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Noninvasive Measurements of Integrin Microclustering under Altered
Membrane Cholesterol Levels

Deepak Dibya, Neha Arora, and Emily A. Smith*
Department of Chemistry, lowa State University, Ames, lowa

ABSTRACT Reported herein is a method that can be used to study the role of cholesterol in the microclustering of a ubiquitous
class of membrane receptors, termed integrins. Integrin microclustering was measured using a fluorescence resonance energy
transfer assay that does not require direct attachment of fluorescent donors or acceptors onto the integrins, and thus minimizes
unwanted perturbations to integrin clustering. Membrane cholesterol levels were reduced using methyl-3-cyclodextrin (mgCD),
as confirmed by Amplex Red assays of total cellular lipid or plasma membrane lipid extract. Subsequent changes in integrin
microclustering were measured in cells expressing wild-type (WT) or mutant integrins. Although less integrin microclustering
was measured after 27% membrane cholesterol depletion in a cell line expressing WT integrins, there was no statistically signif-
icant change for cells expressing a-cytoplasmic integrin mutants after a 45% reduction in plasma membrane cholesterol, and
a significant increase in clustering for cells expressing ligand-binding domain integrin mutants after a 57% decrease in
membrane cholesterol. These results are explained by differences in WT and mutant integrin partitioning into lipid nanodomains.
Restoration of original cholesterol levels was used to confirm that the measured changes in membrane properties were
cholesterol-dependent. No correlations between lipid diffusion and integrin microclustering were measured by means of
fluorescence recovery after photobleaching using a fluorescent lipid mimetic. Similar lipid diffusion coefficients were measured

after cholesterol depletion, irrespective of the integrins being expressed.

INTRODUCTION

The survival, growth, proliferation, differentiation, and
proper functioning of cells depend largely on a dynamic
flow of information being maintained between the external
and internal environments of the cell (1). To this end, cells
employ receptors to relay information inside and outside
of the cell (2-5). One of the mechanisms for signal transduc-
tion involves clustering of receptors within the cell mem-
brane. Receptor clustering is involved in many vital
processes, including immunological synapse formation,
actin cytoskeleton regulation, and leukocyte regulation
(6-8). Integrins comprise a class of receptors that are funda-
mentally important for many critical cellular functions (1,9).
They are heterodimeric proteins composed of one a-subunit
noncovalently associated with one (-subunit (10). Both
subunits contain a large extracellular domain and (by
comparison) a short cytoplasmic domain. They mediate
signaling through the cytoplasm by binding to intracellular
proteins, and through the extracellular matrix by binding
to ligand (9).

Fluorescence microscopy has been used to study the
clustering of integrins within the cell membrane (11-13).
Observing clusters in live cells that are smaller in size
than the diffraction limit of light requires an imaging tech-
nique such as fluorescence resonance energy transfer
(FRET) (14-16). In previous studies, integrin microcluster-
ing was measured using a FRET assay that did not require
direct attachment of donor and acceptor FRET pairs to the
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integrins (17,18). Energy transfer was measured using trans-
membrane reporter peptides, which were generated by
cloning the FRET donor or acceptor fluorescent protein to
the transmembrane and cytoplasmic domain of the integrin
B-subunit. Hereafter, these will be referred to as FRET
reporters. The FRET reporters were coexpressed with integ-
rins (17,18). When the integrins cluster in the membrane, so
do the FRET reporters. This decreases the average separa-
tion distance between the donor and acceptor FRET
reporters, and increases energy transfer. Conversely, when
the separation distance between the integrins increases,
less energy transfer is measured from the FRET reporters.
The mechanism for the coclustering of integrins and
FRET reporters is still under investigation. However,
possible mechanisms can be deduced from evidence in the
literature. The B-transmembrane and cytoplasmic domains
contained in the FRET reporters were shown to be sufficient
for clustering with integrins at muscle termini in vivo; addi-
tionally, it was reported that a chimera containing the
transmembrane domain of an unrelated protein and the
cytoplasmic domain of the (-subunit also localized to
muscle termini, but the transmembrane and cytoplasmic
domains of the unrelated protein did not localize to muscle
attachments (19). Finally, a peptide containing the trans-
membrane and cytoplasmic domains of the vertebrate (§3
subunit was shown to form homotrimers by polyacrylamide
gel electrophoresis in the absence of the extracellular
domain (20). Control experiments showed that FRET
reporters did not alter key integrin properties, and no energy
transfer was measured when FRET reporters, but no integ-
rins, were expressed in the membrane (17,18).
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Cholesterol intercalates between the fatty acyl chains of
the lipid bilayer and is known to maintain membrane struc-
ture, regulate membrane fluidity, and interact directly with
some membrane proteins (21-25). Cholesterol is an impor-
tant constituent in membrane nanodomains (i.e., lipid rafts),
which are areas with nonuniform compositions of lipids and
proteins relative to the bulk membrane. Membrane nanodo-
mains have been shown to play a role in many signal trans-
duction events, such as immunoglobulin E (IgE) signaling
during the allergic immune response, T-cell activation,
glial-cell-derived neurotrophic factor signaling, and integrin
leukocyte function-associated antigen (LFA)-1-mediated
cell binding (26-30). Cholesterol levels can be modulated
in the cell membrane with the use of cyclodextrins, which
partition cholesterol from cell membranes into their interior
pores. Cyclodextrins can also partition other membrane
components, but preferentially extract cholesterol over other
lipid components (31).

In this study, we measured the effect of cholesterol on the
microclustering of aPS2C(BPS integrins expressed in S2
cells using the above-mentioned FRET assay. We measured
total cellular cholesterol and plasma membrane cholesterol
by extraction and Amplex Red assays. In combination, we
measured alterations in lipid diffusion in live cells using
fluorescence recovery after photobleaching (FRAP) under
native and reduced cholesterol levels. Mechanisms under-
lying the role of cholesterol in aPS2CBPS clustering are
postulated.

MATERIALS AND METHODS
S2 cell culture

All experiments were performed using transformed Drosophila S2 cells.
Cells were cultured in Shields and Sang M3 insect medium (Sigma-Aldrich,
St. Louis, MO) with 10% heat-inactivated fetal bovine serum (Irvine Scien-
tific, Santa Ana, CA), 12.5 mM streptomycin, 36.5 mM penicillin, and
0.2 uM methotrexate (Fisher Scientific, Pittsburgh, PA) in a 22°C incubator.
For the FRET assays, cells were cotransfected to express «- and §-integrin
subunits and FRET reporters. The complete protein sequences for the FRET
reporters containing mVenus and mCherry fluorescent proteins, and mutant
integrin subunits can be found elsewhere (17,32-34). For the FRAP assays,
cells were transfected to express integrin subunits (i.e., no FRET reporters).
All of the exogenous proteins contained the heat-shock promoter.

Heat-shock treatment

Cells were transferred from the cell culture dish to a polypropylene tube and
heat-shocked for 30 min at 36°C to induce the expression of integrins and/or
FRET reporters. To achieve maximum protein expression, the cells were
then placed in a 22°C incubator for 3—4 h, as specified in the sections below.
The heat-shock treatment was found to increase total cellular cholesterol by
90%; therefore, heat-shock treatment was performed before all lipid extrac-
tions, FRET, and FRAP analyses were conducted.

Cholesterol depletion and restoration

For cholesterol depletion, cells that had been heat-shocked and incubated
for 3 h were centrifuged at ~600 x g and the resulting pellet was resuspended
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at a concentration of 2x 10°® cells/mL in serum-free M3 medium containing
2 mM methyl-gB-cyclodextrin (mBCD) (Sigma-Aldrich, St. Louis, MO) and
incubated at 22°C for 30 min. Culturing cells in the absence of serum was
tested as a second method for reducing cellular cholesterol concentration.
Although total cholesterol levels decreased by ~40% (day 1), ~60%
(day 2), and ~75% (day 3) in the absence of serum, there was a concomitant
54-65% increase in cell death relative to control cells grown in serum
containing medium. Because of the increased cell death, this method was
not further pursued as a means of modulating cellular cholesterol levels.
For cholesterol restoration, cholesterol-depleted cells were washed with
serum-free M3 medium and then resuspended in serum-free M3 medium con-
taining 100 uM cholesterol-loaded cyclodextrin (chol-mBCD) complex
(CTD Inc., High Springs, FL) for 1 h at 22°C. Before FRET, FRAP, or
lipid extraction were performed, the cholesterol-depleted and cholesterol-
restored cells were washed in serum-free medium to remove the cyclodextrin.

Extraction of total cellular lipids

After heat shock and 3 h incubation, the total cellular lipids were extracted
using the Bligh-Dyer method (35). Briefly, 3.0 mL chloroform/methanol
(2:1 v/v) was added to 1.0 mL medium containing 10° cells followed by
vigorous vortexing for 15 min. Then, 1.0 mL of 1.0 M NaCl was added
to the solution and the sample was vortexed for 1 min. The solution was
allowed to sit for 10 min, and the chloroform phase was collected and
filtered using Whatman filter paper No. 1. The chloroform was evaporated
under nitrogen, and the cellular lipids were resuspended in phosphate buffer
containing 0.1 M potassium phosphate, pH 7.4, 50 mM NaCl, 5 mM cholic
acid, and 0.1% Triton X-100.

Extraction of plasma membrane lipids

After heat shock and 3 h incubation, plasma membrane lipid extraction was
performed as previously described (36), with the following minor changes:
Cells (3x10°%) in serum-free M3 media were plated on polylysine-coated
glass petri dishes and allowed to spread for 2 h at 22°C. All rinse steps
were performed with BES Tyrodes buffer. After membrane disruption
occurred, the membrane lipid was extracted with 5 mL chloroform/meth-
anol (2:1 v/v) with continuous rocking for 1 h. The solution was collected
and added to a glass test tube. The subsequent procedure was similar to that
described above for the extraction of total cellular lipids.

Quantitative measurements of cholesterol

Cholesterol levels were quantified using an Amplex Red cholesterol assay
(Life Technologies, Carsbad, CA) without cholesterol esterase (37). This
was done to ensure that cholesterol esters would not contribute to the
measurement. Fluorescence was measured with a Synergy HT fluorescence
microplate reader (BioTek Instruments, Winooski, VT) using an excitation
filter of 530/25 nm and emission filter of 590/35 nm. Each microplate con-
tained a series of five cholesterol standards in triplicate (i.e., 15 standards/
plate) and a blank that were used to construct a calibration curve. All values
were background-subtracted. Analysis of calibration data from 10 replicate
microplates indicated that heteroscedasticity was present and weighted
linear fitting was required (38). Weighted 1/[cholesterol]” linear curve
fitting produced the lowest summed relative errors and was used to
construct the best fit line for each calibration set (see Table S1 in the Sup-
porting Material). The unknown cholesterol concentrations were calculated
using values from triplicate measurements of the same sample, and the
calibration function was measured using standards on the same microplate.
The uncertainty in measuring the cholesterol concentration from the
calibration functions was determined as described in quantitative-analysis
textbooks (39). The cholesterol limit of detection (three times the standard
deviation (SD) in the signal from the blank divided by the slope of the
weighted calibration curve) was 0.7 uM. All unknowns were at the limit
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of detection or higher. Each data point represents weighted averages from
three replicate measurements.

FRET assay

After heat shock and 3 h of incubation, the cells were subjected to choles-
terol depletion/restoration as described above. The cell densities were
adjusted to 5x10° cells/mL in serum-free medium before the cells were
placed on a ligand-coated substrate, prepared as described previously
(18). The cells were allowed to spread onto the ligand-coated substrate
for 1 h, followed by FRET data collection within the next hour as described
previously (17,18).

The FRET data were analyzed using an in-house-developed Java plug-in
for the software ImagelJ. After subtracting the background value from each
pixel, the plug-in calculates a FRET (E,,,,) value on a pixel-by-pixel basis
using the following equation (40):

E _ IDA — (a — bd)IAA — (d — CZC)IDD (1)
ap [DA_ (a—bd)IAA— (d—ac—G)IDD’

where Ipa, Iaa, and Ipp are intensities obtained from the images with the
FRET, acceptor, and donor filters, respectively. The terms a, b, ¢, and
d account for the bleedthrough in the filter sets, as previously described
(17,18). The subtracted background value was calculated for each image
by averaging several pixels that did not contain cells. The background
relative SD across an image was 7% for the acceptor filter, 6% for the donor
filter, and 5% for the FRET filter. The G term in Eq. 1 is instrument-specific
and correlates the decrease in donor fluorescence with the increase in
acceptor fluorescence due to energy transfer (41). The G-value for the
instrument setup used in these studies is 1.4.

The energy transfer measured for each cell is an average of all pixel
values between the cell edge and the perinuclear region, where intracellular
FRET reporters contribute to the signal. Analysis of the pixel values from a
representative cell provides an average value of 508 and an SD of 22 among
770 pixels. The average diameter of the analyzed spread cells was 28 =
5 um (af Reporters), 33 = 7 um («aanaf Reporters), and 26 = 6 um
(aBV409D Reporters). These measured diameters are indicative of the cells
used for the FRET analysis, but not the entire cell population. A minimum
cell diameter of 20 um is set for the lower threshold of analysis, which is
required to distinguish between the perinuclear region and the cell edge.
The similarity in cell diameters indicates that similar areas are analyzed
for each cell.

Every reported FRET value represents an average of the values obtained
from 100 individual cells obtained over the course of three replicate exper-
iments. All FRET data were statistically analyzed using the software JMP 7
(SAS Institute, Cary, NC) with statistical consulting from the Department of
Statistics, Iowa State University. The raw FRET data, being not normally
distributed, were log-transformed and the means were calculated (42,43).
The means of the log-transformed data were compared between FRET
data sets of treated and untreated cells. After unequal variance among the
data sets was confirmed, the statistical significance between the data sets
was assessed by means of Welch r-tests. The significance of the statistical
test is indicated by p-values. A statistically significant p-value is one that
is <5%, indicating that the means from the two data sets are not the
same. A p-value > 5% indicates that there is not enough statistical evidence
to show dissimilarity between the two data sets. The data are reported in the
original data scale by converting the means of the transformed data as
discussed in standard statistics textbooks (44).

FRAP assay

After heat shock and 3 h incubation, the cells were subjected to cholesterol
depletion/restoration as mentioned above. The cell densities were adjusted
to 5x10° cells/mL in serum-free medium. A carbocyanine DiD dye (Life
Technologies, Carsbad, CA) was added at a final concentration of
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11.9 uM. The cells were immediately plated onto the ligand-coated substrate
and allowed to spread in the dark for 1 h. The medium was then replaced
with 20 mM BES Tyrodes buffer before FRAP analysis was performed.

The microscope used for these studies contains two excitation light paths:
one for a 635 nm diode laser (Newport Corp., Irvine, CA) and one for a
mercury (Hg) lamp. The Hg lamp was used to image the cells before and
after the membrane-incorporated DiD dye was bleached with a laser
focusedto a 3 ,u,m2 spot. A laser shutter and a CCD (Princeton Instruments,
Trenton, NJ) shutter were synchronized with an external trigger. The trigger
timing was 0.40 s between image captures, 0.35 s for image capture, and
0.35 s for the photobleaching laser pulse. The recovery curves from 10
replicate measurements were normalized so that the prephotobleached fluo-
rescence intensity would be one. The normalized curves were then averaged
and divided by a similarly averaged curve generated from a nonpho-
tobleached area of each analyzed cell. This latter step accounts for photo-
bleaching from the Hg lamp during the recovery period. The resultant curve
was fit to a double exponential using Igor Pro 6.1 (WaveMetrics, Portland,
OR), which provided a better fit than a single exponential curve as deter-
mined by the x> values. The diffusion coefficients and percentage of the
population with the indicated diffusion coefficient were determined from
the double exponential fit parameters. The listed uncertainty for these
parameters was generated from the SD of the corresponding coefficients
in the double exponential fit. The immobile fraction was measured using
a previously reported equation for each photobleached corrected recovery
curve (i.e., before averaging the 10 replicate measurements) and an average
value was calculated (45). One-way analysis of variance (ANOVA) revealed
that, for a given cell line, the differences in the measured immobile fraction
were not statistically significant.

RESULTS AND DISCUSSION

A schematic of the assay used to measure changes in integ-
rin microclustering due to altered cholesterol levels is shown
in Fig. 1. When the separation distance between integrins
decreases, the separation distance between the donor and
acceptor FRET peptides decreases, as previously reported
(17). This results in more energy transfer between the donor
and acceptor fluorescent proteins. Similarly, less energy
transfer is measured when the integrin separation increases,
since the separation distance between the FRET reporters
also increases. The total cellular and plasma membrane
cholesterol concentrations, lipid diffusion coefficients, and
integrin microclustering levels were measured in three cell
populations: 1), untreated cells containing native levels of
cholesterol; 2), cells with depleted levels of cholesterol;
and 3), cells that were first depleted of cholesterol and
then restored to native levels. A comparison of the measured
parameters in the three populations provides evidence for
the role of cholesterol in altering the organization of integ-
rins in the cell membrane.

For these studies, we chose to use cell lines derived
from Drosophila S2 cells transformed to express aPS2CGPS
integrins because of the wealth of data available on the
microclustering of this integrin (17,18). This enables a direct
comparison with previous data obtained for the microclus-
tering of this integrin upon alteration of cholesterol levels.
There is substantial structural homology between vertebrate
and invertebrate integrins, and many similarities between
the integrin-signaling pathways (46). In many cases, the
information gained regarding integrin microclustering in
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FIGURE 1 Schematic of the FRET assay used to measure integrin
microclustering with donor and acceptor FRET reporters. Energy transfer
is measured (top) before the plasma membrane cholesterol level is altered,
(middle) after the concentration of cholesterol is reduced, and (bottom) after
cholesterol levels are restored to approximately the starting concentration
before treatment.

S2 cells can be used to advance our understanding of verte-
brate integrins.

Unlike mammalian cells, Drosophila cells are sterol
auxotrophs and derive sterols from their environment
(47,48). In the case of cultured Drosophila cells, the source
of the sterols is the fetal calf serum added to the growth
medium. As confirmed by reverse phase high-performance
liquid chromatography, the main sterol incorporated in
the cell membrane of the cultured cells is cholesterol
(Fig. S1). Fig. 2 A (black data bars) shows the weighted
average total cellular cholesterol concentration per cell
before cholesterol depletion. The cells utilized in these
studies expressed wild-type (WT) or mutant integrins and
FRET reporter peptides. Two well-characterized integrin
mutants were used in this study. The mutant canag integrin
contains a two-point mutation in the a-subunit near a site
where cytoplasmic proteins are known to bind, and is con-
sidered to mimic the signal transduction from inside to
outside the cell (49). The mutant «BV409D integrin
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FIGURE 2 Graphs showing the weighted average of total cellular
cholesterol per cell (A) and plasma membrane cholesterol (B) in three
cell populations: (black) untreated cells before cholesterol reduction,
(white) after reduction with mBCD to extract cholesterol, and (gray) after
addition of chol-mBCD to the growth medium to restore cholesterol levels
(aBV409D cell line only). Error bars represent weighted SDs from three
replicate experiments; p-values indicate comparisons to untreated cells
obtained using one-way ANOVA. Details of the cell lines are found in
the text.

contains a single point mutation located in the extracellular
ligand-binding domain of the $-subunit, and is considered
to mimic signal transduction from outside to inside the
cell (49). An increased affinity for ligand (compared to
WT integrins) has been measured for both mutants (17).
One-way ANOVA confirmed that there were statistically
insignificant variations in cholesterol levels in untreated
cells expressing WT and mutant integrins (Fig. 2 A, black
data bars). The cholesterol concentration in all three cell
lines is consistent with previous studies in which 10™'* to
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10~ '¢ moles cholesterol/cell were measured (50,51). For all
three cell lines after cholesterol reduction with m@CD, there
was an ~50% reduction in total cellular cholesterol concen-
tration (Fig. 2 A, white data bars) relative to untreated cells.

Plasma membrane cholesterol was measured in untreated
and cholesterol-depleted cells (Fig. 2 B). The plasma
membrane lipid extraction protocol isolates only a portion
of the total cholesterol in the plasma membrane; however,
it enables a comparison between cells expressing different
integrins and cells that have undergone different treatments.
Similar to the total cellular cholesterol concentration, the
amount of cholesterol in the plasma membrane does not
statistically vary for cells expressing WT or mutant
integrins. However, after cholesterol depletion with
mgBCD, there is a statistically significant difference in
plasma membrane cholesterol concentration. There is a
27% decrease in cells expressing WT integrins, a 45%
decrease in cells expressing «anaf integrins, and a 57%
decrease in cells expressing aFV409D integrins. Since there
is no statistically significant difference in cholesterol con-
centration in untreated cells or total cellular cholesterol
concentrations after cholesterol depletion, and since the
cells are not exposed to serum between cholesterol depletion
and lipid extraction, there must be a decrease in intracellular
cholesterol concentration upon cholesterol depletion with
mgBCD. Because only cholesterol in the plasma membrane
is in direct contact with the m@CD solution, it is assumed
that only plasma membrane cholesterol is available for par-
titioning into the mBCD. This strongly supports the notion
that intracellular cholesterol partitions into the plasma
membrane as cholesterol is extracted by the mBCD to
different extents in the three cell lines.

Plasma membrane phospholipid content was measured as
previously described in native and cholesterol-depleted cells
(36). Although there was a small decrease in phospholipid
content after cholesterol depletion compared to untreated
cells, this difference was not determined to be significant
by one-way ANOVA. The change in phospholipid concen-
tration (APhOSphOllp]d = Pumreated - Pcholesterol reduction)
was 4.5 x 107'* moles/cell (p = 0.3) af; 2.4 x 107"
moles/cell (p = 0.8) aanaf; and 1.9 x 10" moles/cell
(p = 0.7) afV409D.

TABLE 1
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Cholesterol extraction and lipid diffusion
coefficients

Cholesterol has been shown to affect lipid diffusion in the
cell membrane (52-54). To evaluate the role of cholesterol
in lipid diffusion in WT and mutant integrin expressing S2
cells, we performed FRAP measurements to measure the
diffusion coefficient of a fluorescent lipid analog: DiD.
FRAP involves photobleaching of DiD in a defined area in
the cell membrane, and then recording the time it takes to
repopulate the photobleached species by the diffusion of
the unbleached dye molecules. To avoid any spectral inter-
ference due to the fluorescence from the FRET reporters,
we used cells expressing WT or mutant integrins with no
FRET reporter for the FRAP studies. The average recovery
curves from 10 replicate measurements in cells with native
cholesterol levels, depleted cholesterol levels, and restored
cholesterol levels (¢GV409D cell line only) are provided
in Fig. S2. The parameters calculated from the double expo-
nential fit of the recovery curves are shown in Table 1.

A slow and a fast diffusion coefficient are obtained from
the double exponential fit parameters. The diffusion coeffi-
cients in Table 1 are consistent with the values obtained
for other cell types, which range from 10~ to 107" cm?/s
(52-55). The slowly diffusing component represents ~50%
of the measured diffusing species, and the faster component
represents the other 50% for all recovery curves analyzed.
Analysis of the x> values indicates that additional exponen-
tial terms are not warranted in the fit; however, there may be
additional species in the membrane that are not detectable
by FRAP. The origin of the two diffusion coefficients can
be understood from FRAP measurements using a similar
fluorescent lipid mimetic in a single-component, solid-sup-
ported lipid bilayer (56). The recovery curve is fit to a double
exponential fit to generate two diffusion coefficients that
differ by approximately an order of magnitude. Membrane
nanodomains would not exist in single-component bilayers,
and the upper leaflet is exposed only to buffer. In this case,
the two diffusion coefficients correspond to the leaflet
exposed to the solid support, which hinders lipid diffusion,
and the opposing leaflet. Although the two diffusion
coefficients measured in the spread S2 cells are orders of

Slow and fast lipid diffusion coefficients measured from the fluorescence recovery curves for untreated cells, cholesterol-

depleted cells, and («3V409D cell line only) cholesterol-restored cells

Untreated cells*

Cholesterol-depleted cells*

Cholesterol-restored cells*

Cell line Diffusion coefficient (cm?/s) Percent of  Diffusion coefficient (cm%/s) Percent of  Diffusion coefficient (cm?/s) Percent of
population population population
af Reporters 44x107° £07x107"° 5010 34x100£05%x107° 46+6 - -
25x107° + 03 x 107° 50+ 10 28 x107° + 03 x 107° 57 7 - -
aanaB Reporters 50107 206 x107"° 50 £20 61x107" +04x107"° 55+4 - -
20%x107° + 02 x 107° 5010 40x107° + 06 x107° 45 + 1 - -
aBV409D Reporters 4.1 x 1070 £ 05x 107" 509  47x10 £09x107"° 4010 32x10"0x06x107"" 44«38
25x107° + 03 x 107° 50 + 10 3.0x 107° + 0.4 x 107° 60 + 10 22x107° + 02 x 107° 56 + 9

*Parameters calculated from double exponential fit to the average curve generated from 10 replicate measurements =+ the SD calculated from the uncertainty

of the corresponding coefficients obtained in the double exponential fit.
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magnitude slower than those measured for the lipid bilayer,
they are most likely the result of one leaflet being in contact
with the solid support (i.e., 50% of the measured diffusing
species) and the opposing leaflet being exposed to the cyto-
plasm (i.e., the other 50% of the measured diffusing
species).

Although there is generally an increase in the slow and
fast lipid diffusion coefficient in all cell lines after choles-
terol depletion (Table 1, Fig. S2), the magnitude of the
change falls within the uncertainty of the measurement for
all cell lines, except for the cells expressing the canaf integ-
rins. For this cell line, the fast component increases by 50%
and the slow component increases by ~22% after cholesterol
depletion, suggesting that cholesterol reduction increases
lipid diffusion in the inner leaflet more than in the leaflet
exposed to the substrate in this cell line. Overall, no corre-
lation can be found between the amount of cholesterol
extracted from the plasma membrane and the change in
the lipid diffusion coefficients in this data set.

An immobile fraction can be measured from the fluo-
rescence recovery curves. This parameter corresponds to
species that do not diffuse out of the probe area, and produce
<100% recovery of the fluorescence after photobleaching.
No statistically significant differences are found among
the immobile fractions measured for any of the cell lines
with native or depleted cholesterol concentrations (Table 2).

Cholesterol affects integrin microclustering

Cells were spread on a glass substrate coated with a ligand
for the aPS2CEPS integrins at a ligand surface density of
3-5%. To ensure that integrin-ligand interactions were the
only mechanism for cell spreading, nonspecific interactions
with the glass substrate were inhibited by coating the re-
maining exposed glass with bovine serum albumin. Previous
studies found that the properties of integrin microclustering
are dependent on the ligand’s surface density (17,18). Under
these conditions, we attempted to elucidate the role of
cholesterol in integrin microclustering with minimal
binding to extracellular ligand.

Table 3 shows the average FRET values for the three cell
lines before and after cholesterol depletion. At 3—5% ligand
surface density, the mean FRET value for cells expressing

TABLE 2 Average percent immobile fraction measured from
10 replicate fluorescence recovery curves for untreated cells,
cholesterol-depleted cells, and cholesterol-restored cells
(aBV409D cell line only)

Untreated Cholesterol- Cholesterol-
Cell lines cells* depleted cells* restored cells*
«f Reporters 13.1 12.9 (p = 0.95) -
aanafl Reporters 11.9 16.1 (p = 0.18) -
aV409D Reporters 12.2 92 (p=03) 139 (p =0.5)

*Statistical significance was tested with one-way ANOVA, and the results
are indicated by the p-values.
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TABLE 3 Integrin microclustering levels measured by FRET
for the untreated cells, cholesterol-depleted cells, and
(«3V409D cell line only) cholesterol-restored cells

Untreated Cholesterol- Cholesterol-
Cell lines cells* depleted cells* restored cells*
af3 Reporters 0.010 0.005 (p = 0.02) -
«aanafl Reporters 0.011 0.014 (p = 0.36)

afV409D Reporters 0.008 0.026 (p = 0.0001) 0.006 (p = 0.45)

*Statistical significance was tested with a Welch #-test, and the results are
indicated by the p-values.

WT or mutant integrins and FRET reporters indicates statis-
tically similar levels of energy transfer for all three cell lines
(untreated cells). These results indicate similar amounts of
integrin microclustering within the assay detection limit in
all cell lines before cholesterol depletion, and are consistent
with previous studies (18).

After the membrane cholesterol concentration is reduced,
integrin microclustering is altered in two of the three cell
lines studied (Table 3, Cholesterol-depleted cells). There is
a statistically significant 50% decrease in energy transfer
for cells expressing WT integrins after cholesterol reduction,
indicating that there is less microclustering of aPS2CGPS
integrins. For cells expressing canaf integrins, there is no
statistically significant change in energy transfer after
cholesterol depletion. There is a >3-fold increase in energy
transfer for the cells expressing «V409D mutant integrins
after cholesterol depletion. The increase in energy transfer
indicates that the «3V409D integrins reduce their separation
distance by forming higher-order oligomers or new oligo-
mers when there is less cholesterol in the membrane. No
correlation can be made between the change in the measured
energy transfer and changes in lipid diffusion after choles-
terol depletion, since the only cell line that showed a statisti-
cally significant increase in lipid diffusion coefficients
(aana@) did not show a statistically significant change in
energy transfer.

The energy transfer measured using the FRET assay
depicted in Fig. 1 is a result of both integrin-specific inter-
actions with the FRET reporters and potentially noninte-
grin-specific interactions from many possible sources.
Assuming that the nonintegrin-specific contributions to
energy transfer are similar for the three cells lines derived
from the S2 parent cell line, the differences in energy trans-
fer listed in Table 3 are primarily from integrin-specific
interactions with the FRET reporters. This is supported by
previous studies in which no energy transfer was measured
within the instrument’s detection limit in cells expressing
FRET reporters and no integrins, suggesting that the energy
transfer measured in cells expressing both FRET reporters
and integrins is primarily integrin-dependent (17).

The changes in energy transfer measured after cholesterol
depletion report on the amount of integrin microclustering
that is cholesterol-dependent. There may be cholesterol-
independent integrin microclusters present, which would
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not result in a change in energy transfer after cholesterol
depletion. Although the amount of integrin microclustering
in the cell membrane is similar for all three cell lines before
cholesterol depletion, the dependence of these microclusters
on cholesterol is not the same, as determined by different
changes in energy transfer after cholesterol depletion. This
may be due to differences in the integrins’ ligand affinity:
V409D has the highest ligand affinity, followed by aana
and then WT. Leitinger and Hogg (57) previously showed
that lipid nanodomains are involved in the signaling events
of many classes of integrins. They reported that a mutant
LFA-1 integrin missing the I domain has characteristics
that mimic integrins with high ligand affinity, and preferen-
tially localizes into lipid nanodomains in T lymphocytes,
whereas WT LFA-1 with a low affinity for ligand does not
preferentially localize into lipid nanodomains under the
conditions used in the study. After WT LFA-1 was exposed
to Mn®" or phorbol esters, which have been shown to
increase ligand affinity for a number of integrin classes,
the WT LFA-1 increased partitioning into lipid nanodo-
mains. The protein and lipid composition of Drosophila
membranes supports nanodomain formation, and lipid nano-
domains enriched in sphingolipids, glycosylphosphatidyli-
nositol-linked proteins, and sterols have been measured in
Drosophila (58). If a6V409D integrins with a higher ligand
affinity than WT «PS2C(PS integrins (49) exhibit greater
partitioning into lipid nanodomains, this might explain the
difference in cholesterol-dependent integrin microclustering
measured in the three cells lines included in this study, as
discussed below.

After cholesterol depletion, «3V409D shows the highest
amount of integrin microclusters, followed by aana@ and
then WT. Of course, it may seem counterintuitive that the
integrin with the highest ligand affinity («¢6V409D) and
possibly the greatest partitioning into lipid nanodomains
would show the largest increase in integrin microclustering
upon plasma membrane cholesterol reduction. A recent
study in T cells showed that the amount of cholesterol
extracted from the cell membrane affected the resulting
change in membrane organization and cell signaling origi-
nating at the membrane (59). When cholesterol was
depleted by <50% of its original value (the highest deple-
tion included in the study), lipid nanodomains were found to
aggregate. Given the amount of cholesterol depleted from
the membrane in our studies (Fig. 2 B), it is reasonable to
assume that the lipid nanodomains are aggregating. This
would explain the increase in afV409D microclustering
upon cholesterol depletion if it preferentially partitions
into nanodomains.

There are several possible explanations for the different
amounts of integrin microclustering in cells expressing
WT and aana@ integrins. First, less cholesterol is extracted
from the plasma membrane in these cell populations com-
pared to the o8V409D cell line (Fig. 2 B). There may be
different levels of lipid nanodomain aggregation when less
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cholesterol is extracted. Additionally, these integrins may
partition into lipid nanodomains to different extents, or
partition into a different population of lipid nanodomains.
It has been shown that the extent to which certain proteins
partition into lipid nanodomains depends on the amount of
cholesterol in the membrane (59). The population of WT
integrins in lipid nanodomains may decrease (by partition-
ing out or by nanodomain disruption) upon 27% cholesterol
extraction from the plasma membrane. This would explain
its decreased microclustering upon cholesterol depletion.
Studies with additional integrin mutants could further test
the hypothesized relationship between ligand affinity, parti-
tioning into lipid nanodomains, and cholesterol-dependent
microclustering.

Previous studies have shown that treatment with mgCD
can extract membrane phospholipids along with cholesterol
(31), and that restoration of membrane properties, such as
diffusion coefficients, can be achieved by restoring the
cholesterol levels to their original values (24). We confirmed
the role of cholesterol in altering membrane properties by
adding cholesterol back to the membrane of previously
cholesterol-depleted cells and reevaluating those properties.
The cholesterol-depleted, a3V409D-expressing cells were
incubated with chol-mBCD, and the total cellular and
plasma membrane cholesterol concentrations were mea-
sured. Fig. 2, A and B (gray data bars) show that the total
cholesterol and plasma membrane cholesterol levels in cells
expressing the ofV409D mutant integrins and FRET
reporters can be restored to a level statistically similar to
that of untreated cells at the 95% confidence level. After
cholesterol restoration, the slow and fast lipid diffusion
coefficients show a statistically significant decrease relative
to the values obtained for the cholesterol-depleted cell line
(Table 1). Similarly, the FRET results (Table 3) indicate
that «6V409D integrin microclustering levels return to a
value statistically similar to that of the original value ob-
tained for the untreated cells. Although this provides
evidence that cholesterol plays a role in the altered
membrane properties measured in this study, it cannot be
concluded that other membrane components are not playing
a role. It is possible that m@CD may perturb another
membrane component(s) that also affects integrin micro-
clustering, and this change is convoluted with that obtained
upon cholesterol depletion. If this is the case, the FRET
assay utilized in this study will be an ideal analysis tech-
nique to identify other lipid or membrane components that
affect integrin microclustering. Current research is being
performed to identify additional membrane species with
a role in altering integrin microclustering.

CONCLUSIONS

Integrins are ubiquitous membrane receptors that are impor-
tant in nearly all cell-signaling cascades, including those
that control basic cellular functions (60-62). Therefore, it
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is important to understand the molecular mechanism of in-
tegrin function. This includes not only the much-studied
changes in ligand affinity and macroscale clustering, but
also the less-studied changes in receptor microclustering.
The data reported herein highlight a simple method that
can be used to elucidate the role of cholesterol in integrin
microclustering. Upon cholesterol depletion, the maximum
increase in integrin microclustering was measured for cells
expressing «fV409D integrins, which have the highest
affinity for ligand of the three integrins included in this
study. Partitioning into cholesterol-rich nanodomains may
explain the difference in cholesterol-dependent integrin
microclustering for WT and mutant integrins. Restoration
of membrane cholesterol to native levels restored the levels
of afV409D integrin microclustering to values obtained
for untreated cells. A similar methodology can be used to
elucidate the role of cholesterol in the microclustering of
integrins in other cell types, as well as the role of other
membrane components in integrin microclustering and for
other members of the integrin family.
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