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ABSTRACT: The characterization of the lateral organization of components in
biological membranes and the evolution of this arrangement in response to
external triggers remain a major challenge. The concept of lipid rafts is widely
invoked; however, direct evidence of the existence of these ephemeral entities
remains elusive. We report here the use of secondary ion mass spectrometry
(SIMS) to image the cholesterol-dependent cohesive phase separation of the
ganglioside Gy, into nano- and microscale assemblies in a canonical lipid raft
composition of lipids. This assembly of domains was interrogated in a model
membrane system composed of palmitoyl sphingomyelin (PSM), cholesterol,

CHOLESTEROL

GANGLIOSIDE Gy,

and an unsaturated lipid (dioleoylphosphatidylcholine, DOPC). Orthogonal

isotopic labeling of every lipid bilayer component and monofluorination of Gy, allowed generation of molecule specific images
using a NanoSIMS. Simultaneous detection of six different ion species in SIMS, including secondary electrons, was used to
generate ion ratio images whose signal intensity values could be correlated to composition through the use of calibration curves
from standard samples. Images of this system provide the first direct, molecule specific, visual evidence for the colocalization of
cholesterol and Gy, in supported lipid bilayers and further indicate the presence of three compositionally distinct phases: (1) the
interdomain region; (2) micrometer-scale domains (d > 3 ym); (3) nanometer-scale domains (d = 100 nm to 1 ym) localized
within the micrometer-scale domains and the interdomain region. PSM-rich, nanometer-scale domains prefer to partition within
the more ordered, cholesterol-rich/DOPC-poor/Gyy;-rich micrometer-scale phase, while Gy -rich, nanometer-scale domains
prefer to partition within the surrounding, disordered, cholesterol-poor/PSM-rich/DOPC-rich interdomain phase.

B INTRODUCTION

It is generally believed that certain membrane lipids and
membrane-anchored proteins tend to associate in the plasma
membrane and that this clustering is important for function;
however, it has proven to be difficult to characterize this
association because of both the small size of the assemblies and
their transient nature. In particular, the concept of lipid rafts'
posits that 10—100 nm assemblies enriched in sphingolipids,
glycosphingolipids, such as the ganglioside Gy, cholesterol,
and glycophosphatidylinositol (GPI) anchored proteins® are
important for membrane function. One limitation of many
experimental approaches to this problem is the inherent
perturbation on the lateral organization by labels that serve
to provide feedback in the form of luminescence or
paramagnetic signals. Introduction of labels can change the
behavior of endogenous lipids leading to ambiguity and can be
a major source of irreconcilable data among different
laboratories using different probes. An extensive literature has
evolved on the phase behavior of multicomponent lipid
mixtures,” and while this may not be directly relevant to
cellular membranes, it provides a benchmark for understanding
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complex Dbiological systems. However, even these studies
typically involve partitioning of dyes or other labels among
different phases and do not directly measure the composition of
the phases. For this reason, imaging mass spectrometry, directly
measuring the mass of components or isotopically labeled
fragments from the components, offers an attractive alternative
approach.

Optical methods have been extensively used to obtain
information on lipid rafts, including indirect imaging
approaches such as single particle and fluorophore
tracking,*"® Forster resonance energy transfer (FRET),”
homo-FRET,” fluorescence correlation and cross-correlation
spectroscopy,'® and super-resolution techniques."' 7>° These
techniques use fluorescently labeled membrane components
making direct comparisons between the labeled analogues and
the native molecules difficult, especially in the case of the lipid
components. For instance, many of the best fluorescent dyes
are as large as the lipids they label and often have charges or
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large hydrophobic regions that may interact with the
membrane. Nonetheless, experimental observations point to
the existence of nanometer scale assemblies in the plasma
membrane. In particular, a stimulated emission depletion
(STED) microscopy study revealed that a cholesterol-depend-
ent phase hindered the diffusion of Atto647N-labeled
sphingomyelin, ganglioside G, and a GPI-anchored protein
within <20 nm diameter areas in the plasma membrane.'” Spin
label measurements have also proven to be useful,®*! as have
more direct imaging techniques such as amplitude® and
frequency”® >’ modulation atomic force microscopy (AFM)
and electron microscopy.*®

Imaging mass spectrometry offers an alternative approach.
The most important advantages are that these methods are free
of added labels, and direct information is obtained on the
composition of membrane components that can be made
quantitative in some cases. We note that such measurements
are made in high vacuum; thus, a great deal of effort is required
to faithfully capture and preserve the sample and only snap-
shots of dynamic processes can be obtained. Time-of-flight
secondary ion mass spectrometry (ToF-SIMS)>*~*? and
matrix-assisted laser desorption/ionization (MALDI) and
MALDI-ToF**** have been used to image the lateral
organization and composition of biological tissue sections®>**
as well as model and cell membranes.””**** ToF-SIMS has the
advantage of high information content, as large molecular
fragments are detected and very high spatial resolution is
possible; however, ionization efficiencies for different compo-
nents vary substantially making quantification difficult, and the
sensitivity of the current instruments is modest. We have
advocated the use of multiple-isotope mass spectrometry™
(MIMS) using a NanoSIMS (Cameca Instruments) as an
imaging tool for interrogating membrane composition.*®™>’
This technique requires isotopic labeling or atom exchange
(e.g, with F) of membrane components but can generate
molecule-specific images with high spatial resolution, high
sensitivity, and high mass resolving power, and calibration
samples can be used to obtain quantitative estimates of the
composition of each component. The NanoSIMS uses a
continuous primary ion beam of either cesium (for generating
negative secondary ions) or oxygen (for generating positive
secondary ions). A spatial resolution of 50 nm or better is
achieved by a coaxial optical configuration where primary and
secondary ion beams are colocalized perpendicularly to the
sample. Image acquisition is achieved by rastering the primary
ion beam across a region of interest as illustrated in Figure 1.
Secondary negative ions, including atomic ions such as "C~
and/or C~, YF~ (added as a label), *P~, and *S~ or
molecular ions such as CN~ (2C"N~, 2C"N~, BC*N~, and
BCBNT), CH™ (*)C'H, BC'H™, >C?H™, and BC*H") and
others, are ejected from the sample and focused through a lens
forming a secondary ion beam that is accelerated into a
magnetic sector and channeled into a set of detectors (seven on
the NanoSIMS SOL) according to their mass-to-charge ratio.
Consequently, secondary ion intensities are collected from
exactly the same volume of material to obtain molecule-specific
images. In contrast to most methods, the location and
composition of all components can be visualized, including
the correlated colocalization of components.

In this study, secondary ion mass spectrometry was used to
image the cholesterol-dependent cohesive phase separation of
the ganglioside Gy into nanometer and micrometer scale
assemblies within the widely used phase separated model
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Figure 1. Schematic of the NanoSIMS experiments. A cesium ion
beam is rastered across a surface generating secondary ions ('*C7,
BcT, 2C*H, UF, 2CM*NT, and *C'*N™) from the components of a
supported lipid bilayer shown as a phase separated mixture of *C-
cholesterol, “Hj;-palmitoyl sphingomyelin (*H-PSM), 18-F-G,y;, and
SN-DOPC (see Scheme 1).

Scheme 1. Structural Representatives of Labeled Molecules
To Facilitate NanoSIMS Analysis of Supported Lipid
Bilayers
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membrane system composed of palmitoyl sphingomyelin
(PSM), cholesterol, and an unsaturated lipid. These measure-
ments are possible because Gy, with a single F atom at
position 18 of the stearic acid chain (Scheme 1), provides a
sensitive probe of its location without affecting biological
functionality. As illustrated in Figure 1, the lipid bilayer whose
lateral composition we wish to profile is supported on an SiO,/
Si substrate. The case illustrated here is a canonical lipid raft
mixture consisting of cholesterol (labeled with '*C and directly
detected as '*C~; see Scheme 1), PSM (with one of the two
palmitic acid chains fully labeled with *H and detected as
2C’H"), ganglioside Gy, (monofluorinated = 18-F-Gy, by
replacing an H atom on the terminal methyl group of the
stearic acid chain with an F atom®® and detected as ’F~), and
dioleoylphosphatidylcholine (DOPC, '*N-labeled®® and de-
tected as '2CN7; see Materials and Methods for labeling
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details). Ratio ion images were obtained by normalizing the
BC~ and »C*H" ion signals with the '*C™ ion signal and the
YE~ and CN~ ion signals with the RCHN~ ion signal to
minimize systematic signal intensity variations that arose during
the measurements. The imaging results are consistent with the
formation of submicrometer domains in which cholesterol,
PSM, and Gy, are enriched.

B MATERIALS AND METHODS

Biosynthesis of '*C-Labeled Cholesterol. Highly *C enriched
cholesterol is not available commercially, so an eflicient system was
developed to produce it for these experiments. A major effort is
required to produce isotopically labeled cell membrane components in
order to unambiguously identify the molecules in a lipid bilayer sample
imaged by a NanoSIMS. Isotopically labeled phospholipids (i.e., *C-
DSPC and *N-DLPC) can be synthesized by adapting conventional
methods.>® However, cholesterol is much more difficult to obtain, and
a substantial effort was devoted to the preparation of '*C-labeled
cholesterol. Since only mammalian cells produce cholesterol naturally,
although a Saccharomyces cervisiae strain has been engineered to
produced cholesterol,*' human cells known to synthesize high levels of
cholesterol were used. Hep G2 cells, derived from a human
hepatoblastoma, are adherent cells known to synthesize triglycerides
and cholesterol with many similarities to normal liver. Cholesterol
biosynthesis in the presence of '*C-labeled cholesterol precursors (i.e.,
acetate, acetoacetate, mevalonate, or octanoate) produces a discrete
spectrum of cholesterol isotopomers whose enrichment is dictated by
growth conditions.*” Once synthesized, total lipid extraction,
separation, and purification steps are performed to isolate the *C-
cholesterol isotopomers (see Supporting Information for details).
Cholesterol isolated from Hep G2 cells grown in acetate with both
methyl and carboxyl carbons substituted with C (99%) had an
isotopomer distribution ranging from zero to 27 *C atoms per
cholesterol with a concomitant *C/'2C ratio of ~3.07 corresponding
to an average of 20 "*C atoms per cholesterol (Scheme 1 and Figure
S1 in Supporting Information).*?

Synthesis of ’N-DOPC. >N-DOPC was synthesized by furnish-
ing DOPG with "N-choline as previously described (Scheme 1).*
(See Supporting Information for details.)

Synthesis of Monofluorinated Gy;. Monofluorinated Gy, (18-
F-Gyy, Scheme 1) was synthesized by coupling lyso-Gy;, with the
corresponding fluorinated stearic acid. Lyso-Gy; was obtained by
alkaline hydrolysis of native Gy, ** and then treated with the N-
hydroxysuccinimide (NHS) ester of the monofluorinated stearic acid
to afford fluorinated Gy,,.*° The effect of fluorination of G,y on its
biological functions in cell membranes as well as its phase behavior
properties in model membranes was interrogated by calcium signaling
assays, FACS analysis, and AFM imaging of supported lipid bilayers
(SLBs). (See details and Figures S2—S4 in Supporting Information.)

Sample Preparation for NanoSIMS. Materials. Silicon wafers (4
in. (100) p-type) were from Silicon Quest International. Platinum
wires (d = 1 mm) and Texas Red 1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (TR-DHPE) were from Sigma-Aldrich. *Hj,-
Palmitoyl sphingomyelin (*H-PSM) was from Avanti Polar Lipids Inc.

Substrates. Sample preparation is mainly dictated by the require-
ments of NanoSIMS analysis. Supported lipid bilayers were formed on
patterned substrates.**** The patterning grid provides a map of the
surface, since the sample needs to be characterized with multiple
methods requiring that the same regions be found on separate
instruments (typically imaging ellipsometry, fluorescence and atomic
force microscopies). Chrome-patterned oxidized silicon supports were
prepared with standard methods at the Stanford Nanofabrication
Laboratory. Briefly, silicon wafers are thoroughly cleaned to remove
trace organics and metals and the natural oxide layer is etched away. A
Tylan oxidation furnace is used to thermally grow a thin silicon oxide
(silica) film (~10 nm) on the silicon wafer surface. The choice of
silicon oxide thickness is an optimal balance between stable lipid
bilayer formation and maximal surface charge dissipation for
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NanoSIMS.>® A grid (25, S0, or 100 um) pattern composed of
chrome (S nm in height, S ym in width) is imprinted using standard
photolithography techniques. The wafers are then diced into S mm X
S mm chips that fit into the NanoSIMS sample holder.

Preparation of Supported Lipid Bilayers. Supported lipid bilayers
were formed by fusion of giant unilamellar vesicles (GUVs) onto
SiO,/Si substrates. GUVs were used rather than SUVs because their
formation consumes substantially less isotopically labeled lipids than
SUVs produced by extrusion. Furthermore, deposition and annealing
of GUVs to oxidized silicon substrates are less complex than those of
SUVs, allowing a much wider range of compositions to be tested. As a
result, supported lipid bilayer islands, typically tens of square
micrometers in average area, are deposited rather than a continuous
supported lipid bilayer. As described below, this has the consequence
that the supported bilayers have edges and the composition near the
edge of a lipid bilayer can be atypical and is generally ignored. Briefly,
lipid bilayer mixtures were prepared by mixing lipids and cholesterol
dissolved in chloroform at a 2:2:1 *H-PSM/“N-DOPC/!3C-
cholesterol ratio with S mol % 18-F-Gy, followed by the complete
evaporation of chloroform using a gentle stream of N, while vortexing
and allowed to incubate for 1 h in a vacuum desiccator. The lipid
mixture was redissolved in CHCl; at a total lipid concentration of S
mM. GUVs were made via electroswelling** by spreading 10 uL of the
lipid mixture using a Hamilton syringe to make an even coating over
two platinum electrodes of a custom-made electroformation chamber
followed by evaporation of CHCI; with a gentle stream of N, and 2 h
of incubation in a vacuum desiccator. The chamber was then sealed
using vacuum grease with two siliconized glass slides, filled with 200
mM degassed sucrose in water (Milli-Q H,O, resistivity of ~18
MQ-cm), and placed on a heating plate at 85 °C. The electrodes were
then connected to a function generator producing a sine wave
(amplitude of 3 V, frequency of 10 Hz) for 2 h. The GUV solution was
then transferred into an Eppendorf tube and placed in a water bath at
85 °C for 40 min. The GUV solution was then mixed with an equal
volume of preheated 0.73X PBS (85 °C), and 125 uL of this mixture
was added over each SiO,/Si substrate and incubated for 1 h to allow
the formation of lipid bilayer islands by GUV fusion into the substrate.
The samples were then rinsed with 3 X 1 mL of degassed H,O (Milli-
Q, resistivity of ~18 MQ-cm) to remove excess GUVs. The lipid
bilayer islands were thermally treated/annealed to allow the formation
of separate phases that are closer to equilibrium by placing the samples
in a oven at 70 °C for 30 min and cooled slowly to room temperature
at a cooling rate of 5 °C/h for a total of ~9 h.

Because NanoSIMS analysis takes place in ultra high vacuum, lipid
bilayer samples must be dehydrated. To preserve the lateral
organization of lipid bilayers formed in an aqueous environment,
techniques from freeze-fracture and cryo-EM were applied. Briefly,
supported lipid bilayer samples on the NanoSIMS supports were
carefully removed from their aqueous environment with tweezers,
flicked once to remove excess surface water, and flash-frozen by
plunging quickly into liquid ethane at liquid nitrogen temperature
(=196 °C). Samples were then transferred to a chamber bathed in
liquid N, and then subjected to reduced pressures (40—S0 ubar)
generated by an oil-free scroll pump equipped with a liquid N, trap for
at least 12 h to remove any vitreous ice. The final product was a
dehydrated lipid bilayer shown to have identical features from its
original hydrated state.*®

To ensure the level of quality required for NanoSIMS analysis,
samples were first visualized by fluorescence microscopy (see Figure
SS in Supporting Information) to establish the overall quality of the
freeze-drying process and locate the membrane patches for NanoSIMS
imaging. Fluorescence is not used here to establish the phase behavior
of the lipid bilayer. A low concentration of a fluorescently labeled lipid
(i-e., 0.05 mol % TR-DHPE) added to the lipid mixture allows for the
visualization of supported lipid bilayers by a Nikon Eclipse 80i
epifluorescence microscope equipped with an Andor Clara camera.

Secondary lon Mass Spectrometry. SIMS imaging was
performed using the NanoSIMS SOL instrument at Stanford
University, CA. The measurements were made in “images” analysis
selection mode using a ~2 pA '3Cs* primary ion beam (with an
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Figure 2. NanoSIMS images of a freeze-dried supported lipid bilayer formed by the fusion of a giant unilamellar vesicle composed of 2:2:1 H-
sphingomyelin/"*N-DOPC/"*C-cholesterol with 5 mol % 18-F-Gyy, to an SiO,/Si substrate highlighting each component by isotopic or fluorine
label along with a secondary electron image. Gray scale bar in secondary electron image represents secondary electron counts. Color bars in
molecule-specific images represent percent molar composition from quantitative analysis.

approximate 8% conversion based on the detection !Si~ secondary
ions from a Si wafer) focused to a ~100 nm diameter spot and rastered
over sample areas that were 20 ym X 20 pgm to 50 ym X S0 ym. The
images consisted of 10 replicate scans (ie., it requires at most 10
frames to burrow through the entire lipid bilayer based on the
depletion of molecule-specific secondary ions, including *C~, 2C*H",
YE~, and ">C"N™) of 512 X 512 pixels with a dwell time of 1 ms/
pixel. Secondary ion intensities for 2C~, *C~, 2C*H", F~, 2C"N",
and ">C'*N~ were collected simultaneously in multicollection mode.
Mass resolving powers of ~8900 and ~5600 were used to separate
isobaric interferences: ?C*H™ from *C'H™ and *C'H,” at mass 14
and "*CN~ from *C"N~ at mass 27, respectively (see Figure S6 in
Supporting Information). Samples were also simultaneously imaged
using secondary electrons.

Image Analysis. Data analysis was performed using the open source
software Open MIMS, which is an Image ] (version 1.440, National
Institutes of Health, U.S.) plugin. The NanoSIMS secondary ion
intensities for *C™ and '*C*H~ were normalized to '*C~ while *F~
and"2?CN™~ were normalized to "*C**N~ to minimize systematic signal
intensity variations that arose during the measurements. For qualitative
(i.e., visualization) purposes only, each ratio image was smoothed
(binned) by replacing the pixel value with the average of its 3 X 3
neighboring pixels for noise reduction while the original image was
used for all quantitative analyses.

Standard Samples for Calibration of Lipid and Cholesterol
Content. For each isotopically labeled lipid bilayer component,
standard samples that systematically varied in isotopic enrichment
were employed for calibration. The concentration of the isotopically
labeled component (ie., 0, 20, 40, 60, 80, 100 mol %) was varied
through the addition of the corresponding unlabeled component (i.e.,
cholesterol added to '3C-cholesterol, PSM added to H-PSM, Gy,
added to 18-F-Gy;, and DOPC added to '"N-DOPC) while keeping
the total lipid/cholesterol content the same. For each component, the
desired mixtures were dissolved in chloroform and spread over SiO,/Si
substrates. Ion intensity ratios (i.e., Bc-/12c~, 2C H7/VC,
YE/2CMN™, and ”C N7/2C "N~) were calculated for each

5623

mixture by counting, in “isotopes” analysis selection mode, all **C”,
BC, 2C *H7, ¥F, *C N7, and '>C "N~ secondary ions generated
using a ~2 pA '3Cs* primary ion beam scanned 12 times over a 20
pum X 20 pm area (256 X 256 pixels) with a beam dwell time of 1 ms/
pixel. At least three separate ion intensity ratios per standard sample
were obtained and plotted against the molar percent composition of
the labeled component, and the best-fit line with regression bands
were determined (see Figure S7 and Tables S1 and S2 in Supporting
Information).

Quantitative Analysis of Lipid Content. A two-step calculation was
used to estimate the percent molar concentration of each component
within regions of interest. First, the calibration curves described above
were used to correlate the ratio of intensity values (*C~/!*C7,
2C?H-/1C™, YF7/C"N™, and CN~/C"N") collected from a
specific region of the bilayers to the percent molar composition of the
labeled component. Second, the composition within a region of
interest was normalized such that the total lipid content was 100 mol
%. The uncertainty in the percent molar composition was estimated
from the uncertainty in the ratio (from Poisson counting statistics)
and the uncertainty in the best fit-line of the calibration curve (from
regression bands, see Figures S8—S12 and Table S3—SS in Supporting
Information).

B RESULTS

NanoSIMS Imaging of Micro- and Nanoscale Lipid
Bilayer Phases. Figure 2 shows a 40 X 40 ym’ NanoSIMS
image of a freeze-dried lipid bilayer formed by the deposition
and annealing of a GUV composed of 2:2:1 *H-PSM/"N-
DOPC/"C-cholesterol with 5 mol % 18-F-G,,, onto an SiO,/
Si substrate, highlighting each of the four components based on
the isotope or fluorine label, along with a secondary electron
image. The secondary electron image immediately shows
contrast between the lipid bilayer and the underlying oxidized
silicon substrate. Furthermore, it shows contrast within the lipid
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bilayer, indicating the presence of distinct phases with different
electron densities. The molecule-specific images provide direct
evidence for the colocalization of cholesterol and Gy into
micrometer-scale phases and PSM and DOPC into the
interdomain region surrounding the Gy /cholesterol-rich,
micrometer-scale phases. Furthermore, the PSM image
indicates formation of nanometer-scale phases within the
Gy /cholesterol-rich micrometer-scale phases. The composi-
tion of both the micrometer-scale phases and the interdomain
region appears to contradict the general consensus that these
phases are expected to be PSM/cholesterol-rich and DOPC-
rich, respectively. However, the formation of nanometer-scale
phases within the Gy /cholesterol-rich micrometer-scale
phases further supports the lipid raft hypothesis in both
composition (ie., Gy;/PSM/choleterol-rich compared to the
surrounding phase) and length-scale. The sharp and fractal
phase boundaries observed in the PSM image suggest a gel—
liquid interface. However, the cholesterol image shows smooth
and rounded phase boundaries that extend further into the
interdomain region, suggesting a liquid—liquid interface. The
Gy image shows formation of nanometer scale phases within
the interdomain region, while both the cholesterol and G,y
images suggest the accumulation of these components into
nanometer scale phases at the lipid bilayer edge.

In order to perform compositional analysis of the phase
separated lipid bilayer shown in Figure 2, phase boundaries
were first defined using an ion intensity threshold value. Since
the PSM image provided the best contrast between all the
observed phases, the ">C*H™ ion image was used to classify
three major compositionally distinct phases (Figure 3A): (1)

A
14p

e

23

Interdomain
® Domains (1, 2, 3)
B Included Domains

M Peripheral Domains
B Excluded Domains

10pm

Figure 3. Maps of regions of interest within the lipid bilayer from
Figure 2 highlighting the following: (A) three compositionally distinct
phases corresponding to (1) interdomain region (light gray), (2)
micrometer-scale domains 1, 2, and 3 (gray), and (3) nanometer-scale
domains (black) localized within the micrometer-scale domains
(referred to as “included” domains); (B) nanometer-scale domains
localized within the interdomain region (black) and the edge (gray) of
the lipid the bilayer (referred to as “excluded” and “peripheral”
domains, respectively).

the interdomain region (light gray); (2) the micrometer scale
domains (d > 3 um, gray), and (3) the nanometer scale
domains (d & 100 nm to 1 um, black) localized within the
micrometer scale domains. Nanometer-scale domains were also
observed in the interdomain region (Figure 3B, black) and at
the edge of the lipid bilayers (Figure 3B, gray) and were
resolved using the '"F~ ion, Gy -specific image. Quantitative
compositional analysis of these regions of interest was possible
through the use of calibration curves from standard samples.
The overall composition (+uncertainty) of the lipid bilayer
in Figure 3 (i.e., light gray, gray, and black regions in Figure 3A)
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was determined by SIMS to be 21.7 + 3.6 mol % cholesterol,
56.2 + 4.6 mol % PSM, 4.2 + 1.7 mol % Gy, and 17.9 + 2.1
mol % DOPC (labeled “all” in Figure 4). The final composition

100

1 T 1 1 I
B "*c-cnotesterol l?H-Psm l18-F-G, ll *N-DOPC
80 =

60

mol %

40

20

9 All

Domain 2 Domain 3

Interdomain Domain 1

Figure 4. Quantitative compositional analysis of the entire lipid bilayer
(all), the interdomain region (interdomain, light gray region in Figure
3A), and the three micrometer-scale domains (domains 1, 2, and 3 in
order of increasing size, gray regions in Figure 3A).

determined from quantitative SIMS analysis was significantly
different for PSM and DOPC and relatively similar for
cholesterol and Gy, compared to the initial composition of
the lipid mixture used to prepare the GUV (ie, 19 mol %
cholesterol, 38 mol % PSM, S mol % Gy, and 38 mol %
DOPC). Analysis of an additional 10 GUV lipid bilayers (see
Table S6 and Figures S13—S22 in Supporting Information)
suggests that the average composition (1 SD) of this GUV
population is 23.5 + 4.1 mol % cholesterol, 45.4 & 12.4 mol %
PSM, 13.8 + 10.9 mol % Gy, and 17.3 + 2.9 mol % DOPC
(see Table S6 in Supporting Information), indicating significant
GUV-to-GUV compositional variation. This further suggests
that the lipid bilayers appear, on average, to be predominantly
depleted in DOPC and would suggest a preferential adsorption
of GUVs with a lowered DOPC content. However, preliminary
work on simpler lipid mixtures suggests that cholesterol, and
not DOPC, content is a major factor affecting the adsorption of
GUVs while a small amount of PSM (>5 mol %) can help
improve the adsorption efficiency.*® On the basis of ternary
phase diagrams (without Gy), the compositional variation
from GUV-to-GUYV is such that two GUV populations, one in a
two-phase regime and the other in a three-phase regime, would
be expected. The discrepancy between the initial composition
of the lipid mixture used to prepare the GUVs and the
measured composition of the supported lipid bilayers by
quantitative SIMS analysis might be the result of lipid demixing
prior to GUV electroformation*” (presumably as a result of
GUV electroformation from a dry versus damp lipid film).
Baykal-Caglar et al*” showed that the average cholesterol
content in a multicomponent GUV population prepared using
the method reported here had a standard deviation of 4 mol %
in close agreement with our studies (4.1 mol %). The estimated
compositional variation in their studies was based on imaging a
GUYV population by fluorescence microscopy and recording the
temperature at which the phase behavior of each GUV changed
from a phase separated state to a single-phase state and
calculating the average temperature + 1 SD. Furthermore, the
calibration curves are based on chemically homogeneous
mixtures, i.e., labeled molecule mixed with its unlabeled
counterpart, and there may be effects from other chemically
distinct components in a heterogeneous mixture. As a result,
our quantitative compositional analysis is only an estimate of
the actual composition. Furthermore, a control GUV lipid
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bilayer sample also prepared with a 2:2:1 *H-sphingomye-
lin/"*N-DOPC/"3*C-cholesterol but without 18-F-Gy;, revealed
a final composition by quantitative SIMS analysis of 29.6 + 3.8
mol % cholesterol, 57.5 + 3.5 mol % PSM, 0.8 + 1.9 mol %
Gy, and 12,1 + 2.2 mol % DOPC. The final composition
determined by SIMS analysis of the control sample is in close
agreement with that of the sample with Gy, except for the very
low Gy, content measurement falling just below the detection
limit for 18-F-Gyy, (see Table S2 in Supporting Information).

The cholesterol-rich, micrometer-scale domains (labeled
domains 1, 2, and 3 in order of increasing size in Figure 4
and colored gray in Figure 3) were surrounded by a cholesterol-
poor, interdomain region (labeled interdomain in Figure 4 and
colored light gray in Figure 3) with an averaged difference of 26
mol % between the two phases. Interestingly, these cholesterol-
rich micrometer-scale domains correspond to PSM-poor
regions while the surrounding interdomain corresponds to a
PSM-rich region with an averaged difference of 40 mol %
between the two phases. Furthermore, these micrometer-scale
domains were also found to have an average of 12 mol % more
Gy than the interdomain region. Consequently, the micro-
meter-scale domains constitute a cholesterol-rich/PSM-poor/
Gy -rich phase whereas the interdomain region constitutes the
opposite, ie, a cholesterol-poor/PSM-rich/Gy-poor phase.
Even though DOPC does not appear to be homogeneously
distributed throughout the lipid bilayer, the very low molar
percent difference between the micrometer-scale domains and
the interdomain region (~2 mol %) suggests that both phases
have surprisingly similar DOPC content with the exception of
few regional compositional inhomogeneities localized especially
at the boundary of the micrometer-scale domains where DOPC
appears to have been depleted.

As seen in Figure 2, a complex phase separation process
occurred in which the micrometer-scale domains, the
interdomain region, and the edge of the lipid bilayer displayed
phase-separated, nanometer scale (d < 1 um) assemblies
referred to as “included” (d = 379 + 229 nm), “excluded” (d =
271 + 136 nm), and “peripheral” (d = 435 + 203 nm) domains,
respectively (histograms in parts A, B, and C of Figure S,
respectively). Similar behavior was recently reported in a
frequency modulated (FM)-AFM study showing that the
diameter of domains in a DOPC/cholesterol/PSM-containing
supported lipid bilayer is typically in the 500—3000 nm range.®
The appearance of nanometer scale assemblies inside and
outside the micrometer scale L, domains is also consistent with
an AFM-imaging study™® on the appearance of nanometer-scale
domains within micrometer-scale domains and the interdomain
region at the higher Gy, molar percent content also used here.

The excluded (Figure 3B, black) and peripheral (Figure 3B,
gray) domains resolved here were identified using the F~ jon,
Gyi-specific image. A total of 68, 318, and 125 nanodomains
were resolved within the micrometer-scale domains, the
interdomain region, and the edge of the lipid bilayer,
respectively. The nanometer-scale domains localized at the
periphery of the lipid bilayer were often highly interconnected
making it difficult to resolve individual domains using a single
criterion. As a result, the agglomeration of nanometer scale
phases into larger assemblies accounts for the larger sizes
observed in the size distribution histogram. Quantitative
compositional analysis (Figure 6) suggests that (1) the included
nanodomains have similar cholesterol, more PSM, and less Gy,
and DOPC content than the micrometer-scale domains, (2) the
excluded nanodomains have similar cholesterol and DOPC
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Figure 6. Quantitative compositional analysis of the nanometer-scale
domains localized within the micrometer-scale domains, the
interdomain region, and the edge of the lipid bilayer referred to as
included, excluded, and peripheral domains, respectively.

content, less PSM, and more Gy, than the interdomain region,
and (3) the peripheral domains have more cholesterol and Gy
and less PSM and DOPC than the interdomain region. Because
peripheral domain formation is dictated not only by phase
separation processes (which include the effect of the support)
but also by lipid bilayer edge effects, they are omitted from
further discussion on phase separation processes. Conse-
quently, the included nanodomains are referred to as PSM-
rich in relation to the micrometer scale domains whereas the
excluded nanodomains are referred to as Gy, -rich in relation to
the interdomain region.
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Figure 7. Colocalization of lipid bilayer components. The color bar represents colocalization score values. Score values less than 0.3 indicate low
colocalization, and score values more than 0.3 indicate high colocalization (see text).

Colocalization of Membrane Components. Figure 7
shows the colocalization image for pairs of membrane
components in the lipid bilayer depicted in Figure 2.
Colocalization images are generated by calculating the square
root of the product between the normalized, molecule-specific
images given by

1/2
X1~ X1 min X3 = X min
S, = X
,

‘xl,max - xl,min x2,max - xl,min

where S,,, &, %, and x,;, represent score value between
membrane components 1 and 2, pixel value, maximum pixel
value, and minimum pixel value, respectively. Normalization of
the molecule-specific images allowed comparison between all
binary images using a single score scale. Score values above 0.3
indicate high colocalization, while score values below 0.3
indicate low colocalization.

Figure 7 indicates high colocalization of cholesterol and
sphingomyelin at the boundary of micrometer-scale phases
(domains 1, 2, and 3) extending approximately 1.5 ym into the
interdomain region (referred to as “domain boundary region”).
Cholesterol and sphingomyelin also colocalize within the
nanometer scale phases localized within these micrometer-
scale domains (included domains) and the nanometer scale
phases at the periphery of the lipid bilayer (peripheral
domains). Furthermore, Figure 7 indicates high colocalization
of cholesterol and ganglioside Gy, within domains 1, 2, and 3
and the domain boundary region, and the nanometer-scale
phases at the periphery of the lipid bilayer (peripheral
domains). It also indicates high colocalization of cholesterol
and DOPC at the domain boundary region. Figure 7 also
indicates high colocalization of sphingomyelin and ganglioside
Gy, within the interdomain region, the included, excluded, and
peripheral domains. It also indicates high colocalization of

sphingomyelin and DOPC within the interdomain region and
the nanometer scale phases within the interdomain region (i.e.,
excluded domains). Lastly, Figure 7 indicates high colocaliza-
tion between ganglioside Gy, and DOPC within the excluded
domains.

B DISCUSSION

Monofluorinated 18-F-Gy; Mimics Native Gy, in Live
Cell and Model Membranes. Fluorine substitution is a useful
strategy for providing contrast in NanoSIMS imaging, since it is
easily resolved from isobaric interferences (i.e, "*O'H™ at mass
19); the high electron affinity of fluorine leads to particularly
high sensitivity, and it affords minimal background. However, it
is important to confirm that fluorine substitution does not
affect the biological and physical properties of the labeled
molecule.

Fluorine substitution for hydrogen atoms has been widely
used to modify biolo%ically active molecules in bioorganic and
medicinal chemistry.*™>* Monofluorination on the hydro-
carbon chain of lipids has been proven to exhibit minimal effect
on its biophysical properties.”> We designed and synthesized
single fluorine labeled gangliosides for the detection of
assemblies in which such molecules participate. Fluorine and
hydrogen are isoteric; therefore, we expect that substitution
with a single fluorine atom at position 18 should not
significantly alter the physical properties of the molecule.”
Nonetheless, we evaluated the biological behavior of 18-F-Gyy
compared to native Gyy. The ability of 18-F-Gy to trigger
Ca®" influx was interrogated in Jurkat cells and found to be
similar to that induced by native Gy (see Figure S2 in
Supporting Information). Furthermore, the incorporation of
18-F-Gy, into mammalian cell surfaces and recognition by
cholera toxin B subunit (CTB) was confirmed by flow
cytometry (see Figure S3 in Supporting Information). The
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incorporation levels of 18-F-G,; into CHO-KI1 cells were
found to be similar to native Gy;. In addition, the biophysical
properties and phase behavior of 18-F-Gy were analyzed by
AFM in phase separated SLBs and shown to mirror native Gy,
(see Figure S4 in Supporting Information).

On the other hand, there have been studies on multilamellar
vesicles composed of monofluorinated DPPC (F-DPPC, with a
single F atom at position 16 of the palmitic acid chain) mixed
with native DPPC that have shown the appearance of an
interdigitated monolayer phase, presumably as the result of
strong interactions between the headgroup of a lipid and the
highly polar fluorine atom at the methyl terminus of the sn-2
chain of another lipid, to be concentration dependent. This
effect becomes more apparent at concentrations higher than 30
mol % ]F"—DPPC,s1 and addition of cholesterol has been shown
to inhibit formation of this interdigitated monolayer phase.%
On the basis of these studies, we do not expect the formation of
an interdigitated phase in our system, since only 5 mol % of a
monofluorinated Gy, and as much as 19 mol % cholesterol
were incorporated into the GUVs. In addition, AFM imaging
results (see Figure S4 in Supporting Information) showed no
evidence of an interdigitated monolayer phase, as determined
from membrane thickness measurements showing height values
that span an entire lipid bilyer as opposed to half a lipid bilayer
characteristic of an interdigitated monolayer phase.”> Taken
together, there is no evidence of an interdigitated monolayer
phase in our system. Therefore, we conclude that substitution
of a single hydrogen atom with fluorine at position 18 on the
stearic acid chain of Gy does not significantly disturb the
physical behavior of the molecule within lipid membranes when
incorporated at low molar percentages.

Furthermore, our SIMS imaging results indicate that Gy
assembly into micrometer scale phases is strongly cholesterol
dependent. On the other hand, Gy, assembly into nanometer
scale phases is likely dictated by interactions between the
oligosaccharide headgroups. The latter assessment is based on
Langmuir monolayer studies that showed the condensing effect
of the oligosaccharide headgroup in Gy -containing mono-
layers and further showed, in contrast, that 18:0 ceramide
(essentially Gy, without its headgroup) or 18:0 ceramide EO,4
(with the polyethylene chain modeling the bulky oligosacchar-
ide headgroup in Gy) containing monolayers do not induce
condensation.%*

In sum, the AFM, FACS, and Ca** signaling assay data show
that a terminally monofluorinated Gy, 18-F-Gyy;, has similar
biophysical and biological properties as native Gy, and serves
as a nonperturbing proxy for the native ganglioside Gy, that is
ideally suited for NanoSIMS experiments. Interestingly, when a
Gy analogue with fluorine substitution in the middle of the
stearic acid chain at position 12 was used to form SLBs,
separation between gel and L4 phases was different (see Figure
S2S in Supporting Information). This is presumably the result
of a change in tilt angle leading 12-F-Gy, to behave differently
in model membranes.>

Gy; and Cholesterol Colocalize within Liquid Ordered
Micrometer-Scale Phases. The molecule-specific images
obtained from NanoSIMS analysis of a phase separated lipid
bilayer presented in Figures 2 and 3 illustrate the presence of
complex phases at the micro- and nanometer scales. The
micrometer scale phase behavior of our system was first
characterized, prior to SIMS imaging, by fluorescence
microscopy using a small amount of a fluorescent lipid (0.05
mol % TR-DHPE) that preferentially partitions into disordered
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phases. Fluorescence microscopy images (see Figure SS in
Supporting Information) revealed the formation of micrometer
scale L, domains with low fluorescence intensity (FI) values
surrounded by an L, interdomain region with high FI values.
Often a differential partitioning of the fluorophore in the region
spanning a few micrometers from the edge into the lipid bilayer
was also observed with medium FI values; this was attributed to
edge effects, an inevitable consequence of the sample
preparation, and these edges were avoided in discussions of
phase separation processes. The observation of micrometer
scale phase coexistence reported here is consistent with phase
diagrams developed from fluorescence microscopy imaging of a
canonical lipid raft mixture at room temperature that places a
2:2:1 PSM/DOPC/cholesterol-containing GUV in a two-phase
regime corresponding to L, domains, presumably sphingomye-
lin and cholesterol-rich, surrounded by an L4 interdomain
region, presumably phosphatidycholine-rich and cholesterol
poor.~ Furthermore, AFM imaging on the incorporation of
the ganglioside Gy, into the canonical lipid raft mixture at low
molar percentages (<5 mol %) suggested the preferential
partitioning of Gy, into these L, domains that are presumably
sphingomyelin and cholesterol-rich.** The SIMS images
presented here provide, for the first time, direct evidence for
the colocalization of Gy and cholesterol and show that Gy
partitions instead into L,, cholesterol-rich/PSM-poor domains
surrounded by an Ly, PSM-rich interdomain region.

Formation of Nanometer Scale Phases: Comparisons
with Other Data. Gy, has been used as a raft marker in many
studies, where it is visualized by using a derivative that has a
fluorophore on one of the fatty acid chains,’® by binding a
fluorescently labeled CTB subunit,*”° or by AFM, exploiting
the subtle he';ht difference associated with the oligosaccharide
headgroup.**”" Each method introduces a different set of
issues, and unfortunately, precisely the same set of lipid
mixtures and conditions are rarely used, making comparisons
difficult. Furthermore, the direct, quantitative analysis of
complex phases is not possible without molecule-specific
information of the sort provided by imaging mass spectrometry.
In the following discussion we draw on this and other literature
to the extent possible to help interpret our data.

The appearance of three distinct phases within the lipid
bilayer shown in Figure 3 is consistent with previous studies on
fluorescence intensity, anisotropy, and lifetimes of trans-
parinaric acid (tPA) containing giant multilamellar vesicles
(GPMVs) at room temperature that places this same mixture
(ie, 2:2:1 PSM/DOPC/cholesterol) in a three-phase regime
corresponding to Lg, L, and gel phases.”” However, the SIMS
studies provide unique quantitative compositional analysis of
these phases that could only be inferred indirectly in earlier
measurements. Yuan et al. (2002) imaged the distribution of
Gy (at 1 and S mol %) in a 1:1:1 DOPC/sphingomyelin/
cholesterol-containing lipid monolayer on mica using AFM*
and showed the formation of small (40—100 nm) Gy -rich
domains localized within the more ordered, micrometer scale,
presumably PSM/cholesterol-rich domain phase at the lower
Gy content and also within the surrounding, less-ordered,
DOPC-rich interdomain phase at the higher Gy content.
Their observations™® of height differences between nanometer-
scale phases and the surrounding region using AFM are
qualitatively consistent with our observations of compositional
variations using NanoSIMS data. At the higher G,y content,
both methods revealed three main regions corresponding to
(1) a more ordered, micrometer-scale domain phase, (2) a
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surrounding, less ordered, interdomain phase, and (3) nano-
meter scale phases localized within phases 1 and 2. However,
qualitative and quantitative SIMS analysis presented in Figures
4 and 5 on the composition of these phases revealed that PSM-
rich, nanometer-scale domains preferred to partition within the
more ordered, cholesterol-rich/PSM-poor/Gyy,-rich phase,
while Gy;-rich, nanometer-scale domains preferred to partition
within the surrounding, disordered, cholesterol-poor/PSM-
rich/Gyy-poor interdomain phase. Since phase behavior is
dictated by composition, temperature, and pressure on a surface
(ie, including substrate and lipid bilayer edge effects),
differences in these parameters may account for the observed
differences between their system and ours.

Compositional analysis of the Gy -specific image suggests
that Gy, prefers partitioning into both micro- and nanometer
scale ordered phases that are surrounded by a disordered phase.
The observation of Gy partitioning into micrometer scale
ordered phases is consistent with previous studies. However,
there is little and often contradicting evidence supporting its
localization within a distributed, nanometer scale phase. A
fluorescence microscopy and fluorescence correlation spectros-
copy (ECS) study using DilC,5 and CTB-Alexa488 as probes®
showed the preferential partitioning of Gy, into L, micrometer
scale domains and no indication of an additional, subresolution
microdomain structure within these visible domains. In
contrast, fluorescence microscopy imaging of native membranes
showed no visible micrometer-scale phase separation and yet
FCS analysis showed anomalous diffusion supporting a
subresolution structure of small phases dispersed in a
continuous phase and limited mobility suggesting its restriction
to nanometer scale assemblies that are associated with the
cytoskeleton.”” Furthermore, a fluorescence microscopy study”’
using DiIC}, and CTB-Alexa488 as probes suggested that CTB
binding to the membranes, and not the coalescence of pre-
existing nanoscale structures, is responsible for creating new
phases. On the other hand, an AFM study’' provided
convincing evidence for the presence of pre-existing Gy -rich
nanoscale (10—60 nm in size) structures at Gy, concentrations
above 0.5 mol % in POPC lipid bilayers. The direct SIMS
imaging of the lateral distribution of Gy within a model
membrane composed of a lipid raft mixture suggests that Gy,
associates with cholesterol-dependent, micrometer-scale or-
dered phases as well as cholesterol-independent, nanometer
scale ordered phases, both dispersed in a liquid disordered,
PSM-rich interregion.

The appearance of nanometer scale assemblies and their
agglomeration into micrometer scale clusters within the phase
separated lipid bilayer presented in Figure 2 is consistent with a
recent NanoSIMS imaging study on the cholesterol-dependent
phase separation of a ternary lipid bilayer mixture composed of
1:1 N-DLPC/*H-DSPC with various amounts of cholesterol
ranging from 0 to 19 mol %, where cholesterol was not imaged,
suggesting the agglomeration of gel-phase, DSPC-rich nano-
scopic domains into micrometer-scale clusters at the highest
cholesterol content.”> Domain sizes are dictated by the thermal
history of the sample.”* In the system presented in this paper,
heated (T > 70 °C) GUVs were fused to SiO,/Si substrates at
room temperature and incubated for 30 min followed by
incubation at 70 °C for 30 min and cooled to room
temperature at a rate of S °C/h. This slow cooling treatment
is meant to minimize the formation of kinetically trapped
regions and allows instead for a phase separation process that is
closer to equilibrium.
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B CONCLUSION

The direct observation of lipid rafts in mammalian cell
membranes has been of interest since they were first
described”® and assigned important biological roles.”® We
have developed a direct method to visualize the spatial
organization and preferential partitioning of a monofluorinated
derivative of Gy, with cholesterol by NanoSIMS in a canonical
lipid raft mixture. As judged by functional and biophysical
assays, 18-F-Gy,, recapitulates the properties of native Gy, and
serves as a minimally perturbed proxy. 18-F-Gy,; was examined
in the context of a quaternary mixture of lipids in SLBs by
NanoSIMS. Quantitative image analysis demonstrates prefer-
ential colocalization of G,y with cholesterol in lipid bilayers,
without the need for staining or modification with labels.
Furthermore, the SIMS imaging also affords detailed
information for all components, such as the colocalization of
PSM and DOPC within the interdomain region, which has not
been reported using AFM and other techniques. Although the
lateral resolution of NanoSIMS is modest compared to AFM, it
reveals molecule specific information of the lateral organization.
These studies set the stage for comparing the behavior of a
wide variety of previously postulated membrane assemblies
including lipid rafts in cellular membranes. Studies along these
lines are underway in our laboratories.
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