
Journal of Visualized Experiments www.jove.com

Copyright © 2014  Journal of Visualized Experiments July 2014 |  89  | e51784 | Page 1 of 8

Video Article

High-resolution Spatiotemporal Analysis of Receptor Dynamics by Single-
molecule Fluorescence Microscopy
Titiwat Sungkaworn1, Finn Rieken1, Martin J. Lohse1, Davide Calebiro1

1Institute of Pharmacology and Toxicology and Bio-Imaging Center/Rudolf Virchow Center, DFG-Research Center for Experimental Biomedicine, University of Würzburg,
Germany

Correspondence to: Davide Calebiro at davide.calebiro@toxi.uni-wuerzburg.de

URL: https://www.jove.com/video/51784
DOI: doi:10.3791/51784

Keywords: Bioengineering, Issue 89, pharmacology, microscopy, receptor, live-cell imaging, single-molecule, total internal reflection fluorescence,
tracking, dimerization, protein-protein interactions

Date Published: 7/25/2014

Citation: Sungkaworn, T., Rieken, F., Lohse, M.J., Calebiro, D. High-resolution Spatiotemporal Analysis of Receptor Dynamics by Single-molecule
Fluorescence Microscopy. J. Vis. Exp. (89), e51784, doi:10.3791/51784 (2014).

Abstract

Single-molecule microscopy is emerging as a powerful approach to analyze the behavior of signaling molecules, in particular concerning
those aspect (e.g., kinetics, coexistence of different states and populations, transient interactions), which are typically hidden in ensemble
measurements, such as those obtained with standard biochemical or microscopy methods. Thus, dynamic events, such as receptor-receptor
interactions, can be followed in real time in a living cell with high spatiotemporal resolution. This protocol describes a method based on labeling
with small and bright organic fluorophores and total internal reflection fluorescence (TIRF) microscopy to directly visualize single receptors on the
surface of living cells. This approach allows one to precisely localize receptors, measure the size of receptor complexes, and capture dynamic
events such as transient receptor-receptor interactions. The protocol provides a detailed description of how to perform a single-molecule
experiment, including sample preparation, image acquisition and image analysis. As an example, the application of this method to analyze two
G-protein-coupled receptors, i.e., β2-adrenergic and γ-aminobutyric acid type B (GABAB) receptor, is reported. The protocol can be adapted to
other membrane proteins and different cell models, transfection methods and labeling strategies.

Video Link

The video component of this article can be found at https://www.jove.com/video/51784/

Introduction

Receptors located on the cell surface sense the extracellular environment and respond to a variety of stimuli, such as odorants, ions, small
neurotransmitters and large protein hormones. The fluid nature of cellular membranes allows movements of receptors and other membrane
proteins. This is essential for the formation of protein complexes and the occurrence of transient protein-protein interactions, such as those used
by receptors to assemble into functional units and transduce signals into the cell interior. For instance, G-protein-coupled receptors (GPCRs),
which constitute the largest family of cell-surface receptors1, have been suggested to form di-/oligomers, which appears to be involved in the
fine-tuned regulation of signal transduction and might have important physiological and pharmacological consequences2-5.

Single-molecule microscopy has the great potential of directly visualizing with high spatiotemporal resolution the dynamic behavior of individual
receptors located on the surface of living cells, including their association to form dimers and higher order molecular complexes6-10. This offers
several advantages compared to standard biochemical and microscopy methods, which usually report the average behavior of thousands or
millions of molecules.

Protein labeling with a sufficiently bright and photostable fluorophore is essential for single-molecule microscopy. This protocol takes advantage
of the recently introduced SNAP tag11 to covalently attach small and bright organic fluorophores to cell-surface receptors. SNAP is a 20
kD protein tag derived from the human DNA repair enzyme O6-alkylguanine-DNA alkyltransferase, which can be irreversibly labeled with
fluorophore-conjugated benzylguanine (fluorophore-BG) derivatives. CLIP, a further engineered tag derived from SNAP, can be instead labeled
with fluorophore-conjugated benzylcytosine derivatives12.

The protocol reported in this manuscript explains how to transfect and label SNAP-tagged11 receptors with small organic fluorophores and use
total internal reflection fluorescence (TIRF) microscopy to visualize single receptors or receptor complexes on the surface of living cells10. The
reported protocol results in >90% labeling efficiency of an extracellularly SNAP-tagged cell-surface protein10. Further information on how to use
single-molecule data to analyze the size and mobility of receptor complexes, as well as to capture transient receptor-receptor interactions, is
provided. A schematic workflow of the entire protocol is given in Figure 1. As an example, the transfection of Chinese Hamster Ovary (CHO)
cells with SNAP-tagged G-protein-coupled receptors (GPCRs) followed by labeling with a fluorophore-BG derivative as well as its application to
quantify and monitor receptor di-/oligomerization are described. This protocol can be extended to other cell-surface proteins and fluorescent tags
(e.g., CLIP), as well as to other transfection and labeling methods.
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Protocol

1. Sample Preparation

1. Coverslip cleaning
 

NOTE: Work under a fume hood.
1. Use clean tweezers to place glass coverslips (24 mm diameter) into a coverslip holder that separates individual coverslips.
2. Put the holder with coverslips into a beaker, and add chloroform until the coverslips are covered. Cover the beaker with aluminum foil

to reduce evaporation and sonicate in a bath sonicator for 1 hr at RT. Take the coverslip holder out of the beaker and let the coverslips
dry.

3. Repeat step 1.1.2 with 5M NaOH solution instead of chloroform.
4. Take the coverslip holder into a new beaker and wash three times with distilled water. Put cleaned coverslips in a glass cell culture

plate filled with 100% ethanol.

2. Preparation of calibration samples
1. Dissolve fluorescent dye in appropriate solvent.
2. Prepare a 1:10 serial dilution of the fluorescent dye ranging from 1 pM to 1 nM in filter sterilized (0.22 µm) water.
3. Take cleaned coverslips stored in 100% ethanol and wash with filter-sterilized water. Spot 20 µl of each fluorescent dye dilution on a

separate cleaned coverslip. Let the coverslips dry under a sterile hood. Protect the coverslips from light and dust until use. Use these
samples to estimate the intensity of single fluorescent molecules (see step 3).

3. Transfection
1. Culture CHO cells in 1:1 Dulbecco's modified Eagle medium/nutrient mixture F-12 (DMEM/F12) supplemented with 10% fetal bovine

serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin at 37 °C, in 5% CO2. NOTE: Use phenol-red free media throughout the
experiment to minimize autofluorescence.

2. Take cleaned coverslips from 100% ethanol solution, wash them with sterile phosphate-buffered saline (PBS), and place one coverslip
into each well of a 6 well cell culture plate.

3. Trypsinize, count and seed CHO cells at a density of 3 x 105 cells/well in the 6-well cell culture plate containing the coverslips. Let the
cells grow in an incubator (37 °C, 5% CO2) for 24 hr in order to achieve approx. 80% confluency, which is the optimal cell density for
transfection.

4. For each well, dilute 2 µg of the desired plasmid DNA (e.g., SNAP-tagged β2-adrenergic receptor) and 6 µl Lipofectamine 2000 in two
separate tubes containing 500 µl OptiMem medium. Incubate at RT for 5 min.

5. Combine the solutions from step 1.3.4 into one tube and mix to obtain a transfection mixture. Incubate the transfection mixture at RT
for 20 min.

6. During the incubation (1.3.5), take the CHO cells and wash twice with pre-warmed (37 °C) PBS. Replace PBS with 1 ml/well of phenol
red-free DMEM/F12 medium supplemented with 10% FBS but no antibiotics.

7. Add the entire transfection mixture (1 ml) from step 1.3.5 dropwise to each well, and gently rock the plate back and forth to ensure
complete mixing.

8. Incubate for 2 to 4 hr at 37 °C, in 5% CO2 and proceed immediately afterwards to the next step. NOTE: These transfection conditions
have been optimized to achieve receptor densities <0.45 particle/µm2, which are suitable for single-molecule imaging. Adjustments
might be required when using different cells, constructs or reagents.

4. Protein labeling
1. Dilute 1 µl of fluorophore-BG stock solution in 1 ml DMEM/F12 medium supplemented with 10% FBS to obtain a final concentration

of 1 µM. Take the transfected cells from the incubator and wash twice with prewarmed (37 °C) PBS. Replace PBS with 1 ml of 1 µM
fluorophore-BG solution and incubate for 20 min at 37 °C 5% CO2 in an incubator.

2. After the incubation, wash the cells three times with DMEM/F12 medium supplemented with 10% FBS, each time followed by 5 min
incubation at 37 °C. Take a coverslip (with labeled cells) with tweezers and place it into an imaging chamber.

3. Wash twice with 300 µl imaging buffer. Add 300 µl of fresh imaging buffer and proceed immediately to imaging (Part 2).

2. Image Acquisition

NOTE: Use a total internal reflection fluorescence (TIRF) microscope, equipped with an oil-immersion high numerical aperture objective (e.g.,
100X magnification/1.46 numerical aperture), suitable lasers (e.g., 405 nm, 488 nm, 561 nm and 645 nm diode lasers), an electron multiplying
charge coupled device (EMCCD) camera, an incubator and a temperature control to visualize single fluorescent molecules.

1. Set the desired microscope parameters, i.e., laser line, TIRF angle (this parameter controls the penetration depth of the evanescent field),
exposure time, frame rate and number of images per movie10. Keep the heater/incubator and temperature control always on to avoid
temperature drifts and moisture condensation.

2. Put a drop of immersion oil on the 100X objective of the microscope. Place the imaging chamber with the labeled cells onto the specimen
holder of the microscope, and bring the cells in focus using brightfield illumination.

3. Switch to TIRF illumination. Keep laser power as low as possible to allow searching for the desired cell but at the same time minimizing
photobleaching.

4. Select the desired cell and fine adjust the focus. Set the laser power to a level that allows visualization of single fluorophores. Acquire image
sequence and save raw image sequence file as .tiff.
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3. Calibration (Single Fluorophores on Glass and Monomeric/dimeric Receptor Controls)

1. Assemble each calibration sample prepared as described in 1.2 in the imaging chamber. Place each sample on the microscope and choose
the sample containing well-separated diffraction-limited spots that bleach in a single step. NOTE: These spots represent single molecules of
the fluorescent dye.

2. Acquire TIRF image sequences as described in step 2. Important: the same imaging parameters must be used for all experiments, including
the ones for calibration.

3. Perform the detection and tracking analysis as detailed in 4.1 - 4.2. Extract the intensity of each particle as described in 4.2.6. From these
data, calculate the mean (µ) and standard deviation (σ) of the intensity of single fluorophores.

4. Optional: perform the same analysis on cells transfected with a monomeric cell-surface receptor (e.g., CD86), N-terminally tagged with either
one or two copies of SNAP10 and labeled with the fluorophore-BG derivative. Follow the procedure described above for the single fluorophore
on glass. Estimate the labeling efficiency as described in Calebiro, D. et al.10

4. Image Analysis

1. Image sequence preparation
1. Use an image processing software (e.g., ImageJ) to crop the images.
2. Save individual frames as separate .tiff images in a new folder, indicating on each image the frame number.
3. Measure the cell surface area by drawing a region of interest (ROI) along the contour of a cell and using the measure tool in ImageJ or

a similar tool in another software. Use this value to calculate particle density by dividing the total number of particles at the beginning of
the movie by the cell surface area.

2. Particle detection and tracking
 

NOTE: Use noncommercial software such as u-track13, working in Matlab environment, to automatically detect and track single receptor
particles.
 

NOTE: The u-track algorithm is based on the multiple-hypothesis tracking approach. This approach links particles between frames by
building cost matrices, where the individual probabilities that a given particle in one frame corresponds to a given particle in the next frame,
appears, disappears or merges/splits with/from other particles are assigned. The solution that globally minimizes the costs, i.e., the one with
the highest probability, is finally selected. This also allows tracking a temporarily disappearing particle, a typical phenomenon caused by
fluorophore blinking. The latest version of u-track (2.1.0) has graphic user interfaces that facilitate the execution of these analyses.

1. From the Matlab command prompt, type “movieSelectorGUI” to open the movie selection interface. Follow the instructions to create a
new movie database starting from the previously saved separate images (see 4.1.2).

2. Provide the pixel size in nm, time interval in seconds, numerical aperture, camera bit depth and emission wavelength of the
fluorophore, required for particle detection and tracking. Save the movie database.

3. From the movie selection interface, run the analysis, choosing “single-particles” as type of objects. A new window will appear where the
parameters used for particle detection and tracking can be defined. Begin with the default parameters. Later, adjust these parameters if
the quality of the detection and/or tracking is not satisfactory (e.g., some particles are not detected or tracks are fragmented). Optional:
under the tracking settings, check “Export tracking results to matrix format” to store the coordinates and amplitudes of all particles in a
single matrix (field called “trackedFeaturedInfo”). For a detailed description of these parameters, refer to the u-track documentation.

4. Run the detection algorithm. This algorithm automatically determine the location and intensity above background of each diffraction-
limited spot (i.e., single receptors/receptor complexes) by fitting a two-dimensional Gaussian function with standard deviation equal to
the point spread function of the microscope around local intensity maxima. Then, run the tracking algorithm. Store the results of the
analyses in a .mat file.

5. Use the “movieViewer” routine, contained in the u-track package, or similar custom ones to visualize the tracks and check the quality of
the detection and tracking.

6. Open the .mat file to see the position and amplitude (i.e., intensity) of the tracked particles at each frame. Data generated in step 4.2.4
are contained in the tracksCoordAmpCG field of the tracksFinal array and/or in trackedFeaturedInfo. From the total number of particles
detected calculate the particle density dividing this value by the cell surface area measured at 4.1.3.

7. Optional: Use the particle coordinates over time (see 4.2.6) to analyze the motion of the receptor particles. Calculate the mean square
displacements (MSD) and diffusion coefficients (D) using Matlab or similar software. For each particle and every time interval (Δt)
considered, calculate the mean square displacement (MSD) using the following formula:
 

 

where Δt is the time interval in frames, N is the number of steps analyzed, x and y are the particle’s x and y coordinates at the frame
indicated by the index. Use the MSD over time plots to evaluate the type of motion of a given particle: Linear relationships indicate
free diffusion (i.e., Brownian motion), a positive curvature (i.e., the curve looks like a parabola) suggests directed motion, a negative
curvature is indicative of confined motion14. In case of freely diffusing particles, calculate the diffusion coefficient (D) of each particle by
fitting the obtained MSD data with the following equation:
 

3. Calculation of particle size with Gaussian fitting method
 

NOTE: Once the intensity distribution of calibration samples (single fluorophores on glass and/or fluorescently labeled monomeric receptors)
is known, perform a mixed Gaussian fit on the distribution of particle intensities at the beginning of an image sequence to determine the size
of receptor complexes (i.e., the number of receptors per particle)10. Perform these analyses using Matlab or similar software.

1. Calculate the intensity of each particle by averaging the intensity of the particle from the first frame to the frame before the first change
in intensity occurred (in most cases a decrease due to photobleaching).
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2. Perform a mixed Gaussian fitting according the following equation:
 

 

where φ(i) is the frequency of particles having intensity i, n is the component number, αn is a parameter that contributes to the height of
component n, μ and σ are the mean and standard deviation of the intensity of reference single fluorophores (calculated as described in
step 3). NOTE: Determine the maximal number of components (nmax) for each image sequence by progressively increasing nmax until
the addition of a component does no longer produce a statistically better fitting, as judged by an F-test.

3. Optional: Perform a mixed Gaussian fit on the intensity distribution obtained on the last frames of the movie (e.g., the last 60 frames
of a 400 frame sequence). Replace μ and σ with the values obtained after this fitting, which provide refined estimates for those
parameters, and repeat step 4.3.2.

4. Calculate the area under the curve (AUC) of each component of the mixed Gaussian fit. Calculate the relative abundance of receptor
particles of different size (i.e., monomer, dimer, trimer, etc.) by dividing the AUC value of each component by the AUC of the entire
distribution.

5. Optional: Use data from different cells and the corresponding particle densities (calculated as described in 4.2.6) to generate plots
where the distribution of particles with different size is correlated with particle density10.

4. Calculation of particle size with step fitting method
 

NOTE: Use a step-fitting analysis as an alternative method to determine the size of receptor complexes10. The basis for this analysis is that
the light-induced destruction (photobleaching) of a single fluorophore results in its instantaneous disappearance – thus particles containing n
fluorophores are expected to progressively bleach producing an intensity profile with n steps.

1. Extract intensity profiles of each particle from the .mat file generated by u-track or similar detection/tracking software (see 4.2.6).
2. Use a step-fitting algorithm, such as the one presented in ref. 10, to count the number of bleaching steps for each particle.
3. Optional: use the results to generate distributions showing the relative abundance of receptor particles of different size and correlate

them with particle density as previously described for the results of the mixed Gaussian fitting (see 4.3).

Representative Results

The described protocol can be applied to a variety of different membrane proteins. As an example, representative results obtained with β2-
adrenergic and GABAB receptors are reported10. Since fluorescent signals from single molecules are weak, minimization of background
fluorescence is the first key step to successful results. Thus, it is important to use extensively cleaned coverslips (Figure 2A) as well as to
minimize sample autofluorescence (e.g., by using phenol-red free media). The next step is to determine the fluorescence intensity of single
fluorophore molecules. This can be done by imaging single fluorophores spotted on a clean coverslip (Figure 2B). Typically, a serial dilution
of the fluorophore is used to select the best conditions for the analysis, i.e., the concentration that produces well-separated and uniformly
distributed single fluorophores. Additional controls can be performed by imaging monomeric control proteins, e.g., NAP-tagged CD86 receptors
labeled with a fluorophore-BG derivative. Once these preliminary controls and calibration have been performed, the real experiments can begin.
Figure 3A shows the first frame of a typical TIRF image sequence of a cell transfected with SNAP-tagged β2-adrenergic receptors and labeled
with a fluorophore-BG derivative. The spots represent single receptors or receptor complexes. This image also demonstrates a suitable particle
density for automated detection and tracking – according to our experience, densities above 0.45 particles/µm2 result in poor tracking quality and
should be avoided10. Figure 3B shows the results of the detection algorithm applied to the same image sequence. Each blue circle indicates
a detected particle. The results of the tracking algorithm are reported in Figure 3C, where the blue splines represent the trajectories of the
individual particles. The trajectories of each particle can then be used to calculate their diffusion coefficients. This method also allows capturing
dynamic events as shown in Figure 3D, where two particles apparently undergo a transient interaction. Figure 4 shows the distribution of
diffusion coefficients measured for two different GPCRs, i.e., β2-adrenergic and GABAB receptors. This type of analysis allowed us to show that a
large fraction of GABAB receptors is immobile or has a very low mobility10. The mixed Gaussian fitting and step-fitting analyses provide a precise
quantification of the size of receptor complexes on the surface of living cells (Figure 5). This analysis can also reveal complex distributions,
e.g., the coexistence of monomers and dimers as shown in the example of Figure 5A. Figures 5B and 5C provide two examples of particles
bleaching in one or two steps and the corresponding step-fitting analysis that correctly assigned them as monomeric and dimeric receptors,
respectively.
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Figure 1. Workflow of a typical single-molecule experiment as detailed in this protocol. Please click here to view a larger version of this
figure.

 

Figure 2. Coverslip cleaning and preparation of calibration samples. (A) Comparison of the background fluorescence before and after
extensive coverslip cleaning. Coverslips were imaged by TIRF microscopy. (B) TIRF images of increasing concentrations of a fluorophore-BG
derivative spotted on cleaned coverslips. Scale bar: 10 µm. Please click here to view a larger version of this figure.
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Figure 3. Typical single-molecule images and results of detection/tracking algorithms. (A) CHO cells transfected with SNAP-tagged β2-
adrenergic receptors and labeled with a fluorophore-BG derivative were visualized by TIRF microscopy. Shown is the first frame of the acquired
image sequence. Scale bar: 5 µm. (B) Detected particles are indicated by blue circles on top of the original image. (C) The trajectories resulting
from the application of the tracking algorithm to the same image sequence are shown on a white background. The snapshot corresponds to the
situation at frame no. 35. Green segments, merging events. Red segments, splitting events. (D) Representative trajectories obtained from two
receptor particles (blue and green, respectively), undergoing an apparent transient interaction (red). The two particles merge, move together for
several frames, and split again. Please click here to view a larger version of this figure.
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Figure 4. Analysis of receptor mobility. The trajectories of individual particles are used to calculate their diffusion coefficients. In this example,
the distributions of diffusion coefficients calculated for two different GPCRs are reported. β2-adrenergic receptors are characterized by fast lateral
diffusion on the cell surface, whereas GABAB receptors have limited mobility. Modified from Calebiro, D. et al.10

 

Figure 5. Analysis of the size of receptor complexes. (A) The size of receptor complexes can be precisely estimated by fitting the
distributions of particle intensities with a mixed Gaussian model. The reported example shows the application of this analysis to a cell expressing
SNAP-tagged β2-drenergic receptors. The fitting reveals two components: one corresponding to the intensity of single fluorophores (largely
superimposable to that of calibration samples as well as to the distribution obtained after partial bleaching of the sample, shown here) and one
with approximately double intensity. The two components can be assigned as monomers and dimers, respectively, and the areas under the two
components can be used to estimate the relative abundance of monomeric and dimeric receptors. (B) Example of a monomeric receptor particle
bleaching in one step. (C) Example of a dimeric receptor particle with the characteristic two-step bleaching. The red lines in (B) and (C) are the
result of the step-fitting algorithm. The figure was modified from Calebiro, D. et al.10 Please click here to view a larger version of this figure.

Discussion

The described protocol allows analysis of the spatial arrangement, mobility and size of cell-surface receptor complexes at single-molecule
level. Compared to the use of fluorescent proteins, labeling with small organic fluorophores, which are brighter and more photostable, has the
advantage of permitting extended visualization of single receptor particles. Since extremely low expression levels are achieved (<0.45 receptor
particles/µm2), the properties of receptors and other membrane proteins can be analyzed at densities that do not exceed physiological ones.
Moreover, the effects of receptor stimulation with agonists10 or other manipulations, for instance aimed at reproducing a pathological situation,
can be analyzed. In addition, due to the flexibility of the labeling strategy with SNAP/CLIP tags11,12, different fluorophores can be used according
to one´s specific needs – Noticeably, the combination of SNAP and CLIP tags can be used to perform two-color experiments, e.g., to observe
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the colocalization between two interacting proteins. Finally, this protocol can be modified at several points, for instance by using different cells,
transfection methods and labeling strategies.

Critical steps include the minimization of background and autofluorescence (by using extensively cleaned coverslips, phenol-red free media and
filtered solutions), the optimization of transfection conditions (e.g., amount of plasmid DNA and time after transfection) to achieve extremely low
expression levels, efficient labeling and the choice of a bright and sufficiently photostable fluorophore. Concerning the choice of the fluorophore,
red/far-red ones usually give better results because cell autofluorescence is higher in the blue/green part of the visible spectrum and usually
almost negligible above 550 nm. Particular attention should be paid to avoiding photobleaching of the fluorophores during the search for a
suitable cell and focus adjustment. Samples with fluorophores spotted on glass coverslips as well as monomeric and dimeric receptor controls
(e.g., CD86 with either one or two SNAP tags)10 should be considered to calibrate the analysis and check labeling efficiency.

The limits of this approach are largely dependent on the spatiotemporal resolution that can be currently achieved. This is mostly dictated by the
number of photons collected from one fluorophore as well as by the sensitivity and acquisition speed of the camera used. Typical values for the
localization precision of a single, detected particle are 20 - 30 nm (for comparison the spatial resolution of conventional fluorescence microscopy
is about 200 - 300 nm). These values are still larger than the real size of a typical membrane protein (about 2 – 8 nm). Since receptors falling at
a distance below the diffraction limit of the microscope (about 200 - 300 nm) are detected as a single particle, appropriate controls and statistical
analyses should be used to subtract random colocalizations (false positives) from the number of true receptor-receptor interactions8-10.The
maximal acquisition rate achievable with current EMCCD cameras can exceed 1 KHz, at least in crop mode (i.e., only a part of the sensor
is used). However, the acquisition speed is also limited by the number of photons emitted by a single fluorophore that reach the camera. In
practice, exposure times of at least 10 - 20 msec are generally needed. For this reason, typical acquisition speeds vary between 10 and 50 Hz,
i.e., one frame every 20 to 100 msec. Future developments in fluorophore design, optical components and detection technology might allow to
further increase the spatiotemporal resolution of single-molecule methods.

Disclosures

The authors declare that they have no competing financial interests.

Acknowledgements

The development of this protocol was supported by grants from the European Research Council (Advanced Grant TOPAS to M.J.L.) and the
Deutsche Forschungsgemeinschaft (Grants CA 1014/1-1 to D.C. and SFB487 to M.J.L.). T.S. was supported by the Alexander von Humboldt
Foundation.

References

1. Pierce, K. L., Premont, R. T., & Lefkowitz, R. J. Seven-transmembrane receptors. Nat Rev Mol Cell Biol. 3, 639-650, doi:10.1038/nrm908
(2002).

2. Angers, S., Salahpour, A., & Bouvier, M. Dimerization: an emerging concept for G protein-coupled receptor ontogeny and function. Annu Rev
Pharmacol Toxicol. 42, 409-435, doi:10.1146/annurev.pharmtox.42.091701.082314 (2002).

3. Ferré, S. et al. Building a new conceptual framework for receptor heteromers. Nat Chem Biol. 5, 131-134, doi:10.1038/nchembio0309-131
(2009).

4. Milligan, G. G protein-coupled receptor hetero-dimerization: contribution to pharmacology and function. Br J Pharmacol. 158, 5-14,
doi:10.1111/j.1476-5381.2009.00169.x (2009).

5. Lohse, M. J. Dimerization in GPCR mobility and signaling. Curr Opin Pharmacol. 10, 53-58, doi:10.1016/j.coph.2009.10.007 (2010).
6. Ulbrich, M. H., & Isacoff, E. Y. Subunit counting in membrane-bound proteins. Nat Methods. 4, 319-321, doi:10.1038/nmeth1024 (2007).
7. Triller, A., & Choquet, D. New concepts in synaptic biology derived from single-molecule imaging. Neuron. 59, 359-374, doi:10.1016/

j.neuron.2008.06.022 (2008).
8. Hern, J. A. et al. Formation and dissociation of M1 muscarinic receptor dimers seen by total internal reflection fluorescence imaging of single

molecules. Proc Natl Acad Sci U S A. 107, 2693-2698, doi:10.1073/pnas.0907915107 (2010).
9. Kasai, R. S. et al. Full characterization of GPCR monomer-dimer dynamic equilibrium by single molecule imaging. J Cell Biol. 192, 463-480,

doi:10.1083/jcb.201009128 (2011).
10. Calebiro, D. et al. Single-molecule analysis of fluorescently labeled G-protein-coupled receptors reveals complexes with distinct dynamics

and organization. Proc Natl Acad Sci U S A. 110, 743-748, doi:10.1073/pnas.1205798110 (2013).
11. Keppler, A. et al. A general method for the covalent labeling of fusion proteins with small molecules in vivo. Nat Biotechnol. 21, 86-89,

doi:10.1038/nbt765 (2003).
12. Gautier, A. et al. An engineered protein tag for multiprotein labeling in living cells. Chem Biol. 15, 128-136, doi:10.1016/

j.chembiol.2008.01.007 (2008).
13. Jaqaman, K. et al. Robust single-particle tracking in live-cell time-lapse sequences. Nat Methods. 5, 695-702, doi:10.1038/nmeth.1237

(2008).
14. Saxton, M. J., & Jacobson, K. Single-particle tracking: applications to membrane dynamics. Annu Rev Biophys Biomol Struct. 26, 373-399,

doi:10.1146/annurev.biophys.26.1.373 (1997).

https://www.jove.com
https://www.jove.com
https://www.jove.com

