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Abstract

The transient receptor mucolipin subtype 1 (TRPML1) is a ubiquitously expressed ion channel involved in lysosomal
homeostasis. Recent pharmaceutical interest in developing agonist ligands has emerged due to beneficial effects in
neurodegenerative diseases. The major high-throughput screening techniques to investigate this ion channel involve
fluorescent calcium imaging and electrophysiology. Despite their high capacity for screening compounds, it is well known
that both methods face hurdles, such as the need for expensive, specialized equipment. Here, we present a novel technique
to screen for ligands of TRPML1 using a bioluminescence resonance energy transfer (BRET) assay. This assay consists of
a target engagement assay in live cells, which permits the determination of binding constants between ligands and the target
of interest in equilibrium or time-dependently. We employ a full-length TRPML1 C-terminally tagged with the small
bioluminescent protein nanoluciferase. This ensures the correct localization of the ion channel in the lysosomal membrane
and an optimal placement of the luciferase in the cytoplasm. We also developed a cell- and lysosome-permeable fluorescent
BRET tracer that gives a BRET signal only when bound to the ion channel. This new protocol allows researchers worldwide
to screen compounds that would interact with TRPML1 by using any plate reader with luminescent and fluorescence filters.

Key features

e This assay enables high-throughput screening of ligands for the TRPMLI1 ion channel without the need for a kinetic
plate reader.

e  With the tracer displacement assay, it is possible to derive the apparent ligand affinity (Kaa) for TRPMLI.

e  The assay uses full-length TRPML1, preserving the physiological context of lysosomal TRPML1.
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Background

The transient receptor mucolipin subtype 1 (TRPMLI1) is a lysosomal ion channel expressed in every cell type [1]. Its
deregulation has been implicated in many diseases, including genetic diseases (e.g., Mucolipidosis type IV [2], Niemann—
Pick [3], and Duchenne muscular dystrophy [4]), bacterial [5] and viral infections [6], and cancer [7-14]. Recent
pharmaceutical interest in developing agonist ligands has emerged due to beneficial effects in neurodegenerative diseases
[15]. The identification of cell-permeable modulators for TRPML1 has been challenging due to the dynamic nature of these
proteins and the inability to express and purify them in bacteria because of their complex structure. As a result, in vitro
biochemical assays are largely unavailable. To overcome these issues, researchers have essentially relied on compound
screening in cells overexpressing a cytoplasmic version of TRPMLI rather than the endolysosomal form [16—19]. This
allows the apical application of compounds and the direct measurement of channel activity by calcium (Ca?*) imaging assay
or by electrophysiology. However, these assays represent a non-physiological condition for drug screening because the
compounds do not target the receptor in its native location [20,21]. More recently, the use of genetically encoded calcium
indicators (GECI, such as GCaMP’s), specific intracellular calcium-sensitive dyes (such as Fura-2 and Fluo-4), and
lysosomal preparations for patch-clamping has changed how we investigate compound binding to wild-type TRPMLI
[22,23]. Despite these advancements, drug-screening campaigns remain extremely work-intensive due to successive
washing steps and special handling of cells, and, more importantly, the use of expensive equipment for the functional assays.
Target engagement (TE) assays have emerged as an essential confirmatory assay for on-target activity in live cells, which
accounts for compound permeability, biological target localization, and competition with intracellular constituents [24].
Among the different assay modalities, the bioluminescent resonance energy transfer (BRET) technology has been widely
used to investigate compound binding to important targets such as kinases, GPCRs, and others [25]. This assay depends on
the intracellular tracer that emits fluorescence once bound to the target protein fused to a luciferase [26]. The tracer (also
called a BRET probe) is composed of a small molecule with experimental data on potency and mode of action in the target
of interest, by either cryo-electron microscopy (cryo-EM), X-ray diffraction, or other structural biology techniques. This
compound is rationally modified to covalently incorporate a fluorescent moiety in a position that would not interfere with
binding to the protein target. This compound must also be cell-permeable in live cells and must bind to the target in a pocket
that is placed at an optimal distance from the luciferase [27]. Once these parameters are achieved, one can perform the
competition assay between a known concentration of the tracer and non-fluorescent test compounds, referred to as the tracer
displacement (TD) assay. It is important to note that if the parent molecule that originated the tracer is promiscuous within
a protein family, it allows the researchers to use the same tracer to investigate many proteins of the family [28]. Finally, it
is worth mentioning that the BRET assay will only give data for compounds that bind to the same region of the tracer.
Therefore, one of the major challenges to establishing a functional BRET assay is to develop a validated BRET tracer for
the intended target.

Given the need for new screening assays for the TRPMLI ion channel and the ability of TE assays to investigate targets in
their native environment, we set out to develop a BRET assay for TRPMLI1 using a new validated tracer called MRCO087.
The tracer was designed using a molecular docking approach to incorporate a fluorescent BODIPY-based compound into
the mucolipin synthetic agonist-1 (referred to as ML-SA1). ML-SA1 was chosen due to its wide use in the scientific
community as a TRPML1 agonist with a defined mode of action by cryo-EM [1,29,30] and reported structure-activity
relationships [16].

Cite as: Cunha, M. R. et al. (2026). How to Perform a Tracer Displacement BRET Assay for the TRPMLI1 Ion 2
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Materials and reagents

Biological materials
1. Human embryonic kidney 293T cells (American Type Culture Collection, CRL-3216)
Reagents

1. Flexi® cloning system (Promega, catalog number: C8640)

2. hTRPMLI1 fused to YFP plasmid (Addgene, catalog number: 18826)

3. Plasmid constructs: The gene encoding the full-length human TRPML1 (Uniprot: Q9GZU1) was cloned in frame with
nanoluciferase in plasmid pFC32K, part of the Flexi® cloning system. The coding sequence for -TRPML1 was PCR-
amplified from ATRPMLI1 fused to YFP plasmid using primers ATRPML1-b003
(GGCTGCGATCGCCATGACAGCCCCGGCGGGTCC) and ATRPMLI1-rb003
(ATGGGTTTAAACATTCACCAGCAGCGAATGCTCCTCCQG). Correct cloning was confirmed by sequencing.

4. Fetal bovine serum (FBS) (Gibco, catalog number: A5256701)

5. FuGENE® HD transfection reagent (Promega, catalog number: E2311)

6. Nanoluciferase substrate/inhibitor (Promega, catalog number: N2162)

Note: The nanoluciferase substrate (furimazine-based) [31] and inhibitor [32] are both proprietary of Promega Corp, thus
the exact composition of the kit is not fully disclosed.

7. Tracer dilution buffer (Promega, catalog number: N2191)

8. MRCO087, 10 mM stock in DMSO (self-made, see [33]); validated and deposited in tracerDB (ID T000049; tracerdb.org)
[34]

9. Dimethyl sulfoxide (DMSO), molecular biology grade (Sigma-Aldrich, catalog number: D2650-100ML)

10. NucleoBond Xtra Maxi Plus kit (Macherey Nagel, catalog number: 740416.50)

11. DMEM, high glucose (Gibco, catalog number: 11965092)

12. Penicillin-streptomycin (10,000 U/mL) (Gibco, catalog number: 15140122)

13. Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich, catalog number: D8537-500ML)

14. 0.25% trypsin-EDTA (Gibco, catalog number: 25200072)

15. Trypan Blue solution, 0.4% (Gibco, catalog number: 15250061)

16. Opti-MEM serum-free without phenol red and antibiotics (Gibco, catalog number: 11058021)

Laboratory supplies

. Cell culture flask, 250 mL, 75 cm? (Greiner, catalog number: 658175)

. 15 mL centrifuge tube (Corning, catalog number: 430766)

. 96-well, white-walled/opaque bottom plate (Greiner Bio-One, catalog number: 655098)
. 125 pL tips, sterile, with filter (Integra, catalog number: 4425)

. 12.5 pL tips, sterile, with filter (Integra, catalog number: 4405)

. Neubauer chamber (Cral, catalog number: C1010)

. Reagent reservoir, 25 mL (Thermo, catalog number: 809311)

. Aluminum foil

. 10 mL sterile serological pipette (Sarstedt, catalog number: 86.1254.001)
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Equipment

. Inverted microscope (Leica, model: DMi8)

. Centrifuge (Eppendorf, model: 5810R) with S-4-104 rotor

. Plate reader (BMG LABTECH CLARIOstar)

. Pipette controller (USA Scientific Inc, model: ErgoOne FAST)

. Multichannel pipette 100 uL (Thermo Fisher Scientific, model: Finnpipette F1)
. Orbital shaker (Heidolph, model: Titramax 101)

. Biosafety cabinet (ESCO, model: Airstream AC2-4S8)
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Software and datasets

1. GraphPad Prism (GraphPad, Version 11.0.2)
2. tracerDB [34] (tracerdb.org): a crowdsourced database of experimentally validated fluorescent tracers for target
engagement assays (last accessed July 2026)

Procedure

A. Cell culture and transfection (perform in a biosafety cabinet)

1. Grow the cells in a T75 flask using DMEM supplemented with 10% FBS and antibiotics (1% penicillin and streptomycin).
Note: This supplemented DMEM medium used for cell culture is also referred to as complete culture medium in this protocol.

2. Once the cells reach 80%—90% confluency, aspirate the cell medium with a sterile 10 mL pipette and add 10 mL of warm
(37 °C) PBS.

3. Swirl to wash out the residual culture media. Aspirate the PBS with a sterile 10 mL pipette and add 1 mL of warm (37 °C)
0.25% trypsin-EDTA solution.

4. Place the flask in a 37 °C, 5% CO, incubator for 2 min.

Note: Cell viability may be reduced with longer incubation times.

5. Gently swirl the flask to detach cells. Once cells start to slide as patches or show smooth edges under a microscope, add
9 mL of complete culture media to deactivate the trypsin.

6. Pipette up and down to fully dissociate the cells and transfer the cell suspension to a 15 mL sterile centrifuge tube.

7. Centrifuge cells at 210x g for 6 min at 20 °C.

8. Remove the supernatant and suspend cells with 10 mL of complete culture medium.

9. Mix 20 pL of cell suspension with 20 puL of trypan blue and count viable cells using a Neubauer chamber.

10. Dilute cells to 2 x 10° cells/mL with complete culture media.

11. Transfer the cell suspension to a sterile reagent reservoir and add 100 pL of cell suspension per well to a white-
walled/opaque-bottom 96-well assay plate using a multichannel pipette.

Note: We recommend 20,000 cells per well for HEK293T. Adjust for other cell types to reach 60%—80% confluency at the
time of transfection.

12. Prepare the transfection mix: add 24 pg of plasmid DNA in 1.2 mL of Opti-MEM serum-free without phenol red or
antibiotics. Then, add 72 uL of FuGENE® HD transfection reagent and mix by inversion 10 times. Incubate at room
temperature for 10 min.

Notes:

1. This transfection mix is enough for a full 96-well plate.

2. The plasmid DNA was originally purified using the NucleoBond Xtra Maxi Plus kit, which contains RNase A and renders
transfection-grade plasmid DNA. See procedures for cloning and purification in [33].

13. Transfer 10 pL of the transfection mix to every well of the assay plate.
14. Place the assay plate in a 37 °C, 5% CO, incubator for 48 h.

B. Add compounds to cells and incubate (perform outside a biosafety cabinet)

1. Remove the assay plate from the incubator and carefully wash the cells with 100 uL of warm (37 °C) PBS.

2. Replace the PBS with 85 pL of warm Opti-MEM without phenol red and antibiotics.

3. Prepare the MRCO087 tracer mix: aliquot 2 pL of the 10 mM stock solution to a microtube. Then, add 498 pL of tracer
dilution buffer (TDB) and mix 10 times.

Critical: Keep the tracer mix protected from light. The tracer mix is prone to degradation under constant light irradiation
and may affect the results. For long-term storage, keep it frozen in 100% DMSO at -30 °C until use.

Notes:

1. This tracer mix is enough for a full 96-well plate. Adjust the volume of reagents if only half of the assay plate will be used.

Cite as: Cunha, M. R. et al. (2026). How to Perform a Tracer Displacement BRET Assay for the TRPMLI1 Ion 4
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2. Do not mix vigorously to avoid foaming.

4. Prepare the compound dilution solutions: prepare a 10-point serial dilution (starting from 10 mM) of the test compound
in DMSO in a 1:2 ratio. The final volume in each well should be 5 pL.

Critical: The 11th and 12th points must be composed of only DMSO, no test compound added.

Notes:

1. The maximum DMSO concentration used in the assay is 1%, after compound and tracer addition.

2. The compound dilution can be prepared in any available plasticware (96-well plate, PCR strip, microtubes, etc.).

5. Dispense 45 pL of Opti-MEM without phenol red and antibiotics to every compound dilution solution and mix it well to
ensure homogenization.

6. Transfer 10 pL of the compound dilution solutions to every well of the assay plate, in quadruplicate (Figure 1).

Notes:

1. For a full 96-well assay plate, prepare the serial dilutions for two test compounds.

2. If potent compounds are present, adjust the dilution ratio to 1:3.

3. If dose-response is not needed, adjust the compound and assay plates composition to test up to 20 compounds in
quadruplicate.

Compound dilution in DMSO:
Prepare a 10-point serial dilution (1:2) in DMSO
Prepare C+ and C-in 100% DMSO

5L 5 pL 5L pL

VYV VY VY v

MWWWUW

Compound dilution in Opti-MEM:
Distribute 45 pL of Opti-MEM / well
45 L 45 L

SRR

Compound addition:
Dispense compounds to the assay plate in quadruplicates
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Figure 1. Schematic representation showing how to prepare the dose-response of one compound in the BRET assay.
To ensure that the whole assay plate is used, prepare a second serial dilution of a second test compound in advance.
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7. Dispense 5 pL of the tracer (MRCO087) mix to every well of the assay plate, with the exception of the 12th column (Figure
2).

Critical: Do not dispense the tracer mix in the 12th column; instead, add only the respective vehicle (5 uL of TDB).

Note: These steps ensure that tracer control will give the maximum signal of the assay, and bank control will only give a
nonspecific signal.

(00006000000
"@0000000000®
‘0000000000 0®
-@0000000000®
Q000000000 0®
-©000000000e®
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@000000000ee

Q Test compound 1 Q Test compound 2 ‘ Tracer control Q Blank control

Figure 2. Plate layout for a dose-response assay using two unlabeled test compounds (green and yellow circles). The
color fades from dark (1st column) to pale (10th column) as the concentration of the compound decreases. Tracer control
(red circles, 11th column) and blank control (blue circles, 12th column) are mandatory for the assay. Tracer control is
composed of tracer and vehicle (100% signal, no test compound). Blank control is composed of the vehicle (0% signal, no

test compound or tracer). Both controls are used for data normalization and Z’-factor determination.

8. Wrap the assay plate in aluminum foil and incubate at 37 °C for 2 h.
Note: This step does not require an incubator with a CO; line.

C. Dispense nanoluciferase substrate/inhibitor and read the assay (perform outside a biosafety
cabinet)

1. Prepare the nanoluciferase substrate/inhibitor solution: in a 15 mL centrifuge tube, add 5.5 mL of warm (37 °C) Opti-
MEM without phenol red, followed by 33 puL of nanoluciferase substrate and 11 pL of nanoluciferase inhibitor. Vortex for
2 min.

Note: This nanoluciferase substrate/inhibitor solution is enough for a full 96-well plate.

Critical: Keep the nanoluciferase substrate/inhibitor protected from light. For long-term storage, keep it frozen at -30 °C
until use.

2. Transfer 50 pL of the nanoluciferase substrate/inhibitor solution to every well of the assay plate and wrap it in aluminum
foil.

3. Place the assay plate in an orbital shaker at room temperature at 600 rpm for 5 min.

Critical: Nanoluciferase emits stable blue light after 5 min in contact with its substrate up to 2 h. If you read immediately
after adding the substrate, the light emissions will overflow the equipment and will decay until it reaches the stable emission
phase.

4. Remove the aluminum foil and place the assay plate in the plate reader.

Cite as: Cunha, M. R. et al. (2026). How to Perform a Tracer Displacement BRET Assay for the TRPMLI1 Ion 6
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5. Set the light emissions at 460 + 10 nm and fluorescent emissions at 610 + 20 nm. Set the integration time to 0.5 s and
adjust the gain to 3,600 for both detection channels.

Note: Gain was adjusted to 3,600 (maximum) as it gave the best signal-to-noise in this protocol. The gain may be reduced
depending on the plate reader available.

6. Read the assay plate from the top, without the lid.

Data analysis

The number of biological replicates depends on the experiment goal (e.g., screening of large compound libraries or
performing dose-response curves). To ensure reproducibility, especially for dose-response curves, we recommend
performing at least three independent biological replicates with four technical replicates per experiment. Always include a
tracer control in the 11th column (cells with tracer plus vehicle) and a blank control in the 12th column (cells with vehicle
only) (Figure 1).

A. Calculate the mili-BRET (mBRET) ratio, also referred to as miliBRET units (mBU)

1. Divide the raw fluorescent emission (610 = 20 nm) by the raw light emission (460 £+ 10 nm) within the same well.

2. Multiply the previous result by 1,000. This gives the miliBRET units (also called mBRET or mBU).

Note: The raw BRET values normally give a fraction of a decimal, as the fluorescence signal is much smaller than the
luminescence. To solve this issue, a standard practice is to multiply by 1,000 to generate the miliBRET units (mBRET or
mBU) [35].

3. Average the miliBRET units obtained in the tracer control (entire 11th column) and in the blank control (entire 12th
column).

4. Normalize the data from each well to the averaged controls. Set the averaged value of the tracer control to 100% signal
and the blank control to 0% signal.

Note: Essentially, this is a competition assay (hence, tracer displacement assay) between the fluorescent tracer and the non-
fluorescent test compound. You should expect that the higher the compound affinity for the protein, the lower the tracer
fluorescence.

B. Plot the data and visualize the curve fit

1. Plot the normalized miliBRET units as a function of test compound concentration in an XY graph using GraphPad Prism
v11.0.2.

2. Determine the apparent ECso (Figure 3) by fitting the data to a four-parameter, no baseline weighting, and no constraints
sigmoidal dose-response equation available in GraphPad Prism v11.0.2, where X is the test compound concentration, as
shown in equation (I) below:

Plateau,,, — Plateauyotrom

(I) normalized milliBRET units (%) = Plateauyotrom +
(%)Hillslope +1
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Figure 3. Representative dose-response curve from [33]. The plot shows the normalized miliBRET units as a function of
a non-fluorescent test compound concentration. ECsy shown is the mean = SD of three independent experiments, using the
tracer MRCO087 (2.0 uM). ECsy was converted to Kq using the Chen-Prusoff formalism.

3. The ECsy can be converted to ligand binding constants (Kgs) via Cheng—Prusoff formalism [36] using the ECs, obtained
for the test compound, the concentration of the tracer in the assay (L), and the tracer apparent K4 (of 913 nM, tracerDB ID
T000049) [34], as shown in equation (II) below:

(D) Ky = —20=

C. Calculate the Z’-factor of the assay

1. Using the mBRET values obtained from the 11th and 12th columns, calculate the Z’-factor to evaluate assay quality

(Figure 4). Z’-factor is calculated using the means (i) and standard deviations (o) of the tracer (t) and blank (b) controls
[37], as shown in equation (IIT) below:

3(o; +0p)

amnz =1-
le — ol

Note: A high-quality assay must have a Z'-factor > 0.5. Lower values indicate large variability in the controls. We
recommend not using data from plates with Z’-factor values below 0.5.
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Figure 4. Z’-factor visualization and determination. Data obtained from the tracer and blank controls (n = 20/condition).
The calculated Z’-factor for this assay was >0.5, an indication of a robust assay.

Validation of protocol

This protocol (or parts of it) has been used and validated in the following research articles:

* Cunha et al. [33]. A novel BRET-based assay to investigate binding and residence time of unmodified ligands to the human
lysosomal ion channel TRPMLI in intact cells. Journal of Biological Chemistry (Figure 5).

* Cunha et al. [38]. (S)-ML-SA1 Activates Autophagy via TRPML1-TFEB Pathway. ChemBioChem (Figure 3).

General notes and troubleshooting

General notes

1. This is a competition (tracer-displacement) assay: It reports the apparent affinity (Kaa) of a ligand for TRPML1 in intact
cells and therefore measures target binding together with cellular and lysosomal permeability, not channel function.
Orthogonal functional assays (e.g., Ca?" imaging or lysosomal patch-clamp) are recommended to distinguish agonists from
antagonists and to confirm functional activity.

2. Because the assay uses full-length TRPMLI1 correctly localized to the lysosomal membrane, it interrogates the
physiologically relevant, endolysosomal form of the channel and inherently accounts for the ability of a compound to cross
both the plasma and the lysosomal membranes.

3. The approach can be adapted to other lysosomal or membrane targets, provided that a nanoluciferase fusion that expresses
and localizes correctly and a cell- and lysosome-permeable fluorescent tracer that produces a target-dependent BRET signal
are both available.

4. Keep the final DMSO concentration identical across all wells; a final concentration of 1% (v/v) or lower is well tolerated
by HEK293T cells, whereas higher concentrations may reduce cell viability and compress the assay window.

5. Assess assay quality using the on-plate controls: derive the assay window and the Z’-factor from the tracer control (column
11) and the blank control (column 12). A Z’-factor of 0.5 or greater indicates a robust assay suitable for screening.

6. The tracer (MRCO087) is light sensitive. Protect stock solutions and working mixes from light and prepare them fresh on
the day of the experiment.

7. Nanoluciferase luminescence is stable from approximately 5 min to 2 h after substrate addition [39,40]. Read all plates
within this window and keep the timing consistent between plates to allow direct comparison of results.

Cite as: Cunha, M. R. et al. (2026). How to Perform a Tracer Displacement BRET Assay for the TRPMLI1 Ion 9
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Troubleshooting

Problem

Possible cause

Solution

Low or no BRET signal (low
mBU)

Low transfection efficiency or

nanoluciferase expression

Verify plasmid quality and the FuGENE:DNA
ratio (3:1); confirm cell confluency and
viability; optimize the amount of DNA per
well.

Weak or decreasing BRET
signal

Tracer degraded by light exposure

Protect the tracer stock and working mix from
light; prepare fresh and minimize time on the
bench.

High well-to-well variability

Uneven cell seeding, incomplete
mixing, or plate edge effects

Resuspend cells thoroughly before dispensing;
mix dilutions well; avoid or bracket edge wells
with buffer.

Luminescence overflow or

signal decay during the read

Plate read too soon after substrate
addition

Wait at least 5 min after adding the substrate
and read within the 5 min to 2 h stable window.

No displacement by known
active ligands

Insufficient permeability or
incubation time, or poor compound

solubility

Increase the compound incubation time;
confirm solubility and DMSO tolerance; verify
compound identity and potency.

Poor curve fit or missing lower
plateau

Dose range does not bracket the ECsy

Adjust the top concentration and/or dilution
factor to span the expected ECs.

High background in the blank
(column 12)

Phenol red or
fluorescence

nonspecific

Use Opti-MEM without phenol red throughout
and confirm the correct control layout.
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