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Abstract

Neurotrophins are critical regulators of neuronal development and have been implicated as
therapeutic targets in a range of neurodegenerative and psychiatric disorders. Nerve growth
factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and
neurotrophin-4 (NT-4) signal through the receptor tyrosine kinase family of tropomyosin
receptor kinase (Trk) receptors. These include TrkA responding to canonical ligand NGF, TrkB
responding to BDNF or NT-4, and TrkC responding to NT-3. While TrkA and TrkB have been
comparatively well studied, the fundamental pharmacological properties of TrkC remain
largely unexplored. Here, we developed and utilised real-time bioluminescence- or
fluorescence-based resonance energy transfer (BRET or FRET) biosensors to study the real-
time spatial and temporal dynamics at 37°C to profile Trk receptor dimerisation, trafficking and
nuclear ERK signalling in response to neurotrophin stimulation. TrkA and TrkB displayed
consistent concentration-dependent dimerisation, trafficking, and signalling. TrkC, on the other
hand, exhibited considerable dimerisation but reduced trafficking and ERK signalling relative
to TrkA or TrkB. There was also evidence for comparable activation by both canonical and
some non-canonical ligands across the Trk family in response to NGF, BDNF, NT-3, or NT-4
across signalling and trafficking assays. The divergence between robust receptor
oligomerisation and minimal trafficking suggests TrkC is subject to unique molecular

mechanisms distinct from TrkA or TrkB.
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Introduction

Neurotrophins are a highly conserved family of growth factors that are critical for the
development and maintenance of the nervous system (Huang & Reichardt, 2001). Nerve
growth factor (NGF) was first identified through its ability to promote the survival and outgrowth
of peripheral neurons (Levi-Montalcini & Angeletti, 1963), where subsequent studies led to the
identification of additional neurotrophic growth factors including brain-derived neurotrophic
factor (BDNF; Barde et al., 1982), neurotrophin-3 (NT-3; Hohn et al., 1990), and neurotrophin-
4/5 (NT-4; Hallbook et al., 1991).

Neurotrophins signal through the tropomyosin receptor kinase (Trk) family of receptor tyrosine
kinases (RTKs), comprising TrkA, TrkB and TrkC, for which the canonical ligands are
NGF/TrkA (Klein et al., 1991; Wiesmann et al., 1999), BDNF/TrkB, NT-4/TrkB TrkB (Naylor et
al., 2002) and NT-3/TrkC (Urfer et al., 1994). Growth factor stimulation promotes receptor
dimerisation and the auto- and transphosphorylation of key intracellular tyrosine residues. This
enables the recruitment of key intracellular adaptor proteins, initiating downstream signalling
cascades such as mitogen-activated protein kinase (MAPK/ERK), phosphoinositide 3-kinase
(PIBK/AKT) and phospholipase Cy signalling pathways (Mitre et al., 2017). Together, these
signalling events coordinate a range of neuronal processes including survival, synaptic

plasticity and circuit refinement (Ohira & Hayashi, 2009).

Following ligand binding and signal transduction, Trk receptors undergo receptor endocytosis
in a clathrin-dependent manner (Zheng et al., 2008), which enables retrograde transport along
axons to specific subcellular compartments (Harrington & Ginty, 2013). From these
intracellular endosomes, there is extensive evidence that TrkA (Grimes et al., 1997; Howe et
al., 2001) and TrkB (Moya-Alvarado et al., 2023) can continue to signal. Despite our
understanding of the role of Trk receptors in physiology (Deinhardt & Chao, 2014), there are
limited direct comparisons between the isolated pharmacology of TrkA, TrkB and TrkC with
spatial and temporal resolution, at least in-part due to high homology between Trk subtypes

and the neurotrophic ligands that activate multiple Trk receptors.

To monitor real-time Trk receptor pharmacology in an isolated system, resonance energy
transfer-based approaches such as bioluminescence resonance energy transfer (BRET) and
fluorescence resonance energy transfer (FRET) can be utilised (Stoddart et al., 2018). These
techniques rely on the transfer of energy from a donor molecule to an acceptor molecule when
within close proximity (<10 nm), allowing the quantitative analysis of protein-protein

interactions with temporal resolution at 37°C. Building on our previous studies across RTKs
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(Peach et al., 2021; Peach et al., 2024), we aimed to develop and utilise these real-time assays
to systematically characterise the real-time pharmacology of TrkA, TrkB, and TrkC. By directly
comparing their dimerisation, subcellular trafficking and downstream ERK signalling induced
in response to NGF, BDNF, NT-3 and NT-4, we identified both shared and notably divergent

features of Trk receptor dynamics, particularly with respect to TrkC.

Methods

Cell Culture and materials

HEK293T cells were cultured using Dulbecco's Modified Eagle Medium (DMEM) containing
10% foetal bovine serum (FBS) (Sigma Aldrich, US) and 1% penicillin streptomycin antibiotic
(Sigma Aldrich, US). HEK293T cells were incubated at 37°C in a humidified incubator with 5%
COs.. Cells were monitored daily and were split using a ratio of 1:10 or 1:15 to maintain a
suitable growth confluency. Once cells reached 90% confluency, HEK293T cells were seeded
at a density of 25,000 cells per well in a standard 96-well white clear bottom plate (#655089,
Greiner Bio-One) for BRET experiments. For FRET, a standard 96-well black clear bottom
plate (#G655209, Greiner Bio-One) was used. Hanks’ Balanced Salt Solution (HBSS), with
calcium and glucose was purchased from Thermo Fisher Scientific (#14025092). HEPES
buffer (H23830), Bovine Serum Albumin (A9418), and Phorbol 12,13-dilbutyrate (PDBu)
(P1269) were all purchased from Sigma Aldrich. Furimazine was bought from Promega
Corporation (N1110). SNAP-Surface Alexa Fluor 488 was bought from (New England Biolabs,
S9129S). All neurotrophic growth factors were bought from Alomone Labs, including NGF (#N-
245), BDNF (#B-250), NT-3 (#N-260), and NT-4 (#N-270). Coelenterazine Purple was bought
from NanoLight technology (#369-1). Polyethyleneimine (PEIl) was purchased from
Polysciences (24765).

Generating DNA Constructs

N-terminal NanoLuc-tagged and SnapTag-tagged TrkA, (NM_001012331), TrkB
(NM_006180), and TrkC (NM_002530) were generated in the pFN28K expression vector.
Each construct included the IL-6 signal peptide fused to the N-terminus of either
nanoluciferase (NanoLuc) or SnapTag respectively, followed by a GSSGAIA linker and the

coding sequence of the respective Trk receptor. C-terminal Renilla luciferase (Rluc8)-tagged
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TrkA, TrkB, and TrkC were cloned in pcDNA5 vector encoding the full length Trk receptor,
followed by a HA-tag (YPYDVPDYA), and then the Rluc8 sequence.

DNA Transfections

For all studies, following 24h, HEK293T cells were serum starved prior to transfection using
DMEM without serum supplementation to remove growth factors in FBS. Cells were then
transfected with transfection reagent polyethyleneimine (PEIl)) at ratio of 1:6 ratio DNA to PEI.

Cells were incubated for 48 hours to allow the expression prior to assays.

To quantify trafficking, HEK293T cells were transfected with each Trk receptor tagged on the
C-terminus with Rluc8 either TrkA-HA-RIuc8, TrkB-HA-RIuc8, or TrkC-HA-Rluc8 (20ng/well),
as well as a marker of the plasma membrane tagged with Renilla green fluorescent protein
(RGFP), RGFP-CAAX (20 ng/well). To quantify dimerisation, HEK293T cells were transfected
with DNA encoding Trk receptors tagged on the N-terminus with a NanoLuc (NanoLuc-Trk, 10
ng/well) and a SnapTag (SnapTag-Trk, 25 ng/well). To quantify ERK signalling, HEK293T cells
were transfected with nuclear EKAR CFP YFP (40 ng/well; Addgene, #18681) and N-terminal
SnapTag-Trk (20 ng/well).

Dimerisation BRET Assay

HEK293T cells were transfected with DNA encoding Trk receptors tagged at the N-terminus
with either a luminescent donor, NanoLuc, or a SnapTag. Following 48h serum starvation and
transfection, cells were incubated with SNAP-Surface Alexa Fluor 488 to label receptor at the
plasma membrane. Cells were pre-incubated with SnapTag (0.25 pM, 1 hour) at 37°C. Cells
were then washed in assay buffer to remove unbound substrate. Cells were incubated with
furimazine (NanoLuc substrate; 600X dilution) for 5 minutes at 37°C. BRET was measured
using the PHERAstar FSX microplate reader (BMG Labtech). Following 5 baseline reads,
ligand was added at increasing concentrations (1pM-30nM). The plate was then read every
45 seconds for a further 20 minutes using a BRET1 plus filter (donor wavelength of 475 nm
and acceptor wavelength 535 nm). BRET ratios were calculated by dividing the emission
intensity of the acceptor wavelength by the donor wavelength emission intensity, thus

providing a ratiometric change in BRET.
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Trafficking BRET Assay

All assays used HBSS with calcium and glucose (#14025092 Thermo Fisher Scientific, US)
supplemented with HEPES buffer (pH 7.4) with 0.1% Bovine Serum Albumin (BSA). Following
48h serum starvation and transfection, assay buffer was added to each well, followed by
Coelenterazine Purple (BRET substrate for Rluc8; 400X dilution). Each plate was incubated
at 37°C for 5 minutes to allow the enzymatic reaction to occur. BRET reads were measured in
the PHERAstar FSX microplate reader (BMG Labtech) using a BRET2 filter, (donor
wavelength of 370—-450 nm and acceptor wavelength 500-540 nm). Following 5 baseline
reads, increasing concentrations (1 pM-30 nM) of NGF, BDNF, NT-3 or NT-4 were added. The
plate was then read every 74 seconds for a further 25 minutes. BRET ratios were calculated

as explained in the dimerisation assay.

Nuclear ERK FRET Assays

On the day of the assay 48h post-transfection, cells were incubated in assay buffer and left to
incubate for at least 30 minutes before stimulating with increasing agonist concentrations of
NGF, BDNF, NT-3 or NT-4 (0.1 pM-30 nM). Phorbol 12,13-dibutyrate (PDBu, 10 uM) was used
as a positive control and the buffer solution was used as a vehicle treatment. FRET reads
were measured in the PHERAstar microplate reader (BMG Labtech) using a “FI 430 530 480”
optic module. Donor excitation was provided at 430 nm (CFP), donor emission was recorded
at 480 nm, and acceptor emission (YFP) was recorded at 530 nm following donor excitation.
Following 5 baseline reads, increasing concentrations (1 pM-30 nM) of NGF, BDNF, NT-3 or
NT-4 were added. The plate was then read every 63 seconds for a further 20 minutes. FRET

ratio was calculated as ratio (530nm/480nm) of the two emission signals.

Data Analysis

Data were analysed using GraphPad Prism (10.1.2). Data were baseline-corrected to the 5
reads prior to ligand addition, then baseline-corrected to changes in vehicle over time. For
ERK signalling, data were then normalised to the maximal response of the positive control
(PDBu, 100%), expressed as a percentage relative to vehicle (0%). Concentration-response
data were fit using non-linear regression analysis as log vs. response (three parameters)
“Y=Bottom + (Top-Bottom)/(1+10”(LogEC50-X)” to determine ECso values. Concentration—

response curves from the Trk trafficking assay were inverted to represent receptor endocytosis
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driven by growth factor agonism. To compare kinetic values, data from experiments using 30
nM NGF, BDNF, NT-3, and NT-4 were analysed by non-linear regression using a one-phase
association model: “Y = Yo + (Plateau — Yo) (1 — e*)” to determine Kobs. Data points prior to
0 minutes were excluded, as no ligand had been added at that time. For ERK signalling
specifically, data between 2 and 15 minutes were used to ensure an appropriate kinetic fit that
captured a single association phase. Significance was determined on concentration-response
data using ordinary two-way ANOVA followed by Dunnett’s multiple comparisons test, with all
experimental groups compared to vehicle (a = 0.05). Significance was accepted at p<0.05 (*),
p<0.01 (**), p<0.001 (***), and p<0.0001 (****).

Results

Development of a Trk dimerisation assay

To investigate Trk receptor dimerisation, we developed a BRET-based assay to measure the
proximity of Trk monomers following ligand stimulation. To facilitate this, a NanoLuciferase
(NanoLuc, luminescent donor) and SnapTag (fluorescent acceptor) were tagged on the N-
terminus of each monomer (Figure 1A). We first assessed the effect of canonical ligands for
each Trk subtypes on their real-time dimerisation in response to increasing concentrations of
neurotrophin (Figure 1B-E). At their cognate Trk receptor, each ligand induced a robust
increase in the BRET ratio in a concentration-dependent manner. NGF-induced TrkA
dimerisation and both BDNF- and NT-4-induced TrkB dimerisation demonstrated similar
changes in the BRET ratio (Figure 1B-D). TrkC, on the other hand, had a more pronounced
increase in the BRET ratio in response to NT-3 compared to TrkA or TrkB (Figure 1E). Due to
these distinct canonical ligands, it is unknown whether this effect is driven by NT-3 or by an

intrinsic property of the TrkC receptor.

TrkC demonstrates atypical dimerisation compared to TrkA and TrkB

To probe whether these distinctions in dimerisation are ligand-associated or receptor-
associated, we monitored Trk receptor dimerisation in response to both canonical and non-
canonical ligands. Dimerisation of TrkA was induced by NGF, as well as NT-4, but not in
response to BDNF (Figure 2A). Due to this concentration-dependent response, the BRET ratio

following ~20-minute stimulation was plotted as a concentration-response curve (Figure 2B).
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Quantifying the potency of neurotrophin-induced TrkA dimerisation (pECso, Table 1), NGF had
an ECso 1.32 nM while the potency of TrkA dimerisation was comparable for NT-3 and NT-4.
As well as deriving the potency for each neurotrophin, we used these real-time methods to

quantify the kinetic parameters of neurotrophin-induced dimerisation (Kows; Table 1).

TrkB dimerisation was observed in response to BDNF, NT-3, and NT-4 (Figure 2C). This rapid
and robust increase in BRET ratio was concentration-dependent (Figure 2D). NT-4 was the
most potent at inducing dimerisation of TrkB dimerisation (ECso 0.6 nM). BDNF and NT-3
provided similar potencies (ECso 1.9 - 2.6 nM; Table 1). NGF, however, did not induce any

significant change in BRET ratio throughout the duration of the experiment.

A large TrkC dimerisation response was induced by both NT-3 and BDNF (Figure 2E). This
was concentration-dependent (Figure 2F), where the potency for NT-3 (ECso~2 nM) was 20X
higher than that of BDNF with respect to TrkC dimerisation (Table 7). Both NGF and NT-4, on
the other hand, failed to induce any change in BRET ratio for TrkC dimerisation (Figure 2E,F).

Comparing real-time trafficking across the Trk family

Given the pronounced change in BRET during the TrkC dimerisation assay, the next objective
was to compare across the trafficking of Trk receptors in real-time. To achieve this, a BRET-
based assay was established tagging the C-terminus with Rluc8 and using a RGFP-CAAX as
a plasma membrane marker (Figure 3A). Upon ligand stimulation, receptor internalisation
leads to trafficking away from the plasma membrane and the RGFP-CAAX marker, meaning
a decrease in BRET ratio. In response to increasing concentrations of its canonical ligand,
there was trafficking of Trk receptors away from the plasma membrane marker with a

sustained reduction in BRET signal (Figure 3B-E).

This was then compared across Trk receptors, selectively isolating the movement of tagged
Trk subtypes away from the plasma membrane. Concentration-response curves (Figure
4B,D,E) were generated from baseline-corrected BRET ratio at = 20-minutes of the
corresponding kinetic graphs (Figure 3B-E). From these data, the potency of ligand-induced
trafficking (pECso; Table 2), and kinetic parameters (Koss; Table 2) were derived to quantify
difference across Trk receptors. TrkA trafficking was most potently induced by NGF (ECso 0.95
nM; Table 2), with NT-3 and NT-4 eliciting less potent responses (ECso 14.8 nM and 6.92 nM
respectively; Table 2). BDNF was unable to induce this extent of TrkA trafficking (Figure 4A).

TrkB trafficking was similar in the sense that all ligands induced a measurable change in BRET,
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with canonical BDNF being the most potent (ECso 2.34 nM; Table 2) and NGF being the least
potent (ECso 8.91 nM), whilst NGF only induced a partial trafficking response compared to the
other growth factors (Figure 4C). NT-3 and NT-4 induced a similar TrkB trafficking response
with potencies of 3.31 nM and 3.39 nM respectively (Table 2).

In comparison to TrkA and TrkB, the trafficking of TrkC was diminished across all ligand
concentrations. Only NT-3 induced a noticeable reduction in BRET in a concentration-
dependent manner at physiologically-relevant concentrations (Figure 3E; Table 2; ECso 0.45
nM). This was reduced compared to how TrkA and TrkB traffic away from the plasma
membrane (Figure 4 A,C,E). NGF and NT-4, on the other hand, were able to induce TrkC
trafficking (Figure 4E).

Minimal ERK signalling in response to TrkC

To determine the downstream consequences of ligand stimulation, we then used a FRET-
based assay to assess the level of ERK phosphorylation following ligand stimulation. An EKAR
sensor localised to the nucleus was used due its proximity to transcriptional events, enabling
live-cell detection of ERK activity within this defined subcellular compartment (Figure 5A).
When ERK is activated, it phosphorylates the substrate domain on EKAR; this induces a
conformational change that brings the donor and acceptor fluorophores into close proximity,
inducing an increase in FRET (Harvey et al., 2008). Phorbol 12,13-dibutyrate (PDBu) was
used as a positive control as a potent activator of protein kinase C, thus leading to ERK
activation (Bapat et al., 2001). Stimulation with canonical ligands induced robust ERK
signalling in cells expressing TrkA and TrkB, reflected by a large increase in the FRET ratio
(Figure 5B-D). In contrast, NT-3-induced ERK activation via TrkC was minimal, even at 30 nM
(Figure 5E).

We next investigated real-time ERK signalling in response to all neurotrophins (Figure 6).
Concentration-response curves were also generated from the baseline-corrected FRET ratio
(Figure 6 B,D,F) to quantify the potency of ligand-induced nuclear ERK signalling was
generated (pECso; Table 3), as well as kinetic parameters (Koss; Table 3). ERK signalling
downstream of TrkA was detected in response to all neurotrophic growth factors, with NGF
producing the strongest and most potent change in the FRET ratio (ECso ~0.12 nM; Table 3).
BDNF induced an ERK response at TrkA at concentrations exceeding 10 nM, therefore no
ECso could be calculated from this concentration range (Figure 6B). TrkB showed a

comparable response profile to TrkA, with BDNF, NT-3, and NT-4 all inducing clear,
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concentration-dependent ERK activation (Figure 6B, E). While BDNF, NT-3, and NT-4 all
showed high potency at TrkB, NT-4 was the most potent (ECso ~0.06 nM) at inducing ERK
signalling via TrkB (Table 3). NGF stimulation of TrkB only led to a modest increase in FRET,
similarly to BDNF-induced ERK signalling at TrkA, partial NGF ERK signalling at TrkB was

only detectable at concentrations exceeding 10 nM.

In contrast, TrkC-expressing HEK293T cells were less responsive to neurotrophic ligands with
respect to ERK signalling. NT-3 elicited a measurable increase in the FRET ratio that was
concentration-dependent (Figure 5E). Although weak, NT-3 induced a potent TrkC-mediated
nuclear ERK response (ECs0 0.87 nM), reaching a peak of ~40% of positive control PDBu. In
terms of kinetics, TrkC-mediated ERK activation was also delayed, with an ERK response only
beginning after 5 minutes with a peak after 10 minutes (Figure 6E), even at the highest NT-3
concentration at the top of the concentration-response curve. This was slower than ERK
signalling in response to TrkA and TrkB, which saw an increase in ERK activation after 3
minutes and peaked in <10 minutes after addition of their canonical ligand (Figure 5 A,C) or
non-canonical ligands (Figure 6 A,C). Both TrkA and TrkB ERK signalling declined after the
10-minute peak, whereas TrkC maintained its partial ERK activity for the remainder of the

assay, further highlighting the unique nature of TrkC.

Discussion

Our study demonstrates that TrkC has markedly distinct spatial and temporal characteristics
compared to TrkA and TrkB. While TrkC had reduced receptor trafficking relative to TrkA and
TrkB, there was an enhanced degree of RTK dimerisation. Accordingly, TrkC also exhibited a
lower extent of nuclear ERK signalling relative to TrkA or TrkB. Establishing these approaches
with spatial and temporal resolution enabled not only direct comparisons across
neurotrophins, but also to isolate the defined pharmacology of each human Trk subtype
expressed in isolation. These distinct spatial and temporal dynamics at human TrkC were
apparent even in response to the same ligand — the promiscuous neurotrophin, NT-3 —

demonstrating unique pharmacological properties as a mechanism inherent to TrkC.

Compared to TrkA and TrkB, there was reduced internalisation observed for TrkC. Accordingly,
whereas it is well-established that TrkA (Howe et al., 2001) and TrkB (Zheng et al., 2008)
undergo clathrin-mediated endocytosis and continue to signal from these increasingly acidic

subcellular endosomes (Bhattacharyya et al., 1997; Harrington et al., 2011; Philippidou et al.,
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2011), TrkC endocytosis is less well-characterised. This is in-part due to the limitations of a
TrkC-selective ligand, where our data support that BDNF and NT-3 can activate both TrkB and
TrkC. With neurons in the central nervous system often co-expressing TrkB and TrkC (Kokaia
etal., 1995; Ateaque et al., 2022), the ability to delineate TrkC-specific pharmacology is difficult
in endogenously expressing systems. There is evidence, however, for TrkC endocytosis in
response to NT-3 in retinal ganglion cells, suggesting a distinct trafficking route via the Golgi
apparatus (Butowt & Von Bartheld, 2001). Accordingly, we also observed a slower movement
of TrkC away from the GFP-tagged plasma membrane marker upon NT-3 stimulation, which

may link to the translocation of TrkC to distinct subcellular compartments.

Consistent with these distinct spatial dynamics, we also observed notably slower and reduced
overall ERK signalling downstream of TrkC activation, relative to TrkA and TrkB. That said, we
did detect a concentration-dependent NT-3 response, in agreement with studies measuring
TrkC-induced ERK signalling (Li et al., 2016; Brahimi et al., 2021; Ateaque et al., 2022). We
also derived a potency of 0.9 nM for NT-3-induced ERK signalling, comparable to the NT-
3/TrkC potency derived using Western blotting against phosphorylated ERK (Szobota et al.,
2019; ECso 0.4 nM). This extent of the maximum NT-3-induced ERK response, however, was
only ~40% of that observed for TrkA and TrkB. Given the aforementioned importance of
endosomal signalling in the Trk family, we propose that this could link to the limited degree of
TrkC trafficking observed. In accordance with this, we detected real-time ERK using a nuclear
EKAR sensor due to its proximity to the subcellular location that leads to the subsequent
transcriptional changes. While this downstream sensor is likely to detect signalling from both
the plasma membrane and from subcellular compartments, this could account for the 5-10
minute delay observed for the peak ERK response at TrkC, even at the highest NT-3
concentration. This real-time approach therefore reveals that despite having relatively similar
potencies across TrkA, TrkB and TrkC, the resulting ERK signalling in response to NT-3 at
TrkC was markedly slower — an effect likely to be even more pronounced in neurons that
require long-range retrograde transport of signalling endosomes along the axon to reach the

nucleus in the cell body.

Interestingly, the inverse was observed with regards to the extent of TrkC dimerisation,
whereby neurotrophin stimulation led to considerably greater TrkC dimerisation compared to
TrkA and TrkB. One explanation could be attributed to the extent of dimerisation prior to the
addition of neurotrophins. There is evidence that TrkA and TrkB — akin to other RTKs — can
exist as inactive, pre-formed dimers at the plasma membrane under resting conditions (Shen
& Maruyama, 2011; Shen & Maruyama, 2012). This was later shown for TrkC (Ahmed &

Hristova, 2018), however if there were fewer pre-formed TrkC dimers relative to TrkA/TrkB in
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this specific cellular microenvironment, this could lead to a larger change in BRET upon the
formation of a dimeric — or even oligomeric — homomeric complex. A second explanation could
relate to the nature of BRET measuring close proximity between two tags. As such, as well as
representing two monomers forming a dimer, increased BRET could also denote a dramatic
conformational re-arrangement upon ligand stimulation. This was also suggested in a study
measuring FRET between C-terminally tagged Trk receptors (Ahmed & Hristova, 2018),
suggesting a distinct conformational rearrangement of TrkC. A third explanation could link to
evidence of TrkC acting as a ‘dependence receptor’ that, in the absence of ligand, can
contrastingly lead to cell death (Tauszig-Delamasure et al., 2007). If there was caspase-
mediated cleavage of the intracellular portion of TrkC, this could lead to a disconnect between
the ability for TrkC to dimerise at the plasma membrane, yet reducing receptor endocytosis or
downstream ERK signalling. That said, upon overexpression in the absence of ligand, cells
expressing TrkC did not undergo noticeable cell death. There is also evidence that TrkA can
act as a dependence receptor (Nikoletopoulou et al., 2010), thus not accounting for the TrkC-
specific differences across receptor dimerisation, internalisation and ERK signalling relative to
TrkA/TrkB. It is likely, however, that a reduced extent of TrkC endocytosis would enable a
greater degree of receptor dimerisation at the cell surface. While we do not see a transient
dimerisation response for readily internalising TrkA or TrkB, the increasingly acidic
microenvironment of intracellular endosomes may affect the BRET signal between Trk

homodimers.

While Trk receptors are paired with their ‘canonical’ neurotrophins, our findings provide
definitive evidence for additional ‘non-canonical’ pairings. Supporting other studies showing
cross-family signalling (Ivanisevic et al., 2007), this demonstrates both potencies and kinetics
that were sometimes comparable between canonical and non-canonical ligands. Both NT-4
and NT-3, for example, induced TrkA dimerisation with a similar potency to NGF. In the context
of TrkB, ‘promiscious’ NT-3 robustly stimulated TrkB dimerisation, trafficking and signalling,
showing dynamics comparable to BDNF and NT-4. Confirming the selectivity of these novel
assays, however, NGF failed to induce TrkB dimerisation and produced weak endocytosis.
There were broader distinctions observed between canonical and non-canonical ligands with
respect to ERK signalling. This could be in-part linked to signal amplification of the
downstream ERK assay. Furthermore, NGF elicited a modest ERK response via TrkB, despite
limited lacking significant dimerisation or trafficking. This was also observed with BDNF-
induced TrkA ERK signalling, despite neither ligand, nor NT-4, inducing an ERK response in
cells expressing TrkC. Delineating these distinctions required the selectivity of these
approaches for tagged receptors alone, something particularly critical for the Trk receptor

family given their high degree of homology.
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It should also be noted that our in vifro model strategically lacks some key co-receptors
implicated in Trk receptor biology. Although HEK293T cells likely express sortilin, a Trk co-
receptor shown to regulate TrkC trafficking (Vaegter et al., 2011; Klein et al., 2023), HEK293T
notably lack p75N™ (Conroy & Coulson, 2022; Peach et al., 2024) and express minimal
NGF/TrkA modulator neuropilin-1 (Peach et al., 2024). These kinetic approaches not only
enable high-throughput drug screening for Trk agonists or antagonists at the human receptor
(e.g., de novo designed NGF mimetics (Schlichthaerle et al., 2025)), but these spatiotemporal
methods provide a model to systematically interrogate the distinct roles of how co-receptors

modulate Trk dimerisation, trafficking and signalling kinetics in real-time.

In conclusion, TrkC displayed a distinct pharmacological profile compared to TrkA and TrkB,
showing robust ligand-induced dimerisation, but reduced trafficking and ERK signalling. Given
the therapeutics interest in targeting Trk receptors across a range of neurodegenerative
diseases (Mansoor et al., 2024) and psychiatric disorders (Kim et al., 2024), understanding
the molecular mechanisms by which these receptors compare and contrast will guide future
efforts to develop drugs targeting the appropriate spatial and temporal properties for the
preferred Trk subtype. Furthermore, despite notably high homology across the Trk family, this
study demonstrates a nuanced model of Trk receptor dynamics with mechanistic distinctions

across their signalling and trafficking.
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Figure 1. Developing a real-time assay monitoring Trk dimerisation in response to
canonical neurotrophin ligands. (A) Schematic of the dimerisation assay measuring
bioluminescence resonance energy transfer (BRET) between the luminescent donor enzyme
(NanoLuc) and fluorescent acceptor (SnapTag-AlexaFluor488). (B-E) HEK293T cells
expressing NanoLuc- and SnapTag-labelled TrkA (B), TrkB (C,D) or TrkC (E) were stimulated
with increasing growth factor concentrations at T=0 (arrow). Data are expressed as the change
in BRET ratio over time. Mean £ SEM, from 4-5 independent experiments with triplicate wells.
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Figure 2: Concentration-dependent dimerisation of TrkA, TrkB and TrkC across the
neurotrophin family. (A,C,E) Dimerisation between TrkA, TrkB or TrkC for all four
neurotrophins (30 nM), including the top concentration of canonical ligand from Fig.1. (B,D,F)
Concentration-response across a range of concentrations plotting the baseline-corrected
BRET ratio from ~20 minutes. Mean + SEM, from 4-5 independent experiments with triplicate
wells. Potency values (pECso, Table 1) and kinetic parameters (kobs, Table 1) were fit using a
non-linear regression. Significance (B,D,F) was determined using ordinary two-way ANOVA
with Dunnett’s multiple comparisons test versus vehicle. Statistical significance denoted as
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Figure 3. Monitoring Trk trafficking in real-time in response to canonical neurotrophin
ligands. (A) Schematic of the Trk trafficking assay measuring BRET between Trk-HA-Rluc8
(bioluminescent donor) and RGFP-CAAX (fluorescent acceptor). (B-E) Trafficking interactions
away from the plasma membrane in response to canonical growth factors. Data are expressed
as change in BRET ratio over 25 minutes n=5. Ligand (1 pM - 30 nM) was added at T=0
(arrow). Data points represent mean + SEM, from 5 independent experiments with triplicate
wells.
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Figure 4. TrkC had reduced trafficking away from the plasma membrane marker
compared to TrkA or TrkB. (A,C,E) Trafficking in response to 30 nM of each neurotropic
growth factors. Data are expressed as change in BRET ratio over 25 minutes. (B,D,F)
Concentration—-response curves were generated from the baseline-corrected BRET ratio at
~20 min of the corresponding kinetic graphs (Fig. 3B—E) and inverted to reflect growth factor—
induced receptor endocytosis. Mean + SEM, from 5 independent experiments with triplicate
wells. Derived potency and kinetic values are provided in Table 2. Significance (D,F) was
determined using ordinary two-way ANOVA with Dunnett’s multiple comparisons test versus
vehicle. Statistical significance denoted as p<0.05 (*), p<0.01 (**), p<0.001 (***), and
p<0.0001(***).
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Figure 5. Neurotrophin-induced ERK signalling kinetics. (A) Trk-mediated ERK signalling
leads to activation of nuclear ERK sensor, a sensor based on fluorescence resonance energy
transfer (FRET). (B-E) HEK293T cells expressed SnapTag-TrkA, SnapTag-TrkB or SnapTag-
TrkC, where the SnapTag was not conjugated to a fluorophore. Cells were stimulated with
increasing growth factor concentrations (1 pM - 30nM) at T=0 (arrow). Data expressed as
change in FRET ratio over 25 minutes and expressed as a percentage of vehicle (0%) and 10
MM PDBu (100%). Mean + SEM, from 4-5 independent experiments with triplicate wells.
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Figure 6. TrkC had slower and reduced ERK signalling compared to TrkA or TrkB. (A,C,E)
ERK signalling was measured in response to 30 nM of each neurotropic growth factors. Data
is expressed as change in FRET ratio over 25 minutes. (B,D,F) Concentration-response data
obtained from the corresponding kinetic graph (Fig.5B-E) calculated as area under the (AUC).
Data expressed as as a percentage of vehicle (0%) and 10 uM PDBu (100%). Mean + SEM,
from 4-5 independent experiments with triplicate wells. Derived potency values and kinetic
values are provided in Table 3. Significance (B,D,F) was determined using ordinary two-way
ANOVA with Dunnett’'s multiple comparisons test versus vehicle. Statistical significance
denoted as p<0.05 (*), p<0.01 (**), p<0.001 (***), and p<0.0001 (****).
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Tables & Table Legends

Table 1: Summary of potency (pECso) and kinetic (kobs) values derived for Trk dimerisation. Data are presented as mean + SEM from 5
independent replicates with triplicate wells. Kops values were derived from Trk dimerisation in response to 30 nM ligand. ‘Not determined’ (ND)
indicates the response was insufficient to generate a pECso or Kops value.

TrkA TrkB TrkC
pECso Kobs (Min™") pECso Kobs (Min™") pECso Kobs (Min™")
NGF 8.88+£0.44 0.33+0.04 ND ND ND ND
BDNF ND ND 8.72+0.24 0.56 £ 0.08 ND 0.35+0.07
NT-3 8.99 + 0.56 1.24 £ 0.57 8.59+0.18 2.02 £+ 0.64 8.70 £ 0.07 0.39+£0.03
NT-4 8.58 £ 0.34 0.86 £ 0.22 9.22+0.10 0.86 £ 0.10 ND ND
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Table 2: Summary of potency (pPECso) and kinetic (kobs) values derived for Trk trafficking. Data are presented as mean + SEM from 4-5
independent replicates with triplicate wells. Kobs values were derived from Trk trafficking in response to 30 nM ligand. ‘Not determined’ (ND)

indicates the response was insufficient to generate a pECso or Kops value.

TrkA TrkB TrkC
pECso Kobs (Min™") pECso Kobs (Min™") pECso Kobs (Min™")
NGF 9.02 £ 0.09 0.80+£0.40 8.05+0.12 1.06 £ 0.54 ND ND
BDNF ND ND 8.63+0.43 0.30 £ 0.08 ND ND
NT-3 7.83+£0.17 0.23 £0.02 8.48 £ 0.09 0.39+£0.05 9.35+0.44 0.27 £ 0.05
NT-4 8.16 £ 0.08 0.36 £ 0.11 8.47 £0.18 0.31+£0.05 ND ND
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Table 3: Summary of potency (pPECso) and kinetic (kobs) values derived for Trk nuclear ERK signalling. Data are presented as mean + SEM
from 4-5 independent replicates with triplicate wells. While the pECso values are determined from the area under the curve, kinetic Kops values
were derived from between 2 & 15 minutes of the nuclear ERK signalling assay in response to 30 nM ligand. ‘Not determined’ (ND) indicates the

response was insufficient to generate a pECso or Kops Value.

TrkA TrkB TrkC
pECso Kobs (Min™") pECso Kobs (Min™") pECso Kobs (Min™")
NGF 9.91 £0.09 2.54 +1.53 ND 1.22 £ 0.27 ND ND
BDNF ND ND 9.95+0.10 0.77 £ 0.21 ND ND
NT-3 8.45+0.14 1.14 £0.33 9.48 +0.18 1.32 £ 0.26 9.06 £ 0.25 0.14 £ 0.06
NT-4 8.50+£0.17 0.90£0.25 10.20 £ 0.10 1.24 £ 0.09 ND ND
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