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The neurotrophin receptors p75 and tyrosine protein ki-
nase receptor A (TrkA) play important roles in the devel-
opment and survival of the nervous system. Biochemical data
suggest that p75 and TrkA reciprocally regulate the activities
of each other. For instance, p75 is able to regulate the
response of TrkA to lower concentrations of nerve growth
factor (NGF), and TrkA promotes shedding of the extracel-
lular domain of p75 by a-secretases in a ligand-dependent
manner. The current model suggests that p75 and TrkA
are regulated by means of a direct physical interaction;
however, the nature of such interaction has been elusive thus
far. Here, using NMR in micelles, multiscale molecular dy-
namics, FRET, and functional studies, we identified and
characterized the direct interaction between TrkA and p75
through their respective transmembrane domains (TMDs).
Molecular dynamics of p75-TMD mutants suggests that
although the interaction between TrkA and p75 TMDs is
maintained upon mutation, a specific protein interface is
required to facilitate TrkA active homodimerization in the
presence of NGF. The same mutations in the TMD protein
interface of p75 reduced the activation of TrkA by NGF as
well as reducing cell differentiation. In summary, we provide
a structural model of the p75-TrkA receptor complex
necessary for neuronal development stabilized by TMD
interactions.

Nerve growth factor (NGF) is a member of the mamma-
lian neurotrophin (NT) protein family, which also includes
brain-derived neurotrophic factor, NT3, and NT4/5 (1). NTs
are implicated in the maintenance and survival of the pe-
ripheral and central nervous systems and mediate several
forms of synaptic plasticity (2-5). NTs interact with two
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distinct receptors, a cognate member of the tyrosine protein
kinase receptor A (TrkA) family and the common p75 NT
receptor, which belongs to the tumor necrosis factor re-
ceptor (TNFR) superfamily of death receptors (6, 7). Trk
receptor signaling is involved in survival and differentiation
(8, 9), whereas p75 participates in several signaling pathways
(reviewed in Ref. (10)). p75-mediated signaling is governed
by the cell context and the formation of complexes with
different coreceptors and ligands, such as sortilin/pro-NGF
in cell death (11), Nogo/Lingo-1/NgR in axonal growth
(12, 13), and TrkA/NGF in survival and differentiation (14).
p75 also undergoes shedding and receptor intramembrane
proteolysis, resulting in the release of its intracellular
domain (ICD), which itself possesses signaling capabilities
(15-17).

Several lines of evidence implicate functional interactions
between TrkA and p75NTR in NGEF-triggered signal trans-
duction (3, 18-20). TrkA and p75 receptors have nanomolar
affinities for NGF and cooperate in transducing NGF signals
(7, 21). The expression patterns of these two receptors
overlap extensively (22), and in some instances, such as in
the neurons of the dorsal root ganglion, TrkA is exclusively
expressed in conjunction with p75 (23).

p75 has been experimentally demonstrated to enhance the
response of TrkA to NGF (14, 24-26). In sympathetic neu-
rons and oligodendrocytes, TrkA signaling inhibits the pro-
apoptotic signaling of p75 (27-29). Primary dorsal root
ganglion and sympathetic neurons derived from p75-null
animals show attenuated survival responses to NGF
(25, 26, 30), confirming the physiological role of p75-TrkA
interactions. As the interaction between the two receptors
seems to not engage the ligand-binding domains of the
extracellular region (31), the structural basis of such direct
interaction is still unknown.

Here, we demonstrate that the interaction between TrkA
and p75 is mediated, at least in part, by the transmembrane
domains (TMDs). We validate these findings using functional
studies in cells expressing the full-length receptors.
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TrkA and p75 complex formation
Results

p75 and TrkA form a constitutive complex at the plasma
membrane

We performed FRET experiments to determine if TrkA and
p75 interact directly at the plasma membrane of live cells.
Human embryonic kidney 293T (HEK 293T) cells transiently
cotransfected with full-length TrkA tagged with mTurquoise
(mTurg; the donor fluorescent protein) and full-length p75
tagged with enhanced YFP (eYFP) (the acceptor fluorescent
protein) were imaged, and small regions of the plasma mem-
brane were selected and analyzed. Illustrations of the TrkA-
mTurq and p75-eYFP constructs used in FRET experiments
are shown in Figure 1A. In each region of the cell membrane,
we determined the FRET efficiency, the concentration of
TrkA-mTurq, and the concentration of p75-eYFP using the
fully quantified spectral imaging (FSI)-FRET software (Fig. 1B)
(32). These experiments were designed such that FRET can
only occur between TrkA and p75, not between TrkA—TrkA
and p75-p75. We also performed control FSI-FRET experi-
ments using two unrelated proteins, linker for the activation of

T-cells (LAT) and fibroblast growth factor receptor 3 (FGFR3),
which are not expected to interact specifically and thus should
give zero hetero-FRET. In addition, the proteins were designed
such that the fluorescent tags are positioned differently with
respect to the plasma membrane—the mTurq fluorophore is
attached to the C terminus of full-length LAT, whereas the
eYFP fluorophore is attached to the C terminus of an FGFR3
construct lacking the intracellular region, “ECTM” (Fig. 1A).
Therefore, these two proteins will also not give rise to a
nonspecific FRET signal (random or “proximity” FRET) (33).
As expected, because of the large separation between the
fluorescent tags, the FRET efficiencies measured between these
two control proteins are localized around zero at all concen-
trations measured (Fig. 1B). Therefore, this control dataset
demonstrates the scenario where there is no FRET between
the proteins.

In the absence of ligand, full-length TrkA and p75 exhibit
positive (greater than zero) FRET efficiency values over all
TrkA and p75 concentrations measured (Fig. 1B). Therefore,
these data suggest that TrkA and p75 interact directly at the
plasma membrane. With these data alone, we cannot
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Figure 1. TrkA-p75 FSI-FRET experiments. A, illustrations of the TrkA-mTurg and p75-eYFP proteins used in FRET experiments along with the LAT-mTurq
and ECTM FGFR3-eYFP proteins used in control experiments. B, FRET efficiencies as a function of total receptor concentration measured for TrkA-mTurqg and
p75-eYFP in the absence of ligand compared with a zero FRET control dataset. C, illustrations of some possible stoichiometries of the TrkA-p75 hetero-
complex: (i) heterodimer, (ii) heterotrimer of two TrkA and one p75, (iii) heterotrimer of one TrkA and two p75, and (iv) heterotetramer or two TrkA and two
p75. D, FRET data for TrkA-mTurq and p75-eYFP in the presence of 100 ng/ul NGF compared with the data in the absence of NGF. E, the FRET data for TrkA
and p75 in the presence of NGF compared with the zero FRET control dataset. F, expression of TrkA-mTurg and p75-eYFP measured on the cell surface for
the experiments performed in the absence and presence of NGF. G, the FRET data for TrkA-p75 in the absence and presence of NGF and for the control
dataset were binned and compared. H, illustrations of the possible consequences of NGF binding to the TrkA-p75 heterocomplex, which could be either
dissociation of the heterocomplex to stabilize the respective homodimers or an NGF-induced conformational change. The bars represent the standard error
of the mean. eYFP, enhanced YFP; FGFR3, fibroblast growth factor receptor 3; FSI, fully quantified spectral imaging; LAT, linker for the activation of T-cells;
mTurg, mTurquoise; NGF, nerve growth factor; TrkA, tyrosine protein kinase receptor A.
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determine an accurate stoichiometry of the TrkA—p75 het-
erocomplex. Given that TrkA and p75 exist in monomer—
dimer equilibrium in the absence of ligand, it is possible
that TrkA and p75 associate as heterodimers or oligomers of
higher order (Fig. 1C). Next, we sought to determine if NGF
ligand binding influences the TrkA—p75 heterocomplex, and
we performed similar FSI-FRET experiments for TrkA—p75
in the presence of 100 ng/pl NGF (Fig. 1D). The FRET ef-
ficiencies measured for TrkA—-p75 in the presence of NGF
are noticeably lower compared with the data in the absence
of ligand. Furthermore, comparison of the liganded TrkA—
p75 FRET data to the LAT-FGFR3 control experiment data
revealed no significant differences (Fig. 1E), which suggests
that the fluorophores attached to the C termini of TrkA and
p75 are too far away from one another to observe a FRET
signal in the ligand-bound state. The expression levels of the
TrkA and p75 at the cell surface are similar in both sets of
experiments (with/without NGF) so these differences are not
a reflection of altered gene expression (Fig. 1F). The
decrease in FRET may mean that the heterointeractions are
abolished, for instance, because of ligand-induced homo-
dimer stabilization, or it may be because of conformational
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changes in the heterocomplex, which leads to decreased
FRET.

The FRET data for TrkA—p75 in the absence and presence
of NGF and the control dataset were binned and compared in
order to visualize the average FRET efficiency as a function of
receptor concentration (Fig. 1G). For the control dataset and
the TrkA—p75 data in the presence of NGF, the average FRET
efficiencies remain around zero as expected from the raw data
(Fig. 1G). For the TrkA—p75 data in the absence of ligand, we
observe average FRET efficiencies greater than zero over all
concentrations (Fig. 1G). Furthermore, at the low receptor
concentration regime, the average FRET efficiencies increase
as a function of receptor concentration, suggesting increasing
TrkA-p75 interactions (Fig. 1G).

Direct interaction between p75 and TrkA TMDs

Previous findings have suggested that TrkA can form a
complex with p75-CTF (a membrane-anchored C-terminal
fragment) by means of TMD interaction (17). In addition, the
TMD of p75 is involved in the formation of the high-affinity
NGF-binding sites (34), suggesting that the TMD may
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Figure 2. p75-TrkA interactions as observed by NMR. A, overlay of two '*N-transverse relaxation optimized spectroscopy experiments: (black) >N-
labeled p75 without TrkA and (red) "*N-labeled p75 after addition of unlabeled TrkA with p75:TrkA molar ratio of 1:4. "TH-'>N assignments of p75 backbone
amid proton resonances are provided. B, '*N-labeled p75-TM-C257A titration with unlabeled TrkA TM. Left to right, p75 monomer (black), p75-p75
homodimer (blue), and p75-TrkA heterodimer (red) states are observed in the G266 amide proton crosspeak in "H/">N-heteronuclear single quantum
coherence spectra. G266 was chosen as representative as its crosspeak is situated away from other peaks, and it shows clear monomer-homodimer-
heterodimer transitions. C, population of p75-p75 homodimers relative to that of p75-TrkA heterodimers (p75-p75 peak intensity is divided by sum of
p75-p75 and p75-TrkA peak intensities), expressed as a function of the p75-TrkA molar ratio. The population of p75-p75 dimer decreases, whereas that of
p75-TrkA dimer increases as more TrkA is added to the sample. D, chemical shift changes observed upon interaction with TrkA are shown on top of p75-TM
sequence. E, ">N-labeled TrkA-TMD titration with unlabeled p75-TM-C257A. Left to right, TrkA monomer (black), TrkA-TrkA homodimer (blue), and p75-TrkA
heterodimer (red) states are observed in the amide proton crosspeak in "H/'>N-heteronuclear single quantum coherence spectra. F, population of TrkA-TrkA
homodimers relative to that of TrkA-p75 heterodimers (TrkA-TrkA peak intensity is divided by sum of TrkA-TrkA and TrkA-p75 peak intensities), expressed
as a function of the TrkA-p75 molar ratio. The population of TrkA-TrkA dimer decreases, whereas that of TrkA-p75 dimer increases as more p75 is added to
the sample. G, chemical shift changes observed upon interaction with p75 are shown on top of TrkA-TMD sequence. For all experiments, the lipid-to-protein
molar ratio (LPR) remains constant at 80. TM, transmembrane; TMD, transmembrane domain; TrkA, tyrosine protein kinase receptor A.
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mediate the direct interaction between p75 and TrkA.
Therefore, we were interested in investigating the interaction
between the p75 and TrkA, taking into account the recently
reported NMR structures of p75 and TrkA TMDs (35, 36). We
examined the interaction of p75-TM-wt with the TrkA-TMD
in lipid micelles using NMR spectroscopy. Increasing amounts
of TrkA-TM were added to the °N-labeled p75-TM in
dodecylphosphocholine (DPC) micelles, and the chemical
shifts (CSs) were monitored in a "H-'°N heteronuclear single
quantum coherence spectrum (Fig. 24). CSs are very sensitive
to the electronic environment of a nucleus and serve as an
ideal instrument to probe the protein—protein interaction.
Previous work in our laboratory found that p75-TM-wt forms
spontaneous disulfide dimers (35). We titrated the **N-labeled
p75-TM-wt disulfide dimer with increasing concentrations of
TrkA-TM-wt solubilized in DPC micelles, retaining the con-
stant lipid-to-protein ratio (LPR). The titration revealed no CS
changes. We used several LPRs and at least two independent
preparations of p75-TM-wt. As the dimerization of p75-TMD-
wt is irreversible (35), we performed the experiments with the
mutant p75-C257A, which forms noncovalent homodimers
(35) and allows the possibility to obtain the monomeric p75-
TMD. According to the previous work (35), the C257A mu-
tation does not induce any substantial changes to the structure
of p75 TMD. Several CS changes were observed in the het-
eronuclear single quantum coherence-NMR spectrum of p75-
TM-C257A upon titration with TrkA-TM-wt, suggesting the
formation of specific p75—TrkA heterocomplexes (Fig. 2B).

To identify the oligomer size of the complex, we measured
the cross-correlated relaxation rates of p75-TM-C257A signals
(Fig. SI1). According to the recent work, the NMR-derived
hydrodynamic radii of TMDs in DPC micelles can be used
to distinguish the various oligomeric forms of the proteins
(37). Here, we observed the rotational correlation time (and
hydrodynamic radius) of a p75-TM-C257A monomer at 45 °C
to be 10.2 + 0.4 ns (2.61 nm), a p75-TM-C257A homodimer to
be 13.1 + 0.6 ns (2.85 nm), and the heterocomplex to be 12.7 +
0.8 ns (2.82 nm). In other words, the observed new complex
formed by TrkA-TM and p75-TM-C257A is a heterodimer as
the rotational correlation time of the heterocomplex was
similar to that of the homodimer.

With the increase of TrkA concentration, the percentage of
p75 homodimer decreased, whereas that of p75—TrkA heter-
odimer increased (Fig. 2C). This implies that homodimeriza-
tion and heterodimerization of p75-TM are the competing
processes. The titration curve revealed homodimerization and
heterodimerization constants of comparable magnitudes.
Similar effects were observed when '°N-labeled TrkA-TMD
sample was titrated with the unlabeled p75-TM-C257A
(Fig. 2, E and F). Addition of p75-TM-C257A decreased the
concentration of TrkA-TM homodimer, whereas the novel
heterodimeric state had emerged, which is indicative of the
competition. Thus, we can state that TrkA interacts with the
monomeric form of p75 TMD but does not bind the disulfide-
crosslinked dimer of the protein. Most likely, the covalent
dimerization shields some of the p75 residues necessary to
interact with the TrkA TMD, or the interaction requires a

4 ] Biol. Chem. (2021) 297(2) 100926

rearrangement of the dimer that cannot be achieved because of
the restraints imposed by the disulfide bonds.

CS changes were detected along the p75 TMD sequence
(Fig. 2D), which is expected as the TrkA interaction breaks the
p75-TM-C257A dimerization. The residues with the highest
CS changes are shown in Figure 2D. To find the residues
undergoing CS changes in the TrkA-TMD, we performed the
titration on labeled N-TrkA-TMD homodimer with unla-
beled p75-TM-C257A (Fig. 2E). With increasing p75-TM-
C257A concentration, the percentage of TrkA homodimer
decreased, whereas the heterodimer increased (Fig. 2F). The
NMR CSs indicated that the region of higher CS changes
(Fig. 2G; A8 > 0.1) upon interaction of p75-TMD is located
mainly at the N terminus of TrkA TMD.

These results support a direct interaction between p75-
TMD and TrkA-TMD and suggest that the formation of a
heterodimer outcompetes the homodimerization of each
TMD. Although the NMR shows that the interaction is direct,
we cannot use the CS changes to identify the protein—protein
interface between the TMDs in a membrane. Recently, it has
been shown that, by contrast to soluble proteins, CS changes
have almost zero predictive power to map protein interfaces in
transmembrane regions (38). CS changes primarily report
hydrogen bonding and are insensitive to van der Waals con-
tacts between the protein side chains, which are the main
driving force for dimerization of membrane proteins (38).

Multiscale molecular dynamics

The crowding of the NMR spectra with several TrkA and
p75 species (monomer, homodimer, and heterodimer) pre-
cludes the complete CS assignment and the structure calcu-
lation of the heterocomplex. To explore further the interaction
between TrkA and p75 TMDs, we used molecular dynamics
(MD) (Fig. 3). MD simulations provide a useful approach for
modeling the TMD interactions (39). Both full-atom (FA) and
coarse-grained (CG) modeling has been previously used to
optimize the dynamics and interactions between different
TMDs (39). To model the heterodimerization of p75-TMD
and TrkA-TMD, two CG helices were inserted in a parallel
orientation relative to one another separated 6 nm in a pre-
formed 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) bilayer, and 24 simulations of 5 ps were run (total
time of 120 ps) (Table S1 and Fig. 3A). In all but one of the 12
simulations, the TrkA—p75 heterodimer was formed within
the first 2 ps (except for the simulation number #5 that formed
the heterodimer at 5 ps) and did not dissociate during the
remainder of the simulation (Fig. 3B). The POPC model
membrane was well equilibrated with average values for the
area per lipid and hydrophobic thickness (between glycerol
groups) of 63.2 A? and 34.8 A, respectively, that are in good
agreement with the experimental values (40) (Table S2). From
each of the heterocomplexes (Fig. 3C), we compute the RMSD
between them and found a cluster of seven models with an
average RMSD of 2.12 A (Fig. 3D). The final model was con-
verted from CG to FA to further study the packing of the
interaction in a POPC lipid bilayer during 100 ns of FA-MD,

SASBMB
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Figure 3. Multiscale MD of TrkA-TMD and p75-TMD. A, coarse-grained TrkA-TMD and p75-TMD helix dimerization simulation. The initial system
configuration (0 us) consists of two helices (red and blue) inserted in a POPC bilayer in a parallel orientation with an interhelix separation of interhelical
distance (dHH) = 55 A. The choline, phosphate, and glycerol (gray) backbone particles of the POPC molecules are shown. The snapshot at 5 s illustrates the
stable TM helix heterodimer. B, distance between TrkA-TMD and p75-TMD during CG-MD simulation time. C, structural models of the final conformations
from the 12 simulations. In blue p75 and in red TrkA is shown. D, superposition of the seven conformations with lowest RMSD found by CG-MD. E,
interhelical distance between p75-TMD-W276 and TrkA-TMD-K441 in the FA-MD simulation done by triplicate. CG, coarse-grained; MD, molecular dynamics;
POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; TM, transmembrane; TMD, transmembrane domain; TrkA, tyrosine protein kinase receptor A.

done in triplicate. The final POPC model membrane was well
equilibrated with average values for the area per lipid and
hydrophobic thickness (between phosphate groups) of 63.3 A
and 38.4 A, respectively, which are in good agreement with the

hTrkA TPFGVSVAVGLAVFACLFLSTLLLV
hTrkB HLSVYAVVVIASVVGFCLLVMLFLL

experimental values (40). The electron density of the mem-
brane was calculated and shown in Fig. S2. The interhelix
distance between residues at the C terminus of the helix (p75-
W276 and TrkA-K441) was calculated along the total

hTrkC DTFGVSIAVGLAAFACVLLVVLEVM p75 TrkA

Figure 4. Structural models of the p75-TrkA TMD heterodimer. A and B, schematic representation of the spatial structure of the heterodimer p75-TMD
(blue) and TrkA-TMD (orange) after 100 ns full-atom MD. The residues participating in the dimer interface are shown in blue (p75) and red (TrkA). C, protein
sequence alignment of TrkA, TrkB, and TrkC TMDs. In bold are the conserved residues. MD, molecular dynamics; TMD, transmembrane domain; TrkA,

tyrosine protein kinase receptor A.
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simulation time (Fig. 3E), indicating the equilibration of a
stable complex.

The protein interface of p75-TMD participating in the inter-
action with TrkA-TMD is Cy57S258XXA061A262XXV265Go66X-
xAseoxx (Fig. 4, A and B). This interface contains the motif
AnoxxxGaeeXXAngo that was previously identified in the homo-
dimerization of p75-TMD-C257A (35) and is supported by the
NMR experiments shown previously, indicating that hetero-
dimerization with TrkA-TMD competes with the p75-TMD
noncovalent homodimerization. In addition, the C257 residue
forms a part of the heterodimer interface supporting our obser-
vations that disulfide dimers do not significantly bind to the
TrkA-TMD. The TrkA-TMD heterodimer interface is formed by
the motif VyexxXV0oxxxVo6Fs07xxLy30 (Fig. 4B) where the
central valine residues make the closest contact with the p75-
TMD. Interestingly, several of these residues are conserved in
TrkB and TrkC (Fig. 4C) suggesting that these receptors interact
with p75 in a similar manner as TrkA.

Altogether, the NMR and FRET data support the direct
interaction between TrkA and p75, and the MD provides
insight into a possible heterodimer model.

The transmembrane heterodimer interface modulates TrkA
activation and sensitization to lower concentrations of NGF

In vivo data suggest that in sensory neurons, p75 helps TrkA
to respond to the lower concentrations of NGF (26) and en-
hances the response of TrkA to NGF (14, 24). One current
hypothesis is that the binding of p75 to TrkA induces a
conformational change in TrkA that facilitates both the
binding of NGF to TrkA (24) and the activation of TrkA (26).
To test if the protein interface found previously has any
physiological role, we sought to determine if mutations on the
p75 transmembrane protein interface influences TrkA activa-
tion to lower concentrations of NGF (Fig. 54). We coexpressed
p75 with TrkA full-length receptors in HeLa cells and stimu-
lated with increasing concentrations of NGF (0, 0.1, 1, 10, and
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100 ng/ml). Western blot analysis of cell lysates was probed
with specific antibodies against the activation loop of the TrkA
kinase domain (Tyr675 and Tyr676) (Fig. 5B). Quantification
of the protein bands corresponding to the phosphorylation of
TrkA was plotted against NGF concentration. Fitting the data
to a dose (NGF)-response (phosphorylation) curve allows an
estimation of the EC5, of NGF, the concentration of NGF that
provokes a response halfway between the basal response and
the maximal response (Fig. 5D). HeLa cells transfected with
TrkA present a LogECsq of —9.219 + 0.087 (an ECsq = 6.03 x
107'° M). In cells coexpressing TrkA and p75, an LogECs,
of -9.524 + 0.176 (an ECso = 2.99 x 107'° M) was found,
showing a small but significant effect of p75 on the activation
of TrkA by NGF. The parallel curve suggested an agonist effect
of p75 and NGF on the activation of TrkA. To analyze the
effect of p75-TMD, we used a construct of p75 with its TMD
swapped with the one from the TNFR, mutant p75-TNFR. A
decrease in the NGF sensitivity was observed in comparison to
p75-wt (LogECso = —8.56 + 0.54; ECso = 2.7 x 107° M), indi-
cating that the effect of p75-wt is lost in the p75-TNFR
construct. As the protein heterodimer interface contains the
motif AsgiAsgaXxXGogeXXAsge, Wwe made a construct with a
triple mutation A262,G266,A269 to Ile (p75—AGA mutation).
The rationale behind this is that the introduction of a hydro-
phobic bulky residue, Ile, would impair the proper interaction
with the TrkA-TMD. Fitting of the values obtained from the
lysates transfected with TrkA and p75-AGA showed a
LogECs, of -8.776 + 0.037, which corresponds to an ECsg =
1.7 x 10~ M (Fig. 5D), that accounts for more than one order
of magnitude higher than in the presence of p75-wt supporting
that this interface plays a key role in TrkA activity modulation
by p75.

P75 needs a specific interface in the TMD to interact to TrkA

The finding that the activation of TrkA in the presence of
the p75-AGA mutant is lower than in the absence of p75
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Figure 5. TrkA activation is modulated by p75-TMD. A, protein sequences of the different mutant constructs of p75-TMD. The residue mutated is shown
in bold. B, western blots of lysates from HelLa cells transfected with the indicated constructs and stimulated with increasing concentrations of NGF.
Membranes were probed using a TrkA-P-Tyr675 specific antibody. C, normalized activation of TrkA using increasing concentrations of NGF in the absence or
the presence of p75 mutant constructs indicated. The bars represent the standard error of at least three independent experiments. p Values are reported in
the article. NGF, nerve growth factor; TMD, transmembrane domain; TrkA, tyrosine potein kinase receptor A.
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suggested an antagonist or inhibitor behavior for this mutant.
To further study the effect of this mutation on the heterodimer
complex, we introduced the triple mutation AGA/III into the
p75-TMD and performed a CG-MD followed by FA-MD
simulation similar to the p75-TMD-wt constructs shown
previously (Fig. S3). MD analysis showed that although
p75-TMD-AGA mutant still interacts and binds to the
TrkA-TMD with similar kinetics as the p75-TMD-wt, the het-
erodimer arrangement is changed significantly. It has been pre-
viously shown that TrkA-TMD contains two homodimer
interfaces; an active dimer formed upon NGF binding and an
inactive dimer formed in the absence of NGF. The 12 indepen-
dent simulations of p75-TMD-wt showed a restricted binding
interface localized close to the inactive homodimer interface,
leaving the active homodimer interface of TrkA free and acces-
sible (Fig. 6A). However, after 12 independent simulations, the
endpoint of p75-TMD-AGA is almost equally distributed in all
the possible TrkA-TMD interfaces (Fig. 6B), where the active
homodimer interface is hidden by p75-TMD. This result in-
dicates that p75-TMD-AGA could impair TrkA active homo-
dimerization and may explain the weaker activation of TrkA in
the presence of p75-TMD-AGA.

p75-AGA/Ill reduces NGF-induced differentiation of PC12 cells

To further support our finding that p75 needs a specific het-
erodimer interface to fully activate TrkA, we overexpressed p75-
wt and p75-AGA/III in PC12 cells that endogenously express
TrkA and quantified the neurite length upon stimulation with
NGEF. As shown in Figure 6C, the PC12 cells transfected with
p75—-AGA/III had shorter neurite lengths at 24 h than cells

topview :/

p75-wt/TrkA

p75-AGA/TrkA

TrkA and p75 complex formation

transfected with p75-wt (16.02 pm + 0.98, n = 181 versus
22.63 um * 1.69, n = 89) and similar length as PC12 cells trans-
fected with the empty vector (14.09 um * 1.25, n = 92) (control in
Fig. 6C). These experiments suggest a reduction in the activation
of TrkA by NGF of p75—-AGA/III in comparison to p75-wt.

Discussion

The present study provides, to the best of our knowledge,
the first structural evidence of a direct interaction between p75
and TrkA. While data from in vitro and in vivo experiments
have suggested the existence of a complex formed by p75 and
TrkA (41-43), repeated attempts to observe the direct inter-
action between both receptors using different biochemical and
structural approaches have been unsuccessful. Experimental
evidence of the existence of a TrkA—p75 complex were based
on coimmunoprecipitation studies (17, 21, 44) and by bio-
physical methods such as copatching (45) and fluorescence
recovery after photobleaching (46). In addition, a handful of
studies have suggested that the TMDs and ICDs of p75 could
be responsible for its interaction with TrkA (21, 34, 47, 48).

Here, we demonstrated that the complex formed by p75 and
TrkA is mediated by the TMDs, supporting the findings by
previous reports (21, 34). The results of our NMR titration
experiments point to a relatively weak affinity constant, similar
to that calculated for p75 noncovalent dimerization. This is
around ten times weaker than the affinity constant calculated
for glycophorin-A homodimerization and explains why these
complexes have been difficult to detect by coimmunoprecipi-
tation in the presence of detergents (i.e., glycophorin A TMD
dimers are resistant to SDS-PAGE). Heterocrosslinking
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Figure 6. Effect of the mutation of the p75 heterodimer interface. A and B, result of 12 simulations by CG-MD of p75-TMD-AGA mutant (A) or p75-TMD-
wt (B) and TrkA-TMD in POPC model membranes. The position of the p75-TMD helix (gray) respect to the TrkA-TMD (red) after each simulation is shown. In
green and red are shown the residues that belong to the active and inactive homodimer interface of TrkA described in the study by Franco et al.
G, quantification of the neurite length (micrometer) of PC12 cells electroporated with the indicated constructs and GFP at 24 h of addition of NGF
(50 ng/ml). The bars represent the standard error of at least three independent electroporation experiments. Statistical analysis was performed with one-
way ANOVA, and the p values are reported above each bar. D, representative fluorescence microscopy of PC12 cells electroporated with the indicated
constructs stimulated with NGF (50 ng/ml) for 24 h after electroporation. The bar represents 50 pm. CG, coarse-grained; MD, molecular dynamics; NGF,
nerve growth factor; POPC, palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; TMD, transmembrane domain.
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experiments similarly failed to detect p75-TrkA complexes,
although probably for different reasons, as crosslinking re-
quires the specific residues (i.e., Lys) to be close to each other
and oriented in a specific manner, not always possible even in a
heterocomplex. Our results are in agreement with those of
fluorescence recovery after photobleaching experiments,
which show that p75 is fully mobile at the cell membrane but
becomes restricted in mobility upon TrkA coexpression (46),
and with biochemical evidence suggesting that the TMD of
p75 is necessary for the formation of high-affinity NGF-bind-
ing sites (34). Although the TMD interaction is weak, in vivo,
the levels of p75 and Trk normally exist at a ratio of approx-
imately 10:1 (49, 50) favoring their heterointeractions over
TrkA homointeractions.

Recently, it has been shown that TrkA has two homodimer
interfaces in the TMD; one active and one inactive (36). The
active interface corresponds to the TrkA bound to its ligand
NGF. And the inactive dimer interface corresponds to the
preformed dimer of TrkA in the absence of NGF. The
observed binding of p75-TMD to TrkA takes place mainly
through an interface that is opposite to the active interface and
partially covering part of the inactive dimer interface, sug-
gesting that binding of p75 to TrkA may favor the formation or
stabilization of TrkA active homodimers. In addition, stabili-
zation of a preformed dimer would be compatible to an in-
crease in the affinity of TrkA for NGF in the presence of p75
(18), suggesting that the heterodimer p75-TrkA described
here forms the basic unit of the NGF high-affinity sites. The
finding that mutations in the p75 protein interface, as shown
here with the p75-AGA mutant, impact the TrkA activation
and supports the requirement of specific TMD interactions in
the NT receptors. As it has been shown recently, NGF binding
can induce the rotation of the TrkA TM dimer form the
inactive to the active interface (36, 51). This conformational
change is supported by our FRET analysis, which reveals that
NGF binding alters the TrkA—p75 heterocomplex that we
observed in the absence of ligand. There are some possible
explanations for this result, which are both illustrated in
Figure 1H. The first option is that NGF binding could cause
the dissociation of the TrkA—p75 heterocomplex, stabilizing
the respective homodimers instead. Another explanation is
that NGF binding induces a conformational change of the
TrkA—p75 heterocomplex that alters the positioning of the
fluorescent proteins, increasing their separation and thus
decreasing the FRET signal. While these data cannot distin-
guish between these two possible effects, the FRET data clearly
demonstrate that TrkA and p75 interact directly in the absence
of ligand and that NGF binding alters the heterocomplex.

Our MD analysis of p75-~AGA-TrkA interactions showed
that the inactive dimer interface is accessible suggesting that
p75—AGA interaction may displace the equilibrium toward the
inactive homodimer of TrkA in the absence of NGF. This
would affect the activation of TrkA and lead to lower cell
differentiation capabilities of PC12 cells overexpressing the
p75—AGA mutant. Alternatively, the binding of the p75-AGA
mutant may affect the conformational change induced by NGF
binding resulting in a less activation of TrkA.
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Altogether, we show that a specific transmembrane inter-
action is required for the positive role of p75 in TrkA activa-
tion by NGF. In conclusion, we provide a new structural
insight on the highly dynamic p75-TrkA heterocomplex,
paving the way to new investigations about the biological
relevance of such interactions.

Experimental procedures
p75-TM and TrkA-TM constructs for cell-free expression

The gene encoding transmembrane and juxtamembrane res-
idues 245 to 284 (MT245RGTTDNLIPVYCSILAAVVV
GLVAYIAFKRWNSSKQNKQ284) of human p75 receptor
(p75-TM-wt) was amplified by PCR from six chemically syn-
thesized oligonucleotides (Evrogen) partially overlapped along its
sequence. The C257A point mutant form of p75TM (p75-TM-
C257A) was obtained by site-directed mutagenesis by PCR. The
PCR products were cloned into a pGEMEX-1 vector by three-
component ligation using the Ndel, Aatll, and BamHI restric-
tion sites. Expression constructs for human TrkA-TM
(MK410KDETPFGVSVAVGLAVFACLFLSTLLLVLNKAGRR
NK447) were similarly prepared by PCR.

FSI-FRET experiments

HEK 293T cells used in the FRET experiments were pur-
chased from American Type Culture Collection (CRL-3216).
The cells were cultured at 37 °C and 5% CO, in Dulbecco’s
modified Eagle’s medium (DMEM; Thermo Scientific; 31600-
034) containing 3.5 g/l p-glucose, 1.5 g/l sodium bicarbonate,
and 10% fetal bovine serum (FBS; Sigma-Aldrich; F4135).
HEK 293T cells were seeded in 35-mm glass bottom collagen-
coated petri dishes (MatTek Corporation) at a density of 2 x
10° cells/dish and cultured for 24 h. The cells were cotrans-
fected with pcDNA constructs encoding for TrkA tagged with
mTurq (the donor) and p75 tagged with eYFP (the acceptor).
The TrkA-mTurq plasmid was generated as described (32, 52).
The p75-eYFP construct was cloned by overlapping PCR into
the same pcDNA vector. The LAT and ECTM FGFR3 plas-
mids used for control experiments were generated as described
previously (53, 54). Transfection was performed with Lip-
ofectamine 3000 (Invitrogen; L3000008) using 1 to 4 pg of
total DNA at a TrkA:p75 ratio of 2:1 or 1:1. In addition, cells
singly transfected with either TrkA-mTurq or p75-eYFP were
used for calibration as described (32). After 12 h following
transfection, the cells were washed twice with starvation media
(serum-free and phenol red—free media) and serum starved in
starvation media for 12 h overnight. Prior to imaging, the
starvation media were replaced with hypo-osmotic media (10%
starvation media, 90% deionized water, and 25 mM Hepes) to
“unwrinkle” the highly ruffled cell membrane under reversible
conditions as described (55). Cells were incubated for 10 min
and then imaged under these conditions for approximately 1 h.
In some experiments, soluble human beta nerve growth factor
(Cell Signaling Technology; 5221SC) was diluted to a final
concentration of 100 ng/pl with the hypo-osmotic media
before adding to the cells.
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Cell images were obtained following published protocols
(32) with a spectrally resolved two-photon microscope set up
using a Zeiss Inverted Axio Observer and the OptiMis True
Line Spectral Imaging system (Aurora Spectral Technologies)
with line-scanning capabilities (56, 57). Fluorophores were
excited with a mode-locked laser (MaiTai, Spectra-Physics)
that generates femtosecond pulses between wavelengths 690
and 1040 nm. For each cell, two images were collected: the first
at 840 nm to excite the donor and the second at 960 nm to
primarily excite the acceptor. Solutions of purified soluble
fluorescent proteins (mTurq and eYFP) were produced at
known concentrations following a published protocol (58) and
imaged at each of these excitation wavelengths. A linear fit
generated from the pixel-level intensities of the solution
standards was used to calibrate the effective three-dimensional
protein concentration, which can be converted into two-
dimensional membrane protein concentrations in the cell
membrane as described (32). Small micron-sized regions of the
cell membrane were selected, and the FRET efficiency, con-
centration of TrkA-mTurq, and concentration of p75-eYFP
present in the cell membrane were quantified using the FSI-
FRET software (32).

Cell-free gene expression

Bacterial S30 cell-free extract was prepared from 10 1 of cell
culture of the Escherichia coli Rosetta(DE3)pLysS strain, using
a previously described protocol (59-61). Preparative-scale re-
actions (2—3 ml of reaction mixture) were carried out in 50-ml
tubes.

Titration of TrkA and p75 TMDs by NMR

All TrkA—p75 titration 15N-transverse relaxation optimized
spectroscopy experiments were carried out at LPR 80, pH 5.9,
temperature 318 K with 20 mM sodium phosphate buffer. Two
independent sets of experiments were conducted: (1) unla-
beled p75-TM-C257A was incrementally added to 0.5 mM
sample of 15N-labeled TrkA-TM and (2) unlabeled TrkA-TM
was incrementally added to the 0.4 mM sample of 15N-labeled
p75-C257A-TM sample to observe p75-TrkA interactions.
Intensities of corresponding peaks were measured at each
point, population of the p75-p75 dimer, TrkA-TrkA dimer,
and TrkA-p75 complex were calculated and plotted against
TrkA—p75 molar ratio.

Cross-correlated relaxation of amide groups was measured
as described (62) using two transverse relaxation optimized
spectroscopy-based experiments with 10.8 ms relaxation delay,
recorded in an interleaved mode. Monomer, dimer, and het-
erodimer crosspeaks of 1259, V263, G266, A269, and Y270 of
p75-TM-C257A were taken for the analysis, because only
these five residues provide the separate and well-resolved
signals of the heterodimer (Fig. S1). Cross-correlated relaxa-
tion rates were averaged, converted to the rotational diffusion
correlation times as described (62) and then to the hydrody-
namic radii of the equivalent sphere using the Stokes—Einstein
relationship for the rotational diffusion.
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Modulation of TrkA activity by p75

HeLa cells were transfected with 1 pug of TrkA and 1 pg of
p75 or p75-TNEFR using PEI (ratio 10:1). About 24 h after
transfection, cells were lifted and split in identical numbers to
a 6-well plate. About 48 h after transfection, cells were starved
for 2 h with DMEM without serum and stimulated with
different concentrations of NGF (from 0 to 100 ng/ml) for
15 min. Cells were washed with PBS and lysed with TNE buffer
(Tris—HCl at pH 7.5, 150 mM NaCl, and 1 mM EDTA) on ice
for 15 min. Lysates were clarified by centrifugation, and the
cell supernatants quantified and analyzed by SDS-PAGE
Western immunoblots. Phosphotyrosine-specific antibodies
(anti P-Tyr674/675 from Cell Signaling Technology; 1:3000
dilution) and anti-p75 intracellular antibody (Promega) were
used. To quantify the effect of p75 on TrkA, we consider an
allosteric interaction between p75 and TrkA and fit to a dose—
response curve. The protein band corresponding to the
phosphotyrosine signal was quantified, and the ratio to the
total TrkA was calculated. This is the response to Figure 4. We
plot the log of the concentration of NGF versus the response,
and the curve was fit to a log(agonist) versus response (three
parameters) equation using the GraphPad software (GraphPad
Software, Inc). The equation is Y = bottom + (top—bottom)/
(1+10-((LogECs0-X))), and the ECsq is the concentration of
agonist, in this case NGF, that gives a response halfway be-
tween bottom and top. At least three independent experiments
were quantified.

CG molecular simulation methods

One monomer from the TrkA-TMD dimer structure
(Protein Data Bank: 2n90) and one monomer from the p75-
TMD dimer structure (Protein Data Bank: 2mic) were con-
verted to a CG model using the script martinize.py from the
martini Web page (www.cgmartini.nl) and the tools from
GROMACS, version 5.0.5 (www.gromacs.org). In CG models,
four heavy atoms are grouped together in one CG bead. Each
residue has one backbone bead and zero to four side-chain
beads depending on the residue type (63). For all helix
dimerization simulations, two a-helices were inserted into a
preformed POPC bilayer (containing 260 lipids) such that
they were separated by an interhelix distance (dHH) ~ 55 A
(Fig. 6). Each system was solvated with 2975 CG water par-
ticles and 0.15 M NaCl counter ions. The energy of the
system was minimized and followed by 12 MD simulations of
5 ps each simulation in a total time of 60 ps. CG simulations
were performed using GROMACS, version 5.0.5 (www.
gromacs.org) (64). All simulations were performed at con-
stant temperature, pressure, and number of particles. The
temperatures of the protein, lipid, and solvent were each
coupled separately using the Berendsen algorithm at 305 K,
with 774 at a coupling constant of 1T = 1 ps. The system
pressure was semi-isotropically using the Parrinello-Rahman
algorithm at 1 bar with a coupling constant of TP = 12 ps and
a compressibility of 3 A ~ 10™* bar™'. The time step for
integration was 20 fs. Coordinates were saved for subsequent
analysis every 200 ps.
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Atomic MD

GROMACS, version 5.0.5 was also used for all FA MD
simulations. CG models were converted to FA using the
CHARMM-GUI portal (www.charmm-gui.org). FA was
calculated using the CHARMM36m force field. The van der
Waals interactions were smoothly switched off at 10 to 12 A by
a force-switching function. Long-range electrostatic in-
teractions were calculated using the particle mesh Ewald
method. The simulations were performed at a temperature of
303.15 K using a Nose—Hoover thermostat with T =1 ps. A
constant pressure of 1 bar was maintained with a Parrinello—
Rahman algorithm with a semi-isotropic coupling constant
TP = 5.0 ps and compressibility = 4.5 A ~ 107 bar ", The
integration time step was 2 fs. The LINear Constraint Solver
(LINCS) method was used to constrain bond lengths. Co-
ordinates were saved every 5 ps for analysis. Analysis of all
simulations was performed using the GROMACS suite of
programs. VMD (65) and Chimera UCSF (66) were used for
visualization and graphics. Membrane equilibration was
assessed measuring the area per lipid and the membrane
thickness using the APLVoro application (67). The electron
density profiles were calculated using the gmx density tool in
GROMACS. A representation of the electron density of the
porous organic cage model membrane with TrkA and p75
TMDs is shown in Fig. S2.

Cell culture and transfection

HeLa cells, which do not endogenously express neither
TrkA nor p75, were cultured in DMEM (Fisher) supplemented
with 10% FBS (Fisher) at 37 °C in a humidified atmosphere
with 5% CO,. PC12 and PCl12nnr5 cells were cultured in
DMEM with 10% FBS and 5% horse serum. Transfection in
HeLa cells was performed using PEI (Sigma) at 1 to 2 pg/pl.
We found that by using PEI as the transfection reagent in
HeLa cells, the transfection is suboptimal (10-15% of cells
transfected) that allow having a small amount of TrkA
expressed in the cells. As a comparison using the same PEI-
DNA ratio in HEK 293T cells, TrkA is expressed in higher
amounts and ligand-independent activation is seen at these
quantities of TrkA DNA. About 500 to 1000 ng of DNA per
plate was used in TrkA activation experiments. About 24 h
after transfection, cells were lifted and replated in 12-well
plates with 100,000 cells per well. Using this procedure, the
percentage of transfection is identical in all the wells. About 48
h after transfection, the cells were starved with serum-free
medium for 2 h and stimulated with NGF (Alomone) at the
indicated concentrations and time intervals. Cells were lysed
with TNE buffer (Tris—HCI at pH 7.5, 150 mM NaCl, and
1 mM EDTA) supplemented with 1% Triton X-100 (Sigma),
protease inhibitors (Roche), 1 mM PMSF (Sigma), 123 mM
sodium orthovanadate (Sigma), and 1 mM sodium fluoride 545
(Sigma). The lysates containing p75 were supplemented with
iodoacetamide (Sigma) to avoid postlysate dimer disulfide
formation. Lysates were kept on ice for 10 min and centrifuged
at 13,000 rpm for 15 min on a tabletop centrifuge. The lysates
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were quantified using a Bradford kit (Pierce) and analyzed by
SDS-PAGE or used in immunoprecipitation.

Western blot analysis

Cells were washed in PBS and lysed in cold lysis buffer
(50 mM Tris—HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 0.1%
SDS, 0.1% Triton X-100, 1 mM PMSF, 10 mM NaF, 1 mM
Na,VO3;, 10 mM iodoacetamide, and protease inhibitor
cocktail) at 4 °C. Cellular debris was removed by centrifuga-
tion at 13,000¢ for 15 min, and protein quantification was
performed by Bradford assay. Proteins were resolved in
reducing and nonreducing SDS-PAGE gels, and membranes
were incubated overnight at 4 °C with the following anti-
bodies: rabbit polyclonal antihuman p75 ICD (1:1000 dilution;
Promega); mouse monoclonal anti-HA (1:2000 dilution;
Sigma); rabbit polyclonal MBP probe (1:1000 dilution; Santa
Cruz); rabbit anti-phosphoTyr674/5 (1:1000 dilution; Cell
Signaling); and rabbit anti-TrkA (1:1000 dilution; Millipore).
Following incubation with the appropriate secondary antibody,
membranes were imaged using enhanced chemiluminescence
and autoradiography.

Electroporation of PC12 and differentiation experiments

The electroporation of the different plasmids was carried
out with the Multiporator (Eppendorf). PC12 cells were
grown with DMEM supplemented with 10% FBS and 5%
horse serum and antibiotics (gentamycin and penicillin). For
electroporation, cells were grown to 70 to 80% confluence on
a 10-cm plate and washed with PBS. They were then raised
with 3 ml of DMEM and centrifuged for 2.5 min at 500 rpm.
The pellet obtained was resuspended in 3 ml of the hypo-
osmolar electroporation buffer (KClI 25 mM, KH,PO,
0.3 mM, K,HPO, 0.85 mH, and pH 7.2), and a viable
counting with trypan blue was carried out. 1 x 10° cells, and
a concentration of 5 pg/ml of the plasmid of interest (control,
wt, or mutant) and a concentration of 5 pug/ml of the plasmid
with GFP were transferred to an electroporation cuvette
(2 mm wide and 400 pl in volume [Eppendorf]). After opti-
mizing the transfection parameters, it was determined that
the best results were obtained with a pulse of 100 ps at 200 V;
therefore, the electroporation was carried out under these
conditions. Finally, the cells were seeded on a 6-well plate
with 2 ml of DMEM supplemented with 5% horse serum
(Gibco). At 24 h after transfection, the cells were treated with
NGF (50 ng/ml) in order to induce the differentiation of
neurites as a function of the plasmid. The length of each
neurite was quantified from fluorescence microscopy images
using the Image] software (National Institutes of Health).
Three independent electroporation experiments were
analyzed, and at least 100 neurites per each condition were
quantified.

Data availability

All the data are contained within the article. CSs from
TrkA-TMD and p75-TMD are deposited in the Biological
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Magnetic Resonance Data Bank with accession number 25872
for TrkA-TMD and 19673 for p75-TMD.
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