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In yeast and mammals, amino acid motifs in the cytosolic tails of transmembrane domains play a role in protein trafficking

by facilitating export from the endoplasmic reticulum (ER). However, little is known about ER export signals of membrane

proteins in plants. Therefore, we investigated the role of diacidic motifs in the ER export of Golgi-localized membrane

proteins. We show that diacidic motifs perform a significant function in the export of transmembrane proteins to the Golgi

apparatus, as mutations of these signals impede the efficient anterograde transport of multispanning, type II, and type I

proteins. Furthermore, we demonstrate that diacidic motifs instigate the export of proteins that reside in the ER due to the

lengths of their transmembrane domains. However, not all of the diacidic motifs in the cytosolic tails of the proteins studied

were equally important in ER export. Transport of Golgi proteins was disrupted only by mutagenesis of specific diacidic

signals, suggesting that the protein environment of these signals affects their function. Our findings indicate that diacidic

ER export motifs are present and functional in plant membrane proteins and that they are dominant over transmembrane

domain length in determining the export of proteins from the ER in plant cells.

INTRODUCTION

It has been shown in plants that membrane-bound and soluble

proteins destined for the early secretory pathway can maintain

their localizations by cycling between the endoplasmic reticulum

(ER) and the cis-Golgi (Denecke et al., 1992; Brandizzi et al.,

2002b; reviewed in Hanton et al., 2005). Retrograde Golgi–ER

transport of soluble proteins is achieved by C-terminal H/KDEL

signals that are recognized by the receptor ER retention de-

fective 2 (ERD2) (Denecke et al., 1992; Lee et al., 1993), whereas

transmembrane proteins are selected for transport to the ER by

a dilysine motif at the C terminus of the cytosolic tail that interacts

with components of the COPI coat (Benghezal et al., 2000;

Contreras et al., 2004a). Anterograde ER–Golgi transport of

soluble proteins occurs via a passive bulk-flow mechanism

(Denecke et al., 1990; Phillipson et al., 2001), but the selectivity

of the ER export of transmembrane proteins is subject to

considerable debate. It is generally assumed that transmem-

brane proteins are exported via a COPII-mediated mechanism

similar to that of soluble proteins (Andreeva et al., 2000; Takeuchi

et al., 2000; Phillipson et al., 2001; daSilva et al., 2004), although

a Golgi-independent route for the sorting of a-TIP has also been

suggested (Hofte and Chrispeels, 1992; Gomez and Chrispeels,

1993; Jiang and Rogers, 1998). It has been shown that the

transmembrane domain alone is sufficient to dictate protein ex-

port from the ER in plants (Hofte and Chrispeels, 1992; Brandizzi

et al., 2002a). In particular, it has been shown that the length of

the transmembrane domain plays a role in determining the

destination of type I proteins along the plant secretory pathway,

whereby increasing the transmembrane domain length from 17

to 20 amino acids was sufficient to instigate the export of an ER-

retained protein (Brandizzi et al., 2002a). However, it is not yet

known whether specific signals within the transmembrane do-

main of plant proteins influence ER–Golgi transport. A Tyr res-

idue that is present in the transmembrane domain of CASP (for

CCAAT displacement protein alternatively spliced product),

a type II protein, plays a prominent role in ER–Golgi transport in

mammalian cells (Gillingham et al., 2002) but was shown not to

have the same function in plant cells (Renna et al., 2005).

In yeast and mammals, several classes of ER export signals

have been identified in the cytosolic domains of transmembrane

proteins (Kappeler et al., 1997; Nishimura and Balch, 1997; Giraudo

and Maccioni, 2003). The cytoplasmic sorting motifs are usually

divided into two groups, the dihydrophobic and diacidic signals

(reviewed in Barlowe, 2003), although a new group of dibasic

signals was recently proposed (Giraudo and Maccioni, 2003).

Dihydrophobic export signals generally contain two large hydro-

phobic or aromatic amino acid residues adjacent to one another

and are usually found toward the C terminus of the protein

(Fiedler and Rothman, 1997; Kappeler et al., 1997; Dominguez

et al., 1998; Nakamura et al., 1998; Otte and Barlowe, 2002; Sato

and Nakano, 2002). Diacidic motifs consist of two acidic amino

acid residues, separated by any other amino acid, usually de-

noted DXE or Asp-X-Glu (Nishimura and Balch, 1997; Nishimura

et al., 1999; Sevier et al., 2000; Ma et al., 2001; Votsmeier and

Gallwitz, 2001), although DXD (Asp-X-Asp) motifs have also been

shown to be functional (Malkus et al., 2002; Wang et al., 2004). In

yeast, these motifs are thought to interact directly with Sec24,

a component of the COPII coat (Votsmeier and Gallwitz, 2001).

However, Miller et al. (2003) have shown that the use of a mutated
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Sec24 affects the packaging of only certain proteins bearing

diacidic motifs, indicating that other factors must dictate the

mechanism of export. For example, an additional Tyr residue

adjacent to the diacidic motif may also be involved in the export

of certain proteins in mammalian cells (Sevier et al., 2000), and an

expanded version of the signal is important for the export of

potassium channels from the ER (Ma et al., 2001). In addition to

these data on single export signals, a study of the interactions

between the COPII coat and SNARE proteins resulted in the

identification of two independent export signals on a single

protein (Mossessova et al., 2003). These may act as backup

systems to ensure the efficient export of this protein, although

the three other SNAREs featured in the study appear to possess

only one export signal each. Furthermore, it has been suggested

that multiple signals may be needed for efficient export of the

Can1p Arg permease (Malkus et al., 2002), the Erv41–Erv46

complex (Otte and Barlowe, 2002), and an ATP binding cassette

transporter protein, Yor1p (Epping and Moye-Rowley, 2002).

In contrast with the multitude of cytosolic ER export signals

identified and characterized in transmembrane proteins from

mammals and yeast, current knowledge of this topic in plants is

extremely limited. It remains unclear whether export signals in

the cytosolic tails of transmembrane proteins regulate ER–Golgi

transport in plants or whether the export is exclusively depen-

dent on a bulk-flow mechanism dictated by transmembrane

domain length. The latter hypothesis seems unlikely because of

the need for tight control of protein movement from the ER to

distal compartments. Furthermore, evidence has been presented

for membrane protein–mediated recruitment of Sar1p to ER

export sites (daSilva et al., 2004), suggesting that the cytosolic

tails of plant membrane proteins may contain signals that attract

COPII components. Contreras et al. (2004b) have identified

a dihydrophobic signal in the cytosolic domain of a type I

membrane-spanning plant p24 protein and have demonstrated

its ability to interact with Arabidopsis thaliana Sec23, a COPII

coat component, in vitro, although this is only possible when

a dilysine motif adjacent to the dihydrophobic motif is mutated. It

is thought that both signals cooperate to recruit the COPI coat

(Contreras et al., 2004a), but only the dihydrophobic motif is able

to interact with Arabidopsis Sec23. The biological relevance of

this signal has yet to be shown in live cells, but its occurrence

indicates that protein motifs may play a role in the ER export of

transmembrane proteins in plants. The recent discovery that the

mutation of a basic motif in the cytoplasmic domain of a type II

membrane-spanning prolyl hydroxylase inhibits its transport to

the Golgi apparatus in BY-2 cells (Yuasa et al., 2005) adds to the

argument for the existence of active export signals in plants. To

date, however, the characterization of diacidic motifs in plant

transmembrane proteins has remained elusive.

In this work, we investigated whether the ER export of different

types of transmembrane proteins occurs purely by passive bulk

flow of membrane or whether diacidic signals in the cytosolic tail

domains are required for efficient transport. To do so, we

identified diacidic ER export motifs in a multispanning and

a type II transmembrane protein and demonstrated in vivo

through point mutagenesis and live cell imaging that these

sequences play a significant role in the ER export of both types

of proteins. Moreover, we have shown the relevance of these

motifs in type I membrane proteins by the transplantation of

a cytosolic domain containing diacidic motifs to an ER-restricted

type I protein, with subsequent site-directed mutagenesis of

these signals. Our data show that diacidic motifs can influence

the export of different classes of transmembrane proteins from

the ER in plant cells, indicating the conservation of mechanisms

for protein transport at the ER–Golgi interface among kingdoms.

RESULTS

To identify diacidic motifs (two acidic amino acid residues

separated by another amino acid) (Nishimura and Balch, 1997;

Nishimura et al., 1999; Sevier et al., 2000; Votsmeier and Gallwitz,

2001; Malkus et al., 2002) in proteins that are exported from the

ER, we first screened existing Golgi marker proteins. We found

that the multispanning nucleotide sugar transporter GONST1

(Baldwin et al., 2001; Handford et al., 2004) and the type II Golgi

membrane protein CASP (Renna et al., 2005) contained diacidic

motifs in their cytosolic domains (Figure 1A; see Figure 4A below).

A Diacidic Signal Is Required for Efficient ER Export of the

Multispanning Protein GONST1

GONST1 is a GDP-mannose transporter that accumulates pri-

marily at the Golgi apparatus in tobacco (Nicotiana tabacum)

leaves but also at other, smaller punctate structures of unknown

nature (Figures 1C to 1E, arrows; see Supplemental Figure 1 online)

(daSilva et al., 2004; Handford et al., 2004). It contains 10 trans-

membrane domains (Baldwin et al., 2001) and is oriented in such

a way that the first 30 amino acids at the N terminus are found in

the cytosol (Figure 1A). We found that there are two potential

diacidic motifs (EHD and DLE) in this sequence (Figure 1A, under-

lined). We initially mutated the DXE motif to GXA, effectively neutral-

izing the diacidic motif. We hypothesized that the mutation of this

putative signal would reduce the ability of the protein to exit the

ER and travel to the Golgi apparatus. To test this notion, we

generated a fusion of the mutant GONST1 to the green fluores-

cent protein (GONST1DXE-GFP) and expressed it in tobacco leaf

epidermal cells. Analysis by confocal laser scanning microscopy

showed increased levels of ER staining (Figure 1F), supporting

our hypothesis. However, some punctate structures of different

sizes were also visible (Figure 1F, arrowheads; see Supplemental

Figures 2 and 5 online). To ascertain the identities of these struc-

tures, we coexpressed GONST1DXE-GFP with ERD2-YFP (for

yellow fluorescent protein), an ER and Golgi marker (Brandizzi

et al., 2002b). The larger punctate structures observed for

GONST1DXE-GFP (Figure 1G, arrowhead) colocalized with the

Golgi bodies labeled by ERD2-YFP (Figures 1G to 1I), whereas

smaller structures visible in some cells were independent of the

structures labeled by ERD2-YFP (see Supplemental Figure 2 online)

but were the same as the small structures labeled by wild-type

GONST1-fluorescent protein fusions (see Supplemental Fig-

ure 5 online) (Handford et al., 2004). These data indicate that

GONST1DXE-GFP is able to be transported to the Golgi apparatus

and beyond, albeit to a lesser extent than the wild-type protein.

Because GONST1DXE-GFP can be transported to the Golgi

apparatus in spite of the mutation of its DXE motif, we speculated
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that there might be other active export signals in the protein. These

could continue to operate in the absence of the DXE motif, resulting

in reduced efficiency but not complete abolition of transport, as

observed in Figures 1F to 1I. The EXD motif in the N-terminal region

of GONST1 (Figure 1A, underlined) was a possible candidate for

this putative additional export signal, but the protein was trans-

ported to the Golgi and post-Golgi structures with no increase in

ER staining when this motif was mutated (see Supplemental

Figures 3 and 6 online), unlike the altered localization of

GONST1DXE-GFP. This finding suggested that other, less easily

identifiable export signals might be present in the protein.

Therefore, we decided to delete the entire N-terminal cytosolic

region of GONST1, which is the longest cytosolic domain in the

protein. This deletion would rule out the possibility that any

signals in the N-terminal domain could permit the protein to be

exported from the ER to the Golgi apparatus. The deletion

mutant was fused to GFP (GONST1Dcyt-GFP) and expressed in

tobacco leaf epidermal cells (Figure 2A). Increased levels of ER

staining were observed, the ER having a sheet-like appearance

that was probably attributable to the accumulation of large

amounts of the fusion protein in that organelle (Lee et al.,

2002). Despite this accrual of protein in the ER, punctate

structures still remained clearly visible (Figure 2A, arrowhead).

Coexpression of GONST1Dcyt-GFP with ERD2-YFP verified that

these punctate structures were Golgi bodies (Figures 2B to 2D).

In some cells, smaller punctate structures were also visible

(Figures 2B to 2D, arrows; see Supplemental Figure 4 online),

indicating that this mutant was also able to be exported from

the ER to post-Golgi destinations, despite the deletion of the

N-terminal domain containing the clearly identifiable diacidic mo-

tifs. To confirm these qualitative observations, we quantified the

fluorescence of the ER relative to that of the Golgi for GONST1-

GFP and each of the mutants used. Figure 3 shows that the

relative ER fluorescence is similar for both GONST1DXE-GFP and

GONST1Dcyt-GFP. This finding suggests that the DXE motif is the

only active ER export signal in the N-terminal cytosolic region of

GONST1, which is supported by the fact that no ER fluorescence

was observed for GONSTEXD-GFP. Our data indicate that the

diacidic DXE motif of GONST1 influences the export of this

protein from the ER, although it appears that additional mech-

anisms are also in place to ensure its transport to the Golgi

apparatus.

Figure 1. A Diacidic Motif in the N-Terminal Cytosolic Domain of GONST1 Influences Its ER Export.

(A) Scheme of the topology of GONST1, with the sequence of the 30 N-terminal amino acids. Note the EHD and DLE motifs (underlined).

(B) GONST1-GFP localizes to punctate structures in tobacco leaf epidermal cells.

(C) to (E) The larger GONST1-labeled structures colocalize with ERD2-YFP (arrowheads), whereas the smaller structures are not labeled by ERD2-YFP

(arrows).

(F) Mutation of DLE to GLA in GONST1 results in impaired ER export. Transport of GONST1DXE-GFP out of the ER is reduced compared with that of the

wild-type protein. Note the increase in ER staining, although some punctate structures remain visible (arrowheads).

(G) to (I) Coexpression of GONST1DXE-GFP (G) with ERD2-YFP (H) confirms that the larger punctate structures labeled by GONST1DXE-GFP are Golgi

bodies (arrowheads). Note the colocalization of the two fluorochromes on dots in the merged image (I).

Bars ¼ 5 mm.
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CASP, a Type II Protein, Contains Multiple Diacidic Motifs

Having established that a diacidic signal is present and functional

in the ER export of GONST1, a multispanning protein, we next

wanted to test whether similar signals in other types of proteins

would have a comparable effect. Previous studies have shown

only that a type I protein contains a dihydrophobic signal

(Contreras et al., 2004b) and that a type II protein contains

a dibasic signal (Yuasa et al., 2005). Finding a diacidic ER export

motif in a type II protein would rule out the possibility that different

types of proteins contain specific types of sorting signals.

CASP is a type II Golgi matrix protein with a short C-terminal

luminal domain and an extensive N-terminal cytosolic coiled-coil

domain (Figure 4A) (Renna et al., 2005). It is a member of the

membrane-spanning golgin family of proteins, all of which have

similar domain structures (Misumi et al., 2001; Gillingham et al.,

2002; Gillingham and Munro, 2003). It has been shown that some

mammalian golgins specifically require the 100 amino acids

between the membrane-bound domain and the coiled-coil re-

gion to localize at the Golgi (Misumi et al., 2001). Moreover,

a truncated form of CASP containing only the luminal and

transmembrane domains plus 78 amino acids of the cytosolic

domain is efficiently transported to the Golgi (Renna et al., 2005),

indicating that if any export signals were present, they would

most likely be found in this segment of the cytosolic domain of

CASP. We found two DXE motifs that could be important for

ER–Golgi transport within this region (Figure 4A, underlined and

annotated). We then mutated the acidic residues of each

potential motif to Gly and expressed fluorescent fusions of the

wild-type protein or each mutant in tobacco leaf cells alone or in

the presence of ERD2-YFP (Figures 4B to 4M). ERD2 was used

as an ER–Golgi marker rather than wild-type CASP, because the

mammalian homolog of CASP has been shown to form dimers

(Gillingham et al., 2002). Dimerization of a mutant form of CASP

with the wild-type protein might permit its export from the ER in

spite of the mutation of putative export signals. Each fusion was

expressed in the absence of ERD2-YFP to verify that its local-

ization was unaffected by the presence of the marker, as

expression of ERD2-GFP has been shown to induce the forma-

tion of ER export sites (daSilva et al., 2004).

When we expressed GFP-CASP in tobacco leaf epidermal

cells alone, we verified that it labeled punctate structures (Figure

4B). Coexpression of GFP-CASP with ERD2-YFP confirmed that

these structures were Golgi bodies (Figures 4C to 4E), in

agreement with the data presented by Renna et al. (2005).

Mutation of DXE1 to GXG (GFP-CASPDXE1) resulted in the

redistribution of the protein to the ER, although some punctate

structures remained visible (Figure 4F, arrowheads). Coexpres-

sion of ERD2-YFP and GFP-CASPDXE1 showed that these

punctate structures were Golgi bodies (Figures 4G to 4I). In

contrast with these data, mutation of DXE2 to GXG (GFP-

CASPDXE2) had no apparent effect on the localization of the

Figure 2. Deletion of the N-Terminal Cytosolic Domain of GONST1 Does Not Abolish Its ER Export.

(A) Expression of GONST1Dcyt-GFP in tobacco leaf epidermal cells shows increased ER staining compared with that in the wild-type protein (see

Figures 1B to 1E), although some punctate structures remain visible (arrowhead), similar to the result observed with GONST1DXE-GFP (see Figures 1F to

1I).

(B) to (D) The larger punctate structures labeled by GONST1Dcyt-GFP (B) are Golgi bodies, as confirmed by coexpression of ERD2-YFP (C). Note the

colocalization of the two fluorochromes on large dots (arrowhead) but not on small dots (arrow) in the merged image (D).

Bars ¼ 5 mm.

Figure 3. Quantification of ER Fluorescence for GONST1-GFP and Its

Mutants.

The fluorescence of the ER relative to that of the Golgi was quantified for

each of the GONST1-GFP derivatives. The relative ER fluorescence

(REF) is given as a percentage of the ratio between fluorescence intensity

values (arbitrary units) measured in the ER and the sum of intensity

values for the ER and Golgi (see Methods). Error bars represent SD for

21 measurements.
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fusion (Figures 4J to 4M). Mutation of an EXD motif present in the

same region of CASP gave similar results (see Supplemental

Figure 7 online), whereas quantification of the ER fluorescence

for each construct shows that only GFP-CASPDXE1 exhibited

redistribution to the ER (Figure 5). Our results demonstrate that

a diacidic motif influences the transport of a type II membrane

protein, similar to the multispanning protein GONST1. In addition,

only one DXE motif functions in ER export, despite the fact that

three diacidic motifs are found within the same region of the protein.

Generation of a Synthetic Type I Reporter Protein

We next wanted to investigate whether diacidic motifs would

also function in type I transmembrane proteins. However, none of

the Golgi-localized type I proteins that have been described to

date contains a DXE motif. Furthermore, the importance of the

length of the transmembrane domain in the transport of type I

proteins in the secretory pathway (Brandizzi et al., 2002a)

meant that we could not use the transmembrane domain of

Figure 4. The Cytosolic Domain of CASP Contains Potential Diacidic ER Export Signals.

(A) Scheme of an N-terminal fusion of GFP to the Golgi matrix protein CASP. The GFP moiety and coiled-coil domain are shown as gray ellipses, and the

transmembrane domain (TM) is shown as a black rectangle. The N terminus of the protein is cytosolic, whereas the C terminus is found in the lumen of

the secretory pathway, giving the protein a type II topology (Renna et al., 2005). Part of the amino acid sequence of the cytosolic domain of CASP is

shown (Renna et al., 2005). This domain contains two DXE motifs (underlined), which were mutated independently to GLG (DXE1) and GVG (DXE2).

(B) to (D) GFP-CASP localizes to the Golgi apparatus ([B] and [C]) (Renna et al., 2005), as demonstrated by its colocalization with ERD2-YFP (D).

(E) Merged image of (C) and (D).

(F) to (I) Mutation of DLE to GLG (DXE1) results in the redistribution of a large proportion of the fluorescence to the ER ([F] and [G]), although some

punctate structures are visible ([F], arrowheads). Coexpression of ERD2-YFP (H) confirms that these structures are Golgi bodies through colocalization (I).

(J) to (M) Mutation of DVE to GVG (DXE2) has no obvious effect on ER–Golgi trafficking of the protein ([J] and [K]). Golgi bodies alone remain visible,

confirmed by the colocalization of ERD2-YFP (L) with GFP-CASPDXE2 (M).

Bars ¼ 5 mm.
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a Golgi-localized protein in our study, because the transmem-

brane domain might carry the protein to the Golgi independently

of the export signals. Therefore, we chose to create a type I

reporter protein using the 17–amino acid transmembrane do-

main (TM17) used in the study by Brandizzi et al. (2002a), which

was shown to be localized only in the ER. TM17 is a shortened

version of the transmembrane domain of the human LAMP1

protein. The use of this transmembrane domain gave the ad-

ditional advantage of showing whether an export motif was

dominant over the length of the transmembrane domain or

vice versa. To facilitate biochemical assays, we fused a form of

GFP carrying a signal peptide for entry into the ER and an

N-glycosylation site (Batoko et al., 2000) to the N terminus of

the TM17 transmembrane domain (Figure 6A, spNGFP-TM17). We

then fused this sequence, with the stop codon deleted to allow

read-through, to the N terminus of the 78 amino acids of the

cytosolic domain of CASP directly adjacent to the transmem-

brane domain, thereby generating a DNA sequence encoding

a protein termed TMcCCASP (Figure 6A). We used only the 78

amino acids on the cytoplasmic side of the transmembrane

domain because CASP has an extensive coiled-coil domain that

does not appear to be involved in ER export and that might

become misfolded if transplanted to a type I protein. The se-

quence used encompasses the region of interest containing

the export signals characterized previously and corresponds to

the cytosolic domain of the truncated form of CASP used by

Renna et al. (2005). Because of the opposite topologies of type I

and type II proteins, the orientation of the tail domain with

respect to the transmembrane domain was reversed; in other

words, the TM17 domain was fused at the N terminus of the tail

domain rather than at the C terminus (Figure 6A). This would

provide additional information regarding the functionality of the

signals when placed in a different environment.

TMcCCASP Adopts a Type I Orientation

To ensure that TMcCCASP was correctly oriented with the GFP

moiety in the lumen of the secretory pathway and the CASP C

terminus in the cytoplasm, we examined its topology by means

of a proteinase K protection assay on a microsomal fraction

isolated from protoplasts by osmotic shock (Denecke et al., 1991;

Brandizzi et al., 2003; Renna et al., 2005). The fusion protein was

then detected through protein gel blotting with anti-GFP serum

(Figure 6B). We used spNGFP-HDEL, a soluble ER-retained form

of GFP bearing a glycosylation site (Batoko et al., 2000; daSilva

et al., 2005), as a control to confirm that the microsomes remained

intact throughout the treatment. If, as predicted, the GFP portion

of the TMcCCASP fusion was located within the microsomal

lumen, it would be inaccessible to proteinase K and would be

detectable with anti-GFP serum. However, because the 78–amino

acid tail fragment from CASP is predicted to be in the cytosol, it

would be accessible to the proteinase and would be digested,

giving a protein with a lower molecular weight. The difference in

molecular weight between the full-length and partially digested

proteins would be detectable on a protein gel blot. Figure 6B

shows that treatment of microsomes containing TMcCCASP with

proteinase K alone resulted in the detection of a truncated form of

the protein (Figure 6B, arrowhead). We interpreted this to mean

that the predicted cytoplasmic domain had been exposed to and

digested by the proteinase, as the GFP moiety was still detectable.

A band of similar molecular weight to this truncated form was

detected, albeit faintly, in samples lacking proteinase K (Figure 6B,

lanes 7 and 9). Because these specific degradation bands are not

visible after whole cell extraction with buffers containing the

protease inhibitor phenylmethylsulfonyl fluoride (see Figure 9

below), it seems likely that this was the result of rupturing the lytic

vacuole during the initial osmotic shock and releasing active

proteases. Partial rupture of the microsomes was verified by the

reduced detection of the luminal cargo spNGFP-HDEL on treat-

ment with proteinase K. To establish that the N-terminal part of the

fusion could be digested by proteases, we treated the micro-

somes with 1% (v/v) Triton X-100 to dissolve the membranes

(Figure 6B, lanes 9 and 10). In the absence of proteinase K, the

full-length fusion was detected, but on treatment with the pro-

tease, no signal was detectable, indicating that the entire protein

had been digested. Disruption of the microsomal membranes

with the detergent was demonstrated by the complete digestion of

the control cargo spNGFP-HDEL. We conclude from these data

that the orientation of TMcCCASP is as shown in Figure 6A, with

a luminal N terminus and a cytosolic C terminus, and that

TMcCCASP therefore adopts a type I topology.

Export Signals Are Dominant Over Transmembrane Domain

Length in Determining the Localization of Type I Proteins

We next wanted to check the intracellular localization of

TMcCCASP compared with that of spNGFP-TM17. spNGFP-

TM17 fluorescence was restricted to the ER (Figure 7A), as

reported for the protein lacking the glycosylation site (Brandizzi

Figure 5. Quantification of ER Fluorescence for GFP-CASP and Its

Mutants.

The fluorescence of the ER relative to that of the Golgi was quantified for

each of the GFP-CASP derivatives. The relative ER fluorescence (REF) is

given as a percentage as described for Figure 3. Error bars represent SD

for 21 measurements.
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et al., 2002a). These data confirm that the 17–amino acid

transmembrane domain is sufficient to retain a type I protein in

the ER. When expressed in tobacco leaf epidermal cells,

TMcCCASP localized mainly at punctate structures (Figure 7B)

with some weak ER staining (Figure 7B, arrowheads), in contrast

with the exclusively ER-localized spNGFP-TM17. Coexpression

of TMcCCASP with ERD2-YFP confirmed that the punctate

structures were Golgi bodies (Figures 7C to 7E). It seems likely

that the presence of the 17–amino acid transmembrane domain

causes a slight inhibition of ER export, resulting in the low levels

of ER staining observed, but it does not prevent the delivery of

the protein to the Golgi apparatus. This finding indicates that the

truncated cytosolic domain of CASP is capable of initiating the

transport of a type I protein with a 17–amino acid transmembrane

domain from the ER to the Golgi.

Having established that TMcCCASP was capable of exiting

the ER, we then wanted to confirm that its observed Golgi

localization was attributable to the presence of a DXE motif

Figure 6. A Synthetic Cargo Protein for Studying the Properties of the CASP Cytosolic Tail.

(A) Comparison of the topologies and domains of GFP-CASP, spNGFP-TM17, and spNGFP-TMcCCASP. The glycosylation site on GFP is represented

by a short branch, and the transmembrane domain is shown as a black rectangle for each protein. The X represents the cleavage site for the signal

peptide. The reverse orientation of the CASP tail in TMcCCASP is denoted by an arrow indicating the N-terminal to C-terminal direction.

(B) Proteinase K treatment of microsomes containing either spNGFP-HDEL or TMcCCASP. Note that the major band detected for TMcCCASP (lane 7)

exhibits a shift to a lower molecular mass on treatment with proteinase K (lane 8, arrowhead), indicating that the GFP moiety of the protein is found in the

lumen of the secretory pathway. spNGFP-HDEL does not show the same shift in molecular mass on treatment with the proteinase because it is

contained within the lumen of the ER (cf. lanes 3 and 4). Both proteins become undetectable when the membranes are disrupted with Triton X-100 (lanes

6 and 10). UT, untransformed sample.
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acting as an ER export signal, because it was possible that the

cytosolic fusion extended the transmembrane domain suffi-

ciently to allow it to travel to the Golgi apparatus independently

of any signals. Correspondingly, we mutated the two DXE motifs

to GXG and expressed these mutants in tobacco leaves (Figures

7F and 7G). Mutation of DXE1 to GXG (TMcCCASPDXE1) resulted

in complete ER localization, unlike the DXE1 mutation of CASP

(Figures 4F to 4I). This demonstrates that the presence of

a functional ER export motif is essential for the transport of

TMcCCASP to the Golgi. No apparent defect in transport was

seen on mutation of DXE2 to GXG (TMcCCASPDXE2), corre-

sponding to the data obtained with the full-length CASP protein.

The reversed orientation of the tail did not affect the functionality

of the DXE1 motif, and mutagenesis of the EXD motif, which in its

new orientation in TMcCCASP became a DXE motif, did not

affect the ability of the protein to travel to the Golgi apparatus

(see Supplemental Figure 8 online). These data were supported

by quantification of the relative levels of ER and Golgi fluores-

cence, which showed that similar levels of ER staining were

observed for all of the TMcCCASP derivatives except

TMcCCASPDXE1, which was localized solely in the ER (Figure

8). This finding indicates that neither the direction of the motif nor

its precise distance from the transmembrane domain is specif-

ically required for export from the ER.

To confirm biochemically the ER retention of TMcCCASPDXE1

compared with TMcCCASP, we performed an endoglycosidase

H (EndoH) digest on extracts expressing each of the two fusion

proteins, or spNGFP-HDEL as a control, on the basis that the

N-linked glycan attached to the GFP moiety would be modified to

an EndoH-resistant form if the protein traveled beyond the cis-

Golgi. Figure 9 shows that the N-linked glycan on TMcCCASP

was resistant to digestion by EndoH (lane 8), indicating that it has

been modified by enzymes in the medial and/or trans-Golgi

compartments. By contrast, the glycan on TMcCCASPDXE1

remained sensitive to the glycosidase and therefore exhibited

a shift in molecular weight (Figure 9, lane 12, arrowhead). This

result indicates that the mutant does not reach the same Golgi

compartment as the wild-type protein. However, to verify that

the glycan on TMcCCASPDXE1 was accessible for modification to

a complex form, we performed the same experiment in the

presence of the drug brefeldin A (BFA), which causes the

redistribution of Golgi-resident enzymes to the ER (Driouich

et al., 1993; Crofts et al., 1999; Ritzenthaler et al., 2002). BFA

treatment resulted in the glycan on TMcCCASPDXE1 acquiring

resistance to EndoH (Figure 9, lane 14), indicating that it was

susceptible to modification when the enzymes responsible were

present in the same endomembrane compartment and confirm-

ing that it does not travel to a compartment containing these

enzymes under normal circumstances.

This result does not exclude the possibility that, like HDEL-

tagged proteins, TMcCCASPDXE1 travels to the cis-Golgi and

quickly recycles to the ER, as EndoH-sensitive glycans are also

found on proteins that are known to cycle between the ER and

the Golgi (Figure 6, HDEL) (Crofts et al., 1999). However, it does

show that the mutant form of the fusion does not travel to the

Figure 7. Export Signals Can Override Transmembrane Domain Length

in Determining Destinations within the Secretory Pathway.

(A) spNGFP-TM17 is found exclusively in the ER, as a result of its short

transmembrane domain.

(B) TMcCCASP localizes mainly to punctate structures, although some

ER localization is also visible (arrowheads).

(C) to (E) Coexpression of TMcCCASP (C) with ERD2-YFP (D) demon-

strates that the punctate structures labeled by TMcCCASP are Golgi

bodies. Note the colocalization shown in the merged image (E).

(F) TMcCCASPDXE1 is retained in the ER, in contrast with TMcCCASP.

(G) Export of TMcCCASPDXE2 from the ER is apparently unaffected by

the mutation.

Bars ¼ 5 mm.

Figure 8. Quantification of ER Fluorescence for TMcCCASP and Its

Mutants.

The fluorescence of the ER relative to that of the Golgi was quantified for

each of the TMcCCASP derivatives. The relative ER fluorescence (REF) is

given as a percentage as described for Figure 3. Error bars represent SD

for 21 measurements.
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same compartment as the wild-type form, demonstrating that

the proper transport of the protein is dependent on the presence

of a functional DXE motif. Moreover, Golgi bodies were never

observed, even at high levels of expression of the mutant,

whereas in conditions of overexpression of spNGFP-HDEL, Golgi

bodies can become visible (data not shown). These data indicate

that mutation of the DXE motif results in the inability of the protein

to exit the ER.

DISCUSSION

The mechanisms and machinery involved in the transport of

proteins between the ER and the Golgi apparatus in plants are

only now beginning to be identified (reviewed in Hanton et al.,

2005). Mechanisms for retrograde Golgi–ER transport of soluble

and transmembrane proteins, and for ER export of soluble

proteins, have been characterized (Denecke et al., 1990, 1992;

Benghezal et al., 2000; Phillipson et al., 2001; Contreras et al.,

2004a). However, the means by which transmembrane proteins

leave the ER are less well understood. It has been demonstrated

that the length of the transmembrane domain influences the

destination of type I proteins in the plant secretory pathway

(Hofte and Chrispeels, 1992; Brandizzi et al., 2002a), but nothing

is known about the influence of the transmembrane domain on

the transport of type II and multispanning proteins. Furthermore,

until recently, no evidence had been presented for the existence

of specific motifs regulating the export of proteins from the ER in

plants. Contreras et al. (2004b) have suggested that dihydro-

phobic motifs can interact with plant COPII coat components

in vitro, whereas Yuasa et al. (2005) have shown that mutation of

a dibasic signal in a prolyl hydroxylase impairs its export from the

ER. These motifs may be involved in the recruitment of COPII

coat components that would facilitate the transport of membrane

proteins from the ER, as has been shown in other systems

(Campbell and Schekman, 1997; Aridor et al., 1998, 1999, 2001;

Kuehn et al., 1998; Nishimura et al., 1999; Votsmeier and Gallwitz,

2001; Malkus et al., 2002; Giraudo and Maccioni, 2003; Miller

et al., 2003; Mossessova et al., 2003; Wang et al., 2004). Despite

these recent advances, it remains uncertain whether diacidic

motifs contribute to the regulation of the ER export of trans-

membrane proteins in plants. Here, we have shown that the

presence of a functional diacidic (DXE) motif in certain plant

transmembrane proteins influences their export from the ER to

the Golgi apparatus. Our data demonstrate that the DXE motif is

functional in type I, type II, and multispanning proteins and that its

functionality is unaffected by changes in orientation or position

relative to the transmembrane domain.

Factors Other Than Diacidic Motifs Play a Role in the

ER–Golgi Transport of GONST1 and CASP

We have shown that the transport to the Golgi apparatus of

mutant proteins bearing mutagenized specific DXE motifs,

GONST1DXE-GFP and GFP-CASPDXE1, was noticeably inhibited

compared with that of the wild-type protein. However, Golgi

bodies were clearly visible for both mutant proteins, and the

transport of the Golgi marker ST-mRFP (Saint-Jore et al., 2002;

Renna et al., 2005) was unaffected by the expression of these

mutants (see Supplemental Figures 9 and 10 online). This

indicates that factors other than the DXE motif influence the

anterograde transport of these proteins from the ER. Deletion of

the N-terminal cytosolic domain of GONST1 did not completely

abolish its export from the ER but resulted in a similar level of

inhibition of transport to that of the DXE mutant (Figure 3). This

finding indicates that the DXE motif may be the only active signal

in the N-terminal cytosolic region, but it does not exclude the

possibility that signals for ER export may exist in other parts of

the protein, such as the C terminus or the four cytosolic loops

connecting the transmembrane domains. Information mediating

the targeting of GONST1 to the smaller structures observed in

tobacco leaf cells also appears to be contained in regions of the

protein other than the N terminus, as these structures remained

visible when either GONST1DXE-GFP or GONST1Dcyt-GFP was

expressed. This may contribute to the continued transport of the

mutants of GONST1 to the Golgi apparatus. Similarly, the

sequence of the portion of CASP shown in Figure 4A may

contain export signals of a nondiacidic nature, which could

influence the export of the protein from the ER. The fact that

mutation of the EXD motif had no effect on the transport of the

protein to the Golgi apparatus (Figure 8; see Supplemental Figure

7 online), corresponding to data on an EXE motif in yeast

presented by Votsmeier and Gallwitz (2001) and our data on

the EXD motif of GONST1 (see Supplemental Figure 6 online),

indicates that factors other than diacidic motifs may be involved

in the ER export of these proteins. Evidence for the existence of

cytosolic ER export signals that cannot be classified into any of

the established groups (Barlowe, 2003; Giraudo and Maccioni,

2003) has been presented for yeast and mammalian cells

(Stockklausner et al., 2001; Mossessova et al., 2003; Miranda

et al., 2004; Paulhe et al., 2004), and the possibility cannot be

ruled out that a similar situation exists in plant cells.

Figure 9. TMcCCASPDXE1 Does Not Travel to the Same Endomembrane

Compartment as TMcCCASP.

EndoH treatment of protoplasts expressing spNGFP-HDEL,

TMcCCASP, or TMcCCASPDXE1. Although the glycan on TMcCCASP

is resistant to digestion by EndoH (lane 8), that on TMcCCASPDXE1

remains sensitive, resulting in a shift in molecular weight (arrowhead, lane

12). Treatment of the protoplasts with 20 mg/mL BFA to redistribute the

Golgi enzymes responsible for glycan modification to the ER resulted in

the glycan on TMcCCASPDXE1 becoming resistant to the endoglycosi-

dase, in the same manner as spNGFP-HDEL (lanes 6 and 14). UT,

untransformed sample.
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Export signals may also exist within the transmembrane

domain of the protein. In mammalian cells, a conserved Tyr

residue in the transmembrane domain of CASP is necessary for

export of the protein to the Golgi apparatus to occur (Gillingham

et al., 2002). In plants, mutation of this residue does not impair

the ER export of CASP (Renna et al., 2005), but the Tyr residue

may be capable of mediating the residual ER–Golgi transport

observed when the DXE1 motif is mutated. The generation of

a form of CASP bearing both mutations would answer this

question. Another possibility for the continued transport of CASP

to the Golgi apparatus is its potential for dimerization. The human

homolog of CASP is known to form homodimers, likely through

its coiled-coil domain (Gillingham et al., 2002). A tobacco

homolog of CASP may exist, in which case it is possible that

the Arabidopsis CASP used in this study could form dimers with

this protein, although dimerization of plant CASP has yet to be

demonstrated. Interactions between AtCASPDXE1 and a wild-

type endogenous CASP molecule might result in the transport of

the mutant protein to the Golgi apparatus because of the

presence of export signals in the endogenous protein. The length

of the transmembrane domain must also be considered; al-

though it has been shown that the length of the transmembrane

domain of type I proteins in plants is a significant factor in their

destinations within the secretory pathway (Brandizzi et al.,

2002a), no similar studies have been published for multispanning

or type II proteins. It is possible that transmembrane domain

length plays a role in transporting these types of proteins through

the secretory pathway, which could explain the residual trans-

port of the mutants of GONST1 and CASP to the Golgi apparatus,

as both of these proteins have transmembrane domains of 19

amino acids or more, the length required for type I proteins to

leave the ER (Brandizzi et al., 2002a).

We also wanted to know whether DXE motifs were able to

influence the export of a type I protein from the ER. We developed

a synthetic type I membrane-spanning cargo molecule that pro-

vided an in vivo method to investigate the transport properties of

different sorting motifs. This fusion protein eliminates many of the

variables listed above for GONST1 and CASP, which could have

an effect on ER export. This protein consists of a form of GFP

carrying a signal peptide for entry into the secretory pathway and

an N-glycosylation signal (Batoko et al., 2000), fused to a 17–

amino acid transmembrane domain (Brandizzi et al., 2002a) and

the cytosolic domain of CASP (Renna et al., 2005), which carries

several potential ER export signals. The GFP moiety of the fusion

can be detected through fluorescence microscopy or protein gel

blot analysis, whereas the presence of the N-glycosylation site

makes it possible to carry out biochemical transport studies using

EndoH treatment. The influence of the length of the transmem-

brane domain on the transport of type I proteins was shown by

Brandizzi et al. (2002a), when they demonstrated that a type I

membrane-spanning protein with a 17–amino acid transmem-

brane domain is retained in the ER. We were able to use this model

cargo protein to show that the presence of a functional ER export

motif in the cytosolic tail domain could overcome transmembrane-

mediated ER localization and that the length of the transmem-

brane domain was therefore not limiting for the export of the

protein from the ER when active ER export motifs were present.

Weak ER staining was observed for each of the TMcCCASP

fusions, unlike for wild-type CASP, indicating that the short

transmembrane domain might impair ER export of the fusions to

a minor extent. This finding suggests that the role of the trans-

membrane domain length in ER–Golgi transport becomes ap-

parent only when export motifs are removed or made

nonfunctional. Of the two DXE motifs investigated in the cytosolic

domain of CASP, only one appears to be required for ER–Golgi

transport whether in the wild-type protein or in the reporter fusion

system. We also demonstrated that the orientation of the cytosolic

tail had no effect on the functionality of the diacidic signals,

perhaps because Sec24 appears to exhibit different binding

modes dependent on the motif to which it is bound (Mossessova

et al., 2003). However, it cannot be ruled out that the rate of

transport of mutants that have no apparent effect is reduced

compared with that of the wild-type protein, as our data reflect the

steady state distribution of the proteins. The distance of the signal

from the transmembrane domain and its orientation do not appear

to be involved in determining the functionality of a diacidic motif.

Therefore, we propose that other factors, such as the nature of the

surrounding residues, may determine the prevalence of one signal

over another in the same domain.

METHODS

Molecular Cloning

Standard molecular techniques were used as described by Sambrook

et al. (1989). The fluorescent proteins used in this study were based on

fusions with either mGFP5 (Haseloff et al., 1997) or EYFP (Clontech). The

spectral properties of mGFP5 allow efficient spectral separation from YFP

(Brandizzi et al., 2002a).

GONST1 (Baldwin et al., 2001) was amplified by PCR and subcloned

upstream of a fluorescent protein sequence using the unique XbaI and

SalI sites of the binary vector pVKH18En6. Each of the mutants was

subcloned in a similar manner. The truncated GONST1 mutant was

created by PCR amplification of the DNA encoding the entire gene but

lacking the first 30 amino acids. To generate the DXE or EXD mutants for

GONST1 or CASP, we performed site-directed mutagenesis by altering

the relevant codons to encode Gly or Ala. For CASP (Renna et al., 2005),

the PCR products were fused in frame downstream of a fluorescent

protein sequence using the unique BamHI and SacI sites of pVKH18En6.

For TMcCCASP, the TM17 transmembrane domain was amplified by

PCR and the stop codon mutated to allow read-through. This PCR

product was inserted into pVKH18En6 downstream of spNGFP using

unique BamHI and SacI sites. The cytosolic domain of CASP was

amplified by PCR and inserted into the spNGFP-TM17 vector using

SacI sites. The correct orientation of the fragment was detected by PCR

screening. The fidelity of each plasmid was ensured by sequencing. The

primer sequences used for the cloning and mutagenesis described above

are available upon request.

Expression in Plant Cells

The confocal images produced for this work were obtained from transient

transformation of tobacco (Nicotiana tabacum cv Petit Havana) leaves.

Four-week-old tobacco greenhouse plants grown at 258C were used for

Agrobacterium tumefaciens (strain GV3101)–mediated transient expres-

sion (Batoko et al., 2000). The bacterial OD600 used for plant trans-

formation was 0.1 for all cargo molecules except TMcCCASP and its

mutants, for which OD600 ¼ 0.2 was used, and spNGFP-HDEL, for which

OD600 ¼ 0.03 was used.
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Sampling and Imaging

Transformed leaves were analyzed 48 h after infection of the lower

epidermis. Confocal imaging was performed using an upright Zeiss LSM

510 META confocal microscope and a 363 water-immersion objective.

For imaging expression of either GFP constructs or YFP constructs or

both, we used imaging settings as described by Brandizzi et al. (2002a)

with a 1- to 3-mm optical slice. Appropriate controls were used to exclude

the possibility of energy transfer between fluorochromes and crosstalk.

Postacquisition image processing was done with CorelDraw 9 and Adobe

Photoshop 6.0 software. Relative ER fluorescence was calculated

by measuring the fluorescence intensity values (arbitrary units) using

ImageJ software in a circle of diameter 25 pixels centered on a Golgi body

(G) and in a circle of the same dimensions adjacent to the Golgi body,

covering a region containing the ER (E). Relative ER fluorescence (REF)

was then calculated as a percentage of the total fluorescence of both

areas: REF¼ (E/(Gþ E))3 100. Measurements were performed on images

acquired with nonsaturating settings and maximum pinhole aperture.

Proteinase K Protection and Protein Gel Blot Analysis

For proteinase K protection assays, we isolated protoplasts as described

by Phillipson et al. (2001), except that the protoplasts were isolated from

transiently transformed tobacco leaves. The microsomal fraction was

prepared by osmotic shock (Denecke et al., 1991; Brandizzi et al., 2003;

Renna et al., 2005) in GFP extraction buffer (0.2 M NaCl, 0.1 M Tris, pH

7.8, and 1 mM EDTA, pH 8.0) and incubated on ice for 10 min. The

resulting microsomal preparation was then incubated on ice with or

without 0.3 mg/mL proteinase K (New England Biolabs) and with or

without 1% (v/v) Triton X-100 for 30 min. After incubation, the samples

were boiled for 10 min to inactivate the proteinase. One percent (v/v)

Triton X-100 was added to samples that had not previously been treated

with the detergent to release proteins from the membranes. Extracts were

diluted 50:50 with 23 SDS loading buffer (Crofts et al., 1999), and the

samples were analyzed by protein gel blotting. Equal volumes of all

extracts were loaded on SDS–polyacrylamide gels, transferred to nitro-

cellulose membranes by electroblotting, and blocked with PBS supple-

mented with 0.05% Tween 20 and 1% milk powder for 1 h. The filter was

then incubated in PBS supplemented with 1% BSA and 0.02% sodium

azide with anti-GFP serum from rabbit (Molecular Probes) at a dilution of

1:1000 overnight. Further steps were performed as described by Crofts

et al. (1999). The anti-GFP serum is known to recognize all GFP variants

(Molecular Probes).

EndoH Treatment

Protoplasts were isolated from transiently transformed leaves and in-

cubated for 6 h in the presence or absence of 20 mg/mL BFA (Sigma-

Aldrich; stock 10 mg/mL in DMSO). Extraction and EndoH (New England

Biolabs) treatments were then performed as described by Crofts et al.

(1999). Samples were diluted 50:50 with 23 SDS loading buffer and

analyzed by protein gel blotting as described above.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
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