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FRAP with Tubulin-GFP transformed Hela cells.
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Confocal Application Letter

Fluorescence recovery after photobleaching (FRAP) has been con-
sidered the most widely applied method for observing translational
diffusion processes of macromolecules. The resulting information
can be used to determine kinetic properties like the diffusion coeffi-
cient, mobile fraction and transport rate of the fluorescently labeled
molecules. FRAP employs irradiation of a fluorophore in a living
sample with a short laser pulse. Modern laser scanning microscopes
like the Leica TCS SP5 have the advantage of using a high intensity
laser pulse for bleaching and a low intensity laser pulse for image
recording. With the LAS-AF application wizard you can choose be-
tween different ways to carry out a FRAP experiment. You are able
to adapt timing parameters for various experiments, e.g. moderate,
fast or multi-step kinetics.

For very fast kinetics the FlyMode (pp. 9) is the best method. In this
mode, reading out the signal during the x-fly back of the scanner pro-
vides a time resolution between lines instead of between frames for
the FRAP experiment.

Depending on the necessary bleaching power you may choose ROI
bleach or ROl with Zoom In bleach combined with one or multiple
bleach steps. Free y-format will reduce scanning time during bleach-
ing if multiple bleach intervals are needed.



FRAP — step by step

Choose the FRAP-Wizard
Firstthe FRAP routine without FlyMode is described. At the bottom of
the wizard interface the working steps are displayed as buttons.

Step 1: Setup - Setting parameters for pre- and postbleach
imaging

Click on the Setup button to adjust hardware parameters for pre- and
postbleach imaging.

Best Focus

Acquisition speed

For freely diffusing molecules 1400 Hz line frequency scan speed with
bidirectional scan should be used. In combination with an image
format of 256 x 256 pixels one can record one image every 118 ms.

Excitation light

To allow highest dynamic range between monitoring and bleaching
adjust Argon laser power to 100% with the configuration/laser menu.
Forimaging set the AOTF values at low percentage.

Pinhole size

You may set the pinhole sizes to 2 airy units if you work with thin cell
layers. You will collect more information about kinetics in the depth
and improve the signal-to-noise ratio.

Note:

Set the intensity below saturation and slightly above zero as setting
to zero can interfere with data analysis. An appropriate lookup table
(glow over/glow under) can help to adjust gain/offset. Make sure to
use the same gain settings for all experiments. For reproducibility itis
recommended to save (D the settings that include all settings from
the Setup, Bleach and Time Course Tabs.

I
FRAP with TCS SP5

Leica Microsystems LAS AF - TCS SPS

@ Tos sps

w;_ FRAP Wizard

@ FRET AB Wizard
@ FRET SE Wizard
@ Live Data Mode

-

Step 1

Adjust for pre- and Iimaging.
- Sl general setlings at 8 low laser intensity for imaging fluores:

0

\ Wizard Load Sav

| XY: 266% 266 | 1400 Hz 161 64.58 ym * 6458 ym
- — "

Fese i e 3868

correction X

Zoom factor ! W EI
W Zomin I

256 % 2

Image Size :  64.58 pm * B4.56 pm
Pixal Siza:  253.27 nm * 253.27 nm

oo QEEED
Frame Average ;
accorniaion . (GEENED)

Rotation: ettty [0 )

Pinhole: e [ ]paU

Confocal Application Letter



Step 2: Bleach
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Step 2: Bleach — Define parameters for bleaching
Click on the Bleach button to set the parameters for bleaching.

You can choose any of the following options:

FlyMode @
Allows faster time resolution for the whole FRAP series

Zoom In @

For most bleaching applications we recommend the Zoom In option.
Thisreducesthe scanfield during bleaching and more lightis applied
to the RO

Set background to zero ®
This option is recommended when Zoom In is active. Thus the back-
ground outside the exposed ROl is not bleached

Change Bleach Format @

According to the size of the defined ROls the number of scanned lines
is reduced during bleaching (strip scan). You may use this option to
speed up the bleaching when multiple bleach intervals, e.g. 10 or
more, are needed. This option can be combined with Zoom In.

Use laser settings for all ROIs ©®
When several ROls should be exposed with the same laser lines one
can choose this option.

Now draw the ROI for bleaching and define the AOTF value(s) to tune
the laser power for bleaching.

Bleaching with several laser lines and several ROls
Click on ROI Configuration @ in the Define Bleach ROIs box when
individual laser lines should be active for several ROls.

Photo-activation
You can use the FRAP wizard for photo-activation as well. Open the
UV-shutter and use the 405 laser line instead of the 488 laser line.
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Preconditions for effective bleaching in resonant scanning mode
If very fast scan modes are needed (e.g. measurement of diffusion in
aqueous media) you may scan bidirectional in 512 x 128 format which
results in a very short time per frame, e.g. 18 ms. Here it is recom-
mended to apply multiple bleach frames, e.g. three or four to apply
sufficient light for bleaching.

Furthermore the resonant scanner needs some time for settling if the
zoom value is changed. Therefore the zoom option that is applied only
for bleaching is not available in step two for the resonant scanning
mode. However, one can define a higher zoom value for the complete
FRAP series in step one.

Step 3: Time Course — Define number of prebleach, bleach and
postbleach intervals

Next, choose Time Course to define number of prebleach, bleach and
postbleach intervals.

A typical experiment with 1400 Hz scan speed (bidirectional scan)
and 256 x 256 format can be defined as follows:

Prebleach 10 frames minimized time frame — 118 ms each interval
Bleach 1frame minimized time frame — 118 ms each interval
Postbleach 1 100 frames minimized time frame — 118 ms each interval
Postbleach 2 10 frames —> 1seceachinterval
Posthleach 3 10 frames — bseceachinterval
Acquisition speed

The acquisition speed should be adjusted to resolve the dynamic
range of the recovery with good temporal resolution. Thus ideally
acquire at least 10 data points during the time required for half of the

recovery.
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Duration of the FRAP experiment
Initial experiments should be conducted until no noticeable further
increase in fluorescence intensity is detected.

If you want your ROls & Time Course included in your saved settings
you can do this in Step1. Proceed again to Time Course and click Run
to startthe experiment. The experiment runs automatically and leads
to the evaluation step.

Note:

If you use fluorescent proteins usage of postbleach 2 & 3 may lead to
intensity changes during transition between the different time
scales. Altering the imaging frequency during the experiment can
alter the fraction of fluorescent protein driven into dark states (see
Weber et al., 1999).

The experiment can be stopped while itis already running e.g. during
postbleach. The user will then be guided to the evaluation step. This
is particularly useful if the total time for full recovery is not known,
since it allows to end the experiment during postbleach as soon
as full recovery (i.e. no more increase in intensity) is reached. There
is no need to wait until the predicted number of frames has been
acquired.
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Step 4: Evaluation

Now the recovery chart is displayed. The chart shows all intensity
values averaged over the ROIs for all frames. This chart can be
exported to Excel via right mouse click. The Report button (8 gener-
ates a data sheet in xml format. To compare different experiments
it is essential to use bleaching regions with the same size, relative
position in the cell and scanning parameters. You can save the
experiment procedure in the Setup step (p. 3).
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Step 4: Evaluation
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You can display the relevant FRAP data such as last prebleach or first
postbleach value in the statistics tab.

Usually the chart has to be corrected for background bleaching
which is caused during imaging. Define a second RO, e.g. enclosing
the whole cell, and click on New Calculation @ on the Current
Calculation Results box. This opens a window where you can enter
the desired formula using the values of all ROls as well as arbitrary
constants which can be used to subtract offset values. The result
appearsin a second chart at the bottom.

Fitting of FRAP data

Quantities like the relaxation time (t) or amount of immobile fraction
can be determined by single or double exponential fitting: After cor-
rection the calculated data is ready to be processed by LAS AF ac-
cording to Levenberg Marquardt (see Press et al., 1993, pp 681-687).
Click on Fit Quantification Results (O and choose which ROI should
be applied with which channel or which calculation should be used
as source data, e.g. Calculation_1. Apply either an automated fit (see
figure "Automated Fitting") or a user defined fit using fixed values for
certain parameters e.g. for taul (see figure "User Defined Fitting").
The resulting fit is then overlaid with the calculated graph.
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FRAP — FlyMode:

You may reduce the time resolution down to 0.35 ms since the
measurement of recovery is already done between lines instead of
between frames. This means the measurement of recovery starts
closest possible to the zero time (t) of the postbleach intensity.

The FlyMode combines both, the bleach scan and first image scan
after bleaching. Bleaching is performed during the forward motion
using ROI scan features together with high laser power. During fly
back, the laser intensity is set to imaging values (AOTF switching
works within microseconds). Thus, the firstimage is acquired simul-
taneously with the bleaching frame. And consequently, the delay
time between bleaching and data acquisition is less than half the
time needed to scan a single line.

Bleach area in Read out recovery
x-forward during x-flyback
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Free diffusion of FITC in glycerol, 1400 Hz scan speed and
256x256 format. With FRAP-FlyMode readout starts one frame
earlier compared to unidirectional FRAP.
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FlyMode operation is fully automated; just activate bidirectional scan
in step 1 (setup), activate FlyMode in step 2 and proceed as already
shown above.

Forward and fly back scan are displayed as separate channels
during the experiment. The viewer shows on the left side the forward
scan and on the right side the fly back scan.

Note:
Zoom In and Change Format for bleaching is not available in the
FlyMode.

Intensity

240 1
220 4

200 4

180

160 ——— unidir. FRAP
—— FRAP-FlyMode

140 4

120

one image frame earlier

With the FlyMode you can catch the closest point of recovery (ty)
because it can already be acquired within the bleach frame.
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Internet resources:

http://www.embl.de/eamnet/html/molecular_dynamics_2005.html

http://www.dkfz.de/thi/projects/imagingAndFunctionalScreening/
diffusionalDynamicsNucleus.jsp
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In the event of FRET an excited fluo-
rophore transfers its energy to ano-
ther light absorbing molecule.

FRET with Leica TCS SP5

Introduction

Fluorescence Resonance Energy Trans-
fer (FRET) is a technique which allows
insight into interactions between pro-
teins or molecules in proximities be-
yond light microscopic resolution. The
principle: an excited fluorophore, called
donor, transfers its excited state energy
to a light absorbing molecule which is
called acceptor. This transfer of en-
ergy is non-radiative. Acceptor Photo-
bleaching is one established method for
the evaluation of FRET efficiencies. It is
usually applied to fixed samples, as any
relocation of donor molecules during
measurement will lead to false intensity
correlations.

LLAS AF Version 1.7.0

FRET Acceptor
Photobleaching

The method:

In the event of FRET the donor encounters a
quenching of fluorescence due to its energy
transfer to the acceptor. The donor fluores-
cence will be unquenched after photobleaching
of the acceptor. The difference of fluorescence
intensity of the donor before and after photo-
bleaching gives a direct indication to the FRET
efficiency and can be quantified as follows:

FRET, = (D

post

- Dpre) / D

post

where Dpost is the fluorescence intensity of the
donor after photobleaching and D,"e is the fluo-
rescence intensity of the donor before photo-
bleaching.




FRET wizards in Leica Application Suite
Advanced Fluorescence (LAS AF)

In the LAS AF (1) menu bar you can find two
wizards to perform FRET experiments: FRET AB
(Acceptor Photobleaching) and FRET SE (Sensi-
tized Emission). This application letter describes
working with the FRET AB Wizard (2).

The wizard consists of 3 steps and an overview
of the experimental workflow.

Step 1 is dedicated to the imaging set-up. Step
2 allows the definition of bleaching conditions.
The experiment is executed in between Step 2
and 3. Step 3 allows the evaluation of results and
the generation of experimental reports.

Owverview Setup

iaﬁ LAS AF
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FRET Acceptor Photobleaching — Step by Step

Step 1: Setting of experimental conditions
Define the imaging conditions for donor and ac-
ceptor fluorescence by following the workflow.
You may start your experiment with previously
saved imaging conditions. Use the Load and
Save options (1). If you want to establish ima-
ging conditions yourself you must start out with
the Beam Path Settings (2).

1. Begin by simultaneous excitation and detec-
tion of the donor and acceptor. You can load
existing settings from the IPS list (3), or set up
the imaging conditions manually (e.g.: Donor =
CFP excitation 458 nm; emission 462- 510 nm;
Acceptor = YFP excitation 514 nm; emission 518-
580 nm). This enables you to assess the fluore-
scence intensities, PMT gain, and laser dose
for each label. It also allows to judge where

FRET AB
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you may find donor and acceptor fluorescence
and where they coincide. Do all adjustments by
using the Live button (4). Check for appropriate
imaging resolution. You may change the zoom
factor via control panel or with the tools under
Acquisition (5).

2. Now follow the workflow and change the
imaging conditions to donor detection only (6).
by switching off the acceptor detection channel
and setting the laser light of the acceptor down
to 0%.

3. Start Live Scan (4) for image optimization.

4. Continue by defining the acceptor imaging
set-up. Turn the donor excitation light down to
0%, turn off donor detection channel, turn on
acceptor detection channel instead and then
set the excitation laser line of the acceptor for
adequate excitation light.

5. Start Live Scan (4) for image optimization.

6. If you would like to see both donor and ac-
ceptor acquired together, you need to activate
the sequential imaging option via checkbox (7).
Image acquisition of donor and acceptor is done
in a line by line sequential scan mode.
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7.The images visible in the viewer are generated
by means of line by line sequential scan. Images
(A) + (B) show donor (blue) and acceptor (yel-
low). The image bottom left shows the overlay
of both fluorescence signals (C). To display an
overlay image activate this button B The over-
lay image will help you to choose the appropria-
te region for acceptor photobleaching.

B SersesDOT %311 y=312 21 (324 KB}

8. Define the number of averages for bestimage
quality with the tools under Acquisition (5).

9. Proceed to the next step Bleach to define ble-
aching conditions.

I NN N
I Overview Setup Bleach /  Evaluation ‘
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Step 2: Define Acceptor

Photobleaching Conditions

1. Begin with the choice of laser line and inten-
sity for acceptor photobleaching (1).

2. Draw a region of interest (ROI) (2) around the
area you wish to bleach.

3. Select the number of bleaching iterations (3).
If you have defined averaging under Acquisition
in step 1, this will apply to the bleaching as well.
So please consider the bleach duration accor-
dingly.

4. You may now run the bleaching experiment
(4). The measurement will start by imaging the
donor and acceptor before bleaching, followed
by the bleaching of the acceptor and finally ima-
ging the donor and acceptor after bleaching. The
imaging conditions before and after bleaching
are identical. The bleaching progress may be
followed by the progress bar or bleaching pro-
gress in the image and may be stopped if neces-
sary (4).

Step 3: Evaluation

1. The image shown now in the viewer is the
FRET efficiency image. Mean values of FRET
efficiency within the bleached region (ROI1) are
displayed in the user interface (1).

2. You may choose additional regions of interest

for better interpretation of results (2).
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B, FRET =512 y=5122=1 (262 KB)

3. FRET efficiencies may also be estimated via
the intensity display in the viewer (3). The dis-
played LUT may be changed for better visuali-
zation or understanding by clicking on intensi-
ty wedge. Color coding for high or low values
may be altered by moving the wedge ends up
and down. This may, for example, set the purple
background to black.

. e |

Cviarview Setup Evaluslion

4, Saving data: Images are saved via Save As
by right mouse click on the experiment in the
experiment tree. Regions of interest (ROIs) and
images that have undergone changes (e.g. FRET
efficiency images with LUT changes or added

L
FRET AB

annotations) are saved by a right mouse click on
the viewer. The experimental data is saved by
creating a report (4).

Suggested readings:

¢ (Gadella, T. W. J., Van der Krogt, G. N. M. &
Bisseling, T.: GFP-based FRET Microscopy in
Living Plant Cells. Trends Plant Sci. 4 (7): 287-291,
1999

* Lippincott-Schwartz, J., Snapp, E. & Kenworthy,
A. K.: Studying protein dynamics in living cells.
Molecular Cell Biology, 2, 444-456, 2001

* Wouters, F.S., Verveer, P.J. & Bastiaens, P.l.H.:
Imaging biochemistry inside cells. Trends Cell
Biol., 11(5): 203-11, 2001
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FRET Sensitized Emission

FRET with Leica TCS SP5 (LAS AF)

2

Acceptor

Confocal Application Letter

FRET Sensitized Emission

Fluorescence Resonance Energy Transfer (FRET) is a technique,
which allows insight into the interactions between proteins or mole-
cules in proximities beyond light microscopic resolution.

The Principle:

An excited fluorophore, called the donor, transfers its excited state
energy to a light absorbing molecule which is called the acceptor.
This transfer of energy is non-radiative.

Sensitized Emission is one established method for the evaluation of
FRET efficiencies. It can be applied to live cells as well as to fixed
samples.

The Method:

As this method is non-invasive, it is most frequently used for live cell
experiments. Because crosstalk is an important issue, controls and
complex correction calculations are inherent to the method.
Measurements are executed by detection of the fluorescent signals
of the donor and FRET as well as acceptorin a line by line sequential
scan acquisition.

Proper excitation conditions play a major role. In the first sequence,
the donor must be excited to generate donor fluorescence and sen-
sitized emission of the acceptor. In the second sequence, the selec-
tive excitation of the acceptor will create acceptor fluorescence.

FRET sample preparations must therefore include references of
donorinthe absence of the acceptor (donor only control) and accep-
torin the absence of the donor (acceptor only control).

Ideally, all references are included in the same preparation. The
donor and acceptor references are used to obtain calibration coeffi-
cients to correct for excitation and emission cross talk.

Itisimportant to be aware that throughout the entire experiment and
calibration routine, all measuring parameters such as gain, emission
detection window, excitation intensities, zoom, format, scan speed,
pinhole etc must remain constant.



FRET Wizards in Leica Application Suite
Advanced Fluorescence (LAS AF)

Within the LAS AF (D menu bar you can find two wizards to perform
FRET experiments: FRET AB (Acceptor Photo-Bleaching) and FRET
SE (Sensitized Emission). This application note describes working
with the FRET SE Wizard .

The wizard consists of 4 steps and in addition, an overview of the

experimental workflow.

e Step 1:is dedicated to the imaging set-up.

® Step 2: executes control and FRET measurements.

@ Step 3: guides through the calibration routine and calculates the
calibration coefficients.

o Step 4 is dedicated to the execution of time-lapse experiments,
evaluation of results and generation of experimental reports.

FRET Sensitized Emission

& LAS AF BETA VERSION!
Laica Microsystems LAS AF - TCS SPS

@ Tes sPs
g FRAP Wizad
(-g: FRET AB Wizard
(;é: FeS Wizard
@ Live Data Mode

M ©
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Step 1: Setting of experimental conditions
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Step 2: Acquire image sequences
of controls for calibration

% LAS AF BETA VERSIONY

Salactcanection mage St ssoudd ba sogsend.

Note:
It is vital to keep all measurements under

identical conditions. If your controls do e el e e
not match the actual imaging conditions
(saturation!) and if you have therefore to
readjust, all previous measurements un-
derthe changed conditions will have to be

repeated. All measurements performed -m B = SNt o
under differing conditions should be dis- L v ] T
carded! ; g
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FRET Sensitized Emission — Step by Step

Step 1: Setting of experimental conditions

Begin the imaging set-up with the FRET sample with all fluorescence
information (donor, FRET and acceptor) in the same specimen. Define
imaging conditions for donor, FRET and acceptor fluorescence by fol-
lowing the workflow. You may start your experiment with previously
saved imaging conditions. Use the Load and Save options (D. If you
want to establish imaging conditions yourself you must start out in
the Beam Path Settings (3.

1.

N

Image acquisition of donor, FRET and acceptor will automatically
be done in a line by line sequential scan mode, after the definition
of donor, FRET and acceptor. Start defining the donor and the FRET
detection (Donor + FRET) @ via the Beam Path Settings window
(3. Begin by simultaneous excitation and detection of the donor
and acceptor (e.g.: Donor = CFP excitation 458nm; emission 462-
510nm; Acceptor = YFP excitation 514nm; emission 518-580nm).
This enables youto assess the fluorescence intensities, PMT gain,
and laser dose for each label. Make all adjustments by using the
Live button @. Check for appropriate imaging resolution. You may
change the zoom factor via the control panel or with the tools
under Acquisition ).

. Reduce now the laser light of the acceptor down to 0% ®). Re-ad-

justthe acceptor PMT to be slightly below saturation. You are now
exciting only selectively for the donor and have properly defined
your conditions for the donor and FRET imaging.

Continue by defining the acceptor set-up @ via the Beam Path
Settings window (3. Turn the donor excitation light down to 0%.
Choose a new LUT for the directly excited acceptor signal (e.g.:
light blue = donor; yellow = FRET; orange = acceptor) for better
discrimination. Start Live Scan @).

The images you see inthe viewer are generated by means of a line
by line sequential scan. The first sequence (A + (B) consists of
donor (light blue) and FRET (Yellow). The excitation wavelength is
selectively chosen for donor excitation. The second sequence (©)
contains acceptor fluorescence (orange). The excitation light is
selective for acceptor excitation.

~

e———
Setup

FRET Sensitized Emission

. Slowly increase the excitation light of the acceptor (in our exam-

ple 514 nm) until the signal of the acceptor (orange) is just below
saturation. Do not change the PMT gain or offset as this will
also change the imaging conditions for the FRET (yellow) signal
detection!

. Define the number of averages for best imaging conditions. The

desired acquisition mode may be chosen with the tools under
Acquisition ®.

. Proceed to the next step Corr. Images to acquire controlimages of

the specimen for calibration.

e R A W
/ Corr. Images 7 Corr_Factors /" Evaluation g

Step 2: Acquire image sequences of controls for calibration

1.

In step 2 you may first take an image set of your FRET sample
since itis already under the scope and nicely set-up. Acquire the
sequence via Capture Image (D. The image set will be automati-
cally named ‘FRET".

. Continue with the measurements of the controls (Donor only and

Acceptor only) @. To keep track of the specimen choose the
correct radio button for the according specimen.

. If controls are on separate slides you will now change specimen.

For a better field of vision you may want to go back to zoom 1to be
able to find adequate cells to properly match the intensities and to
avoid saturated regions. Use the function button Search Speci-
men (3. You now have access to all the acquisition tools needed.
When you exit Search Specimen you will automatically return to
the zoom factor and resolution conditions of all previous measure-
ments in the experiment.

4. Proceed from Corr. Images to the next step Corr. Factors to gener-
ate calibration factors.
| N e e W

Cverview P Setup

| Corr. Images . Com. Factors /°  Evaluation 4
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Step 3: Calibration
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Step 3: Calibration

1. Ensure you have the appropriate image set active in the experi-
ment overview to match the indication marked by the radio button

in the interface (.

2. Draw a region of interest (ROI) in the image where only donor
signal is found (2. The mean intensities within the ROl are shown
in the workflow interface (3. Press Accept to use values for cal-

culation of calibration coefficients.

3. Background subtraction is optional. It is only necessary if the
images show background above 0. If this is the case, draw a ROI
in the image where only background signal is found and press

Accept to use these values.

=

For ease of interpretation intensity distribution check the table
showing the intensity distribution for measured specimen (e.g.

. Continue likewise for acceptor only sequence.

CFP-YFP):
Channel 1(A) Channel 2 (B) Channel 3(C)
Specimen: FRET | Signal (Donor) Signal (FRET) Signal (Acceptor)
Specimen: Signal (Donor) Signal < Channel 1 | No Signal
Donor only (x-talk)
Specimen: Very little to no Signal < Channel 3 | Signal (Acceptor)

Acceptor only

Signal (x-excited
x-talk Acceptor)

(x-Excitation)

5. Press Calculate Factors to generate correction factors @.

All calculated calibration factors will be applied to the existing FRET
sequences (fixed sample analysis) or any time-lapse experiment to
follow. Precondition: all measurements remain under unchanged

imaging conditions.

6. Continue to the next step Evaluation to perform live cell measure-

ments after calibration and to retrieve FRET efficiencies.

NN
Corr images

FRET Sensitized Emission

Intensity

Intensity

Calibration Factors:

1. Donor only reference generates correction factor
Calibration Factors:

B corrects for donor cross-talk: § = B/A
1

CFP

.-
09
08
7 B=B/A
0,6

A =Donor Channel
B = FRET Channel

05

04
0,3

0,2 A

0,14

0 T T T T
440 490 540 590 640

Emission spectra of CFP [nm]

2. The Acceptor only reference generates correction
factors a, vy, 9.

a corrects for acceptor cross-excitation cross-talk:
a =A/C

v corrects for acceptor cross-excitation:

vy =B/C

& corrects for FRET cross-talk:

5 =A/B

YFP e Acceptor selectively excited

~~~~~~~ Acceptor excited by donor excitation

a=A/C
v=B/C
d3=A/B

A =Donor Channel
B = FRET Channel
C =Acceptor Channel

Emission spectra of YFP [nm]

Confocal Application Letter



Step 4: Calculation of FRET efficiencies
and live cell measurements
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Step 4: Calculation of FRET efficiencies and live cell measure-
ments

Before running a time-lapse experiment you may choose the calcula-
tion method to calculate and represent the apparent FRET efficien-
cies . You may also change the method after running the experi-
ment. Method 1is automatically applied.

If your FRET data shows a background above 0 you may run a back-
ground subtraction @. Draw a ROl in the image viewer where only
background signal is found (3. Press Accept to include the back-
ground subtraction into calculations. You may also fill in a value by
yourself to match background variations more precisely.

For time-lapse experiments choose imaging conditions under Acqui-
sition in the Acquisition Mode @ and start your series with Run
Experiment 5.

I
FRET Sensitized Emission

Calculation of FRET efficiency:

EA is the apparent FRET efficiency. A, B, C correspond to the
intensities of the 3 signals (donor, FRET, acceptor) and «, 3, y
and & are the calibration factors generated by acceptor only
and donor only references.

Method 1:

Ey(i) = B-AxB-Cxy

Ref. Wouters et al., TRENDS in Cell Biology, Vol 11, No.5,
May 2001: 203-211

Method 2:
B-AxB-Cx(y-axp
Cx(1-Bx?d)

EA(i) =

Ref. Van Rheenen, J., M. Langeslag, K. Jalink: Correcting Confocal Acquisition
to Optimize Imaging of Fluorescence Resonance Energy Transfer by Sensi-
tized Emission. Biophysical Journal, Vol. 86, April 2004: 1-13.

Method 3:
Efij- B
A

The Ratiometric Calculation is used in samples with a fixed
stochiometry (1:1) of donor and acceptor (e.g. Cameleons).

Confocal Application Letter
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Step 4: Calculation of FRET
efficiencies and live cell measurements
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To see FRET and intensity values displayed in a graph during the
experiment change to the tab sheet Graph. Draw one or multiple ROls
in the image viewer to see intensities displayed in the graph.

For apparent FRET efficiencies change to tab sheet Statistics.

Single FRET images (e.g. fixed specimen) can be analyzed too, but
will show results only under Statistics and not in the graphical
display. Change to tab sheet Statistics and use ROI functionality
to choose the appropriate regions of interest in the image.

I
FRET Sensitized Emission

Suggested background reading:

e Gadella T.W.J., G.N.M. Van der Krogt, T. Bisseling. GFP-based
FRET Microscopy in Living Plant Cells. Trends Plant Sci. 4(7)
287-291(1999)

e Gordon et al.: Quantitative Fluorescence Resonance Energy
Transfer Measurements Using Fluorescence Microscopy.
Biophysical Journal, Vol. 74 2702-2713 (1998)

e Lippincott-Schwartz, J., E. Snapp and A.K. Kenworthy. Study-
ing protein dynamics in living cells. Molecular Cell Biology, 2
444-456 (2001)

e Van Rheenen, J., M. Langeslag, K. Jalink: Correcting Confocal
Acquisition to Optimize Imaging of Fluorescence Resonance
Energy Transfer by Sensitized Emission. Biophysical Journal,
Vol. 86 1-13 (2004)

e Wouters F.S., P.J. Verveer & P.L.H. Bastiaens. Imaging
biochemistry inside cells. Trends Cell Biol., Vol. 5: 203-211
(2001)

e Zal T., RJ. Gascoigne: Photobleaching-Corrected FRET
Efficiency Imaging of Live Cells. Biophysical Journal, Vol. 86
3923-3939 (2004)

e Zhang, J., R.E. Campbell, A.Y. Ting, R.Y. Tsien: Creating new
fluorescent probes for cell biology. Nature, Vol. 3 (2002)
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Introduction

Today a wide variety of fluorescent dyes and
fluorescent proteins are available for multicolor
fluorescence microscopy. Recorded signals from
these fluorescent molecules provide complex
information about multilabeled samples, often
necessitating quantification or localization/colo-
calization analysis.

If significant overlap of the excitation or emission
spectra of multiple fluorophores occurs it be-
comes difficult to distinguish between the differ-
ent signals. Consider a combination of the four
fluorophores Alexa 488, Alexa 546, Alexa 568 and
TOTO-3(see Fig. 1). Itis difficult to separate emis-
sion signals from these dyes due to their strong
spectral overlap, which results in signals from
multiple dyes in each channel. This phenomenon
is termed crosstalk, or bleed-through. Interpret-
ing multicolor images can be challenging in this
case because they arise from a mixture of signals
from multiple dyes.

Crosstalk

There are different options to avoid and/or re-
move crosstalk of fluorophores for multi-labeled
samples.

For example, when using simultaneous scan
mode there are acquisition strategies to mini-
mize crosstalk. One way is to optimize the de-
tection range to avoid crosstalk. Reducing the
excitation light for each respective fluorophore
will also reduce the emission intensity, which in
turn reduces the degree of crosstalk. But, if the
degree of overlap is too strong (Alexa 546/Alexa
568 or Dapi/FITC) it is better to choose the se-
quential scan mode.

However, sequential scan may not be the best
choice when speed is important (i.e. for live cell
imaging). Simultaneous detection of all dyes may
be necessary; sequential scan mode may be too
slow. In addition, samples that are stained with
multiple fluorophores that are excited by the

Excitation Spectra

700

Emission Spectra

el \.\‘—\—b——.

450 500 550 600 650 700 750

Fig.1: Excitation and emission spectra of Alexa 488,
Alexa 546, Alexa 568 and TOTO-3.

same laser line (see example Fig. 1) will exhibit
crosstalk despite using sequential scan. In these
cases a mathematical restoration of dyes into
separate channels may be necessary. This will
be discussed in the following.

Consider a FITC/TRITC double-labeled sample.

See in Fig. 2a the emission spectrum of only one
dye. The total emission light collected from FITC
will be distributed in both channels. Here the
green channel collects about 3/4 of the entire
green signal while /4 of the signal spills over into
the red channel.

For the red channel a similar situation exists (Fig.
2b). The total light collected from TRITC will be
distributed in both channels. Here we estimate
45 of the red signal is seenin the red channel and
1/5 of the signal goes into the green channel.



|
Dye Separation
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Fig. 2a: Emission spectrum of the green channel
We estimate here:

3/a of all FITC emission goes into the green channel
1/a of all FITC emission goes into the red channel

In a double-stained sample (Fig. 2c), signals from bhoth dyes will be present. In our example you will

Fig. 2b: Emission spectrum of the red channel

We estimate here:
1/5 of all TRITC emission goes into the green channel
4f5 of all TRITC emission goes into the red channel

record 3/4 FITC + 15 TRITC in the green channel and /4 FITC + 4/5 TRITC in the red channel.

Green Channel Red Channel
1

Emission

o

Wavelength

Emission

Green Channel

]

Red Channel

Wavelength

Fig. 2c: Emission signals of a double-labeled sample. The black curve represents the sum of the signals of both fluorophores.

Green Channel Red Channel
—

Emission

— 3

Wavelength

Fig. 2d: Removing crosstalk:
/s of all FITC emission has to be removed from red channel
15 of all TRITC emission has to be removed from green channel
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The goal is now to separate the signals, so that
each channel contains only the signal from one
dye. This means that /s of the TRITC signal has to
be removed from the green channel, and /s of the
FITC signal has to be removed and redistributed

from the red channel. The resulting image will be
free of crosstalk (Fig. 2d).

Expressed in mathematical terms you will have
two equations with two unknowns:

Green channel: G =

Red channel: I

3 FITC+ ! TRITC
4 5

R =~ FITC+ -TRITC
4 5

4

There are different options to find these coeffi-
cients to solve this mathematical problem:

* you may use reference measurements
-> Channel + Spectral Dye Separation tool

e you may estimate the coefficients and
subtract crosstalk manually
-> Manual Dye Separation tool

e you may use computation through statistical
analysis (Intensity Correlation)
- Automatic Dye Separation tool

1. Dye Separation: Background

Dye Separation Based on Linear Unmixing

The Linear Unmixing method was initially devel-
oped for processing multiband satellite images.
In general the algorithm is based on the follow-
ing assumption: the total emission signal S of
every channel \ is expressed as a linear com-
bination of the contributing dyes FluoX. A rep-
resents the amount of contribution by a specific
fluorophore.

This method uses spectral signatures (emission
spectra) as references. In the case of multi-flu-
orescence images, even combined and mixed
emission signals can be clearly separated into
the dyes that contribute to the total signal.

In other words, the system calculates the distri-
bution coefficients of all the dyes in the different
channels.

S(A) =A, x Fluol(A) + A, x Fluo2(A) + A, x Fluo3(2)...



1.1 Channel Dye Separation 1.2 Spectral Dye Separation

For correct unmixing itis necessarytofind regions
with pure dyes in the sample as references. The
bestway to do this is to use controls that contain
only one of the dyes. This approach reduces the
risk of taking spectra with slight contributions
of other fluorophores as references. However,
multi-labeled samples may also be used if there
are areas within the specimen that clearly con-
tain single dye regions without colocalization.
The distribution coefficients will be measured,
and the sample can be analyzed. If you need to
separate n different dyes, it is sufficient to col-
lect n different channels; no ‘spectrum’ must be
recorded.

General information:

Autofluorescence

Autofluorescence of cells may be a signifi-
cant problem in fluorescence microscopy. By
means of the Channel and Spectral Dye Sepa-
ration tool you can treat autofluorescence as
another fluorophore (unstained sample as ref-
erence) and thus remove it from the specimen-
specific signal.

In the same way background may be removed,
assuming the background of the sample is ho-
mogenous.

Separation of non-balanced fluorophores
Sometimes the emissions of different fluoro-
phores are not well balanced in intensities. In
this case a weak signal may be partially over-
laid by the crosstalk coming from a strong signal.
With the Dye Separation tool it is possible to
separate both fluorophores.

I —
Dye Separation

This method is preferred for lambda stacks.
Mathematically it is the same equation used for
the Channel Dye Separation. Here, the set of
coefficients for a dye is the ‘spectrum’.

This method requires the appropriate reference
spectra, which can be measured with a Lambda
scan or which can be taken from the literature.
The spectra can be stored in a spectra data-
base.

Separation of fluorophores excited

with one laser line

Even if your sample is stained with two dyes
excited by the same laser line, the Dye Separa-
tion tool can successfully separate the two flu-
orophores. For example, a sample containing
both Alexa 488 and GFP requires 488 nm light
for excitation of both fluorophores. As men-
tioned above, a sequential scan will not elimi-
nate crosstalk in this example. However, even
though the emission spectra extremely overlap,
it is still possible to separate the signals using
reference samples.

Note: The Spectral Dye Separation tool cannot
be used in the special case where the fluoro-
phores are both excited by a single laser line
AND their intensities are significantly differ-
ent.

Confocal Application Letter 5
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1.3 Manual Dye Separation

In the Manual tool the distribution coefficients
are not calculated by the system but are estimat-
ed by the user, i.e. noreferences are needed. Let's
explain it using the example described above.

Red Channel

Green Channel

Emission

—— 3.

Wavelength

To get crosstalk-free images we estimate that /s
of the TRITC signal has to be removed from the
green channel and '/ FITC signal has to be re-
moved from the red channel. The user only needs
to apply the estimated numbers to a matrix.

— Matrix
Chi Ch2
Dyel 1 0,25
[ye? 1

Note: If your system is equipped with the Colo-
calization Analysis tool (license is required), you
can use the cytofluorogram to get the coeffi-
cients (see page 22).

Dye Separation based on Intensity Correlation

The Leica Automatic Dye Separation (Weak &
Strong) software analyses the correlation of the
grey values of the pixels in different channels. A
scatter plot known as a cytofluorogram repre-
sents such correlations and is used for example
in colocalization analysis.

The cytofluorogram (Fig. 3) shows grey values
of channels one and two on the x- and y-axis,
respectively. Each pixel in the scatter plot rep-
resents an intensity pair (green-red) of the orig-
inal detection channels. Crosstalk of the green
dye into the red channel is defined by the angle
of the data cloud with the x-axis (0° defining 0%
crosstalk). In the same manner, crosstalk of the
red dye into the green channel is defined by the
angle of the data cloud with the y-axis.

Fig. 3: Cytofluorogram shows the intensity relationships
between two channels.



I —
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1.4 Automatic Dye Separation: Weak and Strong

The Automatic Dye Separation tool uses a math-  After identifying clusters of homogenous image

ematical procedure, called cluster analysis, for data, the best-fit line for the clouds in the cyto-

classifying objects into homogenous groups. In  fluogram is determined. Crosstalk correction is

our case the objects being classified are the achieved by ‘moving’ the fitted clouds to the axes

grey values of the pixels, which are acquired in  (Fig. 4a—4d). The advantage of this method is that

different detection channels. no spectral information is needed —the main dis-
tributions are found by fitting.

255

Fig. 4a: Ideal separation of
fluorescent signals, with-
out crosstalk; each channel
is related to its own dye.

255

255

Fig. 4b: Fluorescent signals
if crosstalk occurs: the
clouds are tilted towards

255

the diagonal.
255 The Automatic Dye Sepa-
ration (Weak & Strong)
methods will move the
clouds to the axes.
Fig. 4c:

Correction of crosstalk

255

Fig. 4d: After processing:
Ideal separation of fluores-
cent signals, each channel
is related to its own dye.

255

Confocal Application Letter 7
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What is the difference between Weak and Strong Dye Separation?

Weak:
The weak method of Auto-
255 matic Dye Separation will
move the clouds until they
just touch the axes.
0
255
Strong:
The strong method of Au-
55 tomatic Dye Separation
will move the clouds to co-
incide with the axes.
0
255




|
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2. Dye Separation: Choosing the Right Tool

Channel Dye Separation

*\When pure dyes are present in the sample
or references are available

e For separation of two fluorophores with strong
emission overlap, excited with the same
excitation line

e For separation of autofluorescence

Spectral Dye Separation

*\When reference spectra are available
e For lambda-series

e For separation of autofluorescence

Manual Dye Separation

*\When no reference spectra are available

¢ When Automatic Dye Separation (see below)
have failed

3. Dye Separation in LAS AF

You can find the Dye Separation tool under Pro-
cess (1) and the tab Tools 2.

Process Tools Q

Automatic Dye Separation: Weak & Strong
*\When no reference spectra are available;
precondition: good signal to noise ratio

* Weak method: weak background
and noise reduction

* Strong method: strong background
and noise reduction

In order to get reasonable results with any of the
Dye Separation tools, it is important to have imag-
es with good signal to noise ratios.

3.1 Channel Dye Separation: Step by Step

Select the Channel Dye Separation tool. To de-
termine the distribution coefficients of the fluo-
rophores (i.e. degree of crosstalk) you need to
define reference regions within your image or
series. You may use multi-labeled samples with
pure dye regions (see paragraph A). Reference
regions may also be defined on separately ac-
quired single-dye controlimages (see paragraph
B). Note that you have to keep detection par-
ameters identical for the reference images.

¥ Dye Separation
Automatic

Spectral

Confocal Application Letter 9
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A. When pure dye in a multi-labeled sample is present

1. Place the crosshair in the viewer @ to a position that clearly contains a single dye.
You can also draw a ROl manually after activating the ROl function in the viewer @.

Bovine pulmonary artery endothelial cells (BPAEC); green: BODIPY FL phallacidin, F-actin; red: MitoTracker Red CMXRos,
mitochondria.

Note: If there is no crosshair visible in the viewer you can activate it by clicking on the Crosshair

button E

2. In the field Measurement Area @ you may adjust the size of the reference region (in voxels).

Channal Dya Separation q

m Measurement Area; @E Vanels

Reseals ———————
q Per Channal
Q All Channels




|
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The histogram visualizes the color distribution inside of the reference region.

3. Click Add @) to define the chosen position as a reference region to determine the
distribution coefficients of this fluorescent dye.
Every reference region you define is added to the list box ®.
Clear and Clear all &) delete a marked reference or all references, respectively.

4. Repeat steps 1-3 for all dyes used in your image.

5. Choose a method of rescaling @ for the resulting images or series.

Confocal Application Letter 11
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There are two options for rescaling:

Per Channel: All channels are rescaled separately to spread the dynamic range of the images over
the entire range of bit depth (e.g. 8 bit from 0 to 255). This operation results in brighter images, but
these images cannot be further quantified.

All Channels: All channels are rescaled together using the same factor, thereby maintaining the pro-
portion. In this case only one channel gets the maximum bit depth.

6. Click Apply (8) to perform the image processing.

To preview the changes, press the Preview button. The Reset function allows you to go back to the
default settings.

Original image with crosstalk Resulting image without crosstalk

B. Using reference images

If you want to use control images of single labeled specimens as reference samples, you must capture
all of the images using the same detection parameters that were chosen for the multi-labeled sample.

1. Select the first single-dye control image in the experiment tab @

w = Fibros_2Ch_DyeSep.if_001* (6,3 MBJ
O 2eh_Sim_Dapi_AlexadBg (2,1 MB, xyz)

B Zch_Dapi_controll (2,1 MEB, xy)
3 2ch_Alexad88 control2 (2,1 MB, xy)
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2. Place the crosshair in the viewer @) to an appropriate position.
You can also draw a ROl manually.

Hela cells, reference 1: single-labeled cells imaged using the same conditions as the double-labeled sample; cyan (1. channel):
Dapi, nucleus; green (2. channel): crosstalk of Dapi.

3. Click Add @ to define this position.

é Channel Dya Separation q\'

m @ Measuremeont Area: |10 E Voupls
sl

g; Par Chennal

@ son

Confocal Application Letter 13
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4, Select the second single-dye control image in the experiment tab @

W =) Fibros_2Ch_DyeSep if_001* (6,3 MB}
O 2eh_Sim_Dapi_ AlexadB8 (2.1 MB, xyz)
O 2eh_Dapi_controll (2,1 ME, xy)

B Zch_Alexad8d_control2 (2,1 MB, ny)

5. Place the crosshair in the viewer and again click Add (3 to define the second coefficient.

Hela cells, reference 2: single-labeled cells imaged using the same conditions as the double-labeled sample; no signal recorded
inthe 1. channel; green (2. channel): Alexa 488, tubulin.

6. Repeat this process for all of the dyes used.
7. Choose a method of rescaling ®) for the resulting images (see page 12).

8. Select the images to be unmixed ®.

w == Fibras_2Ch_DyeSeplif 001* (5,3 MB)

B Zoh_Sim_Dapi_Alexadf8 (2.1 MB, xyz)
Oy 2eh_Dapi_contrall (2,1 MB, xy)
O 2ch_Alexaddd control2 (2,1 MB, xyl

9. Click Apply.
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Separation of two fluorophores

Original image with crosstalk Resulting image without crosstalk

Hela cells (fibroblasts); blue: Dapi, nucleus, green: Alexa 488, tubulin.

Separation of four fluorophores

Original image with crosstalk Resulting image without crosstalk

Hela cells (fibroblasts); blue: Dapi, nucleus; green: Alexa 488, tubulin; red: TRITC phalloidin, actin; grey: Mito Tracker Red
CMXRos, mitochondria.

Confocal Application Letter 15
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3.2 Spectral Dye Separation: Step by Step

Select the Spectral Dye Separation tool.

You may unmix by choosing reference spectra from a spectral database (see paragraph A) or you
may add your own measured dye spectra (see paragraph B).

w Dya Separation
Automatic
Channel

Spactral

A. Using reference spectra from a database

1. Select the corresponding fluorophore from the database @.
If your image contains multiple fluorophores click Add @ to choose additional spectra.

2. Choose a method of rescaling @ (see Channel Dye Separation, page 12).

3. Click Apply.

B. Using measured reference spectra
1. Place the crosshair @ in a region of your choice. You can also draw a ROl manually.

Note: If there is no crosshair visible in the viewer you may activate it by clicking on the
Crosshair button E



® 4B5-543-568-633 x- 1074 y- 1024 A=34 (5.7 MB)

|
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2. In the field Measurement Area @ you may alter the size of the reference region (in voxels).

3. Click Save Current Spectrum (3 to add the actual spectrum to the Spectra Database.

i Spectral Dye Separason

— Select Spectrum from Database

Add

Maasm'smant.ﬂraa@ e E: Vanals
=~

Rescale

QJ Per Channal

Q All Channels

Save Current Spectrum | @
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A dialog box will open automatically.

The measured emission spectrum of the fluorophore is displayed and can be saved in the spectra
database.

18 Confocal Application Letter
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4.Fill in the fields @ accordingly. By clicking on Save ® the spectrum is saved under User in the
Table of spectra ®.

5. PressX (D to go back to the Spectral Dye Separation dialog. The saved spectrumis now available
in the list under User (8. You may continue as described under paragraph A.

I Spectral Dye Separavon q;

— Select Spectrum from Databasg ————— 8 i
ki ponin jeatila Measuramont Area 106 E Vaxals

Rescale
Save Current Spectrum | @

g; Per Channel
QJ All Channgls

B-543-568-633 488-543-568-633
A=356nm A=5376nm A=581nm

488-543-568-633 488-543-568-63! 488-543-568-633
v A=617nm ]

Part of the image gallery of a lambda series of Drosophila melanogaster stained with Alexa 488, Alexa 546, Alexa 568 and TOTO-3.
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Fluorescence signals are separated after processing the spectral data with the Spectral Dye Separation tool.
Courtesy of Dr. Ralf Pflanz, MPI Biophysical Chemistry, Géttingen

3.3 Manual Dye Separation

Clicking on Automatic opens a dialog box, where you can choose the settings for either the Manual
Dye Separation or the Automatic Dye Separation methods. Choosing Manual opens a new dialog
window.

¥ [ye Saparation

Automatic
Channel

Spectral
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1. Select the Manual @ method in the Automatic Dye Separation window. A new dialog box opens
that will allow you to unmix the crosstalk of one channel from the other manually.

Note: The field Fluorescent Dyes @ reflects the number of dyes used during image acquisition.

LAS AF recognizes this and automatically displays the number of channels.

2. Choose a method of rescaling @ the resulting images or series (see Channel Dye Separation,

page 12).
(" Edit Mai oM
— Matrix
Chi ChZ
Dyl 1 0.3 @
Dye? 1

.=

Reset Malrix

@

3. Type the desired coefficients into the matrix fields @. In this example we correct /3 cross-talk
from the green dye in the red channel and /1o cross-talk from the red dye in the green channel.

The matrix can be saved and reloaded @ for reproducibility. Keep in mind that in order to
use the same contribution coefficients in the matrix, identical recordings using the same
parameters must be taken.

The Reset Matrix @ button allows you to go back to the default settings.
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4, Close the Edit Matrix dialog @ (see page 21) and click Apply ®.

Note: 1. The Edit Matrix button is active only if you have selected the Manual option under Method.
2. Lambda scans cannot be processed with the Automatic Dye Separation tool.

I Paramaters q“\'

Threshold Ch 1 i —— [ 35| %
Threshald Ch 2 Fe— %
Background Ch 1 Isirgptteiesttintd [ 2q] %
Background Ch 2 W ®

Link Background Ch 1 and Ch 2

— Wisualization

Q Overley

Q Colocalization Only {Black & White)

Q Colocalwzation Only {Color)

Qorr

If the Colocalization tool is available on your system, you can use the cytofluorogram to determine
the coefficients. By defining the threshold for both channels you can obtain a best-fit line for the
clouds. In this example the coefficients are 0.35 for channel 1 and 0.05 for channel 2 (see explanation
under Automatic Dye Separation: Weak and Strong, page 6ff)
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3.4 Automatic Dye Separation: Weak and Strong

Choose the Automatic Dye Separation tool.

w Dya Separation

Channel
Spactral

-— Funetions.
' Rescals

Q) Fer Channel (3)
@ ichamels

1. Select between method Weak or Strong @.

Note: The field Fluorescent Dyes @) reflects the number of dyes used during image acquisition.
LAS AF recognizes this and automatically displays the number of channels.

2. Choose a method of rescaling @ the resulting images or series (see Channel Dye Separation,
page 12).

-z © e - & -

3. Apply @ transfers the unmixed data file to Experiments.
To preview the changes, press the Preview () button. The Reset (&) function allows you to go
back to the default settings.

References:
F. Olschewski, Living Colors, Excellent Solutions for Live Cell Imaging, G...T. Imaging & Microscopy 2/2002
T. Zimmermann, Spectral Imaging and Linear Unmixing in Light Microscopy, Adv Biochem Eng Biotechnol. 2005;95:245-65
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