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ABSTRACT Number and brightness (N&B) analysis is a fluorescence spectroscopy technique to quantify oligomerization of
the mobile fraction of proteins. Accurate results, however, rely on a good knowledge of nonfluorescent states of the fluorescent
labels, especially of fluorescent proteins, which are widely used in biology. Fluorescent proteins have been characterized for
confocal, but not camera-based, N&B, which allows, in principle, faster measurements over larger areas. Here, we calibrate
camera-based N&B implemented on a total internal reflection fluorescence microscope for various fluorescent proteins by deter-
mining their propensity to be fluorescent. We then apply camera-based N&B in live CHO-K1 cells to determine the oligomeriza-
tion state of the epidermal growth factor receptor (EGFR), a transmembrane receptor tyrosine kinase that is a crucial regulator of
cell proliferation and survival with implications in many cancers. EGFR oligomerization in resting cells and its regulation by the
plasma membrane microenvironment are still under debate. Therefore, we investigate the effects of extrinsic factors, including
membrane organization, cytoskeletal structure, and ligand stimulation, and intrinsic factors, including mutations in various EGFR
domains, on the receptor’s oligomerization. Our results demonstrate that EGFR oligomerization increases with removal of
cholesterol or sphingolipids or the disruption of GM3-EGFR interactions, indicating raft association. However, oligomerization
is not significantly influenced by the cytoskeleton. Mutations in either I706/V948 residues or E685/E687/E690 residues in the
kinase and juxtamembrane domains, respectively, lead to a decrease in oligomerization, indicating their necessity for EGFR
dimerization. Finally, EGFR phosphorylation is oligomerization dependent, involving the extracellular domain (550–580 resi-
dues). Coupled with biochemical investigations, camera-based N&B indicates that EGFR oligomerization and phosphorylation
are the outcomes of several molecular interactions involving the lipid content and structure of the cell membrane and multiple
residues in the kinase, juxtamembrane, and extracellular domains.
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SIGNIFICANCE Number and brightness (N&B) analysis is a powerful tool to determine protein association but is mostly
conducted in confocal microscopes. This work determines the brightness and fluorescence probability of a range of
fluorescent proteins for camera-based N&B on a total internal reflection microscope, demonstrating that with proper
calibration, different fluorescent proteins provide the same answers on oligomerization within the margins of error. This
camera-based approach allows measuring N&B values across whole-cell basal membranes up to an area of �1,000 mm2

simultaneously. N&B is then used in combination with biochemical assays to investigate the oligomerization and activation
of the epidermal growth factor receptor (EGFR), a prototypical receptor tyrosine kinase with importance in cell signaling,
division, and survival and that is implicated in various cancers. The results indicate that EGFR oligomerization and
activation are governed by an interplay between membrane structure and composition and key amino acid residues of
EGFR that span the extracellular to the intracellular domains.
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EGFR oligomerization studied by N&B
INTRODUCTION

Protein oligomerization or clustering is an essential process
in many cell signaling pathways, and its determination and
quantification in living cells is an important task in micro-
scopy. More often than not, biological systems contain not
a single species but a mixture of various oligomeric species
that contribute differently to the signaling process, and their
separation is difficult. Multiple techniques based on fluores-
cence spectroscopy (1) including Förster resonance energy
transfer (FRET) (2,3), fluorescence cross correlation
spectroscopy (FCCS) (4), photon counting histogram
(PCH) (5), fluorescence intensity distribution analysis
(FIDA) (6), spatial intensity distribution analysis (SpIDA)
(7,8), image correlation spectroscopy (ICS) (9), and sin-
gle-molecule photobleaching (SMP) (10) have been devel-
oped to address this challenge, with each having its own
set of requirements, advantages, and disadvantages.

One of the techniques to quantify oligomerization is num-
ber and brightness (N&B) analysis (11,12), a fluorescence
fluctuation spectroscopy method based on moment analysis
(13,14). In this technique, the average N&B of particles is
calculated from the mean and variance, i.e., the first and sec-
ond moments, respectively, of the intensity fluctuations.
N&B was originally established for confocal microscopy
(11,12) and later expanded to camera-based total internal
reflection microscopy (TIRFM) (15). Due to its computa-
tional simplicity, it is widely used for oligomerization
studies of various biological molecules, including cell mem-
brane receptors (16).

N&B is typically performed on proteins of interest fused
with fluorescent proteins (FPs). The oligomerization state of
a protein is determined by computing the ratio of the bright-
ness of the protein of interest to the brightness of the mono-
meric state of the FP. However, not all molecules of FPs are
fluorescent due to incomplete maturation, misfolding,
or photobleaching (17–21). Therefore, N&B is calibrated
with singly and doubly labeled biomolecules. The singly
labeled sample provides a direct measure of the molecular
brightness of the label. In principle, the doubly labeled sam-
ple should have twice the brightness. Deviation from this
yields the probability of the label to be fluorescent. Here,
we first determine the brightness and fluorescence probabil-
ity of cell-membrane-bound FPs from the fluorescent pro-
tein toolbox (22) and apply it to the investigation of the
oligomerization of the epidermal growth factor recep-
tor (EGFR).

EGFR is a receptor tyrosine kinase that transduces
signals through phosphorylation of intracellular tyrosine
residues (23). Although EGFR has been one of the most-
widely studied proteins, its resting-state conformation re-
mains a matter of debate. The traditional view is that
EGFR exists as monomers on the cell membrane prior to
ligand binding and undergoes dimerization upon EGF
binding. However, preformed EGFR dimers in the absence
of EGF have been reported in numerous studies (Fig. S1)
(6,24–37). But the dimerization levels vary greatly between
studies (Table S1), and it is unclear what are the
determining factors for receptor di- or oligomerization
(33,38–40). Furthermore, there is evidence that full recep-
tor activation requires higher oligomers (35,41–46). Here,
we use camera-based N&B on TIRFM to determine the
oligomerization of EGFR in live CHO-K1 cells and inves-
tigate the effects of the actin cytoskeleton, the plasma
membrane organization, and the roles of different EGFR
residues on oligomerization.
THEORY

N&B

The N&B equations for apparent number and apparent
brightness using an electron-multiplying charge-coupled
device (EMCCD) are (15).

N ¼ ðCID � offsetÞ2
s2 � s2

0

(1)

and

B ¼ s2 � s2
0

CID � offset
; (2)

where N is the apparent number of particles in the observa-
tion volume, B is the apparent brightness of a particle, I is
the average signal intensity, offset is the intensity offset of
the camera, s2 is the variance of the signal, and s20 is the
variance of the readout noise in the camera.

The variance of the signal is strongly influenced by shot
noise of the detector, which affects the N&B values if not
corrected for. Since shot noise is not correlated in time,
we estimate the shot-noise-corrected variance from the
covariance between consecutive frames, an approach called
G1 analysis (Section S1.1; Eq. S1) (15). This is analogous to
the estimation of the amplitude of the autocorrelation func-
tion, G(0), in fluorescence correlation spectroscopy (FCS),
from neighboring values.
Workflow of N&B

The schematic in Fig. 1 shows the workflow of the TIRF-
implemented camera-based N&B used in this study. It
illustrates with an example the power of N&B to identify
the proportional contribution of the N and B values to
the pixel intensity from its mean and variance alone (Eqs.
1 and 2).

The offset and s20 are obtained from a dark image captured
by the camera. The dark image also serves as a reference im-
age to perform pixel-wise correction of fixed-pattern noise
of camera images (Section S1.2).
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FIGURE 1 N&B workflow. (a) A CHO-K1 cell labeled with EGFR-mEGFP is shown as an example. The TIRF image stack of this cell contains 1,000

frames collected at 20-ms exposure time. The TIRF image after time binning of all the frames is shown at the bottom left. (b) A dark image stack from

the camera with the same spatiotemporal characteristics as the cell image stack is used to obtain the offset and readout noise variance and to correct for

fixed-pattern noise, as shown by the projection of all frames in the bottom image. (c) An intensity threshold (refer to data analysis in the materials and

methods) is applied to exclude the background pixels (blue) and retain only pixels from the cell (red). (d) Applying Eqs. 1 and 2, N and B maps are generated.

Although the blue box in the time-binned TIRF image shows an area whose intensity is indistinguishable from the surrounding areas, the N and B maps of the

same area show that the number of particles is low and the molecular brightness is high, respectively, illustrating the utility of N&B.
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Pooled brightness of cells

For a population of cells, the pooled weighted arithmetic
mean brightness is calculated from the brightness values
of pixels in cell images (34). Each image stack contains
only one cell.

Bpooled ¼
XNc

j ¼ 1

Xnj

i ¼ 1
aijBijXNc

j ¼ 1

Xnj

i ¼ 1
aij

; ai;j

(
0; if Iij < Ithreshold

1; if Iij R Ithreshold
;

(3)

where Bpooled is the pooled mean brightness for a population
of Nc cells, nj is the number of pixels in image j, and Bij is
the brightness of each pixel i in image j. aij is 1 if the inten-
sity of a pixel (Iij) is more than the intensity threshold value
(Ithreshold) and corresponds to pixels inside a cell, and vice
versa. The error in Bpooled is calculated according to Eq.
S3. In the rest of the article, all brightness values are pooled
values.
Brightness calibration

The theory of N&B for oligomers has been published in
detail in a previous publication (34). Here and in the sup-
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porting material, we provide a brief summary. The fluores-
cence probability p of a fluorescent protein is estimated
from the ratio of the pooled apparent brightness of the
dimeric FP control ðBdÞ to the pooled apparent brightness
of the monomeric FP control ðBmÞ (34).

p ¼ Bd

Bm

� 1 (4)

The error in p is calculated according to Eq. S4.
EGFR oligomerization calculations

In the case of EGFR experiments, we first calculate the ratio
of the apparent brightness of EGFR (BE) to the apparent
brightness of the monomer ðBmÞ.

rE ¼ BE

Bm

(5)

We utilize the minimum-order oligomer model (MOM) to
determine whether EGFR is monomeric or whether oligo-
mers are necessary to explain the data (34). The MOM
model assumes the presence of only two species—mono-
mers and the minimum-order oligomer species required to



EGFR oligomerization studied by N&B
explain the data. This leaves open the question of whether a
mixture of more and higher oligomer species is present, but
it provides a lower limit of oligomerization state and an up-
per limit of the fraction of monomers bound in oligomers.
Using MOM, the fraction of EGFR molecules present as
oligomers (eoligo; refer to Fig. S3) is expressed as (34)

eoligo ¼ rE � 1

ðnmom � 1Þp; (6)

where nmom is the order of the minimum oligomer species. In
order to determine nmom, we estimate the brightness of pure
higher-order oligomer samples (Bn) based on the experi-
mental B and p values of the monomer and dimer FP con-
trols (Fig. S4) (34).

Bn ¼ Bm½ðn � 1Þpþ 1�; (7)

where n is the oligomer species order. The errors in rE, eoligo,
and Bn are calculated according to Eqs. S5, S6, and S7,
respectively.

The minimum value of n yielding Bn >BE is used as nmom,
where Q S is the ceiling function.

nmom ¼

2
66666

�BE

Bm

� 1
�

p
þ 1

3
77777

(8)

Once the minimum order is determined, the proportion of
the monomers and the minimum-order oligomers is deter-
mined using Eq. 6 (34).

It must be noted that, as with any fluctuation-based anal-
ysis, N&B analysis only detects EGFR clusters that are mo-
bile on the measurement timescale, and any immobile
clusters present would not be detected. In our previous
work (34), using MOM, we observed clustering ranging
from orders 2–8, while the average diffusion coefficient
from imaging FCS ranged from 0.03 to 0.3 mm2/s. There-
fore, clusters of at least up to order 8 are mobile and detect-
able by N&B. Clusters much larger than this may be
immobile and invisible to N&B. However, the MOM only
reports the minimum oligomer order required to explain
the data and does not comment on the upper limit of cluster
size. Therefore, while MOM may not represent the true dis-
tribution of various oligomer species since it cannot resolve
them in the sample, it provides apparent oligomer percent-
ages of the mobile EGFR molecules with the understanding
that they represent a minimal model of monomers and the
smallest oligomer species that are consistent with the exper-
imental data. It is therefore a useful empirical parameter to
report protein oligomerization.

We define two terms, oligomerization and clustering, as
follows. Oligomerization involves specific receptor-receptor
interactions to form larger oligomeric units, which activate
the receptor. Oligomers are typically below the diffraction
limit and cannot be optically resolved. Even in areas of ho-
mogenous intensity in images, certain pixels of B values
larger than the dimer calibration control are present, which
are indicative of oligomers. Clustering may involve oligo-
merization of EGFR, grouping of receptors localized in lipid
domains, or nonspecific aggregation of receptors or, most
likely, a combination of all three. Clusters are seen as large
and clearly defined visible patches of multiple pixels in im-
ages (e.g., refer to the blue box in Fig. 1).
MATERIALS AND METHODS

Sample preparation

Details of plasmids, preparation of live cell samples, drug perturbations,

and Western blotting are provided in the supporting material. Full protocols

for live-cell sample preparation and data acquisition and analysis are also

available on Protocol Exchange (47,48).
Instrumentation

The TIRF microscopy setup included an inverted epifluorescence micro-

scope (IX83, Olympus, Tokyo, Japan) equipped with a motorized TIRF

illumination combiner (cellTIRF-4Line IX3-MITICO, Olympus). 405-

(LAS/405/100/D, Olympus), 488- (LAS/488/100, Olympus), and 561-nm

lasers (LAS/561/100, Olympus) were connected to the TIRF illumination

combiner. The 488-nm laser was equipped with a clean-up filter (FF01-

488/6-25, Semrock, Rochester, NY, USA). A 100� numerical aperture

1.49 oil-immersion objective (Apo N, Olympus) was used. The immersion

oil used had a refractive index of 1.518 (IMMOIL-F30CC, Olympus). A

quad band dichroic (ZT405/488/561/640rpc, Chroma Technology, Bellows

Falls, Vermont, USA) was used to direct the laser to the sample and allow

the fluorescence emission to pass through. The fluorescence emission was

passed through a quad band emission filter (ZET405/488/561/640m,

Chroma Technology). An EMCCD (iXonEMþ 860, 24-mm pixel size,

128 � 128 pixels, Andor, Oxford Instruments, Oxfordshire, UK) camera

was used for detection. For the cell measurements, 37�C temperature and

5% CO2 atmosphere were maintained using an on-stage incubator (Cham-

lide TC, Live Cell Instrument, Seoul, South Korea).
Data acquisition

We used 100 mW power (as measured in the back focal plane of the objec-

tive) for all lasers. The penetration depth was set at 100 nm. The software

Andor Solis (v.4.31.30037.0-64-bit) was used for image acquisition. The

following camera settings were used for the EMCCD: mode of image

acquisition ¼ kinetic; baseline clamp (i.e., offset) ¼ ‘‘on’’ to minimize

the baseline fluctuation; pixel readout speed ¼ 10 MHz; maximum

analog-to-digital gain ¼ 4.7; vertical shift speed ¼ 0.45 ms; and electron

multiplying gain ¼ 300. The EMCCD was operated after cooling to

�80�C. A stack of 1,000 frames (128 � 128 pixels) were collected at

50 frames per second. The recorded image stacks were saved as 16-bit

tiff files. A dark image was collected with the camera shutter closed using

the same acquisition parameters.
Data analysis

The data analyses were performed on a computer equipped with a GPUwith

the following configuration: Windows 10 Home 64-bit operating system,

Intel Core i7-7800� CPU @ 3.50-GHz processor, 32-GB RAM, and
Biophysical Journal 121, 4452–4466, December 6, 2022 4455
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NVIDIA TITAN Xp GPU with 3,840 CUDA cores and 12.3-GB memory.

The image stacks were loaded into the GPU-driven ImFCS 1.52 plugin

(34,49) in Fiji. A polynomial of order two was used to correct for photo-

bleaching. Intensity thresholding was performed to include only pixels

within the cell. Background correction was performed using a dark image

with the same spatiotemporal dimensions as the measurement image.
RESULTS AND DISCUSSION

Brightness calibration for N&B

Optimization of acquisition parameters for N&B

Camera-based N&B using G1 analysis requires an exposure
time that is shorter than the time a particle needs to diffuse
through the observation area of a pixel but long enough to
obtain a stable N&B signal with a high signal-to-noise ratio
(34,50). This time was determined to be 20 ms for our cam-
era-based system (34). Moreover, an exposure time of 20 ms
allowed effective intensity thresholding of the pixels to
separate the cell from the background.

The PMT-mEGFP2/PMT-mEGFP brightness ratio mea-
sured at 20-ms exposure time was determined for total acqui-
sition times from 1 to 100 s. It is variable below 10 s and then
stabilized at�1.8 (Fig. S5). In this work, we used 20 s for all
measurements as a compromise between acquisition speed
and accuracy and precision. Measurements had photobleach-
ing, i.e., a steady decay of intensity, that influences the vari-
ance and thus the calculated N and B values. Therefore, a
photobleaching correction, using a polynomial of second
degree (51,52), is applied to avoid influence of the decaying
intensity on N&B, very similar to fluorescence correlation
spectroscopy (16,53,54). Example B maps and intensity
traces for PMT-mEGFP, PMT-mEGFP2, and EGFR-
mEGFP are shown in Fig. S6 to illustrate the effect of photo-
bleaching on B values.

Brightness calibration of various fluorescent proteins

We performed brightness calibration for seven different FPs
(mTurquoise2 (62), mEGFP (63), mApple (64), mCherry
TABLE 1 Brightness calibration of various fluorescent proteins

Fluorescent protein Monomericity reported in literature, % Brightn

mTurquoise2 88–94 (18,55) P

PM

mEGFP 97–98 (18,56–58)

mApple 87–95 (18,59)

mScarlet 80 (59)

mCherry 69–95 (18,59–61)

mCherry2 not reported in literature yet

mKate2 59–81 (18,59)

The number of pixels in each cell is different due to differential intensity filtering
aThe reported values for B and p are in terms of mean 5 SE.
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(65), mCherry2 (66), mScarlet (59), and mKate2 (67)). It
is critical that the FPs used are predominantly monomeric
and do not have a tendency to form homo-oligomers. The
monomericities as reported in literature for the various
FPs tested in this study are provided in Table 1. mEGFP ex-
hibits a fluorescence probability p of 0.81 5 0.01, which is
the highest among all the tested FPs. Among the other FPs,
p varied between 30% and 65%. These p values are consis-
tent with those reported in previous studies using confocal
microscopy (17,19).

In theory, knowledge of the p value allows any FP of
choice to be used for obtaining reliable oligomerization re-
sults, as we demonstrated comparing mEGFP and mApple
(34). But as can be seen from Table 1, many FPs considered
monomeric are not truly so. FP homo-oligomerization af-
fects the brightness calibration and also introduces uncer-
tainty in the oligomerization estimates of the protein
under investigation. Moreover, FPs with higher p values
are better for visualization of labeled samples since more
molecules are fluorescent. In this study, we used mEGFP,
which is highly monomeric (97%–98% (18,58)) and has
high fluorescence probability (p ¼ 0.81 5 0.01).
EGFR oligomerization in resting state determined by N&B

In resting cells, the mean brightness (BE) of EGFR-mEGFP
is 3.39 5 0.02 (Table 2). The B values of the calibration
controls PMT-mEGFP and PMT-mEGFP2 are 2.32 5 0.01
and 4.21 5 0.02, respectively (Table 1). Since 81%
of mEGFP molecules are fluorescent, rE (refer to
Eq. 5) <1.81 can be explained by a dimerization model,
while a higher oligomerization model is required to explain
rE >1.81. Here, rE ¼ 1.46 is explained using a dimerization
model. This rE value suggests the dimerization of 57% 5
2% of EGFR molecules in resting cells. This is in agreement
with 50%–70% dimerization reported in the resting state for
the same cell line in previous studies (6,32,33,35,68). The
�60% dimerization observed is similar to what we had
ess calibration control Cells Ba pa

MT-mTurquoise2 17 1.83 5 0.02 0.39 5 0.02

T-mTurquoise22 18 2.54 5 0.02

PMT-mEGFP 21 2.32 5 0.01 0.81 5 0.01

PMT-mEGFP2 18 4.21 5 0.02

PMT-mApple 20 1.38 5 0.03 0.53 5 0.03

PMT-mApple2 21 2.11 5 0.02

PMT-mScarlet 19 3.74 5 0.03 0.54 5 0.03

PMT-mScarlet2 15 5.75 5 0.02

PMT-mCherry 16 0.86 5 0.04 0.32 5 0.03

PMT-mCherry2 18 1.14 5 0.04

PMT-mCherry2 15 0.83 5 0.04 0.64 5 0.03

PMT-mCherry22 16 1.36 5 0.04

PMT-mKate2 17 1.17 5 0.04 0.52 5 0.04

PMT-mKate22 18 1.78 5 0.04

in each case, but each cell had at least 3,000 and at most 17,000 valid pixels.



TABLE 2 N&B of EGFR-mEGFP in resting state, after ligand stimulation, and when subjected to various drug treatments

Plasmid construct Treatment Cells BE
a rE

a
Minimum oligomer

order

Fraction of EGFR molecules in oligomers

(eoligo)
a

EGFR-mEGFP Resting 24 3.39 5 0.02 1.46 5 0.01 2 0.57 5 0.02

10 ng/mL EGF 11 3.96 5 0.06 1.71 5 0.03 2 0.87 5 0.04

100 ng/mL EGF 10 5.26 5 0.05 2.26 5 0.03 3 0.78 5 0.02

3 mM LAT-A 10 3.45 5 0.03 1.49 5 0.02 2 0.60 5 0.02

2 mM Myriocin 10 3.70 5 0.02 1.78 5 0.02 2 0.73 5 0.02

3mM MbCD 10 4.13 5 0.04 1.59 5 0.01 2 0.96 5 0.03

3 mM LAT-A þ 100 ng/mL EGF 7 5.72 5 0.30 2.46 5 0.13 3 0.90 5 0.08

3 mM MbCD þ100 ng/mL EGF 5 6.64 5 0.16 2.86 5 0.07 4 0.76 5 0.03

The eoligo calculations uses the results from the brightness calibration for mEGFP, which were pmEGFP¼ 0.815 0.01; Bm (PMT-mEGFP)¼ 2.325 0.01;

and Bd (PMT-mEGFP2) ¼ 4.215 0.02. The number of pixels in each cell is different due to differential intensity filtering in each case, but each cell had at

least 600 and at most 17,000 valid pixels. Parts of these data are also provided again in Tables 3 and S2.
aThe reported values for BE, rE and eoligo are in terms of mean 5 SE.

EGFR oligomerization studied by N&B
observed in our previous publication (34) where we tagged
EGFR with mApple.

The average B values of the cells expressing EGFR-
mEGFP (n¼ 10; Fig. S7) do not vary with EGFR expression
levels. Intensity counts of the images are a qualitative proxy
for expression levels, and our measurements were on cells
whose time-averaged pixel intensities ranged from 500 to
8,000 counts. In camera-based approaches, determination
of numbers of receptors per pixel require calibration mea-
surements (53). This can be achieved through the use of cali-
bration beads with either a known number of antibody-
binding sites (69) or a known number of GFP molecules
(70). The EGFR expression levels in this system were pre-
viously quantified using confocal FCS, showing between
10,000 and 1.6 million receptors per cell (33,68). Measure-
ments in this work fall within the same range. As shown pre-
viously, dimerization levels do not depend on expression
levels (33), and thus we observe similar results here
(Fig. S7).
EGFR oligomerization after low- and high-dose
EGF stimulation

Low- and high-dose ligand stimulation of EGFR was
achieved using 10 and 100 ng/mL EGF, respectively
(Fig. 2). In both cases, there was an increase in BE by 1.17-
and 1.55-fold, respectively, from the resting state. The BE

values of 3.96 5 0.06 (10 ng/mL EGF) and 5.26 5 0.05
(100 ng/mL EGF) (Table 2) correspond to rE values of 1.71
and 2.27, respectively. In the case of 10 ng/mL EGF stimula-
tion, rE ¼ 1.71 is explained by a dimerization model and
translates to 87%5 4% of EGFR receptors forming dimers.

In the case of 100 ng/mL EGF stimulation, rE ¼ 2.27
cannot be explained by a dimerization model. An oligomer-
ization model is invoked to explain the rE value. Using
MOM, the minimum-order oligomer required to explain
rE ¼ 2.27 is a trimer. Hence, this rE value translates to
78% 5 2% of EGFR molecules forming trimers. Note
that this does not imply that only EGFR monomers and tri-
mers are present or that trimers are the dominant oligomeric
species. It is very likely that several oligomeric species are
present (6,35,71), and some studies using homo-FRET have
suggested that tetramers are the dominant oligomeric spe-
cies (41–43,72).
Effects of plasma membrane components on
EGFR oligomerization

EGFR oligomerization was investigated after perturbation
of the cells with various drugs (refer to supporting materials
and methods) that are known to affect EGFR organization
and functioning. The results from all these measurements
are shown in Table 2, and representative schematics and
brightness histograms are shown in Fig. 2.
EGFR oligomerization after actin
depolymerization using LAT-A

After treatment with 3 mM latrunculin A (LAT-A) to test the
effects of actin depolymerization on EGFR clustering
(Fig. 2), we measured a BE of 3.45 5 0.03 (Table 2). The
value of rE of 1.49 thus remained similar to the resting state
with an rE of 1.46, indicating that the cytoskeleton does not
influence EGFR oligomerization. Our results are consistent
with studies using FCCS and fluorescence lifetime imaging
FRET (33,73).
EGFR oligomerization after cholesterol depletion
using MbCD

Numerous studies have reported that a part of the EGFR
population is trapped in lipid domains (6,33,74–80). Since
lipid domains are enriched in cholesterol (81), cholesterol
depletion disrupts these domains. We treated cells with
3 mM methyl-b-cyclodextrin (MbCD) to investigate the ef-
fect of cholesterol depletion on EGFR oligomerization
(Fig. 2). After treatment, the BE value increased to 4.13 5
0.04 (Table 2), which is a 1.2-fold increase from the resting
state. The rE value of 1.78 indicates at least strong dimeriza-
tion with 96% 5 3% of EGFR molecules dimerizing.
Biophysical Journal 121, 4452–4466, December 6, 2022 4457
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FIGURE 2 Brightness distributions of EGFR-mEGFP after ligand stimulation and drug perturbations. (a) This schematic shows EGFR distribution on the
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mers, dimers, and oligomers. A fraction of the EGFR population is trapped in lipid domains. Representative brightness histograms are shown here for the

calibration controls (light pink and gray dashed curves), EGFR-mEGFP in resting state (light green curve), and the results of the drug treatments: (b) 10 and

100 ng/mL EGF stimulation (blue and red curves), (c) actin cytoskeleton disruption with 3 mM LAT-A (brown curve) followed by 100 ng/mL EGF stimu-

lation (dark green curve), and (d) disruption of lipid domains with either 2 mMmyriocin (blue curve) or 3 mMMbCD (purple curve), followed by 100 ng/mL

EGF stimulation (for MbCD-induced cholesterol depletion only; pink curve).
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These results suggest that EGFR oligomerization is hin-
dered by trapping of EGFR molecules in lipid domains.
Depletion of cholesterol perturbs these domains and re-
leases the trapped EGFR molecules. The freed receptors
interact with each other to form oligomers. Other studies
have also reported an increase in EGFR oligomerization
and phosphorylation after cholesterol depletion using both
biochemical (cross-linking, immunoprecipitation) and bio-
physical (FCCS, SMP, immunoelectron microscopy) tech-
niques (6,33,74–80).
EGFR oligomerization after sphingolipid
depletion using myriocin

Sphingolipids are also a core component of lipid domains
(81) and represent an alternative target to perturb these do-
mains. The importance of sphingolipids in EGFR clustering
was investigated using 2 mM myriocin, which interferes
with sphingolipid synthesis (Fig. 2) (81,82). We measured
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a BE value of 3.70 5 0.02 (Table 2), which is a 1.09-fold
increase compared with the resting state with a concomitant
value of rE ¼ 1.60. These data can be explained by 73% 5
2% of EGFR molecules existing in dimers. This indicates
that myriocin treatment is able to free a fraction of the re-
ceptors from the lipid domains and increases their probabil-
ity to interact and oligomerize, although its effect is not as
strong as that of MbCD (83).
EGFR oligomerization upon EGF stimulation
following actin cytoskeleton disruption or
cholesterol depletion

The effects of EGF stimulation were also tested post actin
cytoskeleton disruption and cholesterol depletion (Fig. 2).
While LAT-A-induced actin cytoskeleton depolymerization
by itself had not shown any effect on EGFR oligomerization,
it increased EGFR oligomerization following 100 ng/mL
EGF stimulation. A BE of 5.72 5 0.30 (Table 2) was
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observed, which is 1.69-, 1.66-, and 1.09-fold higher than the
resting state, after LAT-A treatment or after 100 ng/mL EGF
stimulation, respectively. The resulting rE of 2.46 requires a
trimerization model to explain it and translates to 90%5 8%
of EGFR receptors forming trimers.

A similar effect of seen after 100 ng/mL EGF stimulation
following cholesterol depletion using MbCD. The observed
BE of 6.64 5 0.16 (Table 2) is 1.96-, 1.61-, and 1.26-fold
higher than the resting state after MbCD treatment or after
100 ng/mL EGF stimulation, respectively. The resulting rE
of 2.86 requires a tetramerization model to explain it, with
76% 5 3% of EGFR receptors present as tetramers.

An interesting observation that can be seen in Fig. 2 is
that after EGF stimulation following either LAT-A or
MbCD treatment, the histogram peak does not noticeably
shift, but a long right tail develops (also seen as an in-
crease in the mean 5 SE of BE in Table 2). So, while
the MOM only predicts the minimum presence of trimers
or tetramers from the average value over a whole cell, the
histogram indicates there is heterogeneity in EGFR distri-
bution on the cell membrane, with some areas containing
large clusters of oligomer order >4. The tail of the
histogram tapers off at BE values of �14, and the MOM
(Eq. 7 predicts the brightness of a pure octamer sample
as Bo � 15.5) suggests that we observe some clusters con-
taining at least octamers, which is in line with our previous
study (34). This does not rule out the presence of higher-
order oligomers that might be immobile and not detected
by N&B analysis.

The formation of such large clusters after the same pertur-
bations was also reported in a previous publication (74).
This increase in clustering, higher than that achieved from
EGF stimulation alone, is attributed to the fact that choles-
terol depletion or actin cytoskeleton disruption impairs
TABLE 3 N&B of EGFR-mEGFP and EGFR-mEGFP mutants in rest

Mutation Treatment Cells BE
a rE

a
Min

EGFR-mEGFP Resting 24 3.39 5 0.02 1.46 5 0.01

10 ng/mL EGF 11 3.96 5 0.06 1.71 5 0.03

100 ng/mL EGF 10 5.26 5 0.05 2.26 5 0.03

I706Q/

V948R

Resting 28 2.88 5 0.02 1.24 5 0.01

10 ng/mL EGF 10 3.20 5 0.02 1.38 5 0.01

100 ng/mL EGF 10 3.36 5 0.02 1.44 5 0.01

E685A/

E687A/

E690A

Resting 28 2.69 5 0.02 1.46 5 0.01

10 ng/mL EGF 12 3.33 5 0.03 1.16 5 0.01

100 ng/mL EGF 13 4.69 5 0.04 1.43 5 0.02

K642G Resting 21 4.11 5 0.03 1.77 5 0.02

10 ng/mL EGF 13 4.73 5 0.03 2.04 5 0.02

100 ng/mL EGF 12 5.53 5 0.06 2.38 5 0.03

D550-580 Resting 21 3.18 5 0.02 1.37 5 0.01

10 ng/mL EGF 10 3.40 5 0.03 1.47 5 0.02

100 ng/mL EGF 10 3.64 5 0.02 1.57 5 0.01

The eoligo calculations uses the results from the brightness calibration for mEGFP

Bd (PMT-mEGFP2) ¼ 4.215 0.02. The number of pixels in each cell is differen

500 and at most 17,000 valid pixels. The data in the first three rows are also provi
aThe reported values for BE, rE, and eoligo are in terms of mean 5 SE.
EGFR endocytosis, resulting in EGFR clusters remaining
on the cell membrane for a prolonged period of time and
possibly merging into larger clusters (74). These clusters
are also possibly localized at internalization sites (34), and
it would be an interesting direction of future investigation
in the context of EGFR endocytosis.

The results from the different treatments indicate that
EGF stimulation influences EGFR clustering more strongly
compared with the actin cytoskeleton and lipid domains. In
fact, the effect of ligand stimulation becomes even more
pronounced after actin cytoskeleton disruption or choles-
terol depletion. The EGF-induced clustering in choles-
terol-depleted cells is stronger than in cytoskeleton-
disrupted cells, which might arise due to the receptors being
able to cluster more easily after being initially freed by the
disruption of lipid domains.
Effects of EGFR residues on EGFR
oligomerization

Here, we investigate the importance of various regions in
EGFR molecules in EGFR clustering by creating point
and deletion mutants in those regions. The mutants were
tested in the resting state and after low- and high-dose
EGF stimulation.

Four mutants were created: EGFRI706Q/V948R-mEGFP
(84), EGFRE685A/E687A/E690A-mEGFP (85), EGFRK642G-
mEGFP (86), and EGFRD550-580-mEGFP (87). The results
from the N&B of these mutants are shown in Table 3, and
representative brightness histograms are shown in Fig. 3.
Furthermore, Western-blot-based phosphorylation assays
were conducted to corroborate the N&B data from a
biochemical perspective, and the results are shown in
Fig. S8.
ing state and after EGF stimulation

imum oligomer

order

Fraction of EGFR molecules

in oligomers (eoligo)
a

Relative phosphorylation

(Fig. S8)

2 0.57 5 0.02 0

2 0.87 5 0.04 NA

3 0.78 5 0.02 1

2 0.29 5 0.01 0.1

2 0.46 5 0.02 NA

2 0.55 5 0.02 0.1

2 0.19 5 0.01 0

2 0.53 5 0.02 NA

3 0.63 5 0.02 1.8

2 0.95 5 0.03 0.4

3 0.64 5 0.02 NA

3 0.85 5 0.02 6.4

2 0.45 5 0.02 0.2

2 0.58 5 0.01 NA

2 0.70 5 0.02 0.1

, which were pmEGFP¼ 0.815 0.01; Bm (PMT-mEGFP)¼ 2.325 0.01; and

t due to differential intensity filtering in each case, but each cell had at least

ded in Table 2. Parts of these data in this table are also provided in Table S2.
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EGFRI706Q/V948R-mEGFP: TKD double mutant with
impaired activator and receiver function

The mutations I706Q and V948R are located on the N-termi-
nal and C-terminal lobes, respectively, in the tyrosine kinase
domain (TKD) of EGFR. These mutations disrupt the asym-
metric dimer interface formed by EGFR kinase domains and
cause the loss of activator and receiver functions, respectively,
leading to reduced phosphorylation and activation (84,88).

The average brightness of this mutant in the resting state
is B

IQ=VR
E ¼ 2.885 0.02 (Table 3), which is a 1.2-fold reduc-

tion compared with BE of EGFR-mEGFP in the resting state.
The r

IQ=VR
E ¼ 1.24 is explainable by the dimerization of

29%5 1% of EGFR molecules. This is a twofold reduction
compared with the 57%5 2% dimerization seen in the non-
mutated receptor. The dimerization in the resting state is not
completely abolished, suggesting that other EGFR residues
and/or the plasma membrane environment are also involved
in the formation of preformed EGFR dimers. Our results are
in agreement with earlier reports using FCCS and SMP,
which showed that resting-state oligomerization was
reduced compared with EGFR-mEGFP (33,87).
The kinase domain lobes are required
to maintain EGFR oligomerization

EGFRI706Q/V948R-mEGFP EGFRE685A/E687A/E

EGFRK642G-mEGFP EGFR∆550-580-

Negative cooperat
the presence of pre

GM3 inhibits EGFR oligomerization
and aberrant activation

Dimerization in ins
oligomerization is neces

I706Q
V948R

K642G

TKD mutant that has impaired
activator and receiver functions.

JMD mutant th
negative cooperativity

ECD mutant that cannot bind GM3 ECD mutant that 
to dimerize but no

E
E
E

∆
  

a b

dc
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Upon 10 ng/mL EGF stimulation and 100 ng/mL EGF
stimulation, B

IQ=VR
E increases to 3.20 5 0.02 and 3.36 5

0.02 (Table 3), which are a 1.1-fold and 1.2-fold increase,
respectively, from the resting state. The r

IQ=VR
E of 1.38 and

1.44 translates to 46% 5 2% and 55% 5 2% dimerization,
respectively.

The phosphorylation assay showed very low phosphory-
lation in the resting state (Fig. S8, lane 9). Unlike in the
case of EGFR-mEGFP (Fig. S8, lanes 5 and 6), there was
also no increase in phosphorylation observed after 100 ng/
mL EGF stimulation (Fig. S8, lane 10) (84,87). The results
imply that the N-terminal activator and C-terminal receiver
lobes are involved in the formation of EGFR dimers in both
resting and activated state.
EGFRE685A/E687A/E690A-mEGFP: JM-A triple mutant
lacking negative cooperativity in EGF binding

EGFR exhibits negative cooperativity in EGF binding
(85,89–92). The presence of negative cooperativity suggests
the presence of preformed dimers, as monomers cannot
690A-mEGFP

mEGFP

ivity requires
formed dimers

ufficient and
sary for activation

at has lost
 in EGF binding

is predicted
t oligomerize

685A
687A
690A

550-
580

FIGURE 3 Brightness distributions of EGFR-

mEGFP mutants. (a–d) Representative brightness

histograms are shown here for the calibration con-

trols (cream and gray dashed curves), EGFR-

mEGFP in resting state (green curve), and EGFR

mutants in resting state (blue curve) and after ligand

stimulation (red curve). The 100 ng/mL EGF treat-

ment curves for EGFRE685A/E687A/E690A-mEGFP

and EGFRK642G-mEGFP have brightness values

higher than the dimer calibration control that indi-

cate the formation of higher-order oligomers.
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explain cooperativity. The juxtamembrane domain (JMD)
has been shown to interact with PIP2 (26,93,94) and is
also crucial in maintaining negative cooperativity. Three
glutamine residues in the juxtamembrane-A (JM-A)
domain are predicted to be involved in interhelical salt
bridges to stabilize the helical dimer. A triple mutant
(E685A/E687A/E690A) that removes these ionic interac-
tions has been shown, using radioligand binding assays, to
result in a loss of negative cooperativity in EGF binding
(85). This mutant was tested by N&B to directly observe
if EGFR dimerization was affected.

The average B in the resting state is B3EA
E ¼ 2.69 5 0.02,

which is a 1.3-fold decrease from BE of EGFR-mEGFP
in the resting state. The r3EAE ¼ 1.16 is explainable by
19% 5 1% of EGFR molecules forming dimers. This is a
threefold reduction compared with the 57% 5 2% dimer-
ization seen in the nonmutated receptor. Upon 10 ng/mL
EGF stimulation, B3EA

E increases to 3.33 5 0.03 (Table 3),
which is a 1.2-fold increase from the resting state. The
r3EAE ¼ 1.43 is explainable by a dimerization model and
translates to 46% 5 2% EGFR molecules being present
as dimers. Upon 100 ng/mL EGF stimulation, B3EA

E in-
creases to 4.69 5 0.03 (Table 3), which is a 1.7-fold in-
crease from the resting state. The r3EAE ¼ 2.02 cannot be
explained by a dimerization model since r3EAE >1.81. The
minimum-order oligomer required is a trimer with 63% 5
2% EGFR molecules being present within trimers.

The phosphorylation assay showed no phosphorylation in
the resting state (Fig. S8, lane 11). Upon 100 ng/mL EGF
stimulation, increased phosphorylation was observed
(Fig. S8, lane 12), similar to the case of EGFR-mEGFP
(Fig. S8, lanes 5 and 6). The results imply that the three
JM-A residues are involved in the formation of preformed
dimers and that mutating these residues destabilizes EGFR
dimers. Thus, negative cooperativity is linked to the pres-
ence of preformed dimers, and the loss in negative cooper-
ativity, as observed earlier by radioligand binding assays, is
validated by the quantification in this study. There is �20%
dimerization still present in the resting state, which indicates
the involvement of other EGFR residues and/or plasma
membrane components in maintaining EGFR preformed di-
mers. Furthermore, the EGFR molecules are able to oligo-
merize and be phosphorylated after EGF stimulation. This
suggests these JM-A residues either do not interfere with
the formation of activated EGFR dimers or that their effects
are overcome by other interactions in the EGF-bound
receptor.
EGFRK642G-mEGFP: ECD mutant insensitive to
GM3 inhibition

The ganglioside GM3 has been shown by cross-linking,
Western-blot phosphorylation assays and FRET to bind
to EGFR and suppress oligomerization and autophosphory-
lation in the absence of EGF, thereby preventing aberrant
activation of the receptor (86,95–98). The GM3-EGFR
interaction is mediated through a membrane proximal lysine
located in the subdomain IV of the extracellular domain
(ECD). Mutation of this residue to glycine (K642G) was
shown to remove GM3 binding to EGFR by simulations
(97) and in phase-separated liquid-disordered/liquid-or-
dered proteoliposomes (86). To complement these previous
biochemical studies on purified systems, we tested this
mutant by N&B in CHO-K1 cells (GM3 makes up
0.30% 5 0.15% of total phospholipid content in this cell
line (99)) to determine whether GM3-EGFR interactions
are involved in EGFR clustering in live cells.

The average B in the resting state is BKG
E ¼ 4.11 5 0.03

(Table 3), which is a 1.2-fold increase from BE of EGFR-
mEGFP in the resting state. The rKGE ¼ 1.77 is explained by
the dimerization of 95%5 3%EGFRmolecules. Upon stim-
ulation using 10 ng/mL EGF and 100 ng/mL EGF, BKG

E

increased to 4.735 0.03 and 5.535 0.06 (Table 3), respec-
tively. This represents a 1.2- and 1.4-fold increase from the
resting state, with rKGE being 2.04 and 2.38, respectively.
The minimum-order oligomer required to explain the data
is a trimer. Using MOM, rKGE ¼ 2.04 and rKGE ¼ 2.38 is ex-
plained by the trimerization of 64% 5 2% and 85% 5 2%
of EGFR molecules, respectively.

These results in live cells are in agreement with earlier
observations in phase-separated proteoliposomes (86). The
K642G mutation renders EGFR insensitive to GM3 inhibi-
tion and causes an increase in resting-state dimerization
and phosphorylation. The results are also in line with the in-
crease in dimerization observed after disruption of lipid do-
mains, of which GM3 is presumably a component (100).

Given the variability in GM3 concentration across cell
lines, it would be interesting to investigate whether there
is a negative correlation between EGFR dimerization pro-
portions and GM3 concentrations in the resting state using
N&B in the future.

The phosphorylation assay showed a small increase in
phosphorylation in the resting state (Fig. S8, lane 13)
when compared with EGFR-mEGFP in the resting state
(Fig. S8, lane 5). Stimulation with 100 ng/mL EGF resulted
in high phosphorylation (Fig. S8, lane 14). This indicates
that while release of GM3 inhibition allows EGFR to
dimerize, EGF binding plays a role in forming higher-order
oligomers that are necessary to properly activate the recep-
tor. The requirement for higher-order oligomers to activate
EGFR signaling has been suggested by other studies as
well (35,41–43,45,46,72), and this theory is further tested
by a multimerization-deficient mutant.
EGFRD550-580-mEGFP: Multimerization-deficient
ECD deletion mutant

The residues from 550 to 580 in domain IV of EGFR have
been predicted by simulations to be involved in multimeri-
zation but not dimerization of EGFR. SMP measurements
Biophysical Journal 121, 4452–4466, December 6, 2022 4461
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in Xenopus oocytes revealed that several point mutations in
this region resulted in reduced multimerization, reduced
phosphorylation, and similar dimerization compared with
wild-type EGFR (87). We created an EGFRmutant by delet-
ing the entire region containing the residues 550 to 580 and
probed it by N&B.

The average B in the resting state is B3EA
E ¼ 3.18 5 0.02

(Table 3), a 1.1-fold decrease from EGFR-mEGFP in the
resting state. The r3EAE ¼ 1.37 translates to 45% 5 2% of
EGFR molecules forming dimers. This is a 1.3-fold reduc-
tion compared with the 57% 5 2% dimerization seen in
the nonmutated receptor. Upon 10 and 100 ng/mL EGF
stimulation B3EA

E increases to 3.40 5 0.03 and 3.64 5
0.02 (Table 3), which is a 1.1- and 1.2-fold increase, respec-
tively, from the resting state. The corresponding r3EAE of 1.47
and 1.57 can be explained by the dimerization of 58%5 1%
and 70% 5 2% of the EGFR molecules, respectively.

The phosphorylation assay showed very low levels of
phosphorylation in the resting state (Fig. S8, lane 15).
Upon 100 ng/mL EGF stimulation, no increase in phosphor-
ylation was observed (Fig. S8, lane 16), unlike in the case of
EGFR-mEGFP (Fig. S8, lanes 5 and 6).

The average dimerization of the mutant (45% 5 2%) is
less than that of EGFR-mEGFP (57% 5 2%). This reduc-
tion was also seen using SMP in an earlier study, where
computational modeling indicated that the formation of
higher-order preformed oligomers is disrupted but dimeriza-
tion is mostly unaffected (87). Moreover, the results of EGF
stimulation for this mutant can be explained using an MOM
model of order two, unlike the nonmutated receptor that
required order three. This indicates that while some dimer
formation probably occurred, higher-order oligomerization
could not be induced by EGF stimulation. Furthermore, no
increase in phosphorylation is observed after 100 ng/mL
EGF stimulation.

Put together, the data suggest that the region containing
residues 550 to 580 is involved in multimerization of
EGFR and that dimer formation alone is insufficient to phos-
phorylate EGFR. This points toward a model where EGFR
multimerization is necessary to activate the receptor through
phosphorylation and initiate downstream signaling. This is
consistent with other studies that have also reported that di-
mers are not sufficient and that higher-order oligomers like
tetramers are necessary for EGFR signaling (35,41–
43,45,46,72). It must be noted that we only report reduced
oligomerization and phosphorylation in this study. The effect
on actual receptor activation needs further experimental evi-
dence through observation of recruited downstream proteins.
Effects of actin cytoskeleton disruption and
cholesterol depletion on the mutants

We studied the effects of actin cytoskeleton depolymeriza-
tion using 3 mM LAT-A, cholesterol depletion using 3 mM
MbCD, and 100 ng/mL EGF stimulation following these
4462 Biophysical Journal 121, 4452–4466, December 6, 2022
treatments on the EGFR mutants. The results are shown in
Table S2. The results for all mutants showed a similar trend
in oligomerization to that seen with EGFR-mEGFP upon
similar treatments. EGFR oligomerization after actin cyto-
skeleton depolymerization was similar to the resting state,
indicating that the actin cytoskeleton did not significantly
influence oligomerization (33,73). There was an increase
in clustering after cholesterol depletion, indicating that the
receptors cluster after being released from lipid domains
(6,33,78). Interestingly, the EGFRK642G-mEGFP mutant
also showed an increase in clustering after cholesterol
depletion despite loss of interaction with GM3, which is pre-
sumably associated with lipid domains (100). This indicates
that GM3 interaction might not be solely responsible for
EGFR trapping in lipid domains, and there might be other
components and mechanisms that play a role.

Finally, 100 ng/mL EGF stimulation after either of these
treatments increased EGFR clustering further, to levels
higher than those achieved with ligand stimulation alone.
Thus, the mutants confirm this effect that was initially
observed with EGFR-mEGFP. This more pronounced clus-
tering is possibly due to impairment of EGFR endocytosis
by cholesterol depletion or actin cytoskeleton disruption,
which causes EGFR clusters to remain on the cell mem-
brane for a prolonged period of time and to merge into larger
clusters (74). Also, as seen with EGFR-mEGFP, the extent
of clustering for the EGFR mutants is more pronounced in
cholesterol-depleted cells compared with cytoskeleton-dis-
rupted cells. This implies that cholesterol depletion releases
the receptors from lipid domains, which allows them to clus-
ter more after EGF stimulation.

The extent of this clustering was different for all the
mutants. The triple mutant lacking negative cooperativity
(EGFRE685A/E687A/E690A-mEGFP) and the GM3-inhibition-
insensitive mutant (EGFRK642G-mEGFP) responded simi-
larly to EGFR-mEGFP and showed the formation of large
clusters, with the MOM requiring either trimers or tetramers
to explain the data (Table S2).

The double mutant with impaired activator and receiver
functions (EGFRI706Q/V948R-mEGFP) and the multimeriza-
tion-deficient mutant (EGFRD550-580-mEGFP) also showed
some clustering but to a lesser extent than EGFR-
mEGFP, with dimers being sufficient to explain the data
(Table S2). In conjunction with the data showing that both
these mutants oligomerize less strongly than EGFR-
mEGFP (Table 3), this suggests that EGF-induced clustering
in actin cytoskeleton-disrupted or cholesterol-depleted cells
may not be driven by oligomerization alone but possibly in-
volves grouping of receptors at internalization sites and
nonspecific aggregation.
Summary of results

In summary, EGFR oligomerization is influenced by both its
structural features and the plasma membrane environment,
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and we have quantified the oligomerization using camera-
based N&B. In the resting state, EGFR molecules are pre-
sent as monomers and dimers, and we estimate the dimer
fraction to be comprised of �60% of the receptor popula-
tion. That said, we cannot exclude the presence of a small
amount of higher-order oligomers, as we have shown in a
recent study (34). Other previous studies (6,33,74–79)
have shown that cholesterol- and sphingolipid-rich lipid do-
mains trap a fraction of the EGFR population and prevent
aberrant clustering and activation of the receptor in the
resting state. Our quantification shows that disrupting the
lipid domains through either cholesterol depletion or sphin-
golipid removal increases EGFR dimerization. On the
other hand, cytoskeletal disruption does not affect EGFR
dimerization.

Residues I706 and V948 are located in the activator and
receiver lobes in the TKD, respectively, and are required
for EGFR phosphorylation (84,88) and linked to EGFR
dimerization (33,87). The results here show that they stabi-
lize the dimeric form of the receptor both before and after
activation. Mutations to residues E685, E687, and E690 in
the JM-A domain show reduced dimerization, corroborating
their involvement in negative cooperativity in ligand bind-
ing (85). Furthermore, as observed in proteoliposomes
earlier, we show in live cells that abolishing GM3 interac-
tion with EGFR through mutation of K642 in the ECD
(86) increases receptor dimerization and phosphorylation,
suggesting that GM3 acts in an inhibitory fashion to
prevent aberrant receptor dimerization and phosphorylation
(95–98). Additionally, we also confirm the predictions from
simulations that the structural requirements of dimerization
differ from those of multimerization and involve different
regions of the ECD. For EGFR phosphorylation (and pre-
sumably activation), dimerization is insufficient, and oligo-
merization is necessary.

Finally, we show that EGF stimulation after cholesterol
depletion or actin cytoskeleton disruption results in the for-
mation of larger clusters than those achieved by ligand stim-
ulation alone and that this clustering is driven not solely by
oligomerization but possibly involves a combination of olig-
omerization, grouping of receptors in internalization sites,
and nonspecific aggregation.
CONCLUSION

The determination of membrane protein oligomerization
is an important task in fluorescence microscopy that is
complicated by the photophysical properties of fluoro-
phores, resulting in dark states, and the labeling process,
which is not complete. The measurement of oligomeriza-
tion therefore requires careful calibration. Here, we opti-
mized N&B on a TIRFM setup using EMCCD cameras.
We determined the probability of fluorescence of some of
the most commonly used fluorescent proteins within the
system with results that are consistent with confocal N&B
measurements (19). Brightness calibration allows us to ac-
count for the dark fraction and improve the accuracy of
the oligomerization estimates. This calibration procedure
is easy to perform, and the determined values here can be
directly applied.

Camera-based N&B yields diffraction-limited oligomer-
ization maps of �1,000 mm2 obtained in a measurement
time of 20 s, and almost real-time analysis (�1 s) using
GPU-based parallel processing, suitable for live-cell inves-
tigations. We are thus able to quickly visualize and quan-
tify the heterogeneity in EGFR distribution on the cell
membrane and any changes upon perturbation unlike
many studies, which are limited to studying a single point
of interest at a time. Using optimized and calibrated-
camera-based N&B to investigate EGFR oligomerization,
we determined that it is the result of a complex inter-
play of intrinsic structural features of the receptor and
extrinsic factors including cell membrane organization
and composition. We thus provide supporting evidence to
those conditions already studied by other groups and add
information on the other conditions. Since EGFR is well
studied, the fact that we can reproduce the results from
other time-consuming studies often performed in vitro
with similar results in live cells in a much shorter time
demonstrates the validity and utility of the technique for
future studies. N&B has future applications in investigating
clustering in live cells for other membrane proteins and can
be extended to other camera-based imaging modalities,
other cameras (34), and other samples.
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