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We have stably expressed in HeLa cells a chimeric protein made of the green fluorescent protein
(GFP) fused to the transmembrane and cytoplasmic domains of the mannose 6-phosphate/insulin
like growth factor II receptor in order to study its dynamics in living cells. At steady state, the bulk
of this chimeric protein (GFP-CI-MPR) localizes to the trans-Golgi network (TGN), but significant
amounts are also detected in peripheral, tubulo-vesicular structures and early endosomes as well
as at the plasma membrane. Time-lapse videomicroscopy shows that the GFP-CI-MPR is ubiqui-
tously detected in tubular elements that detach from the TGN and move toward the cell periphery,
sometimes breaking into smaller tubular fragments. The formation of the TGN-derived tubules is
temperature dependent, requires the presence of intact microtubule and actin networks, and is
regulated by the ARF-1 GTPase. The TGN-derived tubules fuse with peripheral, tubulo-vesicular
structures also containing the GFP-CI-MPR. These structures are highly dynamic, fusing with each
other as well as with early endosomes. Time-lapse videomicroscopy performed on HeLa cells
coexpressing the CFP-CI-MPR and the AP-1 complex whose �-subunit was fused to YFP shows
that AP-1 is present not only on the TGN and peripheral CFP-CI-MPR containing structures but
also on TGN-derived tubules containing the CFP-CI-MPR. The data support the notion that
tubular elements can mediate MPR transport from the TGN to a peripheral, tubulo-vesicular
network dynamically connected with the endocytic pathway and that the AP-1 coat may facilitate
MPR sorting in the TGN and endosomes.

INTRODUCTION

The mannose 6-phosphate receptors (MPRs) are essential
components for lysosome biogenesis and cellular homeosta-

sis (Kornfeld, 1992; Ludwig et al., 1995). The primary func-
tion of the cation-independent and the cation-dependent
mannose 6-phosphate receptors (CI-MPR and CD-MPR) is to
sort newly synthesized lysosomal enzymes from the secre-
tory pathway for subsequent transport to endosomal/lyso-
somal compartments. To carry out their function, the MPRs
must bind the common mannose 6-phosphate recognition
marker on soluble lysosomal enzymes in the trans-Golgi
network (TGN), the last sorting station of the secretory
pathway, and be packaged into TGN-derived transport in-
termediates. After budding, these transport intermediates
fuse with endosomes where the MPRs unload their bound
ligands. Although the lysosomal enzymes are transported to
lysosomes, the MPRs are retrieved to the TGN or occasion-
ally to the plasma membrane. Although the precise path-
ways followed by the MPRs at the exit of the TGN remain to
be better defined, it has become clear during the past years
that the sorting of MPRs from the compartments they visit,
i.e., TGN, endosomes and plasma membrane, is directed by
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various sorting motifs present in their cytoplasmic domains
(for review see Mellman, 1996). Thus, dileucine-based sort-
ing motifs and acidic clusters are required for efficient de-
livery of lysosomal enzymes to lysosomes (Johnson and
Kornfeld, 1992a, 1992b; Chen et al., 1993; Mauxion et al.,
1996), tyrosine- or dileucine-based sorting motifs mediate
endocytosis of MPRs (Canfield et al., 1991; Johnson and
Kornfeld, 1992a, 1992b), and retrieval motifs control recy-
cling back to the TGN (Schweizer et al., 1997).

Morphological studies (Geuze et al., 1985; Bock et al., 1997;
Klumperman et al., 1998) have led to the notion that MPRs
are sorted from the TGN in clathrin-, AP-1–coated vesicles
in a similar manner as plasma membrane receptors are
packaged into endocytic clathrin-, AP-2–coated vesicles (for
review see Mellman, 1996; Schmid, 1997). MPRs, their
bound ligands as well as syntaxin 6, a SNARE protein in-
volved in TGN-endosome trafficking, can be detected in
vesicular profiles coated with clathrin and AP-1 assembly
proteins (Geuze et al., 1985; Bock et al., 1997; Klumperman et
al., 1998) located in close vicinity of the TGN. In polarized
cells, AP-1B, the epithelial specific adaptor complex that
differs from the ubiquitously expressed AP-1A by exchange
of its �1A subunit by the closely related �1B, functions by
interacting with its cargo molecules and clathrin in the TGN,
where it acts to sort basolateral proteins from proteins des-
tined for the apical surface and from those selected by
AP-1A for transport to endosomes and lysosomes (Folsch et
al., 2001). The AP-1 � chains interact in vitro with tyrosine-
based sorting motifs of several transmembrane proteins,
including those contained in the MPR cytoplasmic tails
(Bonifacino and Dell’Angelica, 1999) that facilitate lysosomal
enzyme targeting to lysosomes (Jadot et al., 1992). The trans-
location of cytosolic AP-1 onto membranes (Robinson and
Kreis, 1992; Stamnes and Rothman, 1993; Traub et al., 1993;
Le Borgne et al., 1996) or synthetic liposomes (Zhu et al.,
1999) is regulated by the small GTPase ADP-ribosylation
factor (ARF)–1. Although AP-1 is located on the TGN, this
coat component is also present on endocytic compartments
of mammalian cells (Le Borgne et al., 1996; Futter et al., 1998).
However, the biological significance of endosomal AP-1 has
remained unclear.

More recently, a novel family of monomeric proteins
known as the Golgi-localized, �-ear–containing, ARF-bind-
ing proteins (GGAs) has been characterized (for review see
(Dell’Angelica et al., 2000; Robinson and Bonifacino, 2001).
GGAs are made of several functional domains: a Vps27/
Hrs/STAM (VHS) homology domain, an ARF binding do-
main, a hinge region and a carboxyl domain homologous to
the ear region of the AP-1-� subunit. Although the hinge
region of GGAs binds clathrin (Puertollano et al., 2001b; Zhu
et al., 2001), the VHS domain of GGAs interacts with the
acidic cluster-dileucine–based sorting motifs present in the
carboxyl-terminal domain of MPRs or sortilin, another
membrane protein (Nielsen et al., 2001; Puertollano et al.,
2001a; Takatsu et al., 2001; Zhu et al., 2001). Furthermore,
GGA1 is present on TGN-derived transport intermediates
containing CD-MPRs (Puertollano et al., 2001a), clearly indi-
cating that GGAs are involved in MPR sorting at the TGN.
Whether GGAs and AP-1 function along the same or differ-
ent sorting pathways remains unknown. More elusive is
now the function of AP-1 in TGN sorting because the tar-
geted disruption of the AP-1 �1-A subunit gene in mice has

suggested that AP-1 functions in the retrieval of MPRs from
endosomes to the TGN (Meyer et al., 2000). In yeast, AP-1
and clathrin act to recycle chitin synthase III and Tlg1p, a
resident TGN/early endosome syntaxin, from the early en-
dosome to the TGN (Valdivia et al., 2002).

In this study, we have expressed chimeric proteins made
of fluorescent proteins fused to the transmembrane and
cytoplasmic domain of CI-MPR or to the AP-1 �-subunit to
visualize their dynamics in living cells. Time-lapse videomi-
croscopy indicates that the GFP-CI-MPR chimeric protein
exits from the TGN via tubular elements. Their formation is
controlled by the ARF-1 GTPase and depends on the pres-
ence of microtubule and actin networks. The TGN-derived
transport carriers detach from the TGN, move toward the
cell periphery, and then fuse with peripheral tubulo-vesic-
ular structures that also contain the GFP-CI-MPR. These
peripheral structures are highly dynamic, interacting with
each other as well as with endosomes containing internal-
ized transferrin. Two-color time-lapse microscopy indicates
that YFP-AP-1 is present on these TGN-derived transport
intermediates carrying the CFP-CI-MPR. This AP-1 coat re-
mains occasionally associated, whereas the TGN-derived
transport intermediates fuse with the next compartment.
These results not only suggest that AP-1 may be involved in
MPR transport from TGN to endosomes but also that AP-1
may function as a device to concentrate membrane proteins
in selected membrane domains.

MATERIALS AND METHODS

Reagents
BFA, nocodazole, cytochalasin D, and wortmannin were purchased
from Sigma Chemical Co. (St. Louis, MO).

Antibodies
The following primary antibodies were used: mouse monoclonal
antibodies, SG1 (Viro Res. Inc., Rockford, IL) against varicella-zoster
virus glycoprotein I, P5D4 against VSVG protein epitope (kindly
provided by Dr. T. Kreis), 100.3 against �-adaptin (Sigma Chemical
Co.), rabbit polyclonal antibodies against the CI-MPR luminal do-
main (Ludwig et al., 1991), clathrin (kindly provided by Dr. P.
Mangeat, Montpellier, France), recombinant GFP (Clontech, Palo
Alto, CA), and His-tagged GFP (kindly provided by Dr. Karsenti;
EMBL, Heidelberg, Germany). Secondary antibodies against mouse
and rabbit IgGs coupled to Texas red were purchased from Jackson
ImmunoResearch Laboratories Inc. (West Grove, PA).

DNA Constructs
To produce an expression vector for the GFP-chimeric protein
named pCIpreEGFP-CIMPRtail, we first introduced a signal peptide
from preproglucagon to the EGFP molecule. A 1-kbp DdeI fragment
of preproglucagon cDNA (Bell et al., 1983) was subcloned into the
XhoI site of pCIneo (Promega, Madison, WI), after Klenow treat-
ment of the insert and the vector. The resulting pCIglu2 expression
vector was first cleaved with XhoI, a unique site inside the prose-
quence, filled in with Klenow, then cleaved with NotI, and ligated to
the EGFP cDNA fragment obtained from pEGFP-C1 (Clontech) by
successive NcoI, Klenow, and NotI actions. The resulting construct
was named pCIpreEGFP-C1. A PCR fragment encoding the CI-MPR
transmembrane and cytoplasmic domains was generated from a
mouse CI-MPR cDNA clone using the following primers: forward
primer, 5�-CCCGCTCGAGCTGTTGGGGCAGTCCTC -3�, reverse
primer, 5�-CGGAATTCTTAGATGTGTAAGAGGTCTTCG-3�. In-
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troduction of XhoI and EcoRI sites into the forward and reverse
primers, respectively, allowed the cloning of the PCR fragment into
the same site of pCIpreEGFP-C1. The resulting construct, pCIpreE-
GFP-CIMPRtail, encodes a chimeric protein composed of the signal
peptide and 21 residues from the N-terminus of the glucagon bio-
synthetic precursor, the complete EGFP, a linker sequence (6 resi-
dues), and the transmembrane and cytoplasmic domains of CI-
MPR. The cyan version of pCIpreECFP-CIMPRtail was constructed
in the same way as described above using pECFP-C1 (Clontech). To
construct the GFP (or YFP)-� adaptin fusion protein, a PCR frag-
ment encoding the complete open reading frame of the human �
adaptin was amplified from a human brain cDNA library (Clontech)
using the following primers: forward primer, 5�-CCGCTCGAGAT-
GCCAGCCCCCTACAGATTG-3�, reverse primer, 5�-CGGTG-
GATCCCGTTGCCAGGACTGAGGGGGAAA-3�. It was then di-
gested with XhoI and BamHI and cloned into the corresponding site
of the expression vector, pEGFP (or EYFP)-N1 (Clontech). The bo-
vine ARF-1 cDNA was kindly provided by Dr. P. Chardin (Institut
de Pharmacologie Moléculaire et Cellulaire, Valbonne, France) and
cloned into the pGEM2 vector (Promega). The mutant ARF-1, ARF-
1Q71L, was produced by oligonucleotide-directed PCR mutagene-
sis. All the constructs were confirmed by sequencing using the
dye-terminator cycle sequencing kit (PE Applied Biosystems, Foster
City, CA). pSR�-STVSVG was kindly provided by Dr. T. Nilsson
(EMBL, Heidelberg, Germany) for expression of a VSVG epitope-
tagged version of the rat sialyltransferase (Rabouille et al., 1995).
pSFFV-gpI was as reported previously (Alconada et al., 1996).

Cells
HeLa cells were grown in �-MEM supplemented with 10% FCS, 2
mM glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin at
37°C in a humidified atmosphere of 5% CO2. Cells were transiently
transfected either by the calcium phosphate method (Alconada et al.,
1996) or using FuGENE 6 (Roche Diagnostics; Mannheim, Germa-
ny). Transient expression of ARF1-Q71L was performed using the
vaccinia T7-DOTAP system as previously reported (Alconada et al.,
1996). For generation of stable cell lines, 40 �g of the pCIpreEGFP-
CIMPRtail was linealized with BamHI and transfected into HeLa
cells using the calcium phosphate method. After 12–14 d of selection
with G418 sulfate (Calbiochem, La Jolla, CA), 40–50 isolated colo-
nies were picked up and checked for the expression of EGFP-fusion
proteins by fluorescence microscopy, immunoprecipitation, and
Western blotting.

Immunofluorescence
HeLa cells stably or transiently expressing the fluorescent CI-MPR
or � adaptin were fixed with 3% paraformaldehyde for 15 min at
room temperature, and the excess paraformaldehyde was quenched
by a 10-min incubation in 50 mM ammonium chloride in PBS. The
cells were permeabilized with 0.1% Triton X-100 in PBS, incubated
for 20 min in 10% normal goat serum in PBS, and then for 30 min
with each of the antibodies diluted to working concentrations with
10% normal goat serum. They were observed with either a confocal
laser scanning microscope, a LSM510 (Carl Zeiss, Jena, Germany) or
an Axioplan 2 Universal Microscope (Carl Zeiss). The EGFP in the
fusion protein was excited by a laser beam of 488 nm or a UV light
passed through a 458-nm band-pass filter, and detected through a
515–565-nm band-pass filter. The CFP signal was excited by a laser
beam of 458 nm and detected through a 475–515-nm band-pass filter
set, whereas YFP was excited by a laser beam of 514-nm wavelength
and detected through a 530–600-nm band-pass filter.

For labeling endosomes, human transferrin (Sigma Chemical Co.)
was first labeled with Alexa594 (Molecular Probes, Inc., Eugene,
OR) according to the manufacturer’s instructions and then loaded
with iron following the method described by Stoorvogel et al. (1987).
After incubation with 0.1 �M transferrin-Alexa594 for various pe-
riods of time, the cells were washed and fixed for observation.

Electron Microscopy
HeLa cells stably expressing the GFP-CI-MPR chimera and tran-
siently expressing the VSVG epitope-tagged sialyltransferase were
fixed with 4% paraformaldehyde-0.05% glutaraldehyde in PBS (pH
7.4) for 90 min. After washing with 10% FCS in PBS, the cells were
collected, pelleted, and infused with a 2.3 M sucrose solution con-
taining 20% polyvinylpyrrolidone. After being frozen in liquid ni-
trogen, thin sections were cut with an ultramicrotome (Ultracut-E,
Leica, Deerfield, IL) and mounted on nickel grids. Sections were
treated with 10% FCS in PBS for 30 min at room temperature and
then incubated at room temperature for 1 h with an anti-GFP
polyclonal antibody (provided by Dr. Karsenti) and an anti-VSVG
mAb. They were then incubated for 1 h with gold-conjugated goat
anti-rabbit IgGs (5 nm colloidal gold) and goat anti-mouse IgGs (10
nm colloidal gold; Amersham Pharmacia Biotech, Piscataway, NJ).
Between each step, the grids were washed in PBS/BSA. After the
immunoreactions, the sections were stained, embedded in 0.3%
uranyl acetate 2% methylcellulose, dried, and observed with a Phil-
ips EM420 electron microscope (Mahwah, NJ).

Time-lapse Imaging and Microscopy
To observe live-cells, we used the Bioptechs �TC3 controlled culture
dish system (Bioptechs Inc., Butler, PA) that allows controlling
accurately the microenvironment temperature. The cells expressing
GFP-CI-MPR were grown on the special dishes of the system. After
exchanging medium with fresh complete medium supplemented
with 10 mM HEPES buffer, the cells were viewed with a Zeiss
Axiovert 100 M equipped with a 63� objective lens (Plan-Apochro-
mat; Carl Zeiss). The GFP molecules were detected with the same
filter set as described above. The time-lapse recording was operated
with the MetaMorph Imaging System (Universal Imaging Corpora-
tion, West Chester, PA) through a cooled CCD camera (MicroMAX
5 MHz system; Princeton Instruments, Inc., Trenton, NJ). The dy-
namics of GFP-CI-MPR were routinely recorded under various
conditions with a 2-s of interval time and 100–250 ms of exposure
time, whereas fast recordings were usually performed at a speed of
three frames per second with no interval time.

To examine the BFA effects, a drop of a stock solution of the drug
was added at the beginning of the recording of HeLa cells express-
ing GFP-CI-MPR to reach a final concentration 10 �g/ml. For other
reagents, the cells were treated with nocodazole (10 �M for 60–90
min), cytochalasin D (1 �M for 30–60 min), and wortmannin (100
nM for 10–30 min) before recording.

Two-color recordings were performed on a Zeiss confocal micros-
copy, LSM510 with a 63� objective lens (Plan-Apochromat). The
cells expressing GFP-CI-MPR were labeled with 0.1 �M transferrin-
Alexa594 for 30 min at 4°C and then washed three times with a
medium without transferrin-Alexa594. The dynamic interactions of
both signals were recorded after warming up to 37°C for 5, 10, or 15
min. The GFP was excited by the 488 nm line of an Argon laser and
detected through a 503–530-nm band-pass filter, and Alexa594 was
excited by the 543 nm line of a Helium-Neon laser and detected
through a 560–615 nm filter. For another color combination, plas-
mids encoding CFP-CI-MPR and YFP-� adaptin were cotransfected
using FuGENE 6 for �8 h. After changing the medium, the cells
were allowed to express the proteins for additional 16 h. The filter
sets used for these experiments were as described above. Selected
parts (about one-third to one-fourth of whole cells) were scanned
with the multitrack mode at a speed of 0.5–1.5 s/frame with no
interval time. The images were processed through a low pass filter
to remove noises with the software in the LSM510 system.

RESULTS

To visualize the dynamics of the mannose 6-phosphate re-
ceptors in living cells, we stably expressed in HeLa cells a
fusion protein made of GFP fused to the transmembrane and
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cytoplasmic domains of the Man-6-P/IGF II receptor (or
cation-independent mannose 6-phosphate receptor, CI-
MPR). A representative clone was selected for further stud-
ies. Pulse-chase experiments indicated that the level of ex-
pression of GFP-CI-MPR was �3–4 times higher than that of
the endogenous CI-MPR in these cells and that the two
proteins had similar half-lives (unpublished data). However,
the expression of the GFP-CI-MPR did not significantly af-
fect the trafficking of the endogenous MPRs because no
significant missorting of lysosomal enzymes could be de-
tected (unpublished data). Finally, antibody uptake experi-
ments indicated that similar amounts (up to 30% within 2 h)
of GFP-CI-MPR and endogenous CI-MPR passed through
the cell surface and recycled back to the TGN indicating that
both proteins traffic in a similar manner (unpublished data).

Cellular Distribution of the GFP-CI-MPR
A first examination of GFP-CI-MPR–expressing HeLa cells
showed that this fusion protein distributed to different in-
tracellular compartments (Figure 1A). The bulk of the fluo-
rescent protein (�90%) was present in the perinuclear region
where the TGN and the late endosomes are usually located.
Significant amounts of GFP-CI-MPR were also detected in
small tubular structures scattered throughout the cytoplasm.
This fluorescence pattern was not changed after cyclohexi-
mide treatment, indicating that these small tubular struc-
tures were different from the endoplasmic reticulum (un-
published data). Using transient expression, we first
introduced different TGN markers in these cells, namely the
VSVG-tagged sialyltransferase (Rabouille et al., 1995) and
the gpI envelope glycoprotein of the varicella-zoster virus, a
transmembrane protein that cycles between the TGN, the
plasma membrane, and the endosomes (Alconada et al.,
1996). The bulk of GFP-CI-MPR present in the perinuclear
region almost completely colocalized with sialyltransferase,
gpI, and the endogenous CI-MPR at the fluorescence level
(Figure 1, B–D). Interestingly, the GFP-CI-MPR labeled long
tubular processes protruding from this perinuclear compart-
ment in several cells. If these tubular elements could also be
decorated with anti-gpI or anti–CI-MPR antibodies, they
appeared to exclude the VSVG-tagged sialyltransferase.
Thawed cryosections of HeLa cells expressing the GFP-CI-
MPR and the VSVG-tagged sialyltransferase were also la-
beled with a polyclonal antibody against GFP and a mAb
against the VSVG-epitope followed by colloidal gold. Elec-
tron microscopy (Figure 1F) shows that the bulk of the
GFP-CI-MPR was found in tubular vesicular structures rem-
iniscent of the TGN, located in the close vicinity of the Golgi
stacks containing the sialyltransferase. No significant label-
ing was detected over late endocytic compartments (unpub-
lished data). We also internalized fluorescently labeled
transferrin for 10 min at 37°C to identify early endocytic
compartments. The internalized transferrin could be de-
tected in �30% of the peripheral, GFP-labeled structures
(Figure 1E). Altogether, these data indicate that the bulk of
the GFP-CI-MPR localizes to the TGN and that small but
significant amounts are present in early endosomes contain-
ing endocytosed transferrin as well as in peripheral struc-
tures devoid of this marker.

Figure 1. Distribution of the GFP-CI-MPR chimeric protein. (A) HeLa
cells stably expressing GFP-CI-MPR were fixed and examined by fluores-
cence microscopy. (B and C) HeLa cells stably expressing GFP-CI-MPR
(green) and expressing transiently markers of the trans-Golgi network,
namely gpI (B) or a VSVG epitope-tagged sialyltransferase (ST; C). The
cells were fixed and immunolabeled with a mAb against the VSVG
epitope or the SG1 anti-gpI mAb followed by a Texas Red–conjugated
goat anti-mouse antibody (red). (D) HeLa cells expressing GFP-CI-MPR
(green) were fixed and labeled with a polyclonal antibody against the
luminal domain of CI-MPR (red). (E) These cells were also allowed to
internalize Alexa594-labeled transferrin for 10 min at 37°C (Tf-Alexa594;
E). (B–D) The GFP signal in the Golgi region; (E) GFP signal in the
periphery of the cell. Merged images are presented in the right column.
Arrows indicate long tubules emanating from the perinuclear region.
Arrowheads in E indicate examples of the overlap between both signals.
Bars, 10 �m. (F) Thawed thin sections of HeLa cells stably expressing
GFP-CI-MPR and transiently expressing the VSVG epitope-tagged sialyl-
transferase were double immunolabeled with a polyclonal anti-GFP anti-
body (5 nm colloidal gold, arrow) and a monoclonal anti-VSVG antibody
(10 nm colloidal gold). Bar, 0.2 �m.
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Dynamics of GFP-CI-MPR in the TGN
Using time-lapse videomicroscopy, we then visualized the
dynamics of the GFP-CI-MPR located in the TGN. Figures
2A and 4A illustrates that the GFP-CI-MPR is sorted from
the TGN in tubular structures of various lengths. These
tubules are highly dynamic elements. With time, they elon-
gated with an average speed of �0.9 �m/s, sometimes
forming branched structures at the tip. Smaller tubular frag-
ments could detach from the growing tubules and moved
toward the cell periphery with an average speed of �0.9
�m/s (Figure 2B). These long tubular processes, which oc-
casionally reached a length of 10 �m, could detach from the

TGN and break into several smaller tubular fragments that
moved toward the cell periphery with an average speed of
�0.9 �m/s, most likely along microtubules. The statistical
analysis of the dynamic state of these TGN-connected tu-
bules (Table 1) shows that �4 tubular elements with an
average length of 6 �m could form within 2 min. Tubule
formation, frequently occurring on the same restricted do-
mains of the TGN, usually takes place with an average
duration time of 20 s.

The dynamic state of the tubular elements depends on
several factors (Table 1). First, these events are temperature
dependent. When GFP-CI-MPR–expressing cells were main-
tained at 20°C, a temperature known to drastically reduce
protein sorting in the TGN, only few tubular elements (�1
per 2 min) with a shorter length (�2.8 �m) were seen. Under
those conditions, the speed of elongation was also decreased
(0.5 �m/s). Second, tubule formation requires the presence
of cytoskeleton elements. This could be monitored when
GFP-CI-MPR–expressing HeLa cells were treated with no-
codazole, a drug known to destabilize microtubules. In no-
codazole-treated cells, the Golgi rapidly fragmented into
smaller elements scattered in the cytoplasm as previously
described (Scheel et al., 1990). However, AP-1 and clathrin
remained in a large part associated to these scattered ele-
ments (unpublished data). GFP-labeled tubules were unable
to grow from these scattered Golgi elements. In a similar
manner, tubule formation was almost completely abolished
when cells were pretreated with cytochalasin D, a drug
destabilizing the actin network. Cytochalasin D did not af-
fect the distribution of coat components such as AP-1 and
clathrin (unpublished data). Altogether, these results show
that tubule formation depends on the temperature, requires
the presence of both an intact microtubule network and actin
filaments.

The ARF-1 GTPase, but not Wortmannin-sensitive
PI-3 kinases, Regulates TGN-derived Tubule
Formation
Several studies have now shown that the ARF-1 GTPase
regulates the translocation onto membranes of AP-1 and
GGAs, two coat components involved in MPR trafficking
(Stamnes and Rothman, 1993; Traub et al., 1993; Le Borgne et
al., 1996; Zhu et al., 1998; Meyer et al., 2000; Nielsen et al.,
2001; Puertollano et al., 2001a; Takatsu et al., 2001; Zhu et al.,
2001). We therefore expressed ARF-1Q71L, a mutant im-
paired in GTP hydrolysis, in GFP-CI-MPR–expressing HeLa
cells using a vaccinia recombinant virus. Under those con-
ditions, the Golgi appeared as a cluster of smaller, GFP-
labeled elements, still concentrated in the perinuclear region
(unpublished data). As illustrated in Table 1, no tubule
could form from these GFP-labeled compartments, indicat-
ing that GTP hydrolysis by ARF-1 regulates tubule forma-
tion.

In contrast, brefeldin A (BFA), which blocks the translo-
cation of ARF-1 on membranes (Klausner et al., 1992) and the
subsequent binding of AP-1 (Robinson and Kreis, 1992;
Wong and Brodsky, 1992) and GGAs (Boman et al., 2000;
Dell’Angelica et al., 2000; Hirst et al., 2000), results in the
formation of a tubular network containing both TGN and
endosomal markers (Lippincott-Schwartz et al., 1991). We
then incubated the GFP-CI-MPR–expressing HeLa cells with

Figure 2. Formation of tubular elements from the TGN. (A) HeLa
cells expressing the GFP-CI-MPR were examined by videomicros-
copy. Images were taken at 2-s time intervals. Inverted images at the
indicated time intervals are displayed. Arrowheads or squares in-
dicate the tips of TGN-tubules, the arrows indicate the detachment
of long tubular elements from the TGN and the breaking points into
smaller tubular elements. The short line indicates a more intense
GFP labeling that moves along the tubule toward the tip and then
detaches from it. (B) Movement of TGN-derived tubules toward the
cell periphery. Images were collected at 1-s intervals for 1 min. Paths
of different TGN-derived tubules were traced as colored lines. The
circles indicate fusion with GFP-CI-MPR containing structures.
Bars, 10 �m.
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BFA. The dynamics of tubules emanating from the TGN
rapidly changed within 1–3 min after addition of BFA (Fig-
ure 3), and after 10 min, BFA treatment resulted in the
formation of a tubular network containing both the GFP-CI-
MPR and the transferrin receptor (unpublished data). The
statistical analyses shown in Table 1 indicate that the num-
ber of tubules growing from the TGN with an average speed
of 0.9 �m/s was largely increased in BFA-treated cells. On
average, BFA-treated cells could form three times more tu-
bules than untreated cells. Furthermore, these BFA-induced
tubules were more stable (duration time of 96 s) and longer
(average length of 14 �m) than in untreated cells because
they could not break into smaller elements. These long tu-
bules also exhibited a tendency to form highly dynamic
branched structures at their tips. The fluorescence intensity
of these tubules usually increased with time, probably re-
flecting the free diffusion of the GFP-CI-MPR in these tubu-
lar structures, which otherwise would have been kept re-
tained in the TGN. As expected from previous studies

(Lippincott-Schwartz et al., 1990), the BFA-induced formation
of tubules was prevented by the addition of nocodazole, the
microtubule-disrupting agent (unpublished data). Thus, the
treatment of cells with BFA results in an enhanced formation
and in a higher stability of tubular elements growing from the
TGN. Altogether, these results indicates that the formation of
TGN-derived tubules is controlled by the ARF-1 GTPase. By
contrast, the treatment of GFP-CI-MPR–expressing cells with
wortmannin, an inhibitor of PI-3-kinases shown to affect lyso-
somal enzyme sorting in mammalian cells (Brown et al., 1995;
Davidson, 1995), did not significantly modify the dynamics of
the TGN-derived tubular elements (Table 1). Thus, the growth
of TGN-derived tubules is probably not regulated by wort-
mannin-sensitive PI-3 kinases.

Fate of the TGN-derived Tubules
The time-lapse sequences illustrate the saltatory movement
of fluorescently labeled TGN-derived tubular elements

Table 1. Dynamics of TGN-tubules

Variables
Number of tubules
in a 2-min interval Speed (�m/sec) Length (�m)

Range of duration
(sec)

Normal conditions 3.9 � 1.8 (n � 20) 0.9 � 0.2 (n � 58) 6.3 � 3.0 (n � 57) 21.4 � 17.5 (n � 57)
20°C 1.1 � 1.5 (n � 14) 0.5 � 0.2 (n � 9) 2.8 � 1.0 (n � 16) 23.0 � 15.7 (n � 13)
Nocodazole n.d.
Cytochalasin D 0.2 � 0.4 (n � 10)
BFA 11.1 � 3.7 (n � 20) 0.9 � 0.3 (n � 75) 14.4* � 5.1 (n � 16) 95.6* � 52.0 (n � 52)
ARF-1Q71L n.d.
Wortmannin 4.0 � 2.5 (n � 18) 0.8 � 0.3 (n � 46) 5.1 � 2.6 (n � 54) 21.1 � 16.5 (n � 50)

TGN-tubules in GFP-CI-MPR-expressing cells were analyzed under the conditions indicated (for more details, see MATERIALS AND
METHODS and RESULTS). Values correspond to means � standard deviation. n in the columns “Number of tubules” and “Speed” indicates
the number of cells and growing events of tubules, respectively, while n in “Length” and “Range of duration” columns indicates the number
of tubules observed. The values marked with an asterisk are underestimated due to limitations of the time and frame sizes in the different
recording conditions. n.d., tubules were not detected.

Figure 3. Effect of brefeldin A.
(A) Images of GFP-CI-MPR–ex-
pressing cells were taken at 2-s
time intervals during BFA treat-
ment. Inverted images at the in-
dicated time intervals (min:sec)
are presented. The first frame (0:
00) shows the cell immediately
after adding BFA. Bar, 10 �m. (B)
Growth of tubular elements in
the absence (BFA�) or the pres-
ence (BFA	) of brefeldin A. Four
examples of growing TGN tu-
bules are shown.
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along microtubules toward the cell periphery (Figures 2 and
4). However, some of these detached tubular processes
sometimes reversed directions, suggesting that they could
occasionally fuse back with the TGN. Therefore, we exam-
ined in more detail the fate of these GFP-labeled tubules
emanating from the TGN. Figure 4 shows a video sequence
taken at three frames/s of a tubular element detaching from
the TGN, moving toward the cell periphery, remaining sta-
tionary for a few seconds and then mixing with other small
peripheral structures also labeled with the GFP-CI-MPR.
The resulting structure was also very dynamic. It rapidly
fragmented into two smaller elements that fused back again.
Finally, the resulting GFP-labeled structure underwent frag-
mentation to give rise to two distinct structures (one vesic-
ular and another more tubular) moving toward different
directions. These peripheral structures labeled with GFP are
also very dynamic elements. The fast recording presented in
Figure 4B shows that they could make contacts between
each other, probably reflecting fusion events, before frag-
menting into separate structures. This observation could
support the notion that they form a dynamic network con-
tinuously fusing and breaking in order to mix/exchange
their content. We then asked whether these peripheral, GFP-
labeled structures were dynamically connected with endo-
cytic compartments. To visualize this, HeLa cells were al-
lowed to internalize for 10–15 min Alexa594-transferrin
bound to the cell surface. Figure 4C shows GFP-CI-MPR-
containing tubular elements and transferrin-positive struc-
tures establishing tight contacts, giving rise to structures in
which the two fluorescent markers overlap. Within a few
seconds, the two markers segregate again, each being pack-
aged into separate structures. Thus, these data strongly sug-
gest that the TGN-detached tubules can fuse with peripheral
GFP-CI-MPR– containing structures and that these latter
structures can exchange their content with endocytic com-
partments containing internalized transferrin.

Dynamics of AP-1 Coats
The results described above prompted us to investigate
whether the GFP-labeled tubular elements forming at the
TGN could contain the machinery required for MPR sorting,
in particular the AP-1 coat whose function in MPR traffick-
ing remains unclear at present.

GFP-CI-MPR–expressing cells were first labeled with an-
tibodies against the �-subunit of AP-1 or against clathrin and
examined by confocal microscopy. Figure 5 shows that
many GFP-labeled tubules could be decorated with anti–
AP-1 and anticlathrin antibodies. It is worth noting however
that AP-1 as well as clathrin do not distribute uniformly over
the tubules but are detected on domains that appear to
contain higher amounts of GFP-CI-MPR. As expected, AP-1
was also detected on the TGN as well as on several of the
peripheral structures containing the GFP-CI-MPR (Figure 5,
A and C). Second, a CFP-CI-MPR and a �-subunit of AP-1
fused to YFP were coexpressed in HeLa cells. This �-subunit
of AP-1 fused to YFP was incorporated into a complex
(unpublished data) able to bind to membranes in vivo (Fig-
ure 6A).

Western blotting experiments (unpublished data) indi-
cated that the YFP-tagged AP-1 was distributed between a
cytosolic pool (60% of total) and a membrane-bound pool
(40% of total) as the endogenous AP-1. The YFP-AP-1 bound

to membranes became soluble upon BFA-treatment (Figure
6B). Overall, this YFP-AP-1 exhibited a similar distribution
over the TGN and peripheral, tubular structures containing
internalized transferrin, as the endogenous AP-1, and was
detected in membrane domains also coated with clathrin
(Figure 6C). Altogether, the data strongly suggest that the
YFP tag on AP-1 �-subunit does not affect the membrane
binding properties of AP-1 or its interaction with clathrin.
HeLa cells coexpressing CFP-CI-MPR and YFP-AP-1 were
then examined using time-lapse confocal microscopy to in-
vestigate the dynamics of both AP-1 and CI-MPR in living
cells.

Several types of events could be seen as illustrated in
Figure 7. First, small tubular elements coated with YFP-AP-1
and containing the CFP-CI-MPR detached from the TGN
and moved toward the cell periphery. This is in good agree-
ment with the results reported by Sorkin and coworkers
(Huang et al., 2001). Frequently, the YFP-AP-1 coat did not
seem to be uniformly distributed along these tubular ele-
ments but appeared as patches moving along CFP-CI-MPR–
labeled tubules as seen for the endogenous AP-1 in fixed
cells (Figure 5A). Occasionally, TGN-derived tubules con-
taining the CFP-CI-MPR moving toward the cell periphery
appeared to lose their YFP-AP-1 coat. In other cases how-
ever, this coat remained associated with these structures,
which could nevertheless fuse with peripheral tubular struc-
tures. As reported earlier, the YFP-AP-1 coated, CFP-CI-
MPR–containing peripheral tubular structures appeared as
highly dynamic structures. Although they were partly
coated with YFP-AP-1, these structures could ultimately
fuse with each other. It should be noted, however, that some
tubular elements forming at the TGN appeared to be devoid
of the YFP-AP-1 complex. The quantification indicates that
35% of the CFP-CI-MPR–containing tubules are devoid of
YFP-AP-1 when they detach from the TGN. As shown in
Figure 7, some of these tubules could acquire an YFP-AP-1
coat while they move toward the cell periphery. Altogether,
these data show that AP-1 is present on structures where
sorting of CI-MPR occurs, i.e., TGN and peripheral ele-
ments, probably endosomes as well as on transport interme-
diates carrying the CI-MPR.

DISCUSSION

In this study, we have used fluorescence time-lapse imaging
of GFP fused to the transmembrane and cytoplasmic do-
mains of the CI-MPR in order to study its trafficking in living
cells. As schematically represented in Figure 8, high-resolu-
tion imaging of the Golgi region shows that tubular pro-
cesses containing the GFP-CI-MPR pull off, detach from the
TGN, and occasionally fragment into smaller tubular ele-
ments. These detached elements make contacts, probably
fusing, with peripheral tubulo-vesicular structures also con-
taining small amounts of GFP-CI-MPR. These structures
appear to form a dynamic, discontinuous, post-TGN net-
work able to fuse with early endocytic compartments. Two
color imaging of living cells indicates that the AP-1 complex
is present on many TGN-derived tubules, thereby suggest-
ing that AP-1 may participate, as GGAs, in this sorting and
transport process.
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Figure 4. Fate of tubular elements detaching from the TGN. (A) TGN-derived tubular elements mix with GFP-labeled peripheral structures. An area of
a GFP-CI-MPR–expressing HeLa cell was selected as indicated in the left panel and examined by videomicroscopy. Images were taken at a high speed
(3 frames per second). Inverted images are presented. Sequences of images taken at the indicated time intervals are displayed in B. The arrow indicates
a tubular element detaching from a TGN tubule and fusing with a peripheral compartment labeled with the GFP. (B) GFP-labeled, peripheral structures
are highly dynamic. Cells were examined as in A. The arrow and the asterisk indicate different peripheral structures containing the GFP-CI-MPR. (C)
Mixing of GFP-CI-MPR–positive structures with endocytic compartments. GFP-CI-MPR–expressing cells were incubated at 4°C with Alexa594-transferrin
for 30 min and then washed and reincubated at 37°C for 10–15 min. The cells were examined by confocal microscopy. Images were recorded every second.
The arrow indicates the overlap between the two fluorescent markers. Bar, 2 �m.
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Export of GFP-CI-MPR from the Secretory Pathway
Our study based on time-lapse imaging of GFP-CI-MPR first
suggests that MPRs are sorted into tubular elements of
various lengths rather than in vesicles similar to endocytic
clathrin-coated vesicles. We made similar observations with
GFP fused to the transmembrane and cytoplasmic domains
of the CD-MPR or those of the gpI envelope protein of the
varicella-zoster virus, a TGN marker trafficking like the
MPRs (Alconada et al., 1996). It is unlikely that the formation
of these tubular elements is due to the presence of large
aggregates of GFP-CI-MPRs because cross-linking experi-
ments using membrane permeable agents indicated that
GFP-CI-MPRs are found in membranes as monomers (un-
published data). Our measurements indicate that the surface
area of membranes sorted by this tubule-dependent mech-
anism could correspond to that of �200 typical clathrin-
coated vesicles formed per minute, assuming that tubules
have the same diameter as vesicles. In cultured cells, �1600
clathrin-coated vesicles are formed per minute during endo-
cytosis (Marsh and Helenius, 1980), a pathway that is by far
more dynamic than TGN to endosome transport. In addi-
tion, measurements of the fluorescence intensity of these
tubular elements indicate that �2% of the intracellular GFP-
CI-MPR could be sorted every minute along this tubular
pathway. Thus, the bulk of the GFP-CI-MPR contained in
the TGN could be exported within 50 min. Thus, these
TGN-derived tubules could substantially contribute for sort-
ing of MPRs from the secretory pathway. It is likely that
such transport intermediates cannot be recovered in typical
preparations of clathrin-coated vesicles because the various
methods used select transport intermediates with an aver-
age size of �150 nm and a high density. It is also possible
that such tubular structures are fragile and yield vesicles
upon cell breakage.

Several studies have also highlighted the potential role of
tubules in membrane traffic, especially in transport of mem-
brane proteins from the Golgi complex back to the endo-
plasmic reticulum (Sciaky et al., 1997; White et al., 1999) or
from the Golgi to the plasma membrane (Hirschberg et al.,
1998; Nakata et al., 1998; Toomre et al., 1999). In living cells,
the GFP-KDEL receptor is detected inside membrane tu-
bules detaching from Golgi structures and moving along
microtubule tracks. Brefeldin A treatment accentuates tu-
bule formation without detachment. Similarly, GFP-tagged
VSV-G protein en route to the cell surface is detected in long
tubular structures that detach from the Golgi and rapidly
fuse with the plasma membrane without intersecting other
membrane pathways (Hirschberg et al., 1998; Toomre et al.,
1999).

Dynamics of TGN-derived Tubules
The dynamic state of the TGN-derived tubules is regulated
by several factors. The first one is the ARF-1 GTPase. Al-
though ARF-1 regulates the interaction of several coat com-
ponents with Golgi membranes (for review see Schekman
and Orci, 1996), it also activates enzymes such as phospho-
lipase D (for review see Roth et al., 1999) or kinases involved
in phosphoinositide metabolism (Godi et al., 1999). There-
fore, it cannot be excluded that this GTPase, independently
of its activity in coat recruitment, also regulates the activity
of other molecules involved in the tubule growth process.

Second, the formation and the movement of the GFP-CI-
MPR–containing tubules require intact microtubules. If the
detached tubules exhibit a stochastic movement, they move
toward the cell periphery with an average maximal speed of
1 �m/s, suggesting that kinesin-like motors are involved in
their plus-end directed movement. This would be consistent

Figure 5. Distribution of endog-
enous coat components. (A–C)
HeLa cells expressing GFP-CI-
MPR (green) were fixed, labeled
with either the 100.3 mAb against
�-adaptin (red; AP-1; A and C) or
a polyclonal antibody against
clathrin (red; B), and examined
by laser confocal microscopy. (A
and B) the signals in the Golgi
region; (C) signals in the periph-
ery of the cell. Note that AP-1 or
clathrin signals appear as concen-
trated spots along the TGN tu-
bules (arrowheads).
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with previous studies showing that the disruption of micro-
tubules with nocodazole impairs lysosomal enzyme trans-
port to endocytic compartments (Scheel et al., 1990). The
kinesin KIF-13A that has been shown to be involved in MPR
transport from TGN (Nakagawa et al., 2000) could be a
candidate for the kinesin involved in the growth of TGN-
derived tubules.

The actin network also appears to play some role in the
formation of TGN-derived tubules containing the GFP-CI-
MPR, as illustrated by the cytochalasin D effect. The role of
actin in this growth process is not clear. Several lines of
evidence link endocytosis with the actin network both in
yeast (for review see Wendland et al., 1998) and mammalian
cells (Gottlieb et al., 1993; Durrbach et al., 1996; Lamaze et al.,
1997). Time-lapse imaging of endocytic clathrin-coated pits
and vesicles has further highlighted the involvement of an
actin-based framework in endocytosis (Gaidarov et al., 1999).
Clathrin-coated pits are not randomly distributed within the
plasma membrane. They show definite, but highly limited
mobility, a phenomenon that is relaxed upon cell treatment
with latrunculin D, an inhibitor of actin assembly. We also
observed that tubule formation is not a random phenome-
non but appears to be restricted to preferential sites on TGN
membranes. Although this suggests that actin could fulfill a
similar function at the TGN, it is likely that actin plays some

additional role in the growth of TGN-derived tubules be-
cause this process is totally impaired in the absence of an
actin network, whereas budding of endocytic clathrin-
coated vesicles is not.

Fate of TGN-derived Tubules
Our time-lapse videomicroscopy illustrates that TGN-de-
rived tubules intersect with peripheral structures that also
contain GFP-CI-MPR. Direct fusion between TGN-derived
tubules and plasma membrane as seen during direct trans-
port from TGN to plasma membrane (Hirschberg et al., 1998;
Toomre et al., 1999), although occasionally detectable, was
extremely rare. Our time-lapse imaging also shows that
these peripheral structures are highly dynamic, most likely
forming a post-TGN network whose different elements are
continuously fusing with each other and breaking into sep-
arate elements. This network is dynamically connected with
early endocytic compartments because several of its ele-
ments can fuse with endosomes labeled with internalized
transferrin. We found that �20–30% of the elements form-
ing this peripheral network also contain endocytosed trans-
ferrin at any given time. Such a dynamic state would prob-
ably facilitate the rapid mixing and sorting of endosomal
membrane proteins. It is also interesting to note that, after

Figure 6. Steady state distribu-
tion of YFP-tagged �-adaptin. (A
and B) HeLa cells expressing both
CFP-CI-MPR (green) and YFP-�-
adaptin (red; YFP-AP1) were
treated without (A) or with BFA
(B) for 10 min and fixed. (C) Hela
cells expressing YFP-�-adaptin
(green) were also labeled with an-
tibodies against clathrin (red). (D)
HeLa cells expressing GFP-�-
adaptin (green; GFP-AP1) were
allowed to internalize Alexa594-
labeled transferrin for 10 min at
37°C (red; Tf-Alexa594). Merged
images are presented in the mid-
dle column. Bars, 10 �m
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fusion the GFP-CI-MPR segregates away from the trans-
ferrin bound to its receptor. This suggests that, after fusion
these two transmembrane proteins can be clustered into two
different membrane domains giving rise to two distinct ele-
ments after fission.

Although the peripheral tubular network visualized in
this study using GFP-CI-MPR remains to be better charac-
terized, it is reminiscent to the tubular endosomal network
distinct from late endosomes described earlier by Tooze and
Hollinshead (1991) or by Hopkins and colleagues (Hopkins
et al., 1990). The relatively long time required to fill-up this
entire tubular network with a fluid phase marker (�30 min)
suggests that their interactions with “classical” early endo-
somes are transient, as observed in our study using time-
lapse microscopy. We believe that the pathway followed by
GFP-CI-MPR reflects that of the endogenous MPRs en route
from the TGN to endosomes. Our study in living cells would
therefore strengthen the notion that the secretory pathway is
connected with early endocytic compartments. This inter-
pretation would be consistent with previous studies show-

ing that newly synthesized lysosomal enzymes are present
in early endocytic compartments of mammalian cells (Lud-
wig et al., 1991) where they can accumulate together with the
MPRs when transport from early to late endocytic compart-
ments is impaired (Press et al., 1998). Whether, these TGN-
derived tubules can also fuse with late endocytic compart-
ments remains, however, to be determined.

MPR Trafficking and AP-1 Coats
The GGA proteins interact with acidic cluster-dileucine
based sorting motifs of the MPR tails (Puertollano et al.,
2001b; Zhu et al., 2001). These motifs are essential for lyso-
somal enzyme targeting. Furthermore, GGA1 is clearly de-
tected on TGN-derived transport intermediates carrying the
cation-dependent mannose 6-phosphate receptor (Puertol-
lano et al., 2001a), clearly indicating that GGAs are involved
in MPR sorting in the TGN. Conversely, the inactivation of
their homologues (Gga1p and Gga2p) in yeast leads to a
missorting of vacuolar enzymes as well as a defect in alpha-

Figure 7. Dynamics of YFP-AP-1 and CFP-CI-MPR. HeLa cells expressing both CFP-CI-MPR (green) and YFP-�-adaptin (red; YFP-AP1)
were observed by time-lapse laser scanning microscopy. Images were taken every 1.5 s with multitrack mode. A selected area indicated in
A is displayed in B and C at the time intervals as indicated. Merged images are shown at the bottom. (B) A TGN-derived tubular element
(arrow) without any AP1-coat moves toward the periphery and acquires an AP1-coat. (C) Another tubular element with an AP1-coat (arrow)
detaches from the TGN and appears to fuse with the peripheral compartment (asterisk) that has been formed in B. Bars, 10 �m.
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factor processing (Hirst et al., 2001; Mullins and Bonifacino,
2001). Our study shows that AP-1 is also detected on TGN-
derived tubules containing GFP-CI-MPR chimera. It should
be noted however that AP-1 does not distribute uniformly
over the length of the tubules but is rather detected on
discrete areas in which GFP-CI-MPR chimera appear to be
more concentrated. Thus, this data would suggest that AP-1
functions, as GGAs, in MPR sorting from the TGN. AP-1
binding to membranes requires acidic clusters in the CD-
MPR tail (Mauxion et al., 1996), a process that could also
involve PACS proteins (Wan et al., 1998). Tyrosine-based
sorting signals also facilitate lysosomal enzyme targeting to
lysosomes (Jadot et al., 1992), probably by interacting with
the AP-1 � chain (Bonifacino and Dell’Angelica, 1999).
Whether, AP-1 and GGAs function along the same sorting
pathway in mammalian cells or in parallel pathways to
package MPRs as well as other trans-membrane proteins in
distinct transport carriers destined to different compart-
ments remains to be determined.

Some of the TGN-derived tubules carrying the CFP-CI-
MPR were not labeled with YFP-AP-1. Whether, this reflects
a low abundance of AP-1, below the limit of detection, or a
real lack of AP-1 coat remains to be determined. In yeast, the
disruption of genes encoding either Gga2 or AP-1 beta-
subunit (ALP2) gene alone has no drastic effect and cells are
phenotypically normal. However, cells carrying both null
mutations are defective in growth, alpha-factor maturation,
and transport of carboxypeptidase S to the vacuole
(Costaguta et al., 2001). Furthermore, disruption of both
GGA genes and APL2 results in cells severely compromised
in growth. These results could suggest that GGAs and AP-1
have overlapping sorting functions. However, Pep12p, a
yeast syntaxin located in late endosomes, becomes mislocal-
ized in early endosomes in strains lacking Gga1p and
Gga2p, suggesting that GGA proteins help create vesicles
destined for late endosomes (Black and Pelham, 2000). Our

study in mammalian cells shows that TGN-derived trans-
port intermediates coated with AP-1 fuse with peripheral
structures dynamically connected with early endosomes.
Thus, double imaging of GFP-labeled GGAs and AP-1 could
potentially shed some light on their precise sorting func-
tions.

AP-1 is not only present on the TGN but also on endoso-
mal membranes (Le Borgne et al., 1996; Futter et al., 1998), as
also illustrated in this study. In a similar manner, clathrin
coats have been detected on tubular endocytic structures.
These clathrin coats have been involved in the recycling
pathway to the plasma membrane (Stoorvogel et al., 1987;
van Dam and Stoorvogel, 2002) or in transport to lysosomes
(Sachse et al., 2002). Endosomal AP-1 has been involved in
the polarized distribution of the transferrin receptor in po-
larized cells (Futter et al., 1998). More recently, AP-1 has
been proposed to mediate the retrograde transport of mem-
brane proteins back to the TGN. Mammalian cells carrying
an inactivated �1-A gene are less efficient for retrieval of
CD-MPR back to the Golgi and as a consequence accumulate
MPRs in early endosomes (Meyer et al., 2000). Similarly in
yeast, disruption of AP-1 restores transport to the plasma
membrane of Chitin synthase III, which otherwise populates
an intracellular reservoir that is maintained by a cycle of
transport between the TGN and early endosomes (Valdivia
et al., 2002). However, these studies do not totally exclude
the possibility that AP-1 functions in TGN sorting. Our
study using time-lapse microscopy could suggest that AP-1
on endosomes could maintain transmembrane proteins, i.e.,
the MPRs within membrane microdomains of the peripheral
tubular network that we describe in this study and restricts
their access to the early endosomal system or to the cell
surface. In the absence of functional AP-1, the MPRs would
become more concentrated in early endocytic compart-
ments, and therefore could recycle more frequently between
early endosomes and the cell surface than they would from
endosomes back to the TGN. This is precisely the phenotype
of mammalian cells carrying an inactivated �1-A gene
(Meyer et al., 2000).
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