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[Abstract] The CCF4-AM Forster resonance energy transfer (FRET) assay is a sensitive approach to
measure bacterial cytosolic translocation in live cells. The FRET pair hydroxycoumarin (donor) and
fluorescein (acceptor) are linked by a CCF4-AM B-lactam ring, the substrate of p-lactamase. The
exogenously added, neutral charged-FRET reagent can diffuse across the membrane and stay in the
cytosol only once it is charged in the cytosol. When bacteria translocate from subcellular organelles
(e.g., phagosomes) to the cytosol, the bacteria-associated B-lactamase cleaves the B-lactam ring,
resulting in loss of FRET signal. Here we describe the fluorometer-based approach optimized for direct
measurement of cytosolic translocation as a result of the EsxAB complex of Mycobacterium marinum in
RAW264.7 cells.
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[Background] The development of a B-lactamase reporter assay gave rise to the subsequent Forster
resonance energy transfer (FRET) assay (Zlokarnik et al., 1998; Cavrois et al., 2002). Two fluorescence
dyes, hydroxycoumarin (donor) and fluorescein (acceptor), are linked via a CCF4-AM (CCF2-AM in
earlier reports) B-lactam ring. When excited at 405 nm, hydroxycoumarin emits at 450 nm (blue), which
subsequently excites fluorescein to emit at 527 nm (green). Cleavage of the B-lactam ring by bacteria-
associated B-lactamase results in loss of FRET and direct emission of hydroxycoumarin (blue) (Jones
and Padilla-Parra, 2016). The CCF4-AM FRET reporter assay is versatile and has been been used for
a variety of different applications, such as tracking molecular fusions (Jones and Padilla-Parra, 2016;
Shaikh, et al., 2019), tracking delivery of biological cargos to the cytosol (Stone et al., 2018), and
monitoring translocation of bacteria within cells (Charpentier and Oswald, 2004). Since Mycobacterium
marinum also possesses [3-lactamase (Flores et al., 2005), Simeone and colleagues exploited the FRET
assay to track cytosolic translocation of Mycobacterium tuberculosis in THP-1 cells (Simeone et al.,
2012). Recently, we applied this method for investigation of the role of EsxAB in cytosolic translocation
of Mycobacterium marinum (Acosta et al., 2014; Zhang et al., 2016; Aguilera et al., 2020). RAW264.7
cells were infected with M. marinum and the results were obtained under a fluorometer, providing a
quick, quantitative method for analysis of results. Furthermore, as Mycobacterium marinum is a BSL-2
pathogen and contains similarities in its ESX-1 locus (Tobin and Ramakrishnan, 2008), it provides a

safe, direct way to investigate the EsxAB complex. Here we describe our procedure for direct monitoring
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of cytosolic translocation of Mycobacterium marinum in RAW264.7 cells via the CCF4-AM FRET assay

using a fluorometer.

Materials and Reagents
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Inoculation loop (BD, catalog number: 220216)

Cell Scraper (Fisherbrand, catalog number: 08-100-241)

T-75 Flask (Thermo Scientific, catalog number: 12-566-440)

50 ml Centrifuge tube (Corning, catalog number: 352098)

6-well plate (Corning, catalog number: 3516)

10 ml syringe (Fisherbrand, catalog number: 14-955-459)

22 gauge needle (BD, catalog number: 305900)

27 gauge needle (BD, catalog number: 305109)

5 um filter (Millex, catalog number: SLSV025LS)

Pasteur pipette (Fisherbrand, catalog number: 13-678-6b)

Aluminum Foil (Fisherbrand, catalog number: 01-213-102)

Thin Wall Cuvette (Fireflysci, catalog number: 30FL)

435 nm long-pass filter (Andover Corporation, catalog number: 435FG03-508S)
7H9 media (Difco, catalog number: 271310)

OADC Enrichment (BD, catalog number: 211886)

Tween-80 (Sigma-Aldrich, catalog number: P1754)

Kanamycin Monosulfate (Gold Bio, catalog number: K-120-5)

DMEM media (Gibco, catalog number: 10566-016)

Fetal Bovine Serum (Gibco, catalog number: A4766801)

Penicillin and Streptomycin (Gibco, catalog number: 15070063)

Phosphate buffered saline (Sigma-Aldrich, catalog number: P3813)

CCF4-AM FRET Loading Solutions (Life Technologies, catalog number: K1085)
Note: This kit contains Solution A, Solution B, and Solution C as described in the procedure.
DMSO (Sigma-Aldrich, catalog number: D8418)

4% Paraformaldehyde

NaCl (Fisherbrand, catalog number: 18-606-420)

MgCl (Fisherbrand, catalog number: 18-604-047)

CaClz (Fisherbrand, catalog number: AA4428030)

KCI (Spectrum Chemical, catalog number: 18-605-507)

Glucose (Sigma-Aldrich, catalog number: G7021)
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic  acid, N-(2-Hydroxyethyl)piperazine-N'-(2-
ethanesulfonic acid (HEPES)) (Fisher Bioreagents, catalog number: BP310)
Tris (Fisher Bioreagents, catalog number: BP152-500)

EM Media (see Recipes)
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Equipment
1. Biosafety Cabinet (Labconco)
2. Vortex (VWR, catalog number: 58816-121)
3. Hemocytometer (Hausser Scientific, catalog number: S17040)
4. Inverted Light Microscope (VWR, catalog number: Vistavision)
5. Cell Imaging System (Life Technologies, catalog number: 4471136)
6. Spectrophotometer (Amersham Biosciences, model: Ultrospec 10)
7. Table Top Centrifuge (Eppendorf, catalog number: 5810R)
8. COzIncubator (VWR, catalog number: 3078)

©

Fluorometer (ISS, catalog number: K2)

10. Incubator Shaker (VWR, catalog number: 1585)

11. Hot Plate/Stirrer (ThermoFisher Scientific, catalog number: SP131325)
12. pH meter (Mettler Toledo, catalog number: 30266626)

Procedure

A. Growth of M. Marinum bacterial culture
1. Approximately 5 d before the infection assay, prepare the M. Marinum culture for infection.
2. Inoculate M. marinum into 50 ml of 7H9 media supplemented with 10% OADC enrichment and
proper antibiotics as needed, we routinely use 30 mg/ml Kanamycin.
a. This bacterial culture will be used to start a new bacterial culture and passaged to reduce
cell clumping.
b. If the bacterial culture contains too many clumped cells, then add Tween-80 at a
concentration of 0.05% (v/v) to the 7H9 media.
3. Allow the bacterial culture to grow at 30 °C while shaking at 150 rpm until it reaches
approximately ODeoo 1.2.
4. Once the bacterial culture has grown past mid log phase, transfer 4 ml of culture into 46 ml of
fresh 7H9 media supplemented with 10% OADC.
5. Incubate at 30 °C while shaking at 150 rpm; allow the bacterial culture to grow into mid log
phase once more, approximately 2 d.

B. Culturing of RAW264.7 mouse macrophage cells
1. Approximately 2-3 d before infection, grow RAW264.7 cells in a T-75 flask with 10 ml of DMEM
media containing 10% Fetal Bovine Serum (FBS) with penicillin and streptomycin at 100 unit/ml.
Allow the cells to grow to 80-90% confluence at 37 °C with 5% CO-.
The day before the infection, use a cell scraper to lift all of the cells (at 80-90% conflucence)
from the bottom of the TC flask.

4. Transfer the cells and media into a 50 ml centrifuge tube.
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5. Centrifuge at 160 x g for 10 min at RT.
Remove supernatant media and discard
Resuspend the pellet in 10 ml of DMEM media containing 10% FBS with penicillin and
streptomycin.

8. Count the cells using whichever method you prefer. Record the approximate number of cells in
the sample.

9. Fill a 6-well plate with 2 ml of media per well, then add RAW264.7 cells to seed a total of 2.5 x
10° cells/well.

10. Incubate the cells overnight at 37 °C with 5% CO..

C. Bacterial single-cell preparation
1. Pellet down the bacterial culture from Part A by centrifuging at 3,220 x g for 15 min.
2. Remove the supernatant and resuspend the bacteria in 50 ml of PBS.
3. Wash the cells 2 more times for a total of 3 washes with PBS.
4. After the third wash, remove the supernatant and resuspend the pellet in 10 ml of PBS.
5. Aspirate the bacteria in PBS using a syringe and pass through a 22-gauge needle.
Note: This step is optional but will facilitate passing the culture through a filter.
Aspirate the bacteria with a syringe and pass through a 27-gauge needle.
Aspirate the bacteria and pass through a 5 pm filter.

Measure the density of the bacterial culture with ODeoo.

© ® N o

Calculate the volume of bacterial cells needed to add to your macrophages depending on the
multiplicity of infection (MOI).
10. If needed, concentrate the bacterial cells by pelleting and resuspending them into a smaller

volume.

D. Infection of macrophages

Check RAW264.7 cells under a microscope; they should be at 60% confluence.
Aspirate DMEM media and replace with EM medium.

Infect macrophages with Mycobacterium marinum at 10 MOI, or at the desired MOI.
Incubate for 2 h at 30 °C with 5% COa.

After incubation, aspirate the media.

Gently wash with 3 ml PBS and agitate the plate.

Remove the PBS and wash 2 more times to remove extracellular bacteria.

Add 2.5 ml of pre-warmed EM media with 10% FBS and incubate for 48 h.

© N o g s~ Wb =

E. CCF4-AM FRET Assay
1. Load RAW264.7 cells with CCF4-AM loading solutions by following the manufacturer’s
recommendation:
a. The uninfected RAW264.7 cells loaded with CCF4-AM serve as a negative control.
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b. The RAW264.7 cells without CCF4-AM serve as another negative control.
c. A Chinese hamster ovary (CHO) cell line that expresses B-lactamase (CHO-B-Lac) is used
as a positive control for cleavage of CCF4-AM (Zhang et al., 2016).
d. Solution B (100 mg/ml Pluronic-F127 surfactant in DMSO and 0.1% acetic acid) and
Solution C (24% w/w PEG 400, 18% TR-40 v/v in water) are prepared by manufacturer.
2. Add 182 ul of DMSO to dissolve 200 ug of CCF4-AM, gently pipet up and down.
Note: This will be solution A, as specified by manufacturer.
3. Decant the solution into 20 pl aliquots.
Notes:
a. If you wish to store, desiccate under vacuum and store at -20 °C protected from light.
b. If vacuum is not available, the solution may be stored at -20 °C in the dark. This solution is

stable for up to three months.

4. Add 3 pl of Solution A to 30 pl of Solution B and vortex.

5. Add 467 pl of Solution C and vortex to produce 6x CCF4-AM substrate loading solution.
Note: This solution is stable for 12 h at RT.

6. Add 500 pl of 6x CCF4-AM loading solution to 100 pl of the cell culture to make 1x CCF4-AM
loading solution.

7. Incubate at room temperature for 2 h while protected from light.
Note: If cells are disturbed, the 2-h incubation will give them enough time to settle to the bottom
of the plate.

8. Aspirate the media and CCF4-AM substrate.

9. Resuspend the cells with 3 ml PBS and agitate the plate gently.

10. Remove the PBS and wash 2 more times with PBS for a total of 3 washes.

11. Fix the cells with fresh 4% paraformaldehyde (PFA) for 30 min at room temperature (RT) while
protected from light.

12. Wash once more with PBS and at this stage the cells are ready for measurement.

F. Measurement using a fluorometer
1. Gently resuspend the cells in PBS and transfer them to a thin walled UV cuvette.
2. The fluorometer program should be set up to excite at 405 nm and record emissions between
430 nm to 600 nm to obtain the curves containing both blue and green peaks (Figure 1).
Note: In the fluorometer, two polarizers are placed vertical to each other on the excitation beam
path and a 435 nm long-pass filter is placed on the emission beam path fo reduce the
background and scattered light.
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Figure 1. The emission spectra of the samples were recorded from FRET measurement.
A. After excitation at 405 nm, the hydroxycoumarin will transfer energy to fluorescein resulting
in a green emission at 527 nm. Bacteria containing p-lactamase will escape the phagosome
and come into contact with the FRET dye in the cytosol, resulting in the loss of FRET and a blue
emission at 450 nm. B. The first peak is the emission of hydroxycoumarin (blue) and the second

peak is the emission of fluorescein (green).

3. The intensitiy at 450 nm (blue), 11, and the intensity at 527 nm, Iz, are measured for 20 iterations.

The Blue/Green ratio is calculated as 11/, (Figure 2).
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Figure 2. The blue/green ratio for sample data is calculated by division of |1 by I, The
intensity at 450 nm (blue) and 527 nm (green) are measured for 20 iterations. The Blue/Green
ratio is calculated. A higher ratio, as observed for Mycobacterium marinum of ~0.8 represents a
good change of signal, indicating cytosolic translocation. Lower ratios (< 0.2) are obtained by

bacteria unable to escape the phagosome or the negative control.
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Data analysis

1. The Blue/Green ratios are averaged for 20 iterations from 3 duplicates, a total of 60 replicates.
2. The average Blue/Green ratio is then plotted as a bar graph with error bars representing

standard deviation and tested for statistical significance (Figure 3).
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Infection Strain
Figure 3. Sample data as bar graph with Blue/Green ratio for different strains. By plotting
the data in a bar graph, the loss of FRET between samples can be seen. In this scenario, the
wild type M. marinum escapes the phagosome and interacts with the FRET dye resulting in a
higher Blue/Green ratio. The M. marinumAEsxA/B is unable to escape the phagosome and does

not interact with the FRET dye resulting in no change of color from green to blue.

The values are tested for normality using the Shapiro-Wilk test.
4. If the data fails to differ from normal, it is tested for significance with a One-way ANOVA,

otherwise a Tukey-Kramer test is performed to test for statistical significance.

Recipes

1. EM Media (1L)
a. In a beaker add 7.02 g of NaCl, 0.52 g of KCI, 0.26 g of CaClz, 0.076 g of MgCl, 0.9 g

glucose and 6.5 of HEPES to water

b. Bring the pHto 7.3
c. Bringwaterupto 1L
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