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Recently, membrane rafts and caveolae have received much attention for their role as signaling
platforms, particularly due to their involvement in the pathogenesis of a number of diseases,
including HIV as well as neurological and cardiovascular conditions. Signaling mediated by the
B-adrenergic receptor (B-AR), a member of the large family of G-protein coupled receptors
(GPCRs) that transduce extracellular messages via the ubiquitous second messenger, cCAMP, has
been a focus of raft studies since multiple components of the pathway are compartmentalized by
these membrane microdomains. However, how these membrane rafts behave and regulate
signaling dynamics in a cellular context is poorly understood. Here, we describe a live-cell assay
based on single-cell, real-time fluorescence imaging, via an improved FRET-based cAMP
biosensor, to monitor raft regulation of second messenger dynamics. Upon cholesterol depletion
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with methyl-B-cyclodextrin (MBCD), B,-AR-mediated cAMP accumulation was enhanced and
prolonged in HEK-293 cells, demonstrating that membrane raft integrity helps shape p-AR
signaling. Single-cell imaging in parallel with fractionation studies reveal that the enhancement
and change of dynamics are mediated by the receptor and correlated with its redistribution.
Finally, the effect of cholesterol depletion is receptor-type specific as MBCD treatment did not
show the same effect when the raft-excluded prostaglandin E receptor was stimulated. This study
highlights the potential of a live-cell, real-time imaging assay for studying membrane rafts,
including high sensitivity and spatiotemporal resolution, to achieve a better understanding of the
nuances of membrane microdomains in both healthy and diseased states.

Introduction

Membrane rafts, including caveolae, are “small (10-200 nm),
heterogeneous, highly dynamic” microdomains that are
enriched in cholesterol and sphingolipids.! The combined
structural and physical characteristics of these sterols and
lipids give rise to regions in the membrane that are highly
ordered and less fluid, a stark contrast to the more disordered,
fluid (non-raft) membrane environment. Functionally, these
microdomains have been implicated in the regulation of
cellular processes including signal transduction, endocytosis,
trafficking and viral entry, assembly and budding.?
Specifically, the partitioning of receptors and other signaling
components into different compartments of the membrane has
been shown to be integral for achieving specificity.>* For
example, components of a pathway can co-localize within
rafts to enhance signaling efficiency, while segregation of
components into different compartments can regulate basal
activity and direct a signal to follow a specific transduction
route.” Moreover, membrane rafts and caveolae have been
connected with a growing number of health conditions such as
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neurological and cardiovascular diseases, making them an
exciting target for new therapeutics.®

Cyclic AMP (cAMP) is a ubiquitous second messenger that
governs many cellular processes with high specificity, fidelity
and efficiency. A model of second messenger signaling, cAMP
is generated by G protein coupled receptor (GPCR)-mediated
activation of adenylyl cyclase (AC) via G,, stimulatory proteins
and goes on to elicit highly specific cellular responses through
only a few effector proteins: cAMP dependent protein kinase
(PKA), exchange protein directly activated by cAMP (Epac)
and cyclic nucleotide gated (CNG) channels.” It is believed
that compartmentation, for example spatial compartmentation
within membranes, is a necessary mechanism for achieving this
specificity.® In fact, CAMP pathway components, including
GPCRs, specifically adrenergic (B;- and B>-AR), cholinergic
(mAChR and nAChR), and angiotensin receptors (AT-R), as
well as AC, G, proteins, phosphodiesterases and effector
molecules, such as CNG channels, have been shown to
dynamically associate with membrane rafts/caveolae in a
variety of tissues and cell types (see ref. 9 for individual
references). Yet how the specific distribution of these
pathway components regulates signaling specificity is not yet
completely understood.

Membrane rafts have remained difficult to study due to their
intrinsic properties: size, heterogeneity and dynamic nature.
Biochemical approaches for isolating membrane rafts via
fractionation have enabled the study of lipid composition
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and protein localization within these compartments, however
this method provides only snap shots of dynamic signaling and
removes signaling components from their live-cell context.’
Moving towards more in vivo analysis, fluorescence resonance
energy transfer (FRET) experiments have been used to
monitor specific proteins in these microdomains in living
cells.!® When combined with these techniques, pharmaco-
logical disruptors of membrane rafts such as cholesterol
depleting agents (cyclodextrins and filipin) and cholesterol
synthesis inhibitors have been wuseful for probing the
functional consequences of these microdomains, such as their
role in regulating CNG channel activity.!! While these
techniques have led to important findings regarding membrane
rafts, more sensitive and dynamic tools are needed to
study their regulation of signaling dynamics in their native
environment.

We have successfully developed biosensors for studying the
spatiotemporal dynamics of second messenger signaling in
single living cells in real-time using fluorescence microscopy.
Indicator of cAMP using Epac (ICUE) was designed by
sandwiching Epacl, a guanine exchange factor for the small
GTPase Rapl, between two green fluorescent protein (GFP)
variants. Upon cAMP binding, the protein undergoes a
conformational change resulting in a decrease in fluorescence
resonance energy transfer (FRET).'? Multiple cAMP biosensors
have been developed'® and the broad application of such
dynamic sensors to monitor second messenger dynamics have
been reported in a variety of cells types and using different
assay platforms.'* ' Given the benefits of these biosensors, we
set out to study the role of membrane microdomains
in regulating p-adrenergic-mediated cAMP dynamics in
HEK-293 cells using these tools and live-cell imaging.

Results
ICUES3 and lynICUE3 characterization

In order to monitor cAMP dynamics in living cells, we have
developed a series of Epac-based biosensors, ICUEs, that are
able to sensitively detect cAMP production and degradation in
real-time.'>!® In order to achieve a good signal-to-noise ratio,
it is desirable to have a sensor with a large dynamic range that
is suitable for detecting subtle or suboptimal changes that are
physiologically relevant. Furthermore, subcellular localization
tags on such reporters can sometimes negatively impact the
overall dynamic range presumably due to a constraint in the
conformational change of the sensor itself. For example,
targeting ICUE2 to the plasma membrane via a farnesylation
modification consensus sequence diminished the dynamic
range of ICUE2 by about half (Fig. 1A&C). Previous
FRET-based sensors have been shown to be improved upon
the introduction of circularly permuted fluorescent proteins.'”
Following this strategy, we exchanged our current FRET
acceptor, citrine, in ICUE2 with circularly permuted YFP
variants, cpVenus, at residues K156, E172 and L194 as well
as wild type Venus.

Single cell imaging studies revealed cpVenus at residue L194
gave the largest dynamics range, a maximum percent
ratio change of 102.2 £ 2.9% (n = 11) [average = SEM,
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Fig. 1 Characterization of ICUE3 in HEK-293 cells. (A) Bar graph
of maximum percent ratio changes for ICUE2 and cpVenus variant-
containing ICUE2 sensors. (B) CFP images of ICUE3 (cpVL194) and
lynICUE3. (C) Comparison of average maximum percent ratio
changes for ICUE3, lynICUE3 and pmICUE2.

n = number of cells] upon stimulation of AC with 50 pM
forskolin (Fsk) in HEK-293 cells. This probe, we refer to as
ICUES3, has a 67% improvement over ICUE2 (Fig. 1A). Like
ICUE2, ICUES3 is expressed diffusely throughout the cytosol
and excluded from the nucleus when transfected into
HEK-293 cells. Also, we effectively targeted ICUE3 to the
plasma membrane using a myristoylation and palmitoylation
sequence from Lyn kinase to measure cAMP closer to the site
of its generation (Fig. 1B). Furthermore, this targeting
sequence has been shown to localize proteins to the raft
regions of membranes.'® Similar to the improvement of
ICUE3 over ICUE2, this version of Lyn sequence targeted
ICUES3 (lynICUE3) showed a 63% improvement over plasma
membrane ICUE2 (pmICUE2) upon 50 pM Fsk addition
(49.0 + 24%, n = 4 compared to 27.6 £ 2.3% n = 9)
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(Fig. 1C). Thus, the improved dynamic range of ICUE3
enabled the generation of a membrane targeted biosensor,
lynICUE3, with a much improved dynamic range over
previous targeted versions.

Cholesterol depletion enhances cAMP production and prolongs
response in HEK-293 cells

Having improved the reporter and demonstrated its ability to
sensitively monitor cCAMP dynamics at the plasma membrane,
we turned our attention to the role of membrane micro-
domains in shaping cAMP dynamics. We used isoproterenol,
a PB-adrenergic agonist which effectively generates cAMP via
activation of the B,-AR in HEK-293 cells. In control cells,
addition of 1 pM Iso generated a submaximal (49.9 + 4.7%,
n = 22), transient response measured as an increase in cyan
emission to yellow emission upon cyan excitation (Fig. 2A).
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Fig. 2 Enhancement of B,-AR-mediated cAMP accumulation in
HEK-293 cells upon cholesterol depletion. Average emission ratio
time courses of ICUE3 (A) and lynICUE3 (B) upon stimulation with
1 uM Iso £+ 10 mM MBCD. (C&D) Average emission ratio time course
of lynICUE3 response upon addition of 50 uM Fsk (C) and 10 uM
ritodrine (D) tpretreatment of cells with 10 mM MBCD. (E) Western
analysis of B,-AR localization in membrane fractionations of
HEK-293 cells + 10 mM MBCD treatment. (F) Average emission
ratio time course of f,-AR-CFP/B-arrestin2-YFP bimolecular
reporter upon addition of 1 pM Iso + 10 mM MBCD treatment. All
time course data are presented as average +SEM. Cells pretreated with
MBCD are represented as open squares ([J) and untreated as closed
squares (H).

Using cholesterol depletion to disrupt membrane rafts,'® we
pre-treated HEK-293 cells expressing ICUE3 with 10 mM
MBCD for 30 min followed by stimulation with 1 uM Iso.
Cholesterol depletion resulted in an enhanced cAMP response
of 62.9 + 1.9% (n = 93), 26% greater than cells treated with
Iso alone, consistent with previous studies using cAMP
assays.”®?? Furthermore, cells pretreated with MPCD took
almost twice as long as untreated cells to reach maximum
upon B>-AR stimulation (¢, = 26 =3s(n = 93)and 15+ 35
(n = 22), respectively), and longer to return to baseline
(Fig. 2A). This effect is also dose-dependent as 100 nM
Iso-stimualtion after cholesterol depletion resulted in a
more subtle effect (Fig. S11) Cholesterol depletion showed a
similar trend in enhanced amplitude and prolonged response
with the plasma membrane targeted version, lynICUE3
(Fig. 2B). We performed the rest of our experiments
with lynICUE3 to monitor cAMP dynamics at the plasma
membrane.

The methyl p-cyclodextrin effect is dependent on the receptor
and its localization within the membrane

To explore the effect of membrane raft disruption on f,-AR
signaling further, we set out to determine if cholesterol
depletion affected other pathway components in the
membrane. To this end, we treated lynICUE3-expressing
HEK-293 cells with MBCD and bypassed the receptor by
directly stimulated AC with 50 uM Fsk. We observed no
statistical difference in either amplitude or Kinetics between
treated and untreated cells (Fig. 2C). These results suggest the
MBCD-mediated enhancement of cAMP response is receptor-
dependent. To confirm this, we stimulated cells with another
B>-AR ligand, ritodrine. Ritodrine is known to have partial
agonist properties and we were unable to detect a cAMP
response with ICUE upon addition of the drug due to this
diminished efficacy. However, upon pretreatment with 10 mM
MBCD, 10 uM ritodrine elicited a robust response with a
maximum ratio change of 21.8 + 3.9% (rn = 3) similar to the
enhancement observed for 1 uM Iso (Fig. 2D). The cholesterol
depletion effect for ritodrine appears more dramatic since the
amount of cAMP produced with 10 uM ritodrine alone is
beyond the detection limit of the sensor. This dramatic
enhancement in ritodrine-mediated cAMP response upon
cholesterol depletion confirms the effect is receptor-dependent
and not agonist dependent.

Next, we performed membrane fractionation using a
sucrose density gradient method in order to determine the
localization of endogenous B,-AR in HEK-293 cells before
and after treatment with MBCD. Nine fractions were taken,
from low density, buoyant fractions to higher density fractions
(1-9, respectively). Membrane rafts localize to the more
buoyant fraction, whereas non-raft regions are localized to
higher density fractions. Membrane raft marker Cholera toxin
B subunit (CtxB), which binds to a known raft-associated
ganglioside, GM1, indicated that raft regions were found to be
in fraction 3. Upon probing these fractions with a B,-AR
specific antibody, endogenous B,-AR was detected in fractions
4 and 5 without any treatments. Upon cholesterol depletion,
the bands disappeared from these fractions, consistent with
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redistribution of the receptor throughout the membrane
(Fig. 2E). As a control, we determined the localization of
lynICUE3 using the same method. LynICUE3 was found in
fractions 3 and 4 as well as in fractions 8 and 9, showing
partial lipid raft targeting. Upon treatment with MBCD, some
redistribution among the fractions was observed (Fig. S27).
And since we see similar MPBCD-mediated effects between the
plasma membrane and the untargeted probe upon 1 pM Iso
stimulation, we can conclude that the redistribution of the
receptor is having a global effect on cAMP dynamics under
this condition.

Studies in cardiomyocytes have shown that caveolae are
important for proper desensitization of the P,-AR.>*** We
have previously shown that receptor desensitization, particularly
homologous desensitization mediated by G protein coupled
receptor kinase (GRK) and p-arrestin, is an important
mechanism in shaping cAMP dynamics in HEK-293 cells.'®
Thus, we set out to probe the effect of cholesterol depletion on
desensitization using a bimolecular FRET-based probe of
B-arrestin recruitment. The probe, consisting of a CFP-tagged
B>-AR and a YFP-tagged p-arrestin2, reports p-arrestin
recruitment to the receptor as an increase in FRET. This
FRET increase is highly dependent on GRK phosphorylation
of the receptor, as siRNA against GRK isoforms has been
shown to significantly reduce the observed rate (kops) of
response.>* Thus, if GRK phosphorylation and P-arrestin
recruitment were perturbed upon membrane raft disruption,
we would expect to see a difference in the kinetic parameters
(t12) of the response curve. Upon stimulation of HEK-293
cells stably expressing both reporter components with 1 uM
Iso, we observed an increase in emission ratio of YFP to CFP
as expected. However, we observed no perturbation of the rate
of response upon pretreatment with 10 mM MBCD, indicating
GRK phosphorylation and B-arrestin recruitment is unaltered
by the treatment (Fig. 2F).

Membrane raft disruption effect is receptor-type specific

It is known that GPCRs differentially localize within the
membrane. For example, the Gs-coupled prostaglandin E
receptors, EP2-R and EP4-R, have been shown consistently
to be excluded from membrane rafts in mammalian cells. We
confirmed the localization of the EP2-R in the less ordered,
non-raft region in the membrane of HEK-293 cells via sucrose
density gradient membrane fractionation. Western analysis of
the fractions revealed the presence of EP2-R in the higher
density fractions (7-9) which did not change significantly upon
MBCD treatment (Fig. 3A). In HEK-293 cell expressing
lynICUE3, we observed no statistical difference in maximum
cAMP response between MBCD treated (13.8 +2.3%, n = 8)
and untreated cells (14.6 £ 2.1%, n = 12) upon stimulation of
EP-R with 1 uM PGE;, (Fig. 3B). However, cholesterol deple-
tion elicited a faster response (1, = 51.5 £ 28 s, n = 8
compared to #1, = 66.9 £ 5.4, n = 12; p value = 0.0224)
(Fig. 3C). The slightly faster EP-R-mediated response
is the opposite effect seen for P,-AR. These results
suggest the cholesterol depletion effect is highly dependent
on receptor localization within the membrane and its
redistribution.
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Fig. 3 The MBCD effect is receptor-specific. (A) Western analysis
of EP2-R localization in membrane fractions from HEK-293 cells
+10 mM MBCD treatment. (B) Emission ratio time courses of
lynICUE3 upon addition of 1 pM PGE; with (O) or without (H)
10 mM MBCD pretreatment. (C) Comparison of the maximum
percent ratio change and 7, , values. All data are presented as average
+SEM.

Discussion

B>-AR is a prototypical GPCR which has been shown to have
distinct localization within membrane microdomains in
different cell types. Using an improved cAMP biosensor in
live cells, we detect an enhanced isoproterenol-mediated
cAMP accumulation and prolonged response upon disruption
of membrane rafts via cholesterol depletion. However, this
result was only observed for the raft-associated f,-AR. The
EP-R, which resides in the non-raft regions of the membrane,
showed no enhanced cAMP response upon cholesterol
depletion. In fact, we observed somewhat faster accumulation
of cAMP. We can conclude that membrane rafts negatively
regulate B,-AR signaling in addition to known feedback
mechanisms. And this regulation is highly dependent on
receptor localization within these microdomains. It is of note
that compartmentation was first proposed to help explain the
functional differences between Iso- and PGE,;-mediated
signaling in cardiomyocytes.” It is therefore conceivable that
the assay described here can be applied to explore this
functional difference in terms of membrane rafts.

Our observations are consistent with a recent study
involving the biochemical analysis of the same receptor using
AC activity assays to measure cholesterol depletion effects on
cAMP production.?! Interestingly, Pontier et al. report MPCD
treatment enhances Fsk-mediated cAMP production.
However, in our live-cell imaging assay, we did not observe
such effect of cholesterol depletion using the same concentration
of Fsk. This discrepancy may be due to the different readout,
AC activity versus accumulation of free cAMP, as well as other
differences inherent in these two assays, and highlights the
importance of employing complementary approaches to
studying signal transduction within membrane microdomains
in order to obtain an accurate understanding of what is
occurring within the cell.

This study illustrates the potential of a live-cell, real-time
imaging assay for studying membrane microdomains. First,
FRET-based imaging enables the measurement of signaling
dynamics within live cells with high temporal resolution.

This journal is © The Royal Society of Chemistry 2009
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As demonstrated with ICUE, we were able to monitor the
effect of cholesterol depletion not only at a specific time point,
but in real-time as cells were responding. Besides free cAMP
concentration, we were able to monitor rate of cAMP
accumulation and duration of response as well as subtle
changes to these kinetic parameters. Furthermore, specific
targeting of these biosensors allows the direct measurement
of raft and non-raft signaling kinetics. For example, we
recently showed a FRET-based Akt activity probe, AktAR,
is able to detect differential growth factor signaling within
these membrane microdomains.'® Thus, this assay can be
generally applicable to study the roles of membrane
microdomains in regulating other receptors and pathways,
providing rich information that is difficult, if not impossible,
to obtain by other assays.

Experimental
Development and targeting of ICUE3

ICUE3 was developed by excising citrine from ICUE2'® in
pcDNA3 vector and replacing it with circularly permuted
variant of yellow fluorescent protein (YFP), Venus, at residue
L194 using Sacl and EcoRI restriction sites. ICUE3 was
targeted to the plasma membrane via a myristoylation and
palmitoylation lipid modification consensus sequence
(GCIKSKRKDKD).

Cell culture

HEK-293 cells were maintained in DMEM (10% FBS and 1%
pen/strep) at 37 °C with 5% CO,. For imaging, cells were
plated onto sterilized glass coverslips in 35 mm dishes
transfected with FuGENE-6 transfection reagent (Roche) or
calcium phosphate at 50-60% confluence and allowed to grow
for 18-24 h before imaging.

Imaging

Cells were washed twice with and maintained in Hanks’
balanced salt solution (HBSS) buffer and allowed to
equilibrate for 10 min at room temperature in the dark. Cells
were treated with isoproterenol (ISO; Aldrich), PGE; (Sigma),
and forskolin (Fsk; Calbiochem) as indicated. For cholesterol
depletion experiments, cells were treated with 10 mM methyl-
B-cyclodextrin (MBCD; Sigma) for 30 min at 37 °C and then
washed 2-3 times with HBSS imaging buffer before imaging.

Dual emission ratio imaging was performed on a Zeiss
Axiovert 200 M microscope with a MicroMAX BFT512
cooled charge-coupled device camera (Roper Scientific,
Trenton, NJ) controlled by METAFLUOR 6.2 software
(Universal Imaging, Downingtown, PA). Emission ratios were
obtained using a 420DF20 excitation filter, a 450DRLP
dichroic mirror, and two emission filters (475DF40 for ECFP
and 535DF?2S5 for citrine) alternated by a Lambda 10-2 filter-
changer (Sutter Instruments, Novato, CA). Images were
taken every 20 s with an exposure time of 100-500 ms.
Fluorescent images were background-corrected by subtracting
autofluorescence intensities of untransfected cells (or background
with no cells) from the emission intensities of cells expressing
reporters.

Sucrose density gradient fractionation and western analysis

Isolation of detergent resistant membranes from HEK-293
cells was achieved by sucrose density gradient fractionation as
previously described.'® Individual fractions were run on a 10%
SDS-polyacrylamide gel electrophoresis (PAGE) and trans-
ferred to nitrocellulose membranes. B,-AR and EP2-R were
detected by immunoblotting with antibodies from Santa Cruz
and Cell Signaling, respectively. Lyn[CUE3 was detected by
immunoblotting with a anti-GFP and GFP mutant fusion
proteins antibody from eBioscience. For determining location
of raft regions, the fractions were dot blotted on nitrocellulose
membrane and probed with HRP conjugated Cholera toxin
subunit B (CTxB) antibody.'® Chemiluminescence detection
was performed with horseradish peroxidase-conjugated
secondary antibody and SuperSignal West Pico reagent
(Pierce).

Conclusion

Employing an improved FRET-based cAMP biosensor
(ICUE3) and live-cell real-time fluorescence imaging, we were
able to test the role of membrane raft integrity in shaping
B>-AR-mediated cAMP signaling upon their disruption via
cholesterol depletion. This assay is an important addition to
the current tool kit for studying the biological significance of
these dynamic and often elusive membrane microdomains
with high sensitivity and resolution and can be readily applied
to the studies of different receptors in various cell types.
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