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Unligated Epidermal Growth Factor Receptor Forms Higher Order Oligomers
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ABSTRACT. Characterization of the association states of the unligated epidermal growth factor receptor
(EGFR) is important in understanding the mechanism of EGFR tyrosine kinase activation in a tumor cell
environment. We analyzed, in detail, the association states of unligated, immunotagged EGFR on the
surface of intact epidermoid carcinoma A431 cells, using AlexaFluor488 and AlexaFluor546 anti-EGFR
antibody, mAb528, as probes. Image correlation microscopy revealed the presence of unligated EGFR in
submicron scale clusters containing an average of300receptors (mean cluster densiy32 + 9 clusters

per square micron). Lifetime-basedrBter resonance energy transfer (FRET) techniques as a function of
acceptor:donor labeling ratio disclosed a clustering of the unligated EGFR in clusters containing an average
of four receptors on the nanometer}0 nm) scale. The relationship between the nanoscale and submicron
scale associations was determined using a new analysis that combines nanoscale information from lifetime-
detected FRET imaging with submicron scale information obtained with image correlation microscopy.
This analysis revealed the presence of monomers (or small oligomers) and larger clusters containing 15
30 receptors that were partially associated on the sub-10 nm scale. Pretreatment of the cells with the
tyrosine kinase inhibitor AG1478 caused a partial dispersal of the submicron clusters (mean cluster density
= 85 + 15 clusters per square micron; mean degree of associatidr10 receptors per cluster) and
reduced the level of FRET down to our limit of detection. These results are consistent with a higher order
nanoscale receptor organization of the unligated receptor population that is partially controlled by the
kinase domains. The ramifications of the results to mechanisms of EGFR activation in a tumor cell
environment are discussed.

The epidermal growth factor receptor (EGEFR} a 18) and/or by ligand-induced dimer formatioh<3). Three-
member of the epidermal growth factor (EGF) receptor dimensional structural datd%), biochemical cross-linking
tyrosine kinase family X, 2). Aberrant signaling from the  studies 16), single molecule imagingl{), and FRET (8)
EGFR network contributes to a number of processes studies are usually interpreted in terms of EGFR dimers. On
important to cancer development and progression, includingthe other hand, studies directed at the cell membrane have
cell proliferation, apoptosis, angiogenesis, and metastaticrevealed a more complex pattern of receptor association.
spread. EGFR overexpression and truncatijrh@ve both  Recent microscopy studies of EGFR expressed at normal
been observed in common cancers including brain, lung, |evels at the cell surface have shown that ligand-free EGFR
breast, colon, and prostate, giving credence to the notion thats gimeric and undergoes a further oligomerization to form
a molecular understanding of EGFR activation in a tumor pigher order oligomers (tetramers) in the presence of EGF
ceII'enV|ronment will yield opportunities for developing new (31, 32). An even higher level of (submicron scale) organiza-
anticancer drugle. o tion is present on tumorgenic cell lines which overexpress

T_he mechamsm of_act|va_1t|or_1 of the_ EGFR has been the erbB receptors. Image correlation spectrosca®), (phos-
subject of extensive investigations. Ligand-induced EGFR phorescence anisotropy decay measurem@f)sgnd scan-
activation is thought to occur within preformed dimets ( . ' . .

ning near-field optical microscopy (on erbB21j detect
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To determine a mechanism of ligand-dependent or ligand- assured for binding to EGFR by using semiquantitative flow
independent receptor activation in a tumor cell environment cytometry analysis on A431 cells. In all experiments an
requires knowledge of the spatial organization of the unli- irrelevant isotype-matched antibody was labeled as above
gated receptor population on the cell surface. Our studiesand used to confirm specificity.
are designed to (1) probe the distribution of unligated Cell Staining and Fixation Protocol for mAb528 Fluo-
receptor in A431 cells using a ligand-blocking antibody, (2) rescent Conjugate®ntibodies have the potential to cross-
develop a hybrid microscopy that could distinguish between link proteins and influence the multimerization state of the
(a) nanometer scale association independent of higher ordeEGFR. To avoid this occurrence, the cells were gently fixed
clustering, (b) nanometer scale association enhancement irbefore addition of labeled antibody. A431 cells were seeded
higher order clusters, or (c) nanometer scale associationinto 12-well plates containing 18 mm round glass coverslips
reduction in higher order clusters, and (3) determine the and grown overnight. Media were removed, and cells were
influence of the tyrosine kinase inhibitor AG1478 on the washed once with phosphate-buffered saline, pH 7.4 (PBS),
distribution of unligated receptors. To this end we employed and fixed for 10 min at room temperature with 4% paraform-
lifetime-based FRET microscopy 1, 31) to detect nanom-  aldehyde in PBS. After being washed, cells were blocked
eter scale associations, image correlation microscopy towith 3% human serum albumin in PBS for 30 min and then
detect higher order clustering on the submicron scéle (  incubated with different ratios of AlexaFluor488/546-labeled
10), and a hybrid analysis to determine the relationship mAb528 for 20 min at room temperature in the dark. Cells
between the two types of association. were then washed sequentially with PBS, Milli-Q;® and

Our analysis, using Alexa488- and Alexa546-labeled anti- ethanol before mounting in DPX. Previous studies have
EGFR antibody, mAb528, as probes of receptor associationshown that this mounting procedure does not significantly
in the absence of exogenous ligand suggests that the EGFRerturb the distribution of membrane proteirg)(
is present in at least three different states differing in degree Laser Scanning Confocal Microscopsnages representing
of nanoscale and submicron scale clustering on the surfacemembrane-associated EGFR were collected using a Bio-Rad
of A431 cells. The analysis is consistent with tetramers (or MRC 1000 scanning fluorescence confocal microscope
higher order oligomers) of unligated EGFR which are (Nikon Plan Apo, 6& NA 1.4 oil immersion lens, zoons
assembled in complexes containing a total number of 10 10, pinhole= 2.4) with FITC emission optics (excitation
30 receptors on the submicron scale. A pool of lower order 488 nm, emission 520/22 nm band-pass). Each image was
clusters (monomers, dimers, or heterooligomers with erb2, the accumulation of greater than 50 scans in the photon
-3, or -4 incapable of undergoing FRET) is also present counting mode.
within the FRET clusters and in spatially distinct areas on  Fluorescence Lifetime Imaging Microsco.IM experi-
the cell surface. The observation of higher order clusters in ments were carried out using instrumentation and procedures
unligated receptors in A431 cells is distinctly different from as outlined previously3Q).
the situation of EGFR expressed at a normal level in BaF/3 Image Correlation MicroscopySpatial autocorrelation
cells wherein EGFR is clustered as lower order clusters analysis 4, 40) of the confocal microscopy images was
(dimers and monomers) in the absence of ligagd).( carried out as previously describe?ll). This analysis yields
Tyrosine kinase inhibition with AG1478 was shown to the average number of clusters per square micron (or cluster
disperse the large clusters and alter the orientation and/ordensity, [CD[), which is related to the amplitude of the
separation of the probes on the nanometer scale. These resulsutocorrelation functiong{0)] and the width of the auto-
are consistent with a nascent hierachical receptor organizationcorrelation function @) by the equation:
of the unligated receptor population that can be perturbed

by binding of AG1478 in the ATP binding site of the kinase. [CD[ = [g(o)(nwz)]‘l (1)
The ramifications of the results to mechanisms of EGFR
activation in a tumor cell environment are discussed. FRET-FLIM-ICS.The qualitative concept of FRET-FLIM-

ICS is illustrated schematically in Figure 1. Donor-labeled
EXPERIMENTAL PROCEDURES molecules engaged in nanoscale interactions (FRET) with
Preparation of mAb528 Alexa488 and Alexa546 Fluores- acceptor-labeled molecules show a distinctly different donor
cent ConjugatesmAb528 was produced and purified to fluorescence lifetime to those not undergoing nanoscale
greater that 95% homogeneity by protein A affinity followed interactions. Using modulated excitation and a phase-
by size exclusion chromatography in our Biological Produc- sensitive detector, the fluorescence from both FRET mol-
tion Facility (Ludwig Institute for Cancer Research, Mel- ecules and non-FRET molecules can be imaged using FLIM.
bourne, Australia)Z22). Quality and purity of the antibody = Because of the different lifetimes of the FRET and non-FRET
were confirmed by SDSPAGE. mAb528 was directly  states, each will have a characteristic intensity profile as a
labeled with AlexaFluor488 or AlexaFluor546 dye using the function of phase delay between excitation and detector. The
appropriate monoclonal antibody labeling kit (Molecular basis of separating the nanoscale- from the nonnanoscale-
Probes/Invitrogen, Melbourne, Australia) according to the interacting proteins relies on using a phase-suppresign (
manufacturer’s instructions. Efficiency of labeling was 26) software approach that effectively nullifies the contribu-
assessed by determining the moles of dye bound to molestions of FRET states from the total, leaving only the emission
of protein using the formula (A294x dilution factor)/ from the non-FRET molecules and vice versa. This is a
(extinction coefficient of dyex protein concentration (M)),  generalization of procedures used previously to obtain images
where the extinction coefficients for AlexaFluor488 and of different lifetime states3g). Once fluorescence images
AlexaFluor546 are 71000 and 104000 énM ™1, respec- representing FRET and non-FRET states are separated, these
tively. The fluorophore-antibody conjugates were quality can then be processed using spatial correlation techniques
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FRET-FLIM LIFETIME-SUPPRESSED Ics (I9RET) and non-FRET fluorescencdI{°™ FRET), the degree
(intensity modulated)  INTENSITY IMAGES SPATIAL CORRELATION of aggregation ratio can be calculated:
SHORT LIFETIME o 4

(FRET) °

wherey = lifetime of non-FRET/lifetime of FRET.
Spatial cross-correlation analysis between images repre-

® © senting FRET and non-FRET statgields the degree of
PY —_— spatial correlation between FRET and non-FRET states. The
LONG LIFETIME — ® °® density of clusters containing both FRET and non-FRET

(NON-FRET) states is given bylQ)

Ficure 1: Basis of FRET-FLIM-ICS microscopy. Fster resonance
energy transfer (FRET) from a donor molecule to an acceptor
molecule causes a decrease in the excited-state lifetime of the donor (6)
molecule. Phase-modulation methods can separate short- (FRET) e

and long-lived emitters (non-FRET) on the basis of their differing =~ Classification Scheme Based on FRET-FLIM-IGSthe

phase and modulation. When taken into the cell and imaged by context of lateral organization of membrane proteins the
fluorescence lifetime imaging microscopy (FLIM), the fluorescence  FRET-FLIM-ICS parameters can be used to broadly classify
contributions from the FRET and non-FRET states can be separatedthe nanoscale and submicron scale associations of membrane

Spatial correlation methods, image correlation spectroscopy (ICS), . . -
can then be applied to the FRET and non-FRET images fo yield proteins. A general, but necessarily approximate, model must

the density of FRET and non-FRET clusters, the relative degree of incorporate dim (small) and bright (large) SmeinOF_‘ 3.03-'9_
aggregation of the FRET and non-FRET clusters, and the degreeclusters as well as the presence of nanoscale associations in

of spatial correlation between the FRET and non-FRET clusters. some or all of the clusters. Three main types of lateral

CDnorFFRET/FRET: CDnomFRETg(O)nomFRET/FRE'I]g(O)FRET

(4—10, 19) to determine the cluster density, the degree of
association ratio, and the degree of spatial correlation
between FRET and non-FRET molecules.

The protocol for determining the FRET and non-FRET
resolved parameters is given below. A detailed discussion
is given in the Supporting Information. Only the key
equations are given here.

Separate FRET from non-FRET states and represent as

organization are possible:
Class I: nanoscale (FRET) associations have equal prob-
ability in small and large submicron scale clusters:

CDnon—FRET/FRET= CDFRET= CDnon—FRET

Class Il: nanoscale associations (FRET) are enhanced in
large clusters relative to small clusters:

DAFRET/DAnorFFRET >1

FRET-associated and non-FRET-associated fluorescence

images.
The fractional fluorescence due to the FRET signal at each
pixel is given by £6)

Bxy) = [M™Tcosg)(xy) — M™" "=Tcos@))/
[MFRET cosgr) — M™™ FRETcos)] (2)

whereMnn-FRET cosgp) andMFRET cosgp) denote the cosine
transforms characteristic of the non-FRET and FRET states
and are constants.

The FRET-associated fluorescence imab&\)™ %" is
obtained by multiplying the fractional fluorescence due to
FRET at each pixelq(x,y)] by the total fluorescence at each
pixel, i.e.

106y) 5T = By (xy) ®3)

10ey)"™E =1 = Byl (xy) (4)

The procedure is similar for the non-FRET states (see eq
4).
From these images the mean FRET and non-FRET
fluorescence can be obtained.

Calculation of the Ratio of the Degree of Aggregation of
FRET Clusters to Non-FRET Cluste&patial autocorrelation

Class lll: nanoscale associations (FRET) are reduced in
large clusters relative to small clusters:

RESULTS

EGFR Clustering on the Submicron Scdleage correla-
tion microscopy has been used previously to determine the
aggregation states of immunotagged EGFR on the surface
of A431 cells which overexpress the EGFR3) x 10°
receptors]. The results indicated that the total EGFR popula-
tion is highly clustered (cluster densities 10—19 clusters
per square micron and degree of aggregatiori0—33
receptors per cluster) on the submicron sca®.(We used
image correlation spectroscopy to determine the submicron
scale clustering and average degree of aggregation of the
unligated EGFR population using fluorescently tagged
mADb528. Monoclonal antibody 52&89) has been used as a
competitive antibody for EGF binding to the human EGFR
and binds specifically to the L2 domain (domain 3) on the
extracellular domain of the receptor. Figure 2A shows the
characteristic membrane staining for EGFR in A431 cells
labeled with the mAb528Alexa488 conjugate. Figure 2B
illustrates a typical membrane section of an A431 cell stained

analysis (eq 1) on the fluorescence images representing FREWwith Alexa488-mAb528 obtained at high magnification and

and non-FRET states yields the cluster density of the FRET
states (CDRET) and the cluster density of the non-FRET (CD
non-FRET) states. Together with the mean intensity of FRET

Figure 2C the corresponding computed autocorrelation
function. The average density of clusters was-323 per
square micronr( = 6), and the correlation function width
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at the sites of cell-to-cell contact. The donor lifetime image
shows a relatively uniform spatial lifetime distribution at the
resolution of the camera employed, as also revealed by the
tight distribution of lifetimes in the donor histogram. Clear
evidence of FRET can be seen by the shift of the donor-
detected lifetime histogram (34t 0.2 ns) to a shorter value

in the presence of acceptor (270.2 ns).

The results from FRET-FLIM experiments carried out at
several acceptor:donor mole ratios are depicted in Figure 3B.
The data are represented using the AB-plot proc&8s ffor
_ a simple two-component system (i.e., monos@imer
B . LA e equilibrium) the AB plot should conform to a linear

: : 3 relationship 26) because only two donor states (doror
donor and donotacceptor) are present in such a system. A
nonlinear plot would imply that FRET occurs within EGFR
complexes containing more than two differently labeled
antibodies. We have approached analysis of the FRET-FLIM
AB plot using two different theoretical models as detailed
in the Supporting Information. In the context of a simple
oligomer model, the tetramer model (Figure 3B, right panel,
with 90% tetramer and 10% non-FRET fluorescence) shows

C 0.18- an improved fit compared to a monomatimer model
c 0461 [Figure 3B, left panel (eqs S16520)]. In the second model,
L o4 the two-compartment quenching model, there is a fraction
a5 %17 of Alexa488-mAbs inaccessible to FRET quenching by
= Alexa546-mAb (monomers or oligomers with unfavorable
§ o] FRET geometries) and a distinct fraction which is accessible
< o4 to FRET quenching by acceptemAb528. This model can
< 0021 account for the curved AB plot and yields a quenchable
0 - - - : - - - fraction of 66% and a nonquenchable fraction of 33%.
o 5 10 15 200 2% 30 3B However, a random association of monomers within the
Displacement (pixels) quenchable fraction is not consistent with the data. This

Ficure 2: (A) Confocal image of EGFR immunotagged with suggests that the receptor is nonrandomly clustered as higher
mAD528-Alexa488 on A431 cells. The image represents a order oligomers.
maximum intensity projection of a 3D stack. The scale bar length  Relationship between Nanoscale and Submicron Scale
represents 4@m. (B) High-resolution confocal image of EGFR  Cjustering of Unligated EGFRTogether, ICS and FRET-
immunotagged with mAb528Alexa488 (photon count detection). ) |\ measurements reveal that the EGFR is clustered to
This image is an optical section taken at the apical membrane of . .
an A431 cell and at high zoom. The scale bar length represents 1.550Me degree on the nanometer and submicron scales. In this
um. (C) Spatial autocorrelation function. Typical 1D autocorrelation Scenario, there are three possible types of lateral organization
function of cell surface immunotagged EGFR: squares, experi- of the receptor. In the class | model, oligomerization and
mental; solid line, fit to Gaussian plus offset function. The peak of g;phmicron scale clustering are independent, in which case
the autocorrelation function is used to compute the cluster density. larger scale clusters are built from nanoscale clusters. In
another model, class Il, EGFR nanoscale self-association is
was 0.3-0.35um. On the basis of an average expression enhanced in the large clusters and reduced in small clusters;
level of (1-3) x 10° EGFR and a cell surface area of 3000 that is, there is a correlation between nanoscale self-
square microns19), we calculate an average degree of association and higher order clustering. In the class 11l model,
aggregation of 1630 receptors per cluster. The image EGFR nanoscale self-association is reduced in the large-scale
correlation results provide evidence for spatially correlated clusters and enhanced in the regions outside the large clusters.
clusters of EGFR’s on the submicron scale but do not directly We now show that it is possible to obtain information about
reveal the cluster size distribution or organization of receptors the lateral distribution from a measurement on a single cell
within or outside the clusters on the nanometer scale. or region thereof. Figure 4 represents fluorescence images
Nanoscale Clustering of Unligated EGFRRo test for the from a region on the A431 cell surface corresponding to
presence of fluorophorefluorophore interactions due to FRET, non-FRET, and total fluorescence obtained by
oligomerization of the unligated EGFR on the nanometer analysis of the FLIM data as outlined in Experimental
scale, we measured FRET between the Alexa488b528 Procedures (eqs—13; see also Supporting Information).
donor and the Alexa546mAb528 acceptor on the A431  Figure 5 displays the autocorrelation functions obtained from
cells using FLIM. Figure 3A illustrates the fluorescence and fluorescence images of the FRET and non-FRET states and
lifetime images of A431 stained with Alexa4881Ab528. the cross-correlation function between the FRET and non-
The distributions of phase lifetimes for the donor-only cell FRET fluorescence images. Table 1 details the corresponding
and for donor-and-acceptor cell are also shown in the computed correlation parameters obtained from the correla-
histograms in Figure 3A. The intensity image of the donor tion function amplitudedg(0)J(egs 1), the mean cluster
shows prominent staining of the EGFR at the membrane anddensities [CDL), and the average image intensitigE)}{ We



High-Order EGFR Oligomerization Biochemistry, Vol. 46, No. 15, 2004593

INTENSITY MAP (D)

i
I |_ Donar only

Lifetime (ns)
Iy

I'\ Donor+Acceptor
1000 |

500

LIFETIME MAP (D)

Lifetime (ns)

0.5 0.5

- MONOMER- DIMER MODEL < T~~_ MONOMER-OLIGOMER MODEL
W w T N
2 o045 "i" S o4 "i" e
a2 2 x»—iw
£ E ﬁ
g 04 g 0.4 4
1l 1l
< <
0.35 -+ T - - 0.35 ~ )
06 065 07 075 08 0.6 0.65 07 0.75 08
B=Mcos(phase) B=Mcos(phase)

Ficure 3: Fluorescence lifetime imaging microscopy detected FRET (FRET-FLIM) between mAl#888a488 and mAb528Alexa546

bound to EGFR on the surface of A431 cells. (A) Images represent fluorescence intensity of mA®288 (left top) and mAb528
Alexa488 phase lifetime (left bottom). The histograms represent the pixel-by-pixel frequencies of lifetimes obtained in the absence (right
upper) and presence (right lower) of the mAb528exa546 acceptor (2:1 mole ratio). (B) FRET-FLIM data plotted in AB-plot form.
X-axis: B = Mcos(phase)Y-axis: A = Msin(phase). Each data point represents the average of three FLIM measurements at a fixed
donor:acceptor ratio (ratios used were 0, 1, 2, 3, and 5). Left panels: Dimer schematic and fit to dimer model (two lifetime states, solid
line). Right panels: Oligomer schematic and fit to an oligomer model (four lifetime states, dotted line).

note that the cluster densities in the present case are appareradre in higher order clusters containing on average 3®
gquantities because they are obtained under conditions whereeceptors per cluster. The density of cross-correlated clusters
the cell is labeled with 33% Alexa488nAb528 and 66%  (CDFRET/no-FRET eq 6) is 13& 5 clusters per square micron
Alexa546-mAb528 and hence not saturated with donor- and is similar to the density of FRET clusters#9l clusters
labeled antibody. The degree of aggregation ratio (eq 5) andper square micron) but is lower than the non-FRET states
the cross-correlation parameters are ratiometric or relative(36 £+ 7 clusters per square micron). Thus every FRET
guantities (eq 6) and hence provide more reliable information molecule cluster is colocalized with a non-FRET molecule
about the underlying cell surface distribution, since these cluster but only about one-third of all non-FRET molecules
quantities are independent of the total number of receptorsare colocalized with a FRET molecule. The results are
sampled in the subimage. From the computed degree ofqualitatively consistent with a lateral organization where there
aggregation ratio (eq 5) it is apparent that the FRET statesis a minor population of monomers and/or small oligomers
are included in clusters that contain between 7- and 11-fold not undergoing FRET and a major distribution of larger
more receptor than the non-FRET states. In the context of aclusters containing both FRET and non-FRET molecules.
simple monomeroligomer/bimodal FRET/non-FRET model This is a class Il model.

that takes into account the competitive donor/acceptor Binding of the Kinase Inhibitor AG1478 Alters Small-Scale
labeling, the degree of aggregation ratio can be used to deriveand Large-Scale Clustering of Unligated EGFRhe effect
estimates of the aggregate size of the oligomeric population of pretreating the cells with AG1478, a specific inhibitor of
(see Supporting Information). With this model, FRET states the intracellular EGFR kinase domain, on the spatial
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»55 FRET population Non-FRET population Table 1: FRET-FLIM-ICM Microscopy Parameters for A431 Cell
285 Surface Immunotagged with Alexa488/Alexa548Ab528 (2:1
Acceptor:Donor Ratio)

_ analysis ad [g(0)d [con M

0 0 total 865 0.0748 1342 055
FRET population 608  0.1107 9b1 0.55

non-FRET population 257  0.0279 3597  0.50

cross-correlation na 0.0404 13.&5 0.53

Total degree of association ratio na A2 na na

aMicroscope: LED excitation, 470 nm, and emission, 5860 nm.
b [CDC) mean number of clusters per square micrddross-correlation
— CDnorkFRET/FF!ET= CDnorkFRETg(o)norrFRET/FREVg(O)FRET. d M)D Wldth
of correlation function (in microns).

in cluster density must be due to a reduced number of

255
8um
]
\/ receptors per cluster (i.e.;4.0 receptors per cluster). FLIM

Ficure 4: FRET-FLIM-based decomposition of fluorescence experiments with AlexaFluor488mAb528 alone and in the

images of MAb528 Alexad88-EGFR (in the presence of 2-fold ~ PréSence of AlexaFluor546nAb528 (acceptor:donor ratio,

Alexa546-mAb528) into FRET, non-FRET, and total states. 2:1) revealed an undetectable change in AlexaFluor488
lifetime in the presence of the AlexaFluor546Ab528

g: A (FRET acceptor (see Supporting Information). Thus, AG1478 bind-

)
0.42] ing and kinase inhibition alter the nanoscale and submicron
0.1] scale interactions sensed by probes located on the unligated
g-gg extracellular domain of the receptor.
0.04|
0.02] = DISCUSSION
2

o 5 10 15 20 25 30 To our knowledge this study represents the first detailed

c 006‘1?5_’ examination of the association states of the unligated forms
.g 0.04{m B (NON-FRET) of EGF receptor on the A431 cell surface. Our findings unify
% 06032 previous studies by (a) determining the average number of
S oo receptors associated at the sub-10 nm scale and (b) specif-
8 o0z ically addressing the relationship between the nanoscale
L (FRET) oligomers 18) and spatially correlated submicron
2 0.005 u scale clusters observed by ICE). The analysis is consistent

00 5 10 15 20 25 30 with higher order oligomers of unligated EGFR (average

number associated on the nanometer scale of 4) which are
C (CROSS-CORRELATION) assembled in complexes containing a total number of 10
30 receptors on the submicron scale. The nanoscale associa-
tions within the higher order clusters are neither random nor
homogeneous. A pool of lower order clusters [monomers,

0.02 dimers, or heterooligomers (with erb2, -3, or -4) incapable
0.01 of undergoing FRET] is also present within the FRET
0 ' ' ' ' ' : clusters and in spatially distinct areas on the cell surface. It
° 5 01520 B X is estimated that only a small fraction of the total receptor
Displacement (pixels) population is outside the larger clusters1(0%). Although

_ , , our interpretation is constrained by the simple aggregation
FiGURE 5: FRET-FLIM-ICS. Spatfial auto- and cross-correlation ., qe|s employed, our results point to a distribution of EGFR
functions of the images presented in Figure 4. (A) Autocorrelation hat differ i . d - d
function of fluorescence from FRET states. The amplitude of the State€s that differ in aggregate size, aggregate density, an
function is used to compute the cluster density of FRET molecules. length scale of associatiorr(0 versus>10 nm).
(B) Autocorrelation function of fluorescence from non-FRET states.  Biochemical studies addressing the localization of the
The amplitude of the function is used to compute the cluster density receptor suggest that in unstimulated cells the majority of

of non-FRET molecules. (C) Spatial cross-correlation function ) . - ;
between FRET and non-FRET states. The amplitude of the function EGFR's are |ocalized to noncaveolar lipid raft domaisg)(

is proportional to the density of clusters containing both FRET and Which could potentially form sites of enhanced association.
non-FRET molecules. Chemical cross-linking studies in cell lines overexpressing

the EGFR have demonstrated the presence of monomers,
organization of the unligated EGFR was determined using dimers, and high-order oligomers in the absence of added
ICS and FRET-FLIM as described above. The average ligand 39). Our FRET analysis reveals that the higher order

density of clusters in the presence of AG1478 wast885 oligomerization occurs on the intact A431 cell surface, within
clusters per square micron € 6) compared with 32t 9 submicron clusters, and in the absence of exogenous ligand.
clusters per square micron E 6) for the untreated cells. It is tempting to interpret the nanoscale associations of

Since the cell surface expression level is only slightly the mAb528-EGFR complex in terms of a recently reported
increased €25%) with AG1478 binding, the large increase structure of a related antibody complex, the C2E&FR
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complex @9). C225 binds a similar region of the receptor (43). These results were interpreted as a result of having at
as mADb528 and, like mAb528, partially blocks ligand least two oligomerization interface43).
binding. The structure of the C225 antibody in complex with  Using similar biophysical techniques, we recently reported
EGFR shows that the antibody binds to a monomeric form a dimer-to-tetramer transition following ligand binding in
of the EGFR in a tethered configuration. By reference to cells expressing a normal level of EGFRB1). Image
the structural data of the EGFRC225 complex, it follows correlation microscopy of EGFReGFP in BaF/3 cells
that unligated and tethered mAb52BGFR is capable of  revealed an average number of receptors per cluster of 2.2
forming oligomers [with itself or other erbB molecule3by] increasing to 3.7 receptors per cluster in the presence of EGF
via a non-back-to-back dimer interface(s) at the cell surface (31). Ligand-based FRET was used to confirm a nanoscale
(in a side-by-side and/or head-to-head arrangement). Alter-association of two ligated dimers to form a side-by-side or
natively, the environment inside the clusters may be permis- slightly staggered tetrameric comple81. At the low
sive for partial untethering of the receptor, in which case a expression level of these cells (50000 receptors per cell)
back-to-back dimerization interface, in addition to other ligand-independent tetramer formation is at a low level, and
interfaces, may be engaged. A third possibility is that ligand is needed to drive the association of monomers and/
nonrandom accumulation of mMAb52&GFR in domains of  or dimers to form an active higher order complex. Diffusion
high local concentration mediated via specialized cell of receptors is required as part of the activation process in
structures [lipid rafts, caveolin, or cytoskelet@®8)] facili- these cells. However, the even higher order association of
tates EGFR oligomerization into the distance range for FRET receptors on the submicron and nanometer scales in the A431
to occur. A detailed interpretation awaits the availability of cells suggests a fundamentally different mode of ligand-
3D structural models of unligated erbB dimers and higher induced activation of the receptor in this cell type.
order oligomers. What are the implications of higher order preclustering

The interesting finding from the present study is that the on the mechanism of activation? Higher order oligomeriza-
nanoscale and submicron scale arrangement of the unligatedion between receptors on the nanometer scale is predicted
receptors is perturbed by the binding of AG1478 to the to enhance the sensitivity of receptors to changes in ligand
intracellular kinase domain. That is, there is a causal link concentration45, 46) and give rise to long-range confor-
between basal kinase activation and the receptor associationsnational spread 46), effects that would be absent or
(cluster occupancy and length scale of association). Thisdiminished if the receptors existed as isolated monomers or
suggests that higher order associations may play an importantiimers at low density on the cell surface. Numerical
role in basal activation in A431 cells in the absence of simulations suggest that packing the EGFR into domains of
endogenous ligand. In the biochemical study of Zhu and co- high local density as well as domains in which the receptor
workers @9) EGFR overexpression was correlated with a is more diffusely arranged produces concave-up Scatchard
monotonic but nonlinear increase in ligand-independent plots for ligand binding42). The sensitivity of ligand binding
kinase activation and phosphorylation. Two models were to changes in ligand concentration can also be enhanced by
proposed to explain these observations. In the first model, a factor of N, where N is the number of subunits in a
overexpression increases the proportion of ligand-free dimerscooperative oligomer4b).
that interconvert between active and inactive forms. Kinase Long-range conformational spread may play a role in
inhibition (at constant receptor expression level) in this case spread of activation and phosphorylation observed for EGFR
would favor the inactive conformation but would not change in overexpressing cells but not in cells that express a normal
the cluster size or oligomerization state. In the second model,receptor level 27, 44). The close packing of multiple
EGFR overexpression drives the formation of a ligand-free receptors in the absence of exogenous ligand, a feature of
tetramer, which activates the kinase. According to this EGFR overexpression revealed in the present study, may
hypothesis, inhibition of kinase activation would favor the allow for the conformational spread®) and/or short-range
kinase inactive dimer and/or monomeric form(s) and thus diffusion (41) promoting activation across multiple receptors
lead to dispersal of the EGFR oligomers and clusters. Theonce stimulated locally by ligand without the requirement
significance of understanding the oligomeric and conforma- for long-range diffusion.
tional states of the EGFR in the presence of AG1478 is Work is in progress to extend the multimodal imaging
underscored by a recent study demonstrating that AG1478techniques presented here to elucidate the connections
alters the conformation of EGFR dimers, allowing the between receptor cell surface organization, receptor dynam-
binding of an antibody with enhanced therapeutic potential ics, and the activation, progression, attenuation, and thera-
(47). peutic intervention of signaling cascades.

Clustering and higher order oligomerization of unliganded
receptors have been reported for other members of the EGFROUPPORTING INFORMATION AVAILABLE
family. Jovin and colleagues have observed activation- A theory of FRET-FLIM-ICS and a discussion of the
dependent higher order clusters of erbB2 using scanningadvantages and disadvantages of the technique and equations
near-field optical microscopy in cells overexpressing erbB2 relevant to the analysis of FRET-FLIM data in terms of
on the submicron scal€{). In the Jovin study an increase oligomer and two-compartment quenching models. This

in diameter of the erbB2-containing clusters was correlated material is available free of charge via the Internet at http:/
with cellular activation (by antibodies or ligands). This effect pubs.acs.org.

could be inhibited by tyrosine kinase inhibitors. Landgraf
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