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ARTICLE INFO ABSTRACT

Protein N-glycosylation is one of the major post-translational modifications in eukaryotic cells. In lower uni-
cellular eukaryotes, the known functions of N-glycans are predominantly in protein folding and quality control
within the lumen of the endoplasmic reticulum (ER). In multicellular organisms, complex N-glycans are im-
portant for developmental programs and immune responses. However, little is known about the functions of
complex N-glycans in plants. Formed in the Golgi apparatus, plant complex N-glycans have structures distinct
from their animal counterparts due to a set of glycosyltransferases unique to plants. Severe basal under-
glycosylation in the ER lumen induces misfolding of newly synthesized proteins, which elicits the unfolded
protein response (UPR) and ER protein quality control (ERQC) pathways. The former promotes higher capacity
of proper protein folding and the latter degradation of misfolded proteins to clear the ER. Although our
knowledge on plant complex N-glycan functions is limited, genetic studies revealed the importance of complex
N-glycans in cellulose biosynthesis and growth under stress.
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1. Introduction

N-glycosylation is a major post-translational modification in eu-
karyotes and involves a large number of enzymes that are necessary for
the production of lipid-linked and nucleotide-conjugated sugar mono-
mers, enzymes for core oligosaccharide synthesis, their transfer to as-
paragine residues within nascent polypeptides, and further maturation
of the oligosaccharides [1-4]. The biosynthetic pathway of the sugar
monomers overlaps with the biosynthesis of ascorbate as well as with
those used for cell wall polysaccharide precursors, including mannose,
fucose, xylose and galactose [5]. The N-glycosylation reaction in the
endoplasmic reticulum (ER) is an essential process for cell viability,
because the attached core N-glycans are part of the protein-folding
machinery operating on secreted glycoproteins and membrane proteins
in the ER [1,2]. Fig. 1 summarizes enzymes and N-glycan structures in
the plant N-glycosylation pathway. Structural modifications of these N-
glycans mark the protein folding status in making decisions whether or
not to allow exit from the protein folding cycle mediated by ER cha-
perones [1]. Upon successful folding of their polypeptide backbones,
glycoproteins are exported from the ER to the Golgi apparatus, where
the N-glycan moieties undergo further maturation to form character-
istic complex-type N-glycans. Alternatively, glycoproteins may exit the
ER via an alternative route to vacuoles retaining high-mannose N-
glycan structures without Golgi modifications. In comparison to human
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complex N-glycans, plant complex N-glycans uniquely contain core
al,3- fucose (Fuc) and f31,2-xylose (Xyl) modifications, and may con-
tain terminal Lewis-a epitopes (B1,3-galactose (Gal) and al,4-Fuc
linked to terminal N-acetylglucosamine, GlcNac) (Fig. 2). Human
complex N-glycans are often sialilated and may contain different epi-
topes, like Lewis x, N-acetyllactosamine (LacNAc), and N,N'-di-N-acet-
yllactosediamine (LacDiNAc). While glycan epitopes of human complex
N-glycans are often targets of lectins important for cell-cell commu-
nication, the biological significance of plant N-glycans beyond protein
folding, in particular modifications in the Golgi apparatus and post-
Golgi compartments, had long been neglected. However, studies in the
last decade started to uncover specific roles of N-glycans in various
biological processes. This review will highlight the current view of N-
glycosylation biology in plants. For consistency, the nomenclature of
genes follows that of Arabidopsis thaliana unless indicated otherwise.

2. N-glycosylation in the ER
2.1. Oligosaccharyltransferase

Protein N-glycosylation in the strict sense starts with en-bloc transfer
of pre-assembled core oligosaccharide structures (glucosesmannosegN-

acetylglucosamine, (GlcsMangGlcNAc,)) to nascent polypeptide chains
emerging from the translocation channel of the ER [6] (Fig. 1). The
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Fig. 1. Formation of complex N-glycans in plants. Structures of the lipid-linked core-oligosaccharide substrate of the membrane-bound Oligosaccharyltransferase (OT
complex) and asparagine-linked oligosaccharides at each step of processing are shown. The lipid-linked oligosaccharide is transferred to side chain amino group of
asparagine in the N-glycosylation sequon (NXS/T). Resulting N-linked core oligosaccharides undergo folding-coupled N-glycan processing in the ER. Successfully
folded proteins will be processed by ER-mannosidase I and exported to the Golgi apparatus. In the Golgi apparatus, N-glycans are modified by a series of glycosidases
and glycosyltransferases, while glycoproteins travel through the Golgi stack from the cis to the trans side and through the trans-Golgi network (TGN) to form mature
complex N-glycans. Some N-glycans of secreted glycoproteins are further modified by TGN-localized glycosyltransferases to form Lewis-a epitopes at their termini. At
the plasma membrane (PM) and in the Apoplast or vacuole, hexosaminidases produce highly immunogenic complex N-glycans (exposed core xylose and fucose).
ERAD, ER-associated degradation; RSW, radially swollen (root tips of mutant plants). For further explanations, see text.

acceptor site is the side-chain amino group of asparagine residues in the
sequon "Asn-X-Ser/Thr" (NXS/T). In the sequon, X represents any amino
acid except proline, and the third amino acid - on rare occasions - may
also be a cysteine [7]. This reaction is mediated by a conserved oligo-
saccharyltransferase (OT) complex in eukaryotes including plants. The
subunit composition of OT complexes varies slightly among organisms.
The OT from the yeast Saccharomyces cerevisiae contains eight subunits
encoded by nine genes (OST1 [OLIGOSACCHARYLTRANSFERASE 1],
OST2, OST3/6, OST4, OST5, WHEAT GERM AGGLUTININ-BINDING
PROTEIN 1 [WBP1], SUPPRESSOR OF WBP1 [SWP1] and STAUROS-
PORINE AND TEMPERATURE SENSITIVE 3 [STT3]), of which seven
are shared with animal and plant OT complexes [8,9]. Three additional
subunits DC2, keratinocyte-associated protein 2 (KCP2), selenoprotein
T (SelT), and OT-interacting Selenoprotein K (SelK) have been reported
for the human OT [10-14]. Our recent study established that Arabi-
dopsis OT complexes contain seven conserved subunits encoded by
twelve genes (Table 1, Fig. 3), which are conserved among yeast and
animal OT complexes [15]. A three-dimensional structure model of the
Arabidopsis OT based on electron microscopy of purified OT complexes
revealed 1:1 association with a ribosome. The overall structure was
similar to that of the in vitro-reconstituted OT-ribosome supercomplex
from yeast [16]. In addition, the Arabidopsis genome encodes homologs
of human DC2 (At2g19340/At4g29870) and KCP2 (Atlg77350), SelT
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(At3g47300/At5858640) and SelK (At4g08230), but no yeast OST5
subunit homologs, suggesting that plant OT complexes are closer to the
two human ones than the single yeast OT (Table 1, Fig. 3). Extensive
duplication of Arabidopsis OT subunit genes likely originated from
ancient whole genome duplication events, which made functional di-
versification between isoforms possible. Indeed, the catalytic OT sub-
unit (STT3) is encoded by two genes in the human as well as in the
Arabidopsis genome, and human OT complexes with different STT3
isoforms display different catalytic properties [17]. Genetic analysis
using Arabidopsis mutants showed that cells depleted for any of the
conserved OT subunits produce N-glycosylation defects and often result
in lethality [18-20,15]. Functions of some individual subunits have
been characterized in detail in other systems [21,22]. STT3 is the cat-
alytic subunit that binds the lipid-linked core-oligosaccharide substrate
[17], OST3/6 contains a thioredoxin domain that prevents aggregation
of the nascent polypeptide chain during N-glycosylation reactions [23],
and OST1 may bind to the polypeptide substrate [24].

2.2. ER quality control (ERQC)

Once core oligosaccharides are transferred to Asn (N) residues in the
polypeptide chain, terminal glucose residues are removed from the core
oligosaccharides by glucosidases I and II (GCS1 and GCS2) in the ER
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Fig. 2. Comparison of plant and human complex N-glycan structures. Mature complex N-glycans of plants typically contain core al,3-Fuc and p1,2-Xyl residues,
whereas those of humans contain core al,6-fucose. Some plant complex N-glycans carry terminal Lewis-a epitopes ($1,3-Gal and al,4-Fuc linked to GlcNAc). In
contrast, antennae of human complex N-glycans often contain sialylated Lewis-x epitope(s) or sialylated Gal (also with Fuc).

lumen (Table 1, Fig. 1). Such trimmed N-glycan structures are re-
cognized by the lectin chaperones calnexin (CNX) and calreticulin
(CRT), which are associated with peptide disulfide isomerase (PDI)/
ERp57, at least in animal cells [47]. If protein folding cannot be com-
pleted, unfolded proteins are recognized and re-glucosylated by UDP-
glucose:glycoprotein glucosyltransferase (UGGT), an ER-resident pro-
tein-folding sensor [48] (Fig. 1). As a result, the glycoprotein re-as-
sociates with CNX/CRT for an additional folding cycle. Successfully
folded glycoproteins are exported to the Golgi apparatus, whereas
proteins that fail to adopt their native conformation after multiple
rounds of folding attempts are degraded by an ER-associated degrada-
tion pathway [49,50]. Trimming of terminal mannoses from N-glycans
by class I a-mannosidases MNS4 and MNS5 (homologs of mammalian
ER Degradation-Enhancing oa-Mannosidase-like, EDEM) in the ER
marks misfolded glycoproteins for degradation [31]. The resulting
Man;GlcNAc, Nglycans with a terminal al,6-linked mannose are re-
cognized by the lectin domain of OS9 [51,52] and directed to the E3
ligase complex HRD1/SEL1L for retrograde transport coupled with
cytosolic ubiquitination and subsequent degradation by the 26S-pro-
teasome pathway [53,54].

2.3. Unfolded protein response (UPR)

Underglycosylation results in failure to fold properly and accumu-
lation of protein aggregates in the ER lumen. For eukaryotic cells, such
states pose a severe stress (ER stress), and they try to restore normal ER
function by inducing a set of genes important for promoting protein
folding and eliminating abnormal proteins. A classic example of such a
protein is luminal IgG Binding protein BiP (BiP1, BiP2, and BiP3 in
Arabidopsis), an ER isoform of the heat shock protein 70 (Hsp70) class.
BiP, together with co-chaperone ERdj isoforms [55], promotes folding
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of (thermally) unfolded proteins in the ER. This cellular response is
known as the ER stress response or unfolded protein response (UPR). In
Arabidopsis, UPR genes are mainly induced by two key transcription
factors, bZIP28 and bZIP60 (Fig. 4). Under unstressed conditions,
Transcription factor bZIP28 is an integral membrane protein of the ER.
However, upon ER stress, bZIP28 migrates from the ER to the Golgi
apparatus, where the protein is cleaved by Golgi-localized site-2 pro-
tease (S2P) [56,57]. Thus released cytosolic domain (with transcrip-
tional activity) moves into the nucleus and initiates transcription of its
target genes. On the other hand, bZIP60 is activated by unusual mRNA
splicing involving INOSITOL-REQUIRING ENZYME 1 (IRE1), which is
an ER-localized type-I transmembrane sensor/transducer protein. Also
Arabidopsis IRE1 homologs (IREla/IRE1b) likely sense unfolded pro-
teins through their N-terminal domains in the ER lumen. Based on re-
search in other species [58], BiP binds to the IRE1 N-terminal domain in
the resting state, which prevents activation of IRE1. Upon increase of
unfolded proteins in the ER lumen, BiP is released from IRE1, allowing
IRE1 to dimerize for activation. The RNase domain of IRE1 is activated
through autophosphorylation of its kinase domain in the cytosol
[59-61], and removes a 23-nucleotide intron from the bZIP60 mRNA by
cleaving at two specific points on the two stem-loop forming regions.
The digested fragments are ligated by tRNA ligase [62]. Unspliced
bZIP60 (bZIP60u) codes for 295 amino acids, including a transmem-
brane domain (TMD), whereas spliced bZIP60 (bZIP60s) codes for 258
amino acids, lacking the TMD. Whereas bZIP60u resides in the ER
membrane due to the TMD, bZIP60s can translocate to the nucleus and
induce its target genes. TMD removal creates a new nuclear localization
signal (NLS) in addition to the already existing NLS [63,58,64]. Besides
unconventional splicing of bZIP60, IRE1 cleaves mRNAs at the ER
membrane in order to reduce protein loading into the ER, termed
regulated IRE1-dependent decay (RIDD) [65]. Moreover, IRE1b- but
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Table 1
Arabidopsis genes involved in N-glycosylation and N-glycan maturation pathways.
Name Locus Human ortholog Description Reference
N-glycosylation
OT subunits
OST1a At2g01720 RPN1 Ribophorin I [15]
OST1b At1g76400
OST3/6 Atlg61790 N33 Thioredoxin-like [25]
OST3/6-like Atlgl1560
OST4a At4g02502 OST4 [25,15]
0ST4b At3g12587
STT3a At5g19690 STT3B Catalytic subunit [18,15]
STT3b At1g34130 STT3A
DGL1 At5g66680 DDOST [20,15]
HAP6 At4g21150 RPN2 Ribophorin II [19,15]
DAD1 At1g32210 DAD1 [26,15]
DAD2 At2g35520
DC2a At2g19340 DC2 N/A
DC2b At4g29870
KCP2 At1g77350 KCP2 Keratinocyte-associated protein 2 N/A
SELTa At3g47300 SELT Thioredoxin reductase-like N/A
SELTb At5g58640
SELK At4g08230 SELK N/A
N-glycan maturation
ER
GCS1/KNOPF/HAP2 At1g67490 MOGS a-glucosidase I [27,28,19]
GCS2/RSW3 At5g63840 GANAB a-glucosidase II [29]
GCS2B/PSL4 At5¢56360 GLU2B
MNS3 At1g30000 MAN1B1 ER a-mannosidase I [30]
MNS4 At5g43710 EDEM1 EDEM-like a-mannosidase [31]
MNS5 At1g27520 EDEM2
EDEM3
Golgi apparatus
MANIa/MNS2 At1g51590 MAN1A1 Golgi a-mannosidase I [30,32]
MANIb/MNS1 At3g21160 MAN1A2
CGL1/GNTI At4g38240 MGAT1 N-acetylglucosaminyltransferase I [33-35]
HGL1/GMII At5g14950 MAN2A1 Golgi a-mannosidase 11 [36]
GNTII At2g05320 MGAT2 N-acetylglucosaminyltransferase II [37]
FUCTa/FUT11 At3g19280 - core a-1,3-fucosyltransferase [38]
FUCTb/FUT12 At1g49710
XYLT At5g55500 - a-1,2-xylosyltransferase [38,39]
GALT1 At1g26810 - B-1,3-galactosyltransferase [40]
FUCTc/FUT13 At1g71990 - a-1,4-fucosyltransferase [41-43]
Apoplast/Vacuole
HEXO1 At3g55260 B-hexosaminidase [44-46]
HEXO2 At1g65590
HEXO3 At1g05590
cytosol
OST3/6 STT3a DAD1 DC2a SELTa
OST1a OST4a
OST1b OST3/6L OST4b STT3b DGL1 HAP6 DAD2 DC2b KCP2 SELTb SELK

N

ER lumen

Fig. 3. Subunits of the plant OT complex. A model for Arabidopsis OT subunit composition and membrane topology is shown. The color code for the subunits (green,
red and blue) designates subcomplexes proposed for eukaryotic OTs. Topologies of previously uncharacterized subunits (DC2s, KCP2, SELTs and SELK) were
predicted based on amino acid sequence similarities and topology of the human homologs and are shown in orange. Open box arrows represent predicted signal
peptides.
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Fig. 4. Unfolded protein response signaling in plants. When cells undergo stress
that promotes accumulation of unfolded proteins in the ER, BiP proteins are
released from luminal domains of integral membrane proteins bZIP28 and
IREla/b. Chaperone activity of free BiP promotes folding of ER proteins.
Simultaneously liberated bZIP28 is exported to the Golgi apparatus and pro-
cessed by site-2 protease (S2P). The clipped cytoplasmic transcriptional acti-
vator domain is then transported into the nucleus. On the other hand, BiP re-
lease activates IREla/b proteins by dimerization that catalyze, together with
tRNA ligase, cytoplasmic splicing of bZIP60 mRNA. Before cytoplasmic splicing,
bZIP60 mRNA encodes a transcriptionally inactive integral membrane protein
bZIP60u. The cytoplasmic splicing causes a frameshift in bZIP60 mRNA. Upon
splicing, bZIP60s encodes a soluble, nuclear targeted transcription factor that
can dimerize with the S2P-released bZIP28, or homodimerize and activate
various UPR genes.

not IREla-dependent autophagy has been reported to occur under ER
stress [66].

3. N-glycan maturation in the Golgi apparatus and post-Golgi
compartments

Upon exit from the ER, glycosidases and glycosyltransferases in the
Golgi apparatus convert oligomannosidic N-glycan intermediates to
mature complex N-glycans [4] (Table 1, Fig. 1). Complex N-glycans of
plants contain core al,3-Fuc and B1,2-Xyl residues that are absent in
mammalian N-glycans [67,68] (Fig. 2). Also notably, maturation of
complex N-glycans is not uniform among plants and different tissues
analyzed [69,40]. In the cis-Golgi, oligomannosidic N-glycans undergo
sequential processing by Golgi a-mannosidase I (MANIa/MANIb)
[30,32] and (1,2-N-acetylglucosaminyltransferase I (GNTI). The latter
is encoded by CGL1 (complex glycan-less 1) in Arabidopsis [70]. Then a
group of enzymes comprising Golgi a-mannosidase II (Manll, encoded
by HGL1 for hybrid glycan 1) [36], GNTII [37], f1,2-xylosyltransferase
(XylT) [71], and al,3-fucosyltransferase (FucTa/FucTb) [38] work in
parallel to produce complex N-glycan structures in the medial- and
trans-Golgi cisternae. Some N-glycans of secreted glycoproteins are
further modified to Lewis-a epitopes [72] by the action of f31,3-
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galactosyltransferase (GalT1) [40] and al,4-fucosyltransferase (FucTc)
[73]. At their final destinations, N-glycan structures are trimmed by
hexosaminidases (Hexo) in the apoplast/cell wall and vacuole with
time, cleaving at terminal GlcNac residues, which results in pauci-
mannosidic and highly immunogenic Man;XylFucGlcNac, structures
(Fig. 1, M3XFGN2) [45,46]. In Arabidopsis, about three quarters
(73.9%) of all N-linked glycans are converted to various complex-types.
The rest are oligomannosidic N-glycans of different sizes [38].

Together with the biosynthesis of cell wall polysaccharide pre-
cursors in the Golgi apparatus, these reactions produce a large amount
of GDP/UDP released from sugar-nucleotide substrates. These dinu-
cleotide byproducts are processed by Golgi apyrases (APY1/APY2)
[74], and the liberated orthophosphate (Pi) is exported to the cytosol
for recycling, likely by PHT4;6 [75]. The remaining UMP/GMP moieties
are exported in exchange for import of activated (GDP/UDP) sugar
monomers into the Golgi/ER by sugar-nucleotide transporters [76,77].
Mutant pht4;6 and transgenic plants simultaneously silenced for APY1
and APY2 expression exhibited phenotypes similar to N-glycosylation
mutants (originally found for cellulose biosynthesis mutants), sug-
gesting that nucleotide recycling is an integral part of the N-glycosy-
lation pathway in plants.

Historically, biosynthetic enzymes of plant-specific complex-N-gly-
cans have also been studied by the biotechnology sector, due to a
concern for their potential antigenicity to elicit unintended immune
reactions when presented as part of plant-produced clinical proteins,
such as antibodies. Although it is still controversial, whether plant
complex N-glycans are involved in eliciting allergic reactions in patients
[78-80], most therapeutic protein production studies in plants use host
plant modification to avoid plant specific N-glycan structures, like core
$1,2-Xyl and a1,3-Fuc [81,82].

4. Target-specific functions of N-glycosylation
4.1. Receptor protein biogenesis/function

Studies have demonstrated that biogenesis and function of several
receptor-like kinases (RLKs) are particularly prone to perturbations by
compromised ER N-glycosylation/quality control pathways. The first
reported example for such an observation was the Arabidopsis EF-TU
receptor (EFR), a pattern recognition receptor (PRR) involved in the
perception of bacterial Elongation factor Tu (EF-Tu) fragments [83-86].
EFR was specifically impaired by loss-of-function, not only of STT3a
(OT catalytic subunit), but also of calreticulin3 (CRT3), UDP-gluco-
se:glycoprotein glycosyltransferase (UGGT), and two ER chaperone
complex components (STROMA DERIVED FACTOR 2 [SDF2] and ER
DnaJ-like3b [ERdj3b]). This suggested that protein folding during EFR
biogenesis, rather than the lack of any particular N-glycan was im-
portant for EFR function [83-86]. However, mutation at a single con-
served N-glycosylation site (N143Q) in the EFR ectodomain was sulffi-
cient to inactivate the receptor for the ability to bind its ligand [86]. In
related defense signaling pathways, underglycosylation in stt3a mutant
plants inhibited plant cell death in birl and bak1 serk4 mutants [87]. In
the latter, stt3a likely prevented cell death by interfering with biogen-
esis/function of another group of cell death-inducing receptor kinases
(Cysteine-Rich Kinases CRK4 and CRK5). Of note, biogenesis of another
BAKI-interacting receptor kinase, BRASSINOSTEROID INSENSITIVE 1
(BRI1), is also under control of the ERQC pathway. Here, bril-5 and
bri1-9 mutant alleles produced aberrant BRI1 proteins that are retained
in the ER prior to being sent for degradation; yet when ERQC was
compromised, some aberrant receptor proteins escaped degradation
[88,89]. Interestingly, mutations in different ERQC components af-
fected bril-5 and bril-9 differently, suggesting several folding status
checkpoints that call for different sets of ERQC components [89]. By
contrast, another PRR family receptor kinase, FLAGELLIN SENSITIVE 2
(FLS2), was not affected in stt3a or by ERQC pathway mutations, in-
dicating that folding of some receptor kinase proteins is more robust
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[83-86].

N-glycosylation is also important for gametophyte recognition.
Mutations in a uridine diphosphate (UDP)-glycosyltransferase super-
family protein (TURAN, TUN) and a dolichol kinase (EVAN, EVN), both
involved in early core N-glycan assembly processes, resulted in inhibi-
tion of pollen tube (PT) rupture and sperm release [90]. Less severely
affected, A. thaliana harboring the ost3/6 mutation can accept own
pollen but no longer pollen from the related species A. lylata, due to
failure to induce PT rupture and sperm release [91]. Central to this
process is another receptor-like kinase, FERONIA, and the pollen-spe-
cific FER homologs ANXUR1 (ANX1) and ANX2 [92-94]. In addition to
their common role during PT reception by the synergids, both genes
have distinct functions in the pollen: EVN is essential for pollen de-
velopment, whereas TUN is required for biogenesis and stabilization of
ANX1/ANX2 during PT growth, and prevention of premature PT rup-
ture [90]. However, complex N-glycans do not seem to play a major
role during these phases, since we did not observe deviations from the
expected 1:1 transmission ratios upon reciprocal crosses between
CGL1/cgll and cgll (K. Fischer and A. von Schaewen, unpublished ob-
servations for cgl1-2 and cgl1-3 [32]).

A unique type of receptor whose function is dependent on N-gly-
cosylation is vacuolar sorting receptor VSR1 [95]. There are three N-
glycosylation sites in VSR1, and loss of two or more N-glycans resulted
in secretion of vacuolar proteins from the cells due to the reduction of
binding affinity of underglycosylated VSR1 to vacuolar sorting signal
peptides. The role of N-glycans in VSR1 function is not clear. Under-
glycosylation of VSR1 did not affect folding or subcellular localization
of VSR1, and requirement for specific N-glycan modification has not
been analyzed. Interestingly, VSR1 is required for osmotic stress tol-
erance and ABA biosynthesis [96], which may partially contribute to
the salt sensitivity of N-glycosylation pathway mutants [18,35].

4.2. Cell wall biosynthesis and salt stress tolerance

4.2.1. KORRIGANTI1 as a target of complex N-glycan function

In human and mouse cells, defects in complex N-glycan maturation
cause congenital disorders of glycosylation (CDG) [97-100]. In human
CDG, as well as in analogous perturbation mutants of Drosophila mela-
nogaster (fruit fly) and Caenorhabditis elegans (nematode), development
of the central nervous system and the immune systems are often com-
promised or altered [98,101]. In Arabidopsis plants, the first functional
target of complex N-glycan modification was identified by a knowledge-
based approach: KORRIGAN1 (KOR1) is a type II transmembrane gly-
coprotein with beta-1,4-endoglucanase activity [102]. Arabidopsis stt3a
and cgll mutations exhibited strong genetic enhancer activities when
they were combined with radially swollen 2-1 (rsw2-1), a temperature-
sensitive mutant allele of KOR1 [103,104]. Presently, rsw2-1 is the sole
mechanistic target that has been used to test the function of individual
complex N-glycans in the Arabidopsis model. The receptor proteins
discussed above apparently function properly in complex glycan mu-
tants, suggesting their roles are not dependent on N-glycan maturation
in the Golgi apparatus, as long as core N-glycans are attached to the
receptors during their biosynthesis in the ER [86].

Similar to other RSW genes, KOR1 is required for normal cellulose
biosynthesis. However, the exact function of KORI1 is still not clear.
KOR1 localizes to the plasma membrane (PM), trans-Golgi network
(TGN), and tonoplast [105,106], and interacts with cellulose synthase
complexes (CSCs) [107,108] (Fig. 5). KOR1 has been suggested to
function in cleavage of the sterol-linked primer molecule (sitosterol-
glucoside) during the cellulose chain elongation [109], however, recent
studies showed that KOR1 facilitates cellulose biosynthesis by in-
creasing the amount of non-crystalline cellulose [110] and proposed
that KOR1 prevents the formation of cellulose aggregates [111]. In-
terestingly, a recent report showed that a biochemically inactive allele
of KOR1 (jiaoyaol) partially retained in vivo function [112]. Together,
these reports indicate that KOR1 might function in more than one way
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during cellulose biosynthesis.

Upon biosynthesis in the ER, KOR1 undergoes N-glycosylation and
further modification of its N-glycans in the Golgi apparatus (Figs. 2 and
5). Eight N-glycosylation sites are present in KOR1 amino acid se-
quences [106] (Fig. 6A). Disruption of some N-glycosylation sites af-
fected the cellular distribution and its enzymatic activity [113,106].
The importance of complex N-glycans for KOR1 function was inferred
from genetic interaction between cgll and rsw2-1. However, even a non-
glycosylated variant of KOR1 still required CGL1 (GNTI in the cis-Golgi)
for in vivo function. This suggested that complex N-glycans also affect
KOR1 in trans, likely via interaction with other glycoproteins [106].
Genetic identification of additional factors that depend on complex N-
glycans has been difficult, because it requires the comparison of mutant
phenotypes, between a wild-type background and a mutant complex N-
glycan background, such as cgll. Also, the comparison requires partial
loss-of-function mutations in a gene-of-interest to test protein function
with or without complex N-glycans, as opposed to widely available
insertion mutants that abrogate protein production. An inhibitor of
mannosidase I (kifunensine) can phenocopy complex N-glycan mutant
phenotypes [30]: several viable point mutations affecting cellulose
biosynthesis, like rsw2-1 (korl) or cobra-1, were hypersensitive to ki-
funensine, suggesting that complex N-glycan-dependent phenotypes
may be screened by using a chemical hypersensitivity assay.

4.2.2. The intracellular transport of the cellulose biosynthesis machinery is
a target of salt stress

CSC, which is assembled in the Golgi apparatus [114], and KOR1
are actively shuttled between the plasma membrane (PM) and the TGN
(Fig. 5). Functionally compromised KOR1 tended to accumulate in to-
noplast membranes, suggesting that the cellular transport of KOR1 is
closely linked to its physiological function [106]. Movement of KOR1
and CSC to and from the PM, as well as at the PM, is guided by mi-
crotubules (MT) [115,116]. MT structure and organization (cortical
MTs, below the PM) determines the directional deposition of cellulose
microfibrils. Recent studies identified multiple factors that connect the
CSC to microtubules, and importantly, mutations in these factors phe-
nocopy rsw mutants.

The distribution of KOR1, CSC, and the microtubule network un-
dergoes a dynamic reorganization during salt stress [117]. Upon ex-
posure to salt, plant cells induce depolymerization of their cortical MTs,
CSCs at the PM are internalized and accumulated below the PM in so-
called small CesA-containing compartments (SmaCCs) [116] or micro-
tubule-associated CesA compartments (MASCs) [115]. Stress-induced MT
depolymerization is likely triggered by tubulin kinase activity of PRO-
PYZAMIDE-HYPERSENSITIVE 1 (PHS1) [118]. High salt treatment in-
duces a transient increase of phosphorylated a-tubulin, which cannot
be incorporated into microtubules. Re-organization of CSCs and MTs is
facilitated by CC1/CC2 (COMPANION OF CSC 1 and 2) - with two
potential N-glycosylation sites in their ectodomains, and CELLULOSE
SYNTHASE INTERACTING PROTEIN 1 (CSI1/POM2) - a cytosolic
protein that forms a bridge between CSC and MTs [119,117]. Inhibition
of MT depolymerization (by paclitaxel) decreased salt tolerance, but
promoting depolymerization (by oryzalin) improved salt tolerance
[120]. Interestingly, sosl (salt overly sensitive 1) and hktl (H/K™*
transporter 1) mutations that alter the cellular Na™ status also affect the
direction of microtubule orientation [121-124]. Currently, no in-
formation is available for a possible function of complex N-glycans in
these factors.

4.2.3. A unique role for complex N-glycans in monocot species

Hints about specific functions of complex N-glycans could be found
in non-Arabidopsis models. To date, mutants affected in the N-glyco-
sylation pathway have been reported for rice (monocot) [125], Phys-
comitrella patens (moss) [126], and Chlamydomonas reinhardtii (alga)
[127], whereas GNTI-antisense/RNAi plants have been produced for
tobacco, potato, and tomato [128,82,80,129]. The rice mutant for the



Y. Nagashima et al.

function at the PM Hlexcd

Hexo3

Apoplast/cell wall

Plant Science 274 (2018) 70-79

Fig. 5. Biogenesis and transport of KORI1
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DGL1 (DEFECTIVE GLYCOSYLATION 1) homolog produced similar
phenotypes as Arabidopsis dgll, indicating that the function of OT
complexes is similar between monocots and dicots [125]. On the other
hand, mutations in rice homologs for CGL1 (GNTI) [130] and core FUCT
[131] showed various defects. Rice cgll was defective in cell wall bio-
synthesis and cytokinin responses, and unable to complete a life cycle
due to failure in the formation of tiller buds. The effect of the rice fuct
mutation was much milder, yet showed abnormal tiller angle, internode
and panicle lengths, besides poor grain filling, which resembles phe-
notypes caused by defects in polar auxin transport [131]. These find-
ings suggest that complex N-glycan modification in the Golgi apparatus
affects tissue-specific functions of phytohormone levels and/or trans-
port. Based on these premises, the monocot-specific phenotypes may
reflect a specific interaction with phytohormones, giving rise to the
unique structure of this plant clade.

5. Perspectives

In the twenty-five years since the first discovery of Arabidopsis cgl1
mutant plants lacking complex N-glycans [33], the connection between
plant core N-glycosylation/complex N-glycan modifications for salt
stress responses, cellulose biosynthesis and microtubule association has
been well established. In addition, the importance of ER protein quality
control (ERQC) in the biogenesis of several receptor-like kinases, and a
connection to stress signaling in plant UPR pathways has been revealed.
However, compared to other areas in plant biology, our understanding
of the role of plant (complex) N-glycan biology is still scarce. The
shortage of knowledge is partially due to the limitation of identified
complex N-glycan-related phenotypes and mutant collections, lack of
simple methods to detect complex N-glycans in vivo, limited methods to
change the structure of N-glycans at specific sites, and limited in-
formation for individual protein dynamics within the secretory system.
Deep phenotyping of existing complex N-glycan mutants as well as
developing a screening system for complex N-glycan-dependent mu-
tants are essential to fill this gap. To date, efficient strategies to conduct
in vivo screenings of protein functions affected by the presence or
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absence of (complex) N-glycans have not been reported. We recently
initiated a genetic screen in Arabidopsis based on hypersensitivity to an
inhibitor of complex N-glycan maturation: plants with hypersensitivity
to sub-inhibitory kifunensin concentration were selected, and a large
number of plants whose growth is likely dependent on complex N-
glycan formation were isolated. Another important issue to address is
the relationship between complex N-glycan decoration and the kinetics
of protein mobility. Although lack of complex N-glycans may not affect
overall distribution of proteins in the secretory system, it may affect the
rate of transport (secretion/internalization/recycling/degradation) that
could be important for mounting proper protective responses under
stress. We are currently monitoring protein dynamics during protein
transport and delivery using fluorescent timer proteins [132-134]. In
Fig. 6, we demonstrate that newly synthesized KOR1 (green fluores-
cence at early time points) and aged KOR1 (red fluorescence at later
time points) can be distinguished. It should be noted that the green
fluorescence at the later time points could originate from a mixture of
aged proteins and new proteins synthesized at the later time point.
Detailed subcellular localization of distinct KOR1 populations are cur-
rently being analyzed, and we expect to visualize transport dynamics of
KOR1 under different N-glycosylation conditions. This novel approach,
together with related studies [135,43], may visualize transport routes
and different dwell time of proteins in various subcellular domains of
the secretory pathway. Finally, as described above, we recently estab-
lished a preparative scale production-purification pipeline for re-
combinant proteins in Arabidopsis host cells. This system enabled iso-
lation of a large protein complex from Arabidopsis cells, specifically the
OT complex, for which we successfully conducted electron microscopic
analysis. This system will be explored further to obtain higher resolu-
tion structures similar to those reported for human and yeast OT
complexes using cryo-electron microscopy approaches [136-138], as
well as for glycoprotein preparation from different Arabidopsis hosts for
further analyses. We expect that these efforts/tools will shed new light
on the biology of plant-specific N-glycosylation.
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Fig. 6. Expression of tandem-fluorescent timer (tdFT)-labeled KOR1 in
Arabidopsis roots. A) Structure of tdFT-KOR1. The tdFT part was prepared by
fusing monomeric superfolder GFP (msfGFP, G) and monomeric Strawberry
(mSt, R). tdFT was inserted in the cytoplasmic (CYT) region of KOR1. The ex-
tracellular domain (EXT) of KOR1 contains eight N-glycosylation sites (N1-N8).
TM, transmembrane domain. Halftime (¢, 5) indicates 50% reporter maturation
at 37 °C. B) Time course of fluorescent profiles upon expression of inducible
tdFT-KOR1. Images were taken at the indicated time points after application of
B-estradiol (B-Est) at 22 °C. GFP and RFP channels show total and aged tdFT-
KOR1, respectively. Aged KOR1 is detected in both channels and appear white
in the merged images. Bright field images are shown for reference. Bars indicate
100 pm.
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