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The use of high-order autocorrelation with imaging fluorescence correlation spectroscopy is
described. Fluorescently labeled, antitrinitrophenyl IgE antibodies were specifically bound to sub-
strate-supported planar membranes composed of trinitrophenylaminocaproyldipalmitoylphosphati-
dylethanolamine and dipalmitoylphosphatidylcholine. The IgE-coated membranes were illuminated
with a laser beam that was totally internally reflected at the substrate/solution interface. The
evanescently excited fluorescence arising from the membrane-bound IgE was measured with a
CCD camera. The images were corrected for background and for the elliptically Gaussian spatial
dependence of the evanescent excitation intensity. A series of high-order pixel-to-pixel spatial
fluorescence fluctuation autocorrelation functions was calculated from the images. The autocorrela-
tion functions generated multiple independent parameters which were used to characterize the
nonuniform spatial distributions of the membrane-bound IgE. These parameters varied with the IgE
density and also changed significantly when the IgE-coated membranes were further treated with
unlabeled, polyclonal anti-IgE. The high-order autocorrelation functions calculated from images of
planar membranes containing fluorescently labeled lipids rather than bound, labeled IgE demon-
strated that the spatial nonuniformities were prominent only in the presence of IgE. Images of
fluorescent beads were used to demonstrate the principles and the methods.

KEY WORDS: Fluorescence fluctuation; photon correlation; image analysis; total internal reflection; evanescent
illumination; receptor clustering.

INTRODUCTION

Molecular events at cell surfaces are central to signal
transduction and subsequent cellular response. In many
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cases, cellular response is initiated or mediated by recep-
tor dimers or higher-order oligomers [1-6]. Receptor
oligomerization has been implicated or confirmed in a
large variety of signal transduction processes, including
those mediated by epidermal growth factor [7~10], fibro-
blast growth factor [11,12], granulocyte-colony stimulat-
ing factor [13], immunoglobulins [14-16], fibronectin
[17], insulin [18], interleukins [19], and erythropoietin
[20]. However, few experimental methods exist for exam-
ining the oligomerization of cell-surface receptors.

One approach that holds promise as a method for
characterizing receptor dimerization or higher order
oligomerization is fluorescence correlation spectroscopy
(FCS) [21]. In conventional FCS, fluorescent molecules
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move in solution through a small illuminated region,
generating temporal fluctuations in the fluorescence emit-
ted from the region. The magnitude of the normalized
fluorescence fluctuation autocorrelation function depends
in a nonlinear manner on the fluorescence yields of the
different species and is therefore sensitive to molecular
clustering [22,23]. Conventional FCS has not been exten-
sively applied to model or natural membranes. A major
limitation is that significant fractions of the fluorescent
molecules are often immobile or only slowly mobile. In
this case, focused laser beams generate local bleached
regions and subsequent small mechanical fluctuations
cause fluorescence fluctuations that are not related to
molecular number fluctuations and receptor oligomeriza-
tion. Also, the diffusion process must be relatively fast
in conventional FCS so that a lengthy enough sampling
of the fluorescence fluctuations can be obtained in an
experimentally reasonable time.

Scanning fluorescence correlation spectroscopy (S-
FCS) addresses these difficulties. In S-FCS, the sample
is translated through a focused laser beam, or a focused
laser beam is translated through the sample, and fluores-
cence fluctuations are measured as a function of position
rather than time [24-28]. This method often employs a
scanning confocal laser microscope [29-31]. In a some-
what different approach, called imaging FCS (I-FCS)
[32-38], the pixel-to-pixel fluorescence fluctuations from
a single fluorescence image, obtained with a CCD camera,
are spatially autocorrelated. Two primary advantages of
I-FCS compared to S-FCS are that a large number of
data points, rather than one, are collected per sample
time and that the requirement for fast diffusion, sample
translation, or optical motion is eliminated,

In conventional FCS, for an ergodic and monodis-
perse sample, the extrapolated magnitude of the normal-
ized fluorescence fluctuation autocorrelation function is
proportional to the inverse of the average number of
fluorescent molecules in the sample volume, The magni-
tude can yield a measure of the fluorescent molecule
number density provided that the proportionality con-
stant, which is related to instrumental factors, has been
calibrated with samples of known concentration [21].
However, for polydisperse samples, the magnitude of
the normalized fluorescence fluctuation autocorrelation
function depends on the number densities of the different
fluorescent species as well as their relative fluorescence
intensities [23]. One is confronted with the difficulty of
having only one measured number and more than one
unknown. The rate and shape of the decay of the fluores-
cence fluctuation autocorrelation function contain infor-
mation about the temporal behavior of the different
fluorescent species, but resolving the monotonically

Vanden Broek, Huang, and Thompson

decaying autocorrelation function into the contributing
characteristic rates and their amplitudes can be difficult
[39]. If two species are present representing monomers
and dimers, the characteristic rates associated with trans-
lational diffusion differ by a factor of only approximately
213, For all but very high signal-to-noise ratios, resolving
decay components with such small differences in charac-
teristic times is not straightforward. One method of over-
coming this difficulty is to calculate, from the same time
record of fluorescence, a series of high-order autocorrela-
tion functions. For a polydisperse sample, the magnitudes
of the higher-order autocorrelation functions contain
independent information about the number densities and
relative fluorescence yields of the different fluorescent
species [40-44].

The work described here presents the concept of
using high-order autocorrelation with I-FCS. High-order
spatial fluorescence fluctuation autocorrelation functions
are defined as

Gmn(p) = <8Fm(r) SF"(r<;>gZ—>n_ <8Fm><8F"> (1)

where the brackets indicate a spatial average; F(r) is the
fluorescence intensity at position r, corrected for back-
ground and for the spatial dependence of the excitation
intensity; 8F(r) = F(r) — (F); and m,n > 0 are integers.
The offset has been defined so that G,,,.() = 0 for sam-
ples without long-range spatial correlations, and the auto-
correlation functions have been normalized so that they
are unitless. High-order fluorescence fluctuation autocor-
relation has previously been developed in combination
with temporal FCS as a method for detecting and charac-
terizing molecular oligomers in solution [22,40-44] but
has not previously been combined with I-FCS. The
method is demonstrated on fluorescent beads and applied
to tetramethylrhodamine-labeled, antitrinitrophenyl IgE
specifically bound to substrate-supported planar mem-
branes composed of trinitrophenylaminocaproylphos-
phatidylethanolamine and dipalmitoylphosphatidylcho-
line.

MATERIALS AND METHODS

Fluorescent Beads. Suspensions of fluorescein-
labeled microbeads were obtained commercially (Poly-
sciences, Inc., Warrington, PA). Bead suspensions were
dialyzed against phosphate-buffered saline (PBS; 0.05 M
sodium phosphate, 0.15 M sodium chloride, 0.01%
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sodium azide, pH 7.4) and diluted 10-fold with PBS. The
bead diameters were 1 wm or 50 nm.

Antibodies. Monoclonal antitrinitrophenyl (TNP)
IgE antibodies were purified from supernatants of the
hybridoma TIB142 (American Type Culture Collection,
Rockville, MD) by affinity chromatography with dinitro-
phenyl-conjugated human serum albumin [45]. Poly-
clonal sheep anti-mouse IgE antibodies were obtained
commercially (Calbiochem, La Jolla, CA). The IgE anti-
bodies were labeled with tetramethylrhodamine isothio-
cyanate (denoted R-IgE) (Molecular Probes, Inc.,
Junction City, OR) as described previously [46]. Antibody
concentrations were determined spectrophotometrically
[34,46]. Antibodies were passed through 0.2-pum filters
and clarified (100,000¢, 30 min) no more than 10 h prior
to application to planar membranes.

Phospholipid Vesicles. 1,2-Dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine-N-[6{(2,4,6-trinitrophenyl)-
amino]caproyl] (TNP—cap-DPPE), and 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NBD-DPPE) were obtained com-
mercially (Avanti Polar Lipids, Birmingham, AL) and
used without further purification. Small unilamellar vesi-
cles were prepared, with the total phospholipid concentra-
tion equal to 2 mM, by probe sonication [47]. The vesicle
composition was TNP-cap-DPPE/DPPC (25/75, mol/
mol) or TNP-cap-DPPE/DPPC/NBD-DPPE (25/70/5,
mol/mol/mol).

Sample Chambers. Glass microscope coverslips
(No. 0; 24 X 60 mm) were attached to aluminum supports
containing apertures (0.8 X 0.8 in.) with Sylgard 184
silicone elastomer (Dow Corning Corp., Midland, MI).
Fused silica slides (1 in. X 1.2 in. X 1 mm; Quartz
Scientific, Fairport Harbor, OH) and polylysine-coated
glass slides (1 in. X 1.2 in. X 1 mm; Polysciences, Inc.,
Warrington, PA) were obtained commercially. Aluminum
supports and fused silica slides were cleaned by boiling
with Cleaning Solution (ICN, Costa Mesa, CA), bath
sonicating, and rinsing extensively with deionized water.
Polylysine-coated slides were cleaned by rinsing with
ethanol and deionized water. Fused silica slides and poly-
lysine-coated slides were attached to aluminum supports
with two strips of single-coated Kapton polyimide adhe-
sive film (0.001 in.; Saunders Engineering Corp., Raleigh,
NC) and aluminum clips.

Sample Preparation. Mounted polylysine-coated
slides were treated with 100-ul bead suspensions for 30
min and then rinsed with 1 ml PBS. Mounted fused silica
slides were treated with vesicle suspensions to form sub-
strate-supported planar membranes [47]. Supported mem-
branes were treated with 250 1 PBS containing various

concentrations of R-IgE for 30 min and then washed with
1 ml PBS. Membranes were treated with 0.062, 0.17,
0.38, or 1 uM R-IgE; these concentrations populated the
surface with specifically bound R-IgE to 20, 40, 60, or
80% of the maximum density, respectively [34]). Some
samples treated with 0.38 wM R-IgE were further treated
with 250 wl of 0.1 mg/ml unlabeled, polyclonal anti-IgE
in PBS for 30 min and rinsed with 1 ml PBS.

Fluorescence Microscopy. The fluorescence micro-
scope was composed of an argon ion laser (Coherent
Innova 90-6), an inverted optical microscope (Zeiss Axi-
overt), and a slow-scan cooled CCD (Photometrics KAF-
1400). 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 [48]. Evanescently excited fluorescence was col-
lected through a microscope objective (Nikon; oil-immer-
sion, 60 X, NA 1.4) and directed through a dichroic
mirror and barrier filter to the CCD. Previous work has
demonstrated that illumination by internal reflection gen-
erates less background light than epiillumination [34].
Images were acquired with the following conditions:
wavelength, 488.0 nm for fluorescein-coated beads or
fluorescent lipids and 514.5 nm for R-IgE; angle of inci-
dence on the substrate—solution interface, =~ 75°; laser
power, 5-20 mW; size of illuminated area, ~30 X 80
pm; camera exposure time, 100-500 ms; and pixel area
at the sample plane, (0.11 wm)? For each sample type,
4-19 images were acquired from two to five indepen-
dently prepared samples.

Calculation of Fluorescence Fluctuation Autocorre-
lation Functions. Images were corrected for background
by subtracting the dark counts obtained as bias images.
Subimages were selected from the background-corrected
images as rectangular areas from well within the illumi-
nated regions and were typically 26 X 68 pm. Subimages
were corrected for the approximate elliptically Gaussian
shape of the evanescent intensity’ as described previously
[34]. The G,,(p), for p = kA, where A is the dimension of
a single pixel (0.11 pm), were calculated from corrected
subimages according to Eq. (1) and

(F) = FG, j),
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3 The smoothing routine is not completely rigorous and awaits future
refinement and testing.
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where i and j are the row and column numbers; N and
M are the numbers of rows and columns in the subimage,
respectively; and F(i, j) is the corrected intensity at pixel
(ij). G,..(kA) were calculated for £ = 0 to 49 and for 2
= m + n =< 6. The experimental values of (F) were
always close to unity.

In conventional (temporal) FCS, fluorescence fluc-
tuation autocorrelation functions are corrected for back-
ground by using a factor found from the average signal
intensity and the average background intensity [21,23].
In this work, the background (obtained as a bias image) is
subtracted before calculation of autocorrelation functions,
and the multiplicative factor is not required. In addition,
although contributions from photon counting statistics
(shot noise) are present in G,(p) only in the first channel
{p = 0), they are in general present in high-order autocor-
relation functions in all channels (p > 0) [22,23,41].
Using previously derived expressions for these effects, it
was determined that the corrections were small (usually
0.1% to 5%) for the images analyzed in this work. There-
fore, these postcalculation corrections to the G,,,(p) were
not carried out.

RESULTS

Fluorescence Images and Their Spatial Autocorrela-
tion Functions. Figures la and b show typical images
of fluorescent beads with 1-um and 50-nm diameters,
respectively. Images of membranes containing 5 mol %
NBD-DPPE appeared uniform (Fig. 1c). The broad ellip-
tical shape was due to the spatial dependence of the
illumination intensity. Figure 1d shows a typical fluores-
cence image of TNP-cap-DPPE/DPPC planar mem-
branes containing bound R-IgE at 20% of the saturating
density. As shown, the spatial distribution of R-IgE was
not uniform. The nonuniformities appeared to be several
pixels wide and therefore of sizes approximately equal
to optical resolution. The images for 80% saturation (Fig.
le) showed much larger nonuniformities and higher con-
trasts in intensity between dark and bright regions. Some
of the R-IgE samples with 60% surface saturation were
treated with 0.1 mg/ml unlabeled anti-IgE. Images of
these samples (Fig. 1f) indicated that, as expected, the
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anti-1gE induced larger and brighter clusters. Experimen-
tal G,,,(p) were calculated from fluorescence images as
described above (Fig. 2). The autocorrelation functions
varied considerably in both magnitude and shape for dif-
ferent sample types and different values of m and n.

Autocorrelation Function Magnitudes. The values
of G,,(0) are related to spatial nonuniformities in the
fluorescence images. However, these values also contain
contributions from the statistics of photon counting and
from residual noise related to subtraction of bias images
as background. For our purposes, the values G,,,(0) as
extrapolated from values of p > 0, denoted here G,,,,
were determined. The G, were found by assuming that
the first four points of G,,,(p) are adequately described
by a third-order polynomial in p® For this functional
form, the four polynomial constants can be determined
exactly from G,,,(p) for the first four nonzero values of
p; one constant equals G,,,,.

In the simplest case where the background-corrected
fluorescence, normalized by the excitation intensity, is
proportional to the concentration of fluorescent mole-
cules, the G,,, are related to spatial nonuniformities in
the concentrations of fluorescent molecules as

G = BCm) — BCECY)
mn (C >"7+Il

where C(r) is the concentration of fluorescent molecules
and 3C(r) = C(r) — {C) is the fluorescence and concentra-
tion fluctuation at position r. With (8C) = 0, Eq. (4)
implies that

Glﬂ" = Gll"l

“)

Gi3 = Gy + G}, ()]
Gy = Gy3 + G 1Gp
Gis = Gy + G |Gy3 = G3y3 + G,

The complete data set was examined to verify the expres-
sions in Eqs. ‘&N
It is instructive to define parameters

PRl _
S PoAC)y

(6)

®This analysis showed that these equations were correct to within
0.5~-1.5 % for cases in which §, > 0.1 (fluorescent beads, membranes
at 80% R-IgE saturation, and membranes containing anti-IgE). For
samples 20-60% saturated with R-IgE, G, differed from G, by
3-16%, G,; differed from Gj, by 11-14%, and G,; differed from
G,; + G%, by 16-21%. The left and right sides of the other seven
expressions in Eq. (5) were equivalent for these samples, on the
average, only within a factor of two. Even larger percentage differences
were observed for the samples containing fluorescent lipids in which
the values of S, were very low.



Fig. 1. Fluorescence images. Images of planar samples of
different compositions are visually distinctive: (a) polyly-
sine-coated glass with adsorbed 1-pum flourescence beads;
(b) polylysine-coated glass with adsorbed 50-nm fluores-
cence 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; (e) TNP-cap-DPPE/DPPC planar membrane
containing a density of R-IgE corresponding to 80% surface
saturation; (f) TNP—cap-DPPE/DPPC planar membrane con-
taining a density of R-IgE corresponding to 60% surface
saturation and further treated with unlabeled, polyclonal anti-
IgE. The image sizes (pum) are (a) 57 X 117, (b) 33 X 112,
(c)51 X 116, (d) 46 X 136, (e) 50 X 124, and (f) 66 X 126.
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These parameters are found from the G,,, by the following
sequential calculations [22,23,40]:

$, =Gy

1
83 = 3 [G12 + Gal

1
S4 = 3 [Gis + G31 + Gy + §9] (7

1
Ss = 3 [Gis + Gay + Gz + G + 285,85]

S = % [Gis + Gsi + G + Gap + Gz + 25,8, + §3]

and
B,=85+1
By =5 +35 +1
B, =8,+45 +65 +1 t))

Bs =S5 + 55, + 108; + 105, + 1
36 = S6 + 6S5 + 15S4 + 20S3 + 15S2 + 1

For a uniform image, 8C(r) = 0, S, = 0, and B, =
L. Thus, values of B, > 1 indicate spatial nonuniformities
(Fig. 3). The values of B, — 1 calculated from images
of fluorescent beads were large (1.5 and 0.4 for 1-um
and 50-nm beads, respectively), and the B, — 1 were
much smaller (= 10™) for planar membranes containing
fluorescent lipids, as expected. B, — 1 ranged from 0.007
to 0.14 for planar membranes containing different densi-
ties of bound R-IgE. When membranes 60% saturated
with R-IgE were treated with anti-IgE, B, — | increased
to 0.5. The B, increased monotonically with p for all
image types. In general, the different sample types exhibit
significant differences both in the magnitudes of B, and
in the dependence of these parameters on the index p.
This result demonstrates that the parameters B, contain
distinct information about the different patterns of non-
uniformities on the samples.

Autocorrelation Function Correlation Distances.
Correlation distances, denoted R,,,, were defined for the
autocorrelation functions as the distances at which the
G..n(p) had decayed by factors of two (Fig. 4). Values of
R,, were obtained by linear interpolation between the
two values of G,,,(p) which were higher and lower than
5 G,.” In cases where both R,,,, and R,,,, were obtained,

7 For images of fluorescent beads, the signal-to-noise ratios of the G,,,(p)
were high, so that all of the R,,, could be determined by interpolation.
For membranes treated with anti-IgE, the R,,, could be determined in
this manner for all cases except m = n = 3. For some images of
membranes 80% saturated with R-IgE and some values of m and n,
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the correlation distances were averaged and denoted R,
where m < n. The correlation distance R;, for 1-um
beads agreed well with the known bead diameter, whereas
the correlation distance for 50-nm beads was significantly
higher (by a factor of ~10) than the known bead diameter.
The latter result is attributed to the optical transfer func-
tion of the microscope. The correlation distances R, for
planar membranes 20, 40, and 60% saturated with R-IgE
were equivalent within experimental uncertainty to the
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 R;; were found for membranes 80%
saturated with R-IgE or treated with anti-IgE. The correla-
tion distances R,,, decreased with the index n (for constant
m) and with the index m (for constant n).

Models for Surface Inhomogeneities. As a model,
we assume that the surface is populated by discrete
regions with different concentrations of fluorescent mole-
cules and therefore of different fluorescence intensities.
Each new constant B, provides one new, independent
parameter for characterizing surface inhomogeneities. To
explore this type of model, the number of region types,
denoted g, is increased as the number of B, values,
denoted s, is increased. From Eq. (6),

q g
E asCh E ag b
B = i=1 _ _I=1 )

P g 14 q p
|:E asiCsi] |:E asibsi]
i=1 i=1

where Cj; is the concentration of molecules in regions of
the ith type, b; = C,/C; are the relative concentrations,
a; are the fractions of the surface that are occupied by
regions of the ith type, ¢ is the number of region types, and

4
D ai=1 (10)
i=1

Relationships among the a, by, and B, can be found
algebraically (Appendix).

From the lowest-order autocorrelation function,
G1(p), one obtains only one number (B,) that is related

the signal-to-noise ratios were not high enough for interpolation; these
cases (6% overall) were excluded. For membranes 20, 40, and 60%
saturated with R-IgE, a significant fraction of the G, was of low
enough magnitude so that the R,,, could not be determined. In addition,
interpolation gave unrealistically high values in some cases because
the G,,(p) did not approach zero, relative to G,,, for large p. For
these three sample types, average correlation distances were calculated
for given values of m and n only if more than 75% of the R,,, from
a given image type could be determined. Correlation distances were
not calculated for membranes containing fluorescent lipids.
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Fig. 2. High-order autocorrelation functions. Functions G,,,(p) were calculated from sub-
images that had been corrected for background and for the spatially nonuniform illumination
as described in the text. Representative calculations are shown. Experimentally calculated
values of (a, d) G(p), (b, e) G3(p), and (c, f) G,s(p) are compared. In a-c, the samples
were (¢) 1-pum fluorescent beads on polylysine-coated fused silica, (l) 50-nm fluorescent
beads on polylysine-coated fused silica, or (@) TNP~cap-DPPE/DPPC/NBD-DPPE planar
membranes. In d-f, the samples were TNP—cap-DPPE/DPPC planar membranes (4 ) 20%
saturated with R-IgE, (ll) 80% saturated with R-IgE, and (@) 60% saturated with R-IgE and

further treated with anti-IgE.

to molecular clustering (s = 1). In this case, the simplest
model is one in which the surface is assumed to be popu-
lated with a single type of cluster (¢ = 2, b;; = 1, and
by, = 0). The values of a,; and a,, are found from Eq.
(A1) and are shown in Table I for the different sample
types. For images of fluorescent lipids and membranes
20-60% saturated with R-IgE, this analysis implies that
the majority (=99%) of the pixels have approximately
equivalent intensities. For membranes 80% saturated with
R-IgE, membranes containing anti-IgE, and for images

of fluorescent beads, nonnegligible amounts of pixels
(7-58%) have zero intensities relative to the other pixels.
This initial analysis, based only on G,;(p), reflects the
qualitative observation that the rank order of image con-
trast is 1-pwm beads > anti-IgE > 50-nm beads > 80%
R-IgE > 60% R-IgE =~ 40% R-IgE ~ 20% R-IgE >
fluorescent lipids (Fig. 1).

From the two lowest-order autocorrelation func-
tions, one obtains two numbers (B, and Bs) that are related
to molecular clustering (s = 2). In this case, the simplest
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Fig. 3. Experimental values of B,. Extrapolated values of G,,,(0) =
G,,, were determined for each image from the values of G, (kA), for
k = 1to 4, as described in the text. The values of S, were determined
from the G,,, according to Eqgs. (7) and the values of B, were then
determined from the values of S, using Egs. (8). B, values are shown
for (a; @) 1-um beads, (a; l) 50-nm beads, (a; A) membranes treated
with R-IgE and anti-IgE, (a; ¥) membranes 80% saturated with R-IgE,
(b; @) membranes 60% saturated with R-IgE, (b; l}) membranes 40%
saturated with R-IgE, (b; A) membranes 20% saturated with R-IgE, and
(b; ¥) membranes containing NBD-DPPE. Uncertainties are standard
deviations of the means and are shown only when larger than the
point size.

model is one in which the surface is assumed to be popu-
lated by a single type of cluster against a nonzero back-
ground. There are two types of regions, but they may be
characterized so that they both contain nonzero concentra-
tions of fluorescent molecules (g = 2, by; = 1, byy > 1).
The values of ay, @, and by, are found from Egs. (A2)
and are shown in Table I for the different sample types.
For the high-contrast samples (fluorescent beads, 80%
R-IgE, anti-IgE), the majority of the pixels (=90%) have
low intensities (b,; = 1) and a minority (=10%) of the
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pixels have higher intensities (by, ~ 3-21). The 20, 40,
and 60% R-IgE samples show significant (24—-29%) pop-
ulations of pixels with relative intensities only slightly
higher than one (b, =~ 1.2-1.4). The two populations
for fluorescent lipids have approximately equivalent
intensities (by < 1.1).

For B,, B3, and B, (s = 3), the surface is assumed
to be populated by three types of regions. Two region
types correspond to different cluster types and one region
is a zero-intensity background (g = 3, b;; = 1, b3 > 1,
by; = 0). The values of a3y, as;, ¢33, and bs, are found
from Eqs. A3 (Table I). The results are similar to those
found for the two-parameter model. The low intensity
pixels are split between the those having relative intensit-
ies of zero and one (as, + ai3 = a,;). The values of a3,
and b3, are similar to the values of a,, and b,, found in
the two-parameter model.

For B,, B4, By, and B (s = 4), the surface is assumed
to be populated by three types of regions, all of which
contain nonzero intensities (g = 3, by = 1, by > 1,
by > 1). The values of as|. d4o, aus, bs, and by; are
found from Egs. (A4)—(A6) (Table I). For the high-con-
trast samples (fluorescent beads, 80% R-IgE, anti-IgE),
the majority of the pixels have equivalent intensities
(b4 = 1) and a minority of the pixels have higher intensit-
ies (bgy, byz > 1). Compared to the two-parameter model,
the fractions of pixels having high intensities are higher
(asy + a4z > ayy). In addition, the values of b, are lower,
and the values of by are higher, than the values of by,.
For the 20, 40, and 60% R-1gE samples, by; ~ 1. In these
cases, the fractions of pixels with a high intensity (a43)
are much lower than the fractions for the three-parameter
(asy) and two-parameter (a,;) models. This result sug-
gests that increasing the number of parameters by using
high order autocorrelation provides significant new infor-
mation. The majority of the pixels for images of fluores-
cent lipids (a4, + a4;) have approximately equivalent
intensities (b4, = 1.07), and very small fractions have
significantly lower intensities.

For BQ, B3, B4, B5, and Bﬁ (S = 5), the surface is
populated by four types of regions, three of which contain
nonzero intensities and one which corresponds to a zero
background (g = 4, bs; = 1, bs; > 1, bs3 > 1, bsg = 0).
As calculated using Egs. (A7)—(A9) and shown in Table
I, increasing the analysis from four to five parameters is
similar to increasing from two to three parameters in that
the low-intensity pixels are split between those having
relative intensities of zero and one (as; + asq =~ ay).
The values of asy, ass, bsy, and bsy are similar to the
values of ay,, ass, bsy, and by, respectively.
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Fig. 4. Correlation distances R,,,. Correlation distances were determined as described in the
text: {(a) 1-wm beads; (b) 50-nm beads; (¢) TNP—cap-DPPE/DPPC membranes containing
bound R-IgE and anti-IgE; (d) TNP-cap-DPPE/DPPC membranes 80% saturated with R-
IgE. Symbols denote (@)R,,, (M) R,,, and (A) Rs;. Uncertainties are standard deviations of
the means and are shown only when larger than the point size. Correlation distances for
membranes 20, 40, and 60% saturated with R-IgE ranged between the distances for 50-nm
beads (b) and membranes 80% saturated with R-IgE (d).

For spatially distinct, homogeneous clusters, the
cluster density m can be estimated as the ratio of the
fractional area occupied by clusters and the approximate
cluster size, i.e.,

_agp t ag
1TR%1

, _ Y3
'TI'R%]

) (1D
where 7 is for the three high-contrast samples and n’ is
for membranes 20-80% saturated with R-IgE. For 1-
wm fluorescent beads, n = 0.0065/um?; and for 50-nm
fluorescent beads, n = 0.011/ pmz. For membranes coated
with R-IgE, the calculated values are m = 0.0058/pu.m?
(anti-IgE), m' = 0.0011/pm? (80%), n' = 0.035/pm?
(60%), q' = 0.035/pm? (40%), and v’ = 0.030/pm?
(20%). These values agree qualitatively with visual
inspection of the images.

DISCUSSION

In previous work [34], we demonstrated the feasibil-
ity of using a CCD detector with spatial fluorescence
fluctuation autocorrelation (I-FCS) for detecting and
characterizing molecular clusters in model cell mem-
branes. An advantage of I-FCS 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. As a result of the microscope’s optical transfer
function, appreciable spatial correlations persist for sev-
eral pixels even when fluorescent entities are smaller
than optical resolution. Therefore, I-FCS has potential



322

Vanden Broek, Huang, and Thompson

Table I. Models for Surface Inhomogeneities®

Parameter s 1 2 3 4 5
Region types ¢ 2 2 3 3 4
Integer i 1 2 1 2 1 2 3 1 2 3 1 2 3 4
1-pm beads
ag 042 058 0994 0.006 0.69 0.0024 0.30 0.984 0.015 7 X 107* 0.84 0.00743 x 107* 0.15
by 1 0 1 21 1 18 0 1 11 38 1 13 33 0
50-nm beads
ag 0.81 0.19 0.998 0.0025090 6 X 107* 0.10 0.989 0.010 1.7 X 10™* 0.95 0.003 1.0 X 107*  0.05
by, 1 0 1 13 1 17 0 1 6 26 1 9 25 0
Anti-IgE
ay, 07 03 090 0.10 0.82 0.06 0.12 0.80 0.17 0.03 0.81 0.11 0.017 0.06
by, 1 0 1 44 1 3.7 0 1 32 7 l 3.1 5.7 0
80% R-Ige
ay, 093 007 095 005 0955 0026 0.019 077 0.22 0.0039 086 0.13 0.0022 0.006
b, 1 0 1 3.0 1 3.8 0 1 1.8 5 1 2.3 6 0
60% R-IgE
as; 0989 001l 076 024 082 0.18 7 X 107 0.64 034 0.016 0.64 034 0.011 4 %1073
by, 1 0 1 130 1 1.34 0 1 1.07 1.7 1 1.04 1.64 0
40% R-IgE
ay, 0.993 0.0070 071 029 0.78 0.22 26 X 107* 069 028 0.036 0.60 0.38 0.021 2 X 1073
b, 1 0 1 1.20 1 1.22 0 1 0.95 1.3 1 0.97 1.37 0
20% R-IgE
as, 0987 0013 071 029 077 0.23 0.002 0.59 040 0.02 0.68 0.31 0.008 0.0012
by, 1 0 1 137 1 1.6 0 1 0.90 22 1 1.2 2.9 0
NBD-DPPE
ag; 0.999 0.00tt 040 060 0.59 041 49 x 107 075 025 0.003 0.74 0.25 0.004 1.8 X 1073
bsi 1 0 1 1.09 1 1.09 0 l 1.07 0.6 1 1.02 1.0 0

“ For each model, the parameter s denotes the number of B, values used and the parameter ¢ denotes the numbers of region types. The parameters
ay, are the fractions of the surface covered by different region types and the parameters b; are the relative fluorescence intensities of each region
type. Values of by equal to 0 or | are fixed by the model and are not free parameters. Uncertainties were calculated for each value of a,, and
unfixed value of b, as standard deviations of the means and are denoted by the last digit (e.g., 0.58 was derived from 0.58 * 0.03, and 0.994

was derived from 0.994 = 0.001).

applicability to molecular oligomers (such as receptor
dimers).

In the work described here, we explored the possibil-
ity of using high-order autocorrelation with I-FCS. A
variety of sample types was examined, including TNP-
cap-DPPE/DPPC planar membranes containing different
densities of specifically bound R-IgE, membranes con-
taining bound R-IgE that was cross-linked with unlabeled,
polyclonal anti-IgE, membranes containing fluorescent
lipids, and two sizes of fluorescent beads. High-order
spatial fluorescence fluctuation autocorrelation functions
could be determined for all of the sample types (Fig.
2), and the magnitudes varied systematically with the
autocorrelation order and the sample type (Fig. 3). In
many cases, the magnitudes were high enough so that
correlation distances could also be estimated (Fig. 4).

A model in which the surfaces were assumed to be

populated by discrete regions with different concentra-
tions of fluorescent molecules (and therefore different
fluorescence intensities) was developed. Analysis of the
autocorrelation function magnitudes with this model gave
results (Table I) that were qualitatively consistent with
visual inspection of the images. The results of analysis
with this model were also combined with the first-order
correlation distances to estimate cluster densities; the den-
sities were also consistent with visual impressions.
Receptor oligomerization has been implicated or
confirmed in a large variety of signal transduction pro-
cesses. However, few experimental methods exist for
examining the oligomerization of cell surface receptors.
It is apparent from the initial work presented here that
high-order I-FCS can generate useful information about
nonuniform spatial distributions of fluorescent molecules
in planar membranes. Future development will include
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application of high-order I-FCS to model and natural cell
membranes containing proteins distributed among small
oligomerization states (e.g., monomers and dimers).

APPENDIX: MODELS FOR SURFACE
INHOMOGENEITIES

Equations (9) and (10) are a system of s + 1 equa-
tions which can be solved algebraically to give expres-
sions for the a,; and by; as a function of the B, for 2 <
p = s + 1. The resuits, which are similar to equations
previously derived in a different context [40], are as fol-
lows:

For one parameter (B,), s = |, g = 2, b, = 1,
b, =0, and

R (A1)
B, B,

For two parameters (B, and Ba), s = 2, g = 2,

b21 =1, and

(B; — By) = /(By — By + 4(By — B3)(1 — By)

Z

2(B; — BY)
B, — 1 -1
b22:Z( = )’ 22=Z_ . an=1-an (A2)
Z 1 b22 1

The first equation is solved for two values of z, and the
z values are used in the second and third equations. The
two z values give solutions for by, which are reciprocals
of each other, with a,; and a,, switched in assignment.
Results are reported in the form for which by, > 1.

For three parameters (B, B3, and By), s = 3,
g =3,b3 = 1,by; =0, and

(By — B3By) = J(Bs — B3B)* + 4(B} — By)(BsB, — B))
2(B4B, — BY)

_ 2By~ 1)

= A
2 bylby — 1) (A3)

a3 =z — apbyn, ay =1~ (an + a3))

The two z values give reciprocal solutions for bs;; the
solution for which b3, > 1 is reported.

For four parameters (B,, Bs, By, and Bs), s = 4,
qg=3,by=1,and

[B} — BsB; + B} — 2B,B;B; + BB}l
+ [B4By — B2 — B%B, + B4B% + BsBy — BsB,|2%
+ [Bs — B} — BB, + BBy — BsB, + B:B3lz  (A4)
+ (B4By — B3 — B3 +2B3B, — B)1 =0

b = [(zBs — B3)(z — 1) — (zB; — By)(2B;, — Dk
¢y = [(zBs — B3)(zB> — 1) — (zB; — By)’lz  (A5)
db; = (z — DBy — By) — (2B, — 1)?

b1 = JOT — ddoads

by = 20

_ By = (b + Dzt bs

a =
243 (bazaz — baza3)(1 — byg43)

ay =1 — (ag + ag)

(A6)

The three z values were found numerically. These values
of z, with the two solutions to the fifth equation, give six
solutions corresponding to the six permutations in index
assignment for the a4;’s. Results are reported in the form
where a4; > ay; > a43. These assignments were made
before averaging the results of individual images.

For five parameters (B,, B3, By, Bs, and Bg), s = 5,
q=4,bs=1,bsy= 0, and

[BsB3 + B3 + BB, — 2BsB,B; — BsB.,B,)|7°
+ (BsB} — BiBy — B} + BB, — B¢B3B, + BsB4B,]|z>
+ [BsB} + B4B} + BsB, — BiB, — BsB3B, — BBslz
+ [2B,B3B, — BsB3 — B} — B} + BsB;] =0 (A7)

& = [(2Bs — B3)(zBs — By) — (zBs — By)(zB, — 1]z
by = [(2By — B3)2 — (zBs — By)(zB; — Bz)]22 (A8)
b3 = (B3 — 32)2 — (zBs — B3)(zB, — 1)

_ bt ST — At

b
52,53 24,

B _ [22By — z(bs3 52 + 1)B; + bsys)lz
3T bosilbsisa — bsasa)(1 — bsys3)

as; = z — (asbsy + asbs3) (A9)

ass = 1 — (as3 + as; + as))

Assignments were made as described above for the four-
parameter model (as; > as; > as3).
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