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[Abstract] Non-muscle myosin II (NMII) form bipolar filaments, which bind F-actin to exert cellular 

contractility during physiological processes (Vicente-Manzanares et al., 2009). Using a combinatorial 

approach to fluorescently label both N- and C-termini of the NMII heavy chain, recent works have 

demonstrated the ability to visualize NMII bipolar filaments at various subcellular localizations (Ebrahim 

et al., 2013; Beach et al., 2014). At the zonula adherens (ZA) of epithelia, NMII minifilaments bind the 

circumferential actin bundles in a pseudo-sarcomeric manner (Ebrahim et al., 2013), a conformation 

required to maintain junctional tension and tissue integrity (Ratheesh et al., 2012). By expressing green 

fluorescent protein (GFP)-NMIIA heavy chain and immunolabel it using a NMIIA C-terminus specific 

antibody, we were able to visualize the NMII minifilaments bound to F-actin bundles in Caco-2 cells 

(Michael et al., 2016), as previously reported (Ebrahim et al., 2013; Beach et al., 2014). In addition, we 

designed an FIJI/MATLAB analysis module to quantify the size, distance and alignment of these 

minifilaments with respect to junctional F-actin at the ZA. Measurements of the dispersion of 

minifilaments angles were proven to be a useful parameter that closely correlated to the extent of 

contractility at junctions (Michael et al., 2016). 

Keywords: Myosin II minifilaments, Structured illumination microscopy, Adherens junctions, Actin 

organization  
 

[Background] For decades, the assembly of NMII into bipolar filaments has been studied using electron 

microscopy (EM) techniques. These mainly involve the assembly of NMII minifilaments from purified 

proteins or the visualization of minifilaments in cells following extraction of the actin cytoskeleton (Pollard, 

1982; Svitkina et al., 1989). Whilst these methods enabled measurements of NMII bipolar filament 

assemblies, they were technically challenging and did not accurately reflect the cellular distribution of 

these entities, notwithstanding the artifacts introduced due to the sample preparation. With the advent 

of super-resolution microscopy, we are now able to observe and measure these NMII minifilaments in 

various subcellular locations with high resolution, using a rapid process that is amenable for most 

laboratories equipped with a microscope that performs structured illumination microscopy (SIM, Yap et 

al., 2015). In this protocol, we describe a method that we have developed to assess NMII minifilaments 

properties at adherens junctions by measuring the lengths of the minifilaments as well as quantifying 

their angles with respect to the junctional F-actin and their distance from the junctions (Michael et al., 

2016). 
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Materials and Reagents 
 

1. 6-well plates (Corning, Costar®, catalog number: 3516) 

2. Glass coverslips (13 mm, #1.5) (Thermo Fisher Scientific, Thermo ScientificTM, catalog number: 

1014355130NR15) 

3. ShandonTM ColorFrostTM glass slides (Thermo Fisher Scientific, Thermo ScientificTM, catalog 

number: 6776214) 

4. Caco-2 human colon adenocarcinoma cells (ATCC, catalog number: ATCCH®TB-37TM) 

5. Plasmid: GFP-NMIIA (Addgene, catalog number: 11347) 

6. Roswell Park Memorial Institute (RPMI) 1640 medium (Thermo Fisher Scientific, GibcoTM, 

catalog number: 11875093) 

7. Fetal bovine serum (FBS) (Thermo Fisher Scientific, GibcoTM, catalog number: 26140079) 

8. 100x penicillin/streptomycin (10,000 U/ml) (Thermo Fisher Scientific, GibcoTM, catalog number: 

15140122) 

9. 100x L-glutamine (200 mM) (Thermo Fisher Scientific, GibcoTM, catalog number: 25030081) 

10. Lipofectamine® 3000 (Thermo Fisher Scientific, InvitrogenTM, catalog number: L3000015) 

11. Opti-MEM®, reduced serum media (Thermo Fisher Scientific, GibcoTM, catalog number: 

31985070) 

12. Alexa Fluor® 647 phalloidin (Thermo Fisher Scientific, Molecular ProbesTM, catalog number: 

A22287) 

13. Triton X-100 (Sigma-Aldrich, catalog number: X100) 

14. Antibodies 

a. Anti-Myosin IIA rabbit polyclonal antibody (Biolegend, catalog number: PRB-440P)  

Note: This antibody targets the C-terminal portion of the NMIIA heavy chain. 

b. Goat anti-Rabbit IgG (H+L) secondary antibody, Alexa Fluor® 546 conjugate (Thermo Fisher 

Scientific, Invitrogen, catalog number: A11035) 

15. TetraSpeckTM multi-speck 100 nm beads (Thermo Fisher Scientific, Molecular ProbesTM, catalog 

number: T7279) 

16. ProLong® Gold antifade mountant (Thermo Fisher Scientific, Molecular ProbesTM, catalog 

number: P36934) 

17. Paraformaldehyde (PFA) (Sigma-Aldrich, catalog number: 158127) 

18. Piperazine-N,N’-bis(2-ethanesulfonic acid) (PIPES) (Sigma-Aldrich, catalog number: P6757) 

19. Potassium chloride (KCl) (Sigma-Aldrich, catalog number: P9541) 

20. Sucrose (Sigma-Aldrich, catalog number: S0389) 

21. Ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) (Sigma-Aldrich, 

catalog number: E3889) 

22. Magnesium chloride (MgCl2) (Sigma-Aldrich, catalog number: M8266) 

23. Tris-Cl (Sigma-Aldrich, catalog number: T5941) 

24. Sodium chloride (NaCl) (Sigma-Aldrich, catalog number: S3014) 
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25. Bovine serum albumin (BSA) (Sigma-Aldrich, catalog number: A2153) 

26. Phosphate buffered saline (PBS), without Ca2+ and Mg2+ (Thermo Fisher Scientific, GibcoTM, 

catalog number: 14190250) 

27. 10x trypsin/EDTA (0.5%) (Thermo Fisher Scientific, GibcoTM, catalog number: 15400054) 

28. 4% paraformaldehyde (PFA) (see Recipes) 

29. Tris buffered saline (TBS) (see Recipes) 

30. Blocking buffer (see Recipes) 

 
Equipment 
 

1. NuncTM 75 cm2 cell culture flasks (Thermo Fisher Scientific, Thermo ScientificTM, catalog number: 

156472) 

2. Incubator 

3. Zeiss ELYRA superresolution microscope (ZEISS, model: ELYRA Superresolution Microscope)  

 
Software 
 

1. Zen (black version; Zeiss) 

2. FIJI (http://imagej.net/Fiji) 

3. Prism, GraphPad (http://www.graphpad.com/scientific-software/prism/) 

4. Matlab, Mathworks (https://www.mathworks.com/index-c.html) 

5. FIJI and Matlab scripts for minifilament analysis (see Appendix I and II of this Bioprotocol) 

 

Procedure 
 
A. Preparation and transfection of Caco-2 cells 

Note: This technique was used in our recent Developmental Cell article (Michael et al., 2016).  

1. Culture Caco-2 cells in RPMI media supplemented with 10% FBS, penicillin/streptomycin, L-

glutamine and maintained at 37 °C in 5% CO2.  

2. For transfection, plate cells at 200,000 cells/well in a 6-well plate containing 4x coverslips evenly 

dispersed and lying flat within each well.  

3. Once cells reached ~50-80% confluence (~36-48 h post-plating, Figure 1), transfect cells with 

GFP-NMIIA plasmid using Lipofectamine 3000 reagent, according to manufacturer’s 

instructions. 
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Figure 1. DIC image of Caco-2 cells after 48 h plating using a 20x objective. The image 

shows a field of view of 600 x 600 μm. 
 

4. For the transfection, 2 μg of DNA is diluted in 190 μl Opti-MEM containing 5 μl P3000 reagent. 

In a separate tube, 5 μl of Lipofectamine 3000 is diluted in 190 μl Opti-MEM. Both mixes are 

then combined and incubated at room temperature for 10 min and applied to cells containing 1 

ml Opti-MEM per well.  

5. Return cells to the 37 °C incubator and after 6 h, replace the transfection media with growth 

media. Leave cells to grow within the incubator for a further 24 h before fixation. Expression of 

the GFP-tagged plasmid can be observed in 30-40% of the cells after 24 h transfection using a 

fluorescent microscope (Figure 2). 

 

 
Figure 2. Low magnification image of Caco-2 cells after 24 h transfection, taken with an 
epifluorescence microscope. Cells were fixed and stained using Alexa Fluor® 647 phalloidin. 

 

B. Immunofluorescence 

1. Fix cells on ice with 4% PFA for 20 min followed by permeabilization on ice with 0.25% Triton X-

100 in TBS for 5 min.  

2. Block cells with blocking buffer (see Recipes) at room temperature for 1 h followed by incubation 

with anti-Myosin IIA antibody (1:1,000 dilution) for 1 h at room temperature. All antibodies used 

were diluted in blocking buffer. 
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3. Wash 3 times with TBS. Then, incubate cells for 1 h with the goat anti-rabbit Alexa Fluor® 546 

secondary antibody (1:500 dilution) and phalloidin Alexa Fluor® 647 (1:500 dilution).  

4. Wash cells again 3 times with TBS and then mount coverslips by inverting them onto glass 

slides containing 5 μl drops of ProLong® Gold mounting reagent.  

 

C. Imaging of Myosin IIA and F-actin at the zonula adherens 

1. Perform structured illumination microscopy (SIM) of the immunostained coverslips on a Zeiss 

Elyra superresolution microscope using a 60x objective, 1.4 NA Plan Apochromat oil immersion 

lens. 

2. Do 3-channel imaging, using 488, 561, 640 nm lasers, to detect GFP-NMIIA fluorescence, the 

NMIIA C-terminal antibody (Alexa Fluor® 546) and phalloidin (Alexa Fluor® 647) at the zonula 

adherens (ZA). 

3. Acquire images of a single z-slice through channel-specific gratings at 5 phases and 3 120° 

rotations of the grid pattern.  

4. Perform image reconstruction with the Zen software using a noise filtering level of -4.5 and an 

optical sectioning value of 100. 

5. Perform channel alignment on reconstructed images using pre-calibrated values that were 

previously obtained by measuring 4-colour bead alignment samples (multi-speck beads). 

6. The final images reveal a pseudo-sarcomeric organization of NMII decorating the phalloidin 

labeled F-actin filaments at the ZA (Figure 3A). Furthermore, due to the increased resolution of 

the SIM technique and the N-terminally tagged GFP-NMIIA and C-terminal NMIIA antibody 

labeling combination, the NMIIA bipolar filaments can be visualized in detail as a set of green-

red-green puncta (Figures 3A and 3B). 

 

 
Figure 3. A magnified area of a final SIM image. A. SIM image of a cell-cell junction 

expressing GFP-NMIIA (green) and immunostained for the C-terminus of NMII (red). Phalloidin 

labeling (blue) served as a marker for junctional F-actin. B. Illustration of NMII bipolar filament 

organization and its visualization by SIM. Scale bar = 1 μm. 
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Data analysis 
 
A. Quantification of NMIIA minifilament orientations at the ZA 

1. Overview 

a. Step 1 (FIJI software): Use an RGB image of the SIM data to draw (Figure 4) regions of 

interest (ROIs) corresponding to: 

i. The cell-cell junction according to the phalloidin (blue) staining as a guide, using the 

segmented line tool in FIJI. 

ii. Each individual actomyosin minifilament (green-red-green dots), using the straight line 

tool in FIJI. 

 

 
Figure 4. A cropped area of the 3 color SIM image showing the details of ROIs used for 
analysis. Left, RGB image with ROI. Right, schematic of ROIs. The first ROI that needs to be 

drawn is the one that corresponds to the cell-cell junction (Blue) followed by the different ROIs 

that correspond to individual minifilaments. 

 
b. Step 2 (FIJI software): Save the ROIs as XY coordinates, using the FIJI script provided in 

this protocol (Appendix I), in a .txt format (Figure 5). 

 

 
Figure 5. Graphical representation of different ROIs in the XY plane. ROIs exported as .txt 

files using a FIJI script (Appendix I) are imported into MATLAB and shown as a figure (The figure 

is generated automatically after running the MATLAB script, Appendix II). 
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c. Step 3 (MATLAB software): Measure the angle between the tangent of the junction (θ) and 

the orientation of the minifilament (γ). Angle = θ - γ (Figure 6). 

 

  
Figure 6. Schematic of how relative orientation of minifilaments is calculated based on 
the spatial information of the different ROIs. The red arrow represents a minifilament and γ 

indicates the angle that defines the local orientation of its vector. The blue arrow shows the local 

angle of the junction, indicated by θ, defined by the closest point of the junction to the 

corresponding minifilaments.  

 

d. Step 4 (MATLAB software): Measure the distance of the minifilament to the junction (Figure 

7). 

 

 
Figure 7. Graphical representation of the calculation of the distance between 
minifilaments and the cell-cell junction 
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e. Step 5 (MATLAB software): Measure the length of the ROIs (‘minifilament length’) 

corresponding to the different minifilaments (Figure 8). 

 

 
Figure 8. A magnified view of the SIM image with the position of the different ROIs 

 

f. Step 6 (PRISM or Excel software): Preparation of results  

Here the quantities that are obtained from this analysis are: (1) the standard deviation of 

the angle values, which is an index of the relative organization of minifilaments parallel to 

the junction; (2) the average distance of minifilaments to the junction, an index of how 

closely associated the minifilaments are to the cell-cell junctions and (3) the average length 

of minifilaments, which reflects the capacity of myosin (and mechanical tension) to organize 

actomyosin into sarcomeric structures. 

2. Procedure in practice 

a. Quantification of minifilaments alignment was performed using custom-made scripts for FIJI 

and MATLAB (see Appendix I and Appendix II). 

b. The 3 channel images were opened in FIJI. The F-actin at junctions is visualized as a bundle 

of linear F-actin filaments (Figure 3). Using the phalloidin channel as a reference, a freehand 

line is drawn in the middle of the F-actin bundle (corresponding to the junction) and this line 

is added to the ROI manager (refer to Figure 4, also step A1a.i).  

c. Using the merged 3-channel (RGB) image, each minifilament (defined by the green-red-

green puncta) is marked using the line tool (step A1a.ii) and added to the ROI manager 

(refer to Figure 4). The ROI manager along with the RGB image is saved in a folder. 

d. Using the ‘FIJI script for minifilament analysis’, a custom-made macro for FIJI (Appendix I), 

the coordinates for the junctional F-actin and the minifilaments were extracted from the ROIs 

and these coordinates were saved as .txt that were used later in MATLAB to determine the 

minifilament angle, length and distance with respect to the junction. The macro can be easily 

created by selecting Plugins->New->Macro. A window appears where the script in Appendix 

I can be pasted. Then, from this window the macro can be run. 
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e. Open MATLAB and select the directory that contains the RGB SIM images (where the .txt 

files with the XY coordinates of ROIs are stored). 

f. Open MATLAB and create a new script by copying and pasting the ‘MATLAB script for 

minifilament analysis’. 

g. Modify the first line of the code to include the correct number of ROIs to be analyzed.  

h. Run the script (‘command + alt + R’ in MacOS). 

i. After running the script 3 figures appear (Figure 9). 

These figures can be saved as EPS, JPEG or TIFF formats in MATLAB. We recommend 

saving these as EPS format, as these are fully editable, and amenable to subsequent figure 

preparation in Adobe Illustrator. 

 

 
Figure 9. Figure results from MATLAB using the script in Appendix II. A. Corresponds to 

the different minifilaments put on the same origin of coordinates. From here it is possible to 

appreciate the distribution of orientation of the minifilaments with respect to the cell-cell junction. 

B. Corresponds to the polar histogram of minifilament orientations shown in Figure 4. C. Shows 

the vectorial map of the different minifilaments alongside the position of the junction. 

 

j. Numeric results 

i. In the workspace of MATLAB, the variable ‘AAResults’ will contain the numerical results 

for statistical analysis (Figure 10). 

This variable has 5 columns:  

1st Column: Minifilament length  

2nd Column: Distance of the minifilament from the junction 

3rd Column: Relative orientation (angle) of the minifilament with respect to the junction 

4th Column: X component of the minifilament vector 

5th Column: Y component of the minifilament vector 
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Figure 10. A screen snapshot of the ‘AAResults’ table in MATLAB. This table contains the 

numerical results for the different analysis. 

 

ii. Copy Columns 1 to 3 and paste into PRISM or Excel software to perform statistical 

analysis of the following parameters: 

Average the values of minifilament length (average of Column 1). 

Average the values of distance between minifilaments and the cell-cell junction 

(average of Column 2). 

Standard deviation of angles between minifilaments and the cell-cell junction (standard 

deviation of Column 3). 

iii. These values then can be compared between different experimental conditions as in 

(Michael et al., 2016). 

Notes: 

a. If junctions to be analyzed are too vertical, modify the second line of the Matlab code to 

make it 

Rotate45 = 1.  

This would prevent a premature stop of the code while running. 

b. Analyze Column 4 of the AA results for the presence of negative values. The code and 

analysis are designed to run in such a way that values within this column should be 

positives. If some negative values are present for this column, the rows containing them 

should be excluded from analysis. 
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Recipes 
 

1. 4% paraformaldehyde (PFA, in cytoskeletal stabilization buffer) 

Dissolve PFA in 10 mM PIPES at pH 6.8 

100 mM KCl 

300 mM sucrose 

2 mM EGTA 

2 mM MgCl2 

Adjust pH to 7.0 

Store at -20 °C in 10 ml aliquots 

2. Tris buffered saline (TBS) 

50 mM Tris-Cl 

150 mM NaCl  

Dissolve in Milli-Q water 

Adjust pH to 7.5 

3. Blocking buffer 

Dissolve 5% (wt/vol) BSA into 1x TBS 
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