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Confocal Single-Molecule FRET for 
Protein Conformational Dynamics 

Yan-‐Wen	  Tan,	  Jeffrey	  A.	  Hanson,	  Jhih-‐Wei	  Chu,	  and	  Haw	  Yang	  

 

Summary 

Single-molecule Fӧrster-type resonance energy transfer (smFRET) is a unique technique 

capable of following conformational motions of individual protein molecules. The direct 

observation of individual proteins provides rich information that would be washed away 

in ensemble measurements, hence opening up new avenues for establishing the protein 

structure-function relationships through dynamics. Retrieving dynamics information of 

biomolecular motions via smFRET, though, requires careful experiment design and 

rigorous treatment of single-molecule statistics. Here, we describe the rudimentary steps 

for an smFRET experiment, including sample preparation for the microscope, building of 

critical parts for single-molecule FRET detection, and a robust methodology for 

photon-by-photon data analysis. 

 

Key Words 

protein immobilization, single photon counting, Poisson statistics, model free 

 



3/26 

1. Introduction 

 

It has long been hypothesized that conformation changes of a protein plays an 

indispensible role in the protein’s function (1,2). The manner by which a sequence of 

conformation-change events may lead to functional output of the protein, however, 

remains elusive. 

 

Fӧrster-type resonance energy transfer, FRET (3,4), is a mechanism by which the 

energy of a chromophore (the energy donor) in its electronically excited state can be 

transferred to another (the energy acceptor) through dipole-dipole coupling. A 

spectroscopy-based technique, FRET serves as a molecular ruler that is sensitive to 

donor-acceptor distances in the range of ~2 nm to ~8 nm—the size of a protein. When 

used in single-molecule experiments (5), it enables monitoring the intra-molecular 

distance changes of a single protein in real time, providing uniquely new insights that 

could bridge the aforementioned knowledge gap. 

 

 There are two distinct ways to do fluorescent single-molecule FRET experiments. 

They are (a) recoding the photon bursts from individual diffusing proteins and (b) 

following the time-dependent signal from immobilized single proteins. The former 

burst-detection approach enjoys the advantages of high throughput, simple sample 

preparation, and no surface interactions; however, it is limited by the length of the 
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trajectory (determined by the time for a protein molecule to diffuse across the laser focal 

volume) and its signal is complicated by the non-uniform laser illumination at the focus. 

The latter surface-immobilization approach, on the other hand, does not have the noted 

limitation and complications when special attentions are paid to making sure that the 

dynamics of the immobilized proteins are not affected by the surface. With the scientific 

goal of following protein motions on the functionally relevant timescales (sub 

millisecond to minutes), we opt to focus on smFRET experiments on immobilized protein 

molecules. 

 

In terms of data acquisition mode, the immobilized single molecules can be imaged 

by a wide-field camera under a total internal reflection fluorescence microscopy (TIRFM) 

configuration (6), or they can be detected by photon-counting avalanche photodiodes 

(APD) under a confocal configuration (7). Between these two methods, the camera-based 

approach allows the simultaneous imaging of many single molecules at the same time, 

thus offering high throughput. The time resolution, however, is limited by the camera 

frame rate, which is usually on the order of ~30 ms (30 frames per second). The 

camera-based approach is therefore oblivious to protein motions in the sub-millisecond to 

millisecond region—time scales that are expected to be important for enzyme catalysis 

and protein functional dynamics. On the other hand, the confocal approach locates 

individual molecules through raster scanning and acquires data one molecule at a time. 

While a relatively lower-throughput method, this latter approach is amenable to advanced 
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statistical analysis of the series of detected photon (8,9), delivering the highest possible 

time resolution and FRET distance precision. 

 

 In this chapter, we outline the steps to set up a confocal microscope for 

photon-counting single-molecule FRET experiments and, without loss of generality, use 

the adenylate kinase enzyme as an example to illustrate the experimental procedures (10). 

The data is then analyzed using a model-free method that is unbiased and reliable, and 

has been successfully applied on a number of protein systems. Following the outlined 

steps, protein conformational dynamics can be measured one molecule at a time with < 

5-Å distance precision and < 1 ms temporal resolutions. These limits are determined by 

the florescent intensities of the employed dyes and the photon detection machinery in the 

experiment. 

 

 

2. Materials 

 

2.1 Reagents 

 

All chemicals are purchased from Sigma and used as received unless specified. All 

aqueous solutions are prepared using deionized ultrapure water with a resistivity of 18.2 

M-Ω-cm at room temperature. 
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1. protein buffer: Prepare a buffer solution containing 100-mM KCl, 2-mM MgCl2, 

and 100-mM tris(hydroxymethyl)aminomethane hydrochloride (Tris HCl) and 

adjust it to appropriate pH (e.g., pH 7.5) (see Note 1). 

2. fluorescent labels: Thiol-reactive maleimide derivatives of Alexa Fluor 555 and 

Alexa Fluor 647 (Invitrogen, R0 = 51 Å) are used as the donor and acceptor, 

respectively, for single-molecule FRET (smFRET) experiments. For the 1-mg 

packaging from the vendor, 20 µL of dimethyl sulfoxide (DMSO) is used to 

dissolve it and stored in -20 °C freezer for future use (see Note 2). 

3. SulfoLink resin (Pierce). 

4. Superdex 75 gel-filtration column (Amersham Pharmacia). 

5. quartz coverslips (1”×1”×0.15 mm, Technical Glass Products). 

6. profusion chamber: Store the CoverWell profusion chamber (Grace BioLabs) in 

20% ethanol when not in use. 

7. fluorescent spheres for beam alignment: FluoSpheres carboxylate-modified 

microspheres, nominal size 0.02 µm, Nile Red Fluorescent (535/575) (Invitrogen, 

F8784). 

8. silane solution: Dissolute 3% (v/v) 3-aminopropyltriethoxysilane (APES) (80 

mL volume) in acetone as stock; handle with care to avoid water and humidity. 
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9. polyethylene glycol (PEG) solution: Dissolve 4 mg biotin-PEG-SCM and 36 mg 

mPEG-SCM (both from Laysan Bio Inc.; SCM = succinimidyl carboxy methyl 

ester) in 0.2-mL 0.1-M NaHCO3 (pH 8.3). 

10. streptavidin: Prepare the streptavidin (Jackson Immunoresearch) stock solution 

at a concentration of 10 mg/mL. For incubation with the protein sample, aliquot 

3 µL of 10 mg/mL stock into 0.5 mL protein buffer. 

11. biotnylated α-His antibody (Rockland): for incubation with protein sample, 

aliquot 1 µL of 1 µM stock into 0.5 mL buffer. 

 

2.2 Equipment 

 

General 

 

1. laser light source at 532 nm: Coherent Compass 315M-100 Green DPSS 

CW-laser system (see Note 3). 

2. optical table with a surface area for at least 1.5 m × 1.5 m. 

3. inverted fluorescence microscope system (Olympus IX71). 

4. piezoelectric stage with nanometer positioning precision (Physik Instrumente, 

P-517K021). 

5. high numerical aperture oil-immersion microscope objective (Olympus PlanApo 

60×, NA = 1.4). 
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6. microscope objective immersion oil (Cargille) with index of refraction matching 

quartz and low auto-fluorescence. 

7. counter: HP 5314A universal counter for avalanche photodiode alignment. 

 

The Laser Excitation Optics 

 

1. neutral density (ND) filters for tuning the laser power (Thorlabs). 

2. a clean-up filter and a Notch filter for 532 nm (Semrock). 

3. a linear polarizer and quarter wave plates (Thorlabs). 

4. a dichroic filter (Semrock) for 532-nm excitation. 

5. a beam expander consisted of a 50 mm and a 200 mm focal length, Ø1”, 

planoconvex lenses (Thorlabs). 

6. a periscope set (holder from Newport, mirrors from Thorlabs) to raise the beam 

height matching the microscope back port. 

 

The Detection Unit 

 

1. two single-photon counting avalanche photodiode (APD) modules for donor and 

acceptor channels (Excelitas Technologies, SPCM-AQRH-14), as well proper 

DC power supply for the APDs. 
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2. two 1”-travel XYZ translational stages to mount and align APD modules 

(Thorlabs). 

3. a 200 mm focal length, Ø1”, planoconvex lens to refocus image (Thorlabs). 

4. a dichroic filter 650dcxr from Choma. 

5. band-pass filters: FF01-580/60-25-D from Semrock; ET705/100m from 

Chroma. 

6. a 30 mm cage cube (Thorlabs C4W) with B4C platform and cage-compatible 

dichroic filter holder FFM1 to mount the dichroic mirror. 

7. SM1 tubes of various lengths and light blocking paper and clothes to block 

ambient light. 

 

3. Methods 

 

3.1 Protein Sample Preparation 

 

1. To allow for single-molecule FRET experiments, the protein sample should have 

only two cysteine residues per molecule. The cysteine residues are located at the 

sites between which the distance is to be measured. Using the AK enzyme from 

Escherichia coli for example, site-directed mutagenesis is used to introduce 

cysteine mutations in the Lid (A127C) and the Core (A194C) domains for 

site-specific labeling. A further mutation is introduced (C77A) to remove the 
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only native cysteine from the gene. The resulting mutant is then appended with a 

(His)6 tag for immobilization at the C terminus. Following expression and 

purification, the AK sample is stored in protein buffer in 4°C refrigerator. 

2. To conjugate the reporting fluorescent probes, the FRET dyes are dissolved in 

DMSO and reacted with ≈ 1 mM AK at a 5- to 10-fold molar excess for 3 h at 

room temperature. A 5-fold excess of tris(2-carboxyethyl)phosphine (TCEP) 

hydrochloride is also added to the reaction to prevent the formation of 

inter-molecular disulfide bonds. 

3. Run the protein sample / dye mixture through a Superdex 75 gel-filtration 

column to remove unreacted dyes.  

4. To further enrich doubly labeled proteins, the sample from the previous step kept 

in SulfoLink resin for 30 min at room temperature to remove proteins with 

unconjugated free thiol groups (see Note 4).  

 

3.2 Coverslip Passivation 

 

1. Place a clean batch (usually 8) of quartz coverslips in a Teflon holder 

(Invitrogen, C-14784), then place the holder containing coverslips in a 100-ml 

glass beaker. 

2. Rinse three times with dry acetone to remove all traces of water before 

silanization. 
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3. Incubate the coverslips in 80-mL acetone containing 3% 

3-aminopropyltriethoxysilane for 30 minutes. 

4. Rinse the coverslips once with acetone. 

5. Rinse thoroughly with ultra-pure water. 

6. Dry coverslips with N2. 

7. Bring PEG-SCM and biotin-PEG-SCM to room temperature in a glove bag (e.g., 

the AtmosBag from Sigma-Aldrich) store under nitrogen. 

8. For 8 coverslips, dissolve 40 mg PEG power in 200 µL, 0.1M NaHCO3 (pH 8.3) 

right before next step. 

9. Sandwich between two coverslips 50 µL of the PEG/biotin-PEG solution. 

10. Incubate 3 hours at room temperature in a humid environment (e.g., a closed 

pipette tip box with water at the bottom). 

11. Immerse the coverslip sandwiches to ultra-pure water and separate them in 

water. It is important to note which side has PEG. 

12. Rinse thoroughly. 

13. The coverslips are now passivated and ready for experiments. They can be 

stored in sealed ultra-pure water for about 3 weeks. 

 

3.3 Single-Protein Immobilization on Quartz Coverslips 

 

1. Rinse the passivated coverslips 8 times, each time with 0.5-mL protein buffer. 
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2. Incubate streptavidin on the quartz slide for 15 min. 

3. Meanwhile, pre-incubate biotnylated α-His antibody to dye-labeled proteins in 

the dark for 15 minutes. The antibody should be at a concentration of ~20 nM, 

which can be prepared by dissolving 1 µL of 1 µM stock into 0.5 mL buffer. The 

protein solution should be at 50 pM – 1 nM, prepared via serial dilution 

immediately before use. 

4. At the end of incubation, rinse the coverslip 8 times with 0.5 mL of protein 

buffer.  

5. Incubate protein/antibody solution on the coverslip for 10 minutes (see Note 5). 

6. Rinse the coverslips 8 times with 0.5 mL protein buffer (see Note 6). 

7. At the center of the slide, add a 30-µL droplet of protein buffer. Seal the sample 

with a piece of the CoverWell profusion chamber to prevent evaporation. Now 

the single-molecule sample is ready for measurements (11) (see Note 7). 

 

3.4 Laser Beam Collimation and Alignment 

 

1. Install the laser and the 532-nm cleanup filter (see Note 8; Fig. 1). 

2. Install the microscope body and make sure there is at least 1.5 m from the output 

of the laser to the inlet of the microscope back port. 

3. With the help of an optical power meter, install the linear polarizer and set the 

quarter-wave plate so that the laser light is circularly polarized at the sample. 
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4. Install the pair of planoconvex lenses to form a collimated beam with diameter 

matching the back aperture of the microscope objective. 

5. Install the dichroic mirror in the dichroic/filter cube assembly supplied by the 

microscope. 

6. Use the periscope to bring the beam to the level of the microscope back port. 

Adjust the mirrors so that the beam makes a centered normal incident through 

the port for the objective. 

7. Install the two-dimensional piezoelectric stage. 

8. Before every measurement, clean the objective with isopropanol and methanol 

on lens tissue. Place the objective on the revolving nosepiece of the microscope.  

 

3.5 APD Coarse Alignment and Fine Alignment 

 

1. For coarse alignments, use an SM1 tube mounted with a mirror facing 

downward in place of the microscope objective (an RMS thread-to-SM1 thread 

adapter will be required). Turn on the laser such that the laser beam will be 

reflected by the mirror and directed towards the various optical ports of the 

microscope. 

2. At the camera port of the microscope, refocus the reflected laser light with a 

200-mm focal length, Ø1”, planoconvex lens. 
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3. Install the cage cube and mount the dichroic mirror so the light will make a 45° 

incident on the dichroic mirror. The cage should be in a comfortable position to 

allow room for two APD modules on the optical table. 

4. Mount each APD on a separate XYZ translational stage. 

5. Adjust the XYZ axes to the central position before fixing the stage to the optical 

table to allow for maximal flexibility during the alignment process. 

6. Remove the SM1 tube with mirror. Put the objective in place and place a piece 

of glass coverslip (not quartz) on the piezo stage. (An adaptor sample plate is 

required to hold the coverslip in place.) 

7. Adjust the objective focus on the top of the coverslip at the glass-air interface. 

8. Fix the stage so that the sensor area of each APD is roughly at the focus of the 

beam (see Note 9). 

9. Use SM1 tubes to isolate ambient light from the beam path. Use matte black 

paper tube to cover the end of SM1 tube connecting to the APD sensor head. 

Wrap the ends with black cloth. 

10. Use cardboards (or dark-colored acrylic) and light blocking cloth to make a case 

housing the APD/dichroic modules. 

11. Turn off room light. Make sure that the laser beam is dim enough and there is no 

light leaking into the protective housing. 

12. Turn on APDs. 
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13. Optimize the Z-axis (along the beam path) of the XYZ translation stage for 

highest counts from both channels when objective is focused onto the glass-air 

interface of the glass coverslip (see Note 10). Tune X and Y-axis if necessary. 

14. Turn off APDs and block the laser beam. 

15. Install the emission filters (FF01-580/60-25-D for donor channel; ET705/100m 

for acceptor channel). 

16. Replace the glass coverslip with a clean quartz coverslip coated with dilute 

FluoSpheres (1/1000 dilution of the stock, 3 × 20 µL spin coated to the 

coverslip). 

17. Turn on APDs and unblock the laser beam. 

18. Adjust the X and Y-axis of the APD translational stage to get highest counts on 

both channels. 

 

3.6 Single-Molecule FRET Time Trace Acquisition 

 

1. Block the laser beam. 

2. Place the prepared sample on the piezoelectric stage. 

3. Unblock the beam. 

4. Scan a small area (~ 10 × 10 µm2) with low excitation power (~ 1 µW at the 

sample). There should be several bright spots in the view with a uniform 
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diffraction-limited spot size. If not, increase the protein sample incubation time 

and concentration (see Note 11). 

5. Seek spots with acceptor photon counts above the baseline. Move the 

piezo-stage over to the center of those spots. 

6. Increase the excitation power (~ 2.5 µW at the sample) to get a trajectory with 

strong intensity and reasonable length of photobleaching time. 

7. Record the arrival time of each detected photon for both the donor and the 

acceptor channels. 

8. Continue recording data until both the donor and the acceptor dyes bleach. Move 

the piezo-stage to the next molecule and record another trajectory. 

9. Repeat steps 5-8 until enough trajectories have been obtained for reasonable 

statistics. 

 

3.7 Data Analysis 

 

1. To quantify the conformational motions around the millisecond range, one first 

runs an equal-information binning (12), a necessary step before the maximum 

entropy deconvolution to remove photon-counting noise (10). The kinetics of the 

conformational transitions can be extracted by modeling the conformational 

distributions with a motional narrowing theory (13,14) (see Note 12). 
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2. Valid trajectories are first binned with equal uncertainty level, denoted by the 

variance 𝛼! (15). For example, the uncertainty α may run from 8% to 15%. If 

we define FRET efficiency as E, then the variance 𝛼! can be calculated from 

the inverse of Fisher information J(E): 

J E = 𝑇 𝐼!
! !!!! !!

! !

! !!!! !!
! !!

+ 𝐼!
! !!!! !!

! !

! !!!! !!
! !!! !!

! = !
!!

, 

where  I!
! (  I!

! ) is the detected donor (acceptor) intensity including background 

contribution for that particular molecule,  B! (B!) is the donor (acceptor) 

background level. T can thus be understood as the duration associated with the 

j-th measurement with a relative uncertainty α. 

3. Normalize each set of data so that the curve represents the probability density 

function (pdf). For the 𝑗-th distance measurement within the 𝑚-th molecule, the 

normalized distance is evaluated using,  

𝑥!,! =
𝑅!,!
𝑅!

=
𝐼!,!
! 𝐵!,!
𝐼!,!
! 𝐵!,!

𝐼!,!
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! 𝑛!,!,! 𝐼!,!
! 𝐵!,!

𝐼!,!
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! 𝐵!,!

!/!

, 

where R is the donor-acceptor distance and R! is the Fӧrster radius, a 

donor-acceptor distance at which the energy transfer efficiency is 50%. Omitting 

the 𝑚 and 𝑗 indices, again,  I!
! (  I!

!) is the donor (acceptor) intensity including 

background contribution for that particular molecule,  B! (  B!) is the donor 

(acceptor) background level, and 𝑛! (𝑛!) is the number of donor (acceptor) 

photons in a time interval T that gives a distance estimate with a predetermined 

variance 𝛼!. 
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4. Distance data from each uncertainty level are then collected, based on which a 

probability density function can be generated using the Gaussian kernel 

estimator. The width of the Gaussian kernel is defined by the variance 𝛼! of the 

data set. A set of eight (8% – 15%) smooth pdf-versus-distance profiles will be 

generated.  

5. Run the Maximum-Entropy deconvolution to remove the broadening resulting 

from the kernel estimator and also from the photon-counting noise (see Note 13). 

The noise removed probability-distance distributions are the model-free 

distributions for the protein conformation at different time scales. The 

uncertainties to the conformational distribution can be obtained by running a 

bootstrap simulation. 

6. If there are two states in the higher-uncertainty histograms, the set of eight pdfs 

are then subjected to a global fitting using the motional narrowing theory (Fig. 

2). Here, the time resolution is taken as the average time 𝑇!"# = 𝑇! 𝑛! , which 

has a one-to-one correspondence to the uncertainty level represented by α. The 

fitting method closely follows that devised by Geva and Skinner (16). 

 

4. Notes 

 

1. This protocol is written according to our experiment on Adenylate Kinase. 

Please use functional reaction buffer for your own protein sample. 
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2. Alexa Fluor 555 and Alexa Fluor 647 is a popular FRET pair with a Fӧrster 

radius R!  ~  51  Å under the protein buffer condition. Different FRET pairs 

can be chosen for different experiments; however, the excitation wavelength, 

dichroic optics, and emission filters should be modified accordingly. 

3. Again, the excitation green light at 532 nm is chosen for Alexa Fluor 555/647 

FRET pair. Other wavelengths can be used if different dyes are required. 

4. Dye-labeled enzymes were found to retain their activity however we cannot 

currently quantify the effects dye-labeling on the enzyme’s conformational 

distribution or dynamics on our experimental timescale, if any. 

5. It is important to protect labeled protein samples from light as much as 

possible during the sample preparation steps to prevent premature 

photo-bleaching.  

6. After proteins are bound to the quartz slide, be careful not to dry to center part 

of the slide. Always keep a droplet of buffer on top of the slide. 

7. The his-antibody-histidine interaction has finite strength and proteins 

immobilized that way may dissociate from the coverslip surface. For 

protein-protein interaction studies, the biotin-streptavidin scheme is 

recommended. 

8. This dichroic should be chosen to match the excitation wavelength used in the 

experimental system. 
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9. Find the clearest light spot around the focal point of the lens with a piece of 

white business card. Place the APD head (black in color) there until the bright 

spot disappear at the sensor head. The bright spot is due to reflection by the 

metallic casing around the APD sensing region. The reflection disappears 

when the laser strikes at the photon-sensing region (about ~180 µm in 

diameter). 

10. You will need a neutral density filter (~O.D. 2) in front of the donor channel to 

protect the APD and make photon counts on both channels to be at the same 

order of magnitude. 

11. Several factors can be considered for trouble-shooting purpose here. The 

protein sample concentration during incubation and incubation time are the 

most obvious. Besides that, try to increase biotin-PEG ratio in the passivation 

step. On the contrary, if too many proteins are bound, try to reduce incubation 

concentration. Check the effectiveness of surface passivation, too. 

12. Various data analysis scheme has been successfully applied to single-molecule 

FRET dynamics measurements. Here, we apply the method which we consider 

preserves most information. This method is conservative yet judicious in terms 

of drawing conclusions. 

13. The contribution of photon-counting noise to the broadening of the distance 

estimate 𝑥!,! is asymptotically normal (Gaussian) because the distances are 

calculated using a maximum-likelihood estimator (the Central-Limit Theorem), 
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and that the probability function for the estimator is smooth on the parameter 

space. 
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Fig.	   1.	   A	   schematic	   drawing	   for	   the	   crucial	   parts	   of	   a	   microscope	   setup	   for	   single-‐molecule	   FRET	  

experiment.	  

 

 

Fig.	  2.	  Motional-‐narrowing	  fittings	  from	  a	  mutant	  Adenylate	  Kinase.	  The	  curves	  linked	  by	  blue	  circles	  

are	   the	   probability	   distribution	   functions	   generated	   under	   different	   α	   value	   setting,	   the	   distance	  
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measurement	   uncertainty	   relative	   to	   the	   Förster	   radius,	   from	  0.08	   to	   0.15.	   The	   red	   solid	   lines	   are	  

global	  fitting	  results	  from	  a	  two-‐state	  motional	  narrowing	  model. 
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