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Abstract Suspension-cultured plant cells are feasible bioreactors for the production of pharmaceutical proteins. Post-
translational modification, such as glycosylation, is important for in vivo biological and physiological roles of proteins.
However, little is known about the effect of suspension-culture conditions on protein N-glycosylation. In this study, we
studied the N-glycan structures of soluble and endogenous glycoproteins at different growth stages of suspension-cultured
Arabidopsis thaliana T87 cells. At the late growth stage, the amount of N-glycans with terminal N-acetylglucosamine
(GIcNAc) decreased, whereas that of N-glycans with fucose and xylose increased. This indicates that N-glycans have more
plant-specific sugar residues as the cultivation reaches the late or end stage of plant growth.
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Recombinant DNA technology enabled advances in
heterologous protein production in various host cells,
such as chicken, sheep, mammalian, insect, silkworm,
and plant cells. Attention has been focused on plants
as a protein factory, because the plant system is low
in cost, lacks animal pathogens, and capable of post-
translational modifications (Xu et al. 2011). Suspension-
cultured plant cells have been traditionally used for the
production of plant-derived natural compounds. Thus,
pharmaceutical protein production has been attempted
in suspension-cultured plant cells (Basaran and
Rodriguez-Cerezo 2008; Karg and Kallio 2009; Hellwing
et al. 2004). Compared with whole plants, the plant cell
culture system has some advantages, such as inexpensive
chemicals for their culture, controllable culture
conditions, and reproducible environmental parameters
(Xu et al. 2011). These advantages allow suspension-
cultured cells to meet the regulatory requirements
for the production of pharmaceutical proteins and
to work as an environmentally friendly bioreactor.
Recently, S-glucocerebrosidase produced by plant
suspension-cultured cells has become the most advanced
biopharmaceutical for commercialization (Aviezer et al.
2009; Shaaltiel et al. 2007).

Most pharmaceutical proteins are post-translationally
modified. Glycosylation is a critical protein modification
process for expression of biological and physiological
activities in the cell. N-Glycosylation, i.e., modification at
an asparagine residue, has been extensively studied and
shown to be diversified among eukaryotes (Brooks 2004;
Pattison and Amtmann 2009; Rayon et al. 1998; Tomiya
et al. 2004; Wilson 2002). Therefore, heterologously
expressed proteins are modified under a host-specific
system. In plants, the typical N-glycan structure is the
core structure Man;GlcNAc, (Man, mannose; GlcNAc,
N-acetylglucosamine) with f(1,2)-xylose (Xyl) and
a(1,3)-fucose (Fuc), termed M3FX here (Figure 1).
However, mammalian N-glycans generally have a(1,6)-
Fuc residues linked to Man;GIcNAc, instead, but not
have f3(1,2)-Xyl. Plant-specific sugar residues have been
suggested to be potentially immunogenic or allergenic
(Altmann 2007; Bencurova et al. 2004; Jin et al. 2008).
Previously, we examined N-glycan structures derived
from endogenous and soluble proteins of suspension-
cultured cells of tobacco (Nicotiana tabacum) BY2
(Misaki et al. 2001; Palacpac et al. 1999) and A.
thaliana MM2d (Fujiyama et al. 2007), and showed that
M3FX is the predominant structure. However, little is
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Figure 1. Schematic representation of plant-specific N-glycan.

known about the effect of culture conditions on the N-
glycosylation profile.

In this study, we determined the N-glycan structures
of endogenous and soluble glycoproteins at different
growth stages of suspension-cultured A. thaliana T87
cells. While A. thaliana T87 cell has photosynthetic
performance under light illumination, tobacco BY2
and A. thaliana MM2d cells do not have active plastids.
The effect of growth stages on the N-glycosylation of
suspension-cultured A. thaliana T87 cells was discussed.

The A. thaliana suspension-cultured cell strain T87
(Axelos et al. 1992) was cultured in a modified MS
medium (Nagata et al. 1992) with constant agitation
at 120rpm and 22°C under a 16-h-light/8-h-dark
photoperiod. Four milliliters of the suspension culture
was transferred into 95ml of fresh medium at one-
week intervals. The cells were harvested on days 3,
5, and 7, and ground with a mortar and pestle in the
presence of liquid N,. The thawed cell homogenate
was centrifuged at 12,000rpm for 15min at 4°C. The
resulting supernatant was used as the solution of soluble
and endogenous glycoproteins for structural analysis.
The analysis of N-glycan structures used a combination
of reversed-phase (RP-) and size-fractionation (SF-
) HPLCs, matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry (MS),
and exoglucosidase digestion (Misaki et al. 2003).
Briefly, sugar chains released from glycoproteins by
hydrazinolysis were N-acetylated and purified. The N-
glycans were labeled with 2-pyridylamine (PA, Hase et
al. 1978) and excess PA was removed using cellulose
microcrystalline (MERCK) (Shimizu et al. 2001). PA-
labeled N-glycans (PA-glycans) were fractionated by
RP- and SF-HPLCs using Cosmosil 5C18-AR (Nacalai
Tesque, Kyoto, Japan) and Asahipak NH2P-50 4E
(Showa Denko, Tokyo, Japan) columns by monitoring
the intensity at excitation and emission wavelengths of
310nm and 380nm, respectively. The molecular masses
of the PA-glycans were determined by MALDI-TOF MS
with an Autoflex mass spectrometer (Bruker Daltonics,
Bremen, Germany) using 2,5-dihydroxybenzoic acid
(Sigma, St. Louis, MO) as the matrix. On the basis of the
deduced structure determined by MALDI-TOF MS, the
PA-glycans were digested with a-mannosidase (almond,
Sigma) and N-acetylglucosaminidase (Diplococcus
pneumoniae, Roche, Mannheim, Germany), as described
previously (Misaki et al. 2001; Palacpac et al. 1999), and
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Figure 2. Growth curve of A. thaliana T87 cells. This growth curve
shows an early phase (days 1-3), a middle phase (days 3-7), and a late
phase (days 7-9).
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Figure 3. N-Glycan analysis of 3-, 5-, and 7-day-old A. thaliana
T87 cells. Total N-glycans prepared from glycoproteins in each cell
and labeled with PA were analyzed by RP-HPLC using a C,4 column.
Asterisks indicate non-PA-glycan derivatives. Numbers at the top
represent the elution positions of glucose units (GU) based on
the elution times of PA-isomalto-oligosaccharides with degrees of
polymerization from 3 to 15.

analyzed by SF- or RP-HPLC. The elution positions of the
N-glycan in the supernatant were compared with those of
authentic PA-glycans (Takara Biomedicals, Shiga, Japan).
Other plant-specific N-glycans were prepared from
horseradish peroxidase and tobacco suspension-cultured
BY?2 cells (Misaki et al. 2001).

We examined the growth of the cell suspension of A.
thaliana T87 under light illumination. The growth curve
shows an early phase on days 1-3 followed by a middle
phase on days 3-7 and a late phase on days 7-9 (Figure
2). Therefore, in this study, we divided the cell growth of
suspension culture into three phases: early, middle, and
late phases. When the cells were transferred to a fresh
medium, the wet weight of the cells was 2.85g/99 ml.
After 7 days, the wet weight reached 33.3g with an
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Figure 4. Schematic representation of N-glycans and their abbreviations detected in A. thaliana T87 cells and used in this study. High-mannose

type, GlcNAc-linked, and M, FX, and M3X were categorized.

approximately 11-fold increase. A. thaliana T87 cells
grown for 3, 5, and 7 days were used to extract soluble
glycoproteins.

PA-labeled N-glycans were prepared from soluble
glycoproteins, purified, and characterized by a
combination of RP- and SF-HPLCs. The molecular
mass of the PA-glycan corresponding to each peak was
determined using MALDI-TOF MS and compared with
the calculated mass of authentic PA-glycans, suggesting
a possible structure. From the deduced structure, the
PA-glycan was digested with a-mannosidase and N-
acetylglucosaminidase, and the digested PA-glycan was
further examined using HPLC to compare its elution

position with that of authentic PA-glycan. MALDI-TOF
MS and exoglycosidase digestion showed that the peaks
marked by bars contained N-glycans and those marked
by asterisks contained no N-glycans (Figure 3).

PA derivatives prepared from A. thaliana T87 cells
grown for 3, 5, and 7 days were fractionated by RP-
HPLC (Figure 3): 3 days, Peak Nos. 1-11; 5 days, Peak
Nos. 1-12; 7 days, Peak Nos. 1-10. To separate the
same retention structures detected in RP-HPLC, each
of the collected fractions was rechromatographed by
SF-HPLC (data not shown) and the resultant fractions
were denoted as a-d. The structures of the N-linked sugar
chains from A. thaliana T87 cells are summarized in
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Table 1. Relative amounts of PA-glycan structures detected in A. thaliana T87 cells
Day 3 Day 5 Day 7
N-Glycan structure
Peaks Ratio (%) Peaks Ratio (%) Peaks Ratio (%)
High-mannose type
MO9A 2-b 3.4 4-a 5 2-d 1.5
MSA 1-c 12.3 3-a 10.3 1-d 7.7
M7B 4-b 1.5 6-b 29 — —
M6A 5-b 1.7 7-b 4.3 4-b 0.6
M5A 8-c 1.5 9-c 0.9 — —
GlcNAc-linked
GN2M3FX 3-a 30.3 5-a 44.5 2-b, 3-¢ 42.3
GN'M3FX 5-a 9.1 6-a,7-a 16.2 4-a 3.6
GN;M3FX 1-b 12 2-b 4.7 1-b 18
GN2M3X 10-a 0.9 — — 8-a 1.3
GN,M3X 8-b 6 9-b 1 6-b 4.3
MnFX, M3X
M3EX 1-a 19.2 2-a 9.4 2-a 19.1
M2EX — - — — 3-a 0.9
M3X 8-a 2.1 9-a 0.8 6-a 0.7

The relative ratio of structures was calculated on the basis of the peak area in the SF-HPLC profile. Peaks indicate the PA-glycans collected by RP-

and SF-HPLCs.

70
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OHigh-mannose type
@ GlcNAc-linked
BM,FX, M3X
Figure 5. Relative amounts of high-mannose type, GlcNAc-linked,
and M, FX and M3X. On the basis of their structures, the ratio of each
type shown in Figure 4 is summarized.

Table 1 and Figure 4.

The structural analysis of N-glycans of endogenous
and soluble glycoproteins showed that N-glycosylation is
dependent on the growth stage of the cell culture. At the
early phase, the high-mannose-type glycan content was
20.4% of the total glycan, which increased to 23.4% at the
middle phase, and then dropped down to 9.8% at the late
phase (Figure 5). The amount of GlcNAc-linked glycans
increased from 58.3% to 69.5%. In contrast, the amount
of N-glycans with «l1,3-Fuc and f1,2-Xyl changed and
reached 90.3% at the late phase, though that of the most
typical plant-type glycan, M3FX, was 19.1%. Throughout
the growth, the most predominant structure was
GN2M3EX: early phase, 30.3%; middle phase, 44.5%; and

late phase, 42.3% (Table 1). However, the second most
predominant structures were M3FX in the early phase,
GN'M3FX in the middle phase, and M3FX in the late
phase. This N-glycosylation profile is quite different from
that of A. thaliana MM2d (Fujiyama et al. 2007), where
M3FX was 70% of the total glycan.

Growth conditions and developmental stage affect
the N-glycosylation of endogenous and soluble proteins
in tobacco leaves (Elbers et al. 2001). The ratio of high-
mannose-type N-glycans to other types showed no
marked change with temperature or light intensity.
However, senescence affected the glycosylation profile
and so the terminal GlcNAc-free N-glycan content
increased in the late stage. In the suspension-cultured
cells, glycans at the late stage of growth showed
significant reduction in terminal GlcNAc residue content,
but a larger increase in Fuc and Xyl residue content,
suggesting that N-glycan maturation proceeded. The
glycosylation patterns in BY2 cells were also growth-
phase-dependent (Yin et al. 2009).

For mammalian and insect expression systems, culture
conditions affected the glycosylation of recombinant
proteins (Pacis et al. 2011; Joosten and Shuler 2003).
Although Xu et al. (2011) reviewed the improvement
of the medium and process to increase the production
of recombinant proteins in plant cells, no study of
the control of N-glycosylation has yet been reported.
Monosaccharide in the culture medium is a key factor
in altering the N-glycosylation profile of endogenous or
secreted proteins (Becerra-Arteaga and Shuler 2007).
Likewise, the supplementation of the culture medium
controls the extent of N-glycosylation. It is also necessary
to study environmental parameters that affect the
production and N-glycosylation profile of recombinant

Copyright © 2012 The Japanese Society for Plant Cell and Molecular Biology



proteins in plant suspension-cultured cells. Light
illumination is one of such environmental parameters.
In this study, we examined the N-glycans of soluble and
endogenous glycoproteins at different growth stages of
Arabidopsis cells cultured under light illumination. To
discuss the effects of light illumination on protein N-
glycosylation in suspension-cultured cells, an N-glycan
analysis of the soluble and endogenous proteins from
plant cells cultured in the dark is now in progress.

References

Altmann F (2007) The role of protein glycosylation in allergy. Int
Arch Allergy Immunol 142: 99-115

Aviezer D, Brill-Almon E, Shaaltiel Y, Hashmueli S, Bartfeld
D, Mizrachi S, Liberman Y, Freeman A, Zimran A, Galun E
(2009) A plant-derived recombinant human glucocerebrosidase
enzyme—a preclinical and phase I investigation. PLoS ONE 4:
e4792

Axelos M, Curie C, Mazzolini L, Bardet C, Lescure B (1992) A
protocol for transient gene expression in Arabidopsis thaliana
protoplasts isolated from cell suspension cultures. Plant Physiol
Biochem 30: 123-128

Basaran P, Rodriguez-Cerezo E (2008) Plant molecular farming:
opportunities and challenges. Crit Rev Biotechnol 28: 153-172

Becerra-Arteaga A, Shuler ML (2007) Influence of culture medium
supplementation of tobacco NT1 cell suspension cultures on
the N-glycosylation of human secreted alkaline phosphatase.
Biotechnol Bioeng 97: 1585-1593

Bencurova M, Hemmer W, Focke-Tejkl M, Wilson IB, Altmann F
(2004) Specificity of IgG and IgE antibodies against plant and
insect glycoprotein glycans determined with artificial glycoforms
of human transferrin. Glycobiology 14: 457-466

Brooks SA (2004) Appropriate glycosylation of recombinant
proteins for human use: implications of choice of expression
system. Mol Biotechnol 28: 241-255

Elbers IJ, Stoopen GM, Bakker H, Stevens LH, Bardor M, Molthoff
JW, Jordi WJ, Bosch D, Lommen A (2001) Influence of growth
conditions and developmental stage on N-glycan heterogeneity
of transgenic immunoglobulin G and endogenous proteins in
tobacco leaves. Plant Physiol 126: 1314-1322

Joosten CE, Shuler ML (2003) Effect of culture conditions on the
degree of sialylation of a recombinant glycoprotein expressed in
insect cells. Biotechnol Prog 19: 739-749

De Muynck B, Navarre C, Boutry M (2010) Production of
antibodies in plants: status after twenty years. Plant Biotechnol |
8:529-563

Fujiyama K, Tanaka R, Terashima M, Seki T (2007) N-Linked
glycan structures of glycoproteins in suspension-cultured
Arabidopsis thaliana MM2d cells. Plant Biotechnol 24: 255-259

Hase S, Tkenaka T, Matsushima Y (1978) Structure analyses of
oligosaccharides by tagging of the reducing end sugars with a
fluorescent compound. Biochem Biophys Res Commun 85:

H. Kajiura et al.

257-263

Hellwig S, Drossard J, Twyman RM, Fischer R (2004) Plant cell
cultures for the production of recombinant proteins. Nat
Biotechnol 22: 1415-1422

Jin C, Altmann F, Strasser R, Mach L, Schahs M, Kunert R,
Rademacher T, Glossl J, Steinkellner H (2008) A plant-derived
human monoclonal antibody induces an anti-carbohydrate
immune response in rabbits. Glycobiology 18: 235-241

Karg SR, Kallio PT (2009) The production of biopharmaceuticals in
plant systems. Biotechnol Adv 27: 879-894

Misaki R, Kimura Y, Fujiyama K, Seki T (2001) Glycoproteins
secreted from suspension-cultured tobacco BY2 cells have
distinct glycan structures from intracellular glycoproteins. Biosci
Biotechnol Biochem 65: 2482-2488

Misaki R, Kimura Y, Palacpac NQ, Yoshida S, Fujiyama K,
Seki T (2003) Plant cultured cells expressing human f1,4-
galactosyltransferase secrete glycoproteins with galactose-
extended N-linked glycans. Glycobiology 13: 199-205

Natata T, Nemoto Y, Hasegawa S (1992) Tobacco BY-2 cell line as
the “Hela” cell in the cell biology of higher plants. Int Rev Cytol
132:1-30

Pacis E, Yu M, Autsen J, Bayer R, Li F (2011) Effects of cell culture
conditions on antibody N-linked glycosylation-what affects high
mannose 5 glycoform. Biotechnol Bioeng 108: 2348-2358

Palacpac NQ, Kimura Y, Fujiyama K, Yoshida T, Seki T (1999)
Structures of N-linked oligosaccharides of glycoproteins from
tobacco BY2 suspension cultured cells. Biosci Biotechnol Biochem
63:35-39

Pattison RJ, Amtmann A (2009) N-glycan production in the
endoplasmic reticulum of plants. Trends Plant Sci 14: 92-99

Rayon C, Lerouge P, Faye L (1998) The protein N-glycosylation in
plant. ] Exp Bot 49: 1463-1472

Shaaltiel Y, Bartfeld D, Hashmueli S, Baum G, Brill-Almon
E, Galili G, Dym O, Boldin-Adamsky SA, Silman I,
Sussman JL, Futerman AH, Aviezer D (2007) Production of
glucocerebrosidase with terminal mannose glycans for enzyme
replacement therapy of Gaucher’s disease using a plant cell
system. Plant Biotechnol J 5: 579-590

Shimizu Y, Nakata M, Kuroda Y, Tsutsumi F, Kojima N,
Mizuochi T (2001) Rapid and simple preparation of N-linked
oligosaccharides by cellulose-column chromatography.
Carbohydr Res 332: 381-388

Tomiya N, Narang S, Lee YC, Betenbaugh MJ (2004) Comparing
N-glycan processing in mammalian cell lines to native and
engineered lepidopteran insect cell lines. Glycoconj ] 21: 343-360

Wilson IB (2002) Glycosylation of proteins in plants and
invertebrates. Curr Opin Struct Biol 12: 569-577

Xu J, Ge X, Dolan MC (2011) Towards high-yield production of
pharmaceutical proteins with plant cell suspension cultures.
Biotechnol Adv 29: 278-299

Yin B, Zheng N, Li Y, Tang S, Liang L, Xie Q (2009) Growth phase-
dependent expression of proteins with decreased plant-specific
N-glycans and immunogenicity in tobacco BY2 cells. Sci China C
Life Sci 52: 739-746

Copyright © 2012 The Japanese Society for Plant Cell and Molecular Biology

493


http://dx.doi.org/10.1159/000096114
http://dx.doi.org/10.1159/000096114
http://dx.doi.org/10.1371/journal.pone.0004792
http://dx.doi.org/10.1371/journal.pone.0004792
http://dx.doi.org/10.1371/journal.pone.0004792
http://dx.doi.org/10.1371/journal.pone.0004792
http://dx.doi.org/10.1371/journal.pone.0004792
http://dx.doi.org/10.1080/07388550802046624
http://dx.doi.org/10.1080/07388550802046624
http://dx.doi.org/10.1002/bit.21344
http://dx.doi.org/10.1002/bit.21344
http://dx.doi.org/10.1002/bit.21344
http://dx.doi.org/10.1002/bit.21344
http://dx.doi.org/10.1093/glycob/cwh058
http://dx.doi.org/10.1093/glycob/cwh058
http://dx.doi.org/10.1093/glycob/cwh058
http://dx.doi.org/10.1093/glycob/cwh058
http://dx.doi.org/10.1385/MB:28:3:241
http://dx.doi.org/10.1385/MB:28:3:241
http://dx.doi.org/10.1385/MB:28:3:241
http://dx.doi.org/10.1104/pp.126.3.1314
http://dx.doi.org/10.1104/pp.126.3.1314
http://dx.doi.org/10.1104/pp.126.3.1314
http://dx.doi.org/10.1104/pp.126.3.1314
http://dx.doi.org/10.1104/pp.126.3.1314
http://dx.doi.org/10.1021/bp0201049
http://dx.doi.org/10.1021/bp0201049
http://dx.doi.org/10.1021/bp0201049
http://dx.doi.org/10.1111/j.1467-7652.2009.00494.x
http://dx.doi.org/10.1111/j.1467-7652.2009.00494.x
http://dx.doi.org/10.1111/j.1467-7652.2009.00494.x
http://dx.doi.org/10.5511/plantbiotechnology.24.255
http://dx.doi.org/10.5511/plantbiotechnology.24.255
http://dx.doi.org/10.5511/plantbiotechnology.24.255
http://dx.doi.org/10.1016/S0006-291X(78)80037-0
http://dx.doi.org/10.1016/S0006-291X(78)80037-0
http://dx.doi.org/10.1016/S0006-291X(78)80037-0
http://dx.doi.org/10.1016/S0006-291X(78)80037-0
http://dx.doi.org/10.1038/nbt1027
http://dx.doi.org/10.1038/nbt1027
http://dx.doi.org/10.1038/nbt1027
http://dx.doi.org/10.1093/glycob/cwm137
http://dx.doi.org/10.1093/glycob/cwm137
http://dx.doi.org/10.1093/glycob/cwm137
http://dx.doi.org/10.1093/glycob/cwm137
http://dx.doi.org/10.1016/j.biotechadv.2009.07.002
http://dx.doi.org/10.1016/j.biotechadv.2009.07.002
http://dx.doi.org/10.1271/bbb.65.2482
http://dx.doi.org/10.1271/bbb.65.2482
http://dx.doi.org/10.1271/bbb.65.2482
http://dx.doi.org/10.1271/bbb.65.2482
http://dx.doi.org/10.1093/glycob/cwg021
http://dx.doi.org/10.1093/glycob/cwg021
http://dx.doi.org/10.1093/glycob/cwg021
http://dx.doi.org/10.1093/glycob/cwg021
http://dx.doi.org/10.1016/S0074-7696(08)62452-3
http://dx.doi.org/10.1016/S0074-7696(08)62452-3
http://dx.doi.org/10.1016/S0074-7696(08)62452-3
http://dx.doi.org/10.1002/bit.23200
http://dx.doi.org/10.1002/bit.23200
http://dx.doi.org/10.1002/bit.23200
http://dx.doi.org/10.1271/bbb.63.35
http://dx.doi.org/10.1271/bbb.63.35
http://dx.doi.org/10.1271/bbb.63.35
http://dx.doi.org/10.1271/bbb.63.35
http://dx.doi.org/10.1016/j.tplants.2008.11.008
http://dx.doi.org/10.1016/j.tplants.2008.11.008
http://dx.doi.org/10.1111/j.1467-7652.2007.00263.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00263.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00263.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00263.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00263.x
http://dx.doi.org/10.1111/j.1467-7652.2007.00263.x
http://dx.doi.org/10.1016/S0008-6215(01)00113-6
http://dx.doi.org/10.1016/S0008-6215(01)00113-6
http://dx.doi.org/10.1016/S0008-6215(01)00113-6
http://dx.doi.org/10.1016/S0008-6215(01)00113-6
http://dx.doi.org/10.1023/B:GLYC.0000046275.28315.87
http://dx.doi.org/10.1023/B:GLYC.0000046275.28315.87
http://dx.doi.org/10.1023/B:GLYC.0000046275.28315.87
http://dx.doi.org/10.1016/S0959-440X(02)00367-6
http://dx.doi.org/10.1016/S0959-440X(02)00367-6
http://dx.doi.org/10.1016/j.biotechadv.2011.01.002
http://dx.doi.org/10.1016/j.biotechadv.2011.01.002
http://dx.doi.org/10.1016/j.biotechadv.2011.01.002
http://dx.doi.org/10.1007/s11427-009-0093-5
http://dx.doi.org/10.1007/s11427-009-0093-5
http://dx.doi.org/10.1007/s11427-009-0093-5
http://dx.doi.org/10.1007/s11427-009-0093-5

