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SUMMARY

Small molecules offer powerful ways to alter protein
function. However, most proteins in the human proteome lack small-molecule probes, including the
large class of non-catalytic transmembrane receptors, such as death receptors. We hypothesized
that small molecules targeting the interfaces between transmembrane domains (TMDs) in receptor
complexes may induce conformational changes
that alter receptor function. Applying this concept
in a screening assay, we identified a compound targeting the TMD of death receptor p75NTR that
induced profound conformational changes and receptor activity. The compound triggered apoptotic
cell death dependent on p75NTR and JNK activity in
neurons and melanoma cells, and inhibited tumor
growth in a melanoma mouse model. Due to their
small size and crucial role in receptor activation,
TMDs represent attractive targets for small-molecule
manipulation of receptor function.

INTRODUCTION
Transmembrane receptors mediate transfer of information
across the plasma membrane. A crucial element in this process
is the transmembrane domain (TMD), a stretch of approximately
20 amino acids linking extracellular and intracellular receptor domains. Several studies have shown that conformational changes
induced by ligand binding to extracellular domains cause relative
movements of TMDs in dimeric or oligomeric receptor complexes which in turn trigger conformational changes in intracellular domains leading to intracellular signaling (Arkhipov et al.,

2013; Endres et al., 2013; Grigoryan et al., 2011). TMDs are
therefore critical structural elements for information transfer
across the plasma membrane. The question then arises whether
TMDs are suitable targets for small molecules to affect receptor
function. TMDs are small and often quite divergent, even within
families of related receptors. Small molecules targeting molecular interfaces between TMDs in receptor complexes may induce
or perturb conformational changes in TMDs and hence constitute useful chemical probes for acute and reversible modulation
of receptor activity.
Death receptors are characterized by the presence of a globular domain in their intracellular region known as the ‘‘death
domain’’ (Ferrao and Wu, 2012; Park et al., 2007). Prototypical death receptors include tumor necrosis factor receptor 1
(TNFR1), the Fas receptor (CD95), and the p75 neurotrophin
receptor (p75NTR, also known as NGFR, TNFRSF16, and
CD271). p75NTR signaling can induce apoptotic cell death in subpopulations of neurons and cancer cells, and has therefore
emerged as an interesting target for manipulation by small molecules. Neurotrophins engage p75NTR through large molecular
interfaces. Moreover, lacking enzymatic activity, death receptors signal by forming complexes with intracellular effectors
that also involve relatively large molecular surfaces. It is therefore
difficult for small molecules to affect the protein-protein interactions that lead to the activation of these receptors. Many death
receptors reside at the plasma membrane as pre-formed dimers
or trimers stabilized by either covalent or non-covalent interactions between different receptor domains, including the TMDs.
A highly conserved Cys residue in the p75NTR TMD (Cys256, human p75NTR numbering) forms a disulfide bridge that covalently
links two receptor protomers (Vilar et al., 2009). In the absence of
this TM Cys, p75NTR still form dimers through non-covalent interactions mediated by other TMD residues (Vilar et al., 2009) as
well as the death domain (Lin et al., 2015). On the other hand,
the TMD Cys is critical for ligand-mediated receptor activation
by allowing a scissor-like movement of TMDs that results in
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and activity in the full-length receptor in mammalian cells, and
inhibits melanoma tumor growth in mice in a p75NTR-dependent
manner.
RESULTS

Figure 1. Small-Molecule NSC49652 Affects the Interaction of
p75NTR TMDs
(A) Volcano plot of AraTM screening assay on NCI Diversity V compound
library. A total of 1,580 compounds dispensed in twenty 96-well plates
were screened at 50 mM in three independent runs. Fold change was
calculated against the corresponding vehicle (DMSO) control of each plate.
Hits were defined as compounds resulting in greater than ±0.5-fold change
in GFP/optical density at 630 nm (OD630) signal without affecting OD630 by
greater than 0.3-fold across the three runs. Compound NSC49652 is
indicated.
(B) Chemical structure of NSC49652.
(C) Dose response of NSC49652 in the AraTM assay of p75NTR TMDs. Results
are plotted as means ± SD (N = 3). The half maximal inhibitory concentration
(10 mM) was calculated as the dose that resulted in half maximal response.

the transient separation of death domains and recruitment of
intracellular effectors (Lin et al., 2015; Vilar et al., 2009). Mutant
p75NTR molecules lacking the TM Cys residue are unable to
respond to neurotrophin ligands despite showing normal cell
surface expression and ligand binding (Tanaka et al., 2016; Vilar
et al., 2009).
The crucial role played by the p75NTR TMDs in the mechanism of receptor activation prompted us to investigate whether
small molecules targeting this TMD can affect receptor function.
Such molecules may function by altering TMD oligomerization
or relative conformation at the plasma membrane. In this study,
we used a method to screen and identify small molecules
targeting the interfaces between TMD complexes in transmembrane receptors. We characterized one compound that interacts with the p75NTR TMD, induces conformational changes
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Identification of a Small Molecule Targeting the
p75NTR TMD
We adapted the AraTM transcription factor-based system in
bacteria (Russ and Engelman, 1999; Su and Berger, 2013) to
develop a screening assay to identify small molecules capable
of affecting the strength of interaction or relative conformation
of p75NTR TMDs in a biological membrane (see the STAR
Methods section for details). To facilitate access of small molecules across the bacterial cell wall, we used E. coli strain AS19
lacking lipopolysacharide, which previous studies have shown
to allow the entry of large macromolecules (Good et al.,
2000). We screened a prototype library of 1,580 chemically
diverse compounds from the National Cancer Institute and
identified several molecules that affected TMD-TMD interactions as determined by a statistically significant decrease in
the GFP readout normalized to bacterial density (Figure 1A).
After further validation experiments and controls for unspecific
effects on bacteria viability, five compounds were identified
that reproducibly affected TMD interactions in this assay (Figures 1B and S1A). The two most potent of these, NSC149286
and NSC49652, shared similar structural characteristics; and
the more active of the two, NSC49652 (CAS no. 90856368-8), was selected for further study. NSC49652 is a chalcone
flavonoid consisting of two aromatic rings joined by a threecarbon a,b-unsaturated carbonyl system with a molecular
weight of 225.24 Da (Figure 1B). In dose-response studies,
NSC49652 displayed a half maximal inhibitory concentration
(IC50) of 10 mM in the AraTM assay (Figure 1C). We further
tested a manually curated collection of 68 compounds with
structures related to that of NSC49652 (Figure S1B). Seven
compounds were found to display some level of activity, but
none was as potent as NSC49652 at reducing GFP signal in
the assay (Figure S1C). Together, these structure-activity
studies suggested that the chalcone system (ArCOC = CAr)
with ortho-hydroxyl appears to be important for activity, while
the 3-pyridyl does not appear to retain activity outside the 2-hydroxy-chalcone core structure. As the a,b-unsaturated
carbonyl group may be prone to reactivity with Cys thiol
groups, and the TMD of p75NTR contains a Cys residue, we
tested whether the inhibitory effect of NSC49652 in the AraTM
assay could be reversed after compound wash-out. Following a
4-hr isopropyl b-D-1-thiogalactopyranoside (IPTG) induction in
the absence or presence (10–30 mM) of NSC49652, bacterial
cells were switched to medium without either IPTG or compound for an additional 2 or 5 hr, and the response compared
with that without wash-out (0 hr). At all concentrations tested,
removal of compound showed significant recovery of the
GFP/optical density at 630 nm signal (Figure S2A), suggesting
that the effect of NSC49652 was reversible. In agreement
with this, replacement of Cys with Ser in the p75NTR TMD did
not affect the activity of NSC49652 in the AraTM assay (Figure S2B), indicating that its effect was not mediated by covalent reaction with the Cys residue.

Figure 2. Solution Structure of the Complex
between p75NTR TMD and NSC49652 and
Structure-Function Analysis of TMD Residues Engaged by NSC49652
(A) Superposition of backbone heavy atoms of the
ten lowest-energy structures of the human p75NTR
TMD dimer in complex with NSC49652. Monomers
of p75NTR TMD dimer are colored in red and blue;
NSC49652 is colored in green.
(B) Ribbon drawing of the lowest-energy conformer.
NSC49652 (green) and Cys256-Cys256 disulfide
linkage are shown in stick models.
(C) Binding interface in the complex between the
p75NTR TMD dimer and NSC49652 shown as a
surface model. Key residues at the binding interface
are labeled and depicted as stick models.
(D) Comparison of wild-type p75NTR TMD and
P253G mutant in the AraTM assay in response to
increasing doses of NSC49652. ‘‘No IPTG’’ denotes
the baseline level in the absence of IPTG induction.
The GFP over OD630 signal without any drug added
was set at 100%. Results are plotted as means ± SD
(N = 3). *p < 0.05.
(E) Comparison between wild-type p75NTR TMD and
I252A/V254A double mutant in the AraTM assay in
response to increasing doses of NSC49652. Results
are plotted as means ± SD (N = 3). *p < 0.05.

Solution NMR Structure of NSC49652 in Complex with
the p75NTR TMD
Evidence indicating a direct interaction between NSC49652 and
the TMD of p75NTR was obtained from chemical shift perturbations and inter-molecular Nuclear Overhauser Effect (NOE) signals derived from 2D and 3D nuclear magnetic resonance
(NMR) experiments, respectively, using purified recombinant
p75NTR TMD (Figure S3A) in the absence or presence of
NSC49652 at a 4.8 molar excess (Figures S3B–S3D). Previous
titration experiments had indicated that saturation of binding
was achieved between 4 and 5 molar excess of compound.
Addition of an inactive compound at the same ratio and concentration did not produce any chemical shift changes in the 2D
HSQC spectrum of the p75NTR TMD (Figure S3E). The solution
structure of the p75NTR TMD:NSC49652 complex was determined by multidimensional NMR (Figures 2A–2C and S2F) under
conditions that were identical to those previously used to determine the structure of p75NTR TMD in the absence of any ligand
(Nadezhdin et al., 2016). NSC49652 binds at the N terminus of
the p75NTR TMD. The p75NTR TMD:NSC49652 complex adopted
a compact quaternary structure restrained by the Cys256-Cys256

disulfide bond (human p75NTR numbering)
and a number of hydrophobic interactions
involving Leu, Val, Ile, Ala, Pro, and Trp
residues. The TMDs in the complex formed
an asymmetrical dimer with a buried area
of 370 Å. NSC49652 bound to a pocket
formed by Ile252, Pro253, Val254, Cys256,
and Ser257 residues in each of the two
TMD protomers (Figure 2C). Mutation of
Pro253 abolished the ability of NSC49652
to affect the p75NTR TMD (Figure 2D), suggesting that it is a key residue for drug binding. Double mutation
of Val254 and Ile252, but not the individual mutations, also
reduced the effect of NSC49652 in the AraTM assay (Figure 2E).
None of these mutations diminished baseline interaction between TMDs in the absence of drug (Figures S2C and S2D), suggesting that NSC49652 interacted with p75NTR TMD residues
that do not normally contribute to TMD dimerization. The fact
that point mutations abolished or diminished the effects of
NSC49652 in the AraTM assay suggests that the compound targeted the TM domain and not the technology of the assay. In
agreement with this, NSC49652 had no effect on the interaction
between the TMDs of a2b3 integrin (Figure S2E).
NSC49652 Alters the Relative Conformation of p75NTR
TMDs and Induces Dynamic Changes in the Full-Length
Receptor in Mammalian Cells
Comparison of the structures of the p75NTR TMD dimer in complex with NSC49652 and in its absence (Nadezhdin et al., 2016)
revealed significant conformational rearrangement of TMD
helices upon NSC49652 binding (Figure 3A). The two helices
in the TMD:NSC49652 complex showed kink angles of about
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Figure 3. NSC49652 Alters the Relative
Conformation of p75NTR TMDs and Induces
Dynamic Changes in the Full-Length Receptor in Mammalian Cells
(A) Structural comparison of p75NTR TMD dimers in
the presence (red) and absence (brown) of
NSC49652 (green). The disulfide bond is indicated
in yellow. The model without drug was derived from
PDB: 2MIC (Nadezhdin et al., 2016), produced under the same conditions used in the present study.
The two models are shown alone (left) and superimposed to each other (right) to highlight their differences. Angle changes induced in the complex
with NSC49652 are indicated.
(B) Live cell homo-FRET anisotropy of p75NTR in
COS cells in response to NSC49652. Shown are
representative traces of average anisotropy change
after addition of NSC49652 (20 mM at 0 min) or
vehicle in cells expressing wild-type human p75NTR.
(C) Live cell homo-FRET anisotropy of full-length
rat p75NTR in COS cells in response to NGF.
Shown are representative traces of average
anisotropy change after addition of NGF (50 ng/mL
at 0 min) or vehicle (PBS) in cells expressing wildtype human p75NTR.
(D) Live cell homo-FRET anisotropy of wild-type and
P254G mutant (rat numbering, equivalent to human
Pro253) p75NTR in COS cells in response to
NSC49652. Shown are representative traces of
average anisotropy change after addition of
NSC49652 (at 0 min).
(E) Live cell homo-FRET anisotropy of wild-type and
C257A mutant (rat numbering, equivalent to human
Cys256) p75NTR in COS cells in response to
NSC49652. Shown are representative traces of
average anisotropy change after addition of
NSC49652 (at 0 min).

30 and 35 , respectively, centered on Gly265. In the N terminus
upstream of Gly265, the helical segments appeared rotated by
44 and 48 , respectively, compared with the TMD dimer in
the absence of compound (Figure 3A), creating a hydrophobic
pocket for drug binding. The C-terminal segments displayed
smaller shift angles of 13 and 14 , respectively, perhaps
restricted by bulky side chain residues in that area (i.e.,
Leu266, Ile270, and Arg274). To determine whether the conformational changes induced by NSC49652 on the p75NTR TMDs as
detected by NMR have any relevance for the function of the
receptor on the plasma membrane of mammalian cells, we
conducted real-time homo-FRET anisotropy experiments
(Figure S2F). Previous studies by us and others have shown
that the intracellular death domains of p75NTR are associated
with each other (high FRET, low anisotropy state) under basal
conditions (Lin et al., 2015; Sykes et al., 2012; Vilar et al.,
2009), but ligand engagement induces transient separation of
p75NTR death domains (low FRET, high anisotropy state) manifested as large oscillations in real-time anisotropy measure1488 Cell Chemical Biology 25, 1485–1494, December 20, 2018

ments (Vilar et al., 2009). These changes
are abolished in mutant p75NTR molecules
lacking the conserved transmembrane
Cys residue (Cys256 in human, Cys257 in
rat p75NTR), despite normal ligand binding
(Lin et al., 2015; Tanaka et al., 2016; Vilar et al., 2009). (We note
that the TMDs of human and rat p75NTR are identical in
sequence.) COS cells expressing full-length, GFP-tagged rat
p75NTR were treated with vehicle or NSC49652 and changes
in anisotropy levels were recorded over time. NSC49652
induced large oscillations in real-time anisotropy (Figure 3B),
similar to those induced by endogenous p75NTR ligands, such
as nerve growth factor (NGF) (Figure 3C). In agreement with
the AraTM and NMR binding data, mutation of transmembrane
Pro254 (equivalent to human Pro253) to Gly also blunted homoFRET changes induced by NSC49652 (Figure 3D). Interestingly,
as in the case of p75NTR activation by NGF (Tanaka et al., 2016;
Vilar et al., 2009), mutation of transmembrane Cys257 (rat
p75NTR numbering) completely abolished death domain movements in response to NSC49652 (Figure 3E). Together, these
findings suggest that NSC49652 binding to the TMD of
p75NTR induces conformational changes that can be propagated to intracellular death domains, resembling receptor activation by endogenous p75NTR ligands.

NSC49652 Induces Apoptosis through p75NTR and the
JNK Pathway in Neurons and Affects the Viability of
Melanoma Cells
Activation of p75NTR induces apoptotic cell death in different
types of cells, including neurons and some cancer cells (Ichim
et al., 2012; Underwood and Coulson, 2008). We tested whether
NSC49652 affected the ability of p75NTR to induce apoptotic cell
death in response to NGF in primary cultures of mouse cerebellar
granule neurons by assessing the levels of activated (cleaved)
isoforms of caspase-3 and poly(ADP) ribose polymerase
(PARP), two commonly used markers of apoptosis. We found
that NSC49652 could induce an apoptotic response on its own
in these neurons independently of NGF (Figure 4A), suggesting
that it behaves as a functional p75NTR agonist in this regard.
The effect of NSC49652 on caspase-3 activation could be suppressed by a specific inhibitor of JNK (c-Jun N-terminal kinase)
(Figure 4B), a known mediator of apoptosis induced by
p75NTR. Next, we tested the responses of neurons derived
from p75NTR knockout mice, which lack the receptor entirely,
or from two strains of knockin mice, one lacking only the
p75NTR death domain (DDD), the other carrying a mutation in
the TM Cys residue (C259A, mouse p75NTR numbering), both
of which are crucial for receptor activity (Tanaka et al., 2016).
We found that, while NSC49652 induced apoptosis in wildtype cells, all mutant neurons showed resistance at the tested
concentrations (Figures 4C–4E). Together, these data suggested
that NSC49652 can induce neuronal cell death through p75NTR
and the JNK pathway in neurons. As several cancer cells, particularly neural crest-derived melanoma, express high levels of
p75NTR, we tested whether NSC49652 could induce apoptosis
in three different lines of human melanoma, namely A875,
70W, and 3S5. NSC49652 induced activation of PARP in all three
cell lines (Figures 4F and 4G). shRNA knockdown of p75NTR in
A875-GFPLuc melanoma cells (a derivative of A875, see the
STAR Methods and Figure S4A) significantly reduced the proapoptotic effects of NSC49652 (Figure 4H). An analysis of
dose-dependent effects of NSC49652 on cell viability showed
a differential sensitivity between control and knockdown cells
up to 50 mM (Figure 4I). At 100 mM and above, both cell lines
were sensitive to the compound (Figure 4I), indicating in vitro
off-target effects at the highest concentrations, which is not
unusual for chemotherapeutic drugs.
Oral Administration of NSC49652 Reduces Tumor
Growth and Improves Survival in a Human Melanoma
Xenograft Model
The effects of NSC49652 on melanoma cells prompted us to
investigate whether the compound may have similar effects
in vivo. To determine optimal dosing of NSC49652, initial pharmacokinetic assessment was performed following a single oral
(gavage) administration of 10 mg/kg NSC49652. Plasma concentrations of NSC49652 were quantifiable up to 24 hr, with a
peak plasma concentration of 2,117.51 ng/mL (Cmax, 9.4 mM)
attained at 0.25 hr (Tmax), and an oral bioavailability of 29%.
Mean pharmacokinetic parameters for NSC49652 are summarized in Figures S5A and S5B. Next, to establish the maximal
dosing for the in vivo studies, toxicology studies were performed
on a 3-week repeated-dose schedule (5 days on; 2 days off) in
both male and female C57BL/6 mice. Oral administration of

NSC49652 to a maximal concentration of 200 mg/kg was performed with no mortality or adverse clinical signs observed in
any of the NSC49652-treated mice. Assessment of clinical signs
included body weight, food consumption, plasma chemistry,
gross pathology, and histopathologic examination. In addition,
as the preclinical studies would be performed using immunodeficient (severe combined immunodeficiency [SCID]) mice,
200 mg/kg NSC49652 was also administered to SCID mice for
1 week with no treatment-related effects observed. Based on
these toxicity studies, a treatment schedule of three cycles of
200 mg/kg NSC49652 administered via oral gavage on a 5-day
on, 2-day off regime was selected for the in vivo efficacy studies.
In brief, human melanoma xenografts were established using
A875-GFPLuc melanoma cells (carrying a luciferase reporter)
implanted subcutaneously on the flank of SCID mice. The luciferase signal allows for early detection of tumor burden. There
were no significant differences in the growth rates of control
(NT) and p75NTR knockdown (shp75) cells in vitro (Figures
S4B–S4D). Treatment with NSC49652 was initiated once tumors
were detectable by luciferase imaging. Following completion
of the 3-week drug regime, animals were monitored daily and
sacrificed when the tumors exceeded 2 cm3 (survival time). We
compared tumor growth and survival in mice that received control A875-GFPLuc cells (non-targeting [NT]) or p75NTR knockdown cells (shp75). Loss of p75NTR expression was maintained
in vivo in the knockdown cells as verified by immunohistochemistry (Figure S4E). Treatment with NSC49652 significantly
inhibited the growth of tumors derived from A875-GFPLuc cells
compared with vehicle-treated animals in three independent
experiments (Figures 5A, S5C, and S5D, respectively). By
30 days, all vehicle-treated animals that received A875-GFPLuc
NT cells expressing p75NTR had been sacrificed (Figure 5B), and
their median survival time was 28 days. In contrast, the maximal
survival time of animals treated with NSC49652 was 48 days
(Figure 5B), with a median survival of 36 days. Tumors produced
by A875-GFPLuc shp75 knockdown cells, although smaller than
those generated by control NT cells, were not affected by
NSC49652 treatment (Figures 5A, S8A, and S8B), supporting
the notion that NSC49652 functioned by targeting p75NTR.
Finally, the tumors of the animals treated with NSC49652
showed a significant increase in TUNEL staining compared
with vehicle control-treated animals (Figures 5C and 5D), indicating increased cell death in vivo as a result of the treatment.
DISCUSSION
In this study, we describe the identification of a small molecule
that interacts with the TMD of death receptor p75NTR, induces
conformational changes and activity in the full-length receptor
in mammalian cells, and inhibits melanoma tumor growth in
mice in a p75NTR-dependent manner. Compound NSC49652
bound to a pocket in the p75NTR TMD dimer that is not present
in the known conformation of the unbound dimer, suggesting
that either NSC49652 induces a new conformation or stabilizes
a pre-existing, but less frequent, configuration of these TMDs.
This question could be resolved by further studies of the dynamics of the p75NTR TMDs in biological membranes. The
conformation change observed in the NMR structure was
mirrored by the effects of NSC49652 on homo-FRET anisotropy
Cell Chemical Biology 25, 1485–1494, December 20, 2018 1489

Figure 4. NSC49652 Induces Apoptosis through p75NTR and the JNK Pathway in Neurons and Affects Viability of Melanoma Cells
(A) Representative western blot analysis showing induction of apoptotic markers (cleaved caspase-3 and PARP) by NGF and NSC49652 in cultures of post-natal
day 5 (P5) rat cerebellar granule neurons (CGNs) assessed by western blotting. Blots were reprobed with antibodies against actin. The experiment was repeated
three times with comparable results.
(B) Representative western blot analysis showing induction of cleaved caspase-3 by NSC49652 in the presence and absence of JNK inhibitor JNK-IN-8 (3 mM) in
cultures of P5 rat CGNs assessed by western blotting. Blots were reprobed with antibodies against actin. The experiment was repeated three times with
comparable results.
(C–E) Representative western blot analysis showing induction of cleaved caspase-3 (C and E) or PARP (D) by NSC49652 in cultures of P7 mouse CGNs derived
from wild-type (WT) mice and p75NTR knockout (C), DDD (D), or C259A (E) mutant mice. Blots were reprobed with antibodies against p75NTR extracellular domain
and actin. The experiment was repeated three times with comparable results.
(F–G) Representative western blot analysis showing induction of cleaved PARP in human A875 (F), 70W, and 3S5 (G) cell lines in response to 4 hr treatment with
the indicated concentrations of NSC49652. The experiment was repeated three times with comparable results. Unlike primary neurons, robust induction of
cleaved caspase-3 was difficult to obtain in melanoma cells.
(H) Representative western blot analysis showing induction of cleaved PARP in A875 control (NT [non-targeting]) and knockdown (shp75) cells in response to
NSC49652 (20 mM) or anisomycin (3.8 mM). The experiment was repeated three times with comparable results.
(I) Dose-dependent cell viability of A875 control (NT) and knockdown (shp75) cells in response to NSC49652. Results are plotted as means ± SD (N = 3). *p < 0.05;
**p < 0.01.

in the intact receptor in mammalian cells, suggesting they may
be related. The oscillations in anisotropy caused by NSC49652
indicate dynamic changes in p75NTR intracellular domains,
1490 Cell Chemical Biology 25, 1485–1494, December 20, 2018

possibly reflecting rapid opening and closing of death domain
dimers, a response that is very similar to that elicited by neurotrophin ligands of p75NTR and which allows the binding of

Figure 5. Oral Administration of NSC49652 Reduces Tumor Growth and Improves Survival in a Human Melanoma Xenograft Model
(A) Quantitative assessment of tumor burden as measured every other day using a caliper. NSC49652 was administered orally during the first 3 weeks. Data are
presented as means ± SEM (N = 10 mice per group). *p < 0.05; n.s., not significant. A875-GFPLuc NT (non-targeting), control cell line; A875-GFPLuc shp75,
p75NTR knockdown cell line.
(B) Kaplan-Meier assessment of survival following treatment with NSC49652 or vehicle as indicated. p < 0.0001 (log rank test) for NSC49652 compared with
vehicle in A875-GFPLuc NT.
(C) Representative images of formalin-fixed, paraffin-embedded tumor sections stained by TUNEL from vehicle- or NSC49652-treated animals bearing A875GFPLuc NT tumors. Total cell nuclei were visualized using DAPI- (blue) and apoptotic TUNEL-positive cells (fluorescein-dUTP) are green. Scale bar, 15 mm.
(D) Apoptotic index in vehicle- or NSC49652-treated A875-GFPLuc NT tumors expressed as the ratio of the number of TUNEL-positive cells to the number of
DAPI-positive cells per field of view. Data are expressed as means ± SEM from three independent fields (two mice/group) using a 403 microscopic field. Means
that are significantly different from controls are indicated as ***p < 0.001.

intracellular effectors to the receptor (Lin et al., 2015; Tanaka
et al., 2016). Interestingly, the anisotropy changes induced by
NSC49652 were abolished upon mutation of TMD Cys256, which
is also required for neurotrophin-induced receptor activation
(Vilar et al., 2009). Together, the results from our NMR and
FRET studies explain why NSC49652 displayed agonistic activity on full-length p75NTR despite decreasing the GFP signal in the
AraTM assay. Based on these observations, we suggest that
binding of NSC49652 to the p75NTR TMD biases the conformation of the receptor in a manner that allows induction of cell death
signaling in neurons and melanoma cells. The conformational
changes induced by NSC49652 on the p75NTR TMD, as detected
by our structure, represent the first structural glimpse into a
possible mechanism for transmembrane coupling in this receptor, an advance that would have been difficult to achieve without
chemical biology.
Previous attempts to target p75NTR have focused on the
receptor extracellular domain, with the idea to either block or
mimic its interaction with neurotrophin ligands. Two small mol-

ecules reported to target the p75NTR extracellular domain have
been described (Delbary-Gossart et al., 2016; Massa et al.,
2006). In the absence of structural information, it is uncertain
whether these molecules engage p75NTR directly and, if so,
which is the nature of their molecular mechanisms of action.
It is also unclear whether they function as agonists or antagonists with regard to the different pathways activated by this
receptor. Due to the large molecular surfaces through which
they engage ligands and effectors, growth factor receptors,
particularly non-catalytic receptors such as p75NTR, are difficult
to target with small molecules. On the other hand, TMDs are
small and critically involved in conformational coupling across
the plasma membrane. TMD interfaces in receptor complexes
are highly dynamic (Arkhipov et al., 2013) and form pockets
that are amenable to binding by small molecules. Admittedly,
compounds targeting receptor TMDs are likely to display
moderate-to-high hydrophobicity. However, different delivery
strategies, including various encapsulations, liposome formulations, and spray-dried nanocrystals, have been developed in
Cell Chemical Biology 25, 1485–1494, December 20, 2018 1491

recent years that are expected to greatly facilitate their application (Hou et al., 2017; Schwendener and Schott, 2010; Wischke
and Schwendeman, 2008). Interestingly, although the thrombopoietin mimic SB394725 was initially identified on the basis of
its activity (Erickson-Miller et al., 2005), it was later found to
target the TMD of the thrombopoietin receptor (Kim et al.,
2007). To our knowledge, NSC49652 is the first compound
identified in a screen specifically designed to affect growth factor receptor TMDs.
Melanoma is the most serious form of skin cancer and
among the most common cancers in the United States, causing
87,000 cases and 9,700 deaths annually (Siegel et al., 2017).
Worldwide, melanoma accounts for 352,000 cases and
60,000 deaths annually (Fitzmaurice et al., 2015). Melanoma is highly metastatic to brain and lung, and patients
with invasive melanoma have a very high mortality rate.
Selective inhibitors of BRAF, such as vemurafenib and dabrafenib, have induced tumor regression and prolonged overall survival in patients with metastatic melanoma containing mutated
forms of BRAF, which have been estimated to be present in
40%–50% of all melanoma patients (Davies et al., 2002). However, virtually every patient treated with BRAF inhibitor eventually develops resistance and has disease progression
(Chapman et al., 2011). No consistent mechanism of resistance
has been identified. The other protein that can be effectively
targeted in patients with melanoma is mutant KIT, but activating mutations of KIT have been found in only a small percentage of all melanoma cases. Thus, over 50% of melanoma
cancers lack a clear target for therapeutic intervention, and, in
those that do, resistance is an ensuing problem. p75NTR is present at high levels in different types of melanomas and is a
marker of melanoma tumor-initiating cells (Boiko et al., 2010),
therefore targeting p75NTR may potentially benefit multiple classes of melanoma tumors. In our studies, tumor growth of A875
cells expressing p75NTR was significantly reduced, and survival
improved in mice treated with NSC49652. Increased cell death
in the tumors from animals treated with NSC49652 suggests
that the compound limited tumor growth through cytotoxic
effects on tumor cells. The fact that it did not affect tumor cells
lacking p75NTR suggests that these effects were mediated
through the intended target. Interestingly, p75NTR has also
been implicated in melanoma cell migration (Shonukan et al.,
2003), warranting further studies on the possible effects of
NSC49652 or related compounds on metastasis models of
melanoma.
More generally, our results show that TMDs represent attractive targets for small-molecule manipulation of receptor function.
Many other growth factor receptors form pre-formed complexes
in which their TMDs play important roles, including receptor
tyrosine kinases and transforming growth factor b superfamily
receptors (Shen and Maruyama, 2012; Zhu and Sizeland,
1999). Our studies suggest that several classes of different
receptors could be targeted with this approach.

Chemical probes that selectively modulate protein function
can also serve as leads for the development of novel therapeutics. Most proteins in the human proteome, however,
lack chemical probes. Several protein classes are even
perceived to be potentially ‘‘undruggable,’’ i.e., unsuitable
for chemical probe development. Among these, are the
large class of non-catalytic transmembrane receptors,
including death receptors of the tumor necrosis factor receptor (TNFR) superfamily. This class of proteins lack
intrinsic enzymatic activity and normally function by binding to other proteins, both extracellular and intracellular,
through relatively large molecular surfaces, making it difficult for small molecules to interfere with such interactions.
Ligand binding to transmembrane receptors induces
conformational changes that are transmitted through the
transmembrane domains (TMDs) to affect the intracellular
domain. TMDs are therefore critical structural elements
for information transfer across the plasma membrane in
these receptors. The question then arises whether TMDs
are suitable targets for small molecules to affect receptor
function. We hypothesized that small molecules targeting
the interfaces between TMDs in receptor complexes may
induce conformational changes that alter receptor function. Applying this concept in a screening assay, we identified a compound targeting the TMD of death receptor
p75NTR, which induced profound conformational changes
and receptor activity. The compound triggered apoptotic
cell death dependent on p75NTR and JNK activity in neurons
and melanoma cells, and inhibited tumor growth in a melanoma mouse model. More generally, our results show that
TMDs represent attractive targets for small-molecule
manipulation of receptor function. Many growth factor receptors form pre-formed complexes involving their TMDs.
Our studies suggest that several classes of different receptors could be targeted with this approach.
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CONTACT FOR REAGENT AND RESOURCE SHARING
For reagents and resources generated in this study, other than A875-GFPLuc NT or shp75 cells, or any other questions about the
reagents please contact Carlos F. Ibáñez (phscfi@nus.edu.sg). For all questions and inquiries regarding A875-GFPLuc NT or
shp75 cells please contact Donna L. Senger (senger@ucalgary.ca).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
This study uses the following cell lines: COS7 green monkey kidney fibroblasts; and human melanoma cells A875, 70W and 3S5. The
sex of these cell lines is unknown. COS7 and melanoma cells A875, 70W and 3S5 were cultured under standard conditions in DMEM
supplemented with 10% fetal calf serum, 100 units/ml penicillin, 100 mg/ml streptomycin, and 2.5 mM glutamine. Culture condition
for CGNs were as described in (Vicario et al., 2015). Primary cultures of cerebellar granule neurons were derived from C57/Bl6 mouse
or Sprague-Dawley rat pups of both sexes. Severe combined immunodeficient (SCID) mice used in the melanoma tumor growth
assay were all females. SCID mice are immunodeficient and homozygous for the severe combined immune deficiency spontaneous
mutation Prkdcscid and ; C57/Bl6 mice have a wild type genotype; Sprague-Dawley rats have a wild type genotype. p75NTR knock-out
mice are homozygous for a null mutation in the Ngfr locus. p75NTR delta-DD and C259A mice are knock-in mice carrying either a
deletion of exons 5 and 6 or a substitution at amino acid position 259, respectively, in the mouse Ngfr locus. Husbandry and housing
conditions of experimental animals were in accordance with Swedish and Canadian law regulations and approved by the corresponding insttution ethical committees.
METHOD DETAILS
Chemicals and Antibodies
Diversity V library was obtained from National Cancer Institute (Division of Cancer Treatment and Diagnosis, Developmental Therapeutics Program, http://dtp.cancer.gov). NSC49652 was custom synthesized by Glixx Laboratories and SAI Life India at a purity
greater than 98%. NGF was purchased from R&D Systems. JNK-IN-8 was obtained from the Division of Signal Transduction Therapy,
Dundee University. Antibodies against p75NTR extracellular domain were obtained from Alomone Labs (ANT-007). Antibodies against
a-actin, cleaved Caspase 3, and PARP were from Cell Signaling Technologies. Antibodies against BrdU were from BD Biosciences.
AraTM Screening Assay
The screening assay was based on the AraTM assay to assess conformation changes and binding strength in a pair of interacting
TMDs (Su and Berger, 2012; 2013). cDNA corresponding to the human p75NTR TMD (NLIPVYCSILAAVVVGLVAYIAFKRW) was subcloned in the KpnI and SacI restriction sites of the AraTM chimera plasmid. E. coli strain AS19 lacks LPS, allowing the uptake of a variety
of molecules, peptides and nuclei acids (Good et al., 2000). A single colony of AS19 transformants carrying the p75NTR TMD–AraTM
chimera and GFP reporter plasmids were grown overnight in LB medium supplemented with 50 mg/ml spectinomycin and 100 mg/ml
ampicillin. The culture was then diluted 1:100 in fresh LB medium and allowed to grow till optical density (OD) 630 reached between
0.2 and 0.5 after which IPTG was added to a final concentration of 1mM to induce the expression of the p75NTR TMD–AraTM chimera.
100 ml of this culture were dispensed into black-rim clear bottom 96-well plates (Corning #3631) that had been preloaded with 0.5 ml of
10 mM solution of stock compounds in triplicate (50mM final concentration). The plates were incubated with vigorous shaking at 38 C
for 4 hs to allow IPTG-induced expression of the p75NTR TMD–AraTM chimeric protein. The plates were then centrifuged at 4000 rpm
for 10 min at room temperature to pellet bacteria. LB media was aspirated and replaced with 100 ml of Phosphate Buffered Saline
(PBS), and bacteria cells were resuspended by vigorous shaking for 10 min. GFP signal was measured in each well (excitation
475nm, emission 509 nm) and bacterial density was determined by measurement of OD630 in a microplate plate reader (BioTek).
NMR Sample Preparation, Spectroscopy and Structure Calculations
Human p75NTR cDNA encoding residues 244 to 277, encompassing the p75NTR TMD, and N-terminally tagged with a 6xHis epitope
was subcloned in the pET32 expression vector. SoluBL21 (DE3) bacterial cells carrying this plasmid were grown in M9 minimal
medium containing 15N-NH4Cl and 13C-labeled glucose as the sole source of nitrogen and carbon. Cells were lysed by sonication.
Unbroken cells were removed by centrifugation at 6,000 g for 30 min. The membrane fraction was collect by 100,000 g centrifugation
at 4 C for 30 min. The p75NTR TMD was extracted from the membrane fraction with Octyl b-D-glucopyranoside and purified by
Ni-NTA affinity chromatography and FPLC gel filtration. Protein:drug complexes were prepared by mixing 0.8 mM 13C,15N-labeled
p75NTR TMD and 3.9 mM NSC49652 in 200 mM deuterated dodecylphosphocholine-d38 (DPC-d38), 5% deuterated dimethyl
sulfoxide-d6 (DMSO-d6), 5 mM phosphate buffer at pH 6.0. The dimerization of p75NTR TMD was confirmed by non-reducing
12 % Tricine SDS PAGE (Figure S3A).
NMR experiments were performed on a Bruker 800 MHz NMR spectrometer with a cryogenic probe at 40 C. All spectra were
processed with NMRPipe (Delaglio et al., 1995) and analyzed with NMRView supported by a NOE assignment plugin (Johnson
and Blevins, 1994). Resonance assignments of backbone and aliphatic side chains of p75NTR TMS were obtained using [1H-15N]
HSQC, [1H-13C] HSQC, 3D HNCA, 3D HN(CO)CA, 3D HCCH-TOCSY, and 3D 13C, 15N-edited NOESY spectra. Aromatic side chains
assignments of p75NTR TMD were obtained using previously described methods (Lin et al., 2006). 1HCC resonances of NSC49652
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were assigned using 2D 13C,15N-filtered TOCSY spectrum. Intramolecular NOE restraints were obtained from 3D 13C, 15N-edited
NOESY spectra. Protein:drug NOEs were identified from 2D and 3D 13C,15N-filtered NOESY spectra. Ambiguous NOEs were
assigned with iterated structure calculations by DYANA (Herrmann et al., 2002). Final structure calculation was started from
100 conformers. Energy minimization of the 10 conformers with the lowest final target function values was performed in AMBER force
field (Case et al., 2005). The mean structure was obtained from the 10 energy-minimized conformers. PROCHECK-NMR (Laskowski
et al., 1996) was used to assess the quality of the structures. All the structural figures were made using MOLMOL (Koradi et al., 1996)
or Chimera (Pettersen et al., 2004). The coordinates of the p75NTR TMD: NSC49652 complex are available in the Protein Data Bank
(PDB ID 5ZGG).
Homo-FRET Anisotropy Microscopy
Anisotropy microscopy was done as previously described (Lin et al., 2015; Tanaka et al., 2016) in COS-7 cells that were transiently
transfected with a rat p75NTR-EGFP* fusion construct as previously described (Vilar et al., 2009). EGFP* denotes a monomeric A207K
EGFP mutant. Wild type, Cys257Ala and Pro254Gly mutants (rat p75NTR numbering) were used in these experiments, as indicated. We
note that the TMDs of human and rat p75NTR are identical in sequence. Changes in anisotropy were expressed as fold change at each
time point in comparison to the mean of 6 time points obtained prior to addition of vehicle or NSC49652 (20mM).
Cell Culture and Immunoblotting
COS7 and melanoma cells A875, 70W and 3S5 were cultured under standard conditions in DMEM supplemented with 10% fetal calf
serum, 100 units/ml penicillin, 100 mg/ml streptomycin, and 2.5 mM glutamine. For live cell FRET anisotropy studies, COS cells were
transfected using FuGENE 6 as previously described (Tanaka et al., 2016). Cultures of rat CGNs were made essentially as previously
described (Vicario et al., 2015) using cerebella from postnatal day 5 (P5) rat pups or P7 mouse pups as indicated. The generation of
p75NTR mutant mice knock-out (exon 3), delta-DD, and C259A have been described previously (Lee et al., 1992; Tanaka et al., 2016).
All mice were backcrossed to a C57/Bl6 background. CGNs were plated at 1x106 cells per cm2 on 6-well culture plates pre-coated
0.01% (W/V) poly-D-Lysine (Sigma). Cells were allowed to settle for 48h prior to experiments. A875-GFPLuc cells (i.e. A875 constitutively expressing GFP and luciferase) were grown under standard conditions in DMEM supplemented with 10% fetal calf serum,
2.5 mM glutamine and 400 mg/ml G418. A875-GFPLuc cells deficient in p75NTR expression were generated by shRNA knock-down.
Briefly, p75NTR shRNA (target sequence: GCACTGTAGTAAATGGCAATT) was synthesized, annealed and inserted into the BamHI
and EcoRI sites of PiggyBac shRNA vector (PBSI505A-1, System Bioscience). The PiggyBac non-targeting (NT) vector contains a
shRNA insert (sequence; CAACAAGATGAAGAGCACCAA, sequence from System Bioscience) that does not target any known genes
from any species. The sequences of the mutant expression plasmids were confirmed prior to stable transfection. A875-GFPLuc cells
were transfected using FuGENE 6, (Roche, Indianapolis, IN) according to the manufacturer’s instructions. The following day, the
culture media was changed to fresh complete media containing puromycin (2 mg/ml) to select for cells expressing the shRNA. Cells
were grown under antibiotic selection until confluent. Flow cytometry and Western blotting confirmed transfection and efficient
knock-down of endogenous p75NTR expression (Figure S4A). Stable transfectants of p75NTR knock-down (shp75) or non-targeting
(NT) A875-GFPLuc cells were cultured in identical media supplemented with both 400 mg/ml G418 and 2 mg/ml puromycin and
passaged for 1 to 2 weeks. After that, the cells were maintained in identical media without puromycin. A875-GFPLuc cells were
passaged by harvesting with Puck’s EDTA solution (4 mM, NaHCO3; 136 mM, NaCl; 4 mM, KCl; 1 mM, EDTA; 1 mg/ml, glucose)
at 80-90% confluence. To make sure to have a pure strain, both antibiotics were added every once in a month. For analysis of
apoptosis, NGF (100ng/ml) or NSC49652 were added during 4 hs before cell lysis. Cell lysis and whole cell protein extraction
were carried out in lysis buffer containing 50 mM Tris/HCl pH 7.5, 1 mM EDTA, 270 mM Sucrose, 1% (v/v) Triton X-100, 1 mM benzamidine, 1 mM PMSF, 0.1% (v/v) 2-mercaptoethanol and phosSTOP phosphatase inhibitor cocktail mix (Roche). Protein concentration was determined by the Bradford assay. Following SDS-PAGE and Western blotting, the immunoblots were developed using
the ECL Western Blotting Kit (Thermo Scientific) and exposed to Kodak X-Omat AR films.
Cell Viability, Cell Growth Rate and Cell Cycle Analyses
To measure the cytotoxic effect of NSC49652, A875-GFPLuc NT or shp75 cells were seeded at 2,000 cells per well (in 100 mL DMEM)
in a 96-well plate and incubated for 12h. Next, NSC49652 in 0.05% (v/v) DMSO at various concentrations was added and incubated
at 37 C in 5% CO2 for 3 days. Following treatment, 10mL AlamarBlue (resazurin, ThermoFIsher) was added to each well of the
96-well plate and incubated for 4 hours at 37 C in 5% CO2. Cellular fluorescence in each well was measured at 570 nm using a
microtiter plate reader. Data was converted into the relative cell viability (%) from the absorbance of cells in each treatment relative
to that of the DMSO control group (set as 100%). For cell rate growth, 1.5x105 A875-GFPLuc control (NT) and knock-down (shp75)
cells were plated and the number of viable cells was determined every 24hs during 4 consecutive days by trypan blue exclusion. To
determine phase distribution of DNA content in A875 GFPLuc cells, PI (Propidium iodide) staining was performed followed by FACS
flow cytometry. At least 10000 events were analyzed for each test sample. Data analyses were performed with Cell-Quest and Modfit
software (Becton-Dickinson). The Student’s t-test was used to compare data between cell lines.
Pharmacokinetics and Toxicology
Plasma pharmacokinetics of NCS49652 was investigated following single intravenous (3 mg/kg) or oral (10 mg/kg) dose administrations in C57BL/6 mice of both sexes. Blood samples were collected from the retro orbital plexus at pre-dose, 0.08, 0.25, 0.5, 1, 2, 5,
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10 and 24 hs (for intravenous) and pre-dose, 0.25, 0.5, 1, 2, 4, 5, 10 and 24 hs (for oral). Toxicity of NCS49652 was tested in a 3 week
repeated dose study in C57BL/6 mice following oral gavage administration. Pharmacokinetics and toxicology studies were carried
out by Sai Life Sciences Limited, Hyderabad, India.
Melanoma Tumor Growth Assay
Eight-week-old female SCID mice (Charles River Laboratories, Shrewsbury, MA, USA) were housed in groups of three to five and
maintained on a 12-h light/dark schedule with a temperature of 22  C±1  C and a relative humidity of 50%±5%. Food and water
were available ad libitum. All procedures were reviewed and approved by the University of Calgary Animal Care Committee.
A875-GFPLuc cells harvested using Puck’s EDTA were resuspended in PBS and implanted subcutaneously into SCID mice
(1x106 cells/200 ml per mouse). Animals were randomly divided into groups when tumor was confirmed by luciferase activity
using a in vivo luciferase imaging system (Xenogen). NSC49652 was dissolved in 0.5% sodium carboxymethyl cellulose (CMC)
and administered by oral gavage at 200 mg/kg/day during 3 weeks (i.e. 3 cycles, each consisting of 5 days on drug, 2 days
off drug). The tumor size and body weight were measured using calipers every 2 days and luminescence was imaged
once a week. The mice were sacrificed at an endpoint defined by the tumor volume (2 cm). Tumor volume is calculated as
volume = a x b x c (mm), a was the height, b was the shortest diameter, c was the longest diameter.
TUNEL Assay
Cell death in A875-GFPLuc tumor sections was detected by enzyme labeling of DNA strand breaks using a TUNEL assay (Roche,
Switzerland) according to the manufacturer0 s instructions. Briefly, deparaffinized sections were incubated with a mixture of TdT
and fluorescein–dUTP at 37 C for 1 hr to allow for labeling of free 30 -OH ends of genomic DNA. Following staining for TUNEL, sections
were counterstained with DAPI for 5 min at 25 C and viewed using a fluorescent microscope. Quantification was obtained by counting the number of TUNEL positive cells in 3 independent fields of view (40X objective) from 2 mice treatment group. An apoptotic
index was estimated by normalizing the number of TUNEL-positive cells to the total number of DAPI-positive cells in the field of view.
QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism (version 4; GraphPad Software, Inc.) were used for statistical analyses, and survival curves were generated using
the Kaplan–Meier method. Experimental data was collected from multiple experiments and reported as the treatment mean ± SEM.
Significance was calculated using the Student t-test or one-way ANOVA where * indicates p< 0.05; **, p< 0.01 and ***, p< 0.001.
DATA AND SOFTWARE AVAILABILITY
Data Availability
Accession number: The NMR structure of p75NTR TMD in complex with NSC49652 has been deposited in the PDB database under
ID code 5ZGG.
Software Availability
The software used for NMR studies was as follows: i) NMRPipe is a multidimensional spectral processing system based on
UNIX pipes: https://spin.niddk.nih.gov/bax/software/NMRPipe/NMRPipe.html; ii) NMRView is a program for the visualization and
analysis of NMR datasets: http://www.onemoonscientific.com/; iii) DYANA/CYANA is a program for NMR structural calculation:
http://www.cyana.org; iv) PROCHECK-NMR is a program for checking the quality of structures solved by NMR: https://www.ebi.
ac.uk/thornton-srv/software/PROCHECK/; v) UCSF Chimera is program for interactive visualization and analysis of molecular structures: https://www.cgl.ucsf.edu/chimera/. Other software is listed in the Key Resources Table.
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