
REVIEWS
High-affinity TrkA and p75 neurotrophin receptor complexes:
A twisted affair
Received for publication, August 13, 2021, and in revised form, December 10, 2021 Published, Papers in Press, January 17, 2022,
https://doi.org/10.1016/j.jbc.2022.101568

Jacinta N. Conroy1 and Elizabeth J. Coulson1,2,3,*
From the 1School of Biomedical Sciences, 2Queensland Brain Institute, and 3Clem Jones Centre for Ageing and Disease Research,
The University of Queensland, Brisbane, Queensland, Australia

Edited by Paul Fraser
Neurotrophin signaling is essential for normal nervous
system development and adult function. Neurotrophins are
secreted proteins that signal via interacting with two neuro-
trophin receptor types: the multifaceted p75 neurotrophin re-
ceptor and the tropomyosin receptor kinase receptors. In vivo,
neurons compete for the limited quantities of neurotrophins, a
process that underpins neural plasticity, axonal targeting, and
ultimately survival of the neuron. Thirty years ago, it was
discovered that p75 neurotrophin receptor and tropomyosin
receptor kinase A form a complex and mediate high-affinity
ligand binding and survival signaling; however, despite de-
cades of functional and structural research, the mechanism of
modulation that yields this high-affinity complex remains
unclear. Understanding the structure and mechanism of high-
affinity receptor generation will allow development of phar-
maceuticals to modulate this function for treatment of the
many nervous system disorders in which altered neurotrophin
expression or signaling plays a causative or contributory role.
Here we re-examine the key older literature and integrate it
with more recent studies on the topic of how these two re-
ceptors interact. We also identify key outstanding questions
and propose a model of inside-out allosteric modulation to
assist in resolving the elusive high-affinity mechanism and
complex.

Neurotrophin signaling regulates a diverse set of neural
processes including differentiation, neurite outgrowth, axon
pruning, apoptosis, and cell survival during development,
adulthood, and following injury to the nervous system. Loss of,
or aberrant, neurotrophic signaling is strongly implicated in
multiple neurodegenerative and psychiatric disorders
including Alzheimer’s and motor neuron diseases, chronic
pain, and depression (1, 2). It is unsurprising, therefore, that
manipulating protrophic neurotrophin signaling is of interest
to pharmaceutical companies.

Introduction to neurotrophin signaling: Meet the
players

There are four members of the human neurotrophin family:
nerve growth factor (NGF), brain-derived neurotrophic factor
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(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-
4/5). Each of these structurally related neurotrophins is syn-
thesized as a proform prior to proteolytic cleavage to produce
a mature neurotrophin (3). Proneurotrophin receptor binding
initiates death signaling through interaction with the cor-
eceptor complex of the p75 neurotrophin receptor (hereafter
referred to as p75) and sortilin (4). p75 binding of mature
neurotrophins can also result in death signaling and, as a
member of the tumor necrosis receptor super family, the re-
ceptor is often referred to as a neural cell death receptor (5, 6).
However, mature neurotrophins also bind to their cognate
tropomyosin receptor kinase (Trk) family of receptors, with
the result usually being prosurvival or trophic signaling that
can also inhibit death signaling induced by p75 (3, 7, 8).
Therefore, only in the absence of Trk receptor signaling does
p75 typically promote cell death in response to binding mature
neurotrophins.

Although both Trk and p75 can individually bind neuro-
trophins to elicit independent signaling events, there is sub-
stantial evidence that the two proteins work together to
enhance trophic signaling during development and in the
healthy brain by mediating at least 10-fold higher affinity of the
Trk receptor for its cognate neurotrophin. Five decades of
research have revealed that the neurotrophin signaling system
is extremely complex, and the mechanism by which p75 and
Trk receptors work together to enhance signaling is still not
fully understood. This review will briefly describe the two re-
ceptors individually before outlining the evidence that Trk and
p75 form a coreceptor complex and proposing how this
interaction results in enhanced neurotrophin binding for
optimal cellular responses.

Trk receptors

The Trk family has three members, namely TrkA, TrkB, and
TrkC. Each of these has preferred neurotrophin binding
partner(s); TrkA binds preferentially to NGF, TrkB binds
BDNF and NT-4/5, and TrkC binds NT-3 (9, 10), although all
three receptors bind NT-3 to some extent. The expression and
functional activity of each Trk member in the nervous system
is cell-type specific (albeit with some crossover and co-
expression). For example, TrkB and TrkC are highly
expressed in cortical and hippocampal pyramidal neurons and
cochlear neurons, whereas TrkA is found in cholinergic basal
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forebrain neurons (11–14). As such, although their signaling
outputs and mechanisms of regulation have many common-
alities, there are subtle differences in structure and function
between Trk family members that influence how each Trk
receptor and neurotrophin specifically maintains the health of
the neuronal population in which it is expressed. In this re-
view, we will focus on the interaction between p75, TrkA, and
its cognate ligand NGF, calling attention to key known dif-
ferences with TrkB and TrkC as appropriate.

TrkA is a receptor tyrosine kinase (RTK) consisting of five
extracellular domains (ECDs) (D1–D5) which resemble a
“crab-claw” shape, an α-helical transmembrane (TM) domain,
and an intracellular segment which includes a kinase domain
that is structurally highly conserved between all RTKs (Fig. 1).
D1 and D3 are “cap modules”, i.e., cysteine-rich domains
which N- and C-terminally flank the three leucine-rich repeats
that comprise D2. D4 and D5 are both Ig-like (commonly
called Ig-C1 and Ig-C2, respectively) domains, the latter of
which is responsible for NGF binding (15–17).

As is typical of RTKs, ligand binding at the cell surface to
the ECD induces formation of active TrkA dimers or oligo-
mers, autotransphosphorylation of the intracellular domain
(ICD) via its kinase domain, and initiation of signaling via
phosphorylation cascades (18–20). The most studied signaling
pathways activated by Trk receptors are the extracellular
Figure 1. TrkA receptor structure and signaling pathways. The TrkA
receptor consists of five extracellular domains (D1–D5), an α-helical trans-
membrane domain, and an intracellular segment containing a kinase
domain. The receptor can exist in preformed inactive dimers. NGF binding
to TrkA activates the receptor, causing rotation and rearrangement of the
dimers to an active state, autotransphosphorylation, and activation of
multiple signaling pathways. TrkA receptor is shown in green, NGF dimers in
pink, and phosphorylated sites of the active kinase domain as a “P”. PLC-γ,
phosphoinositide phospholipase C-γ; PKC-γ, protein kinase C-γ; Trk, tropo-
myosin receptor kinase.
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signal–regulated kinase (ERK)/mitogen-activated protein
kinase (MAPK), phosphoinositide 3-kinase (PI3K)/ protein
kinase B (Akt), and phosphoinositide phospholipase
C-γ/ protein kinase C-γ pathways, which influence prolifera-
tion, neuronal survival, differentiation, and neurite outgrowth
(19, 21, 22).

p75 neurotrophin receptor

p75 is also a type 1 TM protein that was originally charac-
terized as the NGF receptor but is now classified as the 16th
member of the tumor necrosis factor receptor family (23). The
extracellular segment comprises four cysteine-rich domains
(CRD1–4) as well as sites for N- and O-linked glycosylations
(24) (Fig. 2). An α-helical TM domain connects the ECD to the
ICD of p75 (p75ICD) which is well known for including a death
domain (25). Within the N-terminal half of p75ICD are mul-
tiple putative interacting protein binding sites, which are
thought to be involved in p75 signal initiation as the receptor
lacks any obvious intrinsic catalytic activity (26–28). The
globular death domain of p75ICD is located in the latter
C-terminal portion of the intracellular segment. While tri-
merization and higher-order oligomerization of tumor necro-
sis factor receptor family member death domains are usual for
initiation of apoptotic signaling, experimental evidence re-
mains inconclusive as to whether self-association of p75 death
domains is required for its function (25, 29–34). At any rate,
p75 is known to (also) initiate cell death through several well-
described apoptotic signaling pathways which are not depen-
dent on death domain oligomerization (for reviews see
(23, 35)). The focus of most of the recent studies on p75 has
been on its role in mediating proapoptotic signaling in the
nervous system during development and/or neurodegenerative
conditions. However, the bifurcated function of the receptor is
a significant feature, and it must be remembered that p75 was
first described as a neurotrophin receptor involved in trophic
signaling (30, 36, 37).

Following the discovery of the neurotrophin-binding Trk
receptors with kinase activity, the lack of obvious catalytic
domains in p75ICD relegated p75 to be considered an adaptor
protein, incapable of activating signaling cascades and instead
partnering with TrkA to enhance NGF trophic signaling (38,
39). There is now an increased understanding of signaling by
protein multimerization, and more recent evidence supports
the ability of p75 to initiate signal events in response to ligand
binding in the absence of coreceptors such as TrkA (29).
Indeed, many factors affect which of the bifurcated signaling
outcomes p75 mediates; ligand type, coreceptor/adaptor pro-
tein presence, and relative expression levels can all alter neu-
rotrophin–p75 signaling outcomes, leading to cell survival,
apoptosis, growth cone collapse, neurite outgrowth, and/or
proliferation (reviewed in (40–42)). To exemplify the
complexity of p75 signaling regulation, one must consider that
p75 binds each of the neurotrophins with similar affinity
(43, 44) and as such, cell fate is influenced by ligand matura-
tion, availability, and binding kinetics, as well as Trk receptor
co-expression. NGF treatment of NGF-responsive sympathetic
neurons or a neural progenitor–like cell line (PC12 cells)



Figure 2. p75 structure and regulated intramembrane proteolysis (RIP).
p75 consists of four extracellular cysteine-rich domains (CRD1–4), an α-he-
lical TM domain, and an intracellular segment (ICD, p75ICD) which includes a
death domain and the juxtamembrane Chopper domain. The receptor
undergoes RIP; α-secretase/ADAM10/17–mediated cleavage in the extra-
cellular domain (ECD) releases an ECD fragment, this is followed by
γ-secretase cleavage in the transmembrane domain to yield a soluble
p75ICD fragment. p75 receptor is shown in orange. p75, p75 neurotrophin
receptor.
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which endogenously expresses TrkA and p75 revealed that p75
participates in the survival signaling of the cells. Upon BDNF
treatment of sympathetic neurons, p75 will instead mediate
apoptotic signaling (45–48). The same applies in reverse where
treatment of BDNF-responsive, TrkB- and p75-expressing
motor, or hippocampal neurons with NGF results in p75-
mediated cell death (49–52).

p75 regulated intramembrane proteolysis

p75 is oneof a growing list of proteins, includingErbB4,Notch,
and amyloid precursor protein, which undergo a two-step pro-
cess of regulated intramembrane proteolysis (RIP) to yield a
soluble cytoplasmic fragment with signaling capability (53, 54)
(Fig. 2). First, α-secretase/ADAM10/17 cleaves within the jux-
tamembrane region of the ECD, thereby shedding the ECD to
yield a membrane-bound C-terminal fragment (53, 55, 56). This
is followed by presenilin-dependent γ-secretase cleavage within
the TM domain to release a soluble p75ICD fragment into the
cytoplasm (53). However, it was only after three decades of
mechanistic study of p75 that this process came to be under-
stood. As a result, the field must carefully consider the conclu-
sions which were drawn in the earlier literature in light of more
recent evidence that each p75 cleavage fragment could serve a
distinct functional purpose (57).

Keep your friends close—how TrkA and p75 work
together

It is well established that p75 potentiates Trk signaling events.
It is also widely accepted that p75 directly influences Trk in such
a way that the latter receptor forms a high-affinity binding site
for its cognate ligand, for example TrkA with NGF. These high-
affinity binding sites are frequently referenced in the
neurotrophin literature as a requirement for prolonged cell
survival and differentiation signaling. Individually, p75 and
TrkA exhibit low affinity for NGFwith Kd ≈ 1 × 10−9M (58–60).
However, in PC12 cells and sensory neurons that endogenously
express both receptors, a TrkA high-affinity binding site for
NGF is detectable with Kd ≈ 1 × 10−11 M (58, 60, 61). Of note,
although published binding affinities of high- and low-affinity
binding sites are very similar, differences in cell type (and
therefore membrane composition), receptor clustering, and
relative ratios of expressed receptors likely contribute to minor
observed differences. Kinetic analysis of NGF binding to the
individually expressed receptors has revealed that p75 has a
rapid rate of ligand association and dissociation, whereas TrkA
exhibits very slow association and dissociation (44, 62, 63).
When the two are co-expressed, however, the association rate of
NGF to TrkA increases 25-fold (62, 64) with still very slow
dissociation rate—characteristic of the high-affinity binding site
(62, 65, 66).

Subsequent experiments in which p75 and TrkA were co-
expressed in cell lines lacking endogenous receptors demon-
strated the formation of high-affinity binding sites only in the
presence of both receptors, which correlated with the extent of
TrkA phosphorylation increasing several-fold in response to
NGF (27, 43, 61, 67–70). Total TrkA expression and, where
measured, expression at the plasma membrane remained un-
changed. In vitro, PC12 cells have been shown to respond
maximally to lower concentrations of NGF (67) than
PC12 cells deficient in p75 (68). Mouse embryonic dorsal root
ganglia and postnatal superior cervical ganglia (SCG) deficient
in p75 also have decreased sensitivity to NGF, requiring 2- to
3-fold higher concentrations than WT neurons for survival
(70). Furthermore, another sympathetic neural progenitor–like
cell line (MAH) expressing both TrkA and p75 undergoes
mitotic arrest and subsequent differentiation in response to
NGF 2 to 3 days earlier than MAH cells expressing only TrkA
(27). Similarly, NGF-stimulated axon outgrowth of sensory
neurons during development is slower in cells that express
only TrkA than those which co-express p75 (71). These studies
have demonstrated that co-expression of TrkA and p75 yields
a high-affinity binding site and that p75 is able to modulate
TrkA such that is has increased sensitivity to lower concen-
trations of NGF. The importance of this for neurons is most
evident during development where limited amounts of neu-
rotrophin are present (72) and could be harnessed in rational
design of therapeutics targeting disease where TrkA expres-
sion is limited.

In addition to increasing Trk sensitivity to neurotrophins,
p75-mediated modulation results in increased specificity of
ligand binding. In vitro, it is evident that p75 increases the
ligand specificity of TrkA for its preferred ligand NGF and
desensitizes the receptor to NT-3 (27, 61, 73, 74). For example,
although NT-3 can bind to TrkA expressed by PC12 cells, it
does not induce a differentiated phenotype such as that which
occurs in response to NGF binding, suggesting that the high-
affinity NGF receptor complex discriminates between the
two structurally related neurotrophins (61). Further, very high
concentrations of NT-3 are required to produce measurable
J. Biol. Chem. (2022) 298(3) 101568 3
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TrkA activity, a marked difference to the heightened sensitivity
to NGF. This was demonstrated in vivo in NGF-responsive
sympathetic neurons which endogenously express p75 and
TrkA (75). SCG neuron number was assessed in adult trans-
genic mice with mutations in p75, NGF, and/or NT-3. In
p75−/− mice, the number of SCG neurons was normal, whereas
in NGF+/− mice, there were 50% fewer sympathetic neurons.
Remarkably, however, in p75−/− NGF+/− mice, the neuron
number was restored to WT levels. This restoration was lost in
p75−/− NGF+/− NT-3+/− mice, indicating that, when present,
p75 increases TrkA ligand specificity for NGF, but when ab-
sent, NT-3 can substitute for NGF in activating a “nonspecific”
(and low-affinity) TrkA. Similarly, Mischel et al. (74) found
that co-expression of an intracellularly truncated p75 receptor
inhibited NT-3 activation of TrkA, whereas co-expression of a
chimeric ECDEGFR-p75TM-ICD receptor had no effect. The
study concluded that p75 ECD is necessary to inhibit NT-3
signaling through TrkA. Importantly, the truncated p75
retained the first nine residues of the p75 intracellular juxta-
membrane region, and the ECDEGFR-p75TM-ICD chimeric re-
ceptor is unlikely to have retained the α-secretase cleavage site.
As discussed below, these two factors likely contributed to the
observed results. Bibel et al. (9) also showed that in the
absence of p75, TrkB is readily activated by BDNF, NT-3, and
NT-4/5 in A293 cells, whereas when p75 is co-expressed, only
BDNF can efficiently activate this receptor. To our knowledge,
there is one report of p75 mediating specificity of TrkC ligand
binding (66) and another detailing that p75 expression has no
impact on TrkC activation or ligand specificity (76).

In summary, decades of research have revealed not only that
p75 increases the affinity and specificity of TrkA and TrkB for
their cognate ligands but also that this significantly impacts
cell fate in vivo. Despite this knowledge and the clear impor-
tance of this signaling system in neurodevelopment, cell
maintenance, and the response to disease (where neurotrophin
or Trk receptor expression is altered), the mechanism by
which p75 modulates Trk–neurotrophin interactions remains
unknown. Clearly important questions remain unanswered: (i)
what is the mechanism by which high-affinity binding is ach-
ieved, (ii) how does p75 promote this mechanism, and (iii)
does the same or a different mechanism promote ligand-Trk
receptor specificity?

Models of p75-Trk receptors

Several models of the mechanism by which p75 modulates
Trk activity have been explored. Of these, three have been
more intensely investigated: (i) the formation of hetero-
complexes stabilized by p75, (ii) p75-mediated concentration
of Trk ligand within the local microenvironment, and (iii)
direct interaction between p75 and Trk in such a way this
results in allosteric modulation for high-affinity receptor for-
mation. However, as the first two models are not wholly
supported by the experimental data and the third lacks direct
structural evidence, they should not be considered as mutually
exclusive. Rather, there is likely some interplay which accounts
for the complexity and diversity of the signaling outcomes
within the system. This is reviewed below.
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Stabilized heterocomplex model

The first of the proposed models involved p75, Trk, and the
neurotrophin ligand forming a simple 1:1:2 heterocomplex
(77), that is highly stable and facilitates prolonged signaling
(15, 78, 79). This model was consistent with other heterodimer
receptor complexes described at the time, such as the ciliary
neurotrophic factor receptor/glycoprotein 130 complex
required for leukemia inhibitory factor binding and PI3K/Akt
pathway activation (80). The existence of a neurotrophin
coreceptor complex is supported by evidence of a direct
interaction between p75 and TrkA receptors, including co-
immunoprecipitation of TrkA and p75 (9), confirming previ-
ous reports of an association revealed by cross-linking and
copatching techniques (64, 81, 82).

Structural evidence indicates that in the 1:1:2 stoichiometry,
each receptor would bind the NGF dimer in antiparallel ori-
entations. Although there are no steric clashes in this complex
(15), the model includes only a TrkA monomer, thereby
removing the possibility of Trk catalytic activity and making
the functional value of such an interaction questionable.
Furthermore, the structural data indicate that both NGF+p75
and NGF+TrkA make 2:2 complexes (15, 83). Of note, each
receptor binds to the NGF dimer at sites on the same face,
which, although not overlapping, precludes the other receptor
from being able to bind simultaneously, thereby preventing
any detectable or computationally obvious 2:2:2 complex of
full-length receptors from forming (15, 79). Although He and
Garcia (78) solved the p75 structure to bind in a 1:2 stoichi-
ometry with an NGF homodimer, this was later explained as
an artifact of solving the structure with unglycosylated p75
(84). Computational analysis demonstrated it is possible to
form a 1:1:1 complex (78), though again the questionable
functionality of such a complex makes it unlikely to offer any
evolutionary advantage, and there have not yet been any
further studies to support this model. Thus, it is improbable
that simply forming a heterocomplex which interacts
extracellularly is the mechanism whereby p75 modulates Trk
receptor affinity.
Ligand-passing model

The second popular model, dubbed the “ligand-passing the-
ory” (62, 67, 85), is based on affinity kinetics. It postulates that
p75 is the first of the two receptors to bind NGF at the plasma
membrane, thus increasing the local concentration of NGF
which is available to bind to TrkA. p75 forms a temporary
complex with TrkA by sandwiching the NGF dimer between the
two receptors as it is passed from one receptor to the other, (for
full review see (85)). This model is consistent with the findings
that a mutant form of NGF, which is able to bind TrkA but not
p75, binds only with low affinity (27, 67, 86, 87). However, the
ligand-passing model is inconsistent with data which show that
the p75 ECD (and therefore the ligand binding-domain) is not
required for high-affinity receptor formation (88, 89). Rather,
the results suggest that p75modulates the ligand-binding site on
TrkA, raising the possibility of an altered conformation of the
Trk ECD in the presence of p75.
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Allosteric modulation model
The final prominent model describes a direct interaction

between the two neurotrophin receptors, leading to allosteric
modulation of the TrkA receptor such that NGF affinity and
specificity is increased. This modulation may reflect that NGF
has improved access to the D5 ligand-binding site or that other
residues in the TrkA ECD are participating in the interaction.
Either of these changes may also explain the inability of
mutant NGF to bind TrkA with high affinity; should high-
affinity binding be mediated through additional or alternate
residues in either TrkA ECD or the NGF dimer, this may be
prevented by NGF mutation. Challenges in solving the struc-
ture of full-length TrkA (as opposed to single domains),
let alone solving the structure of Trk in the presence of p75,
would first need to be overcome to thoroughly test the validity
of this hypothesis. As noted above, biochemical evidence
supports a direct interaction between Trk and p75. Previous
work, where the p75 ECD, ICD, or TM domains were
removed, demonstrated that for TrkA and TrkB to form the
characteristic high-affinity receptor, based on measures of
NGF or BDNF binding affinity, respectively, the ICD and/or
TM domain of p75 is required for Trk receptor interaction (9,
61, 88, 89).

More recent studies have demonstrated that Trk signaling
can be enhanced by promoting p75 RIP (50, 68, 90, 91)
whereas an ECDEGFR-p75TM-ICD chimeric protein, in which
the p75 extracellular α-secretase site (92) is replaced by the
epidermal growth factor receptor portion of the chimera, failed
to form a high-affinity complex (93). Indeed, PC12 cells
expressing a mutant p75 construct unable to undergo RIP (30)
displayed reduced NGF affinity and shorter neurite outgrowth
upon NGF stimulation compared to cells expressing WT p75,
and the p75ICD fragment alone could stimulate functional
outcomes associated with high-affinity binding (68). Thus,
endogenous RIP of p75 appears to be both required and suf-
ficient for high-affinity Trk–p75 receptor complex generation.
Although RIP of p75 to release the ECD could facilitate NGF
passing to TrkA, this alone does not explain the requirement
of the TM domain and/or p75ICD for high-affinity modulation
and so cannot be the entire mechanism driving enhanced
receptor-ligand affinity. As soluble p75ICD is unable to directly
affect TrkA extracellular ligand binding, a mechanism
involving allosteric modulation is most probable.

Evidence is mounting that the soluble proximal intracellular
juxtamembrane region of p75, termed the Chopper domain
(7), is sufficient to mediate the protrophic effects of
p75/p75ICD fragment with Trk. Indeed, a soluble peptide
mimetic of the juxtamembrane 29 amino acids of the Chopper
domain (referred to herein as c29) has been demonstrated to
be sufficient for the promotion of TrkA and TrkB trophic
activity. c29 treatment of primary SCG neurons and PC12 cells
has been shown to enhance their neurite outgrowth and tro-
phic signaling responses to NGF 10-fold, with peptide treat-
ment alone (i.e., no neurotrophin) demonstrating that c29 has
no intrinsic activity (68). Similarly, c29 treatment of a motor
neuron disease mouse model resulted in increased motor
neuron survival and later onset of disease (50). These findings
are consistent with earlier work which mapped the domains of
p75 that are important for the high-affinity complex. Although
not recognized at the time, others also demonstrated the
requirement of the intracellular juxtamembrane segment when
using truncated p75 constructs which contained intact TM
and Chopper domains as well as intact secretase cleavage sites,
reporting that they retained functional interaction and high-
affinity ligand binding when complexed with TrkA and TrkB
receptors (9, 58, 74, 89, 93); the conclusion at the time was that
the TM domain was contributing to the interaction. Although
recent evidence points to a possible role for the TM domain in
high-affinity complex formation (88 and 128; see below), taken
together, these data indicate that the 29 amino acid Chopper
sequence is both sufficient and necessary for p75 to form a
high-affinity complex with TrkA or TrkB, promoting trophic
signaling in vivo and in vitro.

Further work is required to elucidate the mechanism by
which p75ICD, and specifically the Chopper domain, influences
the ligand-binding affinity of Trk. Although p75 does not
directly affect the catalytic activity of the Trk kinase domain
(58, 68, 73), to deduce how the allosteric modulation model by
which p75ICD/c29 could facilitate an outwardly propagated
TrkA conformational change nonetheless requires an
understanding of RTK kinase domain activation and
cis-autoinhibitory mechanisms.
Structural and steric contributions to Trk receptor
activation

Kinase activation

The overall structure and mechanism of activation of RTK
kinase domains is highly conserved. Neurotrophin ligands are
dimers, and binding to a Trk receptor ECD facilitates either
dimerization of receptor monomers or rearrangement of pre-
formed inactive dimers (94, 95). In doing so, the kinase do-
mains are brought into close proximity in a suitable
conformation for one of the kinase pair to autotran-
sphosphorylate key tyrosine residues on the other’s kinase
domain. This phosphorylation leads to major structural
repositioning within the kinase domain, facilitating ATP
binding and full catalytic activation (for in-depth review see
(96–98)) (Fig. 3).

Broadly speaking, the intracellular kinase domains of RTKs
consist of two linked lobes. The N-terminal lobe (N-lobe) is
made of five β-sheets and an α-C helix which is critical for the
catalytic activity of the kinase domain. The C-terminal lobe (C-
lobe) is considerably larger and comprises β-sheets and several
α-helices (96). The N-lobe and C-lobe are connected by the
hinge region which itself plays a role in the structural integrity
of the inactive kinase domain. Additional key residues and
motifs are found in each of the lobes. A large loop between
β-sheet eight and β-sheet nine of the C-lobe is termed the
activation loop, so named due to the presence of the critical
tyrosine residues that are autotransphosphorylated during ki-
nase activation. There is also an important alanine–phenylal-
anine–glycine (DFG) motif at the base of the activation loop
that is positioned at the hydrophobic interface between the
J. Biol. Chem. (2022) 298(3) 101568 5



Figure 3. Key TrkA kinase domain sites. A, TrkA kinase domain (PDB 4GT5) crystal structure with regions of importance for kinase activation indicated.
Inset shows T-stacking interaction between the gatekeeper residue F592 and F672 of the DFG motif. B, schematic representation of the N-lobe and C-lobe
shifts, repositioning of the α-C helix, DFG motif, and activation loop, as well as engagement of ATP and phosphorylation of activation loop tyrosine residues
between the active and inactive TrkA kinase domains. Trk, tropomyosin receptor kinase.
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N-lobe and C-lobe where ATP will eventually bind. This
interface abuts a glycine-rich loop of the N-lobe which is a
flexible flap containing a conserved glycine-rich sequence
motif GXGXФG (where Ф is an aromatic amino acid). The
glycine-rich loop interacts closely with the adenine base, ribose
sugar, and nonhydrolyzable phosphate groups of ATP for co-
ordination of the nucleotide (97, 99). The conserved aromatic
side chain forms a clamp around the site of γ-phosphate
transfer (97). Simultaneous to this ATP engagement, the α-C
helix is rotated into an active position that is stabilized by a salt
bridge formed with β-sheet 3, which in turn facilitates α-C
helix coordination with β-phosphate of the ATP molecule (99).

TrkA kinase activation

Trk family members adopt an inactive “DFG out” confor-
mation (100) which positions the DFG motif of the activation
loop within the ATP-binding site, blocking substrate access.
The position of the loop is stabilized by a T-stacking interac-
tion between the phenylalanine of the DFG motif and another
phenylalanine at position 592 (rat TrkA numbering unless
otherwise stated) which is at the start of the hinge region. F592
is therefore known as the gatekeeper residue. In this confor-
mation, it is not possible for the crucial salt bridge between
K547 (of β-sheet 3) and E563 (within the α-C helix) to form, as
a result of which, the entire N-lobe is held in an inactive
conformation in which the α-C helix is rotated and faces away
from the ATP binding pocket (100). Indeed, mutation of K547
to either arginine or alanine, preventing β-sheet three inter-
action with the α-C helix, has provided a useful experimental
tool by creating a kinase dead TrkA receptor (101).

TrkA has three sites of regulatory phosphorylation in the
activation loop: Y679, Y683, and Y684. Upon autotran-
sphosphorylation of these sites, the activation loop will adopt a
new position, rotating the DFG motif such that the T-stacking
interaction with the gatekeeper residue is broken and the ATP
binding pocket becomes accessible (97). As ATP binds, the N-
lobe “clamps” down, rotating the α-C helix into a position
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where interactions are now possible between ATP, the
GXGXФG motif, and α-C helix (97). TrkA is then considered
to have adopted a fully catalytic state and is ready for substrate
binding and activation, e.g., Shc/Grb2 binding p-Y499 as
adaptors for the ERK/MAPK and PI3K/Akt signaling pathways
and phosphoinositide phospholipase C-γ binding p-Y794 for
alternate ERK/MAPK activation (22).

The conformational switch from an inactive to active Trk
receptor following ligand binding involves a sophisticated
process of key residue repositioning and overcoming of various
bonding constraints, which typically “hold” the inactive state.
Interaction of Trk with p75, together with the corresponding
changes to the Trk ECD that result in a high-affinity site, may
also facilitate an inactive but more readily activated reposi-
tioning of the kinase domain. This is one possible argument for
an allosteric modulation model in which ligand binding is still
a requirement and p75 does not affect constitutive kinase ac-
tivity, although ligand affinity is enhanced. This possibility is
discussed in more detail below.

Multiple states of existence

Multiple groups have demonstrated that inactive TrkA ex-
ists in a monomer–dimer equilibrium, albeit with some
disagreement on whether the majority of inactive receptors are
monomeric or dimeric (95, 102). Maintaining a monomer–
dimer equilibrium requires cis-autoinhibition to prevent
inappropriate kinase activation. The proposed mechanisms of
cis-autoinhibition for the RTK family are surprisingly diverse,
implying that each receptor self-regulates in a unique manner
(for review see (103)). How Trk receptors are cis-autoinhibited
is as yet unknown, though inspiration may be drawn from
other RTKs. The Ephrin type-B receptor 2 adopts a pseudo-
closed confirmation, in which the highly ordered cytoplasmic
juxtamembrane region interacts with both N-lobe and C-lobe
of the kinase domain to kink the α-C helix, augmenting
rearrangement of the lobes to prevent spontaneous kinase
activation. Upon ligand binding, this distortion is relieved
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through initial phosphorylation of two tyrosine residues in the
juxtamembrane region, which in turn allows phosphorylation
of the activation loop tyrosines and full catalytic activity (99,
104). The erythropoietin receptor (EpoR) assumes at least two
dimer orientations; interactions through one face of the TM α-
helices results in stabilization of an inactive dimer, whereas an
alternate interaction interface that is achieved through �100�

rotation of the TM α-helices allows kinase activation. This
rotation through the TM domain is achieved upon ligand
binding and has been validated with experiments using
chimeric mutants and cysteine-substitution mutants which
form alternate relative TM orientations (105–107). These ex-
periments also suggested that a partially active dimer, which
exhibits specificity for signaling pathway activation, is possible
through a third interaction interface, although whether this is
achieved endogenously was not tested.

Of these and other proposed models of cis-autoinhibition, it
seems most likely that domain rotation is involved in Trk
family RTK regulation and/or may explain how p75 promotes
Trk function. Crystal structures of the TrkA kinase domain
have proven notably stable in the absence of cocrystallizing of
the intracellular juxtamembrane region, indicating that this
domain is not required for the stability of the inactive kinase
conformation (100, 108–110). Furthermore, early functional
studies revealed that, unlike EpoR, the Trk activation loop
tyrosines are phosphorylated prior to those tyrosines outside
the kinase domain; the latter serve as docking units for
signaling pathway activation and are not involved in
cis-autoinhibition (111–116).

Intracellularly propagated rotation as a requirement for ki-
nase domain activation has been previously described in
multiple kinase receptors, including epidermal growth factor
receptor, EpoR, tyrosine kinase-type cell surface receptor
HER2 (ErbB2), growth hormone receptor, and platelet-derived
growth factor receptor-β (105, 117–119). Recent structural
evidence suggests that inactive TrkA dimers are stabilized by
interaction of the receptor TM domains, specifically residues
belonging to an LXXFAXXF motif (spanning L424-F431, hu-
man numbering) (95, 102). Franco et al. (95) also demon-
strated that a different dimerization interface, still within the
TM domain although slightly N-terminal to the aforemen-
tioned motif, is engaged by active TrkA, with residues located
on the opposite side of the α-helices. The authors propose that
A428 (human numbering) is a central point of interaction
between the dimeric Trk TM interfaces during receptor acti-
vation. As the TrkA dimer transitions from an inactive to
active state, the TM regions pivot through A428 to allow the
receptors to interact more closely. Franco et al. (95) proposed
that a conformational change in the TrkA ECD is induced
when NGF binds to TrkA, bringing the extracellular proximal
juxtamembrane region into close proximity. This leads to the
pivoting movement around A428 and propagates an allosteric
shift of the TrkA ICD equivalent to a 100� rotation of the
kinase domains, which then allows autotransphosphorylation
to occur. However, whether this 100� rotation is the only
mechanism required to overcome cis-autoinhibition requires
further investigation.
The ECDs of TrkA have also been identified as key regions
for regulating cis-autoinhibition of the receptor (120). In the
absence of neurotrophin and upon deletion of either or both
Ig-like domains (D4 and D5), active Trk dimers formed readily,
a phenomenon not observed in WT receptors or full ECD
truncated mutants. Furthermore, although deletion of these
Ig-like domains did not impact cell proliferation, differentia-
tion was stimulated. Evidently, the relative conformation of the
ECD influences signaling specificity and cellular outcomes,
possibly by altering ligand binding site accessibility and
therefore ligand affinity and/or intracellularly transmitted in-
formation that affects the longevity of signaling or subsequent
fate of the receptor (121). This again suggests that extracellular
and intracellular structural changes do not occur independent
of each other.

Numerous agonists and activators have been identified as
possible therapeutics based on their ability to modulate neu-
rotrophic signaling, thereby providing additional mechanistic
insights. Of these molecules, the vast majority target the
ligand-binding domain of the Trk receptor, or at least some
portion of its ECD (for reviews see (122, 123)). Although some
activators act as ligand mimetics—including monoclonal
antibody 5C3 and the small molecule 7,8-dihydroxyflavone
that bind D5 of TrkA and TrkB, respectively—others do not
interact with the known neurotrophin binding domains yet are
still capable of promoting receptor dimerization and/or auto-
transphosphorylation (124, 125). Examples include the small
molecule D3 noncompetitive TrkA agonist which binds D5
(IgG-C2) although not at the same epitope as NGF, amitrip-
tyline hydrochloride which binds to the TrkA and TrkB D2,
and mAb 1D7 that binds the D2–D3 domains of TrkB
(126–128). These examples endorse the idea that alternate
extracellular conformations are compatible with inducing ki-
nase domain activation to produce neurotrophic outcomes; the
agonist–Trk complexes are sufficiently stable to promote
activation of downstream signaling for cell survival and dif-
ferentiation, as is seen with NGF–TrkA–p75 complexes,
despite the absence of neurotrophin. Interestingly, recent
computational simulations and in vitro binding and kinase
activation assays have revealed an antidepressant-drug binding
pocket within the TM domain of TrkB (only) (129), demon-
strating that the interaction between TrkB and fluoxetine
stabilizes TrkB dimerization and promotes increased receptor
trafficking to cholesterol-rich subdomains of the cell surface of
dendritic spines to facilitate BDNF-dependent receptor acti-
vation (129). p75 can be palmitoylated (130) and could simi-
larly regulate Trk subcellular localization and function (131).
To our knowledge, the only published agonist apart from the
c29 peptide that targets the ICD of Trk receptors is gambogic
amide. Gambogic amide specifically activates TrkA, but not
TrkB or TrkC, inducing robust neurotrophic signaling, which
both protects against cell death and promotes neurite
outgrowth in PC12 cells (132). The mechanism driving gam-
bogic amide-induced TrkA activation, and whether this is
additive or identical to NGF binding to TrkA, remains unclear.

Insight into structural differences in high- and low-affinity
TrkA receptors can also be inferred from a TrkA mutant
J. Biol. Chem. (2022) 298(3) 101568 7
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that has been characterized as constitutively high affinity (133).
This mutant TrkA has a P203A substitution located within a
linker region between D2 and D4. When stimulated with NGF,
TrkA P203A binds with high affinity (133). However, this
substitution also promotes constitutive dimerization and near-
maximal activation of the kinase domain even in the absence
of NGF (133). Although D5 is considered the primary domain
involved in NGF binding (17), it has also been suggested that
D4 and D1 participate in neurotrophin activation through
unknown mechanisms (95, 134). It has been proposed that the
P203A substitution compromises the integrity of the
“crab-claw”-like structure of the TrkA ECD; however, exactly
how this impacts cis-autoinhibition or translates to high-
affinity binding is currently unclear. There are at least three
possibilities for how P203A might impact NGF binding affin-
ity. The first is that in WT TrkA, NGF access to D5 is
obstructed by D1 and D4 interacting within the TrkA pair or
with NGF. P203A may therefore disrupt these interactions and
permit NGF to gain easier access to D5 (faster association
rate). The second possibility is that in WT TrkA, NGF binding
to D5 is stabilized by D1 and D4, with P203A changing the
ECD conformation to promote easier secondary interactions
between NGF and D1/D4, thereby forming high-affinity
binding sites (slower dissociation rate). The third possibility
is that NGF binds through two separate interfaces in the low-
and high-affinity receptors. D1 and D4 may mediate the sec-
ond interface through which NGF binds when the receptor is
in a high-affinity binding conformation. These are experi-
mentally testable models which we believe should be
investigated.

Of interest to this issue is the observation that c29 peptide
treatment of TrkA P203A-expressing cells does not further
enhance (above the already enhanced effect of P203A) NGF
binding to the cells, as it does in WT TrkA-expressing cells
(68). This result suggests that the actions of c29, which induces
a faster NGF–TrkA association rate, and the change mediated
by the P203A mutation are acting by the same or a similar
mechanism, rather than causing additive structural changes.
However, given that Arevalo et al. (133) reported that P203A
produces a slower off rate, it is also possible that the changes to
the ICD induced by P203A prevent c29 from interacting with
or influencing the Trk ICD structure. Further affinity studies
would clarify this matter. In either case, the notion that
conformational changes to the Trk ECD are propagated to the
ICD, and vice versa, is well supported by the current evidence.

Very recent NMR and molecular dynamics simulations of
p75 and TrkA TM domains support the idea of hetero-
dimerization occurring through these domains (135). Notably,
p75 constitutively interacted with the TrkA inactive interface,
leaving the active interface available for dimerization with
another Trk monomer. Mutation of three p75 TM domain
residues key to the simulated TrkA interaction was shown to
abolish p75-promoted TrkA high-affinity receptor function in
PC12 and HeLa cells. Franco et al. (135) proposed that p75
binding to the TrkA-inactive TM interface to “hold” the re-
ceptor in an active-dimer position is the underlying mecha-
nism by which high-affinity NGF binding to TrkA is promoted,
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fitting with the stabilized heterocomplex model. However, two
of these three residues A262 (rat p75 numbering) and G266
have previously been identified to be critical for p75 γ-secre-
tase cleavage (136), allowing for these results to be alterna-
tively explained by a loss of p75ICD generation and therefore its
affinity-promoting function. Further, this positioning of TrkA
to readily dimerize through the active interface does not
promote constitutive kinase activity, suggesting that merely
rotating to interact through the active TM interface is insuf-
ficient to relieve cis-autoinhibition of the kinase, at least in the
presence of p75 (where Trk ECD has presumably already
changed to a high-affinity binding conformation). Moreover,
the inactive interface residues identified in TrkA are only
weakly conserved in TrkB and are not conserved in TrkC. As
this receptor family has co-evolved and displays substantial
functional similarities, Trk TM domain positioning by p75 is
unlikely to wholly underpin how the receptors form high-
affinity heterocomplexes. However, the ability of the p75 TM
to affect TrkA in addition to the effect of the p75ICD could be
part of a two-step activation process unique to TrkA.

We know that the ECD conformation of a high-affinity Trk
receptor is different from that of a low-affinity receptor, but
what of the TM and ICDs? Do these domains also adopt
multiple conformations in accordance with the state of the
ECD? If so, such changes may contribute to signaling speci-
ficity to produce different cellular outcomes. An important
unanswered question is whether the conformational changes
brought about by any of the agonists mirror those induced by
the interaction between p75 and Trk. This can only be robustly
tested experimentally once there is a suitable model for the
allosteric modulation of Trk. Clarifying the structural changes
induced by P203A and extracellular agonists and those pro-
duced by c29 and gambogic amide should assist in deter-
mining the mechanisms by which TrkA structural change and
activation can be induced and modulated therapeutically.
Inside-out activation of TrkA by p75: a new model

As discussed above, the binding of ligands (including ago-
nists) to a range of sites within the ECD of TrkA causes an
ECD structural change that relieves cis-autoinhibition and
propagates intracellularly to permit and/or facilitate an allo-
steric shift of the TrkA ICD equivalent to a 100� rotation of the
kinase domain(s), orientating them to allow for autotran-
sphosphorylation. Conversely, p75ICD-mediated modulation of
Trk activation/binding-affinity likely involves rotation of the
TM domain to make the ECD high-affinity binding site
accessible but without relief of cis-autoinhibition of the kinase.
This may be in addition to the modulation by p75 TM domain
of TrkA or may follow as a reinforcement to this modulation.
Importantly, it is possible that TrkA has several regulated
points of rotation which, rather than (or as well as) regulating
kinase activation status, regulate conformational changes to
the ECD.

Compelling evidence supports two hypotheses where either
the p75 TMD and/or p75ICD interact with TrkA to promote
high-affinity receptor activity. Perhaps two independent
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mechanisms allow p75 to potentiate TrkA activity, and the
occurrence of either depends on context or subcellular dif-
ferences (e.g., local membrane lipid content). Alternatively,
they may both be involved in a multistep process whereby
TrkA is first stabilized (or localized to a specific microdomain
of the plasma membrane) by p75 TM domain interaction,
allowing low-affinity Trk activation which promotes p75 RIP
while the receptors are still proximal. The proximally localized
p75ICD can then bind through a second interaction site on Trk
ICD to promote conformational changes for high-affinity
binding. This particular process may be unique to TrkA as
the TM domain residues involved are not highly conserved
with TrkB or TrkC, and likewise TrkB TM domain modulation
by cholesterol is not translatable to TrkA/C (129). However,
p75ICD promotes activity in both TrkA and TrkB and is likely
to be working through a conserved mechanism of action.

We therefore propose an “inside-out” modulation model in
which the p75ICD interacts with the Trk kinase domain to
propagate an allosteric conformational change to the Trk ECD,
which does not cause constitutive kinase activation but rather
promotes the formation of inactive receptors which are primed
for high-affinity binding. This suggests that there are four
possible conformations of the Trk receptor: low-affinity inac-
tive, high-affinity primed inactive, low-affinity active, and high-
affinity active. This model does not preclude the other
proposed models but rather focuses particular attention on the
structural aspects and ability of the juxtamembrane portion of
p75ICD to promote Trk receptor allosteric modulation. Far
from being a radical idea, this type of allosteric modulation has
Figure 4. Inside-out model of p75ICD/c29 allosteric modulation of TrkA. In t
yet inactive dimers (shown in 1), appropriately positioned to bind NGF with lo
domains of inactive preformed dimers rotate 100� to facilitate autotransphos
partner. Co-expression of TrkA with either the p75ICD fragment or c29 peptide
high-affinity receptor (shown in 3 and 4). However, this interaction does not re
p75ICD and c29 in orange, NGF dimers in pink, and phosphorylated sites o
neurotrophin receptor; Trk, tropomyosin receptor kinase.
previously been reported for GnRH, Fc, Epo, and integrin re-
ceptors (98, 137–139). Reiteration of key known structural and
steric contributions to TrkA activation will help to illustrate
how our proposed inside-out modulation model applies to the
neurotrophin receptors (Fig. 4).
1. Low-affinity inactive. Inactive TrkA receptors are in a

monomer–dimer equilibrium in the absence of NGF bind-
ing. Dimers interact through the LXXFAXXF motif in the
TM domain, and the kinase domain occupies the DFG-out
inactive conformation.

2. Low-affinity active. TrkA dimers bind NGF with low affinity
through D5 and assume an active dimer conformation.
TrkA extracellular juxtamembrane residues are located
proximally and TM domains pivot through A428, inducing
a 100� rotation of the kinase domains to positions which are
conducive to autotransphosphorylation. The DFG motif and
activation loop are reorganized to allow for ATP and sub-
strate binding. It appears that the active interaction interface
in the TM domain now stabilizes the dimer, likely due to the
rotation of the entire C-terminal portion of the receptor
downstream of the proximal juxtamembrane residues.

3. High-affinity inactive (primed). TrkA is complexed with
p75ICD and adopts a high-affinity binding ECD conforma-
tion but remains unliganded. The stoichiometry of the
p75–TrkA complex is uncertain. Trk dimers may be stabi-
lized through the inactive LXXFAXXF motif of the TM
domain, the active interaction interface or an alternate
“high-affinity-receptor” interaction interface. The proximity
of Trk extracellular juxtamembrane residues and the
he absence of p75, TrkA exists either as monomers (not shown) or preformed
w affinity (shown in 2). Upon low-affinity NGF binding, the TrkA C-terminal
phorylation at key tyrosine residues within the kinase domain of the dimer
is sufficient to promote allosteric modulation of TrkA to produce a primed,
nder the receptor constitutively active. TrkA receptors are depicted in green,
f the active kinase domain as a “P”. NGF, nerve growth factor; p75, p75
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rotational status of the TrkA kinase domains in the presence
of p75ICD are unknown. It is probable that the kinase do-
mains are in an inactive arrangement, reflecting the re-
ported lack of constitutive activity. The c29 peptide is
sufficient to promote this TrkA receptor state. This struc-
ture would be an intermediatory between inactive and fully
active dimers, primed for high-affinity activation.

4. High-affinity active. The p75ICD–TrkA (or c29–TrkA)
active complex binds NGF through high-affinity ECD sites.
Allosteric modulation to the Trk ECD may (i) improve
ligand access to D5, (ii) position D1 and D4 appropriately to
promote ligand-D5 interaction, and/or (iii) reveal a second
NGF-binding site. We postulate that TrkA extracellular
juxtamembrane residues are in close proximity, an active or
alternate TM interaction interface is engaged, and the ki-
nase domain is rotated into a catalytically viable position.

Having summarized the evidence for an inside-out modu-
lation model, it is important to highlight that many questions
remain. (i) What is the actual mechanism by which p75 pro-
motes high-affinity ligand-to-Trk-receptor binding? and (ii)
does the same mechanism also promote ligand-Trk receptor
specificity? Identifying the intracellular p75–TrkA interaction
interface will enable the structural ramifications of this inter-
action to be inferred. This would also provide a foundation for
understanding if an allosteric modulation by p75 is required
for Trk to bind ligand(s) with high affinity and allow functional
questions about promoting Trk signaling in situations other
than development, e.g., in the treatment of neurodegenerative
diseases, to be answered. (iii) Is Trk affinity influenced by
p75 TM domain and p75ICD in an additive manner? This can
be tested with side-by-side comparisons of ligand affinity for
TrkA when the various forms of p75 are co-expressed. (iv) Do
the TM and ICD of Trk as well as the ECD adopt different
conformations in the high-affinity binding receptor from that
of the low-affinity Trk receptor? This particular question is
challenging in light of the limitations of X-ray crystallography
and would be more suitably addressed with cryo-electron
microscopy. However, the TrkA structure(s) will need to be
solved in the presence and absence of p75 (or suitable mimetic
peptides), and solving a TM heterocomplex is not without
challenges. (v) Are signaling strength and cellular outcomes
influenced only by the Trk–ligand complex or also by its
subcellular localization (e.g., lipid-rich domains (121, 129))?
Various methods now exist to facilitate targeting of proteins to
specific subcellular locations. These, in combination with
super-resolution microscopy of signaling complexes, will
provide correlative evidence of the localization–function
relationship of Trk–ligand complexes.

We submit to the field our testable model of inside-out
allosteric modulation of Trk, with the challenge that the
process of verifying (or rejecting) the validity of this model
will assist in answering the above outstanding questions.
Given the importance of neurotrophin signaling for correct
nervous system development and maintenance, there will
have been significant evolutionary pressure to both maintain
function of the receptor while also optimizing function of the
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organism. Our model suggests that having regulated steps
that produce alternate Trk conformations allows for fine-
tuned regulation of signaling and cellular responses to min-
ute concentrations of neurotrophin. This information will
also be crucial for future drug targeting and design to permit
precise modulation of neurotrophin receptors in order to
target pathologies to which disrupted neurotrophin signaling
contributes, including neurodegenerative disease, chronic
pain, and cancers.
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