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Facilitation of nerve growth factor (NGF) signaling by the p75
neurotrophin receptor (p75~'®) is critical for neuronal survival
and differentiation. However, the interaction between p75NTR
and TrkA receptors required for this activity is not understood.
Here, we report that a specific 29-amino acid peptide derived
from the intracellular domain fragment of p75™"® interacts with
and potentiates binding of NGF to TrkA-expressing cells, lead-
ing to increased neurite outgrowth in sympathetic neurons as a
result of enhanced Erk1/2 and Akt signaling. An endogenous
intracellular domain fragment of p75N'® (p75'“P) containing
these 29 amino acids is produced by regulated proteolysis of the
full-length receptor. We demonstrate that generation of this
fragment is a requirement for p75™ ' ¥ to facilitate TrkA signal-
ing in neurons and propose that the juxtamembrane region of
p75"“P acts to cause a conformational change within the extra-
cellular domain of TrkA. This finding provides new insight into
the mechanism by which p75N™® and TrkA interact to enhance
neurotrophic signaling.

Nerve growth factor (NGF)? is crucial for neurite outgrowth,
differentiation, and survival during development of both the
central and peripheral nervous systems. NGF elicits its effects
by binding two structurally unrelated receptors, the common
p75 neurotrophin receptor (p75™'%) and the tropomyosin
receptor kinase (Trk) family member TrkA (1). TrkA mediates
the survival and neurite outgrowth-promoting effects of NGF
during development (2—4), whereas p75™ ' has been shown to
promote apoptosis and neurite pruning following neurotrophin
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binding. Independently, p75"™® and TrkA have low-affinity
binding rates for NGF (5, 6). However, p75™"® can increase the
specificity and binding affinity of Trk receptors for their pre-
ferred neurotrophins, promoting neuronal survival during
development (7-11).

Over the past two decades, a number of mechanistic models
of the functional interactions between p75~"® and Trk recep-
tors have been proposed (12), including (i) the formation of a
classic 1:1 heterodimer complex with a 25-fold higher on-rate
than that of the individual receptors (6, 13) and (ii) the ligand
passing model, in which p75N™ first binds to NGF before
releasing the ligand for TrkA to bind (12-14). However, no
model is consistent with all the existing experimental data. The
p75NTR_TrkA heterodimer model is not supported by struc-
tural data (15—17), and the ligand passing model, although con-
sistent with the finding that a NGF mutant that cannot bind
p75N"® has only low binding affinity (18), is inconsistent with
the observation that the extracellular ligand-binding domain of
p75N TR is not required to create high-affinity NGF binding sites
(19, 20). Therefore, although a heteroreceptor complex may
form, and ligand transfer from p75™"® to TrkA could occur,
these mechanisms cannot be the sole basis for the formation of
high-affinity binding sites.

p75N™® receptors lacking the ligand-binding domain are
generated endogenously via proteolytic cleavage. An a-secre-
tase removes the extracellular domain, leaving a membrane-
bound carboxyterminal fragment (p75<'F), which is subse-
quently cleaved by +vy-secretase, releasing the intracellular
domain (p75'“P) into the cytoplasm (21, 22). It is now emerging
that these p75™"® cleavage steps are important in mediating a
number of the neurotrophin functions (23).

Trk-mediated signals have recently been reported to induce
the generation of p75'“P, with this fragment being capable of
promoting both TrkA- and TrkB-initiated trophic signaling
(24 -27). Furthermore, we have observed that a proximal-intra-
cellular juxtamembrane 29-amino acid fragment of p75'®,
termed the “Chopper” domain, or a peptide comprising the
Chopper fragment lacking a transmembrane linker (c29) inhib-
its neuronal death (28 —30). Interestingly, removal of either the
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whole p75N TR intracellular domain or just the Chopper domain

results in diminished interactions with Trk receptors and a
reduced number of neurotrophin high-affinity binding sites (8,
19, 20). In this study, we investigated the mechanism of action
of the ¢29 peptide, investigating whether this juxtamembrane
fragment of p75™"® has neurotrophic properties.

EXPERIMENTAL PROCEDURES

Expression Constructs—The p75N"R, p7547Y%, and p75'“P
constructs have been described previously (29). YFP versions of
p75NT® constructs were made as described in Ref. 27. The
p75™-SY TrkA and TrkAX®3®R constructs have been described
previously (31), as has Trk"?°** (32) The epidermal growth fac-
tor (EGF) receptor-GFP and control YFP constructs were gen-
erously provided by Rob Parton (The University of
Queensland).

Peptide Synthesis—The 29-amino acid residue peptide of the
juxtamembrane Chopper domain (29) (c29, KRWNSCK-
QNKQGANSRPVNQTPPPEGEKL) and a randomly scram-
bled version (SC, SKGQVCRNQPGQNKPEPANKSWKET -
PLRN) were synthesized as N-terminal fusions to a non-
naturally occurring protein transduction domain peptide
(YARAAARNARA) (33) using t-boc chemistry and then puri-
fied using reverse-phase HPLC by James L. Elliott (Yale Univer-
sity). No effects were seen in cells treated with the PTD alone or
peptides without carrier. For pulldown experiments, the c29
peptide was labeled on the amino terminus with biotin via a
six-carbon spacer. The biotinylated control peptide used for
pulldowns mimics the p75N"™® extracellular juxtamembrane
domain LC1 (RGTTDNLIGGSC) and was manufactured by
Auspep.

SCG Assays—For neurite outgrowth assays, mouse superior
cervical ganglia (SCG) were dissected from c57Bl6] and c57B16]
p75NTREexenllD Jenock-out (10) postnatal day 3—5 mouse pups,
with approval from the institutional Animal Ethics Committee.
SCG explants were cultured as described previously (34).
Where indicated, explants were pre-incubated with 200 nm
compound E (Calbiochem) and 1 um ¢29 peptide or scrambled
peptide before addition of 10 ng/ml NGF (Biosensis). Explants
were fixed after 2 days in 4% paraformaldehyde containing PBS,
stained with anti-B-III tubulin (Promega, G712A), and detected
with Alexa Fluor 488 anti-mouse secondary antibodies. For
neurite outgrowth experiments using dissociated SCG, cultures
were prepared as reported previously (35) and then seeded in
24-well plates and treated as described. Neuritogenesis from
individual cells/well was captured in 15-min intervals over 24 h
using a Zeiss Axio Observer Z1 fitted with an Incubator XL S1
system. Neurite outgrowth analysis was performed with Imaris
(Bitplane Scientific Software).

PCI12 and HEK293 Cell Culture and Transfections—PC12
cells were cultured as described previously (36). p75™"-defi-
cient (p75°°) PC12 cells, stably transfected with shRNA against
rat p75""® targeting the 3’-UTR region and cultured under
G418 selection, were kindly provided by Carlos Ibanez (Karo-
linska Institute). PC12 cells were transfected using the Neon
Transfection System (Invitrogen) with one pulse of 1410 volts
and a 30-ms pulse duration. For neurite outgrowth assays, cells
were grown in the presence of 1, 10, or 100 ng/ml NGF, and 1
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M €29 or control peptide, 20 um TAPI-2 (Calbiochem) or 200
nM compound E for 3 days, with fresh medium and NGF added
on day 2. Cells were photographed live on an Olympus micro-
scope (IX81) fitted with a CO, atmospheric chamber. Measure-
ments of neurite length (minimum 100 cells) were performed
using Olympus Image analysis software analySIS FIVE. For
cleavage assays, cells were serum starved for 4 h prior to the
addition of cleavage inhibitors and 5 uM proteasome inhibitor
clasto-lactacystin-B-lactone (Sigma) for 4 h, followed by cell
lysis.

HEK?293 fibroblast cells (transformed by sheared adenovirus
type 5 DNA-HEK293AD cells) were cultured as described pre-
viously (37). HEK293 cells were transfected with constructs
using FUGENE 6 (Roche Applied Science), harvested 48 h
later, and used for flow cytometry experiments or lysed for
immunoblotting.

Cell Lysis and Immunoblotting—Both PC12 and HEK293
cells were lysed for 20 min on ice (25). For immunoblotting,
samples were separated by SDS-PAGE and transferred onto
PVDF membranes and Western blotted using standard proto-
cols. The following antibodies were used: rabbit anti-p75™"}
(1:2000; Promega, catalog no. G323A, or 1:1000; Upstate, cata-
log no. 07-476), goat anti-p75™ " (1:1000; R&D Systems, cata-
log no. AF1157), rabbit anti-TrkA (1:500; Upstate, catalog no.
06-574), mouse anti-phospho-Erk1/2 (1:2000; Cell Signaling,
catalog no. 9101S), rabbit anti-panErk (1:2000; Cell Signaling,
catalog no. 9102), rabbit anti-phospho-Akt (1:2000; Cell Signal-
ing; catalog no. 4060S), mouse anti-panAkt (1:2000; Cell Signal-
ing, catalog no. 9272) and anti-3-1II tubulin (Promega, catalog
no. G712A). Immunoreactive bands were detected using Invit-
rogen anti-rabbit Alexa Fluor 680 (1:10,000) or anti-mouse
Alexa Fluor 800 (1:50,000) secondary antibodies and imaged
using an Odyssey Imaging System (LI-COR Biosciences). NIH
Image] software was used for the quantification of Western
blots.

Cross-linking, Pulldown, and Immunoprecipitation Assays—
For peptide pulldown experiments, the biotinylated c29 or LC1
control peptides were incubated with Dynabeads MyOne
streptavidin T1 (Invitrogen) overnight at 4 °C. Cell lysates were
then added and incubated for 1 h at 4 °C, before being eluted by
boiling in Laemmli sample buffer.

For p75N™ construct immunoprecipitations, transfected
HEK293 cells were treated with NGF at 50 ng/ml for 10 min,
harvested in ice-cold PBS, and lysed as described above. Lysates
were precleared in 75 ul (1:2) Gammabind G-Sepharose beads
(Amersham Biosciences) for 2 h at 4 °C and then incubated with
3-5 g of mouse anti-GFP (Roche Applied Science; catalog no.
11814460001), rabbit anti-TrkA (Abcam, catalog no. ab8871),
or rabbit anti-human p75N™ intracellular domain antibody
(Promega, catalog no. G323A) for 2 h at 4 °C. Immunoprecipi-
tation was performed by the addition of (1:2) Gammabind
G-Sepharose beads incubated for 16 h at 4 °C. The immunopre-
cipitate was washed and eluted in 2X LDS sample buffer
(Invitrogen).

For surface biotinylation and TrkA cross-linking experi-
ments, PC12 cells were serum-starved prior to treatment with
peptides and NGF for 1 h. Cellular proteins were then either
biotinylated for 90 min with EZ-Link Sulfo-NHS-biotin
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(Thermo Scientific) or non-reducibly cross-linked with disuc-
cinimidyl suberate (Pierce) on ice for 2 h according to the man-
ufacturer’s instructions. Lysates were immunoprecipitated
overnight at 4 °C using Gammabind G-Sepharose beads cou-
pled with anti-Trk (C-14) antibody (Santa Cruz Biotechnology,
catalog no. SC11). Samples were washed and eluted by boiling
samples in reducing buffer (20 mm dithioerthritol, 2.5% SDS).
Lysates were precleared using blank Gammabind G-Sepharose
beads before immunoprecipitation. For the detection of phos-
pho-TrkA following immunoprecipitation with TrkA antibod-
ies, rabbit anti-phosphotyrosine antibodies (1:1000; Promega,
catalog no. V2171) were used.

NGF-FITC Conjugation—NGF was labeled with fluorescein
isothiocyanate (FITC) via free amine groups with a resulting
fluorophore/protein ratio of 1.8-2.5:1 per NGF molecule
adapted from Refs. 38 and 39. 400 pg of BNGF in 200 ul of
NaHCO;, buffer, pH 8.5, was mixed with 5-10 ul of 10 mg/ml
FITC in 100 ul of dimethyl sulfoxide for 10 h at 4 °C. Excess
FITC was removed by dialysis against 10 mm Tris, 150 mm
NacCl, 0.2% acetic acid, pH 8.2, for 24 h at 4 °C. The degree of
NGE-FITC labeling was determined by measuring absorbance
at 280 nm and 495 nm according to the manufacturer’s instruc-
tions. Only FITC-NGF with equivalent activity to unlabeled
NGF in PC12 cell neurite outgrowth assays was used in our
assays (supplemental Fig. 1).

Flow Cytometry, NGF, and Antibody Binding Assays—In
studies investigating NGF binding, PC12 cells or transfected
p75I<O PC12 or HEK293 cells were serum-starved for 4 h, after
which ¢29 or scrambled peptide was added to the cultures for
1 h. Cells were harvested and washed with DMEM prior to use.
To determine real-time association rates for NGF-FITC, cells
were kept on ice and analyzed for 30 s at an analysis rate of
200-300 events per second immediately prior to the addition of
26 nM NGF-FITC, with analysis continuing for a further 30 min.
Binding kinetics were calculated from raw data files of
550,000 - 600,000 cells compressed to 50,000 binding events
using FlowJo and MatLab software. For steady-state binding
assays, cells were incubated for 1 h in 10 um NGF-FITC and
washed with ice-cold PBS before analysis. Where applicable,
the following antibodies were used: goat anti-TrkA against the
NGF binding site (1:500; R&D Systems, catalog no. AF1056),
non-agonist rabbit anti-TrkA (1:500; Upstate, catalog no.
06-574), and the monoclonal anti-rat p75™™ (MC192; 1:1000)
purified from hybridoma-conditioned supernatant and conju-
gated to FITC (Sigma-Aldrich). Fluorescence parameters of at
least 20,000 events for PC12 cells and 100,000 events for
HEK293 cells were acquired by flow cytometry list mode, and
measurements were performed on a single-cell basis (with
compensation for double-event counting). Dead cells and
debris were gated from the analysis on the basis of propidium
iodide forward scatter fluorescence and mean, median, and
maximal fluorescence. Values of the gated cell populations
were analyzed using FACS Diva software (BD Biosciences) and
FACS Express Software (BD Biosciences). The background flu-
orescence of HEK293 cells represents non-transfected cells (*
¢29 or scrambled peptide treatment) treated with NGF-FITC.
For PC12 cells, the control population was cells that had not
been treated with NGF-FITC.
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Statistical Analysis—For all tests, p = 0.05 was considered to
be statistically significant. In experiments with two matched
observations, a paired ¢ test analysis was used. In experiments
with three or more matched groups, repeated measures one-
way ANOVA with a Friedman test was applied. In ligand-bind-
ing experiments two-way ANOVA with Bonferroni post-test
analysis was used. GraphPad Prism software (version 5.0c) was
used for all analyses.

RESULTS

SCG Neurons Exhibit an Enhanced Response to NGF in the
Presence of c29—W e have previously demonstrated that the c29
cell-permeable peptide, encompassing 29 amino acids of the
juxtamembrane intracellular domain of p75™"® fused to a syn-
thetic protein transduction domain peptide (see “Experimental
Procedures”), can inhibit p75™"®-mediated cell death (29). As
p75™T® has a well characterized role in the survival and differ-
entiation of sympathetic neurons, we tested whether ¢29 is neu-
rotrophic by using SCG explants, which selectively express
p75™™® and TrkA, and require NGF for neurite outgrowth and
survival. SCG explants isolated from newborn mice and cul-
tured in the presence of 10 ng/ml NGF and 1 um c29 displayed
significantly enhanced neurite outgrowth compared with
explants exposed to NGF alone or NGF and scrambled peptide
controls (Fig. 1,2 and ). To determine the reason for this effect,
we examined neurite outgrowth of dissociated SCG cultures.
Time-lapse microscopy revealed that the speed of axonal
growth and the number of axonal branches per dissociated SCG
neuron were not significantly different between treatments
(Fig. 1, ¢ and d); however, the presence of c29 significantly
reduced the time required for dissociated SCG neurons to ini-
tiate NGF-mediated neuritogenesis (Fig. le).

PC12 Cells Exhibit an Enhanced Response to NGF in the Pres-
ence of c29—To understand the biochemical events underlying
this effect, we analyzed neurite outgrowth in PC12 cells, which
differentiate into a neuron-like phenotype when treated with
NGF, and are commonly used to model sympathetic neurons
(40). PC12 cells treated with ¢29 and low concentrations of
NGF (1 ng/ml or 10 ng/ml) extended neurites that were signif-
icantly longer than those observed in cultures treated with
equivalent concentrations of NGF, either with or without
scrambled peptide (Fig. 2, a and b). Indeed, the neurite length of
cells treated with 1 ng/ml or 10 ng/ml NGF in the presence of
€29 was comparable with that of cells exposed to 10-fold higher
NGF concentrations alone (Fig. 2b); however, ¢29 had no effect
on neurite outgrowth of PC12 cells in the presence of saturating
concentrations of 100 ng/ml NGF (Fig. 2b). c29 also had no
effect on PC12 cell neurite outgrowth in the absence of NGF
(Fig. 2, a and b) or in the presence of EGF (Fig. 2¢), which also
stimulates neurite outgrowth via endogenous EGF receptors
when applied at high concentrations. This suggested that c29
had no intrinsic trophic effect (41).

NGEF-dependent differentiation and neurite outgrowth in
PC12 cells depends on increased and sustained activation of
Erk1/2 by TrkA (2, 42, 43) and serine/threonine-specific pro-
tein kinase Akt (44). We therefore analyzed phosphorylated
Erk1/2 and Akt by immunoblotting lysates from cells treated
for 24 h with NGF, either alone or in combination with ¢29 or
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FIGURE 1. c29-treated SCG explants exhibit an enhanced response to
NGF. g, representative photomicrographs of individual mouse SCG explants
cultured in 10 ng/ml NGF and 1 um of c29 or scrambled control peptide and
stained for Blll-tubulin (scale bar, 500 wm), showing enhanced neurite out-
growth in the presence of c29 and NGF. b, quantification of axonal outgrowth
from SCG explants cultured with NGF and c29 or scrambled control (SC) pep-
tide. (=8 explants were quantified per condition.) ¢, quantification of speed of
neurite growth of dissociated SCG neurons during the first 6 h after plating in
medium containing 10 ng/ml NGF and c29 or scrambled peptide. No signifi-
cant differences were found between experimental conditions (n = 18 neu-
rons per conditions). d, quantification of the number of neurites sprouting
from dissociated SCG neurons from the time of plating in NGF and c29 or
scrambled peptide. No significant differences were observed between treat-
ments (n = 18 neurons per condition). e, quantification of the time it took for
each dissociated SCG neuron to extend its first neurite following plating in
NGF and ¢29 or scrambled peptide. SCG neurons in the presence of 29 and
NGF initiated neuritogenesis 2 h earlier than neurons plated in NGF alone
or NGF and scrambled peptide (n = 18 per condition) mean = S.E,; **, p <
0.01; *** p < 0.001; ANOVA).

scrambled peptide. Addition of NGF to c29-treated cells pro-
duced a significant and dose-dependent increase in the levels of
phosphorylated Erk1/2 (pErk1/2) (Fig. 2, d and e) and phosphor-
ylated Akt (pAkt) (Fig. 2, d and f), relative to those in the control
cultures. Total levels of Erk1/2 or Akt were unaffected by any
treatment (Fig. 2d). In the absence of NGF, treatment of cells
with ¢29 or scrambled peptide had no effect on pErk1/2 or pAkt
signaling (Fig. 2, d—f), indicating that ¢29 did not independently
stimulate either Erk1/2 or Akt activity. These increases in
pErk1/2 and pAkt activation are consistent with and can
account for the biological effects that we observed in the neurite
outgrowth assays.

Endogenous p75~"™® Is Not Required for c29 to Enhance NGF-
stimulated Neurite Outgrowth—To determine whether c29
required endogenous p75™ ® expression for its trophic actions,
we treated SCG explants isolated from p75™"®-deficient mice
with ¢29 and NGF (Fig. 3a). NGF-treated p75™"®-deficient
ganglia had less neurite outgrowth over 48 h than NGF-treated
ganglia from wild-type mice (Fig. 3b). However, c29 treatment
enhanced the extent of outgrowth in p75N"R-deficient
explants, restoring it to the level of NGF-stimulated outgrowth
of p75NTR_deficient ganglia (Fig. 3, @ and c).

Similarly, when PC12 cells lacking p75™™ (p75%°) were
treated with ¢29 and NGF, the cultures displayed enhanced
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FIGURE 2. PC12 cells exhibit an enhanced neurite outgrowth and
enhanced trophic signaling in the presence of ¢29. g, bright field micro-
graphs of PC12 cells following differentiation in the presence of various NGF
concentrations and treatment with c29 or scrambled control (SC) peptide
(scale bars, 50 um). Quantification of neurite length (median * S.E.) of wild-
type PC12 cells (b and ¢; n = 6 experiments, >50 cells per condition) 72 h after
treatment with various concentrations of NGF (b and d) or EGF (c) and c29 and
scrambled peptides are as indicated. Shown are representative Western blots
(d) and quantification of immunopositive bands of total (tAkt and tERK) and
phosphorylated forms of Erk1/2 (e) and Akt (f) in lysates of PC12 cells pre-
treated with ¢29 peptides and exposed to various concentrations of NGF for
1 h (n = 3 experiments, mean = S.E.; **, p < 0.01; *** p < 0.001; ANOVA).

neurite outgrowth (Fig. 3d). Addition of NGF to c29-treated
p75%° PC12 cultures also resulted in an early and enhanced
activation of downstream Erk1/2 signaling compared with that
in cultures treated with NGF alone (Fig. 3e). These results dem-
onstrated that endogenous p75™™ is not required for 29 to
promote neurotrophic functions.

Endogenous p75'P Is Required for TrkA-mediated Neurite
Outgrowth—W e next investigated whether the membrane-free
p75'“P containing the c29 sequence (22, 26) had a similar neu-
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FIGURE 3. Endogenous p75"™® is not required for c29 to enhance NGF-
stimulated neurite outgrowth. g, representative photomicrographs of indi-
vidual mouse p75NTREen) knock-out SCG explants cultured in 10 ng/mlI NGF
and 1 um of c29 or scrambled control peptide and stained for Blil-tubulin
(scale bar = 500 um) show enhanced neurite outgrowth in the presence of
c29 and NGF. b, quantification of axonal outgrowth of wild-type and
p75NTRExen) |nock-out mouse SCG explants cultured in 10 ng/ml NGF for
48 h. ¢, quantification of axonal outgrowth from p75NTReen) knock-out
mouse SCG explants cultured with NGF and c29 or scrambled control (SC)
peptide (five explants quantified per condition; mean = S.E.). d, quantifica-
tion of neurite length of p75° PC12 cells (n = 4 experiments; median *+ S.E;
>50 cells per condition) 72 h after treatment with 10 ng/ml concentrations of
NGF, c29, or scrambled peptide as indicated. e, representative Western blots
of immunopositive bands of total (tERK) and phosphorylated forms of Erk1/2
and Akt in lysates of p75%° PC12 cells pretreated with or without c29 peptides
and exposed to 10 ng/ml NGF for various times as indicated (n = 3 experi-
ments, mean *+ S.E;*, p < 0.05; **, p < 0.01; ANOVA).

rotrophic effect to that of ¢29. NGF-treated wild-type (Fig. 4, a
and b) and p75° PC12 cells (Fig. 4c) transfected with p75'“"
tagged with YFP had significantly longer neurites than control
YFP-expressing cells (Fig. 4, a—c) and displayed enhanced
Erk1/2 phosphorylation (Fig. 4, d and e).

Because p75'“" has been reported to independently activate
Erk1/2 signaling (45), we next determined whether the trophic
effect of p75'“P expression required TrkA activity. Cells co-ex-
pressing p75'“" together with a dominant-negative TrkA con-
struct containing a mutation in the kinase active site
(TrkA®>®*R) had significantly shorter neurites than cells
expressing p75"“" and wild-type TrkA (Fig. 4f). This indicated
that TrkA kinase activity is required for the trophic effects of
p75'"“P. As with c29 treatment, PC12 cells transfected with a
p75'“" construct displayed increased pErk1/2 signaling in
response to NGF but not EGF treatment (Fig. 4g), suggesting
that both the c29 peptide and p75'“® enhanced TrkA-kinase
responsiveness to NGF.

To test whether other forms of p75™"® also had this neu-
rotrophic effect, we used a number of p75~"® variant con-
structs. PC12 cells overexpressing full-length p75N*™® (p75t")
or a protein mimicking p75“"* were subject to increased rates
of cell death within 48 h of transfection (data not shown), as has
been reported previously (29, 31, 46). However, cells overex-
pressing a non-cleavable variant of p75™"® (p75™-Y) that pre-
vents formation of both p75™* and p75'“" or a variant with a
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deletion in the juxtamembrane region corresponding to ¢29
(p75°7Y%) remained viable. Cells expressing these variants, in
contrast to those expressing p75'“", had significantly reduced
neurite outgrowth and Erk1/2 signaling when cultured in the
presence of NGF (Fig. 4, a and b). This suggested that the neu-
rotrophic effect of p75™"® was limited to the p75'“P fragment
containing the c29 sequence.

We next examined whether the generation of endogenous
p75'“P fragments generated by intramembrane proteolysis of
p75N™® was required for neurite outgrowth. NGF has previ-
ously been shown to induce cleavage of p75™"® to generate
p75'“P (24, 25, 27). In agreement with these previous studies,
treatment of PC12 cells with 1, 10, or 100 ng/mI NGF resulted in
the dose-dependent generation of p75'<" (Fig. 5a). However, in
the presence of inhibitors of p75™™ proteolysis (TAPI-2, a
metalloprotease inhibitor, and compound E, a y -secretase
inhibitor), NGF-stimulated p75'“" generation was inhibited
(Fig. 5b). These compounds also markedly reduced NGF-stim-
ulated PC12 cell neurite outgrowth (Fig. 5¢) and Erk1/2 activa-
tion (Fig. 5d). In contrast, neither the «- nor the y- secretase
inhibitor had any significant effect on EGF-induced neurite
outgrowth (Fig. 5e) or signaling (Fig. 5f).

SCG explants treated with compound E in the presence of
NGF also had clearly reduced neurite outgrowth compared
with that observed in control cultures (Fig. 5, g and /). Impor-
tantly, the inhibitory effect of compound E on pErk1/2 produc-
tion (Fig. 5f) and neurite growth of SCG explants was rescued by
co-treatment with ¢29 (Fig. 5, g and /), mimicking the results
obtained using p75™"®-deficient SCG explants (Fig. 3, a—c).
These observations demonstrate that the y-secretase cleavage
of endogenous p75™"™® specifically enhances TrkA-mediated
neurite outgrowth, a function that can be mimicked by c29.
Thus, these data are consistent with the idea that generation of
p75'“P by p75NT®R proteolysis is required for TrkA-mediated
responses at low concentrations of NGF.

c29 Interacts with TrkA and Facilitates Increased NGF
Binding—To understand the mechanism by which p75'“® and
c29 facilitate TrkA signaling, we investigated whether a
p75NTR-TrkA complex (47, 48) could be retained following
p75NTR proteolysis. TrkA-p75™" interactions were examined
via co-immunoprecipitation following transfection of HEK293
cells. Full-length and truncated p75™*® constructs were trans-
fected together with either kinase-active TrkA or kinase-inac-
tive TrkA®>*#* Both full-length p75™ " (Fig. 6a) and its C-ter-
minal fragment (Fig. 6a) were able to co-immunoprecipitate
TrkA and TrkA®**%4, indicating that the interaction was not
mediated via the extracellular domain of p75™"®, Consistent
with this, neither TrkA activation nor dimerization by NGF
significantly influenced the amount of TrkA that was co-immu-
noprecipitated with p75™™® (Fig. 6a). Importantly, p75'“" was
also able to co-immunoprecipitate TrkA (Fig. 6a), whereas the
p75%7Y% protein (lacking 33 amino acids of the intracellular
juxtamembrane region) was not (Fig. 6a). Moreover, c29 but
not a control peptide (LC1), was able to pull down overex-
pressed (Fig. 6b) as well as endogenously expressed TrkA (Fig.
6¢). Neither peptide pulled down the EGF receptor (Fig. 6d).
These results indicate that the 29-amino acid intracellular jux-
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cells 24 h after treatment with NGF or EGF. Although both NGF and EGF increase pErk1/2, p75'“P potentiated this effect in the presence of NGF but not EGF,

whereas full-length p75N™® had no effect on pErk1/2 levels in any condition.

tamembrane sequence is sufficient and necessary for p75™'® to
interact with TrkA.

Based on areport that the juxtamembrane domain of p7
is required for the generation of high-affinity NGF receptors
(19), we next tested whether c29 was acting by affecting binding
of NGF to TrkA. To investigate this, we used fluorescently
labeled NGF (NGE-FITC) and flow cytometry analysis of ligand
binding. The advantage of using flow cytometry, rather than the
more traditional method based on radiolabeled NGEF, is the
ability to assess ligand binding in real time, and on a per cell as
well as total population basis (49, 50).

c29-treated HEK293 cells transfected with TrkA*>**® and
PC12 cells bound significantly more NGF per cell than
untreated or scrambled peptide-treated cultures (Fig. 7a and
supplemental Table 1). To determine whether this increase in
NGF binding in the presence of ¢29 was due to an increased rate
of association of NGF for its receptors, we measured the real-
time binding rate of NGF in HEK293 cells expressing either
TrkA or p75™"™®. Cells expressing only TrkA (Fig. 7b), showed a
3-fold faster binding rate of NGF than untreated or scrambled
peptide-treated controls, whereas NGF-FITC binding to

SNTR
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cells expressing only p75™™® was unaffected by c29 treatment
(Fig. 7¢).

Cells expressing p7 together with TrkA also bound sig-
nificantly more NGF-FITC (Fig. 7e). In contrast, cells express-
ing TrkA and either p75™-SY (Fig. 7e) or p75°7Y* (Fig. 7fand
supplemental Table 1) did not have significantly enhanced NGF
binding, with a trend toward reduced NGF binding capacity
despite increased numbers of NGF-binding receptors
expressed by these cells compared with those transfected with
TrkA alone. These results are consistent with our finding that
cells treated with c29 and p75'“" display enhanced responses to
low concentrations of NGF in neurite outgrowth and signaling
assays, whereas full-length p75™™ failed to mediate these
effects.

¢29 Alters Ligand Accessibility Not TrkA Receptor Levels—To
determine whether c29 facilitates TrkA ligand binding and
function by altering TrkA or p75™"® expression, we measured
the cell surface expression of these receptors in PC12 cells. The
presence of ¢29, scrambled peptide, or NGF had no effect on the
levels of surface TrkA or p75™™® (Fig. 8a). Similarly, although
NGF induced the formation of TrkA dimers, the number of

5ICD
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trol biotinylated peptide (representative figure for n = 3).

TrkA dimers (basal or NGF-induced) was unchanged in the
presence of c29, despite the markedly increased level of TrkA
phosphorylation compared with that of cells treated with NGF
alone (Fig. 8b).

One mechanism by which receptor ligand-binding capacity
can be increased without changing receptor numbers is
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pound E-induced reduction in pErk1/2 and neurite outgrowth.

through structural modulation of the ligand-binding site (32,
51). To investigate whether c29 might be causing a conforma-
tional change to facilitate the access of ligands to their binding
site within the extracellular domain of TrkA, we compared the
extent of binding of a TrkA antibody that targets the NGF
ligand-binding site (AF1056), versus a non-modulatory TrkA
antibody (06-574), to PC12 cells treated with c29. The binding
of the antibody raised against the ligand-binding site of TrkA
was significantly increased in a ¢29 dose-dependent manner,
similar to the enhanced binding of NGF (Fig. 8¢). In contrast,
the binding of the non-modulatory TrkA antibody was unaf-
fected by the presence of c29 (Fig. 8c). This supports the idea
that ¢29 could facilitate the access of TrkA ligands to their
binding site within the extracellular ligand-binding domain
of TrkA.

Finally, we examined the ability of c29 to modulate NGF
binding to a TrkA variant (TrkA"?°**), which has a constitu-
tively increased binding affinity for NGF due to a mutation
within the extracellular flexible linker region (32). ¢29 had a
negligible effect on the rate of NGF binding to HEK293 cells
expressing TrkA"?°** (Fig. 8d), suggesting that c29 mediates a
conformational change within wild-type TrkA, an effect that is
constrained in the Trk"?°** mutant.
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DISCUSSION

Here, we show that the juxtamembrane intracellular domain
of p75N*™® is required and sufficient to potentiate TrkA-medi-
ated signaling and functional outcomes at nanomolar concen-
trations of neurotrophins. This domain mediates interactions
between p75™"® and TrkA but does not associate with the EGF
receptor. Moreover, it modulates the binding of NGF to TrkA,
significantly increasing the amount of NGF (or an agonist
ligand-mimicking TrkA antibody) bound to TrkA-expressing
cells, with no change in the surface expression of either p75™"%
or TrkA receptors. Together these results suggest that this
small p75'“" juxtamembrane domain acts as a modulator of
Trk receptor function.

c29 and p75'" Potentiate Trk-mediated Trophic Signaling
Pathways and Functions—Our previous work (29) as well as
studies assessing the role of p75™"® in high-affinity NGF bind-
ing (19, 20) have implicated the proximal-intracellular jux-
tamembrane 29-amino acid fragment of p75'“", termed the
Chopper domain, in potentiating neurotrophic actions. Here,
we established that a peptide comprising the Chopper fragment
lacking a transmembrane linker (c29) enables PC12 cells and
SCG neurons to respond to a 10-fold lower neurotrophin con-
centration in terms of neurite outgrowth and activation of
trophic Erk1/2 and Akt signal cascades. A consistent finding
from these results was that the trophic actions of ¢29 did not
occur in the absence of Trk activation and did not require
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expression of full-length p75™™®, This strongly suggests that
the effect of the peptide does not occur solely via inhibition of
p75NTR death signaling cascades (52).

The generation of p75'“" has been reported as necessary for
many functions of p75™"® (23), including activation of trophic
signaling pathways (25, 26) and cell death in the absence of
trophic support (53). In this and our previous studies (29 -31),
the p75'“® fragment did not mediate death. Rather, we have
reported that the p75°™* promotes neuronal death (29, 31, 54,
55) and here have observed that p75'“® enhanced TrkA-depen-
dent neurite outgrowth and Erk1/2 signaling. Importantly, in
these assays, other forms of p75™*® did not have the same
trophic effects as p75'“P. Non-cleavable p75™"Y and p75*°
jux inhibited the neurotrophic effects of NGF, reducing
rather than enhancing NGF binding to TrkA-expressing
cells. Full-length p75N™ or p75°™" again promoted cell
death in PC12 cells. Our findings suggest that the generation
of a membrane-free intracellular domain fragment contain-
ing the c29 sequence is critical for endogenous p75™™® to
mediate these trophic actions. Both cleavage inhibitors,
which prevent the generation of p75'“® from endogenous
p75NTR, and p75N"® gene deletion curtailed NGF-induced
neurite outgrowth. These results, together with the rescue of
neurite outgrowth by ¢29, illustrate that the production
of this p75™™® fragment is required for the trophic response
of the cells to NGF via TrkA.
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FIGURE 8. c29 modulates NGF-mediated TrkA phosphorylation, but not
cell-surface receptor expression. a, Western blots (WB) of cell surface-bioti-
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agonist (AF1056) or non-agonist (06-574) TrkA antibodies (Ab) precoupled to
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0.01; one-way ANOVA). d, flow cytometry histogram plot of HEK293 cells
transfected with a constitutively active TrkAP2°*A mutant treated for 1 h with
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NGF-FITC binding in the presence of c29 (n = 4). [P, immunoprecipitation.

c29 Alters the NGF Binding Affinity of TrkA-expressing Cells—
Our experiments demonstrate that the c29 sequence is neces-
sary for and sufficient to increase the amount and association
rate of NGF binding to TrkA-expressing cells, with no measur-
able effect on NGF binding to p75™"®. Whether this observa-
tion represents high-affinity NGF receptor activity has not been
addressed. Nonetheless, our results are consistent with previ-
ous reports demonstrating that the intracellular domain of
p75NTR, in particular the c29-encompassing region of the intra-
cellular domain, is required to reconstitute NGF binding sites
with a faster association rate than that of cells expressing TrkA
alone (19, 20). The p75™™® transmembrane domain was also
shown to be necessary for high-affinity NGF binding as a chi-
meric p75™"® protein containing the EGF receptor transmem-
brane domain failed to generate high-affinity receptor sites
(20). We recently reported that the p75~™® transmembrane
sequence and structure have a significant effect on the rate of
v-secretase cleavage (27). Therefore, the p75™ "*-EGF receptor
chimeric protein may have failed to recapitulate high-affinity
NGF binding sites because generation of the p75'“" fragment
was hindered.

Our observation of enhanced NGF binding per cell following
the application of c29 or overexpression of p75'“" is also con-
sistent with the idea that the ratio of p75™*® to TrkA affects
NGF binding affinity (19, 56) and that only a small fraction of
surface Trk receptors participate in high-affinity binding (6).
Indeed, our finding that c29 and expressed p75'“" could poten-
tiate the neurotrophic activity in cells already expressing
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endogenous p75™ " indicates that the response of the cells was
not yet maximal. A limiting step in the endogenous response to
low neurotrophin levels may not be the ratio of Trk to p75~™®
in itself but rather the amount of available p75'“" relative to
TrkA. Jung et al. (21) concluded that p75'“" did not interact
with TrkA as the majority of p75'“" generated following phor-
bolesters treatment of transfected cells was not found in the
same size exclusion fractions as TrkA. However, the small pro-
portion of p75'“P in the TrkA fraction observed in their exper-
iments may be sufficient for enhanced function under physio-
logical conditions with the rate or location of p75'“" generation
being a limiting factor. An estimation of the amount of c29
within cells relative to the amount of p75'" generated after
phorbolesters treatment suggests that c29 would be present in
cells at a much higher concentration than endogenous p75'“"
(supplemental Fig. 2). Therefore, in our experiments, applica-
tion of excess c29 or overexpression of p75'“” may have elim-
inated this barrier.

Inside-out Modulation of Trk by p75'“”?—OQur results indi-
cate that c29 and p75'“® can interact with TrkA but do not
significantly affect surface receptor levels or dimerization of the
receptors. Rather, our data are consistent with these fragments
altering the ability of the extracellular domain of TrkA to inter-
act with and bind its ligands. We speculate that this is by an
inside-out structural modulation similar to that which occurs
during activation of the integrin receptor (57).

Neurotrophins bind to the IgG-C2 domains of Trk receptors
(16, 51). Structural and biochemical data indicate that ligand
binding to TrkA at these sites can be allosterically modulated
and facilitated by p75™"® through the additional surface expo-
sure of the more N-terminally located IgG-C1/LRM domains
(51). Although this may occur due to mutation of residues
within these N-terminal domains, such as occurs in the
TrkAP2°%A mutant used herein (32), the extracellular domain of
wild-type TrkA is considered to be rigid. Thus, the structural
change required to enable this modulation in vivo is probably
mediated via the TrkA intracellular and/or transmembrane
domains (16). We therefore propose that c29 and p75'“" act to
cause and/or stabilize such a change, thereby resulting in the
formation of receptors with enhanced ligand-binding abilities.

An in vivo trigger for such an inside-out structural change
could be the release of p75™"® from its transmembrane domain
following y-cleavage generation of the p75'“® (24-26). The
p75'“P juxtamembrane domain is considered to be structurally
flexible (58), which means that it may form a different configu-
ration when membrane-bound compared with its structure fol-
lowing 7y-secretase cleavage. Structural change within the jux-
tamembrane region could, in turn, be permissive for altered
association with the Trk receptor, thereby mediating allosteric
modulation of the Trk receptor. Additional structural studies
will be required to determine whether our proposed model is
viable.

In summary, we have demonstrated that a specific fragment
of p75NTR, p75'“P, can interact with TrkA and is required for its
enhanced function. Furthermore, our results show that a c29
amino acid fragment of p75'“" is sufficient to increase the bind-
ing of NGF to TrkA-expressing cells, promote NGF trophic
signaling, and enhance neurite outgrowth. Our work suggests
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that the interaction of this 29-amino acid region of p75'“" with
TrKkA triggers a conformational change within the extracellular
domain of TrkA, resulting in increased receptor binding site
availability and receptor activation. These results provide evi-
dence for a new model of interaction between TrkA and the
p75'“P fragment and identify the 29-amino acid functional
moiety of this p75N"® fragment as being responsible for facili-
tating enhanced TrkA activation.
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