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Abstract 

N-glycosylation is an abundant covalent protein modification in all eukaryotic cells. The 

biosynthesis and processing of protein N-linked glycans results from a series of highly co-

ordinated step-by-step enzymatic conversions occurring mainly in the endoplasmic reticulum 

(ER) and Golgi apparatus. N-glycan processing enzymes are thought to act on cargo 

glycoproteins in a highly ordered fashion in an assembly line. Thus, the subcellular localization 

of these enzymes together with their in vivo substrate specificity determines the carbohydrate 

structures of glycoproteins transported through the secretory pathway. While the substrate 

specificities of many plant N-glycan processing enzymes are fairly well characterized the 

molecular mechanisms underlying enzyme localization to the ER and Golgi have remained 

largely elusive so far. This review discusses current data on ER and Golgi localization of plant 

N-glycan processing enzymes. 
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Introduction to the N-glycan processing pathway 

N-glycosylation of proteins is initiated in the ER by transfer of the Glc3Man9GlcNAc2 

oligosaccharide from a lipid-linked precursor to the asparagine residue of a nascent polypeptide 

chain (Kornfeld and Kornfeld, 1985; Lerouge et al., 1998). Processing in the ER starts by 

removal of the terminal α1,2-linked glucose residue by α-glucosidase I (GCSI, Figure 1) 

(Boisson et al., 2001; Gillmor et al., 2002). The subsequent two α1,3-linked glucose residues 

are cleaved off by α-glucosidase II (GCSII) (Taylor, 2000; Burn, 2002). The next steps of the 

pathway are the removal of α1,2-linked mannose residues. These reactions are catalyzed by 

class I mannosidases (Mast and Moremen, 2006), which includes ER- and Golgi-located 

enzymes in yeast and mammals. Although candidates for these enzymes have been proposed in 

plants (Nebenführ et al., 1999; Preuss et al., 2004), their role in N-glycan processing remains to 

be shown. 

In the Golgi the formation of complex and hybrid N-glycans is initiated by β1,2-N-

acetylglucosaminyltransferase I (GnTI), which transfers a single GlcNAc residue to the β1,3-

linked mannose of the Man5GlcNAc2 acceptor substrate to create the GlcNAcMan5GlcNAc2 N-

glycan structure (Strasser et al., 1999a). In the main route of N-glycan processing two mannose 

residues are subsequently cleaved off from the latter substrate by Golgi-α-mannosidase II 

(GMII, Figure 1) (Strasser et al., 2006). The resulting N-glycan structure 

(GlcNAcMan3GlcNAc2) is the substrate for β1,2-N-acetylglucosaminyltransferase II (GnTII), in 

order to produce diantennary complex N-glycans (Strasser et al., 1999b). Further modification 

of the N-glycans arising from GnTI, GMII and GnTII action can occur by β1,2-

xylosyltransferase (XylT), which is capable of transferring xylose residues to various N-glycan 

acceptor substrates in vitro (Strasser et al., 2000; Bencúr et al., 2005) and in vivo (Strasser et al., 

2004; Strasser et al., 2006) and by core α1,3-fucosyltransferase (FUT11/FUT12) (Leiter et al., 

1999; Wilson et al., 2001). The final step in the N-glycan processing pathway is the generation 

of a trisaccharide [Fucα1-4(Galβ1-3)GlcNAc-R] known as the Lewis a (Lea) epitope. It has 
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been proposed that two enzymes are required for the synthesis of the Lea epitope on complex 

plant N-glycans (Lerouge et al., 1998). First, β1,3-galactosyltransferase (GALT1) transfers 

galactose to the terminal GlcNAc residue in β1,3-linkage and second an α1,4-fucosyltransferase 

(FUT13) transfers fucose in α1,4-linkage to the same GlcNAc residue to complete the synthesis 

of the Lea structure (Strasser et al., 2007a). Analysis of N-glycans from galt1 and fut13 

knockout lines as well as in vitro substrate specificity of FUT13 show that α1,4-fucosylation is 

the final elongation reaction of plant complex N-glycans. Finally the presence of large amounts 

of truncated paucimannosidic N-glycans (MMXF structures) on plant glycoproteins indicates 

that terminal GlcNAc residues on N-glycans are removed by β-N-acetylglucosaminidases, 

which presumably takes place in a post Golgi compartment like the vacuole, the plasma 

membrane, cell wall or apoplast (Vitale and Chrispeels, 1984; Strasser et al., 2007b). 

 

Compartmentalization of N-glycan processing enzymes 

N-glycan processing enzymes are not uniformly distributed within the early secretory pathway 

to allow the sequential modification of passing glycoproteins (Nilsson et al., 1993a; Rabouille et 

al., 1995; Roth, 1996). To generate and maintain this non-uniform distribution, the 

glycosylation enzymes must be trafficking to specific ER or Golgi subdomains and their steady-

state localization is maintained through a combination of retention and retrieval. In plants 

evidence for compartmentalization of N-glycan processing enzymes was first obtained 

indirectly by electron microscopy using antibodies against distinct N-glycan structures (Lainé et 

al., 1991; Fitchette-Lainé et al., 1994; Fitchette et al., 1999). These data indicated that the 

attachment of β1,2-xylose by XylT takes place mainly in the medial-Golgi, while core α1,3-

fucosylation and formation of the Lea epitope are trans-Golgi reactions. Additional electron 

microscopy data were obtained by detection of tagged enzymes. The full-length soybean GMI 

fused to GFP displayed ER and predominantly cis-Golgi labelling when stably expressed in BY-

2 cells (Nebenführ et al., 1999). A similar subcellular localization was detected for a truncated 
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form of soybean GMI fused to GFP (Saint-Jore-Dupas et al., 2006) and a tagged form of XylT 

was mainly associated with the medial-Golgi (Pagny et al., 2003). Recently the Staehelin group 

provided some evidence that endogenous A. thaliana GMI localizes predominantly to medial-

Golgi cisternae in root meristems, without any significant labelling of ER or cis-Golgi cisternae 

(Staehelin and Kang, 2008). These data, which were generated using an antibody against native 

A. thaliana GMI isoforms, are clearly in contrast to previous findings obtained with GFP tagged 

GMI (Nebenführ et al., 1999; Saint-Jore-Dupas et al., 2006) and suggest that the cis-Golgi is not 

a compartment where trimming of N-glycans to Man5GlcNAc2 takes place. The latter finding is 

consistent with the limited processing of N-glycans found on HDEL/KDEL-containing proteins. 

These proteins are transported back from the cis-Golgi to the ER by the KDEL-receptor ERD2 

and they normally contain as major glycoforms Man7GlcNAc2 and Man8GlcNAc2 N-glycans 

(e.g. Sriraman et al., 2004), indicating that the cis-Golgi is devoid of GMI activity. 

 

Mechanisms of localization of N-glycan processing enzymes 

Although it is generally agreed that N-glycan processing enzymes are arranged in a sequential 

manner it is still not well understood how they are compartmentalized within the ER and Golgi 

(Colley, 1997; Opat et al., 2001a; de Graffenried and Bertozzi, 2004; Saint-Jore-Dupas, 2006). 

With the exception of GCSII, all of the known plant glycosidases and glycosyltransferases are 

predicted to be type II membrane proteins consisting of a short N-terminal cytoplasmic tail, a 

single pass transmembrane domain and a stem region (together the CTS region) orienting the 

catalytic domain into the ER and Golgi lumen (Figure 2). The importance of the CTS region for 

localization of plant glycosylation enzyme has been demonstrated (Essl et al., 1999; Dirnberger 

et al., 2002; Saint-Jore-Dupas et al., 2006; Strasser et al., 2006; Strasser et al., 2007a; Schoberer 

et al., 2008) and is similar to mammalian enzymes (Colley, 1997; Grabenhorst and Conradt, 

1999; Opat, et al., 2001a). Importantly, the CTS region from the trans-Golgi-resident 

mammalian enzyme α2,6-sialyltransferase (ST-GFP) is also sufficient to provide trans-Golgi 
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targeting in plant cells as also observed for a tagged form of the full-length enzyme stably 

expressed in A. thaliana ( Boevink et al., 1998; Wee et al., 1998), indicating that basic 

mechanisms for localization are conserved between mammals and plants. 

The subcellular localization of GCSII has yet to be established, but it has been postulated that A. 

thaliana GCSII consists of a catalytic α-subunit (At5g63840), which is devoid of a 

transmembrane domain and other ER retention signals and a proposed β-subunit (At5g56360) 

(Soussillane et al., 2008). The β-subunit contains a conserved HDEL motif for retrieval from the 

Golgi to the ER and could be responsible for ER localization of the α-subunit. 

 

Three models have been proposed to describe the underlying mechanism for arrangement of 

glycosylation enzymes in the ER or Golgi. In the “bilayer thickness” model, the length of the 

transmembrane domain determines the retention of single-pass membrane proteins in different 

compartments of the secretory pathway (Bretscher and Munro, 1993). In this sorting model, 

proteins with shorter transmembrane domains (e.g. ER-resident proteins) are excluded from 

transport vesicles by partitioning effects (Ronchi et al., 2008). The length of the transmembrane 

domain was sufficient to dictate the export of a type I membrane protein from the ER in tobacco 

(Brandizzi et al., 2002). A transmembrane length of 17 amino acid residues resulted in ER 

retention, while an increase to 20 amino acids led to accumulation in the Golgi and the protein 

with a 23 amino acid long transmembrane domain was transported to the plasma membrane. An 

elongation of the transmembrane domain length from 16 to 23 residues resulted also in forward 

transport of GMI to the medial/trans-Golgi (Saint-Jore-Dupas et al., 2006), indicating a similar 

role of the transmembrane domain length for Golgi-resident type II membrane proteins. 

However, a comparison of the predicted transmembrane domain length of individual plant N-

glycan processing enzymes is not in favour of such a model because the predicted 

transmembrane domain length is not consistent between the different enzymes and does not 

increase from ER-resident to trans-Golgi-resident proteins (see Table I for comparison of 
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transmembrane domain length). The transmembrane domain of late Golgi enzymes like FUT11 

or GALT1 is only 18 amino acids and the widely used trans-Golgi marker ST-GFP has also a 

rather short domain of 17 amino acids, suggesting that the transmembrane domain length alone 

does not play a significant role for localization of these enzymes. 

In the second model for Golgi localization of mammalian enzymes, the “kin recognition” 

model, it has been proposed that Golgi-resident proteins form large homo/hetero-oligomers 

(Nilsson et al., 1993b). ER-retention of the medial-Golgi enzyme GMII resulted also in ER-

localization of the cis- to medial-Golgi enzyme GnTI, due to specific interactions occurring 

mainly in the stem regions (Nilsson and Warren, 1994; Nilsson et al., 1996). Evidence for the 

occurrence of the kin recognition model and the role of hetero- or homo-oligomerization of 

glycosylation enzymes has so far not been provided in plants. It has been shown that the CT-

domains of GnTI, XylT and GMII are sufficient for Golgi targeting without any contribution 

from the lumenal stem region (Dirnberger et al., 2002; Saint-Jore-Dupas et al., 2006; Strasser et 

al., 2006; Schoberer et al., 2008). However, these findings do not exclude the possibility of 

oligomerization as an additional mechanism for retention in the Golgi or for sub-Golgi 

localization. Early Golgi-resident mammalian enzymes like GnTI and GnTII form high 

molecular weight complexes, while late Golgi enzymes have been found as monomers or 

dimers (Opat et al., 2000). These differences in oligomer-formation could significantly 

contribute to the differential localization of these N-glycan processing enzymes. 

In a third and more recent model it has been demonstrated that the cytoplasmic tail of 

glycosyltransferases carries information for ER exit and for sub-Golgi localization (Giraudo and 

Maccioni, 2003; Osman et al., 1996; Milland et al., 2001). Basic amino acids in the N-terminal 

cytoplasmic tail are required for direct interaction with the small guanosine triphosphatase 

(GTPase) Sar1p, suggesting that they provide a binding motif for COPII-dependent ER-to-Golgi 

transport (Giraudo and Maccioni, 2003). Recently we have shown that a single basic amino acid 

in the cytoplasmic tail of three Golgi-resident N-glycan processing enzymes (GnTI, GMII, 

XylT) is sufficient to promote rapid Golgi targeting (Schoberer et al., 2008). Importantly as 
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demonstrated for GnTI this intact ER export motif is essential for proper in vivo function of 

GnTI as determined by complementation of the A. thaliana cgl1 mutant, which lacks GnTI 

activity. All Golgi-resident N-glycan processing enzymes contain at least one single basic 

amino acid residue in their N-terminal cytoplasmic tail (Table I), suggesting that a common 

selective mechanism, which seems to involve a COPII-dependent transport, is functional for 

Golgi targeting of these enzymes (Schoberer et al., 2008). 

The first 13 amino acids in the cytoplasmic tail of A. thaliana GCSI have also been shown to be 

essential for ER retention or efficient ER retrieval, since a deletion of these residues resulted in 

targeting of a tagged GCSI protein to the Golgi (Saint-Jore-Dupas et al., 2006). Interestingly, 

these N-terminal amino acids contain also a basic amino acid motif (Table I), which could be 

involved in COPI-mediated retrograde transport from the Golgi back to the ER, like it was also 

shown for plant type I membrane proteins (Contreras et al., 2004). Together these data indicate 

that basic amino acids in the cytoplasmic tail can serve as a functional ER exit signal for Golgi-

resident enzymes (Schoberer et al., 2008) and as an ER retention/retrieval signal for ER-resident 

glycosylation enzymes. 

Apart from their putative function as described above basic amino acid residues could also play 

an important role for the steady-state localization of enzymes in different Golgi cisternae. 

Cytoplasmic tails of mammalian glycosyltransferases have been found to influence their sub-

Golgi distribution (Osman et al., 1996; Milland et al., 2001; Uliana et al., 2006). Exchange of 

the cytoplasmic tails resulted in respective changes of the sub-Golgi localization of reporter 

proteins. Golgi-resident glycosylation enzymes (like GMII) have been detected in COPI 

vesicles in mammalian cells (Martinez-Menárguez et al., 2001) and retrograde transport of 

human GnTI from trans- to medial-Golgi cisternae has been suggested to play an important role 

for its steady-state localization (Opat et al., 2001b). However, a conserved COPI-binding motif 

or a mechanism for packaging of these enzymes into COPI vesicles has not been identified. The 

existence of COPI vesicles for retrograde transport from trans- to cis/medial-Golgi cisternae has 

also been proposed for plants (Donohoe et al., 2007), but evidence for the presence of N-glycan 
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processing enzymes in these vesicles has not been provided so far. For yeast 

glycosyltransferases it has been shown recently that Golgi localization is dependent on a protein 

called Vps74p, since loss of Vps74p resulted in defects in N-glycan processing in the Golgi 

(Schmitz et al., 2008). Furthermore, it was demonstrated that Vps74p binds to the cytoplasmic 

tails of Golgi-resident glycosyltransferases as well as to COPI subunits (Tu et al., 2008). 

Although there are human homologues of Vps74p no obvious plant homologue is present in the 

A. thaliana genome and the proposed Vps74p-binding motif is not conserved in the cytoplasmic 

tails of plant N-glycan processing enzymes, suggesting that other proteins or another 

mechanism are responsible for the sub-Golgi localization of plant N-glycan processing 

enzymes. 

The proposed models for ER and Golgi localization of N-glycan processing enzymes are not 

mutually exclusive and more than one domain (e.g. transmembrane domain length for retention 

and cytoplasmic tail sequences for retrieval of N-glycan processing enzymes) may in fact 

contribute for efficient steady-state localization of these enzymes. 

 

 

Conclusions and outlook 

Although the plant N-glycan processing pathway is now fairly well characterised at a 

biochemical level we are just beginning to understand the mechanisms for localization of the 

involved enzymes and important signals e.g. for sub-Golgi localization are yet to be elucidated. 

Despite the unique structural characteristics of the plant ER and Golgi (Robinson et al., 2007; 

Hawes et al., 2008; Staehelin and Kang, 2008) localization mechanisms of N-glycan processing 

enzymes seem to be conserved in mammals and plants. Future work must address the question 

whether a COPI-mediated mechanism of dynamic localization of glycosyltransferases and 

glycosidases similar to the one proposed for yeast exists, which would be consistent with the 

widely postulated cisternal maturation model. In this respect, a recently described high-

throughput screen for aberrant localization of the well-known trans-Golgi marker ST-GFP in A. 

 9



thaliana could result in the identification of key players for sub-Golgi localization of 

glycosylation enzymes (Boulaflous et al., 2008). In addition, the signals for ER export and the 

role of complex formation in localisation of these enzymes have to be explored in more detail to 

provide a deeper understanding of the early secretory pathway and the underlying mechanisms 

for the maintenance of its functionality. 
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Table I. Comparison of cytoplasmic tail sequences (C-tail) and predicted transmembrane domain length 
(T-length) of plant N-glycan processing enzymes. Enzymes are arranged according to their predicted 
location in the pathway (see Figure 1). Basic amino acids motifs putatively involved in ER-exit are 
highlighted in bold in the C-tail sequences. For abbreviations of enzyme names see Figure 1. 

 
Enzyme 

 
C-tail sequence 

T- 
length1

Gene ID 
 or Acc. 

Nr. 

 
Reference 

GCSI MTGASRRSARGRIKSSSLSPGSDEGSAYPPSIRRGKGKELVSIGAFKTNLK 18 At1g67490 (Saint-Jore-
Dupas et al., 
2006) 

GMI MARGSRSVGSSSSKWRYCNPSYYLKRPKR 16 AAF16414.1 (Nebenführ et 
al., 1999) 

GnTI MRGYKFCCDFR 18 CAB53347 (Saint-Jore-
Dupas et al., 
2006; 
Schoberer et 
al., 2008) 

GMII MPFSSYIGNSRRSSTGGGTGGWGQSLLPTALSKSKLAINRKPRKRTLVVN 22 At5g14950 (Strasser et 
al., 2006) 

GnTII MANLWKKQRLRD 23 At2g05320 (Strasser et 
al., 1999a) 

XylT MSKRNPKILK 23 At5g55500 (Strasser et 
al., 2000) 

FUT11 MGVFSNLRGPKIGLTHEELPVVANGSTSSSSSPSSFKRK 18 At3g19280 (Wilson et 
al., 2001) 

GALT1 MKRFY 18 At1g26810 (Strasser et 
al., 2007a) 

FUT13 MPMR 232 At1g71990  

ST MIHTNLKKK 17 AAA41196 (Weinstein et 
al., 1987) 

1as described in the references or 2shown as consensus prediction at 
http://aramemnon.botanik.uni-koeln.de/
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Figure legends 

 

Figure 1. Processing steps of N-glycans in the ER and Golgi apparatus are shown. GCSI: α-

glucosidase I; GCSII: α-glucosidase II; ER-MI: ER-α-mannosidase I; GMI: Golgi-α-

mannosidase I; GnTI: β1,2-N-acetylglucosaminyltransferase I; GMII: Golgi-α-mannosidase II; 

GnTII: β1,2-N-acetyl-glucosaminyltransferase II; XylT: β1,2-xylosyltransferase; FUT11(12): 

core α1,3-fucosyltransferase; GALT1: β1,3-galactosyltransferase; FUT13: α1,4-

fucosyltransferase. Based on data from the analyses of substrate specificity of recombinant 

enzymes (GMII, GnTII and XylT) and N-glycan profiles in knockout plants an alternative 

processing route is also possible in the medial-Golgi (Bencúr et al., 2005; Strasser et al., 2006).  

 

 

Figure 2. The modular domain architecture of plant glycosyltransferases and glycosidases 

involved in N-glycan processing. These enzymes are typically type II membrane proteins with 

an N-terminal cytoplasmic tail, a single pass transmembrane domain, a luminal stem and C-

terminal catalytic domain. The cytoplasmic tail, transmembrane domain and stem region 

(abbreviated CTS region) are usually sufficient for ER or Golgi localization in mammalian and 

plant cells. 
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