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Abstract: Allergenicity of plant glycoproteins in humans may
prevent the use of plants as production factories for pharmaceutically important proteins. The major difference between plant
and mammalian N-glycans is the presence of xylosyl and a1,3fucosyl residues in the former. In a first step towards ªhumanizationº of the N-glycosylation pathway in the moss Physcomitrella
patens, which could be an excellent system for industrial production of therapeutic proteins, we isolated the cDNAs and genes
for N-acetylglucosaminyltransferase I (GNTI), a1,3-fucosyltransferase, and b1,2-xylosyltransferase. Sequence analysis revealed
that all three proteins are homologous to their counterparts
from higher plants, however, the conservation of the primary
structure was only 35 ± 45 %. The gene encoding the key enzyme
of the pathway, gntI, was disrupted in P. patens by homologous
recombination. Although the mutation of this gene in mouse or
A. thaliana led to a significantly altered pattern of N-glycans, the
glycosylation pattern in the gntI knockouts did not differ from
that in wild-type moss and was identical to that in higher plants.
Protein secretion, analysed in assays with recombinant human
VEGF121 protein, was not affected in the knockouts. We conclude
from our findings that the N-glycosylation pathway in P. patens
is identically organized to that in higher plants. However, P. patens probably possesses more than one isoform of GNTI which
complicates a straightforward knockout. Therefore, and since
complex type structures appear more desirable than oligomannosidic N-glycans, future modifications of the pathway should
target a1,3-fucosyltransferase and/or b1,2-xylosyltransferase.
Key words: Gene knockout, N-acetylglucosaminyltransferase I,
a1,3-fucosyltransferase, b1,2-xylosyltransferase, N-glycosylation, Physcomitrella patens.
Abbreviations:
GNTI:
a1,3-Fuc-T:
b1,2-Xyl-T:
GlcNAc, Gn:
Man, M:
GF:
X:
F:

N-acetylglucosaminyltransferase I
a1,3-fucosyltransferase
b1,2-xylosyltransferase
N-acetylglucosaminyl residue
mannose residue
Lewis A determinant
xylosyl residue
fucosyl residue
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HPLC:
MALDI-TOF-MS:
VEGF:

high-performance liquid chromatography
matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry
human vascular endothelial growth factor

Footnote: The nucleotide sequences reported in this paper
were submitted to the GenBank/EBI Data Bank with accession
numbers AJ429143 (GNTI), AJ429145 (a1,3-Fuc-T), and AJ429144
(b1,2-Xyl-T).

Introduction
Many secreted proteins, as well as integral membrane proteins
of the secretory system, are glycoproteins, i.e., they are modified by glycans (oligosaccharides) that are N-linked to asparagine or O-linked to serine, threonine, or hydroxyproline. N-glycosylation is responsible for correct folding and stability of the
proteins, prevention of protein degradation, protein conformation and recognition, solubility of proteins, their secretion to
the extracellular space, and their biological activity.
As in other eukaryotes, N-glycosylation of plant proteins
starts in the endoplasmic reticulum (ER) by the transfer of an
oligosaccharide precursor onto specific Asn residues. Further
processing of plant N-linked glycans occurs along the secretory pathway as the glycoprotein moves from the ER through
the Golgi apparatus to its final destination. Glycosidases and
glycosyltransferases located in the ER and the Golgi successively modify the oligosaccharide precursor to high mannose-type N-glycans and then into complex N-glycans. In
the first step of the Golgi-localized processing, a-mannosidase I removes one to four mannose residues and converts
Man9GlcNAc2 to Man5GlcNAc2 (Fig. 1) (Sturm et al., 1987). The
biosynthesis of complex N-glycans starts with the addition of
N-acetylglucosamine (GlcNAc) to the mannose branch, catalysed by N-acetylglucosaminyltransferase I (GNTI), yielding
GlcNAcMan5GlcNAc2 (Johnson and Chrispeels, 1987). Two additional mannose residues are removed by a-mannosidase II
and another GlcNAc residue is transferred by N-acetylglucosaminyltransferase II (GNTII) to the end of the second mannose
branch. After this reaction, plant and animal glycosylation separate: in plants, the N-glycans are further modified by a1,3fucosylation and b1,2-xylosylation of the core Man3GlcNAc2
(Johnson and Chrispeels, 1987; Tezuka et al., 1992; Zeng et al.,
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glycosylation pattern towards the human type (so-called ªhumanizationº of the pathway). This can be achieved either by
disruption of GNTI, resulting in occurrence of oligomannosidic
glycans only, or by prevention of the xylosylation and/or 1,3fucosylation of the N-glycans by knockouts of the corresponding genes. Proteins produced in such modified Physcomitrella
strains would lose their allergenicity and be suitable for pharmaceutical products.
So far, nothing is known about the N-glycosylation pathway in
Physcomitrella or any other lower plant. Here, we report the
molecular cloning of three P. patens genes involved in this
pathway, GNTI, a1,3-fucosyltransferase (a1,3-Fuc-T), and b1,2xylosyltransferase (b1,2-Xyl-T), and describe the production
and analysis of P. patens with a disrupted gntI gene, the first
targeted knockout of a glycosyltransferase in plants.

Materials and Methods

Plant material and transformation procedure

Fig. 1 Processing of higher plant N-linked glycans in the Golgi apparatus. ( n ) N-acetylglucosaminyl residue; (&) mannosyl residue; (*) b1,3galactosyl residue; F: a1,3-fucosyl residue; X: b1,2-xylosyl residue; f:
a1,4-fucosyl residue. The abbreviations of the corresponding structures are given. The sequence of the enzymatic action (Xyl-T before
Fuc-T) is not very strict.

1997), whereas in mammals, no xylose is added and the fucose
residue is attached to the core glycan by an a1,6 bond (Chrispeels and Faye, 1996). The crucial point for the formation of
complex N-glycans in plants seems to be the transfer of the
first GlcNAc residue catalysed by GNTI, which represents a
signal for subsequent 1,2-xylosylation and/or 1,3-fucosylation
(Lerouge et al., 1998).
Transgenic plants are rapidly emerging as an important system
for the production of recombinant proteins intended for therapeutic purposes (Chrispeels and Faye, 1996). Plants possess
many advantages as production factories for pharmaceutically
relevant proteins compared with recombinant bacteria and
yeast, transfected animal cell lines, or transgenic animals.
These advantages include: low costs, rapid scale-up of production, and no risk of contamination with mammalian viruses or
pathogens. However, plant glycoproteins have frequently been
found to be antigenic in mammals, most probably due to the
presence of xylose and a1,3-fucose residues (Garcia-Casado et
al., 1996; Bardor et al., 2003). The antigenicity of plant N-glycans represents a serious drawback for wide utilization of this
technology.
This problem, however, might be overcome by the use of Physcomitrella patens. This moss is an excellent system for largescale production of recombinant proteins because of the possibility of cultivating it in bioreactors (Hohe et al., 2002). A high
rate of homologous recombination, allowing easy gene targeting (Strepp et al., 1998; Hofmann et al., 1999; Imaizumi et al.,
2002; Koprivova et al., 2002), might be used to change the N-

Physcomitrella patens (Hedw.) B.S.G. was cultivated in liquid
or on solid modified Knop medium, as described earlier (Reski
and Abel, 1985). For protoplast isolation, protonema were
grown in semi-continuous bioreactor cultures supplemented
with 2.5 mM ammonium tartrate (Hohe et al., 2002). Protoplasts were isolated and transformed as described previously
(Strepp et al., 1998). Transformations were performed with
3  105 protoplasts and 30 g of DNA. Regeneration and selection were performed as described (Strepp et al., 1998). For selection, Knop media were supplemented with 50 g/mL G418.

Cloning of the N-acetylglucosaminyltransferase I,
a1,3-fucosyltransferase, and b1,2-xylosyltransferase
Partial cDNA for GNTI was obtained using cDNA from P. patens
by RT-PCR with degenerated primers derived from conserved
domains GNT(d)1, 5¢-GTN GCN GCN GTN GTN GTN ATG GC-3¢
and GTN(d)3, 5¢-CCY TTR TAN GCN GCN C(TG) NGG NAC NCC3¢ followed by amplification with GTN(d)2, 5¢-TAY AAR ATN
(CA)G NCA YTA YAA RTG G-3¢ and GTN(d)4, 5¢-ARR TAY TGY
TTR AAR AAY TGN CC-3¢. The resulting PCR product of 500 bp
was cloned into pCR 4 TOPO (Invitrogen, Groningen, The Netherlands) and sequenced from both ends. To obtain the missing
5¢- and 3¢-end of the cDNA, 5¢- and 3¢-RACE were performed.
The corresponding genomic sequence was obtained by PCR
amplifications of the genomic DNA with specific primers, cloning of the PCR fragments, and sequencing by primer walking.
Partial cDNAs for a1,3-Fuc-T and b1,2-Xyl-T were obtained by
the same procedure with primers FD4 F, 5¢-TGG GCN GAR TAY
GAY ATG ATG-3¢/FDR1, 5¢-TGN GTN ARN CCN AND GGR TAD AT3¢ and FD4 F/FD5 R, 5¢-TGN CAN GCN GCC ATR TC-3¢ or XDF1,
5¢-TGY GAR GSN TAY TTY GGN AAY GG-3¢/XDR1, 5¢-GCN CKN
AYC ATY TCN CCR AAY TC-3¢ and XDF2, 5¢-GGN GGN GAR AAR
YTN GAR RAN GT-3¢/XDR1, resulting in PCR products of 510 bp
and 610 bp, respectively. The resulting PCR products were
cloned into pCR 4 TOPO and sequenced from both ends. Full
cDNA and genomic sequences for a1,3-Fuc-T and b1,2-Xyl-T
were obtained as described above for GNTI.
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Creating knockout construct for N-acetylglucosaminyltransferase I

ing step being 1  SSC, 0.1% SDS at 65 8C) and exposed to an
X-ray film (Bio-Max MS, Kodak) at ± 80 8C for 2 to 3 days.

To create the knockout construct, two fragments were amplified from P. patens genomic DNA by PCR with the primers
GNTHT7, 5¢-GAG CAT CCA AGC TTG ACC TGG-3¢ and GNTET7,
5¢-GCA CCG TGA ATT CTT CTA GCT T-3¢ for 5¢-end of the construct and GNTHT3, 5¢-GGA AGA ACA AGC TTC AAA GTG GC-3¢
and GNTPT3, 5¢-GAT CCC TGC AGA TCT CAA ACG-3¢ for the
3¢-end. The 469 bp and 835 bp fragments were cloned into
pCR 4 TOPO. The fragments were cut out from this vector with
EcoRI/HindIII and HindIII/PstI, respectively, and cloned into
pCRII (Invitrogen) vector digested with EcoRI and PstI. The resulting plasmid was digested with HindIII, and nptII selection
cartridge was introduced, which was obtained by digestion
from the pRT101neo vector (Girke et al., 1998) with the same
restriction enzyme. 30 g of the knockout construct were digested with EcoRI and BcuI and used for transformation.

Analysis of protein secretion in transiently transformed
moss protoplasts

Molecular analysis of transgenic plants
The pre-screening of the transgenic plants was performed as
described (Koprivova et al., 2002). PCR was performed on genomic DNA with the following four pairs of primers: GNT7 F,
5¢-GTT CAA TGG TTT GAG CAG G-3¢ and GNT8 R, 5¢-GCG ACC
TTT CCT ATT CTC C-3¢ to detect a disruption of the original gntI
gene, N1, 5¢-TAC CGA CAG TGG TCC CAA AG-3¢ and N2, 5¢-CCA
CCA TGA TAT TCG GCA AG-3¢ to reveal the presence of the nptII
cassette, GNT5 F, 5¢-TGG GCT TTA ACA CAA CTT TT-3¢ and N3,
5¢-TGT CGT GCT CCA CCA TGT T-3¢ to control the integration of
the transgene at the 5¢ end, and N4, 5¢-GTT GAG CAT ATA AGA
AAC-3¢ and GNT10 R, 5¢-CAC ATT GTT CAA TTT GAT AGA C-3¢ to
check the integration at the 3¢ end. Plants that gave the expected fragments for all four PCR reactions were considered as putative knockouts and selected for further analysis.

Nucleic acid procedures
Total RNA and DNA were isolated from moss protonema tissue
as described (Bierfreund et al., 2003). Southern analysis was
performed according to standard procedure. The DNA was digested with PvuII, which cuts inside the nptII cassette. The
nptII cassette was labelled with 32P and used as a hybridization
probe. In order to detect GNTI, transcript RT-PCR was performed according to standard protocols with two pairs of primers located at the 5¢-end of the GNTI cDNA, GNT13 F, 5¢-GCA
ACC GTC CTG ATT ATT TGG-3¢ and GNTHT7 and at the 3¢-end,
3RACEG1, 5¢-TTA TCC GAC CTG AAG TTT GC-3¢ and GNT15 R,
5¢-AGT TTC TAT GGT ATC TAA CTG C-3¢. As a control, the reversely transcribed RNA was subjected to PCR with primers:
C45 F, 5¢-GGT TGG TCA TGG GTT GCG-3¢ and C45 R, 5¢-GAG
GTC AAC TGT CTC GCC-3¢, corresponding to the constitutively
expressed gene for ribosomal protein L21. For Northern analysis, 5 g of total RNA were subjected to electrophoresis on
formaldehyde±agarose gels at 120 V, transferred to Hybond-N
nylon membranes (Amersham Biosciences, Freiburg, Germany), and hybridized with 32P ± labelled cDNA probes. Probe 1,
covering a major part of the GNTI coding region, was obtained
by RT-PCR with primers GNT5 F and GNT10 R. Probe 2, corresponding to the 3¢-end of the cDNA, was amplified with primers 3RACEG1 and GNT15 R. The membranes were washed
three times at different concentrations of SSC (the final wash-

An extracellular protein, human vascular endothelial growth
factor VEGF121 (kindly provided by Dr. Weich, GBF, Germany),
was used as the reference for the analysis of protein secretion
in the GNTI knockout plants in transient expression assays.
The cDNA coding for the VEGF signal peptide and VEGF121 were
cloned into the vector pRT101 (Töpfer et al., 1987), to be expressed under the control of 35 S promoter.
Physcomitrella was cultivated and protoplasts were isolated as
described previously (Rother et al., 1994). Transformation of
protoplasts with the VEGF121 expression construct was performed as described previously (Strepp et al., 1998), with the
following modifications: after isolation, protoplasts were incubated on ice in the dark for 30 min, followed by incubation of
the protoplasts with DNA and PEG solution for 6 min instead of
30 min. Transformed protoplasts were further cultivated in 48
well plates (Greiner bio-one, Frickenhausen, Germany) in dim
light (4.6 mol m±2 s±1) at 25 8C. The culture medium without
protoplasts was carefully collected 48 h after transformation.
Recombinant VEGF121 expressed and secreted by transiently
transformed moss protoplasts into the culture medium was
quantified by ELISA (R & D Systems, Wiesbaden, Germany),
which was performed according to the instructions of the
manufacturer.

Analysis of N-linked glycans
Structural analysis of N-glycans from moss tissue was performed with a modification of the previously described procedure (Wilson et al., 2001 b; Fabini et al., 2001). A portion of 300
to 500 mg of frozen moss tissue was homogenized in 2.5 mL of
5% formic acid and digested overnight with 0.5 mg pepsin.
Glycopeptides were isolated from the digest by binding to
Dowex 50W2 and by gel filtration. The glycopeptides were
then digested with Peptide : N-glycosidase A (Roche, Mannheim, Germany). Resultant oligosaccharides were isolated by
a second passage over Dowex 50W2, whereby the non-binding fraction was further purified by passage over a 25 mg
Zorbax SPE C18 cartridge (Agilent, Waldbronn, Germany). The
aqueous flow through was lyophilized, taken up in 20 L water
and subjected to matrix-assisted laser desorption ionization
(MALDI) mass spectrometry on a Dynamo instrument (ThermoBioAnalysis, Santa Fe, NM) using 2,5-dihydroxybenzoic acid
(2% in 30% acetonitrile) as the matrix.
For further HPLC analysis, moss N-glycans were reductively
aminated with 2-aminopyridine and fractionated according to
size on a Palpak Type N normal phase column (Kondo et al.,
1994). Aliquots of the glycan mixture were subjected to digestions with endo-b-N-acetylglucosaminidase H (Roche), almond alpha1,3/4-fucosidase (Genzyme, Cambridge, MA, USA),
b-galactosidase from A. oryzae and from bovine testes (Sigma,
Munich, Germany), and b-N-acetylglucosaminidase from jack
beans (Sigma), as described previously (Wilson et al., 2001 b).
The digests were again analysed by normal phase HPLC. The
presumed GnGnXF peaks of moss and of apple were isolated
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Fig. 2 Comparison of glycosyltransferases from P. patens and A. thaliana. The amino acid sequences of GNTI
(A), b1,2-Xyl-T (B), and a1,3Fuc-T (C) from P. patens were
aligned with the corresponding sequences from Arabidopsis, with the program
CLUSTAL W (Thompson et
al., 1994).

and their retention time on reversed phase was compared
(Wilson et al., 2001 b).

Results

Cloning of N-acetylglucosaminyltransferase I
from Physcomitrella
Based on alignment of amino acid sequences of known GNTI
proteins from plants, degenerated primers were designed. RTPCR with these primers resulted in 500 bp of partial cDNA.
Missing 5¢ and 3¢ ends were obtained by 5¢ and 3¢ RACE, respectively, producing a full length cDNA for GNTI of 1491 bp (accession number AJ429143). The cDNA encoded a protein of 471
amino acids (predicted Mr 54.5 kDa). The PpGNTI protein

showed 45.7 % identity to GNTI from A. thaliana (Fig. 2 A) and
23.2 % identity to the corresponding human enzyme. Sequence
conservation was strongest at the C terminus of the protein.
The corresponding 5788 bp of the genomic sequence were obtained by PCR amplifications of P. patens genomic DNA. The
gntI gene consists of 17 exons and 16 introns. Southern blot
analysis with partial cDNA as a probe suggested the presence
of a second isoform of gntI in the Physcomitrella genome
(Fig. 4 A).

Isolation of a1,3-fucosyltransferase cDNA from Physcomitrella
Partial cDNA for a1,3-Fuc-T was produced in the same manner
as described above for GNTI. From the partial 510 bp cDNA
fragment, specific primers were derived which were utilized

585

586

Plant Biology 5 (2003)

A. Koprivova et al.
Fig. 3 Schematic representation of the gntI
gene and knockout (KO) construct. The rectangles represent exons, introns are presented
as lines. The black rectangles represent the
gene regions present in the KO construct.
Grey rectangles represent the rest of the gene
not used for the construct. The position of the
PCR primers is indicated by arrows.

only 35.1% identical to b1,2-Xyl-T from Arabidopsis (Fig. 2 C).
The protein from P. patens possesses an additional stretch of
60 amino acids at the N terminus not present in any other
plant b1,2-Xyl-T. Corresponding 2388 bp of the genomic sequence was generated by PCR on genomic DNA. The gene consists of 3 exons and 2 introns.

Gene targeting of GNTI
In a first attempt to modify the N-glycosylation pathway in P.
patens, the gntI gene was disrupted by homologous recombination. To synthesize the knockout construct, two fragments
of 469 bp and 835 bp were amplified from genomic DNA as homologous arms and the nptII selection cartridge was cloned
between them (Fig. 3). A hundred regenerated G418-resistant
plants were pre-screened by PCR with four different combinations of primers in order to detect the presence of the nptII cassette, the correct integration of the construct on the 5¢ and 3¢
ends, and the disruption of the original gntI locus. From eight
transgenic plants, all four expected PCR products were amplified, thus giving efficiency of gene targetting of 8%. These
plants were considered as putative knockouts and subjected
to further molecular analysis.

Molecular analysis of the putative knockout plants

Fig. 4 Southern blot analysis. (A) Genomic DNA from WT was digested with four restriction enzymes and hybridized with the gntI cDNA
fragment as a probe. (B) Genomic DNA was extracted from protonema
tissue of wild type P. patens (WT) and seven DgntI knockouts (transformants 1 ± 6 and 8), digested with PvuII, and hybridized with the nptII
probe.

for 5¢ and 3¢ RACE procedures to obtain a 1711 bp full length
cDNA (accession number AJ 429145). The cDNA sequence information was used to amplify the corresponding 3143 bp of
genomic sequence. The a1,3-Fuc-T gene consists of 7 exons and
6 introns and encodes a protein of 533 amino acids (predicted
Mr 59.2 kDa). The primary structure of a1,3-Fuc-T from P. patens is 41.7 % identical to a1,3-Fuc-T from Arabidopsis (Fig. 2 B).
The conservation is highest at the C terminus of the protein.

Cloning of b1,2-xylosyltransferase from Physcomitrella
Partial cDNA for b1,2-Xyl-T was cloned by RT-PCR with degenerated primers. Full length cDNA of 2302 bp was obtained by
5¢ and 3¢ RACE procedures (accession number AJ429144). This
cDNA codes for a protein of 595 amino acids with predicted
molecular weight of 67.5 kDa. The b1,2-Xyl-T from P. patens is

Southern analysis with the nptII cassette as a probe revealed
its presence in all putative knockouts (Fig. 4 B). Some transformants contained many insertions of the construct (plants
1 ± 3) whereas transformant 5 possessed probably only a single
copy of the transgene (PvuII is cutting in the nptII cassette). In
order to detect the gntI transcript, RT-PCR with two pairs of
primers (Fig. 5 A) located on the 5¢ and 3¢ end of the cDNA was
performed (Fig. 5 B). With the primers located on the 5¢ end
(upstream the gene disruption), no transcripts were detected
in plants No. 1 and 2, whereas a fragment of 475 bp was amplified from WT and the rest of the transgenic plants. With the
second pair of primers located downstream of the insertion
site, a PCR product was detected only in WT and plant No. 7,
suggesting that transformant 7 might still form a functional
gntI transcript. Therefore, this plant was omitted from further
analyses.
Northern analysis with probe 1, located at the 5¢ end of the
cDNA, detected the correct gntI transcript solely in the wild
type, whereas the transformants possessed only aberrant transcripts of higher or lower molecular weight (Fig. 5 C). In transformant 2, no transcript was detected. Using the probe 2, corresponding to the 3¢ end, gntI mRNA was detected only in the
WT, thus confirming the results of the RT-PCR. The expression
of the control gene L21 was not affected in the transformants.
The lack of a correct transcript in the knockout plants corroborates the disruption of the gntI gene in P. patens.
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Fig. 5 Expression analysis of GNTI. (A) Schematic position on the GNTI cDNA of the RTPCR primers and probes 1 and 2 used for
Northern analysis. The black rectangles represent the gene regions present in the KO construct. Grey rectangles represent the rest of
the gene not used for the construct. (B) RTPCR analysis. Total RNA from wild type P. patens (WT) and eight DgntI knockouts (1 ± 8)
was reversely transcribed and an equivalent
of 200 ng utilized for PCR with primers
GNT13 F and GNTHT7 or GNT3R1 and
GNT15 R to detect the 5¢ portion and the 3¢
end of the gntI transcript, respectively. As
control, PCR was performed with primers derived from the sequence of the gene for ribosomal protein L21. (C) Northern analysis. Five
g RNA were used for the hybridizations with
probe 1 and 2 of GNTI and L21 as a control. An
etidium bromide gel is shown as a control of
RNA intactness and loading.
Fig. 6 MALDI TOF mass spectra of the N-glycans from wild type P. patens and the three
knockout lines. The designated peaks repre+
sent [M + Na] ions of reducing oligosaccharides. Other peaks are either potassium adducts of these glycans or unidentified impurities. An interpretation of the masses in terms
of glycan structures is given in Table 1.

Analysis of protein secretion in P. patens protoplasts

N-linked glycans in gntI knockout plants

To analyse the influence of the loss of the gntI gene on protein
secretion in P. patens, transient expression and secretion assays were performed. In these assays, recombinant human
VEGF121 was used as a reference for protein secretion. Moss
protoplasts transiently transformed with cDNA encoding
VEGF121 and its leader peptide expressed the recombinant protein and secreted it into the culture medium. Protein secretion
of wild-type protoplasts and protoplasts derived from gntI
knockout strains transformed with the VEGF121 expression
vector did not differ significantly (data not shown). It seems,
therefore, that the disruption of gntI does not affect protein
secretion.

Analysis of the N-glycan structures by MALDI mass spectrometry revealed the glycosylation pattern of the moss Physcomitrella patens to be very similar to that of higher plants which
have recently been studied by the same technique (Wilson et
al., 2001 b). The presence of oligomannosidic structures ranging from Man6 to Man9, as well as of complex type glycans, is
indicated by the MALDI spectrum (Fig. 6 and Table 1). High
mass peaks, such as that of m/z = 2235, suggest the occurrence
of Lewis A-containing glycans which have only recently been
identified in higher plants (Lerouge et al., 1998). As P. patens is
only distantly related to the mostly dicotyledon plants described recently (Wilson et al., 2001 b), we tried to obtain additional data on its glycan structures by HPLC analysis of fluorescently-labelled glycans, in conjunction with glycosidase diges-
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Table 1 Structures and corresponding masses of the major N-glycans for the WT P. patens. The structures are partly depicted in Fig. 1. Structures
separated by a slash are branch isomers. Refer also to Wilson et al. (2001 b) for a detailed treatise on the structure of the various complex N-glycans and their isomers
Average mass of [M + Na]+
Experimental
Calculated

Composition
Hexose

HexoseNAc

933.0
1065.9
1079.9
1137.1
1269.7
1283.9
1299.2
1340.3
1415.6
1420.5
1472.3
1487.2
1582.9
1618.6
1744.0
1907.1
1926.8
2235.0

3
3
3
3
3
3
4
3
3
6
3
3
7
3
8
9
4
5

2
2
2
3
3
3
3
4
3
2
4
4
2
4
2
2
4
4

933.8
1065.7
1080.0
1137.0
1269.1
1283.4
1299.2
1340.2
1415.5
1420.2
1472.1
1486.4
1582.4
1618.5
1744.5
1906.7
1926.7
2235.0

Proposed structure
dHexose

Pentose
1

1
1
1

1

1
1

1
1

1

2
2

1
1

Man3 (MM)
MMX
MMF
MGn/GnM
GnMX/MGnX
GnMF/MGnF
Man4 Gn
GnGn
GnMXF/MGnXF
Man6
GnGnX
GnGnF
Man7
GnGnXF
Man8
Man9
(GF)GnXF/Gn(GF)XF
(GF)(GF)XF

tions. Upon normal phase HPLC, which separates according to
size, moss N-glycans revealed one major peak at the elution
position of GnGnXF (Fig. 7 A, trace a). To simplify the HPLC profile, the mixture was treated with endo b-N-acetylglucosaminidase H, which only digests oligomannosidic N-glycans and
thereby identifies their peaks in the chromatogram (Fig. 7 A,
trace b). The remaining complex N-glycans were incubated
with b-N-acetylglucosaminidase, which removes terminal
GlcNAc residues from the non-reducing termini. The large
peak supposed to be GnGnXF had been degraded, while, in
turn, the MMXF peak increased in size (Fig. 7 A, trace c). To
study the linkages of the larger glycans assumed to contain
Lewis A structures, the mixture of complex N-glycans was incubated with almond fucosidase I, which is specific for Lewistype fucoses, either in 3- or 4-linkage. Although the digestion
was only partial, it proved the presence of Lewis-type fucose
residues in the late-eluting peaks (Fig. 7 B, trace b). The galactose residues of a Lewis A determinant are not accessible to
galactosidase unless the fucose is removed. Therefore, the partially defucosylated glycans were treated with b-galactosidase
from either bovine testes, which hydrolyzes both b1,3- and
b1,4-linkages, or from A. oryzae, which is specific for b1,4-linkages (Zeleny et al., 1997). Even the latter enzyme removed the
ªfucose-freeº galactose residues (Fig. 7 B, trace c), which implies the galactose occurs in b1,3-linkage. Thus, P. patens contains Lewis A determinants as also found in higher plants.
Fig. 7 HPLC analysis of N-glycans from P. patens. (A) Normal phase
HPLC of pyridylaminated N-glycans from wild type Physcomitrella before (a) and after sequential treatment with endo b-acetylglucosaminidase H (b) and then b-N-acetylglucosaminidase (c). (B) Section of the
normal phase HPLC profile of pyridylaminated N-glycans from wild
type Physcomitrella before (a) and after sequential treatment with a3/4-fucosidase (b) and bovine testes b-galactosidase (c). Refer to the
text for the explanation of these experiments.

A different type of experiment was undertaken to verify the
linkage type of the core fucose. To this end, the major structure
GnGnXF was isolated by normal phase HPLC, and re-analysed
by reversed phase HPLC which is highly sensitive to the type of
linkage of fucose residues attached to the core. The GnGnXF
from moss was compared with GnGnXF from apple. The two
substances had identical elution times on reversed phase HPLC
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(data not shown) which strongly indicates that moss N-glycans, like those from apple and other plants, harbour a fucose
residue in the a1,3-linkage to the innermost GlcNAc residue.
Disruption of the gntI gene coding for the key enzyme in the
plant N-glycosylation pathway did not obviously change the
glycosylation pattern (Fig. 6).

Discussion
In contrast to mammals, the N-glycosylation pathway in plants
is not yet well characterized. Although the sequence of the
reactions leading to N-glycans was resolved quite a long time
ago (Johnson and Chrispeels, 1987), the genes encoding the
corresponding enzymes have been cloned only recently and
molecular information is available only from a very few species, including: 1,3-Fuc-T from mung beans (Leiter et al.,
1999), GNTI from N. tabacum (Strasser et al., 1999 a), GNTII
from Arabidopsis (Strasser et al., 1999b), GNTI from Arabidopsis
(Wenderoth and von Schaewen, 2000), 1,2-Xyl-T from Arabidopsis (Strasser et al., 2000), 1,3- and 1,4-Fuc-Ts cloned by several groups (Bakker et al., 2001; Wilson et al., 2001 a; Wilson,
2002). In particular, nothing was known about the N-glycosylation pathway in lower plants, including mosses. We started
our attempts to understand this pathway by cloning the homologues of higher plant GNTI, a1,3-Fuc-T, and b1,2-Xyl-T from
the moss Physcomitrella patens. The study of glycosylation in
this species is also of interest for biotechnology.
Plant expression systems are gaining acceptance for their use
for production of recombinant proteins (Moffat, 1995). Many
of these proteins, such as those found in blood plasma, are of
great pharmaceutical interest, but the majority are glycoproteins. Although N-glycosylation is quite similar in mammals
and in plants, the existing differences could cause serious
problems. In particular, the plant N-glycan cores contain 1,2linked xylose and 1,3-linked fucose residues not found in their
mammalian counterparts. These residues are components of
epitopes responsible for antigenicity and/or allergenicity of
plant glycans in mammals (Faye et al., 1993; Wilson and Altmann, 1998; Bardor et al., 2003). Thus, to make plant systems
more suitable for production of pharmaceutically relevant
proteins, changes in the N-glycosylation pathway should be
performed. The aim of such modifications is to obtain glycoproteins where the N-glycan cores are lacking fucose and xylose residues or where the complex glycans are substituted by
high mannose-type glycans, which are sufficient for efficient
secretion of glycoproteins (Lerouge et al., 1996). Gene disruption strategy would be preferable because of its 100 % efficiency. For such alterations towards the ªhumanizationº of the
plant N-glycosylation pathway, Physcomitrella patens seems
an ideal organism, since gene knockouts are simple to obtain
due to the high rate (4 ± 90 %) of homologous recombination
(Schaefer, 2002).
As orthologs of the three glycosyltransferases known from
higher plants were found in P. patens (Fig. 2), we conclude that
the N-glycosylation pathway in Physcomitrella follows the
same sequence of reactions. All three moss proteins possessed
putative transmembrane domains, identifying them as type II
membrane proteins, similar to their higher plant counterparts.
For b1,2-Xyl-T this transmembrane domain was shown to be
responsible for localization in the Golgi apparatus (Dirnberger
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et al., 2002; Pagny et al., 2003). Finding the same domain in the
Physcomitrella b1,2-Xyl-T indicates the same localization of the
N-glycosylation pathway in this species. The deduced amino
acid sequence of GNTI, a1,3-Fuc-T, and b1,2-Xyl-T is only 46%,
42%, and 35%, respectively, identical to that of the corresponding proteins from Arabidopsis. These proteins are thus much
less conserved between these two species than, e.g., adenosine-5¢-phosphosulfate reductase, tubulin ancestor FtsZ, multiubiquitin chain binding subunit MCB1, and protein disulfide
isomerase-like proteins, which have 60 ± 70 % identity (Strepp
et al., 1998; Girod et al., 1999; Koprivova et al., 2002; Meiri et
al., 2002). Such low conservation is, however, not unique, as
was shown for phage-type RNA polymerases RpoT (Richter et
al., 2002). On the other hand, the exon/intron structures of
the corresponding genes were conserved between the two
plant species (Strasser et al., 2000; Wilson et al., 2001 a). In addition to the similarity of the enzymes, the pattern of N-glycans obtained from P. patens was identical to that from higher
plants (Wilson et al., 2001 b). In contrast to higher plants, however, P. patens is accessible to targeted gene knockout and,
therefore, it would be an excellent system for modification of
the N-glycans of secreted proteins.
As the first target for such manipulation in Physcomitrella,
GNTI was chosen because this enzyme is considered to be the
key enzyme of the N-glycosylation pathway (von Schaewen et
al., 1993). Indeed, disruption of the gntI gene was shown to be
lethal in mice (Ioffe and Stanley, 1994). Arabidopsis cgl mutant,
deficient in GNTI, does not form complex N-glycans, however,
it is able to complete its development, suggesting that, in
plants, these glycans are not essential for normal developmental processes (von Schaewen et al., 1993). From disruption of
the gntI gene in P. patens, we therefore expected plants without an obvious aberrant phenotype, except for significant alterations in the structure of N-glycans. Although Southern
analysis indicated the presence of two isoforms of gntI, sequences of 16 independent cDNA fragments obtained by RTPCR with degenerated primers were identical. Screening of
the genomic library did not give any additional isoforms, and
searching the EST database also resulted in only one type of sequence. Therefore, we utilized this sequence for creating the
knockout construct (Fig. 3). In 8 independent transformants
out of 100 regenerated plants, molecular analysis revealed the
presence of the nptII cassette, disruption of the wild-type
gntI locus, and correct integration of the construct. The disruption of the gene led to a loss of the 3¢part of the GNTI mRNA
in 7 plant lines, as revealed by RT-PCR and Northern analysis
(Fig. 5). In the latter, a probe covering the 5¢ part of the transcript revealed strong but aberrant signals of greater molecular weight in all knockouts except plant No. 2 (Fig. 5 C). Such
aberrant transcripts, which were also observed by Strepp et
al. (1998) and Koprivova et al. (2002), most probably derived
from the still-functioning native gntI promoter or from insertion of multiple copies of the transgene. In plant No. 1, the transcript was revealed by Northern analysis but not by RT-PCR,
which might be explained by rearrangements leading to loss
of the primer site or by differences in the regions used for RTPCR and probe 1. The lack of a correct transcript thus corroborates the disruption of the gntI gene and identifies these 7
transformant lines as true knockouts.
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The analysis of N-glycans in gntI knockouts and in wild-type
moss by MALDI revealed no changes in the N-glycan patterns
(Fig. 6). This is surprising, since lack of GNTI in the cgl mutant
of Arabidopsis led to a dramatic alteration in the N-glycan composition, i.e. to the exclusive occurrence of oligomannosidic
structures (von Schaewen et al., 1993). It seems, therefore, that
in contrast to mammals and A. thaliana, a second GNTI isoform
exists in Physcomitrella. This explanation is supported by the
Southern analysis which, indeed, indicated 1 to 2 copies of
the gntI gene in P. patens. The fact that RT-PCR with degenerated primers only produced fragments of one isoform may be explained either by a higher sequence divergence of the second
gntI isoform or by its much lower expression during the autotrophic growth of protonema. Indeed, in A. thaliana two isoforms of a1,3-fucosyltransferase exist, of which one is almost
inactive (Wilson et al., 2001 a). Alternatively, the aberrant gntI
transcripts detected in the knockout plants might lead to synthesis of an abnormal protein, lacking the C terminal part. This
hypothesis is, however, not very probable, since the C terminal
portion of the GNTI protein is highly conserved and necessary
for the catalysis. A transfer of GlcNAc to the mannose core catalysed by another glycosyltransferase, albeit at lower efficiency, however, cannot be excluded. Enzymatic activity as low as a
fraction of that occurring in wild-type plants might be sufficient to produce a normal pattern of N-glycans. Reduction of
GNTI activity to 2% of wild-type levels in Nicotiana benthamiana using the antisense approach resulted only in minor
changes in N-glycan composition, i.e., slight increase in the oligomannosidic N-glycans compared to the wild type (Strasser,
2000). Because there was no alteration in N-glycan pattern,
protein secretion was also not affected in the gntI KO plants.
In conclusion, we have demonstrated for the first time that in
the moss Physcomitrella patens the pattern of N-glycans is the
same as in higher plants. We have cloned three enzymes of the
N-glycosylation pathway, revealing that the pathway is conserved between lower and higher plants. As a first approach
to targeted manipulation of N-glycosylation in plants, the gntI
gene was disrupted by homologous recombination. Although
disruption of this gene in mice is lethal and in Arabidopsis it
results in major alteration of N-glycan composition, in transgenic P. patens plants, lacking a correct gntI transcript, no
changes in N-glycan pattern were detected. As a consequence,
we propose that future work towards ªhumanizationº of the
P. patens N-glycosylation pathway should focus on a search in
second isoform of GNTI or rather concentrate on a1,3-Fuc-T
and b1,2-Xyl-T, which appears more attractive as this leads to
complex glycans.
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