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Bioluminescence resonance energy transfer (BRET) allows to quantitate protein interactions in
intact cells. Here, we present a protocol for measuring BRET due to transient interactions of
oncogenic K-RasG12V in plasma membrane nanoclusters of HEK293-EBNA cells. We describe
steps for seeding, transfecting, and replating cells. We then detail procedures for their
preparation for BRET measurements on a CLARIOstar microplate reader and detailed data
analysis.
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SUMMARY

Bioluminescence resonance energy transfer (BRET) allows to quantitate protein
interactions in intact cells. Here, we present a protocol for measuring BRET
due to transient interactions of oncogenic K-RasG12V in plasma membrane nano-
clusters of HEK293-EBNA cells. We describe steps for seeding, transfecting, and
replating cells. We then detail procedures for their preparation for BRET mea-
surements on a CLARIOstar microplate reader and detailed data analysis.

For complete details on the use and execution of this protocol, please refer to
Steffen et al.’

BEFORE YOU BEGIN

Background

Bioluminescence resonance energy transfer (BRET) enables quantitative molecular interaction ex-
periments in the native cellular environment. BRET has thus been used to investigate diverse protein
interactions in the cytosol, nucleus and cellular membranes.?

BRET refers to the radiation-free transfer of the donor energy, provided in our case by the Renilla
luciferase mutant RLuc8-catalyzed conversion of the luciferase substrate coelenterazine 400a, to
the acceptor, green fluorescent protein 2 (GFP2). The donor and acceptor together form the
BRET-pair, for which various combinations have been established, including more recently
NanoLuc and mNeonGreen.® For BRET to occur, several conditions must be fulfilled, such as an
overlap of the emission spectrum of the donor and excitation spectrum of the acceptor.” Further-
more, donor and acceptor must be in molecular proximity (here 4-12 nm) for a change in the
BRET-signal, which is the emission by the acceptor after the donor excitation is generated from
the conversion of the substrate by Rluc8.”

By genetically fusing proteins or their domains to donor and acceptor, BRET-biosensors can be con-
structed, where the interaction is mediated by the fused proteins. As an example, we use the Rluc8-
K-RasG12V/GFP2-K-RasG12V BRET-biosensor, where BRET emerges due to the transient approxi-
mation of K-RasG12V in proteo-lipid complexes at the plasma membrane, called nanocluster.”
Design and optimization of such biosensors can be challenging and was discussed elsewhere.®

Our protocol provides detailed instructions on conducting donor saturation-titration BRET experi-
ments on a conventional microplate reader that can detect both fluorescence and luminescence.
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Figure 1. Definition of the three detection channels for BRET-experiments

(A-C) The acceptor- (A), donor- (B) and BRET-channels (C) are indicated relative to the emission (Em) and excitation (Ex) spectra of the donor RLuc8/
coelenterazine 400a (gray/ black) and the acceptor GFP2 (green). The excitation bandwidth is marked with a light green dashed box (A), while the
detection bandwidths are marked with a light gray box (A-C).

In these experiments the BRET-ratio is plotted as a function of the acceptor/ donor-ratio, where a
constant amount of RLuc8-tagged donor-construct is co-expressed with increasing amounts of
GFP2-tagged acceptor-construct. While it is common to plot the BRET-ratio against the plasmid ra-
tio of transfected BRET-constructs, the plasmid ratio does not correspond to the actual molecular
acceptor/ donor-ratio. It is therefore preferable to plot against the expression signal ratio, as we
explain in more detail in the expected outcomes section. To obtain the expression signal ratio,
the acceptor fluorescence signal is measured and compiled with the donor-luminescence signal.
To calculate the BRET-ratio, the donor- and BRET-signal of the BRET-biosensor sample and a
donor-only control are compiled. Detection channels for all raw signals are set up on the plate
reader, which is in our case a CLARIOstar microplate reader. Classically, the BRETmax- and
BRET50-values are determined from fitting a saturation function to the BRET-ratio vs. expression
signal ratio plot. Both values essentially characterize the strength or probability of the interaction.’
However, true saturation is typically not reached in cells and we therefore introduced the BRETtop
value, which is the highest BRET-ratio within a defined range of acceptor/ donor-expression signal
ratios.®

Preparation
1. Prepare mammalian expression vectors encoding donor- and acceptor- constructs.

Note: New constructs require significant optimization and testing for uncompromised biolog-
ical activity. Our example BRET-biosensor, RLuc8-K-RasG12V/GFP2-K-RasG12V, was con-
structed by multi-site gateway cloning.’

2. Prepare cell culture medium and coelenterazine 400a substrate needed for the assay.

3. Verify that your fluorescence and luminescence microplate reader allows for the definition of
three BRET-pair specific detection channels for the acceptor- (excitation at 405 + 10 nm, emis-
sionat515 + 10 nm), donor- (emission at 410 + 40 nm), and the BRET-signal (emission at 515 +
40 nm) (Figure 1), and has ideally an injector for dispensing microliter amounts of the luciferase
substrate to 96-well plates.

Note: We here describe the setup and operation using a CLARIOstar microplate reader for the
RLuc8/ GFP2 BRET-pair.
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A CRITICAL: Any other plate reader employed for this protocol needs to allow for the setup

of three BRET-pair specific detection channels as described in detail in part 4: fluorescence

and luminescence measurements on a plate reader.

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Chemicals, peptides, and recombinant proteins

Dulbecco’s phosphate-buffered saline (PBS) (1 x)
Dulbecco’s modified Eagle’s medium (DMEM)
Trypsin EDTA (0.05%)

Fetal bovine serum (FBS)

Penicillin-Streptomycin (10,000 U/mL)
L-glutamine (200 mM)

Dimethyl sulfoxide (DMSO) > 99.5%

ISOTON Il diluent

Coelenterazine 400a/DeepBlue C, (2,8-dibenzyl-6-
phenylimidazo[1,2a]pyrazin-3-(7H)-one)
Mevastatin

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
VWR

Beckman Coulter

Cayman Chemical

Alfa Aesar

Cat# 14040091
Cat# 41965039
Cat# 25300054
Cat# 10270106
Cat# 15140122
Cat# 25030024
Cat# A3672
Cat# 8448011
Cat# 16894

J61357

Critical commercial assays

jetPRIME

Polyplus-transfection

Cat# 101000001

Lipofectamine RNAIMAX Invitrogen Cat# 13778-150

Experimental models: Cell lines

Human cell line, HEK293-EBNA (HEK) ATCC CRL-10852

Oligonucleotides

Human FNTA siRNA (Hs_FNTA_6 FlexiTube QIAGEN Cat# S102661995|S1/ 1027417

siRNA) 5'-3'-sequence CCGGGATGCTATT

GAGTTAAA

Negative control siRNA QIAGEN Cat# 1027310
GeneGlobe ID:
S103650325

Recombinant DNA

pDest305-CMV- RLuc8-K-RasG12V Okutachi et al.” N/A

pDest305-CMV- GFP2-K-RasG 12V Okutachi et al.” N/A

pDest305-CMV- RLuc8 Okutachi et al.” N/A

pDest312-CMV- GFP2 Okutachi et al.” N/A

pcDNA3.1(-) Thermo Fisher Scientific V79520

Software and algorithms

CLARIOstar software BMG LABTECH N/A

Microsoft Excel Microsoft Corporation N/A

GraphPad Prism GraphPad Software N/A

Other

CO; incubator

Microcentrifuge Micro Star 17R
Microcentrifuge MiniStar blueline
CLARIOstar microplate reader
Z1 particle counter

Cuvette for Coulter counter
T75 flask

Reaction tube 1.5 mL

Reaction tube 1.5 mL, brown
Falcon 15 mL

Falcon 50 mL

12-well plates

White flat bottom 96-well plate

Panasonic

VWR

VWR

BMG LABTECH
Beckman Coulter
VWR

Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Greiner Bio-One
Thermo Fisher Scientific

Cat#MCO-170AICUVL-PA
Cat# 521-1647
Cat# 521-2321P
N/A

Cat# 9914591
Cat# 720-0812
Cat# 658175
Cat# 616201
Cat# 616283
Cat# 188271
Cat# 227261
Cat# 655180
Cat# 236108
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MATERIALS AND EQUIPMENT

Growth medium

Reagent Final concentration Amount
DMEM 1 500 mL
Fetal Bovine Serum ~9% 50 mL
L-glutamine 2mM 5mL
Penicillin/ streptomycin (10,000 U/ mL) 100 U/ mL 5mL
Total N/A 560 mL

Store at 4°C for up to 1 month.

Note: The addition of penicillin/ streptomycin is recommended to avoid cell culture contamination.

e Prepare a stock solution of the luciferase substrate coelenterazine 400a in 100% ethanol to a final con-
centration of 1 mM. The stock can be stored in brown reaction tubes at —30°C for several months.

Note: Coelenterazine 400a is sensitive to oxidation, therefore, dissolve it fresh before use and
keep protected from light.

STEP-BY-STEP METHOD DETAILS
Part 1: Cell seeding

® Timing: 60 min
This part describes the preparation of a HEK293-EBNA cell culture for the transfection.

1. Prewarm DMEM, PBS and trypsin EDTA in a 37°C water bath.

2. Prepare the cell counter, here Beckman Coulter Z1 Counter, by flushing it twice with Milli-Q water,
followed by two flushes with ISOTON Il Diluent before use.

3. Grow HEK293-EBNA cells in a T75 flask under humidified 5% CO, at 37°C in complete growth
medium until they reach 80%-90% confluency.

Note: Instead of HEK293-EBNA, also HEK293T, HEK293A or other well expressing cell lines
can be used.

4. Aspirate the growth medium and gently rinse the cells once with 5 mL sterile PBS.

5. Aspirate the PBS and detach the cells by adding 4 mL of trypsin EDTA. Incubate at 37°C until the
cells have detached (approximately 3-5 min).

6. To neutralize the trypsin EDTA, add 8 mL of growth medium and resuspend by pipetting until all
the cells have been washed off from the T75 flask bottom.

7. Transfer the cell suspension to a 15 mL Falcon tube and pellet the cells by centrifugation for 3 min
at 200 x g and 22°C-25°C.

8. Aspirate the supernatant and resuspend the cell pellet in 1 mL of fresh growth medium.

9. To measure the cell concentration, dilute 50 pL of the cell suspension in 10 mLISOTON Il Diluent.

Note: This will make a 1:200 cell dilution.

A CRITICAL: Before measuring the cell concentration on the cell counter, make sure that the
value specifying the cell dilution on the counter is set to 1:200.

Note: The number displayed at the end of the measurement will show the number of cells/ mL.

10. Seed 200,000 cells in 1 mL per well of a 12-well plate.

4 STAR Protocols 5, 103348, December 20, 2024
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Table 1. Example amounts of transfected BRET-biosensor and donor-only (BRET-control) plasmids for donor saturation-titration BRET experiments

A/D ratio Plasmid amounts/ng Volume/pL from 100 ng/pL plasmid stock
GFP2-K- RLuc8-K- GFP2-K- RLuc8-K- GFP2-K- RLuc8-K-

Well number RasG12V RasG12V RasG12V RasG12V pcDNA3.1 RasG12V RasG12V pcDNA3.1

1 1 1 25 25 975 0.25 0.25 9.75

2 4 1 100 25 900 1 0.25 9

B 8 1 200 25 800 2 0.25 8

4 12 1 300 25 700 3 0.25 7

5 16 1 400 25 600 4 0.25 6

6 24 1 600 25 400 6 0.25 4

7 32 1 800 25 200 8 0.25 2

8 40 1 1000 25 0 10 0.25 0

9 BRET-control 0 4 0 100 900 0 1 9

"A/D ratio” refers to ratio between the GFP2-tagged acceptor construct (GFP2-K-RasG12V) and the RLuc8-tagged donor construct (RLuc8-K-RasG12V). The
pcDNA3.1-plasmid is used as empty vector to top up the transfected DNA amount to the same total per well.

11. Culture the cells until the desired cell confluency for transfection is reached.

Optional: To study the impact of a specific gene knock-down on the BRET-biosensor,
HEK293-EBNA can be transfected with siRNA after seeding. As an example, consider the
knock-down of the alpha-subunit of farnesyl- and geranylgeranyl-transferase | (FNTA), as
described in Table S1. Growth medium containing siRNA and RNA-transfection reagent
needs to be removed before transfecting plasmids encoding the BRET-biosensor constructs.

Part 2: Cell transfection
® Timing: 60-120 min

BRET-biosensor constructs are transfected into the HEK293-EBNA plated in a 12-well plate, so that
each well contains one distinct biological sample (e.g., construct-ratio, drug treatment or constructs
with mutation of interest). The amounts of example BRET-biosensor constructs that need to be trans-
fected for a donor saturation-titration BRET experiment example are given in Table 1.

12. Make sure that the cells are approximately 50%-60% confluent before the transfection with
jetPRIME.

Note: Other transfection reagents can be used for which specific optimal transfection condi-
tions may apply.

13. Dilute your plasmid stocks to 100 ng/pL.

14. The total amount of DNA to be transfected in each well is 1025 ng.

15. For each well, prepare one 1.5 mL reaction tube with the DNA mix. As a BRET-control, transfect
cells with only the donor construct (Table 1).

16. Dilute the appropriate volume of DNA, indicated in the “volume/uL from 100 ng/pL stock” col-
umn, in 100 pL jetPRIME buffer and mix by vortexing for 10 s.

17. Before using the jetPRIME reagent, mix it by vortexing 1-2 s and spin down in a tabletop micro-
centrifuge for ~5 s at 2000 X g to collect the droplets possibly retained inside the tube lid.

18. Add jetPRIME reagent at a 1:3 ratio per ng of DNA. For 1025 ng DNA, use 3 pL jetPRIME reagent.

Note: If using another transfection reagent, consult its instruction manual for specific requirements.

19. Incubate at 22°C-25°C without shaking for 10-15 min before adding the DNA mix dropwise to
the corresponding well.

STAR Protocols 5, 103348, December 20, 2024 5
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20. Incubate the well-plate with transfected cells in the incubator (37°C, 5% CO,) for up to 48 h of
BRET-biosensor expression.

Optional: A drug treatment that modulates the BRET-biosensor interaction can be applied to
the cells 24 h after transfection for a maximum of another 24 h within this protocol. Here, we
treat some BRET-biosensor samples with 5 uM mevastatin in vehicle (0.1% DMSO/ growth me-
dium). Mevastatin is a competitive inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase, which catalyzes the rate-limiting step in the synthesis not only of cholesterol
but also of prenyl-pyrophosphates. Thus, Ras prenylation is blocked and consequently its
plasma membrane anchorage, which also results in the inhibition of the transient interactions
associated with nanoclustering.”'® For our example BRET-biosensor, RLuc8-K-RasG12V/
GFP2-K-RasG12V, the mevastatin treatment would therefore reduce the BRET-ratio.

Part 3: Cell replating to prepare for the measurement
O Timing: 30-60 min (depending on the number of 12-well plates)

Next, each 12-well sample is replated in quadruplicate into a white flat bottom 96-well plate for the
measurements on the plate reader.

21. Carefully aspirate the medium from the cells.
A CRITICAL: Handle the plate gently to avoid cell detachment.

Note: If extensive cell detachment is observed under a cell culture microscope, we recom-
mend to detach all cells from the bottom of the 12-well-plate by pipetting the growth medium
up- and down, and then centrifuge the suspension for 10 min at 900 x g and 4°Cin 1.5 mL
reaction tubes before directly proceeding to step 24 followed by a PBS washing step as
described in steps 22, 23.

22. Rinse the cells by adding 1 mL PBS per well, detach the cells by pipetting and collect in 1.5 mL
reaction tubes.

23. Pellet the cells by centrifugation for 10 min at 900 x g and 4°C.

24. Aspirate the supernatant.

25. Resuspend the cells in a slight excess of 380 ulL of PBS.

26. For each sample, dispense 4 x 90 L of cell suspension into four adjacent wells of a white flat
bottom 96-well plate as quadruplicate technical repeats.

Note: It may also be possible to employ black plates. However, in that case we observed a
four-fold loss of luminescence signal, while the fluorescence signal in white plates was just
more variable.

Part 4: Fluorescence and luminescence measurements on a plate reader
O® Timing: 15-30 min (depending on the number of white flat-bottom 96-well plates)

In this part, we first describe the setup of the three RLuc8/ GFP2 BRET-pair specific detection chan-
nels for the acceptor- (excitation at 405 + 10 nm, emission at 515 + 10 nm), donor- (emission at
410 £ 40 nm), and the BRET-signal (emission at 515 4 40 nm) on the CLARIOstar microplate reader
(Figure 1). We then explain how to conduct the measurements starting with the acceptor channel,
followed by injection of the luciferase substrate and simultaneous acquisition of the donor- and
BRET-channel signals.

6 STAR Protocols 5, 103348, December 20, 2024
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27. First, set up the three detection channels as “Test Protocols” within the CLARIOstar software.
a. Open the CLARIOstar software on the computer that controls the plate reader.
b. Click on “Microplate” and “Manage Protocols”, which opens the “Test Protocols” window.
c. Click on “New", which opens the “Measurement Method and Mode"” window.
d. Make sure that “Fluorescence Intensity” is selected in the “Measurement Method" selection and
“Endpoint” in the “Reading Mode" selection (feature 1 in the image below) and then click “OK".

Note: This will open the “Fluorescence Intensity — Endpoint” window.

e. In the “Fluorescence Intensity — Endpoint” window, open on its “Basic Parameters” tab,
type in the name of the new protocol and select for “Microplate” “NUNC 96" in the drop-
down menu, which is the appropriate setting for the 96-well microplates.

Note: Adjust this if another plate type is used (feature 2 in the image below).

f. In the "Presets” tab, enter the following monochromator-filter settings for the acceptor-
channel (feature 3 in the image below):
i. Excitation: 405-20.
ii. Dichroic: 462.5.
iii. Emission: 515-20.
and confirm by clicking “OK".

Note: The CLARIOstar microplate reader allows to freely chose excitation and emission
detection windows, due to its monochromator technology. In the specifications e.g. “405-
20,"” 20 refers to the bandwidth of the monochromator-filter centered at 405 nm, i.e. for
detection between 395-415 nm or 405 + 10 nm.

Note: Keep all other features, in the protocol set-up steps not highlighted here at default set-
tings. Specifically, keep “Optic” at “Top optic”. In the “General Settings” field, “Settling time”
is the time after the microplate moves to the next well and before the measurement begins. It
is setto 0.2 s. “No. of flashes per well” is set at 50 but can be increased up to 200. All the mea-
surements per flash will be averaged and one intensity value will be obtained per well.

Fluorescence Intensity - Endpoeint X

Basic Parameters  |ayout Concentrations / Volumes / Shaking

Protocol name® |GFP2_FIuorescence ‘ [ Optic Comment
. T i i
Microplate: [nunc 56 V]| | ©Teporte Ogpttom optic
Measurement Method and Mode 1 X Focal height ©...25.0 mm): 6.0 %
— MeasurementMethod —— [~ Optic Settings - General Settings
Fluorescence Intensity No. of multichromatics (1..5): + Settling time 0.0...1.0s):

(O Time Resolved Fluorescence W [ Flying mode

(O Fluorescence Polarization 3

O Luminescence Presets: Gain (0...4095): No. of flashes per well (0...200):

() Absorbance b 800

AlphaScreen Excitation: Dichroic: Emission:
[05-20 v|la625 ] [s1520 v

- Reading Mode

(®|Endpoint

C ] Orbital Averaging 1

(O Plate mode (slow kinetics) o ‘

n

(O wellmode (flash kinetics)

(O well scan

O Spectral scan [[lPause before plate reading o 0| sec
| oK | Cancel Help Check timing Start measurement Cancel Help
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g. Next, create a two-channel protocol for donor- and BRET-channel acquisition.

i. Open another "Test Protocols” window and click on “New”.

ii. Select in the "Measurement Method and Mode” window “Luminescence” and “"Well

mode” (feature 4 in the image below) and then click "OK".

Note: By selecting “Well mode”, the luminescence signals will be measured immediately af-
ter the injection of the luciferase substrate coelenterazine 400a, with both injection and mea-

surement done well-by-well.

h. In the “Luminescence — Well mode” window open on its “Basic Parameters” tab, go to the
“Optic Settings” and change the “No. of multichromatics” to “2" (feature 5 in the image

below).
Luminescence - Well Mode X
Basic Parameters  |ayout Concentrations /Volumes / Shaking Injection Timing | Multichromatic 6
— Opéi /
Protocol name: ]eBREI’Z ] Optic Comment
Microplate: [nunc 96 © Top optic O fottom optic
Focal height ©...25.0mm): [ 6.0] |
-
Measurement Method and Mode 4 X 5 ~Optc Setings GenergSettings -
- Me ¢ Method No. of multichromatics Sejing time (0.0...1.0s):
O Fluorescence Intensity
(O Time Resolved Fluorescence Presets: Gain (0...4095): o. of kinetic windows 1.4
Fluorescence Polarization 2750
o ; % [~ Kinetic Window 1
Lumlnescence Emission:
O Absorb SN Measurement start time (0...1200 s):
usorbance 410-80 v
AlphaScreer No. of intervals (1...1000):
~ Reading Mode — Orbitsl A ai / Measurement interval time (0.01...100 s):
(O Endpoint Con / erval ime

(O Plate mode (slow kinetics)

(O well scan
(O Spectral scan Min. interval time 1:
Luminescence - Well Mode %

Basic Parameters  Layout Concentrations / Volumes / Shaking  Injection Timing Multichromatic

Number Preset Emission Gain
(©...4095)
7 1 [<userdefned settings> v [41090 v 2750
2 51530 - 2750
<user defined settings> 410-30 3000
<user defined settings| No fiter [ 3500
<user defined settings> No fiter 3500

+ | = | I Forophore Toobox

e |

Check tming

Time to normalize the results (0.01...100 s, 0=off):
| Start measurement | E ‘ Cancel | }

Help

i. In the “Multichromatic” tab of the “Luminescence — Well mode” window (feature 6 in the
image above), define the donor- and BRET-channel, by entering the two monochromator-
filter values “410-80" for the donor- and “515-30" for the BRET-channel (feature 7 in the im-

age above).
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Note: Keep again all other settings, not highlighted here in the protocol set-up steps, at dis-
played default settings. Notably, the “Settling time"” is set to 0 s. There is no settling time
implemented due to the fast substrate conversion.

A CRITICAL: Before beginning with the actual BRET measurements of the target BRET-
biosensor samples, set up optimal gain settings for the photomultiplier tube detector
of the microplate reader. See troubleshooting 1 for details on how to set up correct
gain settings.

28. To start with the measurement of BRET-samples, turn on the CLARIOstar microplate reader and
press the button to eject the tray.

29. Place the white flat bottom 96-well plate on it and press the button again to retract the tray.

30. Start the CLARIOstar software from the computer desktop, click on “Manage Protocols” and
select to display protocols for fluorescence intensity in the “Test protocols”.

31. Click on the created protocol to measure the acceptor-channel and click on “Edit”. Verify all pa-
rameters correspond to those specified in step 27.

Note: This opens the “Fluorescence Intensity — Endpoint” window.

STAR Protocols 5, 103348, December 20, 2024 9
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Fluorescence Intensity - Endpoint X
8 Basic Parameters Concentrations / Volumes / Shaking
donor + acceptor donor-only
Content:
(*] ' Blank [Standard | 96 | o Bl (R e | Bl el 2l e I 9 40 110 10
| Control | Pos.Ctrl. | Neg Ctrl ;
[ Empty A X1 X2 X3 X4 X33 X34 X35 X36 X65 X66 X67 X68
R ...1:1.ratio quadruplicates 1:1 ratio quadruplicates Vehicle control
|£| o B X5 X6 X7 X8 X37 X38 X39 X40 X69 X70 X7 X72
n 4:1 ratio quadruplicates | 4:1 ratio quadruplicates Mevastatin treatment
—Index————— C X9 X10 X1 X12 x4 X42 X43 X44

8:1 ratio quadruplicates | 8:1 ratio quadruplicates

D X13 | X14 XI5 | X16 || X45 | X46  X47 | X48
12:1 ratio quadruplicates | 12:1 ratio quadruplicates

[~ Replicates E X17 X18 X19 X20 X49 X50 X51 | X52
Number: 16:1 ratio quadruplicates)] 16:1 ratio quadruplicates

Start value:

(O Constant (@ Increase

: : F X21 | X22  X23 X24 || X53  X54 X55 X56
@ terizontsl Otertia 24:1 ratio quadruplicates 24:1 ratio quadruplicates
Reading direction: G X25 | X26  X27 | X28 | X57 | X58 @ X59 60
N it} 32:1 ratio quadruplicatesf 32:1 ratio quadruplicates

H X29 X30 X3 X32 X61 X62 X63 X64
40:1 ratio quadruplicates | 40:1 ratio quadruplicates

Vehicle control Mevastatin treatment
| Che tinng | g [ ] e |

Focus and Gain Adjustment / Plate IDs ' Sample IDs / Dilution Factors /

‘ Change layout Focus and Gain Adjustment

967 1 7 2 T 3 i 4 7 5 T 6 7 7 T 8 T 9 [ 10 7 n 7 12 ‘ el i E

0 R A e I el o2 s 1

A X1 X2 X3 X4 | X383 X84 X85 X386 X6b X66 @ X67 X68 O Focws Adjustment

B ‘ X6 | X6 X7 X8 X387 X388 X839 X40 X69 X70 X71 X72 | | Wlhest  (©.250m)

[ ‘ X9 | X10  X11 X122  X41 X42 X483 X44 & Gain 4dh

Target value:
P | X138 X14 XI5 XI6 X456 X46 X47 X48 L 5
1 OFul plate 0 0 100%
E | X17 | X18 X19 X20  X49  X50 Xbl1 Xb2 0 260,000
F | X21 | X22 X23 X24 X553  Xb54 Xbb Xb6
| Raw result:
6 ‘ X26 | X26 | X27 X28 #Xb67 X68 Xb69 X60
‘ Start Adjustment | Stop Adjustment
H | X29 X80 X381 X382 X61 X62 X63 X64 i -
Status: Ready

Plate Identification
ID1: [date | 1D2: [BRET-pair name v| 3 ] 1 2
Automatically enter the plate IDs previously used with this protocol L Clear IDs | Get last IDs
No. of executed runs since program start: |0 Total no. of executed runs: | 15624 Run statistics: 7

32. In the "Layout” tab (feature 8 in the image above), click on “Sample” (feature 9 in the image
above) and select all wells on the 96-well plate grid that contain samples to be measured.

Note: The 96-well plate setup screenshot shows the samples annotated. The vehicle control

samples are in green and the mevastatin-treated samples are in red. Plasmid ratios of quadru-
plicates are also indicated. The donor-only samples are added to the right.
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33. Click on "Start measurement” (feature 10 in the image above).

Note: The “Concentrations/Volumes/Shaking” tab is not used in this protocol as nothing is
injected and no shaking is needed, therefore keep at default.

34. Inthe “Start measurement” window, which opens automatically, enter the optimal gain settings
as determined in troubleshooting 1 (feature 11 in the image above).

35. Fill out the plate identification ID1, ID2 and ID3 (feature 12 in the image above), then click on
"Start measurement” (feature 13 in the image above).

Note: Plate identification ID1, ID2 and ID3 are user defined and should be annotated so that
the results can be traced back to the corresponding plate and experiment date, e.g. enter ID1:
date, ID2: BRET-biosensor, ID3: plate number and gain.

36. For Luminescence measurements, start by preparing a volume of 100 uM coelenterazine 400a
appropriate for your sample number by diluting the stock in PBS in a 15 mL Falcon.

A CRITICAL: For a full 96-well plate, prepare 2 mL of coelenterazine 400a.

Note: To each well of a white flat bottom 96-well plate, 10 plL of coelenterazine 400a will be
added, thus resulting in a final concentration of 10 uM luciferase substrate. Consider that
approximately 500 pL of the substrate will be spent when preparing the injection system,
described in step 37. Additional amounts further account for volume loss when dispensing
the substrate from the Falcon into the wells.

37. Prepare the pump and the injection system.

a. Open the lid of the CLARIOstar plate reader, position the input tube end into a Falcon tube
with rinsing liquids (b.-d.) and place a small beaker underneath the displaced reagent
injector for liquid waste collection.

b. Rinse with 100% ethanol by double-clicking the button corresponding to the pump 1, 3 to 4
times (feature 14 in the image below).

c. Rinse 3-4 times with Milli-Q water.

d. Rinse 3-4 times with PBS.

e. Place the Falcon containing the substrate in the designated place in the instrument and rinse
the injection system once with the substrate.

f. Place the reagent injector back in its operating position (feature 15 in the image below).

Note: If you have to measure multiple 96-well plates, perform the pump and injection sys-
tem preparation just before the first injection of coelenterazine 400a. As the substrate
precipitates quickly, rinse the injection system with ethanol if the next luminescence
reading is more than 20 min later. Consider preparing fresh substrate when precipitates
are visible.

STAR Protocols 5, 103348, December 20, 2024 11
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38. To measure donor- and BRET-channel, click on “Manage Protocols” to open the “Test Proto-
cols” tab.
a. Click on “Luminescence”, select the protocol “eBRET2" and click on “Edit".

Note: This opens the “Luminescence - Well Mode"” window.

b. Verify all parameters correspond to those specified in step 27.

39. In the “Layout”, select all the wells containing BRET-samples of the 96-well plate (refer to
step 32).

40. Click on the “"Concentrations/ Volumes/ Shaking” tab (feature 16 in the image below) and type
in “10" in the “Start volume” (feature 17 in the image below) for a luciferase substrate injection
volume of 10 pL per well.

A CRITICAL: Select the pump 1 (feature 18 in the image below), which was primed for use in
step 37.

Note: In the “Injection Timing” and “Multichromatic” tabs, keep all other parameters at
default settings as specified in step 27. Default parameters specify a 1 s substrate injection
window, 2 s wait for optic movement, followed by a 2.6 s measurement.

Note: It is possible to add the substrate manually e.g. with a multi-pipette and mix by agita-
tion. However, the luminescence signal needs to be stable during the measurement, which is
typically the case for at least 60 min after substrate addition.

41. Click “Start measurement” (feature 19 in the image below).

42. In the “Start measurement” window, input the optimal gain settings (feature 20 in the image
below).

43. Fill out the plate identification ID1, ID2 and ID3, then click on “Start measurement” (feature 21
in the image below).

Note: Specify the plate identification ID1, ID2 and ID3 analogous to step 35.
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- Standard Concentration Content Concentr. Volume1 Volume2 Volume3 Volume4 a
Sta entrat 0 X1 10 0 0 0
o8 E — 1 X2 10 0 0 0
) ' i ) X3 10 0 0 0
it X4 10 0 0 0
X5 10 0 0 0
 Injection Volume [0... 350 4] X6 10 0 0 0
Start volume: 1 7 2l ja 0 9 0
X8 10 0 0 0
@Factor (O Increment (O Decrement: X9 10 0 0 a
X10 10 0 0 0
— Shaking Options ——————————— X1 10 0 0 0
Shake mode: [E@Ie orbital v X12 10 0 0 0
X13 10 0 0 ov
E : 200 Time (1...300s):| O  — — -
Hequency; lirpm ¥ = Pump to use: Pump 1 1 8 2 1 = X ﬁ ]
Shake: |None V| Pump speed [ul/s]: 300 ~v| 300 v 300 | 300
Use smart dispensing: % O
Shake time (0...300 s): 0 0 0 0
Check timing j 1 9 IStart measurementl l oK I \ Cancel Help
P Start Measurement X
Focus and Gain Adjustment /Plate IDs ' Sample IDs / Dilution Factors
Change layout Focus and Gain Adjustment
96 1 2 3 4 5 6 7 8 9 10 1 12 1[-i_ib'—& Gt [z SR y 273"50 ]
T | 2 51530 2750 20
A X1 X2 X3 X4 X33 X34 X85 X36 X656 X66 X67 X68
b Dm i =
B
X5 X6 X7 X8 X37 X88 X89  X40 X69 X70 X71 @ X72 T,
C| X8 X10  X11 | X12 X41 X42 X483 X44
~ Gain Adit
D X183 X114 X15 X16 X456 X46 X47 X48 Terget value:
(@ Selected well ;
E | X17 XI8 XI9  X20 X49 X50 X561 X562 Orul gate i oy
0 10.000.000
F | X21 X22 X283  X24 Xb3 Xb4 Xbb Xb6
Raw result:
G X256 X26 X27  X28 Xb7 Xb8 Xb9 X60
| Start Adjustment } Stop Adjustment
H | X29 X80 X381 X382 X61 X62 X63 X64 ‘
Status: kReady
Plate Identification
D1: [date | 1D2: [BRET-pair name | 13: [plate 1gain 2750 v
[ Automatically enter the plate IDs previously used with this protocol \' Clear IDs \ Get last IDs
No. of executed runs since program start: D Total no. of executed runs: ‘ 15624 Run statistics:
Aperture spoon not installed 21 iSave &Close | Cancel ‘ Help i

44. After the measurements, open the CLARIOstar MARS Data Analysis Software (feature 22 in the
image below), where under “Measurement Method" either “Luminescence” or “Fluorescence”
is identified.

a. Select and open your pair of measurement files (feature 23 in the image below).
b. Click on the small Excel icon (feature 24 in the image below) to export the displayed results as
Excel workbook files.
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v » » Test Duratien
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| Test ID Test Name m1 2 3 Date Time Measurement Method
Raw Data
' | 2 | 3 4 I s L 3 [ 7 | s [
303753| 348730 324119 430556 498101 465582 517261 479390

40559 46922 42966 53516 33927 30970 33738 32385
332303 422305 442278 491718 531266 508351 527858 527394
60938 74961 77271 81564 47038 43398 45959 46536
331236 339902 369331 397876 442453 476957 485513 435364
83420 84617 90114 91793 49920 55157 55297 50407
269536 220930 270461 309958 431395 462954 453602 443384
85683 72816 84533 93298 61208 63378 62819 61670
186561 154558 206610 226941 395396 427157 420367 405634
70886 59628 74669 83889 62231 66177 65523 62394
173893 179075 208684 206378 419984 373780 429306 400539
70314 73978 81930 80665 66491 59227 68516 63033
155477 168662 165471 183356 253577 308399 310751 325028
63992 67846 65041 72331 37216 45645 45826 47664
111027 74708 115657 114435 325312 312549 319240 291433
43340 30087 42849 44114 49573 46960 47883 44834

[ 3284 CD_BRET2_Upd... CD20240508 'KRAS old and m... plate 1 gain ... 5/8/2024 1:48:0... L] B8 Cotegend st coomn
|
|
|
|

K3 >

| egerd
Y i . 1. Raw 212 (410-80 1)
copy 9 elete G Export | Pl import rge T [ open B2 R oo (15.902)

Part 5: Data analysis in Excel and GraphPad Prism

® Timing: 60 min
In this part, the BRET ratio, the expression signal ratio' ' and the normalized expression signal ratio'?
are calculated. Curve fitting of the data can yield the classical BRETmax and BRET50-parameters,

alternatively, we here also determine the BRETtop value, which represents the top asymptote of
the BRET ratio reached within a defined acceptor/ donor range.®
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acceptor-channel
donor +acceptor | donor only
1997 2188 2097  2325| 2615 2525 2620 2340 223 227 222 216
3952 4154 4155 4395| 5194 4923 5062 5199 237 241 234 223 [acceptor]/[donor] expression signal ratio
7559 8214 828 8192 9249 8662 8725 8593 —— averages normalized averages
11412 11510 12655 12701 13574 13609 14095 14072 [acceptor]/[donor acceptor/donor
17069 17721 19391 19104 28754 28216 29442 27538 0.007 0.006 0.006 0.005 0.005 0.005 0.006 0.005 1.000 1.000]
22283 23358 25611 26028 36506 36869 36294 36996 0.012 0.010 0.009 0.010 0.010 0.010 0.010 0.010 1621 1.885
28876 27594 29643  30621| 34644 35785 38027 34755 0023 0024 0022 0021 0018 0018 0022 0019 3635 3720
18439 20539 20656  20661| 38796 40719 42523 40791 \ 0042 0052 0047 0031 0029 0031 0046 0.031| wmep| 7371 5.993
Vehicle control Mevastatin treatment 0091 0115 0094 0073 0066  0.070 0096  0.069 15542 13.408|
0.128 0.130 0.123 0.087 0.099 0.085 0.127 0.091] 20.528 17.564
/ 0.186 0.164 0.179 0.137 0.116 0.122 0.174 0.120 28.136 23.354)
donor-channel 0.166 0.275 0.179 0.119 0.130 0.133 0.200 0.131] 32370 25329
Vehicle control Mevastatin treatment
303753 348730 324119 430556 498101 465582 517261 748887 740702
332303 422305 442278 491718| 531266 508351 527858 527394 868346 830846
331236 339902 369331 397876 442453 476957 485513 435364
269536 220930 270461 309958| 431395 462954 453602 443384,
186561 154558 206610 226941 395396 427157 420367 405634 Raw BRET-ratio
173893 179075 208684 206378 419984 373780 429306 400539 dGHoF ¥ ecptaE P donor
155477 168662 165471 183356 253577 308399 310751 325028
111027 74708 115657 114435 325312 312549 319240 0134 0135 0133  0124] 0068 0067 0065 0068 0021 0020 0021  0020f 0021

Vehicle control

0183 0178 0175  0.166| 0089 0085 0087 0088 0021 0021 0021  0.020[__002]
0252 0249 0244  0231] 0113 0116 0114  0.116|
0318 0330 0313 0301 0142 0137 0138  0.139|
0380 0386 0361 0370 0157 0155 0156  0.154|

/ 0404 0413 0393  0391| 0158 0158 0160  0.157

evastatin treatment

donor only
14576 15188 15236 14371
19485 18258 17574 19075

donor +acceptor
0412 0402 0393  0394| 0147 0148 0147  0.147|

0390 0403 0370  0385] 0152 0150 0150  0.154]

43398
55157

45959
55297

46536

74961 77271
83420 84617 90114 91793

47038
49920

Vebhicle control Mevastatin treatment

|
’ BRET-ratio l

85683 72816 84533 93298 61208 63378 62819 61670

70886 59628 74669  83889| 62231 66177 65523

70314 73978 81930 80665 66491 59227 68516

63992 67846 65041 72331 37216 45645 45826 donor + acceptor quaamp icate

43340 30087 42849 44114 49573 46960 47883 averages

Vehicle control Mevastatin treatment 0134 0135 0133  0124] 0068 0067 0065  0.068 0131 0.067
0183 0178 0175  0166| 0089 0085 0087  0.088] 0175 0.087)
0252 0249 0244  0231] 0113 0116 0114  0.16] 0244 0.15)
0318 0330 0313 0.301 0.142 0.137 0.138 0.139 -» 0315 0.139|
0.380 0.386 0.361 0.370 0.157 0.155 0.156 0.154 0374 0.156
0404 0413 0393 0391 0158 0158 0160  0.57) 0400 0.158]
0412 0402 0393 0394 0147 0148 0147  0.147) 0400 0.147)
0390 0403 0370  0385| 0452 01450 0150  0.54) 0387 0.52)
Vehicle control Mevastatin treatment

45. Merge the exported raw signals for all three channels into one Excel workbook file as shown
above.

Note: The example here contains two sets of saturation-titration data as specified in Tables 1
and S2 with vehicle control (in dark green) and mevastatin treatment (in red). Each sample is
presentin quadruplicates in the tables. Samples to the right are donor-only BRET-control sam-
ples. See troubleshooting 2 for verification of raw signals in acceptor, donor-, and BRET-chan-
nels after correct gain setting.

46. The BRET ratio is calculated as the raw BRET ratio of each BRET-biosensor sample (donor +
acceptor) from which the raw BRET ratio of donor-only samples is subtracted.

Note: The formula to obtain the BRET ratio is:

BRET Channe/(donor+acceptor) - BRET Channe/(dono,_m;y)

BRET ratio =
donor channel( donor+acceptor) donor channeldonor - only)

47. Calculate the raw BRET-ratio of the BRET-samples per well and subtract the average of the raw
BRET ratio of donor-only samples.

Note: Calculate then from the quadruplicate technical repeats the averages of the BRET-
ratios.

48. Next, calculate the expression signal ratio, indicated as [acceptor]/[donor], per well by dividing
the acceptor-channel values (boxed in light green) by the donor-channel values (boxed in blue)
for all BRET-biosensor samples.

49. For the normalized expression signal ratio, further divide each expression signal ratio by the
value corresponding to 1:1 A/D-plasmid ratio, here 1:1 plasmid amounts of GFP2-K-RasG12V
and RLuc8-K-RasG12V.
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Figure 2. Three formats to visualize the donor saturation-titration curves of the example BRET-biosensor with and without drug treatment as

compared to a background-BRET control
(A-C) Different representations of the same dataset from the BRET-biosensor RLuc8-K-RasG12V/ GFP2-K-RasG12V with vehicle (green), and the same

with 5 pM mevastatin treatment for 24 h (red). As a non-interacting control, the donor and acceptor without fused K-RasG12V were analyzed (black). Data
were fit with a saturation binding curve (green, red) or linear function (black). Means + SEM across all technical and independent biological repeats
(n = 3) are plotted, resulting in larger errors of BRET-ratio values (A). By contrast, in (B, C) means + SEM of the quadruplicates from n = 3 independent
biological repeats are plotted individually in one plot. Note that errors are too small to be recognized (B, C). From the plotin (A) one can determine the
optimal A/D-plasmid ratio for dose-response testing of e.g., a drug (not shown). The best dynamic range is found in the pseudo-linear regime of the
curve, as indicated in blue (A). The preferred plot employs the ‘[acceptor]/[donor]’ expression signal ratio on the x-axis. Given that the concentration of
expressed constructs is proportional to their signal, we denote their signals in squared brackets (B). From this the normalized expression signal ratio,
'acceptor/ donor’, is derived (C). The BRETtop values were determined with a different fit function and are indicated next to the legend.

50. To plot the data, open GraphPad Prism and create an “XY" table.
a. Plotthe averages across all technical and biological repeats from BRET ratio data as Y-values
against the acceptor/ donor plasmid ratios from 1:1 to 40:1 (Figure 2A).
b. To fit the data with a hyperbolic equation, click on the “Analyze” tab, then under “XY ana-
lyses” select “"nonlinear regression” and select “"Hyperbola (x is a concentration)”.

Note: The formula for the saturation binding curve or rectangular hyperbola is:

BRETmax X x
Y = TBRET50+x

where x is a measure of the relative expression of the acceptor to the donor, and y is the BRET ratio.
BRETmax represents the maximum saturation BRET signal and depends on the structural parameters
(distance and orientation) of the BRET-biosensor complex. BRET50 corresponds to the acceptor/
donor ratio required to attain 50% of the maximum BRET signal and is a measure of the effective

interaction probability between the interacting BRET-constructs.
c. Alternatively, use the BRET-ratio averages from technical quadruplicate repeats as y-values
and plot against the averages of the corresponding expression signal ratios (Figure 2B) or the
normalized expression signal ratios as x-values (Figure 2C). Fit the same hyperbolic equation

(step 50).

Note: Given that the concentration of expressed constructs is proportional to their signal, we
denote their signals in squared brackets, i.e. [acceptor] and [donor] for the signals acquired in
the acceptor and donor channels, respectively. The expected results of raw signals from each
channel are discussed in troubleshooting 2.
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d. In order to obtain the characteristic BRETtop value for data plotted as shown in Figures 2B
and 2C, we employ fitting with another function.

Note: This is merely to obtain this parameter, which is not achievable with the saturation bind-
ing curve as it extrapolates the BRETmax value.

i. First, duplicate the above data table in GraphPad Prism. In the “Analysis” tab, select the
symbol for “Fit a curve with a nonlinear regression” and click on the “one phase associ-
ation” equation.

ii. Inthe “Table of result”, click on “Nonlin fit” in the upper left corner to open the “Param-
eters: Nonlinear Regression” tab.

iii. Select "Constrain” and set the YO constant equal to 0.

iv. Inthe “Confidence” section of the parameters, select “Symmetrical (asymptotic) approx-
imate CI"” and “Show SE of parameters”.

v. Go backto the “Table of results”. The BRETtop value is the “Plateau” value given with its
standard error.

EXPECTED OUTCOMES

Toillustrate this protocol, we performed donor saturation-titration BRET experiments with the BRET-
biosensor RLuc8-K-RasG12V/ GFP2-K-RasG12V (Figure 2). We show three plots, to illustrate the dif-
ferences in appearance of the data depending on the selected x-axis values. When assessing the
BRET-ratio as a function of the A/D-plasmid ratio, curves appear smoothest (Figure 2A). These
x-axis values are not calculated based on actual protein expression levels but suppose that the ratio
of transfected plasmid DNA is translated into corresponding protein ratios. When combining bio-
logical repeats, the uncertainty of this assumption manifests itself in higher errors of the BRET-ratio
values.

From this representation one can also identify the optimal A/D-plasmid ratio (here at A/D = ~10:1)
for dose-response experiments (Figure 2A). Under these conditions, the BRET-ratio response of the
BRET-biosensor depends pseudo-linearly on manipulations that affect the interaction, such as drug-
treatments. '°

The preferred format employs the expression signal ratio on the x-axis, as itis derived from measured
signal values (Figure 2B). When all instrument settings are kept constant, both parameters, the BRET-
ratio and the [acceptor]/[donor] expression signal ratio are values that should maintain a fixed relation
between biological repeats, as they relate to actual biophysical parameters. Thus, averages of tech-
nical repeats can be visualized in one plot, withoutaveraging biological repeat data. As an alternative
in cases where the ranges of the expression signal ratio values differ much between conditions that
are to be compared (e.g., different mutants of a protein that express differently), it can be advanta-
geous to employ the normalized expression signal ratio (Figure 2C). However, the decision to use this
representation needs to be taken in context with the specific biology.

We furthermore demonstrate that the saturation-titration curve can detect the impact of a drug
treatment, here mevastatin, which prevents the lipid modification of the expressed Ras constructs
and thus reduces their membrane anchorage, nanoclustering and nanoclustering-dependent
BRET (Figure 2, red curves). With complete inhibition, all of the BRET-biosensor constructs would
be cytoplasmic and should therefore behave as the tags only (Figure 2, black curves). Their BRET
is only driven by random collisions in the cellular cytoplasm and therefore linearly depends on the
acceptor/ donor ratio in the attainable expression regime. The comparison with a control, where
only the tags RLuc8 and GFP2 are expressed (Figure 2, black curves), suggests that the mevastatin
treatment does not completely inhibit membrane anchorage of all BRET-biosensors (Figure 2, red
curves).
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LIMITATIONS

In this K-Ras-based BRET-biosensors assay, a drop in BRET such as observed by the mevastatin
treatment can be due to any process upstream of Ras nanoclustering. Thus, any manipulation
that impacts on Ras lipid modification, its proper trafficking or its lateral organization in nanoclus-
ters can be detected in this assay.’” It is not possible to conclude that Ras or related proteins are
present as dimers or other oligomers based on BRET-assay results alone. To conclude on stable
di-/oligomers, proteins would have to be purified and their interaction and affinity be determined
with appropriate methods, such as surface plasmon resonance spectroscopy.’” In addition, crystal
structures of the complex provide atomic resolution details of interface residues.

The method can be further improved by calibrating the expression signal ratio for actual protein-
stoichiometries and total expression levels. This could be achieved by using a fusion-protein of the
BRET-pair with a long linker that prevents BRET as its signal ratio can be associated with a fixed 1:1
protein stoichiometry. Furthermore, using a purified acceptor protein preparation of known con-
centration could help to relate the signals with actual concentration equivalents.

TROUBLESHOOTING

Problem 1

A possible error message “Overflow of the signal” could result if the gain was set too high after steps
35 or 43, resulting in signals higher than 260,000 relative units. Therefore, in step 27, the gain set-
tings have to be adjusted accurately.

Potential solution

An optimal detector gain linearly amplifies the signal relative to the input concentration. Here we
employ the transfected acceptor- (i.e., GFP2-K-RasG12V) and donor- (i.e., RLuc8-K-RasG12V)
plasmid amounts as proxies for the input concentrations. Both constructs should ideally be biolog-
ically identical and correspond to the target condition to be studied i.e., here being K-RasG12V-
based constructs to ensure equal expression. We individually express increasing amounts of these
target BRET-biosensor constructs for the same time and using the same total DNA-amounts as
later in the BRET-experiments. It is important to use actual target constructs, which will display
the expression properties later found in BRET-experiments. Do not use the tags only i.e., RLuc8
and GFP2.

By following the steps described in part 4: fluorescence and luminescence measurements on a plate
reader, we acquire a series of measurements from cells expressing the acceptor-construct using
different gain settings for the acceptor channel (Figure 3A). The optimal acceptor-channel gain is
identified as the highest gain that still linearly correlates with the amount of transfected acceptor-
construct. The same will then be done for the donor channel, where the optimal donor-channel
gain is identified in an analogous fashion (Figure 3B). For the BRET-channel, we approximate the
same settings as determined for the donor-channel.

Detector gain settings usually need to be established only once for a given BRET-pair and
microplate reader. Importantly, the determined gain settings have to be maintained across
biological repeats that will be combined or compared. This is necessary to ascertain that the
expression signal ratio scales with the stoichiometry change of expressed donor- and acceptor-
constructs.

Problem 2
The raw signals in acceptor, donor-, and BRET-channels have not been verified after correct gain
setting (part 4: fluorescence and luminescence measurements on a plate reader).
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Figure 3. Detection channel signal gain exploration

(A) Acceptor-channel signals are plotted as a function of the transfected GFP2-K-RasG12V plasmid amounts at different gain values.
(B) Donor-channel signals are plotted as a function of the transfected RLuc8-K-RasG12V plasmid amounts at different gain values. The best gain values
are in bold. Curves were fit with a linear or saturation function. Plotted are means + SEM from n = 3 independent biological repeats (A, B).

Potential solution

The signals in acceptor, donor-, and BRET-channel should be above background and follow approx-
imately the trends shown in Figure 4.

Verify that the instrument is properly set up, notably the gain settings are correct (see trouble-
shooting 1). Start BRET-experimentation with trusted and validated BRET-biosensor constructs.
The design of novel BRET-biosensors requires more experience and knowledge.

If low signals are detected, the transfection of your construct could have been insufficient, consider opti-
mization by monitoring the expression of your BRET-constructs also by alternative means, such as flow cy-
tometry, fluorescence microscopy or Western blotting. A low transfection efficiency can also result from
sub-optimal culture conditions, such as a too dense culture or too high cell passage number.

Furthermore, the cell line for heterologous expression could be relevant. It is necessary to employ a
cell line with a high transfectability, as each cell should ideally be transfected with the specified A/D-
plasmid ratio. We routinely use HEK293-EBNA cells for their ease of handling, transfection efficiency
and high expression yields.

To increase the acceptor/ donor expression signal ratio range, consider expressing donor or
acceptor construct at different ratios from those given in the example i.e., lower or higher ranges,
so that the raw signals in the acceptor- and donor-channels are of similar magnitude. Alternatively,
express constructs for different amounts of time e.g., express the donor-construct for a shorter time
(by transfecting it later) than the acceptor-construct.

The biological impact of the BRET-construct on protein expression and cell viability or proliferation
can ultimately be limiting for a successful experiment. Protein products that are toxic or cell cycle

inhibitory cannot be expressed at high levels and may not be suitable for cellular BRET-
measurements.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead con-
tact, Prof. Dr. Daniel Kwaku Abankwa (daniel.abankwa@uni.lu).
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Figure 4. Plots to verify the good expression of the transfected BRET-biosensor constructs

(A-C) The raw signals from the acceptor- (A), donor- (B) and BRET-channels (C) are plotted against the A/D-plasmid ratio of transfected RLuc8-K-
RasG12V/ GFP2-K-RasG12V BRET-biosensor plasmid amounts at optimal gain settings. Verify that the acceptor signal approximately linearly increases
along the x-axis (A). Ideally, the signal of the donor remains constant and should be of a similar relative unit magnitude as the acceptor signals. However,
here we observe that at higher A/D-plasmid ratios, the signal is reduced but somewhat constant. This is due to BRET occurring, but probably also due to
the limited amount of overexpression the cell can realize. As the acceptor construct is highly overexpressed, the expression of the donor construct may
somewhat be suppressed (B). The raw BRET-signal should increase with increasing A/D-plasmid ratios (C). Red dashed lines indicate the very low
background signal levels of non-transfected cells. Here the acceptor-channel has merely 234 RFU and the donor-channel 34 RLU background signal.
Given these values are well below those of the biosensor samples, a subtraction of this background signal from our raw signals has been omitted in our
protocol. Plotted are means = SEM from n = 3 independent biological repeats (A-C).

Technical contact

Questions about the technical specifics of performing the protocol should be directed to and will be answered by the
technical contact, Carla Jane Duval (carla.duval@uni.lu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The protocol includes all datasets generated or analyzed during this study.
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