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Editorial Expression of Concern and Corrections

EDITORIAL EXPRESSION OF CONCERN. PNAS is publishing an Edito-
rial Expression of Concern regarding the following three articles:

(i) PHYSIOLOGY. “NCX-1000, a NO-releasing derivative of ur-
sodeoxycholic acid, selectively delivers NO to the liver and
protects against development of portal hypertension,” by Ste-
fano Fiorucci, Elisabetta Antonelli, Olivia Morelli, Andrea
Mencarelli, Alessandro Casini, Tommaso Mello, Barbara Palaz-
zetti, Dominique Tallet, Piero del Soldato, and Antonio Morelli,
which appeared in issue 15, July 17, 2001, of Proc Natl Acad Sci
USA (98:8897-8902; first published July 10, 2001; 10.1073/
pnas.151136298);

(if) PHARMACOLOGY. “NCX-1015, a nitric-oxide derivative of
prednisolone, enhances regulatory T cells in the lamina propria
and protects against 2,4,6-trinitrobenzene sulfonic acid-induced
colitis in mice,” by Stefano Fiorucci, Elisabetta Antonelli,
Eleonora Distrutti, Piero Del Soldato, Roderick J. Flower, Mark
J. Paul Clark, Antonio Morelli, Mauro Perretti, and Louis J.
Ignarro, which appeared in issue 24, November 26, 2002, of Proc
Natl Acad Sci USA (99:15770-15775; first published November
11, 2002; 10.1073 /pnas.232583599); and

(iif) MEDICAL SCIENCES. “A B-oxidation-resistant lipoxin Ay
analog treats hapten-induced colitis by attenuating inflamma-
tion and immune dysfunction,” by Stefano Fiorucci, John L.
Wallace, Andrea Mencarelli, Eleonora Distrutti, Giovanni
Rizzo, Silvana Farneti, Antonio Morelli, Jih-Lie Tseng, Babu
Suramanyam, William J. Guilford, and John F. Parkinson, which
appeared in issue 44, November 2, 2004, of Proc Natl Acad Sci
USA (101:15736-15741; first published October 25, 2004;
10.1073 /pnas.0404722101).

The editors wish to note that a reader has raised questions
about the apparent duplication in the use of certain figures in the
foregoing articles. We have been informed by the University of
Perugia, Italy, of an ongoing review conducted by an inquiry
committee at the university. We are awaiting the findings of the
committee to determine the appropriate next steps.

Randy Schekman, Editor-in-Chief

www.pnas.org/cgi/doi/10.1073/pnas.0803890105

WWW.pnas.org

PLANT BIOLOGY. For the article “Salt tolerance of Arabidopsis
thaliana requires maturation of N-glycosylated proteins in the
Golgi apparatus,” by Jae Sook Kang, Julia Frank, Chang Ho
Kang, Hiroyuki Kajiura, Meenu Vikram, Akihiro Ueda, Sewon
Kim, Jeong Dong Bahk, Barbara Triplett, Kazuhito Fujiyama,
Sang Yeol Lee, Antje von Schaewen, and Hisashi Koiwa, which
appeared in issue 15, April 15, 2008, of Proc Natl Acad Sci USA
(105:5933-5938; first published April 11, 2008; 10.1073/
pnas.0800237105), the authors note that the affiliation for
Kazuhito Fujiyama should have appeared as Osaka University.
The corrected author line, the affiliation line, and a related
footnote appear below.

Jae Sook Kang*, Julia Frank®, Chang Ho Kang**, Hiroyuki
Kajiura$, Meenu Vikram*, Akihiro Ueda*, Sewon Kim*,
Jeong Dong Bahk*, Barbara Triplett", Kazuhito Fujiyamas$,
Sang Yeol Lee*!, Antje von Schaewen'l, and Hisashi
Koiwa*!

*Brain Korea-21, Division of Applied Life Science and Environmental
Biotechnology National Core Research Center, Graduate School of
Gyeongsang National University, Jinju 660-701, Korea; "Molekulare
Physiologie der Pflanzen, Institut fur Botanik, Westfalische
Wilhelms-Universitat Minster, Schlossgarten 3, 48149 Minster, Germany;
*Vegetable and Fruit Improvement Center, Department of Horticultural
Sciences, and Molecular and Environmental Plant Science Program, Texas
A&M University, College Station, TX 77843-2133; SInternational Center for
Biotechnology, Osaka University, 2-1 Yamada-oka, Suita, Osaka 565-0871,
Japan; and TCotton Fiber Bioscience Research Unit, Southern Regional
Research Center, Agricultural Research Service, United States Department
of Agriculture, 1100 Robert E. Lee Boulevard, New Orleans, LA 70124

ITo whom correspondence may be addressed. E-mail: koiwa@neo.tamu.edu,
sylee@nongae.ac.kr, or schaewen@uni-muenster.de.

www.pnas.org/cgi/doi/10.1073/pnas.0803745105

NEUROSCIENCE. For the article “Organization of the core structure
of the postsynaptic density,” by Xiaobing Chen, Christine Win-
ters, Rita Azzam, Xiang Li, James A. Galbraith, Richard D.
Leapman, and Thomas S. Reese, which appeared in issue 11,
March 18, 2008, of Proc Natl Acad Sci USA (105:4453-4458; first
published March 7, 2008; 10.1073/pnas.0800897105), the au-
thors note that on page 4455, right column, in “AMPAR-Type
Structures,” paragraph 2, line 10, the phrase “from replica
labeling (20 * 4 nm) (28)” should instead read: “from replica
labeling (20 = 4 nm) (48).” The authors also wish to add the
following reference citation:

48. Tanaka J, et al. (2005) Number and density of AMPA receptors in single synapses in
immature cerebellum. J Neurosci 25:799-807.

www.pnas.org/cgi/doi/10.1073/pnas.0803900105
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Salt tolerance of Arabidopsis thaliana requires
maturation of N-glycosylated proteins in

the Golgi apparatus

Jae Sook Kang*, Julia Frank®, Chang Ho Kang**, Hiroyuki Kajiura$, Meenu Vikram*, Akihiro Ueda*, Sewon Kim*,
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Environmental Plant Science Program, Texas A&M University, College Station, TX 77843-2133; SInternational Center for Biotechnology, Osaka University,
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Protein N-glycosylation in the endoplasmic reticulum (ER) and in
the Golgi apparatus is an essential process in eukaryotic cells.
Although the N-glycosylation pathway in the ER has been shown
to regulate protein quality control, salt tolerance, and cellulose
biosynthesis in plants, no biological roles have been linked func-
tionally to N-glycan modifications that occur in the Golgi appara-
tus. Herein, we provide evidence that mutants defective in N-
glycan maturation, such as complex glycan 1 (cgl/1), are more
salt-sensitive than wild type. Salt stress caused growth inhibition,
aberrant root-tip morphology, and callose accumulation in cgl1,
which were also observed in an ER oligosaccharyltransferase mu-
tant, staurosporin and temperature sensitive 3a (stt3a). Unlike
stt3a, cgl1 did not cause constitutive activation of the unfolded
protein response. Instead, aberrant modification of the plasma
membrane glycoprotein KORRIGAN 1/RADIALLY SWOLLEN 2
(KOR1/RSW2) that is necessary for cellulose biosynthesis occurred
in cgl1 and stt3a. Genetic analyses identified specific interactions
among rsw2, stt3a, and cgl/1 mutations, indicating that the function
of KOR1/RSW2 protein depends on complex N-glycans. Further-
more, cellulose deficient rsw1-1 and rsw2-1 plants were also
salt-sensitive. These results establish that plant protein N-
glycosylation functions beyond protein folding in the ER and is
necessary for sufficient cell-wall formation under salt stress.

complex N-glycans | endoplasmic reticulum stress | salt stress

Protein N-glycosylation is an essential posttranslational mod-
ification for eukaryotic cells (1, 2). It occurs predominantly
in the luminal space of the endoplasmic reticulum (ER), which
is the entry site into the secretory system. N-glycosylation is
catalyzed by the oligosaccharyltransferase (OST) complex, a
multisubunit enzyme (3, 4) that transfers preassembled core
oligosaccharides (GlcsMangGlcNac,) to asparagine residues
(Asn-X-Ser/Thr) of the nascent polypeptide chain [supporting
information (SI) Fig. S1]. Immediately after covalent coupling to
the polypeptide chain, the terminal glucose residues of the
core-oligosaccharides are removed by ER glucosidases I and II.
Trimmed N-glycans are recognized by the lectin chaperones
calnexin and calreticulin, which are associated, in animal cells,
with the cochaperone ERp57 (5). Interference with any of these
processes results in the accumulation of misfolded proteins in the
ER lumen and triggers the unfolded-protein response (UPR), a
major protein quality-control mechanism of the ER. UPR
induces expression of genes that promote proper protein folding
in the ER, such as calnexin, calreticulin, binding protein (BiP),
and peptide disulfide isomerase (6, 7). In mammals, UPR also
inhibits protein synthesis (8) and causes cell-cycle arrest at the Gy
phase (9).

www.pnas.org/cgi/doi/10.1073/pnas.0800237105

Glycosidases and glycosyltransferases in the Golgi apparatus
are responsible for the formation of complex (and hybrid)
N-glycans. Plant complex N-glycans are unique because these
contain B1,2-xylose and core al,3-fucose residues that are not
found in human N-glycans (10, 11). The high-mannose N-glycans
on glycoproteins exported from the ER are trimmed by a-
mannosidase I in the cis Golgi. The first step in the formation of
complex N-glycans in the Golgi apparatus is catalyzed by B1,2-
N-acetylglucosaminyltransferase I (GnTI) (12), followed by
steps comprising a-mannosidase II (13), GnTII (14), B1,2-
xylosyltransferase (15), and a1,3-fucosyltransferase (16). Finally,
B1,3-galactosyltransferase (17) and a1,4-fucosyltransferase (18)
further modify complex N-glycans to produce Lewis a epitopes (19).

In plants, defects in the ER N-glycosylation pathway are
associated with diverse phenotypes. Null mutations in Arabidop-
sis genes encoding mannose-1-phosphate guanylyltransferase
(CYTI) (20, 21), ER a-glucosidase I (KNOPF/GCSI) (22, 23),
which function in an early stage of the protein N-glycosylation
pathway, result in lethality. Plants containing weak alleles of
these genes, however, are viable and exhibit deficiency in
cellulose biosynthesis, similar to mutants that are compromised
for cellulose synthase subunit A1/RADIALLY SWOLLEN 1
(CESA1/RSW1) or endo-B1,4-glucanase KORRIGAN 1/RA-
DIALLY SWOLLEN 2 (KOR1/RSW2) proteins (24, 25). On
the other hand, dysfunction of ST73a, a catalytic subunit of OST,
results in accumulation of underglycosylated proteins and pro-
moter activation of the ER chaperon BiP and confers salt/
osmotic stress sensitivity (salt sensitivity). The salt-sensitive
response of the mutants is associated with mitotic arrest of the
root apical meristem and radial swelling of root tips (26) similar
to the phenotype of cellulose deficiency induced by genetic
mutations (25) or by treatments with cellulose biosynthesis
inhibitors (27). In contrast, no physiological phenotype has been
reported for the mutants that are defective in the Golgi-localized
N-glycan modification pathway, namely, GnTI (complex glycan 1,
cgll), a-mannosidase II (hybrid glycan 1; hgll), B1,3-
galactosyltransferase (galT1), and a triple mutant lacking func-
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tional core al,3-fucosyltransferase and B1,2-xylosyltransferase
activities (fucTa fucTb xyIT) (12, 16, 18). Therefore, it has been
believed that the primary function of N-linked oligosaccharides
in plants is mainly to assist protein folding in the ER that occurs
before N-glycan modifications in the Golgi apparatus.

We have conducted a systematic salt tolerance analysis of
protein N-glycosylation pathway mutants, from which it is con-
cluded that maturation of complex N-glycans is required for
adaptation to salt stress in Arabidopsis. Initial studies using cgll
mutants indicated that an early defect in N-glycan maturation in
the Golgi apparatus could confer salt sensitivity comparable to
that of s#z3a mutants. Subsequent analyses of individual Golgi
glycosidase and glycosyltransferase mutants determined that
several N-glycan modification steps contribute to salt tolerance.
Furthermore, our biochemical and genetic analyses indicate that
plasma membrane RSW2/KORI protein is a substrate of STT3a
and CGL1 and necessary for the tolerance. These results indicate
that maturation of N-glycans is necessary for plant stress toler-
ance and that N-glycans are essential not only for protein folding
but also for in vivo functions of plant glycoproteins.

Results

Golgi-Localized N-Acetylglucosaminyltransferase I Is a Determinant of
Osmotic Stress Tolerance in Arabidopsis thaliana. We have shown
that mutations in OST subunit isoform STT3a can confer salt
sensitivity in Arabidopsis (26). Because OST is upstream of the
entire N-glycan maturation pathway, and s##3a mutations likely
cause general decrease in N-glycosylations, salt sensitivity in
stt3a may be caused by either loss of specific N-glycans or by
general protein-folding defects in the ER. To delineate these
effects, we have analyzed salt sensitivity of Arabidopsis cgll
mutants, which have wild-type levels of N-glycosylations but lack
proper N-glycan maturations because of the defect in Golgi-
localized GnTI (12). Two cgl! alleles, cgll C5 (refs. 12 and 28 and
J.F., Heidi Kaulfurst-Soboll, Stephan Rips, H.K., and A.v.S,,
unpublished work) and cg/I-T (J.F., Heidi Kaulfurst-Soboll,
Stephan Rips, H.K.. and A.v.S., unpublished work) lacking
complex N-glycans (Dataset SllD were used in our analysis. Both
mutant alleles exhibited substantial salt sensitivity compared
with wild type, albeit both cgll alleles were slightly less salt-
sensitive than s#3a-2 (Fig. 14). Similar to stt3a-2, cgll alleles
were sensitive to osmotic stress imposed by high concentrations
of KCI or mannitol but not to ionic toxicity caused by low
concentrations of LiCl (Fig. 14 and data not shown). This
contrasts with the sosZ-I mutant that is sensitive to the toxicity
of Na* and Li* (29). Notably, aniline blue staining revealed
strong induction of callose accumulation in cgl/ root tips exposed
to salt (Fig. 1C). Weaker callose fluorescence was observed in
stt3a-2 but not in wild type grown under the same condition. We
recently found that the stt3a-2 cgll-T double mutant, with
combined qualitative and qualitative N-glycan abnormalities,
exhibits mild growth retardation under normal conditions (J.F.,
Heidi Kaulfiirst-Soboll, Stephan Rips, H.K., and A.v.S., unpub-
lished work). Interestingly, root growth of the double mutant was
strongly inhibited by NaCl at 50 mM or greater (Fig. 1B). The
strong additive effect is consistent with the predicted function of
both S773a and CGLI in the same posttranscriptional-
modification process. In the double mutant, stt3a-2 impairs the
OST reaction upstream of cgl/ but an additional isoform, ST73b
(26), allows the OST reaction to proceed at a decreased level.
Together, these results indicate that not only the attachment of
core N-glycans to proglycoproteins but also the maturation of
N-glycans in the Golgi apparatus are necessary to maintain root
growth under salt stress.

Maturation of Complex N-Glycans in the Golgi Apparatus Is Essential
for Root Salt Tolerance. Reduced protein N-glycosylation caused
by the stt3a mutation constitutively activates UPR, an ER stress

5934 | www.pnas.org/cgi/doi/10.1073/pnas.0800237105
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Fig. 1. Mutated alleles of p1,2-N-acetylglucosaminyltransferase | (CGLT)
confer salt sensitivity to Arabidopsis. (A) (Left) Wild-type (Col-0), cg/7 C5, and
stt3a-2 seedlings that were grown on MS-agar medium for 5 days and then
transferred to MS-agar medium without (Upper) or with (Lower) 130 mM NaCl
and grown for an additional 5 days. (Scale bar, 10 mm.) (Right) Root growth
of cgl1 seedlings under various concentrations of NaCl and LiCl (n = 15 =~ 25).
Bars represent standard errors. (B) The root growth response of stt3a-2 cg/1-T
double-mutant plants to NaCl was compared with those of wild type, stt3a-2,
cgl1-T, and sos1-1 (29) single mutants. Because of temperature sensitivity of
the double mutant, the assay was conducted at 18°C, and 7-day-old seedlings
were transferred to the test media. Root growth was measured 7 days after
transfer. Data are presented as percentage relative to the growth without
salts. Bars represent standard errors. (C) N-glycosylation mutants accumulate
callose under salt stress. Five-day-old Col-0 wild-type, stt3a-2, cgl1-T plants
were salt stressed with 140 mM NaCl for 4 days and stained with 50 pug/ml
discolorized aniline blue. Yellow-green fluorescent patches of callose depo-
sition were visualized by using a fluorescent microscope equipped with a DAPI
filter set. (Scale bar, 0.1 mm.)

response (26). The cgll mutant defect is confined to N-glycan
modifications in the Golgi apparatus (ref. 12 and J.F., Heidi
Kaulfurst-Soboll, Stephan Rips, H.K., and A.v.S., unpublished
work) and predicted to leave the protein folding machinery in the
ER intact. Thus, expression of an UPR-marker gene, BiP-GUS
(30), was evaluated in the two mutants. Colgpp.gus stt3a-2
constitutively exhibited strong GUS expression even without
stress (Fig. S2), whereas only basal-level GUS expression was
observed in Colg;p.gus Wild type and Colgp.cus cgll C5 in the

Kang et al.
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Fig. 2. Golgi N-glycan modification mutants are salt-sensitive. Root growth
responses of various complex N-glycan mutants to salt stress were analyzed as
described in Fig. 1. Bars represent standard errors (n = 15-20).

absence of stress. Upon exposure to salt stress, Colg;p.gus stt3a-2
and Colgip.gus cgll C5 plants exhibited root-growth arrest and
swelling of root tips similar to that of the parental mutants. The
level of GUS staining in cgll CS5 root tips was minimal regardless
of the salt treatment, suggesting that UPR was not the primary
cause of the salt sensitivity in cgl!.

To further verify that salt sensitivity of cgl! is caused by a lack
of N-glycan maturation in the Golgi apparatus, we tested salt
tolerance of mutants with defects in other Golgi glycosidases and
glycosyltransferases (Fig. 2), i.e., a-mannosidase II (hgll-1,
hgll-2) (13), Bl,2-xylosyltransferase (xy/T), and two «al,3-
fucosyltransferase isoforms (fucTa, fucTb) (16) (Fig. 2). Both
hgll mutant alleles and the fucTa fucTb xylT triple mutant were
as salt sensitive as the cgll alleles. In contrast, xy/T single and
fucTa fucTb double mutants showed a much weaker to no
phenotype. These results show that maturation of complex
N-glycans is important for salt tolerance and that B1,2-xylose and
al,3-fucose of complex N-glycans might have an overlapping
function in salt tolerance.

KOR1/RSW2 Protein Is a Target of N-Glycosylation and N-Glycan
Modification. The above results indicate that the salt sensitivity in
Arabidopsis N-glycan mutants is caused by deficiencies in mature
protein-N-glycans rather than by the activation of UPR. To
identify glycoprotein determinants involved in salt tolerance, we
searched for glycoproteins that met the following criteria: (i) loss
of function mutations cause growth arrest and root morpholog-
ical changes similar to s#t3a and cgll and (if) the activity of the
protein is affected by its N-glycosylation status. A set of mutants,
radially swollen (rsw) I to 3 met the first criterion. Temperature-
sensitive rsw mutants exhibit cellulose deficiency, root radial
swelling, and growth arrest at restrictive temperatures. RSW
genes encode cellulose synthase catalytic subunit (RSW1) (25),
membrane-bound endo-B1,4-D-glucanase (KORI/RSW2) (24,
31, 32), and ER «a-glucosidase II (RSW3) (33). Interestingly,
RSW3 catalyzes ER N-glycan processing at a step between
STT3a and CGLI. Of these, only KOR1/RSW2, which was
suggested to function in relieving tensions from cellulose mi-
crofibrils (34, 35), met the second criterion. KOR1/RSW2
belongs to the family of class II membrane proteins and contains
a luminal catalytic domain with eight potential N-glycosylation
sites (32). N-glycosylation was previously shown to be essential
for in vitro catalytic activity of a recombinant Brassica napus
KOR1/RSW2 protein homolog (36). The in vivo N-glycosylation
state of KOR1/RSW2 in selected N-glycosylation mutants was
assessed by immunoblot analyses. The analyses were performed
by using KORI1 antibodies (32) for detection of endogenous
KOR1/RSW2 (Fig. 34) and RGS-His antibodies for detection of
RGS(His)4-tagged KOR1/RSW2 proteins (37) (Fig. 3B) with

Kang et al.
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Fig.3. Altered SDS/PAGE mobility of KOR1/RSW2 proteins in N-glycosylation
mutants. (A) Anti-KOR1 immunoblot. Twenty-five micrograms of buffer-
insoluble proteins isolated from wild-type and mutant leaves were separated
in an 8% SDS gel, electroblotted to the nitrocellulose filter, and probed with
anti-KOR1 antibodies. (B) Anti-RGS-His immunoblot. Buffer-insoluble pro-
teins were isolated from plants with or without the introgressed RGS-His-
KOR1 gene and analyzed. The bracket marked by a single asterisk indicates
KOR1/RSW?2 proteins specifically recognized by the antibodies, and the double
asterisks mark the position of a nonspecific band.

similar results. In cgll-T extracts, KOR1/RSW2 proteins mi-
grated faster than in those of the wild type, in accordance with
lack of N-glycan maturation. In s#t3a-2 plants, KOR1/RSW2
proteins migrated even faster and as a faint smear, indicating a
general reduction and heterogeneity of the N-glycan attachment
pattern. In contrast, the mobility of KOR1/RSW2 in salt-tolerant
stt3b-1 (26) was similar to that in wild type (Fig. 34). These
results show that KORI1/RSW2 protein undergoes core N-
glycosylation in the ER and is subject to N-glycan modifications
in the Golgi apparatus, i.e., constitutes a substrate of STT3a and
CGLI1.

stt3a and cgl1 Genetically Interact with rsw2. To determine the
biological significance of aberrant KOR1/RSW2 N-glycan mod-
ification in s#t3a-2 and cgl1-T, genetic interactions among stt3a-2,
cgll-T, and rsw2-1 were analyzed. rsw2-1 is a temperature-
sensitive allele of KORI/RSW?2 caused by a missense mutation
(24). Combining rsw2-1 with stt3a-2 or cgll-T had pronounced
effects on plant growth even at the permissive temperature (Fig.
44). Root growth of rsw2-1 cgll-T double-mutant seedlings was
strongly inhibited and also associated with increased root
branching (Fig. 44 and Fig. S3). On the other hand, shoot
morphology was relatively normal, albeit shoots exhibited slower
growth. In contrast, rsw2-1 stt3a-2 double-mutant seedlings had
a severe dwarf shoot phenotype and produced very short roots
(Fig. 44 and Fig. S3). Similar symptoms were observed in rsw2-1
mutants grown at restrictive temperatures (24) or in combination
with another temperature-sensitive cellulose deficient mutant,
rswl-1 (Fig. 44), indicating that stt3a-2 and cglI-T function as
genetic enhancers of rsw2-1. Aniline blue staining analysis
detected deposition of callose in growth-arrested primary roots
of rsw2-1 cgll-T and to lesser extent in rswi-I rsw2-1 and rsw2-1
stt3a-2 double mutants but not in roots of wild type or the single
mutants (Fig. S4). This indicated that st#t3a-2 and cgll-T muta-
tions induced a cell-wall biosynthesis defect, most likely a
cellulose biosynthesis defect, in the rsw2-1 background.

We hypothesized that, if stt3a-2 and cgl1-T indirectly regulated
plant cell wall formation in the rsw2-1 background via N-glycans
attached to KOR1/RSW?2 proteins, the genetic interaction would
be specific to rsw2 alleles and not to other cellulose-deficient
mutants, and also, s#3a and cgl! (with wild-type RSW2) would
not exhibit strong cellulose deficiency by themselves. Therefore,
cellulose content in cell walls (alcohol-insoluble residues) of wild
type and s#t3a-2 and cg/I-T mutants was determined. Crystalline
cellulose contents of wild-type, stt3a-2, and cgl1-T cell walls were
545.42 = 12.04, 458.41 = 43.24, and 509.03 = 13.07 (nmol

PNAS | April 15,2008 | vol. 105 | no.15 | 5935
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Fig. 4. Genetic interaction among stt3a-2, cgl1-T, and rsw mutations. (A)
Strong genetic interaction is obvious among stt3a-2, cgl1-T, and rsw2-1. (B)
Only weak genetic interactions can be observed among stt3a-2, cgl1-T, and
rsw1-1. (Scale bars, 5 mm.) Plants were grown on 1 MS salts and 3% sucrose
for 11 days at 18°C and photographed.

glucose/mg dry weight). stt3a-2 and cgll-T showed slightly lower
cellulose content than that of wild type (84% and 93% of wild
type); however, the observed differences were not highly signif-
icant (P = 0.052 and 0.044, respectively, by Student’s ¢ test).

The specificity of the genetic interaction was confirmed by
testing a possible enhancer function of stt3a-2 and cgll-T in the
rswl-1 background (Fig. 4B). rswl-1 encodes a temperature-
sensitive variant of cellulose synthase catalytic subunit Al with
a missense mutation (25). Importantly, RSW1 protein seems not
to be N-glycosylated (22). In contrast to the case of rsw2-1,
combining rswi-1 with stt3a-2 or cgll-T resulted in only slight
growth retardations (Fig. 4B). This establishes that enhancer
activity of stt3a-2 and cglI-T is more specific for rsw2-1 compared
with rswi-1. The lack of substantial cellulose deficiencies in cell
walls of stt3a-2 and cgll-T single mutants and the specificity of
genetic interaction suggest that the nature of interactions be-
tween rsw2-1 and stt3a-2 or cgll-T is not a mere additive effect
of individual cellulose deficiencies.

Cellulose-Deficient rsw1 and rsw2 Are Salt-Sensitive. The results that
salt-sensitive N-glycan mutants genetically interact with cellulose
biosynthesis mutant rsw2-1 led to the question of whether
impaired cellulose synthesis itself could cause hypersensitivity to
salt stress. Indeed, at the permissive temperature, root growth of
rswl-1 single-mutant plants was salt-sensitive (Fig. 54). Similar
to cgll, salt-induced growth arrest of rswi-1 was associated with
radial swelling and only minor activation of BiP-GUS expression
(data not shown). On the other hand, it was not possible to
analyze the salt response of rsw2-1 mutant seedlings under the
same conditions, because rsw2-1 grew slowly on the control
media. This was perhaps because of the slight dehydration stress
imposed by the cellophane membrane used in the assay. Growth
of rsw2-1 seedlings improved when the basal medium was
adjusted to 1/4X Murashige and Skoog (MS) salts, 0.5% sucrose.
Under this condition, rsw2-1 was more salt-sensitive than wild
type at 50-100 mM NaCl (Fig. 5B). A higher concentration of
NaCl strongly affected the root growth of both wild-type and
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Fig. 5. Cellulose-deficient rsw1-1 and rs2-1 are salt-sensitive. (A) Salt sensi-
tivity of rsw1-7 plants. Root growth assays using rsw1-1 were conducted as
described in Fig. 1at 18°C. Root growth was measured 7 days after transfer. (B)
Salt sensitivity of rsw2-1 plants. The seedlings were treated similarly to A
except that media containing 1/4X MSsalts, 0.5% sucrose, and 1.5% agar were
used as basal medium. Data are presented as percentage relative to the
growth without salts. Bars indicate standard errors.

rsw2-1 mutant plants, probably because of a higher Na™* toxicity
or insufficient K* nutrient that occurred in medium with lower
concentrations of K™ and Ca?*. Together, these results indicate
that reduced cellulose biosynthesis causes salt sensitivity.

Discussion

Arabidopsis cgll mutants lacking complex N-glycans were dis-
covered more than a decade ago, however, associations with
biological functions have not been established (12, 13, 16, 18).
Here, we provide evidence that complex N-glycans are essential
for root growth under salt stress in the model plant Arabidopsis.
Two cgll mutant alleles showed greater sensitivity to high
concentrations of various solutes including NaCl, KCIl, and
mannitol but did not show hypersensitivity to ionic toxicity of
osmotically-inert concentrations of LiCl. In addition, mutations
in other complex N-glycan biosynthesis genes also conferred salt
sensitivity to the host plants. The similarity of salt-sensitive
phenotype of cgll to that of stt3a implies that these genes
function in the same pathway. The fact that a mutation in Golgi
apparatus-resident CGL1 did not activate the BiP promoter
confirmed that salt sensitivity was not caused by general protein-
folding defects in the ER. Instead, stt3a-2 and cgll-T exhibited
callose deposition in root tips exposed to salt, suggesting that salt
stress induces cell wall-biosynthesis defects in stt3a-2 and cgll-T.
This may be a direct cause for the salt sensitivity of s#3a and
cgll-T, because cellulose-deficient rswl-1 and rsw2-1 plants are
also salt-sensitive, and ST73a and CGLI both affect the matu-
ration of KOR1/RSW2 protein.

Specific genetic interactions between rsw2-1 and cgll-T or
stt3a-2 indicate that not only the attachment of core N-glycans
but also maturation of complex N-glycans are necessary for full
functionality of KOR1/RSW2 protein. The importance of N-
glycosylation for the function of KOR1/RSW?2 protein was first
proposed because deglycosylation of a recombinant Brassica
KOR1/RSW2 homolog expressed in Pichia pastoris yeast cells
resulted in the loss of its catalytic activity (36). However, because
P. pastoris produces only high-mannose N-glycans, this demon-
strates that KOR1/RSW2 protein requires some level of N-
glycosylation for its catalytic activity. In planta, the exact number,
modification types, and mode of function of N-glycans attached
to KOR1/RSW2 have not been determined. Nevertheless, our
results show that KOR1/RSW2 is indeed N-glycosylated in planta
and that both s#3a-2 and cgll-T mutations alter the N-
glycosylation state of KOR1/RSW?2 proteins. Furthermore, these
N-glycosylation defects specifically enhanced the rsw2-1 pheno-
type. A more severe growth defect of rsw2-1 stt3a-2 than that of
rsw2-1 cgll-T is consistent with the severity of salt-sensitive
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phenotypes exhibited by stt3a-2 and cgl1-T single mutants. In the
stt3a-2 mutant, which is impaired in the oligosaccharide-transfer
reaction, some KOR1/RSW2 proteins may fail to fold and are
degraded in the ER, whereas other KOR1/RSW2 proteins are
produced with a smaller number of correctly processed N-
glycans. Some mature KOR1/RSW2 proteins in st#t3a-2 may
entirely lack N-glycans at essential positions. This may cause
greater loss of KOR1/RSW2 activity in st#t3a than in cgll-T, in
which the KOR1/RSW2 defect is confined in maturation of
complex N-glycans attached to KOR1/RSW2. In support of this
hypothesis, it has been shown that recombinant KOR1/RSW2
with unorthodox N-glycan maturation in P. pastris cells was
active, but when deglycosylated, recombinant KOR1/RSW2 lost
catalytic activity (36).

Interestingly, Lerouxel et al. (38) reported that the dgll
mutation, affecting another Arabidopsis OST subunit, caused
underglycosylation of several proteins but not of KOR1/RSW2.
The dgl/1 mutant showed a dwarf phenotype like kor! but had
normal cellulose contents. This further confirms that even a
severe N-glycosylation defect (and perhaps UPR) does not cause
cellulose deficiency when it does not affect N-glycosylation of
KOR1/RSW2. It is not clear why mild underglycosylation in-
duced by stt3a-2 but not severe underglycosylation induced by
dgll-1 affects KOR1/RSW2. Because electrophoretic mobility of
KOR1/RSW2 did not change in the s##3b-1 mutant extracts (Fig.
3), one possibility is that KOR1/RSW2 is preferentially glyco-
sylated by OST complexes containing STT3a rather than STT3b.
Because dglI-1 is a leaky allele (38), residual activity of STT3a-
containing OST complexes in the dg//-/ mutant may result in
sufficient N-glycosylation of KOR1/RSW2. Similar to this ob-
servation, N-glycosylation of myrosinase is less in s#t3a than in
stt3b (ref. 26 and data not shown). On the other hand, N-
glycosylation of ER protein disulfide isomerase is less in dgll
than in stt3a (38). Whether these apparent target specificities are
determined by differences in subunit composition of the OST
complex or not has yet to be determined.

Biosynthesis of N-glycans globally affects the status of mem-
brane proteins and secreted proteins. Considering that N-
glycosylation constitutes a major posttranslational modification,
and a substantial proportion of N-glycans are modified to
complex N-glycans (16), deficiency in complex glycan formation
should affect more than just KOR1/RSW2 glycoproteins. In-
deed, among the genes that regulate root growth, salt tolerance,
and cellulose biosynthesis, the amino acid sequences of COBRA
and SOSS proteins contain multiple N-glycosylation sites (39,
40). Although our results demonstrate that root growth and
stress tolerance are determined by functional interactions be-
tween the N-glycosylation pathway and KOR1/RSW2, they do
not exclude the possibility that salt sensitivity of N-glycosylation
mutants is caused by simultaneous failure of several glycopro-
teins including KOR1/RSW2. Indeed, the short and swollen root
phenotype of cobra-1 appears only when the mutant is grown at
elevated sucrose concentration (39), where osmotic signals may
play a role in triggering the observed phenotype. The functions
of N-glycans on these proteins are currently unknown.

If stt3a and cgl/l mutations impair the function of KOR1/
RSW2 and possibly also of various other cell wall-regulating
proteins, why do s#t3a and cgll mutants show growth inhibition
and cell cycle arrest (26) only under salt stress? First, cellulose
contents of unstressed stt3a and cgll were similar to wild type
under normal growth conditions, and second, callose deposition,
a marker of cell-wall defects, was observed only when roots of the
mutants were exposed to salt stress. Therefore, it is likely that the
cell wall defect is triggered by salt stress rather than that the
mutants have weakened cell walls that are sensitive to salt stress.
Perhaps in wild type, N-glycoproteins important for salt toler-
ance, for example KOR1/RSW2, exist in excess so that plants can
tolerate salt-induced attenuation of N-glycoprotein functions.
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Therefore, N-glycosylation defects or salt stress alone does not
decrease net KOR1/RSW2 activity below a certain threshold
level unless they are combined. Salt stress could negatively
regulate KOR1/RSW?2 via multiple mechanisms. Salt stress may
impair KOR1/RSW?2 function by affecting catalytic activity and
stability and/or by interfering with trafficking of KOR1/RSW2-
containing vesicles. In support of the second possibility, the same
genetic screen that identified stt3a-1 also identified a trans-Golgi
apparatus-specific syntaxin mutant (osml), suggesting that salt
stress also affects trans-Golgi function (41). Notably, a recent study
has shown that KOR1/RSW2 proteins undergo cycling between the
plasma membrane and intracellular compartments (42). Clearly,
further studies are necessary for delineating individual mechanisms
that may affect KOR1/RSW2 activity at the root tip.

In conclusion, we have determined that, after all, N-glycans of
plant glycoproteins have biological significance beyond the
facilitation of protein folding in the ER. Our study also indicates
that phenotypes of many N-glycosylation and N-glycan matura-
tion mutants are conditional. Similar conditional and tissue-
specific phenotypes have been reported in N-glycan maturation
mutants of invertebrates (43-45). Thus, careful genetic and
biochemical analyses are required to determine the role of
N-glycans in a given process. With available Arabidopsis N-glycan
maturation mutants, such efforts are expected to be fruitful
particularly in the area of abiotic and biotic stress responses,
because the lack of complex N-glycans should result in substan-
tial changes in cell-surface protein profiles and thus affect both
intercellular and interorganismal communications.

Materials and Methods

Plant Materials. Salk T-DNA insertion lines cg/1-T (Salk_-073650), hgl1-1
(Salk_052443), hgl1-2 (Salk_141821), fucTa (Salk_087481), fucTh
(SALK_063355), rsw2-1 (CS6555), stt3a-2 (Salk_058814), and xyIT (Salk_042226)
were provided by the Arabidopsis Biological Resource Center. rswi1-7 was a
gift of H. Hofte (Institut National de la Recherche Agronomique, Versailles,
France). A BiP-GUS reporter line (30) was provided by N. Koizumi (Osaka
Prefecture University, Osaka). RGSHis-KOR1 transgenic plant was provided by
S. R. Turner (University of Manchester, Manchester, U.K.) (37). Mutant com-
binations were prepared by genetic crosses. Double-mutant individuals were
identified by PCR. Point mutations in temperature-sensitive rsw1-1 and rsw2-1
lines were identified by dCAPS analyses.

Growth Assay for Osmotic Stress Tolerance. Root-growth assays were per-
formed as described (26, 41). Briefly, Arabidopsis seeds were sown onto
cellophane membrane placed on MS agar medium (46) [1X MS salts, 30 g/liter
sucrose, and 16 g/liter agar (pH 5.7)], stratified for 2 days, and then incubated
at 25°C for 1 week. The membranes with seedlings were transferred to basal
MS medium supplemented with the indicated concentrations of test com-
pounds, and root growth was scored 5 days later. Earlier experiments used 130
mM NaCl as a standard salt stress condition, which was later adjusted to 140
mM NacCl for more consistent response. For temperature-sensitive mutants,
growth assays were carried out at 18°C. In low temperature, plants were
grown for 7 days before the transfer and root growth was scored 7 days after
the transfer. Plants were photographed with a Nikon Coolpix7200 camera at
the end of the assay period, and root lengths were determined by using Image
J software (National Institutes of Health, Bethesda).

Callose Staining. For detection of callose, seedlings were immersed in 0.005%
discolorized aniline blue in 0.1 M K;HPO4 (47) for 5 min and documented by
using the Olympus BX51 microscope equipped with a DAPI filter set (Chroma).

Immunoblot Analyses. Anti-cgly immunoblot analyses were conducted essen-
tially as described (12). The detailed procedure for immunodetection of
KOR1/RSW?2 protein is described in S/ Materials and Methods.

Cellulose-Content Analysis. The crystalline cellulose analysis was conducted as
described with minor modifications (48). The detailed procedure is described

in SI Materials and Methods.
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