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Imaging Fluorescence Correlation Spectroscopy:
Nonuniform IgE Distributions on Planar Membranes

Zhengping Huang and Nancy L. Thompson
Department of Chemistry, University of North Carolina, Chapel Hill, North Carolina 27599-3290 USA

ABSTRACT Fluorescence correlation spectroscopy is useful for detecting and characterizing molecular clusters that are
smaller than or approximately equal to optical resolution in size. Here, we report the development of an approach in which
the pixel-to-pixel fluorescence fluctuations from a single fluorescence image are spatially autocorrelated. In these measure-
ments, tetramethylrhodamine-labeled, anti-trinitrophenyl IgE antibodies were specifically bound to substrate-supported
planar membranes composed of trinitrophenyl-aminocaproyldipalmitoyiphosphatidylethanolamine and dipalmitoylphosphati-
dylcholine. The antibody-coated membranes were illuminated with the evanescent field from a totally internally reflected laser
beam, and the fluorescence arising from the IgE-coated membranes was recorded with a cooled CCD camera. The image
was corrected for the elliptical Gaussian shape of the evanescent illumination after background subtraction. The spatial
autocorrelation functions of the resulting images generated two useful parameters: the extrapolated initial values, which were
related to the average cluster intensity and density; and the correlation distances, which were related to the average cluster
size. These parameters varied with the IgE density, and unlabeled polyclonal anti-IgE enhanced the nonuniform IgE
distributions. The autocorrelation functions calculated from images of planar membranes containing fluorescently labeled
lipids rather than bound, labeled IgE demonstrated that the spatial nonuniformities were prominent only in the presence of IgE.

Fluorescent beads were used to demonstrate the principles and the methods.

INTRODUCTION

Molecular events at cell surfaces are central to signal
transduction and subsequent cellular response. A physi-
cal event that is in many cases thought to modulate signal
transduction is the formation of receptor dimers or high-
order oligomers (Jans, 1992; Bormann and Engelman,
1992; Grasberger et al., 1986; Ward and Hammer, 1992).
Receptor clustering has been implicated or confirmed in
a large variety of signal transduction processes, including
those mediated by growth factors (Cunningham et al.,
1991; Ullrich and Schlessinger, 1990; Fantl et al., 1993) and
immune cell receptors (Sette et al., 1994; Young et al., 1983).

A variety of techniques have been employed to char-
acterize the self-association of proteins in or on natural or
model membranes. Fluorescence photobleaching meth-
ods provide quantitative information about translational
(Wright et al., 1988) and rotational (Velez et al., 1990)
mobilities; phosphorescence anisotropy methods provide
similar information (Matayoshi et al., 1991; Zidovetzki
et al,, 1991). However, these methods do not provide
direct information about aggregation. Electron micros-
copy has been used to provide structural information
about membrane proteins that form ordered two-dimen-
sional arrays (Jap et al., 1992; Kornberg and Darst,
1991), but the sampling conditions are far from physio-
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logical and the time resolution is difficult to control.
Fluorescence energy transfer methods have yielded qual-
itative information about receptor clustering in natural
cell membranes but have been less successful in yielding
quantitative information about cluster size and density
(Kubitscheck et al., 1991, 1993; Liang et al., 1993; Szabo
et al., 1992; Young et al., 1994). Digital video micros-
copy can be used to characterize receptor clustering on
viable cells if individual clusters are intensely fluorescent
and sufficiently sparse to be optically resolved (Ghosh and
Webb, 1994; Morrison et al., 1994). If the clusters are less
fluorescent or more densely distributed, fluorescence correla-
tion spectroscopy (FCS) may be employed (Thompson, 1991).

In the simplest type of FCS, movement of fluorescent
molecules through a small illuminated region generates
temporal fluctuations in the fluorescence emitted from
the region. The magnitude of the fluorescence fluctuation
autocorrelation function is sensitive to the number den-
sities and therefore to the formation of molecular clusters
(Palmer and Thompson, 1989a,b). A primary difficulty
with application of this technique to membranes is that if
a significant fraction of the fluorescent molecules are
immobile, the focused laser beam may generate a
bleached “hole” and subsequent small mechanical mo-
tions may then cause fluorescence fluctuations that are
not related to molecular number fluctuations. Further-
more, the diffusion must be relatively fast so that a large
enough number of data points can be acquired within an
experimentally reasonable time scale. Scanning fluores-
cence correlation spectroscopy circumvents these diffi-
culties; in this type of FCS, the sample is scanned
through a focused laser beam or a focused laser beam is
scanned through the sample, and the fluorescence fluc-
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tuations are measured as a function of position (Meyer
and Schindler, 1988; St-Pierre and Petersen, 1990, 1992;
Petersen et al., 1986). Recently this method has been adapted
for use with a laser scanning confocal microscope (Petersen
et al., 1993; Koppel et al., 1994) and with two-photon excita-
tion fluorescence microscopy (Berland et al., 1995).

In the imaging FCS (I-FCS) method described herein, a
charge-coupled device (CCD) detector was employed to
record two-dimensional fluorescence intensity distributions.
The pixel-to-pixel fluorescence fluctuations from a single
fluorescence image were spatially autocorrelated. A prom-
inent advantage of I-FCS as compared to conventional FCS
is that a large number of data points, rather than one, may be
collected per sample time. In addition, I-FCS does not
require fast diffusion, sample translation, moving optical
components, or acquisition of consecutive images. The de-
scribed method is similar to the one previously used for
analyzing acetylcholine receptor clusters on myotubes
(Wang and Axelrod, 1994).

MATERIALS AND METHODS
Fluorescent beads

Fluorescein-coated microbeads with two diameters (1 um and 50 nm) were
obtained commercially (Polysciences, Inc., Warrington, PA). Both bead
suspensions were dialyzed against phosphate-buffered saline (PBS) (0.05
M sodium phosphate, 0.15 M sodium chloride, 0.01% sodium azide, pH
7.4) and diluted 10-fold with PBS.

Antibodies

Monoclonal anti-trinitrophenyl (TNP) IgE antibodies were purified from
supernatants of the hybridoma TIB142 (American Type Culture Collection,
Rockville, MD) by affinity chromatography using dinitrophenyl-conju-
gated human serum albumin (Pisarchick and Thompson, 1990). Antibodies
were eluted with 0.01 M N-2,4-dinitrophenylglycine (DNP-G) in PBS and
were dialyzed extensively against PBS. Polyclonal sheep anti-mouse IgE
antibodies were obtained commercially (Calbiochem, La Jolla, CA) and
dialyzed into PBS. The IgE antibodies were labeled (R-) with tetrameth-
ylrhodamine isothiocyanate (Molecular Probes, Inc., Junction City, OR) as
previously described (Timbs and Thompson, 1990). IgE and R-IgE con-
centrations were determined spectrophotometrically assuming a molecular
weight of 184 kDa and the following molar absorptivities: e(IgE, 280 nm) =
298,000 M~ ! cm™!; &R, 280 nm)/eR, 514 nm) = 0.56. The concentrations
of tetramethylrhodamine and the molar ratios of tetramethylrhodamine to IgE
(0.9-1.5) were calculated using &(R, 556 nm) = 66,000 M~} cm™'.

All antibodies were passed through a 0.2-um filter and clarified
(100,000 X g, 0.5 h) no more than 10 h before application to planar
membranes. Gel filtration measurements (G200-120 Sephadex; 1.5 cm X
60 cm; flow rate, 0.2 m{/min; sample volume, 1.0 ml; PBS) showed that
labeled and unlabeled IgE antibodies (~0.5 mg/ml) eluted with symmet-
rical peaks and at identical elution volumes, corresponding to IgE mono-
mers. Possible higher-molecular-weight IgE aggregates were not detected.

Phospholipid vesicles

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-[6[(2, 4, 6-trinitrophenyl)amino]ca-
proy!] (TNP-cap-DPPE), and 1,2-dipaimitoyl-sn-glycero-3-phosphoeth-
anolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (NBD-DPPE) were
obtained commercially (Avanti Polar Lipids, Birmingham, AL) and used
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without further purification. Small unilamellar vesicles were prepared at 2
mM in PBS from 25 mol% TNP-cap-DPPE and 75 mol% DPPC, as
previously described (Pearce et al., 1992). Some vesicles were composed
of 100 mol% DPPC, or of 5 mol% NBD-DPPE, 25 mol% TNP-cap-DPPE,
and 70 mol% DPPC.

Substrates

Sample chambers were constructed by adhering 24 mm X 60 mm no. 0
microscope coverslips to aluminum holders that contained 0.8” X 0.8”
apertures, using Sylgard 184 silicone elastomer (Dow Corning Corp.,
Midland, MI). These holders, as well as fused silica slides (1”7 X 1.2";
Quartz Scientific, Fairport Harbor, OH), were cleaned by boiling with
Cleaning Solution (ICN, Costa Mesa, CA), bath sonicating, and rinsing
extensively with deionized water. Polylysine-coated glass slides (Poly-
sciences) were cleaned by rinsing with ethanol and deionized water. Two
strips of single-coated Kapton polyimide adhesive film (0.001” thickness;
Saunders Engineering Corp., Raleigh, NC) were mounted on the cover-
slips, followed by fused silica slides or polylysine-coated slides. The
chambers were held together with aluminum clips.

Sample preparations

Fluorescent beads were deposited on mounted polylysine-coated slides by
spontaneous adsorption for 30 min followed by rinsing with 1 ml PBS.
Substrate-supported planar membranes were constructed by depositing
vesicles on the fused silica surfaces as described previously (Pearce et al.,
1992). Vesicles were deposited and fused on substrates by spontaneous
adsorption for 25 min followed by rinsing with 2 ml PBS. Planar mem-
branes were then treated with 250 ul PBS containing various concentra-
tions of tetramethylrhodamine-labeled and unlabeled IgE antibodies. For
imaging, samples were prepared by diluting labeled IgE five-fold with
unlabeled IgE to yield the desired final concentration; for binding curve
measurements, samples were prepared with only labeled IgE. After appli-
cation of antibody solutions, the planar membranes were incubated at room
temperature for 30 min and rinsed with 1 m! PBS. Some samples treated
with R-IgE were treated further by adding 250 ul of 0.1 mg/ml unlabeled,
polyclonal anti-IgE for 30 min and rinsing with 1 ml PBS.

Fluorescence microscopy

The fluorescence microscope was composed of an argon ion laser (Innova
90-6; Coherent, Inc., Palo Alto, CA), an inverted optical microscope
(Zeiss Axiovert; Eastern Microscope Co., Raleigh, NC), and a slow-scan
cooled CCD (KAF-1400; Photometrics, Tucson, AZ) connected to a per-
sonal computer (Gateway 486). The laser beam was directed through a
focusing lens (focal length 100 mm) and a cubic fused silica prism [(1.5
cm)’], and totally internally reflected at the interface of the fused silica or
polylysine-coated slides and the solution (Hsieh et al., 1992). Evanescently
excited fluorescence was collected through a microscope objective (Nikon,
oil-immersion, 60X, NA 1.4) and directed through a dichroic mirror and
barrier filter to the CCD.

Images were acquired with the following conditions: wavelength, 488.0
nm for fluorescein-coated beads, 514.5 nm for R-IgE; angle of incidence
on the fused silica-solution interface, ~75°; laser power, 5-20 mW; size of
illuminated area, ~50 X 200 wm; camera exposure time, 100-500 ms.
Because the physical pixel size was (6.8 um)” and the objective was 60X,
the pixel size at the sample plane was (0.11 pm)?® This prediction was
confirmed by imaging a calibration slide.

Calculations

Images were corrected for dark counts and truncated to subimages by using
the Photometrics CCD software. Corrections for the nonuniform spatial
illumination intensities and digital calculations of fluorescence fluctuation
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FIGURE 1 Higher signal-to-noise ratio with evanescent illumination.
Images obtained with evanescent illumination contain less background as
compared to those obtained with epi-illumination. For both epi-illumina-
tion and evanescent illumination, the average pixel intensity was plotted as
a function of exposure time for both fluorescent and background samples.
The fluorescent sample was prepared by treating plasma-cleaned fused
silica with 20 pg/ml R-IgE and 80 p.g/ml unlabeled IgE in PBS for 30 min,
followed by rinsing with 1 ml PBS; the background sample contained only
PBS. Images were acquired with the following conditions: laser power, 0.1
W for epi-illumination data, 0.04 W for evanescent illumination data;
sample area, 80 X 80 um? for epi-illumination, 80 X 140 pm? for
evanescent illumination. By defining the signal-to-noise ratio as the ratio of
the slopes of the least-square linear regression lines for the fluorescent
samples and for the background samples, one finds that this ratio is 10.9 for
evanescent illumination and 3.5 for epi-illumination.

autocorrelation functions were carried out using Fortran routines on a
Convex C3840 supercomputer. Calculated autocorrelation functions were
fit to theoretical forms with SigmaPlot software.

Data analysis

Raw images were corrected for background by subtracting the averaged
dark counts obtained as bias images. Subimages were created from the dark-
corrected images by selecting a rectangular area from well within the illumi-
nated region of each image. The subimages typically contained 240 rows and
620 columns, corresponding to a sample area of ~26 um X 68 um.
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FIGURE 2 Binding curve for R-IgE on planar membranes. This figure
shows the evanescently excited fluorescence measured on planar mem-
branes composed of DPPC (75 mol%) and TNP-cap-DPPE (25 mol%) (@).
The fluorescence, which is assumed to be proportional to the R-IgE surface
density, is plotted as a function of the solution concentration of R-IgE with
which membranes were treated before washing. R-IgE binds to the mem-
branes in a saturable manner, with an apparent equilibrium dissociation
constant K; =~ 0.25 uM. The evanescently excited fluorescence of DPPC
planar membranes treated with R-IgE was much lower (O). Uncertainties
are standard deviations for averages over eight spatially independent mea-
surements.

To correct for the Gaussian intensity profile, the dark-corrected images
were curve fitted to

4 4
In[fG, )] = 2 2 amai™ " (1)

m=1 n=1

In[ (i, ] = 2 bali)j"! 2)

4
bo(i) = 2 ami™ ", (3)

m=1

where f(i, j) was the intensity of the pixel at row i and column j. The
parameters a.,,, withm # 1 orn # 1, and m = 4 or n = 4, were included
for modification from an ideal elliptical Gaussian shape (Burghardt and
Thompson, 1984). In the curve fitting algorithm, each row of data was first
fit to a third-order polynomial versus the column number () to give b_(i)
(Eq. 2). Next, the four arrays b, (i) (for n = 1 to 4) were fit to third-order
polynomials versus the row number (i) to yield the a,,,, (Eq. 3). The obtained
16 parameters a,,,, were used to generate a smoothed image that was the best
fit of the dark-corrected subimage to Eq. 1. The images were corrected for the
spatially nonuniform excitation intensity by performing a pixel-to-pixel divi-
sion of the dark-corrected subimages by their smoothed counterparts.

A complexity arose for R-IgE images containing pixels with very high
intensities. In these cases, the method described above did not yield an
accurately smoothed image. Therefore, a data-screening algorithm in
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FIGURE 3 Fluorescence images. Images of planar samples of different compositions are visually distinctive. (@) Polylysine-coated glass with adsorbed
1-pm fluorescent beads; (b) polylysine-coated glass with adsorbed 50-nm fluorescent beads; (c) TNP-cap-DPPE/DPPC/NBD-DPPE planar membrane; (d)
TNP-cap-DPPE/DPPC planar membrane containing a density of R-IgE corresponding to 20% surface saturation; (¢) TNP-cap-DPPE/DPPC planar
membrane containing a density of R-IgE corresponding to 80% surface saturation; (f} TNP-cap-DPPE/DPPC planar membranes containing a density of
R-IgE corresponding to 60% surface saturation and further treated with anti-IgE.

which a threshold was set to screen out pixels with high intensities was
incorporated. For images of fluorescent beads, a similar threshold was set
so that only those pixels with intensities above the threshold were retained.
The intensities below the threshold were considered background. A final
selection was incorporated, for both image types, to ensure that the fitting
procedures used only data sets containing more than 10 number pairs after
screening.

The spatial fluorescence fluctuation autocorrelation function is defined as

_(g(r+ p)g(n) — (g(n)’
OG0 @

where the brackets indicate a spatial average over the image and g(r) is the
fluorescence intensity at position r, corrected for the background and the
Gaussian illumination intensity profile. For a corrected subimage with R
rows and C columns, G(p) was calculated by using

(gr)) =[RCT' X X 8G, ) (5)

i=1j=1
(g(r + pg(r)
=[(R—-p)C+R(C-p]"' (6)

R C

x 2 2 [eli + p,j)gli,j) + gl j + p)gli, )],
i=1j=1
where i and j were the row and column numbers and g(i,j) was the
corrected intensity at pixel (i, j). Those g(i, j) for whichi > Randj > C
were assumed to be zero. G(p) were calculated for p = 0 to 50. The

procedure averages over possible azimuthal asymmetries that may be
present in the images.

RESULTS AND DISCUSSION

Sample illumination was provided by the evanescent field
of a totally internally reflected laser beam. Evanescent illu-
mination generated less background light as compared
to epi-illumination (Fig. 1). Evanescent illumination also

minimized the spatial intensity fluctuations often observed
with epi-illumination that result from passage of the exci-
tation light through the internal components of an optical
microscope.

The evanescently excited fluorescence of R-IgE on planar
membranes (25 mol% TNP-cap-DPPE, 75 mol% DPPC)
was measured as a function of the solution concentration of
R-IgE with which planar membranes were incubated. As
shown in Fig. 2, the fluorescence increased with the R-IgE
solution concentration and reached saturable levels at high

FIGURE 4 Smoothed images. Smoothed images were generated by
curve fitting to Eqs. 1-3 as described in the text. Shown here are the
smoothed versions of two of the images shown in Fig. 3. (@) The smoothed
version of Fig. 3 a; (b) the smoothed version of Fig. 3 d.
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FIGURE 5 Fluorescence fluctuation autocorrelation functions. Functions G(p) were calculated from images that had been corrected for background and
for the spatially nonuniform illumination as described in text. Shown here are the autocorrelation functions of the images shown in Fig. 3, along with the
best fits to fifth-order polynomials in p: (a) polylysine-coated glass with adsorbed 1-pm fluorescent beads; (b) polylysine-coated glass with adsorbed 50-nm
fluorescent beads; (c) TNP-cap-DPPE/DPPC/NBD-DPPE planar membrane; (d) TNP-cap-DPPE/DPPC planar membrane containing a density of R-IgE
corresponding to 20% surface saturation; (¢) TNP-cap-DPPE/DPPC planar membrane containing a density of R-IgE corresponding to 80% surface saturation; (f)
TNP-cap-DPPE/DPPC planar membranes containing a density of R-IgE corresponding to 60% surface saturation and further treated with anti-IgE.

solution concentrations. In contrast, the fluorescence of
R-IgE on 100 mol% DPPC membranes was much lower in
magnitude. Thus, the binding of R-IgE to planar membranes
required its specific hapten (TNP). The best fit of the data in
Fig. 2 to the shape for a simple surface binding curve (e.g.,
Hsieh et al., 1992) gave an apparent equilibrium dissocia-
tion constant of K; =~ 0.25 uM. Thus, the R-IgE solution
concentrations corresponding to 20%, 40%, 60%, and 80%
surface saturation were 0.062 uM, 0.17 uM, 0.38 uM, and
1.0 uM, respectively. Fluorescence images were obtained
for these four conditions.

Fig. 3, a and b, shows typical fluorescence images of
fluorescent beads with 1 um and 50 nm diameters, respec-
tively. Images of membranes containing 5 mol% NBD-

DPPE appeared uniform (Fig. 3 ¢). The broad elliptical
shape was due to the spatial dependence of the illumination
intensity. Fig. 3 d shows a typical fluorescence image of a
TNP-cap-DPPE/DPPC planar membrane containing bound
R-IgE at 20% of the saturating density. As shown, the
spatial distribution of R-IgE was not uniform. The nonuni-
formities appeared to be several pixels wide and therefore of
a size approximately equal to optical resolution. The images
of membranes with 40% and 60% R-IgE surface saturations
appeared similar to those with 20% saturation and are not
shown. The images for 80% saturation (Fig. 3 ¢) showed
larger nonuniformities and higher contrasts in intensity be-
tween dark and bright regions. Some of the R-IgE samples
with 60% surface saturation were treated with 0.1 mg/ml
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TABLE 1 Parameters G(0) and o
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Surface Fluorescent component G(0) o(pum) n
Polylysine-coated glass 1-pum beads 1.62 + 0.20 0.844 + 0.022 10
Polylysine-coated glass 50-nm beads 0.39 = 0.20 0.484 + 0.043 10
Planar membrane NBD-DPPE 0.00128 *= 0.00018 — 15
Planar membrane R-IgE 20% saturation 0.0146 = 0.0021 0.496 * 0.063 13
Planar membrane R-IgE 40% saturation 0.00782 = 0.00056 0.595 * 0.095 12
Planar membrane R-IgE 60% saturation 0.0096 + 0.0014 0.66 = 0.12 19
Planar membrane R-IgE 80% saturation 0.074 = 0.015 1.05 = 0.09 18
Planar membrane R-IgE 60% saturation with anit-IgE 0.50 £ 0.19 333 £0.64 4

The extrapolated values of G(0) and the correlation distances o were obtained by curve fitting the autocorrelation functions G(p) to fifth-order polynomials.
Parameters values are given as the average of those calculated from a number of images n. Uncertainties are standard deviations for averages over the n

independently acquired images.

unlabeled anti-IgE. Images of these samples (Fig. 3 f)
suggested that, as expected, the anti-IgE induced larger and
brighter clusters.

Fluorescence fluctuation autocorrelation functions were
calculated from images as described above. Fig. 4, a and b,
shows two representative smoothed images. The smoothed
images were approximately elliptically Gaussian in shape.
Fig. 5a—f shows typical functions G(p). The values of G(p)
shown in these plots were calculated from the images shown
in Fig. 3a.

Because the rate and shape of decay for the G(p) were
dependent on the (unknown) size and shape of the aggre-
gation entities, the functions were curve fitted to fifth-order
polynomials (excluding the G(0) values that contained shot
noise). This analysis generated two useful parameters. The
extrapolated initial value, G(0), was related to the average
cluster intensity and density. The correlation distance, o,
defined as the distance at which G(p) dropped to one-half of
the initial value, was related to the average cluster size.
Table 1 summarizes the obtained values of G(0) and o.

The values of G(0) calculated from images of fluorescent
beads were large, and the values of G(0) were negligible for
planar membranes containing fluorescent lipids, as ex-
pected. G(0) was measurable and approximately equivalent
for membranes 20%-60% saturated with R-IgE, increased
significantly for membranes 80% saturated with R-IgE, and
increased again in the presence of unlabeled anti-IgE.

The correlation distance o for 1-um beads agreed well
with the known value (Table 1). However, the correlation
distance for 50-nm beads was significantly higher than the
known bead diameter. This latter result may be attributed to
the optical transfer function of the microscope. Therefore,
for fluorescent entities smaller than optical resolution, I-
FCS does not directly yield accurate information about
cluster size via the parameter . However, this result does
mean that (advantageously) I-FCS will be applicable to
small molecular clusters (such as receptor dimers) because
spatial correlations will exist for several pixels and these
correlations can be used to calculate extrapolated values of
G(0). The correlation distances for planar membranes 20%,
40%, and 60% saturated with R-IgE were only slightly
larger than the measured correlation distance for 50-nm
beads, indicating that the average IgE cluster size in these

samples was smaller than or approximately equal to optical
resolution. Significantly higher values of o were found for
membranes 80% saturated with R-IgE or treated with both
R-IgE and anti-IgE.

SUMMARY

This paper demonstrates the feasibility of using a CCD
detector with spatial fluorescence fluctuation autocorrela-
tion (I-FCS) for detecting and characterizing molecular
clusters in model and natural cell membranes. An advantage
of I-FCS as compared to conventional FCS is that a large
number of data points, rather than one, may be collected per
sample time. In addition, I-FCS does not require fast diffu-
sion, sample translation, moving optical components, or
acquisition of consecutive images. We have shown that, as
a result of the microscope’s optical transfer function, ap-
preciable spatial correlations persist for several pixels, even
when fluorescent entities are smaller than optical resolution.
This result means that the values of G(0) may be determined
by extrapolation from values of p > 0, eliminating the
complications due to shot noise that would be encountered
by direct analysis of the G(0) values. In a future work, the
use of high-order fluorescence fluctuation autocorrelation
with I-FCS will be examined (Vanden Broek et al., manu-
script in preparation).
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