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Abstract

Receptor endocytosis is regulated by ligand binding, and receptors may signal after endocytosis in
signaling endosomes. We hypothesized that signaling endosomes containing different types of
receptors may be distinct from one another and have different physical characteristics. To test this
hypothesis, we developed a high-resolution organelle fractionation method based on mass and
density, optimized to resolve endosomes from other organelles. Three different types of receptors
undergoing ligand-induced endocytosis were localized predominately in endosomes that were
resolved from one another using this method. Endosomes containing activated receptor tyrosine
kinases (RTKSs), TrkA and EGFR, were similar to one another. Endosomes containing p75NTR (in
the tumor necrosis receptor superfamily) and PAC1 (a G-protein-coupled receptor) were distinct
from each other and from RTK endosomes. Receptor-specific endosomes may direct the
intracellular location and duration of signal transduction pathways to dictate response to signals
and determine cell fate.

Keywords
endosome; nerve growth factor; organelle fractionation; receptor; signal transduction

Cell surface receptors bind ligands at the plasma membrane and initiate a myriad of signal
transduction mechanisms that change gene expression and cell behavior. Endocytosis is a
means of removing receptors from the plasma membrane, and this was initially thought to be
a mechanism for terminating the receptor's signal; however, it is now commonly accepted
that many receptors continue to signal from endosomes and can activate different effectors
than those activated at the plasma membrane (1-10). Endosomes sort receptors to be
recycled back to the plasma membrane or to late endosomes and lysosomes for degradation.
Different receptors are endocytosed in response to ligand binding and subsequently sorted in
different ways, which affects signal transduction and cell fate decisions during development
(11,12).

Perhaps the most compelling rationale for receptor signaling from endosomes can be found
in the developmental selection of appropriately connected neurons in the mammalian

nervous system. Nerve growth factor (NGF) is secreted by the target of axonal innervation.
NGF binds to its receptor, TrkA, at the axon tip of the innervating neuron and the receptors
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send survival and differentiation signals back to the cell body. ‘Signaling vesicles’
containing NGF and its receptor were hypothesized some time ago as the retrogradely
transported signal's carrier (13,14). This paradigm is thought to apply to other neurotrophins,
for example brain-derived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3), which
bind to TrkB and TrkC, respectively. There exists strong evidence that signaling endosomes
containing an activated receptor tyrosine kinase (RTK) of the Trk family are both necessary
and sufficient to convey the retrogradely transported signal in neuronal axons (15-17). This
and other models for the retrograde signal's conveyance have been widely discussed (3,18—
25).

Complicating the understanding of neuronal signaling pathways, there is another
neurotrophin receptor, p75NTR, which binds to all the neurotrophins. p75NTR is a member of
the tumor necrosis factor receptor (TNFR) superfamily, and acts as a co-receptor for Trk
neurotrophin receptors as well as Nogo, Lingo-1 and Sortillin (26-28). When activated by
itself, p75NTR causes axon repulsion and apoptosis, yet these signals are reversed in the
presence of activated Trk RTKSs to cause axon attraction, survival, and differentiation (29—
31). p75NTR and TrkA appear to collaborate at the plasma membrane (32-34), yet are
endocytosed separately (35,36). It is not understood how Trk and p75NTR resolve their
apparent duel with opposing signal transduction pathways when both are activated in the
same cell.

The G-protein-coupled receptor (GPCR), PACL1 can also activate neurite outgrowth and cell
survival, similar to the Trk RTKSs, when activated by its ligand, pituitary adenylate cyclase-
activating polypeptide (PACAP) (37,38). PAC1 activates the MAP kinase pathway
independent of RTKSs (39). In addition, PAC1 and other GPCRs may cause ligand-
independent trans-activation of Trk RTKSs in the Golgi complex (40,41). Activated receptors
in endosomes and other intracellular membranes dictate the duration of the signal as well as
the specific effectors activated. This affects the downstream pathways such as the MAP
kinase pathway that functions to integrate signals to elicit an appropriate cellular response
(42,43).

Given the importance of the intracellular location and duration of signaling from activated
receptors for determining cell fate and pathogenesis, we were motivated to develop a high-
resolution organelle fractionation technique to analyze receptors in early endosomes. Early
endosomes are complex structures that appear heterogeneous by electron microscopy and
may even have multiple domains within a single organelle (7,44,45). While separation of
early endosomes from late endosomes has been achieved using centrifugation (46) and
electrophoretic techniques (47,48), separation of different types of early endosomes has not
been previously reported. We hypothesized that different receptors may be in distinct
populations of endosomes after undergoing ligand-induced endocytosis. We examined early
endocytic organelles containing activated receptors using mechanical permeabilization,
which disrupts the plasma membrane without causing its fragmentation, allowing organelles
to emerge. Plasma membrane and Golgi stay with the semi-intact cells and are removed by a
low-speed centrifugation (49-52). We use this technique to show that endosomes containing
activated TrkA, p75NTR, and PAC1 are distinct from one another.

We hypothesized that endosomes containing signaling receptors may be functionally distinct
from canonical degradative and recycling pathways, and that they may be distinguished by
mass and density. Endosomes containing NGF receptors were labeled by internalization

of 1251-NGF in rat pheochromocytoma (PC12) cells and separated from plasma membrane
by low-speed centrifugation after mechanical permeabilization by a single passage through a
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Balch homogenizer. It has previously been shown that plasma membrane and Golgi do not
contaminate this organelle preparation (49,51,52). That fragments of plasma membrane do
not contaminate the organelles was shown by (i) organelles that emerge from mechanically
permeabilized cells were intact by electron microscopy; (ii) less than 4% of a plasma
membrane protein (amyloid precursor protein) biotinylated at the cell surface was released
into the organelle fractions if cells were not warmed to initiate endocytosis after
biotinylation; and (iii) when cells were incubated with 1251-NGF at 4°C and not
subsequently warmed to initiate endocytosis, the cross-linked NGF-TrkA complex was not
found in any organelles released from permeabilized cells; warming was required to detect
this complex in organelles released from permeabilized cells (52).

Because endosomes containing NGF are heterogeneous in size (51), we developed a new
method to separate organelles, first by size, using velocity gradient sedimentation, and then
by density, using flotation equilibrium gradients (Figure 1A,B). We also developed a new
method for effectively displaying the results; organelles of specific size and density can be
depicted on the z-axis of a mass—density plot (Figure 1C). The data are more simply
represented by a contour plot similar to a topographic map in which the intensity of shading
indicates the height of the protein peak (Figure 1D). Neurotrophin-labeled endosomes from
cultured rat (E13.5) dorsal root ganglia (DRG) neurons have similar densities to endosomes
from PC12 cells (unpublished observations) as do organelles isolated directly from axons
containing retrogradely transported neurotrophins (53), suggesting that PC12 cells are a
suitable model for the study of neuronal membrane traffic.

Protein components of organelles fractionated in this manner were analyzed by
trichloroacetic acid (TCA)-precipitating gradient fractions and performing western blots.
Figure 2A shows western blots from eight velocity gradient fractions subjected to
equilibrium flotation gradients. The transferrin receptor (TfR) is a marker for primary
endocytic vesicles and recycling endosomes, and flotillin labels several endocytic
compartments (54). Western blots were probed simultaneously with the same antibody
solution and exposed for the same amount of time so that quantified data can be plotted on
the same scale. For comparison, data are plotted using stacked x—y plots, 3D rubber sheets
(Figure S1; Supplemental Material), and mass—density plots (Figure 2B, left panels, top two
rows). Lysosomes are larger and denser than recycling endosomes containing TfR, and their
degree of separation is easily visualized by plotting TfR in green and lysosomes in red on
the same graph (Figure 2B, top row). Similarly, flotillin's heterogeneous distribution (blue)
is somewhat similar to the endoplasmic reticulum (ER, red), but flotillin organelles are less
massive and less dense (Figure 2B, middle row). Endosomes containing TR are well
separated from synaptic vesicles (synaptophysin) and mitochondria (Figure 2B, bottom
middle and right). Soluble proteins such as B-arrestin do not migrate into velocity gradients
and do not float on equilibrium gradients and thus appear on the upper right quadrant of
mass—density plots (Figure 2B, bottom left).

Having achieved separation of endosomes from other intracellular organelles, we next
examined the localization of different endosomal compartments using antibodies to Rab5
(primary endocytic vesicles), Rab4 (recycling vesicles from early or sorting endosomes),
and Rab7 (multivesicular carrier vesicles destined for late endosomes; Figure 3A). The
distribution of these three markers overlaps but also shows differences, indicating that
different endosomal compartments may be distinguished using this technique. The
heterogeneous distribution of Rab7, and its partial overlap with lysosomes (Figure S2) is
consistent with Rab7 being present on multivesicular endosomal carrier vesicles that mature
to become late endosomes, whose mass and density approach that of lysosomes (55).
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We next examined the distribution of NGF receptors. It has previously been shown that
TrkA is bound to NGF and activated (tyrosine phosphorylated) in endosomes (51,52).
Figure 3B (top row) shows activated TrkA, identified by antiphospho-TrkA (pTrk, red),
compared to p75NTR (green) after PC12 cells were bound to NGF and warmed for 10 min.
There is some co-fractionation between the two receptors, but their quantitative distribution
into organelles separated by mass and density is distinct. In contrast, the major peak of pTrk
(red) in velocity fraction 4 overlaps with that of Rab5 (green) as shown by a yellow signal
(Figure 3B, second row, right). This figure illustrates the value of plotting data using our
new method; a large number of data points are efficiently displayed and differences or
similarities in organelles are readily apparent.

Although Rab5-positive primary endocytic vesicles were of similar size and density to both
TrkA and TfR endosomes, these two receptors were rapidly sorted from one another.
Immunofluorescence microscopy comparing TrkA and TfR showed that the receptors were
in different endosomes after 10 min internalization with NGF (Figure S3). Only 3% of
organelles at the cell periphery were stained with both TrkA and TfR (Figure S3A, B, E).
Horseradish peroxidase (HRP), a fluid-phase marker, is taken up by all endosomes. In all,
97% of internalized TrkA and 93% of TfR near the cell periphery co-stained with
internalized HRP (Figure S3 C, D, E), which indicates that these organelles are endosomes.
Thus, Trk and TfR endosome populations are distinct, though their major fractions cannot be
distinguished by mass and density.

We used magnetic bead immunoisolation to ask whether Trk-containing endosomes are
intact after the fractionation procedure. A construct was made with a myc tag linked to the
cytoplasmic, C-terminus of TrkA (described in Materials and Methods) so that organelles
may be immunoisolated with magnetic beads coupled to anti-myc antibody. Trk-containing
organelles bound to magnetic beads were visualized by electron microscopy (Figure 4). The
morphology of the immunoisolated organelles was frequently tubular, rod-shaped, and
multivesicular, the latter of which is indicative of endosomes. In some cases, different
domains within a single endosome were observed, in which a more electron-lucent tubular
extension was bound to more magnetic beads than a multivesicular domain (Figure 4,
middle panels). These data show that the two-step gradient fractionation procedure isolates
intact endosomes.

The PACAP receptor, PAC1, is a G-protein-coupled receptor that, like TrkA, activates
neuronal differentiation and protects against programmed cell death in neurons and PC12
cells (37). This receptor was in organelles distinct from those containing activated TrkA and
p75NTR after NGF treatment (Figure 3B, second row, left and middle). The plot of these
receptors together shows that the major peaks of pTrk (red), p75NTR (green), and PAC1
(blue) are distinct.

Phospho-specific antibodies allow us to identify signaling endosomes containing activated
TrkA (Figure 3B), however, we do not have a reagent that detects activated PAC1 or
p75NTR, We therefore used ligand-induced stimulation of endocytosis to identify endosomes
containing activated receptors. In PACAP-stimulated PC12 cells, the amount of PAC1
endosomes increased fivefold (Figure 3C, left). Mass—density plots (Figure 3C middle and
right) show that PAC1-labeled organelles from PACAP-stimulated PC12 cells (green) had
mass and density identical to PAC1 organelles from NGF-treated cells (blue). We assume
that the small number of PAC1 endosomes that form in NGF-treated cells represents
background endocytosis (5,9). These data indicate that ligand-induced PAC1 endosomes are
largely distinct from pTrkA endosomes.
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In contrast to PAC1, p75NTR was found in different endosomes with and without NGF
treatment. The mass—density distribution of organelles containing p75NTR from cells treated
with PACAP or EGF are similar to one another (Figure 5A, left column) but distinct from
p75NTR endosomes from cells treated with NGF (Figure 5A, right column); NGF-stimulated
p75NTR endosomes (green) were not present without NGF stimulation (blue or red).
Superimposition of p75NTR endosomes from PACAP-, EGF-, and NGF-treated cells
highlights distinct NGF-induced endosomes in green (Figure 5A, bottom right). TfR, which
is constitutively endocytosed, did not change under these conditions (Figure S4A). Because
the NGF-induced p75NTR endosomes were distinct from TrkA signaling endosomes (Figure
3B, top row), and the distribution of 1251-NGF reflects both TrkA and p75NTR endosomes,
we could determine that NGF-induced p75NTR endosomes contained NGF (Figure S4B).

We sought to confirm these results in another cell line that expresses TrkA and p75NTR,
Figure 5B shows that neuroblastoma SY5Y cells, as in PC12 cells, also demonstrate NGF-
induced stimulation of p75NTR endosomes (green) that were distinct from those in cells
treated with EGF (red).

When cells were stimulated with EGF, signaling endosomes containing activated EGFR
were detected (pEGFR, Figure 5C). Signaling endosomes containing pEGFR (green) and
pTrk (red) are similar to one another in mass and density in both PC12 (Figure 5C, top row)
and SY5Y cells (bottom row). Similar to PC12 cells, SY5Y cells form a population of
p75NTR endosomes distinct from pTrkA endosomes when induced by NGF but not EGF
(Figure S4C).

To confirm these results by an independent method, we asked if we could distinguish TrkA
from p75NTR endosomes by electron microscopy in cells (Figure 6). We used magnetic
microbead internalization (Figure 6, MB) and immuno-electron microscopy (IEM) to label
endosomes containing TrkA and p75NTR. After 10 min with NGF, TrkA was detected in
electron-lucent endosomes, often at the edge of the endosome, or at the ends of tubules
(Figure 6A, B). In contrast, p75NTR was usually found in organelles with uniformly higher
electron density (Figure 6C). Both TrkA and p75NTR were found less frequently in
multivesicular organelles, but even these differed from one another in appearance (Figure
6B, center; 6C, top right). These data confirm that p75NTR and TrkA are internalized into
different endosomes: They differ in morphology as well as mass and density.

Discussion

We describe here a new method to fractionate organelles based on mass and density, which
resolves endosomes from other organelles and resolves different kinds of early endosomes
from one another. The new mass—density plots presented here, which are somewhat akin to
multiparametric plots from flow cytometry except that organelles instead of cells are
separated, facilitate interpretation and allow concise description of data. Key elements of
this technique are as follows: (i) mechanical permeabilization is a gentle homogenization
technique that does not fragment the plasma membrane; (ii) organelles are fractionated in a
cytoplasm-like buffer and isoosmotic gradient media; (iii) at no point are organelles
compressed into a pellet and re-suspended, which may disrupt organelle membranes; and
(iv) quantitative data shows the relative amounts of different receptors in different organelle
pools. This latter point illustrates how high-resolution organelle fractionation complements
powerful imaging techniques by providing information that is difficult or impossible to
obtain by microscopy. Using the method described here, proteins that have different
molecular species because of alternate splicing or posttranslational modifications can be
distinguished by molecular weight on western blots. For example, we identified the
immature glycosylated forms of TrkA and p75NTR, and thus localized receptors in the ER as
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distinct from post-Golgi forms. Another advantage is the potential to identify by proteomics
proteins in organelles that have been well resolved from one another (46,56).

This method will be useful to assess how exogenously expressed proteins are distributed in
organelles. Except for the immunoisolation experiment in Figure 4, the experiments shown
here were performed without overexpression of proteins, which may cause aberrant cellular
distribution because of saturation of sorting machinery, or a tag, which may disrupt
interactions that are required for membrane traffic. The construct of Trk with a C-terminal
myc tag was in fact more heterogeneous in organelle distribution than endogenous TrkA in
PC12 cells (unpublished observations), but the immunoisolated organelles did have the
multivesicular morphology of endosomes; so we can conclude that intact endosomes are
isolated using this procedure.

This technique revealed an interesting biological finding—that three different kinds of
receptors internalize into distinct endosomes. Based on previous studies from
immunofluorescence microscopy showing that TrkA and p75NTR are endocytosed separately
(35,36), we hypothesized that endosomes containing these two receptors may have different
physical characteristics. Our data shows that this is indeed the case. We also note that TrkA
and p75NTR endosomes have different morphology by electron microscopy (Figures 4, 6).

Because PAC1 activates the Rapl to MAP kinase pathway from intracellular organelles as
does TrkA (39), and because of the possibility of trans-activation of TrkA by PAC1 in
intracellular organelles (41), one might predict a common early endosomal intermediate for
these two receptors. Our data show, however, that this is not the case. TrkA and PAC1
endosomes were largely distinct, though there was a minor fraction of TrkA that overlapped
with PAC1 endosomes (Figure 3B). This minor fraction contained only small amounts of
Rab5 (Figure 3A). PAC1 endosomes were also distinct from NGF-induced p75NTR
endosomes (Figure 3B). Thus, a majority of ligand-stimulated endosomes containing TrkA,
PAC1, and p75NTR differed from one another in size and density. While these receptors may
meet later in downstream organelles, all of these receptors have been suggested to signal
from endosomes (3,27,29-31,35,36,40,51,52,57-59). Our data imply that distinct receptor-
specific signaling endosomes form shortly after receptors are activated.

The method described here complements fluorescence microscopy and other techniques to
investigate mechanisms by which different receptors are sorted into a number of different
endocytic pathways (60,61). One receptor may be endocytosed by more than one pathway.
For example, TrkA has been shown to use both clathrin-dependent and clathrin-independent
endocytosis (62,63). Similarly, GPCRs use a clathrin-independent pathway as well as
clathrin-dependent endocytosis (61). Nevertheless, the major populations of endosomes
containing TrkA, PAC1, and p75NTR, each of which represent a different family of
receptors, were distinguishable by mass and density (Figure 3).

Different organelles may have the same mass and density, however, as shown for TrkA and
TfR endosomes (Figures 2 and 3), which are distinct by fluorescence microscopy (Figure
S3). Similarly, TrkA and EGFR have been shown to be endocytosed by different pathways
(64), but the two RTKSs were not resolved from one another by size and density (Figure 5).
No major differences in the mass—density distribution in these two receptors were noted
when two cell populations were stimulated separately with EGF and NGF and organelles
were mixed and applied to the same gradients, or when cells were stimulated with EGF and
NGF simultaneously (unpublished data). Thus, this method may prove that two proteins are
in distinct organelle populations but caution must be employed to interpret data when size
and density overlap.
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This technique identifies proteins that are tightly bound to organelles. Rab proteins were
detected in the soluble pool (upper right quadrant of mass density plots, Figure 3A) but
mostly bound to endosomes. In contrast, clathrin, EEA1, and B-arrestin dissociated from
endosomes partly or completely during the equilibrium flotation gradients (Figure 2B and
unpublished observations). This may prove useful to distinguish proteins bound to
organelles with high affinity from those whose binding to organelles relies on low affinity
interactions.

The concept of receptor-specific endosomes extends to the model of signaling endosomes
(3,4,7,9,22,25,56). Receptor-specific endosomes may be specialized for intracellular
signaling and thus contain signaling effectors such as APPL1 and GIPC, which are not
present on organelles in the canonical recycling and degradative pathways (65-67). The
presence of different signaling effectors on endosomes versus plasma membrane is an
example of signal bifurcation that occurs sequentially. Receptor-specific endosomes may
undergo sorting into the canonical recycling or lysosomal degradation pathways in ways
different from constitutively endocytosed receptors such as the TfR or low density
lipoprotein receptor (LDLR). Receptor-specific endosomes may be slower to enter the
recycling or degradative pathway, which would prolong their activation, or they may be
sorted to different cellular compartments. These effects on the duration and location of
signal transduction pathways affect signal transduction and cell fate decisions during
development, and may go awry during pathogenesis (11,12,55). The technique described
here provides a new tool for further investigations into the mechanisms by which different
receptors are sorted to different endosomes.

Materials and Methods

Materials

Antibodies were from Cell Signaling Technologies, Inc. except the following: RTA anti-
TrkA was from Upstate Biotechnology and L. Reichardt (University of California, San
Francisco); anti-APPL1 and anti-GIPC were from D. Kaplan (Hospital for Sick Children,
Toronto, Canada); anti-p75NTR was from Covance/BabCo; anti-Rab5 from Abcam; TfR
monoclonal H68.4 from Chemicon; sc11 anti-TrkA from Santa Cruz Biotechnology; anti-
mouse and anti-rabbit HRP was obtained from Amersham Biosciences. Calyculin A was
from Cell Signaling Technologies. utMACS microbeads covalently linked to anti-rabbit IgG
anti-myc, or anti-LNGFR were provided by Miltenyi Biotech. Laboratory reagents were
from Sigma, Mallinckrodt Baker, and Fluka.

125|_.NGF was prepared as previously described (52) except that biotinylated lactoperoxidase
was used (Sigma) and removed by binding to neuravidin beads (Pierce) prior to separation
of radiolabeled protein from free iodine.

PC12 cells and DRG neurons

Wild-type PC12 cells were obtained from Lloyd Greene (Columbia University) and grown
on collagen-coated plates in RPMI 1640, 5% fetal calf serum, and 10% horse serum as
described (68). SY5Y cells were obtained from Mark Israel (University of California, San
Francisco) and grown in RPM1 1640, 10% fetal calf serum in 5% CO».

DRG neurons were obtained from E13.5 rat embryos. Ganglia were dissected and placed in
Lebovitz's L-15 medium, washed in Earl's balanced salt solution, and dissociated by
incubation in 0.05% trypsin. Cells were centrifuged and re-suspended in MEM, 10% fetal
calf serum, 0.2% glucose, 2 m mw glutamine with pen/strep. Neurons were cultured for 6
days in 5% CO5, on polylysine/laminin in the presence of 1 nw NGF.
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Organelle fractionation

PC12 cells (typically 0.5 — 1 x 109) were harvested in PBS and washed in cold PEE (PBS/
1mv EGTA/Imvm EDTA), PGB (PBS/0.1% glucose/0.1% BSA) as described (51,52). Precise
control of internalization time was accomplished by binding neurotrophins (1-2 nm NGF) at
4°C in PGB, washing unbound ligand in PGB so as to avoid fluid-phase endocytosis,
warming in PGB to 37°C exactly 10 min, followed by a temperature-quench in ice water.
For magnetic bead internalization experiments, all binding steps were performed at 4°C. 100
ug anti-TrkA (RTA, Upstate Biotechnology) was added 30 min after addition of
neurotrophins, then 100 uL UMACS goat anti-rabbit microbeads (Miltyeni Biotech) were
added and cells were mixed at 4°C for an additional 20 min.

Alternatively, anti-LNGFR pbeads (Miltyeni Biotech) were added 30 min after neurotrophin
incubation and cells were incubated for 50 min as above. Cells were washed and then
subjected to 10 min internalization at 37°C prior to fixation. For organelle fractionation, all
subsequent procedures were performed on ice or at 4°C. Cells were washed in PEE, buffer B
(cytoplasmic ionic composition: 38 mu each of the K* salts of aspartic acid, glutamic acid
and gluconic acid, 20 mu MOPS pH 7.1 at 37°C, 10 mwm potassium bicarbonate, 0.5 mw
magnesium carbonate, 1 mm EDTA, 1 mm EGTA), and re-suspended in buffer B with 5 mwu
reduced glutathione (abbreviated BB+G). Cells were mechanically permeabilized by a single
passage through a Balch homogenizer (51,52).

To harvest cultured DRG neurons, cold PEE was added and the cells slowly lifted from the
culture dish, retracting their axons and remaining intact, and could thus be handled in
suspension in a manner similar to that described above for PC12 cells. Neurons were bound
to 1251-NGF at 4°C, washed, warmed for 10 min at 37°C, and broken open by mechanical
permeabilization in 0.1x buffer B, which caused the cells to swell (this hypo-osmotic
treatment was not necessary for efficient permeabilization of PC12 cells, but improved
permeabilization of neurons). The buffer was then made to 1 x BB + G as above.

Velocity and equilibrium centrifugation

Protease inhibitors (0.1 pug/mL aprotinin, chymostatin, leupeptin, and pepstatin A; 1 pug/mL
1,10 phenanthroline; 10 pg/mL bisbenzamide; and 1 mm PMSF) and phosphatase inhibitors
(100 nm calyculin A, 1 mw NagVVO,) were added to the permeabilized cell suspension and the
semi-intact cells and large membranes were removed by centrifugation at 1000 xg (51,52).
Gradients used iodixanol mixed with BB+G as media; continuous gradients were prepared
using a two-chamber mixer. The supernatant of the 1000 xg centrifugation (S1) was layered
over 0-30% iodixanol gradients for experiments in which 5 or 24 velocity gradient fractions
were collected (Figure 1A,C,D, and Figure 4) or 2.5-25% iodixanol gradients for
experiments with 8 velocity fractions (Figures 2, 3, 5). Alternatively, the S1 was layered
under equilibrium gradients after mixing with 60% iodixanol (Figure 1B). For two-
dimensional separations (velocity followed by equilibrium gradients), velocity gradient
fractions were collected as shown in Figure 1A, mixed with 60% iodixanol to a
concentration of 32.5% or greater, and overlaid with a continuous 0-30% iodixanol/BB+G
gradient and centrifuged to equilibrium (16-18 h). Refractive indices were measured using
an Abbe refractometer (Bausch and Lomb) and converted to density using the formula p =
R.I1. x 3.4319-3.5851, which was determined empirically by weighing known concentrations
of iodixanol in buffer B.

Western blots and data analysis

Samples from gradients were precipitated in 10% TCA. SDS-PAGE gels were run and
western blotted to nylon-reinforced nitrocellulose (Schleicher and Schull) as described (69).
Each equilibrium gradient of 24-25 fractions was run on one gel with cell extract control
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and marker lanes, resulting in five or eight western blots (from five or eight velocity
fractions submitted to flotation equilibrium gradients). All blots were incubated in the same
antibody solution on the same day and exposed for the same amount of time. Blot
incubations were performed in 5% nonfat dry milk, 150 mw NaCl, 50 mwm Tris pH 7.7, 0.05%
Tween 20, or conditions specified by the antibodies’ manufacturer. Secondary anti-mouse or
anti-rabbit antibodies coupled to HRP (Amersham) were used and chemiluminescent signals
generated by Super Signal West Pico (Pierce). Blots were stripped of antibodies for re-
probing with Restore (Pierce) or in 0.5 » NaCl, 0.2 v glycine, pH 2.8. Luminescence was
measured using a cooled CCD camera in a Fuji LAS-3000 system and data were quantified
using the Fuji Image Gauge software.

Three-dimensional color plots were generated from the quantified western blot data. Each
three-dimensional color plot represents data collected from equilibrium gradients of all
velocity fractions (i.e. 192 or data points). To determine the amount of proteins in
endosomes versus in the whole cell (Figure 3C), the amount of proteins in organelle
fractions was summed and divided by the sum in detergent-soluble and detergent-resistant
fractions from cell ghosts (the 1000 xg pellet) on the same western blots.

Software was written in OpenDX (OpenDX.org/Visualization and Imagery Solutions, Inc.)
to display the data in three dimensions, where increasing amounts of protein components are
represented by an increase in intensity of a single color (blue, green, or red). Plots of
different colors were overlaid using ImageMagick (ImageMagick.org/ImageMagick Studio
LLC). For the determination of p75NTR unique endosomes (Figure S4B), green plot images
were subtracted (pTrk from NGF) and overlaid with p75 data plotted in red using
ImageMagick, and threshold masking in the yellow channel was done in Adobe Photoshop.
Results presented are representative of major points derived from a consensus of two or
more experiments.

Immunofluorescence

PC12 cells were washed, harvested, and bound to NGF at 4°C as above. Cells were washed
and incubated for 10 min at 37°C in the presence or absence of 10 mg/mL HRP, then chilled
rapidly in ice water. Cells were washed twice in PEE, then fixed in 3% paraformaldehyde in
PBS on ice 20 min. The cells were washed in PBS containing 1 mw lysine, then in PGB, and
permeabilized in PBS containing 1% normal goat serum, 0.5% BSA, 0.1% saponin at room
temperature for 15 min. Cells were washed and re-suspended in the above solution without
saponin and incubated in primary antibodies: RTA, anti-TfR (H68.4), or fluorescein-anti-
HRP. Secondary antibodies (fluorescein goat anti-mouse, rhodamine goat anti-rabbit,
fluorescein goat anti-rabbit, Cappel; texas red goat anti-rabbit, Jackson Immunologicals)
were incubated in suspension. Cells were washed by centrifugation at 200 xg and placed in
Fluoromount G. Images were taken on a Nikon Optiphot/BioRad MRC 600 confocal
microscope. Grayscale images were false-colored in Adobe Photoshop according to
secondary antibodies used. For quantitative comparisons of overlap of endosomal markers,
90-100 brightly stained organelles near the cell periphery were counted.

Immunoisolation

PC12 cells stably expressing myc-tagged TrkA were used for organelle fractionation and
immunoisolation experiments. A construct was made containing a myc tag on the C-
terminus of the TrkA's cytoplasmic tail and expressed in PC12 cells. The extracellular
domain of TrkB extracellular domain was fused to the membrane-spanning and cytoplasmic
portions of TrkA to allow us to distinguish activation of this receptor from endogenous
TrkA in PC12 cells. The coding determinant of the TrkB extracellular domain and C-
terminal myc-tagged TrkA transmembrane and intracellular domain were fused and put into
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pAd-Track expression vector to obtain a rat TrkB-A chimeric receptor. To generate PC12
cells stably expressing TrkB-A receptors, two million wild-type PC12 cells were plated on
poly- o-lysine-coated 10-cm tissue culture plates, and co-transfected with two expression
vectors, one encoding the TrkB-A receptor and the other encoding a hygromycin-resistant
gene. Thirty-six hours after transfection, hygromycin B (200 pg/mL) was included in the
culture medium for selection. Ten to twelve days after selection, the remaining colonies
were isolated. Colonies stably expressing TrkB-A receptors were identified based on BDNF-
induced neurite outgrowth, and confirmed by western blot analysis. 1251-BDNF applied to
TrkB/A-myc cells was internalized into organelles of size and density similar to those
described for 1251-NGF (Figure 1 and data not shown).

For immunoisolation experiments, organelles were fractionated as above on velocity
followed by equilibrium density gradients, except for glutathione which was omitted from
the equilibrium gradient media (in buffer B for all procedures). Pools containing floating
TrkA organelles with densities defined by the peaks observed on equilibrium gradients were
made (1.07-1.14 g/mL from velocity fractions 2 and 3 from experiments where five
velocity-gradient fractions were collected). BSA was added to 10 mg/mL. 100 uL uMACS
microbeads (Miltyeni Biotech) were incubated in 5% BSA for 1 h on ice before being added
to organelle pools. The equivalent of 25 pL bead suspension is added in this solution to the
organelle pools for a 30 min incubation with rotation at 4°C. MACS separation columns (20
uL) are placed on the magnetic stand at 4°C and washed in buffer containing 5% BSA. The
organelle-bead suspension is applied to the column and organelles are washed with 4 x 200
pL buffer and then eluted in 2 x 25 ul into the EM fixation buffer by removing the column
from the magnet.

Electron microscopy

Samples were fixed in Karnovsky's solution for 24 h, then rinsed in caccodylate buffer (3 x
10 min.), centrifuged, and embedded in 1% agarose. Agar-embedded samples were post-
fixed in 2% osmium tetroxide aqueous solution for 2 h followed by rinsing in caccodylate
buffer (3 x 10 min). Samples were subjected to an ethanol series (35, 50, 75, 95, 100, and
100%) for 10 min each.

Samples for TEM analysis were infiltrated using resin series of (1:2) Polybed 812/ethanol at
1 h each, followed by infiltration of 100% resin for 1 h. The sample was allowed to cure in
100% Polybed 812 resin for 18 h at 60°C. The samples were trimmed and sectioned on a
MT-XL ultramicrotome with a diamond knife at approximately 70 nm in thickness. The
sections were captured on 200 mesh copper/rhodium grids and poststained with 2% uranyl
acetate and counterstained with Reynold's lead citrate stain.

For immuno-electron microscopy, samples were infiltrated using a resin series of (1:2, 1:1,
2:1) LR White : ethanol for 1 h each. Samples were infiltrated with 100% LR White three
times for 1 h each. Infiltrated samples were polymerized for 24 h at 60°C. Polymerized
samples were sectioned on an RMC MT-XL Ultramicrotome with a diamond knife at 50-60
nm. Sections were collected on 200 mesh nickel grids supported with 0.25% formvar
dissolved in ethylene dichloride. Sections were blocked with 5% BSA for 1 h. Grids were
then transferred through 5 changes of 1% PBS. Grids were floated on a primary antibody
diluted with appropriate BSA volume (1:1000, 1:20001° antibody) at 4°C for 1 h. Excess
diluted 1° antibody was removed by floating grids on 5 changes of 1% PBS for 10 min
durations. Grids were floated on 1:10 10-nm gold particles diluted with 1% PBS. Grids were
washed 5 x 10 min of 1% PBS, floated on 1% aq. Glutaraldehyde, then rinsed in distilled
water 5 x 10 min. Grids were stained in 2% ag. uranyl acetate for 30 min and rinsed through
5 changes of distilled water at 10 min durations. Grids were counterstained with Reynold's
Lead Citrate for 15 min followed by rinsing through 5 changes of distilled water at 10 min
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durations. Grids were dried and viewed on Hitachi H7100 TEM coupled with an AMT 1 K x
1 K digital camera system at 75 KV accelerating voltage.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NGF-containing endosomes fractionated based on mass and density

A) Endosomes derived from PC12 cells after 10 min internalization of 12°]-NGF
fractionated on an iodixanol velocity gradient. Gradient fractions were collected from the
bottom, so faster-migrating (more massive) organelles are in lower numbered fractions. B)
Equilibrium flotation gradients of NGF-containing endosomes as in (A) (open circles). The
floating organelles (the peak at density 1.08 g/mL) were solubilized if treated with Triton
X-100 prior to centrifugation (closed diamonds). For two-dimensional separations, NGF-
labeled endosomes were separated first by a velocity gradient as in (A), pooled as shown,
then fractions were layered under equilibrium flotation gradients as in (B). (C, D) 12°I-NGF
data are plotted as a three-dimensional ‘rubber sheet’ in (C) and a color plot (as if looking
down from the top) in (D).
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Figure 2. Mass—density fractionation of organelles

A) Western blots of flotation equilibrium gradients of velocity fractions as in Figure 1. Eight
velocity gradient fractions were applied to flotation equilibrium gradients from which 24
fractions were collected. Blots were probed with anti-TfR and anti-flotillin (indicated).
Detergent-soluble (P1M) and detergent-resistant (DRM) cell extracts were loaded to the left
on each blot, followed by equilibrium gradient fractions 1-24 (decreasing in density from
bottom to top). P1M is leftmost in velocity fractions 1-4 and 6; DRM is leftmost in 5, 7, and
8. These data were quantified and plotted in (B) (left panels). Mass—density fractionation
profiles for lysosomes (acid phosphatase enzyme assay), ER (immature glycosylated TrkA),
B-arrestin, synaptophysin, and mitochondria (biotinylated pyruvate carboxylase) are also
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shown. To directly compare organelles, data were plotted in color and overlaid in the top
right panels: TfR (green) and lysosomes (red); flotillin (blue) and ER (red). In this
fractionation method, soluble, cytoplasmic protein (B-arrestin) does not enter the velocity
gradient and remains at the bottom of the equilibrium gradients; synaptic vesicles
(synaptophysin) have low sedimentation velocity and float on equilibrium gradients; and
mitochondria and lysosomes have high sedimentation velocity and equilibrium density
compared to endosomes (TfR). Flotillin, which is widely dispersed in the endocytic pathway
(54), has heterogeneous size and density slightly less than ER.
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Figure 3. Resolution of receptor-specific endosomes

PC12 cells were stimulated with NGF for 10 min, endosomes were resolved by size and
density, and data from western blots were quantified and plotted as in Figure 2. A)
Antibodies to endosome pathway markers, Rab5, Rab4, and Rab7, identify primary
endocytic vesicles, recycling vesicles destined to fuse with plasma membrane, and
multivesicular carrier vesicles destined for late endosomes, respectively. B) Mass—density
profiles of organelles containing NGF receptors (pTrk is phosphorylated TrkA, p75 is
p75NTRY and the PACAP receptor (PAC1) are plotted individually in white and in different
colors for comparison on the same graph. The receptors, pTrk (red), p75NTR (green), and
PAC1 (blue) largely reside in distinct endosomes (upper right and lower middle panels).
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pTrk (red) overlaps with Rab5 (green) in the major peak in velocity fraction 4 (lower right
panel). C) PACAP stimulation (10 min) increased the amount, but did not alter size or
density of PAC1 endosomes. PAC1 amounts in velocity fraction 3 relative to the total in
cells is plotted on the left panel. Mass—density profiles of PAC1 from PACAP-stimulated
cells (green, circles) versus NGF-stimulated cells as in (B) (blue, triangles) is also compared
on mass—density plots (right panels).
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Figure 4. Electron microscopy of organelles from endosome fraction

Endosomes fractionated by size and density as in Figure 1 (C,D) were immunoisolated with
magnetic beads as described in Materials and Methods. These images show organelles with
Trk, myc-tagged on the cytoplasmic side of the membrane, bound to electron-dense
magnetic beads (average diameter = 50 nm). Organelles with luminal vesicles were detected
and in some cases, organelles with subdomains, e.g., a more electron-lucent tubular
extension that appeared to bind more beads than the other, more electron-dense,
multivesicular domain (middle panels).
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Figure 5. Stimulation of p75NTR endocytosis in PC12 and SY5Y cells

A) p75NTR organelles from PC12 cells stimulated with PACAP or EGF are shown in the left
top and center panels. In the second column, these organelles (blue and red, respectively) are
compared to p75NTR organelles from cells stimulated with NGF (green; shown by itself in
Figure 3B, middle). The bottom row compares p75NTR organelles from PACAP- (blue) and
EGF-treated cells (red) with each other (left) and with NGF-treated cells (green, right). (B,
C) SY5Y neuroblastoma cells were stimulated 10 min with either EGF or NGF and the
organelles containing p75NTR, pEGFR, and pTrk were resolved as above. B) p75NTR
organelles from EGF- (top, red) and NGF-treated SY5Y cells (middle, green; overlaid on the
bottom panel). As with PC12 cells, NGF stimulates formation of distinct p75NTR endosomes
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(green). C) RTK endosomes have similar mass—density profiles. Comparison of endosomes
containing activated EGFR (pEGFR, green) and activated TrkA (pTrk, red; shown by itself
in Figure 3B, top left panel) from EGF- and NGF-treated PC12 (top row) or SY5Y cells
(bottom row). Signals for pEGFR and pTrkA have no background without stimulation with
their respective ligands.
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Figure 6. TrkA and p75NTR are in endosomes of distinct morphology

PC12 cells were treated with NGF for 10 min. (A,C) During NGF binding and receptor
internalization in vivo, anti-ectodomain anti-TrkA plus anti-rabbit magnetic beads (TrkA
MB), or anti-p75NTR magnetic beads (p75 MB) were present. Alternatively (B,C) cells were
treated with NGF without antibody or magnetic beads and processed for immuno-electron
microscopy (TrkA IEM); antibodies added after fixation were anti-ectodomain anti-TrkA
(RTA: left and middle panels) or anti-cytoplasmic tail (SC11: right panel) or anti-p75NTR
(p75 IEM). Arrows point out ~ 50 nm magnetic beads or 10 nm gold particles that associate
with organelles.
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