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SUMMARY: 21 
3D single-molecule localization microscopy is utilized to probe the spatial positions and motion 22 
trajectories of fluorescently labeled proteins in living bacterial cells. The experimental and data 23 
analysis protocol described herein determines the prevalent diffusive behaviors of cytosolic 24 
proteins based on pooled single-molecule trajectories.  25 
 26 
ABSTRACT: 27 
Single-molecule localization microscopy probes the position and motions of individual molecules 28 
in living cells with tens of nanometer spatial and millisecond temporal resolution. These 29 
capabilities make single-molecule localization microscopy ideally suited to study molecular level 30 
biological functions in physiologically relevant environments. Here, we demonstrate an 31 
integrated protocol for both acquisition and processing/analysis of single-molecule tracking data 32 
to extract the different diffusive states a protein of interest may exhibit. This information can be 33 
used to quantify molecular complex formation in living cells. We provide a detailed description 34 
of a camera-based 3D single-molecule localization experiment, as well as the subsequent data 35 
processing steps that yield the trajectories of individual molecules. These trajectories are then 36 
analyzed using a numerical analysis framework to extract the prevalent diffusive states of the 37 
fluorescently labeled molecules and the relative abundance of these states. The analysis 38 
framework is based on stochastic simulations of intracellular Brownian diffusion trajectories that 39 
are spatially confined by an arbitrary cell geometry. Based on the simulated trajectories, raw 40 
single-molecule images are generated and analyzed in the same way as experimental images. In 41 
this way, experimental precision and accuracy limitations, which are difficult to calibrate 42 
experimentally, are explicitly incorporated into the analysis workflow. The diffusion coefficient 43 
and relative population fractions of the prevalent diffusive states are determined by fitting the 44 
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distributions of experimental values using linear combinations of simulated distributions. We 45 
demonstrate the utility of our protocol by resolving the diffusive states of a protein that exhibits 46 
different diffusive states upon forming homo- and hetero-oligomeric complexes in the cytosol of 47 
a bacterial pathogen.   48 
 49 
INTRODUCTION:  50 
Examining the diffusive behavior of biomolecules provides insight into their biological functions. 51 
Fluorescence microscopy-based techniques have become valuable tools for observing 52 
biomolecules in their native cell environment. Fluorescence recovery after photobleaching 53 
(FRAP) and fluorescence correlation spectroscopy (FCS)1 provide ensemble-averaged diffusive 54 
behaviors. Conversely, single-molecule localization microscopy enables observation of individual 55 
fluorescently tagged molecules with high spatial and temporal resolution2-4. Observing individual 56 
molecules is advantageous since a protein of interest may exist in different diffusive states. For 57 
example, two readily distinguishable diffusive states arise when a transcriptional regulator, such 58 
as CueR in Escherichia coli, diffuses freely in the cytosol or binds to a DNA sequence and becomes 59 
immobilized on the timescale of measurement5. Single-molecule tracking provides a tool for 60 
observing these different states directly, and sophisticated analyses are not required to resolve 61 
them. However, it becomes more challenging to resolve multiple diffusive states and their 62 
population fractions in cases where their diffusive rates are more similar. For example, due to 63 
the size dependence of the diffusion coefficient, different oligomerization states of a protein 64 
manifest themselves as different diffusive states6-10. Such cases require an integrated approach 65 
in terms of data acquisition, processing and analysis. 66 
 67 
A critical factor influencing diffusive rates of cytosolic molecules is the effect of confinement by 68 
the cell boundary. The restrictions placed on molecular motion by a bacterial cell boundary cause 69 
a cytosolic molecules’ measured diffusion rate to appear slower than if the same motion had 70 
occurred in an unconfined space. For very slowly diffusing molecules, the effect of cellular 71 
confinement is negligible due to the lack of collisions with the boundary. In such cases, it may be 72 
possible to accurately resolve diffusive states by fitting the distributions of molecular 73 
displacements, r, or apparent diffusion coefficients, D*, using analytical models based on the 74 
equations for Brownian motion (random diffusion)11-13. However, for fast diffusing cytosolic 75 
molecules, the experimental distributions no longer resemble those obtained for unconfined 76 
Brownian motion due to collisions of diffusing molecules with the cell boundaries. Confinement 77 
effects must be accounted for to accurately determine the unconfined diffusion coefficients of 78 
the fluorescently labeled molecules. Several approaches have recently been developed to 79 
account for confinement effects either (semi-)analytically 5,14-16 or numerically through Monte 80 
Carlo simulations of Brownian diffusion6,10,16-19.  81 
 82 
Here, we provide an integrated protocol for collecting and analyzing single-molecule localization 83 
microscopy data with a particular focus on single-molecule tracking. The end goal of the protocol 84 
is to resolve diffusive states of fluorescently labeled cytosolic proteins inside, in this case, rod-85 
shaped bacterial cells. Our work builds on a previous protocol for single-molecule tracking, in 86 
which a DNA polymerase, PolI, was shown to exist in a DNA bound and unbound state by diffusion 87 
analysis20. Here, we expand single-molecule tracking analysis to 3D measurements and perform 88 



   

more realistic computational simulations to resolve and quantify multiple diffusive states 89 
simultaneously present in cells. The data is acquired using a home-built 3D super-resolution 90 
fluorescence microscope which is capable of determining the 3D position of fluorescent emitters 91 
by imaging with the double-helix point-spread-function (DHPSF)21,22. The raw single-molecule 92 
images are processed using custom-written software to extract the 3D single-molecule 93 
localizations, which are then combined into single-molecule trajectories. Thousands of 94 
trajectories are pooled to generate distributions of apparent diffusion coefficients. In a final step, 95 
the experimental distributions are fit with numerically generated distributions obtained through 96 
Monte-Carlo simulations of Brownian motion in a confined volume. We apply this protocol to 97 
resolve the diffusive states of the Type 3 secretion system protein YscQ in living Yersinia 98 
enterocolitica. Due to its modular nature, our protocol is generally applicable to any type of 99 
single-molecule or single-particle tracking experiment in arbitrary cell geometries. 100 
 101 
PROTOCOL: 102 
 103 
1. Double-helix point-spread-function calibration  104 
 105 
NOTE: Images described in this and the following sections are acquired using a custom built 106 
inverted fluorescence microscope, as described in Rocha et al.23. The same procedure is 107 
applicable to different microscope implementations designed for single-molecule localization 108 
and tracking microscopy2-4. All software for image acquisition and data processing described in 109 
this article is available (https://github.com/GahlmannLab2014/Single-Molecule-Tracking-110 
Analysis.git). 111 
 112 
1.1. Preparation of agarose pads for mounting samples on glass cover slips to be viewed under 113 
the microscope. 114 
 115 
1.1.1. Add 1.5-2% by weight low melting point agarose to 5 mL of M2G buffer (4.9 mM Na2HPO4, 116 
3.1 mM KH2PO4, 7.5 mM NH4Cl, 0.5 mM MgSO4, 10 µM FeSO4, 0.5 mM CaCl2 and 0.2% glucose). 117 
Microwave for several seconds until all agarose is dissolved. Do not let the solution boil. 118 
 119 
1.1.2. Let the agarose solution cool for a few minutes (2-3 min). 120 
 121 
1.1.3. Pipette 600 µL of agarose solution onto a glass cover slip (22 mm x 22 mm). Gently place a 122 
second glass cover slip on top of the agarose. This creates a thin (~0.5 mm) agarose gel pad 123 
between the two glass cover slips. 124 
 125 
1.1.4. Let the agarose pads sit to solidify for ~20 min.  126 
 127 
1.1.5. Gently separate the glass cover slips. The agarose pad will stick to one of them.  128 
 129 
1.1.6. Using a razor blade, cut the agarose pad into four square sections of equal size. Each square 130 
section can be used for a single sample. 131 
 132 
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1.2. Pipette 1.5 µL of fluorescent bead solution onto one agarose pad. Bead solution is a 133 
1/100000 dilution of the stock solution in M2G (see Table of Materials). 134 
 135 
1.3. Invert the agarose pad and place on a glass cover slip that has been cleaned in an ozone 136 
cleaner for 30 min. The cleaning time is chosen to eliminate any fluorescent molecules adherent 137 
to the coverslips.  138 
 139 
1.4. Mount the sample cover glass onto the sample holder of an inverted fluorescence 140 
microscope and secure it in place using adhesive tape or spring loaded sample holder clips. 141 
 142 
1.5. Add a drop of immersion oil onto the microscope objective. 143 
 144 
1.6. Place the sample holder onto a microscope and secure it in place. 145 
 146 
1.7. Initialize the graphical user interface (GUI) to control the microscope’s camera, sample stage, 147 
and excitation lasers. Here, custom-written software in MATLAB is used for instrument control 148 
(Supplementary Figure 1). 149 

 150 
1.8. Initialize the camera software HCImage Live. In the Capture tab under the Camera Control 151 
section, set the exposure time to 0.03 s. Click Live to begin a live feed of the camera. 152 
 153 
1.9. Turn on the laser by clicking Open 514 nm laser on the GUI interface to excite the fluorescent 154 
beads on pad and view the fluorescence emission on the camera using live-stream mode (i.e., no 155 
data saved to disk). 156 
 157 
1.10. Adjust the X and Y positions of the microscope stage by clicking the ‘XY-Pos’ arrows under 158 
the ‘Micro-Positioning Stage’ section of the GUI to position at least one fluorescent bead in the 159 
center of the field-of-view (FOV). The step size can be altered by clicking on the drop-down box 160 
below the arrows. 161 
 162 
1.11. Adjust the Z position of the microscope stage by clicking the Z-Pos arrows under the Nano-163 
Positioning Stage section of the GUI. Set the orientation of the double-helix point-spread-164 
function (DHPSF) of the fluorescent bead to be vertical. This vertical orientation is defined as the 165 
starting point in the Z-calibration. The step size can be altered by clicking on the drop-down box 166 
below the arrows. 167 

 168 
1.12. In HCImage Live, under Capture | Trigger Modes, Speed and Registration, change the 169 
trigger mode from Internal to External Level Trigger. This will allow the MATLAB GUI to control 170 
the camera. 171 

 172 
1.13. Under Sequence | Scan Settings, change the number of frame counts to 1200. Choose a 173 
save destination folder by clicking on the button labelled …. Finally click Start. The number of 174 
frame counts is set to 1200 so that 10 frames can be collected for each of 120 Z position steps. 175 
 176 



   

1.14. Scan through a range of Z positions (30 steps above and below the starting Z position in 50 177 
nm increments) and record 10 frames at each step using an exposure time of 0.03 s. Begin the 178 
automated process by clicking GO under the Z-Calibration section of the GUI.  179 

 180 
NOTE: The parameters for the calibration, including step-length, number of steps, camera 181 
exposure time, and number of frames per step can be adjusted here as well. About 105 photons 182 
can be acquired from a fluorescent bead in a single frame using 0.03 s exposure times resulting 183 
in x,y,z localization precisions of about 1 nm.  184 
 185 
1.15. Turn off the laser illumination by clicking Close 515 nm laser in the GUI. In HCImage Live, 186 
under Capture | Trigger Modes, Speed and Registration, change the trigger mode back to 187 
Internal. Under Sequence |  Scan Settings change the number of frame counts to 200. Choose a 188 
save destination folder by clicking on the button labelled …. Click Start to collect 200 frames of 189 
dark images with a 0.03 s exposure time.  190 
 191 
NOTE: Even in the absence of light falling on the detector, each pixel will read out a positive 192 
number (referred to as the dark offset value), which can vary slightly among pixels. The dark 193 
offset value may change over time. Therefore, it is necessary to collect dark frames for each 194 
calibration.  195 
  196 
1.16. Fit the DHPSF with a double-Gaussian model using the Easy-DHPSF software24 to obtain the 197 
X and Y positions of the bead, as well as an angle vs. Z calibration curve. 198 
 199 
1.16.1. Initialize Easy-DHPSF software in MATLAB. Under Setup, set Channel to G and set Fitting 200 
Method to MLE with DG model. G refers to the green channel camera, as the fluorescent protein 201 
being used for data acquisition emits with green wavelengths. MLE with DG Model refers to 202 
Maximum Likelihood Estimation with Double-Gaussian model.  203 
 204 
NOTE: The pixel size and conversion gain are dependent on the specific optical setup, and may 205 
need to be altered. 206 
 207 
1.16.2. Under the Calibrate DHPSF section, click Run. Click OK on the following pop-up window 208 
to keep default settings. 209 
 210 
1.16.3. Select the image stack saved in steps 1.13-1.14. Next, select the image stack with the dark 211 
background saved in step 1.15. Finally, select the .txt file that was automatically saved during 212 
step 1.14. This file contains the Z-position of the stage throughout the scanning process. 213 
 214 
1.16.4. In the next pop-up window, if the full camera chip was not used for the field of view, input 215 
the starting x0 and y0 positions on the chip. Otherwise, input x0 = 1 and y0 = 1.This information 216 
can be found in HCImage Live under the Binning and SubArrary section. 217 

 218 
1.16.5. In the following window, resize and reposition the box that appears over the image of the 219 
fluorescent beads so that it is approximately 100 x 100 pixels in size and centered over a single 220 



   

fluorescent DHPSF signal. Then, double-click to continue. 221 
 222 

NOTE: The chosen DHPSF should be isolated from the other DHPSF signals and ideally be the 223 
brightest bead possible. 224 

 225 
1.16.6. Click in the center of the DHPSF signal, in between the two lobes, then hit Enter. The 226 
following window shows a zoomed-in view of the chosen DHPSF. More precisely choose the 227 
location of the center of the DHPSF by clicking. 228 
 229 
NOTE: The program will then fit the DHPSF, and display the raw image and the reconstruction 230 
from the fit. It will also output template images from the Z calibration corresponding to a DHPSF 231 
cross section at different Z positions. These will be used later for fitting of the experimental data. 232 
The program will output the X,Y, and Z position estimated in each frame. In a well aligned optical 233 
system, X and Y should change very little (~30 nm deviation) as the Z position changes. If the 234 
output variation is larger than 30 nm, the phase mask, located in the Fourier plane of the imaging 235 
system (Figure 1), should be realigned and steps 1.9-1.16 repeated. 236 
 237 
1.16.7. Save the Easy-DHPSF GUI by clicking on the Save icon in the upper left corner of the GUI. 238 
This can later be loaded by clicking on the Load icon in the GUI. 239 
 240 
NOTE: The Z calibration procedure should be conducted on each day of an experiment to account 241 
for alignment changes in the microscope that may have occurred due to temperature fluctuations 242 
or mechanical vibrations. 243 
 244 
2. Bacterial culture preparation 245 
 246 
2.1. Prepare culture media supporting bacterial cell growth. For Y. enterocolitica, use 5 mL of BHI 247 
(Brain Heart Infusion) broth containing nalidixic acid (35 µg/mL) and 2,6-diaminopimelic acid 248 
(80 µg/mL). Here, a Y. enterocolitica strain is used that has the protein YscQ tagged with the 249 
fluorescent protein eYFP23. 250 
 251 
2.2. Inoculate media with bacterial cultures from freezer stocks or plate cultures. 252 
 253 
2.3. Grow the culture at 28 °C with shaking overnight. 254 
 255 
2.4. Dilute a small amount (~250 µL) of saturated overnight culture to 5 mL using fresh culture 256 
media. 257 
 258 
2.5. Grow the culture at 28 °C with shaking for 60-90 min. 259 
 260 
2.6. Induce expression of fluorescent fusion protein. For Y. enterocolitica, heat shock the cells to 261 
37 °C in a water shaker to induce the yop regulon.  262 
 263 
2.7. Incubate the cells for an additional 3 h at 37 °C with shaking.  264 



   

 265 
2.8. Centrifuge 1 mL of culture at 5,000 x g for 3 min at room temperature. Discard the 266 
supernatant. 267 
 268 
2.9. Wash the pellet 3 times with 1 mL of M2G media. 269 
 270 
2.10. Re-suspend the pelleted bacteria in ~250 µL of M2G Media. 271 
 272 
2.11. Add fluorescent beads as fiducial markers. Fluorescent bead solution should be added in 273 
appropriately diluted amounts, so that there are only 1-2 beads per FOV when viewed in the 274 
microscope. 275 
 276 
2.12. Gently pipette or vortex the suspension to separate aggregated cells. 277 
 278 
2.13. Plate 1.5 µL of suspension on a 1.5-2% agarose pad made with M2G. 279 
 280 
2.14. Invert the agarose pad and place it on an ozone-cleaned microscope cover slip. The cover 281 
slip should be placed in an ozone cleaner for 30 min to reduce any inherent fluorescence 282 
background. 283 
 284 
3. Data acquisition 285 
 286 
3.1. Mount the sample cover glass onto the sample holder of an inverted fluorescence 287 
microscope and secure it in place using adhesive tape or spring loaded sample holder clips. 288 
 289 
3.2. Add a drop of immersion oil onto the microscope objective, then place the sample holder 290 
onto microscope and secure it in place. 291 
 292 
3.3. Initialize graphical user interface (GUI) to control the microscope’s camera, sample stage, 293 
and excitation lasers. Here, custom-written software in MATLAB is used for instrument control. 294 

 295 
3.4. Initialize camera software HCImage Live. In the Capture tab under the Camera Control 296 
section, set the exposure time to 0.025 s. Click Live to begin a live feed of the camera. 297 
 298 
3.5. Adjust the X and Y positions of the microscope stage by clicking the XY-Pos arrows under the 299 
Micro-Positioning Stage section of the GUI to scan around the sample and find a FOV with an 300 
appropriately dense population of bacterial cells.  301 

 302 
NOTE: To maximize data throughput, cells should be as dense as possible, without overlapping 303 
or touching cells. The FOV should also include at least 1 fluorescent bead to be used as a fiducial 304 
marker, preferably positioned in a corner of the FOV. 305 
 306 
3.6. Adjust the Z position of the microscope stage by clicking the Z-Pos arrows under the Nano-307 
Positioning Stage section of the GUI, so that the fluorescent bead’s DHPSF lobes are vertical. 308 



   

 309 
3.7. Under Sequence | Scan Settings, change the number of frame counts to 20,000. Choose a 310 
save destination folder by clicking on the button labelled …. Finally click Start to collect up to 311 
20,000 camera frames using a short exposure time of 0.025 s. eYFP photoblinking is initiated 312 
using high intensity excitation light at 514 nm19,25. 313 
 314 
NOTE: Here, a laser intensity of ~350 W/cm2 at the focal plane is used for initial bleaching and 315 
subsequent imaging of single EYFP molecules. Photoactivation of eYFP molecules at UV 316 
wavelengths during imaging was not used. There should be at most one single-molecule signal 317 
per bacterial cell. If the density of single-molecule signal is too high initially, continue to illuminate 318 
until sufficient photobleaching occurs before beginning data acquisition. 319 
 320 
3.8. Turn off the laser illumination by clicking Close 515 nm laser in the GUI. Collect 200 frames 321 
of dark images using the same exposure time.  322 
 323 
3.9. In the GUI, check the box next to Thorlabs LED and click Toggle Mirror Up. This will switch 324 
the pathway from the fluorescence pathway to the phase contrast pathway. 325 
 326 
3.10. Initialize the data acquisition software IC Capture 2.4. This controls the camera in the phase 327 
contrast pathway. Press the Start/Stop Live Display button to view a live feed from the camera. 328 
Click Capture | Save Image to collect a phase contrast image of the cells in the field-of-view. 329 
 330 
3.11. Repeat steps 3.5-3.10 for additional FOVs. Here, data acquired from ~500 bacterial cells in 331 
ten different FOVs is used to increase the number of single-molecule trajectories available for 332 
analysis.  333 

 334 
CAUTION: Cells mounted on the agarose pads for long periods of time may behave differently 335 
than freshly mounted cells. Additionally, the agarose pad may lose its integrity after some time, 336 
which may adversely affect data quality. Typically, at most 3 FOV (~30 min on the microscope) 337 
are used per sample slide. 338 
 339 
4. Data processing 340 
 341 
NOTE: A modified version of the Easy-DHPSF software24 is used in MATLAB for the analysis of the 342 
raw camera frames to extract single-molecule localizations. Easy-DHPSF is used specifically to fit 343 
DHPSF localizations in single-molecule imaging. Custom changes were made to implement 344 
Maximum Likelihood Estimation (MLE)-based fitting routine that accounts for the pixel-345 
dependent noise characteristics of modern sCMOS cameras26. It was also modified to accept the 346 
image file type output from the HCImage Live program (.dcimg). For a more detailed explanation 347 
of the software and the individual steps, please see Lew et al.24  348 
 349 
4.1. Initialize the Easy-DHPSF GUI in MATLAB (Supplementary Figure 2). Load in the file saved in 350 
step 1.16.8. 351 
 352 



   

4.2. Determining threshold values for each of the 7 templates output in step 1.16.7 353 
 354 
4.2.1. Under the Calibrate SM identification section, click Run. Click OK on the following two 355 
pop-up windows to keep default settings. 356 
 357 
4.2.2. Open the image stack containing the data from the first FOV when prompted. 358 
 359 
4.2.3. Choose a small range of frames to match templates. Typically frames 1001-2000 are used 360 
to avoid dense overlapping signals in the first several hundred frames. Click OK on the following 361 
pop-up window to keep default settings. Click Cancel when prompted for the sequence log file in 362 
the following window. 363 
 364 
4.2.4. Open the image stack with the dark background saved in step 3.8. Click ‘OK’ in the 365 
following pop-up window to leave the parameters for the background estimation set to default. 366 
The default is to estimate the background using a median filter27 covering 100 subsequent 367 
camera frames around the current frame. 368 
 369 
4.2.5. In the next window, resize the box overlaid on the image to cover the full FOV, then double-370 
click to continue. 371 
 372 
4.2.6. Define the region of interest by clicking several points on the image to create a polygon. 373 
The region of interest should include as much of the field of view as possible, while ensuring that 374 
any fluorescent beads (very bright objects) in the image do not lay within the polygon, then 375 
double-click to continue.  376 
 377 
NOTE: The software will then attempt to match the templates to the image, and will display an 378 
image with possible matches circled.  379 
 380 
4.2.7. When the software has stopped, it will save many images of found template matches and 381 
display the corresponding threshold value in a pre-defined folder. A higher threshold value 382 
corresponds to a better match. For each template number, examine the example matches and 383 
determine the lowest threshold that exhibits an image of a DHPSF. Input these thresholds for 384 
each of the 7 templates under the Calibrate SM Identification section in the Easy-DHPSF GUI. 385 
 386 
NOTE: The program will attempt to automatically choose and input thresholds, however, these 387 
are often unreliable and should be manually checked. Thresholds are chosen such that few true 388 
single-molecule signals are missed, but the number of false positive candidates for fitting remains 389 
computationally manageable.  390 
 391 
4.2.8. Save the Easy-DHPSF GUI again by clicking on the Save icon in the upper left corner. 392 
 393 
4.3. Fitting the fluorescent bead in the FOV to use as a fiducial marker 394 
  395 
4.3.1. Under the Track fiduciaries section of the Easy-DHPSF GUI, click Run. Click OK on the 396 



   

following two pop-up windows to keep default settings. 397 
 398 
4.3.2. Drag the box overlaid on the image and center it over the DHPSF signal from the 399 
fluorescent bead, then double-click. 400 
 401 
4.3.3. Click in the center of the DHPSF signal, at the midpoint between the two lobes, then hit 402 
enter. Click Cancel when prompted for the sequence log file in the following window. 403 
 404 
NOTE: The software will fit the DHPSF in all camera frames, and display the raw image and the 405 
reconstructed image. When the software has finished, it will output figures with X,Y, and Z 406 
positions of the fluorescent bead over the duration of the image acquisition. 407 
 408 
4.3.4. Check the box next to Use fiduciaries and save the Easy-DHPSF GUI again by clicking on the 409 
Save icon in the upper left corner. 410 
 411 
4.4. Find and fit all localizations in all camera frames using the template thresholds obtained in 412 
step 4.2. 413 
 414 
4.4.1. Under the Localize DHPSF SMs section of the Easy-DHPSF GUI, click Run. Click OK on the 415 
following pop-up windows to keep default settings. Click Cancel when prompted for the 416 
sequence log file in the following window. 417 
 418 
NOTE: The software will find and fit the DHPSF using a double-Gaussian model if the quality of 419 
the match is above the user-defined threshold. It will display the raw image with circles around 420 
template matches as well as an image of the reconstructed DHPSF fits. 421 
 422 
4.4.2. Save the Easy-DHPSF GUI again by clicking on the Save icon in the upper left corner. 423 
 424 
4.5. Viewing single-molecule localizations and filtering out unwanted or unreliable 425 
localizations 426 
 427 
4.5.1. Under the Output DHPSF SM localizations section, click Filter Output.  428 
 429 
4.5.2. Click OK in the following three windows to perform an interpolation of the fiducial X,Y, and 430 
Z positions over time. In most cases, the default options are sufficient. If the black interpolated 431 
line does not reflect a reasonable interpolation of the red position line, change the interpolation 432 
parameters in the pop-up window. 433 

 434 
NOTE: The interpolated line is used for stage-drift correcting the single-molecule localizations. 435 
 436 
4.5.3. Open the corresponding phase contrast image for the FOV being analyzed when prompted. 437 
Click OK on the following two pop-up windows to keep default settings. 438 
 439 
4.5.4. In the following two pop-up windows, change the filter values to allow for more strict or 440 



   

more lenient single-molecule localization requirements, then click OK. 441 
 442 
4.5.5. In the window that appears, drag or resize the box overlaid on the images to view the 443 
desired region of interest and double-click to continue. 444 
 445 
4.5.6. A 3D reconstruction of single-molecule localizations is displayed. Use the figure tools to 446 
manipulate the reconstruction (rotate, zoom, etc). Click Continue to display another dialogue box 447 
asking ‘Would you like to replot with a different parameter set?’. If the results are satisfactory, 448 
click No. If they are not, click Yes.  449 

 450 
NOTE: Common reasons for unsatisfactory results include the phase contrast image not being 451 
correctly overlaid with the localization data or the initial template thresholds were too low 452 
creating many false positive localizations. If Yes was selected, the software will return to step 453 
4.5.4 so that new parameter values can be defined. If No was selected, the results will be saved.  454 
 455 
5. Data post-processing 456 
 457 
5.1. Using custom-written software in MATLAB, crop the phase contrast image so that only the 458 
region that contains cells that were imaged under the fluorescence microscope remains. This 459 
step is necessary because the phase contrast image covers an area much larger than the 460 
fluorescence image. Cropping the image simplifies the next step. 461 
 462 
5.2. Segment individual cells by processing the phase contrast image with the OUFTI28 software 463 
(Supplementary Figure 3) 464 

 465 
5.2.1. Initialize OUFTI in MATLAB. Load the cropped phase contrast image from previous step by 466 
clicking on Load phase. 467 
 468 
5.2.2. Click File to choose and name a save location for the output file. 469 
 470 
5.2.3. Select Independent frames under the Detection and Analysis heading. 471 
 472 
5.2.4. Click Load Parameters to load parameters for cell detection. Examples of parameters 473 
include acceptable cell area, cell width and a cell splitting threshold.  474 

 475 
NOTE: All of these parameters should be adjusted to maximize performance for the specific cell 476 
sizes and image quality being used. Importantly, the algorithm parameter should be set to 477 
subpixel to allow for precise measurement of cell outlines. 478 

 479 
5.2.5. Click This frame to begin cell segmentation. Cell outlines will appear over the phase 480 
contrast image when the process is finished. 481 

 482 
5.2.6. Using the controls under the Manual section, split cells, add cells, or refine cell outlines to 483 
obtain outlines for cells that were inaccurately segmented during the automated process. 484 



   

 485 
5.2.7. Output the cell outlines by clicking Save analysis. 486 
 487 
5.3. Use custom-written software in MATLAB to precisely overlay the outlines obtained in the 488 
previous step with the single-molecule localizations. The following substeps detail the steps of 489 
the software. 490 

 491 
5.3.1. Manually select 5 control point pairs in the pop-up window by roughly estimating and 492 
clicking on the position of the cell poles of the same five cells in both the single-molecule 493 
localization data and cell outlines, generated in the previous step. The position of the cell pole 494 
can be roughly estimated by mentally drawing a convex hull around the single-molecule 495 
localizations belonging to one cell and selecting the point of highest curvature (Supplementary 496 
Figure 4).  497 
 498 
5.3.2. Generate a 2D affine transformation function using the cp2tform function in MATLAB and 499 
use it to generate a rough overlay of the cell outlines and the single-molecule localizations. 500 
 501 
5.3.3. Delete cells containing fewer than 10 localizations and remove cells that are positioned 502 
partially outside the field-of-view. Manually delete any additional unwanted cells in the pop-up 503 
window by clicking inside of their cell outline (Supplementary Figure 5). 504 
 505 
5.3.4. Use the center of mass for all remaining cell outlines and single-molecule localizations 506 
within them to form a larger set of control point pairs, re-compute the 2D transformation 507 
function, and use it to generate a final overlay of the cell outlines and the single-molecule 508 
localizations.  509 
 510 
5.3.5. Assign localizations that reside within the boundary of a cells outline to that cell. Discard 511 
any localizations not located within any cell outline (Figure 2a, Supplementary Figure 6). 512 

 513 
6. Single-molecule tracking 514 
 515 
NOTE: The following section is completed using custom-written software in MATLAB. This section 516 
describes the steps the software performs. 517 
 518 
6.1. For localizations assigned to the same cell and in subsequent camera frames, calculate the 519 
Euclidean distance between the localizations. If the distance between the localizations is below 520 
a threshold of 2.5 µm, link the localizations by assigning them to the same single-molecule 521 
trajectory.  522 
 523 
NOTE: It is important to only consider localizations within a single cell, so that localizations in 524 
adjacent cells that happen to meet the spatial and temporal threshold requirements are not 525 
linked. The 2.5 µm threshold was chosen as the maximum distance a very fast molecule (30 526 
µm2/s) could travel in the length of the exposure time (0.025 s) plus a 20% buffer. 527 
 528 



   

6.2. Discard trajectories shorter than 4 localizations. If two or more localizations (i.e., two or 529 
more fluorescing emitters) are simultaneously present in a cell, discard the associated 530 
trajectories. Setting the track length minimum to 4 localizations allows several distance 531 
measurements to be averaged yielding a more accurate estimate of the diffusion coefficients. 532 
 533 
6.3. Calculate the mean squared displacement (MSD) for a given trajectory by: 534 

 𝑀𝑆𝐷𝑁 =
1

𝑁−1
∑ (𝑥𝑛 −𝑥𝑛− 1)2𝑁

𝑛=2  (1) 535 

 536 
where N is the total number of localizations in the trajectory and xn is the position of the molecule 537 
at time point n.  538 
 539 
6.4. Compute the apparent diffusion coefficient, D* by  540 

 𝐷∗ =  
𝑀𝑆𝐷

2∙𝑚∙∆𝑡
 (2) 541 

where m = 2 or 3 is the dimensionality of the measurement and Δt is the camera exposure time.  542 
 543 
NOTE: A typical experiment will produce ~5,000-10,0000 trajectories in total, resulting in an 544 
apparent diffusion coefficient distribution with that many counts.  545 
 546 
7. Monte-Carlo simulation of Brownian motion in a confined volume 547 
 548 
NOTE: Create libraries of simulated apparent diffusion coefficient distributions by performing 549 
Monte Carlo simulations of Brownian motion confined to a cylindrical volume, using 64 values in 550 
the range of 0.05–20 µm2/s as input parameters (software available from the authors upon 551 
request). This range was chosen to cover the range of previously estimated diffusion coefficients 552 
of fluorescent (fusion) proteins in bacteria. 64 diffusion coefficients are used to sample this range 553 
sufficiently. This section is performed using custom-written software in MATLAB and describes 554 
the steps the software automatically takes. The rod-shaped Y. enterocolitica cells used here are 555 
approximated by a cylindrical volume of length l = 5 µm and diameter d = 0.8 µm. 556 
 557 
7.1. Initiate individual trajectories at a random position in the cylindrical volume, and simulate 558 
their random (i.e., Brownian) diffusion steps using a time interval of 100 ns (time interval should 559 
be much shorter than the camera exposure time to enable sufficient sampling of the position 560 
over the course of a camera frame). Sample each displacement step for an input D from the 561 
corresponding Gaussian distribution function by rearrangement of Eqn. 2 and add it to the 562 
previous position:   563 

 𝑠𝑡𝑒𝑝 = √2 ∙ 𝑚 ∙ 𝐷 ∙ ∆𝑡 ∙ 𝑟𝑎𝑛𝑑𝑛 (3) 564 
where the randn function in MATLAB samples a random number from a normal distribution. If a 565 
step causes the molecule to be displaced outside of the volume of the cylinder, reflect the 566 
molecule back inside the cylinder at a random angle.  567 
 568 
7.2. For each time interval, generate a DHPSF image that corresponds to the instantaneous x,y,z 569 
position of the simulated emitter. 570 
 571 



   

7.2.1. To match experimental conditions, simulate images containing 1,000 photons per 572 
localization, with a laser background of 13 photons per pixel, and Poisson noise. In addition, add 573 
dark offset of ~50 photons per pixel and Gaussian read noise (σ ~1.5 photons), consistent with 574 
experimental camera calibration measurements. Finally, multiply the image by the 575 
experimentally measured pixel-dependent gain of the sCMOS camera to obtain the image in units 576 
of detector counts.  577 
 578 
NOTE: After these manipulations, the signal-to-noise ratio of the final image is ~2. 579 
 580 
7.2.2.   Generate motion-blurred images that reflect the changing position of the molecules by 581 
summing 50 DHPSF images simulated during the exposure time used during experimental data 582 
acquisition. To limit computational expense, only 50 periodically sampled positions were chosen 583 
to generate an image (instead of all 250,000 positions sampled during a 0.025 s exposure time at 584 
a sampling interval of 100 ns). 585 
 586 
NOTE: The length (number of frames) of simulated trajectories should match the average length 587 
of experimental trajectories. In this case, the number of frames per trajectory is 6. 588 
 589 
7.3. Generate 5,000 trajectories for each of the 64 simulated input diffusion coefficients. 590 
 591 
7.4. Analyze simulated camera frames as described in the Data Processing section. 592 
 593 
7.5. Link localizations into trajectories as described in the Single-Molecule Tracking section. 594 
 595 
7.6. Interpolate the cumulative distribution function (CDF) for each simulated distribution using 596 
B-spline interpolation of order 25. Interpolated distributions are necessary so that they can be 597 
queried at arbitrary points. 598 
 599 
7.7. Interpolate the resulting B-spline curves along the D-axis (D is the true unconfined diffusion 600 
coefficient that governs the motion of the simulated emitters) using the scatteredInterpolant 601 
function in MATLAB (specify the ‘natural’ interpolation method). This provides a continuous 2D 602 
function from which any apparent diffusion coefficient distribution corresponding to a true 603 
diffusion coefficient value in the range of 0.05-20 µm2/s can be queried.  604 
 605 
8. Experimental apparent diffusion coefficient distribution fitting 606 
 607 
NOTE: Fit experimentally measured distributions of apparent diffusion coefficients using linear 608 
combinations of the simulated distributions generated in the previous section (Monte-Carlo 609 
simulation of Brownian motion in a confined volume). This section is performed using custom-610 
written software in MATLAB and describes the steps the software automatically takes. For more 611 
information and examples of application, please see Rocha et al.29 612 
 613 
8.1. Perform a constrained linear least-squares fit (using the lsqlin function in MATLAB) of the 614 
experimental CDF using a periodically sampled array of simulated CDFs from the library created 615 



   

in section 7. The output of this step is a parameter vector containing the diffusion coefficients 616 
and population fractions of prevalent diffusive states in the experimental distribution. 617 
 618 
8.2. Combine diffusive states with diffusion coefficient values within 20% of each other into a 619 
single diffusive state by weight averaging based on relative population fraction. This is the 620 
starting parameter vector. 621 
 622 
NOTE: To reduce model complexity, the diffusive states with diffusion coefficients below 0.5 623 
µm2/s can be held constant during all of the following steps.  624 
 625 
8.3. Create arrays of trial fitting parameter vectors with different numbers of diffusive states, 626 
ranging from a single diffusive state to a user-defined maximum number of states.  627 
 628 
8.3.1. Using the starting parameter vector, combine adjacent diffusive states through weighted 629 
averaging and split diffusive states into two states with equal population fractions and diffusion 630 
coefficients 20% above and below the original value. Repeat for all state combination and 631 
splitting possibilities. 632 
 633 
8.4. Use each trial fitting parameter vector to initialize a non-linear least square fitting of 5 634 
separate subsets of the data (using the fmincon function in MATLAB). Determine the quality of 635 
the fit by finding the residual sum of squares between the fit and the distribution corresponding 636 
to the remaining subsets (data cross-validation).  637 
 638 
8.5. Use the average residual sum of squares of the 5 separate fittings for each trial vector as the 639 
overall quality of fit, determine the trial vector with the best quality of fit for each number of 640 
diffusive states. 641 
 642 
8.6. Determine the optimal number of states by identifying the trial vector for which adding an 643 
additional state does not result in at least a 5% improvement in the quality of the fit. 644 
 645 
8.7. Use this trial vector to initialize the non-linear least squares fitting of the full data set. 646 
 647 
8.8. Estimate error for the individual parameters by resampling the data by bootstrapping and 648 
refitting with the same trial vector. 649 
 650 
REPRESENTATIVE RESULTS:  651 
Under the experimental conditions described here (20,000 frames, trajectory length minimum of 652 
4 localizations) and depending on the expression levels of the fluorescently labeled fusion 653 
proteins, approximately 200-3,000 localizations yielding 10-150 trajectories can be generated per 654 
cell (Figure 2a,b). A large number of trajectories is necessary to produce a well-sampled 655 
distribution of apparent diffusion coefficients. The size of FOV collected here is ~55 x 55 µm, with 656 
10 FOV collected per experiment. Therefore, to obtain >5,000 trajectories per experiment each 657 
FOV should contain at least 50 cells. Ideally, the cell population should be made as dense as 658 
possible, but without having cells touch each other. If the cell density is too high, then the 659 



   

presence of touching or overlapping cells makes it challenging to segment them successfully 660 
using OUFTI(28), as described in Data Post Processing. Poor segmentation can lead to localizations 661 
and trajectories assigned incorrectly between cells. 662 
 663 
Here, we present apparent diffusion coefficient data on the Y. enterocolitica Type 3 secretion 664 
protein YscQ, which we N-terminally labeled with the fluorescent protein eYFP. YscQ is a 665 
structural component of a membrane-spanning molecular machine, called the injectisome. The 666 
injectisome is comprised of over 20 different proteins, many of which are present in multiple 667 
copy numbers. Type 3 secretion injectisomes are broadly utilized by pathogenic gram-negative 668 
bacteria to deliver virulent effector proteins directly into host cell during infection. YscQ 669 
dynamically binds and unbinds to and from the cytosolic side of the injectisome. As a result, YscQ 670 
is also found freely diffusing in the cytosol. By applying the data acquisition, processing, and 671 
analysis protocol described above, we determined that unbound YscQ exists in at least 3 distinct 672 
diffusive states (Figure 3). These 3 diffusive states correspond to different homo- and hetero-673 
oligomeric complexes of YscQ and other Type 3 secretion proteins23. 674 
 675 
FIGURE AND TABLE LEGENDS:  676 
Figure 1: Optical diagram of microscope pathways. The microscope has a pathway for detection 677 
of fluorescence signal and a separate pathway for taking a phase contrast image. A motorized 678 
‘flip-mirror’ is used to switch between the pathways. The camera detectors, excitation lasers, 679 
LED, and ‘flip-mirror’ are controlled remotely by computer. 680 
 681 
Figure 2: Single-molecule localizations and trajectories. (A). 3D single-molecule localizations of 682 
eYFP-YscQ in a Y. enterocolitica cell obtained in different frames (1,766 localizations). The 683 
localizations are overlaid on a phase contrast image of the cell. The green line indicates the cell 684 
outline based on the phase contrast image. (B). 3D single-molecule trajectories of eYFP-YscQ 685 
obtained from the localizations shown in panel A (142 trajectories). Different colors represent 686 
different single-molecule trajectories. 687 
 688 
Figure 3: Apparent diffusion coefficient distribution fitting of eYFP-YscQ in Y. enterocolitica. 689 
The apparent diffusion coefficient distribution for eYFP-YscQ in Y. enterocolitca was best fit with 690 
3 diffusive states. Note that the probability density function (PDF) is shown here, while the data 691 
fitting was done by fitting the cumulative distribution function (CDF, Experimental Apparent 692 
Diffusion Coefficient Distribution Fitting). Figure adapted from Rocha et al23. 693 
 694 
Supplementary Figure 1. Microscope Control GUI. The microscope GUI controls the 695 
micropositioner of the stage, excitation lasers, LED, and cameras for fluorescence emission. 696 
 697 
Supplementary Figure 2. Easy-DHPSF GUI. The Easy-DHPSF software is used to extract single-698 
molecule localizations from the DHPSF signals. 699 
 700 
Supplementary Figure 3. Oufti Segmentation. The open source software OUFTI28 is used to 701 
sement the cells. Here, the results of the cell segmentation are shown in green. 702 
 703 



   

Supplementary Figure 4. Selection of control points. Five points are selected in both the cell 704 
outline data and the localization data. The cell poles are used as reference points. These points 705 
are used to transform the data so that the cell outlines and localizations are correctly overlaid. 706 
 707 
Supplementary Figure 5. Delete unwanted cells. After the cell overlay, unwanted cells are 708 
manually deleted. Cells with unusually low/high amounts of localizations should be deleted, as 709 
well as any cells which are at the edge of the FOV. 710 
 711 
Supplementary Figure 6. Final overlay of cell outlines and localizations. After deletion of 712 
unwanted cells, the cell outlines and single-molecule localizations are finely transformed to get 713 
the final overlay. Localizations outside of cell outlines are deleted. 714 
 715 
Supplementary Mov. 1: Raw data for a single-molecule trajectory. Example of detection of 716 
eYFP-YscQ on the sCMOS camera. In frame 1, there is no fluorescence signal. In frames 2-10, 717 
fluorescence is detected from a single molecule. In each successive frame, the position and 718 
orientation of the DHPSF changes, indicating diffusion of this molecule. Finally, in frame 11, there 719 
is once again an absence in fluorescence signal, indicating the end of the trajectory. Each pixel is 720 
108 x 108 nm. 721 
 722 
Supplementary Mov. 2: Raw data for a missed single-molecule trajectory. Frames 1-3 show 723 
fluorescence signal for a single emitter. However, frames 4-6 show the presence of two 724 
overlapping DHPSFs, indicating the presence of two emitters in close proximity. In such cases, 725 
the individual DHPSFs may not be correctly fit because of their overlap. Even if both DHPSFs are 726 
successfully fit, any trajectory observed containing these localizations would be discarded. Two 727 
or more localizations in the same cell may lead to incorrect assignments of localizations to a given 728 
trajectory. Each pixel is 108 x 108 nm. 729 
 730 
DISCUSSION:  731 
A critical factor for the successful application of the presented protocol is to ensure that single-732 
molecule signals are well-separated from each other (i.e., they need to be sparse in space and in 733 
time (Supplementary Mov. 1)). If there is more than one fluorescing molecule in a cell at the 734 
same time, then localization could be incorrectly assigned to another molecules’ trajectory. This 735 
is referred to as the linking problem30. Experimental conditions, such as protein expression levels 736 
and excitation laser intensity can be chosen to avoid the linking problem. However, care should 737 
be taken to obtain wild-type protein expression levels to ensure representative results. Here, we 738 
used allelic replacements under the control of the native promoters instead of chemically 739 
inducible expression, to ensure native expression levels of the labeled proteins. Thus, the 740 
excitation laser intensity (for eYFP blinking) or the activation laser intensity (for photo-activatable 741 
fluorescent probes) can be used to control the concentration of active emitters in time. 742 
Alternatively, when chemical dye labeling is used in conjunction with HALO and SNAP tags31,32, 743 
then the dye concentration can be reduced until fluorescent signals are sparse enough to track 744 
single molecules33. The protocol presented here further eliminates the linking problem by 745 
discarding any trajectories for which two or more localizations are simultaneously present in the 746 
same cell (Supplementary Mov. 2). Thus, if single-molecule signals are too dense, a large amount 747 



   

of data is automatically discarded during processing. Under the excitation conditions used here 748 
(λex = 514 nm at 350 W/cm2), we obtained 10-150 trajectories per bacterial cell when acquiring 749 
20,000 frames over the course of 8 min. On the other hand, if experimental conditions are chosen 750 
such that single-molecule signals are sparse, then the data acquisition throughput may be low, 751 
so that obtaining a sufficiently large number of single-molecule trajectories would require 752 
imaging additional cells in additional fields-of-view. Acquiring a large number of trajectories is 753 
beneficial, because the errors in the fitted parameters (the diffusion coefficients and the 754 
population fractions) decrease as the number of trajectories that are analyzed increase29. 755 
 756 
Achieving large numbers of single-molecule trajectories requires high data-acquisition 757 
throughput. As a wide-field technique, single-molecule localization microscopy acquires data for 758 
each cell in the FOV simultaneously, and researchers have begun to take advantage of new 759 
sCMOS detectors that afford large FOVs26,34,35. However, excitation laser powers of several Watts 760 
are required to achieve uniform intensities sufficient for single-molecule localization microscopy 761 
throughout such large FOVs. Such laser powers may be above the damage threshold of 762 
commercially available objective lenses. Lenslet arrays employed to make the excitation laser 763 
intensities uniform in large FOVs may be able to circumvent this issue34. Additionally, optical 764 
aberrations become pronounced when imaging far away from the optical axis. As a result, the 765 
shape of the DHPSF may become too distorted to be successfully fit by a double Gaussian model 766 
employed in easy DHPSF. When imaging in an ultrawide FOV, more sophisticated spatially-767 
varying PSF models are required36. To avoid these complicating factors, the data presented here 768 
were acquired in a relatively small FOV (diameter = 55 µm) and data from 10 FOVs were pooled 769 
to obtain more than 75,000 single-molecule trajectories.  770 
 771 
Fitting of the experimentally measured apparent diffusion coefficient distributions with 772 
simulated distributions requires realistic simulation of the experimental data. Static and dynamic 773 
localization errors in camera-based tracking can affect the quality of the measurement11,13. Static 774 
localization errors are due to the finite numbers of photons collected per fluorescence emitter, 775 
which results in an imprecise PSF shape and thus result in single-molecule localizations of limited 776 
precision2,37,38. Dynamic localization errors arise due to moving emitters that generate blurred 777 
PSFs39. When an algorithm is applied to fit the shape of the PSF, motion-blurred images provide 778 
localizations with limited accuracy and precision39. In severe cases of rapid molecule movement, 779 
the image may be too distorted to fit, resulting in an unsuccessful fit and thus no recorded 780 
localization. Simulating spatially blurred PSFs with realistic signal to-noise ratios and localizing 781 
with the same fitting algorithm as experimental data accounts for both static and dynamic 782 
localization error. Second, rapidly diffusing molecules can be strongly confined to small volumes, 783 
such as the cytosol of a bacterial cell. As a result, the apparent diffusion coefficients are smaller, 784 
on average, than those expected for unconfined motion. Spatial confinement results in an overall 785 
left-shift of the distribution towards smaller diffusive values. Importantly, the shape of the 786 
distribution is no longer expressible as an analytical function. By explicitly accounting for static 787 
and dynamic localization errors due to motion blurring and confinement effects through 788 
stochastic simulations, realistic distributions can be obtained23. 789 
 790 
The described diffusion analysis relies on two key assumptions regarding the dynamic behavior 791 



   

of the molecules in the biological environment. It assumes that diffusive states are described by 792 
confined Brownian motion and that they do not interconvert on the timescale of a single-793 
molecule trajectory. We have experimentally verified that the assumption of confined Brownian 794 
motion is justified for free eYFP diffusion in Y. enterocolitica23. These results are in agreement 795 
with a number of studies in various bacterial species that have established that the motion of 796 
cytosolic proteins, fusion proteins, and biomolecular complexes smaller than 30 nm can be 797 
described by Brownian motion18,40-45. Non-specific collisions of small fluorescently labeled 798 
proteins with other cellular components may slow down the diffusion rates,45,46 but do not lead 799 
to deviations from Brownian diffusion. By contrast, specific interaction with cognate binding 800 
partners can produce a change in the diffusion coefficient, as recently shown for the 801 
Y. enterocolitica Type 3 secretion protein YscQ23. The validity of the second assumption is difficult 802 
to assess, especially for systems for which neither the diffusive states nor the binding kinetics are 803 
known. The situation is further complicated because any oligomerization states and binding 804 
kinetics measured in vitro, may not reflect the structures and dynamics that occur in vivo. A 805 
recent theoretical study based on the analysis framework presented here suggests that it may be 806 
possible to extract the state switching kinetics in addition to the diffusion coefficients and 807 
population fractions29.  808 
 809 
In summary, we present an integrated protocol for resolving the diffusive states of fluorescently 810 
labeled molecules based on single-molecule trajectories measured in living bacterial cells. As 811 
presented here, the protocol is applied to 3D single-molecule localization microscopy using the 812 
double-helix PSF for imaging in Y. enterocolitica, a bacterial pathogen. However, with only a few 813 
modifications, the protocol can be applied to any type of 2D or 3D single-molecule localization 814 
microscopy and specimen geometry. 815 
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Comments/Description

Necessary for growth of Y. enterocolitica  cells used.

f = 80mm, 2"

Use for fluorescence excitation

Used to make gel pads to mount liquid bacterial sample on microscope.

M2G ingredient.

Excitation pathway.

Growth media for Y. enterocolitica .

M2G ingredient.

Camera for phase contrast imaging.

Produces DHPSF signal.

M2G ingredient.

Chelates Ca2+. Induces secretion in the T3SS.

Allows for switching between fluorescence and phase contrast pathways.

Fluorescent beads. 540/560 exication and emission wavelengths. 40 nm diameter.

#1.5, 22mmx22mm

M2G ingredient.

Placed on objective lens.

M2G ingredient.

Emission pathway.

M2G ingredient.

Platform for inverted microscope.

Y. enterocolitica  cells used are resistant to nalidixic acid.

60X, 1.4 NA

Used to eliminate background fluorescence on glass cover slips.

M2G ingredient.

Illuminates sample for phase contrast imaging. 625nm.

Camera for fluorescence imaging.

Emission pathway.
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Strain AD4442, eYFP-YscQ
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Editorial comments: 

 

The manuscript has been modified and the updated manuscript, 59387_R2.docx, is attached 

and located in your Editorial Manager account. Please use the updated version to make your 

revisions.  

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 

are no spelling or grammar issues. 

We have proofread the manuscript. 

 

2. A custom-written software in MATLAB is used in this step. Can you provide access to the 

software in the manuscript? Please provide screenshots of the software usage as 

supplementary files to help readers to follow the protocol. 

We have uploaded the files to GitHub for access to all software and updated the 

statement in the Note at the beginning of section 1:  

 

“All software for image acquisition and data processing described in this 

article is available at: https://github.com/GahlmannLab2014/Single-Molecule-

Tracking-Analysis.git ” 

 

The final versions of the software will be updated in the coming days. We need 

to add statements on licensing, etc. 

 

We have provided supplementary screenshots for several steps of the data 

acquisition and analysis that have user interfaces, namely steps 1.7, 4.1, 5.2, 

5.3.1, 5.3.3, and 5.3.5. We have also added supplemental figure descriptions 

for these. However, several of the steps that describe custom-written software 

are simply scripts that run without user interfaces or displays. 
 

3. Step: 1.16.7: Please ensure that all text is written in the imperative tense. 

This is something that the program automatically performs, not the researcher. 

Therefore, instead of performing a step, this statement has been added to the note 

below. 

 

4. 4.2.7: Please ensure that all text is written in the imperative tense. 

Again, this step is something that the program performs, not the researcher. Instead 

of performing a step, this step has been changed to a note. 

 

 

5. 4.3.4: Please ensure that all text is written in the imperative tense. 

Again, this step is something that the program performs, not the researcher. Instead 

of performing a step, this step has been changed to a note. 

 

 

6. 4.4.2: Please ensure that all text is written in the imperative tense. 
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Again, this step is something that the program performs, not the researcher. Instead 

of performing a step, this step has been changed to a note. 

 

We note that we have kept this step highlighted, even though it is now a note. There 

is a window that is displayed on screen showing the fit localizations as the program 

analyzes each camera frame. We believe this would be a valuable addition to the 

video. 

 

 

7. 4.5.2: Please ensure that all text is written in the imperative tense. 

This step has been changed to:  
 

“Click ‘OK’ in the following three windows to perform an interpolation of the fiducial 
X,Y, and Z positions over time. In most cases, the default options are sufficient. If the 
black interpolated line does not reflect a reasonable interpolation of the red position 
line, change the interpolation parameters in the pop-up window.” 

Note: The interpolated line is used for stage-drift correcting the single-molecule 
localizations. 

 

8. 4.5.4: Please ensure that all text is written in the imperative tense. 

The step has been updated to: “In the following two pop-up windows, change 
the filter values to allow for stricter or more lenient single-molecule localization 
requirements, then click ‘OK’.” 
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