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Previously we described clathrin-coated buds on tubular early endosomes that are distinct from
those at the plasma membrane and the trans-Golgi network. Here we show that these clathrin-
coated buds, like plasma membrane clathrin-coated pits, contain endogenous dynamin-2. To
study the itinerary that is served by endosome-derived clathrin-coated vesicles, we used cells that
overexpressed a temperature-sensitive mutant of dynamin-1 (dynamin-12°P) or, as a control,
dynamin-1 wild type. In dynamin-1¢273P-expressing cells, 29-36% of endocytosed transferrin
failed to recycle at the nonpermissive temperature and remained associated with tubular recycling
endosomes. Sorting of endocytosed transferrin from fluid-phase endocytosed markers in early
endosome antigen 1-labeled sorting endosomes was not inhibited. Dynamin-1¢>73P associated
with accumulated clathrin-coated buds on extended tubular recycling endosomes. Brefeldin A
interfered with the assembly of clathrin coats on endosomes and reduced the extent of transferrin
recycling in control cells but did not further affect recycling by dynamin-1¢273P-expressing cells.
Together, these data indicate that the pathway from recycling endosomes to the plasma mem-
brane is mediated, at least in part, by endosome-derived clathrin-coated vesicles in a dynamin-

dependent manner.

INTRODUCTION

Plasma membrane proteins can be removed selectively and
efficiently from the cell surface through endocytic uptake by
clathrin-coated vesicles. Proteins carried by plasma mem-
brane-derived clathrin-coated vesicles are first delivered to
sorting endosomes. From there they are targeted to lyso-
somes, the trans-Golgi network (TGN), or the recycling com-
partment. At the recycling compartment membrane, pro-
teins can be distributed further to the TGN or, in polarized
cells, to the opposing plasma membrane domain. Most
membrane proteins in the recycling compartment are, how-
ever, efficiently transported back to the plasma membrane
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(reviewed by Mellman, 1996). Recycling membrane proteins
are thought to exit from vacuolar sorting endosomes via
attached tubular extensions (Hopkins and Trowbridge, 1983;
Geuze et al., 1987; Mayor et al., 1993; Hopkins et al., 1994).
The recycling compartment is, in contrast to tubulovesicular
sorting endosomes, composed of tubular membranes only
and concentrated predominantly in the perinuclear area.
Vesicular transport intermediates between sorting endo-
somes, recycling endosomes, and the plasma membrane
have not been identified, and the mechanism for transport
between these compartments has not been resolved.

The transferrin (Tf) receptor (TfR) and its ligand Tf have
been used extensively as markers of the recycling pathway.
Endocytosed TfR/Tf complexes recycle to the plasma mem-
brane with the same kinetics as certain lipids (Mayor et al.,
1993) and independently of the TfR cytoplasmic domain
(Johnson et al., 1993). These data indicate that TfR recycling,
in contrast to uptake, can occur without active recruitment
in recycling vesicles by cytosolic coat proteins. In polarized
cells, however, endocytosed T1R is efficiently sorted from the
transcytotic pathway and recycled to the basolateral plasma
membrane (Mellman, 1996; Odorizzi and Trowbridge, 1997;
Futter et al., 1998), indicating that recruitment mechanisms
do exist. Only a few molecular players have been identified
so far to function in the TfR recycling pathway. At least two
Rab proteins have been implicated, Rab4 (van der Sluijs et
al., 1992; Sheff et al., 1999) and Rab11 (Ullrich ef al., 1996; Ren
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et al., 1998; Wilcke et al., 2000). Dominant-negative mutants
of these GTPases have, however, limited and distinct effects
on the routing and kinetics of TfR recycling. Similarly, in-
terference with the function of the soluble N-ethylmaleim-
ide-sensitive fusion proteins syntaxin 13 (Prekeris et al.,
1998) or cellubrevin (Galli et al., 1994) only partially affected
TfR recycling, as did interference with class I phosphatidyl-
inositol 3-kinase (Siddhanta et al., 1998) or RME-1 (Lin et al.,
2001) function. None of the above players seem to be re-
sponsible for recycling of the full complement of endocy-
tosed TfR, suggesting that parallel recycling pathways
and/or molecular mechanisms are involved. Previously, we
reported clathrin-coated buds on early endosomal tubules
and distinguished these from plasma membrane-derived
clathrin-coated vesicles by size, continuity with endosomes,
and lack of the adaptor protein complex AP-2 (Stoorvogel et
al., 1996). These buds contained TfR, suggesting that endo-
some-derived clathrin-coated vesicles may function in the
recycling pathway. TfR-containing clathrin-coated buds
have also been observed on endosomes in polarized Madin-
Darby canine kidney cells in which they were proposed to
play a role in basolateral TfR trafficking (Futter et al., 1998).

Dynamins are thought to assist the formation of transport
vesicles from diverse donor compartments (reviewed by
Urrutia et al., 1997; Marsh and McMahon, 1999; van der
Bliek, 1999), including clathrin-coated vesicles from the
plasma membrane (Herskovits et al., 1993; van der Bliek et
al., 1993; Damke et al., 1994, 1995a). Dominant-negative mu-
tants of the ubiquitously expressed dynamin-2 and the neu-
ronal dynamin-1 interfered with pinching of clathrin-coated
vesicles from the plasma membrane (Damke et al., 1994,
1995a; Altschuler et al., 1998). Although TfR uptake was
severely affected by dynamin-1¥444 and dynamin-2¥444 mu-
tants, TfR recycling proceeded normally, and it was thus
concluded that dynamin does not play an essential role in
TR recycling (Altschuler et al., 1998). Dynamin-1273P
(dyn®), a dynamin-1 mutant corresponding to the Drosophila
shibire's! allele, also had a dramatic effect on TfR uptake
(Damke et al., 1995a). To our knowledge, the effect of dyn*
on TfR recycling has not been studied previously. Here we
demonstrate that dyn® interfered with the recycling of en-
docytosed Tf and with the budding of clathrin-coated vesi-
cles from endosomes. These observations, together with
other evidence, indicate a role for dynamin in a clathrin-
driven recycling pathway.

MATERIALS AND METHODS

Cell Culture and Analysis

Nontransfected tTA-HeLa cells (Gossen and Bujard, 1992) were
cultured at 37°C in DMEM supplemented with 10% fetal calf serum,
100 U/ml streptomycin/penicillin, and 400 pg/ml G418. Stably
transformed tTA-HeLa cells with a tightly regulated expression of
hemagglutinin (HA)-tagged wild-type dynamin-1 (dyn"*) or dy-
namin-1¥44 (Damke et al., 1995b) or dyn' (Damke et al., 1995a)
were generously provided by Dr. S.L. Schmid (Scripps Research
Institute, La Jolla, CA) and expanded at 37°C in DMEM supple-
mented with 10% fetal calf serum, 100 U/ml streptomycin/penicil-
lin, 400 ug/ml G418, 200 ng/ml puromycin, and 2 ug/ml tetracy-
cline. To induce dynamin-1 expression, cells were washed five times
with phosphate-buffered saline (PBS), seeded in the absence of
tetracycline, and cultured at 32°C during which the culture medium
was refreshed every 24 h. To measure expression of HA-tagged
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dynamin-1, cells were lysed directly in SDS sample buffer contain-
ing B-mercaptoethanol and analyzed by Western blotting using
monoclonal mouse anti-HA (12CA5 from BabCO, Richmond, CA).
As a control, tubulin was detected with rabbit anti-tubulin, «-T13
(generously provided by Dr. T.E. Kreis [Kreis, 1987]). Antibodies
were detected by chemiluminescence using standard procedures.

Transport Assays

Tf (Sigma, St. Louis, MO) was saturated with Fe3* and labeled with
125T using iodo-beads (Pierce Chemicals, Indianapolis, IN) according
to standard procedures. When indicated, °I-Tf was biotinylated
(**°I-Tf-SS-biotin) using sulfo-NHS-SS-biotin (Pierce).

For uptake assays, cells were first depleted from serum Tf by
extensive washing, followed by a 30-min incubation in transport
medium (MEM buffered with 20 mM HEPES/NaOH, pH 7.4, con-
taining 0.1% bovine serum albumin [BSA]) in a water bath at 30°C.
Tf-depleted cells were then preincubated in transport medium for
30 min at 25 or 38°C in the absence of ligand, after which '*I-Tf (2
png/ml) was endocytosed at the same temperature for the indicated
time. Nonbound ligand was removed by extensive washing at 0°C.
Plasma membrane-bound '?I-Tf was removed at 0°C during sub-
sequent 10-min incubations at pH 5.0 (20 mM 2-(N-morpholino)eth-
anesulfonic acid [MES] pH 5, 130 mM NaCl, 50 uM desferal, 2 mM
CaCl,, and 0.1% BSA) and pH 7.4 (transport medium containing 50
uM desferal). Internalized '*I-Tf was collected by solubilizing the
cells in 1 N NaOH and expressed as the percentage of total cell
associated °I-Tf (intracellular plus plasma membrane). The data
were corrected for nonspecific cell-associated '2°I-Tf (<10%) as de-
termined in parallel experiments in which an excess (200 ug/ml) of
nonlabeled Tf was present during loading.

For recycling assays, endosomes were first loaded with '%I-Tf as
indicated above for 1 h at 16, 25, or 38°C. Plasma membrane-bound
1251-Tf was removed at 0°C by subsequent 10-min incubations at pH
5.0 (20 mM MES, pH 5, or 20 mM sodium actate/acetic acid pH 5,
in 130 mM NaCl, 50 uM desferal, 2 mM CaCl,, and 0.1% BSA) and
pH 7.4 (transport medium containing 50 uM desferal). Cells were
then incubated at 25 or 38°C in transport medium containing 50 uM
desferal in the presence or absence of 10 ug/ml brefeldin A (BFA)
(Sigma) or 100 nM concanamycin A (Sigma), and the release of
125I-Tf was determined as described previously (van Weert et al.,
1995). The data were corrected for nonspecific ?°I-Tf (<10%) as
determined in parallel experiments in which an excess (200 pg/ml)
of nonlabeled Tf was present during loading. For experiments with
1251-Tf-SS-biotin, cells were pulse-chased at 38°C as indicated above.
After the chase, these cells were transferred to 0°C and incubated
three times for 30 min at 0°C with 10 mM 2-mercaptoethanesulfonic
acid (MESNA) in 100 mM NaCl, 50 mM Tris-HCl, pH 8.6, to cleave
off the biotin moiety from plasma membrane-associated *°I-Tf-SS-
biotin. Excess MESNA was then quenched with 50 mM iodoacet-
amide in PBS. After the MESNA treatment, the cells were lysed in
transport medium containing 1% Triton X-100, 1 uM leupeptin, 1
uM pepstatin, and 1 mM phenylmethylsulfonyl fluoride. Nuclei
were removed from the lysates by centrifugation at 6000 rpm for 5
min in an Eppendorf centrifuge. *°I-Tf-SS-biotin was collected with
>90% efficiency from the lysates and the release media by adsorp-
tion to streptavidin beads (Sigma). The data were corrected for
nonspecific 1?°I-Tf-SS-biotin as determined in parallel experiments
(see above). For all recycling assays, kinetic parameters were ob-
tained by fitting data into a single exponential decay equation with
three parameters, y = y, + ae®.

Confocal Laser Scanning Microscopy

dyn** and dyn® cells were cultured as above on glass coverslips in
the absence of tetracycline. The cells were washed and preincubated
for 30 min at 30°C in transport medium, followed by a 30- or 60-min
incubation at 38°C in the presence or absence of 1 mg/ml lysine-
fixable fluorescein-conjugated dextran, M, 10,000 (F-dextran; Molec-
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Figure 1. Clathrin-coated buds
on endosomes contain endoge-
nous dynamin. Nontransfected
HelLa cells were incubated in the
presence of Tf/HRP for 60 min at
37°C, and processed for whole
mount immunoelectron micros-
copy. Samples were immuno-dou-
ble-labeled for clathrin (cla, 10-nm
gold) and endogenous dynamin-2
(dyn2, 5nm gold) using poly-
clonal anti-clathrin and monoclo-
nal HUDY-1, respectively. (A-C)
Tubular early endosomes varied in
length (compare A with B), but all
were decorated with buds that la-
beled for both clathrin and dy-
namin-2 (for examples, see arrow-
heads). For quantification, see
Figure 9A. (B) A large electron-lu-
cent dynamin/clathrin-coated pit
at the plasma membrane (arrow) is
clearly different from DAB-con-
trasted 60-nm buds on endosomes
(arrowheads). (C) Occasionally, tu-
bules and buds (arrowhead) seem
to associate with early endosomal
vacuoles (asterisk). Bar, 200 nm.

ular Probes, Eugene, OR) and/or 20 ug/ml Texas Red-conjugated
Tf (TaR-Tf) (Molecular Probes). After uptake, the cells were washed
at 0°C, and plasma membrane-associated TaR-Tf was removed us-
ing the procedure described above for dissociation of plasma mem-
brane-bound '#I-Tf. Cells were then either fixed directly with 4%
paraformaldehyde in 0.1 M phosphate buffer or chased for 60 min at
38°C and then fixed. Fixed cells were washed with PBS, and free
aldehyde groups were quenched with 50 mM NH,Cl in PBS. The
cells were then either mounted directly or first processed for im-
munolabeling. For immunolabeling, the cells were permeabilized
and labeled in PBS containing 0.1% saponin and 2% BSA, using
standard procedures. Overexpressed dynamin-1 and endogenous
TfR were labeled with polyclonal goat anti-dynamin-1 (Santa Cruz
Biotechnology, Santa Cruz, CA) and the monoclonal mouse anti-
body HTR-H68.4 (White ef al., 1992; Zymed Laboratories, South San
Francisco, CA), respectively. Polyclonal sheep anti-human TGN46
was from Serotec (Oxford, UK) and monoclonal mouse anti-early
endosome antigen 1 (EEA1) was from Transduction Laboratories
(Lexington, KY). Primary antibodies were detected with fluorescein
isothiocyanate-conjugated donkey anti-goat immunoglobulin (Ig)
G, Texas Red-conjugated donkey anti-mouse IgG, ALEXA-conju-
gated donkey anti-sheep IgG, or fluorescein isothiocyanate-conju-
gated goat anti-mouse IgG (all from Jackson Immunoresearch Lab-
oratories, West Grove, PA). Coverslips were washed and embedded
in Mowiol containing 2.5% 1,4-diazobicyclo-[2.2.2]-octane (Sigma),
and optical sections were analyzed by confocal laser scanning mi-
croscopy using a TCS 4D system (Leica, Wetzlar, Germany). When
indicated, serial 0.3-um optical sections were superimposed to ob-
tain an integrated view of entire cells.

Whole Mount Immunocytochemistry

Whole mount immunocytochemistry was performed as described
by Stoorvogel et al. (1996) with minor modifications. Cells were
cultured on golden grids carrying carbon-coated Formvar films that
were first soaked in 1% gelatin for 1 h, washed, and fixed for 10 min
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with 0.5% glutaraldehyde in PBS. Horseradish peroxidase-conju-
gated Tf (Tf/HRP) was prepared as described by (Stoorvogel et al.
(1988). Cells on grids were washed with transport medium and then
incubated in the presence of 25 ug/ml Tf/HRP for either 1 h at 25°C
followed by 5 min at 38°C (dyn"* and dyn' cells) or 1 h at 37°C
(nontransfected cells). Tf/HRP-containing endosomes were selec-
tively fixed with diaminobenzidine tetrahydrochloride (DAB)
(BDH, Poole, Dorset, UK), after which the cells were permeabilized
with saponin and then fixed with 2% paraformaldehyde and 0.2%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The cytoplasmic
domain of the TfR was labeled with HTR-H68.4 (see above). Affin-
ity-purified rabbit polyclonal anti-clathrin was kindly provided by
Dr. Corvera (University of Massachusetts, Worcester, MA). Dy-
namin-1 and endogenous dynamin-2 were labeled with polyclonal
anti-dynamin-1 (see above) and monoclonal HUDY-1 (Upstate Bio-
technology, Lake Placid, NY), respectively. Monoclonal antibodies
directed against clathrin heavy chain, X22, and «-adaptin, AP.6
(Chin et al., 1989) were kindly provided by Dr. Brodsky (University
of California, San Francisco, CA). Monoclonal mouse and polyclonal
goat antibodies were detected with rabbit anti-mouse Ig and rabbit
anti-goat (see above), respectively, followed by protein A-gold.

RESULTS

Endosome-associated Clathrin-coated Buds Contain
Endogenous Dynamin

Previously, we characterized a novel class of clathrin-coated
buds on endosomes with a technique that allows immuno-
electron microscopic examination of endosomes in nonsec-
tioned cells (Stoorvogel et al., 1996). These buds contain TfR,
suggesting that they might recycle endocytosed membrane
proteins. Because dynamin-2 functions in pinching off clath-
rin-coated vesicles from the plasma membrane, we studied
whether this endogenous dynamin also localizes to endo-
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some-associated clathrin-coated buds by whole mount im-
munoelectron microscopy. HeLa cells were incubated with
Tf/HRP for 1 h at 37°C to load the entire endocytic tract of
the TfR with peroxidase activity. The cells were then incu-
bated at 0°C in the presence of DAB, which polymerized in
HRP-containing endosomes. Ascorbic acid, a membrane-
impermeable agent, was also present during this incubation
to prevent DAB polymerization at the plasma membrane or
in deeply invaginated pits that are continuous with the
plasma membrane. DAB polymer selectively fixed the endo-
somes and also served as an electron-dense marker for en-
dosomes. Cytosolic proteins, including nonmembrane-asso-
ciated dynamin, were removed after permeabilizing the
plasma membrane with saponin. The resulting electron-lu-
cent cells were then fixed with aldehydes, immunolabeled
with colloidal gold, and studied as whole mount prepara-
tions using transmission electron microscopy. All endoso-
mal tubules were decorated with buds that labeled heavily
for both clathrin and endogenous dynamin-2 (Figure 1, for
quantification see Figure 9A). The clathrin/dynamin-deco-
rated endosomal tubules were not only found in the perinu-
clear area but also in the periphery of the cell. The peripheral
endosomal tubules occasionally associated with vacuolar
sorting endosomes. These observations suggest a role for
endogenous dynamin-2 in the formation of clathrin-coated
vesicles from endosomes.

TfR Recycling Is Inhibited by dyn®

To study the requirement for dynamin in TfR recycling we
used HeLa cell lines that were previously established by the
group of Dr. Schmid (Dambke et al., 1995a). These cells over-
express either a HA-tagged human dyn' or, as a control,
HA-tagged dyn™*. The expression of these constructs is un-
der control of a tetracycline-regulatable chimeric transcrip-
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Figure 2. Expression of dyn“* and dyn® and the
effects on TfR internalization. (A) Cells were cul-
tured for 6 d at 32°C in the presence (+) or absence
(—) of tetracycline for the last 1-6 d. After extensive
washing and replacement of tetracycline-containing

adia medium by tetracycline-lacking medium, medium
was either left on the cells for 6 d (— refresh me-
dium) or refreshed daily (+ refresh medium). West-
a-tubulin ern blots of cell lysates were probed with anti-HA

antibodies to demonstrate HA-tagged dyn™' or
dyn's and with anti-tubulin antibodies as a control to
demonstrate equal amounts of cell lysate. Maximal
expression levels of dyn** and dyn' were observed
3-4 d after removal of tetracycline and daily re-
placement of the culture medium. (B) dyn“*- or
dyn's-expressing cells were preincubated for 30 min
at either 25 or 38°C and directly thereafter incubated
in the presence of 'I-Tf at the same temperature for
the indicated times. Internalized '2I-Tf was ex-
pressed as a percentage of total cell-associated
125I-Tf (n = 2 *+ SD). The results shown are repre-
sentative of three independent experiments. In com-
parison with dyn"* cells (O), uptake of '*I-Tf by
dyn* cells ([]) was strongly reduced at 38°C but not
at 25°C.

tion activator. When the cells were cultured at 32°C in the
absence of tetracycline, dyn® was expressed within days but
had only minor effects on dynamin-dependent processes at
this temperature. However, within 5-10 min at 38°C, over-
expressed dyn's strongly inhibited TfR uptake (Damke ef al.,
1995a). Consistent with observations by Damke et al. (1995a),
we observed that dyn"* or dyn's were expressed only upon
removal of tetracycline from the culture medium (Figure
2A). In our hands dyn** and dyn®* were expressed homo-
geneously (van Dam and Stoorvogel, unpublished results)
and at high levels (Figure 2A) only when the tissue culture
medium was refreshed daily after removal of tetracycline. A
control protein, tubulin, was equally expressed irrespective
of the presence of tetracycline. For all further experiments,
cells were cultured for 3-4 d at 32°C in the absence of
tetracycline during which the culture medium was refreshed
daily. Consistent with observations by Damke et al. (1995a),
uptake of TfR by dyn®-expressing cells was strongly inhib-
ited at 38°C (Figure 2B). TfR uptake was slightly inhibited at
30°C (van Dam and Stoorvogel, unpublished results), but at
25°C we observed no significant effect of dyn™ on TfR up-
take (Figure 2B).

Next, we focused on the effects of dyn* on TfR recycling.
Cells were incubated for 60 min in the continuous presence
of 12°I-Tf at either 25 or 38°C to load endosomes. 2°I-Tf was
then dissociated from plasma membrane TfR using an acid-
neutral wash procedure at 0°C (see MATERIALS AND
METHODS). Clathrin-coated pits that accumulated at 38°C
at the plasma membrane of dyn® cells were freely accessible
for macromolecules (Damke et al., 1995a; Baba et al., 1999)
and were thus emptied from '*°I-Tf by this procedure (see
also below). Although '°I-Tf was inefficiently endocytosed
by dyn's-expressing cells at 38°C, the amount of intracellular
label sufficed for recycling measurements. Recycling of en-
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docytosed '*°I-Tf into the medium was measured during a
reincubation of the cells at either 25 or 38°C. As expected,
dyn's had no significant effect on '*°I-Tf recycling at 25°C
(Figure 3A; Table 1). In contrast, at 38°C dyn* cells retained
~30% of previously endocytosed '*°I-Tf versus ~10% by
dyn™* cells, whereas the rate of recycling was not signifi-
cantly affected (Figure 3B; Table 1).

To exclude the possibility that the inhibitory effect of dyn®
on '#I-Tf recycling was a secondary effect as a consequence
of reduced uptake of either TfR or other membrane proteins
that are essential for '?°I-Tf recycling, an alternative ap-
proach was taken in which cells were loaded with '*°I-Tf at
16°C, a temperature that is permissive for '?°I-Tf-uptake by
dyn® cells. Other studies demonstrated that at 16°C TfR
accumulates in sorting endosomes (Ren et al., 1998, and
references therein). Following loading at 16°C and removal
of cell surface associated '?°I-Tf at 0°C, cells were incubated
at either 25 or 38°C to allow recycling. As expected, at 25°C,
125[-Tf recycling did not significantly differ between dyn**-
and dyn®-expressing cells (Figure 3C; Table 1). However, at
38°C, also in this experimental setup, ~29% of previously
endocytosed '?°I-Tf was retained by dyn's-expressing cells
(Figure 3D; Table 1).

To further exclude the possibility that retention of '2°I-Tf
by dyn' cells was reflecting an accumulation in dyn's-stabi-
lized clathrin-coated pits at the plasma membrane, we per-
formed an experiment in which cells were loaded with
125[-T{-SS-biotin. After recycling, cells were incubated at 0°C
in the presence of MESNA, a membrane-impermeable re-
ducing agent that removed biotin from surface exposed but
not from intracellular '?°I-Tf-SS-biotin. The cells were then
lysed, and nonreduced '?°I-Tf-SS-biotin was recovered from
the cell lysates and the release media with immobilized
streptavidin. With this approach we confirmed that at 38°C
dyn* cells truly retained ~30% of the label intracellularly
(Figure 3E; Table 1).

Only apo-Tf is efficiently released from recycling TfR, and
dissociation of Fe3" from Tf in endosomes is dependent on
endosome acidification. A potential explanation for the re-
sults above could be that a proportion of '?°I-Tf failed to
dissociate from recycling TfR in dyn® cells because of inter-
ference with endosome acidification. Although the data in
Figure 3D already argued against this possibility, we per-
formed experiments in which '?°I-Tf-loaded cells were
washed at 0°C with an acetate buffer instead of an MES
buffer. Both pH 5 buffers removed Fe®* from '2°I-Tf at the
plasma membrane with equal efficiency, but acetate, in con-
trast to MES, diffuses into cells and acidifies the weakly
buffered lumen of endosomes. Consequently, treatment of
cells at 0°C with acetate results in dissociation of Fe3* from
endosomal '?5I-Tf irrespective of vacuolar proton pump ac-
tivity (van Weert et al., 1995). To demonstrate the effective-
ness of this protocol, a control experiment was performed in
which the vacuolar proton pump in dyn"* cells was inhib-
ited with concanamycin A. As expected, concanamycin A
strongly inhibited the release of '>°I-Tf from recycling TfR
when the cells were first treated with MES bulffer. This effect
was, however, largely rescued when the MES buffer was
replaced by acetate buffer (Figure 4B). The remaining, ace-
tate resistant, effect of concanamycin A on '°I-Tf recycling
was due to impaired TfR recycling (van Weert et al., 1995;
Presley et al., 1997). The acetate treatment itself did not affect
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Figure 3. Inhibited TfR recycling by dyn'. (A and B) dyn** (O) and
dyn® (CJ)-expressing cells were loaded with '?I-Tf for 1 h at either
25°C (A) or 38°C (B). Cell surface-associated ?°I-Tf was removed at
0°C, after which recycling of endocytosed '?°I-Tf was measured
during continued incubations at 25°C (A) or 38°C (B). Intracellular
1251-Tf is plotted as a percentage of total endocytosed '*I-Tf (n = 2,
mean * SD). The experiments shown are representative of 13 inde-
pendent experiments, each with duplicate samples. For kinetic anal-
ysis, see Table 1. (C and D) Sorting endosomes of dyn"* (O) and
dyn® ((CJ)-expressing cells were loaded with ?I-Tf for 1 h at 16°C.
Cell surface-associated '?°I-Tf was removed at 0°C, and recycling of
endocytosed *I-Tf was measured at either 25°C (C) or 38°C (D).
Intracellular '2°I-Tf is plotted as a percentage of total endocytosed
125L-Tf (n = 2, mean * SD). The experiments shown are represen-
tative of two to five independent experiments, each with duplicate
samples. For the kinetic analysis, see Table 1. (E) dyn™* (O) and
dyn® (CJ)-expressing cells were loaded with '?°I-Tf-SS-biotin for 1 h
at 38°C. Cell surface-associated ?°I-Tf-SS-biotin was removed at
0°C, after which recycling of endocytosed '?°I-T{-SS-biotin was al-
lowed at 38°C for the times indicated. The biotin moiety was then
removed selectively from surface-exposed '?°I-Tf-SS-biotin by ex-
posing the cells to MESNA at 0°C. Intracellular '?°I-Tf-SS-biotin was
then collected from cell lysates and plotted as a percentage of total
internalized '%I-Tf-SS-biotin (mean * SD from two independent
experiments). For the kinetic analysis, see Table 1.
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Table 1. Summary of kinetic parameters of '*I-Tf recycling

Yo dyn™t Yo dyn's b dyn*t b dyn'* R? dyn** R? dyn's n Figure
Load 25°C 23263 245+ 64 0.05 £ 0.01 0.05 = 0.01 0.99 = 0.01 0.99 £ 0.01 13 3A
Chase 25°C
Load 25°C 388 £1.8 47.7 £ 1.1 0.05 = 0.00 0.04 = 0.01 0.96 = 0.03 0.96 = 0.02 2 10A
Chase 25°C + BFA
Load 38°C 9.8 =39 299 43 0.13 £ 0.02 0.12 = 0.03 0.99 = 0.00 0.96 = 0.00 13 3B
Chase 38°C
Load 38°C 179 £ 2.6 31392 0.09 £ 0.01 0.12 = 0.04 0.98 = 0.00 0.93 = 0.06 2 10B
Chase 38°C + BFA
Load 16°C 11.7 7.0 154 *+1.3 0.04 = 0.00 0.03 = 0.01 0.99 = 0.00 0.97 £ 0.02 2 3C
Chase 25°C
Load 16°C 81=*=52 29.3 £12.8 0.10 £ 0.01 0.08 = 0.02 1.0 *=0.00 0.98 £ 0.01 5 3D
Chase 38°C
125[-Tf-SS-biotin 72*+1.0 363 +70 0.15 = 0.02 0.15 = 0.05 1.0 *=0.00 0.94 = 0.06 2 3E
Load 38°C
Chase 38°C

Kinetic parameters were obtained by fitting data points into single exponential decay equations with three parameters, y = y, + a.e®. The
amount of retained '?°I-Tf, y,, is expressed as a percentage of total internalized '?°I-Tf, the rate of '*I-Tf recycling (min~!) by b. R?, the
coefficient of determination, is an indication for the fit of the calculated curves and equals 1 for ideally fitting curves. The tolerance of the
obtained values was satisfactory. Double exponential decay equations with five parameters yielded irreproducible values and therefore were
not appropriate for curve fitting. Numbers are means *+ SD from n experiments, each in duplicate. For experiments with ?°I-Tf-SS-biotin, two

independent experiments with single samples were performed.

the release of '?°I-Tf by dyn™* cells (Figure 4A). Most im-
portantly, the kinetics of '?°I-Tf release by acetate- and MES-
treated dyn' cells were the same (Figure 4A), confirming
that retention of '*°I-Tf by dyn's cells was not due to inter-
ference with endosome acidification.

If Is Retained by Recycling Endosomes in dyn® Cells

To study the overall effect of dyn' on the distribution of
TfR-containing endosomes, dyn“'- and dyn'-expressing
cells were incubated at 38°C for 30 min, fixed, immuno-
double-labeled for dynamin-1 and TfR and examined by
confocal laser scanning microscopy (Figure 5). Consistent
with other reports (Damke et al., 1995a; Baba et al., 1999),
dyn** and dyn* distributed diffusely throughout the cell,
whereas dyn® also was concentrated in large intracellular
aggregates as well as at the plasma membrane. In dyn' cells
TR labeling was more pronounced at the plasma membrane
and in the perinuclear area compared with dyn"* cells. In
addition, TfR-labeled endosomes had a more tubular ap-
pearance in dyn' cells than in dyn"* cells, and some dyn®
seemed to associate with these tubules.

To determine the subcellular site at which endocytosed Tf
accumulated, cells were pulse-labeled for 1 h at 38°C with
TaR-Tf and a fluid-phase endocytic marker, F-dextran (Fig-
ure 6). After 1 h of uptake, extracellular labels and plasma
membrane-associated TaR-Tf were removed at 0°C and cells
were then either fixed directly or chased for 1 h at 38°C
before fixation. In dyn** cells, F-dextran and TaR-Tf local-
ized after uptake mostly to distinct endocytic structures,
indicating rapid and efficient sorting of these markers into
late endosomes/lysosomes and recycling endosomes, re-
spectively (Figure 6, A-C). Similar observations were made
for dyn® cells (Figure 6, G-I), indicating that the exit of TfR
from sorting endosomes into recycling endosomes was not
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affected. After a 60-min chase, dyn** cells released almost all
endocytosed TaR-Tf, whereas F-dextran remained intracel-
lularly (Figure 6, D-F). In contrast, dyn' cells retained a
significant amount of TaR-Tf in F-dextran-lacking compart-
ments after a 60-min chase (Figure 6, ]-L). To characterize
these compartments, dyn® cells were pulse-labeled with
TaR-Tf, chased, fixed, and immunolabeled for TGN46, a
marker for TGN (Prescott et al., 1997), or for EEA1, a marker
specific for sorting endosomes (Mu et al., 1995). TaR-Tf that
accumulated in the perinuclear area did not codistribute
with TGN46 (Figure 7, top row), indicating that TaR-Tf was
not mistargeted to or retained at the TGN. TaR-Tf also did
not codistribute with EEA1 (Figure 7, bottom row), confirm-
ing that transport from sorting endosomes to recycling en-
dosomes was not affected. Recycling endosomes originally
have been defined by the kinetics with which they are
loaded and emptied from endocytosed Tf as well as by their
perinuclear location. Other molecular markers that exclu-
sively label this compartment have not been described to
date. In dyn' cells, we observed only little overlap of pulse-
chased TaR-Tf with cellubrevin and Rabll (van Dam and
Stoorvogel, unpublished results), consistent with the notion
that these molecules only partially associate with recycling
endosomes (see, for example Teter et al., 1998; Sonnichsen et
al., 2000; Wilcke et al., 2000, and references therein). Collec-
tively, our data indicate that dyn's cells accumulated TaR-Tf
in recycling endosomes.

dyn®s Accumulates on Endosomal Clathrin-coated
Buds

To study the effects of dyn' on endosomes in more detail,
we took advantage of the whole mount approach as de-
scribed above. In dyn“*-expressing cells, only little, if any,
dyn"* was found associated with DAB-positive endosomal
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Figure 4. Inhibition of Tf recycling by dyn® is not due to defective
endosome acidification. (A) dyn™* (circles) and dyn® (squares)-
expressing cells were loaded with '2°I-Tf for 1 h at 38°C. Cell
surface-associated '?°I-Tf was removed at 0°C by the acidic-neutral
wash procedure using either MES buffer (open symbols) or acetate
buffer (closed symbols). The cells were then reincubated at 38°C,
and the release of 'I-Tf was measured. Intracellular '*°I-Tf is
plotted as a percentage of total endocytosed '?°I-Tf (n = 2, mean *
SD). The experiments shown are representative of three indepen-
dent experiments, each with duplicate samples. The acetate treat-
ment assured the release of Fe** from intracellular '*°I-Tf. dyn's
inhibited the release of '*I-Tf irrespective of acetate or MES treat-
ment. Lack of endosome acidification thus can not explain the
results. (B) As a positive control for this procedure, dyn“*-express-
ing cells were loaded for 1 h at 38°C with '?°I-Tf in the absence (O)
or presence (A and [) of 100 nM of concanamycin A, a vacuolar
proton pump inhibitor. Cell surface-associated '*°I-Tf was removed
at 0°C by the acid-neutral wash procedure using either MES buffer
() or acetate buffer (O andA). Cells were then reincubated at 38°C
in the absence (O) or presence (A and [) of 100 nM concanamycin
A and release of '*I-Tf was measured. Intracellular '*°I-Tf is plotted
as a percentage of total internalized *I-Tf. The results shown (n =
2, mean * SD) are representative of five independent experiments.
The acetate treatment restored '*I-Tf recycling by concanamycin
A-treated cells, illustrating the effectiveness of this procedure.

tubules (Figure 8, A and C) and <10% of endosome-associ-
ated clathrin-coated buds labeled for dyn"* (Figure 8A). In
contrast, a significant amount of dyn®™ was associated with
endosomal clathrin-coated buds (Figure 8, B and D). Con-
sistent with the fluorescent images (Figure 5), in dyn® cells
endosomal tubules increased in length, and the number of
clathrin-coated buds per endosome was amplified more
than fivefold compared with dyn“* cells. dyn'/clathrin-
labeled tubules were encountered in the perinuclear area,
but they were also abundant at the periphery of the cell.
Most endosomal tubules were not continuous with vacuolar
sorting endosomes, thus classifying them as recycling endo-
somes. Almost all endosome-associated buds labeled for
both clathrin and dyn' (Figures 8B and 9B), suggesting that
dyn* interfered with pinching off of clathrin-coated vesicles
from recycling endosomes. To exclude that these clathrin-
coated buds were derived from the plasma membrane, prep-
arations were double-labeled for dynamin-1 and AP-2, an
adaptor protein complex that associates with plasma mem-
brane-derived clathrin-coated vesicles. AP-2 was virtually
absent on endosomes (Stoorvogel ef al., 1996). As a positive
control, the DAB incubation was performed in the absence
of ascorbic acid, thus allowing DAB polymerization in clath-
rin-coated pits at the plasma membrane. Using this proce-
dure we detected many DAB-positive 100-nm vesicles/buds
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that labeled for clathrin, dynamin-1, and AP-2, but these
were not associated with endosomes (Stoorvogel et al., 1996).
dyn's-containing recycling endosomes labeled heavily for
TfR (Figure 8D). Endosome-associated clathrin-coated buds
also contained TfR as indicated by experiments in which the
coats, which impose stearic hindrance for TfR labeling, were
stripped from DAB-filled endosomes with 0.5 M Tris before
aldehyde fixation (Stoorvogel ef al., 1996). Together with the
observation that endogenous dynamin-2 associates with
clathrin-coated buds on endosomes (Figures 1 and 9A),
these data strongly suggest that clathrin-coated vesicles
pinch off from recycling endosomes in a dynamin-depen-
dent manner.

BFA Interferes with the Dynamin-dependent TfR-
recycling Pathway

BFA induces the formation of long endosomal tubules, pos-
sibly as a result of inhibited clathrin-coated vesicle forma-
tion at endosomes (Stoorvogel et al., 1996). When clathrin-
coated vesicles play a role in TfR recycling, BFA and dyn's
should interfere with the same pathway. To test this hypoth-
esis, cells were pulse-labeled with '?°I-Tf in the absence of
BFA and chased in the presence of BFA (Figure 10; Table 1).
At 25°C, both dyn®™ and dyn“* cells retained significant
amounts of '?°I-Tf in the presence of BFA (~39-48%) con-
sistent with a requirement of clathrin-coated vesicles for
efficient TfR recycling. At 38°C, the amount of '°I-Tf re-
tained by dyn™* cells was also significantly increased by
BFA (~18%), although the majority recycled with un-
changed kinetics. The loss of a clathrin-mediated recycling
pathway in the presence of BFA may have been compen-
sated in part by an alternative BFA-insensitive pathway or
mechanism. In contrast, in dyn® cells, stable clathrin-coated
buds on endosomes were already formed during loading in
the absence of BFA. When such stable coated buds retain a
significant amount of intracellular TfR, ?°I-Tf recycling can-
not be compensated via alternative pathway(s), not even in
the presence of BFA. Consistent with this notion, BFA did
not change the efficiency of ?°I-Tf recycling by dyn's cells at
38°C (retention of ~31 vs. ~30%).

Taken together our data indicate that endosome-derived
clathrin-coated vesicles play a role in the endosomal recy-
cling pathway and that endocytosed TfR is, at least in part,
recycled via this pathway. Although we did observe TfR in
endosome-associated clathrin-coated buds, we have been
unable to determine whether TfR is concentrated in these
buds. Thus, the question whether TfR is actively or passively
recruited into these vesicles remains to be answered.

DISCUSSION

Tubular endosomes are abundantly covered with TfR-con-
taining clathrin-coated buds (Stoorvogel ef al., 1996). Here
we demonstrate that these buds, like clathrin-coated pits at
the plasma membrane, carry endogenous dynamin-2. Fur-
thermore, we show that exogenously expressed dyn' accu-
mulated at clathrin-coated buds on recycling endosomes
and interfered with TfR recycling. BFA interfered with the
assembly of clathrin coats on endosomes and, like dyn®,
reduced the extent of Tf recycling. BFA had no additive
effect on Tf recycling by dyn® cells, consistent with the
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Dynamin-1

notion that TfR egresses recycling endosomes, at least in
part, by endosome-derived clathrin-coated vesicles in a dy-
namin-dependent manner.

The inhibitory effect of dyn® on TfR recycling is direct and
not an indirect consequence of decreased membrane uptake.
The first argument is that, although dyn® interfered with
clathrin-mediated uptake of TfR, endocytosis of total mem-
brane remained unaffected because of up-regulated alterna-
tive pathways (Dambke et al., 1995a). Thus, the flow of mem-
brane into endosomes was not affected. Second, dyn' also
interfered with recycling at 38°C when 2°I-Tf was first en-
docytosed at 16°C, a temperature that is permissive for the
uptake of TfR and other membrane constituents (Figure 3D;
Table 1). This experiment also excludes the possibility that
intracellular retention of TfR was due to the depletion of
membrane protein(s) from endosomes that are essential for
recycling. Third, dynamin-1¥444 interfered with TfR uptake
but not with recycling (Altschuler ef al., 1998), demonstrat-
ing that these processes can be uncoupled. Fourth, BFA
interfered with TfR recycling by dyn“* cells but had no
additional inhibitory effect on dyn' cells at 38°C (Figure 10;
Table 1), suggesting that dyn® inhibited TfR recycling
downstream of the BFA-sensitive step. Because BFA pre-
vented the formation of clathrin-coated buds at endosomes
but not at the plasma membrane, interference with TfR
recycling by dyn® can be explained only by a direct effect on
endosomes. Finally, we demonstrated the presence of en-
dogenous dynamin-2 as well as dyn® on clathrin-coated
buds on endosomes (Figures 1, 8, B and D, and 9).

Depending on the experimental protocol, dyn®-express-
ing cells retained 29-36%of internalized '2°I-Tf at the non-
permissive temperature (Figure 3). From these data it cannot
be concluded whether all or just part of endocytosed TfR
recycles via a dynamin-dependent pathway. A proportion of
endocytosed '*°I-Tf might have leaked through the dyn's-
induced block in the recycling pathway, similar to what has
been observed for the effect of dyn* on clathrin-mediated
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Dyn"
Figure 5. dyn® cells redistribute
intracellular TfR. dyn** (A-C)
and dyn® (D-F)-expressing cells
were incubated for 30 min at
38°C, fixed, and immuno-double-
labeled for dynamin-1 (green)
and TfR (red). Integrated views of
entire cells were obtained by su-
perimposition of 25 sequential
0.3-um optical sections. Note that
in dyn* cells dynamin-1 accumu-

]_)yn“ lated at the edge of the cell and in
large aggregates. TfR accumu-
lated at the plasma membrane as
well as in tubular endosomes in
the perinuclear area. The latter
structure apparently also accu-
mulated dyn'. Bar, 10 wm.

endocytosis (Damke et al., 1995a; Figure 2B). In addition, it
should be noted that cells had to be incubated at 0°C in
between loading with '?°I-Tf and the chase to remove cell
surface-associated '?°I-Tf. When the temperature was ele-
vated to 38°C to allow recycling, a proportion of endocy-
tosed '?°I-Tf might have been transported beyond the dy-
namin-dependent step before the dyn™-imposed block
became maximally effective. This is a likely explanation
because TfR is transferred from sorting endosomes into the
recycling pathway within minutes after uptake (Stoorvogel
et al., 1987), whereas the inhibitory effect of dyn® is maximal
only after 5-20 min at 38°C (Damke et al., 1995a). In '25I-Tf
uptake experiments, maximal inhibitory effects of dyn®
were obtained only after a preincubation at the nonpermis-
sive temperature (Figure 2B). Such an approach is techni-
cally impossible for recycling assays and because of these
experimental limitations, the amount of TfR that recycles via
a dynamin-dependent pathway might be underestimated.
An alternative explanation for the partial interference of
dyn's with TfR recycling could be the existence of two par-
allel recycling pathways or mechanisms, of which only one
is sensitive to dyn'. Currently we cannot discriminate be-
tween these possibilities.

In contrast to this study, others reported that TR recycling
occurs independently of dynamin and clathrin function.
These conclusions were based on the observations that
K44A, K694A, and R725A dynamin mutants (Damke et al.,
1994; Altschuler et al., 1998; Sever et al., 2000) and the clath-
rin Hub domain (Bennett et al., 2001) did not severely affect
TfR recycling. We also studied TfR trafficking in dynamin-
1X444_expressing cells and confirmed that TfR recycling was
not affected to the same extent as in dyn'-expressing cells
(van Dam and Stoorvogel, unpublished results). This con-
troversy can be explained when constitutive suppression of
the clathrin-dependent recycling pathway results in up-reg-
ulated compensatory alternative, clathrin-independent, re-
cycling pathway(s) or mechanism(s). This scenario is plau-
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Figure 6. dyn'® cells accumulate endocytosed Tf in a perinuclear compartment. dyn"* (A-F) and dyn® (G-L)-expressing cells were
pulse-labeled with both TaR-Tf and F-dextran for 1 h at 38°C. Extracellular and cell surface-associated labels were removed at 0°C by the
acid-neutral wash procedure. The cells were then either fixed immediately (A-C, G-I) or chased for 1 h at 38°C before fixation (D-F, J-L).
dyn™* cells released almost all TaR-Tf during the chase, whereas dyn' cells retained significant amounts of TaR-Tf in F-dextran lacking
endosomes that localize both at the perinuclear area and at the periphery of the cell. Bar, 10 um.
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sible because cells have been demonstrated to up-regulate
alternative routes to compensate for loss of dynamin-depen-
dent pathways. For example, transfer of dyn®™-expressing
cells to 38°C initially resulted in a 50% reduction in fluid-
phase uptake because of blocked clathrin-mediated endocy-
tosis. After 30 min, however, this defect was fully compen-
sated by up-regulated dyn®™-insensitive non-clathrin-
dependent endocytic pathway(s) (Damke et al., 1995a).
Similarly, constitutive defects in the clathrin-mediated recy-
cling pathway may be compensated by parallel recycling
pathway(s) or mechanisms. In this respect, it is important to
realize that the turnover of early endosomal membranes is
much faster than that of the plasma membrane (McVey
Ward et al., 1995, and references therein) and that interfer-
ence with one of two or more parallel recycling pathways
might have limited consequences for recycling kinetics. In-
duction of parallel recycling pathways or mechanisms
would also be consistent with the profound intracellular
redistribution of TfR in cells overexpressing the dominant-
negative clathrin Hub fragment (Bennett et al., 2001).

The whole mount immunoelectron microscopy described
here is suitable only to detect endosome-associated antigens.
Using immunoelectron microscopy on cryosections, we de-
tected dynamin-2 on clathrin-coated pits at the plasma mem-
brane and clathrin buds on TfR-containing endosomes, as
well as on other unidentified intracellular membranes (van
Dam and Stoorvogel, unpublished results). Using the same
technique and cell lines, others reported the association of
dynamin-2 with tubulovesicular appendices on late endo-
somes and retention of cation-independent mannose 6-phos-
phate receptor in this compartment in cells that overexpress
dynamin-1¥444 (Nicoziani et al., 2000). Late endosomal dy-
namin-2-labeled structures did not contain clathrin, consis-
tent with the notion that cation-independent mannose
6-phosphate receptor trafficking from late endosomes to the
TGN does not seem to require clathrin (Draper et al., 1990).
Dynamin has also been localized at the TGN, and its in-
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Figure 7. dyn® cells accumulate Tf
in recycling endosomes. dyn®-ex-
pressing cells were loaded with
TaR-Tf for 1 h at 38°C. Cell surface-
associated TaR-Tf was removed at
0°C by the acid-neutral wash proce-
dure and the cells were chased for
1 h at 38°C, fixed, permeabilized,
and immunolabeled for either
TGN-46 or EEAl. TaR-Tf was re-
tained in peripheral and perinuclear
endosomes that are distinct from the
TGN (TGN-46) and sorting endo-
somes (EEA1). Bar, 10 um.

volvement in budding of clathrin-coated and other vesicles
from this compartment has been reported (Henley and Mc-
Niven, 1996; Maier et al., 1996; Cao et al., 1998; Jones et al.,
1998). Thus, multiple clathrin-dependent and -independent
intracellular transport pathways require dynamin function,
and the TfR-recycling pathway described here adds to this list.

With the exception of polarized cells (Sheff et al., 1999),
recycling of endocytosed Tf generally can be described with
single exponential kinetics (t,,, ~ 9-12 min; Mayor et al.,
1993, and references therein; Table 1). dyn' interfered with
the extent but not with the rate of '?°I-Tf recycling. Thus,
two recycling pathways with one being inhibited by dyn*
can be accommodated only when they display similar kinet-
ics. Morphological evidence indicates that sorting endo-
somes are rapidly emptied from endocytosed Tf (t,,, ~ 5
min), whereas recycling endosomes retain Tf much longer
(t; ) ~ 15-30 min). Sorting endosome-derived Tf may be
transported to the plasma membrane either directly or indi-
rectly via the perinuclear recycling endosomes (Yamashiro
et al., 1984; Daro et al., 1996; Ullrich et al., 1996; Sheff et al.,
1999). In such a dual pathway model it is possible that dyn*
interfered only with the indirect recycling pathway because
TaR-Tf accumulated predominantly in a perinuclear com-
partment with the characteristics of recycling endosomes
(Figures 5-7). However, dynamin-2 and dyn' were not only
observed on clathrin-coated buds on tubular endosomes in
the perinuclear area but also on those in the periphery of the
cell. Possibly, tubular recycling endosomes are already
formed at the cell periphery when vacuolar sorting endo-
somes detach their tubular extensions. Peripherally formed
tubular endosomes might then migrate along microtubules
to the perinuclear area where they accumulate as the so-
called recycling compartment. In this latter model, the pe-
riphery of pulse-chase-labeled cells will be emptied from Tf
more rapidly than the perinuclear area even when recycling
occurs via a single pathway by first-order kinetics.

Molecular Biology of the Cell
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Figure 8. dyn® localizes on endosomal clathrin-coated buds. dyn** (A and C) and dyn* (B and D) cells were incubated for 1 h at 25°C with
Tf/HRP to allow loading of the entire recycling pathway with HRP activity. The cells were then incubated for 5 min at 38°C to initiate the
dominant-negative effect of dyn's. The cells were processed for whole mount immunoelectron microscopy and labeled for dynamin-1 (dyn**
or dyn®, 10-nm gold) and clathrin (cla, 5-nm gold; A and B) or dynamin-1 (10-nm gold) and TfR (5-nm gold; C and D). (A) Clathrin-coated
buds on tubular endosomes in dyn** cells are largely devoid of dyn"". (B) Clathrin-coated buds on extended tubular endosomal networks
in dyn® cells are mostly labeled for dyn' (for examples, see arrowheads). For quantification, see Figure 9. (C) TfR-labeled tubular endosomes
in dyn"* cells contain little, if any, dyn™*. (D) TfR-labeled endosomes in dyn' cells contain many dyn'-labeled buds (arrowheads). Limited
labeling for TfR on dyn®-containing buds was probably due to stearic hindrance. Bars, 200 nm.
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Figure 9. Dynamin and clathrin codistribute on endosomal buds.
(A) Double-labeled whole mount immunoelectron microscopic
preparations of nontransfected HeLa cells (see Figure 1) were ana-
lyzed for the presence of endogenous dynamin-2 and clathrin on
endosomal buds. Of 300 immunolabeled DAB-positive buds that
were counted, ~93% contained both endogenous dynamin-2 and
clathrin. (B) Double-labeled whole mount immunoelectron micro-
scopic preparations of dyn® cells (see Figure 8B) were analyzed for
the presence of dyn® and clathrin on endosomal buds. Of 700
labeled DAB-positive buds that were counted, ~90% contained both
dyn® and clathrin.

Maxfield and coworkers reported that a bulk-phase mem-
brane marker and a TfR deletion mutant that lacked its
cytoplasmic domain recycled with kinetics indistinguishable
from wild-type TfR, and they concluded that sorting infor-
mation is not required for TfR recycling (Johnson et al., 1993;
Mayor et al., 1993). In this light it should be noted that we
have not demonstrated that clathrin-coated buds in endo-
somes actively recruit TfR. TfR might be either actively or
passively incorporated into clathrin-coated vesicles. Even
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Figure 10. Interference of TfR recycling by BFA. (A and B) dyn"*

(circles) and dyn' (squares)-expressing cells were loaded with
1251-Tf for 1 h at either 25°C (A) or 38°C (B). Cell surface-associated
1251-Tf was removed at 0°C, and the cells were reincubated at 25°C
(A) or 38°C (B) in the absence (open symbols) or presence (closed
symbols) of 10 pg/ml BFA, and the release of '*°I-Tf was measured.
Intracellular '2°I-Tf is plotted as a percentage of total endocytosed
125L-Tf (n = 2, mean * SD). The experiments shown are represen-
tative of two independent experiments each with duplicate samples.
For the kinetic analysis see Table 1. At 25°C BFA interfered with
1251-Tf recycling by both dyn** and dyn's cells. In contrast, at 38°C
BFA had no additive effect on 2°I-Tf recycling by dyn' cells.
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tailless TfR should recycle almost quantitatively because, of
all endocytosed membrane, ~95% is eventually recycled to
the plasma membrane and only ~5% is targeted to lyso-
somes (Haylett and Thilo, 1986; Draye et al., 1988). Active
recruitment into the recycling pathway thus seems not to be
required for a single round of endocytosis. However, with
5% mistargeting and 15-min iterative endocytic cycles, the
half-life of the TfR would be reduced to a few hours only. To
maintain a 1- to 2-d half-life, mistargeting to lysosomes
should be reduced from 5 to 0.5% per cycle (Omary and
Trowbridge, 1981). Endosome-derived clathrin-coated vesi-
cles may be required to achieve such a high recycling effi-
ciency. Single-cycle experiments do not discriminate be-
tween recycling efficiencies of 99.5 and 95%. Thus, the initial
observations by Maxfield et al. do not exclude the possibility
of active TfR recycling. In fact, in a later study, Maxfield and
coworkers demonstrated that the vacuolar proton pump
inhibitor bafilomycin interfered with recycling of wild-type
TfR but not of TfRs that carried a mutation in their internal-
ization signal or a deletion (A3-59) in their cytoplasmic
domain (Johnson ef al., 1993; Presley et al., 1997), indicating
that sorting information is required for efficient TfR recy-
cling under those conditions. Others demonstrated that re-
cycling of internalized TfR to the basolateral plasma mem-
brane of polarized cells requires information within residues
19-41 and that this sorting signal is distinct from the ty-
rosine-based internalization motif and the basolateral sort-
ing motif in the biosynthetic pathway (Odorizzi and Trow-
bridge, 1997). Finally, it was recently demonstrated that
dominant interfering mutants of Hsc70, a protein required
for uncoating of clathrin-coated vesicles, interfered with TfR
recycling (Newmyer and Schmid, 2001). Combined with
these data, our observations suggest that TfR may be re-
cruited actively into endosome-derived clathrin-coated re-
cycling vesicles.

Although adaptor protein complexes that exclusively as-
sociate with endosomes have not yet been identified, we
have previously demonstrated the presence of y-adaptin
(Stoorvogel et al., 1996) and B3-adaptin (Dell Angelica et al.,
1998) on endosomal clathrin-coated buds. AP-1 and AP-3
adaptor protein complexes have no reported affinity for TfR.
These adaptors may, however, contain alternative u sub-
units with distinct specificities. For example, it has recently
been demonstrated that in polarized cells AP-1 may contain
either one of two different u isoforms, ulA or wlB. Both
function at the TGN, but whereas the first is important for
transport to endosomes, the second is involved in transport
to the basolateral plasma membrane (Félsch et al., 1999). Yet
another p isoform or even an unidentified novel adaptor
complex may recruit TfR into clathrin-coated buds on endo-
somes. Alternatively, TfR may require a posttranslational
modification, such as phosphorylation, for binding to endo-
some-associated adaptor complexes.

Collectively, our data indicate that endosome-derived
clathrin-coated vesicles carry recycling TfR back to the
plasma membrane and that this pathway is dependent on
dynamin. Important issues that remain include the question
whether these clathrin-coated vesicles actively recruit TfR
and/or other membrane proteins and the identification of
other components of the molecular machinery that drives
this pathway.
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