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The core oligosaccharideGlc3Man9GlcNAc2 is assembled by
a series ofmembrane-bound glycosyltransferases as the lipid
carrier dolichylpyrophosphate-linked glycan in the endo-
plasmic reticulum (ER). The first step of this assembly
pathwayon theERluminal side ismediatedbyALG3(aspar-
agine-linked glycosylation 3), which is a highly conserved
reaction among eukaryotic cells. Complementary genetics
compared with Saccharomyces cerevisiae ALG gene families
andbioinformaticapproacheshaveenabledthe identification
ofALG3 fromotherspecies. InArabidopsis thaliana,AtALG3
(At2g47760) was identified asα1,3-mannosyltransferase.
Complementation analysis showed that AtALG3 rescued the
temperature-sensitive phenotype, that lipid-linked oligosac-
charide assemblies and that protein underglycosylation of S.
cerevisiae ALG3-deficient mutant. InArabidopsis ALG3mu-
tant, an immature lipid-linked oligosaccharide structure,
M5ER, was synthesized, and used for protein N-glycosyla-
tion, resulting in the blockade of subsequent maturation
with the concanavalinAaffinoactive andEndoH-insensitive
structure.N-Glycanprofiling of total proteins fromalg3mu-
tants exhibited a unique structural profile, alg3 has rare N-
glycan structures including Man3GlcNAc2, M4ER, M5ER

andGlcM5ER,which are not usually detected inArabidopsis,
and amuch less amount of complex-typeN-glycan than that
in wild type. Interestingly, despite protein N-glycosylation
differences comparedwithwild type, alg3 showedno obvious
phenotype under normal and high temperature or salt/os-
motic stress conditions. These results indicate that AtALG3
is a critical factor formatureN-glycosylation of proteins, but
not essential for cell viability and growth in Arabidopsis.
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Introduction

Posttranslational modification is necessary for proteins in eu-
karyotes to express their physiological and biological
functions in cells. Glycosylation is a modification of proteins
through oligosaccharides covalently attached by N-glycosidic
or O-glycosidic bonds. N-Glycosylation occurs in the endo-
plasmic reticulum (ER) and Golgi apparatus. N-Glycans
play multilateral roles, such as cell–cell interaction and adhe-
sion, targeting to specific organs, and immune responses.
Furthermore, glycosylation of proteins affects the folding,
structural formation, assembly and control of metabolic rates
of proteins (Varki 1993). N-Glycan structures are synthesized
by a series of competitive reactions by catalyzed glycosyltrans-
ferases and glycosylhydrolases, resulting in heterogeneity of
structures even in an identical protein. The synthetic pathway
of N-glycosylation in eukaryotic cells indicates that N-glycans
are one of the essential constituents for cell viability (Helenius
and Aebi 2001).

The assembly of the core N-glycan is initiated in the cyto-
plasmic side of the ER. The core structure Glc3Man9GlcNAc2
is produced as a dolichylpyrophosphate-linked glycan by a se-
ries of membrane-bound glycosyltransferases on the luminal
side of the ER (Helenius and Aebi 2004) (supplemental Figure
1). The resultant Glc3Man9GlcNAc2 is transferred en block to
specific amino acid sequences, Asn-X-Ser/Thr (X; any amino
acid except Pro), of a nascent peptide as mediated by oligo-
saccharyltransferase (OST) (Kelleher and Gilmore 2006). The
core oligosaccharide is trimmed by α-glucosidases I and II,
which yields Glc2Man9GlcNAc2 and Glc1Man9GlcNAc2, re-
spectively. Proteins carrying Glc1Man9GlcNAc2 are
recognized by the ER chaperons calnexin and calreticulin
(Ellgaard and Helenius 2001) and are properly folded. Subse-
quently, the glucose and the terminal mannose in the middle
branch of the oligosaccharide are removed by α-glucosidase II
and ER mannosidase I, respectively, to yield Man8GlcNAc2.
The resultant oligosaccharide mediates quality control in the
ER (Cabral et al. 2001; Molinari 2007). The quality-controlled
proteins are transported to the Golgi apparatus to be modified
by glycosyltransferases and glycosylhydrolases localized in
the Golgi apparatus for N-glycan maturation (Kornfeld and
Kornfeld 1985).

The yeast Saccharomyces cerevisiae asparagine-linked glyco-
sylation (ALG) genes have been identified and theirmutants have
been employed as themodel of a mature oligosaccharide biosyn-
thetic pathway (Burda and Aebi 1999; Kelleher and Gilmore
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2006).YeastALGmutants are defective in the biosynthesis of do-
nor substrates or the assembly of lipid-linked oligosaccharide. In
ALGmutants, under- or hypoglycosylated secreted proteinswere
observed. Furthermore, the deficiency of ALG in lipid-linked ol-
igosaccharidesynthesis in theearlysteponthecytoplasmicsideof
the ER shows a temperature-sensitive phenotype or is lethal,
though the late step mediated by the ALGs on the luminal side
of the ER does not show any obvious growth phenotype. This in-
dicates that the assembly of mature oligosaccharide is important
for N-glycosylation and cell viability.

ALG3 is an α1,3-mannosyltranferase that transfers mannose
to the lipid-linked Man5GlcNAc2 from an activated sugar nu-
cleotide dolichol-mannose. This reaction is essential for the
maturation of lipid-linked oligosaccharide on the luminal side
of the ER. Previously, ALG3 has been identified from S. cere-
visiae, Pichia pastoris, Trypanosoma and human (Aebi et al.
1996; Davidson et al. 2004; Körner et al. 1999; Manthri et
al. 2008). In S. cerevisiae, an ALG3 mutation resulted in a de-
fective assembly of a full-length lipid-linked oligosaccharide
and accumulation of the immature lipid-linked oligosaccharide
M5ER, which causes underglycosylation of the secreted protein
carboxypeptidase Y (CPY), one of the subunits of the OST
complex Wbp1p, and the glycosylphosphatidylinositol-an-
chored protein Gas1p (Aebi et al. 1996). Interestingly, alg3
mutant shows no obvious growth phenotype, but in combina-
tion with one of the OST subunits, stt3-3, it becomes
temperature-sensitive at 30°C because of a severe underglyco-
sylation of proteins. In human, alg3 deficiency causes severe
diseases such as profound psychomotor delay, optic atrophy,
acquired microcephaly, iris colobomas and hypsarrhythmia
(Stibler et al. 1995; Denecke et al. 2005; Schollen et al.
2005; Sun et al. 2005; Kranz et al. 2007).

In a recent study, Henquet et al. (2008) characterized Arabi-
dopsis ALG3 in relation to the lipid-linked oligosaccharide
maturation in yeast and N-glycosylation in Arabidopsis. Addi-
tionally, they provided evidence that alg3 has the function of
transferring an immature lipid-linked oligosaccharide to a na-
scent polypeptide via the OST complex in the plant. On the
other hand, although Henquet et al. speculated the contribution
of the C-terminal ER retention signal KKA to the localization
of Arabidopsis ALG3 in the ER, the C-terminal fusion protein
of ALG3 was used for localization analysis. Furthermore, the
lipid-linked oligosaccharide and N-glycan structures in alg3
null mutant were not analyzed in detail and phenotypic analy-
sis of alg3 was not performed.

In this study, we focused on ALG3 of Arabidopsis to eluci-
date its contribution to lipid-linked oligosaccharide maturation
and plant growth. The Arabidopsis ALG3 gene (At2g47760;
Arabidopsis thaliana ALG3, AtALG3) was cloned and charac-
terized. The function of AtALG3 was analyzed using the S.
cerevisiae alg3 mutant YG170, which is a synthetic lethal
strain in combination with stt3-3. AtALG3 rescued the pheno-
types and the biosynthesis of a lipid-linked oligosaccharide in
YG170. Here, on the basis of a previous report (Henquet et al.
2008), we further investigated the biological and physiological
roles of Arabidopsis ALG3 as the ER glycosylation machinery
in Arabidopsis plant, particularly the putative localization sig-
nal, N-glycan structures in Arabidopsis alg3 plants, and in
plant growth. DsRed-fused AtALG3 expressed in tobacco
BY2 suspension-cultured cells showed that AtALG3 has no

ER retention signal in the N-terminus. Furthermore, the putative
signal sequence KKA in the C-terminus is not sufficient for the
ER localization of AtALG3 in plant. The AtALG3 mutant of
Arabidopsis showed immature lipid-linked oligosaccharide
biosynthesis and accumulation of M5ER. Detailed N-glycan
profiles of the AtALG3 mutant exhibited the unique structures
of Man3GlcNAc2, M4ER, M5ER and GlcM5ER, which are
hardly detected in Arabidopsis. Despite the assembly of im-
mature lipid-linked oligosaccharides containing the unique
N-glycan, AtALG3 mutant was phenotypically similar to
Col-0 WT under various conditions. This indicates that AtALG3
is not an essential cellular constituent for plant viability and
growth of Arabidopsis.

Results

Identification of AtALG3

ALG3 cDNAs have been identified from mammalian, yeast and
Trypanosoma, and characterized (Aebi et al. 1996; Davidson et
al. 2004; Körner et al. 1999; Manthri et al. 2008). ALG3 is cat-
egorized into the glycoyltransferase family 58 as the dolichol
pyrophosphate-mannose α1,3-mannosyltransferase on the Car-
bohydrate-Active enZYmes website (http://afmb.cnrs-mrs.fr/
CAZY/). A database search based on the amino acid sequence
of S. cerevisiae ALG3, resistance to hansenula killer 1 (RHK1)
(Aebi et al. 1996), resulted in the identification of the putative
α1,3-mannosyltransferase gene in the Arabidopsis genome
(At2g47760; AtALG3). The open reading frame of AtALG3 en-
codes a hydrophobic polypeptide of 437 amino acids
(49.2 kDa), which contains two potential N-glycosylation sites
in the sequence (Figure 1). Amino acid sequence similarities be-
tween AtALG3, human ALG3, S. cerevisiae ALG3 and P.
pastoris ALG3 are compared and summarized in Table I. The
similarity between AtALG3 and human ALG3 is 39.5%, and
the similarities between AtALG3 and the two yeast strains are
both 28.8%. These low similarities suggest that there is no ob-
vious motif except for the catalytic domains that are necessary
for mannose transfer to the core oligosaccharide. Although ALG
proteins frommammalian and yeast cells have the consensus se-
quence KKXX at their C-terminus as a retention signal to the ER
(Gaynor et al. 1994), AtALG3 has the KKXX-like motif in the
C-terminus, KKA, instead of KKXX. The prediction of SOSUI
(http://bp.nuap.nagoya-u.ac.jp) and determination of transmem-
brane helices by TMHMM-2.0 (http://www.cbs.dtu.dk) show
that RHK1 is a transmembrane protein with eight or nine helices
and that its N-terminus is located in the cytoplasm and its C-
terminus in the transmembrane or cytoplasm. On the other hand,
AtALG3 is a 10-helix transmembrane protein and both its N-
and C-termini are located in the cytoplasm. Even though the
slight difference in the localization of the N- and C-terminus
was confirmed between RHK1 and AtALG3, theWoLF PSORT
(http://wolfpsort.org/) predicts that AtALG3 also appears to be
localized in the ER.

Cloning of AtALG3 and complementation analysis usingalg3-
deficient S. cerevisiae mutant
To determine the properties of AtALG3, we cloned AtALG3
from A. thaliana rosette leaves cDNA and constructed the ex-
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pression vector pYES2-AtALG3 by inserting the cDNA en-
coding the full-length AtALG3 under the control of the
galactose-inducible (GAL1) promoter. We also constructed
pYES2-RHK1 as a control and introduced the resulting ex-
pression vectors into the S. cerevisiae alg3-deficient mutant,
YG170. This mutant is a synthetic lethal strain in combination
with stt3-3 whose locus encodes one of the subunits of OST
(Helenius and Aebi 2001; Kelleher and Gilmore 2006). The
stt3-3 mutant itself shows no obvious phenotype at 30°C,
but YG170 expresses temperature sensitivity at 30°C owing
from reduction of the lipid-linked oligosaccharide biosynthesis
(Zufferey et al. 1995).
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H. sapiens.gnu 1 -MAAGLRKRGRSGSAAQAEGLCKQWLQRAWQERRLLLREPRYTLLVAACLCLAEVGITFW 59
S. cerevisiae.gnu 1 MEGEQSPQGEKSLQRKQFVRPPLDLWQDLKDGVRYVIFDCRANLIVMPLLILFESMLCKI 60
P. pastoris.gnu 1 --------MPPIEPAERPKLTLKNVIGDLVALIQNVLFNPDFSVFVAPLLWLADSIVIKV 52
At2g47760.gpt 1 ---------MAGASSPASLRASRSRRLGKETNRSDLFKKPAVPFAFA--LILADAILVAL 49

L L
L L
L L
L L

H. sapiens.gnu 60 VIHRVAYTEIDWKAYMAEVEGV-INGTYDYTQLQGDTGPLVYPAGFVYIFMGLYYATSRG 118
S. cerevisiae.gnu 61 IIKKVAYTEIDYKAYMEQIEMIQLDGMLDYSQVSGGTGPLVYPAGHVLIYKMMYWLTEGM 120
P. pastoris.gnu 53 IIGTVSYTDIDFSSYMQQIFKI-RQGELDYSNIFGDTGPLVYPAGHVHAYSVLSWYSDGG 111
At2g47760.gpt 50 IIAYVPYTKIDWDAYMSQVSGF-LGGERDYGNLKGDTGPLVYPAGFLYVYSAV--QNLTG 106

I V YT ID YM G DY G TGPLVYPAG
I V YT ID YM G DY G TGPLVYPAG
I V YT ID YM G DY G TGPLVYPAG
I V YT ID YM G DY G TGPLVYPAG

H. sapiens.gnu 119 TDIRMAQNIFAVLYLATLLLVFLIYHQTC--KVPPFVFFFMCCASYRVHSIFVLRLFNDP 176
S. cerevisiae.gnu 121 DHVERGQVFFRYLYLLTLALQMACYYLLH---LPPWCVVLAC-LSKRLHSIYVLRLFNDC 176
P. pastoris.gnu 112 EDVSFVQQAFGWLYLGCLLLSISSYFFSGLGKIPPVYFVLLV-ASKRLHSIFVLRLFNDC 170
At2g47760.gpt 107 GEVYPAQILFGVLYIVNLGIVLIIYVKTD--VVPWWALSLLC-LSKRIHSIFVLRLFNDC 163

Q F LY L Y P S R HSI VLRLFND
Q F LY L Y P S R HSI VLRLFND
Q F LY L Y P S R HSI VLRLFND
Q F LY L Y P S R HSI VLRLFND

H. sapiens.gnu 177 VAMVLLFLSI--NLLLAQ-------RWGWGCC-F---FSLAVSVKMNVLLFAPGLL--FL 221
S. cerevisiae.gnu 177 FTTLFMVVTVLGAIVASRCHQRPKLKKSLALV-ISATYSMAVSIKMNALLYFPAMMISLF 235
P. pastoris.gnu 171 LTTFLMLATI-IILQQASSWRKDGTTIPLSVPDAADTYSLAISVKMNALLYLPAFLLLIY 229
At2g47760.gpt 164 FAMTLLHASM--ALFLYR-------KWHLGML-V---FSGAVSVKMNVLLYAPTLL--LL 208

S A S KMN LL P
S A S KMN LL P
S A S KMN LL P
S A S KMN LL P

H. sapiens.gnu 222 LLTQFGFRGALPKLGICAGLQVVLGLPFLLE---------NPSGYLSRSFDLGRQFLFHW 272
S. cerevisiae.gnu 236 ILNDANVILTLLDLVAMIAWQVAVAVPFLRS---------FPQQYLHCAFNFGRKFMYQW 286
P. pastoris.gnu 230 LICDENLIKALAPVLVLILVQVGVGYSFILPLHYDDQANEIRSAYFRQAFDFSRQFLYKW 289
At2g47760.gpt 209 LLKAMNIIGVVSALAGAALVQILVGLPFLIT---------YPVSYIANAFDLGRVFIHFW 259

Q F Y F R F W
Q F Y F R F W
Q F Y F R F W
Q F Y F R F W

H. sapiens.gnu 273 TVNWRFLPEALFLHRAFHLALLTAHLTLLLLFAL-CRWHRTGESILSLLR---------- 321
S. cerevisiae.gnu 287 SINWQMMDEEAFNDKRFHLALLISHLIALTTLFV-TRYPR----ILPDLW-------SSL 334
P. pastoris.gnu 290 TVNWRFLSQETFNNVHFHQLLFALHIITLVLFILKFLSPKNIGKPLGRFV-LDIFKFWKP 348
At2g47760.gpt 260 SVNFKFVPERVFVSKEFAVCLLIAHLFLLVAFAN-YKWCKHEGGIIGFMRSRHFFLTLPS 318

N F F L H L
N F F L H L
N F F L H L
N F F L H L

H. sapiens.gnu 322 DPSKRKVPPQPL-TPNQIVSTLFTSNFIGICFSRSLHYQFYVWYFHTLPYLLWAMP-ARW 379
S. cerevisiae.gnu 335 CHPLRKNAVLNANPAKTIPFVLIASNFIGVLFSRSLHYQFLSWYHWTLPILIFWSGMPFF 394
P. pastoris.gnu 349 TLSPTNIINDPERSPDFVYTVMATTNLIGVLFARSLHYQFLSWYAFSLPYLLYKARLN-F 407
At2g47760.gpt 319 SLSFSDVSASRIITKEHVVTAMFVGNFIGIVFARSLHYQFYSWYFYSLPYLLWRTPFPTW 378

N IG F RSLHYQF WY LP L
N IG F RSLHYQF WY LP L
N IG F RSLHYQF WY LP L
N IG F RSLHYQF WY LP L

H. sapiens.gnu 380 LTHLLRLLVLGLIELSWNTYPSTSCSSAALHIC-HAVILLQLWLGP--QPFPKSTQHSKK 436
S. cerevisiae.gnu 395 V----GPIWYVLHEWCWNSYPPNS-QASTLLLALNTVLLLLLALTQLSGSVALAKSHLRT 449
P. pastoris.gnu 408 I---ASIIVYAAHEYCWLVFPATE-QSSALLVSILLLILILIFTNEQLFPSQSVPAEKKN 463
At2g47760.gpt 379 L----RLIMFLGIELCWNVYPSTP-SSSGLLLCLHLIILVGLWLAPSVDPYQLKEHPKSQ 433

E W P L L
E W P L L
E W P L L
E W P L L

H. sapiens.gnu 437 AH------- 438
S. cerevisiae.gnu 450 TSSMEKKLN 458
P. pastoris.gnu 464 T-------- 464
At2g47760.gpt 434 IHKKA---- 438

Fig. 1. Alignment of amino acid sequences of H. sapiens ALG3, S. cerevisiae ALG3 (RHK1) and A. thaliana ALG3 (AtALG3, At2g47760) using CLUSTALW
(http://align.genome.jp/). Identical sequences are shaded in black. The putative N-glycosylation sites, N-X-S/T, are labeled at the bottom with asterisks. The deduced
transmembrane regions predicted by SOSUI (http://bp.nuap.nagoya-u.ac.jp) and the ER retention sequence, KKXX and KKXX-like motifs, are indicated in black
and in gray underlines, respectively.

Table I. Amino acid sequence similarities between human, Saccharomyces
cerevisiae, Pichia pastoris and Arabidopsis thaliana ALG3

H. sapiens

S. cerevisiae 30.4 S. cerevisiae
P. pastoris 28.8 30.4 P. pastoris
At2g47760 39.5 28.8 28.8

The values (%) were calculated using ClustalW and mean amino acid
similarities of each gene. H. sapiens, CAA70220; S. cerevisiae, CAA56024;
P. pastries, AAT72073; and A. thaliana, At2g47760, AAC63631.
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To test whether the putative AtALG3 can rescue the tempera-
ture sensitivity of YG170, the transformants were grown on SC
mediumcontaining glucose (synthetic complete [SC] glucose) or
galactose (SC galactose) at 30°C. Complementation analysis of
YG170 showed that the temperature sensitivity of YG170 at 30°
C was rescued when the transformants carrying RHK1, YG170
[pYES2-RHK1], or AtALG3, YG170[pYES2-AtALG3] were
grown on SC galactose not on SC glucose (Figure 2). On the oth-
er hand, a transformant carrying the vector plasmid did not grow
on both media. This indicates that AtALG3 under the control of
the GAL1 promoter can rescue the alg3 deficiency in YG170 in
the presence of galactose. Furthermore, this result suggests that
AtALG3 encodes α1,3-mannosyltransferase in Arabidopsis.

N-Glycosylationof CPY
The yeast alg3-1 mutation results in underglycosylation of se-
cretory proteins because suboptimal substrates of lipid-linked
oligosaccharide for OST affect the efficiency of N-glycosyla-
tion of proteins (Aebi et al. 1996; Verostek et al. 1993a, b;
Zufferey et al. 1995). To determine whether AtALG3 restores
the N-glycosylation pattern of the secretory protein of
YG170, we examined the N-glycosylation of CPY as a model
protein by western blotting using an anti-CPY antibody. CPY
is a vacuolar protein and glycosylated at four positions,
Asn13, Asn87, Asn168 and Asn368 during the translocation in-
to the ER (Kostova and Wolf 2005). The YG170[pYES2-
AtALG3] grown on SC glucose exhibited N-glycosylation of
CPY at less than three positions (Figure 3). On the other hand,
some of fully N-glycosylated CPY (mCPY) was detected in the
YG170[pYES2-AtALG3] grown on SC galactose, showing the
same N-glycosylation pattern as that seen in a stt3-3 single mu-
tant, YG176, which led to N-glycosylation at more than two
positions of CPY (Figure 3). These results indicate that AtALG3
complements the yeast alg3-1 deficiency similar to RHK1,
which showed the same N-glycosylation pattern of CPY as that
of YG176.

Lipid-linked oligosaccharide intermediates from S. cerevisiae
YG176 and transformants
In accordance with the current model for biosynthesis of lipid-
linked oligosaccharides, the core oligosaccharide Glc3Man9Glc-
NAc2 is assembled in the ER by the membrane-bound ALG
family. Aebi et al. (1996) previously showed that S. cerevisiae
alg3mutant accumulates the intermediateM5ER (the structure of
M5ER is illustrated in Table II). Whether AtALG3 complements
this deficient biosynthesis of lipid-linked oligosaccharide, we
analyzed the lipid-linked oligosaccharide structures from three

transformants. The oligosaccharides were prepared by acidic
hydrolysis followed by labeling with 2-pyridylamino (PA) and
purified by size-fractionation (SF) high-performance liquid
chromatography (HPLC) (Figure 4A). YG176 and YG170
[pYES2-RHK1] accumulated a full-length lipid-linked oligosac-
charide, which seemed to be Glc3Man9GlcNAc2, and its
intermediates corresponding to the minor peaks, the YG170
[pYES2] or YG170[pYES2-AtALG3] cultivated in glucose me-
dium accumulated a single structure of l ipid-l inked
oligosaccharide. Interestingly, the PA-oligosaccharide prepared
from YG170[pYES2-AtALG3] cultivated in SC galactose medi-
um showed the two major peaks A and B, which correspond to
the PA-oligosaccharides detected in the YG176 and YG170
[pYES2]. To determine these structures, we analyzed the molec-
ular masses of these peaks by liquid chromatography–mass
spectrometry (LC–MS) and further analyzed these structures
by LC–MS/MS (Figure 4B). The molecular masses of peaks
A and B were m/z = 1313.8 (Figure 4B(i)) and 2447.8
(Figure 4B(iii)), which correspond to the calculated masses
of the structures of Hex5HexNAc2-PA (m/z = 1313.2) and
Hex12HexNAc2-PA (m/z = 2447.8), respectively. These two
peaks with the possible structures of Hex5HexNAc2-PA and
Hex12HexNAc2-PA were determined by reverse-phase (RP)
HPLC. The elution position of peak A was different from
that of the authentic PA-sugar chain M5A, which is generally
formed in the Golgi apparatus in eukaryotic cells, but corre-
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Fig. 2. Complementation of S. cerevisiae YG170 by S. cerevisiae alg3 (RHK1) and AtALG3. YG176, the stt3-3 mutant that shows the same phenotype as that of
the YG170 revertant, and transformants carrying the vector alone, pYES2-RHK1, and pYES2-AtALG3 were spotted in 10-fold dilutions on SC plates containing
glucose or galactose and were incubated at 30°C for 2 days.

Fig. 3. Western blot analysis for detection of underglycosylated CPY.
The protein extracts from YG176 and YG170 carrying the vector alone,
pYES2-RHK1, and pYES2-AtALG3 cultivated in SC glucose or SC
galactose were probed using a CPY-specific antibody. The numbers and
mCPY on the right point out to the electrophoretic migration and the
position of underglycosylation of CPY lacking up to four N-glycans
(-1 to-4) and mature CPY.
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Table II. Relative amounts of N-glycan structures detected in Col-0 WT and alg3-T
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sponded to that of the M5ER structure (Figure 4C). Further-
more, the elution position of peak B corresponded to that of
Glc3Man9GlcNAc2-PA. Therefore, the two major peaks ob-
served by SF-HPLC were M5ER and Glc3Man9GlcNAc2-PA.
This detailed structural analysis indicates that AtALG3 comple-
mented the yeast alg3 deficiency and contributed to lipid-linked
oligosaccharide biosynthesis as an α1,3-mannosyltrans-
ferase in vivo, strongly suggesting that AtALG3 is localized
in the ER.

ER localization and retention signal of AtALG3
WoLF PSORT (http://wolfpsort.org/) prediction and comple-
mentation analysis of the yeast alg3 mutant with AtALG3
suggest that AtALG3 is an α1,3-mannosyltransferase involved
in lipid-linked oligosaccharide maturation in the ER. To inves-
tigate the subcellular localization of AtALG3 in plants, we
transiently expressed the N- or C-terminal DsRed-tagged
AtALG3 proteins, termed DsRed-AtALG3 and AtALG3-
DsRed, in tobacco BY2 suspension-cultured cells expressing
GFP-KDEL, an established ER marker (Figure 5A). Confocal
laser scanning microscopy revealed that DsRed-AtALG3 tight-
ly colocalized with GFP-KEDL. On the other hand, the
fluorescence signals of AtALG3-DsRed were observed around
the nucleus, in the nucleus and around the plasma membrane.
These fluorescence signals seemed to be derived from DsRed
proteolytically released from AtALG3-DsRed (supplemental
Figure 2). These observations suggest that AtALG3 is local-
ized in the ER and that the C-terminal region of AtALG3 in
AtALG3-DsRed is cleaved in plant cells.

As mentioned above, AtALG3 has the KKA sequence in the
C-terminus, instead of KKXX, an ER retention signal of a type
I membrane protein in plants (Benghezal et al. 2000). To inves-
tigate the possibility of the contribution of the KKA sequence
to the ER retention signal, we expressed DsRed-tagged C-ter-
minal KKA-truncated AtALG3, DsRed-AtALG3ΔKKA, in
BY2. The fluorescence signal of DsRed-AtALG3ΔKKA was
observed in the nucleus, ER and around the plasma membrane,
as observed in AtALG3-DsRed (Figure 5B). Compared with
the finding of DsRed-AtALG3 localization, the deletion of
KKA reduced the efficient localization of AtALG3 in the ER
in plant cells (supplemental Figure 2). These findings indicate
that the KKA sequence is one of the factors for ER localization
and functions as the retention signal.

Isolation of A.thaliana ALG3 knockout mutant lines
From the collections of T-DNA insertion lines, we identified
the AtALG3 knockout mutants SALK_064006 and
SALK_046061 in SIGnAL (http://signal.salk.edu/tabout.html).
SALK_064006 carries the T-DNA insertion in exon 6
(Figure 6A). To isolate the homozygous AtALG3 knockout line
from SALK_064006, we performed polymerase chain reaction
(PCR) using genomic DNA (Figure 6B) and cDNA as a tem-
plate with wild-type and T-DNA-specific primers (Figure 6C).
We selected the homozygous null mutant from kanamycin-
resistant seedlings and termed it alg3-T.

Deficiency of lipid-linked oligosaccharide assembly in ER of
alg3-T
To study the effect of AtALG3 deficiency in plants, we ex-
amined the lipid-linked oligosaccharide biosynthesis of A.

thaliana Col-0 WT and alg3-T. The total lipid fraction was
isolated from both plants, followed by acidic hydrolysis, PA
labeling and SF-HPLC. The profile of the PA-oligosaccharide
from Col-0 WT shows peaks corresponding to M5A (Man5-
GlcNAc2-PA) and Glc3Man9GlcNAc2-PA (Figure 7A). On
the other hand, alg3-T has the two peaks, whose elution po-
sitions corresponded to those of the authentic PA-sugar chains
M5A and M8A (Man8GlcNAc2-PA) (Figure 7A). Subse-
quently, the putative Man5GlcNAc2-PA structure observed
in alg3-T was examined by RP-HPLC. The elution position
in RP-HPLC showed that the putative Man5GlcNAc2-PA
was different from the authentic PA-sugar chain M5A, sug-
gesting that it would be M5ER (Figure 7B). Similarly, the
putative Man8GlcNAc2-PA which was not hydrolyzed by α-
mannosidase (data not shown) would be Glc3M5ER. M5ER

detected in alg3-T probably resulted from the assembly of
immature lipid-linked oligosaccharides owing to insufficient
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Fig. 4. Analysis of lipid-linked oligosaccharides in YG176 and YG170
transformants. (A) Lipid-linked oligosaccharides from (i) YG176 and YG170
transformants (ii) YG170[pYES2], (iii) YG170[pEYS2-RHK1], (iv) YG170
[pYES2-AtALG3] in SC glucose and (v) YG170[pYES2-AtALG3] in SC
galactose were extracted, hydrolyzed, PA-labeled and analyzed by SF-HPLC.
The two major peaks observed for YG170[pYES2-AtALG3], peaks A and B,
were subjected to LC–MS (/MS). (B) LC–MS (/MS) of the two major peaks, A
and B, detected by SF-HPLC for YG170 pYES2-AtALG3 grown in SC
galactose. In LC–MS, the labeled peak represents (M H) ions. These two
peaks corresponded to the molecular weights (i) 1313.8; Hex5HexNAc2-PA
and (iii) 2447.8; Hex12HexNAc2-PA, respectively. Detailed LC–MS/MS
analysis of m/z = (ii) 1313.8 and (iv) 2447.8, which were considered to
correspond to Hex5HexNAc2-PA and Hex12HexNAc2-PA, respectively. The
diamond indicates the precursor ion in LC–MS/MS. (C) RP-HPLC profiles of
Hex5HexNAc2-PA and Hex12HexNAc2-PA. (iii) Hex5HexNAc2-PA
corresponds not to (i) authentic M5A, but to (ii) M5ER-PA. (v) Hex12HexNAc2-
PA also corresponds to (iv) authentic Glc3Man9GlcNAc2-PA.
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α1,3-mannosyltransferase activity. These results suggest that
M5ER detected in alg3-T may result from the assembly of im-
mature lipid-linked oligosaccharides owing to deficient α1,3-
mannosyltransferase activity.

Detection of protein underglycosylation and analysis of
N-glycan in alg3-T
To investigate protein N-glycosylation in alg3-T, we examined
the mobility shift of a model protein, protein disulfide isomer-
ase (PDI), which is a 62 kDa ER-resident protein carrying N-

glycans at two potential N-glycosylation sites. The knockout of
AtALG3 was considered to yield an immature precursor oligo-
saccharide, resulting in underglycosylation of protein N-
glycosylation. The N-glycosylation patterns of both Col-0
WT and alg3-T PDIs were analyzed by Peptide:N-glycosidase
F (PNGase F) or Endoglycosidase H (Endo H) digestion. Col-0
WT PDI was fully N-glycosylated (mPDI) and sensitive to
both PNGase F and Endo H (Figure 8). This indicated that
wild-type PDI carried high-mannose-type N-glycans. On the
other hand, alg3-T PDI was not fully N-glycosylated. Both

742

Fig. 4. (continued).

H Kajiura et al.



N-glycans were PNGase F-sensitive and Endo H-insensitive.
This suggested that N-glycan of alg3-T PDI was of the hybrid,
complex type or had an unexpected structure, attributable to
the loss of ALG3 activity in alg3-T.

In addition to underglycosylation of alg3-T PDI, a previous
study also showed that the deficiency of the lipid-linked oligo-
saccharide assembly causes aberrant protein N-glycosylation
in A. thaliana (Hoeberichts et al. 2008). To compare the N-
glycosylation profiles of protein in Col-0 WT and alg3-T, we
performed the affinodetection of total N-glycoprotein with
concanavalin A (ConA), a lectin that binds specifically to
an internal and nonreducing terminal α-mannose residue in
N-glycan (Faye and Chrispeels 1985). Different affinoactive
bands were observed for extracts from alg3-T compared with
extracts from Col-0 WT (Figure 9). alg3-T showed a slightly
lower band than Col-0 WT at about 70 kDa protein. Further-
more, Endo H digestion of both extracts resulted in the
different sensitivities; the extracts from Col-0 were sensitive,
but the extracts from alg3-T were insensitive. This result

demonstrated that most of the proteins in alg3-T are not mod-
ified as high-mannose-type N-glycoproteins.
To determine in detail the N-glycan structures in Col-0 WT

and alg3-T, the total soluble glycoprotein was treated with hy-
drazine, and the resultant free glycans were PA-labeled, and
separated and analyzed by RP-HPLC and SF-HPLC, followed
by matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) MS analysis. The relative amounts of N-gly-
cans detected in each line were calculated on the basis of
their SF-HPLC peak areas (Table II). RP-HPLC demonstrated
that the N-glycans in Col-0 WT and alg3-T were structurally
different (Figure 10): Col-0 WT contains high-mannose-type,
plant-specific hybrid-type or complex-type N-glycans, which
account for approximately 70% of total N-glycans. On the other
hand, alg3-T contained not only hybrid-type and complex-type
N-glycans, but also unique N-glycans such as M3, M4ER and
M5ER (supplemental Figure 3), but did not have high-man-
nose-type N-glycans. This corresponds to the results of
affinostaining with ConA. Interestingly, we found glucosylated
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Fig. 5. Subcellular localization analysis of AtALG3 in BY2 cultured cells. (A) Dual color imaging by confocal laser scanning microscopy of transformed
BY2 cultured cells coexpressing GFP-KDEL and DsRed-AtALG3 or AtALG3-DsRed. (Top) Cells coexpressing GFP-KEDL and DsRed-AtALG3. (Bottom)
Cells coexpressing GFP-KEDL and AtALG3-KEDL. Bars = 10 μm. (B) Subcellular localization of DsRed-AtALG3ΔKKA in GFP-KEDL expressing BY2
cultured cells.
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M5ER (supplemental Figure 3 and Table II), which appeared to
be synthesized from Glc3M5ER detected in lipid-linked oligo-
saccharides. M3, M4ER, M5ER and GlcM5ER accounted for
more than 50% of total N-glycans in alg3-T, although these four
structures could not be detected in Col-0 WT. In another alg3 T-
DNA insertion line, alg3-T2, which carries the T-DNA insertion
in exon 3 (Figure 6), showed an N-glycan profile similar to that
of alg3-T (Table II). These results indicate that the inactivation
of AtALG3 with the T-DNA insertion resulted in the transfer of
immature lipid-linked oligosaccharides to protein Asn residues
and an N-glycosylation profile different from that of Col-0 WT.

Phenotypic characterization of alg3-T
Arabidopsis shows salt/osmotic stress hypersensitivity or
temperature sensitivity resulting from the defective oligosac-
charide transfer to protein Asn residues owing to the loss of
the OST subunit or immaturity of lipid-linked oligosaccha-
ride assemblies (Koiwa et al. 2003; Hoeberichts et al.
2008). As shown above, alg3-T also had an immature lip-
id-linked oligosaccharide. To investigate the salt/osmotic
stress and temperature sensitivities of alg3, the root growth
of alg3-T and alg3-T2 was examined under various stress
conditions. Under normal growth conditions, 7-day-old
alg3-T and alg3-T2 showed the same root tip growth as
Col-0 WT (Figure 11A). Furthermore, the sensitivities of
root growth of 7-day-old seedlings to low and high tempera-
tures (18°C and 28°C, respectively) showed no obvious

differences among Col-0 WT, alg3-T and alg3-T2. We then
examined salt stress sensitivity by comparing alg3-T and
alg3-T2 with the cgl1 mutant, which lacks N-acetylglucosa-
minyltransferase I (GnTI) activity and shows salt sensitivity
(Kang et al. 2008). alg3-T and alg3-T2 showed more salt
tolerance in 100 mM NaCl than cgl1 (Figure 11A). The
salt/osmotic stress sensitivity of the root growth of alg3-T
was established at various concentrations of NaCl, KCl, LiCl
and mannitol (Figure 11B). Col-0 WT and alg3-T showed
similar growth. These results indicate that other modifica-
tions of lipid-linked oligosaccharides with α-linked
mannose residues transferred by ALG9 and ALG12 in the
ER and the ratio of plant-specific N-glycans in cells are
not essential factors for cell growth and viability.

Discussion

ALG3 is an α1,3-mannosyltransferase, which is a membrane
protein classified into the glycoyltransferase family 58.
ALG3 is localized in the ER and catalyzes the initial trans-
fer of a mannose residue from dolichol pyrophosphate-
mannose to lipid-linked M5ER on the ER luminal side.
The ALG3 genes and their functions have been identified
in human, S. cerevisiae, P. pastoris and Tripanosoma brucei
(Aebi et al. 1996; Davidson et al. 2004; Körner et al. 1999;
Manthri et al. 2008).
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Fig. 6. Identification of homozygous AtALG3 mutant lines (alg3-T and alg3-T2). (A) Schematic representation of T-DNA insertion sites in AtALG3 mutants. The
filled box indicates exons, and the number and small arrows indicate the locations of PCR primers used for the analysis. Primers alg3-1 to -9 (ALG3-specific
primers) amplify wild-type ALG3 loci, and primer 6 and LBd1 (T-DNA-specific primer) amplify T-DNA insertion loci. (B), (C) PCR analysis of Col-0 WT, alg3-T
and alg3-T2. The DNA fragments corresponding to ALG3 and T-DNA insertion loci were amplified by PCR using (B) genomic DNA and (C) cDNA prepared from
Col-0 WT and homozygous alg3-T and alg3-T2 as templates.
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In this study, we characterized the functions of Arabidopsis
ALG3. AtALG3 rescued the temperature-sensitive phenotype,
the immature lipid-linked oligosaccharide assembly and the
modification of protein N-glycosylation in the S. cerevisiae
alg3-deficient mutant. Regarding AtALG3, however, the
YG170[pYES2-AtALG3] showed no growth on SC glucose
medium, although YG170[pYES2-RHK1] showed a pheno-
type even when grown on SC glucose medium. This result
was suspected to be the due to the induction of RHK1 ex-
pression by endogenous galactose. A previous study shows
that yeast has a little amount of endogenous galactose (Mum-
berg et al. 1994). This suggests that although AtALG3 was
expressed, the expression level was low, and AtALG3 was
considered to be mislocalized in yeast because AtALG3 has
a less effective C-terminal retention signal, KKA, than KKLN
in RHK1 (Gaynor et al. 1994), which results in failure to res-
cue the YG170 phenotype.

An analysis demonstrated that the two lipid-linked oligosac-
charides, M5ER and Glc3Man9GlcNAc2, were predominant in
vivo in S. cerevisiae YG170[pYES2-AtALG3] grown on SC
galactose. Despite this immature lipid-linked oligosaccharide
assembly, the vacuolar protein CPY was N-glycosylated in
AtALG3-complemented yeast, and Arabidopsis alg3-T PDI
was N-glycosylated, although all the potential N-glycosylation
sites were not fully N-glycosylated (Figure 8). We also showed
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Fig. 7. Analysis of lipid-linked oligosaccharides in Col-0 WT and alg3-T. (A) Lipid-linked oligosaccharides from (ii) Col-0 WT and (iii) alg3-T were extracted,
hydrolyzed, PA-labeled and analyzed using SF-HPLC. Deduced PA-labeled lipid-linked oligosaccharides were compared with authentic PA-sugar chains M5A,
M8A and Glc3Man9GlcNAc2 (i). (B) Determination of M5 isoform structure. The peak observed at a retention time of 48 min in alg3-Twas subjected to RP-HPLC
and compared with authentic PA-sugar chains, (i) M5A and (ii) M5ER prepared from S. cerevisiae YG176.

Fig. 8. Western blot analysis for detection of glycosylated protein disulfide
isomerase (PDI). The protein extracts from Col-0 WT and alg3-T were probed
using a PDI-specific antibody. To determine the degree of glycosylation and the
N-glycan structure, PNGase F and Endo H digestions were performed. The
numbers and mPDI on the right indicate the electrophoretic migration and the
position of glycosylation of PDI lacking up to two N-glycans (-1 to -2) and
mature PDI. The alg3-T-specific and Endo H-insensitive affinoactive bands are
shown in triangles.

Fig. 9. Affinoblot analysis of total N-glycoprotein containing terminal
mannose residue. Soluble leaf protein was extracted from both Col-0 WT and
alg3-T, followed by Endo H digestion. The samples were separated by SDS–
PAGE and (A) stained with Coomassie brilliant blue and (B) probed with
ConA. Asterisks indicate Endo H alone as a control. Protein sizes are indicated
on the left.
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that the N-glycan structures in alg3-T and alg3-T2 indicate that
M3 was the most abundant. Henquet et al. (2008) showed that
CPY in S. cerevisiae and PDI in Arabidopsis exhibited N-gly-
cosylation patterns different from those in the wild type. In
addition, they showed that AtALG3 complemented S. cerevisiae
lipid-linked oligosaccharide maturation, and AtALG3 deficien-
cy in Arabidopsis resulted in the accumulation of the M3 N-
glycan structure. Our findings in this study are consistent with
those of Henquet et al. (2008). Furthermore, we identified the
α-glucosylated N-glycan GlcM5ER in alg3 mutants. These in
vivo data suggest that the M5ER structure is modified with glu-
cose residues as mediated by α-glucosyltransferases ALG6,
ALG8 and ALG10 in yeast and Arabidopsis. Indeed, we de-
tected the peak corresponding to the M8 structure in the lipid-
linked oligosaccharide fraction in alg3-T, which was not further
hydrolyzed by α-mannosidase and assumed to be a triglucosy-
lated M5ER. Furthermore, we detected the intermediate of
glucosidase trimming from Glc3M5ER, GlcM5ER. These find-
ings indicate that the M8 structure detected in the lipid-linked
oligosaccharide fraction in alg3-Twas Glc3M5ER. The resultant
Glc3M5ER is transferred to the Asn residues of a nascent poly-
peptide by OST, and then the glucose residues are removed by
glucosidases I and II to yield glycoproteins with M5ER.

The transfer of oligosaccharides by the OST complex re-
quires a minimum structural unit. The yeast OST complex
recognizes the terminal glucose residue of a lipid-linked oligo-
saccharide to transfer the oligosaccharide moiety to Asn
residues (Burda et al. 1996). The extension of glucose residues
is a critical step for protein quality control in the ER. There-
fore, a backbone structure, Manα1-2Manα1-2Manα1-3, of
M5ER is vital for the extension of glucose residues followed
by mature N-glycosylation. Furthermore, taking into consider-
ation the N-glycosylation efficiencies of both CPY and PDI,
four other α1-2,3,6-linked mannose residues transferred by
ALG3, ALG9 and ALG12 of a mature lipid-linked oligosac-
charide are also considered to contribute to the recognition
and transfer of the lipid-linked oligosaccharide to Asn residues
by the OST complex. This hypothesis is supported by the re-

sults that yeast alg9 and alg12 mutants exhibited under- or
hypoglycosylation of CPY (Burda et al. 1996; Burda et al.
1999). Additionally, the four α1-2,3,6-linked mannose residues
are also considered to participate in the quality control mediat-
ed by the ER chaperons, calnexin and calreticulin. This is
because we could not detect the structures in Col-0 WT, al-
though we detected the GlcM5ER structure in alg3-T and
alg3-T2. This suggests that an immature N-glycan transferred
to a nascent polypeptide is a less efficient structure for recog-
nition by calnexin and calreticulin and induces the ER stress
response. This speculation is supported by the result of reverse
transcription–PCR analysis of unfolded protein response in
Arabidopsis alg3 (Henquet et al. 2008).

In yeast, the C-terminal KKX sequence of the type I mem-
brane protein enables ER localization but is less effective for
ER localization and results in trafficking to the vacuole (Gay-
nor et al. 1994). However, Henquet et al. (2008) suggested that
a high level of the C-terminal CFP fusion protein of AtALG3
is localized in the ER in Arabidopsis protoplast cells, although
this fusion protein did not have the putative signal peptide
KKA for the ER localization in the C-terminus. We showed
that DsRed-AtALG3 was tightly localized in the ER in plants
(Figure 5A), indicating that the N-terminal sequence has no
critical role as the retention signal for ER localization. On
the other hand, AtALG3-DsRed and DsRed-AtALG3ΔKKA
were localized not only in the nucleus and cytoplasm but also
in the ER in intact BY-2 suspension-cultured cells (Figure 5).
These suggest some possibilities of AtALG3 for ER localiza-
tion. First, the C-terminal KKA sequence in AtALG3 works as
the ER retention signal. Second, other factors such as the
membrane spanning regions, particularly 10 putative trans-
membrane regions in AtALG3, also contribute to ER
localization. It is possible that the KKX signal in AtALG3 is
effective but not sufficient for ER localization in plants.

Arabidopsis alg3-T and alg3-T2 showed no obvious growth
phenotype even under salt/osmotic stressed conditions. In
mammals, on the other hand, N-glycosylation deficiencies
caused by the dysfunction of lipid-linked oligosaccharide as-
sembly lead to multisystemic symptoms and have been
classified as the congenital disorder of glycosylation (CDG)
type I. Human ALG3 deficiency is identified as CDG-Id,
which causes problems of the liver, nervous systems and bones
(Sun et al. 2005). Previous studies indicated that N-glycan
modifications in the ER are essential for the protein quality
control and thus for plant viability. For example, inhibition
of the N-glycosylation machinery in the ER by tunicamycin
treatment (Koizumi et al. 1999) or by pmm, cyt1, rsw3 or
knf/gcs1 mutations causes severe growth defects and/or lethal-
ity (Nickle and Meinke 1998; Boisson et al. 2001; Gillmor et
al. 2002; Burn et al. 2002; Hoeberichts et al. 2008). Further-
more, Kang et al. (2008) showed that the modification of N-
glycan with the GlcNAc, xylose and fucose residue(s) catalyzed
by GnTI, β1,2-xylosyltransferase (XYLT; Strasser et al.
2000) and α1,3-fucosyltransferases (FUCTs; Bondili et al.
2006; Wilson et al. 2001) in the Golgi apparatus is necessary
for a salt/osmotic stress tolerance of plant cells. Although a
lipid-linked oligosaccharide is not fully assembled as
Glc3Man9GlcNac2, alg3-T and alg3-T2 meet this requirement
of the N-glycan structure, because alg3-T and alg3-T2 contain
the complex or plant-specific N-glycans. Analysis of N-glycan
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Fig. 10. N-Glycan analysis of A. thaliana Col-0 WT and alg3-T. Total N-
glycans prepared from glycoproteins and labeled with PA were analyzed by
RP-HPLC with C18 column. (i) Col-0 WT and (ii) alg3-T. The major structures
are shown in chromatographs.
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structures showed that the alg3-T and alg3-T2 plants have the
complex-type N-glycans, such as M3FX. As suggested above,
the lipid-linked oligosaccharide of alg3-T, M5ER, has two
α1,2-mannose residues that are removed by α1,2-mannosidase
I localized at the Golgi apparatus. The resultant M3 structure
can be the potential accepter substrate of GnTI, resulting in
GlcNAcMan3 (Strasser, Mucha et al. 1999; Wenderoth and
von Schaewen 2000). This structure triggers the following re-
actions: N-acetylglucosaminyltransferase II (Strasser,
Steinkellner et al. 1999), XYLT and FUCTs induce the matu-
ration of plant-specific N-glycans. However, the relative
amount of plant-specific N-glycans in alg3-T and alg3-T2 is

much lower than that of Col-0 WT (Table II). This is due to
the lower affinity of GnTI toward the M3 structure than M5:
the Km value for M3 is 20 times higher than that for M5 in
Arabidopsis (Strasser et al. 2005). This suggests that GnTI re-
action is the important step in the biosynthesis and the quantity
of plant-specific N-glycans in alg3-T and alg3-T2.
In conclusion, we identified and further characterized Arabi-

dopsis ALG3, and showed the plant ER glycosylation
machinery, the effect of deficient lipid-linked oligosaccharide
maturation to N-glycans and plant growth. In S. cerevisiae, 14
ALG family proteins have been identified (supplemental
Table 1). Arabidopsis may also have the same number of
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Fig. 11. Root growth of alg3-T and alg3-T2 seedlings after treatment with salt/osmotic or high-temperature stress. (A) 7-day-old Col-0 WT, alg3-T and alg3-T2
seedlings on an MS plate were transferred to an MS plate (i) low-, normal or high-temperature conditions, 18°C, 23°C and 28°C, and (ii) with 100 mM NaCl and
incubated for additional 7 days. cgl1 was used for a salt-sensitive control. (B) Root growth responses under various conditions were measured 7 days after transfer
from MS plates.
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ALG family proteins for the maturation of lipid-linked oligo-
saccharides. In this study, although we were not able to find
any obvious phenotypes of alg3-T and alg3-T2, analysis of oth-
er alg mutant lines may lead to the elucidation of the role of the
lipid-linked oligosaccharide maturation in plant cell growth,
morphological features and physiological changes.

Materials and methods

Yeast strains, plant lines and DNA materials
The following strains of S. cerevisiae strains were used in this
study: BY3303 (MATα ade2-1 ade3-Δ22 his3-11,15 leu2-
3,112 trp1-1 ura3-1 can1-100) (YGRC, Osaka University, Ja-
pan; http://yeast.lab.nig.ac.jp/nig/english/index.html), YG170
(MATα ade2-101 ade3 ura3-52 his3 alg3-1 stt3-3) and
YG176 (MATa ade2-101 ade3 ura3-52 his3Δ200 leu2 tyr1
stt3-3) (Zufferey et al. 1995).

The Columbia T-DNA insertion mutants, SALK_064006
(alg3-T) and SALK_046061 (alg3-T2) were identified using
the SIGnAL World Wide Web site at http://signal.salk.edu.
The alg3-T and alg3-T2 homozygous lines were identified by
PCR methods as described below.

Cloning and construction of yeast expression vectors of RHK1,
AtALG3
Total RNA was isolated from A. thaliana rosette leaves using
an RNeasy Plant Mini Kit (QIAGEN, Chatsworth, CA) and
was reverse-transcribed into cDNA using an RNA PCR Kit
Ver.2.1 (TaKaRa, Shiga, Japan). The coding region of the
two A. thaliana ALG3 gene was amplified using the KOD
plus polymerase (TOYOBO) with primer sets (forward,
ATTGGATCCATGGCGGGCGCCTCATCACCG; reverse,
ATTCTCGAGTTATGCTTTTTTGTGTATTTG; BamH I
and Xho I restriction sites are underlined). S. cerevisiae
alg3 (RHK1: EC 2.4.1.130) was amplified using KOD plus
polymerase with primer sets (forward, ATTGGATCCATG-
GAAGGTGAACAGTCT; reverse, ATTCTCGAGTCAGTT-
GAGCTTTTTTTC; BamH I and Xho I restriction sites are
underlined) from genomic DNA isolated from the S. cerevisiae
BY3303 strain as a template. The PCR products were subcloned
into a pGEM T-Easy vector (Promega, Tokyo, Japan) and se-
quenced using an ABI PRISMTM Big DyeTM Terminator
cycle sequencing kit (Applied Biosystems, Foster City, CA).
The subcloned AtALG3 and RHK1 were digested with the re-
striction enzyme sets BamH I and Xho I and were ligated with
the BamH I- and Xho I-digested pYES2 vector (Invitrogen,
Carlsbad, CA).

Complementation of AtALG3 and RHK1 in alg3-1 mutant strain
The expression vectors were introduced into the yeast alg3-
deficient mutant YG170 by electroporation. The transformants
were selected on SC medium containing 2% glucose at 25°C.
The resulting colonies were restreaked on SC medium contain-
ing 2% glucose or galactose and incubated at 30°C. The
transformants that grew on SC medium containing 2% galac-
tose were subjected to further analysis.

A series of 1:10 dilutions starting with O.D.600 = 0.2 trans-
formants cultivated in SC medium containing 2% glycerol
were prepared, and 5 μL of each dilution was spotted on SC

medium containing 2% glucose or galactose plates and incu-
bated at 25°C or 30°C for 2 days.

Extraction and analysis of lipid-linked oligosaccharides
Extraction of the lipid-linked oligosaccharides from yeast
strains and HPLC of oligosaccharides were performed as previ-
ously described (Zufferey et al. 1995; Burda and Aebi 1998)
with the following modifications: the cells were grown at
25°C in 1 L of SC 2% glucose or galactose to a cell density of
O.D.600 = 1.5–2.0. The lipid-linked oligosaccharides from plant
cells were extracted as previously described (Hori et al. 1982).
The extracted oligosaccharides and acidic hydrolysis products
were desalted using a cellulose cartridge (Shimizu et al. 2001).
The oligosaccharides were pyridylaminated as described previ-
ously (Misaki et al. 2001), purified using a cellulose cartridge
and subjected to SF-HPLC after dissolving 80% acetonitrile.
For the analysis of the PA-oligosaccharides, SF-HPLC was per-
formed by increasing acetonitrile concentration linearly from 77
to 53% for 50 min at a flow rate of 1.0 mL/min using a Sho-
dex Asahipak NH2P-50 4E column (4.6 × 250 mm, Showa
Denko Co., Ltd., Tokyo, Japan) with Hitachi LaChrom. The
eluted fractions were monitored by measuring fluorescence in-
tensity using excitation and emission wavelengths of 310 and
380 nm, respectively.

The PA-oligosaccharides eluted by SF-HPLC were collected
and lyophilized. The molecular mass of PA-oligosaccharides
and the number of their sugar moieties were estimated by LC–
MS (/MS) analysis usingAgilent Technologies 1200 series (Agi-
lent Technologies, Santa Clara, CA) equipped with HCT plus
(Bruker Daltonics, Bremen, Germany).

On the basis of the possible structure deduced from LC–
MS/MS analysis, the elution position of PA-oligosaccharides
(M5ER) was compared with the elution positions of authen-
tic PA-sugar chains (M5 and Glc3Man9 purchased from
TaKaRa and Masuda Chemical Industries, Tokushima, Ja-
pan, respectively) and standard M5ER prepared from
chicken IgY by reverse-phase HPLC (RP-HPLC).

Comparing M5ER derivatives with authentic PA-sugar chains
by RP-HPLC
For analysis of the PA-oligosaccharide structures, PA-oligo-
saccharides or PA-sugar chains obtained from SF-HPLC
were subjected to RP-HPLC using a Cosmosil C18 column
(4.6 × 250 mm, nacalai tesque) and eluted by increasing ace-
tonitrile concentration in 0.02% trifluoroacetic acid linearly
from 0 to 4% for 40 min at a flow rate of 1.2 mL/min. All
of the eluates were monitored by measuring the fluorescence
intensity using excitation and emission wavelengths of 310
and 380 nm, respectively.

Identification of T-DNA insertion mutants

The T-DNA insertion line of A. thaliana was obtained from
Arabidopsis Biological Resource Center (Columbus, OH).
Homozygous seedlings were screened, and the localization
of T-DNA was detected by PCR using the following
primer sets: forward primer alg3-6 (5′-TCTCTTTAAT-
GATTGTTTTGCCAT-3′) and reverse primer alg3-7
(5′-ATCAAAGGCGTTTGCTATGTATGAAA-3′), T-DNA-
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specific primer LBd1 (5′-CCACGTTCTTTAATAGTGGACT-3′)
for alg3-T, and forward primer alg3-4 (5′-ATGCAATCC-
TAGTCGCACTTATTA-3′) and reverse primer alg3-5 (5′-
GATTGACAATGTAGAGAACACCAAAAA-3′) for alg3-T2.

Agrobactezrium-mediated tobacco BY2 cultured cell
transformation
All fusion constructs, directly N- or C-terminal DsRed-
tagged AtALG3, were generated by PCR methods using
full-length AtALG3 cDNA and the fluorescent proteins,
GFP and DsRed as templates and ligated with the plant ex-
pression vector pBI121 or pGPTV-HPT. The resultant
vectors, pBI121-DsRed-AtALG3, pBI121-AtALG3-DsRed,
pBI121-DsRed-AtALG3ΔKKA and pGPTV-HPT-GFP-
KEDL, were introduced into Agrobacterium tumefaciens
LBA4404 via electroporation. The transgenic A. tumefaciens
containing pGPTV-HPT-GFP-KEDL was used for transfor-
mation of tobacco BY2 cultured cells and maintained as
described previously (Palacpac et al. 1999). A stable trans-
genic was used for further expression of DsRed fusion
proteins. A 3-day-old transformant was used for subcellular
localization analysis by confocal laser scanning microscopy.

Confocal laser scanning microscopy of fluorescent fusion
proteins
Cells expressing GFP or DsRed fusion proteins were analyzed
with Digital Eclipse C1si (Nikon) equipped with CFI Plan
Apo10×, 20×, 40× and VC 100×H, and EZ-C1 3.40 software
(Nikon). Fluorescence was excited with the 488 nm line of a
solid laser (20 mW) and the 543 nm line of a G-HeNe laser
(10 mW) with the laser power set to 1.0–5.0%. Image proces-
sings for both GFP and DsRed colorations were performed
using Adobe Photoshop CS3.

N-Glycosylation analysis of model proteins, CPY and PDI, by
western blotting
Samples for western blotting analysis of CPY were prepared as
previously described (Aebi et al. 1996). Briefly, 2-day-cultivated
yeast cells were pelleted and lysated by vortexing with acid-
washed glass beads, followed by heating at 95°C for 5 min.
The samples were centrifuged at 4°C and 15,000 rpm for
5 min. The protein extracts from A. thaliana Col-0 WT and
alg3-T were obtained by homogenization and centrifuged at
4°C and 15,000 rpm for 5 min. The protein extracts were di-
gested with PNGase F (Wako, Osaka, Japan) or Endo Hf

(NEB, Tokyo, Japan). The protein extracts from yeast and
A. thaliana were separated by 8.0% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) un-
der reducing conditions. The fractionated proteins were
electroblotted onto a polyvinylidine fluoride membrane. The
membrane was incubated in phosphate-buffered saline (PBS)
5% skim milk at 4°C overnight and probed with a 1:1000
diluted anti-CPY-specific antibody (Nordic Immunological
Laboratories B.V., Tilburg, The Netherlands) or an anti-PDI-
specific antibody (atPDI, Rose Biotechnology, Winchendon,
MA) for detection of yeast or A. thaliana N-glycosylation,
respectively. The primary-antibody-probed membrane was
washed three times with PBS 0.5% skim milk and 0.05%

Tween-20, and then placed in PBS 5% skim milk contain-
ing 1:1000 diluted peroxidase (POD)-conjugated antimouse
IgG for CPY and antirabbit IgG for PDI (GE Healthcare,
Buckinghamshire, England). After washing the membrane
three times with PBS 0.5% skim milk and 0.05% Tween-
20, bands were visualized using a POD immunostain kit
(Wako).

Preparation of N-glycans and its structural analysis by HPLC
A. thaliana Col-0 WT, T-DNA line, SALK_064006 (alg3-T)
and SALK_046061 (alg3-T2) were disrupted by homogeniza-
tion and centrifuged at 4°C and 12,000 rpm for 15 min. The
resulting cell extracts were defatted with acetone, and the sugar
chains were released from crude glycoproteins by hydrazinoly-
sis at 100°C for 10 h. After N-acetylation of the hydrazinolysate
with saturated sodium bicarbonate and acetic anhydrade, the
acetylated hydrazinolysate was desalted with Dowex 50 × 2
(Muromachi Kagaku Kogyo Kaisha, Tokyo, Japan) and frac-
tionated on a TSK gel Toyopearl HW-40 (Tosoh, Tokyo,
Japan) column (2.5 × 30 cm) in 0.1 N ammonia. Pyridylamina-
tion (PA) of the oligosaccharides obtained was described
previously (Misaki et al. 2001). Pyridylaminated sugar chains
were fractionated on a TSK gel Toyopearl HW-40 column
(2.5 × 30 cm) in 0.1 N ammonia. PA-sugar chains were fraction-
ated by RP-HPLC and SF-HPLC. The PA-sugar chains eluted
by SF-HPLC were collected and lyophilized. The molecular
mass of PA-sugar chains was estimated by MALDI-TOF MS
on an Autoflex (Bruker Daltonics) operated in the positive ion
and reflector modes using 2,5-dihydroxybenzoic acid (Sigma,
St. Louis, MO) as a matrix.
On the basis of the possible structure deduced from MALDI-

TOFMS analysis, PA-sugar chains were digested with appropri-
ate exogylcosidases, N-acetyl-hexosaminidase (Sigma) or
α-mannosidase (jack bean, Sigma) as described previously
(Misaki et al. 2001). The reaction was terminated by boiling
for 5 min, and the reaction mixture was centrifuged at 4°C
and 15,000 rpm for 5 min. The resulting supernatant was mixed
with four times volume of acetonitrile and analyzed by SF-
HPLC and followed by RP-HPLC as mentioned above. Their
elution positions were compared with the elution positions of
authentic PA-sugar chains (M3, M5, M6B, M6C, M7A,
M7B, M7C, M8A and M9), purchased from TaKaRa, M3FX
prepared from horseradish POD, M4ER and M5ER prepared
from chicken IgY N-glycan, GlcMan9GlcNAc2 digested with
α1,2-manosidase (Seikagaku kogyo, Tokyo, Japan), α-manno-
sidase from jack bean (Sigma) and α-glucosidase from Bacillus
stearothermophilus (Sigma). The authentic PA-sugar chain iso-
forms are listed in Table II.

Growth assay for salt/osmotic and temperature stress
tolerance
Arabidopsis Col-0 WT, alg3-T and alg3-T2 were sown onto
MS plates (Murashige and Skoog 1962) (1× MS salts, 20 g/L
sucrose and 3 g/L gellan gum, pH 5.8) and incubated for
2 days at 4°C in the dark condition for dormant, and then
incubated at 23°C for 7 days. Seedlings were transferred to
MS plates containing various concentrations of NaCl, KCl,
LiCl and mannitol and incubated for 7 days, and then their
root growth was measured. The growth assay for restrictive
temperature was performed at 28°C.
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Supplementary data

Supplementary data for this article is available online at http://
glycob.oxfordjournals.org/.
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