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Background: N-Glycosylation affects the biosynthesis of the endo-�1,4-glucanase KORRIGAN1 which is crucial for cell
wall synthesis in plants.
Results:Underglycosylated KORRIGAN1 displays reduced enzymatic activity. This is not observed upon changes to theN-gly-
can composition.
Conclusion:Modified N-glycan processing exerts no direct effect on KORRIGAN1 function in planta.
Significance: The relevance of several N-glycosylation sites for KORRIGAN1 activity is revealed.

Defects in N-glycosylation and N-glycan processing fre-
quently cause alterations in plant cell wall architecture, includ-
ing changes in the structure of cellulose, which is the most
abundant plant polysaccharide. KORRIGAN1 (KOR1) is a gly-
coprotein enzyme with an essential function during cellulose
biosynthesis in Arabidopsis thaliana. KOR1 is a membrane-an-
chored endo-�1,4-glucanase and contains eight potentialN-gly-
cosylation sites in its extracellular domain. Here, we expressed
A. thaliana KOR1 as a soluble, enzymatically active protein in
insect cells and analyzed its N-glycosylation state. Structural
analysis revealed that all eight potential N-glycosylation sites
are utilized. Individual elimination of evolutionarily conserved
N-glycosylation sites did not abolish proper KOR1 folding, but
mutations of Asn-216, Asn-324, Asn-345, and Asn-567 resulted
in considerably lower enzymatic activity. In contrast, produc-
tion of wild-type KOR1 in the presence of the class I �-manno-
sidase inhibitor kifunensine, which abolished the conversion of
KOR1 N-glycans into complex structures, did not affect the
activity of the enzyme. To address N-glycosylation site occu-
pancy and N-glycan composition of KOR1 under more natural
conditions, we expressed a chimeric KOR1-Fc-GFP fusion pro-
tein in leaves ofNicotiana benthamiana. AlthoughAsn-108 and
Asn-133 carried oligomannosidic N-linked oligosaccharides,
the six other glycosylation sites were modified with complex
N-glycans. Interestingly, the partially functional KOR1 G429R
mutant encoded by the A. thaliana rsw2-1 allele displayed only
oligomannosidic structureswhen expressed inN. benthamiana,
indicating its retention in the endoplasmic reticulum. In sum-
mary, our data indicate that utilization of several N-glycosyla-
tion sites is important for KOR1 activity, whereas the structure
of the attached N-glycans is not critical.

Glycosylation of proteins is a central co- and post-transla-
tional modification of secretory and membrane-bound pro-
teins in all eukaryotes.N-Glycans covalently attached to aspar-
agine residues have a vast number of diverse functions
including support of protein folding, quality control processes,
protein targeting, and modulation of protein-protein interac-
tions (1). In plants, several N-glycan biosynthesis and process-
ing mutants have been identified with defects in synthesis of
cellulose (2–5), which is a major component of the plant cell
wall. Consequently, it has been proposed that one or several
proteins involved in cellulose biosynthesis are glycosylated, and
abolished N-glycosylation or changes of their N-glycan struc-
tures could result in altered cellulose content or composition
(6). The Arabidopsi thaliana cellulose synthase proteins that
form the functional multisubunit cellulose synthase complex
contain several potentialN-glycosylation sites. However, due to
the proposedmembrane protein topology, most of theseN-gly-
cosylation sites do not face the lumenal or extracellular space
(7) and are therefore not accessible for the oligosaccharyltrans-
ferase that initiates protein glycosylation by transfer of the pre-
assembled oligosaccharide precursor in the endoplasmic retic-
ulum (ER).2 This hypothesis is also supported by experimental
data (3). Among otherA. thaliana proteins implicated in cellu-
lose biosynthesis, the membrane-bound endo-�1,4-glucanase
KORRIGAN1 (KOR1) is a possible candidate glycoprotein that
could be directly affected by changes in N-glycosylation. The
precise molecular function of KOR1 and its orthologs from
other species during synthesis of cellulose is still unclear
(8–10).A. thalianamutants partially deficient in KOR1 exhibit
reduced cellulose content in roots and minor changes in other
cell wall polysaccharides as well as cell elongation defects (11–
16). Close-to-null mutations of KOR1 display also defects in
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cytokinesis and severe morphological abnormalities (17).
KOR1 is a type IImembrane proteinwith eight predictedN-gly-
cosylation sites in its extracellular domain (11), and most of
these N-glycosylation sites are conserved in different KOR1
orthologs from other species (18, 19). The catalytic domain of
Brassica napusCel16, which shares 94% sequence identity with
A. thaliana KOR1 was found to be heavily glycosylated when
expressed in Pichia pastoris (20). Moreover, deglycosylation
with endoglycosidases almost completely abolished the endog-
lucanase activity of Cel16, indicating that N-glycosylation
might play a crucial role for KOR1 enzymatic activity. Similarly,
the enzymatic activity of recombinant PttCel9A, a KOR1 hom-
olog from Populus tremula x tremuloides, was reduced by 80%
when subjected to deglycosylation (18). Altered mobility upon
SDS-PAGE separation and reduced accumulation of endoge-
nous KOR1 in different A. thaliana glycosylation mutants fur-
ther indicated that changes in N-glycosylation might directly
affect KOR1 function, leading to the observed defects in cellu-
lose biosynthesis and cell elongation (21, 22). These findings are
also corroborated by genetic evidence showing drastically
enhanced root growth phenotypes of the weak kor allele rsw2-1
in cgl1 rsw2-1, stt3a rsw2-1, mns3 rsw2-1, and ost3/6-1 rsw2-1
doublemutants, which all display alterations inN-glycosylation
(21–23). In particular, the enhanced phenotype of cgl1 rsw2-1 is
of interest as the formation of complexN-glycans is completely
blocked in thismutant. Consequently, it has been proposed that
KOR1 requires complex N-glycans for its in vivo function in
plants (21, 24). Although these studies support the idea that
N-glycosylation of KOR1 and processing ofN-glycans onKOR1
are crucial for its biological function, the precise role of individ-
ualN-glycans onKOR1 and their contribution to the enzymatic
activity of KOR1 are still unclear.
To characterize the relevance of N-glycans for KOR1 func-

tion in more detail, we expressed the catalytic domain of wild-
type A. thaliana KOR1 and various mutants lacking selected
N-glycosylation sites in insect cells. We assessed the glycosyla-
tion status of the recombinant KOR1 variants byMS and report
that KOR1 is glycosylated on all eight potentialN-glycosylation
sites. Moreover, the effect ofN-glycan elimination on the enzy-
matic activity of recombinant KOR1 and the role of individual
N-glycans forKOR1 synthesis in plantswas examined.Our data
firmly establish that proper N-glycosylation of KOR1 is indeed
important for its enzymatic activity but suggest that N-glycan
processing to complexN-glycans is dispensable for KOR1 func-
tion in plants.

EXPERIMENTAL PROCEDURES

Expression of KOR1 in Insect Cells—The KOR1 open reading
frame lacking the N-terminal cytoplasmic region and transmem-
brane domain was amplified from A. thaliana leaf cDNA with
Phusion� High-fidelity DNA polymerase (New England Biolabs)
using the primers KOR1–6F (TATAGCGGCCGCCTTGATCG-
TTAAAACTGTGCCGC) and KOR1–7R (TATAGAATTCAA-
GGTTTCCATGGTGCTGGTG) and cloned into NotI- and
EcoRI-digested baculovirus transfer vector pVTBacHis-1 (25). In
the resulting construct, the amino acid sequence is placed down-
stream of the melittin signal peptide, a His6 tag, and an enteroki-
nase cleavage site. Cultivation of Spodoptera frugiperda Sf21 cells,

baculovirus-mediated infection in the absenceorpresenceof 2�M

kifunensine (Sigma) and purification of the recombinant proteins
were performed as described previously (26). At the end of the
purification procedure, the KOR1-containing fractions were
pooled and concentrated by ultrafiltration to � 1 mg/ml protein
after a buffer exchange to 50mMMES (pH 6.0), 250mMNaCl, 30
mMCaCl2 bymeans of diafiltration.
Site-directed Mutagenesis of rKOR1—Mutations in several

N-glycosylation sites of KOR1 were introduced using the
QuikChange site-directed mutagenesis kit (Stratagene) and
Phusion� high-fidelity DNApolymerase.Mutagenesis was per-
formed following the instructions of the manufacturer. The
pVTBacHis-KOR1 construct was used as templates for site-
directedmutagenesis, and the respective singleN-glycosylation
mutants were generated using the following primers: N216Q-F,
CTTTCTCAAGACTTTCCAAAGTACTGCTGATTCC and
N216Q-R, GGAATCAGCAGTACTTTGGAAAGTCTTGA-
GAAAG; N324Q-F, TCTAGCAAGTTCTATCAGTCAAGT-
ATGTATTGG and N324Q-R, CCAATACATACTTGACTG-
ATAGAACTTGCTAGA; N345Q-F, TATTATGCTACCGG-
ACAAGTAACGTATCTCAAT and N345Q-R, ATTGAGAT-
ACGTTACTTGTCCGGTAGCATAATA; N408Q-F, GACT-
ATGCTGGTCTGTTGGTGGAAGGTCCTTAG and N408Q-R,
CTAAGGACCTTCCACCAACAGACCAGCATAGTC; N425Q-
F, GCCTATTTTCAACAAATTTCAAAGAACCAATGGAGG-
TTTAA and N425Q-R, TTAAACCTCCATTGGTTCTTTGA-
AATTTGTTGAAAATAGGC; and N567Q-F, TGTCCGTATG-
AACTACCAATACACTGAACCGACTC and N567Q-R, GAG-
TCGGTTCAGTGTATTGGTAGTTCATACGGACA. The
singlemutantN324Qwas used as template to generate the double
mutantN324Q/N345Q, and this doublemutantwas subsequently
used as template to obtain the triple mutant N216Q/N324Q/
N345Q.To confirm the introducedmutations, all constructswere
subjected to DNA sequencing using the following primers: for
N216QandN216Q/N324Q/N345Qprimer, KOR1–3F (TTTGGT-
GGGAGGTTATTATGATGC); for N324Q, N345Q, and N324Q/
N345Q primer, KOR1–14F (TGGACTATAAAAGGCCCGTGA-
CTA); and for N408Q, N425Q, and N567Q, primer KOR1–12F
(CAAGAAACCAAACCCAAACACG).
Plant Materials—A. thaliana ecotype Col-0 was used as a

wild-type control. The rsw2-1 seeds (14) were obtained from
the European Arabidopsis Stock Centre, and the fut11 fut12
double knock-out line was described previously (27). All plants
were grown under long day conditions at 22 °C.Nicotiana ben-
thamiana plants were grown under long day conditions at
24 °C. Protein extraction and immunoblotting was carried out
as described previously (23).
Transient Expression of KOR1 in N. benthamiana—The

KOR1 coding regionwas amplified using the following primers:
KOR1–4F, TATATCTAGAATGTACGGAAGAGATCCAT-
GGGG and KOR1–5R, TATAGGATCCAGGTTTCCATGG-
TGCTGGTGGAG; and the PCR fragmentwas subcloned using
a Zero Blunt� TOPO PCR cloning kit (Invitrogen). Subse-
quently, KOR1 was excised and ligated into the XbaI/BamHI
digested binary expression vector p29-Fc-GFP. p29 is derived
from p27 (28) and contains an enhanced CaMV35S promoter
derived from vector pVKH18En6 (29) and the Fc-GFP domains
for purification and subcellular localization (30). Mutated ver-
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sions of KOR1 were generated using site-directed mutagenesis
as described above. Transient expression in N. benthamiana
wild-type and �XTFT lines (31) was done by infiltration of
leaves with agrobacteria containing the binary expression vec-
tors as described previously (30). Infiltrations were carried out
with agrobacteria diluted to an A600 of 0.2, and infiltrated leaf
material was harvested 48–72 h post infiltration. KOR1 was
purified from 800 mg of infiltrated leaves by incubation with
rProtein A-Sepharose (GE Healthcare) as described previously
(30). To generate KOR1RSW2–1-Fc-GFP, the respective KOR1
DNA fragment was amplified as described above from cDNA
derived from A. thaliana rsw2-1 plants. The presence of the
mutation that leads to the G429R change (14, 15) was con-
firmed by DNA sequencing.
LC-ESI-MS Analysis of Tryptic Glycopeptides—To analyze

the N-glycans of purified recombinant KOR1, proteins were
separated by SDS-PAGE (10%) under reducing conditions and
detected byCoomassie Brilliant Blue staining. The correspond-
ing bandwas excised from the gel, destained, carbamidomethy-
lated, in-gel digested with trypsin/chymotrypsin, and analyzed
by LC-ESI-MS as described recently (32, 33).
Enzymatic Deglycosylation and Immunoblot Analysis—Puri-

fiedKOR1 or total protein extracts were subjected to enzymatic
deglycosylation as described in detail recently (34). Deglycosy-
lated proteins were then either analyzed by LC-ESI-MS or were
subjected to SDS-PAGE (10%) followed by immunoblot analy-
siswith anti-GFP-HRP (Miltenyi Biotec), anti-human IgG (Pro-
mega), or anti-KOR1 antibody (raised in rabbits against the
synthetic peptide CSGEEEATGKIDKNT; Genscript). The
detection was performed with Super Signal West Pico chemi-
luminescent substrate (Pierce).
KOR1 Activity Assays—Solutions (10 �l) of purified recom-

binant KOR1 (rKOR1) produced in insect cells (0.35–4 �g) in
50 mM MES (pH 6.0), 250 mM NaCl, and 30 mM CaCl2 were
incubated for 60min at 30 °Cwith 90�l of 0.1% (carboxymethyl)-
cellulose 4M (Megazyme) resuspended in the same buffer. The
reaction was stopped by the addition of 400 �l of ice-cold 50 mM

sodium borate (pH 10.0). 500 �l of freshly prepared 2,2�-bicin-
choninic acid solution (amixture of equal volumes of reagentA (5
mM 2,2�-bicinchoninic acid, 512 mMNa2CO3, 288 mMNaHCO3)
and reagent B (5mMCuSO4, 12mM L-serine)) was added, and the
samples were incubated for 15min at 95 °C. Samples were cooled
on ice and then centrifuged for 3 min prior to measurement of
their absorbance at 562 nm. Samples containing heat-inactivated
enzymewere used as controls. The amount of reducing ends gen-
erated was then deduced using a glucose standard curve (0–100
nmol). All assays were done in duplicates. Enzymatic deglycosyla-
tion of KOR1 under non-reducing conditions prior to activity
assayswasperformedwithout (control) orwithendoglycosidaseH
(EndoH) (50,000units/ml) or peptideN-glycosidaseF (PNGaseF)
(50,000 units/ml) in 50 mM MES (pH 6.0), 250 mM NaCl, 30 mM

CaCl2 for 60min at 30 °C. Activity assays were then performed as
outlined above. To analyze enzyme stability, rKOR1proteinswere
incubated for 30 to 240 min at 30 °C prior to activity tests. Statis-
tical analyses were performed using Student’s t test, with p� 0.05
considered significant.

RESULTS

KOR1 Expressed in Insect Cells Is Heavily Glycosylated—The
extracellular domain of A. thaliana KOR1 contains eight
potential N-glycosylation sites (Asn-X-Ser/Thr, X can be any
amino acid except proline). To analyze the role ofN-glycosyla-
tion for KOR1 enzymatic activity we expressed an A. thaliana
KOR1 variant lacking the N-terminal 90 amino acids (which
include the cytoplasmic tail and the single transmembrane
domain) in S. frugiperda Sf21 cells using a baculovirus expres-
sion system. Immunoblot analysis of cell extracts and culture
supernatants revealed that recombinant wild-type KOR1
(rKOR1 WT) was successfully expressed in Sf21 cells and
secreted into the culture medium. The secreted His6-tagged
rKOR1 protein was purified by means of nickel-chelate affinity
chromatography and subjected to enzymatic deglycosylation
with Endo H, which cleaves oligomannosidic N-glycans, and
PNGase F, which cleaves oligomannosidic and complex N-gly-
cans lacking core �1,3-fucose (35), followed by immunoblot-
ting with anti-KOR1 antibody. Both deglycosylation reactions
led to distinct mobility shifts of rKOR1WT, indicating that it is
decorated with oligomannosidic and processed complex or
paucimannosidic N-glycans (Fig. 1). To gain a more detailed
insight into the glycan structures present on each N-glycosyla-
tion site of rKOR1WT, glycopeptides derived from proteolytic
digestion were analyzed by LC-ESI-MS. Mass spectrometry
revealed that all eight N-glycosylation sites are occupied with
N-glycans. Except for the peptide with glycosylation site Asn-
567, which harbored mainly oligomannosidic N-glycans (in
particular Man8GlcNAc2), the predominant structures present on
the other seven N-glycosylation sites were Golgi-processed pauci-
mannosidicN-glycans(Man3GlcNAc2andMan3FucGlcNAc2).Only
minor peaks with masses that match to oligomannosidic N-glycans
were found (Fig. 2).
KOR1 Single N-Glycosylation Site Mutants Are Functionally

Expressed in Insect Cells—To examine the impact of individual
N-glycans on rKOR1 expression, stability, and activity, selected
glycosylation sites were eliminated by site-directed mutagene-
sis where asparagine was changed to glutamine. N-Glycosyla-
tion sites Asn-216, Asn-324, and Asn-345 were chosen due to
their proximity to the proposed catalytic cleft of KOR1 (18). In
addition, glycosylation sites Asn-408, Asn-425, and Asn-567
were mutated because they are located in the catalytic domain
of KOR1 andmostly also present inKOR1 orthologs fromother
species. The first two sites (Asn-108 andAsn-133) that are close
to the transmembrane domain of native A. thaliana KOR1
were not mutated because they are not evolutionarily con-
served (18–20). To further investigate the role of glycosylation
for KOR1 expression and stability, we generated a double

FIGURE 1. Recombinant KOR1 is N-glycosylated. rKOR1 WT was expressed
in insect cells, purified from culture supernatants, and subjected to deglyco-
sylation with PNGase F and Endo H under denaturing conditions. Proteins
were separated by SDS-PAGE followed by immunoblotting with anti-KOR1
antibodies.
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mutant (N324Q/N345Q). All of the single N-glycosylation
mutants were efficiently expressed and could be purified from
the culture medium. However, the level of secretion was lower
for rKOR1 N567Q than for the other single mutants (Fig. 3A),
although the rKOR1 content of the respective cell extracts was
similar (data not shown). This suggests that absence of the
N-glycan attached to Asn-567 interferes with proper folding of
the enzyme in the endoplasmic reticulum of the insect cells in a
subtle manner. In contrast, the amount of secreted rKOR1
N324Q/N345Q was strongly reduced as compared with wild-
type and rKOR1N345Q (Fig. 3,B andC), indicating that folding
of the doublemutantwas heavily impaired. LC-ESI-MS analysis
of purified rKOR1 forms confirmed that all single-mutant pro-
teins lacked only the N-glycan usually attached to the mutated
asparagine residue (data not shown).
Removal of Individual N-Glycosylation Sites Affects KOR1

Activity—We chose to assay enzymatic activity of rKOR1 WT
and the mutant variants using carboxymethylcellulose ((car-
boxymethyl)cellulose 4M) as substrate and a reducing sugar
assay to monitor the released glucose. In previous studies, (car-
boxymethyl)cellulose 4M was proven to be the best substrate,
when KOR1 orthologs were analyzed with different known cel-

lulose derivatives (18, 20). rKOR1WTand themutated variants
hydrolyzed (carboxymethyl)cellulose 4M, albeit to a varying
extent. rKOR1 N408Q and rKOR1 N425Q displayed similar
hydrolysis rates as rKOR1WT, indicating that these twoN-gly-
cosylation sites are not critical for maximal enzymatic activity.
Mutations at glycosylation sites Asn-216, Asn-324, and Asn-
345 reduced KOR1 enzymatic activity by 15–30%. Removal of
the oligomannosidic N-glycan on glycosylation site Asn-567
resulted in themost pronounced difference with�50% of wild-
type activity (Table 1).
To ensure that the effect on KOR1 activity is not a matter

of protein instability due to the loss of individual N-glycans,
rKOR1WT and mutated forms were incubated at 30 °C over
a time range from 30 to 240 min prior to activity assays.
rKOR1 WT and all single mutants except for N425Q
retained at least 90% of their enzymatic activity after prein-
cubation for 120min (data not shown). In contrast, the activ-
ity of rKOR1 N425Q was found to be reduced to 69% (120
min) or 44% (240 min). The sensitivity of the activity assay
was tested using varying amounts of purified proteins. At
least 350 ng of recombinant protein per assay were needed to
obtain reliable results. The hydrolysis rate of (carboxymethyl)-

FIGURE 2. All eight N-glycosylation sites of recombinant rKOR1 harbor glycans. Spectra were obtained by LC-ESI-MS analysis of trypsin/chymotrypsin
double-digested rKOR1 WT purified from insect culture supernatants. The major peaks with masses corresponding to individual N-glycan structures attached
to the specified peptide are labeled. N-glycosylation sites are shown in bold and underlined. Sodium adducts are indicated with an asterisk. MU, Man2GlcNAc2;
MM, Man3GlcNAc2; MMF, Man3FucGlcNAc2; Man4 to Man9, Man4GlcNAc2 to Man9GlcNAc2. N108, Asn-108; N133, Asn-133; N216, Asn-216; N324, Asn-324; N345,
Asn-345; N408, Asn-408; N425, Asn-425; N567, Asn-567.
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cellulose 4Mdid increase in a linearmanner up to 4�g of enzyme
protein used per assay.
Enzymatic Deglycosylation Results in Reduced KOR1 Activity—

Previously, it was shown that enzymatic deglycosylation of the
heterologously produced B. napus and P. tremula x tremu-
loidesKOR1 orthologs caused an almost complete loss of enzy-
matic activity (18, 20). To test the impact of deglycosylation on
the activity of the A. thaliana enzyme, rKOR1WT and mutant
forms were treated with PNGase F and Endo H under non-
denaturing conditions. The extent of deglycosylation wasmon-
itored by immunoblotting with anti-KOR1 antibodies. For all

analyzed rKOR1 mutants, a reduction in molecular mass was
observed (Fig. 4A). In accordance with data for rKOR1WT, the
shift in mobility was more pronounced after treatment with
PNGase F. The slight shift of rKOR1 N567Q in the Endo H-di-
gested sample results very likely from removal of minor
amounts of oligomannosidic N-glycans present on the other
seven N-glycosylation sites.
Upon deglycosylation with PNGase F, rKOR1 displayed

�50% residual enzymatic activity (Fig. 4B), whereas Endo H
treatment of rKOR1 resulted in a loss of 20–30% compared

FIGURE 3. Comparison of rKOR1 WT and N-glycosylation mutant expres-
sion in insect cells. A, the indicated recombinant KOR1 variants were
expressed in insect cells using a baculovirus expression system and purified
from cell supernatants by means of affinity chromatography. Equal volumes
were separated by SDS-PAGE and analyzed by immunoblotting. B, compari-
son of expression levels in cell extracts (cells) and cell supernatants (medium)
of rKOR1 N345Q and the double mutant rKOR1 N324Q/N345Q. Extracts of
uninfected cells were included as negative control, and supernatant express-
ing rKOR1 WT was included as positive control. C, comparison of rKOR1 WT
and rKOR1 N324Q/N345Q expression levels in cell supernatants. 10 �l of cell
supernatant from cells expressing rKOR1 WT and rKOR1 N345Q/N345Q were
separated by SDS-PAGE and analyzed by immunoblotting with anti-KOR1
antibodies. Kif, kifunensine.

TABLE 1
Enzymatic activity of rKOR1 WT and mutated rKOR1 forms using (car-
boxymethyl)cellulose 4M as substrate
Data are expressed as means � S.D. of 2–7 experiments. KIF, kifunensine.

rKOR1 protein Enzyme activity

nmol min�1 mg�1

rKOR1WT 374 � 18
rN216Q 244 � 25a
rN324Q 307 � 8a
rN345Q 271 � 25a
rN408Q 379 � 18
rN425Q 394 � 34
rN567Q 200 � 15a
rKOR1 KIF 402 � 40

a p � 0.05 as compared to rKOR1WT.

FIGURE 4. rKOR1 WT and single N-glycosylation mutants display reduced
enzymatic activity upon deglycosylation with Endo H and PNGase F. A,
rKOR1 variants were expressed in insect cells, purified, and subjected to enzy-
matic deglycosylation with Endo H and PNGase F under non-denaturing con-
ditions followed by immunoblotting with anti-KOR1 antibodies. B, digested
and non-digested samples were subjected to activity assays with (carboxym-
ethyl)cellulose 4M as substrate. Data are expressed as mean � S.D. of three
independent experiments and presented as percentage of the specific activ-
ity of untreated rKOR1 WT (control). It was not possible to perform these
assays with the rKOR1 N567Q mutant due to insufficient amounts of purified
enzyme.
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with the initial enzymatic activity (Fig. 4B). Interestingly, the
specific activity of the single mutants N216Q, N324Q, N345Q,
N408Q, andN425Q after deglycosylationwith PNGase Fwas at
least as high as that of deglycosylated rKOR1WT.The activities
of glycosylationmutants treated with EndoHwere comparable
with that of Endo H-digested rKOR1 WT, being reduced by
20–30% as compared with the undigested forms.
To analyze the significance of the observed N-glycosylation

profile for rKOR1 activity, we expressed rKOR1 WT in insect
cells in the presence of kifunensine (rKOR1 KIF), a class I
�-mannosidase inhibitor that prevents processing of oligoman-
nosidic glycans in the endoplasmic reticulum. As a conse-
quence of kifunensine treatment, all eightN-glycans on rKOR1
should containMan5–9GlcNAc2 oligosaccharides instead of the
paucimannosidic structures detected on the wild-type enzyme.
Immunoblot analysis and subsequent affinity purification
showed that rKOR1 KIF was present in the culture supernatant
in amounts comparable with untreated rKOR1 WT (Fig. 3A).
The reducedmobility on SDS-PAGE indicated that rKOR1KIF
indeed contains largely unprocessed oligomannosidic N-gly-
cans (Fig. 5A). LC-ESI-MS analysis of glycopeptides from
rKOR1 KIF confirmed the presence of predominantly oligo-
mannosidic N-glycans (Man7GlcNAc2 to Man9GlcNAc2) (Fig.
5B and data not shown). Notably, the enzymatic activity of
rKOR1 KIF was indistinguishable from rKOR1 WT (Table 1),
indicating that processing of N-glycans from oligomannosidic
to paucimannosidic structures is not required for KOR1 activ-
ity. Interestingly, the activity of rKOR1 KIF was more sensitive
to Endo H than that of the wild-type enzyme. As expected, this
was not observed upon treatment with PNGase F (Fig. 5C).
Collectively, these data suggest that N-glycosylation is impor-
tant for KOR1 activity, but a distinct N-glycan structure is not
required for its function.
KOR1 Expressed in N. benthamiana Carries Complex and

Oligomannosidic N-Glycans—Next, we attempted to analyze
the glycosylation pattern of KOR1 expressed in plants. To this
end, we transiently expressed the full-length KOR1 protein,
including its cytoplasmic region and single transmembrane
domain in N. benthamiana leaf epidermal cells. To facilitate
purification and subcellular localization, the Fc domain of the
human IgG1 heavy chain andGFPwere fused to the C-terminal
end of KOR1. To distinguish between complex and oligoman-
nosidic N-glycans, KOR1-Fc-GFP was expressed in N. bentha-
mianawild-type and �XTFT lines (31) prior to treatment with
Endo H and PNGase F and analysis by immunoblotting with
anti-KOR1 antibodies. The complex N-glycans produced by
the �XTFT line are almost completely devoid of core �1,3-
fucose residues and thus sensitive to digestion by PNGase F.
KOR1-Fc-GFP produced in these plants was sensitive to Endo
H as well as PNGase F. However, the digested polypeptides
displayed different migration behavior indicative of the simul-
taneous presence of oligomannosidic and complex N-glycans
(Fig. 6). On immunoblots, intense 130-kDa bands as well as
faint bands with a molecular mass of �160 kDa were detected.
Immunoblot analysis with anti-GFP antibody revealed that the
upper band represents the full-length KOR1-Fc-GFP protein
(data not shown), whereas the lower band corresponds to
KOR1-Fc lacking the fluorescent protein tag. The glycan struc-

tures of KOR1 from the more abundant lower band were ana-
lyzed by mass spectrometry. In accordance with data from the
insect cell-derived rKOR1, all eightN-glycosylation sites of the
extracellular domain were occupied with glycans.N-Glycosyla-
tion sites Asn-108 and Asn-133 carried mainly oligomanno-
sidic N-glycans, whereas all other sites showed processed com-
plex N-glycans with GlcNAc2Man3GlcNAc2 (GnGnXF) as
predominant glycoform (Fig. 7).

FIGURE 5. Recombinant KOR1 with predominantly oligomannosidic
N-glycans is stably expressed in insect cells and fully active. rKOR1 WT
was expressed in insect cells in the absence or presence of kifunensine (KIF),
purified, and subjected to PNGase F or Endo H treatment. A, immunoblot
analysis with anti-KOR1 antibodies after enzymatic deglycosylation under
denaturing conditions. B, LC-ESI-MS analysis of rKOR1 WT expressed in the
presence of kifunensine (rKOR1 KIF). The glycosylation pattern of the peptide
containing Asn-425 is depicted. The N-glycosylation site is shown in bold and
underlined. MM, Man3GlcNAc2; Man6, Man6GlcNAc2; Man7, Man7GlcNAc2;
Man8, Man8GlcNAc2; Man9, Man9GlcNAc2. C, activity assays were performed
using (carboxymethyl)cellulose 4M as substrate after enzymatic deglycosyla-
tion under non-denaturing conditions. Data are expressed as mean � S.D. of
three independent experiments and presented as percentage of the specific
activity of untreated rKOR1 WT (control).

FIGURE 6. KOR1-Fc-GFP is N-glycosylated. KOR1-Fc-GFP was transiently
expressed in N. benthamiana wild-type or �XTFT plants, purified, and digested
with Endo H or PNGase F and then subjected to immunoblot analysis with anti-
human IgG or anti-KOR1 antibodies. Deglycosylation experiments with purified
KOR1-Fc-GFP were performed under denaturing conditions.

KORRIGAN1 N-Glycans

AUGUST 2, 2013 • VOLUME 288 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 22275



To determine whether individual N-glycans contribute to
expression and subcellular targeting of KOR1 in plants, we
introduced all N-glycosylation site mutations described above
also into KOR1-Fc-GFP. Furthermore, a triple mutant
(N216Q/N324Q/N345Q) was generated, which lacks allN-gly-
cosylation sites in the potential catalytic cleft of KOR1. All
detectable glycopeptides derived from the mutant variants dis-
played a similar glycosylation profile as observed for wild-type
KOR1 (Fig. 8, A and B). These findings demonstrate that the
N-glycans of the wild-type enzyme and the single, double, and
triple mutants tested are all properly processed in the plant
Golgi. However, enzymatic analysis of wild-type and mutant
KOR1-Fc-GFP could not be performed due to insufficient
amounts of purified protein.
Endogenous A. thaliana KOR1 Is Glycosylated with Oligo-

mannosidic and Complex N-Glycans—Expression of KOR1-
Fc-GFP in N. benthamiana showed the presence of oligomanno-
sidic and complex N-glycans. To investigate the glycosylation of
endogenous A. thaliana KOR1, proteins extracted from A. thali-
ana Col-0 seedlings as well as from the fut11 fut12 mutant (27),
whichgenerates complexN-glycans lackingcore�1,3-fucosewere
incubated in thepresenceor absenceofEndoHandPNGaseFand
then subjected to immunoblotting with anti-KOR1 antibodies. In
both genetic backgrounds, small shifts in mobility were observed
after Endo H treatment indicating the presence of oligomanno-
sidic N-glycans. In the fut11 fut12 line, PNGase F digestion
resulted inamobility shift thatwasmorepronounced than inwild-
type plants (Fig. 9), indicating that most of the N-glycosylation
sites of endogenous KOR1 are decorated with complexN-glycans

carrying core �1,3-fucose residues. In summary, these data are
fully in accordance with the N-glycan structures detected on
KOR1-Fc-GFP transiently expressed inN. benthamiana.
KOR1 G429R Contains only Oligomannosidic N-Glycans—

The phenotype of the rsw2-1mutant is caused by a point muta-
tion in the KOR1 gene leading to an amino acid change from
glycine to arginine (KOR1 G429R) (14). The described additive
growth phenotype of the cgl1 rsw2-1 double mutant suggests
that the N-glycans of rsw2-1 KOR1 are usually processed to
complex N-glycans in the Golgi (21). The amounts of endoge-
nous KOR1 in rsw2-1 seedlings are quite low, precluding direct
analysis of its N-glycosylation status (Fig. 10A). Consequently,
to investigate the nature of the N-glycans on KOR1 G429R, we
expressed a KOR1 G429R-Fc-GFP variant in N. benthamiana,
purified the protein, and analyzed its glycopeptides by LC-ESI-
MS. Although the obtained amounts of purified KOR1 G429R-
Fc-GFP were considerably lower than for KOR1-Fc-GFP, we
could identify four of the eight glycopeptides. The identified
glycopeptides displayed a predominant peak corresponding to
the mass of Man9GlcNAc2, with additional peaks correspond-
ing toMan8GlcNAc2 andGlc1Man9GlcNAc2 (Fig. 10B and data
not shown). The presence of oligomannosidic structures and
glucose-containing oligosaccharides instead of complexN-gly-
cans indicates that KOR1 G429R-Fc-GFP is retained by quality
control processes in the ER and hence does not reach the Golgi.
Collectively, these data strongly suggest that the severe pheno-
type of cgl1 rsw2-1 is not caused by an N-glycan processing
defect that directly affects KOR1 glycosylation.

FIGURE 7. KOR1-Fc-GFP is glycosylated with oligomannosidic and complex N-glycans when transiently expressed in N. benthamiana wild-type plants.
LC-ESI-MS analyses of all eight KOR1 glycopeptides. N-glycosylation sites are shown in bold and underlined. The asterisks denote the presence of ammonium
adducts. GnGnXF, GlcNAc2XylFucMan3GlcNAc2; GnMXF, GlcNAcXylFucMan3GlcNAc2; Man5, Man5GlcNAc2; Man6, Man6GlcNAc2; Man7, Man7GlcNAc2; Man8,
Man8GlcNAc2; Man9, Man9GlcNAc2; N108, Asn-108; N133, Asn-133; N216, Asn-216; N324, Asn-324; N345, Asn-345; N408, Asn-408; N425, Asn-425; N567, Asn-567.
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DISCUSSION

N-Glycosylation is a major co- and post-translational modi-
fication in plants and the majority of all proteins destined for
different compartments of the endomembrane pathway are
glycosylated. The N-glycan biosynthesis and processing path-
ways of A. thaliana are already quite well understood (36, 37),
and it has been shown that N-glycosylation is crucial for plant
development (3, 23, 38, 39) and plays an important role in tol-
erance and response to biotic and abiotic stress (21, 22, 40–46).

However, the analysis of the N-glycoproteome and the N-gly-
cosylation state of individual glycoproteins from A. thaliana
and other plant species is still in its infancy (34, 47–49). In this
study, we investigated the N-glycans of A. thaliana KOR1 and
their role for protein stability and enzymatic activity.

FIGURE 8. KOR1 N-glycosylation mutants contain complex N-glycans when expressed in plants. A, LC-ESI MS analyses of the glycopeptide containing
glycosylation site Asn-425. B, LC-ESI MS analyses of the glycopeptide containing glycosylation site Asn-408. All KOR1-Fc-GFP N-glycosylation mutant variants
were transiently expressed in N. benthamiana wild-type plants, purified, and subjected to MS analysis. N-glycosylation sites are shown in bold and underlined.
GnGnXF, GlcNAc2XylFucMan3GlcNAc2; GnMXF, GlcNAcXylFucMan3GlcNAc2; Man5, Man5GlcNAc2; Man6, Man6GlcNAc2; Man7, Man7GlcNAc2; Man8,
Man8GlcNAc2; Man9, Man9GlcNAc2; N408, Asn-408; N425, Asn-425.

FIGURE 9. Endogenous A. thaliana KOR1 protein is sensitive to endogly-
cosidase treatment. Protein extracts of wild-type and fut11 fut12 seedlings
were digested with Endo H and PNGase F, subjected to SDS-PAGE, and ana-
lyzed by immunoblotting with anti-KOR1 antibodies. The position of the
undigested KOR1 band is marked by an asterisk. FIGURE 10. KOR1 G429R-Fc-GFP expressed in N. benthamiana carries oli-

gomannosidic N-glycans. A, immunoblot analysis of protein extracts from
Col-0 wild type (wt) and rsw2–1 seedlings. The position of the wild-type KOR1
band is marked by an asterisk. B, KOR1 G429R-Fc-GFP was purified from
N. benthamiana leaves and subjected to LC-ESI-MS analysis. Glycosylation of
the peptide containing Asn-425 is depicted. The N-glycosylation site is shown
in bold and underlined. Man8, Man8GlcNAc2; Man9, Man9GlcNAc2; N425,
Asn-425.

KORRIGAN1 N-Glycans

AUGUST 2, 2013 • VOLUME 288 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 22277



Overall, our data for recombinant insect cell-derived
A. thaliana KOR1 are consistent with enzyme activity assays
reported in previous studies for KOR1 orthologs (18, 20) and
confirm thatN-glycosylation of KOR1 is important for its activ-
ity. In contrast to the previous findings, where 80% andmore of
the enzymatic activity was lost upon deglycosylation we could
still detect a considerable amount of residual enzymatic activity
in our study. In addition, our data suggest that different N-gly-
cans contribute to optimal KOR1 enzymatic activity and proper
folding of KOR1 when recombinantly expressed in insect cells.
Individual mutation of Asn-216, Asn-324, Asn-345, and Asn-
567 into glutamine resulted in considerably lower enzymatic
activity. In the case of Asn-216, Asn-324, and Asn-345, this
effect could be due to the proximity of these residues to the
putative active site of KOR1. However, this does not apply to
Asn-567. Because removal of the latterN-glycosylation site also
resulted in reduced secretion of the recombinant enzyme, it
appears likely that absence of theN-glycan attached to Asn-567
interferes with proper folding of KOR1 rather than exerting a
direct effect on its enzymatic activity.
Notably, the effects of the different N-glycosylation site

mutations onKOR1-Fc expression in plants is less pronounced.
For example, the double mutant lackingN-glycans on two con-
served KOR1 N-glycosylation sites (Asn-324, Asn-345) could
not be efficiently expressed in insect cells, whereas the full-
length KOR1-Fc-GFP variant with the same mutations was
produced in comparable amounts aswild-typeKOR1 inN. ben-
thamiana. The presence of complex N-glycans demonstrates
further that this mutant variant is processed in the plant Golgi,
suggesting normal transport through the endomembrane sys-
tem. In future studies, it remains to be shown whether the dif-
ferent N-glycan mutants can complement kor1 mutants and
whetherN-glycosylation of KOR1 is required for its function in
plants.
We attempted to purify native KOR1 from A. thaliana seed-

lings using affinity purificationwith different antibodies against
KOR1. However, despite numerous efforts, it was not possible
to enrich sufficient amounts of endogenous KOR1 to perform
glycosylation site analysis bymass spectrometry. Consequently,
we transiently expressed a KOR1 fusion protein in leaves of
N. benthamiana for analysis of its N-glycan composition when
produced in planta. In accordance with data from endoglyco-
sidase treatment and immunoblotting of endogenous KOR1
from A. thaliana seedlings, we detected oligomannosidic as
well as processed complex N-glycans. Notably, we observed
minor differences between N-glycans present on recombinant
KOR1 produced in insect cells and KOR1 expressed in N. ben-
thamiana leaf epidermal cells. These differences are found on
the first two and the lastN-glycosylation sites and are very likely
caused by the presence/absence of different protein domains.
In insect cells, we expressed a soluble KOR1 variant lacking the
N-terminal cytoplasmic region and the single transmembrane
domain to obtain a secreted form of the protein that can be
readily purified from cell supernatants and used for in vitro
activity assays. These constructs were designed to allow a direct
comparison with previous studies relying on recombinant
enzymes produced in P. pastoris (18, 20). In plants, we
expressed full-length KOR1 fused to GFP and the Fc domain of

human IgG. Although we cannot rule out that the protein tags
for purification and localization influence protein folding
and/or accessibility of individual glycosylation sites, it is more
likely that the major effect comes from the membrane anchor-
ing ofKOR1.The first twoN-glycan sites ofKOR1 are very close
to the transmembrane domain and consequently might not be
as accessible for processing as sites that aremore exposed in the
catalytic domain. This proximity to the membrane could
explain the presence of partially or unprocessed oligomanno-
sidicN-glycans onAsn-108 andAsn-133. In contrast, these two
sites are probably accessible (and thus modified with pauci-
mannosidic N-glycans) in the variant produced in insect cells,
which lacks the 90 most N-terminal amino acid residues.
Furthermore, we cannot exclude that KOR1 folding and ER-

mediated quality control are different in insect cells and in
plants. The presence/absence of certain molecular chaperones,
lectins, or folding catalysts could contribute to the observed
differences in N-glycan maturation as well as the different fate
of the double N-glycosylation site mutant. Plants contain, for
example, two calnexin and three calreticulin proteins, and cal-
reticulin 3 seems specific for plants and has been found to play
an important role in ER quality control processes of heavily
glycosylated leucine-rich repeat receptor kinases (43, 44, 50).
The finding that the A. thaliana mutants cgl1 and mns3,

which both harbor alterations in complex N-glycan formation,
enhance the growth phenotype of the temperature-sensitive
rsw2-1 allele even at the permissive temperature (21, 23) led to
the hypothesis that processing of KOR1N-glycans in the Golgi
could play a direct role for KOR1 function (21, 24). Block of
N-glycan maturation in the cgl1 mutant causes the accumula-
tion of Man5GlcNAc2 structures because all subsequentN-gly-
can processing reactions leading to the formation of hybrid and
complexN-glycans depend onGnTI activity, which is impaired
in this mutant (51–53). Themns3mutant accumulates mainly
Man6GlcNAc2 and displays considerably reduced amounts of
GnGnXF, the most common complex N-glycan in A. thaliana
leaves and seedlings (23). Our results for the recombinant
KOR1 variant carrying only oligomannosidic N-glycans indi-
cates thatN-glycan processing in the Golgi is not important for
KOR1 enzymatic activity. As a consequence, it is possible that
the complex N-glycan processing defects in cgl1 and mns3 do
not directly affect the KOR1 protein variant present in rsw2-1
but have additional as yet unidentified glycoprotein targets that
could be important for KOR1 function(s) in planta. The pres-
ence of oligomannosidic N-glycans on KOR1-G429R-Fc-GFP
(which is indicative of ER retention) further corroborates this
finding. The observed additive phenotype of cgl1 rsw2-1 and
mns3 rsw2-1 could be caused by a combination of the KOR1
defect in rsw2-1 and the N-glycan processing defect involving
one or several other glycoproteins that could (but not necessar-
ily have to) act in the same cellular pathway (cellulose synthe-
sis). Alternatively, the less severe phenotype of rsw2-1 com-
pared with other kor1 mutants (14, 17) indicates that a small
amount of KOR1 G429R escapes from the ER quality control
process and is targeted through the Golgi to its final destina-
tion, where it is partially or fully functional. In this scenario,
alteredN-glycan processing inmns3 and cgl1 could still directly
affect the subcellular localization or function of KOR1 G429R.
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Further studies such as the combination of rsw2-1with other
N-glycosylation and N-glycan processing mutants (27, 54, 55)
and the characterization of additional glycoproteins are neces-
sary to finally understand the role of complexN-glycans in cel-
lulose biosynthesis.

Acknowledgments—Weare grateful to Barbara Svoboda for helpwith
KOR1 production in insect cells. We also thank Ulrike Vavra, Saida
Reddy Bhavanam, Jakub Jez, Pia Gattinger, and Martina Dicker
(Department of Applied Genetics and Cell Biology, University of Nat-
ural Resources and Life Sciences, Vienna, Austria) for assistance in
cloning, protein purification, and glycopeptide preparation. We also
thank Johannes Stadlmann and Daniel Maresch (Department of
Chemistry, University ofNatural Resources and Life Sciences, Vienna,
Austria) for MS analysis.

REFERENCES
1. Varki, A. (1993) Biological roles of oligosaccharides: all of the theories are

correct. Glycobiology 3, 97–130
2. Lukowitz, W., Nickle, T. C., Meinke, D. W., Last, R. L., Conklin, P. L., and

Somerville, C. R. (2001) Arabidopsis cyt1mutants are deficient in a man-
nose-1-phosphate guanylyltransferase and point to a requirement of N-
linked glycosylation for cellulose biosynthesis. Proc. Natl. Acad. Sci. U.S.A.
98, 2262–2267

3. Gillmor, C. S., Poindexter, P., Lorieau, J., Palcic, M. M., and Somerville, C.
(2002) �-Glucosidase I is required for cellulose biosynthesis andmorpho-
genesis in Arabidopsis. J. Cell Biol. 156, 1003–1013

4. Burn, J. E., Hurley, U. A., Birch, R. J., Arioli, T., Cork, A., andWilliamson,
R. E. (2002) The cellulose-deficient Arabidopsis mutant rsw3 is defective
in a gene encoding a putative glucosidase II, an enzyme processing N-
glycans during ER quality control. Plant J. 32, 949–960

5. Fanata, W. I., Lee, K. H., Son, B. H., Yoo, J. Y., Harmoko, R., Ko, K. S.,
Ramasamy, N. K., Kim, K. H., Oh, D. B., Jung, H. S., Kim, J. Y., Lee, S. Y.,
and Lee, K. O. (2013) N-glycan maturation is crucial for cytokinin-medi-
ated development and cellulose synthesis in Oryza sativa. Plant J. 73,
966–979

6. Somerville, C. (2006) Cellulose synthesis in higher plants. Annu. Rev. Cell
Dev. Biol. 22, 53–78

7. Delmer, D. P. (1999) CELLULOSE BIOSYNTHESIS: Exciting times for a
difficult field of study. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50,
245–276

8. Guerriero, G., Fugelstad, J., and Bulone, V. (2010)What do we really know
about cellulose biosynthesis in higher plants? J. Integr. Plant Biol. 52,
161–175

9. Maloney, V. J., and Mansfield, S. D. (2010) Characterization and varied
expression of a membrane-bound endo-�-1,4-glucanase in hybrid poplar.
Plant Biotechnol. J. 8, 294–307

10. Endler, A., and Persson, S. (2011) Cellulose synthases and synthesis in
Arabidopsis.Mol. Plant 4, 199–211

11. Nicol, F., His, I., Jauneau, A., Vernhettes, S., Canut, H., and Höfte, H.
(1998) A plasma membrane-bound putative endo-1,4-�-D-glucanase is
required for normal wall assembly and cell elongation in Arabidopsis.
EMBO J. 17, 5563–5576

12. Peng, L., Hocart, C. H., Redmond, J. W., and Williamson, R. E. (2000)
Fractionation of carbohydrates in Arabidopsis root cell walls shows that
three radial swelling loci are specifically involved in cellulose production.
Planta 211, 406–414

13. His, I., Driouich, A., Nicol, F., Jauneau, A., and Höfte, H. (2001) Altered
pectin composition in primary cell walls of korrigan, a dwarf mutant of
Arabidopsis deficient in a membrane-bound endo-1,4-�-glucanase.
Planta 212, 348–358

14. Lane, D. R., Wiedemeier, A., Peng, L., Höfte, H., Vernhettes, S., Desprez,
T., Hocart, C. H., Birch, R. J., Baskin, T. I., Burn, J. E., Arioli, T., Betzner,
A. S., andWilliamson, R. E. (2001) Temperature-sensitive alleles of RSW2
link the KORRIGAN endo-1,4-�-glucanase to cellulose synthesis and cy-

tokinesis in Arabidopsis. Plant Physiol. 126, 278–288
15. Sato, S., Kato, T., Kakegawa, K., Ishii, T., Liu, Y. G., Awano, T., Takabe, K.,

Nishiyama, Y., Kuga, S., Sato, S., Nakamura, Y., Tabata, S., and Shibata, D.
(2001) Role of the putative membrane-bound endo-1,4-�-glucanase
KORRIGAN in cell elongation and cellulose synthesis in Arabidopsis
thaliana. Plant Cell Physiol. 42, 251–263

16. Szyjanowicz, P. M., McKinnon, I., Taylor, N. G., Gardiner, J., Jarvis, M. C.,
and Turner, S. R. (2004) The irregular xylem 2 mutant is an allele of
korrigan that affects the secondary cell wall ofArabidopsis thaliana. Plant
J. 37, 730–740

17. Zuo, J., Niu, Q.W., Nishizawa, N.,Wu, Y., Kost, B., andChua, N. H. (2000)
KORRIGAN, an Arabidopsis endo-1,4-�-glucanase, localizes to the cell
plate by polarized targeting and is essential for cytokinesis. Plant Cell 12,
1137–1152

18. Master, E. R., Rudsander, U. J., Zhou, W., Henriksson, H., Divne, C., Den-
man, S., Wilson, D. B., and Teeri, T. T. (2004) Recombinant expression
and enzymatic characterization of PttCel9A, a KOR homologue from
Populus tremula x tremuloides. Biochemistry 43, 10080–10089

19. Maloney, V. J., Samuels, A. L., and Mansfield, S. D. (2012) The endo-1,4-
�-glucanase Korrigan exhibits functional conservation between gymno-
sperms and angiosperms and is required for proper cell wall formation in
gymnosperms. New Phytol. 193, 1076–1087

20. Mølhøj, M., Ulvskov, P., and Dal Degan, F. (2001) Characterization of a
functional soluble form of a Brassica napus membrane-anchored endo-
1,4-�-glucanase heterologously expressed in Pichia pastoris. Plant
Physiol. 127, 674–684

21. Kang, J. S., Frank, J., Kang, C. H., Kajiura, H., Vikram,M., Ueda, A., Kim, S.,
Bahk, J. D., Triplett, B., Fujiyama, K., Lee, S. Y., von Schaewen, A., and
Koiwa, H. (2008) Salt tolerance of Arabidopsis thaliana requires matura-
tion of N-glycosylated proteins in the Golgi apparatus. Proc. Natl. Acad.
Sci. U.S.A. 105, 5933–5938

22. Farid, A., Malinovsky, F. G., Veit, C., Schoberer, J., Zipfel, C., and Strasser,
R. (2013) Specialized roles of the conserved subunit OST3/6 of the oligo-
saccharyltransferase complex in innate immunity and tolerance to abiotic
stresses. Plant Physiol. 162, 24–38

23. Liebminger, E., Hüttner, S., Vavra, U., Fischl, R., Schoberer, J., Grass, J.,
Blaukopf, C., Seifert, G. J., Altmann, F., Mach, L., and Strasser, R. (2009)
Class I �-mannosidases are required for N-glycan processing and root
development in Arabidopsis thaliana. Plant Cell 21, 3850–3867

24. von Schaewen, A., Frank, J., and Koiwa, H. (2008) Role of complex N-
glycans in plant stress tolerance. Plant Signal Behav. 3, 871–873

25. Sarkar, M., Pagny, S., Unligil, U., Joziasse, D., Mucha, J., Glössl, J., and
Schachter, H. (1998) Removal of 106 amino acids from the N-terminus of
UDP-GlcNAc: �-3-D-mannoside �-1,2-N-acetylglucosaminyltransferase
I does not inactivate the enzyme. Glycoconj. J. 15, 193–197

26. Bencúr, P., Steinkellner, H., Svoboda, B., Mucha, J., Strasser, R., Kolarich,
D., Hann, S., Köllensperger, G., Glössl, J., Altmann, F., andMach, L. (2005)
Arabidopsis thaliana �1,2-xylosyltransferase: an unusual glycosyltrans-
ferase with the potential to act at multiple stages of the plant N-glycosy-
lation pathway. Biochem. J. 388, 515–525

27. Strasser, R., Altmann, F., Mach, L., Glössl, J., and Steinkellner, H. (2004)
Generation of Arabidopsis thaliana plants with complex N-glycans lack-
ing �1,2-linked xylose and core �1,3-linked fucose. FEBS Lett. 561,
132–136

28. Strasser, R., Bondili, J. S., Schoberer, J., Svoboda, B., Liebminger, E., Glössl,
J., Altmann, F., Steinkellner, H., andMach, L. (2007) Enzymatic properties
and subcellular localization of Arabidopsis �-N-acetylhexosaminidases.
Plant Physiol. 145, 5–16

29. Saint-Jore, C.M., Evins, J., Batoko, H., Brandizzi, F., Moore, I., and Hawes,
C. (2002) Redistribution of membrane proteins between the Golgi appa-
ratus and endoplasmic reticulum in plants is reversible and not dependent
on cytoskeletal networks. Plant J. 29, 661–678

30. Schoberer, J., Vavra, U., Stadlmann, J., Hawes, C., Mach, L., Steinkellner,
H., and Strasser, R. (2009) Arginine/lysine residues in the cytoplasmic tail
promote ER export of plant glycosylation enzymes. Traffic 10, 101–115

31. Strasser, R., Stadlmann, J., Schähs,M., Stiegler, G., Quendler, H.,Mach, L.,
Glössl, J., Weterings, K., Pabst, M., and Steinkellner, H. (2008) Generation
of glyco-engineeredNicotiana benthamiana for the production of mono-

KORRIGAN1 N-Glycans

AUGUST 2, 2013 • VOLUME 288 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 22279



clonal antibodies with a homogeneous human-like N-glycan structure.
Plant Biotechnol. J. 6, 392–402

32. Stadlmann, J., Pabst, M., Kolarich, D., Kunert, R., and Altmann, F. (2008)
Analysis of immunoglobulin glycosylation by LC-ESI-MSof glycopeptides
and oligosaccharides. Proteomics 8, 2858–2871

33. Kolarich, D., Jensen, P. H., Altmann, F., and Packer, N. H. (2012) Deter-
mination of site-specific glycan heterogeneity on glycoproteins.Nat. Pro-
toc. 7, 1285–1298

34. Liebminger, E., Grass, J., Jez, J., Neumann, L., Altmann, F., and Strasser, R.
(2012) Myrosinases TGG1 and TGG2 from Arabidopsis thaliana contain
exclusively oligomannosidic N-glycans. Phytochemistry 84, 24–30

35. Tretter, V., Altmann, F., and März, L. (1991) Peptide-N4-(N-acetyl-�-
glucosaminyl)asparagine amidase F cannot release glycans with fucose
attached�1–3 to the asparagine-linkedN-acetylglucosamine residue.Eur.
J. Biochem. 199, 647–652

36. Pattison, R. J., and Amtmann, A. (2009)N-glycan production in the endo-
plasmic reticulum of plants. Trends Plant Sci. 14, 92–99

37. Schoberer, J., and Strasser, R. (2011) Sub-compartmental organization of
Golgi-resident N-glycan processing enzymes in plants. Mol. Plant 4,
220–228

38. Boisson, M., Gomord, V., Audran, C., Berger, N., Dubreucq, B., Granier,
F., Lerouge, P., Faye, L., Caboche, M., and Lepiniec, L. (2001) Arabidopsis
glucosidase I mutants reveal a critical role of N-glycan trimming in seed
development. EMBO J. 20, 1010–1019

39. Farid, A., Pabst, M., Schoberer, J., Altmann, F., Glössl, J., and Strasser, R.
(2011)Arabidopsis thaliana�1,2-glucosyltransferase (ALG10) is required
for efficient N-glycosylation and leaf growth. Plant J. 68, 314–325

40. Koiwa, H., Li, F., McCully, M. G., Mendoza, I., Koizumi, N., Manabe, Y.,
Nakagawa, Y., Zhu, J., Rus, A., Pardo, J. M., Bressan, R. A., and Hasegawa,
P. M. (2003) The STT3a subunit isoform of the Arabidopsis oligosaccha-
ryltransferase controls adaptive responses to salt/osmotic stress. Plant
Cell 15, 2273–2284

41. Nekrasov, V., Li, J., Batoux,M., Roux,M., Chu, Z.H., Lacombe, S., Rougon,
A., Bittel, P., Kiss-Papp,M., Chinchilla, D., van Esse, H. P., Jorda, L., Schw-
essinger, B., Nicaise, V., Thomma, B. P.,Molina, A., Jones, J. D., and Zipfel,
C. (2009) Control of the pattern-recognition receptor EFR by an ER pro-
tein complex in plant immunity. EMBO J. 28, 3428–3438

42. Lu, X., Tintor, N., Mentzel, T., Kombrink, E., Boller, T., Robatzek, S.,
Schulze-Lefert, P., and Saijo, Y. (2009) Uncoupling of sustained MAMP
receptor signaling from early outputs in an Arabidopsis endoplasmic re-
ticulum glucosidase II allele. Proc. Natl. Acad. Sci. U.S.A. 106,
22522–22527

43. Li, J., Zhao-Hui, C., Batoux, M., Nekrasov, V., Roux, M., Chinchilla, D.,
Zipfel, C., and Jones, J. (2009) Specific ER quality control components
required for biogenesis of the plant innate immune receptor EFR. Proc.
Natl. Acad. Sci. U.S.A. 106, 15973–15978

44. Saijo, Y., Tintor,N., Lu, X., Rauf, P., Pajerowska-Mukhtar, K., Häweker,H.,
Dong, X., Robatzek, S., and Schulze-Lefert, P. (2009) Receptor quality
control in the endoplasmic reticulum for plant innate immunity. EMBO J.
28, 3439–3449

45. Häweker, H., Rips, S., Koiwa, H., Salomon, S., Saijo, Y., Chinchilla, D.,
Robatzek, S., and von Schaewen, A. (2010) Pattern recognition receptors
require N-glycosylation to mediate plant immunity. J. Biol. Chem. 285,
4629–4636

46. von Numers, N., Survila, M., Aalto, M., Batoux, M., Heino, P., Palva, E. T.,
and Li, J. (2010) Requirement of a homolog of glucosidase II �-subunit for
EFR-mediated defense signaling in Arabidopsis thaliana. Mol. Plant 3,
740–750

47. Zhang, Y., Giboulot, A., Zivy, M., Valot, B., Jamet, E., and Albenne, C.
(2011) Combining various strategies to increase the coverage of the plant
cell wall glycoproteome. Phytochemistry 72, 1109–1123

48. Zielinska, D. F., Gnad, F., Schropp, K., Wiśniewski, J. R., and Mann, M.
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