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Abstract
Background: In eukaryotic cells, the membrane compartments that constitute the exocytic pathway are traversed by
a constant flow of lipids and proteins. This is particularly true for the endoplasmic reticulum (ER), the main "gateway of
the secretory pathway", where biosynthesis of sterols, lipids, membrane-bound and soluble proteins, and glycoproteins
occurs. Maintenance of the resident proteins in this compartment implies they have to be distinguished from the
secretory cargo. To this end, they must possess specific ER localization determinants to prevent their exit from the ER,
and/or to interact with receptors responsible for their retrieval from the Golgi apparatus. Very few information is
available about the signal(s) involved in the retention of membrane type II protein in the ER but it is generally accepted
that sorting of ER type II cargo membrane proteins depends on motifs mainly located in their cytosolic tails.

Results: Here, using Arabidopsis glucosidase I as a model, we have identified two types of signals sufficient for the location
of a type II membrane protein in the ER. A first signal is located in the luminal domain, while a second signal corresponds
to a short amino acid sequence located in the cytosolic tail of the membrane protein. The cytosolic tail contains at its
N-terminal end four arginine residues constitutive of three di-arginine motifs (RR, RXR or RXXR) independently
sufficient to confer ER localization. Interestingly, when only one di-arginine motif is present, fusion proteins are located
both in the ER and in mobile punctate structures, distinct but close to Golgi bodies. Soluble and membrane ER protein
markers are excluded from these punctate structures, which also do not colocalize with an ER-exit-site marker. It is
hypothesized they correspond to sites involved in Golgi to ER retrotransport.

Conclusion: Altogether, these results clearly show that cytosolic and luminal signals responsible for ER retention could
coexist in a same type II membrane protein. These data also suggest that both retrieval and retention mechanisms govern
protein residency in the ER membrane. We hypothesized that mobile punctate structures not yet described at the ER/
Golgi interface and tentatively named GERES, could be involved in retrieval mechanisms from the Golgi to the ER.

Published: 8 December 2009

BMC Plant Biology 2009, 9:144 doi:10.1186/1471-2229-9-144

Received: 17 March 2009
Accepted: 8 December 2009

This article is available from: http://www.biomedcentral.com/1471-2229/9/144

© 2009 Boulaflous et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 22
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19995436
http://www.biomedcentral.com/1471-2229/9/144
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


BMC Plant Biology 2009, 9:144 http://www.biomedcentral.com/1471-2229/9/144
Background
In eukaryotic cells, the membrane compartments that
constitute of the exocytic pathway are traversed by a con-
stant flow of lipids and proteins. This is particularly true
for the endoplasmic reticulum (ER), the main "gateway of
the secretory pathway" [1], where biosynthesis of sterols,
lipids, membrane-bound and soluble proteins, and glyco-
proteins occurs. Maintenance of the resident proteins in
this compartment implies they have to be distinguished
from the secretory cargo. To this end, they must possess
specific ER localization determinants to prevent their exit
from the ER, and/or to interact with receptors responsible
for their retrieval from the Golgi apparatus. The tetrapep-
tide H/KDEL is the best characterized signal contributing
to the accumulation of most soluble protein in the ER
lumen [2-6]. Specific recognition of this tetrapeptide
sequence by the ERD2-like receptor, in post-ER compart-
ments, initiates the formation of COPI-coated vesicles,
which transport the H/KDEL-containing soluble proteins
selectively from the Golgi back to the ER [7-9].

Retrieval mechanisms from the Golgi to the ER are also
responsible for ER location of some type I and II trans-
membrane proteins, in animals cells by interaction with
subunits of the COPI machinery [8,10] (see Additional
file 1 for membrane protein topology). Indeed, sorting of
ER membrane residents depends on the specific interac-
tion of motifs mainly located in their cytoplasmic tails.
For instance, many type I membrane proteins located in
the ER bear a di-lysine motif (K(X)KXX) in their C-termi-
nal cytosolic tail [11]. In addition, the efficiency of a di-
lysine motif for ER localisation of transmembrane pro-
teins in cells has also been described in mammals, yeasts
and plants [12-15], suggesting a conservation of the
machinery. The di-lysine motifs can either act as direct
retention signals or through a retrieval mechanism from
the Golgi often associated with the acquisition of Golgi-
specific carbohydrate modifications [16-19]. Some
sequence flexibility can be observed concerning the diba-
sic motif(s) [20], in particular, lysine residues within non-
type I membrane proteins are sometimes substituted by
arginine [12]. Moreover, the amino acids (aa) flanking the
di-lysine motif are important; since serine or alanine resi-
dues generally favor efficient retention while the proxim-
ity of glycine or proline residues completely disrupts ER
retention capacity [11]. Finally, di-lysine ER-retention/
retrieval signals require a strict spacing relative to the C-
terminus [12,21,22].

On the other hand, some ER-resident membrane proteins
contain a di-arginine motif acting as a retention/retrieval
signal in animal cells. This motif is made of either two
consecutive arginine residues located at position 2-3, 3-4,
4-5 with respect to the N-terminus of the protein or of

arginine residues separated by an amino acid and located
at position 2-4, 3-5. This motif was first described in yeast
for signal-mediated retrieval of type II membrane proteins
from the Golgi to the ER [23,24]. It is now generally
admitted that di-arginine motifs are much more frequent
than di-lysine motifs. They are found in a variety of
cytosolic positions, including loops, at the C- and N- ter-
minal end of type I and II membrane proteins respectively
[25]. Like the di-lysine motif, the di-arginine motif effi-
ciency is influenced by surrounding residues [26-28].
Structural analysis of N-linked glycans revealed a Golgi-
to-ER retrograde transport mechanism for ER membrane
glycoproteins containing a di-arginine motif indicating
they act as ER retrieval signals as described for most di-
lysine motifs [29].

Several other motifs have occasionally been described for
ER retention of membrane proteins in eukaryotic cells.
For instance the diphenylalanine (FF) motif, present in
type I proteins of the p24 family, is essential for COPI coat
protein interactions triggering Golgi to ER retrograde
transport [30,31]. Similarly, Cosson et al. [32] identified a
new COPI-binding motif containing a critical aromatic
residue involved in ER retrieval.

In addition to retrieval mechanisms, the strict retention of
ER-resident proteins has also been investigated. It was
shown for Sec12p (a type II ER membrane protein), that
the TMD is responsible for recycling whereas the cytosolic
tail is involved in strict retention [33]. ER residency by
direct retention can be also accomplished by oligomeriza-
tion of protein subunits into large complexes, via their
transmembrane and/or the luminal domains [29,34-38].
It is important to note that both mechanisms, retention
and retrieval, are not exclusive and can function either in
parallel or in combination [29].

In plants, few molecular signals responsible for protein
residency in the ER have been described [39]. For soluble
proteins, K/HDEL is largely predominant [3-5]. For type I
membrane proteins, signals include C-terminal di-lysine
motifs [13,14,40], the aromatic aa-enriched ER retrieval
signal [14] and the length of the TMD [41]. To our knowl-
edge, so far, no information is available concerning sig-
nals responsible for type II membrane protein residency
in the plant ER.

Alpha-glucosidase I is the first enzyme involved in the N-
glycan maturation. This glycosidase removes the distal α-
1,2-linked glucose residue from the oligosaccharide pre-
cursor, just after its transfer "en bloc" on the nascent pro-
tein. The function and consequently the location of this
type II membrane protein in the ER is essential for plant
development [42,43].
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In a previous study, we have shown that A. thaliana glu-
cosidase I (AtGCSI) is located exclusively in the ER [44].
This localization is consistent with a trimming of the first
glucose residue from the precursor oligosaccharide. Here,
the analysis of the N-terminus of this glycosidase has
allowed the identification of two independent types of
signals conferring ER residency to a type II membrane pro-
tein. Thus, di-arginine-based motifs initially located in the
cytosolic face of AtGCSI are sufficient to confer ER resi-
dency of a membrane reporter protein. As the presence of
a second type of signal in the luminal part of AtGCSI is
also sufficient for ER retention, we propose that the
arginine-based motifs may act as salvage signals to local-
ize the full-length protein in this compartment.

Results
The cytosolic tail of AtGCSI contains ER targeting 
information
The cytosolic region of many membrane proteins residing
in the mammalian and yeast ER contains signals which
facilitate either their strict retention in the ER [29,33-
38,45] or their retrieval from the Golgi to the ER
[11,29,46]. In plants, only very few studies refer to the
characterization of cytosolic motifs responsible for mem-
brane protein retention in the ER [13,14,31,40].

With the aim to identify a conserved ER targeting motif in
the cytosolic tails of the different GCSI cloned so far, we
aligned their sequences (Table 1). The size of GCSI
cytosolic tail is very different from one species to another
varying from 11 aa in Neurospora crassa to 62 aa in Oriza

sativa. However, in each case, the cytosolic tail is very
polar, arginine and lysine residues being largely repre-
sented. In particular, arginine blocks near the N-terminal
end are identified in six out of twelve GCSI sequences.
This block was shown to contain ER trafficking informa-
tion in human GCSI [29].

AtGCSI is an ER type II membrane protein, composed of
a 51 aa cytosolic tail (CT), a 18 aa transmembrane
domain (TMD) and a large 783 aa C-terminal domain
(CD) oriented in the lumen of the ER and containing the
catalytic site [42,44] (Figure 1). As illustrated (Figure
2AB), we have shown in a previous work that the first 90
aa (CT+TMD+ 30 aa of the stem) located at the N-terminal
end of the AtGCSI, are sufficient to retain a reporter pro-
tein in the ER [44]. The AtGCSI cytosolic domain of 51 aa
contains six arginine residues including four arginines
located at position 6, 7, 10 and 12 and a doublet at the
position 33,34 relative to the N-terminal end.

To define more precisely the sequence in the cytosolic tail
of AtGCSI containing ER location information, the first 13
aa located at the N-terminal end of GCS90 were deleted
and the resulting chimeric protein was named Δ13GCS90
(Figure 1). This truncation removed potential dibasic
motifs RR or RXR that might function in ER localization
[28], while others (RR or KXK) remained in the cytosolic
tail of this fusion protein. When expressed in tobacco BY-
2 cells or leaf epidermal cells, Δ13GCS90 was found into
bright spots (Figure 2CD) that colocalized with the Golgi
marker ST-mRFP (Figure 3A-C) [44] but no longer local-

Table 1: Comparison of the cytosolic tail sequence and transmembrane domain length of glucosidases I cloned from different species

Organism Cytosolic tail sequence TMD length

Arabidopsis thaliana
AJ278990

MTGASRRSARGRIKSSSLSPGSDEGSAYPPSIRRGKGKELVSIGAFKTNLK 18

Oryza sativa
BAB86175.1

MSGGGGSSSVRRPVAAARSRSGPEPDARRAAAAAAAAAAAAARRRGRGDHGPLRLMEVSPRN 23

Neurospora crassa
CAC18158.1

MAPPPPRQPRQ 23

Strongylocentrotus Purpuratus
XP_797552.1

>MAARTRIADSGGGARSRETKTKPKSGNGAQSRNNETQSSSKN 23

Danio rerio
XP_696318.1

MGRRRKRVATGDGVPSPRKEEKAPAPPRKEKKKKTDIGK 24

Apis melifera
XP_623340.1

MSILNISITVLCIAIATWFSYKGYLETRVNTPYDIKKLVTIS 23

Tribolium castaneum
XP_972740.1

MARQRRTQGAADPNKGTNSSSSNGSNSTNNRSSKSTS 23

Enchytraeus japonensis
BAE93517.1

MAKKKVPREKNHSGGTTRRTSESSSNNHADSKRQIRIKLNEKRKRQEPGSK 23

Caenorhabditis elegans
NP_502053.1

MHREHEEMHQPSRRRRPPREVERPSATIRYEPVAEPEPWCSFCSWD 23

Homo sapiens
NP_006293.2

MARGERRRRAVPAEGVRTAERAARGGPGRRDGRGGGPR 21

-60 -50 -40 -30 -20 -10 -1

Numbers below the cytosolic tail sequences indicate the position from the transmembrane domain (TMD). Bold letters highlight the importance of 
arginine (R) and lysine (K) residues. Note underlined sequence from H. sapiens retains a reporter membrane protein in the ER in plant cell.
Page 3 of 22
(page number not for citation purposes)



BMC Plant Biology 2009, 9:144 http://www.biomedcentral.com/1471-2229/9/144

Page 4 of 22
(page number not for citation purposes)

Schematic representation of the fusion proteins analyzed in this studyFigure 1
Schematic representation of the fusion proteins analyzed in this study. AtGCSI: full-length A. thaliana α-glucosidase I 
fused to GFP. Δ13GCSI: GCSI minus the first 13 N-terminal aa (MTGASRRSARGRI-). GCS150: the first 150 aa of GCSI fused 
to GFP. GCS90: the first 90 aa of GCSI fused to GFP or mRFP. Δ13GCS150: GCS150 minus the first 13 N-terminal aa. 
Δ13GCS90: GCS90 minus the first 13 N-terminal aa. Hs10-Δ13GCS90: the first 10 N-terminal aa of Homo sapiens GCSI (MAR-
GERRRRA-) fused at the N-terminus of Δ13GCS90. XYLT35: the first 35 aa of A. thaliana β-1,2-xylosyltransferase fused to GFP 
or mRFP [47]. XYLT35-GCSlum60: the first 35 aa of XYLT fused to the first 60 aa of the luminal domain of GCSI (Pro91 to 
Cys150) and to GFP. XYLT35-GCSlum81: the first 35 aa of XYLT fused to the first 81 aa of luminal domain of GCSI (Arg70 to 
Cys150) and to GFP. GCS13-XYLT35: the 13 first N-terminal aa of GCSI fused to XYLT35. ST-mRFP: the first 52 aa of a rat α-
2,6-sialyltransferase (ST) fused to mRFP [90]. mRFP-HDEL: mRFP under the control of the sporamine signal peptide and the 
HDEL ER retention sequence. CT: cytosolic tail; TMD: transmembrane domain; CD: C-terminal domain.
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ized with the mRFP-HDEL ER marker (Figure 3B). These
results indicate that the first 13 aa of AtGCSI are required
for GCS90 accumulation in the ER.

In order to determine whether this 13 aa peptide sequence
affects the targeting a Golgi-resident membrane protein, it
was fused to the Golgi marker XYLT35 to give GCS13-
XYLT35 (Figure 1). As illustrated in figure 3D-F, XYLT35
resides exclusively in the Golgi apparatus and it was previ-
ously shown to preferentially accumulate in the medial
Golgi [47]. In contrast, GCS13-XYLT35 was found as a
bright network (Figure 3G-I) that colocalized with the
mRFP-HDEL ER marker (Figure 3H) and was very similar
to the pattern observed for GCS90 (compare to Figure
2AB). In addition to this strong ER labeling, a few bright
spots were also occasionally observed when GCS13-
XYLT35 was expressed (Figure 3H). These spots proved to
be dynamic and colocalized partially with the late Golgi
marker ST-mRFP (Figure 4I) indicating location in the
early Golgi (Figure 3I), [44].

In conclusions, we show here that the first 13 aa of AtGCSI
are necessary to retain the GCS90 fusion protein in the ER
and sufficient to relocate a medial Golgi marker mainly to
the ER and to a lesser extent the early-Golgi.

A cytosolic arginine-rich sequence is an ER targeting signal 
in plants
In order to further investigate whether another arginine-
rich sequence could replace the 13 N-terminal aa of
AtGCSI responsible for ER retention, this peptide was
replaced by the first 10 amino-terminal residues of human
GCSI and the resulting fusion was named
Hs10Δ13GCS90 (Figure 1). After transient expression in
tobacco leaf epidermal cells, Hs10Δ13GCS90 localized in
the ER (Figure 3J-L), thus demonstrating that the N-termi-
nal arginine-rich cytosolic sequence of human GCSI is
functional in plants. Similarly, the C-terminal arginine-
rich cytosolic tail of Arabidopsis calnexin, a type I mem-
brane protein changed the localization of the type II
Δ13GCS90 from the Golgi to the ER (see Additional file 2)

Arginine residues in the cytosolic tail of AtGCSI contain ER 
localization information
In order to define whether arginine residues within the
first 13 aa of GCS90 play a key role in ER targeting, these
residues were first replaced by either leucine or alanine
residues using site-directed mutagenesis (see Table 2 for
the construct details) and the resulting fusion proteins
were expressed in tobacco cells.

GCS90 is exclusively located in the ER (Figure 4A) and
perfectly co-localizes with the ER marker mRFP-HDEL
(Figure 4B), but not with the late Golgi marker ST-mRFP
(Figure 4C). When arginine residues, in position 6, 7 10
and 12 (R6, R7, R10 and R12, respectively) were all replaced
by alanine residues, GCS90 mutant (R/AGCS90) was
found to accumulate exclusively in the Golgi apparatus as
illustrated from its co-localization with ST-mRFP (Figure
4D-F). The same effects on sub-cellular localization were
observed for R/L GCS90 after substitution of the four
arginine residues by leucines, (Figure 4G-I). These obser-
vations indicate that four arginines in position 6-7-10 and
12 present in the cytosolic tail of AtGCSI encode informa-
tion necessary for ER residency of membrane reporter pro-
tein.

To further dissect this cytosolic signal, an exhaustive pair-
wise leucine scanning mutagenesis of all four arginine res-
idues was performed and results related to the location of
the mutants in tobacco leaf epidermal cells are summa-
rized in Table 2. All mutations affected the localization of
GCS90. Thus, R/L6-7GCS90 and R/L10-12GSC90 were
found in the ER (Figure 5A, I) and in additional punctate
structures (Figure 5B, H, arrows) that appear distinct from
Golgi stacks (Figure 5D-F and 5I). Similar results were
obtained for R/L6-12GCS90 (Additional file 3). Remarka-
bly, the mRFP-HDEL soluble and the GSC90-mRFP mem-
brane ER markers were excluded from these punctate
structures (Figure 5B-C and 5H). Finally, Constructs in
which mutated arginine residues were distant by more

The 13 first N-terminal amino acids of AtGCSI contain ER targeting informationFigure 2
The 13 first N-terminal amino acids of AtGCSI con-
tain ER targeting information. CLSM analysis of trans-
genic tobacco BY-2 cells showing cortical views (A, C) or 
cross sections (B, D). (A, B) GCS90 accumulates in the ER 
in BY-2 suspension-cultured cells. (C, D) Δ13GCS90 accu-
mulates into the Golgi apparatus. Bars = 8 μm.

13GCS90

GCS90 GCS90A B

C D13GCS90
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Arginine-rich ER targeting sequences are conserved for GCSI between kingdomsFigure 3
Arginine-rich ER targeting sequences are conserved for GCSI between kingdoms. CLSM analysis of Nicotiana taba-
cum leaf epidermal cells expressing GFP fusions alone (left panels), or co-expressing GFP fusions and either the ER marker 
mRFP-HDEL (middle panels), or the Golgi marker ST-mRFP (right panels). Δ13GCS90 (A-C) is exclusively located in the Golgi 
and perfectly co-localizes with ST-mRFP (C). XYLT35 is also located in the Golgi (D-F); [44]. When GCS13-XYLT35 (G) is 
co-expressed with mRFP-HDEL, the ER appears in yellow and the Golgi remains green (H) whereas when GCS13-XYLT35 is 
co-expressed with ST-mRFP the Golgi is yellow and the ER is green (I) showing GCS13-XYLT35 has a dual location in the ER 
and in the Golgi. Interestingly, when the first 13 N-terminal amino acids of GCS90 are replaced by the first 10 N-terminal 
amino acids of the human GCSI, Hs10Δ13GCS90 is located exclusively in the ER (J) as illustrated from colocalization with 
mRFP-HDEL (K) and the absence of overlap for GFP and RFP signals when it is co-expressed with ST-mRFP (L). This together 
with data presented Table 1 suggests that arginine-rich ER targeting sequences are conserved for GCSI between kingdoms. 
Bars = 8 μm.
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than two aa (R/L6-10; R/L7-12; R/L7-10) all displayed a strict
Golgi (illustrated with R/L7-10, Additional file 3GH) or a
dual Golgi-ER pattern (illustrated with R/L6-10 Additional
file 3CD; or with R/L7-12 Additional file 3EF,). These find-
ings indicate that a cytosolic RR or RXR or RXXR motif is
sufficient to confer ER residency to a membrane reporter
protein.

Towards the characterization of punctate structures 
labeled after arginine substitution
Considering that fusion proteins harboring only one di-
arginine motif: RR, RXR or RXXR accumulate in the ER
and in punctate structures associated with the Golgi, the
next challenge was to identify the nature of these fluores-
cent punctate structures from which the ER markers are
excluded. Coexpression of R/L10-12GCS90 with an ER and
a Golgi marker simultaneously, revealed that the punctate
structures are closely associated but nevertheless distinct
and smaller than Golgi stacks (Figure 5JK and insert).
Interestingly, units formed by association of one dictyo-
some and one punctate structure move together along the
ER and never dissociate (see Additional file 4). Consider-
ing these observations, we propose that punctate struc-
tures are small intermediate domains located between the
ER and the Golgi, from which ER resident soluble or
membrane proteins are excluded (Figure 5B and 5C).

Based on the observation that punctate structures are
strongly associated with the Golgi and move together with
the Golgi stacks along the ER cortical network, we specu-
lated first that they could correspond to ER-exit-sites
(ERES) initially described by daSilva et al. [48].

It was previously shown that a GTP-locked form of Sar1p
accumulates to ERES [48] and exerts a dominant negative
effect on protein secretion [48-52]. When Sar1p-mRFP or
Sar1p-GTP-mRFP were expressed alone, they were both
located to the cytoplasm and to the ER (Figure 6AB,
respectively) but the ER morphology was different.
Indeed, Sar1p GTP blocking ER exit, R/LGCS90 was found
in the ER and in the Golgi when expressed together with
the GTP-locked form of Sar1p (Figure 6C), and, as a con-
sequence, the ER membranes turned into a lamellar sheet.
In addition, Sar1p-GTP-mRFP and GCS90 perfectly co-
localised (Figure 6D-F). To test if the small punctate struc-
tures were sensitive to an ER exit blockage, R/L6-7GCS90
and R/L10-12GCS90 were co-expressed with Sar1p-GTP-
mRFP (Figure 6G-I and 6J-L). Interestingly, no punctate
structures were observed showing that the presence of
punctate structures depends on active COPII machinery.

The drug BFA blocks COPI-mediated retrograde transport.
Thus, if the punctate structures were sensitive to BFA, this
would suggest they are likely to be involved in retrograde
Golgi to ER traffic. To test this hypothesis, cells co-express-

ing R/L6-7GCS90 or R/L10-12GCS90 and mRFP-HDEL were
incubated for 2 h in the presence of BFA (Figure 7G-I and
7M-O respectively). In both cases, the ER turned into a
lamellar pattern and the punctate structures disappeared
(Figure 7J-L and 7P-R). As a control, we have observed
BFA-induced redistribution of R/LGCS90 in the ER (Fig-
ure 7A-F). Together, these results indicate that inhibition
of COPI-mediated retrograde transport by BFA abolishes
the formation of punctate structures.

In conclusion, different GCS90 mutants harboring only
one RR, RXR or RXXR motif accumulate in the ER and in
punctate structures that do not contain ER soluble or
membrane resident proteins, move together with the
Golgi, but are not formed in the presence of Sar1p-GTP
and disappear in the presence of BFA. Based on these
results, our hypothesis is that these punctate structures
could be involved in Golgi to ER retrograde transport.

A luminal sequence in AtGCSI also contains ER retention 
information
We have shown above that cytosolic arginine-motifs are
sufficient to confer ER-residency to a Golgi reporter pro-
tein and their removal changes the localization of GCS90
from the ER to the Golgi. However, we observed that the
deletion of the first N-terminal 13 aa from the full-length
sequence of AtGCSI (Δ13GCSI- Figure 1), does not mod-
ify the location of the AtGCSI. The accumulation of
Δ13GCSI in the ER shows that the arginine motifs are not
necessary for ER residency of the full-length AtGCSI pro-
tein and suggests that other ER retention signals must
exist.

After successive deletion at the C-terminal end of
Δ13GCSI, we have shown that, in contrast with the Golgi
location of Δ13GCS90, the Δ13GSC150 containing the
first 150 aa of At GCSI minus the first 13 aa
(Δ13CT+TMD+81 aa of the stem) is detected exclusively
in the ER (Figure 8A). In order to identify the sequence
responsible for ER localisation of Δ13GCSI, the first 13 aa
of the GCS150 were deleted and the resulting fusion pro-
tein (Δ13GCS150) was expressed in N. tabacum leaf epi-
dermal cells, where it was found exclusively in the ER
(Figures 1 and 8B), and perfectly co-localized with mRFP-
HDEL (Figure 8C). In contrast, in the same conditions,
Δ13GCS90 was detected exclusively in the Golgi appara-
tus (Figure 8EF). ER-specific targeting information is
therefore contained within the AtGCSI luminal domain,
between the Pro 91 and Cys150.

To further investigate the ER targeting capacity of its lumi-
nal domain, an 81 aa long peptide corresponding to the
N-terminal part of AtGCSI luminal domain (from Arg70
to Cys150) was fused at the C-terminal end of the medial-
Golgi marker XYLT35 (Figure 9D-F, and the resulting
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The N-terminal arginine residues of AtGCSI contain ER localization informationFigure 4
The N-terminal arginine residues of AtGCSI contain ER localization information. CLSM analysis of Nicotiana taba-
cum leaf epidermal cells expressing GFP fusions alone (left panels), or co-expressing GFP fusions and the ER marker mRFP-
HDEL (middle panels), or co-expressing GFP fusions together with the Golgi marker ST-mRFP (right panels). GCS90 (A) co-
localizes with mRFP-HDEL (B, ER in yellow) but not with ST-mRFP (C, ER in green, Golgi in red). When the four arginine res-
idues in position 6, 7, 10 and 12 are replaced by alanine or leucine residues, R/A GCS90 (D-F) or R/L GCS90 (G-I) accumu-
lates exclusively in the Golgi showing that arginine residues are involved in AtGCSI ER localization. Bars = 8 μm.
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fusion protein was named XYLT35-GCSlum81). A shorter
60 aa peptide corresponding to the luminal domain of
AtGCSI from Pro91 to Cys150, was fused to XYLT35 to
generate XYLT35-GCSlum60 (Figure 1). Both fusions were
expressed in tobacco leaf epidermal cells. In agreement
with its medial-Golgi localization, XYLT35 accumulated
specifically in the Golgi (Figure 9A-C), whereas both
XYLT35-GCSlum81 and XYLT35-GCSlum60, where
detected in the ER (Figure 9D-F, G-I). Therefore, in addi-
tion to arginine-based motifs in its cytosolic tail, AtGCSI
contains additional information in its luminal domain
from residues Pro91 and Cys 150 that is sufficient to con-
fer ER localization.

Discussion
Introduction of soluble or type I membrane proteins in
the ER, is mediated by a cleavable N-terminal signal pep-
tide. Then, ER protein localization is governed by different
signals and mechanisms. It is well documented that solu-
ble ER-resident proteins bear at their C-terminal end a H/
KDEL tetrapeptide that ensure their retrieval from the
Golgi apparatus to the ER when they escape to this
organelle [3,5,9]via the binding to a receptor named
ERD2-like [53-56] located throughout Golgi and in the ER
[57,58]. In contrast, molecular signals responsible for the
targeting of type I membrane proteins in the ER are not so
well understood, especially in plant cells. For instance, a
17 aa TMD derived from human lysosomal protein
LAMP1 was shown to mediate retention of GFP in the ER
[41]. In addition, C-terminal dilysine motifs confer ER
localization to type I membrane proteins [13,31,40].
Finally, a C-terminal ΦXXK/R/D/EΦ motif (where Φ is a
large hydrophobic aa residue) is necessary and sufficient
for the localization of type III membrane Δ12 oleate desat-
urase FAD2 to the ER [14].

For type II membrane proteins, the TMD acts as a non-
cleavable signal sequence (Additional file 1) and we have
recently shown that in plant cell, the 16 aa TMD of soy-
bean mannosidase I (ManI) is sufficient to retain GFP in
the ER and the cis-Golgi whereas the 18 aa TMD of AtGCSI
is not responsible for the residency of this glucosidase in
the ER [44]. Here we investigated the signals that mediate
ER localization of AtGCSI, a type II membrane enzyme
playing a key role in seed development, as shown by char-
acterization of the GCSI Arabidopsis mutant which pro-
duces shrunken seeds where embryo development is
blocked at the heart stage [42].

A cytosolic di-arginine motifs is sufficient for ER residency 
of a type II membrane protein
Based on the demonstration that the 13 first N-terminal
aa of AtGCS1 cytosolic sequence contain ER targeting
information (Figure 3), we have substituted the four
arginine residues in the sequence MTAGASRRSARGRI-
with alanine or leucine residues. This mutation com-
pletely abolishes the ER retention capacity of this
sequence, as R/LGCS90 and R/AGCS90 were found in the
Golgi, thus demonstrating the key role of arginine resi-
dues. In addition, this 13 aa peptide was sufficient to relo-
calize, the medial Golgi marker XYLT35 to the ER when
fused at its N-terminal end. A competition between the di-
arginine motifs mediating ER localization and the TMD
length of XYLT35 (23 aa), more consistent with a Golgi
location, could explain why part of GCS13-XYLT35 is also
detected in the Golgi apparatus.

In order to identify the minimal requirement for the ER
targeting motif, the four arginine residues were mutated in
pairs and it was found that two arginine residues organ-
ized as RR, RXR or RXXR motif were sufficient to confer ER

Table 2: Sub-cellular localization of GCS90 after arginine (R) substitutions in the cytosolic tail.

Mutants Cytosolic domain Sub-cellular localization

6 7 10 12
GCS90 M T G A S R R S A R G R I K S S S L-32aa ER
Δ13GCS90 M K S S S L-32aa Golgi

Hs10Δ13GCS90 M A R G E R R R R A K S S S L-32aa ER
GCS13-XYLT35 M T A G A S R R S A R G R I-10aa ER + GA
CNX11-XYLT35 M N D R R P Q R K R P A-10aa ER + GA

R/L6-7GCS90 M T G A S L L S A R G R I K S S S L-32aa ER + punctate structures
R/L10-12GCS90 M T G A S R R S A L G L I K S S S L-32aa ER + punctate structures
R/L6-12GCS90 M T G A S L R S A R G L I K S S S L-32aa ER + punctate structures
R/L6-10GCS90 M T G A S L R S A L G R I K S S S L-32aa ER +GA
R/L7-12GCS90 M T G A S R L S A R G L I K S S S L-32aa Golgi +ER
R/L7-10GCS90 M T G A S R L S A L G R I K S S S L-32aa Golgi
R/AGCS90 M T G A S A A S A A G A I K S S S L-32aa Golgi
R/LGCS90 M T G A S L L S A L G L I K S S S L-32aa Golgi
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Punctate structures do not accumulate ER resident proteins and are distinct from Golgi stacksFigure 5
Punctate structures do not accumulate ER resident proteins and are distinct from Golgi stacks. When arginine 
residues are mutated by pairs, R/L6-7GCS90 (A-I) and R/L10-12GCS90 (G-K) are located in the ER (A, G). Co-expression with 
soluble ER marker mRFP-HDEL (B, H) or membrane (C) ER marker GCS90-mRFP reveals those markers are excluded from 
the punctate structures that appear in green (arrows). Punctate structures are closely associated to Golgi stacks labelled with 
the cis-Golgi marker Man99-mRFP (D), the medial Golgi marker XYLT35-mRFP (E) or trans-Golgi marker ST-mRFP (F, I). 
When the constructs highlighting punctate structures are co-expressed together with the ER marker mRFP-HDEL and the 
Golgi marker ST-mRFP, the ER and the punctate structures appear in yellow (J). When zooming, micrograph suggests punctate 
structures can be closed to the ER (K, top and bottom arrows). Zone I corresponds to the co-localization area between a 
punctate structure and a Golgi whereas zone II corresponds to the Golgi only (K, insert). Arrows indicate the punctate struc-
tures.
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residency. Consequently, three distinct di-arginine motifs
sufficient for ER retention co-exist in the cytosolic tail of
GCSI. In mammalian cells, N-terminal arginine residues
were also shown to serve as ER signals for some type II
membrane proteins [28,29]. For instance, the first 16 aa of
human Iip33 (MHRRRSRSCREDQKPV-) target not only
Iip33 but also other type II membrane proteins to the ER
and the minimal requirement for efficiency of this
sequence is the presence of a diarginine RR or RXR motif
[28]. On the other hand, in the first 10 aa of human GCSI
(MARGERRRRA-), a triple arginine (RRR) carries ER accu-
mulation information [29]. Finally, a comparison of the
GCSI sequences available has shown that di-arginine
motifs at the N-terminal end of these ER resident proteins
are highly conserved (Table 1) [42,59].

In mammals, arginine-rich or di-lysine ER-localization
signals require a strict spacing relative to the N/C terminus
and from the membrane. [22,28,60]. This could also
explain why, too close to the transmembrane domain of
AtGCSI, the RR motif at position 21,22 does not confer ER
localization (Table 1). A similar situation was described
when a deleted version of A. thaliana mannosidase II
(ManII) containing a 10 aa cytosolic tail (MPRKRTLVVN-
) was targeted to the Golgi only, despite an RXR motif in
the sequence [61,62]. These examples suggest that posi-
tion of the di-arginine motif(s) relative to the N-terminal
end and/or the TMD is certainly important to consider in
plants too.

Interestingly, in mammalian cells, in contrast to KK-sig-
nals, functional arginine-rich signals are found in a variety
of cytosolic positions, including intracellular loops and
the N- and C- termini in type II and type I membrane pro-
teins, respectively [28,46]. Here, we have identified a
sequence similar to the GCSI arginine-rich sequence, in
the C-terminal cysosolic tail of the type I membrane pro-
tein A. thaliana calnexin (NDRRPQRXRPA-) [63] and we
have shown that this sequence has the capacity to relocate
a type II Golgi protein to the ER. These results are consist-
ent with previous data showing that the last 78 C-terminal
aa of calnexin, including a 43 aa CT, a 22 aa TMD and 13
aa in the lumen, were sufficient to target GFP to the ER
[64]. All together these results suggest that cytosolic
arginine-rich motifs might have a similar role for resi-
dency of type II and some type I ER membrane proteins in
the ER of plant cells.

The luminal domain of AtGCSI also contains ER targeting 
information
While performing successive deletions in order to identify
a minimal ER targeting sequence in AtGCSI, we have
observed that when the 13 N-terminal aa were removed
from the full length protein, Δ13GCSI was still located in
the ER. This result clearly shows that the arginine-rich
cytosolic tail is not the only ER determinant in AtGCSI. A

series of deletions at the C-terminal end of Δ13GCSI led
us to identify a luminal sequence containing ER targeting
information. When fused to XYLT35, a 60 aa luminal
sequence from Pro91 to Cys150 of AtGCSI is able to
almost perfectly relocate this medial Golgi marker into the
ER. This is the first time that an ER localization signal is
shown to be contained in the luminal domain of a plant
membrane protein. As mentioned above, the Golgi labe-
ling occasionally observed with this fusion protein might
be due to a competition between the ER localization
sequence from AtGCSI and the TMD length of XYLT35
more adapted to Golgi than ER location.

As shown here for AtGCSI, some mammalian and yeast
membrane proteins also contain two ER retention/
retrieval signals [18,65,66]. For instance, in human GCSI,
the CT bears a triple-arginine ER-targeting motif and the
luminal domain contains an ER retention domain which
is yet to be characterized [29]. In conclusion, at least for
ER resident membrane proteins, the presence of several
sequences containing ER targeting information seems to
be common. Interestingly, different motifs also probably
suggest a hierarchy of these signals and different targeting
mechanisms and the importance for those proteins to be
kept securely in the ER.

Several mechanisms participate to AtGCSI retention in 
the ER
In mammalian cells, studies have shown that both
retrieval and retention mechanisms govern the localiza-
tion of ER membrane proteins [11]. Of these two mecha-
nisms, retrieval is better understood, and retrieval signals
have been identified in the cytosolic tails of type I and
type II ER resident membrane proteins [11,32,67]. In
plants, very few data are available on retrieval of ER mem-
brane proteins. Contreras et al. [31,68] have shown that a
KK motif in the C-terminal cytoplasmic tail of type I p24
protein is able to interact with components of the COPI
machinery and to recruit ARF1 in vitro. McCartney et al.
[14] have highlighted a dominant negative mutant of
ARF1 affect the transient localisation in the Golgi of a chi-
mera protein containing a -YNNKL motif in its cytoplas-
mic tail. However, mechanisms by which membrane
proteins containing an arginine motif are targeted to the
ER remain to be investigated. GCS90 and derivated con-
structs appear as excellent tools to study these mecha-
nisms in plant cell.

The situation is complicated by the fact that retrieval
mediated by arginine or lysine-motifs involves distinct
machinery. For instance, a mammalian α-COPI isoform
interacts with the KKXX motif but not with the RXR motif
[69] and there is also evidence suggesting a COPI-inde-
pendent ER retrieval pathway [70]. On the other hand,
some membrane proteins, such as the type II membrane
protein Sec12p are retrieved by interaction of their TMD
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Sar1p-GTP regulates ER to Golgi traffic of GCS90 and induces the disappearance of the punctate structuresFigure 6
Sar1p-GTP regulates ER to Golgi traffic of GCS90 and induces the disappearance of the punctate structures. 
CLSM analysis of Nicotiana tabacum leaf epidermal cells expressing GFP-fusions simultaneously with Sar1p variants. Sar1p-mRFP 
(A) and Sar1p-GTP-mRFP (B) are accumulated at the ER. Because Sar1p-GTP-mRFP blocks ER exit, membrane proteins accu-
mulate in the ER and the ER membrane morphology turns into fenestrated sheets (B). In presence of Sar1p-GTP-mRFP, the 
Golgi fusion R/LGCS90 is blocked in the ER (C, compare with pattern presented Figure 5G). When GCS90 (D-F), R/L6-

7GCS90 (G-I) or R/L10-12GCS90(J-L) are co-expressed with Sar1p-GTP-mRFP, the expression patterns remain unchanged, 
(compare to Figure 7G-I, A-C and D-F, respectively), except that the punctate structures have disappeared. Bars = 8 μm.
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Punctate structures diappear when COPI-mediated retrograde transport is inhibited with BFAFigure 7
Punctate structures diappear when COPI-mediated retrograde transport is inhibited with BFA. CLSM analysis of 
Nicotiana tabacum leaf epidermal cells co-expressing GFP-fusions and mRFP-HDEL. Control cells co-expressing R/LGCS90 and 
mRFP-HDEL show green Golgi stacks and a red ER (-BFA, panels A-C). When cells are treated with BFA for 2 h, Golgi mem-
branes are reabsorbed in the ER and the ER appears in yellow (+BFA, panels D-F). When cells co-expressing R/L6-7GCS90 (G-
L) or R/L10-12GCS90 (M-R) and mRFP-HDEL are treated with BFA for 2 h, punctate structures disappear (J-L and P-R respec-
tively).
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with the receptor rer1p [33,71,72]. Thus, the questions
concerning distinct protein sorting machineries and/or
mechanisms for the different ER retrieval motifs remain to
be addressed.

In addition to retrieval, a mechanism of retention sensu
stricto has been described, especially for soluble ER resi-
dents. Indeed, it is now generally accepted that soluble
reticuloplasmins are retained in the ER lumen of mamma-

lian cells mainly by a mechanism of strict retention. How-
ever, when they escape this first mechanism, the ER
resident proteins are retrotransported from the Golgi back
to the ER by a second mechanism involving a H/KDEL C-
terminal sequence and a membrane receptor named
ERD2. Some data are also in favor of the presence of these
two mechanisms to explain retention of reticuloplasmins
in the plant ER [9].

The N-terminal arginine motifs are not the unique determinants responsible for ER retention of AtGCSIFigure 8
The N-terminal arginine motifs are not the unique determinants responsible for ER retention of AtGCSI. When 
expressed in Nicotiana tabacum leaf epidermal cells Δ13GCS150-GFP is located in the ER (B) A as it was observed for the 
GCS150 (A) and confirmed after co-expression with the ER marker mRFP-HDEL (C). In contrast, Δ13GCS90-GFP is targeted 
to the Golgi apparatus (E) where it colocalizes with the Golgi marker ST-mRFP (D) whereas GCS90 is accumulated in the ER 
(D). Bars: 8 μm.
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Although one could argue that ER retention is due to the
absence of positive signals required for an efficient ER exit
[73], it is likely that specific retention signals or features
are also necessary to prevent massive access of ER-resident
membrane proteins into forward carriers [65,74].

ER retention of type I and type II membrane proteins can
be accomplished by direct association of protein subunits
to give large oligomeric complexes via their TMD and/or
luminal domain, as previously described in the kin-recog-
nition model for Golgi-located membrane proteins

A luminal domain of AtGCSI is sufficient for targeting a Golgi marker into the ERFigure 9
A luminal domain of AtGCSI is sufficient for targeting a Golgi marker into the ER. (A-C) XYLT35 and ST-mRFP 
are targeted to the Golgi when expressed in Nicotiana tabacum leaf epidermal cells. (D-F, G-I) XYLT35-GCSlum81 or 
XYLT35-GCSlum60 where co-expressed with ST-mRFP. Both fusion proteins containing a 81 or a 60 aa long luminal domain of 
AtGCSI fused to the Golgi marker XYLT35 (XYLT35-GCSlum81 and XYLT35-GCSlum60 respectively) are targeted to the ER. 
Bars = 8 μm.
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[34,38,75-77]. This type of mechanism may be functional
in the ER retention of subunit components of the hetero-
oligomeric oligosaccharyltransferase complex [78,79].
When expressed in COS cells, ER targeting information in
the luminal domain of human GCSI appears to direct ER
localization by retention rather than by retrieval. Evidence
includes the fact that N-linked Man9-GlcNAc2 is the major
glycan released from the recombinant enzyme [29]. On
the other hand, the co-purification of α-glucosidase I from
either bovine mammary glands or calf liver with a large
320-350 kDa protein complex is consistent with homote-
tramer formation responsible for ER retention [80,81].

Although there is now evidence that both protein retrieval
and retention mechanisms operate at the ER-Golgi inter-
face, the question concerning the relative roles played by
these different mechanisms in determining the residency
of ER membrane proteins is still largely unresolved. The
following targeting model could be put forward for
AtGCSI. We have shown that, at least, two ER localization
signals are present in AtGCSI and we propose that these
signals correspond to different targeting mechanisms. As
illustrated Figure 10, AtGCSI would form homo- or het-
erooligomers (via the luminal region) that are excluded
from ER domains where ERES are formed. When AtGCSI
monomers escaping these large complexes, are trans-
ported by default simultaneously with membrane pro-
teins containing export signals to the Golgi via a COPII-
mediated transport, AtGCSI molecules arriving in the cis-
Golgi interact with putative di-arginine specific receptors
mediating their COPI-dependent retrotransport to the ER.
The presence of punctate structures in some of the GCSI
mutants is also in favor of an arginine-based retrieval.

Preliminary evidence for Golgi-ER exit sites (GERES)
In contrast to mammalian cells, transport of proteins in
plants between the ER and the Golgi does not rely on the
cytoskeleton but nevertheless requires energy and is regu-
lated by various proteins such as the GTPases Sar1 and
ARF1 [39,41,58,82]. Forward transport of proteins is ini-
tiated in specific regions of the ER membrane called ERES
(ER Exit Sites) that were visualized using fluorescent pro-
tein fusions to plant homologues of the proteins involved
in the COPII-coat formation in mammalian cells, for
instance Sar1 [48], Sec23 [52,83], Sec24 [83,84] and
Sec13 [52]. Very recently, ERES were shown to be induced
not only by membrane cargo but also by specific exit
sequences [84]. Regarding AtGCSI, when one out of the
three di-arginine motifs is present in the cytosolic tail of a
GCS90, fluorescence is detected not only in the ER but
also in punctate structures close to- and moving with the
Golgi stacks along ER tracks. Both soluble and membrane
ER markers are excluded from these punctate structures.
We propose that they correspond to a Golgi/ER interme-
diate compartment. Interestingly, we have shown that
punctate structures do not colocalize with Sar1 WT and

are not observed in the presence of Sar1p-GTP. However,
as expected, Sar1p-GTP-mRFP exerts a dominant negative
effect on protein secretion and retains the Golgi construct
R/LGCS90 in the ER, showing that ER exit of R/LGCS90 is
COPII-regulated, as it was previously shown for many
other membrane or soluble proteins [48-51]. Moreover,
in our expression system, punctate structures disappeared
in the presence of BFA. In the same way, BFA prevented
cargo-induced recruitment of Sar1p-YFP at the ERES
(ERD2-GFP being the cargo) [48]. It remains to be eluci-
dated whether is due to the loss of Golgi stacks or block-
age of ER exit sites, the fact that punctate structures could
not be seen after BFA treatment. However, these results
strongly support that the punctate structures are involved
in Golgi to ER traffic, therefore we propose that those
structures that do not colocalize with Sar1 as described for
ERES, could well be Golgi-ER Export Sites (GERES).

Conclusion
Arabidopsis alpha glucosidase I (AtGCSI) is the first
enzyme involved in the N-glycan maturation. We have
previously shown that the function and consequently the
location of this type II membrane protein in the ER is
essential for Arabidopsis development [42].

As illustrated Figure 10, we have identified two independ-
ent types of signals conferring ER residency in the AtGCSI
sequence. Three distinct di-arginine motifs co-existing in
the cytosolic tail of AtGCSI and a 60 aa luminal sequence
are independently sufficient for ER retention. Interest-
ingly, the presence of these different types of signals sug-
gests that both retrieval and retention mechanisms govern
the localization of AtGCSI in the ER membrane. When
only one out of the three di-arginine motifs is present,
AtGCSI accumulates not only in the ER but also in punc-
tate structures not yet characterised at the ER/Golgi inter-
face and tentatively named GERES. We hypothesised that
GERES correspond to Golgi to ER export sites involved at
least in arginine-based retrieval mechanisms from the
Golgi back to the ER.

Methods
Glucosidase I-GFP fusions
The binary vector pBLTI121-sGFP was generated by insert-
ing cDNA encoding sGFP without the ATG [85] as a SpeI
and StuI fragment into the binary plant transformation
vector pBLTI121 [9]. The full length AtGCSI cDNA was
amplified by polymerase chain reaction (PCR) using for-
ward primer FGCSI (CGGGGTACCCCATGACCGGAGCT
AGCCGT) and reverse primer RGCSI (CGGGATC-
CGAAAAATAGGATAATCTTC) and sub-cloned into
pBLTI121-GFP as a KpnI or BamHI fragment.

The different glucosidase-GFP fusions were then gener-
ated by PCR using the AtGCSI as template and were all
fused at the N-terminal end of GFP using KpnI and SpeI
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restriction sites into pBLTI121-GFP. Thirteen different
GFP fusions were made. They are schematized in Figure 1
and Table 2 and the primers used are detailed in Table 3.
GSC150 and GCS90 correspond to the first 150 and 90 aa
of AtGCSI respectively fused to GFP. Δ13GCS90 and
Δ13GCS150 derivate from GCS150 and GCS90, respec-
tively, where the first 13 aa were deleted. Directed muta-
genesis led to the replacement of the arginine residues
located at the position 6, 7, 10 and/or 12 with leucine or

alanine residues and the constructs were named R/
LGCS90-GFP, R/AGCS90-GFP, R/L6-7GCS90-GFP, R/L10-

12GCS90-GFP, R/L6-10GCS90-GFP, R/L6-12GCS90-GFP, R/
L7-10GCS90-GFP and R/L7-12GCS90-GFP.

Finally, the N-terminal 13 aa of AtGCSI were replaced by
the N-terminal 10 aa of human hippocampus glucosidase
I [86] to obtain hs10GCS90-GFP. The reverse primer
RGCS150 was used to generate GCS150-GFP and

Schematic representation of mechanisms involved in the location of type II membrane protein in the plant ERFigure 10
Schematic representation of mechanisms involved in the location of type II membrane protein in the plant ER. 
Two mechanisms for ER localization of GCSI are proposed, one being complementary of the other. First, AtGCSI resides in ER 
subdomains where it forms homo or hetero-oligomers with an unknown partner and is excluded from the ER export sites 
(ERES) (I). When AtGCSI molecules escape these complexes, they move to the ERES (II) and are transported from the ER to 
the Golgi in a COPII dependent manner. Once in the Golgi, the COPI machinery would recognize AtGCSI's cytosolic tail (III). 
Retrograde transport would then occur at Golgi-ER export sites (GERES) to target AtGCSI back to the ER where it would 
form new complexes with its partners (IV).
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Δ13GCS150, and the oligonucleotide RGCS90 was com-
mon to all the other fusions ending at aa 90.

-1,2-xylosyltransferase-derivated GFP fusions
To obtain the fusion protein GCS13-XYLT35 or CNX11-
XYLT35, nucleotides coding for the first N-terminal 13 aa
of AtGCSI or last C-terminal 11 aa of A. thaliana calnexin
were fused to the 5' end of XYLT35 after PCR amplifica-
tion and using XYLT35 cDNA as template [47]. Primers
contain respectively a KpnI or a SpeI site (underlined,
Table 3) to permit the cloning into pBLTI121-GFP.

Two cDNAs encoding 81 and 60 aa of the luminal pre-
dicted domain of AtGCSI were fused to the 3' end of
XYLT35. To generate the fusion proteins XYLT35-
GCSlum81 and XYLT35-GCSlum60, the first N-terminal
35 aa of XYLT were first subcloned into pBLTI121-GFP, at
the N-terminal end of GFP. Then, XYLT35 was amplified
by PCR using primers FXYLT35' and RXYLT35' detailed in
table 3, and a XbaI or KpnI restriction site (underlined)
was used to clone XYLT35 into pBLTI121-GFP. Finally, the
81 or 60 aa of predicted luminal domain of AtGCSI, aa 70
to aa 150 or aa 91 to 150, were subcloned between
XYLT35 and GFP using PCR reaction with AtGCSI cDNA
as template and forward primer FGCS80 or FGCS60 (see
table 2 for primer details) and reverse primer R150 (see
above) with respectively KpnI or BamHI site (underlined)
to sub-clone into pBLTI121.

ER and Golgi red fluorescent markers
Monomeric red fluorescent protein (mRFP) was cloned in
pCAMBIA binary vector under the control of sporamine
signal peptide at the 5'end and the ER targeting sequence
HDEL at the 3' end. ST-mRFP, described in Saint-Jore-
Dupas et al., [44] was amplified by PCR using forward
primer FST and reverse primer RST (Table 3) and sub-
cloned into pCAMBIA as a KpnI or SacI fragment. For the
XYLT35mRFP, MAN99mRFP and the GCS90mRFP, we
have then substituted the GFP from the XYLT35, MAN99
and GCS90 constructs by the mRFP using the SpeI and
SacI endonucleases.

Agrobacterium-mediated tobacco BY-2 cell 
transformation
pBLTI121-GFP fusions were transferred into Agrobacterium
tumefaciens (strain LBA4404) by heat shock [87]. Trans-
genic Agrobacterium were selected onto YEB medium (per
liter, beef extract 5 g, yeast extract 1 g, sucrose 5 g, MgSO4-
7H2O 0.5 g) containing kanamycin (100 mg.mL-1) and
gentamycin (10 mg.mL-1) and were used to transform
Nicotiana tabacum (c.v. Bright Yellow-2) BY-2 cells, as
described in Gomord et al., [88]. Transformed tobacco
cells were selected in the presence of cefotaxime (250
mg.mL-1) and kanamycin (100 mg.mL-1). After screening
by fluorescence microscopy and, calli expressing the GFP
fusions were used to initiate suspension cultures of trans-
genic cells.

Table 3: Oligonucleotides used to generate GFP fusions.

Primer 5'-3' sequence

At glucosidase I as template
RGCS150 GACTAGTACACAAATGCCGCATAAC
RGCS90 GACTAGTAAAAGGAGTGATAACCCT
FΔ13GCS90/150 CGGGGTACCCCATGAAATCATCATCATTATCTCCC
FR/L4 CGGGGTACCCCATGACCGGAGCTAGCCTTCTGAGCGCGCTTGGTCTAATCAAATCATCA
FR/A4 CGGGGTACCCCATGACCGGAGCTAGCGCTGCGAGCGCGGCTGGTGCAATCAAATCATCA
FR/L6-7 CGGGGTACCCCATGACCGGAGCTAGCCTTCTGAGCGCGCGT
FR/L10L12 CGGGGTACCCCATGACCGGAGCTAGCCGTCGGAGCGCGCTTGGTCTAATCAAATCATCA
FR/L6L10 CGGGGTACCCCATGACCGGAGCTAGCCTTCGGAGCGCGCTTGGTCGAATCAAATCATCA
FR/L6L12 CGGGGTACCCCATGACCGGAGCTAGCCTTCGGAGCGCGCGTGGTCTAATCAAATCATCA
FR/L7L10 CGGGGTACCCCATGACCGGAGCTAGCCGTCTGAGCGCGCTTGGTCGAATCAAATCATCA
FR/L7L12 CGGGGTACCCCATGACCGGAGCTAGCCGTCTGAGCGCGCGTGGTCTAATCAAATCATCA
Fhs10GCS90 CGGGGTACCCCATGGCTCGGGGCGAGCGGCGGCGCCGCGCAAA
FGCS(70-150) GGGGTACCCGGCTAGTTCGTCACGGG
FGCS(91-150) GGGGTACCCCTGCTCCGAAAGTCATG

β1,2xylosyltransferase as template
FGCS13XYLT35 CGGGGTACCCCATGACCGGAGCTAGCCGTCGGAGCGCGCGTGGTCGAATCAGTAAACGGAATCCGAAG
FCNX11XYLT35 CGGGGTACCCCATGAATGATCGTAGACCGCAAAGGAAACGCCCAAGTAAACGGAATCCGAAG-3'
RXYLT35 GGACTAGTTGAAAACGACGATGAGTG
FXYLT35' GCTCTAGAGCATGAGTAAACGGAATCCG
RXYLT35' GGGGTACCTGAAAACGACGATGAGTG

The BamHI, SpeI or KpnI restriction sites used for vector construction are underlined. Triplet codons for leucine or alanine are given in bold.
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Agrobacterium-mediated transient expression in 
Nicotiana tabacum
PBLTI121-GFP, pVKH18-En6-mRFP, Sar binary plasmid
and pCAMBIA-mRFP fusions transformed A. tumefaciens
(strain GV3101 pMP90) [89] were cultured in kanamy-
cin/spectinomycin and gentamycin containing YEB at
28°C until the stationary phase (approximately 20 h),
washed and resuspended in infiltration medium (MES 50
mM pH5.6, glucose 0.5%(w/v), Na3PO4 2 mM, acetosy-
ringone (Aldrich) 100 mM from 10 mM stock in absolute
ethanol. The bacterial suspension was pressure injected
into the abaxial epidermis of plant leaves using a 1-mL
plastic syringe by pressing the nozzle against the lower
leaf epidermis. Plants were incubated for 2-3 days at 20-
25°C [58].

BFA treatment
Tobacco cells were incubated in 50 μm.mL-1 BFA (Sigma,
from 10 mg.mL-1 stock in DMSO) for 2 h before confocal
analysis as described in [58].

Confocal Laser Scanning Microscopy analysis
Cells expressing GFP were imaged using a Leica TCS SP2
AOBS confocal laser scanning microscope (CLSM) with a
488-nm argon ion laser line and the fluorescence was
recorded by a photomultiplier set up for 493-538 nm.
Dual-color imaging of cells co-expressing GFP and mRFP
was performed using simultaneously a 488-nm argon ion
laser line with the lowest laser power and a HeNe 594 nm
laser line. Fluorescence signals were separated using the
acousto-optical beam splitter (AOBS) and GFP emission
was detected in photomultiplier 2 (493-538 nm) whereas
mRFP was collected in photomultiplier 3 (600-630 nm).
Appropriate controls were performed to exclude the pos-
sibility of cross talk between the two fluorophores before
the image acquisitions.

Accession numbers
[EMBL: Z18242 (A. thaliana calnexin; Huang et al., 1993);
EMBL: X87237 (H. sapiens glucosidase I; Kalz-Füller et al.,
1995); EMBL:AJ278990 (A. thaliana glucosidase I; Boisson
et al., 2001); EMBL:AF272852 (A. thaliana -1,2-xylosyl-
transferase; Pagny et al., 2003)].

List of abbreviations
CD: C-terminal domain; CT: cytosolic tail; ER: endoplas-
mic reticulum; GCS: glucosidase; GFP: green fluorescent
protein; MAN: mannosidase; mRFP: monomeric red fluo-
rescent protein; ST: sialyltransferase; TMD: transmen-
brane domain; XYLT: xylosyltransferase.
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Additional material

Additional file 1
ER membrane protein biosynthesis and topology. (A) Type II mem-
brane proteins are synthesized with an internal start-transfer sequence 
that is blocked in the membrane during the translation of the protein in 
the ER lumen. (B) In contrast, type I membrane proteins are synthesized 
with a cleavable hydrophobic signal peptide at their N-terminal ends for 
introduction in the ER (similar to what happens to a soluble protein) and 
a stop transfer sequence that corresponds to the transmembrane domain.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2229-9-144-S1.PPT]

Additional file 2
The arginine-rich cytosolic domain of type I calnexin targets the type 
II Golgi marker XYLT35 to the ER when fused at its N-terminal end. 
(A) Arabidopsis thaliana calnexin (a type I membrane protein) contains 
a C-terminal cytosolic, 11 amino acid long-, arginine-rich-peptide that 
has never been characterized especially for targeting efficiency (yellow rec-
tangle). This RRXXRXR peptide is very similar to the one found at the 
cytosolic N-terminal end of type II A. thaliana glucosidase I. (B) To deter-
mine if the arginine-rich motif from calnexin could mediate the targeting 
of a type II membrane protein in the ER, it was fused to the N-terminal 
end of the Golgi marker XYLT35 (CNX11-XYLT35, Table 2). When 
transiently expressed in tobacco leaf epidermal cells, CNX11-XYLT35 
(left) was found mainly in the ER (middle) and in part in the Golgi 
(right), exactly as observed for GCS13-XYLT35 (Figure 3G-I). Bars = 8 
m.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2229-9-144-S2.PPT]

Additional file 3
The spacing between arginine residues is important to confer ER 
retention. CLSM analysis of Nicotiana tabacum leaf epidermal cells co-
expressing GFP-fusions together with either the ER marker mRFP-HDEL 
(left panel) or the Golgi marker ST-mRFP (right panel). R/L6-12GCS90 
is located to the ER and to punctate structures that do not contain the ER 
soluble protein mRFP-HDEL (A) and are closely associated to the Golgi 
stacks (B). In contrast, R/L6-10GCS90 and R/L7-12GCS90 colocalize with 
mRFP-HDEL (C and E respectively) and with ST-mRFP (D and F respec-
tively). These data show that the LRXXLXR and RLXXRXL motifs are not 
efficient to target GCS90 to the ER exclusively. Finally, R/L7-10GCS90 is 
found exclusively in the Golgi (H) and not in the ER (G). In conclusion, 
arginine residue spacing and their position relative to the N-terminal end 
are important for ER targeting efficiency. Bars = 8 m.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2229-9-144-S3.PPT]
Page 19 of 22
(page number not for citation purposes)

http://www.ebi.ac.uk/cgi-bin/dbfetch?Z18242
http://www.ebi.ac.uk/cgi-bin/dbfetch?X87237
http://www.ebi.ac.uk/cgi-bin/dbfetch?AJ278990
http://www.ebi.ac.uk/cgi-bin/dbfetch?AF272852
http://www.biomedcentral.com/content/supplementary/1471-2229-9-144-S1.PPT
http://www.biomedcentral.com/content/supplementary/1471-2229-9-144-S2.PPT
http://www.biomedcentral.com/content/supplementary/1471-2229-9-144-S3.PPT


BMC Plant Biology 2009, 9:144 http://www.biomedcentral.com/1471-2229/9/144
Acknowledgements
This work was supported by CNRS, the Université of Rouen, the Ministère 
de l'éducation nationale, de la recherche et de la technologie (MENRT) for 
a PhD grant to A. Boulaflous and the "Agence National de la recherche" 
(ANR-ERGO) for a research grant to C. Saint-Jore-Dupas. We thank F. 
Brandizzi and C. Hawes (Oxford Brookes University) for making available 
the binary plasmid containing ST-mRFP fusion. We thank D. Evans (Oxford 
Brookes University) for precious comments on the writing of the manu-
script. All the microscopy experiments were performed at the "Plateforme 
d'Imagerie cellulaire de Haute-Normandie-PRIMACEN" at the University of 
Rouen.

References
1. Vitale A, Denecke J: The endoplasmic reticulum-gateway of the

secretory pathway.  Plant Cell 1999, 11:615-628.
2. Pelham HR: The retention signal for soluble proteins of the

endoplasmic reticulum.  Trends Biochem Sci 1990, 15:483-486.
3. Denecke J, De Rycke R, Botterman J: Plant and mammalian sort-

ing signals for protein retention in the endoplasmic reticu-
lum contain a conserved epitope.  EMBO J 1992, 11:2345-2355.

4. Napier RM, Fowke LC, Hawes C, Lewis M, Pelham HR: Immunolog-
ical evidence that plants use both HDEL and KDEL for tar-
geting proteins to the endoplasmic reticulum.  J Cell Sci 1992,
102:261-271.

5. Gomord V, Denmat LA, Fitchette-Lainé AC, Satiat-Jeunemaitre B,
Hawes C, Faye L: The C-terminal HDEL sequence is sufficient
for retention of secretory proteins in the endoplasmic retic-
ulum (ER) but promotes vacuolar targeting of proteins that
escape the ER.  Plant J 1997, 11:313-325.

6. Gomord V, Wee E, Faye L: Protein retention and localization in
the endoplasmic reticulum and the golgi apparatus.  Biochimie
1999, 81:607-618.

7. Lewis MJ, Pelham HRB: Ligand-induced redistribution of the
human KDEL receptor from the Golgi complex to the endo-
plasmic reticulum.  Cell 1992, 68:353-364.

8. Wieland F, Harter C: Mechanisms of vesicle formation: insights
from the COP system.  Curr Opin Cell Biol 1999, 11:440-446.

9. Pagny S, Cabanes-Macheteau M, Gillikin JW, Leborgne-Castel N, Ler-
ouge P, Boston RS, Faye L, Gomord V: Protein recycling from the
Golgi apparatus to the endoplasmic reticulum in plants and
its minor contribution to calreticulin retention.  Plant Cell
2000, 12:739-756.

10. Cosson P, Letourneur F: Coatomer (COPI)-coated vesicles:
role in intracellular transport and protein sorting.  Curr Opin
Cell Biol 1997, 9:484-487.

11. Teasdale RD, Jackson MR: Signal-mediated sorting of mem-
brane proteins between the endoplasmic reticulum and the
golgi apparatus.  Annu Rev Cell Dev Biol 1996, 12:27-54.

12. Jackson MR, Nilsson T, Peterson PA: Identification of a consensus
motif for retention of transmembrane proteins in the endo-
plasmic reticulum.  EMBO J 1990, 9:3153-3162.

13. Benghezal M, Wasteneys GO, Jones DA: The C-terminal dilysine
motif confers endoplasmic reticulum localization to type I
membrane proteins in plants.  Plant Cell 2000, 12:1179-1201.

14. McCartney AW, Dyer JM, Dhanoa PK, Kim PK, Andrews DW,
McNew JA, Mullen RT: Membrane-bound fatty acid desaturases
are inserted co-translationally into the ER and contain differ-
ent ER retrieval motifs at their carboxy termini.  Plant J 2004,
37:156-173.

15. Kabuâ R, Ashikov A, Oelmann S, Gerardy-Schahn R, Bakker H: Endo-
plasmic reticulum retention of the large splice variant of the

UDP-galactose transporter is caused by a dilysine motif.  Gly-
cobiology 2005, 15:905-911.

16. Jackson MR, Nilsson T, Peterson PA: Retrieval of transmembrane
proteins to the endoplasmic reticulum.  J Cell Biol 1993,
121:317-333.

17. Shin J, Dunbrack RL Jr, Lee S, Strominger JL: Signals for retention
of transmembrane proteins in the endoplasmic reticulum
studied with CD4 truncation mutants.  Proc Natl Acad Sci USA
1991, 88:1918-1922.

18. Gaynor EC, te Heesen S, Graham TR, Aebi M, Emr SD: Signal-medi-
ated retrieval of a membrane protein from the Golgi to the
ER in yeast.  J Cell Biol 1994, 127:653-665.

19. Townsley FM, Pelham HRB: The KKXX signal mediates retrieval
of membrane proteins from the Golgi to the ER in yeast.  Eur
J Cell Biol 1994, 64:211-216.

20. Hardt B, Bause E: Lysine can be replaced by histidine but not
by arginine as the ER retrieval motif for type I membrane
proteins.  Biochem Biophys Res Commun 2002, 291:751-757.

21. Nilsson T, Jackson M, Peterson PA: Short cytoplasmic sequences
serve as retention signals for transmembrane proteins in the
endoplasmic reticulum.  Cell 1989, 58:707-718.

22. Shikano S, Li M: Membrane receptor trafficking: evidence of
proximal and distal zones conferred by two independent
endoplasmic reticulum localization signals.  Proc Natl Acad Sci
USA 2003, 100:5783-5788.

23. Bakke O, Dobberstein B: MHC class II-associated invariant
chain contains a sorting signal for endosomal compart-
ments.  Cell 1990, 63:707-716.

24. Lotteau V, Teyton L, Peleraux A, Nilsson T, Karlsson L, Schmid SL,
Quaranta V, Peterson PA: Intracellular transport of class II
MHC molecules directed by invariant chain.  Nature 1990,
348:600-605.

25. Michelsen K, Yuan H, Schwappach B: Hide and run. Arginine-
based endoplasmic-reticulum-sorting motifs in the assembly
of heteromultimeric membrane proteins.  EMBO Rep 2005,
6:717-722.

26. Khalil H, Brunet A, Thibodeau J: A three-amino-acid-long HLA-
DRbeta cytoplasmic tail is sufficient to overcome ER reten-
tion of invariant-chain p35.  J Cell Sci 2005, 118:4679-4687.

27. Yoo D, Fang L, Mason A, Kim BY, Welling P: A Phosphorylation-
dependent Export Structure in ROMK (Kir 1.1) Channel
overrides an endoplasmic reticulum localization signal.  J Biol
Chem 2005, 280:35281-35289.

28. Schutze MP, Peterson PA, Jackson MR: An N-terminal double-
arginine motif maintains type II membrane proteins in the
endoplasmic reticulum.  EMBO J 1994, 13:1696-1705.

29. Hardt B, Kalz-Fuller B, Aparicio R, Volker C, Bause E: (Arg)3 within
the N-terminal domain of glucosidase I contains ER target-
ing information but is not required absolutely for ER locali-
zation.  Glycobiology 2003, 13:159-168.

30. Sohn K, Orci L, Ravazzola M, Amherdt M, Bremser M, Lottspeich F,
Fiedler K, Helms JB, Wieland FT: A major transmembrane pro-
tein of Golgi-derived COPI-coated vesicles involved in
coatomer binding.  J Cell Biol 1996, 135:1239-1248.

31. Contreras I, Ortiz-Zapater E, Aniento F: Sorting signals in the
cytosolic tail of membrane proteins involved in the interac-
tion with plant ARF1 and coatomer.  Plant J 2004, 38:685-698.

32. Cosson P, Lefkir Y, Demolliere C, Letourneur F: New COP1-bind-
ing motifs involved in ER retrieval.  Embo J 1998, 17:6863-6870.

33. Sato M, Sato K, Nakano A: Endoplasmic reticulum localization
of Sec12p is achieved by two mechanisms: Rer1p-dependent
retrieval that requires the transmembrane domain and
Rer1p-independent retention that involves the cytoplasmic
domain.  J Cell Biol 1996, 134:279-293.

34. Nilsson T, Hoe MH, Slusarewicz P, Rabouille C, Watson R, Hunte F,
Watzele G, Berger EG, Warren G: Kin recognition between
medial Golgi enzymes in HeLa cells.  Embo J 1994, 13:562-574.

35. Cocquerel L, Meunier JC, Pillez A, Wychowski C, Dubuisson J: A
retention signal necessary and sufficient for endoplasmic
reticulum localization maps to the transmembrane domain
of hepatitis C virus glycoprotein E2.  J Virol 1998, 72:2183-2191.

36. Cocquerel L, Duvet S, Meunier JC, Pillez A, Cacan R, Wychowski C,
Dubuisson J: The transmembrane domain of hepatitis C virus
glycoprotein E1 is a signal for static retention in the endo-
plasmic reticulum.  J Virol 1999, 73:2641-2649.

Additional file 4
Punctate structures and Golgi move together along the ER. Tobacco 
leaf epidermal cells coexpressing R/L6-7GCS90-GFP and XYLT35-mRFP.
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