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available microscopy techniques.

molecules in biological assemblies.
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(Background: The direct measurement of diffraction-limited structures, such as clusters, is outside the resolution of the

Results: B2-Adrenergic receptor clusters identified using PALM are cell-type specific.
Conclusion: PALM has successfully allowed the quantitative determination of GPCR clusters.
Significance: The application of this powerful microscopy technique opens up the possibility to quantify the number of

N

J

Recent developments in the field of optical super-resolution
techniques allow both a 10-fold increase in resolution as well as
an increased ability to quantify the number of labeled molecules
visualized in the fluorescence measurement. By using photoac-
tivated localization microscopy (PALM) and an experimental
approach based on the systematic comparison with a nonclus-
tering peptide as a negative control, we found that the prototyp-
ical G protein-coupled receptor 32-adrenergic receptor is par-
tially preassociated in nanoscale-sized clusters only in the
cardiomyocytes, such as H9C2 cells, but not in other cell lines,
such as HeLa and Chinese hamster ovary (CHO). The addition of
the agonist for very short times or the addition of the inverse
agonist did not significantly affect the organization of receptor
assembly. To investigate the mechanism governing cluster for-
mation, we altered plasma membrane properties with choles-
terol removal and actin microfilament disruption. Although
cholesterol is an essential component of cell membranes and it is
supposed to be enriched in the lipid rafts, its sequestration and
removal did not affect receptor clustering, whereas the inhibi-
tion of actin polymerization did decrease the number of clusters.
Our findings are therefore consistent with a model in which 32
receptor clustering is influenced by the actin cytoskeleton, but it
does not rely on lipid raft integrity, thus ruling out the possibil-
ity that cell type-specific B2 receptor clustering is associated
with the raft.

The results of some studies have led to the proposal that cell
membrane proteins could be organized in signaling platforms,
such as clusters or domains, to maintain the correct fidelity and
efficacy in the transduction of the signal (1-3). Membrane
compartmentalization resulting in signaling domains has been
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shown to occur through complex protein-protein, lipid-pro-
tein, and membrane-cytoskeletal interactions on the plasma
membrane (1, 4). The concept of a lipid raft was the first to be
introduced to biochemically explain the membrane heteroge-
neity. Lipid rafts are a well studied type of cholesterol- and
sphingolipid-enriched, highly dynamic, membrane nanodo-
main, and numerous roles have been postulated for them (5, 6).
For G protein-coupled receptors (GPCRs),? the largest family of
membrane proteins, the existence and the role of protein clus-
tering in relationship to the lipid rafts is still a controversial
topic, and different indications have been provided on this mat-
ter (4, 7-9). Because cluster size is expected to lie below the
diffraction limit, the use of conventional fluorescence micros-
copy is clearly not appropriate. Electron microscopy provides
ultrastructural information at resolutions up to 1-2 nm,
although the specific labeling by immune-gold antibodies of
targeted proteins is not sufficient to quantify protein aggregates
(10). To overcome such limitations, we applied one of the most
promising optical super-resolution techniques, namely photo-
activated localization microscopy (PALM), which improves the
resolution up to 10 times with respect to conventional fluores-
cence microscopy and is able to determine the localization of
single molecules with a precision of 10-20 nm (11, 12). The
application of PALM is based on the serial photoactivation (or
photoswitching) and subsequent bleaching of numerous sparse
subsets of photoactivatable (or photoswitchable) fluorescent
proteins (PA-FPs (or PS-FPs)). Operating PALM in total inter-
nal reflection fluorescence (TIRF) geometry is particularly
advantageous for membrane receptors because it enhances the
detection of fluorescent molecules within a thin layer of ~100
nm.

In previous research, some attempts to investigate spatial
organization of membrane receptors have already been made.
In the GPCR field, using atomic force microcopy, Fotiadis and

3 The abbreviations used are: GPCR, G protein-coupled receptor; PALM, pho-
toactivated localization microscopy; TIRF, total internal reflection fluores-
cence; NSOM, near-field scanning optical microscopy; CCD, charge-cou-
pled device; MBCD, methyl-B-cyclodextrin.
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co-workers (13, 14) revealed that rhodopsin and opsin recep-
tors are packed in ordered rows of dimers and oligomers that
indicate a very dense level of receptor clustering. Atomic force
microcopy is particularly suited for highly packed receptors in
native cell membranes, such as rhodopsin and opsin, whereas
its resolution can be severely affected in sparser samples.
Another report, focusing on 31- and $2-adrenergic receptors
in rat cardiac myocytes and HEK293 cells, used near-field scan-
ning optical microscopy (NSOM) to show that the vast majority
of receptors, detected via fluorescent antibodies, are imaged as
clusters (7, 15). However, it is still technically challenging for
NSOM to generate high spatial resolution images of plasma
membrane proteins. This limitation stems from two sources:
the first is that in NSOM the resolution is determined by the
size of the aperture of the scanning optical fiber (typically in the
range of 50-75 nm) and the second is the absence of highly
photostable fluorophores.

In addition, as shown by Tanaka et al. (16), methods based on
the use of primary and secondary antibodies are prone to arti-
facts arising from the clustering of the antibodies themselves.
The authors demonstrated that the antibody-induced cluster-
ing could reach up to 66% of a membrane protein, the intrinsic
clustering of which was rather low. In this respect, the use in
PALM of photoactivatable-fluorescent proteins to label the tar-
get protein is clearly advantageous. Nevertheless, a careful
approach is required when using PALM on structures, such as
clusters, that can be identified only if the number of their con-
stituents is known with a good precision (17). Moreover, to
analyze protein aggregates properly, a negative control of a
nonclustering peptide on the plasma membrane is an impor-
tant requirement.

In this study, we investigated by PALM the membrane dis-
tribution of the prototypical GPCR B2-adrenergic receptor
compared with the negative control of a nonclustering peptide.
The constructs were labeled with the photoswitchable fluoro-
phore mEos2 (18), which upon 405-nm laser light irradiation,
converts irreversibly from green to red. It has been shown that
accurate quantitative measurements can be performed using
mEos2 to correctly image cell membrane clusters (17, 19).
PALM experiments provide spatial point patterns made of the
centers of emission of each localized fluorescent protein. These
experiments were carried out in different cell lines, such as
HeLa, CHO, and H9C2. We found that the B2-adrenergic
receptor is partially preassociated in nanoscale-sized clusters
only in HIC2 cells derived from the embryonic rat heart, but
not in other cell lines. The addition of the agonist for very short
times or the addition of the inverse agonist did not significantly
affect receptor assembly.

Finally, we tried to interfere with B2-receptor clustering,
altering membrane properties with cholesterol sequestration
and removal, or actin microfilament disruption. Although cho-
lesterol sequestration and removal did not influence the degree
of receptor clustering, the inhibition of actin polymerization
did decrease cluster formation.

EXPERIMENTAL PROCEDURES

DNA Constructs (Plasmids)—The mEos2 gene cloned into
the plasmid pRSETA was purchased from AddGene (Cam-
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bridge, MA) (AddGene plasmid 20341, original material pro-
vided by Loren Looger HHMI). The small peptide SrcN15 rep-
resents the N-terminal 15 amino acids of the protein Src, it is
myristoylated (20) and was demonstrated to be associated with
the nonraft domains of the plasma membrane. The two DNA
constructs SrcN15-mEos2 and SrcN15-PSCFP2 were synthe-
sized and cloned in the mammalian expression vector pJ603 by
the DNA 2.0 Company (Menlo Park, CA). The company claims
that the pJexpress mammalian vectors show equivalent levels of
protein expression as pCDNA3.1 when using the same insert.
When we compared the same construct present in two different
vectors, pJ603 and pCDNA3.1, the expression level was similar
(data not shown). All clones from DNA 2.0 were re-sequenced.
The DNA construct of the N-terminal 10 amino acids of the
protein Lck (LckN10) was synthesized by DNA 2.0 and then
subcloned in the SrcN15-mEos2 gene (vector pJ603) substitut-
ing the SrcN15 sequence with LckN10 using the unique restric-
tion sites Notl and EcoRI. The small peptide LckN10 is myris-
toylated and palmitoylated and was demonstrated to reach the
plasma membrane (20). For the B2-receptor chimera, we fused
two different fluorophores tdEos and mEos2 (B82-tdEos and
B2-mEos2) at the C terminus. For 32-tdEos, the B2 sequence
was amplified with PCR using primers GATGAATTCCTTG-
GTACCACCATG (sense) and GGCGCGGCCGCTTCAG-
CAGTGAGTCATT (antisense) to obtain EcoRI and Notl
restriction sites, and deletion of the Stop codon. Then, the
amplified B2 construct was inserted in the plasmid for mam-
malian expression pcDNA3-td-Eos (from MoBiTec, 37083
Gottingen, Germany). For B82-mEos2, mEos2 substitutes tdEOS
in the B2-tdEOS DNA construct. The mEos2 gene was ampli-
fied with polymerase chain reaction (PCR) using primers
GTCGCGCTCGAGATGAGTGCGATTAAGCCA (sense)
and CGTCGCGG-GCCCTTATCGTCTGGCATTGTC (anti-
sense) to create Xhol and Apal restriction sites. We decided to
use mEos2 fused to 2 because it is a monomer. For the con-
structs B2-PSCFP2 and M3-PSCFP2, we purchased the fluoro-
phore PSCFP2 from Evrogen (Moscow, Russia) as pPS-CFP2-N
for mammalian expression. We subcloned the M3 construct at
the N terminus of PSCFP2 amplifying with PCR M3 sequence
with primers CTTAAGCTTGGTACCACCATGTAC (sense)
and CGCGGGCCCCCAAGGCCTGCTCGGG (antisense) to
create EcoRI and Apal restriction sites. A similar approach was
made to subclone the B2 sequence in PS-CFP2-N, where the
primers CTTAAGCTTGGTACCACCATGTAC (sense) and
CGCGGGCCCCCAGCAGTGAGTCATT (antisense) were
utilized. The clathrin-enhanced green fluorescent protein
(EGFP) (light chain) construct was kindly given by Prof. Aure-
lien Roux (University of Geneva, Switzerland). mGFP-actin was
purchased from AddGene (AddGene plasmid 21948).

Cell Cultures, Transfection, and Chemical Treatments—
HelLa cells were purchased from ATCC (LGC Standards, Mol-
sheim, France) and were grown in Dulbecco’s modified Eagle’s
medium (DMEM) (without phenol red) supplemented with
10% fetal bovine serum, 100 mg/ml of streptomycin, and 100
units/ml of penicillin at 37 °C with 5% CO,. The HOC2 cell line
derived from the embryonic rat heart was from ATCC and was
grown in DMEM (without phenol red) supplemented with 10%
fetal bovine serum, 100 mg/ml of streptomycin, and 100

JOURNAL OF BIOLOGICAL CHEMISTRY 16769

102 ‘02 /(|n[' Uuo SaleiqiT pue uoIrewIoju| J1NwLBINS J4d3 e /6]0'3(] [MMM//dllL{ wio.j papeojumod


http://www.jbc.org/

Cell Type-specific 32-Adrenergic Receptor Clusters Identified Using PALM

units/ml of penicillin at 37 °C with 5% CO,,. Both cell lines were
transfected using the Neon™ Transfection System (Invitro-
gen, number 14072) following the manufacturer’s instructions.
Electroporation was performed in a 6-well dish (500,000—
1,000,000 cells/well) using 0.5-2 ug of DNA for each sample
following the manufacturer’s parameters. For HeLa, the param-
eters for electroporation were 1,005 V and two pulses with a
width of 35 ms. For H9C2, the parameters used were 1,650 V
and three pulses with a width of 10 ms. After electroporation,
the cells were seeded directly onto the coverslips. Experiments
were performed 24 h after transfection. CHO (dihydrofolate
reductase-deficient) cells were kindly provided by Dr. Jumhua
Qiao (Ecole Polytechnique Fédérale de Lausanne, Lausanne,
Switzerland) and were grown in DMEM/F12, 1:1 (without phe-
nol red), supplemented with 10% fetal bovine serum, 100 mg/ml
of streptomycin, 100 units/ml of penicillin, and HT supple-
ments at 37 °C with 5% CO, coverslips. For CHO, the parame-
ters used for electroporation were 1,650 V and three pulses with
a width of 10 ms. For cholesterol sequestration, we utilized
filipin with a preincubation of 30 min at the concentration of 12
pg/ml, whereas for cholesterol removal we used MBCD prein-
cubating for 30 min at 5 mm. For the internalization of
B2-mEos2 in Hela, cells were incubated at 37 °C in regular
medium at different times with 10 uMm isoproterenol (10 min
was used as a reference time for internalization). The inhibitor
of the clathrin-dependent endocytosis dynasore, at 80 um, was
preincubated for 30 min at 37 °C before internalization. For
receptor activation, the incubation was only a few seconds (5 s
was used as a reference time for receptor activation). After the
experiment, samples were fixed using standard procedures (see
sample fixation). Then, to assess the role of the actin cytoskel-
eton, we treated cells with 2 um cytochalasin D, a actin poly-
merization inhibitor, preincubating the cells for 30 min. Isopro-
terenol hydrochloride, ICI 118,551 hydrochloride, filipin,
cytochalasin D, and dynasore hydrate were purchased from
Sigma.

cAMP Functional Assay—HeLa cells were electroporated
with the specific DNA construct (82, B2-mEos2, or B2-
PSCFP2) for transient expression and were plated into 96-well
plates at a density of 3 or 4 X 10° cells/well. On the day of the
experiment (1 day after transfection), cells were preincubated
in DMEM containing 20 mm HEPES (pH 7.4) and 0.1% albumin
at 37 °C for 30 min in the presence of 10 um rolipram, the
phosphodiesterase inhibitor, to allow cAMP accumulation.
Then, in the same buffer, the agonist isoproterenol was added at
different concentrations for an additional 20 min. Receptor-
mediated increases in intracellular cAMP were measured via
the enzyme immunoassay method according to the manufac-
turer’s protocol of the Amersham Biosciences cAMP enzyme
immunoassay system (cCAMP; Biotrak; GE Healthcare). After
cell lysis for 15 min at room temperature with lysis solution, the
supernatant from each sample was added to the specific 96-well
plate from Amersham Biosciences coated with donkey anti-
rabbit immunoglobulin G. Then, to measure the level of cAMP
for each well, the samples were incubated subsequentially for
1 h with rabbit anti-cAMP antibody, the cAMP horseradish
peroxidase, and, at the end, the enzyme substrate 3,3',5,5'-
tetramethylbenzidine. The assay is based on competition
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between unlabeled cAMP and a fixed quantity of peroxidase-
labeled cAMP. A blue color develops at the end and the optical
density (OD) can be read with the spectrophotometer plate
reader at 630 nm. As an alternative, it is also recommended to
stop the reaction with 1 m sulfuric acid and then read at 450 nm.
To convert the change in OD at 450 nm into the amount of
cAMP produced in the sample (fmol/well), a proper calibration
curve done with the cAMP standards (12.5-3,200 fmol/well)
was obtained.

Preparation of Supported Membrane Sheets—Following the
protocol of Perez et al. (21), cells in a 6-well plate the day after
transfection were washed three times with phosphate-buffered
saline (PBS) and then covered with deionized water (pH 6 -7)
for 2 min to induce osmotic swelling. In the next step, a poly-L-
lysine (0.1%)-coated coverslip was put on top of the cells for a
few minutes and then removed, allowing the transfer of the
membrane patches onto the glass coverslip. After rinsing the
coverslip three times with PBS, the formed membrane sheets
were fixed according to the protocol.

Sample Fixation—On the day of the experiment, the cells
were incubated for 1 h in DMEM with no serum to purge them.
Then, after extensive washing with PBS, cells were fixed by
incubating with 4% paraformaldehyde and 0.2% glutaraldehyde
at 37 °C for 30 — 60 min in PHEM (60 mm PIPES, 25 mm HEPES,
10 mm EDTA, and 2 mm MgCl,, pH 6.9) and washed 5X with
PHEM. The presence of glutaraldehyde was necessary to
reduce molecule mobility as reported by Tanaka et al. (16).
The glass coverslips were washed following the protocol of
Shroff et al. (22). The coverslips (25.4 mm diameter, 1.5
thick) were cleaned overnight in a solution obtained by mix-
ing 125 ml of water with 25 ml of ammonium hydroxide and 25
ml of 30% hydrogen peroxide. A further step based on repeated
rinsing with MilliQ water, immersion in spectroscopic grade
methanol, nitrogen blowing, and a passage under the flame was
performed.

Cluster Analysis—Cluster analysis was performed on the lo-
calization maps provided by PALM images, by only retaining as
members of a cluster those molecules with a density five times
larger than the average density of the sample within a 150-nm
radius. A filter on the localization precision was applied so that
only those molecules localized to a precision better than 35 nm
were included in the analysis. Clusters with fewer than five mol-
ecules were not included in the subsequent analysis. To avoid
the effects arising from photoblinking being included in the
analysis, a two-step approach was followed. Photoblinking
refers to intermittent disappearance and reappearance of emit-
ted light when molecules undergo reversible transitions
between “on” and “off” states before they photobleach irrevers-
ibly. The first step consists of allowing a long dark period for
each photoblinking molecule, effectively operating in an under-
countingregime (t, = 10s). The second step is based on scoring
the observed spatial clusters according to their degree of tem-
poral clustering. This was performed by calculating, within a
spatial cluster, the distance in time between the appearance of a
molecule and that of the following one. The mean value of this
distance in time was compared with that expected for a uniform
distribution in time of the localization events. The ratio
between these two values was used as a cluster score. Clusters
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scoring poorly and therefore suggesting a photoblinking effect
were discarded. As detailed in supplemental Fig. S1 all experi-
mental data were divided into the following subgroups: HeLa or
HI9C2 cells expressing Src-N15 (negative control), cells
expressing the 82 receptor (32-mEos2 basal), cells expressing
the B2 receptor and fixed after stimulation with the agonist
isoproterenol (32-mEos2 + Iso), and cells expressing the 32
receptor treated with agonist and the dynamin inhibitor dyna-
sore (82-mEos2 + Iso + Dyn). Cluster analysis was conducted
after inspecting each cell and identifying a region of its cell
membrane (an area of ~100 um?) lying as far as possible from
the cell edge to minimize the “double layer” effect arising due to
the folding of the plasma membrane within the TIRF excitation
field. For the data presented in the color-coded Figs. 1¢, 2, cand
f, and 3, ¢ and f, molecules were scored depending on their
surrounding density, according to the formula,

L) = @—r- \/I§

where r represents the distance from the ith molecule, j(r) the
number of molecules within a circle of radius r centered on i,
N,.» and A represent the total number of molecules and area of
the investigated region, respectively. L,(r) was estimated at a
value of » = 150 nm.

Comparison of the degree of clustering using the function
L(r) — r:Ripley’s K test provides a quantitative indication of the
deviations of the observed spatial point pattern from a random
distribution. It also provides information about the length scale
where such deviations occur. The function L(r) — r is derived
from Ripley’s K function according to Ref. 23,

K

L(r)—r=

where L(r) displays the magnitude of deviations from a random
distribution as positive y values. A completely random distribu-
tion of the observed pattern would yield a L(r) — rvalue equal to
0. For a given number of particles in an area, 99% confidence
intervals for the random distribution are constructed, running a
large number of simulations of a random pattern. The experi-
mental curves in Figs. 4/ and 5¢ are normalized so that L(r) —
r = 1 for the random spatial distribution. Data analysis was
performed using (Wavemetrics, Lake Oswego, Portland, OR)
IgorPro and custom-written routines.

Equipment and Settings—The excitation setup, built on an
independent optical platform, consists of three laser-diode
lines, two for excitation (488 nm Coherent (Santa Clara, CA)
Sapphire 488-50 and 561 nm Spectra-Physics Excelsior) and
one for photoactivation (405 nm Coherent Cube). The excita-
tion light is amplitude modulated and gated through an
acousto-optical polychromatic tunable filter (AOM) (A.A.
Optoelectronics, Cedex, France), which allows an on-off
switching of each line with a rise time of 1.5 ms. Both the exci-
tation and activation beams are expanded (15-20 times) and
the activation beam is spatial filtered (pinhole size, 10 um).
The filtered and expanded activation beam is combined to the
excitation beam-path by a Semrock (New York) R405-Di01
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dichroic mirror. The combined laser beams are focused to the
back focal plane of a 1.45 NA X100 Olympus TIRF objective by
a 250-mm focal length, 50-mm diameter, achromatic doublet
lens placed on a x-y-z micrometric translation stage. Total
internal reflection at the sample arises as the focused laser beam
is translated away from the optical axis in the back focal plane of
the objective, resulting in a controllable exit angle of the beam
with respect to the optical axis. In our setup, the beam angle is
accurately controlled by the rotation of a 9.5-mm thick fused
silica laser grade window (SQW-2037-UV Melles Griot (Albu-
querque, NM)) placed on a rotating goniometer. The goniom-
eter is mounted between the achromatic doublet and the back
focal plane of the objective. The microscope is based on the
structure of an inverted Olympus model IX 71, with a camera
side-port and excitation port at the rear of the frame. Excitation
and fluorescent wavelengths are separated by a Semrock
FFT506Di02 dichroic mirror (PSCFP2) or a Chroma T585LP
(mEos2), and a Chroma (Bellows Falls, VT) ET 525/50
(PSCFP2) or a Semrock FF01-617/73 (mEos2) are used as
emission filters. Single-molecule fluorescence images are
detected by an Andor Technology (Belfast, Ireland) iXon+
DU-897E electron multiplying charge-coupled device (CCD)
camera, after a 2X (or 1.2X) further magnification, yielding a
pixel size of 80 nm (or 133 nm). Custom-developed LabView
(National Instruments) software controls the PALM acquisi-
tion sequence, triggering the CCD detector at each excitation
cycle. The CCD detector, in turn, has the possibility to trigger
the AOM, to avoid any stray light on the CCD chip and there-
fore bleed-through during readout. Data are spooled to the
hard drive for post-processing. The 561-nm excitation power,
as measured in epifluorescence mode after the objective,
resulted in power densities at the sample in the range of 250 —
1000 W/cm?®. Datasets were recorded by reaching to both ends
of this power range. For both mEos2 and PSCFP2, we used
activation powers at 405 nm in the range of 10-100
milliwatts/cm?.

PALM Image Acquisition—Single molecules were localized
and rendered using MATLAB (MathWorks, Inc., Natick, MA)
code kindly provided by Dr. Eric Betzig and the resulting spatial
point patterns were analyzed with IgorPro custom routines.

The PALM image from a stack of 59,000 X 10-ms exposure
time frames, 16-bit image depth, as shown in Fig. 1a, used an
Olympus 60 X 1.45 NA objective + 2X additional magnifica-
tion yielding a pixel size of 133 nm. Imaging was at room tem-
perature (RT) in PHEM medium. Chroma T585LP and Sem-
rock FF01-617/73 were used. The PALM pixel size is 8 nm; and
the PALM pixel size in the inset is 3 nm (Fig. 15). Only mole-
cules localized to better than 35 nm are displayed. Fig. 2, 2 and
b, show the PALM image from a stack of 70,000 X 50-ms expo-
sure time frames, 16-bit image depth. Olympus 60 X 1.45 NA
objective + 2x additional magnification yielding a pixel size of
133 nm was used with imaging at RT in PHEM medium.
Chroma T585LP and Semrock FF01-617/73 were used. PALM
pixel size is 8 nm and PALM pixel size in the inset is 3 nm (Fig.
2b). Only molecules localized to better than 35 nm are
displayed.

Fig. 2, d and e, show the PALM image from a stack of
450,000 X 10-ms exposure time frames, 16-bit image depth.
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FIGURE 1.PALM image of the nonclustering peptide SrcN15-mEos2 on the plasma membrane of HelLa cells. a, PALM image in TIRF fluorescence geometry
of a small peptide of 15 amino acids of the protein Src (the nonclustering peptide SrcN15-mEos2) on the plasma membrane of fixed HeLa cells. Images that are
shown are representative of experiments that were repeated at least five times. b, magnified view of boxed region in a. ¢, schematic representation of the
molecule distribution of the inset in a to visualize clusters (different colors represent clustering degree). d, quantification of the fraction clustered of the
nonclustering peptide (negative control) labeled with two different fluorophores, SrcN15-mEos2 and SrcN15-PSCFP2. The bar graph shows the fraction

clustered as the average = S.E.

Olympus 100 X 1.45 NA objective + 2X additional magnifica-
tion yielding a pixel size of 80 nm was used with imaging at RT
in PHEM medium. Chroma T585LP and Semrock FF01-617/73
were used. The PALM pixel size is 5 nm; PALM pixel size in the
inset is 3 nm (Fig. 2e). Only molecules localized to better than
35 nm are displayed.

Fig. 3, a and b, show the PALM image (Fig. 3a) from a stack of
29,000 X 50 ms exposure time frames, 16-bit image depth with
an Olympus 60 X 1.45 NA objective + 2x additional magnifi-
cation yielding a pixel size of 133 nm with imaging at RT in
PHEM medium. Chroma T585LP and Semrock FF01-617/73
were used. The PALM pixel size is 8 nm; the PALM pixel size in
the inset is 3 nm (Fig. 3b). Only molecules localized to better
than 35 nm are displayed. In Fig. 3, d and e, the PALM image
from a stack of 21,000 X 50 ms exposure time frames, 16-bit
image depth with an Olympus 60 X 1.45 NA objective + 2x
additional magnification yielding a pixel size of 133 nm was
used. Imaging was at RT in PHEM medium. Chroma T585LP
and Semrock FF01-617/73 were used. PALM pixel size is 8 nm;
PALM pixel size in the inset is 3 nm (Fig. 3e). Only molecules
localized to better than 35 nm are displayed.

Fig. 4, a and b, show the PALM image (Fig. 4a) from a stack of
30,000 X 50-ms exposure time frames, 16 bit image depth on a
Olympus 60 X 1.45 NA objective + 2X additional magnifica-
tion yielding a pixel size of 133 nm and PALM image (b) from a
stack of 25,000 X 50-ms exposure time frames, 16-bit image
depth on an Olympus 100 X 1.45 NA objective + 2X additional
magnification yielding a pixel size of 80 nm. PALM Pixel size is
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3 nm with imaging at RT in PHEM medium. Chroma T585LP
and Semrock FF01-617/73 were used. Only molecules localized
to better than 35 nm are displayed.

Fig. 5, a and b, are PALM images from a stack of 40,000 X
50-ms exposure time frames, 16-bit image depth on a Olympus
100 X 1.45 NA objective + 2X additional magnification yield-
ing a pixel size of 80 nm. Imaging was at RT in PHEM medium.
Chroma T585LP and Semrock FF01-617/73 were used. PALM
pixel size is 5 nm. Only molecules localized to better than 35 nm
are displayed.

Plasma Membrane Distribution in HeLa Cells of the Nonclus-
tering Short Peptide SrcN15 Using PALM—For proper identifi-
cation of receptor clustering, a negative control of a nonclus-
tering peptide on the plasma membrane is an important
starting point. To this purpose, we used a small peptide of 15
amino acids of the N terminus of the Src protein (SrcN15) that
is myristoylated and has been shown to reach the plasma mem-
brane (20, 25). For the quantitative determination of the clus-
tered fraction, molecules with a surrounding local density
exceeding five times the average molecular density were con-
sidered as being part of a cluster according to Ripley’s method
(23,26). Aggregates with fewer than five molecules or identified
as originating from photoblinking were discarded as detailed in
the supplemental “Experimental Procedures”. The ratio
between the molecules being part of a cluster and the total
number of localized molecules yielded the clustering fraction.
The small protein fragment SrcN15 was labeled with mEos2
(SrcN15-mEos2) and the PALM images were taken in TIRF
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FIGURE 2. PALM images and cluster analysis of the B2 receptor labeled with mEos2 (32-mEos2) on the plasma membrane of HeLa cells before and after
agonist addition. g, PALM image in TIRF geometry of B2-mEos2 in basal conditions on the plasma membrane of fixed HelLa cells. Images that are shown are
representative of experiments that were repeated at least five times. b, magnified view of boxed region in a. ¢, schematic representation of the molecule
distribution of the inset to visualize clusters (different colors represent clustering degree). d, PALM image in TIRF geometry of 32-mEos2 on the plasma
membrane of fixed HeLa cells after incubation with the agonist (isoproterenol 10 um, 10 min) during endocytosis. Images that are shown are representative of
experiments that were repeated at least five times. e, magnified view of boxed region in d. f, schematic representation of the molecule distribution of the inset
to visualize clusters. g, quantification of the clustered fraction in HeLa of the B2-mEos2 basal state, 32-mEos2 + Iso (isoproterenol 10 um, 10 min), B2-mEos2 +
Iso + Dyn (dynasore 80 um) compared with the negative control (the nonclustering peptide SrcN15-mEos2). Dynasore is an inhibitor of clathrin-dependent
endocytosis. The bar graph shows the fraction clustered as the average = S.E. h, bottom, histogram representing the distribution of the number of molecules
present in the clusters (Events) of 2-mEos2 during endocytosis in the presence of agonist (isoproterenol 10 um, 10 min) and dynasore 80 um. Top, histogram
representing the distribution of the cluster diameter size of B2-mEos2 during endocytosis in the presence of agonist (isoproterenol 10 um, 10 min) and
dynasore 80 um. i, the degree of clustering for the experiments was determined by Ripley’s K function analysis and L(r) — r parameter that displays the
magnitude of deviations from a random distribution as positive y values (normalized to 99% confidence interval). Data are representative of experiments that
were repeated at least three times. SrcN15-mEos2 (green curve), B2-mEos2 basal state (red curve), B2-mEos2 + Iso (blue curve), B2-mEos2 + Iso + Dyn (violet
curve) are indicated.

geometry to visualize the protein expressed on the plasma
membrane.

In HeLa cells, the negative control SrcN15-mEos2 was ran-
domly distributed all over the plasma membrane after fixation,
and the clustering fraction was less than 4% (Fig. 1, a and b). The
map of the localized centers of emission (in Fig. 1c color coded
for the degree of clustering) shows how most of the molecules
are localized as monomers. A low clustering fraction was also
obtained when a different photoswitchable fluorophore was
used to label SrcN15, SrcN15-PSCEP2 (less than 2%, Fig. 1d), or
when another small peptide containing the N-terminal 10
amino acids of the protein Lck was used (LckN10-mEos2) (data
not shown). We decided to use mEos2 as a fluorophore label
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throughout our study because it is brighter than PSCFP2 and
thus allows a better localization precision.

Cluster Analysis of B2-Adrenergic Receptor on Plasma Mem-
brane of HeLa Cells before and after Agonist Addition—Next,
we analyzed the clustering fraction of the 32 receptor labeled
with mEos2 (82-mEos2) in HeLa cells. The construct was cor-
rectly expressed and it proved to be functional as the wild-type
receptor (supplemental Fig. S2). In the basal state, the average
clustering fraction of 32-mEos2 was about 4% after fixation, not
different from the negative control (Fig. 2, a-c). After the addi-
tion of the agonist isoproterenol (10 um) for 5 s, immediately
before fixation, the average clustering of the receptor did not
appear to change with respect to the basal state (data not
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FIGURE 3. PALM images and cluster analysis of $2-mEos2 on the plasma membrane of the H9C2 cell line derived from embryonic rat heart. a, PALM
image in TIRF geometry of B2-mEos2 in basal conditions on the plasma membrane of fixed HOC2 cells. Images that are shown are representative of experiments
that were repeated at least five times. b, magnified view of boxed region in a. ¢, schematic representation of the molecule distribution of the inset to visualize
clusters (different colors represent clustering degree). d, PALM image in TIRF geometry of the nonclustering peptide SrcN15-mEos2 on the plasma membrane
of fixed HIC2 cells. Images that are shown are representative of experiments that were repeated at least five times. e, magnified view of boxed region in d.
f, schematic representation of the molecules distribution of the inset to visualize clusters. g, quantification of the fraction clustered of the negative control
SrcN15-mEos2, 32-mEos2 in basal conditions, and 32-mEos2 in the presence of the agonist for very short times (10 um isoproterenol, 5 s). The bar graph shows
the fraction clustered as the average = S.E. (*, p = 0.0023; one-tailed test). h, bottom, histogram representing the distribution of the number of molecules
present in the cluster of B2-mEos2 in basal conditions. Top, histogram representing the distribution of the cluster diameter size of B2-mEos2 in basal
conditions. j, the degree of clustering for the experiments was determined by Ripley’s K function analysis and L(r) — r parameter that displays the magnitude
of deviations from a random distribution as positive y values (normalized to 99% confidence interval). Data are representative of experiments that were

repeated at least three times. SrcN15-mEos2 (green curve) and B2-mEos2 basal state (red curve) are indicated.

shown). At a longer incubation with the agonist, the clustered
fraction displayed a slight increase with respect to the basal
state, in agreement with the receptor being internalized. The
increase in the clustering fraction was reinforced by the addi-
tion of the inhibitor of the clathrin-dependent endocytosis,
dynasore at 80 um (Fig. 2g). Even if we observed a clear trend in
the increase in the clustering fraction in the presence of the
agonist at 10 min (particularly adding dynasore) compared with
the basal state, the difference was not statistically significant
(Fig. 2¢). This was probably due to the variability of the inter-
nalization process in the presence of dynasore, the sparse num-
ber of the forming endosomes, the peculiarity of the approach
used, and the variability in receptor density from cell to cell, as
discussed in supplemental “Experimental Procedures” and Fig.
S1.Evenin diffraction-limited TIRF experiments observing cell
membrane receptors undergoing endocytosis, the number of
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cluster features appeared to be sparse and in the ~0.2—0.3/um?
range (25). However, the Ripley L function analysis confirms in
Fig. 2¢ the presence of an increased degree of clustering during
receptor endocytosis. We confirmed that receptor clusters cor-
responded to forming endosomes by colocalization experi-
ments between clathrin-EGFP and the 32-mEos2 receptor after
10 min of isoproterenol (supplemental Fig. S3). A similar experi-
ment of colocalization between the GPCR during endocytosis and
the clathrin-coated pit was previously reported by Puthenveedu
and von Zastrow (25). Detailed information about receptor clus-
ters during endocytosis, such as clustering fraction, size, and num-
ber of molecules present in the clusters, is shown in Fig. 2, 7 and i.
Receptor expression on the plasma membrane ranged from 10 to
160 molecules/um?® with an average value of at least 59 molecules/
wm? and a median value of at least 43 molecules/um?. These val-
ues compare well with those previously estimated for the endoge-
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FIGURE 4. PALM images and cluster analysis of 32-mEos2 on the plasma membrane of H9C2 cells after cholesterol sequestration or actin microfila-
ment disruption. a and b, PALM images in total internal reflection fluorescence geometry of 32-mEos2 on the plasma membrane of fixed H9C2 cells in basal
condition (a), and after actin cytoskeleton disruption (b). ¢, the degree of clustering for the experiments shown was determined by Ripley’s K function analysis
and L(r) — r parameter that displays the magnitude of deviations from a random distribution as the positive y values (normalized to 99% confidence interval).
Data are representative of experiments that were repeated at least three times. Cholesterol inactivation was obtained by preincubating cells with filipin for 30
min at the concentration of 12 wg/ml or MBDC with a preincubation of 30 min at 5 mm, whereas actin microfilament disruption was performed by preincu-
bating for 30 min with cytochalasin D at 2 um. d, concentration-response curve in the CAMP accumulation assay in H9C2 cells expressing 32-mEos2 in the
presence of cytochalasin D (32-mEos2-actin, blue curve) or f2-mEos2 without cytochalasin D (82-mEos2, red curve). The ECs, resulted in 7.10 = 1.51 and 8.74 +

0.74 nm, respectively. These data are representative of three different experiments.

nous 32 receptor in myocytes and A549 cells, namely 30 and
20/um?, respectively (27, 28). It is worthwhile mentioning that
HelLa cell morphology was not particularly affected by cell trans-
fection with our constructs (data not shown).

Our results proved the absence of clusters of the 32 receptor
in HeLa cells in the steady state and at the moment of receptor
activation after addition of the agonist for very short times. The
same evidence was found in the CHO cell line, where the
B2-mEos2 clustering fraction in the basal state was only about
2% (data not shown). In CHO cells, the presence of the endog-
enous 32 receptor is negligible (29), whereas in HeLa cells, the
amount of B2 is rather low (30). Considering that we looked for
clusters of at least five molecules, we cannot exclude the pres-
ence of receptor oligomers (or dimers) in these conditions. A
control based on another GPCR in HeLa cells, namely M3 mus-
carinic receptor, demonstrated that the clustered fraction of
M3 muscarinic construct, M3-PSCFP2, was negligible as shown
for the B2 receptor (supplemental Fig. S4).

Cluster Analysis of B2-Adrenergic Receptor on Plasma Mem-
brane of Cardiomyocytes, Such as HOC2 Cells, before and after
Agonist Addition—To further examine the presence of (2
receptor clusters in other cell types, we decided to consider the
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HOC2 cell line derived from embryonic rat heart. In HOC2 cells,
the expression and functional role of the endogenous 32 recep-
tor have been extensively studied and well characterized (31,
32).

PALM measurements allowed us to visualize a certain degree
of B2 receptor clustering already in the basal state (Fig. 3, a-c)
after fixation. The clustering fraction was about 10%, whereas
the negative control reached only 3% of clustering (Fig. 3, d-f).
We have observed an expression level of $2-mEos2 ranging
from only a few to 150 molecules/um®. This is a range that
covers an expression level close to physiological conditions and
up to amounts generally found in heterologous systems. We
could not observe a significant increase in the number of clus-
ters or an increase in the clustered fraction as a function of the
expression level. Receptor expression displayed an average
value of at least 67 molecules/ wm?and a median value of at least
47 molecules/um?, and the effect of the expression level on the
experimental findings is shown in supplemental Fig. S1. PALM
images yielded a number of B2 cluster features in the ~0.1-0.2/
wm? range, which compares with ~1-1.4/pm? from previous
NSOM data (7, 15). The presence of the endogenous 32 recep-
tor in H9C2 cells in the clustered fraction, undetected by
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FIGURE 5. PALM images and cluster analysis of 32-mEos2 and nonclustering peptide SrcN15-mEos2 on supported cell-membrane sheets of H9C2
cells. g, PALM image in TIRF geometry of 82-mEos2 in basal conditions on H9C2 membrane sheets obtained by transferring plasma membrane onto poly-L-
lysine-coated coverslips and then fixing. Images are representative of experiments that repeated at least three times. b, magnified view of boxed region in a.
¢, schematic representation of the molecule distribution of the inset to visualize clusters (different colors represent clustering degree). d, PALM image in TIRF
geometry of the nonclustering peptide SrcN15-mEos2 on HOC2 membrane sheets obtained using the same condition as in a. e, magnified view of boxed region
in d. f, schematic representation of the molecule distribution of the inset to visualize clusters. g, the degree of clustering for 32-mEos2 and SrcN15-mEos2 was
determined by Ripley’s K function analysis and L(r) — r parameter that displays the magnitude of deviations from a random distribution as positive y values
(normalized to 99% confidence interval). Data are representative of experiments that were repeated at least three times. h, schematic representation of the
experimental procedure used to obtain the membrane sheets (patches) onto poly-L-lysine-coated coverslips. Following the protocol of Perez et al. (21), a
poly-L-lysine-coated coverslip was put on top of the cells for few minutes and then removed allowing the transfer of the membrane patches onto the glass

coverslip.

PALM, can lead to an underestimation in our data of the real
clustering fraction. However, the immunofluorescence images
(supplemental Fig. S5) and the PALM data comparing the
expression of the exogenous (2 receptor suggest that the
impact of the endogenous 32 receptor on the cluster analysis is
limited. Importantly, when the full agonist isoproterenol was
added for 5 s, the clustering fraction of the 82 receptor in HOC2
cells was not significantly affected (Fig. 3g). These observations
suggest that if the partial receptor clustering in H9C2 is rele-
vant, in certain aspects, for receptor signaling, this assembly is
already preassociated before the addition of the ligand. The
confirmation of the specificity of f2-mEos2 clusters in HOC2
cells comes from the fact that we did not find any clustering of
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M3 receptor expressed in the same cells as shown in supple-
mental Fig. S4. Finally, when the inverse agonist ICI 118,551
(33) was added (1 uMm) to the B2 receptor in HIC2 cells, the
clustering fraction of 82 in HOC2 cells was still not significantly
affected (data not shown), ruling out the possibility of receptor
basal activity as the main cause for the formation of the clusters.

Cluster Analysis of B2-Adrenergic Receptor on Plasma Mem-
brane of HIC2 Cells after Cholesterol Sequestration or Actin
Microfilament Disruption—T o investigate the mechanism gov-
erning 32 receptor clustering in HOC2 cells, we tried to inter-
fere with this phenomenon altering membrane properties. In
particular, we looked to see if cholesterol played a role in recep-
tor clustering. Cholesterol is an essential component of mam-
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malian cell membranes and plays a crucial role in membrane
organization (34). In particular, it has been postulated that the
existence of cholesterol-rich liquid-ordered lipid domains, the
“lipid rafts,” can act as membrane anchors for signaling mole-
cules and induce protein aggregation, such as clustering (35).
Interestingly, a recent study reported that cholesterol can mod-
ulate GPCR functional properties through a specific direct
interaction (36). The sequestration of cholesterol and the con-
sequent modification of the lipid raft properties can be realized
through different chemicals, such as methyl-B-cyclodextrin
(MBDCQ) or filipin. If MBDC rapidly extracts cholesterol from
the plasma membrane and disrupts the lipid raft, filipin binds
and selectively sequesters cholesterol, only modifying raft
properties (37). However, the use of MBDC, a stronger
approach for cholesterol sequestration, causes more side effects
due to its pleiotropic properties (38 —40). For this reason, we
decided to utilize both cholesterol-altering agents, filipin with a
preincubation of 30 min at the concentration of 12 ug/ml and
MBDC with a preincubation of 30 min at the concentration of 5
mM. The acute addition of both treatments did not change the
assembly of the B2 receptor, indicating that receptor clustering
does not rely on lipid raft integrity and thus ruling out the pos-
sibility that 2 cluster formation is associated with the raft (Fig.
4). The receptor clustering was determined by Ripley’s K func-
tion analysis and L(r) — r curves display the magnitude of devi-
ations from a random distribution as positive y values (Fig. 4¢).
If cholesterol has a very important role in plasma membrane
properties, the actin cytoskeleton is also relevant for lateral dif-
fusion of membrane lipids and proteins. The actin cytoskeleton
lies immediately below the plasma membrane and it has been
shown, together with other cytoskeleton intermediates, to
impose constraints on the mobility of membrane proteins.
Recent studies demonstrated that the actin cytoskeleton desta-
bilization affects GPCR signaling (41—43). To assess the role of
the actin cytoskeleton, we treated H9C2 cells with 2 um
cytochalasin D, preincubating cells for 30 min. The clustering
of B2 receptor, as indicated by the L(r) — r function, was clearly
reduced by the actin-disrupting chemical (Fig. 4c). This implies
an important role of the actin cytoskeleton in receptor assembly
that is not associated with the lipid raft. Neither treatment
altered the morphology of most of the cells, even if a minority
suffered in these conditions (data not shown).

To place these observations in a physiological context, we
performed the cAMP functional assay after actin depletion in
HOC2 cells expressing B2-mEos2. Actin depletion did not sig-
nificantly affect the production of cAMP when it was measured
in the cellular bulk after incubation with the agonist for 10 min
(Fig. 4d). However, this kind of bulk test most likely misses fine
changes that can be related to a receptor clustering within
nanosized domains.

Cluster Analysis of [B2-Adrenergic Receptor on Supported
Cell-Membrane Sheets of HIC2 Cells—Considering that recep-
tor clustering is a biological process related to the plasma mem-
brane, we decided to use a different biological condition where
we obtained functional supported cell-membrane sheets on
poly-L-lysine-coated coverslips. Cell-membrane sheets can be
prepared by detachment of the plasma membrane of living cells
that are transferred to a poly-L-lysine-coated glass coverslip as

MAY 11,2012+VOLUME 287 +NUMBER 20

observed by Perez at al. (21). These membranes maintain most
of their functional properties as in the native conditions. Nota-
bly, whereas some proteins are mobile on these membrane
patches (e.g. monomeric Ge,), others are not (e.g. GPCRs) (44).
The advantages of this approach are the following: first, the
absence of the cell autofluorescence improves PALM reso-
lution for single molecule detection, and second, the elimi-
nation of most of the cytosolic components of the cell allows
an analysis of receptor properties related to its plasma mem-
brane environment, ideally reducing the receptor cluster ori-
gin to protein-protein and protein-lipid interactions present
on the membrane. Notably, from fluorescence images, we
still found actin filaments on these membrane patches (sup-
plemental Fig. S6). On these structures, we observed that the
B2 receptor was still clustered compared with the negative
control and the clustering was lower compared with the
whole fixed cell (Fig. 5).

DISCUSSION

The idea that signaling molecules, such as GPCRs, might
be organized in oligomers or clusters is still a controversial
topic, mostly because their visualization is precluded by the
limited resolution power of conventional optics (~200 nm).
By using PALM, we analyzed the clustering of the prototyp-
ical GPCR B2-adrenergic receptor, labeled with mEos2, in
different cell lines such as HeLa, CHO, and H9C2. In HeLa
cells, the receptors were randomly distributed all over the
plasma membrane, and the clustering was negligible, similar
to the negative control, even after a very short incubation
with isoproterenol. Notably, when another GPCR, namely
M3 muscarinic receptor, was analyzed or another cell line,
such as CHO, was considered, receptor clustering was still
not observed. Evidence of a GPCR not clustering in its basal
state was also found in a recent study where, using TIRF
microscopy, it was demonstrated that low-density M1 mus-
carinic receptors appear randomly distributed on the plasma
membrane of CHO cells (9). Our evidence indicates that in
these cell lines, receptor clustering is not required for GPCRs
to be functional. In fact, in HeLa cells, even if there was no
receptor clustering, the 32-adrenergic receptor was able to
increase cAMP. However, considering that we looked for
clusters of at least five molecules, we cannot exclude the
presence of receptor oligomers in these conditions. During
receptor internalization, we started to see an increase in
receptor clustering that was enhanced by the addition of the
inhibitor of the clathrin-dependent endocytosis, dynasore.
The agonist-dependent internalization of the B2 receptor is
known to be clathrin mediated (45), and we confirmed that
receptor clusters during internalization corresponded to
forming endosomes by colocalization experiments with
clathrin-EGEFP. Interestingly, considering that the 32 recep-
tor has constitutive internalization through clathrin-inde-
pendent endocytosis (46), the absence of clusters in the basal
state may suggest a different number and size of forming
endosomal structures that are used for clathrin-independent
endocytosis compared with the clathrin-dependent one.
Because our goal was to compare 32 receptor clustering in
different cell types, we also considered cardiomyocytes, such
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as H9C2 cells, derived from the embryonic rat heart, where
the physiological role of the 82 receptor is well documented
(31, 32). In addition, in this cell line, a very high degree of
receptor clustering was reported by means of NSOM mea-
surements (7, 15). When comparing the results from PALM
with those from NSOM, the following considerations are
taken into account. Whereas PALM is able to localize both
isolated monomers as well as receptors being part of a clus-
ter, NSOM sensitivity is limited to larger aggregates, lacking
the ability to detect individual fluorophores on the plasma
membrane. As a result, the real fraction of clustered mole-
cules cannot be determined with NSOM. In H9C2 cells, the
fraction of clustered receptors determined with PALM was
about 10%. This indicates that, although the majority of the
B2 receptors are randomly distributed on the plasma mem-
brane, a small fraction of clusters is formed and can possibly
have an important role in specific cellular plasma membrane
compartments. A relevant finding emerging from our data is
that the B2 receptor appears to form clusters in its basal
condition only in HO9C2 cells and not in HeLa or CHO, sug-
gesting the importance of the cell type in determining mul-
tiprotein complexes. A possible explanation for this differ-
ence is that H9C2 cells, derived from the embryonic rat
heart, compared with the other cells, express cell type-spe-
cific proteins responsible for receptor aggregation and/or
have different plasma membrane composition. A recent
paper (47) suggested that 2 receptor spatial confinement on
the plasma membrane in HOC2 cells was mediated by two
specific proteins that interact with the actin cytoskeleton,
the ezrin-binding phosphoprotein EBP50 and the protein
kinase A anchoring protein AKAP12. The appropriate
expression of these two scaffolding proteins in H9C2 cells
compared with other cell lines might be a possible explana-
tion for our findings. We obtained a qualitative agreement
with these results by performing single particle tracking
PALM (48) measurements on living cells. Although the fast
photobleaching of the fluorophore only allowed tracking for
short times, we observed that the 82-mEos2 diffusion coef-
ficient in H9C2 cells was lower than in HeLa cells (supple-
mental Fig. S7).

The presence of preassembled clusters in basal conditions
prompted us to observe if different receptor ligands could
affect protein clustering. Addition of the agonist isoprotere-
nol for very short times did not significantly affect the 82
receptor assembly. These observations suggest that if this
partial receptor clustered fraction in H9C2 is relevant in
certain aspects for receptor signaling, this assembly is
already preassociated before the addition of the ligand. It is
also true that the receptor clustered fraction was not related
to receptor basal activity because the inverse agonist ICI
118,551 did not affect cluster formation.

Considering that receptor clustering is a biological proc-
ess related to the plasma membrane, we then decided to
investigate the role of two main factors responsible for
plasma membrane heterogeneity, namely cholesterol and
the actin cytoskeleton. Both molecules have been shown in a
different context to affect membrane protein properties
(41-43), such as, for example, 5-hydroxytryptamine 1 recep-
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tor oligomerization (43). Interestingly, the sequestration of
cholesterol induced by filipin or MBDC did not change the
assembly of the B2 receptor, indicating that receptor clus-
tering does not rely on lipid raft integrity, and thus ruling out
the possibility that 82 cluster formation is associated with
the raft. In a similar direction, Pontier et al. (8) have shown
that the B2 receptor in HEK293 cells does not partition
within the cholesterol-enrichment domain, and this is nec-
essary to restrain receptor basal activity. To assess the role of
the actin cytoskeleton, we treated HOC2 cells with the actin
polymerization inhibitor cytochalasin D, which clearly
reduced clustering of the B2 receptor. This implies an
important role of the actin cytoskeleton in receptor assembly
that is not associated with the lipid raft. To relate these
observations in a physiological context, we tried the cAMP
functional assay after actin depletion, but this alteration did
not significantly affect the production of cAMP induced by
the B2 receptor, as detected by bulk assay. In the near future,
the use of novel functional approaches similar to those used
for measuring the spatiotemporal dynamics of intracellular
compartmentalized cAMP using FRET-based biosensors
(49) may enable a more accurate analysis of the small differ-
ences in cAMP signaling in the plasma membrane cellular
domains. The interaction between actin filaments and the 32
receptor is probably mediated by protein intermediates, as
recently shown by Valentine and Haggie (47) for ezrin-bind-
ing phosphoprotein EBP50 and protein kinase A anchoring
protein AKAP12. However, considering that other actin-
binding proteins are relevant for GPCR-cytoskeleton inter-
actions, e.g. filamin (24), we cannot rule out possible impli-
cations of other intermediates in B2 receptor-actin
interactions. The relevance of the actin cytoskeleton was
nicely confirmed in experiments based on functional sup-
ported cell-membrane sheets on poly-L-lysine-coated cover-
slips. Importantly, from fluorescence images, we still found
actin filaments, even if decreased, present on the plasma
membrane, implying a functional role of actin and its bind-
ing proteins in these membrane sheets. On these membrane
patches, we found that the B2 receptor was still clustered
compared with the negative control, and the fraction clus-
tered was slightly decreased compared with the whole fixed
cell.

In summary, we found that the prototypical GPCR B2-ad-
renergic receptor is partially preassociated in nanoscale-
sized clusters only in the cardiomyocytes, such as H9C2
cells, but not in other cell lines, such as HeLa and CHO.
Although cholesterol sequestration and removal did not
affect receptor clustering, the inhibition of actin polymeri-
zation did decrease cluster formation. These findings sug-
gest that receptor clustering is influenced by the actin cyto-
skeleton, but it does not rely on lipid raft integrity, thus
ruling out the possibility that 32 receptor clusters are asso-
ciated with the lipid raft. Scaffolding proteins present in
HO9C2 are most likely responsible for cell-specific receptor
clustering mediated by actin filaments and the dynamics of
this process have to be further investigated. This study has
demonstrated how the application of PALM, combined with
a careful choice of negative and positive controls, has suc-
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cessfully allowed the quantitative determination of GPCR
clusters compared with a randomly distributed peptide
expressed on the plasma membrane of different cell types.
The application of this powerful microscopy technique, as a
quantitative tool, opens up the possibility to investigate and
quantify the number of molecules in biological assemblies
and determine the protein stoichiometry in signaling
complexes.
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