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Tubular transport intermediates (TTIs) have been described as one class of transport carriers in endoplasmic reticulum
(ER)-to-Golgi transport. In contrast to vesicle budding and fusion, little is known about the molecular regulation of TTI
synthesis, transport and fusion with target membranes. Here we have used in vivo imaging of various kinds of
GFP-tagged proteins to start to address these questions. We demonstrate that under steady-state conditions TTIs represent
�20% of all moving transport carriers. They increase in number and length when more transport cargo becomes available
at the donor membrane, which we induced by either temperature-related transport blocks or increased expression of the
respective GFP-tagged transport markers. The formation and motility of TTIs is strongly dependent on the presence of
intact microtubules. Microinjection of GTP�S increases the frequency of TTI synthesis and the length of these carriers.
When Rab proteins are removed from membranes by microinjection of recombinant Rab-GDI, the synthesis of TTIs is
completely blocked. Microinjection of the cytoplasmic tails of the p23 and p24 membrane proteins also abolishes
formation of p24-containing TTIs. Our data suggest that TTIs are ER-to-Golgi transport intermediates that form prefer-
entially when transport-competent cargo exists in excess at the donor membrane. We propose a model where the
interaction of the cytoplasmic tails of membrane proteins with microtubules are key determinants for TTI synthesis and
may also serve as a so far unappreciated model for aspects of transport carrier formation.

INTRODUCTION

Transport between adjacent membrane bound organelles in
the secretory pathway is thought to be mediated by trans-
port vesicles, which bud at the donor membrane and fuse at
the acceptor membrane thereby delivering their cargo (re-
viewed by Lee et al., 2004). Initially it was the use of bio-
chemical assays that led to a basic understanding of this
process (reviewed by Cook and Davidson, 2001) and the
identification of many of the principal factors involved.
However such approaches have revealed little about the
physical nature and the dynamics of these carriers in the
context of living cells.

Recent advances in light microscopy techniques, together
with the availability of the green fluorescent protein (GFP;
Chalfie et al., 1994) and its spectral variants (reviewed by
Zhang et al., 2002), have enabled the in vivo study of mem-
brane traffic events. Indeed nowhere have these technologies
had greater impact than in visualizing traffic between the
endoplasmic reticulum (ER) and Golgi complex (Presley et

al., 1997; Scales et al., 1997). However, such experiments have
also revealed that in addition to the presence of vesicular
transport structures, in many instances secretory cargo can
be seen in structures with a more tubular appearance. These
tubular transport intermediates (TTIs) have been observed
between the ER and the Golgi complex (Bannykh et al., 1996;
Blum et al., 2000; Aridor et al., 2001; Marra et al., 2001;
Mironov et al., 2003), and in post-Golgi carriers (Hirschberg
et al., 1998; Toomre et al., 1999; Polishchuk et al., 2003). In all
cases, because these TTIs have been seen to contain secretory
cargo, it has been postulated that they are transport inter-
mediates that may function alongside transport vesicles (re-
viewed by Kartberg et al., 2005).

Although a vast amount of data are available on the
molecular mechanisms that participate in the formation,
transport, and fusion of vesicular carriers operating between
the ER, the intermediate compartment (IC) and the Golgi
(reviewed by Lee et al., 2004), very little is known about the
factors that regulate the biogenesis of tubular carriers. One
reason for this is that these TTIs are very fragile and thus
difficult to fix in cells, in turn making them difficult to study
by immunocytochemistry, biochemistry, or electron micros-
copy, although recently attempts to characterize ER-to-Golgi
intermediates at the ultrastructural level have been initiated
(Horstmann et al., 2002; Fan et al., 2003). Detailed three-
dimensional tomography and analysis of Golgi structure has
also revealed the presence of tubular profiles in close prox-
imity to the cis face of this organelle, although it is unclear as
to what these structures actually are (Ladinsky et al., 1999).
Overall, little experimental data are available that address
the question of whether these tubular carriers represent
“normal” ER-to-Golgi transport for all cargo types. Indeed
some data suggest that they represent alternative transport
routes taken by specialized cargo (Stephens and Pepperkok,
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2002), whereas others propose that they are connectors of
the late IC and the Golgi complex (Marra et al., 2001).

The type of protein cargo present in TTIs is also an issue
still to be resolved. Cargo can effectively be categorized into
three classes, namely soluble, transmembrane, and large
macromolecular, with each class presenting distinct needs to
the cell’s transport machinery. For example soluble and
large macromolecular cargoes are unable to interact directly
with the coat proteins (COPs) and other peripheral transport
machinery located on the cytoplasmic face of the membrane,
yet they can still signal their desire for transport. In addition,
because of its size, macromolecular cargo will not fit into the
70–80-nm transport vesicles that have been classically de-
scribed. Indeed in this case it is reasonable to suggest that
suitable transport carriers will be tubular in appearance.
Although the variety of cargo molecules studied has not
been extensive, it is possible to find examples of each of
these classes being present in tubular intermediates. A sol-
uble form of GFP (Blum et al., 2000) and the transmembrane
lectin ERGIC-53 (Ben-Tekaya et al., 2005) have both been
seen in a tubulo-vesicular network between the ER and
Golgi, and the large 300-nm cargo procollagen has also been
visualized in tubular sacular structures (Bonfanti et al., 1998;
Mironov et al., 2003; Trucco et al., 2004). In the case of this
latter study, the authors even provide evidence that it is the
presence of this cargo that induces the formation of Golgi
intercisternal tubules.

Tubular structures emanating from the Golgi complex
have been studied for many years, and attempts have been
made to modulate their formation. In this respect the fungal
metabolite brefeldin A (BFA) has been one reagent that has
been useful in understanding the relationship between coat
protein complexes and tubule formation. Early studies dem-
onstrated Golgi tubulation in BFA-treated (and indeed in
untreated) cells and correlated these data with the loss of the
�-COP subunit of the COPI coat protein from the membrane
(Donaldson et al., 1990; Cluett et al., 1993). Similar BFA-
induced tubules have also been visualized by GFP-tagging
in living cells (Sciaky et al., 1997). More recently incubation
of cells at low temperatures (15°C) has also been shown to
induce the presence of Golgi-derived tubules containing
resident glycosylation enzymes (Martinez-Alonso et al.,
2005).

However, despite all this interest in tubules, we still have
little understanding of what the factors are that most con-
tribute to their formation and dynamics. In addition it is still
unclear as to whether they represent bona fide ER-to-Golgi
transport carriers and how much they contribute to the
overall transport of cargo. Here we present detailed single
cell analysis and quantification of TTIs containing various
soluble and transmembrane cargoes in living cells and sug-
gest a model for their biogenesis.

MATERIALS AND METHODS

Reagents
Expression constructs encoding GFP-KDEL-R and GFP-ERGIC-53 were
kindly provided by Andrew Reynolds (Cancer Research UK) and David
Stephens (University of Bristol, United Kingdom). In both cases the EGFP was
inserted between the signal peptide and the mature protein. Soluble GFP has
been previously described (Blum et al., 2000). Nocodazole and GTP�S were
from Calbiochem (Schwalbach, Germany), cycloheximide was from Sigma (St.
Louis, MO), and rhodamine-labeled dextran and fluorescently-labeled sec-
ondary antibodies were from Molecular Probes (Leiden, The Netherlands).
Synthetic peptides corresponding the tails of the p23 (hp24�1) and p24
(hp24�1) proteins and a lumenal region of the p24 (hp24�1) protein were
synthesized and purified by Sigma Genosys (Cambridge, United Kingdom).
Their sequences were CQVFYLRRFFKAKKLIE, CQIYYLKRFFEVRRVV, and
CYKFCFSNRMSTMTPK, respectively. Peptides were dissolved in water at 2

mg/ml and stored at �20°C. The purification of Rab-GDI protein has been
previously described (Horiuchi et al., 1997). Antibodies used for immunoflu-
orescence were against COPI coatomer (CM1A10; Palmer et al., 1993), the
��-subunit of COPI (Pepperkok et al., 1998), the �-adaptin subunit of AP-1,
GFP, GM130 (all BD Biosciences, Heidelberg, Germany), p27 (Fullekrug et al.,
1999), �-tubulin (Neomarkers, Fremont, CA), KDEL-R (Calbiochem), TGN46
(Serotec, Oxford, United Kingdom), and COPII (sec23; Affinity Bioreagents,
Golden, CO). Antibodies against ERGIC-53 were a gift from H. P. Hauri
(Basel, Switzerland). Antibodies against p24 have been previously described
(Dominguez et al., 1998).

The cell-line expressing p24 (hp24�1) fused to EYFP was constructed in the
following manner. Constructs encoding p23 (hp24�1) and p24 (hp24�1) have
been described previously (Blum et al., 1999). The region coding for EGFP was
replaced with ECFP or EYFP to produce p23-CFP and p24-YFP. HeLa cells
were first transfected with p23-CFP and selected for stable expression using
G418. Stable clones were assessed by light microscopy and screened for
distinct juxta-nuclear Golgilike fluorescence. Some clones displayed juxta-
nuclear but non-Golgilike staining, corresponding to proliferated ER as ob-
served previously (Emery et al., 2000). These clones were discarded. After
clonal expansion, p23-CFP-expressing cells were retransfected with p24-YFP.
This fusion protein was expressed from a puromycin-resistant plasmid. Cells
were then selected for stable expression of both markers. After several pas-
sages, some cells developed into either p23-CFP or p24-YFP stable cells.
Clones from the latter were used for this study.

Analysis of secretion in the p24-YFP cells was performed using recombi-
nant adenoviruses encoding a CFP-tagged temperature-sensitive version of
the vesicular stomatitis viral glycoprotein (VSV-G), ts045G. Detailed method-
ology has been previously described (Kerkhoff et al., 2001).

Cell Culture
Vero (ATCC CCL-81) and HeLa cells (ATCC CCL-2) were routinely cultured
in MEM and DMEM, respectively, supplemented with 10% fetal calf serum
(FCS), glutamine, and penicillin/streptomycin. The p24-YFP HeLa stable cell
line was maintained in DMEM/10% FCS, with the addition of 1 �g/ml
puromycin (Sigma). Imaging was performed in glass-bottomed dishes (Mat-
Tek, Ashland, MA) in MEM medium lacking phenol red, FCS, and antibiotics,
but containing 25 mM HEPES, pH 7.4.

Microinjection and Microscopy
Cells were microinjected using an Eppendorf microinjection system as previ-
ously described (Pepperkok et al., 1993). Injection markers were used at a
concentration of 0.4 mg/ml. Live cell microscopy was performed using a
PerkinElmer Life and Analytical Sciences UltraView RS real-time confocal
system (Boston, MA) consisting of a Zeiss Axiovert 200 microscope equipped
with a 1.4 NA Plan Apo 60x objective (Jena, Germany). The system was
contained within a perspex box allowing temperature control. Fixed cell
images were acquired on a Leica TCS SP2 AOBS confocal laser rapid scanning
microscope using a 1.4 NA PLAPO BL 63x objective, and using standard Leica
software (Mannheim, Germany).

Experimental Setup
Vero cells were initially selected for the experiments with KDEL-R and
ERGIC-53 because microinjection was facilitated by their larger size. Similar
results were also obtained in HeLa cells however. All subsequent experiments
were performed in HeLa cells because of their superior transfection efficiency.
For analysis of soluble GFP transport, cells were transfected with the soluble
GFP plasmid 18 h before the experiment as previously described (Simpson et
al., 2000). On the day of the experiment, the growth medium was exchanged
for imaging medium and dishes were placed at 15°C for the lengths of time
indicated. Cells were washed once with prewarmed (37°C) imaging medium,
incubated at 37°C for 1 min in fresh imaging medium containing 100 �g/ml
cycloheximide, before transfer to the microscope. Imaging was started within
3 min of the initial warming. For analysis of p24-YFP motility after the various
treatments cells were incubated at 37°C for 10 min after microinjection to
allow the cells to recover and then placed in imaging medium containing 100
�g/ml cycloheximide at 15°C for 30 min to accumulate cargo in the ERGIC
compartment. The medium was then replaced with fresh imaging medium
(37°C) also containing 100 �g/ml cycloheximide, and the dishes were directly
transferred to the microscope. Imaging was started within 3 min of warming.
All analyses were completed within 10 min of the original warming to 37°C.

Image Analysis and Quantification
All images were processed and quantified using NIH ImageJ version 1.33.
Final movies were prepared using Apple QuickTime 6.5 (Apple Computer,
Cupertino, CA) and were compressed using the Indeo Video 5.1 codec (Intel,
Santa Clara, CA). Quantification of motility and fluorescence in cell popula-
tions was made from 100 to 150 cells for each experiment. Each experiment
was performed at least twice. Cells were only considered to contain TTIs
when two or more tubular structures per cell were observed by visual
inspection of the videos within the duration of imaging (minimum 30 s).
Structures were designated as “tubular” when their length was determined to
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be greater than 2 �m at the level of light microscopy. Measurements were
made using the line tool function of ImageJ. Other distinct punctate structures
in the cell periphery were designated as “vesicular” when their length was
below 2 �m. It should be noted that these latter structures are not necessarily
the classically described 60–80-nm vesicles, because these would be below the
resolution of detection by the methods used here. Motility of structures in
individual cells was analyzed for a minimum of six cells for each experimen-
tal condition, and movies of 45-s duration were used. For quantification,
images were thresholded and the number of structures were counted and the
distance they moved during 45 s was determined using the ImageJ “Kymo-
graph” macro. A detailed description of this macro can be found on the
EAMNET website (http://www.embl.de/eamnet/html/downloads.html).
Again, structures were only considered to be tubular when their length was
greater than 2 �m. Western blots were quantified using Scion Image (Fred-
erick, MD).

RESULTS

To have a greater understanding of the nature of transport
carriers operating between the ER and Golgi complex, we
decided to follow the spatial and temporal dynamics of
various classes of cargo molecules that operate between
these compartments in living cells. The KDEL receptor
(KDEL-R) is one such example of a transmembrane protein
that functions to retrieve soluble cargo containing an ex-
treme C-terminal tetra-peptide motif “KDEL” from the
Golgi back to the ER (Lewis and Pelham, 1990). In Vero cells
microinjected with a construct encoding a GFP-tagged ver-
sion of the KDEL-R (GFP-KDEL-R), using time-lapse micros-
copy it was possible to visualize a large number of punctate
and highly motile structures moving between the juxta-
nuclear Golgi area and the cell periphery (Figure 1A and
corresponding movie). However, in addition to the punctate
carriers, in a number of the cells in the population it was also
possible to observe motile structures that were distinctly
tubular in appearance (Figure 1B, arrowheads, and corre-
sponding movie). These tubular transport intermediates
(TTIs) were variable in length, but most were also highly
motile cycling in a manner similar to the punctate carriers.
Surprisingly, the appearance of TTIs in cells was strongly
dependent on the amount of plasmid DNA injected. Simply
increasing the concentration of DNA resulted in an increase
from 30 to 50% in the number of cells containing TTIs
(Figure 1C). To see if this phenomenon was specific for this
construct, we repeated these experiments but this time mi-
croinjecting a DNA encoding GFP-tagged ERGIC-53, an-
other recycling protein of the ER-Golgi interface (Schindler
et al., 1993). Again it was possible to see TTIs in some cells of
the population, although overall they were not as distinct as
those seen with the KDEL-R (Figure 1D and corresponding
movie). However, in a trend similar to that seen with the
KDEL-R, microinjection of higher concentrations of the plas-
mid DNA also resulted in a greater frequency of cells con-
taining TTIs after a fixed time period (unpublished data).

Because the amount of DNA available for transcription
and translation appeared to have an effect on the presence of
TTIs within cells, we next considered if expression time
might also play a role. To this end we repeated the previous
microinjection experiments but this time using a fixed con-
centration of DNA and adjusting the length of expression
time. These experiments revealed a clear correlation be-
tween expression time and the frequency of TTIs in the
population (Figure 1E). For the GFP-ERGIC-53 construct,
although after 1 h of expression no cells containing TTIs
could be detected, this proportion reached 20% after 5 h. In
contrast, for GFP-KDEL-R, it was already possible to visu-
alize TTIs in 12% of the cells after just 1 h, and this number
increased to 35% after 5 h. Incubation times longer than this
did not significantly increase the frequency of cells in the
population containing TTIs (unpublished data). Together

this suggests that either the availability of more DNA or
greater expression times are factors contributing to the ap-
pearance of tubular ER-Golgi carriers. Both of these situa-
tions should result in cells producing a greater amount of
protein, which in the case of both ERGIC-53 and the KDEL-R
requires transport between the ER and Golgi. We therefore
examined the time course experiments described above and
quantified the mean fluorescence from individual cells ei-
ther containing or not containing TTIs. In the case of the cells
expressing GFP-KDEL-R, at all of the time points after mi-
croinjection those cells with TTIs showed an increased level
of fluorescence compared with those cells without (Figure
1F). This was most striking at the longer expression times;
for example, after 5 h, the cells without TTIs had on average
only 40% of the fluorescence of the cells with TTIs. A similar,
albeit less striking effect was also seen in the experiments
with the GFP-ERGIC-53 construct. For example after 5 h of
expression the cells without TTIs had on average 60% of the
fluorescence of the cells with TTIs (Figure 1G). To validate
our approach and to be certain that increased fluorescence
correlated with an elevated amount of protein, we trans-
fected Vero cells with the GFP-KDEL-R plasmid DNA and
incubated them for increasing lengths of time. We were
clearly able to identify a number of cells containing tubular
structures, which was similar to the microinjection experi-
ments. At each time point we visually determined the per-
centage of GFP-KDEL-R-expressing cells, quantified their
mean fluorescence as before, and subjected equivalent num-
bers of transfected cells to SDS-PAGE and Western blotting
with anti-GFP antibodies (Figure 1H). An increase in the
amount of GFP-KDEL-R protein in the cells over time could
clearly be detected by both analysis methods. We therefore
attempted to correlate our fluorescence measurements with
amounts of protein. For example in Figure 1F, the fluores-
cence measurements of cells containing TTIs indicated an
increase in GFP-KDEL-R of �5.5-fold over the time course.
This would correspond to 4.8-fold if measured biochemi-
cally. This confirmed that our approach of using fluores-
cence to determine the relative increase in expressed protein
yielded results similar to more conventional biochemical
techniques.

To investigate whether the KDEL-R and ERGIC-53 TTIs
that we had been analyzing with GFP-tagged proteins could
also be observed with their endogenous counterparts in
nonmanipulated Vero cells, we fixed and immunostained
cells for these proteins. A number of ER-Golgi recycling
proteins such as GRASP65 and indeed the KDEL-R have
been previously reported to be present in tubular structures
(Marra et al., 2001). We were also able to detect a number of
cells with this characteristic, which was similar to this earlier
study (Figure 2), although the occurrence of such cells in the
population was typically below 2%. Furthermore, unlike
the situation seen with the GFP-tagged proteins in Figure 1,
the number of these tubular structures per cell was also very
low, with typically only one or two being visible in those
cells in which they could be detected. Because we could not
exclude the possibility that this low tubule abundance was
due to poor preservation of these structures after fixation
and the fact that this approach was unable to provide infor-
mation about the dynamics of TTIs, we reverted to live cell
experiments using fluorescently tagged reporters.

Because both KDEL-R and ERGIC-53 are transmembrane
proteins, we next considered if TTI formation could also be
observed and similarly modulated with a soluble cargo.
Lumenal/soluble GFP is a previously described variant of
GFP that contains a signal peptide in order to target the
protein into the ER lumen, but because it contains no other
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targeting information, it is rapidly exported from the ER and
is expelled from the cell via the classical secretory pathway
(Blum et al., 2000). To follow a wave of ER-to-Golgi transport
of soluble GFP it was necessary to first incubate the cells at
15°C, in order to accumulate the newly synthesized cargo in
the ERGIC compartment (Saraste and Kuismanen, 1984). On
release of the temperature block, the soluble GFP was ob-
served to travel rapidly toward the juxta-nuclear Golgi area

of the cell, in most cases then appearing to fuse with existing
structures at this location. Although these transport inter-
mediates were highly pleiomorphic in size, within the pop-
ulation it was possible to find cells where the carriers were
only punctate in shape (Figure 3A and corresponding
movie) and other cells where TTIs were more prevalent
(Figure 3B, arrowheads, and corresponding movie). We first
decided to investigate the effect of holding the cells at 15°C

Figure 1. Expression levels of GFP-KDEL-R and GFP-ERGIC-53 influence TTI abundance. (A) Vero cell expressing low amounts GFP-
KDEL-R showing the protein localizing to the Golgi and motile punctate structures. (B) Vero cell expressing a higher level of GFP-KDEL-R
showing the protein also present in motile tubular carriers (arrowheads). (C) Vero cells were microinjected with two different concentrations
of plasmid DNA encoding GFP-KDEL-R and incubated for 5 h. The frequency of cells in the population with distinct TTIs was determined.
Error bars indicate mean and SD between duplicate experiments. (D) Vero cells expressing GFP-ERGIC-53 showing the protein predomi-
nantly present in vesicular structures, but also in motile tubular carriers (arrowheads) in some cells. (E) Vero cells were microinjected with
50 ng/�l plasmid DNA encoding either GFP-KDEL-R or GFP-ERGIC-53 and incubated for increasing lengths of time. The frequency of cells
in the population with distinct TTIs was determined. (F) The mean GFP-KDEL-R fluorescence per cell was determined from the cells in E and
plotted for cells containing (black bars) and not containing TTIs (gray bars). (G) The mean GFP-ERGIC-53 fluorescence per cell was
determined from the cells in E after 5 h of expression. (H) Vero cells were transfected with plasmid DNA encoding GFP-KDEL-R and
incubated for the times indicated. The mean fluorescence per cell was determined for each time point (triangles). In addition an equivalent
number of transfected cells from each time point were lysed and subjected to SDS-PAGE and Western blotting with anti-GFP antibodies (see
inset), and the amount of GFP-KDEL-R protein recovered was quantified (squares). Over the time course the mean values for the slopes were
1.355 (blot) and 1.511 (fluorescence). Error bars in E–G indicate mean and SD between duplicate experiments. Bars, 10 �m. Movies accompany
A, B, and D.
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for increasing lengths of time and then after 5 min at 37°C
determining the percentage of cells in the population con-
taining TTIs. These experiments revealed that the length of
the 15°C block had little effect on the overall frequency of
TTI-containing cells within the population, with typically
60% of the cells having discernable tubular carriers (Figure
3C). We next considered the level of cargo expression in
these cells compared with those cells lacking TTIs. We con-
sistently found that cells with TTIs had on average 40%
more expressed protein than those cells without TTIs, which
was similar to the results obtained with the transmembrane
proteins, but this was also irrespective of the time at 15°C
(Figure 3D).

To understand in more detail the significance of TTIs with
respect to transport, we examined the structures on an in-
dividual cell basis. Initially we counted the number of dis-
tinct punctate and tubular structures in cells that had been
incubated at 15°C for either 1 or 5 h. We recorded that after
5 h of incubation, individual cells had 50% more soluble
GFP-containing tubular structures than those cells only in-
cubated for 1 h (Figure 3E), and in both cases 90% of these
were motile (Figure 3F, black bars). In contrast, only about
40% of the punctate structures showed motility (Figure 3F,
gray bars). When we considered only the motile structures
in each cell, we found however that irrespective of incuba-
tion time, the TTIs only contributed to about 40% of the
overall number of transport carriers (Figure 3G). Therefore
although the longer incubation time resulted in a greater
proportion of tubular structures in each cell, they were not
per se contributing to an increase in transport of the cargo.
What might therefore be the role of TTIs compared with
punctate carriers? Finally we considered the average dis-

tance traveled by the two types of carrier. Reproducibly we
found that the tubular carriers were moving 60% further
than the punctate carriers, on average 13 �m compared with
8 �m in the fixed time intervals used in these experiments
(see Materials and Methods for details; Figure 3H).

Further detailed analysis of soluble GFP transport carriers
was difficult because of the short residence time of this cargo
within the cell. Therefore we decided to focus on a recycling
component of the early secretory pathway. The p24 family of
proteins are small single transmembrane molecules that in
living cells have been observed to recycle between the ER
and Golgi complex (Blum et al., 1999). Their precise function
has not yet been elucidated, and although a role as putative
cargo receptors between these compartments is one possi-
bility (Muniz et al., 2000), in yeast at least their presence is
not essential for vesicular transport (Springer et al., 2000). To
work with a more homogeneous population of cells, we
constructed a stable HeLa cell line expressing a YFP-tagged
version of the p24 protein (see Materials and Methods for
details). SDS-PAGE and Western blotting from these cells
revealed the tagged protein to migrate at the expected mo-
lecular weight (Figure 4A). After quantifying the intensity of
the p24 bands, and taking into account that only 18% of the
cells in this population were actually expressing the tagged
p24 protein, we determined the level of overexpression to be
3.5-fold over endogenous. Next we analyzed the subcellular
localization of the p24-YFP protein using immunostaining
with known markers of the endomembrane system. At 37°C
the protein was found in a juxta-nuclear Golgi localization
and in a number of distinct peripheral structures, overall
displaying a similar distribution to that observed with the
COPI coat complex (Figure 4B). This finding was in good

Figure 2. Visualization of endogenous TTIs.
(A–D) Vero cells growing at 37°C were fixed
and immunostained for endogenous KDEL-R
(A and B) and ERGIC-53 (C and D). A small
population of the cells contained visible tu-
bular structures (arrowheads). Insets show
enlargement of tubular structures marked
with two arrowheads. Bars, 10 �m.
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agreement with previous colocalization studies of these two
proteins at the ultrastructural level (Lavoie et al., 1999). In
addition the p24-YFP protein also showed a good overlap in
the Golgi area with p27, another member of the p24 family

of proteins (Figure 4D), although few peripheral p27 struc-
tures were visualized with this antibody. A strong colocal-
ization was also observed with endogenous KDEL-R and
ERGIC-53, and a partial colocalization with the COPII sub-

Figure 3. Soluble GFP cargo influences TTI abundance. (A and B) HeLa cells expressing soluble GFP after accumulation of the cargo at 15°C
for 3 h followed by shifting the temperature to 37°C for 5 min. Some cells show transport of the cargo via vesicular carriers (A), other cells
via TTIs (arrowheads; B). (C) HeLa cells expressing soluble GFP were incubated at 15°C for increasing lengths of time, followed by incubation
at 37°C for 5 min. The frequency of cells in the population with distinct TTIs was determined. (D) The mean soluble GFP fluorescence per
cell was determined from the cells in C from the 1- and 5-h time points and is plotted for cells containing (black bars) and not containing TTIs
(gray bars). (E and F) Analysis of vesicular versus TTI carriers in individual cells incubated at 15°C for various lengths of time as indicated
followed by incubation at 37°C for 5 min. Randomly selected distinct peripheral structures were counted and determined to be either
vesicular or tubular. (E) The percentage of tubular structures at the various time points is shown. (F) The percentage of those structures that
were motile is shown. Gray bars are vesicular carriers; black bars are tubular carriers. (G) Only motile structures were counted, and these
were determined to be either vesicular or tubular, allowing their relative contribution to motility/transport to be determined. Gray bars are
vesicular carriers; black bars are tubular carriers. (H) The distance moved by the motile structures was determined. Gray bars are vesicular
carriers, black bars are tubular carriers. Error bars in C and D indicate mean and SD between duplicate experiments. Error bars in E–H
indicate mean and SD between individual cells. Bars, 10 �m. Movies accompany A and B.
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unit sec23 (unpublished data). In contrast there was little
overlap of p24-YFP with the trans-Golgi network (TGN) and
endosomal coat complex AP-1 (Figure 4C), altogether indi-
cating a correct distribution of p24-YFP in the early secretory
pathway. Finally we assessed the functionality of these cells
by performing a secretion assay using the temperature-sen-
sitive variant (ts045G) of the vesicular stomatitis virus gly-
coprotein (VSV-G) as a cargo marker, and observing its
arrival at the plasma membrane (Figure 4E). We were unable
to detect any difference in the secretion rate of ts045G in the
transfected compared with nontransfected cells in the pop-
ulation, suggesting that the presence of overexpressed p24-
YFP was having little effect on normal membrane trafficking
events as highlighted by ts045G.

In living cells the punctate p24-YFP structures were seen
to be highly motile, continually moving between the cell
periphery and the juxta-nuclear area (Figure 5A and corre-
sponding movie). Again we looked in the population for
cells containing tubular rather than vesicular carriers. At
37°C steady-state conditions, TTIs were detectable in only
18% of the cells, suggesting that transport was largely being
mediated by carriers of a vesicular nature. Because p24

cycles via the ERGIC compartment we attempted to create
an accumulation of p24-YFP cargo in this compartment us-
ing temperature blocks, as utilized in the experiments with
soluble GFP. Such temperature treatments have previously
been shown to cause a progressive accumulation of
ERGIC-53 at this location (Klumperman et al., 1998). We
incubated cells for either 30 or 60 min at 15°C, then shifted
them back to 37°C, and imaged them after a further 5 min.
We observed a striking increase in the frequency of cells in
the population now containing TTIs, compared with control
conditions (Figure 5B, arrowheads, and corresponding
movie). For example a 1-h arrest of transport in the ERGIC
compartment, resulted in an increase of almost threefold in
the number of cells now containing TTIs (Figure 5C). This
increase in the prevalence of tubules was also visible within
individual cells. Counting the distinct punctate and tubular
structures revealed that under 37°C control conditions TTIs
constituted only 10% of the total number of structures,
whereas in the time immediately after release from the tem-
perature blocks this proportion rose to 18% (Figure 5D). This
increase in TTI abundance within individual cells returned
to control levels after 30 min of incubation at 37°C, indicat-

Figure 4. Characterization of a HeLa cell line stably expressing p24-YFP. (A) HeLa cells stably expressing p24-YFP were lysed and subjected
to SDS-PAGE and Western blotting with either anti-GFP or anti-p24 antibodies. The blots revealed the presence of endogenous p24 protein
and overexpressed p24-YFP at the anticipated sizes. In the population of cells used for Western analysis only 18% contained p24-YFP
(unpublished data). Taken together with the quantification of the p24 and p24-YFP bands, a level of p24-YFP overexpression of 3.5-fold was
determined. (B–D) HeLa p24-YFP cells were fixed and immunostained for the COPI coat complex (B), the AP-1 coat complex (C), and p27
protein (D). A high degree of colocalization of p24-YFP with COPI and p27, but not AP-1, was observed. (E) HeLa p24-YFP cells were
subjected to a secretion assay using the temperature-sensitive variant (ts045G) of the VSV-G protein as a cargo marker. Little difference in
the plasma membrane (PM) delivery of ts045G between p24-YFP expressing and nonexpressing cells was observed. Arrows in B–D indicate
colocalizing structures, arrowheads designate noncolocalizing structures. Error bars in E indicate mean and SD between individual cells.
Asterisks in E indicate p24-YFP expressing cells, with representative images from the 90-min time point. Bars, 10 �m.
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ing that this was a transient response to the applied condi-
tions (unpublished data). The actual length of the TTIs after
the various temperature treatments remained constant how-
ever (Table 1).

We next examined the importance of the tubular carriers
to transport. We noted that regardless of the conditions

during the course of the experiment, on average 90% of the
TTIs in the cells were moving, which was similar to the
results with the soluble GFP cargo (Figure 5E, black bars).
However when we calculated the contribution to motility
made by all the moving carriers, we observed that after
release from the temperature blocks the TTIs now accounted

Figure 5. Release from temperature blocks enhances TTI formation. (A) HeLa cells stably expressing p24-YFP at 37°C. (B) HeLa cells stably
expressing p24-YFP were incubated at 15°C for 30 min and then incubated at 37°C for 5 min. Tubular carriers become much more prominent
(arrowheads). (C) HeLa cells stably expressing p24-YFP were either incubated at 37 or at 15°C for 30 or 60 min and then incubated at 37°C
for 5 min. The frequency of cells in the population with distinct TTIs was determined. (D–G) Analysis of vesicular versus TTI carriers in
individual cells incubated under the temperature regimes described above. Randomly selected distinct peripheral structures were counted
and determined to be either vesicular or tubular. (D) The percentage of tubular structures under the various conditions is shown. (E) The
percentage of those structures that were motile is shown. Gray bars are vesicular carriers; black bars are tubular carriers. (F) Only motile
structures were counted, and these were determined to be either vesicular or tubular, allowing their relative contribution to motility/
transport to be determined. Gray bars are vesicular carriers; black bars are tubular carriers. (G) The distance moved by the motile structures
was determined. Gray bars are vesicular carriers; black bars are tubular carriers. Error bars in C indicate mean and SD between three replicate
experiments. Error bars in D–G indicate mean and SD between individual cells. Bars, 10 �m. Movies accompany A and B.
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for double (40%) the total number of moving structures
compared with control conditions (Figure 5F). Finally we
compared the distances moved by the two classes of trans-
port intermediates. Although the various incubation condi-
tions did not greatly affect the distances moved, we ob-
served that some TTI structures often moved very large
distances (up to 20 �m); however, because of the spread in
this population the final average was not significantly dif-
ferent from that recorded for the vesicular carriers (Figure
5G).

The results above indicate that the enforced accumulation
and subsequent release of transport-competent cargo from a
donor membrane contributes to the formation of tubular
carriers. Because the ultimate destination of these structures
is most likely the same membranes as vesicular carriers, we
were curious to determine whether similar transport ma-
chinery was utilized. Bi-directional transport between the
ER and Golgi is known to involve the microtubule cytoskel-
eton. Disruption of this network using nocodazole has been
shown by various studies to dramatically reduce both ret-
rograde and anterograde transport between these mem-
branes (Lippincott-Schwartz et al., 1990; Scales et al., 1997).
Although these studies have proposed that microtubules
only serve to increase the efficiency of transport, inevitably
the reduced flow of material between these compartments is
likely to result in a gradual accumulation of transport-com-
petent cargo. Again we made use of the p24-YFP expressing
cells for these experiments and used control conditions of a
30-min incubation at 15°C followed by a 5-min release at
37°C to reliably induce TTI formation. Initially we fixed the
cells after this treatment to confirm that the microtubule
cytoskeleton had indeed been depolymerized and that the
overexpressed p24-YFP protein was not interfering with this
process (Figure 6A). In addition we also immunostained the
cells for the cis-Golgi marker GM130, and the TGN marker
TGN46, to verify that the Golgi complex was still intact
(Figure 6B). Next we analyzed the motility of the p24-YFP
containing structures in living cells. When nocodazole was
included during the 30-min incubation at 15°C, and after
warming the cells to 37°C, we still observed a number of
tubular structures present (Figure 6C, arrowheads, and cor-
responding movie). However when these experiments were
repeated, but the nocodazole washed out, these tubules
became more prominent (Figure 6D, arrowheads, and cor-
responding movie). The average length of these TTIs was
also increased compared with control conditions (Table 1).
Within the population of cells we observed an increase in the
frequency of cells containing TTIs from 30 to 45% in the
presence of nocodazole and an even more dramatic increase
to 75% after nocodazole removal (Figure 6E). Analysis of the
cells 30 min after the nocodazole washout revealed control
levels of TTIs in the population (unpublished data). Al-
though nocodazole treatment resulted in more cells contain-
ing visible tubules, when we looked at the actual number of

these in individual cells, we found that not only had the
number decreased (from 18 to 8% of the total distinct struc-
tures in nocodazole-treated cells; Figure 6F), but also that
very few were motile (Figure 6G). Although it might have
been expected that the motility of all the transport structures
be abolished by this treatment, our previous immunostain-
ings for the microtubule cytoskeleton had revealed that a
small number of very short microtubules were still present
in the cells at this time (Figure 6A, inset and arrowheads). In
these cells we were also able to observe that p24-YFP TTIs
and vesicular elements colocalized with these microtubule
remnants, making it likely that the residual motility we
detected was taking place on these structures. The removal
of nocodazole resulted in an increase in the presence of TTIs
in individual cells (25% of all structures; Figure 6F), and the
motility of these was similar to the control (Figure 6G).
Similarly, TTI contribution to overall motility in the cells
treated with nocodazole was almost not detectable (Figure
6H). Analysis of the distance traveled by TTIs in the pres-
ence of nocodazole also showed that on average they were
unable to travel more than 2 �m (Figure 6I), consistent with
the lengths of microtubule remnants that could be detected
(Figure 6A).

Membrane traffic is known to depend on a variety of other
factors that associate with the cytoplasmic face of transport
carriers. These include the Rab family of small GTPases
(reviewed in Deneka et al., 2003), and the COPI and COPII
coat complexes (reviewed in Barlowe, 2000). In addition the
p24 proteins themselves are also implicated in the regulation
of transport between the ER and Golgi (Lavoie et al., 1999;
Belden and Barlowe, 2001). To test the importance of these
factors with respect to TTI formation and motility, we mi-
croinjected various agents that selectively interfere with
these components in turn and then incubated the cells at
15°C and then 37°C as before in order to promote TTI
formation. Initially we injected synthetic peptides represent-
ing the cytoplasmic tails of the p24 and p23 proteins. Their
presence had a dramatic effect on both the abundance and
motility of all the carriers in the cell (Figures 7, A and B, and
corresponding movies). TTIs were hardly detectable in these
cells (Figure 7F), and the few that were identified showed no
motility (Figures 7, G–I, black bars). In addition the motility
of the vesicular carriers was also dramatically reduced in
these cells; for example, when the p24 tail peptides were
injected, �5% of these structures showed any significant
movement (Figure 7G). To confirm that this striking result
was not a nonspecific effect of peptide microinjection into
the cells, we designed a third peptide representing a portion
of the lumenal domain of p24, but having a pI and length
similar to the p24 tail peptide. In living cells microinjected
with this peptide and treated with the same temperature
regime as before, the motility of p24-YFP structures (both
tubular and vesicular) was observed to be similar to control
noninjected cells (Figure 7C). Detailed quantification of p24-
YFP motility from these cells also revealed a profile compa-
rable to control noninjected cells (Figures 7, F–I).

To test the importance of Rab proteins for TTI activity, we
next injected purified Rab-GDI (GTPase dissociation inhibi-
tor) protein. Rab-GDI normally functions in the cytoplasm
and holds Rab proteins in a soluble, inactive state, before
their delivery to the membrane. Cells injected with Rab-GDI
contained only a very small number of tubular structures
(Figure 7D and corresponding movie, and Figure 7F), and
we were unable to detect any motile TTIs in these cells
(Figures 7G-I, black bars), which was similar to the experi-
ments with the p23 and p24 peptides . Finally we injected
cells with the poorly hydrolysable analogue of GTP, GTP�S.

Table 1. Quantification of TTI length in HeLa p24-YFP cells after
various treatments

Treatment TTI length � SD (�m)

37°C 2.8 � 0.8
15°C/30 min to 37°C 2.7 � 0.5
15°C/60 min to 37°C 2.8 � 0.3
15°C/30 min to 37°C (nocodazole) 3.3 � 1.6
15°C/30 min to 37°C (washout) 3.7 � 0.8
15°C/30 min to 37°C (GTP�S) 5.6 � 0.8
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GTP�S has the effect of locking coat complexes on to trans-
port-competent structures. On inspection of cells injected
with GTP�S, we observed a large reticular network of tubu-
lar structures (Figure 7E, arrowheads, and corresponding
movie). The frequency of these tubules within cells was
much greater than in control cells (Figure 7F), and they were
still contributing to the overall transport observed in the
cells (Figures 7, G–I, black bars). However despite this treat-
ment appearing to have the smallest effect with respect to
motility, the tubules generated in these cells were the most
dramatic, with their mean length increasing from 2.7 to 5.6
�m (Table 1).

From all the reagents used to try and modulate the for-
mation of TTIs, the peptide tails of the p23 and p24 proteins
proved to be most effective. Because transport between the
ER and Golgi complex is highly dependent on the activity of
the COPI and COPII coat complexes, we decided to visualize
these coats in cells injected with these peptides. To our
surprise we observed that despite the lack of both vesicular
and tubular motility in these cells, both coats appeared to
have a relatively normal appearance, being largely present
on distinct membrane structures. Similar observations were
made in cells injected with both the p23 (Figure 8A) and p24
tail peptides (Figure 8B).

DISCUSSION

Bi-directional transport of cargo and machinery molecules
between the ER and Golgi complex is an essential cellular
function. Using a variety of GFP-tagged marker proteins
in living cells, we have observed that transport carriers

operating at this interface can be both vesicular and tu-
bular in appearance. Moreover we have shown here that
the abundance of tubular carriers, both within a popula-
tion of cells and in individual cells themselves, can be
dramatically increased compared with steady state con-
ditions. Here we have attempted to enforce the accumu-
lation of cargo at donor membranes through the use of
temperature blocks or the temporary removal of an intact
microtubule cytoskeleton, and on release we observed a
rapid proliferation of tubular carriers. In some instances
these TTIs accounted for almost half of the motile trans-
port carriers present in the cell.

However the treatments used here to enhance TTI pro-
duction might be considered nonphysiological. In other
words, the structures we have been observing could simply
be an outcome of the cell being unable to manage an over-
load of ectopically expressed protein. As a consequence,
excess cargo could result in a “swamping” of the conven-
tional coat machinery necessary for vesicular carrier forma-
tion. Although this possibility cannot be excluded, and in-
deed here we have been obliged to work with ectopically
expressed fluorescently tagged proteins in order to visualize
and quantify their dynamics in living cells, a number of
observations suggest that tubular structures may be genuine
transport intermediates. First, and most importantly, we
have been able to see them in nonperturbed cells, albeit in
only a small percentage of the population (�2%). One pos-
sibility therefore is that the fixation methods utilized before
immunostaining are inefficient in terms of TTI preservation.
Using GFP-tagged constructs, we also were able to observe
TTIs with soluble, transmembrane and recycling proteins,
and in all cases they appeared to act as long-range carriers,
not simply static entities linking membrane sites. Indeed in
many instances, at least at the level of the light microscope,
we were able to observe their appearance at potential donor
membranes and disappearance into acceptor membranes. In
addition, they are also likely to be transporting biologically
useful material, because not only was their appearance tran-
sient, but their induction was very rapid such that they were
unlikely to contain fluorescent protein aggregates. Quan-
tifying the fluorescence in cells containing tubular carriers
showed that these cells were expressing more of the trans-
port marker than those in which tubules could not be
detected. Altogether these data suggest that the increased
presence of transport-competent cargo, compared with
steady-state, can act as a trigger for TTI formation. It
should also be noted however that the overall abundance
of TTIs in nonperturbed cells (both in individual cells and
in populations of cells) compared with vesicular carriers
is very low. This may suggest that they participate in “on
demand” specialized transport events such as those taken
by cargo that is too large to be incorporated into 60 –
80-nm vesicles. A similar scenario has recently been pro-
posed to explain the observation of small membrane
continuities between Golgi cisternae (Marsh et al., 2004;
Trucco et al., 2004), although the extent to which these are
analogous structures to those we describe here still needs
to be determined.

What might be the molecular mechanism underlying TTI
biogenesis and movement? Vesicle and TTI formation are
likely to share a similar contingent of core machinery mol-
ecules. For example, the ras-like small GTPases are essential
for a variety of membrane traffic events, and indeed we
observed here that the inhibition of Rab function by the
presence of excess Rab-GDI protein almost totally abolished
the synthesis and movement of both vesicular and tubular
carriers. In stark contrast, the presence of GTP�S resulted in

Figure 6 (facing page). TTI motility is dependent on an intact
microtubule cytoskeleton. (A and B) HeLa p24-YFP cells were in-
cubated at 15°C for 30 min and then at 37°C for 5 min in the
presence of 10 �M nocodazole before fixing and immunostaining
for either �-tubulin (A) or GM130 and TGN46 (B). Under these
conditions the microtubule cytoskeleton was almost totally dis-
persed; however, the Golgi complex and TGN retained their juxta-
nuclear localization. Remnants of microtubules often colocalized
with p24-YFP vesicular and tubular structures (inset in A, arrow-
heads). Asterisks indicate p24-YFP expressing cells. (C) HeLa cells
stably expressing p24-YFP were incubated at 15°C for 30 min in the
presence of 10 �M nocodazole and then incubated at 37°C for 5 min.
Short nonmotile TTIs can be observed (arrowheads). (D) HeLa cells
stably expressing p24-YFP were incubated at 15°C for 30 min in the
presence of 10 �M nocodazole, and then the nocodazole washed out
and the cells were incubated at 37°C for 5 min. Longer TTIs can now
be observed (arrowheads). (E) HeLa cells stably expressing p24-YFP
were incubated as described above, and the frequency of cells in the
population with distinct TTIs was determined. Control cells were
incubated at 15°C for 30 min, and then at 37°C for 5 min, all in the
absence of nocodazole. (F–I) Analysis of vesicular versus TTI carri-
ers in individual cells incubated under the nocodazole treatments
described above. Randomly selected distinct peripheral structures
were counted and determined to be either vesicular or tubular. (F)
The percentage of tubular structures under the various conditions is
shown. (G) The percentage of those structures that were motile is
shown. Gray bars are vesicular carriers; black bars are tubular
carriers. (H) Only motile structures were counted, and these were
determined to be either vesicular or tubular, allowing their relative
contribution to motility/transport to be determined. Gray bars are
vesicular carriers; black bars are tubular carriers. (I) The distance
moved by the motile structures was determined. Gray bars are
vesicular carriers; black bars are tubular carriers. Error bars in E
indicate mean and SD between three replicate experiments. Error
bars in F–I indicate mean and SD between individual cells. Bars, 10
�m. Movies accompany C and D.
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the formation of an extensive tubular network that was often
seen to link punctate elements. These tubules were largely
immobile and did not readily detach from their donor mem-
brane. Such nonhydrolyzable GTP analogues are known to
prevent the release of vesicular coat proteins from mem-
branes, a prerequisite for fusion of the carriers at the accep-
tor membrane. Similar to that described for vesicular carri-
ers transporting VSV-G cargo between the ER and the Golgi
(Pepperkok et al., 1998), the formation of TTIs seems to be
insensitive to GTP�S, but their fission and transport is in-
hibited. A more direct method to assess the importance of
the vesicular coat in transport has been through the use of
blocking antibodies that lock the coat on membranes (Pep-
perkok et al., 1993). In these experiments secretory cargo was
seen to be present in tubular structures that also contained
ERGIC-53, but these were however mostly devoid of the

COPI coat. Analysis of ERGIC-53-containing tubules gener-
ated in the presence of aluminum fluoride similarly showed
a paucity of the COPI coat on these structures (Klumperman
et al., 1998). The common feature of all these experimental
approaches is that they restrict the availability of coat to
particular membranes. Under our experimental conditions it
is conceivable that simply the presence of additional cargo
overwhelms the coat machinery, thereby resulting in tubular
rather than vesicular carriers. However the fact that under
these conditions TTI formation actually appears to be pro-
moted, is an indication that the coat per se might not be
necessary for tubular carrier formation, but rather would
have alternative roles. These might include enhancing the
efficiency of carrier formation by assisting in the sorting and
concentration of cargo at a predetermined site or linking the

Figure 7. Regulation of TTIs involves other known membrane traffic components. (A–E) HeLa cells stably expressing p24-YFP after
microinjection with various factors that may perturb membrane traffic. Example cells microinjected with 1 mg/ml p24 tail peptide (A), 1
mg/ml p23 tail peptide (B), 1 mg/ml p24 lumenal peptide (C), 0.5 mg/ml Rab-GDI (D), and 100 �M GTP�S (E) were incubated at 15°C for
30 min and then at 37°C for 5 min are shown. TTIs can be observed in some cells (arrowheads). A control noninjected cell is also shown in
A (marked ‘con’). (F–I) Analysis of vesicular versus TTI carriers in individual cells incubated under the various treatments described above.
Randomly selected distinct peripheral structures were counted and determined to be either vesicular or tubular. (F) The percentage of tubular
structures under the various conditions is shown. (G) The percentage of those structures that were motile is shown. Gray bars are vesicular
carriers; black bars are tubular carriers. (H) Only motile structures were counted, and these were determined to be either vesicular or tubular,
allowing their relative contribution to motility/transport to be determined. Gray bars are vesicular carriers; black bars are tubular carriers.
(I) The distance moved by the motile structures was determined. Gray bars are vesicular carriers; black bars are tubular carriers. Error bars
in F–I indicate mean and SD between individual cells. Bars, 10 �m. Movies accompany A–E.
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membrane to additional cytoplasmic factors. Indeed at the
ER, the sec24 subunit of the COPII coat has been shown to
play a direct role in cargo selection (Miller et al., 2002, 2003),
and more recently the sec23 subunit to directly interact with
the dynactin complex, thereby providing a link to the cy-
toskeleton (Watson et al., 2005). Under conditions where
either too little coat or an excess of transport-ready cargo
was present at a particular membrane site, the outcome
would still be the formation of a transport carrier, albeit one
lacking the vesicular profile afforded by the presence of a
rigid proteinaceous coat.

If such a mechanism were true, machinery to pull the
transport carrier away from the donor membrane is still
required. Work by Roux and colleagues (Roux et al., 2002)
potentially sheds light on how this may occur. They devel-
oped an experimental system whereby they could pull thin
membrane tubes out of giant unilamellar vesicles and puri-
fied Golgi membranes. In this first study they also showed
that the presence of kinesin motor proteins was essential for
this process. In our work we show that an intact microtubule
cytoskeleton is a key parameter for TTI biogenesis and sub-
sequent motility in living cells. Furthermore, on restoration
of this network after nocodazole treatment and washout,
tubulation is greatly enhanced. This suggests that indeed
motor proteins are key elements in TTI formation. Our pre-
liminary unpublished data also suggest that one of these
motors may be dynein, because microinjection of the p50/
dynamitin dynactin subunit abolished p24-YFP TTI forma-
tion and movement.

However the question still remains as to how the cargo
can influence TTI formation. Our experiments revealed that
the simple accumulation of cargo was a strong factor in TTI

synthesis. If cargo proteins were tightly sequestered in a
small volume at a preferential site of transport, it is conceiv-
able that they may change the local membrane environment.
Different fluid domains in membranes have previously been
shown to influence membrane curvature (Baumgart et al.,
2003; Roux et al., 2005), and therefore a local high concen-
tration of cargo protein would be a simple extension of this.
Accumulating cargo would however still need to link with
the microtubule network on the outer face of the membrane.
This could most likely be achieved through the use of trans-
membrane proteins, because they can also act as bridges
from soluble cargo inside the lumen of the donor membrane.
Strikingly we observed a complete elimination of TTI syn-
thesis when cells were injected with competing peptides
representing the cytoplasmic tails of the p24 protein family.
Yet despite this strong effect, the global appearance of the
COPI and COPII coats in these cells remained unchanged at
the peptide concentrations we used, excluding the possibil-
ity that the observed inhibitory effect of the tail peptides was
solely caused by their removal of the membrane-associated
coat. This raises the intriguing possibility that perhaps one
function of the p24 proteins is to link transport-competent
cargo with the cytoskeleton or motor proteins as the first
step in TTI biogenesis. We are currently exploring this pos-
sibility.

Our results suggest a strong link between cargo accumu-
lation and the formation of tubular carriers, leading to the
hypothesis that TTIs are specialized carriers that could pro-
vide an additional mechanism to rapidly transport material
between membranes. The further dissection of this machin-
ery compared with that used in vesicle biogenesis will be the
challenge ahead.

Figure 8. Peptide tails of p23 and p24 proteins do not affect COPI and COPII coat distribution. (A and B) Appearance of coat proteins in
HeLa cells after microinjection with p23 or p24 peptide tails. HeLa cells were microinjected with 1 mg/ml p23 or p24 tail peptides and then
incubated at 15°C for 30 min and then at 37°C for 5 min before fixing and immunostaining for COPI and COPII coat complexes. Cells in A
were microinjected with p23 tail peptide, and cells in B with p24 tail peptide. Asterisks indicate injected cells. Bars, 10 �m.
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