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Enumeration of Oligomerization States of Membrane Proteins in Living
Cells by Homo-FRET Spectroscopy and Microscopy: Theory
and Application
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ABSTRACT Protein-protein interactions play a pivotal role in biological signaling networks. It is highly desirable to perform
experiments that can directly assess the oligomerization state and degree of oligomerization of biological macromolecules in
their native environment. Homo-FRET depends on the inverse sixth power of separation between interacting like fluorophores
on the nanometer scale and is therefore sensitive to protein oligomerization. Homo-FRET is normally detected by steady-state
or time-resolved fluorescence anisotropy measurements. Here we show by theory and simulation that an examination of the
extent of homotransfer as measured by steady-state fluorescence anisotropy as a function of fluorophore labeling (or photo-
depletion) gives valuable information on the oligomerization state of self-associating proteins. We examine random distributions
of monomers, dilute solutions of oligomers, and concentrated solutions of oligomers. The theory is applied to literature data on
band 3 protein dimers in membranes, GPI-linked protein trimers in “rafts,” and clustered GFP-tagged epidermal growth factor

receptors in cell membranes to illustrate the general utility and applicability of our analytical approach.

INTRODUCTION

The oligomerization of protein macromolecules on cell sur-
faces is believed to play a fundamental role in the regulation
of cellular function, including signal transduction and the
immune response (1-4). Because of the perceived impor-
tance of macromolecular oligomerization as a biological
control mechanism, it is essential to perform experiments
that can quantitatively assess the oligomerization states and
extent of clustering on the nanometer scale (relevant to mo-
lecular contact).

The quantification of oligomerization on and inside cells is
a difficult problem. Experimental strategies appropriate to
cell and membrane preparations include measurement of
protein translational and rotational diffusion (5) and fluores-
cence fluctuations in space (6) and/or time (7) by correlation
spectroscopy/microscopy and intermolecular proximity be-
tween donor-labeled and acceptor-labeled proteins by fluo-
rescence resonance energy transfer (8). In the latter situation,
the characteristic nanometer distance scale of the energy
transfer phenomenon renders it a particularly sensitive probe
of protein association between fluorescently tagged proteins.

Homo-FRET, particularly energy migration FRET (9,10),
is a simpler variant of energy transfer because it occurs be-
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tween like chromophores and hence requires only one type
of fluorescent label. It is manifested by the presence of de-
polarized fluorescence. Beginning with the first reported
observation of concentration-dependent depolarization by
Gaviola and Pringsheim (11), there exists a wide application
of the phenomenon to photosynthesis, light-harvesting poly-
mers, as well as synthetic and natural polychromophoric arrays
(12). Much of the theoretical descriptions have focused on
extracting information on interchromophore distance distri-
butions from analysis of high-resolution time-resolved fluores-
cence anisotropy decay measurements (13). The descriptions
result in complex decay functions that require data of high
signal/noise ratio on samples of high purity. This circumstance
is difficult to achieve in the complex milieu of the living cell
and requires specialized instrumentation that is not readily
available in most biological laboratories.

A simpler approach in terms of experimental implemen-
tation is to use steady-state anisotropy. Runnels and Scarlata
have shown that under certain conditions the steady-state
anisotropy is inversely proportional to the number of subunits
in the oligomer (14). However, anisotropy as a single measure
suffers from ambiguity of interpretation since factors other
than energy transfer, such as excited state lifetime changes or
changes in rotational motion, can hyper- or hypopolarize the
emission. Several groups have reported cellular anisotropy
measurements as a function of labeling (or photobleaching)
as a qualitative probe of energy homotransfer. In the an-
isotropy enhancement after photobleaching experiment, first
applied by the Mayor group (15), any depolarization caused
by energy transfer is reversed by photodestruction of FRET
acceptors (15). Similarly, mixing of labeled and unlabeled
proteins should reverse interaction-dependent depolarization
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processes, as shown by Blackman et al. (16). In principle,
these measurements allow information beyond confirmation
of energy transfer and proximity to be obtained.

Our examination of the extent of energy migration as mea-
sured by fluorescence anisotropy as a function of fluorophore
labeling (or photodepletion) gives valuable information on
the actual oligomerization state of self-associating proteins.
In the next section we present a general theoretical model
for interpreting anisotropy data in terms of dilute solutions
of oligomers and oligomerization distributions. The model
predicts that the anisotropy as a function of labeling for
an oligomer with N subunits is a polynomial of order N—1.
We extend the formalism to account for the occurrence of
interoligomer energy transfer and specifically treat inter-
dimer energy transfer. This extension is needed because of
the possible occurrence of depolarization between overex-
pressed oligomeric proteins at high density in cell membranes.
In the Examples section we use our analytical methods to
examine existing data from the literature on both intra- and
interoligomer energy transfer between Band 3 dimers in
solution and on membranes, intraoligomer energy transfer
between triproximal GPI-proteins in rafts, and the conse-
quences of submicrometer scale clustering of EGFR-eGFP
on anisotropy enhancement data after photobleaching data.

THEORY

Theory of homo-FRET between
interacting fluorophores

Self-association of proteins causes changes to the anisotropy of the fluores-
cent tags. Because of the energy homotransfer (lower anisotropy) or changes
in rotational diffusion of the fluorescent label (lower or higher anisotropy)
or a combination of both oligomers and monomers have different levels of
anisotropy. The interpretation of a single anisotropy measurement is ambig-
uous. However, varying the extent of fluorophore labeling allows processes
leading to energy homotransfer to be monitored separately from rotational
diffusion (15,16). The exchange of labeled for unlabeled molecules would
not be expected to alter the inherent motional properties of fluorophores, but
it does decrease the probability for self-transfer of energy.

Dilute solution of homogeneous oligomers

First, we consider a single population of oligomers with N monomer sub-
units per oligomer. For a structure with N subunits, the fraction F; that have
i fluorescently labeled subunits when a fraction f of the subunits are labeled
is, according to the binomial theorem (17,18),

Fi(i.f,N) =NY' (1 =) /N = )). (D)

The total anisotropy of the oligomer population as a function of labeling
(f) is given by the sum law of anisotropies (10), where the summation is from
i=1toi=N:

r(f,N) = Y.iFir;/) iF;, 2

where r; is the anisotropy of the N-mer bearing i-labeled subunits. Conse-
quently, the anisotropy expressions for a dimer, trimer, tetramer, and N-mer
are given as follows:
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Dimer: r(f,2) = (1 —f)r, + fra, 3)
Trimer: r(f,3) = (1 —f)2r1 +2f(1 = f)ra +frs, (@)
Tetramer: r(f,4) = (1 —f)3r1 +37(1 —f)2r2
+37(1 = f)rs +fr, )
N —mer: r(f,N) = A f°(1 =) '+ Af (1 =)V 7,
+A A=)+
F AT =) (6)

These expressions are obtained by noting that for an N-mer one has
a polynomial of order N — 1 with the coefficients in the expansion
(A1, Az, ... An) derived from the (N — 1)th row of the Pascal’s triangle.

These equations are general and make no assumptions about the energy
transfer or rotational dynamics properties of the fluorophores. The only
requirement is that an oligomer with one subunit labeled yields a different
fluorescence anisotropy than an oligomer containing more than one fluo-
rescently labeled subunit. Runnels and Scarlata have provided a means of
determining the anisotropy of an oligomeric protein as a function of the
number of labeled subunits (14) from structural data.

Fig. 1 illustrates simulations of the anisotropy as a function of labeling for
a monomer, dimer, and tetramer under the situation that energy migration
depolarizes the fluorescence to an extent that the anisotropy is decreased to
r1/N, where N is the number of labeled monomers per oligomer. This choice
of anisotropy corresponds to the limit of efficient energy hopping (14)
between randomly oriented but rotationally fixed fluorophore sites. This
circumstance is achieved at separations of less than 0.8 R, where R, is the
Forster distance (e.g., ~5 nm for eGFP). It is notable that the oligomer-
ization state is reflected in the curvature of the anisotropy as a function of
labeling plot, a consequence of Eq. 3-5.

Oligomerization state distributions

In the general case of a distribution of oligomers, the anisotropy of the popu-
lation is given by the appropriately weighted mean of the individual aniso-
tropies of the oligomers. Consider a distribution of oligomers with oligomerization
states 1 to NV, each with molar fraction yn. The mean anisotropy as a function
of labeling is given by
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FIGURE 1 Simulations of the anisotropy as a function of labeling (f) for
discrete oligomers (containing N-subunits) under the situation that energy
migration depolarizes the fluorescence to an extent that the anisotropy is
decreased to r,/N, where N is the number of labeled monomers per oligo-
mer. N-values in order from top to bottom: N =1, 2, 3, ..., 8. Simulations
generated using Eq. 6 in text, with r; = 0.4.
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The influence of the Poisson distribution of oligomerization states is
presented in Fig. 2 using the same model as in Fig. 1 for N = 1, 2, 3, and 4.
The corresponding single population oligomerization model is plotted for
comparison. For all N, the Poisson model gives anisotropy plots that show
greater curvature than the homogeneous model. This is because in the
distributed oligomer case, Eq. 7 receives weighting from states of higher
oligomer number. For the Poisson simulations presented in Fig. 2, the
fluorescence population distribution of oligomers contains modes at N and
N + 1. Parenthetically we note improved agreement using a Poisson model
with mean oligomerization (N) = N — 0.5 with a homogeneous model with
oligomerization state N. In this case both models have a single mode at N.

Minimum degree of oligomerization and
oligomeric state

In the context of a simple two-state bimodal monomer—N-mer model, it is
possible to derive estimates of the minimum degree of oligomerization and
minimum number of subunits in the oligomer. A conservative estimate of the
oligomerization state (N) and minimum degree of oligomerization (1 — x) is
obtained if we take the anisotropy of oligomers containing two or more
fluorescently labeled subunits as zero. This is the limit where the monomer
has a finite anisotropy but in the oligomer population there is large loss of
polarization as a result of extensive energy migration and rotational diffu-
sion. When Eqs. 1 and 2 are combined, the anisotropy in a population of
oligomers is then given simply by

r(f7N) :rm(x—’_(l_x)(l _f)(Nil))> 3)

where r,,, is the anisotropy of a noninteracting fluorophore, x is the (constant)
fractional fluorescence from noninteracting fluorophores (monomeric com-
plexes), and f represents the fractional labeling of the fluorophore popula-
tion. Equations similar to Eq. 8 have also been derived for conventional
donor-acceptor energy transfer and electron spin resonance measurements of
protein oligomerization in model membranes (17,18).

The effect of monomer on the anisotropy enhancement curves is shown
for the situation of a bimodal monomer-tetramer equilibrium (Fig. 3). The
presence of the monomer rescales the anisotropy plot by a constant value but
does not change its shape. This is an important property of the anisotropy
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FIGURE 2 Comparison of anisotropy as a function of fluorophore
labeling for homogeneous oligomers with N subunits (dotted lines) and a
Poisson distribution of oligomers with mean oligomerization number of N
(solid lines). N-values in order from top to bottom: N = 1, 2, 3, and 4.
Simulations generated with Eqs. 6 and 7 in text using the model in Fig. 1.
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FIGURE 3 The effect of monomer on the anisotropy enhancement curves.
Monomer-tetramer equilibrium with increasing fraction of fluorescence
caused by monomer: 75% monomer (circles), 50% monomer (squares),
25% monomer (triangles). Simulations generated with Eq. 8 from text.

enhancement method; only sources of depolarization that result from homo-
FRET are affected by labeling/bleaching. Thus, oligomerization states of
proteins that are in equilibrium between monomeric and associated (oligo-
meric or concentrated) forms can be investigated. Simulations with the
Poisson-distributed model and ry = r,/N show that Eq. 8 always yields a
minimum estimate of the mean oligomerization state.

Random distributions: concentration
depolarization effects

It is possible, in cases of protein overexpression or at high protein/lipid ratios
in reconstituted systems, that the occurrence of homo-FRET does not result
from oligomerization at all, but rather by close approach of randomly or-
ganized monomeric proteins. Although this circumstance can be avoided by
dilution in reconstituted or synthetic systems, this is potentially problematic
in cell systems, particularly where cells express high levels of protein at the
membrane. The cases for 2D energy migration between randomly organized
systems has been documented previously (19). The equation for 2D transfer
depolarization between monomers is:

r(1) = ry(exp(=2B(1/7)")), ©

where 7 is the fluorescence lifetime and S is the normalized 2D concen-
tration of monomers (= 1.354C/2C,, where C/C, is the average number of
monomers per circular area with radius equal to the Forster distance
(= mR?)). For a typical Férster distance of 5 nm, a cell expressing 1 million
receptors on the cell surface (typical cell surface area ranges 1000-10,000
/.Lmz) will have a normalized 2D concentration of 8 = 0.008-0.08 molcules/
Forster area. Simulations presented below show the extent to which these
effects are anticipated to influence the measured anisotropy.

Concentrated 2D solution of
homogeneous oligomers

We consider the oligomers to be homogeneous and preformed. (The reader
is referred to the article by Jovin et al. (20) for the 3D monomer-dimer equi-
librium case as a function of concentration.) It is instructive to consider the
situation of concentration depolarization of oligomers. This can be readily
treated under the reasonable assumption that intraoligomer and interoligomer
energy transfer modes of depolarization are independent (21).
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The time-dependent anisotropy of the system involving both intra-
oligomer and interoligomer transfers is given by:

F(1) = F(1) gigoma P (— (2B (/7)) (10)

where 7(f)oligomer 15 the anisotropy decay caused by intraoligomer energy
transfer (and rotation), and the exponent term accounts for interoligomer
energy transfer between randomly organized oligomers. Note, the term S,
in this context refers to the normalized 2D concentration of oligomers
(as opposed to monomers).

The consequences of energy transfer between like chromophores on the
fluorescence and anisotropy decays within a dimer has been discussed by
Tanaka and Mataga (22). For a fixed dimer geometry the time-resolved
anisotropy is described by a single exponential decaying to a finite value:

Faimer(1) = (ro = 7 Jexp(—t/¢p) + 1. (11

Here, r, is the anisotropy in the absence of rotation or energy transfer, and
I« is the anisotropy at a long time after the excitation (i.e., 200 ns or longer).
The transfer correlation time, ¢, is related to the rate of energy transfer (w)
by ¢ = 2w)~".

Combining the two terms and following similar arguments as discussed
above gives the following anisotropy decay expression for randomly orga-
nized dimers as an explicit function of dimer concentration (3) and fractional
labeling (f):

M B) = (F(ry — r2)exp(—t/) +fro + (1= f)r,)
X exp(—(2B(1 — (1 - )*)(t/r)"). (12)

Equations describing higher-order oligomerization states can also be
readily derived using appropriate time-dependent versions of Eqgs. 3—6 for
7(H)oligomer and noting that the effective concentration of labeled oligomers
(i.e., bearing one or more labeled subunits) is given by B(1 — (1 — H™).

The steady-state anisotropy is obtained on integration with the intensity
decay function /(7):

r(f, B) = / r(e,f, B)I(£)dt / / 1(¢)dr. (13)

Implicit in Eq. 13 is the independence of the intensity decay to concen-
tration or labeling effects (i.e., the absence of concentration quenching).

The influence of a concentrated solution of monomers on the anisotropy
versus label plot is shown in Fig. 4 for the situation where there are 1 million
molecules on the surface of a cell with surface area 1000 um? (8 = 0.075).
The maximum extent of depolarization, compared with a dilute monomer
solution model is 0.04. The corresponding plots for 1 million dimers on a cell
with surface area 1000 wm? is shown for comparison (with r, = 0.4, ro, =
0.2, w =1 ns, 7 = 4 ns) in the presence (8 = 0.075) and absence (8 = 0) of
concentration depolarization. Concentration depolarization decreases the
anisotropy at all label efficiencies compared with the dilute dimer situation
but does not cause the anisotropy versus labeling curve to deviate sub-
stantially from a linear relationship. This is expected to be general whenever
the intradimer energy migration is the dominant depolarization process.
Thus, it is reasonable to expect that a significant curvature in the anisotropy
versus labeling curve is a reflection of either 1), an atypically high local
concentration of monomeric protein or 2), association at a level greater than
dimer.

Concentrated 3D solution of
homogeneous dimers

The case of 3D concentration depolarization of dimers is analytically trac-
table, and for brevity we present the results. In this case, the interoligomer
term in Eq. 10 is given by exp(f(Z,Bo(t/T)l/z), and the steady-state an-
isotropy r is expressed in Eq. 14:
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FIGURE 4 The effect of 2D concentration on the anisotropy versus label
plot. Monomers at 1 million molecules on the surface of a cell with surface
area 1000 /.Lm2 (B = 0.075) (circles). Dimers at a concentration of 1 million
dimers on a cell with surface area 1000 p,m2 (with r, = 04, re = 0.2,
w = 1 ns, 7 = 4 ns) in the presence (8 = 0.075) (triangles) and absence
(B = 0) (squares) of concentration depolarization.
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where A= (¢ '+ 7 ), B=2B[1 - (1 —p* /" andC =7".

In the absence of concentration depolarization (3 = 0), a linear
relationship exists between r and f with a constant gradient, Gg—o = [(r,
— 1)/ 7@+ 7] + re — ro. Fig. 5 shows the variation of the gradient
(G) for the r versus f curve at various f values for 8 = 0, 0.001, 0.01, and
0.1,and r, = 0.4, ro, = 0.2, w = 1 ns and 7 = 4 ns. We note that for low
dimer concentrations (i.e., 8 = 0.001), the G values remain close to Gg— (=
—0.133) regardless of the degree of fluorescence labeling (f). By way of
orientation, a concentration of 10—100 uM corresponds to 8 = 0.001-0.01
(for a fluorophore with R, = 5 nm). Deviation from Gg_, is observed when
B increases and is most significant for larger 8. As for the 2D concentration
depolarization of dimers, close to linear anisotropy as a function of labeling/
bleaching plots are anticipated over most of the parameter space when
intradimer energy migration plays a small role.

EXAMPLES
Band 3 Protein

Band 3 oligomerization has been studied by a variety of tech-
niques including biochemical methods that disrupt native
cells, rotational mobility by ESR and phosphorescence an-
isotropy decay, and homo-FRET (16). In the latter applica-
tion the authors compared the anisotropy of eosin-labeled
tetrameric and dimeric reconstituted receptors to the anisot-
ropy of native receptor in cell membrane suspensions and,

Biophysical Journal 92(9) 3098-3104
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FIGURE 5 Three-dimensional concentration depolarization of dimers.
Plot of the gradient for the r versus f curve at different f values when 8 =0
(squares), 0.001 (circles), 0.01 (apex-up triangles), and 0.1 (apex-down
triangles), and r, = 0.4, r, = 0.2, w =1 ns, and 7 = 4 ns.

together with detailed calculations, deduced that the receptor
did not form high-order oligomers in native membranes.
Homo-FRET was confirmed by several methods, including
the observation of the red edge effect, rapid dynamic fluo-
rescence depolarization, and an anisotropy that varied as a
function of labeling efficiency. Fig. 6 shows a plot of the
average steady-state anisotropy as a function of the degree of
labeling for the eosin-labeled band 3 in purified dimers and
in cells/membranes, adapted from Fig. 1 of the Blackman
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FIGURE 6 Plot of the average steady-state anisotropy as a function of the
degree of labeling for the eosin-labeled band 3 in purified dimers (apex-up
triangles) and in cells/membranes (apex-down triangles) (data from Fig. 1 of
Blackman et al. (16)). Simulations of the corresponding anisotropy plots are
denoted by the solid lines. The dimer simulation was generated using the
parameters obtained from dynamic depolarization measurements of eosin-
labeled band 3 in cross-linked dimers (with r, = 0.37, r,, = 0.31, w = 1 ns,
7 = 3 ns) and assuming no concentration depolarization between dimers.
The membrane ghost simulations used identical parameters to the dimers
except B = 0.06.
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et al. study (16). A clear increase in the anisotropy is ob-
served for both systems, as expected for molecules under-
going homo-FRET. As can be seen from Fig. 6, the data for
the dimer conforms to the expected linear relationship for a
dimer undergoing homo-FRET. We have overlaid on the
experimental data a simulation using the parameters obtained
from the frequency domain depolarization measurements
(ro =037, r =031,w=1ns,7=3ns, B =0). The
agreement between the dynamic depolarization data and the
steady-state anisotropy as a function of fluorophore labeling
is excellent. The anisotropy enhancement observed in the
cell membrane suspensions is also reasonably linear, albeit
with a lower anisotropy at the high label stoichiometry. As
for the dimers, we have simulated the expected anisotropy
enhancement curve including the effect of concentration
depolarization between dimers at a dimer density of 1 million
dimers per cell (using identical parameters for the dimer
simulation with a 8 = 0.06). Thus, the observed data can be
adequately simulated assuming only dimeric proteins. As
discussed above, significant higher-order association would
have yielded a nonlinear anisotropy versus labeling curve, in
accord with conclusions reached by the authors based on
separately prepared and reconstituted samples. We conclude
that the present theory is adequate for the detection of
dimeric proteins in cell membranes under conditions of intra-
and interdimer homotransfer. This example highlights how
the theory can be used to constrain models of association in
cases where detailed information about intradimer emFRET
dynamics is available.

GPI-linked proteins

An alternative procedure of varying the label stoichiometry
is to use monovalently labeled proteins and partially deplete
the fluorescence label using photochemical destruction with
a focused light source. This approach is particularly prac-
ticable in the fluorescence microscope as was first employed
by Varma and Mayor (15) in their study of homo-FRET in
GPI-linked proteins. They distinguished concentration de-
polarization between randomly organized monomers from
oligomerization by analysis of the dependence of the energy
transfer on the concentration of protein on the membrane and
suggested that the GPI-linked proteins were localized in
submicrometer domains with as many as 70 proteins. Fig. 7
shows a plot of the average anisotropy as a function of the
degree of photobleaching (taken from Fig. 3 of Varma and
Mayor (15)). The dotted line indicates a best fit to a dimer
model, and the solid line to a trimer model (r; = 0.367, r, =
0.245, r3 = 0.230). Unlike dimeric band 3, the GPI-linked
protein plot shows distinct upward curvature in the anisotropy
versus labeling (bleaching) plot consistent with an oligomer-
ization state that is greater than a dimer. Application of the
monomer—N-mer model gave a good fit to the data with a
minimum degree of oligomerization of 35% (fractional fluo-
rescence) and a minimum trimeric stoichiometry (N = 2.7).
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FIGURE 7 Plot of the average anisotropy as a function of the degree of
photobleaching of GPI-linked proteins (data from Fig. 3 of Yeow et al. (13)).
Lines indicate fits to dimer model (dotted lines) and trimer model (solid lines).

We also simulated the situation of concentration depolari-
zation between dimers. Although most of the parameters in
this model are not known from independent sources, we
found that an effective density of C/Cy = 0.2 was needed to
account for the observed curvature in the data (i.e., r, = 0.37,
re =0.33, w=1ns, 7 =4ns, B = 0.2). Taken together our
simulations suggest that GPI-linked proteins are dimeric or
trimeric and, in the former case, would need to be present at
very high (local) concentrations in the cell membrane. Thus,
the existence of large oligomeric structures on the nanometer
scale appears to be excluded from the present analysis. The
data are more consistent with the presence of submicrometer
scale rafts containing randomly dispersed small oligomers
(dimers or trimers). This is in line with more recent studies
suggesting aggregate sizes up to four proteins per cluster
(23), as discussed below.

Since the initial report, the Mayor group has extended
their studies to GFP-tagged GPI-linked proteins (23). They
observed photobleaching enhancement in anisotropy that
was independent of the expression level of the protein in the
cells and provided evidence from time-resolved anisotropy
measurements for a rapid dynamic depolarization caused by
close (nanoscale) association of proteins. The former obser-
vation rules out significant contributions from interoligomer
transfers and is consistent with their assignment of the homo-
FRET to nanoclusters containing up to four proteins (23).

GFP-tagged proteins

Several groups have reported homo-FRET as a result of
oligomerization or concentration depolarization of enhanced
green fluorescent protein (eGFP). The favorable Forster
distance for this protein and its high intrinsic anisotropy
(even as a free monomeric protein in solution) make it a good
tag for detecting protein oligomerization using polarization
microscopy together with photobleaching.
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Recently the Jovin laboratory (24) has presented the
first comprehensive homo-FRET measurements of the EGF
receptor-eGFP using dynamic depolarization imaging micros-
copy, confocal polarization microscopy, and flow cytometry.
Homo-FRET was inferred from measuring the eGFP anisot-
ropy as a function of eGFP labeling (by photobleaching in a
confocal microscope) and as a function of total eGFP-EGF
receptor concentration (by observing the natural cell-by-cell
variations in eGFP-EGF receptor expression in a flow cy-
tometer). Evidence for preassociation of the receptor was
found, although no attempt was made to report an oligo-
merization state for the receptor. 3D structural data (25),
biochemical cross-linking studies (26), and single-molecule
imaging suggest that the EGF receptor is dimeric (27). On
the other hand, image correlation spectroscopy (6), phospho-
rescence anisotropy decay measurements (28), and scanning
near-field optical microscopy (on erbB2) (29) appear to
detect a higher-order form of the receptor in clusters on the
submicrometer scale.

An important question is whether the receptors are ran-
domly organized as monomers, dimers, or high-order species
within these submicrometer clusters. In CHO cells express-
ing EGFR-eGFP, anisotropy enhancement on photobleach-
ing experiments revealed an anisotropy enhancement of 0.05
and a nonlinear enhancement curve (14). We have consid-
ered the following models for receptor organization: 1), ran-
domly dispersed monomers within the clusters, 2), randomly
dispersed dimers within the clusters, and 3), higher-order
associations on the nanometer scale. To estimate the number
density of receptors within these clusters we used the image
correlation spectroscopy data of Petersen, who detected clus-
tering of the EGF receptor on A431 cells with an average of
51 receptors (taking into account the 33% label efficiency)
per cluster and an average cluster diameter of 0.4 um (6).
This corresponds to a receptor monomer density of C/Co =
0.08 and represents an upper bound because A431 cells over
expresses the EGF receptor at a level of 2-3 million
receptors on the membrane, whereas the value in CHO cells
may be lower. According to model 1, the depolarization
caused by monomeric receptors is calculated to be 0.04, and
the enhancement plot is linear (R* = 0.99). Model 2 was
simulated using a receptor dimer density of C/Co = 0.04 and
a broad parameter range (r, = 0.4, r. = —0.6t0 0.375, w =
0.1-100 ns, 7 = 2.5 ns, B = 0.04) using the experimental
constraint that r(f = 1) — r(f = 0) = 0.05. This model also
predicts predominantly linear anisotropy enhancement plots
(R* = 0.98). We conclude that a random association of
monomers or dimers within submicrometer clusters cannot
account for the available data. Therefore Model 3, the in-
volvement of higher-order oligomers, is the preferred model
to account for the observed curvature in the anisotropy
enhancement data. The latter observation is compatible with
our recent experiments on EGFR-eGFP expressed at normal
levels in BaF/3 cells (30). Image correlation microscopy
showed that in the presence of EGF the average number
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of receptors per cluster was 3.7, and the density of clusters
at the membrane was 19 *+ 4 clusters/um?®. The density
of clusters is too low to facilitate significant interoligomer
energy transfer; however, the number of receptors within the
clusters is consistent with higher-order nanoscale associa-
tions. This example stresses the value of the theory in pro-
viding model discrimination, particularly in cases where data
from several sources is available.

CONCLUSIONS AND FUTURE PERSPECTIVES

We have shown that a quantitative analysis of homo-FRET
data can glean useful information on oligomerization states
of membrane proteins. A general result from this investiga-
tion is that pronounced curvature in anisotropy as a function
of labeling plot in systems exhibiting oligomerization (as
opposed to random association) is a hallmark for associa-
tions at a level greater than dimer. The formulas provide a
guiding framework toward the determination of the actual
oligomerization states of membrane proteins, particularly in
cases where complementary data are available. Future work
should concentrate on integrating structural, biochemical,
and complementary cell biophysical methods to gain a fuller
understanding of complex association states of molecules
and how they relate to biological function.
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