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The role of COPII components in endoplasmic reticulum (ER)-Golgi transport, first identified in the yeast
Saccharomyces cerevisiae, has yet to be fully characterized in higher eukaryotes. A human cDNA whose predicted
amino acid sequence showed 70% similarity to the yeast Sec13p has previously been cloned. Antibodies raised
against the human SEC13 protein (mSEC13) recognized a cellular protein of 35 kDa in both the soluble and
membrane fractions. Like the yeast Sec13p, mSEC13 exist in the cytosol in both monomeric and higher-
molecular-weight forms. Immunofluorescence microscopy localized mSEC13 to the characteristic spotty ER-
Golgi intermediate compartment (ERGIC) in cells of all species examined, where it colocalized well with the
KDEL receptor, an ERGIC marker, at 15&C. Immunoelectron microscopy also localized mSEC13 to membrane
structures close to the Golgi apparatus. mSEC13 is essential for ER-to-Golgi transport, since both the
His6-tagged mSEC13 recombinant protein and the affinity-purified mSEC13 antibody inhibited the transport
of restrictive temperature-arrested vesicular stomatitis virus G protein from the ER to the Golgi apparatus in
a semi-intact cell assay. Moreover, cytosol immunodepleted of mSEC13 could no longer support ER-Golgi
transport. Transport could be restored in a dose-dependent manner by a cytosol fraction enriched in the
high-molecular-weight mSEC13 complex but not by a fraction enriched in either monomeric mSEC13 or
recombinant mSEC13. As a putative component of the mammalian COPII complex, mSEC13 showed partially
overlapping but mostly different properties in terms of localization, membrane recruitment, and dynamics
compared to that of b-COP, a component of the COPI complex.

Biochemical assays developed to provide insight into mech-
anisms regulating vesicular transport between the cis- and me-
dial Golgi apparatus have led to a working model of coat
protein-mediated budding. In the case of the vesicles coated
with the coatomer (COPI) complex, the process is initiated by
the sequential binding of the small GTPase, ARF1 (21), and
the seven-subunit coatomer complex (19, 66) from the cytosol.
Coatomer and ARF1 in fact represent the minimal cytosolic
requirement for the generation of Golgi-derived buds and ves-
icles (41). These proteins assemble into a coat distinct from
clathrin that remains stably associated with the surface of ves-
icles generated in the presence of a nonhydrolyzable GTP
analog, GTPgS (49). Coatomer has also been shown to be
involved in anterograde endoplasmic reticulum (ER)-Golgi
transport. Antibodies against b-COP inhibited the transport of
the vesicular stomatitis virus (VSV) temperature-restricted G
protein (VSVG) from the ER to the Golgi apparatus both in
vivo (43) and in vitro (44). Also, a ε-COP mutant CHO line is
defective in ER-Golgi transport at the nonpermissive temper-
ature (16). Homologs for several coatomer subunits have been
identified in the yeast Saccharomyces cerevisiae. Yeast b-COP,
b9-COP, and g-COP are products of the SEC26, SEC27, and

SEC21 genes (24, 26, 61), respectively, and all of the corre-
sponding mutants are blocked in ER-Golgi transport. Recent
data from work done with the yeast system have suggested that
coatomer also plays an essential role in retrograde Golgi-
to-ER transport, at least in the retrieval of dilysine-tagged
proteins (31). At the ultrastructural level (39), b-COP has been
localized mainly to the cis-Golgi region that colocalizes with
markers of the intermediate compartment (27) and at 158C to
the intermediate compartment by light microscopy (15, 34) and
electron microscopy (15). These data lend support to the no-
tion that one of its places of function is at the ER-Golgi
boundary.
Combined genetic and biochemical approaches with yeast

have identified a distinct set of proteins required for vesicle
budding from the ER (2). In the presence of GTP and ATP,
the requirement for cytosol in the budding of fusion-compe-
tent vesicles from the yeast ER can be satisfied in vitro by
Sar1p, the Sec23p complex, and the Sec13p complex (50, 51).
Sar1p is a small GTPase (38) that functionally interacts with
Sec12p, an ER integral membrane protein (8, 37) which is the
GDP/GTP exchange molecule for Sar1p (3). Sec23p is func-
tionally the Sar1p-specific GTPase-activating protein (67) and
is found in the cytosol as a 400-kDa complex with a 105-kDa
protein, Sec24p, which has no apparent effect on Sec23p’s
GTPase-activating protein activity but is itself important for
ER-Golgi transport (22). The Sec13p complex migrates at 700
kDa and is composed of two proteins with WD-40 (or b-trans-
ducin-like) repeats: Sec13p itself (47, 51) and a 150-kDa pro-
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tein, later identified to be Sec31p (68). There is apparent
mechanistic similarity in the overall cycle of vesicle budding
between that driven by ARF and the coatomer and that driven
by the Sec13p-Sec23p complexes identified in yeast. Both are
regulated by a small GTPase, and in both cases the cytosolic
proteins required for vesicle formation are retained on the
vesicles in the presence of nonhydrolyzable GTP analogs. The
difference in the molecular compositions of the two coat com-
plexes led to the proposal of the terms COPI for the former
and COPII for the latter (2).
Although the function of yeast COPII molecules in ER-

Golgi transport has been investigated through the availability
of the corresponding mutants, investigations into the function
of COPII homologs in mammalian cells have been lacking
largely because of technical difficulties in setting up a corre-
sponding vesicle budding assay with posttranslationally in-
serted cargo marker and the lack of direct molecular markers
to study the components involved. Early implications for the
participation of mammalian COPII components in ER-Golgi
transport came from the localization of the putative mamma-
lian Sec23p (based on immuno-cross-reactivity with the yeast
Sec23p) to the transitional elements of the ER (42). Two
isoforms of the mammalian Sar1p homolog had recently been
cloned, and a trans-dominant mammalian SAR1 (mSAR1) mu-
tant with a preferential affinity for GDP is shown to inhibit
ER-Golgi transport but not transport between sequential
Golgi compartments (28). A human cDNA encoding a protein
53% identical to yeast Sec13p had also been isolated (63), and
genetic assays of complementation and synthetic lethality dem-
onstrated that there was conservation of function between this
human protein and yeast Sec13p (60), but a direct functional
analysis of the role the human Sec13p homolog (mSEC13) in
ER-Golgi transport has not been performed.
It is generally understood that ER-Golgi transport repre-

sents the first vesicular transport step in the exocytotic pathway
(23, 45). However, it is not known with any certainty exactly
how many vesicle budding and fusion steps are involved in a
single round of cargo transport from the ER to the Golgi
apparatus. There is now considerable evidence for the exis-
tence of a morphologically defined ER-Golgi intermediate
compartment (ERGIC) (23, 27, 54, 58, 59). In studies moni-
toring ER cargo en route to the Golgi apparatus, the envelope
proteins of Semliki Forest virus (52) and VSV (15, 35) can be
accumulated during ER-to-Golgi transport by a low-tempera-
ture (158C) treatment in spotty structures which are distributed
throughout the cell periphery. At the ultrastructural level,
these seem to be made up of clustered vesicles and short
tubules (35). The ERGIC is also distinguished by the existence
of several markers. A 53-kDa lectin-like (12) molecule, ER-
GIC53, identified by a monoclonal antibody against Golgi frac-
tions of human CaCo2 cells (56–59) is enriched in a compart-
ment with morphological and sedimentation properties
different from those of the ER and Golgi apparatus. A ho-
molog of the primate ERGIC53 in rodent cells has an apparent
molecular mass of 58 kDa (30, 53, 54). Both of these proteins,
which accumulate in spotty structures upon incubation at 158C
(54, 58, 64), were shown to drastically change their immuno-
fluorescent localization patterns upon a temperature switch
from 15 to 378C. Based on such changes, it has been suggested
that these proteins recycle between the ER and Golgi appara-
tus, although clear biochemical evidence for this model has yet
to be obtained. A number of different functions have been
attributed to the ERGIC. It has been proposed to be the site
of protein palmitylation (6), retrieval of misfolded proteins
(18) and ER resident proteins, and a compartment mediating
ER-Golgi transport (46, 58). Recent evidence suggests that it

may be a compartment where segregation of the ER-Golgi
anterograde and retrograde cargo occurs (1, 64).
To morphologically and functionally characterize the mam-

malian homolog of Sec13p, we have raised polyclonal antibod-
ies against a hexahistidine-tagged recombinant form of the
protein. Both the recombinant protein and the affinity-purified
antibody inhibited ER-Golgi transport in a biochemical assay.
Moreover, we were able to abolish transport activity from the
cytosol by the specific immunodepletion of mSEC13 and sub-
sequently restored transport activity with a gel filtration frac-
tion enriched in the 700-kDa mSEC13 complex. The antibody
localized the majority of the membrane-associated fraction of
mSEC13 to the ER and the ERGIC. Using indirect immuno-
fluorescence, we have also compared the membrane recruit-
ment and subcellular dynamics of mSEC13 to that of b-COP,
as well as performed colocalization studies with the antero-
grade cargo VSVG under various conditions of temperature
manipulation.

MATERIALS AND METHODS

Cell culture media and fetal bovine serum were from Gibco Laboratories
(Grand Island, N.Y.). Fluorescein isothiocyanate- or rhodamine-conjugated goat
anti-mouse immunoglobulin and sheep anti-rabbit immunoglobulin were from
Boehringer Mannheim Corp. (Indianapolis, Ind.). [35S]methionine (.1,000 Ci/
mmol) was from Amersham Corp. Common chemical reagents were from Sigma
Chemical Co. (St. Louis, Mo.). Ni21-nitrilotriacetic acid resin for metal chelation
chromatography was obtained from Qiagen. M1 cells were kindly provided by
Victor Hsu and Richard Klausner (National Institutes of Health); other cell lines
were purchased from the American Type Culture Collection. A monoclonal
antibody against the KDEL receptor was raised against the C-terminal peptide
sequence of the bovine KDEL receptor (65). Monoclonal antibodies against
b-COP and VSVG were from Thomas Kreis (University of Geneva, Geneva,
Switzerland). The mSEC13 cDNA was kindly provided by Anand Swaroop (Uni-
versity of Michigan). A polyclonal antiserum against mSEC13 was obtained by
immunizing rabbits with a hexahistidine-tagged recombinant protein and affinity
purified with the recombinant protein coupled to CNBr-activated Sepharose.
Both the antiserum and the affinity-purified mSEC13 antibody were examined
for the ability to detect mSEC13 specifically by immunofluorescence and immu-
noblotting. In both analyses, the flowthrough fraction of the affinity column was
negative for mSEC13 antibody and the observed signals were abolished when
incubation was carried out in the presence of recombinant mSEC13.
Immunofluorescence microscopy and confocal microscopy were performed as

previously described (64, 65). Cells were cultured as a monolayer on glass
coverslips and fixed with 2.7% paraformaldehyde, permeabilized with 0.1% sa-
ponin, and then incubated sequentially with primary and fluorescein isothiocya-
nate- or rhodamine-conjugated secondary antibodies. Fluorescence labeling was
visualized by using an Axiophot microscope (Carl Zeiss, Inc., Thornwood, N.Y.)
with epifluorescence optics and photographed with Kodak Tri-X 400 film or with

FIG. 1. mSEC13 is found in both membrane-associated and soluble frac-
tions. In the case of total HeLa lysate as well as NRK, MDCK, and CHO cell
lysates, cell were harvested by centrifugation and lysed in sample buffer contain-
ing 2% SDS. For preparing membrane-associated (MEMBRANE) and soluble
(SUPT) fractions, cells were homogenized in phosphate-buffered saline by being
repeatedly passed through an 18-gauge needle until more than 95% of cell were
disrupted. The lysate was then centrifuged at 100,000 3 g in a benchtop ultra-
centrifuge for 30 min. The resulting pellet is the membrane-associated fraction,
and the supernatant is the soluble fraction. Total lysates and fractions were
separated by SDS-polyacrylamide gel electrophoresis and subjected to immuno-
blotting.
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a similar microscope connected to a Bio-Rad MRC600 confocal optics system
(Bio-Rad Laboratories, Richmond, Calif.).
Mouse L cells were permeabilized with streptolysin O in the presence of the

nonhydrolyzable GTP analog GTPgS as previously described (14, 27). GTPgS
served to retain, in permeabilized cells, membrane association of molecules
whose interactions with the membrane are dependent on the activity of a GTP-
binding protein. Immunogold labeling and electron microscopy of thawed cryo-
sections were performed as previously described (13, 14, 27).
Metabolic labeling of cells, subsequent analysis of pulse-labeled protein by

immunoprecipitation, and Western immunoblotting were performed as previ-
ously described (36, 65).
The biochemical assay to measure transport of VSVG from the ER to the

cis-Golgi apparatus was performed as described earlier (4, 9). Briefly, NRK cells
were grown on 10-cm-diameter petri dishes to form a confluent monolayer and
infected with a temperature-sensitive strain of VSV, ts045. The cells were pulse-
labeled with [35S]methionine at the restrictive temperature and mechanically
permeabilized on ice. These semi-intact cells were then incubated in an assay
cocktail of 40 ml containing (in final concentrations) 25 mM HEPES-KOH (pH
7.2), 90 mM potassium acetate, 2.5 mM magnesium acetate, 5 mM EGTA, 1.8
mM CaCl2, 1 mM ATP, 5 mM creatine phosphate, 0.2 IU of rabbit muscle
creatine phosphokinase, 25 mg of rat liver cytosol (9), and 5 ml of semi-intact cells
(ca. 1 3 1025 to 2 3 1025 cells). Additional reagents were added as indicated in
Results. For a standard assay, samples were incubated for 90 min at 328C and
transport was terminated by transfer to ice. The membranes were collected by a
brief spin, solubilized in 0.1% sodium dodecyl sulfate (SDS), and digested over-
night with endo-b-N-acetylglucosaminidase H (endo H). Subsequently, 53 con-
centrated gel sample buffer (29) was added, and the samples were separated on
an SDS–7.5% polyacrylamide gel. Autoradiographs were quantitated with a
PhosphorImager (Molecular Dynamics).

RESULTS

Subcellular localization of mSEC13. Recombinant mSEC13
was expressed in bacteria as a hexahistidine-tagged fusion pro-
tein, purified by Ni21 chelation affinity chromatography, and
used to immunize animals. Rabbit antisera recognized a 35-
kDa band in both the membrane and supernatant fractions of
HeLa cell homogenates (Fig. 1) and immunoprecipitated a
polypeptide of similar size in [35S]methionine-labeled cells
(not shown). Immunoblots with cell lines of other species also
revealed a polypeptide band of similar size (Fig. 1), suggesting
a broad range of antibody cross-reactivity among mammalian
cells.
To ascertain the subcellular localization of mSEC13, indirect

immunofluorescence was performed with representative pri-
mate and rodent cell lines. As shown in Fig. 2, all cell types
examined had similar staining patterns revealed by confocal
microscopy. Particularly prominent are vesicular structures
which are both perinuclearly localized and also peripherally
distributed throughout the entire cytoplasm. These labeling
patterns suggest localization to the ERGIC (23, 54, 58, 59).
That mSEC13 is indeed localized to the intermediate compart-
ment was given further support by colocalization with the
mammalian KDEL receptor (65) at 158C, shown in Fig. 2 in

FIG. 2. mSEC13 localization in cells by indirect immunofluorescence. M1 (a), Vero (b), NRK (c), and MDCK (d) cells were fixed and incubated with an
anti-mSEC13 antibody followed by a secondary anti-rabbit antibody coupled to rhodamine. CV1 cells were incubated at 158C for 3 h, fixed, and incubated with an
anti-mSEC13 antibody (f) and a monoclonal antibody against the KDEL receptor (e) followed by secondary antibodies. Bar 5 10 mm.
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FIG. 3. Ultrastructural localization of mSEC13. Shown are thawed cryosections of mouse L cells treated with GTPgS and double labeled for anti-mSEC13 (10-nm
gold [small arrowheads]) and anti-rab1A (5-nm gold [arrows]). The label for both proteins is concentrated on membrane structures close to the Golgi complex (G).
In panel A, the rough ER (R) and the nuclear envelope (N) are not labeled with either marker. The large arrowhead indicates mSEC13 labeling of a vesicular bud-like
structure. In panel B, the star denotes what is probably an oblique section through the cis side of the Golgi complex. Bars 5 100 nm.
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FIG. 4. (A) Membrane recruitment of mSEC13 compared to that of b-COP. Cells grown on coverslips were permeabilized with 20 mg of digitonin per ml on ice
and washed extensively in ice-cold washing buffer buffer (20 mM HEPES-KOH [pH 7.2], 110 mM potassium acetate, 2 mM magnesium acetate). Cells were then
incubated with buffer alone (control), cytosol (2 GTPgS), cytosol with 10 mM GTPgS (1 GTPgS) at 378C for 20 min, or cytosol with 10 mM GTPgS at 158C for 20
min (158C). Cells were then fixed and incubated with antibody against b-COP or anti-mSEC13 antibody. Bar 5 10 mm. (B) Membrane association of mSEC13 is not
affected by BFA treatment. Cells grown on coverslips were either kept at 378C or incubated at 158C for 3 h (158C) prior to any treatment. Cells were treated with 10
mg of BFA per ml for 10 min at 378C (378C BFA) as well as at 158C (158C BFA). Cells were then fixed and incubated simultaneously with an antibody against b-COP
and a monoclonal antibody against the KDEL receptor or with an anti-mSEC13 antibody and a monoclonal antibody against the KDEL receptor. Bar 5 10 mm.
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CV1 cells. Codistribution was particularly apparent for the
peripheral vesicular structures. Aside from the ERGIC,
weaker labeling of a reticular structure, probably the rough
ER, as well as the nuclear envelope was also observed.
The ultrastructural localization of mSEC13 has been previ-

ously demonstrated by Shaywitz et al. in two cell types with
well-developed early secretory compartments, the insulin and
the acinar cells of the pancreas (60). In these cells, mSEC13 is
concentrated in the transitional area of the ER. To determine
the ultrastructural localization of mSEC13 in a cell type where
the transitional ER elements are less apparent, we performed
electron microscopy with immunogold labeling of thawed cryo-
sections of mouse L cells treated with GTPgS (14, 27). Cells
were double labeled with anti-mSEC13 and anti-rab1A, a

marker of the intermediate compartment (14). As shown in
Fig. 3, the label for both mSEC13 and rab1A is concentrated
on membrane structures close to the Golgi complex. mSEC13
can also be found in high densities on some peripheral struc-
tures. This localization of mSEC13 is in agreement with ob-
servations at the light microscopy level. In addition, mSEC13
labeling is often found clustered around bud-like structures.
Membrane recruitment and subcellular dynamics of

mSEC13. It is apparent that mSEC13 has a different steady-
state membrane localization compared to the COPI compo-
nent b-COP. We examined whether mSEC13 might also be
recruited differently from b-COP in permeabilized cells. As
shown in Fig. 4A, addition of cytosol alone to permeabilized
cells resulted in partial recruitment of both molecules onto

FIG. 5. Movement of mSEC13 compared to that of b-COP after temperature manipulations. Cells grown on coverslips were incubated at 158C for 3 h (158C) and
shifted to 378C for 10 min (158C3378C). Cells were then fixed and incubated with a monoclonal antibody against b-COP and an anti-mSEC13 antibody. Bar 5 10 mm.
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membrane structures. Whereas the staining of b-COP is pri-
marily perinuclear, that of mSEC13 is both ER-like and spotty.
Addition of GTPgS to cytosol resulted in higher levels of
membrane recruitment for both proteins and a concentration
of mSEC13 at the perinuclear region. When the incubation
was carried out at 158C instead of 378C, membrane recruitment
for mSEC13 was similar to that seen with the cytosol alone.
The recruitment of b-COP at 158C was comparable to that at

378C, but with peripheral vesicular structures being more ap-
parent.
One of the striking properties of previously described coat

proteins is their dissociation from the membrane upon treat-
ment of cells with the fungal metabolite brefeldin A (BFA) (25,
32, 33, 48). We therefore investigated whether the membrane
association of mSEC13 would also be affected by BFA. As
shown in Fig. 4B, b-COP codistributes with the KDEL recep-
tor at 158C (top panels). BFA treatment dissociates b-COP
from the Golgi apparatus at both 37 and 158C. However, under
the same conditions, the membrane association of mSEC13 is
not affected (middle and bottom panels). Thus, a distinguish-
ing feature of mSEC13 is that unlike b-COP (25) and the Golgi
adapter protein g-adaptin (48), it is unaffected by BFA treat-
ment.
The labeling pattern of b-COP has been shown to change

with 15-to-378C temperature shifts (15, 34). We determined
whether mSEC13 also has such properties and if its dynamics
is comparable with that of b-COP. As shown in Fig. 5, after
incubation at 158C for 3 h, mSEC13 and b-COP are fairly well
colocalized to vesicular structures (although their staining in-
tensities may vary in different structures). When cells were
shifted for 10 min to 378C, the majority of b-COP in all cells
shifted to a tight perinuclear cluster. This was not the case for
mSEC13, which remained largely dispersed, although in some
cells there was also a noticeable increase in perinuclear stain-
ing. The noticeable increase in perinuclear staining of mSEC13
in some cells during the shift also differed from that of the
perinuclear patch labeled by b-COP, being more vesicular in
appearance.
We also examined the dynamics of mSEC13 with reference

to the anterograde transport of the G protein of VSV ts045
(46). Cells were infected with VSV ts045 and incubated for 3 h
at 408C to arrest the G protein in the ER. As shown in Fig. 6A
and B, some of the ER-arrested G protein codistributed with
elements of ERGIC labeled by mSEC13. When cells were
shifted from 40 to 328C for 4 min to allow for a brief ER exit
time, the extent of apparent colocalization of the G protein
with mSEC13 increased (Fig. 6C and D). If the cells were
shifted from 40 to 158C for 2 h to arrest anterograde transport
in the ERGIC, the G protein and mSEC13 were almost com-
pletely colocalized (Fig. 6E and F). However, when the cells
were further shifted from 15 to 328C for 4 min to allow a brief
ERGIC exit, a significant fraction of the colocalization be-
tween the G protein and mSEC13 was quickly lost as the G
protein moved into larger vesicular tubular clusters (Fig. 6G
and H). Therefore, in the course of VSVG transport from the
ER to the Golgi apparatus, the cargo appeared to colocalize
with mSEC13 only at an earlier point.
mSEC13 is essential for ER-to-Golgi transport. Although

the involvement of COPII components in ER-Golgi transport
is well established in yeast, the involvement of COPII compo-
nents in mammalian ER-Golgi transport has not been fully
characterized. In particular, it has not been clearly demon-
strated that COPII components are absolutely required for this
particular transport step. We therefore examined the involve-
ment of mSEC13 in ER-Golgi transport by using a well-estab-
lished assay which measures the transport of pulse-labeled,
ER-arrested temperature-sensitive VSVG molecules in semi-
intact cells as they acquire endo H resistance when transported
to the Golgi apparatus. As shown in Fig. 7A, a standard trans-
port incubation with a full complement of energy and cytosol
resulted in 70% or more of the pulse-labeled protein acquiring
endo H resistance. Addition of anti-b-COP antibody (lane g)
previously shown to inhibit ER-Golgi transport (44) inhibited
transport almost to the level of the control that had been

FIG. 6. Movement of mSEC13 compared to that of VSVG after temperature
manipulations. Cells grown on coverslips were infected with VSV tsO45 for 45
min at 328C and then incubated for 3 h at 408C. Cells were then not manipulated
further (A and B), shifted to 328C for 4 min (C and D), or shifted to 158C for 2 h
(E and F) or first shifted to 158C for 2 h followed by a further incubation at 328C
for 4 min (G and H). Cells were then fixed and incubated with an antibody
against VSVG or an anti-mSEC13 antibody. Bar 5 10 mm.
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incubated on ice (lane a). Likewise, addition of affinity-purified
mSEC13 antibody (lane c) inhibited transport almost to con-
trol levels. In contrast, an antibody directed against a cytoplas-
mic epitope in the ER-Golgi region (antibody against the cy-
toplasmic tail of the KDEL receptor) did not inhibit transport
(lane f). This result suggests that the inhibitory effect of the
antibodies was specific. Furthermore, the addition of the hexa-
histidine-tagged mSEC13 recombinant protein also inhibited
transport (lane d), as well as the cytoplasmic domain of the
SNARE protein GS28 (lane h) (62). Inhibition by both
mSEC13 antibody and recombinant protein occurred in a
dose-dependent fashion (not shown), and the inhibitory effect
of each could be neutralized by the other (lane e).
To determine if the mSEC13 present in the cytosol is abso-

lutely required for transport to occur, we immunodepleted
mSEC13 from the cytosol by using affinity-purified mSEC13
antibody coupled to Sepharose. Quantitative depletion was
achieved, as determined by immunoblot analysis (not shown).
When used in a standard transport set up, the mSEC13-de-
pleted cytosol did not support transport (Fig. 7B). At a dose
where the mock-depleted cytosol achieved maximal levels of
transport, that of mSEC13-depleted cytosol remained at the
background level.
To further confirm that it was indeed mSEC13 depletion

which resulted in the loss of transport competence of the
depleted cytosol, we next attempted to restore transport com-
petence with exogenously added mSEC13. Since the recombi-
nant mSEC13 protein inhibited transport in a standard assay,
we reasoned that the monomeric form may not be the func-
tional form of mSEC13 in the cytosol. Such is the case in yeast,
in which the monomeric form of Sec13p was inactive in the
Sec13-dependent vesicle formation assay (47). In yeast cytosol,
Sec13p forms a high-molecular-weight functional complex with
a 150-kDa protein (51). To see if such a functional complex
also exists in mammalian cytosol, we size fractionated rat liver
cytosol by gel filtration on a Sephadex G-75 fast protein liquid
chromatography column and analyzed fractions by immuno-
blotting. As shown in Fig. 8A, mSEC13 was enriched in a
high-molecular-weight fraction as well as a low-molecular-
weight, monomeric fraction. The high-molecular-weight frac-

tion, although by itself not supporting transport (not shown),
restored transport competence of mSEC13-depleted cytosol
(Fig. 8B, lane d) in a dose-dependent manner (Fig. 8C),
whereas the low-molecular-weight monomeric fraction did not
(Fig. 8A, lane e).

DISCUSSION

We have a raised polyclonal antibody against mSEC13, a
component of the putative mammalian COPII coat, and used
it to investigate several important aspects of the molecule.
Firstly, we sought to determine the subcellular localization of
mSEC13. Indirect immunofluorescence showed that mSEC13
can be found on distinct membrane structures, primarily ap-
pearing as vesicular structures localized both to the perinuclear
region and throughout the entire cytoplasm. In addition,
mSEC13 was observed in a reticular staining pattern and in the
nuclear envelope. These structures are characteristic of ER-
GIC and the ER itself. Colocalization of mSEC13 with the
KDEL receptor and ERGIC53 (not shown) at 158C confirmed
the ERGIC localization. This finding is in agreement with the
previous ultrastructural localization of mSEC13 to the transi-
tional area of the ER in pancreatic acinar cells (60). In mouse
L cells, at the ultrastructural level, it appears that mSEC13 is
localized to membrane structures resembling the ERGIC and
colocalizing with the intermediate compartment marker rab1A
(14). Another noteworthy feature of mSEC13 immunogold
labeling is that some of the label was obviously clustered
around bud-like structures. Although it is not clear without use
of other COPII markers to determine whether these are au-
thentic COPII buds, this feature is certainly consistent with the
functional nature of mSEC13 as a component of vesicle coats
(2).
mSEC13, like its yeast homolog, requires guanine nucleotide

exchange for its recruitment to the membrane, as GTPgS en-
hances its membrane recruitment in permeabilized cells. This
requirement probably reflects a recruitment process which is
dependent on the mSAR1 (28), as was shown for the mSEC23
(1). It is not certain at present if mSAR1 binding to mem-
branes occurs first, followed by sequential binding of other

FIG. 7. (A) Both recombinant mSEC13 and the mSEC13 antibody inhibited ER-Golgi transport. Standard transport assays were carried out as outlined in Materials
and Methods with different supplements as indicated. Lanes: a, standard transport assay incubated on ice; b, standard transport assay at 378C; c, with 5 mg of
anti-mSEC13 in assay cocktail; d, with 5 mg of recombinant mSEC13 in assay cocktail; e, with 5 mg of anti-mSEC13 plus 5 mg of recombinant mSEC13 in assay cocktail;
f, with anti-KDEL receptor antibody in assay cocktail; g, with anti-b-COP antibody in assay cocktail; h, with recombinant cytoplasmic domain of GS28, a SNARE
molecule involved in ER-Golgi transport, in assay cocktail. (B) Cytosol depleted of mSEC13 does not support ER-Golgi transport. Standard transport assays were
carried out with increasing concentrations of normal cytosol (black squares) or mSEC13-depleted cytosol (white squares).
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components, or whether COPII components dock onto mem-
branes in the form of a preformed complex. It is clear, how-
ever, that the guanine nucleotide exchange activity required for
mSEC13 binding, unlike that responsible for COPI binding
(11, 20), is insensitive to BFA. We have shown that BFA
dissociates b-COP from membrane structures both at 378C and
at 158C, a temperature not previously examined for COPI
dissociation but which was shown to be inhibitory to BFA-
induced redistribution of Golgi markers to the ER (25). In
contrast, BFA had no effect on mSEC13 at either temperature.
These results are consistent with previous findings at the ul-
trastructural level that the distributions of both the mSEC23
(40) and mSEC13 (60) were not affected by BFA treatment
and remained excluded from coatomer-rich areas of BFA bod-
ies in pancreatic cells (40).
In a further examination of the steady-state localization of

mSEC13, the subcellular dynamics of the molecule was also
studied. This was first done with reference to b-COP, a repre-
sentative of the COPI coat which has long been implicated in

ER-Golgi transport, and an anterograde cargo marker, VSVG,
by standard temperature manipulations. When cells were cul-
tured at 378C, the localization of mSEC13 differed markedly
from that of b-COP, which is almost exclusively perinuclear.
However, when cells were shifted to 158C for 3 h, there was a
tremendous increase in the apparent colocalization of b-COP
and mSEC13. This presumably was a result of the accumula-
tion of b-COP in the ERGIC. Interestingly, when cells were
shifted back to 378C, b-COP quickly and completely resumed
its localization in a tight perinuclear cluster, presumably shift-
ing back to the region of the cis-Golgi apparatus, where it is
primarily situated (39). In contrast, although the amount of
mSEC13 was apparently elevated in the perinuclear vesicular
clusters, it remained largely in vesicular structures. It would
appear that mSEC13 and b-COP colocalized only at 158C,
where they are both seemingly found in the ERGIC. Given the
evidence that mSEC13 and b-COP are both important for
ER-Golgi transport (43, 44), their differential localization is
suggestive of their functions in different locations along the
pathway.
When the dynamics of mSEC13 was examined together with

the anterograde transport of ER-arrested VSVG, the picture
was largely in agreement with that of b-COP. Infected cells
incubated for 3 h at 408C showed distinct ER staining of
VSVG. Also, a fraction of the VSVG has clearly moved into
the ERGIC53/58 compartment to colocalize with mSEC13.
This appearance of a fraction of the temperature-sensitive
VSVG at the ERGIC53/58 compartment at the nonpermissive
temperature has been shown to occur previously (15, 17).
When the transport of VSVG into the Golgi apparatus was
initiated by shifting the cells to a permissive temperature, a
majority of the VSVG moved quickly (in 4 min) into vesicular
structures, colocalizing with mSEC13. This colocalization was
also observed when the anterograde transport of VSVG was
arrested at 158C. However, when cells were shifted from 15 to
378C, VSVG quickly moved into structures that no longer
colocalized well with mSEC13.
Biochemical evidence for the involvement of COPI in ER-

Golgi transport stems from antibody inhibition of VSVG trans-
port both in permeable semi-intact cells (44) and in intact cells
microinjected with b-COP antibodies (43). Evidence is pre-
sented here that both the affinity-purified mSEC13 antibody
and the recombinant mSEC13 protein inhibited VSVG trans-
port between the ER and the Golgi apparatus in an assay using
semi-intact cells; the latter may function as a competitive in-
hibitor for the binding of a functional complex in the cytosol.
To prove that mSEC13 is absolutely essential for transport, we
immunodepleted the cytosol used in the transport assay and
showed that the immunodepleted cytosol is defective in sup-
porting transport. Transport could, however, be restored by a
fraction enriched in a high-molecular-weight complex form of
mSEC13, which has been previously shown to be the functional
Sec13p complex in yeast. A fraction enriched in a low-molec-
ular-weight, monomeric form of mSEC13 was unable to re-
store transport. We thus provide evidence that mSEC13 is
absolutely required for the ER-Golgi transport of VSVG in
this assay.
In yeast, mutants in both COPI and COPII components

accumulate ER forms of the same secretory precursors (50). In
vitro assays suggest that COPII components are the only ones
needed for the ER-Golgi transport of several cargo markers
(51). Evidence for the involvement of COPI in ER-Golgi trans-
port in yeast is complicated by their involvement in Golgi-ER
retrograde transport. Some COPI mutant alleles such as
sec21-1 (g-COP) and ret2-1 (d-COP) show clear defects in
ER-Golgi transport, but these may be indirect effects (7). Ves-

FIG. 8. (A) mSEC13 is found in a high-molecular-weight fraction as well as
a low-molecular-weight fraction. Fractions of rat liver cytosol separated by gel
filtration chromatography with a Sephadex G-75 column were subjected to im-
munoblot analysis with an anti-mSEC13 antibody. The size markers used for the
gel filtration are bovine serum albumin (BSA; 67 kDa), ovalbumin (43 kDa), and
RNase A (13.7 kDa). (B) The high-molecular-weight complex of maSEC13
restores transport competence of mSEC13-depleted cytosol. Both the high- and
low-molecular-weight fractions were tested for the ability to restore transport
competence to mSEC13-depleted cytosol. Lanes: a, standard transport assay
incubated on ice; b, standard transport assay at 378C; c, transport assay with
mSEC13-depleted cytosol; d, transport assay with mSEC13-depleted cytosol
supplemented with the high-molecular-weight mSEC13 fraction; e, transport
assay with mSEC13-depleted cytosol supplemented with the low-molecular-
weight fraction. (C) The high-molecular-weight complex fraction restores trans-
port competence of mSEC13-depleted cytosol in a dose-dependent manner.
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icles containing either COPI or COPII could bud directly from
the yeast ER (5). Both populations of vesicles carry proteins
required for vesicle targeting such as the v-SNARE molecules
Sec22p, Bos1p, and Bet1p (5). However, it seems that all other
cargoes examined thus far, including the a-factor precursor
(2), Gas1p (10), and Emp24p (55), are found only in COPII
vesicles. In mammalian cells, there is evidence that COPII and
COPI function separately but sequentially to mediate ER-
Golgi transport. Aridor et al. (1) have suggested that COPI
and COPII complexes are recruited separately and indepen-
dently to different locations along the ER-Golgi path. By using
GDP- and GTP-restricted mutants of Sar1p and ARF1 to
control coat recruitment, they showed that COPII is responsi-
ble for the initial budding from the ER followed by an as yet
mechanistically undefined process of COPI coupling which
mediates the segregation of anterograde cargo from p58. This
process appears to occur in the ERGIC. We have previously
shown that ERGIC53 is indeed segregated from the antero-
gradely transported VSVG upon exit from the ERGIC (64).
Our results suggest that in intact cells, mSEC13 does not seem
to move beyond the ERGIC into the Golgi apparatus, whereas
b-COP does not seem to move further in from the ERGIC to
the ER. However, the otherwise nonoverlapping mSEC13 and
b-COP can both colocalize in the ERGIC with a 158C block.
These observations suggest that COPI and COPII functions in
ER-Golgi transport may indeed be coupled at the ERGIC.
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