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ABSTRACT: Serotonergic signaling appears to play a key role in the generation and modulation of various
cognitive, behavioral, and developmental processes. The serotonin1A receptor is an important member of
the superfamily of seven transmembrane domain G-protein-coupled receptors and is the most extensively
studied among the serotonin receptors. Several aspects of serotonin1A receptor biology such as cellular
distribution and signal transduction characteristics are technically difficult to address in living cells on
account of the inability to optically track these receptors with fluorescence-based techniques. We describe
here the characterization of the serotonin1A receptor tagged to the enhanced yellow fluorescent protein
(EYFP) stably expressed in Chinese hamster ovary (CHO) cells. These receptors were found to be essentially
similar to the native receptor in pharmacological assays and can therefore be used to reliably explore
aspects of receptor biology such as cellular distribution and dynamics on account of their intrinsic fluorescent
properties. Analysis of the cell surface dynamics of these receptors by fluorescence recovery after
photobleaching (FRAP) experiments has provided novel insight into the molecular mechanism of signal
transduction of serotonin1A receptors in living cells. Interestingly, addition of pharmacologically well-
characterized ligands or activators of G-proteins altered the diffusion characteristics of the receptor in a
manner consistent with the G-protein activation model. These results demonstrate, for the first time, that
membrane dynamics of this receptor is modulated in a G-protein-dependent manner.

The G-protein-coupled receptor (GPCR)1 superfamily is
one of the largest protein families in mammals (1). Signal
transduction events mediated by this class of proteins are
the primary means by which cells communicate with and
respond to their external environment. This is achieved

through the activation of GPCRs upon binding of ligands
present in the extracellular environment which results in
transduction of signals to the interior of the cell through
concerted changes in their transmembrane domain structure
(2). The major paradigm in this signal transduction process
is that stimulation of GPCRs leads to the recruitment and
activation of the heterotrimeric GTP-binding proteins (G-
proteins) (3). The activation process stimulates the GDP-
GTP exchange leading to the dissociation of the GTP-bound
R-subunit and theâγ-dimer of the G-protein from the GPCR.

These initial events, which are fundamental to all types
of GPCR signaling, occur at the plasma membrane via
protein-protein interactions. An important consequence of
this is that the dynamics of the activated receptor on the cell
surface represents an important determinant in its encounter
with G-proteins and has significant impact on the overall
efficiency of the signal transduction process. This aspect
forms the basis of the “mobile receptor” hypothesis in which
the lateral mobility of the receptor on the cell surface is
assumed to play an important role in cellular signaling (4).
This model proposes that receptor-effector interactions at
the plasma membrane are controlled by lateral mobility of
the interacting components. Evidence for this comes from
previous reports in which the ability of vasopressin V2

receptors to activate adenylate cyclase through G-proteins
was found to be directly dependent on the mobile fraction
of these receptors on the cell surface (5), and the activation
of G-proteins by light-activated rhodopsin was determined
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by diffusion rates of the receptor in the membrane (6). This
model has evolved and assumes relevance due to novel
findings on G-protein-coupled signal transduction events.
Recent evidence has indicated that receptors and G-proteins
are less dynamic than previously appreciated. A spatiotem-
porally organized system rather than a freely diffusible
system has been suggested to be responsible for rapid and
specific propagation of extracellular stimuli to intracellular
signaling molecules (7, 8). Moreover, the specificity of
signaling in intact cells appears to be significantly greater
than that observed in reconstituted systems. In addition, the
observation that G-proteins themselves are largely immobile
on the plane of the plasma membrane even upon receptor
activation (9) suggests a strong degree of clustering and
therefore a controlled access to receptors on the cell surface.
On the basis of these results, it has been proposed that
GPCRs are not uniformly present on the plasma membrane
but are concentrated in specific membrane microdomains (7-
11). This heterogeneous distribution of GPCRs into domains
has given rise to new challenges and complexities in receptor
signaling since signaling now has to be understood in the
context of the three-dimensional organization of various
signaling components which include receptors and G-proteins
(11).

Serotonin (5-hydroxytryptamine or 5-HT) is an intrinsi-
cally fluorescent neurotransmitter (12) and exerts its actions
by binding to distinct membrane receptors that have been
classified into many groups (13). Serotonergic signaling
appears to play a key role in the generation and modulation
of various cognitive, behavioral, and developmental processes
in higher eukaryotes (14-16). Serotonin receptors are
members of a superfamily of seven transmembrane domain
receptors that couple to G-proteins (1). Among the 14
subtypes of serotonin receptors, the G-protein-coupled
5-HT1A receptor subtype is the most extensively studied for
a number of reasons (17). One of the main reasons is the
availability of a selective ligand, 8-OH-DPAT, that allows
extensive biochemical, physiological, and pharmacological
characterization of the receptor (18). In addition, this receptor
was the first among serotonin receptors to be cloned and
sequenced (19, 20). Importantly, the 5-HT1A receptor levels
and function have been shown to be important indices to
diagnose several psychological disorders. These include
alterations in the receptor levels in schizophrenia and
depression (21, 22) and polymorphisms in the upstream
repressor region of the 5-HT1A receptor gene in major
depression and suicide in humans (23). The 5-HT1A receptor
has recently been shown to have a role in neural development
(15) and protection of stressed neuronal cells undergoing
degeneration and apoptosis (24). In addition, 5-HT1A receptor
antagonists represent a major class of molecules with
potential therapeutic effects in anxiety- or stress-related
disorders (25). We have earlier shown modulation of ligand
binding activity of the 5-HT1A receptor isolated from the
bovine hippocampus with agents that perturb G-proteins (26,
27), local anesthetics (28), and membrane cholesterol (29,
30). In addition, we have solubilized and partially purified
the 5-HT1A receptor from both the native bovine hippocam-
pus (17) and heterologously expressed human 5-HT1A

receptors from Chinese hamster ovary cells (31), where the
receptor was found to possess very similar pharmacological
characteristics as in the native system (32).

In this paper, we describe the characteristics of the human
5-HT1A receptor tagged to the red-shifted emission variant
of green fluorescent protein (GFP), the enhanced yellow
fluorescent protein (EYFP, previously known as GFP-10C)
(33), stably expressed in CHO cells. The EYFP variant is
advantageous since it avoids cellular autofluorescence, is
relatively photostable, and has a high quantum yield (33).
In light of the proposed significance of a spatiotemporally
restricted environment in modulating receptor and G-protein
interaction (see above), we have utilized the intrinsic
fluorescence of the EYFP-tagged receptor to analyze its cell
surface dynamics (diffusion characteristics) using the tech-
nique of fluorescence recovery after photobleaching (FRAP).
On the basis of the analysis of the FRAP data, we provide
evidence, for the first time, that cell surface dynamics of
this receptor is altered upon receptor-dependent or -inde-
pendent activation of G-proteins in an intact cellular environ-
ment. These results provide novel information on signaling
events involving the 5-HT1A receptor.

EXPERIMENTAL PROCEDURES

Materials.8-OH-DPAT,p-MPPI, penicillin, streptomycin,
gentamycin sulfate, serotonin, polyethylenimine, mastoparan,
and pertussis toxin were obtained from Sigma (St. Louis,
MO). D-MEM/F-12 [Dulbecco’s modified Eagle medium:
nutrient mixture F-12 (Ham) (1:1)], lipofectamine, fetal calf
serum, and geneticin (G 418) were from Invitrogen Life
Technologies (Carlsbad, CA). GTP-γ-S was from Roche
Applied Science (Mannheim, Germany). The BCA reagent
kit for protein estimation was from Pierce (Rockford, IL).
Forskolin and IBMX were obtained from Calbiochem (San
Diego, CA). [3H]8-OH-DPAT (specific activity) 135.0 Ci/
mmol) and [3H]p-MPPF (specific activity) 70.5 Ci/mmol)
were purchased from DuPont New England Nuclear (Boston,
MA). The cyclic [3H]AMP (TRK 432) assay kit was
purchased from Amersham Biosciences (Buckinghamshire,
U.K.). GF/B glass microfiber filters were from Whatman
International (Kent, U.K.). All other chemicals used were
of the highest available purity. Water was purified through
a Millipore (Bedford, MA) Milli-Q system and used through-
out.

Construction of the 5-HT1AR-EYFP Fusion Expression
Vector.The EYFP coding sequence was fused in frame at
the C-terminal end of the 5-HT1A receptor coding sequence.
Two synthetic oligonucleotide primers were designed for
PCR amplification of the 5-HT1A coding sequence (19) and
cloned into theNheI/AgeI site of the pEYFP-N1 vector (BD
Biosciences Clontech, Palo Alto, CA). The sense
primer, GTCGGGCTAGCCACCATGGATGTGCTCAG-
CCCTGG, encoded theNheI restriction enzyme cleavage
site, the Marylin-Kozak site for translation initiation, and
the first 20 nucleotides of the sense strand of the 5-HT1A

coding sequence. The antisense primer, CACCATGGTG-
GCGACCGGTTGGCGGCAGAAGTTACAC, encoded the
last 19 nucleotides of the antisense strand of the 5-HT1A

receptor coding sequence followed by theAgeI recognition
sequence and 12 nucleotides of the antisense strand of the
EYFP coding sequence. Both of the oligonucleotides were
synthesized by Gibco BRL (Grand Island, NY). The intron-
less human genomic clone G-21 (20) in the mammalian
expression vector pBC12BI was a generous gift from Dr.
Probal Banerjee (College of Staten Island, City University
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of New York). This insert was amplified in a PCR reaction
using the above-described primers. A 1296 base pair PCR
product was generated in the reaction which was cut with
NheI and AgeI and purified by agarose gel electrophoresis
followed by the Promega Wizard Plus DNA purification
system (Madison, WI). This pure DNA fragment was ligated
to the large (4.7 kb) fragment of the pEYFP-NI vector
generated upon digestion withNheI and AgeI. Escherichia
coli DH5R cells were transformed with this ligation mixture,
and plasmids were isolated from kanamycin-resistant clones.
The∼1.3 kb insert released upon digestion of this plasmid
with NheI and AgeI was sequenced at the Lerner Research
Institute core facility. Clones that yielded the designed in
frame fusion between the coding sequence of the 5-HT1A

receptor and EYFP were isolated. Plasmids were routinely
purified using a Qiagen column (Qiagen, Valencia, CA) and
used for transfection experiments.

Transient and Stable Transfection of CHO-K1 Cells.CHO-
K1 cells were maintained in D-MEM/F-12 (1:1) supple-
mented with 2.4 g/L sodium bicarbonate, 10% fetal calf
serum, 60µg/mL penicillin, 50µg/mL streptomycin, and 50
µg/mL gentamycin sulfate in a humidified atmosphere with
5% CO2 at 37°C. Cells grown to∼80% confluency in 35
mm dishes were transfected with 1µg of the 5-HT1AR-EYFP
construct and 6µL of lipofectamine as per the manufacturer’s
instructions. Two days after transfection, the cells were
trypsinized and plated at a low density on 100 mm dishes
with D-MEM/F12 medium containing 1 mg/mL G 418. After
1 week, the few colonies that grew were picked and
transferred into six-well plates for propagation in D-MEM/
F12 medium containing 0.3 mg/mL G 418. The colonies
were subsequently chosen for further analysis on the basis
of their fluorescence intensities. The characterization of the
5-HT1AR-EYFP expressed in one such clone is described in
this report.

Cell Membrane Preparation.Cell membranes were pre-
pared as described earlier (32) with a few modifications.
Confluent cells grown in 162 cm2 flasks were harvested with
PBS containing 0.5 mM EDTA at room temperature. Cell
pellets were stored at-70 °C until further use. Pellets were
thawed and homogenized in ice-cold 10 mM Tris, 5 mM
EDTA, and 0.1 mM PMSF, pH 7.4, buffer with a Polytron
homogenizer for 20 s at 4°C at maximum speed. This cell
lysate was centrifuged at 500g for 10 min at 4°C, and the
resulting postnuclear supernatant was centrifuged at 40000g
for 30 min at 4°C. The pellet thus obtained was suspended
in 50 mM Tris, pH 7.4, buffer and used for radioligand
binding studies. The total protein concentration of cell
membranes was determined using the BCA assay kit.

Radioligand Binding Assays.Receptor binding assays were
carried out as described earlier (32) with some modifications.
Briefly, tubes in duplicate with 20µg of total protein in a
volume of 1 mL of buffer A (50 mM Tris, 1 mM EDTA, 10
mM MgCl2, 5 mM MnCl2, pH 7.4) for agonist binding or in
1 mL of buffer B (50 mM Tris, 1 mM EDTA, pH 7.4) for
antagonist binding assays were used. Tubes were incubated
with the radiolabeled agonist [3H]8-OH-DPAT (final con-
centration in the assay tube 0.29 nM) or antagonist [3H]p-
MPPF (final concentration in the assay tube 0.5 nM) for 1
h at room temperature (25°C). Nonspecific binding was
determined by performing the assay either in the presence
of 10 µM serotonin (for agonist binding assays) or in the

presence of 10µM p-MPPI (for antagonist binding assays).
The binding reaction was terminated by rapid filtration under
vacuum in a Brandel cell harvester (Gaithersburg, MD)
through Whatman GF/B 2.5 cm diameter glass microfiber
filters (1.0 µm pore size) which were presoaked in 0.15%
(w/v) polyethylenimine for 1 h. The filters were then washed
three times with 3 mL of cold water (4°C) and dried, and
the retained radioactivity was measured in a Packard Tri-
Carb 1500 liquid scintillation counter using 5 mL of
scintillation fluid.

GTP-γ-S SensitiVity Assay.For experiments in which GTP-
γ-S was used, ligand binding assays were performed in the
presence of varying concentrations of GTP-γ-S in buffer A
containing 0.29 nM [3H]8-OH-DPAT for agonist and buffer
B containing 0.5 nM [3H]p-MPPF with 2 mM MgCl2 for
antagonist binding studies. The concentration of GTP-γ-S
leading to 50% inhibition of specific agonist binding (IC50)
was calculated by nonlinear regression fitting of the data to
a four-parameter logistic function as described earlier (29):

whereB is the specific binding of the agonist normalized to
control binding (in the absence of GTP-γ-S), x denotes the
concentration of GTP-γ-S, a is the range (ymax - ymin) of
the fitted curve on the ordinate (y-axis), I is the IC50

concentration,b is the background of the fitted curve (ymin),
ands is the slope factor.

Saturation Radioligand Binding Assays.Saturation binding
assays were carried out with increasing concentrations (0.1-
7.5 nM) of the radiolabeled agonist [3H]8-OH-DPAT and
antagonist [3H]p-MPPF under conditions as described above.
Nonspecific binding was measured in the presence of 10µM
serotonin for agonist binding and 10µM p-MPPI for
antagonist binding. Binding data were analyzed as described
previously (29). The dissociation constant (Kd) and maximum
binding sites (Bmax) were calculated by nonlinear regression
analysis of binding data using the LIGAND program
(Biosoft, Cambridge, U.K.) (34). Data obtained after regres-
sion analysis were used to plot graphs with the GRAFIT
program version 3.09b (Erithacus Software, Surrey, U.K.).

Competition Binding Assays.Competition binding assays
against the radiolabeled agonist [3H]8-OH-DPAT (0.29 nM)
and antagonist [3H]p-MPPF (0.5 nM) were carried out in
the presence of a range of concentrations (typically from
10-13 to 10-6 M) of the unlabeled competitor. Data for the
competition assays were analyzed using eq 1 to obtain the
IC50 concentrations of the unlabeled competitor ligand. The
affinity of the competing ligand is expressed as its apparent
inhibition constantKi, calculated using the Cheng-Prusoff
equation (35):

where IC50 is the concentration of the competing ligand
leading to 50% inhibition of specific binding and [L] and
Kd are the concentration and dissociation constant of the
labeled ligand.Kd values are those determined from satura-
tion binding assays for the respective radioligand.

Estimation of cAMP LeVels in Cells.The ability of ligands
to affect the forskolin-stimulated increase in cAMP levels

B ) a

1 + (x/I)s
+ b (1)

Ki ) IC50/[1 + ([L]/ Kd)] (2)
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in cells was assessed. CHO-K1 cells stably expressing the
5-HT1AR-EYFP were plated at a density of 2× 105 cells in
35 mm dishes and grown in D-MEM/F-12 medium for 48
h. Cells were rinsed with PBS and incubated with 10µM
forskolin in the presence of 5-HT (10µM), p-MPPI (10µM),
or their combination at 37°C for 30 min in HEPES-Hanks
buffer, pH 7.4. The phosphodiesterase inhibitor IBMX (50
µM) was present during this treatment. After this incubation,
cells were lysed in 10 mM Tris and 5 mM EDTA, pH 7.4,
buffer. Cell lysates were boiled for 3 min and spun in a
microcentrifuge to remove precipitated proteins. cAMP
amounts in an aliquot of the supernatant were estimated using
the cyclic [3H]AMP assay system (Amersham), which is
based on the protein binding method described previously
(36).

Confocal Microscopy and LiVe Cell Imaging.CHO-5-
HT1AR-EYFP cells were plated at a density of 5× 104 cells
on a 40 mm glass coverslip and were grown in D-MEM/F-
12 medium for 72 h. Coverslips were washed twice with 3
mL of HEPES-Hanks, pH 7.4, buffer and mounted on an
FCS2 closed temperature controlled Bioptechs chamber
(Butler, PA). The chamber was gently perfused with 10 mL
of the same buffer containing the indicated concentrations
of ligands/reagents and was allowed to attain 37°C, which
took ∼10 min. Cells were treated with 10µM mastoparan
in the same buffer (4 mL) for 5 min at 25°C, mounted on
the FCS2 stage, and allowed to reach 37°C before experi-
ments. Cells were grown in the presence of pertussis toxin
(200 ng/mL) for 24 h before experiments. Images were
acquired on an inverted Zeiss LSM 510 Meta confocal
microscope (Jena, Germany), with a 63×, 1.2 NA water-
immersion objective using the 514 nm line of an argon laser.
Fluorescence emission was collected using the 535-590 nm
band-pass filter. Images were recorded at a 225µm pinhole
resolution, giving an optimalz-slice thickness of 1.7µm.
The digital zoom was set at 2, which gave a scaling factor
of 0.14 µm per image pixel. Time-lapse images were
acquired under these chamber conditions and microscope
settings for the desired duration of time for fluorescence
distribution analysis of 5-HT1AR-EYFP in the presence of
ligands and for fluorescence photobleaching experiments.

Fluorescence RecoVery after Photobleaching(FRAP)
Analysis.FRAP experiments were carried out on cells that
were maintained under conditions described above in the
presence or absence of the indicated ligands/reagents at 37
°C in the FCS2 Bioptechs chamber. FRAP experiments were
carried out∼5 min after the temperature in the chamber
reached 37°C and were complete within 30 min. The
uniformly fluorescent surface of well-spread CHO-K1 cells
stably expressing 5-HT1AR-EYFP in contact with the glass
coverslip was imaged for bleaching and monitoring fluores-
cence recovery. In a typical experiment, a square region of
interest (ROI) with dimensions corresponding to 14µm ×
14 µm was scanned. Another circular region of interest,
within this scanned ROI, with a radius of 1.4µm was chosen
as the bleach ROI. The time interval between successive
scans was∼0.63 s. Analysis with a control ROI drawn a
fair distance away from the bleach ROI indicated no
significant bleach while fluorescence recovery was moni-
tored. Data representing the mean fluorescence intensity of
the bleached ROI were background subtracted using an ROI
placed outside the cell boundary and were analyzed to

determine the diffusion coefficient (D). FRAP recovery plots
were analyzed on the basis of the equation for a uniform
disk illumination condition (37):

whereF(t) is the mean background corrected and normalized
fluorescence intensity at timet in the bleached ROI,F(∞) is
the recovered fluorescence at timet ) ∞, F(0) is the bleached
fluorescence intensity set at timet ) 0, and τd is the
characteristic diffusion time.I0 and I1 are modified Bessel
functions. Diffusion coefficient (D) is determined from the
equation:

whereω is the actual radius of the bleached ROI. Mobile
fraction estimates of the fluorescence recovery were obtained
from the equation:

whereF(p) is the mean background corrected and normalized
prebleach fluorescence intensity. Nonlinear curve fitting of
the recovery data to eq 3 was carried out using Graphpad
Prism software version 4.00 (San Diego, CA). Significance
levels were estimated by one-way ANOVA using Microcal
Origin software version 5.0 (OriginLab Corp., Northampton,
MA).

RESULTS

Pharmacological Characterization of 5-HT1AR-EYFP.
CHO-K1 cells were transfected with the construct coding
for the 5-HT1A receptor tagged to EYFP at its C-terminus.
As has been shown for other GPCRs, this represents the most
suitable strategy for tagging these receptors with a fluorescent
reporter protein and ensures minimal perturbation of the
intrinsic function of these receptors (38). The fluorescence
intensity and ligand binding characteristics of a selected
transfected clone were retained upon several passages,
indicating that these were stable transfectants. Cells imaged
at a mid-plane section with a confocal microscope display
typical plasma membrane localization characterized by
greater fluorescence intensity at the cell periphery (see Figure
5). The fluorescence intensity within these cells might
represent newly synthesized proteins present in intracellular
membranes as this intensity reduces upon cyclohexamide
treatment (data not shown).

We have pharmacologically characterized binding of the
selective 5-HT1A receptor agonist [3H]8-OH-DPAT and
antagonist [3H]p-MPPF to cell membranes prepared from the
isolated CHO clone that stably expresses 5-HT1AR-EYFP.
The saturation binding analyses of the specific agonist [3H]8-
OH-DPAT and antagonist [3H]p-MPPF binding to 5-HT1AR-
EYFP receptors are shown in Figure 1 and Table 1.
Importantly, the estimatedKd values of 1.07 nM for [3H]8-
OH-DPAT and 6.7 nM for [3H]p-MPPF binding to 5-HT1AR-
EYFP receptors are similar to theKd values of the untagged
form of the receptor expressed in CHO cells (Kd for [3H]8-
OH-DPAT binding) 0.38 nM and for [3H]p-MPPF binding
) 3.51 nM) (32). Moreover, this is in agreement with the

F(t) ) [F(∞) - F(0)][exp(-2τd/t)(I0(2τd/t) +
I1(2τd/t))] + F(0) (3)

D ) ω2/4τd (4)

mobile fraction) [F(∞) - F(0)]/[F(p) - F(0)] (5)
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Kd values for native bovine hippocampal 5-HT1A receptor
(26, 28) and with other reports describing recombinant
5-HT1A receptors (39).

Most of the seven transmembrane domain receptors are
coupled to G-proteins (1), and thus guanine nucleotides are
known to modulate ligand binding. The 5-HT1A receptor
agonists such as 5-HT and 8-OH-DPAT are known to
specifically activate the Gi/Go class of G-proteins in CHO
cells (40). In contrast, the antagonistp-MPPF and its
analoguep-MPPI do not catalyze the activation of G-proteins
(41), althoughp-MPPI has recently been shown to be a
partial inverse agonist of 5-HT1A receptors (42). Therefore,
agonist binding to such receptors displays sensitivity to
agents such as GTP-γ-S that uncouple the normal cycle of
guanine nucleotide exchange at the GR subunit caused by
receptor activation. We have previously shown that the

specific binding of the agonist [3H]8-OH-DPAT to bovine
hippocampal 5-HT1A receptors is sensitive to guanine nucle-
otides and is inhibited with increasing concentrations of GTP-
γ-S whereas that of the antagonist [3H]p-MPPF is not (26,
27). Our results showed that, in the presence of GTP-γ-S,
5-HT1A receptors undergo an affinity transition, from a high-
affinity G-protein coupled to a low-affinity G-protein
uncoupled state (26). In agreement with these results, Figure
2 shows a characteristic reduction in binding of the agonist
[3H]8-OH-DPAT in the presence of a range of concentrations
of GTP-γ-S with an estimated half-maximal inhibition
concentration (IC50) of 0.64( 0.04 nM (in comparison, the
IC50 for the untagged receptor is∼3.7 nM) (32). The binding
of the antagonist [3H]p-MPPF remains unaffected under
similar conditions. This indicates that the presence of the
EYFP tag at the C-terminus of the 5-HT1A receptor does not
affect its ability to couple to G-proteins.

Further characterization of specific agonist and antagonist
binding was carried out by performing competition binding
experiments in the presence of unlabeled ligands which act
as competitors. Figure 3 shows the competition displacement
curves of the specific agonist [3H]8-OH-DPAT by 5-HT and
of the antagonist [3H]p-MPPF by its analoguep-MPPI for
5-HT1AR-EYFP in cell membranes. The IC50 values and
inhibition constants (Ki) for the competing ligands are shown
in Table 2. Importantly, theseKi values are in good
agreement with a similar analysis carried out with the
untagged form of the receptor (Ki for 5-HT against [3H]8-
OH-DPAT is 0.36 nM and forp-MPPI against [3H]p-MPPF
is 4.4 nM) (32). These data indicate that 5-HT, the natural
agonist for the receptor, andp-MPPI, the iodinated analogue
of the antagonistp-MPPF, bind to 5-HT1AR-EYFP with
affinities similar to that seen for the classical agonist [3H]8-
OH-DPAT and antagonist [3H]p-MPPF, respectively.

Ligand-Dependent Downstream Signaling of 5-HT1AR-
EYFP.We examined the function of 5-HT1AR-EYFP beyond
its ligand binding properties and monitored its ability to
catalyze downstream signal transduction processes upon
stimulation with 5-HT1A receptor ligands. The 5-HT1A

FIGURE 1: Saturation binding analysis of specific radiolabeled
agonist and antagonist binding to 5-HT1AR-EYFP. Cell membranes
were isolated from CHO-K1 cells stably expressing 5-HT1AR-EYFP.
(A) A representative plot for specific [3H]8-OH-DPAT binding with
increasing concentrations (0.1-7.5 nM) of free [3H]8-OH-DPAT
is shown. (B) A representative plot for specific [3H]p-MPPF binding
with increasing concentrations (0.1-7.5 nM) of free [3H]p-MPPF
is shown. The curves are nonlinear regression fits to the experi-
mental data. See Experimental Procedures and Table 1 for other
details.

Table 1: Binding Parametersa of the Agonist [3H]8-OH-DPAT and
Antagonist [3H]p-MPPF Binding to 5-HT1AR-EYFP Expressed in
CHO-K1 Cells

ligand Kd (nM) Bmax(pmol/mg of protein)

[3H]8-OH-DPAT 1.07( 0.11 2.11( 0.13
[3H]p-MPPF 6.70( 0.77 23.67( 2.05
a Binding parameters were calculated by analyzing saturation binding

isotherms with a range (0.1-7.5 nM) of both radioligands. The data
shown in the table represent the means( standard error of three
independent experiments. See Experimental Procedures for other details.

FIGURE 2: Sensitivity of radiolabeled agonist and antagonist binding
to GTP-γ-S for 5-HT1AR-EYFP. The data points represent the
specific binding of the agonist [3H]8-OH-DPAT (O) and antagonist
[3H]p-MPPF (b) to 5-HT1AR-EYFP in the presence of increasing
concentrations of GTP-γ-S. Values are expressed as a percentage
of the specific binding obtained in the absence of GTP-γ-S. The
curve associated with [3H]8-OH-DPAT binding is a nonlinear
regression fit to the experimental data using eq 1, and the IC50 value
thus obtained was∼0.64 nM. The data points represent means(
standard error of duplicate points from three independent experi-
ments. See Experimental Procedures for other details.
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receptor agonists such as 5-HT and 8-OH-DPAT are known
to specifically activate the Gi/Go class of G-proteins in CHO
cells (40), which subsequently reduce the cAMP levels in
cells. As shown in Figure 4, the forskolin-stimulated increase
in cAMP levels (shown as b) is efficiently inhibited by 5-HT
(shown as c). This indicates that the normal function of these
receptors to transduce signals via G-proteins which inhibit
adenylate cyclase is retained upon tagging these receptors
to EYFP. The addition ofp-MPPI itself does not inhibit the
forskolin-stimulated increase, and the levels of cAMP were
found to be higher (shown as d) over that found with
forskolin. Importantly, the effect of serotonin to reduce the
forskolin-stimulated cAMP levels can be inhibited byp-MPPI
(shown as e), confirming its antagonistic action on 5-HT1AR-
EYFP receptors.

Fluorescence Distribution of 5-HT1AR-EYFP upon Ligand
Occupation. The fluorescence distribution of 5-HT1AR-EYFP
stably expressed in CHO-K1 cells was observed at 37°C
before and after 30 min of exposure to the indicated ligand
(shown in Figure 5). While the previous analyses indicate
that 5-HT andp-MPPI display high-affinity binding to the
receptor (see Table 2), analyses of several independent
images taken before and after ligand addition do not indicate
a significant redistribution of fluorescence of the 5-HT1AR-
EYFP in the presence of these ligands when monitored for

a period of 30 min. These results set up the background for
the experiments described below to assess diffusion char-
acteristics of the receptor by FRAP as they indicate that the
analysis of fluorescence recovery is not complicated by any
significant alteration in the distribution of receptors in the
presence of these ligands during these experiments.

Fluorescence RecoVery after Photobleaching(FRAP)
Analysis of 5-HT1AR-EYFP. Fluorescence recovery after
photobleaching involves generating a concentration gradient
of fluorescent molecules by irreversibly photobleaching a
fraction of fluorophores in the sample region. The dissipation
of this gradient with time owing to diffusion of fluorophores

FIGURE 3: Competition binding analysis of specific agonist and
antagonist binding to 5-HT1AR-EYFP. The plots represent specific
binding of [3H]8-OH-DPAT (0.29 nM final concentration) in the
presence of a range of concentrations of 5-HT (O) and specific
binding of [3H]p-MPPF (0.5 nM final concentration) in the presence
of a range of concentrations ofp-MPPI (b). Values are expressed
as a percentage of specific binding obtained in the absence of the
competing ligand. The curves are nonlinear regression fits to the
experimental data using eq 1. The data points represent means(
standard error of duplicate points from three independent experi-
ments. See Experimental Procedures and Table 2 for other details.

Table 2: Competition Binding Analysisa of [3H]8-OH-DPAT and
[3H]p-MPPF Binding to 5-HT1AR-EYFP Expressed in CHO-K1
Cells

competing ligand IC50 (nM) Ki (nM)

5-HT 3.01( 0.26 2.37( 0.21
p-MPPI 1.09( 0.09 1.02( 0.09

a Competition binding data were analyzed using eq 1 to determine
IC50 values. TheKi values were obtained using eq 2 for which theKd

values were obtained from Table 1. Binding of [3H]8-OH-DPAT (0.29
nM) was competed out with a range of concentrations of 5-HT. Binding
of [3H]p-MPPF (0.5 nM) was competed out with a range of concentra-
tions of p-MPPI. The data represent the means( standard error of
three independent experiments. See Experimental Procedures for other
details.

FIGURE 4: Estimation of cAMP levels in CHO-K1 cells stably
expressing 5-HT1AR-EYFP in the presence of 5-HT1A receptor
ligands. The ability of ligands to affect the forskolin-stimulated
increase in cAMP levels in cells was assessed. cAMP levels in
cells were estimated as described in Experimental Procedures. Cells
incubated with HEPES-Hanks buffer with 50µM IBMX served
as a control (shown in a). Cells were incubated with HEPES-Hanks
buffer with 50 µM IBMX containing (b) forskolin (10µM), (c)
5-HT (10 µM) + forskolin (10 µM), (d) p-MPPI (10 µM) +
forskolin (10µM), and (e) 5-HT (10µM) + p-MPPI (10µM) +
forskolin (10µM). The data are normalized to cAMP levels present
in control (a) cells and represent the means( standard error of
three independent experiments.

FIGURE 5: Cell surface distribution of 5-HT1AR-EYFP in the
presence of 5-HT1A receptor ligands. The panels show typical
fluorescence distribution of 5-HT1AR-EYFP in the same group of
cells stably expressing 5-HT1AR-EYFP before and after 30 min of
exposure to the indicated ligands. Fluorescence images of cells
grown on coverslips and placed in the Bioptechs FCS2 closed
chamber system were acquired at 37°C in the presence of HEPES-
Hanks buffer containing the indicated concentrations of ligands.
The images represent mid-plane confocal sections of the cells under
conditions as described in Experimental Procedures. The scale bar
represents 10µm. See Experimental Procedures for other details.
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into the bleached region from the unbleached regions in the
membrane is an indicator of the mobility of the fluorophores
in the membrane. A representative panel of images demon-
strating the recovery of fluorescence after photobleaching
is shown in Figure 6. The homogeneity in fluorescence
distribution on the surface before bleaching is an important
assumption in these experiments to arrive at reliable diffusion
coefficient values (43, 44). Figure 6 shows that this assump-
tion is valid in these experiments. Representative FRAP
recovery plots with regression fits to the data are shown in
Figure 7A. Curve fitting analysis of the recovery plots
indicates a mean diffusion coefficient (D) of (7.7 ( 0.4) ×
10-10 cm2 s-1 (mean( SE) for 5-HT1AR-EYFP receptors at
37 °C (shown as a in Figure 7B) with a mobile fraction of
∼80%. This value compares well with earlier estimates of
diffusion of membrane proteins equivalent in size to GPCRs
in cells (44). It is worth mentioning here that a similar
analysis of diffusion rates of pure GFP in 90% glycerol-
water mixture at 25°C gave a meanD of ∼0.63 × 10-8

cm2 s-1 (T. J. Pucadyil and A. Chattopadhyay, unpublished
observations), which is similar to the value of 0.7× 10-8

cm2 s-1 calculated for GFP using the Stokes-Einstein
equation in a medium of viscosity corresponding to 90%
glycerol-water mixture (45), thus validating our method of
analysis.

Interestingly, acute treatment of cells with 10µM serotonin
shows a significant (P < 0.05) increase in diffusion coef-
ficient of 5-HT1AR-EYFP to (9.3( 0.9) × 10-10 cm2 s-1

(shown as d in Figure 7B) with a mobile fraction of∼77%.
The treatment of cells with 10µM antagonistp-MPPI does
not substantially alter the diffusion coefficient [D ) (7.2 (
0.5) × 10-10 cm2 s-1; see b in Figure 7B with a mobile
fraction of∼72%]. In addition, the observed increase in the
diffusion coefficient of 5-HT1AR-EYFP with serotonin can
be reversed upon addition of 10µM p-MPPI [D ) (7.8 (
0.9) × 10-10 cm2 s-1; see c in Figure 7B]. The increase in
diffusion of the receptor with the agonist serotonin, but not
with the antagonistp-MPPI, prompted us to investigate these
results from the point of view of G-protein activation. We
explored the possibility whether activation of G-proteins
independently could increase the diffusion of these receptors.
The cationic peptide mastoparan has been shown to catalyze
Gi/o-protein activation in a manner similar to that mediated
by the G-protein-coupled receptors (46). The treatment of
cells with mastoparan increases (P < 0.05) the diffusion of
5-HT1AR-EYFP to levels similar to that seen with serotonin
[D ) (9.2 ( 0.5) × 10-10 cm2 s-1; see e in Figure 7B with
a mobile fraction of∼84%]. It has been proposed that AlF4

-

mimics theγ-phosphate of GTP in the guanine nucleotide
binding site of the GDP-bound GR subunit (47) and that it

FIGURE 6: Recovery of fluorescence intensity after bleaching of 5-HT1AR-EYFP in the presence of ligands or an activator of G-proteins.
The panels show fluorescence intensity before and after bleaching monitored for the indicated time periods. Fluorescence images of cells
grown on coverslips and placed in the Bioptechs FCS2 closed chamber system were acquired at 37°C in the presence of HEPES-Hanks
buffer containing the indicated concentrations of ligands or the G-protein activator, AlF4

-. The images represent confocal sections of the
base of the cells. Arrows indicate the region of bleach. The recovery kinetics can be qualitatively appreciated by the fluorescence recovered
into the bleached spot, which is especially rapid for cells treated with AlF4

-. The scale bar represents 5µm. See Experimental Procedures
for other details.
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can mimic the effects of GTP and GTP-γ-S on G-proteins.
Moreover, cell membranes are permeable to AlF4

-, unlike
GTP or GTP-γ-S, and thus are widely used to activate
G-proteins in intact cells (48). Treatment of cells expressing
the 5-HT1AR-EYFP with AlF4

- (50 µM AlCl 3 + 30 mM
NaF) significantly (P < 0.005) increases the diffusion
coefficient of 5-HT1AR-EYFP by∼1.5-fold [D ) (11.6 (
0.9) × 10-10 cm2 s-1; see g in Figure 7B with a mobile
fraction of ∼85%]. These results therefore suggest that
receptor-independent activation of G-proteins significantly
increases the diffusion rates of 5-HT1AR-EYFP and support
the possibility that the increase seen with serotonin could
represent the natural agonist-induced activation of G-proteins.
This activation could lead to dissociation of the G-protein
from the receptor, increasing the diffusion of the latter. If
this were true, then prevention of receptor and G-protein
interaction per se should also lead to an increase in receptor
diffusion. To achieve this, cells were treated with pertussis
toxin, which ADP-ribosylates and inactivates theR subunit
of the Gi and Go class of proteins (49). FRAP experiments
carried out on cells treated with pertussis toxin reveal an
increase (P < 0.005) in diffusion of 5-HT1AR-EYFP [D )
(9.7( 0.6)× 10-10 cm2 s-1; see f in Figure 7B with a mobile
fraction of∼83%], thus supporting our interpretation on the
increase in receptor diffusion in the presence of the agonist

5-HT. To the best of our knowledge, this is the first
demonstration that the cell surface dynamics (as monitored
by FRAP) of a GPCR can be modulated in a G-protein-
dependent manner.

DISCUSSION

Green fluorescent protein from the jellyfishAequoria
Victoria and its variants have become popular reporter
molecules for monitoring protein expression, localization,
and mobility of various membrane and cytoplasmic proteins
(50). More specifically, tagging of GPCRs with GFP has
allowed direct visualization of signaling and real-time
trafficking in living cells (51). The use of fluorescent reporter
proteins has its advantages over fluorescently labeled ligands
to visualize receptors for the following reasons: (i) the
stoichiometry of the receptor and fluorescent protein is well
defined as the latter is covalently attached to the receptor at
the DNA level, (ii) complications encountered while using
fluorescent ligands such as ligand dissociation are avoided,
(iii) this approach allows analysis of the unliganded states
of the receptor (not possible with fluorescently labeled
ligands), (iv) the possibility of perturbation induced by bulky
fluorescent groups to small endogenous ligands such as
biogenic amines limits their use, and (v) cellular biosynthesis
ensures the presence of receptors attached to fluorescent
proteins in cells and eliminates the necessity of labeling
receptors with fluorescent ligands before each experiment.

We report here that the pharmacological characteristics
of the 5-HT1A receptor are retained when attached to EYFP
at its carboxy terminus. Thus the binding of the specific
agonist 8-OH-DPAT and antagonistp-MPPF to 5-HT1AR-
EYFP and the sensitivity of ligand binding to GTP-γ-S were
found to be similar to that of the untagged form of the
receptor. In addition, the EYFP-tagged receptor can ef-
ficiently catalyze downstream signal transduction by reducing
the cAMP levels in cells. These results demonstrate that
5-HT1AR-EYFP receptors can be reliably used to mimic
native 5-HT1A receptors to explore cell surface organization,
distribution, and dynamics using fluorescence approaches.
Furthermore, utilizing EYFP fluorescence, we have moni-
tored the dynamics of 5-HT1AR-EYFP on the cell surface
under conditions of receptor-dependent and -independent
activation of G-proteins.

The analysis of cell surface dynamics of membrane
proteins such as GPCRs is crucial for a comprehensive
understanding of their organization and signaling functions
(7). Since G-proteins are by themselves membrane-anchored
proteins, it is evident that cell surface dynamics of both the
receptor and G-protein are important determinants of G-
protein-coupled signal transduction events. To address these
issues, we have carried out FRAP experiments on cells stably
expressing 5-HT1AR-EYFP. Interestingly, addition of recep-
tor-specific ligands does not appear to elicit any significant
fluorescence redistribution of the 5-HT1AR-EYFP (Figure 5).
These results are somewhat surprising since previous reports
for other GPCRs tagged to fluorescent reporter proteins have
shown ligand-mediated receptor internalization (38, 51).
Although CHO cells have been a popular system for
pharmacological characterization of recombinant 5-HT1A

receptors (32, 40), internalization of 5-HT1A receptors in these
cells has not been demonstrated. In addition, there appears

FIGURE 7: Analysis of fluorescence recovery after photobleaching
(FRAP) data. (A) Typical recovery plots of 5-HT1AR-EYFP stably
expressed in CHO-K1 cells in the absence (O) or presence (b) of
50 µM AlCl 3 + 30 mM NaF are shown. The prebleach intensities
are shown at timet < 0. The curves are nonlinear regression fits
to the data using eq 3. (B) Diffusion coefficients of 5-HT1AR-EYFP
are shown under conditions of (a) no addition (control), (b)p-MPPI
(10 µM), (c) 5-HT (10 µM) + p-MPPI (10 µM), (d) 5-HT (10
µM), (e) mastoparan (10µM), (f) cells treated with pertussis toxin
(200 ng/mL), and (g) 50µM AlCl 3 + 30 mM NaF. The data
represent the means( standard error of at least 11 independent
experiments for each condition. The means are significantly
different from control values atP < 0.05 (/) andP < 0.005 (#).
See Experimental Procedures for other details.
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to be a lack of consensus on the ability of ligands such as
8-OH-DPAT and 5-HT to induce internalization of 5-HT1A

receptors expressed in other cell types. Thus, while serotonin
has been shown to mediate a modest degree (∼30%) of
internalization of the hemagglutinin-epitope-tagged 5-HT1A

receptors in HEK-293 cells assessed using immuno-
cytochemistry (52), studies carried out with 8-OH-DPAT
using polyclonal antibodies against the receptor indicate that
such a phenomenon occurs only for receptors in the neurons
of the dorsal raphe nucleus but not in the hippocampus (53).

The observed increase in the diffusion of 5-HT1AR-EYFP
upon stimulation with the natural agonist serotonin and not
with the antagonistp-MPPI suggests that activation of
G-proteins makes the receptor more mobile on the cell
surface. Our results on the increase in diffusion of the
receptor in the presence of mastoparan and AlF4

-, which
activates G-proteins in a receptor-independent manner,
provide further evidence to support this interpretation.
Moreover, the treatment of cells with pertussis toxin that
reduces receptor and G-protein interaction also causes an
increase in receptor diffusion. Interestingly, treatment of cells
with mastoparan or pertussis toxin does not appear to increase
receptor diffusion to the same extent as observed with AlF4

-.
A possible reason for this difference could be that the efficacy
of action (determined by the intracellular concentration and
accessibility to G-proteins in a native cellular environment)
of serotonin, pertussis toxin, mastoparan, and AlF4

- may not
be the same. Nevertheless, the observation of an increase in
receptor diffusion upon treatment of cells with these agents
reinforces our interpretation that interaction of G-proteins
with the receptor could considerably affect receptor diffusion
on the cell surface.

The G-protein heterotrimer is a large protein complex with
an average molecular mass of∼88 kDa (54), which would
be ∼1.2 times the mass of 5-HT1AR-EYFP. It is therefore
possible that their association with the receptor would reduce
its diffusion coefficient. Models on GPCR activation indicate
that the activation process stimulates the exchange of a GTP
for the existing GDP molecule at the GR subunit of
G-proteins (54). When this occurs, the receptor-bound
G-protein heterotrimer complex dissociates until another
inactive G-protein binds to the receptor. As long as the
agonist is bound to the receptor, this cycle continues,
eventually leading to an amplification of this cycle. A basal
level of receptor activation would constitute the cyclic
dissociation and association of G-proteins to the receptor in
the absence of agonists. Persistent activation of the receptor
with agonists, as is the case in our experiments, would on
average tend to reduce the fraction of receptors interacting
with G-proteins as has been recently shown (55). The
presence of AlF4- would lock the GR subunits in an active
state, similar to a GTP-γ-S bound GR subunit, preventing
them from associating with the receptor (47, 48) and thereby
increasing the fraction of receptors uncoupled to G-proteins.
The treatment of cells with pertussis toxin would inactivate
the existing pool of G-proteins and increase the fraction of
receptors uncoupled to G-proteins (56). A recent fluorescence
correlation spectroscopy study carried out on rhodamine-
labeled galanin bound to galanin receptors supports this
possibility (57). Analysis of the diffusion of galanin receptor
detected the presence of at least two populations of the
receptor. Treatment of cells with pertussis toxin to inactivate

endogenous G-proteins led to a complete loss of the slowly
diffusing population which was due to receptors coupled to
G-proteins (57).

The increase in diffusion of the receptor upon activation
of G-proteins could imply that the receptors are precoupled
to G-proteins under control conditions. There is physical
evidence that 5-HT1A receptors are precoupled to G-proteins
in the absence of the agonist (56). It is apparent from these
studies that the G-protein-coupled and uncoupled forms of
the receptor are in equilibrium with each other. Agents that
activate G-proteins (either receptor-dependent or -indepen-
dent) therefore could shift this equilibrium toward the latter.
Since fluorescence recovery after photobleaching (FRAP)
experiments are carried out on a rather long time scale
(typically in seconds) and the fact that FRAP monitors the
average diffusion behavior of large number of receptor
molecules, if a significant population of receptors were to
be uncoupled from G-proteins, then the average diffusion
coefficient would display an increase, as is evident from our
results.

The diffusion behavior of several integral membrane
proteins indicates that the cytoskeleton underlying the cell
surface can act as a barrier to free diffusion of these proteins.
This is thought to occur due to the steric hindrance imposed
by the cytoskeleton on the cytoplasmic domains of these
proteins. Treatment of cells with agents that disrupt the
cytoskeleton (58), truncation of the cytoplasmic domains of
transmembrane proteins (59), or a lack of interaction of
membrane proteins with cytoplasmic effector molecules (60)
tends to increase their mobility on the cell surface. Likewise,
the presence of the bulky heterotrimeric G-protein complex
associated with the receptor (since G-proteins, when bound
to membrane receptors, could be considered as equivalent
to cytoplasmic domains of membrane proteins) could reduce
receptor diffusion, which would be partially relieved when
the G-protein dissociates from the receptor. Another pos-
sibility could be that the increase in receptor diffusion could
reflect changes in the oligomeric state of the receptor, as
has been shown for theδ-opioid receptor (61), and the
cholecystokinin receptor (62) or their partitioning into or out
of domains proposed to exist on the cell surface (7, 8, 10,
11).

We conclude that 5-HT1AR-EYFP receptors can be reliably
used to explore distribution and dynamics of the 5-HT1A

receptor. An important aspect of our results is that the cell
surface dynamics of the receptor is modulated in a G-protein-
dependent manner. The implication of such alteration in
receptor dynamics on receptor function and signal transduc-
tion deserves comment. We have recently reported the effects
of cholesterol depletion, a process that independently alters
membrane dynamics, on receptor function and lateral dif-
fusion characteristics (63, 64). In light of growing evidence
on the compartmentalized localization of G-proteins in
cholesterol-rich membrane domains (7, 8, 10, 11, 65), our
results on the G-protein-dependent cell surface dynamics of
the 5-HT1A receptor provide novel insight and present a
sensitive and powerful approach to assess receptor/G-protein
interaction in intact, unperturbed cell membranes. This
approach could prove to be useful in analyzing the molecular
mechanism of signal transduction of 5-HT1A receptors in
particular and G-protein-coupled receptors in general.
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