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Preface

In the past several years significant attention has been given to the analysis
of the properties and functions of lateral microdomains (rafts) in biological
membranes. As described in the overview chapter of this book, as well as in the
introductions to many of the other chapters, there are many fundamental unan-
swered questions concerning the composition, structure, dynamics, and even the
very existence of these membrane rafts. Therefore, a variety of sophisticated
techniques have been used to study intact cell membranes, as well as model sys-
tems composed of specific lipids and proteins thought to be in rafts. The analyses
of biological membranes have provided detailed data on intact microdomains,
and the complementary studies of model systems have given critical insights on
the roles of specific lipid-lipid and lipid-protein interactions in raft formation
and function.

The chapters in this book provide detailed information on modern methods
that are currently being employed to study lipid rafts. Chapter 1 gives a brief
overview of microdomains, emphasizing unanswered questions concerning
rafts, Chapters 2 and 3 describe methods to isolate membrane rafts for the pur-
pose of determining their chemical composition, Chapter 4 describes fluores-
cence techniques to detect rafts in model systems, Chapter 5 uses monolayer
techniques to obtain information on intermolecular interactions involved in
lipid domain formation, Chapter 6 details methods to form giant unilamellar
vesicles and examine them by fluorescence microscopy, Chapter 7 uses fluores-
cence correlation spectroscopy to determine molecular diffusion in membranes,
Chapter 8 describes microscopic techniques to determine the distribution in
membranes of dehydroergosterol, an analog to the critical raft component cho-
lesterol, Chapters 9 and 10 describe adaptations of nuclear magnetic resonance
(NMR) techniques to detect rafts and measure lateral diffusion, Chapter 11
describes specialized applications of electron paramagnetic resonance (EPR),
Chapter 12 uses plasmon-waveguide resonance spectroscopy to analyze lateral
segregation in supported model systems, Chapter 13 describes how fluores-
cence recovery after photobleaching (FRAP) can analyze membrane raft prop-
erties, Chapter 14 explains the use of single-molecule tracking to follow the
motion of individual lipid and protein molecules in cell membranes, Chapter 15
describes how X-ray diffraction can provide the thickness of raft and non-raft
bilayers, Chapter 16 details a novel use of neutron scattering to detect rafts,
Chapter 17 illustrates how transmission electron microscopy can observe
remodeling events in cell membranes, Chapter 18 describes atomic force
microscopy methods for analyzing raft structure in supported bilayers, Chapter 19

1%



vi Preface

provides detailed methods for computer simulations of bilayers containing raft
components, and Chapter 20 describes procedures by which microscopic model
calculations can provide detailed information on the nature of the interactions
between specific lipid molecules.

The many biochemical, biophysical, and computational methods described
in this book have already provided detailed information on lipid rafts, and
promise to continue to unravel many more mysteries concerning raft formation
and properties.

The editing of this book was supported by NIH Grant GM27278.

Thomas J. McIntosh
Durham, North Carolina
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Overview of Membrane Rafts

Thomas J. Mclntosh

Summary

Transient lateral microdomains (rafts) in cell membranes have been postulated to perform a
number of important functions in normal cells, and are also thought to be critically involved in
several pathological conditions. However, there are still a number of fundamental unanswered
questions concerning the composition, size, dynamics, and stability of membrane rafts. These
questions are currently being addressed by a number of sophisticated biophysical, biochemical,
and computational methodologies.

Key Words: Cell functions; membrane structure; methods; microdomains; rafts; bilayers.

1. Introduction

Since the pioneering work of Gorter and Grendel (1) and Danielli and
Davson (2) it has been well understood that the lipid bilayer forms the core of
biological membranes. For many years, the structure of cell membranes was
often characterized by the “fluid mosaic model” (3), which depicted mem-
branes in terms of proteins embedded and freely diffusing in a lipid sea made
up of a fluid bilayer. In this paradigm, the bilayer was considered as a uniform,
semipermeable barrier that served as a passive matrix for membrane proteins.
Long-standing questions about the fluid mosaic model have concerned the rea-
sons for the many classes of lipids found in biological membranes and the dif-
ferences in lipid compositions of the various organelle membranes. For
example, plasma membranes typically contain higher concentrations of choles-
terol and sphingomyelin (SM) than do internal membranous organelles (4,5).
Thus, along the secretion pathway, there are very low concentrations of choles-
terol and sphingolipids in the endoplasmic reticulum, but the concentrations of
these lipids increase from the cis-Golgi to the trans-Golgi and then to the
plasma membrane (4,6,7).

From: Methods in Molecular Biology, vol. 398: Lipid Rafts
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2 Mclintosh

A possible important reason for the relatively large concentrations of SM and
cholesterol in the trans-Golgi and plasma membranes is their role in the formation
of lateral transient microdomains termed ‘“rafts” in these membranes (8—10).
Detergent-resistant membranes (DRMs) extracted from cells, thought to be
related to rafts, are enriched in cholesterol and SM (5,9,11). Several types of pro-
teins are enriched either in DRMs or membrane microdomains, including acy-
lated proteins (12-14), glycosyl-phosphatidylinositol-anchored proteins (15,16),
and certain transmembrane receptors (17-19) and channels (20-22). However,
many transmembrane proteins, including specific tyrosine phosphatases (18,23),
are largely excluded from membrane microdomains or DRMs. Because of their
ability to sequester specific lipids and proteins and exclude others, rafts have been
postulated to perform critical roles in a number of normal cellular processes,
such as signal transduction (17,18,23,24), membrane fusion (25,26), organiza-
tion of the cytoskeleton (27,28), lipid sorting (29,30), and protein
trafficking/recycling (8,31,32), as well as pathological events such as the cellular
invasion of influenza, Ebola, and human immunodeficiency-1 viruses (33-36),
and formation of the plaques associated with Alzheimer’s disease (37,38).

2. Rafts in Lipid Bilayer System

In terms of possible raft involvement in lipid and protein sorting, an early
fundamental question was whether rafts could form in lipid mixtures in the
absence of proteins. For example, as the necessary first event in the sorting
process, Simons and van Meer (29) envisaged a lateral separation of glyc-
erolipids and sphingolipids in the Golgi apparatus. In the past several years,
many studies have shown that rafts do indeed spontaneously form in lipid bilayers
with lipid compositions approximating those found in frans-Golgi or plasma
membranes. In bilayers made up of a combination of SM, cholesterol, and
unsaturated phosphatidylcholine (PC), microdomains have been detected by
fluorescence experiments (39) and visualized by both atomic force microscopy
(40) and light microscopy (41-44). Thus, lipid-lipid interactions are thought
to play key roles in the formation of membrane rafts. However, lipid—protein,
protein—protein, and protein—ligand interactions have also been shown to be
involved in sequestering proteins or modifying the lateral dimensions of rafts
(17,20,45-51). In this regard, experiments with model membranes have pro-
vided valuable insights at the molecular level on the nature of the interactions
that sort specific lipids or proteins into or out of rafts (9,39,52-66).

3. Methods to Address Unanswered Questions

Thus, in the past several years models of membrane structure have evolved
from the fluid mosaic model and now depict cell plasma membranes as containing
transient microdomains that act as platforms or centers for a variety of membrane
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activities. However, the raft field is still quite controversial. Currently, there are
fundamental unsolved questions concerning microdomains in membranes, including
their size and stability (67—69), their physical properties (70,71), mechanisms of
their formation (46,50,68,69,72), and even their very existence (70,72-75).
Detergent extraction procedures were instrumental in the discovery and analysis
of rafts, and still are an important tool in determining the composition of membrane
microdomains in cells (9,11-14,23). However, this method involves breaking up
the membrane and has limitations in terms of defining the size, properties, and
dynamics of intact microdomains (50,71,73,76-78). Thus, a variety of sophisticated
techniques have recently been used to analyze in detail open questions concerning
rafts in cell and model membranes. The chapters in this book provide details
on many of these biochemical, biophysical, and computational methodologies
with their current applications to the study of rafts.
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Analysis of Raft Affinity of Membrane Proteins
by Detergent-Insolubility

Deborah A. Brown

Summary

Isolation of detergent-resistant membranes (DRMs; also known as detergent-insoluble glycolipid-
enriched membranes [DIGs] or glycolipid-enriched membranes [GEMs]) that are enriched in
proteins and lipids with a high affinity for rafts is one of the simplest and most widely used methods
for studying rafts. However, it is essential to understand the limitations as well as the advantages of
this method. DRMs do not correspond precisely to rafts in living cells. For this reason, finding
a protein enriched in DRMs does not prove that it was in rafts in the living cell. Furthermore, the
fraction of a protein found in DRMs provides no quantitative information about the fraction of the
protein originally in rafts. In fact, DRMs may be isolated from membranes that did not even contain
rafts before detergent extraction. DRM-association is useful because it reflects a high-inherent affin-
ity of a protein for the ordered membrane state found in rafts. Treatments that affect the DRM-
association of a protein can thus be inferred to affect its raft affinity. Current models suggest that rafts
may form in a regulated manner, often associated with clustering of membrane proteins or lipids,
during processes such as signal transduction. DRM-association is a read-out of whether a protein is
likely to associate with rafts that form under these conditions.

Key Words: Brij series detergents; DRM; liquid-ordered phase; membrane microdomain;
membrane raft; Triton X-100.

1. Introduction

Model membranes in the liquid-ordered (L ) or gel phases are insoluble in
gentle nonionic detergents such as Triton X-100 Sigma-Aldrich (St. Louis, MO)
and CHAPS Calbiochem, EMD Biosciences, (La Jolla, CA) (1). By contrast,
these detergents fully solubilize liquid-disordered (L;) membranes. Furthermore,
extraction of two-phase model membrane vesicles containing coexisting L - and
L -phase domains generally results in selective solubilization of the L -phase
domains, leaving the L -phase domains as detergent-resistant membranes
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(DRMs) (2-4). Detergent-insolubility results from tight lipid acyl chain packing
in the L and gel phases. These close interactions cause the bilayer to exclude
detergent (2,3). Early studies showed that DRMs could also be isolated after
extraction of cells with these detergents (5). Furthermore, molecules such as
sphingolipids and glycosyl phosphatidyl inositol (GPI)-anchored proteins,
expected to have a high affinity for ordered membranes, were enriched in these
DRMs, whereas L -favoring membrane phospholipids and transmembrane
proteins were solubilized (5). This suggested that L - and L -phase domains
might coexist in cell membranes, and that the L -phase domains (rafts) might be
isolated as DRMs. Isolation of DRMs became (and remains) a popular method
for studying rafts, and especially for determining their protein composition.

Later studies showed that the relationship between rafts and DRMs is more
complicated than originally thought. For instance, GPI-anchored proteins, which
are highly enriched in DRMs (5,6), are either not present in discrete rafts in resting
cells (7-9) or are present in small, unstable nanoclusters (10). (By contrast,
antibody-mediated clustering of these proteins on the cell surface—even to a very
small degree—enhances their association with DRMs (11) and may result in their
association with rafts [12—14]). As a further complication, under some conditions,
detergent extraction can actually induce phase separation and L | domain formation
in model membranes that were previously in a uniform phase (15).

It should also be noted that in order to isolate DRMs, extraction of cells with
Triton X-100 or CHAPS must be performed at low temperatures. Phase behav-
ior is extremely temperature-sensitive, and the amount of plasma membrane
present in the L phase on ice will always be substantially higher than that at
37°C. Detergents such as those of the Brij series (Sigma-Aldrich) (16-18) and
Lubrol WX (Serva, Heidelberg, Germany) (19) have also been used to isolate
DRMs, sometimes at elevated temperatures. Use of these detergents is subject to
an important caveat (20). They insert into membranes much less efficiently than
Triton X-100 and CHAPS, and may fail to fully solubilize even L ,-phase mem-
branes. Sterols, sphingolipids, and saturated-chain phospholipids make the
plasma membrane significantly more ordered than intracellular membranes.
Thus, inefficient detergents may solubilize intracellular membranes (and their
proteins), whereas failing to completely solubilize the plasma membrane—even
if it is present in a single L -like phase. With these important caveats in mind,
isolation of DRMs and analysis of their protein composition is a powerful tool
for determining the affinity of proteins for rafts.

2. Materials

2.1. Cell Culture, Transfection, and Lysis

1. Dulbecco’s modified Eagle’s medium (Gibco/BRL, Bethesda, MD) supplemented
with 10% iron-supplemented calf serum (CS, JRH, Lenexa, KS) (see Note 1).
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2.2,

2.3.

[

2.4.

—_—

e

Nk

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) transfection reagent. Store at 4°C.
Tris-HCI/NaCI/EDTA (TNE) buffer: 25 mM Tris-HCI, 150 mM NaCl, 5 mM
ethylenediamine tetraacetic acid, pH 7.4.

Opti-MEM®I (Gibco, Invitrogen, Carlsbad).

TNE/TX/P buffer: TNE buffer containing 1% Triton X-100 and the following pro-
tease inhibitor (P) cocktail: 0.2 mM phenylmethyl sulfonyl fluoride, 1 pg/mL leu-
peptin, and 1 pg/mL pepstatin. Triton X-100 is a viscous liquid. Make up 100 mL
of a 10% (w/v) stock solution. Triton X-100 is subject to oxidation on prolonged
storage and should be replaced regularly. Add protease inhibitors from 1000X
stocks in ethanol or methanol just before use. Phenylmethyl sulfonyl fluoride
stock in ethanol is stable at room temperature; leupeptin and pepstatin stocks
are stored at —20°C.

Teflon cell scrapers (Fisher, Pittsburgh, PA).

Dounce homogenizer (Fisher).

Sucrose Gradient Preparation

TNE containing sucrose (separate solutions at 80, 35, and 5%). Eighty percent
sucrose is close to the solubility limit, and TNE/80% sucrose is conveniently made
with mild heating and magnetic stirring on a heating stir plate. Store at 4°C. For
some applications, including detergent in the gradient solutions may be necessary
(see Note 2).

SW41 ultracentrifuge tubes (Beckman Coulter Inc., Fullerton, CA).

Ultracentrifugation and Gradient Fractionation

Ultracentrifuge, for example, model L8 (Beckman).
SW41 rotor (Beckman).
Gradient harvester (ISCO, Lincoln, NE) (see Note 3).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

1 M Tris-HCI, pH 8.8. Store at room temperature.

1 M Tris-HCI, pH 6.8. Store at room temperature.

20% Sodium dodecyl sulfate (SDS). Store at room temperature. If room tempera-
ture drops and SDS precipitates, warm briefly to redissolve.

30% Acrylamide/0.8% bis-acrylamide solution.

Ammonium persulfate (AMPS) (10%).

N,N,N,N’-Tetramethyl-ethylenediamine (TEMED).

Running buffer (1X): 25 mM Tris-HCI, 190 mM glycine, 0.1% SDS. Make a 10X
stock; store at room temperature.

Sample buffer (4X): 40 mM Tris-HCl pH 6.8, 20% [3-mercaptoethanol, 8% SDS,
40% glycerol, and 0.05% bromophenol blue. Store at —20°C; or make without
B-mercaptoethanol and store at room temperature, adding B-mercaptoethanol just
before use.

Water-saturated isobutanol. Store at room temperature.

Benchmark™ prestained molecular weight ladder (Invitrogen, Carlsbad).
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11. Mini-PROTEAN®II Dual slab gel system (BioRad, Richmond, CA).
12. 3-mL Syringes and 22-gauge needles (Fisher).

2.5. Transfer to Nitrocellulose and Western Blotting for Placental
Alkaline Phosphatase and Transferrin Receptor

1. Transfer buffer: 25 mM Tris-HCI, 190 mM glycine, and 20% (v/v) methanol. Store
at 4°C.

2. Nitrocellulose membrane (Millipore, Bedford, MA); 3MM chromatography paper
(Whatman, Maidstone, UK).

3. Phosphate-buffered saline with Tween (PBS-T), 20 mM phosphate buffer, pH 7.4,
150 mM NaCl, and 0.05% Tween 20.

4. Mini-Trans-Blot Module (BioRad, Richmond) including Bio-Ice® cooling unit.

After each use, fill the Bio-Ice cooling unit with water and store at —20°C.

500 mA Power supply.

Blocking buffer: 5% (w/v) nonfat dry milk in PBS-T.

7. Primary antibodies: rabbit antiplacental alkaline phosphatase (PLAP) (Signet,
Dedham, MA) and mouse antitransferrin receptor (TfR) (Zymed, S. San Francisco,
CA).

8. Secondary antibodies: goat antirabbit immunoglobulin (Ig)G and goat antimouse IgG,
both conjugated to horse radish peroxidase (Jackson Immunoresearch Laboratories,
West Grove, PA).

9. Enhanced chemiluminescence (ECL) reagents (Western Lightning™, Perkin
Elmer, Boston, MA) and Bio-Max ML film (Kodak, Rochester, NY).

SN

2.6. Stripping the Blot for Reprobing With Anti-TfR

1. Stripping buffer: 62.5 mM Tris-HCI, 2% (w/v) SDS, pH 6.8,. Store at room tem-
perature. Just before use, warm to 70°C and then add 100 mM B-mercaptoethanol.
2. Wash buffer: PBS-T.

3. Methods

One of the main uses of DRM isolation is to determine whether individual
proteins are enriched in them, as a qualitative measure of their raft affinity. To do
this, cold Triton X-100 extracts of cells are subjected to sucrose density gradient
centrifugation, to separate floating DRMs from detergent-solubilized proteins,
which remain in the load fractions near the bottom of the gradient. Gradient frac-
tions are then analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and
Western blotting to determine the distribution of the protein of interest between
DRM and detergent-soluble fractions. DRMs are quite forgiving in terms of
buffer and salt composition used in their preparation (see Note 4). These can
generally be adjusted according to individual needs. However, DRM preparation
is very sensitive to temperature, and is affected by even a slight increase in
extraction temperature (21). DRM isolation must be performed at 0-4°C, and
gradients may be formed in a cold room. Another consideration is the tendency
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of DRMs to associate with cytoskeleton. A large fraction of DRMs can be lost
by pelleting to the bottom of the ultracentrifuge tube, in association with the
cytoskeletal pellet. It is not clear to what degree cytoskeletal is physiologically
relevant, and to what degree it represents nonspecific trapping. Both may contr-
ibute. Although caveats apply, the yield of floating DRMs can be increased by
the inclusion of alkaline carbonate (see Note 5).

Because the absolute amount of DRM-association of any protein may vary
depending on exact conditions (for instance, detergent concentration or the
ratio of detergent to proteins and lipids), it is essential to examine a control
non-DRM-associated protein under the same conditions, ideally in the same
sucrose gradient. The protocol presented describes methods for analysis of
DRM-association of the GPI-anchored protein PLAP, examining the non-
DRM protein TfR as a control. This provides a control for efficient solubiliza-
tion of a protein with low raft affinity, and for good separation of DRMs and
solubilized proteins.

3.1. Transfection

1. Two 100-mm dishes of confluent-cultured adherent mammalian cells provide
enough DRM material for convenient isolation. For exogenously expressed pro-
teins, one 35-mm dish of confluent cells provides enough signal for detection on
Western blots. In this case, transfect cells in one 35-mm dish as described herein,
and pool the lysate with that of two 100-mm dishes of the same cell type, used as
carrier. For examination of endogenous proteins, skip to step 2.

2. Seed cells in one 35-mm dish the day before transfection.

3. For each transfection, set up two sterile microfuge tubes (Fisher), one for DNA
and the other for Lipofectamine 2000.

4. Place 200 uL Opti-MEM I and 2 ng desired plasmid DNA in one tube.

5. Place 195 pL Opti-MEM I and 5 pL Lipofectamine 2000 in the other tube. Vortex and
spin briefly (1-2 s) in a microfuge and then incubate at room temperature for 5 min.

6. Add the Lipofectamine mixture to the tube containing DNA. Vortex, spin briefly
in a microfuge (1-2 s) and incubate for 20 min at room temperature.

7. Remove growth media from cells and rinse twice with PBS. Add 1.5 mL Opti-MEM
I to the dish.

8. Add the Lipofectamine 2000/DNA mixture to the dish and swirl gently. Incubate
at 37°C in a 5% CO, incubator for 5 h.

9. Replace media with regular growth media and incubate at 37°C in a 5% CO, incu-
bator overnight or up to 48 h.

3.2. Preparation of Samples for Isolation of DRMs from Triton X-100
Lysates and Ultracentrifugation

1. Rinse dishes twice with ice-cold TNE and place on ice.
2. Add ice-cold TNE/TX/P (1-mL/100-mm dish and 0.5-mL/35-mm dish). Incubate
20 min in a covered ice bucket, optionally in the cold room.
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Scrape lysates with Teflon scraper and transfer to a Dounce homogenizer.
Homogenize 10 strokes.

Transfer homogenates to disposable glass tubes, avoiding foaming as much as possible.
Pool lysates from duplicate 100-mm dishes and (if used) 35-mm dish of transfected cells.
Add 1.1X volume of TNE/80% sucrose/P. Cover tubes with Parafilm (Pechiney Plastic
Packaging, Menasha, WI). In the cold room, mix well by inversion and pipeting with
P1000 Pipetman (Rainin Instrument, Oakland, CA) and large tip. Examine mixture to
ensure complete mixing. Avoid vortexing as foam will form.

In the cold room, transfer lysate/sucrose mixture to the bottom of an SW41
ultracentrifuge tube placed in an ice bucket. Avoid touching the sides of the tube.
Using a 5-mL pipet, carefully layer 5-6 mL TNE/38% sucrose/P over the lysate
mixture, without disturbing the interface.

Layer about 2 mL TNE/5% sucrose/P over the TNE/38% sucrose layer. The top of
the TNE/5% sucrose layer should be about 2 mm below the top of the tube. The
exact volume of TNE/5% sucrose/P is not important. Ideally, the TNE/38%
sucrose layer should be as large as possible, to maximize the distance between the
lysate layer at the bottom and the 38% sucrose/5% sucrose interface.

If only one sample is used, prepare a balance tube exactly as in step 8, mixing TNE
with TNE/80% sucrose for the bottom layer.

Weigh the tubes, minimizing the time the tubes are out of the ice bucket, and bal-
ance them using TNE/5% sucrose.

Place the tubes (uncapped) in opposite buckets of an SW41 swinging bucket rotor
(Beckman). Place buckets (all capped) in all rotor positions.

Ultracentrifugation and Gradient Harvesting

Spin for 3—-18 h at 41,000 rpm (280,000g). (DRMs will float to equilibrium by 3 h).
Braking at the end of the run does not significantly impair gradient quality.
Remove gradients from buckets and place in an ice bucket. The DRMs should be
visible as white particulate matter near the position of the 5%/38% sucrose inter-
face, although the interface itself will not be visible. DRMs can vary in their
degree of clumping. Once centrifugation is complete, strict maintenance of sam-
ples on ice is less crucial than before. However, standard procedures for avoiding
prolonged exposure of samples to room temperature should be followed.

Place gradient in a gradient harvester. The gradient will be harvested from the bottom,
by gravity flow. The gradient tube is clamped in place, resting on a support plat-
form. The gradient harvester contains a built-in hollow needle attached to plastic
tubing, situated just below the tube support. After securing the tube on the support, the
needle is swung up through a small hole in the support platform to pierce the bottom
of the tube. The gradient liquid will start flowing through the needle and the tubing.
Flow can be blocked until desired by clamping the plastic tubing with a hemostat.
Place 15-numbered microfuge tubes in a rack. Mark the position of 1 mL liquid
(determined by placing 1 mL water in a sample tube) on each tube.

Release the clamp and allow 1 mL liquid to flow from the bottom of the gradient
into tube no. 1. Move the tubing to tube no. 2. The flow rate can be adjusted by
raising and lowering the end of the tubing as desired. In this way, fractionate the
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3.5.

gradient into 1 mL fractions. (Set up one or two more tubes than you expect to
have fractions; discard unused tubes at the end.)

Add 350-pL 4X sample buffer to each fraction. Mix well. This will solubilize sus-
pended DRMs to allow uniform dispersion of DRM proteins and lipids. Samples
may be stored at —20°C until use. Either before freezing, or just before loading on
the gel, heat samples to 95°C in a heating block for 5 min. Prevent tubes from
opening during heating using snap-on microcentrifuge tube holders
(LabScientific, Livingston, NJ).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis

These instructions assume the use of a BioRad mini-PROTEAN II slab gel appa-
ratus. Prepare a 1.5-mm thick, 10% gel by mixing 1.67 mL of acrylamide/bis-
solution, 1.88 mL 1 M Tris-HCI pH 8.8, 1.4 mL distilled water, 25 uL. 20% SDS,
40 uL 10% AMPS, and 8 pL. TEMED (see Note 6). Add AMPS and TEMED
immediately before pouring mixture into preassembled mini-PROTEAN II slab
gel apparatus. Carefully overlay with water-saturated isobutanol.

After the gel polymerizes, pour off the isobutanol and rinse the top of the gel with
distilled water. Remove all the water.

Prepare the stacking gel by mixing 0.3 mL acrylamide/bis-solution, 0.23 mL 1 M
Tris-HCI, pH 6.8, 9.4 uL. 20% SDS, 1.31 mL distilled water, 15 uL. 10% AMPS,
and 4 uL TEMED. Pour on top of the gel and immediately insert a 15-well comb
(BioRad) between the gel plates.

After polymerization, carefully remove the comb and place the unit in a gel tank.
Fill the unit with 1X running buffer and add running buffer to the tank to cover the
bottom 2-3 cm of the gel unit. Use a 3-mL syringe fitted with a bent 22-gauge nee-
dle to wash the wells with running buffer. Carefully straighten the wells with the
needle if necessary.

Load 15-20 uL of each gradient fraction (mixed with 4X sample buffer). Include
prestained molecular weight markers (5 pL) in one well. If possible, avoid the
wells at each end of the gel.

Cover the tank, attach the built-in leads to a power supply, and run at 200 V until
the dye front reaches the bottom of the gel (see Note 7).

Transfer of Proteins to Nitrocellulose and Western Blotting

for PLAP and TfR

1.

2.

Disassemble the gel apparatus and discard running buffer. Open the gel plates and
discard stacking gel. Soak the gel in transfer buffer 5-30 min.

Prepare a tray of cold transfer buffer that is large enough to hold the gel-holder cas-
sette. Place the gel-holder cassette in the tray, gray side down. Place a fiber pad on
the cassette. Place a piece of 3MM paper, cut just larger than the gel, on the fiber pad.
Place the gel on the 3MM paper. Make sure the gel is immersed in transfer buffer.
Carefully place a piece of nitrocellulose, cut just larger than the gel and briefly pre-
soaked in transfer buffer, on top of the gel. Once the nitrocellulose has touched the
gel, do not remove it to realign. Press firmly on the nitrocellulose to remove any
bubbles. Place a second sheet of 3MM paper (prewetted in transfer buffer) on
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the nitrocellulose. Place a wet fiber pad on top of the 3-mm paper. Close the gel-
holder cassette (BioRad) without moving the gel-nitrocellulose sandwich.

Place in the modular electrode assembly, with the gray side of the cassette next to
the gray side of the electrode assembly. Insert the electrode assembly into a run-
ning tank. Remove a Bio-Ice cooling unit from the freezer, and place in the tank.
Place a magnetic stir bar in the tank, and place the tank on a stir plate. Turn on the
stir plate and make sure the stir bar is spinning properly.

Place the lid on the tank and attach the leads to a power supply. Turn on the power
supply and adjust to 100 V. Transfer for 1 h. The current will rise from about 250
to 350 mA during the transfer.

Once the transfer is complete, remove the cassette from the tank. Remove the top
sponge, sheets of 3-mm paper, and gel. Mark the top (gel side) of the nitrocellu-
lose with pencil for orientation. The colored molecular weight markers should be
clearly visible on the membrane, and will probably also be visible but fainter on
the bottom of the nitrocellulose.

Incubate the nitrocellulose in 50-mL blocking buffer for 1 h at room temperature
on a rocking platform.

Remove and discard blocking buffer and rinse the nitrocellulose in PBS-T.

For detection of two proteins of very different sizes, the blot can be cut laterally
at a position intermediate between the two proteins, using the prestained molecu-
lar weight markers (visible on the blot) as a guide. After cutting the blot, mark
each portion for orientation. Similarly sized proteins like PLAP (migrates ~70
kDa) and TfR (migrates ~90 kDa) should be detected sequentially by probing for
one, stripping the blot, and then, probing for the other.

Add a 1:2000 dilution of anti-PLAP antibodies in blocking buffer for 1 h at room
temperature on a rocking platform (see Note 8).

Remove the primary antibody and wash the membrane three times for 5 min each
with 50 mL TBS-T.

Make a 1:4000 dilution of horse radish peroxidase-conjugated goat antirabbit IgG
in blocking buffer and add to the membrane for 30 min at room temperature on a
rocking platform.

Remove the secondary antibody and wash the membrane three times for 10 min
each with PBS-T at room temperature with rocking.

Immediately before use, mix 2 mL of each of the two ECL reagents and place on
the blot. Rotate by hand for 1 min to ensure even coverage.

Remove the ECL reagent and place the blot between the leaves of an acetate sheet
protector that has been cut to the size of an X-ray film cassette. Attach a phospho-
rescent marker (Stratagene) (La Jolla, CA) that has been exposed to light immedi-
ately before use. Phosphorescent markers may be wrapped in transparent tape for
indefinite reuse. Walk quickly to a dark room.

Place the acetate containing the membrane in an X-ray film cassette with film for
a suitable exposure time, typically a few minutes. Develop the film. Align it with
the blot using the phosphorescent marker as a guide, and mark the positions of the
standard proteins on the film. An example is shown in Fig. 1 (bottom panel).
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Fig. 1. Detection of PLAP and TfR in sucrose gradient fractions after flotation of

DRMs. Mouse B16 melanoma cells transfected with PLAP were extracted with
TNE/TX/P, and lysates were subjected to sucrose gradient centrifugation. Thirteen
gradient fractions were collected from the bottom (fraction 1). Proteins in each frac-
tion were separated by SDS-PAGE and transferred to nitrocellulose. Blots were
probed with anti-TfR (top) or anti-PLAP (bottom). Fractions 1-3 contain fully sol-
ubilized proteins that remained in the load (lysate) position of the gradient. Fractions
9-12 contain DRMs. Although TfR is only detected in the load fractions, most PLAP
floats to the DRM position.

3.6. Stripping Blots and Reprobing for TfR

1.

2.

To reprobe the blot for detection of TfR or any other protein, strip the first anti-
bodies as described here.

Heat stripping buffer (50 mL per blot) to 70°C. Add -mercaptoethanol, mix, and
immediately place the blot in the stripping solution. Put the tray in a water bath
heated to 70°C and incubate for 30 min with occasional agitation.

Wash the blot in PBS-T (three times 150 mL, each wash for 10 min). In most
cases, the blot should not require reblocking.

Reprobe the membrane with anti-TfR (1:1000 in blocking buffer) with washes,
secondary antibody, and ECL detection as in Subheading 3.5. An example is
shown in Fig. 1 (top panel).

4. Notes

1.

2.

Methods for cell culture, SDS-PAGE, and Western blotting were loosely adapted
from (22).

It may be preferable to include detergent in gradient solutions, at the same con-
centration used to lyse cells. Korzeniowski et al. (23) showed that if detergent is
omitted from the gradient, fully solubilized proteins may become reconstituted
into DRM-like structures during centrifugation.

Fractionation of gradients from the bottom of tubes pierced with a gradient har-
vester is optimal. However, if a gradient harvester is not available, gradients can
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be fractionated from the top, by drawing off fractions using a standard Pipetman.
If performed carefully, satisfactory results can be obtained using this method.

4. Some workers have reported increased recovery of DRMs after extraction with
morpholino ethanesulfonic acid (MES) buffer at mildly acidic pH (24). By con-
trast, the authors have found little effect of extraction pH on DRM recovery.

5. To optimize yield of floating DRMs, for identification of proteins that associate
directly with DRM lipids, cytoskeletal contamination can be minimized by
including 0.1 M Na carbonate (pH 11.0) in the lysis buffer and in all sucrose gra-
dient solutions. This dissociates many protein—protein interactions, and thus,
minimizes interaction of DRMs with detergent-insoluble cytoskeleton. As a
result, the amount of DRMs in the sucrose gradient pellet is greatly reduced,
whereas the amount in the floating fraction is substantially increased. It is not
known to what degree cytoskeletal association with DRMs is physiologically rel-
evant. Furthermore, carbonate is expected to release many proteins that bind
DRM lipids indirectly, through binding to another protein that itself binds DRMs
lipids directly. Thus, caution should be applied in the use of carbonate treatment.
It is most useful for increasing the yield of proteins known to interact directly
with DRM lipids in the floating fraction.

6. The relative amounts of acrylamide/bis-acrylamide and water may be varied to
give final acrylamide concentrations ranging from 5-15%, depending on the size
of the protein to be analyzed. Proteins larger than about 10 kDa can be resolved
using 15% gels; proteins up to 200-300 kDa or larger may be resolved on 5% gels.

7. For better resolution of large proteins, the gel run can be continued after the dye
front leaves the bottom of the gel. For very long runs, change the running buffer
if it gets too warm.

8. Signal from inefficient primary antibodies can be increased by incubating the blot
with the antibody overnight at 4°C.
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Nondetergent Isolation of Rafts

Mehul B. Shah and Pravin B. Sehgal

Summary

Raft and caveolar microdomains have been proposed to participate in numerous cellular func-
tions including signal transduction, cholesterol trafficking, and vesicular sorting. Traditional meth-
ods of isolation of rafts from cultured cells and tissue samples have exploited the biochemical
properties of these microdomains, i.e., their relative resistance to solubilization by nonionic deter-
gents (at 4°C) and their light buoyant density attributable to their high content of cholesterol and
sphingolipids. Thus, a common way to isolate raft microdomains has been their separation on a
density gradient in the presence of 0.5-1% Triton X-100 (Bochringer Mannheim Roche Applied
Sciences Indianapolis, IN or Sigma-Aldrich, St. Louis, MO). This and other detergent-based meth-
ods have been discussed. However, the use of detergents may not be favorable because of artifacts
that may arise with their use. (The possibility of rafts solely as detergent-induced artifacts appears
to have been diffused by a number of biochemical and biophysical studies that strongly demon-
strate the presence of a liquid-ordered phase within biological membranes.) In this chapter, three
methods are reviewed to isolate rafts from cultured cells without the use of detergents. Two of
these, the sodium carbonate and OptiPrep™ (Sigma-Aldrich St. Louis, MO) methods, are based
on gradient separation and can be used to isolate rafts in general, whereas the third is a magnetic-
bead immunoisolation approach and might be used to isolate subpopulations of rafts enriched for
different markers such as caveolin-1, flotillin (reggie proteins), or other suitable markers. Together
these methods allow for a detergent-free isolation of rafts for biochemical, proteomic, and micro-
scopic studies.

Key Words: Carbonate; caveolae; detergent-free; immunoisolation; OptiPrep™; rafts.

1. Introduction

Biochemical analyses of cellular membranes and membranes of enveloped
viruses (derived from the host cell) since the 1970s and early 1980s have suggested
the possibility of lateral heterogeneity in membranes, i.e., the “patchy” or
nonuniform distribution of lipids, especially glycosphingolipids and viral gly-
coproteins within the lipid bilayer (1,2). Subsequently, “lipid rafts” were
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conceptualized as discrete microdomains within the lipid bilayer that possessed
special physical and biochemical properties and which organized the membrane
into special platforms or portals for mediating various functions (reviewed in ref. 3).
Despite extensive research over nearly two decades, a consensus definition of
what constitutes a raft or a caveolar domain has remained elusive and for the
most part the definition has either been an operational one based on biochemi-
cal (detergent-resistant, light buoyant density fractions positive for specific
markers) or microscopic (50—-100 nm cave-like invaginations) parameters; only
very recently does a general agreement on the issue appear to have been
reached (4). Rafts have very recently been defined as follows: “Membrane rafts
are small (10-200 nm), heterogeneous, highly dynamic, sterol- and sphin-
golipid-enriched domains that compartmentalize cellular processes. Small
rafts can sometimes be stabilized to form larger platforms through
protein—protein and protein—lipid interactions” (4).

Whether such a definition will stand the test of time remains to be seen, but
an elegant aspect of this definition is that a fraction need not be isolated by
detergent-methods alone to qualify as a raft. Broadly speaking, methods to isolate
rafts can be classified as detergent- and nondetergent based. Whereas detergent-
based methods to isolate rafts have been popular, a growing body of literature
has expressed concern about artifacts arising out of the use of nonionic detergents,
as well as whether detergent-resistant membranes correspond to or approximate
the liquid-ordered phase (rafts) within the membranes of live cells (reviewed in
ref. 5). A number of researchers advocate the use of “less invasive” methods to
isolate rafts, either as an adjunct or as a substitute method. This chapter focuses
on three different nondetergent methods to isolate rafts, pioneered by different
researchers in the caveolar/raft field. The particular use of one method over
another may be subjective and may depend on issues like purity, yield, and the
final application for which the obtained fractions are to be used.

2. Materials

All solutions and buffers described here were prepared at room temperature.
Unless specified otherwise, all solutions are prepared as weight per volume in
distilled water. Commonly used centrifuges, rotors, tubes, and other lab equipment
have not been listed under materials.

2.1. Cell Culture and Cell Fractionation

1. Dulbecco’s modified Eagle medium supplemented with fetal bovine serum or the
appropriate growth media for the cell type to be used.

2. 60- or 100-mm culture plates.

3. Phosphate-buffered saline (PBS): Volume = 500 ml; concentrations NaCl 100mM,
KCl1 3mM, Na, HPO, 10mM, KH, PO, 2mM, PH7.4

4. Teflon cell scraper.
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5. Hypotonic extract lysis buffer (ELB): 10 mM HEPES, 10 mM NaCl, 3 mM MgCl,,
1 mM dithiothreitol, 0.4 mM phenylmethylsulfonyl fluoride, and 0.1 mM sodium
vanadate, pH 7.9. Where necessary, appropriate adjustments with 0.25 M (8.55%)
sucrose or other sucrose concentrations should be made.
6. Loose fitting 7-mL Dounce homogenizer (Wheaton, Melville, NJ or Fisher Scientific
Pittsburgh, PA).
2.2. Isolation of Rafts Using Sodium Carbonate
1. 0.5M N212CO3 solution, pH 11.0.
2. 1X and 2X strength 2-(N-morpholine)-ethane sulphonic acid (MES)-buffered
saline (MBS) buffers. 1X corresponds to 25 mM MES, and 0.15 M NaCl, pH 6.5.
3. 5% and 35% sucrose MBS buffers with 0.25 M Na,CO,.
4. 90% Sucrose in 2X MBS.
5. Tekmar tissumizer and Tekmar sonicator. (Tekmar Company, Cinncinnati, OH).
2.3. Isolation of Rafts Using an OptiPrep Gradient
1. 30% Percoll Sigma-Aldrich, St. Louis, MO (v/v) in 0.25 M sucrose in ELB.
2. 5 and 50% OptiPrep™ Sigma-Aldrich, St. Louis, MO solutions (v/v) prepared in
0.25 M sucrose ELB.
3. Tekmar sonicator.
4. Gradient maker.
2.4. Immunoisolation of Rafts
1. 60, 40, 30, and 25% sucrose in ELB.
2. Immunoisolation binding buffer: 25 mM Tris-HCI, 150 mM NaCl, 5 mM ethylene-
diaminetetraacetic acid, and 1 mM dithiothreitol, pH 7.4.
3. Anticaveolin (Cav)-1 pAb (SantaCruz Biotech; [Santa Cruz, CA] cat. no. sc-894) or
other desired antibody for immunoisolation and corresponding nonimmune control.
4. Protein-A magnetic beads (protein-G magnetic beads if a mouse immunoglobulin
[Ig]G is used for immunoisolation) (New England Biolabs [Ipswich, MA]).
5. Six tube magnetic separation rack (New England Biolabs [Ipswich, MA]).
6. Nonfat dry milk (NFD) (Bio-Rad, Hercules, CA).
7. PBS.
3. Methods

The methods to isolate rafts by nondetergent procedures described here have
been optimized for adherent cell lines and have been tested in a Hep3B
hepatoma cell line and a primary bovine arterial endothelial cell strain, but
should also be useful for other adherent as well as suspension cell lines with
relatively few modifications.

3.1.

Isolation of Rafts Using Sodium Carbonate

The isolation of rafts using sodium carbonate was described by Song et al. (6).
A modification of that method is as follows:
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Culture plates should be rinsed twice with ice-cold PBS and the cells should be
harvested into a total of 2 mL of 0.5 M Na,CO, buffer per experimental group
using a T-cell scraper Fisher Scientific, Pittsburgh, PA (see Note 1).

The cell suspension should be homogenized with 10 strokes in a loose-fitting
Dounce homogenizer.

The cell suspension should be subjected to further homogenization by three 10-s
bursts in a tissue grinder (Tekmar tissumizer), and then three 20-s bursts of
homogenization in a sonicator (Tekmar sonicator).

Using a 90% sucrose solution in 2X MBS buffer, the cell lysate should be adjusted
t0 45% sucrose and 0.25 M Na,COj, (i.e., mix equal volumes of the cell suspension
and 90% sucrose buffer). To prepare the gradient, the resulting mix (~4 mL) should
be placed at the bottom of a Beckman SW41 polyallomer tube (Beckman Inc., Palo
Alto, CA) and layered with 4 mL of 35% sucrose in 0.25 M Na,CO, and 3 mL of
5% sucrose in 0.25 M Na,CO,.

The gradients should be subjected to an equilibrium flotation in a Beckman SW41
rotor at 35,000 rpm 150,000 x g for 12—16 h at 4°C. A light scattering band at the
5%/35% interface should be visible and this corresponds to the raft fraction.
0.5-1-mL Aliquot fractions may be collected from the top (manually, using a glass
pipet) or from the bottom (using a fraction collector), and equal volumes of these
fractions may be used for Western blotting to check for the distribution of the raft
and other organellar markers (see Note 4).

Once the distribution of the markers has been confirmed, in subsequent experi-
ments collection of only the raft fraction may be appropriate for biochemical or
proteomic studies. For this purpose, the material above the visible fraction should
be discarded first and then the raft fraction should be collected, diluted using 40
volumes of MES, and resedimented in a Beckman Ti45 rotor (15,000 rpm 17,000 X g,
4°C, 30 min). The resulting pellet is a raft-enriched fraction and should be resus-
pended in 100-500 puL. of MES, PBS, or any other buffer appropriate for down-
stream applications of this fraction.

3.2. Isolation of Rafts by Using OptiPrep

A second method to purify rafts using a two-step purification process, which
relies on density-based separation in an OptiPrep gradient has been described by
Smart et al. (7). (OptiPrep, is a relatively osmotically inert solution of iodixanol,
and hence, is preferred over sucrose by some researchers for density-based organel-
lar separation.) Subsequently, a more simplified method using OptiPrep has been
described by Pike et al. (8). The following is a modification of the method used by
Smart et al. (7), for the preparation of raft fractions from adherent cell cultures.

1.

2.

Culture plates should be washed twice with ice-cold PBS and the cells should be
harvested by scraping in a total of 2 mL of 0.25 M sucrose ELB (see Notes 1 and 2).
The cells should be lysed using a loose-fitting Dounce homogenizer (30 strokes).
Cell breakage and intactness of nuclei should be monitored under a phase-contrast
microscope (see Note 3).
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3.

4.

The cell lysate should be centrifuged twice at 200g for 3 min (IEC Centra GP8R)
to remove nuclei and unbroken nuclei.

The postnuclear supernatant should be layered on top of 23 mL of 30% Percoll in
0.25 M sucrose ELB, and centrifuged at 84,000g for 30 min in a Beckman Ti60 rotor.
The plasma membrane fraction should be a light-scattering band at nearly one-
third of the length of the tube from the bottom. This band should be collected
manually using a glass pipet, and diluted with 0.25 M sucrose ELB to make a
total of 2 mL.

The membrane fraction should be sonicated on ice using a Tekmar sonicator (two
pulses, 20 s, power setting at “25”"). The sample should then be adjusted to 23%
OptiPrep using a 50% solution of OptiPrep in 0.25 M sucrose ELB (i.e., add 2 mL.
of the sample, 1.84 mL of 50% OptiPrep, and 0.16 mL of 0.25 M sucrose ELB)
and then placed at the bottom of a SW41 polyallomer tube. Then 5 mL of a linear
20-10% OptiPrep gradient (prepared by diluting 50% OptiPrep in sucrose ELB
with plain 0.25 M sucrose ELB) should be layered on top of the sample, followed
by 2 mL of 5% OptiPrep, and the gradient should be centrifuged at 52,000g for 90
min at 4°C in a Beckman SW41 rotor. A light scattering band just above the inter-
face in the 5% OptiPrep region will be visible. This band represents the raft frac-
tion and should be collected using a glass pipet (see Note 4).

3.3. Isolation of Rafts by Immunoisolation

For immunoisolation of plasma membrane rafts, plasma membrane fractions

may be obtained by any suitable nondetergent method. An equilibrium flota-
tion/sedimentation method has been used to obtain plasma membrane fractions
enriched for the markers very late antigen-2a. and 5’-nucleotidase (see steps
1-6) (9). Purified plasma membrane fractions should then be subjected to
immunoisolation (see steps 7-10) using an anti-Cav-1 antibody or an antibody of
choice to isolate subpopulations of rafts.

1.

2.

Culture plates should be rinsed twice with chilled PBS and scraped into a total of
2 mL 0.25 M sucrose ELB (see Notes 1 and 2).

The cell suspension should be homogenized with 30 strokes in a loose-fitting
Dounce homogenizer. To avoid nuclear contamination of the raft preparation, the
integrity of nuclei needs to be preserved during this cell-breakage and this should
be verified under a phase-contrast microscope (see Note 3).

Unbroken cells and intact nuclei should be removed from the cell lysate by two
rounds of low-speed centrifugation at 1000 rpm 600 X g for 3 min (IEC Centra
GP8R) and the postnuclear supernatant should be centrifuged once at 15,000g in
a table-top centrifuge (Eppendorf) Beckman Industries, Westbury, NY for 15 min.
The pellet (designated “P15) should be washed twice with 1 mL 0.25 M sucrose
ELB, resuspended in 30% sucrose ELB to a final volume of 2 mL.

The P15 sample should be loaded into a discontinuous sucrose gradient in a
Beckman SW41 polyallomer tube as follows: sequentially load layers of 2 mL of
60% sucrose ELB, 3 mL of 40% sucrose ELB, 2 mL of 30% (the P15 sample load),
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2 mL of 25% sucrose ELB and 1 mL of ELB. Centrifuge the gradient in an SW41
rotor at 35,000 rpm 150,000 x g for 18 h at 4°C.

The following bands should be visible and should be collected (~200 uL of
volume each) from the top manually using a glass pipet as follows:

Fraction 1—top of ELB layer.

Fraction 2—the 0/25% sucrose interface.

Fraction 3—the 25/30 interface.

Fraction 4—the 30/40 interface.

Fraction 5—uvisible band just above the 40/60 interface.

Fraction 6—yvisible band at 40/60 interface.

Fraction 7—uvisible band just below the 40/60 interface.

Fraction 8—the pellet (unsuspended materials and unbroken nuclei).

Fractlons 5 and 6 represent the plasma membrane-enriched fractions. These fractions
should be collected, pooled, diluted with 40 volumes of ELB, resedimented (Beckman
Ti45 rotor, 15,000g, 4°C, 30 min), and the pellet obtained should be resuspended in mini-
mum volume (200-400 uL) of binding buffer for the immunoisolation (see Notes 4 and 5).
2-20 pg of anti-Cav-1 pAb, or an antibody of choice should be added to the sam-
ples and the samples should be incubated at 4°C for 2—4 h with continuous mix-
ing. Control immunoisolation using a matching amount of corresponding control
normal IgG should be carried out in parallel (see Note 6).

25 uL of the protein-A magnetic beads (protein-G if mouse IgG is being used) per
sample of immunoisolation should be aliquoted in an Eppendorf tube. (e.g., for 12
samples, use 300 UL of beads.) The beads should be washed twice with the binding
buffer in the magnetic rack and resuspended in 1 mL of freshly prepared 5% NFD in
PBS. The beads should be blocked in NFD for 1 h at 4°C with continuous mixing.
The preblocked beads should be washed thrice with 1 mL binding buffer (with vor-
texing after each resuspension) in the magnetic rack and should finally be resus-
pended in binding buffer (25 UL buffer per immunoisolation sample) (see Notes 7-9).
25 uL of the bead suspension should be added to each immunoisolation reaction
tube and the samples should be incubated (with mixing) at 4°C for a further 1 h.

The tubes should be placed in the magnetic rack and the supernatant should be
saved in separate tubes (to assess the efficiency of immunoisolation). The beads
should be further washed with binding buffer 20 times. For Western blotting of the
immunoisolates, the beads may be directly resuspended in Laemmli’s sample
buffer and boiled for 5 min before separating the supernatant in the magnetic
racks. For whole mount electron microscopy, the immunoisolate-carrying beads
can be directly spotted on formvar-coated copper grids. For other purposes, elution
of the immunoisolates from the beads may be necessary (see Notes 10-12).

e e

4. Notes

1.

2.

If the experimental conditions require treatment of cells with cytokines, growth
factors or other reagents before isolation of rafts, cells may be shifted to serum-free
medium prior for 2—-12 h before cell fractionation.

In traditional harvesting, cells are scraped in a larger volume of PBS or appropriate
buffer and then pelleted before Dounce homogenization. With the authors this



Detergent-Free Raft Isolation 27

10.

method has led to loss of cytoplasmic material. In order to minimize such losses
a “serial scraping” method for harvesting cells is recommended. Cells in one
culture dish should be scraped into 1-2 mL of the desired buffer (e.g., 0.25 M
sucrose ELB). The cell suspension should be gently transferred into the next plate
of the same experimental group and that plate should be scraped into the same
lysate. This can be continued “serially” so that the total cell suspension is in a
very small volume that can be Dounce homogenized directly instead of having
to be centrifuged first.

The Dounce homogenization protocol suggested here has been optimized for
Hep3B cells and pulmonary arterial endothelial cells and may need to be finessed
for other cell types. To check for cell breakage, a drop of the cell lysate should be
placed from the Dounce homogenizer onto a glass slide, a cover slip should be
placed on the sample, and efficiency of cell breakage should be assessed under a
phase-contrast microscope. The presence of a large number of intact cells indicates
inadequate breakage whereas the presence of broken nuclei indicates that more
gentle breakage is needed to avoid nuclear contamination. Additionally, pretreatment
of certain cell types with cross-linking agents may ‘“harden” cells resulting in
lower yield.

All cell fractionation protocols carried out for the first time should be validated
using markers for different compartments. Commercial kits for many of these
markers are widely available.

A method for preparing a high-yield plasma membrane fraction has been provided
for the purpose of immunoisolation of rafts. Alternative methods for preparing the
plasma membrane fraction (e.g., see ref. 10) may be used before immunoisolation
of rafts if desired.

In lieu of nonimmune IgG as a control for the immunoisolation, a blocking peptide
may be used when available. For the SantaCruz Biotech N-20 anti-Cav-1 rabbit pAb
(cat. no. sc-894), a blocking peptide is available (cat. no. sc-894P). Preincubation of
the antibody with the blocking peptide (SantaCruz recommends a 5:1 volumetric
ratio of the peptide solution to the antibody solution), and nonspecific peptide as
additional controls are ideal.

Magnetic beads are recommended rather than agarose beads for purpose of
immunoisolation from membrane fractions. The centrifugation step involved in
the use of agarose beads for immunoisolation leads to a centrifugation of unbound
membrane pieces together with the agarose beads, thus increasing background.
Magnetic beads have a tendency to settle at the bottom of the tube. Hence, exten-
sive vortexing is recommended for each wash before the tubes are placed in the
magnetic rack.

The preblocking of magnetic bead in 5% NFD in the immunoisolation protocol is
recommended to minimize the nonspecific binding of antigens to the beads. This
is an alternative to preclearing, which if works well, might be used in place of
preblocking.

As the methods described here are strictly nondetergent, the protocol for immuno-
isolation of raft fractions does not recommend the use of Triton. However, it has
been found that the presence of a small amount of Triton X-100 (0.05%) in the
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binding buffer during the last few washes has reduced background substantially.
However, whether this qualifies as a “nondetergent” method is debatable. Additionally,
the use of detergent leads to vesicle disruption and may not be suitable for specific uses
such as electron microscopy.

For immunoisolation using a polyclonal antibody, Western blot detection with a
monoclonal antibody is desirable to minimize IgG bands from showing up on the
film. Alternatively, detection using an HRP-conjugated primary antibody (such as
the SantaCruz HRP-conjugated anti-Cav-1 pAb; cat. no. sc-894HRP) works well
in many cases.

For select purposes, elution of the immunoisolates may become necessary. In this
case, instead of protein-A magnetic beads, the use of Dynabeads (which can be cou-
pled to the desired antibody) from Invitrogen Corporation (Carlsbad, CA) is recom-
mended. The manufacturer’s recommended protocol has worked very well in this
case. The immunoisolate can then be eluted by incubation using an acidic buffer
(e.g., a 0.2 M glycine buffer, pH 2.5) without eluting the antibody. The approach is
not recommended unless absolutely required as it carries the risk of breaking pro-
tein—protein interactions.
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Detecting Ordered Domain Formation (Lipid Rafts)
in Model Membranes Using Tempo

Omar Bakht and Erwin London

Summary

Short-range fluorescence quenching has proven to be an effective method to detect the presence
of coexisting ordered and disordered state lipid domains in model membranes. In this approach a
fluorescent group and fluorescence-quenching molecule are incorporated into the lipid bilayer of
interest. In a typical experiment, the fluorophore chosen partitions into ordered domains to a signif-
icant degree, whereas the quencher partitions more favorably into disordered domains. Thus, in the
presence of lipid mixtures forming coexisting ordered and disordered domains, fluorophore and
quencher segregate so that fluorescence intensity is much stronger than in homogeneous lipid
bilayers lacking separate domains. The small nitroxide-labeled molecule tempo (2,2,6,6 tetram-
ethylpiperidine-1-oxyl) is a useful quencher for such experiments. Protocols for using tempo to
detect ordered domains and ordered domain thermal stability are described. The advantages and dis-
advantages of use of tempo as opposed to nitroxide-labeled lipids are also described.

Key Words: Diphenylhexatriene; fluorescence quenching; fluorescence spectroscopy; lipid
microdomains; lipid rafts; nitroxides; spin-labels.

1. Introduction

There are many techniques for detecting phase separation in lipid vesicles.
Typically, these separations involve the formation of coexisting liquid-
disordered and -ordered state domains. The ordered domains are either gel-
or liquid-ordered state. Liquid-ordered domains (often called lipid rafts) can be
notoriously difficult to detect, especially in biological membranes. One possible
reason for this is that these domains may often be submicroscopic. Some reports
estimate the size of ordered domains in cells, as commonly no larger than a
small cluster of molecules, although they may be large under many condi-
tions (I-5). Owing to the issue of domain size, fluorescence techniques to
probe liquid-ordered domains are of great use, and fluorescence-quenching
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techniques have emerged as an appropriate methodology that should be sensitive
enough to detect submicroscopic domains (6,7). Certain types of quenching
processes are “‘short ranged,” effective at a distance not significantly longer than
the length of single molecule (6-8). Quenching by lipid-attached bromines or
lipid-attached nitroxide-labels fall in this category (8). Fastenberg et al. (7) inves-
tigated the effect of domain size on quenching efficiency for such short-range
quenchers, and calculated that circular clusters containing 30—40 molecules could
be detected. In contrast, more long-range fluorescence resonance energy transfer
(FRET) techniques, which can have effective distances as high as 50-100 A,
would have difficulty detecting such domains.

In past studies, the fluorescence-quenching protocols have made use of the
membrane associating fluorophore diphenylhexatriene (DPH). In many conditions,
DPH partitions equally between ordered domains and disordered domains (9-11),
although there are some exceptions (12,13). As a quencher, the authors have gen-
erally used 1-palmitoyl-2-(12-doxyl phosphatidylcholine (12SLPC), a nitroxide-
labeled phosphatidylcholine (PC) with a label on the 12-carbon of the 2-position
acyl chain. Other labeled lipids can be used, including a nitroxide-labeled lipid
labeled on the 7-carbon atom of the 2-position acyl chain (14). 12SLPC tends to
form disordered domains, much as do lipids with unsaturated acyl chains (and
thus having low gel-to-fluid melting temperatures [Tm]) (14,15). In model
membrane samples containing both 12SLPC and a lipid that tends to form
ordered domains (e.g., dipalmitoyl PC or sphingomyelin), ordered and disor-
dered domains can coexist. Because the concentration of 12SLPC within the ordered
domains is low, DPH residing in the ordered domains will be relatively shielded
from 12SLPC, and so fluorescence will be much stronger than in a homogeneous
bilayer in which all lipids are mixed, and in which the probability of contact
between DPH and 12SLPC is much greater.

By heating samples containing coexisting ordered and disordered domains
it is possible to evaluate the thermal stability of ordered domains. As temper-
ature increases, any ordered domains present in the bilayer melt, and the par-
tial segregation of DPH and 12SLPC into different environments is lost, with
DPH becoming fully exposed to quencher. As a result, normalized fluorescence
intensity decreases dramatically. This technique has been used to ascertain the
effects of sterol structure on the thermal stability of ordered domains (16,17).
Quenching experiments using 12SLPC have the limitation that they cannot be
used to readily investigate the effect of the structure of lipids that tend to form
the disordered regions of the membrane on ordered domain stability. The
authors have recently used tempo (2,2,6,6 tetramethylpiperidine-1-oxyl), a
quencher that is not lipid attached, to circumvent this problem. The protocols
in this chapter describe how to carry out tempo-quenching experiments for
the detection of ordered domain stability in model membrane vesicles.
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2. Materials and Equipment

2.1. Lipid Stock Solutions

1. Lipids (Avanti Polar Lipids, Alabaster, AL). Lyophilized, or dissolved in ethanol,
or chloroform. Stored in glass vials at —70-80°C.

2. DPH (Molecular Probes [now Invitrogen], Carlsbad, CA or Sigma-Aldrich Chemical,
St. Louis, MO). Dissolved and stored in ethanol.

3. Tempo (Sigma-Aldrich). Tempo should be dissolved in ethanol (at 350 mM) and
stored in glass vials in a —20°C freezer (see Note 1).

4. Aluminum foil. To shield samples from light.

5. A microbalance accurate to 0.01 mg. A Cahn C-33 microbalance (ATI Cahn
Instruments, Madison, WI) was used for the studies. An ordinary balance can be
used, but will require higher amounts of lipid. Incomplete drying of lipids before
weighing becomes increasingly problematic when high amounts of lipid are used.

6. Nitrogen source with regulator capable of generating a gentle stream (~2 psi).

7. Vacuum jar, which can be evacuated (for some types of experiments).

2.2. Sample Preparation

1. Organic solvent-compatible pipetors. For example, Drummond pipetors (Drummond
Scientific, Broomall, PA) with disposable glass bores. It is important to use clean
bores to avoid cross-contamination.

2. Phosphate-buffered saline (PBS) (1 mM KH,PO,, 10 mM Na,HPO,, 137 mM NaCl,
and 2.7 mM KCl, pH 7.4).

3. Nitrogen source with regulator capable of generating a gentle stream (~2 psi).

4. Water bath set at 70°C.

5. A dark place to store samples before measurement (see Note 2).

2.3. Fluorescence Measurements

1. Fluorometer (e.g., Fluorolog-3) (Horiba, Jovin Yvon, Edison, NJ) with a variable
temperature sample holder having the capacity to hold several samples at once.

2. Temperature-controlled circulating water bath, preferably with the ability to
increase temperature at a smooth rate (see Note 3).

3. Electronic digital thermometer VWR, West Chester, PA with minimal size immers-
ible probe (in order to make temperature measurements without affecting cuvet
temperature). Make sure the tip material is inert and does not contaminate your
sample, especially with fluorescent impurities!

3. Methods

The experiments described in this section use tempo as the quencher. Tempo
is a small water-soluble chemical that partitions strongly into lipid bilayers
(Fig. 1). Tempo also partitions more favorably into disordered lipid phases as
opposed to more tightly packed ordered phases. These properties allow addition
of tempo to preformed model membrane vesicles in which the disordered lipid
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Fig. 1. Schematic illustration of tempo membrane-binding properties. Filled circles
represent tempo molecules (chemical structure at top right). Me is the methyl group.
Notice that tempo binds to the disordered fluid domains more strongly than ordered
domains. As a result, fluorescent molecules that associate with ordered domains are
only weakly quenched by tempo, and quenching tends to increase when ordered
domains melt at high temperature.

components in the lipid bilayer can be varied. It is much less expensive than
nitroxide-labeled lipids, so quenching experiments using tempo can be carried
out more economically. The authors have used tempo in studies in which the
ability of various cholesterol precursors to stabilize ordered domains was com-
pared (18). Preliminary studies varying the acyl chain structure and polar head-
group of lipids that tend to form disordered domains have also been undertaken.
Such studies show tempo is a versatile molecule for quenching experiments.
On the other hand, tempo quenching is dependent on how tightly tempo
binds to a lipid mixture. Furthermore, in samples containing a mix of lipids,
tempo quenching, unlike that of 12SLPC, is not sensitive to homogeneity of
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lipid composition in different vesicles. In other words, tempo quenching cannot
detect whether or not order- and disorder-favoring lipids form separate vesicles.
Appropriate controls to test for proper lipid mixing are described at the end of
this section.

In these experiments, model membrane samples typically contain both a
lipid for which T (the temperature at which the gel state melts and a liquid-
disordered state forms) is high (e.g., dipalmitoyl PC or sphingomyelin) and
a lipid for which T is low. This allows ordered- and disordered domains to
coexist at intermediate temperatures. Low T lipids typically contain unsat-
urated acyl chains, whereas high T _ lipids typically contain long saturated
acyl chains (19). As in the case of experiments using 12SLPC, DPH is a
suitable fluorescent probe. Because the concentration of tempo within the
ordered domains is low, DPH residing in the ordered domains will be
relatively shielded from tempo. Therefore, DPH fluorescence will be much
stronger than in a homogeneous bilayer in which all lipids are mixed and
much of the DPH is in contact with tempo. Fluorescence intensity is evaluated
using the parameter F/Fo. F/Fo equals the fluorescence intensity in a sample
containing quencher (tempo) divided by the fluorescence intensity in the absence
of quencher.

By heating samples containing coexisting ordered and disordered domains it
is possible to evaluate the thermal stability of ordered domains in a fashion
analogous to that used for samples containing 12SLPC. As temperature increases,
any ordered domains present in the bilayer melt. As a result, the partial segrega-
tion of DPH and tempo into different environments is lost, with DPH becoming
fully exposed to tempo. Consequently, F/Fo decreases dramatically. A T
for the ordered domains can be defined from the temperature at which the slope
of F/Fo vs temperature is maximal. The protocol for such experiments is
described next.

3.1. Lipid Stock Solutions

The accuracy of the lipid stock concentration is of utmost importance for
these experiments. To conserve material one measures the concentrations by
drying a known volume of the lipid-containing solution and precisely weighing
the dried lipid on a microbalance.

1. Lipids are purchased as lyophilized solids or dissolved in chloroform or
ethanol. Solids are dissolved in ethanol. Lipid solutions are stored in glass vials at
—70-80°C.

2. Aluminum foil is cut into squares, approx 15 mm to a side, numbered and then
shaped into a liquid tight container.

3. The aluminum cups are then weighed on a microbalance out to the closest micro-
gram (see Note 4).



34

Bakht and London

After warming lipids to room temperature, and mixing well to redissolve any
precipitated lipid, 50 uL of lipid solution is pipeted into the cup. For best accuracy,
three to five such samples are prepared.

The solvent is dried under a gentle stream of nitrogen (<2 psi) for 10 min. It is
absolutely essential that drying is complete.

The cups are placed in a high vacuum for at least 45 min to remove remaining
solvent.

The cups are then reweighed and the difference in weight is used to calculate the
concentration of the solution (see Notes 5 and 6).

Tempo and DPH concentrations can also be derived gravimetrically. However,
they can be confirmed by absorbance using an extinction coefficient of 14/cm/M
for tempo at 426 nm in water and an extinction coefficient of 88,000/cm/M for
DPH at 350 nm in methanol. Absorbance measurements are particularly useful for
evaluating concentration in saturated tempo solutions.

3.2. Sample Preparation

After the desired lipids are mixed and dissolved in a minimum volume of
ethanol, buffer is rapidly added. Buffer addition causes the lipids to quickly form
vesicles. This process of vesicle formation is called ethanol dilution or injection
(20). Dilution of lipids from ethanol tends to form small unilamellar vesicles,
although they may not be as small as those prepared by sonication (20).

1.

W

10.

The desired amount of each lipid solution needed in the sample is calculated. Each
of the lipids is then added to a glass test tube. DPH should also be added at this
point. DPH concentration should be equivalent to 0.5 mol% or less, of the total
amount of lipid (see Note 7). Samples are prepared in quadruplicate.

Ethanol is then evaporated using a gentle stream (~2 psi) of pure nitrogen for 10
min or until the lipids are dry. Nitrogen is preferred over compressed air because
it minimizes the possibility of lipid degradation. Gas flow should not be excessive,
or it may splatter the lipid solution on the tube walls. This could give rise to
incomplete lipid mixing.

The dried samples are then placed into a 70°C water bath for 5 min (see Note 8).
The dried lipids are dissolved in 15 pL of ethanol and shaken gently by swirling.
When the lipid is fully dissolved, 980 UL of 70°C PBS is added and vortexed to
mix. It is essential that the lipid be fully dissolved in ethanol.

Samples are placed in 70°C water bath for 10 min and then vortexed.

Samples are allowed to reach room temperature before making fluorescence read-
ings (see Note 9).

To prepare the “F samples” an aliquot of the tempo solution sufficient to achieve
a 2 mM final concentration is added to two of the quadruplicate samples prepared
as described earlier.

To prepare the “Fo samples” an equal volume of ethanol is added to the other two
samples from the quadruplicate set.

Both sets of samples are vortexed.
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3.3. Fluorescence Measurements

1. Excitation and emission monochrometers are set to 358 and 430 nm, respectively.

2. The excitation and emission slits are set to appropriate values (see Note 10).

3. Samples are then placed into semimicro quartz fluorescence cuvets (10-mm exci-
tation path length and 4-mm emission path length).

4. The cuvets are placed in the sample chamber.

5. The sample holder temperature is then lowered to approx 16°C. The sample tem-
perature should be monitored by a digital thermometer, as there may be a several
degree temperature difference between the water bath temperature and the actual
sample temperature (see Note 11).

6. When the temperature of the sample reaches 16°C, a fluorescence intensity measure-
ment is made. (The thermometer tip should be removed from the sample in which
temperature is being measured before reading fluorescence.) An instrument setting
should be used in which the excitation shutter is only open during measurement as
DPH is subject to photoisomerization. A small excitation slit size and short fluo-
rescence acquisition time can also help to minimize photoisomerization.

7. The circulating temperature-controlled water bath is set to increase in temperature
gradually and regular readings (at least at every 4°C) are taken, each time noting
the sample temperature (see Notes 12-14).

3.4. Backgrounds and Controls

Background samples lacking fluorophore, but containing all other components,
should be prepared with and without tempo. The apparent fluorescent intensity
in these samples should be subtracted from the intensity of the samples contain-
ing the fluorescent molecule in order to determine the true fluorescence intensity
arising from the fluorescent molecule. The fluorescent intensity in background
samples is generally much weaker than that in the samples containing the fluo-
rescent molecule. For that reason, it is not necessary to measure background
fluorescence at every temperature point. A measurement of background fluores-
cence at the beginning and end of the temperature series is usually sufficient. The
background values at intermediate temperatures can be estimated by linear
extrapolation. Of course, one may measure exact background values, but that
limits the number of experiments that can be performed simultaneously when
the sample holder can only accommodate a few samples.

Lipid-mixing controls are also needed. It is of critical importance that the
lipids be mixed homogeneously within the vesicles. If different vesicles have
very different lipid compositions, such that lipids that tend to form ordered
domains are in one vesicle population and lipids that tend to form disordered
domains are in a separate vesicle population, it can lead to serious misinterpre-
tation of the data. This issue does not arise when the lipid 12SLPC is used both
as the lipid forming the disordered domains and as the quencher, because the
increased quenching on melting of ordered domains automatically shows that
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the 12SLPC is in the same vesicles as the lipids forming ordered domains.
Tempo, on the other hand, interacts with the lipid bilayer from the aqueous
phase and gives no information about lipid mixing. For tempo experiments,
samples in which the temperature dependence of FRET is measured can be
used as a control. These experiments do not use tempo.

One protocol requires preparation of vesicles containing a small amount of
donor-labeled and acceptor-labeled lipids that are both largely restricted to
disordered domains (21). If the ordered domain- and disordered domain-
forming lipids are properly mixed, there will be strong FRET at low temper-
ature because the labeled lipids will be concentrated within the disordered
domains. On melting of ordered domains FRET will decrease because the
average distance between the donor and acceptor will increase. A fluores-
cently labeled lipid that favors association with disordered domains and
undergoes concentration-dependent self-quenching can be used in an analogous
manner (22). In a third protocol, a tryptophan-containing transmembrane
peptide is used as the donor. This peptide resides in disordered regions of the
membrane (7). The FRET acceptor used is a DPH derivative, long alkyl
chain-trimethyl-amino-diphyenylhexatriene. Long alkyl chain-trimethyl-
amino-diphyenylhexatriene partitions strongly into ordered domains (16,23).
When ordered and disordered domains coexist at low temperature, the FRET
donor and FRET acceptor are separated, and thus, FRET is weak. FRET
increases on ordered domain melting if the ordered and disordered domain-
forming lipids are in the same vesicle.

Another control, important when very exact T, values are desired, is
to evaluate the degree of perturbation of bilayer structure by tempo. The
data has indicated, perturbation of bilayer structure by 2 mM tempo is not
severe (18). Nevertheless, tempo concentration in the membrane is high.
From comparison of the quenching levels obtained with tempo to those
observed with 12SLPC, one estimates that there is about one tempo molecule
per 10 lipids (24). To take tempo-induced effects into account, one can repeat
the experiments using a range of tempo concentrations, and then extrapolate
the T values obtained to zero tempo concentration. This control is not
needed when relative 7 values among a set of different lipid mixtures are
more important than the absolute T, values. It should also be noted that
ethanol may affect absolute T, values.

3.5. Data Analysis

To find the effective 7 for ordered to liquid-disordered transition, graph the
quenching ratio (F/Fo) vs temperature. F/Fo is calculated by taking the ratio of
the average of the fluorescence intensities with quencher to the average of the flu-
orescence intensities without quencher at a given temperature. A graph similar to
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Fig. 2. Melting curves for ordered domains monitored by tempo quenching.
Fluorescence measurements were taken from 14 to 60°C. Samples contained lipid vesicles
prepared as described in this chapter, and made up of (triangles) dipalmitoyl PC/
dioleoyl PC/cholesterol (3:3:2 mol:mol) or (squares) dipalmitoyl PC/diphytanoyl
PC/cholesterol (3:3:2 mol:mol). Each sample also contained 0.5 mol% DPH. Total lipid
concentration was 50 uM and the lipids were dispersed in PBS. Notice that ordered
domains (formed primarily by dipalmitoyl PC and cholesterol) are more thermally
stable in samples containing diphytanoyl PC than in sample containing dioleoyl PC.
The estimated temperatures at which melting is half-complete (the T of liquid-ordered
to liquid-disordered melting transition, vertical lines) are 29.5 and 42°C, for the
dioleoyl PC-containing and diphytanoyl PC-containing samples, respectively.

Fig. 2 should be generated. The points are then fit to a sigmoidal function. The
program SlideWrite Plus (Advanced Graphics Software Inc., Encinitas, CA) has
been used in the lab. The T is the point at which the absolute value of the slope
of F/Fo vs temperature is at a maximum. Figure 2 shows an example of an exper-
iment in which the difference in ordered to liquid-disordered T, for two different
lipid mixtures is readily apparent. The actual T are 29.5°C for the dioleoyl PC-
containing mixture and 42°C for the diphytanoyl PC-containing mixture.
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4. Notes

1. Tempo can be dissolved in water. However, preparing a sufficiently concentrated
stock solution in water is difficult, so instead tempo can be prepared as a concen-
trated stock solution in ethanol. The tempo solution should be as concentrated as
possible to minimize the amount of ethanol introduced into the final sample.

2. After samples are prepared, they are stored in a dark location (e.g., a cardboard
box), until fluorescence is measured in order to limit the amount of photodamage
to DPH.

3. Alternatively, samples can be heated stepwise using a temperature-controlled
water bath.

4. After weighing, care should be given to not touch the cups to minimize the transfer

of hand oils. Precautions include, but are not limited to, wearing gloves and handling

aluminum cups with forceps.

Care should be taken when transporting the aluminum cups to avoid tipping.

Three to five dry weights are taken for each solution and an average is taken.

7. The authors have had some experience using this technique with hydrophilic
fluorophores that flip from leaflet to leaflet very slowly. To restrict such a fluo-
rophore to the outer leaflet of a vesicle, add it to preformed vesicles. (This is only
practical for fluorophores that can dissolve a bit in water.)

8. This step is included to soften the lipids, and thus, facilitate solubilization in
ethanol.

9. At this point, the samples should be kept in a dark place before reading to avoid
photodamage.

10. The width settings of the slits will be dependent on your instrument. You may have
to adjust the slit widths to get a usable signal.

11. The relative humidity should also be noted. The authors recommend
www.weather.com. If the temperature of the sample goes below the dew point,
condensation will form on the cuvets and interfere with readings at low tempera-
ture. This can be a problem on humid days.

12. Tt has been found that turning the water cycler (pump) off immediately before a
reading slows the warming of the sample enough to get a reading at a stable
temperature. Alternatively, temperature of the sample can be read immediately
before and after the fluorescence measurement and averaged.

13. The rate in which the water bath heats samples should be programmed to give
the desired increase per minute. It was found that the rate of temperature
increase in the sample compartment will be affected by the amount of water in
the water bath.

14. Instead of a continuous heating protocol, one can increase the temperature in
incremental steps and wait for the temperature to stabilize after each step. It has
been found that it is quicker to collect data when the water bath temperature is
continually increased.
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Using Monomolecular Films to Characterize Lipid
Lateral Interactions

Rhoderick E. Brown and Howard L. Brockman

Summary

Membrane lipids are structurally diverse in ways that far exceed the role envisioned by Singer
and Nicholson of simply providing a fluid bilayer matrix in which proteins reside. Current mod-
els of lipid organization in membranes postulate that lipid structural diversity enables nonrandom
lipid mixing in each leaflet of the bilayer, resulting in regions with special physical and functional
properties, i.e., microdomains. Central to understanding the tendencies of membrane lipids to
mix nonrandomly in biomembranes is the identification and evaluation of structural features that
control membrane lipid lateral mixing interactions in simple model membranes. The surface bal-
ance provides a means to evaluate the lateral interactions among different lipids at a most funda-
mental level—mixed in binary/ternary combinations that self-assemble at the air—water interface
as monomolecular films, i.e., monolayers. Analysis of surface pressure and interfacial potential
as a function of average cross-sectional molecular area provide insights into hydrocarbon chain
ordering, lateral compressibility/elasticity, and dipole effects under various conditions including
those that approximate one leaflet of a bilayer. Although elegantly simple in principle, effective
use of the surface balance requires proper attention to various experimental parameters, which are
described herein. Adequate attention to these experimental parameters ensures that meaningful
insights are obtained into the lipid lateral interactions and enables lipid monolayers to serve as a
basic platform for use with other investigative approaches.

Key Words: Ceramide; cholesterol; condensation; dipole moment; film balance; lateral
compressibility; phase transition; surface potential; surface pressure; sphingomyelin.

1. Introduction

When membrane lipid amphiphiles are dissolved in a water-insoluble solvent
and deposited on a water surface with a microsyringe (see Subheading 3.1.6.),
the solution spreads rapidly to occupy the available area. As the solvent evaporates,
the lipid amphiphiles orient to minimize contact of their nonpolar regions with
water, while maximizing the water-contact of their polar regions. The resulting
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one-molecule-thick lipid film, i.e., monolayer, provides a useful model system for
studying the lateral packing interactions of lipids in each leaflet of a biomembrane.

Lipid monolayers have a rich history of providing key insights into biomem-
branes. Perhaps the most famous of such lipid monolayer experiments are those
of Gorter and Grendel (1), who used a Langmuir surface balance to deduce the
bilayer structure of membranes, by noting that monolayer surface areas produced
by the lipid extracts of erythrocytes from several different animals are approxi-
mately twice the surface areas of the cells themselves. Since the pioneering work
of Gorter and Grendel, it has become clear that many physical phenomena dis-
played by biomembrane lipids can be observed and modeled in lipid monolayers.
These phenomena include phase transitions, and lateral diffusion, as well as
mixing interactions that bring about changes in hydrocarbon chain ordering and
lateral compressibility, and result in critical points and coexisting lateral phases, i.e.,
domains (2-8). Over the past decade, interest in such phenomena has enjoyed a ren-
aissance, especially among cell biologists, largely because of the “raft” model pro-
posed for biomembrane structure (9). Studies of lateral interactions among “raft”
lipids generally involve phosphatidylcholine (PC) (e.g., 1-palonitoyl-2 oeoyl-
phosphatidylcholine [POPC] or dioleoyl-phosphatidylcholine [DOPC]), sphin-
gomyelin (SM), cholesterol, and closely related derivatives in various combina-
tions because of their putative roles in raft microdomain formation (8,9). The focus
of this chapter will be on describing the fundamentals of using a surface balance
to achieve reliable and reproducible insights into raft lipid lateral interactions.

2. Materials

To obtain meaningful data, serious precautions must be taken to avoid con-
tamination of all materials used in monolayer experiments by surface-active
substances. A single human fingerprint contains sufficient surface-active mate-
rials to form numerous monolayers in a typical surface balance.

1. Subphase buffer onto which monolayers are spread is kept stored under purified
argon or nitrogen after preparation using purified water (see Notes 1 and 2). If
organic-based buffers must be used, for example, 4-(2-hydroxyethyl)-1-piperazine-
ethane sulfonic acid (HEPES), they should be of the highest purity available and
should be tested for the presence of amphiphilic impurities (see Note 3).

2. Glassware is acid cleaned, rinsed with purified water, and then treated with
hexane/ethanol (95:5) before use.

3. Solvents used to prepare lipid stock solutions and to spread lipids onto the
gas—water interface are high-pressure liquid chromatography grade (see Note 3).

4. Lipid purity is confirmed by thin-layer chromatography using appropriate solvent
mixtures (see Note 4).

5. Lipid stock solutions are kept at —20°C until use in acid-cleaned, borosilicate
glass vials (Kimble-Kontes, Vineland, NJ) equipped with Kimble-Kontes
Microflex Mininert® push—pull valves (Kimble-Kontes) (see Note 5).
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Fig. 1. Langmuir-type surface balance for determining the surface pressure and sur-
face potential as a function of average cross-sectional molecular area. 7y is the surface
tension of surface occupied by lipid amphiphile and v, is the surface tension of clean
aqueous subphase.

3. Methods

The spreading and orienting response of membrane lipid amphiphiles during
monolayer compression is a direct consequence of the free energy excess experi-
enced by water molecules at the surface compared with those in the bulk subphase.
Water molecules at the surface are more restricted in their hydrogen bonding with
other water molecules, i.e., lower entropy, compared with bulk-phase water mole-
cules in the subphase. As a result, water molecules attempt to limit their exposure
along the air contact surface by continuously “pulling back” toward the bulk sub-
phase water to maximize hydrogen bonding with neighboring water molecules.
The magnitude of the pull by surface water is reflected in its surface tension, which
has units of force per unit length. Changes in the surface tension that occur in
response to lipid amphiphile addition to the surface provide information about
lipid-lipid and lipid—water interactions. When the available area for the lipid
monolayer is so large that there is little effect of the lipids on the surface tension
of water and the lipid intermolecular lateral interactions are weak, then the mono-
layer can be regarded as a two-dimensional (2D) gas. When the available surface
area of the monolayer is reduced by a movable barrier (see Fig. 1), the lipid
amphiphiles start to exert repulsive effects on each other. This 2D analog of a pres-
sure is called surface pressure () and is expressed by the following relationship:

="

where 7, is the surface tension in absence of a monolayer and vy the surface tension
with the monolayer present.
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Another consequence of the asymmetric orientation of lipid and water mol-
ecules at a gas—liquid interface is the generation of a sizeable (hundreds of mil-
livolts) electrical potential perpendicular to the plane of the interface (3,10).
Among the roles of this potential is its major contribution in determining the
size and shape of lipid rafts (4,6). This dipole potential cannot be measured
directly in each half of a bilayer, but like surface pressure, it is readily meas-
ured across monolayers using commercially available instrumentation. Its value
(AV) is expressed as the difference in potential between a monolayer-containing
interface and the aqueous phase in the absence of the monolayer,

AV = V-V,

For typical raft-forming lipids, the ends of the hydrocarbon moieties equivalent
to the center of a bilayer, are at a positive potential relative to the aqueous phase.

In a typical film balance (Fig. 1), surface pressure is measured continuously
as a function of average molecular area (see Subheading 3.1.). Control of the
available surface area is provided by a movable barrier that can be swept along
the subphase surface using computer-controlled motors. No leakage of the
monolayer should occur underneath or around the barrier. This is best accom-
plished when the barrier is made of a hydrophobic material, which is rendered
hydrophilic on its lower surface (see Note 6). The trough holding the subphase
is usually made of Teflon® (see Note 6) and temperature is controlled by cir-
culating water through channels located underneath the trough. Surface pres-
sure is typically monitored by one of the two ways. In the first approach the
surface tension is measured directly using a wettable plate, called a Wilhelmy
plate, which is vertically suspended and partially immersed into the aqueous
subphase. The downward force on the plate, which is attached to a calibrated
microbalance, is then converted into surface tension (mN/m or dynes/cm) after
taking into account the dimensions of the plate and contact angle (see Note 7).
In the second approach, surface pressure is determined by measuring the trans-
lational force acting on a float separating the lipid monolayer-covered area from
an adjacent surface free of lipids (Fig. 1). Teflon tape connected between the
ends of the float and the trough provides a flexible seal for maintaining separa-
tion between the clean and monolayer-covered surfaces. A rigid wire, con-
nected on one end to the float and on the other end to a torsion detection system
mounted above the subphase, enables accurate detection of the minute transla-
tional movement of the float during compression/expansion sweeps of the mov-
able barrier. The detection system used to determine surface pressure
distinguishes a Wilhelmy-type film balance from a Langmuir-type film balance
but the results obtained are equivalent.

During measurement of the surface pressure, it is possible to simultane-
ously record the interfacial potential as the movable barrier compresses the
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lipid monolayer. In reality, it is the potential difference that is measured
between the clean water surface and a surface covered by lipid. Typically, an
electrode containing either polonium or americium is used in order to ionize
the air gap into an electrically conducting medium to achieve potentiometric
recording (Fig. 1).

3.1. Setup Conditions for Film Balance

1.

The film balance must be placed in a vibration-free environment to keep the sub-
phase surface stable and wave-free. This can be accomplished by placing the
trough on an active or passive vibration isolation table (e.g., Kinetic Systems
Vibraplane®, Boston, MA). Commercial manufacturers of film balances include
Kibron Inc. (Helsinki, Finland), LSV Ltd. (Helsinki, Finland), and NIMA
Technology Ltd. (Coventry, England).

The trough should be filled so that the subphase level stands slightly above the rim
of the trough (see Note 8). The subphase level is kept constant by enclosing the
Langmuir trough with a home-built plexiglass chamber that is continuously
purged with purified, humidified argon or nitrogen gas. Avoiding subphase evap-
oration and setting the subphase level with high reproducibility increases the accu-
racy and reproducibility of isotherm measurements by ensuring a constant
contribution of the meniscus to the total surface area.

Accurate surface pressure calibration of the film balance is essential for obtain-
ing high-quality data. Calibration methods commonly used for surface balances
equipped with Wilhelmy-type (direct measurement of surface tension) and
Langmuir-type (surface pressure differences) detection systems have been care-
fully compared (11). Equilibrium spreading measurements using trioleoylglyc-
erol, oleoylmethanol, trioctanoylglycerol, 1,3-dioleoylglycerol, and oleyl alcohol
provide accurate calibration (see Note 9).

Accurate surface area calibration as a function of the position of the moving barrier
is required to insure data that are independent of the number of molecules spread to
form the monolayer. Because of geometric irregularities and meniscus curvature at
that end of the trough, the moving barrier proportionality is not normally observed
between barrier position and geometrically estimated area. To ensure proportional-
ity, a calibration procedure has been described (12) (see Note 9).

Surface cleaning before and between runs is accomplished by multiple sweeps of
the barrier across the empty surface combined with aspiration of the compressed
surface (see Note 10).

Deposition of lipid onto the clean subphase surface is accomplished by dissolving
it in volatile solvent and carefully applying a precise amount to the surface using
a microsyringe. A gastight microsyringe (Hamilton 1700 series) equipped with a
Digital Syringe (Hamilton Co., Reno, NV) facilitates manual deposition onto the
subphase surface (see Note 11).

Solvent combinations particularly effective for spreading phosphoglycerides, sterols,
and sphingolipids commonly used for “raft” lipid studies are hexane/isopropanol/
water (70:30:2.5). hexane:ethanol (9:1), and toluene/ethanol (5:6).
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8. Complete evaporation of spreading solvent is needed before initiation of barrier
compression. Hexane-based solvents (~50 pL) require 4-5 min to completely
evaporate at room temperature.

9. Lipid films are compressed at a rate of <4 A2/mol/min to minimize the occurrence
of metastable phases.

10. Lipid stock concentrations must be known with great precision in order to accu-
rately assess the total molecules of deposited lipid. For lipids containing phosphate,
the Bartlett method is used (13). When the lipids contain no phosphate, quantita-
tion is achieved by gravimetric determination using a microbalance (e.g., Cahn
model 4700 [Cahn Instruments Inc., Cerritos, CA]).

3.2. Acquisition of Monolayer Isotherms Using the Surface Balance

In its most basic configuration, the monolayer film balance measures the sur-
face pressure as a function of available subphase surface area for a known number
of molecules of lipid amphiphile. The measurement is performed at constant
temperature and the resulting data is commonly referred to as a force-area or
surface pressure-area (1-A) isotherm. An isotherm is usually recorded by reduc-
ing the available surface area, i.e., laterally compressing the film, with a barrier
moving at a constant rate while continuously monitoring the surface pressure.
During compression, the isotherm sometimes shows discontinuities that indi-
cate transitions between monolayer phases differing with respect to their lateral
packing features. The observed phase behavior of the monolayer is determined
mainly by the physicochemical properties of the lipid amphiphile, the subphase
temperature, and the subphase composition. The two most commonly observed
monolayer states, the liquid-expanded and liquid-condensed monolayer states
are analogous to the liquid-crystalline and gel states in bilayers, respectively
(14). As with lipid bilayers, the monolayer-phase state for a particular lipid
species depends on the length and unsaturation of the hydrocarbon chain and
the bulkiness and charge state of the polar headgroup. An increase in the chain
length increases the attraction between molecules causing the m-A isotherm to
condense. In contrast, ionization of the lipid head groups induces repulsive
forces tending to oppose phase transitions.

Representative isotherms collected at 24°C for different “raft” lipids, each in
their pure state, are shown in Fig. 2. The SM isotherm shows liquid-expanded
behavior at molecular areas between 84 and 64 A%/mol, and then begins to pass
through a transition to a condensed, chain-ordered state. The onset of this hor-
izontal phase transition is very temperature-dependent (Fig. 3). As the temper-
ature is increased the surface pressure value at which the horizontal transition
phase occurs will increase and vice versa. The monolayer eventually reaches a
collapse point, characterized by either a rapid decrease in the surface pressure
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Fig. 3. The effect of temperature on 16:0 SM monolayers. Isotherms (from top to bottom
by 2D-phase transition) were measured at 30, 24, 20, 15, and 10°C for SM monolayers
containing palmitoyl acyl chains.
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or as a horizontal break in the isotherm (see Note 12). Markedly contrasting
responses are displayed by POPC and cholesterol, which show only liquid-
expanded and -condensed behavior, respectively, without any evidence of under-
going liquid-expanded-to-condensed phase transitions during compression at
room temperature until achieving collapse (Fig. 2).

3.3. Preparation of Monolayers Containing Raft Lipid Mixtures

1. To prepare lipid mixtures for spreading on the film balance, aliquots of the differ-
ent lipid stock solutions are combined to obtain the desired mole fraction of each
lipid component in the mixture (see Note 13).

2. The total lipid applied to surface of the film balance should allow for spreading to a
large average area per molecule after initial positioning of the compression barrier.
A general rule of thumb for monolayer spreading is to position the barrier to provide
a total surface area that exceeds the “lift off” area by at least 25 A%mol. For a given
monolayer, the “lift off”” area corresponds to the area per molecule when the surface
pressure can be detected, i.e., T = 1 mN/m. It must be determined empirically but is
typically 75-125 A%mol.

3. As the barrier sweeps the surface and compresses the lipid film, it is desirable to
achieve monolayer collapse before the total area gets too small. Doing so avoids
mechanical limitations associated with the surface pressure-detecting system and
the approaching barrier mounted to the edge of the trough and increases measure-
ment accuracy. This can be accomplished by applying sufficient lipid to the sur-
face so that monolayer collapse occurs at surface areas 225% of the total area
available when compression is initiated.

3.4. Analyses of Monolayer Isotherms

n-A Isotherms of raft lipid mixtures differ substantially from those of the
pure individual components. To obtain meaningful insights into the lateral
packing in the mixed lipid films, various analyses have been developed.

3.4.1. Average Area Molecular vs Composition Analysis

A classic way to detect lateral interactions among lipids is to examine how
changing composition affects the average molecular area within the mixed
monolayer. The average molecular areas observed in the experimental mixtures
are compared with the areas expected when one of the lipids replaces the other
at specified mole fraction in the binary mix at a specified surface pressure. The
expected areas are calculated by summing the molecular areas of the individual
pure components, apportioned by mole fraction in the mixture, using the
following equation:

A, = X, (Al) + (l_Xl)(AZ)

av
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Fig. 4. 16:0 SM-cholesterol average molecular area vs composition analysis. Plots
are shown for three different surface pressures in mN/m (5, squares; 15, circles; 30
triangles). The linear plots show the average molecular area obtained by calculation
using the molecular areas of pure 16:0 SM and cholesterol, each apportioned by mole frac-
tion. The nonlinear curves represent the experimentally observed areas for the mixtures.
Negative deviation from ideal additivity (linear plots) shows the condensing or order-
ing effect of cholesterol.

where A_, is the average molecular cross-sectional area in the mixed monolayer,
X, is the mole fraction of pure component 1, and A, and A, are the molecular
areas of pure components 1 and 2 at identical surface pressures. Experimental
average molecular areas that deviate negatively from the calculated molecular
area additivity, as a function of lipid composition reflect cross-sectional area
changes beyond what is expected by simply replacing a larger molecule with a
smaller molecule (Fig. 4). Consequently, negative deviation from area additivity
observed in the experimental mixture is often referred to as area condensation
and suggests intermolecular accommodation between lipids comprising the
mixed monolayer (see Note 14).

A particularly relevant example of intermolecular accommodation involving
lateral interactions of raft lipids is the “‘condensing effect” by cholesterol after mix-
ing with PC or SM (see refs. 15-19, and references therein). The ®-A isotherm of
pure cholesterol is highly condensed (Fig. 2), showing almost no change in
average molecular area with increasing surface pressure, and a cross-sectional
molecular area of approx 36.8 A2 at 30 mN/m, a surface pressure that approxi-
mates the membrane environment. This response shows that cholesterol is rigid
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and somewhat bulky compared with the cross-sectional area of an ordered hydro-
carbon chain (~19 A2). Mixing of the rigid cholesterol with phospholipids sig-
nificantly reduces the number of possible conformations of the phospholipid
acyl chains, thereby increasing chain order and decreasing phospholipid cross-
sectional area. For this reason, the negative deviations from area additivity
observed in the average molecular areas of cholesterol-PC and cholesterol-SM
mixed monolayers can be expressed in terms of the apparent area change of the
phospholipid (PL) using the following equation:

PL condensation = A, — [(Amix ~ (Ao Xenor))/ XPL]

where PL condensation units are A%/PL molecule, Ay, is the area per molecule of
the pure phospholipid, A,_;, is the average area per molecule of the PL/Chol
mixed monolayer, A , ; is the area per molecule of the pure cholesterol, and X , |
is the mole fraction of cholesterol in the mixed monolayer. Application of this
analysis to binary combinations of raft lipids (e.g., cholesterol and different
molecular species of PC or SM) provides insights into how surface pressure and
phospholipid phase state both affect the change in phospholipid cross-sectional
area brought about by lateral interaction with cholesterol (17-19) (see Note 15).

3.4.2. Analysis of Lateral Compressibility

The surface compressibility (Cy), i.e., lateral compressibility, of raft lipids,
in either pure or mixed monolayers, can be obtained from m-A data using:

i
A\OTm )r

where A is the area per molecule at the indicated surface pressure (7).
Mathematically, Cg values represent the first derivative function, multiplied by
the inverse area, and are calculated using routine software packages. When
binary combinations of raft lipids are studied, ideal additivity can be modeled
by apportioning the Cg value for each lipid (as a pure entity) according to both
molecular area fraction and mole fraction (19-21) (see Note 16). Thus, at a
given constant surface pressure (T),

Cs = (A (CaA)X, + (Cohy)X, |

where X, = (1 — X)) and Cy is additive with respect to the product (C A,) rather
than (C,) for either ideal or completely nonideal mixing. Deviations of experi-
mental values from calculated additivity provide evidence that the lipid compo-
nents of the mixed monolayers are partially nonideally mixed (20), in analogous
fashion to average area vs cholesterol composition plots.
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Fig. 5. Changes in surface compressional moduli (C.) induced on mixing of equimolar
cholesterol with PC or SM. Lower symbols represent the C, values of the pure lipids in
the absence of cholesterol. Upper symbols represent the experimentally observed C,
values for binary mixtures with equimolar cholesterol. The X along each line represents
the ideal C_, values calculated based on additivity of each pure lipid component in the
binary mlxtures All C_, values were determined at a surface pressure of 30 mN/m. The
notation X:Y refers to the acyl chain length in carbon atoms (X) and the number of cis-
double bonds (Y) present in the different molecular species of PC or SM.

To facilitate comparison with elastic moduli of area compressibility values
obtained in bilayer vesicles (22,23), the monolayer Cg values can be expressed in
reciprocal form (C,.), originally defined as the surface compressional modulus by
Davies and Rideal (24). Thus, (C_,) data provide insights into the lateral pack-
ing elasticity, i.e., ease/resistance to lateral compression, within the monolayer.
Because C_, analyses utilize information available in the slopes of the
isotherms, they are especially useful for evaluating the effects of cholesterol at
high surface pressures (see Note 17). Moreover, compared with area condensa-
tions, C, values are more responsive to subtle changes in lipid structure during
lateral interaction with cholesterol (Fig. 5). For more detailed descriptions of
the mechanoelastic properties of model membranes (22,23,25) and the applica-
tion of C_, analysis to “raft lipids” and their mixtures, readers are referred to
refs. 19 and 26-30.

3.4.3. Interfacial Potential

For lipids that exhibit fluid ©-A isotherms, the dipole potential changes lin-
early with the 2D concentration, is 1/A of lipid amphiphile, irrespective of the
surface pressure. From the slope and intercept of this line, two contributions to
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the potential can be obtained (10,12). One is the dipole moment, pu , which arises
from the vectorial component of lipid dipoles and associated water normal to the
interface. Note that if the lipid carries a formal charge, like diacyl phos-
phatidylserine or sulfated glycolipids, the charge and its associated counter-ions
in solution will also contribute to the value of yu, (see Note 18). The second
parameter, AV, is a constant potential difference, relative to water that arises
from the epitaxial ordering of all interfacial water by the presence of the lipid-
amphiphile in the liquid-expanded and more condensed monolayer phases.

Experimentally, in a lipid mixture showing no monolayer phase transition in
its m-A isotherm, the corresponding AV — 1/A isotherm is linear (31), similar to
that of pure lipid amphiphiles (see Note 19). Thus, an apparent value for each
of the two parameters can be obtained for any mixture. These can be compared
with ideal values for mixtures of AV and u, calculated from those of the con-
stituent lipids. Ideal values of the parameters for mixtures have been shown to
apportion on the basis of the area fraction and mole fraction of each constituent
in the mixture, respectively (31,32). Comparison of apparent parameter values
in mixtures with predicted ideal values can reveal interactions not evident from
area or compressibility analysis (31).

4. Notes

1. Argon or nitrogen gas is cleaned by passage through a seven-stage series filtration
setup consisting of an Alltech-activated charcoal gas purifier (Alltech Associates
Inc., Deerfield, IL), a LabClean filter, and a series of Balston disposable filters
(Parker Balston Products, Haverhill, MA) consisting of two adsorption (carbon)
and three filter units (93 and 99.99% efficiency at 0.1 um).

2. Water is purified by reverse osmosis, activated charcoal adsorption, mixed-bed
de-ionization, and then passage through a Milli-Q UV Plus System (Millipore Corp.,
Bedford, MA), and filtration through a 0.22-um Millipak 40 membrane (Millipore
Corp., Billerica, MA).

3. Solvent and buffer purity can be assessed by dipole potential measurements using
a 2!1%Poionizing electrode (London Co., Cleveland, OH) (33).

4. Primulin is a particularly sensitive and nonspecific detection spray for analyzing
lipid purity after thin-layer chromatography. Plates are sprayed with a 0.001%
solution of primulin (Sigma-Aldrich, St. Louis, MO), dissolved in acetone:water
(4:1), and viewed under long-wave ultraviolet light after evaporation of the acetone
from the thin-layer plate.

5. Solvents particularly effective for storing lipids as stock solutions for long periods
(>1 yr) at —20°C without any evidence of degradation are hexane:isopropanol: water
(70:30:2.5), toluene:ethanol (1:1), and hexane:ethanol (9:1).

6. Occasional etching of Teflon surfaces that are exposed to water with a solution of
metallic sodium/naphthalene (Chemgrip Treating Agent, Norton Performance
Plastics, Wayne, NJ) increases their wettability and decreases nondesired adsorp-
tion with some proteins and lipids (34,35).
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7.

10.

11.

12.

13.

14.

15.

When using the Wilhelmy plate method for determination of surface tension, the
material comprising the plate must be carefully selected to ensure accuracy and
avoid artifacts. Momsen et al. (11) have shown that nichrome used as a wire
configuration provides many advantages over other materials (e.g., platinum,
glass, and filter paper) used in the more common plate configuration. An example
of the difficulties and artifacts encountered using the Wilhelmy plate method is
provided in studies of lignin monolayers (36).

Highly reproducible setting of the subphase level is accomplished by slightly over-
filling the trough and then reducing the subphase level using a firmly mounted
home-built aspirator device consisting of a narrow-gauge tube (e.g., hypodermic
needle and tubing attached to a vacuum source). As the subphase level decreases,
loss of contact with the sipper needle ensures uniform and reproducible setting of
the subphase level (37).

Surface pressure and area calibration of the surface balance can be accomplished
with great precision using procedures detailed in Momsen et al. (11) and Smaby
and Brockman (12).

Some lipids tend to be more difficult to clean from the surface by simple repeti-
tive sweeps of the barrier. In such instances, repeatedly spreading a fluid-phase
lipid (e.g., POPC) and having the barrier/aspirator system sweep it off the surface
usually helps remove the residue.

To achieve highly reproducible spreading of lipid samples, the film balance can be
equipped with a modified high-pressure liquid chromatography auto-injector
(Beckman/Altex 500 autosampler, Beckman Coulter Co., Fullerton, CA) for dep-
osition of lipids onto the surface. This also allows for multiple samples to be run
in succession when combined with automated cleaning sweeps of the barrier
between runs (37).

For a comprehensive review of the monolayer properties of various glycosylated
and nonglycosylated sphingolipids, readers are referred to Maggio et al. (38).

To obtain accurate and reproducible mixing, Hamilton digital syringes (Hamilton
Co., Reno, NV) are used.

The magnitude of the area condensation should not be used as a sole measure of
lateral affinity of cholesterol for different membrane lipids, as is sometimes found
in the literature. One must also consider the lipid packing density (area/molecule)
before and after mixing with cholesterol to arrive at meaningful conclusions. For
further discussion, see ref. 18.

Monolayers at high surface pressures (e.g., ® = 30 mN/m) approximate the bio-
membrane environment (39). However, accurate quantitation of small changes in
absolute lipid area at high surface pressures is extremely challenging and beyond
the practical capabilities of most surface balances. To circumvent this challenge,
investigators sometimes extrapolate to the biomembrane situation using data
obtained at low surface pressures because the area condensations are much larger
and more easily measured. Such extrapolations are prone to inherent caveats
because of the complex and nonlinear relationship that exists between the area
condensation and surface pressure for phospholipids with different acyl structures.
For further discussion, see ref. 19.
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16. Derivation of the relationships governing the surface compressibility functions in
binary mixtures of lipids show that both the mole fraction and area fraction contri-
butions of each pure species must be considered when calculating ideal additivity
response (19,20).

17. For m-A isotherms, approx 1200 data points to construct an isotherm are routinely
collected. To calculate a C_, value, a 100-point sliding window that utilizes every
fourth 1-A data point before advancing the window one point is used. The reliability
of the window size for the calculated C_., values is checked by reducing the win-
dow size two- and five-fold. The resulting C_, values are used to construct C, vs
average molecular area plots. High C_, values correspond to low lateral elasticity
among packed lipids forming the monolayer. The standard errors of the C_,
values are about 2%. At 30 mN/m pure cholesterol forms highly condensed
monolayers characterized by a C_, value near 1540 mN/m; whereas liquid-
expanded POPC has a C_, value near 122 mN/m. The C_, values of PC-cholesterol
and SM-cholesterol mixed monolayers are strongly affected by PC and SM acyl
structure. When mixed with equivalent high-cholesterol mole fractions, PCs and SMs
with saturated acyl chains have much higher C_, values (lower lateral elasticity) than
PCs (and SMs) with unsaturated acyl chains consistent with cis-double bonds acting
as interfacial “springs” that mitigate the capacity of cholesterol to reduce lateral elas-
ticity (Fig. 5). For further discussion, see refs. 19 and 26-29.

18. The charge contribution to the dipole moment can be almost completely elimi-
nated by raising the p/ of the subphase buffer (e.g., including 2100 mM NaCl).

19. With highly condensed films consisting of pure raft lipids, for example, choles-
terol or ceramide, the analysis of dipole potential within the context of constituent
components, y, and AV, becomes complicated because of the small area change
associated with large changes in surface potential. In such instances, useful infor-
mation can still be obtained from simple comparison of dipole potentials without
separate component analysis of p, and AV,,. A recent example involves ceramide and
a series of related structural analogs (40). The presence of the 4-5 trans-double bond
or a triple bond in the sphingosine backbone of ceramide was found to make a
large contribution to the dipole potential of the molecule. Interestingly, the biolog-
ical activities of ceramide and its analogs are largely lost if the double bond is
moved even one carbon atom along the sphingosine chain, a change that substan-
tially alters the molecular dipole potential (40).

5. Epilogue
Over the past two decades, surface balances have evolved from free-standing

instruments for direct measurement of lipid lateral interactions (7t-A) isotherm
into basic platforms used in concert with other technological approaches.

1. Supported monolayers/bilayers: supported monolayers or even multilayers can be
deposited stepwise onto a solid substrate surface by passing it through a lipid mono-
layer while keeping the surface pressure constant (41,42). Such films have been used
in combination with atomic force microscopy to study raft lipids mixtures (43,44).
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2.

Epifluorescence microscopy: mounting of a surface balance onto the stage of an
epifluorescence microscope enables the distribution patterns of trace amounts of
lipids containing covalently attached reporter fluorophores to be monitored within
the lipid monolayer. Because the lipid fluorophores tend to partition nonuniformly
among monolayer regions of differing lateral packing density, their lateral distri-
bution patterns can be visualized (2,4-6,45,46). This technology has been espe-
cially useful for definitive detection of critical points and domains among various
lipid mixtures involving cholesterol and has facilitated construction of phase dia-
grams for ternary mixtures of “raft” lipids (47-49). For more on the application of
epifluorescent microscropy to model membranes, see Chapter 12 in this book by
Sarah Veatch.

Fluorescence spectroscopy: surface balances can now be equipped with laser
and fiberoptic technology to directly measure lipid fluorophore intensity in lipid
monolayers (50). Monolayer studies of 4, 4-difluoro-4-bora-3a, 4a-diaza-s-indacene
(BODIPY-PC) indicate that this technology holds promise for providing nanoscale
insights into the nonideal mixing behavior of “raft” lipid mixtures, thus considerably
increasing resolution compared with epifluorescence microscopy. Moreover, this
same technology now provides a means for assessing the real-time adsorption of
proteins to lipid monolayers from the subphase by monitoring the increase in the
intrinsic emission intensity of tryptophan/tyrosine (or covalently attached extrinsic
fluorophores) at the monolayer surface (51,52).
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Electro-Formation and Fluorescence Microscopy
of Giant Vesicles With Coexisting Liquid Phases

Sarah L. Veatch

Summary

Giant unilamellar vesicles (GUVs) are routinely used to study coexisting liquid phases in
bilayer membranes. Liquid domains are observed in a wide variety of ternary GUV membranes
containing phospholipids and cholesterol, and are thought to model raft domains in cell mem-
branes. GUVs are attractive model systems because vesicles are easily prepared using standard
and inexpensive laboratory equipment, and phase-separated vesicles can be visualized using opti-
cal microscopy. In this chapter, a detailed method is presented to form and view 10-100-um
diameter single-walled vesicles of charged or uncharged lipid mixtures. GUVs can be visualized
by fluorescence microscopy and methods are presented to measure miscibility transition temper-
atures and to distinguish solid (gel) and liquid domains. Numerous experimental artifacts associ-
ated with GUV preparation and viewing are discussed, including the effects of nonideal growth
conditions and perturbations of fluorescent probes and other impurities.

Key Words: Cholesterol; lipid rafts; liquid immiscibility; liquid-disordered phase; liquid-
ordered phase; miscibility transition.

1. Introduction

Over the past several years, many groups have used fluorescence
microscopy of giant unilamellar vesicles (GUVs) to study lipid organization in
membranes containing coexisting phases (1-9). In 2001, Dietrich et al. (2)
visualized two macroscopic liquid phases in giant vesicles by fluorescence
microscopy, and proposed that such systems provide a useful tool for studying
lateral organization in cell membranes. Since then, much effort has gone into
characterizing the miscibility transition in vesicles, and a great deal has been
learned about phase diagrams (10—12) and other membrane physical properties
(7,13,14). In addition, investigators are developing methods to prepare vesicles
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Fig. 1. A single GUV prepared through electroformation and imaged using fluores-
cence microscopy. Two coexisting phases are visible on the vesicle surface as indicated
by the lateral distribution of a fluorescent probe. Using a x40 objective, the (A) top sur-
face, (B) equatorial plane, and (C) bottom surface of the same vesicle can be imaged
independently. Bar = 20 pm.

containing membrane-bound proteins (15-17), actin networks (18), and com-
plex lipid compositions (19) in an attempt to construct more biologically rele-
vant model systems. Despite this effort, many questions remain regarding how
to draw biological conclusions from results in vesicles (6,20,21). Aside from
its potential biological relevance, the miscibility transition in GUVs is a rich
field of study from a material physics perspective. Liquid phases in vesicles
exhibit many phenomena, like previously studied three-dimensional systems
such as spinodal decomposition and critical fluctuations (11,22).

The aim of this chapter is to present a detailed method for preparing electro-
formed GUVs and imaging them by fluorescence microscopy (Fig. 1). This is
an attractive experimental strategy for studying lipid organization because it is
easy to implement with standard and inexpensive laboratory equipment.
Numerous experimental artifacts that are associated with GUV preparation and
viewing will also be discussed. In particular, users should be aware that the
composition (and thus the phase behavior) of electroformed vesicles could be
dependent on the growth conditions. In addition, fluorescent probes and other
impurities can modify transition temperatures. Finally, care must be taken to
protect vesicles containing unsaturated lipids from oxidation, both in prepara-
tion and when viewing by fluorescence methods.

The method described next can be used to prepare 10-100-um diameter
single-walled vesicles of charged or uncharged lipids in water or nonionic solu-
tion. This method is based on two original articles (23,24), and has been mod-
ified to increase the yield and compositional uniformity of the prepared vesicles
(6,11). This assay is easily accomplished using phosphatidylcholine (PC) lipid
components in the liquid-crystalline state (e.g., egg PC, POPC, and diphytanol
PC). It is also possible to prepare lipid mixtures that contain other lipid headgroups



Fluorescence Microscopy 61

(23), or that undergo phase transitions above room temperature. Giant vesicles
can be prepared with significant fraction (>5%) of charged lipids without the
application of an Ac electric field (e.g., see ref. 4).

2. Materials

L.

Lipids and probes in chloroform stock solutions. Recommended stock concentrations
are 10 mg/mL for lipids and 1 mg/mL for probes. Store lipids at < —20°C in tightly
sealed glass vial with Teflon-lined lid. Verify lipid concentration before using.

2. Hamilton syringes (Hamilton Co.) (glass) for measuring volumes of organic solvent.

3. Indium tin oxide (ITO)-coated glass microscope slides or cover slips. Slides can
be ordered from Delta Technologies, Limited (CG-90IN-S115). ITO-coated slides
are also available from multiple other manufactures, or can be produced in-house
by sputtering.

4. Multimeter capable of measuring resistance and AC voltage.

5. Simple mechanical vacuum pump with cold trap and chamber.

6. Teflon spacers (~5 x 25 x 0.39 mm?). If a spacer is used of a different thickness,
a different AC voltage may need to be applied.

7. Vacuum grease (e.g., Dow Corning silicone high-vacuum grease).

8. Parafilm. (American National Can)

9. Binder clips.

10. Purified water or nonionic osmolite (e.g., sucrose) for hydrating vesicles. Ionic
buffers can be used when preparing vesicles with charged lipids.

11. Signal generator with sign wave output. Minimal power (current) is required.

12. Simple aluminum sheet metal “bus bars” for attaching multiple growth chambers
in parallel. These can often be found in an instrument shop scrap bin.

13. Oven or incubator capable of maintaining 60°C.

14. 1-mL syringe with 22+ gauge needle for extracting vesicles from growth chamber.

15. Fluorescence microscope with x10 and x40 objective.

16. Digital camera for acquiring images.

17. Peltier-based temperature-controlled microscope stage. These are available commer-
cially, or can be assembled using a peltier device, thermistor, and (proportional
integral derivative) PID-based temperature controller (25).

3. Methods

3.1. Preparing GUVs

1.

Measure lipids and probe from chloroform stock solutions to desired lipid compo-
sition using glass Hamilton syringes. Lipids can be mixed in small glass test tubes
that have been rinsed with chloroform. At least 0.25 mg of total lipid should be
used for each preparation (see Note 1). Final concentration in chloroform should
be approx 5-10 mg/mL. If excess solvent is present, it should be evaporated at this
step. If the volume of solvent used in step 2 is too great, the slide will cool signif-
icantly during lipid deposition. Generally, 0.5 mol% probe is incorporated into
vesicles (see Note 2).
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Prepare and clean the conducting face of two ITO-coated microscope slides. One
80 x 25 mm? microscope slide can be scored with a diamond-tipped scribe and
broken into two 40 X 25 mm? pieces to make the two plates for the capacitor. The
slides should be wiped free of dust and glass shards with a lint-free wipe. If
desired, slides can be cleaned gently with ethanol, but more aggressive cleaners
could damage the conducting layer. Measure the resistance across the surface to
determine which side of the slide is conducting. The uncoated side will give a
large resistance reading (>1 MQ) whereas the coated (conducting) side will regis-
ter a small resistance (<1 kQ). It is preferable to use a new slide for each prepara-
tion. Results may vary if slides are cleaned and reused, and slides should not be
reused more than five times, as ITO film degradation occurs.

Deposit the lipid/chloroform solution on the conducting face of a clean, ITO-coated
slide using a glass pipet rinsed with chloroform. Hold the slide in one hand and
push the solution evenly back and forth over the slide using the side of the pipet
until it dries. This will spread the lipids into a thin and uniform film. Alternatively,
lipids can be deposited by spin-coating, although results are similar with both
methods. The deposited film can be rough and crystals can form during the drying
process when high-melting temperature lipids are used (especially in the presence
of cholesterol) (26). For these samples, heat the slide with the rough dried lipid
layer to 60°C for approx 5 min. Add a single drop of chloroform (also heated) and
respread the lipid mixture. This results in a more uniform distribution of lipids. The
lipid layer is uniform when it is mostly transparent and interference lines can be
seen through the lipid layer. The slides can be labeled on the nonconducting face.
Place lipids under partial vacuum for at least 30 min to remove any excess solvent.
Longer evaporation times are not necessary because only a small quantity of lipid
is used. If leaving lipids for longer times (>2 h), backfill with argon or nitrogen to
prevent oxidation of unsaturated lipids (see Note 3).

Coat the two long sides on the conducting face of both the lipid-coated and the
lipid-free capacitor plates with thin layers of vacuum grease the width of the Teflon
spacer (~5 mm) (see Note 4). The vacuum grease is used to join the slides with the
Teflon spacers to reduce evaporation. Assemble capacitor so that the two conduct-
ing faces are facing inward and are separated by the two Teflon spacers (Fig. 2A).
Maintain an overhang of more than 5 mm at the short edge so that slides can be
easily attached to voltage. Use the binder clips to clamp the sandwich together.
Fill clamped chamber with purified water, sucrose solution, or desired buffer
(see Note 5). Growth chambers can be filled using capillary action and gravity. Fill
from one side as in Fig. 2B. Do not overfill so that water rinses through the other
side. This will wash lipids from the chamber and reduce yield. Once the chamber
is mostly full, seal off one open side with vacuum grease. Tap the growth cham-
ber on a hard surface with the recently sealed end pointing down to free any air
bubbles. Finish filling the chamber from the remaining open side and seal with
vacuum grease without trapping air bubbles. Trapped air bubbles that migrate dur-
ing vesicle growth will reduce yield. Wrap the recently sealed ends with a thin
piece of parafilm to give the sandwich structural support and to further prevent
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Fig. 2. (A) Schematic of capacitor growth chamber made of two ITO-coated glass
slides and two Teflon spacers. (B) Growth chambers can be filled from one open end
using capillary action. (C) Image of complete growth chamber. (D) Three chambers
connected in parallel using aluminum bus bars.

evaporation. Again, ensure that enough space is left uncovered on the two ends to
make good electrical connections. Clean excess vacuum grease from chamber
ends with ethanol. A completed growth chamber is shown in Fig. 2C.

7. Make an electrical connection with either side of the capacitor. If only a single
vesicle composition is prepared, an electrical connection can be made by directly
attaching alligator-clip leads from the signal generator to the two capacitor places.
If multiple compositions are prepared in parallel, line up the capacitors between
two long aluminum bus-bars and connect with binder clips as in Fig. 2D. Each
bus-bar can then be connected to the signal generator leads. Use a multimeter to
ensure the connection between bus-bars and capacitor is low (R < 150 Q). If the
resistance is high, clean the bus-bars and slide ends with ethanol and remove any
remaining vacuum grease or parafilm on the capacitor edge. Warped bus-bars can
also increase connection resistance and should be replaced.

8. Place growth chambers in a 60-65°C oven or incubator and make final electrical
connections to the signal generator (see Note 6). Set the signal generator to out-
put a sinusoidal wave of 1 V and 10 Hz and verify at the capacitor leads (or bus-
bar) with the multimeter. Alternate voltages and frequencies may also be used, but
this is a good starting point for optimization. Grow vesicles in oven under this AC
electric field for between 1 and 3 h (see Notes 7-9). Vesicle growth reaches a
steady state after approx 1 h for most lipid compositions (23). If desired, the
growth progress can be monitored under a microscope (Fig. 3A).

9. When vesicle growth is complete, detach growth chamber from voltage and
remove binder clips. Vesicles can be slowly removed from growth chamber using
a plastic 1-mL syringe with a no. 22 needle (see Note 10). The 22-gauge needle is
big enough to break apart the slides to eliminate suction when removing vesicles,
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Fig. 3. Fluorescence micrographs of egg PC GUVs (A) Growing on an ITO-coated
glass slide and (B) After extraction and dilution. Vesicles in A have a uniform radius
because they are imaged at a specific distance from the slide surface. Bars = 50 pm.

10.

3.2

whereas leaving the overall structure of the growth chamber intact. Narrower
needles may lead to vesicle breakage from larger hydrodynamic forces. Draw the
vesicle mixture into the syringe. Put the contents of the syringe into a secondary
storage container. Vesicles can be diluted in warm growth solution, or any other
isotonic solution heated to the growth temperature. Sudden changes in tempera-
ture may break delicate vesicles.

Vesicles should be stored in a secondary container at elevated temperature for not
more than 4 h (see Note 7). If longer storage times are necessary, vesicles can be
stored in the growth chamber at room temperature for up to 1 wk. Ideally, vesicles
should be used immediately after preparation, as lipid degradation or other long-
time equilibration effects (such as one component preferentially coating the con-
tainer walls) can lead to erroneous results.

Viewing GUVs by Fluorescence Microscopy

Vesicles can be viewed by placing 10-60 pL of diluted vesicle solution between two
cover slips and sealing with a layer of vacuum grease (see Note 11). The vacuum
grease provides a thin spacer while sealing against evaporation. Thicker spacers will
lead to convection currents in the vesicle sample, and gaps in the seal will lead to
vesicle motion in a specific direction. If the spacing between cover slips is too small,
or vesicles are large, GUVs can rest directly on the slide surface as in Fig. 4E,F. If
excess pressure is applied, vesicles can burst and deposit on the glass surface.

Miscibility transition temperatures can be measured by monitoring the distribu-
tion of a fluorescent probe (see Note 12) while varying the temperature of a
microscope stage (see Notes 13-16). At high temperatures, vesicles are in one
uniform phase. When temperature is lowered, certain ternary lipid compositions
containing high melting temperature (7)) lipids, low T, lipids, and a sterol such
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Fig. 4. (A,B) Liquid domains collide and coalesce to form larger circular domains.
Micrographs are of the same vesicle imaged 1-s apart and colliding domains are indi-
cated by arrows. (C) Most vesicles with liquid domains eventually completely phase
separate into one bright and one dark region (in minutes to hours). (D) Gel domains can
be faceted and do not coalesce on collision. (E,F) Large vesicles can rest and partially
bind to the cover slip surface.

as cholesterol will separate into two liquid phases (2,6,11). Initially, domains are
small (~1 wm), and in time, domains collide and coalesce to form larger domains
(Fig. 4A,B). In most cases, vesicles completely phase separate into one bright
and one dark domain as in Fig. 4C.

3. Liquid phases are distinguished from solid phases based on domain morphology
and lipid mobility. Circular liquid domains coalesce on collision to form a single,
larger circular domain within seconds (Fig. 4A,B). In contrast, domains that con-
tain gel phase lipids can be faceted and do not coalesce, or coalesce slowly on col-
lision (Fig. 4D). Gel domains can be circular; therefore, it is important to view a
collision event to distinguish gel and liquid domains.

4. Vesicles are best viewed with either a X10 or x40 objective. This makes it pos-
sible to view a large area of the vesicle surface (Fig. 1) with short integration
times. A second X2 lens can be used before the camera to properly match the
image resolution afforded by the microscope objective to the pixel size of the
camera CCD chip.

4. Notes

1. The final lipid composition of electroformed vesicles is dependent on the density
and uniformity of the lipid film. Sparse and inhomogeneous lipid films lead to
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Fig. 5. GUV transition temperatures depend on the method of vesicle preparation
for membranes of 1:1 dioleoylphosphatidylcholine/dipalmitoylphosphatidylcholine
(DOPC/DPPC) +35% cholesterol. (A) Miscibility transition temperatures are lower and
errors are larger when vesicles are grown at temperatures significantly below 60°C,
particularly below the melting temperature of DPPC (41°C). (B) The miscibility transi-
tion temperature is lower in vesicles made from scant lipid films. For this lipid compo-
sition, 0.25 mg of lipids is equivalent to 3.9 x 10~"moles. Lipid films were spread over
an area of ~5 cm?.

a broad distribution of compositions between vesicles in the final preparation.
Vesicles made from sparse films may also have an average composition, which
differs from that of the lipids mixed in solvent (Fig. 5B).

2. The presence of fluorescent probes can alter phase behavior of membranes with a
miscibility transition, and should be used sparingly. By ?H nuclear magnetic
resonance, membranes with 0.5 mol% probe can have higher transition tempera-
tures than membranes without probe, and coexisting phases can have different
lipid compositions Veatch, S. L., S. S. Leung, R. E. Hancock, and J. L. Thewalt,
Fluorescent probes alter miscibility phase boundaries in ternary vesicles, J. Phys
Chem B, 2007. 111 (3):P. 502—4. Different probes can have different effects.
Currently, the effect of probes is being characterized, but it is likely related to
well-known effects of impurities on miscibility transitions in three-dimensional
liquid mixtures (e.g., ref. 27).

3. Unsaturated lipids contain double bonds in the hydrocarbon chains, which are sus-
ceptible to oxidation in the presence of activated oxygen species. Monounsaturated
lipids are stable as dried lipid films for hours, but should be kept in an oxygen-
free atmosphere as much as possible if being stored for longer time periods.
Polyunsaturated lipids must be handled exclusively in a low-oxygen atmosphere.
Oxidation of unsaturated bonds can be accelerated in the presence of bright light
(photo-oxidation).

4. Vacuum grease is used to seal the growth chamber and protect against water evapo-
ration. It is possible that a small fraction of grease incorporates into GUVs and alters
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phase behavior, although vacuum grease was not observed in vesicles analyzed by
mass spectrometry (less than ~1%; unpublished observations). Also see Note 11.
Vesicles prepared through electroformation must be grown in nonionic solutions.
In the presence of salts, vesicle yields are vanishingly low and salts can deposit on
the capacitor plates. Vesicles can sometimes be grown in low-salt conditions and
in low-p/ buffers (such as HEPES as in ref. 9). Alternately, vesicles can be grown
in a nonionic osmolite (such as sucrose), and then diluted in an isotonic salt or
buffer solution (e.g., 300 mM sucrose diluted in 150 mM NaCl). Vesicles grown in
sucrose and diluted in buffer sink in a gravitational field and give vesicles contrast
in differential interference contrast (DIC) images (28,29) (see also Note 17).
Vesicles should be grown at a temperature well above the transition temperature
of the highest T lipid in the sample. In some cases, miscibility transition temper-
ature can exceed this T, and vesicles should be grown at still higher temperatures.
If growth temperatures are comparable with transition temperatures, the vesicles
produced have less uniform lipid compositions and the mean transition tempera-
ture can be altered as shown in Fig. SA. When vesicles are grown at too high a
temperature, water can significantly degas and form bubbles in the chamber. Also
lipid degradation is accelerated at elevated temperature. Water (or buffer) can be
degassed before use when higher growth temperatures are required (see Note 18).
Vesicles should not be grown or stored at elevated temperature for extended time
periods, as degradation can occur. Vesicles ideally should be used 1 h after apply-
ing voltage, but can be held at 60°C for about 4 h. Vesicles stored at high temper-
ature for longer time periods can have altered transition temperatures, and in some
cases, gel domains form in vesicles that contain only liquid phases after short stor-
age times. Some GUV protocols require overnight incubation at 60°C (e.g., see
refs. 4 and 17). It is found that vesicles stored overnight at high temperature often
have altered phase behavior.

When preparing vesicles with charged lipids, the preceding procedure can be used
without the application of the Ac field. As a result, vesicles with about more than
5 mol% charged lipids can be grown on nonconducting glass microscope slides
with high yields. An advantage of the protocol outlined here for charged lipids is
that yields are high and swelling is accomplished after shorter incubation times
(1-2 h) than in previously published protocols (4,17). Ac fields can be used to
accelerate swelling of lipid films with charged lipids, although in many cases
yields are lowered and different vesicle morphologies are observed (23). Charged
vesicles swelled in the absence of Ac fields can be grown in ionic solutions.
GUVs can be made of Phosphatidyl-ethanolamine PE lipids, but care should be
taken to grow vesicles at a temperature well below the inverse hexagonal transi-
tion temperature. In some cases, incorporating Phosphatidyl-ethanolomine PE
lipids reduces overall yield of GUV preparations (23).

Vesicles should be detached from growth surface before investigating, as there
is evidence that GUVs remain in contact with the lipid film and with neighbor-
ing vesicles (24).

It is not known if the presence of vacuum grease influences the phase behavior of
GUV membranes. In some cases, phase-transition temperatures differ between



68

Veatch

12.

13.

14.

Fig. 6. Miscibility transition temperatures vary between vesicles in a single GUV
preparation owing to slight variations in lipid composition. At 30°C, all vesicles of 2:1
diphytanoyl PC/DPPC + 50% cholesterol are in one uniform phase. At 25 and 15°C, a
fraction of vesicles contain coexisting liquid phases (arrows). In this sample, all vesi-
cles are phase separated at 10°C. Bar = 50 um.

vesicles in the center and edges of the cover slip. This could be owing to the pres-
ence of impurities in membranes, to increased light levels near the edges from
reflection, or some other process. Transition temperatures should be measured only
in vesicles away from coverslip edges.

Most fluorescent probes preferably partition into the liquid-disordered (L) phase
when L, and liquid-ordered (L ) phases are present. In general, short chain probes
(e.g., DIIC12, Molecular Probes), probes with large fluorescent groups in the
headgroup region (e.g., Texas-Red, Molecular Probes; DPPE), or lipids labeled in
the hydrocarbon chains (e.g., Bodipy-PC), partition strongly into L, whereas
longer chain probes (e.g., [Molecular Probes] DilC18, Molecular Probes) and
lipids labeled with small fluorescent groups in the headgroup region (e.g.,
[nitrobenzox-adiazole] NBD-DPPE, Avanti Polar Lipids), partition more weakly
between phases. It is reported that certain hydrophobic probes preferably partition
into the L  phase (e.g., perylene), although partitioning is generally weaker and it
is acknowledged that partition coefficients can be composition and temperature
dependent (7,17). Cholera toxin bound GM1 is often used as a marker of L  phase
lipids, but cholera toxin binding can alter miscibility transition temperatures (17),
and GM1 partitioning between phases (30). It is also possible to use probes that
partition into both phases, but for which spectral properties depend on the local
lipid environment (e.g., Laurdan, Molecular Probes) (31,32).

There is an inherent distribution of compositions between vesicles in a single
GUV preparation (6,10), thus care must be taken when measuring and reporting
transition temperatures. The temperature range is reported over which vesicles
phase separate in a given sample preparation (Fig. 6).

In GUVs, photo-oxidation of lipids in the presence of light can raise the miscibil-
ity transition temperature and induce phase separation in vesicles held at constant
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Fig. 7. GUV morphologies that are not typically discussed in the literature. (A,B)

Strings or tubes are often connected to electroformed vesicles, and can increase in num-
ber with storage. (C,D) GUVs can form complex shapes even in the absence of phase sep-
aration. (E,F) Phase-separated GUVs can have interesting morphologies, owing either to
differences in bending rigidity between phases and line tension effects. (G) Occasionally,
domains do not coalesce even in the absence of visible curvature. (H) In select cases,
domains can be unevenly distributed in vesicles for an unknown reason. Bars = 20 um.

15.

16.

17.

temperature (6,10). Care must be taken to avoid photo-oxidation related effects,
especially in the presence of bright light (as in confocal microscopes). For example,
minimize light exposure time and use the lowest possible light levels. Also, ensure
that transition temperatures are the same in different regions of the sample and
avoid the use of unsaturated lipid probes. Oxygen scavengers can be used to
decrease photo-oxidation, but controls should be conducted to ensure that these
molecules do not alter vesicle phase behavior. Photo-oxidation makes it difficult
to observe critical fluctuations for extended time periods in membranes containing
unsaturated lipids (22).

It is common to observe “strings” attached to vesicles after electroformation as in
Fig. 7A,B. Strings may attach the vesicles to the growth surface during swelling,
or can form after membranes are extracted. Nonspherical vesicles are also
observed in some cases, even in the absence of phase separation as in Fig. 7C,D.
Phase separation can stabilize complex structures in GUVs as in Fig. 7TE.H (7).
Immediately after preparation, GUV membranes are under tension (24). In time
(hours) vesicles relax and mechanical fluctuations are observed. Vesicle surface
pressure can be modulated by varying the osmolarity of the surrounding liquid
(24). When vesicles are under tension, liquid domains rarely bud from the vesicle
surface. Budding is more likely to occur if vesicles prepared in water are stored
for extended times below their transition temperature, or if vesicles are immersed
in a solution, which reduces surface tension.

GUVs grown in sucrose and resuspended in philological salt will deposit onto
untreated glass surfaces as in Fig. 8. Cover slips can be blocked with bovine serum
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Fig. 8. (A) Vesicles grown in sucrose and resuspended in phosphate-buffered saline
quickly deposit on untreated glass surfaces, whereas (B) Vesicles suspended in sucrose do
not. Arrows in A indicate deposited vesicles. (C) Blocking the surface with bovine serum
albumin or skim milk prevents vesicle deposition in the presence of physiological salt.

18.

albumin, skim milk, or hydrophilic polymers to reduce interaction with the surface.
Blocking agents can be lipophilic and can alter transition temperatures.

No published study has carefully characterized the composition of electroformed
GUVs over arange of experimental conditions. Investigators should be conscious
that certain lipids may not completely partition into vesicles. For example, it is
difficult to grow vesicles containing certain lipids well above their chain-melting
temperatures (such as long chain sphingomyelin (SM) lipids or ceramides), and
low-growth temperatures can lead to a broader distribution of lipids between
vesicles and altered mean transition temperatures (Fig. 5). Also, there is a limited
solubility of certain lipids (e.g., some sterols) in bilayers that can depend on the
method used to prepare vesicles (33). Finally, there are concerns that the presence
of the Ac electric field itself could lead to degradation of lipid components. Lipid
compositions are verified by mass spectrometry and thin-layer chromatography
(11,26), but more rigorous studies are necessary to probe for minor components
in electroformed vesicles.
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Fluorescence Correlation Spectroscopy

Kirsten Bacia and Petra Schwille

Summary

Fluorescence correlation spectroscopy (FCS) is a technique that allows for an extremely sen-
sitive determination of molecular diffusion properties, down to the level of single molecules. It
thus provides an attractive alternative to FRAP, requiring much less laser power and lower con-
centrations of fluorophores. FCS has recently been applied on live cells, and in comparison on
domain-forming model membrane systems, to systematically study the influence of cholesterol
on local membrane structure by investigating the mobility of selected lipid probes. The findings
demonstrate the ability of FCS to sensitively distinguish between different local lipid structures,
and emphasize the value of model systems for understanding membrane dynamics in general.

Key Words: Confocal microscopy; diffusion; fluorescence fluctuations; giant unilamellar
vesicles; liquid-disordered; liquid-ordered; single molecules.

1. Introduction

Fluorescence correlation spectroscopy (FCS) was first devised in the early 1970s
as a fluctuation analysis to be applied on small ensembles of fluorescently labeled
molecules (). Its underlying idea is to confine the observation volume by focus-
ing light down to the optical resolution limit, and simultaneously work at concen-
trations well below micromolar. In this way, molecular dynamics such as diffusion,
structural relaxation, and interaction between different species can be observed
with extremely high accuracy and at minimal interference with the molecular
system. In the past years, the instrumental similarity between FCS, applied in
confocal geometries, and laser scanning microscopy has triggered a series of
intracellular FCS studies, which first yielded exact mobility analysis in cellular
compartments (e.g., refs. 2—4) and have recently been aiming at quantitative
studies of enzymatic activity (5) and protein—protein interactions in situ (6-8).

With respect to the analysis within cellular substructures, the plasma mem-
brane, probably together with the nucleus, is one of the best environments to apply
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FCS to, because their sizes are comfortably larger than the focal measurement
volume of roughly a femtoliter (um?). Studies of membrane diffusion were
among the first applications of FCS (9-11). Recently, the raft hypothesis has
triggered a large number of studies devoted to the possibility of distinguishing
different modes of molecular mobility, i.e., diffusion coefficients, on heteroge-
neous membranes using various optical techniques (12—14). It is widely assumed
that on association with lipid rafts, proteins and lipids undergo considerable
changes in their diffusion characteristics, in the extreme case a full immobi-
lization. FCS would in principle be a perfectly suited technique to address this
phenomenon, with the only limitation that rafts are assumed to be well below the
optical resolution limit, and that a standard FCS measurement on a fragmented
plasma membrane always spatially averages over rafts and the surrounding “non-
raft” membrane patches.

To shed light on the principal difference in local fluidity between membranes
of different lipid compositions, e.g., more fluid (liquid-disordered) domains of
unsaturated glycerophospholipids, and liquid-ordered domains containing
sphingolipids and cholesterol, model membrane systems have recently been
used to help the understanding of cellular FCS data, and to establish a frame-
work of reference for quantitative measurements on membrane systems in gen-
eral. The most prominent of these model systems are giant unilamellar vesicles
(GUVs), which have turned out to be invaluable not only as a reference system
for FCS diffusion measurements on free-standing membranes, but also to
understand the phenomenon of domain formation from a fundamental
physico-chemical standpoint. In GUVs with sizes up to tens of micrometers,
the so-called “canonical raft mixture” of cholesterol, sphingomyelin (SM),
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (15) yields at room
temperature easily distinguishable domains, which can be assigned with a
raft-like, liquid-ordered (L ), and a more fluid liquid-disordered (L) mem-
brane state. Parking the FCS measurement spot on either of the domains, a
difference in local mobility of selected probes—I1,1-dioctadecyl-3,3,3",3’-
tetramethylindocarbo cyanine dye dil as L; marker, cholera toxin bound to
GMI1 as L marker—of one to two orders of magnitude can be easily
observed (Fig. 2). Cholesterol depletion by methyl-B-cyclodextrin (MBCD),
which results in a clear dissolution of the domains on macroscopic scale,
induces a shift of molecular diffusion such that the two probes now show
similar mobility. The observation of reduced mobility of dil after MBCD
treatment correlates with similar results on live cells treated in the same way
(Fig. 3) (14). Owing to the importance of the GUV model as a reference system
for domain identification by FCS, this chapter covers the preparation of both
GUVs and cells for FCS as well as the essential steps for FCS analysis on
membranes in general.
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2. Materials

2.1.

1.

2.

o

2.2,

Cell Culture and Labeling

Adherent cell lines rat basophilic leukemia (RBL-2H3) and human embryonic
kidney (HEK293), obtained from the American Type Culture Collection.
Minimum essential medium (with Earle’s salts, with L-glutamine), Dulbecco’s
modified Eagle’s medium, and L-glutamine from Gibco/Invitrogen (Carlsbad,
CA). Mycoplex fetal calf serum from PAA Laboratories (Pasching, Austria).

A 16 mg/mL (w/v) solution of MBCD (from Sigma St. Louis, MO) in water is pre-
pared fresh before use. For an average degree of substitution of 1.8 methyl groups
per glucose, this corresponds to approx 12 mM.

Dialkylcarbocyanine fluorescent probes with different alkyl tails and spectral prop-
erties, e.g., “dil” (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlo-
rate), “diO” (3,3’-dioctadecyloxacarbocyanine perchlorate), and “diD” (dilC 4(5),
1,1’-dioctadecyl-3,3,3",3’-tetramethylindodicarbocyanine perchlorate) from
Molecular Probes/Invitrogen. Fluorescent lipid analogs are dissolved at approx 1 to
1.5 mM in ethanol and stored at 4°C. Cholera toxin B subunit (ctxB) labeled with
Alexa Fluor dyes from Molecular Probes/Invitrogen (Carlsbad, CA) (see Note 1).
Cholera toxin solutions (2 mg/mL in phosphate buffered saline [PBS] or water) are
stored as single-use aliquots at —20°C to avoid repeated freeze—thaw cycles.
Albumin from bovine serum (BSA) (from Fluka St. Louis, MO).

PBS: 137 mM NaCl, 2.7 mM KCI, 8.1 mM Na,HPO,, and 1.5 mM KH,PO,, (pH 7.2).
For optimal stability, cover slips (no.1 thickness, 25 mm diameter, from Menzel-
Gliser, Braunschweig, Germany) and a custom-made holder are used (see Note 2).

Giant Unilamellar Vesicles

Lipids, such as DOPC, N-stearoyl-D-erythro-sphingosylphosphorylcholine (stearoyl
SM), and cholesterol are obtained from Avanti Polar Lipids (Alabaster, AL).
Ganglioside GM1 from Calbiochem/Merck (EMD) (Darmstadt, Germany). Lipids
are stored in chloroform in glass vials with teflon-lined caps under argon or
nitrogen at —20°C (see Note 3).

Chloroform (Fluka) and methanol (Merck) are used as solvents. To preserve lipids
and dyes, it is important that chloroform decomposition into reactive products is
prevented (chloroform stabilized with 1% ethanol and stored in the dark). Follow
safe procedures for solvent handling and disposal.

Electroformation requires the aqueous solution to be of low ionic strength. Sucrose
solution may be used and later exchanged by a buffer. Herein, a 12 mM sucrose
solution is used, matching the osmolarity of the 12 mM MBCD solution.

A commercial flow-chamber (RC-21, Warner Instruments, Hamden, CT) or specially
designed chamber, anodized for electrical insulation. Round cover slips of no.1
thickness and 25-mm diameter from Menzel-Gléser, custom-coated on one side by
Gesim (GroPerkmannsdorf, Germany) with indium-tin-oxide (ITO).

10-uL Hamilton syringe (Hamilton, Reno, NV), vacuum grease (Glisseal, Borer,
Switzerland), polyethylene tubing (Warner Instruments), disposable syringes, and
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hypodermic needles. Copper conducting tape (3M, St. Paul, MN), a pulse genera-
tor, and a multimeter (Conrad Electronic, Hirschau, Germany).

2.3. Confocal Microscopy and FCS

Confocal imaging greatly facilitates performing FCS measurements in
selected locations on phase-separated GUVs. Commercial setups combining
confocal microscopy and FCS are manufactured by different companies. The
protocol described herein was devised for the ConfoCor2 system (Carl Zeiss,
Jena, Germany).

3. Methods
3.1. Cell Culture and Labeling

1. RBL cells are cultured in minimum essential medium, 15% fetal calf serum,
nonessential amino acids, 2 mM glutamine, and 1 mM sodium pyruvate; human
embryonic kidney cells in Dulbecco’s modified Eagle medium, 10% fetal calf
serum, 2 mM glutamine, 100 U/mL penicillin, and 100 pg/mL streptomycin, in a
humidified incubator at 37°C and 5% CO,,. Cells are seeded onto cover slips in six
well plates (Nalge-NUNC, Rochester, NY) with phenol-red free media 24-72 h
before measurements.

2. Cells can be treated to interfere with membrane composition, topology, or
cytoskeleton. For example, MBCD is commonly used to deplete cholesterol,
although it may have secondary effects. For cholesterol depletion, cells are washed
three times with PBS and treated with 12 mM MBCD in serum-free media in the
incubator for 30 min.

3. Immediately before measurements, cells adhering to the cover slip are washed three
times with PBS and labeled with a fluorescent lipid analog. For labeling, a small vol-
ume of lipid analog stock and 1 mL of a 1 mg/mL BSA in PBS solution in a glass
vial are preheated to 37°C. While vortexing the BSA/PBS solution, a few microliters
of lipid analog stock are injected, resulting in a clear labeling solution, which is
applied fresh to the cells for approx 1 min at room temperature. Concentrations of
the labeling solution and labeling times are adjusted to produce a low degree of
labeling for FCS or stronger labeling for confocal imaging (see Note 4).

4. Stained cells are washed three times with PBS and mounted in a custom-made
holder with phenol-red free media, supplemented with 10 mM HEPES buffer. For
cholesterol-depleted cells, 12 mM MBCD is added to serum-free media to avoid
reversal of the treatment.

3.2. Giant Unilamellar Vesicles

Electroformation can be performed with platinum wires as electrodes.
However, GUVs adhering to wires are typically too far above the cover slip for
using objectives of high numerical aperture with short working distance. ITO-
coated cover slips are electrically conductive and optically transparent, allowing
GUYV electroformation close to the objective directly in the observation chamber
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Fig. 1. Configuration for GUV electroformation. Schematic view of ITO-cover slip

configuration. The flow chamber is not shown.

(see Note 5). For lipid mixtures involving lipids with high-melting temperature,
electroformation is performed above the melting temperature of the highest
melting lipid in an oven or on a heating block (here 65°C).

1.

2.

®

Pieces of copper tape are attached to the conductive side of the ITO-cover slips
(see Note 6).

The insert of the chamber is prepared with vacuum grease. In the case of high-
melting lipids, the sucrose solution, ITO-cover slips, and the metal parts of the
flow chamber are preheated.

The lipids are mixed at the desired molar ratio, e.g., DOPC:SM:Chol (1:1:1). A
fluorescent lipid analog is added at 0.001-0.01% (for FCS) or 0.1% (for imaging).
GM1 is added at 0.1%. The final total lipid concentration is around 10 mg/mL in
chloroform:methanol (2:1) (see Note 7).

Using a clean Hamilton syringe, approx 5 UL of lipid mixture are spread on the
conductive side of a cover slip. If cover slips are not heated, they are placed in a
desiccator for 30 min to ensure complete evaporation of the solvent.

The flow chamber and the ITO-cover slips are assembled with the conductive
sides facing the void (Fig. 1).

Using a syringe and polyethylene tubing, the chamber is carefully filled with the
sucrose solution in one step, avoiding air bubbles.

The copper tape is connected to the pulse generator, set at a sinosoidal alternating
voltage of 10 Hz frequency and 1.1 to 1.3 V (see Note 8).

GUYV electroformation is allowed to proceed for 1 to 3 h.

Imaging and FCS measurements are performed on GUVs directly in the flow
chamber. The additional port is used for injecting MBCD solution (12 mM) or ctxB
(5 pg/mL in 12 mM sucrose).

3.3. Confocal Microscopy and FCS

In GUVs, phase separation into micronscale domains that become selectively

enriched with a fluorescent lipid analog can be visualized with confocal
microscopy. In many, but not all cases, dil prefers the L over the L phase and ctxB
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is bound to GMI the L phase. Phase assignment is therefore clarified by FCS dif-
fusion measurements in both phases. In GUVs, the focus is selectively placed in one
type of domain. In cells, the focus presumably covers both rafts and surrounding
bilayer. All measurements are performed at room temperature and cells are used for
at most 1 h to avoid interference from internalized fluorescent lipid probes.

3.3.1. Fluorescence Correlation Spectroscopy

1. Adjustment of the FCS setup: using the same type of cover slip as for the intended
GUV or cell measurements, the position of the pinhole and the correction colar
setting of the objective are optimized.

2. Calibration measurement: a quick calibration measurement with free dye in water
is performed to check the performance of the setup. Important parameters are:

a. The particle brightness 1 obtained at a defined excitation power or at satura-
tion (counts-per-molecule). It is determined by dividing the mean fluorescence
intensity by the number of particles (N,g) (see Note 9).

b. The structure parameter (S), reporting on the shape of the detection volume
(see Note 9).

c. The diffusion time (T of the dye in the lateral dimension (see Note 9).

3. Focus positioning on the GUV or cell membrane: the focus is centered on the
lower or upper flat membrane of the cell or GUV. To this end, the time-averaged
fluorescence intensity is recorded while scanning the membrane slowly through
the focus in axial direction. The membrane is then positioned at the location of
maximum fluorescence count-rate (see Note 10).

4. Laser excitation power: a series of FCS measurements at different laser powers
directly on the membrane system is used to determine the power at which maxi-
mum brightness (counts-per-molecule) is obtained, but no bleaching artifacts are
yet incurred (see Note 11). Laser power values (in watts) are determined with a
powermeter (Newport, Irvine, CA).

5. Pinhole size: a pinhole size of 90 um is chosen, which is well in the plateau region
of the counts-per-molecule curve and still yields membrane FCS curves that fit rea-
sonably well to the model equation for two-dimensional diffusion (see Note 12).

6. Measurement duration, number of acquisitions, averaging: acquisitions of 100 s
are typically used for membrane measurements and raw data (photon arrival
times) is additionally recorded. Raw data enables to repeat the correlation offline,
excluding singular events, such as bright-dye aggregates. For measurements of fast
diffusion in solution, several short (e.g., 10 s) measurements may be acquired,
overlaid to identify singular events, and averaged (see Note 13).

7. Fluorophore density, background: samples labeled with dil to yield count-rates
around 200 kHz have been found to work well. At very high count-rates, ava-
lanche photodiode detection is nonlinear. At very low fluorophore densities, it is
difficult to position the focus accurately on the membrane (see also Note 10).
Finally, the count-rate of the labeled sample should be far above the autofluores-
cence level, which is determined from an unlabeled sample.
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8.

Data processing: the following model equation is fitted to the experimental FCS
curves to obtain the T, of a freely diffusing lipid in a membrane (two-dimensional
case) (Eq. 1). It contains an exponential term to account for a photophysical blink-
ing effect of the fluorophore.

G I=F, +F. exp(=T/T.)
Gy (D) = ch]f o il_kF o

blink

(1+71/1,,)" +const (1)

diff

where N, is the average number of particles in the effective detection vol-
ume; Fy . and T, . are the dark fraction and relaxation time of the blink-
ing process, respectively. Depending on the range of T values included in
the fitting process, another exponential term may be necessary to account
for both triplet and isomerization blinking encountered in cyanine dyes
(16). An anomalous diffusion model may be more appropriate for describ-
ing diffusion in native cell membranes (11). Fitting is performed with a
Levenberg—Marquardt algorithm implemented in the ConfoCor2 instru-
ment software or in a scientific data analysis software (Origin, Originlab,
Northampton, MA). In order to calculate the diffusion coefficient (D) from

T, according to

®.=4D71,, )

the detection volume lateral radius (®,) has to be determined by calibra-
tion (see Note 9). For measurements performed on a setup with a stable
detection volume, FCS curves can be summarized in a single plot for visu-
alization (Figs. 2 and 3) after amplitude-normalization (see Note 9).

4. Notes

1.

2.

Alternatively, ctxB (from Calbiochem/Invitrogen) is labeled with an amino-reactive
dye of choice and purified on a gel-filtration column (10 DG, Bio-Rad Hercules, CA).
As an alternative to a special holder, Labtek chambered coverglass (Nalge-NUNC)
or glass bottom culture Petri dishes (MatTek, Ashland, MA) can be used.
Thin-layer chromatography is used to assess lipid purity. Samples are spotted on
silica gel 60 plates (Merck), developed with an appropriate solvent system and
visualized by spraying with 20% sulfuric acid and charring at 180°C.

Mixing the fluorescent lipid analog with the BSA/PBS at elevated temperature
greatly reduces the occurrence of dye aggregates and improves homogeneity of
the cell labeling. Cells are incubated with the labeling solution only shortly at
room temperature to minimize staining of internal membranes.

This electroformation protocol produces closely and stably packed GUVs above a
fluorescent lipid layer on the ITO-cover slip. It is well suited for confocal techniques.
For applications requiring low out-of-focus background, GUVs are transfered into a
new chamber after electroformation.
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Fig. 2. Three-dimensional confocal reconstruction of a GUV made up of DOPC:SM:
Chol, 1:1:1, with 0.1% GM1 and 0.1% dil. Bar = 10 pum. (A) Red channel showing dil
fluorescence enriched in one phase. (B) Green channel showing fluorescence from Alexa-
488-labeled ctxB bound to GM1, enriched in the other phase. (C) Overlay. (D) FCS meas-
urements of lipid analog (dil) and ctxB (ctxB-488) show distinct diffusion characteristics
and allow assignment of dil to the more fluid L, phase (T, =1.5ms, D=5 X 1078 cm?/s)
and ctxB-GMI to the more ordered L phase (T, = 12 ms, D =5 X 10~ cm?s).

6. An ohmmeter (multimeter, see Subheading 2.2.) is used to identify the conduc-
tive side of the cover slip and to check conductivity after attaching the copper tape.

7. Note that concentrations of lipid solutions in organic solvent change owing to solvent
evaporation. Small volumes of highly concentrated lipids in large vials are to be
avoided and wherein possible, aliquots of defined total lipid amount instead of
defined concentration are used. Variability between GUV lipid composition in
samples is estimated to be approx 2% (15). Some lipids may undergo reactions
during GUV production and laser microscopy.

8. A voltage meter (multimeter, see Subheading 2.2.) is used to check the applied
voltage and exclude a short circuit.
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Fig. 3. Effect of cholesterol depletion on GUVs and cells. Upper panels (A-C) are
before cholesterol depletion, lower panels (D-F) are after cholesterol depletion with
MBCD. (A) Confocal fluorescence image of GUVs from DOPC:SM:Chol, 1:1:1,
labeled with dil. Cholesterol depletion with MBCD (panel D) removes visible phase
separation. Bar = 10 um. (B) FCS measurements performed on dil in the phase of
enrichment (L, phase) in the same type of GUVs. Cholesterol depletion (panel E) sig-
nificantly slows down diffusion from T, = 1.5 ms to T, =4 ms (D =5 X 108 cm?/s
to D =2 X 1078 cm%s). (C) FCS measurements performed on RBL cells, labeled with
dil. Cholesterol depletion (panel F) significantly slows down diffusion from T, =9 ms
t0 Ty = 19 ms (D =8 X 10 cm?/s to D =4 X 10~ cm?/s).

9. The following model equation (three-dimensional diffusion) is used for fitting the
dye calibration measurement:

-1

LJ1-F, + F, -exp(-Tt/7T,
Gdifr(T) = Ncl'; — lblf(F p( blmk) (1 + T/Tdiﬂ')

blink (3)
X [l + /(8 TM)T/2

where § =z /o is the ratio of the axial (z) and lateral dimension (®,) of the detec-
tion volume, called structure parameter, and the other parameters have the same
meanings as in Eq. 1. The T, of the dye is related to the lateral radius of the detec-
tion volume (w,) according to Eq. 2 and typically used for detection volume cali-
bration. Rhodamine dyes have been commonly assumed to have a diffusion
coefficient of D = 2.8 x 107 cm?/s at room temperature in water. If the diffusion
time of the free dye is stable throughout all experiments, amplitude-normalized
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10.

11.
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correlation curves and diffusion times from different membrane measurements (for
instance obtained in different phases) can be compared directly. (For amplitude-
normalization of FCS curves, G(t) values are multiplied with N_g, obtained from
the fit.) If a setup with considerable day-to-day variability of the detection volume
size and shape is used, @, has to be accounted for, and only diffusion coefficients
can be compared. For small detection volumes, routine recalibration with free dye
can be difficult because of the interference of triplet blinking and nonideal detection

volume shapes. In this case, a membrane diffusion sample (e.g., dil in DLPC [1,2-

Dilauroyl-sn-Glycero-3-Phosphocholine]-GUVs) may be more suitable as a standard.

Note also that the detection volume size has to be determined separately for different

wavelengths.

Measuring FCS on a membrane means measuring on a nonisotropic sample. If the

focus is not exactly centered or if the membrane undulates strongly, the diffusion

time will be biased towards larger values. Undulations may be recognized from the
concentration-dependent nature of their effect on the FCS curves: When the mem-
brane is labeled with high marker concentrations and monitored at very low laser
intensities, single fluorophore diffusion transits contribute less to the FCS curve
and undulations are more prominent. In contrast, labeling in the single molecule
regime minimizes the contribution from undulation-derived fluorescence fluctua-
tions. However, working in the single molecule regime does not eliminate the bias
in the diffusing time that arises from the temporary mispositioning. Slow membrane
undulations can make it impossible to derive conclusions about anomalous diffusion
or to assess very slow membrane diffusion processes. New approaches are being

developed to deal with undulating membranes (17).

Photobleaching affects FCS curves in different ways:

a. Artifactual reduction in measured diffusion times. To avoid erroneous diffu-
sion times, measurements have to be taken at laser powers below the bleach-
ing threshold, which depends on the setup (focal volume), photostability of the
dye, and dye mobility. The diffusion-time reducing effect of photobleaching is
independent of fluorophore concentration.

b. Photobleaching causes a continuous reduction of the fluorescent count-rate,
which leads to an additional decay in the correlation curve. This decay may be
misinterpreted as another diffusion decay, or, if its characteristic time is close
to that of the diffusion, may lead to an artifactually increased fit value for the
diffusion time. The count-rate decay affects measurements more seriously for
higher particle concentrations, and the exact effect on the correlation curve
depends on the normalization scheme used by the correlator.

c. Note that if there is more than one species in the sample with different mobil-
ities (e.g., markers in different lipid environments), bleaching (also using a
software “prebleach” function) preferentially depletes the less mobile fraction.

Excessively large pinholes cause the Gaussian approximation of the detection vol-

ume to fail and FCS curves to deviate from the model equation. On the other hand,

molecular brightness (counts-per-molecule) and therefore signal-to-noise become
reduced at small pinhole sizes. The optimal pinhole size determined by Hess and



Fluorescence Correlation Spectroscopy 83

13.

Webb (18) for the ConfoCor?2 setup, 1.2 NA C-Apochromat objective, and 550 nm
wavelength is 53 pm. Here, 90 um pinhole is used for GUV and cell measure-
ments in favor of approx 50% increased counts-per-molecule.

Short measurements provide less information about the long time-scale tail of the
FCS curve. Therefore, it is preferred to record long FCS measurements (acquisition
time 21000 X T,.). Rather than excluding additional slow fluctuations (e.g., from
undulations) from the FCS curve by taking short acquisitions, the resulting addi-
tional decay in the FCS curve is accounted for by an offset in the fitting procedure.
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Multiphoton Laser-Scanning Microscopy and Spatial
Analysis of Dehydroergosterol Distributions
on Plasma Membrane of Living Cells
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Hai Xu, Weimin Zhang, Suojin Wang, and Jyh-Charn Liu

Summary

Multiphoton laser-scanning microscopy (MPLSM) imaging in combination with advanced
image analysis techniques provides unique opportunities to visualize the arrangement of choles-
terol in the plasma membrane (PM) of living cells. MPLSM makes possible the use of a natu-
rally occurring sterol, dehydroergosterol (DHE), for observing sterol-enriched areas of the PM.
Pure DHE has properties similar to cholesterol as observed in model and cellular membranes
but with a conjugated double-bond system that fluoresces at ultraviolet wavelengths. MPLSM
enables the excitation of DHE at infrared wavelengths that many laser-scanning microscopy sys-
tems are able to transmit effectively and that are less harmful to the cell. Thus, with the incor-
poration of DHE into living cells and the advent of MPLSM, real-time images of the cellular
distribution of DHE can be obtained. In juxtaposition, notably the application of newly
advanced techniques in image analysis, aids not only the identification and segmentation of
sterol-rich regions of the PM of cells, but also the elucidation of the statistical nature of the
observed patterns. In studies involving murine L-cell (Larpt-+K-) fibroblasts, DHE is shown to
exhibit strong cluster patterns within the PM.

Key Words: Caveolae; cholesterol; cluster, complete spatial randomness; dehydroergosterol;
domains; ergosterol; multiphoton; plasma membrane; raft.

1. Introduction

Since the inception of the basic lipid bilayer hypothesis of biological mem-
brane structure nearly 35 yr ago (1), exciting new insights have come from new
findings, membrane lipids and proteins are nonrandomly organized not only
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across but also within the lateral plane of the bilayer (2-9). Increasing evidence,
largely obtained by subfractionation and isolation in vitro, indicates that lipids
such as cholesterol spontaneously form cholesterol-rich lipid domains
(2,4,10,11). Such cholesterol-rich microdomains, also called lipid rafts, appear
to reside in all cell plasma membranes (PMs) examined (2).

Such cholesterol-rich domains are thought to be highly important in both
normal and pathophysiological functioning. Regarding normal roles, cholesterol-
rich domains appear to function in transbilayer signaling (insulin and
Endothelial nitric oxide synthetase eNOS), reverse cholesterol transport,
immune recognition, cell-cell interaction, and transcytosis (8,12—-14).
Cholesterol depletion or disruption abolishes many functions associated with
cholesterol-rich lipid rafts (15). Regarding pathophysiological roles, increasing
data now suggest that cholesterol-rich domains are also the entry portals for
multiple bioterror toxins (anthrax toxin, cholera toxin, shiga toxin, enterohem-
orrhagic Escherichia coli shiga-like toxin, rotaviral, and retroviral enterotoxic
peptides, and ricin) (16-20), parasites (malaria) (21), (22), and viruses (Ebola,
Marburg, Echovirus, and Influenza) (23-28).

However, despite the importance of cholesterol-rich lipid rafts in biology,
there is actually very little evidence demonstrating their existence in PMs of liv-
ing cells. This is because of the fact that, with rare exception (29,30), nearly all
other studies of cholesterol-rich rafts are based on subcellular fractionation and
biochemical characterization of cholesterol-enriched fractions isolated from the
PM or cell (31-34).

The major problem limiting demonstration of cholesterol-rich domains in
the PMs of living cells has been the lack of a suitable, nonperturbing ‘tag’ to
detect cholesterol in living cells. This significant problem was recently over-
come through use of a naturally occurring fluorescent sterol (dehydroergos-
terol [DHE]) and three-photon laser-scanning microscopy in living cells
(29,30). DHE is a useful probe for cholesterol because it: (1) is a naturally occur-
ring fluorescent sterol, (2) is a close structural analog of cholesterol, (3) exhibits
the same exchange kinetics as cholesterol in both model membranes and biolog-
ical membranes, (4) is taken up by cultured L-cells such that more than 80%
of endogenous sterol is replaced by DHE without altering membrane lipid
composition or sterol-sensitive enzymes, (5) codistributes with cholesterol in
model and biological membranes, and (6) is nontoxic to cultured cells or ani-
mals (reviewed in refs. 2,35-37). The focus of this chapter is to describe in
detail the use of DHE and multiphoton imaging to visualize and analyze the
distribution of cholesterol-rich rafts in the PM of living cells. This powerful
technology will now allow studies of cholesterol-domain dynamics in real-time,
in living cells.
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2. Materials
2.1. DHE Synthesis

1.
2.

Acid-wash all glassware including amber vials.

Ergosterol (99" %pure) and cholesterol (99" %pure) from Steraloids (Wilmington,
NH).

Burdick-Jackson (Muskegon, MI), “Purified Plus” solvents (methanol, chloro-
form, and ethyl ether), and JT Baker (Mallinckrodt Baker, Phillipsburg, NIJ).
“Baker Analyzed” glacial acetic acid (99*% pure) and acetic anhydride (99*%
pure) from VWR Scientific (West Chester, PA).

Mercuric acetate (anhydrous) was purchased from Fisher Scientific (Pittsburgh, PA).
Filtered milli-Q/deionized water (Millipore, Billerica, MA) was used for all
aqueous solutions.

2.2. DHE Characterization

2.2.1. Determination of DHE Purity: High-Performance Liquid
Chromatography

1.

2.

Because caveolae are disrupted by small amounts of oxidized sterols (38), it was
essential to determine the purity of the synthesized DHE.

DHE was chromatographically resolved from ergosterol and other sterols using
reversed phase high-performance liquid chromatography (HPLC) as described (39).
The HPLC analysis was performed through use of a Perkin—Elmer Series 4 Liquid
Chromatograph (Perkin—Elmer Inc., Wellesley, MA) equipped with a Shimadzu RF
535 Fluorescence HPLC monitor (Shimadzu, Kyoto, Japan) and a Perkin—Elmer
LC-95 ultraviolet (UV)/Visible spectrophotometer detector (Perkin—Elmer Inc.).
Runs were performed using a solvent mixture of methanol:acetonitrile in a ratio of
3:1 v/v. An Adsorbosphere UHS 10 um C18 column with inner diameter X length
of 4.6 x 250 mm (Alltech Associates Deerfield, IL) was used.

2.2.2. Determination of DHE Purity: Absorbance and Fluorescence
Spectroscopy

1.

2.

3.

Absorbance spectra and extinction coefficients of DHE in ethanol were ontained
using a Lamoda 2 UV/Visible spectrometer Perkin-Elmer Inc.

Steady-state fluorescence excitation and emission spectra of DHE in ethanol were
determined with an ISS PC1 Photon counting spectrofluorometer (ISS Instruments
Inc., Champaign, IL) configured with the provided 300 W xenon arc source and
emission monochromator in the standard L-format (right angle). Excitation spec-
tra were obtained with the emission monochromator set at 375 nm with 8-nm
spectral slit width. Emission spectra were obtained with the excitation mono-
chromator (8-nm spectral slit width) set at 324 nm.

Quartz fluorometer and spectrophotometer cuvets (VWR Scientific) were used.
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2.2.3. Determination of DHE Purity: Atmospheric Pressure Chemical
lonization Mass Spectrometry

1.

2.3.

[y

2.4.

2.5.

—

2.6.

Mass spectra of commercially available DHE, DHE synthesized as described pre-
viously, and commercially available ergosterol starting material were determined
through use of a Thermo Finnigan LCQ Deca ion trap Liquid Chromatograph
mass spectrometer (Thermo Finnigan, San Jose, CA) equipped with an orthogonal
atmospheric pressure chemical ionization (APCI) ion source. Samples were 1 mM
in a MeOH:H20 (equal volume MeOH, equal volume H20) solution, with a sam-
ple flow rate of 200 mL/min at the mass analyzer.

Both methanol and H,O were HPLC grade Burdick and Jackson (Muskegon, MI)
purchased from VWR Scientific. The instrument utilized a quadrupole ion trap
mass analyzer with ultra-high-purity helium gas (99.998%) as the damping gas in
order to reduce chemical noise.

Preparation of Large Unilamellar Vesicles (LUVs)

Acid-wash all glassware including amber vials (VWR Scientific).

Store all fluorescently labeled compounds in amber vials.

Prepare concentrated (e.g., 20 mg/mL) stock solutions of 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) (Avanti Polar Lipids, Alabaster, AL) and DHE
(A5,7,9[11],22-ergostatetraen-3B3-ol) (Sigma, St. Louis, MO) in new chloroform
(Sigma, St. Louis, MO). These should be stored at —80°C.

Prefilter autoclaved solutions of 10 mM phosphate-buffered saline (PBS) buffer
with a pH 7.4 through a 0.1-0.2-um filter. Store at room temperature.

Probes and Cell Culture

Higuchi medium Higuchi, K, (1970). An improved chemically defined culture
medium for strain L mouse cells based on growth responses to graded levels of
nutrients including iron and Zinc. J. Cell Physiol. 75, 65-72 supplemented with
10% fetal bovine serum (Hyclone, Logan, VT).

Stock solutions of Nile red (Molecular Probes, Eugene, OR) and any other PM probes
such as Vybrant DiO (3’-dioctadecyloxacarbocyanine perchlorate) (Molecular
Probes). Prepare dilute aliquots as necessary for cellular labeling.

Multiphoton Laser-Scanning Microscopy

Lab-Tek two-well-chambered cover glass (Nalge Nunc, Naperville, IL)
Emission filters that cover the region 360—430, 485-515, and 525-650 nm ranges.
(Chroma Technology Corp., Rockingham, VT).

Statistical Image Analysis

Application routines written in Microsoft Visual C++, .net framework, R, and
Matlab (The Mathworks, Inc., Natick, MA). R (available at URL:http://www.
R-project.org; R Foundation for statistical Computing, Vienna, AU).
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3. Methods

Because cholesterol is not readily detectable in cell membranes either in
vitro or in living cells, the availability of a fluorescent sterol with proper-
ties closely mimicking those of cholesterol represents a major technological
advance for studies of cholesterol structure, dynamics, and protein interactions.
The discovery of DHE in membranes of eukaryotes such as yeast Candida trop-
icalis (40) and Red Sea sponge Biemna fortis (41) provided for the first time, a
naturally occurring fluorescent sterol. Subsequent studies showed that DHE is
an excellent probe molecule whose structural and functional properties closely
mimic those of cholesterol in model membranes (29,42,43), biological mem-
branes (3,6,32,44,45), lipoproteins (46,47), protein—sterol interactions (reviewed
in refs. 6,48-50), and fluorescence resonance energy transfer (FRET) studies to
determine intermolecular distance (48,51-53). Most recently, DHE has proven
useful in beginning to resolve the structure and dynamics of cholesterol in lipid
rafts/caveolae both in vitro (2,31,32) and in living cells (30,32). The following
describes the methodology for incorporating DHE into cell membranes without
inducing formation of crystalline DHE, which does not exist in PMs of living
cells (29).

3.1. Synthesis of DHE

The successful application of the fluorescent cholesterol analog DHE (2,31)
to investigation of the function and organization of sterols in membranes, espe-
cially lipid raft/caveolae microdomains of living cells, requires the use of highly
purified DHE. This is because of the fact that lipid rafts/caveolae are highly
sensitive not only to cholesterol content (2,8,12,15,54-57), but also to sterol
structure (36,37) and sterol oxidation (38). Unfortunately, DHE obtained from
commercial sources varies in purity from batch to batch; therefore, DHE was
synthesized from ergosterol obtained from Steraloids (see Subheading 2.). The
DHE synthesis procedure was based on the method of Ruyle (58) as described
earlier (39,59).

3.2. DHE Characterization
3.2.1. Spectroscopic Analysis of Synthetic DHE

1. Perform an absorbance spectrum of more than 99% pure DHE. For the DHE syn-
thesized for use in spectroscopic and multiphoton laser-scanning microscopy
(MPLSM) imaging investigations, it revealed maxima at 310, 325, and 342 nm.
No other peaks appeared (see Note 1).

2. Calculate a difference spectrum to resolve any potentially small peaks. No peaks
appeared (not shown). The spectra indicated a purity more than 99%.
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3.2.2. HPLC Analysis of Synthetic DHE

1.

2.
3.

4.

Monitor the HPLC elution profile (not shown) of the synthesized DHE and pure
ergosterol at 205 nm. Only a single peak was detectable with a retention time of
11.7 min.

Monitor the elution of DHE at 242 nm. No peak has been observed (data not shown).
Monitor the elution of DHE at 281 nm. No significant peak was observed show-
ing that there was no significant amount of starting material remained and calcu-
lations showed a purity 299%.

Monitor the absorbance at 325 nm while monitoring the fluorescence emission at
375 nm. In each case only a single peak was detectable, again with retention time
of 11.7 min. Quantitative analysis of such HPLC chromatograms indicated that the
synthesized DHE used in the MPLSM imaging investigations was =299% pure.

3.2.3. Examination of the Synthesized Product by Mass Spectrometry

Examine by APCI mass spectroscopy as described in Subheading 2.2.3. to
determine the mass of the synthesized product including any impurities. The
mass spectra of the synthesized product should detect DHE at (M + 1)* of 395.3
and (M-OH)" of 377.5, as expected. Any other masses detected can be used to
determine possible impurities. The APCI mass spectroscopy detected only a sin-
gle peak with more than 99% (data not shown).

3.3.

1.

3.4.
. Seed L-cell fibroblasts onto Lab-Tek II chambered cover glass at a density of 2-5 X

Preparation of LUVs

Mix POPC and DHE in a small acid-washed amber vial at the mole ratio of 65:35
(POPC:DHE) by using the proportioned amounts taken from the stock solutions
of POPC and DHE, and vortex.

Evaporate the liquid chloroform by first drying slowly under N, to form a thin film
that is layered on the inside surface of the vial. Then fully remove any residual
chloroform under a vacuum desiccation for at least 4 h.

Rehydrate at 1-10 mM using PBS buffer (10 mM, pH 7.4) that has been prefiltered
through a 0.1-um filter. First, vortex the solution for 1 min and then sonicate for
approx 10 min.

Extrude the aqueous mixture using a handheld mini-extruder (Avanti Polar
Lipids) through two 0.1-um polycarbonate membranes with membrane sup-
ports. The mixture should be cycled back and forth for 10.5 full cycles or for a
total of 21 transfers through the membrane. Empty the solution into an amber
vial that is sterile.

Use immediately or store under N, in an amber vial at 4°C for up to a week typically.

Probe labeling and Cell Culture

1077 cells per chamber. Layer cells with Higuchi medium containing 10% fetal
bovine serum so that there is 1 mL of media.
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2.

e

3.5.

Maintain for a period of time up to overnight in a CO, incubator at 37°C so that
the cells can attach the cover glass.

Supplement healthy cells with DHE-containing LUVs so that the concentration of
the DHE is between 10 and 20 pug/mL in media.

Grow cells in the DHE-containing media in a temperature-, humidity-, and CO,-
controlled incubator for 1-2 d before imaging. This will enable the cells to replace
a majority of the cholesterol with DHE.

Wash cells immediately before imaging using 10 mM PBS (pH 7.4) or similar buffer.
Label cells with 100 nM Nile red in ethanol solution and/or third fluorescent probe
such as DiO (DiOC [3]) (Molecular Probes) according to manufacturer’s instruc-
tions. Do not use anything that will extract the fluorescent sterol analog.

Multiphoton Laser-Scanning Microscopy

Prepare and turn on the Bio-Rad MRC-1024MP MPLSM system (Zeiss,
Thornwood, NY) and Spectra-Physics Millennia X (Spectra-Physics, Mountain
View, CA), and Coherent Mira 900F (Coherent, Mira 900F titanium: Sapphire laser
(Coherent, Palo Alto, CA) for operation at least 1 h before use so that the lasers and
system stabilize.

Tune wavelength of the Coherent Mira 900 F titanium: Sapphire laser (Coherent,
Palo Alto, CA) to 920 nm with modelocked output power more than 700 mW.
Typical transmission through the scan head not including objective will be approx
40-60% depending on the excitation wavelengths (see Notes 1 and 2).

Place the two-well-chambered cover glass containing labeled cells onto the micro-
scope stage. Using widefield illumination change the z-focus in order to locate the
plane containing the cells, and finally focus the objective on a focal plane inside
the cells.

Initiate scanning of the cells using the Bio-Rad LaserSharp acquisition software,
(Zeiss, Thornwood, NY) starting with low multiphoton excitation power by
attenuating the beam. Adjust the gain and black level of the photomultiplier
tubes in order to detect the sample or at least the autofluorescence. Probes that
use two-photon excitation should appear to be detected at lower power, typi-
cally. Use fast scan speeds for reduced dwell time and thereby reduce photodam-
age to cells (see Notes 3 and 4).

Readjust focus so that the confocal plane of excitation and emission detection is
about midway between the upper and lower cell surface. The contour of the PM
will appear around the cytoplasmic area of the cell when the DHE is imaged.
Image the Nile red and any two-photon excited probes first, typically at about
10-50% of the power needed for three-photon excitation of DHE. The amount of
power will depend on the multiphoton cross-section absorption of the other probes
(e.g., Nile red) as well as their localized cellular environment.

Increase power to enable detection of DHE in the 360-430-nm filtered photomul-
tiplier and scan the cells. Adjust black level of this photomultiplier tube alone.
Remove the chambered cover glass with labeled cells and replace it with a cham-
bered cover glass that has unlabeled cells. Using the set conditions determine the
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Fig. 1. MPLSM of DHE and Nile red in murine L-cell fibroblasts. Excitation at
920 nm. (Panel A) Image of L-cells labeled with DHE and Nile red at low power
(25% attenuation). (Panel B) Image of L-cells labeled with DHE and Nile red at high
power (40% attenuation). (Panel C) Image with high-power DHE (green channel,
panel B) merged with the low-power Nile red (red channel, panel A). (Panel D) Image
acquired at high power with zoom = 2.

background autofluorescence levels and readjust to minimize autofluorescence
levels while trying to maintain as much detection sensitivity as possible for all
probes at the power levels determined previously.

9. Replace the previous chambered slide and check sensitivity at the previously
determined power levels and with the changes in gain and black level. If necessary
increase power slightly in order to enhance sensitivity and maximize dynamic
range. Recheck background autofluorescence levels again.

10. Prepare a new chambered cover glass with labeled cells and acquire the Nile red
emission first at the predetermined lower excitation power (Fig. 1A red channel)
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11.

12.

3.6.

and then increase the predetermined upper excitation power to acquire the image
of DHE emission (Fig. 1B green). Keep averaging to a minimum and acquire
images as rapidly as possible.

Merge the Nile red channel (red) of the low-power-acquired image with the DHE
channel (green) of the high-power-acquired image (Fig. 1C).

Scan with increased zoom as necessary (Fig. 1D) (see Notes 3 and 5).

Statistical Image Analysis

PM extraction: the PM is separated from interior cellular compartments by simple
subtraction of the intensity of the Nile red emission from the DHE emission.
Negative results from the subtraction are set to zero. This step exploits the prop-
erty that Nile red mostly stains internal compartments, but not the PM (30). The
flowchart of the process is given in Fig. 2A (see Notes 6-8).

Noise suppression: if the computed signal-to-noise ratio in an analysis window is
less than a threshold value, all pixels in the window will be set to zero. An analysis
window is defined as adjacent pixels arranged in a particular shape (usually square
or rectangle), at a fixed size (60). Scattered spots whose sizes are smaller than a
threshold are removed. Window size, signal-to-noise ratio, and intensity threshold
are used to optimize the effectiveness of the denoising process. Figure 3A,B denote
an original image of living L-cell fibroblasts and the image of the PM after noise
suppression, respectively.

Estimate PM trajectory: use an intensity moments function (61-63) to reduce
the edge effects caused by jigsaw boundary of DHE pixels caused by the digital
imaging process. The PM areas are transformed into smooth planar structures;
see the example given in Fig. 4. The geometric trajectory of PM follows the
smooth contour.

Selection of segments for analysis: lamellipodia portions of adjacent cells tended
to overlap more with each other, making it potentially unreliable for assessment of
the DHE intensity distributions. To avoid this problem, only nonoverlapped PM
regions should be chosen for analysis, and five regions of interest (Fig. 5A) were
randomly selected for analysis.

Estimate the PM boundary: PM of the cell sample does not rest on a flat plane. To
control the potential anomalies caused by the boundary of the extracted PM, a
statistical technique is used to define the boundary from the ridge line. A smaller
confidence interval implies a smaller area being analyzed; and therefore, more
reliable assessment on the properties of the DHE distributions. For instance, when
two red lines forming the boundaries of a (very small) 65% confidence interval of
a segment are plotted on the segment (Fig. 6); DHE pixels represent about 42% of
the area within the two red lines.

Derive the ridge line of a PM segment: using a polynomial fitting routine in
Matlab to reduce a (multipixel thick) segment into a single-pixel line along the
contour of the PM. In the routine, a third-order polynomial fitting routine was
used to shrink a segment into a single-pixel line, Fig. 5B. The general third-order
polynomial (64) can be expressed as:



94

Smooth PM by geometric
reference and spatial intensity
measurement

Y
At a pixel located at (X, Y) its

neighborhood is defined by a
square window of size w X w

Calculate the spatial distribution of
pixels inside the neighborhood,
characterized by the PM window

with size a % b at orientation?

Is pixel (X,Y) inside the PM
window?

Yes

Update the intensity value of
pixel (X,Y') by local average,
perform line thinning routine

'

Using jumping and sliding window
along the geometric reference line
measure the intensity peaks

Mclntosh et al.

CSR Test

!

Fit a polynomial regression line
over the DHE data points and
its 95% prediction interval,
name it analyzed area

!
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Fig. 2. System flowchart. (Panel A) Smoothing and geometric reference with spatial
intensity measurement. (Panel B) CSR test.

Y, =
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where i = 1, 2, ..., n, n is the number of pixels, and the relative regression matrix
formis ¥ =PX +¢€, where
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Fig. 3. PM extraction results. (Panel A) A merged image showing L-cell fibroblasts
supplement with DHE (green) in the form of LUVs and labeled with Nile red (red).
(Panel B) PM extraction result using the intensity subtraction method with noise removal.
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To estimate the regression coefficient matrix, the least-square optimization
criterion is used:

0=, By BBt -Bur)

and the estimator of B is 1134= [by b b, b,

The least-square normal equation for the general regression model is:
X'Xb=X'Y. The least-square estimator matrix is: b=(X"X)"(X'Y). With
computed estimator matrix b, one is able to obtain the estimated Y, where ¥ = bX.

By applying the aforementioned third-order polynomial equations to the
location matrix (X,Y) of each of the five segments S1-S5, one can obtain their
skeleton lines plotted in Fig. SB.

7. DHE intensity measurement: following the PM trajectory, the DHE intensity dis-
tribution can be measured along their perpendicular directions, and the results for
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Centroid

Fig. 4. Image smoothing using a nonlinear median window filter based on a moments
functions. The smoothed image shows the result after application of a continuous planar
model of the DHE image using window size 20 x 20 and neighborhood 5 x 5. Each pixel
in the smoothed image represents the intensity centroid calculated from the application
of this filter to the raw data. A blowup of a particular PM region from the raw data was
shown to illustrate the window and its intensity centroid.

Fig. 5. Five segments of the DHE emission in extracted PMs from MPLSM images
of living fibroblasts. (Panel A) The monomeric DHE along the PM with the five seg-
ments marked that were used for spatial measurement study. (Panel B) The geometric
reference lines from a third-order polynomial fitting routine on the PM and the corre-
sponding raw data values for each segment.
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Fig. 6. Segmented PM area of DHE, superimposed with the 65% confidence interval
from Nile red marker PM area.

the five selected PM segments S1-S5 are given in Fig. 7A (using sliding window)
and Fig. 7B (using jumping window).

8. Measure normality of DHE emissions: use normality probability plots and
Anderson—Darling method to ascertain the normality for the DHE emission. This step
ensures uniformity of the scanning steps, and detect anomaly of energy distribution.

9. Spatial pattern randomness test: analyze the chosen data sets using statistical two-
dimensional spatial analysis to perform a test of complete spatial randomness
(CSR) and then perform Monte Carlo simulations of the DHE data sets. Statistical
analysis on the spatial properties of the DHE locations can be performed using the
R system; the flowchart is as Fig. 2B.

3.6.1. Spatial Pattern Analysis

A configuration of a statistical spatial point pattern, such as location of DHE
pixels on the PM is said to exhibit CSR, if with high probabilities it is a realiza-
tion of a homogeneous Poisson process (65). If the CSR test is rejected, the data
set would be considered having either a regular or cluster pattern. There are sev-
eral summary statistics to capture the spatial properties of a spatial pattern. One
of these statistics is the nearest neighbor function G(y). If the nearest neighbor
function values from a spatial data set are larger (smaller) than those from a CSR
point pattern, then the data set has a cluster (regular) pattern. Analysis of the spa-
tial properties of DHE locations on the PM follows the following steps.

1. Select data samples for analysis. A simple technique is to use the intensity as a
selection criterion of DHE pixels for analysis. When the threshold value is zero, all
pixels are included for analysis. When the 75% value is set as the threshold, only
high-intensity pixels (called peak value pixels) are retained for analysis. Typical
PM segments before (Fig. 8A) and after (Fig. 8B) removal of DHE pixels with
values below the 75% were analyzed to generate a spatial map of the peak DHE
pixels, whose intensities represent strong DHE emission. This simple technique
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Fig. 8. Zoomed images comparing thresholded (peak) data to the full data set of a
typical PM segment of DHE emission detected over the wavelength region 350—400 nm.
(Panel A) Image before 75% thresholding was applied. (Panel B) Image after 75%
thresholding was applied.

allows one to study any potential differences in spatial properties of strong and
weak DHE signals on the PM.

2. Calculate the empirical distribution function (EDF) of one of the summary statis-
tics, such as nearest neighbor G (y) function, for the peak DHE pixels. The algo-
rithm used is the spatial Kaplan—Meier estimator of G(y).

3. Generate s — 1 sets of Monte Carlo simulations (65) of CSR pattern. All simulations
are generated from an enlarged area and cropped by an area whose shape is as that of
peak DHE pixels. Each set of simulation has the same number of points as that of
peak DHE pixels. Simulation of CSR pattern is relatively simple: generate points that
are independently and uniformly distributed on an area. The area shape on which
peak DHE pixels reside is formed from fitting a polynomial regression line, where y-
coordinates are the dependent variable, x-coordinates and their exponentials are the
independent variables, and then a 95% predict interval over DHE spots is predicted.

4. Estimate the EDF of one of summary statistics, such as G(y) function, for each
simulated points set, and then create the Monte Carlo envelopes. The upper and
lower bounds of Monte Carlo envelopes obtained from the simulation are defined
as (63)

U(y)= max {G,(»)} L(y)= min {G,(»}

5. A data set is compatible with CSR if its EDF line falls inside the envelope. The
data set is called a cluster (regular) pattern if its <EQN>line rises above (falls
below) the upper part (low bound) of the Monte Carlo G function envelope (65)
(Fig. 7).

Fig. 7. (Opposite page) Intensity measurement of DHE along PM segments of
different cells. (Panel A) DHE intensity measurements from segments 1-5 using a sliding
window. (Panel B) DHE intensity measurements from segments 1-5 using a jumping win-
dow. Window size is 10 and bin size is 3. The vertical axis represents the sum of the inten-
sities within the window; whereas the horizontal axis represents the window sequence
number. The dashed line represents the mean intensity over the segment sequences.
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Fig. 9. CSR test result of a selected PM segment. (Panel A) The PM segment being
used for analysis. (Panel B) The spatial locations of “peak” DHE pixels by setting the
mean as the threshold. (Panel C) The CSR testing outcome.

Figure 9 gives the CSR testing outcome for a selected PM segment. In
Fig. 9C, the x-axis is for the nearest neighbor distance, and y-axis for the G
function. The data G function for the data is smaller than the Monte Carlo lower
envelope at distance y < 1. This means that below the distance of 1, the data
present a regular pattern than that of a CSR. This is reasonable because the
nearest neighbor distance for pair of pixels is 1. It is also noticed that G func-
tion for this data set is greater than the Monte Carlo upper envelope when dis-
tance y > 1. It is concluded that the DHE points follow a spatial clus-ter pattern,
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which deviates significantly from the null hypothesis in such a way that the
points of the pattern tend to form local concentrations. Herein in the empirical
G function estimation, the Kaplan—Meier estimator (67) was used, which was
implemented in the R-statistical computing language spatstat package (avail-
able at URL:http://www.R-project.org; R Foundation for Statistical Computing,
Vienna, AU) Baddeley, A. and Tumer, R. (2005) Spatstat: An R package for
Analyzing Spatial Point Patterns J. Stat. Software 12, 1-4.

4. Notes

1. Using a probe like DHE that emits fluorescence in UV wavelengths requires
optics that allows transmission from the visible down to near 350 nm.

2. Owing to the intensity needed to effectively excite DHE at the level of sensitivity,
caution must be exercised in managing length of the imaging times used so that
the cells are not damaged because of heat or photodegradation.

3. Zoom levels enhance resolution but also produce more photobleaching especially
of probes with higher cross-sectional absorption such as Nile red (Fig.1D).

4. Block the entrance of all ambient light into the detection path in order to enhance
the sensitivity of detection.

5. Consistency and validation of the technique should be verified with several
probes (e.g., DiO or enhanced cyan fluorescent protein labeled marker ECFP-
Mem (Clontech, Palo Alto, CA), (30) that localize within the PM and with
another image segmentation technique (e.g., rank-statistic-based method using
rank-based comparisons).

6. Careful choices of the segmented PM regions are necessary but are based on sim-
ple criteria based on regions of clean membrane contours with no overlapping or
interfacing regions (can easily be seen in central portion of Fig. 1D), such as
where cells or cell debris are overlapping, or the places of low z distance between
PM surfaces such as where lamellipodia exist.

7. Selection of sparsely vs densely populated areas did not appear to have significant
effects on the analysis outcomes.

8. Different segmentation methods can be adopted to test consistency of the extrac-
tion results of the PM areas.
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NMR Detection of Lipid Domains

Ivan V. Polozov and Klaus Gawrisch

Summary

Methods for detection of lateral domains by solid-state 2H nuclear magnetic resonance (NMR)
and 'H magic angle spinning (MAS)-NMR in model- and biomembranes are presented. ZH NMR
has been used for decades to distinguish between liquid-ordered and solid-ordered lamellar
phases of phospholipids with deuterated hydrocarbon chains. More recently, it was shown that
superposition of liquid-ordered and -disordered phases is detected as well, taking advantage of
the large differences in chain order parameters between them. Experiments require preparation of
samples with deuterated lipids. In contrast, 'H MAS-NMR utilizes the natural proton NMR sig-
nals of lipids in model- and biomembranes. Very good resolution of resonances according to their
chemical shifts is achieved by rapid spinning of samples at the “magic angle” (54.7°) to the main
magnetic field. Phase transitions to ordered states are detected as broadening of resonances. The
method distinguishes liquid-disordered, liquid-ordered, and solid-ordered phases, has much
higher sensitivity than 2H NMR, and does not require labeling. In combination with pulsed mag-
netic field gradients, 'H MAS-NMR yields diffusion rates that may report confinement of lipids
to domains with submicrometer dimensions.

Key Words: 1H NMR; 2H NMR; cholesterol; diffusion; domain; liquid-disordered; liquid-
ordered; magic angle spinning; membrane; pulsed magnetic field gradient; raft; solid-ordered;
solid-state NMR.

1. Introduction

Solid-state H nuclear magnetic resonance (NMR) experiments conducted on
phospholipid/cholesterol mixtures were instrumental for developing the concept of
the liquid-ordered (L)) phase (I). The large differences in spectral appearance
between solid-ordered (S ), and L phases has been widely used to construct phase
diagrams of cholesterol-containing phospholipid mixtures (I-3). Recently, it was
shown that coexistence of large L and liquid-disordered (L) domains is detected
as signal superposition, taking advantage of the higher cholesterol content in
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L, phases and the related increase of chain order parameters (3). Unfortunately,
sensitivity of solid-state ZH NMR experiments is rather low, requiring milligram
quantities of chain perdeuterated lipid per sample and acquisition times on the order
of 1 h. Low sensitivity is the result of the low gyromagnetic ratio of deuterium
nuclei and the large bandwidth of spectra. Whereas the requirement for deuteration
and sample size are easily met for model membranes, preparation of deuterated cell
membranes is challenging. But on the positive side, 2H-labeling is sterically non-
perturbing and its influence on the strength of molecular interactions is negligible.

'H magic angle spinning (MAS)-NMR is much more sensitive and does
not require labeling. The acquisition of spectra from a few milligram of
membrane material takes less than one minute, permitting to record the
phase state of membranes at small temperature increments. However, cali-
bration of temperature inside the spinning MAS rotor is somewhat difficult.
Proton resonances of phospholipids and cholesterol are well resolved.
Membrane proteins contribute to a broad background signal only. Recently,
it has been shown that '"H MAS-NMR spectra of L, L-, and S phases are
distinctly different (4,5). Experiments require the use of a MAS probe with
a low-proton background signal, and sample spinning as well as the spec-
trometer electronics must have high stability to enable reproducible acquisi-
tion of spectra that are free of distortions. This is particularly important for
diffusion measurements by 'H MAS-NMR with application of pulsed mag-
netic field gradients (4,6). Formation of L phases in membranes is reflected
by a significant reduction of diffusion coefficients (7,8). Confinement of
lipids to fluid domains with submicrometer dimensions is seen as depend-
ence of apparent diffusion rates on diffusion time. At temperatures below the
percolation threshold, the fluid domains are discountinuous and lipid diffusion
is confined to domain boundaries (4).

2. Materials
2.1. Deuterium NMR Experiments

1. Deuterated lipids as stock solution in organic solvent or as dry powder.

2. The solvent of choice for cholesterol-containing lipid mixtures is high-performance
liquid chromatography grade, stabilized chloroform, or chloroform/methanol mixtures
(see Note 1).

3. Water for 2H NMR experiments must be deuterium depleted (2—4 ppm residual ZH
content).

4. Cylinder(s) with pure argon or nitrogen gas. For preparation of a large number of
samples, the use of liquid-nitrogen tanks for gas use is recommended.

5. Vacuum stand for removal of organic solvents and for lyophilization of water-
containing samples.

6. Cylindrical sample containers that fit into the solenoid coil of the NMR probe
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2.2,

—_—

(typi-cally 5 mm outer diameter). Thin-walled containers yield higher signal
intensity owing to a higher filling factor but break more easily if sample prepa-
ration requires centrifugation. Containers must be sealed with a tightly fitting
cap that prevents loss of water during experiments. This is particularly critical
for experiments conducted at temperatures above ambient over extended peri-
ods of time. The use of miniature glass vials with small ground glass stoppers
is recommended.

Desktop centrifuge capable of spinning sample containers at up to 5000g.
Solid-state NMR spectrometer equipped with a static ZH NMR probe with a
solenoidal sample coil, e.g. Bruker Biospin Avance (Bruker Biospin Corp.,
Billerica, MA) (see Note 2). The homogeneity of the main magnetic field
should be sufficient to yield a resonance width of 25 Hz or better at 50% inten-
sity and 100 Hz or better at 5% intensity. The probe and transmitter must yield
a /2 pulse length of 5 us or less (2-3 us desirable). A longer pulse length
results in spectral distortions. The radiofrequency channels must have sufficient
bandwidth to enable detection of signals that are free of phase- and amplitude
distortions over a spectral width of at least 200 kHz. The instrument must be
equipped with a variable temperature control unit that permits temperature
adjustment to 0.5 K or better.

Proton MAS-NMR Experiments

Lipids, cell suspensions, or tissue samples.

Water for 'H MAS-NMR experiments should be at least 98% deuterated.
Ultracentrifuge capable of spinning samples with a volume of 1-5 mL at 100,000g
or higher.

Desktop centrifuge with swinging buckets capable of spinning samples with a vol-
ume of 15 mL at 2000g, e.g. IEC Centra CL2 (Thermo Fisher Scientific, Inc.
Waltham, MA).

MAS rotors with Kel-F inserts for liquid samples (4-mm rotor outer diameter,
inserts with a spherical volume of 10-20 UL recommended, Bruker Biospin, Inc.,
Billerica, MA).

Solid-state NMR spectrometer equipped with a 'H MAS probe capable of spin-
ning liquid samples at a frequency of 10 kHz or higher. The instrument should
have a resonance frequency of at least 300 MHz to separate lipid resonances by
their chemical shift. A higher-resonance frequency improves resolution and
sensitivity. The instrument must allow shimming of resonances better than 10
Hz at 50% intensity and better than 50 Hz at 5% intensity. The temperature con-
troller must allow adjustment of sample temperature to 0.5 K or better.
Temperature gradients over the spinning sample must be less than 3 K. For dif-
fusion experiments a 'H MAS probe with a gradient coil that generates a mag-
netic field gradient parallel to the rotor axis is required. The maximal gradient
strength must be at least 0.3 T/m. Application of stronger gradients permits
detection of smaller domains, but is technically more challenging.
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3. Methods
3.1. Sample Preparation
3.1.1. °H NMR Samples

Samples should contain 2—-10 mg of deuterated lipid. The signal acquisition
time increases quadratically with decreasing lipid content (see Note 3).
Liposome size must be in the micrometer range. Smaller liposomes are undesir-
able because their small radius of curvature, in combination with lateral diffu-
sion, results in lipid reorientation that averages out quadrupolar splittings.
Samples containing polyunsaturated lipids are very prone to oxidation and must
be prepared in a glove box filled with an oxygen-free atmosphere. Also, addition
of an antioxidant like butylated hydroxytoluene at a lipid/butylated hydroxy-
toluene molar ratio of 200/1 is recommended.

1. Mix the lipids in organic solvent. Remove the solvent in a stream of argon or nitro-
gen gas while rotating the glass vial to form a thin lipid film on the wall. The time
for complete removal of solvents depends on lipid layer thickness, chemical com-
position of lipids, and solvent properties. 'H MAS-NMR is a convenient tool for
detection of trace amounts of remaining solvents. If necessary, residual solvent is
removed by exposing samples to vacuum (0.1 mB).

2. Hydrate the lipids by addition of 50 wt% deuterium depleted water or buffer solu-
tion prepared with deuterium depleted water (see Note 4), and collect the sample
at the bottom of the tube by centrifugation.

3. Transfer the membrane pellet to the sample container for solid-state NMR experi-
ments. The efficient transfer of milligram-size samples is challenging. It is conve-
niently achieved by inserting the tube upside down into the wider end of a plastic
pipet tip. The thin end of the tip is cut such that it fits snuggly into the end of the
NMR sample tube. This assembly is placed into the rotor of a desktop centrifuge
with swinging buckets and the membrane pellet transferred to the NMR container
by mild centrifugation. Please note that the sample must be in a liquid crystalline
phase for efficient transfer. After transfer, mechanical stirring of the sample with a
plastic tooth pick, freeze—thaw cycles, as well as annealing at a temperature well
above the main phase-transition temperature of lipids may be applied to improve
homogeneity. Annealing of samples as well as lower levels of hydration increase
liposome size. However, addition of less than 20 water molecules per lipid is not
desirable because insufficient hydration may alter the phase state.

4. H NMR experiments on cell membranes requires at least partial deuteration of
lipids. This is achieved by growing cells on fully or partially deuterated growth sub-
strates and/or deuterated water (see Note 5). Cell membranes were also success-
fully doped with deuterated lipids by fusion with liposomes made up of deuterated
lipids or by transfer of deuterated lipids to cell membranes from micellar solution,
from cyclodextrin, from bovine serum albumin, or from lipid exchange proteins.
However, such transfer may disturb the natural composition of lipids including
their lateral distribution, as well as the asymmetry of transbilayer distribution.
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3.1.2. Samples for "H MAS-NMR

The recommended size of "H MAS-NMR samples is 1-5 mg of lipid in a vol-

ume of 10-20 puL. Whereas this does not pose a problem for model membranes,
cell membrane preparations may require ultracentrifugation to achieve such den-
sities. For diffusion measurements by 'H MAS-NMR, average liposome size
must be 1 um or larger.

1.

Prepare lipid mixtures as described in Subheading 3.1.1., but transfer them to
a MAS rotor equipped with an insert for liquid samples. Concentrate cell
membranes before the transfer by ultracentrifugation, resuspend the pellet in
2HZO or deuterated buffer, and pellet it again. This exchanges most of the H,0O
for 2HZO and deuterates exchangeable protons. For a higher level of deutera-
tion, samples may be repeatedly dispersed in deuterated water/buffer with sub-
sequent pelleting. If sample density is insufficient, the H20/2H20 exchange
can be combined with concentrating the cell material by osmosis. Cells and
membrane vesicles are deflated and aggregated by addition of strong
osmolytes like a solution of polyethylene glycol (PEG) in 2HZO or concen-
trated salt solutions, with subsequent separation of sample and osmolyte by
centrifugation. High molecular weight PEGs also dehydrate samples through
a dialysis bag, which avoids contamination of samples with PEG. Rates of
water removal are greatly enhanced by continuously stirring the viscous PEG
solution.

Transfer the membrane pellet to the MAS rotor using a plastic pipet tip of
proper diameter and mild centrifugation as described in Subheading 3.1.1.,
step 3 (see Note 6).

3.2. Solid-State NMR
3.2.1. 2H NMR

3.2.1.1. ACQUISITION AND PROCESSING PARAMETERS

1.

Set up the solid-state NMR instrument for detection of the ZH NMR frequency.
Resolution of ?H resonances from deuterated lipid segments that have protonated
groups as next neighbors, for example, a single deuterated methylene group in
protonated hydrocarbon chain, may benefit from application of proton decoupling
during signal acquisition. The latter requires a dual channel 'H/?H solids probe
and spectrometer.

Select a quadrupolar echo pulse sequence (d|-90°X—T-9O°y-acquire) (9). The first
pulse turns magnetization from the z-axis to the x—y plane. Magnetization spreads
rapidly in the plane from the interaction between the electric quadrupole moment
of the 2H nucleus and the electric field gradients in C-D bonds. The second phase
shifted 90°  pulse refocuses the signal to form an echo that has a maximal ampli-
tude after the delay time T. Acquisition of the free induction decay (FID) must
begin well before the echo maximum is reached.
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3. The %H carrier frequency is placed exactly at the center of the spectrum. Typical

acquisition parameters are:

a. Spectral band width 200 kHz or higher.

b. Filter bandwidth of 500 kHz or higher.

c. Dwell time between data points in the FID equal to 2.5 ps or less.

d. Delay time T between the m/2-pulses of 30-100 us, depending on the ring-
down time of the probe.

e. 8192 data points per FID or higher.

f. Recycle delay of 250 ms or longer.

g. The m/2-pulses must have duration of less than 5 [s to ensure homogeneous

excitation of resonances.

4. Left shift the data points of the FID at increments of 1/10th of a dwell time unit
such that the first data point coincides precisely with the echo maximum (10).
This avoids the need for a first-order phase correction of the spectra after Fourier
transformation and the related distortions of the spectral baseline.

5. Multiply the FID with an exponential window function equivalent to a line broaden-
ing of 50-200 Hz to reduce noise, convert the signal to the frequency domain by a
Fourier transformation, and phase correct it using zero-order phase correction only.
A computer program written for Mathcad (Mathsoft) (Parametric Technology Corp.,
Needham, MA) with tools for computer-aided adjustment of data points to the echo
maximum, Fourier transformation, automatic phase adjustment, as well as calcula-
tion of smoothed chain order parameter profiles is available on request.

3.2.1.2. INTERPRETATION OF 2H NMR SPECTRA

The 2H NMR experiment yields so-called “powder pattern spectra” that are a
superposition of resonances from bilayers oriented at random to the magnetic field
(Fig. 1). Every methylene group of a hydrocarbon chain yields a doublet with an
orientation-dependent splitting. The two maxima in the powder pattern stem from
lipid bilayers that are oriented with their normal perpendicular to the magnetic
field. The separation between these maxima is called quadrupole splitting (AVQ).
For methylene groups, it is converted to a bond-order parameter by dividing it by
125 kHz. Order parameters are a very sensitive measure of average bond orienta-
tion to the bilayer normal and of motional freedom of 2ZH-C bonds (11).

In the fluid L;- and L phases, chain isomerization and lipid reorientation
about the bilayer normal are sufficiently rapid to yield 100-300 Hz wide, super-
imposed resonances that appear as symmetric peaks in the spectra. The termi-
nal methyl group of chains has lowest order parameters, and therefore, the
smallest quadrupole splitting. Order of saturated hydrocarbon chains increases
rapidly from the methyl end to the middle of the chain and remains constant up
to the lipid carbonyl group (order parameter plateau). Quadrupole splittings
from the region of the order parameter plateau are heavily superimposed.
The L phase has higher cholesterol content as compared with L ;, which greatly
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Fig. 1. (A) Deuterium NMR spectra of 1-stearoyl(d35)-2-oleoyl-sn-glycero-3-phos-
phocholine (SOPC-d35) recorded at -9, —1, 0, 2, 3, and 26°C. (B) ’H NMR spectra
SOPC-d35/cholesterol (7/3, mol/mol) recorded at —13, —8, -3, 2, 7, and 27°C.

increases quadrupolar splittings and makes spectra of both phases easily distin-
guishable, in particular in spectra with phase coexistence (Fig. 2).

In contrast to the fluid L;- and L phases, S _-phase spectra are broader and
poorly resolved (Fig. 1). In the S phase, lipid hydrocarbon chains are packed in
a crystalline lattice, which reduces rates of chain isomerization and lipid orienta-
tion by orders of magnitude. Therefore, order parameters of lipids in S  are much
higher and spectral width is increased. But slow motions of lipids in S_ also
increase the resonance linewidth to values in the kilohertz range, resulting in
mostly featureless spectra, except for the somewhat resolved quadrupolar split-
ting of terminal methyl groups. The rates of chain motions decrease further with
decreasing temperature, resulting in a strong temperature dependence of S -phase
spectra. Furthermore, at sufficiently low temperature, slow transitions between
crystalline phases may take place that are reflected in the spectra as well.

For convenience, spectral changes as a function of temperature are often plotted

as spectral first moment, M, calculated according to M, = wa (w)dw / I f(w)do,

where @ =2mv, and v is the resonance frequency in Hz (Fig.03). By conve;)r[ion v=0
corresponds to the center of the symmetric spectra. The first spectral moment is
proportional to the averaged chain-order parameters of all deuterated lipid segments
of the sample. It increases in the sequence Ly <L < S . Phase transitions are seen
as discontinuity or change of slope in the plot of M, vs temperature.

The spectral differences between L -, L -, and S phases enable determina-
tion of phase state as a function of composition and temperature. For an
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Fig. 2. Temperature dependence of first moments, M, of the H NMR spectra of
SOPC-d35 (A), and SOPC-d35/cholesterol (7/3, mol/mol) (A) shown in Fig. 1.

unambiguous interpretation, the spectra of pure L -, L -, and S phases must be
generated first. This is achieved by recording spectra at sample compositions
and temperatures, which yield enrichment of a particular phase. The task of
assigning a phase state(s) to a particular spectrum is complicated by the tem-
perature and concentration dependence of spectra. For L ;- and L phases, small
spectral changes from a change of temperature are reasonably well approxi-
mated by increa-sing/decreasing all quadrupolar splittings by the same factor.
Small differences from a change of cholesterol content can be approximated by
a scaling factor as well. Correction for the temperature dependence of S -phase
spectra is challenging and should be avoided.

Spectra of pure phases are either directly recorded or generated by spectral
subtraction. For example, a judiciously determined fraction of a spectrum
obtained at the higher cholesterol concentration, which is enriched in L, is sub-
tracted from the spectrum at lower cholesterol content to yield the spectrum of a
pure S phase. The phase composition of other samples is then determined by
computer-aided fitting, using a superimposition of L;-, L -, and S _-phase spectra
at proper proportions (see Note 7). If lipids exchange between L -, L -, and S
phases on a time-scale in the range of 10°-107* s then additional spectral changes



NMR of Lipid Domains 115

14 -
A
12 A
A
FUREAYN
10 A A
A‘AM
8 4 AA
- A
2 A
=
6 -
%AAA
A A
4 -
2 -
0 T T T 1
—40  -20 0 20 40

Temperature (°C)

Fig. 3. 2H NMR spectra of a DPPC-d62, 1,2-dileoyl-sn-glycero-3-phosphocholine
(DOPC), cholesterol mixture, DPPC-d62/DOPC (1/1, mol/mol), containing 30 mol%
cholesterol, recorded as a function of temperature. At temperatures more than 30°C this
lipid mixture is in a L, phase. Below 20°C coexisting L;- and L phases are observed
(reproduced from ref. 3 with permission).

occur, which are not reproduced by a superposition of spectra of the correspon-
ding phases. Exchange is recognized by severe broadening of resonances.

3.2.2. "TH MAS-NMR
3.2.2.1. ACQUISITION AND PROCESSING PARAMETERS

1. Spin the sample at a MAS frequency of 10 kHz and adjust the sample temperature
as needed (see Note 8).

2. Adjust the spectral bandwidth of the 'H channel to cover all resonances of the
MAS spinning centerband as well as the two first spinning side bands. Acquire the
FID with a single ©/2 hard pulse. Select a delay time between data acquisitions
equal to 3-5 times the longest spin—lattice relaxation time of any resonance that
will be used for data analysis. Chose a proper delay time between the hard pulse
and the acquisition of the first data point of the FID to eliminate the need for a
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first-order phase correction of spectra after Fourier transformation (see Note 9).
Multiply the FID with an exponential window function equivalent to a line broad-
ening of 1-20 Hz before Fourier transformation.

3. Record the spectrum of the MAS rotor filled with deuterated buffer at identical con-
ditions and compare its intensity with the spectrum from the membrane-
containing sample. Subtract the spectrum of the buffer-filled rotor from the membrane
spectrum if needed. This eliminates residual proton signals from the MAS probe
hardware. However, because such subtraction may also introduce spectral distortions,
the use of a MAS probe with a low-proton background signal is highly desirable.

3.2.2.2. INTERPRETATION OF "H NMR SPECTRA

Information about the phase state of lipids in the membrane is extracted from
chemical shifts, resonance intensities, and the linewidth of resonances (Fig. 4).
The proton chemical shifts of lipids in organic solvent serve as guide for an ini-
tial assignment. Verification of assignments is achieved by two-dimensional
homo- and heteronuclear chemical shift correlation experiments, conducted on
the membrane sample in the spinning rotor (12). The peak of highest integral
intensity in membrane spectra is usually the hydrocarbon chain methylene res-
onance at 1.3 ppm. Information about the phase state of lipids is conveniently
extracted from the linewidth of this peak as well as its spinning sideband/
centerband intensity ratio (Fig. 5). The linewidth increases in the sequence
L, <L, <S,. At a MAS-spinning frequency of 10 kHz it is 25-100 Hz for L,
500-1000 Hz for L, and larger than 1.5 kHz for S . The 10-fold increase of
linewidth and corresponding decrease of resonance intensity on a transition
from L, to L or S is easily detected. The S  phase is distinguishable from L
by its much higher spinning sideband/centerband intensity ratio. Typical side-
band/centerband ratios at a MAS frequency of 10 kHz are 0.02 for L, 0.05 for
L., and 0.2 for S_(5).

The onset and completion of phase transitions in membranes are detected as
discontinuities in plots of peak intensity vs temperature (Fig. 6). Formation of L
or S  at lower temperature is reflected as break points in the curves. The plot of
spinning sideband/centerband intensity ratio is most sensitive to S_ formation.
Also, the much higher intensity of spinning sidebands of ordered phases results
in discernible spectral changes between spinning center and -sidebands. In spec-
tra of coexisting disordered and ordered phases the centerband intensity has
stronger contributions from L; whereas, signal intensity of sidebands is domi-
nated by S_ and L . Therefore, the linewidth of resonances in the spinning side-
bands tends to be larger than the corresponding linewidth of the spinning
centerband. The magnitude of differences is a qualitative measure for the amount
of S and L in the sample.

The strong linebroadening of chain resonances on transition of lipids into L |
or S makes "H MAS-NMR an uniquely sensitive tool for detection of ordered
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Fig. 4. '"H MAS-NMR spectra of multilamellar DPPC/DOPC/cholesterol liposomes.
The top spectrum (L, phase) was acquired at 45°C and the bottom one (L;- and L -
phase coexistence) at 8°C. Lipid resonances are assigned by labels as shown on the
DOPC molecule. The DPPC spectrum is similar to DOPC, except for the lack of dou-
bled bond-related resonances (d, m) (reproduced from ref. 3 with permission).

lipid domains, irrespective of their size. However, appearance of spectra
depends on the rate of lipid exchange between domains. If fluid domains are
sufficiently small, lipids exchange rapidly between them on the time-scale of
10~*s. Resonance lines have Lorentzian shape with a linewidth, Av, ,, which
reflects the fractional contributions of ordered and disordered phases

_ d
AV, = P, AV}, + pAvy,
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Fig. 5. '"H MAS-NMR spectra (from top to bottom) of SOPC, SOPC with 15 mol%
cholesterol, and SOPC with 30 mol% cholesterol at 4, —2, and —4°C, respectively, cor-
responding to the S_phase (SOPC), S -L  coexistence (15 mol% cholesterol), and
mostly L (30 mol% cholesterol). The spinning sidebands of first-order of the chain
methylene resonance at 1.3 ppm are shown at 20-fold magnification in the inset (repro-
duced from ref. 5§ with permission).
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Fig. 6. Peak height of the methylene resonance (1.3 ppm) of the spectrum shown
in Fig. 3 plotted as a function of temperature. The decrease of peak height at temper-
atures less than 30°C reflects formation of an ordered lipid phase (reproduced from
ref. 3 with permission).
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where p_ and p, are the mole fraction of L - and disordered phases, respec-
tively, and Av{, and Av{, are the linewidths of resonances in those phases
(5). Because the linewidth of chain resonances in L is more than one order of
magnitude larger compared with L, even a small fraction of an L phase in
exchange with L, increases Av, , significantly and reduces signal height.

If coexisting L ;- and L | domains are large, spectra are a superposition of res-
onances from the two phases. Coexistence with an S _-phase results almost
always in signal superposition because lipid exchange rates between fluid and
solid phases are usually low, irrespective of their size. Signal superposition
from phase coexistence is detected as isosbestic points in superimposed spectra
recorded as a function of temperature. The fraction of lipids in the phases is
obtained from a fit of the experimental spectrum as superposition of the spec-
tra from the contributing phases (see ref. 5).

Spinning of samples in MAS rotors at 10 kHz generates centrifugal forces of
up to 6 X 103g, which may separate membranes from excess water of hydration
(13). However, even at such high centrifugal forces, severe dehydration, which
alters membrane lateral organization is unlikely to occur. If necessary, dehydra-
tion is prevented by adjusting the density of the water phase to the density of
lipid membranes, for example, by hydrating the sample with a proper mixture
of H,0 and ?H,0 (14).

3.2.3. Diffusion Measurements by 'H PFG MAS-NMR
3.2.3.1. ACQUISITION AND PROCESSING PARAMETERS

1. Spin the sample prepared according to Subheading 3.1.2. in a MAS probe
equipped with a coil for pulsed magnetic field gradients that are oriented parallel
to the axis of the spinning rotor. Choose a MAS-spinning frequency in the range
of 3-10 kHz at which spinning is very stable (see Note 10).

2. Select a stimulated echo sequence with shaped bipolar gradient pulses for data
acquisition (see Fig. 7). This sequence reduces spectral baseline distortions from
a perturbation of the main magnetic field (4,6,15) (see Note 11).

3. Set the delay time between data acquisitions to three to five times the longest
spin—lattice relaxation time of any resonance that will be used for data analysis.
Carefully determine the length of the ®/2- and m-pulses. Select the maximal gra-
dient strength, gradient length, and diffusion time to achieve a significant reduc-
tion of signal intensity at the highest gradient strength (see Note 12). Increase
the length of the recovery time (7)), until spectral perturbations are tolerable.

4. Acquire sets of spectra as a function of gradient strength. After Fourier transfor-
mation, carefully correct the spectral phase and baseline before measuring signal
amplitudes. Follow instructions in (6,12) to calculate diffusion rates from the
dependence of signal intensity on gradient strength.

5. Measure apparent diffusion rates as a function of diffusion time.
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Fig. 7. Stimulated echo sequence with shaped bipolar gradient pulses for diffusion
measurements by 'H MAS-NMR. The spectra show water (left) and lipid resonances
(right) of multilamellar liposomes, recorded at increasing strength of pulsed magnetic
field gradients. The water signal decays much faster with increasing gradient strength,
indicating higher rates of lateral diffusion of water molecules.

3.2.3.2. DATA ANALYSIS—DETERMINATION OF DOMAIN SIZE

The diffusion of lipids and of interlamellar water is confined to layers. If sam-
ples are prepared as described under Subheading 3.1.2., those layers are oriented
at random to the applied magnetic field gradient. The diffusion coefficient (D)
of such randomly oriented layers is determined from the dependence of peak
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Fig. 8. Average distance that lipids move during the diffusion time (A). Liposomes
are mixtures of SOPC/1-palmitoyl-2-oleolyl-sn-glycero-3-ethanolamine (3/7, mol/mol).
The experiments were conducted at a temperature above the L —S  phase transition
range (33.4°C). The solid line is a fit to the data assuming an average liposome
radius of 1.3 £ 0.1 um. The fit yields a curvature corrected lateral diffusion constant
D=0.8%0.1 X 10""m?%s (reproduced from ref. 4 with permission).

intensity on gradient strength according to (5): ln[li ): —%kD + %(kD)z, where
0

I/, is the normalized intensity of the lipid peak. For square-shaped pulses

d
k=472g262[A—é—g) where 7y is the gyromagnetic ratio of protons, g

is the gradient strength, d is the gradient pulse length, and d, the time between
the gradient pulses that sandwich the m-pulse. Please note that the aforemen-
tioned formula is an approximation, which is only valid for a gradient-induced
signal attenuation of up to 90%.

The data analysis yields an apparent diffusion constant D, that is equal or
smaller than the true lateral diffusion constant in bilayers depending on mem-
brane curvature or on spatial restrictions to lipid diffusion from formation of
domains. Curvature effects and size restriction are reflected as a reduction of
D, with increasing diffusion time. For analysis, plot the average distance (x),
lipids that move during the diffusion time (A), calculated according to

172
x(A) = (2D A) (Fig. 8). Diffusion is spatially restricted if x(A) = constant

app
for sufficiently large A. A reduction of constant with decreasing temperature
indicates constraints to lipid diffusion from domain formation. The value of
constant is a measure of average domain size. Such spatial restrictions to lipid
lateral diffusion in a binary lipid mixture were observed in the region of a L ;=S
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Fig. 9. Fraction of lipids in the L; phase in SOPC/1-palmitoyl-2-oleolyl-sn-glycero-
3-ethanolamine (3/7, mol/mol), liposomes (open triangles), and diffusion distances
(filled triangles) as function of temperature. Above the onset of the L ~S_ phase transi-

tion,

average lipid displacement reports the size of liposomes. Below the percolation

threshold, the distance of lipid movement reflects the size of L -phase domains (repro-
duced from ref. 4 with permission).

phase transition (4) (Fig. 9). Lipid diffusion experiments by 'H PFG MAS-NMR
can be conducted on both model and biological membranes.

4. Notes

1.

Purchase only high-grade, stabilized chloroform in small bottles that are used up
within weeks after being opened. Old chloroform may contain trace amounts of
hydrochloric acid that is harmful to lipids.

The resonance frequency of the spectrometer is of secondary importance because
the spectral width of 2H NMR spectra is entirely determined by quadrupolar inter-
actions that do not depend on magnetic field strength. However, sensitivity of sig-
nal detection increases in a nonlinear fashion with increasing field strength, making
the use of higher fields desirable. Unfortunately, at higher field strength membrane
samples tend to slowly gain a preferred orientation in the magnetic field, which
may perturb a quantitative data analysis. Protein-free lipid bilayers tend to orient
with their normal perpendicular to the field, whereas samples with a high content
of proteins with transmembrane helices tend to orient parallel to the field. In most
cases, a field of 7 T is an acceptable compromise between decent sensitivity and a
sufficiently low tendency for a field-induced bilayer orientation.

. The low sensitivity of 2H-NMR usually necessitates acquisition of a large number

of FID for signal detection. The signal-to-noise ratio of NMR spectra increases
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with the square root of the number of acquisitions. Therefore, the acquisition time
increases with the square of decreasing sample size, setting practical lower limits
for sample size. For example, a sample of 1/4th the size requires a 16-fold increase
of acquisition time to yield the same signal-to-noise ratio.

4. Expenses for deuterium-depleted water are reduced by preparation of small quan-
tities of deuterium-depleted buffer, for example, 1 mL. This is conveniently
achieved by starting out from a stock solution of the buffer prepared with regular,
deionized water. A proper amount of this stock solution is lyophylized and the
residue dissolved in an equal amount of deuterium-depleted water in the same vial.

5. Deuterated water inhibits cell growth, might alter membrane composition, and is
lethal for most living organisms at high concentrations. The tolerable limits of
deuterated water in growth solutions must be determined individually. In contrast,
feeding of deuterated growth substrates like fatty acids, glucose, and so on, is usu-
ally well tolerated. 2H labeling of lipids does not change lipid conformation and
motional properties. However, there is a small effect from deuteration on the
strength of hydrogen bonds and on phase transition temperatures. For example,
chain perdeuterated 1,2-dipalmitoyl(d62)-sn-glycero-3-phosphocholine DPPC-d62)
has a gel-fluid phase transition at 7, = 310 K whereas protonated DPPC has a
T =314.5 K. As arule of the thumb, the main phase-transition temperature of lipids
is lowered by 2 K per deuterated hydrocarbon chain.

6. The transfer of protein-free liposomes that contain an excess of 2HZO by centrifu-
gation is challenging because the deuterated water has usually a higher density
than the membranes. Therefore, any 2HZO that was added in excess will fill the
10-20 pL volume of the MAS insert first, although the membrane material forms
an upper layer that may not reach the NMR active volume. Therefore, excess 2H20
that may separate from the membranes during the transfer must be removed, for
example, by centrifugation followed by removal of water with a syringe or by blot-
ting with filter paper.

7. The quadrupolar echo pulse sequence attenuates spectral intensities according to
differences in the spin—spin relaxation times T, in the sequence S, > L > L,. As
a result, S - and L _-spectral contributions have somewhat lower intensity com-
pared with L. To correct for the differences in T,, spectra are recorded at several
delay times T (see pulse sequence in Subheading 3.2.1.), and the L /L /S inten-
sity ratio extrapolated to T = 0.

8. The sample temperature in a MAS rotor depends on the temperature of the bearing
gas. Some MAS probes control sample temperature additionally by a flow of
temperature-controlled gas into the probe chamber of the MAS stator. The influence
from the air temperature that controls MAS spinning is minor, but the spinning fre-
quency itself is critical. At spinning frequencies up to 5 kHz, the rotor temperature
is a few degrees lower than the temperature of the bearing gas because of the
Joule-Thompson effect on gas expansion at the bearings. At spinning frequencies
above 5 kHz the rotor temperature increases in a nonlinear fashion with increasing
spinning frequency resulting from frictional heating at the bearings. The tempera-
ture inside the spinning rotor is conveniently measured through the chemical shift



124 Polozov and Gawrisch

difference between water and choline in a micellar solution of 1,2-dicaproyl-sn-
glycero-3-phosphocholine (Avanti Polar Lipids; Alabaster, AL) loaded into a MAS
rotor with insert for liquid samples. The chemical shift to temperature calibration
curve is determined in high-resolution NMR experiments using a temperature cal-
ibrated probe. Please note that every spinning frequency requires a separate calibra-
tion curve. The calibration is usually reproducible to within 0.5 K if rotors and
inserts are of the same type, spinning frequencies are equal or less than 10 kHz, and
samples spin without hesitation. The temperature inside the MAS rotor can be ver-
ified by recording spectra of lipids with known gel-fluid phase transition tempera-
tures. Also, the chemical shift of water in the samples is a very sensitive measure
of relative changes of temperature.

Most of the heating takes place at the two bearings at each end of the rotor, although
the center of the rotor is chilled by the expanding gas. This may cause significant tem-
perature gradients across the sample. Highly conductive samples may also heat
because of induction of eddy currents. However, the latter is unlikely for biomembrane
samples at physiological concentrations of saline. In the authors’ experience, a spin-
ning frequency of 10 kHz is an acceptable compromise between sufficient resolution
of gel phase spectra, reproducibility of sample temperature, and tolerable temperature
gradients over the sample of 3 K or less. A significant reduction of temperature gradi-
ents is achieved by using rotor materials with higher heat conductivity.

9. Proper adjustment of this delay time is critical for reproducibility of spectra with a
large bandwidth and broad resonances. If first-order phase correction must be
applied, such spectra may have a baseline roll, which complicates data analysis. The
proper value of the delay time depends on the bandpass filters in the NMR receiver.
Values in the range from zero to one dwell time unit (time between two data points
in the FID) are typical.

10. Any movement of the rotor along the spinning axis during the diffusion time dis-
turbs the experiment. Requirements for spinning stability increase with increasing
gradient strength. The application of the gradient pulses exerts a force on the gra-
dient coil that may trigger mechanical vibrations. Indicators for spinning instability
and mechanical vibrations are:

a. Modulation of tune and match of probe resonances from spinning and
application of field gradients.

b. Poor signal reproducibility between consecutively acquired spectra.

c. Instability of the spinning frequency.

d. Strong pinging sounds from the gradient coil on application of gradient pulses.

11. Trapezoidal-shaped gradient pulses with short raise and decay times yield almost
the same effective gradient strength as square pulses but without the strong pertur-
bations of the main field.

12. Do not exceed gradient current, gradient length, and gradient duty cycle beyond
the limits specified by the probe manufacturer to avoid equipment damage. With
increasing diffusion time, maximal signal intensity declines exponentially owing
to spin—spin and spin—lattice relaxation. The intensity of resonances with shorter
relaxation times declines more rapidly, which changes the appearance of spectra.
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Also, long diffusion times result in magnetization transfer between resonances
through the nuclear Overhauser effect that perturbs the experiment. For most
samples, diffusion times of less than 200 ms are desirable. Application of
stronger gradients enables conducting experiments at shorter diffusion times. The
strength of pulsed field gradients as well as the linearity of gradient strength is
measured by conducting experiments on a substance with a known diffusion con-
stant, for example, water (16).
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Lateral Diffusion Coefficients of Raft Lipids
From Pulsed Field Gradient NMR

Greger Orddd and Goran Lindblom

Summary

The pulsed field gradient-nuclear magnetic resonance diffusion technique has an appreciable
potential for biophysical investigations in membrane biology, various lyotropic liquid crystals,
and other complex fluid systems. In particular, topics like transport of molecules both across and
within the plane of a lipid membrane can be successfully studied, as well as the formation of lipid
domains and their intrinsic dynamics. The pulsed field gradient-nuclear magnetic resonance tech-
nique and the preparation of oriented samples for investigations of lipid lateral diffusion in
macroscopically aligned bilayers, oriented by a goniometer probe in the main magnetic field, are
described. Some recent results illustrating the potential of the method in detecting and character-
izing domain formation are also presented.

Key Words: Lateral diffusion; PEG-NMR; phospholipids; cholesterol; lateral phase separation;
domains; liquid-ordered phase; liquid-disordered phase.

1. Introduction

The nuclear magnetic resonance (NMR) methods with pulsed magnetic
field gradients provide some of the most attractive techniques for studies of
molecular transport and the applicability of the techniques has been growing
fast because of many improvements of the NMR equipments for diffusion,
measurements, and microscopy (7). One of the most successful applications of
pulsed magnetic field gradients (PFG)-NMR is its use in extracting structural
information about heterogeneous systems such as complex liquids and liquid
crystals (2—4), and in particular, lipid lateral diffusion coefficients in a macro-
scopically oriented lamellar liquid-crystalline (L) phase that can be directly
measured (2,5,6).

From: Methods in Molecular Biology, vol. 398: Lipid Rafts
Edited by: T. J. McIntosh © Humana Press Inc., Totowa, NJ
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1.1. Method Prerequisites

The PFG-NMR method, which is based on the refocusing of a spin echo,
requires that the transverse relaxation time is sufficiently long to allow for inser-
tion of PFG pulses in the defocusing and refocusing periods. This is usually not
a problem for isotropic liquids and liquid crystals but for anisotropic phases, the
dipolar coupling will cause a substantial line broadening that prevents the obser-
vation of the spin echo, unless special solid-state NMR techniques are used
(7,8). However, all the static NMR interactions have a common scaling term,
namely, 3cos®0,;, —1, where 6, , is the angle between the bilayer normal and

the main magnetic field (B,) (9). For cos?0=1/3, i.e., 0 = 54.7°, this scaling
term becomes zero and the static interactions disappear. In order to achieve this,
the lipid bilayers must be oriented in parallel on a flat solid support (e.g., glass
plates) so that the bilayer normals are perpendicular to the glass plates and
oriented at an angle of 54.7° with respect to B,

1.2. PFG-NMR and Domain Formation

It is generally accepted that macro- and microdomains exist within the plane
and across the lipid bilayers, and that their presence in a biological membrane
may be associated with important cell functions, such as signal transduction,
lipid trafficking, transcytosis, protein sorting, and virus budding (10-12). In the
simplest form, such domains occur in systems of two-phase coexistence of
a liquid-ordered (L) phase in which the lipids are more tightly packed, and
a surrounding liquid-disordered (L,) phase (13,14). However, the formation of
biologically functional domains, also referred to as rafts, requires additional
components of lipids and/or proteins (10). The influence of domains on the
translational motion of lipids enables the PFG-NMR diffusion method to detect
domain formation in lipid membranes. Lipids will either diffuse in and out of
the domain and the “lipid sea” by an exchange mechanism, or provided that the
border between different domains presents an obstacle to lipid diffusion, lipids
will encounter restrictions in the diffusional motion. Both these processes will
affect the observed diffusion coefficient and permit studies of both formation
and size of the domains.

2. Materials

1. Organic solvents—PA quality.

2. Deuterated water—99.9%.

3. Lipids—the lipids are stored at —30°C, and when needed, care is taken to avoid
exposure to strong light and oxygen.

4. Glass plates—microscope cover plates, thickness no. 00 (0.06-0.08 mm) are cut
to specified sizes by Marienfeldt Laboratory Glassware (Lauda-Konigshofen,
Germany). The size depends on the dimensions of the sample holder and the
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size of the rf-coil of the NMR probe. Two different sizes are used; 14 x 4.7 and
14 x 2.5 mm?.

5. Sample holders—the glass plates are stacked into glass tubes with quadratic inner
cross-section. These glass tubes are ordered from Wale Apparatus (Hellertown, PA)
and have an inner side of 3 (S-103) and 5 (S-105) mm. The tubes are cut to specific
lengths to fit into the NMR probes, 68 mm (S-103) and 18 mm (S-105) and after the
sample loading the tubes are sealed with square caps specially made of polymethyl
methacrylate (PMMA) (S-105) or by wax (S-103). A number of specially made
sample holders with cylindrical outer dimensions were also manufactured in poly-
etheretherketon (PEEK) for the larger glass plates in order to facilitate the sealing of
the ends. For these holders the ends were sealed with o-rings and screw caps.

3. Methods
3.1. Preparation of Macroscopically Oriented Bilayers

Lipids dissolved in a 1:4 mixture of methanol:1-propanol are deposited onto
thoroughly cleaned, but otherwise untreated glass plates, to a concentration of
about 5-15 pg/mm?. The solvent is evaporated and the plates are placed into
high vacuum for at least 4 h to remove traces of solvent (see Note 1). The plates
are then stacked on top of each other and placed into a glass tube with square
cross-section. Typically, 35 (5-mm tube) or 60 (10-mm tube) plates are used for
one sample. The sample tube is placed for several days in a humid atmosphere
above the gel to L -phase transition temperature. During this period of time
hydrated and oriented bilayers are formed.

Finally, after attaining the desired water content (checked by weighing), the
tube is sealed and the sample is left another day or two for final equilibration.
This procedure results, in that, large dark areas are observed in the sample when
it is watched perpendicular to the glass plates between crossed polarizers, as the
bilayers are optically isotropic along the normal (the director) (6). Mostly, more
than 85% of the sample is found to be oriented as determined by *'P NMR,
whereby the area under the signal from the oriented part of the sample is com-
pared with the total signal area (6) (see Note 2).

3.2. Orienting the Samples in the Magnetic Field

As mentioned in the Subheading 1., the static interactions that produce
linewidths of several kilohertz must be removed by orienting the bilayer nor-
mals at the magic angle (6, , = 54.7°). To accomplish this, a specially built
goniometer probe is used (Fig. 1). By turning the rod connected to the goniome-
ter stage the sample can be rotated from outside of the magnet so that the
bilayer normal makes an angle of 54.7° with respect to B, thereby canceling
the dipole interactions and producing an isotropic-like spectrum. In practice this
is achieved by maximizing the spin echo signal. In doing so the effective transverse
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Fig. 1. The rf-coil of the 10-mm probe with a goniometer sample holder that enables
one to turn the sample about an axis perpendicular to B,. The glass tube that holds the
sample (see lower enlarged picture) is turned by operating the angular gear observed in
the upper enlarged picture. The anti-Helmholtz coils that produce the field gradients
have been removed from the probe in order to show the goniometer stage.

relaxation time changes from submilliseconds to 20-50 ms, thereby enabling the
spin echo experiment to be performed (Fig. 2).

3.3. PFG-NMR Diffusion Measurements

The use of NMR for diffusion measurements rests on the ability to create
transverse magnetization with a precession rate that is dependent on the local
magnetic field. The details of this method are beyond the scope of this chapter
and the interested reader is referred to previously published reviews (2-4,15).
Herein, only a brief introduction will be given. Two basic spin echo experi-
ments for diffusion measurements are illustrated in Fig. 3. The spin echo (SE)
sequence (16) (Fig. 3, top) depends on the creation of transverse magnetiza-
tion in a time interval in which the nuclear spins with different precession rates
are allowed to dephase in the xy-plane. After a time T the dephasing process is
reversed by the application of a 180° rf-pulse and the nuclear spins begin to
rephase and eventually they meet again to form a spin echo.
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Fig. 2. The effect on the proton NMR lineshape in a STE experiment as 0 is moved
away from the MA, is illustrated for the lipid signals of (DMPC) dimyristoyl phosphatidyl-
choline in an oriented sample. The main oservable signals are from water (4.6 ppm),
the choline head group (3.1 ppm) and the hydrocarbon chains (0.9 and 1.1 ppm). As the
transverse relaxation owing to the static dipolar coupling increases the amplitudes are
diminished and finally lost in the baseline noise. Note that this happens at deviations of less
than 0.3° from the magic angle (MA) for the signal from the hydrocarbon chains.

Spins moving in an inhomogeneous magnetic field will experience a varying
precession rate and the refocusing of the magnetization will in general not be
complete after the application of a refocusing pulse. This effect is enhanced by
the application of magnetic field gradients during the dephasing/rephasing peri-
ods, resulting in an attenuation of the spin echo amplitude according to (16)

A= ZAOi exp[—yzgzﬁzDi (A—5/3)] (1)

where D is the self-diffusion coefficient of the molecules. In Eq. 1 the summation
goes over all diffusing components. A; is the echo amplitudes without applied
gradients, 7y is the gyromagnetic ratio, A is the time interval between gradient
pulses, and 0 and g are the duration and amplitude of the PFG, respectively
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Fig. 3. The basic pulse sequences used in the PFG diffusion experiments. (Top) SE
experiment. (Bottom) STE experiment. The magnetic field gradient pulses are shown
as hatched rectangles, the rf-pulses as black rectangles and the refocused spin echo as
a gray triangle.

(cf. Fig. 3). The initial echo amplitude A, is determined by the longitudinal and
transverse NMR relaxation times. Usually, the second half of the spin echo is
collected and Fourier transformed to obtain the spectrum in the frequency domain.

The stimulated spin echo (STE) (17) (Fig. 3, bottom) is a modification of the
basic SE sequence in which the magnetization is stored along the z-axis during
the time interval 7. This makes it possible to extend A to longer times because of
the difference between the transverse and longitudinal relaxation rates.

In the NMR experiment the translational diffusion is measured in the direction
of the magnetic field gradient, which normally is directed along B,,. For a lipid
membrane the observed diffusion coefficient, D, depends on the orientation and
the two “local” diffusion coefficients, D; and D, where the former one is the
lateral diffusion coefficient representing translational diffusion in the plane of the
membrane, and D, stands for the diffusion perpendicular to the bilayer. Then (18),

D=D, sin*0 ,+D cos’*0, )

. . . . 2 .
For a bilayer oriented at the magic angle sin” 0, ;) = 3 and, as it is reasonable

to assume that D is orders of magnitude smaller than D, , the second term in
Eq. 2 can be neglected. Thus, D, = 1.5D.
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For the diffusion investigations there are two solid-state NMR spectrometers
available in the laboratory, wherein one is equipped with a 10-mm 'H probe for
100 MHz with a maximum gradient strength of 3 T/m (routinely used for lipid
diffusion measurements in the order of 1-10 um?/s) and the other one with a 5-
mm dual 'H/X probe for a 400-MHz system that is capable of giving gradient
strengths up to 10 T/m for slow diffusion of the order of 0.01-0.1 um?/s and for
diffusion studies of isotopically enriched molecules, for example, with 2H, 3'P,
19F, and 13C (19). For measurements in which the gradient direction can be var-
ied with respect to B, a microimaging system (Fraunhofer IBMT, St Ingbert
Germany with a goniometer sample holder is used (18).

3.4. Data Analysis

The analysis of the data is based on Eq. 1, in which the signal attenuation
owing to diffusion can be studied by varying any of the parameters A, 9, or g.
Usually 0 or g is varied, as this leaves the diffusion time (A), constant during
the experiment.

3.4.1. Peak Intensity or Integral Data

The most straightforward way of analyzing the spectral data is by using the
peak intensity of some selected peak (see Fig. 4A). The decays can be analyzed
by nonlinear least-square algorithms built into most spreadsheet software. The
diffusion coefficients are obtained together with the relative contribution of
each component to the chosen frequency in the spectra. If the peaks are well
separated for different molecular species, this will provide the diffusion coeffi-
cients for each species in a mixture. This is a simple method that works well for
spectra of good signal-to-noise (S/N) quality, but often fails if the diffusion
coefficients are similar in magnitude and if the spectra are noisy. An improve-
ment of this method is to use integrated intensities instead of single frequencies
(Fig. 4B). This sometimes improves the S/N ratio and information about indi-
vidual species can still be obtained for nonoverlapping peaks.

3.4.2. Component Resolved Spectroscopy

Studies of domain forming bilayer systems involve mixtures of lipids that are
similar in structure; and therefore, the spectra usually contain severely overlap-
ping signals. The situation is further deteriorated by the limited resolution that can
be obtained with oriented samples. Thus, a method is needed to separate the
experimental lineshapes into spectra corresponding to the different diffusion com-
ponents. In order to achieve this, the component resolved spectroscopy (CORE)
method for global analysis of the entire data set has proven to be very useful (20).
The CORE analysis provides values of the diffusion coefficients together with the
individual amplitudes of the diffusing components for each frequency channel,
i.e., the individual bandshapes of the diffusion components are obtained. The use
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Fig. 4. A comparison of different methods to obtain D; from the PFG-NMR data.
Data is collected from a sample made up of DOPC/DPPC/CHOL, 35:35:30 mol% at
21°C. At this temperature the lipid bilayer is in a two-phase coexistence region of L
and L  phases. The STE pulse sequence was used with A =15 ms and 6 = 5 ms. In
order to catch the decay of both the fast diffusing water and the slower diffusing lipids
g was varied between 0.236-9.44 T/m, with a spacing of 0.059 T/m between the first
five points and 0.354 T/m between the rest of the points. (A) Fit of peak intensity val-
ues. Two diffusion coefficients were used for the lipid peaks (triangles: 3.1 ppm,
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of the entire data set for the fit makes this method quite robust and accurate even
for data of low S/N quality. An example of the CORE analysis is presented in Fig.
4C.,D and a comparison of the results obtained for the three different methods is
shown in Fig. 4E. More practical details (data format, parameters, and so on)
about the CORE method are given in Note 3.

3.4.3. Criteria for the Number of Diffusion Components
in an Experiment

By applying the analysis on a system having a large number of components,
one can normally decide on the definite number of components from the
improvement in the normalized global error square sum ()?). This is illustrated
in Fig. SA,B.

3.5. Data Interpretation

In general, the experimental data will contain a spectral component of water
that is easily distinguished from the lipids by the appearance of its correspon-
ding peak at approx 4.6 ppm and by the large diffusion coefficient of typically
100-1000 wm?/s. This component is of minor interest and will not be discussed
further. The experimental parameters can be set up to eliminate the water peak
from the spectra; and thus, concentrate on the lipid contribution to the signal.
The observation of more than one lipid diffusion component can be explained
in two ways. The simplest explanation is that each lipid species has a distinct
diffusion coefficient so that in a mixture of lipids, separate diffusion coefficients
will occur for each type of lipid. However, for liquid crystalline bilayers PFG-
NMR measurements on isotopically labeled lipids have shown that all lipid
species within the same domain have the same diffusion coefficient (19).
Rather, it is the bilayer properties, in particular the packing of the lipids in the
bilayer that determine the lipid diffusion coefficient.

Fig. 4. (Continued) squares: 1.1 ppm) and three for the water peak (circles, 4.6
ppm). (B) Fit of integral values to three diffusion coefficients. The whole spectral
region is included in the integration. (C) CORE fit of the entire data set. Stack plots of
30 experimental spectra as well as the three fitted components and the residuals. (D)
Spectra for the three components obtained with the CORE method. The main three
peaks correspond to water (4.6 ppm), choline CH, (3.1 ppm), and the chain CH, and
CH, groups (1.1 and 0.9 ppm). Note thelarge overlap of the two lipid components and
the diminished amplitude of the chain peak in the slow component. The latter is a con-
sequence of faster relaxation in this region of the molecules in the more ordered L
phase. (E) Typical results and errors (reported as the standard error for the nonlinear
least square fits and as the 80% confidence interval for the CORE analysis) from the
three different fitting methods. The three diffusion coefficients correspond to water
and lipid diffusion in the L, and L  phase, respectively.
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Fig. 5. The use of ) ratios to determine the number of diffusion coefficients in the
data set. CORE analyses have been performed for 14 diffusion coefficients in the tem-
perature range 0—60°C for the same sample as in Fig. 4. (A) The ratio of the %2 values
for i and i + 1 components is a measure of the improvement of the fit by adding another
component. It can be observed that going from one to two components reduces the x>
by a factor of 10-100 over the whole temperature interval. Adding a third component
improves the fit only in the temperature interval 15-33°C and adding a fourth compo-
nent makes no further improvement. Thus, the lipid lateral diffusion is described by two
diffusion coefficients for 7= 15-33°C and by one diffusion coefficient for all other tem-
peratures. (B) Results of the CORE fit with the number of components determined by
the procedure of x? ratios.

Therefore, the existence of two lipid diffusion components is caused by the
formation of domains in which the diffusion in the L phase is slower than that in
the L, phase owing to the higher packing and the more ordered nature of the L
phase. The observed diffusion coefficient will depend on the exchange rate of the
lipid between the phases that in turn is related to the value on the lateral diffusion
coefficient and on the size of the domains. The root mean square displacement,

\/@ , is often used as a measure of the mean distance traveled by a diffusing
particle in a specified time, and for Brownian two-dimensional motion this is
equal to /4D, A. Inserting typical values for raft systems (A = 100 ms, D, =
1-10 pwm?/s), this is about 1 um. If the average size of the domains is much
smaller than 1 pm the lipids will move in and out of different domains during the
diffusion time, whereas if the domains are much larger than 1 pm, the lipids will
remain in the same domain during the experiment. This has been treated theoret-
ically (21) and four cases can be distinguished.

3.5.1. No Domains

For a homogeneous lipid bilayer only one diffusion coefficient will be detected,
irrespective of what parameter is altered in the NMR-diffusion experiment,
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Fig. 6. Lipid lateral diffusion in the binary system of DOPC/CHOL. The left panel
shows the temperature dependence for a CHOL concentration of 9.5 mol% and the right
panel gives the dependence of D; on the CHOL concentration at 50°C. The linear
dependence in the Arrhenius plot and the monotonic decrease with increasing CHOL

concentration is typical of a homogeneous membrane. Lines are merely a guide for the
eye. From ref. 24.

i.e., A, 9, or g (Fig. 6). Furthermore, only one Arrhenius activation energy will be
detected at all temperature regions.

3.5.2. Small Domains; Fast Exchange

If there is an exchange of lipids between two phases or domains that is much
faster than the diffusion time, the observed diffusion coefficient, Dy, will be

an average of the diffusion in the two phases, D, and D,, weighted by the rela-
tive populations, p, and p,:

Doys = p\D, + p,D, 3)

This situation can be difficult to distinguish from that for a homogeneous
membrane described in Subheading 3.5.1. However, as the relative populations of
the two phases change with alterations in temperature or composition, D¢ Will
deviate from that of the single phase in the two-phase area. This can be observed
as kinks in the curves of D¢ vs cholesterol (CHOL) and as a non-Arrhenius
temperature dependence (Fig. 7). Thus, the nonlinear features of these curves
can be taken as evidence of lateral separation into small domains.

3.5.3. Large Domains; Slow Exchange

When lipids are mainly residing in separate domains during the experiment,
two lateral diffusion components will be observed, corresponding to the diffusion
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Fig. 7. Lipid lateral diffusion in the egg sphingomyelin eSM/CHOL system. The
left panel shows the temperature dependence for a CHOL concentration of 10.5 mol%
and the right panel gives the dependence of D, on the CHOL concentration at 50°C.
The curved feature of the Arrhenius plot and the kinks in the concentration plot are
indicative of an inhomogeneous membrane in which the domains are sufficiently small
so that fast exchange occurs. The lines are merely guides for the eye. From ref. 24.

in each one of the phases. The relative populations of the diffusion components
are reflected in the fractions of lipids in the two domains (Fig. 8).

3.5.4. Domains With Intermediate Exchange

If the exchange between different domains is of the same order as the diffu-
sion time, two diffusion components are observed. However, both the observed
diffusion coefficients and the relative amplitudes will then be functions of A, the
relative populations and the diffusion coefficients in the two phases. Thus, such
a situation can be recognized by an alteration of A.

4. Notes

1. The solvent mixture should give a good adhesion to the glass surface and results
in thin films covering the glass plates. The choice of solvent can be critical and in
some cases the glass surface has been modified in order to obtain a suitable degree
of hydrophobicity for the lipids to adhere to it (22). The standard solvent mixture
used by the authors is a 1:4 (v:v) mixture of methanol and 1-propanol. Sometimes
it is easier to dissolve the lipids in only methanol and then add the propanol grad-
ually. Some sterols and ceramides have a limited solubility in this mixture and for
such cases a 3:2 (v:v) mixture of hexane and 2-propanol has been useful. Mixtures
of methanol or ethanol with benzene have also been used with varying success in
receiving good aligned bilayers (23). Usually, the surface tension is low enough to
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Fig. 8. Lipid lateral diffusion in the DOPC/eSM/CHOL system. The left panel shows
the temperature dependence for a composition of 38:38:24 mol%. The right panel gives
the dependence of D, on the CHOL concentration when the other two lipids are kept at
equimolar amounts at 50°C. The observation of two lipid diffusion coefficients means
that the domains formed in this system are large so that the lipid exchange between
domains is slow. The lines are merely guides for the eye and they indicate that the
apparent activation energy is larger for the L  phase. From ref. 25.

result in a thin film that completely covers the glass plates when the solvent evap-
orates, but sometimes the lipid—solvent mixture forms a small drop during the
evaporation, leading to a deposition of all lipid material in a small area on the glass
plate. If this happens a change in the solvent composition and/or the evaporation
temperature might improve the result.

Hydration by humid atmosphere is generally preferred over the use of liquid water
because addition of liquid water disrupts the bilayers and results in the formation of
vesicular structures. This occurs especially when more than one glass plate is needed
for obtaining a sufficient S/N ratio. If the glass plates are stacked before hydration,
addition of liquid water will disrupt the bilayers as water is sucked in between the
plates by capillary forces. Attempts to stack prehydrated plates often results in
mechanical disruption of the lipid bilayers. The oriented samples are fragile and
should be handled carefully in order to keep the orientation. They can be stored for
weeks at 5°C but should not be frozen, as this often disrupts the orientation.

The CORE package is written by Peter Stilbs and can be downloaded from his home-
page (http://gamma.physchem.kth.se/~peter/). All parameters for running CORE are
contained in the infile.txt. The CORE program can use several data formats as input
(see the NTYPE variable in the manual). For our purpose a data file is exported from
the spectrometer in ascii format (NTYPE = 42) and contains intensity data for all
experiments consecutively in a column. The program then chops it up into individual
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spectra using the no. of frequency channels spectrum (NFREQ) and no. of spectra
(NK) variables. A minimal sample infile for analyzing a diffusion experiment is
shown next. In this case the experiment consists of 20 spectra, each containing 512
data points, corresponding to different values of the gradient amplitude, whereas
keeping & =3 ms and A = 15 ms. Data are fitted to two components with the initial
guessed values of 3 and 300 um?/s. Note that all lines begin with a blank space or an
exclamation mark, depending on whether the line should be treated as a comment or
not. For more information see the manual provided with the program.

! STANDARD NAMELIST FOR DIFFUSION FITS

! LINES BEGINNING WITH ! ARE TREATED AS COMMENTS
$DATA

! EXPERIMENTAL PARAMETER INPUT

TPA=11.9,

AMP=.04,.08,.12,.16,.2,.24,.28,.32,.36, .4,
44,.48,.52,.56,.6,.64,.68,.72,.76,.8,

SDLMS=20%3,

BDLMS=20%*15,

! NO OF POINTS/SPECTRUM AND NO OF SPECTRA
NFREQ=512,NK=20,

! DEBUG, DATA FORMAT AND OUTPUT TYPE
NTRAC=-1,NTRAC1=-1,NTYPE=42,noutsp=2,

! NO OF COMPONENTS AND STARTING VALUES
NV=2,NV1=2,MODE=2,NOCOMP=2,

CUTOFF=-1,

X=3.E-12,3.E-10,1e-12,MASK=0,0,0,

LAST=1,

! NTIMES=20,

$end
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Saturation-Recovery Electron Paramagnetic Resonance
Discrimination by Oxygen Transport (DOT) Method
for Characterizing Membrane Domains

Witold K. Subczynski, Justyna Widomska, Anna Wisniewska,
and Akihiro Kusumi

Summary

The discrimination by oxygen transport (DOT) method is a dual-probe saturation-recovery
electron paramagnetic resonance approach in which the observable parameter is the spin-lattice
relaxation time (7)) of lipid spin labels, and the measured value is the bimolecular collision rate
between molecular oxygen and the nitroxide moiety of spin labels. This method has proven to
be extremely sensitive to changes in the local oxygen diffusion-concentration product (around
the nitroxide moiety) because of the long T, of lipid spin labels (1-10 us) and also because
molecular oxygen is a unique probe molecule. Molecular oxygen is paramagnetic, small, and
has the appropriate level of hydrophobicity that allows it to partition into various supramolecu-
lar structures such as different membrane domains. When located in two different membrane
domains, the spin label alone most often cannot differentiate between these domains, giving
very similar (indistinguishable) conventional electron paramagnetic resonance spectra and sim-
ilar T, values. However, even small differences in lipid packing in these domains will affect oxy-
gen partitioning and oxygen diffusion, which can be easily detected by observing the different
T,s from spin labels in these two locations in the presence of molecular oxygen. The DOT
method allows one not only to distinguish between the different domains, but also to obtain the
value of the oxygen diffusion-concentration product in these domains, which is a useful physi-
cal characteristic of the organization of lipids in domains. Profiles of the oxygen diffusion-
concentration product (the oxygen transport parameter) in coexisting domains can be
obtained in situ without the need for the physical separation of the two domains. Furthermore,
under optimal conditions, the exchange rate of spin-labeled molecules between the two domains
could be measured (10).

Key Words: Cholesterol; discrimination by oxygen transport (DOT); lipid raft; membrane
domain; liquid-ordered phase; oxygen collision rate; saturation-recovery EPR; spin labeling.
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1. Introduction

Because membranes, and thus membrane domains, are not really two-dimen-
sional structures, knowledge of the molecular events in the depth dimension is
important. This information is practically missing, from the research in the raft
field. The discrimination by oxygen transport (DOT) method allows one not
only to see the lateral organization of lipid membranes or differentiate between
membrane domains, but also to obtain information about molecular dynamics
and structure in the third dimension, namely, in the direction of the membrane
depth. This is possible by using a very small probe, i.e., molecular oxygen and
a variety of lipid spin labels (Fig. 1) incorporated into the membrane, at specific
domains and specific depths. Thus, the DOT method provides information
about the three-dimensional dynamic structure of membranes in the presence of
coexisting membrane domains.

In the DOT approach, the rate of collision between molecular oxygen and the
nitroxide moiety attached to a specific location on the lipid molecule is measured
using the saturation-recovery electron paramagnetic resonance (EPR) technique.
Molecular oxygen is paramagnetic and collisions of oxygen with the nitroxide
spin label alter the resonance characteristics of the spin label, including the spin-
lattice relaxation time. The oxygen collision rate, which is the product of the local
concentration and the local diffusion coefficient of molecular oxygen within the
membrane, is a very sensitive measure of the presence and movement of free vol-
umes in the lipid bilayer, which may be very small, just sufficient to contain a sin-
gle molecule of oxygen. The small size and appropriate level of hydrophobicity
of molecular oxygen allows it to enter the small vacant pockets that are transiently
formed in the lipid bilayer membrane. Therefore, collision rates between molec-
ular oxygen and nitroxide spin labels at specific locations in the membrane are
sensitive to the dynamics of gauche-trans isomerization of lipid hydrocarbon
chains and to the structural nonconformability of neighboring lipids (I-4). This
unique approach was used to obtain profiles of oxygen collision rates across
model and biological membranes, which provide useful information on the three-
dimensional dynamic structure of membranes and membrane domains (1,5-8). It
was shown that the DOT method can be successfully applied to discriminate the
slow oxygen transport (SLOT) domain from the bulk domain in reconstituted
membranes crowded with integral membrane proteins (9) as well as the SLOT
domain in the influenza virus envelope membrane, which is a cholesterol-rich

Fig. 1. (Opposite page) Chemical structures of selected spin labels, phospholipid-
type: n-PC, T-PC, and n-SASL and cholesterol analog: CSL and ASL. Chemical struc-
tures of DMPC and cholesterol molecules are indicated to illustrate approximate
localizations of nitroxide moieties across the membrane.
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and protein-rich raft domain (10). In model membranes made from binary mix-
tures of phosphatidylcholine and cholesterol or sphingomyelin and cholesterol,
liquid-ordered, liquid-disordered, and solid-ordered domains are distinguished
and characterized in different regions of a phase diagram when they form a sin-
gle-phase or when two phases coexist (17-13). In membranes made from the ter-
nary raft-forming mixture, the SLOT raft domain was also distinguished from
bulk lipids using the DOT method (11,14).

1.1. Outline of Theory

The oxygen transport parameter, W(x), was introduced as a convenient quan-
titative measure of the rate of the collision between the spin probe and molec-
ular oxygen by Kusumi et al. (15) as

W(x) = T, (Air, x) - T, (N,, X) (1)

where the T,s are the spin-lattice relaxation times of the nitroxides in samples
equilibrated with atmospheric air and nitrogen, respectively. The collision rate
is also proportional to the local oxygen concentration C(x) and the local oxy-
gen-diffusion coefficient D(x) (thus, it is called the “transport” parameter and
has nothing to do with active transport across the membrane) at a “depth” x in
the membrane that is in equilibrium with atmospheric air:

W(x) = AC(x)D(x), A=8npr, 2)

where r, is the intecraction distance between oxygen and the nitroxide moiety of
the spin label (4.5 A) (16) and p is the probability that an observable event occurs
when a collision occurs (A is remarkably independent of the hydrophobicity and
viscosity of the solvent and of spin label species [17-19]). Kusumi et al. (15)
concluded that the oxygen transport parameter is a useful monitor of membrane
fluidity that reports on translational diffusion of small molecules.

When located in two different membrane domains, the spin label alone most
often cannot differentiate between these domains, giving very similar conven-
tional EPR spectra and similar T values. However, even small differences in
lipid packing in these domains will affect oxygen partitioning and oxygen diffu-
sion, which can be easily detected by observing the different 7';s from spin labels
in these two locations in the presence of oxygen. In membranes equilibrated with
air and consisting of two lipid environments with different oxygen transport
rates, fast oxygen transport (FOT) domain and SLOT domain, the saturation-
recovery signal is a simple double-exponential curve with time-constants of
T,”'(Air, FOT) and T,”!(Air, SLOT) (9,10, 13).

W(FOT) = T, ~'(Air, FOT)-T, ~'(N,, FOT 3)
W(SLOT) = T, ' (Air, SLOT)-7,(N,, SLO (4)
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Here “x” from Eq. 1 is changed to the two-membrane domains, FOT and
SLOT, and the depth is fixed (the same spin label is distributed between the
FOT and SLOT domains). W(FOT) and W(SLOT) are oxygen transport param-
eters in each domain and represent the collision rate in samples equilibrated
with air. Using lipid spin labels with the free radical nitroxide moiety attached
at different positions on the lipid molecule (see Fig. 1), profiles of the oxygen
transport parameter in coexisting domains can be obtained.

2. Materials

1. Phospholipid spin labels (1-palmitoyl-2-(n-doxylstearoyl)phosphatidylcholine
(n-PC), where n =5, 7, 10, 12, 14, or 16, or tempocholine-1-palmitoyl-2-oleoylphos-
phatidic acid ester [T-PC]) can be purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). Doxylstearic acid spin labels (n-SASL, where n =5, 7,9, 10, 12, or
16), cholestane spin label (CSL), and androstane spin label (ASL) can be purchased
from Sigma (St. Louis, MO). Spin labels are dissolved in chloroform at I mM and
stored in a freezer at —70°C.

2. Stock solutions of lipids (phosphatidylcholine, sphingomyelin, and cholesterol)
from Avanti Polar Lipids Inc. in chloroform (usually 20-50 mg/mL) are kept in a
freezer at —70°C.

3. Buffers: typically, 10 mM PIPES and 150 mM NaCl (pH 7.0) is used as a buffer.
For samples with n-SASL, 0.1 M borate at pH 9.5 is used as a buffer. In this case
a rather high pH is chosen to ensure that all SASL probe carboxyl groups are ion-
ized in lipid bilayer membranes (20,21).

3. Methods
3.1. Spin Labeling

In these types of studies, two classes of spin labels are usually used (see Fig. 1
for their structures and approximate localization in the lipid bilayer):

1. Spin labels that allow profiles of the oxygen transport parameter across the lipid
bilayer (phospholipid spin labels, n-PC, T-PC and stearic acid spin labels, n-SASL)
to be obtained. In these spin labels the nitroxide free radical fragment is located at
different depths in the lipid bilayer from the polar head group (as in T-PC) to the
membrane center (as in 16-PC or 16-SASL).

2. Spin-labeled cholesterol analogs (CSL and ASL). CSL is especially significant in
the studies of the lateral organization of membranes containing raft domains because
it is likely to locate itself like cholesterol and behave similar to cholesterol (22,23).
More caution is required for the interpretation of data using ASL (22,23).

3. Before preparation of liposomes, chloroform solutions of lipids and spin labels
are mixed to attain the final concentration of 0.5 or 1 mol% of spin labels in the
lipid bilayer.

3.2. Preparation of Samples for EPR Measurements

The membranes used for EPR model measurements are multilamellar disper-
sions of lipids (multilamellar liposomes) prepared in the following way:
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Fig. 2. Schematic drawing indicating position of the sample inside the LGR. The

sample is equilibrated with the gas that is also used for temperature control.

1.

2.

Chloroform solutions of lipids and spin labels (containing 5—10 pmol of total
lipid) are mixed to attain the desired compound concentrations.

Chloroform is evaporated with a stream of nitrogen, and the lipid film on the bot-
tom of the test tube is thoroughly dried under reduced pressure (about 0.1 mmHg)
for about 12 h.

A buffer solution (usually 0.5-1.0 mL) is added to the dried film at a temperature
above the phase transition temperature of investigated membranes and vortexed
vigorously.

The lipid dispersion is centrifuged briefly (15 min at 4°C with an Eppendorf bench
centrifuge at 16,000g) and the loose pellet (about 20% lipid, [w/w]) is used for the
EPR measurements.

3.3. Equilibration With Molecular Oxygen

The loose pellet is transferred to a capillary made of gas-permeable methylpentene
polymer known as TPX (see Note 1) and the end of the capillary is sealed with
Baxter Miniseal wax B4425.1 (see Note 2). This plastic is permeable to oxygen,
nitrogen, and other gases and is substantially impermeable to water.

The TPX capillary is fixed inside the loop-gap resonator (LGR) of the X-band
saturation-recovery EPR spectrometer with a special Teflon holder (see Notes
3 and 4).

Flow of dry nitrogen over the TPX capillary allows easy deoxygenating of samples
to measure 7.

Switching the gas to the air/nitrogen mixture allows one to easily equilibrate the
sample with the required partial pressure of oxygen for oximetry measurements
and for obtaining T's in the presence of molecular oxygen (see Note 5).

The mixture of air and nitrogen is adjusted with flowmeters (Matheson Gas
Products, Montgomeryville, PA, Montgomaryville, PA, model 7631 H-604).

The schematic drawing in Fig. 2 for a TPX capillary and the X-band LGR indi-
cates the position of the sample relative to the active length of the resonator, as
well as gas flow around the sample. The equilibration time for this geometry is
typically 10 min, but can change with capillary wall thickness and temperature.
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Fig. 3. EPR spectra of 5-PC in DMPC bilayer containing 20 mol% cholesterol recorded
at 30°C. (A) absorption spectrum and (B) first-derivative spectrum (routinely called EPR
spectrum) are displayed to better indicate the on-resonance position at which the satura-
tion-recovery signals are recorded. In saturation-recovery measurements, a superimposed
low-frequency (25 Hz) field modulation, stepping on- and off-resonance in absorption
mode, is used to improve baseline stability. Both on- and off-resonance positions are indi-
cated. Because the amplitude of this modulation is smaller than approx 20 G, the off-reso-
nance position is set between the central and the high-field line, and the amplitude of the
field modulation is changed to maximize the saturation-recovery signal.

3.4. Conventional EPR

1. Conventional EPR spectra are recorded before saturation-recovery measurements
to ensure the correct magnetic field positions (on- and off-resonance) at which
saturation-recovery signals are measured.

2. For the on-resonance position, the magnetic field should be set at the maximum of
the EPR absorption (maximum of the central line of the EPR absorption spectrum
for the nitroxide spin label, see Fig. 3).

3. For the off-resonance position, the magnetic field should be set outside the absorp-
tion spectrum (see Fig. 3 for more details).

3.5. Saturation-Recovery EPR

The saturation-recovery EPR method of measuring electron spin-lattice
relaxation (7)) is a technique in which recovery of the EPR signal is measured
at a low-level microwave field (weak observing microwave power) after the end
of the saturating microwave pulse. The time-scale of this recovery is character-
ized by the spin-lattice relaxation time, 7', (see Notes 6 and 7).

1. For saturation-recovery measurements, the sample in the TPX capillary is posi-
tioned in the LGR as shown in Fig. 2 and values of the magnetic field are set to
on- and off-resonance as shown in Fig. 3.
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2. The sample is deoxygenated by blowing the nitrogen gas around the TPX capillary

(Fig. 2) and the saturation-recovery signal is recorded at the required temperature
for the spin label at a fixed depth in the membrane (only one type of spin label
molecule is present in the lipid bilayer).

Next, the sample is equilibrated with certain partial pressure of oxygen at the
required temperature by switching the gas flow to the air/nitrogen mixture (Fig. 2)
and the saturation-recovery signal is then recorded (see Note 8).

The same procedure is repeated for other spin labels with the free radical nitrox-
ide moiety at different depths in the membrane.

The T';s of spin labels in the absence and presence of molecular oxygen are deter-
mined by analyzing the saturation-recovery signal of the central line obtained by
short-pulse saturation-recovery EPR (see Note 9).

The pulse length for short-pulse experiments is in the range of 0.1-0.5 pus. Pump
power is selected to maximize the amplitude of the saturation-recovery signal and is
typically in the range of 2-3.5 G. Observing power is selected to be as high as possi-
ble without affecting the time-constant of the recovery. The minimum time between
the end of the pulse and the beginning of observation of the recovery is determined
by the ring-down time of the resonator and the switching transients and is usually
longer than 0.1 ps. Typically, 10°~10° decays are acquired with 512, 1024, or 2048
data points on each decay. Sample intervals are 2, 4, 8, 16, or 32 ns depending on
sample, temperature, and oxygen tension. The total accumulation time is typically
2-5 min. The shortest time constant that can be measured is about 0.1 s.
Saturation-recovery signals are fitted by single and double exponentials and compared.
If no substantial improvement in the fitting is observed when the number of exponen-
tials is increased from one, the recovery curves can be analyzed as is single exponen-
tial (see Note 10). This is often the case for samples equilibrated with nitrogen.

For samples equilibrated with different partial pressure of oxygen, the saturation-
recovery signal often can be fitted successfully only with the double-exponential curve
(as shown in Fig. 4) indicating the presence of two coexisting domains (see Note 11).

3.6. Calculation of the Oxygen Transport Parameter

The oxygen transport parameter (oxygen diffusion-concentration product) is

the main experimental value that is measured in the DOT method.

1.

T, " values measured at fixed depth in membrane domains are plotted as a func-
tion of oxygen concentration (in air [%]) in the equilibrating gas mixture (Fig. 5)
(see Note 12).

The oxygen transport parameter in each domain can be obtained by extrapolating
the linear plots to the sample equilibrated with the atmospheric air (100% air)
(see Eq. 1) as shown in Fig. 5 (see Note 13).

3.7. Profiles of the Oxygen Transport Parameter

in

Different Membrane Domains

The final goal of the DOT measurements is not only to discriminate coexist-

ing domains and characterize them by a single (at one depth) oxygen transport
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Fig. 4. Typical saturation-recovery signal from 5-PC in a DMPC membrane contain-
ing 20 mol% cholesterol at 30°C for a sample equilibrated with 50% air. In the absence
of oxygen a single exponential is observed with a time-constant of 5.10 us (data not
shown). In the presence of oxygen, fitting the search to a single exponential mode (A)
is unsatisfactory as shown by the residual. The fit (B) using the double-exponential
mode (time-constants of 1.73 and 0.84 us) is excellent. Typically, the time-constants are
determined within an accuracy of £3%. The double-exponential fit is consistent with
two immiscible domains (phases) with different oxygen transport rates that are present
at these conditions (liquid-ordered and liquid-disordered phases as shown in the phase
diagram presented by Almeida et al. [29]).

parameter, but also to obtain detailed profiles of the oxygen transport parame-
ter in both coexisting domains. These profiles contain unique information about
the dynamic structure of membrane domains. Additionally, because these pro-
files can be obtained in coexisting domains without the need for their separa-
tion, the DOT method provides unique opportunities in studies of physical
properties of raft domains in sifu.

1. Profiles of the oxygen transport parameter in coexisting domains are constructed
as shown in Fig. 6, in which, values of the oxygen transport parameter are plot-
ted as a function of the depth in the membrane or the approximate position of
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oT)
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Fig. 5. Plot of Tl‘1 for 5-PC in SLOT and FOT domains of DMPC membrane con-
taining 20 mol% cholesterol at 30°C as a function of fraction of air in the equilibrating
gas mixture. Experimental points show a linear dependence of up to 50% air, and
extrapolation of up to 100% air is performed to indicate a way of calculating oxygen
transport parameters. W(SLOT) and W(FOT) are oxygen transport parameters in SLOT
(liquid-ordered) and FOT (liquid-disordered) domains.

the nitroxide moiety of lipid spin labels for which oxygen transport parameters
were measured.

With the use of the DOT method the main features of the oxygen transport param-
eter profiles can be obtained with nearly atomic resolution (see Note 14).

The oxygen transport parameter in the aqueous phase is also indicated for com-
parison (see Note 15).

Knowledge of profiles of the oxygen transport parameter (oxygen diffusion-
concentration product) in membrane domains makes it possible to calculate a sig-
nificant membrane characteristic—namely, the membrane permeability coefficient
for oxygen in each domain (see Note 16).

4. Notes

1.

For measurements at X-band these sample tubes are machined from TPX with
dimensions of 0.6 mm internal diameter, 0.1 mm wall thickness, and 25 mm
length. TPX rods from which the capillaries are machined can be purchased from
Midland Plastic (Madison, WI).

This sealant is no longer commercially available, but can be found in many labo-
ratories. Other tube sealant can be used including Critoseal (Fisher Scientific),
(Hanover Park, IL) and X-Sealant (Bruker Biospin), (Billerica, MA).

TPX capillaries together with the Teflon holder can be obtained from Molecular
Specialties (Milwaukee, WI).

For saturation-recovery measurements at Q-band, wherein the sample volume can
be as small as 30 nL, a Teflon tube from Zeus (Orangeburg, SC) with an internal
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Fig. 6. Profiles of the oxygen transport parameter (oxygen diffusion-concentration
product) across a DMPC membrane containing 15 mol% cholesterol obtained at 25°C.
Symbols are as follow: @ indicates liquid-ordered (SLOT) domain; © indicates liquid-
disordered (FOT) domain; and X indicates the oxygen transport parameter in the aqueous
phase. Approximate localizations of nitroxide moieties of spin labels are indicated by
arrows. T indicates T-PC. The nitroxide attached to C16 may pass through the center of
the bilayer and stay in the other leaflet of the DMPC membrane. Schematic drawing indi-
cates relative positions of regions and lipid molecules in the lipid bilayer.

diameter of 0.25 mm and wall thickness of 0.075 mm can be used (24). Machining
of a TPX capillary of this size is difficult. Handling samples with a volume of only
a few microliters or less for oximetry measurements is described in (25).

5. Because the same gas mixture is used for temperature control, samples are equil-
ibrated with oxygen at the required temperature.

6. The home-built state-of-the-art X-band and Q-band saturation-recovery EPR spec-
trometers are available at the National Biomedical EPR Center, Medical College of
Wisconsin, Milwaukee, WI. The mission of the Center is to make advanced EPR
research resources available to investigators nationally, regionally, and locally (see
the link for Center use: http://www.mcw.edu/display/router.asp?docid=3211).
Another home-built X-band saturation-recovery spectrometer is located at the
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Department of Biophysics, Faculty of Biochemistry, Biophysics, and Biotech-
nology, Jagiellonian University, Krakow, Poland. Presently Bruker produces EPR
spectrometers capable for saturation-recovery measurements at X-band. Doing pulse
saturation recovery is possible on an E-580 FT/EPR system equipped with the DC-
AFC and LCW (low power CW arm) options combined with the AmpX CW
microwave power amplifier. Saturation recovery is treated as an accessory to the E-
580 and is not usually a stand-alone configuration.

By taking the difference between on- and off-resonance responses, the correction
for the “background” signal and other artifacts is performed.

Routinely, measurements are made for 0, 10, 25, and 50% air in air/nitrogen
mixture. However, when the plots of 7,~! do not exhibit a linear dependence on
percentage of air, a more detailed dependence on oxygen concentration should
be obtained for evaluation of lipid exchange rates between domains. A theory
developed by Kawasaki et al. (10) indicates that for certain conditions, lipid
exchange between the raft domain and bulk lipids as well as the raft domain size
could be evaluated. This theory is valid only for small domains, with 10-100 of
lipid molecules, and for lipid exchange rates lying in the area of 10*-107 s,
The short-pulse method is favorable for multiexponential decays in oximetry meas-
urements (26,27). For a short pulse, only populations of the irradiated transition are
affected; for a long pulse, all populations are altered because of transverse relax-
ations. Yin and Hyde (28) address the long- and short-pulse saturation-recovery
methods in more detail.

Additional criteria for the goodness of a single exponential fit are the negligible
pre-exponential coefficient for the second component, the large standard deviation
of T, for the second component, and the repetition of the fit for different record-
ing conditions such as number of points and time increment.

Although the saturation-recovery signals in the absence of molecular oxygen can-
not differentiate between these two domains, in the presence of oxygen the recov-
ery curves are very different in each domain, indicating that the collision rate of
molecular oxygen (the oxygen transport parameter), is quite different in these two
domains. This is a good illustration of why the method is named DOT, because dif-
ferent domains can be clearly discriminated and characterized only in the presence
of molecular oxygen.

The linear dependence of Tl‘l on oxygen concentration in these plots indicates
that the exchange rate of spin-labeled lipids between the two coexisting domains
is slow (<10* s~!—the upper time window limit of the DOT method—or the life-
time of each domain is long [>100 us] [10]).

This process is required because accurate observation of saturation recovery
becomes increasingly difficult as the oxygen partial pressure is increased, owing
to faster recoveries.

This is possible not only because practically all atoms in the hydrocarbon chain of
phospholipid could be labeled, but also because of the sensitivity of the DOT
method. For example, at 50 mol% cholesterol in the dimyristoylphosphatidyl-
choline (DMPC)/cholesterol mixture (only the liquid-ordered phase present [29])
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16.

the profile becomes practically rectangular with three to four times abrupt increase
of oxygen transport parameter between the C9 and C10 positions (13).

The temperature dependence of the oxygen transport parameter in water is almost
absent owing to the opposite effect of temperature on oxygen solubility and trans-
lational diffusion.

The membrane permeability coefficient connects the oxygen flux across the lipid
bilayer with the difference in oxygen concentration in water on each side of the
bilayer. The method of calculation of the membrane permeability coefficient for
oxygen was developed by Subczynski et al. (5) and does not require formation of
an oxygen gradient.
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Plasmon-Waveguide Resonance Spectroscopy Studies
of Lateral Segregation in Solid-Supported Proteolipid
Bilayers

Zdzislaw Salamon, Savitha Devanathan, and Gordon Tollin

Summary

Plasmon-waveguide resonance (PWR) spectroscopy is a high-sensitivity optical method for char-
acterizing thin films immobilized onto the outer surface of a glass prism coated with thin films of a
metal (e.g., silver) and a dielectric (e.g., silica). Resonance excitation by a polarized continuous wave
(CW) laser above the critical angle for total internal reflection generates plasmon and waveguide
modes, whose evanescent electromagnetic fields are localized on the outer surface and interact with
the immobilized sample (in the present case a proteolipid bilayer). Plots of reflected light intensity vs
the incident angle of the exciting light constitute a PWR spectrum, whose properties are determined
by the refractive index (n), the thickness (#), and the optical extinction at the exciting wavelength (k)
of the sample. Plasmon excitation can occur using light polarized both perpendicular (p) and parallel
() to the plane of the resonator surface, allowing characterization of the structural properties of uni-
axially oriented proteolipid films deposited on the surface. As will be demonstrated in what follows,
PWR spectroscopy provides a powerful tool for directly observing in real-time microdomain forma-
tion (rafts) in such bilayers owing to lateral segregation of both lipids and proteins. In favorable cases,
protein trafficking can also be monitored. Spectral simulation using Maxwell’s equations allows these
raft domains to be characterized in terms of their mass densities and thicknesses.

Key Words: Membrane thickness; microdomains; molecular sorting; protein trafficking; rafts;
surface mass density.

1. Introduction

A number of biochemical and biophysical methodologies have been used to
investigate microdomain formation in both whole cell and model membranes,
e.g., low-temperature extraction with nonionic detergents, effects of cholesterol
depletion, and various forms of visualization, including electron, atomic force,
and fluorescence microscopies. All of these methods have potential problems
(1), and thus, despite a great deal of effort, there is no consensus yet on the size,
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lifetime, composition, or even existence of rafts in the plasma membrane of liv-
ing cells (cf. 2,3). As might be expected, the most definitive studies have been
done with model membranes (¢f. 2), with atomic force microscopy (AFM)
(4,5), and fluorescence correlation spectroscopy (6) being particularly effective
in such systems. These methodologies have clearly shown the spontaneous for-
mation of laterally segregated domains within lipid bilayers and selective pro-
tein incorporation into such domains.

In this chapter, it will be demonstrated that plasmon-waveguide resonance
(PWR) spectroscopy (7-10), applied to solid-supported self-assembled lipid bilay-
ers (11-13), provides a uniquely useful method for observing raft formation in real-
time, for obtaining information on the molecular composition of microdomains,
and for monitoring protein incorporation into raft and nonraft regions. PWR allows
the most important structural parameters of a lipid membrane, such as the thick-
ness, the average surface area occupied per lipid molecule (i.e., molecular packing
density), and the degree of long-range molecular order, to be characterized for a
single lipid bilayer in both steady-state and kinetic modes (14,15). Unlike other
techniques for domain visualization, PWR can also provide insights into microen-
vironmental effects on protein functional properties (16). The method involves res-
onance excitation by light, polarized perpendicular and parallel to a sensor surface,
in plasmon and waveguide modes in a metal/dielectric film deposited on a glass
prism. This generates a surface-localized evanescent electromagnetic field that
interacts with molecules immobilized at the film surface (7,14,15,17).

2. Materials

The only special requirement for buffer solutions used in PWR sample cells is
that they should not interact with either the silica surface of the resonator or the
deposited lipid bilayer. Sodium ions should be avoided where possible because
these do bind to silica and alter its characteristics; potassium ions are preferable as
the buffer cation (see Note 1). Organic solvents and detergents that incorporate
into lipid films should be tested for their effects on PWR spectra, and kept at low
concentrations when feasible. Octylglucoside has been found to be an effective
detergent owing to its high critical micelle concentration and low tendency to dis-
rupt bilayers. Other detergents can be used, but control experiments need to be per-
formed to quantify their spectral effects (see Note 2). Control experiments also need
to be done when using hydrophobic molecules as ligands for proteins incorporated
into bilayers. Lipids should be as pure as possible and stored at low temperatures
under an inert atmosphere to avoid oxidative degradation.

3. Methods
3.1. PWR Spectroscopy

Both the experimental arrangement and principles of PWR spectroscopy have
been thoroughly described in previous publications (7,14,15,17,18) (see Note 3).
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Fig. 1. Schematic illustration of a PWR apparatus, showing a lipid bilayer immobilized
on the resonator surface in contact with an aqueous medium.

Those aspects that are especially relevant to the studies of lipid bilayer
microdomains will be briefly reviewed. Figure 1 shows a schematic view of a
PWR spectrometer. As implemented by the authors, the method is based on the
resonant excitation by polarized light from CW He—Ne laser (A = 632.8 or
543.5 nm), passing through a glass prism under total internal reflection condi-
tions, of plasmons in a thin metal film (Ag) deposited on the external surface
of the prism, which is overcoated with a dielectric layer (SiO,; see Note 1).
The resonance is achieved by varying the light incident angle slightly above
the critical angle for total internal reflection. The reflected light intensity as a
function of the incident angle, monitored by a solid-state detector, constitutes
the PWR spectrum. PWR spectra can be obtained with light polarized either
perpendicular to the resonator surface (p-polarization) or parallel to this surface
(s-polarization).
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PWR spectra can be described by three parameters, the spectral position, the
spectral width, and the resonance depth. These experimental features depend on
the optical properties of the bilayer membrane, which are determined by the
surface mass density (i.e., the amount of mass per unit surface area), the spatial
mass distribution (i.e., the internal structure of the membrane, including molec-
ular anisotropy and the long range molecular order of the bilayer), the mem-
brane thickness, and the absorption or light scattering properties of the
membrane at the plasmon excitation wavelength. These properties are described
by three optical parameters: refractive index (n), extinction (or scattering) coef-
ficient (k), and thickness (#) of the membrane, which can be evaluated by thin-
film electromagnetic theory based on Maxwell’s equations (14,15,17,18-20)
(see Note 4). Inasmuch as both of the excitation wavelengths used are far
removed from the absorption bands of the lipids and proteins being detected, a
k value different than zero reflects a decrease of reflected light intensity owing
only to scattering, resulting from imperfections in the membrane film (see
Subheading 3.3.). It is important to recognize that for anisotropic thin films,
such as the lipid bilayer membranes in the present work, scattering will be dif-
ferent for different exciting light polarizations.

The refractive index is a macroscopic quantity and is related to the proper-
ties of individual molecules through the molecular polarizability tensor, as well
as to the environment in which these molecules are located (e.g., packing density
and internal organization) (12). Environmental properties are especially impor-
tant when molecules are located in a matrix that has a nonrandom organization
(such as a biomembrane) and thus possesses long-range spatial molecular order.
Such molecular ordering creates an anisotropic system with a uniaxial optical
axis having two (different) principal refractive indices, n, (also denoted as np)
and n_ (also referred to as n)) (12). The first of these indices is associated with
a linearly polarized light wave in which the electric vector is polarized parallel
to the optical axis. The second one is observed for light in which the electric
vector is perpendicular to the optical axis. This is the fundamental basis on
which measurement of refractive indices with polarized light can lead to the
evaluation of the structural parameters of anisotropic systems such as a lipid
bilayer membrane (12) (see Note 4). In the simplified case in which the molec-
ular shape is rod-like (e.g., phospholipid molecules), and the molecules are
ordered such that their long axes are parallel, one has an anisotropic system
whose optical axis is perpendicular to the plane of the bilayer (12). The values of
the refractive indices measured with two polarizations of light (i.e., parallel, n -
and perpendicular, n, to the optical axis) will describe this optical anisotropy (A,)
as follows (17-20):

A, =0 - )]0, + 2] 1)
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where n, is the average value of refractive index, and for a uniaxial system in
which the optical axis is parallel to the membrane normal is given by:

= 13 () +2(n) ] )

Thus, A reflects the spatial mass distribution created by both the anisotropy
in the molecular polarizability and the degree of long-range order of molecules
within the system (30). For rod-shaped molecules, n, is always larger than n_.
As can be seen from the Lorentz—Lorenz relation, n_, is also directly related to
the surface mass density:

m = 0.M/A{l @n,)* ~Vin, ) +2 ) 3)

where M is molecular weight, A is molar refractivity, and 7 is thickness of the
membrane. For the lipid molecules used in this work a reasonable approxima-
tion of M/A is 3.6 (21). Thus, from the thickness of the membrane (7) and n_,
one can calculate the surface mass density (or molecular packing density), i.e.,
mass per unit surface area (or number of moles/unit surface area [12]), which
reflects the surface area occupied by a single molecule.

3.2. Formation of a Single Planar Lipid Membrane
on the Resonator Surface

In the PWR studies, planar self-assembled solid-supported lipid membranes
have been used (11-13). The details of sample compartment design and the pro-
tocols for membrane preparation and protein incorporation have been described
in earlier publications (7,17-20). A short summary of these descriptions is pre-
sented herein. The method for membrane formation involves spreading 2-3 uL
of lipid solution (typically 8—10 mg/mL lipid dissolved in 9:1 butanol:squalene)
across an orifice (2 mm in diameter) in a Teflon block separating the silica sur-
face of the PWR resonator from the aqueous phase (Figs. 1 and 2). The lipid
composition can be varied over a wide range. The hydrated silica surface attracts
the polar groups of the lipid molecules to form a monolayer with the hydrocar-
bon chains oriented toward the excess lipid solution. Spontaneous bilayer forma-
tion is initiated when the sample compartment of the resonator is filled with an
aqueous solution, resulting in a thinning process to form the second monolayer
of the lipid, and a plateau-Gibbs border consisting of lipid solution that anchors
the bilayer to the Teflon block. This border allows excess lipid to flow into or out
of the orifice in response to protein insertion and/or conformation changes.

When the appropriate lipid compositions were used (e.g., 1:1 mixtures of
phosphatidylcholine and sphingomyelin [SM], both in the presence and in the
absence of cholesterol), the bilayers produced PWR spectra that displayed two
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resonances (22-24). As it will be demonstrated later, these can be ascribed to
the spontaneous formation of microdomains within the bilayer owing to lateral
segregation of lipid molecules.

3.3. Distinguishing Between Irregularities (Imperfections)
in the Lipid Bilayer and Microdomains

Application of PWR technology to studies of lipid rafts is based on the prem-
ise that one can observe overlapping PWR spectra resulting from optically dis-
similar parts (i.e., raft and nonraft areas) of a single lipid membrane. This is owing
to differences in mass density and in thickness between the microdomains. In this
article all of the instrumental and technical requirements will not be dealt with
that are necessary to observe such spectra, but instead will focus on issues that
relate to a proper evaluation and interpretation of such complex PWR spectra,
especially in the context of the self-assembling process that leads to the creation
of a planar, solid-supported lipid bilayer membrane (11-13).

Working with a single lipid membrane is always a challenging task, and is
especially so in the context of lipid microdomains. In general, one may define
microdomains as nonuniformities in the regular structure of a lipid bilayer
resulting from lateral phase separation of different kind of lipids, leading to
differences in both content and structure, and therefore in physical properties.
Those who have practical experience with creation of self-assembled lipid
membranes know how difficult it is to get a uniform bilayer, even when using
a single type of lipid. This is especially problematic in the case of lipid mix-
tures. The self-assembly process (see Fig. 2) generally starts with a very thick
film of lipid (usually tens of micrometers thick), spread within the aperture of
a membrane holder, and by a thinning process ends up with two molecular lay-
ers approx 5.0 nm thick, perfectly arranged to form a regular bilayer attached
to a fluid plateau-Gibbs border on the edge of the membrane holder (11-13).
The process itself is a rather complicated event occurring simultaneously along
a number of pathways. Typically, it takes about 10—40 min to be completed. The
annulus of lipid solution surrounding the bilayer is essential for its existence. It
connects the bilayer to the aperture, so its mechanical properties have an effect
on the ability to form and manipulate the membrane. The shape of the annulus
is determined by the contact angle between the bilayer and the torus, as well as
by the volume of solution placed within the aperture. In the case of solid-
supported membranes there is an additional important parameter influencing the
shape of the annulus and therefore the bilayer itself, namely, the contact angle
between the torus and the solid support. This additional condition, as compared
with a freely suspended planar bilayer between two aqueous phases, creates an
asymmetry within the system. This provides an additional difficulty in designing
the proper membrane holder and the solid support, in order to get acceptable
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bilayer membrane formation. It is important to note that the annulus has an
average thickness much greater than that of the bilayer. These two phases not
only depend on each other (i.e., if one does not form properly, the second will
not either), but they also depend on ambient conditions (i.e., the membrane
holder, the lipid mixture, and lipid solvent, as well as the properties of the aque-
ous phase). Furthermore, the Gibbs border and the bilayer tend toward chemi-
cal equilibrium with one another.

The process of bilayer creation involves not only removing a majority of the
original lipid mass from the aperture (in most cases >99%), but also reassembling
it from an isotropic fluid into a two-dimensional, ordered, highly anisotropic sys-
tem. As a consequence of the complexity of this process, the self-assembling
process may easily be influenced by number of ambient circumstances leading to
disruption of membrane formation. This can lead either to a complete destruction
of a lipid film or to the creation of a membrane with a number of structural and
mass defects and imperfections. A problem then arises because such defects and
imperfections may also lead to a complex resonance spectrum, which in some
cases may be visually similar to that obtained with real microdomains. Thus, the
question arises: how does one distinguish between real microdomain formation
and the generation of randomly distributed structural defects? In order to do this,
one must carry out an analysis of the PWR spectra to characterize the different
optical properties of real microdomains as compared with membrane imperfec-
tions. This process is described in Subheading 3.4.

One of the key properties of bilayer microdomains is their high content of
either SM (2) or SM and cholesterol (in the latter case they are usually called
rafts) in mixtures with phosphatidylcholine, which leads to their being organized
into what are referred to as gel phases (with SM alone) and liquid-ordered (L )
domains (with SM/cholesterol mixtures). These are characterized by being more
highly ordered and somewhat thicker than the surrounding liquid-disordered (L)
regions of the membrane (see insert in Fig. 2, panel C). This is a consequence
of the ordering influence of cholesterol and the presence in SM of a larger pro-
portion of long saturated fatty acyl chains. These lipid phases can coexist within
a single bilayer, giving rise to a heterogeneous pattern of islands of differing
composition and physical properties.

Model membrane studies have shown that lipid—lipid interactions are suffi-
cient to induce the formation of raft-like domains (4). Thus, it is well estab-
lished that phase separation can occur in binary lipid mixtures consisting of
lipids that have different phase transition temperatures. Typically, an ordered
gel phase, which is characterized by tightly packed lipids that have limited
mobility, coexists with a fluid or liquid-disordered phase in which the lipids are
loosely packed and have a high degree of lateral mobility. Addition of choles-
terol has been reported to modify the gel phase component of such systems
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resulting in the formation of a liquid-ordered (L ) phase in which the lipids are
still tightly packed but acquire a relatively high degree of lateral movement.
However, currently the requirement for cholesterol in raft formation in biolog-
ical membranes is unclear (4,25).

As is apparent from the earlier description and from Fig. 2C, there are three
very distinct and important properties of real microdomains. First, they are
characterized by an increased anisotropy as compared with a regular bilayer,
especially in the horizontal plane. Second, they have a much increased surface
mass density (or packing density), and third, they have specific dimensions
(especially thickness) that are related to the molecular structure of the lipids
that include them (e.g., fatty acyl chain length and degree of unsaturation). In
contrast to this, because most imperfections occur as a result of disruption of
the membrane creation process, they will be trapped in unfinished structures,
and will be less anisotropic, will have lower packing density, and will have
thicknesses that are not in the right range. In order to distinguish between these
two possibilities, one has to carefully analyze the PWR spectra to quantitatively
describe the properties of the membrane system. There are three approaches
available to perform such analyses, which can be used depending on the spe-
cific experimental circumstances: (1) a graphical analysis of the resonance
spectra (26), (2) spectral simulation that compares a theoretical spectrum with
an experimental spectrum (22), and (3) nonlinear least-squares fitting of a the-
oretical spectrum to the experimental one (7,18-20). As the simulation
approach has been used most often in work dealing with membrane
microdomains, this technique will be focused on in Subheading 3.4.

3.4. Spectral Simulation

This methodology involves simulating experimental spectra by theoretical
resonance curves in order to evaluate the optical parameters of the bilayer mem-
brane, (i.e., N N 1, and k), and then using these values (see Egs. 1-3) to calcu-
late the surface mass density (or packing density) and the refractive index
anisotropy. This provides a detailed description of the membrane structure. Such
simulation is based on two facts. First, the PWR spectrum can be described by
the classical electromagnetic theory of thin films and the equations describing
such resonance curves can be used in the simulation to obtain the component
curves. Second, the number of measured parameters (i.e., position, width, and
depth of the curve) equals the number of unknown optical parameters. Hence,
one can uniquely determine the latter from the simulated spectra. This approach
has been used in the authors previous publications (7,18-20) for nonlinear least-
squares fitting of a theoretical resonance curve to the experimental spectra. This
is relatively easy to do when the spectrum corresponds to a single resonance.
However, this approach is more difficult when the experimental spectrum is a
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complex one, i.e., it consists of more than one (usually two) single resonance
curves, corresponding to the microdomain composition. Therefore, the simula-
tion has to be done in two steps. First, one must calculate single resonance
curves for the components, and second, one must sum such single resonance
curves using appropriate ratios to fit the complex spectrum.

This first step results in an evaluation of the optical parameters (n, k, and )
that describe the physical properties of those parts of the lipid membrane that
contribute to this particular single resonance curve (7,12,18-20). These can be
obtained with a high degree of accuracy because they are well separated in their
effects on the plasmon resonance spectra. Theoretical analysis of the effect of
each optical parameter on the resonance spectra allows the evaluation of error
limits for each of these parameters (18). The values of such errors have been
included in the analysis presented below. The second step provides information
about the ratio of the bilayer surfaces covered by the two different kinds of mem-
brane that are exposed to the excitation laser beam. This is based on the fact that
the area under a resonance curve is constant, and therefore a single resonance
will result in a narrow and deep resonance curve, whereas two resonances occur-
ring simultaneously will broaden the spectrum and make it shallower.

There is another important consequence of the simulation process in the case of
PWR measurements with a single lipid membrane. Although repetition of the
measurements in separate experiments with the same type of membrane will result
in similar values of the optical properties of the components, the ratio of the sur-
face areas covered by the different membrane components that are exposed to the
excitation laser beam may vary from membrane to membrane. Therefore, the final
spectrum may change its visual characteristics. This implies that one can average
the parameter values obtained from different measurements and use them to cal-
culate physical quantities describing the properties of such bilayers.

3.5. Specific Examples of Segregation of Lipids
and Proteins Into Microdomains

PWR spectroscopy has been used together with simulation methods to ana-
lyze results obtained with solid-supported lipid bilayers consisting of binary
mixtures of dioleoylphosphatidylcholine (DOPC) and SM, and of palmitoy-
loleoylphosphatidylcholine (POPC) and SM (22,23). Experiments have also
been carried out with DOPC/SM/cholesterol ternary mixtures, although in this
case simulation analyses were not carried out owing to insufficient results with
binary mixtures having varying cholesterol contents. As will be seen later, mix-
tures of these lipids spontaneously generate segregated microdomains that can
be directly observed and characterized by PWR spectroscopy. Such lipid bilay-
ers were then used to study the partitioning of two proteins within the mem-
brane: a glycosylphosphatidylinositol (GPI)-linked protein (placental alkaline
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Fig. 3. Time-resolved PWR spectra of a lipid bilayer made up of a 1:1 mixture of
DOPC and SM (from brain) showing the spontaneous generation of two resonances
through lateral segregation. The resonance at smaller incident angles corresponds to a
PC-rich microdomain and the resonance at larger angles to an SM-rich microdomain
(see text and Fig. 4).

phosphatase [PLAP]) (22), and human &-opioid receptor (hDOR) (23). All
experimental details of this work can be found in the earlier publications. Some
of the key results will be summarized herein, thereby demonstrating how the
PWR technique can be applied to studies of lateral phase segregation leading to
lipid microdomains and protein trafficking between them.

Figure 3 shows time-resolved spectra illustrating the dynamics of domain
formation using a DOPC/SM mixture at a molar ratio of 1.5:1. These spectra
clearly indicate superposed resonances, indicating lateral phase separation of
lipids occurring over a period of minutes (22). Although not shown herein, the
kinetics of the formation of laterally segregated phases was dependent on the
molar ratio of the two lipids. Thus, the kinetics was significantly faster with a
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Fig. 4. Simulation of the PWR spectrum shown in Fig. 3 (35 min) by a superposi-
tion of DOPC-rich and SM-rich component curves. Shown for comparison are the PWR
spectra obtained from bilayers formed from pure DOPC and pure SM. The optical
parameters obtained from these simulated spectra are given in Table 1.

larger excess of DOPC than when a larger amount of SM was present, perhaps
as a consequence of a lower microviscosity in the former than in the latter.
However, the thermodynamic equilibrium of the DOPC-enriched system was
shifted away from that of segregated microdomains, probably as a result of
coalescence, i.e., after transient lateral separation, the system equilibrated into
what appeared to be a single phase consisting of a mixture of these two lipids.
In contrast, the system with a larger amount of SM remained able to form stable
segregated microdomains.

As indicated earlier, in order to confirm that what appears to be a microdomain
spectrum is not because of random imperfections, a simulation analysis was car-
ried out. Figure 4 shows an experimental spectrum for this mixture (solid line)
simulated by two single spectra describing DOPC-rich domains (triangles) and
SM-rich domains (squares), which when superposed result in a complex resonance
curve (circles). The spectra of the two-component microdomains can be compared
with PWR spectra obtained from pure single-lipid bilayer spectra: pure DOPC
(dash-dot curve), and pure SM (dash curve). As can be seen from this figure, the
experimental resonance curve for the binary mixture is very well simulated by the
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Table 1
Optical Parameters Obtained From Simulation Analysis of Lipid Membranes
Made up Either of Single Lipids or of Binary Mixtures of Lipids

Lipid bilayer Thickness z_, Surface area/molecule Optical anisotropy

composition (nm = 0.1) (nm2 £ 0.01) A, (+0.003)

DOPC 5.0 0.53 0.01

POPC 54 0.48 0.02

SM 6.1 0.39 0.04

DOPC/SM (1:1)

DOPC-rich domain 52 0.51 0.015

SM-rich domain 59 0.40 0.025

POPC/SM (1:1)

POPC-rich domain 54 0.46 0.025

SM-rich domain 6.1 0.39 0.025
From ref. 22.

simulated spectrum (circles). However, the component spectra describing the two
microdomains (triangles and crosses) differ significantly in width and depth from
the single lipid component spectra, although the angular positions are not differ-
ent. Thus, the component DOPC spectrum (triangles) is narrower and has greater
depth, whereas the component SM spectrum (crosses) is broader and shallower,
as compared with the curves obtained from simulation of the single lipid spectra
(dash-dot and dash).

A comparison of the optical parameters resulting from the simulation of the
PWR spectra of lipid microdomains with those obtained with membranes consist-
ing of the single-lipid components (Table 1), reveals a clear pattern (22). Thus, the
DOPC region of the bilayer has increased values of both the thickness and pack-
ing density, whereas the SM values for the microdomains decrease as compared
with the single lipid. Also important to note are the opposite changes in the refrac-
tive index anisotropies, which are consistent with the packing density and thick-
ness alterations. Similar results have been obtained with POPC/SM mixtures (see
Fig. 5). These simulations lead to the conclusion that the experimental spectra for
mixtures can be interpreted as a sum of two resonance curves that are produced by
small modifications of the single component parameters, suggesting that the lipid
compositions in the microdomains are modified by the inclusion of very small
amounts of the other component. However, it must be pointed out that these small
amounts are significant enough to considerably alter the resonance spectra of the
pure single components and to allow formation of two stable membrane phases.
This would suggest that microdomains made up of the pure lipids are not thermo-
dynamically or kinetically stable. It is possible that mixing in small amounts of
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Fig. 5. Simulations of PWR spectra obtained from a bilayer made up of a 1:1 mix-
ture of POPC and brain SM in before (panel A) and after (panel B) incorporation of
an agonist-bound (DPDPE) hDOR. The mass density values obtained from the simu-
lations are as follows: 0.85 and 1.85 pmoles/cm? for POPC-rich and SM-rich domains,

respectively.
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the other component can act to stabilize the system by filling in the gaps in the
bilayer structure, somewhat like the mixture of amino acid side chains in the inte-
rior of a globular protein molecule allows a more compact structure to be formed.
These results are consistent with earlier observations obtained by fluores-
cence and AFM indicating that microdomains can be formed in supported lipid
monolayers as well as in both supported and unsupported bilayers. Both these
techniques have provided information about the thickness and overall dimen-
sions of the membrane domains, which are also consistent with the PWR
results. However, the PWR technique provides another important capability,
i.e., it allows one to quantify important structural parameters such as packing
density and internal organization, which permit a fuller description of the prop-
erties of such membrane domains. In addition, PWR used in a kinetic mode (see
Fig. 3), allows one to quantify the formation process of lateral segregation.

3.6. Protein Segregation Within Lipid Microdomains

In this section, the ability of PWR spectroscopy to characterize the insertion
of protein molecules into lipid microdomains, and to follow protein trafficking
between such microdomains will be described. Figure SB shows a PWR spec-
trum (23) obtained on insertion of an agonist-bound (DPDPE) hDOR (a G pro-
tein coupled receptor mediating pain responses in the brain) into a POPC/SM
bilayer characterized by the PWR spectrum shown in Fig. SA (open circles). The
latter spectrum has been simulated very well (Fig. SA, solid line) by two single-
component spectra corresponding to the two lipid microdomains that exist within
the bilayer (i.e., POPC-rich; dash-dot and SM-rich; dash). The parameters
obtained from this simulation are given in Table 1. As can be seen by compar-
ing the spectrum in Fig. SA with that in Fig. 5B, incorporation of the protein
influenced both the main maximum and the shoulder, thereby changing the over-
all shape of the spectrum. Although not shown, similar alterations occurred in
both p- and s-polarizations (23). Such spectral modifications are owing to both
mass density changes and structural alterations of the proteolipid membrane.
Note that larger shifts were obtained for the SM-rich than for the POPC-rich
domain on incorporation of the agonist-bound receptor into the bilayer.
Quantification of these changes is shown by the simulations in Fig. SA,B dash-
dot for the POPC-rich and dash for the SM-rich domains. From these component
spectra, it is possible to calculate the mass and anisotropy changes that occur as
a consequence of incorporating the receptor into the two microdomains. The val-
ues for mass density in these two domains are given in the legend to Fig. 5§ (23).
These show that the agonist-bound receptor prefers the SM-rich environment
compared with the POPC-rich microdomain. It should also be pointed out that
experiments performed with another 8-opioid agonist (23), gave similar results,
with preferential partitioning of the receptor into the SM-rich phase.
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Fig. 6. Time-resolved PWR spectra obtained from a bilayer containing a mixture of
DOPC, brain SM, and cholesterol (1:1:0.35) before and after addition of PLAP.

In the case of unliganded receptor incorporation, the opposite is true; i.e.,
more receptor is inserted into the POPC-rich phase than into the SM-rich
domain (23). Subsequent addition of DPDPE (or other agonists) to the prote-
olipid system containing unliganded receptor leads to enrichment of receptor in
the SM-rich domain. The distribution of protein was approximately the same
regardless of whether the ligand was bound before or after incorporation of the
receptor into the bilayer. Furthermore, as it has been demonstrated by PWR
experiments described elsewhere (27), the G protein has a much higher affinity
for agonist-bound receptor inserted into the SM-rich domain (0.6 nM) than one
present in the POPC-rich phase (19 nM). Thus, the activity of the receptor is
strongly modulated by the lipid microenvironment.

It should be noted that these experiments were performed without the inclusion
of cholesterol in the bilayers. Although this lipid clearly plays a role in
microdomain formation in bilayers (both in vivo and in vitro), the precise struc-
tural basis for this is at present unclear (28). In some preliminary experiments,
PWR experiments with ternary lipid mixtures containing cholesterol
(DOPC:SM:cholesterol, 1:1:0.35) have also been carried out. Figure 6 shows an
example of the kinetics of the insertion of the GPI-linked protein PLAP into such
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a bilayer. Although at present these spectra are unable to be simulated, owing to
insufficient information on the spectral properties of bilayers formed from binary
mixtures containing varying amounts of POPC, SM, and cholesterol, it is clear
that the major changes with time occur in the higher-angle shoulder, indicating
the preferential insertion of this protein into the domain corresponding to this res-
onance (i.e., most likely the SM/cholesterol-rich microdomain).

The aforementioned results demonstrate the ability of PWR spectroscopy to
monitor protein insertion into lipid microdomains, to measure the influence of
ligand binding on protein distribution, and to characterize the influence of lipid
microenvironment on functional properties such as G protein binding. These
observations have been rationalized based on the following observations. First,
as previous studies performed in the laboratory using PWR have demonstrated,
the opioid receptor adopts different conformations on binding to different classes
of ligands (20). Second, as demonstrated both by the PWR results (22,23) and
by AFM studies (28,29), the SM-rich domain is thicker than the POPC-rich
domain, as a consequence of the presence of longer, largely saturated acyl
chains in SM. As the agonist-activated receptor is more elongated than the unli-
ganded or antagonist-bound receptor, implying a larger hydrophobic thickness,
it is hypothesized that hydrophobic matching between the receptor and the
bilayer provides the basis for the different receptor partitioning in each case.
Furthermore, as the SM-rich domain favors the elongated structure produced by
agonist activation, it is logical that the binding of G protein is stronger in this
domain than in the POPC-rich domain.

In summary, it has been shown that PWR spectroscopy has distinct advan-
tages over other methods of visualizing lipid microdomains in that it allows
information to be obtained in real-time regarding the domain structure and com-
position, including the ability to distinguish between domains formed from various
lipid species. The uniqueness of this spectroscopic technique is that it allows the
most important structural parameters of a lipid membrane, such as the thick-
ness, the average surface area occupied by one lipid molecule (or molecular
packing density), and the degree of long-range molecular order, to be charac-
terized for a single lipid bilayer in both steady-state and kinetic modes. Unlike
other techniques for domain visualization, PWR can also provide insights into
microenvironmental effects on protein functional properties.

4. Notes

1. The sensor surface is a thin layer of a dielectric material exposed to aqueous
buffer, and thus, may be sensitive to ions present in solution. For instance, in the
case of silica, one has to be aware that sodium ions are particularly damaging to
the sensor surface causing its deterioration. Such problems can be avoided by
either replacing one type of ion with another (e.g., sodium with potassium ions),
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or replacing one kind of dielectric with another type of material. The choice of the
latter will be dependent on the sensor optical properties required for a particular
experiment, because changes of the dielectric material will always result in alter-
ations of the spectral characteristics of the sensor (7-10).

As mentioned, the insertion of proteins into a membrane is performed by diluting
a detergent in which the membrane protein is dissolved to below its critical micelle
concentration. Using this protocol, one has to be aware that any detergent may
interact with a lipid membrane. Such interaction can interfere with measurements
of protein insertion. Therefore, one has to always perform a control experiment
with the detergent used.

PWR is a relatively new optical technique that may be regarded as analogous to sur-
face plasmon resonance (SPR) (30,31). The latter method has been commercially
available for about 15 yr, and thus, there is a broader awareness in the scientific com-
munity of this technology as compared with PWR. In fact, the analogy between
these two methods is quite narrow because PWR is able to study both optically
isotropic as well as anisotropic thin films and interfaces deposited on the sensor sur-
face, whereas SPR can only be applied to isotropic samples. Therefore, both the
principles on which these technologies are based, and the experimental setups and
data analysis procedures are quite different. Furthermore, the amount of information
that can be obtained about systems using PWR is much larger than with SPR.

The analysis of PWR spectra using Maxwell’s equations allows one to obtain a set
of structural parameters of a lipid membrane deposited on the resonator surface
(7,17-20). In general, there is no direct comparison between the values of such param-
eters obtained with different techniques. The reason is twofold: first, they are usually
obtained with different kinds of lipid membranes (e.g., in PWR experiments one has
a single “black-lipid membrane,” which in most of the cases will also contain some
of the solvent in which the lipids were dispersed). Second, the definition of the
parameters is directly related to the technology with which they are obtained. For
example, thickness in the case of PWR represents an averaged value for an interfa-
cial region characterized by a refractive index different from that of the bulk solution.
For a lipid membrane deposited on the resonator surface this will include both
hydrocarbon and head-group regions, together with water molecules located at both
the silica surface of the sensor (see Fig. 1), and bound to the lipid membrane.
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Fluorescence Recovery After Photobleaching Studies
of Lipid Rafts

Anne K. Kenworthy

Summary

Fluorescence recovery after photobleaching (FRAP) is a microscopy-based technique that can
be used to ask how lipid rafts impact protein and lipid diffusion in cells. This chapter, describes
how to perform FRAP measurements of putative raft and nonraft proteins and lipids using a con-
focal microscope. Methods have been outlined for (1) transfecting cells with plasmids encoding
for the expression of green fluorescent protein-tagged proteins, (2) labeling cells with fluorescent
lipid analogs or with the lipid-binding toxin cholera toxin B-subunit, (3) depleting and loading
cholesterol into cell membranes using methyl-B-cyclodextrin, and (4) performing and analyzing
confocal FRAP measurements.

Key Words: Cholera toxin B-subunit; cholesterol; confocal microscopy; Dil; fluorescence
recovery after photobleaching; GFP; lateral diffusion; lipid rafts; methyl-B-cyclodextrin.

1. Introduction

Fluorescence recovery after photobleaching (FRAP, also referred to as fluores-
cence photobleaching recovery) is a technique that can be used to monitor the dif-
fusional mobility of proteins and lipids in cell membranes or artificial bilayers. In
FRAP experiments, proteins or lipids on a cell membrane are fluorescently labeled,
and molecules in a small region of the membrane are subjected to a pulse of high
intensity laser excitation, which renders them irreversibly photobleached. Using
low laser intensity, the exchange of bleached molecules with unbleached molecules
in the surrounding area of membrane is then monitored over time (Fig. 1). Two
parameters are typically gleaned from a FRAP recovery curve: a diffusion coeffi-
cient and a mobile fraction (M,). The diffusion coefficient provides a measure of the
mean squared displacement per unit time, whereas the M, reports on what fraction
of fluorescent molecules are able to diffuse over the time-course of the experiment.
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Fig. 1. Principles of fluorescence recovery after photobleaching experiments. (A)
Schematic depiction of a confocal FRAP experiment. A population of fluorescent mol-
ecules is irreversibly bleached by repetitively scanning a region of interest (rectangle).
Recovery of fluorescence in the bleach region occurs by diffusional exchange of fluo-
rescent molecules outside of the bleach region with the bleached molecules. (B)
Characteristics of fluorescence photobleaching and recovery curves. The recovery of flu-
orescence in the bleach region is characterized by two parameters, the characteristic
recovery time (Z, ,), which is related to the diffusion coefficient, and the mobile fraction,
a measure of the fraction of molecules that are able to diffuse over the time-course of the
experiment. Figure adapted from ref. 18 Kenworak 2006 with © permission of Elsevier.

Over the last 30 yr, FRAP studies have been instrumental in showing that in
cell membranes, the diffusion of proteins and lipids is slow compared with dif-
fusion in artificial membranes, and is also characterized by the presence of
immobile fractions of molecules. A major implication of such studies is that cell
membranes are heterogeneous and compartmentalized in ways that prevent the
free diffusion of proteins (1,2). Recent studies have now turned to the question
of how lipid rafts fit into this picture of membrane structure (reviewed in refs.
3-5). In particular, FRAP is now being used to ask if the diffusional mobility of
raft and nonraft proteins can be distinguished, as well as how protein and lipid
diffusion is regulated by cholesterol (6-15).

Until recently, FRAP measurements could only be performed on dedicated
FRAP microscopes using fluorescently labeled Fab fragments as probes. Thus,
the technique was not readily available to most researchers, and FRAP measure-
ments were limited to plasma membrane proteins for which specific antibodies
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were available. Over the past few years, FRAP has begun to enjoy more wide-
spread use. Two technological developments have contributed to the resurgence
of interest in this technique. First, many commercial confocal microscopes are
designed to perform photobleaching measurements. Second, because of the
advent of green fluorescent protein (GFP), it is now possible to fluorescently
tag a wide range of proteins, including those localized inside cells. Thus, FRAP
can now be used to address a wide range of questions related to protein and
lipid dynamics (16-18).

This chapter describes how to perform confocal FRAP measurements of
lipid rafts has been described. It begins by outlining procedures for transfecting
cells with plasmids encoding for the expression of GFP-tagged proteins. Next,
methods are discussed for labeling cells with fluorescent lipid analogs or with
the lipid-binding toxin cholera toxin B-subunit (CTXB), a commonly used
marker for lipid rafts. Methods for cholesterol depletion and loading are out-
lined next. Finally, a detailed protocol is presented for performing FRAP meas-
urements and subsequent data analysis.

2. Materials
2.1. Cell Culture and Transfection

1. Cell culture media: Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum.

2. Media for transfection: DMEM (serum-free).

3. FuGene 6™ (Roche Diagnostics, Indianapolis, IN).

4. Microscope cover slips, no. 1.5, chambered cover glasses (e.g., LabTek, Nagle
Nune International, Rochester, NY, or glass bottom dishes, MatTek).

2.2. Labeling With Fluorescent Protein or Lipid Analogs

1. Fluorescent CTXB: purchase commercially (Sigma-Aldrich) or prepare from unla-
beled toxin (Sigma-Aldrich) using a kit designed for fluorescent labeling of proteins
(e.g., Cy3 monoreactive dye packs, GE HealthCare Biosciences, Amersham
Biosciences Corporation, Piscataway, NJ).

2. Dil cell-labeling solution (DiIC16) (Invitrogen Molecular Probes. Carlsbad, CA):
prepare a 100 pg/mL stock solution in ethanol, store at —20°C. Prepare a working
solution by diluting to 0.3-1.5 pg/mL in serum-free imaging buffer containing
0.1% fatty acid-free bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis,
MO).

3. Vybrant™ DiIC18 (Invitrogen Molecular Probes, Carlsbad, CA) (supplied as a
stock solution by the manufacturer).

4. Serum-free imaging buffer: phenol red-free DMEM supplemented with 25 mM
HEPES and 0.1% w/v BSA.
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2.3. Cholesterol Depletion and Cholesterol Loading

1. Cholesterol depletion using methyl-B-cyclodextrin (MBCD) (Sigma-Aldrich):
prepare a 10 mM working solution in serum-free imaging buffer (see 2.3.3).

2. Cholesterol loading using water-soluble cholesterol (MBCD—cholesterol complexes)
(Sigma-Aldrich); prepare a working stock solution 300 mM in MBCD (see Note 1).

3. Serum-free imaging buffer: phenol red-free DMEM supplemented with 25 mM
HEPES and 0.1% w/v BSA (Sigma-Aldrich).

2.4. Fluorescence Recovery After Photobleaching

1. Live-cell imaging buffer: phenol-red free DMEM supplemented with 10% fetal
cafl serum (FCS) and 25 mM HEPES.
2. Live-cell mounting chamber (if cover slips are used) (see Note 2).

3. Methods
3.1. Transfection

A detailed protocol is outlined for transfecting COS-7 cells with plasmids encod-
ing for expression of GFP fusion proteins using Fugene 6. Other cell types may be
more efficiently transfected using other transfection reagents or protocols. Cells are
plated on cover slips on day one, transfected on day two, and imaged on day three.

1. Day one.

a. Plate cells onto cover slips (in a six-well plate) or Lab-tek chambers the day
before they are to be transfected so that they will be at 30-70% confluence the
following day.

2. Day two.

a. Vortex Fugene 6. Allow the Fugene to come to room temperature (RT) before
use, about 15 min.

b. Aliquot the DNA into sterile microfuge tubes.

i. A typical amount of DNA to use is 1 pug per well of a six-well plate, at a
Fugene:DNA ratio of 3 uL/1 pg.

ii. The DNA stock should be at a concentration of 0.1-2 mg/mL.

c. Prepare a working solution of Fugene:

i. The amount will depend on the surface area of each dish and the number of
dishes. For each well of a six-well dish, plan on using 100 pL total volume
of serum-free media containing 3 UL Fugene6 (97 UL media + 3 pL
Fugene). See manufacturer’s instructions for other size dishes.

ii. Add the media to a sterile tube, then after vortexing the Fugene again add the
Fugene, without touching the sides of the tube, then incubate for 5 min at RT.

iii. One will need 100 pL Fugene dilution for each well of plate. If multiple
wells are to be transfected, prepare enough for all the wells at one time.

d. Add the diluted Fugene solution (100 pL) onto each DNA sample in a sterile
microfuge tube dropwise and mix by tapping the tube. Incubate for 15 min at RT.
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3.

e. Add the Fugene:DNA mixture to the cells; swirl to mix.

f. If multiple cover slips have been plated in the same well, make sure that han-
dling of the dish has not caused them to overlap one another. If they are over-
lapping, gently separate them using flame-sterilized forceps.

g. Replace cells in incubator and allow them to express the protein overnight.

Day three.
a. Confirm GFP-protein expression by fluorescence microscopy before FRAP
studies (see Note 3).

3.2. Labeling Cells With Fluorescent Lipid Analogs
or Lipid-Binding Proteins

Plate cells onto cover slips (in a six-well plate) or Lab-tek chambers 1 or 2 d

before they are to be labeled.

3.2.1. Fluorescent CTXB Labeling

1.
2.

W

Prepare a working dilution of fluorescent CTXB: 0.1-1 pg/mL in imaging buffer.
Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times in cold imaging buffer.

Label cells with fluorescent CTXB for 15 min on ice (see Note 4).

Wash 3 X 5 min in cold imaging buffer before imaging.

Chose appropriate excitation and emission settings depending on the fluorophores
used to label the CTXB.

3.2.2. DilC,, Labeling

1.

W

Prepare a working dilution of DiIC16: 0.3—1.5 ug/mL in serum-free imaging
buffer with 0.1% fatty acid-free BSA.

Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times with serum-free imaging buffer.

Incubate cells in DilC,; 5 min at RT (see Note 5).

Wash two times in serum-free imaging buffer without BSA before imaging.
Image using Cy3/rhodamine settings.

3.2.3. DilC, 4 Labeling

L.

W

Prepare a working dilution of Vybrant Dil at a ratio of 5 puL of supplied dye solu-
tion to 1 mL serum-free imaging buffer with 0.1% fatty acid-free BSA (see Note 6).
Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times with serum-free imaging buffer.

Incubate cells in prewarmed Vybrant DilC,¢ for 10 min at 37°C (see Note 5).
Quickly rinse once in warmed serum-free imaging buffer fatty acid-free BSA.
Rinse two times for 1 min with warmed serum-free imaging buffer plus fatty acid-
free BSA before imaging.

Image using Cy3/rhodamine settings.
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3.3. Preparation of Labeled Cholesterol-Depleted, -Loaded,
and -Repleted Cells

Cells are cholesterol depleted or loaded just before FRAP experiments
(see Note 7).

3.3.1. Mock-Treated Cells

1. Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times with serum-free imaging buffer.

2. Remove serum-free imaging buffer, add 1 mL of fresh serum-free imaging buffer,

and incubate for 30 min at 37°C.

If desired, label cells with fluorescent CTXB or Dil as described in Subheading 3.2.

4. Transfer cells to live cell imaging chamber and image in serum-free imaging buffer.

w

3.3.2. Cholesterol-Depleted Cells

—_

Prepare a 10 mM MBCD solution in serum-free imaging buffer.

2. Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times with serum-free imaging buffer.

3. Remove serum-free imaging buffer, add 1 mL of 10 mM MBCD, and incubate for
30 min at 37°C.

4. Tf desired, label cells with fluorescent CTXB or Dil as described in Subheading 3.2.

5. Transfer cells to live cell imaging chamber and image in serum-free imaging buffer.

3.3.3. Cholesterol-Loaded Cells

1. Prepare stock-loading solution: 300 mM MBCD-cholesterol complex in serum-
free imaging buffer.

2. Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times with serum-free imaging buffer.

3. Remove serum-free imaging buffer, add 1 mL of fresh serum-free imaging buffer.
Directly pipet in cholesterol loading solution to yield a final concentration of 10 mM.
Incubate for 30 min at 37°C.

4. If desired, label cells with fluorescent CTXB or Dil as described in Subheading 3.2.

5. Transfer cells to live cell imaging chamber and image in serum-free imaging buffer.

3.3.4. Cholesterol-Repleted Cells

1. Prepare cholesterol depletion and cholesterol loading solutions as described earlier.

2. Remove cells from growth medium and place cover slip in new dish. Rinse cover
slip two times with serum-free imaging buffer.

3. Remove serum-free imaging buffer, add 1 mL of 10 mM MBCD in serum-free
imaging buffer, and incubate 30 min at 37°C.

4. Remove MBCD solution and rinse two times with serum-free imaging buffer.

5. Remove serum-free imaging buffer, add 1 mL of fresh serum-free imaging buffer
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with cholesterol-loading solution diluted to a final concentration of 10 mM
directly in well, and incubate for 30 min at 37°C.
6. If desired, label cells with fluorescent CTXB or Dil as described in Subheading 3.2.
7. Transfer cells to live cell imaging chamber and image in serum-free imaging buffer.

3.4. Basic Confocal FRAP Protocol

This section assumes that the experimenter has a working knowledge of con-
focal microscopy and focuses on experimental details that are required to obtain
reproducible, high-quality FRAP data.

3.4.1. Determine the Appropriate Settings for the Fluorophore
and Cell Type

Choice of the laser excitation, dichroic mirrors, and emission filters are deter-
mined by the fluorophore. Settings for widely used fluorophores such as GFP and
Cy3 are often available as preprogrammed configurations on many commercial
confocal microscopes. The choice of the microscope objective, pinhole settings,
and zoom will be dictated by the cell type and the size of the structures being stud-
ied. Once the basic imaging settings have been determined, they should be held
constant in all subsequent experiments. One exception is the detector gain, which
can be changed in order to image cells with varying protein expression
levels/labeling intensities. The detector gain should be set to maximize the fluores-
cence signal, whereas at the same time minimizing the number of saturated pixels.

3.4.2. Choose an Appropriate Bleach Region

For measurements of plasma membrane protein diffusion, either a spot or a
strip are useful bleach region geometries (see Subheading 3.5.4.). Recovery in
the bleach region can be monitored either by collecting images of the surround-
ing area of the cell or by imaging only the bleach region (see Note 8). The size of
the bleach region determines the rate of fluorescence recovery: the larger the
bleach region, the longer it will take for fluorescence recovery to occur (see
Subheading 3.5.4.). Strips of width 4 um have been sucessfully used to monitor
diffusion of plasma membrane proteins and lipid analogs with diffusion coeffi-
cients ranging from 0.1 to more than 1 pm?s (6,7).

3.4.3. Determine Conditions Required for Bleaching

For bleaching, the bleach region is repetitively scanned at high laser power. A
fixed sample should be used to determine how many scans are required to bleach
the fluorescence to near background values. This can vary substantially depending
on the laser power, microscope objective, and optics. Typically, it has been found
that with a Zeiss LSM 510 (Carl Zeiss Microlmaging, Thornwood, NY), approx
10 scans at 100% transmission at 488 nm line of a 40-mW argon laser are required



186 Kenworthy

to fully bleach enhanced GFP (EGFP) for a x40 1.4 numerical aperture objective
at X4 zoom. The 488-nm laser line is among the most powerful of most confocal
microscopes and is excellent not only for bleaching EGFP but also Cy3 and Dil
(which are normally excited at 543 nm or similar laser lines). Note that the mini-
mum number of scans necessary to bleach should be used. This is important in
order to minimize artifacts that can occur as the result of depletion of fluorescent
molecules in the region surrounding the bleach region of interest ROI (see Note 9).

3.4.4. Determine Conditions for Imaging Fluorescence Recovery

Once the bleach region and bleaching conditions have been established, the
next step is to determine how long to collect data in the recovery phase of the
experiment. To do this, the bleach is incorporated into a time series. Several
images are collected before bleaching the ROI, and then multiple images are
collected after the bleach (Fig. 1). It is important to visualize as much of the
early part of the fluorescence recovery as possible and to continue to collect
data until recovery is complete. In order to ensure that the early part of the
recovery can be readily resolved, it may be necessary to increase the size of the
bleach region (see Subheading 3.4.2.). Photobleaching of the sample during
this phase of the experiment needs to be kept to a minimum. Ideally, in control
experiments in which the sample is imaged without bleaching the ROI, the flu-
orescence intensity should remain constant (see Note 10).

3.4.5. Perform the Experiment

Once appropriate conditions for bleaching and monitoring the recovery phase
have been established, it is finally time to do the actual experiment. Typically, data
is collected for 10 cells per treatment for each experiment and experiments are
repeated on at least three separate days. For ease of data analysis it is recommended
to keep the position of the bleach region constant from cell to cell, moving the cells
as needed rather than moving the bleach region. In order to yield reproducible data,
the bleaching and recovery conditions should not be changed between experiments
(except for adjusting the detector gain for different cells if needed).

3.5. FRAP Data Analysis

3.5.1. Quantitate Fluorescence Intensities

The first step in data analysis is to extract the fluorescence intensities from the
time series of images. Collect the mean fluorescence intensity for the bleach
region as well as the surrounding region of the cell (Fig. 2). Fluorescence inten-
sities should also be measured for a background region positioned outside of the
cell. The fluorescence intensity vs time datasets can then be imported into a
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Fig. 2. Example of how to quantitate fluorescence intensities from a confocal FRAP
experiment. Examples of ROIs for bleach region, surrounding cell, and background and
corresponding plots of mean fluorescence intensity vs time for each are shown.

graphing and data analysis program, such as Excel (Microsoft, Redmond,WA)
or KaleidaGraph (Synergy Software, Reading, PA), for further analysis.

3.5.2. Normalize the Data

In order to directly compare recovery curves for different treatments, it is
convenient to normalize the data to correct for background fluorescence Fbkgd,
loss of fluorescence during the bleach, and variations in protein expression levels
between cells:

F@),0m = 100 X FOro = Fiva X B = P (D
F(t)ceu B Fbkgd F;,ROI - F bkgd
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The first part of the normalization accounts for irreversible loss of molecules
owing to the bleach event (see Note 11). To correct this, the bleached ROI
intensity F(#)gq, is divided by the whole cell intensity F(7)_, for each time-point
F(t). The second part of the normalization rescales the data in terms of percent-
age of initial fluorescence by dividing by the prebleach intensity (F,) and mul-
tiplying by 100. The resulting normalized data then can be averaged for
different cells and the associated standard error or standard deviation can be
calculated. The first time-point after the bleach should be set to ¢ = 0. This is an
approximation because the time required to bleach may be significant depend-
ing on the number of bleach iterations. In such a case, further corrections can
be made (e.g., see ref. 19).

3.5.3. Calculate the M,

M, is defined as the fraction of molecules that recover during the time-course
of the experiment (see Note 12). M, can be calculated from data obtained from
the normalized recovery curves (Eq. 1) as

M, = (F.-F)/(F,-F) @

where F_, F,, and F| are the normalized fluorescence intensities at the asymptote,
immediately following the bleach, and before the bleach, respectively (Fig. 1).

3.5.4. Calculate the Diffusion Coefficient

The choice of method for calculation of diffusion coefficients depends on the bleach
region geometry and type of data collected. Several examples are described next.

1. Halftime of recovery: as a first approach to data quantitation, FRAP recovery
curves can be simply described in terms of the half time of recovery (¢, ,). This can
be approximated by fitting to the equation

F(r) = IOO[FoJer (t/tl/z)]/[”(t/’l/Z)} 3)

Here, F|, is the fluorescence intensity immediately after the photobleach and F__ is
the intensity at the asymptote of the fluorescence recovery after bleaching (20).

2. Uniform spot: a Gaussian intensity profile is typically assumed for so-called spot
photobleach measurements (21). However, when bleaching is performed using a
confocal microscope, the radius of the bleach region can be chosen to be signifi-
cantly larger than a diffusion-limited spot. As such, one can analyze the recovery
curves making the simplifying assumption that the bleach spot corresponds to a
uniform circular disk. For this case, D is given by (21,22)

D=0.224 r’/t, 4)



Fluorescence Recovery After Photobleaching Studies of Lipid Rafts 189

where r is the radius of the bleached region and 7, is the characteristic diffusion
time. Examples of where this equation have been applied to confocal FRAP meas-
urements can be found in refs. 23 and 24.

Strip: it can sometimes be useful to monitor diffusion into a strip of width w (with
length much greater than w) in order to approximate one-dimensional recoveries.
By making the simplifying assumptions that the bleach is complete and that there
is no immobile fraction as well as certain geometric constraints (25,26), fluores-
cence recovery for this bleach geometry can be described by

F@t)=F. {1 - [wz(w2+4ﬂ:Dt)"]”2}. (5)

However, note that this equation is only an approximation (25).

Computer simulations: confocal FRAP allows one to collect images of parts of
the cell surrounding the bleached region. It is possible to make use of this infor-
mation to calculate diffusion coefficients using computer simulations. One such
program, called Diffuse, simulates diffusion in inhomogeneous media by using
images collected from the actual FRAP experiment to simulate diffusive recov-
ery of fluorescent molecules into the bleach region (25). It takes into account
cell geometry, allows for arbitrary choice of bleach region, and does not require
a complete bleach (25). Although this program allows for choice of arbitrary
bleach region geometries, for ease of data analysis it is convenient to maintain
a constant geometry (strip) across experiments (6). Further details on how to
obtain and use this simulation can be found in ref. 19.

4. Notes

1.

Water-soluble cholesterol exhibits biphasic solubility. Therefore, it is prepared as
a concentrated stock and then diluted as needed. The solution may become slightly
cloudy on dilution owing to the release of cholesterol from the MBCD.

To make a simple, reusable chamber to image cells grown on cover slips, punch a
hole out of a square piece of silicon sheet trimmed to fit on a slide. The silicon can
then be attached to the slide using petroleum jelly. To use, fill the hole with a drop
of imaging buffer. Pick up the cover slip with a pair of forceps and use a kimwipe
to remove excess liquid. Invert the coverlip onto the buffer, then press gently with
a folded kimwipe to remove the excess buffer. Surface tension will cause the cover
slip to remain attached to the silicon.

Three factors have routinely been observed that can give rise to low transfection
efficiencies using Fugene 6: (1) the cell density is too high at the time of transfec-
tion, (2) the Fugene 6 solution is old, or (3) the DNA has deteriorated. These prob-
lems can be addressed by (1) plating cells at lower densities, (2) using a tube of
new Fugene 6 for transfection, and (3) thawing a new aliquot of or preparing a
fresh prep of the plasmid DNA.

Fluorescent CTXB labeling is performed at low temperature to prevent internal-
ization during the labeling process. On warming up the cells, internalization of
CTXB will be apparent first as a series of punctate structures present throughout
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the cell, and at later times by the accumulation of fluorescent toxin in perinuclear

recycling compartments and the Golgi complex.

Note that, like CTXB, both DilC16 and Vybrant Dil are internalized over time.

6. Vybrant Dil can also be diluted in normal growth medium. The use of serum-free
media is recommended in experiments in which cells have previously been sub-
jected to cholesterol depletion or loading.

7. Ttis important to note that the physiological effects of cholesterol loading and deple-
tion are not limited to their presumed effect on lipid raft integrity. Cholesterol deple-
tion inhibits both raft and nonraft mediated endocytosis (27), and cholesterol loading
accelerates endocytosis (6,7,28). In addition, it is also becoming increasingly clear
that MBCD can influence protein diffusion in ways that are not necessarily related
to cholesterol depletion (6,7,14). These two factors should be carefully considered
when analyzing the effects of these treatments on protein or lipid diffusion.

8. There are several advantages to imaging the region surrounding the bleach ROI. It
offers a useful quality control check to verify that the cell did not move and the
focal plane was maintained during data aquisition. In addition, by collecting
images of the region of the cell surrounding the bleach region, it is possible to
directly measure how much fluorescent material was lost as the result of the
bleach (see Subheading 3.5.2.). In contrast, for the case of small bleach regions
and/or for rapidly diffusing molecules, higher time resolution is needed to moni-
tor the initial phase of recovery, and it is more appropriate to image only the
bleach ROI. Alternatively, some confocals now include a separate bleaching laser,
which enables continued visualization of the sample during the bleach.

9. Depletion of fluorescent molecules in the region surrounding the bleach ROI is
one type of artifact in confocal FRAP experiments that can arise as the result of
the finite time required to bleach and image the sample (29). Also note that a
recent report suggests that GFP is reversibly bleached by the process of imaging
(30). This effect has been observed by the author as well, but the magnitude of
reversible photobleaching is small under most conditions compared with the
amount of irreversible bleaching that occurs in a FRAP experiment. Nevertheless,
it is important to be aware of this possibility.

10. If photobleaching is observed, try increasing the time interval between images
and/or decreasing the laser power and simultaneously increasing the detector gain.
Drift of the focal plane during the recovery phase can also occur when sample is
not in thermal equilibrium with the microscope.

11. Unlike in spot photobleaching, wherein the size of the bleach spot is so small that
it is essentially negligible compared with the size of the pool of unbleached mol-
ecules, in confocal FRAP the bleach region can be made arbitrarily large. When a
significant fraction of fluorescent molecules is eliminated by the bleach, recovery
in the bleach region will obviously never be able to reach 100% of the prebleach
value. If this is not appropriately corrected, one could erroneously conclude that
an immobile fraction is present.

12. Note that the presence of endocytic vesicles can give rise to an apparent immobile frac-
tion. This effect has been routinely observed in measurements of CTXB diffusion (6).

N
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Single-Molecule Tracking

Marija Vrljic*, Stefanie Y. Nishimura*, and W. E. Moerner

Summary

The current models of eukaryotic plasma membrane organization separate the plasma membrane
into different environments created by lipids and interactions between membrane proteins and the
cytoskeleton, but characterization of their physical properties, such as their sizes, lifetimes, and the par-
titioning of membrane components into each environment, has not been accomplished. Single-mole-
cule (fluorophore) tracking (SMT) experiments are well suited to the noninvasive study of membrane
properties. In SMT experiments, the position of a single fluorescently labeled protein or lipid probe is
followed optically as it moves within the membrane. If the motion of the probe is unhindered, then the
spatial trajectory of the molecule will follow two-dimensional Brownian motion. If the probe encoun-
ters a structure that in some way inhibits its movement, then the probe’s trajectory will deviate from
Brownian motion. It is likely that even if a certain type of lipid or protein partitions strongly into one
environment, each individual lipid or protein will spend some fraction of its lifetime in the less favor-
able environment. Because SMT follows the motion of an individual probe over a large area (~10 x 10
um?), transitions between environments can be observed directly by monitoring the path of each pro-
tein or lipid. Additionally, heterogeneity owing to multiple populations of molecules permanently resid-
ing in different states may be distinguished from a single population of molecules transitioning between
different states. By judicious choice of label, such that the motion of the labeled protein or lipid is unaf-
fected by the label itself, and through the use of probes with different affinities for each membrane envi-
ronment, SMT measurements in principle can reveal the structure of the plasma membrane.

Key Words: Fluorophore; membrane environment; single molecule tracking; Brownian
motion; diffusion; lipid domain; confinement.

1. Introduction
1.1. Detection of Different Environments
In the current models for membrane organization, domains are described by

several general cases: static, mobile, unstable/dynamic, or not present (I-4)
(Fig. 1). The presence and characteristics of membrane organization can be
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Fig. 1. Cartoons representing possible types of domains. The gray circle and white
background represent two different environments. The positional trajectory of the mem-
brane probe is depicted as a solid black line. (A) No domains are present, so the diffu-
sion of the probe is Brownian. (B) Static domain with an impermeable boundary. The
probes partition exclusively inside or outside of the domain. The diffusion of the
probe may appear confined and Brownian, respectively. (C) Mobile domain with an
impermeable boundary. A probe trapped within the domain will report on diffusion
within the domain (black line) coupled with the diffusion of the domain itself (gray line).
(D) Domains with permeable boundaries or short-lived domains. The diffusion of the
probe will report on the environment inside and outside of the domain. The transition-
ing may be detected by looking for two populations of diffusion coefficients within a
single trajectory or by locating non-Brownian segments of a trajectory.

determined by monitoring the diffusion of a probe localized within an environment.
If only one environment exists, then the probe will undergo Brownian motion
within the membrane (Fig. 1A). In the presence of more than one environment, a
probe could be trapped within a small, immobile domain (Fig. 1B), trapped within
a mobile domain (Fig. 1C), or transition between environments (Fig. 1D).

Herein the view is taken of the membrane appropriate for time-scales long
compared with the time for individual collisions, whereas a membrane may be
characterized by a macroscopic average viscosity. The motion of the membrane
probe is analyzed in terms of a two-dimensional (2D) model of Brownian motion.
This model was originally described by Saffman and Delbruck (5) and extended
by Hughes et al. (6). The model relates the theoretical diffusion coefficient to the
radius of the diffuser, membrane thickness, and membrane viscosity. Thus,
changes in the observed diffusion coefficient may be used to calculate the under-
lying change in membrane viscosity, membrane thickness, or diffuser size.

Single-molecule tracking (SMT) directly probes the motion of individual
membrane molecules, albeit on a time-scale (ms) long compared with individ-
ual collisions. It is the only technique capable of monitoring the behavior of an
individual membrane molecule during the course of its lifetime, as long as the
molecule is labeled. The method of SMT can be applied to a variety of systems,
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which utilize different proteins, lipids, or other probe molecules of interest
located in different cell types or different model-lipid membranes. Specific
requirements will be presented for obtaining trajectories of individual membrane
proteins in a fibroblast plasma membrane. The more general discussion of how
to improve signal-to-noise and obtain longer trajectories through judicious
choice of label, cell type, imaging set-up, and data analysis can be applied to
the reader’s unique system of interest. Then the basic analyses used to deter-
mine the diffusion coefficients in a population of diffusers, regions of confine-
ment in a single trajectory, confinement in a mobile domain, and advice on how
to correctly identify Brownian vs non-Brownian diffusion are presented.

Using single-molecule trajectories to identify deviations from Brownian motion
is nontrivial because Brownian motion itself is highly stochastic. Experimental and
computational controls are necessary to confirm that putative non-Brownian
behavior is statistically improbable for a Brownian diffuser. Experimental controls
that demonstrate abolishment of putative confinement regions would strengthen
the argument that non-Brownian behavior was observed. Random walk simulations
should be used as a control to show that the putative non-Brownian behavior is
indeed non-Brownian. Simulated random walks may also be used to check the
programs used to analyze experimental single-molecule trajectories and calibrate
one’s intuition concerning Brownian motion. Because Brownian motion is a
statistical process, a large sample pool and statistically rigorous data analysis are
required to differentiate between Brownian and non-Brownian behavior.

2. Materials
2.1. Cell Culture of Chinese Hamster Ovary Cells

1. Roswell Park Memorial Institute (RPMI) 1640 phenol-red free media (Gibco BRL,
Long Island, NY) supplemented with 10% fetal bovine serum (HyClone, Logan, UT)
(see Notes 1 and 2).

2. Eight-well chambered cover glass (Nalge Nunc International, Naperville, IL).

Fibronectin (CalBiochem, San Diego, CA).

4. Enzymatic oxygen scavengers (1% [v/v] glucose [Sigma, St. Louis, MO], 1% [v/v] glucose
oxidase [Sigma], 1% [v/v] catalase [Sigma], and 0.5% [v/v] 2-mercaptoethanol [Sigmal).

2.2. Cell Labeling

1. Protein of interest: chinese hamster ovary (CHO) cells were transfected with
either transmembrane or GPI-linked major histocompatibility (MHC) class II pro-
teins (class IL, I-E¥) (see Note 3).

2. Protein probe design: the extracellular domain of a MHC class II protein can bind
only one peptide. The peptide sequence was chosen such that the half-time of the
protein—peptide complex was much longer than the imaging time (>200 h). A peptide
from moth cytochrome-c (residues 95-103), MCC 95-103 was synthesized using
standard F-moc chemistry and labeled with Cy5 dye using standard NHS-chemistry.

w
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High-resolution matrix-assisted laser desorption and ionization mass spectrometry
was used to verify identity and dye:peptide ratio (1:1).

3. Plasma membrane labeling: fluorescent lipid analogs, 1,1’-didodecyl-3,3,3"3-tetramethylin-
docarbocyanine perchlorate (DilC,,), 1,1"-dioctadecyl-3,3,3’,3"-tetramethylindocarbo-
cyanine perchlorate (DilC,), and N-(6-tetramethylrhodaminethiocarbamoy1)-1,2-dihexade-
canoyl-sn-glycero-3-phosphoethanolamine (TRITC-DHPE) (Invitrogen, Carlsbad, CA)
and egg-phosphatidylcholine (Avanti Polar Lipids Inc., Alabaster, AL) were dissolved in
chloroform (1 and 20 mg/mL, respectively).

4. An extruder and 100 nm diameter pore filters (Avestin Inc., Ottawa, ON, Canada).

5. Dulbecco’s Phosphate Buffer Solution (PBS) (Gibco BRL).

2.3. Imaging Setup

[y

Inverted microscope (Nikon, Melville, NY).

2. x100, 1.4 NA, oil-immersion objective (Nikon).

3. 645 nm or 545 nm dichroic beamsplitter and 640 alpha-epsilon longpass (AELP)
or 545 longpass (LP) emission filters (Omega Optical Inc., Brattleboro, VT).

4. Light source: 633 nm HeNe laser (MellesGriot, Carlsbad, CA) and 532 nm diode-pumped
solid-state laser (Intelite Inc., Genoa, NV) provided approx 2 kW/cm? at the sample plane.

5. Camera: 1-Pentamax intensified Si charge-coupled device (CCD) (Princeton

Instruments, Trenton, NJ), back-illuminated electron-multiplying Si electron multiplying

charge-coupled device (EMCCD) camera, Cascade 512B (Roper Scientific, Tucson, AZ),

and iXon (Andor, South Windsor, CT).

2.4. Data Analysis

Custom programs utilizing mathematical program for data analysis, MAT-
LAB (The MathWorks, Natick, MA).

3. Methods
3.1. Preparation of Sample for Imaging

1. For imaging, 1 X 10* cells per well were plated on eight-well chambered cover
glass coated with fibronectin to facilitate adhesion of CHO cells to the glass sub-
strate. Cells were cultured for 12—18 h, 37°C in supplemented RPMI 1640 media.
CHO cells adhere well to the fibronectin-treated glass surface, exhibiting the
fibroblast morphology, and spreading out to dimensions of approx 30 x 10 x 5 um?3.
The bottom and the top planes of the plasma membrane are parallel to the focal
plane of the microscope and can be treated as 2D planes (see Notes 1-3).

2. For labeling of I-EX proteins, CHO cells expressing I-EX were incubated with
0.5-1.0 pug/mL Cy5 labeled moth cytochrome c peptide residues 95-103
(IAYLKQATK) (MCC95-103) peptide for 15 min at 37°C in supplemented
RPMI 1640 media. Cells were thoroughly rinsed to remove unbound Cy5-pep-
tide. The peptide concentration was adjusted such that a maximum of 0.3 labeled
I-EX molecules/um? were observed.

3. For labeling the plasma membrane with fluorescent lipid analogs, the cells were
incubated with lipid vesicles containing small amounts of fluorescent lipid analogs:
DilC,,, DilC,,, or TRITC-DHPE. Lipid vesicles were prepared by lyophilizing
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200-300 puL of egg phosphatidylcholine and a low concentration of fluorescent
lipid analogs (1-10 mol%) for 10 h and then reconstituting the film in 300 uL of
Dulbecco’s PBS at pH 7.4. The mixture was passed 20-30 times through an extruder
with a 100 nm pore filter. Cells were incubated with a 2% (v/v) solution of vesicles
in PBS for 10 min at room temperature. Cells were then washed with PBS fol-
lowed by supplemented RPMI 1640 media.

Enzymatic oxygen scavengers were added to RPMI media before imaging in order to
extend fluorescence on time of Cy5. CHO cells can cycle between aerobic and anaer-
obic metabolism without effects on their viability for times approx 1-2 h (/7] and
unpublished data). Oxygen scavengers were not used with fluorescent lipid analogs.

3.2. Imaging Setup

The ability to detect a domain depends on the interplay between the diffusion coef-

ficient of a probe, the lifetime of the probe, the size of the domain, and the temporal
(integration time) and spatial resolution of the camera. For instance, if the membrane
probe with a diffusion coefficient of 1 um?/s is confined to a domain 100 nm in diam-
eter, then the probe will diffuse the length of the domain in 2.5 ms on average. To
observe the true diffusion coefficient of the probe within the domain, the temporal res-
olution of the detection system must be much faster than 2.5 ms per frame. The spa-
tial resolution may be improved by fitting the fluorescence spot to a Gaussian profile
(8). In general, a spatial resolution of at least 50 nm per pixel is acceptable.

1.

Wide-field epifluorescence imaging of cells was performed using an inverted Nikon
Eclipse TE300 microscope (Fig. 2A). Laser illumination at wavelengths of 633 nm or
532 nm provided an intensity of 1-2 kW/cm? at the sample plane. The illumination
intensity was optimized to yield the lowest acceptable signal-to-noise ratio (see below)
in order to reduce bleaching of the fluorophore (see Note 4.). The collimated excitation
light was focused at the back focal plane of the objective using a approx 0.3 m focal
length lens to obtain a 10 wm by 10 pum illumination area at the sample plane. An appro-
priate dichroic beamsplitter (645 nm or 545 nm) reflected the excitation light into a
%100, high numerical aperture, oil-immersion lens. Fluorescence was collected through
the same objective, passed through the dichroic beamsplitter, and appropriate filters
were chosen to reject fluorescence from Rayleigh scattering (640 AELP or 545 LP).
Transmission imaging using white light illumination allowed direct visualization of
the cell edges (Fig. 2B). The fluorescent photons were collected continuously on an
intensified CCD camera (I-Pentamax) at a frame rate of 10 Hz or on a Cascade512B
Si CCD with on-chip multiplication with a maximum frame rate of 100 Hz (Fig. 2C).
The temporal resolution is limited by the number of collected photons required to
obtain a good signal-to-noise ratio for the particular dye (see Notes 4 and 5). The
signal-to-noise ratio (SNR) for fluorescence detection of 1 mol is given by:

oo ()

\/DCDFGPOAt
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Fig. 2. Imaging set-up and an example of a cell image. (A) Representative wide-field
epiillumination microscope with a defocusing lens (L), a white light condenser (C), a
high numerical aperture, oil immersion objective (O), a dichroic mirror (D), emission
filter (F), and CCD camera (CCD). (B) Transmission image (13 x 13 pm?) of the top,
central region of an oblong CHO cell. The image shows the outline of the cell running
from the upper left to the lower right of the panel, with some intracellular structures.
(C) Fluorescence image (13 X 13 um?) of the same CHO cell showing the correspon-
ding fluorescence signal from the Cy5-labeled I-EX proteins on the cell surface (white
spots). The spatial positions of the fluorescent dots change with time indicating that the
proteins are mobile (modified with permission from Vrljic et al. [19]).

where D is the collection factor, D, is the fluorescence quantum yield, G is the
absorption cross-section, A is the beam area, PO/hl) is the number of excitation
photons per second, At is the counting interval (averaging time), C, is the back-
ground count rate per Watt of laser power, and N, is the dark count rate. Several
comprehensive reviews of SNR considerations have been published (9,10).

3. As an alternative to SNR, the signal-to-background ratio (SBR) can be used as a
measure of a signal size. Herein, SBR is the signal of interest/background scatter-
ing. With the aforementioned imaging conditions, SBR of 1.6 was generally
obtained. For single copies of the labeled peptide, Cy5-MCC, imaged on the
I-Pentamax, the average signal in 100 ms without background was 751 + 206
counts, and the average background was 477 = 77 counts. The diffraction-limited
spot size for immobile particles had a diameter of approx 300 nm, whereas mobile
particles had a typical diameter of approx 500 nm during 100 ms.

3.3. Data Analysis

The diffusion parameters of single-molecule trajectories are extracted from
the data and then compared with Brownian diffusion in order to characterize
their diffusion as free, constrained, or a variety of other behaviors (see Note 6).
All the analyses that will be described have originated from the characteristic
2D probability distribution of radial displacements r of a Brownian diffuser
from some origin, p(r,iAt), at a time iAz, (where i is the time step index, At is
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the time interval between observations, and iAt is the time lag), and have been
discussed in detail (11-20).

This distribution has the form r times a Gaussian centered at the origin,
which broadens with time lag with an average mean-square displacement, (r2),
equal to 4D(iAt), where D is the diffusion coefficient.

. 1 2 .
r,iAt)=———exp(—r-/4D iAt
PUriAn) = ———exp(—r” [4D iA)

The mean of this probability density function may be used to easily calculate
the mean diffusion coefficient for a set of displacements. A cumulative proba-
bility distribution may also be computed. Information about the distribution of
displacements contained in the cumulative probability density function is used
to identify the presence of one or more populations of diffusers.

3.3.1. Random Walk Simulation

Because analytical solutions of non-Brownian motion that address the sub-
tleties of specific diffusion models are currently not available, the influence of
environmental structure on the motion of a random walker has been demon-
strated numerically using Monte Carlo simulations (11,13). A simple random-
walk simulation is presented that may be used to approximate the expected
behavior of a Brownian diffuser.

1. The tracer starts at the origin (0, 0) and takes steps on a square lattice with equal
probability of moving either up, down, left, or right. The MATLAB statistical
function rand uniformly generates a random number between 0 and 1. If the gen-
erated number is less than or equal to 0.25, then the tracer steps one lattice unit
in the positive y-direction. If the generated number is greater than 0.25, but less than
or equal to 0.5, then the tracer steps one lattice unit in the positive x-direction, and

so on. The unit length of the lattice is given by r=+/4 DAt/ steps where D is dif-
fusion coefficient, At is experimental time lag, and steps is the number of steps
before the coordinates are saved.

2. In order to simulate angular freedom, the diffuser’s coordinates are recorded every
1000™ step. The steps in the output trajectory file will vary in both distance and
angle (Fig. 3).

3.3.2. Record the Trajectories of the Probes

1. Single-molecule trajectories are mapped by determining the center of the bright-
est area of the fluorescent spots (x, y) in each frame as a function of time (Fig. 1D).

a. In these experiments, the center position was determined by the eye in each
frame with an accuracy of approx 53 nm for the I-Pentamax, and approx 39 nm

for the Cascade 512B (diameter of one pixel). This spatial resolution is sufficient
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Fig. 3. Examples of 2D trajectories. (A) Representative simulated random walk. The
average step size is 31.6 pixels or 1.25 um. Time interval for each step is 1 s. Notice
how some regions may appear confined. (B) Examples of characteristic trajectories of
GPI-linked (top two tracks) and transmembrane I-EX (bottom two tracks) labeled with
MCC-CyS5 (coordinates are 100 ms apart). Each trajectory is made up of 20-30 steps.
(modified with permission from Vrljic et al. [19]).

in case of I-EX proteins in CHO cells because the average displacement of I-EX
proteins between frames was 300 nm (~6 pixels).

b. Higher spatial resolution can be achieved when the intensity profile of the flu-
orescence spot is fit to the point spread function for the microscope.

2. Only molecules that blink or exhibit digital photobleaching are tracked to insure
that aggregates are not included.

3. As a general rule one should follow fluorescent spots only while they are in
focus. Out of focus spots indicate movement away from a 2D plane and will
have a lower apparent diffusion coefficient in data analysis. Thus, only mole-
cules on the upper or lower membrane surfaces and away from the cell edges
are tracked.

4. If two molecules merge (diffraction limited spots overlap) a conservative approach
requires one to stop following the molecule unless one can spatially resolve
each position.

3.3.3. Calculate Radial Displacements for a Particular Time Lag

For any time interval (termed a time lag, iAf, where At is the time resolution
and i is the time step index with i = 1,2,3,..., N and N, = total number of
frames-1) along a trajectory, displacements of a single spot from its arbitrary
origin are calculated from its x- y-coordinates (15,17,18). A radial displacement
(r) is defined as the distance between some origin and a point iAr away. Any
point along the trajectory may be treated as an origin, not only the first point in
the trajectory. Origins are selected such that the resulting displacements are



Single-Molecule Tracking 201

A Independent displacements

o—O0—0—0 O o—O O
Timelag=2 | i i} |
Timelag=3 | i i
B  Aldisplacements

o———oO0—0-0 O OoO—0 O
Time lag =2 b——m

|
—_
I i

Timelag=3 | |

Fig. 4. A schematic representation of independent and all displacements

(Npor1 = 7)- A trajectory is represented by a black line with open circles. Open

circles represent the positions of a molecule in each frame. (A) Independent dis-
placements are shown for time lags 2 and 3 (IV, [time lag of 2] = 3). Note that
the points along the trajectory used as origins do not overlap. (B) All displace-
ments are shown for time lags 2 and 3 using all points along the trajectory as
origins (N, [time lag of 2] = 6).

either independent or overlapping (Fig. 4) (see Note 7a). For independent
displacements at time lag, iAf:

r()=|F(Gidn~F{(=DiAt]|. forj= 1,23, ..., 2)
where the number of nonoverlapping displacements of length iA¢ is defined as:
N, Z[Ntoml/iAt:I

For all pairs of points (which includes overlapping displacements) at time
lag, iAt:

r()=[FLG+DAN R AD | forj=0,1,2, .. N, - 1) 3)
where the number of overlapping displacements of length iAt is defined as:
N,=N_ — iAt+1

total



202 Vrljic et al.

3.3.4. Mean Square Displacements to Calculate the Diffusion Coefficient

The mean square displacements may be used to calculate the mean apparent dif-
fusion coefficient. This can be done for an individual trajectory or all trajectories
pooled together. Mean square displacement vs time lag plots may be used to deter-
mine if the motion of the membrane molecule is Brownian (see Notes 7b and 7c¢).

1. Use displacements calculated in Subheading 3.3.3.
2. Calculate the mean square displacements by averaging over independent pairs
of points:

N 2

(2 (aan) == 3] Fjinn) - - nyiat] @

I j=1
or by averaging over all pairs of points:

N -1 2
(ran)=—3[ H(+nan]-F(jan] 5)
NA Jj=0
The difference between averaging over all pairs or independent pairs has been
discussed (15,17).

3. Plot the mean square displacements as a function of time lag /At and extract the dif-
fusion coefficient. For a Brownian diffuser in two dimensions, the mean squared

displacement is related to the diffusion coefficient by: <r *(iAt))=4DiAt .

3.3.5. Histograms of Individual Diffusion Coefficients

A critical aspect of any single-molecule histogram is the need to explicitly
determine the meaning of the widths of the observed distribution. Often, owing
to the limitations of the measurement, a range of values would be observed aris-
ing solely from statistical effects. In the case of observed diffusion coefficients
from single-molecules, measured values could differ from molecule to mole-
cule owing to the limited length of the observed trajectories, so calculation of
the expected distribution of observed values is important.

In this analysis, the distribution of individual diffusion coefficients is found by
calculating the diffusion coefficient for each trajectory. The resulting histogram is
compared with the expected distribution of diffusion coefficients for a homoge-
neous population of diffusers, and static heterogeneity is observed as deviation
from the homogeneous distribution (see Note 7d). The method includes:

1. All trajectories used in this analysis must have the same length because each tra-
jectory must contribute the same number of displacements, N.

2. Calculate the {(r?) as a function of time lag (Eq. 4).

3. Use the (r?) to calculate the diffusion coefficient (D,) for a particular time lag, for
individual trajectories using: D, =<r2 4iAt.
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4. Use the calculated D,’s from individual trajectories to create histograms of diffu-
sion coefficients for particular time lags (Fig. 5).

5. Compare the experimental histogram with the theoretical probability distribution
of observed individual diffusion coefficients for the Brownian walk (17,19).

p(De)dDEZﬁ{DﬂIv .(De)Nf1 .exp[_]l\;De ]-dDe 6)

o

where N = Nl IAL Ny is length of trajectories, iAt is time lag, D, is true mean
diffusion coefficient, D, is apparent or experimental diffusion coefficient for an
individual trajectory. In order to plot Eq. 6, the arithmetic mean of D_’s from all

trajectories, for a respective time lag, is used as an estimate for D

3.3.6. Cumulative Radial Distribution Function to Identify One
(or More) Populations

The cumulative radial distribution of displacements gives information about
the heterogeneity of the experimental diffusers, but a reasonable number of dis-
placements must be used to build the distribution (see Note 7¢). The distribu-
tion of radial displacements can be created using displacements from a single
trajectory if N, is large. If displacements from one trajectory are used, then
multiple populations in the distribution indicate that the molecule has transi-
tioned between several environments during the course of the trajectory life-
time. If the trajectories are short, then displacements from all trajectories should
be used to create the distribution. In this case, multiple populations in the dis-
tribution indicate that either the molecules transitioned between environments
or multiple populations of diffusers are present. In addition, the ability to detect
transitioning will depend on the fraction of time a molecule spends diffusing
with each diffusion coefficient.

1. Use displacements, r, for a particular time lag, calculated in Subheading 3.3.
using either independent or all pairs of points.

2. Construct the cumulative radial distribution function (CDF) P(r, iAf) for a particular
time lag, iAt, by counting the fraction of displacements with values less than or
equal to r (Fig. 6).

3. Fit the CDF to the theoretical distribution and calculate the apparent diffusion
coefficient for each time lag, iAt.

P(r,itt)=1=exp| (=)/4D(iAD) | )

where D is the diffusion coefficient, and r is displacement. There is a minimal
number of the displacements required for an accurate fit. Monte Carlo random
walk simulations can be used to determine that number. For example, random
walk simulations suggest that for diffusion coefficients in the range 0.02-0.2 um?/s
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Fig. 5. Distributions of individual diffusion coefficients for fluorescence of a lipid ana-
log, TRITC-DHPE. The observed distributions of individual diffusion coefficients for
TRITC-DHPE under four experimental conditions are shown. The diffusion coefficients
were calculated using five displacements so each individual TRITC-DHPE trajectory was
clipped to be 10 steps long. The expected homogeneous distribution of Ds (from Eq. 6)
given the average diffusion coefficient for the full population (solid lines) and the
expected two population distribution of Ds (modified from Eq. 6) (dashed line) are shown.
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a minimum of 10 displacements are necessary. If fewer than 10 displacements are
used to fit the probability distribution function, then the value of the diffusion coef-
ficient will be lower than the true value owing to a fitting artifact of the CDF (19).
If the trajectories are of different lengths, then the calculated D will be skewed

toward the longest trajectories, particularly at large iAt (they provide the most
number of displacements). In order to minimize the higher weighting of the long
trajectories use a minimum of 50 displacements per fit. Alternately, you can clip
all the trajectories to be the same length. Saxton (15) suggests that the longest time
lag, iAt, used for a fit should be one quarter of the total length of a trajectory.

4. Plot the residuals of the fit, and evaluate the goodness of fit (Fig. 6). If deviation
from the fit is present, two (or more) populations may be present.

5. If the presence of two or more populations is suspected, then fit the data to the
CDF for two populations of diffusion coefficients (21):

P(r,iAt)=1-(exp[ (-r>)/4D, (iA1) | + exp[ (-r*)/4D,(iAr) ]) 8)

6. In order to confirm that the second (or multiple) population is real, create random
walks using parameters based on experimental data (e.g., diffusion coefficients,
number of trajectories, the length of trajectories), and fit them to both one and
two-population fits to determine regions of validity of a two-population model.
For example, random walks created using a single D = 0.2 um?/s, t = 5 s, show a
second diffusion coefficient with the D,=0.13 £0.11 um?/s and D, (%)=15%15
when fitted to Eq. 8 (19).

3.3.7. Determine Whether Diffusion is Brownian or Anomalous

If the diffusion is Brownian, then the mean square displacement is linear
with time. If the diffusion is anomalous then the mean square displacement is

Fig. 5. (Continued) The observed distribution of Ds is broader than expected for all
cases suggesting the presence of multiple populations. (A) Histogram of Ds for TRITC-
DHPE at normal total cell cholesterol concentration. A large slow population and smaller
fast population are observed. (B) After cholesterol reduction, the mean of the slower pop-
ulation in panel A decreases, indicating that the slower population of TRITC-DHPE is
affected by cholesterol depletion. TRITC-DHPE partitions into both leaflets of the plasma
membrane, and thus, the earlier distributions reflect diffusion in both plasma membrane
leaflets. (C) A membrane impermeable fluorescence quencher, 2,4,6-trinitrobenzenesul-
fonic acid, was used to quench fluorophores in the outer leaflet at normal total cell choles-
terol concentration, and (D) reduced total cell cholesterol. The number of molecules in the
slower population decreased relative to before the addition of 2,4,6-trinitrobenzenesulfonic
acid, indicating that the faster population resides in the inner leaflet. No change in the dis-
tributions of Ds in panels C and D was observed suggesting that the diffusion of TRITC-
DHPE in the inner leaflet is not affected by cholesterol depletion (Reprinted in part with
permission from Nishimura et al. [34]. © 2006 American Chemical Society).
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Fig. 6. Analysis of trajectories by cumulative radial probability distribution. One
population radial distribution fit (Eq. 7) exemplified for transmembrane I-E¥ (200 sin-
gle trajectories, from 25 cells) at time lag = 1.0 s. The solid line represents the data
points. Dashed line represents the least-squares fit to Eq. 7. The residuals of the fits to
Eq. 7 are shown in the inset (modified with permission from Vrljic et al. [19]).

nonlinear with time, and is usually evaluated by the parameter o is obtained
using (r?) = 4D 1% D = Dt*~ ! where D, is the true diffusion coefficient and D
is the mean apparent diffusion coefficient (11,22,23). For 2D Brownian motion
0.9 < o< 1.1, for anomalous diffusion 0.1 < o0 < 0.9, for directed motion o < 0.9
and for an immobile population o < 0.1 (23). Several detailed discussions on the
o-parameter have been published (11,24).

1. Using diffusion coefficients from CDF fits (Subheading 3.6.) plot logD as a func-
tion of log iAr (Fig. 7). If you have more than a single diffusion coefficient, plot
logD, vs log time lag and logD, vs log time lag.
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Fig. 7. Assessment of Brownian motion, and calculation of the o parameter. Log of dif-
fusion coefficients for GPI-linked I-EX at different cholesterol concentrations (expressed
as incubation time with B-cyclodextrin) were plotted vs log of time lag. Diffusion coeffi-
cients were calculated from fits to the CDF (Eq. 7) and (Fig. 6). 50-200 trajectories con-
tribute to each time lag. Time resolution is 100 ms per frame. o-parameters for different
cholesterol concentrations are shown in the inset. oi-parameters are approx 1 for all cho-
lesterol concentrations, suggesting that although the diffusion coefficient of the whole
population decreases as cholesterol decreases the motion remains Brownian. The addi-
tional information these plots reveal are the limits on the size of the putative domains. For
example, at normal cholesterol concentration this data suggests that there are no static
impermeable barriers characterized by areas in the range of 0.01—4.0 um?. The lower limit
is based on the pixel size of 53 nm. The upper limit was calculated using (+%) = 4Dt, where
t=5sand D=0.2 um?s. If a conservative estimate is used based on the method of Saxton
(12) then the upper limit would have an area of 0.3 um?. The results certainly do not rule
out static barriers with areas larger than 0.3—4.0 um? or domains with permeable bound-
aries (modified with permission from Vrljic et al. [26]).
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2. Determine the value of the anomalous diffusion parameter o by fitting the data to:
log D=log D+ (0. —1)log(iAt) )

3. If the diffusion is anomalous, analyze the shape of the D vs time lag plots or the
individual trajectories. Consider the interplay between time lag, spatial resolu-
tion, lifetime of the probe, and other properties of the system such as the concen-
tration and size of the immobile obstacles and the mobility, size, and permeability
of the domains.

a. Plot mean square displacements from Subheading 3.4. as function of time.
b. Plot diffusion coefficients from Subheading 3.6. as a function of time.

3.3.8. Identifying Confinement Regions

The following analysis allows the reader to identify regions of an individual
trajectory whereby the molecule is confined (Based on Simson, et. al. [25] and
Saxton [12]). It does so by identifying those regions where the molecule resides
for times longer than a Brownian diffuser is expected to remain, given a partic-
ular diffusion coefficient. The theoretical probability that a Brownian diffuser
(diffusion coefficient is D) will explore a given distance over a specified
amount of time is well established. Each experimental trajectory will be broken
into segments of a specified number of frames (this can be thought of as a time
lag), and then the probability is calculated that a Brownian diffuser would have
explored a corresponding distance during the specified amount of time given
the mean diffusion coefficient of the trajectory.

The analysis begins by generating simulated random walks with a range of
diffusion coefficients that match those observed in the experimental data (for
instance: 1000 random walks and 1000 steps long). Then each random walk is
segmented, and the probability is calculated of observing the maximum dis-
placement from the first point in each segment, given the length of time in the
segment and the mean diffusion coefficient of the trajectory.

The researcher will use these random walks to set a threshold probability
level (¥,) and a maximum time segment (S, ), to use as criteria to identify con-
finement regions in the experimental data. The threshold probability level is set
such that no instances of confinement are identified in a set of random walks.
Shorter time segments will give more regions that have low probabilities and
longer time segments will average over more displacements and give higher
probabilities, so this value must be optimized.

Finally, the experimental trajectories are segmented (with the largest seg-
ment defined by S ) and the probabilities of the segments are calculated. If
a point in the experimental trajectory has a probability lower than the
threshold value from the random walks, then that point is labeled as a con-
finement region.
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3.3.8.1. DETERMINE THE CONFINEMENT CRITERIA USING RANDOM WALKS

1.
2.

Determine the mean diffusion coefficient for each experimental trajectory.

Create random walks with the same range of diffusion coefficients as those
observed in the experimental data. Use a large number of trajectories (1000) with
a large number of steps (1000).

Choose a value for the time segment (from 3 to maximum segment, S,_, length),
and use that value to segment the trajectory (¢ = iAr). Use each point in the trajec-
tory as an origin for the segment. For each segment, determine the largest dis-
placement from the origin of the segment (R).

Using segments originating at each point in the trajectory, calculate the probability
that an unconstrained diffuser would remain within R for 7, given D (Saxton [12]):

Dt
log‘P=0.2048—2.5117(E] (10)

Plot the probability vs point in the trajectory.

a. Set the threshold probability, ¥, such that no instances of confinement are
observed in the random walk population.

b. Simson et al. (25) found ¥, =0.007% for 1 x 10" cm?/s < D <2 x 1071 cm?s.

Repeat steps 3-5, and determine the optimal segment length. If the segment length

is too small, then even points in the random walks will appear to be confined. If

the segment is too large, then areas of actual confinement in the experimental data

will no longer be judged as confinement regions.

3.3.8.2. JUDGING CONFINEMENT IN THE EXPERIMENTAL TRAJECTORIES

1.

Begin with a particular value for the time segment (¢) and divide an individual tra-
jectory into segments of this length using each point in the trajectory as an origin.
For each segment, determine the largest displacement from the origin (i.e., the first
point in the segment), R. Using the segment that originates at each point in the tra-
jectory, calculate the probability that an unconstrained diffuser would remain
within R for ¢, given D using Eq. 10.

Plot the probability vs time (point in the trajectory), and identify regions where the
probability falls below the V.

The percent of trajectories with confinement regions can be plotted against probabil-
ity level or segment length, and the effect of varying the other parameter can be inves-
tigated (25). The percentage of trajectories with confinement regions will decrease as
each of these parameters is increased. Look for regions of invariance to verify real
confinement, and to determine the time of confinement and confinement radius.

3.3.9. Relative Diffusion Between Two Molecules—Detection of Two
Molecules Trapped in the Mobile Domain

If a probe is localized in a mobile domain, then the measured diffusion coef-

ficient will reflect the diffusion coefficient of the probe and the domain, and the
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analyses that have been discussed so far may not identify the molecule as confined.
In order to verify the existence of a mobile domain, the relative motion of two
probes is analyzed. In this case the motion of the two probes is re-expressed as
the motion of one probe relative to an origin fixed at the location of the other
probe. The intermolecular distance between two Brownian diffusers will grow
with a well-defined probability (19). Additionally, the intermolecular distance
for pair of confined molecules will grow more slowly than the Brownian pair.
In this analysis, a histogram is built of the number of times a pair of molecules
is found to be closer than twice their initial separation distance, given a partic-
ular time lag and the relative diffusion coefficient of the pair. If the experimen-
tal pair is found to be within twice their initial separation distance more often
than the unconstrained pair, then the molecules are confined to a domain.

1. Record the trajectories of two molecules, each diffusing with diffusion coefficient D.
Calculate D from Subheading 3.3.4. or 3.3.6. Time ¢ = 0 is defined as the first time
that two molecules are within a distance p,, of each other. For example, in Fig. 8,
time ¢ = 0 is defined as the first time the two labeled proteins are within 0.3-1.0 um
of each other (where 300 nm is the diameter of a diffraction limited spot).

2. Re-express the motion of the two probes as the motion of one with respect to a
fixed origin. For Brownian motion the moving particle has a relative diffusion
coefficient of E =2D.

3. Generate histograms of the dimensionless time parameter € = 4Et/p02. As a his-
togram is being built of the number of times a pair of molecules is found within
twice their initial separation distance only those times when the interprotein dis-
tance is <2p,, are scored as positive hits. Any re-entry events are counted relative
to the first frame of the pair. The proteins in the pair are monitored until one of the
fluorophores bleaches (Fig. 8).

4. Compare the experimental histogram with the theoretical probability of finding the
second protein within a distance R from the origin (first protein) at time 7. The
explicit form of this relationship for R =2p, is given by (see ref. 19 for a derivation):

, t2 | 0Ee0) 2]
P(p SZ,t)=JgeXp % 10[?‘)}9 dp (11)

where, & = 4Et/p 2, p" = p/p,, R = RIp,,.

5. The integration is performed numerically. If the histogram of € = 4Et/p02 follows
Eq. 11, then the two particles are Brownian diffusers. If the histogram is above
Eq. 11, then molecules are staying together longer than expected by the Brownian
diffusion (e.g., are trapped in a domain), and if the histogram is below Eq. 11 then
the molecules are staying together shorter than expected by the Brownian diffu-
sion (e.g., repulsing each other). Note short trajectories can cause the occurrences
to fall below Eq. 11 (19) Fig. 8. Use random walk simulations to show that the
observed data is not an artifact of the length of the experimental trajectories.
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Fig. 8. Analysis of relative diffusion between pairs of membrane proteins at normal
cholesterol concentration. (A) GPI-linked I-EX. Histogram represents probability dis-
tribution of the data obtained from 74 pairs (from 11 cells). D = 0.22 um?/s was used
to calculate €. Pairs with separation distances (p)) between 0.3—1 pm at ms were analyzed.
Minimum length of analyzed trajectories was 600 ms. Average length of a pair was 1.8 s.
Given the mean diffusion coefficients for both transmembrane I-EX and GPI-linked I-EX,
600 ms is a mean time required for the distance between two molecules to reach 2p,, if they
started p, =1 pwm apart. Solid line is the plot of Eq. 11. (B) Transmembrane I-EX. D =
0.18 um?/s was used to calculate €. For the 96 pairs used, the average length of a pair
was 1.5 s (from 7 cells). All other parameters as in A. (C) Simulated random walks.
One point tracer, which begins distance p, from the origin walks on a square lattice with
diffusion coefficient equal to E, with equal probability of moving in any direction on
the lattice. Initial separation distances are given by experimental data. D = 0.2 um?/s,
length 2.0 s, 65 pairs. Solid line is Eq. 11. (D) same as A, except that all pairs are at
least 2 s long (from 8 cells). (E) same as B, except that all pairs are at least 4 s long
(from 3 cells). (F) Length of the 65 pairs was 500 s. These results show that the data
follow the theoretical distribution for small €, but fall below the theoretical curve at
larger €. This effect could indicate that the distance between proteins grows faster
than expected and could be the result of the presence of repulsive forces between the
proteins. However, random walk simulations have shown that the effect is owing to
the length of trajectories (compare panels C and F). These results suggest that the
motion of pairs of proteins separated by distances in the range of 0.3—1.0 um for
times up to 3 s is Brownian. Thus, pairs of proteins cannot be restricted to small,
freely diffusing domains with diameters in this range (modified with permission from
Vrljic et al. [26]).



212 Vrljic et al.
4. Notes
1. Choice of cell type: optimal samples for SMT are live cells containing fluores-

2.

3.

cently labeled probes in the plasma membrane. Some care is necessary in select-

ing the appropriate cell type for the experiment, as some cells adhere to surfaces,

others do not, and some crawl. Whereas probe trajectories can be obtained from
mobile cells, it is convenient to choose a cell type, such as fibroblasts, which can
be easily immobilized on a transparent cover slip.

Because probe diffusion in the membrane is most easily analyzed with a 2D model

for Brownian motion, the shape of the cell’s surface is important. If the cells have a
high degree of curvature, then even when the top of the cell is observed, some of the
probe’s motion will be in the plane perpendicular to the microscope plane. Owing to
the current technical limitations motion in this plane is not typically resolved, and the
particle could appear to be anomalously diffusing. The trajectories should be obtained
from flat areas of the plasma membrane parallel to the optical plane.

Tissue culture:

a. Some of the common reagents used for tissue culture media, like phenol-red
and fetal calf serum (FCS), fluoresce in the visible region and may contribute
to the autofluorescent background. Cells should be passaged in phenol-red free
media. Omitting the phenol-red from the media just for imaging is not ideal.
Omitting FCS during imaging reduces the background fluorescence.

b. The amount of various lipids in different lots of FCS is quite variable and may
lead to modification in the cell membrane lipid composition. It has been observed
that the mean diffusion coefficients of I-EX proteins are slightly different between
CHO cells cultured in different lots of serum (26).

c. Check whether any cell media supplements interfere with the assay. For exam-
ple, FCS contains lipids and proteins that can bind lipids. Vrljic et al. (26) have
observed that diffusion coefficients drop faster when cells are incubated with
B-cyclodextrin in the absence of FCS than in the presence of FCS. Nystatin,
used as antifungal, binds cholesterol in the plasma membrane.

Label selection:

a. The fluorophore of choice needs to be a good single-molecule fluorophore, hav-
ing a long lifetime, high quantum yield (which results in a better signal-to-noise
ratio using less laser pumping power), large extinction coefficient, and low resi-
dency time in the triplet state (produces interruptions of fluorescence emission).
In general, the red fluorophores, although they may be less photostable than
green and blue dyes (e.g., Cy3B vs Cy5), are better for cell imaging owing to
lower cellular autofluorescence in the red compared with the blue and green
regions of the spectrum.

b. Typically, fluorophores (autofluorescent protein fusions and dyes), quantum dots,
or scattering beads (polystyrene or gold) are chosen as labels and attached to the
membrane proteins or lipids of interest. Whereas beads and quantum dots can
only be attached to a molecule of interest through antibodies or biotin—strepavidin
conjugation, fluorophores can be attached through covalent fusion with fluores-
cent proteins, an antibody that binds to the protein or the lipid, a small ligand
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that binds to the protein of interest, or by direct covalent attachment (to cysteines,
free amines, and sugars on the surface of the protein and lipid tails, or free
amines on the lipid headgroups). The choice of labeling scheme is of paramount
importance because some labels can induce cross-linking or inhibit biological
function of the molecule. For example, fluorescent analogs of cholesterol or tail-
labeled lipid probes, in model lipid monolayers, do not exhibit the same phase
behavior as their unlabeled counterparts (Radhakrishnan and Okonogi, personal
communication). Antibodies and cholera toxin can cause crosslinking.

The choice of beads, quantum dots, or fluorophores as labels is governed by
the type of information desired from the collected data. Beads, quantum dots,
and fluorophores can be used to construct 2D positional trajectories; however,
quantum dot and bead trajectories have superior length to fluorophores (several
seconds to minutes for beads and quantum dots vs several hundred milliseconds
to seconds for fluorophores) and beads have superior time resolution (microsec-
onds for beads and milliseconds for fluorophores and quantum dots). Thus, the
bead and quantum dots can be good probe choices. However, bead and quan-
tum dot labels are large (the smallest used beads are 40 nm in diameter) and
cross-linking is a common side effect (27). Cross-linking creates probes with
radii larger than single probes, and potentially changes the interactions of the
probe with putative domains and other membrane components.

Experiments studying mobile small domains (several nanometers in diam-
eter), colocalization of the probes, and properties of the cytoplasmic leaflet
necessitate the use of fluorophores. Cross-linking is not an issue with judicious
choice of fluorophore and the attachment of a single fluorophore to a protein or
lipid of interest can create probes that interact with other membrane components
in biologically relevant ways. For example, the fluorescently labeled
peptide-MHC complex interacts with its ligand, the T-cell receptor, with the
same kinetics as peptide-MHC complex in the absence of a label, and head-
labeled lipids behave as unlabeled ones in the lipid monolayers (Rabinowitz and
Radhakrishnan personal communication).

When a fluorophore is used as a label, additional information may be
obtained from the intensity of the fluorescence emission as a function of time.
If the fluorophore changes its properties based on, for example, the viscosity
or pH of the environment, then the intensity can be used to sense certain types
of membrane inhomogeneity. However, intensity analysis can be challenging
because of photophysically induced intensity fluctuations of some fluo-
rophores (e.g., isomerization of CyS5).

c. A new class of fluorophores that possesses an amphiphilic structure similar
to lipid and is well suited for single-molecule studies has been reported
(28-30). These molecules, termed dicyanomethylenedihydrofuran
(DCDHFs), consist of an amine donor and a dicyanomethylenedihydrofuran
acceptor linked by a conjugated unit (benzene, naphthalene, styrene, and so on).
The most notable feature of the DCDHFs fluorophores is that their emission
wavelengths and fluorescence quantum yields are sensitive to solvent polarity and
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local rigidity (28,30). For example, in polymer films, high photostabilities (pho-
tobleaching quantum yield from 7.5 x 10~ to 14 x 1077) and high fluorescence
quantum yields (0.39-0.95) have been reported, whereas the fluorescence
quantum yields for the same DCDHFs in solution are significantly lower (28).
Recently, seven DCDHF lipid analogs were demonstrated to be reporters of
mobility in the plasma membrane of CHO cells, and the diffusion coefficients of
five of these were reported (31). A representative image of single molecules of the
DCDHF-N-12 derivative in the plasma membrane of a CHO cell is shown in Fig.
9A. Single molecules of the DCDHF-N-12 derivative (A, . 543/A, 657 in
ethanol) provide total numbers of photons and signal-to-noise on a bar with the
conventional lipid analog TRITC-DHPE (31) (Fig. 9C,D). The distribution of dif-
fusion coefficients for single-molecules of DCDHF-N-12 in the CHO cell plasma
membrane are shown in Fig. 9B.
On-time of the probe: in order to obtain information on membrane structure, the
probe must be observed for long enough times such that it interacts with barriers
to its diffusion. For instance, the on-time of a confined probe before blinking or
photobleaching determines the maximum domain size that can be detected (12),
so the trajectory needs to be sufficiently long to detect the domain boundary. For
probes diffusing in the presence of obstacles, the observed diffusion coefficient
will vary with time (11), so again long on-times are desirable.
Temporal resolution: the integration time of the detector needs to be sufficiently fast to
allow resolution of the diffusional motion within small domains and transitions between
environments. If the integration time is too large compared with the motion of the probe
during the integration time, the diffraction-limited spot smears and estimation of the
probe’s position is challenging. The point spread function of the single-molecule spot
should be an airy disk in the best case, well approximated by a Gaussian profile.

If the integration time is too long compared with the time it takes the molecule to
traverse the domain, then the observed diffusion coefficient will be lower than the
actual diffusion coefficient. In order to obtain the true diffusion coefficient and the
size of the domain, the integration time needs to be smaller than the time it takes the
probe to traverse the domain (At < (r2)/4D) (13). If the probe is excluded from the
domain, at short times a plot of its diffusion coefficient vs time lag will appear non-
Brownian, but at longer times it will appear Brownian with a lower diffusion coef-
ficient than its actual value (11). To resolve such behavior, short integration times are
necessary. Thus, data should be taken at the fastest possible integration time. If the
probe is transitioning between different environments, then at short integration times
displacements from both environments can be recorded, whereas at longer integra-
tion times the displacements are averaged and the diffusion appears Brownian with
a lower than actual diffusion coefficient. This has been nicely illustrated (27,32).
Statistics: the ability to detect subtle deviations from Brownian motion and to dif-
ferentiate between small populations depends on having a large number of collected
trajectories or total number of displacements per trajectory. The number of displace-
ments per trajectory is determined by the length of the trajectory and temporal
resolution. A large number of displacements per trajectory are easily obtainable
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Fig. 9. Comparison of DCDHF-N-12 with a rhodamine derivative. (A) Representative
cross-sectional fluorescence image of the CHO cell labeled with DCDHF-N-12. The
white arrow points to a representative single-molecule of DCDHF-N-12 in the plasma
membrane. (B) The diffusion of the DCDHF-N-12 molecules (excited using 532 nm)
was observed at room temperature (22°C) with an integration time of 15.4 ms per frame.
The trajectories were clipped to be 10 steps long (11 frames), and D, =1.3 um?/s from
41 trajectories. (C) Histogram of the total number of detected photons for DCDHF-N-12
(22 molecules) as compared with TRITC-DHPE (19 molecules). (D) Histogram of
signal-to-noise ratios for DCDHF-N-12 (22 molecules) as compared with TRITC-DHPE
(19 molecules) (modified with permission from Nishimura et al. [31]).

with beads and quantum dots because they stay on the membrane for several min-
utes and can be imaged with microsecond integration times. Experimental trajec-
tories of single fluorophores are of a more limited length (up to ~3 s); this is the
price paid for the noninvasive nature of the measurements with a single, 1-nm
sized label. In general, it is difficult to capture representative probability distribu-
tions constructed from a few data points, especially when more than a single dif-
fusing population is present. Fits to a small data set can induce artifacts.
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Owing to the different on-times of the probes, at short time lags many trajecto-
ries contribute to the distribution whereas at long time lags distribution is deter-
mined by a few (e.g., one or two) long-lived trajectories. There is no reason to
assume that those few trajectories behave as the mean of the initial population. The
distribution at long time lags may or may not be the same as the behavior at short
time lags. Thus, careful consideration of the sample size should be taken when
determining maximum time lag of the analysis.

If too few displacements are used to calculate the experimental diffusion coef-
ficient, the calculated value will differ from the real one (will be lower). Monte
Carlo simulations of random walks should be used to determine the minimum num-
ber of displacements required for the fit. For example, random walk simulations
suggest that for diffusion coefficients in the range 0.02-0.2 um?/s a minimum of
ten displacements are necessary (19).

Data interpretation:

a. Averaging over independent pairs vs averaging over all pairs: the advantage of
averaging over independent pairs is that each segment is an independent, nonre-
dundant, and random walk. The disadvantage of averaging over independent
pairs is that certain points are weighted more heavily. The disadvantage of aver-
aging over all pairs is that pairs of points are highly correlated (15,17). The
advantage using all pairs, especially for short trajectories, is that each trajectory
yields more displacements.

b. Mean square displacements: any deviation from linearity of (+?) vs ¢ is sugges-
tive of deviations from Brownian motion owing to the entrapment in the
domain with impermeable or permeable boundary, presence of immobile
obstacles, and/or direct, cytoskeleton-mediated transport. When the motion is
anomalous the diffusion coefficient varies with time and the slope of {r?(iA?))
= At plotted over all iAr cannot be used to estimate the mean diffusion coeffi-
cient (13). In order to calculate the unobstructed diffusion coefficient in a
domain or in the presence of obstacles, only the initial, linear section of the {(r%)
vs iAt plot should be used. If the temporal resolution is too low, then the unob-
structed diffusion coefficient cannot be determined.

c. Brownian or anomalous: the shape of the {(+*) vs t or D vs ¢ plots can be used
to determine the mode of diffusion that the probe is undergoing. In general,
curving upwards is indication of directed motion, curving downwards suggests
trapping in the domain and/or presence of immobile obstacles (11-14). The
simplest case is when the probe is inside a highly impermeable, static domain.
At time lags before probe encounters the domain boundary the (%) vs ¢ is lin-
earand D vs thas o= 1. At time lags when displacements approach the domain
diameter and the probe start encountering the boundary, its displacements will
no longer increase and (#%) vs ¢ will level off. The intercept of (r%) vs f plot with
the ordinate can reveal the area of the domain. However, keep in mind that the
maximum displacement is reached at ¢ = 4(r?(c0))/D (12).

If the molecule moves in the presence of immobile obstacles, at short time lags
diffusion is Brownian and at longer time lags diffusion coefficient decreases.
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As Saxton (11) has shown, the magnitude of the decrease and the shape of the
D vs t plot depends on the concentration and size of the immobile obstacles.
Some authors have reported methods of sensing non-Brownian motion based
on the moment scaling spectrum (33).

d. Histograms of individual diffusion coefficients: the probe can partition into dif-

ferent environments (reside inside or outside a domain, or be bound to another
proteins). If the different environments influence the diffusion of the probe
(e.g., viscosities differ), then this will be reflected in the values of the mean dif-
fusion coefficients. In order to detect different populations of probes his-
tograms of individual mean diffusion coefficients need to be constructed and
compared with the expected probability distribution of diffusion coefficients
(17,19,34). However, if a molecule transitions between two diffusion coeffi-
cients, because the calculated diffusion coefficient is an average over the whole
trajectory, one might not see two distinct populations depending on the frac-
tion of time the molecule exhibits each diffusion coefficient.
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X-Ray Diffraction to Determine the Thickness of Raft
and Nonraft Bilayers

Thomas J. Mclntosh

Summary

Low-angle X-ray diffraction is a powerful method to analyze the structure of membrane bilay-
ers. Specifically, the technique can be used to determine accurately the thickness of fully hydrated
bilayers. Herein details are presented showing how this technique can measure the difference in
thickness of bilayers in detergent-resistant membranes and detergent-soluble membranes
extracted from model systems known to contain both raft and nonraft domains. The observed
thickness difference may be critical in the sorting of transmembrane proteins between raft and
nonraft bilayers.

Key Words: Bilayer thickness; detergent-resistant bilayers; electron density profiles; rafts;
X-ray diffraction; hydrophobic matching.

1. Introduction

Rafts are thought to sequester specific lipids and proteins to small areas
(microdomains) of plasma and Golgi membranes. As detailed in Chapter 1, because
of the ability to sequester specific proteins and exclude others, rafts have been pos-
tulated to perform roles in a number of critical cellular processes. A key feature of
rafts that may be important in sorting of membrane proteins relates to potential
structural differences between raft bilayers and the surrounding nonraft bilayers.
Owing to their high concentrations of cholesterol and sphingolipids with long,
saturated hydrocarbon chains, rafts are thought to have thicker bilayers than the
surrounding lipid matrix that contains unsaturated, shorter-chained phospho-
lipids (1). This structural feature is a factor to consider in protein sorting between
rafts and surrounding membranes because of the effects of “hydrophobic matching”
between the bilayer hydrocarbon thickness and the transmembrane domain length
of resident proteins (2-10). Thus, proteins with relatively long transmembrane
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hydrophobic regions might be expected to localize in the wide raft bilayers, whereas
shorter transmembrane proteins should localize to the surrounding nondomain
regions of the membrane (11,12). However, some depictions of rafts (13,14) do not
show any difference in thickness between rafts and the surrounding membrane, and
it is critical to know as accurately as possible the hydrocarbon thickness of raft and
nonraft bilayers for a thorough understanding of the energetics of sequestering of
transmembrane proteins in the plane of the membrane (11,12,15).

Low-angle X-ray diffraction provides one of the best methods to determine the
thickness of unfixed, hydrated lipid bilayers. This chapter provides details and
illustrations regarding how this method can be used to determine the relative
bilayer and hydrocarbon thickness of raft and nonraft bilayers. Analysis shows
that the hydrocarbon region of detergent-resistant raft bilayers is about 9 A (25%)
thicker than the hydrocarbon region of detergent-soluble nonraft bilayers (16).

2. Materials

1. The lipids dioleoylphosphatidylcholine (DOPC) and bovine brain sphingomyelin
(SM) from Avanti Polar Lipids (Alabaster, AL).

2. Cholesterol, cholesterol infinity reagent, benzidine, polyvinylpyrrolidone (PVP),
thin-layer chromatography (TLC) plates, and Triton X-100 from Sigma Chemical
Company (St. Louis, MO).

3. SM-2 Adsorbent BioBeads from BioRad (Hercules, CA).

3. Methods
3.1. Preparation of Raft-Containing Multilamellar Bilayers

Multilamellar lipid vesicles (MLVs) containing raft microdomains are made
by the following procedure. An equimolar mixture of DOPC, SM, and cholesterol
is first codissolved in chloroform or chloroform:methanol 3:1 (v:v). This lipid
combination is used as it has been shown by microscopy to produce bilayers that
contain rafts (17-19). Next the solvent is removed by rotary evaporation and the
dry lipid is hydrated with PVP solutions (0—-40% PVP) made in either 25 mM
KCl, 5 mM HEPES buffer (pH 7.4), or water. No difference has been observed
in X-ray experiments or chemical analysis for samples prepared with this buffer
or with water.

3.2. Detergent Extraction of Detergent-Resistant Membranes
and Detergent-Soluble Membranes

Detergent-extraction procedures are similar to those of Ahmed et al. (1997)
(20). MLVs of 1:1:1 DOPC:SM:cholesterol in either water or buffer (total lipid
concentration 3—4 mg/mL) are treated with 1% Triton X-100 for 30 min at 4°C
and then centrifuged for 30 min at 4°C with an Eppendorf bench centrifuge
(Eppendorf, Hamburg, Germany). The supernatant (containing detergent-soluble
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membranes [DSMs]) is removed and the pellet (containing detergent-resistant
membranes [DRMs]) is resuspended in an equal volume of buffer or water.

3.3. Chemical Analysis of DRMs and DSMs

For the supernatant (DSMs) and the pellets (DRMs) the phospholipid con-
tent is determined by a standard phosphate assay (21), the cholesterol content
is determined using the Sigma infinity (cholesterol oxidase) assay, and the type
of phospholipid is determined by TLC. TLC is performed using chloroform:
methanol:ammonium hydroxide 65:25:4 (v:v:v) as the solvent. For most exper-
iments iodine vapor is used to detect the lipid spots and lanes with DOPC, and SM
controls are used to identify the location of the DOPC and SM spots. Benzidine
reagent, which stains sphingolipids but not phosphatidylcholines (22), can be used
to verify the location of SM on the TLC plate.

To estimate the DOPC to SM ratio in the DRMs and DSMs, the ratios of the
densities of the respective spots in the iodine-treated TLC plates are compared
with those of control iodine-treated TLC plates containing lanes with a range of
mole ratios of DOPC to SM. Relative densities of the DOPC and SM spots are
determined by scanning the TLC plates with an AGFA T2500 Scanner (Agfa-
Gervaert N. V., Mortsel, Belgium) and using NIH Image Version 1.61 (Bethesda,
MD) to measure the area under each peak. For the 1:1:1 DOPC:SM:cholesterol
it was found, as expected for raft and nonraft bilayers, that DRMs are enriched
in SM and cholesterol, whereas DSMs are enriched in DOPC (16).

3.4. X-Ray Diffraction Analysis
3.4.1. Specimen Preparation and Data Collection

The structures of the bilayers in DRMs and DSMs (see Note 1) are obtained
by low-angle X-ray diffraction techniques from both unoriented MLV suspen-
sions in PVP solutions and oriented multilayers in a range of relative humidity
atmospheres controlled by incubation with saturated salt solutions (23,24). To
reduce the Triton X-100 concentration before X-ray diffraction analysis, the
DSMs and DRMs are washed three times for 60 min with SM-2 BioBeads (100
mg/mL) that had been previously washed in water, 1 M acetic acid, methanol,
and water. The PVP solutions and relative humidity atmospheres provide a wide
range of osmotic pressures to systematically modify the water content of the
specimens; PVP solutions from 0 to 40% PVP give osmotic pressures of 0—1 X
107 dyn/cm?, whereas relative humidity atmospheres of 98 to 32% relative
humidity give osmotic pressures of 1 x 107 dyn/cm?to 1 x 10° dyn/cm? (25,26).
Increasing osmotic pressure removes water from between adjacent bilayers in
the multilamellar arrays, thereby changing the unit cell dimensions and the
lamellar repeat period. By recording lamellar X-ray diffraction patterns for these
different repeat periods one can obtain structure factors along the reciprocal
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space axis and effectively trace out the continuous Fourier transform of the
bilayer (16,23,24,26). This transform can be used to determine the phase angles
for each X-ray reflection, permitting electron density profiles across the bilayer
to be calculated.

Unoriented MLVs in PVP solutions of various concentrations are pelleted,
sealed in glass X-ray capillary tubes, and mounted in a temperature-controlled
specimen chamber in a point collimation X-ray camera (Unicam, Cambridge, UK).
Oriented lipid multilayers are prepared by placing a drop of an aqueous suspension
of DRMs or DSMs onto a curved glass substrate and drying it under a gentle
stream of nitrogen. The lipid multilayers oriented on the glass substrate are
mounted in a temperature-controlled constant humidity sample chamber on a line-
focus custom-built line-focus (single mirror) X-ray camera (23,24) so that X-ray
beam line tangentially grazes the edge of curved surface. The curve in the glass
substrate allows a range of Bragg diffraction angles to be simultaneously accessed.

For both unoriented MLVs and oriented bilayers, X-ray patterns are
recorded at ambient temperature on X-ray film. Densitometry provides the
uncorrected intensity (/[4]) of each lamellar reflection 4. Structure amplitudes
(F[h]) are obtained by applying standard correction factors, which are differ-
ent for oriented and unoriented specimens (23,26). That is, for unoriented
specimens F(h) is proportional to [h*I(h)]"?, whereas for oriented specimens
F(h) is proportional to [hI(h)]"2. The validity of these correction factors has been
demonstrated by showing that the resulting electron density profiles are the same
for unoriented and oriented bilayers of the same compositions at the same
osmotic pressure (23).

3.4.2. X-Ray Data Analysis and Phase Angle Determination

To obtain electron density profiles across the bilayer, a Fourier analysis of
the X-ray diffraction patterns is performed. Phase angles (¢[#]) for each dif-
fraction order h are determined by using the osmotic stress experiments to
trace out the continuous transform of the bilayer (16,23,24,26). For these cen-
trosymmetric multilamellar systems the analysis is simplified as the phase angle
for each reflection can either be zero or 180, so that for each order A the struc-
ture factor, exp[id(h)] F(h), is equal to +/—F(h). For each multilamellar system
possible con-tinuous transforms for each possible phase combination (+/—F[h]
for each order h), are calculated by use of the sampling theorem (27) for one par-
ticular data set. The phase combination that gives the transform that best matches
the other structure factors is judged as the correct combination (23,26,28). For
incorrect phase angle combinations there is a large mismatch between some of the
structure factors and the transform (16,26,28,29). Figure 1 shows structure fac-
tors and continuous Fourier transforms of DRMs and DSMs obtained from 1:1:1
DOPC:SM:cholesterol (16) using the correct phase combination. Note that for
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Fig. 1. Structure amplitudes for DSMs and DRMs obtained from 1:1:1 DOPC:SM:
cholesterol bilayers. The solid and dotted lines are continuous transforms calculated with
the sampling theorem for DSMs and DRMs, respectively. Note that for each system the
continuous transform closely matches all of the structure amplitudes, indicating that the
phase combination has been correctly assigned. Data were taken from (16).

each system with this phase combination the continuous transform closely
matches all of the structure factors.

3.4.3. Calculation of Electron Density Profiles

Electron density profiles across the bilayer are calculated from Fourier
reconstructions using the X-ray structure factors

p(x)=(2/d) Y exp [id(h)] F(h) cos(2mxh/d) (1)

where x is the distance from the center of the bilayer, d is the lamellar repeat
period, 0(#) is the phase angle of order &, F(h) is the X-ray structure amplitude
for each order A, and the sum is over A.
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Fig. 2. Electron density profiles at a resolution of d/2h,_  ~7 A for DRMs and DSMs
obtained from 1:1:1 DOPC:SM:cholesterol bilayers. The vertical dotted and dashed
lines are positioned at the headgroup peaks of DRMs and DSMs, respectively. Data
were taken from ref. 16.

Figure 2 shows electron density profiles across DRM and DSM bilayers. For
each profile the electron density peaks (at approx 23 A for DRMs and +19 A for
DSMs) correspond to the position of the high-density phosphate headgroups, the
low-density troughs in the geometric center of the profiles correspond to the
localization of the low electron density lipid hydrocarbon terminal methyl groups,
and the medium density regions between the terminal methyl trough and the
headgroup peaks correspond to the localization of the methylene groups in the
lipid hydrocarbon chains. The higher density for the hydrocarbon chain regions
for DRMs compared with DSMs is because of the increased cholesterol content
in the DRMs; the cholesterol rings have a higher electron density than the phos-
pholipid hydrocarbon chains (24,30). The most important and most easily meas-
ured feature of these proﬁles is the distance between the headgroup peaks (d )
across the bilayer (47 A for DRMs and 38 A for DSMs) (see Note 2).

3.4.4. Determination of Bilayer Thicknesses

The aforementioned values of d;,, can be used to estimate the bilayer and
hydrocarbon core thicknesses of DRM and DSM bilayers (see Note 3).
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As the lipid headgroup for phosphatidylcholine or SM is about 10 A in width
(26,31,32), the hydrocarbon thickness is estimated as d,, = dpp — 10 A. Thus for
the 1:1:1 DOPC:SM:cholesterol system the hydrocarbon thickness is 37 A for
DRMs and 28 A for DSMs.

The bilayer hydrocarbon thickness is important because, as noted in
Subheading 1., it is thought to be a factor in protein—lipid interactions because
of the effects of “hydrophobic matching” between the bilayer hydrocarbon
thickness and the length of protein transmembrane domains (2,3,33). That is,
because of the energetic cost of exposing either hydrocarbon or hydrophobic
amino acids to water, the most energetically favorable interaction between a
bilayer and a transmembrane protein occurs when the bilayer hydrocarbon
thickness matches the length of the protein transmembrane domain (15). This
hydrophobic matching effect has been argued to be a mechanism for the sort-
ing of proteins with different transmembrane domain lengths between the Golgi
apparatus and the plasma membrane (1,34). Given that the length of an o-helix
is approx 1.5 A per amino acid residue, the estimated 9 A difference in thick-
ness of DRMs and DSMs would correspond to a difference of about six amino
acid residues in matching protein transmembrane domains (12). As a point of
reference, this six amino acid difference corresponds to the average difference
in transmembrane domain length between resident Golgi proteins and typical
plasma membrane proteins (1,34).

4. Notes

1. It has been found (16) that small amounts of residual detergent in DSMs can
adversely affect the quality of the diffraction patterns and thereby decrease the res-
olution. Therefore, for analysis of DSMs the author also used bilayers prepared
from the observed composition of DSMs as obtained from the chemical analyses
described in Subheading 3.3. However, detergent contamination was not a prob-
lem with DRMs; diffraction patterns from detergent-extracted DRM gave similar
quality patterns with the same structure factors as those obtained from bilayers
made up of the DRM lipid composition determined by chemical analysis (16).

2. For comparisons of headgroup peak separations between bilayer systems it is
important to make sure that each of the profiles is calculated at similar resolution
(dl2h,,) because the exact position of the headgroup peak depends on the resolu-
tion. However, as long as similar resolution is used for each profile and the reso-
lution is better than 7-8 A, quite accurate estimates of the differences in bilayer
thickness can be determined (24,26).

3. The values of d__ of course will depend on the composition of the original bilayer,
and will vary with the hydrocarbon chain length and the degree of hydrocarbon
chain unsaturation of the phosphatidylcholine enriched in the DSM. Thus d op 15
somewhat smaller for DSMs enriched in DOPC (which contains two unsaturated
chains) than for bilayers containing phosphatidylcholines made up of mixtures of
saturated and unsaturated hydrocarbon chains. For example, at the same resolution
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dyp was found to be 38 and 41 A for bilayers of egg phosphatidylcholine and
stearoyloleoylphosphatidylcholine, respectively (26,35).
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Small-Angle Neutron Scattering to Detect Rafts
and Lipid Domains

Jeremy Pencer, Thalia T. Mills, Norbert Kucerka, Mu-Ping Nieh,
and John Katsaras

Summary

The detection and characterization of lateral heterogeneities or domains in lipid mixtures has
attracted considerable interest, because of the roles that such domains may play in biological
function. Studies on both model and cell membranes demonstrate that domains can be formed
over a wide range of length scales, as small as nanometers in diameter up to microns. However,
although the size and shape of micron-sized domains are readily visualized in freely suspended
vesicles, by techniques such as fluorescence microscopy, imaging of nanometer-sized domains
has thus far been performed only on substrate-supported membranes (through, e.g., atomic force
microscopy), whereas additional evidence for nanodomains has depended on indirect detection
(through, e.g., nuclear magnetic resonance or fluorescence resonance energy transfer). Small-
angle neutron scattering (SANS) is a technique able to characterize structural features on
nanometer length scales and can be used to probe freely suspended membranes. As such, SANS
shows promise to characterize nanometer-sized domains in model membranes. The authors have
recently demonstrated the efficacy of SANS to detect and characterize nanodomains in freely sus-
pended mixed lipid vesicles.

Key Words: Cholesterol; lipid membranes; membrane domains; rafts; small-angle scattering;
unilamellar vesicles.

1. Introduction

The identification of putative functional domains or “rafts” in cell membranes
has stimulated considerable study of the lateral organization of both cell and
model membranes, in part because of the possible roles of these domains in
biological processes such as immune response, synaptic transmission, and viral
infection (1). A variety of techniques have been used in order to characterize lat-
eral heterogeneities in both model and cell membranes, including fluorescence
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microscopy (2), nuclear magnetic resonance (2,3), electron paramagnetic reso-
nance (4), fluorescence correlation spectroscopy (5), fluorescence resonance
energy transfer (6), single-molecule tracking (7), atomic force microscopy (8),
near-field optical microscopy (9), and small-angle neutron scattering (SANS)
(10). Of this variety of techniques, fluorescence microscopy appears to have
gained the greatest popularity, whereas small-angle scattering has found the
least use in characterizing membrane domains. The popularity of visually based
techniques over scattering is likely a consequence of the relative complexity in
the analysis and interpretation of scattering data. Nevertheless, despite these
complexities, SANS has inherent advantage over visual techniques, in probing
nanometer length scales, and yielding ensemble-averaged information.
Additionally, SANS uses selective lipid deuteration as a method of contrast
enhancement rather than the addition or inclusion of bulky fluorescent dyes or
labels, which can perturb or affect the phase behavior observed by techniques
such as, for example, fluorescence microscopy (11).

The detection of domains using SANS depends on the use of contrast varia-
tion. First, contrast between domains of different composition is enhanced by the
selective deuteration of a lipid that is known (or suspected) to preferentially par-
tition into one phase (or type of domain) over the other. Second, the contrast
between the vesicle and medium is minimized, through the appropriate ratio of
H,O to D,O in the buffer medium. This minimum contrast condition occurs
when the scattering length density (SLD) of the medium is equal to the mean
SLD of the vesicle. When lateral segregation occurs, the domains or hetero-
geneities in the vesicles will now have SLD that are unequal to the mean SLD,
resulting in contrast between these domains and the medium. As will be shown,
both the angle dependence of the SANS curve, and its integrated intensity will
contain information related to the size and composition of domains present on
the vesicle.

2. Materials
2.1. Buffer Media

1. 99% Purity D,O (Cambridge Scientific, Andover, MA).
2. Ultrapure H,0.
3. Buffer media as required, with either NaOH or HCI for pH titration, as required.

2.2. Lipid Mixtures

Reagent grade chloroform (Sigma-Aldrich, St. Louis, MO).

2. Rotary evaporator (e.g., Buchi, Sigma-Aldrich) or pressurized inert gas (e.g., N,,
He, and Ar).

Phospho and/or sphingolipids (Avanti Polar Lipids, Alabaster, AL).

4. Cholesterol or other sterols (Sigma-Aldrich).

[y
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2.3. Rapid Solvent Exchange

Chloroform (e.g., Sigma-Aldrich).

Buffer media (e.g., Hepes, Sigma-Aldrich).

Vortexer (e.g., Vortexer Shaker Miniroto 115V, Fisher Scientific, Ottawa,ON).
Vacuum pump (e.g., Integrated Speedvac System, Fisher Scientific).

el o e

2.4. Extrusion

1. Nuclepore polycarbonate track-etch membranes (pore diameters 200, 100, and
50 nm).

2. Either a hand-held mini-extruder (e.g., Avanti Polar Lipids) or high-pressure
extruder (Northern Lipids Inc., Vancouver, BC).

3. Pressurized inert gas (e.g., N,, He, and Ar).

2.5. Small-Angle Scattering

1. 1-mm Path length quartz cuvets (Hellma USA, Plainview, NY).
2. Circulating water bath temperature control.
3. Multiple-position sample changer.

3. Methods

As discussed, the detection of lateral segregation in model membranes by
neutron scattering relies on the labeling, by selective deuteration, of at least one
lipid species in the lipid mixture. As will be shown, without deuteration, most
lipids and sterols have very similar SLD, making them difficult to distinguish by
neutron scattering. Furthermore, the detection of lateral segregation is optimal
under contrast matching conditions, i.e., when the SLD of the medium equals the
mean SLD of the vesicles. In order to obtain reproducible results, it is essential
that unilamellar vesicles (ULVs) be prepared under conditions wherein the lipid
components are homogeneously mixed. Should extrusion be performed on later-
ally segregated mixtures, it is likely that individual vesicles produced will have
different proportions of the various lipids present. Homogeneous mixing of the
lipid components during extrusion can be achieved by maintaining the lipid film
at a temperature above the miscibility transition, wherein miscibility transitions
are either known from the literature (2) or can be estimated from miscibility tran-
sitions for similar mixtures. As a general rule, complete mixing can be achieved
by maintaining the mixture at a temperature about 10°C above the gel—fluid tran-
sition of the lipid component with the highest melting point.

3.1. Estimation of Contrast Matching Conditions

1. As will be shown, it is advantageous to prepare extruded vesicles at conditions close
to their contrast match point. Contrast match conditions correspond to a situation
wherein the SLD of the buffer or medium is equal to the mean SLD of the ULV, and
can be achieved by varying the D,O content in a D,0:H,O buffer.
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Table 1

Neutron Coherent Scattering Lengths
for Atoms Commonly Found in Lipid
Molecules

Atom Scattering length (fm)

6.6460
-3.7390
6.671

9.36
5.803
5.13

TOoOZOU TN

From ref. 12.

The SLD (p) of a molecule can be calculated by:

p=(1/V)2h

where b, is the scattering length of the i-th atom in the molecule and V corresponds
to the molecular volume. The scattering lengths of all atoms and their isotopes can
be found in a number of sources (12). Table 1 summarizes atomic scattering
lengths for atoms commonly found in lipid molecules.

The mean vesicle SLD can be calculated similarly, as the sum of the scattering
lengths of all the components, divided by the total vesicle volume. The mean vesi-
cle SLD can also be expressed in terms of the sum of the SLD of the various lipids

in the vesicle.
by XV,
J

p = — _
Z”jvj Zﬂ,—Vj
i

i

where n, bj, Vj, and p; are the molar fraction, scattering lengtll, molecular volume,
and SLD of lipids of type j making up the vesicle, whereas P is the mean vesicle
SLD. Table 2 lists neutron scattering lengths (b) molecular volumes (V) and SLD
(p) of typical lipids.

Preparation of Lipid Mixtures by Rapid Solvent Exchange

A detailed discussion of the preparation of vesicles by rapid solvent exchange
(RSE) can be found in ref. 15.

Dissolve the various lipids to desired concentrations (e.g., 10 mg/mL) in chloroform.
Mix the various lipid solutions in the desired proportions into a small vial.

Add the appropriate buffer or water solution to the lipid—chloroform solution.
Vortex the sample and pump under vacuum for approx 1 min.
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Table 2
Neutron Scattering Lengths, Molecular Volumes, and Corresponding Scattering
Length Densities of Common Lipids

Molecule Chemical formula b (fm) v (A3) SLD (fm/A3)
DPPC (20°C) C,,Hg,NO,P 27.63 1144 0.024
DPPC (50°C) C,,Hg,NO,P 27.63 1232 0.022
dDPPC (20°C) C,H,;D,NO,P 67299 1144 (est.) 0.588
dDPPC (50°C) C,H,;D,NO,P 67299 1232 (est.) 0.546
DOPC (30°C) C,,Hg,NOP 39.26 1303 0.030
Cholesterol C,,H,O0 13.25 629 0.021
Water (25°C) H,0 -1.68 30 -0.056
Heavy water (25°C) D,O 19.15 29.9 0.64

Lipid and cholesterol volumes taken from refs. 13 and 14.

Data for H,0 and D,0 are also shown for comparison.

DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; dDPPC, 1,2-dipalmitoyl-d62-sn-
glycero-3-phosphocholine.

For dDPPC, the molecular volumes given are estimated (est.) from corresponding values for
DPPC.

3.3.

1.

Preparation of Lipid Mixtures by Film Deposition

Dissolve the various lipids to specific concentrations (e.g., 10 mg/mL) in chloroform.

2. Mix the various lipid solutions in the correct proportions either in a small vial,

3.4.

halFaIb e

or if solvent is to be removed through rotary evaporation, in a round-bottom flask
e.g. Sigma-Aldrich.

Remove solvent by evaporation, either by flowing a gentle stream of N, (or any
other inert gas) over the lipid solution or by rotary evaporation.

Remove any remaining solvent by vacuum pumping for at least 2 h.

Heat lipid film to 60°C. Note that for lipids with melting transition temperatures
higher than 50°C, higher temperatures may be required for complete mixing of
lipid components.

Preheat buffer to 60°C.

Add buffer to lipid film and disperse by vortexing, making sure to maintain the
lipid dispersion at approx 60°C.

Lipid Extrusion

Preheat extruder to 60°C.

Preheat two 250-uL Hamilton syringes (Hamilton Company, Reno, NV) to 60°C.
Assemble extruder with 200-nm pore diameter polycarbonate membranes.

Pass preheated buffer solution through extruder a minimum of three times.
Extrude lipid dispersion at least 11 times through a 200-nm pore diameter poly-
carbonate membrane. Note that extrusion through a hand-held extruder requires an
odd number of passes through the extruder, to avoid cross-contamination with
sample that has not been extruded.
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Repeat steps 2—4 using the extruded dispersion but now with a 100-nm pore dia-
meter polycarbonate membrane, instead of the 200-nm pore diameter membrane.
Using the 100-nm pore diameter extruded dispersion, repeat steps 2—4 using a
50-nm pore diameter polycarbonate membrane, extruding the dispersion at least
25 times.

It is important to make samples with a relatively high lipid:buffer ratio as neutron
sources produce relatively weak beams for experiments, compared with X-ray
sources. However, high lipid concentrations can make extrusion difficult resulting
in higher loss of lipid on the polycarbonate membranes. Moreover, too concen-
trated a sample will also introduce added complications to the analysis of the
SANS data, as the appropriate structure factor is needed to account for the
inevitable intervesicle interactions. As a result, extruding lipid samples with con-
centrations more than 50 mg/mL is not recommended. After extrusion, samples
should be diluted to yield final concentrations no higher than approx 20 mg/mL,
in order to avoid intervesicle interactions.

Small-Angle Neutron Scattering

Inject the vesicle suspension into a quartz cuvet, or sample cell. Boron-free optical
quartz cells are appropriate for this use, as boron is a neutron absorber. It is also
very important to avoid introducing air bubbles into the sample, as air bubbles will
also scatter neutrons, complicating data analysis.

For samples with less than about 80% D,O content, a 1-mm path length cell is
recommended to avoid multiple scattering from hydrogenated components.

The neutron wavelength (A) and sample-to-detector distance used should be
appropriately chosen such that the length scales probed span the ranges including
the vesicle size and membrane thickness. For 30-nm radius vesicles, with a typi-
cal bilayer thickness (e.g., 4-5 nm), the optimum ¢ (47 sin6/A, where 0 is the scat-
tering angle) range for SANS measurements is 0.003 < ¢ < 0.3 A~!. For example,
the NG3 30-m SANS instrument at the National Institute of Standards and
Technology Center for Neutron Research, this ¢ range is achieved using a A of 8 A,
and sample-to-detector distance of 13, 4, and 1.3 m (16).

The sample holder and sample changer should be capable of being preheated or
cooled, with the sample (or samples) in place to the desired temperature. Keep in
mind that the equilibration of the sample may not occur at the same rate as temper-
ature equilibration of the sample holder.

Typically, SANS measurements are performed using a two-dimensional detector
utilizing commercial multiwire proportional counters (MWPC) (Model XYP
64 x 64—10, manufactured by (CERCA, Romans, France) of the type developed
at the Institute Laue-Langevin (ILL). As vesicles in the scattering volume have no
preferred orientation, the signal is radially averaged. Data are corrected for the
detector response, empty cell scattering, and detector dark count. Then, the cor-
rected data is put on the absolute scale using calibrated standards or based on the
incident neutron flux, as described in ref. 16. Most neutron scattering facilities
provide their own software that will automatically perform radial averaging and
the various corrections to SANS data.
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Hydrogen atoms have a large incoherent scattering cross-section. In practice, this
means that any sample (including the buffer) that contains significant amounts of
hydrogen will contribute to the incoherent background (i.e., an essentially flat,
or g-independent baseline added to the signal of interest). As small-angle scat-
tering curves typically decay very rapidly with increasing g, this flat background
is most significant for data at large values of g. Thus, a good estimate for the
incoherent background can be obtained from the value of the scattered inten-
sity, measured at the highest ¢ range of the experimentally obtained data. This
value, corresponding to the incoherent background, is then subtracted from the
experimental data.

Contrast Matching

The most reliable method for determining the contrast match point of vesicles is
through contrast variation. Contrast variation relies on the use of a series of solvents
having various proportions of H,O and D,0, and consequently, different SLDs.
First, prepare a stock ULV solution. The ULV should be made in a solution with
an SLD close to or at the estimated contrast match point. This solution will then
be used to prepare a series of ULV samples at different contrasts. Note that if the
estimated contrast match point is within 20% of either 100% H,O or D,0, prepa-
ration of ULV in either pure H,O or D,0, respectively, is recommended, as, for
example, a stock ULV solution in 90% D,O could not be diluted to produce ULV
in 100% D,0.

Divide the ULV suspension into five equal volumes.

Prepare five stock solutions of different H,O/D,0 ratios for dilution of ULV sam-
ples. Solutions should be prepared so that their dilution with the ULV samples
yields five samples that are well spaced, with respect to their final D,O (%) con-
centration. It is recommended that the H,O/D,0 ratios of the stock solutions are
determined such that dilution with the ULV suspensions yield final D,O (%) con-
centration of x + 20% D,0, x £ 10% D,0, and x, where x is the estimated contrast
match point, in D,0 (%). If the estimated contrast match point is too close to either
the 100% H,O or D,O conditions, then other contrasts (i.e., D,0 [%] solutions)
may be used, as required.

Measure SANS curves for all five samples at 60°C. In order to properly evaluate
the contrast match point, it is important that the SANS curves contain both a sig-
nificant portion of the flat incoherent background (high ¢ data) and low g, wherein
the curve is insensitive to internal ULV structural variations. Figure 1A shows
SANS curves taken for a single sample under various contrast conditions, before
subtraction of the incoherent background.

Subtract the incoherent background from the SANS curves (as discussed earlier).
The zero-angle scattered intensity, 1(0), can be estimated from the intensity of the
lowest value of ¢ measured.

Plot 1(0) as a function of either the D,O fraction or the SLD of the solution, p_.
1(0), measured from a suspension of ULV is proportional to the square of the
SLD contrast, I(O) ~ (5 — pg) , where p is the mean vesicle SLD. Note that P,
is a linear function of D,O (%). Thus, the minimum value of /(0) yields the contrast
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Fig. 1. (A) SANS curves plotted for 1:1:1 DOPC:DPPC:cholesterol ULV vs D,O
concentration in the buffer medium. (B) Zero-angle scattered intensity, /(0), after sub-
traction of incoherent background, plotted as a function of D,O fraction.



Neutrons to Detect Lipid Rafts 239

3.7.

match point, or the vesicle’s mean SLD, P . A plot of 1(0) vs D,0O (%) is shown in
Fig. 1A, along with a quadratic fit to the data.

Detection of Lateral Segregation

The scattering intensity from laterally heterogeneous vesicles can be expressed as
a sum of three contributions:

1(q)=[F,.(4)+ Fou () + . (a)

where F (q) is the scattering amplitude contribution from the mean vesicle SLD,
P, F.4(q) is the scattering amplitude contribution from radial fluctuations in the
SLD (i.e., the difference between the acyl chain and headgroup SLD), and F,,(¢)
is the contribution to the scattered amplitude from lateral fluctuations in SLD (i.e.,
membrane domains). Typically, F_ (g) is the largest contribution to I(g), except

ave
under contrast matching conditions, where F___(¢) = 0. Thus, SANS measurements

performed under contrast match conditions gvree optimal for measuring the contri-
butions from F,_(¢) and F (q).

Prepare a ULV sample at the experimentally determined contrast match point.

As there will be contributions to /(g) from both F_; and F, , it is recommended
that at least one measurement be performed with ULV at high temperature, above
the expected miscibility transition. This measurement will then show the contribu-
tion to /() from F_(¢) alone, thus providing a baseline for possible temperature-
dependent changes, owing to, for example, the onset of lateral segregation on
cooling of the sample. Figure 2B shows I(g) from laterally homogeneous vesicles
at the contrast match point as a function of temperature. As can be observed from
the figure, changes to I(g), induced as a function of temperature, corresponding to
changes in F_ ,(q), are small. Conversely, vesicles that become laterally hetero-
geneous on cooling show a dramatic change in /(g) (shown in Fig. 2A), primarily
because of the contribution from F,(¢).

Quantitative assessment of the degree of lateral segregation can be made by
calculating the invariant, Q = qul (g)dq . As discussed in ref. 17, the invariant
(Q) can be expressed (in analogy to I[g]), as a sum of three contributions:

0=0,+0,+0,

where Q,, is the invariant contribution from P, 0,4 18 the contribution owing to
the difference between the acyl chain and headgroup SLD, and Q,  is the contri-
bution from membrane domains. @, and Q, , can be measured experimentally or
estimated with reasonable accuracy using known component scattering lengths
and molecular volumes (Table 2) from the following relationships:

0, =21V (p-p.) and Qu= 2n2[vac (Pu—P) +V, (ph—ﬁ)ﬂ
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Fig. 2 (A) SANS curves plotted for 1:1:1 dDOPC:DPPC:cholesterol ULV vs temper-
ature, under contrast matching conditions. (B) Similar curves plotted for 1:1:1 SOPC:
dDPPC:cholesterol ULV vs temperature.

where Q and Q, are given with respect to a single vesicle, V=V, +V, is the total
vesicle membrane volume, P is the vesicle mean SLD, p is the medium SLD, V,
is the total membrane acyl chain region volume, p,__ is the mean acyl chain SLD,
V,, is the total lipid headgroup region volume, and p, is the mean headgroup SLD.
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Fig. 3. The scattering invariant (Q) plotted vs temperature for 1:1:1 mixtures of
DOPC:dDPPC:cholesterol (DDC) and SOPC:dDPPC:cholesterol (SDC). The data shown
is normalized to lipid concentration.

5.

3.8.

Once Q has been calculated, Q - Q, - 0, gives a quantitative indicator of the lat-
eral segregation in the membrane. When the SLD of the lipid headgroups of the
various components present in the membrane are the same then,

0 ~a, (1 -4 )(pl,ac - pZ,ac)

where a, is the relative area fraction of regions 1 and p, . and p, . are the SLD
of the acyl chain portions of regions 1 and 2. Q, increases as the difference in SLD
of the two regions increase and reaches a maximum value when either region 1 or
2 make half of the ULV surface.

Figure 3 shows plots of QO vs temperature evaluated for the scattering curves
shown in Fig. 2A,B.

Model-Dependent Analysis

If information is known either about the domain composition or relative area, it is
possible to model the scattering by calculating the form factor of heterogeneous
membranes. For example, in ref. 10, form factors for laterally homogeneous and
heterogeneous vesicles are calculated by a Monte Carlo method, as described in
detail in refs. 18,19.

In Fig. 4 experimental data is shown, along with a coarse-grained model, con-
structed on the basis of known domain compositions and surface areas (2). Using
this coarse-grained model in combination with known compositions and area frac-
tions, the authors were able to use SANS to assess the size and number of domains
present in ULV.
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Fig. 4. SANS curve from DDC ULV at 25°C. The fit to the data, using coarse-
grained modeling is shown (solid line) as well as curves calculated for ULV containing
6 or 32 domains. The inset shows a representative space-filling model of a vesicle with
32 domains.

4. Notes

1. There is some evidence in the literature that high membrane curvature may influence
both the melting transition of single-component vesicles (20), and the miscibility of
lipids in multicomponent lipid mixtures (21). Thus, the potential influence of mem-
brane curvature should be considered when interpreting SANS data.

2. The RSE method produces MLV with low lamellarity (1-3 layers) compared with
other methods, which produce MLV made up of hundreds of layers. Low lamel-
larity MLVs are easier to extrude through polycarbonate membrane pores, thus
reducing the loss of lipid on the membrane. Thus, extrusion of vesicles prepared
by the RSE method may increase yield and make the extrusion process easier,
compared with extrusion of MLVs prepared by the hydration of lipid films.

3. The RSE method is also preferable to the film deposition method when using high
sterol concentrations, because sterols such as cholesterol, might crystallize in dry
lipid films above approx 45 mol% (22) or at much lower concentrations in the case
of membranes containing polyunsaturated lipids (23).

4. When lipid dispersions are extruded using a hand-held device, care should be
taken to exert a slow and steady pressure on the syringe plungers during extrusion.
If the lipid dispersion is pushed through the polycarbonate membrane of the
extruder too quickly, there is a chance that the membrane will rupture, resulting in
incomplete extrusion of the lipid dispersion.
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5. For contrast matching, the zero-angle scattered intensity /(0) can be estimated in
several ways. As discussed, the intensity measured at the lowest scattering angle
can be used to estimate /(0). However, the scattering curves can be fit with the
vesicle form factor and 7(0) can be determined as a fitting parameter, or the low-
angle scattered intensity can be fit with a polynomial function and then extrapo-
lated to obtain /(0).
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Exploring Membrane Domains Using Native Membrane
Sheets and Transmission Electron Microscopy

Bridget S. Wilson, Janet R. Pfeiffer, Mary Ann Raymond-Stintz,
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Stanly Steinberg, and Janet M. Oliver

Summary

The flow of information in cells requires the constant remodeling of cell signaling and traf-
ficking networks. To observe the remodeling events associated with activation of receptors on
the cell surface, the authors have generated and analyzed high-resolution topographical maps
of colloidal gold nanoprobes (3—10 nm) marking receptors, signaling proteins, and lipids in
native membranes. The technology involves sandwiching of cells between glass cover slips
and electron microscopy (EM) grids, followed by ripping. Membrane sheets on EM grids are
fixed, labeled with functionalized nanoprobes, and imaged by transmission electron
microscopy. Probe coordinates are extracted from digitized images and the distributions of the
probes are analyzed with respect to each other and to membrane features like clathrin-coated
pits, caveolae, and the cortical cytoskeleton.

Key Words: Immunoelectron microscopy; membrane sheets; rip-flips; microdomains; lipid rafts.

1. Introduction

Plasma membrane microdomains are sites for the interactions of proteins and
lipids that mediate signaling, receptor internalization, and exocytosis. In this
chapter, protocols for using transmission electron microscopy (TEM) are
described to document the organization of gold-labeled membrane proteins and
lipids in native membrane sheets. With these methods, the authors have fol-
lowed the distribution and fate of a variety of cell surface receptors and their
associated signaling molecules, including the high-affinity immunoglobulin
(Ig)E receptor (FceRI) (1-3), the B-cell receptor (4), the G-protein-coupled
formyl peptide receptor (5), and members of the ErbB family of growth factor
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receptors (6). Hancock’s group has led efforts to apply similar methods to the
study of Ras proteins, specifically H-Ras and K-Ras isoforms (7,8) and the
technique has recently been applied to evaluate the clustering behavior of viral-
coat proteins (9). The method is adapted from that of Sanan and Anderson (10)
and is supported by spatial stastistics applications that improve quantitation and
interpretation of digitized point coordinates.

2. Materials
2.1. Solutions (Prepare All Working Solutions on Day of Use)

1. HEPES buffer (50 mL): 25 mM HEPES, 25 mM KCl, and 2.5 mM magnesium
acetate, pH 7.2.

2. Poly-L-lysine (stock solution): prepare 8 mg/mL poly-L-lysine hydrobromide

(Sigma P-1524) in sterile water. Store in 50-uL aliquots at —20°C.

Poly-L-lysine (working solution): 50 uL stock poly-L-lysine in 950 uL dH,0.

4. 2% PFA (4 mL): 0.5 mL 16% paraformaldehyde prepared in water, then added to
3.5 mL HEPES buffer or phosphate-buffered saline (PBS).

5. 2% Glutaraldehyde (10 mL): 2 mL 16% glutaraldehyde and 8 mL. PBS6. 0.2 M
Sodium cocadylate buffer (NaCacodylate-3H,0) (0.5 L): 21.4 g (under hood) and
bring up to 500 mL with double-distilled water. Bring to pH 7.2. Store at 4°C.

6. 1% Osmium (2 mL): 0.5 mL 4% osmium (Electron Microscopy Sciences [Hatfield,
PA]), 1 mL 0.2 M cacodylate buffer, and 0.5 mL H,0.

7. 1% Tannic acid (25 mL): 0.25 g tannic acid, 25 mL dH, O, or 0.1 M NaCacodylate
buffer. Shake well until acid goes into solution. Filter with a 0.2-um Millipore
filter disk.

8. 1% Uranyl acetate for rinse: dilute 2% uranyl acetate 1:1 in H,O. Note that 2%
uranyl acetate is a saturated solution and has a tendency to fall out of solution.
Gentle heating is needed when making stock solution. Once made, keep in 60-mL
syringe wrapped with foil. Use new 0.2-um Millipore filter and filter small
amount for staining, add to equal volume H,0.

e

2.2. Tools and Setup

15-mm Round glass cover slips (Electron Microscopy Sciences; cat. no. 72195-15).
. Hexagonal, nickel grids no. 26431, 200 mesh (Ernest Fuller), formvar, and carbon
coated.

Filter paper (Whatman’s ashless, no. 42, 11 cm circles).

Cellulose acetate disks (Osmonics Inc.; cat. no. AO2SP02500).

37°C Plate warmer with lid, lining sides with damp paper towels to establish moist
chamber.

Fume hood.

Two pair curved forceps (Electron Microscopy Sciences; cat. no. 72801-D).
Aspirating apparatus.

Divided Petri dishes.

N =

ok W

O 0N
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3. Methods
3.1. Specimen Preparation

1.

2.

»

Prepare cells by plating onto sterile, clean glass cover slips. Culture 1-4 d, to

70-80% confluency.

On the day of the experiment, glow discharge grids and treat with poly-L-lysine.

a. Grids (formvar and carbon coated) are glow discharged for 30 s.

b. An aliquot of poly-L-lysine is thawed and diluted to 0.4 mg/mL. Grids are
floated on poly-L-lysine drops for 30 min at room temperature in a covered
2-mL Petri dish lined with parafilm, with cell contact side down.

Transfer the grids facedown to distilled water for 10 s.

Using a sheet of filter paper, wick off excess water and place onto filter paper,

treated side up.

At this stage, one has to have decided if one will “activate” the cells or subject the

cells to other pretreatments (cholesterol depletion, pharmacological inhibitors, and

so on). This step is not necessary if one is looking for steady-state distributions of
membrane constituents. If one intends to activate:

a. Remove cover slips with cells from culture dish and wick off excess medium.
Wipe bottom of cover slip with Kimwipe and place on surface of plate warmer
set at 37°C. Move quickly to keep cells from drying out. Add 100 puL of
medium +/-ligand and incubate the cover slips for a defined incubation period
(1-10 min); be sure to close the cover to keep chamber moist.

b. During incubation, prepare cellulose acetate disks on glass or plastic sur-
face. First place a drop of HEPES buffer on the surface, apply the disk, then
aspirate off excess medium so that the disk does not move when tapped with
the aspirator. Place two to three grids with the poly-L-lysine side up on the
acetate disk.

c. One can stop the reaction at the end of incubation by transferring to cold
buffer. However, a light prefix at this stage is recommended, by adding 100 pL.
of 0.5% paraformaldehyde to the cover slip. The cover slip is then held in the
moist chamber for 7 min at room temperature, followed by a rinse in HEPES
buffer. Note that this light prefix has the distinct advantage that it helps to pre-
serve the cortical cytoskeleton attached to the inner membrane, without ren-
dering the cells too “stiff.”

If one intends to label with antibody and gold reagents to the outside of the
cell, before making sheets, one can do so at this stage. In this case, it is advisable
to substitute a stronger prefix (such as 2% paraformaldehyde) and to extend
the incubation time (up to 30 min). Prepare 2% PFA solution in the slightly hypo-
tonic HEPES buffer to facilitate a small amount of cell swelling and improved
recovery of sheets (11). Note that the use of stronger fix at this stage is important
to prevent antibody-induced cluster artifacts during the exterior labeling but it
tends to lower the yield and quality of sheets recovered (see Notes 1-6).

Remove excess buffer by the wicking method. Turn the cover slip so that cells face

the grids and put the cover slip over grids. Place a cork or other stopper on top and
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press for 1-20 s depending on cell type and confluency. The time/firmness of this

step is established by trial and error.

Gently remove the stopper. Turn the cover slip over and remove grids by sliding

to the edge of the cover slip. Transfer grids facedown onto droplets of 2% PFA.

Hold for 10-30 min at room temperature.

Transfer grids to PBS in quadrant Petri dishes. As cells are now fixed, all further

steps are performed at room temperature.

To label the cytoplasmic face of the sheet (see Note 7) with gold-conjugated probes

with the traditional two-step protocol, prepare 100 UL droplets of primary antibody

solutions. Keep things organized by using divided Petri dishes or labeled sheets of
parafilm. Aim for saturating concentrations of the primary Ab (2-10 pg/mL in

0.1% bovine serum albumin [BSA]/PBS). If feasible, identical grids should be

incubated with isotype matched, irrelevant IgG as a negative control. Multiple grids

(two or three) can be placed facedown on each droplet of antibody solution for

labeling. Best results are obtained with monoclonal antibodies or affinity purified

polyclonal antibodies; labeling specificity should be confirmed by Western blotting
or other immunochemical techniques. Incubate 30-60 min in moist chamber.

Rinse three times with PBS for 5 min.

Set up 100 uL droplets of secondary antibody conjugated to 5- or 10-nm colloidal

gold particles in 0.1% BSA/PBS. Use the recommended dilution from manufac-

turer (usually 1:20). Place grids facedown on droplets and incubate for 30 min in
the moist chamber.

Rinse 3 X 5 min in PBS, then postfix by incubating grids facedown on droplets of

2% glutaraldehyde for 10 min, again in the moist chamber.

Transfer to PBS; can hold overnight at this step if necessary.

Proceed with staining, using the droplet method. Note that uranyl acetate is

radioactive and needs to be discarded in radioactive waste containers.

a. Working in the hood, place small squares of parafilm on glass plate and secure
to plate by rubbing gently. Add 100 puL droplets of 1% osmium to squares,
transfer the grids facedown, and incubate for 10 min in the hood.

b. Transfer the grids facedown to Petri dishes containing 0.1 M NaCacodylate.
Rinse once for 5 min. Note that steps 14a and b can be omitted if osmium
staining obscures gold label in membrane features such as coated pits.

c. Transfer grids to a Petri dish containing H,O. Rinse 2 X 5 min.

d. Make new parafilm squares on glass and add droplets of freshly filtered tannic
acid to each square. Transfer the grids facedown to these droplets and incubate
10 min.

e. Transfer grids to a Petri dish containing ddH,O. Rinse 3 X 5 min.

f.  Make new parafilm squares for filtered uranyl acetate. Add 100 puL droplets to
each square. Transfer the grids facedown to the droplets and incubate 10 min.

Transfer the grids to ddH,0, rinsing 2 X 5 min each. Wick off excess H,O from

the back of the grid (do not touch face) and air-dry. Store face-up in a labeled

container lined with Whatman paper (Whatmanplc, Middlesex, UK).
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Fig. 1. The growth factor receptor, ErbB2, is clustered on the membranes of serum-

starved SKBR3 breast cancer cells. Cells were prefixed with 0.5% PFA, then sheets
were prepared on EM grids by the ripping technique. Sheets were fixed with 2% PFA
for 10 min (A), 2% PFA for 30 min (B), and 4% PFA plus 0.1% glutaraldehyde for
10 min (C). After rinsing, sheets were labeled with antibodies to the cytoplasmic tail of
ErbB2, followed by secondary antibodies conjugated to 5 nm gold.

3.2. Transmission Electron Microscopy

1.

View specimens with TEM. If the TEM is equipped with high-resolution digital
camera, acquire digital images. Alternatively, acquire photographic negatives and
convert images to digital form using a high-resolution scanner (2000 dpi). Figure 1
shows examples of membranes labeled from the inside with antibodies to the Erb2
cytoplasmic tail. The presence of small Erb2 clusters is typical of many membrane
proteins observed on native sheets.

Fluorescence recovery after photobleaching (FRAP) can also be preformed on labeled
membrane sheets. Figure 2 shows the results of FRAP experiments performed on
membrane sheets prepared from rat basophilic leukemia (RBL) cells whose FceRI
were primed with monovalent, Alexa 488-conjugated IgE. Sheets were prepared on
glass cover slips, fixed for 10-30 min and placed on the inverted stage of a Zeiss LSM
510 microscope equipped with a 488-nm laser. A representative result is shown in
Figs. 2A-D, wherein the sheet was fixed for 10 min with 2% PFA. The prebleach
image is shown in (A), followed by the first image immediately postbleach of a stripe
across the sheet (B). After 30 min (C), there is no recovery of the bleached area in
the fixed membrane sheet. After 70 min, there is some generalized loss of fluorescence
over the entire sheet because of repeated illumination but the bleached area still fails
to recover (D). Plots in Fig. 2E show that four different fixation conditions (2% PFA
for 10 min; 2% PFA for 30 min; 4% PFA for 10 min; and 4% PFA, 0.1% glutaralde-
hyde for 10 min) are equally effective at blocking recovery from photobleaching.
Single particle tracking experiments provide further support for the effectiveness of
2% PFA in stabilizing membrane proteins. In Fig. 3, RBL cells were labeled with
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Fig. 2. Lack of photobleaching recovery in fixed membrane sheets. (A) Sheets were
prepared from RBL cells labeled with IgE-Alexa 488. After ripping, the sample was
fixed with 2% PFA for 10 min at room temperature. Rectangular regions were photo-
bleached after frame 5 and the fluorescence intensity in that region monitored over time.
(B) Sheets were prepared from IgE-Alexa 488-labeled cells and fixed under four dif-
ferent protocols (box). Plots summarize the fluoresence values in circular areas before
bleaching and over 70 s of recovery after bleaching. Values are averaged for two to five
experiments per condition and indicate a lack of recovery under all fixation protocols.

IgE-biotin conjugated to streptavidin-quantum dots (QDs). Careful titration of con-
jugation conditions, and subsequent biochemical analysis, confirmed that each IgE
is monovalent and conjugated to a single QD. When used to prime FceRI, IgE-QDs
permit real-time tracking of individual receptors by fluorescence microscopy. Time
series of IgE—-QDs were collected at a frame rate of 33 Hz for 1000 frames using a
sensitive emCCD camera (Andor iXon, Belfast, Northern Ireland). By plotting the
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Fig. 3. Representative trajectories for monomeric IgE-QDs bound to IgE receptors
on the surface of live (A) or fixed (B,C) RBL-2H3 cells. Cells in (B,C) were fixed for
30 min with 2% paraformaldehyde. The plot in (D) shows the tracking of a QD bound
to the glass cover slip and serves as a control for signal-to-noise in the system.

mean-square displacement of each IgE—QD and fitting the linear portion, the diffu-
sion coefficients (D) for single particles can be calculated. A typical trajectory of an
individual IgE-QD-receptor complex on the surface of live RBL cells is shown in
Fig. 3A. IgE-QDs on live cells had an average D of 0.043 + 0.037 um?/s. In com-
parision, individual receptors on the surface of PFA fixed cells (Fig. 3B,C) are
essentially immobile with an average D of 0.003 * 0.008 um?/s, with less than 5%
(6 out of 126) of spots tracked, maintaining a D similar to live cells (D > 0.01
um?/s). This low-diffusion coefficient is similar to QDs bound to glass (Fig. 3D),
which provide an internal control for signal-to-noise and vibrational effects under
the same measurement conditions.

4. Membrane sheets provide an unprecedented view of the topography of signaling.
However, computational methods are essential to extract spatial coordinates of probes,
to analyze and statistically validate the clustering and coclustering of these probes
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and to integrate results between experiments in order to establish the relative spatial
distributions of multiple different probes (see Notes 8—12 for details and examples).

4. Notes

1. It is often desirable to label two or three membrane proteins on the same sheets.
Obviously, care must be taken to use primary and secondary Abs from different
species, to match the specificity of the gold-conjugated second antibodies to the
species of the first, and to use gold particles of different sizes in double- and triple-
labeling experiments. Because primary antibodies are raised in only a limited
number of species, it is rarely possible to label more than two or three different
proteins in one experiment.

2. Electron microscopy is, of course, an art as well as a science. In this technique,
part of the art lies in applying just the right amount of pressure to yield a substan-
tial harvest of clean membranes from a particular cell type. In addition, the thick-
ness of the formvar coating the grid, the coverage with poly-L-lysine, the degree
of wetness of both the cover slip and the cellulose acetate disk, and the speed of
the removal of the grid with attached cell membranes from the cover slip, all affect
the quality of the preparations. Even with practice, it still requires patience at the
microscope to find good sheets.

3. The subject of fixation, and its application to the rigorous estimation of membrane
raft and domain size, has been controversial. A thoughtful review has recently
addressed both fixation chemistry and related literature (12). Herein, results of a
series of experiments that permit one to make an educated choice of the fixation
conditions, balancing the need to maximize antigenicity for immunogold-labeling
protocols with the need to minimize opportunities for lateral movement of mem-
brane constituents during labeling procedures.

The previous work used relatively short periods (7-10 min) of fixation with 2%
PFA before labeling. The remarkable changes in FceRI distributions following anti-
gen treatment, accompanied by identification of distinct patterns for coclustering of
receptors with signaling partners like Syk, Cbl, and others, and of receptor segrega-
tion from components of the Linker for activation of t-cells (LAT)-scaffolded second-
ary signaling domain, demonstrated the power and reproducibility of this approach
(1,2). Glycosyl phosphaticlylinsositol (GPI)-anchored Thy-1 molecules were shown
to be distributed on fixed RBL cells in singlets and small clusters of up to four to five
gold particles under saturating labeling conditions (13). Using homo fluorescence
resonance energy transfer (FRET) methods, Mayor and colleagues (14) estimated
that perhaps 40% of GPI-anchored proteins on the surface of chinese homster ovary
(CHO) cells are present in clusters of up to four. Remarkably, it was shown that
another putative “lipid-raft” marker, GM1 ganglioside, is distributed essentially at
random even when paraformaldehyde-fixed cells are labeled with multivalent
reagents (pentameric cholera toxin—biotin plus avidin—gold) (13) (see Fig. 7A below).
These results imply that, although gangliosides are not directly crosslinked by
paraformaldehyde, their movement is severely restricted in even lightly fixed mem-
branes—presumably by immobilized corrals or islands of membrane proteins and the
associated cytoskeleton.
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Figure 1A-C compares the observed cluster size for ErbB2, a member of
the EGFR family of growth factor receptors, labeled with antibodies applied to
the cytoplasmic face of membrane sheets that were prepared under different
fixation protocols from SKBR3 breast cancer cells. In these experiments, cells
were prefixed with 0.5% PFA before ripping, and then sheets were fixed for 10
min with 2% PFA (Fig. 1A), for 30 min with 2% PFA (Fig. 1B), or for 15 min
with 4% PFA, 0.1% glutaraldehyde (Fig. 1C). The average appearance of
receptor clusters is similar under all of these conditions. Taken together with
the FRAP and single-particle results (Figs. 2 and 3), these results indicate the
reliability of 2% PFA as a routine fixation protocol for the membrane sheet
method.

4. The size of the gold particles matters. Most modern TEMs can reliably resolve
gold particles as small as 2-3 nm in size. Practically speaking, most laboratories
are limited by the gold reagents that are available commercially, with the broadest
range of secondary reagents available in the range of 5—15 nm. Quality control,
with respect to variability of gold particle diameter in a given preparation, can
limit the usefulness of certain commercial preparations. This is particularly impor-
tant when applied to double-labeling protocols, wherein the two sizes of gold must
be unequivocally distinct. For experiments wherein a single species is labeled, the
authors generally rely on 5-nm gold reagents. Compared with the estimated size
of the IgG itself (around 15 nm), the probe is sufficiently small and labeling effi-
ciency is generally very good. The 0.8- and 1.4-nm nanoprobe particles have been
tested, but their use on membrane sheets was abandoned because of the need for
silver enhancement. For double-labeling protocols, typically one species is labeled
with 5 nm and the second species with 10 nm. It is important to note that labeling
efficiency is always markedly poorer with the larger diameter probe, which is
explained by steric hindrance and other factors. Typically the experiment is
repeated, reversing the size of the probes, to obtain an accurate profile of cluster
size and coclustering status. If local resources are available, an alternative is to
make two preparations of colloidal gold in ones’ own laboratory that can be
resolved from each other in the smaller range useful for routine TEM (e.g., 2-3
and 5-6 nm). Samples of each preparation must be examined by TEM for lack of
aggregates and for uniformity; this analysis must be performed both before and
after conjugation to antibodies.

5. Preparation of gold probes using recombinant proteins. Gold probes can also be
created using recombinant proteins capable of binding unique features in the
plasma membrane. The authors have recently reported the use of gold conjugated
to recombinant, monomeric perfringolysin O (PFO) as a probe for localizing cho-
lesterol on the inner face of the plasma membrane (15). The recombinant PFO was
engineered in the laboratory of Arthur Johnson (Texas A & M University), then
produced in Escherichia coli and purified in the laboratory. Routinely, PFO is
adsorbed onto 5 nm colloidal gold (BBInternational, Cardiff, UK) using the man-
ufacturer’s instructions. It is also possible to conjugate ligands to gold particles,
permitting both activation and tracking of receptors simultaneously. The biggest
challenge is to titrate the conjugation conditions such that no more than one probe
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Fig. 4. Caveolae, clathrin-coated pits, and flat clathrin arrays are typical features of
good membrane sheet preparations. (A) Sheets prepared from NIH-3T3 cells were
labeled for caveolin (5 nm gold reagents, arrows) as a marker for caveolae. A coated pit
is marked with an arrowhead. (B) NIH-3T3 cells were pretreated for 1 h with methyl-
B-cyclodextrin to deplete membrane cholesterol, followed by preparation of sheets and
immunogold labeling for clathrin. The flat clathrin array shown here is typical of
cholesterol-depleted cells.

molecule will be attached to each gold particle, unless (as in the case of the IgE
receptor) the ligand is physiologically polyvalent.

6. Key structural features can be recognized in native membrane sheets.
Successful membrane sheets will contain obvious features of the plasma mem-
brane, such as coated pits. Sheets prepared from well-differentiated epithelial
and endothelial cells will also be decorated with caveolae and caveolae-like
structures. Examples of these are shown in Fig. 4A, wherein sheets were pre-
pared from NIH-3T3 fibroblasts and labeled with monoclonal anticaveolin anti-
bodies followed by antimouse secondary antibodies conjugated to 5 nm gold.
Caveolae are abundant in the preparation, as indicated by dense anticaveolin
labeling (arrows). For comparison, an unlabeled coated pit is observed in the
lower right of the image (arrowhead). Membrane sheets often contain a mix of
coated pits, recognizable by the distinctive “honey-comb” cage around the bud-
ding vesicle, as well as flat clathrin arrays with diameters from 60 to 80 nm. If
the cells have been pretreated with cholesterol-depleting reagents, such as the
methyl-B-cyclodextrin-treated fibroblast in Fig. 4B, flat clathrin arrays become
dominant features of the sheets. Caveolae also flatten in severely cholesterol-
depleted cells, although caveolin-labeling typically persists in clusters on flat
membrane (not shown).

7. With practice, membrane sheets often retain important elements of the cortical
cytoskeleton. The authors have documented the distribution of both filamentous actin
(using commercial sources of biotinylated phalloidin, followed by avidin—gold) and
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Fig. 5. The cytoskeleton can be observed and labeled on membrane sheets. Sheets
were prepared from RBL-2H3 cells and labeled with biotin—phalloidin and 5 nm
avidin—gold (A) or labeled with antimyosin antibodies plus antirabbit 5 nm gold (B).
The star in (A) denotes a clathrin-coated pit.
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Fig. 6. (A) The Hopkins test for spatial randomness. Agreement of the data with the
analytical curve (solid black line) indicates randomness, as in the analysis for GM1
ganglioside in fixed samples (A). In (B), a strong shift to the right indicates that the dis-
tribution of ErbB2 receptors is statistically nonrandom (i.e., clustered).

myosin (using immunogold labeling) on membrane sheets prepared from RBL-2H3
cells (2). Additional examples of these are shown in Fig. SA,B.
8. The computational team has developed a suite of tools to evaluate the spatial point
coordinates of gold particles, specifically focusing on determining (1) the degree
of randomness/clustering of individual species and (2) the extent to which two dif-
ferent species colocalize. These tools have been refined over a 10-yr period
(13,16-17) and both Matlab-format (Mathworks, Natick, Mass) and Windows
friendly Cellspan versions of the statistical programs are available for download
from http://cellpath.health. unm.edu/stme/ (Fig. 6A).
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The current data acquisition procedures use an ImageJ (http://rsb.info.nih.gov/ij/)
plugin that automates the acquisition of gold particle data from digital images. To
understand clustering, it is important to begin with micrographs containing a max-
imal area of the cell membrane. Therefore, gold particle distributions are obtained
using the lowest magnification (around X 30,000) that still permits identification
of the smallest gold particles. An algorithm based on cropping and thresholding is
fast and over 95% accurate in producing a file of coordinates for larger (i.e., 210 nm)
particles. The alternative filtering algorithm is more accurate for smaller gold par-
ticles (in the range of 5 nm). In addition, because no algorithm is completely accu-
rate, each image should be visually checked with the user interface and corrected
for missed particles and removal of false identifications (17).
The Hopkins test, a statistical evaluation of clustering, which tests spatial random-
ness by comparing nearest neighbor distances from random points and randomly
chosen gold particles, has proven simple and intuitive for analysis of single-size
particle distribution. As described (18), the expected distribution for random
points is a bell-shaped curve centered about 0.5; this value is plotted as a smooth
curve in both Fig. 6B,C. The histogram in Fig. 6B shows Hopkins values for
the distribution of GM1 ganglioside when labeled on prefixed membranes (13).
The plot is marginally shifted to the right, indicating a near-random distribution
in the absence of active crosslinking. In contrast, Fig. 6C shows the Hopkins result
for ErbB2 receptors. Clusters of gold-labeled receptors in fixed membranes can be
directly observed in Fig. 1. The histogram in Fig. 6C shows a marked shift to the
right, confirming a high degree of clustering.
One important set of tools used to evaluate spatial distributions at the nanometer scale
arose from work on a much different scale—that of tree patterns in ecology. The
Ripley’s K function was first described in 1976 (19) and later refined by Haase (20).
The Haase approach uses L(f) — t for each distance ¢, where L(f) = [K(¢)/7])'2, and K(¢)
is the Ripley’s K function. Because the transformation from R to L is nonlinear and
the assumption of complete spatial randomness (CSR) is violated at large and small
scales, it is important to assess L using Monte Carlo simulations. As its first applica-
tion to EM data (16), several groups have implemented Ripley’s K function to ana-
lyze clustering of a single-molecular species labeled with gold particles (8,20,21).
Most frequently, a variant of the Ripley’s test that is particularly useful for
defining spatial relationships between two different species is used (13,17).
Termed the Ripley’s bivariate test, it specifically evaluates coclustering for statis-
tical significance using Monte Carlo simulations. Figure 7A,B illustrate the use of
Ripley’s bivariate test, as demonstrated in ref. 13. The dotted lines give a 99%
confidence envelope for CSR estimated from 100 Monte Carlo simulations. For
the condition of GPI-anchored Thy-1 vs GM1 (Fig. 7A), the solid black L(f) — ¢
line is within the confidence envelope, indicating that the deviation from CSR is
not statistically significant. In contrast, aggregation of Thy-1 by applying
crosslinking reagents to live cells enhances the coclustering of Thy-1 with the
palmitoylated transmembrane adaptor protein, LAT (Fig. 7B). Here, L() — ¢ rises
above the confidence interval over a range of 30-200 nm, indicating a high degree
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Fig. 7. Ripley’s bivariate analysis. (A) Fixed samples were double-labeled for Thy-1

and GM1 using two different sizes of gold. This example fails the Ripley’s test for
coclustering, because the solid black line falls within the confidence interval represented
by the dotted lines. (B) Cells were pretreated at 37°C with mouse anti-Thy-1 plus anti-
mouse gold before ripping. Sheets were fixed and double-labeled to document the dis-
tribution of LAT. This example passes the Ripley’s test for coclustering, because the
solid black line rises above the confidence interval represented by the dotted lines.

12.

of coclustering between the two species in this distance range. Prior et al. (8) have
implemented a related bivariate K-function analysis in analyzing the distinct dis-
tributions of H-Ras and K-Ras clusters on fibroblast membrane sheets.

Clustering algorithms also have useful applications in analysis of particle dis-
tributions, particularly for estimating relative changes after cellular responses
to ligand or other treatment conditions. Figure 8 shows the outcome of a
coclustering algorithm based on pairwise analysis of particles within a given
small distance of each other, which is repetitively applied to evaluate relation-
ships of all particles. This algorithm provides a method to estimate the percent
of mixing for two species, as well as their relative cluster size, and is not sensi-
tive to modest changes in the cutoff distance. The example shown here estimates
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Fig. 8. Use of clustering algorithms. Clusters are identified by putting any two par-
ticles that are separated by less than a specified cutoff distance into the same group. In
this micrograph, clusters of 5 and 10 nm particles are defined by a cutoff distance, 3d,
where d is the diameter of the particles. Clusters of only individual species are plotted
in the upper left and lower right quadrants. Clusters that contain both species (mixed
clusters) are plotted in the upper right quadrant; the percent coclustering can be calcu-
lated from values in this quadrant.

that 27% of species A (labeled with 5 nm particles), and 57% of species B
(labeled with 10 nm particles) are present as coclusters. Because clustering
algorithms can produce false positive results (particularly at high density), it is
still important to use statistical analysis, such as the Ripley’s bivariate test, to
test that the coclustering is significant.

5. Conclusions

The membrane sheet technique has broad applications in membrane biology.
It offers a “snap-shot” view of the plasma membrane at the time of preparation.
By carefully balancing cell pretreatment strategies, fixation conditions, and probe
design, one can achieve high-resolution topographic information with low risk
of artifacts. It is strongly believed that this technique is best applied, not as a sole
method of analysis, but in combination with other biochemical, biophysical,
and microscopic techniques. For example, complementary immunoprecipitation
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studies can provide bulk information about the postranslational modifications of
proteins in signaling cascades and evidence of protein—protein assemblies.
Complementary live cell imaging applications can provide time resolution, and
particularly when combined with biophysical approaches, potentially resolve
questions about the diffusion characteristics and exchange rates of particles that
can be shown at the TEM level to organize into clusters. Confocal microscopy
and immunogold-scanning electron microscopy provide another important level
of information—that of the three-dimensional spatial orientation of molecules on
membrane projections, such as microvilli and membrane ruffles, as well as spe-
cific redistributions because of establishment of cell polarity and/or cell adhesion.
These important cellular features are not apparent in the two-dimensional infor-
mation obtained on membrane sheets.

The authors hope that other groups will find the membrane sheet method valu-
able in their research programs and will share—and extend—the goal of integrat-
ing knowledge of biochemical interactions involved in signaling pathways with
knowledge of the topography of membrane-associated signaling proteins and
lipids. The results should extend the understanding of how cells regulate the effi-
ciency, specificity, amplitude, and duration of signaling and to identify new drug
targets useful for the treatment of asthma, cancer, and other diseases.
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Atomic Force Microscopy of Lipid Domains
in Supported Model Membranes

Alan R. Burns

Summary

Atomic force microscopy (AFM) has been a significant tool in the characterization of lipid
domains in model membranes. With AFM, one can image the structure of membranes in a natu-
ral fluid environment with a lateral resolution that approaches 1 nm and vertical resolution of
0.1 nm. The AFM technique is discussed, with a special emphasis on imaging soft, compliant mem-
ranes that are supported on solid substrates such as glass or mica. In typical model membranes,
lipid domains are formed by phase separation in multicomponent lipid mixtures and are observed
by nm-level height differences owing to lipid packing. A general procedure for creating supported
lipid bilayers through vesicle fusion is discussed.

Key Words: Atomic force microscopy; bilayer membranes; lipid domains; lipid rafts;
scanning probes; vesicle fusion.

1. Introduction

1.1. Brief Review of Scanning Probe Applications
in Lipid Domain Studies

Almost since its inception (1), atomic force microscopy (AFM) has been
applied to biological samples and has been readily adapted to imaging soft
materials in a fluid environment. Unlike transmission electron microscopy or
fluorescence imaging, the nanoscale proximal probing technique of AFM
intrinsically yields lateral resolution based on true height information; and thus,
is able to directly map topographic features in membranes. Furthermore, it has
the potential, through subtle mechanical interactions, to map changes in mate-
rial composition or packing density that directly relate to membrane structure
such as lipid domains. AFM thus bridges a very significant gap that is now pres-
ent in light and electron microscope membrane imaging and characterization.

From: Methods in Molecular Biology, vol. 398: Lipid Rafts
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It has been well established in the imaging of biomembranes that AFM can pro-
vide undistorted, molecular-scale lateral (<2 nm) and height (<0.1 nm) resolution,
owing in large part to sensitive feedback detection with small forces (<0.2 nN) and
sharp probes (<20 nm radius) (2—4). Although much of the imaging is still per-
formed in “contact mode” (CM-AFM), wherein the probe tip is continuously
scanned over the surface, comparable resolution is achieved through intermittent
“tapping mode” or “amplitude modulation mode” (AM-AFM). Both techniques
will be discussed.

AFM has been successfully used in numerous studies (5-13) to image
domain structure in supported lipid monolayers and bilayers on the basis of
topographic height differences between gel-phase (gel), liquid-ordered (L),
and liquid-disordered domains (L ). It is generally recognized that, for lipids of
equal length, those height differences are directly related to the packing density
of the phase-separated domains: densely packed gel domains > L domains >
loosely packed L; domains. Like unsupported membranes visualized by fluores-
cence imaging, the domain boundaries imaged by AFM can also reflect the domain
morphology. Gel domains tend to be irregularly shaped, whereas L and L,
domains tend to be more rounded (14).

Scanning probe microscopy has been largely responsible for the burgeoning
nanotechnology, which spans material sciences from electronics to biology.
Because of its versatility in imaging most materials under a wide variety of con-
ditions, AFM has been the main workhorse. As such, new advances in AFM
imaging and AFM-based nanoscale materials characterization techniques have
given rise to new advances in nanotechnology. Because AFM is in a continuous
state of refinement in instrumentation and software at the hands of commercial
manufacturers and researchers, it is best to discuss only the basic techniques
that should be in the repertoire of all AFM-imaging instruments. These tech-
niques may differ in implementation from one instrument to the next, so no ref-
erence is given to instrument-specific or software-specific procedures.

1.2. Basic Principles of AFM Operation

The basic principles of AFM are depicted in Fig. 1. The overall concept is
that a nanoscale probe “tip” at the end of a cantilever is scanned over the top
surface of a sample (e.g., supported bilayer). The up and down motion of the
probe tip is ideally a direct measurement of the sample topography or “height”
in “Z,” as a function of “lateral” position in “X”” and “Y.” With few exceptions,
the displacement in Z of the tip is detected by the sensitive optical lever tech-
nique: a laser beam (usually a 670 nm diode laser) is focused on the end of the can-
tilever just above the tip, which reflects it to a photodiode that is divided into four
separate quadrants. Z motion is detected by the relative change in signal of the sum
of the upper two quadrants relative to the sum of the lower two quadrants.
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Fig. 1. Basic operation of AFM. A probe tip on the end of a cantilever is raster
scanned in X and Y directions across a sample mounted on a piezo scanner (in this case
the sample moves and the tip is stationary). A laser beam is reflected off the cantilever
and is detected by a quadrant photodetector. Both vertical deflection (in Z) of the can-
tilever owing to normal forces, and torsional deflection owing to lateral forces are reg-
istered in the quadrant photodetector (see text for details).

This is the “normal force” signal. Torsional (side-to-side) motion of the can-
tilever is detected by the relative signal of the sum of the right quadrants rela-
tive to the sum of the left quadrants, and is caused by “lateral forces” owing to
tip-induced friction. Because it is wished to eliminate potentially destructive
lateral forces when imaging soft biological samples, this signal should always
be maintained close to zero by minimizing the normal force load.

Scanning motion of the tip in X and Y over the sample is controlled by volt-
ages applied to separate elements of a piezoelectric device or “piezo scanner.”
The piezo also controls the tip—sample interaction in Z. In some instruments,
the sample is mounted on the scanner, and thus, the sample is moved relative to
the tip (see Fig. 1); in others, the cantilever is mounted on the scanner and the
sample is stationary. In some special cases (5,6), Z motion is controlled by a
separate piezo, and X and Y are controlled by another. When raster scanning in
X and Y, one direction (X or Y) is chosen as the “fast” scan direction (usually in
the range 1-10 Hz or lines/s), whereas the other is the “slow” scan direction.
Maximum scan ranges for X and Y are usually <100 pm.
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The Z motion of the piezo determines the amount of “normal force” applied
to the sample at the probe tip. This is controlled by a feedback circuit that meas-
ures the normal force signal at the quadrant detector. The amount of voltage
applied for Z piezo motion to maintain a constant force is directly related to the
sample topography; and is thus processed as the “topography” or “height” sig-
nal. The “raw” photodiode signal is the “deflection” signal. The Z feedback
circuit is engaged continuously when the probe is in contact with the sample,
regardless whether stationary or scanning. All three piezo motions (X, Y, and Z)
must be calibrated as discussed in Subheading 3.2.

The aforementioned description in which the probe tip is in continuous con-
tact with the sample is commonly called CM-AFM. An alternative method,
commonly called AM-AFM, involves feedback control of the amplitude of an
oscillating (usually >8 kHz) probe tip that is only in intermittent contact with
the sample. The up and down cantilever oscillation is driven by a small sinu-
soidal voltage applied to the Z piezo motion (or to a second, dedicated Z piezo).
The modulated normal force signal is detected (and demodulated) with a phase-
sensitive lock-in amplifier. This lock-in signal is maximum when the probe is
“free” or out of contact and will be attenuated when intermittent contact occurs.
The sample topography is thus mapped by applying voltages to the Z piezo
required to maintain a set oscillation amplitude (e.g., 90% of free amplitude)
that corresponds to soft intermittent contact. The main advantages of AM-AFM
relative to CM-AFM are: (1) it eliminates lateral forces as it is in intermittent
contact; and (2) lock-in detection is immune to thermal and piezo (“DC”) drifts
that must be constantly checked in CM-AFM. The main disadvantages are that
it is a more complicated technique that requires more initial effort, and it can,
at times, have slightly more noise.

The phase-shift between the drive signal and the amplitude signal in AM-
AFM can also be detected and captured through simultaneous “phase images.”
The phase-shift is sensitive to material properties such as elasticity, viscoelas-
ticity, and probe-sample adhesion (15), and may reveal details in lateral struc-
ture absent in the topographic “height” images. However, contrast is difficult to
achieve in phase imaging of soft biological materials because the imaging
forces are kept to a minimum.

Photos of typical cantilevers and probe tips are shown in Fig. 2. Both the probe
and cantilever are microfabricated from a single piece of silicon nitride or silicon.
Typical sharp probe tips have a 10-20 nm radius of curvature; “very sharp”
probes can have a radius less than 5 nm. In these special cases (not discussed
herein) when it is important to know the tip radii, samples with atomically sharp
features such as SrTiO; crystal planes (16) are used to indirectly trace the probe tip.
Cantilevers come in rectangular “diving board” or “triangular” shapes. Regardless
of the shape, the length and thickness of the cantilever is of critical importance,
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‘400 nm

Fig. 2. Examples of AFM probe tips (upper) and cantilevers (lower). In the lower
right is a rectangular cantilever, and in the lower left are two triangular cantilever of
different lengths.

because together they determine the “stiffness” or force (spring) constant k. As will
be discussed in detail next, when imaging delicate membranes in CM-AFM, soft,
compliant cantilevers having a force constant k < 0.1 N/m are required. Stiffer
cantilevers can be used for AM-AFM (k < 1 N/m).

2. Materials
2.1. Supported Model Lipid Bilayers

1. Lipids, commercially available from Avanti Polar Lipids (Alabaster, AL),
Invitrogen-Molecular Probes (Eugene, OR), or Sigma Chemical Co. (St. Louis, MO).
Kept at —20°C.

2. High-performance liquid chromatography grade chloroform and methanol.

3. Phosphate-buffered saline (PBS buffer): 150 mM NaCl, 50 mM sodium phosphate,
1.5 mM NaN,, pH 7.4.

4. Vortexer (e.g., Thermolyne, Dubuque, IA).

5. Extruder (e.g., Northern Lipids, Vancouver, Canada) with 100 nm pore membranes
(e.g., Whatman Nuclepore Track-Etch available from VWR Inc. [Westchester, PA]
or Fisher Scientific [Pittsburgh, PA].

6. Argon.
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7. Ultrapure water (e.g., 18 MQ-cm from Barnstead Nanopure filter system,
Dubuque, IA).

8. Dynamic light scattering apparatus (e.g., Protein Solutions, High Wycomb, UK).
9. 25-mm Diameter glass cover slips or mica (see Note 1).

10. H,SO, and H,0,.

11. Leiden cover slip dish (e.g., Harvard Apparatus, Holliston, MA).

12. 70°C oven.

13. Vacuum desiccator without the desiccant (e.g., VWR or Fisher Scientific).

2.2. AFM Apparatus

1. AFM equipped with electronic controllers, cantilever holders suitable for fluid
imaging, fluid cell (dictated by AFM/sample geometry), and software.

2. Air table for vibration isolation (e.g., Technical Manufacturing Corp., Peabody,
MA, or Newport Corp., Irvine, CA).

3. Silicon nitride or silicon cantilevers with nominal force constants <0.1 N/m for
CM-AFM or <0.5 N/m for AM-AFM (e.g., Veeco Metrology, Santa Barbara, CA;
NT-MDT Mikromasch, Portland, OR).

4. Ultraviolet ozone cleaner (e.g., UVOCS Inc., Montgomeryville, PA).

5. Calibration samples (e.g., Ted Pella, Redding, CA; NT-MDT Mikromasch).

3. Methods
3.1. Preparation of Supported Lipid Bilayers Through Vesicle Fusion

There are two commonly used techniques for the preparation of supported
lipid bilayers for AFM imaging. The first involves the use of a Langmuir-Blodgett
trough to form monolayers on a water surface that are subsequently transferred to
a substrate, one monolayer at a time. Langmuir-Blodgett deposition (7,13,17)
requires special equipment (a computer-controlled trough), involves two separate
depositions to form a bilayer, and often exposes the lipid monolayers or bilayers
to air. Vesicle fusion, pioneered by H. McConnells’ group (18), is the alternative
technique. It is far more convenient than Langmuir-Blodgett deposition, starts
with preformed bilayers (vesicles), and is accomplished entirely under fluid con-
ditions, (thus, never exposing the supported bilayer to air). Vesicle fusion is the
method of choice for this author and will be discussed next.

As shown schematically in Fig. 3, vesicle fusion involves the adsorption, rup-
ture, and fusion of lipid vesicles into a continuous supported bilayer. The “iso-
lated” process shown in Fig. 3 is one of many that have been proposed in various
biophysical models (19-21). There are many variations of the vesicle fusion tech-
nique involving choice of substrates (usually glass or mica, see Note 1), temper-
ature, ionic strength of solution, and vesicle (liposome) preparation. It has been
found to work best for vesicles larger than 100 nm in diameter (21). Thus, 100 nm
pores should be used with an extruder and the vesicle size distribution checked
with light scattering (see Fig. 4). A general procedure based on samples mounted
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Fig. 3. Highly schematic depiction of vesicle fusion on a solid substrate (e.g., glass
or mica). From left to right: A single 100 nm vesicle adsorbs to the substrate, deforms
due spreading, and finally ruptures. The ruptured vesicle will fuse with others to form a
complete bilayer. This is just one of several proposed mechanisms (see text). A 1-2 nm
water layer separates the lipid bilayer from the substrate.
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Fig. 4. Example of light scattering histogram that shows size distribution of vesicles
after extrusion.

in a fluid-containing Leiden cover slip dish (see Fig. 5) is outlined next. The
reader is encouraged to examine the other methods of vesicle fusion (8-12,20).

3.1.1. Vesicle Preparation

1. Make stock solutions of lipids in high-performance liquid chromatography grade
chloroform:methanol 3:1 (v:v) (see Note 2). Typical concentrations are 85 mg/mL.
Store at 4°C under nitrogen in well-sealed flask. Make fresh stock solutions after
about 30 d.
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Fig. 5. Cover slip dish (Harvard Apparatus). It accommodates 25-mm glass cover

slips

12.
13.

(or mica) and is sealed by O-rings.

Measure accurate amounts of stock solutions (a calibrated glass syringe works
well) into a clean test tube to eventually make 3 mL of a 3 mM solution (see step 5
next) of lipids.

. Place tube on rotary evaporator and dry down while keeping solution at 40-50°C

with a water bath.

Store dried lipids under vacuum at room temperature until needed (e.g., vacuum
desiccator without the desiccant). Vent with clean nitrogen or argon.

Resuspend dried lipids in 3 mL PBS buffer to make 3 mM solution.

Vortex for several seconds.

Freeze in 2-propanol/crushed dry ice and thaw in 60°C water bath. Repeat 10 times.
Assemble clean extruder, using 100 nm pore membrane, and argon gas lines (500 psi).
Adjust water jacket to 60°C, and using PBS buffer to prime system, extrude while
checking for leaks.

Load lipid sample and extrude 10 times.

. Check for size distribution with light scattering apparatus. A representative size

distribution is shown in Fig. 4.
Store at room temperature for short periods (1 d), or 4°C for long periods.
Disassemble extruder and thoroughly clean and rinse parts in nanopure water.

3.1.2. Vesicle Fusion on Substrate

1.

Clean glass cover slips in (7:3) H,SO,:H,0, (caution: this is potentially explosive
when reacting with organics), rinse thoroughly in distilled water and ultrapure
water, and store under ultrapure water (18 MQ-cm).
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2. Just before use, dry cover slips under a stream of pure, dry nitrogen and mount in

a Leiden cover slip dish. The dish shown in Fig. 5 accommodates 25 mm cover

slips. Check for leaks using nanopure water.

If mica is used, mount freshly cleaved mica in cover slip dish (see Note 1).

Warm vesicle suspension in 60°C water bath for several minutes.

5. Add 0.8 mL PBS buffer to assembled cover slip dish, followed by 0.2 mL of vesicle
suspension.

6. Cover and incubate in 60—70°C oven for 1-2 h, making sure no significant evap-
oration occurs.

7. Cool slowly (1-2 h) to room temperature.

8. Rinse carefully and thoroughly with PBS buffer. Never expose bilayer to air.

9. Mount on AFM.

3.2. AFM Calibration Procedures

The following two sections are not daily procedures, but are important steps
to AFM characterization of lipid rafts that are done to maintain accuracy.

3.2.1. Calibration of X, Y, and Z Piezo Motion

hali

The piezoelectric motion in an AFM must be calibrated regularly (at least
once a year) because the X, Y, or Z displacement “sensitivity” (nm/V) can
change with age. The sensitivities for each direction of motion are stored in the
AFM software and are used to convert raw data into images. The most common
procedure is to image commercially available calibration grids or gratings and
to use those accurate dimensions to readjust the stored sensitivities. Because
piezos also exhibit nonlinearities over large ranges, it is recommended that one
use calibration grids/gratings that correlate as much as possible with common
feature sizes of interest. For lipid domains, this would correspond to lateral
dimensions of 0.1-5 um and heights <50 nm. Usually X and Y are done together
(Fig. 6A) using a sample for lateral calibration, and Z is done separately using
a sample for depth calibration (Fig. 6B). An example of a line profile for depth
calibration is shown in Fig. 6C. With these measurements, a new sensitivity
calibration C. (i =X, Y, or Z) is given by:

i,new

Ci old
C =—= (nm/V)

i,new

(Dmeasured / Dactual

where D ., is the displacement of the piezo, D, ., is the specified, cali-
brated feature size, and C, ,is the old sensitivity measured previously.

3.2.2. Calibration of Cantilever Force Constant

Unlike protein unfolding experiments or cell nanomechanics, very precise,
accurate force measurements are not to be concerned with. However, in CM-AFM
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Fig. 6. Images of commercially available grids and gratings for piezo calibration.
(A) A square grid with 463 nm periodicity in both X and Y (Ted Pella). (B) A grating with
25.5 nm etched pits (NT-MDT Mikromasch). (C) Cursor plot of cross-section (gray
line) of grating shown in B.

the concern is with reproducibly applying small forces (loads) on soft, com-
pliant lipid bilayer samples. Cantilevers come with a “nominal” force (spring)
constant according to their fabrication dimensions; long, thin cantilevers are
more compliant than short, thick ones. Because most cantilevers are shipped as
part of a microfabricated batch that is fairly uniform, the force constant for a
few random ones should be checked. There are many calibration procedures
(22-24). A simple procedure, based on thermal noise (24), is briefly dis-
cussed herein.
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Fig. 7. Data used for calibration of cantilever force (spring) constant k. (A) Power
spectrum of cantilever motion (Z deflection) in air at room temperature. The peak is the
natural resonance frequency in air. The area under the peak is integrated to obtain k.
This requires determination of the cantilever deflection sensitivity (V/nm) as shown in
(B). Based on ref. 24.

The force constant k can be expressed as a function of the mean-square of
random cantilever deflection fluctuations d at temperature 7*

()

where k; is Boltzmann’s constant. One can measure the deflection fluctua-
tions of a freely oscillating cantilever in air near its natural resonance frequency.
This is most easily acquired in the frequency domain as shown in Fig. 7A,
where (d?) is equal to the area under the Lorentzian curve (see Note 3).
However, before one integrates the data, one has to know the cantilever
deflection sensitivity (in V/nm) as detected by the quadrant photodiode. The
deflection sensitivity is easily determined by measuring the slope of the volt-
age change during deflection vs displacement after cantilever contact with a
substrate (assuming the Z piezo has been calibrated), as shown schematically
in Fig. 7B.

Once the force constant k is known, it should be entered in the software.
Then one can convert the cantilever deflection (voltage) vs displacement curves
into force profiles as shown in Fig. 8., which are used to characterize all of the
forces experienced by the cantilever on approach to the surface (A) and while
withdrawing (F).
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Fig. 8. Schematic representation of force profile experienced by cantilever. (A)
approach, (B) jump-to-contact, (C) repulsive deflection on compression, (D) attractive
deflection on withdrawal followed by, (E) pull-off force, and (F) retraction. Best results
in imaging soft lipid bilayers are obtained by minimizing the long-range forces that can
be responsible for jump-to-contact in B and pull-off forces in E.

3.3. Minimizing Long-Range Forces With Electrostatic Shielding

Long-range forces must be minimized in order that short-range forces be
used in force feedback. It is through short-range forces (i.e., van der Waals,
hydrophobic) that high-resolution imaging under well-controlled small loads
(<0.2 nN) is possible (25). Particularly noteworthy in Fig. 8 are the “jump-to-
contact” force (shown as arrow B) and the “pull-off” force (shown as arrow E).
Both can, owing to long-range adhesive and electrostatic forces, overcome the
spring constant of the cantilever. They need to be minimized (or shielded) as
much as possible in imaging lipid bilayers. Electrostatic shielding can be imple-
mented by using buffers that have an ionic concentration in the range 100-300
mM (e.g., PBS buffer in Step 3 in Subsection 2.1.) (25). An example of an
actual force curve that is routinely observed for supported lipid bilayers in PBS
buffer is shown in Fig. 9. One can see that the jump-to-contact and pull-off
forces are absent, the approach and withdrawal are indistinguishable, and a
small load setpoint is easily achievable.

3.4. Cantilever Preparation and Sample Mounting

1. Select CM-AFM (<0.1 N/m nominal) or AM-AFM (<1 N/m nominal) cantilever
from Gel-Pak 4® holder (see Note 4).

2. Place cantilever on clean glass slide inside ultraviolet ozone cleaner and run
cleaner for 15 min.

3. Retrieve cantilever and load onto fluid cell cantilever holder provided by AFM
manufacturer.
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Fig. 9. Typical force profile obtained in CM with sample in PBS buffer that provides
electrostatic shielding. These force profiles are also used to check for proper CM-AFM
feedback setpoint (e.g., 0.2 nN) at zero displacement.

4. Mount sample (e.g., cover slip dish, fluid cell) and cantilever holder on AFM and

turn on instrument.

Lower cantilever into fluid so that it is fully immersed.

6. Align laser onto end of cantilever using available optical tools provided by AFM
manufacturer.

7. Center reflected spot on quadrant detector so that the normal force and lateral
force signals are close to zero.

8. Let cantilever and sample thermally equilibrate (with laser and AFM electronics
on) for an hour (see Note 5).

3.5. “CM-AFM” Imaging

1. After thermal drift has settled down, adjust laser spot on quadrant detector so that the
normal force reading is slightly negative, corresponding to a small attractive force.

2. With a setpoint of zero and the software in CM, approach the surface using software
control and bring cantilever into contact with the surface. The lever signal will go up
to zero and the feedback circuit will take over.

3. Acquire a force vs displacement profile as depicted in Fig. 9 and adjust feedback
setpoint and/or signal bias to insure feedback at 200 pN or less. Notice in Fig. 9
that the setpoint is at zero displacement. This procedure is highly specific to the
AFM software; however, the physics is the same for all instruments and observing
the force profile is critical in order to make sure that the load on the sample will
cause no distortions and still provide good images. Because of cantilever and/or
piezo drift, this step must be performed repeatedly all day (especially before any

Nt
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image is acquired). A force profile is a good way to check for false engagement
(see Note 6) on approach.

4. Optimize gains by looking at “height (topography)” signal in oscilloscope mode
or perform repeated line traces (slow scan off) at a reasonably large scan size (e.g.,
10 um at <3 Hz). Depending on the AFM control electronics, the gains should be
increased gradually until feedback oscillations occur in the line traces (see Note 7).
These oscillations can sometimes be more visible in the “deflection” signal.
Reduce gains until oscillations disappear.

5. Using line traces, minimize “slope” of both fast and slow scan directions. This
procedure will depend on software/control electronics.

6. Before taking the first image, the vibration/acoustic background should be checked
once (at the beginning of the session). Check software for instrument-specific pro-
cedure, or using the same spectrum analyzer used to calibrate force constants
(Subheading 3.2.2.), acquire a low-frequency (0-250 Hz) spectrum of the “height
(topography)” signal while in feedback, but not scanning. Most air tables eliminate
noise >100 Hz, but not all noise <100 Hz. As shown in Fig. 10, this spectrum
reflects the noise level in Z, which should be less than 1A (0.1 nm) at all frequen-
cies. If a large peak at 60 Hz (and its harmonics) is observed, alternating current
(AC) electrical-mechanical noise (“hum’) has coupled into the vibration isolation.
This is usually caused by AC devices sitting on the same table as the AFM. Other
vibration noise sources can be nearby fans, elevators, hallway traffic, and so on. It
pays to locate the AFM in a quite, acoustically baffled environment.

7. Begin acquiring images for both “height (topography)” and “deflection” signals.
Always check force profiles (step 3 aforementioned) and adjust load before
acquiring each image.

8. The scan rate can be increased for smaller, high-resolution images (e.g., up to 10 Hz
for 100 nm scans). However, if the scan rate is too fast, the piezo scanner will cause
ringing in the images.

3.6. AM-AFM Imaging

1. Follow steps 1-2 in Subsection 3.5. in order to “find” surface of sample using
CM. However, do not remain in contact; retract cantilever a few \m, staying close
to sample.

2. Go into AM-AFM mode (software specific) and tune cantilever to find resonance
peak. This procedure will vary with software. Often the strongest resonance is 8 KHz
because of coupling with the fluid cell. This resonance can be used successfully.

3. Adjust the oscillation frequency to be slightly lower (few 100 Hz) than the reso-
nance peak and adjust setpoint to be about 90% of oscillation amplitude.

4. Approach surface and make sure feedback is engaged.

5. Acquire a force profile to make sure the setpoint reflects 90% of amplitude and
there is no false engagement (see Note 6). See Fig. 11 for a sample AM-AFM force
profile (for clarity, only approach is shown). Notice in Fig. 11 that the output of the
lock-in amplifier (which detects the oscillation amplitude) decreases as soon as
intermittent contact is made. Fortunately, because AM-AFM uses a phase-sensitive
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Fig. 10. Spectrum of vibrational noise experienced by stationary cantilever in con-
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Fig. 11. Typical force profile obtained in AM-AFM mode, showing amplitude atten-
uation after contact and 90% setpoint. (Oscillations on approach are from excessive
gain on lock-in and are not present during feedback.)

modulation signal, it is not subject to the DC drifts that affect CM-AFM. Thus,
AM-AFM does not require constant checking of the force profile before imaging.
However, it should be checked whenever the cantilever is withdrawn for some rea-
son and brought back to the sample surface.
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6. Perform steps 4—6 in Subsection 3.5.

7. Begin acquiring images both for “height (topography)” and “phase-shift.” Phase-
shift images are usually featureless for uniform lipid bilayers. However, they can
confirm defects in the bilayers that appear in the topography. AM-AFM scan rates
should be kept slower (1-3 Hz) than CM-AFM.

8. If images are not sharp owing to poor tracking, adjust setpoint to slightly increase
amplitude damping. Conversely, check for any sign of tip-induced distortion in the
images owing to excessive damping or amplitude. If this is the case, retract can-
tilever and reduce damping and/or amplitude.

3.7. Image Analysis

Image acquisition and analysis is essentially the same for both CM-AFM or
AM-AFM. While acquiring images, careful control of the feedback (‘tracking”)
and scanning parameters prevent many artifacts (Step 2 below). All commercial
AFM instruments come with software to analyze and process the images. The
basic routines such as imaging “flattening” (Step 3 below) are essentially the
same and should be well covered. More advanced techniques such as bandpass
filtering, FFT analysis, or image statistics are useful, but not usually required
for viewing and characterizing lipid domains. Remember, the images are data
and should be processed with caution.

1. It is always a good practice to record and store the “raw data” DC level images,
even if the AC level is displayed during acquisition. Copies of the DC level images
can then be processed later on (Step 3 below) to remove slow thermal and piezo
drift and unwanted piezo “slope” that was not fully adjusted in Step 5 of
Subsection 3.5.

2. Images that have artifacts are for the most part useless and should be discarded.
As noted earlier in Subsections 3.5. and 3.6., some artifacts such as blurred
images can arise from improper feedback control because of inadequate gain or
improper setpoints, whereas noise (oscillations) are because of excessive gain or
piezo ringing. Tip-induced artifacts are more difficult to assess. Impurities can
stick to the probe tip and suddenly reduce resolution; if that is the case, a new can-
tilever is required. A common problem that can be spotted quickly is double-tip
artifacts. An example is shown in Fig. 12. One can see that each feature in the
image seems to be duplicated at the same offset. That is because the AFM probe
physically has two points (asperities) at the end of the tip, each of which give rise
to a topographic signal under feedback control.

3. Owing to drifts noted earlier, the raw DC images almost always require “flattening.”
This process does not alter the content of the images, but removes slow changes
(drift) in the DC background that occurs during acquisition; visually, drift shows up
as darkened or lightened background in the image (see Fig. 13A). To make the
image background appear uniform from top to bottom, the mean value of each scan
line in the fast scan direction (e.g., X) is subtracted, i.e., adjusted to make the bC
level uniform. The average value of the entire data page is kept constant. Similarly,
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Fig. 12. Example of double-tip artifact in topography image. Bar = 200 nm.

to make the image appear uniform from side-to-side, the mean value of each scan
line in the slow scan direction (e.g., Y) is subtracted. This can remove piezo ring-
ing. Unwanted slope in X or Y can be removed by fitting each line to a linear equa-
tion. A typical image of lipid domains that has been “flattened” (no other proce-
dure) is shown in Fig. 13B. Finally, if a tube scanner is used, then often large scans
will exhibit a “bow” in the image owing to the arc traced out by the piezo. All
commercial AFMs using tube scanners have a routine to flatten the bowing by fit-
ting the background to a two-dimensional parabola or hyperboloid.

An example of a “cursor plot” or cross-section to measure lipid domain height dif-
ferences is shown in Fig. 13C for the dashed line drawn in Fig. 13B. Statistical
histograms (not shown) can also be used to examine average heights.

4. Notes

1.

Mica is the most common substrate for AFM because it can be freshly cleaved with
arazor blade. The freshly cleaved surface is atomically flat and free of ambient sur-
face contamination. However, mica is not an intrinsically clean material; it has
many surface contaminants such as K* and other impurities that give it color. It can
be highly charged after cleaving, which could effect its interaction with lipid bilayers.
Finally, it is not ideal for combined fluorescence imaging (5,6), because the crystal
planes scatter light and the impurities can cause fluorescence background.
Solvents can be pure chloroform or other ratios with methanol. Lipids are often
shipped in pure chloroform. Some lipids, such as GM1 ganglioside, will not dissolve
in chloroform, but will dissolve in ethanol.
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Fig. 13. Example of “flattening” AFM topography (height) image (TM-AFM) of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) gel domains observed in fluid
phase 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (3:1 DOPC/DPPC, bar = 1 um).
(A) DC “raw” image shows Z piezo drift (B) Flattened image removes DC drift (see text),
no other processing was performed. (C) Cursor plot of dashed line in B reveals the 1.1 +
0.1 nm height difference of DPPC domains relative to DOPC.

3. This data was acquired with the Fourier transform spectrum analyzer provided in the
AFM software. If not available, a stand-alone spectrum analyzer would be required.

4. Individual cantilevers are most often shipped in Gel-Pak 4® containers (plastic
boxes with silicone bottoms). These are ideal for cantilever storage and transport
and should be kept when emptied.
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5.

The reflective gold coating on the top side of cantilevers has a different thermal
coefficient of expansion than silicon nitride or silicon. This can cause the can-
tilever to bend before it gets fully equilibrated.

False engagement occurs on approach when the feedback loop falsely senses the
setpoint and stops the approach before contact. This can occur owing to noise or
adjusting the quadrant photodiode signal too close to the setpoint.

Control electronics vary in available gains. If integral and proportional gains are avail-
able, then maximize the integral gain first and adjust the proportional gain second
(about 2X integral gain). If there is one adjustable gain and a time constant available,
then maximize gain at high time constant, followed by reduction in time constant.
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Atomistic and Coarse-Grained Computer Simulations
of Raft-Like Lipid Mixtures

Sagar A. Pandit and H. Larry Scott

Summary

Computer modeling can provide insights into the existence, structure, size, and thermo-
dynamic stability of localized raft-like regions in membranes. However, the challenges in the
construction and simulation of accurate models of heterogeneous membranes are great. The pri-
mary obstacle in modeling the lateral organization within a membrane is the relatively slow lat-
eral diffusion rate for lipid molecules. Microsecond or longer time-scales are needed to fully
model the formation and stability of a raft in a membra ne. Atomistic simulations currently are
not able to reach this scale, but they do provide quantitative information on the intermolecular
forces and correlations that are involved in lateral organization. In this chapter, the steps needed
to carry out and analyze atomistic simulations of hydrated lipid bilayers having heterogeneous
composition are outlined. It is then shown how the data from a molecular dynamics simulation
can be used to construct a coarse-grained model for the heterogeneous bilayer that can predict the
lateral organization and stability of rafts at up to millisecond time-scales.

Key Words: Cholesterol; dioleoyl phosphatidylcholine; dipalmitoyl phosphatidylcholine;
lipid bilayer; mean field theory; molecular dynamics; sphingomyelin.

1. Introduction

As discussed in other chapters, in this volume there is abundant evidence
gathered in recent years suggesting that cellular plasma membranes contain
small domains of different lipid composition. Of particular interest are nano-
size membrane fragments insoluble in detergent. These fragments are called
detergent-resistant membrane domains (DRM) or “rafts” (I-4). In a biological
context there is much evidence that nanometer-sized domains, presumably sim-
ilar in structure to DRMs, are important membrane structural components in
signal transduction (5-8), protein transport (9-11), and sorting of membrane
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components (12-15). There is also evidence for rafts functioning as sites for the
binding and transport into the cell of several pathogens and toxins, including
the human immunodeficiency virus-1 and the prion protein PrP* (16,17).

At lower temperatures much of the sphingolipid and cholesterol (Chol) com-
ponents of mammalian cell membranes can be isolated in DRM fragments
(18,19). Data from fluorescence polarization measurements of liposomes incor-
porating diphenylhexatriene show that the extracted DRM domains are in a
liquid-ordered (L) phase (20). In the L phase the lipid chains are highly ordered
but whole lipid molecules have rotational and lateral diffusion coefficients com-
parable with those in the liquid-crystalline (L) phase. Consequently, a major
focus of raft research involves studies of bilayer systems in the L phase (18).
These systems typically consist of mixtures of saturated phospholipids, sphingo-
lipids, and Chol. Reitveld and Simons (2) suggested that “rafts™ are L phase
domains dispersed in a L, phase bilayer. A variety of experimental techniques
have been used to study the properties of rafts or related L | phase domains in sim-
ple model membrane systems. The model membrane systems are generally mul-
tilamellar vesicles, monolayers, or giant unilamellar vesicle systems. Techniques
used typically include fluorescence microscopy (21-23), single-particle tracking
(24), differential-scanning calorimetry, X-ray diffraction (25), and atomic force
microscopy (AFM) (26-28). A comprehensive review of experimental studies of
rafts and DRMs (29) concludes that actual rafts in membranes may be very small
(10 nm in diameter) and that the intermolecular interactions, which drive the for-
mation and stability of these nanodomains is still largely unknown.

Computational modeling offers a potential way to gain insights into the
nature of the lateral organization in membranes that is not easily obtained in
experiments. Simulation studies are broadly divided into two classes; atomistic
simulations and simplified model simulations. At its most basic level, compu-
tational modeling is done by atomistic molecular dynamics (MD) or Monte
Carlo simulations. In recent years, numerous MD simulations have been run on
saturated phospholipid and Chol systems to investigate atomic level interac-
tions and properties of bilayers in the L phase (30-37). Most of these simula-
tions focus on the detailed interaction of Chol with the saturated phospholipid
and the clustering behavior leading to the L  phase. There have been relatively
few simulation and modeling attempts that directly focus on the issues related
to the separation of L and L  phases in bilayer systems (36,38,39). The reason
for the lack of such studies is twofold; first, to observe formation of a nanome-
ter-size domain requires a system as large as the domain plus surrounding
bilayer, which can mean at least thousands of lipids, plus waters of hydration.
Second, and even more seriously, very long time simulations are needed to
allow forsufficient lateral reorganization to occur through diffusion. Typically,
the times should be in the millisecond range, i.e., four orders of magnitude
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longer than the longest atomistic MD simulations accessible to current hard-
ware and software systems.

The approach described in this review is to first use MD simulations to
model the interactions between lipids and Chol in mixed lipid bilayers at an
atomic level. Then the MD data are used as input to construct a mean field-
based coarse-grained model that can serve as a predictive platform for the lat-
eral organization of the membranes.

2. Materials
2.1. Lipids Simulated

Dipalmitoyl phosphatidyl choline (DPPC).
Dioleoyl phosphatidyl choline (DOPC).
1-Palmitoyl, 2-oelyphosphatidylcholine (POPC).
18:0 Sphingomyelin (SM).

Phosphatidylinositol (PI).

Chol.

A

2.2. Software Tools

1. GAUSSIAN http://www.gaussian.com (40) for the calculation of forcefield
parameters.

2. There are several popular software packages that may be used for lipid bilayers MD
simulations. GROMACS open source software http://www.gromacs.org (41-43) is
the program used for MD simulations by the group. Other popular MD simulation
software includes NAMD (http://www.ks.uiuc.edu/Research/namd/) and the com-
mercial software CHARMM (http://www.charmm.org/). All these software pack-
ages rely on message passing interface-based parallelism, so they can be easily
installed and used on wide variety of parallel computers ranging from Symmetric
Multiprocessing Platforms SMP to small and large-scale clusters.

3. The algorithm for Configurational Bias Monte Carlo may be found in Ref. 44.
A widely used Monte Carlo Software Package that implements this algorithm and
is freely available is TOWHEE (http://towhee.sourceforge.net).

4. Analysis code and tools: the GROMACS package provides many programs for the
calculation of properties of simulated systems. In addition several analysis pro-
grams have been developed. These programs are written in “C” language and use
GROMACS libraries. Examples include code for the calculation of X-ray form
factors, and bilayer Voronoi tessellation construction.

2.3. Hardware Resources

1. Linux clusters: a Linux cluster is an inexpensive and convenient solution that can
deliver relatively low-scale performance owing to a common communication bottle-
neck unless installed with a low-latency performance bandwidth communication
device. This can lead to poor scaling of a simulation with increasing numbers of
processors, thereby reducing the advantage that liux clusters offer. GROMACS
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does not scale well with the number of processors (see Notes 1-5 for details) so
a small size cluster usually provides adequate computing backbone.

2. Supercomputing centers: simulations can be run at a supercomputing center.
Performance of the simulation depends on the exact facilities available at the cen-
ter and the queuing and resource allocation policies of the center.

3. Large-scale grids: grids are not a particularly useful computing backbone for atom-
istic MD simulations owing, again, to communication bottlenecks. However, if one
wishes to accumulate statistical data for, for example, domain structure and stabil-
ity, then multiple independent runs are an excellent use of a grid environment.

3. Methods
3.1. Atomistic MD Methods

In MD, snap shots of the system are generated by starting with initial posi-
tions and velocities of all the atoms in the system and integrating Newton’s
equations of motion for all these atoms. However, in doing so one must make
critical assumptions. One basic assumption is that the dynamical time-scales for
electronic degrees of freedom are several orders of magnitude faster than the
motion of the individual atomic nuclei. Hence, it is possible to approximate the
effects of electronic motions by averages when defining bonded and nonbonded
interactions. A second assumption is that all the nonbonded interactions are rep-
resented by pairwise interactions. Equation 1 shows a typical potential energy
form that incorporates these assumptions, and is used in most of the classical
MD software packages.

Vtofal:sz(r_ro)2+zKe(e_60)2+ 2 Kq)((D—(Do)z

bond angle improper
(12) (6)
qq. |C! C¢
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dihedral nonbonded L i 5 5
pairr

The sum runs over (in order) bonds, bond angles, improper and proper dihe-
drals, and all pairs of atoms that are on different molecules or are separated by
more than four interatomic bonds on a molecule. The dihedral function in
Eq. 1 represents the energy of a connected set of four consecutive atoms on a mol-
ecule. The parameters in each term in the sum must be determined as described
next. The negative gradient of this potential provides the force used in the solution
of Newton’s equations. In the implementation of MD simulations of a mixed or
raft-like lipid bilayer, through the above equation, the following steps are required:

3.1.1. Force Field Parameters

To obtain correct dynamics it is necessary to specify the set of parameters
in Eq. 1. These parameters are called force field parameters. In principle it is
necessary to determine these parameters by independent calculations and
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simulations that determine the values that provide the best fit to independent
experimental data. Many groups have already calculated force fields for lipids
and Chol (45-47). However, if a simulation of a new lipid or a Chol analog
such as ergosterol is planned, then the following force field parameters should
be calculated.

Bond-length and -angle parameters.

Partial charges.

The non-bonded parameters ' and C'7in Eqa.1.
Dihedral parameters.

S

3.1.2. Atomistic MD Simulation Setup

When setting up an MD simulation with GROMACS, a number of decisions
must be made and stored in an input file and in the molecular topology files
(GROMACS manual http://www.gromacs.org/documentation/reference_3.3/
online.html):

1. Hydrogen atoms: a decision must be made regarding the inclusion of hydrogen
atoms. Simulations that include all hydrogen atoms explicitly are referred as all-
atom simulations. Usually all-atom simulations are more accurate, but they
impose a huge penalty in time. This penalty arises from the large number of addi-
tional degrees of freedom associated with the hydrogen atoms. Also, explicit
hydrogens in the system restrict the integration time step because hydrogen atom
is an order of magnitude lighter than the other atoms in the simulation. As an alter-
native, one can use a united-atom model, in which apart from hydroxyl, amide,
and water hydrogen atoms, all hydrogens are combined with the atom to which
they are connected, forming a larger ‘pseudoatom’. For example, CH, and CH,
become pseudoatoms with larger interaction radii than abare carbon atom. Usually
for lipid systems, the united-atom simulations are preferred because they strike a
balance between accuracy and the simulation speed.

2. Boundary conditions: a simulated system is very small compared with the corre-
sponding experimental system. In such a small system the boundaries can have
significant effect on the physical properties of simulated systems. The usual
choice is periodic boundary conditions, whereby the system is replicated indefi-
nitely in all the directions.

3. Ensemble choice: the propagation of a simulated lipid bilayer, by MD integration
of Newtonian equations over time, samples the states on a constant energy hyper-
surface in the phase space of the system. This gives rise to a simulated system with
fixed number of particles (N), fixed volume (V), and fixed energy (E). Therefore,
an NVE simulation produces samples from the microcanonical ensemble. To pro-
duce samples from different ensembles, the system can be coupled to a heat bath
at constant temperature (NVT ensemble) and also can be coupled to pistons at
constant temperature and pressure (NPT ensemble). Hybrid ensembles such as,
constant pressure perpendicular to the membrane and constant surface tension
within the membrane (NYT), or constant surface area (NAPT) can be constructed.
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For a detailed review of coupling techniques see Frenkel and Smit (44). The NPT,
NvT, and NAPT ensembles are most frequently used in bilayer simulations (see
Notes 6 and 7 regarding isotropic and semi-isotropic pressure couplings).

4. Lennard—Jones cutoff: in MD software the bonded interactions are efficiently
implemented as static lists. The nonbonded interactions, such as Lennard—Jones
and electrostatics interactions, cannot be implemented as static lists because one
needs to consider all possible pairs of atoms in these interactions. With periodic
boundaries these sums have to incorporate the effect of atoms from periodic
images. However, if the interaction strength diminishes with distance faster than 13
(see Note 7 for details) then one can use a cutoff method whereby the potential is
calculated only up to cutoff radius from central atom and considered to be zero
beyond cutoff. Simulation software usually allows the user to select this cutoff value.
A conservative choice is 1.8 nm cutoff, which introduces approx 3 x 10+ kJ/mol
error in typical CH,~CH, interaction at cutoff distance (although many researchers
use a much shorter cutoff of 1 nm to improve simulation efficiency giving rise to an
error of approx 10~ kJ/mol in a typical CH;—CH} interaction).

5. Electrostatics: the long range electrostatic forces present a challenge. One can
simply truncate the electrostatic interaction, but this has been shown to produce
artifacts (48) as it diminishes with distance only as r~!. The situation becomes even
more challenging with periodic boundaries as electrostatic interaction sum
becomes conditionally convergent and requires special care in summing. A pre-
ferred choice for performing electrostatics sums in this situation is the Ewald sum-
mation algorithm, for example, see ref. 44. In software implementations the
Ewald sum algorithm is further improved using smooth particle mesh technique
(49). The Ewald sum algorithm requires parameters such as real space cutoff,
number of Fourier space vector, and so on (for details about choosing these
parameters see Note 7).

3.1.3. Running a Simulation

1. Construction of a bilayer for simulation: in simulations, a small patch of a
bilayer self-assembles in a lipid water solution in few tens of nanoseconds (50)
but usually simulations are performed starting with preassembled bilayers.
Programs have been developed to construct bilayers with various lipid composi-
tions under various conditions. For the simulations of raft-like bilayers one
needs to perform simulations with several different possible initial states, such
as preformed domain or random distribution of the lipid components in the system
(see Notes 5 and 8).

2. Egquilibration: the equilibration time depends on the size and chemical composi-
tion of the simulation, and on the initial state of the system. Typically, equilibration
is examined by calculating time correlation functions of relevant physical quanti-
ties of the system, for example, in protein systems one can observe autocorrela-
tion function (and correlation times) for Ramachandran angles. In lipid systems
usually area per lipid and chain order parameters are closely monitored. Apart
from physical properties, thermodynamic properties such as temperature and pres-
sure are also closely monitored during equilibration process.
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3. Diffusion and simulation time-scales: the duration of an MD simulation run is
determined by the slowest degrees of freedom that one wants to study. In raft-like
lipid simulations this time is determined by the diffusion coefficient of the lipid
constituents. Lateral diffusion coefficients for the lipids in the L, phase, determined
from experiment, are of the order of approx 5 x 10~'2 m? (51). This value along
with Einstein’s relation gives a root mean square displacement of approx 20 A for
a single lipid in 200 ns (see Note 9). So, if the organization is investigated on the
length scale of 20 A then, typical simulation runs should be several hundreds of
nanoseconds. On a small size linux cluster a GROMACS MD simulation consisting
of around 200 lipids with adequate amount of water (see Notes 2—4, and 9) can
achieve about a half nanosecond per day. Hence, one needs at least few months of
wall clock simulation time to observe organization on 20 A organization.

3.1.4. Analysis of Simulation Results

MD simulations: in general the strategy for the analysis of simulation data is
to calculate properties of the systems that can be measured experimentally. If
simulations agree with experimental data, then calculations of other properties
represent predictions of the simulation.

1. Area per lipid and Voronoi tessellation: area per lipid is one of the key proper-
ties of lipid systems. In experiments it is deduced from a model fitted to the elec-
tron density (52,53). In the simulation of pure systems the average area per
molecule is generally calculated by taking the ratio of twice the area of the sim-
ulation cell to the total number of lipid molecules. However, in mixtures this
crude method cannot give areas for each molecular species separately. The prob-
lem of calculating the correct area per lipid in Chol-DPPC mixtures has been
addressed by Hofsass et al. (35) and Chiu et al. (34). Hofsasp et al. resolved this
issue by considering the volumes of the constituent molecules and writing the
average thickness of the bilayer in terms of the simulation cell volume and area.
Chiu et al. performed several simulations with varying concentration of Chol
and observed a linear relation between the area per molecule and the concentra-
tion from which the area per DPPC and the area per Chol could be calculated.
An alternative method for calculating area per molecule in a binary lipid mix-
ture was proposed by Nagle and Edholm (54). The method is based on the use
of the partial specific area and requires simulations at several different stoi-
chiometries to extract the partial specific area for each component. However, for
ternary or higher mixtures of molecules neither of these methods can be used.
One method that can be used is based on Voronoi tessellation of the projected
coordinates of certain key atoms in each lipid onto some plane parallel to the
bilayer surface. Figure 1 shows a Voronoi tessellation for the simulation of ref. (55),
and see Note 10 regarding this technique.

2. Thickness of the bilayer: to measure the thickness in reliable way, the simulation
setup is first compared with a typical AFM experimental setup, for example, see
ref. 26. In the AFM experiments the thickness is measured with respect to a flat
surface on which the bilayer is supported. As there is no such flat reference
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Fig.

Pandit and Scott

1. Voronoi tessellation of domain system consisting of SM, Chol, and DOPC

(reprinted from ref. 52, with permission).

surface, an algorithm proposed by Pandit et al. (56) was used. This algorithm gives

a

surface-to-point correlation function. For each phosphorus in the top leaflet,

first, the phosphorus in the lower leaflet that is approximately below it, is identi-
fied. This is achieved by

a.
b.

C.

Tessellating the lower leaflet into Voronoi polygons.

Projecting coordinates of phosphorus from top leaflet on to this tessellated
surface.

Identifying the polygon in which the projected coordinates fall. This procedure
identifies a transbilayer “neighbor” for each lipid in the top leaflet.

With such identification, the distance of phosphorus in the top leaflet is

defined with respect to the surface defined by the phosphorus atoms in the lower
leaflet, as the normal distance between phosphorus atoms from two leaflets, which
are “vertical neighbors” of each other. This allows to calculate the densities of
phosphorus atoms of lipids in one leaflet with respect to the surface defined by the
phosphorus atoms in the other leaflet. From the peak of the density distribution,
one obtains the phosphorus-to-phosphorus thickness of the bilayer.
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3.

4.

Electron density and form factor: small angle X-ray scattering is a quantitative
tool for the structural study of lipid bilayer membranes (52,53). Small angle X-ray
scattering patterns reveal the form factors of the scattered X-rays. Although it is
possible to calculate electron density profiles from form factors, this effort
depends on models for the unknown X-ray phase factors. Therefore, MD simula-
tions should calculate form factors predicted by the simulations for direct compar-
ison with experimental data. In these calculations the simulation system is divided
in slices along the bilayer normal and the electron density is calculated by binning
the electron counts into slices. Because the electron density is symmetric around
the center of the bilayer plane, one can calculate the form factor by expanding the
electron density as a cosine transform. In simulations this is done by numerically
evaluating the following cosine transform:

F@)=["" Ip.)-pr leos(qa)dz

where L is the box length along z-direction, p (z) is the electron density profile
obtained from simulation, and pY is the electron density of the bulk water in the
simulations. The integration is evaluated using either the 1/3 or the 3/8 Simpson’s
rule. Figure 2 shows the electron density and the corresponding form factor for a
bilayer made up of quaternary mixture of POPC, SM, Chol, and PI.

Lipid chain order parameters: the ordering of hydrocarbon tails is determined in
nuclear magnetic resonance experiments with deuterated lipid chains by measur-
ing the quadrupolar splitting, associated with the deuterium order parameters for
the C-D bonds in the hydrocarbon chains. The order parameter tensor (S), is
defined as

S, = % <3cos(0,)cos(0,)—-0, >a,b=x,y,z

where 0, is the angle made by a-th molecular axis with the bilayer normal and
Sab is the Kronecker 9. In the simulations, with the united-atom force field, the
order parameter for saturated and unsaturated carbons S, can be determined
using the following relations,
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respectively, (57). The order parameter profiles can be calculated separately for each
type of molecule in the simulation. Figure 3 shows the order parameter profiles of
POPC, SM, and PI in a simulation.

Fair correlation functions: pair correlation functions are crucial to the understand-
ing of the structural properties of a raft-like bilayer. If properly sampled, the cal-
culated correlation functions can give information about change in free energy
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Fig. 2. Electron density profile (left) and the corresponding form factor (right) for
system consisting of POPC, SM, Chol, and PIL
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Fig. 4. RDF of SM—Chol and DOPC-Chol in ternary mixture system (reprinted from
ref. 59 with permission).

with the configuration of two particles as reaction coordinate. Most commonly, the
pair correlation functions are averaged over the solid angles giving only the radial
dependence. These are denoted as radial distribution functions (RDF). The RDF
is defined as

__Nw
8(r) 4mtr2pdr ®
where N(r) is the number of atoms in the shell between r and r + &r around the
central atoms, p is the number density of atoms, taken as the ratio of the number
of atoms to the volume of the simulation cell. In a ternary mixture simulation of
DOPC, SM, and Chol, the RDF between Chol-SM and Chol-DOPC is used to
investigate the role of Chol in the formation of raft-like domains (see Fig. 4). Figure 4
shows that the first coordination shell of SM, with respect to Chol. The first coor-
dination shell is defined by the location of the sharp peak in the RDF. In Chol-SM
case the first shell consists of two peaks, indicating two possible binding locations
for SM, whereas for Chol-DOPC, RDF has only one peak. However, it turns out that
the number of SM or DOPC molecules in the first shell of Chol are the same. This
information can be obtained by integrating RDF up to first coordination shell. This
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suggests that, even if there are two binding locations for SM, the coordination number
of Chol with SM and DOPC is nearly the same, so that Chol does not show specific
binding preference for SM or DOPC. Recent fluorescence spectroscopy and differen-
tial calorimetric studies performed on mixtures of PC and SM and Chol also indicate
a lack of specific interaction between SM and Chol (58). Hence, the RDFs by them-
selves do not provide direct insight into the role of Chol in domain formation.

The Chol molecule has one flat face (the o-face) and one face that is rough
because of protruding methyl groups (the B-face). As Chol lies primarily in the
hydrocarbon region of the bilayer, it is reasonable to question whether this specific
design of the Chol molecule plays any role in promoting domain formation. For
correlations involving two variables, orientation and position, one can define a
bivariate correlation function g(r, ¢) between one selected backbone carbon atoms
of DOPC and SM molecules, respectively, and the oxygen atom of Chol, defined by

8(r, o) - Nro)
2TrpdrdQ
where the distance r and p are defined as in RDFs, the angle ¢ is the angle made
by the distance vector with respect to the positive x-axis of the Chol body coordi-
nate frame (see Fig. 5), and N(r, ¢) is the number of the selected lipid carbon
atoms in an area element rr3¢ at the point (r, ¢) from the oxygen of Chol.
Figure 6 shows g(r, ¢) for SM and DOPC averaged over last 150 ns of the
trajectory. The figure clearly shows that, on the simulation time-scale, SM is asso-
ciated with the o-face of Chol. On the other hand DOPC does not show a prefer-
ence for either face of Chol. The preferential arrangement of SM around Chol
indicates that on the simulation time-scales, the Chol molecules tend to locate
at the interface between the SM and the DOPC regions of the membrane, with the
a-face of the Chol molecule interacting most strongly with SM chain. Such an
arrangement again should be entropically favored because the saturated SM chains
pack well around the o-face and more disordered unsaturated DOPC chains
should pack well around the B-face.

6. The definition of a domain and domain identification: although the chain order
and the thickness of the bilayer in simulations can be calculated (55), the large
error bars on these quantities do not provide a well-resolved temporal description
of the lateral organization of the raft-like bilayer system (see Note 11). A more
robust criterion can be based on the projected polygonal areas of the molecules.
As a rule of thumb, higher chain order gives rise to smaller areas per molecule.
Hence, if one considers all molecules having their polygonal area below a certain
cutoff value to be “ordered” and find connected aggregates based on polygon
neighbors, then the domains based on this chosen cutoff value can be identified as
connected sets of molecules with areas less than the cutoff. Such domains are
called A-domains where A is the cutoff value used to identify the domains.
Because the choice of a particular area cutoff does not uniquely characterize
a nanoscopic domain, A-domains for various cutoff values of A are examined (59).



Computer Simulations of Raft-Like Lipid Mixtures 295

Fig. 5. Body center coordinate system for Chol, z-axis is represented by blue, x-axis
is represented by green, and y-axis is represented by orange cylinders.

DOPC-CHOL SM-CHOL
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Fig. 6. Bivariate correlation function between SM—Chol and DOPC—-Chol (reprinted

from ref. 59, with permission).

3.2. Coarse-Grain Models
3.2.1. Self Consistent Mean Field Theory Models

Although the details of the construction of equilibrium self-consistent mean
field theory (SCMFT) models are given in the chapter by Schick in this volume,
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our group has developed an SCMFT-based method that allows for the simulation
of the time evolution toward equilibrium. The complete details of the model are
described in a recent publication (60). An outline of the overall strategy for this
approach is:

1. Construct a mapping from an atomistic lipid bilayer onto a two-dimensional (2D)
field based on the average chain order parameters or another molecular structural
property.

2. Embed Chol or other molecules that are to interact with the lipid field onto the 2D
field.

3. Construct a model based on statistical mechanics for the thermodynamic evolution
of the field.

4. Use Langevin dynamics for the translation and rotation of the embedded objects.

5. Calculate all interactions and other parameters for the model from atomistic MD
simulations.

3.2.2. Pseudoatom Models

In this approach lipid and water molecules are represented by chains of
pseudoatoms. Each pseudoatom may actually represent several atoms from an
atomistic simulation. After the pseudoatom is defined one follows the same
basic procedure as in atomistic MD simulations. Because of the reduced num-
ber of df, the simulations can typically be several orders of magnitude larger in
size and time-scale, compared with atomistic MD. The model of Marrink et al.
(61) is an excellent example of this process.

3.2.3. Analysis of Simulation Results: Coarse-Grain Models

1. SCMFT-MD models: although many atomic level details are lost in the mapping
to an SCMFT model one can monitor distributions of molecules through 2D
RDF’s. In some cases it is possible to extract some 3D information from the 2D
simulation. Because this type of modeling is based on statistical mechanics ideas,
thermodynamic quantities like free energy and heat capacities are directly acces-
sible. By using the model described in Section 3.2.1, one could investigate the
lateral organization induced by Chol and compare the results with the DSC
experimental curves.

2. Coarse-grained models based on pseudoatoms: the analysis of this type of model
basically follows the analysis of atomistic MD simulations with appropriate rein-
terpretations owing to atoms (see Notes 12 and 13).

4. Notes

1. Scalability of the simulations: not all MD code packages are equally scalable on
parallel computers. In general, GROMACS and NAMD perform better in parallel
environment than CHARMM. The choice of GROMACS and NAMD depends on
the system size, the model used for electrostatics, and personal preference.
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2.

Resource considerations: if a dedicated linux cluster is available then one can run
accurate simulations of bilayers with more than 1000 lipids, plus waters of hydra-
tion. If one is using a shared computing resource, larger simulations may sit in
queue, making them less efficient in terms of wall clock throughput.

System size and scalability: if Particle Mesh Ewald Summation is used for the
calculation of electrostatic interactions, then scalability is limited. For a system
of 100-200 lipids (50-100/leaflet), the performance of a linux cluster diminishes
more than 8—12 nodes. For much large systems scalability is improved. But the
tradeoff is that these simulations still take longer per nanosecond to run. In general,
larger is better, if one has the resources.

Waters of hydration: in general one should include sufficient water molecules so
that there is a layer of bulk-like water above the surface of the membrane. Without
this layer, there can be indirect interactions between the polar groups on the two
opposing leaflets owing to periodic boundaries. Typically, it is found that at least
30 waters per lipid (including Chol) are needed.

Selection of the initial state: the initial setup of the simulation state must be done
carefully. There should not be any artificial, local, or global structures in the ini-
tial state, as these may produce unphysical correlations that may not disappear
even after a very long simulation. Initial states with large potential energy embed-
ded between some of the molecules will “blow up” owing to large repulsive force.
Neutral charge groups: simulation programs parse the atoms in a molecule into
“charge groups” for the calculation of electrostatic interactions. These charge
groups must be neutral to avoid unwanted charge—charge correlations.
Additionally, the charge groups should not be excessively large, as this will also
cause artifacts.

Pressure coupling: for the simulation of a planar lipid bilayer embedded in a 3D
bath of water, the two axes in the plane of the bilayer are to be distinguished from
the 3D, normal to the bilayer. Most MD code packages implement a constant pres-
sure simulation by allowing the dimensions of the three axes to change during the
simulation, in response to an applied pressure (this is implemented in several differ-
ent ways that are beyond the scope of this chapter to describe). The user must choose
whether to allow the three sides of the simulation box to be changed isotropically,
or to decouple the three sides of the box. For a bilayer the best approach is to decou-
ple the normal dimension, but couple the 2D of the box parallel to the bilayer plane
(this avoids unphysical changes in the shape of the membrane in the box).

Force field parameters: simulations can be extremely sensitive to the details of the
force field parameters. In the simulations of raft-like mixtures this is especially
important. Force field parameters should be tested by running simulations of one-
component bilayers that consist the lipids to be used, and compare carefully with
experimental data.

Diffusion constant: for the calculation of diffusion constants, the system must
have progressed to the point whereby a plot of the mean square deviation vs time
is linear over a large number of time steps. If this is not the case the Einstein rela-
tion will not be valid.
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10. Voronoi tessellation: tessellations based only on molecular centers of mass will
cause artifacts. A Voronoi tessellation based on the centers of mass of lipids
was proposed by several authors, for example, see refs. 48 and 62-65. How-
ever, for any system with a mixture of molecules of different sizes, this method
may overestimate the areas of smaller molecules and underestimate the areas of
larger ones.

11. Raft identification: identification of larger raft-like structures from locally organ-
ized small domains is especially difficult. The issues to be addressed include the
lifetime of the proposed domains, the detailed molecular interactions in the
domains, and the structure of the lipid matrix around the domain.

12. Coarse graining with pseudoatoms: care must be taken in using simulations based
on pseudoatoms to predict the structure and properties of rafts. The coarse-graining
step can significantly affect the delicate balance of forces that are responsible for
domain formation. For this reason, pseudoatoms based simulations should be
closely tested with full atomistic simulations and to experimental data.

13. Coarse graining using SCMFT: the input of MD simulation data into mean-field
model is subject to large uncertainties. This mapping should be based on RDF and
intermolecular forces averaged over very large simulations in order to minimize
statistical errors.
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A Microscopic Model Calculation of the Phase Diagram
of Ternary Mixtures of Cholesterol and Saturated
and Unsaturated Phospholipids

R. Elliott, 1. Szleifer, and M. Schick

Summary

The authors solved a microscopic model that describes mixtures of a saturated phospholipid,
an unsaturated phospholipid, and cholesterol. The method employed was the self-consistent field
approximation. The model was capable of producing several classes of phase diagram, but only
one of them showed a liquid-liquid coexistence region. The phospholipids in the cholesterol-rich
liquid are more ordered than those in the cholesterol-poor liquid. Within this model, coexistence
of two liquids in the ternary system is intimately tied to such coexistence in the binary cholesterol-
saturated phospholipid system.

Key Words: Rafts; ternary mixtures; phase diagrams; phase coexistance; theoretical models;
self-consistent field theory.

1. Introduction

The importance of lipid rafts is clearly indicated by the very large number
of experimental studies devoted to them. Remarkably, very few theoretical
studies have addressed the subject. Underlying almost all of them is the assump-
tion, which the authors share, that such rafts are a consequence of the equi-
librium behavior of membranes made up of phospholipids and cholesterol. Of
these studies, half are phenomenological in character (1,2), as opposed to
more microscopic treatments based on molecular models and statistical
mechanics (3,4). The behavior of a membrane of phospholipids and cho-
lesterol is sufficiently complex that it does not, as yet, lend itself to detailed
computational simulation over time-scales sufficient to investigate raft forma-
tion and structure (5).
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The authors have tried to explore a middle course between phenomenology,
whose strength and weakness is the generality of its description, and detailed,
computational modeling whose strength and weakness is its specificity (6). A
molecular model was used, which concentrates on the hydrophobic interior of
a bilayer membrane, which describes phospholipid chains reasonably well, but
which ignores almost completely the interaction of headgroups. Therefore, the
approach highlights the importance of packing effects. Because the chains are
described well, one can determine the degree of chain ordering in any particular
phase. The model describes a ternary mixture of saturated and unsaturated
phospholipids and cholesterol, and considers only local binary interactions
between them. Furthermore, the model is solved within self-consistent field theory,
which ignores the correlations between entities.

Given these limitations, the conditions can be explored under which two
liquid phases can coexist, of which one would represent the “raft” domain,
and the other the sea in which the raft floats. In a ternary mixture of choles-
terol, saturated, and unsaturated phospholipids, the following are found. If
one ignores the interactions between the cholesterol and the phospholipids, so
that the cholesterol simply takes up space in the bilayer interior, then one
finds only a saturated phospholipid-rich gel phase below the main chain tran-
sition of the saturated phospholipid. The gel phase coexists with a single lig-
uid phase. There is no liquid-liquid coexistence. If one now turns on an
interaction between cholesterol and phospholipids, which causes the former
to help order the latter, one finds that the gel phase becomes swollen with
cholesterol, a reasonable result, but not one observed experimentally. If one
now considers the interaction between cholesterols as well, one finds in addi-
tion to the gel phase two liquid phases, one which is cholesterol-rich and rel-
atively well ordered, the other cholesterol-poor and poorly ordered.
Furthermore, these two liquid phases extend all the way to the binary choles-
terol and saturated phospholipid system, as in the experimental work of Vist and
Davis (7). The phase diagram calculated by the authors is that of a system of a sat-
urated phospholipid with two tails of sixteen carbons, C16:0, an unsaturated
phospholipid with two monounsaturated tails of eighteen carbons, C18:1, and
cholesterol. It is shown in Fig. 1, and is quite similar to those that have
been reported experimentally for the system sphingomyelin, palmitoyloleoyl-
sphatidylcholine, and cholesterol (8-10).

The detailed procedures by which the results have been obtained will not be
emphasized. Descriptions of them are readily available (11-14). Rather, in the
following, the authors will try to convey the character of what has been done so
that the reader can better appreciate what the calculation has produced, and better
judge its merits as well as its limitations.
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Fig. 1. Binary phase diagrams of the C16:0, C18:1, cholesterol system. The saturated
phospholipid-cholesterol mixture has a triple point very near the main chain-transition
temperature, so that the gel, L;, coexistence region is very narrow. Dashed lines are
extrapolations. The ternary mixture at 7 = 300 K is shown in Fig. 1B. (Inset) Order
parameters of saturated tails in the three coexisting phases at 300 K.

2. Methods
2.1. The Model and its Self-Consistent Field Solution

2.1.1. Theory of the Disordered Liquid

It is useful to first recall the earlier theory upon which the authors’ treatment is
a logical extension. Consider the problem of calculating the area per headgroup
in the disordered liquid phase of a bilayer, which consists of a single kind of phos-
pholipid. The problem is somewhat analogous to calculating the volume per atom
of liquid argon. The latter is a difficult problem owing to the competition between
the long-range, attractive, van der Waals interactions, and the short-range, hard-
core, repulsive interactions. The former is even more difficult owing to the greater
number of internal degrees of freedom of the lipid molecule compared with an
argon atom. The approach to this problem taken by Ben-Shaul et al. (11,14) was
as follows. One knows that the effect of the competing interactions is to produce
in the bilayer an interior, which is very much like an incompressible liquid. So
why not replace the original system of interacting lipids with another system of
noninteracting lipids, but one in which the density in the interior of the bilayer is
constrained to be constant? This amounts to replacing the interacting, uncon-
strained system by one which is noninteracting, but constrained. The Hamiltonian
of the new noninteracting system is very simple of course:

n N
H=Y Yh, (1)

y=1lk=1

where n is the number of lipid tails, NV is the number of segments in each chain,
and hy « 1s the Hamiltonian of a single chain, y, which now only contains the
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energy of gauche bonds at segment k. The problem looks easy, but there is a dif-
ficulty, which is encountered when the Helmholtz free energy is calculated.

F(T,n,A,V)=Tr'P'[H+k,TInP'], )

where A is the area of the membrane and V its volume. Here,

P' =exp[-BH]/Q/, 3)
is the probability to observe a configuration of energy H, B = /k,T, and
Q' =Tr"expl-BH], )

is the partition function of the system. The prime indicates that only chain config-
urations, that contribute a uniform core density are to be considered in the trace.
This is the difficulty, but it is easily surmounted by going to a different ensemble,
one in which the local density is not specified, but its conjugate, essentially the
local pressure, is. To do this a local volume fraction is defined, ®(z) .

(2= 36, )
v=1
0,()=Dv,8(z—z,,) ©)
k=1

n

é _[d z (i)(z) = =1 (7

Vk
Vv
where z is the coordinate normal to the bilayer surface and the v, are the vol-
umes of the kth segment. In Eq. 7 the hydrophobic core of volume V consists
only of the sum of its monomeric volumes. This incompressibility constraint
requires the noninteracting system of lipid chains to occupy a liquid-like slab of
fixed density n/V. Under this constraint, the free energy of Eq. 2 reduces to a
natural function of two extensive quantities, F'(T,n,A,V)— F(T,n,A).

Now the probability of a configuration in an external field, Il(z), can be
written

P=leXp[—BH—AJ.dZH(Z)(i)(Z)] (8)
0 Vo

Q = Tr exp[-BH — VAJdZH(Z)ﬁ)(Z)] 9)
0
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where v is any convenient molecular volume, one which has simply been
introduced to make the field II(z) dimensionless. The free energy in this
ensemble, which is simply the Legendre transform with respect to A of,
F(T,n,A) is

Ak,T
G(T.n.T)= F(T.n,A)+— [N(z)dz (10)
0

and is given by

G =—k,TlogQ (11)
Ak,T .
=Tr P[H +— [dT1(2)D(2) + k,TIn P (12)
0

Because the chains are noninteracting, the probability of a given configura-
tion of all chains is simply the product of the probabilities of each chain to be
found in their individual configuration, P =cP", where c is an uninteresting
constant, and

N ~
k= L CXP[—Bzhk - VL IdzH(z)¢(z)] (13)
1 k=1 0
Q, =Trexp[-BY 1, — VL szH(z)é(z)] (14)
k=1 0

and h,_contains the energy of the gauche bonds of the single chain. The field
I1(z) is then determined by requiring that the ensemble-average, local volume

fraction, < ﬁD(z) >, be a prescribed constant value at all z

By, 3G _

<PQ)>=""5ne "

15)

One observes from Eq. 14 that Q, is the partition function of a single chain
in the external field II(z). So the central assumption of Ben-Shaul et al. has
reduced the many chain problem to that of calculating the one-chain partition
function in an external field. The calculation of this partition function is the
essential problem in this method, and its difficulty depends on how realistic a
description of the chains one takes. Ben Shaul et al. took Flory’s rotational
isomeric states model (15) in which each bond between CH, groups can take
one of three configurations; gauche-plus, gauche-minus, or trans. For m independent
bonds, this is only 3" configurations. However, one also has to specify an origin
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and direction of the chain. This leads to many more configurations. Typically,
one enumerates on the order of 107 chain configurations. Any configurations
that intersect themselves, or that break the planar boundary between the bilayer
and its surrounding water, are discarded. The remaining contributions to the
partition function are weighted by the field, II(z), and from the partition
function one calculates the density. The field I1(z) is adjusted until the density
is uniform inside the core of the bilayer.

The field II(z) accounts in an average way, for the local intermolecular
repulsions that are needed to keep the chain at constant density at each z. Thus,
the replacement of the multichain partition function by one of noninteracting,
but constrained chains, is in essence a mean-field approximation of the effect of
the intermolecular repulsions, one which uses the field, I1(z), conjugate to the
local density. The van der Waals attractions hold the hydrophobic liquid core
together. Because the density is homogeneous, the contribution of the van der
Waals interactions to the free energy is simply a constant, which is ignored.

Utilizing the field, II(z), one calculates the single chain partition function,
Eq. 14, and the Helmbholtz free energy per chain, which is the Legendre trans-
form of Eq. 12

F(T.a) =g [d2T1(2)0(z) = F(T.a)/n (16)

where g =G/n and a= A/n are the Gibbs-like free energy and the area per
chain, respectively.
The surface tension of the bilayer is, © = df/da, which vanishes at a minimum

of f(T,a).One requires the system to maintain zero tension as one expects the
real system does so. There is a minimum in this model because at large areas
per chain, the chains must have many gauche bonds in order to fill the space,
and these gauche bonds cost energy. At small values of a, the chains must be
tightly packed, with the consequence that there are few gauche bonds, and little
entropy. The minimum occurs at the optimum trade-off of these two effects.
The area per chain one obtains from this is a bit large compared with experi-
ment, so Ben Shaul et al. also included the effect of the repulsive interaction
between water and the hydrophobic chains. They take this contribution to the
free energy per chain to be 6 a with ¢, the usual oil-water interfacial tension.
This term shifts the minimum to smaller a and one finds the minimum to occur
at 0.64 nm? for a two-chain phospholipid, which is in satisfactory agreement
with experiment.

The order parameter profile of the chains, which is essentially the angle
between CH, planes and the bilayer normal, can be calculated because one
knows the equilibrium probability of each configuration of the chains. The order
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parameter can be measured by nuclear magnetic resonance. There is good agree-
ment between theory and experiment. A deficiency of this theory, which must
be addressed in order to apply it to the phenomenon of rafts is that it is not capa-
ble of addressing the issue of how local chain order can be affected by the
interactions with cholesterol, an interaction which probably is crucial in distin-
guishing liquid-ordered phases from liquid-disordered phases. If one cannot
produce two such liquid phases, one will certainly not be able to describe the
existence of rafts as a coexistence phenomena. Another issue related to inter-
actions and local order is the lack of the possibility of describing a gel phase in
this theory. To address these shortcomings, the theory was extended as described
in the following section (12).

2.1.2. Description of Orientational Order

It is not difficult to understand why the theory presented earlier does not
produce a gel phase. In describing packing effects, only a local volume fraction,
Eq. 5 was introduced. As a consequence, all information is lost about the local
orientation of bonds between adjacent acyl groups in a chain. In other words, the
theory as presented only requires that the density in the interior be uniform. It
does not give greater weight to configurations which are more ordered than aver-
age and which could therefore more easily fulfill the constraints of packing.

To remedy this defect, the local orientation of the chain is specified by the
normal to the plane determined by the kth CH, group

r, -,
“k=M9 k=1---N-1 (17)
|7 r |

k=1~ Tk+1

where the r, are the position vectors of the kth segment in the chain. In analogy
to the number densities, Eqgs. 5 and 6, the bond densities are defined.

E0=1YE, (18)
AL
R N-1
&(2) = D v(k)d(z—z)g(u-c) (19)

k=1

which tells us how well these local bonds are oriented with respect to the bilayer
normal c. For the function g, the author chose.

gu-c)y=(m+12)u-c)* (20)
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For large m, g = mexp(—mb?) where 0 is the angle between the two unit vectors.

The authors found m = 18 to be reasonable. Note that g(u-c¢) is unity if the bond
vector u is aligned with the bilayer, and falls exponentially with the angle between
the two vectors. To express the fact that it is energetically favorable for bonds,
which are in the same local region to be aligned with one another, and with the
bilayer normal, one adds to the system’s Hamiltonian a simple interaction

V(uu')=~(JIv,)g(u-c)g(u' -c) 1)

This interaction favors neighboring bond orientations which are aligned with
one another and with the bilayer normal, with the strength of the interaction
falling exponentially if either bond deviates from the normal. This interaction
between bonds is not rotationally invariant. One does not expect it to be because
the environment is not rotationally invariant as the bilayer normal provides a par-
ticular direction in space. The extension of the probability distribution function,
Eqgs. 13 and 14, is immediate (12)

N . N
B = 5-expl-BY i, ~ - [delT(@)(2) + BE() 22)
1 k=1 0
Q0 =Tr exp{—BZﬁk _VL J.dZ[H(Z)(T)(Z)‘*'B(Z)&(Z)]}- (23)
k=1 0

The self consistent equations, which determine the two unknown fields,
I1(z) and B(z) are now

<®(z)> =1, 24)
<E(z)> = - kBYf(Z) . 25)

3. Results
3.1. One Component and Mixed Phospholipid Systems

The first result that emerges from this extension is that one finds, for a sys-
tem of phospholipids with two saturated chains, C16:0, a first-order main chain
transition from a disordered liquid phase to a more ordered one, which one
identifies with the gel phase. Again the distinction between more and less
ordered follows from examination of the calculated chain order parameters. The
interaction strength, J, is fixed so that the transition temperature occurs at that
measured (16) for dipalmitoyl phosphatidyl choline (DPPC), 315 K. The area
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per head group in the fluid phase at 323 K is calculated to be 67 A’ compared
with the experimental value (17) of 64 A?, whereas that in the gelphase at 293
K is calculated to be 49.9 A’ compared with the experimental value (17) of
47.9 A’ At the transition, the average number of gauche bonds is calculated to
be reduced from 4.3 in the liquid to 2.1 in the gel phase.

It is straightforward to repeat the calculation for a system consisting of
a monounsaturated phospholipid, C18:1. Nothing in the Hamiltonian, or the
interactions, changes at all. In particular, the strength, J, of the interaction of
Eq. 21 remains the same. What does change is the ensemble of configurations
of the chains, for they all now have a single double-bond in them which causes
a kink at its location. The consequence is that there are fewer configurations that
can take advantage of the interaction between chains of Eq. 21, which lowers the
interaction energy between chains that are well aligned with one another and
the bilayer normal. As a consequence, one finds for this system that the main
chain transition now occurs at a temperature below 0°C in agreement with
experiment. This is very nice, because the one parameter that could be played
with, the strength of the interaction, had already been set by the transition tem-
perature of the saturated system. So there was nothing to adjust in order to get
the main chain temperature of the unsaturated system correct. Nonetheless the
theory gets it right.

The phase diagram of a mixture of the saturated and unsaturated chains is
easily obtained (12), and is shown in the left-hand panel of Fig. 1A. One obtains
a liquid phase above the first-order, main chain transition of the saturated phos-
pholipid, and coexistence between liquid and gel phases below it.

3.2. Ternary System Containing Cholesterol

The last component to be introduced in order to make this a ternary system
is cholesterol (6). One knows where all the atoms in the cholesterol molecule
are, just as one knows where all the atoms are in the phospholipid chains. Thus,
one can easily take into account the contribution of cholesterol to the volume of
the bilayer interior, which is constrained to be constant. One also has to con-
sider the binary interactions between cholesterol and the phospholipids, and
between the cholesterol themselves. The same kind of interaction has been cho-
sen between these pairs as between phospholipid chains, i.e., an interaction that
favors local alignment of the elements in the binary pair with one another and
with the normal to the bilayer normal. One has to identify what one means by
the alignment of cholesterol. The alignment of its small acyl tail is defined as
for the phospholipid chains. For the rigid part of the cholesterol, a unit vector,
u, is introduced, which extends from the third to the 17th carbon in the molecule,
using the conventional labeling (see the inset to Fig. 2), and a second normal
perpendicular to the planes of the rings. All interactions can now be written
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Fig. 2. Calculated phase diagrams of the three binary mixtures of cholesterol (c), sat-
urated (s), and unsaturated (u) phospholipids in temperature-composition space for
J,(m+1/2)*/k,T*=1.44 and J,, =J, =0. These binary diagrams form the sides
of the Gibbs prism, a cut through which at 300 K produces the Gibbs triangle shown in
Fig. 1B. Regions of two-phase coexistence are shaded, and some tie lines are shown.
(Inset) One of the configurations of the model cholesterol.

=—(J5/Vo)8 Uy c)g(uy, ) (26)

where G is an index taking the values, s, #, and ¢ denoting saturated, unsatu-
rated, and cholesterol, respectively. The strengths of the interactions between
lipid segments, J , J , and J  are taken to be identical, J; | because the authors
believed that the phosphohpld’s chains are distinguished by their configura-
tions, not by their interaction strengths. With the addition of cholesterol, there are
additional interactions. The strengths of the interactions between cholesterol and
both phospholipids are taken to be identical, and for the same reason as afore-
mentioned: J . =J,. = J,. Finally, there is an interaction between choles-
terols, of strength J, .- Thus, there are now two strengths that can be varied, the
strength of the cholesterol—phosphohpld interaction (J; ), and the strength of
the cholesterol—cholesterol interaction (J, ). The effect of these two interac-
tions has been systematically explored Wlth the following results.

First, one asks what is the phase diagram, if the strongest interaction of the
three is that between phospholipids themselves, so that the cholesterol inter-
actions are weak, and cholesterol affects the system only through its volume
and the constraint that the density in the interior of the bilayer be constant.
Figure 2 shows the result for the limiting case in which J, .= J_, .=0. The only
aligning interaction is between phospholipids, and its strength is again set so
that the main chain transition of the saturated phospholipid is that of DPPC. One
observes that there is a gel phase and only one liquid phase. Thus, there can be no
liquid-liquid coexistence.

Next, it was reasoned that perhaps the cholesterol-phospholipid interaction
should be enhanced. This would have the effect of making the phospholipids
more ordered, and might bring about a phase separation between the more
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ordered phospholipids near the cholesterol and the disordered phospholipids.
Therefore, the strength of the cholesterol-phospholipid interaction (J; ) was
increased, keeping the cholesterol-cholesterol interaction (J_ ) small
However the desired outcome did not come about. Instead it was found that
the gel phase became swollen with cholesterol. Furthermore, if the choles-
terol-phospholipid interaction became too strong, the main chain temperature
increased with cholesterol composition, rather than decreased. All of these are
understandable effects of the increased cholesterol-phospholipid interaction,
but do not seem to be observed in experiment.

Therefore, the authors turned on the interactions between cholesterol such
that the cholesterols would, at reasonable temperatures, phase separate from
the phospholipids even in the binary cholesterol, saturated phospholipid sys-
tem The phase diagram in Fig. 1 is obtained this way with J_ = 0.73/, | and

= 0.78J, ;. One observes that there are now two liquidphases; one is
cholesterol r1ch the other cholesterol-poor. In the former, the phospholipids
are relatively well ordered, whereas in the cholesterol-poor phase, the phos-
pholipids are not so well ordered. The region in which these two liquids
coexist would be the regions in which rafts would occur. The order parame-
ters of the three phases which coexist at 300 K are shown in the inset.

The origin of the two liquid phases in this model is clear. They arise from the
tendency of cholesterol to phase separate from the phospholipids, creating a
cholesterol-rich liquid, the ordered liquid, and a cholesterol-poor one, the dis-
ordered liquid. At temperatures above the main chain transition, a coexistence
region between the two liquids extends across the ternary diagram from the
cholesterol, saturated phospholipid binary axis, to the cholesterol, unsaturated
phospholipid binary axis, as shown in Fig. 3.

As the temperature is increased from 320 K, the liquid—liquid coexistence
region eventually detaches from the binary cholesterol, unsaturated phospho-
lipid axis at a critical point, and recedes toward the cholesterol, saturated phos-
pholipid axis, vanishing there at a critical point. As the temperature is decreased
from 320 K, the gel phase appears at 315 K. As the temperature is lowered, the
region of liquid-disordered phase on the binary cholesterol, saturated phospho-
lipid axis decreases. When the two coexistence regions, gel, liquid-disordered,
and liquid-ordered, liquid-disordered, just touch one another at a critical tie
line, a three-phase coexistence region begins and grows with further decrease
of temperature. Note that in this model, the gel phase does nothing of signifi-
cance other than to take up space in the ternary diagram.

4. Discussion

The phase diagram obtained in this calculation for the ternary system of a sat-
urated phospholipid, and unsaturated phospholipid, and cholesterol, is the first
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Fig. 3. Phase diagram of the ternary mixture at 7' = 320 K. Interactions are the same
as in Fig. 1.

obtained from a microscopic model. It has the nice feature of displaying a region
of coexistence between two liquid phases, one rich in cholesterol and relatively
well-ordered saturated phospholipids, the other rich in relatively poorly ordered
unsaturated phospholipids. This region of coexistence would be the locus of
“rafts.” It resembles the phase diagram observed experimentally for the system
sphingomyelin, palmitoyloleoylsphatidylcholine, and cholesterol (8-10).
However, it is not without its faults. In particular, the regions of phase coex-
istence in the binary system of saturated phospholipid and cholesterol are too
wide, and occur at a concentration of cholesterol that is much higher than that
observed by Vist and Davis (7). This might be only because of the form of the
interaction taken, Eq. 21, between cholesterol and phospholipid, which falls
exponentially with the local angle between cholesterol and phospholipid. Indeed
a recent calculation (19), which is similar in spirit to that described herein but
utilizes an interaction in which the ordering effect of cholesterol on the chains
remains strong over a much larger range of angles obtains a coexistence region
in which the cholesterol concentration is much smaller, and is in reasonable
agreement with the experiment. The calculation also utilizes the rotational iso-
meric description of the chains owing to Flory (15). More accurate configura-
tions generated from molecular dynamics simulations can be used instead (18).
Perhaps more important is that mean-field calculations, such as the authors’ and
others (19), ignore the correlation between phospholipid and cholesterol; i.e., the
rough and smooth faces of the cholesterol ring structure presumably interact
rather differently with the chains. Similar preferential interaction of the saturated
phospholipid with the smooth face of cholesterol was observed in simulations
(5). Furthermore, the calculation has largely neglected the effects of headgroups.
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The headgroups may play an important role in packing with cholesterol, whose
hydrophilic volume is proportionally small.

Irrespective of these shortcomings, the calculation teaches several things. First,
it indicates that the main chain transition and the gel phase, are almost certainly
irrelevant to the phenomenon of rafts. The presence of a gel phase and its asso-
ciated three-phase triangle, of course, take up room in the Gibbs triangle, thereby
limiting the region in which rafts could exist. But this is a negative role. The
irrelevance of the gel phase is also indicated by the observation of liquid-liquid
coexistence in some systems well above any main chain transition (20). Second,
if one believes that binary interactions are sufficient to describe the system, then
the calculation indicates that liquid-liquid coexistence in the ternary system is
intimately tied to its existence in at least one of the binary systems. In retrospect,
this is not difficult to understand. Suppose that in a ternary system of s, u, and c,
the interaction between s and ¢ were the most repulsive. Then the addition of u to
the system, with its weaker interactions with the other two components, cannot
cause phase separation to occur at a higher temperature. Thus, the separation
occurs first in the binary system. There is experimental evidence that phase
separation does extend out to the binary systems (8-10), and evidence that it does
not (20). Third, in the model, the basic mechanism of the phase separation is
simply that cholesterol prefers an environment of itself to that of phospholipids. If
this be true, then one expects tie lines between the two liquid phases, which are
relatively vertical, as observed in Fig. 3. There is some evidence for this (21). On
the other hand, there is also evidence against it (20,22). If experiment ultimately
concludes that the predictions of the model calculation are not correct, one has to
consider what additions are needed to the basic model one has presented.
Fortunately, it is likely that the efficacy of possible, additional effects can be
judged by utilization of the techniques presented herein.
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