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Chapter 1 - Getting Started

1.1 Prerequisites

FluoroTensor was developed in the Leicester Institute of Structural and Chemical Biology for

studying stoichiometries of regulatory pre-mRNA splicing complexes.

Due to the ad hoc nature of FluoroTensor v6.6.8r there are a number of requirements that

need to be met for it to be of optimal use. The recommended system requirements are

shown below.

Recommended System Requirements

OS:
CPU:
RAM:
GPU:

Storage:

Software:

Monitor:

Windows 10 64 bit

8th GEN intel i5-8500 / AMD Ryzen 5 3600XT or newer

16GB DDR4 / 32GB DDR4 (recommended for large datasets.)

(not required) / NVIDIA GTX 1070 (minimum for model training of
datasets larger than 1M traces in reasonable time.)

Minimum 1TB permanent storage for single molecule data (recommend
SSD. Use permanent storage for fastest data load times instead of
networked storage where possible.)

Microsoft Excel or equivalent program (such as open office) that can read
xlsx files and contains a numerical solver must be installed.

Minimum 1080p (1920x1080) display resolution.

In addition, there are requirements for data types, and limitations on the kind of analysed

data that can be exported. FluoroTensor has been made available under the Creative

Commons NonCommercial (CCNC) licence and as such, modifications and improvements to

allow the program to perform outside the scope of its conception by non-commercial users

are encouraged.

Colocalization Analysis

The colocalization and step detection suite allows accurate stoichiometry detection of up to 4

bleaching steps. The requirements of this component of the program are listed below:
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Raw data for each colour channel must be contained within a single file in TIF (.tif or
tiff) format with consecutive frames in a 3D stack.

Movies should be in 16-bit format such that the maximum intensity possible is 6.5x10%
TIF files should be ordered by sequential illumination of each fluorophore delineated
by the frame index rather than separated into higher dimensional channels. For
example, a three-colour movie should be around 900 frames long with each channel
consisting of 300 frames.

The x, y resolution of TIF movies should be exactly 256x256 or exactly 512x512 pixels.
The number of time points in each channel should be within 20% of the neural network
domain. By default, this is 300 frames with the supplied models.

Fluorophores in use should have similar stokes shift and emission wavelength
difference to Cy5-mCherry-mEGFP and be loaded into the program in descending
wavelength order such that the longest wavelength is the marker with respect to which
colocalization is calculated (left channel in the display) and the shortest is in the right-
hand channel (marked 488nm).

The standard deviation in x and y of fluorescent signals in movies should be between

0.8 and 3 pixels (FWHM between 1.9 and 7.0 pixels) for optimal results.

Tracking

Movies must be in TIF (.tif or .tiff) format as a 3D stack.

Movies Should be any resolution less than or equal to 512x512.

Channels should be split into separate TIF files.

The standard deviation in x and y of fluorescent signals in movies should be between

0.7 and 3.5 pixels (FWHM between 1.6 and 8.2 pixels) for optimal results.
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1.2 Running the Program from Pylnstaller Executable (Recommended)

To run FluoroTensor from the executable (.exe) file on windows, download the zipped folder
from https://github.com/LISCB/FluoroTensor. This folder contains everything you need to use
FluoroTensor, export data and optimise calibration parameters providing you have met the

prerequisites.

l _internal 06/01/2024 19:24 File folder
l 100ms_300fr_Organic_high_SMNR_modeld 4/03/2023 16 File folder
ifr_Protein_high_SMR_model2 4, 3 16 File folder

ifr_Protein_low_SME_model2 : 3 16 File folder

0_fr_position_model 22023 20: File folder
l icons 023 12:28 File folder
B calibration optimizer template. 0 Microsoft Bxcel W...
I:H calibration. 02/ 3 Microsoft Excel W...
B config.dat D6/01/202: DAT File

B criteria.dat 7/11/2023 22:40 DAT File

B defaults.dat 06/01/2024 20:3 DAT File

B fit_licenceftl 3/11/20 FTL File

®H FluoroTensor Colocalization and Steps Te...  06/11/2023 Microsoft Excel W...

B FluoroTensor Tracking Template.s 10/ Microsoft Excel W... 9 KB
! FluoroTensor vb.6.8r (Latest).exe Application 20415 KB
! Icon.ico k

B 1datahatf 7/10/2022 09: HAF File

lcon

Within this folder are the Excel templates, settings, neural networks, libraries, and the
executable. Running the executable (FluoroTensor v6.6.8r (Latest).exe), will open a terminal
window in which debugging information is displayed. The first output in this console will be
libraries being loaded. The string of TensorFlow errors can be safely ignored since they are

concerned with GPU acceleration which is not required for FluoroTensor to run efficiently:

T G\FluoroTensor v6.6.8 FluoroTensor v6.6.8¢ (Latest) exe W G\PuoroTensor V65,8 FluoroTensor vé 6.8 (Latest] exe.
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After TensorFlow is loaded, the console will display progress as the neural network models are

loaded. Immediately following this, the main GUI window will appear:

W FluoroTensor B3 - Uninersty of Leicester - By M Wilks

R

e ™
e ﬂa H Add Trace | Remsae Last | Add All = Filler
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1.3 Running the Program from Code

If you want to make modifications to the source code or if you’re happier running the program
without an executable or on a different platform, you’ll first need to create a virtual
environment using an IDE such as PyCharm. Python version should be 3.8 or 3.9. In the project

folder you’ll need the following python files from https://github.com/LISCB/FluoroTensor:

B .ide: - File folder

l 100ms_300fr_Organic_high_SMR_modeld ' ] File folder

l 100ms_300fr_Protein_high_SME_model2 X File folder

. 100ms_300fr_Protein_low_5ME_model2 2 File folder

l 300_fr_position_rmodel 20 File folder

l icons /04,20 : File folder

B e File folder

asnr_calc.py 13/11/2023 12.27 JetBrains PyChar... IKB
I:H calibration.xlsx d Microsoft Excel W... 2 KB
B config.dat ¢ DAT File 1KB
E criteria.dat 251272023 18 DAT File 1 KB
E defaults.dat 251272023 1¢ DAT File 1KB
B fit_licenceftl 1811, FTL File 1KB
FluaraTensor.py 06/01/2024 20:27 JetBrains PyChar... 243 KB
! icon.co ] lcon

B 'data.haf 7/ HAF File

sklearn_rZ.py 023 JetBrains PyChar...

TIRF_lib.py 071172023 JetBrains PyChar...

In addition, you’ll need the other files and folders for settings, neural networks, icons, etc., as
shown above. The .idea and venv folders are part of the virtual environment and should be
created automatically when creating a new project. Once this is done, the following command

will need to be executed in the project terminal to install the required python packages:
pip install tkscrolledframe==1.0.4
pip install openpyxl==3.1.2
pip install numpy==1.26.2
pip install matplotlib==3.4.0
pip install scipy==1.11.4
pip install easygui==0.98.2
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pip install scikit-learn==1.3.2

pip install tifffile==2023.9.26

pip install opencv-python==4.8.1.78
pip install tensorflow==2.7.1

pip install pillow==9.5.0

After all packages are installed, you can now run FluoroTensor from the IDE within the virtual
environment; the debugging output that would normally be shown in the terminal window
when running the .exe will now appear in the IDE ‘Run’ console output. After a short time,

after all the components are loaded, the main window will appear in much the same way.
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Chapter 2 - Image Analysis and Colocalization

2.1 Opening The Raw Data Analysis Window

Navigate to the ‘Import’ widget at the top right of the main window and click on the ‘Import

Raw’ button:

Import

Import Raw k

Import Spreadsheet

Senalisation (Save/Load)

Load Data File

This will open a new window with an interface for analysing raw .tif files. The interface is split

into three channels, each with its own controls and settings and a toolbar at the bottom:

SR A
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2.2 An Overview of the Raw Data Analysis Interface

Each channel has an upper canvas, the larger one, which will display the enhanced version of
the averaged frames + maximum projection and a smaller, lower canvas which displays the

unenhanced image.

Marker - Cyanine 5

Start frame
Mumber of frames

Background %

Analyse

Refresh View Redo Frames

Each channel also has some additional controls. The input boxes control which frames of the
raw data constitute a specific channel and the percentile of background intensity that should
be removed when enhancing the image. If the ‘Analyse’ checkbox is ticked, the channel is

active and will be displayed and analysed, otherwise it will be ignored and show the default
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blue canvas to show that it is inactive. The spot criteria button in each channel opens a window
which allow the parameters for spot detection to be adjusted. ‘Refresh View’ redraws the
enhanced canvas to effect changes made to the brightness or background removal. ‘Redo
Frames’ recalculates the average and maximum projection and re-enhances the image

followed by refreshing the canvas if changes have been made to the frames of a channel.

The brightness control can be adjusted by the arrows or by typing in a number and pressing
refresh. In addition, the brightness of a channel can be incremented or decremented in steps
of 0.5 using the middle mouse scroll wheel. ‘inv. Power’ can be largely ignored and is
calculated automatically by the program when a file is loaded or the frames are changed. This
setting affects background uniformity and will be explained later on. The small box to the right
of these settings displays a histogram of intensities from an intermediate stage of

enhancement.

Below the three channels is the toolbar. On the left are the controls used for loading and

analysing data:

Automate Av. Mode Detect Spots All Traces Mon Coloc. Open RAW Coloc. Calibration

Load TIF

Quality Chk Calculate Colocalized Traces Set Defaults Force Celocalization

On the right is an information box which displays the filename and number of frames, to the
right of which are buttons for showing traces and importing the dataset back into the main
window of the program for further analysis once the raw data has been analysed. The space

on the left is reserved for a status label and progress bar for tasks in progress:

Open Traces

Import to FluoroTensor
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2.3 Loading a Tiff file

To load a file, press the ‘Load TIF’ button in the lower left corner of the toolbar:

Automate Detect Er ots All Traces Mon Coloc. 0] pen RAW Coloc. Calibration

Load TIF
k Quality Chk re Spots Calculate Colocalized Traces Set Defaults Force Colocalization

TIF File

PELtif M. TIF File

PELtif 1 TIF File

B 2311011 PELtif 17 TIF File
EA 231101 111039 PELtif 01/11/. TIF File
EA 231101 111214 PELtif TIF File
B 231101 111349 PELtif 17 :15 TIF File
Bl 231101 111525 PELtif =17 TIF File
EA 231101 111700 PELtif 11/ : TIF File
EA 231101 111933 PELtif 01411, TIF File
EA 231101 112108 PELtif 17 TIF File
EA 231101 112243 PELtif 124 TIF File
B 231101 112419 PELtif /112023 5 TIF File
01 112354 PELtif ! TIF File

A progress bar will be displayed in the toolbar and the GUI will stop accepting input until the
file has been loaded. For large files or from slow storage media such as USB sticks or network

drives the window may become unresponsive for a short period of time.

Loading TIF file...

Once the file has been successfully opened, each channel will render the enhanced views
automatically. By default, the marker channel will be superimposed upon the secondary

channels so colocalised spots can be identified easily by the user.
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The Marker channel is shown in red, the 561nm channel is shown in yellow and the 488nm

channel is shown in green.

In the event that the frames are set incorrectly, for example beyond the length of the file, an

error might appear when the file is loaded:

" Error! — O *

An error occurred while attempting to create wview: 488.

Traceback (most recent call last):
File "FluoroTensor.py", line 46195, in create view 488
File "TIRF 1lib.py", line 246, in calculate power
IndexError: tuple index out of range
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This will cause the offending channel to become inactive. In order to proceed, simply set the
frames to be within the bounds of the file correctly, press ‘Redo Frames’ and then tick the
analyse checkbox. Depending on the file, it may be necessary to press ‘Redo Frames’ an

additional time to ensure the ‘inv. Power’ property is calculated correctly for the channel.

Start frame

Number of frames

Background %

Analyse

Refresh View Redo Frames

Brightness

inv. Power | MITg =

Start frame
Number of frames

Background %

Refresh View

Brightness

inv. Power

Start frame
Number of frames
Background

Analyse
Spot Criteria
Refresh View

Brightness

inv. Power Mg :




2.4 Viewing Raw Data

If your microscopy set up does not have an automated acquisition software that times the
laser shutters with the camera, you will likely need to look through the raw data to find the

points at which the colour channels switch. To do this, click on ‘Open RAW’ in the toolbar:

Automate Av. Mode Dete ots All Traces Mon Coloc, [ e ation

Load TIF

Quality Chk Remove Spots Calculate Colocalized Traces Set Defaults Force Colocalization

This will open a pop-up window which displays the raw single molecule movie 1 frame at a
time. Use the slider to scroll through frames. Alternatively, to go frame by frame use the

arrows at left and right of the slider.

/' Raw TIF Stack ¢ Raw TIF Stack

Use Global Normalization Inferno

Global normalization normalizes the current frame to the brightest frame in the channel,
rather than by the brightest pixel in the frame. This can help reduce the flicker when scrolling

through based on variable noise levels and signal intensities.
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The colour map can be changed using the dropdown menu. The default is ‘Inferno’ which is
shown in the illustrations above. Six perceptually uniform colour maps are available. The last
colour map which was originally implemented is not recommended since it is not perceptually

uniform and over-represents contrast at the colour boundaries.

Viridis Cividis Magma Inferno Plasma Greys Original

Cividis
Magra

Inferno

Plasma

Greys

Original (Mon Uniform)

The default frames can be set from the toolbar if you expect the frames for each channel to
be the same from file to file as is usually the case with automated acquisition software that
has shutter control. This will be useful later for automation. Click the ‘Set Defaults’ button in
the toolbar to do so:

Automate Av. Mode Detect Spots All Traces MNon

Load TIF

Quality Chk emove Spots Calculate Colocali

A popup will then show up where you can edit the default frames and background to subtract,

assuming relative uniformity across the dataset:

£ Default Parareters Set-Up

’— Marker 488nm

Start frame 10

MNumber of frames 300

Background %

Convolutions

Apply Apply & Us Restore Defaults

Close Import Current
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‘Restore Defaults’ will reset the frames to factory defaults. These values are saved even when
the program is closed. Thus, the next time FluoroTensor is launched for raw data analysis, the

frames in each channel will be set according to the default values set here.

2.5 Configuring Fluorophore Names

Fluorophores can be renamed by pressing ‘Fluorophore Config’ in the default settings window.
This will bring up a listbox where you can select which channel to configure. Select a channel,

press OK and then type the name of the fluorophore:

¢ Default Parameters Set-Up

’7 Marker 561nm 488nm

Start frame 10
Mumber of frames

Background %

Convolutions

¢ Configure fluorophores

Select a laser wavelength, then enter the name of the
fluorophore for that wavelength.

rarker fluorophore

488nm fluocrophore u

oK |

Cancel

"I 561Tnm ﬂutlrljphljrt'!

Enter name of 561nm fluorophare

Alexa-b55

OE | Cancel |
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561nm - Alexa-555  Mean Intensity: 0.845 After refreshing the channel, the correct
fluorophore name will now be displayed at

the top.

2.6 Disabling Sum or Maximum Projection

Sometimes you may wish to only use the sum or maximum projection rather than the default
which is to use both. To do this, left click on the unenhanced smaller canvas in the relevant

channel:

Start frame
Number of frames
Background %

Analyse
Spot Criteria

Rafrach Vicaa
Refresh Vie

Then click the mode you want to toggle off from the options in the pop-up window and press

ok. The program will then re-enhance the image using the remaining mode:
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2.7 Detecting Fluorescent Foci

To detect fluorescent signals of single molecules, press the ‘Detect Spots’ button in the

toolbar:

Automate DetertkSpc-ts. All Traces Mon Coloc. Open RAW Coloc. Calibration

Load TIF LA P

Quality Chk Remove Spots Calculate Colocalized Traces Set Defaults Force Colocalization

Spots that have been detected will be circled and numbered. The circles in the marker channel
are colour coded based on colocalization. White spots are not colocalized, orange spots are
colocalized with a corresponding spot in the 561nm channel, green spots are colocalized with
a corresponding spot in the 488nm channel and purple spots are colocalized with

corresponding spots in both channels:

Marker - Cyanine 5 Mean Intensity: 1.359




The spots detected in the secondary channels are also circled and colour coded but in a slightly

different way:

433nm - mEGFP Mean |ntensity: 3.98
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Secondary channel spots which are colocalized with markers are circled in blue and non-
colocalized spots are circled in white. By default, the marker spots are circled in a smaller,
fainter red circle and the channel is superimposed. This can be disabled by right clicking on

the view and navigating to the ‘Show Marker Spots’ and ‘Marker View Overlay’ toggles in the

context menu:
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The number of spots detected and colocalized can be shown. This function also darkens non-
colocalized spots so that colocalized spots can be identified more clearly by eye. To do this,

right click on any of the three channel’s canvases and click ‘Display Statistics’:

The spot statistics will then be displayed in the upper left corner of the marker channel canvas:
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2.8 Manually Adding and Removing Fluorescent Foci

Spots can also be manually added and removed if necessary. To add a spot manually, left click

within 5 pixels of the centre of the spot in the enhanced canvas:

Any spot, whether detected automatically or added manually can be removed. To do this,
simply right click near the spot and select ‘Remove Spot’ at the top of the context menu. Make
sure to click precisely as the nearest spot to where the cursor was when the button was clicked

will be removed:

Remaove Spot

Note that spots will be renumbered. Any spot with a higher index than the removed spot will

have its own index reduced by one to compensate for the removed spot.
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If a spotis added that does not fall within the parameters of the spot criteria, a popup window
will appear, warning the user that the selected spot is invalid. The spot can then be forced, or

the user can cancel adding the spot at this point:

/' Warning: Spot does not fit criterial

Add Spot Anyway Reject Spot

If the quality of spots is not important in the context of a particular experiment, and the user
wishes to bypass this warning, it can be disabled by right clicking in the canvas of any of the

channels and toggling ‘Show Spot Warnings’:

v Show Spot Warnings
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2.9 Finding Spot Fitting Parameters

To find the parameters of the fit of a spot, right click it and select ‘Spot fitting parameters’
from the context menu. A small popup window will appear next to the spot, displaying these

parameters:

Coordinate Crigin: Top Left

Coordinates (x, y):

20 Gaussian Sigmalx):

20 Gaussian Sigmaly):

Gaussian Amplitude: 32.4491
GaussFit Residual: 1.6345

Eccentricity (min / maj): 0.8525

This information can also be found in the excel template when the analysed data is exported

later after the traces are analysed.
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2.10 Modifying Spot Criteria

The criteria or thresholds for detecting spots are independent for each channel. Each channel
has a button which will bring up a popup window in which the parameters can be edited. For
example, if you find that the detection threshold is too low and prevents FluoroTensor from
picking spots in the 488nm channel, click ‘Spot Criteria’ in the 488nm channel and reduce the

threshold so the spots are picked correctly:

" Spot Criteria - 488nm
Help

Start frame 630 _
otart frame Detection threshold
Murmnber of frames 300

Back d % Averaging threshold
iackground o

Analyse

Kernel residual threshold
Minimum sigma (Gauss2D)
Maximum sigma (Gauss2D)
Absolute Intensity (0 - 255)
Redo Frames -
Gaussian Amplitude Threshold

Bri g htness Eccentricity threshold

inv. Power [NIrg :

Gaussian residual threshold
lestore f

Cancel

Pressing ‘Help’ will open a help window which describes in detail what each parameter does.
These parameters are saved if the program is closed and restarted. The default values can be
easily restored in the case that the parameters are detrimentally altered and the working

parameters cannot be remembered.
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2.11 Analysing a Custom Field of View

It may be necessary to only analyse a region within the field of view of a channel. Examples of
such cases include poor focus or spherical aberration at the fringes of the image. To draw a

custom region, right click within the canvas in the relevant channel and choose ‘Select Analysis

Region’ from the context menu:

Select Analysis Region

You can then draw a box in the region of the field of view that you wish to analyse. Spots in

this channel will only be detected within this region:
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The region will stay even when a different file is loaded and can be used if the TIRF illumination
field does not cover the full area from file to file. To remove the region and detect spots in the
whole field of view, right click in the canvas of the relevant channel and choose ‘Delete Region’

from the context menu:

Delete Region
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2.12 Calculating Colocalized Traces

To calculate colocalized traces, click the ‘Calculate Colocalized Traces’ button on the toolbar.
Doing this will calculate the traces for any colocalized spot. The order will be marker trace,

then 488nm colocalized trace if present, then 561nm colocalized trace if present.

Automate

Load TIF

Once the traces are calculated, a window will automatically pop up where you can click
through the traces to look at them. The trace of the signal without background subtraction is
shown in green using the right-hand axis. The trace of the background-subtracted signal is

shown in blue and plotted on the left-hand axis:

¢ FuoroTensor Import Quete - Traces

Trace 1, Cyanine 5, Spot 1

=
o
=
=2
=1
w
=
(=]
2
=
=4
o
@
2

d subtrac
Uncorrected photon count (A.U.)

100 150 200
Trace coordinate (frames)

@e - Q

Delete All Traces
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Once any traces have been calculated, the program will warn you if you try to calculate them
again if they weren’t manually deleted first. This is to prevent accidental duplication.
FluoroTensor will also warn you if you have opened the same .tif file more than once in the
same session. If multiple files are analysed, the traces from each file will be added to the
overall dataset and the colocalization trend will be displayed in the upper plot of the trace
window. This might be helpful to check if the sample is degrading over time during the course

of the microscopy experiment.

 FluoroTensor Import Quetse - Traces

Colocalization Percentage: Trend Over Time

TIF file (in order they were loaded.)

Trace 125, mEGFP, Spot 71

Uncorrected photon count (A.U.)

=)
<L
=
b
=
=2
o
w
=
(=]
et
[=]
=
[=8
=]
1)
et
[¥]
@
fram}
=]
=
W
=
=
o
2
(=1}
=
[¥]
m
faa]

1 1 1
100 150 200
Trace coordinate (frames)

ﬁ%w d-:-bo\

Delete All Traces
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2.13 Calculating All Traces

If the distribution of steps of all spots is of interest, not just colocalized spots, it is possible to

calculate the traces of all spots in all channels. Do this by clicking ‘All Traces’ in the toolbar:

Automate Av. Mode Jete ts CES Mon Coloc. 0] pen RAW Coloc. Calibration

Load TIF

Quality Chk Remove Sp Calculate Colocalized Traces Set Defaults Force Colocalization

In this case, the traces of marker spots will be calculated first, then the 561nm channel, then
the 488nm channel. In much the same way, once all traces have been calculated, the trace

window will pop up and you can scroll through traces.

Of particular importance is that only one mode of trace calculations should be used at a time.
For example, all files should be analysed for colocalization and the data processed and
exported. Then for all traces, the process should be begun anew, this time calculating all

traces. The data should then be exported to a separate file.

2.14 Calculating Non-Colocalized Traces

While it is recommended to perform negative controls experimentally for example in the
absence of the component in the marker channel, preliminary information can be gathered
by analysing non-colocalized spots. To do this, click ‘Non Coloc.” In the toolbar:

Autormnate Av. Mode ts loc. Open RAW Coloc. Calibration

Load TIF

Quality Chk Remove Spots calized Traces Set Defaults Force Colocalization

Once again, this should be used separately from other analyses and exported into a separate
file. For a full analysis, you will end up with three exported Excel files, one for colocalized
traces, one for all traces, and one for non-colocalized traces. More detail about full

experimental analyses will be given in chapter 7.
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Chapter 3 - Calibration

3.1 The Calibration File

The calibration file holds a record of the parameters used to correct for chromatic aberration
by transforming the coordinates of secondary channel spots onto the markers. It is an Excel
‘xlsx’ file that can be found in the FluoroTensor folder. This file should not be renamed

otherwise the program will be unable to locate it:

l _internal 47524 File folder
l 100ms_300fr_Crganic_high_SMR_modeld 24 S File folder
l 100ms_300fr_Protein_high_SMR_model2 File folder
l 100ms_300fr_Protein_low_SMRE_model2 ( File folder
l 0_fr_position_model File folder
l icons E File folder
B calibration optimizer template.x|sx 4/ Microsoft Excel W...

I:H calibration.xlsx Microsoft Excel W...

B config.dat k ' DAT File

B criteria.dat 12024 19: DAT File
B defaults.dat f2024 12: DAT File

I fit_licence ftl

B FluoroTensor Colocalization and Steps Te...

B FluoroTensor Tracking Template

! FluoroTensor w6.6.8r (Latest).ex 024 1% Application
! icon.ico /20 143 lcon

B 1data.haf 022 ( HAF File

Open the file to view the history of calibration parameters:

A E T D E F G H | J K L M N

1 |Ca|ibration Date (YYYYMMDD) I 20220324 20220527 20220815 20220818 20221212 20221213 20221219 20230117 20230203 20230217 20230301 20231102
2 FORCE CALIBRATION

3 X 3114 26.16 o o 1] 0 0 0 0 0 0 o
4 Y, 111 0.5 2542.457 o o 0 0 0 0 0 o o
5 X 1089.61 1155.47 12851.46 0 20257 165155 242535 252999 270.194 448.28  279.272 387.47
I 0 33.73 43.63 0 159.57 127.425 170.312 192.454 191.992 151.358 108.487 191.799
7 Sk, 1148.29  3984.77 282.34 10000 63.54 97.665 114.502 88.222 63.638 122.417 76.799 128.294
8 |SF, 212.3 878.31 442796 10000 68.84 87.25 100.541 81.119 91.064 102.274 69.06 104.801
g

10 Colocalization Criterion 1.5 1.5 1.5 2 2 2 2 2 2 2 2 2

Calibration parameters are stored in columns in rows 1 through 10. Each calibration is dated
by when the data it was produced from was collected. The date order is YYYYMMDD. X, and

Yo should be set to zero as they are legacy parameters kept to prevent incompatibility with
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some of our other internally used programs. The colocalization criterion is the distance in
pixels from the centre of a marker spot and secondary spot under which it qualifies as
colocalized. This threshold should be set appropriately. When samples are dilute and the
number of spots in each channel is 50-100, the random colocalization rate is 1-2% with a 2-

pixel threshold.

The calibration method is suitable for systems where chromatic aberration can be solved with
a linear approximation within the threshold distance. It is recommended where possible to
record separate calibration movies regularly, if not on the same day the microscope is used.
This can be done with small red/green fluorescent beads with similar Stokes shift to the
fluorophores in use, or with a dual labelled single-molecule standard using the same
fluorophores as in the experiment. A simple standard is a biotinylated dual-labelled oligo using

BSA-streptavidin deposited directly onto a cleaned glass slide.

The parameters X, Y, SFx, and SFy are solved in an Excel sheet from the analysed calibration
data. The following section will describe how this is done both for fluorescent beads and dye

labelled single molecules.
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3.2 Calibrating FluoroTensor with Fluorescent Beads

Open the calibration window by clicking ‘Coloc. Calibration’ on the toolbar:

Av. Mode Detect Spots All Traces Mon Coloc. Open RAW

Quality Chk Remow ts Calculate ized Traces Set Defaults

The window will show the current calibration and the date it was collected. The disclaimer can
be ignored, but encourages the proper keeping of the calibration record. The reason being
that old data may need to be reanalysed and if the setup or alignment of the microscope
system has changed, and/or the calibration has changed, older records need to be maintained
to correct the chromatic aberration from before changes to the system were made. The

calibration popup window will look like this:

£ Calibration

calibration
yutton.

Reload Calibration

To begin analysing calibration movies, press ‘Start Calibration’. A message will pop up advising
about laser powers, etc. This can be ignored as it pertains to a specific system we have. Users

may have to optimise the conditions to find what works well for them.
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' Calibration — O X

Calibrate chromatic shift correction.

Image Fluororescent beads using 1 mW powers for €40nm and 488nm lascers with EM
GATN set to 300. Use 640nm in marker channel and 488nm in 4838nm secondary
channel. Analyse data using the calibration window until no fewer than 20
colocalized spots have been saved. Spots should be well scparated as
colocalization threshold will be modified to 5 pixels to ensure shifted beads
are identified. Then export to the calibration optimizer template and use the
excel solver add-in to minimise 55D by changing Xc, ¥c, S5Fx, and 5Fy. Set
constraints such that SFx and S5Fy must be greater or equal to 1. Then enter the
wvalues into the calibration excel spreadsheet to 3 decimal places. Enter the
date in ¥YYYYMMDD order, X0 and Y0 should be set to 0. Then, making sure the
template is mot open, save the calibration spreadsheet and press 'Reload
Calibration' in the FluoroTensor calibration window.

Press ok to dismiss the above message and the following window will appear. Click ‘Analyse
Calib. TIF” and select the first calibration movie after ensuring the frames are set correctly.

Untick the ‘Analyse’ checkbox in the 56nm channel as it will not be required.

" Calibration

e Calib. TIF

Current File: None
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Export to Optimizer Template

m Oligo Mode
Current File: 180732

2, 47.39
4629, 205 4
176.12,218

Users should ensure the distribution of beads is sparse as the program will automatically
colocalize 488nm spots with 640nm spots within a larger threshold of 5 pixels. Spots will be
detected automatically after the file is loaded and the 640nm-488nm coordinate pairs will
appear in the window as shown above. Once the coordinates have appeared and the ‘Analyse
Calib. TIF' button has become green again, proceed to the next file and repeat. Once all the
calibration files have been analysed. Find the ‘calibration optimizer template.xlsx” in the
FluoroTensor folder and make a copy of it. Name the copy appropriately and save it

somewhere. Here we will simply keep the non-renamed copy for demonstration purposes:

. _internal 4 15:24 File folder
5 55 File folder
File folder

File folder

File folder
B calibration optimizer template - Copy.xlsx Microsoft Excel W...
KB calibratic imizer templat
K:E calibratic

KB config.dat 416 DAT File
KE criteria.dat 0/01/2024 14 DAT File
H defaults.dat DAT File
B fit_licenceftl j2022 17: FTL File

nsor Colocalization and Steps Te... Microsoft Bxcel W...

Microsoft Bxcel W...
] s 3r (Latest - Application
! icon.ico 3/02/20 3 lcon

B \data.haf 10, HAF File
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Next, go back to FluoroTensor and click ‘Export to Optimizer Template’ and then select the
Excel file that was just copied and renamed. Make sure the file is not open in Excel at the time
you export to it as the data will not be saved and FluoroTensor might hang in which case the

raw analysis window will need to be closed and reopened from the main GUI window.

¢ Calibration

Analyse Calib. TIF 3P er Template

Oligo Mode l _internal

Current File: 182510

L 3 File folder
B calibration optimizer template - C tls 3 Microsoft

X} calibration optimizer template. M

e | calibration optimizer template - Ce

6,210 3
,224.56,111.49

On success, a dialogue box will pop up to inform the user that the data was exported

successfully:

¢ Export complete = O X

Data exXxport to excel optimizer has finished successfully.
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Next, open the Excel file the data was exported to. It will look something like this:

A B € D E F H K L N e} P Q R ¥ u v w x
1 —
2
3 [x Iv [ Jox DY I [x [ PARAMS ERRORS
4 5471 13515 0.02075_0.28358 10 055 Xc 165.1552558. SSDX 681357
5 7599 12908 0.39703 0.06897 0.15763 131 0.05 Yo 127.4246436 s5DY 1.64866
6 9763 4842 05186 0.1245 0.26895 171 103 SFx 97.66520135 55D 8.46263
7| 14692 2048 044328 0.28683 0.1965 0.63 06 SFy £7.24950221
8 17642 2332 041534 0.30682 0.17251 03 15
3 116 23237 035226 0.57282 122 083 ROUNDED SUMDX | 13.0443
10| 4873 3152 054815 0.27226 173 136 *c 165.155 SUMDY | 6.29466
11 1029 4138 0.37256| 0.08381 101 107 Yc 127.425 S(TEX) 2682
12| 10037 4784 024666 0.01785 091 053 SFx 97.665 S(TY-¥) 30.15
13| 13453 6497 0.03643 0.09582 0.35 0.62 SFy B1.25
14 13442 210 0.0753 0.26643 039 068
15 4624 22012 : 113758 0.08557 i 008 107 MSEX | 0.17832
16 6217 4145 6141 4068 BL1155 404747 029447 0.21527 0.08571| 0 076 077 MSEY | 0.04339
7 7103 4271 706 4198 700662 41.7391 053375 0.20085 0.28489| 0 043 077 STDEWX | 0.25128
18 9198 10317 9201 10311 912308 102892 077925 0.21793 0.60722| O 0.03 0.06 1l STDEWY | 0.12797
19| 12436 23232 12263 23347 123841 233522 078873 0.05225 0.62209| 0 037 115
20| 1555  17.04 15591 1581 155401 15.7748 050886 0.03516 i 041 133
21 15082 9441 15142 2432 150774 940316 0.64576 0.28839 i 05 0.09
2 1816 1161 18231 11613 181768 11597 054162 0.2198 071 0.08
2| 23516 21361 2607 21467 225774 214598 029561 0.0722 081 1.06
24 1606 2784 1389 2 145334 266985 05434| 0.17862 207 132
25 2451 4481 2273 4381 231709 439643 038095 0.05427 182 1
26 706 4996 7002 4872 696318 49.0721 038816 0.35215 058 134
27| 762 19801 7555 19876 752892 198819 0.26082| 0.05901 0.65 075
28 1397 16296 13957 1832 139439 163.367 013064 0.16728 013 024
25| 16115 6517 16111 6453 161109 64.4565 0.00101] 007352 004 D64
30 19532 23731 19578 23832 195629 238569 015114 0.24944 046 101
31 21117 180.89 21175 18133 211641 181503 010885 017279 058 044
32| 22631 4973 2702 4875 226536 48.8395 0.08383 0.08951 071 058
33 | 24301 2131 22811 1958 243807 198915 030284 031149 i3] A5
34| 3406 1937 328 1811 327177 181315 0.08229 0.02154 126 126
35 | 4883 23735 4813 23827 476389 23861 0.29106  0.3399 07 092
36 | 7953 23793 7909 23891 786533 239.197 043672 0.28654 0.08211 044 DS
37 | 9324 16104 9289 16146 925037 151425 038634 0.03472 0.00121 0.35 042
38 | 17612 8452 17637 84a 176232 844328 013773 003284 0.25 052
39 17487 10757 17503 10738 174863 107342 0.06053 0.03756 000141 016 019
40 20077 19416 2102 19493 210227 184925 0.02681| 0.00512 26E-05 043 077
41 22384 11172 22456 11148 226441 11154 011812 005 00025 072 033

In Excel, if the solver add-in is not installed, go to File and then navigate to the options menu:

Then Click ‘Add-ins’ in the bottom right of the options window:

General
Formulas
Data

Preofing

Save
Language
Ease of Access
Advanced

Customise Ribbon

IE_—%} View and manage Microsoft Office Add-ins.

Add-ins

MName

Active Application Add-ins
Acrobat PDFMaker Office COM Addin

Solver Add-in

Inactive Application Add-ins

Analysis ToolPak

Analysis

s ToolPak - VBA

Quick Access Toolbar

Trust Center

Euro Currency Tools

Inquire

Microseft Actions Pane 3
Microsoft Power Map for Excel
Microsoft Power Pivot for Excel
OpenSohver

Lecation

Ch..aker Office' a6 PDFMOfficelddir

C:

C:h

ffice16\Library\ SOLVER\SOLVER.XI

ffice1B\Library\Analysis\ANALYS3,

Ch..elbiLibrany\Analysis\ ATPVBAEN.X

Cih...oot\Office 16\ Libran\EUROTOOL.»
Choft Office\Office16\DCP\NativeShi

Excel Add-in\EXCELPLUGINSHELL
Add-in\PowerPivotExcelClientAdd
Yiueolleac.ukh..LinearWin\COpenSaolver,
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X . MGy I UUIraR T v ue S L S TUWALILA LY WG 303 W TV LS T ALsT YD LALTE MU=
Customise Ribben Eure Currency Tools Ci\..0ot\Office16\Libran\EUROTOOLXLAM  Excel Add-in
Quick Access Toolbar Inquire Ch..oft Officel\Office1 84 DCFNativeShim.dll - COM Add-in
Micrasoft Actions Pane 3 XML Expansion Pack
Add-ins Microsoft Power Map for Excel Cih. Excel Add-in\EXCELPLUGINSHELL.DLL ~ COM Add-in
Microsoft Power Pivot for Excel ChoAdd-intPowerPivotExcelClientAddin.dll - COM Add-in
Trust Center OpenSolver Yiuolleac.ukl.. LinearWin\OpenSolverxlam  Excel Add-in
Document-related Add-ins
No Document-related Add-ins
Disabled Application Add-ins =
Aln Nicahled Annlicatina Add-inc Ei
Add-in: Acrobat PDFMaker Office COM Addin
Publisher: Adobe Inc.
Compatibility: Mo compatibility information available
Location: C:\Program Files (x86)\Adobe\Acrobat DCWPDFMaker\ Office'x 64\PDFMOfficeAddin.dll
Description:  Acrobat PDFMaker Office COM Addin
Manage: | Excel Add-ins v| | Qo,g
ok || Cancel

Select ‘Excel Add-ins’ in the dropdown menu at the bottom and then click ‘Go...

Add-ins

Add-ins available:

[ ] analysis ToolPak oK
[ ] Analysis ToolPak - VEBA
|:| Euro Currency Tools Cancel
[Jopensolver

nl'l.rer Add-in

Browse...

Automation...

i

Solver Add-in

Tool for optimisation and equation solving

Make sure the ‘Solver Add-in’ box is checked and press ‘OK’. The solver add-in should only

take a moment to install.
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Once the solver add-in is installed, go to the ‘Data’ tab at the top of the toolbar in Excel:

calibration optimizer template - Copy.xlsx - Excel

File Home Insert Page Layout Formulas Data& Review View Help Acrobat

Then click on ‘Solver’ under the ‘Analyse’ section at the right-hand side of the toolbar ribbon:

L L o = 25 Salver
= ¥
Hp B3 | ®H =5 HH N
What-If Forecast Group Ungroup Subtotal :
Analysis ~  Sheet & &
Forecast Cutline Fu Analyze

Make sure the solver is minimising cell X6 by adjusting U4 through U7 as shown below. Ensure
the solving method is set to ‘GRG nonlinear’ and constrained such that cells U6 and U7 are

greater than 0.01. Then press solve:

Solver Parameters *

Set Objective: Sx56| +
To: () Max ® Min () Value Of: 0

By Changing Variable Cells:

SUS4:5U5T +

Subject to the Constraints:

SUSE =001
Add
SUST =001 -
Change
Delete
Reset All
Load/Save

Make Unconstrained Wariables Non-Negative

Select a Solving GRG Nonlinear ~ Options
Method:

Solving Method

Select the GRG Monlinear engine for Solver Problems that are smooth nonlinear, Select the LP
Simplex engine for linear Solver Problems, and select the Evolutionary engine for Solver
problems that are non-smaoth,
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On a successful solution, the following window will be displayed:

Solver Results >

Solver converged in probability to a global solution.

Reports
Answer
@ Keep Solver Solution
O Bestore Original Values
[ return to Solver Parameters Dialog [] outline Reports

: Cancel | Save Scenario...

Solver converged in probability to a global solution.

The GRG engine has probably found a globally optimal solution.

Ensure the ‘Keep Solver Solution’ radio button is selected, then press ‘OK’. Now open the
‘calibration.xlsx’ file in the FluoroTensor folder. In a new column, add the current date in
YYYYMMDD order in the first row:

L M | N o
1230217 20230301 20231102| 20240108]

0 0 0

0 0 0
448,28  279.272 387.47
151.358 108.487  191.799
122.417 76.799  128.294
102.274 69.06  104.801
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In rows 3 and four, enter 0, and in row 10 enter the colocalization threshold e.g., 2 pixels:

% ™ 0 P

7 20230301 20231102 20240108

L ==

0 0 0

0 ] 0
279.272 387.47
108.487  191.799
76.799 128.29%4
69.06 104.801

I I

Then go back to the calibration optimizer template that was just solved and select the rounded

parameters in cells U10 through U13 and copy them:

ROUNDED Calibri ~ 11 A A EE~ % 9
¥c 151.534 — . 0 oo
Y %6063 B I = O~ Aviv~ QG id
5Fx 95537 SITY-Y] TS
SFy 93311

& Cut

[ Copy %

ﬁfl Paste Options:

iy

Go back to the ‘calibration.xlsx’ file and right click in row 5 of the calibration being added and

select the ‘Values’ paste option, otherwise references will be copied and it won’t work.

N

. 20231102 20240108

| 1]
| 1]

o]

(

L 38?.4?| I

' 191.799
I 128.294
i 104.801

L M M 8] P
30217 20230301 20231102 20240108

[Calibri 1 e A A~ % 9
BI=Zd A H BN 0 0 0 o
0 0 1] 0
& Cut Ma.28 273.272 387.47] 151.534
f@ Copy »1.358  108.487  191.799 136.063

ﬁj Paste Options:

[0 [ Ok B B [

Paste Special...

12.417 76.799  128.294 95.537

12.274 69.06  104.801 93.311

> 2 2 2 2
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Once pasted, save the ‘calibration.xIsx’ file and go back to FluoroTensor. In the calibration
window, click ‘Reload Calibration’, and the calibration that was just added will be loaded and

selected in the future when the program is started.

¢ Calibration

and u
2nd r

Colocalization Criterion: 2.0

The new calibration will be applied immediately to spot detection and colocalization analysis.
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3.3 Calibrating FluoroTensor with a Dual-Labelled Oligonucleotide

From the toolbar, open the calibration window:

Ay, Mode Detect 5 All Traces Mon

Reload Calibration

C | ose

In the pop-up window, before beginning with analysis, click the ‘Oligo Mode’ checkbox which
will automatically turn auto-optimise mode on and set the right enhancement:
¢/ Calibration |"' Cahbration

maintain integrity
n th

—

Reload Calibration

o

Close

Colocalization Criterion: 2.0
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The rest of the process is identical to the fluorescent bead calibration method.

3.4 Automatic Optimization of Parameters

To automatically optimise the parameters while analysing data instead of using a fixed

calibration, open the calibration window by clicking ‘Coloc. Calibration’ on the toolbar:

Autornate Av. Mode Detect Spots All Traces MNon Coloc, Open RAW

Load TIF

Quality Chk Remove Spots Calculate Colocalized Traces Set Defaults Force Colocalization

In the calibration window, toggle on automatic optimization by clicking ‘Auto-Optimize’:

{ Calibration / Calibration

Current calibration in u

o

Colocalization Criterio

When Auto-Optimise is enabled, the transform will be optimised when the ‘Detect Spots’
button is pressed on the toolbar. The program will first detect spots in every channel. Then it
obtains approximate parameters by grid search and optimizes them using a Simplex solver.
Depending on the number of spots this may take a while, so don’t worry if the window

becomes unresponsive. A progress bar will be shown in the toolbar while this process occurs:

1

Optimizing Transform...
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In addition, the optimization steps are printed in the terminal that opens with the program:

1.41¢

Once the solver has found an optimal solution, the parameters will be shown in the calibration

window:

0.0 Yo 0.0
334.644 Yoo 108993
121.555 SFy: 87.294

Colocalization Criterion: 2.0 pixels

To return to the original calibration parameters, toggle off ‘Auto-Optimise’ in the calibration
window and click ‘Reload Calibration’. If you wish to go back to the auto-optimised parameters

without resolving them again, toggle on ‘Auto-Optimise’ again and press reload calibration.
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3.5 Adjusting Auto-Optimizer Settings

To change the settings of the automatic optimizer, click the cog icon next to ‘Auto-Optimize’

and the settings window will appear:

# Calibration

£ Optimizer Settings

X - min
¥ - min

- step
min. scale

max. iter. 100

Save Changes

Colocalization Criterio

step
max. scale

scale step

Cancel

The top 4 inputs boxes control the range of coordinates the grid-search optimizer will cover.

x-step and y-step are the steps it moves in; a smaller step size makes grid search more precise

but slower, and we recommend no lower than 48 to achieve optimization in a reasonable time.

Scale and scale step control the range and step of the scale factor, and max. iter. is the

maximum number of iterations the Simplex solver will attempt. You can then save the changes

or cancel.

The optimizer isn’t perfect and may sometimes fail to find an optimal solution. The solver

works better with more colocalized spots. The minimum number of spots to work reliably is

4.
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3.6 Plotting the Aberration Vector Field

It might sometimes be useful to visualize the transform that is being applied to correct
chromatic aberration. This can be plotted as a vector field. To plot the transform vector field
over the canvas, right click on the relevant canvas and select ‘Show Aberration Vector Field’

from the context menu. This toggles it on. To turn it off, right click and select it again:

Show Aberration Vector Field

The vector field will be displayed as white lines with magenta arrow heads pointing in the
direction that maps secondary spots onto the markers. Unfortunately, antialiasing is not

possible due to limitations of the canvas in the tkinter GUI library:

488nm - mEGFP  Mean Intensity: 3.106
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Chapter 4 - Automation

4.1 Prerequisites

Automation allows you to select a folder of movies, or load an index file which points to a
curated list of quality-controlled movies, and the program will then run through them one by

one, detecting foci and calculating traces.

For automation, the frame boundaries of the channels must be identical from file to file. Thus,
we recommend using this when data has been collected by automated acquisition on the
microscopy system. In such a system the camera and laser shutters are precisely controlled
such that each fluorophore type is illuminated for 300 frames. The first movie should then be

loaded into the program to determine the frame boundaries that should be set at this time.

Before running automated analysis, ensure that the calibration is correct and properly maps
coordinates to correct chromatic aberration. If using the automatic optimizer, ensure the
colocalization rate in files is high enough. At least 4 colocalized spots are required per image
and preferably more if the density of spots in secondary channels is high. Insufficient
colocalized spots means the optimizer may solve false correlations and increase the rate of

spots falsely identified as colocalized.
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4.2 Quality Control

Before running automated analysis on a folder of .tif files, poor quality files should be
removed. These include files with large aggregates or smears and where the images are out
of focus. This can be done without using FluoroTensor, but it may be beneficial to use the
inbuilt function which creates an index of good files rather than manually removing bad files

from the folder.

To start quality control, click ‘Quality Chk’ in the toolbar:

Automate Av. Mode Detect Spots All Traces Mon Celoc. Open RAW Coloc. Calibration

Load TIF

':'_ualit-'klil'ulc: Remowve Spots Calculate Colocalized Traces Set Defaults Force Colocalization

A dialogue box will appear prompting you to load an index file or curate a folder. In this case

we want to start quality control. Press ‘Curate New Folder’:
" Quality Control Options = O X

Load automation index file or curate new folder?

Load Index File CurateWFolder

A file dialogue will appear from which you can select the folder you wish to curate:

l heterogenecus_3 components 2 40 File folder
l Tracking | 07 File folder
l 23-11-01 PEI k 3 : File folder

23-11-01 PEI

Select Folder Cancel
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The program will then make a record of all .tif files in that folder and load the first one

automatically. A window will be displayed where you can choose to add the file to the index

if the quality is good, or skip it if the quality is bad:

' Quality Contral —

File 1 of 54: 'G:\23-11-01 PEN231101 110417 PELtif'

4 Qusity Garprel - =

Fili Tl % EILE 1T 11417 PELLE

 Quality Control —

File 1 of 54: 'G:\23-11-01 PEN231101 110417 PELEif'

Keep File & Continue Skip FiIEE-'.kEDntinue

Page | 53



The next file is in focus and doesn’t have large aggregates or smears and should be kept:

¢ Quality Control

File 2 of 54: 'G:\23-11-01 PEN231101 110553 PELLf'

Keep File &'kCc-ntinue Skip File

Once all files have been evaluated, you will be prompted to save the index:

¢ Before you close... = O x

Curated files have been indexed. The next automated run will prompt you Lo use
these files.

Don't Save

{ Savelpdices |
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If you do not save the indices, the curated list will only be available for automation during the
current session and will be lost when the raw data analysis window is closed. If you choose to
save them (recommended), a file dialogue will open where you can save the them as an index

(.ind) file.

If you choose to close the quality control window before evaluating all files, you will also be

prompted to save the index of the files kept so far.

If you rename any of the .tif files that were indexed, the program will be unable to locate them
if the index file is used and quality control will have to be done again. In the event that you
move, copy and paste, or rename the folder that was indexed, the program will prompt you

to browse the new location the next time the index file is loaded:

' Data Moved! = O X

Warning! TIF files nmo longer exist in the location specified by the index file.
You may have moved or renamed the folder. You will nowWw be prompted to browse the
new location of the folder containing the raw data. FluoroTensor will then
overwrite the index file with the correct file paths according to the new folder
location. Attempting to automate without correcting may cause FluoroTensor to
crash.

Browse Folder Location Use Foelder Containing Index File Cancel

You can now browse for the folder where the data is located. Alternatively, the second option

can be used if the index file is in the same folder as the data.

FluoroTensor will the rewrite the index file with the updated file locations.
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To load the index file, click ‘Quality Chk’ in the toolbar:

Automate Av. Mode Detect Spots All Traces Mon Celoc. Open RAW Coloc. Calibration

Load TIF

Remowve Spots Calculate Colocalized Traces Set Defaults Force Colocalization

Qualit kl: hk

Then select ‘Load Index File’ in the dialogue box:

" Quality Control Options

Load automation index file or curate new folder?

Curate Mew Folder

Load Inﬁx File

A
A\

Unless there is an error with the index file or it has been moved it will be loaded, ready for

the next automation run.
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4.3 Running Automated Analysis

To run automated analysis, load the index file as mentioned in the previous section on quality

control. Then click ‘Automate’ in the toolbar:

f-".ut-:-ﬁate Av. Mode Detect Spots All Traces Mon Celoc. Open RAW Coloc. Calibration

Load TIF

Quality Chk Remove Spots Calculate Colocalized Traces Set Defaults Force Colocalization

If you have loaded an index file prior to beginning automated analysis, a dialogue box will
appear prompting you to choose whether to use the index file to load data, or to open data

from a different folder:

" File Source = | o

Use previously created gqualitcy control lisc?

Lse List Open Different Folder

If you haven’t loaded an index file, or choose to open a different folder from the dialogue box,

a file dialogue will be displayed where you can browse a folder location:

B 25.12_2023_new set 2:5 File folder

l 23-11-01 PEI k / 3 File folder

23-11-01 PEI
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After this step, another dialogue box will appear prompting you to choose an experiment

mode:

7 Automation Mode

Calculate colocalized traces or all traces?

Colocalized All Mon Colocalized

When a mode has been chosen, automated analysis will start immediately, sequentially
loading the files in the index if applicable or in the selected folder if not. Each file will be split
into channels based on the frames set at the beginning, enhanced and analysed. The relevant
traces according to experiment mode will be calculated from the detected fluorescent signals

and a progress bar will be displayed:

{ Autormnated Analysis

Automated analysis is in progr

Stop Analysis

The run can be cancelled at any time by pressing ‘Stop Analysis’ in which case the program

will finish analysing the current file and then stop:

{ Autornated Analysis —

Automated analysis will be cancelled

after current file is finished.
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Whether the automation run finishes naturally or is stopped early, the data will be kept and

the trace window will pop up:

i FluoroTensor Import Queue - Traces

Colocalization Percentage: Trend Over Time

TIF file (in order they were loaded.)

Trace 153, mEGFP, Spot 97

ALL)
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et
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Uncorrected photon count (

i i ]
100 150 200
Trace coordinate (frames)
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Chapter 5 — Step Detection and Traces
5.1 Importing Data from the Raw Analysis Window
Once the raw .tif files have been analysed, the traces are stored in an import queue ready to

be transferred to the main interface. They can be viewed before importing, by clicking ‘Open

Traces’ on the right-hand side of the toolbar:

Current File: °F 1-01 PER2311041 112805 PELLIF
File length (frame 30

Import to FluoroTensor

This will bring up the Import queue window that opens after traces are calculated or an
automation run finishes. If a mistake was made, the traces can be deleted and the automation

run restarted:
# o) Q

REEE -"'-*TI'EEEE

To import the traces into the main interface, click ‘Import to FluoroTensor’ at the bottom right

of the toolbar:

Current File: " 01 PER231101 112805 PELLIF
File length (fram 30
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The raw data analysis window and all its sub-windows will close automatically with this action

and a dialogue box will appear notifying the user of the number of traces imported:

# Trace count = O x

Found &5& traces, of which

314 were Cyanine 5 marker spots,
32 were mCherry spots, and

310 were mEGFP spots.

Trace 1, Cyanine

The next section will cover the layout of the interface.
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5.2 Main Interface Layout

The GUI is split into four main areas. On the left is the graph panel where traces are plotted.
On the right is the control panel where all the controls are for trace analysis. The info box
shows information about the current trace plotted in the graph panel. The status box displays

information about tasks being carried out in response to user input.

B FuriTera G - Utiserily of Eeiester - By Mes Wil (2027-2024)

T FRET display

200

19, mEGFP, Step count: 4

Time (fr

Add Trace | Renovelast  Add Allin Filer Clear List Seve Plot x=T5.7 y=336.

Import

The control panel is split into sections with

similar options clustered together. These

Dat:

Load Data File sections include importing, exporting, Al
step detection, trace fitting, statistics, trace

processing, settings, filtering and navigation

Calculate Fits & Plateaus through the dataset_

Recalculate Current Trace

Fit Editing Mode

Al Trace Fit All of these functions will be covered in
Smart Trim el

p— detail in the following sections and chapters

of this user guide.

<-- Previous Trace Next Trace -->
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5.3 Navigating Through the Dataset

At the bottom of the control panel are buttons for navigating through the dataset:

<-- Previous Trace Mext Trace --=

To go to a specific trace in the dataset, press ‘Jump to Trace’ and enter the trace number into

the text box that appears and press ‘OK’:

¢ Jump to trace = O x

Enter a trace number to jurmp to.

_OLK Cancel

That trace will then be displayed in the graph panel, and the info box will be updated:

10

Trace 100, Cyanine 5, Step count: 1

Fluoroescence Intensity (Counts / A.U.)

1
150
Time (frames)

Page | 63



5.4 Step Detection

The core function of FluoroTensor is step detection in fluorescence intensity traces to
determine the number of labelled molecules, and thus the stoichiometry of the complex. To
detect steps, click ‘Detect Steps’ in the ‘Al Step Detection’ section of the control panel:

Algorithmic Fitting

Calculate Fits & Plateaus

Amend Step Count Recalculate Current Trace

Fit Editir'lg Mode

Al Trace Fit Activations

Smart Trim Advanced Fit

Trim Trace

Next, a dialogue box will be displayed, asking the user to confirm:

¢ Deep convolutional neural network step detection V.6 O x

Use neural network to assign steps? Warning this action will replace all lakels
with CHN predictions and cannot be undone.

Proceed

Abort |

FluoroTensor will then use its neural network models to predict the number of steps in all
traces in the dataset; this make take a little while, especially the first time this function is used
in a session. The status box will display a message about which neural networks were used for

each channel:

Info

sampled to
resarmpled
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5.5 Plateau Fitting

Step detection only predicts the number of steps in a trace and works independently from the
system that finds the positions in the trace to fit the plateaus. To fit the plateaus, click the

‘Calculate Fits & Plateaus’ button in the ‘Algorithmic Fitting” section of the control panel:

Al Step Detection Algorithmic Fitting

Detect Steps Calculate Fiti&i Plateaus

Amend Step Count

Al Trace Fit

Smart Trim

Trim Trace

All plateaus will be fitted at once; this process may take a little while if the dataset is large

(e.g., over 1000 traces). Once complete the trace plot will update:




5.6 Viewing Positional Activations

The rest of this chapter is not essential but may be found useful. Sometimes it can be insightful
to look at the activations of the neural network model that finds the positions of steps in the

trace. To do this, click ‘Activations’ in the ‘Al Step Detection’ section of the control panel:

Al Step Detection Algerithmic Fitting

Detect Steps Calculate Fits & Plateaus

. c = Recalculate Current Trace
Amend Step Count

) i e Fit Editing Mode
Al Trace Fit Activations =

_ i Advanced Fit
Smart Trim

Trirn Trace

A pop-up window will appear with a graph of the normalized trace in blue and the output

activations of the position detection neural network:

& Figure 1 == O X

Trace 44, Position activations

1.0
0.8
0.6 1
0.4 1 ‘

0.2 1

Normalized Intensity / Activation

0.0 - ._.,-|".,~,._L-v,.||' i M N SO L LY ' N | L) A1 II

—0.2 1

T T T T
0 50 100 150 200 250 300
Resampled Trace / Neuron Index

& -Q & d
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5.7 Switching to Algorithmic Fitting

The Al accelerated position detection system is the default method for fitting traces in this
version of the program. Unpublished testing indicates it is more significantly more reliable

than the moving-average-based approach to plateau fitting implemented previously.

To switch to the older algorithm-based method, untick the ‘Al Mode’ checkbox in the

‘Algorithmic Fitting’ section of the user interface:

Al Step Detection Algerithmic Fitting Al Step Detection Algorithmic Fitting

Detect Steps Calculate Fits & Plateaus Detect Steps Calculate Fits & Plateaus

B i e e T e = = Recalculate Current Trace
Amend Step Count e Amend Step Count < £ -HITE ©

i L Fit Editing Mode . i N Fit Editing Mode
Al Trace Fit Activations Al Trace Fit Activations

Advanced Fit - . Advanced Fit
Srnart Trim : = Srart Trim

Trim Trace Trim Trace

If any of the plateau fitting tools in the algorithmic fitting section are used, the old method
will be used instead of the experimental Al tool. Bear in mind the old tool is generally less

reliable at finding the correct fit and less robust for short plateaus:

Moving average fitting tool Al fitting tool
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5.8 Manual Fit Correction

In the event that either the Al tool or moving average tool fit plateaus incorrectly, i.e., by
placing the step in the wrong place, the mistake can be corrected manually. First, enable fit
editing mode by clicking ‘Fit Editing Mode’ in the ‘Algorithmic Fitting” section of the control

panel. The button will remain light blue to signify the mode is enabled:

Al Step Detection Algorithmic Fitting Al Step Detection Algorithmic Fitting

Detect Steps Calculate Fits & Plateaus Detect Steps Calculate Fits & Plateaus

Recalculate Current Trace Recalculate Current Trace

Amend Step Count Amend 5tep Count

] e Fit Editing Mode . -
Al Trace Fit Activations k Al Trace Fit Activations

~ . Advanced Fit _ . Advanced Fit
Srnart Trim Smart Trim

Trim Trace Trim Trace

Next, click the step that you want to reposition, a white dotted line will appear and the
program will wait for you to click the new position. When the new position is clicked, the
dotted line will disappear and the step will be moved to the x — coordinate of where the mouse
was clicked. The plateaus will be automatically recalculated based on the mean intensity

between the step boundaries:

e M ——

>

!
L
1
I
I
I
I
I
I
I
I
I
I
I
I
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5.9 Manual Step Correction

Sometimes, the neural network might incorrectly predict the step-count of a trace:

In the case where the neural network incorrectly predicts the step count of a trace or when
manual assignment is preferred, click ‘Amend Step Count’ in the ‘Al Step Detection’ section of

the control panel:

Al 5tep Detection Algerithmic Fitting

Detect Steps Calculate Fits & Plateaus

Amend Step Count Recalculate Current Trace
\ | L

Fit Editing Mode

Al Trace Fit Activations

_ i Advanced Fit
Smart Trirm

Trim Trace
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A textbox will appear where you can enter the corrected step count. Type 5 if it has 5 or more

steps, or ‘P’ if it is partially bleached. In this case, the most likely correct step count is 3:
¢ Amend step count = O x

Enter corrected step count. Setto b for b or more, setto P for 'partially
bleached

3

GE Cancel

The program will then update the step count but the plateau fit will be incorrect. To re-fit the

trace with the new step count, click ‘Recalculate Current Trace’ in the ‘Algorithmic Fitting’

section of the control panel:

Al Step Detection Algerithmic Fitting

Detect Steps Calculate Fits & Plateaus

Recalculate Current Trace

Amend Step Count

i .. Fit Editing Mode
Al Trace Fit Activations

_ i Advanced Fit
Smart Trim

Trim Trace

The plateaus will then be refitted by the selected tool:
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5.10 Convolution and Integration

FluoroTensor has two inbuilt tools to aid manual step assignment and fitting. They are two
separate methods that help with the identification of very weak steps that can be easily

missed by eye.

Convolution applies a kernel convolution to the trace which has a similar effect to Fourier
filtering with a low-pass filter. This effect increases signal to noise ratio at the cost of temporal
resolution. To display the convolved trace, click ‘Convolution’ under ‘Trace Processing’ in the

control panel:
Export Export

Export to Excel Export to Excel

Trace Processing Trace Processing

Convolution Convalution

Integration

===

An example of convolution on a trace with very weak steps:

Integration

Original Convolved

An important thing to note is that the trace has not been altered, a copy of the trace is
convolved and displayed but only the original will be analysed and exported. Convolution view

can be turned off at any time by clicking ‘Convolution’ again to toggle it off.
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Integration is another method that can assist the user when trying to identify weak steps

manually. Steps manifest as changes in gradient of the integration:
1(t) J1(0) dt
¢2c

A I2b A

¢2a

If the trace is subtracted by a constant at each frame, such that one plateau lies above zero

and one lies below, the step between them will manifest as a maximum point:

I(t) - a J1() -adt

The following are examples of the integration of a real trace and all its points transformed into

maxima by subtracting each plateau below zero in turn:

[T g LA U UL AT LA N L)

Original Trace
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Integration 26, mCherry, Step count: 3 Subtraction = 10

50 100 150 200 250
Trace coordinate (frames)

Integration 26, mCherry, Step count: 3 Subtraction = 50

Integration 26, mCherry, Step count: 3 Subtraction = 25

50 100 150 200 250
Trace coordinate (frames)

Integration 26, mCherry, Step count: 3 Subtraction = 110

0 200
inate (frames)

Integrated Representations

To turn on integrated view, click ‘Integration’ under ‘Trace Processing’:

E:-::pn:nrt
Export to Excel
Trace Processing

Convolution

Integ Hkti on

E:-::p-:nrt
Export to Excel
Trace Processing

Convolution

Integration

The integration will then be displayed on the main canvas while the original trace is displayed

above it. It is then possible to compare the points in the integration where the gradient

changes to the original trace.
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| Analyse FRETTraces (MG ARECN

100 150 200 250 300

Integration 327, mEGFP, Step count: 3 Subtraction = 0

Integrated trace (A.U.)

100 150 200
Trace coordinate (frames)

To increase or decrease the subtraction amount, click the + or — buttons under ‘Trace

Processing’ in the control panel or press ‘Reset’ to reset the subtraction value to zero:

Export Export Export
Export to Excel Export to Excel Export to Excel
Trace Processing Trace Processing Trace Processing

Convolution Convolution Convolution

Integration Integration Integration

leset 3 les Reset - +
— R

Reduce Subtraction Increase Subtraction Reset Subtraction
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When the subtraction is increased, it is easier to see the changes in gradient of the integration

for steps earlier in the trace:

Analyse FRETTrace:i [[] FRET display

100 150 200 250 300

Integration 327, mEGFP, Step count: 3 Subtraction = 40

>
<
w
o
@
B
b=
o
@
&
©
o
o
7]

2

=

100 150 200
Trace coordinate (frames)
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5.11 Trimming Traces

Sometimes if the autofocus takes a few frames to focus on the sample during data acquisition,
the initial intensity of a trace may be lower for a few frames while the spot is out of focus. This
shouldn’t affect step detection but may affect plateau fitting. This can be done manually or

automatically.

To manually trim frames from the beginning of a trace, click ‘Trim Trace’ in the ‘Al Step

Detection’ section of the control panel:

Al Step Detection Algeorithmic Fitting

Detect Steps Calculate Fits & Plateaus

) . - ecalculate Current Trace
Amend Step Count Recalculate Current Trace

. . - Fit Editing Mode
Al Trace Fit Activations

_ . Advanced Fit
Smart Trirm

Trirn T*EEE

Then enter the number of frames to trim into the text-box that appears:

' Delete first n frames of trace = O x

Enter number of frames to remowve from trace. walue must be between 1
and 200

9

GE | Cancel |
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The trace will then be trimmed by deleting those frames from the start of the trace:

The trace will be trimmed but the fit is left alone and will now be offset from the data. To

correct this, re-fit the trace by clicking ‘Recalculate Current Trace’ as described earlier.

|
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If the wrong number of frames were removed, the trim action can be undone by pressing

undo:

Al Step Detection Algorithmic Fitting

Detect Steps Calculate Fits & Plateaus

- e tecalculate Curren ce
Amend Step Count Recalculate Current Trace

. . . Fit Editing Mode
Al Trace Fit Activations -

_ i Advanced Fit
Smart Trim

Trirn Trace

Alternatively, the auto-trimming function will automatically trim low intensity frames from the
beginning of all traces. This function can be unreliable in very noisy conditions if the signal is

weak and fail to trim traces at all. Click ‘Smart Trim’ to auto-trim all traces:

Al Step Detection Algorithmic Fitting
Detect Steps Calculate Fits 8 Plateaus

. - \ecalculate Current Trace
Amend Step Count Recalculate Current Trace

Fit Editing Mode

Al Trace Fit Activations

_ i Advanced Fit
Senarg Trim

A

Trirn Trace Undo

A dialogue box will appear after the smart trim function has finished asking if traces should

be refitted automatically:

{ Deep convolutional neural network position detection V1.0a

Use neural network to predict step positions and fit traces. Traces with step
counts of 1 - 4 will be fitted.

Proceed Abort
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5.12 Plotting Step Distributions

To plot the step distributions of each channel for any preliminary observations before

exporting, Click ‘Distributions’ under ‘Trace Processing’ section of the control panel:

Ex po t
Export to Excel

Trace Processing

Convolution

Integration

A window will then appear with step distribution histograms for each channel:

© Visible step statistics for 488nm, 561nm, and 640nm

488nm - mEGFP Visible steps, N = 312 561nm - mCherry Visible steps, N = 37

Marker - Cyanine 5 Visible steps, N = 316

w
&

o

=)

Frequency (%)
=
&
Frequency (%)
Frequency (%)

&

PB. o 1 2 3 4 5+ PB. 0 1 2 3 4 5+ PB. o 1 2 3 4 5+
Number of steps Number of steps

Number of steps

@08 H #e~ Qe E #e~-QfE

In some experiments, for example when looking at splicing factors assembling on pre-mRNA,
we wish to observe the distribution of steps of labelled proteins that colocalize with only a
single RNA molecule. In cases such as this, the non-marker channels should exclude steps from

traces in the distribution that colocalize with a marker with more than one bleaching step.
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To display the distributions of secondary channel steps filtered by colocalization to a marker

trace with a single bleaching step, click ‘Filtered’:

Export
Export to Excel

Trace Processing

Convolution

Integration

The same window will then appear but the distributions in the 488nm channel and 561nm

channel are filtered as described:

- Wisioie step stafiznes dor 488inm. S6inmy e Siinm,

A488nm - mEGFP Visible steps, N = 285 561nm - mCherry Visible steps, N = 31 Marker - Cyanine 5 Visible steps, N = 316
an
50 4
25 4 204
40 4
20
S 3 £
= 2 10 =
E 15 g 5
£ g g
i i £ 10
I £ 904 =
10
. st 204
54
0 ' ol N N R R 0l —— - - iy
RE. 0 1 z 3 4 5+ BE. 0 1 z 3 a4 5+ RE. 0 1 z 3 4 5+
Humber of steps Number of steps MNumber of steps
g 2O 8 H #ex QP H #es Q¢ E

If the marker is supposed to be a multimer, the program is unable to show preliminary filtered
distributions of secondary channel steps colocalized with multiple markers at this time,
however this kind of filtering can be applied when the data is exported which will be described

in the next chapter.
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5.13 Plotting the Signal-to-Noise Ratio of the Dataset

After step counts and plateau fits have been calculated, the distribution of average signal-to-
noise ratios of traces can be plotted for each channel. To do this, click ‘Plot aSNR’ in the

‘Algorithmic Fitting’ section of the control panel:

Al Step Detection Algorithmic Fitting

Detect Steps Calculate Fits & Plateaus

Amend Step Count Recalculate Current Trace

. . . Fit En:Iiting Mode
Al Trace Fit Activations

Smart Trim Undo Advanced Fit

Trim Trace

A text-box will then appear prompting the user to enter the minimum plateau length to be
used to calculate signal-to-noise ratios of traces. The lower this number, the more data can be
used to calculate the distribution, but the less precise the calculated standard deviation of
intensities of the plateaus will be. Typically, 10 frames will give a good estimate. We don’t

recommend using less than 5.

Enter minimum plateau length

Gﬁ | Cancel |
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A window will then appear, displaying the signal-to-noise ratio distributions for each channel

in the form of box-and-whisker plots:

&3 Figure 1 O X
aSNR distribution of traces
o
B .
o
o
8
6_
8
o o
=
Q41 © T
2 u
5 e e
Marker: éyanine 5 561nm: ImCherry 488nm:l mEGFP

®e | -Q ¢ d

Page | 82



5.14 Filtering Displayed Traces

The user may wish to only look through traces that have a particular property. For example,
filtering by fluorophore type to only look at Cy5 traces with 1 bleaching step. Currently, the

program supports filtering by fluorophore type and / or the number of steps.

To filter the displayed traces, click on ‘Filter Traces’ in the miscellaneous section of the control

panel:

Settings / Misc.

Preferences Filter Traces

A

If filtering only by fluorophore type, choose a fluorophore in the selection box and press OK:

¢ Filter by fluorophore

Select fluorophore(s) to filter by

mCherry Q

mEGFP
Advanced Filter

Cancel

Select All | Clear All | QK |

For example, in this case, only Cy5 traces will be shown to the user as they click through. To

filter by step count as well, select ‘Advanced Filter’ from the list and click OK.
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The advanced filter window will then appear:

{ Filter by Properties —

races by flu

ng a fluor

Clear All Done

Tick the checkboxes for options you wish to include in the filter. For example, picking mCherry,
2, and 3, will only show the user mCherry traces with step counts of 2 and 3. Multiple options
can be selected in each case. If no traces with these properties exist in the dataset, the
relevant checkboxes will be greyed out. This isn’t foolproof since the step count 3 checkbox
cannot be disabled if mCherry has no traces with step count 4 but mEGFP does. If no traces

can be found the following warning will be displayed:
£ Warning! = O x

No traces could be found with the current filter. Please try again.
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Chapter 6 — Exporting Results

6.1 Exporting Data to Excel

Once traces have been analysed, steps detected and plateaus fitted, the data can be exported

to a preformatted Excel spreadsheet.

In the FluoroTensor folder, find the file named ‘FluoroTensor Colocalization and Steps
Template.xIsx’ and make a copy of it. Rename the copy appropriately based on the experiment

and analysis mode:

l _internal 419 File folder
300fr_Organic_high_SNR._
ifr_Protein_high_SI
fr_Protein_low_
n_model 2 File folder
File folder
%8 calibration optimizer template - ( 0 - Mi ft

%8 calibration optimizer template.
*5 calibratio 024 18: Microsa
= Cljlﬂfig.dﬁt J " DAT File

EH criteria.dat : DAT File

E defaults.dat 0 22 DAT File

xH Experiment blah blah - colocalized etc.xlsx Microsoft Excel W... TTKB
. flt_hcence.ftl k FTL File 1KB
*H FluoroTensor Colecalization and Steps Templateadsx 0611, Microsoft Excel W...

B FluoroTensor Tracking Ternplatelsx Microsoft Excel’

! FluoroTensor vb.6.8r (Latest).exe 419 Application

! icon.ico

. |data.haf

In the program, click ‘Export to Excel’ under ‘Export’ in the control panel:

Ex port to
Trace Processing

Convolution

Integration
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A file dialogue will then be displayed, prompting the user to select a valid file for the data to

be exported to:

«H calibration optimizer template - Copy.xlst Microsoft Excel ...

«H calibration optimizer template.xlsx Microsoft Excel ...

“} calibration.xlsx f2024 Microsoft Ex

B Experiment blah blah - colocalized etc.xlsx 317 Microsoft Excel ... TIKB
B FluoroTensor IZZI:III:ncaIizaktin:nn and Steps Te...  06/11/ Microsoft Excel ... 77T KB

xH FluoroTensor Tracking Ternplate.x|sx 2, :3 Microsoft Ex

me: | Experiment blah blah - colocalized etc

Next, the user will be prompted to select the export filter. This determines which steps will be
exported to the secondary step distributions based on the number of steps in the colocalized
marker. This will be explained in more detail in the next chapter with examples. In short,
selecting all will export raw colocalized distributions with no filtering. Selecting specific steps
will generate distributions based off colocalized markers with that step count and selecting
none will export pure step distributions of all traces disregarding colocalization. This is
necessary when analysing non-colocalized molecules. Once the desired filter is chosen, click

‘Export’:

¢ Select markers

(< |

L
i |
|
i |

| |

ort

Clear All Exp
k

Page | 86



If an invalid file was selected for export, an error message will appear:

¢ Error! — O X

An error occured during export. Export failed. Show the following
message to the developer:
Traceback (most recent call last):

File "FluoroTensor.py", line 569, in export to excel

File "openpyxl'workbookZworkbook.py™, line 287, in __getitem
EKeyvError: '"Worksheet Traces does not exist.!

Likewise, if a non-blank template with data already exported to it is selected, an error message

will appear at this stage:

" Error! = O *

Cannot Export! This template file is not empty!

ok |

Once the export process begins, progress will be reported in the status box:

wrt traces and statistic

Export mode: 'Customn selection of marker steps’

orting data...
ing document...
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When the export has successfully finished, a dialogue box will open to notify the user:

{ Export Complete

Export to Excel has completed
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6.2 The Colocalization Template — Traces

The colocalization template is a Microsoft Excel Workbook with several sheets. Different

information can be found among them:

Statistics Photons | Plots | Colocalization and Parameters

Traces

The first sheet is called ‘Traces’ and keeps a record of the traces and spot fitting parameters:

i 4 (] c o E f G H 3 3 L N 3 v " s T v w x v £ a4

1 [ TRACE NUMBER 1 2 3 z 5 & 3 [ s 1 1 12

2| FLUCROPHORE Cyanines mEGED cpanines mEGEP yanines mEGE Cyanines mEGEP Cyanine 5 mEGER Cyanines meGEp

3 STEP COUNT 1 1 s 5 1 5 1 2 1 3 1 Partially bizaches

4 | TRACE LENGTH 200 300 300 300 300 300 200 300 310 300 300 300

5 ORIGINALXLCOLUMN / SPOT 2 ] 3 1 8 st ] & n % 2 ‘=

& WEIGHTED ACTIVATION 105 1017 5 am 108 5 Lo 1588 1035 3067 1148 a9

7 PREDICTION CONFIDENCE 095 093 1 099 as1 1 1 0.5 s 083 .86 1

& | MEAN DEVIATION 00495 0067 ) 0.0087 0893 0.0006 00035 04632 0.0955 0.06% 01483 0.0007

3 spatx ap7a%07 wEnm a4.64537 4225936 584371 56.04331 36.04046 3352662 108,4205 102725 153.9547 1525014 1
19 spoty 106232 wams3 1E512 147543 190955 1303076 26,7829 267372 1T 25003 1600793 1417813 2
11 sigmax La19ses. 1008971 1538041 1361831 1385417 121823 121853 1053856 1278405 1108043 1232618 1220404 1
12 Sigmay 1.277609 1126543 1446318 1408058 1.262355 1351635 1405108 1.194431 1293122 1.20968 1373675 1264747

13 Resicual 1512842 0.79107 3956614 2694257 1154168 240850 z573m Lamaars 1838652 1136457 1210764 135788 2
"

15 STER POSITIONS e £ s a i s 2 5

18 a ]

il a8

18

1)

20| STER HEIGHTS. 8208323 L3791 BR.00722 5942676 ns a6.96423 18375 BH.99658 ]
2 3471055 1493554

22| 321895

3

2

25

26 TRACES [ FITS Corrected Fit Corrected it Corected Fit Corrected Fit Corrected Fit Corrected Fit Corrected Fit Corrected Fit Corected Fit Corrected Fit Corrected Fit (3

ELAl 644371 670,221 1604.176 AT1.4881 363.5 2114338 0
2 12,709 5719933 1596.011 3827333 3635 2035938 o
29| 40.8133 615.0962 1733.904 337.5933 3635 208.1533 o
. 503419 TesATTL 190399 225093 ECE) | 169.203 o
31 421881 7914238 1220007 124.4205 173,75 1825671 0
32| 42.0881 805.2825 1124239 3.7598 1875 199.8852 o
5 8349 866.6195 1072114 Y 7 1518395 0
32 1718 6572395 710218 -23.8682 1780105 ]
] as.1238 7863619 627781 -14.5257 17893 o
36 58,501 159838 200752 262881 12380 o
| 216881 849.3395 375.1108 24178 177.3329 0
38 124856 L6795 369.0152 139914 163.8095 0

At the top of each trace is information regarding spot fitting, steps, neural network info and

the step positions and heights:

TRACE NUMBER 7 3 3 10
FLUOROPHORE [cyanine s MEGFP [cyanine s MEGFP
STEP COUNT 1 2 1 3
TRACE LENGTH 300 300 300 300
ORIGINAL XL COLUMN / SPOT 9 60 1 68
WEIGHTED ACTIVATION 1.003 1.548 1.085 3.067
PREDICTION CONFIDENCE 1 0.54 0.9 0.93
MEAN DEVIATION 0.0035 0.4632 0.0955 0.0676
spot x 96.04446 93.82662 104.4205 102.7294
spoty 226.7929 226.7972 244.7373 245.043
sigma x 1.21653 1.059866 1.278406 1.106043
sigmay 1.405103 1.194431 1.293122 1.20968
Residual 2521373 1274275 1.828652 1.136497
STEP POSITIONS 8 1 8 a
a 3
a3
STEP HEIGHTS 59.42676 775 4696423 183.75
347.1055 149.3594
32.18945
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Under the information is the full trace and the fit line, these can be easily plotted in origin or

GraphPad prism for publication quality figures.

Corrected Fit Corrected Fit Corrected Fit Corrected Fit
421.4881 421.5 383.2838 363.5
382.7333 349.75 347.9914 363.5
337.8933 349.75 404.7576 363.5
328.4833 349.75 318.0638 363.5
124.4205 2.6445 209.4824 179.75

3.7595 2.6445 94.871 179.75
-3.8229 2.6445 161.8419 179.75
-23.8662 2.6445 209.6614 179.75
-14.5267 2.6445 222.7262 179.75
26,2881 2.6445 61.27 30.3906
-3.4776 2.6445 24,0824  30.3906
13.9914 2.6445 16.9824  30.3906
2.6086 2.6445 17.1143  30.3906
30.8657 2.6445 28.6019 30.3%06
-4.329 2.6445 J1.789  30.3900
2.231 2.6445 136.2852 30.3906

-22.5567 2.6445 59.2424  30.3%906
12.5524 2.6445 58.6186 30.2906
16.4919 2.6445 32.8376  30.3%906
15.2171 2.6445 24,8886  30.2906
15.0236 2.6445 0.08 30.3%906

6.8281 2.6445 34,2014  30.2906
15.0029 2.6445 0.6338 30.3906
40.2114 2.6445 9.5448  30.3906

4.329 2.6445 11.9862 30.3906
-6.0838 2.6445 66.7048  30.3906
-3.9719 2.6445 -1.7286  30.3906

6.4919 2.6445 50.469  30.3906

-11.9833 2.6445 13.4281 30.3906
-4.4805 2.6445 4,5238  30.3906

Due to limitations of Excel, if there are more than 4000 traces in the dataset, only the first
4000 will be exported to this sheet, otherwise the program risks addressing a cell that doesn’t
exist and will fail to save the document and crash. Another way of exporting all traces will be

covered at the end of this chapter.
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6.3 Step Distribution Statistics

Step distribution statistics can be found in the ‘Statistics’ sheet in the export template:

Traces Statistics Photons | Plots | Colocalization and Parameters |

AaE AT ST

On the left are the step distributions for colocalized markers and secondary colocalized step

distributions:

4 |used for coloc. Distribs [FiSIRERSIERe NN [FreaUEney N |everage 488 steps _ [average 561 steps

5 | 0 6 0.3 1
6 |True 1 288 2.021 1.516
7 2 18 2.389 1.333
8 | 2 2.5 2
. MARKERS . 0 0
10 | 5+ 1 5 0
11| u.D 1 0 2
12

13 Totalmarkers: 316

14:|

15 |single marker step ----> | 561 steps frequency

16 |unless single filter 1 16 1 38
17 |is disabled 2 12 2 54
18 | 3 1 3 41
19 | 4 1 4 38
» 561nm Coloc. ° 488nm Coloc. =
21 | u.D. 1|u.D. 83
22 0 0 0 0
23 |

24 | total: 31 285
25 | total (nonzero): 31 285
2|

27 | [s61 steps [fraction asesteps  Jfraction ]
28 | 1 0.52 1 0.13
29 | 2 0.39 2 0.19
30 | 3 0.03 3 0.14
31 | 4 0.03 4 0.13
32| 5+ 0.00| 5+ 0.11
33 | uU.D. 0.03 U.D. 0.29
34 0 0.00 | 0.00
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On the right of these distributions is information about triple colocalized spots, that is markers

that are colocalized with both secondary channels. The first Is simply a count of the number

of triple-colocalized events:

ABS Mormalised to population
MNumber of 561-488 coloc. (single marker step) 28 28
MNumber of 561-488 coloc. (2 marker steps) 3 43
Mumber of 561-488 coloc. (marker 2 1 step) 5

561-488 colocalisation

Single marker 2 marker steps marker = 1 step
Laser Fluorophore

56lnm  mCherry
Marker Cyanines

ABS is the absolute number of events, normalized to population extrapolates the number of

events to the ratio of marker steps. Underneath this is a record of which fluorophores

correspond to which channel.
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To the right of this is a list of all triple colocalized events and distributions:

TRIPLE COLOC. LIST

Marker Steps 561nm steps [488nm steps 488 steps
1 1 2 1 16 1 1
1 1 2 2 10 2 2
1 1 5 3 1 3 3
1 1p a 1 a 7
1 1p 5+ 0 5+ a
1 3 5 u.D. 0 u.D. 11
1 1 a 0 0 0 0
1 2p
1 1 5
1 a 3
1 2p
1 1 4
1 2 1 1 2 3 a 5+ uD 0
1 2p 1 0 2 0 6 2 6 0
1 2 4 2 1 0 2 1 1 5 0
1 1p 3 0 0 0 0 1 0 0
1 1 4 4 0 0 1 0 0 0 0
1 2p 5t 0 0 0 0 0 0 0
1 1 4 u.D. 0 0 0 0 0 0 0
1 1p 0 0 0 0 0 0 0 0
1 1p
1 2p
1 1 4 [1 Marker step 488 steps
1 1p 1 2 3 4 5t uD 0
1 2 3 1 0 2 0 6 2 6 0
1 1 4 2 1 0 2 1 1 5 0
1 2 3 3 0 0 0 0 1 0 0
1 2 5 4 0 0 1 0 0 0 0
5+ 0 0 0 0 0 0 0
u.D. 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

The top two tables are the step distributions of 561nm and 488nm channels that are triple
colocalized with a marker. Only the triple colocalizations for marker steps selected in the

export filter are shown in the list.

The tables in the bottom right correlate the number of steps of each channel in a histogram
format, showing the frequency of a certain number of steps in one channel correlating to the
number of steps in the other channel. The upper of these two tables does this for all triple
colocalizations in the exported list whereas the lower of the two filters this list where the

colocalized marker has a single bleaching step.
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To the right of this information are the correlation tables plotted as histograms:

561nm - 488nm Colocalization Step Correlation (All Markers)

&
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E F rF S F E. . [x]
g 3 e — S— — (141
E’ — n— — — 5
P 2 a— a— a— a— '3 E
— a— — E i 3 e
o S A F A F g 1
1 2 3 4 5+ u.o o
561 steps
561nm - 488nm Colocalization Step Correlation (Single Step Markers)
&
5
4
e
£ . o
a u.D.
g
| =iy Fa 1]
r &
: 3
=+
o
1 2 3 a 5t u.o o
561 steps

This information can help identify whether proteins in the complex associate cooperatively or
competitively which is especially useful when investigating regulatory complexes with

activator or repressor factors that may bind concurrently.
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6.4 Total Photons Emitted

Each time a fluorophore is excited there is a chance it will remain in a reactive triplet excited
state and photobleach via a reaction of the triplet with dissolved oxygen species in solution.
The rate of photobleaching depends on the number of photons absorbed per unit time, thus
weak photobleaching steps from fluorophores in orientations that result in non-optimally
aligned transition dipole moments have the close to the same integrations as optimally

aligned fluorophores which have high intensity steps and bleach rapidly.

The program integrates plateaus from the beginning of the trace to the fitted step boundaries

to calculate the total photons emitted by each fluorophore in arbitrary units. The distribution

should be close to exponential and thus the log plot can be fitted with a straight line.

The ‘Photons’ sheet has a list of the raw integrations as well as pre-binned lists with graphs
plotted from them. Currently the auto-binning system is set up ad hoc. We encourage users
to use plot their own histograms from the raw integrations rather than using the inbuilt

binning system.
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When plotted on a log axis, the exponential distribution can be fitted with a straight line.
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6.5 Step Distribution Plots

Step distribution plots can be found in the ‘Plots’ sheet in the export template:

Traces Statistics Photons Plots Colocalization and Parameters
= - =~ M O [ TS T T - - S|
il
i— Distribution of number of marker steps
4 Cyanine 5 350
= N= 316 20 238
;— 250
9| g0
10 ]

il B

12]

13 e

14 s0

15 18

16 it [ 2 2 1

17 o 1 2z 3 4 S+ u.o

18 | Number of Marker steps

19

20

21

22| 561 visible steps 488 visible steps
2* 60% 35.00%
i_ o 3000%
27| —
28 a0%

29 | Eﬂ &zom%
30 | S s0% §

3 & 5 1soa%
32 2%

33 10,00%
34 i

- N
i: % I 7] 0.00%

Al 1 2 3 a 5+ uo o 2 3 a 5+ o
38 Numbar of mCherry staps Numbar of GFP staps
39
a0
41
4z mCherry mEGFP
43 = =
4;‘_ N= 3 N= | 285

0-step traces are not included in the percentage shown in the graphs as they are spots that

were aberrantly detected and had no discernible fluorescence signal or step count according

to the neural network prediction. U.D. represents undefined spots, those which are labelled

as ‘partially bleached’ in the program.
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6.6 Colocalization and Settings Information

The final sheet ‘Colocalization and Parameters’ has a record of the number of spots detected

and spots colocalized for each .tif file analysed as well as the settings and calibration used:
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iz TOTAL COLOC %
| Mk Apeoes [Taral] L 4 %
i Saccn v ABanr o RO P 4 s
i sor o '
o W (]
u| o =
:
" N GEA 1
Wl g wn
o R e arn
o T wme oosis [EEE P v
3|
E ik IBAL WETWIRKS LS
ot ey P ———
T T S i e T sta e i
" BLow e i IR ek
iy 17 s Sk | Wieas 04 Procek . R e
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In the top left are the colocalization percentages, disregarding the marker step filter. Thus, it

simply shows the number of spots in each secondary channel, colocalized out of all spots in

the marker channel. Colocalization is calculated as the number of marker spots with a

colocalized secondary spot out of the total number of marker spots expressed as a percentage:

FILENAME

TOTAL COLOC %
Marker Spots (Total) -
Secondary Spots - 488nm (Coloc.) 312 43.88%
Secondary Spots - 561nm {Coloc.) 37 5.20%
Secondary Spots - 488nm (Total) 6044
Secondary Spots - 561nm (Total) B4z

The full file path of the tif file is also recorded in the top row.

17

169
19

28
14
1

182
26

F:\23-11-0F:\23-11-0 F:\23-11-0 F:\23-11-0

25 16
9
1
181 181
3 33
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In the next four rows are the optimized transform parameters to correct chromatic aberration

for each tif file if the auto-optimizer was used:

10 OPTIMISED CALIBRATION -——-- > Xc
11 Dynamically optimised calibration Yc
12 parameters will be shown here SFx
LY R R — > SFy

401.6234 512.4362
230.3335 214.3709
141.5165 106.2876
90.74912 80.54593

444.8032
-164.939
93.44124
114.8484

1023.796  259.431 431.9999 106.6161
152.9344 183.0846 -132.8 198.9791
373.3655 111.9239 124.5 145.2845
68.32413  91.2337 124.5 114.9676

Below this are a record of the exact spot detection thresholds used when analysing the raw

tif files and the proportion of frames at the beginning of the files used to create the enhanced

views which were analysed. On the right are the names of the neural networks used to detect

steps for each channel:

SPOT PICKING PARAMETERS

Detection threshold
Averaging threshold

Kernel residual threshold
Minimum sigma

Maximum sigma

Absolute intensity threshold
Gaussian amplitude threshold
Eccentricity threshold
Gaussian residual threshold

VIEW PREFERENCES

sum view frame fraction
Intensity target

&
3

=]

[=]
=

MEURAL NETWORKS USED

Ofr_Organic_high_SNR_model4

100ms_300fr_Protein_low_SNR_model2

Ofr_Protein_high_SNR_madel2

On the right of these is a plot which shows the origin of the chromatic aberration transform

for each .tif file in pixel coordinates:

Auto Optimizer Transform Origin

1200
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At the bottom of the sheet is the calibration that was loaded and used for analysis if not using

the auto-optimizer. Under this is a record of the background subtraction for each .tif file and

the enhancement type used:

CALIBRATION

Calibration Date (YYYYMMDD)
X0

YO

XC

YC

SFx

SFy
Colocalization threshold (pixels)

BACKGROUND SUBTRACTION
(Contrast if using wavelets)

488nm
561nm

ENHANCEMENT
AV. MODE ENABLED

20240108
0

0
151.534
136.063
95.537

93.211
2

97 97
95 95
99 99

Default Default

False
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6.7 Saving and Loading Traces

FluoroTensor has an inbuilt file format (.trcs) for saving and loading traces. The file format is
binarized data using the pickle library which converts python objects to bytes. Three objects
are saved and loaded. These are trace_info which is a list containing information about traces
and is structured as follows: [[fluorophore: string, step count: int, frame count: int, spot
number: int, step positions: list, weighted activation: float, confidence: float, mean deviation:
float, step heights: list, [x, y, [sigma x, sigma y, amplitude, residual]l],]. The second object is
all_traces or a subset of this list depending on the filter which is the set of traces stored in a

list in the from [[int O, int 1, int2, ..., int299],]. The third object is all_fits or a subset of this list

in the same format as all_traces. This data can easily be extracted using a short python script:

T T T T T T
50 100 150 200 250 300
@& e | QO £ d x=51.0 y=93.8
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To save traces in FluoroTensor, click ‘Save Data to File’ under ‘Serialisation (save/load) in the

control panel:

Import
lm po t Raw

Import Spreadsheet

Seriglisation (5ave/Load)

Save Data to File

Load Data File

You can then select which traces to save from the list box. Using the current filter will save all

of the traces displayed by the filter which is described at the end of chapter 5:

' Pickle traces — O x

Select which traces to save

Cyanine 3
mCherry
mEGFP
W
Cancel ‘ Select All ‘ Clear All ‘ Ok ‘

A file dialogue will then be displayed where you can save the traces as a .trcs file:

File folder

File folder

Cilm £mled e

untitled tra ceﬂ

TRCS files (*.tres)
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The file can be reloaded by clicking ‘Load Data File’:

Import

Import Raw

Import Spreadsheet

Serialisation (5ave/Load)

Save Data to File

Load Dita File

You can then select the file you want to load from the file dialogue:

l _internal ( Q.24 File folder
l 100ms_300fr_Organic_high_SMR_modeld y 0 158 File folder
l 100 fr_Protein_high_SMNRE_rmodel2 24 5 File folder
l 100ms_300fr_Protein_low_SME_model2 24 5 File folder
l 0_fr_position_model File folder
l icons 70 } File folder

‘ demno traces.trcs | TRCS File 12 KB
. untitled traces.trcs k 15/01/2024 12:14 TRCS File 5,883 KB

¢ | untitled traces.tres files (*.trcs)

Note that this method only saves traces and their specific information and is not the same as

a full export. Information about colocalization will be lost.
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6.8 Loading Traces from Excel Template

Traces exported to Excel can be reloaded along with the spot criteria and calibration used for
the analysis if the data is to be reanalysed from the raw .tif stack in the same session. To load
traces / settings from an output template, click ‘Import Spreadsheet’ in the ‘Import’ section

of the control panel:

Import

lm port Raw

Import Spreadsheet

Senalization (Save/Load)

Save Data to File

Load Data File

This may take some time especially for large datasets. Progress will be shown in the status

bar:

Experiment blah blah - colocalized etc as suce| [nfo

Once the workbook has been loaded, click ‘Retrieve Data’ under ‘Import’:

Import
lrm port Raw

Import Spreadsheet

Retrigy

Serialisation (Save/Load)

Load Data File
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A dialogue box will then appear, prompting the user to load the analysis settings if applicable:

" Found settings in Ternplate!

FluoroTensor has found preferences, criteria and calibration settings in the
template file. Would you like to use this file to restore these settings for
re—-analysis of raw data?

Load and use settings?

es Mo |

If not, traces will be loaded. If the settings are loaded another dialogue box will appear asking

if it is still necessary to load the traces, since you may only be using the Excel template to load

the settings:

{ Continue Loading?

Serttings have been applied. Do you still wish to load traces?

Yes Mo

If / when traces are loaded, a pop-up will notify the user of which traces were found in the

file:

" Trace count

Found 665 traces, of which

3le were Cyanine 5 marker spots,
37 were mCherry spots, and

312 were mEGFP spots.
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Chapter 7 — Examples of Automated Experiments
7.1 Colocalization of Splicing Factors with pre-mRNA
Consider a complex formed of regulatory splicing factors assembled on a Cy5-labelled pre-

mRNA strand. Two different regulatory proteins of interest are expressed as fusion proteins

conjugated to fluorescent proteins, in this case mCherry and mEGFP respectively:

This diagram shows an ideal state where all the proteins of interest are labelled. Usually they
are between 50-80% labelled according to western blot assays of exogenous fusion vs total
expression. Thus, in practice, the output distributions from FluoroTensor should be run
through some kind of binomial solver which can work backwards from the proportion labelled

and the distribution to find the true stoichiometry.

This example will be demonstrated with simulated data.
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First, a file was loaded to check the frames, number of spots and thus the percentile of the
background that should be removed in each channel. To do this, the brightness was increased

until the spots were blown out and the background was creeping into the image:

Marker - Cyanine 5  Mean Intensity: 19.055

Start frame
Number of frames
Background %
Analyse

Spot Criteria

Refresh View ‘ Redo Frames
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Next, the background subtraction percentage was adjusted until the spots remained but the
background was almost fully truncated from the enhanced image. This was then repeated for

the other channels as well.

Marker - Cyanine5  Mean Intensity: 4.857

Start frame
Number of frames
Background %
Analyse

Spot Criteria

Refresh View \ Redo Frames
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Once the background subtraction was optimal for each channel, the intensity targets were set

which helps maintain a sensible brightness, purely for the user to be able to observe spots by

eye.

At the top of each channel is the channel name, fluorophore name and the mean intensity of

the enhanced view taking the brightness into account:

43%nm - mEGFP  Mean Intensity: 2,72

The brightness was adjusted until the user was satisfied:

488nm - mEGFP  Mean Intensity: 2.76

The mean intensity of 2.76 is now the target the program should aim for when automatically

adjusting the brightness of the enhanced image when the file is loaded or ‘Redo Frames’ is

pressed.
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The intensity targets can be changed by clicking ‘Set Defaults’ in the toolbar:

Automate Av. Mode Detect Spots All Traces Mon Coloc. Open RAW Coloc. Calibration

Load TIF

CQuality Chk Remove Spots Calculate Colocalized Traces Set Defaults Force Colocalization

Marker 36Tnm 438nm

Start frame 0 300 00
Mumber of frames 300 300 300

Background % 9

Convolutions

are Defaults

Import Current

Then the channel can be selected from the listbox:

{ Set View Intensity Target = O X

Set view auto-brightness intensity target. This quantity is
not the =zame as the brightness shown in the user interface, it
iz the target mean view integration for the view optimizer.

Marker
361nm

"W

Cancel

OK |
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The intensity target should be set as a multiple of 100 of the mean intensity of the view. An

approximate value is fine:

¢ 488nm target = O *

=et the intensity target of 488nm wiew

QK Cancel |

2a(]

Next, another file should be loaded to check that the intensity targets and background

subtraction are roughly consistent from one file to the next in the dataset:

Normally it would be useful now to quality check the files before an automation run (This

demonstration uses synthetic data and thus this step isn’t helpful here).
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Finally, since colocalization levels are high, the auto-optimizer was enabled and checked on

the current file:

To rnaintain integrity of data, the calibration cannot be changed from
within the program. If the calibration has changed, Enter a new column
in the 'calibratic ccel file in the program's directory. Mew
calibrations must begin with the date in YYYYMMDD order in row 1 of
the spreadsheet and the new calibration parameters entered in the same
column. The program will automatically load the most recent
calibration according to the dates in the first row. To overide this

and use an older calibration the letter 'F' should be typed into the

2nd row (named 'Force calibration') in the column of the calibration
you wish to use. Then press the '‘Reload Calibration' button.

Current calibration in use: (08/01,/2024 Start Calibration

Yo 0.0
Yo 142.603

Colocalization Criterion: 2.0 pixels

ad Calibration
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The automation run was then started in colocalization mode:

ot 4 Fl e e - Sex b T ared Traten.

(—

At anabyes iy 10720

Leatling TIF P,

100 150

Trace 1, Cyanine aunt; ] Shew Fit

> O F H Add Trace | | Remeove Last| - Add All i Filter Clear List
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The data was then exported to the colocalization template using a single Cy5 step as the filter

since we’re only interested in complexes that form on a single RNA molecule:

Distribution of number of marker steps
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The distributions were then solved using the labelling efficiency and by fitting with a binomial
optimizer the expected stoichiometry (4 mEGFP labelled units and 2 mCherry labelled units)

is yielded:
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The wider distribution of probable stoichiometries was expected for mCherry since the foci

were simulated with very weak intensities and thus fewer 2-step traces were detected than

were expected. The signal-to-noise ratios were plotted and mCherry was found to be on the

edge of the detection limit for FluoroTensor at a median aSNR of 1.5:

aSNR distribution of traces

{@@ @® O

aSNR

o

Marker: (fyanine 5

561nm: 'rnCherry

488nm: mEGFP
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7.2 Stoichiometry of a Hetero-Pentamer

Consider a multimer of two different kinds of proteins, each expressed as fusion proteins with
a fluorescent protein attached. Perhaps, the literature says they interact but the stoichiometry
is uncertain. In this case FluoroTensor can be used to analyse the SM data to determine the

stoichiometry of the components of the multimer by photobleaching analysis.

In this simulation, one component is labelled with mEGFP and the other with mScarlet. For
simplicity, mScarlet will be chosen as the marker. In reality they should both be used as

markers in different analyses to compare colocalization.
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After the marker fluorophore name is loaded and the frames are set. The process is the same
as the previous example until the right background subtractions are found. First, an
automated run for colocalization was started using only the marker and 488nm channel, with

auto-optimization enabled:

304

Trace 1, mScarlet, Step count: 0

Add Trace | Remaove Lest| - Add Al Filber Clear List Save *=110.5 y=178.3
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Since the marker traces are now mScarlet and not Cy5, the neural network model used to
predict steps must be changed from the organic dye model (default) to the low signal-to-noise

model for fluorescent proteins:

This can be done by clicking ‘Preferences’ in the control panel:

Settings / Misc,

Preferences Filter Traces

{ Preferences

Choose a preference to change.

Trace skip number

Default directory

GUI colours

Subsampling

kernel

pre-gauss

Subtraction amount

422nm model dir

36Tnm model dir

Fitting tool window e
Fitting tool threshold

Fitting tool window stride

Fit convolve

Flucrophore config

Sum view frame fraction
Intensity target

Custemn MeuralMet integration
Custom MeuralMet settings
Calibration optimizer settings

Cancel

oK |
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Select ‘640nm model dir’ from the settings and a file dialogue will be displayed:

l _internal 24 19: 24 File felder
l 100ms_300fr_Organic_high_SMR_modeld File folder
l 100ms_300fr_Protein_high_SNR_model2 ( 195 File folder
l 100ms_300fr_Protein_low_SMRE_model2 File folder
l 300_fr_position_model 25 0:2 File folder
l icons 23 12:28 File folder

100ms_300fr_Protein_low_SKMR_model2

Select the ‘100ms_300fr_Protein_low_SNR_model2’ folder inside the FluoroTensor folder.

Models will then be reloaded according to the new configuration and that new configuration

will be shown in the status box:

updated r|r.-_-ura| network model directory for 840nm (Cy 3) to F\FlucroTensor Info

0 ~_Protein_low_SME_model2
Warning: F'Iv.-.-a nake sure base path "100ms_300fr_Protein_low_SNR_model2' is in current working
directory, (same folder as the program itse
Reloading models according to new model chrv.:ctnr,
Done!
The following neural networks are assigned:

488nm predictor: 100ms_300fr_Protein_high_SMNR_model2
561nm predictor: 100ms r_Protein_low_SMR_model2
640nm predictor: 100r fr_Protein_low_SMR_model2
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Steps for mScarlet and mEGFP were then detected as normal:

Building tensorflow datasets from traces on per flucrophore basis...
Traces in m5carlet channel will be resampled t j
Il be resarnpled to

Traces in mEGFP channel will be resampled to

Uzed model
Used model "100m

Since the marker is not necessarily expected to be a single unit like in the case of the RNA

binding proteins, the export filter for the marker is selected to be valid steps from 1-4:

¢ Select markers »
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Based on labelling efficiencies and expected binomial distributions, the hetero-pentamer is

composed of 3 mScarlet labelled components and 2 mEGFP labelled components:

Distribution of number of marker steps
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The data was then reanalysed in non-colocalized mode to observe the distribution and
multimerization state of non-colocalized spots. Some of these will be multimers with only one
of the components labelled where the other components are endogenous protein, invisible
to the fluorescence microscope. Others may be incompletely assembled or dissociated
multimers, single labelled proteins, or multimers of a single one of the two component

proteins.

Once the automation run is complete, the steps are detected as before but when exported,

no steps are selected and the filter is disabled since the spots are non-colocalized:

 Select markers

Clear All

A message will appear, confirming this choice:

7 Mo Markers! = O *

No markers selected. FluoroTensor will now exXport unfiltered distributions.
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Distribution of number of marker steps
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From the non-colocalized distributions and binomial analysis it appears as if the mScarlet
labelled component exists in primarily dimeric or trimeric form with a small proportion of
monomer, whereas the mEGFP labelled component exists in almost equal parts monomeric

and dimeric forms, slightly in favour of monomeric.
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Chapter 8 - Tracking
8.1 Launching the TrackXpress Add-in

To launch the TrackXpress single molecule tracking add-in within FluoroTensor, click

‘TrackXpress Add-in” under ‘SM Tracking’ in the main interface:

5M Tracking Settings / Misc.

TrackXpress Add-in Preferences Filter Traces

Export Al Step Detection Algeorithmic Fitting

Export to Excel Detect Steps Calculate Fits 8 Plateaus

- o
Trace Processing

Convolution Amend Ste P Count Recalculate Current Trace

. Fit Editing Mode
Integration Al Trace Fit || Activations E

Smart Trim Advanced Fit

Trim Trace

The tracking interface should then appear shortly:

T Trackilgress single mokeciile tracking extension package
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8.2 An Overview of the Tracking Interface

The left side of the interface is the control panel. At the top is the ‘File’ section where data can

be loaded or saved, viewed, or automated. Below this is the ‘Preprocess & Enhance’ section

for enhancing data before tracking. Next is ‘Initial Selection & Particle Detection’ which

contains thresholds for particle detection:

Tracking Control
File

Load TIF Automnate File: None

Export Processed TIF Frame count: None

Select File Tracking ™

Preprocess & Enhance
Redo Preprocessing Filter Power: m

Initial Selection & Particle Detection
Detection threshold

Averaging threshold

Kernel residual threshold

Minimum sigma (Gauss2DY)
Maximum sigma (Gauss2D)
Absolute Intensity (0 - 255)
Gaussian Amplitude Threshold
Eccentricity threshold

Gaussian residual threshold

Open Raw

COpen Processed

FAverage Frames: H

Start Frame

Discard
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Underneath this is the ‘Tracking Parameters’ section where the settings for tracking are
located. This include the particle discriminator which thresholds for minimum track length,
maximum leap distance and maximum time in a dark state before discarding or terminating
the track. ‘Calibration’ contains settings to do with setting the pixel size and length of a frame
so distance and time measurements are correct for diffusion analysis. ‘Diffusion Analysis’
contains all of the settings and thresholds for fitting mean-square displacement (MSD) plots

and filtering the tracks based on quality.

Underneath this are sections for saving and loading the tracking data and analyses as ‘Tracking

Experiment’ (.txp) files and adjusting the font size and appearances of graphs in the interface.

Tracking Parameters BRI e

Startat Stopat Tracking Mode Continuous

Particle Discriminator Calibration
Max. Displacement 5 P : : } - -

_ : ) Distance Units Pieels — | Coloc. Transform
Min. Path Duration 0 frames

Max. Dark Duration frames Picel 5ize 160 nm Frame Interval 0.1

Diffusion Analysis i | Don't export track if:
Min. Proportion 5 % (i) Zero Diff. 0.0001 = (i Spot is stationary
Min. Data Points 5 i Uncertainty 1 st i Error > 10

dy/dx Threshold :
Min. Coeff. Determ. : Apply Constraints | Plot Current View All M5Ds ’7

Save [ Load Profiles Plots Grid Guides

Save Experiment Jpen Experiment Mew Experiment Dark Theme
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In the middle of the interface are the channels, each with a canvas where the data is displayed

and settings such as brightness and contrast can be adjusted:

Primary Tracking field Sk : Colocalization field 1 5! < Colocalization field 2

Scroll Frames Use Global Morm. || Scroll Frames Use Glebal Norm. || Scroll Frames Use Global Morm.

Brightness Brightness Brightness

Contrast Contrast Constrast

ect F!,Egiu:n n !I Invert Selection Select F!,Egiu:nn ! Invert Selection ct F!,Egiu:u n ! Invert Selection

Delete Region Delete Region Delete Region

The first channel is the primary tracking field, the other two would be colocalization fields,
however colocalized tracking has not yet been implemented in this version. Currently all three

channels can be used for independent files at the same time.
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On the right is a display area where tracks are plotted and information displayed. Time series

plots can be viewed from here as well as the data exported to an Excel template.

Trajectory Analysis

Field: Tracking ~|  Export

Select Path Analyse and Display

Ra eroll | Export to Excel

Trajectory Information | Refresh MSD Percentage m
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8.3 Loading a TIF File for Tracking

To load a .tif file, click ‘Load TIF’ in the ‘File’ section of the control panel:

File

| Loac, TIF Automate File: None R
k pen Raw

Export Processed TIF Frame count: None

Select File Tran:l-:ing — Open Process

A file dialogue will then appear where you can choose a .tif file:

Ed simulated raw_data_0.tif TIF File 32047 K
B simulated raw_data_1.tif k TIF File
B simulated_raw_data_2.tif 01,20 O TIF File
B cimulated raw_data_3.tif 0120 | TIF File
B simulated raw_data_d.tif J TIF File
B cimulated raw_data_5.tif | TIF File
B simulated_raw_data_6.tif z TIF File
EA simulated raw data 7.tif ( 2024 21:05 TIF File

ne: |simulated_raw_data_0.tif w || TIF files (*.TIF)

The file will then load and after a short time, a progress bar window will appear as the frames

are enhanced:

Processing TIF Stack

Enhancing frames...
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Once the movie is loaded and enhanced, it will appear in the leftmost (‘primary tracking field’)

channel:

. Tracking Control Primary Tracking field

ad TIF Automate File: 'G:Ahetero_3_v2\simulated_raw_data_0.4if =
Open Raw
= |

Frame count: 250

| Open Proc

Filter Power: m Average Frames: H

Initial Selection & Particle Detection ClakEramar 0
0

Detection threshold |
bR A S | ‘ Calcufate Initial State | Discard

Averaging threshold

Kernel residual threshold 230
Minimum sigma (Gauss2D) 0.7 |
Maximum sigma (Gauss2D) 3.5
Absolute Intensity (0 - 253) 10
Gaussian Amplitude Threshold 10
Eccentricity threshold |
Gaussian residual threshold g 2

TraLhn; Parameters

Unlike the colocalization program, any resolution is technically possible for the tracking
program, but we don’t recommend anything over 512x512 by 500 frames or 256x256 by 2000
frames since the analysis may take a very long time or even crash the program in the extreme.
The canvas will only display up to 256x512 but can be lifted into a new window which will be

explained later.

On the left, a frame of the movie is also displayed in the particle detection section. This can
be used to aid in setting the spot detection thresholds correctly for tracking. The frame count
and file path will be displayed in the info box in the file section at the top left of the control

panel:

Meimulated_raw_data_0 tif
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8.4 Viewing Raw and Processed Data

To view the raw unprocessed .tif stack, click ‘Open Raw’ in the file section of the control panel:

File

Load TIF Automate File: "G:\hetero_3_wAsimulated_raw_data_0.tif

Open Raw

Export Processed TIF Frame count: 250

Select File Tracking ™ Open Process

In the same way as in the colocalization a window will appear where you can scroll through

each frame of the data one by one or move to a specific frame:

¢ Raw TIF Stack

Inferno
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The same can be done for the enhanced stack. Click ‘Open Processed’ in the file section:

File

Load TIF Automate File: *G\hetero_3 vsimulated_raw_data_0 tif )
Open Raw

Export Processed TIF Frame count: 250

Select File Tracking — LEE F'“J';*‘“E'j

Both the raw and enhanced stacks can be displayed at the same time for comparison.

| Use Global Mormalization Inferna —
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8.5 An Overview of a Channel

|

At the top is the channel label, in this case the
‘Primary Tracking Field. ‘Show boxes’ toggles
whether to display an overlay of boxes around the
tracked spots. ‘Float” opens a new window and
displays the movie in an enlarged canvas at 1.75x

magnification in that window:

Primary Tracking field [ Show

-
3

Scroll Frames m| UseGlobal Morm.

Brightness

Contrast

Global normalization normalizes the entire movie

with respect to the brightest frame, instead of
M Invert Selection .. .

normalizing the current frame with respect to the
brightest pixel within it. Global normalization

should always be enabled for tracking.
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Global normalization, brightness, and contrast are all parameters which affect tracking. The
brightness and contrast controls can be used as additional enhancement to try and remove
spurious noise left over after high-pass filtering. Care should be taken not to over-adjust the

contrast as weak signals may be lost and spots will begin to flicker. Increased variance in fitting

parameters due to flickering may result in poor results when tracked.

Erightness

— —

— -

Brightness

Contrast

Shown above is an example of a good enhancement using brightness and contrast for this file.
Note that this will vary depending on your setup. Signal intensity and noise strength within
the image will affect this. Generally, the better the enhancement and the cleaner the image,
the more computationally efficient tracking analysis will become since many fewer false

positives will be attempted to be fitted.
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8.6 Selecting a Custom Analysis Region

Sometimes you may wish not to track the entire field of view but only part of it. For example,
optical aberrations or poor focus at the edge of the field of view will be tracked, to the

detriment of the analysis:

To only analyse the high-quality portion of the field of view, click ‘Select Region’ at the bottom

of the channel to toggle on selection mode:

Select kgmn M| Invert Selection
Delete Region

Then, click and drag the cursor over the area you wish to select:

1

Primary Tracking field Show boxes
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By default, the selection box will be shown in green. This means that the region within the
selection will be analysed. If instead a specific region should be excluded, tick the ‘Invert
selection checkbox and the region within the selection will be ignored and the box will appear

red:

_ﬂ* Invert Selection

For example, in this file there is a patch of aggregated fluorescent material which can be

excluded like so:

Primary Tracking field M| Show es  |Float
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8.7 Setting Up Particle Detection Parameters

First, set the start frame in the top right of the ‘Initial selection & Particle Detection’ section

to the first frame of your data:

|nitial Selection & Particle Detection Start Frame. I

Detection threshold

Calculate Initial State Discard

HAveraging threshold

Kernel residual threshold
Minimum sigma (Gauss2[)
Maxirnum sigma (Gauss2[Y)
Absolute Intensity (0 - 253)
Gaussian Amplitude Threshold
Eccentricity threshold

Gaussian residual threshold

Then, click ‘Calculate Initial State’:

|nitial Selection & Particle Detection

Detection threshald - o = !
ikl Calcu}atelitlal State | Discard

HAveraging threshold

Start Frame ()

Spot 1, Coordinates: 5.7, 23
Spot 2, Coordinate
pot-3. Coordinate:
Spot 4, Coordinates: 17,
Spot 5, Coordinates:
Spot 6, Coordinates:
Spot T, Coordinat
. Spot. 8. Coordinate:
Absolute Intensity (0 - 253) 0 | Spot8, Coordinates:
- Spot 10, Coordinates
Gaussian Amplitude Threshold 0 | Spot 11, Coordinates:
~ Spot 12, Coordinates: 4%
Eccentricity threshold 0.6 | Spot13, Coordinates:
~  Spof 14, Coordinates

Kernel residual threshold

Minimum sigma (Gauss2[)

Maxirnum sigma (Gauss2[Y)

Gaussian residual threshold 10.0

The coordinates and fitting parameters of the spots found in that frame will be displayed in

the scroll box beneath, this can be highlighted and copied to the clipboard via CTRL — C.
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In addition, a window will pop up showing the fluorescent signals that were detected in that

frame:

& Figure 1

Initial State

50

100

150

200

0 50 100 150 200 250

x=26.0 y=25.0
[0.0]

Zooming in and hovering the cursor over a pixel will give its coordinates and intensity in the

bottom right corner of the plot toolbar:

' ¥%=13.02 y=145.15
RN A ONF a7 [38.4]
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Close the window and adjust the thresholds until spurious noise is no longer detected as

particles without losing actual fluorescent signals when the initial state is recalculated:

Detection threshold
SEECHON SArESNEK Calculate Initial State ard

Averaging threshold

Spot 1, [.n1nrn:llnatn=s. 6

Kernel residual threshold :
Spot 3, Coordinates:

Spot 4, Coordinates:

Minimum sigma (Gauss2D) .
! gma ( ==t 5, Coordinates: -

Maxirnum sigma (Gauss2D) 7 Coordinate
: : &, Coordinate:
Absolute Intensity (0 - 255) g0 L__F,.,t 5'. T —
Spot 10, Coordinates: 4
Gaussian Amplitude Threshold 50 Spot 11, Coordinates
Spot 12, Coordinates

Eccentricity threshold 0.65 Spot 13, Coordinates

Spot 14, Coordinates: 60.
Gaussian residual threshold 10.0

Initial State

50

100

150

200

250

0 50 100 150 200 250
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This will vary between experimental setups, so copying the numbers in the example is unlikely
to work. The detection threshold, absolute intensity, and Gaussian amplitude are the main
settings that should be changed for this. The other settings work well to ensure that very close

or coalescing spots will be ignored.

Next, it is important to check that these parameters work consistently throughout the movie.

Set the frame to some point in the middle or towards the end of the movie:

Inltla election & Particle Detection <
Start Frame 200 | |

Dt kot hal; | | Calculate Initial State Discard
Averaging threshold

Spot 1, Coordinates:
Kernel residual threshold 37, | Spet2, Coordinates:

— 1 5 yordinate

Epot 4, Coordinates:
Spot 5, Coordinates:
Spot 6, Coordinates:
Spot 7, Coordinates:
Spot 8, Coordinates: 5
J!'anDh..ltE |r'ItEFI5it_'," U:l = ESE‘J :' E_p.u‘t El‘. Cuur{tinatﬁ_ﬂ:

Minirnum sigma (Gauss2D)

Maximum sigrma (Gauss2D)

Gaussian Amplitude Threshold
Eccentricity threshold

Gaussian residual threshold 10.0

Once it has been verified that the parameters select spots consistently throughout the file,

tracking settings can be adjusted; this will be explained in the next section.

Frame 100 Frame 150 Frame 200
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8.8 Setting Up Tracking Parameters

Once the parameters that govern spot detection have been adjusted, the same needs to be

done for the parameters that govern how motion is tracked from frame to frame.

Tracking Parameters B Lock End Frame

Startat Sto pat 230 Trackin q Mode Continuous Ana |'_-,-'5.v'.-_-

Particle Discriminator Calibration
Max. Displacernent 4 px . .
Distance Units Pizels — | Coloc. Transform
Min. Path Duration 10 frames

Max. Dark Duration 1 frames Picel Size 160 nm Frame Interval 0.1

At the top, enter the frame range you wish to track. By default, this will be the first frame all

the way to the end of the movie.

‘Max. Displacement’ is the maximum distance a particle can ‘hop’ in a single frame to be
considered the same object in a different location in the next frame. ‘Min. Path Duration’ is
the shortest track length in frames. ‘Max. Dark Duration’ is the maximum amount of time in
frames for which a fluorescence signal can disappear for it to be considered the same object
when it reappears. To the right, the pixel size and frame interval must be set according to the

experimental setup and acquisition.

Using the drop-down menu, it is possible to change the distance units from pixels to

nanometres for the ‘Max Displacement’ property:

Particle Discriminator Calibration
Max. Displacement 4 px : :

Distance Units i ) —| | Coloc. Transform
Min. Path Duration 10 frames

Max. Dark Duration 1 frames Picel Size wterval 0.1
Nanometre*{n my

Particle Discrniminator Calibration

Max. Displacement 6400 | nm

. . _ Distance Units Manometres (nm)] | || Coloc. Transform
Min. Path Duration 10 frames

Max. Dark Duration 1 frames Pucel Size 160 nm Frame Interval 0.1
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8.9 Tracking

Once all the necessary parameters have been set appropriately, the data can be tracked. To

begin tracking single molecule motion, click ‘Analyse’:

Tracking Parameters B Lock End Frame

Startat Stopat 250 Tracking Mode Continuous

Particle Dizcriminator Calibration
Mazx. Displacernent nm _ _ . _ -

_ _ _ Distance Units Manometres (nm) || Coloc. Transform
Min. Path Duration 0 frames

Max. Dark Duration frames Picel 5ize 160 Frame Interval 0.1

Diffusion Analysis Don't export track if:
Min. Proportion % Zero Diff, 0.0001 ~2 s Spot is stationary
Min. Data Points 5 Uncertainty 1 st Error =

d Thresheold
Min. Coeff. Determ. Apply Constraints | Plot Current View All MSDs

The program will then begin tracking and a progress bar will be displayed. This process may
take some time depending on the size of the file and the number of spots. First the program

will try to detect molecules in every frame:

Tracking spots...

Cancel

Then it will connect paths between the detected spots:

Correlating frarmes - Building Trajectories...

Cancel
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After this process has completed, spots that have been tracked will be outlined by yellow

boxes. The currently selected track will be outlined by a red box:

On the right of the interface, the currently selected track will be plotted and the info box below

will contain information about the track:

Trajectory 1 Trajectory Information | Refresh MSD Percentage m

Name: Trajectory 1
First Frame: 0
Last Frame: 89
e
74 nm/ frame
1 nm/ frame
nm/ frame

1000 -

| | |
750 1000 1500 1750
lacement (

1 std.dev.)

573 um"2 |
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8.10 Navigating Through Tracks and Visualizing Time Series

There are a couple of ways to select a track and display its trajectory and information. The first

is to scroll through tracks in order using the ‘Select Path’ spin box:

Field: Tracking

Analyse and Display

TR I Trajectory 1 §| Export to Excel

The ‘Select Path’ spin box changes the selected path and updates the plotted trajectory. Since
this is a slow process, it may be more convenient to rapidly scroll to a specific track number.
Use rapid scroll to quickly reach the track to plot, this will not update the information
immediately when the value in the spin box changes, instead click ‘Refresh’ to update the

trajectory plot and information:

Field: Tracking Export

e R Trajectory 136 3: Analyse and Display

Rapid Scroll Export to Excel

) Trajectory Information | Refresh MSD Percentage m
0-
g’ Name: Traject: 36
X; First Frame: 51

S Last Frame:
Terminat leaso imum dark time exceeded.
J nm [ frame
nm/ frame
4 nm / frame
1 frames

1000 -

2000 -

y displacement (nm)

2500 -

3000 -
' '
1500 2000 2500 3000

splacement (nm)
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Alternatively, a spot in the canvas can be selected. Click a spot in the canvas to display its track

and information:

Prirnary Tracking field Prirnary Tracking field

The frame slider will be automatically set to the first frame of the selected track and its

information will be displayed on the right:

Trajectory 25 h
LRSRACE . MSD Percentage m

1000 -

1500 -

y displacement (nm)

2000 -
Max. Ecce
End-to-End

2500 -

std.dev.)

: | | | |
500 1000 1500 2000 2500
% displacement (nm)

Track information is calculated ‘just in time’ from the coordinates each time it is displayed and
when it is exported rather than during tracking. This means that the pixel size and time step
can be updated without needing to re-track the movie and MSDs / diffusion coefficients can

be dynamically updated in real time.
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Sometimes, with all of the boxes and numbers, the canvas can become very cluttered,
especially when the spot density is high. To declutter the canvas, untick the ‘Show boxes’

checkbox at the top of the canvas, and onIy the currently selected track will be outllned

Primary Tracking field

To display time series information including fitting parameters in each frame, velocity

distributions and the fluorescence intensity trace, click ‘Analyse & Display’:
Field: Tracking Export

B Trajectory 25 3: Analyse artiDispla:.r
Rapid Scroll ‘Trajeutnry 136 §| Export to Excel

A window will then appear displaying time series, these are also calculated ‘just in time” and

can therefore be dynamically updated if the calibration is corrected:

Displacement Magnitude Velocity distribution

Frequency

100 20 0 w0 200 0 10 5 20
Time (frames) felocity (nm / Time (seconds] )

Gasussian Residual Variation with Time Gaussian Spread in x {blue} and y {orange}, Eccentricity (min/maj) {green}

150

00 0 5 0 0 100 150
Time (frames) Time (frames)

Gaussian Amplitude Variation with Time Fluorescence Time Trace

100 50 200 250 o S 100 50
Time (frame Time (frames)
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8.11 Time Series

In the time series window are a number of plots relating to properties of the current track. In
the top left the displacement, or ‘hop’ distance for each frame is plotted. To the right of this
is a histogram showing the velocity distribution per frame, which is in essence a histogram of
the displacement magnitude series:

"/ Trajectory 25 - Time Senies

Displacement Magnitude Velocity distribution

Frequency

Displacement (nm)

' '
100 ) 2. ) Pl 20

Time (frames) Velocity (nm / frame)

In the top right of the window is a plot of the mean-square displacement, fitted via linear
regression to calculate the diffusion coefficient. By default, all MSDs are fitted without

optimization, using 100% of the plot:

Mean Squared Distance (y = 0.2262 x + -0.4363), D = 0.056546 um~2/s

4]

L4
E
=]
]
u
=

I
10 15
Time (seconds)

The next chapter will cover how to properly fit and filter MSD plots for much more accurate

diffusion coefficient distributions.
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In the bottom left of the window are the Gaussian fitting parameters of the spot for each

frame it was detected:

S

malized Intensi

sity

Normalized Inten

n
U
b

‘s
©
£

=

{1y}

Intensity (A.U.

Gasussian Residual Variation with Time

I I
100 150

Time (frames)

Gaussian Amplitude Variation with Time

;
100 150
Time (frames)

: :
100 150
Time (frames)

Fluorescence Time Trace

i 1
100 150
Time (frames)
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8.12 Switching to Another Channel

By default, data will be loaded into the ‘Primary Tracking Field’ and analysed. To switch to
another channel, select it in the file section of the control panel:

File

Load TIF ’m File: "G:\hetero_3_v2\simulated_raw_data_0 tif =
Open Raw

Export Processed TIF Frame count: 250

Select File Trau:l::iﬁg — Open Pro:

Tracking
Preprocess &

Fedo P CDE- 2 Filter Power: m Average Frames H

Notice that the information box is now empty. The data and analysis for the ‘Primary Tracking

Field’ is still in memory, but the program is only showing information about ‘Colocalization
Field 1':

(3

Load TIF Automate File: None Fleer B
Open Raw

Export Processed TIF Frame count: None

Coloc.1 ™ Open Processed

Similarly, the program will no longer show the results from the first channel:

B TrachiXpress vngle roiecule tacking estantion package

Page | 149



All information is stored and you can switch back and forth between channels freely from the
dropdown menu. Only change the channel when FluoroTensor is not running a task such aa

tracking, enhancing, MSD fitting etc, otherwise this will result in a crash or data corruption.

It is possible to use multi-channel tracking to observe binding kinetics between fluorescently
labelled diffusing membrane proteins and a ligand with another dye. Load the data from the
diffusing membrane protein into the ‘Primary Tracking Field’ and the data from the ligand into
‘Colocalization Field 1’ and then track the primary field, using it as a marker similarly to the

colocalization analysis part of the program described in previous chapters:

B TrackXpress umgle molecule bracking extention package

This is currently an experimental feature and currently does not support chromatic aberration
correction in its current state. The fluorescence signal is calculated both for the tracked marker
and its position in the colocalization channel. Thus, fluorescent molecule binding and

unbinding will show up in the colocalized trace.

To access the colocalized trace, open the time series window first:

Field: Tracking Export

=L BN Trajectory 108 3: Analyse arii Display

Ra Flil Scroll ‘Trajentnr'f 1 §|
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Then in the time series window, find the fluorescence trace in the bottom right corner and

click “Traces’ in the top right of the plot:

Fluorescence Time Trace

5
T
=
=
w
=
o
e
=

!
100
Time (frames)

A new window will pop up with the fluorescence traces of all three channels calculated from

the region following the x, y position of the track in the marker channel. A binding and

unbinding fluorescent ligand will show up as fluctuating intensity in the colocalization channel:
Colocalization and Traces.

Primary Tracking Field

]
100
Time (frames)

Colocalization Field 1

600 -
500 -
400 -
300 -

200 -

Intensity (A.U.

100 -

1
100
Time (frames)
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Chapter 9 - Fitting MSDs and Plotting Diffusivities
9.1 MSD Autofit

Under the tracking parameters is the control panel for diffusion analysis:

Tracking Parameters B Lock End Frame

Startat Sto pat 250 Trackin q Mode Continuous Ana |'_'p'5.E

Particle Discriminator Calibration
Mazx. Displacernent 4 px : : } ~ i

_ _ ) Distance Units xels — | || Coloc. Transform
Min. Path Duration 10 frames

Max. Dark Duration 1 frames Piel Size Frame Interval 0.1

Diffusion Analysis i | Don't export track if:

Min. Proportion 5 % (1) Zero Diff. 0.0001 um®2 fs (i Spot is stationary
Min. Data Points 5 i/ Uncertainty 1 st.D. i Error = 10

dy/dx Threshold :
Min. Coeff. Determ. - | Apply Constraints | Plot Current View All MSDs ’7

The parameters are explained in the accompanying paper. In brief, the autofit function fits a

number of proportions of the MSD with the aim of maximising R? to find the point of optimal
fit towards the beginning of the MSD plot before it deviates from linearity. If R? is less than
minus 10 by default and the calculated diffusion coefficient is less than the ‘Zero Diff’
threshold, the spot will be marked as stationary. If the checkboxes are selected, tracks that
are marked as stationary or have a fitting error greater than a certain threshold will be
removed from the export list (unless manually re-added) and will not be included in the

diffusivity histogram.
To use MSD autofit, click ‘Apply Constraints’ after the data has been tracked:

Diffusion Analysis i} Don't export track if:

Min. Proportion 5 % (i) Zero Diff. 0.0001 um®2 fs (i Spot is stationary
Min. Data Points 5 i) Uncertainty 1 st.D. - Error = 10

dy/dx Threshold i
Min. Coeff. Determ. 10 _ Apply C.oﬂstramts Plot Current View All M5Ds
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The program will then calculate the optimal MSD fit based on the parameters set in the

‘Diffusion Analysis’ section of the control panel:

MSD AutoFit

Finding optimal M5D fit (67 / 242)...

Comparing the linear regression using the full MSD function compared to the optimized fit:

Mean Squared Distance (y = 0.2263 x + -0.4375), D = 0.056587 um™2/s

MsSD (um™2)

10 15
Time (seconds)

Mean Squared Distance (y = 0.1526 x + 0.0151), D = 0.03815 um™2/s

MSD (um™2)

1
10 15
Time (seconds)

The fitted proportion is shown in white and extrapolated over the unfitted region in red. The

ground truth diffusivity of this track is 0.040 pm? / s.
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9.2 Plotting the Autofit Function of the Current Track

To plot the functions used to find the MSD fit of the current track, click ‘Plot Current’ in the
control panel:

Diffusion Analysis i | Don't export track if:

Min. Proportion 5 % (i) Zero Diff. 0.0001 um®2 /s [ ] Spot is stationary
Min. Data Points 5 i) Uncertainty 1 5t.0. i Error = 10

dy/dx Threshold 0.0 | 1
A I N £ View All MSDs
Min. Coeff. Determ. -10 : Apply Constraints | Plot ‘kurrr_-nt View All MSD

A window will then appear with a plot of R? as a function of the proportion of the MSD plot
fitted, its gradient, and the diffusivity at each proportion:
/' Coefficient of Determination of Trajectory 24 MSD fit

R~2 as a Function of Fitting Percentage

' '
Ty} 50

Fitting Percentage
Derivative of R™2

2) [ dx

o
=]

0.000 -
I 1
= B0

Fitting Percentage

Diffusion Coefficient as a Function of Fitting Percentage

4.0 &0
Fitting Percentage
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9.3 Viewing All MSD Plots

To view the MSD plots of each track without needing to open the time series window every

time, click ‘View All MSDs’ in the control panel:

Diffusion Analysis i | Don't export track if:

Min. Proportion 5 % (1) Zero Diff. 0.0001 um®2 /s [i Spot is stationary
Min. Data Points 5 i) Uncertainty 1 5t.D. i Error = 10

dy/dx Threshold 0.0 i
Y I Mot C £ 1= | 5
Min. Coeff. Determ. -10 : Apply Constraints | Plot Current | Wiew AIthDs

A window will then appear with pages of tracks that can be scrolled through:

Page 1/13

Track 1 MSD Fit 1, m = 0.25596, ¢ = -0.00395, D = 0.06399 = 3.6%

. \ , ! , ] } ] ' , ' ! '
500 1000 1500 2000 2500 3000 3500 0o 25 50 15 10.0 125
x displacement (nm) Time (s)

Track 2 MSD Fit 2, m = 0.55077, c = -0.03508, D = 0.13769 = 4.9%

5
Time (s)

an~|-Q ©

Note that the percentage error is not the uncertainty of the diffusion coefficient of the
molecule (this will be calculated from the diffusivity distribution later) but rather, the standard

deviation of all the diffusion coefficients of each fitting proportion of the fitted portion of the
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MSD which is used as a measure of fitting quality. The green tick means the track has been

kept for export. A red cross would mean it was discarded from the dataset:

Track 19 MSD Fit 19, m = 0.36429, c = -0.03416, D = 0.09107 + 22.5%

' | : i | |
100 200 300 400 500 00 B0O 0
x displacement (nm) Time (s)
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9.4 Manually Setting MSD Fit Proportion

To set the proportion of the MSD plot to fit manually, enter the percentage into the spin box

or scroll through using the arrows:
Field: Tracking

LE LI Trajectory 27

F N
-

Gl e ] B Trajectory 240 :|
Trajectory Information Refresh

Name: Trajecto
First Frame: 0
Last Frame

Termination Reason: Maximum dark time exce

Mean Displacemen 3 nm / frame
Min. Displacemen nm/ frame
izplacemeant nm / frame
frames

Trajectory Information

Name: Trajectory 27

First Frame: {

Last Frame

Termination Res

Mean Dizplacems nm/ frame
Min. Dizplacemen nm/ frame
Max. Displacement: 1 nm{ frame
Max. Dark Duration: 1 frames

Export

Analyse and Display

Export to Excel

M5S0 Percentage

eded.

(1 std.dev.)
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9.5 Plotting Diffusivity Distributions

To plot the diffusion coefficient distribution of all tracks in the dataset, click the histogram icon

in the ‘Diffusion Analysis’ section of the control panel:

Diffusion Analysis i | Don't export track if:

Min. Proportion 5 % (i) Zero Diff. um”2 /s (] Spot is stationary

Min. Data Points 5 i) Uncertainty 1 5t.D. i Error > 10

dy/dx Threshold 0.0 i
Min. Coeff. Determ. -10 i | Apply Constraints | Plot Current View All MSDs k

The diffusivity histogram window will appear, and the program calculates all diffusion

coefficients based on the MSD fit of each track:

Bin count 40

— Initializer

Preparing Data

Calculating all coefficients (24 / 242)...

o |Q &
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Once this process has completed, the histogram is plotted and fitted with a Gaussian mixture

model:

Bincount 40 | | } Plot o/D i e s & Dark Theme

= Initializer ; W Manual de it emer 2 > ) Export to Excel TH
| € a =

Diffusion Coefficient Distribution (N = 160)

Overall Fit
—— Mean coeff: 0.0762, Std.Dev. = 0.0717

>
&
7
]
(a]
)
[
c
4
o
&
'

|
0.15
Diffusion Coefficient (um? / s)

?E\% o ,:.+Q‘ aﬂ E %=0.1884 y=21 61

By default, the number of components is set to 1. This can be changed by selecting the number

of components from the drop-down menu in the toolbar:

1 Component Bin count 40 te-plot Plot o/D

1 Component Initializer ; M| Manual
2 Components

Diffusion Coeffic

5 Components
& Components
7 Components

8 Components
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Gaussian mixture models are sensitive to outliers and may have inconsistent clustering results:

Bincount 40 | | R | | / u culate MSD fits | Dark Theme | Rem Yutliers ;

e =1 S S | | d 2 =
iitaizer [ Select.. e ints | | ExporttoBxeel | fhrechold 2 Undo
lude if stationary = = — !

Diffusion Coefficient Distribution (N = 160)

Overall Fit
—— Mean coeff: 0.0182, Std.Dev. = 0.0123
"2 038, Std.Dev. = 0.0494
925, Std.Dev. = 0.0611
Warning! Inconsistency detected in clustering! You may be trying to fit to many

components to the data or the number of samples is not statistically
significant.

™
'

Frequency Density
o

Diffusion Coefficient (um? / s)

Click ‘Remove Outliers’ to remove points that are n standard deviations greater than the mean

of the distribution where n is the threshold in the box below:

Threshold 2 Undo

Diffusion Coefficient Distribution (N = 153)

Overall Fit

—— Mean coeff: 0.0103, Std.Dev. = 0.0029
Mean coeff: 0.045, Std.Dev. = 0.0198
Mean coeff: 0.1417, Std.Dev. = 0.0374

>
b
@
&
bl
£
=
9
c
v
S
o
(
[

010
Diffusion Coefficient (um? / s)
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To re-bin the histogram, set the value in the ‘Bin count’ box and click ‘Re-plot’:

ompaonents Bin count &0 Re-plot Ratios Plot /T

Covariance Type | full — elect... B Manual

The distribution will be re-plotted with the new number of bins:

Diffusion Coefficient Distribution (N = 153)

Overall Fit

—— Mean coeff: 0.0103, Std.Dev. = 0.0029
Mean coeff: 0.045, Std.Dev. = 0.0198
Mean coeff: 0.1417, Std.Dev. = 0.0374

Frequency Density

010
Diffusion Coefficient (pm? / s)

To plot the proportion of each component (the relative integrals of the Gaussians), click

‘Ratios’ in the toolbar:

mponents Bin count 60

Covariance Type full — Initializer ; . B Manual
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A graph window will then appear with a bar chart showing the relative proportion of each

component:

&X Figure 1 = = %

Component Proportions

1600

1400

1200

1000

800 +

600

400

Component Integral (NOT NORMALIZED)

200 -

0.0103 0.045 0.1417
Component (um? / s}

®es QN H
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9.6 Plotting Diffusivities from Multiple TXP Files

If several acquisitions were made from the same sample and analysed as separate files, the
Tracking eXPeriment (.txp) files can be chained together to combine all the results into a single

histogram which will likely lead to a better fit. To do this, click ‘Chain Experiments’:

Bin count 60 L Chain Experiments M| Recalculate MSD fits
| | E::-::n:Iu-h if error = 20 °% | M| Lock

Initializer M Manual - .
M| Exclude if stationary EITEETE

lTracking (42023 f File folder

l heterogeneous_3_components 12720 A0 File folder

l heterogeneous 0 50 75_ 1 3 11:15 File folder
. hetero_3 w2 File folder
l FluoroTensor code * 04/0/2023 File folder
l 29 12 2023 new set 272023 File folder

l 23-11-01 PEI f f File folder

hetero_3 w2

Select Folder

Then click ‘Default’ in the dialogue box that appears:

¢ Diffusion Coefficient Calculation

Use Alternative "EMS method' for calculating the diffusion coefficient? 'RMS
method' calculates the root mean squre displacement of each track with a locked
time step of 5 and calcualtes the diffusion coefficient by rearranging the
equation 'x BMS = sgrt(4Dt)' to 'D = x BMS5* S 4t'. Filtering using the MSD fit
method will still be applied.

Def&lt RMS Method

A
Y
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The program will then sequentially load each .txp file in the folder and calculate the diffusion

coefficients of all the tracks, adding them to the distribution:

Preparing Data

Opening experiment... Calculating all coefficients (76 /7 271)...

Cancel

Once this process is completed, the full dataset of the combined files will be plotted and fitted:

7 Diffusion Histogram
Bin count 80 | | [ Chai erime SD fits | Dark Theme

Export to Excel

Diffusion Coefficient Distribution (N = 987)

Overall Fit

—— Mean coeff: 0.0104, Std.Dev. = 0.0027
Mean coeff: 0.0405, Std.Dev. = 0.0108
Mean coeff: 0.1407, Std.Dev. = 0.0367

i
0.10
Diffusion Coefficient (um? [ s)

ok ARCR O ] | x=0.1323 y=41.3

4

Page | 164



Sometimes, especially with outliers, fitting can be temperamental. Clustering can be initialised
manually by selecting components from the dropdown menu and clicking on the histogram

to select the centre of a perceived distribution:

— Bin count 80 te-plot \atios Plot o/D

Covariance Type full — Initializer | Con 2675 Manual

Comp 1, 0.010032
e ERe: c il sion Coeffic

Comp 4
Comp 5,
Comp &,
Comp 7,
Comp &,

By default, all of the settings used for analysis and MSD fitting are loaded from the .txp file
and diffusion coefficients are calculated from these automatically. The MSDs can be
recalculated and the tracks used filtered when these files are loaded from the histogram
window:

Chain Experiments Recalculate MSD fits

Exclude if error = 50 °% | M Lock

Exclude if stationary SITEEDLE

If you want to use custom settings for calculating the MSD fit instead of those loaded from the

file, tick the ‘Lock Constraints’ checkbox:

Chain Experiments Recalculate MSD fits
Exclude if error =
Exclude if stationary

If ‘Lock Constraints’ is enabled, the settings in the main control panel used to fit the MSDs will
not be loaded from the file. Instead, the settings currently in the control panel will be used
instead. These can still be changed manually:

Diffusion Analysis i Don't export track if:

Min. Proportion 5 % (i) ZeroDiff.  0.0002 | um”2/s (i Spot is stationary

Min. Data Points 5 i/ Uncertainty 1 5t.D. i Error = §

dy/dx Threshold :
SE e i Apply Constraints | | Plot Current View All MSDs ’7
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In this model three component system (simulated tif stacks), including all tracks up to an

estimated MSD fitting error of 50% results in the following distribution of 3140 tracks:

s - Bin count 80 ‘ | B | Plota/D Chain Experim = R fits | Dark Theme | teioc Duthen

Initializer | Comp B Manual 2 = - -:_ Export ta Excel Threshold 2 |
v ary : m——

Diffusion Coefficient Distribution (N = 3140)

| Undo

Overall Fit

—— Mean coeff: 0.0208, Std.Dev. = 0.0136
Mean coeff: 0.0873, Std.Dev. = 0.0362
Mean coeff: 0.1802, Std.Dev. = 0.0388

=
=
]
=
@
[=]
==
o
c
o
=
o
&
o

ﬁ\% y ,:*Q a“ E %x=0.1153 y=30.10

The distribution is convolved due to outliers and short tracks with variable MSDs. The
Gaussian mixture model has difficulties correctly fitting the distribution. Compare this to the
distribution from exactly the same data and system but filtering to only include tracks with an

estimated fitting error of 5% (ground truth = 0.010, 0.040, 0.153 pm?/s):

1‘ Plot o/D Chain Experiments & Recalculate fits = Dark Theme

s ¥ [ Replot [ &
=] o v if k
r Initializer | Con B Manual | = = Export ko Excel Th

Diffusion Coefficier stribution (N = 449)

Overall Fit

—— Mean coeff: 0.0103, Std.Dev. = 0.0024
Mean coeff: 0.0404, Std.Dev. = 0.0098
Mean coeff: 0.1497, Std.Dev. = 0.042

>
=
w
oy
o
=]
=
g
=
t
5
o
E
('

0.10 0.15
Diffusion Coefficient (um?/ s)

@&+ Q & - *x=0.0887 y=416
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9.7 Exporting the Fitted Distribution to Excel

To export the fitted distribution to an Excel spreadsheet, click ‘Export to Excel’ in the toolbar:

Chain Experiments Recalculate MS5D fits Dark Theme Remove Outhers

Exclude if error > 5 % | M| Lock
Exclude if stationary Constraints Threshold 3 Undo

A file dialogue will then appear where you can save the data as an Excel “xlIsx’ file:

distributic

KLSX files |

The data will then be exported and a message will appear when it has completed successfully:
' Export Complete! = O x

Export completed successfully.
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The Excel file is shown here:

F 3 H I K 3 M N o e a % 5 T u v w X ¥ z A A | RGO | MD | ME | M| ARG | MM | &

006111208
0005353843

NS ConPiit fu 2

Gausslan Fits

Datusion Costtuseenfus2fs)

i

On the left side is the distribution as a sequence of all diffusion constants of all tracks. Then
the bins and histogram (purple) are listed exactly as what was plotted in the program. On the
right of this is a list of the component fitting parameters, underneath which are the Gaussian

functions in list form following the same colour layout as in the program:

Distribution Bins Histogram Component 1 2 3
0.063625617 0.00611121 get-Riil 5 Gaussian Parameters

0.043915467 0.00893473 REyREriLY mean (diff. coeff.) 0.010258 0.040359 0.150533
0.068443965 0.01175825 prhRektri standard deviation 0.002408 0.009684 0.045166

0.189833608 0.01458177 geRepiiyl] amplitude 51.89416 13.65462 3.137686
0.009323447 0.01740529 gElESkVE]

0.038720691 0.0202288
0.126838811 0.02305232
0.158759448 0.02587584
0.145726751 0.02869936

% coordinates below Fit1 Fit 2 Fit 3 Total Fit

w0 w ww o

0.009206447 0.03152288 0.006111208 0.02628 0.018897
0.028042668 0.0343464 gERYERE 0.006393843 0.029125 0.019278
0.016216406 0.03716992 SELE 0.006676477 0.03225

0.147018751 0.03999344 mERERE 0.006959112 0.035681

0.088844749 0.04281696 T794. 0.007241746 0.035442

0.009553532 0.04564048 g 24, 0.007524381 0.043563

0.023859731  0.048464 i3 0.007807016 0.048074

0.010116667 0.05128752 ¥ ) 0.00808965 0.053006

0.040726991 0.05411104 gEgils 3 0.008372285 0.058395

0.031450684 0.05693456 QPAEEERT: 0.008654919 0.064277

0.151273496 0.05975808 0.008937554 0.070691

0.174227991 0.06258159 pmsyli3] 0.009220188 0.077679

0.110221186 0.06540511 EUNELYAE] 0.009502823 0.085284

0.013760963 0.06822863 pEERyILE] 0.009785458 0.093555

0.169625028 0.07105215 EUNELYAE] 0.010068092 0.102541 0.024911
0.169597848 0.07387567 0.010350727 0.112294  0.0254
0.010991041 0.07669919 0.010633361 0.12287 0.025897 gamakyLt
0.011855011 0.07952271 0.010915996 0.134328 0.026404 Ak ¥
0.180964952 0.08234623 JUNERYA: 0.01119863 0.146729 0.026919 - WLt}
0.170116561 0.08516975 0.011481265 0.160138 0.027443 RN
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On the right of the document are plots of the histogram and fit as they were plotted in the

program, but on separate graphs due to limitations with openpyxl:

Diffusion Coefficient Distribution
70
60
£50
£
g
o 40
z
530
g
g
& 20 B Seriesl
10 1L
o 1 .“ IIIlIIIII na [ TN TTR1 | l||-||.||l||||l slalsnnn
3'&azsaﬂaszhaa“zﬁeﬁﬁmmwsammgﬁx:mzsmg HegLEeInyges5Y8agE
ﬁ%REE§§BE@g%ﬁz§§§8§§$S§§SESgﬁgﬂiﬂ%sﬁ?ﬁ%@ﬁﬁﬁ%@%%ﬁ%ﬁ
Saad 3 o Rl 2 o g o o8
EEiEEiiiGRCictE R REiEaaCRE A B qFnTnERoRaTRdRRgs
BEsH8BCEE 8885 cB838 300 I8 JE85E3888838Ra28088RR8
o oocaoaoo coocoaoao co oo0coocooooocooco o oocoaoo cooodo oo ooooao
Diffusion Coeffficient jum#2/s)
Gaussian Fits
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This spreadsheet is not recommended for final plotting; instead, the distribution can be
exported to origin or GraphPad prism and refitted or plotted using the existing fit from the list

of diffusion coefficients and Gaussian parameters.

Page | 169



Chapter 10 - Exporting and Saving Data and Results

10.1 Exporting Tracking Data to Excel

To export the data from the current active channel e.g., ‘Primary Tracking Field’, click ‘Export

to Excel’ under the track plot:

Field: Tracking Export

C e Trajectory 1 Analyse and Display

Ra p id Scrall

I:E distribution.xlsx ¢ 24 14:55 Microsoft EBxcel W...

dataxlsy|

: | XLSX files (

| E.a.rk | Cancel

The program will then calculate the properties of each track based on the coordinates on
demand as it exports them to ensure changes in the calibration are applied. A progress bar

will be displayed as this happens:

Export in progress

Exporting data to excel...
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Once the export has completed, another file dialogue will be displayed, prompting you to save

the traces in .trcs format:

tra ces.trcﬂ

TRCS files (*.tres)

Finally, another dialogue will be displayed prompting you to save the experiment as a TXP
document which can be reopened in the program in the exact current state including MSD
fits, settings etc:

untitled v.'::u:perimr-_-nt.t:n:p|

TXP files (*.tep)

Saving experiment...
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When opened the Excel spreadsheet will have each track and its information / time series

listed in the first sheet ‘Raw Data’:

A B
1 |Name: |path 1
2 |First frame: 0
3 |Last frame: 174
4 |Mean displacement (um): 0.126686
5 |Min. displacement (um): 0.012128
& |Max. displacement (um): 0.29955
7 |Max. dark time (frames): 1
8 |Blink count: 1
9 |Min. Gauss. sigma [x, y] (pixels): 0.756
10 |Max. Gauss. sigma [x, y] (pixels): 1.787
11 |Min. Gauss. amplitude: 86.02485
12 |Max. Gauss. residual: 8.585711
13 |Min. Eccentricity (x/y, y/x): 0.662
14 |Max. Eccentricity (x/y, y/x): 1.601
15 |End-to-end displacement (um): 2.493343
16 |Total 'taught' path length (um): 21.91671
17 |MSD fitting percentage: 25
18 |Diffusion Coefficient (um~2/s): 0.063626
12 |Std. Dev. (um*2/s): 0.001836
20
21 |Frame Time (s)
22 0 0
23 1 0.1
24 2 0.2
25 3 0.3
26 4 0.4
27 5 0.5
28 6 0.6
29 7 0.7
30 8 0.8
3 9 0.9
32 10 1
33 11 11
34 12 1.2
35 13 1.3
36 14 1.4
37 15 1.5
38 16 1.6

0.81
1.88

0.624
1511

% coord. (px) ycoord. (px) displacement (um) msd {um) trace (A.U.)

8.612452634
9.205405423
9.922153399
8.748727292
8.306167359
7.450472961
7.475127547
6.484837841
7.025914063
7.702480122
8.042788882
8.827519344
8.931859244
9.636915973
9.302614934
9.094469939
8.369101612

181.9002753
182.3647561
181.7821813
181.8960931
182.1077327
182.2198043
182.8891397
183.1682817
183.0282587

182.871802
182.5389066
183.0706889
183.2895035
183.3285273
184.8596956
184.7062699
184.1424906

2423887603

0.12051 0.01958617 266.757686
0.14778 0.03826007 260.8310744
0.18863 0.060106637 237.5676033
0.07849 0.085109773 278.7980165
0.13174 0.111487913 319.957686
0.10712 0.135152245 130.9282645
0.16462 0.158570021 207.254876
0.08942 0.183607145 248.2532231
0.11111 0.21247863 269.962314
0.07617 0.241136536 353.208595
0.15167 0.268902912 212.6109091
0.03879 0.297368664 291.4042975
0.11298 0.3292966 225.1332231
0.25076 0.356540418 208.5295868
0.04137 0.382024508 302.6512397
0.14699 0.407422874 277.6813223

J K L
Name: | Path2
First framu 0
Last frame 138

Mean disp  0.2002
Min. displ 0.018853
Max. displ 0.573742
Max. dark 1
Blink cour 1
Min. Gaus 0.916
Max. Gaus 1.633
Min. Gaus 99.01808
Max. Gaus 6.011203
Min. Eccer 0.657
Max. Ecce 1.356
End-to-en 3.675232
Total ‘taug 27.42733
MSD fittin 39
Diffusion 0.142661
Std. Dev. | 0.012617

Frame Time (s)

o o
1 0.1
2 0.3
4 0.4
5 0.5
6 0.6
7 0.7
8 0.8
9 0.9
10 1
11 1.1
12 1.2
13 13
14 1.4
15 15
16 1.6
17 1.7

The second sheet, ‘MSD’ contains a list of diffusion coefficients and MSDs for each track only

along with the time taken until the particle stopped being tracked, most likely when it

bleaches:

A B C
1 |name .|Path 1 Path 2
2 |diffusion coeff 0.063626 0.142661
3 |bleaching time (s) 17.4 13.8
4 msd cumulative
3 0.019586 0.052764
6 0.03826 0.109232
T 0.060107 0.162459
& 0.08511 0.211135
g 0.111488 0.265979
10 0.135152 0.333854
11 0.15857 0.397103
12 0.183607 0.462408
13 0.212473 0.535629
14 0.241137 0.609667

noAconnn

noconann

D

Path 3
0.00942
2.1

0.008801
0.011%48
0.016083
0.019976
0.026123
0.025893
0.027107
0.023865
0.020836
0.017597

LG R

E F
Path 4 Path 5
0.204042 0.043915
12.8 24.9

0.069574 0.020336
0.135243 0.033457
0.198934 0.053521
0.281832 0.069988
0.356088 0.083039

0.432166 0.106265
0.492803 0.122058
0.551522 0.138576
0.626556 0.154918
0.703054 0.169266

A TICCCA A a0nc

G H
Path 6 Path 7
0.007287 0.068444
24.9 15.2

0.005679 0.013483
0.009117 0.040312
0.013112 0.062793
0.016657 0.08773
0.020332 0.113293

0.02379 0.140437
0.027414 0.168748
0.030764 0.198636
0.033621 0.227387
0.036867 0.25726

A AMATCE T Lt

|
Path 8
0.007331
24.9

0.00664

0.01071
0.015525
0.020177
0.024568
0.028531
0.033041
0.035753
0.039553
0.042727

A AAASAE

J K
Path 9 Path 10
0.005653 0.189834
11.2 4.3

0.006712 0.074979

0.01024 0.147005
0.013674 0.220567

0.018382 0.300385
0.021864 0.389958
0.025167 0.462622

0.02668 0.535443
0.029132 0.603033
0.031326 0.696504
0.033566 0.779427

A ARCAYE . A 0TRAND
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10.2 Saving Tracking Experiments as TXP Files

To save the whole state of TrackXpress including the raw data, enhanced data, analysis, MSD
fits and settings into a single document that can be reopened, click ‘Save Experiment’ in the

‘Save / Load Profiles’ section in the bottom left of the control panel:

Save / Load Profiles Plots Grid Guides

Save Egperiment Open Experiment Mew Experiment Dark Theme

A file dialogue will appear where you can choose where to save the file:

Some Experiment.bep)

o | TAP files (*.txp)

A progress bar will appear as the file is saved:

Saving experiment...

Once this is complete, the program can be closed, and next time the experiment document is

opened it will load up exactly as it was when it was saved.
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10.3 Resetting the TrackXpress GUI

To reset the interface to its default state ready for a new experiment, click ‘New Experiment’

in the control panel:

Plots Grid Guides
Dark Therne

B Tackxpress tingla molecule tracking etention packge

B TrackXpress umgle molecule bracking extention package
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10.4 Loading a TXP File

To load a .txp file, click ‘Open Experiment’ in the control panel:

Save / Load Profiles Plots Grid Guides

Save Experiment Open Expgriment Mew Experiment Dark Therme

Then select the correct .txp file in the file dialogue:

. simulated_raw_data_0.txp k 050172024 20:55 TXP File
. simulated_raw_data_1.txp 2024 2 TXP File
. simulated_raw_data_2.txp F2024 21 TXP File
‘ simulated_raw_data_3.txp f2024 21: TXP File
. simulated_raw_data_4.tcp f2024 21:07 TXP File
. simulated_raw_data_5.txp 21:10 TXP File
. simulated_raw_data_6.txp 21:14 TXP File
B :imulated raw data 7.tep 24 21:16 TXP File

ne: |simulated_raw_data_0.bep w | | THP files (“xp)

A progress bar will appear as the file is opened:

1

Opening experiment...
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Once the .txp file has been opened the data and analysis that was saved will be opened in the

exact state it was saved in:

B TrackXpress umgle molecule bracking extention package

Initial Selection & Particle Det SEat e

Detection threshold W Diccard
Averaging threshold :

Kernel residual threshold

Minimum sigma (Gauss2D)

Maxirnum sigma (Gauss2D)

Absolute Intensity (0 - 255)

Gaussian Amplitude Thresheold

Eccentricity threshold

Gaussian residual threshold

Tracking Parameters Lock End Frame

Startat | Stop at | Tracking Mode | Continuous

Particle Discriminator Calibration

Max. Displacement 4.5 % - . i

: i - Distance Units | r c. Transform
Min. Path Duration 10 frames

Mazx. Dark Duration 1 | frames Pixel Size _1 60 . Frame Interval _i;l.1

Diffusion Analysis i | Don't export track if:
Min. Proportion 5 | . 4 _ | A2 is (i M| Spotis stationary
Min. Data Points 5 i ! Uncertainty i D, i M| Error> 8

dy/ dx Threshold 0.0

Min. Coeff. Determ. -10 Apply Constraints | Plot Current | View All MSDs
. oett, Determ.  -10
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And the raw / processed data:

Inferno

Invert Selection

This means, the data can be re-tracked, or the settings recovered to track a different file with
the same analysis settings. All tracking data is present so histograms can be replotted and / or

exported:

Chain Experiments

Initializer \ B Manual
ionary

Diffusion Coefficient Distribution (N = 64)

Overall Fit

—— Mean coeff: 0.0104, Std.Dev. = 0.0029
Mean coeff: 0.0491, Std.Dev. = 0.0241
Mean coeff: 0.1599, Std.Dev. = 0.03

>
2
@
o
>
9
=
o
o
i
i

!ﬁ% i .:4 Q uo E x=0.0623 y=294 ‘
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10.5 Exporting the Enhanced Tiff File

To export the enhanced frames of the movie as a .tif stack, click ‘Export Processed TIF’ in the

file section of the control panel:

File

Load TIF ’m File: 'FAhetero_3_v2\simulated_raw_data_0 tif -
Open Raw

Export Processed TIF Frame count: 250

Open Processed

Select File rTrackir1g —

Then select a location to export the .tif file using the file dialogue:

B simulated raw_data_1.tif
B cimulated raw_data_2.tif

TIF files (*.tif)

The enhanced data will be converted into a .tif file and saved in the specified location. It can

then be loaded in an external software package such as Imagel:

11 enhanced.tif
1/250; 256x256 (256x256); 16-hit; 31MB
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10.6 Saving Figures Directly from TrackXpress

Any graph in TrackXpress with a toolbar can be saved directly as a .jpeg / .png directly from

the program. For example, in the track display canvas, click the save icon:

Trajectory 1

1000

1500

2000

—
=
=

=

b
c
u
Lo
o
1H]
J

L
(=8

n

=
-

2500

3000

I I I
500 1000 1500 2000 2500 30040

x displacement (nm)

[ Save the figure

kj

And then select a location to save it:

track.png

. | Portable Metwork Graphics (*.png)

Cancel

The magnifying glass icon and the directional arrows allow you to zoom with a zoom rectangle
at specific parts of the plot and move it around respectively. Home resets the graph to the

default view.
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10.7 Plot Settings

For presentations it is often inconvenient to display plots in ‘dark mode’ i.e., a light-coloured

line on a black / grey background, since many presentations use a white background. To do

this, untick the ‘Dark Theme’ checkbox in the bottom right of the control panel:

Save / Load Profiles Plots Grid Guides

Save Experiment Open Experiment Mew Experiment _.llk Dark Theme

The display of the track will then change to light mode:

Trajectory Analysis

Trajectory 1
rt

E
)
e

=

i8]

&

i ¥

(W)
il

o
i
=

=

T T T T T T T
500 1000 1500 2000 2500 3000 3500
* displacement (nm)
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Any windows with plots in them will also be plotted in light mode the next time they are

opened / reopened:

/' Diffusion Histogram

Dizplacement Magnitude Velocity distribution
an - £
= mo- a
£
T me & =
5 c
1] g om
E - =S
2 =
£ B
= 100+
2 1
B gt s
i T T T T a
] F] 5 T 10 15 mc Ws ] 100 200 a0
Time [frames| Webaity (nem ¢ frame)
Gasussian Residual Variation with Time
-
=
a7
T
E 84
g 4
g
H]
3 = % ™ 200 125 250 175
Time (frames;
Gaussian Amplitude Variation with Time
a0 -
B
5 =0
E
B oo
=
E 1m0 4
=)
=
100
a = % = 10e 15 50 175
Time (frames)

MSED fum™2)

(1] 23 50 75 w0 15 150 s
Tire {seconds)

Gaussian Spread in x {blue} and y {orange}, Eccantricity [min/maj) {green}

sigma [pixelst { Ecc ratio

c = = = 100 13 150 s
Time |frames|

Fluorescence Time Trace

s

Ievtensity (ALL)
E o5 g &

c = 5 ] w0 125 150 e
Time (frames}

Diffusion Coefficient Distribution (N = 154)

35

Frequency Density

Diffusion Coefficient (um?/ s)

— Overall Fit

—— Mean coeff: 0.01, Std.Dev. = 0.0028
—— Mean coeff: 0.0406, Std.Dev. = 0.0164
——— Mean coeff: 0.143, Std.Dewv. = 0.0552

®es Q8 H

x=0.1080 y=30.66
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' MSD Fits

Track 1 MSD Fit 1, m = 0.2545, ¢ = -0.00884, D = 0.06363 + 2.9%
o4 rt
6
500 o
5
E 1000 {
£ -
o ~N 44
@ 1500 4 cE
5 ]
o B 3
2 2000 { 8
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o 24
=
2500
14
3000
o4
0 S00 1000 1500 2000 500 3000 3500 00 25 50 75 100 125 150 s
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Track 2 MSD Fit 2, m = 0.57064, c = -0.0406, D = 0.14266 + 7.0%
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E__ 2500 h
3000 o S
3500 0
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To disable gridlines on plots, untick the ‘Grid Guides’ checkbox in the control panel:

Save [ Load Profiles Plots W Grid Guides
Save Experiment Open Experiment Mew Experiment .k Dark Theme

Plots will then be displayed without gridlines:

Track 1 MSD Fit 1, m = 0.2545, ¢ = -0.00884, D = 0.06363 = 2.9%
0 rt
6
500 -
5
E 10004
£ =
E &N
< 1500 4
; 5
8 2’
T 2000
3 =
B 2
>
2500 o
54
3000 o
o4
T T T T T T T 7 T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 0.0 25 5.0 75 10.0 125 15.0 17.5
x displacement (nm) Time (s)
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Font sizes can also be changed if text is too small. To do this, click on the text options icon in

the control panel:

Plots M| Grid Guides

Open Experiment Mew Experiment * B Dark Theme

Cancel Default

Track 1 MSD Fit 1, m = 0.2545, ¢ = -0.00884, D = 0.06363 + 2.9%
0 rt
6,
500
E 51
= 1000 | =
= < 44
£ 1500+ E
1} 2 3
% o)
o 2000 A I
Iy : = 2
© 2500
> 14
3000 4
0,
0 1000 2000 3000 0.0 25 5.0 7.5 10.0 12.5 15.0 17.5
x displacement (nm) Time (s)

This will affect all plots next time they are refreshed and will be saved even if the program is

closed and reopened. Defaults can be restored by clicking ‘Defaults’ then ‘Apply’
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Chapter 11 - Tracking Automation
11.1 Setting Up Automated Tracking
The first step of automated tracking is the same as manual tracking. All files should first be

trimmed, and checked to make sure they are good using an external program such as ImageJ.

Then they should be loaded into the TrackXpress Add-in and the tracking parameters set

accordingly.

Then, to set up automated tracking, click ‘Automate’ in the file section of the control panel:

File

Load TIF ’m File: 'F\hetero_3 v2\simulated_raw_data_0.tif -
k Open Raw

Export Processed TIF Frame count: 250

Select File Tracking

The automation window will then appear. Click ‘Browse’ to locate the folder containing the

movies that should be tracked:

¢ Automate Tracking Analysis

File

Save experiment (.t
Export experiment data to excel (xlsx) files Auto-Fit MSDs

Save intensity traces to traces (tres) files

Begin Automated Analysis Stop Analysis

Statistics

Current file: 'Mone'

Mumber of tracks found: Mone
Total tracks found: 0
Total tracks kept for export: 0
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Select the folder from the file dialogue:

l FluoroTensor code 0 ] File folde
l hetero_3 w2 24 20:40 File folde
l heterogeneous 0 5 0 75 1 20/12/2023 11:15 File folde

l heterogeneous_3_components

B Test 190124 LgTief
l Tracking 0 File folde

hetero_3 w2

The folder name will then be displayed in the automation window and all .tif files in that folder
will be automatically indexed and selected for automation:
¢ Automate Tracking Analysis

File

xperiment (.top] files
Export experiment data to excel (xlsx) files Auto-Fit MSDs

Save intensity traces to traces (trcs) files

Begin Automated Analysis Stop Analysis

Statistics
Current file: 'Mone’
Mumber of tracks found: None

Total tracks found: 0
Total tracks kept for export: 0

When a .tif file is loaded the end frame is set automatically in the tracking range. The start and

end frame can be set manually. To ensure it doesn’t change, tick ‘Lock End Frame’:

Tracking Parameters

_k Lock End Frame

Tracking Mode Continuous Analyze

Startat Stopat 25
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options can mostly be unchecked individually, however, traces cannot be calculated if Excel

export is unchecked at this time.

By default, all files in the folder will be analysed. To select a custom list, click ‘Select’:

Browse

A selection window will then appear where files can be checked or unchecked to include /

exclude them from the automation list, then click ‘Done’:

¢ Select Files for Automation

ST < < T | I < I < (R < I < [ < [ <. [ < [ < |

a

simulated_raw_data_0.tif
simulated_raw_data_1.tif
simulated_raw_data_2. tif
simulated_raw_data_3.tif
simulated_raw_data_4.tif
simulated_raw_data_5.tif
simulated_raw_data_6.tif
simulated_raw_data_7.tif
simulated_raw_data
simulated_raw_data_9.tif
simulated_raw_data_10.tif
simulated_raw_data_11.tif
simulated_raw_data_12.tif
simulated_raw_data_13.tif

simulated_raw_data_14.tif

simulated_raw_data_0_subsampled.tif

enhanced.tif

Cancel

Deone

R
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11.2 Automated Tracking

Once everything is set up, click ‘Begin Automated Analysis’ in the automation window:

¢ Automate Tracking Analysis

Browse

Save experiment (tep) files

Ex (periment data to ) files Auto-Fit M5Ds

Save intensity traces to traces (trcs) files

| Begin Autumkated Analysis Stop Analysis

Statistics
Current file: 'Mone’
Mumber of tracks found: Mone

Total tracks found: 0
Total tracks kept for export: 0

As the files are analysed, the automation window keeps track of the last file that was
completed and shows the number of tracks found in that file as well as the total number of

tracks found so far in all analysed files and the number of those which were kept after filtering

tracks based on estimated MSD fitting error:

Statistics
Current file: 'G:\hetero_3_wv2\simulated_raw_data_a.tif"
Murmber of tracks found: 68

Total tracks found: 515
Total tracks kept for export: 3

Analysing files (10/13)...
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To stop automated analysis, click ‘Stop Analysis’ and tracking will stop once the current file

has completed:

© Stop Axalysis

Statistics

Current file: 'G\hetero_3_v2\simulated_raw_data_13.tif"

Mumber of tracks found: 83
Total tracks found
Total tracks kept for

Analysis will stop after the current file has finished...
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Appendix - Settings / Misc. Functions
FRET Analysis

Currently, FRET analysis is not fully supported in FluoroTensor, traces can be fitted but the

process is largely manual and there are no options to export the analysis at this time.

After analysing colocalization and calculating traces from a FRET experiment, enable ‘FRET

display’ in the main interface by ticking the checkbox in the top right of the graph panel:

W FlucroTensor 6:6.8r - University of Leicester - By Max Wills (2022-2024)

Trace 2, mEGFP

400 600 1000

Trace 1, Cyanine 5, Step count: 0

=
<
=
b=
2
=
=
2
n
c
Qo
i
=
L
=
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]
@
=
S
ot
(=

600
Time (frames)

This places the marker trace in the lower (main) canvas and the colocalized anti-correlated
trace in the upper (secondary) canvas. At this time, traces will have to be checked visually to

see if they’re anti-correlated.
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If you are satisfied the two traces are an anti-correlated FRET pair, click ‘Add Trace’ in the

toolbar below the main graph canvas:

Trace 1, Cyanine 5, Step count: 0
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T
@de s Q8 A |Remove Last| | Add Al in Filter Clear List Save Plot

If ‘FRET display’ is enabled, this will add the pair of traces currently being displayed will be
added to a separate dataset which persists even if new traces are loaded into the main

interface. These traces can be saved as .trcs files.

Once the dataset has been curated and any number of FRET pairs added, click ‘Analyse FRET

Traces’ at the top of the graph panel:

T FluaroTensor 66,81 - University of Leicester - By Max Wills (2022-2024)

Trace 2, mEGFP Aniatye= FRET Tiaces
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The FRET Analysis window will then appear and use a Gaussian mixture model to threshold

on and off states to fit the trace automatically:

FRET pair 1, Mark R Intensity

Since this is only a demonstration of a prototype feature, only first order kinetic information

is calculated and the data cannot be exported at this time.
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Integrating Custom Neural Network Models

FluoroTensor, as a platform, was designed such that it can be used immediately with pre-
supplied general prediction models for step detection and trace fitting. These may not always
perform optimally and are limited by the number of frames traces must have as an input for
reliable results. Thus, we have designed the software to allow the integration of neural
networks trained by end users. In this example we will demonstrate how to integrate the 2019
Xu et al CLDNN model into FluoroTensor. CLDNN models have their own normalization
requirements that were implemented; however, other networks are required to use standard
normalization of data in the training set such that the mean of a fully bleached trace is centred
on 0 (noise can dip into the negative) with a maximum value of 1 for the highest intensity in

the trace as in this example:

&N Figure 1 - O X

Trace 44, Position activations

1.0 4

0.8 1

0.6

0.4 4

0.2 1 |

MNormalized Intensity / Activation

0.0

_02 =)

T T T T
0 50 100 150 200 250 300
Resampled Trace / Neuron Index
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To integrate a custom neural network into FluoroTensor, click ‘Preferences’ in the main control

panel of the main window:

5M Tracking Settings / Misc.

TrackXpress Add-in Preferences Filter Traces

Al Step Detection Algorithmic Fitting
Detect Steps

Trace Processing

Convolution Amend Step Count

Integration

Smart Trirn

| Trirmn Trace

Then select ‘Custom NeuralNet integration’ from the available settings:

" Preferences O >

Choose a preference to change.

Trace skip number
Default directorny

GUI colours
Subsampling

kernel

pre-gauss

Subtraction amount
428nm model dir
361nm model dir
E40nm rmodel dir
Fitting tool window size
Fitting tool threshold
Fitting tool window stride
Fit convolve
Fluorophore config
Sum view frame fraction
Intensity target

Custom MeuralMet settings k

Calibraticn optimizer settings

Cancel

oK |
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Then select ‘Enable’ in the list box and press OK:

{ Preferences = O >

Enable or disable custom neural network integration.

Dizable m

OK |

Cancel

This means FluoroTensor will no longer attempt to get the required trace resampling length
by parsing the name of the neural network. Instead, it will use the custom neural network

resampling lengths from the preferences. To set these, click ‘Custom NeuralNet settings’:

Intensity target
Custom MeuralMet integration

L
Calibration optimizer settings k

oK |

W

Cancel

Ensure that the resampling length matches the number of input neurons in the custom neural

network for the correct channel in the settings window that appears and save changes:

¢ Custom Meural Networ... — >

Meural Metworks Dornain Size (Frames)
438nm 300

F6Tnm 300

240nm A00
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Finally, make sure the neural network is saved in the current working directory of the program
like the other models and select the relevant model directory setting to load the neural

network for the relevant channel(s):

Trace skip number
Default directory
GUI colours
Subsampling

kernel

pre-gauss
Subtraction amount
4328nm model dir
36Tnm model dir

Fitting tool windn%'ze

Fitting tool threshold

Fitting tool window stride

Fit conveolve

Fluorophore config

Sum view frame fraction
Intensity target

Customn MeuralMet integration
Custormn MeuralMet settings
Calibration optimizer settings

Then select the model folder in the file dialogue:

B CLONN_1pointSmil 19/10/2023 13:43 File folde
B dist K 06/01/20: File folde
l icons 122 File folde
l venv 0 a File folde

CLONM_1point3mil
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The model will then be loaded for the selected channels and information displayed in the
status box:

. model directory for 640nm (Cy 3) to FAFluoroTensor Development Info

Warning: Please make sure base path 'CLDOMMN_1point3mil' is in current working directory. (same folder

as the program itself)
Reloading models according to new model directory...
[] lu] |

nm predicto
840nm predictor:

Next time steps from that channel are detected, the custom model will be used:

w datasets from traces on per fluorophore basis... Info
iine 5 channel will be resampled
mCherry chanr e resampled to 300 frames.
re resampled to 300 frames.

Used model 'CLD 1point3mil' to predi nine 3 steps

Used mo: [ _Protein_high_SMER, to predict mEGFP steps
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