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The plant endoplasmic reticulum (ER) contains functionally distinct subdomains at which cargo molecules are packed into
transport carriers. To study these ER export sites (ERES), we used tobacco (Nicotiana tabacum) leaf epidermis as a model system and
tested whether increased cargo dosage leads to their de novo formation. We have followed the subcellular distribution of the
known ERES marker based on a yellow fluorescent protein (YFP) fusion of the Sec24 COPII coat component (YFP-Sec24), which,
differently from the previously described ERES marker, tobacco Sarl-YFP, is visibly recruited at ERES in both the presence and
absence of overexpressed membrane cargo. This allowed us to quantify variation in the ERES number and in the recruitment of
Sec24 to ERES upon expression of cargo. We show that increased synthesis of membrane cargo leads to an increase in the number of
ERES and induces the recruitment of Sec24 to these ER subdomains. Soluble proteins that are passively secreted were found to
leave the ER with no apparent up-regulation of either the ERES number or the COPII marker, showing that bulk flow transport has
spare capacity in vivo. However, de novo ERES formation, as well as increased recruitment of Sec24 to ERES, was found to be
dependent on the presence of the diacidic ER export motif in the cytosolic domain of the membrane cargo. Our data suggest that
the plant ER can adapt to a sudden increase in membrane cargo-stimulated secretory activity by signal-mediated recruitment of

COPII machinery onto existing ERES, accompanied by de novo generation of new ERES.

The endoplasmic reticulum (ER) is an essential
organelle responsible for the synthesis, assembly, and
sorting of secretory proteins. Specialized ER subdo-
mains, termed ER export sites (ERES), are dedicated to
the export of proteins to the Golgi apparatus (Tang
et al., 2005). In plants, the Golgi apparatus consists of
several hundred individual stacks accompanied by
closely linked ERES (Hanton et al., 2006). This feature
permits the capture of high-resolution time series of
individual ER-Golgi pairs.

In mammals and yeast (Saccharomyces cerevisiae),
protein transport between the ER and Golgi apparatus
is generally thought to be mediated by COPI and
COPII coat complexes (Lee et al., 2004; Hanton et al.,
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2005a; Watson and Stephens, 2005). The Arf1-COPI
coat associates with membranes of the Golgi apparatus
and is believed to mediate retrograde transport back to
the ER (Letourneur et al., 1994); the COPII coat per-
forms the opposite function, assembling on ER mem-
branes to induce the formation of anterograde carriers
at ERES (Barlowe, 2003). The COPII coat consists of the
GTPase Sarl (Barlowe and Schekman, 1993; Barlowe
et al., 1994; Weissman et al., 2001) plus two heterodi-
meric complexes: Sec23/24 and Sec13/31 (Matsuoka
et al., 2001), which are thought to be recruited sequen-
tially to the ER membrane at ERES (Aridor et al., 2001).
Sec23 exhibits Sar1-specific GTPase-activating activity,
whereas Sec24 is thought to select cargo and the
Sec13/31 complex provides the structural properties
to shape the membrane into a vesicle upon assembly
(Stagg et al., 2006). Proteins such as p125 and Secl6
have been recognized as being fundamental for the
establishment of the identity of ERES in mammalian
and yeast cells (Espenshade et al., 1995; Shimoi et al.,
2005; Watson et al., 2006). However, proteins with
analogous functions have not yet been identified in
plants. Plant homologs of components of the COPI and
COPII vesicle coats have been identified and some char-
acterization studies have been carried out (d’Enfert
et al., 1992; Regad et al., 1993; Bar-Peled and Raikhel,
1997; Takeuchi et al., 1998; Movafeghi et al., 1999;
Contreras et al., 2000; Pimpl et al., 2000; Vernoud et al.,
2003; daSilva et al., 2004; Yang et al.,, 2005; Stefano
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et al., 2006). Although this area of research is cur-
rently one of great interest and activity, knowledge
of transport in the early secretory pathway of plants
still lags behind that from yeast and mammalian
systems.

The function and behavior of plant ERES with regard
to cargo recruitment is poorly understood. It is possible
that cargo proteins are recruited to ERES for packaging
and transport to the Golgi, as occurs in mammalian
cells (Aridor et al., 2001), or, conversely, that cargo
molecules recruit COPII components to ERES to facil-
itate their export to the Golgi. Studies on coexpression
of Sarl-yellow fluorescent protein (YFP) and Golgi
membrane markers (ER retention defective 2 [ERD2]-
green fluorescent protein [GFP], ST-GFP, GONST1-
GFP, and a-1,2-mannosidase-GFP) in tobacco (Nicotiana
tabacum) leaf epidermal cells showed increased re-
cruitment of the GTPase to ERES (daSilva et al., 2004).
However, overexpression of soluble proteins, which
are known to be exported from the ER via a passive bulk
flow mechanism (Denecke et al., 1990; Phillipson et al.,
2001), did not induce this effect. This suggests that, in
plants, the quantity of membrane cargo controls the
level of COPII recruitment to ERES (daSilva et al., 2004).

Emerging evidence suggests that maintenance of the
identity of plant ERES is a regulated process that
involves balanced traffic of materials between the ER
and Golgi (daSilva et al., 2004; Yang et al., 2005; Stefano
et al., 2006). Disruption of the integrity of retrograde
protein transport by either the drug brefeldin A or a
dominant negative mutant of Arfl determines redis-
tribution of fluorescent fusions of the ERES markers
Sarl, Sec23, and Sec24 into the cytosol, as well as
accumulation of Golgi markers in the ER in tobacco
leaf epidermis (daSilva et al., 2004; Stefano et al., 2006).
Upon brefeldin A washout, however, Sarl, Sec23, and
Sec24 are recruited to the area of newly formed Golgi
bodies (daSilva et al., 2004; Stefano et al., 2006). This
effect suggests that the plant ER is capable of accom-
modating reversible changes in COPII assembly at
ERES.

Together, these findings lead to the fundamental
biological question of how cells respond to sudden
synthesis of secretory proteins directed to the Golgi
apparatus. Does cargo select COPII coats for mem-
brane recruitment and is this process dependent on ER
export signals? Can ERES be differentiated de novo
and does the total number of ERES increase with
increased cargo synthesis?

To address these important questions, we have used
tobacco leaf epidermis and live cell-imaging analyses to
investigate the consequences of sudden synthesis of
protein cargo destined to the Golgi apparatus, using the
Arabidopsis (Arabidopsis thaliana) COPII component
Sec24, which associates with ERES in both the presence
and absence of overexpressed membrane cargo in leaf
tissue from Arabidopsis and tobacco (Matheson et al.,
2006; Stefano et al., 2006). Our findings provide evi-
dence for increased recruitment of Sec24 to ERES
upon coexpression of the Golgi membrane markers
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ERD2-GFP or TMcCCASP (Hanton et al., 2005b). Mu-
tagenesis experiments revealed that this effect is strictly
dependent on the diacidic ER export signal DXE (Hanton
et al., 2005b). In addition, we show that increased vol-
ume of secretory membrane cargo correlates to a higher
number of ERES units, suggesting cargo-induced de
novo differentiation of ERES. The results obtained shed
new light on the causal relationship between COPII
coats and their cargo.

RESULTS

Overexpression of Sec24 Does Not Affect Movement
of Proteins to the Golgi Apparatus

To visualize ERES in tobacco leaf epidermal cells, we
used a key component of the COPII coat, Sec24. A YFP
fusion (YFP-Sec24) can be used to label ERES in both the
presence and absence of overexpressed cargo in leaf
epidermis of tobacco and Arabidopsis (Matheson etal.,
2006; Stefano et al., 2006) in contrast to tobacco Sarl-
YFP, which is only visible at ERES in the presence of
overexpressed membrane cargo (daSilva et al., 2004).
YFP-Sec24 would thus permit detection of ERES before
and after induction of increased cargo biosynthesis.

To use YFP-Sec24 as a neutral marker for ERES, it was
first necessary to demonstrate that its expression does
not affect constitutive secretion. This was important
because it is known that some components of the COPII
machinery, such as the Sarl guanine nucleotide ex-
change factor Sec12 (d’Enfert et al., 1991; Barlowe and
Schekman, 1993; Barlowe et al., 1994), inhibit COPII-
mediated ER export when present at increased levels,
most likely by titration of Sarl (d’Enfert et al., 1991;
Phillipson et al., 2001; daSilva et al., 2004). Tobacco leaf
protoplasts were cotransfected with the secretory
marker a-amylase (Phillipson et al., 2001) and a dilution
series of YFP-Sec24. As a positive control, we used a
dilution series of a fluorescent fusion of Sec12, Secl2-
GFP, which was previously shown to inhibit secretion in
a similar manner to that of its untagged counterpart
(daSilva et al., 2004). We used Sec12 overexpression
to inhibit COPII transport rather than an alternative,
such as the GTP-restricted mutant of Sarl [Sar1(H74L);
Takeuchi et al., 2000] because a Sec12 overexpression
approach provides specific proof of COPII dependence
of ER export of cargo. Inhibition of ER export in con-
ditions of overexpression of Secl2 is believed to be
the result of titration of Sarl, thus leading to inhibition
of COPII vesicle budding that is dependent on Sarl
(d’Enfert et al., 1991; Barlowe and Schekman, 1993;
Phillipson et al., 2001; daSilva et al., 2004). On the other
hand, overexpression of Sar1(H74L) leads to rapid col-
lapse of Golgi membranes into the ER (Takeuchi et al.,
2000; daSilva et al., 2004). This means that the point of
arrival of cargo exported from the ER via either the
COPII-dependent pathway or other means (Tormékangas
et al., 2001) is disrupted. In these conditions, it is not
possible to distinguish whether the ER export of cargo
is dependent on or independent of COPIL
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In each repetition of the experiment shown in Figure
1, all samples contained a homogeneous suspension of
protoplasts from the same pool. This ensured that
the data obtained were comparable between samples
and that any stress caused to the secretory pathway
through the preparation of protoplasts was consistent
across all samples.

We found that secretion was reduced noticeably upon
coexpression of low levels of Sec12-GFP (Fig. 1A),
corresponding to the findings of daSilva et al. (2004).
However, even at high levels of expression of YFP-
Sec24, a-amylase secretion was unaffected (Fig. 1B).
This indicates that, unlike Sec12-GFP, YFP-Sec24 does
not interfere with constitutive secretion and can there-
fore be used as a neutral marker for ERES. This offers a
unique opportunity to monitor the response of the ER
and ERES to increased levels of secretory cargo proteins.

The Golgi Marker ERD2-GFP Exits the ER in a
COPII-Dependent Manner

Having established that YFP-Sec24 was not inter-
fering with secretion, we next wanted to determine
whether its distribution was influenced by the presence
of increased availability of cargo destined for the Golgi
apparatus. We selected ERD2-GFP, a fluorescent fusion
of the Arabidopsis H/KDEL receptor, because it is an
established ER-Golgi marker (Boevink et al., 1998;
Brandizzi et al., 2002¢; Saint-Jore et al., 2002) and has
been shown to recruit the GTPase Sarl to ERES (daSilva
et al., 2004). We therefore wanted to test whether, in
addition to recruiting the GTPase Sarl, ERD2 can also
recruit COPII components such as Sec24.

ERD2 must recycle between the ER and Golgi appa-
ratus to carry outits function and, although its recycling
via COPI vesicles is well established (Lee et al., 1993),
much less is known about its ER export properties.
Because it has been shown that a COPII-independent
pathway for ER export exists in plants (Térmédkangas
et al., 2001), we first wanted to ensure that the ER ex-
port of ERD2 is dependent on COPII machinery. We
therefore coexpressed ERD2-GFP with Sec12-YFP (Fig.
2, A-D), using a leaf infiltration protocol based on
Agrobacterium-mediated integration into the plant ge-
nome (Batoko et al., 2000). An added advantage of this
approach was that the fluorescent fusion allowed us to
monitor expression levels of Sec12-YFP.

Figure 2A shows that ERD2-GFP fluorescence is
detected in punctate structures representing Golgi
stacks, as well as in the ER network, as previously
shown (Boevink et al., 1998). Upon coexpression with
Sec12-YFP, most of the punctate fluorescence was lost,
accompanied by an increase in ER fluorescence (Fig.
2B). We also quantified the intensity of fluorescence of
ERD2-GEFP in the ER and in the Golgi apparatus either
alone or coexpressed with Sec12-YFP, using fixed pa-
rameters of imaging conditions, measurement areas,
and levels of saturation of imaging pixels to allow
accurate fluorescence intensity measurements in the
GFP channel. This approach was feasible because the
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GFP variant used in this study (Haseloff et al., 1997) has
sufficient spectral separation from YFP when excited
with the 458-nm laser line (Brandizzi et al., 2002b).

We were able to select cells with similar levels of
Sec12-YFP expression during the course of the exper-
iment by comparing levels of saturation of the YFP-
imaging pixels and selecting for those cells with similar
levels of YFP fluorescence (see also “Materials and
Methods”). We then calculated the ratio of the ER
fluorescence intensity of ERD2-GFP to its value in the
Golgi apparatus and noted a clear Sec12-YFP-induced
increase in the ER-to-Golgi fluorescence signal ratio
(Fig. 2E). The results show that Sec12 overexpression
causes reduced ER export of ERD2-GFP, indicating that
this protein is dependent on the COPII machinery for
transport to the Golgi apparatus.

Overexpression of COPII-Dependent Membrane Cargo
Induces YFP-Sec24 Recruitment to ERES

When expressed alone in tobacco leaf epidermal
cells, YFP-Sec24 fluorescence was distributed in the
cytosol and at punctate structures (Fig. 3, A-C). Upon
coexpression with ERD2-GFP, the Sec24-labeled ERES
were found in close association with Golgi bodies,
although occasional bright dots that do not colocalize
with Golgi were also observed (Supplemental Fig. S1)
in accordance with previous observations (Matheson
etal., 2006; Stefano et al., 2006). Interestingly, YFP-Sec24
cytosolic fluorescence appeared to be reduced when
ERD2-GFP was coexpressed in comparison to cells
expressing YFP-Sec24 alone (Fig. 3, D-F). We formu-
lated two possible explanations for these observations.
First, YFP-Sec24 might behave in a similar manner to
Sar1-YFP in response to expression of membrane cargo
(daSilva et al., 2004), in which case the fluorescence
intensity of YFP-Sec24 at ERES would increase. Second,
the total number of ERES per cell might increase, which
would also explain the apparently reduced cytosolic
fluorescence of YFP-Sec24.

To test whether Sec24 can be recruited from the
cytosol to ERES in a membrane cargo-induced fashion,
as is the case for Sar1 (daSilva et al., 2004), we aimed to
quantify the intensity of fluorescent punctate structures
in cells expressing YFP-Sec24 with and without coex-
pressed ERD2-GFP. We measured the levels of YFP
fluorescence intensity at ERES and in the cytosol of cells
expressing YFP-Sec24 alone or with ERD2-GFP, and
then calculated the ratio of the values of fluorescence
intensity (Fig. 4A). Increased recruitment of YFP-Sec24
at ERES would lead to an increase in the ERES-
to-cytosol fluorescence ratio. We found that, in cells
expressing YFP-Sec24 alone, the average YFP fluores-
cence ratio was 0.26 (Fig. 4A). We observed that this
ratio increased to 0.56 (P = 55 X 107%) in cells
coexpressing ERD2-GFP, confirming our initial obser-
vations that expression of ERD2-GFP increases the
recruitment of YFP-Sec24 to ERES (Fig. 3, A-F).

We next wanted to test whether soluble cargo would
also be capable of recruiting YFP-Sec24 to ERES.

Plant Physiol. Vol. 143, 2007



A 7 B 7

6 6

w5 x 5
[«5] ()
32 &2

z=4 5= o4
£ g5
& 3

2 2

1 1

0 0

0 0.3 3 30 0 0.3

ug Sec12-GFP DNA

Because soluble proteins are thought to leave the ER
by passive transport (Phillipson et al., 2001) and fail to
recruit Sarl to ER membranes (daSilva et al., 2004), we
postulated that recruitment of YFP-Sec24 to ERES
would not increase either. To test this experimentally,
we overexpressed a secreted form of GFP (secGFP) as a
soluble cargo (Fig. 3, G-I; Batoko et al., 2000). secGFP is
known to exit the ER in a COPII-mediated manner
(daSilva et al., 2004). To maintain the same conditions
of expression for soluble and membrane markers,
secGFP was subcloned into the binary vector used
for expression of ERD2-GFP. We found that, in condi-
tions of coexpression using stable integration with
Agrobacterium, secGFP had no significant effect on
the YFP fluorescence ratio (Fig. 4A; ratio = 0.27; P =
0.46). The results confirm that secGFP is not able to
recruit COPII components to ERES (Fig. 3, G-I).

The Number of ERES Increases upon Overexpression
of ERD2-GFP

To test our second hypothesis, which would involve
de novo differentiation of ERES from ER membranes,
we aimed to quantify the number of ERES labeled by
YFP-Sec24 in cells expressing the ERES marker alone
or with ERD2-GFP.

We counted the YFP-Sec24-labeled ERES in 150 to-
bacco leaf epidermal cells for each combination of
markers (Fig. 4B; see also “Materials and Methods”).
We found that, in cells expressing YFP-Sec24 alone, there
were on average 0.09 ERES per 100 um?. In the presence
of ERD2-GFP, however, we found that the number of
ERES per 100 um® increased significantly to 0.2 (P =
1.7 X 10~7®). In contrast, when we used secGFP as a secre-
tory cargo protein, the number of ERES was almost
unchanged with respect to the control (Fig. 4B; ERES
number per 100 um® = 0.8; P = 0.07). This shows
that bulk flow does not induce de novo synthesis of ERES.

These data indicate that the plant ER can respond to
an increased necessity to secrete membrane cargo not
only by increased recruitment of another COPII com-
ponent, besides Sarl (daSilva et al., 2004), to existing
ERES, but also by differentiation of new ERES on the ER
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Figure 1. YFP-Sec24 overexpression does not
disrupt constitutive ER export. Tobacco leaf pro-
toplasts were transfected with a constant amount
of a-amylase DNA, with an increasing concen-
tration of DNA encoding either Sec12-GFP (A) or
YFP-Sec24 (B). The a-amylase activities in the
extracellular medium and cellular fraction were
measured and the secretion index, which repre-
sents the ratio between the intracellular and
extracellular activities, was calculated as previ-
ously described (Phillipson et al., 2001). Error
bars represent st for three independent experi-
ments.

3 30

ug YFP-Sec24 DNA

membranes. The lack of recruitment of YFP-Sec24 and
unchanged numbers of ERES in the presence of secGFP
not only confirm that soluble proteins can exit the ER by
passive transport and do not influence COPII assembly
(daSilva et al., 2004), but also that the cellular response
observed for YFP-Sec24 in the presence of ERD2-GFP is
specific to the concentration of membrane proteins in
the ER rather than an unrelated response to the exper-
imental conditions, such as Agrobacterium-mediated
plant transformation and factors expressed by the
binary vector.

ERES Formation and COPII Recruitment to ERES
Are Signal Dependent

We next wanted to investigate the mechanism by
which cargo-mediated recruitment of YFP-Sec24 to
ERES occurs. To test whether recruitment of Sec24 and
de novo ERES differentiation is restricted to coexpres-
sion of ERD2-GFP or is a widespread feature of cargo
molecules that do not travel via bulk flow, we asked the
following question: Is Sec24 recruitment a general fea-
ture of membrane cargo or is it dependent on specific ER
export signals? An ER export signal for ERD2 has yet to
be discovered, but it has been shown in yeast that Sec24
can interact with diacidic motifs in the cytosolic tails of
membrane proteins (Votsmeier and Gallwitz, 2001). We
have previously shown that diacidic export motifs are
functional in plants because mutation of these signals
strongly reduced the export of different membrane
proteins from the ER (Hanton et al., 2005b).

Of particular use for our present investigation is
TMcCCASP, a chimeric type I protein (Hanton et al.,
2005b) consisting of a form of GFP carrying a signal
peptide for entry into the ER and an N-glycosylation
site (Batoko et al., 2000) fused to a 17-amino acid
transmembrane domain, the short length of which
restricts type I proteins to the ER (Brandizzi et al.,
2002a). Adjacent to the transmembrane domain are 78
amino acids of the cytosolic domain of CASP (Hanton
etal., 2005b; Renna et al., 2005), containing a functional
diacidic ER export motif that is dominant over the
properties of the transmembrane domain and permits
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Figure 2. Overexpression of Sec12-YFP inhibits transport of ERD2-GFP to the Golgi apparatus. A, Confocal image of a cell
expressing ERD2-GFP, which labels the Golgi apparatus (arrows) and ER (arrowhead). B to D, On coexpression of Sec12-YFP (C),
ERD2-GFP is partially redistributed to the ER (B and D). Bars = 5 um; circles represent the size of the areas used to measure
fluorescence intensity in the ER and Golgi. E, Quantification of the ER-localized ERD2-GFP fluorescence relative to that in the
Golgi apparatus in the absence (—Sec12) or presence (+Sec12) of Sec12-YFP. A significant increase in the ratio was verified
when Sec12-YFP was expressed in comparison with the control. Sample size: 240 Golgi bodies and 240 ER measurements were

analyzed for each sample. Error bars represent st of the mean.

the protein to travel to the Golgi apparatus (Hanton
et al., 2005b).

Our data demonstrate that TMcCCASP leaves the ER
in a COPIl-dependent manner, tested in the same man-
ner as given for ERD2-GFP (Supplemental Fig. S2). We
therefore postulated that TMcCCASP would be an ideal
candidate to test whether ERES differentiation is signal
dependent because the effect of TMcCCASP coex-
pression can be compared with that of TMcCCASP™*®,
a derivative carrying point mutations that render the
DXE motif nonfunctional (Hanton et al., 2005b). Confocal
imaging of TMcCCASP and TMcCCASPP**! confirmed
that the mutation causes redistribution of the fluores-
cence pattern from Golgi bodies (Fig. 5A) to a pattern
typical of the ER (Fig. 5D), including a high proportion of
sheets that indicate increased levels of membrane pro-
teins in the ER (Runions et al., 2006). We coexpressed each
cargo molecule with YFP-Sec24 to test whether the
mutated export motif in TMcCCASPP**! would affect
the distribution of the ERES marker and quantified the
YFP fluorescence intensity at ERES and in the cytosol in
cells coexpressing YFP-Sec24 and either TMcCCASP or
TMcCCASPP*H!, followed by calculation of the ratio of
these values (Fig. 5, A-F). TMcCCASP appears to have a
similar effect on the fluorescence distribution of YFP-
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Sec24 to that of ERD2-GFP (compare Figs. 5G and 4A),
showing marked increase in the YFP fluorescence inten-
sity ratio (ratio = 0.74; P = 4.5 X 10~ '¥). Noticeably, this
value was significantly lower in the presence of the DXE
mutant compared to the wild-type protein (Fig. 5G;
ratio = 0.37; P = 0.04), indicating an inability to recruit
Sec24 to ERES. We also measured the number of
ERES per 100 um® in cells from the same samples.
Interestingly, whereas TMcCCASP caused an increase
in the number of ERES per 100 ,um3 012,P=22X 1079),
expression of the DXE mutant caused a slight, but
significant, reduction in ERES number compared with
the control (Fig. 5H; number of ERES per 100 um® =
0.06; P = 1.0 X 10~ %).

These results indicate the ERES differentiation and
COPII recruitment are not due to a general increase of
membrane proteins in the ER. Despite considerable
accumulation of TMcCCASPP*!! in the ER, no induced
ERES differentiation was observed (Fig. 5, D-F). More-
over, the data indicate that overexpression of mutant
proteins carrying a nonfunctional export signal inter-
feres with the differentiation of ERES. Because the
presence of the diacidic signal is necessary for de novo
differentiation of ERES and YFP-Sec24 recruitment to
ERES, we postulate that it is the exposure of ER export

Plant Physiol. Vol. 143, 2007
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Figure 3. Coexpression of ERD2-GFP with YFP-
Sec24 increases the fluorescence and number of
ERES. A to C, YFP-Sec24 labels the cytosol (ar-
rowhead) and punctate structures (ERES, arrow)
when expressed alone. Note that there is no signal
in the GFP channel, excluding the possibility that
colocalization of the signals is due to imaging
cross talk (Brandizzi et al., 2002b). Coexpression
of ERD2-GFP (D) with YFP-Sec24 (E) results in an
apparent increase in the fluorescence intensity of
the YFP-Sec24 at ERES (E). F, Merged image of D
and E. Coexpression of the soluble marker secGFP
(G) with YFP-Sec24 (H) does not appear to affect
the number or fluorescence of ERES (I, merge).
Bars = 5 um.

signals on the ER surface that leads to COPII recruit-
ment and ERES differentiation.

DISCUSSION

This study shows that in tobacco leaf epidermal cells,
de novo differentiation of ERES and increased recruit-
ment of COPII proteins onto existing ERES contribute
to accommodate an influx of secretory membrane cargo
in the ER. Although it was previously established that
the COPII component Sec24 can interact with ER export
signals (Votsmeier and Gallwitz, 2001), it is not clear
which event occurs first: Sec24 recruitment to the mem-
brane or cargo binding. Based on our present results, it
appears that an increased concentration of cargo pro-
teins with cytosolic export signals can recruit Sec24 to
ERES in a similar manner to the GTPase Sarl (daSilva
et al., 2004). This leads to increased numbers of ERES
and strongly suggests that ERES can form de novo.
This model takes into account the data from mammals
and yeast showing that Sec24 is capable of interaction
with a variety of cargo molecules (Aridor et al., 1998;
Roberg et al., 1999; Peng et al., 2000; Shimoni et al.,
2000; Votsmeier and Gallwitz, 2001; Miller et al., 2003;
Mossessova et al., 2003; Wang et al., 2004), but also
provides a novel interpretation. Instead of postulating
that COPII coats are constitutively recruited to ERES,
regardless of the presence of cargo, followed by the
process of cargo selection, our model argues that export

Plant Physiol. Vol. 143, 2007

structures are formed when the presence of cargo
determines a requirement for transport.

ERES Biogenesis Is Cargo Induced

The fusion protein YFP-Sec24 was instrumental in
allowing us to follow the behavior of COPII at ERES in
this study because its association with ERES in the
presence and absence of cargo proteins allowed us to
quantify the effects of coexpression of soluble or mem-
brane proteins on ERES, in contrast with the all-
or-nothing behavior of tobacco Sarl (daSilva et al.,
2004). Alternative fluorescent ERES markers in plants
are Sec23 (Stefano et al., 2006) and Sec13 (Yang et al.,
2005); however, neither of these markers appeared suit-
able for our purpose. Sec23 overexpression might affect
secretion due to its GTPase-activating protein activity
(Yoshihisa et al., 1993; Antonny et al., 2001), whereas,
although Secl3 labels cytosolic structures in Bright-
Yellow 2 cells in the absence of Golgi cargo, these loci
have not yet been equated unequivocally with ERES
(Yang et al., 2005). We therefore chose to use Sec24, which
is an established ERES marker in plants and other sys-
tems (Stephens et al., 2000; Forster et al., 2006; Matheson
et al., 2006; Stefano et al., 2006). Moreover, we have dem-
onstrated that Sec24 overexpression does not affect ER
export (Fig. 1), confirming that it is a neutral marker.

We found that, in addition to quantitative redistri-
bution of YFP-Sec24 from the cytosol to ERES, the
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Figure 4. Quantification of the ERD2-mediated increase in fluorescence intensity and number of ERES. A, Quantification of the YFP-
Sec24 fluorescence intensity at ERES relative to that in the cytosol, shown as a ratio, indicates that in the presence of ERD2-GFP, the
fluorescence intensity at ERES increases in comparison to that in cells expressing YFP-Sec24 alone. However, no increase in
fluorescence intensity is observed on coexpression of secGFP, a soluble cargo protein. Fluorescence was measured for at least 10 ERES
and cytosol areas per cell in 150 cells, giving at least 1,500 ERES and 1,500 cytosol measurements for each combination of markers. B,
Number of ERES per 100 um?® in cells expressing YFP-Sec24 in the presence of ERD2-GFP increases in comparison to cells expressing
YFP-Sec24 alone. However, coexpression of the soluble marker secGFP has no effect on the number of ERES per 100 um”. Error bars

represent st of the mean.

number of ERES increased in the presence of cargo
molecules such as ERD2-GFP and TMcCCASP (Figs. 4
and 5). We observed variation in the number of ERES
on coexpression of different membrane cargo proteins
in that ERD2-GFP appears to be more able to stimulate
the formation of new ERES than TMcCCASP (compare
Figs. 4B and 5H).

It may be the case that the transport properties of the
markers influence the formation of ERES. ERD2-GFP is
a well-known receptor that retrieves escaped soluble
proteins to the ER and cycles continuously between
the ER and Golgi apparatus (Lee et al., 1993; Brandizzi
et al., 2002c) in a COPII-dependent manner (Fig. 2).
Although mutagenesis has revealed a number of im-
portant residues responsible for the correct retrieval
of this receptor (Townsley et al., 1993), an ER export
signal remains to be established. In contrast, the syn-
thetic reporter TMcCCASP (Hanton et al., 2005b) may
not recycle as actively as ERD2 and carries the well-
characterized ER export signal DXE (Nishimura and
Balch, 1997; Sevier et al., 2000; Votsmeier and Gallwitz,
2001; Epping and Moye-Rowley, 2002; Hanton et al.,
2005b). Active recycling of ERD2 to the ER means that
every de novo synthesized molecule will complete
several rounds of ER export steps and could explain an
increased tendency to stimulate ERES formation com-
pared to TMcCCASP (Figs. 4B and 5H).

Together, our data clearly show that increased ex-
pression of membrane proteins is paralleled by de novo
generation of additional ERES units. This is a phenom-
enon that has yet to be reported in other cellular
systems.
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ERES Formation Is Signal Mediated

The principle that the display of Golgi and post-Golgi
cargo molecules on the ER surface can result in an
increase in the amount of COPII components at ERES
appears to be conserved across kingdoms (Guo and
Linstedt, 2006). We have demonstrated a further level of
complexity by showing that the level of Sec24 recruit-
ment to ERES and ERES biogenesis is dependent on the
nature of the membrane protein cargo (Figs. 4 and 5).
Furthermore, soluble cargo that is unable to be recog-
nized directly by Sec24 failed to exhibit an effect (Figs. 3
and 4). This led us to postulate that Sec24 recruitment and
ERES formation is a signal-mediated process. Experi-
mental proof for this was obtained through mutation
of the DXE export motif, which disrupted these two
processes. TMcCCASP™*! is ER export incompetent
(Hanton etal.,2005b) and fails to recruit YFP-Sec24 to exist-
ing ERES in the manner of the wild-type TMcCCASP
(Fig. 5). This indicates a crucial role for diacidic export
motifs in the assembly of COPII coats at ERES. The lack
of recruitment of YFP-Sec24 to ERES in the presence of
the bulk flow marker secGFP is consistent with these
data.

We detected a small, but significant, reduction in the
number of ERES when YFP-Sec24 was coexpressed with
the ER export-incompetent molecule, TMcCCASP”*¥!
(Fig. 5H). This effect was not general to proteins lacking
an active ER export motif because it was not visible
when secGFP was used as a cargo (Fig. 4B). We
propose that overexpression of TMcCCASP™**! could
lead to an accumulation of export-incompetent proteins
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atthe ER membrane, preventing productive interactions
of export-competent proteins with YFP-Sec24 that would
normally generate ERES formation. The very slight in-
crease in fluorescence intensity of YFP-Sec24 on coex-
pression of TMcCCASP™**! (Fig. 5G) can be explained by
the hypothesis that other cargo proteins can only exit the
ER through existing ERES, leading to increased recruit-
ment of COPII components at these areas. This theory
is supported by the observation that expression of
TMcCCASPP*E!did not noticeably disrupt the transport
of the Golgi marker sialyltransferase-monomeric red
fluorescence protein (Hanton et al,, 2005b), although
the mutant protein itself is unable to exit the ER.

ERES and the Golgi Apparatus in Plants: Which
Came First?

Our results have implications for the mechanisms
underlying the formation of Golgi bodies in plant cells.
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Figure 5. Mutation of a cytosolic diacidic motif
prevents recruitment of YFP-Sec24 to ERES. A to
C, TMcCCASP (A) predominantly labels the Golgi
apparatus. Coexpression with YFP-Sec24 (B)
leads to an apparent increase in both YFP fluo-
rescence intensity at ERES and ERES number. C,
Merged image of A and B. D to F, Mutation of
a diacidic motif in TMcCCASP results in redistri-
bution of the marker to the ER membranes (D,
arrow). Coexpression of TMcCCASPPXF! with
YFP-Sec24 (E) does not noticeably affect YFP
fluorescence intensity or ERES number. F, Merged
image of D and E. Bars = 5 um. G, Quantification
of the YFP fluorescence intensity at ERES relative
to that in the cytosol, shown as a ratio, indicates
that in the presence of TMcCCASP (TMc), the
fluorescence intensity at ERES increases relative
to that of YFP-Sec24 alone. In comparison, no
obvious increase in fluorescence intensity is
observed on coexpression of TMcCCASPPX!
(TMcP*¥). Fluorescence was measured for at least
10 ERES and cytosol areas per cell, giving an
average of 1,500 ERES for each combination of
markers. H, Number of ERES per 100 wm® (sam-
ple size = 150 cells) expressing YFP-Sec24 in
the presence of TMcCCASP increases in compar-
ison to cells expressing YFP-Sec24 alone. How-
ever, coexpression of the export-incompetent
TMcCCASP™*F! slightly reduces the number of
ERES per 100 um®. Error bars represent st of the
mean.

Sec24 Sec24
+TMC + TMCDXEI

Given the close association of ERES and Golgi bodies
in plant cells (Matheson et al., 2006), logical specula-
tion is that the number of Golgi bodies may increase
along with that of ERES. Therefore, formation of ERES
could correlate with de novo formation of Golgi bod-
ies. In this view, COPII elements would cooperate to
form a domain of the ER that generates a pre-Golgi
element, which would then mature into a cis-cisterna.
The cis-Golgi elements would progress in further
maturation and then dissipate into non-Golgi elements
along the secretory pathway. This model views the
Golgi apparatus not as a stable entity, but as a transient
structure subject to continuous maturation.
Furthermore, the stronger effect of the ERD2 fusion in
the de novo formation of ERES (Fig. 4) could indicate
that Golgi and ERES may be interlinked. Recycling of
components from the Golgi apparatus is a crucial pro-
cess and not only involves ER chaperones, but also ER
export machinery that continuously leaves the ER.
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Therefore, it cannot be ruled out that ERES formation is
directly stimulated by retrograde, as well as antero-
grade, transport. Identification of putative ER export
signals in ERD2 may provide further tools to differen-
tiate between the possible ways in which ERES forma-
tion can be regulated in vivo.

MATERIALS AND METHODS
Fluorescent Proteins and Molecular Cloning

The fluorescent proteins used in this study are encoded by previously
published constructs based on fusions with either mGFP5 (Haseloff et al.,
1997) or enhanced YFP (CLONTECH). The spectral properties of mGFP5
allow efficient spectral separation from enhanced YFP (Haseloff et al., 1997;
Brandizzi et al., 2002c). The binary vector pVKH18En6 (Batoko et al., 2000) is
the binary vector used for Agrobacterium tumefaciens-mediated transformation
in this study. The GFP-Golgi markers used were the Arabidopsis (Arabidopsis
thaliana) H/KDEL receptor ERD2 (Lee et al., 1993; Boevink et al., 1998;
Brandizzi et al., 2002c; Saint-Jore et al., 2002) and the synthetic secretory
membrane cargo protein TMcCCASP (Hanton et al., 2005b). A mutant of
TMcCCASP (TMcCCASPPX) that is impaired in ER to Golgi transport was
also utilized (Hanton et al., 2005b). We used secGFP (Batoko et al., 2000) as a
soluble marker protein. Arabidopsis Secl2 (Phillipson et al.,, 2001) was
N-terminally fused to YFP (daSilva et al., 2004), whereas Arabidopsis Sec24
was C-terminally fused to YFP (Stefano et al., 2006).

Plant Material, @-Amylase Assay, and Western Blot

Four-week-old tobacco (Nicotiana tabacum cv Petit Havana) greenhouse
plants grown at 25°C were used for A. tumefaciens (strain GV3101)-mediated
stable DNA integration (Batoko et al.,, 2000). The bacterial optical density
(ODy) used for plant transformation was 0.05 for YFP-Sec24 and Sec12-YFP,
0.2 for all cargo proteins.

For transient expression in protoplasts, tobacco (cv Petit Havana) was
grown in Murashige and Skoog medium (Murashige and Skoog, 1962)
supplemented with 2% Suc at 25°C with a 16-h light/8-h dark regime at light
irradiance of 200 mE m ™2 s~ . Tobacco leaf protoplast preparation and subse-
quent DNA transfection via electroporation were performed as described by
Phillipson et al. (2001). Plasmid concentrations used are given in Figure 1.
Extraction of protoplasts and a-amylase assays were performed as described
by Crofts et al. (1999) and Phillipson et al. (2001). The secretion index was
calculated as a ratio between extracellular and intracellular enzyme activities.

Sampling, Imaging, and Quantification

Imaging was performed using an upright laser-scanning confocal micro-
scope (Zeiss LSM510 META; Zeiss) with a 63X water immersion objective.
Transformed leaves were analyzed between 68 to 72 h after infection of the
lower epidermis for experiments with YFP-Sec24, or between 44 to 48 h after
infection for experiments with Sec12-YFP. For imaging expression and quan-
tification of GFP constructs, YFP constructs or both nonsaturating imaging
settings using low laser output as described by Brandizzi et al. (2002c) were
used. This allows linear quantification of fluorescence intensity as well as
exclusion of the possibility of cross talk between fluorochromes (Brandizzi
et al., 2002¢; daSilva et al., 2004).

Individual experiments for quantification of YFP-Sec24 fluorescence and
ERES number were performed by single-imaging frame collection from cells
expressing YFP-Sec24, either alone or with the Golgi markers, using identical
laser output levels and imaging conditions. The standardized frame size used
was 47.5 X 47.5 um. These imaging settings were chosen so that the entire area
shown was within the cell of interest and that no areas outside the cell were
included in the image. Because plant ERES are on average 1 um in diameter
when viewed by fluorescence microscopy (daSilva et al.,, 2004) and exist
within a thin layer of cytosol, images were collected using a 7.8-um optical
section as a compromise between ensuring maximal light collection and
simultaneously reducing the out-of-focus background fluorescence in the Z
direction. To obtain values for the confocal imaging volume of the images, the
frame area was multiplied by the optical slice, giving a total volume of
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17,598.75 Mm3. For ERES number quantification, visible ERES within these
images were counted and the average number of ERES per 100 um® was
calculated (sample size for ERES quantification = 150 cells). For ERES
fluorescence quantification, the fluorescence pixel intensity levels of visible
ERES that were in focus within manually selected regions of interest of equal
dimension in the planar axes were measured for the ERES of 150 cells.
Measurements of the fluorescence of at least 10 ERES per cell, giving
measurements of at least 1,500 ERES for each marker, for each combination
of markers were performed. An identical procedure and sampling size were
used to measure the fluorescence intensity from the cytosol adjacent to ERES,
allowing normalization of the fluorescence intensity at the ERES.

Measurements of the YFP-Sec24 fluorescence levels at the ERES and
cytosol were made within a 2-um? circle using Image] 1.34-s software in
postacquisition analysis. Similar measurements on Golgi bodies and ER were
made for quantification of the effects of Sec12-YFP on ERD2-GFP. Statistical
analyses used the Student’s two-tailed t test assuming equal variance and data
with a P value < 0.05 were considered significant.

Postacquisition image processing was carried out using CorelDraw 12
software.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers At3g07100, NM_111590 (Sec24); and
At2g01470, NM_126208 (Sec12).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. YFP-Sec24 labels ERES and additional punctate
structures.

Supplemental Figure S2. Overexpression of Sec12-YFP inhibits transport
of TMcCCASP to the Golgi apparatus.
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