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The delivery of mannose 6-phosphate receptors carrying
lysosomal hydrolases from the trans-Golgi network
(TGN) to the endosomal system is mediated by selective
incorporation of the receptor-hydrolase complexes into
vesicular transport carriers (TCs) that are coated with
clathrin and the adaptor proteins, GGA and AP-1.
Previous electron microscopy (EM) and biochemical stu-
dies have shown that these TCs consist of spherical
coated vesicles with a diameter of 60-100 nm. The use
of fluorescent live cell imaging, however, has revealed
that at least some of this transport relies on a subset of
apparently larger and highly pleiomorphic carriers that
detach from the TGN and translocate toward the periph-
eral cytoplasm until they meet with distally located
endosomes. The ultrastructure of such long-range TCs
has remained obscure because of the inability to examine
by conventional EM the morphological details of rapidly
moving organelles. The recent development of correla-
tive light-EM has now allowed us to obtain ultrastruc-
tural ‘snapshots’ of these TCs immediately after their
formation from the TGN in live cells. This approach has
revealed that such carriers range from typical 60- to 100-
nm clathrin-coated vesicles to larger, convoluted tubular-
vesicular structures displaying several coated buds. We
propose that this subset of TCs serve as vehicles for long-
range distribution of biosynthetic or recycling cargo from
the TGN to the peripheral endosomes.

Key words: clathrin, endosomes, GGAs, long-range trans-
port carriers, TGN

Received 22 December 2005, revised and accepted for
publication 18 May 2006

Introduction

Mannose 6-phosphate receptors (MPRs) carrying lyso-
somal hydrolase precursors are sorted at the trans-Golgi

network (TGN) by segregation into membrane domains
that are coated with clathrin and the adaptor proteins,
GGA and AP-1 (1). These domains give rise to small
(60-100 nm diameter) clathrin-coated vesicles (CCVs)
that rapidly uncoat and fuse with early or late endosomes,
thereby effecting the delivery of MPRs and their cargo
enzymes to the endosomal-lysosomal system. Typical
CCVs containing MPRs have been observed using elec-
tron microscopy (EM) in the vicinity of the TGN (2-4) and
have also been isolated and characterized biochemically
(5,6). To date, however, they have not been adequately
resolved using fluorescence microscopy of living cells
because the TGN and endosomes are both concentrated
in the juxtanuclear area of the cells, making identification
of single CCVs difficult.

Recent fluorescence microscopy studies have uncovered
the existence of a different type of transport carrier (TC)
containing MPRs, clathrin, GGAs, and/or AP-1. These TCs
escape from the juxtanuclear area of the cell and travel
long distances (up to 10 um) toward the peripheral cyto-
plasm where they meet with endosomes (7-10).
Formation of such TCs coincides with segregation of
MPRs from Golgi-resident enzymes and from constitutive
cargo directed to the plasma membrane (8-10) and
requires the presence of intact microtubules and the
Arf1 GTPase (10). These TCs appear under the optical
microscope as a pleiomorphic assortment of vesicles and
tubules of varying sizes. Their ultrastructure, however, has
remained unknown because of the inability to examine the
morphology of rapidly moving organelles using conven-
tional EM.

The recent adaptation of correlative light-EM (CLEM) to
the study of organelle dynamics now provides an oppor-
tunity to examine the ultrastructure of intermediates that
mediate transport from the TGN to endosomes. CLEM
allows the ultrastructural analysis of moving organelles in
vivo, typically through the use of protein markers tagged
with green fluorescent protein (GFP) variants; the organ-
elles are first identified using fluorescence microscopy
and then examined under the electron microscope (11).
The potential of this approach has previously been
exploited to analyze the ultrastructure of such dynamic
organelles as endoplasmic reticulum (ER)-to-Golgi and
TGN-to-plasma membrane TCs (12-14).

Here, we report the use of CLEM to demonstrate that
GGAT1-, clathrin-, and MPR-containing, TGN-derived TCs
range from typical CCVs to convoluted tubular-vesicular
structures with several coated buds. We propose that
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these TCs serve as vehicles for long-range distribution of
biosynthetic or recycling cargo from the TGN to peripheral
endosomes.

Results

CLEM consists of two steps: (i) identification of an intra-
cellular structure, generally using fluorescence micro-
scopy of live cells that express a marker protein coupled
to a GFP variant and (i) EM of that particular structure,
often involving immunolabeling and three-dimensional
(3D) reconstruction (12). In effect, this technique can pro-
duce high-resolution snapshots of moving organelles,
making it ideally suited for the analysis of the ultrastruc-
ture of TGN-derived TCs.

To visualize these TCs, we initially transfected Hela cells
with a plasmid encoding GFP-GGA1 and observed the
cells under a confocal fluorescence microscope. As pre-
viously reported (8,9), this marker protein localized to both
a large juxtanuclear cluster (i.e. the TGN) and isolated foci
in the peripheral cytoplasm (i.e. peripheral endosomes and
TCs) (Figure 1A,B). To distinguish endosomes from TCs,
we allowed cells to internalize the fluid-phase marker,
TRITC-dextran, for 30 min. GFP-GGA1-positive but
TRITC-dextran-negative structures that detached from
the juxtanuclear cluster and moved toward the periphery
were considered to be TCs. Figure 1A and B (box and
inset) and Movie 1 show fluorescent images of three
GFP-GGA1-containing TCs, which left the TGN almost
simultaneously and moved rapidly toward the periphery.
Consistent with previous reports (8,9), these three struc-
tures had different appearances. One TC (Figure 1B,
arrow) had an elongated shape with two ‘hot-spots’ at
one end, whereas the other two TCs (Figure 1B, open
arrow and arrowhead) appeared more compact. None of
these structures contained internalized TRITC-dextran
(Figure 1B, inset, red), indicating that they were not endo-
somes. Cells were fixed during the process of live cell
imaging, stained with anti-GFP antibody using a pre-
embedding immunogold protocol, embedded in resin,
and sectioned for EM (12). Correlation of fluorescence
and EM images (compare Figure 1B and C) allowed us to
find in serial sections all three TCs (Figures 1D and 2A-D).
The largest TC had two coated buds connected to an
elongated tubular part (arrow in Figures 1D and 2A-D,
and in the 3D reconstruction from serial sections shown
in Figure 2H,1), which correlated well with its appearance
by fluorescence microscopy (Figure 1B, arrow). In con-
trast, the smaller, rounder TC had the morphology of a
120-nm—diameter coated vesicle (arrowhead in Figures 1D
and 2A-C) as revealed also in the 3D reconstruction
(Figure 2H,1, arrowhead). Finally, the third TC exhibited a
tubular-saccular morphology (Figure 1D, open arrow) with
a coat at the tip of the tubular part (see Figure 2G for a
clearer image of this coat). The coats on all three TCs had
the typical appearance of clathrin coats (Figure 2E-G),
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which was consistent with the function of GGA1 as a
clathrin adaptor.

Figure 3A, B, and Movie 2 show examples of two other
TCs (arrow and arrowhead), which, in this case, were fixed
shortly after their emergence from the TGN (the TGN
boundary is indicated by a dashed red line in B and C).
The ultrastructure of these TCs was similar to that of the
larger structure described above: both contained coated
buds (two on one carrier and three on the other) that were
connected by short tubular stalks (Figure 3C,D, arrow and
arrowhead). Hereafter, we refer to this type of structure
as 'grape-like’ cluster TCs. Notably, coated buds on grape-
like TCs were not restricted to the ends of the structure
but were also seen attached to the central portion of the
tubules. We analyzed 24 GFP-GGAT1-positive TCs by
CLEM shortly after their exit from the TGN and assigned
them to four shape classes: (i) vesicular, (i) tubular, (iii)
saccular, and (iv) grape-like. Grape-like structures repre-
sented the majority (approximately 58%), while small vesi-
cles were a minority (approximately 5%) (see below). The
sizes of TCs ranged from 100 nm (vesicles) to 1200 nm
(all other structures); the average diameter was
410 £ 95 nm (mean + SD). Interestingly, GFP-GGA1
immunolabeling was not restricted to the membrane
domains that were covered with putative clathrin-like
coats. Other parts of the TCs were also positive for GFP-
GGA1 (Figures 1D, 2E,G, and 3C,D), which is consistent
with previous EM studies showing the presence of GGA1
on both clathrin-coated and uncoated areas of the TGN (4).

Next, we examined the ultrastructure of TGN-derived TCs
carrying a cation-dependent (CD)-MPR-GFP construct
(abbreviated MPR-GFP), which serves as a transmem-
brane marker for the TCs (8,9). In the experiment as
shown in Figure 4A, B, and Movie 3, we examined two
MPR-GFP-positive (green), TRITC-dextran-negative (color
inset, red) structures thus identified as TCs. EM of these
TCs (Figure 4C-G) revealed that their ultrastructure was
similar to that of GFP-GGA1-labeled TCs. One of these
TCs appeared in thin sections as a 350 nm-long tubule
with a coated bud on its tip (Figure 4C, arrowhead).
Analysis of the other carrier (Figure 4C, arrow) by serial
sectioning  (Figure 4D,E) and 3D reconstruction
(Figure 2F,G) showed that it was 460-nm long and exhib-
ited a typical grape-like morphology with three coated
buds. CLEM also allowed us to visualize TGN-derived
TCs containing MPR-GFP that approached endosomes
loaded with TRITC-dextran, as exemplified in Figure bA,
B, and Movie 4. Similar to the GFP-GGA1-containing TCs,
the MPR-GFP-containing TC (Figure 5B, arrow) displayed
tubular and coated bud domains (Figure 5C, arrow). The
neighboring endosome (Figure 5B, inset, arrowhead)
exhibited a vacuolar part (Figure 5C, arrowhead) and a
tubular extension where the MPR-GFP was concentrated
(Figure 5C). This tubular domain may be formed by the
arriving TCs or, alternatively, could be involved in recycling
of MPR-GFP back to the TGN, as previously proposed
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Figure 1: Correlative light-EM (CLEM) of GFP-GGA1-containing TCs. (A) Hela cells were transfected with a plasmid encoding GFP-
GGAT1, incubated for 30 min with TRITC-dextran, and imaged using confocal fluorescence microscopy. Sequence of time-lapse frames
shows three TCs (arrowheads) that move from the juxtanuclear area in a living cell (see also Movie 1-1). The cell of interest was quickly
fixed during the course of observation by addition of a mixture of 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde (GA) to the
medium. (B) After fixation, we found again all 3 TCs (indicated by arrows and arrowhead in inset) within the same area of the cell outlined
by box. Note the apparent pleiomorphy of the GFP-GGA1-containing TCs (green) and the absence of TRITC-dextran (red) within them. (C)
Cells were then prepared for immunogold EM with anti-GFP antibody. Low magnification EM image shows the same cell and the same
area (box) as in B. (D) EM of a thin section corresponding to the area indicated by the boxes in panels B, C, and inset in panel B. Cells were
immunogold-labeled with antibody to GFP before embedding. The arrow, open arrow, and arrowhead indicate the same three 3 TCs
shown in the panel B box and inset. Bar: 3 um (A), 4.2 um (B, C), 280 nm (D).

(3,15,16). As described above for GFP-GGA1, MPR-GFP
molecules were detected on both coated and smooth
membrane domains of the TCs. CLEM analysis of 23
MPR-GFP-containing TCs revealed a range of morphologies
that was similar to that described above for GFP-GGA1-
containing TCs. Also, in this case, grape-like cluster struc-
tures accounted for most of the TCs (approximately 57 %),
while typical coated vesicles were a minority (approxi-
mately 5%) (Figure 5D). For both GFP-GGA1-containing
and MPR-GFP-containing TCs, 58 and 46%, respectively,
of their total surface were coated (Figure 5E).
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Because clathrin is a key component of TGN-derived TCs,
we next examined by CLEM Hela cells transfected with a
GFP-tagged clathrin light chain (isoform b) construct
(herein referred to as clathrin-GFP). Clathrin-GFP was
detected in many spots at the plasma membrane and
the TGN, as well as throughout the cytoplasm. Some of
these clathrin-GFP-containing cytoplasmic structures were
observed to arise from the TGN, as previously reported
(9). Figure 6 and Movie 5 show one of these TCs that
ends its translocation next to a fainter, compact structure
at the time of fixation. EM of thin sections showed that
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this TC had a typical grape-like appearance, with two buds
that were decorated by gold particles, indicating the pre-
sence of clathrin-GFP. The adjacent clathrin-GFP-positive
structure was immobile during the course of observation
and had the morphology of a typical CCV (Figure 6D,
arrowhead); this structure could represent a plasma
membrane-associated coated pit or derived vesicle.
Analysis of 11 clathrin-GFP-containing TCs using CLEM
showed that their ultrastructure was similar to that of
the GFP-GGA1-, and MPR-GFP-containing TCs; this was
consistent with previous studies demonstrating that all of
these proteins co-localize (8,9). The only appreciable dif-
ference was that clathrin-GFP labeling was restricted to
coated regions of the TCs (see also Figure 8D below),
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Figure 2: Three-dimensional
organization of GFP-GGA1-con-
taining TCs. (A-D) The same 3 TCs
shown in Figure 1 were examined in
serial sections. (E-G) Arrowheads in
high magnification images indicate
surface domains of the carriers that
are covered by a clathrin coat with
characteristic spike-like structures.
(H, 1) Three-dimensional reconstruc-
tion of the GFP-GGA1-containing TCs
indicated by the arrow and arrowhead
in A-D. Bar: 180 nm (A-D), 350 nm
(E-G), 90 nm (H, ).

whereas GFP-GGA1 and MPR-GFP labeling was found
on both coated and noncoated areas of the TCs.

Next, we examined whether these TCs maintain their
structural properties until they fuse with their target orga-
nelles. This is a significant issue because coated buds on
other types of TCs are thought to give rise to coated
vesicles that recycle molecules back to the donor orga-
nelle. For example, COPI-coated buds on ER-to-Golgi TCs
have been proposed to generate COPIl-coated vesicles
that return recycling molecules to the ER (17,18).
Likewise, clathrin-coated buds on immature secretory
granules are thought to generate CCVs that recycle
escaped MPRs to the TGN, thus contributing to granule
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Figure 3: Ultrastructure of GFP-GGA1-containing TCs. (A) A GFP-GGAT-expressing cell was analyzed in vivo using time-lapse confocal
microscopy (see Movie 1-2). (B) Enlargement of the box shown in A. Two GFP-GGA1-containing TCs (arrow and arrowhead) were fixed near
the edge of the Golgi complex (outlined by the dashed red line). (C) Using the Golgi boundary as a landmark (dash line), the same GFP-GGA1-
containing TCs (arrow and arrowhead) were identified by EM of thin sections of the cell shown in A, B. (D). High magnification of the GFP-
GGA1-containing TCs (arrow and arrowhead), shown in panel C. Bar 3.4 pm (A), 1.7 um (B), 530 nm (C), 320 nm (D).

maturation (19,20). Clathrin-coated buds on TGN-to-
endosome TCs could therefore detach from the carriers
as CCVs before the TCs engage in interactions with endo-
somes. If this were the case, the resulting ‘'mature’ TCs
would lack coated domains. This is difficult to address
using CLEM because one needs to catch TCs in the pro-
cess of docking or fusing to endosomes. To circumvent
this problem, we blocked fusion of TCs with endosomes
using the technique of ‘endosome inactivation’ (21-23).
MPR-GFP- or GFP-GGA1-expressing Hela cells were
allowed to internalize horseradish peroxidase (HRP) for
1h and were then incubated with diaminobenzidine
(DAB) and H,0, on ice. In this way, the endosomal sys-
tem of the living cells gets filled up with a rigid DAB
oxidation product that prevents fusion of endosomes
with other organelles (21-23). The cells were then shifted
to 37 °C to allow resumption of TC formation from the
TGN. To demonstrate that delivery of cargo from TGN-
derived TCs to endosomes was blocked upon endosome
inactivation, we used a photobleaching approach on MPR-
GFP-expressing cells. In control cells, bleached endo-
somes recovered their fluorescence because of fusion
with TCs carrying MPR-GFP from the TGN (Figure 7A,
Movie 6). In contrast, bleaching of inactivated endosomes
revealed no such recovery even after 20-30 min of incuba-
tion at 37 °C (Figure 7B, Movie 7). TCs were frequently
observed to gather in the vicinity of the inactivated endo-
somes but were apparently unable to fuse with them and to
deliver their cargo. Correspondingly, confocal microscopy of
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GFP-GGA1-expressing cells showed two to four GFP-
GGA1-containing structures gathered around EEA1-posi-
tive endosomes 45 min after endosome inactivation
(boxes 1-3 in Figure 8A). There was little overlap between
the GFP-GGA1 and EEA1 staining, indicating that the GFP-
GGAT-containing structures were not endosomes but
probably TCs that could not fuse with EEA1-positive endo-
somes because of accumulation of the DAB oxidation
product. At the EM level, we observed many GFP-GGA1-
positive TCs (Figure 8B-D) that were tightly associated
with HRP-labeled endosomes. As expected, these TCs
did not contain DAB oxidation product and exhibited
morphologies ranging from short tubules (Figure 8B-D,
arrows) and vesicles (Figure 8D, arrowhead) to grape-like
clusters (Figure 8D, open arrow). Similar to TCs visualized
using CLEM, these carriers exhibited MPR-GFP and GFP-
GGAT1 over the entire surface (Figure 8B,C), while clathrin-
GFP was restricted to the coated domains (Figure 8D).

Quantification of 'mature TCs' accumulated upon endo-
some inactivation revealed a small reduction (about 10%)
of grape-like structures in favor of other TCs' shapes
(Figure 8E). In most cases, coats were visible on the TC
membranes, although the surface covered by clathrin on
mature TCs was slightly reduced (about 12%) relative to
TCs analyzed using CLEM (Figure 8F). Thus, the basic
ultrastructure of TCs remains mostly unchanged as they
translocate from the TGN to the endosomes. The slight
reduction of clathrin coats at the TC surface suggests that
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Figure 4: CLEM of MPR-GFP-containing TCs. (A) Hela cells were transfected with a plasmid encoding MPR-GFP and were incubated
for 30 min with TRITC-dextran. Sequence of time-lapse frames shows two TCs (arrowheads) moving from the TGN toward cell periphery
(see also Movie 2-1). The cell of interest was quickly fixed during the course of observation by addition of a mixture of 4% PFA and 0.1%
GA to the medium. (B) After fixation, both TCs (indicated by arrows and arrowhead in inset) were found again within the same area of the
cell outlined by box. Note the lack of MPR-GFP (green) and TRITC-dextran (red) co-localization within the TCs. (C) EM of a thin section
corresponding to the area indicated by the box and inset in panel B show the ultrastructure of the same MPR-GFP-containing TCs (arrow
and arrowhead) immunogold-labeled with antibody to GFP. (D, E) EM of serial sections showing one of the MPR-GFP-containing TCs
(indicated by arrow in C) at higher magnification. (F, G) Three-dimensional reconstruction of the MPR-GFP-containing TC shown in D, E.

Bar, 3 um (A), 4.8 um (B), 350 nm (C), 220 nm (D, E), 170 nm (F, G).

partial uncoating of carriers may take place upon their arrival
to the target membrane. To determine whether large TCs
form by homotypic fusion of CCVs, we incubated cells with
N-ethyl maleimide [a general inhibitor of membrane fusion
(24)] shortly after endosome inactivation. However, the
proportion of CCVs among endosome-directed TCs
remained similar to that in control cells (data not shown),
suggesting that homotypic CCV fusion does not signifi-
cantly contribute to the formation of large TCs.

Previous fluorescence microscopy studies suggested that
TCs pinch off as whole objects from tubules that extend
from the TGN (8,9). Thus, the TGN is likely to contain
membrane domains that serve as sources of TCs.
Indeed, careful immuno-EM analyses revealed the exis-
tence of coated grape-like clusters, labeled for MPR-GFP
or GFP-GGAT1, in the area of the TGN (Figure 9A, arrows).
Both the average size (approximately 400 nm) and the
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structural features of these clusters were similar to
those of the majority of translocating TCs (Figure 9B,C,
arrows). As in the free TCs, clathrin was always restricted
to coated membrane domains while both GFP-GGA1 and
MPR were detected on both coated and noncoated
(usually tubular) domains of the TGN, as previously
reported (4). These observations suggest that GGAs may
initiate the sequestration of MPRs within tubular areas of
the TGN, thus creating a template for TC formation.
Interaction of GGAs with clathrin further concentrates
MPRs within coated buds until the TCs detach from the
bulk of the TGN.

Discussion

Previous fluorescence microscopy analyses had sug-
gested that the TCs that ferry cargo between the TGN
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Figure 5: Ultrastructure of MPR-GFP-containing TCs. (A) An MPR-GFP-expressing cell was analyzed in vivo using time-lapse confocal
microscopy. An MPR-GFP-containing TC (indicated by arrowhead in subsequent time-lapse images) was detected using confocal
fluorescence microscopy of a living cell (see also Movie 2-2). (B) An MPR-GFP-containing TC was fixed in the area of the cell outlined
by the box. An enlarged image of this area (color inset) shows an MPR-GFP-containing TC (arrow) approaching a TRITC-dextran-loaded
endosome (arrowhead). (G) EM of a thin section corresponding to the area indicated by the box and inset in panel B shows the same
MPR-GFP-containing TC (arrow) labeled with antibody to GFP next to the endosome (arrowhead). (D) Pie charts representing the
frequency of different shapes in populations of GFP-GGA1- and MPR-GFP-containing TCs observed using CLEM. (E) Percentage of
area occupied by clathrin coat on the surface of GFP-GGA1- and MPR-GFP-containing TCs. Results are the mean + SD from 24 and 23

TCs, respectively. Bar, 3 um (A), 5.3 um (B), 300 nm (C).

and peripheral endosomes were pleiomorphic but, owing
to the low resolution of optical microscopy, had not
defined their exact morphology. The use of CLEM has
now allowed us to demonstrate that some of the TCs
are indeed typical CCVs. To our knowledge, this is the
first ultrastructural characterization of translocating CCVs
by EM. Importantly, this proves that typical CCVs do exist
in vivo, that they can be visualized by fluorescence micro-
scopy despite their small size, and that at least some of
them move for long distances before shedding their coats.
However, most of these TCs consist of tubular-vesicular
structures with coated buds that comprise approximately
50% of their surface area. These structures are similar to
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TGN domains that contain MPR-GFP and GFP-GGAT1
(Figure 9) and might therefore correspond to small
‘chunks’ of TGN that are pulled along microtubules to
the cell periphery. The probability of forming a CCV versus
a more complex TC probably depends on how soon scis-
sion factors act on the necks of the forming TCs after
assembly of the coat. The physiological significance of
this pleiomorphy is unclear. Presumably, pleiomorphic
TCs can package cargoes of different sizes, including
those that are too large for inclusion into a CCV. In addi-
tion, pleiomorphic TCs might be able to transport simulta-
neously different types of cargo that partition into coated
and noncoated domains of the carriers. The properties of
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Figure 6: CLEM of clathrin-GFP-containing TCs. (A) Hela cells were transfected with a plasmid encoding clathrin-light-chain-GFP and
observed using confocal fluorescence microscopy. Projection of 33 time frames shows the trajectory of a clathrin-GFP-containing TC
(indicated by arrowheads) moving from the TGN to the cell periphery. (B) The box and corresponding inset show the same clathrin-GFP-
containing TC (arrow) just before fixation. Notice its location near the nucleus (N) and a neighboring compact structure (arrowhead). The
asterisk indicates a cell that overexpresses clathrin-GFP. (C) Low magnification EM of the cell shown in A and B. The white box shows the
location of the same clathrin-GFP-containing TC near the nucleus. As in panel B, the asterisk indicates the neighboring cell. (D) High
magnification EM corresponding to inset in B and boxes in B, C. Arrow indicates the clathrin-GFP-containing TC located close to a typical

CCV (arrowhead). Bar, 5.2 um (A, B), 3.1 um (C), 300 nm (D).

these TCs resemble, at least superficially, those of other
long-range TCs such as ER-to-Golgi ‘VTCs' (14,17,25) and
TGN-to-plasma membrane carriers (12,13).

It is currently unclear whether TGN-to-endosome TCs
undergo structural changes during their translocation
through the cytoplasm. The apparent size and labeling
intensity of the TCs did not seem to change during trans-
location. In addition, we did not observe budding of CCVs
from the translocating TCs (9; this study). Instead, GFP-
GGA1-containing TCs were observed to merge seemingly
unchanged with rhodamine-albumin-loaded endosomes

(9). This indicates that (i) the TCs maintain their overall
structure throughout their lifespan and (i) at least GGA1
and clathrin remain associated with the TCs until the
endosome-docking step. The persistence of the coats on
the TCs could enable coupling of clathrin adaptors to
microtubule motors (26) or fusion factors (27,28), thus
contributing to the postbudding fate of the carriers as
they transit toward the peripheral endosomes.

We have directly demonstrated that TGN-derived TCs

deliver MPR-GFP into selectively bleached endosomes
(see Figure 7A) and, hence, act as bona fide transport

Traffic 2006; 7: 1-13
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Figure 7: Inactivation of endosomes prevents their fusion with MPR-GFP-containing TCs. (A) Hela cells expressing MPR-GFP
were subjected to selective photobleaching within the area (dashed circle) containing an endosome (see Movie 6). Time-lapse images
show an MPR-GFP-containing TC that moved from the TGN toward bleached area. It subsequently merged with the bleached endosome,
resulting in partial recovery of fluorescence (open arrowhead). Fusion of other TCs (one of them is indicated by arrowheads) resulted in
further recovery of the fluorescence within the same endosome (open arrow). (B) Hela cells were transfected with a plasmid encoding
MPR-GFP and incubated in HRP-containing medium for 1 h. The cells were then washed and placed in an ice-cold mixture of DAB and
H,0, to inactivate endosomes. The cells were then washed and observed in vivo at 37 °C. An endosome was bleached (dashed box)
within an MPR-GFP-expressing cell (see Movie 7). Sequential time-lapse frames demonstrate that TCs (arrows) approached the bleached
endosome but did not deliver MPR-GFP into it (notice the absence of fluorescence recovery in the bleached structure). Bar, 3.1 um (A, B).

intermediates in the TGN-to-endosome route. CLEM of
some large TCs that were fortuitously caught in proximity
to endosomes (Figure 5) revealed that they contained
clathrin-coated membrane domains that were linked to
one another by tubular connections. However, even
using CLEM, it was difficult to observe a sufficiently
large number of TCs that were docked to endosomes for
detailed ultrastructural analysis. Thus, to examine TCs at
the last stages of their life span, we blocked their fusion
with target membranes using the technique of endosome
inactivation (21-23). Under these conditions, TCs gathered
around endosomes and were easily discernible in both
plastic and cryo sections (Figure 8). Interestingly, their
overall morphology was similar to that of TCs that were
visualized using CLEM just after their detachment from
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the TGN. Notably, the number of CCVs relative to large
TCs did not change significantly as the carriers trans-
located through the cytoplasm. This suggests that large
carriers do not break down into CCVs en route to periph-
eral endosomes. Coated domains were also maintained
on the surface of the TCs that were arrested before
fusion. The ultimate fate of these coated domains remains
unclear. Presumably, they could lose their coat during
fusion or, alternatively, they could become integrated
into the endosome membrane.

Although pleiomorphic carriers represent significant part
of TC population, at present, we do not know whether
they operate exclusively in long-range TGN-to-endosome
transport. This is because our methods do not allow us to
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Figure 8: Ultrastructure of TGN-derived TCs visualized upon endosome inactivation. HelLa cells were transfected with a plasmid
encoding either GFP-GGA1 (A-C) or clathrin-GFP (D) and incubated in HRP-containing medium for 1 h. The cells were then washed and
placed in an ice-cold mixture of DAB and H,0, to inactivate endosomes. The cells were subsequently shifted to 37 °C for 45 min and
fixed and processed for either confocal (A) or electron (B-D) microscopy. For confocal microscopy, cells were labeled with anti-EEA1
antibody (A) to visualize endocytic structures, whereas immunogold EM was performed with anti-GFP antibody (B-D) using a preembed-
ding protocol (B, C) or cryosections (D). (A) GFP-GGA1-containing TCs frequently accumulated around endosomal structures labeled for
EEA1 (see boxes and corresponding insets) in cells with endosomes that were inactivated by DAB treatment. (B, C) Immunogold labeling
with antibody to GFP revealed the ultrastructure of GFP-GGA1-containing TCs (arrows) located close to endosomes containing electron
dense DAB product (arrowheads). (D) Clathrin-GFP-positive TCs of tubular (arrow), vesicular (arrowhead), and grape-like (open arrow)
shapes were detected near endosomes (asterisks) and exhibited patches of electron-dense HRP labeling. (E) Pie charts representing the
frequency of different shapes in populations of GFP-GGA1- and MPR-GFP-containing TCs observed upon endosome inactivation. (F)
Percentage of area occupied by clathrin coat on the surface of GFP-GGA1- and MPR-GFP-containing TCs. Results are the mean + SD
from 24 and 23 TCs, respectively. Bar, 7.2 um (A), 250 nm (B, C), 180 nm (B, C).

observe in vivo TCs in the juxtanuclear area of the cell, neighboring organelles could very well be mediated by
where TGN and some endosomes are located too close to conventional CCVs. In any event, our observations do
each other. Short-range transfer of cargo between these demonstrate the existence of new and ultrastructurally
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Figure 9: Ultrastructure of clathrin-coated domains at the TGN is reminiscent of the morphology of TCs. Hela cells were
transfected with a plasmid encoding MPR-GFP, fixed, stained with antibody to GFP using an immunogold protocol, and prepared for
EM. (A) Arrows show clathrin-coated domains of the TGN containing MPR-GFP. (B, C) Free TCs (arrows) with MPR-GFP exhibit a
morphology similar to that of TGN clathrin-coated domains (shown by arrows in A). Bar, 200 nm (A, C), 230 nm (B).

distinct type of clathrin-coated carrier involved in transport
in Golgi-to-endosome route.

Materials and Methods

Cell culture and transfection

Hela cells were cultured in DMEM (Gibco, Invitrogen SRL, Milan, Italy)
supplemented with 10% fetal bovine serum and 1 mm L-glutamine.
FUGENE 6 reagent (Roche, Indianapolis, IN, USA) or Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) was used for cDNA transfections of sub-
confluent cells.

Antibodies, DNA, and other reagents

Plasmids encoding CD-MPR-GFP, GFP-GGA1, and clathrin-light-chain-GFP
were described previously (8,9). Polyclonal antibodies to GFP and EEA1
were from Abcam (Cambridge, UK). HRP was from Pierce (Rockford, IL,
USA). Alexa™ 546-1gG and TRITC-dextran conjugates were from Molecular
Probes (Leiden, the Netherlands). The NANOGOLD® gold — Ab conjugates
and the GOLDENHANCE™ EM kit were from Nanoprobes (Yaphank, NY
USA).

Endosome inactivation

Cells were incubated with 10 pg/mL HRP in culture medium for 1 h,
washed once in serum-free DMEM, and then twice in ice-cold PBS.
Surface-bound HRP was removed by two 5-min washes in 0.15 m NaCl
and 20 mm citric acid, pH 5.0. Cells were washed with ice-cold PBS,
pH 7.4, and incubated in PBS containing 0.1 mg/mL DAB (Sigma-Aldrich,
St Louis, MO, USA). H,0, was added to the inactivation sample to a final
concentration of 0.025%; PBS was added to the control set. Cells were
incubated on ice for 60 min in the dark, and the reaction was stopped by
washing cells twice in PBS/1% BSA. Warm medium was added, and cells
were incubated at 37 °C for 45 min, fixed, and processed for either con-
focal or immuno-EM.

Traffic 2006; 7: 1-13

Confocal microscopy

Confocal and time-lapse images were obtained using a Zeiss LSM510
META confocal microscope system (Carl Zeiss, Gottingen, Germany) as
described (13). Images of live cells were acquired using excitation at
488 nm and appropriate band filters. Fixed cells labeled with antibodies
and/or fluorescent proteins were visualized using multitrack configuration
with sequential excitation at 488 and 543 nm.

Immuno-EM and CLEM analysis

Fixation and immunogold detection of fluorescent proteins for EM was
performed using antibody to GFP as described (13). After immunolabeling,
cells were embedded in Epon-812 and cut into thin sections. CLEM of cells
co-transfected with GFP constructs was performed as described (13).
Briefly, transfected cells were grown on Petri dishes with CELLocate cover-
slips (Mat Tek, Ashland, MA, USA). After visualization of fluorescent struc-
tures by confocal microscopy, we fixed the cells, immuno-labeled for GFP
using the GOLDENHANCE protocol, embedded in Epon-812, and cut into
serial sections. Cryoimmuno EM was performed as described previously
(29). A Philips Tecnai-12 electron microscope (Philips, Eindhoven, the
Netherlands), equipped with ULTRA VIEW CCD digital camera, was used
to acquire EM images. Three-dimensional reconstructions of structures
observed in serial sections were reconstructed using SURFdriver software.
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Supplementary Material

Movie 1: GFP-GGA1-containing TCs in living cells. Hela cells were
transfected with a plasmid-encoding GFP-GGA1 and imaged using confocal
fluorescence microscopy. Three TCs (arrows) were observed to move from
the juxtanuclear area, then fixed and processed for electron microscopy
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(see Figure 1A-C). Note the apparent pleiomorphy of the GFP-GGA1-con-
taining TCs.

Movie 2: Exit of GFP-GGA1-containing TCs from the Golgi. Hel a cells
expressing GFP-GGA1 were observed under confocal microscope. Two
GFP-GGA1-containing TCs (outlined by circle) were observed to exit the
Golgi and were fixed shortly after formation for electron microscopy
(Figure 1D-G).

Movie 3: MPR-GFP-containing TCs in living cells. Hela cells were
transfected with a plasmid-encoding MPR-GFP and imaged using confocal
fluorescence microscopy. Two TCs (arrows) were observed to move from
the Golgi area to cell periphery, then fixed and processed for electron
microscopy (Figure 2A-F).

Movie 4: Movement of MPR-GFP-containing TCs toward endosome.
An MPR-GFP-expressing Hela cell was analyzed under confocal micro-
scopy. An MPR-GFP-containing TC (arrow) was observed to move from the
Golgi toward endosome exhibiting circle-like pattern of fluorescent signal.
TC was fixed before its fusion with endosome and processed for electron
microscopy (Figure 2G,H).

Movie 5: Clathrin-GFP-containing TCs in living cells. Hela cells were
transfected with a plasmid encoding clathrin-GFP and visualized using
confocal microscopy. A TCs (arrows) containing clathrin-GFP was observed
during its movement from the Golgi to the peripheral portion of the cell,
then fixed and processed for EM (Figure 3).

Movie 6: Delivery of MPR-GFP from the Golgi to endosome. Hela
cells expressing MPR-GFP were subjected to selective photobleaching
within the area (circle) containing an endosome. Time-lapse images show
an MPR-GFP-containing TC (arrow) that moved from the TGN toward
bleached area. It subsequently merged with the bleached endosome,
resulting in partial recovery of fluorescence (doubled arrow). Fusion of
other TCs (arrow) resulted in further recovery of the fluorescence within
the same endosome.

Movie 7: Inactivation of endosomes prevents their fusion with MPR-
GFP-containing TCs. Hela cells were transfected with a plasmid-encod-
ing MPR-GFP and incubated in HRP-containing medium for 1 h. The cells
were then washed and placed in an ice-cold mixture of DAB and H,O, to
inactivate endosomes. The cells were then washed and observed in vivo at
37 °C. An endosome was bleached (box) within an MPR-GFP-expressing
cell. Time-lapse sequence demonstrate that TCs approached the bleached
endosome but did not deliver MPR-GFP into it (notice the absence of
fluorescence recovery in the bleached structure).

These materials are available as part of the online article from http:/
www.blackwell-synergy.com
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