
Single-molecule spectroscopy of the b2 adrenergic
receptor: Observation of conformational
substates in a membrane protein
Gadi Peleg*, Pejman Ghanouni†, Brian K. Kobilka†, and Richard N. Zare*‡

*Departments of Chemistry and †Molecular and Cellular Physiology, Stanford University, Stanford, CA 94305

Contributed by Richard N. Zare, May 15, 2001

Single-molecule studies of the conformations of the intact b2

adrenergic receptor were performed in solution. Photon bursts
from the fluorescently tagged adrenergic receptor in a micelle
were recorded. A photon-burst algorithm and a Poisson time filter
were implemented to characterize single molecules diffusing
across the probe volume of a confocal microscope. The effects of
molecular diffusion and photon number fluctuations were decon-
voluted by assuming that Poisson distributions characterize the
molecular occupation and photon numbers. Photon-burst size
histograms were constructed, from which the source intensity
distributions were extracted. Different conformations of the b2

adrenergic receptor cause quenching of the bound fluorophore to
different extents and hence produce different photon-burst sizes.
An analysis of the photon-burst histograms shows that there are
at least two distinct substates for the native adrenergic membrane
receptor. This behavior is in contrast to one peak observed for the
dye molecule, rhodamine 6G. We test the reliability and robustness
of the substate number determination by investigating the appli-
cation of different binning criteria. Conformational changes asso-
ciated with agonist binding result in a marked change in the
distribution of photon-burst sizes. These studies provide insight
into the conformational heterogeneity of G protein-coupled re-
ceptors in the presence and absence of a bound agonist.

G protein-coupled receptors (GPCRs) represent one of the
largest families of integral membrane proteins, and GPCRs

are responsible for most transmembrane signal transduction by
hormones and neurotransmitters, as well as for the senses of
vision, smell, and taste. GPCRs are characterized by seven
transmembrane (TM) domains with an extracellular N terminus
and a cytoplasmic C terminus (1). For many GPCRs, such as the
b2 adrenergic receptor (b2AR), small molecular weight ligands
bind to sites within the hydrophobic core formed by the TM
a-helices. The b2AR (Fig. 1) belongs to the major subfamily of
GPCRs that includes rhodopsin, for which a high-resolution
crystal structure is now available (2). The binding of agonist
ligands to a receptor induces conformational changes that
facilitate interactions between the receptor and its cognate G
protein.

We have developed a method for site-specifically labeling
Cys-265 in the b2AR with fluorescein-5-maleimide (FM; ref. 3)
to yield what we call FMb2AR. Cys-265 is adjacent to a G
protein-coupling domain at the end of TM6 (see Fig. 1). In
ensemble measurements, we demonstrated previously that FM
bound to Cys-265 sensitively reports conformational changes,
with agonists inducing a decrease in the fluorescence intensity of
FMb2AR in proportion to the biological efficacy of the agonist.
By using exogenous quenchers localized to different environ-
ments, we determined that during agonist-induced activation,
the domain adjacent to Cys-265 rotates andyor tilts to a more
buried environment, which is closer to both the surface of the
micellar compartment and to the cytoplasmic extension of
TM5 (3).

Although these studies using conventional f luorescence spec-
troscopy provided insight into the structural changes that occur

on agonist activation, they were not able to characterize the
complexity of conformational states and their dynamics.

With the use of single-molecule techniques it is possible to
overcome the problem of ensemble averaging of traditional
functional biochemical methods (4–8). Furthermore, the activ-
ities of different molecules do not need to be synchronized to
follow fluctuations. Here we describe single-molecule measure-
ments that sharply differ from most other single-molecule
studies in that the protein under study is not bound to a surface.

Conformational changes bring about different levels of
quenching (9, 10). Briefly, a change in the conformation of the
protein, e.g., one that is involved in ligand binding, causes the
fluorescence intensity of the label to modulate in concert with
the encounters of the tag with its nanoenvironment. In our
fluorescence-quenching studies, photon bursts from a single
molecule are recorded for milliseconds, and large numbers of
such events are collected. A histogram of delay times between
bursts is constructed, from which we derive a Poisson time filter.
The histogram reveals an exponential decay with delay time. We
define residence time in the probe volume as the half decay time
of this histogram. We accept photon bursts whose delay times are
within the residence time as belonging to an individual molecule
that may have left and reentered the probe volume more than
once during the residence time. Photon-burst size distributions
are recorded for the native receptor before and after it has been
exposed to various ligands. The photon shot noise and molecular
occupation number fluctuations arising from diffusion inside the
probe volume are described by means of Poisson distributions.
The intensity distribution emitted by the receptor is calculated by
deconvolutions. By comparing intensity distributions, we learn
about the effects of ligands on the receptor through the quench-
ing of the fluorescent label. We find that the native receptor
exists in at least two distinct conformational substates. We also
find that binding to various ligands (agonists and antagonists)
changes both the shape of the entire distribution and the
populations of the conformational substates.

Materials and Methods
Expression, Purification, and Labeling. The procedures we use for
the preparation of the FMb2AR have been described fully
elsewhere (3). Briefly, the wild-type b2AR is expressed in Sf9
insect cells. The receptor is solubilized in the detergent N-
dodecyl-b-D-maltoside (NDM) so that it is incorporated into
micelles, then it is purified by a series of three affinity chroma-
tography procedures (11).The purified receptor is labeled at a
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single cysteine (Cys-265) with FM (Molecular Probes). Fig. 1
shows the location of the FM dye in the receptor. There are 13
cysteines in the b2AR, yet only Cys-265 is labeled with the
relatively large, polar fluorophore FM under the conditions used
(see ref. 3 and references therein). Five of the 13 cysteines are
within transmembrane domains and not accessible to polar FM.
Four extracellular cysteines have been shown to be disulfide
bonded. One cysteine in the C terminus is palmitoylated. The
remaining two C terminal cysteines form a disulfide bond during
purification (3). Labeling specificity was confirmed by peptide
mapping and mutagenesis of potential reactive cysteines (data
not shown).

Single-Molecule Spectroscopy. The experimental system uses a
confocal microscope that has a single-photon counting ava-
lanche photodiode (SPAD) (SPCM-200; EG & G, Vauderuil,
Quebec) whose output is recorded with a multichannel scaler
(EG & G Ortec, Oak Ridge, TN). The 488-nm line of an argon
ion laser (Lexel, Fremont, CA), operated at 600 mW, excites the
fluorescent tags. The fluorescence excitation path includes a ly2
waveplate combined with a polarizer to control the intensity and
polarization of the input beam. The objective lens in the Nikon
Diaphot (Melville, NY) microscope is an oil immersion Nikon
Plan Apo 3100, 1.4 numerical aperture (N.A.). A dichroic
beamsplitter, 505DRLP02, and an emission filter, 535AF45,
both from Omega Optical (Brattleboro, VT), separate the
excitation and emission photons in the microscope. The fluo-
rescence from a subfemtoliter volume passes through a pinhole
whose size is set to 50 microns. The small probe volume in
combination with the use of concentrations between 1–3 nM
enable us to measure individually tagged proteins. The time bin
in the measurements is 3 ms for the receptor incorporated in
micelle studies and 1 ms for the free rhodamine 6G. For the
rhodamine 6G, the laser power is 2 mW and the emission filter
is 545RDF35 from Omega Optical. Rhodamine 6G was pur-
chased from Kodak and was dissolved in propylene carbonate
from Aldrich.

The Drug Assay. The buffer solution for the receptor contained 20
mM TriszHCl buffer (pH 7.5) with 0.1% N-dodecyl-b-D-
maltoside (NDM; Calbiochem), and 500 mM NaCl. To protect
the emission of the fluorescein tag we added 100 mM mercap-
toethylamine (MEA; Sigma). MEA is known to deplete the
fluorescein triplet state without affecting the first singlet excited
state (12). Thus, photobleaching caused by the long-lived triplet
excited state is prevented without perturbation to the emission
cycle. MEA always was prepared immediately before the mea-
surements in fresh 200 mM Tris, pH 7.5. MEA did not adversely

affect the response of the receptor to ligands in ensemble
fluorescence studies (data not shown). The t1/2 of the isoproter-
enol (ISO)-induced fluorescence changes in ensemble studies
performed at 25°C was 91 6 2 s under these conditions. Drug
effects were studied at saturating doses [100 mM for the agonist
isoproterenol and 20 mM for the antagonist alprenolol (ALP)].
All drugs were purchased from Sigma. To ensure full mixing,
equal conditions, and minimal perturbation for the receptor in
the native and drug-active cases, we mixed the drugs in a vial
before transfer into the 300-ml microscope chamber. The native
receptor was compared with the drug-activated receptor for the
same dilutions and after the same time in the chamber. All
experiments were performed at room temperature. The fluo-
rescence measurements showed that there was no addition of
background by fresh ISO or alprenolol (ALP) to what was
measured for the buffer solution, with a maximum noise of 2
photon counts per 3-ms channel.

Results and Discussion
Measurement of Photon Bursts from Single Molecules. To confirm
that we are able to set the conditions to view only a single
FMb2AR molecule, we carried out studies of single-molecule
fluorescence as a function of concentration. A stock solution of
FMb2AR was diluted from an initial concentration of 1–3 mM
to final concentrations of 0.5–30 nM. Care was taken to avoid
shaking, bubble formation, and temperature changes. We ob-
served photon bursts from the fluorescein-tagged receptor until
the receptor diffused away. We plotted the dependence of the
photon-burst number on the receptor concentration, and we
observed an exponential decay with concentration when the
concentration was less than 6 nM.

We selected the working receptor concentration to be be-
tween 1 and 3 nM to meet single-molecule sensitivity and to
enable us to follow as many receptors as possible during record-
ing of the multichannel output (15 s). During this observation
time and with this concentration, '200 receptors are studied.
Fig. 2 shows the typical signal-to-noise ratio achieved in the
measurements of the native receptor (Fig. 2a) compared with the
background (Fig. 2b).

We use a photon-burst algorithm that was modified from that
described by Keller et al. (13). A photon burst is defined here as
four channels in duration. The channel length is chosen to be the
typical time required for the target to diffuse through the focal
volume. The channel length is set to 3 ms for the larger
dye-tagged receptor and to 1 ms for the smaller dye molecule,
rhodamine 6G. Moreover, a photon burst is defined to occur only
when the first and last channels are below the background
threshold (set at 3 photons) and the middle two channels exceed
the background threshold, and at least one of them exceeds the
peak threshold (set at 7 photons). The peak threshold value is
chosen as a compromise between too large a value, which leads
to loss of information, and too small a value, which is not
sufficient to obtain acceptable signal-to-noise ratios. These
conditions discriminate against possible aggregates because ag-
gregates are expected to diffuse more slowly and therefore their
f luorescence signature will not fit the four-channel burst dura-
tion criterion. From the multichannel scaler trace 5,000 channels
were analyzed for photon bursts. The photon counts in a burst
were summed first to obtain the total number of photon counts
per burst. A distribution of the photon-burst sizes was prepared
by plotting the number of photon bursts having a specific size.

We confronted the problem of whether a photon burst be-
longed to a receptor that had reentered the probe volume or to
a new receptor. To distinguish between these two cases, a
‘‘Poisson time filter’’ was used. For diffusion, the probability of
detecting the next burst at a specific delay time after the
registration of a burst follows an exponential decay in time (14,
15), P(Dt) 5 azexp[2bDt], where a is a proportionality constant,

Fig. 1. The structure of the b2AR. The binding site of the FM tag at Cys-265
in the third cytosolic loop is shown. The membrane is marked by the dark strip.
Homology with the rhodopsin structure suggests that the tag is located at the
end of the sixth TM domain.
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b is a characteristic frequency at which events occur, and Dt is
the delay time between successive bursts. In addition to the
burst-size distribution, a delay-time histogram of these bursts
was constructed, and a fit to an exponential decay was per-
formed. Only delay times shorter than the half decay time tR of
this histogram, which has the value of 30 ms for the receptor and
9 ms for rhodamine, were considered as belonging to an indi-
vidual molecule. The half decay time tR is the average residence
time (14) of the molecule in the focal volume. [The probe volume
can be recovered (14) from the concentration value, the diffu-
sion time, and the measured residence time, and is calculated to
be '0.3 fl].

For each individual molecule, the photon bursts from single
passes through the probe volume are recorded. We follow a
single molecule during its residence time in the probe volume
and determine how many times it reenters the probe volume.
With this information, we compute the average photon-burst size
per pass for each molecule. Fig. 2c shows the distribution of the
number of receptor entries to the probe volume. We find for the
native receptor that 32% make 1 pass, 56% make 2 passes or
fewer, 68% make 3 passes or fewer, and 90% make 6 passes or
fewer. By applying the Poisson treatment to the burst-size
histograms, we ensure that we are considering each molecule
only once, and this individual molecule may leave and reenter the

focal volume during the observation period. In other words, we
avoid reentries of the same molecule into the probe volume as
being considered to be a different molecule. We refer to the
histograms as Poisson time-filtered or unprocessed, according to
whether or not we used this residency time criterion to ensure
individuality.

Photon-Burst Distributions from Native Receptors. Fig. 3a shows the
burst-size histograms for the labeled native FMb2AR, including
the unprocessed burst distribution in red and the Poisson
time-filtered distribution in green. The burst size is in units of
number of photon counts. Compared with the averaged values
of burst sizes (arising from single passes) per individual molecule
that are plotted here, the total integrated number of photon
counts of all of the bursts of an individual native receptor (during
its residence time) is '90 on average. The averaging operation
is the cause of the relative narrowing of the Poisson time-filtered
histograms vs. the unprocessed histograms.

Clearly, fine structure is apparent in both the processed and
unprocessed histograms, although more apparent in the former.
The fluorescent tag on the native receptor experiences different
extents of quenching, which accounts for the appearance of the
fine structure. To confirm that these fine-structure features are
inherent to the receptor conformations, we compared these
results with those for freely diffusing rhodamine 6G molecules
that are expected to show a single feature, reflecting one
structure (Fig. 3b). When comparing the Poisson time-filtered
histograms (in green) for the two cases, we observe that the

Fig. 2. The signal relative to the noise in the single-molecule measurements
(channel length, 3 ms). (a) A 1 nM receptor tagged with FM, (b) the back-
ground resulting from the buffer that includes the salts, the detergent, and
the MEA protecting agent, and (c) reentry occurrence frequency of single
molecules into the probe volume.

Fig. 3. Photon burst-size histograms, with and without the Poisson time-
filter treatment, in green and red, respectively. (a) The native receptor after 2
min in the chamber. (b) Rhodamine 6G; the burst size is in units of number of
photon counts.
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rhodamine distribution is narrower and shows only one promi-
nent peak.

Deconvolution of the Photon-Burst Distribution. To verify that our
measurements provide access to the actual intensity distribution
p(I) from a single receptor we had to overcome the effects of shot
noise (statistical counting fluctuations) in the photodetection
process and of the variability of the receptor excitation caused by
spatial wandering (diffusion) in the probe volume. The photon
burst-size histogram that we measure shows the frequency of
occurrence of a specific burst size f(n) in terms of the number of
individual molecules (N) that seemed to have produced such a
number of photon counts (n). The detection process for these
single photon-counting events is limited by shot noise, which is
described by a Poisson distribution (16). When diffusion occurs,
f luctuations in the number of molecules that emit a certain
amount of fluorescent photons also follow a Poisson distribution
(17–19). This behavior results from fluctuations caused by
different trajectories of the receptor across the Gaussian beam.
To recover the original emitted fluorescence intensity distribu-
tions p(I) from the measured burst-size distributions f(n) we
applied the convolution theorem (20).

The detected emission intensity pd(I) depends on the point
spread function (x, y, z) of the imaging system that has a Gaussian
intensity profile of the laser beam in the probe volume. The
occupation number N of an individual molecule to be found in
a subvolume with coordinates (x, y, z) has a Poisson distribution
(17), so that:

pd~I! } Ep~I!PSF~x, y, z!Poi~N!dxdydz, [1]

where p(I) is the actual intensity distribution emitted by the
molecule, Poi(N) is defined as the Poisson distribution for
finding a single molecule occupying a specific location in the

Gaussian beam inside the probe volume, and dxdydz is the
infinitesimal volume element (17).

The measured burst-size distribution f(n) is given by the
convolution of the detected emission intensity pd(I) with the
Poisson distribution of the number of photon counts Poi(n) (16):

f~n! } EPoi~n!pd~I!dI. [2]

Here, the Poisson distributions Poi(N) and Poi(n) are given by

Poi~N! 5
^N&N exp@ 2 ^N&#

N!
[3]

Poi~n! 5
^n&n exp@ 2 ^n&#

n!
, [4]

where ^n& and ^N& denote the averaged values of n and N,
respectively. Substituting Eq. 1 into Eq. 2 results in

f~n! } EPoi~n!p~I!Poi~N!dI, [5]

where we omitted the explicit spatial dependence of the point
spread function. We define Fourier transform pairs for f(n), p(I),
Poi(n), and Poi(N) according to

FT@f~n!# 7 f~n!, FT@Poi~N!# 7 Poi~N!,

FT@Poi~n!# 7 Poi~n!, and FT@p~I!#7 p~I!. [6]

By applying the convolution theorem to Eq. 5, we find

FT@f~n!# } FT$Poi~n! ^ Poi~N! ^ p~I!%

5 FT@Poi~n!#FT@Poi~N!#FT@p~I!#, [7]

where R denotes the convolution operation. Finally, the actual
f luorescence emission intensity p(I) is extracted as

p~I! } FT21H FT@f~n!#

FT@Poi~N!#FT@Poi~n!#J , [8]

where FT21 denotes the inverse of the Fourier transform. Eq. 8
is the key transformation for obtaining the actual intensity
distribution p(I) from the recorded burst-size histogram f(n).

Fig. 4a and b show the Poisson time-filtered burst-size distri-
butions for the native receptor and for rhodamine 6G, respec-
tively, from which we calculate the corresponding fluorescence
emission intensity distributions, shown in Fig. 4 c and d. We used
fast Fourier transforms (FFT) in computing Eqs. 1–8 for the
estimation of the emission intensity distribution. As inputs for
the Poisson distributions we used the histograms (Fig. 4 a and b)
of the measured burst sizes. It is clear from Fig. 4c that there are
at least two well resolved main features in the distribution p(I)
of the native receptor. This behavior is in sharp contrast to the
rhodamine 6G plot in Fig. 4d that shows only one main feature,
as expected for a molecule having a single isoform.

Thus our measurements provide direct access to the actual
intensity distribution p(I) from single receptors. We interpret the
fine structure in the burst-size distribution for native FMb2AR
to indicate that the fluorescent reporter experiences different
molecular environments owing to different conformations, and
that the populations of these conformations can be grouped into
two major conformational substates. Hence, our measurements
give us direct proof for the existence of conformational heter-
ogeneity. We believe that this heterogeneity is the result of
sampling from a rich energy landscape (21, 22) for the receptor

Fig. 4. Comparison of Poisson time-filtered photon burst-size distributions
from (a) native receptor, and (b) rhodamine 6G, to the deconvoluted intensity
distribution of (c) the native receptor and (d) rhodamine 6G. See text for
details of deconvolution procedure.
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in which conformations can be sorted into at least two different
classes (conformational substates), one of which experiences
more quenching than the other.

It is important to assess whether our analysis procedure is
robust and reliable. Fifteen burst-size distributions from five
different preparations of the native receptor (after 2 min in the
chamber) were analyzed fully with about 200 individual recep-
tors per distribution. Some variability in the weights of the two
conformational substates in the native distribution appeared,
which is believed to be related to differences between protein
preparations. We found that about 75% of the native distribu-
tions showed that the peak with the higher count size was more
populated than the peak with the lower count size. Only 1
burst-size distribution failed to show 2 peaks at 2 min. Thus, the
analysis procedure seems to yield reproducible results.

To verify further the reliability of the estimation of the number
of conformational substates, we binned the number of photon
counts in plotting the x axis in the photon burst-size distribution.
Binning should reduce the possible effect of high frequency
noise and avoid its contribution to the intensity distribution. At
the same time, binning may cause blurring of possibly real
features in the distribution. We used the following rule (23) to
restrict the bin number:

L 5 @10 3 log10M# [9]

where L represents the number of distinct classifications (dif-
ferent bins) in the photon-burst histogram, and M is the number
of data points (number of receptors recorded in the burst-size
distribution, which in our case is about 200). Hence, L should be
not more than 23, and we chose 20 as the number of intervals for
the distribution. We present in Fig. 5a the binned photon-burst
distribution calculated by using Eq. 9. In Fig. 5b we present the
estimated intensity distribution obtained by deconvolution, using

Eq. 8. We observe in both cases that two main peaks are
apparent.

Photon-Burst Distributions from Individual Ligand-Bound Receptors.
To illustrate the power of our analysis procedure, we present
here results obtained when a saturated solution of the agonist
ISO was added to the native receptor in solution. ISO is classified
as a full agonist and has a higher binding affinity (KI '10 mM)
and higher biological efficacy than the native hormone adren-
aline. Ensemble fluorescence spectroscopy shows that ISO in-
duces '15% decrease in the intensity of FMb2AR (3). We
examined the burst-size distribution of unliganded single recep-
tors as compared with ISO-bound receptors after 4 min in the
chamber.

The native receptor as well as the ligand-bound receptor is
irradiated for 15 s every 2 minutes. It is necessary to wait several
minutes for pharmacological equilibrium to be approached in
the case of the ligand-bound receptor. We find that the photon-
burst distribution for the native receptor decreases a few percent
as a function of time and also changes shape. This decay in the
photon-burst distribution also appears in ensemble studies. The
decay and shape change is likely caused by some photon-induced
change that causes increased quenching. As a result of this
behavior, the 4- and 6-min photon-burst distributions of the
native receptor are broader than the 2-min one and they show
several peaks. Fig. 6 presents the intensity distributions after 4
min for the native receptor (black) and the native receptor bound
to ISO (red). For the native receptor we observe a broad
distribution of intensities with several peaks, indicating the
presence of different conformations. For ISO (red) the overall
distribution is narrower and is shifted to lower intensity states.

The agonist-induced fluorescence change is likely caused by
quenching of FM by the side chains of adjacent amino acids.
Fluorescein is known to be quenched by charged amino residues
(24) (such as arginine), and by bulky residues, particularly those
that contain aromatic rings. Among these bulky residues, ty-
rosine is known to be a most efficient quencher of fluorescein
(25), and phenylalanine is a nearest neighbor along the back-
bone. As was mentioned, during agonist-induced activation, this
portion of the receptor’s G protein-coupling domain rotates
andyor tilts to a more buried environment, which is closer to
both the surface of the micellar compartment and to the tip of
TM5 (3).

These results suggest that the native receptor is a conforma-
tionally f lexible molecule that exists in several substates in
equilibrium. In contrast, ISO seems to stabilize conformational
substates that might be rare in the native receptor. Of particular
interest is the observation that at least three states are observed

Fig. 5. (a) The binned burst-size distribution for the native receptor after 2
min in the chamber. (b) The deconvoluted native emission state distribution
calculated from a.

Fig. 6. The deconvoluted intensity distribution after 4 min for native recep-
tor (black) and native receptor interacting with ISO agonist (red).
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in the presence of saturating concentrations of ISO. We hypoth-
esize that one or more of the states having the smaller intensities
represent the active state of the receptor. This suggestion is
based on the fact that few of these states are observed in the
native FMb2AR and the observation that the functional activity
of a series of agonists and partial agonists correlates well with
their ability to decrease the intensity of FMb2AR by using
conventional f luorescence spectroscopy (3). The burst distribu-
tion for the ISO-bound receptor could be explained by alterna-
tions between ISO-bound and unbound states arising from the
relatively low binding affinity and rapid on and off rate of the
drug.

Thus, using single-molecule techniques, it is possible to ob-
serve directly conformational heterogeneity in a GPCR and to
determine the effect of agonist binding on the distribution of
receptor substates. Once again, the change in the photon-burst
distribution is reproducible and gives us confidence that con-
formational changes can be observed by using this analysis
method. By single-molecule spectroscopy of the native

FMb2AR, we observe two predominant (and perhaps several
minor) substates represented by different burst intensities. Fluc-
tuations between the native substates are frequent and can
explain the broad burst-size distribution observed for the native
FMb2AR. Binding of ISO leads to transitions to more-quenched
substates. We find that binding to various ligands (agonists and
antagonists) changes the shape of the entire distribution and also
changes the populations of the conformational substates. Thus,
it seems that one subset of conformations is selected upon
agonist binding, and the receptor structure is stabilized for the
interaction with the G protein.
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