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Abstract

Galactosylceramide (GalCer), a glycosphingolipid, is believed to exist in the extracellular
leaflet of cell membranes in nanometer sized domains or rafts. The local clustering of GalCer
within rafts is thought to facilitate the initial adhesion of certain viruses, including HIV-1 and
bacteria to cells through multivalent interactions between receptor proteins (gp120 for HIV-1)
and GalCer. Here we use atomic force microscopy (AFM) to study the effects of cholesterol on
solid-phase GalCer domain microstructure and miscibility with a fluid lipid 1,2-Dilauroyl-sn-
Glycero-3-Phosphocholine (DLPC), in supported lipid bilayers. Using “slow cooled vesicle
fusion” to prepare the supported lipid bilayers, we were able to overcome the nonequilibrium
effects of the substrate (verified by comparison to results for giant unilamellar vesicles, GUVs)
and accurately quantify the dramatic effect of cholesterol on the GalCer domain surface area to
perimeter ratio (Ap/P) and DLPC-GalCer miscibility. We compare these results to a supported
lipid bilayer system in which the bilayer is rapidly cooled (nonequilibrium conditions),
“quenched vesicle fusion” and find that the microstructures are remarkably similar above a
cholesterol mole fraction of approximately 0.06. We determined that GalCer domains were
contained in one leaflet distal to the mica substrate through qualitative binding experiments with
Trichosanthes kirilowii agglutinin (TKA), a galactose specific lectin, and AFM of Langmuir-
Blodgett deposited GalCer/DLPC supported lipid bilayers. In addition, GalCer domains in
bilayers containing cholesterol rearranged upon tip-sample contact. Our results further serve to
clarify why discrepancies exist between different model membrane systems and between model



membranes and cell membranes. In addition, these results offer new insight into the effect of
cholesterol and surrounding lipid on domain microstructure and behavior. Finally, our
observations may be pertinent to cell membrane structure, dynamics, and HIV infection.

Introduction

An issue of central importance in membrane biology is the possible existence and
function of microdomains, referred to as rafts, within the plane of the cellular membrane. Over
the past decade there has been an emergence of evidence indicating cell membranes do not exist
as a homogeneous lipid matrix, as was described in the fluid mosaic model (1), but rather certain
lipid constituents (glycosphingolipids, cholesterol, and sphingomyelin) may phase separate into
microdomains or rafts (2-6). Rafts are believed to serve several functions which include
signaling, sorting and trafficking through secretory and endocytic pathways, (3,7) and acting as
attachment platforms for host pathogens and their toxins (8).

A glycosphingolipid of particular interest and biological relevance is Galactosylceramide
(GalCer). GalCer has been identified as an alternative receptor for gp120, an HIV-1 envelope
glycoprotein, in a variety of CD4 negative cells including, neural (9,10) colonic (11,12) and
vaginal (13) epithelial cells. In addition a GalCer derivative, galactosylalkylacylglyercol,
expressed in sperm cells have been shown to bind to gp120 with affinities similar to GalCer (14).
Infection of colonic and vaginal epithelial cells is believed to result in sexual transmission of the
virus. Once infected, the epithelial cells can transmit the virus to mucosal lymphocytes or
macrophages through cell-to-cell contact resulting in the autoimmune deficiency syndrome
(AIDS). Because GalCer has been isolated from detergent resistant membranes (DRMs) it is
believed to exist in phase separated domains or rafts (5,15). In spite of this evidence, no work
has been done to study GalCer domain microstructures in model membranes. Therefore it is of
essential importance to characterize the effects of cholesterol on GalCer domain microstructures
to further understand the behavior of GalCer in cellular membranes.

The primary intent of this work is to quantitatively study the effects of cholesterol on
GalCer domain microstructure. Accurate quantification requires a high-resolution
characterization method such as atomic force microscopy, necessitating the use of lipid bilayers
supported on a flat substrate (mica). Such studies on ordered phase domains have been
precluded in the past because it has been shown that under the previous conditions of formation,
domain microstructures for supported lipid bilayers formed through vesicle fusion are trapped at
“nano-scale” microstructures far from equilibrium. Instead, reliable, yet relatively qualitative
assessments on the impact of cholesterol on domain microstructure have been obtained using
giant unilamellar vesicles (GUVs), a “free” bilayer system in which “micro-scale” domains for
similar compositions are formed. Insert references in this paragraph.

Discrepancy in domain microstructures between these two model membrane systems may
be related to the different methods applied during bilayer preparation for GUVs and supported
lipid bilayers prior to analyzing domain microstructures, in addition to substrate effects. There
have been two primary methods applied in studying domain microstructures for GUVs
displaying phase coexistence; 1) observing domains at incremental temperatures as the GUV is
cooled from the fluid to solid-fluid coexistence regime and allowed to equilibrate at a given
temperature (a quasi slow cooling method) (20,35,37), and 2) slowly cooling the GUVs over a
time period of several hours (16,32,34). In contrast there have been three primary methods
employed for supported lipid bilayers displaying phase coexistence formed through vesicle



fusion; 1) depositing a heated SUV or LUV suspension (above the Ty, of the lipid mixture) onto
room temperature substrate, i.e. quenched vesicle fusion (22,23,27,39), 2) depositing room
temperature SUV or LUV suspensions onto a room temperature substrate (30,31) 3) depositing a
heated SUV or LUV suspension on to a heated substrate and then letting the sample equilibrate
to room temperature in air (47). The publications that have reported using method 3) did not
specify how fast the supported lipid bilayer was cooled or equilibrated to room temperature but
based on the findings in this study and for DSPC: DLPC mixtures (48) the cooling rates were not
slow enough to allow for large scale domain growth.

A major difference in the cooling rates used to form GUVs vs. supported lipid bilayers
emerges from a review of this previous work. Domain growth can be greatly affected by cooling
rates. Nonequilibrium domain growth, i.e. domain growth after a rapid quench, has been
examined through Monte Carlo simulations and experimentally using fluorescence spectroscopy,
Fourier transform infrared spectroscopy (FT-IR) and time resolved fluorescence resonance
energy transfer (FRET) (44-46). From this work it was concluded that unless a sufficient
equilibration period is allowed during the phase-separation process domain structures could exist
in stable long-lived nonequilibrium morphologies. In addition by rapidly cooling a membrane
into the solid — liquid phase coexistence regime the time allowed for domain growth is
insufficient resulting in small solid phase domains that must then coalesce or undergo Ostwald
ripening to form larger structures which may increase the energetic barrier in the formation of
equilibrium structures. This nonequilibrium effect is presumably greater for supported lipid
bilayers due to bilayer — substrate interactions that prevent domains and possibly individual
lipids below their Ty, from diffusing. These factors directly indicate that the method of bilayer
preparation and thermal history will have dramatic effects on the domain microstructures, and
these effects can result in kinetically and mechanically trapping domain microstructures.

Therefore, in order to achieve our objective of quantitatively studying the effect of
cholesterol on GalCer domain microstructure, we were mindful of the thermal history of the
supported lipid bilayer. We used two techniques to form supported lipid bilayer containing
mixtures of GalCer, cholesterol, and 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC). By
slow-cooled vesicle fusion, domains were formed which we demonstrate approach equilibrium
by their favorable comparison to the size and shape of domains obtained using GUVs. Once this
is established, we take advantage of the one great advantage of supported lipid bilayers over
GUVs; AFM can be used to obtain high-resolution images. By utilizing AFM to image
supported lipid bilayers, we quantify for the first time, the dramatic change cholesterol imposes
upon the domain surface area to perimeter ratio for solid phase domains. By comparison to
previous observations, we determine that the domains remain in the solid phase with increasing
cholesterol mole fraction. By quenched vesicle fusion domains were given little time to form
allowing the impact of cholesterol on domain formation kinetics to be examined. Furthermore,
qualitative binding experiments with Trichosanthes kirilowii agglutinin (TKA), a galactose
specific lectin, and AFM of Langmuir-Blodgett deposited GalCer/DLPC supported lipid bilayers
were used to determine the symmetry and location of GalCer domains (distal or proximal to the
mica surface). Simultaneously we qualitatively characterized the onset of rearrangements
induced by the AFM tip. These results are discussed with respect to discrepancies reported
between model membrane systems of various types and compositions. We suggest a possible
role of cholesterol, partitioning to the domain perimeter and modulating interfacial line tension in
this system. Finally, the biological implications with respect to plasma membrane structure and
HIV infection are proposed.  Technically GalCer domains should be regarded as GalCer-rich



since DLPC and cholesterol may exist in the domains at low concentrations that do not liquidize
the domains.

Materials and Methods

Materials. Trichosanthes kirilowii agglutinin (TKA), conjugated with tetramethylrhodamine
Isothiocynate (TRITC) was purchased from EY laboratories (San Mateo, CA).
Galatosylceramide (GalCer) (Cerebrosides, a mixture of nonhydroxylated and hydroxylated
GalCer with tail lengths varying from 16 to 24 carbons) was purchased from Matreya (Pleasant
Gap, PA). 1,2-Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC) and 1-Oleoyl-2-hexanoyl]-sn-
Glycero-3-Phosphocholine (NBD-PC), were purchased from Avanti Lipids (Alabaster, AL).
Lactose, Glucose, cholesterol and PBS (pH 7.4, 0.01M phosphate buffer saline, 0.138 M NaCl,
0.0027 M KCIl) were all purchased from Sigma chemicals (St. Louis, MO). All materials were
used without further purification. All water used in these experiments was purified in Barnstead
Nanopure System (Branstead Thermolyne, Dubuque, IA) with a resistivity equal to 17.9 MW and
pH 5.5.

Vesicle preparation. Vesicles were prepared from varying lipid mixtures of DLPC/GalCer with
and without the addition of cholesterol. Lipid mixtures were dried in a clean glass reaction vial
under a slow stream of N». The dried lipid film was resuspended with Nanopure water to a final
lipid concentration of 0.5mg/ml for high GalCer domain area coverage and 0.1 mg/ml for low
domain area coverage. The lipid suspension was incubated in a 90°C water bath for 5 minutes
followed by a 15 second vortexing period. The lipid suspension, consisting of giant
multilameller vesicle (GMVs) was transferred to a plastic tube at room temperature before
further treatment. A suspension of small unilameller vesicles (SUVs) was formed by sonicating
the GMV suspension with a tip sonicator (Branson sonifer, model 250, Branson Ultrasonics,
Danbury CT) at the highest power until the suspension reached clarity. The suspension of SUVs
was then put into a water bath at 90°C for 30 minutes before further use.

Supported lipid bilayers. Two different techniques were employed for the formation of
supported lipid bilayers, both utilizing vesicle fusion. For the first technique, quenched vesicle
fusion, 150 m of the heated suspension of SUVs (90°C) was deposited onto freshly cleaved
room-temperature mica glued to a small metal puck. This quenching process has been shown to
result in small nano-scale lipid domains, a nonequilibrium condition (22,23). The vesicle droplet
was allowed to incubate on the mica disk for 30 minutes and then rinsed 40 times with 80 i
aliquots of purified water to remove excess vesicles. In the second technique, slow cooled
vesicle fusion, 150 ml of the heated suspension of SUVs (90°C) was deposited onto a heated
mica surface (90°C) glued to a small metal puck. The mica disk was then slowly cooled to room
temperature in a temperature-controlled oven. Slow cooling in the absence of cholesterol
resulted in large micron-scale domains, an indicator of equilibrium domain formation. After
cooling excess vesicles were removed by rinsing 40 times with 80 nl aliquots of purified water.

AFM imaging. Samples were imaged with a Digital Instruments NanoScope Illa (Santa
Barbara, CA) in contact mode with a J scan head. Experimental details are described elsewhere
(22). A public domain software package, Imagetool (University of Texas Health Center, San
Antonio, TX), which can detect and measure physical parameters of the height images produced
from the Digital Instruments AFM software, were used to analyze the size, perimeter and area



fraction of the solid phase domains in our supported lipid bilayer samples. Images were
modified in Adobe Photoshop 4.0 to enhance contrast prior to analysis.

GUYV preparation. Giant unilamellar vesicles were prepared using the electroformation method
(42). Lipid mixtures containing 1% mole percent of NBD-PC (partitions to the fluid phase) were
combined at various mole ratios (depending on the vesicle composition needed for
experimentation) and dissolved in chloroform such that the final total lipid concentration was
Img/ml. Using a glass syringe, 50 pL of the lipid solution was coated evenly onto two parallel
platinum wires, separated by 3mm. The wires were housed in an open rectangular center of a
Teflon® block. The solvent was evaporated under a slow flow of nitrogen gas. The remaining
solvent was removed by placing the wires under vacuum for at least two hours. The open center
of the block was sealed into a chamber by two SurfaSil (Pierce Biotechnology, Rockford, IL)
coated glass coverslips using vacuum grease. The chamber was filled with a 100 mM sucrose
aqueous solution that had been preheated to ~ 90°C, i.e. above the 80°C phase transition
temperature of GalCer. The chamber was then submerged in a preheated sucrose solution and
placed in an oven preheated to 90°C. A series of sine waves (3 volts peak to peak) were applied
across the wires at 10 Hz for 30 minutes, 3 Hz for 15 minutes, 1 Hz for 7 minutes and 0.5 Hz for
7 minutes using a function generator (Tenma, Centerville, OH). The temperature of the solution
in which the chamber was submerged was carefully monitored throughout the electroformation
process to make sure it did not fall below 90°C. After the electroformation was complete the
chamber was slowly cooled to room temperature (~24 °C) and then allowed to equilibrate for 1
hour. The vesicles were then harvested in eppendorf vials. 100 m GUV solution was then
placed in a small chamber containing 100 mM glucose solution GUVs were imaged 30 minutes
later when the vesicles had collected at the bottom of the chamber. This method resulted in
GUVs ranging in size from 10-60 um in diameter. The GUVs were used the same day of their
preparation. Fluorescent imaging was carried out with a Nikon Eclipse 400 fluorescence
microscope (Mikon Melville NY) equipped with a fluorescence filter cube (EF-4 FITC HYQ,
Nikon) that matched the excitation and emission spectrum of NBD-PC. Images were captured
with a high resolution Orca digital camera (Hamamatsu, Japan).

Protein Binding Experiments. After imaging the bilayers with AFM the mica disk were
dropped into a petri dish containing PBS. The petri dishes were then submerged in a large glass
bowl also containing PBS. The bilayers were rapidly oscillated by hand while submerged in the
PBS solution to further rinse any extra vesicles absorbed to the supported bilayer surface. 20 m
of TKA-TRITC from a 0.2 mg/ml stock solution was deposited directly on top of the rinsed
bilayer surface. After a thirty-minute equilibration period the bilayers were gently rinsed to
remove excess unbound protein. Fluorescent imaging was carried out with a Nikon Eclipse 400
fluorescence microscope (Mikon Melville NY) equipped with both a TRITC (96171 M RHQ)
cube that matched the excitation and emission spectrum of the TRITC probe. Images were
captured with a high resolution Orca digital camera (Hamamatsu, Japan).

Results

Supported lipid bilayers: domains approaching equilibrium at various compositions



GUVs have often been described as equilibrium model membrane systems due to the
micron-scale phase separation that is observed in these model membrane systems. We speculate
that the discrepancies in domain microstructures that have been reported for supported lipid
bilayers and GUVs is due in part to the different methods of bilayer preparation in particular the
thermal history of the bilayer prior to analysis. Based on this notion we developed a technique in
which the supported lipid bilayer is slowly cooled during lipid phase separation or immiscibility.
We call this technique “slow cooled vesicle fusion”. The method is based on depositing heated
vesicles (90°C) onto mica contained in a 90°C oven, and then slowly cooling (2-5 hours) the
sample to room temperature in the oven. For 0.6 DLPC: 0.4 GalCer lipid mixtures longer
cooling times resulted in larger domains as illustrated in figures la-c. At the slowest cooling rate
GalCer domains grew as large as 30 mm in diameter. When domain diameters were greater than
15 mm they adopted a leaf-like shape and the domain population exhibited a bimodal domain size
distribution, of larger >15 mm and smaller < 3 mm size domains (Figlc).

In order to determine if this method results in domain microstructures that approach
equilibrium we compared the domain microstructures for supported lipid bilayers slow cooled
for 5 hours to GUVs at different lipid compositions with varying concentrations of cholesterol
(Fig 2). We chose two different DLPC compositions one that resulted in a high GalCer domain
area fraction (referred to as the H-series) and the other in a low GalCdomain area fraction
(referred to as the L-series). High domain area fraction bilayers (H-series) were made from a
vesicle suspension containing a 0.5 mole fraction of DLPC and a combined GalCer and
cholesterol mole fraction of 0.5 (i.e. GalCer mole fraction + cholesterol mole fraction = 0.5)
whereas low domain area fraction bilayers (L-series) were made from a vesicle suspension
containing a 0.75 mole fraction of DLPC and a combined GalCer and cholesterol mole fraction
of 0.25 (i.e. GalCer mole fraction + cholesterol mole fraction = 0.25). The exact lipid
compositions that were used to prepare the vesicle suspension and their corresponding letter code
can be found in table 1 and the compositional “phase diagram” based on the GalCer domain area
fraction of the resulting supported lipid bilayer prepared from these vesicle suspensions is
presented in figure 3. Essentially L and H refer to the L-series and H-series compositions,
respectively, and the number refers to the percent cholesterol in the lipid mixture. It is worth
noting that the purpose of this section and figure 2 is only to demonstrate that slow cooling
methods result in very similar domain morphologies between supported lipid bilayers and GUVs
at varying lipid compositions a more detailed discussion of the effects of cholesterol on
equilibrium GalCer domains and the compositional “phase diagram” in figure 2 is presented
below.

What composition was used to make the GUVs? Did the same discrepancy exist in lipid
mixture vs. GUV domain area fraction. Not clear here.

During GUV formation the electroformation chamber was kept at 90°C to ensure all
lipids were in a fluid state. After vesicle formation was complete, the GUV suspension was
slowly cooled (~ 2 hours) to room temperature and then harvested after one hour at room
temperature. This protocol was chosen because it was the method used by several groups that
have investigated lipid phase coexistence under conditions where domain microstructures
exhibited micron-scale phase separation, i.e. domain microstructures approached equilibrium
morphologies (16,32-34). GUVs were doped with 1 mol % NBD-PC which partitions to the
less-ordered phase; therefore the dark regions in figure 2 represent the more ordered phase. The
depth of field of the objective used in the fluorescent GUV images was smaller than the size of
the vesicles so only surface morphologies were imaged, i.e. the images shown in Figure 2 are the



top or bottom of the GUV vesicles and the actual diameters of the vesicles are larger than they
appear in the fluorescent images.

One of the differences we observed between slow cooled supported lipid bilayers and
GUVs were at compositions where the GalCer domains were several microns (L-0 and H-0). At
these compositions the domains in supported lipid bilayers tended to be slightly larger. This
discrepancy probably occurs because the total membrane area for a supported lipid bilayer is
several orders of magnitude larger than GUVs. Therefore the maximum domain radius in GUVs
is limited by the size of the GUV. To limit this discrepancy we observed the largest GUVs in the
population. In addition, we never observed a bimodal domain distribution in the GUVs, which
indicated that only the larger domains in slow cooled bilayers displaying bimodal distributions
approached equilibrium.

The GalCer domain microstructures for GUVs was very similar in both shape and size to
the slow cooled bilayers at all the lipid compositions in the L-series (Fig 2, top AFM images).
At the L-10 composition domain diameters for slow cooled bilayers were maximally ~200 nm so
the lack of domains in GUVs may be due to the limiting optical resolution of our fluorescent
microscope.

At the H-10 composition domains in GUVs displayed a networked morphology also
observed for slow cooled bilayers. But at the H-20 composition the domains in GUVs
maintained the networked domain microstructures while the domains in slow cooled supported
bilayers adopted small irregular oval shaped domains. At H- 25, the GUVs displayed very small
pixilated domains, which were at the resolution limit of our optical fluorescence microscope. At
this cholesterol mole fraction the domains more closely resembled the microstructures we
observed at H-20 in slow cooled supported lipid bilayers. At H-30 the GUVs appeared
homogeneous indicating GalCer — DLPC miscibility. We believe this discrepancy is a result of a
slightly different DLPC: GalCer: cholesterol ratio in the GUVs compared to the supported lipid
bilayer. Indeed, lipid compositions that exist in lipid mixtures used to make GUVs and
supported lipid bilayers are not an exact reflection of the compositions of the GUVs or supported
lipid bilayers. Despite this discrepancy, the qualitative correlation between domain size and
shape for most of the lipid compositions indicate that slow cooling in supported lipid bilayers
results in domain microstructures that approach equilibrium.

Effect of cholesterol on equilibrium GalCer domain microstructure and domain growth
rates

Having established that the method of slow cooling vesicle fusion results in domains that
are approaching equilibrium we conducted these slow cooling experiments at a larger range of
cholesterol mole fractions in order to better estimate the effect of cholesterol on the equilibrium
microstructure of GalCer domains and DLPC-GalCer miscibility. All bilayers were cooled from
90°C - 24°C over a 5 hour time period. The top set of AFM images in figure 4 corresponds to the
L-series compositions given in table 1 and figure 3. The maximum domain diameter obtained for
the L-0 composition was ~ 15 mm. The domains displayed a bimodal distribution of ~15 mm and
~2 mm. As the cholesterol mole fraction, Cc, was increased (L-0 to L-12.5 - left to right) we
observed a cholesterol-dependent decrease in domain diameter. We observed a bimodal domain
size distribution at L-3 but it was shifted to smaller domain diameters of larger > 5 mm and
smaller < 1 mMm. At increasing Cc values, only one dominant size was observed. For
compositions ranging from L-10 — L-12.5, GalCer domains reached a maximum diameter of ~
200 nm. Analysis of the domain microstructure for the L-series compositions revealed a



dramatic drop in Ap/P between 0.04 (Ap/P = 1.8 mm) and 0.075 (Ap/P = 0.11 mm) c ¢ (Fig 4 -
graph). There was no significant change in Ap/P upon addition of cholesterol at cc 2 0.075. At
the L-12.5 composition phase separation was no longer observed indicating that GalCer and
DLPC became miscible at this cholesterol concentration.

The bottom set of images in Figure 4 corresponds to the H-series compositions given in
table 1 and figure 3. With no cholesterol present (H-0), domains reached a maximum diameter
of ~ 25 mm. The domains displayed a bimodal distribution of ~25 mm and ~3 nm. At the H-2
composition we again observed a bimodal domain size distribution where the larger domain
diameters were ~ 18 mm, and the smaller domain diameters were ~ 2 mm. Between H-5 and H-
10 compositions, the domains adopted a branching network structure (see H-7.5). Analysis of
the domain microstructure for the H-series compositions revealed a dramatic drop in Ap/P from
2.96 mm to 0.12 mm between cc = 0.02 and 0.05 (where the domain microstructure goes from
micron-scale circular domains to a branching network configuration) (Fig 4 - graph). Upon
further addition of cholesterol there was no significant change in Ap/P. At higher cholesterol
mole fractions (Cc > 0.1, H-17.5 and H-20) the domain area fraction dramatically dropped (~
0.1) relative to the GalCer mole fraction that was added to the initial vesicle solution used to
form the bilayer, and the domains were nano-scale irregular shaped ovals as opposed to
networked (Fig 2). We believe this occurred because at these higher cholesterol mole fractions
GalCer has become partially soluble in the DLPC rich fluid phase. At the H-25 composition,
domains were no longer observed, indicating complete GalCer-DLPC miscibility. Therefore, the
cholesterol mole fraction at which GalCer and DLPC became miscible appears to increase as the
concentration of GalCer in the bilayer increases.

To determine cholesterol’s effect on the time to reach equilibrium we used a second
technique to prepare supported lipid bilayers, quenched vesicle fusion. Quenched vesicle fusion
involves depositing a suspension of heated vesicles (90°C) onto room temperature mica (22).
This technique is based on the notion of rapidly cooling a two-component bilayer past the solid —
liquid phase transition temperature (Tn) of one of the components (GalCer in this case), thus
limiting the time for domain growth and immobilizing domains of this component on the nano-
scale. By using the two methods of slow cooling and quenching we can determine cholesterol's
effects on the time to reach equilibrium domain microstructures. In the absence of cholesterol,
bilayers formed through quenched vesicle fusion exhibit nano-scale circular GalCer domains, as
opposed to the equilibrium micron-scale leaf-like domain microstructures we observed for slow
cooled bilayers (Fig 5). These results indicate that the time to reach equilibrium domain
microstructures was very long when cholesterol was not present in the bilayer. These quenching
experiments were repeated at H-5 and L-7.5 lipid compositions. These two compositions were
chosen because at higher cholesterol concentrations we no longer observed any changes in Ap/P
when slow cooled vesicle fusion was used to prepare the supported bilayers. For H-5 and L-7.5
both quenched vesicle fusion and slow cooling resulted in identical domain microstructures (Fig
5). At L-7.5, GalCer domains were nano-scale circular discs (~ 300nm in diameter), and at H-5
GalCer domains were highly branched and networked (Fig 5). These results indicate that the
addition of cholesterol can modulate the time to reach equilibrium domain microstructures.

GalCer domains: symmetry state, leaflet heterogeneity, and domain rearrangement

250 GalCer domain heights were analyzed from 12 different bilayers formed through
both slow cooling and quenched vesicle fusion and a histogram of domain height was
constructed (Fig 6a). The mean domain height was 0.9 nm. The predominant GalCer acyl chain



length for the mixture used in this study was 18 carbons. The domain height for symmetric
DSPC (18 carbon acyl chain) domains in DSPC: DLPC bilayers have been previously reported to
be ~1.8 nm (22,39). Based on these observations the 0.9 nm domain height measured in our
system suggests the bilayers were asymmetric and the GalCer domains were not symmetrically
superimposed across both leaflets. Langmuir-Blodgett deposition was utilized to determine if
the observed 0.9 nm height difference was consistent with the notion of asymmetry between the
bilayer leaflets. During Langmuir-Blodgett deposition of phase separated lipids, the phases of
each monolayer do not perfectly superimpose, resulting in symmetric, asymmetric and partial
symmetric solid phase regions (25,43). We used a 1:1 lipid ratio of GalCer: DLPC in both
leaflets and domain heights were measured and analyzed for 120 domains. There were two
peaks in the height distribution centered at 0.95 nm (asymmetric domains) and 1.75 nm
(symmetric domains) (Fig 6b). These results indicate that the domains formed through vesicle
fusion are asymmetric.

For GUVs, GalCer domains exhibited the same fluorescence intensity as the background,
indicating that the fluorescent probe was excluded from both leaflets in the region of the GalCer
domains. This results suggest that either GalCer domains in GUVs are superimposed in both
leaflets (symmetric domains) or that ordered domains in one leaflet (asymmetric domains) are
inducing order in the opposing leaflet.

Since protein binding is limited to the monolayer exposed to the solvent, we have
developed qualitative binding experiments to elucidate which monolayer asymmetric GalCer
domains preferentially partition. For these experiments we chose to use Trichosanthes kirilowii
agglutinin (TKA), a galactose specific lectin. The results of these binding experiments are
displayed in figure 7. Bilayers with and without the addition of cholesterol formed through
quenched vesicle fusion (L-0, L-5) bind TKA at all cholesterol mole fractions (Fig 7). Since
GalCer domain size formed through this technique was on the nano-scale, no correlation could
be made between binding pattern and domain microstructure, but these results do indicate some
of the domains must partition to the distal monolayer. Domains formed through slow cooling
were on the micron-scale, which is well within the resolution of optical microscopy. Upon
addition of TKA to L-0 and L-3 slow cooled bilayers, we observe a TKA binding pattern that
strongly reflects the GalCer microstructure imaged by AFM (Fig 7). The bright fluorescent ring
around the domains at the L-3 composition indicates that most of the protein binding was
occurring at the domain perimeter. We believe this may be occurring because cholesterol is
enriched in the perimeter phase, which may increase the GalCer — TKA binding affinity. (Lets
talk about what should go here) Despite this, the strong correlation between the fluorescent
binding pattern and domain size and density indicates most asymmetric domains exist in the
distal monolayer.

In the absence of cholesterol, GalCer domains did not change size or shape three hours
after formation regardless of the number of scans and the scanning force. In contrast, for
domains that adopt branching network microstructures (i.e. H-5, H-7.5 and H-10) the domains
rearranged after AFM-tip sample contact (Fig 8). Over a series of consecutive scans, some
GalCer domains became gradually wider and more elongated while others gradually disappeared
as they were merged (bit by bit) to the larger domains. This behavior appears to be dependent on
tip-sample contact and was examined by scanning the same area 10 consecutive times and
monitoring changes in domain microstructure. The change in domain microstructure for ten
consecutive scans was much more dramatic than the changes that occurred over the same time
period for regions that were scanned only twice (data not shown), indicating that the tip was



physically remodeling the domains during the scanning process. This occurred at even the
lowest scanning forces; however the changes in domain microstructure were not as dramatic. In
addition once the domains became wider and trapped fluid pools were squeezed out domain
rearrangement was no longer observed. It is worth noting that the supported lipid bilayer images
shown in the previous section that displayed networked morphologies were the first scans of that
region, therefore they did not include domain rearrangement.

Discussion
Previous discrepancy in domain size and domain growth rates between GUVs and
supported lipid bilayers

Our results demonstrate that being mindful of thermal history is essential in domain
formation in supported lipid bilayers. For example, by using a slow cooling method, we could
form supported lipid bilayers with GalCer domain microstructures strikingly similar to those
found in GUVs. Indeed, our results suggest that the inconsistencies in domain microstructures
that have been reported between GUVs and supported lipid bilayers (formed through vesicle
fusion) are in part due to the methods used?? and thermal history of the bilayer when each model
membrane system has been studied. Therefore it is of great importance that any future work
conducted with supported lipid bilayers or GUVs begin to address issues of cooling rate and
thermal history before drawing any significant conclusions about phase behavior and domain
formation. As we demonstrate here, attention to these issues will help eliminate inconsistencies
with regards to domain microstructures that have been observed between different model
membrane systems. In addition the slow cooling methods presented in this work may expand the
role supported lipid bilayers play in studying lipid phase behavior and the effects of sterols on
domain microstructures and domain perimeter line tension.

Less clear is the role of the substrate in domain growth in supported lipid bilayers relative
to GUVs. Since there is only a thin water layer (~ 1 nm) insulating the bilayer from the substrate
in supported lipid bilayers it is quite plausible that the substrate alters the rate and/or mechanism
of domain growth. One obvious difference is the bimodal domain distribution in supported lipid
bilayers at low cholesterol concentrations. It is possible that in supported lipid bilayers the
substrate induces more nucleation sites relative GUVs and only a percentage of them grow.
Very little has been done to study domain characteristics after quenching in GUVs such that
comparisons could be made to supported lipid bilayers. The role of the substrate is a subject that
should be addressed further because of its relevance in terms of the function and existence of
membrane rafts. It has been postulated that the cell may play an active role in regulating and
inducing nucleation sites within the plasma membrane by delivering small molecules that act as
nucleation centers (7), therefore understanding the relationship between domain growth and
external thermodynamic parameters may provide further insight into the organization of cellular
membranes.

Effects of cholesterol on domain perimeter line tension and the time for domain growth

One of the most striking results of this work is the dramatic drop in Ap/P between 0.03 —
0.05 and 0.0375 - 0.075 cholesterol mole fractions for the H- and L- series, respectively (Fig 4-
graph). For the DOPC: DPPC: sphingomyelin system, Veatch and Keller also showed images of
a change in morphology for solid domains at low cholesterol content (41). However, this
phenomenon was not discussed or quantified. Quantification would have been difficult because
the cooling rate was not particularly slow and because GUVs were used preventing a high
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resolution imaging to accurately determine Ap/P values. We believe this dramatic change in
Ap/P reflect the partitioning properties of cholesterol for the domain interface. Line tension is
primarily dictated by the size of the hydrophobic mismatch between the two phases. Through
computer simulations and theoretically analysis it has been extensively documented that lipids
both stretch and deform at the perimeter interface to compensate for the hydrophobic mismatch
and prevent hydrophobic exposure (44,46,53,54). Therefore, bilayers exhibiting phase
separation can be divided into three physically different environments, the domain phase, fluid
phase and the interface between the two phases. Thus cholesterol will exhibit different
partitioning for these three regions. Since we believe cholesterol is primarily located in the fluid
phase this dramatic drop in line tension cannot be explained through a change in macroscopic
mechanical properties that may be propagated to the interface because at these low cholesterol
mole fractions very little mechanical changes occur in the fluid phase (55). Thus, we believe that
the fluid phase may act as a reservoir of cholesterol for partitioning to the domain interface and
an equilibrium exists between cholesterol located at the interface and fluid phase. We believe
that once the concentration in the fluid phase passes a threshold, a cooperative transition occurs
in which cholesterol’s affinity for DLPC at the solid domain interface is greatly increased. The
increase in cholesterol at the domain interface should result in a stiffening of the perimeter
DLPC chains and increasing their length (56) thus decreasing the hydrophobic mismatch and line
tension. This would explain why we observe a sudden drop in Ap/P within a small cholesterol
mole fraction range. Based on this argument, the reason why this process may occur at lower
cholesterol mole fractions for H-series compositions is because the fluid phase area is smaller
thus the effective concentration of cholesterol in the fluid phase is higher. It is worth noting that
the percent loss of cholesterol from the fluid phase to the perimeter interface at Cc were we
believe cholesterol has saturated the interface is only 0.4% for L-series compositions and 1.2%
for H-series compositions, thus very little cholesterol would be required for this process to occur
and would have minimal effects on the composition of the fluid region. This argument is further
supported by the fact there appears to be a change in the compositional properties at the
perimeter interface since TKA-binding is directed to this region when cholesterol is present in
the bilayer. We are currently investigating this possibility through more thorough binding
experiments.

By comparing domain microstructure between quenched vesicle fusion and slow cooling
we observed an identical domain configuration at the L-7.5 composition and the H-5
composition (Fig 5). The equilibrium size of these domains also happens to be small
(submicron) or narrow (submicron) and networked. Their size is, in fact, on the scale of GalCer
domains formed by quenched vesicle fusion indicating that due to their small equilibrium size,
they form in about the time scale of the quenched vesicle fusion process. Therefore, the
reduction in line tension by cholesterol confers upon the domains, the property of small
equilibrium size and related short time to reach the equilibrium size.

GalCer domain phase is solid, S,, effect of fluid component on phase coexistence

Based upon their microstructure, the domains we have observed in both GUVs and
supported lipid bilayers remain in the solid, S,, phase, at increasing Cc as opposed to undergoing
a phase transition into a liquid state brought about by increasing liquid-ordered, L,, phase content
in the domains. This conclusion is reached by comparing the microstructure to those observed at
similar compositions in ternary mixtures of DOPC: DPPC: cholesterol (41), egg
phosphatidylcholine: brain sphingomyelin: cholesterol (41) and DLPC: DPPC: cholesterol
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(16,32). Based on the behavior of ordered phase domains in DOPC: DPPC: cholesterol and egg
phosphatidylcholine: brain sphingomyelin: cholesterol mixtures in GUVs, Veatch and Keller
(41) concluded that below cc = 0.1 and 0.2, DPPC-rich or sphingomyelin-rich domains exist in
the solid phase, and the domain microstructure at these lower cholesterol mole fractions strongly
resembled the networked microstructures we have observed in the H-series compositions. In
addition, domain microstructure in DLPC: DPPC: cholesterol ternary mixtures exhibited
networked morphologies up to cc = 0.16 (16). Using electron spin resonance (ESR) Chiang et al
demonstrated that the DPPC rich domains in this ternary mixture exist in the solid phase up to C¢c
=0.16 (49).

We believe the lack of domains above a ¢cc ~ 0.1 to ~ 0.2 for L- and H- series
compositions represents a miscibility transition. In other words, as Cc is raised, our system goes
from liquid-solid coexistence to one liquid phase with no intervening liquid-liquid regime. This
is consistent with recent results in ternary systems where it was found by Veatch and Keller that
the presence of saturated chains in the surrounding fluid lipids severely decreased the
temperature of the liquid to liquid-liquid transition (i.e. liquid = liquid-liquid) at fixed
compositions in comparison to a system in which the domains were surrounded with fluid lipids
containing all unsaturated chains (40). In fact, the liquid-liquid coexistence regime was
eliminated all together for a system containing POPC: DPPC: cholesterol (40). Similarly,
Feigenson and Buboltz found that the DLPC: DPPC: cholesterol GUVs, transitioned from liquid
- solid coexistence to one liquid phase at cc ~ 0.16 (16). Above cc~ 0.16, the GUVs appeared
completely homogeneous (no domains). Using FRET analysis these authors were able to
demonstrate the existence of nanoscopic lipid domains for cc between 0.16 and 0.25 (16).
Chiang et al. demonstrated that within this cholesterol mole fraction (0.16 - 0.25) the bilayer
most likely exists in a coexistence of two liquid phase, one of the phases comprising nanoscopic
domains in the L, phase (49). Therefore, it is plausible that within the apparent miscibility
regime we observe, there exists nanometer - scale L, GalCer-rich domains which we were unable
to visualize in GUVs due to the resolution of optical fluorescence microscopy or in supported
lipid bilayers due to a lack of phase height differences. This would explain why it appears that
more cholesterol is needed to induce the miscibility transition as the concentration of GalCer
increases, i.e. at the apparent miscibility transition cholesterol is now more strongly associated
with GalCer than with DLPC.

The lack of a liquid-liquid regime for our system and several others seems to be tied to
the preferential partitioning of cholesterol with each lipid species. Lund-Katz et al. have
demonstrated that the rate of cholesterol exchange between SUVs is approximately an order of
magnitude faster when the donor vesicle contains unsaturated PCs (egg PC or DOPC) relative to
donor vesicles containing saturated PCs (DMPC or DPPC) (50). These results have also been
extensively documented in several other laboratories (for review see Phillips et al (51)). Since
the kinetics of desorbing cholesterol from a bilayer is related to the strength of the phospholipid-
cholesterol interaction these results indicate that cholesterol has stronger interactions with
saturated PCs relative to unsaturated PCs. In addition it has been shown using molecular
condensation and cholesterol oxidation for GalCer (same mixture of GalCer as was used in this
study) monolayers at the air-water interface that there were very weak associations between
cholesterol and GalCer (52). Thus not only does cholesterol prefer fluid phase lipids containing
a saturated acyl chain but cholesterol also appears to weakly interact with GalCer containing a
mix of different acyl chain lengths and hydroxylation. We are currently investigating the role of
the fluid phase component in regulating the distribution of cholesterol between the GalCer —rich
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phase and the fluid phase by employing fluid phase lipids that contain double bonds in either
both acyl chains or in one, i.e. will unsaturated double bonds in the fluid lipid component result
in liquid-liquid coexistence.

Transbilayer asymmetry of GalCer domains

We have observed that GalCer domains in supported lipid bilayers formed through
vesicle fusion always display an asymmetric distribution, with the domains partitioned
exclusively to the distal leaflet. Several other model membrane systems including both GUVss
and supported lipid bilayers have reported only symmetric solid phases in binary mixtures with
fluid phase lipids (19,20,23,38,47). Using BC NMR it was shown that at low GalCer
concentrations (1-2 mole percent) 70% of GalCer was localized to the inner leaflet in SUVs (57).
More recently Malewicz demonstrated this same effect at a higher GalCer concentration (5%)
where 74.6% of GalCer was localized to the inner leaflet (58). One plausible explanation for the
observed asymmetric GalCer domain distributions for bilayers formed through vesicle fusion
may be related to the distribution of GalCer within the SUVs prior to supported lipid bilayer
formation. Bilayer formation is believed to occur through four steps, initial vesicle absorption,
fusion of absorbed vesicle to form larger vesicles (if the initial vesicle is not large enough for
rupture), vesicle rupture forming bilayer discs on the surface, and finally merging of bilayer discs
to form a uniform two-dimensional supported lipid bilayer (59-62). Therefore if GalCer is
enriched in the inner leaflet of the SUV it will be located primarily in the distal leaflet of the
supported lipid bilayer. In GUVs we observed ordered GalCer domains that appeared dark in
fluorescence indicating that probe was excluded from both leaflets at those locations. These
results suggest that GalCer domains were symmetric and superimposed in both leaflets but it is
plausible that this is not the case and GalCer domains in one leaflet are inducing an ordered
phase in the adjacent leaflet possibly due to partial acyl chain interdigitation. If this is the case
then the lipid probe would have a significantly reduced partition coefficient for the induced
ordered phase and the GUV would appear to display symmetric domain distributions. In fact,
Merkel et al have previously demonstrated this for asymmetric planar bilayers formed through
Langmuir-Blodgett deposition. In this work solid domain formation in one leaflet induced order
in the adjacent fluid phase leaflet, resulting in the exclusion of the fluid phase fluorescent probe
(63).

Domain immobility and the effect of cholesterol on domain rearrangement

Upon addition of cholesterol we observed that the AFM tip was capable of moving and
rearranging the domains while imaging in contact mode and domain rearrangement was
dependent on the number of scans and scanning force (Fig 8). We believe this effect primarily
results from a loss of structural cohesiveness of the domains due to the lowered line tension and
presence of fluid phase pools trapped within the domain structures. As mentioned previously we
believe cholesterol is reducing domain perimeter line tension. This effect results in the
formation of small fluid pools being trapped within the networked domains (Fig 4 and 8). We
believe this weakens the structural cohesive properties of the domain, which allow the AFM tip
to drag small pieces of the domains across the bilayer until it clumps into adjacent domains (Fig
7). These conclusions are supported by the observation that once the domains have become
wider and the fluid pools are squeezed out, domain rearrangement is no longer observed. Thus it
appears that the domains have re-established a cohesive structure once the domains no longer
contain fluid pools.

13



Biological implications

There has long existed a discrepancy in domain size between model membranes,
particularly GUVs, and cellular membrane rafts. This discrepancy has often been attributed to
the increased complexity and dynamics of cellular membranes in comparison to model
membranes.  Cellular membranes are highly dynamic with both cholesterol and lipids
continuously recycled at the membrane interface. Due to the constant changing membrane
environment it has been hypothesized that rafts may never reach an equilibrium size, as they do
for GUVs, and thus do not display micron scale phase separation. From the work presented here
we can begin to understand some of these inconsistencies. As we have shown, the observed
discrepancy may be due in part to the presence of cholesterol within cellular membranes. The
ability of cholesterol to suppress line tension at domain edges both decreases equilibrium domain
radius to the nanoscopic regime and rapidly accelerates the time to reach equilibrium domain
microstructures. Despite the highly dynamic processes associated with cellular membranes the
formation of nano-scale domains may occur rapidly relative to changes in the membrane
environment. The GalCer: cholesterol mole ratio in colonic intestinal cells has been reported to
be ~ 1:1 (64). Based on the results for both L- and H- series compositions this mole fraction is
right at the point of lipid miscibility (Fig 2). Therefore slight changes in local cholesterol and
sphingolipid concentration may result in the disappearance or appearance of 100 nm — scale
domains, but these changes may be readily accommodated as a result of the increased rate of
domain formation (or disappearance) in the presence of cholesterol. Therefore the local dynamic
behavior in cellular membranes can greatly affect both the existence and function of cellular
rafts. In addition it is beginning to appear that the fluid phase lipid component can have dramatic
effects on the phase of ordered lipid domains, where the use of a fluid phase lipid containing a
saturated acyl chain results in solid-liquid phase coexistence as opposed to liquid-liquid phase
coexistence. This aspect has been largely ignored in the past work with model membranes but
may play a significant role in dictating the type of phase separation that occurs in cellular
membranes rafts, i.e. solid-liquid vs. liquid-liquid phase coexistence. Therefore it is essential for
future work in model membranes to focus on all lipid constituents to further understand both the
existence and phase of cellular membrane rafts.
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Figure Legends

Figure 1. Controlling GalCer gel phase domain size through cooling rates. a-c. Bilayers were
formed through slow cooling vesicle fusion method where the bilayer was cooled from 90°C to
25°C over b. a two hour time period, c¢. a three hour time period, d. a five hour time period.
All bilayers were made from a 0.6 DLPC: 0.4 GalCer vesicle suspensions. Scale bar 1 mm
unless indicated otherwise.

Figure 2. GalCer domain microstructure for slow cooled supported lipid bilayers and GUVs, an
unsupported equilibrium model membrane system. The top set of images corresponds to the L-
series compositions, (refer to table 1). Domain size and shape were consistent at all
compositions. The disappearance of observable domains at L-10 in the GUVs results from the
lower resolution of optical fluorescence microscopy. The bottom set of images corresponds to
the H-series compositions. Domain size and shape were consistent at all compositions except H-
20 and H-25. At H- 20 the domains in GUVs maintained the networked domain microstructures
while the domains in slow cooled supported bilayers adopted small irregular shaped ovals.

At H- 25 GalCer and DLPC became miscible in slow cooled bilayers whereas in GUVs we
observed circular domains that were at the resolution limit of optical fluorescence microscopy.
At H- 30 no domains were observed in GUVs indicating lipid miscibility (inset). Fluorescence
scale bar 10 nm. AFM scale bar 1 mm, unless indicated otherwise.

Figure 3. Compositional phase diagram for the ternary DLPC: GalCer: cholesterol mixtures
based on the bilayer area or the GalCer domains and fluid phase region. The left image is the
entire phase space. Since the GalCer domains are in one leaflet the highest GalCer bilayer area
fraction accessible is 0.5. The right image is the region of the phase diagram we examined.

Each dot in this phase diagram is labeled with a letter code indicating the composition of the
vesicle suspension used to make the supported lipid bilayer (refer to table 1 for the exact
composition for each letter code). For the H-series compositions we observed a dramatic drop in
GalCer domain area fraction for H-17.5 and H-20 compositions (black circles), which we believe
is due to partial GalCer solubility in the fluid phase. Thus we have estimated the actual
compositions based on the trends seen in the rest of the H-series for H-17.5 and H-20 (gray
circles). The black line between L-12 and H-20 indicates the phase boundary between solid-
liquid coexistence and one liquid.

Figure 4. Effects of GalCer domain area fraction (D) and cholesterol mole fraction (Cg) on
domain microstructure and domain area to perimeter ratio (Ap/P) for slow cooled bilayers. The
top set of AFM images examines the effects cholesterol for the L-series compositions. Cp
increases from left to right. At L-12.5, GalCer become miscible with DLPC and domain
formation was no longer observed. The bottom set of AFM images examines the effects of
cholesterol for the H-series compositions. At H- 0.25, GalCer become miscible with DLPC and
domain formation was no longer observed. The graph is the Ap/P at for L-series compositions
(gray line) and H-series compositions (black line). For the H-series compositions there is a
dramatic drop in Ap/P (2.96 —0.081 mm) between 0.02 — 0.05 cp. For the L-series compositions
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there is a similar drop in Ap/P (1.8 —0.11) between 0.03 — 0.75 cg. Scale bar 1 mm unless
indicated otherwise.

Figure S. Comparing domain microstructure for bilayers formed through quenched vesicle
fusion and slow cooling vesicle fusion at H-0, L-7.5, and H-5 lipid compositions.

Figure 6. Data demonstrating that GalCer domains formed through vesicle fusion display
transbilayer asymmetry. a. Domain height histogram for 250 domains for bilayers formed
through quenched and slow cooling vesicle fusion. The mean domain height under these
conditions was 0.9 nm b.1:1 mole ratio of GalCer: DLPC were transferred to each monolayer
through Langmuir-Blodgett deposition. This technique resulted in asymmetric, symmetric and
partially symmetric GalCer domains. Domain heights were analyzed for 120 symmetric (dark
bars) and asymmetric (white bars) domains. The asymmetric and symmetric height distributions
were centered at 0.95 nm and 1.75 nm, respectively.

Figure 7. TKA binding to supported lipid bilayer containing GalCer domains of varying size and
cholesterol content. Upon addition of TKA-TRITC to bilayers formed through quenched vesicle
fusion we see a speckled fluorescent binding pattern indicating some of the GalCer domains
must be partitioned to the distal leaflet. Due to the small size of GalCer domains formed through
this technique no comparison can be made between domain microstructure and binding pattern.
When TKA was deposited onto bilayers formed through slow cooling, a fluorescent binding
pattern that strongly corresponds to GalCer domain microstructure was observed. Scale bar for
AFM and fluorescent images are 1 mm and 10 mm unless indicated otherwise

Figure 8. GalCer domains containing cholesterol rearrange upon AFM tip — sample contact.
The bilayer in the above images was formed from the H-7.5 vesicle composition and was
scanned 15 times consecutively. Through the course of 15 consecutive scans the domains began
to clump into larger domains and became thicker and more extended. This process appears to
depend on tip-sample contact. After scanning one region for several hours and moving the tip to
a different region the domain microstructure had not changed relative to the first scan of the
original region imaged. Therefore the tip is physically moving and clumping these domains
together. Scale bar 1 mm
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