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Cell surface receptors and other proteins internalize through
diverse mechanisms at the plasma membrane and are sorted to
different destinations. Different subpopulations of early endo-
somes have been described, raising the question of whether
different internalization mechanisms deliver cargo into different
subsets of early endosomes. To address this fundamental question,
we developed a microscopy platform to detect the precise position
of endosomes relative to the plasma membrane during the uptake
of ligands. Axial resolution is maximized by concurrently applied
total internal reflection fluorescence and epifluorescence-struc-
tured light. We found that transferrin receptors are delivered
selectively from clathrin-coated pits on the plasma membrane into
a specific subpopulation of endosomes enriched in the multivalent
Rab GTPase and phosphoinositide-binding protein Rabenosyn-5.
Depletion of Rabenosyn-5, but not of other early endosomal pro-
teins such as early endosome antigen 1, resulted in impaired trans-
ferrin uptake and lysosomal degradation of transferrin receptors.
These studies reveal a critical role for Rabenosyn-5 in determining
the fate of transferrin receptors internalized by clathrin-mediated
endocytosis and, more broadly, a mechanismwhereby the delivery
of cargo from the plasma membrane into specific early endosome
subpopulations is required for its appropriate intracellular traffic.
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The endocytic pathway is known principally for its role in the
uptake of receptors and ligands (1–4) and increasingly is being

recognized as critical in other aspects of cell physiology. For ex-
ample, the control of cellular growth through mammalian target
of rapamycin signaling involves associations with late endosomal
membranes (5, 6), and microRNA regulatory mechanisms are
associated with endosomal/lysosomal membranes (7–9). Thus, it
is necessary to understand how the distinct membrane compart-
ments of the endocytic pathway form, traffic internalized ligands,
and serve as scaffolds for the assembly of regulatory complexes.
In the classical view of the endocytic pathway (3, 10–13), in-

ternalizing cargoes are incorporated into vesicles formed by cla-
thrin-mediated or other mechanisms of endocytosis at the plasma
membrane. These vesicles fuse with a homogenous population of
early endosomes from which cargo then is sorted to different
destinations. However, recent results demonstrate that genetic
networks involved in the early trafficking of the transferrin (Tf)
and EGF receptors (TfR and EGFR, respectively) differ from
each other substantially (14) and find that EGF and Tf populate
different subsets of vesicles almost immediately after addition to
live cells at physiological temperature (15). Further evidence for
early endosome heterogeneity is found in studies in which
endosomes display different motilities and different phosphoi-
nositide effector complements (16–18). These results suggest that
different populations of early endosomes exist, raising the pos-
sibility that different ligands may be directed specifically from the
plasma membrane into particular early endosome classes rather
than internalizing into a common early endosome.

The TfR has been studied extensively to define mechanisms
involved in receptor-mediated endocytosis (3, 19). This receptor
concentrates in clathrin-coated membrane regions (20), from
which it enters the endosomal system. Iron bound to Tf is released
at the low pH of the endosomes, and the TfR recycles to the
plasma membrane and releases iron-free Tf. To visualize directly
the movement of TfRs from clathrin-coated membrane structures
into specific early endosome subpopulations, we developed a mi-
croscopy platform capable of simultaneously detecting three
different fluorophores using total internal reflection fluorescence
(TIRF). Because TIRF images confound intrinsic fluorescence
brightness with axial position, the true position of an endosome
relative to the plasma membrane can be obtained only if its actual
brightness is known. Thus, we concurrently determined the in-
focus brightness of the endosomes in the TIRF field using epi-
fluorescence-structured light (ESL) (21, 22). The combination of
TIRF and ESL microscopy (TESM) provides the precise locali-
zation of endosomes relative to the cell surface.
Among key endosomal components implicated in early endo-

some fusion are proteins such as early endosome antigen (1EEA1)
(23, 24), adaptor protein, phosphotyrosine interaction (APPL1)
(25), and Rabenosyn-5 (26). Their function is controlled by small
GTPases, such as Rab4 and Rab5, and lipids such as phosphatidy-
linositol 3-phosphate (27–29). To determine the role of endosomes
containing these proteins, we imaged each one simultaneously with
clathrin and Tf. We found distinct endosome subpopulations
enriched in these markers residing at different regions within the
TIRF zone. Tf is internalized from clathrin-coated regions at the
plasma membrane into endosomes containing Rabenosyn-5. De-
pletion of Rabenosyn-5, but not of EEA1, results in TfR missorting
and extensive degradation, coupled with alterations in clathrin dy-
namics. These results reveal the importance of Rabenosyn-5 in early
endosomal trafficking of cargo internalized through clathrin-medi-
ated mechanisms and suggest that specific endosome populations
are involved in the trafficking of cargo entering through distinct
plasma membrane internalization pathways.

Results
Flux of Tf from the Plasma Membrane Through the Endosomal System.
To visualize the movement of Tf from clathrin-enriched plasma
membrane regions into the endosomal system, Tf-DyLight-649
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was added to cells cotransfected with TagRFP-T-clathrin and
EGFP-tagged Rabenosyn-5, APPL1, or EEA1. Cells were im-
aged at 1 Hz (one frame/s) continuously for 15 min: 5 min before
the addition, 5 min in the presence, and 5 min after the removal
of Tf-DyLight-649. Fig. 1A illustrates one time frame of the
resulting 900-image set, taken 1 min after the addition of Tf, and
Movie S1 illustrates the image set. To analyze these complex
time-lapse image sets systematically, we used the method illus-
trated in Fig. 1B and further described in Materials and Methods.
This method identifies all individual structures within the image
and measures the relative amount of Tf specifically associated
with them at each time point. In this example, images of
TagRFP-T-clathrin (Fig. 1B, Top, Unprocessed) are first con-
volved using a difference of Gaussians (DOG) filter to eliminate
the diffuse signal originating from out-of-focus or auto fluores-
cence (Fig. 1B, Top, DOG). The pixel of highest intensity within
each region is identified (Fig. 1B, Top, MIP) and is mapped on
the unprocessed clathrin image (Fig. 1B, Middle Left). A 5 × 5
pixel square (25 pixels) surrounding this pixel is outlined (Fig.
1B, Middle Right), and its mean intensity [clathrin (in)] is
recorded. From this value, the mean intensity of a one-pixel-wide
frame (24 pixels) surrounding the square (Fig. 1B, Middle Right,

hatched regions) is subtracted [clathrin (out)], thus subtracting
the local background. The positions of the maximum-intensity
pixels (MIPs) derived from the clathrin image are mapped onto
the corresponding unprocessed Tf image (Fig. 1B, Bottom), and
the same calculation is performed. Thus, Tf has a positive value
only if the signal detected within the 5 × 5 pixel region is higher
than that of the immediate surrounding region. The ratio of the
values obtained [Tf (in) − Tf (out)/clathrin (in) − clathrin (out)]
for each region then is calculated, and the mean of all regions in
the image is plotted for each time point (Fig. 1C). In the same
cell, the trafficking of Tf into Rabenosyn-5–containing endo-
somes is measured similarly. The data (Fig. 1C) are fit into
a kinetic model, described in detail in the SI Appendix, “Curve
Fits to Ratio Data” section, that incorporates known constants
for Tf binding to the TfR, the concentration of free ligand, and
the amount of Tf associated with clathrin.
Tf associates rapidly and saturably with clathrin-containing

regions, displaying kinetic constants consistent with binding to the
TfR (SI Appendix, Table S1) (30–32). Interestingly, Tf is detected
almost immediately within Rabenosyn-5–enriched regions, with
virtually no time elapsing between the detection of Tf in clathrin-
coated regions and its detection in Rabenosyn-5 endosomes, and

Fig. 1. Dynamics of Tf flux into Rabenosyn-5–enriched endosomes. (A) Cells coexpressing EGFP-Rabenosyn-5 (green) and TagRFP-T-clathrin (red) were ex-
posed to Tf-DyLight-649 (blue). Shown are representative frames of images taken immediately before (t = 0) and 60 s after addition of Tf (t = 60 s). (B) A
representative unprocessed image (Top Left) of TagRFP-T-clathrin was smoothed using a DOG filter as described in Materials and Methods (DOG, Top center),
and the MIP of each region was identified (Top Right) and mapped onto the unprocessed clathrin (Clath, Middle Left) and Tf (Bottom Left) images. Areas of
5 × 5 pixels (in) and a surrounding one-pixel-wide frame (out) were delineated around each MIP in each image (Middle Right and Bottom Right). (C) The
average ratio of [Tf(in) − Tf (out)]/[Clath(in) − Clath(out)] and [Tf(in) − Tf (out)]/[Rbsn(in) − Rbsn(out)] of all MIPs at each time point was calculated and
normalized to a maximum of 1. (D) Percent of Tf pixels colocalized with clathrin (red) or Rabenosyn-5 (green) over time. Spikes seen upon addition and
removal of Tf are caused by temporary focus shifts, which recover rapidly. This experiment was repeated four times with similar results (SI Appendix, Table S1).
(E) Representative images showing Tf associating with clathrin-enriched regions (red arrows) and subsequently with Rabenosyn-5 endosomes (green arrows).
Rbsn, Rabenosyn-5; Clath, clathrin heavy chain.
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continues to accumulate in these endosomes as long as free Tf
is present. When Tf is removed from the medium, it disappears
rapidly from clathrin-enriched regions because of transfer into
the endosomal pathway (SI Appendix, Table S1). Strikingly, the
rate of exit of Tf from clathrin-containing membrane regions
(0.0053 ± 0.002/s, mean ± SEM, n= 4), is indistinguishable from
its rate of entry into Rabenosyn-5–enriched endosomes (0.0037 ±
0.002/s, mean ± SEM, n = 4) (SI Appendix, Table S1), implying
that Tf internalized via clathrin-coated pits could be delivered
almost directly into Rabenosyn-5–containing endosomes.
We then calculated the net amount of Tf colocalizing with

clathrin and Rabenosyn-5 over time (Fig. 1D). Approximately 70–
80% of Tf colocalized with clathrin within 2 min of exposure and
then decreased because of increasing accumulation in endosomes.
The amount of Tf colocalizing with Rabenosyn-5 increased in
parallel, reaching∼40%of the signal, such that>80%of Tf can be
accounted for as colocalizing with either clathrin or Rabenosyn-5
4–5 min after addition. Thus, both the kinetics (Fig. 1C) and the
net amount measured (Fig. 1D) indicate that the majority of Tf
proceeds from clathrin-coated pits/vesicles into Rabenosyn-5–
containing endosomes. Visual inspection of the images reveals
numerous events consistent with this model, where Tf is seen
moving from clathrin-enriched regions of the plasma membrane
into endosomes containing Rabenosyn-5 localized in the imme-
diate vicinity (Fig. 1E).
If indeed Tf can be delivered preferentially and rapidly to

Rabenosyn-5–enriched endosomes, there may be a high degree of
proximity between clathrin-coated plasma membrane regions and
Rabenosyn-5–containing endosomes. TIRF imaging alone cannot
be used to determine the positional relationship between these
structures, because the brightness of an object can result from

either its size or its distance from the cell surface (coverslip).
Thus, to determine the topological relationship between clathrin-
coated regions and endosomes, we concurrently obtained ESL
images, which provide the actual intensity of fluorescent struc-
tures within the field. TIRF (Fig. 2A, TIRF) and ESL (Fig. 2A,
ESL) images of GFP-clathrin and endogenous Rabenosyn-5 were
obtained and were used to derive high-resolution 3D maps
(TESM) of the position of endosomes relative to the cell surface,
as described in detail in Materials and Methods. In these images,
objects closest to the plasma membrane are displayed as blue, and
those furthest away from the plasma membrane are displayed in
red. Numerous endosomes containing Rabenosyn-5 are as prox-
imal as clathrin-enriched regions to the cell surface. Similar in-
formation was obtained when clathrin and Rabenosyn were
compared directly in overlapped TIRF and ESL images displayed
in XZ orientation. Bright objects visible in ESL often are less
visible in TIRF because of their distance from the cell surface,
and objects highly visible in TIRF actually may be dimmer objects
that are very close to the cell surface. These images demonstrate
that Rabenosyn-5–enriched endosomes are in close proximity to
clathrin-enriched regions at the cell surface, indicating that the
topological organization of this pathway could accommodate a
transfer from clathrin-coated pits/vesicles into these endosomes.
To determine whether the delivery of Tf into Rabenosyn-5–

containing endosomes is specific, we analyzed the relationship
between Tf internalization and other endosome classes. Recently
it has been shown that in cells expressing the constitutively active
V12G mutant of H-Ras, clathrin-mediated endocytosis gives rise
to a set of endosomal intermediates containing the protein
APPL1 (18). As others have reported previously (18, 25), we
found APPL1 on small vesicles at the periphery of the cell image,

Fig. 2. Localization of Rabenosyn-5–enriched endosomes and clathrin relative to the cell surface. A COS-7 cell expressing EGFP-clathrin and stained with
antibodies to endogenous Rabenosyn-5 was imaged with TIRF and ESL, and the resulting z-maps were derived by TESM. Rightmost panels are enlargements
of the section indicated in panels immediately to their left. Bottom panels show overlapped images of clathrin (green) and Rabenosyn-5 (red) displayed in XY
orientation and YZ orientation of the section indicated. Arrows indicate the differing depths within the cell at which the Rabenosyn-5–containing endosomes
detected in the TIRF zone are found.

Navaroli et al. PNAS | Published online January 30, 2012 | E473

CE
LL

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115495109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1115495109/-/DCSupplemental/sapp.pdf


whereas clathrin-enriched regions are present throughout (Fig.
3A, Upper). Several of the APPL1-containing structures localize
close to clathrin (Fig. 3A, Lower), consistent with the hypothesis
(18) that APPL1-containing endosomes are derived from cla-
thrin-coated vesicles. Tf occupied APPL1-containing structures at
a rate similar to the rate at which it entered Rabenosyn-5 endo-
somes (Fig. 3B and SI Appendix, Table S2), but the net amount of
Tf localizing to APPL1-enriched endosomes was almost negligi-
ble (Fig. 3C). In addition, only APPL1 endosomes closest to
clathrin colocalized with Tf (Fig. 3D, overlap, white pixels), and
these endosomes also contained Rabenosyn-5, as visualized in
cells coexpressing EGFP-APPL1 and TagRFP-T-Rabenosyn-5
(Fig. 3E). Thus, Tf does not internalize through endosomes
containing only APPL1.

Functional Role of Rabenosyn-5 in TfR Internalization. To examine
the function of Rabenosyn-5 in Tf trafficking, we analyzed the
effects of siRNA-mediated depletion. Rabenosyn-5 protein de-
creased 48 h after transfection and was undetectable after 72 h

(Fig. 4A, Top). Surprisingly, TfR levels were decreased markedly
in response to Rabenosyn-5 knockdown, with the decline be-
ginning 48 h after transfection (Fig. 4A, Middle). This effect was
specific to the TfR, because GAPDH (Fig. 4 A and B), or other
elements of the endocytic pathway, such as clathrin, EEA1, and
APPL1, and other receptors, such as the EGFR, were not af-
fected (Fig. 4B). To determine whether other components of the
early endocytic pathway would lead to similar changes in TfR
levels, we compared the effects of Rabenosyn-5 and EEA1 de-
pletion. Depletion of EEA1 did not result in TfR degradation;
instead, a small but detectable increase in TfR levels was ob-
served (Fig. 4C). These results demonstrate that Rabenosyn-5
and EEA1 have fundamentally different roles in Tf trafficking
and are consistent with a previously proposed role of EEA1 in
trafficking toward the lysosomal pathway (15). To determine
whether Rabenosyn-5 depletion would, in addition to decreasing
total levels, affect the cellular distribution of the TfR, we per-
formed immunofluorescence analysis. A marked decrease in
endogenous TfR levels was visible in the TIRF zone (Fig. 4D,

Fig. 3. Tf flux into APPL1-enriched endosomes. (A) Epifluorescence images of COS-7 cells coexpressing EGFP-APPL1 (green) and TagRFP-T-clathrin (red).
Region of the cell showing APPL1 localizing to small vesicles at the cell periphery in proximity to clathrin. (B) Quantification of the ratio of [Tf(in) − Tf (out)]/
[Clath(in) − Clath(out)] and [Tf(in) − Tf (out)]/[APPL(in) − APPL(out)] plotted as the mean of all regions at each time point over time. Spikes seen upon the
addition and removal of Tf are caused by temporary focus shifts, which recover rapidly. (C) Quantification of Tf colocalization with clathrin (red) or APPL1
(green) over time; n = 3. (D) Representative image at 5 min following addition of Tf. Arrows in the overlapped image indicate the areas where clathrin, APPL1,
and Tf colocalize. (E) Representative image of a COS-7 cell coexpressing EGFP-APPL1 and TagRFP-T-Rabenosyn-5 5 min after the addition of Tf. The arrow in
the overlapped image indicates the area where APPL1, Rbsn, and Tf colocalize.
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Upper Left), with remaining receptors detected by epifluor-
escence in the juxtanuclear region (Fig. 4D, Lower Left).
Quantification of the image intensity revealed a 75% decrease in
TfR intensity in TIRF. These results reveal that the absence of
Rabenosyn-5 results in a depletion of the TfR population found
in the cell periphery at steady state.
To examine further how Rabenosyn-5 depletion affects TfR

trafficking, we examined its internalization and recycling rates.
Tf internalization was reduced markedly in cells depleted of
endogenous Rabenosyn-5, and this defect could be rescued by
transfection of exogenous EGFP-tagged Rabenosyn-5 (SI Ap-
pendix, Fig. S2). The binding of Tf to the cell surface (Fig. 5A)
and the net amount internalized (Fig. 5B) were decreased sig-
nificantly in cells depleted of Rabenosyn-5, consistent with the
decrease in total and surface TfR levels detected by Western
blotting and TIRF imaging. However, the rate of individual re-
ceptor internalization, assessed from the ratio of bound to in-
ternalized Tf (Fig. 5C), was not significantly different, suggesting
that the lack of Rabenosyn-5 does not directly impair the very
early steps of TfR recruitment into clathrin-coated vesicles. In
contrast, the recycling of TfR to the plasma membrane, assessed
by the release of previously internalized Tf (Fig. 5D), was
markedly decreased by Rabenosyn-5 depletion. The major dif-
ference in recycling rate was seen in the first 15 min, suggesting
that the rapid recycling pathway of the TfR (3) is affected
preferentially. To compare the biochemical results to events at
the single-cell level, Tf uptake and recycling were visualized by
TIRF in cells expressing GFP-clathrin (Fig. 5E). In both control
and Rabenosyn-5–depleted cells, Tf associates immediately with
clathrin-enriched regions of the membrane, such that at early
time points (0–30 s) virtually all the Tf signal colocalizes with
clathrin (Fig. 5E, Top, yellow). Subsequently, vesicular structures
appear that contain Tf but lack clathrin (Fig. 5E, arrows, red). At
30 s after washing these structures are likely to represent both
uncoated internalizing vesicles and vesicles involved in rapid

recycling of Tf; the latter gradually predominate with increasing
time following removal of Tf from the medium (Fig. 5E, t =
240 s after washing). Recycling vesicles were greatly reduced in
cells depleted of Rabenosyn-5, consistent with the finding of a
slowed rapid recycling rate seen in the cell population (Fig. 5D).
To begin to define the mechanisms by which Rabenosyn-5

depletion leads to a decrease in TfR levels, we first examined
whether its effects were exerted at the transcriptional or post-
transcriptional level. Translation of the TfR is regulated through
sequences in the 3′ and 5′ UTRs of its mRNA. To study the
regulation of TfR levels independently of translational control,
we measured the levels of TfR-EGFP expressed from a plasmid
lacking the regulatory sequences present in the endogenous TfR
mRNA (Fig. 6A). Endogenous and GFP-tagged expressed TfR
levels were reduced equally in response to Rabenosyn-5 de-
pletion, ruling out an effect of this protein on transcriptional or
translational control of TfR expression. Although the majority of
the TfR undergoes recycling after internalization, a larger pro-
portion may be targeted to the lysosome for degradation in the
absence of Rabenosyn-5 (33). Consistent with this possibility,
exposure of cells to Bafilomycin A1, an inhibitor of acidification
and lysosomal degradation, resulted in increased TfR levels (Fig.
6B), and this effect was more pronounced in Rabenosyn-5–de-
pleted cells. Together these results suggest a model in which, in
the absence of Rabenosyn-5, the TfR is missorted into endo-
somes that direct cargo toward lysosomal degradation (Fig. 6C).
In addition to decreased TfR levels and Tf recycling, Rabe-

nosyn-5–depleted cells also displayed alterations in clathrin dy-
namics. Both the number of GFP-clathrin regions detected by
TIRF (Fig. 7A) and their average size (Fig. 7B) were significantly
greater in cells depleted of Rabenosyn-5. Analysis of endogenous
clathrin was consistent with the results seen for GFP-clathrin,
revealing an increase in the intensity of clathrin signal in the
TIRF zone and the perinuclear region (Fig. 7 C and D). Because
no difference in total clathrin was detected by Western blotting

Fig. 4. Time course and effect of Rabenosyn-5 depletion on levels of endocytic proteins. Cells were transfected with scrambled (Sc) or Rabenosyn-5–directed
(Si) oligonucleotides and at the time points indicated (A) or at 72 h (B) were analyzed by Western blotting for the proteins indicated. (C) Cells were transfected
with scrambled (Sc), two different EEA1-directed (SiEEA1 a and,b), or Rabenosyn-5–directed (Si Rbsn) oligonucleotides and at 72 h were analyzed by Western
blotting for the proteins indicated. (D) (Left) Representative TIRF (Upper) and epifluorescence (EPI) (Lower) images of endogenous TfR in cells transfected with
scrambled (Sc) or Rabenosyn-5–directed (Si) oligonucleotides for 72 h. Epifluorescence images are autoscaled for illustration purposes to reveal the region of
maximal TfR concentration. (Right) Quantification of the mean intensity of endogenous TfR in TIRF and EPI images.
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(Fig. 4B), and there is a significant pool of cytoplasmic un-
assembled clathrin in these cells (not illustrated), these results
suggest that Rabenosyn-5 depletion leads to an increase in the
proportion of total cellular clathrin assembled on both the plasma
membrane and the trans-Golgi network. Although more work is
required to understand their mechanistic basis, these findings
further suggest a possible direct interaction between clathrin, or
associated molecules, and Rabenosyn-5 on endosomes, possibly
facilitating the delivery of cargo to the specific endosome sub-
population containing this protein.

Discussion
A large amount of evidence has demonstrated that internalization
from the plasma membrane proceeds through clathrin-dependent
and -independent mechanisms (4) and that variation exists within
these mechanisms, whereby, for example, certain subpopulations
of clathrin-coated pits may capture different receptor types
preferentially (31, 34). Until recently it was thought that these
diverse internalization mechanisms delivered cargo into a ho-
mogenous population of early endosomes from which sorting to
different destinations occurred. However, recent genetic and
imaging results have suggested that early endosomes may not be
functionally homogeneous, displaying differences in composition,

cargo enrichment, and motility (14–18). The findings of varied
internalization mechanisms at the plasma membrane and of dif-
ferent endosome subpopulations raise the question of whether
different internalization mechanisms are associated with distinct
endosome subtypes.
To address this question, we investigated whether the TfR,

internalized through clathrin-mediated endocytosis, would be
delivered to a specific endosome subpopulation. This investigation
required the use of a platform that could detect three fluo-
rophores simultaneously with high temporal and spatial resolu-
tion in live cells and analytical methods to generate quantitative
models from resulting complex images. By simultaneously mon-
itoring clathrin and early endosome markers, it was possible to
visualize Tf internalizing from clathrin-coated membrane struc-
tures into endosomes containing specific markers. The resulting
images and kinetic models derived from quantitative analysis in-
dicated that Tf enters endosomes containing Rabenosyn-5 almost
immediately following its entry through clathrin-coated struc-
tures. By enhancing axial resolution in the TIRF zone by com-
bining TIRF and ESL, it was found that Rabenosyn-5–enriched
endosomes reside closest to clathrin-enriched structures at the
plasma membrane, providing a topological framework for de-
livery of Tf into this specific endosome population.

Fig. 5. Effect of Rabenosyn-5 depletion on Tf trafficking. Cells were transfected with scrambled (Sc) or Rabenosyn-5–directed (Si) oligonucleotides, and at 72 h
the cell-surface binding (A), internalization (B), internalization rate (C), and recycling rate (D) were measured using HRP-labeled Tf and chemiluminescence as
described inMaterials andMethods. Plotted data are means and SEM of three experiments. Statistical significance was calculated using two-tailed Student’s t test
for each time point as indicated. (E) Cells were transfected with EGFP-clathrin and treated with scrambled (Sc) or Rabenosyn-5 (Si) siRNA for 72 h. Tf-DyLight-649
was added and then was removed 300 s later. Images were obtained at the indicated time points. Images were smoothed as described in Fig. 1, and binary
renditions were generated to visualize all signal present. Pixel overlap is rendered in yellow. Arrows point to structures containing Tf but devoid of clathrin.
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The results discussed above led us to test the hypothesis that
Rabenosyn-5 might be functionally involved in the movement
of TfR from clathrin-coated structures into endosomes. Bio-
chemical and morphological analysis revealed impairment in
rapid TfR recycling following internalization and a marked in-
crease in TfR degradation. In conjunction, the dynamics of cla-
thrin at the plasma membrane appear altered, with the size and
number of clathrin-enriched regions being increased. Clathrin-
enriched regions at the plasma membrane are larger than in-
dividual clathrin-coated pits and vesicles and are likely to rep-
resent areas of enhanced formation of these structures (20, 31,
32). Thus, an increase in their size and number may reflect
a delay in the movement of clathrin-coated vesicles away from
the plasma membrane or a delay in their uncoating and fusion
with endosomes (Fig. 6C). These results are consistent with
previous findings of impaired formation of early endosomes in
Drosophila and Caenorhabditis elegans lacking Rabenosyn-5 (35,
36) and with previous results in mammalian cells indicating
a role for this protein in receptor recycling (20, 26, 37). More-
over, a direct role of Rabenosyn-5 in clathrin-mediated in-
ternalization may explain the mechanism by which dominant
negative mutants of Rab5, which interacts with Rabenosyn-5
(38), impair Tf uptake (39).
Beyond identifying Rabenosyn-5 as an important regulator of

TfR entry into the endosomal pathway, the data shown here
suggest that sorting in general may occur through delivery of cargo
into specific endosome subpopulations that maintain a defined
topological organization relative to sites of endocytosis. Results by

others also are consistent with the concept that diverse endocytic
mechanisms are associated with specific endosomal subtypes. For
example, work by Zoncu et al. (18) indicates that EGFR is in-
ternalized via macropinosomes that rapidly acquire APPL1 and
subsequently acquire WD repeat and FYVE domain-containing
protein 2 (WDFY2) and EEA1.We (15) and others (40) also have
observed that EGF is internalized from the plasmamembrane into
EEA1-containing endosomes and have found relatively low
colocalization of internalizing Tf with EEA1 (15, 19, 41). More-
over, knockdown of EEA1 leads to a detectable increase in TfR
levels (Fig. 4) and to an impairment of EGFR degradation (15), in
stark contrast to the effect of Rabenosyn-5 knockdown in de-
creasing TfR levels. These results support a model in which EEA1
andRabenosyn-5 have fundamentally different roles in endosomal
traffic: Endosomes containing EEA1 appear to capture cargo
destined to lysosomes, whereas endosomes containingRabenosyn-
5 capture cargo destined for recycling (Fig. 6C).
Despite these different functions, many endosomes containing

bothRabenosyn-5 and EEA1 are found deeper within the cell (42),
but how these endosomes arise is not clear. In one possible model,
endosomes formed from larger portions of the membrane, such as
EGF-containingmacropinosomes that acquire EEA1 (18, 43), also
may acquire Rabenosyn-5 in conjunction with endosomal clathrin
for the purpose of fully retrieving cargo that is not destined for the
lysosomal pathway, as has been shown to occur for E-cadherin
(44). Alternatively, EEA1 may associate with Rabenosyn-5–
enriched endosomes to retrieve cargo destined for degradation.
This association is likely to vary with the levels of phosphatidyli-
nositol 3-phosphate and Rab5 unoccupied by Rabenosyn-5. Thus,
cargoes such as EGF, which increase the activity of PI3 kinases and
activate Rab5 (45), would be expected to promote binding of
EEA1 to Rabenosyn-5–containing endosomes. Activation of Rab5
also would be expected to result in enhanced EEA1 binding and

Fig. 6. Mechanism of TfR loss in response to Rabenosyn-5 depletion. (A)
Western blotting of TfR in cells transfected with TfR-GFP and treated with
scrambled (Sc) or Rabenosyn-5 (Si) siRNA for 72 h after transfection. GAPDH
is used as a loading control. (B) Cells were transfected with scrambled (Sc) or
Rabenosyn-5–directed (Si) oligonucleotides and 48 h were left untreated or
were treated with 100 nM Bafilomycin A1 (Baf). After 24 h lysates were
harvested and analyzed by Western blotting and immunofluorescence for
the TfR. (C) In this model, TfR is internalized into endosomes marked by
Rabenosyn-5, which are juxtaposed to clathrin-coated plasma membrane
regions; from these endosomes TfR is recycled rapidly to the plasma mem-
brane. A small fraction of TfR may be directed into EEA1-enriched endo-
somes, which are destined for lysosomal degradation. In the absence of
Rabenosyn-5, clathrin-coated structures accumulate, and their cargo enters
lysosome-directed pathways, resulting in low recycling rates.

Fig. 7. Effect of Rabenosyn-5 depletion on clathrin distribution. Cells were
transfected with EGFP-clathrin and treated with scrambled (Sc) or Rabeno-
syn-5 (Si) siRNA for 72 h. The number (A) and size (B) of clathrin regions in
the TIRF zone was determined from binary renditions of smoothed images
such as those depicted in Fig. 5E. Results are the means and SEM of regions
from 8–10 cells. (C) Representative TIRF (Upper) and epifluorescence (Lower)
images of endogenous clathrin in cells transfected with scrambled (Sc) or
Rabenosyn-5–directed (Si) oligonucleotides for 72 h. (D) Quantification of
the mean intensity of endogenous clathrin in TIRF and epifluorescence (EPI)
images. Results are the means and SEM of 8–10 cells. Statistical significance
was calculated using two-tailed Student’s t test.

Navaroli et al. PNAS | Published online January 30, 2012 | E477

CE
LL

BI
O
LO

G
Y

PN
A
S
PL

U
S



more extensive colocalization of Rabenosyn-5 and EEA1 on the
same endosomal surface, as indeed is observed in cells over-
expressing wild-type or persistently active Rab5 (42).
In summary, the visualization of the initial steps of endocytosis

using a multimodal imaging platform that improves axial resolu-
tion in TIRF and the use of analysis protocols that generate
quantitative models from complex imaging data have identified
Rabenosyn-5 as a key element in clathrin-mediated endocytosis
and the initial node of Tf sorting. Further experiments with ad-
ditional ligands and endosomal components will allow generation
of quantitative, testable models for the molecular mechanisms
underlying receptor internalization into the endocytic pathway.

Materials and Methods
Cell Culture and Transfection. COS-7 cells were maintained in DMEM (Invi-
trogen) supplemented with 100 U/mL penicillin streptomycin (Invitrogen), 0.1
mg/mL Normocin (InvivoGen), and 10% FBS (Atlanta Biologicals) at 37 °C, 5%
CO2. Cells were plated at a density of 1 × 105 cells per well in a six-well cell-
culture plate and grown for 24 h. These cells were transfected with 1 μg DNA
using calcium phosphate, grown for 24 h and then re-plated on glass cover-
slips (25-mm circles, #1.5; Thomas Scientific), and grown for an additional 24
h. Live imagingwas done in KRH buffer (125MNaCl, 5mMKCl, 1.3mMCaCl2,
1.2 mMMgSO4, 25mMHepes, 2.5% BSA, and 2mM sodium pyruvate), pH 7.4.

RNAi. Rabenosyn-5 and EEA1 RNAi duplexes with a sense sequence of 5′-
UUUGAUGUCACUGCCAACCAAAGAA-3′ and 5′-AGGACCAAAAGAUCCAGA-
ACCUUGA-3′, respectively, were designed and synthesized by RXi Pharma-
ceuticals. A second oligonucleotide to EEA1, with the sense sequence
5′-AACUUGCUACUGAAAUUGCAGUU-3′ (designated “a” in Fig. 6D) was
obtained from Dharmacon. One day before transfection cells were plated in
antibiotic-free medium in a six-well cell-culture plate at a density of 1 × 105

cells per well. Cells were transfected using 5 μL of Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s instructions with a final con-
centration of 10 nM siRNA.

Reagents. Polyclonal EEA1 antibody was produced in chickens by injecting N-
terminal 6-His–tagged fusion protein of human EEA1 residues 32–218.
Polyclonal clathrin antibody was produced in rabbits by injecting the last 15
amino acids of the clathrin heavy chain. Polyclonal Rabenosyn-5 antibody
was produced in rabbits by injecting residues 137–784 of human Rabenosyn-
5. Additional antibodies were obtained as follows: APPL1 and GAPDH from
Cell Signaling Technologies; TfR from Invitrogen, and EGFR from Millipore.
Unconjugated, DyLight-649– and DyLight-488–conjugated human Tf were
obtained from Jackson Immunochemicals.

Plasmids. TagRFP-T in pcDNA3 and TagRFP-T-clathrin were gifts from Roger Y.
Tsien (University of California at San Diego, La Jolla, CA) and Michael W.
Davidson (Florida State University, Tallahassee, FL), respectively. The TagRFP-
T expression vector was constructed as described (46). GFP-clathrin was a gift
from J. H. Keen (Thomas Jefferson University, Philadeliphia, PA). The cDNA
clone 40034008 for human Rabenosyn-5 was obtained from American Tissue
Culture Collection and was cloned in frame with EGFP or TagRFP-T at the N
terminus of the protein using standard techniques. GFP-EEA1, from which
TagRFP-T-EEA1 was subcloned, was described previously (47). APPL1 (48) was
cloned in frame with EGFP and TagRFP-T at the N terminus of the protein
using standard techniques. Human TfR in plasmid cDNA was a gift from Tim
McGraw (Weill-Cornell Medical College, New York, NY). Human TfR cDNA
was subcloned in frame with EGFP in the Clontech pEGFP-N1 vector at the
XhoI and BamHI restriction sites.

TESM Optical System. A custom-built microscope system, TESM, simulta-
neously combines TIRF and wide-field epifluorescence modes and incorpo-
rates structured illumination in the epi mode for fast optical sectioning and
enhanced spatial resolution. Further details are given in the SI Appendix.

TESM Imaging Hardware and Software. The TESM acquisition system is de-
scribed in the SI Appendix.

TIRF Time Series Imaging. The TIRF time series protocol used three lasers
emitting at 491 and 561 nm, with 525/50- and 590/50-nm emission filters,
respectively, and at 660 nm, with >690 nm emission. By using four-color
(blue, green, orange-red, far-red) 0.2-μm TetraSpeck microspheres (Invi-
trogen), it was determined that the focus (and magnification) of the green

(525 nm) and red (590 nm) emission were identical, whereas the far-red (690
nm) focus was shifted by 500 nm. Correspondingly, the focus of the micro-
scope was shifted by this amount using a PIFOC objective scanner (Physik
Instruments) when acquiring the far-red images.

TESM 3D Imaging. The same lasers and emission filters were used in the TESM
imaging protocol as in TIRF alone. Typically, each set of images contained one
TIRF image followed by three structured light images. The grating wasmoved
by one-third of a period (∼2 ms) between each image. The period of the
grating was 500 line-pairs/in; with the 60× objective, the first-order period at
the specimen was measured to be 0.456 microns, and no higher orders were
observable. The focus was adjusted by 0.1 microns between every set of
images for a total range of 10 microns.

TIRF Image Analysis. For quantitative image analysis, TIRF time-series images
first were smoothed by performing a temporal running average of three time
points to reduce noise with a negligible effect on data. Next, the background
fluorescence for each image was calculated as the mean intensity in a region
of interest (typically 21 × 21 pixels) outside the cell and was subtracted from
all pixels.
Segmentation of vesicles from background. To generate images in which vesicles
or other fluorescence structures can be analyzed without interference from
diffuse fluorescence, images then were convolved with a DOG filter con-
sisting of (i) a small 2D Gaussian spot with a unit area (σ = 150 nm) that acted
as a vesicle-matched detector ( i.e., an approximation to a near-diffraction
limited spot) and (ii) a larger, inverted 2D Gaussian spot (σ = 300 nm) with
negative unit area that estimated and subtracted the local background. The
Gaussian smoothed images were thresholded visually (global threshold) to
select for pixels belonging to objects (e.g., vesicles) and to eliminate areas
devoid of signal but containing noise.
Colocalization. For colocalization analysis, image sets dual labeled or triple
labeled with Tf-DyLight 649 were processed as above. For each label, its
globally thresholded image was used to generate a binary image by setting
the intensity of all positive-value pixels to one and all other pixels to zero.
Colocalization was determined by two-way or three-way binary image
overlap among the labels. Colocalization values are reported as the percent
of pixels that are colocalized with a given label. Given a pair of 2D binary
images of labels “A” and “B,” the colocalization of B with A at time t is

100 ·∑
x
∑
y
½Aðx; y; tÞ ·Bðx; y; tÞ�=∑

x
∑
y
Bðx; y; tÞ

Images of two-way and three-way colocalization are displayed using the
running-averaged, background-subtracted images (colored as green and red
or as green, red, and blue), with the colocalized pixels (defined above) shown
as white, as indicated by the accompanying color wheels (Figs. 1 and 3) (49).
Tf trafficking. To analyze the trafficking of Tf, the thresholded-DOG time-
series image of an endocytic marker (clathrin, Rabenosyn-5, APPL, EEA1) was
analyzed to identify individual objects (spots, vesicles) and their central (x,y,t)
positions in every time point by finding all 2D intensity maxima (pixels
brighter than their eight neighbors) and thresholding the maxima to elim-
inate spurious peaks. The average local fluorescence within a 5 × 5 pixel
region centered at each (x,y,t) position was obtained in both the running-
averaged, background-subtracted endocytic marker image and the corre-
sponding Tf image. From this value, the average fluorescence of a one-pixel-
wide frame surrounding the 5 × 5 pixel region was subtracted (e.g., Fig. 1B).
The fluorescence ratio of Tf to endocytic marker was calculated for each
object position, and the mean ratio and SE for each time point was calcu-
lated (typically there were hundreds of objects in each time point) and
plotted (e.g., Figs. 1C and 3B). The fluorescence ratio was used as an estimate
of the (relative) Tf concentration associated with each object (both signals
should be in roughly some proportion to the amount of surface membrane)
while also correcting for the exponential decrease in fluorescence brightness
with increasing depth in TIRF. Additionally, the kinetics of trafficking of Tf
through clathrin, Rabenosyn-5, and APPL1 were modeled, and the models
were fit to the ratio time-course data to determine rates of entry/filling and
exiting/emptying of Tf for each endocytic marker. Details of the kinetic
models and fitting are given in the SI Appendix material.

TESM 3D Image Analysis. Optical sections images of epifluorescence were
produced from the structured illumination data sets according to the
method of Tony Wilson (22). Briefly, at each focal position and for each
emission wavelength, a single optical section image, I, was computed from a
triplet of images acquired sequentially with the illumination grating shifted
by one-third period each time (I0/3, I1/3 and I2/3) as
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Colocalization. Optical section images of endogenous proteins (antibody-la-
beled and fixed) were convolved with a 2D DOG filter with the positive unit
area Gaussian ρ = 75 nm and the negative unit area Gaussian ρ = 150 nm.
Selected focal positions of the DOG images were used to generate binary
images as described above. Colocalization between proteins was determined
by two- or three-way binary image overlap.
TESM Z-position maps. False-colored maps of the axial (z) position of fluores-
cence were created from the combination of TIRF and optical section images.
TIRF images confound “intrinsic” fluorescence brightness with axial position.
If the actual brightness is known, then the axial position can be recovered.
The epifluorescence- structured illumination optical section images were
used as indicators of actual in-focus fluorescence brightness. Briefly, the 3D
TIRF images of both 491 and 561 nm illuminations were inspected to de-
termine a single, nearest to the coverslip (in 100-nm steps) plane of best
focus, z0, of all of the visible structures. The TIRF and the optical section
image stacks at both wavelengths then were segmented to span from z0−2
to z0+4, or 700 nm of depth, and a single “extended focus” image of both
TIRF and epifluorescence was made by maximum intensity projection of
these seven planes, yielding a set of four images (491ITIRF,

491Iepi,
561ITIRF, and

561Iepi ). These images were thresholded to excluded areas devoid of signal.
Because there is a microscope system dependent and illumination wave-

length (λ) dependent difference in excitation efficiency between the TIRF
and epi-illumination paths (the emission path is the same), there is a scale
factor λK relating the intensity of the TIRF image λITIRF to the epi image λIepi.
If the the e−1 penetration distance d of the TIRF evanescent field is known,
then image Z of axial positions of fluorescent sources in the field can be
calculated as

Z ¼ − λd · ln
� λK · λITIRF= λIepi

�

Z ¼ − λd · ln
� λITIRF= λIepi

�þ �
− λd · ln½ λK�Þ

Z ¼ − λd · ln
� λITIRF= λIepi

�þ λz0

The value of z0 depends on d and K and is constant as long as the microscope
set up is constant. There is an axial apparent offset between the wave-

lengths Δz = (491z0 − 561z0). This offset was determined empirically using
dual-color microspheres and is described in SI Appendix, Fig. S1.

Biochemical Measurement of Tf Trafficking. Cells were treated with scrambled
(control) or Rabenosyn-5 siRNA as described. At 48 h knockdown cells were
replated on black 96-well plates at a density of 1.5 × 104 cells per well and
cultured for an additional 24 h at 37 °C, 5% CO2. Serum Tf was removed by
incubation in DMEM (Invitrogen) supplemented with 1% ovalbumin (Sigma)
for 1 h at 37 °C 5%, CO2. To determine the number of TfR on the cell surface,
cells were incubated on ice with DMEM supplemented with 1% ovalbumin
containing 10 μg/mL peroxidase-conjugated human Tf (Tf-HRP) (Jackson
ImmunoResearch). After 2 h cells were washed, and peroxidase activity was
detected using SuperSignal ELISA Pico Chemiluminescent Substrate (Pierce)
using a Tecan Safire2. To measure internalization rates, cells were incubated
at 37 °C with DMEM containing 1% ovalbumin and 10 μg/mL Tf-HRP. At the
times indicated in each figure cells were placed on ice and washed three
times with chilled PBS supplemented with 5% ovalbumin and three times
with neutral pH buffer supplemented with 1% ovalbumin. Then half the
wells were exposed to chilled pH 2.0 buffer (500 mM NaCl, 0.2 N glacial
acetic acid) for 5 min at 4 °C. Cells were washed twice with neutral pH buffer
and once with PBS, and chemiluminescence was detected as described
above. Internalized Tf was defined as the difference in signal between acid-
washed (internalized) and non–acid-washed (total) wells. To measure recy-
cling rates, cells were incubated at 37 °C 5%, CO2 for 2 h in DMEM sup-
plemented with 1% ovalbumin containing 10 μg/mL Tf-HRP. Cells were
washed once with PBS supplemented with 5% ovalbumin and incubated in
pH 5.0 buffer (150 mM NaCl, 50 mM MES) at room temperature for 2 min.
Cells were washed three times with prewarmed efflux medium (DMEM
supplemented with 100 μM desferoxamine and 10 μg/mL human Tf). At the
times indicated, medium was removed, and chemiluminescence in the me-
dium was detected as described above. In each experiment values obtained
in the presence of a 200-fold excess of unconjugated human Tf were sub-
tracted to obtain specific signal. Means and SEM are for three independent
experiments performed in quadruplicate.
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