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transferrin (Tfn) receptor are presumed to pass sequentially

through early endosomes (EEs) and perinuclear recycling
endosomes (REs) before returning to the plasma membrane.
Whether passage through RE is obligatory, however, remains
unclear. Kinetic analysis of endocytosis in CHO cells
suggested that the majority of internalized Tfn bypassed
REs returning to the surface from EEs. To determine directly
if REs are dispensable for recycling, we studied Tfn recycling
in cytoplasts microsurgically created to contain peripheral
EEs but to exclude perinuclear REs. The cytoplasts actively
internalized and recycled Tfn. Surprisingly, they also exhibited

In mammalian cells, internalized receptors such as

spatially and temporally distinct endosome populations.
The first appeared to correspond to EEs, labeling initially
with Tfn, being positive for early endosomal antigen 1
(EEA-1) and containing only small amounts of Rab11, an
RE marker. The second was EEA-1 negative and with time
recruited Rab11, suggesting that cytoplasts assembled
functional REs. These results suggest that although perinuclear
REs are not essential components of the Tfn recycling
pathway, they are dynamic structures which preexist in the
peripheral cytoplasm or can be regenerated from EE- and
cytosol-derived components such as Rab11.

Introduction

Mammalian cells continuously internalize their plasma
membrane proteins and lipids during the ongoing process of
clathrin-mediated endocytosis (Mellman, 1996). Receptor—
ligand complexes are first delivered to early endosomes
(EEs)* in which the acidic pH is sufficient to facilitate the
dissociation of many ligands from their receptors. Dis-
charged ligands are sorted to late endosomes and lysosomes
for degradation. The receptors, along with many other in-
ternalized plasma membrane proteins and lipids, escape
degradation by accessing one or more recycling pathways
returning to the plasma membrane. Recycling is thought to
be mediated by vesicular carriers that transfer receptors to a
tubulovesicular compartment referred to as recycling endo-
somes (REs) (Yamashiro et al., 1984; Trowbridge et al.,
1993). In CHO and other cell types, REs are perinuclear
and tightly associated with the microtubule organizing
center. Biochemically, REs are enriched in the GTPase
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Rabl11 and the v-SNARE vesicle-associated membrane pro-
tein 3 (VAMP-3) (Daro et al., 1996; Ullrich et al., 1996;
Bajno et al., 2000). REs may also serve as a storage depot for
plasma membrane components (Bajno et al., 2000; Pierini
et al., 2000). In contrast to REs, EEs are enriched in Rab4,
Rab5, and early endosomal antigen 1 (EEA-1) although they
also contain at least some VAMP-3 and Rab11 (Sénnichsen
et al., 2000).

Much of what we know concerning the traffic through
EEs and REs has emerged from study of the transferrin
(Tfn) and Tfn receptor (TfnR) in CHO cells. Unlike many
other ligands, Tfn remains bound to its receptor throughout
the recycling pathway and is released upon returning to the
cell surface (Mellman, 1996). Recycling Tfn may not simply
pass sequentially through EEs and REs, as recycling is typically
biphasic with both initial rapid and later slow components
(Daro et al., 1996). At least in polarized MDCK cells, the
two rates may reflect a rapid passage of the majority (65%)
of Ttn directly back from EEs to the plasma membrane or a
slower route that requires additional passage through REs
(Sheff et al., 1999). Furthermore, expression of dominant
negative Rab11 (in polarized epithelial cells) specifically
inhibits the slow (RE) phase of Tfn recycling (Ullrich et al.,
1996). Lipid and Tfn recycling were initially thought to
exhibit identical kinetics (Mayor et al., 1993), but more
recent work has suggested that only lipids (i.e., lipid analogs)
participate in a rapid (e.g., EE only) recycling pathway (Hao
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and Maxfield, 2000). At present, there are few quantitative
data on the relative fractions of Tfn that recycle directly
from EEs versus traversing through REs. It is even possible
that passage through the RE is obligatory for recycling.

The relationship between EEs and REs remains unclear
despite the fact that they are kinetically distinct, often (but
not always) having distinct distributions in the cell, and are
associated with different Rabs (Daro et al., 1996; Ullrich et
al., 1996; Trischler et al., 1999). REs may be autonomous
organelles which, like the Golgi apparatus, cannot be re-
formed from upstream organelles despite being connected
by continuous membrane traffic (Klumperman, 2000; Pelle-
tier et al., 2000). Alternatively, REs may be largely derived
from components also found in EEs in a fashion similar to
the maturation of EE to late endosomes (Mellman, 1996).
Consistent with the latter possibility, both Rab4 and Rab11
can be observed on separate domains of the same EE (Sén-
nichsen et al., 2000). In this case, vesicular traffic from EEs,
perhaps in combination with recruitment of cytosolic fac-
tors, should be capable of reconstituting functional REs.

Here we use both kinetic analysis in intact cells and fluores-
cence imaging of microsurgically created cytoplasts (Pelletier
et al., 2000) to show that Tfn recycling can bypass perinu-
clear REs, although the peripheral cytoplasm nevertheless has
the capacity to assemble RE-like structures autonomously.

Results and discussion
Tin passes through both peripheral EEs and perinuclear REs

during the course of recycling to the plasma membrane in
CHO cells transfected with human TfnR (CHO-hTfnR)
(Yamashiro et al., 1984; Daro et al., 1996; Mellman, 1996).
We sought to determine what fraction of recycling traffic ac-
tually passed through REs by adapting a kinetic analysis of
Ttn recycling developed for polarized MDCK cells (Fig. 1
A) (Sheff et al., 1999). We used a model with two intracellu-
lar compartments (EEs and REs) from both of which Ttn re-
cycling might occur (Fig. 1 A). Inclusion or omission of
other compartments did not provide a statistically better fit
to our experimental data.

Recycling of Tfn was assessed by monitoring '*I-Tfn re-
lease into the medium (Fig. 1 B) (Sheff et al., 1999). The
rate of surface clearance (k;) was 0.311 min~" (Fig. 1 A and
Video 1), similar to that observed for basolaterally bound
Tfn in MDCK cells (Sheff et al., 1999).

We applied a model comprised of first order rate equa-
tions (supplemental text) to derive rate constants from the
experimental data. Fit of the model to each data set were op-
timized by minimizing the sum-squared error (SSE) (Motul-
sky and Ransnas, 1987). The best fit for the summed
data sets (n = 9) yielded an SSE = 333. Derived rate
constants are shown in Fig. 1 A. Supplemental materi-
als are available at http://www.jcb.org/cgi/content/full/
jcb.200111048/DCI.

Fischer’s F test was used to assess whether one model fit
the combined data sets significantly better than did another.
The two compartment model fit better than alternatives re-
quiring passage through the RE (F = 201, P < 0.005) or
having a single endocytic compartment (F = 16, P <
0.005) (Daniel, 1987). Extrapolation of the kinetics of ap-

pearance of Tfn in the two compartments, suggested peak
amounts in the EEs and REs occurring within 3 and 20 min,
respectively (Fig. 1 B). However, EEs were maximally re-
solvable from REs at 2 min as were REs from EEs at 25 min
(Fig. 1 B, arrow). We therefore defined EEs as those endo-
somes accessible to Tfn after 2 min of internalization and
RE:s as structures labeled after 25 min (Fig. 1 B, arrows).

Using the derived values, 76% of recycled Tfn proceeded
solely through EEs while 24% also traversed through REs.
This result is consistent with our earlier finding that 65% of
Ttn traffic bypasses the RE in polarized MDCK cells. This
suggests that the ability to bypass REs is not solely restricted
to polarized cells as had been suggested (Hao and Maxfield,
2000). Thus, at a minimum, passage through the RE is not
obligatory.

Hao and Maxfield reported that lipid traffic from EE to
plasma membrane (0.45-0.53 min~") is faster than we re-
port for Tfn traffic (0.15 min™"). This difference is surpris-
ing in light of colocalization of lipophilic dyes with Tfn in
EEs and the overall similar recycling kinetics between Tfn
and lipids observed previously in CHO cells (Mayor et al.,
1993; Mukherjee et al., 1999). However, variations in meth-
ods used to monitor recycling (biochemical vs. microscopic
assays) might explain this discrepancy.

Because the bulk of internalized Tfn was predicted to re-
cycle without reaching REs, we devised an assay to deter-
mine directly if passage through perinuclear REs is obli-
gatory for recycling. We used microsurgery to separate
peripheral portions (cytoplasts) from the bulk of CHO-
hTfnR cells containing the nucleus (karyoplasts) (Maniotis
and Schliwa, 1991; Pelletier et al., 2000). REs were selec-
tively labeled with a Alexa 594-Tfn internalized for 25 min,
under which conditions Tfn was restricted to the perinuclear
region. Cytoplasts were then generated using microneedles
drawn across peripheral cellular projections (Fig. 1 C and
Video 1). Visible perinuclear REs were excluded from the
resulting cytoplasts as judged by the lack of Tfn-positive
structures. However, peripheral Tfn-labeled structures be-
low our limit of detection may have remained in the cy-
toplast. Videos are available at http://www.jcb.org/cgi/
content/full/jcb.200111048/DC1.

After allowing for a 30-60 min recovery period, Alexa
594-Tfn was bound to the surface of both cytoplasts and
karyoplasts. Upon warming to 37°C for 2 min, Tfn entered
small punctate structures in the periphery of both the cyto-
plasts (c) and karyoplasts (k) (Fig. 1 D, 2 min). After 7 min,
Tfn was observed in both peripheral EEs and perinuclear
REs in the karyoplasts, although fewer total individual fluo-
rescent structures were visible. Much the same was also true
for the cytoplasts, although there was no spatial redistribu-
tion (Fig. 1 D, 7 min). After 25 min, perinuclear REs were
the predominant labeled structures in the karyoplasts (Fig. 2
D, 25 min). Cytoplasts were still labeled although fewer
structures were observed. After 45 min, all detectable Tfn
had disappeared from both karyoplasts and cytoplasts (Fig. 2
D, 45 min). At no time did Alexa 594-Ttn enter lysosomes
in cytoplasts or karyoplasts as judged by colocalization with
fluid phase markers (unpublished data). Thus, the time
course of recycling in cytoplasts was similar to that in uncut
cells, suggesting that traffic through perinuclear REs was not
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Figure 1. Tfn recycling in CHO-TfnR cell and cytoplasts. (A) Diagram of rate constants and pathways derived from the mathematical model
used to interpret recycling data. (B) Fit of model to experimental data. Predicted recycling curves (blue line) were fit to recycling data (blue

squares). The expected percentage of Tfn to be in EE (green line) and RE (red line) over time are shown. Note the relative distribution of Tfn at
2 and 25 min (arrows). Values for each data point were averaged and shown as the mean = SD (n = 9). (C) CHO-TfnR cells bound with Alexa
594-Tfn on ice were chased 25 min at 37°C to label REs (red channel). Overlaid phase and fluorescence images 0, 4, 6, and 8 min into

microsurgery are shown and the resulting karyoplast (k) and cytoplast (c) indicated. Panels were extracted from Video 1. (D) After microsurgery,
Alexa 594-Tfn was bound to the cell surface on ice, internalized at 37°C for the indicated times before fixation. Cytoplasts (c) and the karyoplasts

(k) are shown. Arrows point to the REs in karyoplasts (7 and 25 min). Cells were outlined for clarity. Video 1 is available at http://

www.jcb.org/cgi/content/full/jcb.200111048/DC1. Bar, 10 pm.

obligatory for complete Tfn recycling. Recycling proceeded
to completion, suggesting that either all recycling in cyto-
plasts was at the level of EEs or that the functional equiva-
lent of perinuclear REs were present in the cytoplasts. This
result is in sharp contrast to that obtained using cytoplasts to
study the secretory pathway. Cytoplasts devoid of Golgi ele-
ments but containing ER were unable to deliver newly syn-
thesized membrane proteins from the ER to the cell surface
even after lengthy incubations (Pelletier et al., 2000).

To determine if cytoplasts contained only EEs or kinetically
distinct endosome populations, we used a dual labeling ap-
proach in which Alexa 594-Tfn was internalized for 25 min
and Alexa 488-Tfn then internalized for 2 min. In both uncut

cells and karyoplasts, the longer pulse of Ttn (red) as expected
labeled perinuclear REs (Fig. 2, A and C). The brief Tfn pulse
(green), also as expected, labeled peripheral EEs (Fig. 2, B and
C). Unexpectedly, however, a similar situation was observed in
cytoplasts. As seen in the insets to Fig. 2, the brief (green) Tin
pulse yielded a pattern of small endosomes spread throughout
the cytoplasm, but the longer (red) pulse labeled a distinct
population, fewer in number (Fig. 2, arrows). The lacter dif-
fered from REs in the uncut cells by being more dispersed.
Thus, cytoplasts contain two kinetically distinct populations
of endosomes, the first corresponding to EEs and the second
to some type of transport intermediate or to REs unexpectedly
present or reassembled in the peripheral cytoplasm.
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Figure 2. Tfn passes through two spatially and temporally distinct
endocytic compartments in cytoplasts. Alexa 594-Tfn was bound
to the surface of normal and cut cells (on ice) and internalized for
25 min (A, to label REs) before being subjected to a final 2 min
pulse of Alexa 488-Tfn (B, to label EEs). The cells were fixed in PFA,
mounted, and analyzed by fluorescence microscopy. Typical labeling
patterns of uncut cells are shown (u). A cytoplast and accompanying
karyoplast (c and k) are shown for comparison. Cytoplasts from
three independent experiments are shown in insets. Arrows indicate
the compartment labeled at a longer time in cytoplasts. (C) Merged
image of Alexa 594-Tfn (red, 25 min) and Alexa 488-Tfn (green, 2
min). Bars, 10 pm.

To test whether endosomes in cytoplasts corresponded
biochemically to EEs and REs, we labeled the cytoplasts
with established markers for these two populations of endo-
somes. EEs were labeled with antibodies to the EE-specific
marker EEA-1 (Mu et al., 1995; Waite et al., 1998; Christo-

foridis et al., 1999). To label REs, CHO-hTfnR cells were
transfected with a cDNA encoding Rab11-GFP, shown pre-
viously to colocalize with endogenous Rab11 primarily in
REs (Ullrich et al., 1996; Sénnichsen et al., 2000).

A significant fraction of Tfn internalized for 2 min was
found in endosomes that also labeled for EEA-1 in uncut
cells, karyoplasts, and cytoplasts (Fig. 3 A). As often de-
scribed previously, colocalization was incomplete (see insets
and arrows) (Mu et al., 1995). The Tfn-containing struc-
tures were clearly distinct, however, from the bulk of the RE
population as most of the Rabl1-positive structures were
negative for Tfn in uncut cells (unpublished data), cyto-
plasts, and karyoplasts (Fig. 3 B).

After 25 min, Tfn internalized by both karyoplasts and cy-
toplasts no longer colocalized with EEA-1 (Fig. 3 C), but
was found in structures strongly positive for Rab11-GFP
(Fig. 3 D). In karyoplasts, as in uncut cells (unpublished
dara), structures positive for both Tfn and Rab11-GFP were
found predominantly in the perinuclear cytoplasm. In cyto-
plasts, Tfn again colocalized with brightly Rab11-GFP-
labeled structures although these were distributed throughout
the cytoplasm (Fig. 3 D, arrows). Note that all of the cyto-
plast images showing Rab11-GFP in Fig. 3 were digitally en-
hanced to optimize the fluorescence signal. In typical cells,
the maximum pixel intensity in the perinuclear region was
>20 times brighter than found in labeled peripheral struc-
tures. The cytoplasts were found to contain only 10-15% of
the total cell Rab11-GFP signal present before microsurgery.
Although this percentage did not change following micro-
surgery, Rab11-GFP in the cytoplasts did exhibit a spatial
redistribution as a function of time (see below).

To further characterize the identity of the second endoso-
mal population in cytoplasts, we monitored sensitivity of to
AlF,". Treatment of intact cells with this agent resulted in
retention of Tfn in REs in MDCK cells (Sheff et al., 1999),
and our kinetic analysis here suggested that the retention re-
sulted from inhibition of traffic along the RE exit pathway
even in CHO cells (unpublished data). Internalized Tfn in
AlF -treated CHO cells, karyoplasts, and cytoplasts was lo-
calized in a subset of EEA-1-negative, Rab11-GFP—positive
endosomes, presumably REs (Fig. 3, E and F, arrows). Inter-
estingly, the Tfn was not lost from karyoplasts or cytoplasts
even after 50 min of chase, at which time Tfn would have
been completely recycled from untreated cells or cytoplasts
(compare Fig. 3 E to Fig. 1 D).

Thus, cytoplasts contained two distinct populations of en-
dosomes. The first was labeled both by Tfn internalized for
2 min and by antibodies to EEA-1; accordingly, they can be
considered EEs. The second was labeled by Tfn internalized
for 25 min, EEA-1 negative, and more strongly labeled by
Rab11-GFP. In addition, exit from the second population
was inhibited by AlF,". By these criteria, the second popula-
tion was functionally and biochemically defined as REs.

Since these Rab11-positive REs were absent from the pe-
ripheral regions of cells before microsurgery, where did they
come from? One possibility is that in intact cells, a fraction of
REs are normally found in the periphery, spatially distinct
from the major RE population in the perinuclear region. Such
peripheral RE “seeds” may be below our limit of detection,
but if present, their reorganization could explain the apparent

reappearance of RE in cytoplasts.
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Figure 3. Cytoplasts contain bona fide EE and RE. CHO-TfnR cells were submitted to microsurgery to create karyoplasts (k) and cytoplasts
(c). Both are outlined in some cases for clarity. (A) Cytoplasts and cells internalized Alexa 594-Tfn (red) for 2 min before fixation, then labeled
for EEA-1 (green). Arrows indicate colocalization of Tfn and EEA-1 (yellow). Insets in A are a magnification of the uncut cell periphery. (B)
Cytoplasts generated from Rab11-GFP-expressing cells were allowed to internalize Alexa 594-Tfn (red) for 2 min before fixation. (C and D)
Cells prepared as in A and B but Alexa 594-Tfn internalized for 25 min (E and F). Cells prepared as in A and B but treated with AIF,~ during
the chase period and Tfn internalized for the indicated times. Arrows indicate Tfn (red) containing endosomes. Bars, 10 um.

An alternative possibility is that Rab11-positive REs in the ~ cytosol. RE membrane proteins such as VAMP-3, found in
cytoplasts were formed largely de novo from components al-  REs, EEs, and the plasma membrane at equilibrium (Daro et
ready distributed throughout the recycling pathway and the  al., 1996; Sénnichsen et al., 2000), might give rise to REs as
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Figure 4. Rab11-GFP recruitment in cytoplasts. (A) CHO-TfnR cells expressing Rab11-GFP were submitted to microsurgery. Fluorescence
images were acquired either before (Uncut), immediately after (O min), or 45-60 min after microsurgery to assess the formation of Rab11-positive
structures in the cytoplasts. Arrows indicate cytoplasts. The two cells shown are from separate experiments. (B) CHO-TfnR cells expressing
Rab11-GFP were submitted to microsurgery before time-lapse video microscopy. Exposures were adjusted to visualize peripheral Rab11
structures, while overexposing perinuclear regions. One phase contrast image of a cut cell is shown. Panels are inverted images of the GFP
(black on white) overlain with synchronous contrast enhanced Tfn images (red) at 0:30, 5:00, 10:00, 15:00, and 19:45 (min:s). Cytoplast (c),
karyoplast (k), and uncut cell (u) are shown. Insets are a magnified, contrast-enhanced view of the boxed region of the cytoplast. Red arrows
indicate RE-like structures that recruit Rab11-GFP throughout the time-course. Green arrows indicate structures in the cytoplast that initially
recruit Rab11-GFP but fade to the limit of detection over time. In contrast, Rab11-GFP—positive EE remain stable in position and intensity over

time in uncut cells (blue arrows). Images in B were extracted from Video 2. Video 2 is available at http://www.jcb.org/cgi/content/full/

jcb.200111048/DC1. Bars, 10 pm.

a consequence of normal recycling activity much as late en-
dosomes are thought to form by maturation from EEs on the
lysosomal pathway (Schmid et al., 1988; Mellman, 1996).
Sénnichsen et al. (2000) have shown that Rabll is
present in limited quantities on EEs. The EE membrane is
laterally differentiated into distinct subdomains marked by
different endosome-associated Rab proteins (Rabs 4, 5, and

11). We also observe this phenomenon using longer expo-
sures in our CHO-hTR cells expressing Rab11-GFP.

Rab11-positive structures in the periphery that colocalized
with Tfn internalized for 2 min, characteristic of EEs (Fig.
4, A and B, and unpublished data). These domains, defined
by the presence of Rab11, might give rise to vesicles or tu-
bules that progressively regenerate a RE population.

We next characterized the appearance of Rabl1-positive
REs in the peripheral cytoplasm. Rather than “resting” micro-
surgically altered cells for ~30 min before imaging (as in all
experiments described thus far), we examined the kinetics of



Rab11-GFP redistribution immediately after microsurgery. If
REs in cytoplasts arose from expansion of preexisting “seed”
organelles, then Rab11-GFP might be directly recruited from
the cytoplasm to these organelles or possibly coalesce to be-
come more visible. Alternatively, if REs were assembled from
EE traffic either de novo or by targeting of this traffic to RE
“seed” organelles, then Rab11-GFP would first be visualized
on EE domains throughout the cytoplast and then move to a
steady-state distribution as the REs are reestablished.

CHO-hTfnR cells transfected with Rab11-GFP were
pulsed with Alexa 594-Tfn to preferentially label perinu-
clear REs as above. Peripheral regions of cells used for mi-
crosurgery contained little in the way of intense Rab11 sig-
nal either before (Fig. 4 A, top) or immediately after (Fig. 4
A, middle) microsurgery. 10—15% of the total GFP fluores-
cence was included in the cytoplast (12-18% of the cell vol-
ume) either in the cytosol or associated with membranes be-
neath the level of detection. Within 45—-60 min, however,
the cytoplasts developed Rab11-GFP—positive structures
that were substantially brighter, even more so than the struc-
tures seen in the periphery of their respective karyoplasts
(Fig. 4 A, bottom).

These events were next visualized by time-lapse video mi-
croscopy (Fig. 4 B and Video 2). Tfn-labeled REs (red; la-
beled by a 25 min Tfn pulse before filming) were imaged si-
multaneously with Rab11-GFP (black) in the cytoplast (c),
karyoplast (k), and uncut cells (u). Exposures were adjusted to
optimize detection of peripheral Rab11 structures, thus over-
exposing perinuclear regions. Immediately after microsur-
gery, the cytoplasts contained no discernible Tfn, suggesting
that perinuclear REs were successfully excluded. Only weak
Rab11-GFP staining was associated with vesicular structures.
Within 5 min, the intensity of Rab11-GFP labeling of indi-
vidual structures began to increase (Fig. 4 B and Video 2; red
arrows). Some structures that were weakly positive became
more intensely labeled during the next 60 min (red arrows in
Fig. 4, enhanced contrast inserts, and Video 2), whereas oth-
ers seemed to lose Rab11 labeling (green arrows). Fusion or
coalescence of labeled structures was not observed in the cyto-
plasts. Fusion was also not observed in uncut cells, nor was
movement of Rab11-positive structures from the periphery to
the perinuclear region (Fig. 4 B and Video 2 blue arrows in
uncut [u] cell). Videos are available at http://www.jcb.org/cgi/
content/full/jcb.200111048/DC1.

Although these results do not provide a definitive test,
they do show that even if peripheral REs preexisted in cyto-
plasts at the time of microsurgery, they become more
strongly labeled for Rab11-GFP as a function of time. Since
individual fusion events were not observed, the increased la-
beling may reflect recruitment of Rab11-GFP from a soluble
pool. It is important to note, however, that Alexa 594-Tfn
was not detected in this presumptive peripheral RE popula-
tion following labeling of uncut cells for 25 min. They were
readily accessed by the fluorescent Tfn, however, when the
cytoplasts were allowed to take up the probe after microsur-
gery. Thus, these results are perhaps more consistent with
the possibility that at least some of the Rab11-positive REs
found in the cytoplasts were formed by budding events ema-
nating from EEs. In this case, the Rab11-GFP might be re-
cruited first to EEs, which then form Rabl1-enriched do-
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mains which could dissociate from EEs and thus initiate RE
formation essentially de novo (Sénnichsen et al., 2000).
Considerably more information will be required, however,
before concluding that cytoplasts or intact cells for that mat-
ter form REs by this type of maturation event from EEs.

In either event, our results clearly suggest a fundamental
difference between the endocytic and exocytic pathways in
this system: cytoplasts cannot produce a functional Golgi
complex (Pelletier et al., 2000). Either there are insufficient
Golgi elements scattered throughout the peripheral cyto-
plasm, or the ER, present in abundance in cytoplasts, does not
contain sufficient quantities of recycling Golgi components to
permit regeneration of the Golgi de novo. In contrast, endo-
somes would appear to comprise a more dynamic population
of organelles forming or expanding as required to accommo-
date membrane flux through the cell. Despite this plasticity
they are nonetheless able to form compartments with distinct
biochemical and functional identities. Perhaps such dynamic
formation of REs is essential to their function as a depot or
transit step for intracellular membrane traffic.

Materials and methods

Reagents

All the chemicals used were of analytical grade or better and purchased
from Sigma-Aldrich. Alexa 488- and 594-labeled Tfns and secondary anti-
bodies were from Molecular Probes and used at 10 wg/ml. Anti-EEA-1 was
from Transduction Labs and used at 20 pg/ml. '*’I was from Amersham
Pharmacia Biotech.

Cell lines and constructs

CHO cells stably expressing the human Tfn receptor (CHO-TfnR) were
generated and maintained as described (Daro et al., 1996). Rab11-GFP
clones were provided by Marino Zerial (EMBL, Heidelberg, Germany) and
Jonathan Kaggan (Yale University, CT), and transfected into CHO-TfnR
cells using FUGENE 6 (F. Hoffmann-La Roche, Ltd.).

Tfn kinetics

Tfn was labeled with '#°I as described (Podbilewicz and Mellman, 1990).
CHO-TfnR cells were grown to 90% confluence in 6-well or 35-mm cell
culture dishes and serum starved for 30 min at 37°C to deplete them of Tfn.
Binding and recycling of Tfn was performed as described for MDCK cells
except that binding was to the available surface of the cell grown on im-
permeant cell culture dishes (Sheff et al., 1999). Data handling, equations,
and fitting of mathematical models to this data used a two endosomal
compartment model as described previously, except that apical pathways
were omitted and basolateral pathways were adjusted to represent traffic
to the single nonpolarized surface (Sheff et al., 1999). See supplemental
text, available at http://www.jcb.org/cgi/content/full/jcb.200111048/DC1.

Tfn and immunolabeling

CHO-TfnR cells grown either on glass coverslips or 175-pm CELLocate-
gridded coverslips (Eppendorf) were depleted of Tfn as above, chilled on
ice, and allowed to bind Alexa 594-Tfn (60 wg/ml in PBS) for 45 min on
ice. Cells were washed briefly in PBS and placed in DME at 37°C for the
indicated times. For dual labeling, after 25 min cells were returned to ice
and relabeled as above with the second color Tfn. Cells were fixed with
4% paraformaldehyde pH 7.4 in PBS and permeabilized with 0.5% sapo-
nin in PBS + 2% BSA (PBS/BSA) for 1 h.

Generation of cytoplasts

Cytoplasts were generated as described previously (Maniotis and Schliwa,
1991; Pelletier et al., 2000). Microneedles were slowly drawn across cell
projections over a 7-15 min period so as to maximize the survival of the
cytoplasts.

Microscopy and image analysis
Fixed cells were visualized using a ZEISS Axioplan 2 microscope fitted
with an Orca Il cooled CCD camera (Hamamatsu Phototonic Systems).
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Live cell imaging was performed on a ZEISS Axiovert T00M fitted with a
monochromator (TILL photonics), and a Hamamatsu Orca 100 cooled
CCD camera. Both set-ups were driven by the Openlab 3.0.3 image acqui-
sition software package (Improvision). ZEISS Plan-Apochromat® 63X DIC
1.4 NA, 100X DIC 1.4 NA and 100X Phase Il 1.4 NA objectives were
used. Video images were taken in phase, GFP, and Texas red channels and
at 15 or 30 s intervals (for time-lapse imaging) using selective single-pass
filter sets (Chroma Technology).

Online supplemental material

Two sets of time-lapse video images of cytoplasts were compiled into TIFF
image stacks and converted to QuickTime 5.0 format (Sorenson 3 codec
for Video 1, video codec for Video 2) for online publication. Complete
equations are provided as a text file. Supplemental material is available at
http://www.jcb.org/cgi/content/full/jcb.200111048/DC1.
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