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COPII-coated vesicles, first identified in yeast and later characterized in mammalian cells, mediate protein export from
the endoplasmic reticulum (ER) to the Golgi apparatus within the secretory pathway. In these organisms, the mecha-
nism of vesicle formation is well understood, but the process of soluble cargo sorting has yet to be resolved. In plants,
functional complements of the COPII-dependent protein traffic machinery were identified almost a decade ago, but the
selectivity of the ER export process has been subject to considerable debate. To study the selectivity of COPII-depen-
dent protein traffic in plants, we have developed an in vivo assay in which COPII vesicle transport is disrupted at two
distinct steps in the pathway. First, overexpression of the Sar1p-specific guanosine nucleotide exchange factor Sec12p
was shown to result in the titration of the GTPase Sar1p, which is essential for COPII-coated vesicle formation. A sec-
ond method to disrupt COPII transport at a later step in the pathway was based on coexpression of a dominant nega-
tive mutant of Sar1p (H74L), which is thought to interfere with the uncoating and subsequent membrane fusion of the
vesicles because of the lack of GTPase activity. A quantitative assay to measure ER export under these conditions was

 

achieved using the natural secretory protein barley 

 

�

 

-amylase and a modified version carrying an ER retention motif.
Most importantly, the manipulation of COPII transport in vivo using either of the two approaches allowed us to demon-
strate that export of the ER resident protein calreticulin or the bulk flow marker phosphinothricin acetyl transferase is
COPII dependent and occurs at a much higher rate than estimated previously. We also show that the instability of these
proteins in post-ER compartments prevents the detection of the true rate of bulk flow using a standard secretion as-
say. The differences between the data on COPII transport obtained from these in vivo experiments and in vitro experi-
ments conducted previously using yeast components are discussed.

INTRODUCTION

 

In yeast and mammalian cells, the export of proteins from
the endoplasmic reticulum (ER) occurs in COPII-coated ves-
icles. The process of COPII vesicle formation is well under-
stood and can be reconstituted using purified yeast
components (Barlowe et al., 1994). Vesicle formation in vitro
depends solely on the ER donor membrane, the GTPase
Sar1p, the Sar1p-specific guanosine nucleotide exchange
factor Sec12p, the cytosolic COPII coat components, and
GTP (Barlowe et al., 1994). Considerably less is known about
the sorting of soluble cargo molecules during ER export in

eukaryotes (Klumperman, 2000), and conflicting reports from
the plant field have contributed to the ongoing discussions
(Crofts et al., 1999; Gomord and Faye, 2000; Pagny et al.,
2000; Pimpl and Denecke, 2000).

To support protein synthesis and folding, the ER lumen
maintains high levels of soluble residents such as the lu-
menal binding protein (BiP), protein disulfide isomerase, or cal-
reticulin. The concentration of nonresidents in the ER lumen
that are in transit to other compartments, such as the vacu-
ole or the extracellular matrix, usually is much lower (Macer
and Koch, 1988). Despite this fact, anterograde transport of
nonresidents is efficient, whereas the cells are able to re-
strict the secretion of the far more abundant ER residents to
a minimum (Pelham, 1995).

The fact that different secreted proteins are secreted at
various rates in mammalian cells led to the postulation of ER
export signals, which would exhibit different affinities for a
common ER export receptor (Fitting and Kabat, 1982; Lodish
et al., 1983). A few years later, an alternative concept
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emerged, which implied that sorting signals act essentially
as retention signals that deviate proteins from a default
route that leads to the cell surface (Munro and Pelham,
1987; Wieland et al., 1987). The default pathway or “bulk
flow” model has been popular in the plant field as a result of
very convincing results obtained with neutral passenger
molecules that normally reside in the cytosol of bacteria or
plants but are secreted when introduced into the ER lumen
(Denecke et al., 1990; Hunt and Chrispeels, 1991; reviewed
by Vitale and Denecke, 1999).

In addition, ER resident and secretory proteins were
found to have the same mobility in the ER lumen of 

 

Xenopus

 

oocytes (Ceriotti and Colman, 1988), which suggests that
both types of proteins can diffuse freely into and out of na-
scent anterograde transport vesicles. This result led to the
suggestion that ER resident proteins must be retrieved from
a post-ER compartment, a notion that was supported by the
fact that soluble ER proteins were more abundant than any
ER membrane protein that could act as a receptor. Evidence
for such a recycling mechanism has been obtained by al-
lowing a typical mammalian ER retention motif (KDEL) to
compete with a lysosomal sorting signal on the same hybrid
protein. This protein accumulated in the ER lumen but had
received modifications of the mannose-6 phosphate group,
which are inherent to the 

 

cis

 

-Golgi apparatus (Pelham,
1988).

Further evidence for recycling came from the discovery of
the transmembrane receptor ERD2, which binds to the C-ter-
minal sorting motifs of ER residents (mainly HDEL, KDEL,
and RDEL) in a sequence- and pH-dependent manner (Lewis
et al., 1990; Wilson et al., 1993). Conclusive proof for Golgi-
to-ER recycling arose by demonstrating that the ligand in-
duced redistribution of ERD2 from the 

 

cis

 

-Golgi to the ER
(Lewis and Pelham, 1992). Yeast ERD2 and mammalian
ERD2 homologs are now among the most well character-
ized sorting receptors of the secretory pathway (Scheel and
Pelham, 1998). An Arabidopsis ERD2 homolog was cloned
(Lee et al., 1993), and evidence for Golgi-to-ER recycling of
this protein in tobacco was demonstrated with the help of
green fluorescent protein fusion proteins (Boevink et al.,
1999).

One remaining inconsistency of the bulk flow model is
that efficient recycling of large numbers of ligands by a lim-
ited number of receptors would operate satisfactorily only if
the receptor were exported to the Golgi more rapidly than
the ER residents. This would suggest that at least mem-
brane proteins could be exported selectively at a rate that
surpasses bulk flow. Interestingly, COPII vesicles generated
in vitro, which perform anterograde transport between the
ER and the Golgi, were found to be enriched for secretory
cargo but lacked the ER resident BiP (Barlowe et al., 1994).
This indicated that secretory cargo is selected and concen-
trated into COPII vesicles during budding so that ER resi-
dents are excluded. Further evidence for the concentration
of secretory cargo during export was provided by the identi-
fication of a diacidic ER export signal (Asp-X-Glu, where X is

 

any amino acid) in the cytosolic tail of vesicular stomatitis vi-
rus glycoprotein (Balch et al., 1994; Nishimura and Balch,
1997). These results suggest the presence of an export re-
ceptor, which was originally proposed almost two decades
ago (Fitting and Kabat, 1982; Lodish et al., 1983).

The diacidic ER export signal requires a cytosolic recep-
tor molecule, but selective export of soluble proteins would
depend on the presence of a receptor in the lumen. ERGIC-53
has been suggested to act as the lumenal sorting receptor
for glycoproteins (Appenzeller et al., 1999), whereas p24 is
considered to be the receptor for glycosyl phosphatidyl
inositol-anchored proteins (Muñiz et al., 2000). However, the
p24 group does not appear to be essential for the secretion
of soluble proteins such as invertase (Springer et al., 2000),
and the identification of an export signal on these proteins
remains elusive. Furthermore, concentration of soluble
cargo is likely to occur through exclusion from selective ret-
rograde transport, and thus after (rather than during) the ER
export step in the COPII vesicles (Martinez-Menarguez et
al., 1999). In summary, evidence for specific export recep-
tors is emerging (Hauri et al., 2000), but evidence for bulk
flow also has been obtained, particularly for soluble proteins
(Vitale and Denecke, 1999; Klumperman, 2000).

Inefficient ER export of some ER residents could occur
through competition or steric hindrance, thus providing an
alternative explanation for the enrichment of cargo mole-
cules in transport vesicles without a requirement for active
sorting. The notion that ER residents are present in large
complexes (Tatu and Helenius, 1997; Crofts and Denecke,
1998; Crofts et al., 1998) could mean that their diffusion by bulk
flow would be minimal (Pagny et al., 2000). This would ex-
plain the lack of BiP in anterograde COPII vesicles (Barlowe
et al., 1994). However, this does not rule out the transport of
secretory proteins by bulk flow, and at least the results from
Ceriotti and Colman (1988) suggest that ER residents also
can diffuse freely in the ER of 

 

Xenopus

 

 oocytes. The fact
that deletion of HDEL from calreticulin results in secretion of
the protein (Crofts et al., 1999) supports the idea that some
ER export is a result of bulk flow. In addition, the often cited
case of BiP has now been shown to represent a special situ-
ation, because truncated BiP devoid of its ER retention mo-
tif is retained via interaction with calreticulin (Crofts et al.,
1999). Hence, the data currently available certainly provide
sufficient evidence for the existence of anterograde bulk
flow, but it remains to be shown how efficient this type of
transport is in vivo and which route it takes. In addition, it is
not well established whether HDEL-mediated recycling oc-
curs mainly from the 

 

cis

 

-Golgi or from more distal compart-
ments in plants (Crofts et al., 1999; Frigerio et al., 1999,
2001; Gomord and Faye, 2000; Pagny et al., 2000; Pimpl
and Denecke, 2000).

The studies described here have determined how the ER
resident protein calreticulin, the secretory protein 

 

�

 

-amy-
lase, and a bulk flow marker exit the ER in vivo and from
which compartment HDEL proteins are retrieved. The re-
sults suggest that bulk flow of soluble proteins is COPII de-
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pendent and occurs at a much higher rate than perceived
previously.

 

RESULTS

Retrieval of HDEL Proteins Occurs Mainly from
the 

 

cis

 

-Golgi

 

Overexpression of the soluble ER resident protein calreticu-
lin results in saturation of the HDEL receptor in tobacco cells
but does not lead to recycling from post-

 

cis

 

-Golgi compart-
ments (Crofts et al., 1999). This saturation is not restricted to
calreticulin but also leads to the secretion of other ER resi-
dents, including BiP. However, the secretion of ER residents
is very low, and the true level of ER export is masked by
degradation in a post-ER compartment (Denecke et al.,
1992; Crofts et al., 1999). To overcome this problem, we
used barley 

 

�

 

-amylase as a soluble cargo molecule. This
enzyme can be detected using a sensitive and quantitative
colorimetric assay and should exit the ER at a high rate be-
cause it is a natural secretory protein. The ER retention motif
HDEL, fused to the C terminus of this cargo molecule, cre-
ates a ligand for the HDEL receptor and does not affect the
stability and enzymatic properties of the enzyme (Crofts et
al., 1999). Moreover, if ER export of 

 

�

 

-amylase and its
HDEL-tagged derivative is more efficient than the export of
ER residents, much lower levels should suffice to saturate
the HDEL receptor.

Figure 1A shows an electron micrograph of the Golgi
apparatus from plants producing either 

 

�

 

-amylase or 

 

�

 

-amy-
lase-HDEL. Labeling using antibodies to 

 

�

 

-amylase re-
vealed that the secreted molecule was distributed equally
over all of the cisternae of the Golgi apparatus. However,
tagging 

 

�

 

-amylase with HDEL led to predominant labeling of
the 

 

cis

 

- and 

 

cis

 

-most cisternae. This is particularly clear
from the statistical data from 20 Golgi stacks (Figure 1B).
Occasional labeling of the compartments distal to the 

 

cis

 

-
Golgi in 

 

�

 

-amylase-HDEL–producing plants indicated that
saturation of ER retention may have occurred. In addition,
both 

 

�

 

-amylase and 

 

�

 

-amylase-HDEL were detected in the
cell wall with equal density (data not shown), confirming that
ER retention via HDEL tagging was incomplete.

 

Partial Secretion of 

 

�

 

-Amylase-HDEL Is Attributable to 
Saturation of the ER Retention Machinery

 

The presence of 

 

�

 

-amylase-HDEL in the cell wall could be
attributable to incomplete functionality of the HDEL motif
in the context of the 

 

�

 

-amylase C terminus. Indeed, it has
been shown that ER retention tetrapeptide motifs are not
completely independent of their context (Denecke et al.,
1992). Alternatively, partial retention could be caused by
saturation of the HDEL receptor, possibly as a result of the

high rate at which the cargo molecule is transported out of
the ER. To distinguish between these two possibilities, a
time course expression experiment with tobacco protoplasts
was conducted to compare the transport of 

 

�

 

-amylase and

 

�

 

-amylase-HDEL. At different times after transfection, the
culture medium and cells were harvested and 

 

�

 

-amylase
activity was measured.

Figure 1. Accumulation of HDEL Ligands in the cis-Golgi of Plants.

(A) Cryosections of roots from transgenic tobacco plants expressing
either �-amylase (Amy) or �-amylase-HDEL (Amy-HDEL). Immu-
nogold labeling (10 nm) was performed with �-amylase antibodies.
The figures show a typical Golgi stack, which contains five cister-
nae. The orientation of the Golgi is indicated (c, cis; t, trans). Bars �
1 �m.
(B) Statistical analysis of the distribution of �-amylase (white bars)
and �-amylase-HDEL (black bars) over 20 counted Golgi stacks.
The table indicates the total number of gold particles counted for
each Golgi cisterna. The last two columns indicate the total number
of gold particles counted and the average labeling density per Golgi
stack. Note that most of the Amy-HDEL labeling was found in the
cis-most Golgi cisternae and very little labeling was found in the me-
dial and trans-Golgi cisternae or the trans-Golgi network (TGN).
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Figure 2A shows that 

 

�

 

-amylase was secreted rapidly as
judged by the low intracellular steady state level reached as
a result of an equilibrium between de novo synthesis and
export. Extracellular 

 

�

 

-amylase activity was detected soon
after transfection and increased linearly after 6 hr of expres-
sion. In contrast, 

 

�

 

-amylase-HDEL accumulated to high lev-
els within the cells and only reached an intracellular steady
state level 20 hr after transfection. Secretion of 

 

�

 

-amylase-
HDEL into the medium became apparent after 10 hr of
expression. At later times, the secreted levels of the HDEL-
tagged enzyme increased, and the slope of the curve ap-
proached that of 

 

�

 

-amylase. Thus, at the end of the time
course, the secretion of both enzymes was comparable.

Figure 2 shows that retention was complete as long as the
intracellular levels did not reach a certain threshold. If partial
secretion were caused by incomplete presentation of the
HDEL motif at the C terminus of 

 

�

 

-amylase, secretion would
have occurred immediately after synthesis. The results dem-
onstrated that the secretion of 

 

�

 

-amylase-HDEL was attrib-

utable to high intracellular levels of this protein, probably
causing saturation of the HDEL receptor.

It should be noted that the total activity obtained was in-
dependent of the presence of the HDEL motif. This finding
shows that the enzyme was stable and enzymatically active
regardless of its location in the secretory pathway and con-
firms previous observations that HDEL tagging has no dele-
terious effect on the activity of 

 

�

 

-amylase (Crofts et al.,
1999). In contrast, the ratio of extracellular activity to intra-
cellular activity, termed the secretion index (Denecke et al.,
1990), was decreased dramatically by tagging with the re-
tention motif, as shown in Figure 2B. The secretion index in-
creased linearly over time for both cargo molecules but
generally was 1 order of magnitude lower for the HDEL-
tagged protein, as illustrated by the scale of the 

 

y

 

 axis. Be-
cause of the linear nature of these curves, the secretion rate
of the two different cargo molecules can be compared sim-
ply via measurement of the secretion index at a single time,
conveniently after 24 hr of incubation.

 

Saturation of ER Export by

 

 �

 

-Amylase Overproduction

 

Although it appears that the secretion of HDEL ligands was
cargo dosage dependent, a change in the physiology of the
cells during prolonged incubation could provide an alterna-
tive explanation. To test this possibility, a concentration se-
ries of plasmids was used for transfections and cells were
incubated for a constant period of 24 hr. Figure 3A shows
that the secretion index for 

 

�

 

-amylase-HDEL (gray bars) in-
creased with higher plasmid concentration. Because the in-
cubation time was identical in all cases, the data are
consistent with the saturation model.

Interestingly, the control experiment using different concen-
trations of the plasmid encoding 

 

�

 

-amylase (white bars) gave
rise to an unexpected result. High dosage of the cargo mole-
cule resulted in a reduction of the secretion index, suggesting
that saturation of anterograde transport also had occurred.
This is in contrast to the results obtained previously with bulk
flow markers, which appear to be secreted more efficiently
when higher levels are synthesized (Denecke et al., 1990).

The fact that secretion can be saturated by overexpres-
sion suggests that there is a limiting factor that can be satu-
rated. The data for 

 

�

 

-amylase-HDEL (Figure 3A) thus could
be the result of superimposing two counteracting effects,
the saturation of anterograde transport and the saturation of
the HDEL receptor. The latter effect appears to be much
stronger, hence the net increase in the secretion index for

 

�

 

-amylase-HDEL.

 

Differential Effect of Temperature on Anterograde and 
Retrograde Transport

 

To further optimize our transport assay, we tested the influ-
ence of temperature on the transport of these two cargo

Figure 2. �-Amylase-HDEL Secretion Is Caused by Saturation of
the HDEL Receptor.

(A) Transient expression in tobacco protoplasts transfected with
plasmid DNA encoding �-amylase (Amy) or the HDEL-tagged deriv-
ative (Amy-HDEL). For each construct, 10 standard transfections
were pooled and redistributed over 15 samples to achieve minimal
variation. A time course is shown with �-amylase activity in cells
(open squares), in the culture medium (closed squares), and the total
activity (open circles). The time after transfection is given in hours.
�-Amylase activity is given in change in OD per milliliter of culture
suspension per minute.
(B) Ratio between the extracellular and intracellular �-amylase activ-
ities, termed the secretion index. Note the 10-fold difference in the
scales between the �-amylase and the �-amylase-HDEL panels.
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molecules. Whereas 

 

�

 

-amylase would follow the antero-
grade transport route, the HDEL-tagged version would en-
gage in both anterograde and retrograde transport between
the ER and the Golgi. Figure 3B reveals that the temperature
had a strong effect on the total amount of enzyme activity

obtained, but this effect was identical for both cargo mole-
cules. In contrast, the secretion index was influenced in a
differential manner that was dependent on the presence or
absence of the HDEL motif.

Considering the effect of the expression levels on the se-
cretion index of 

 

�

 

-amylase-HDEL shown in Figure 3A, the
temperature-dependent increase in the secretion index of
this cargo molecule could be explained by the expression
levels alone (cf. left and right panels). This suggests that
temperature has no influence on the secretion index of this
cargo molecule. However, this is not the case for 

 

�

 

-amy-
lase, because correction for expression levels revealed an
even steeper increase in 

 

�

 

-amylase secretion, particularly in
the low temperature range. This gradual increase is in sharp
contrast to findings from mammalian cells. The differential
effect of the temperature on these two molecules shows
that anterograde and retrograde transport are different cel-
lular processes supported by different molecular machinery.
All further transient expression experiments were performed
at 25

 

�

 

C, because that appeared to be the optimum temper-
ature for both synthesis and transport.

 

Sec12p Dosage-Dependent Inhibition of 

 

�

 

-Amylase and 

 

�

 

-Amylase-HDEL Export

 

To show that 

 

�

 

-amylase and its HDEL-tagged derivative exit
the ER in COPII vesicles, we took advantage of the fact that
overproduction of Sec12p reduces ER export (d’Enfert et al.,
1991a, 1991b; Hardwick et al., 1992; Barlowe and Schekman,
1993; Barlowe et al., 1993; Nishikawa et al., 1994), presum-
ably via the titration of Sar1p, which is essential for COPII
vesicle budding (Barlowe and Schekman, 1993; Barlowe
et al., 1993, 1994). We used the Arabidopsis

 

 

 

homolog of
Sec12p, which was shown to complement the correspond-
ing yeast mutant (d’Enfert et al., 1992).

Figure 4A shows that Sec12p overproduction resulted in a
clear dosage-dependent inhibition of 

 

�

 

-amylase secretion.
In the case of 

 

�

 

-amylase-HDEL, inhibition of ER export via
Sec12p overproduction would be expected to alleviate the
saturation of the HDEL receptor because smaller amounts
of the ligand reach the 

 

cis

 

-Golgi. Indeed, Figure 4A shows
that at high levels of Sec12p a steeper inhibition of secretion
for 

 

�

 

-amylase-HDEL was observed, providing additional
support for the saturation model.

 

Sec12p Overexpression Inhibits COPII Transport via 
Titration of the GTPase Sar1p

 

It has been suggested that the inhibition of ER export via
Sec12p overexpression is the result of titration of the low
molecular weight GTPase Sar1p (d’Enfert et al., 1991a,
1991b; Hardwick et al., 1992; Barlowe and Schekman, 1993;
Barlowe et al., 1993; Nishikawa et al., 1994), thus leading to
an inhibition of COPII vesicle budding that is dependent on

Figure 3. Effect of Cargo Dosage and Temperature on Secretion
and Retention.

Transient expression in tobacco protoplasts transfected with plas-
mid DNA encoding either �-amylase or the HDEL-tagged derivative.
(A) Total activity and secretion index of �-amylase (white bars) com-
pared with �-amylase-HDEL (gray bars) measured 24 hr after trans-
fection of protoplasts. The units of �-amylase activity are the same
as in Figure 2. The concentration of the plasmids used for transfec-
tion is indicated on the x axis. The secretion index of �-amylase is
given on the left y axis, and the secretion index of �-amylase-HDEL
is given on the right y axis. Data from two independent experiments
are shown.
(B) Influence of temperature on protein synthesis (total activity) and
the secretion index of �-amylase (white bars) compared with �-amy-
lase-HDEL (gray bars). For each construct, four standard transfec-
tions were pooled and redistributed over six samples to achieve
minimal variation. The secretion index of �-amylase is given on the
left y axis, and the secretion index of �-amylase-HDEL is given on
the right y axis. Data shown are averages from three independent
experiments, and error bars indicate �SD.
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Sar1p (Barlowe and Schekman, 1993; Barlowe et al., 1993,
1994). To confirm that Sar1p was limiting during Sec12p
overexpression, we attempted to rescue the secretion of

 

�

 

-amylase via coexpression of increasing levels of Sar1p
superimposed onto a constant inhibitory level of Sec12p.
Figure 4B shows that a partial reconstitution of 

 

�

 

-amylase
secretion did occur upon coexpression of Sar1p.

To exclude the possibility that this recovery was caused
by an independent effect of Sar1p overexpression on secre-
tion, increasing levels of Sar1p were tested in the absence
of Sec12p overexpression. In this case, 

 

�

 

-amylase secretion
was unaffected (Figure 4C). This result shows that the re-
covery observed in Figure 4B must have been the result of a
suppression of the Sec12p effect. This finding provides fur-
ther proof of the titration hypothesis (d’Enfert et al., 1991a,
1991b; Hardwick et al., 1992; Barlowe and Schekman, 1993;
Barlowe et al., 1993; Nishikawa et al., 1994).

To confirm that Sec12p can interact physically with Sar1p
or alter its cellular location, we coexpressed an increasing
amount of Sec12p with a constant amount of Sar1p. Figure
4D shows that Sar1p is mostly cytosolic when overpro-
duced but that increasing levels of Sec12p result in recruit-
ment of the GTPase to the membrane. The four experiments
whose results are shown in Figure 4 clearly establish that
Sec12p overproduction can be used to inhibit COPII trans-
port in vivo.

 

Inhibition of COPII Transport via Coexpression of 
Mutant GTP-Trapped Sar1p

 

To establish an alternative method to manipulate COPII
transport in our system, we took advantage of the known
trans-dominant negative effect on COPII vesicle transport
by a GTP-trapped mutant of Sar1p (Saito et al., 1998;
Takeuchi et al., 1998, 2000). This mutant is less sensitive to
the GTPase-activating activity of Sec23, and it traps vesi-
cles in a coated configuration so that they are unable to fuse
with the target membrane. Figure 5A shows that, in contrast
to wild-type Sar1p, mutant Sar1p inhibits �-amylase secre-
tion when coexpressed. In addition, coexpression of Sec12p
with mutant Sar1p causes a further reduction in secretion
compared with coexpression of either molecule alone. In
contrast, wild-type Sar1p alleviates the effect of Sec12p
overexpression. Both wild-type and mutant Sar1p were de-
tected at comparable levels using protein gel blotting, thus

(D) Membrane recruitment of Sar1p by increasing the levels of
Sec12p. Protoplasts were extracted by osmotic shock to yield the
cytoplasmic fraction (sol.) and the membrane fraction (mem.).
Sec12p was present only in the membrane fraction. Quantities of
plasmids are given in micrograms.

Figure 4. In Vivo Manipulation of COPII-Dependent ER Export.

Transient expression in tobacco protoplasts transfected with plasmid
DNA encoding �-amylase, the HDEL-tagged derivative, a Sec12p
overexpression construct, or a Sar1p overexpression construct.
(A) Dosage-dependent inhibition of secretion of �-amylase and
�-amylase-HDEL by Sec12p coexpression measured 24 hr after trans-
fection. The amount of Sec12p-encoding plasmid is given in micro-
grams, and a constant amount of �-amylase–encoding (white bars)
or �-amylase-HDEL–encoding (gray bars) plasmids (2 �g) was used
in each lane. The secretion index of �-amylase is given on the left y
axis, and the secretion index of �-amylase-HDEL is given on the
right y axis. Averages of three independent experiments are shown,
and error bars indicate �SD. The protein gel blot shows the expres-
sion of Sec12p in each lane from one representative experiment.
(B) Partial reconstitution of Sec12p-mediated inhibition of secretion by
coexpression of Sar1p. Annotations are as in (A). Averages of three in-
dependent experiments are shown, and error bars indicate �SD. The
protein gel blots illustrate the constant levels of Sec12p and the in-
creased expression of Sar1p (concentrations of Sar1p-encoding plas-
mid given in micrograms) and are from one representative experiment.
(C) Demonstration that Sar1p overexpression alone does not influ-
ence secretion. Annotations are as in (B), but only the secretion of
�-amylase was tested with maximum levels of Sec12p and Sar1p.
Quantities of plasmids are given in micrograms. Two independent
experiments are shown for each lane, and the protein gel blots are
from one representative experiment.
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ruling out any artifact resulting from differences in the ex-
pression levels.

Interestingly, the Sar1p mutant caused a reduction in the
total amount of the secretory marker (Figure 5A). This is in
contrast to Sec12p, which inhibits secretion without reduc-
ing the levels of this enzyme. Second, further inhibition of
secretion via the combined effect of the Sar1p mutant and
Sec12p overexpression resulted in a recovery of total �-amy-
lase. This means that the negative effect of the GTPase mu-
tant on total �-amylase levels was not attributable to the
inhibition of the secretion process itself and that Sec12p co-
expression actually prevented the loss of marker protein.

These data suggest that Sec12p overexpression and
Sar1p mutant coexpression inhibit secretion in different
manners. Thus, we tried to establish whether the GTPase
mutant inhibits COPII transport through a displacement of
the wild-type molecule. Figure 5B shows that coexpression
of the wild-type protein at stoichiometric levels did not re-
store secretion to any extent. Unless 100-fold overexpression
of the wild-type protein relative to the mutant was imple-
mented, hardly any effect was observed. These results are in
contrast to those shown in Figure 4B, in which recovery was
immediately apparent with the lowest levels of Sar1p. It
should be noted that 100-fold lower levels of mutant Sar1p
were used compared with the levels used in Figure 5A, yet an
efficient inhibition of �-amylase secretion was seen.

Together, these results suggest that the GTPase mutant
inhibits the COPII transport mechanism at a different level
compared with Sec12p, which acts through a depletion of
Sar1p. It is likely that Sec12p overexpression inhibits the re-
cruitment of the COPII coat, which is dependent on Sar1p,
and thus acts at the earliest possible position in the path-
way. In contrast, the GTPase mutant prevents uncoating of
the vesicles and thus acts at a later stage. Thus, both meth-
ods are complementary approaches to manipulate COPII
transport in vivo.

ER Export of Calreticulin and a Bulk Flow Marker Occurs 
in a COPII-Dependent Manner

COPII vesicles from yeast generated in vitro have been
shown to contain anterograde cargo molecules such as
yeast �-factor but not ER residents such as BiP (Barlowe et
al., 1994). However, bulk flow to the cell surface has been
shown repeatedly to occur for a number of soluble passen-
ger molecules in plant cells (Vitale and Denecke, 1999). This
suggests either differences in the early secretory pathway
between yeast and plants or that, in addition to COPII vesi-
cles, other transport mechanisms exist to carry bulk flow out
of the ER. To distinguish between these possibilities, it was
necessary to determine whether the secretion of bulk flow
markers (Denecke et al., 1990) or ER residents (Crofts et al.,
1999) is COPII dependent.

Figure 6 shows that secretion of the bulk flow marker
phosphinothricin acetyl transferase (PAT) (Denecke et al.,

Figure 5. Inhibition of ER-to-Golgi Transport Using Mutant Sar1p.

Transient expression in tobacco protoplasts transfected with plas-
mid DNA encoding �-amylase with a variety of cotransfected con-
structs.
(A) Transport assay to detect the influence of the dominant negative
GTP-trapped mutant of Sar1p (H74L) after 24 hr of coexpression.
The numbers above the lanes refer to the amount in micrograms of
plasmids encoding Sec12p, Sar1p wild type (Sar1p WT), or mutant
Sar1p (Sar1p M). The top panel shows a protein gel blot to detect
Sec12p and the two different forms of Sar1p. The bottom panel
shows the secretion index and the total activity. Data from two inde-
pendent experiments are shown, lanes are as in the top panel, and
the protein gel blots are from one representative experiment. Note
the strong reduction in the secretion index when both Sec12p and
mutant Sar1p are coexpressed and that the total activity is higher
than with individually coexpressed mutant Sar1p (last pair of bars).
(B) Transport assay to monitor the effect of coexpressed wild-type
Sar1p on a constant level of mutant Sar1p. The secretion index is
shown, and the lanes indicate the quantities of the corresponding
plasmids transfected in micrograms. Data from two independent ex-
periments are shown. Note that only a 100-fold excess of wild-type
Sar1p rescues some of the secretion inhibited by the mutant GTPase.
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1990, 1992) is inhibited by Sec12p overexpression as well
as mutant Sar1p coexpression, demonstrating that PAT was
transported in a COPII-dependent manner. In contrast to
�-amylase, the increase in intracellular PAT levels exceeded
the reduction in extracellular PAT. This confirms an observa-
tion reported previously that a portion of PAT is degraded
when allowed to proceed further than the ER in the secre-
tory pathway (Denecke et al., 1992; Höfte and Chrispeels,
1992).

To determine if ER residents also are transported in a
COPII-dependent fashion, a truncated form of calreticulin
lacking its HDEL signal was tagged with a c-myc epitope to
distinguish it from the endogenous calreticulin. This hybrid
protein shows transport properties identical to those of un-
tagged calreticulin�HDEL in previous experiments (Crofts et
al., 1999). To avoid lengthy names, we will refer to the myc-
tagged calreticulin as calreticulin�HDEL. Figure 6 shows
that the secretion of calreticulin�HDEL is detected only
when the molecule is overexpressed, confirming earlier ob-
servations (Crofts et al., 1999). However, gradual inhibition
of COPII-dependent ER export via increasing Sec12p levels
led to a strong recovery of intracellular calreticulin�HDEL.
This is particularly clear at low expression levels, where no
protein is detected in the absence of Sec12p.

In contrast to Figure 4, the experiment shown in Figure 6
was performed using a 48-hr incubation to maximize the
effect of the inhibitors. To compare the data with those of
Figure 4, we conducted the same experiment with the
secretory marker �-amylase (Figure 6, bottom). Under these
conditions, all secretion indices are approximately twice as
high as in Figure 4A, as predicted from the linear relation-
ship of the secretion index seen in Figure 2. The longer incu-
bation period allowed more time for Sec12p overproduction
or mutant Sar1p production. This increases the sensitivity of
the assay, allowing for the use of smaller quantities of
Sec12p- or mutant Sar1p-encoding plasmids. In addition,
the GTP-trapped mutant also can exhibit a dosage-depen-
dent effect and reduces the total yield to a much lesser ex-
tent compared with the data shown in Figure 5, where much
higher plasmid concentrations were used. These results il-
lustrate the quantitative nature of our transport assays and

reticulin. Note that calreticulin�HDEL secretion is seen only when
the protein is overexpressed. The bottom panel shows the effect of
the various inhibitory levels of Sec12p and mutant Sar1p on the
transport of the secretory marker �-amylase coexpressed with cal-
reticulin�HDEL at equal levels (2 �g). The secretion index, the total
activity, and the activity in the cells (grays bars) and the culture me-
dium (white bars) are indicated, and the lanes correspond to the
lanes at top. Data for two independent experiments are shown. Note
that the total �-amylase activity is reduced slightly with increasing
levels of either transport inhibitor. Note also that the intracellular ac-
cumulation of �-amylase is not higher than that of calreticulin�HDEL
indicated above (Calret�).

Figure 6. Secretion of ER Residents and Bulk Flow Markers Is
COPII Dependent.

Transient expression in tobacco protoplasts. The culture medium
(M) and the cells (C) of protoplast suspensions were recovered 48 hr
after transfection. Cargo molecules were detected either by protein
gel blotting (top) or via enzymatic analysis (bottom). The numbers
above the lanes refer to the amount of Sec12p-encoding plasmid
(Sec12) or mutant Sar1p-encoding plasmid (Sar1 M) in micrograms.
As cargo molecules, the bulk flow marker PAT or calreticulin�HDEL
(Calret�) were coexpressed in constant amounts (2 �g). Calreticu-
lin�HDEL was also 10-fold overexpressed (Calret� OE) in the bot-
tom panel (20 �g). The control lane is devoid of any cargo
molecules. To detect PAT, anti-PAT serum was used (Denecke et
al., 1992), whereas introduced calreticulin�HDEL was detected with
c-myc antibodies to allow distinction from endogenous tobacco cal-
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the fact that coexpression of the secretory marker can be
used as a routine method in conjunction with Sec12p or the
Sar1p mutant to document the inhibition of ER export.

The data shown in Figure 6 allow a direct comparison of
the intracellular accumulation of the two test molecules PAT
and calreticulin�HDEL with that of the secretory marker
�-amylase. The intracellular levels of �-amylase increase by
approximately a factor of 4. Intracellular accumulation of
PAT and calreticulin�HDEL appeared to be similar, if not
higher, particularly when the latter was coexpressed at low
levels. This means that the three cargo molecules exit the
ER in COPII vesicles at a comparable rate.

Because neither inhibition strategy has led to an increase
in the total yield of the secretory marker, it can be con-
cluded that the capacity of the ER to synthesize proteins
was not higher. Hence, the increase in the total levels of
PAT and particularly calreticulin�HDEL is unlikely to be
caused by a higher synthesis rate or an indirect effect on the
35S promoter, which controls the transcription of these
three cargo molecules.

One further control experiment was conducted to rule out
an increased synthesis rate of calreticulin�HDEL as a result
of the inhibition of ER export. At 24 hr, we compared the
steady state protein levels with the protein synthesis rate.
To estimate the latter, we conducted a pulse labeling of the
cells for 30 min at the 24-hr time point. Subsequent quanti-
tative immunoprecipitation and SDS-PAGE revealed the
amount of protein synthesized during this short time interval
and provided an indication of the synthesis rate. In contrast,
the total protein levels detected by protein gel blotting had
accumulated over the course of the 24-hr period and de-
pended on the rate of synthesis as well as the rate of degra-
dation, resulting in a steady state level.

Figure 7 clearly shows that, although the steady state pro-
tein levels are very much increased by the presence of
Sec12p, the amount synthesized during the 30-min interval
(pulse) was almost identical in all cases. This finding indi-
cates once more that Sec12p overexpression had no effect
on the synthesis of calreticulin�HDEL and that the increase
in the steady state level must result from preventing turn-
over. The inhibition of ER export effectively rescues calre-
ticulin�HDEL from degradation.

Comparison of Figures 6 and 7 reveals that at 24 hr, the
lowest level of Sec12p has no stabilizing effect on calreticu-
lin�HDEL, whereas at 48 hr, a weak stabilization is observed
compared with the control. This again shows that longer in-
cubations provide a more sensitive ER export inhibition as-
say, as could be predicted from the fact that it requires time
to accumulate Sec12p to sufficient levels to titrate Sar1p.

We conclude that PAT and calreticulin�HDEL are ex-
ported efficiently from the ER via COPII-mediated transport
and then are degraded primarily in a post-ER compartment.
This degradation prevents a significant proportion of these
molecules from reaching the culture medium. This finding
explains previous results showing poor secretion of ER resi-
dents when devoid of their ER retention signal or during

saturation of the HDEL pathway (Crofts et al., 1999). When
overexpressed, some calreticulin�HDEL escapes degrada-
tion and can be detected in the culture medium, but this still
does not adequately represent the amount of ER export that
takes place.

DISCUSSION

A Model System for Anterograde and Retrograde
ER-to-Golgi Transport in Plants

Using the secretory protein �-amylase, we have created an
artificial ligand for the HDEL receptor and obtained a quanti-
tative transport assay for either anterograde transport alone
(�-amylase) or a combination of anterograde and retrograde
transport (�-amylase-HDEL). Together with the properties of
homogeneous protoplast suspensions and the ease with
which cell extracts and medium can be analyzed, this sys-
tem has proven to be very suitable for studying ER-to-Golgi
transport in vivo.

The first result (Figure 1) confirms earlier observations

Figure 7. Comparison of Steady State Protein Levels and the de
Novo Synthesis Rate.

Results of a transient expression experiment in which tobacco pro-
toplasts were harvested 24 hr after transfection and equal portions
were analyzed for protein levels (Steady state) or for the ability to
synthesize protein de novo during a 30-min pulse-labeling proce-
dure (Pulse). The steady state levels of calreticulin�HDEL were as-
sessed by protein gel blotting using anti-c-myc antibodies, whereas
pulse-labeled calreticulin�HDEL was detected via quantitative im-
munoprecipitation using anti-c-myc antibodies, subsequent SDS-
PAGE, and autoradiography. The numbers above the lanes refer to
the amount of coelectroporated Sec12p-encoding plasmid (Sec 12) in
micrograms. Calreticulin�HDEL was coexpressed in a low amount
(2 �g) as in Figure 6, which does not allow the detection of protein in
the medium. Note that the levels detected using pulse labeling were
constant, in sharp contrast to the steady state protein levels.
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suggesting that in plants the cis-Golgi apparatus is the main
compartment from which ERD2-mediated retrieval occurs
(Pedrazzini et al., 1997; Crofts et al., 1999; Frigerio et al., 1999,
2001; Eliot Herman, personal communication). Whereas
�-amylase was distributed evenly among the Golgi stacks,
�-amylase-HDEL was enriched specifically in the cis-most
Golgi and to a lesser extent in the cis-Golgi (Figure 1). The
strong statistical analysis shown in Figure 1 adds further
weight to previous results on the distribution of the auxin
binding protein (a KDEL protein), which is localized predom-
inantly in the cis-Golgi (Bauly et al., 2000). This was ob-
served as well when KDEL was replaced by HDEL, but not
when the signal was rendered nonfunctional (KEQL or
KDELGL). Labeling of the other cisternae (medial, trans, and
trans-Golgi network) was weak but evenly distributed, sug-
gesting that no significant retrieval occurs once the cis-
Golgi has been passed. Indeed, escape from the Golgi may
be relatively quick, as indicated by the lack of endo-H–resis-
tant forms of HDEL-truncated calreticulin inside the cells
(Crofts et al., 1999). However, we cannot exclude the possi-
bility that under stress situations, such as a viral infection or
contact with toxins, retrograde transport from more distal
Golgi compartments is possible (Lord and Roberts, 1997).

By using this quantitative transport assay, it was also possi-
ble to demonstrate that both ER export of �-amylase and
Golgi-derived retrograde transport of �-amylase-HDEL are
saturable (Figures 2 and 3). This result provides a possible
explanation for the partial retention of KDEL-tagged phyto-
hemagglutinin in the ER (Herman et al., 1990). Most of this
recombinant protein appeared to be present in the storage
vacuoles, and it stands to reason that rapid ER export and
active vacuolar transport led to an effective bypass of a lim-
iting number of HDEL/KDEL receptors. The results shown in
Figures 2 and 3 suggest that the HDEL/KDEL receptor ap-
pears to be more easily saturated than the components
needed for ER export.

It also should be noted that plant cells do not exhibit a de-
fined temperature block of secretion, as is observed in
mammalian cells. Previous studies indicated that cold shock
inhibits the secretion of green fluorescent protein (Boevink
et al., 1999). We have extended these observations and
tested several temperatures (Figure 3). The results suggest
that plant cells exhibit a more gradual temperature depen-
dence of secretion compared with mammalian cells. This
corresponds well with the fact that plants survive and grow
under variable temperatures. Even though the effect of the
temperature on the total yield is independent of the pres-
ence of the HDEL motif, measurement of the secretion index
revealed a differential effect that was clearly dependent on
this sorting motif. Plant cells may compensate for an in-
crease in anterograde transport by adequate retrograde
transport to maintain an equilibrium.

�-Amylase and �-amylase-HDEL provide a quantitative
test system, consisting of one cargo molecule that follows
anterograde transport only and another cargo molecule that
follows both the anterograde and the retrograde transport

pathways. This test system will provide a useful tool to study
the transport machinery of the early secretory pathway.

Sec12p Overexpression Inhibits COPII Transport 
through the Depletion of Sar1p

The transport assay also has proven to be very suitable for
testing the biological activity of the key components Sec12p
and Sar1p in vivo. The results clearly confirm that Sec12p
overexpression slows anterograde ER-to-Golgi transport
(d’Enfert et al., 1991a, 1991b; Hardwick et al., 1992; Barlowe
and Schekman, 1993; Barlowe et al., 1993; Nishikawa et al.,
1994), and we have established conclusive experimental
proof that this effect is caused by a titration of Sar1p. It is
well established that Sar1p is essential for the formation of
COPII vesicles (Barlowe and Schekman, 1993; Barlowe et
al., 1993, 1994) because it controls the recruitment of the
COPII coat and becomes part of the COPII vesicle (Barlowe
et al., 1994). Because Sec12p overproduction titrates Sar1p
from the available pool, it prevents the formation of COPII
vesicles and acts at the earliest possible point in the antero-
grade transport pathway between the ER and the Golgi.

COPII vesicles have not been visualized in plants using
electron microscopy, but there is an abundance of data that
predicts their presence. First, the identification of Sec12p
and Sar1p in plants and their functional complementation in
yeast (d’Enfert et al., 1992) suggests that these components
control this pathway. Second, the identification of COPII
coat components in plants (Movafeghi et al., 1999) and the
identification of COPI vesicles in plants suggest that the
principle of non-clathrin-coated vesicle formation has been
well documented (Pimpl et al., 2000). Whether COPII trans-
port occurs in a vesicular or a tubular manner is not relevant
at this stage, and we do not wish to endorse either model;
however, because the term COPII vesicles is used in the
yeast and mammalian literature, it seems appropriate to use
this term for plants as well until hard evidence against this
has been presented.

Stable overexpression of Sec12p in transgenic plants was
reported previously (Bar-Peled and Raikhel, 1997), but the
authors did not report a negative effect on cell viability or a
redistribution of Sar1p. Given our results, it may seem strange
that Sec12p-overexpressing plants were viable. However, it
is possible that plant cells contain regulatory mechanisms to
respond to an imbalance in the Sec12p/Sar1p ratio. Hence,
the material generated by Raikhel and co-workers could be
a useful source of further information. It is also possible that
the generation of transgenic plants led to selection for over-
production of a mutated form of Sec12p that is incapable of
titrating Sar1p. Thus, transgenic plants would represent an
elegant model for the identification of Sec12p mutants.

In contrast to transgenic plants, transiently expressing
protoplasts do not have sufficient time to respond to the im-
balance; hence, they exhibit the result of the perturbation in
our transport assay. Likewise, the saturation of the HDEL re-
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ceptor may have been so readily observed in protoplasts
(Figures 2 and 3) because the time to respond, for instance
by upregulating receptor numbers, is insufficient. Hence,
transient expression using protoplasts is a powerful tech-
nique with which to study and manipulate COPII transport in
vivo. In addition to this, the �-amylase transport assays can
now be used for the functional analysis of Sec12p using the
inhibition assay or for the analysis of Sar1p in the rescue as-
say. This should prove valuable as an additional tool in com-
bination with the use of GTPase mutants that exhibit a trans
dominant negative effect on secretion (Batoko et al., 2000;
Takeuchi et al., 2000) (Figure 5).

Sec12p Overproduction and Mutant Sar1p Inhibit COPII 
Transport at Different Stages

We have compared our method based on Sec12p overpro-
duction with the established inhibition of COPII transport
using a mutant form of Sar1p that is trapped in the GTP-
bound form. Interesting differences were noted. First, the ef-
fects of Sec12p overproduction and mutant Sar1p produc-
tion were additive and surpassed those of increased
individual Sec12p overproduction or Sar1p mutant coex-
pression. This suggests that the inhibitory mechanism is dif-
ferent. Second, the Sar1p mutant caused a loss of yield of
the secretory marker when coexpressed at high levels. This
could be rescued by further inhibition of ER export with su-
perimposed Sec12p overproduction. These results show
that loss of yield is not simply the result of loss of secretion.

From the data on in vitro vesicle budding (Barlowe et al.,
1994), it can be predicted that incorporation into COPII
vesicles of a mutant Sar1p that is unable to respond to the
GTPase-activating action of Sec23 (Saito et al., 1998;
Takeuchi et al., 1998, 2000) would prevent vesicle uncoating
and fusion with the target membrane. Perhaps this leads to
an as yet undiscovered mechanism for the disposal of such
defective vesicles, which would explain the loss of enzyme
yield. Sec12p overexpression is likely to inhibit COPII trans-
port at an earlier stage, the recruitment of the COPII com-
plex to the ER membrane, and thus the formation of the
vesicle. This could explain why superimposed Sec12p over-
expression restores higher levels of the secretory marker,
because it would prevent ER export itself and render ER-
retained �-amylase insensitive to any mechanism that dis-
poses of vesicles with an uncoating-deficient coat. Indeed,
such a mechanism could be of physiological importance,
but further research will be required to provide evidence for
this. We used lower concentrations of the GTPase mutant
(Figure 6) to overcome this problem.

Interestingly, stoichiometric levels of wild-type Sar1p did
not overcome the effect of mutant Sar1p. Approximately
100-fold overexpression of the wild-type protein relative to
the mutant was required to detect any recovery of secretion
at all. It is not known how many copies of the Sar1p protein
are present in one COPII vesicle, but it is possible that un-

coating of the entire vesicle can be blocked if only a minority
of mutant Sar1p molecules are incapable of hydrolyzing
GTP. This is worth investigating further but was beyond the
scope of this report.

In conclusion, we propose that the Sec12p overexpres-
sion strategy inhibits the first step of COPII transport, the
export step itself, and constitutes an ideal method of manip-
ulating this stage of the secretory pathway.

Bulk Flow Occurs in a COPII-Dependent Manner

The demonstration of secretory bulk flow (Wieland et al.,
1987; Denecke et al., 1990) is in sharp contrast to the ab-
sence of ER residents in purified COPII vesicles induced in
vitro (Barlowe et al., 1994). The conflicting data could be ex-
plained by differences in the specificity of anterograde
cargo recruitment between yeast and higher eukaryotes or
by a non-COPII ER export pathway that supports bulk flow.
The manipulation of COPII vesicle transport in vivo allowed us
to determine if this transport mechanism is involved in the se-
cretion of bulk flow markers or ER residents deprived of the
HDEL motif (Denecke et al., 1990; Hunt and Chrispeels,
1991; Crofts et al., 1999).

Sec12p overproduction led to a sharp inhibition in the se-
cretion of the bulk flow marker PAT and the ER resident cal-
reticulin (Figure 6). This finding demonstrates that COPII-
dependent ER export does support bulk flow in vivo and
contrasts with results from in vitro assays (Barlowe et al.,
1994). Similar results were obtained with the Sar1p mutant,
confirming COPII dependence. The effects of the mutant
GTPase on PAT and calreticulin�HDEL are indistinguishable
from those obtained by Sec12p overexpression as long as
the levels of the mutant GTPase used inhibit secretion but
do not show a loss of yield, as observed in Figure 5.

Inhibition of COPII Transport Prevents Degradation in a 
Post-ER Compartment

The fact that the recovery of intracellular PAT or calreticu-
lin�HDEL through the inhibition of COPII transport was at
least as high as that of the secretory marker �-amylase indi-
cates that the rate of ER export is comparable for these
three proteins. This means that bulk flow is significant. It
was observed as well that intracellular recovery exceeded
the loss of secreted proteins, particularly in the case of cal-
reticulin�HDEL when it was expressed at lower levels.
Sec12p is a membrane-spanning protein, and it was neces-
sary to determine if Sec12p overexpression could cause an
increase in the ER surface and perhaps in the capacity of
the ER to synthesize proteins. Measurement of the secre-
tory marker shows that this capacity was even slightly lower
during Sec12p overexpression. Second, because expres-
sion of all cargo molecules was driven by the same 35S pro-
moter, a possible stimulatory effect of Sec12p on the
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promoter could be excluded as well. Finally, the GTPase
mutant is not a membrane protein, and it causes a reduction
in the yield of the secretory marker, but still it led to an in-
crease in the total amount of PAT and calreticulin�HDEL.

To exclude the possibility of a specific stimulatory effect
of Sec12p on calreticulin synthesis but not �-amylase, we
compared the synthesis rate, estimated by pulse labeling,
with steady state protein levels (Figure 7). Clearly, the syn-
thesis rate of the cargo molecule is not affected by Sec12p,
and it can be concluded that the inhibition of anterograde
ER-to-Golgi transport leads to a stabilization of calreticu-
lin�HDEL. In the case of PAT, it was shown previously that
poor secretion is attributable to degradation of the majority
of the synthesized protein at some point in the secretory
pathway before it reaches the culture medium (Höfte and
Chrispeels, 1992). The present data suggest that this must
occur in a post-ER compartment.

Poor secretion and low expression levels of truncated ER
residents have been reported previously (Munro and Pelham,
1987). In the case of calreticulin, deletion of the HDEL motif
led to a 100-fold reduction in the steady state protein levels
in transgenic plants, yet only low levels of secreted calre-
ticulin�HDEL were detected (Crofts et al., 1999). HDEL tag-
ging is known to stabilize recombinant proteins transported
by the plant secretory pathway (Denecke et al., 1992; Wandelt
et al., 1992). Addition of an ER retention motif could alter the
protein itself and cause stabilization. Likewise, removal of
an HDEL motif from an ER resident could cause a higher
turnover. However, our present findings were not based on
altering the cargo molecules themselves but through the in-
hibition of anterograde transport at two different positions in
the pathway. Therefore, the stabilization of the cargo mole-
cules must have occurred indirectly. We conclude that this
must be the result of the fact that they no longer reach a
lytic compartment in which they are degraded.

Because the retrieval of HDEL proteins occurs mainly via
the cis-Golgi (Figure 1), it can be concluded that the pro-
teolytic compartment must reside in a more distal location.
Degradation could occur via partial transport to the lytic
vacuole, which would indicate that, in addition to secretory
bulk flow, some molecules can diffuse nonspecifically to
other locations. Alternatively, the proteins could be unstable
when in transit to the cell surface, perhaps as a result of a
lower pH compared with the neutral pH of the ER in which
they usually reside. Further work will be required to deter-
mine which of the two possible explanations applies.

Bulk Flow Is Efficient

The results strongly indicate that the rate of secretory bulk
flow has been systematically underestimated when ER pro-
teins, lacking a retention motif, were studied (Munro and
Pelham, 1987; Crofts et al., 1999). This also would be appli-
cable to some bulk flow markers such as PAT (Denecke et
al., 1990), whereas other neutral cargo molecules were more

stable and exhibited high transport rates to the cell surface
(Hunt and Chrispeels, 1991). Based on our findings, we pro-
pose that recycling of ER residents occurs frequently and is
crucial for the maintenance of these proteins in the ER lumen.
Thus, ER chaperones may serve to rescue folding interme-
diates from degradation in the vacuole (Hong et al., 1996).

Our findings also suggest that the first experiment to
demonstrate secretory bulk flow, based on a short peptide as
a bulk flow marker (Wieland et al., 1987), was far more rep-
resentative of the in vivo situation than is perceived at present
(Romisch and Schekman, 1992; Kuehn and Schekman,
1997). Given this notion, it is not surprising that ERD2 mu-
tants with defective ER retention affinity cause drastic tran-
scriptional induction of the KAR2 gene to compensate for
the loss of BiP through increased ER export (Semenza et al.,
1990). Furthermore, the membrane-bound kinase IRE1 was
shown to act as an inducible backup system when ERD2-
mediated retrieval fails to operate (Beh and Rose, 1995).
The discovery that ERD2 mutants were viable only because
some residual activity of the ERD2 mutants was still present
and that the complete loss of ERD2 function is lethal
(Townsley et al., 1994) strongly suggests that BiP export oc-
curs at a high rate rather than being marginal. Recycling
from the Golgi is thus an essential process.

Also, the so-called “BiP bodies” observed when Sec12p
is overproduced (Nishikawa et al., 1994) could be explained
by the fact that under normal physiological conditions a sig-
nificant amount of BiP is exported in COPII vesicles, fol-
lowed by degradation. Prevention of this process causes its
accumulation or stabilization. The fact that BiP accumulates
in conjunction with vacuolar proteins (Nishikawa et al., 1994)
means that these BiP bodies are in fact dilated, globular ex-
pansions of the ER that contain soluble proteins and that
BiP is simply one of these.

The combined data do not rule out the possibility that
specific ER export signals could exist to facilitate very effi-
cient anterograde transport of receptors or other compo-
nents of the vesicle-budding machinery (Klumperman,
2000). For instance, ERD2 anterograde transport must be
more efficient than bulk flow of the far more abundant retic-
uloplasmins. However, from Figure 6, it does not appear that
a naturally secretory protein such as �-amylase is trans-
ported out of the ER any faster than a bulk flow marker or an
ER resident, confirming earlier observations on the mobility
of proteins in the ER lumen of Xenopus oocytes (Ceriotti and
Colman, 1988).

The fact that bulk flow does occur in COPII vesicles in
vivo requires an explanation for the contrasting results ob-
tained with ER-derived COPII vesicle budding in yeast (Barlowe
et al., 1994). The Sec12p-induced BiP bodies (Nishikawa et
al., 1994) would argue against the possibility that yeast
COPII vesicles possess a more restrictive cargo selection fi-
delity than their counterparts in plants. The most significant
difference between the in vivo and in vitro studies is the fact
that in the latter, only one cargo molecule, the �-factor pre-
cursor, is introduced into the ER lumen via in vitro transla-
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tion and translocation (Barlowe et al., 1994). It is possible
that under these conditions, overproduction of �-factor pre-
cursor displaces ER residents such as BiP from ER export
vesicles. When a complex mixture of secretory proteins syn-
thesized de novo are transported, transport of the bulk flow
marker and calreticulin�HDEL showed a similar COPII de-
pendence as the secretory marker �-amylase (Figure 6). We
suggest that to test bulk flow using the in vitro COPII vesicle
budding assay, two distinct cargo molecules should be in-
troduced into the ER lumen in vitro, one representing secre-
tory cargo such as �-factor and one encoding an ER
resident such as BiP or calreticulin. This would give both
molecules more comparable chances to enter COPII vesicles.

We conclude that although in vitro reconstitution experi-
ments have been crucial in establishing the minimum num-
ber of components required for vesicle budding using
biochemical techniques, a more critical evaluation of the
cargo selection process could be complemented by in vivo
experiments. Our results do not exclude the possibility that
ER residents such as BiP can be ER export incompetent un-
der certain conditions. For example, BiP molecules associ-
ated physically with the translocation pores or trapped in
high molecular weight complexes may not diffuse into COPII
vesicles. It is also possible that overexpression in transgenic
plants or in transient expression disrupts the stoichiometry
of putative high molecular weight chaperone complexes and
overrepresents the rate of bulk flow in vivo under natural
physiological conditions. However, if calreticulin were mainly
retained and not recycled, disruption of the stoichiometry
would be more dramatic when overexpression was more
severe. The contrary is true in our experiments, in which sta-
bilization of calreticulin�HDEL was most pronounced when
low levels of plasmids were transfected (Figure 6). In other
words, calreticulin�HDEL is exported more rapidly from the
ER and degraded when expressed at lower levels.

This result strongly argues against the true retention
model based on a putative chaperone matrix (Crofts and
Denecke, 1998). Additionally, the majority of calreticulin is
not present in high molecular weight complexes, and only a
minor portion is associated with BiP (Crofts et al., 1998).
More importantly, calreticulin was copurified with COPI ves-
icles from plants that did not overexpress calreticulin but an
unrelated secretory marker fused to HDEL (Pimpl et al.,
2000). This should not have disrupted any specific chaper-
one complex. Finally, the HDEL motif was shown to be cru-
cial for the accumulation of high levels of calreticulin and
BiP in tobacco plants (Crofts et al., 1999). If stoichiometry
were an important mechanism for retention and HDEL-medi-
ated recycling were just a minor backup system, the pres-
ence of the HDEL motif should not have made a 100-fold
difference in protein levels (Crofts et al., 1999).

The data that we present here, showing that inhibition of
ER export leads to the accumulation of high levels of calre-
ticulin�HDEL, correspond very well with all of the other find-
ings showing that HDEL-mediated recycling is not marginal
(Semenza et al., 1990; Nishikawa et al., 1994; Townsley et al.,

1994; Beh and Rose, 1995; Crofts et al., 1999; Pimpl et al.,
2000). Therefore, we propose that HDEL-mediated recycling
plays a major role in the retention of ER residents such as
calreticulin, in contrast to a recent suggestion (Pagny et al.,
2000).

METHODS

Plasmid Construction for Transient and Stable Expression

All DNA manipulations were performed according to established pro-
cedures. The Escherichia coli MC1061 strain (Casadaban and Cohen,
1980) was used for the amplification of all plasmids. Plasmids encod-
ing for �-amylase and �-amylase-HDEL were as described (Crofts et
al., 1999). To allow a distinction between transiently expressed cal-
reticulin�HDEL (Crofts et al., 1999) and the endogenous wild-type
calreticulin, pDE314C (Crofts et al., 1999) was engineered to incor-
porate a c-myc tag just before the stop codon, resulting in the plas-
mid pCalmyc. The Sec12p and Sar1p overexpression plasmids were
generated through polymerase chain reaction amplification of the
corresponding cDNA clones (d’Enfert et al., 1992), resulting in coding
regions placed between the 35S promoter of cauliflower mosaic vi-
rus and the 3� untranslated end of the nopaline synthase gene, as in
pDE314C (Crofts et al., 1999). Site-directed mutagenesis of the
Sar1p coding region was performed to exchange the histidine codon
in position 74 with a leucine codon, using the following two oligonu-
cleotides as polymerase chain reaction primers: SARH74L-sense (5�-
TTGATTTGGGTGGTCTTCAGATTGCTCGTAG-3�) and SARH74L-
antisense (5�-CTACGAGCAATCTGAAGACCACCCAAATCAA-3�). All
constructions were verified by sequencing.

Plant Material and Growth Culture Conditions

Tobacco plants (Nicotiana tabacum cv Petit Havana) (Maliga et al.,
1973) were grown in Murashige and Skoog (1962) medium and 2%
sucrose in a controlled room at 25�C with a 16-hr daylength at the
light irradiance of 200 �E · m	2 · sec	1. Tobacco leaf protoplasts
were prepared as described (Denecke and Vitale, 1995) except that a
new leaf-piercing device was used that displayed 122 stainless steel
needles arranged at 1-mm distance from each other, allowing fast
preparation of pierced leaves for overnight digestion with cellulase
and pectinase. Transfection via electroporation was performed as
described (Denecke and Vitale, 1995), and the plasmid concentra-
tions used are given in the figure legends.

Protein Extraction and Transport Assays

Harvesting of cells and culture medium as well as protein extractions
were performed as described previously (Denecke and Vitale, 1995;
Crofts et al., 1999; Leborgne-Castel et al., 1999). Washed cells from
a 2-mL protoplast suspension were extracted in a final volume of 200
�L, and clear culture medium devoid of cells was concentrated
10-fold as described (Crofts et al., 1999). Comparison of cellular and
extracellular protein levels was possible simply by analyzing equal
volumes of cell extracts or concentrated medium on protein gel blots.
Membrane recruitment was assessed by an osmotic shock proce-
dure described previously (Denecke et al., 1990, 1992).
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Enzymatic Assays

Protoplasts were extracted in �-amylase extraction buffer (Crofts et
al., 1999) via sonication for 5 sec. In all cases, extracts were cleared
by 10 min of centrifugation at 25,000g at 4�C, and the supernatant
was recovered. Clear culture medium also was spun at 25,000g for
10 min at 4�C to remove small quantities of cell debris, and the su-
pernatant was recovered. �-Amylase activity was determined as de-
scribed (Crofts et al., 1999) and calculated as change in OD per
milliliter of original suspension per minute. For instance, if the cell ex-
tract was prepared in a 10-fold smaller volume than the original
suspension, the value was divided by 10. The high sensitivity of
the �-amylase assay permitted the analysis of nonconcentrated
culture medium, thus limiting the number of steps and increasing
the accuracy of the assay. The calculation of the secretion index
was performed as described previously and represents the ratio
between the extracellular and the intracellular activity (Denecke et
al., 1990).

Protein Gel Blotting

Samples were loaded after twofold dilution with 2 
 SDS-PAGE
loading buffer (200 mM Tris-Cl, pH 8.8, 5 mM EDTA, 1 M sucrose, and
0.1% bromphenol blue). Proteins in SDS–polyacrylamide gels were
transferred onto a nitrocellulose membrane and then blocked with
PBS, 0.5% Tween 20, and 5% milk powder for 1 hr. The filter was
then incubated in blocking buffer with primary antibody at a dilution
of 1:5000 for anti-phosphinothricin acetyl transferase (PAT) antibod-
ies and anti-c-myc antibodies (Santa Cruz Biotechnology, CA),
whereas 1:2500 dilutions were used for anti-Sec12p antibodies (Bar-
Peled and Raikhel, 1997) and anti-Sar1p antibodies (Pimpl et al.,
2000). All antisera were from rabbits, and incubation of secondary
antibodies and further steps were performed as described (Crofts
et al., 1999).

Pulse Labeling and Immunoprecipitation

Protoplasts (106) were labeled as described previously (Crofts et al.,
1998), except that the concentration of labeled methionine was
higher (200 �Ci/mL). Immunoprecipitation of myc-tagged calreticu-
lin�HDEL was performed as described previously (Crofts et al., 1998)
but using polyclonal anti-c-myc antibodies (Santa Cruz Biotechnol-
ogy). The supernatants of the immunoprecipitations were tested for
remaining myc-tagged calreticulin�HDEL by reprecipitation, which
did not reveal detectable levels, demonstrating that the antibodies
were not limiting in the immunoprecipitations (see Figure 7).

Immunocytochemistry

Preparation of ultrathin cryosections from tobacco root tips was per-
formed as described previously (Pimpl et al., 2000). Immunogold la-
beling was performed with protein A–Sepharose–purified barley
�-amylase antiserum diluted 1:100 (kindly provided by Birte Svensson,
Carlsberg Laboratory, Copenhagen, Denmark). Labeled sections were
observed in a Philips (Eindhoven, The Netherlands) CM10 electron
microscope operating at 80 kV.
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