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ABSTRACT: Variations between the inner and outer leaflets of
cell membranes are crucial for cell functioning and signaling,
drug—membrane interactions, and the formation of lipid
domains. Transmembrane asymmetry can in principle be
comprised of an asymmetric charge distribution, differences in
hydration, specific headgroup/H-bonding interactions, or a
difference in the number of lipids per leaflet. Here, we
characterize the transmembrane asymmetry of small unilamellar

liposomes consisting of zwitterionic and charged lipids in aqueous solution using vibrational sum frequency scattering and second
harmonic scattering, label-free methods, specifically sensitive to lipid and water asymmetries. For single component liposomes,
transmembrane asymmetry is present for the charge distribution and lipid hydration, but the leaflets are not detectably
asymmetric in terms of the number of lipids per leaflet, even though geometrical packing arguments would predict so. Such a
lipid transmembrane asymmetry can, however, be induced in binary lipid mixtures under conditions that enable H-bonding
interactions between phosphate and amine groups. In this case, the measured asymmetry consists of a different number of lipids
in the outer and inner leaflet, a difference in transmembrane headgroup hydration, and a different headgroup orientation for the

interacting phosphate groups.

B INTRODUCTION

Compositional diversity between the inner and outer leaflets of
cellular and organelle membranes are crucial for cell
functioning. Nonrandom and nonequal leaflet composition
occurs in eukaryotic membranes.'> Certain lipids, such as
glycolipids, phosphatidylcholine (PC), and sphingomyelin, are
predominantly present in the outer leaflet, whereas others, such
as phosphatidylserine (PS), are almost completely localized in
the inner leaflet of the plasma membrane.* Although the
molecular level details are still ambiguous, it is clear that
transmembrane asymmetry” is vital for a cell. PS trans-
membrane asymmetry was, for example, shown to regulate
and maintain cell metabolism.”” Transmembrane asymmetry
can occur by means of active and passive pathways.”* Active
pathways use regulating proteins and peptides to induce
asymmetry,”®’ whereas passive pathways comprise several
effects: a nonhomogeneous interleaflet charge distribution or
hydration, asymmetry of specific interactions, and packing
differences between leaflets. Although all of these effects have
been studied, most attention has been given to transmembrane
asymmetry as caused by a different available area in the inner
and outer leaflet, which results in a different number of lipids in
the inner and outer leaflet, and is related to local membrane
stiffness and curvature.'

The investigation of passive asymmetry is in general
challenging as it ideally requires free floating, unperturbed,
membranes. In addition, labeling, substrates, or invasive tools,
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which can induce changes to the bilayer composition, should
ideally be avoided.”® Sensitivity to molecular structure and the
ability to distinguish between the inner and outer leaflet of a
bilayer are further requirements. Vibrational sum frequency
generation (SFG)**™*" is a nonlinear spectroscopy that can be
considered as a simultaneous IR and Raman measurement. SFG
is forbidden in a centrosymmetric medium (under the dipole
approximation”®). It can therefore directly detect trans-
membrane asymmetry. Assuming identical orientational dis-
tributions with respect to the surface plane for lipids located on
the inner and outer leaflets, SFG reports on the average number
difference of lipids between the leaflets. These features were
elegantly demonstrated by Conboy and co-workers who
measured lipid redistribution across a supported planar bilayer
that was initially made asymmetric."”>~"*

Here we investigate hydration, charge, and lipid trans-
membrane asymmetry in free floating lipid membranes. Lipid
asymmetry and hydration in small unilamellar liposomes in
solution (diameter <100 nm) are probed using nonlinear light
scattering. By measuring vibrational sum frequency scattering
(SFS) spectra in the C—H and P—O stretch region of the
vibrational spectrum, we quantify the transmembrane asym-
metry of the fatty acid tails and headgroups of the lipids.
Vibrational SFS* ™' is a combination of SFG and light
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Figure 1. Liposome transmembrane asymmetry. A: SHS patterns measured with all beams polarized parallel to the scattering plane (PPP) of DPPS
(blue), DOPC (green), and DPPC (red) liposomes in pure H,O (0.8 mg/mL; extruded through a 100 nm pore). The scattering pattern originates
from the overall transmembrane asymmetry in the orientational distribution of water molecules around the lipids (as illustrated in the cartoons). The
data are scaled to correct for differences in size distribution and number density of the scatterers (as described in the SI, S2 and S3). B: SFS spectra
of the same liposomes in D,O in the P—O stretch region together with an SFS spectrum of hexadecane oil droplets covered with a DPPC monolayer
(top trace). The spectra were collected with the IR (VIS, SF) beam polarized parallel (perpendicular) to the scattering plane (SSP). The SFS data are

offset vertically for clarity.

scattering that allows for the probing of chemically specific
molecular asymmetry along the interfacial normal in liposome
membranes. Transmembrane hydration asymmetry is measured
with nonresonant angle resolved®” second harmonic scattering
(SHS),*"**** which probes transmembrane asymmetry in the
orientational distribution of water molecules along the
interfacial normal. The SHS signal relates to the surface
potential”>~*” and to H-bond interactions involving water.*’ A
change in the SHS intensity from liposomes is thus related to
the difference in charge distribution between the leaflets. We
find that charge and hydration asymmetry is present for
liposomes made of 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2- dipalmitoyl-sn-glycero-3-phosphoserine (DPPS),
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS), and mix-
tures of either DOPC with DPPS or 1,2- dipalmitoyl-sn-
glycero-3-phosphate (DPPA). Figure S1 displays a sketch of the
chemical structure of each lipid. For the same single component
liposomes, lipid transmembrane asymmetry is not detected,
even though calculations using a constant area per lipid indicate
a detectable difference in lipid number between the inner and
outer leaflet. Binary mixtures may display transmembrane
asymmetry, which can be detected in the phosphate stretch
region as a shifted vibrational resonance. This PO, group has a
tilt angle with respect to the surface that is more upright,
compared to the same groups in a lipid monolayer. A signature
of the acyl chains is also observed, but only for one of the lipids.
These observations only occur if phosphoserine is present in
the binary bilayer mixture, and the acyl chains of the lipids are
different in length. Based on these observations and the
structure of the lipids, we postulate that lipid transmembrane
asymmetry is likely induced by H-bonding interactions between
amine and phosphate groups that depend on packing
differences as induced by differences in fatty acid chain
structure. Using this interpretation, we quantify the amount
of asymmetry in the liposomes composed of a DOPC—DPPS
mixture.

In what follows we first describe transmembrane hydration
and lipid asymmetry for single component liposomes and then
move on to binary mixtures. Finally, we aim to quantify the
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measured transmembrane asymmetry in terms of percentage
number differences and differences in the orientational
distributions of headgroups.

B RESULTS AND DISCUSSION

Single Component Liposomes. Starting with lipid
hydration, Figure 1A shows SHS patterns of single component
liposomes made from DOPC, DPPC, and DPPS. The
experimental procedure for the optical measurements can be
found in section S1 of the Supporting Information. The data
are scaled to correct for the difference in number density and
size of the scatterers (see S2—3 for details). The SH signal is
nonzero, which indicates that for these ~100 nm diameter
liposomes the hydration environment of the inner leaflet is
different from the outer leaflet. Also, charged DPPS liposomes
generate ~21X more intensity per liposome than the
zwitterionic, neutral liposomes. This difference can be explained
by the interaction of the electrostatic field of the headgroup
charge with the adjacent water molecules, which induces
changes in the orientational distribution of the interfacial water
molecules and hence increases the SHS intensity. This effect is
absent for zwitterionic lipids. Thus, we observe a sizable
asymmetry in the distribution of water molecules that is
particularly sensitive to charge. Differently oriented hydrating
water molecules in the inner and outer leaflets agree with the
finding from X-ray, neutron, and dynamic light scattering that
the electron density is asymmetrically distributed across the
leaflets of anionic vesicles."' They also agree with the
commonly employed assumption that the inner leaflet is
considered charge—neutral.36

Does such transmembrane hydration asymmetry require
transmembrane lipid asymmetry as well? According to
calculations assuming a spherical geometry and constant lipid
headgroup areas,'’ a number difference of 8% should be
present between the inner and outer leaflet of these liposomes
(see S6 for details). The difference in the number of lipids per
leaflet can be estimated from SFS spectra, since SES is
exquisitely sensitive to transmembrane asymmetry. In partic-
ular, assuming a homogeneous distribution of lipid molecules,
the SFS amplitude obtained from a sphere with a monolayer of
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lipids on its surface is proportional to the averaged projection
of the molecular tilt angle on the interfacial normal, multiplied
by the number of lipids present in the probed area. For
purposes of brevity we refer to this as the “projected surface
density”. For a liposome that has two oppositely oriented
leaflets, the SFS amplitude reports on the transmembrane
difference in projected surface density. Therefore, to quantify
transmembrane lipid asymmetry, we measured with SFS the
headgroup intensity in the P—O stretch region of liposomes as
well as the headgroup intensity of a DPPC monolayer on 100
nm hexadecane droplets in water with a known molecular area
of 0.48 nm? per DPPC molecule.”” Knowing the area per lipid
of the nanodroplet system, the size distribution of the droplets,
and having a reasonable estimate of the average tilt angle of the
P—N headgroup, we can compute the amplitude per lipid
molecule, which can be used to derive a detection limit in terms
of transmembrane lipid asymmetry. Assuming that the cross
sections of the vibrational modes and average chain orientation
are comparable, our previously derived detection limit*™ can be
converted to a lower limit for the detectable transmembrane
number difference of ~2%.

Figure 1B shows SFS spectra of the same liposomes as in
Figure 1A in the P—O stretch region: Within the signal-to-noise
ratio of our instrument no apparent transmembrane lipid
asymmetry is detected. For the C—H modes the same result
was obtained (not shown). Thus, the lipid number difference
for these single component liposomes is under our detection
limit, meaning that the projected surface density difference is
below 2%. Comparing this to the 8% in transmembrane lipid
asymmetry,'® that can be found from a computation
considering constant headgroup areas per leaflet, it appears
that a different lipid hydration does not require transmembrane
lipid asymmetry in terms of a different number of lipids in the
inner and outer leaflet. Instead, it may be influenced by specific
lipid—lipid intermolecular interactions.** Such interactions
would result in changes in the local (aqueous) environment
of the lipids that can be probed in binary mixtures via the
vibrational resonances of phospholipid headgroups.

The Phosphate Stretch Mode Is Sensitive to the Local
Environment. The symmetric (s)-PO,” stretch mode has
been shown to be very sensitive to changes in intermolecular
and H-bonding interactions as well as the local aqueous
environment. Counter ion induced shifts in the s-PO,™ stretch
mode have been reported.*** Dehydration of a DPPC
monolayer on a planar air/water interface results in a ~10
cm ™! spectral shift of the s-PO,” mode to higher frequencies.*’
In order to verify that the s-PO,” stretch vibration is indeed a
sensitive probe for changes in the local environment/lipid—
lipid interactions, we have measured vibrational SFS spectra of
hexadecane droplets covered with a dense monolayer of DPPC
(analyzed in detail in ref 42) and of DPPE (1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine). It is worth noting that DPPE
is different from DPPC in that it lacks the CH; groups around
the N atom in the headgroup (Figure S1). For DPPE the amine
and the phosphate group are expected to interact through
intermolecular interactions,'® which results in an increase of the
gel phase transition temperature from 314 K for DPPC to 336
K for DPPE. The SES spectra for DPPC and DPPE covered
hexadecane droplets in water are shown in Figure 2A. The
DPPC monolayer spectrum contains two peaks, one at ~1070
cm™!, assigned to the s-(C=0)—0—C stretch mode, and one
at ~1100 cm™" assigned to the s-PO,” stretch mode of DPPC
in a hydrated monolayer.””*~* The DPPE monolayer
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Figure 2. Transmembrane asymmetry. A: SES spectra of DPPC
(black) and DPPE (blue) monolayers on oil nanodroplets at maximum
lipid coverage measured using the SSP polarization combination. The
dashed lines show the positions of the PO, symmetric stretch modes
in DPPC and DPPE. B: SES (SSP) spectra taken in the P—O stretch
region of ~100 nm diameter liposomes in pure D,O composed of 1:1
mixtures of DOPS—DPPS (brown), DOPC—DPPS (black), DOPS—
DPPC (blue), and DOPC—DPPA (red) and the P—O spectrum of the
liquid condensed like DPPC monolayer (with known headgroup area)
on oil droplets (green). The SFS data are offset vertically for clarity.

spectrum is different: it shows a single peak at ~1080 cm™".

Based on the demonstrated sensitivity of the s-PO,” stretch
mode on the local environment at the air/water interface, this
peak likely originates from a population of H-bonded PE
groups resulting in red-shifted™® s-PO,” stretch modes. In
addition, since the s-PO,” mode consists of an isolated
vibrational resonance, it can easily be used to obtain the
orientational distribution of the headgroups.

In what follows we use this mode as a probe to study
transmembrane lipid asymmetry in liposomes composed of two
different lipids. As a starting point, studies of giant unilamellar
vesicles composed of PS lipids and a lipid of different acyl chain
lengths®>* can be used. These mixtures display phase
separation behavior as a function of acyl chain conformation
and thus may exhibit a certain amount of transmembrane
asymmetry.

Liposomes from Binary Mixtures. Figure 2B shows SFS
spectra of liposomes in the P—O stretch region composed of a
1:1 mixture of DOPC—DPPS, DOPS—DPPC, DOPS—DPPS,
and DOPC—DPPA. As a comparison, the P—O signal from the
DPPC monolayer is also shown (green curve). It can be seen
that the DOPC—DPPS liposomes generate a nonzero SF
spectrum. Compared to the spectrum of the PC headgroups in
a DPPC monolayer, there is a single peak at ~1080 cm™’.
Based on the comparison between DPPC and DPPE
monolayers in Figure 2A, the 1080 cm™ mode is likely
assigned to a population of H-bonded s-PO,™ stretch modes.
Liposomes composed of a 1:1 DOPS—DPPC mixture possess
the same headgroup chemistry, but they will likely have a
different packing. It can be seen from Figure 2B that these
liposomes do not generate any detectable SFS intensity. Thus,
in these mixtures, all of the lipid headgroups are distributed
symmetrically across both leaflets (within the detection limit).
The same is also true for DOPS—DOPC and DPPS—DPPC
mixtures (see Figure S2 in the Supporting Information).
Removing the amine group but keeping the negative charge as
in a DOPC—DPPA mixture also results in an absence of
transmembrane asymmetry.
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Since the phosphate groups in the PA and PS headgroups are
likely equally well-hydrated, it appears, based on the observed
differences in intensity, that a charged lipid with a free amine
group is crucial for the observed transmembrane asymmetry.
This apparent PS specificity is further investigated by measuring
single lipid DOPS liposomes and DOPS—DPPS liposomes.
The former displays a comparable hydration asymmetry as
DPPS, with no apparent transmembrane asymmetry (data not
shown). A 1:1 DOPS—DPPS mixture, however, which
possesses the same headgroup chemistry and the same
difference in fatty acid tail chemistry as the DOPC—DPPS
liposomes does display transmembrane asymmetry (Figure 2B).
For this binary lipid mixture, we observe the s-PO,” stretch
mode at 1085 cm™!, thus with a comparable frequency and
intensity as for DOPC—DPPS liposomes. The measured PO,~
modes represent the population of asymmetrically distributed
phosphate groups between the leaflets.

In what follows we formulate a hypothesis to rationalize
where this PO, signal originates from and how intermolecular
interactions are created.

Lipid—Lipid Interactions Drive Transmembrane
Asymmetry? As Figure 2B shows, in order to establish
transmembrane asymmetry in the studied systems, charged PS
headgroups are crucial ingredients. PS headgroups possess
oppositely charged phosphate, carboxylate and amine groups,
which can each participate in H-bonding interactions with a
neighboring lipid and with water.">**>* NH,* ions as well as
NH," groups are known to interact with PO, groups of
neighboring molecules®™™° (in the fashion illustrated in Figure
3A). However, as Figure 1 shows, no transmembrane lipid
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s et P I
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Figure 3. H-bonding interactions between lipids. The H-bonding
interaction between phospholipid headgroups is determined by the
lipid structure and by the headgroup- and fatty acid tail chemistry. A:
For a PS—PC pair the H,N-H"O—PO H-bond may be present
depending on the distance between lipid headgroups (which can be
changed by selecting proper combination of fatty acid tails). B: In
contrast, for a PC—PC pair the headgroup chemistry is different, and
there is no possible intermolecular H-bonding.

asymmetry is observed for pure DPPS liposomes, indicating
that an additional criterion needs to be satisfied. Namely, a
difference in the fatty acid chain length and associated packing
appears to be necessary, as is also corroborated by the
aforementioned studies on giant unilamellar vesicles.”">* We
also confirmed that the s-PO,” stretch mode is sensitive to the
local environment. Observing a similar red shift in the
phosphate stretch mode as in the DPPE monolayer that exhibit
headgroup—headgroup H-bonding interactions, it seems likely
that intermolecular interactions are also crucial here.

Figure 3A and B illustrate one possibility to explain the
observed data: PS—PC headgroups may interact through H,N—
H"O-PO H-bonding, which would shift the vibrational
frequency of the interacting phosphate groups (on the PC
lipids) to a lower frequency. In doing so, they become SFS
active. This interaction can, however, only occur if the
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probability of intermolecular interactions is increased (com-
pared to the pure DPPS or DOPS liposomes). By changing the
lipid tails from DO (18 C atoms, one unsaturated bond) to the
~1 A shorter DP tails*® (16 C atoms, saturated) the distance
between the H,N—H and the O—PO groups is reduced,
facilitating more favorable intermolecular interactions'® in a
mixture of DOPC with DPPS or DOPS with DPPS. Although
this explanation agrees with the presented data, it will have to
be investigated in more detail, e.g, by employing molecular
dynamics simulations.

Using this explanation and the C—H mode signal as a probe
for lipid transmembrane asymmetry and the phosphate stretch
mode signal as a probe for (DOPC) lipids that are interacting
with DPPS lipids, we quantify both types of transmembrane
asymmetry in the DOPC—DPPS liposomes.

Quantifying Transmembrane Asymmetry. To deter-
mine the percentage of lipids that are asymmetrically
distributed across the membrane, we use selective deuteration
and measure SFS spectra in the C—H stretch mode region,
targeting the lipid fatty acid tails. Since C—D modes vibrate at
different frequencies, the amount of lipid transmembrane
asymmetry can be determined (as the C—H modes are
insensitive to changes in the local environment).

Figure 4A shows SFS spectra of liposomes in the C—H
stretch region composed of a 1:1 mixture of dg-DOPC—DPPS
and DOPC—dq,-DPPS. The C—H mode signal from the DPPC
monolayer on oil droplets is shown in the top trace for
comparison. The C—H mode region is comprised of the
following peaks:*”**°”>* the s-CH, stretch mode (~2852
cm™!, d%), the s-CH; stretch mode (~2876 cm™, r*), the
antisymmetric (as) CHj, stretch mode (~2965 cm™, r™), the s-
CH,—Fermi resonance (~2919 cm™, d*), the s-CH,—Fermi
resonance (~2935 cm™, r*gy), and the as-CH, stretch mode
(~2905 cm™, d7). Tt can be seen that the s-CHj stretch mode
is dominant for the monolayer on droplets, which means that
the alkyl chains are nearly all-trans in their conformation.** The
liposomes with PS and PC mixtures display only a detectable
SFE response in the case of the dg-DOPC—DPPS mixture,
which indicates that only the DPPS molecules are asymmetri-
cally distributed across the bilayer, and not the DOPC
molecules (assuming that the deuteration procedure does not
change any lipid properties, which is generally expected to be
the case®). The SF spectrum of the DPPS molecules shows a
prominent peak at 2870 cm ™', which corresponds to the s-CH,
stretch mode, while very little intensity is observed at 2850
cm™’, indicating an all-trans conformation of the tails (identical
to that of DPPC). We thus assume that the DP acyl tail
conformations in both systems are equal. Comparing the
obtained SES intensity () of the s-CHj; stretch mode for the
dgs-DOPC—DPPS liposomes to that of the DPPC monolayer,
we find a transmembrane asymmetry in terms of the surface
number density ratio (r;, ppps/#q) of:

-
a4

where a is scaled in order to be independent of the size of the
droplet/liposome (see eqs 11—13 in the SI and sections S2, S3,
and S7 for a derivation of all parameters). From eq 1, the
transmembrane asymmetry is then determined for DPPS to be
My ppps/ Mg = 0.16 (i.e., ~58% of the DPPS molecules is located
on the outer leaflet and ~42% of the DPPS molecules is located

Mip, DPPS

ng

(1)
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Figure 4. Quantifying transmembrane asymmetry. A: SES (SSP) spectra taken in the C—H stretch region of ~100 nm diameter liposomes in pure
water composed of 1:1 mixtures of dg-DOPC—DPPS (black), DOPC—d,-DPPS (purple), and dee-DOPC:DPPA (red) and the spectrum of the
DPPC monolayer on oil droplets (green). The solid lines represent fits to the data. The SFS data are offset vertically for clarity. B: SFS spectra of a
DPPC monolayer on oil droplets, recorded in SSP (red), PPP (black), and SPS (green) polarization combinations. C: SFS spectra of DOPC—DPPS
liposomes in SSP (red), PPP (black), and SPS (green) polarization combinations. D: Dependence of the amplitude ratio of the SSP and PPP
polarization combinations of the s-PO,~ stretch mode on the tilt angle (details of the computation can be found in section SS of the SI). The boxes
indicate the measured ratios obtained from the spectra in panels B and C.

on the inner leaflet, assuming similar sizes for DPPS and
DPPC).

The orientational distribution <cos ¢;> (<cos ¢hp>) of the
asymmetrically distributed phosphate headgroups on the DPPC
covered droplets (DOPC—DPPS liposomes) can be estimated
from polarization-dependent SES spectra. The data are shown
in Figure 4B and C. The angle ¢ represents the tilt angle of the
symmetry axis of the s-PO,” mode with the surface normal of
the liposome or droplet. To determine <cos ¢g>, the
orientational analysis for polarization resolved SES™% is
extended to include a relationship between the second-order
susceptibility and hyperpolarizability elements that uses a tilt
(¢) and a twist () angle for the phosphate group. We follow
here the procedure as introduced by the Allen lab.*® The
computed amplitude polarization ratio for the s-PO,” stretch
mode for the case that y = 0% is displayed as a function of tilt
angle in Figure 4D. The experimentally measured scattering
amplitude ratios obtained from Figures 4B and C are indicated
as rectangular areas in Figure 4D and show that the phosphate
groups of the DPPC molecules situated on oil droplets have an
average tilt angle of ¢ = 60 + 10° with respect to the droplet
surface normal. Note that this is an advancement of the analysis
in ref 42. The calculated value is in good agreement with the tilt
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angle found for DPPC molecules at the air/water interface.*
For the liposomes we find a tilt angle of ¢ = 10 + 10°. More
details about the analysis can be found in the SI, in S4 and SS.
Note that we have assumed a narrow Gaussian distribution for
the tilt angle, as well as a uniform distribution of lipids. The
latter is expected®’ since we have not detected any SFS signal in
the polarization combinations PSP, PPS, and SPP. Using a
Gaussian distribution may not be completely justifiable since
the number of participating lipids (several thousand) are not
sufficient to make a statistical distribution.

To estimate the percentage of DOPC molecules that interact
with DPPS, we compare the s-PO,” mode amplitude of the
DOPC:DPPS mixtures and the DPPC monolayer. We use the
following expression:

”1ip,D0PC<C°S(¢hP)>

ng<cos(¢)>

A

g )
The ratio (ahp/ ag)"/2(P—0) represents the amplitude ratio of
the s-PO,™ mode of the lipids in the liposomes and the droplet
monolayers (corrected for the difference in droplet/liposome
number density and size distribution). This number reports
only on the head groups that exhibit intermolecular
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interactions, and thus likely on DOPC molecules. The ratio
Mipppps/ Mg Tepresents the number density ratio of the
interacting DOPC lipids in the liposomes compared to the
DPPC number density on the droplets. The orientational
distribution is represented by <cos ¢>, as discussed in the
previous paragraph. From Figure 4A we have (a,/ ag)*(P—
0) = 0.9 + 0.3. The factor <cos ¢y;,>/<cos ¢g> = 2. From eq 2
we then have ny, ppps/ng = 0.4S. This means effectively that all
the DOPC molecules in the outer leaflet are interacting with
DPPS molecules. Note that in this analysis we implicitly
assumed that the inner leaflet is charge neutral.*® Since this
means that the Na* counterions are in close proximity to the PS
headgroups (but likely not ion paired so that no frequency
shifts are detectable®”), it will result in a much lower probability
for intermolecular H-bonding in the inner leaflet between PS
and PC headgroups.

Thus, from the analysis of the spectra in Figures 2 and 4 (and
relying on the interpretation in Figure 3), we find that there is a
lipid number difference of ~16% of DPPS between the inner
and outer leaflets. There is no detectable difference in the
number of DOPC lipids between the outer and inner leaflets.
The shifted s-PO,™ SES response from the liposomes indicates
that some of the DOPC molecules interact with DPPS through
intermolecular H-bonding, which significantly alters the
orientation of the headgroups toward a more parallel
orientation with respect to the surface plane. Assuming charge
neutrality in the interior, and a consequential lack of
intermolecular H-bonds, we find that nearly all of the DOPC
in the outer leaflet interacts with DPPS.

B CONCLUSIONS

We find that charge and hydration transmembrane asymmetry
is present in liposomes in aqueous solution, while for the same
single component liposomes lipid transmembrane asymmetry is
not detectable. Asymmetry in the number of lipids per leaflet
can be induced by H-bond interactions between PS and PC/PS
headgroups that depend on and can be influenced by varying
the lipid structure. DOPC—DPPS liposomes exhibit a 16%
DPPS asymmetry but no detectable DOPC asymmetry. The
P—O vibrational stretch mode intensity becomes clearly
observable, indicating transmembrane asymmetry. This is
related to a different orientational distribution of PC phosphate
groups that participate in H-bond interactions with the PS
amine groups. In particular we find that the average
orientational angle with respect to the surface normal of the
phosphate group becomes close to 10°, which is substantially
different from the 60° that is found in a saturated monolayer.
This indicates that in the liposomes the interacting headgroups
of the DOPC are aligned along the interface (and thus occupy a
maximum volume).

The presence of lipid transmembrane asymmetry and
probable underlying mechanism offer insights into the
complexity of lipid membrane chemistry. If specific/chemical
interactions lead to association of molecules in a 100 nm
liposome, then it is likely that similar mechanisms can play a
role in the formation and stabilization of lipid domains. Lipid
rafts are considered to be dynamic structures >40 nm in size
that form and dissolve on millisecond time scales.”* As such our
work provides insights into how these domains might form.
Future work that is geared at further understanding the link
between the transmembrane asymmetry studied here and lipid
raft structure might involve nonlinear scattering experiments
performed in all polarization combinations, which is sensitive to
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structural heterogeneities.”’ These measurements should be
performed on liposomes with a diameter of ~10 um, to enable
the formation of multiple domains and to obtain good signal-
to-noise ratios.

Given the importance of membrane properties and lip-
osomes in basic biophysical research and biotechnology, our
combination of SF and SH scattering techniques demonstrates
a high potential to elucidate transmembrane asymmetry in lipid
membranes. Particularly, these methods can be used to
investigate lipid asymmetry induced by drug—membrane or
biomacromolecule—membrane interactions along with domain
formation in lipid mixtures.

B MATERIALS AND METHODS

Chemicals. Prior to use all glassware was cleaned with a 1:3
H,0,-H,SO, solution, after which it was thoroughly rinsed with
ultrapure water (H,O, Milli-Q UF Plus, Millipore, Inc., electrical
resistance of 18.2 MQ cm). dj;-hexadecane (C,(Dy,, 98% d,
Cambridge Isotope), sulfuric acid (95-97%, I1SO, Merck), H,O,
(30%, Reactolab SA), and chloroform (Emsure, ACS, ISO, Merck)
was used as received. Lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
dioleoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DOPS), 1,2-
dipalmitoyl-sn-glycero-3-phospho-L-serine (sodium salt) (DPPS), 1,2-
dipalmitoyl-sn-glycero-3-phosphate (sodium salt) (DPPA), 1,2-dipal-
mitoyl-sn-glycero-3-phosphoethanolamine (DPPE), dg,-1,2-dipalmito-
yl-sn-glycero-3-phospho-L-serine (sodium salt) (dg,-DPPS), and dgs-
1,2-dioleoyl-sn-glycero-3-phosphocholine (dg-DOPC), were pur-
chased in powder form (>99%) from Avanti Polar Lipids (Alabama,
USA) and stored at —20 °C until further use. All samples for SFS
measurements were prepared using D,O (99.8% Armar, >2 MQ cm).
The chemical structures of the used lipids are presented in Figure SI.

Droplet Preparation. Nanodroplets with a phospholipid mono-
layer were prepared according to the procedure described in ref 42.
We used 1 mM DPPC or DPPE on 2 vol % d-hexadecane which gives
saturated monolayer of lipid on oil droplets. The droplet size
distribution was measured with dynamic light scattering (DLS,
Zetasizer Nano ZS, Malvern). The droplets had a mean diameter of
~200 nm with a polydispersity index (PDI) of ~0.2.

Liposomes. Small unilamellar vesicles were prepared by extrusion
according to refs 64 and 65. Lipid stock solutions were created by
dissolving the lipid powder in chloroform in a 4 mL glass vial with a
PTFE screw cap. Stocks were stored at —20 °C, but not for more than
6 months. First, multilamellar vesicles were created by pipetting the
desired amounts of lipid stock solutions into a round-bottom glass
tube using a glass syringe (Hamilton). When a mixture of different
lipids was used, the desired amounts of the various lipid solutions were
mixed together. While rotating the glass tube, a nitrogen gas stream
was directed into the tube to evaporate the chloroform. The resulting
lipid film was further dried in vacuum (<100 mbar, created by an oil-
free diaphragm pump) at room temperature for at least 2 h. Finally,
the lipid film was resuspended in D,O or H,O and vortexed. To create
unilamellar vesicles, the resulting multilamellar vesicle solutions were
extruded with a Miniextruder (AvantiPolarLipids, Al) using a
polycarbonate membrane with a pore diameter of 100 nm at room
temperature (or above their respective lipid transition temperature).
Unilamellar vesicles were stored in closed containers up to 2 weeks at
4 °C. The size and zeta-potential distribution of the liposomes were
measured with DLS and laser Doppler electrophoresis at 25 °C
(Malvern ZS nanosizer). To determine the size distribution of the
vesicles, three subsequent measurements, each 11 runs, were averaged.
To determine the zeta potential of the vesicles three subsequent
measurements, each 75 runs at automated voltage, were averaged. The
liposomes were found to have a mean diameter in the range of 70—100
nm with a polydispersity index (PDI) of less than 0.1. The final lipid
concentration was determined using a calorimetric phosphorus assay;
for further details, see ref 66. The concentration of the lipids in the
sample was 0.8 mg lipids/mL weight ratio for DLS, zeta potential
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measurements, and SHS experiments. For sum frequency scattering
the sample concentration was ~5 mg/mL. The mean values of DLS
and zeta potential measurements are summarized in Table S1
including the standard deviations of the mean from three consecutive
measurements. The standard deviation of the distribution in a single
measurement was 10% and 20% for size- and zeta potential
measurements, respectively.
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Details about the lipids and the measurement methods
(S1), the normalization and correction procedures that
were used to correct for the difference in size distribution
(S2), the procedure to calculate an effective radius (S3),
the spectral fitting procedure for SES data (S4), details
for the calculation of the orientational distribution of
phosphate groups (SS), details for the calculations of the
degree of asymmetry based on geometrical arguments
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SFS experiments (S8) (PDF)
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