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Abstract. Membrane microdomains (“lipid rafts”) en-
riched in glycosylphosphatidylinositol (GPI)-anchored
proteins, glycosphingolipids, and cholesterol have been
implicated in events ranging from membrane traffick-
ing to signal transduction. Although there is biochemi-
cal evidence for such membrane microdomains, they
have not been visualized by light or electron micros-
copy. To probe for microdomains enriched in GPI-
anchored proteins in intact cell membranes, we used a
novel form of digital microscopy, imaging fluorescence
resonance energy transfer (FRET), which extends the
resolution of fluorescence microscopy to the molecular
level (<100 A). We detected significant energy transfer
between donor- and acceptor-labeled antibodies
against the GPI-anchored protein 5’ nucleotidase (5’
NT) at the apical membrane of MDCK cells. The efti-

ciency of energy transfer correlated strongly with the
surface density of the acceptor-labeled antibody. The
FRET data conformed to theoretical predictions for
two-dimensional FRET between randomly distributed
molecules and were inconsistent with a model in which
5" NT is constitutively clustered. Though we cannot
completely exclude the possibility that some 5’ NT is in
clusters, the data imply that most 5" NT molecules are
randomly distributed across the apical surface of
MDCK cells. These findings constrain current models
for lipid rafts and the membrane organization of GPI-
anchored proteins.

Key words: cell membrane e cell polarity ® 5’ nucle-
otidasee fluorescence microscopy ® membrane lipids

proteins are attached to the membrane bilayer by

a complex anchor consisting of phosphoethanola-
mine, glycans, and phosphatidylinositol lipid (Low, 1989).
In biological membranes, GPI-anchored proteins are
thought to reside in membrane microdomains (also know
as “rafts” or detergent-insoluble, glycolipid-enriched com-
plexes) that are enriched in glycosphingolipids (GSL) and

GLYCOSYLPHOSPHATIDYLINOSITOL (GPI)'-anchored

Address all correspondence to A.K. Kenworthy, Department of Biology,
Johns Hopkins University, 3400 N. Charles St., Baltimore, MD 21218.
Tel.: (410) 516-7295. Fax: (410) 516-5213. E-mail: kenwrthy@jhuvms.hcf.
jhu.edu

1. Abbreviations used in this paper: 5' NT, 5’ nucleotidase; c4, reduced ac-
ceptor surface density; cp, reduced donor surface density; D:A, molar do-
nor/acceptor ratio; E, energy transfer efficiency; Egygereq, theoretical en-
ergy transfer efficiency for clustered molecules; E, i, theoretical energy
transfer efficiency for a mixture of randomly distributed and clustered
molecules; E,,nq0m, theoretical energy transfer efficiency for randomly dis-
tributed molecules; f5, mole fraction of acceptors; fp, mole fraction of do-
nors; fy, mole fraction of unlabeled molecules; fusereq> fraction of clus-
tered molecules; fangom, fraction of randomly distributed molecules; Fab,
monovalent antibody fragment; FRET, fluorescence resonance energy
transfer; GPI, glycosylphosphatidylinositol; GSL, glycosphingolipids.

O The Rockefeller University Press, 0021-9525/98/07/69/16 $2.00
The Journal of Cell Biology, Volume 142, Number 1, July 13, 1998 69-84
http://www.jcb.org

cholesterol (for reviews see Simons and van Meer, 1988;
Lisanti and Rodriguez-Boulan, 1990; Simons and Wand-
inger-Ness, 1990; Harder and Simons, 1997; Simons and
Ikonen, 1997). It has been suggested that these micro-
domains are important for the apical sorting of GPI-
anchored proteins in polarized cells (Brown et al., 1989;
Lisanti et al., 1989; Lisanti and Rodriguez-Boulan, 1990)
and for intracellular signaling after cross-linking of GPI-
anchored and transmembrane proteins (Lisanti et al.,
1994; Field et al., 1997; Harder and Simons, 1997; Simons
and Ikonen, 1997).

Evidence for membrane microdomains comes from bio-
chemical experiments in which the differential solubility of
membrane proteins and lipids in detergent is used as the
criterion for defining a microdomain (Stefanova et al.,
1991; Brown and Rose, 1992; Sargiacomo et al., 1993; Ar-
reaza et al., 1994). However, other studies indicate that
proteins and lipids sharing the common property of deter-
gent insolubility are not necessarily associated in intact
cell membranes (Kurzchalia et al., 1995; Mayor and
Maxfield, 1995; Schnitzer et al., 1995, 1996; Hannan and
Edidin, 1996). Furthermore, electron and fluorescence mi-
croscopy of intact cells usually do not detect membrane
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microdomains enriched in GPI-anchored proteins. Early
work that visualized clusters of GPI-anchored proteins
used secondary antibodies (Rothberg et al., 1990), which
themselves may have induced cross-linking (Mayor et al.,
1994; Fujimoto, 1996). Studies also indicate that at steady
state, in the absence of cross-linking, GPI-anchored pro-
teins are randomly distributed in the plasma membrane
(Parton et al., 1994; Rijnboutt et al., 1996). This result is
consistent with work from our laboratory using a biophy-
sical method, fluorescence resonance energy transfer
(FRET) microscopy. Though FRET can detect the close
proximity of molecules, we found no evidence for FRET
between labeled GPI-anchored proteins under steady-
state conditions (Hannan et al., 1993). Recently, Harder
and Simons (1997) attempted to resolve these disparate
results by suggesting that the insoluble domains isolated
by detergent extraction represent coalesced microdomains
of unknown size, morphology, and composition. In this
view, microscopy-based techniques fail to detect micro-
domains in intact cell membranes because the domains are
small, dynamic structures that are below the resolution
limit of the microscope.

The continued discrepancy between the apparent en-
richment of GPI-anchored proteins in membrane micro-
domains reported by biochemical methods and the ran-
dom steady-state distribution of these proteins reported
by microscopy have led us to use a new method, imaging
FRET, to critically reexamine the steady-state membrane
organization of a GPI-anchored protein. Imaging FRET
combines digital immunofluorescence microscopy with
FRET, a phenomenon that reports proximity between
molecules on a length scale of 1-10 nm. Imaging FRET
thus increases the resolution of conventional immunofluo-
rescence microscopy to the molecular level and so allows
one to quantitatively assess molecular proximity in intact
cell membranes (Herman, 1989; Jovin and Arndt-Jovin,
1989a,b; Tsien et al., 1993; Uster, 1993; Selvin, 1995). Im-
aging FRET maps energy transfer between molecules of
interest on a cell-by-cell basis, a substantial advance over
our previous microscopic FRET method, which measured
the average FRET for a cell population (Hannan et al.,
1993). By comparing experimental FRET values with the-
oretical predictions for randomly distributed molecules,
imaging FRET measurements can be used to infer the or-
ganization of molecules—clustered or randomly distrib-
uted—in cell membranes. Hence, imaging FRET should
be able to detect enrichment of GPI-anchored proteins in
membrane microdomains too small to be resolved by light
microscopy, as long as GPI-anchored proteins in the do-
main are within <100 A of one another.

In this study, we evaluate the steady-state distribution of
a GPI-anchored protein, 5’ nucleotidase (5" NT), in the
apical plasma membrane of transfected MDCK cells. De-
tergent-insoluble complexes containing GPI-anchored
proteins and GSL were first identified in MDCK cells
(Brown and Rose, 1992), and this cell line has been used
extensively in studies of protein sorting (Simons and
Ikonen, 1997). 5" NT (CD73) is a 70-kD ectoenzyme that
catalyzes the hydrolysis of 5 AMP to adenosine (for re-
view see Zimmermann, 1992). 5’ NT is enriched in deter-
gent-insoluble complexes in several different cell systems
(Mescher et al., 1981; Schnitzer et al., 1995; Strohmeier et al.,
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1997), is sometimes found in clusters by immunoelectron
microscopy (Howell et al., 1987), and upon antibody cross-
linking can trigger intracellular signaling events in some
cell types (Airas et al., 1997; Resta and Thompson, 1997).

To see if 5 NT is distributed randomly on the apical
membrane of MDCK cells, or if it is enriched in mem-
brane microdomains, we combined imaging FRET with
the theory previously developed for two-dimensional
FRET. FRET between labeled 5" NT molecules should be
detectable whether or not they are clustered in membrane
microdomains, since FRET may also occur between ran-
domly distributed molecules present at high surface den-
sity. However, the theory for FRET between donors and
acceptors in a membrane allows us to distinguish between
clustered 5 NT molecules, randomly distributed 5' NT
molecules, and mixtures of the two. As expected, we de-
tected FRET under steady-state conditions. The relation-
ships between the extent of FRET, surface concentration
of 5" NT, and proportions of donor and acceptor labels in-
dicate that the majority, if not all 5 NT molecules are ran-
domly distributed and are not clustered or confined to
lipid rafts.

Materials and Methods

Cells

The full-length 5" NT cDNA from rat liver (clone pcNT341) was the gen-
erous gift of Dr. Y. Ikehara (Misumi et al., 1990). pcNT341 was inserted
into EcoRlI site of pCB6 (Brewer, 1994) modified to contain a portion of
the Bluescript multicloning site. MDCK cells (type II) were transfected
using a calcium phosphate precipitation method (Weisz et al., 1992) and
selected in medium containing 500 pg/ml G418 (GIBCO BRL, Gaithers-
burg, MD). Positive clones were isolated using cloning rings and screened
by indirect immunofluorescence microscopy. One of the positive clones
was then subcloned by cell sorting, followed by seeding at limiting dilution
with untransfected cells.

After cloning, cells were maintained in DME (GIBCO BRL, Gaithers-
burg, MD) supplemented with 10% fetal calf serum (INTERGEN Co.,
Purchase, NY), nonessential amino acids (GIBCO BRL), and 300 pg/ml
G418. Propagation stocks were passaged at a 1:50 dilution every 4-6 d.
Cells for experiments were plated onto sterile coverslips at a 1:5 dilution
(~1 X 10° cells/10-cm plate, six coverslips/plate, transferred to six-well
dishes the following day) and grown to confluence (2-5 d). For the bioti-
nylation experiments, cells were plated onto filters (Falcon HD Cell Cul-
ture Inserts, six-well format, 0.4-um pore size; Becton Dickinson Lab-
ware, Franklin Lakes, NJ) at a density of ~1 X 10° cells. Where indicated,
5" NT expression was enhanced by overnight incubation in medium con-
taining 10 mM sodium butyrate before an experiment.

Antibodies

A hybridoma producing the mouse monoclonal IgG antibody 5NT4-2
(Siddle et al., 1981) was the generous gift of Dr. P. Luzio. This antibody
inhibits 5" NT enzyme activity by a maximum of ~50% (Siddle et al.,
1981). Thus, although 5’ NT is thought to form a dimer (Zimmermann,
1992) we expect this antibody to bind only one monomer per dimer.
SNT4-2 IgG was purified from ascites using E-Z-Sep (Pharmacia Biotech
Inc., Piscataway, NJ) or from hybridoma supernatant using a protein
A-Sepharose column. Monovalent antibody fragments (Fab) were pre-
pared from IgG using published methods (Matko and Edidin, 1997). The
final Fab fraction was incubated with protein A—Sepharose to remove any
remaining IgG. Bisfunctional succinimidyl ester derivatives of the cyanine
dyes Cy3 and Cy5 (Southwick et al., 1990; Mujumdar et al., 1993) were
conjugated to purified Fab and IgG as per the manufacturer’s instructions
(Fluorolink Reactive Dye; Amersham Life Science, Inc., Arlington
Heights, IL). The conjugation reaction was stopped by passing it over a
column (10DG column; BioRad Laboratories, Hercules, CA) to separate
the conjugated proteins from the unbound dye. The final dye/protein val-
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ues were 2.9 and 1.7 for the Cy3 and Cy5 IgG conjugates, and 6.3 and 4.1
for the Cy3 and Cy5 Fab conjugates, respectively.

5’ NT Release with Phosphatidylinositol-specific
Phospholipase C

The GPI-anchorage of 5' NT in the transfected MDCK clones was con-
firmed by phospholipase C treatment of Triton X-114 cell extracts (Hannan
and Edidin, 1996) using precondensed Triton X-114 (Bordier, 1981). 5’ NT
was immunoprecipitated from Triton X-114 enriched and depleted phases,
subjected to SDS-PAGE, transferred to a Western blot, and detected by
enhanced chemiluminescence (ECL; Amersham Life Science, Inc.).

Polarity of 5’ NT Surface Expression

Surface-specific biotinylation (Weisz et al., 1992) was performed on cells
grown on filters. 5" NT expression was enhanced by overnight incubation
in medium containing 10 mM sodium butyrate. Before the experiment,
the tightness of the monolayers was tested by assaying for leakage to the
basolateral compartment of [*HJinulin added to the apical compartment.
Immunoprecipitated, biotinylated 5" NT was subjected to SDS-PAGE,
transferred to a Western blot, and detected by enhanced chemilumines-
cence. The blots were quantified by densitometry. Polarity of surface bi-
otinylated 5" NT expression was determined as apical/(apical + basolat-
eral).

Immunofluorescence Labeling

Cells on coverslips were labeled for 15 min at 4°C with 100 pl of a mixture
of donor (Cy3)- and acceptor (Cy5)-labeled antibodies. In all experi-
ments, the antibodies were diluted in PBS supplemented with 0.9 mM
CaCl,, 0.52 mM MgCl,, and 0.16 mM MgSO, (PBS**) containing 1%
BSA. The cells were rinsed twice for 5 min in PBS** at 4°C. The cells
were then fixed for 30 min at room temperature in 4% formaldehyde in
PBS**, freshly prepared from a 16% formaldehyde solution (Electron
Microscopy Sciences, Ft. Washington, PA). Finally, the coverslips were
mounted on slides in PBS, with 50-pm-thick pieces of tape used to hold
the coverslips away from the slide, and then sealed with nail polish. Note
that we chose to fix the cells before the microscopy measurements to pre-
vent potential reorganization of the proteins during the course of the ex-
periments. To this point, in experiments where the cells were labeled with
fluorophore-conjugated primary antibodies (IgG) and then shifted to
37°C for 30 min, the label appeared more “patchy” than in controls that
had been immediately fixed.

Unless otherwise indicated, the concentration of Cy3-conjugated anti-
body was held constant at 50 wg/ml in each mixture, and Cy5-conjugated
antibody was added to give the indicated molar ratio of donor to acceptor
(D:A). In a control experiments, the saturating antibody concentration
was determined to be ~200 pg/ml. Thus in the FRET experiments, the to-
tal antibody concentration ranged from subsaturating to saturating. The
experimentally measured ratio of donor to acceptor fluorescence was di-
rectly proportional to D:A applied to the cells.

In experiments measuring FRET between primary and secondary anti-
bodies, cells were labeled with 50 pg/ml of Cy3-5NT4-2 IgG as above,
washed twice in PBS™* for 5 min at 4°C, incubated for 15 min at 4°C with
either 5 or 50 pg/ml of Cy5-labeled secondary antibody (donkey anti—
mouse H + L, dye/protein ratio ~1.6; Jackson ImmunoResearch Labora-
tories, West Grove, PA), washed again, and then immediately fixed. The
amount of CyS5 secondary antibody that bound increased only about two-
fold based on its relative fluorescence intensity, despite the 10-fold differ-
ence in concentration.

When secondary antibody was used to cross-link labeled 5’ NT, cells
were labeled with the indicated D:A of 5NT4-2 IgG as above and then
washed twice with PBS*™ for 5 min at 4°C. The cells were then incubated
for 15 min at 4°C in the presence or absence of 10 pg/ml unlabeled second-
ary antibody (donkey anti-mouse H + L; Jackson ImmunoResearch Lab-
oratories). After washing as before, the cells labeled without secondary
antibody were fixed immediately. The cells labeled in the presence of sec-
ondary antibody were either fixed immediately or were incubated at 37°C
for 15 min before fixation.

In the detergent extraction experiments, cells were labeled for 15 min
at 4°C with 1:1 D:A of 5NT4-2 IgG, followed by a 30-min incubation at
4°C in either PBS** or PBS** containing 1% Triton X-100. The cells
were then rinsed briefly with cold PBS** and fixed in 4% formaldehyde
as above.
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Imaging

Cells were imaged on a fluorescence microscope (model Axiovert 135TV;
Carl Zeiss, Inc., Thornwood, NY) using a 1.4 NA 63X Zeiss Plan-apo-
chromat objective or a 1.3 NA 100X Zeiss Plan-neofluor objective. Digital
images were collected using the IC300 digital imaging system (Inovision,
Research Triangle Park, NC). Cy3 and Cy5 were detected using appropri-
ate filter sets (Cy3 filter cube: excitation 515-560 nm, 565-nm long pass
dichroic, emission 573-648 nm; Cy5 filter cube: excitation 590-650 nm,
660-nm long pass dichroic, emission 663-738 nm) (Chroma Technology
Corporation, Brattleboro, VT). Images were collected with a Series 200
cooled CCD camera with a 1,340 X 1,037-pixel ICAF-1400 chip (Photo-
metrics, Tucson, AZ). Fluorescence was excited with a 75-W xenon arc
lamp. Image acquisition time was adjusted to maximize the range of CCD.
Using typical exposure times for image acquisition (less than 5 s), no fluo-
rescence was observed from a Cy3-labeled specimen using the Cys5 filters,
nor was CyS5 fluorescence detected using the Cy3 filter sets.

Imaging FRET Measurements

FRET is widely used as a spectroscopic tool for detecting molecular inter-
actions and molecular proximity in solution, as well as in membranes. It
involves the nonradiative transfer of energy from the excited state of a do-
nor molecule to an appropriate acceptor (Wu and Brand, 1994; Clegg,
1995, 1996).

The rate of energy transfer is inversely proportional to the sixth power
of the distance, r, between the donor and acceptor. The efficiency of en-
ergy transfer E is defined with respect to r and R,, the characteristic
Forster distance for the donor and acceptor pair by

E=1/[1+(/R)Y. 1)

For example, when r = R, E is 50%, and when r = 2R, E'is 1.5%. The
value of R, depends on the relative orientation of the donor and acceptor,
the overlap interval between the emission spectrum of the donor and the
excitation spectrum of the acceptor, and the fluorescence quantum yield
of the donor. In our experiments, Cy3 was used as a donor, and Cy5 as an
acceptor. R, for this donor and acceptor pair has been calculated as 50 A
(Bastiaens and Jovin, 1996), assuming an orientation factor, k?, of 2/3
(Dale et al., 1979). For this value of R,, when r = 50 A, E is 50%, and
when r =100 A, E is 1.5%.

Experimentally, FRET can be detected in several ways. Energy trans-
fer causes quenching of donor fluorescence and sensitized fluorescence of
the acceptor. It also reduces the donor lifetime and decreases the rate of
irreversible photobleaching of the donor (Clegg, 1995, 1996). Imaging
FRET techniques have been developed to measure all of these events.
Methods described to date to measure energy transfer follow donor pho-
tobleaching (Kubitscheck et al., 1991, 1993; Hannan et al., 1993; Damjan-
ovich et al., 1995; Gadella and Jovin, 1995; Jurgens et al., 1996), variations
on sensitized acceptor fluorescence (Uster and Pagano, 1986; Adams et
al., 1991; Bacskai et al., 1993; Kam et al., 1995), donor quenching (Kindzel-
skii et al., 1994; Xue et al., 1994; Bastiaens and Jovin, 1996; Bastiaens et al.,
1996; Kindzelskii et al., 1996), and donor lifetimes (Oida et al., 1993).

In the present study, FRET was measured using a method developed
for a laser confocal microscope (Bastiaens and Jovin, 1996; Bastiaens et al.,
1996) modified by us for use with a conventional arc lamp microscope
(Kenworthy and Edidin, 1997). In this method, samples are labeled with a
mixture of donor- and acceptor-conjugated antibodies, and energy trans-
fer is detected as an increase in donor fluorescence (dequenching) after
complete photobleaching of the acceptor fluorophore. An advantage of
this method is that all the parameters needed to quantitate £ can be ob-
tained from the same field of cells, eliminating the need to correct for dif-
ferences in the amount of donor antibody bound in samples separately la-
beled with donor and acceptor (or only with donor) or to determine
spectral correction factors necessary to quantitate sensitized acceptor flu-
orescence measurements (Jovin and Arndt-Jovin, 1989a,b). The validity
of using donor dequenching to quantify FRET depends on the fact that
the only factor that can lead to a difference in donor fluorescence in the
presence and absence of acceptor is energy transfer.

To quantitatively measure E with this method, the acceptor must be
sufficiently photolabile that it can be completely bleached, and the donor
fluorescence must not fade significantly while images are acquired in the
presence and absence of the acceptor. Cells labeled with Cy5-conjugated
IgG were used to determine the minimum time required to completely
bleach the CyS5. Typically, Cy5 was completely photobleached by 7 min or
less of continuous arc lamp excitation using a CyS5 filter set and an addi-
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tional 570-nm long pass filter in the excitation path. Under these condi-
tions, greater than 97% of the Cy5 was bleached, and no Cy3 was
bleached in control samples labeled with Cy3 IgG only. (In the absence of
the long pass filter, a small amount of Cy3 was bleached during Cy5
bleaching.) This shows that Cy3 is stable enough to allow quantitative
comparisons of donor fluorescence before and after acceptor pho-
tobleaching. Note that in these experiments, the Cy5 was bleached from
an entire field of cells.

To perform an imaging FRET experiment, samples were labeled with
both Cy3- and Cy5-conjugated antibodies in the indicated molar ratios, as
described above. An initial image of Cy3 fluorescence (in the presence of
the CyS-conjugated antibodies) was obtained using Cy3 filter set. An im-
age of CyS5 fluorescence was obtained using the CyS filter set and an addi-
tional 570-nm long pass filter in the excitation path, and then the sample
was continuously illuminated for 7 min. An image of CyS5 fluorescence af-
ter photobleaching (<3% of the initial intensity) was then obtained, the
long pass filter was removed, and another Cy3 fluorescence image was
collected using the Cy3 filter set. Data were collected for four to five dif-
ferent fields from a single coverslip. The fluorescence intensities are re-
ported in arbitrary units and are comparable within a given experiment,
but they cannot be compared directly between experiments.

Images mapping FRET between labeled 5’ NT molecules were calcu-
lated from the increase in donor fluorescence after acceptor photodestruc-
tion by

E (%) x 100 =10,000 x [ (Cy3 postbleach — Cy3 prebleach) / Cy3 postbleach]
@

after subtracting the dark current contribution and correcting the registra-
tion of the images using the Isee Pratt Index registration algorithm. The
scaling factor of 10,000 was used to expand E (which scales from 0-1) to
the scale of the 12-bit images (0-4,096). A value of 4,096 thus corresponds
to E of 0.4096, or 40.96%. For cells labeled with donor only (D:A = 1:0), no
significant energy transfer was observed (E < 2-3%).

The energy transfer efficiency images can potentially be analyzed on a
pixel-by-pixel basis. However, because cell-to-cell variations in £ contain
information about the distribution of 5’ NT (see below), for further analy-
sis we averaged over 40 X 40-pixel regions of interest (17.64 um? at 63X,
or 6.97 um? at 100X) chosen from cells that were in focus. One region of
interest was chosen per cell, and these areas were chosen so that they
avoided the edges of the cells, where artifacts in the energy transfer effi-
ciency images sometimes occurred. The mean fluorescence intensities and
E were calculated for identical regions of interest for the registered Cy3
prebleach, Cy5 prebleach, Cy3 postbleach, and E images. Between 10 and
30 regions of interest were chosen from each field of cells, such that cells
covering the complete range of 5" NT expression levels were sampled. In
experiments where clustering of 5' NT was induced by secondary anti-
body, data were also collected with 5 X 5-pixel square regions of interest
for areas on cells that were either depleted of 5" NT or enriched in clus-
ters. Because of the small sampling size, these data were more noisy and
were scattered around the average E obtained using 40 X 40-pixel sample
areas (data not shown).

Fluorescent Calibration Standards

Beads binding known numbers of IgGs (“Quantum Simply Cellular
Beads,” Flow Cytometry Standards Corporation, San Juan, Puerto Rico)
were labeled with saturating concentrations of the same antibodies used
to label the cells at room temperature for 1 h, washed twice in PBS, and
then mounted under a coverslip in PBS. The saturating antibody concen-
tration was titrated for Cy3-conjugated antibody by flow cytometry, and
the same concentration was then used to label the Cy5 beads. The fluores-
cence intensity of beads was measured by collecting images while focusing
at the maximum apparent diameter of the bead or above and then sum-
ming the intensity within a circular region of interest that just included the
entire bead. (Control experiments established that the integrated fluores-
cence intensity associated with a bead was essentially constant for focal
planes ranging from the top to the center [maximum apparent diameter]
of the bead.) We then generated a calibration curve of total fluorescence
intensity for a given number of acceptor-labeled antibodies. Using this, we
calculated the number of acceptor-bound antibodies on the cells. Several
assumptions were made to perform this calculation. First, we assumed that
one monoclonal antibody binds one protein on the cell surface. Second, it
was assumed that all the fluorophores bound to the bead contributed to
the observed fluorescence intensity. This could underestimate the average
fluorescence per fluorophore if the beads are not completely transparent.
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Third, the surface area of the apical plasma membrane was assumed to
correspond to its projected area in the image. This would tend to underes-
timate this area because it ignores surface details such as microvilli.

Results

GPI-anchored 5’ NT Is Expressed on the Apical
Membrane of MDCK Cells

5" NT was expressed predominantly on the apical mem-
brane of transfected MDCK cells. When living cells ex-
pressing 5’ NT were labeled with a fluorophore-conju-
gated monoclonal antibody and then fixed before imaging,
fluorescence was distributed uniformly across most of the
apical membrane and concentrated in punctate structures,
likely microvilli (see Fig. 1). In cells grown on filters, fixed,
and labeled from the basolateral surface, a small amount
of basolateral fluorescence was apparent (data not shown).
The polarity of 5' NT surface expression was 73.3 =
0.1% (n = 3) apical based on domain-specific biotinyla-
tion of cells in which 5’ NT expression was induced before
the experiment. This predominantly but not exclusively
apical polarization is similar to the polarity of 5’ NT in hu-
man intestinal epithelial cells (Strohmeier et al., 1997).
The cell-to-cell variation in the expression of 5" NT is typi-
cal of transfected MDCK cells (Lisanti et al., 1989). That
5" NT was GPI-anchored in the transfected cells was con-
firmed in cell extracts, where 5’ NT shifted from a Triton
X-114 detergent—enriched phase to an aqueous phase after
phosphatidylinositol-specific phospholipase C treatment
(data not shown).

FRET as a Measure of Molecular Clustering

In experiments that follow, we use FRET to determine the
membrane distribution of the GPI-anchored protein 5’
NT. We do this by testing properties of the observed
FRET against predictions for FRET based on the theory
in the Appendix, summarized in Table 1. First, we measure
the dependence of energy transfer on donor and acceptor

Table 1. Summary of the Theoretical Predictions for FRET for
Various Distributions of Donor- and Acceptor-labeled
Molecules in Membranes

Predictions for

Randomly Mixture of clustered and

distributed randomly Clustered
Test molecules*  distributed molecules? molecules®
1. E is dependent on acceptor yes yes no
surface density
2. E is dependent on donor nol no no
surface density
3. E goes to zero at low yes sometimes no
surface densities
4. E is sensitive to the donor: no yes yes

acceptor ratio

See Appendix for a detailed discussion of each case, including any additional assump-
tions or limitations.

*Derived from Eqs. Al and A2 and illustrated in Fig. A2.

*Derived from Eq. A5 and illustrated in Fig. A3.

$ Derived from Eq. A4.

In the limit where excited state donors do not compete for acceptors.

S0 long as the acceptor concentration is kept constant.
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surface density and D:A for cells expressing a wide range
of 5’ NT surface densities, using both monovalent and
bivalent antibodies as probes. Second, we estimate the ab-
solute surface density of acceptor-labeled 5’ NT so that we
can directly compare our data to theoretical curves. Fi-
nally, we measure energy transfer for molecules known to
“cluster,” primary and secondary antibodies, and for two
different conditions previously shown to induce clustering
of GPI-anchored proteins, cross-linking with secondary
antibodies, and detergent extraction.

Energy Transfer Is Detected between Labeled 5’ NT
Molecules, and It Correlates with the Surface Density
of 5’ NT

We measured FRET in terms of dequenching of donor flu-
orescence after complete photobleaching of the acceptor
fluorophore. Data from a typical imaging FRET experi-
ment are shown in Fig. 1. The initial donor (Cy3) image
represents donor fluorescence in the presence of acceptor,
Cy5 (Fig. 1 a). As expected, the Cy5 image collected be-
fore photobleaching (Fig. 1 b) was identical to the Cy3 im-
age since the same antibody was used for both the donor
and acceptor label. After completely bleaching acceptor
(Cy5) (Fig. 1 d), a second donor (Cy3) image was collected
(Fig. 1 ¢). The fluorescence of the donor (Cy3) in some of
the cells increased (Fig. 1, a and ¢, arrows), while in other
cells, there was little to no change in donor fluorescence
(Fig. 1, a and c, arrowheads). Increased donor fluores-
cence after destruction of the acceptor indicated that do-
nor fluorescence was quenched in the presence of the ac-

Figure 1. Energy transfer can be detected from the increase in
donor fluorescence after acceptor photobleaching. (¢) Donor
(Cy3) image before acceptor photobleaching, (b) acceptor (CyS)
image before photobleaching, (¢) donor (Cy3) image after accep-
tor (Cy5) photobleaching, and (d) acceptor (Cy5) image after
photobleaching. In this experiment, the cells were labeled with
donor- and acceptor-conjugated IgG at D:A of 1:3. Bar, 10 pm.
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ceptor because of energy transfer. In general, the largest
dequenching was observed in cells expressing the highest
amounts of protein.

Images of E were calculated from the donor images ob-
tained before and after acceptor photodestruction, using
Eq. 2. The calculated E image for the data of Fig. 1 is
shown in Fig. 2 a. There was significant energy transfer be-
tween labeled 5’ NT molecules. As shown in Fig. 2 a, E
varied substantially from cell to cell, in this experiment
from 10% to over 30%, and was high in cells expressing
high amounts of 5’ NT at the apical plasma membrane.

The cell-to-cell variation in E contains information
about the distribution of 5’ NT molecules on the cell sur-
face (see Table I, test 3). To obtain this information, we
sampled the average values of E, acceptor fluorescence in-
tensity, and donor fluorescence intensity after acceptor
photodestruction, from 40 X 40-pixel square regions of in-
terest on individual cells (Fig. 1 ¢, box). This area repre-
sented ~1/5 at 63X or 1/15 at 100X of the projected sur-
face area of a cell of ~100 pm?. The relationship between
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Figure 2. E increases with increasing 5’ NT surface densities. (a)
E image calculated from the donor images in Fig. 1 using Eq. 2.
The bar indicates the scale for the E. (b) Graph of E (%) versus
acceptor fluorescence intensity. Each datum represents the mean
E and acceptor fluorescence value obtained for a 40 X 40-pixel
square region of interest on an individual cell (as described in the
Materials and Methods) for the cells in a plus three additional
fields of cells.
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E and acceptor fluorescence for the cells shown in Fig. 1 is
shown graphically in Fig. 2 b. Each datum represents the
mean E and acceptor fluorescence taken from one of the
cells in the field. Since the acceptor fluorescence (though
reported in arbitrary units) is proportional to the relative
surface density (number of proteins per unit area) of 5’
NT, Fig. 2 b shows that E increased as a function of in-
creasing surface density of 5" NT molecules.

Energy Transfer between Labeled 5’ NT Molecules
Scales with the Acceptor Surface Density

Depending on the distribution of donor- and acceptor-
labeled molecules, E may depend on the surface density of
donor and/or acceptors, the extent of labeling, and D:A
(Table I and Appendix). In our experiments, the surface
density of 5’ NT varied from cell to cell because the cells
differed in their expression of the protein (Fig. 1). The sur-
face density of donors and acceptors could be changed by
varying D:A, the ratio of donor- and acceptor-labeled an-
tibodies used to label the cells. We expected that for 5’ NT
randomly distributed on the cell surface, energy transfer
between labeled 5’ NT would scale with the surface den-
sity of acceptor, regardless of the way in which the surface
density of acceptor was varied. That is, we expect similar
values of energy transfer for cells with a high surface den-
sity of 5’ NT but labeled with a low concentration of ac-
ceptor-conjugated antibody, and for cells with a low sur-
face density of 5" NT but labeled with a high concentration
of acceptor antibody, as long as the acceptor surface den-
sity is the same in each cell group of cells (Table I, Fig. 1,
2). Energy transfer was not expected to scale with surface
density if 5" NT was exclusively distributed in clusters (Ta-
ble I).

Fig. 3 shows the experimental dependence of E on D:A,
donor surface density, and acceptor surface density. When
cells were labeled with a constant molar concentration of
donor-labeled IgG, with increasing concentrations of ac-
ceptor-labeled IgG to give D:A ranging from 1:0.5 to 1:5.
It can be seen that for a single D:A, energy transfer in-
creased with increasing 5’ NT surface density, measured in
terms of either donor (Fig. 3 a) or acceptor (Fig. 3 b) fluo-
rescence, and went to zero in the limit of low surface den-
sities. This dependence of E on surface density is inconsis-
tent with a model in which all surface 5’ NT is in clusters
(Table I).

For a given donor surface density (Fig. 3 a), E increased
as D:A increased from 1:0.5 to 1:5. This is apparent in the
bifurcation of the data curves in Fig. 3 a. In contrast, for a
given acceptor surface density (Fig. 3 b), E was approxi-
mately the same at all the D:A examined. We also note
that the shape of the experimental curves was similar to
that predicted for randomly distributed molecules (Fig. 2),
although they cannot be directly compared here because
the acceptor surface density and r are not known (see be-
low for an estimate).

The strong dependence of E on the acceptor surface
density, but not donor surface density, is consistent with
the theoretical prediction for donors and acceptors ran-
domly distributed in the plane of the membrane (Fig. 2).
However, this independence of E on donor surface density
only holds in the limit where there are few donors in the
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Figure 3. E depends on acceptor surface density and is insensi-
tive to D:A, in the regime of low donor surface density, for cells
labeled with donor- and acceptor-conjugated IgG. (a) E as a
function of the donor fluorescence, for D:A of 1:0.5 (circles), 1:1
(squares), 1:2 (triangles), or 1:5 (diamonds). (b) E as a function of
the acceptor fluorescence, for D:A of 1:0.5 (circles), 1:1 (squares),
1:2 (triangles) or 1:5 (diamonds). (c) E as a function of acceptor
fluorescence, for D:A of 0.5:1 (triangles), 1:1 (circles), or 5:1
(squares). Note that in this experiment, the acceptor concentra-
tion, rather than the donor concentration, was held constant.

excited state compared with the number of acceptors
present (Fung and Stryer, 1978). Consistent with this, we
found that if cells were labeled with a constant concentra-
tion of acceptor (50 pg/ml) and varying amounts of donor
to yield the indicated D:A, energy transfer actually de-
creased as the concentration of donor was increased to
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yield D:A of 5:1 (Fig. 3 ¢). For samples labeled with low
concentrations of donor (D:A of 0.5:1 and 1:1), the data
were similar to those described above (Fig. 3 b). There-
fore, in all our experiments, samples for FRET were la-
beled with a constant low concentration of donor (50 g/
ml) and varying concentrations of acceptor.

We considered the possibility that the bivalent IgG used
to label 5" NT may disrupt its normal membrane distribu-
tion. To test this, we repeated the experiments in Fig. 3, a
and b, using cells labeled with a monovalent Fab. Fig. 4
shows the results of such an experiment. As above, cells
were labeled with a constant amount of donor and with in-
creasing amounts of acceptor. The pattern of immunofluo-
rescence labeling was similar for cells labeled with IgG
and Fab (data not shown). As we had observed for the
IgG-labeled samples, E as a function of acceptor surface
density was approximately the same for all D:A (Fig. 4 b).
However for the Fab-labeled samples, a small but system-
atic increase in E was observed with increasing concentra-
tions of acceptor. In an experiment where we directly com-
pared the magnitude of E at a given acceptor fluorescence
intensity for samples labeled with IgG versus Fab, we
found that E was higher for the Fab-labeled samples (data
not shown). This is most likely due to differences in the
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Figure 4. E depends on acceptor surface density for cells labeled
with donor- and acceptor-conjugated Fab. (a) E as a function of
the donor fluorescence, for D:A of 1:0 (circles), 1:1 (squares), 1:2
(triangles), 1:3 (diamonds), or 1:4 (inverted triangles). (b) E as a
function of the acceptor fluorescence, for D:A of 1:1 (squares), 1:2
(triangles), 1:3 (diamonds), or 1:4 (inverted triangles).
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dye/protein ratio for the acceptor-labeled molecules (4.1
for Fab vs 1.7 for IgG), but it could also be due to differ-
ences in the size and/or the relative flexibility of Fab and
IgG (Kam et al., 1995; Matko and Edidin, 1997). These
factors may also account for the increase in E with increas-
ing concentration of acceptor-Fab.

We also made FRET measurements in cells that had not
been incubated with butyrate, but which nevertheless dis-
played detectable amounts of 5’ NT. These experiments
were done for two reasons. First, we wanted to further test
the dependence of E on 5 NT surface density to see
whether E extrapolated to zero at low surface densities (Ta-
ble I). Second, the butyrate treatment used to induce high
expression of 5" NT could create artifacts because of over-
expression of the protein. For instance, the enrichment of
5" NT in microdomains in butyrate-treated cells may be lim-
ited by the availability of other components of the putative
microdomains. Consistent with the lower surface densities
of 5" NT, we found that E was correspondingly lower on the
untreated cells (data not shown and Figs. 6 and 7). As we
had found for the butyrate-treated cells, at a given acceptor
surface density E was similar at all D:A examined (data not
shown). This suggests that the distribution of 5’ NT is not
affected by the level of expression of the protein.

Energy Transfer between Labeled 5’ NT Falls
in the Range Predicted for High Surface Densities of
Randomly Distributed Donor and Acceptors

In the experiments described above, the acceptor surface
densities were presented in arbitrary units; hence, we could
not directly compare the experimental data with theoretical
predictions. To compare experimental data with theoretical
predictions, we estimated absolute surface densities of ac-
ceptors on cell membranes from the measured fluorescence
intensities using a set of calibration standards, 8-wm-diam
beads with known antibody binding capacities. Fig. 5 com-
pares the experimental values of E plotted as a function of
absolute acceptor surface density (Fig. 5 a), with the theo-
retical values of E for randomly distributed donors and ac-
ceptors (Fig. 5 b). We estimated maximum acceptor surface
densities of 20,000 per wm? (Fig. 5 a). These values are high
and may be overestimates, but they are not unprecedented
(Rothberg et al., 1990; Hille, 1992). The theoretical curves
(Fig. 5 b) were calculated for values of closest approach, r,
ranging from r = 0, where the donor and acceptor are in
physical contact, to r = 2R, where the closest possible ap-
proach of the donor and acceptor is constrained to 100 A. If
r is approximated by the diameter of the donor- and accep-
tor-labeled molecules (Zimet et al., 1995), r = 1.5R, would
be roughly comparable to the size of an Fab, which has been
estimated as a cylinder with a diameter of 80 A and a height
of 70 A (Kubitscheck et al., 1993).

A comparison of Fig. 5, a and b, shows that the overall
shapes of the experimental and theoretical curves are sim-
ilar, and that the experimental data fall within the range of
the theoretical predictions. The experimental data are sim-
ilar to the theoretical curves for r = 0 at low surface densi-
ties, and r = 1.5R, at high surface densities. Though this
variation in r as a function of surface density may reflect
the biology of 5’ NT, it may also result from errors in the
estimate of the acceptor surface density and from the fact
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Figure 5. Experimental energy transfer efficiencies are similar to
those predicted for randomly distributed donors and acceptors
when plotted as a function of absolute acceptor surface density.
(a) Data from the experiment in Fig. 2 plotted in terms of abso-
lute acceptor-labeled antibody surface density, estimated using
fluorescent calibration standards as described in the Materials
and Methods, for D:A of 1:1 (circles), 1:2 (squares), and 1:3 (tri-
angles). (b) Theoretical curves from Fig. A2 were replotted in
terms of absolute acceptor surface densities, assuming R, = 50 A.
Curves were calculated using the third approximant of Dewey
and Hammes (1980) for 1.5R, and 2R, or Eq. A1 (Wolber and
Hudson, 1979) for r = 0 and r = R,,.

that the theoretical calculations assume one fluorophore
per protein molecules, while our Fab and IgG labels carry
two or more fluorophores per molecule.

Energy Transfer between Labeled Primary
and Secondary Antibodies Is a Positive Control
Jor “Clustering”

As a direct test of whether our method could detect clus-
tered molecules, we measured energy transfer from donor-
labeled anti-5" NT Ig to acceptor-labeled anti-Ig antibodies.
Direct binding of the secondary antibodies to the primary
antibodies should lead to relatively high values of E, and E
should reflect the combined contributions of “clustered”
(directly bound) and randomly distributed molecules (Ap-
pendix). We expect that this system should behave as a mix-
ture of randomly distributed and clustered molecules,
where fiusereq 1S constant (Table I, Fig. A3, a and b). Al-
though at first it might appear that since the acceptors bind
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donors that this should instead be equivalent to the model
presented in Fig. 3 ¢, this is not the case because in our ex-
periment, the ratio of primary and secondary antibodies
bound to any given cell, and thus f;,gered, 1S cOnstant.

As expected, for samples labeled with donor-conjugated
primary and acceptor-conjugated secondary antibodies, the
amount of secondary antibody bound to any given cell was
directly proportional to the amount of primary antibody
bound, and thus proportional to the surface density of 5' NT
(data not shown). Compared with a control sample labeled
with donor- and acceptor-conjugated primary antibodies,
significantly higher values of E were observed for the sam-
ples labeled with the donor-conjugated primary and accep-
tor-conjugated secondary antibodies (Fig. 6). Moreover, in
the clustered samples, E increased as the concentration of
acceptor-conjugated secondary antibody used to label the
cells was increased. In this experiment, E increased from a
maximum of ~20% to a maximum of close to 40%, as D:A
was increased from a nominal ratio of 1:0.1 to 1:1. For com-
parison, an E of 28% has been measured between the A-
and B-subunits of the intact structure of cholera toxin, mole-
cules in molecular contact (Bastiaens et al., 1996).

The increase in E observed as the concentration of ac-
ceptor in D:A was increased could reflect an increase in the
fraction of donors to which acceptors were bound (f;usiered
in Eq. AS), an increase in the number of acceptors (sec-
ondary antibodies) bound per donor (E ereq in Eq. AS),
or both. E for the clustered molecules also showed some
dependence on the acceptor surface density. This is proba-
bly due to intercluster energy transfer. Note especially that
at the lowest surface densities observed, E for the control
sample was less than 5%, compared with >10% or >20%
for the samples labeled with 5 or 50 pg/ml of acceptor-
labeled secondary antibody, respectively.

Energy Transfer Is Enhanced by Secondary Antibody
Cross-Linking or by Detergent Extraction

GPI-anchored proteins on cell surface can be clustered by
cross-linking with secondary antibody (Mayor et al., 1994;
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Figure 6. Positive control for “clustered” donors and acceptors:
energy transfer between donor-labeled primary antibodies and
acceptor-labeled secondary antibodies. Uninduced cells were la-
beled either with 1:1 D:A (IgG) as in previous experiments
(closed circles) or with 50 pg/ml of Cy3 anti-5’ NT IgG for 15 min
at 4°C, washed, and then labeled for 15 min at 4°C with either 5
pg/ml (squares) or 50 wg/ml (triangles) Cy5-labeled donkey anti—
mouse IgG, washed, and then fixed as previously described.
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Fujimoto, 1996) or by detergent extraction of cells (Mayor
and Maxfield, 1995). If this clustering also occurs over mo-
lecular length scales, it ought to cause a detectable change
in the energy transfer between labeled 5" NT molecules.
To cluster 5" NT with secondary antibody, cells were la-
beled with donor- and acceptor-conjugated antibody fol-
lowed by an anti-IgG secondary antibody and a brief incu-
bation at 37°C. With this treatment, the label clustered
into large punctate structures (Fig. 7 ¢). For a given accep-
tor surface density, higher values of E were observed in
cells labeled with secondary antibody than in control cells
(Fig. 7 e). This difference was not very large, in part be-
cause, for the clustered sample, E is an average for the ar-
eas depleted and enriched in 5" NT (Fig. 7 d). This finding
is consistent with a report that the average E for cells la-

beled with donor- and acceptor-labeled Concanavalin A
was similar under conditions where the label was ring-
stained and when it was patched (Dale et al., 1981).

5" NT is found in low-density, detergent-insoluble mem-
brane microdomains in intestinal epithelial cells (Strohm-
eier et al., 1997) and rat lung endothelial cells (Schnitzer
et al., 1995). To see if Triton X-100 extraction changed the
organization of 5" NT in intact MDCK cell membranes,
living cells were labeled at 4°C with donor- and acceptor-
labeled antibodies and then incubated on ice with 1% Tri-
ton X-100 for 30 min before fixation. As reported for other
GPI-anchored proteins (Mayor and Maxfield, 1995), 5’
NT was not significantly solubilized under these condi-
tions, since the intensity and pattern of its labeling were
very similar to control cells (Fig. 8). However, in some
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Figure 7. Energy transfer between anti-5' NT antibodies is en-
hanced by antibody-induced cross-linking. Acceptor fluorescence
images (a and c) and E images (b and d) of uninduced cells (ex-
pressing low levels of 5’ NT) labeled with 1:1 D:A (IgG) followed
by an incubation in the absence (a and b) or presence (c and d) of
10 pg/ml unlabeled secondary antibody. (e) E as a function of ac-
ceptor fluorescence for cells labeled with 1:1 D:A (IgG) in the
presence (open squares) or absence (closed circles) of secondary
antibody. Bar, 10 pm.

Kenworthy and Edidin Imaging FRET of a GPI-anchored Protein

e 40

30 i
@ I . E;nﬂn"in B2,
Eo2op fa D.;‘E?g s

10 - $4% ,.“. *

0 '} L 1 1 Jl
0 2000 4000 6000 8000 10000 12000
Acceptor fluorescence (arbitrary units)

Figure 8. Energy transfer between anti-5' NT antibodies is en-
hanced by Triton X-100 extraction of cells. Acceptor fluores-
cence images (a and c) and E images (b and d) of cells induced to
express high levels of 5’ NT, labeled with 1:1 D:A (Fab) followed
by a 30-min incubation at 4°C in PBS*™ (a4 and b) or PBS™* con
taining 1% Triton X-100 before fixation (c and d). The arrow in ¢
points to a hole in the membrane, formed by the Triton X-100 ex-
traction procedure. (e) E as a function of acceptor fluorescence
for cells incubated in the presence (open squares) or absence
(closed circles) of 1% Triton X-100. Bar, 10 pm.
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cells, dark unlabeled regions in the membrane (presumably
holes) were apparent, indicating that other membrane com-
ponents had been solubilized (Fig. 8 ¢, arrow). E measured
after detergent extraction was systematically higher than
controls, consistent with a shift to a partially clustered distri-
bution of 5’ NT after detergent extraction (Fig. 8 ¢).

These results suggest that not all 5’ NT was clustered af-
ter secondary antibody labeling or detergent extraction,
but instead was present as a mixture of randomly distrib-
uted and clustered molecules. To this point, it is important
to note that changes (or lack thereof) in the apparent or-
ganization of the protein at the light or even the electron
microscopic level may not be directly correlated with
changes detected by FRET, since they measure distances
over different length scales (c.f., Damjanovich et al., 1995).

Discussion

Membrane microdomains enriched in GPI-anchored pro-
teins, GSL, and cholesterol have been operationally de-
fined in terms of detergent-insoluble, low-density mem-
brane fractions; however, these microdomains have not
been detected by other techniques (for review see Harder
and Simons, 1997). In the present study, we used imaging
FRET, a method that increases the resolution of immuno-
fluorescence microscopy to the molecular scale, to probe
for microdomains enriched in a GPI-anchored protein in
the apical plasma membrane of MDCK cells. We expected
that if most of the GPI-anchored protein 5" NT was in
membrane microdomains, then we would be able to detect
FRET between 5’ NT molecules that was consistent with
clustering (Table I).

Using imaging FRET, we obtained images that showed
significant cell-to-cell variation in efficiencies of energy
transfer between labeled 5’ NT molecules. E strongly cor-
related with the surface density of 5 NT and approached
zero at low surface densities (Figs. 3-6). These observa-
tions suggest that most of 5" NT is not in clusters at the
apical membrane of MDCK cells; if it were, we would
have expected to measure high E even at low surface den-
sities (Table I). These observations were not due to the
failure of the method to detect clusters since we detected
clustered donors and acceptors in a simple model system,
secondary antibodies bound to primary antibodies (Fig. 6).

The distinct dependence of E on the surface density of
5" NT (Figs. 3-6) is consistent with either an entirely ran-
dom distribution of the protein or a mixture of randomly
distributed and clustered 5’ NT (Table I). If some 5" NT is
in clusters and some is randomly distributed, we expect
that £ will not necessarily go to zero in the limit of low
surface densities, and E will be sensitive to D:A (Table I).
If little or no 5’ NT is in clusters, then we expect E to go
to zero in the limit of low surface density to be insensi-
tive to D:A.

We found that E approached zero in the limit of low 5’
NT surface densities (Figs. 3-6), and the shape of the ex-
perimental curves was similar to that predicted theoreti-
cally for a random distribution (Fig. 5). E depended
strongly on the surface density of acceptor, and not of the
surface density of donors for relatively low concentrations
of the donor fluorophore. Regardless of D:A, data from an
individual experiment tended to fall on a single curve
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when plotted as a function of acceptor surface density in
cells expressing widely varying concentrations of protein
(Fig. 3). However, in some experiments (Fig. 4) we ob-
served small shifts in E for samples labeled with different
D:A ratios, which hints that some clusters may be present.
We thus cannot completely rule out the possibility that
though most are randomly distributed, some 5’ NT mole-
cules are clustered. We expect that under some circum-
stances, FRET for mixtures of randomly distributed and
clustered molecules will appear similar to FRET for a
purely random distribution, particularly in the limit where
fclustered and/or Ecluslered is Smana and frandom and/or Erandom is
large (see Appendix). This could explain for instance why
we did not observe a larger effect on E in cells where we
induced clustering of GPI-anchored proteins by secondary
antibody-induced cross-linking, or by detergent extraction
of intact cells (Figs. 7 and 8). We calculated that if 10% of
the molecules were clustered, data for a mixed population
would appear very similar to a pure random distribution
(assuming r = R,). However, large differences are ex-
pected when fiugerea = 50% (see Appendix). Based on
these observations, the simplest interpretation of our data
is that 5’ NT is predominantly randomly distributed under
the conditions of our experiments.

It is important to emphasize that our conclusion that 5’
NT is predominantly randomly distributed depends on the
presence of FRET and not its absence. In a previous study
from our laboratory, no FRET was detected between la-
beled gD1-DAF molecules under steady-state condition,
implying that gD1-DAF was dispersed, i.e., randomly dis-
tributed (Hannan et al., 1993). However, the absence of
FRET does not necessarily eliminate the possibility that
molecules are clustered together, since among other possi-
bilities the distance separating them in the cluster may be
larger than can be detected by FRET. In the present study
we were able to detect FRET between labeled 5’ NT mol-
ecules; this indicates that, on average, the proteins are al-
ready within 10’s of A of one another. This provides fur-
ther evidence that FRET would be able to detect
enrichment of 5’ NT in microdomains, i.e., lipid rafts. Re-
examination of the lateral organization of gD1-DAF using
our current FRET method shows that energy transfer is
detected between labeled gD1-DAF molecules under
steady-state conditions and is correlated with protein sur-
face density, similar to our results for 5’ NT (Nguyen, T.,
A. Kenworthy, and M. Edidin, unpublished observations).
The difference between our past and present results may
be due to lower concentrations (surface densities) of label-
ing antibodies in our previous experiments, and the sensi-
tivity of the current method to cell-to-cell variations in E.
This further emphasizes the most important advantage
of imaging FRET over nonimaging FRET experiments,
which typically yield average E values for a population of
cells (Hannan et al., 1993; Matko and Edidin, 1997): imag-
ing FRET generates images mapping energy transfer effi-
ciencies. Although in the current study we have focused on
protein homoassociations, imaging FRET is also uniquely
suited for performing “imaging biochemistry” of protein—
protein and protein-lipid heterointeractions in intact cells.

To further verify our conclusion that most 5" NT is ran-
domly distributed in the cell surface would require a quan-
titative comparison of our data with the theoretical predic-
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tions. Variations on the analytical approach we applied
here have been used to quantitatively interpret FRET
data in a variety of membrane systems (e.g., Holowka and
Baird, 1983a,b; Dewey and Datta, 1989; John and Jihnig,
1991; also see Maétyus, 1992 and Clegg, 1996 for a more
comprehensive list). However, our ability to extend our
current analysis from a qualitative to a quantitative one is
limited by several factors. First, there is some spread in the
energy transfer versus acceptor surface density curves that
could mask differences in the data sets. Factors contribut-
ing to this variability include inhomogeneities in the exci-
tation across the field of view, small local variations in
quenching of donor, and the inherent heterogeneity of flu-
orescence labeling pattern of the cell surface due to the
presence of microvilli and the curvature of the apical
membrane itself. Second, the lower limit of detectability of
FRET with our method is conservatively 5%, although in
many experiments we measured apparent E for negative
controls (labeled with donor only) of as low as 2-3% (Fig.
4). This could be further improved by additional back-
ground subtraction. In the current experiments, because
we were imaging confluent monolayers of cells, the only
background subtraction we included was for the so-called
dark current, a constant contribution due to noise from the
CCD camera. With higher sensitivity we could estimate
the extrapolation of E and the acceptor surface density to
zero with greater confidence. Third, there are limits to our
comparisons of experimental results to theory and with
the theoretical calculations themselves. Our ability to rig-
orously test the theoretical predictions would be improved
by better estimates of acceptor surface density and r. A
physically based approximation of r, for instance, would
require more detailed structural information about 5’ NT,
including the position of the epitope and the orientation of
the bound antibody. To this point, we note that a number
of sophisticated analyses have been developed that incor-
porated detailed information about the experimental sys-
tem, such as the position of the donor fluorophore on the
molecule of interest (e.g., Zimet et al., 1995). This kind of
information could be usefully applied in the analysis of im-
aging FRET data for better characterized experimental
systems. The analysis would also be improved by better
theoretical models for mixed populations, including spe-
cific cross-terms between the randomly distributed and
clustered molecules.

It is well known that the distribution of GPI-anchored
proteins in cell membranes is sensitive to fixation and la-
beling conditions. For example, GPI-anchored folate re-
ceptor was reported to be clustered (Rothberg et al.,
1990), but this was subsequently shown to be induced by
cross-linking of secondary antibodies (Mayor et al., 1994).
Clustering of 5’ NT itself has also been shown after anti-
body cross-linking (Howell et al., 1987). In our experi-
ments, we observed very similar, dispersed labeling pat-
terns produced by either monovalent Fab or bivalent IgG
when the cells were directly fixed after labeling. In addi-
tion, the organization of the primary antibodies became
more punctate (clustered) in the presence of secondary
antibodies (Fig. 7 and data not shown). Thus, our results
are similar to previous reports in this regard (Rothberg
et al.,, 1990; Mayor et al., 1994). However, very recent
work suggests that certain fixation conditions may act to
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disperse preexisting clusters of the folate receptor (Wu et al.,
1997), reopening the question of how to best stabilize the
native distribution of GPI-anchored proteins. This issue
will require further study. Nevertheless, our current re-
sults are consistent with reports (Parton et al., 1994; Mayor
and Maxfield, 1995; Fujimoto, 1996; Rijnboutt et al., 1996)
of predominantly random steady-state distributions of
GPI-anchored proteins, measured at the level of resolu-
tion of the electron microscope. Compared with electron
microscopy, imaging FRET has the advantages of higher
labeling efficiency, a larger sample size, and most impor-
tantly, increased resolution, to the molecular level.

The first experimental evidence for the existence of
membrane microdomains enriched in GPI-anchored pro-
teins was the isolation, as buoyant complexes, of deter-
gent-insoluble membrane fractions enriched in GPI-
anchored proteins, GSL, and cholesterol from MDCK
cells (Brown and Rose, 1992). The GPI-anchored protein
PLAP was found to become detergent insoluble in the
Golgi, a property that persisted even after the protein
reached the apical membrane (Brown and Rose, 1992).
Additional components of detergent-insoluble membrane
microdomains were later shown to include signal-trans-
ducing lipid-modified proteins such as nonreceptor ty-
rosine kinases and the caveolar marker caveolin (Ste-
fanova et al., 1991; Sargiacomo et al., 1993;Arreaza et al.,
1994; Melkonian et al., 1995). Recently, a number of stud-
ies have helped clarify the relationship between mem-
brane microdomains enriched in GPI-anchored proteins,
detergent-insoluble complexes, and caveolae, 70-100-nm
invaginations of the plasma membrane that are decorated
with the protein caveolin (Fra et al., 1994; Schroeder et al.,
1994; Gorodinsky and Harris, 1995; Mayor and Maxfield,
1995; Schnitzer et al., 1995, 1996; Smart et al., 1995; Han-
nan and Edidin, 1996; Ahmed et al., 1997). These studies
indicate that proteins and lipids that share the common
property of detergent insolubility are not necessarily asso-
ciated in intact cell membranes, but leave open the ques-
tion of the size and nature of the microdomains before de-
tergent extraction (Kurzchalia et al., 1995; Edidin, 1997;
Harder and Simons, 1997; Weimbs et al., 1997). There is
clearly a need for a more precise definition of what consti-
tutes a functional membrane microdomain in intact cell
membranes.

Our findings, obtained using a high-resolution imaging
technique, begin to place distinct limits on the structure of
microdomains enriched in GPI-anchored proteins in intact
cell membranes. We report here that the GPI-anchored
protein 5’ NT, which is known to associate with detergent-
insoluble complexes (Mescher et al., 1981; Schnitzer et al.,
1995; Strohmeier et al., 1997), is also resistant to Triton
X-100 extraction in MDCK cells. Yet it appears that most
5" NT are randomly distributed and are not clustered over
the <100-A length scale of the FRET measurements. This
places limits on the ways in which GPI-anchored proteins
can associate with lipid rafts. For example, our data argue
against a model where 5’ NT is predominantly associated
with a finite number of rafts, since we would have ex-
pected to measure relatively high energy transfer because
of clustering of the protein in rafts, even at low surface
densities of 5" NT expression (Fig. 3). The limitations of
our current measurements prevent us from ruling out the
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possibility that FRET between 5" NT arises from a mix-
ture of a large fraction of randomly distributed and a small
fraction of clustered (raft-associated) molecules. How-
ever, it is interesting to consider the consequence of a
purely randomly distribution of 5" NT for the structure of
lipid rafts. If this were the case, then these membrane mi-
crodomains must either be vanishingly small (in agree-
ment with a current model [Harder and Simons, 1997]), or
alternately must comprise the entire apical membrane.
Our results also have implications for the membrane orga-
nization of GPI-anchored proteins during membrane traf-
ficking and sorting, since the biochemical properties of the
membrane microdomains involved in sorting and the
steady-state organization of GPI-anchored proteins are
assumed to be similar. This could be further tested by
directly examining the membrane organization of GPI-
anchored proteins and other apically destined proteins
and lipids in the Golgi. Further work will be also be re-
quired to determine whether functional associations of
other lipid-modified proteins and GSL can be visualized in
cell membranes, and whether these associations are medi-
ated by lipid-lipid or protein-lipid interactions. Imaging
FRET will be a powerful tool to further investigate these
questions in intact cells.

Appendix

Theoretical Dependence of FRET on the Distribution of
Donor- and Acceptor-labeled Molecules in Membranes

FRET detects the proximity of donor- and acceptor-labeled
molecules over distances of <100 A (Eq. 1). FRET can be
used to study the distribution of molecules in membranes
because the average spacing between molecules of interest
will depend primarily on their lateral distribution (Fig. A1).
Molecules may be within FRET distance either because
they are clustered or because they are randomly distributed
at surface densities high enough so that there is a fraction of
randomly distributed labeled molecules in FRET proximity.
The basis for FRET can be determined by considering pre-
dictions of theoretical models for FRET between clustered
or between randomly distributed molecules. Below we con-
sider the predictions for three models of proteins labeled
with a mixture of donor and acceptor fluorophores: ran-
domly distributed molecules, entirely clustered molecules,
and a mixture of randomly distributed and clustered mole-
cules. We show that we can distinguish between the models
by determining the dependence of E on the total surface
density of the molecules of interest and the mole ratio of
donor to acceptors (D:A) used to label them.

Randomly Distributed Donors and Acceptors

For randomly distributed donors and acceptors in mem-
branes, the energy transfer efficiency E,,,40m 1S @ function
of R,, r, and the surface density of acceptors (Shaklai et al.,
1977; Fung and Stryer, 1978; Wolber and Hudson, 1979;
Dewey and Hammes, 1980; Snyder and Freire, 1982;
Yguerabide, 1994). Here, r is defined as the distance of
closest potential approach of the donors and acceptors.
This takes into account the fact that donors and acceptors
are attached to molecules, proteins or lipids, that have some
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Figure Al. Schematic depiction of how surface density of pro-
teins and D:A differently influence FRET for randomly distrib-
uted (a—c) and clustered (d—f) molecules on a membrane. For
simplicity, “clustered” molecules are modeled as the minimal
form of clusters, dimers. The molecules of interest are either un-
labeled (open circles) or labeled with donor (gray circles) or ac-
ceptor (black circles) to yield the indicated D:A. For each condi-
tion, the area of the membrane examined (box) is held constant,
and the surface density is varied by changing the number N of
molecules per box. The size of the molecules of interest deter-
mines the scale of the model. For instance, if we assume a particle
diameter of 5 nm (50 A), then the box size is 70 X 70 nm. The ar-
rows in ¢ and d indicate a donor and acceptor pair that are in
close enough proximity for energy transfer to occur at this scale,
and the arrowheads point to a donor and acceptor pair that are
too far apart for energy transfer to occur. Note that because we
only show a limited number of molecules, these models are not
statistically accurate. For example, the apparent Egereq for the
model in fis 50%, but for an experimental population labeled at
this D: A, Egysierea WOUld be 37.5%, as described in the text.

finite size. A typical value of r for energy transfer between
small lipid probes is ~10 A (Dewey and Hammes, 1980).
For protein—protein interactions, r can be approximated by
the protein diameter, for instance, ~40 A for calcium
ATPase (Dewey and Datta, 1989; Zimet et al., 1995).

The equation relating E., . qom, 7> Ro, and acceptor sur-
face density is in a form that must be solved numerically,
and thus a number of analytical approximations of this
equation have been developed (Shaklai et al., 1977; Wol-
ber and Hudson, 1979; Dewey and Hammes, 1980; Snyder
and Freire, 1982; Yguerabide, 1994). Two approximations
that together accurately span a useful range of values of r
are from Dewey and Hammes (1980) and Wolber and
Hudson (1979). The approximation of Wolber and Hud-
son (1979) is
Cc

~*5Ca[]

1A+Aze g,

O -k
E, = 1-[Ae (A1)

where c, is the so-called reduced acceptor surface den-
sity, a dimensionless parameter equal to R,? multiplied by
the acceptor surface density, and A, and k,, are con-
stants that are different for different values of r. Dewey
and Hammes (1980) derived fractional approximations for
E . .ndom, the first of which is given by
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E = 1-{1+[(mc/2) (R/r)} (A2)

random
Here again c, is the reduced acceptor surface density, as
defined above. Eq. Al is valid for r < 1.3R, and Eq. A2 is
valid for r = R,. Other limiting conditions are: (a) The
number of donors must be small enough that donor- donor
transfer is negligible; (b) the number of donors in the ex-
cited state must be small compared with the number in the
ground state so that donors do not compete for transfer to
a given acceptor; (c¢) r must not change over the excited
state lifetime of the donor; and (d) all donor—acceptor
pairs must have the same R, (Fung and Stryer, 1978; Wol-
ber and Hudson, 1979; Zimet et al., 1995).

In Fig. A2, we plot Eqs. A1 and A2 as a function of
acceptor surface density, for various values of 7. £, 4om 1S
dependent on r, reaching its highest potential value as r
approaches zero. For any given value of r, E,,,4om 1S Z€T0 in
the limit of very low acceptor surface densities and in-
creases monotonically with increasing acceptor surface
density (Fig. A2). This is because as surface density in-
creases, the distance between adjacent donor- and accep-
tor-labeled molecules decreases (Fig. Al, a and b). Al-
though E,,.qom 1S dependent on acceptor surface density, it
is independent of donor surface density (Eqs. Al and A2)
since each donor experiences the same average acceptor
surface density. (As indicated above, this is only true in
the limit where the donor surface density is low enough
that excited state donors do not compete for acceptors.)
For example, if two samples with the same surface density
of protein were labeled with different D:A (Fig. Al, b and
¢), Erangom Would be higher for the sample labeled with the
higher concentration of acceptors (Fig. Al c). Note also that
since E,,,q0m 1S Only sensitive to the surface density of accep-
tor-labeled molecules, the presence of unlabeled molecules
does not influence E.,,qom- Using this information, E , qom
can be estimated for the molecules in Fig. Al by assigning a
scale to the model. For example, if the particle diameter is
set as 50 A (r = R,), then the acceptor surface density in
Fig. Al cis 2500/pm?, yielding an E,,,qom 0f 7% (Eq. Al).
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Figure A2. Theoretical dependence of energy transfer efficiency
E . .ndom ON acceptor surface density, r, and R, for randomly dis-
tributed donors and acceptors in a membrane. The acceptor sur-
face density is represented by the dimensionless parameter cy.
Theoretical curves were calculated using the third approximant
of Dewey and Hammes (1980) for r = 1.5R, and 2R, or Eq. Al
(Wolber and Hudson, 1979) for r = 0 and R,, as indicated on the
figure.
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Clustered Donors and Acceptors

A simple model has been derived to predict the energy
transfer efficiency for clustered molecules, Eygereq, i the
case where the clusters are small well-defined oligomers
such as dimers and trimers (Veatch and Stryer, 1977; Adair
and Engelman, 1994). This model makes several simplifying
assumptions, including the assumption that there are no
surface density—dependent interactions between oligomers,
and that all of the molecules of interest are oligomerized.
Thus, it also assumes that labeling the molecules does not
affect their oligomerization. Under these conditions,
Eclustered = Eoligomer (1- fDUn 1) : (A3)
Here, n is the number of units in the oligomer, fpy is the
total mole fraction of donor-labeled and unlabeled mole-
cules of interest, and Ejyomer i the energy transfer effi-
ciency for the oligomer. For the case of dimers (n = 2),
this simplifies to
E Egine |

dimer ' A

(A4)

clustered —

where Eg.., is the energy transfer efficiency of a dimer
labeled with one donor and one acceptor, and f, is the mole
fraction of acceptor-labeled molecules (fy + fp + fu = 1).
This model predicts that Eerq Will depend on both D:A
and the extent of labeling of the molecules of interest. For
example, for two samples with the same surface density of
protein (Fig. A1, e and f), if we assume Egy;,., = 50% and
the indicated D:A, then Ejgereq = (50%)(.25) = 12.5% for
Fig. Al e, while Eereq = (50%)(0.75) = 37.5% for Fig. Al
f- The cluster model also predicts that E ereq Will be in-
dependent of the surface densities of the labeled molecules
of interest. Thus, E ygered = (50%)(.25) = 12.5% for two
samples with different surface densities but labeled with the
same D:A (Fig. Al, d and e). Based on this prediction,
E usierea Would be expected to be nonzero even at low sur-
face densities of the molecule of interest. These properties
contrast with the predictions for randomly distributed mole-
cules (Fig. Al, a—), where E.,,,qom Scales strictly with the
acceptor surface density (Egs. Al and A2).

Although this model may be oversimplified, it provides
a useful tool to think about how Ecreq depends on D:A,
the extent of labeling, and both donor and acceptor sur-
face density for molecules constrained to a clustered distri-
bution. While the model presented above equates “clus-
tered” molecules with “associated” molecules, this of
course is not necessarily the case. In general, to predict
E ustereq for more complex clustered distributions would
require more specific information about the geometry of
the clustered molecules such as the size and shape of the
clusters, as well as the position of the fluorescent probe(s)
on the molecules of interest. FE ygereq WOuld then ulti-
mately depend on the probability of labeling adjacent
members of an individual cluster within FRET distance of
one another with donors and acceptors.

Mixtures of Clustered and Randomly
Distributed Molecules

The simple model for clusters presented above assumes
that all of the molecules of interest are associated in clus-
ters. If a mixture of monomeric, randomly distributed mol-
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ecules and clustered molecules is present, we would expect
two contributions to E e, One from the randomly dis-
tributed fraction of donors and acceptors, and the other
from the clustered molecules:

E = f E + f

random —random

Ecl ustered? (AS)

mixture clustered

where fndom and fiuserea are the molar fractions of ran-
domly distributed and clustered donors, respectively. E.,qom
is the energy transfer efficiency for the randomly distributed
molecules (Eq. Al or A2), and Eygereq 1S the energy transfer
efficiency of clustered molecules (for example, from Eq. A4
for dimers). It immediately follows from this equation that
because E,,qom 1S a function of the acceptor surface density
(Egs. Al and A2), E, e Would also depend on acceptor
surface density. Note that for the sake of simplicity, this
model does not include any terms that take into account
FRET between clusters or between the clustered and ran-
domly distributed molecules. Such interactions would fur-
ther depend in more complicated ways on fyusered> frandoms
and the surface density of the molecules of interest.

We will consider two limiting cases for the mixed popu-
lation described by Eq. AS. The first is the case where re-
gardless of overall surface density of the molecules of in-
terest, the mole fraction of randomly distributed and
clustered molecules remains constant, in other words,
fetustereds frandom> aNd Equsierea are assumed to be constants.
Fig. A3 a shows E ;. calculated for two different values
of fiustered> assUMINg Egerea = 37.5% (similar to the ex-
ample given for Fig. Al f). The results of this calculation
show that, at a single D:A, when 10% of the molecules are
clustered, E i e 1S Only slightly larger than that predicted
for the pure random case, but when 50% of the molecules
are clustered, Eixure 1S Substantially increased over E,,;qom-
The magnitude of the difference between E, i ure a0d E andom
will depend on the size of r, since for a given acceptor sur-
face density, E,,,qom becomes smaller as r increases (Fig.
A2). However, when clusters are present, E ereq domi-
nates E ;e at low acceptor surface densities, where the
contribution from the randomly distributed molecules is
smallest. Thus, in this case E, e Will not necessarily ex-
trapolate to zero at low surface densities, while E . qom
will. Furthermore since Eygereq 1S @ function of D:A (Egs.
A3 and A4), E i ure Will also be sensitive to D:A. This is il-
lustrated in Fig. A3 b, which shows that for a mixture of
randomly distributed monomers and dimers, E ;e i0-
creases as a function of increasing mole fraction of accep-
tor in the D:A mixture (Fig. A3 b).

The second limiting case that we will consider for mixed
populations occurs when the fraction of clustered versus
randomly distributed molecules depends on the surface
density of the molecules of interest. To explore this effect,
we will use a well-defined model in which acceptors di-
rectly bind to randomly distributed donors (Wolber and
Hudson, 1979). Although this model is somewhat different
from the others that we have discussed (because it as-
sumes that the donors and acceptors are on two different
kinds of molecules that form heterodimers), we present it

Figure A3. Model calculations for energy transfer efficiency E i ure
arising from mixtures of randomly distributed and clustered mol-
ecules. The acceptor surface density is represented by the dimen-
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sionless parameter c,. (a) Effect of constant mole fraction of
clustered molecules (fyusierea) in the mixture. Model curves were
calculated from Eq. AS, setting r = R, Equstered = 37.5%, and as-
suming fyuserea 1S €ither 0.1 (squares) or 0.5 (triangles). E ,nqom
for a pure random population was calculated with Eq. A1 assum-
ing r = R, (solid circles). (b) Effect of varying D:A. Model curves
were calculated from Eq. AS with r = R, and fiangom = fulustered =
0.5. Eustereq Was calculated using Eq. A4, assuming Eg;per = 50%,
for D:A = 1:1 (squares), 1:2 (triangles), or 1:3 (diamonds). To
match the experimental labeling conditions, the calculations of f,
at the various D:A assume that the concentration of D in the mix-
ture is 25% of the saturating concentration, therefore f, = 0.25 at
D:A = 1:1,0.5 at 1:2, and 0.75 at 1:3. (c) Effect of surface density—
dependent clustering, for randomly distributed donors that each
can bind one acceptor (to form a heterodimer). Model curves
were calculated from Eq. AS setting r = R, Equserea = 50%, and
fetustered = €a /cp, assuming cp = 0.3 (triangles) or 0.5 (squares).
E . indom fOr a pure random population was calculated with Eq. Al
assuming r = R, (solid circles).
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here because it is a clear example of surface density—
dependent clustering. E, i for this case can be calcu-
lated from Eq. AS by letting f,.nqom and E nqom describe
the unbound donors, and fusereq aNd Equsiereq describe the
acceptor-bound donors. The model assumes that one
donor-labeled molecule binds to one acceptor-labeled
mOIGCulev such that fclustered = CA/CD' Thus fclustered? frandomv
and E,,qom are all dependent on the donor surface density,
the acceptor surface density, or both. Fig. A3 ¢ shows E,; ure
calculated for several values of donor surface density cp,
setting Eustered = 0% for a heterodimer. These model
calculations show that the contribution of clusters to
E mixture 18 small at low surface densities but becomes in-
creasing large with increasing acceptor surface density
(Fig. A3 ¢). This contrasts with the case discussed above
(constant fy,serea) Where Epivure 1S Nnonzero even in the
limit of low surface densities (Fig. A3, a and b). Finally,
since cp and c, are proportional to D:A, again in this case
E ixture depends on D:A.

Experimental Strategy for Testing the Predictions of the
Theoretical Models

The theoretical models presented above predict both
quantitative and qualitative differences in E for randomly
distributed, clustered, and mixed populations. If parame-
ters such as the value of r and the geometry of presumed
clusters are known, the models could be tested quantita-
tively by directly comparing the theoretical curves and ex-
perimental data. However, even the qualitative differ-
ences between these various models should be sufficient to
distinguish among them. These differences can be re-
vealed experimentally by asking: (a) Is E dependent on
either donor or acceptor surface density; (b) does E go
to zero at low surface densities; and (¢) is E is sensitive to
D:A? The predicted results for each of the distributions
are summarized in Table I in the Results section.
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