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ABSTRACT: We showed previously that cholesterol-rich liquid-ordered domains with lipid compositions
typically found in the outer leaflet of plasma membranes induce liquid-ordered domains in adjacent regions
of asymmetric lipid bilayers with apposed leaflets composed of typical inner leaflet lipid mixtures [Kiessling,
V., Crane, J. M., and Tamm, L. K. (2008)jophys. J. 913313-26]. To further examine the nature of
transbilayer couplings in asymmetric cholesterol-rich lipid bilayers, the effects on the lipid phase behavior
in asymmetric bilayers of different lipid compositions were investigated. We established systems containing
several combinations of natural extracted and synthetic lipids that exhibited coexisting liquid-otglered (
and liquid-disordered) domains in a supported bilayer format. We find thaithase domains are induced

in all quaternary inner leaflet combinations composed of PCs, PEs, PSs, and cholesterol. Ternary mixtures
of PCs/PEs/Chol, PCs/PSs/Chol also exHhibfthases adjacent to outer leaflephases. However, with

the exception of brain PC extracts, binary PC/Chol mixtures are not induced tdfphases by adjacent

outer leaflet, phases. Higher melting lipid ad-mixtures of PEs and PSs are neediegfase induction

in the inner leaflet. It appears that the phase behavior of the inner leaflet mixtures is dominated by the
intrinsic chain melting temperatures of the lipid components, rather than by their specific headgroup classes.
In addition, similar studies with synthetic, completely saturated lipids and cholesterol show that lipid
oxidation is not a factor in the observed phase behavior.

Since the discovery that Triton X-100 treated mammalian (24—28) containing the high-melting temperatuig,} phos-
cell membranes could be separated into soluble and insolublepholipid sphingomyelin (SM) (or DPPGr DSPC), and a
fractions with distinct lipid and protein compositiors ), low-Tr, phospholipid, such as DOPC (or POPC or DiPhPC),
extensive studies have been conducted by cell biologists ancand cholesterol. However, natural cell membranes are known
biophysicists to determine the origin and function of to be composed of lipid bilayers with asymmetric phospho-
detergent resistant membranes (DRMSs). A significant amountlipid compositions 29). For example, nearly all SM resides
of data has been accumulated indicating that DRMs might in the outer leaflet of mammalian plasma membranes (PMs),
arise from liquid-ordered) phase bilayers that separate but the inner PM leaflet is primarily composed of phospho-
vitro from surrounding domains of liquid-disordereky) ( lipids that are found in the detergent-soluble fraction of cell
phase bilayers3—6). Liquid-ordered phases, or rafts, have extracts. Phosphatidylethanolamine (PE), phosphatidylserine
been proposed to be involved in a wide variety of important (PS), and phosphatidylinositol (PI) exist overwhelmingly in
cellular processes, particularly in signal transduction and the cytoplasmic leaflet, whereas phosphatidylcholine (PC)
membrane trafficking ). However, the exact role and and cholesterol are relatively equally distributed between both
definition of rafts in cells have proven to be frustratingly leaflets 80—32). Therefore, the lipid fraction of the extra-
difficult to determine so far. There is a lot of current debate cellular leaflet of the PM consists of the components that
whether rafts even exist in cell membranes, or whether the are necessary for the formationlgiphase domains; but the
observations of distinct lipid phases wvitro manifest cytoplasmic leaflet is mainly composed of unsaturated PCs,
themselvesn vivo as constitutive or temporarily regulated PEs, PSs, and cholesterol, which do not prodiygghase
small clusters of just a few lipids organized by themselves domains by themselves in model membrars; 83). Still,
or around proteins8-10). it has been found that detergent resistant fractions contain

The coexistence ofl, and Iy phases can be easily
demons'[rat?d n mOdeI membrf”mes' which p]’OVIdE'I userI 1 Abbreviations: POPC, 1-palmitoyl-2-oleoyl phosphatidylcholine;
systems to investigate the physical and chemical principles boPC, 1,2-dioleoyl phosphatidylcholine; DPPC, 1,2-dipalmitoyl phos-

that govern the formation and properties of lipid domains. ghfﬁlf{ylchollln%; DLrFl’Ct,dl.IZ-r(]il|?ur0yl:|)poh§§pqagdé{lclhollr|1e;hDIPhrI]f’E_,d l,|2-
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many proteins associated exclusively with the inner leaflet sonicated while still in detergent for 30 min, followed by
of the PM @, 34, 35). To resolve this paradox, lipid phase extensive rinsing with water, methanol, and water again.
coupling of the two leaflets across the midplane of the bilayer Remaining organic residues were removed by immersion in
has been postulate@@). Theoretical work also indicates that three volumes of sulfuric acid to one volume of 30%
different liquid phases of lipid should couple between the hydrogen peroxide, followed by extensive rinsing in water.
two leaflets of the bilayer37, 38). Immediately prior to use, slides were further cleaned for 10
This expectation, based on biological and theoretical min in an argon plasma sterilizer (Harrick Scientific,
grounds, has been confirmed experimentally only recently. Ossining, NY).
If carefully controlled, it is possible to establish lipid Tethered Polymer-Supported Bilayef$e bilayers were
asymmetry of liquid-phase bilayers in a supported planar formed by a combined LangmuiBlodgett/Vesicle Fusion
bilayer system39). It has also been shown that the influence (LB/VF) technique 89, 42, 43). A lipid monolayer with 3%
of the solid substrate on the phase behavior and fluidity of DPS was spread from a chloroform solution onto a pure
the proximal layer can be suppressed by inserting a polymerwater surface in a Nima 611 LangmuiBlodgett trough
cushion between bilayer and substrate or by other appropriatgNima, Conventry, U.K.). The solvent was allowed to
surface treatments of the substrate prior to membraneevaporate for 10 min, and the monolayer was compressed
deposition 40, 41). Using this experimental approach, we at a rate of 10 ciAimin to reach a surface pressure of 32
have recently established tHaphases can indudge phases mN/m and equilibrate for 5 to 10 min. A clean quartz slide
in adjacent regions across the midplane of the bilagéy. ( was then rapidly (200 mm/min) dipped into the trough and
Interestingly, we also found that this transbilayer coupling slowly (5 mm/min) withdrawn, while a computer maintained
of different liquid lipid phases strongly depends on the a constant surface pressure and monitored the transfer of
detailed lipid composition not only of the leaflet that mimics lipids onto the substrate by measuring the change in surface
the outer leaflet but also of the leaflet that mimics the inner area. The resulting monolayer on the solid support is known
leaflet of mammalian PMs. Therefore, we wish to extend as the LB monolayer. The DPS molecules were tethered to
these early observations to elucidate what compositional the surface by drying the coated slides in a desiccator at room
requirements the inner leaflet lipid mixture must meet to be temperature overnight and subsequently curing them in a
coupled tal, phase domains in the outer leaflet mixture. In 70 °C oven for 40 min. The slide was transferred to a
the course of these studies, we also address the questiomlesiccator, allowed to equilibrate at room temperature, and
whether the observation of larde domains in supported typically used on the same day.
bilayers could be a result of lipid oxidation as has been  Sjides with tethered polymer supported LB monolayers
suggested by some investigators. We observe the sameyere placed in a custom built flow-through chamber. A 0.1
domain behavior and the same transbilayer coupling in mM suspension of LUVs (without DPS) in HKE buffer was

systems where only nonoxidizable lipids are used. slowly and carefully injected into the chamber to avoid
washing away the LB monolayer, and then incubated for 35
MATERIALS AND METHODS min. Excess vesicles were washed out by extensive rinsing

The following materials were purchased and used without with HKE Duiffer. Distal layers containing bPS required 1

further purification: POPC, DOPC, DPPC, DLPC, DiPhPC, mM C_aClz during vesicle fusion for reproducible bilayer
DOPE, DOPS, DLPS, bPC, bSM, bPE, bPS, ePC, eSM, ePE,0'mation. . , .
NBD-DPPE, Rh-DPPE (Avanti Polar Lipids, Alabaster, AL);  Epifluorescence Microscopy Imagin@/e used a Zeiss
cholesterol, HEPES, and glycerol (Sigma Chemical, St. Axiovert ZOO.quorescence microscope (Carl zeiss, Thorn-
Louis, MO); chloroform, ethanol, methanol, ether, contrad Wood, NY) with a mercury lamp as light source and a<63
detergent, all inorganic salts, acids, bases, and hydrogenvater immersion objective (Zeiss; numerical aperture (N.A.)
peroxide (Fisher Scientific, Fair Lawn, NJ). DPS was custom = 0.95). Images were recorded by an electron multiplying
synthesized by Nektar Therapeutics (Huntsville, AL). Water charge-coupled device (EMCCD) cooledt60 °C (iXon
was purified first with deionizing and organic-free filters DV887AC-FI, Andor, Belfast, UK). Images were acquired
(Virginia Water Systems, Richmond, VA) and then with a USing homemade software written in LabVIEW (National

NANOpure system from Barnstead (Dubuque, IA) to achieve Instruments, Austin, TX). Bilayers stained with NBD-DPPE
a resistivity of 18.2 M2/cm. were illuminated through a 480 nm band-pass filter (D480/

30, Chroma, Brattleboro, VT) and via a dichroic mirror
(505dclp, Chroma) through the objective. Fluorescence was
observed through a 535 nm band-pass filter (D535/40,
OIChroma). Rh-DPPE stained bilayers were illuminated through
a 540 nm band-pass filter (D540/25, Chroma) and via a
dichroic mirror (565dclp, Chroma) through the objective.
Fluorescence was observed through a 605 nm band-pass filter
§D605/55, Chroma).

Large Unilamellar Vesicles (LUVs)he desired lipids
were codissolved in chloroform or chloroform/methanol.
Solvent was evaporated under a stream pfjbls followed
by vacuum for at least 1 h. The resulting residue was suspen
in HKE buffer (25 mM HEPES, 100 mM KCI, 1 mM EGTA,
pH 7.4), rapidly vortexed, freeze-thawed five times by
submersion in liquid Mand then in water at 40C, and then
extruded by 15 passes through two polycarbonate membrane
with a pore diameter of 100 nm (Avestin, Ottawa, ON).
Vesicles were stored at°€ for not more than 5 days before
use. Reconstituting Stable Asymmetric Two-Phase Lipid Bilayer

Quartz SlidesSlides (40x 25 x 1 mn?) were purchased  Systems with Natural Extracted and Synthetic Liple
from Quartz Scientific (Fairport Harbor, OH). Slides were have demonstrated previously that it is possible to construct
cleaned by boiling in Contrad detergent for 10 min and then asymmetric planar lipid bilayers with coexisting liquid phases

RESULTS
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Ficure 1: Stability of proximal layers with coexisting liquid phases before and after formation of distal layer in different asymmetric
supported bilayer systems. All proximal monolayers are supported on a 3% DPS polymer cushion and contdjpstaddedomains in

alq phase lipid background as visualized by 0.5% (A and C) or 0.02% (B and D) Rh-DPPE (whichllgpletse domains). Top row:
proximal layers before addition of distal layer. Bottom row: proximal layers after formation of distal layer. The proximal layers are composed
of bPC/bSM (1:1+ 20% cholesterol (A), ePC/eSM (1:1) 20% cholesterol (B), DOPC/DPPC (1:4) 20% cholesterol (C), or DiPhPC/
DPPC (1:1)+ 33% cholesterol (D). The distal layers are composed of bPC/bPE/bPS (+:20%o cholesterot- 0.5% NBD-DPPE (A),
ePC/ePE (1:1} 20% cholesterot- 0.5% NBD-DPPE (B), DOPC/DOPS (1:3 20% cholesterot- 1% NBD-DPPE (C), or POPG-

33% cholestero#- 0.25% NBD-DPPE (D). NBD-DPPE labels phase domains. Scale bar: Afh.

formed by the LB/VF technique from natural extracted lipids preferentially partitions into thig phase 25). Among several
(26). In this system|, phase domains in the proximal (LB) other probes that were examined, this pair of probes was
monolayer could induce liquidliquid-phase separation in  established to be most suitable to indicate the phase behavior
the opposing distal (VF) monolayer. The proximal monolayer of asymmetric supported lipid bilayer89). The proximal
was composed of outer leaflet lipids bPC, bSM, and layers of all systems shown in Figure 1 contained stable Rh-
cholesterol, which produced micrometer-sizéd phase DPPE-excludind, phase domains in aly phase domain
domains in model membranes, and the opposing distalbackground, before (upper row) and after (lower row)
monolayer contained the inner leaflet lipids bPC, bPE, bPS, formation of the distal layers. After dry monolayers were
and cholesterol, which showed hgphase domains on their  imaged, vesicle fusion was observed by TIRF microscopy
own in various proportions in symmetric bilayers. This (data not shown), and excess vesicles were flushed out with
system was supported on a quartz slide by a tethered polymebuffer. The subsequently recorded micrographs in the lower
(DPS) cushion, which has been shown to help maintain therow confirm that thel, phase domains were stable during
asymmetry of these bilayer systen®9) and increase the incubation with vesicles composed of various lipid compo-
distance between the silicon substrate and the bilayer withnents. This is an important criterion to define successful
the effect of dramatically reducing the influence of the experiments; only samples with stable proximal layers were
substrate and facilitating the diffusion of lipid and protein further pursued.
components in the bilaye#d8, 44). In the present work, we The cholesterol concentration was kept symmetric through-
establish three similar systems with either natural extractedout this work because, in contrast to phospholipid flip-
or synthetic lipids and vary their compositions in order to flop, cholesterol flip-flop across bilayers is thought to be
generalize our previous findings and to further explore which fast. Although typical mammalian PMs conta80 mol %
component(s) in the cytoplasmic-leaflet mimicking mono- cholesterol, we kept the cholesterol concentration at 20
layer are important for domain formation. mol % in both layers because 20 mol % is below the
Previous work had shown that not all compositions of the percolation threshold of 2630 mol % at room temper-
proximal ‘raft’ layer of supported bilayers are stable when ature for PC/SM bilayers, whetg phases become discon-
the distal ‘nonraft’ layer is formed@). Therefore, we first nected and, phases become connectezb)( This choice
examined the stability of the proximal layers of the new facilitated a correct assignment of the observed phases. Only
systems upon formation of the distal layers by vesicle fusion. in the synthetic DiPhPC/DPPC/Chol system we used 33%
Figure 1 shows micrographs of the proximal layers of several cholesterol, because the higher cholesterol concentration
new systems at the same scale. We chose Rh-DPPE andhcreased the stability of tHephase domains in the proximal
NBD-DPPE to label the proximal and distal layers, respec- layer.
tively, or vice versa. We showed previously that Rh-DPPE  The proximal layer formed by our previously examined
preferentially partitions into thig phase and that NBD-DPPE ~ mixture composed of bPC, bSM, and cholesterol showed
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A1) bPC/BPE/bPS : E) POPC
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o Y

Ficure 2: Domain coupling in asymmetric supported bilayers with proximal layers composed of bPC/bSM-(20Pp cholesterol. The

proximal layers (only shown in A2) are labeled with 0.5% NBD-DPPE. The distal layers (shown in all other panels) are labeled with 0.25%
(D, F, and H) or 0.5% (B, C, and G) Rh-DPPE, or 0.5% NBD-DPPE (E and I). The presence of domains in the proximal bPC/bSM/Chol
layer induce domains in some (A1, and F-H) but not in the other (E and I) distal monolayers. The distal layers are composed of
20% cholesterol plus bPC/bPE/bPS (1:1:1) (A1), bPC (B), bPE (C), bPS (D), POPC (E), bPC/bPE (F), bPC/bPS (G), bPE/bPS (H), or
DOPC (). The same regions of double labeled bilayers are shown in A1 and A2. The same regions of the corresponding apposed proximal
layers of all other distal layers are shown in Supporting Information Figure 1. Scale baran.40

round, very well defined, Rh-DPPE-excluding d&shase bPC, bPE, bPS, and cholesterol, which are the main lipid
domains before or after formation of the distal layer (Figure species of the inner leaflets of PMs, and the lipid probe Rh-
1A). The better contrast of these images compared to thoseDPPE. These bilayers retained nearly 100% asymmetry for
in our previous study 26) is due to the higher label more than 1d 2 h 26), which is plenty of time to complete
concentration. Similar, but smalléy phase domains on the  these experiments. Distal layers consisting of all four lipids
proximal layer were formed by natural extracted lipids from ppC, bPE, bPS, and cholesterol showed very well defined,
chicken egg (Figure 1B). The sizes of these domains arecijrcular, and high contradt phase domains in & phase
probably contro!led by ki.netics, line tension, and other factors gomain background (Figure 2A1). When one of the phos-
and are not of interest in the current study. pholipid components in the distal layer was left dyphase
Several other groups have used synthetic lipid mixtures domains were still induced by, phase domains in the
in symmetric bilayers to investigate thely — Is phase  proximal layer (Figure 2FH; see Supporting Information
behavior. These ternary lipid mixtures typically contained Figure 1FH for corresponding proximal layer controls).
one low-Ty, lipid (usually unsaturated), one highy lipid However, the contrast between the two phases was lower,
(usually saturated), and cholesterol. Therefore, we exploredang the success rate for forming stable bilayers decreased
whether we could extend our studies of asymmetric bilayers slightly. Some of the, phase domains in the bPC/bPS/Chol
also to these previously studied model lipid mixtures. We jsta| layer (Figure 2G) were elongated. This was neither
chose two mixtures, DOPC/DPPC/Chol (2:2:1) (Figure 1C) e only nor common domain shape for this lipid composition
and DiPhPC/DPPC/Chol (1:1:1) (Figure 1D). Both mixtures 54 hapnened occasionally also for other lipid compositions.

formedlogha]lctse dom_a:nsfin _the pTrﬁximal layers, V\(/jhicth_vere Liquid-ordered phases in the proximal layer also indulged
[irDe(sjerve ? er tvgsm € US'O?' i %m;]xtur(r-:-] L:.S?d It?] t'gur?dphase domains in distal layers, which contained cholesterol
be oxidized during bilayer formation or Hlumination for 210 0Ny one of the component lipds bPC, bPE, or hPS
. : ) g yer 1 ... (Figure 2B-D). We also formed the distal layers composed
imaging. Since stable domains were clearly observed with of only POPC and cholesterol or DOPC and cholesterol
these lipids even after minimal exposure to light, we do not (Figure 2E and I: Supporting Information Figure 1E.| for

think that spontaneous or light-induced lipid oxidation . . .
corresponding proximal layer controls). Both mixtures were

contributed to the observed phase behavior. .
T bil Coupling in A ric Two-Ph Bil not induced to phase-separate on top of the phase-separated
ransbiiayer Loupiing in ASymmetric 1wo-rnase Bilayers 4 mixtures, as had been shown before for the POPC/Chol
Mimicking the Lipid Compositions of the Outer and Inner mixture ©6)

Leaflets of Mammalian Plasma MembranksFigure 2 and ) o
Supporting Information Figure 1, we summarize the results We extended our investigation to natural extracts from

of the lipid phase transbilayer coupling in asymmetric two- chicken egg ePC/eSM/Chol (Figure 3A,C). 20% cholesterol

phase bilayer systems formed from natural porcine brain lipid was included in both leaflets of the asymmetric bilayer. When

extracts. In each case, the proximal layers mimicking the the distal layers were composed of ePC/ePE/bPS (1:1:1),
outer leaflet of PMs were composed of bPC/bSM (1:1), 20% clearly visiblel, phase domains were induced on top of ePC/

cholesterol, and 3% DPS. These layers were stained witheSMI, phase domains (Figure 3A). However, when the distal

NBD-DPPE (Figure 2A2 and Supporting Information Figure layers were composed of ePC/ePE (1:1), no vidibfghase

1). The distal layers consisted of various combinations of domains were observed (Figure 3C).
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Next, we examined the ternary synthetic mixture of
A1) ePC/ePE/bPS B1) DOPC/DOPE/ DiPhPC/DPPC/Chol. The primary reason for this choice was
Yol ' DOPS to exclude the possibility thag phase domain formation was

due to spontaneous or light-induced lipid oxidati@a, (45,

46). DIPhPC is a saturated lipid with branched acyl chains
that shows no detectable gel-to-liquid crystalline phase
transition over a large temperature rangéd 20 to+120°C)
(47). DIPhPC/DPPC/Chol mixtures displayed more stable
phase domains in proximal layers than DOPC/DPPC/Chol
mixtures. This is not surprising in view of the very high
miscibility transition temperature and the coexistence of two
liquid phases over a wider range of lipid compositions of
DiPhPC/DPPC/Chol compared to many other ternary lipid
mixtures (L7). Our result is also in agreement with a recent
study showing that the stability &f domains increases with
an increasing degree of immiscibility (DiPhP€ DOPC)

of the low-T,, and highT, lipids (48).

The mixture of DIPhPC/DPPC/Chol (1:1:1) formed proxi-
mal layers with well-defined, relatively intense, and small
l, phase domains in & phase background (Figure 4A2).
Bilayers were completed by vesicle fusion with a layer of
33% cholesterol plus DOPC/DOPE/DOPS (1:1:1) (Figure
4A1), POPC (Figure 4B), DiPhPC (Figure 4C), DOPC
(Figure 4D), or DIiPhPC/DLPS (1:1) (Figure 4E). Induded
phase domains were clearly visible in the distal layer
composed of the quaternary DOPC/DOPE/DOPS/Chol and
ternary DiPhPC/DLPS/Chol mixtures (Figure 4A1,E). How-
ever, no domains were induced in distal layers composed of
only cholesterol and either POPC, DiIPhPC, or DOPC (Figure

A2) ePC/eSM

4B,C,D).
Ficure 3: Domain coupling in asymmetric supported bilayer DISCUSSION
systems with proximal layers composed of ePC/eSM (+:20% Although coexisting liquieliquid phases have been

cholesterol (left column) or DOPC/DPPC (1:%)20% cholesterol ot .
(right column). The proximal layers shown in A2 and B2 are labeled proven to exist in many lipid model membranes systems,

with 0.02% Rh-DPPE, or 0.5% Rh-DPPE, respectively. The distal €Il presence in the plasma membranes of eukaryotic cells
layers shown in all other panels are labeled with 0.5% NBD-DPPE. is difficult to demonstrate by current experimental techniques.
The domains in the proximal layers induce domains in some (A1, Lipid domains in cells may be as small as a few molecules

B1, and D) but not in other (C) distal monolayers. The distal layers or membrane proteins may assemble shells of more ordered

are composed of 20% cholesterol plus ePC/ePE/bPS (1:1:1) (Al),}; ; ; ; :
DOPC/DOPE/DOPS (1-1:1) (B1), ePC/ePE (1:1) (C), or DOPC/ lipids around them. Both situations make their detection by

DOPS (D). The same regions of double labeled bilayers are shown©Ptical techniques very challengingtg). Despite these
in A1 and A2, and B1 and B2, respectively. The same regions of experimental difficulties of analyzing weak lateral and
the corresponding apposed proximal layers for C and D are showntransverse lipid interactions in the complex background of a
in Supporting Information Figure 2. Scale bars: /4@. cell membrane, it is still important to understand what
Transbilayer Coupling in Asymmetric Two-Phase Bilayers potential interactions lipids may be exposed to in cell
Formed from Synthetic Lipid&Ve first examined a model —membranes. Therefore, it is necessary and important to
lipid mixture composed of DOPC/DPPC/Chol (1:1:1) that develop model systems that mimic cell membranes as closely
had been used by several other investigators in symmetricas possible in order to better understand their properties.
bilayer systems (Figure 3B,D). Cholesterol (20%) was Driven by this motivation, and inspired by the conundrum
included in both leaflets of the bilayer. Larde phase between numerous cell biological observations of signal
domains were clearly induced in the DOPC/DOPE/DOPS transduction and membrane trafficking through so-called
(1:1:1) (Figure 3B1) and DOPC/DOPS (1:1) (Figure 3D) ‘lipid rafts’, and the fact that PMs of eukaryotic cells have
mixtures by the underlying large DOPC/DPPC/Chgihase asymmetric lipid distributions lacking typical ‘raft’-forming
domains (Figure 3B2 and Supporting Information Figure 2D). lipid mixtures in the inner leaflet, we successfully developed
Although the proximal layers also show many very small an asymmetric supported two-phase bilayer system with
domains in addition to the large domains, no corresponding natural lipid extracts. We proved thkt phase domains in
very small domains were observed in the distal layers. The one leaflet (proximal layer) of a lipid bilayer could induce
absence of these very small domains in the distal layers maysuch domains epitaxially in the adjacent other leaflet (distal
be due to the weaker partitioning and lower contrast of NBD- layer) even if the other leaflet was composed of lipids that
DPPE compared to Rh-DPPE or to the decreased stabilityby themselves do not form microscopically distihgphase
of asymmetricl, domains formed by simple synthetic domains 26). A striking result of the earlier studies was that
compared to more complex natural lipid mixtures (see |, phases could be induced in more complex but not in very
below). simple lipid mixtures that were designed to mimick the
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A1) DOPC/DOPE/ - ll B) POPC C) DiPhPC
DOPS .’ . -

vl e

A2) DiPhPC/DPPC D) DOPC ID'P‘” ;

Ficure 4: Domain coupling in asymmetric supported bilayers with proximal layers composed of DiPhPC/DPP€ 8R%) cholesterol.

The proximal layer shown in A2 is labeled with 0.25% NBD-DPPE. The distal layers (shown in all other panels) are labeled with 0.25%
Rh-DPPE (Al and E) or 0.25% NBD-DPPE (B, C, and D). The presence of domains in the proximal DiPhPC/DPPC/Chol layer induces
domains in some (Al and E) but not in other (B, C, and D) distal monolayers. The distal layers are composed of 33% cholesterol plus
DOPC/DOPE/DOPS (1:1:1) (Al), POPC (B), DiPhPC (C), DOPC (D), or DiPhPC/DLPS (1:1) (E). The same regions of double labeled
bilayers are shown in A1 and A2. The same regions of the corresponding apposed proximal layers of all other distal layers are shown in
Supporting Information Figure 3. Scale bars: /40.

cytoplasmic leaflet of PMs. It was not clear from these earlier high-cholesterol (50 mol %) symmetric bilayers, when POPC
studies, which inner leaflet lipids and what physical proper- formed homogeneous bilayers under comparable conditions
ties determined whether they could be induced to fb4m  (see Figure 1 in reR5). These observations are entirely
phase domains adjacent to outer leaflephase domains.  consistent with a recent study that shows that the thermal
Therefore, we further investigated the effects of different lipid stability of |, phase domains increases with increasing
combinations in the distal layer mimicking the inner leaflet disorder (i.e., unsaturation) of the loW; lipid constituting
of the PMs on their ability to couple to lipid phases in the the major component of tHg phase domains4g). Correla-
adjacent leaflets. The chemical structures, typical acyl chaintions like these obtained between results in lipid vesicles (ref
compositions, and chain melting phase transitions (where48) and polymer-supported bilayers (this work) further
known) of the lipids used in current study are summarized validate our contention that the highly hydrated DPS-
in Table 1. supporting system has at best only a minimal effect on the
When one or two components of bPC, bPE, and bPS in observed phase behavior. Although we did not attempt to
the distal layer were left out, phase domains in this layer  control the observed domain sizes in our studies, line tensions
were still induced by proximal layers composed of bPC/bSM/ betweenl, and |4 phases are likely altered by the chain
Chol (Figure 2B-D,F—H). However, nd, phase domains  composition of the constituent lipids and could be responsible
were induced in distal layers containing ePC/ePE adjacentfor differences of observed domain sizes in the different
to an apposed proximal layer composed of ePC/eSM/Chol systems 12, 13, 50).
(Figure 3C). This difference may be a result of the different  In the course of these studies, we learned that bilayers
typical chain compositions of brain and egg lipid extracts. with fewer inner-leaflet components in the distal layers are
Brain PEs and SMs have longer acyl chains inghd and not as stable as quaternary and ternary lipid mixtures with
sn2 positions than egg PEs and SMs (Table 1). This varied chain compositions. Generally, the success rates of
compositional difference is compensated by a higher propor-forming bilayers with more components were higher (almost
tion of unsaturated and polyunsaturated acyl chains in brain 100%) than the success rates of forming bilayers with fewer
lipids compared to egg lipids. All acyl chains in eSM are components, which can drop to around 50% for binary
saturated, while there are20% unsaturated chains in bSM  mixtures with synthetic purified lipids. This observation may
(S/U = 3.5). Similarly, S/U in ePE is 0.80, but in bPE it is translate into biological membranes, which are composed
only 0.41. These heterogeneous distributions may promoteof an unexplained rich variety of different lipid speciéd)
the formation ofl, phase domains in the brain system more Perhaps, a so-far under-appreciated reason for having so
readily than in the egg system. Interestingly, bPC, which many different lipids in cell membranes is to provide
also contains more polyunsaturated fatty acyl chains, hassufficient stability to cell membranes, which are constantly
been previously observed to phase-separate on its own inexposed to environmental and metabolic stresses.
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Table 1: Chemical Structures, Typical Acyl Chain Compositions, and Chain Melting Phase Transitions of Lipid Species Used in This Study

Species Structure 23 Ry Tw (°O)
DOPC (CH>);CHCH(CH,);CH; (CH,);CHCH(CH,),CH; 20
POPC 0 (CH:)14CH; (CH,);CHCH(CH,),CH; 2P
DPPC o " OJLR (CH)14CH; (CH)14CHs 41°
DLPC O/'LI\'O\)Q/O ’ R (CH,)1,CH; (CH,),0CH; -1b
DiPhypC | SN ) " | [CHyCH(CH5)CH2CH,:CHCH(CHs), | [CH2CH(CH3)CH,CHyl,CHoCH(CHa)y | <-120°
= g
bPC o {(CHy)4CH5’ (CH>);CHCH(CH,),CH;* N/A
ePC {CH)14CH5* (CH»);CHCH(CH>)7;CH3* -10~-5°
O
bSM s} {CH,)12CH3* (CH2)16CHZ* N/A
eSM ,all?l-.., {CH)12CH5* (CH2)14CH7* N/A
~8 A0V
~ 8
DOPE ° (CH>);CHCH(CH,);CH; (CH,);CHCH(CH,),CH; -16°
DPPE ‘i (CH2)14CH; {(CH)14CHs 63"
bPE o—F \)\/ {(CH)1sCHs® (CH,);CHCH(CH,);CHs* N/A
ePE Wi ST T (CH)14CH3* (CH»);CHCH(CH»);CH;* N/A
(<]
DOPS W f o J\RQ (CH,);CHCH(CH,);CH; (CH,);CHCH(CH,),CH; 110
DLPS )‘\\/0 Ll\o\>\/ (CH))10CH;3 (CH))10CH3 174
bPS 3\/? \g T (CH)ieCH;* (CH,):CHCH(CH,),CH;* NA
a

aMost abundant componertAvantilipids.com.© Lindsey et al., 197947). ¢ Hauser et al., 198256).

To establish the generality of our observations and to than the ones composed of DOPC/DPPC/Chol and DLPC/
exclude that minor components in the natural lipid systems DPPC/Chol in the supported bilayer system. Again, trans-
are responsible for the observed effects, we demonstratebilayer couplings to distal layers composed of DOPC/DOPE/
similar behaviors in several synthetic lipid systems. The DOPS/Chol (Figure 4A1) or DiPhPC/DLPS/Chol (Figure 4F)
synthetic model mixture DOPC/DPPC/Chol (2:2:1) has been were observed, consistent with the results from the other
studied extensively and is very well characterized. The systems of this study. Importantly, all phospholipid compo-
transbilayer coupling to distal layers composed of DOPC/ nents in the bilayers formed by DiPhPC/DPPC/Chol in the
DOPE/DOPS/Chol (Figure 3B1) and DOPC/DOPS/Chol proximal layer and DiPhPC/DLPS/Chol in the distal layers
(Figure 3D) was similar to that observed with the corre- are saturated. This demonstrates that unsaturated phospho-
sponding extracted lipids mixtures. Concerned about the lipids are not necessary and their oxidation products are not
possible oxidation of DOPC during membrane preparation the cause for either the formation &f phase domains in
and observation, we first tried to form coexisting ligtid ~ proximal layers or the induction &f phase domains in distal
liquid phases in proximal layers composed of DLPC/DPPC/ layers and that lipid oxidation most likely is not a factor in
Chol. However, all trials with several different DLPC/DPPC the observed phase behavior in our model system. As
ratios and cholesterol concentrations did not produce proxi- observed with the more complex natural lipid systems, distal
mal layers with visible phase-separated domains (data notlayers composed of only POPC (Figure 4C), DiPhPC (Figure
shown). A l,—lq phase separation may not exist in this 4D), or DOPC (Figure 4E) plus cholesterol were not coupled
mixture (L9) or existingl, phase domains may be too small to the heterogeneous phase proximal layers but exhibited a
to be observable by fluorescence microscaops).( homogeneous single phase.

A detailed phase diagram of ternary mixtures of DIPhPC/  Integrating the results from all systems of this study, it
DPPC/Chol in giant unilamellar vesicles has been reported appears that the coupling of the inner leaflet mixtures
(17). This mixture contains only saturated phospholipids and depends more on their intrinsic chain melting temperatures
has been chosen to counter concerns that the observed phagkan on their specific headgroup classes. PCs have lower
separation may be the result of photoinduced lipid peroxi- Tns than PEs and PSs with corresponding acyl chain
dation @5). DiIiPhPC has a much lowdr, than DOPC and  compositions (Table 1). At a common temperature above
DLPC, but it has acyl chains of comparable length to those their respectivd s, higherTy, lipids exhibit more acyl chain
of DPPC. Perhaps for this reason, proximal layers composedorder than lowefF,, lipids even though both lipids are in a
of DIPhPC/DPPC/Chol were much easier to prepare and werefluid phase. It is likely that the magnitude of this chain
much more stable during the formation of the distal layers ordering potential is responsible for the observed epitaxial
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coupling ofl, phases in some but not other lipid combina- SUPPORTING INFORMATION AVAILABLE

tions. Current theories of transverse fluid lipid domain
coupling also point in this direction3f, 38). Because of
their higher ordering potential, ad-mixtures of PEs and PSs,
jointly or individually, increase the probability of phase

Supporting Information Figures 1, 2, and 3 are the same
regions of the corresponding apposed proximal layers as the
distal layers shown in Figures 2, 3, and 4, respectively. This
material is available free of charge via the Internet at http://

separation in the inner leaflet mixtures and phase coupling pubs.acs.org.

to the outer leaflet mixtures. In this scenario, it is also likely

that the induced,, phases contain an excess of PEs and PSSREFERENCES

(compared to their average concentration) and the induced
ls phases likely contain an excess of PCs. Although this is
the most likely explanation for the observed inhomogeneous
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