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ABSTRACT: The ionotropic 5HT3 receptor was expressed in transiently transfected mammalian cells, yielding
an unprecedented high concentration of up to 12 million receptors per cell. Receptor traffic in the plasma
membrane of live cells was observed continuously over 24 h by fluorescence scanning confocal microscopy.
This was possible by using 5HT3 receptor-specific fluorescent ligands with high binding affinity and low
off-rate to pulse label receptors at any time after appearance on the cell surface, and label subsequently
those receptors expressed later by another, spectrally distinguishable, high-affinity fluorescent ligand.
Having reached a critical cell surface concentration of∼3000 receptors/µm2, the receptors started to
aggregate in patches with a 4-fold increased surface concentration. The clusters were constantly delivered
from a pool of freshly expressed receptors isotropically distributed within the basolateral region of the
cell membrane. From there, they migrated to and accumulated on the apical cell surface∼9 h after
transfection. Individual clusters grew until they reached a critical size of 1-2 µm when they merged to
form with 3-5 µm large macroclusters. Clustered receptors were immobile on the minute time scale but
always coexisted with monomeric receptors in the regions surrounding the clusters as revealed by
fluorescence correlation spectroscopy. Because the receptor density of 12 000 receptors/µm2 in the patches
is as high as that found in two-dimensional crystals of certain membrane proteins, such patches might be
a proper source for direct crystallization of membrane proteins without prior purification.

High-level expression of cell surface receptors is important
for structural and functional characterization of receptor
proteins. Plasma membranes comprising the receptors of
interest at high density are a prerequisite to be used directly
or for purifying such membrane proteins in milligram quan-
tities for structural investigations by electron (1-3) or X-ray
diffraction (4), scanning probe techniques (5), and NMR
spectroscopy (6).

Such high receptor densities are only in rare cases directly
available from natural sources. A classical example is the
nicotinic acetylcholine receptor (nAchR) which in certain
neuromuscular junctions as well as in the electric organ of
Torpedo marmorata(7, 8) exists in a high-density packed
state of∼10 000 receptors/µm2 (9). Bacteriorhodopsin is
another membrane protein found in a quasi-two-dimensional
crystalline form in native purple membranes ofHalobacte-
rium salinarium (10-12). In both cases, reasonably good
two-dimensional crystals were obtained directly from natural
membranes without protein purification, delivering molecular
details of the three-dimensional structures of the two proteins

(13-15). Another remarkable example is the photoreceptor
rhodopsin. In the bovine rod outer segments, the photore-
ceptor density is so high that the disk membranes of the rods
can be used directly to solubilize and crystallize rhodopsin
without further purification (16).

With the help of recombinant DNA technology, nearly any
membrane receptor protein can be expressed in heterologous
systems, and some receptors have been shown to be
expressed in large amounts (17-19). We are interested in
developing general strategies for controlling the receptor
density and finally reaching the maximal possible cell surface
concentration of∼10 000 receptors/µm2 suited to appling
the aforementioned strategies for direct two- or three-
dimensional crystallization. An important step in reaching
this goal is understanding the mechanism of how membrane
proteins cluster to such high densities.

In the work presented here, we monitor for the first time
a recombinantly expressed cell surface receptor, the short
splicing variant of the ligand-gated ion channel 5-hydroxy-
tryptamine receptor of class 3A (5HT3R) (20), in vivo and
continuously during the course of its expression, i.e., from
its first appearance on the cell surface, during the increase
of its surface concentration, and until its final clustering in
defined membrane patches. The receptors were detected as
fluorescent ligand-receptor complexes by confocal micros-
copy using recently developed 5HT3R-specific, high affinity
fluorescent ligands (21, 22). These ligands show a low off-
rate such that the ligand-receptor complexes remain stable
during the whole time period of the experiment (23). As a
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central strategy of this work, various fluorescent ligands
(Figure 1), each carrying a spectroscopically distinguishable
chromophore attached to the same pharmacophore, were
bound consecutively to 5HT3Rs on HEK293 cells; thereby,
it was possible to observe the appearance of receptors during
their expression and distinguish those which appeared at
different times on the cell surface. This novel approach
reported here is suited to following the assembly and turnover
of membrane receptor proteins in general.

We have chosen to investigate the 5-HT3R because it is
well-characterized pharmacologically, biochemically, and
biophysically, in particular with fluorescent ligands
(22-26). Together with the nicotinic acetylcholine, the
GABA, and the glycine receptors, the 5HT3R is a member
of a superfamily of multimeric ligand-gated ion channels (20,
27, 28). In contrast to its heteromeric relatives, it is composed
of five identical subunits with an estimated relative molecular
mass of 270 kDa (20, 29). According to the distribution of
hydrophilic and hydrophobic amino acids within the protein
sequence, each subunit of the 5-HT3R is predicted to traverse
the membrane four times (20). Therefore, the receptor
densities in the observed receptor clusters have to be
compared with those in the naturally occurring clusters of
the nAchR (9, 14, 15).

MATERIALS AND METHODS

Plasmid Construction.For cloning and heterologous
expression of the receptor, we used the full-length coding
region of the murine 5HT3R provided by K. Lundstrom
(Research Laboratories, F. Hoffman-La Roche, Basel, Swit-
zerland). The corresponding cDNA was subcloned as a 1.5
kb SmaI-NotI DNA fragment into the mammalian expres-
sion vector CMVâ (CLONTECH, Palo Alto, CA) by replac-
ing the original â-galactosidase reporter gene. In this
construct, 5HT3R expression is under the control of the
human cytomegalovirus immediate early gene promoter. All
subcloning steps were controlled by restriction pattern
analysis. The final construct was verified through sequence
analysis.

Cell Lines and Cell Culture.Human embryonic kidney
(HEK293) cells were grown in DMEM/F12 (Dulbecco’s
modified Eagle’s medium, GIBCO BRL, Rockville, MD).
The medium was supplemented with 2.2% (v/v) fetal calf
serum (GIBCO BRL). The cultures were kept in the
incubator (37°C and 5% CO2) and were split in regular time
intervals.

Transient Transfection of Cells.Sixteen to twenty hours
before transfection, exponentially growing cells were seeded
(105 cells/mL) on sterile microscope cover slides placed in

a six-well plate. The cells were transfected using calcium
phosphate-precipitated DNA (30). Five hundred microliters
of a 250 mM CaCl2 solution containing 25µg of plasmid
DNA was added to an equal volume of a solution containing
140 mM NaCl, 1.4 mM Na2HPO4, and 50 mM HEPES (pH
7.05) at 23°C. One minute after the two solutions had been
mixed at room temperature, this transfection mixture was
added to the cell culture medium. For each milliliter of cell
medium, 100µL of calcium phosphate-DNA precipitate
(containing 2.5µg of plasmid DNA) was added. After 4 h
at 37 °C in the incubator, the transfection medium was
replaced with fresh medium.

Radioligand Binding Assays.Membrane preparations of
106 cells were incubated for 60 min at room temperature in
a solution of 1 mL of 10 mM HEPES (pH 7.4) and 0.8 nM
3-(5-methyl-1H-imidazol-4-yl)-1-(1-[3H]methyl-1H-indol-3-
yl)propanone ([3H]GR65630, 61 Ci/mmol, NEN-DuPont,
Boston, MA). The incubation was terminated by rapid
filtration [Whatman GF/B filters presoaked for 15 min in
0.5% (w/v) polyethylenimine] followed by two washings
with 3 mL of ice-cold 10 mM HEPES (pH 7.4). Filters were
transferred to scintillation vials containing 4 mL of Ultima
Gold TM (Packard, Meriden, CT). The amount of radioactiv-
ity was measured in a Tri-Carb 2200CA liquid scintillation
counter (Packard) and corrected for quenching and counting
efficiency. The total number of ligand binding sites was
determined at six different concentrations of [3H]GR65630.
The level of nonspecific binding was determined in the
presence of 1 mM quipazine (Tocris-Cook-son, Bristol,
U.K.). All experiments were performed in triplicate. The total
number of binding sites was evaluated from binding iso-
therms obtained from experimental data by curve fitting using
an iterative Levenberg-Marquardt algorithm (Igor, Wave-
Metrics Inc., Lake Oswego, OR).

Fluorescent Ligands.The antagonist GR-H (GR119566)
was labeled with either fluorescein 5-isothiocyanate (Mo-
lecular Probes, Eugene, OR), rhodamine B isothiocyanate
(Fluka, Buchs, Switzerland), or Cy5 succinimide (Amersham,
Zürich, Switzerland) as described elsewhere (21, 22). The
fluorescent ligands are termed GR-flu, GR-rho, and GR-Cy5,
respectively (Figure 1).

Laser Scanning Fluorescence Microscopy.A Zeiss LSM510
laser scanning confocal microscope was used (Zeiss,
Oberkochen, Germany). Cells grown in DMEM/F12 medium
on 0.18 mm thick glass cover slides were transferred to a
perfusion chamber and analyzed either in the cell growth
medium or in PBS buffer. Detection of and distinction
between fluorescence signals of rhodamine (excitation at 543
nm) and fluorescein (excitation at 488 nm) were achieved
by using appropriate filters (Zeiss filter set numbers 10 and
15). To further minimize cross talk between the channels,
the excitation wavelength alternated between each scan while
the image was being recorded. Scanning speed and laser
intensity were adjusted to avoid photobleaching of the
fluorescent probes and damage or morphological changes
to the cells. Images of the top surface of a cell were
reconstructed from a stack of 0.3µm thick optical sections
using Zeiss LSM software. Areas of receptor clusters were
evaluated using Zeiss LSM software.

Quantification of Fluorescence Intensities in Confocal
Microscopy.The concentrations of 5HT3R-ligand complexes
on the surface of cell membranes were estimated by

FIGURE 1: Chemical structure of the ligands that were used. The
5HT3R-specific antagonist GR119566 (X) H or GR-H) was
labeled at X with fluorescein, rhodamine B, and Cy5, yielding GR-
flu, GR-rho, and GR-Cy5, respectively.
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comparing fluorescence intensities of confocal micrographs
of cells, for instance, in receptor cluster regions with those
of giant (>10 µm in diameter) unilamellar vesicles compris-
ing a defined amount of rhodamine-labeled lipids (31). The
lipid mixture was composed of 67-70% asolectin (Fluka),
25% 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-
glycerol)] (POPG), (Avanti Polar Lipids, Alabaster, AL), 5%
cholesterol (Sigma, Buchs, Switzerland), and 0.2-3.3%
rhodamine B isothiocyanate-labeled 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine. The fluorescent lipid was
synthesized by standard procedures in our laboratory.

Fluorescence Correlation Spectroscopy (FCS).A home-
built FCS instrument as described in detail elsewhere (22)
was used. Cy5 was excited at 633 nm by a helium-neon
(HeNe) laser (Melles Griot, Irvine, CA) delivering a beam
diameter of 1 mm. The cross section of the laser beam was
expanded by a factor of 3 using a Keplerian beam expansion.
The laser beam was then reflected by a dichroic mirror (for
Cy5, 645DRLP02, Omega, Brattleboro, VT) and coupled into
the microscope objective. The beam expansion ensured that
a large portion of the microscope objective back aperture
(63× water-immersion C-Apochromat, NA) 1.2, Zeiss) was
illuminated. The fluorescent light of the sample was collected
by the same objective and, after traversing an optical band-
pass filter (for Cy5, 670DF40, Omega), focused to an
avalanche photodiode (SPCM 100, EG&G, Princeton, NJ).
The power of the laser beam entering the microscope was
set to 0.7 mW for the HeNe laser. This power level created
sufficiently high fluorescence signals per molecule, but was
still low enough to keep the amount of photobleaching
negligible.

FCS measurements were performed at 35°C on HEK293
cells in PBS buffer 24 h post-transfection. Cells expressing
5HT3Rs were labeled with a fluorescent ligand by incubation
in a solution of 12 nM GR-Cy5 in bulk. Experimental
autocorrelation functions (ACFs) of GR-Cy5 bound to
HEK293 cells were evaluated by using a model with three
components: the free ligand in aqueous solution, the free
ligand partitioned into the cell membrane, and the receptor-
bound ligand (24).

RESULTS AND DISCUSSION

Efficiency of Receptor Expression.The number of recep-
tors on the cell membranes was monitored for a period of
24 h after transfection by assessing the binding of the 5HT3R-
specific radioactive ligand [3H]GR65630 to the cells. In that
period, the receptor number steadily increased until it reached
a maximal value at 24 h (Figure 2). Ligand binding
experiments performed on samples 24 h after transfection
showed that the amount of membrane-bound radioligand as
a function of the concentration of free ligand was fitted well
by a Langmuir binding isotherm (Figure 2). Specific binding
corresponding to the presence of 1.25× 107 receptors per
cell was observed, taking into account that in this particular
case only 80% of the total number of cells were transfected
as seen by confocal fluorescence microscopy (see below).

Clustering of Receptors.GR-rho and GR-flu (Figure 1)
were used to monitor recombinant 5HT3Rs on the plasma
membrane of live cells in the form of ligand-receptor
complexes by confocal fluorescence microscopy. These two
ligands have previously been shown to bind selectively with

similar high affinity to 5HT3Rs both purified and recombi-
nantly expressed on the plasma membrane of HEK293 cells
(22-25). Here, we found that GR-rho, in contrast to GR-flu,
could not be removed from the 5HT3R binding site, even
when cells were washed extensively with pure buffer
solution.

The confocal micrograph in Figure 3 shows a live HEK293
cell, which was incubated in a 2 nMsolution of GR-flu 24
h after transfection with 5HT3R DNA. Bright green fluo-
rescent patches distributed over the cell surface were
observed. These fluorescent features are due to complexes
formed between GR-flu and 5HT3Rs; they were absent, if
the cells were preincubated with quipazine, a nonfluorescent
ligand, which is known to compete with GR-flu for binding
to the 5-HT3R (23). HEK cells stained with GR-flu 24 h
after transfection show 30-50% of the cell surface covered
by fluorescent 5HT3R clusters.

Estimation of Receptor Densities in Clusters.To evaluate
the surface area of HEK cells, we treated cells with a solution
of 300 µM EGTA whereby they adopted a nearly perfect
spherical shape. The diameters of the spherical cells were
determined by confocal microscopy to be 27( 3 µm.
Because 24 h after transfection 1.25× 107 receptors (as
determined by radioligand binding assays) are distributed
over 1150µm2, i.e., over half of the cell surface, we estimate
a density of 11 000 receptors/µm2 (range according to the
uncertainty of cell size, 9 000-14 000 perµm2) in the
patches.

In addition, for cells 24 h post-transfection, we determined
a density of∼13 000 receptors/µm2 from the fluorescence
intensities of the patches by comparison with reference
fluorescent lipid membranes of giant unilamellar vesicles.
This value is very close to the values estimated from
radioligand binding assays.

The fluorescence-based determination of receptor densities
is fast and reliable. We have bound mixtures of varying
proportions of Cy5 and rhodamine-labeled fluorescent ligands.

FIGURE 2: Binding of the radioactive ligand [3H]GR65630 to
plasma membranes of HEK293 cells 24 h after transfection with
5HT3R plasmid DNA. The level of specific binding (b) was
calculated as the difference between the levels of total (O) and
nonspecific (0) binding. Fitting the specific binding data with a
Langmuir isotherm (solid line) yielded a dissociation constantKd
of 0.4 nM and a total amount of 150 pM binding sites corresponding
to an average number of 1.25× 107 functionally active receptors
per transfected cell.
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These two chromophores are capable of performing fluo-
rescence resonance energy transfer (FRET) from rhodamine
as a donor to Cy5 as an acceptor. The fact that we never
saw FRET under different proportions of rhodamine to
Cy5-labeled receptors indicates that in the patches the
distance between two fluorescent labeled ligands is on
average>8 nm.

Our approach to measuring receptor densities is novel, can
be used for monitoring continuously and in situ the appear-
ance of functional receptors in live cells, and is therefore
much more reliable than any other labeling methods such
as antibody staining or gold labeling with subsequent analysis
by electron microscopy.

Dynamics of Receptor Distribution on Cell Surfaces.The
slow off-rate of GR-rho from the ligand-receptor complex
makes it possible to monitor the distribution of 5HT3Rs in
the plasma membrane over time.

In a first series of experiments, HEK293 cells were stained
at different times after transfection with GR-rho. Five to six
hours after transfection, the first receptors appeared to be
almost homogeneously distributed in the form of a faintly
stained ring at the basolateral region of the cell (Figure 4A).
Cells stained 8-11 h after transfection showed, in addition
to the ring-like receptor distribution, fluorescent receptor
clusters, first slightly above the ring but later more and more
toward the top of the cell (with respect to the supporting
glass slide).

To distinguish between receptors expressed at different
times on the cell surface, we first stained cells 5 h after
transfection with GR-rho and restained these cells 1, 2, 4,
and 6 h later with GR-flu. Representative examples are
depicted in Figure 4B-D. Figure 4B shows a cell which

was stained 5 h after transfection with GR-rho but observed
only 9 h after transfection (i.e., 4 h after the staining).
Directly after the confocal micrograph had been recorded,
the cell was restained with GR-flu and the micrograph
recorded a few minutes later delivering the images shown
in panels C and D of Figure 4. The newly expressed receptors
in the basolateral region (stained with GR-flu) could easily
be distinguished from the earlier expressed receptors (stained
with GR-rho) at the cell center due to the spectrally different
labels.

Double staining experiments also gave insight into the
process of receptor cluster formation. Figure 4D shows a
GR-rho-labeled receptor cluster surrounded by freshly
formed GR-flu-labeled receptors in the basolateral ring.
Outside of the basolateral ring, receptor clusters are found
composed of a GR-rho-labeled core and a GR-flu-labeled
periphery.

During the experiments documented in Figure 4, the
fluorescent ligands were bound to and remained on the
5-HT3R over a long period on the cell membrane. It is known
from other ligand-gated ion channels and also from G
protein-coupled receptors that receptors might be internalized
upon agonist binding (32, 33). To demonstrate that this did
not occur upon antagonist binding in our present case, we
performed a series of control experiments by first binding a
fluorescent ligand to the cell surface 5-HT3Rs which was
then replaced with another one after different periods of
incubation. The results, documented as Supporting Informa-
tion, clearly demonstrate that the 5-HT3Rs are not internalized
but remain on the cell surface in the original orientation under
our experimental conditions.

Figure 5 depicts the evolution of the receptor distribution
from a homogeneous nonclustered basolateral ring (cellse8
h post-transfection) to the formation of receptor clusters (cells
g9 h post-transfection). Fluorescence intensities are normal-
ized per square micrometer. The maximal fluorescence signal
of 100 indicates 13 000 receptors/µm2. The correlation
between fluorescence intensity and receptor density is linear
within this region of interest. The homogeneously distributed
receptors in the basolateral ring were first detected in cells
5 h after transfection and showed a density of∼1 000
receptors/µm2. The receptor density increased in this homo-
geneous region linearly with time, reaching a value of
∼3 000-4 000 receptors/µm2 in cells 7-8 h after transfec-
tion. Then in cells 9 h after transfection, the first clusters
appeared where the density increased substantially to∼9 000
receptors/µm2. The receptor density in the clusters increased
further until it reached a limiting value of∼13 000 receptors/
µm2 in cells 14-15 h after transfection.

A detailed analysis of 5HT3R clusters revealed a large
variability of shapes and sizes.

The size of the clusters increased continuously with time.
Nine hours after transfection, the most frequent cluster size
was between 0.75 and 1µm in diameter. A few clusters were
up to 2 µm. Twenty-four hours after transfection, clusters
appeared from∼0.5 µm in diameter to larger round or
elongated patches up to 5µm in size, and the most frequent
diameter was 1-2 µm. While the fluorescence intensity
distribution in the smaller clusters was in general homoge-
neous, some larger clusters (>3 µm) showed more than one
fluorescent spot, as if they were formed from the merger of
several smaller clusters. The histogram in Figure 5 (inset)

FIGURE 3: Image of a live HEK293 cell transiently expressing
5HT3Rs, 24 h after transfection. The receptors appeared as clusters
at the cell surface, visualized after selectively binding GR-flu from
a 2 nM solution. The final image of the cell is composed of 50
individual confocal microscopic planar cross-section images taken
consecutively at 0.3µm height steps. In the inset, a high-intensity
laser pulse (488 nm, 3.75 mW, 3 s) was used to bleach a ca. 0.3
µm diameter spot into the core of a fluorescent receptor cluster
shown at the upper right corner (scale bar is 1µm). The fluorescence
intensity of the membrane-bound GR-flu in the bleached spot
measured with a low intensity probe beam was∼20% of the original
intensity before bleaching, and remained constant at this low level
for more than 15 min.
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shows the percentage of which the different cluster sizes
covered the total cell surface; clusters on 20 different cells
9 and 24 h after transfection were evaluated.

Receptor Mobility.Twenty-four hours after transfection,
shapes and the distribution of receptor clusters did not change
significantly over 1 h. At this stage of the transient expression
process, we investigated the lateral mobility of the receptors
by photobleaching experiments and FCS.

Cells were first stained for 2 min in culture medium
containing 2 nM GR-flu and then washed with a medium
free of fluorescent ligands. After a particular GR-flu-labeled
receptor cluster had been localized on the cell surface by
confocal microscopy, a 0.3µm diameter spot was bleached
into the center of the fluorescent cluster (inset of Figure 3).
Approximately 20% of the original GR-flu fluorescence
intensity remained in the bleached area as determined by
the low-power probe beam of the laser scanning confocal
microscope. Similar experiments were carried out with cells
stained with GR-rho where the fluorescence intensity in the
bleached spot did not change over a time period of 15 min,
indicating that a large portion of the receptors is immobile
over that time period.

To yield further insight into receptor mobility, FCS
measurements were performed on cell surfaces. FCS is a
versatile technique for obtaining information about the
dynamics of molecular interactions (34-36). Cells were
stained with GR-Cy5 because this fluorescent ligand exhibits
high photostability and its emission is in a wavelength range

with low cellular autofluorescence (23). Scanning the cell
surface by FCS revealed two major 5HT3R populations. At
certain regions on the cell surface, fluorescence intensity
fluctuations such as those shown in Figure 6A were
measured; the corresponding autocorrelation functions (ACFs)
were best fitted by three correlation times (24) corresponding
to the diffusion of free GR-Cy5 ligands in solution (τ1 <
0.3 ms,D ) 107-10-6 cm2/s), ligands partitioned into the
cellular membrane (τ2 ) 1-10 ms,D ) 10-9-10-8 cm2/s),
and ligands bound to nonclustered receptors in the cellular
membrane (τ3 > 20 ms,D ) 10-10-10-9 cm2/s). In other
regions on the cell surface, fluorescence signals much higher
in intensity as before were observed, the magnitudes of
which, however, decreased within seconds due to photo-
bleaching (Figure 6B). The fluorescence decay could be fitted
by two exponentials with time constants of 0.5 and 3.4 s.
The amplitude of the fast component was at least 6 times
higher than that of the slower component. The presence of
two time constants indicates that the fluorescent ligand probes
two different environments on the cell surface. After the two-
exponential fit had been subtracted from the experimental
photobleaching decay, a flat residual trace was obtained
comprising random fluctuating fluorescent signals (Figure
6C), similar to that observed for single receptor proteins
diffusing laterally in the membrane plane. This shows that
the major part of the 5HT3Rs in these regions is immobile
on the minute time scale and a minor fraction shows lateral
mobility. We assume that such regions correspond to the

FIGURE 4: Distribution of 5HT3Rs on the surface of HEK293 cells during transient expression. Panels A-D are confocal micrographs
showing the distribution of receptors stained with fluorescent ligands at different times after transfection. The bar in panel A corresponds
to 1 µm and that in panels B and C to 2µm; panel D is a 2-fold enlarged view of a particular region of panel C. (A) The cell was stained
with a 5 min pulse in a 2 nMGR-rho solution 5 h after transfection, washed, and measured a few minutes later. (B) The cell was pulse
labeled with GR-rho 5 h after transfection but recorded only 9 h after transfection (i.e., 4 h after labeling with GR-rho). (C and D) After
the micrograph shown in panel B had been recorded, the same cell was restained with GR-flu (i.e., 9 h after transfection) and imaged just
after the second labeling; green are GR-flu-labeled and red GR-rho-labeled receptors. The panel on the right shows schematically the
contours of a cell comprising a circular nucleus in the center and the receptor distribution as either small red points (I) or clusters (II-IV)
at four different stages after transfection. Scheme I corresponds to micrograph A. Scheme II indicates the transition from a homogeneous
distribution in the basolateral ring to the beginning of receptor aggregation. Scheme III corresponds to micrograph B showing the clusters
distributed at the apical cell surface areas. Scheme IV summarizes the observations of micrographs C and D showing large apical red
clusters together with newly formed receptors in the basolateral ring represented by green dots.
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receptor clusters observed previously by confocal micros-
copy. The major part of the receptors within the cluster
regions is immobile on the time scale of>15 min, whereas
a minor part shows lateral diffusion as in the membrane
regions surrounding the clusters.

CONCLUSIONS

Recombinant 5HT3Rs on the surface of transiently trans-
fected human embryonic kidney cells were expressed at high
density, and the formation of the receptors and their
distribution over time were monitored. Radioligand binding
assays were fitted by Langmuir isotherms, indicating that
only one class of binding sites is present. Due to the high
binding affinity and the low off-rate of the fluorescent ligand
GR-rho, we were able to stain early expressed receptors with
this ligand, and subsequently stain with GR-flu, a spectrally
distinguishable fluorescent ligand, receptors expressed later.
Thus, it was possible to pulse label the 5HT3R at any time
after the appearance on the cell surface and to observe the
temporal variation of its distribution on the cell surface by
confocal microscopy.

These optical pulse labeling experiments allowed detailed
on-line observation of receptor traffic in the plasma mem-
brane of live cells. Receptors were monitored from the
beginning of their appearance on the cell surface, during their
segregation into clusters, and up to the final movement of
these clusters within the cellular membrane. Freshly ex-
pressed receptors appear first in the basolateral membrane
region of the cell, homogeneously distributed in a relatively

narrow, ring-shaped area surrounding the cell base. Continu-
ous integration of newly expressed receptors into this ring-
shaped membrane area increases the local receptor concen-
tration. Once a threshold of∼3 000-4 000 receptors/µm2

is reached, receptor clustering starts basolaterally and then
growing receptor clusters move within a time frame of hours
toward the apical region of the cell. Individual clusters grow
until they reach a size of 1-2 µm when they merge to 3-5
µm large macroclusters on the apical region as indicated by
their inhomogeneous fluorescence intensity distribution.
During continuous growth of the small individual clusters,
the fluorescence intensity of the cluster core increases to a
limiting value corresponding to a maximal density of
∼13 000 receptors/µm2. Similar high receptor densities have
been observed for the nAchr in receptor clusters in native
membranes (9) and in two-dimensional crystals (14, 15). The

FIGURE 5: Receptor densities on plasma membranes of HEK293
cells at different times after transfection. Cells were transiently
transfected with 5HT3R DNA, stained by pulse labeling with a 2
nM solution of GR-rho at the indicated times, and washed with a
buffer solution. Fluorescence intensities of the ligand-receptor
complexes were measured in a defined area of interest, either in
homogeneous nonclustered regions (e8 h post-transfection) or in
clusters (g9 h post-transfection), and plotted as fluorescence
intensity per square micrometer normalized to a value of 100 for
the signals obtained in clusters 24 h after transfection. The inset
shows the distribution of surface coverage of 5HT3R clusters of
different sizes (major axes) on HEK293 cells 9 h (gray bars) and
24 h (black bars) after transfection. Shown are average values
obtained from evaluating confocal microscope images of 20
different HEK293 cells stained with a 2 nM GR-flu solution as
described in the legend of Figure 3.

FIGURE 6: Fluorescence correlation spectroscopy on surfaces of
HEK293 cells stained with GR-Cy5. (A) Typical fluorescence
intensity fluctuations recorded on certain cell surface regions
yielded autocorrelation functions (not shown) which could be
fitted by three distinct relaxation times corresponding to fluores-
cent GR-Cy5 ligands (i) diffusing free in bulk extracellular me-
dium, (ii) partitioned unspecifically into the cellular membrane,
and (iii) bound specifically to 5HT3Rs. (B) Fluorescence in-
tensity trace revealing strong photobleaching at particular sites
(different from those in panel A) on the cell membrane. The
fluorescence decay was fitted by two exponentials. (C) After the
calculated double-exponential curve had been subtracted from the
experimental intensity trace in panel B, a flat curve remained
showing typical fluctuations as expected for laterally diffusing
receptors in a cell membrane. Experimental conditions for the
FCS experiment were as follows: a GR-Cy5 concentration in the
medium surrounding the cell of 12 nM and a laser power of 0.7
mW.
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nAchR is according to its size and function very comparable
to the 5-HT3R (26, 29).

Our own observations (unpublished) and results of others
indicated that apical clustering of recombinant 5HT3Rs also
occurred in several other heterologous cell lines (CHO,
N1E115, and COS) from different tissues (37, 38). In all
cases, including the one described here, clustering apparently
does not require coexpression of recombinant anchoring
proteins. This is in striking contrast to the closely related
nicotinic acetylcholine and GABAA receptors, both of which
have been reported to cluster only in the presence of rapsyn,
an actin-associated protein originating from neuromuscular
synapses (9, 39, 40). Also, a microtubule-associated protein,
GABARAP, has been shown to promote GABAA receptor
clustering (41). A similar behavior is known from the
ionotropic glycine receptor, which clusters via interaction
with gephyrin, a protein anchored to tubulin (42, 43).

Interestingly, throughout our observation period, the fluo-
rescently labeled 5HT3Rs remained located in the plasma
membrane of a cell. Using GR-rho as a receptor marker,
only faint rhodamine signals were detected within the cytosol,
indicating slow receptor internalization. Receptor clustering
in the plasma membrane might be responsible for the slow
internalization process. A similar case has been reported for
heterologously expressed glutamate receptors for which
clustering extended its average lifetime in the plasma
membrane to∼30 h (44).

We do not know whether the clustering of the 5HT3Rs in
the membranes of the heterologous cells is the result of a
concentration-dependent receptor-receptor interaction, a
lipid raft-mediated aggregation phenomenon, or both. Spe-
cific sequence motifs in the transbilayer regions of membrane
proteins have been shown to be important for oligomerization
of membrane proteins (45) and might be also responsible
for the receptor aggregation as found in this work.

Our investigations are of general interest in several
respects. First, they demonstrate that it is possible to
investigate biomolecular interactions selectively and with the
sensitivity to detect single molecular events in a complex
biomolecular network of live biological cells. We believe
that various in vivo and in vitro labeling strategies in
combination with single-molecule spectroscopies and mi-
croscopies will in the future play an increasingly important
role in elucidating the biomolecular network of live biological
cells, a central goal in many announced proteomics projects
(46, 47). Second, the finding that recombinant receptors can
be expressed in such high concentrations that they cover up
to half the cellular surface at a density of∼13 000 receptors/
µm2 opens new sources for the efficient crystallization of
membrane proteins.

SUPPORTING INFORMATION AVAILABLE

Results that clearly demonstrate that the 5-HT3Rs are not
internalized but remain on the cell surface in the original
orientation under our experimental conditions. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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