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Abstract

Rather than being distributed homogeneously on the cell surface, proteins are probably aggregated in
clusters or in specific domains. Some of these domains (lipid rafts) have lipid compositions, which
differ from their surrounding membrane. They have been implicated in cell signaling, cell adhesion,
and cholesterol homeostasis. Estimates of their size vary from 40 to 350 nm in diameter depending
on the study and cell type used. Rafts are enriched in glycosphingolipids and cholesterol and appear
to be in a more ordered lipid phase. Although there is some knowledge of their function in cell
signaling, less is known about their assembly and dynamics in cells at various temperatures. We use
image correlation spectroscopy and dynamic image correlation spectroscopy to study the clustering
and diffusion of glycosylphosphatidylinositol (GPI)-anchored proteins within the plasma membrane
of living cells at various temperatures. We find that GPI-anchored proteins occur both as monomers
and in clusters at the cell surface. The propensities to cluster as well as the diffusion coefficient of
these clusters are strongly temperature dependent. At 37 °C the GPI-anchored proteins are highly

dynamic with a lower state of clustering than at lower temperatures.
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Lipid rafts are lipid microdomains with an estimated size
between 40 and 350 nm. They are enriched in sphingolipids
and cholesterol and play important roles in cell signaling,
cell adhesion, and cholesterol homeostasis [1-6]. They have
also been shown to be involved in the internalization of
proteins on the cell surface [4,7-12]. The lipid composition
of lipid rafts generates a more ordered lipid environment
compared with the rest of the plasma membrane. This is due
to the better packaging of long saturated acyl chains of the
glycosphingolipids and cholesterol resulting in high melting
temperature and resistance to solubilization in nonionic
detergents at low temperatures. Glycosylphosphatidylinosi-
tol (GPI)-anchored proteins as well as trimeric and small
GTPases, Src family kinases, lipid, messengers, and cyto-
solic signal transducers have been found in lipid rafts in vitro
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[13-19]. Most of the proteins are targeted to these domains
by lipid modifications, such as GPI or acyl anchors, although
some transmembrane proteins are palmitoylated. Recruit-
ment of proteins in lipid rafts does not seem to depend on
specific peptide motifs [18,20-22].

Although several proteins seem to be present in these
microdomains, the dynamics and aggregation of the
domains themselves are poorly understood. One important
question is the protein’s ability to laterally diffuse across cell
membranes and how this is dependent on lipid rafts. As was
shown in lipid bilayers, the lateral mobility of lipids in a
liquid-ordered phase is slower than in a liquid-disordered
phase [2,23-26]. Furthermore, current research suggests that
proteins and lipids undergo constrained and/or slowed
diffusion within rafts [27-29]. Moreover, raft proteins are
stably associated for minutes with discrete domains, which
themselves can diffuse across the cell surface [30]. The
lateral diffusion of proteins is typically 10- to 100-fold
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slower in cell membranes than in model membrane systems,
even for lipid-binding proteins such as cholera toxin B
subunit [31].

Here we introduce image correlation spectroscopy (ICS)
combined with dynamic image correlation spectroscopy
(DICS) as tools to study the aggregation, diffusion, and
reorganization of GPI-anchored protein domains at 37 °C,
19 °C (room temperature; RT), and 4 °C. As a model of the
GPI-anchored protein we used a green fluorescent protein
(GFP)-GPI fusion protein (see Methods; this construct
contains the signal sequence of rabbit lactase phlorizin
hydrolase (LPH), an N-glycosylation site thought to be
important for proper targeting and the GPI attachment signal
of lymphocyte function-associated antigen type 3 (LFA-3)).

Our data suggest that at 37 °C the GPI-anchored protein
exists in at least two populations. The first is distributed
homogeneously over the membrane, whereas the second is
aggregated in clusters. The homogeneously distributed
population diffuses too rapidly to be measured by DICS
(3.9 x 10 cm? s™ [30]), whereas the diffusion coefficient
for the clusters is much smaller (~6 x 107'% cm? s™).
Treatment with ff-cyclodextrin, a drug that extracts choles-
terol from membranes and therefore affects lipid rafts, at
37 °C results in more numerous but smaller clusters that have
a larger diffusion coefficient. Reducing the temperature from
37 °C to 19 °C leads to a decrease in the homogencously
distributed population yielding more and larger clusters that
have a reduced mobility. Our results indicate that the GPI-
anchored proteins are in domains that are very dynamic but
sensitive to temperature.

Materials and methods
Materials

The cell line COS-7 (CRL 1651) was purchased from
American Type Culture Collection (ATCC, Manassas, VA).
The GFP-GL-GPI is a fusion protein containing the signal
sequence of rabbit LPH [30], an N-glycosylation site
thought to be important for proper targeting, and the GPI
attachment signal of LFA-3, and was provided by Patrick
Keller (MPI, Dresden, Germany).

Transfection of COS-7

COS-7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum (GibcoBRL, Burlington, ON, Canada) and trans-
fected by Fugene (Roche, Mississauga, ON, Canada)
according to the manufacturer’s protocol. Transfections
were done on cells grown in 35-mm-diameter dishes using
1 ug of DNA per plasmid construct.

Treatment of transfected COS-7 cells with 2-hydroxypropyl-
p-cyclodextrin

The transfected COS-7 cells were incubated 1 hour
before the image collection with 10 pug/mL 2-hydroxy-

propyl-f-cyclodextrin (Sigma, St. Louis, MO) dissolved in
DMEM at 37 °C. The cyclodextrin was present throughout
the subsequent confocal measurements.

Confocal microscopy

The transfected COS-7 cells were placed on a 22-mm-
diameter coverslip that was inserted into a temperature
stage. The temperature stage was regulated at 37 °C, 19 °C
(RT), or 4 °C.

Transfected cells were visualized using a Biorad MRC 600
confocal microscope equipped with an Ar/Kr mixed-gas laser
and using the appropriate filter sets for dual-fluorophore
imaging. Cells expressing the protein were selected under
mercury lamp illumination using a 60x (1.4 numerical
aperture) objective and an inverted Nikon microscope. An
area on the cell at a distance from the nucleus was enlarged
and visualized. For measuring GFP fluorescence the filter
wheel was set for 488 nm laser excitation, and neutral density
filters were used to attenuate the laser to 1% laser power. One
scan was accumulated on photomultiplier tube 2 (PMT2) in
the photon counting mode (to ensure linear scaling of the
intensity). The PMT was set with the black level at 6.0 on the
vernier scale, and the gain was set at 10. Every 10 seconds a
high-magnification image was recorded. After the collection
of each set of 50 images, images were collected using
identical settings but with the shutter to the sample closed, to
obtain a measure of the dark current for each PMT. A total of
six data sets were collected on different cells in different
samples at each temperature.

Image correlation spectroscopy

ICS and DICS are two techniques that are used to study
the distribution and localization of the GPI-anchored
protein. ICS involves autocorrelation analysis of the
intensity fluctuations within confocal images collected in
this case from transfected cells that contain GFP-tagged
GPI-anchored proteins.

Let the fluorescent intensity in a pixel located at position
x,y in the image be i(X,y); then the corresponding normalized
fluorescence intensity fluctuation, Ji(x,y), is given by:

i(xvy) — <i(x’y)>

TR

(1)

The normalized spatial autocorrelation function, g(&n), is
then given by:

g(&,n), = <di(x,y)di(x + &,y +n)> (2)

where the angular brackets indicate the average over all
spatial coordinates and £ and # are position lag coordinates
for the x- and y-axes. It is known that the limit of the
autocorrelation function as ¢ and 5 approach zero, g(0,0), is
equal to the variance of the normalized intensity fluctuations.

It is also known that for homogeneous, noninteracting
species, where the intensity is a true representation of the
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concentration, the variance of the normalized intensity

fluctuations is equal to the variance of the concentration

fluctuations, which in turn is equal to the inverse of the

number of particles in the observation area, N, [32].

. 1

2(0,0) = var(3i(x,)) = var(de(x.»)) = - (3)
P

Once the g(0,0) is known, an important parameter, called

the cluster density (CD) can be calculated. The CD value

gives the average number of receptor clusters per unit area.

1 N,

CD 2 (4)

- 2(0,0w2n 7w

Dynamic image correlation spectroscopy

DICS is an extension of ICS. In DICS, a time-dependent
cross-correlation function is generated by calculating the
mean fluorescence intensity fluctuations arising from
images collected at different times but on the same area of
the same cell labeled for the same protein. If the intensity of
the protein at time t is i(t), and the intensity of the protein
after a time 7 is i(x + y, y + £, t + 1), then the normalized,
time-dependent cross-correlation function g;;«(y,&,7) can be
calculated as:

((iCe,y50) = (e, i) (i(x + 2,y + &t 4+ 1) = (i(x,:1))) )
(i(x, ;1))

g1, &1) =

(5)

From this the normalized amplitude of the time-

dependent cross-correlation function, g,(0,0, t) can be
calculated as:

0(0,0,0) = tim U050 = oy ) (x+ v + G+ 7) — (i y30)))

1080 (i(x,y:0))

(6)
where N ,, is an approximate estimate of the average number
of clusters in the observation area. F(t) is a function that
measures the rate at which correlation of the image
disappears. The cross-correlation function represented by
Eq. (6) may be thought of as an averaged fluorescence
correlation function for the ensemble of all collection
volumes in the image.

With an analogy to single-point fluorescence correlation
spectroscopy measurements and restricting to the case of
two-dimensional diffusion, F(t) can be approximated by:

1

O =T

(7)

Calculations of fluctuations of the cluster density in a
100-second time window

To obtain a sense of the variation of the number of
clusters on the surface with time, we calculate a parameter

P(100) as a measure of the relative variations in the CD at a
100-second time scale. We define P(100) as:

~ var(CDypo(n))
P(100) =t O D) 100 9)

where CDoo(n) = Z,?:o CD(n +)/10 represents the slid-
ing average of the CD over a sequence of 10 images
(100 seconds). P(100) is zero if there is no variation in the
state of aggregation with time (ie, all clusters remain the
same size but they move). P(100) is 100% if the average
cluster size varied by a random process following Poisson
statistics (var = mean, that is, the variation in the number of
clusters is random at the 100-second time scale). P(100) is
less than 100% if the random fluctuations are at a much
different time scale.

Statistics

Standard error of the mean (SEM) values were calculated
from the raw data at the 95% confidence level.

Results
Diffusion of the GPI-anchored proteins on the cell surface

To analyze the dynamics of GPI-anchored proteins on the
cell membrane, we transfected COS-7 cells with the GFP-
GPI fusion protein. After 48 hours the transfected cells were
placed in a temperature stage, and 50 high-magnification
images were taken at the 10-second interval of the GPI-GFP
at the plasma with a confocal microscope. Using this
approach we detect only the movement of the bigger clusters
of the protein, which move slower on the plasma membrane;
the diffusion of individual proteins, which are much faster,
is not measured. From the images obtained, the amplitude of
the normalized time-dependent cross-correlation function
2.(0,0,7) was calculated and plotted as a function of the
delay time (Figure 1). Fitting the curve shown in Figure 1 to
a three-parameter hyperbolic decay of the form:

1 1
gx(0,0,T) :gX(O,O,O) +=*

N, 1+1/w

(10)

the diffusion time 74 can be obtained. Once 74 is known the
diffusion coefficient D can be calculated according to:

w2

- 4*Td

(11)

The diffusion coefficients obtained for the GPI-anchored
protein at 37 °C, RT, and 4 °C are shown in Figure 2. At
37 °C the diffusion coefficient (6 x 1072 cm? s™), is
approximately fivefold greater than the diffusion coefficient
at RT (give value to quantify). The movement of the clusters
at 4 °C was very slow, roughly 100 times slower than at
37 °C, but in general it was not possible to fit the cross-
correlation functions well.
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Fig 1. Plot of the cross-correlation fit as a function of difference in time
between images. Result at 37 °C (A) and at room temperature (B).The solid
lines represent the best fit. The intercept on the y-axis is used to calculate
average cluster density (CD,). The decay fits a slow diffusion process and
approaches zero for long times.

Clustering of GPIl-anchored proteins in living cells

To study the clustering of GFP-GPI, we calculated the
number of clusters per unit area (CD) from each image. For
a two-population system of monomers and oligomers it can
be shown that the amplitude of the autocorrelation function
2(0,0) can be approximated by the following:
£(0,0) = = *(N, + N, 2) (12
where N, is the average total number of GPI-anchored
proteins, N | is the average number of molecules present in
the monomeric population, N, is the average number of
clusters, and p is the mean number of molecules in the
clusters. With N, = N, + N, * u the amplitude of the
autocorrelation function is approximated by:

1 — _
2(0,0) = = *(Ny = N, *u+ N, *u’) (13)

We can calculate the number of clusters, N, by
extrapolation of the time-dependent amplitude of the
cross-correlation function (see Figure 2). We can calculate

N W 0 N ®

; ]

GPI 37°C

Diffusion Coefficient (10" cm? sec™"

GPIRT GPI1 4°C

Fig 2. Average diffusion coefficient for six separate experiments at each of
the three temperatures. GPI-GFP diffuses about five times faster at 37 °C
than at room temperature and about 100 times faster than at 4 °C.
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Fig 3. COS7 cells were transfected with GPI-GFP. 48h after the transfection
cells 50 high magnification images delayed with 10 s at 37 °C, RT were
taken of 6 cells. The average total cluster density (CDt) of GPI-GFP was
calculated using ICS. Extrapolating the time dependent amplitude of the
cross correlation function also the Number of slow diffusing clusters CDa
were calculated. At 37 °C the GPI-GFP exists as two populations, while at
RT the fast moving population is decreased about a factor of 3.

the number of molecules present in each of the two
populations, if we can independently estimate either N,
or u. We can estimate the average cluster density of the
moving aggregates (CD,). In Figure 3, CD, is compared to
the mean cluster density (CDy) calculated from all autocor-
relation functions. The difference between CD; and CD,
reflects the relative amount of the two populations in the
system, the clusters and the monomeric population, respec-
tively. It is interesting to note that at RT, CD, is not
significantly different from the CD of the whole popula-
tions, suggesting that only a small number of the proteins
are present in the monomer population; that is, most of the
proteins are in clusters (see Figure 4). As a result of the very
slow diffusion of the clusters at 4 °C, the CD, cannot be
reliably estimated.

As these data indicate, at 37 °C the GPI-anchored protein
exists as two populations. Cooling the cells to RT leads to a
decrease of the monomeric population N ;. Most proteins
are now present in clusters N, At the same time the total
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ar°g RT

Fig 4. GPI-GFP exists as 2 populations at 37 °C on the cell surface.
Changes in the temperature to RT lead to a decrease in the homogenous
population. COS7 cells were transfected with GPI-GFP. 48 h after
transfection a Zoom 2 and a Zoom 10 image of the same cell were taken
at 37 °C and RT. The larger sizes of the fluorescent objects and the weaker
background fluorescence in the RT image are consistent with the absence of
monomers at this temperature.
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Fig 5. The P(100) which represents the aggregation and dispersion dynamic
of the GPI-GFP- clusters were calculated at 37 °C, RT and 4 °C. Cooling
the cells to RT or 4 °C leads to an decrease in the clustering and dispersion
of the clustered domains of about an factor of 2.

average number of molecules expressed on the cell surface
is smaller by a factor of approximately 3 compared with that
at 37 °C, because the average fluorescence intensity is lower
by about a factor of 3. This difference may arise from the
different expression levels in transfected COS-7 cells at the
two temperatures.

Dynamics of the aggregation and dispersion of the GPI-
anchored protein

To examine the dynamics of the GPI-anchored protein in
more detail we analyzed the changes in the cluster density
during a period of time. For this we examined the
fluctuations during 100 seconds expressed as the parameter
P(100). These results are summarized in Figure 5. The
fluctuations in CD are approximately sixfold higher at 37 °C
than at RT or 4 °C. This indicates that at 37 °C the
aggregation and dispersion of the GPIl-anchored protein
clusters is more dynamic at the 100-second time scale. This
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Fig 6. 48 h after the transfection with GFP-GPI COS7 cells were incubated
or not incubated for 1 h with cyclodextrin at 37 °C. 50 high magnification
images delayed by 10 s were taken and the Diffusion coefficient, the CD
and the P(100) was calculated as described in the text. The treatment results
in an increase in the Diffusion coefficient and the CD. The P(100) is not
significantly changed.

variation of the CD value is probably due to changes in the
numbers of clusters as protein monomers associate to form
clusters or dissociate to dissolve clusters. At RT most
proteins are in clusters already, and this shift in population is
not possible, as seen by the lower variations in the CD
values during a period of time.

Treatment of cells with cyclodextrin leads to a dispersion of
the GPI-anchored proteins

2-Hydroxypropyl-f-cyclodextrin is known to extract
cholesterol from the plasma membrane and thereby affects
raft structure, function, and dynamics [references]. Our data
indicate that the treatment with f-cyclodextrin for 1 hour at
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37 °C does not alter the total number of GPI-anchored
proteins on the plasma membrane because the fluorescent
intensity is not significantly changed. However cyclodextrin
leads to a dispersion of the GPI-anchored clusters, because
both the average number of clusters CD, and CDy increase
(Figure 6, A). That the treatment did not significantly affect
the ratio of the two populations’ N /N, implies there are
more numerous but smaller clusters following the cyclo-
dextrin treatment. Importantly, cyclodextrin treatment does
not lead to a complete monomerization of GFP-GPI,
presumably explaining why GPI-anchored proteins still
associate with detergent-resistant membranes after cyclo-
dextrin treatment of cells [33]. The treatment also affects the
diffusion of the clusters, leading to an approximately
twofold increase in the diffusion coefficient (Figure 6, B).
The value of P(100) was not affected (Figure 6, C).

These results indicate that the treatment with f-cyclo-
dextrin affects only the aggregation of the GPI-anchored
protein clusters and the diffusion, but does not change the
dynamics of the assembling and disassembling of the GPI-
anchored proteins.

Discussion

Our data indicate that diffusion, aggregation, and
assembly of GPI-anchored protein clusters on the cell
surface are dynamic and highly temperature-dependent
processes. At physiological temperatures, the proteins exist
in two populations: monomers and clusters. The former
diffuse rapidly (3.9 x 107'% ecm® s™), whereas the latter
diffuse very slowly (6 x 107'% cm® s), yet there is rapid
exchange between the two populations. This rapid exchange
leads to larger variations in the average number of clusters as
a function of time. The slower moving clusters are probably
lipid rafts, because cholesterol removal by cyclodextrin leads
to the dispersion of more but smaller clusters that move more
rapidly. This cyclodextrin sensitivity is consistent with the
effect of cyclodextrin on lipid rafts. Our observation that the
GPI-anchored proteins are still in clusters is consistent with
the GPI-anchored proteins being observed in raft fractions
even when cyclodextrin is present. As the temperature is
lowered from 37 °C to RT and then to 4 °C, the mobility of
the clusters decreases to virtual immobility. At the same time
the number of monomers decreases dramatically, and at RT
most of the GPI-anchored proteins expressed at the surface
are in clusters that are large but fewer in number. This change
in the distribution is consistent with lipid rafts being larger
and hence more readily extracted as a detergent-resistant
fraction, at low temperature.
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