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The ER/Golgi interface — is there anything in-between?
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INTRODUCTION

Endoplasmic reticulum export sites (ERES)
are specific domains on the ER surface
where cargo proteins, both soluble and
membrane-bound, exit the ER in transit to
the cis-side of the Golgi apparatus for pro-
cessing and secretion. In mammalian cells,
ERES can be morphologically recognized as
areas on the rough ER membrane that are
devoid of ribosomes and form coated buds,
vesicles, and vesicular tubular clusters (Tang
et al., 2005). In most instances, the clusters
undergo long-range transport mediated by
microtubules to dock with the cis-face of the
Golgi (Tang et al., 2005). In terms of their
protein complement the ERES is best char-
acterized by the components of the COPII-
coated membranes, the v-SNARES required
for docking to the target membranes and
p24 proteins, putative cargo receptors
(Strating and Martens, 2009). In yeast, it is
also thought that COPII-coated vesicles bud
from the ER membrane to transport cargo
to very simple Golgi bodies that mostly exist
as single cisternae and have the capacity to
mature from cis- through to frans-forms
(Matsuura-Tokita et al., 2006).

The situation in plants however is
considerably more confusing. Over the
years, conventional transmission electron
microscopy (TEM) of higher plants has
not revealed the presence of visible coated
areas on ER membranes or any structures
that could be convincingly interpreted as
ERES. Over the past decade however, the
application of ultra-rapid freezing tech-
niques combined with tomographic elec-
tron microscopy has suggested thata COPII
vesicle mediated transport may indeed exist
(Kang and Staehelin, 2008). At the same
time a live cell imaging approach based
around the expression of fluorescent pro-
tein markers indicated that Golgi bodies are
intimately associated with the ER, and that
the two organelles may even be connected
together (Boevink et al., 1998; daSilva et al.,
2004; Faso et al., 2009). These observations
developed into the “secretory unit” concept
of Golgi and ER exit sites moving in tandem

with the ER (daSilva et al., 2004) and that
Golgi biogenesis could be from newly
generated exit sites (Hawes et al., 2008).
Immunolabeling of COPII components has
suggested that exit site proteins could exist
on the ER separate from Golgi bodies (Yang
et al.,, 2005; Zhang et al., 2010), although
almost all data from live cell imaging sug-
gests a close association between the two
structures (Hanton et al., 2009; Langhans
et al., 2012). Such differences could be due
to fixation during immunolabeling proce-
dures or expression levels of constructs in
live cell imaging.

In most plant cells, the ER exists as two
interchangeable forms, tubular and cister-
nal, and in differentiated cells the former
tends to predominate. Interestingly Golgi
bodies are associated with ER tubules and
the curved rims of cisternae, but not with
the cisternal surface (Sparkes et al., 2009a).
Thus, it appears that in plants ERES are
restricted to ER membranes which exhibit
a high degree of curvature. Such curvature
has been shown to be, at least in part, regu-
lated by the membrane curvature inducing
reticulon family of proteins which reside
in a “W” topology in the ER membrane
(Sparkes et al., 2010; Tolley et al., 2010).
Interestingly another ER-associated protein,
the mammalian atlastin homolog RHD?3,
hasbeen reported not only to be involved in
maintaining the organization of the tubular
ER network, but also in Golgi distribution
and movement (Chen et al., 2011; Stefano
et al., 2011). Expression of dominant neg-
ative mutants of the GTPase apparently
resulted in a slowing of Golgi movement
and in Golgi clustering (Chen et al., 2011).
However, it has yet to be shown if either
of these groups of proteins is involved in
tethering Golgi bodies to the curved ER
membrane surface.

Recently a small family of two ER
membrane proteins, again with multi-
ple membrane spanning domains, has
been implicated in the function of ERES.
Overexpression of Arabidopsis thaliana
KMS1 and KMS2 and mutant forms had a

major effect on Golgi organization, move-
ment, and secretion (Wang et al., 2011).
Like the reticulons and RHD3, it is not yet
known if these proteins directly interact
with any ERES or Golgi components.

EVIDENCE FOR VESICLE MEDIATED
TRANSPORT BETWEEN PLANT ER AND
GOLGI- ANTEROGRADE TRANSPORT
The evidence for COPII vesicle mediated
transport in plants is not overwhelming,
even though all the molecular components
for the COPII coat have been identified by
bioinformatics analyses (Robinson et al,,
2007). Certainly, coating of a membrane
does not necessarily indicate the presence of
free vesicles. Recently elegant in vitro experi-
ments from the Schekman lab. have shown
that when giant unilamellar membrane
vesicles are incubated with COPII compo-
nents tabulation of the membrane results
with a bead-like appearance, not in the for-
mation of vesicles (Bacia et al., 2011). The
number of reports of COPII buds on the ER
surface and of free COPII vesicles in plant
tissues is limited (Langhans etal.,2012) and
restricted to material such as meristematic
cells and Arabidopsis endosperm that has
been stabilized for TEM by high pressure
freezing, and often analyzed using electron
tomography (Kang and Stachelin, 2008;
Hwang and Robinson, 2009). The ques-
tion that has to be asked is why conven-
tional EM fixation preserves clathrin, COPI
coats, and even ERES in mammalian cells
but not exit sites or COPII coats on vesicles
in plant tissues?

EVIDENCE FOR VESICLE MEDIATED
TRANSPORT BETWEEN PLANT ER AND
GOLGI - RETROGRADE TRANSPORT

It has long been known that COPI vesicles
are associated with plant Golgi bodies (Paul
and Frigerio, 2007) and it is assumed that
as in mammalian cells they are most likely
involved in retrograde transport. Their
function is also required to maintain the
integrity of the ERES (Stefano et al., 2006).
However, progress in this field has been
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severely hampered by the lack of any reliable
retrograde markers available to plant cell
biologists. It has been assumed that as the
cis-Golgi—ER interface is so close, retrograde
transport takes place at the ERES, but we
have no structural or functional evidence
for this. It is well established that in many
plant tissues, with the possible exception
of Arabidopsis roots which appear to have
a BFA resistant ARF1 guanine-nucleotide
exchange factor GNLI (Richter etal.,2007),
that blockage of secretion with Brefeldin
A (BFA) results in the redistribution of
Golgi membrane into the ER followed by
the dissolution of individual Golgi stacks
(Saint-Jore et al., 2002; Robinson et al.,
2008). Such an effect can also be seen with
blockage of secretion by expression of a
GTP-locked version of the Sarlp-GTPase
which is responsible for the initiation of
COPII coat assembly (daSilva et al., 2004;
Osterrieder et al., 2010). What was surpris-
ing however, was the recent report that the
result of such a secretory blockage results in
a retrograde absorption of Golgi enzymes
into the ER starting at the trans-face, with
cis-located markers being the last to disap-
pear (Schoberer et al., 2010). The implica-
tion being, that there is either a direct route
from the frans-Golgi to the ER (defined
import sites?) or that a retrograde pathway
transporting membrane-bound proteins
through the Golgi stack exists. This opens
up the intriguing possibilities that trans-
port back to the ER could be via tubules
missing the export sites, by a sequential
production of retrograde COPI vesicles or
even by a direct flow of membrane proteins
back through the stack. On reformation of
Golgi stacks, cis-Golgi marker enzymes
appear first. Interestingly, electron micros-
copy of Golgi body reformation has shown
that structurally the clusters of membranes
that appear first on BFA washout are mor-
phologically more similar to the trans-Golgi
face with associated clathrin vesicles, than
to cis-cisternae (Langhans et al., 2007).
These pathways still remain to be explored
in detail.

EVIDENCE FOR A DIRECT LINKAGE
BETWEEN PLANT ER AND GOLGI

The advent of fluorescent protein technol-
ogy has undoubtedly revolutionized our
concept of the organization and dynamics
of plant cell cytoplasm. Utilizing this we
have shown that in leaves not only does the

ERES/Golgi complex move along the ER, it
can move in the same direction as the ER
membrane and the movement is somehow
myosin mediated (Runions et al., 2006;
Sparkes et al., 2009a). This has led us to
postulate that there must be a direct linkage
between the Golgi and the ER. In support of
this, we have recently demonstrated that it
is possible to capture and manipulate indi-
vidual Golgi bodies in Arabidopsis leaf epi-
dermal cells using a focused infra-red laser
beam (so-called laser tweezers). In epider-
mal cells expressing red fluorescent protein
tagged Golgi bodies and green fluorescent
protein tagged ER, Sparkes et al. (2009Db)
demonstrated that when individual Golgi
bodies were pulled around the cortical cyto-
plasm, they dragged behind them tubules
of ER. Thus, many microns of apparently
new ER tubules could be weaved around
the cytoplasm. The key conclusion to be
drawn from this study was that Golgi bod-
ies are indeed physically attached to the
ER. Interestingly, on the rare occasion that
a Golgi body pulled free from the ER, it
could be reconnected to the end of a free ER
tubule and that tubule could be extended
by lateral movement of the trap. This indi-
cates the potential presence of tethering
proteins on the ER or Golgi surfaces, and
several reports have highlighted the exist-
ence of plant homologs of well character-
ized cis-Golgi matrix or tethering proteins
such as CASP, golgin-84, and p115 (Renna
etal.,2005; Latijnhouwers et al., 2007; Kang
and Staehelin, 2008; Schoberer et al., 2010).
However, even with such tethering we still
need to solve the matter of membrane con-
tinuity between the ER and Golgi. Is there
enough physical space between the ER
membrane and a cis-cisterna for a vesicle to
undergo scission from its donor membrane
and docking onto its acceptor? According
to Langhans et al. (2012) this is indeed the
case. Conversely, are there transient but
direct membrane connections between the
two organelles with COPII components ini-
tiating the site and process tabulation (Bacia
etal.,2011) and concentrating cargo at the
exit site? Recently a careful analysis of the
ER-Golgi interface in tobacco leaf epider-
mal cells concluded that confocal micros-
copy reveals an accumulation of COPII
components (suggested to be vesicles)
adjacent to the cis-Golgi face rather than
on the ER surface (Langhans et al., 2012).
When a Golgi body is observed in side view

there appears to be a small gap between the
ER and the cis-face where fluorescence of
XFP-tagged COPII components is observed.
Calculations show that such a fluorescence
signal could be generated by tagged pro-
teins on a small number of COPII vesicles.
Therefore, the chances of observing one or
more of these vesicles in a 70-nm resin sec-
tion for EM are very low. Whilst this may be
true, such data does not in itself prove the
existence of COPII vesicles at the cis-face
and the argument ignores the fact that such
vesicles should be observed in EM section
cut parallel to the surface of cis-cisternae
rather than the classic micrographs longi-
tudinal sections through the Golgi stack.
This then poses the question on why such
COPII components cannot be imaged on
the ER surface? Are they simply at too low
a concentration to produce a signal or does
the ER membrane bud before coating?

Of course itis also possible that different
cell types may exhibit different ER—Golgi
relationships. For instance most fluores-
cent protein studies of ER-Golgi interac-
tions have been in highly vacuolated cell
types whereas reports of COPII vesicles
have come from more densely cytoplasmic
cells, such as those in meristems, which
show less Golgi movement and are more
difficult to study by live cell imaging (Kang
and Staehelin, 2008).

FUTURE PROSPECTS

To answer the problems posed in this short
article it is clear that we not only need to
identify the interactome of all the proteins
at the ER/Golgi interface, we need much
greater resolution in our confocal micros-
copy than can be rendered by standard
techniques. We are entering an exciting era
where a whole host of high resolution light-
based imaging technologies are becoming
generally available including advances in
optical technology some of which break the
diffraction barrier of light, such as STED,
structured illumination, and light sheet
fluorescence microscopy (Maizel et al.,
2011), through to the PALM and STORM
techniques based around the photoactiva-
tion of individual fluorescent molecules.
Hopefully, one or more of these will soon be
adaptable to plant tissue to offer nanometer
scale resolution to differentiate the distribu-
tion of fluorescent probes at the ER-Golgi
interface. Likewise new electron microsco-
pies are coming on line such as ultra-high
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resolution cryo-SEM and focused ion beam
etching combined with high resolution SEM
which may permit a more detailed picture
of ER-Golgi interactions in different cell
types both in 3-D and at high resolution.
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