possess

protiated headgroups, f°% directly yields the mole fraction of all bilayer lipids found in the outer leaflet,
Xout:

Z} Njout
2N

Xout —

= fout’ (4)

where N and N°% denote number of molecules in the whole bilayer and in the outer leaflet, respectively,
and the summations are performed over all mixture components. (Note that this equation assumes that the
chemical shifts of all cholines are identical.) For a bilayer with an equal number of lipids in both leaflets,
XOout = (.5. However, X°%t can be influenced by geometric constraints (for example the differences in
outer and inner leaflet volumes in highly curved vesicles®) or by differences in lipid packing in the inner

and outer leaflets of asymmetric bilayers.

In a mixture of PC lipids, the assay is selective for a single species provided all other mixture
components possess a deuterated choline. In this way, the distribution of donor and acceptor PC lipids can
be separately established for differentially labeled samples. If one and only one mixture component
(component i) possesses a protiated choline, we define the single-component outer leaflet peak fraction,

P as:

out out ., out
N7 X%y

N, x

f'out —
i

)

where all symbols are as defined above. Combining the two previous equations and rearranging gives an

expression for the outer leaflet mole fraction of component i, y**, in terms of experimentally determined

quantities, f;°“* and f°%* from NMR and y; from GC:

out
out _ fi

L fout

(6)

S7. Small-angle neutron scattering (SANS). Neutron scattering experiments were performed at the BL-
6 extended Q-range small-angle neutron scattering (EQ-SANS) instrument of the Spallation Neutron
Source (SNS) located at Oak Ridge National Laboratory (ORNL). Lipid vesicle samples were loaded into
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1 or 2 mm path length quartz banjo cells (Hellma USA, Plainview, NY) and mounted in a temperature-
controlled cell holder with ~ 1 °C accuracy. Data were taken at a 1.3 m sample-to-detector distance
(SDD) with a 4.0-7.5 A wavelength band, and at a 4.0 m SDD with a 10.0-13.5 A wavelength, for a total
scattering vector of 0.005 < ¢ < 0.5 A™. Scattered neutrons were collected with a two-dimensional (1 x 1
m) *He position-sensitive detector (ORDELA, Inc., Oak Ridge, TN) with 256 x 192 pixels. The 2D data
were reduced using software provided by ORNL. During reduction, data were corrected for detector pixel
sensitivity, dark current, and sample transmission, and background scattering from water was subtracted.
The one-dimensional scattered intensity / vs. ¢ [q = 4w sin(6) /A, where A is the neutron wavelength and
20 is the scattering angle relative to the incident beam] was obtained by radial averaging of the corrected
2D data. The scattering contribution from residual mBCD was accounted for by direct subtraction of a

scaled /(g) curve obtained for mBCD in aqueous solution.

S8. Determination of bilayer structure from SANS. In general, scattering from a dilute vesicle
suspension contains contributions from both bilayer structure and vesicle size and shape. Provided the
relevant length scales (i.e., the bilayer thickness and vesicle radius) are well-separated, the scattered

intensity can be expressed as a product of form factors:

1(q@) % S(OIFrs(@ P |Frs(@I?  (7)

where S(q) is an interparticle structure factor accounting for intervesicle interference (equal to unity in
the infinite dilution limit), Frg is the scattering amplitude of a thin spherical shell, and Frp is the
scattering amplitude of an infinite flat bilayer sheet.” Frg contains information about vesicle size and
polydispersity, while Frp contains information about the distribution of matter within the bilayer. For the
dilute, 100 nm diameter vesicles used in this study, S(q)|Frs(q)|? = constant for ¢ > 0.05 A, such that
the contribution from Frp dominates the observed intensity at large scattering vectors. Therefore, a
suitable expression for Frg(q) is needed to model the data at ¢ > 0.05 A™, in order to obtain information

about bilayer asymmetry.

As a reciprocal space quantity, the flat bilayer form factor is related to the bilayer’s real space

matter distribution through a Fourier transform:

pout 2 pout 2
|Frp(@)I? = f [p(2) — ps] cos(qz)dz | + f [p(2) — ps] sin(qz) dz ®
—pin —pin
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where p(z) is the projected scattering length density (SLD) in the direction normal to the bilayer plane,
ps 1s the scattering length density of the solvent (water), and the integral is evaluated over the full bilayer
thickness.'® We simplify the asymmetric bilayer’s SLD profile by considering four slabs of independent p
and thickness D, in addition to the SLD of the vesicle core and external solvent. This model is represented

graphically in Fig. S9 and mathematically as:

Pcore z< _(Dé‘n + DIl:In
pit  —(D&"+Djf") <z < —D"
o) =1 L hsz<0 (g
pe 0<z<D
plt_)lut D((:)ut <z< Dgut + D[{){ut
\ ps z > D2t + Dg¥

where superscripts in and out refer to the inner and outer leaflets, respectively. Provided the core SLD

matches that of the solvent (pcore = ps), the asymmetric form factor has an analytical solution:

1 . o .
IFra(@)I* = [{(p" = pi) + (P = pif") cos(Dq) — ("t — p§“®) cos(DE“*q)
. . . 2
+ (pi' — ps) cos((DE* + DEMq) — (™t — ps) cos((DE** + DF*")q)}
+{(p&" — pu,in) sin(D&*q) + (p2** — pg**) sin(DZ**q)

+ (pif = ps) sin((DF" + DINq) + (F* = ps) sin((DE + DFHPY]|. (1)

We now seek expressions for the slab SLDs and thicknesses in terms of physically meaningful
parameters related to the asymmetric bilayer’s composition and structure.' Assuming uniform lipid
mixing with each leaflet, the volumes (or scattering lengths) of the outer and inner headgroup slabs are
given as mole fraction-weighted sums of the component headgroup volumes (or scattering lengths) plus

associated water:

V] = Z)({VHIL- +ni, Vi, (11)
i

bl = z Xlbus+nlby,  (12)
i
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where Vj, is the headgroup volume in A, b is the coherent neutron scattering length in fm, ny is the
average number of bound waters per headgroup, y is the component mole fraction, the subscript i indexes
the bilayer’s lipid components, and the superscript j indexes the two leaflets. The analogous expressions

for the hydrocarbon slabs are:

W=D e (3)
i

bi=> xlbei (%)
i
The slab thicknesses and scattering length densities follow directly:

pIJ{(C) = bZI(C)/ szr(cy (15)

D}icy = Viey/ AL (16)

where D is the slab thickness in A, and 4, is the average area per lipid in A>. With lipid volumes and

scattering lengths constrained by independent measurements (Table S1), the model has four free structural

parameters [A", A9%t, nt, nG¥*] in addition to the compositional parameters y!™, y?*¢. For a two-

component bilayer (e.g., lipids A and B) in which the lipids are uniformly mixed, the compositional

parameters are given by (cf. Egs. 4-6):

AoutXA

gt = Xout ’ (17)

in _ (1= f*)xa
A~ (1 _ Xout) ’

Xli?n(out) =1-— Xin(out)’ (19)

(18)

out

where y4 and £t are obtained with GC and NMR experiments, respectively, and X% (cf. Eq. 4) is

given by the inner and outer leaflet areas per lipid:

out — 1/A2ut .
1/AP" + 1/A

(20)
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Compositional parameters for isotopically asymmetric POPC bilayers obtained from GC, NMR, and
SANS experiments are given in Tables S2-S3. Structural parameters obtained from SANS analysis of
isotopically asymmetric POPC bilayers are given in Table S6, with data and best-fit curves shown in Fig.
3a. For comparison, structural parameters obtained from a joint refinement of symmetric POPC variants

are found in Table S5, with data and best-fit curves shown in Fig. S10.

For k coexisting bilayer phases, assuming negligible interference, the observed intensity is given

by a weighted sum of asymmetric form factors for each phase:

Lons(@) % Faps (@1 = ) axFes (@[’ @1)

k
where ay, is the phase area fraction given. For a binary mixture of two coexisting phases (e.g., phases 1

and 2), four bilayer compartments must be considered, namely the outer and inner leaflets of phases 1 and
2. Using superscripts i and o to refer to the inner and outer leaflets, respectively, the unconstrained model
has eight structural parameters (44!, A2, A9Y, A92, nit ni2 n9}, nd?) and four compositional parameters
G, %, 181, x3%), in addition to the phase 1 area fraction ar; (@, = 1 — ). Some parameters can be
constrained by matter balance combined with independent measurements. For example, with the bilayer
mole fraction and leaflet distribution of component A (i.e., x4 and f;) independently determined from

GC and NMR experiments, a4 is given by:

AT AP AR XS — (AP + AOZ)XAfAO
AP AT AC X fR — AT{AD AR XafR + APTAD XS — AD' X832 + (AL — AP xafR1Y

(22)

a, =
and the inner leaflet phase 2 mole fraction of component A is given by:

X4
_APAR (d — xa)x3® — A xal(AF + A"Z)x"l APXIUR — 1) — AP xal(AZ + AP )xi — AR XGIfX 23)
AP AP AR (AlLl + AZI)AL Xafd '

leaving 11 free parameters, an unacceptably large number. Therefore, additional assumptions were made
when modeling DPPC/POPC aLLUVs in order to reduce the number of free parameters to a reasonable
level: (1) the number of headgroup waters for both leaflets was fixed to 7; and (2) given the small amount
of DPPC found in the inner leaflet by NMR, we assumed that the inner leaflet was a uniform fluid phase

and that the DPPC-poor phase was symmetric, allowing us to jointly vary three parameters (i.e., Ai! =
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A2 = A%'). The final model had four adjustable parameters as indicated in Table S7, which lists all
structural and compositional parameters obtained from the fit (data and best-fit curves are shown in Fig.
3b). Compositional parameters obtained from GC, NMR, and SANS analysis are given in Table S4,

where X% is given by:

out _ 0‘1/1421 + (1 —ay)/A7? .
ay (1/A2" + 1/A1) + (1 — a)(1/A7 + 1/A7)

(24)

S9. Assessment of sample contamination. We define a contaminant as any impurity whose presence can
affect (or hinder the determination of) the asymmetric LUV bilayer structure. In this context, the most
problematic contaminants are mBCD and residual donor or mixed donor/acceptor vesicles that resist
sedimentation. These are typically lighter donor multilamellar vesicles (MLVs), or small unilamellar
vesicles (SUVs, diameter < 30 nm) formed during the exchange process. As a lipid carrier molecule,
mPCD facilitates outer leaflet exchange and may perturb the bilayer structure, while residual vesicles can

bias the determination of the asymmetric leaflet compositions.

We assessed mBCD contamination by establishing the 'H-NMR detection limits of specific
mBCD resonances in D,0 in the absence and presence of LUVs (Fig. S12), from which we estimate a
lower detection limit of 1:130 CD:lipid molar ratio. Asymmetric LUVs typically contained < 1:10
CD:lipid after three wash steps (Fig. S12 inset).

The presence of residual vesicles can be assessed with a variety of techniques. Vesicles
containing multiple lamellae (including contaminating donor MLVs) exhibit a series of Bragg peaks in
the SANS intensity at ¢ = 2nn/D, where D is the lamellar repeat distance and # is an integer. As
illustrated in Fig. S13, mixtures of LUVs and MLVs show characteristic excess scattering near the first
Bragg order (n =1, ~ 0.1 A™). The absence of Bragg scattering in asymmetric samples is confirmed by a
good fit between data and model (which assumes unilamellar vesicles), as well as simple visual inspection

of the data.

A less obvious form of residual vesicle contamination is the presence of SUVs with diameter <
30 nm, which can be generated upon lengthy exposure of lipid vesicles to mBCD. GC measurements of
donor-only control samples revealed 1-2% of the total donor mass in the recovered sample, which was
subsequently identified as SUVs with 'H-NMR lineshape analysis (Fig. S14). Briefly, the SUV choline

resonance is characterized by the appearance of two peaks even in the absence of shift reagent,
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attributable to packing differences in the inner and outer leaflets of highly curved vesicles.” The SUV

choline resonance width is ~ 0.25 ppm—considerably narrower than the LUV width—with inner and

outer resonances separated by 0.019 ppm (7.6 Hz). However, despite their considerable line width

differences, the similarity of the spin-lattice relaxation time (T1) values for LUV and SUVs (Fig. S15)

precludes the ability to isolate the SUV component by varying the delay time. NMR measurements of

asymmetric samples did not indicate the presence of SUVs (Fig. 2a, Figs. S4-S6), although low

contamination levels may fall below the detection threshold (Fig. S14). If complete removal of SUVs is

necessary, sucrose density gradients can be employed prior to mBCD removal.
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Low- and high-resolution models describing the internal transbilayer structure
of asymmetric lipid vesicles have been developed. These models can be used for
the joint analysis of small-angle neutron and X-ray scattering data. The models
describe the underlying scattering length density/electron density profiles either
in terms of slabs or through the so-called scattering density profile, previously
applied to symmetric lipid vesicles. Both models yield structural details of
asymmetric membranes, such as the individual area per lipid, and the
hydrocarbon thickness of the inner and outer bilayer leaflets. The scattering
density profile model, however, comes at a cost of increased computational
effort but results in greater structural resolution, showing a slightly lower
packing of lipids in the outer bilayer leaflet of ~120 nm diameter palmitoyl-
oleoyl phosphatidylcholine (POPC) vesicles, compared to the inner leaflet.
Analysis of asymmetric dipalmitoyl phosphatidylcholine/POPC vesicles did not
reveal evidence of transbilayer coupling between the inner and outer leaflets at
323 K, i.e. above the melting transition temperature of the two lipids.

1. Abbreviations

A, : area per lipid

aLUV: asymmetric large unilamellar vesicle
aSDP: asymmetric scattering density profile
CD: cyclodextrin

CG: glycerol group

DE: differential evolution

DPPC: dipalmitoyl phophatidylcholine

Frg: form factor of a flat bilayer sheet

GC: gas chromatography

HC: hydrocarbon group

LUV: large unilamellar vesicle

mpBCD: methyl-B-cyclodextrin

M: methyl group

MLYV: multilamellar vesicles

MS: mass spectrometry

PC: phophatidylcholine

POPC: palmitoyl-oleoyl phosphatidylcholine
SDD: sample—detector distance

SDP: scattering density profile

SFF: separated form factor

SLD: scattering length density

UPLC: ultra-performance liquid chromatography
V.: lipid molecular volume
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2. Introduction

Most biological membranes are asymmetric. For example,
mammalian plasma membranes contain mainly phosphatidyl-
choline (PC) and sphingomyelin in their outer (exoplasmic)
leaflets, while phosphatidylserine and phosphatidylethanol-
amine are the major lipid groups of their inner (cytosolic)
leaflets (Verkleij et al., 1973; Devaux, 1991). Bilayer asym-
metry is thought to affect various membrane properties
including electrostatic potential, surface charge, permeability
and stability, in addition to structural parameters such as
bilayer thickness, and even the thicknesses of the individual
leaflets (Devaux, 1991). However, until recently progress in
studying the biophysics of asymmetric bilayers has been
hampered by the lack of protocols pertaining to their forma-
tion (Marquardt, Geier & Pabst, 2015).

In a series of papers, London and co-workers introduced a
method using cylcodextrin (CD)-mediated lipid exchange for
producing solvent-free free-floating asymmetric vesicles of
different sizes (Cheng et al., 2009; Chiantia & London, 2013).
(Note that the name asymmetric lipid vesicle refers to a vesicle
whose bilayer leaflets are compositionally different.) We
recently modified this technique to produce stress-free asym-
metric large unilamellar vesicles (aLUVs) amenable to inter-
rogation by different biophysical techniques (Heberle et al.,
2016). These include small-angle X-ray and neutron scattering
(SAXS and SANS, respectively), techniques which are well
known for their abilities to probe membrane structure at the
sub-nanometre scale without the need for extrinsic probes
(Pabst et al., 2010; Marquardt, Heberle et al., 2015). Over the
years, several concepts have been developed to model
symmetric lipid bilayers in terms of scattering length density
(SLD) profiles. In general, these models consist of step func-
tions or ‘slabs’ (e.g. Riske et al., 2001; King et al., 1985; Pencer
& Hallett, 2000; Schmiedel et al., 2001), Gaussians (e.g. Wiener
& White, 1992; Pabst et al., 2000; Nagle & Tristram-Nagle,
2000), or some combination of the two. A particularly influ-
ential method of determining membrane structure at high
resolution is the scattering density profile (SDP) model
developed by Kucerka and co-workers (Klauda et al., 2006;
Kucerka et al., 2008), which allows for the joint analysis of
X-ray and neutron data. More recently, an all-atom model for
the SLD was developed, which has an even higher internal
resolution than the SDP (Fogarty et al, 2015).

Brzustowicz & Brunger (2005) were the first to report a
smooth SLD model function to analyze SAXS data from
asymmetric (i.e. noncentrosymmetric) lipid vesicles. Later,
Kucerka and co-workers described an SDP-based model for
asymmetric bilayers (Kucerka, Pencer, Sachs et al, 2007),
which exploited SANS/SAXS contrast variation (Pabst et al.,
2010; Marquardt, Heberle et al., 2015). However, their model
did not consider isotopic labeling of only one bilayer leaflet
(Heberle et al., 2016), which is needed to precisely define the
center of the asymmetric bilayer in order to disentangle
leaflet-specific thicknesses and lipid packing densities. To this
end, we have developed an asymmetric SDP model (‘aSDP’)
that allows for this feature. In addition, we describe a slab
model that also allows for the joint analysis of SAXS and

SANS data, but at a lower spatial resolution. The main
advantage of the slab model is that fewer parameters are
needed to fit the data.

Here, we evaulate the efficacy of both the slab and SDP
models using isotopically labeled aLUVs composed of
palmitoyloleoyl phosphatidylcholine (POPC) and dipalmitoyl
phosphatidylcholine (DPPC), as well as their deuterated
variants. Despite the significant difference in spatial resolu-
tion, the two models yield comparable values for the area per
lipid A, and the thicknesses of the inner and outer hydro-
carbon layers d.. However, the quality of the fits, as judged by
their reduced x24 values, are better when using the aSDP
model. Finally, our analysis of fluld DPPC/POPC aLUVs
revealed that the inner and outer membrane leaflets are
structurally decoupled from each other at 323 K, above the
melting transition temperature of the two lipids.

3. Materials and methods
3.1. Sample preparation

All lipids, including their isotopes (POPC-d13, POPC-d31,
POPC-d44, DPPC-d13, DPPC-62) were purchased from
Avanti Polar Lipids (Alabaster, AL, USA) and used without
further purification (see Fig. S6 of the supporting information
for details of chemical structures). D,O (99.8%) was obtained
from Alfa Aesar (Ward Hill, MA, USA) and from Euroiso-top
(Saarbriicken, Germany). Methyl-S-cyclocextrin (mBCD) was
obtained from Sigma-Aldrich (St Louis, MO, USA). All
solvents were of pro analysis quality. Lipid stock solutions
were prepared by dissolving weighed amounts of dry lipid
powder in chloroform. The lipid stock solution concentration
was determined to within 1% by inorganic phosphate assay
(Kingsley & Feigenson, 1979). Appropriate volumes of the
stock solutions were dried under a stream of nitrogen and
placed under vacuum for at least 12 h, leading to a thin lipid
film on the bottom of a glass vial.

aLUVs were prepared using cyclodextrin-mediated lipid
exchange as previously described (Heberle et al, 2016).
Briefly, acceptor vesicles composed of the inner leaflet lipids
were prepared by first hydrating the dry lipid films in a 20 mM
NaCl aqueous solution made from 18 M2 cm water (lipid
concentration 10 mg ml™"). The resulting multilamellar vesi-
cles (MLVs) were incubated at 313 K for 1 h with intermittent
vortex mixing, followed by five freeze/thaw cycles using liquid
nitrogen. LUVs were prepared using a hand-held mini-
extruder (Avanti Polar Lipids, Alabaster, AL, USA) with a
100 nm pore-diameter polycarbonate filter. The MLV
suspension was passed through the filter a total of 31 times at
room temperature. LUV formation was facilitated by doping
the lipids with 5 mol% POPG or POPG-d31 (matching the
isotopic composition of the inner leaflet POPC or POPC-d31
lipids). Such low amounts of the charged lipid were previously
shown to not affect the membrane structure of phosphatidyl-
cholines (Kucerka, Pencer, Sachs et al., 2007). Vesicle size was
measured by dynamic light scattering using a Zetasizer NANO
ZSP (Malvern, UK) or a BI-200SM Research Goniometer
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Light Scattering system (Brookhaven Instruments, Holtsville,
NY, USA). Mean vesicle diameters were typically ~120 nm
(&5 nm).

Donor multilamellar vesicles (20 mgml™ total lipid
concentration) composed of the outer leaflet lipids were
prepared by hydrating the dry lipid films in water containing
20% (w/w) sucrose using vortex mixing in combination with
three freeze/thaw cycles. Donor MLVs were then diluted 20-
fold with water and centrifuged for 30 min at 20 000 g in order
to remove extravesicular sucrose. The resulting pellet was re-
suspended in a 35 mM mpBCD solution at a lipid:mBCD ratio
of 1:8 and incubated for 2 h at room temperature, while being
gently stirred.

Lipid exchange was initiated by mixing acceptor and donor
vesicle suspensions (donor/acceptor ratio D/A = 2 for POPC
aLUVs and D/A = 3 for DPPC/POPC aLUVs) and allowed
to proceed for 1 h at room temperature. The resultant aLUVs
were diluted eightfold with water and then separated from the
donor MLVs via centrifugation at 20 000 g for 30 min. The
supernatant containing the aLUVs (as well as residual CD and
sucrose) was then concentrated to <0.5 ml with a centrifugal
ultrafiltration device (100 kDa molecular weight cutoff, 11 ml
volume, 5000 g). The initial concentration step was followed
by three cycles of successive dilution to 11 ml and concen-
tration to <0.5 ml, effectively removing residual CD and
sucrose, and allowing for the exchange of H,O with D,O for
SANS and 'H NMR experiments. The mean diameter of the
aLUVs was ~120 nm (%5 nm), a diameter (within measure-
ment uncertainty) identical to that of the acceptor LUVs prior
to exchange. Lipid exchange efficiency and inner/outer leaflet
distribution were determined by gas chromatography and
mass spectrometry (GC-MS), or ultra performance liquid
chromatography and mass spectrometry (UPLC-MS),
combined with 'H NMR measurements, as detailed by
Heberle et al. (2016) and in the supporting information. We
demonstrated previously that membrane structural para-
meters are not altered by this preparation (Heberle et al.,
2016).

In some cases, symmetric LUVs were prepared from aLUVs
by chemical scrambling as follows. aLUVs were dried to a film
under reduced atmospheric pressure using a rotary evaporator
with the water bath set to 303-323 K. The dried film was then
redissolved in chloroform. From that point on, the sample
preparation was identical to that of the acceptor LUVs, as
described above. We refer to these LUVs as ‘scrambled’
vesicles throughout the text.

3.2. Small-angle neutron scattering

Neutron scattering experiments were performed at the BL-
6 extended-Q-range small-angle neutron scattering (EQ-
SANS) instrument of the Spallation Neutron Source, located
at Oak Ridge National Laboratory (ORNL), and KWS-1 at
the FRM II reactor (Munich—Garching, Germany) (Frieling-
haus et al., 2015; Feoktystov et al., 2015). Samples were loaded
into 1 or 2 mm path length quartz banjo cells or 1 mm path
length 404 000-QX quartz cuvettes (Hellma, Jena, Germany),

and mounted in a temperature-controlled cell holder with
~1 K accuracy. Typical measurement times were 30 min. EQ-
SANS data were taken at two sample-to-detector distances
(SDDs), 1.3 and 4.0 m, using wavelength bands of A = 4.0-
75A and A = 10.0-135 A, respectively, corresponding to
scattering vector magnitudes of g = 0.005-0.5 A~'. Data were
collected with a two-dimensional *He position-sensitive
detector and reduced to one-dimensional I(g) scattering
curves using Mantid (Arnold et al., 2014). KWS-1 data were
obtained with a two-dimensional scintillation detector using
neutrons of A = 5 A (wavelength spread FWHM: AA/A = 0.1)
and two SDDs, 1.21 and 7.71 m, yielding a g range of 0.005-
0.42 A~'. Data were corrected for detector pixel sensitivity,
dark current, sample transmission and background scattering
from D,O using the QTIKWS software from JCNS (Garching,
Germany).

3.3. Small-angle X-ray scattering

SAXS data for POPC aLUVs were collected at the P12
BioSAXS beamline, located at the storage ring PETRA III
(EMBL/DESY) in Hamburg, Germany (Blanchet et al., 2015).
This beamline delivers a total photon flux of 5 x 10"~
focused to a spot of 120 x 200 pum (full width at half-
maximum). The combination of 20 keV (A = 0.6 A) photons
and SDD = 3.1 m yielded an accessible g range of 0.04—
0.92 A~'. A Pilatus 2M detector (Dectris, Switzerland) was
used for data collection. SAXS data from DPPC/POPC
aLUVS were obtained at the ESRF BM29 BioSAXS beamline
(Pernot et al., 2013) (Grenoble, France) using a Pilatus 1M
detector (Dectris, Switzerland), with A = 0.99 A and SDD =
2.869 m, yielding an accessible g range of 0.003-0.5 A7l At
both beamlines, samples were transferred prior to measure-
ment into multi-well plates and equilibrated for 10 min in a
temperature-controlled block. An automated system deliv-
ered 20-35 pl of the lipid sample into a preheated glass
capillary. For each sample, 20 (P12) or ten (BM29) frames
were recorded with an exposure time of 0.095 s (P12) or 0.5 s
(BM29). The water background was measured before and
after each sample. To determine the occurrence of possible
radiation damage, data collected in subsequent frames were
compared by a standard F-test (Petoukhov et al, 2007). Data
treatment was performed using the ATSAS suite (Petoukhov
et al., 2012).

4. Models

It was shown previously (Kiselev et al., 2002; Pencer et al.,
2006) that coherent scattering from symmetric LUVs can be
approximated under certain conditions by

1(q) =~ S(q) |Frs(@) |Feg(q)I, (1)

where Fpg is the form factor of a thin spherical shell
(containing information about vesicle size and polydispersity),
Frp is the form factor of a flat bilayer sheet (containing
information about the distribution of matter across the
bilayer) and S is the interparticle structure factor (accounting
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for interactions between the particles, and equal to unity for a
sufficiently diluted system). Equation (1) is often referred to
as the separated form factor (SFF) approximation and is valid
when the length scales of vesicle radius and bilayer thickness
are well separated, such that F;g and Fpp can be treated
independently (Pencer et al., 2006). As shown by the same
authors, ~5 nm thick bilayers and vesicles larger than 50 nm
have negligible contributions to Fyg for g > 0.03 A~!, and the
scattered intensity can be approximated by Fpy only.

Brzustowicz & Brunger (2005) demonstrated that, for freely
floating vesicles with transmembrane asymmetry, a flat bilayer
model provides a good description of the scattered intensity.
This enables us to apply the SFF method to aLUV data, with
the caveat that inner and outer membrane leaflets cannot be
unambiguously assigned without a priori knowledge of the
membrane’s composition. In our case, leaflet compositions
were obtained independently using solution NMR in combi-
nation with GC-MS or UPLC-MS [see Heberle et al. (2016)
and supporting information §1].

The flat bilayer form factor can be expressed as

DO
|Fegl = [ Apexpligz)dz

—D;

= (Fi + F3)'% )

where Ap is the difference between the SLDs of the
membrage and the solvent, and F,, = ff’l")i Apcos(gz)dz and
Fg4, = |7}, Apsin(qz)dz are the real and imaginary parts of
Frg. The integral extends over the full bilayer thickness, that is
from its innermost distance D; to its outermost distance D,

4.1. Asymmetric slab models

4.1.1. Four-slab model. The four-slab model has been used
previously for analyzing aLUV SANS data (Heberle et al,
2016). For completeness, we summarize its main features
below. The bilayer’s SLD profile is given by

Peore 2 < — (D + D), ‘
Py —(De+Di) <z< —Di,
_ o —Di<z<o,

PR=1 e 0<z<pe,

P Di=z<DR+Dy,
IOS ZZD%+D05

(©)

where p are SLDs and D are the thicknesses of the individual
slabs. The superscripts o and i denote outer and inner leaflets,
respectively (see also Fig. 1). If the SLD of the membrane core
matches that of the solvent (p.,. = ps), the limits of the
integral in equation (2) are well defined, yielding

Faw =2 {0 = i) sinD )
+ X000 = po)sinl(DY +Dial}. @)

where ) ; denotes the sum over either all outer or all inner
leaflet parameters (oL, DL, p%, D, pl, ...), respectively, and

Fan = (0 = )+ S0/ 02 = i) eon(Dg)
+ X108 = ps)cosl(DE + Dl (5)

where n € N and

" even forinner leafleti,
" | odd for outerleaflet o.

Following the approach used by Kucerka and co-workers
(Kucerka et al., 2004, 2008; Kucerka, Pencer, Nieh & Katsaras,
2007), it is possible to reduce the number of adjustable para-
meters by enforcing matter conservation (i.e. by assuming
volume incompressibility and space filling), which essentially
couples the thicknesses of the individual layers to the
projected area per lipid A; and lipid molecular volume V|
(Fig. 1 upper panel). However, we must first consider that
alLUVs will differ in the type and number of lipids in the outer
and inner leaflets. This is accounted for by introducing
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Figure 1
Schematic illustration of the four-slab model. Upper, space-filling
representation of an asymmetric bilayer. Lower, the neutron scattering
length density (NSLD) profile across the bilayer is obtained by averaging
the composition of each slab.
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different leaflet molar ratios x° for the inner and outer leaflet
lipids. Small differences between the surface areas of the inner
and outer leaflets lead to an additional scaling of x°!, as
detailed in the supporting information (§2). The number of
headgroup-bound water molecules, ny, will also in general be
different for each leaflet. The average molecular volumes of
the lipid headgroup and hydrocarbon layers are then calcu-
lated as mole-fraction-weighted sums:

Vﬁi = Xdonvdon + Xaccvdcc + I’l VW’ (6)
VOl = Xdon Vdon + Xaccvacc

Similarly, the corresponding average coherent neutron scat-
tering lengths are given by

b = Xambi" + Xeebi® + 1l bws
b01 _ Xdonbdon + 0,1 bacc

acc

™

Super/subscripts ‘don’ and ‘acc’ differentiate, respectively,
between donor and acceptor lipids, Vy, is the molecular
volume of water, ny, is the number of bound water molecules,
and Xdon =1— x%.. Lipid volumes can be determined by
either independent experiments (Greenwood et al, 2006;
Hodzic et al., 2008; Murugova & Balgavy, 2014) or atomistic
simulation (Petrache et al.,, 1997). For the present work we
used volumes determined experimentally by densitometry and
reported by Kucerka et al. (2011). Hence, the ps and Ds in
equation (4) can be replaced by pH(C) = bH(C) / V;’I('C) and
D;’I(‘C) VIO{(‘C) JAS, reducmg the number of adjustable para-
meters to four (A{", ny;). In this work, x5, ... was indepen-
dently determined by GC-MS and NMR analysis of the aLUV
composition for each sample (supporting information).
Alternatively, Xg})in(acc) can be a free parameter if it is unknown,
or constrained in order to account for any uncertainty in its
determination by analytical methods.

A complication we encountered was that the different
contrast aLUV preparations showed a small but non-negli-
gible variation of outer leaflet exchange (see e.g. Table S6). In
order to account for this, we approximated the A; in each
leaflet by a composition-weighted sum of the areas of its
constituent lipids:

AT = Ao AT + Ko AL ®)

where the lipid areas of donor and acceptor lipids A% are

now adjustable parameters. Finally, we defined the hydro-
carbon chain length of each leaflet as d%' = V2 /A"Li and the
total bilayer (Luzzati) thickness as dg = ) ; VE‘ AV (Nagle
& Tristram-Nagle, 2000).

4.1.2. Six-slab model. For SAXS analysis, an additional slab
for the terminal methyl group of each leaflet must be added
owing to the significant differences in electron densities
between CH, and CH; groups, resulting in a six-slab model for
the electron density profile:

Peore 2 < — (D + Di + D), o
P —(Diy+ D+ Dy) < 2 < — (Diy + Di).

Pic _(DM+D )<Z<—DM7
i —Dl <z<0,
p(z) =1 M

Pm 0§Z<D0M7

s Dy <z<Diy+ D

oy DY+ D% <z <D+ D+ Dy,
ps 22 Dyt D2+ Dy,

)

where subscripts ‘M’ denote the central methyl slabs (Fig. 2).
From equation (9) we calculate the real and imaginary parts
of the form factor:

= {2 — psinl(oe + D3
+ Z(pM — pc)sin(Dyy'q)
+ X0 = po)sinl(DY + DY + Dl (10)
and

Fau= |k =0+ S (6 = i) cosl(D + Dy

+ X1 (b — pe) cos(Dig)

+ X1 (o}’ = ps)cosl(DY + D + Dial}. (1)

where n € N,

"= even forinner leafleti,
"~ | odd forouterleaflet o.

Using similar arguments as in §4.1.1, the electron densities
and slab thicknesses can be replaced by p b"l / V‘” nd
D01 =V /A% where b; now refers to the number of elec-
trons for each slab j=H,C,M. We further parsed the
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Figure 2

Schematic illustration of the six-slab electron density profile model.
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headgroup and methyl slabs to account for their contributions
to the neighboring hydrocarbon methylene region:

Vlc_llon,acc =Vu+A—-pes)Vess
véomae — (1 — py)Ve + pec Vs
Vi * = Vyy + pu Ve,

b?{on,acc =by+(1-— pCG)bCG’
béomae — (1 — p\)be + pecbeg
= by + pumbe,

(12)

don,acc
by

where V5 and V), are the respective volumes of the carbonyl-
glycerol (CG) and methyl groups, and pg € [0, 1] distributes
the lipid’s CG contributions between the headgroup and
hydrocarbon regions (p,, does the same for methyl slabs).
Volumes and electron densities are then calculated according
to equations (6) and (7), where V' and S are determined
analogously to Vo' and b

Volumetric data for the individual slabs were taken from
the literature (Kucerka et al., 2011). Temperature-dependent
values of V) can be found, for example, in the work of Small
(1986), Koenig & Gawrisch (2005) and Kucerka ez al. (2011).
Depending on whether ngn(acc_) is known or not, the six-slab
model has either six (A7, ny', peg, Pm) Or eight adjustable
parameters. Finally, we note that the electron density contrast
between acyl chains of the inner and outer leaflets is generally
weak. However, this contrast can in principle be enhanced by
introducing brominated or fluorinated lipids into one of the
leaflets (Mclntosh et al., 1996; Hristova & White, 1998).

4.2. SDP model for asymmetric membranes

The SDP model describes the bilayer structure in terms of
one-dimensional volume probability profiles (VPPs) of quasi-
molecular lipid fragments. The VPPs are scaled by either the
fragment’s total coherent neutron scattering length (in the
case of SANS) or the number of electrons (in the case of
SAXS) to obtain the SLD profile (Pabst et al, 2010;
Marquardt, Heberle et al., 2015). Inspired by Kucerka, Pencer,
Sachs et al. (2007), we parse each leaflet of the asymmetric
bilayer as follows: choline methyl + phosphate + CH,CH,N
(PC); carbonyl + glycerol (CG); hydrocarbon (HC); and
methyl (M) groups. The volume probabilities for the PC, CG
and M groups are modeled as Gaussians:

¢, (z—z,)

(13)

for n = PC, CG, M, where ¢, =V,/(A_0,) and o, and z, are
the width and position of the distribution, respectively (Fig. 3).
The HC groups are described by smooth plateau-like func-
tions using error functions (Pabst et al., 2010). However, our
modeling must also account for the different contrasts in the
inner and outer HC layers, which require two separate smooth
bridging functions, leading to a significant increase in
computational resources. We therefore applied [following
Wiener et al. (1989)] a half-period squared sine/cosine func-
tion:

2
. (72— 2wy, TOunT
sin| ————

20N 2
for 2N, — OmN = 2 <Zmn, T Omns
Pyc(z)=11 for Zvn, T Ovn < 2 <Zumn, — Omne (14)
2
Z — IuN + OyN TT
cos| —————
20uN 2

for zyn, — Oun = 2 <Zun, + Oun-

Here, zyy,, is the 0.5-probability value for the hydrocarbon
region (and thus also defines the thickness of the inner and
outer leaflet hydrocarbon regions di°, in accordance with its
definition as a Gibbs dividing surface) and 20,y is the width of
the squared sine/cosine functions. The probability function of
the methylene regime is Py = Pyc — Pu-

We note two additional modifications to the SDP descrip-
tion for symmetric bilayers. Firstly, the choline and phosphate
groups are combined into a single Gaussian in order to
decrease the number of fitting parameters. The ensuing
decrease in structural resolution is, however, within experi-
mental error, as determined from fits of previously reported
POPC form factors (Kulerka et al, 2011) using either
combined or separate headgroup Gaussians. Secondly, in some
cases, two distinct methyl groups must be modeled, for
example when the outer and inner bilayer leaflets contain
contrasting hydrocarbon chains. This is achieved by displacing
each leaflet’s methyl group slightly from the bilayer midplane,
ensuring, however, that their combined envelope function is a
single Gaussian, as observed in symmetric bilayers when both
amplitudes are equal (Fig. 3).

The water (solvent) probability function Pg is defined as
Ps(z) =1-Y, P,(z), with n=PC*, CG*, MN%, M
(Klauda et al., 2006; Kucerka, Pencer, Sachs et al., 2007).

For the real part of Frz we then calculate

0.8

0.6

04 4

Volume Probability

0.2

0.0
-30

Distance from Bilayer Center [A]

Figure 3
Schematic illustration of the volume probability distribution for an
asymmetric bilayer.
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where ), denotes the sum over the PC, CG and M groups.
For the imaginary part of Fpz we calculate
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Several additional constraints were imposed during the
fitting procedure. On the basis of previous results showing that
the distance zqg — zyy between the carbonyl-glycerol group
and the hydrocarbon/headgroup interface lies between 0.45
and 1.1 A for different PC lipids (Kucerka et al., 2011), we
fixed this value to 1 A. Additionally, the locations of the
methyl groups were fixed at a distance of 1 A from the bilayer
center, i.e. |7y =1 A, and oy Was set to the value obtained by
fitting the sum of inner and outer leaflets P,; to the envelope
function given for the corresponding symmetric bilayers
(Kucerka et al., 2011). This yielded oy, = 2.38 A for DPPC and
oy = 2.02 A for POPC bilayers. Finally, as mentioned, our
aSDP model combines the choline and phosphate groups into
a single Gaussian probability function. However, in order to
obtain reasonable o} values, the form factors reported for
POPC and DPPC by Kucerka et al. (2011) were refitted with
our aSDP model.

After these constraints were applied, six adjustable para-
meters remained for the aSDP model: z%% and 0%, where n =
PC, CG, MN (if needed ngn(acc) can also be varied). In order to
account for variations in outer lipid exchange efficiency, when
jointly analyzing different contrast data sets obtained from
different physical samples, these parameters can be rewritten
as a weighted sum of values for the individual donor and
acceptor lipid species:

(Xdon n don + XdCC n, dCC) (17)
and
= (ngnan.don + X;)éicon,acc)' (18)

To increase the stability of the fits, we derived the individual
z,, and o, values of the acceptor and donor lipids by scaling
their reported values in single-component bilayers (Kucerka et

al., 2011). For example, z,, 4on = @12, gon A0 2, scc = @221 ace> Zn
being the reported literature value, and a, and a, being the
fitted scaling parameters. The observed variations in a; and a,
were between 0.96 and 1.04. Structural parameters were
calculated analogously to the slab model using A’ =
Vain/d¥', where dg' =z, and dy = Y V' /A

4.3. Joint analysis of SANS and SAXS data

In order to fully exploit the benefits of contrast variation, all
SANS and SAXS data were fitted simultaneously in a joint
analysis taking into account the appropriate experimental
resolution (see e.g. Feigin & Svergun, 1987). In the case of the
asymmetric slab models, this was achieved by requiring
common values for A{"' and ny for all data sets. For the aSDP
model, the volume probability distributions of quasi-mol-
ecular fragments serve as a common backbone for a joint
SANS/SAXS data analysis. The applied optimization function
x24 included all SANS and SAXS data sets for a given aLUV
system. Specific weighting schemes took into account the
importance of matching the first minimum displayed in the
SANS data, as well as the SAXS intensity modulations at high
g vector magnitudes. This was achieved by decreasing the
experimentally determined uncertainties in these regions by a
factor of 0.1-0.5. Further, the SAXS data were weighted by a
factor of 0.5 with respect to the SANS data. The reported 2,
values were recalculated after releasing all constraints and
weights to avoid any influence from the specific weighting.

Different optimization routines were also applied. In the
case of the asymmetric slab model the small number of free
parameters allowed us to apply the trust region reflective
algorithm, which is similar to the Levenberg—Marquardt
algorithm, but with a restricted step size, thereby preventing it
from overstepping (Yuan, 2000). Because of the large number
of adjustable parameters in the aSDP model, there is an
inherent danger that a deterministic search algorithm (such as
the one used for the asymmetric slab model) will become
trapped in a local minimum. In this case, random search or
stochastic algorithms, such as the differential evolution (DE)
algorithm (Price et al., 2006; Storn & Price, 1997; Price &
Storn, 1997), offer a different strategy. For example, the DE
algorithm performs a global search for the best solution
starting from an initial population of solutions; these are
subsequently combined and/or ‘mutated’ to form new solu-
tions that are accepted or rejected on the basis of their
agreement with experimental data.

The uncertainties of the joint SAXS/SANS analysis were
determined to be <2% for symmetric systems and <3% for
asymmetric systems. These values were estimated by a varia-
tion of initial (starting) parameters, number of iterations and
termination tolerances.

5. Results and discussion
5.1. Testing models on symmetric LUVs

All models were assessed for their ability to reproduce
previously reported structural data for symmetric bilayers. To

J. Appl. Cryst. (2017). 50, 419-429
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Table 1
Structural parameters of DPPCY"/POPC*¢ aLUVs and LUVs obtained
after scrambling.

Parameter uncertainties are estimated to be <2%.

Model A (AY) de (A) ds (A) P
Slabg s T 65.3 14.0 382 11
Slabg st 675 13.6 369 94.5
Slab,;, § 67.5 13.6 369 542
SDPg 63.7 14.4 392 0.6
SDPg st 66.8 13.7 373 1422
SDP,;,.§ 66.3 13.8 376 34.6
SDP, 9 62.7 14.6 39.8 -
ADP, it 67.0 13.7 372 -

+ Analysis of SAXS data only. i Joint analysis of different contrast SANS data only.
SANS data were previously published by Heberle et al. (2016) and are reanalyzed
here. § Joint analysis of SANS and SAXS data. 9 From Kucerka et al
(2011). ¥t From Fogarty et al. (2015).

this end, we prepared four symmetric LUV samples with
different internal contrasts (i.e. POPC, POPC-d13, POPC-d31
and POPC-d44). SANS data were taken from the work of
Heberle et al. (2016) and reanalyzed jointly with new data
from SAXS experiments. In the analyis of these datasets, we
constrained A; and d from the inner and outer leaflets to be
identical. The corresponding SANS and SAXS data and their
fits are shown in Fig. 4. Structural parameters determined from
the joint analysis (Table 1) were also compared with results
obtained by analyzing each dataset individually. The latter
comparison shows that A; obtained from standalone SAXS
data was smaller than that obtained from standalone SANS

10000
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=)
=3

10000
1000

Intensity [a.u.]

0.01
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Figure 4 alA]

Joint analysis of SAXS (top panel) and SANS (bottom panel) data from
symmetric POPC LUVs with different internal contrasts, namely (a)
POPC, (b) POPC-d13, (c) POPC-31 and (d) POPC-d44 (T = 293 K). The
maximum SANS resolution in reciprocal space is indicated by the g3ANS
arrow in the SAXS panel. Dashed lines are best fits using the asymmetric
slab (blue long-dashed line) and SDP models (red short-dashed line).
Data are offset vertically for clarity. The SANS data in the lower panel
were previously published by Heberle ef al. (2016) and are reanalyzed
here.

data, while d and dj were larger for the SAXS analysis than
for the SANS analysis owing to the inverse relationship
between lipid area and bilayer thickness. The jointly analyzed
values are, however, closer to those obtained by SANS, which
can be understood by the fact that the applied definitions for
A;, d- and dy depend on the position of the glycerol back-
bone, to which neutrons are most sensitive. Furthermore, the
slab and SDP models yielded practically identical values for
A; and dy when all data sets were included. In terms of fit
quality, x2, were generally smaller for the SDP model, which
we attribute to the model’s higher intrinsic resolution. Note
that the high x4 values of SANS are due to the four different
contrasts that were fitted simultaneously.

It is instructive to compare our results with the literature
values listed in Table 1. Within experimental uncertainty, we
find good agreement with the results of Kucerka et al. (2011),
who also applied an SDP-based analysis similar to ours but
who did not use lipid isotopes, and a re-evaluation of these
data in terms of an atomistic model (Fogarty et al., 2015).

5.2. Testing the models using isotopic aLUVs

We next analyzed aLUVs composed of different POPC
isotopes in the inner and outer leaflets, ie. POPC*/
POPC-d44%" and POPC-d44*/POPC%" for SANS and
POPC-d13*/POPC!" for SAXS. This labeling scheme
allowed us to unambiguously resolve the structure of the inner
and outer bilayer leaflets. For both samples, we achieved
approximately 60% exchange of the outer leaflet lipids (see
Table S3 for details). SANS data previously reported by
Heberle et al. (2016) were reanalyzed together with new
SAXS data using both models.

Fig. 5 shows the corresponding SAXS and SANS data, and
their fits obtained from joint analysis. Results of the structural
parameters are presented in Table 2. On average, the struc-
tural parameters are, within experimental uncertainty, equal to
those obtained for symmetric LUVs. This is consistent with
our previous finding that the aLUV preparation does not alter
the membrane structure (Heberle et al., 2016). Analysis using
the slab model yielded larger values for ny, and A; for the
inner leaflet compared to the outer leaflet. This result appears
to be physically unrealistic, considering that previous studies
found that membrane curvature induces a greater packing
density (smaller A; ) for inner leaflet lipids (Huang & Mason,
1978; Smolentsev et al., 2016). We therefore constrained the
inner leaflet ny, and A; values not to exceed the outer leaflet
values, which resulted in both leaflets having identical values
for these parameters. An alternative interpretation is that
inner leaflet lipids may protrude out of the membrane to avoid
lateral compression, leading to a rougher inner surface
(Brzustowicz & Brunger, 2005) and to niy > n$, which can
then result in Al > A?. Comparing the x2, values of the
constrained and unconstrained fits (Table 2), as well as fit
residuals (Fig. S1), we conclude that these scenarios cannot be
distinguished owing to the inherent resolution limitations of
the slab model.
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Table 2
Structural parameters of POPC aLUVs.

Values in parentheses for the slab model correspond to results obtained upon
removing area constraints. Parameter uncertainties are estimated to be <3%.

AL (A?)

Outer Inner

dc (A)
Outer

Model Inner ds (A X

Slaby,, F 65.5 (63.8) 65.5 (67.8) 14.0 (14.4) 14.0 (13.5) 38.0 (37.9) 7.0 (6.3)
aSDP, ;1 65.7 63.4 14.0 14.4 38.6 6.6

+ Joint analysis of SANS and SAXS data. The SANS data were previously published by
Heberle er al. (2016) and are reanalyzed here.

In the case of the aSDP model, unconstrained fits led to
Al < A?, and consequently to di. > d2. To further understand
the coupling of vesicle size/curvature to lipid packing differ-
ences of the inner and outer leaflets, additional studies would
be needed that are beyond the scope of the current work. We
note that Al <A{ is consistent with an earlier analysis of
20 nm diameter vesicles (Huang & Mason, 1978), which
because of their smaller radius resulted in significant differ-
ences between Al and AP. However, Al <A? was also
suggested for 100 nm vesicles in a recent spectroscopic study
(Smolentsev et al., 2016).
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Figure 5

Structural parameters for POPC aLUVs measured at 293 K. Top panel,
SAXS data (open circles) from POPC-d13*¢/POPC®" alLUVs, and
corresponding fits (dashed lines) and electron density profiles (right). The
maximum SANS resolution in reciprocal space is indicated by the gSANS
arrow. Bottom panel, SANS data (open circles) from (a) POPC**/POPC-
dd4dn and (b) POPC-d44*¢/POPCY" aLLUVs and corresponding fits
(dashed lines), and neutron scattering length density profiles (right). Blue
and red colors denote analysis using the slab and SDP models,
respectively. Structural parameters are listed in Table 2. The SANS data

Table 3
Structural parameters of DPPCY"/POPC*¢ aLUVs and LUVs obtained
after scrambling.

Parameter uncertainties are estimated to be <3%.

AL (AY) dc (A)
Model (sample) DPPC POPC DPPC POPC
Slab (aLUV) 61.7 68.7 14.5 13.7
aSDP (aLUV) 62.6 67.9 14.3 13.9
Slab (LUVY) 64.9 67.8 13.8 13.8
SDP (LUVY) 64.9 69.1 13.8 13.7

+ Scrambled.

5.3. DPPC/POPC asymmetric membranes

Fig. 6 shows the aSDP analysis of DPPC%"/POPC** alLUVs
using two different contrasts (i.e. DPPC-d62%°"/POPC-d13%
and DPPC®"/POPC-d13*°). The analysis also included
scrambled DPPCY"/POPC** vesicles (see §3) in order to
examine the impact of transbilayer lipid asymmetry on
structure. Data analyzed in terms of the slab model are
presented in Fig. S2. A previous analysis of outside gel/inside
fluid DPPC/POPC aLUVs at room temperature showed a
partial fluidization of the outer leaflet, observed as a signifi-
cantly larger A, as compared to typical gel-phase values
(Heberle et al., 2016). In order to determine whether such a
transbilayer coupling persists in fluid aLUVs, we carried out
experiments at 323 K, i.e. above the melting temperature of
both lipids.
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Figure 6

SDP analysis (red lines) of DPPC%"/POPC** aLUVs (open circles) and
scrambled LUVs (filled triangles). The panels on the right show the
corresponding SLDs (red: aLUVs; dashed black: scrambled LUVs). The
different contrast samples for SANS experiments were DPPC-d624°"/
POPC-d13%*¢ (d,qn/dyram) and DPPC®?/POPC-d13% (b,.,./Pyeram)- The

asym asym

in the lower panel were previously published by Heberle et al. (2016) and maximum SANS Tresolution in reciprocal space is indicated by the gSANS
are reanalyzed here. arrow in the SAXS panel. Data are offset vertically for clarity.
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Table 4
Structural parameters averaged over different contrasts obtained from
SDP analysis of DPPC/POPC aLLUVs.

Parameter uncertainties are estimated to be <3%.

Ap (A% de (A)
System Outer Inner Outer Inner dg (A)
aLUVs 65.7 67.2 14.1 14.0 38.0
Scrambled 67.8 67.8 13.9 13.9 372

Analysis of the aLUV composition yielded significant
differences in samples with different contrasts (XDppc_ge2 =
0.35-0.45 and xhope_gqi3 = 0.85-0.92, see Table S6). Data were
therefore analyzed according to equations (8), (17) and (18),
i.e. in terms of the individual structures of DPPC and POPC
lipids.

The results from this analysis (Table 3) show good agree-
ment for the different structural parameters of asymmetric
and scrambled samples. The areas for DPPC (A4, = 63.1 Az)
and POPC (A, =673 AZ) were also consistent with those from
a previous analysis of single-component bilayers at 323 K
(Kucerka et al, 2011). Because the differences between
structural parameters obtained in aLUVs and those reported
for corresponding single-component bilayers are within
experimental uncertainties, we conclude that there is no
transbilayer structural coupling in DPPC/POPC aLUVs when
both leaflets are in the fluid phase. However, we cannot
exclude the possibility of transbilayer coupling in fluid
membranes with a higher outer leaflet exchange and/or for
different lipid systems. We further note that there is an overall
good agreement between the results obtained through the slab
and aSDP models.

In order to examine leaflet-specific structural features of
DPPC/POPC aLUVs, we calculated the molecular averages of
A, dc and dy according to the aLUV compositions (Table 4).
Compared to scrambled LUVs, Al is slightly larger than A?,
leading to di- < d2. This is in contrast to our findings for POPC
aLUVs (Table 2), where the inner leaflet was somewhat more
densely packed than the outer leaflet. This result was not
unexpected, however, since POPC has a larger area per lipid
than DPPC at 323 K (Kucerka et al., 2011; Fogarty et al., 2015)
(see also Table 3). The inner leaflet — which is essentially pure
POPC - thus has a larger average A; than the outer leaflet,
which contains a substantial amount of DPPC in addition to
POPC.

6. Conclusion

We have adapted a low-resolution slab model and a high-
resolution SDP model for the joint SANS/SAXS analysis of
asymmetric lipid vesicles. These new models provide analytical
tools to study putative interleaflet coupling mechanisms in
asymmetric bilayers, which better represent the asymmetry
found in most biological membranes.

Application of the aSDP model requires a large number of
adjustable parameters, some of which were constrained in
order to avoid nonphysical results (see also e.g. Table S5).

Additionally, we applied a DE algorithm to prevent the
optimization routine from becoming trapped in local minima.
In the case of the slab model, which has fewer free parameters,
the trust region reflective algorithm was sufficient. On the
basis of the fit quality, as judged by x2, the extra computa-
tional effort required by the aSDP model is justified. However,
in cases where only SANS data are available, the slab model
may provide a more reliable analysis. In order to apply this
model to SAXS data, an additional slab for the methyl groups
is needed.

Both models were tested on isotopically labeled variants of
POPC and DPPC/POPC aLUVs. Interestingly, our analysis of
POPC aLUVs suggested Al <AY, consistent with the
presence of residual curvature strain in our 120 nm diameter
aLUVs. Furthermore, in the case of fluid DPPC/POPC aLUVs
at 323 K, we did not find transbilayer coupling of the indivi-
dual leaflet structures. We believe that, together with the
recently reported protocol for preparing aLUVs (Heberle et
al., 2016), this work sets the stage for future studies of
multicomponent aLUVs (e.g. including cholesterol) that are
needed to understand the complex structure of asymmetric
membranes on the sub-nanometre level.

7. Related literature

For further literature related to the supporting information,
see Hartler et al. (2011), Knittelfelder et al. (2014) and Perly et
al. (1985).
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Supplementary Material

Joint SAXS/SANS Data Analysis of Asymmetric Lipid Vesicles

Barbara Ficher, Frederick A. Heberle, Drew Marquardt, Gerald N. Rechberger, John Katsaras, Georg
Pabst

1 Determination of the bilayer lipid composition via GC/MS and UPLC

The determination of the total bilayer composition has been described in detail previously by [2]. For
completeness, we summarize its main features below. Lipid mixture composition can be determined by
gas chromatography and mass spectrometry (GC/MS) and ultra performance liquid chromatography
and mass spectrometry (UPLC-MS). For GC/MS it is necessary that there are chemical or isotopic
differences between chains of the constituent lipids while for UPLC-MS a difference in lipid mass is
sufficient. For GC/MS (UPLC-MS) the mole fraction y; of a single component can be determined
directly from a set of chain (lipid) peak areas P:

. )
Xi = 5
Zj P;

where P; represents the i*" chain (lipid) peak area and the denominator is the sum over all mixture
components j. This relationship is strictly valid when the chain (lipid) peak area fractions vary
linearly with mixture composition. A slight deviation from linearity was found which lead to the use
of a standard curves (see [2] for details). UPLC-MS data was corrected by a calibration curve of 1:1:1
mole ratio of DPPC/POPC/POPG composition. In brief, samples of 0.1-100 pg with identical mole
ratios of these three components were measured, peak areas integrated and an over all measurements
averaged correction factor determined depending on the detectability of the single lipids. Parameter
uncertainties are estimated to be less than 5%. Lipid analysis for the isotopically asymmetric samples
was conducted using GC/MS (for details see [2]) and for chemically asymmetric samples was performed
by UPLC-MS. UPLC-MS measurements were conducted by using an AQUITY-UPLC system (Waters,
Manchester, UK) equipped with a BEH-C18-column (2.1x150 mm, 1.7 um) (Waters) was used for
sample separation as previously described [3]. A binary gradient was applied. Solvent A consisted
of water/methanol (1/1, v/v), solvent B was 2-propanol. Both solvents contained phosphoric acid (8
pM), ammonium acetate (10 mM) and formic acid (0.1 vol%). A SYNAPTTMG1 qTOF HD mass
spectrometer (Waters) equipped with an ESI source was used for analysis. Data acquisition was done
by the MassLynx 4.1 software (Waters), for lipid analysis the 'Lipid Data Analyser’ software [1] was
used.




2 Evaluation of bilayer asymmetry via 'H-NMR

The evaluation of the bilayer asymmetry was presented in detail in [2]. In short, 'H-NMR spectra were
collected on an Avance III 300 or 400 MHz spectrometer (Bruker, Billerica, MA) using the Bruker
TopSpin acquisition software, and analyzed with TopSpin 3.2. The paramagnetic lanthanide ion Pr3+
interacts with choline protons, shifting their resonance downfield as shown in [2]. By adding Pr3*
to a vesicle suspension, the shift is selective for outer leaflet protiated choline, leading to a separate
resolution of the protiated choline resonances from the inner and outer leaflet [5]. The integrated area
R of each resonance is proportional to the number of molecules having protiated headgroups in the
corresponding leaflet. The outer leaflet peak fraction is defined as:

Rout
I = ot )

" Rin 4 Rout’
where the superscripts ’out’ and ’in’ indicate the outer and inner leaflet. When all lipids posses
protiated headgroups, f°“ directly yields the mole fraction of all bilayer lipids found in the outer
leaflet:

t
xout _ Zj N]Qu = fout7 (3)

Zj N;

where N and N°“ denote the number of molecules in the whole bilayer and in the outer leaflet
and the summation is performed over all components of the mixture. For a bilayer with an equal
number of lipids in the leaflets X°“ = 0.5. We assumed that X°% = 0.53 following [4] by assuming a
vesicle size of 100 nm and a bilayer thickness of 50 A. For a sample consisting of PC lipids the assay is
selective for a single species provided all other components have a deuterated choline to silence their
signal. If only one mixture component possesses a protiated choline we define the single-component
outer leaflet peak fraction f{“! as:

out out ., out
NP X

4
N, = (4)

fout =
(2

where y?“ stands for the outer leaflet mole fraction of component i. Combining the two previous
equations gives the following expression for the outer leaflet mole fraction of component :

fP X
X;?Ut: lfoutl' (5)
For a two component bilayer (e.g. lipid A and B), all compositional parameters X?Ut’m can be

expressed as:
out

X?4Ut — fAXoi(tAt

. 1— fou
v = ey (6)

in(out) 1 in(out)
B = 17 Xa



3 Structural Data

Table S1: Structural parameters for symmetric POPC vesicles at 20 °C ob-
tained from the slab-model. Values in parenthesis are determined by setting
pce as a fit parameter. SANS data were previously published in [2] and are
reanalyzed here.

Slabgaxs * Slabgans T Slab join: *
Viipia [A%] 1247 1247 1247
Vhead [A3] 331 331 331
Ay (A% 65.3 (67.6%) 67.5 67.5 (67.5%)
nyy 8.4 (8.4%) 7.9 9.9 (8.4%)
pPcG 1 (0.77%) - 1 (0.55%)
P 0.63 (0.54%) - 0.68 (0.46%)
2oy 1.1 (1.1%) 94.5 54.2 (50.9%)

* Analysis of SAXS data only.

T Analysis of different contrasts of SANS data only.
* Joint Analysis of SANS and SAXS data.

§ pcc was set as a fit parameter.



Table S2: Structural parameters of symmetric POPC vesicles 20°C deter-
mined with the SDP-model. SANS data were previously published in [2]
and are reanalyzed here.

SAXS *  Joint Analysisgang I Joint Analysisgansesaxs

Viipia® [A3] 1247 1247 1247
Vhead® [A%] 331 331 331
Vpod [A3) 191.98 191.98 191.98
Vool [A%] 139.02 139.02 139.02
Vun® [A3] 81137 811.37 811.37
Vs [A%] 104.63 104.63 104.63
A [A?] 63.7 66.8 66.3
opc 2.60 2.68 2.62
ocG 2.34 2.52 2.55
oud 2.02 2.02 2.02
OMN 5.04 5.13 5.14
|zpc| 19.41 18.34 18.94
Ererel 15.38 14.71 14.81
|zar)® 1.00 1.00 1.00
|z0m] 14.38 13.71 13.81
X2ed 0.6 142.2 34.6

* Analysis of SAXS data only.

t Analysis of different contrasts of SANS data only.
t Joint analysis of SANS and SAXS data.

§ fixed parameter



Table S3: Leaflet composition of isotopic al.UVs determined by GC/MS and 'H-NMR.
x: indicates the total bilayer mole fraction, f?“ (protiated) the fraction of a given
component found in the outer leaflet and x°% (") represents the mole fraction of all
components in outer and inner leaflet. Data were previously published in [2] and are

reanalyzed here.

Component Xi fout o Xﬁ” Xf“t

POPC 0.64* 0.297 0.531 0.96 (0.45%)  0.35 (0.19%)
POPC-d44%"  0.36* ' 0.04 (0.02%)  0.65 (0.34%)
Total 1.00 1.00 (0.47%)  1.00 (0.53%)
POPC-d44%¢  0.62* 0.531 0.83 (0.40% ) 0.43 (0.23%)
POPCdon 0.38* 0.791 ' 0.17 (0.08%)  0.57 (0.30%)
Total 1.00 1.00 (0.47%)  1.00 (0.53%)

* from GC/MC
t from '"H-NMR

¥ calculated for 100 nm vesicles assuming 50 Abilayer thickness

§ total bilayer mole fraction

Table S4: Structural parameters for isotopic asymmetric POPC LUVs at
20°C obtained from the slab model. SANS data were previously published
in [2] and are reanalyzed here.

Joint Analysisgans™

Joint AnalySiSSANS&SAXS*

SAXS*
Viipia [A%]
Vhead [A?,]
Agut [A?]  66.7 (65.3%)
Ain [A?]  66.7 (68.38
nw,., 13 (12.68
nyy,, 7.0 (7.4
pcG 1.0 (1.0
pM 0.67 (0.678
X2od 1.34 (1.338

1247
331

65.4 (64.6%)
65.4 (66.6%)
4.7 (2.3%)
4.6 (6.28)

16.3 (13.0%)

1247
331

65.5 (63.8%)
65.5 (67.88
6.4 (4.6%
6.4 (8.6%

0.58 (0.588
7.0 (6.3

)
)
)
1.0 (1.0%)
)
)

* Analysis of SAXS data only (it cannot not be distsinguished between inner and outer leaflet

by fit SAXS data only.)

T Analysis of different contrasts of SANS data only.
1 Joint analysis of SANS and SAXS data.
§ Unconstrained (A% is allowed to exceed A9* as well as n,,,, can be smaller to Do, )-



Table S5: Structural parameters obtained by SDP-analysis at 20 °C for iso-
topic aLUVs. SANS data were previously published in [2] and are reanalyzed
here.

SAXS* Joint AnalysisSANST Joint AnalySiSSANS&SAXsi

Viipia® [A3] 1247 1247 1247
Vhead® [A?] 331 331 331
Vpcd [A3] 191.98 191.98 191.98
Veoeb [A%] 139.02 139.02 139.02
Vand [A3] 811.37 811.37 811.37
V¥ [A] 104.63 104.63 104.63
Aout [A?] 64.5 66.9 65.7
Aqn [A2?] 63.2 63.5 63.4
OPCin 2.655 2.59 2.70
OPCout 2.5413 2.68 2.57
0CGin 2.53 2.56 2.52
OCGout 2.51 2.56 2.44
oud 2.02 2.02 2.02
OMN 5.14 5.08 5.04
|zpcin 18.77 20.09 19.10
|2PCout] 19.58 19.14 19.87
|zoGin| 15.49 15.43 15.44
|zcGout] 15.20 14.69 14.94
|zar)® 1.00 1.00 1.00
|20 Nin| 14.49 14.43 14.44
|20 Nout| 14.20 13.69 13.94
X2ed 4.5 8.7 6.6

* Analysis of SAXS data only.

t Analysis of different contrasts of SANS data only.
t Joint analysis of SANS and SAXS data.

§ fixed parameter
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Figure S1: Residuals of isotopic aLUVs obtained by either applying the slab model without

constraints (blue line), constraining the fit to nij < n

out

w

and AT < A% (red dashed line)

or applying the SDP-model (green short-dashed line) for POPC-d449%°™ /POPC®* (top panel),
POPC%" /POPC-d44,.. (middle panel) and for SAXS experiments (lower panel). It can be seen
that the difference in residuals of the constrained and unconstrained fits cannot be distinguished.
SANS data were previously published in [2] and are reanalyzed here.



Table S6: Leaflet composition of chemical alLUVs determined by UPLC-MS and 'H-
NMR. x¢“ (xi*) indicates the mole fraction of all components in outer and inner

7

leaflet.
Component Xi XUt X" X
POPC-d13 (acceptor) 0.72* 0.53% 0.92 (0.43%) 0.57 (0.29%)

SANS DPPC-d64 (donor) 0.28* 0.08 (0.04)  0.43 (0.24)
Total 1.00 1.00 1.00
POPC-d13 (acceptor) 0.74* 0.53% 0.85 (0.40% )  0.65 (0.34%)

SANS DPPC (donor) 0.26* 0.15 (0.07%) 0.35 (0.19%)
Total 1.00 1.00 1.00
POPC-d13 (acceptor) 0.73* 0.53% 0.91 (0.43%) 0.57 (0.308)

SAXS DPPC (donor) 0.27* 0.09 (0.04% ) 0.43 (0.23%)
Total 1.00 1.00 1.00

* from UPLC

¥ calculated for 100 nm vesicles assuming 50 A bilayer thickness
§ total bilayer mole fraction

Table S7: Structural parameters of chemical DPPC/POPC aLUVs obtained

by the slab model at 50°C.

SAXS* Joint AnalysisSANgT Joint AnalysiSSANS&SAX5i

DPPC POPC DPPC POPC DPPC POPC

Vipia® [A3] 12285 12755 12285 1275.5 1228.5 1275.5

Vhead® [A%] 331 331 331 331 331 331

A [A?7] 64.9  69.7 617 65.7  61.7 68.7

nyy 6.6 6.6 7.2 7.2 4.7 4.3
elek 1.00 : 1.00
P 0.54 - 0.49
od 31.1 323.5 137.8

* Analysis of SAXS data only.

t Analysis of different contrasts of SANS data only.
t Joint analysis of SANS and SAXS data.

§ fixed parameter



Table S8: Structural parameter of scrambled DPPC/POPC LUVs deter-
mined by the slab model at 50 °C.

SAXS* Joint AnalysisSANgT Joint AnalySiSSA]\/5,';;&5',4)(S:E

DPPC POPC DPPC POPC DPPC POPC

Vipia® [A%] 12285 12755 1228.5 1275.5 1228.5 1275.5

Viead® [A3] 331 331 331 331 331 331

A [A?] 63.4 684  64.9 66.5  64.9 67.8

nyy 5.3 4.9 3.2 3.2 5.0 5.0
elek 1.00 ; 1.00
Py 0.51 - 0.51
X2ed 13.0 241.1 45.1

* Analysis of SAXS data only.

T Analysis of different contrasts of SANS data only.
% Joint analysis of SANS and SAXS data.

§ fixed parameter



Table S9: Structural parameters of chemical alLUVs determined by the SDP
model at 50°C.

SAXS* Joint Joint
Analysisgans' Analysissansgsax st

DPPC  POPC DPPC  POPC DPPC  POPC
Vipia® [A%] 12285 12755 12285 12755 12285 12755
Viead® [A%] 331 331 331 331 331 331
Vpch [A%] 191.98 19198  191.98  191.98  191.98  191.98
Veed [A%] 139.02  139.02  139.02  139.02  139.02  139.02
Vun® [A3] 78777 83554 78777 83554  T87T.77  835.54
Vb [A3] 0 109.73 10854  109.73  108.54  109.73  108.54
A [A?7] 62.2 64.9 62.2 66.6 62.6 67.9
opc 2.37 4.37 2.37 2.65 2.34 2.61
oca 2.18 2.38 2.21 2.50 2.09 2.55
o 2.38 2.02 2.38 2.02 2.38 2.02
OMN 5.68 5.20 5.54 5.13 5.43 5.13
lzpc| 19.18 16.64 19.97 19.41 19.71 17.12
lzoa| 15.42 15.56 15.42 15.16 15.33 14.91
Bk 1.00 1.00 1.00 1.00 1.00 1.00
lzmn]| 14.42 14.56 14.42 14.16 14.33 13.91
X2 4.2 303.1 141.3

* Analysis of SAXS data only.

t Analysis of different contrasts of SANS data only.
t Joint analysis of SANS and SAXS data.

§ fixed parameter
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Table S10: Structural parameters of scrambled DPPC/POPC LUVs deter-
mined by the SDP model at 50 °C.

SAXS* Joint Joint
Analysisgans’ Analysisgansgsax st

DPPC  POPC DPPC  POPC DPPC  POPC
Vipia® [A%] 12285 12755 12285 12755 12285 12755
Viead® [A%] 331 331 331 331 331 331
Vpch [A%] 191.98 19198  191.98  191.98  191.98  191.98
Veed [A%] 139.02  139.02  139.02  139.02  139.02  139.02
Vun® [A3] 78777 83554 78777 83554  T87T.77  835.54
Vb [A3] 0 109.73 10854  109.73  108.54  109.73  108.54

A [A?7] 63.3 69.3 63.4 68.2 64.4 69.1
opcPC 2.26 3.01 2.26 2.67 2.40 2.70
oca 2.25 2.63 2.21 2.52 2.22 2.54
o’ 2.38 2.02 2.38 2.02 2.38 2.02
OMN 5.47 5.08 5.72 6.38 5.56 5.16
|zpc| 19.62 17.79 20.24 19.41 19.32 17.64
lzca| 15.19 14.60 15.20 14.90 14.94 14.64
Bk 1.00 1.00 1.00 1.00 1.00 1.00
|z | 14.19 13.60 14.20 13.90 13.94 13.67
X2 1.09 61.4 18.7

* Analysis of SAXS data only.

t Analysis of different contrasts of SANS data only.
t Joint analysis of SANS and SAXS data.

§ fixed parameter
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Table S11: Structural parameter of chemical aLUVs and scrambled LUV for
the outer/inner leaflet determined from values obtained in table S7,S8,S9,
S10.

Model Components dg, [A] dei [A] dp [A] A A
[A%] [A?]

SANS;* 14.11 1381  37.74  66.5 68.1

AsymSlab jgin; SANS,f 14.03 1387  37.79  66.2 67.6
SAXS;! 14.09 13.82  37.82  65.6 68.1

SANS;* 14.09  14.01  38.09  65.5 67.1

AsymSDP join:  SANS,T 14.05 1397  37.96  66.0 67.1
SAXS;! 14.09 1394 3798  65.6 67.4

SANS;* 13.90 1390  37.68  67.0 67.0

ScramSlab ot  SANS,T 13.90 1390  37.68  67.1 67.1
SAXS;! 13.90 1390  37.68  67.1 67.1

SANS;* 13.91 1391  37.26  67.8 67.8

ScramSDP jpine  SANSoT 13.91 1391 3722 679 67.9
SAXS; ! 13.90 1390  37.25  67.8 67.8

* DPPC-d64%°™ /POPC-d13%¢° (SANS)
f DPPC%" /POPC-d13°¢ (SANS)
! DPPCY" /POPC-d13°* (SAXS)
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Figure S2: Slab analysis (blue lines) of DPPC%" /POPC%* alLUVs (open circles) and scram-
bled LUVs (filled triangles). Panels on the right show the corresponding SLDs (blue: aLUVs;
dashed: scrambled LUVs). The different contrast samples for SANS experiments were DPPC-
d62%m /POPC-d13%¢ (8asym/ascram) and DPPC%" /POPC-d13%¢ (basym /bscram). Data were
offset vertically for clarity.
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Figure S3: SDP analysis of POPC-LUVs measured at 20°C, showing the volume probability
distribution of the joint ananylsis of SANS and SAXS data.
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Figure S4: SDP analysis of POPC-aLLUVs measured at 20°C, showing the volume probability
distribution of the joint ananylsis of SANS and SAXS data.
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Figure S5: SDP analysis of chemical-alLUVs measured at 50 °C, showing the volume probability
distribution of the joint analysis of the structure of DPPC/POPC for different conrasts (upper
two panels for SANS measurements, lower paneﬁSAXS) which show a slightly different exchange
efficiency.



POPC-d31 POPC-d13 POPC-d44  DPPC-d62 DPPC-d13

Figure S6: Chemical structures of deuterated phospholipids. Lipids are displayed in space fill
representation: white indicating hydrogen and yellow deuterium.
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Abstract

We measured the effect of intrinsic lipid curvature, Jy, on structural properties
of asymmetric vesicles, with palmitoyl-oleoyl-phosphatidylethanolamine (POPE;
Jo < 0), or palmitoyl-oleoyl-phosphatidylcholine (Jy ~ 0) enrichment in outer
or inner leaflets. Electron microscopy and dynamic light scattering were applied
for determining vesicle size and morphology, while X-ray and neutron scatter-
ing combined with calorimetric experiments and solution NMR yielded insight on
leaflet-specific lipid packing and melting processes. Below the melting tempera-
ture we observed strong interleaflet coupling for asymmetric vesicles with an inner
leaflet enriched in POPE, only, which was expressed in a synchronous melting
and a mutual adjustment of lipid packing in both monolayers, respectively. No
coupling was observed in vesicles with reversed lipid asymmetry. In this case the
leaflets melted independently and did not affect each other’s intrinsic structure.
Furthermore, we found no evidence for transbilayer structural coupling the above
the melting temperature regardless of the leaflet distribution of POPE. Our results
are consistent with an energetically preferred location of POPE on the inner side
of the lipid bilayer also found in natural membranes leading to a coupling of inner
and outer leaflets. The loss of this mechanism in the fluid phase is most likely due
to entropic contributions.

Key words: leaflet-specific membrane structure; lipid asymmetry; phase sepa-

ration; transbilayer coupling
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Introduction

Lipid asymmetry is a hallmark of biological membranes (1, 2). In particular,
prototypical mammalian plasma membranes are conceived to be composed of an
outer leaflet enriched in high-melting lipids, such as sphingomyelin (SM) and phos-
phatidylcholine (PC), while phosphatidylserine (PS) and phosphatidylethanolamine
(PE) lipids are thought to be predominantly located in the inner leaflet (3, 4). The
preferred leaflet partitioning of the most abundant lipid of mammalian plasma
membranes, cholesterol, is matter of dispute, however (5, 6).

One of the enduring questions related to plasma membrane architecture and
lipid asymmetry concerns the potential functional coupling of one leaflet to the
other, which may influence diverse physiological processes that require communi-
cation between e.g. receptors secreted to the extracellular side of membranes and
components of signal transduction pathways located in the cytoplasm (7). It is
particularly intriguing that the lipid composition of the outer leaflet favors the
formation of raft-like domains (8, 9), while lipids found in inner leaflets do not
phase separate (10). Theoretical treatments have considered coupling originating
from intrinsic lipid curvature (11, 12), headgroup electrostatics, cholesterol flip-
flop, dynamic chain interdigitation (13, 14) or thermal membrane fluctuations (15)
showing that interleaflet coupling does not necessitate (but at the same time does
not exclude) contributions from protein components.

First experimental insight on transbilayer domain coupling has been obtained
in planar bilayers about a decade ago, showing that a phase separating lipid mix-
ture in one leaflet may indeed induce ordering and domains in the other (16-18).

Furthermore, the strength of coupling increased with chain melting temperature
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of lipids in the distal leaflet (17), a finding which was also reproduced in molecu-
lar dynamics (MD) simulations (19). A different MD study, using coarse-grained
lipids, found that transbilayer coupling affects rotational and lateral lipid diffusion
dynamics (20).

In symmetric solid supported membranes with coexisting fluid lipid domains,
a significant threshold for shear stress was reported for moving like domains out of
register, indicating strong transbilayer coupling of the domains (21), although no
dependence on the hydrocarbon length was observed in similar experiments (22),
suggesting that dynamic (partial) chain interdigidation does not provide a signifi-
cant contribution to interleaflet coupling. Other reports on solid supported asym-
metric bilayers did not find domain registration (23, 24). However, this might be at
least partially related to subtleties in preparing planar membranes that can lead
to a rapid loss of asymmetry (25, 26). Hence, free-floating lipid vesicles, which
exhibit slow lipid flip-flop (27) and can be engineered reliably with lipid asym-
metry (28, 29), appear to be amenable systems for studying transbilayer coupling
mechanisms.

Asymmetric lipid vesicles enriched in SM in the outer monolayer and with
inner leaflets composed of monounsaturated PC, PS, disaturated PC and PS/PE
mixtures showed independent melting of both leaflets (28, 30). At the same time,
increased order of the inner fluid monolayer in the presence of a gel outer leaflet
indicated weak coupling, however (30). For asymmetric vesicles of mixed chain
lipids in one leaflet a slowing down of lateral diffusion in the other leaflet was
reported due to partial chain interdigitation (31). Interestingly, this did not affect

overall lipid order.
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Recently, we performed small-angle neutron and X-ray scattering (SANS, SAXS)
experiments on asymmetric vesicles composed of PCs, and observed significant ef-
fects on lipid packing in outer leaflet gel domains enriched in dipalmitoyl-phosphatidylcholine
(DPPC) originating from fluid inner leaflet palmitoyl-oleoyl-phosphatidylcholine
(POPC) (29). This effect vanished, however, when both leafs were in the fluid
phase (32).

The present work focuses on the ’sidedness’ of transmembrane coupling in
asymmetric large unilamellar vesicles (al.LUVs). In particular, we engineered alLUVs
composed of POPC and palmitoyl-oleoyl-phosphatidylethanolamine (POPE) with
either POPC°% /POPE™, or POPE®“ /POPC™ asymmetry, where superscripts
in’, ’out’ refer to the inner and outer leaflet, respectively. Combing a series of
experiments, including SAXS, SANS, wide-angle X-ray scattering (WAXS), dif-
ferential scanning calorimetry (DSC), dynamic light scattering (DLS) and cryo-
transmission electron microscopy (TEM) we observed strongly coupled leaflets
when POPE was enriched in the inner monolayer, only. This was expressed by a
synchronous melting of both leaflets and a mutual alignment of the lipid packing
densities in each leaflet. In turn, alLUVs with reversed asymmetry (i.e. POPE
enriched in the outer leaflet) exhibited a largely decoupled melting of the two
monolayers. This provides evidence for an intrinsic curvature-mediated mecha-
nism that energetically favors POPE, which has a significant negative intrinsic
curvature, to be located on the inner leaflet. Further, we find no evidence for
transbilayer coupling in the fluid phase, independent of POPE sidedness, indicat-
ing that the loss of coupling is most likely due to entropic contributions and that

neither intrinsic curvature nor partial chain interdigiation are of significance in
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this case.

Materials and Methods

Sample Preparation

POPC, POPE and palmitoyl phosphatidylglycerol (POPG), as well as chain perdeuter-
ated POPE-d31 and POPG-d31 were obtained from Avanti Polar Lipids (Al-
abaster, AL, USA) and used without further purification. DO was purchased
from Euroiso-top (Saarbriicken, Germany) and methyl-8-cyclodextrin (mgCD)
from Sigma-Aldrich (Vienna, Austria), while purified water (18 M{2/cm) was ob-
tained from Purelab UHQ), Elga. Lipid stock solutions were prepared by dissolving
weighed amounts of dry lipid powder in chloroform and assayed for lipid concen-
tration to within 1% uncertainty using standard procedures (33). Appropriate
volumes were taken from the stocks, dried under a stream of nitrogen and finally
placed into vacuum for at least 12 hours to remove residual organic solvent.
Engineering of aLUVs followed the previously established protocol involving
CD-mediated lipid exchange between acceptor and donor vesicles (29). Specifi-
cally, acceptor vesicles were prepared in 25 mM NaCl solution to a lipid concen-
tration of 10 mg/mL. All acceptor vesicles were doped with 10mol% POPG or
POPG-d31 matching the isotopic composition of the inner leaflet hydrocarbons.
Doping vesicles with PG facilitates LUV formation (see below). Throughout the
present work we report POPE/POPC* molar ratios, only, where the asterisk in-
dicates the presence of POPG. During hydration, samples were incubated for one

hour at least 10°C above the lipid’s melting transition (737) with intermittent
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vortex mixing, followed by 5 freeze/thaw cycles of the hydrated vesicles using lig-
uid nitrogen. Finally, LUVs were obtained by passing the lipid dispersions 31
times (1" > Ty + 10°C) through 100 nm pore-diameter polycarbonate filters using
a hand-held mini-extruder (Avanti Polar Lipids, Alabaster, AL, USA). In turn,
donor vesicles (composed of the outer leaflet lipids) were prepared in the form of
multilamellar vesicles (MLVs) by hydrating the dry films in 20% (w/w) aqueous
sucrose solution at a lipid concentration of 20 mg/mL, followed by an 1-hour in-
cubation at T' > Tjs + 10°C, with intermittent vortex mixing, and 3 freeze/thaw
cycles. Finally, donor MLVs were diluted by a factor of 20 with water and cen-
trifuged for 30 min at 20,000 x g to remove extravesicular sucrose.

Lipid exchange was initiated by re-suspending the pellet containing donor vesi-
cles in 35 mM mpCD (lipid:mpCD = 1:8) followed by a 2h incubation at room
temperature while being gently stirred. Next, acceptor LUVs were added to the
mpBCD/donor solution and again gently stirred for 30 min (7 > T3/+10°C for
POPE acceptor vesicles and T' = room temperature for POPC acceptor vesicles).
Two different donor/acceptor molar ratios (D/A = 2 and D/A = 3) were ap-
plied yielding different lipid exchange (see below). Dispersions containing the final
alLUVs were diluted by a factor of seven with water and centrifuged at 20,000
x g for 30min. The supernatant (containing al.UVs, residual CD and sucrose)
was removed carefully and concentrated with a centrifugal ultrafiltration device
(100kDa cutoff) to <0.5mL. Finally, sucrose and CD were removed by repeated
washing in either D5O for 'H-NMR and SANS experiments, or in HoO for all other
experiments.

For control experiments on vesicles with the same, but symmetric lipid com-
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position, alLUVs were dried down to a film under reduced atmospheric pressure
using a rotary evaporator (Heidolph, Germany) with the water bath set to 40°C.
The dried lipid film was redissolved in chloroform and from that point on prepared
as acceptor vesicles including the extrusion step. The resulting LUVs are called
"scrambled’ vesicles throughout the present report. Further, we prepared symmet-
ric LUVs with known POPE/POPC* composition for DSC and WAXS calibration
experiments (see below) by mixing appropriate amounts of organic lipid stock so-
lution. The protocol for obtaining LUVs from these samples was identical to that

applied for acceptor vesicles.

Exchange efficiency and lipid distribution
Differential scanning calorimetry (DSC)

DSC experiments were performed on a MicroCal VP-DSC high sensitivity differ-
ential scanning calorimeter (MicroCal, Inc., Northhampton, MA, USA) at a scan
rate of 30°C/h and used to (i) to determine the total lipid exchange achieved and
(ii) to measure the thermotropic behavior of the aLUVs. Data were corrected for
sample concentration and background was subtracted by using a linear baseline
using MicroCal Origin.

Symmetric LUVs prepared at various POPE/POPC* molar ratios showed ther-
mograms typical for binary lipid mixtures with a liquidus peak at Tj; and a solidus
peak that became more prominent upon increasing POPC concentration (Fig. 1).
Note that doping POPE with 10 mol% POPG lowers the T3 by about 1.0°C (34).
Throughout the present work only cooling scans were considered. Further, the

lowest POPE fraction x popr measured was 0.3. Both decisions were motivated
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Figure 1: DSC cooling thermograms of POPE/POPC* mixtures. Numbers
adjacent to heat capacity (cp) maxima indicate the given ypopg. The inset
shows the concentration dependence of the Tj,’s of LUVS and MLVs, which
serve as control (supplementary Fig. S5).

by the low melting transition of POPC (~ —3.5°C (35)) and instrumental limita-
tions, which did not allow us to measure below 2°C. This would lead to artifacts
in heating scans due to the inability to equilibrate the system at low tempera-
tures. Due to hysteresis effects cooling scans report a T that is about 1.2 - 2.0°C
lower than for heating scans. The presented analysis was performed on the second
cooling scan of each sample.

The obtained T);’s were found to increase linearly with POPE concentration
in the studied compositional range (Ths = ao + a1xpopE), With ag = 4.24+0.5°C
and a; = 18.24+ 0.2°C (Fig. 1, inset). This allowed us to determine lipid exchange
from DSC data of scrambled LUVs.
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Ultra performance liquid chromatography - mass spectrometry (UPLC-
MS)

Alternatively, lipid exchange was determined by ultra performance liquid chro-
matography - tandem mass spectrometry (UPLC-MS) as described previously (32).
UPLC-MS measurements were conducted with an AQUITY-UPLC system (Wa-
ters, Manchester, UK) equipped with a BEH-C18-column (2.1x150 mm, 1.7 um)
(Waters) was used for sample separation (36). A SYNAPTTMG1 qTOF HD mass
spectrometer (Waters) equipped with an ESI source was used for analysis. Data
acquisition was done by the MassLynx 4.1 software (Waters), for lipid analysis the
'Lipid Data Analyser’ software (37) was used. For UPLC-MS the mole fraction y;
of a single component can be determined directly using

P;
i L

where P, is the area of the it" lipid peak. This relationship is strictly valid when the
lipid peak area fractions vary linearly with mixture composition. UPLC-MS data
was corrected by a calibration curve of 1:1:1 mole ratio of POPE/POPC/POPG
composition measured at concentrations varying between 0.1-100 pg. Parameter

uncertainties are estimated to be less than 5%.

Solution Nuclear Magnetic Resonance ('H-NMR)

'H-NMR was used to determine the degree of asymmetry following previous pro-
tocols (29). Briefly, 'H-NMR spectra were collected on an Avance III 300 or 400

MHz spectrometers (Bruker, Billerica, MA) using the Bruker TopSpin acquisition
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software, and processed with TopSpin 3.2. A standard 'H pulse sequence with a
30° flip angle and 2 s delay time was used to collect 32 transients at 35°C or 50°C.
Data were processed with a line-broadening parameter of 2 Hz.

The outer leaflet fraction of POPC &4 relative to the inner leaflet was deter-
mined by quantifying the shifted and not-shifted choline resonance intensities after
addition of 1 ul of a 1 mM Pr(NOj3)3 6H,0 (Pr3T) solution, see the Supporting
Information (SI) and Fig. S1 for further details. Data were averaged over three
consecutive measurements. Combined with the total fraction of POPC (xpopc),
determined by the above detailed exchange efficiency assays, the mole fraction of
POPC in each leaflet follows from

s, = B xrore, @)
where X°% corresponds to the fractional number difference of outer and inner
leaf lipids due to vesicle geometry, see the SI for further details. Complemen-
tary composition of outer leaflet POPE and inner leaflet POPC was derived from
fPC =1-— f2& and X(;%/ o Xopué/ " Similar experiments allowed to assess
aLLUV stability by following the decay of shifted choline resonance intensity (27).
Specifically, passive lipid transbilayer diffusion rates were derived from

2 out
2 f]:ut ( 3 )

PCO

AC =

where fout is fraction of POPC on the outer leaf at time zero, i.e. immediately
after aLUV preparation. Note that these measurements were taken on aliquots

of aLUVs incubated at a given temperature, where Pr3* was added immediately
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before each NMR scan.

Vesicle size and morphology

Dynamic light scattering (DLS)

Vesicle size was measured by dynamic light scattering (DLS) using a ZetasizeNANO
ZSP (Malvern, UK) equipped with a 10 mW laser with A = 632.8 nm. Measure-
ments were conducted in glass cuvettes at a fixed measurement angle of 173°. At
each temperature samples were equilibrated for 5 minutes before starting the ex-
periment. We report averaged values from three consecutive measurements, each
consisting of 15 frames (exposure time: 10s) as well as the polydispersity index

(PDI = (width/size)?).

Cryo-transmission electron microscopy (TEM)

All TEM images were recorded with a Gatan system mounted on a Tecnail2
electron microscope from FEI Company, equipped with a LaB6 filament operating
at 120 kV. Electron micrographs were recorded on a Gatan Bioscan CCD 1kx1k
camera. A Leica EM GP grid plunger, which allowed temperature control between
4 — 60°C at a relative humidity of 99% was used to spot samples on EM support
grids (holey carbon film on copper grid). After carefully blotting excess sample
with filter paper TEM grids were plunged rapidly into liquid ethane to prevent
the formation of ice-crystals. Samples were subsequently stored in liquid nitrogen

until measurement.
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Membrane structural parameters

Gel domains/leafs — WAXS

WAXS experiments were performed using SAXSpace (Anton Paar, Graz, Aus-
tria), equipped with a Eiger R 1M detector system (Dectris, Baden-Daettwil,
Switzerland) and a 30 W-Genix 3D microfocus X-ray generator (Xenocs, Sasse-
nage, France), supplying Cu-Ka (A = 1.54 A) radiation. WAXS was recorded by
setting the sample-to-detector distance (SDD) to 180 mm.

All samples were contained in a p-cell glass capillary (Anton Paar, Graz, Aus-
tria; diameter: 1 ym) and equilibrated for 10 min at each temperature to within
+0.1°C using a Peltier stage (TC Stage 150, Anton Paar, Austria). The expo-
sure time was set to 1 hour (6 frames, each 10 min long). Data integration was
performed using SAXStreat (Anton Paar, Austria). Background scattering origi-
nating from water and capillary was subtracted after smoothing using the ATSAS
suite (38).

WAXS data analysis was performed in the range ¢ = 1.3 — 1.6 A~'. In the
gel phase, the acyl chains of the studied lipid mixtures pack on a 2D-hexagonal
lattice allowing us to calculate the area per lipid directly from the position (gi1)

of the chain correlation peak (39)

1672

A = ——.
\/§Q%1

(4)

In order to disentangle the POPE* and POPC* Ap’s, a series of WAXS ex-
periments were performed on the same symmetric lipid mixtures studied by DSC

(see above). The resulting data (Fig. S7) can be collapsed on a single curve us-
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Figure 2: Gel area per lipid calibration curve determined from WAXS. Data
on absolute temperatures are shown in Fig. S7.

ing reduced temperatures (' — Tys), where Ty; was determined from DSC data
(Fig. 2).

A linear regression (A, = k- (T — Ty ) + AIZC%PE) yielded k£ = 0.0625+ 0.0002
A2/°C and AI:C,%PE = 43.6+ 0.002 A2, The latter value corresponds to the area
per lipid of POPE* at the T);. Note that due to the presence of POPG this value
is ~0.8 A2 higher than that of pure POPE (34, 40). Assuming linear additivity,
the apparent area per POPC* molecule at a given temperature in the gel phase is

then derived from
A — xporEAproPE (5)
1 —xproprE

Apopc =

where Apopg is the measured area per lipid of POPE*, taken from the linear
regression (Fig. 2). This allowed us to calculate the average Ay, of any (symmetric)
POPE/POPC* mixture below the Tyy.

Further, the lateral correlation parameter of scattering domains &p, which is
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a measure for the size of gel domains, was estimated using the Scherrer equation

A
¢p = Beos(8)’

(6)

where £ is the full width at half maximum of the chain correlation peak, corrected

for instrumental broadening, and # is the Bragg angle.

Fluid leafs — SAXS /SANS

SAXS experiments were performed at the P12 BioSAXS beamline, located at the
storage ring PETRA IIT (EMBL/DESY) in Hamburg (41). Samples were exposed
to a total photon flux of 5x10'? s~! at 20 keV with an X-ray beam focused to
120x120 pm. Data was collected by a Pilatus 2M detector (Dectris, Switzerland)
at SDD = 3.1 m. For measurements, samples were transferred into temperature-
controlled multi-well plates and equilibrated for 10 min at a given temperature. A
robot delivered 20-35 pL of the sample into a pre-heated glass capillary. For each
sample 20 frames were recorded with an exposure time of 0.045s. Background
was measured before and after each sample. To detect possible radiation damage,
data collected in subsequent frames were compared using a standard F-test (42).
Primary data treatment was performed using ATSAS (38).

Neutron scattering experiments were performed at KWS-1 (FRM II, Munich-
Garching, Germany) (43, 44) and at the BL-6 extended Q-range small angle neu-
tron scattering (EQ-SANS) instrument of the Spallation Neutron Source at the
Oak Ridge National Laboratory (ORNL). Samples were loaded into 1 mm path
length 404,000-QX quartz cuvettes (Hellma, Jena, Germany) or 1 mm banjo cells,

and mounted in a temperature-controlled holder (AT ~ £1°C). Typical measure-



Transbilayer Coupling in Asymmetric Lipid Vesicles 15

ment times were 30 min. At KWS-1 data were obtained with a two-dimensional
scintillation detector using neutrons of A = 5 A (wavelength spread: AX/A = 0.1)
at SDD = 1.21 m and SDD = 7.71 m, yielding a total g-range of 0.005 —0.42 A=,
Data were corrected for detector pixel sensitivity, dark current, sample transmis-
sion, and background scattering from D5O using the QTIKWS software from JCNS
(Garching, Germany). EQ-SANS data were measured at two SDDs, 1.3 and 4.0 m,
using wavelength bands of A = 4.0-7.5 A and A = 10.0-13.5 A, which corresponds
to a g-range of 0.005-0.5 A=1. Data were collected with a 2-dimensional 3He po-
sition sensitive detector and reduced to one-dimensional I(q) scattering curves by
using Mantid (45).

Structural parameters of each leaflet were determined by a joint analysis of
SANS and SAXS data using the asymmetric scattering density (aSDP) model (32).
Briefly, the scattered intensity (SAXS or SANS) of aLUVs I(gq) can be approxi-

mated for sufficiently dilute systems and for ¢ > 0.03 by

I(q) = |Fra(9)*, (7)

where |Frp|? is the flat bilayer form factor, which contains information about
the distribution of matter across the bilayer (46, 47). The aSDP model describes
bilayer structure in terms of one-dimensional volume probability profiles (VPPs)
of quasi molecular lipid fragments. Specifically, each leaflet was parsed into methyl
(M), hydrocarbon (HC), carbonyl + glycerol (CG) and residual head (RH) groups.
The latter group contains the choline methyl + phosphate groups in the case of
PC and CH,CHsNHg3 + phosphate groups in the case of PE. In order to reduce

the number of adjustable parameters, a single Gaussian was used to describe the
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RH group in each leaf. The corresponding scattering length densites (SLD) and
volumes were derived from molecular averages according to the leaflet composi-
tion using previously reported data (48, 49). Further, the effect of rapid hydro-
gen/deuterium exchange occurring in the primary amines of PE heads was taken
into account for SANS data analysis (49, 50). Analogously to RH, the VPPs of
the M and CG groups were also modeled by Gaussians, while smooth plateau-like
functions were used to describe the HC groups (32).

The lateral area per lipid in each leaf were calculated using

(8)

where V¢ is the acyl chain volume including M and HC groups and D¢ is hydro-
carbon chain length given by the distance between the bilayer center and 50%-
probability value of the HC group. All SAXS/SANS data were analyzed jointly,
i.e. using a single optimization procedure. For further details of the aSDP model

and data analysis principles see (32).

Results

Characterization of aLUV composition

To address the ’sidedness’ of lipid distributions we engineered alLUVs with POPE
acceptor and POPC donor vesicles, denoted as POPC°“ /POPE™, as well as
POPC acceptor and POPE donor vesicles, denoted as POPE®* /POPC™. For

each system two batches with different D/A ratios were prepared and assessed for
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their composition as detailed in the previous section.

The resulting leaflet compositions are presented in Tab. 1. Interestingly, we
found donor lipid also on the inner leaf of the alLUVs. This might be partially
due to residual small unilamellar vesicles as discussed before (29). The increase of
donor lipid on the inner monolayer with D/A for both systems indicates that this
is inherently related to the CD-mediated exchange process. To obtain a measure
for the degree of asymmetry we define ¥, = x3,, — Xgon, where ngn are the
mole fractions of donor lipid on the outer and inner leaflets, respectively. The
resulting values show insignificant differences for the two different D/A’s for both
sample systems. This suggests that all studied systems display a similar degree
of asymmetry. The agreement of lipid composition determined by UPLC-MS on

independently prepared aLLUVs shows a good overall sample reproducibility.

Table 1: Leaflet composition of studied aLLUVs.

i 7 o o
Component XpropcC XporE  Xporc  XPOPE Yias

POPC°“ /POPE™ ¢ (.06¢ 0.94¢ 0.54¢ 0.46¢ 0.48¢
(0.104)  (0.907)  (0.68°)  (0.32¢)  (0.58%)
POPC*/POPE™ b 0.11¢ 0.89¢ 0.64¢ 0.36¢ 0.53¢
POPE*“ /POPC™ @ 1.00¢ 0.00¢ 0.40¢ 0.60° 0.60°
(1.009)  (0.009)  (0.33%)  (0.67%)  (0.67%)
POPE“ /POPCi" * (.81¢ 0.19¢ 0.24¢ 0.76¢ 0.57¢
“D/A = 2.
"D/A = 3.
“using DSC for lipid exchange.
dusing UPLC-MS for lipid exchange.
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Stability of asymmetric vesicles

Because of the different melting temperatures of POPE and POPC, the stability
of lipid asymmetry is of concern, in particular due to increased lipid flip-flop in
the phase transition regime (27) and the differential area expansivities in the gel
and fluid phases (40, 48, 49).

Our 'H-NMR experiments revealed a 14 % decrease of asymmetry when in-
cubated at 35°C for nearly five days (Table 2). When equilibrated at 10°C the
observed change of asymmetry was insignificant within the uncertainty of the mea-
surement. All presented experiments (DSC, DLS, TEM, WAXS) were performed
within less than a day, and all SAXS/SANS experiments were finished after three
days of sample preparation. Hence, we expect no significant contribution from

changes in lipid distribution to our results.

Table 2: Decay of normalized bilayer asymmetry determined from 'H-NMR.

POPE" /POPC" POPC /POPE™
10°C 35°C 10°C 35°C
time (h) AC AC AC AC

@)

1.00+£0.04 1.00 £0.04 1.00 £ 0.09 1.00 £0.08
20 1.07x£0.20 0.98 £ 0.04 1.00 £ 0.09 0.97 £ 0.07
70 1.00 £ 0.09 0.91 £0.05 0.94 £ 0.07 0.93 £ 0.08
118 0.96 £ 0.03 0.86 £ 0.03 0.98 £ 0.07 0.94 £ 0.05

Stability was further assessed by DSC, which is a highly sensitive technique to
detect changes in lipid composition. Only small changes in the thermograms of
three consecutive cooling scans were detected (Fig. S4), indicating that there is no
significant lipid scrambling across the melting transition of the aLUVs. We further

performed cryo-TEM experiments on alLLUVs incubated in the phase transition
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regime. No evidence for vesicle invagination or rupture was observed (Fig. S2).

Size and morphology

Temperature-induced changes in POPC°% /POPE™ aLLUV size were measured by
DLS. Data revealed a linear change of vesicle size between 5 — 35°C (Fig. 3 A).
The polydispersity in turn did not exhibit any temperature dependency, but in
general increased from PDI < 0.1 for acceptor vesicles to PDI ~ 0.1 — 0.2 for
aLLUVs. The linear increase of vesicle size with temperature is interesting, because
the melting transition of symmetric bilayers is usually associated with significant
changes in lipid volume and area (see, e.g. (51)). Indeed, DLS measurements on
POPE* LUVs, showed vesicle size changes consistent with a melting at Th; = 22°C,
as determined by DSC (Fig. 3 A).

To gain more insight we determined the surface area extension coefficient ozg =
1/S - 0S/0T assuming ideal spherical vesicles with an outer surface area S. For
POPE* LUVs ag is about two times smaller in the gel than in the fluid phase, with
a significant jump in the melting regime (Fig. 3 A). In turn, a:‘g is monotonously
increasing throughout the whole studied temperature range for aLUVs, with a
value close to that of fluid POPE*. This indicates overall fluid-like behavior of
the aLUVs, which is further substantiated by the excellent agreement with the
lipid area extension coefficient a:{;L reported for fluid POPE from SANS/SAXS
experiments (49).

Comparing POPE* and POPE/POPC* vesicle diameters on absolute scale re-
veals an ~10% increase of vesicle size during lipid exchange. This could be due

to a change in vesicle morphology, e.g. alLUVs could become non-spherical, or be-
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Figure 3: Vesicle size (symbols) as a function of temperature and correspond-
ing o, and oy, (lines) for POPE* /POPC™ (D/A = 2) aLUVs (red) and
POPE* LUVs (black) as determined from DLS (panel A). Dashed-dotted
gray line represents oz?;L reported from scattering experiments (49). Panel B
shows corresponding cryo-TEM images of POPE®“ /POPC™ (upper panel)
and POPC?* /POPE™ (lower panel) measured at 4°C (left column) and 35°C
(right column).
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cause of residual osmotic pressure imposed by an imbalance of NaCl concentration,
between the inner and outer vesicle aqueous phase. We therefore performed cryo-
TEM experiments at selected temperatures. Data revealed a majority of spherical
aLUVs both at low and high temperature (Fig. 3 B). This is in contrast to a
faceted shape displayed by POPE* LUVs in the gel phase (Fig. S3 A), previously
reported for giant unilamellar vesicles in the gel phase (52).

In order to check on the influence of osmotic imbalance of NaCl we prepared
POPE* LUVs with a 25 mM NaCl core. Indeed, we observed spherical vesicles
by TEM (Fig. S3 B). The osmotic pressure resulting from the NaCl core of
aLLUVs can be estimated by the Laplace equation AP = 2v/R, where 7 represents
the surface tension and R the vesicle radius. Using R = 65 nm and v = 41
uN/m (53) we calculate AP ~ 0.01 bar, which is too small to induce any detectable
change of nanoscopic leaflet structure, consistent with our previous reports (29, 32).
However, defect lines in the gel phase can be expected to have increased flexibility,
which appears to be sufficient to render the vesicles spherical even at low osmotic

pressures.

Leaflet structure and thermotropic behavior

Melting of asymmetric leaflets

Phase transitions occurring in POPE®“ /POPC"* and POPC°%/POPE™ aL.UVs
were studied by DSC. Comparison of cooling scans of the two types of aLUVs
reveal distinct behavior (Fig. 4). A single, but broad, melting transition was
observed when POPE is the major component on the inner leaf. In turn, the

melting of aLUVs with POPE being the major component on the outer leaf was
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significantly broader with two major bordering melting transitions. Similar overall
characteristics were observed for D/A = 2 aLLUVs (Fig. S6).

Thus, POPE®* /POPC aL.UVs display an extended range of gel®* /fluid™
coexistence, while POPC°% /POPE™ aLLUVs melt cooperatively indicating strong
interleaflet coupling. Further, the high temperature melting transitions (T]ZE/ PC)
of POPE®“ /POPC™ alLUVs can be compared to the Ty; found for symmetric

LUVs with the same outer leaflet composition. For both D/A ratios TAIZ,E/ PCw

as
~ 2 — 5°C higher than the expected Th;. This indicates lipid domain formation
(gel-fluid phase coexistence) within the outer monolayers, consistent with the oc-

currence of several heat capacity maxima, which was particularly pronounced for

aLUVs prepared at D/A = 2 (Fig. S6 B).

Lipid packing in gel phase leaflets

Lipid lateral areas were determined from WAXS. The most distinct difference
in WAXS signal between aLUVs and scrambled LUVs was the width of the chain
correlation peak, being much broader for alLUVs (Fig. 5 A). This signifies a smaller
gel phase domain size for alLUVs, which can be also expressed in terms of the
average chain correlation length &p. In general £p ranged between 200 — 300 A,
and, averaged over all temperatures, f%LUV < ff)UV (Fig. 5 A, insert). This
provides evidence that gel-phase lipids are less well-packed in aLLUVs. Moreover,
no additional peaks or shoulders were observed. Hence, lipid packing is dominated
by POPE on a 2D-hexagonal lattice with non-tilted hydrocarbons in aLLUVs, i.e.
they form a Lg phase.

In order to reveal the effect of lipid packing density in one leaflet to the other we
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Figure 4: DSC cooling scans of POPC/POPE™ (panel A) and
POPE* /POPC™ (panel B) aLUVs (D/A = 3) (red lines). Transitions of
corresponding scrambled LUVs are shown as gray dashed lines. Insets show
schematics of leaflet structure. See Fig. S6 for corresponding D/A = 2 data.
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compared the Ar’s determined directly from WAXS of al.UVs to those calculated
from their given monolayer composition (see Materials and Methods). In general,
a gel-phase chain correlation peak was detectable up to somewhat higher temper-
atures in POPC?% /POPE™ than in POPE®“/POPC™ (Fig. 5 B,C) indicating
higher stability of aLUVs enriched in POPE on the inner leaflet.

For POPC°* /POPE™, both leaflets form a gel phase in the data range shown
in Fig. 5 C. Interestingly, the comparison to theoretical Ay ’s shows that lipids pack
in the aLUVs on average more tightly than in decoupled monolayers of equal outer
leaflet composition, but less dense than in decoupled monolayers of equal inner
leaflet composition, respectively. That is, the observed lipid packing in aLLUVs is
a compromise between inner and outer leaflet lipids and neither of the two leaflets
appears to dominate over the other.

In the case of POPE®“!/POPC alLUVs WAXS data reflects coexistence of
an inner POPC-enriched fluid leaflet and an outer leaflet dominated by POPE-
enriched gel domains (Fig. 5B). In particular, we observed an additional broad
peak centered at ¢ ~ 13.8 nm ™!, typical for hydrocarbons in the L, phase (see,
e.g. (54)). Note that fluid patches on the outer leaflet will also contribute to this
peak. If we calculate the molecular averaged Ay using Eq. (5) according to the
outer leaflet composition, assuming that all POPC in the outer leaflet is also in the
gel phase we find good agreement with experimental data (Fig. 5 D).This provides
additional evidence that the two leaflets are not coupled. Note that assuming all
outer leaflet POPC is residing within fluid domains would lower the calculated
Ap’s by about 0.2 A%, In reality the amount of fluid POPC most likely changes

with temperature in the here presented data range. A determination of these
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Figure 5: Wide-angle scattering and lipid packing in gel-phase alLUVs.
Panel A compares WAXS data of aLUVs (red) and scrambled LUVs
(blue).  Solid lines correspond to Gaussian fits. The insert compares
the average £p of aLUVs and LUVs. Panel B compares WAXS data of
POPE*“ /POPC™ (blue, T = 10°C) and POPC*“*/POPE™ (red, T = 5°C).
The POPE /POPC™ data contain an additional broad peak originating
from fluid hydrocarbons (insert). Panel C shows the areas per lipid for
POPC°“ /POPE™ and panel D for POPE** /POPC™ aLLUVs as a function
of temperature (symbols). Solid lines correspond to theoretical Ap’s of the
outer leaf and the dashed line to theoretical A;’s of the inner leaf calculated
from the given leaflet composition.
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details is beyond the scope of the present study.

Lipid packing in all-fluid leaflets

In the fluid phase, hydrocarbon chain-chain correlations are weak and WAXS data
do not allow for an unambiguous analysis of lipid packing in each leaflet. We
therefore applied a joint analysis of SANS/SAXS data as detailed in the Materials
and Methods section.

Three contrasts were analyzed for POPC?% /POPE™ aLLUVs and their scram-
bled analogs (Fig. 6, and Fig. S10). Application of the aSDP model yielded rea-
sonable agreement with experimental data. For details of obtained parameters,
see Table S1. Resulting Ay values are reported in Tab. 3 and show an aver-
age lower packing density of lipids in the outer leaflet as compared to the inner
leaflet (AA;, ~ 4A?). However, this relates to the leaflet’s lipid composition as
demonstrated by the Ay calculated from molecular averages of reported values of
pure POPE (49), POPC (48) and POPG (50) (Tab. 3). The remarkable agree-
ment between measured and calculated Ar’s shows that the lipid areas in each
leaflet result from averaging molecular packing properties of POPE and POPC
lipids and not from adjusting to lipid packing in the opposing leaflet. Analysis of
POPE*“ /POPC™ aLLUVs yielded comparable results (Fig. S9, Tab. 3), however
with the difference that the average packing of lipids in the inner leaf is less dense
than in the outer monolayer. The good agreement to Ay, calculated from their com-
position again demonstrates that the structural difference between the two leaflets

relates to compositional differences and not to any transbilayer coupling mech-

anism. Further, AA; was similar for POPC°“ /POPE™ aLUVs. Consequently,
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Figure 6: Joint analysis of SAXS (top panel) and SANS (lower panel) data
of POPC?"/POPE™ alLUVs at 35°C. Solid lines show best fits using the
aSDP model (blue line POPC** /POPE™; green line POPC** /POPE-d31™).
Insets show the corresponding electron and neutron scattering length density
profiles.
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we conclude that fluid leaflets POPC?% /POPE™ and POPE®“/POPC™ aL.UVs
behave independently from each other. We note, however, that the experimental
uncertainty of the WAXS data analysis (< 0.1%) is significantly smaller than that
of the joint SANS/SAXS data fits (< 3%). Moreover, the observed changes on
lipid packing densities in the gel phase due to transbilayer coupling amount to
less the 1% (Fig. 5). Hence, subtle features of transbilayer coupling in all-fluid
POPE/POPC aLLUVs might be not detected.

Table 3: Leaflet specific lipid areas of fluid aLUVs (D/A = 2). Experimental
uncertainties are within 3%.

AR (A7 AP (A7)

POPC" /POPE®™  59.7 (59.3%) 64.7 (63.0%)
POPE®" /POPC  64.7 (64.9°) 59.9 (60.7%)

@ calculated from leaflet composition using data reported in (48-50).

Discussion

We studied POPC?%/POPE™ and POPE*“/POPC™ aLLUVs over an extended
range of temperatures using an array of experimental techniques resulting in a
comprehensive picture of membrane structure on the microscopic to nanoscopic
length scales. Cryo-TEM and DLS reported on the overall morphology and size
of the vesicles, while DSC combined with WAXS and SAXS/SANS experiments
yielded insight into layer specific structural details.

We found significant coupling in POPC°“ /POPE™ aLUVs within the gel
phase. In the fluid phase of POPC®“/POPE™, and also for POPE®“ /POPC™

aLUVs at all temperatures no transbilayer coupling was detected (Fig. 7). We
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first turn to POPC"“t/POPEm at low temperatures. Here, our DSC experiments
showed a single transition peak around 16.5°C (Fig. 4) indicating cooperative melt-
ing of both leaflets. Our WAXS data analysis demonstrated that this coupling
leads to a partial fluidization of the inner leaflet combined with a more densely
packed outer monolayer as compared to uncoupled leafs with equal lipid compo-
sition (Fig. 5). The average lipid packing in outer and inner leafs of this system
therefore appears to be a compromise between the monolayer specific properties.
Intriguingly, however, lateral positional correlations between the hydrocarbons
were less expressed in alLUVs as compared to their symmetric counterparts (Fig. 5).
This suggests an enrichment of defect zones in aLUVs (Fig. 7 A).

In the case of POPE“! /POPC™ aL.UVs (Fig. 7 B) leaflet-melting occurred in-
dependently (Fig. 4) and the lipid’s hydrocarbon chain packing in the gel-domains
of the outer leaflet corresponded to a normal Lg phase, also in terms of A, values
(Fig. 5 B, D). This is in contrast to our previous observation for DPPC°% /POPC"
aLLUVs at low temperatures, where a significant disordering of the gel-like domains
on the outer leaf was observed, while the inner POPC layer did not differ from a
pure POPC bilayer in terms of structure (29). Hence, POPE* /POPC™ is un-
coupled even at low temperatures. Due to the different lateral expansivities of gel
and fluid phases this leads to significant strain within the vesicle that may result in
aLLUV invagination, or even rupture upon increasing temperature. Area expansion
is particularly pronounced across the melting transition with an increase of ~ 16%,
while a fluid membrane would expand in the same temperature interval by 5%, only
(estimated from measured WAXS data and literature (48, 49)). However, TEM

experiments yielded no evidence for significant morphological changes of vesicles in
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the phase transition regime (Fig. S2), consistent with the high aLLUV stability seen
in repeated DSC scans (Fig. S4) and overall slow lipid flip-flop (Tab. 2). Instead,
our DLS data showed a fluid-like expansion of the vesicle surface area over the
complete temperature range, including the gel-fluid coexistence regime (Fig. 3 A).
This can be rationalized by considering the increased number of defects in the gel
phase regions of the outer monolayer as evidenced in a smaller {p as compared
to symmetric vesicles (Fig. 5 A). Further, the fact that cp never reaches baseline
level (Fig. 4 B & Fig. S6 B) indicates that melting of gel domains in the outer
monolayer occurs continuously throughout the gel-fluid coexistence regime. We
therefore speculate that gel domain melting at the boundaries of the defect zones
occurs with similar high expansivities as observed in the phase transition regime of
POPE* LUVs (Fig. 3 A). This would yield an overall fluid-like aLUV expansion,
which avoids any vesicle shape changes across the melting regime.

Transbilayer coupling has been discussed with diverse mechanisms, includ-
ing molecular models (partial hydrocarbon chain interdigitation, cholesterol flip-
flop (13, 14)) and continuum models (intrinsic curvature, electrostatic coupling,
entropic membrane undulations (11-15)). Due to the significant negative Jy of
POPE as compared to POPC (55) a intrinsic curvature-mediated coupling ap-
pears to the most likely explanation for the presently studied system. This would
indeed favor energetically a location POPE in the inner leaflet of lipid vesicles.
This can be further tested by changing the aLUV size, as the effect should be
more pronounced for highly curved small vesicles, and would eventually disappear
at larger vesicle sizes. However, this is beyond the scope of this work.

Intriguingly however, Jy of POPE decreases almost twice as fast with temper-
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ature than POPC (55). Consequently, the intrinsic curvature strain stored within
the aLLUVs should increase with temperature leading to an expected pronounced
interleaflet coupling in the fluid phase. Yet, regardless of the predominating loca-
tion of POPE all-fluid al.LUVs do not exhibit any signature of coupling (Tab. 3).

The disparity can be reconciled, however, considering the hydrocarbon chain
structure. POPE is a monounsaturated lipid, which means that its oleoyl chains
will remained kinked even within the gel phase and require laterally more space
than all-trans palmitic chains. This is also expressed in its Az, which is about 3—4
A? larger than that of dipalmitoyl phosphatidylethanolamine (34, 56, 57). Hence,
even within the gel phase POPE can be expected to display a significantly negative
Jo. Additionally, lipids in the gel phase experience decreased motional entropy.
That is, intrinsic curvature strain can be less easily compensated by hydrocarbon
chain dynamics. The latter effect may explain the abolishment of transbilayer
coupling in the fluid phase. Alternatively, experimental limitations of determining
Ay in the fluid phase with comparable accuracy than in the gel phase might also
account for this finding. Further technological developments that address this issue
are currently conceived in our laboratories.

Finally, the observed coupling for POPC°% /POPE™ might also at least par-
tially be due to the intermolecular hydrogen bonding abilities of PE’s (58). How-
ever, compositional differences of POPE concentration in the inner/outer leaflets
of POPC?“ /POPE™ and POPE®“ /POPC™ are small (Tab. 1) making this con-

tribution likely to be insignificant.
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Conclusion

We provide experimental evidence of an intrinsic-curvature mediated coupling in
gel phase POPC°% /POPE™ aLUVs emphasizing the energetically preferred lo-
cation of POPE on the inner leaflet of plasma membranes (1-4). Interestingly,
within current experiment resolution, this mechanism appears to be abolished in
the physiologically more relevant fluid phase. This finding agrees also with our
recent report on DPPC°“ /POPC™ aLLUVs (32) and aL.UVs enriched in SM on
the outer leaflet (30, 59). That is, the structure of presently studied fluid mem-
branes are dominated by layer-specific membrane properties only and not those of
the opposing leaflet. Consequently, hydrocarbon chain interdigiation (13, 22) even
if present does not provide a sufficiently strong mechanical interlock between the
two leaflets. Noting that hydrocarbon chain asymmetry was reported to influence
lipid diffusion but not order in the opposing leaf (31), we cannot exclude, presently,
any effects on the lipid’s lateral mobility. Experiments currently planned in our
laboratories will address this issue. Future experiments will also focus on the role
of cholesterol in mechanical coupling of fluid membranes. Cholesterol was deliber-
ately excluded from the present study in order to keep the analysis tractable, but
is known to diffuse rapidly between the two leaflets (60), and has also a signifi-
cant negative intrinsic curvature (55) which might contribute to coupling of fluid
asymmetric membranes. Tools developed in the past two years (27, 29, 32) will

allow us to address these issues in detail.



Transbilayer Coupling in Asymmetric Lipid Vesicles 34

Author Contributions

B.E. designed and performed research, analyzed data and wrote the paper; D.M.
and F.A.H. designed and performed research; I.L.P. performed TEM measure-
ments; G.N.R. performed UPLC-MS experiments; M.S.A. performed SANS mea-
surements; J.K. gave conceptual advice; G.P. designed and performed research and

wrote the paper.

Acknowledgments

We are indebted to Milka Doktorova, Sebastian Fiedler, Heiko Heerklotz for helpful
discussions and in particular to Erwin London for careful reading of the manuscript
and numerous comments. We further thank Klaus Zangger and Bernd Werner
(NMR, University of Graz), Chris Stanley (SANS-ORNL), Haydyn Mertens (SAXS-
EMBL/DESY) for technical assistance. BE and GP were supported by the Aus-
trian Science Fund FWF, project No. P27083-B20. JK and FAH and DM were
partially supported by the Laboratory Directed Research and Development pro-
gram of Oak Ridge National Laboratory (LDRD-7394). JK was supported by
the Scientific User Facilities Division, Office of Basic Energy Sciences, US De-
partment of Energy, under contract DEAC05-000R22725. This work is based
upon experiments performed at the KWS-1 instrument operated by JCNS at the
Heinz Maier-Leibnitz Zentrum (MLZ), Garching, Germany. The authors grate-
fully acknowledge the financial support provided by JCNS to perform the neutron
scattering measurements at the Heinz Maier-Leibnitz Zentrum (MLZ), Garching,

Germany. The research leading to these results has received funding from the



Transbilayer Coupling in Asymmetric Lipid Vesicles 35

European Communitys Seventh Framework Programme (FP7/2007-2013) under

BioStruct-X (grant agreement N 6042.12).

References

1. Verkleij, A. J., P. H. Ververgaert, L. L. van Deenen, and P. F. Elbers, 1972.
Phase transitions of phospholipid bilayers and membranes of Acholeplasma
laidlawii B visualized by freeze fracturing electron microscopy. Biochim Bio-

phys Acta 288:326-332.

2. Bretscher, M. S.; 1972. Asymmetrical lipid bilayer structure for biological

membranes. Nat New Biol 236:11-12.

3. Devaux, P. F., and R. Morris, 2004. Transmembrane asymmetry and lateral

domains in biological membranes. Traffic 5:241-246.

4. Marquardt, D., B. Geier, and G. Pabst, 2015. Asymmetric lipid membranes:

towards more realistic model systems. Membranes 5:180-196.

5. Mondal, M., B. Mesmin, S. Mukherjee, and F. R. Maxfield, 2009. Sterols are
mainly in the cytoplasmic leaflet of the plasma membrane and the endocytic

recycling compartment in CHO cells. Mol Biol Cell 20:581-588.

6. Liu, S.-L., R. Sheng, J. H. Jung, L. Wang, E. Stec, M. J. O’Connor, S. Song,
R. K. Bikkavilli, R. A. Winn, D. Lee, K. Baek, K. Ueda, I. Levitan, K.-P. Kim,
and W. Cho, 2017. Orthogonal lipid sensors identify transbilayer asymmetry

of plasma membrane cholesterol. Nat Chem Biol 13:268-274.



Transbilayer Coupling in Asymmetric Lipid Vesicles 36

7.

10.

11.

12.

13.

14.

15.

Simons, K., and D. Toomre, 2000. Lipid rafts and signal transduction. Nat

Rev Mol Cell Biol 1:31-39.

. Feigenson, G. W., 2009. Phase diagrams and lipid domains in multicomponent

lipid bilayer mixtures. Biochim Biophys Acta 1788:47-52.

. Marsh, D., 2009. Cholesterol-induced fluid membrane domains: a compendium

of lipid-raft ternary phase diagrams. Biochim Biophys Acta 1788:2114-2123.

Wang, T. Y., and J. R. Silvius, 2001. Cholesterol does not induce segregation
of liquid-ordered domains in bilayers modeling the inner leaflet of the plasma

membrane. Biophys J 81:2762-2773.

Leibler, S., and D. Andelman, 1987. Ordered and curved meso-structures in

membranes and amphiphilic films. J Phys (Paris) 48:2013-2018.

Shlomovitz, R., and M. Schick, 2013. Model of a raft in both leaves of an

asymmetric lipid bilayer. Biophys J 105:1406-1413.

Collins, M. D., 2008. Interleaflet coupling mechanisms in bilayers of lipids and

cholesterol. Biophys J 94:1.32-1L34.

May, S., 2009. Trans-monolayer coupling of fluid domains in lipid bilayers.

Soft Matter 5:3148-3156. ISI:000269062900002.

Galimzyanov, T. R., P. I. Kuzmin, P. Pohl, and S. A. Akimov, 2017. Undula-
tions Drive Domain Registration from the Two Membrane Leaflets. Biophys

J 112:339-345.



Transbilayer Coupling in Asymmetric Lipid Vesicles 37

16.

17.

18.

19.

20.

21.

22.

23.

Kiessling, V., J. M. Crane, and L. K. Tamm, 2006. Transbilayer effects of raft-
like lipid domains in asymmetric planar bilayers measured by single molecule

tracking. Biophys J 91:3313-3326.

Wan, C., V. Kiessling, and L. K. Tamm, 2008. Coupling of cholesterol-rich

lipid phases in asymmetric bilayers. Biochemistry 47:2190-2198.

Collins, M. D., and S. L. Keller, 2008. Tuning lipid mixtures to induce or
suppress domain formation across leaflets of unsupported asymmetric bilayers.

Proc Natl Acad Sci U S A 105:124-128.

Polley, A., S. Mayor, and M. Rao, 2014. Bilayer registry in a multicomponent
asymmetric membrane: Dependence on lipid composition and chain length. J

Chem Phys 141:064903.

Perlmutter, J. D., and J. N. Sachs, 2011. Interleaflet interaction and asymme-
try in phase separated lipid bilayers: molecular dynamics simulations. J Am

Chem Soc 133:6563—6577.

Blosser, M. C., A. R. Honerkamp-Smith, T. Han, M. Haataja, and S. L. Keller,
2015. Transbilayer Colocalization of Lipid Domains Explained via Measure-

ment of Strong Coupling Parameters. Biophys J 109:2317-2327.

Horner, A., S. A. Akimov, and P. Pohl, 2013. Long and short lipid molecules
experience the same interleaflet drag in lipid bilayers. Phys Rev Letters

110:268101.

Stottrup, B. L., S. L. Veatch, and S. L. Keller, 2004. Nonequilibrium behavior

in supported lipid membranes containing cholesterol. Biophys J 86:2942-2950.



Transbilayer Coupling in Asymmetric Lipid Vesicles 38

24.

25.

26.

27.

28.

29.

30.

Crane, J. M., and L. K. Tamm, 2004. Role of Cholesterol in the Formation
and Nature of Lipid Rafts in Planar and Spherical Model Membranes. Biophys
J 86:2965-2979.

Crane, J. M., V. Kiessling, and L. K. Tamm, 2005. Measuring lipid asymmetry
in planar supported bilayers by fluorescence interference contrast microscopy.

Langmuar 21:1377-1388.

Garg, S., J. Riihe, K. Liidtke, R. Jordan, and C. A. Naumann, 2007. Domain
registration in raft-mimicking lipid mixtures studied using polymer-tethered

lipid bilayers. Biophys J 92:1263-1270.

Marquardt, D., F. A. Heberle, T. Miti, B. Eicher, E. London, J. Katsaras,
and G. Pabst, 2017. 1H NMR Shows Slow Phospholipid Flip-Flop in Gel and

Fluid Bilayers. Langmuir 33:3731-3741.

Cheng, H. T., Megha, and E. London, 2009. Preparation and properties of
asymmetric vesicles that mimic cell membranes: effect upon lipid raft forma-

tion and transmembrane helix orientation. J Biol Chem 284:6079-6092.

Heberle, F. A., D. Marquardt, M. Doktorova, B. Geier, R. F. Standaert,
P. Heftberger, B. Kollmitzer, J. D. Nickels, R. A. Dick, G. W. Feigenson,
J. Katsaras, E. London, and G. Pabst, 2016. Subnanometer Structure of an
Asymmetric Model Membrane: Interleaflet Coupling Influences Domain Prop-

erties. Langmuir 32:5195-5200.

Cheng, H. T., and E. London, 2011. Preparation and properties of asymmet-



Transbilayer Coupling in Asymmetric Lipid Vesicles 39

31.

32.

33.

34.

35.

36.

ric large unilamellar vesicles: interleaflet coupling in asymmetric vesicles is

dependent on temperature but not curvature. Biophys J 100:2671-2678.

Chiantia, S., and E. London, 2012. Acyl chain length and saturation modulate
interleaflet coupling in asymmetric bilayers: effects on dynamics and structural

order. Biophys J 103:2311-2319.

Eicher, B., F. A. Heberle, D. Marquardt, G. N. Rechberger, J. Katsaras, and
G. Pabst, 2017. Joint small-angle X-ray and neutron scattering data analysis

of asymmetric lipid vesicles. J Appl Crystallogr 50:419-429.

Kingsley, P., and G. W. Feigenson, 1979. The synthesis of a perdeuterated
phospholipid: 1,2-dimyristoyl-sn-glycero-3-phosphocholine-d72. Chem Phys

Lipids 24:135-147.

Pozo, N. B., K. Lohner, G. Deutsch, E. Sevcsik, K. A. Riske, R. Dimova,
P. Garidel, and G. Pabst, 2005. Composition dependence of vesicle morphology
and mixing properties in a bacterial model membrane system. Biochim Biophys

Acta 1716:40-48.

Pabst, G., A. Hodzic, J. Strancar, S. Danner, M. Rappolt, and P. Laggner,
2007. Rigidification of neutral lipid bilayers in the presence of salts. Biophys
J 93:2688-2696.

Knittelfelder, O. L., B. P. Weberhofer, T. O. Eichmann, S. D. Kohlwein, and
G. N. Rechberger, 2014. A versatile ultra-high performance LC-MS method for
lipid profiling. J Chromatogr B Analyt Technol Biomed Life Sci 951-952:119—
128.



Transbilayer Coupling in Asymmetric Lipid Vesicles 40

37.

38.

39.

40.

41.

42.

43.

Hartler, J., M. Trotzmuller, C. Chitraju, F. Spener, H. C. Kofeler, and G. G.
Thallinger, 2011. Lipid Data Analyzer: unattended identification and quanti-
tation of lipids in LC-MS data. Bioinformatics 27:572-577.

Petoukhov, M. V., D. Franke, A. V. Shkumatov, G. Tria, A. G. Kikhney,
M. Gajda, C. Gorba, H. D. T. Mertens, P. V. Konarev, and D. I. Svergun, 2012.
New developments in the ATSAS program package for small-angle scattering

data analysis. J Appl Crystallography 45:342-350.

Mclntosh, T. J., and S. A. Simon, 1986. Area per molecule and distribution
of water in fully hydrated dilauroylphosphatidylethanolamine bilayers. Bio-

chemistry 25:4948-4952.

Marsh, D., 2013. Handbook of Lipid Bilayers, Second Edition. CRC Press,

Boca Raton, FL, 2nd ed edition.

Blanchet, C. E., A. Spilotros, F. Schwemmer, M. A. Graewert, A. Kikhney,
C. M. Jeffries, D. Franke, D. Mark, R. Zengerle, F. Cipriani, S. Fiedler,
M. Roessle, and D. I. Svergun, 2015. Versatile sample environments and
automation for biological solution X-ray scattering experiments at the P12

beamline (PETRA III, DESY). J Appl Crystallography 48:431-443.

Petoukhov, M. V., P. V. Konarev, A. G. Kikhney, and D. I. Svergun, 2007.
ATSAS 2.1 - towards automated and web-supported small-angle scattering

data analysis. J Appl Crystallogr 40:s223-s228.

Frielinghaus, H., A. Feoktystov, I. Berts, and G. Mangiapia, 2015. KWS-1:

Small-angle scattering diffractometer. J Large-Scale Res Facilities 1:A28.



Transbilayer Coupling in Asymmetric Lipid Vesicles 41

44.

45.

46.

47.

48.

49.

Feoktystov, A. V., H. Frielinghaus, Z. Di, S. Jaksch, V. Pipich, M.-S. Ap-
pavou, E. Babcock, R. Hanslik, R. Engels, G. Kemmerling, H. Kleines, A. Ioffe,
D. Richter, and T. Brueckel, 2015. KWS-1 high-resolution small-angle neu-
tron scattering instrument at JCNS: current state. J Appl Crystallography
48:61-70.

Arnold, O., J. C. Bilheux, J. M. Borreguero, A. Buts, S. I. Campbell,
L. Chapon, M. Doucet, N. Draper, R. Ferraz Leal, M. A. Gigg, V. E. Lynch,
A. Markvardsen, D. J. Mikkelson, R. L. Mikkelson, R. Miller, K. Palmen,
P. Parker, G. Passos, T. G. Perring, P. F. Peterson, S. Ren, M. A. Reuter, A. T.
Savici, J. W. Taylor, R. J. Taylor, R. Tolchenov, W. Zhou, and J. Zikovsky,
2014. Mantid—data analysis and visualization package for neutron scattering

and SR experiments. Nucl Instr Meth Phys Res 764:156—166.

Kiselev, M. A., P. Lesieur, A. M. Kisselev, D. Lombardo, and V. L. Aksenov,
2002. Model of separated form factors for unilamellar vesicles. Appl. Phys. A
74:s1654-s1656.

Pencer, J., Anghel, Vinicius N. P., N. Kucerka, and J. Katsaras, 2006. Scat-
tering from laterally heterogeneous vesicles. I. Model-independent analysis. J

Appl Crystallogr 39:791-796.

Kucerka, N., M. P. Nieh, and J. Katsaras, 2011. Fluid phase lipid areas and
bilayer thicknesses of commonly used phosphatidylcholines as a function of

temperature. Biochim Biophys Acta 1808:2761-2771.

Kucerka, N., B. van Oosten, J. Pan, F. A. Heberle, T. A. Harroun, and J. Kat-

saras, 2015. Molecular structures of fluid phosphatidylethanolamine bilayers



Transbilayer Coupling in Asymmetric Lipid Vesicles 42

50.

51.

52.

53.

54.

95.

56.

obtained from simulation-to-experiment comparisons and experimental scat-

tering density profiles. J Phys Chem B 119:1947-1956.

Pan, J., X. Cheng, L. Monticelli, F. A. Heberle, N. Kucerka, D. P. Tieleman,
and J. Katsaras, 2014. The molecular structure of a phosphatidylserine bilayer
determined by scattering and molecular dynamics simulations. Soft Matter

10:3716-3725. 24807693.

Heimburg, T., 1998. Mechanical aspects of membrane thermodynamics. Es-
timation of the mechanical properties of lipid membranes close to the chain

melting transition from calorimetry. Biochim Biophys Acta 1415:147-162.

Pataraia, S., Y. Liu, R. Lipowsky, and R. Dimova, 2014. Effect of cytochrome
¢ on the phase behavior of charged multicomponent lipid membranes. Biochim

Biophys Acta 1838:2036-2045.

Kaye & Laby Online. Tables of Physical & Chemical Constants (16th edition

1995): 2.2.5 Surface tensions. www.kayelaby.npl.co.uk.

Boulgaropoulos, B., M. Rappolt, B. Sartori, H. Amenitsch, and G. Pabst,
2012. Lipid sorting by ceramide and the consequences for membrane proteins.

Biophys J 102:2031-2038. 22824266.

Kollmitzer, B., P. Heftberger, M. Rappolt, and G. Pabst, 2013. Monolayer
spontaneous curvature of raft-forming membrane lipids. Soft Matter 9:10877—

10884. 24672578.

Mclntosh, T. J., 1980. Differences in hydrocarbon chain tilt between hy-



Transbilayer Coupling in Asymmetric Lipid Vesicles 43

57.

58.

59.

60.

drated phosphatidylethanolamine and phosphatidylcholine bilayers. A molec-

ular packing model. Biophys J 29:237-245.

Lohner, K., A. Latal, G. Degovics, and P. Garidel, 2001. Packing character-
istics of a model system mimicking cytoplasmic bacterial membranes. Chem

Phys Lipids 111:177-192.

Boggs, J. M., 1980. Intermolecular hydrogen bonding between lipids: influence
on organization and function of lipids in membranes. Can J Biochem 58:755—

770.

Chiantia, S., P. Schwille, A. S. Klymchenko, and E. London, 2011. Asymmetric
GUVs prepared by MbetaCD-mediated lipid exchange: an FCS study. Biophys

J 100:L1-L3.

Bennett, W. F. D., J. L. MacCallum, M. J. Hinner, S. J. Marrink, and D. P.
Tieleman, 2009. Molecular view of cholesterol flip-flop and chemical potential

in different membrane environments. J Am Chem Soc 131:12714-12720.



Supplementary Material

Instrinsic Curvature-Mediated Transbilayer Coupling in
Asymmetric Lipid Vesicles
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Marie-Sousai Appavou, John Katsaras, and Georg Pabst

1 Evaluation of bilayer asymmetry via 'H-NMR

The paramagnetic lanthanide ion Pr3* interacts with choline protons, shifting their resonance down-
field as shown in (1), see Fig. S2. By adding Pr3* to a vesicle suspension, the shift is selective for outer
leaflet protiated choline, leading to a separate resolution of the protiated choline resonances from the
inner and outer leaflet (2). The integrated area R of each resonance is proportional to the number of
molecules having protiated headgroups in the corresponding leaflet (Fig. S2). The outer leaf’s peak
fraction is defined as:

Rout
= (1)

- Rin 4 Rout’
where the superscripts ’out’ and ’in’ indicate the outer and inner leaflet. When all lipids posses
protiated headgroups, f°“ directly yields the mole fraction of all bilayer lipids found in the outer
leaflet:

Xout — Zj NJQUt = fout7 (2)
Zj N
where N and N°“ denote the number of molecules in the whole bilayer and in the outer leaflet and
the summation is performed over all components of the mixture. For a bilayer with an equal number
of lipids in the leaflets X°% = 0.5. However, POPE and POPC have different A7 (3, 4) which means
that X°“ is defined by the area per lipid of the inner (A%") and of the outer leaflet (A9“%):

Xout _ 1 /A%Ut

=——=— x1.06 3
1/A0Lut+1/Aan* ’ ()

where the factor 1.06 considers the slightly bigger surface of the outer to the inner leaflet (5) by
assuming a vesicle size of 130 nm and a bilayer thickness of 40 A. As only one mixture component
possesses a protiated choline (POPC) we define the single-component outer leaflet peak fraction fI%“Cty
as:

| Np X
“ " Npc Xpc

(4)



where x%¢ stands for the outer leaflet mole fraction of POPC. Combining the two previous equations
gives the following expression for the outer leaflet mole fraction of POPC:

out
XPC
OPuCt’ = f‘cout ° ( 5 )

For a two component POPC/POPE bilayer, all compositional parameters X?D"é/?’g p can be expressed

as:

out _ f}gucfXPC
XPC - Xout .
1 ou
ch = U SR xre (1fP§o)qﬁ})jC . (6)
in(out) 1 in(out)
PE - — APC



2 Supplementary Figures
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Figure S1: DSC cooling thermograms of POPE/POPC* MLV mixtures (numbers adjacent to
data give the molar fractions of POPE.
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Figure S2: Upper panel: *'H-NMR. shows the choline resonance (green Lorentzian) from POPC
acceptor lipids, while the red Lorentzian considers the contribution of residual mgCD. Lower
panel: 'H-NMR signal in the presence of the shift reagent Pr3*. The shifted population (blue
Lorentzian) relative to the unshifted population (green) reveals inner leaflet acceptor enrichment
in the aLUVs.
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Figure S3: Temperare dependence of areas per lipid for different POPE/POPC* mixtures. The
increase of POPC concentration leads to a progressive upshift of lipid areas (black line: xpopp =
1, green line: xpopgr = 0.3)
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Figure S4: Three consecutive heating scans of POPE?“ /POPC™ (D/A = 3). Data were back-
ground subtracted, but not normalized.

35°C

Figure S5: Cryo-TEM images of POPE®“ /POPC alLUVs at different temperatures. The mid-
dle panel corresponds to the phase transition regime.
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Figure S6: Cryo-TEM images of POPE* LUVs in the gel-phase without (panel A) and with a
25 mM NaCl core (panel B). Panel C shows the LUVs in fluid phase.
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Figure S7: DSC cooling scans of POPC?% /POPE™ (panel A) and POPE®“ /POPC™ (panel B)
aLLUVs (D/A = 2) (red lines). Transitions of corresponding scrambled LUVs are shown as gray
dashed lines. Insets show schematics of leaflet structure.
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Figure S8: Analysis of scattering data of scrambled POPE/POPC LUVs (T' = 35°C). Left panel:
SAXS (top) and SANS (lower) data of POPC%" /POPE®* LUVs. Right panel: SAXS data of
POPE" /POPC%*¢ LUVs. Solid lines correspond to best fits using the SDP model. SANS data
has been obtained at two contrasts (blue line: POPC?"/POPE®*, green line: POPC%" /POPE-
d319¢¢). Inserts show the corresponding scattering length density profiles.
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Figure S9: Joint analysis of SAXS (top panel) and SANS (lower panel) data of POPE®“ /POPC"®
aLUVs at 35°C. Solid lines show best fits using the aSDP model (blue line POPE®“ /POPC").
Inserts show the corresponding scattering length density profiles.
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3 Supplementary Tables

Table S1: Structural parameters of asymmetric and scrambles
POPC% /POPE™ and POPE®“/POPC™ vesicles 35°C determined
with the aSDP-model.

POPC" /JPOPE®* POPE®" /POPCace
asym scram asym SCraln
out in out in

A [A?) 64.7 59.7 615 59.9  64.7  63.2
ori [A] 2.87 279  2.85 2.84 295 285
oo [A] 2.46 247 249 2.52 251 245
o [A] 2.00 1.99  2.04 2.03 201  1.97
oun [A] 501 501  5.01 501 501  4.95
|zr| [A] 19.62  20.04 19.69 20.13 18.92 19.36
|zca| [A] 16.35 17.56 17.12 17.02 15.88 16.21
lzar]* [A] 1.00  1.00  1.00 1.00  1.00  1.00
|zaen]| [A] 14.37 15.58 15.13 15.52 14.38  14.71

*fixed parameter
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