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Newly synthesized proteins that leave the endoplasmic reticulum
(ER) are funnelled through the Golgi complex before being sorted
for transport to their different final destinations. Traditional
approaches have elucidated the biochemical requirements for
such transport'~ and have established a role for transport inter-
mediates*®. New techniques for tagging proteins fluorescently”'
have made it possible to follow the complete life history of single
transport intermediates in living cells, including their formation,
path and velocity en route to the Golgi complex. We have now
visualized ER-to-Golgi transport using the viral glycoprotein
ts045 VSVG tagged with green fluorescent protein (VSVG-GFP).
Upon export from the ER, VSVG-GFP became concentrated in
many differently shaped, rapidly forming pre-Golgi structures,
which translocated inwards towards the Golgi complex along
microtubules by using the microtubule minus-end-directed
motor complex of dynein/dynactin. No loss of fluorescent mate-
rial from pre-Golgi structures occurred during their translocation
to the Golgi complex and they frequently stretched into tubular
shapes. Together, our results indicate that these pre-Golgi carrier
structures moving unidirectionally along microtubule tracks are
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responsible for transporting VSVG-GFP through the cytoplasm to
the Golgi complex. This contrasts with the traditional focus on
small vesicles as the primary vehicles for ER-to-Golgi transport.

VSVG protein from the ts045 mutant strain of vesicular stoma-
titis virus has been widely used to study membrane transport
because of its reversible misfolding and retention in the ER at
40°C and its ability to move out of the ER and into the Golgi
complex upon temperature reduction to 32 °C'""". Green fluores-
cent protein (GFP)*'” was attached to the cytoplasmic tail of VSVG
ts045. When expressed in COS cells incubated at 40 °C, VSVG-GFP
fluorescence was localized exclusively to the ER (Fig. 1a; 40°C), a
result consistent with the temperature-sensitive folding phenotype
of the viral glycoprotein. Upon temperature shift to 32 °C for 15 min
the fusion protein redistributed into the juxtanuclear Golgi com-
plex (Fig. 1a; 32 °C) and in biochemical assays'* became resistant to
endo H (data not shown). This time frame for Golgi transport and
processing of the fusion protein was indistinguishable from that of
untagged VSVG protein in COS cells and was followed by redis-
tribution of VSVG-GFP to the cell surface. Thus, neither the GFP tag
nor the imaging of living cells appeared to interfere with the normal
folding and transport properties of VSVG.

The initial targets for vesicles budding from the ER en route to the
Golgi complex are pleiomorphic tubulovesicular structures found
in the Golgi region and in peripheral sites*®, which are enriched in
several proteins (including the COP1 subunit B-COP and
ERGIC53)"™"%, and whose proposed function is to concentrate
and sort secretory cargo'®. At reduced temperatures (such as
15°C) these pre-Golgi structures become markedly enlarged and
accumulate secretory products®', presumably owing to a rate-limit-
ing step in membrane transport through these intermediates®?.
VSVG-GFP accumulated in such intermediate structures upon
incubation for 3h at 15°C, co-localizing extensively with -COP
(Fig. 1a; 15°C) and ERGIC53 (data not shown).

To examine how VSVG-GFP is transported from such intermedi-
ates into the Golgi region, cells expressing the chimaeric proteins at
15°C were placed on a microscope stage warmed to 32°C and
fluorescent images were collected at 3.6-s intervals. As shown in Fig.
1b and c (also see Quicktime movie at http://dir.nichd.nih.gov/
CBMB/pbllabob.html), peripheral pre-Golgi structures containing
VSVG-GFP translocated rapidly as units into the centrosomal
region where they merged into the large fluorescent area marking
the Golgi complex. Figure 1b (centre) maps the movement of several
of these structures over the course of 9 min upon warm-up from
15°C to 32°C. Such structures moved along straight or curvilinear
paths towards the cell centre at speeds of up to l.4ums .
Individual pre-Golgi elements were often greater than 1.5 um in
diameter and frequently changed shape during translocation. Stain-
ing of fixed cells with 3-COP antibodies during this period revealed
the continued association of 3-COP and the VSVG-GFP-containing
pre-Golgi structures as they clustered inwards to the Golgi complex
(data not shown). Inward translocation of two pre-Golgi structures
(marked by arrows) is shown in Fig. lc. A single long tubule was
often seen extending in the direction of motion of the pre-Golgi
element (Fig. 1b, inset), suggesting that a motor on the tip of the
tubule was pulling the mass of pre-Golgi membranes towards the
Golgi complex.

Pre-Golgi structures became motile at variable times after warm-
up to 32°C and moved in a stop-and-go fashion toward the Golgi
complex. The velocity and path of a single element containing
VSVG-GFP, which illustrates this motion, is plotted in Fig. 2a and b.
Pre-Golgi structures did not lose fluorescence intensity as they
translocated inwards (Fig. 2c), indicating that VSVG-GFP mole-
cules present within them did not bud off into small vesicle carriers,
but were carried en masse with this structure into the Golgi region.

Cells expressing VSVG-GFP were also visualized upon shifting
the temperature directly from 40°C to 32°C (Fig. 3a—d and
Quicktime movie). Within 1 to 5 min of the shift to lower
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temperature, numerous bright fluorescent structures began to
appear at widely dispersed sites within the reticular ER labelled by
VSVG-GFP (Fig. 3a, arrows). These structures were smaller than the
pre-Golgi intermediates observed at 15°C, but like the 15°C
structures were labelled by antibodies against B-COP (data not
shown). When such structures formed, their relative fluorescent
intensity was as much as 4 to 10 times above the diffuse fluorescence
in the ER (see inset, Fig. 3a). Imaging of the lifetime of these
structures revealed that they formed within seconds and stayed at
peripheral sites for only brief periods before translocating into the
Golgi region (Fig. 3c). Multiple motile structures rarely, if ever,
originated sequentially from the same single site but seemed to arise
randomly within the ER. Formation and translocation of VSVG-
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GFP-enriched structures repeatedly occurred until virtually all of
the ER-derived fluorescence was redistributed into the Golgi region
15 min after temperature shift (Fig. 3b).

Peripheral pre-Golgi structures containing VSVG-GFP that
appeared upon temperature shift from 40 °C to 32 °C translocated
rapidly into the Golgi region in a ‘stop-and-go’ manner, following
inward trajectories similar to those of the larger pre-Golgi structures
observed during warm-up from 15 °C (Fig. 3¢). Movement was not
synchronous. At any one time there was a small population of
immobile structures. Once a peripheral structure began to move, its
fluorescence intensity remained constant. Maximum velocities for
movement were around 1.4 wms ', similar to velocities of pre-
Golgi elements in cells warmed from 15 °C to 32 °C, and consistent

Figure 1 Expression and transport of VSVG-GFP in living cells. a,
VSVG-GFP expressing COS cells were incubated at 40 °C for 12 h (left
panel, 40°C) and then shifted to 32 °C for 15 min (middle panel, 32°C)
or to 15°C for 3h (right panel, 15°C; fixed (2% formaldehyde) and
stained with antibodies to BCOP). The left and middle panels show
fluorescence images taken of the same living cell. Green staining in
right panelis VSVG-GFP, red staining is BCOP and yellow represents
overlap of the two. Scale bar, 20 um. b, VSVG-GFP-expressing COS
cells incubated at 15°C for 3h and fluorescence images collected at
32°C. Left panel shows the distribution of VSVG-GFP at the time of
warm-up, and right panel shows the distribution 9min later in the
same cell. Paths of pre-Golgi structures are shown in the middle
panel (3.6 sintervals). Arrows pointin the direction of motion. Inset of
middle panel shows high magnification of motile pre-Golgi structure
extending a tubule in its direction of movement (marked by arrows).
Scale bar, 20 um. ¢, Image series showing movement of two pre-
Golgi structures (see upper and lower arrows) into the Golgi region
(GC). Scale bar, 6 um. (A Quicktime movie sequence from the
experimentin b is available at http://dir.nichd.nih.gov/CBMB/pb1la-
bob.html)
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Figure 2 Pathway, velocity and fluorescence intensity of single pre-Golgi
structure en route to the Golgi complex. Data are from a single representative
cell observed upon warm-up from 15°C to 32°C. a, Path of a single pre-Golgi
intermediate toward the Golgi region. Filled circles show the position of the pre-
Golgi intermediate at 3.6-s intervals (100 s total). Arrows show direction of motion.
Scale bar, 5.2 um. b, Average velocity of same structure. Filled bars (with letters
a-e corresponding to a-e of a) mark the average velocity of the pre-Golgi
structure during each 3.6-s interval. ¢, Fluorescence intensity of the same
structure followed in a and b (filled circles) and normalized to time 0. Also
shown are mean values for the 35 brightest pre-Golgi intermediates in the
same cell = s.d. (empty circles;n = 9 at the end of sequence).
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with maximal velocities of microtubule-based motors*. Extension
of tubule processes from a large proportion of the pre-Golgi
structures (observed either through the eyepiece of the microscope
or in confocal images) indicated these structures were pleiomorphic
intermediates rather than single small vesicles (which are incapable
of such shape changes) (Fig. 3d). Because virtually every VSVG-
GFP-containing pre-Golgi intermediate could be tracked into the
Golgi region as an intact unit within a few minutes of its formation
(with no significant change in relative fluorescent intensity), VSVG-
GFP was carried en bloc by these structures to the Golgi complex, as
during warm-up from 15°C. Similar results were found in HeLa,
NRK, MDCK, CHO and primary glial cells transfected with VSVG-
GFP.

The fate of pre-Golgi structures upon translocation to the Golgi
region was observed in cells whose Golgi area was emptied of
fluorescence by photobleaching® (Fig. 3e and Quicktime movie).
Within 5s to 1min after photobleaching, pre-Golgi structures
began translocating and delivering their contents to the Golgi
complex. Within 3 to 5min of photobleaching, the profile of
VSVG-GFP-containing Golgi membranes was similar to the pre-
bleach image and there appeared to be no other source than these
pre-Golgi structures for delivery of fluorescence. Possible mechan-
isms for transfer of fluorescence from pre-Golgi structures to the
Golgi complex include vesicle budding and fusion, or fusion of
whole pre-Golgi structures to the cis face of the Golgi complex. No
pre-Golgi structures were observed moving back to the cell periphery

32°C 15 min

Figure 3 ER to Golgi transport of VSVG-GFP visualized upon shift from 40°C to
32°C orin cells whose Golgi area is photobleached. a-d, VSVG-GFP-expressing
COS cells were incubated for 12 h at 40°C and then shifted to 32°C. a, Distribution
of VSVG-GFP after 5min at 32°C. Arrows show examples of pre-Golgi inter-
mediates. Inset shows two pre-Golgi structures with fluorescence intensity
several fold greater than the ER. b, Same cell after 15min at 32°C. Scale bar,
20 um. ¢, Paths taken by several representative pre-Golgi structures en route to
the Golgi complex (same cell as in a and b). Positions shown are at 8.6-s intervals.

NATURE|VOL 389|4 SEPTEMBER 1997

letters to nature

with any portion of their cargo of VSVG-GFP.

In cells treated with nocodazole to depolymerize microtubules at
the time of temperature shift to 32 °C, VSVG-GFP was exported out
of the ER into peripheral pre-Golgi elements (Fig. 4a—c). These
structures, however, failed to acquire directed motility and
remained stationary in the cell periphery (Fig. 4e). Antibody
staining of these structures in fixed cells revealed that they contained
B-COP and lacked Golgi enzymes (data not shown). Moreover, no
significant processing of VSVG-GFP to forms resistant to endo H
was observed under these conditions (with less than 5% VSVG-GFP
resistant to endo H after 20min). These results indicate that
microtubules are required for translocation of pre-Golgi structures
inwards to the cell centre where the Golgi complex normally resides.
Upon removal of nocodazole from cells, the peripheral pre-Golgi
structures began to move and translocated as individual aggregates
following curvilinear trajectories into the cell centre (Fig. 4f).

Over time in cells treated with nocodazole at 32 °C, peripheral
pre-Golgi elements containing VSVG-GFP grew increasingly
brighter and larger in size (Fig. 4d). This was in contrast to pre-
Golgi structures in cells with intact microtubules, whose fluores-
cence intensity remained constant as they translocated into the
Golgi region (Fig. 2c¢). This difference suggests that pre-Golgi
structures in nocodazole-treated cells remain closely associated
with ER exit sites where they can continually receive VSVG-GFP
and other proteins exported from the ER. Over 1 to 2h in
nocodazole-treated cells, Golgi enzymes slowly redistributed into

d, Image series showing shape change of a pre-Golgi intermediate as it trans-
located to the Golgi complex over the time interval shown. Scale bar, 4 um.
e, VSVG-GFP-expressing COS cells were incubated for 12h at 40°C, shifted to
15°C for 3h and then warmed to 32°C. Fluorescence associated with the Golgi
complex was photobleached with high-intensity laser light and subsequent
inward delivery of VSVG-GFP from pre-Golgi intermediates followed over the
time periods indicated. Scale bar, 9.6 um.
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Figure 4 Role of microtubules and dynein/dynactin in translocation of pre-Golgi
structures. a-c¢, COS cells expressing VSVG-GFP at 40°C were placed on ice for
15 min with 1 wg mI™ nocodazole, and warmed to 32°C in the presence of drug.
Images were collected at 0min (a), 10min (b) and 20 min (e) at 32°C. Scale bar,
20 wm. d, Fluorescence intensity of pre-Golgi structure in nocodazole-treated cell
from image sequences collected at 3.6-s intervals at 32 °C. e-g, Path of pre-Golgi
structures in cells in which VSVG-GFP was accumulated in the ER at 40°C and
then images taken at 10-s intervals at 32°C under different conditions. ‘Start’

the peripheral structures containing VSVG-GFP (data not shown),
leading to reformation of Golgi stacks at ER exit sites as previously
described™.

The loss of motility of pre-Golgi elements after microtubule
disruption with nocodazole suggested that a microtubule motor
protein powers their inward movement. Consistent with this,
energy depletion with deoxyglucose and azide blocked their
inward translocation (data not shown). Cytoplasmic dyneins are
minus-end-directed, microtubule-dependent ATPases involved in
organelle motility. At least one isoform of cytoplasmic dynein’
(dynein 1) interacts with dynactin®?, another multisubunit com-
plex, to target subcellular organelles to microtubules. To inhibit
dynein activity, we overexpressed the p50/dynamitin subunit of
dynactin in VSVG-GFP-expressing cells. Overexpression of dyna-
mitin disrupts the dynactin complex and dissociates both it and
cytoplasmic dynein from mitotic kinetochores®. It also results in
dispersion of the Golgi complex, presumably because of a role of
dynein/dynactin in Golgi positioning®. As shown in Fig. 4g, VSVG-
GFP-containing peripheral structures failed to translocate into the
centrosomal region upon shift from 40°C to 32°C in cells over-
expressing dynamitin and remained as stationary structures in the
cell periphery even though microtubules were intact. This inhibi-
tory effect occurred before the effects of dynamitin on Golgi
fragmentation (not shown) and suggested that translocation of
peripheral pre-Golgi structures inwards along microtubules is
powered by the microtubule motor complex of dynein/dynactin.

In summary, use of VSVG-GFP chimaeras to follow membrane
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shows the distribution of VSVG-GFP at the beginning of the sequence, 'End’
shows the distribution 9 or 20min later. Middle panels show the path of
structures tracked over the period between ‘start’ and ‘end’. e shows a 9-min
sequence of a cell treated with nocodazole as in a and images taken starting after
20 mininthe drug. f shows a 20-min sequence of a cell treated with nocodazole as
in e and then washed free of the drug. g, A 9-min sequence of a cell co-expressing
VSVG-GFP and dynamitin beginning after 10min at 32°C. A Quicktime movie
sequence of e-g is available (see Fig. 1 legend).

transport in living cells has revealed new information about the
nature and lifetime of transport intermediates involved in mem-
brane traffic between the ER and Golgi complex. VSVG-GFP rapidly
emerged from the ER at multiple peripheral sites, resulting in the
accumulation of chimaeric protein in numerous peripheral mem-
brane structures. These structures translocated as units along
microtubules into the Golgi region without loss of accumulated
VSVG-GFP, and were often large enough to deform in shape during
transport, suggesting they are non-vesicular membrane transport
intermediates. The data further underscore the importance of
microtubules and microtubule-based motors: pre-Golgi transport
intermediates required microtubules to translocate inwards to the
Golgi complex and appeared to use the dynein/dynactin motor
complex for this purpose. O
Methods

Cloning and expression of VSVG-GFP. VSVG-GFP was generated by fusing
enhanced GFP (Clontech, Palo Alto, CA) directly after the final amino acid of
the carboxy terminus of VSVG ts045 (ref. 30; provided by J. Rose) by standard
two-stage polymerase chain reaction (PCR) cloning methods. The construct
was cloned into the CMV promoter-driven expression plasmid, pCDMS8.1
(Invitrogen), and transiently expressed in COS cells by electroporation.
Fluorescence imaging. GFP-expressing cells were imaged at 32 °C in buffered
medium with a Zeiss LSM 410 confocal microscope system having a X100 Zeiss
planapo objective (NA1.4) or with a microscope equipped with a cooled
charge-coupled device (CCD) system described in ref. 14. Detectors on both
microscopes gave a linear response to light under the conditions in this study.
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Small 50—100 nm structures (vesicles) can easily be detected with our imaging
system given the presence of enough fluorescent signal (we can visualize coated
pits or caveolae using fluorescent antibody labelling). Line averaging rather
than frame averaging was used in confocal imaging (images were acquired with
a single top-to-bottom scan) to prevent artefacts caused by movement during
data acquisition. Temperature was controlled using a Nevtek air stream stage
incubator (Bursville). The GFP molecule was excited with the 488 line of a
krypton-argon laser and the images made with a 515-540 bandpass filter.
Images were processed using NIH image software (Wayne Rasband Analytics,
NIH) and were printed with a Fujix Pictrography 3000 digital printer.

Fluorescence intensity of pre-Golgi intermediates formed at 15°C was
measured by centering on a circular region of interest 6 pixels in diameter
(1 pixel = 0.26 pm in the source images for Fig. 2) on the brightest point of the
punctate pre-Golgi intermediate in each image and measuring the total
fluorescence in this region. If this region was insufficient to surround the
apparent area of the pre-Golgi intermediate in the first frame completely, a
larger region was used for the first and kept constant for subsequent frames. A
nearby background region of equal area was similarly measured and subtracted.
Background pixel values were <<20% of the average intensity of these structures.
Fluorescence intensity was normalized to the first time point.
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Smad4 and FAST-1 in
the assembly of
activin-responsive factor

Xin Chen, Ellen Weisherg, Valerie Fridmacher,
Minoru Watanabe, Grace Naco & Malcolm Whitman
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Boston, Massachusetts 02115-5730, USA

Members of the TGF-f superfamily of signalling molecules work
by activating transmembrane receptors with phosphorylating
activity (serine—threonine kinase receptors)'; these in turn phos-
phorylate and activate’ SMADs™, a class of signal transducers.
Activins are growth factors that act primarily through Smad2*~/,
possibly in partnership with Smad4, which forms heteromeric
complexes with different ligand-specific SMADs after acti-
vation®. In frog embryos, Smad2 participates in an activin-
responsive factor (ARF), which then binds to a promoter element
of the Mix.2 gene'". The principal DNA-binding component of
ARF is FAST-1 (ref. 11), a transcription factor with a novel
winged-helix structure. We now report that Smad4 is present in
AREF, and that FAST-1, Smad4 and Smad2 co-immunoprecipitate
in a ligand-regulated fashion. We have mapped the site of inter-
action between FAST-1 and Smad2/Smad4 to a novel carboxy-
terminal domain of FAST-1, and find that overexpression of this
domain specifically inhibits activin signalling. In a yeast two-
hybrid assay, the FAST-1 carboxy terminus interacts with Smad2
but not Smad4. Deletion mutants of the FAST-1 carboxy terminus
that still participate in ligand-regulated Smad2 binding no longer
associated with Smad4 or ARF. These results indicate that Smad4
stabilizes a ligand-stimulated Smad2-FAST-1 complex as an
active DNA-binding factor.

Smad?2 associates in a ligand-regulated manner with another
member of the Smad family, Smad4 (ref. 8). To test whether
Smad4 is a component of ARF, we expressed epitope-tagged
Smad4 by injection of messenger RNA into 2-cell embryos either
with or without co-injection of activin mRNA; we then tested
whether ARF isolated from these embryos at stage 9 could be
supershifted in an electrophoretic mobility-shift assay (EMSA) by
incubation with anti-tag antibody (Fig. 1a). In this assay, Smad4 was
incorporated into ARFE, but overexpression of Smad4 was insuffi-
cient to stimulate ARF formation in the absence of ligand activation
(Fig. 1a, lanes 2 and 3).

Incorporation of Smad4 into ARF could reflect either the asso-
ciation of Smad2, Smad4 and FAST-1 into the same complex, or the
formation of two distinct types of ARF: Smad2-containing ARF and
Smad4-containing ARF. To distinguish between these possibilities,
we overexpressed Smad2 bearing a Myc-epitope tag and Smad4
bearing a haemagglutinin (HA) epitope tag, and did an EMSA
supershift with each anti-tag antibody alone or together. Addition
of both anti-tag antibodies supershifted ARF-containing tagged
Smad4 and Smad2 to a position higher than either antibody alone
(Fig. 1b), indicating that Smad2 and Smad4 are present in the same
complex, rather than in two discrete subsets of ARF complexes.
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