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Abstract: Protein-protein interactions (PPIs) are key molecular events to biology. However, it
remains a challenge to visualize PPIs with sufficient resolution and sensitivity in cells
because the resolution of conventional light microscopy is diffraction-limited to ~250
nm. By combining bimolecular fluorescence complementation (BiFC) with
photoactivated localization microscopy (PALM), PPIs can be visualized in cells with
single molecule sensitivity and nanometer spatial resolution. BiFC is a commonly used
technique for visualizing PPIs with fluorescence contrast, which involves splitting of a
fluorescent protein into two non-fluorescent fragments. PALM is a recent
superresolution microscopy technique for imaging biological samples at the nanometer
and single molecule scales, which uses phototransformable fluorescent probes such
as photoactivatable fluorescent proteins (PA-FPs). BiFC-PALM was demonstrated by
splitting PAmCherry1, a PA-FP compatible with PALM, for its monomeric nature, good
single molecule brightness, high contrast ratio, and utility for stoichiometry
measurements. When split between amino acids 159 and 160, PAmCherry1 can be
made into a BiFC probe that reconstitutes efficiently at 37 °C with high specificity to
PPIs and low non-specific reconstitution. Ras-Raf interaction is used as an example to
show how BiFC-PALM helps to probe interactions at the nanometer scale and with
single molecule resolution. Their diffusion can also be tracked in live cells using single
molecule tracking (smt-) PALM. In this protocol, factors to consider when designing the
fusion proteins for BiFC-PALM are discussed, sample preparation, image acquisition,
and data analysis steps are explained, and a few exemplary results are showcased.
Providing high spatial resolution, specificity, and sensitivity, BiFC-PALM is a useful tool
for studying PPIs in intact biological samples.
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January 9, 2015  

Dear Editor, 

We write to submit our manuscript entitled ‘Photoactivated localization microscopy with 
bimolecular fluorescence complementation (BiFC-PALM)’ for consideration as a video produced by 
JoVE, thanks to a kind invitation by Associate Editor Joseph Petrick.  

 
In this manuscript, we describe a new approach for imaging protein-protein interactions (PPIs) in 

a cell with nanometer spatial resolution, by combining BiFC with PALM. BiFC is commonly used to 
probe PPIs in cells for its high sensitivity, subcellular resolution, and compatibility with high-throughput 
assays, but its spatial resolution is limited. BiFC-PALM overcomes this limitation simply by using a 
photoactivatable fluorescent protein for the BiFC assay. By design, BiFC mediated by PPIs will 
reconstitute a complete photoactivatable fluorescent protein, which then enables PALM imaging of the 
PPI at the nanoscale. While conceptually simple and straightforward, BiFC-PALM or similar strategies 
have not been reported. 

 
We demonstrated BiFC-PALM by splitting PAmCherry1, a photoactivatable mCherry widely 

used in PALM imaging experiments. To our excitement, PAmCherry1 BiFC showed superior 
performance over most existing BiFC systems, such as low background and efficient fluorophore 
reconstitution at 37 °C. These merits make PAmCherry1 BiFC well suited for studying PPIs with high 
specificity and in physiologically relevant settings. More generally, BiFC-PALM should work with many 
other photoactivatable fluorescent proteins that have been tested for PALM. 

 
We believe that BiFC-PALM will be a powerful and widely adopted technique for many 

biological applications. In the manuscript we showed an example of using BiFC-PALM to study Ras-Raf 
interaction. Specifically, we were able to resolve the nanoscale clustering and diffusion of individual Ras-
Raf complexes in an intact or living cell. This example was derived from an ongoing effort in our lab on 
using PALM and related techniques to uncover spatial mechanisms that regulate Ras oncogenic signaling. 
Additionally, we are already applying the technique to study Her2-Her3 heterodimerization and signaling 
in breast cancer, among others, where nanoscale membrane domains again play a critical role. 

 
Author contributions are as follows. Conceived and designed the experiments: XN. Performed the 

experiments: AN TH LJL. Analyzed the data: XN AN TH. Wrote the paper: XN AN TH. 
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SHORT ABSTRACT: 
Protein-protein interactions are visualized in cells with nanometer spatial resolution by 
combining bimolecular fluorescence complementation (BiFC) with photoactivated localization 
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microscopy (PALM). Described here is the use of BiFC-PALM for imaging Ras-Raf interactions in 
U2OS cells for visualizing the nanoscale clustering and diffusion of individual Ras-Raf complexes.  
 
LONG ABSTRACT: 
Protein-protein interactions (PPIs) are key molecular events to biology. However, it remains a 
challenge to visualize PPIs with sufficient resolution and sensitivity in cells because the 
resolution of conventional light microscopy is diffraction-limited to ~250 nm. By combining 
bimolecular fluorescence complementation (BiFC) with photoactivated localization microscopy 
(PALM), PPIs can be visualized in cells with single molecule sensitivity and nanometer spatial 
resolution. BiFC is a commonly used technique for visualizing PPIs with fluorescence contrast, 
which involves splitting of a fluorescent protein into two non-fluorescent fragments. PALM is a 
recent superresolution microscopy technique for imaging biological samples at the nanometer 
and single molecule scales, which uses phototransformable fluorescent probes such as 
photoactivatable fluorescent proteins (PA-FPs). BiFC-PALM was demonstrated by splitting 
PAmCherry1, a PA-FP compatible with PALM, for its monomeric nature, good single molecule 
brightness, high contrast ratio, and utility for stoichiometry measurements. When split 
between amino acids 159 and 160, PAmCherry1 can be made into a BiFC probe that 
reconstitutes efficiently at 37 °C with high specificity to PPIs and low non-specific 
reconstitution. Ras-Raf interaction is used as an example to show how BiFC-PALM helps to 
probe interactions at the nanometer scale and with single molecule resolution. Their diffusion 
can also be tracked in live cells using single molecule tracking (smt-) PALM. In this protocol, 
factors to consider when designing the fusion proteins for BiFC-PALM are discussed, sample 
preparation, image acquisition, and data analysis steps are explained, and a few exemplary 
results are showcased. Providing high spatial resolution, specificity, and sensitivity, BiFC-PALM 
is a useful tool for studying PPIs in intact biological samples. 
 
INTRODUCTION:  
Protein-protein interactions (PPIs) are fundamental to biology1 and are tightly regulated via 
spatiotemporal mechanisms across many time and length scales. Studies on cell signaling on 
the cell membrane, for example, have revealed dynamic, nanoscale spatial compartments that 
facilitate specific PPIs and cellular processes2. Hence, the ability to probe PPIs in biological 
systems with sufficient spatial and temporal resolutions, high specificity, and high sensitivity is 
key to achieving a mechanistic understanding of biology.  
 
Bimolecular fluorescence complementation (BiFC) is one of the few existing tools for visualizing 
PPIs in a cell with subcellular resolution and live-cell compatibility3–5. The technique is relatively 
straightforward and involves splitting of a fluorescence protein into two non-fluorescent 
fragments; when genetically tagged to two interacting proteins and brought into proximity, the 
fragments can reconstitute to form a complete fluorescent protein, yielding fluorescent signal. 
When properly designed, BiFC probes should not spontaneously reconstitute in the absence of 
PPIs. As such, the fluorescence signal in a BiFC assay will only arise in the presence of PPIs, 
which enables direct visualization of PPIs with high specificity. Additional benefits of using 
fluorescence as the readout are high sensitivity, subcellular resolution, and compatibility with 
high throughput and high content screening assays, among others. For these benefits, a 



   

 

number of BiFC probes based on different parent fluorescent proteins have been developed. As 
in all other detection techniques based on conventional light microscopy, however, the spatial 
resolution of BiFC is limited to ~250 nm by the diffraction of light. This makes it a challenge to 
study the regulation of PPIs at the nanoscale, which, as alluded earlier and exemplified by lipid 
rafts6 and Ras nanoclusters7, is a critical length scale to understanding many cellular processes 
such as signaling.  
 
BiFC has been combined with photoactivated localization microscopy (PALM)8,9 to overcome 
this limit in spatial resolution for imaging PPIs10. PALM is a recent superresolution microscopy 
technique that circumvents the diffraction limit in fluorescence imaging through stochastic 
activation and subdiffractive localization of single fluorescent molecules. In each activation 
cycle, a fluorescent molecule emits a few hundred to a few thousand photons and gives rise to 
a single molecule image on the detector. While the image is diffraction-limited (~250 nm in 
width), its centroid can be determined with much higher precision, typically on the order of 10-
50 nm depending on the number of photons detected. By activating and localizing each 
fluorescent molecule in the sample, a high resolution image can be reconstructed. Performed 
on living cells, single molecule tracking (smt-) PALM further permits acquisition of thousands of 
protein diffusion trajectories from a single cell11. Importantly, PALM uses specialized 
fluorescent probes such as photoactivatable fluorescent proteins (PA-FPs) to achieve stochastic 
activation. Since both BiFC and PALM use fluorescent proteins, they were combined by splitting 
PAmCherry1, a commonly used PA-FP for PALM, into two fragments between amino acids 159 
and 160. 
 
The BiFC system based on split PAmCherry1 shows low background signal from spontaneous 
reconstitution of the two fragments. When genetically tagged to a pair of interacting proteins, 
the two fragments (RN = residues 1-159; RC = Met + residues 160-236) reconstituted efficiently 
to form complete PAmCherry1 proteins even at 37 °C and without incubating at lower 
temperatures, which is not the case for other BiFC pairs12 such as the parent mCherry13. 
Furthermore, the reconstituted PAmCherry1 protein retained the photophysical properties of 
the parent PAmCherry1, such as high contrast ratio, medium photon yield, and fast 
photoactivation, among others, which are critical for accurate single molecule localization and 
high-resolution PALM imaging. 
 
In this protocol, the use of BiFC-PALM for imaging Ras-Raf interactions in U2OS cells by using 
split PAmCherry1 (Figure 1A) is described. The first step is to design the constructs for 
expressing fusion proteins between PAmCherry1 fragments (i.e., RN and RC) and the proteins of 
interest. In theory, for each pair of candidate proteins (A and B), there are eight pairs of fusion 
proteins to be tested: RN-A/RC-B; RN-A/B-RC; RC-A/RN-B; RC-A/B-RN; A-RN/RC-B; A-RN/B-RC; 
A-RC/RN-B; and A-RC/B-RN. This process can often be simplified by taking into account the 
structural or biochemical properties of the candidate proteins. In the case of Ras, the protein is 
post-translationally modified at the C-terminal CAAX box (C=Cys; A=aliphatic; X=any), after 
which the AAX motif is cleaved off. Hence, RN or RC can only be fused to the N-terminus of Ras; 
this reduces the number of fusion protein pairs to four (Figure 1B). For Raf, the Ras-binding 
domain (RBD; residues 51-131) is used and can be tagged on either end. These four fusion 



   

 

configurations were generated: RN-KRas/RC-Raf RBD; RN-KRas/Raf RBD-RC; RC-KRas/RN-Raf 
RBD; and RC-KRas/Raf RBD-RN. 
 
Additionally, the linker between the fragments and the proteins of interest will need to be 
considered. A flexible linker of about ten amino acids is often used as it provides sufficient 
freedom for complementation to occur. One such linker is (GGGGS)x2, although there are many 
others that have been successfully applied, including random sequences generated from a 
multiple cloning site (MCS)14. The length of the linkers may need to be optimized depending on 
the size of the proteins of interest and their orientations when interacting. 
 
The PAmCherry1 fragments are contained in a small cloning backbone with flanking MCSs (see 
materials table). Genes of interest can be inserted via the restriction sites or with a ligation-
independent method. After cloning and sequence verification, the expression cassette is 
transferred to an expression vector using a recombinase reaction, a cloning process with high 
fidelity and high efficiency.  
 
Next, the resulting expression constructs are transfected into the target cell line or, if a stable 
cell line is desired, packaged into lentivirus for infecting the target cell line. Transient 
transfection allows for quick validation of the BiFC configurations, but potential problems must 
be noted. Transfection using chemicals often stresses the cells, resulting in high 
autofluorescence; while the use of total internal reflection fluorescence (TIRF) microscopy can 
mitigate this background signal by limiting the illumination volume, TIRF ideal when the PPIs 
take place on the cell membrane. Additionally, transient transfections often lead to high levels 
of protein expression, far exceeding those of the endogenous proteins, which may cause 
artifacts in detecting the PPIs. Hence, it is recommended that stable cell lines be established 
after an appropriate BiFC configuration has been determined through initial testing. Stable cell 
lines also have the potential for tunable expression via doxycycline induction15. 
 
After infection, cells are selected with antibiotics, typically puromycin and neomycin, one for 
each construct. The subsequent steps for sample preparation, image acquisition, and data 
analysis will be described in detail in the protocols. 
 
With this approach, the formation of nanoscale clusters in BiFC-PALM images of Ras-Raf RBD 
are routinely observed (Figure 2A). Consistently, smt-PALM trajectories of Ras-Raf RBD show a 
heterogeneous distribution in the diffusion states (Figures 2B-D). These results suggest that 
Ras-Raf complexes exist in multiple states on the cell membrane, presumably as monomers and 
clusters, with potential biological implications. This work demonstrates the power of BiFC-PALM 
in selective imaging of PPIs in cells with nanometer spatial resolution and single molecule 
sensitivity, which would be difficult to obtain with conventional BiFC, fluorescence co-
localization, or fluorescence resonance energy transfer (FRET).  
 
When designing BiFC experiments and interpreting the results, it is important to keep in mind 
that the BiFC process is irreversible in most cases, including split PAmCherry1. Once the two 
fragments combine and form a complete PAmCherry1 protein, the linkage between the two 



   

 

fragments, and thus the PPI becomes permanent. This limits the use of BiFC and BiFC-PALM for 
monitoring the dynamics of the PPIs (i.e., binding kinetics and not the diffusion dynamics of the 
protein complex once it is formed) and at times could even lead to mislocalization of the PPI 
complexes.  
 
An additional factor to consider when designing BiFC-PALM experiments is the delay in 
chromophore maturation that is inherent in fluorescent proteins. Once two proteins interact 
and the FP fragments come together, they typically refold on the order of seconds (half-time of 
60 s for EYFP3). However, subsequent chromophore maturation and fluorescent signal develop 
on the order of minutes. While fluorescence may be detectable within 10 minutes after 
reconstitution of split-Venus, a fast-folding YFP variant, the half-time for maturation in general 
is often around 60 minutes16. Split-PAmCherry1 was observed to have similar rates. Hence, BiFC 
and BiFC-PALM are currently poor choices for monitoring real-time PPI kinetics; other methods, 
such as FRET and a recently developed dimerization dependent fluorescent protein17, may be 
more suited for this purpose. 
 
PROTOCOL: 
 
1. Cloning 
 
1.1) Determine the configurations to clone and choose a linker. Tag proteins with the fragments 
on the N- or C-terminus as described below so they do not disrupt their proper localization. Use 
a flexible (GGGGS)x2 linker. 
 
1.2) Genetically tag the proteins of interest to the PAmCherry1 fragments. As one option, use 
the cloning plasmids listed in the materials table containing the fragments RN (PAmCherry1 
residues 1-159) and RC (Met plus PAmCherry1 residues 160-236) with flanking MCSs.  
 
1.2.1) Linearize the plasmids containing the fragments RN and RC with inverse PCR (or 
restriction digest) at the point of insertion. Primers for inverse PCR are listed in Table 1. Below 
is an example PCR protocol used in the author’s lab (see materials table for the exact materials 
used in this protocol). 
 
1.2.1.1) Mix the PCR reaction together, brought up to a final volume of 50 µL with water: to a 
thin-walled PCR tube, add the water, 25 µL of 2x master mix, 0.5 µL each of the forward and 
reverse primers (20 µM diluted stock, 0.2 µM final concentration), and 1 ng of template. Use 
the following cycling conditions: 98 °C for 30 s, 30 cycles of 98 °C for 7 s and 68 °C for 2 min, and 
a final extension at 72 °C for 10 min.  
 
1.2.2) PCR the genes of interest for insertion to the linearized plasmids containing RN and RC 
fragments. Perform the PCR as in step 1.2.1 with the extension time at 68 °C. Use primers with 
overhangs that contain a flexible linker sequence, such as 
GGAGGTGGAGGTAGTGGTGGAGGTGGAAGT for (GGGGS)x2, and 15 base pair homology to the 
ends of the linearized RN and RC plasmids for recombination.  



   

 

 
Note: The primer overhangs for the proteins of interest are presented in Table 2 if using the 
primers in Table 1 to linearize the plasmid backbone.  
 
1.2.3) Digest the PCR reaction with Dpn1 to eliminate the PCR template. Add 0.5 µL of Dpn1 (20 
U/µL) directly to the 50 ul of PCR reaction. Incubate at 37 °C for 1 hour and heat inactivate at 80 
°C for 20 minutes. If background template persists in later steps, increase the enzyme amount 
or lengthen the digestion time. 
 
1.2.4) Purify the PCR products via a spin column as described by the manufacturer. 
 
1.2.5) Perform a ligation-independent reaction to combine a linearized plasmid containing an 
RN or RC fragment with the gene of interest. Measure the concentration of the purified PCR 
products: combine 50 ng of linearized plasmid and 50 ng of the gene of interest with 1 µL of 
enzyme premix and bring the total volume to 5 µL with deionized water. Incubate at 50 °C for 
15 minutes, place on ice, and add 20 µL of TE buffer. 
 
1.2.6) Transform recombinant plasmids into competent bacteria18.  
 
1.2.7) Select 2-4+ (as desired) colonies for overnight culture. Add 5 mL of LB broth and 5 µL of 
kanamycin (50 mg/mL stock) into a 14 mL polypropylene round-bottom tube, and add the 
selected bacteria colony with a sterilized inoculating loop. Incubate at 37 °C overnight while 
shaking at 225 rpm. 
 
1.2.8) Freeze 1 mL of overnight culture for glycerol stock19 and miniprep the remainder as 
described by the manufacturer. 
 
1.2.9) Perform sequencing to determine a good clone. If using the cloning plasmids in the 
materials table, use M13 forward and reverse primers (in separate reactions) as necessary to 
obtain the complete sequence of the fusion construct. Compare with the expected sequence 
using an alignment tool such as BLAST from the National Center for Biotechnology Information 
(NCBI) - http://blast.ncbi.nlm.nih.gov/BlastAlign.cgi. 
 
1.2.10) Transfer the sequence-verified constructs to an expression plasmid via a recombinase 
reaction. 
 
1.2.10.1) Add 75 ng of the destination plasmid – such as pcDNA for transient transfections or 
pLenti for lentiviral packaging20 – and 50 ng of the recombinant cloning plasmid to 1 µL of 
enzyme premix and bring up the total volume to 5 µL with deionized water. Incubate at 25 °C 
for 1 hour, then add 5 µL of TE buffer.  
 
Note: For lentiviral packaging and stable cell line generation, use a different destination plasmid 
for each construct, one with puromycin resistance and the other neomycin. This allows for 
double selection of transduced cells. Also consider the promoter for each, such as the 



   

 

constitutive cytomegalovirus (CMV) promoter for high expression levels, or CMV with the TetO 
operator for tunable doxycycline-regulated expression. 
 
1.2.10.2) Transform 5 µL into competent bacteria and miniprep the plasmids as in steps 1.2.6 to 
1.2.8, but using the appropriate antibiotic (typically ampicillin). 
 
1.3) Determine the optimal BiFC configuration. 
 
1.3.1) Co-transfect expression plasmids into U2OS cells (or cell of choice).  
 
1.3.1.1) Add 350 µL of phenol red-free and antibiotic-free DMEM supplemented with 10% FBS 
into each well of an 8-well #1.5 glass bottom chamber slide. Plate about 7.5 x 104 cells per well 
so cells are about 70-90% confluent the next day. 
 
1.3.1.2) The day after plating, co-transfect expression plasmids with different configurations in 
each well using the preferred reagent and as described by the manufacturer.  
 
1.3.1.2.1) For each well, add 125 ng of each expression plasmid into 50 µL of serum-free 
reduced media in a 0.6 mL tube and pipette up and down to mix. Add 1 µL of the transfection 
reagent down the center of the tube and directly into the media. Agitate gently to mix and let 
the reaction sit for 30 minutes.  
 
1.3.1.2.2) Reduce the media in each well of the chamber slide by about half. Add the 
transfection mixture dropwise to the wells and shake gently to mix. Incubate cells at 37 °C and 
5% CO2 for 24-48 hours. Change the media the day after transfection. 
 
1.3.2) Image cells on a fluorescence microscope as in Protocol 2 beginning with step 2.1.4.  
 
Note: The sample may be imaged on a standard fluorescence microscope if the expression 
levels are high and the camera is sensitive enough for the relatively low photon output of 
PAmCherry1. Reconstituted PAmCherry1 molecules can be activated with an ultra violet filter 
set (405 nm) prior to imaging with a green excitation (561 nm) filter set. 
 
1.4) Where applicable, clone a point mutation into one of the proteins of interest to create a 
negative control. Perform a site-directed mutagenesis21 on the cloning plasmid of the protein to 
be mutated and of the chosen configuration. 
 
1.5) Generate a stable cell line by packaging the constructs into viral particles and infect U2OS 
cells (or cell line of choice). Consider an inducible (tetracycline) expression system15 so 
expression can be induced prior to imaging if prolonged irreversibility of BiFC is an issue, or if 
tunable expression is desired. 
 
CAUTION: Working with viruses is classified as Biosafety Level 2. While recent generations of 
viral packaging systems have greatly reduced the likelihood of producing replication-competent 



   

 

viruses, some risks are still present. References can be found at 
http://www.cdc.gov/biosafety/publications/. 
 
1.5.1) Repeat step 1.2.10 using a lenti- or retroviral destination vector20. Increase the overnight 
culture to 100 mL for a midiprep and greater purity of the plasmids. 
 
1.5.2) On Day 1: Plate about 2 x 106 293T/17 cells into a 10 cm dish for each construct to be 
packaged. 
 
1.5.3) On Day 2: Prepare a transfection reaction using a transfection reagent of choice and as 
described by the manufacturer. 
 
1.5.3.1) Prepare a premix of packaging plasmids with final concentrations of 250 ng/µL for 
packaging plasmids 1 and 2, and 100 ng/µL for packaging plasmid 3 in sterile water. Add 10 µL 
of the packing plasmid premix and 2.5 µg of the target plasmid to 1 mL of serum-free reduced 
media in a 5 mL polypropylene round-bottom tube and pipette up and down to mix. Add 20 µL 
of transfection reagent down the center of the tube and directly into the media.  
 
1.5.3.1.1) Agitate gently to mix and incubate at room temperature for 30 minutes. Remove 
about half the media from the cells and add the transfection mixture in a dropwise manner. 
Shake gently to mix and incubate at 37 °C and 5% CO2. Incubate 10 mL of media per plate in a 
tube with the cap loosened for temperature and CO2 equilibration. 
 
1.5.3.2) On Day 3: Gently change the media with the pre-incubated media and return the cells 
to the incubator. Incubate another tube of media with the cap loosened. 
 
Note: Syncytia, or the formation of large multi-nucleated cells, can be a sign that the packaging 
is going well. However, cells are in a fragile state and can be easily detached. When changing 
media, tilt the pipettor so that it is horizontal and add the media dropwise into one edge of the 
plate. 
 
1.5.3.3) On Day 4: Harvest the virus by removing the media with a syringe and filtering through 
a 0.45 µm pore size filter into a clean 50 mL tube. Gently replace the media with the pre-
incubated media. 
 
1.5.3.4) On Day 5: Harvest again as done previously in step 1.5.3.3 and combine common 
filtrate into the same 50 mL tube. Add 6 mL of virus concentrator to each tube and mix. Store at 
4 °C for at least 24 hours until the virus precipitates. 
 
Note: Depending on the health of the cells, virus can be harvested a third time. 
 
1.5.3.5) Concentrate the virus by centrifuging at 1500 x g for 15 minutes at 4 °C. Aspirate the 
supernatant and resuspend the pellet in 250 µL of media. Virus can be used immediately for 
infection or stored in 50 µL aliquots at -80 °C for up to one year. 



   

 

 
1.5.3.6) Plate about 3 x 105 U2OS (or target) cells per well into a 6-well plate (2 mL of DMEM 
with 10% FBS per well) for infection, so cells are about 50% confluent at the time of infection. 
 
1.5.3.7) The following day, remove about half the media so about 1 mL remains. Coinfect with 
50 µL of concentrated virus for each construct. Add 1 µL of polybrene (8 mg/mL) to each well. 
Incubate at 37 °C and 5% CO2. Change media the next day and incubate for one more day 
before antibiotic selection. 
 
Note: The amount of virus to add can vary depending on the desired rate of infection. Viruses 
can be titrated using qRT-PCR. 
 
1.5.3.8) Add antibiotics to select for infected cells. Separate wells with uninfected cells that 
have not seen virus are required as canaries to test the efficacy of the selection. Incubate for 2-
7 days, or until selection is complete. 
 
Note: Effective concentrations should be titrated initially, but they are typically 1.0 µg/mL for 
puromycin and 1.0 mg/mL for neomycin. 
 
1.5.3.9) Expand the cells into a larger 10 cm dish and proceed to Protocol 2. 
 
2. Imaging fixed cells 
 
2.1) Prepare a sample for imaging. 
 
2.1.1) Clean an 8-well #1.5 glass-bottom chamber slide by adding 250 µL of 1 M NaOH for at 
least 1 hour and wash thoroughly with PBS.  
 
Note: Untreated chamber slides typically result in high background signal. Additionally, cells 
may be sensitive to residual NaOH and failure to thoroughly clean the glass surface (as many as 
10x washes) may make cell adhesion difficult. If necessary, incubate the cleaned chamber slide 
with PBS overnight after washing. For sensitive cell lines, plating at a higher density (e.g. 50%-
60%) may help. 
 
2.1.2) Plate about 5.5 x 104 of the U2OS stable expression cells per well in 350 µL of phenol red-
free DMEM with 10% FBS so that cells are healthy and not over confluent when imaging. 
 
2.1.3) Perform necessary treatments for the experiment, such as adding tetracycline to induce 
protein expression. 
 
2.1.4) Fix the cells immediately before imaging.  
 
2.1.4.1) Prior to fixation, prepare fresh paraformaldehyde (PFA) solution – 3.7% PFA in 1x PHEM 
with 0.1% glutaraldehyde (GA). For 10 mL PFA solution, weigh 0.37 g of PFA and transfer to a 



   

 

1.5 mL microcentrifuge tube. Add 1 mL of distilled water and 30 µL of 1 M NaOH and vortex. 
Heat at 70 °C and vortex every 1-2 minutes until PFA is completely dissolved. 
 
2.1.4.2) Transfer dissolved PFA to a 15 mL conical tube and add 3.8 mL distilled water, 5 mL 2x 
PHEM buffer, 20 µL of 25% glutaraldehyde, and vortex to mix. Stock, 2x PHEM buffer is 120 mM 
PIPES, 50 mM HEPES, 20 mM EGTA, and 16 mM MgSO4, with pH adjusted to 7.0 with 10 M KOH. 
This fixative solution can be stored at 4 °C for several days. 
 
CAUTION: PFA and GA are both hazardous. Prepare the solution in a fume hood and wear 
proper protective equipment when handling both chemicals. Avoid inhalation or direct skin 
contact.  
 
2.1.4.3) Remove the growth medium. Wash quickly with 500 µL of PBS and add 250 µL of the 
PFA fixative per well. Incubate the cells for 20 minutes at room temperature. 
 
2.1.5) Remove the PFA fixative from the sample and add 350 µL of PBS or imaging buffer (100 
mM Tris with 30 mM NaCl and 20 mM MgCl2, pH 8.5) per well.  
 
2.1.6) Vortex 100 nm gold particles to break up aggregates and add 35 µL per well (10x final 
dilution) for tracking stage drift during imaging. 
 
2.2) Acquire images. 
 
2.2.1) Turn on the microscope. Power on the 405 and 561 nm lasers, but keep the shutters 
(internal or external) closed at this point. Turn on the EMCCD camera and allow it to cool down. 
Ensure the 561 nm filters are in place. 
 
2.2.2) Open the acquisition software and set the exposure time to 100 ms and the EMCCD gain 
to 300 (range 1 – 1000). 
 
2.2.3) Add immersion oil to the objective and secure the sample to the microscope stage. 
 
2.2.4) With either bright field or the 561 nm laser on (~1 kW/cm2), bring the sample into focus.  
 
2.2.5) For imaging Ras and other membrane proteins, use a 60X apochromat TIRF objective with 
1.49 numerical aperture and bring the microscope into TIRF configuration. Adjust the excitation 
laser so that it is off-centered when hitting the back aperture of the TIRF objective; this causes 
the laser to deflect upon reaching the sample. Keep adjusting the laser until the critical angle is 
reached and the laser is being reflected back. Search for a cell to image with several gold 
particles in view. Set a region of interest that encloses the cell (or a region within the cell) and 
the gold particles. 
 
Note: TIRF decreases the penetration depth of the excitation laser and reduces the out of focus 
background signal. Additionally, drift correction is likely to be more accurate when more gold 



   

 

particles are in view. 
 
2.2.6) If available, engage the autofocus system to correct for sample drift in the z-direction. 
Otherwise, adjust the focus manually throughout the acquisition if the image goes out of focus. 
 
2.2.7) Begin acquisition with the 405 nm laser off and the 561 nm laser on (~1 kW/cm2) in case 
sufficient activation is occurring already (typically if expression levels are high). Otherwise, turn 
on the 405 nm laser at the lowest factory power setting (0.02 mW or 0.01 W/cm2) and increase 
gradually (0.1 mW at a time) as necessary until there are several tens of molecules per frame or 
so that single molecules are well separated.   
 
2.2.8) As data acquisition continues, gradually increase 405 nm laser power to keep the spot 
density roughly constant. 
 
Note: At lower 405 nm excitation power, some PAmCherry1 can already be activated. As these 
molecules photobleach, the population of remaining photoactivatable PAmCherry1 molecules 
decreases, requiring a higher photon flux to maintain the same density of molecules emitting 
fluorescence in each frame.  
 
2.2.9) Continue image acquisition until high 405 nm power (2.5 – 10 W/cm2) does not activate 
more activation events.  
 
Note: The total acquisition time depends on the expression level and efficiency of the 
complementation.  
 
2.3) Process the images.  
 
Note: There are many open source software options for image processing. Examples are 
ThunderSTORM (https://code.google.com/p/thunder-storm/) and QuickPALM 
(https://code.google.com/p/quickpalm/). The typical data processing procedures are briefly 
illustrated here using a custom Matlab package called wfiread for processing PALM data as an 
example. However, future revisions may not exactly follow what is described here.  For image 
processing with other software, please refer to the user documentations. 
 
2.3.1) Download the image processing software (Supplemental Code File) or the latest version 
at http://www.ohsu.edu/nan. Open Matlab and load the wfiread software (which is already put 
in the default path). 
 
2.3.2) View the raw image sequence and determine the region of interest. Select the area of the 
stack to be processed by left clicking and dragging a box around the desired area. If the region 
of interest was not reduced during acquisition (to about 256x256 pixels), select a smaller area 
to lessen the compute time. To deselect an area and processes the entire frame, right click 
anywhere in the image.  
 

http://www.ohsu.edu/nan


   

 

2.3.3) Enter the range of frames to be processed.  
  
2.3.4) Select a gold particle (one that is isolated and uniform in shape) by left clicking on the 
image and dragging a small box around it. Under Particle Tracking, click the Track button. A 
graph will appear that shows the position of the selected gold particle across the stack of 
images, depicting the extent of the drift.  
 
2.3.5) Repeat this process to track as many gold particles as possible and determine the ones 
that track together (the particles will be color coded). Ideally the overall drift is on the order of 
one pixel at most. 
 
2.3.6) Individually select the gold particles that tracked together one at a time and click the Add 
Marker button under Particle Tracking. A green cross will appear signifying that it has been 
added as a marker and will be used to correct for drift. 
 
2.3.7) Adjust the Sigma Range, Smoothing Range and Threshold as necessary by changing the 
values slightly. Click the Find Particle button to test the settings. The particles that will be 
processed will be boxed and those that are not will be left out. The PAmCherry1 molecules, 
particles that are relatively round and bright, should be selected. 
 
2.3.8) Start processing the images by clicking the Make Coord File button and save the file.  
 
Note: The program will go through each frame within the defined frame range, find all 
fluorescent spots, and perform Gaussian fitting to find the centroid coordinates. A .cor file will 
be generated storing all coordinates and other fitting parameters of the processed single 
molecule images.  
 
2.4) Post-process the images and render the PALM image. 
 
Note: Other software may directly render the image after coordinate extraction. 
 
2.4.1) In Matlab, launch the ‘palm’ package and load the .cor file just created. 
 
2.4.2) Before rendering the PALM image using the coordinates, sort the individual coordinates 
(each from a ‘localization event’). The optimal sorting values may vary depending on the setup 
and fluorophore.  
 
2.4.2.1) For PAmCherry1, use the following values: Combining Frame - 8; Combining Distance 
(nm) - 100; Minimum RMS - 4; Minimum Fit Goodness - 0.25; and Max. Eccentricity - 1.4. See 
the Discussion section for additional explanation of these parameters. 
 
2.4.3) Click the Sort button to generate a new set of coordinates ready for rendering high 
resolution images. 
 



   

 

2.4.4) Enter values for proper rendering of the final image such as the raw pixel size (nm), the 
desired feature size (nm) in the rendered image, and the pixel size for the rendered image.  
 
Note: The raw pixel size must be determined for each setup. The rendered feature size can be 
set arbitrarily, but is typically set at a value slightly higher than the average localization 
precision. For PAmCherry1, the average localization precision is around 18 nm, so a feature size 
of 20 – 30 nm is appropriate. Of note, the localization precision was calculated by taking the 
standard deviation of the localizations of the same molecule across multiple frames22 and not 
by dividing the diffraction limit with the square root of detected number of photons. As for the 
pixel size of the rendered image, 10 nm is a good starting point; setting this value too low will 
result in unnecessarily large image files for unmagnified views. 
 
2.4.5) Click the Render button to generate the PALM image. Use the +/- magnifying icons in the 
tool bar of the figure window to zoom in and out.  
 
2.4.6) Optional: Perform cluster analysis of the reconstructed PALM image using either Ripley’s 
K test or other mechanisms such as simulation-aided DBSCAN (SAD)23. Note: In the custom palm 
package, both Ripley’s K and SAD analysis are already built in; for coordinates generated from 
other software, the same analyses may be performed with additional custom scripts.  
 
3. Single molecule tracking in live cells 
 
3.1) Treat the tissue culture surface and plate the cells as described in Protocol 2. Since the 
temperature and/or CO2 controlled stage may require a certain culture dish, ensure sure that 
the coverglass has the appropriate thickness (0.17 mm) for the microscopy setup.  
 
3.1.1) Transfect cells if doing a transient expression and perform any treatments needed for the 
experiment, such as tetracycline to induce expression, and incubate as necessary. This is also 
the same as described in Protocol 2. 
 
3.1.2) Place the culture dish on an on-stage incubator. Let the dish settle on the stage for a few 
minutes until the temperature and CO2 concentration stabilize every time after mounting the 
culture dish or moving to a new region of interest. Block lasers at this step. If CO2 control is not 
available, change to a CO2 independent media right before imaging, such as Leibovitz’s L-15.  
 
Note: Phenol-red-free medium is recommended for depressing background fluorescence. 
 
3.2) Acquire images as in Protocol 2. However, set an appropriate exposure time (typically 25-
50 ms for PAmCherry1).  
 
Note: The molecule density must be lower than for fixed cells so that trajectories can be 
recorded without overlapping with each other. The specified few tens of molecules is typical for 
a 256x256 pixel acquisition at a pixel size of about 160 nm. The 561 nm laser power density was 
set to 0.8 kW/cm2 to maintain a good signal-to-noise ratio while decreasing the phototoxicity to 



   

 

cells and increasing the average trajectory length. 
 
3.3) Process the images. 
 
3.3.1) Extract coordinates of single molecules with the wfiread package as described in Protocol 
2, or with another package. 
 
3.3.2) Reconstruct single particle trajectories using various single particle tracking (SPT) 
packages based on different algorithms found elsewhere24. Note: Alternatively, this step may 
be accomplished using home built Matlab package (possibly available in future revisions at 
http://www.ohsu.edu/nan). 
 
3.3.3) Optional: After reconstruction, use an SPT package24 to calculate displacement and 
diffusion constants from the trajectories. Additionally, use variational Bayes single-particle 
tracking (vbSPT)25 to determine diffusion states of the target proteins. vbSPT Matlab package 
and documentation can be found at its official Sourceforge site: http://vbspt.sourceforge.net/.  
 
REPRESENTATIVE RESULTS:  
The BiFC-PALM example shown is KRas G12D mutant interacting with the Ras binding domain 
(RBD) of CRaf (Figure 1A). As discussed, the RN or RC fragments were not tagged to the C-
terminus of Ras because it would disrupt the membrane localization and hence the biological 
activity of Ras. This reduced the possible combinations from eight to four (Figure 1B). Each of 
these four combinations was introduced into U2OS cells using lentiviral infection. The cells 
were fixed as detailed in the protocol, and the BiFC signals were evaluated using a PALM setup. 
Cells with positive BiFC signals were identified by the abrupt increase in fluorescence when the 
405 nm laser was turned on; the 561 nm laser was on throughout the imaging experiment. This 
abrupt change in fluorescence is due to the photoactivation of BiFC-reconstituted PAmCherry1 
upon illumination with the 405 nm laser. Multiple regions in the sample were evaluated using 
this approach, and the BiFC signal intensity was calculated by averaging the increase in pixel 
intensities before and after a high-powered pulse from the 405 nm laser. 
 
As seen in Figure 1C, out of the four possible configurations, two configurations (namely RN-
Ras/RC-Raf RBD and RN-Ras/Raf RBD-RC) had strong BiFC signals. Another configuration (RC-
Ras/Raf RBD-RN) had weak signal, and one had no signal. For all subsequent experiments, the 
RN-Ras/Raf RBD-RC configuration (upper right in Figure 1C) was used. As a negative control, a 
point mutation (R89L) in the Ras binding domain of Raf was introduced and the BiFC efficiency 
using the same configuration was tested. This mutation was known to disrupt Raf binding to 
Ras; consistently, the mutation greatly reduced the BiFC signal (Figure 1D). 
 
Since PAmCherry1 molecules generated through BiFC showed similar photoactivation 
properties to the original PAmCherry110, this allows for PALM imaging of BiFC samples using the 
same experimental settings as with the parent PAmCherry1. An example PALM image of cells 
with strong BiFC signal after infection with RN-Ras and Raf RBD-RC is shown in Figure 2A. 
When zoomed in (Figure 2A bottom left and insets, with magnified areas boxed), individual 

https://mail.ohsu.edu/owa/redir.aspx?SURL=UNehhk7WKlRRiT7wEUaA6XxPAiXTE7ieHJlOlEMB9YIB8RoeQGHSCGgAdAB0AHAAOgAvAC8AdwB3AHcALgBvAGgAcwB1AC4AZQBkAHUALwBuAGEAbgA.&URL=http%3a%2f%2fwww.ohsu.edu%2fnan
http://vbspt.sourceforge.net/


   

 

molecules and their nanoscale spatial distribution can be clearly seen. Of note, each dot in 
these PALM images represents one putative Ras-Raf RBD complex tagged with a PAmCherry1 
molecule. For comparison, the right side of Figure 2B was simulated low resolution images of 
the same fields of view, where the clusters became completely obscure. The observation of 
Ras-Raf RBD clusters is consistent with previous observations on the clustering behavior of Ras 
and Raf.  
 
With live cells expressing BiFC reconstituted PAmCherry1, smt-PALM was performed to acquire 
diffusion trajectories of individual Ras-Raf RBD complexes, similarly to previously described10. 
Under continuous illumination with 561 nm and 405 nm lasers, individual PAmCherry1 
molecules stochastically switch on and last a few frames before entering dark states (in part 
due to photobleaching). In this period of time, the molecules exhibited at least two different 
diffusion behaviors: an immobile state (Figure 2B, molecule 1) and a mobile state (Figure 2B, 
molecule 2). Both types of trajectories are clearly present in the (x, y) plot shown in Figure 2C, 
where the trajectories of multiple molecules are recorded. The same heterogeneous 
distribution of diffusion states can be inferred from the histogram of molecular displacement 
between successive frames. Typically, 10,000 – 100,000 diffusion trajectories can be acquired 
from each cell; this large number allows for more rigorous statistical analysis of the diffusion 
states, for example with the vbSPT algorithm25.  
 
Figure 1: BiFC-PALM experimental design of Ras-Raf interaction. (A) Ras is a membrane bound 
protein that recruits Raf when active. When non-fluorescent split PAmCherry1 fragments are 
attached to Ras and Raf, the interaction brings the fragments together and complementation 
occurs, resulting in a functional fluorescent protein. (B) Since tagging Ras at its C-terminus 
would disrupt its membrane localization, the number of configurations tested for Ras-Raf BiFC-
PALM was reduced from eight to four. (C) Images of U2OS cells expressing the tested 
configurations taken with a TIRF microscope. To gauge the BiFC efficiency of each configuration, 
cells are given the same high dosage of 405 nm light while being excited with 561 nm light. (D) 
Introducing the R89L mutation into the Raf RBD greatly reduced the BiFC signal of the RN-KRas 
G12D/CRaf RBD-RC configuration (upper right in C, n = 5-8). Error bars are SEM in (D). Scale bars 
in (C), 10 µm. RN = PAmCherry1 N-terminal fragment, RC = PAmCherry1 C-terminal fragment, 
and RBD = Ras binding domain. 
 
Figure 2: BiFC-PALM of U2OS cells expressing the RN-KRas G12D/CRaf RBD-RC configuration. 
(A) An entire PALM image is shown above. Lower panels are magnified views of the boxed 
regions in the upper image as indicated. Insets are higher magnifications of the boxed regions in 
the respective magnified views. The right side of the lower panels (labeled TIRF) are 
representations of the images on their left as though taken with a diffraction-limited 
microscope. (B) Successive frames from a live cell smt-PALM experiment that depict slow (1) 
and fast (2) moving Ras-Raf complexes. (C) Output from a smt-PALM experiment showing 
diffusion trajectories of Ras-Raf complexes within a small area of a cell. (D) Histogram of 
displacements per frame of Ras-Raf complexes from a smt-PALM experiment. Scale bars in (A), 
5 µm top, 500 nm bottom, 50 nm insets, and (C), 1 µm. RN = PAmCherry1 N-terminal fragment, 
RC = PAmCherry1 C-terminal fragment, and RBD = Ras binding domain. 



   

 

 
Table 1: Primers for linearizing cloning plasmids containing PAmCherry1 fragments. The 
cloning plasmids containing RN and RC can be linearized with inverse PCR at the point of 
insertion at either the N- or C-terminus of the fragments. Sequences are listed 5’ to 3’. 
 
Table 2: Overhangs for gene of interest primers that match Table 1 primers. The 15 base pairs 
of homology for the ligation-independent reaction is generated from primer overhangs. 
Additionally, the overhangs include the sequence for a (GGGGS)x2 flexible linker. The flexible 
linker sequence can be added to the primers in Table 1 instead. Sequences are listed 5’ to 3’. 
 
DISCUSSION: 
BiFC has been a commonly used technique for detecting and visualizing PPIs in cells, while 
PALM is a recent single molecule superresolution microscopy technique that enables nanoscale 
imaging of intact biological samples. The combination of BiFC with PALM achieved selective 
imaging of PPIs inside a cell with nanometer spatial resolution and single molecule sensitivity. 
BiFC-PALM extends the utility of both techniques, and as demonstrated in this work, shows 
great promise in revealing the molecular details of PPIs in their native cellular context. In 
particular, the nanometer resolution allows for detailed investigation of the spatial and 
temporal regulation of specific PPIs at the molecular scale, which has been a challenge in 
biomedical research. However, as mentioned before, BiFC-PALM is limited by the irreversibility 
of the complementation and slow chromophore maturation.  
 
Split PAmCherry1 was used to demonstrate the principle and utility of BiFC-PALM. PAmCherry1 
has been widely used in PALM experiments for its excellent photophysical properties. An 
additional benefit of using PAmCherry1 as the BiFC probe is the low background and high 
specificity and efficiency in protein reconstitution at 37 °C when coupled to PPIs. For these 
reasons, the split PAmCherry1 BiFC probe is expected to become a valuable resource applicable 
to many different biological investigations involving high resolution imaging of PPIs. In addition 
to PAmCherry1, a photoconvertible fluorescent protein, mEos3.2, was also split for BiFC-
PALM26. Because their emission spectrums overlap, mEos3.2 and PAmCherry1 cannot be used 
together, but green PA-FPs have recently been reported27, opening the possibility for two-color 
nanoscale superresolution imaging of PPIs. 
 
As in conventional BiFC, a critical step in implementing BiFC-PALM is the design and cloning of 
the fusion constructs. The fact that up to eight different expression constructs have to be 
cloned and eight BiFC pairs have to be tested in each attempt to implement BiFC and BiFC-
PALM can be a tedious, if not prohibitive, process. Nevertheless, as illustrated in the Ras-Raf 
example, prior knowledge on the biochemical and structural properties of the proteins of 
interest often can be used to guide an optimized design of the fusion constructs with a reduced 
number of BiFC pairs to be tested. That said, currently there is not a universal guideline to 
ensure that a BiFC (hence BiFC-PALM) experiment would work; much of it is still an art. 
 
While BiFC and BiFC-PALM are typically used to investigate heterodimer formation between 
two proteins, it is also feasible to study homodimer formation using these approaches, in which 



   

 

case the two candidate proteins would be the same. However, as such, two proteins with the 
same fragment can interact but not result in BiFC signal. Despite each construct acting as a 
competitive inhibitor to the other, such interactions are reversible, while interactions resulting 
in successful complementation would accumulate due to the irreversibility. In general, there 
could be a reduction in signal if there is a drastic difference between expression levels of each 
construct. Therefore, the expression levels of the two constructs may need to be determined 
when comparing fluorescence intensities (e.g., between wild type and mutant homodimer 
samples) at endogenous expression levels. This is perhaps why BiFC experiments are commonly 
performed with transient transfections and overexpression of the constructs.  
 
Last but not least, all BiFC experiments must be confirmed with proper controls. If BiFC signal is 
present, there is a chance that the signal is non-specific (i.e., the fragments are reconstituting 
on their own and not because of the PPI). One negative control is mutations in either or both 
proteins that are known to disrupt the interaction, which should result in a significant loss of 
BiFC signal. If such a point mutation is unknown, other methods can be used, such as 
introducing a competitive binding partner to one of the proteins and see if there is a 
concomitant decrease in signal.  
 
The more difficult situation is troubleshooting a lack of BiFC signal, or false negatives. In such 
cases, it is important to include positive controls during the cloning process, such as a GFP 
control during transfections. Western blots can be run to check for expression of the 
constructs. If these factors are normal, other factors may need to be changed, such as the linker 
length and/or sequence, or a different BiFC configuration should be considered.  
 
As for the PALM portion, a number of parameters must be considered when processing the 
images. Step 2.4.2.1 describes parameters used for sorting the coordinates and generating the 
final PALM image. The first two parameters, Combining Frame and Combining Distance, define 
if two localization events are both within 100 nm and appear less than 8 frames apart (at 100 
ms/frame) or ~0.8 s as we described previously23, then they will be considered to arise from the 
same molecule, and their coordinates will be combined by averaging. Dark states with lifetimes 
much greater than 0.8 s for PAmCherry1 appears to be rare; as the event of a fluorophore 
recovering from a long-lived dark state is indistinguishable from a different molecule at a 
proximal distance emitting fluorescence, two localization events are considered to be arising 
from the same molecule only if they appeared within a certain number of frames and physical 
distance. Empirically, a ‘combine frame’ setting at 8-12 frames (0.8-1.2 s) appears to be optimal 
under our experimental conditions. Minimum RMS defines the minimal ratio between fitting 
amplitude and the standard deviation of residue noise after the fitting. These values are 
recorded in the .cor file during coordinate extraction. 
 
In summary, BiFC-PALM combines the advantages of BiFC and PALM and enables investigation 
of PPIs at much greater detail than what has been achieved previously. With considerations for 
the factors above and with proper control experiments, BiFC-PALM should be a useful tool for 
studying PPIs in a broad range of biological settings. 
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Primer sequence (5’ to 3’)

Cloning plasmid for insertion at N-terminus reverse CATGGTACCGAGCTCCTGCAGC

RN at N-terminus forward GTGAGCAAGGGCGAGGAGGATAA

RC at N-terminus forward GGCGCCCTGAAGGGCGA

Cloning plasmid for insertion at C-terminus forward TAAAAGGGTGGGCGCGCC

RN from C-terminus reverse GTCCTCGGGGTACATCCGCTC

RC from C-terminus reverse CTTGTACAGCTCGTCCATGCCG

Table 1
Click here to download Table: Jove table 1.xlsx 

http://www.editorialmanager.com/jove/download.aspx?id=353804&guid=3601c123-c63e-439e-a542-741d11c3d68d&scheme=1


N-terminal insertion RN or RC forward

N-terminal insertion RN reverse

N-terminal insertion RC reverse

C-terminal insertion RN forward

C-terminal insertion RC forward

C-terminal insertion RN or RC reverse

Table 2
Click here to download Table: Jove table 2.xlsx 

http://www.editorialmanager.com/jove/download.aspx?id=353805&guid=f2f79f8c-6bd7-4fe1-b139-97c2e3fbee83&scheme=1


Overhangs for gene of interest primers (5' to 3')

GAGCTCGGTACCATG

ACTTCCACCTCCACCACTACCTCCACCTCC CTCGCCCTTGCTCAC

ACTTCCACCTCCACCACTACCTCCACCTCC GCCCTTCAGGGCGCC

ATGTACCCCGAGGACGGAGGTGGAGGTAGTGGTGGAGGTGGAAGT 

GACGAGCTGTACAAGGGAGGTGGAGGTAGTGGTGGAGGTGGAAGT

GCGCCCACCCTTTTA



Name of Material/ Equipment Company

TIRF Microscope Nikon

60X oil immersion TIRF objective with 1.49 NA Nikon

EMCCD camera Andor

561 nm laser Coherent

405 nm laser Coherent

561 nm dichroic mirror Semrock

561 nm filter Semrock

405/561 nm notch filter Semrock
Temperature and CO2 controlled stage

pENTR-D-TOPO-PAmCherry1_1-159-MCS Addgene

pENTR-D-TOPO-PAmCherry160-236-MCS Addgene

pcDNA3.2-DEST Life Technologies

pLenti-DEST Addgene

Phusion High-Fidelity DNA Polymerase Thermo Scientific

In-Fusion HD Cloning Clontech

LR Clonase Life Technologies

Vira Power Lentivirus Packaging Life Technologies

X-tremeGENE Transfection Reagent Roche

Lab-Tek II Chambered Coverglass Thermo Scientific

U2OS cells ATCC

293T/17 cells ATCC

DMEM with phenol red Life Technologies

DMEM no phenol red Life Technologies

Fetal bovine serum Life Technologies

Leibovit's L-15, no phenol red Life Technologies

Reduced serum medium Life Technologies

Phosphate Buffered Saline Life Technologies

Syringe BD Biosciences

Syringe filter Millipore

Lentiviral concentrator Clontech

Retroviral concentrator Clontech

10 cm culture dish BD Biosciences

6-well culture plate BD Biosciences

Polybrene Sigma

Puromycin Life Technologies

G-418 Calbiochem

Doxycyline Fisher

Tris base Fisher

EDTA Sigma

Sodium Hydroxide Sigma

Paraformaldehyde Sigma

Glutaraldehyde Sigma

Excel Spreadsheet- Table of Materials/Equipment
Click here to download Excel Spreadsheet- Table of Materials/Equipment: JoVE_Materials-2015.04.14.xlsx 
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PIPES Sigma

HEPES Sigma

EGTA Sigma

Magnesium Sulfate Sigma

Potassium Hydroxide Sigma

Sodium chloride Fisher

Magnesium chloride Fisher

100 nm gold particles BBI Solutions

Molecular grade water Life Technologies

Dpn1 New England Biolabs

PCR purification kit Qiagen

Miniprep kit Qiagen

Midiprep kit Macherey-Nagel

0.6 mL microcentrifuge tubes Fisher

1.5 mL microcentrifuge tubes Fisher

15 mL tubes Fisher

5 mL  polypropylene round-bottom tubes BD Biosciences

14 mL polypropylene round-bottom tubes BD Biosciences

50 mL tube BD Biosciences

PCR tube GeneMate

SOC medium Life Technologies

LB broth BD Biosciences

Kanamycin sulfate Fisher

Competent cells Life Technologies

Matlab Mathworks



Catalog Number Comments/Description

iXon Ultra 897

 Di01-R405/488/561/635-25x36

FF01-525/45-25

NF01-405/488/568-25

60545

60546

12489-019

http://www.addgene.org/Eric_Campeau/

F-531

639649

11791

K497500

13873800

155409 #1.5 glass bottom dishes

HTB-96

CRL-11268

11995

21063

10082

21083-027

31985

14040

309604

SLHV033RB

631231

631455

353003

353046

107689

A11138

345812 Neomycin

BP2653

BP152

EDS

S5881

158127

G6257



P6757

H4034

3777

M2643

221473

BP358

M33

EM.GC100

10977

R0176

28104

27104

740410

05-408-120

05-408-137

05-539-12

352063

352059

352070

C-3328-1

15544

244610

BP906

C4040



 

ARTICLE AND VIDEO LICENSE AGREEMENT 

 
Title of Article:   

Author(s):   
 
Item 1 (check one box): The Author elects to have the Materials be made available (as described at 

http://www.jove.com/publish ) via:    Standard Access       Open Access 
 
Item 2 (check one box): 
 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
 

ARTICLE AND VIDEO LICENSE AGREEMENT 
 

1.  Defined Terms.  As used in this Article and Video License 
Agreement, the following terms shall have the following 
meanings: “Agreement” means this Article and Video License 
Agreement; “Article” means the article specified on the last 
page of this Agreement, including any associated materials 
such as texts, figures, tables, artwork, abstracts, or summaries 
contained therein; “Author” means the author who is a 
signatory to this Agreement; “Collective Work” means a work, 
such as a periodical issue, anthology or encyclopedia, in which 
the Materials in their entirety in unmodified form, along with a 
number of other contributions, constituting separate and 
independent works in themselves, are assembled into a 
collective whole; “CRC License” means the Creative Commons 
Attribution-Non Commercial-No Derivs 3.0 Unported 
Agreement, the terms and conditions of which can be found 
at: http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, sound 
recording, art reproduction, abridgment, condensation, or any 
other form in which the Materials may be recast, transformed, 
or adapted; “Institution” means the institution, listed on the 
last page of this Agreement, by which the Author was 
employed at the time of the creation of the Materials; “JoVE” 
means MyJove Corporation, a Massachusetts corporation and 
the publisher of The Journal of Visualized Experiments; 
“Materials” means the Article and / or the Video; “Parties” 
means the Author and JoVE; “Video” means any video(s) made 
by the Author, alone or in conjunction with any other parties, 
or by JoVE or its affiliates or agents, individually or in 
collaboration with the Author or any other parties, 
incorporating all or any portion of the Article, and in which the 
Author may or may not appear. 

 
2.  Background.  The Author, who is the author of the Article, 
in order to ensure the dissemination and protection of the 
Article, desires to have the JoVE publish the Article and create 
and transmit videos based on the Article.  In furtherance of 
such goals, the Parties desire to memorialize in this Agreement 
the respective rights of each Party in and to the Article and the 
Video. 
 
3.  Grant of Rights in Article.  In consideration of JoVE agreeing 
to publish the Article, the Author hereby grants to JoVE, 
subject to Sections 4 and 7 below, the exclusive, royalty-free, 
perpetual (for the full term of copyright in the Article, 
including any extensions thereto) license (a) to publish, 
reproduce, distribute, display and store the Article in all forms, 
formats and media whether now known or hereafter 
developed (including without limitation in print, digital and 
electronic form) throughout the world, (b) to translate the 
Article into other languages, create adaptations, summaries or 
extracts of the Article or other Derivative Works (including, 
without limitation, the Video) or Collective Works based on all 
or any portion of the Article and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works and 
(c) to license others to do any or all of the above.  The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically necessary 
to exercise the rights in other media and formats.  If the “Open 
Access” box has been checked in Item 1 above, JoVE and the 
Author hereby grant to the public all such rights in the Article 
as provided in, but subject to all limitations and requirements 
set forth in, the CRC License. 
 

1 
612542.6  

Article & Video License Agreement

http://www.jove.com/authors


 

ARTICLE AND VIDEO LICENSE AGREEMENT 

4.  Retention of Rights in Article.  Notwithstanding the 
exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in each 
case provided that a link to the Article on the JoVE website is 
provided and notice of JoVE’s copyright in the Article is 
included.  All non-copyright intellectual property rights in and 
to the Article, such as patent rights, shall remain with the 
Author.   
 
5.  Grant of Rights in Video – Standard Access.  This Section 5 
applies if the “Standard Access” box has been checked in Item 
1 above or if no box has been checked in Item 1 above.  In 
consideration of JoVE agreeing to produce, display or 
otherwise assist with the Video, the Author hereby 
acknowledges and agrees that, Subject to Section 7 below, 
JoVE is and shall be the sole and exclusive owner of all rights of 
any nature, including, without limitation, all copyrights, in and 
to the Video.  To the extent that, by law, the Author is 
deemed, now or at any time in the future, to have any rights 
of any nature in or to the Video, the Author hereby disclaims 
all such rights and transfers all such rights to JoVE. 
 
6.  Grant of Rights in Video – Open Access.  This Section 6 
applies only if the “Open Access” box has been checked in 
Item 1 above.  In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author hereby 
grants to JoVE, subject to Section 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to publish, 
reproduce, distribute, display and store the Video in all forms, 
formats and media whether now known or hereafter 
developed (including without limitation in print, digital and 
electronic form) throughout the world, (b) to translate the 
Video into other languages, create adaptations, summaries or 
extracts of the Video or other Derivative Works or Collective 
Works based on all or any portion of the Video and exercise all 
of the rights set forth in (a) above in such translations, 
adaptations, summaries, extracts, Derivative Works or 
Collective Works and (c) to license others to do any or all of 
the above.  The foregoing rights may be exercised in all media 
and formats, whether now known or hereafter devised, and 
include the right to make such modifications as are technically 
necessary to exercise the rights in other media and formats.  
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License.  
 
7.  Government Employees.  If the Author is a United States 
government employee and the Article was prepared in the 
course of his or her duties as a United States government 
employee, as indicated in Item 2 above, and any of the 
licenses or grants granted by the Author hereunder exceed the 
scope of the 17 U.S.C. 403, then the rights granted hereunder 
shall be limited to the maximum rights permitted under such 

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
 
8.  Likeness, Privacy, Personality.  The Author hereby grants 
JoVE the right to use the Author’s name, voice, likeness, 
picture, photograph, image, biography and performance in any 
way, commercial or otherwise, in connection with the 
Materials and the sale, promotion and distribution thereof.  
The Author hereby waives any and all rights he or she may 
have, relating to his or her appearance in the Video or 
otherwise relating to the Materials, under all applicable 
privacy, likeness, personality or similar laws. 
 
9.  Author Warranties.  The Author represents and warrants 
that the Article is original, that it has not been published, that 
the copyright interest is owned by the Author (or, if more than 
one author is listed at the beginning of this Agreement, by 
such authors collectively) and has not been assigned, licensed, 
or otherwise transferred to any other party. The Author 
represents and warrants that the author(s) listed at the top of 
this Agreement are the only authors of the Materials.  If more 
than one author is listed at the top of this Agreement and if 
any such author has not entered into a separate Article and 
Video License Agreement with JoVE relating to the Materials, 
the Author represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them had 
been a party hereto as an Author. The Author warrants that 
the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, infringe 
and/or misappropriate the patent, trademark, intellectual 
property or other rights of any third party.  The Author 
represents and warrants that it has and will continue to 
comply with all government, institutional and other 
regulations, including, without limitation all institutional, 
laboratory, hospital, ethical, human and animal treatment, 
privacy, and all other rules, regulations, laws, procedures or 
guidelines, applicable to the Materials, and that all research 
involving human and animal subjects has been approved by 
the Author's relevant institutional review board. 
 
10.  JoVE Discretion.  If the Author requests the assistance of 
JoVE in producing the Video in the Author’s facility, the Author 
shall ensure that the presence of JoVE employees, agents or 
independent contractors is in accordance with the relevant 
regulations of the Author's institution.  If more than one 
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to 
the Article until such time as it has received complete, 
executed Article and Video License Agreements from each 
such author.  JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to accept 
or decline any work submitted to JoVE.  JoVE and its 
employees, agents and independent contractors shall have 
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 
 
12.  Fees.  To cover the cost incurred for publication, JoVE 
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 
 
13.  Transfer, Governing Law.  This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   

 
A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Changes made 5/19/15: 

2) Please re-write second sentence of step 1.2 in the imperative tense, such as: 

 

1.2) Tag the proteins of interest to the PAmCherry1 fragments, for example, by using cloning plasmids 

listed in the materials table… 

 The sentence now reads, “As one option, use the cloning plasmids listed in the materials 

table….” 

 

3) The protocol section should be composed almost entirely of discreet steps, without large 

paragraphs of text or “NOTES” between sections. Please move much of the text in the notes following 

steps 2.4.2.1, and 2.4.4 to the Discussion or a section other than the protocol. 

 These “Notes” have been moved to the discussion section. A sentence has been added to direct 

readers to the Discussion section. 

 

4) Please include a reference to the Supplemental Code File in step 3.3.2. 

 This code is not included in the Supplemental Code File, hence the reference to other software. 

Added some clarification and re-worded the sentence to make it clearer. The tracking package is in 

development and will likely be included in future versions of the code that will be made available on our 

website. 

 

5) Please add more details describing how to perform 3.3.3 or add a citation where this process is 

described. 

The analysis of the tracking data would still be done with other code as referenced in the 

previous step (for processing). It now specifies to “use an SPT package.” A citation is also provided here 

for vbSPT (previously it was only in the Results section). 

 

6) Please modify your references section to comply with JoVE instructions for authors, specifically 

when there are more than 6 authors, list only the first author then "et al." Currently, two authors are 

listed, then et al. 

Good catch. All citations with “et al.” should now only have the first author. The JoVE CSL does 

not seem to work well with Mendeley and Microsoft Word 2010. 

 

7) The highlighting must include all relevant details that are required to perform the step. Step 1.1 is 

highlighted but the details of how to perform this step are in the subsequent steps, which are not 

highlighted. Editor added the words “as described below” to step 1.1. Please either remove the 

highlighting from step 1.1 or ensure that all relevant details are highlighted as well. 

Changes made
Click here to download Rebuttal Comments: 20150519_Jove_changes_made.docx 

http://www.editorialmanager.com/jove/download.aspx?id=353810&guid=be1e1460-128d-4d20-85d7-3d2d716c91b6&scheme=1


The cloning part was left out to leave room for the rest, but we kept that first step to maintain a 

“cohesive story.” It has been unhighlighted since adding more steps would likely take us over the 2.75 

page limit. 

 

8) After you have made all of the recommended changes to your protocol (listed above), if required, 

please adjust the highlighting to identify 2.75 pages or less of text which are most important to 

include in the video. 

The highlighted text should now be 2.75 pages long and is reproduced below. 

2. Imaging fixed cells 
 
2.1.2) Plate about 5.5 x 104 of the U2OS stable expression cells per well in 350 µL of phenol red-
free DMEM with 10% FBS so that cells are healthy and not over confluent when imaging. 
 
2.1.4) Fix the cells immediately before imaging.  
 
2.1.6) Vortex 100 nm gold particles to break up aggregates and add 35 µL per well (10x final 
dilution) for tracking stage drift during imaging. 
 
2.2) Acquire images. 
 
2.2.1) Turn on the microscope. Power on the 405 and 561 nm lasers, but keep the shutters 
(internal or external) closed at this point. Turn on the EMCCD camera and allow it to cool down. 
Ensure the 561 nm filters are in place. 
 
2.2.2) Open the acquisition software and set the exposure time to 100 ms and the EMCCD gain 
to 300 (range 1 – 1000). 
 
2.2.3) Add immersion oil to the objective and secure the sample to the microscope stage. 
 
2.2.4) With either bright field or the 561 nm laser on (~1 kW/cm2), bring the sample into focus.  
 
2.2.5) For imaging Ras and other membrane proteins, use a 60X apochromat TIRF objective with 
1.49 numerical aperture and bring the microscope into TIRF configuration. Adjust the excitation 
laser so that it is off-centered when hitting the back aperture of the TIRF objective; this causes 
the laser to deflect upon reaching the sample. Keep adjusting the laser until the critical angle is 
reached and the laser is being reflected back. Search for a cell to image with several gold 
particles in view. Set a region of interest that encloses the cell (or a region within the cell) and 
the gold particles. 
 
2.2.7) Begin acquisition with the 405 nm laser off and the 561 nm laser on (~1 kW/cm2) in case 
sufficient activation is occurring already (typically if expression levels are high). Otherwise, turn 
on the 405 nm laser at the lowest factory power setting (0.02 mW or 0.01 W/cm2) and increase 



gradually (0.1 mW at a time) as necessary until there are several tens of molecules per frame or 
so that single molecules are well separated.   
 
2.2.8) As data acquisition continues, gradually increase 405 nm laser power to keep the spot 
density roughly constant. 
 
2.2.9) Continue image acquisition until high 405 nm power (2.5 – 10 W/cm2) does not activate 
more activation events.  
 
2.3) Process the images.  
 
2.3.1) Download the image processing software below (Supplemental Code File) or the latest 
version at http://www.ohsu.edu/nan. Open Matlab and load the wfiread software (which is 
already put in the default path). 
 
2.3.2) View the raw image sequence and determine the region of interest. Select the area of the 
stack to be processed by left clicking and dragging a box around the desired area. If the region 
of interest was not reduced during acquisition (to about 256x256 pixels), select a smaller area 
to lessen the compute time. To deselect an area and processes the entire frame, right click 
anywhere in the image.  
 
2.3.4) Select a gold particle (one that is isolated and uniform in shape) by left clicking on the 
image and dragging a small box around it. Under Particle Tracking, click the Track button. A 
graph will appear that shows the position of the selected gold particle across the stack of 
images, depicting the extent of the drift.  
 
2.3.5) Repeat this process to track as many gold particles as possible and determine the ones 
that track together (the particles will be color coded). Ideally the overall drift is on the order of 
one pixel at most. 
 
2.3.6) Individually select the gold particles that tracked together one at a time and click the Add 
Marker button under Particle Tracking. A green cross will appear signifying that it has been 
added as a marker and will be used to correct for drift. 
 
2.3.7) Adjust the Sigma Range, Smoothing Range and Threshold as necessary by changing the 
values slightly. Click the Find Particle button to test the settings. The particles that will be 
processed will be boxed and those that are not will be left out. The PAmCherry1 molecules, 
particles that are relatively round and bright, should be selected. 
 
2.3.8) Start processing the images by clicking the Make Coord File button and save the file.  
2.4) Post-process the images and render the PALM image. 
2.4.1) In Matlab, launch the ‘palm’ package and load the .cor file just created. 
 
2.4.2) Before rendering the PALM image using the coordinates, sort the individual coordinates 
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(each from a ‘localization event’). The optimal sorting values may vary depending on the setup 
and fluorophore.  
 
2.4.2.1) For PAmCherry1, use the following values: Combining Frame - 8; Combining Distance 
(nm) - 100; Minimum RMS - 4; Minimum Fit Goodness - 0.25; and Max. Eccentricity - 1.4. See 
the Discussion section for a detailedadditional explanation of these parameters. 
 
2.4.3) Click the Sort button to generate a new set of coordinates ready for rendering high 
resolution images. 
 
2.4.4) Enter values for proper rendering of the final image such as the raw pixel size (nm), the 
desired feature size (nm) in the rendered image, and the pixel size for the rendered image.  See 
the Discussion section for more details. 
 
 
 
3. Single molecule tracking in live cells 
 
3.1) Treat the tissue culture surface and plate the cells as described in Protocol 2. Since the 
temperature and/or CO2 controlled stage may require a certain culture dish, ensure sure that 
the coverglass has the appropriate thickness (0.17 mm) for the microscopy setup.  
3.1.2) Place the culture dish on an on-stage incubator. Let the dish settle on the stage for a few 
minutes until the temperature and CO2 concentration stabilize every time after mounting the 
culture dish or moving to a new region of interest. Block lasers at this step. If CO2 control is not 
available, change to a CO2 independent media right before imaging, such as Leibovitz’s L-15.  
 
Note: Phenol-red-free medium is recommended for depressing background fluorescence. 
 
3.2) Acquire images as in Protocol 2. However, set an appropriate exposure time (typically 25-
50 ms for PAmCherry1).  
 
3.3) Process the images. 
 
3.3.1) Extract coordinates of single molecules with the wfiread package as described in Protocol 
2, or with another package. 
 
3.3.2) Reconstruct single particle trajectories with home built Matlab package (not included in 
the Supplemental Code File, but may be available in future revisions), or choose among . Note: 
vVarious single particle tracking (SPT) packages based on different algorithms can be found 
elsewhere23.  

 



  

Supplemental code file (if applicable)
Click here to download Supplemental code file (if applicable): Matlab files wfiread-palm.rar 
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