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ABSTRACT Fluorescence correlation spectroscopy (FCS) is used to examine mobility of labeled probes at specific sites in
supported bilayers consisting of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid domains in 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC). Those sites are mapped beforehand with simultaneous atomic force microscopy and submicron confocal
fluorescence imaging, allowing characterization of probe partitioning between gel DPPC and disordered liquid DOPC domains with
corresponding topography of domain structure. We thus examine the relative partitioning and mobility in gel and disordered liquid
phases for headgroup- and tailgroup-labeled GM1 ganglioside probes and for headgroup- and tailgroup-labeled phospholipid
probes. For the GM1 probes, large differences in mobility between fluid and gel domains are observed; whereas unexpected
mobility is observed in submicron gel domains for the phospholipid probes. We attribute the latter to domain heterogeneities that
could be induced by the probe. Furthermore, fits to the FCS data for the phospholipid probes in the DOPC fluid phase require two
components (fast and slow). Although proximity to the glass substrate may be a factor, local distortion of the probe by the
fluorophore could also be important. Overall, we observe nonideal aspects of phospholipid probe mobility and partitioning that may

not be restricted to supported bilayers.

INTRODUCTION

The lateral organization and dynamics of lipids and proteins
in membranes is critical to many cellular processes. Thus
there has been considerable interest in the study of membrane
microdomains (‘‘lipid rafts’”) to determine their size, location,
and function in membrane organization (1-3). Studies of
domains in cellular membranes have relied heavily on fluo-
rescence-based imaging of protein colocalization and lipid
structure (4—6) and fluorescence-based dynamical studies of
lipid probes and labeled proteins. Concerning dynamics, it is
widely held that translational diffusion rates reflect not only the
intrinsic mobility of membrane constituents but also the local
structure of the membrane. Thus we have seen the application
of a variety of techniques that offer considerable insight into
diffusion processes in cellular membranes at various length
scales. These include fluorescence recovery after photobleach-
ing (FRAP) (7,8), single particle tracking (SPT) (7,9,10), and
fluorescence correlation spectroscopy (FCS). Applications of
FCS to diffusion in membranes have been discussed com-
prehensively in the literature (11-15). Since the sensitivity of
time-dependent statistical analysis of fluorescence intensity in
FCS scales inversely with detection volume and probe con-
centration, it is an excellent tool to complement low-light-level
confocal fluorescence imaging of membranes.

Both fluorescence-based imaging and dynamics have also
been essential to the analysis of the structure of lipid domains
and component mobility in model membranes. Model
membrane studies offer the ability to characterize phase
separation, due to headgroup interactions and/or acyl chain
structure, of gel or liquid-ordered domains (‘‘rafts’”) within
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multicomponent lipid mixtures, on the basis of subsequent
partitioning of lipid probes or protein-binding glycosphingo-
lipids between the phases (16—19). By partitioning, we refer
to the process by which probes go preferentially into one
domain but can be observed in both. It has been shown using
FCS (20,21), FRAP (22,23), and SPT (24,25) that the two-
dimensional lateral diffusion coefficient of most probes
is strongly dependent on the lipid packing of the domains:
~1-10 X 10~® cm?/s in liquid-disordered phases to essen-
tially immobile (<10~"'! cm?/s) in gel phases.

Since dynamical processes are dependent on the local
membrane structure as well as local molecular interactions, it
would be advantageous to directly correlate dynamics in-
formation with detailed lateral dimensions and topography
mapped out with atomic force microscopy (AFM). AFM has
been successfully used to image domain structure in sup-
ported lipid monolayers and bilayers in fluid environments on
the basis of topographic height differences between gel-
phase, liquid-ordered, and liquid-disordered domains (23,26—
28). Recently, simultaneous AFM and confocal fluorescence
imaging was used to examine the partitioning of lipid probes
between fluid and gel domain boundaries mapped with 1 nm
lateral resolution (28). We now present FCS measurements of
diffusion coefficients of lipid and glycolipid probes at pre-
cisely defined locations on supported bilayers mapped out
with the same technique. The resolution is limited only by the
spot size (~400 nm) of the laser beam on the sample. Of
particular interest is the boundary region between domains.
Also, it has been shown that the location of the fluorescent
probe (e.g., headgroup versus tailgroup) on the lipid molecule
has significant impact on partitioning between domains
(18,19,28). Since partitioning and lateral diffusion are both
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expected to be sensitive to local molecular interactions, it is of
interest to determine if the location of the fluorescent probe
influences the lateral diffusion as well. Thus, we examine the
relative partitioning and diffusion coefficients in gel (DPPC)
and disordered liquid (DOPC) phases and boundary regions
for both headgroup- and tailgroup-labeled GM1 ganglioside
as well as for headgroup- and tailgroup-labeled phospholipid
analogs of DPPC. Since GM1 selectively binds cholera toxin
B (CTX-B) fragments, we are also able to examine the effects
of protein binding on GM1 mobility in the fluid DOPC phase.

Numerous studies of supported bilayers in fluid environ-
ments have shown that domain structure and freedom of
movement of lipid components are, for the most part, pre-
served relative to unsupported membranes (22,23,29-32).
This behavior is attributed to a 1-2 nm water layer that de-
couples the bilayer from the solid support and allows
““lateral’’ lipid-lipid and ‘‘vertical’’ leaflet-leaflet interactions
to dominate (33-35). Substrate effects have been reported,
however, and include slower diffusion rates for probes prox-
imal to the substrate (36) and altered phase behavior (37,38).
The latter may be due to unrelieved stresses at domain
boundaries created during bilayer formation and/or temper-
ature cycling (39). Our results do indicate local heterogene-
ities in gel domain structure and a slow mobility component in
the phospholipid probes. However, it is not clear whether
those can be attributed to substrate effects or defects induced
by the probes.

MATERIALS AND METHODS
Lipids and proteins

1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC), and GM1 ovine brain ganglioside
(GM1) were purchased from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-propionyl)-1,2-dipalmitoyl-sn-glycero-3-phosphoethanol-
amine (BODIPY-DPPE, also known as BODIPY-DHPE), 2-(4,4-difluoro-5,
7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodecanoyl)- 1-hexadecanoyl-sn-
glycero-3-phosphocholine  (BODIPY-C12-DHPC), N-(4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl)-C5-ganglioside GM1
(BODIPY-C5-GM1), biotinylated recombinant CTX-B subunit (B-CTX-B),
Alexa Fluor 488 conjugated recombinant CTX-B subunit (Alexa-488 CTX-B),
and Alexa Fluor 488 hydrazide were purchased from Molecular Probes
(Eugene, OR) and used without purification unless otherwise indicated.
Sodium meta-periodate and bovine brain asialoganglioside-GM1 were
purchased from Sigma Chemical (St. Louis, MO) and used without further
purification. It should be noted that the use of recombinant Alexa Fluor 488
CTX-B greatly reduces background emission that is found when non-
recombinant CTX-B is used (28).

Synthesis of headgroup-labeled GM1 ganglioside

Alexa Fluor 488 hydrazide-conjugated GM1 (‘‘Alexa-488 head-GM1°’) was
prepared by a modification of previous methods (40). Bovine brain
asialoganglioside-GM1 (1 mg/mL) was suspended in 100 mM sodium
acetate buffer (pH 5.5) with 1 mM sodium meta-periodate. The oxidation
reaction was allowed to proceed for 30 min on ice. The suspension was then
purified and concentrated by ultrafiltration in the same buffer using YM-30
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Microcon centrifugal filters (Millipore, Bedford, MA), repeating five times
to remove the sodium-meta periodate. A total of 10 mM Alexa Fluor 488
hydrazide was added to the oxidized GMI1 and allowed to react with
agitation for 2 h at room temperature. The fluorescent GM1 conjugates were
freed of unreacted dye by using YM-30 Microcon centrifugal filters,
repeating in PBS buffer, as described above, until the supernatant was
optically clear. The labeled GM1 was dried under vacuum and stored as
a powder under nitrogen at —20°C. Based on the mass of the GM1 before
and after dye conjugation and absorption measurements, the Alexa:GM1
ratio was determined to be unity.

Supported bilayers

Lipid bilayers are formed on glass coverslips by the method of vesicle fusion
(29,35). Small unilamellar vesicles are prepared by first dissolving the lipids
in chloroform (Alexa-488 head-GM1 was dissolved in dimethyl sulfoxide),
followed by rotary evaporation of the solvent and drying for over 12 h under
high vacuum. The lipids are resuspended by adding phosphate-buffered
saline (PBS) buffer (100 mM NaCl, 40 mM sodium phosphate, pH 7.4)
and vortexing, followed by degassing with nitrogen. The lipid suspension
was then subjected to a freeze thaw cycle followed by repeated extrusion
(Northern Lipids, Vancouver, Canada) through 100 nm filter pores. Dynamic
light scattering characterization (Protein Solutions, High Wycomb, UK)
verified 100 nm vesicle diameters.

Glass coverslips (0.13-0.17 mm thickness) are cleaned in (7:3) H,SO4/
H,0, (caution: this is potentially explosive when reacting with organics),
rinsed thoroughly in distilled water and ultrapure water (Barnstead Nanopure,
Dubuque, IA), and stored under ultrapure water (18 M{)-cm). Just before use,
the coverslips are dried under a stream of pure, dry nitrogen and mounted in
a Leiden coverslip dish (Harvard Apparatus, Holliston, MA). The ~3 mM
vesicle solution is pipetted onto the coverslip and diluted (1:5) with imaging
PBS buffer (150 mM NaCl, 50 mM sodium phosphate, 1. 5 mM NaN3,
pH 7.4). After 2 h of incubation at 60°C followed by 30 min of cooling to
room temperature, the lipid bilayer is rinsed thoroughly with imaging PBS
buffer and mounted on the microscope. When required, incubation of
the lipid bilayers with Alexa 488-CTX-B or B-CTX-B stock solutions
(10 pgr/ml, in imaging PBS buffer) is performed for 1-2 min, followed by
thorough rinsing with imaging PBS buffer.

AFM and fluorescence microscopy

The experimental apparatus for obtaining simultaneous AFM and
fluorescence images of lipid bilayers has been described previously and
will be summarized here (28). An inverted microscope was modified to
accommodate an AFM scan head and is mounted on an acoustically and
light-baffled vibration isolation air table. The liquid cell (coverslip dish) is
mounted on a flat-plate, closed-loop XY scanner (Mad City Labs, Madison,
WI). Excitation light from a continuous 488 nm Ar " laser on a separate table
is coupled into a single-mode optical fiber that forms a collimated Gaussian
output beam. The beam reflects off a dichroic mirror and underfills (~80%)
the back plane of a 100X (1.3 NA) oil immersion objective. The latter is
used to optimize two-dimensional imaging and FCS work at the flat interface
of the supported bilayer and the glass coverslip (41). The objective focuses
the light (300 nW) to a diffraction-limited ~400 nm spot (see below)
spatially coincident on the sample with the pyramidal tip on the end of the
AFM cantilever, as can been seen through the microscope eyepiece. This
alignment remains fixed as the sample is scanned. The optical resolution of
the fluorescence image is optimized by minimizing the spot size on the
sample. Epifluorescence emission passes through two notch filters (488 and
670 nm) and a 500-580 nm band-pass filter and is then spatially filtered
by a 50-um diameter core multimode fiber connected to an avalanche
photodiode detector. Before a scan, the fluorescence signal from the min-
imized laser spot is optimized by the lateral and translational position of
this 50-um aperture.
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Simultaneous AFM topographic and fluorescence images are acquired by
a single controller for sample scanning, AFM feedback, and photon counting
of the fluorescence. Closed-loop control of the XY scanner is performed
automatically by separate electronics that are interfaced to the imaging
controller. The XY scanner plate was calibrated with a 463 nm square grid
grating (Ted Pella, Redding, CA), and the AFM head was calibrated in Z
with known 25.5 nm steps (TGZ01, NT-MDT, Mikromasch USA, Portland,
OR). Fluorescence background count rates for blank substrates were
<1 KHz. A slight offset between the two images is possible due to the
manual alignment of the laser focus on the AFM probe tip. All the AFM data
presented here were acquired with cantilevers (Olympus TR400-PSA, Tokyo,
Japan, nominal force constant of 0.08 N/M) in tapping mode.

Fluorescence correlation spectroscopy

FCS was performed with the AFM-fluorescence imaging apparatus discussed
above in conjugation with a correlator (ALV-6010/160, Langen, Germany)
interfaced to a separate computer using software supplied with the correlator
(ALV Correlator Software Version V.3.1.12). Calibration of the laser spot
size (1/e* Gaussian radius = 0.22 wm for 488 nm light) on the surface of the
coverslip at the same power level (300 nW) and same optical pathway used
for all imaging and FCS was determined by fitting the diffusion data acquired
for a 1077 M solution of rhodamine 6G in a coverslip dish to the value
2.8 X 107% cm?/s (42). Precise control of the laser spot position on the sample
was maintained by the closed-loop XY scanner, which eliminates drift and
nonlinearities common to piezoceramic actuators used in AFM (43). The
laser spot focus and the 50-um multimode fiber spatial filter are optimized as
discussed above for imaging. FCS data acquisition was performed as follows:
1),256 X 256 pixel AFM and fluorescence images of supported bilayers were
acquired and stored in memory; 2), the AFM cantilever was withdrawn from
the sample to minimize light scattering (a precaution, not a problem); 3), the
APD signal output was disconnected from the fluorescence imaging photon
counter and connected directly to the correlator with an impedance-matched
cable; 4), the fluorescence image was displayed and, with an image controller
cursor, the position of the XY scanner was moved to a spot in the fluorescence
image; and 5), FCS data was acquired for 100 seconds at that spot. The
correlator also monitored the fluorescence count rate so that photobleaching
could be detected if occurring. Steps 4 and 5 were repeated for many different
spots in the fluorescence image. The raw FCS data were not averaged at one
spot, but rather many spots were sampled and analyzed independently. Dif-
fusion coefficients were then averaged, unless otherwise noted.

Analysis of FCS data for two-dimensional translational diffusion has
been thoroughly discussed elsewhere (11-13) and will be briefly summarized
here. Fluctuations 8F(r) = F(r) — (F(¢)) in the fluorescence intensity F are
autocorrelated over discrete time intervals 7 by the function G(7):

G(1) = (BF(1)8F (1 + 7)) J{F’. (1)

Brownian diffusion has a mean square displacement {x*) = 4D 7, where
D is the sought after diffusion coefficient. It can be shown that for fluores-
cence fluctuations due to two-dimensional diffusion of N molecules (11)

1 Cj
G(r) = )

NS (1+7/745)
where 74; = w2/4Dj is the average residence interval for molecular

component j with fraction C; within the confines of the Gaussian beam waist
w. Other factors that may contribute to fluorescence fluctuations, such as
single-triplet intersystem crossing (44), were found to be negligible for the
dyes and timescales used in these experiments. For labeled probe molecules
of one type undergoing unrestricted lateral diffusion, Eq. 2 reduces to a single
component (D) fit. However, if sample heterogeneities exist, the data may
exhibit two components, ‘‘fast’” and ‘‘slow’’, with fractions Cr,g and Cyjow
and diffusion coefficients Dy, and Dy, respectively.
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RESULTS AND DISCUSSION

Simultaneous AFM-fluorescence imaging
of probe partitioning

In this section, we present simultaneous AFM-fluorescence
images of bilayers (all 3:1 DOPC/DPPC) having various
headgroup- and tailgroup-labeled GM1 and phospholipid
analog fluorescent probes. The images are acquired under
the same optical conditions that are subsequently used for
the FCS experiments. Thus they not only provide information
with regard to domain structure and probe partitioning but
also serve as ‘“‘maps’’ to guide the location of the FCS data
acquisition. The probe concentrations are ~0.05% so that
both imaging and FCS can be performed on the same sample
in sequence. These low probe concentrations preclude precise
quantitative partitioning analysis; thus only qualitative char-
acterization is presented.

Since, as we discuss below, the presence of fluorophores
can change the partitioning of lipids between liquid-dis-
ordered and gel domains, we begin by discussing simulta-
neous AFM-fluorescence images of bilayers that contain
0.5% unmodified GM1 that partitions strongly into the tightly
packed DPPC gel domains (17,45). (We used 0.5% GM1
rather than 0.05% to make certain that a detectable amount is
in the DOPC fluid phase for FCS discussed below.) In Fig. 1
A, it can be seen from the AFM topography that the DPPC
forms (bright) irregularly shaped gel domains. The DPPC-
DOPC height difference is 1.1 = 0.2 nm, in agreement with
other studies (26,46). When the unlabeled GM1 is stained
by bound Alexa-488 CTX-B (17,45), the DPPC domains
become 3.5 = 0.2 nm higher that the DOPC fluid phase, in
agreement with neutron reflectivity measurements (47). The
Alexa-488 CTX-B is closely packed and uniformly covers
the gel domains, indicating significant GM1 concentration.
The GM1 preference for the gel domains is also clearly veri-
fied in the fluorescence image (Fig. 1 B), where the bright
domains correlate with the AFM topography. The resolution

FIGURE 1 Simultaneous 5 um AFM topography (A) and fluorescence
(B) images (scale bar = 1 um) of a 3:1 DOPC/DPPC with 0.5% GM1 bilayer
on glass. The GM1 partitions to the DPPC domains where it binds Alexa-
488 CTX-B. In the topography image, the bright DPPC domains usually are
1.1 = 0.2 nm higher than the surrounding DOPC; in this case, having bound
Alexa-488 CTX-B, they are 3.5 = 0.2 nm higher. The fluorescence feature
indicated by the arrow in B is resolved with a full width at half-maximum of
~300 nm.
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of the smallest domains in the fluorescence image is at the
diffraction limit (~300 nm full width half height), consistent
with the FCS Gaussian beam waist calibration discussed in
the previous section.

The partitioning in the 3:1 DOPC/DPPC domain structure
of three probes used in this study differs considerably from
that of unlabeled GM1. From the images shown in Fig. 2, one
can see that the dark regions of the fluorescence images (indi-
cating exclusion of the probe) correlate with the DPPC gel
domains in the topography images (bright areas 1.1 = 0.2 nm

Burns et al.

higher than DOPC). Thus the ‘‘tailgroup-labeled GM1”’
(BODIPY-C5-GM1) in Fig. 2, A and B, the ‘tailgroup-labeled
phospholipid’’ (BODIPY-C12-DHPC) in Fig. 2, E and F,
and the ‘‘headgroup-labeled phospholipid’’ (BODIPY-DHPE)
in Fig. 2, G and H, are all excluded in varying degrees from
the DPPC gel domains. The same probes, as well as similar
probes using different fluorophores, have exhibited exclu-
sion from ordered domains in other supported and un-
supported monolayers (16,17,45,48) as well as bilayer
vesicles (20,49). The presence of the fluorophore on saturated

FIGURE 2 Simultaneous AFM topography (middle row) and fluorescence (bottom row) imaging of 3:1 DOPC/DPPC bilayers on glass with four different
lipid probes. All images are 5 um scans (scale bar = 1 um). In the AFM images, the bright DPPC domains are 1.1 = 0.2 nm higher than the surrounding
DOPC. In the fluorescence images, the dark regions (less intensity) indicate exclusion of the probe lipids. In A and B, the probe is 0.05% BODIPY-C5-GM1. In
C and D, the probe is 0.03% Alexa-488 head-GM1. In E and F, the probe is 0.05% BODIPY-C12-DHPC. In G and H, the probe is 0.05% BODIPY-DHPE.
Structures of the probes (top row, above corresponding AFM and fluorescence images) are illustrative and meant for relative comparison. For the Alexa-488

head GM1, it is not known which sugar group binds the Alexa-488 hydrazide.

Biophysical Journal 89(2) 1081-1093
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tailgroups thus sufficiently perturbs the local packing of the
lipid chains to be excluded from the ordered DPPC domains
(19). This is expected for the short chain position of the
BODIPY-C5-GM1. However, even the long-chain position
of BODIPY-C12-DHPC does not improve its accommoda-
tion in the DPPC. Even more surprising, perhaps, is the ex-
clusion of the BODIPY-DHPE, since the unaltered saturated
acyl chains match DPPC. The exclusion from DPPC gel
domains of other headgroup-labeled lipids derived from
DPPE have also been reported for unsupported monolayers
and bilayers (45,50). It should be pointed out, however, that
partitioning is not solely driven by lipid phase. For example,
in DLPC/DPPC mixtures with coexisting phases, N-rhoda-
mine-DHPE was found to favor the DPPC gel phase (51). This
is most likely due to more favorable hydrophobic matching.

The one exception to exclusion from DPPC seen in Fig. 2
is the preference for DPPC domains of Alexa-488 head-GM1
(Fig. 2, C and D). It is thus very significant that the large
GM1 headgroup, even when conjugated with Alexa-488, is
accommodated in the densely packed, ordered DPPC do-
mains. Since all the partitioning results depicted in Fig. 2
have been observed in unsupported bilayers as well, we can
conclude that probe partitioning in these supported bilayers
does not appear to be qualitatively influenced by substrate
interactions but rather by interactions in the bilayer.

The irregular shapes of the DPPC gel domains have also
been observed in unsupported vesicles (20,49,52). The large
domains in Fig. 2 are most likely formed by diffusion-limited
Ostwald ripening at the expense of smaller domains during
cooling of the sample to room temperature (53). However,
apparent pockets of trapped DOPC and fluorescent probes in
some DPPC domains (e.g., Fig. 2 H) suggest that aggregation
also occurs to some extent during the cooling period. All
features in the AFM images are static at room temperature.
There are some very small (<50 nm) gel domains present as
well. These small domains are well below the optical re-
solution in the fluorescence images and thus would never be
seen in a fluorescence-only study. Finally, another observa-
tion reported in vesicle studies (20,49) is the symmetrical
distribution of lipid domains across the bilayer, indicating
strong coupling of the two monolayer leaflets. Evidence for
similar behavior here can be found in the consistent correla-
tion of domains in the topographic images with all features in
the fluorescence images; e.g., there has been no observation
in the fluorescence images of domains in the lower leaflet
(proximal to the substrate) that do not have a corresponding
topographic domain in the upper (distal) leaflet.

Site dependence of local mobility

In this section, we discuss the results of site-specific FCS
measurements that relate to structural features in the
AFM/fluorescence images, specifically DPPC domains and
DOPC/DPPC domain boundaries. Since FCS can be readily
performed at low probe concentrations (11), there is sufficient
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sensitivity for data acquisition in the dark regions of the
fluorescence images. For the sake of clarity, we show only the
fits to the FCS data in Figs. 4-7; representative FCS data can
be seen in Figs. 8 and 9. With respect to domain boundaries, it
is of particular interest to see if mobility in the DOPC phase is
influenced by the proximity of ordered DPPC domains due to
extended ordering (30) or to strains associated with boundary
line tensions and/or gel domain formation (39). There are two
important aspects of data acquisition that are imposed by the
diffraction-limited optical resolution. These are illustrated
in Fig. 3, where we have superimposed the DPPC domain
boundaries, as determined from AFM, on the corresponding
fluorescence image. Also depicted is the approximate FCS
spot size (~400 nm) relative to the domain features. The first
aspect to note is that the domain boundaries will always be
blurred in the fluorescence images relative to the AFM to-
pography. One can see in Fig. 3 that the true (AFM) bound-
aries are in the ‘‘gray’’ or intermediate intensity region of the
fluorescence images. Since there can be an offset between the
AFM and fluorescence images, we must use the fluorescence
image to position the FCS spot. Thus we rely on these gray
regions to select domain boundaries. Although the spot selec-
tion may be somewhat imprecise relative to the AFM image,
the stability of the location is maintained by the closed-loop
scanner. The second aspect to point out is that the smaller
domains (<500 nm) tend to have diminished contrast in the
fluorescence image. Since they stand out nicely in the AFM
image, we can refer to the AFM data to verify that they are
indeed domains.

In Fig. 4, we show very large differences in the mobility
of Alexa-488 head-GM1 depending on the location of the

FIGURE 3 Overlap of simultaneous AFM and fluorescence images of
0.05% BODIPY-C12-DHPC taken from Fig. 2, E and F. For clarity, the
AFM topographic image (Fig. 2 E) was processed in Adobe Photoshop (San
Jose, CA) to display just the line edges of the DPPC domains. The white
circle (used also as scale marker) is the approximate size of the calibrated
FCS spot (400 nm diameter). It is located at a domain boundary that appears
“‘gray’’ (intermediate intensity) in the fluorescence image.
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FIGURE 4 Representative FCS measurements in regions of supported bilayer of 3:1 DOPC/DPPC with 0.03% Alexa-488 head-GM 1. (A) Fits to normalized
autocorrelation curves (data curves not shown for clarity) acquired at specific sites indicated in fluorescence image (B). Diffusion coefficients are discussed in
text. The solid curves are for DOPC regions marked by crosses, the dashed curves are for DOPC/DPPC boundary regions marked by diamonds, and the dotted
curves are for DPPC domains marked by triangles. (B) Fluorescence image of Alexa-488 head-GM1, where bright regions are DPPC gel domains. (C) AFM
topography acquired simultaneously with fluorescence image. Bright features are DPPC domains 1.1 = 0.2 nm higher than the surrounding DOPC. The circles
are the approximate size of the calibrated FCS spot and correspond to the locations selected in the fluorescence image. Images (B and C) are 5 wm scans (scale
bar = 1 um).

FCS measurement in the bilayer. The mobility in the DOPC
region (crosses in Fig. 4 B, solid curves in Fig. 4 A) is
consistently rapid (D > 10~® cm?/s) and independent of
location. Meanwhile, representative data for FCS locations
inside the DPPC gel domains (triangles in Fig. 4 B, dotted
curves in Fig. 4 A) reflect immobility (D < 107 em?¥s),
which is verified by significant photobleaching. Similar FCS
results were reported for DOPC/DPPC mixed vesicles (21).
Thus the dense packing of the gel domains accommodates
the Alexa-488 head-GM1, given the bright fluorescence in
these regions, but also completely prevents mobility. For
those points selected along the boundaries, the FCS data is
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characterized by distinct two-component fits reflecting the
heterogeneity of the lipid packing at the domain boundary.
Examples are shown in Fig. 4 (diamonds in Fig. 4 B, dashed
curves in Fig. 4 A). The Dy, components of the two-
component curve fits shown here range from 7-9 X 10~°
cm?/s, the Dy, components range from 0.3—1.4 X 107'°
cm?/s, and Crast/Csiow ranges from 1-2. The multiple dif-
fusion coefficients suggest a contribution from both fluid
DOPC and gel DPPC phases, although according to the
AFM map these FCS spots were predominately in the DOPC
phase. We do not see evidence of a smooth transition in
mobility between the two phases, and it is possible that the

FIGURE 5 Representative FCS measurements in regions of supported bilayer of 3:1 DOPC/DPPC with 0.05% BODIPY-C5-GMI1. (A) Fits to normalized
autocorrelation curves (data curves not shown for clarity) acquired at specific sites indicated in fluorescence image (B). Diffusion coefficients are discussed in
text. The solid curves are for DOPC regions marked by crosses, the dashed curves are for DOPC/DPPC boundary regions marked by diamonds, and the dotted
curves are for DPPC domains marked by triangles. The selected dashed curve (arrow) corresponds to data acquired at diamond indicated by arrow in (B). The
selected dotted curve (arrow) corresponds to data acquired at triangle indicated by arrow in (B). (B) Fluorescence image of BODIPY-C5-GM1, where dark
regions represent exclusion from DPPC gel domains. (C) AFM topography acquired simultaneously with fluorescence image. Bright features are DPPC
domains 1.1 * 0.2 nm higher than the surrounding DOPC. The circles are the approximate size of the calibrated FCS spot and correspond to the locations
selected in the fluorescence image. Images (B,C) are 5 um scans (scale bar = 1 um).
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FIGURE 6 Representative FCS measurements in regions of supported bilayer of 3:1 DOPC/DPPC with ~0.05% BODIPY-DHPE. (A) Fits to normalized
autocorrelation curves (data curves not shown for clarity) acquired at specific sites indicated in fluorescence image (B). Diffusion coefficients are discussed in
text. The solid curves are for DOPC regions marked by crosses, the dashed curves are for DOPC/DPPC boundary regions marked by diamonds, and the dotted
curves are for DPPC domains marked by triangles. The selected dashed curve (arrow) corresponds to data acquired at diamond indicated by arrow in B. (B)
Fluorescence image of BODIPY-DHPE, where dark regions represent exclusion from DPPC gel domains. (C) AFM topography acquired simultaneously with
fluorescence image. Bright features are DPPC domains 1.1 = 0.2 nm higher than the surrounding DOPC. The circles are the approximate size of the calibrated

FCS spot and correspond to the locations selected in the fluorescence image. Images (A and B) are 5 wm scans (scale bar = 1 um).

nearby DPPC gel domain is influencing the Alexa-488 head-
GMI1 mobility in the DOPC phase.

In the case of BODIPY-C5-GM1, many probes along the
domain boundaries appeared to be fully mobile. Represen-
tative data are shown in Fig. 5 where one can see that there is
little difference in the mobility of those lipids along the
domain boundary (diamonds in Fig. 5 B, dashed curves in
Fig. 5 A) with those in the DOPC phase (crosses in Fig. 5 B,
solid curves in Fig. 5 A). One exception (diamond indicated
by arrow in Fig. 5 B) has a distinct two-component fit that
most likely reflects a significant immobile fraction from the
DPPC domain (Dg,g ~ 2 X 1073 cm?/s, Dyow ~ 3 X 1071
em?/s, and Ciue/Cyiow ~ 2). Inside the larger DPPC domains
(>1 um), the BODIPY-C5-GM1 probes are immobile. How-
ever, we have detected instances (highlighted triangle in

1k A

086

G(t) (norm.)

0.4

02

0.1 1 10 100 1000 10°
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Fig. 5 B, dotted curves in Fig. 5 A) of significant mobility
inside smaller domains. The corresponding autocorrelation
curve is another distinct two-component fit, with Dy, = 1 X
107° em®/s, Dgow 22 2 X 107" em?/s, and Cry/Ciow ~ 1.1.
Thus it appears that we have detected heterogeneities in
DPPC gel domains.

We saw in Figs. 4 and 5 that the GM1 probes, particularly
Alexa-488 head-GM1, exhibit the expected large changes in
mobility when the FCS interrogation spot is moved from
DOPC to DPPC domains. Alexa-488 head-GM1 probes are
immobile in the smallest DPPC domains (<1 wm) that still
fully contained the FCS spot without overlapping the
boundary, whereas the BODIPY-C5-GM1 does exhibit
limited mobility in some submicron DPPC domains. In
stark contrast, however, we unexpectedly find that the

FIGURE 7 Representative FCS measurements in regions of supported bilayer of 3:1 DOPC/DPPC with ~0.05% BODIPY-C12-DHPC. (A) Fits to
normalized autocorrelation curves (data curves not shown for clarity) acquired at specific sites indicated in fluorescence image (B). Diffusion coefficients are
discussed in text. The solid curves are for DOPC regions marked by crosses, and the dotted curves are for DPPC domains marked by triangles. (B) Fluorescence
image of BODIPY-C12-DHPC, where dark regions represent exclusion from DPPC gel domains. (C) AFM topography acquired simultaneously with
fluorescence image. Bright features are DPPC domains 1.1 * 0.2 nm higher than the surrounding DOPC. The circles are the approximate size of the calibrated
FCS spot and correspond to the locations selected in the fluorescence image. Images (A and B) are 5 wm scans (scale bar = 1 um).
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FIGURE 8 Effects of CTX-B binding on lateral diffusion of GM1 in
DOPC regions of 3:1 DOPC/DPPC bilayers. Typical normalized autocor-
relation curves of (A) 0.03% Alexa-488 head-GM1; (B) trace amounts of
GM1 in DOPC bound to Alexa-488-CTX-B; (C) 0.05% BODIPY-C5-GM1;
and (D) 0.05% BODIPY-C5-GM1 bound to B-CTX-B. The solid curves are
fits to the data (dotted curves). Diffusion coefficients are discussed in text
and summarized in Table 1.

mobility of the BODIPY-DHPE and BODIPY-C12-DHPC
probes in DPPC domains of similar submicron size is almost
indistinguishable from that in the fluid DOPC. An example
of the surprising results is shown in Fig. 6, where a series of
FCS curves were acquired for BODIPY-DHPE at indicated
locations in and around DPPC domains that are ~0.5 um in
size. The mobility inside these DPPC domains (friangles in
Fig. 6 B, dotted curves in Fig. 6 A) is almost the same as that

G(t) (norm.)

N
~

o
o
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L L L il
100 1000 10* 01 1 10 100 1000 10*
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FIGURE 9 One-component versus two-component fits to normalized
autocorrelation curves for lateral diffusion in DOPC. (A) Typical curve fits to
BODIPY-DHPE and BODIPY-C12-DHPC autocorrelation curves (in this
case, BODIPY-DHPE), where the dotted curve is the normalized auto-
correlation data, the solid curve is the best two-component fit, and the dashed
curve is the best one-component fit. It is clear from the curves and the
residuals (below) that a two-component fit is required. (B) Typical curve fits to
unbound Alexa-488 head-GM1 and BODIPY-C5-GM1 autocorrelation
curves (in this case, Alexa-488 head-GM1), where the dotted curve is the
normalized autocorrelation data, the solid curve is the best two-component fit,
and the dashed curve is the best one-component fit. The residuals indicate
a close fit for the one-component model, but the two-component model is
slightly better. Diffusion coefficients are discussed in text and summarized in
Table 1.
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in the DOPC regions (crosses in Fig. 6 B, solid curves in
Fig. 6 A). The only curve that has a significant slow compo-
nent (indicated by arrow) was acquired on a domain bound-
ary (Dp = 3 X 1078 cm?/s, Dgow ~ 4 X 1071° cm?/s,
Crasi/Csiow = 0.7). Similar behavior is observed for BODIPY -
C12-DHPC in ~700 nm domains (Fig. 7). We found immo-
bility only at the center of large DPPC domains (>1 wm)
where the fluorescence intensity is at a minimum (not shown).

The apparent ‘‘fluidity”” of these submicron DPPC do-
mains for BODIPY-DHPE and BODIPY-C12-DHPC must
indicate a large degree of heterogeneity. Marked hetero-
geneities have been reported for unsupported bilayers that
contain phase-separated domains (50) as well as for pure
DPPC in both supported and unsupported bilayers (32). In the
case here, formation of the gel domains could be disrupted by
DOPC clusters surrounding the BODIPY-labeled phospho-
lipid probes like surfactants (54). In the darkest regions of
the larger domains (>1 um), the DPPC appears to be more
homogeneous (at least the phospholipid probes are being
excluded to a larger extent), which explains why the mobil-
ity there is curtailed. Future studies should examine domain
heterogeneity versus probe concentration and domain size.

If the phospholipid probes somehow disrupt the DPPC
packing, the opposite may be true for the unmodified GM1
and Alexa-488 head-GM1. Given the preference of GM1 and
Alexa-488 head-GM1 for the DPPC gel domains, they most
likely do not disrupt the dense, ordered packing of the DPPC.
Thus those DPPC domains containing Alexa-488 head-GM1,
for example, may be more homogenous, rendering the probe
immobile. Possible evidence for this notion is the observation
in Fig. 4 that the boundary FCS curves data showed an
immobile component that indicates uniform, tight DPPC
packing up the domain boundary. Another factor concerning
immobility in the DPPC domains for both Alexa-488 head-
GM1 and BODIPY-C5-GM1 probes is that they may undergo
significant clustering (46,55); however, we see no evidence of
large-scale clustering in the AFM topography or fluores-
cence. In the next section, we show that the only evidence for
clustering occurs due to CTX-B binding, which reduces
mobility in the fluid DOPC phase.

Diffusion in liquid-disordered DOPC regions:
binding of CTX-B to GMH1

In this section, we examine effects of CTX-B binding on the
mobility of the GM1 components in the DOPC fluid phase.
First of all, we find that the location of the fluorophore has
little or no effect on the diffusion of the free (unbound)
BODIPY-C5-GM1 and Alexa-488 head-GM1 in DOPC,
whereas we saw above (e.g., Fig. 2) that it has a large effect on
partitioning between fluid and gel domains. When BODIPY-
C5-GM1 is bound to B-CTX-B, the diffusion is slowed by at
least a factor of six relative to the unbound BODIPY-C5-GM1
(see Fig. 8, C and D). Since the asialoganglioside-derived
Alexa-488 head-GM1 cannot bind CTX-B (56), we instead
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compare its diffusion to trace amounts of native GMI in
DOPC that are bound to Alexa-488-CTX-B (Fig. 3, A and B).
Once again, we observe that the diffusion of the Alexa-488-
CTX-B-bound GM1 is slower, by a similar factor, than the
unbound Alexa-488 head-GM1. These results are consistent
with the notion that CTX-B forms pentamers that may bind up
to five GM1 molecules in a cluster (47). A large cluster, that
probably includes DOPC matrix lipids as well, is expected to
move at a slower rate. Similar mobility changes with
clustering have been observed for peptides in vesicles (57).
The data contrast sharply, however, with measurements
recently reported (14) for Alexa-488-CTX-B-bound GM1
diffusion in vesicles that are comparable to unbound lipid
probes (5 X 1078 cm?/s).

Of particular interest is the mobility data for BODIPY-C5-
GM1 after binding to B-CTX-B. Since the latter is bound
only to the accessible BODIPY-C5-GM1 in the distal leaflet,
one may expect the unbound BODIPY-C5-GMI in the
proximal leaflet to remain fully mobile, resulting in a distinct
fast/slow two-component fit for the two leaflets. However,
this is not what we observe. We find no evidence for a fully
mobile fast component (Dy, > 10~% cm?/s). Thus it appears
that a strong coupling between the two leaflets (33) somehow
slows the mobility of the unbound proximal BODIPY-C5-
GM1. One possibility is that interleaflet coupling may induce
clustering of the proximal BODIPY-C5-GM1 in a mirror
image of the B-CTX-B-bound BODIPY-C5-GMI1 in the
distal leaflet. An important conclusion, therefore, is that
interleaflet coupling in this model membrane appears to be
more dominant than substrate effects (33).

Diffusion in liquid-disordered DOPC regions:
two-component fits for PC probes

The lateral diffusion coefficients of the GM1 and PC lipid
probes in the liquid-disordered DOPC phase are averages
derived from many (>10) FCS sets taken in each region
determined by AFM topography to be free of DPPC
domains. All the bound and unbound GM1 probes (head-
group-labeled, tailgroup-labeled, and native) have FCS
autocorrelation curves that generally fit fairly well with

TABLE 1
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a one-component (D) lateral diffusion model. Two-compo-
nent fits (Dg.; and Dyoy,) are always better, of course, but
also have greater variability among the FCS curves (hence
the larger SDs). Thus we have tabulated both sets of fits in
Table 1. Surprisingly, the data also suggest no clear evidence
of a slow component that would arise from a strong inter-
action of the large GM1 headgroup with the substrate.

However, the case is very different for BODIPY-DHPE
and BODIPY-C12-DHPC data in DOPC. These probes
always require a two-component fit in the lateral diffusion
analysis. The difference can be seen in Fig. 9, where we show
a representative FCS curve from BODIPY-DHPE (Fig. 9 A)
that requires a two-component fit and a representative FCS
curve from Alexa-488 head-GM1 (Fig. 9 B) that has a one-
component fit. There are possible systematic artifacts that
may lead to poor one-component fits (58,59), due primarily
to inadequate control over optical parameters. In the case
here, we have appropriately optimized those parameters (see
Materials and Methods) and have exercised great care to
maintain a constant laser intensity, spot size, and spatial
filter throughout this work. Although artifacts certainly
cannot be dismissed, the fact that we are seeing two-com-
ponent ‘‘effects’’ dominating for one set of probes and not
another dispels systematic error as the cause. Thus we at-
tribute the persistent two-component lateral diffusion of the
phospholipid probes to a physical origin such as substrate
interactions (33,36), bilayer heterogeneities (11,32,50), or
multiple orientations of the probe itself relative to the mem-
brane surface (60,61).

The Dy, diffusion components in Table 1 for unbound
lipid probes (2-4 X 10~® cm?/s) are comparable to those
previously measured for phospholipid and cyanine probes in
both supported (22,23,33) and unsupported bilayers (11,21).
It is tempting to attribute the Dy, diffusion component
(0.08-0.4 X 10™® cm?/s) to probes in the proximal leaflet
that are pinned by the substrate. Separate FRAP diffusion
measurements of lipid probes in the proximal and distal
leaflets on glass-supported bilayers revealed no difference in
mobility (1.3 + 0.2) X 10~% cm?/s (33), (3.6 = 0.5) X 107®
cm?/s (22)). Immobile fractions of 10-20% in both leaflets
were also reported. In NMR studies of silica-bead-supported

Two-dimensional translational diffusion coefficients for labeled lipid probes in DOPC and DPPC

DOPC domains

Dfasl* Dslow”< .
D* DPPC domains
Lipid probe (one-component fit) (two-component fit) Crast/Csiow D*
BODIPY-C5-GM1 14 £04 3.62 = 0.77 0.29 = 0.13 2.7 = 1.1 <0.001
BODIPY-C5-GM1 bound to B-CTX-B 0.13 £ 0.04 0.68 = 0.15 0.035 = 0.008 0.97 = 0.4 <0.0011
Alexa-488 head-GM1 1.20 = 0.29 3.61 = 0.72 0.40 = 0.09 1.78 = 0.6 <0.001
GMI, bound to Alexa-488 CTX-B 0.040 = 0.011 0.50 = 0.10 0.016 * 0.007 0.54 = 0.17 <0.001
BODIPY-DHPE N/A 3.71 = 0.71 0.16 = 0.05 1.6 = 04 >1.0*
BODIPY-C12-DHPC N/A 2.50 = 0.78 0.076 = 0.048 124 =03 >1.0*

#(x 10 %cm?/s), * SD.

*Variable, some evidence observed for higher mobilities in submicron domains.

*Submicron DPPC domains; immobility observed for domains >1 wm.
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DPPC bilayers (36), the proximal leaflet was more ordered
and had half the mobility (7.5 X 10™® cm?/s, at 55°C) of the
distal leaflet.

There are several reasons, however, that we cannot solely
attribute the slow diffusion component to the presence of the
substrate. If the slow component is due to a significant
fraction (C,g/Csiow Varies from ~1.2 to 3 in Table 1) of lipids
that are influenced by substrate interactions, it is difficult to
understand why the interactions are significantly less pro-
nounced for the GM1 probes that have a much larger head-
group that the PC probes. This observation also discounts
a notion that slow probe mobilities are due to a greater
viscosity of the proximal leaflet induced by substrate inter-
actions and/or an ordered water layer between the bilayer and
the substrate. Furthermore, a strong interleaflet coupling, as
noted in the previous section, would be expected to transfer
significant substrate effects across the bilayer thereby re-
ducing mobility for both leaflets. Finally, long-range electro-
static interactions with negative charges on the glass substrate
are not considered to be a factor because we used a fairly high
ionic strength buffer (150 mM NaCl PBS) that effectively
shields substrate charges (62). When that buffer was replaced
with 15 mM NaCl PBS buffer, and later with distilled water,
no changes in the FCS data were observed. Interestingly, large
decreases in mobility for both tailgroup-labeled BODIPY-
C12-DHPC and headgroup-labeled rhodamine-DHPE have
been observed in stacked lipid multilayers where Na™ was
increased from 0 mM (~7 X 107 cm?/s) to 110 mM Na*
(~1.4 X 107® cm?/s (63)). The reduced mobility was attrib-
uted to clusters of three or more lipids bound together by
the Na™.

Bilayer heterogeneities in the fluid DOPC phase are dif-
ficult to assess. One advantage of this work is that AFM
topographic maps provide sufficient detail with <10 nm
resolution to rule out significant defects and domains not ob-
servable with other methods. Since obstructions to diffusion
are mapped out and avoided, we do not attempt to fit the FCS
curves with a time-dependent anomalous diffusion coefficient
D = * ~ ' where « varies from 0.7 to 1.0 depending on the
obstacle concentration (30,64). Obvious heterogeneities
due to domain boundaries are shown in Figs. 4 and 5. Subtle
heterogeneities, however, due to local packing or tilting
would not be easily detected by AFM and may not be con-
sidered an obstruction in the anomalous diffusion model. In
any case, for BODIPY-DHPE and BODIPY-C12-DHPC, the
two-component curves are not subject to much variability
since they are consistently observed for all spots in all the
bilayers tested.

Fluorescent labels have been blamed for affecting the
mobility of bound proteins, although it was thought to be due
to the increased size of the complex (65). In the case here,
significant effects to mobility (and partitioning) could be
caused by the tendency for the BODIPY moiety to seek
specific depths in the bilayer (60). In their study of un-
supported DOPC model membranes containing BODIPY

Biophysical Journal 89(2) 1081-1093

Burns et al.

headgroup- and tailgroup-labeled PC probes, Kaiser and
London (60) were able to show that a significant population of
the BODIPY groups, despite their nonpolarity, exhibits
a tendency to be located near the polar region of the bilayer.
The remaining BODIPY groups are buried in the hydropho-
bic depths of the bilayer. Clearly, for the tailgroup-labeled
BODIPY-C12-DHPC, the BODIPY has to ‘‘loop back
toward the surface’ (60), creating a large perturbation in
the local packing of the surrounding lipids. Similarly, for
BODIPY-DHPE, the BODIPY loops back toward the bilayer
to seek polar groups and/or hydrophobic depths. The local
distortion in the bilayer for such occurrences could involve
many matrix DOPC lipids and thus could cause a loss of
mobility due to the increased ‘‘free area’’ required for motion
(64,66). Furthermore, given this scenario of BODIPY-
induced molecular distortion, it would be very easy to
understand why the phospholipid probes tend to be excluded
from the tightly packed DPPC domains or cause significant
perturbations in the DPPC packing. These effects are
expected to be less pronounced for BODIPY-C5-GMI1
because of the closer proximity of the BODIPY label on the
short acyl chain to the polar region of the bilayer. Although
the rhodamine-like label on Alexa-488 head-GM1 may not
distort the orientation of the bulky headgroup, this may also
explain why it is not excluded from the DPPC gel domains.
Many important questions remain, however, as to how much
of an effect local distortion in lipid structure has on mobility.
The roughly linear dependence of lateral diffusion strictly on
surface free area (66) is fairly mild relative to the difference
between Dy, and Dy, diffusion components measured here.

SUMMARY AND CONCLUSIONS

We have demonstrated that two-dimensional diffusion in
supported model membranes can be characterized locally by
instrumentation that provides simultaneous AFM and
fluorescence imaging of lipid domains. The AFM images
not only provide nm-scale lateral resolution and topographic
information but are used to reveal domain partitioning on
the submicron scale of four different fluorescence probes that
are used to obtain mobilities. The four probes were chosen
because they are fluorescent analogs of naturally occurring
lipids and they represent two common labeling schemes
requiring headgroup and tailgroup modification. Overall, we
find that the supported model membranes examined here have
common attributes in structure and fluidity with unsupported
vesicles; however, we have also presented unexpected results
that suggest possible fluorophore effects on probe partition-
ing, domain heterogeneity, and probe mobility.

Partitioning of lipid components into membrane domains
is central to the lipid raft model. We see here that the
exclusion of labeled probes by their unlabeled counterparts
in gel domains is indicative of significant perturbations in
packing and/or lipid interactions, consistent with previous
studies on supported and unsupported model membranes.
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For both saturated phospholipid analogs BODIPY-C12-
DHPC and BODIPY-DHPE, we see that modifications in
either the acyl chain or the headgroup lead to exclusion from
the saturated gel domains. For the GM1 analogs, we find
that BODIPY-C5-GM1 is excluded from the gel domains,
whereas Alexa-488 head-GM1 is not excluded. Thus the
presence of the fluorescent label on the asialoganglioside
headgroup does not interfere with the interactions that allow
GM1 to occupy sites in the gel-phase DPPC.

Equally important in the lipid raft model of membrane
function is the mobility of the lipid components inside and
outside domains. Overall, we found that the mobilities of all
four probes were roughly the same in the DOPC fluid phase.
Thus we found no glaring difference in fluid phase mobility
due to the location of the head- or tailgroup labeling. Both
BODIPY-C5-GM1 and unmodified GM1 were shown to
slow down by at least a factor of six upon binding to CTX-B
fragments, which most likely indicates clustering induced
by the pentameric CTX-B. Mobility of the unbound GM1
analogs is severely attenuated in the gel-phase DPPC. This is
definitely the case for the Alexa-488 head-GM1, indicating
a tight packing by the surrounding DPPC lipids. Further-
more, mobility appears to be restricted around the domain
boundaries. The mobility in DPPC is also restricted for
BODIPY-C5-GM1; however, evidence was presented for
increased mobility in submicron domains that may be due to
DPPC packing heterogeneities. Mobility around the domain
boundaries is higher, resembling, for the most part, that in
the fluid phase. This trend of increasing mobility in and
around the submicron DPPC domains is remarkably
prevalent in the BODIPY-C12-DHPC and BODIPY-DHPE
phospholipid analogs. For these probes there appears to be
little reduction in the lateral diffusion in the submicron
DPPC domains relative to the DOPC regions. It is important
to point out that these unexpected observations for the
phospholipid analogs are not general for all DPPC domain
sizes (immobility was detected in the center of large
domains) and that a comprehensive study on mobilities
versus domain size was not performed. However, the results
presented here for submicron domains may be relevant to
mobility in sphingolipid-cholesterol domains in biological
membranes, where domain sizes are believed to be <100 nm
(3,67). Thus its appears that those lipids such as Alexa-488
head-GM1 and unmodified GM1 that partition into the
DPPC domains do not disrupt the dense packing and thus are
rendered immobile, whereas those lipids that are excluded
on the basis of disrupting the gel packing and/or lipid-lipid
interactions may have greater mobility.

In general, we have shown that FCS can reveal hetero-
geneities in supported lipid bilayers. The phospholipid
probes BODIPY-C12-DHPC and BODIPY-DHPE not only
exhibited a perplexing mobility in submicron DPPC domains
but also required two-component fits to the FCS curves in
the fluid DOPC phase. The slow component could be due
to a variety of factors including substrate interactions and
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membrane heterogeneities. However, it could also be due to
local distortion of the molecule and surrounding matrix
lipids by the tendency of BODIPY to seek polar regions
of the membrane. This effect, documented elsewhere (60),
may also be responsible for exclusion of the probes from
close-packed gel domains. In any case, it is clear that the
phospholipid probes, as well as other labeled phospholipids
using different fluorophores, are not ideal for the modeling of
partitioning and mobility in membranes. They do, however,
illustrate that lipid components and lipid-protein complexes
in biological membranes could move rapidly in and out of
raft domains as needed.
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