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Stoichiometry counts
Moses V. Chaoa,1

Although stoichiometry is a chemistry term derived
from the Greek words stoikhein (element) and metron
(measure), the phrase underlies all biological pro-
cesses. Cell biology depends upon protein–protein
interactions, which are defined by stoichiometry and
binding affinities. The recent article by Marchetti et al.
(1) revisits the stoichiometry of the p75 neurotrophin
receptor, which has been the subject of considerable
interest and debate. For more than 30 y, this topic
generated multiple models and controversies (2–5).
Why has the p75 receptor drawn so much attention?

The p75 receptor is highly relevant to the neuro-
trophic theory which predicted programmed neuro-
nal cell death occurs during development due to a
competition for low concentrations of trophic factors
such as nerve growth factor (NGF) (6). The ability of
p75 to induce cell death or survival, and to participate
in high-affinity ligand binding, is consistent with its
ability to determine pruning and connectivity between
neurons and their targets (7). In addition, p75 has
been implicated in neurodegenerative disorders such
as Alzheimer’s disease (8).

As the first identified member of the tumor necrosis
factor (TNF) receptor superfamily, p75 shares many
common features of extracellular cysteine-rich repeats
of 40 amino acids and a death domain at the C
terminus. These motifs are also found in the Fas,
TNFR1, and death receptors, DR3–6 (9). When discov-
ered as an NGF receptor, skepticism arose about the
identification of p75, due to the lack of a catalytic
domain and a smaller than expected size. The identi-
fication of the TrkA tyrosine kinase receptor as another
NGF receptor seemed to reconcile this discrepancy,
but did not completely resolve the question of stoichi-
ometry or high-affinity binding. The association of p75
with its ligands has been enigmatic, since a receptor
monomer, dimer, and trimer have been reported.

The ratio of NGF binding to p75 was apparently
solved even before the receptor was identified. From
its beginnings, NGF was known to behave as a non-
covalent dimer in a complex with accessory proteins (10).
Moreover, a number of cross-linking experiments with

125I-NGF in PC12 andmelanoma cells seemingly gave
rise to higher-weight molecular products that suggested
a dimer of p75 is complexed to a dimer of NGF (11, 12).
Chemical cross-linking is often used to define ligand–
receptor interactions. But it is an approach that is rela-
tively inefficient and gives a variety of cross-linked prod-
ucts, making a definitive assignment problematic.

The dimerization model was solidified by a series
of studies showing p75 forms a covalent dimer
through a specific disulfide linkage in its transmem-
brane domain (13, 14). The critical cysteine was
mapped to Cys257 in the middle of the bilayer. The
p75 neurotrophin receptor participates in a wide
range of processes, ranging from apoptosis to changes
in synaptic plasticity and neuronal morphology. NGF,
BDNF, NT-3, NT-4, and their precursors, proneuro-
trophins, are all ligands for p75 (4). Interestingly, di-
merization occurred in the absence of ligand. Many
cell lines, p75-transfected cells, and sympathetic
neurons verified the disulfide linkage via the Cys257
residue was responsible for dimerization.

The p75 dimer configuration was also responsible
for signaling by p75 through JNK and NFκB activities.
This was accompanied by changes in the conforma-
tion of p75 from fluorescence resonance energy trans-
fer (FRET) anisotrophy measurements (14). Significantly,

Fig. 1. Models of p75 neurotrophin receptor
configuration. Four cysteine-rich domains represent the
ligand-binding site (in cyan). A death domain sequence is
located in the C terminus (in red). In addition to
monomers, dimers, and trimers, large oligomeric
complexes containing p75 have been observed (29).
Image courtesy of Khalil Saadipour (New York University
Langone Medical Center, New York, NY).
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mutation to Cys257Ala abolished dimer formation and negated
several signalingmodules, including caspase-3 and NF-κB activities
and interactions with adaptor proteins, such as TRAF6, a NF-κB
regulator. These signals are ultimately responsible for mediating
neuronal cell death. As support, a knockout mouse lacking the
critical Cys residue or the death domain showed greater cell death
in the cortex and hippocampus (15).

These in vitro and in vivo studies were confirmed by other
independent determinations (16, 17). Expression of the p75
ectodomain in baculovirus allowed for the use of ultracentrifugation
sedimentation, X-ray scattering, and mass spectrometry to detect
dimers of NGF with p75 (17). The structure of NT-3, a close rela-
tive of NGF, bound to the extracellular domain of p75 revealed a
2:2 ratio (18). In the same study, a 2:2 stoichiometry was also
observed between p75 and NGF.

Contrary to these results, the recent PNAS paper by Marchetti
et al. (1) reports detection of p75 monomers as the predominant
form over dimers. Using cell biological approaches of sensitive
single-molecule tracking measurements in neuroblastoma cells
and primary neurons, an inducible p75 construct containing a
peptide tag was followed under different pharmacological condi-
tions. For this study, Marchetti et al. (1) used total internal reflec-
tion fluorescence (TIRF) microscopy, FRET, and labeling with Q
dots to investigate the outcomes of p75 in these cell types (1). The
measurements detected the existence of a p75 monomer by TIRF
imaging at high levels (77%), but did not depend upon the avail-
ability of Cys257 or the presence of NGF ligands. Under these
conditions, a dimer of p75 could be detected at lower levels.
Functional consequences on growth cone collapse and apopto-
sis were tracked by following the monomeric species of p75.
Of significance, membrane diffusion of p75 monomers into
cholesterol-rich domains favored an apoptotic outcome.

These findings recall a previous X-ray crystallographic study
that captured a complex of a p75 monomer with a homodimer of
NGF (19). In addition to the atomic details, the 2:1 NGF–p75
extracellular domain complex was verified by size exclusion
chromatography, light scattering, and calorimetry. Formation of
this complex causes an unexpected conformational change in
the structure of NGF that excluded the dimerization of a sec-
ond p75 molecule (19). The resulting asymmetric arrange-
ment provided a mechanism to account for this unusual struc-
ture. A follow-up study found that NGF binds to TrkA in a 2:2
stoichiometry, using different nonoverlapping sites on the NGF
molecule (20).

Given these studies indicating the potential for dimers and
monomers of p75 receptors, a wrinkle in this picture is the
presence of p75 oligomers that form trimers. The rationale is
from TNF receptor members which predominantly bind their
ligands and adaptor proteins as trimers (21, 22). Using stringent
nonreducing conditions and high-resolution gel electrophoresis
of lysates from PC12 cells, murine brain, and sensory neurons
gave rise to monomers and trimers, which were the most abun-
dant species (23). Formation of the p75 trimer appeared to require

the key transmembrane cysteine, but did not affect growth cone
collapse induced by the proNGF ligand. The presence of a
p75 trimer is very curious, as older studies of β-amyloid peptide
and the rabies virus glycoprotein postulated that p75 bound to
these ligands as a trimer (24, 25).

The recent article by Marchetti et al. revisits the
stoichiometry of the p75 neurotrophin receptor,
which has been the subject of considerable
interest and debate.

How can these divergent results be reconciled? Cell type
specificity is marked by its lipid composition, glycosylation profile,
trafficking, and attendant adaptor and chaperone proteins. In
addition, p75 associates with many cell surface proteins—Nogo
receptor, LINGO, and leucine-rich repeat proteins, along with Trk
receptors and their interactors. These contacts likely affect recep-
tor stoichiometry, conformation, and signaling. Conformation
changes can alter the consequences of p75 receptor localization
(14) and ligand binding (19). A lesson can be learned from differ-
ent ligands of the EGF receptor, which give rise to asymmetric
alterations in receptor conformation resulting in weak or strong
kinetics of signaling (26). In fact, an X-ray crystal analysis of
proNGF ligand plus p75 gave a 2:2 stoichiometry, suggesting
alternative complexes can exist between similar molecules (27).

Another variable is the level of expression. In particular, p75 is
abundantly up-regulated in many cell types after injury and
disease (28). As such, it behaves like a cytokine or a TNF family
member, which are often triggered by inflammation or damage
(28). Biochemical studies showed that p75 and TrkA receptors are
in very high-molecular-weight complexes after overexpression
(29). Size exclusion chromatography detected complexes ranging
from 300 to 800 kDa. Hence any model depicting the stoichiom-
etry of p75 has to consider not only monomer, dimer, and trimers,
but also perhaps higher-order aggregates, especially in cases af-
ter neural injury (Fig. 1).

In addition to these observations, p75 is a focal point to
address many cellular questions of substance, which are over-
looked in this commentary. The questions embody the mechanism
of high-affinity binding; whether there is a heterocomplex with Trk
receptors, the other gorilla in the room; consequences of γ-secretase
cleavage of p75; and the contribution of p75 to neurodegeneration.
Stoichiometric analysis stands to provide insights to all of these
questions. The different receptor configurations imply that alter-
native signaling platforms are possible. As p75 levels affect plas-
ticity and many neuropsychiatric disorders, the different structural
views of p75 monomers and its oligomers will also provide a basis
of therapeutic drug design in the future.
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