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Abstract Three putative KK1CC3/4-fucosyltransferase (KK1CC3/
4-FucT) genes have been detected in the Arabidopsis thaliana
genome. The products of two of these genes have been identified
in vivo as core KK1CC3-FucTs involved in N-glycosylation. An
orthologue of the third gene was isolated from a Beta vulgaris
cDNA library. The encoded enzyme efficiently fucosylates
GalLL1CC3GlcNAcLL1CC3GalLL1CC4Glc. Analysis of the product
by 400 MHz 1H-nuclear magnetic resonance spectroscopy
showed that the product is KK1CC4-fucosylated at the N-
acetylglucosamine residue. In vitro, the recombinant B. vulgaris
KK1CC4-FucT acts efficiently only on neutral type 1 chain-based
glycan structures. In plants the enzyme is expected to be involved
in Lewisa formation on N-linked glycans. ß 2001 Published by
Elsevier Science B.V. on behalf of the Federation of European
Biochemical Societies.
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1. Introduction

Plants have great potential for the safe production of hu-
man proteins for research purposes or pharmaceutical appli-
cations. Many of such proteins are glycoproteins, and it is
known that cell and species speci¢c glycosylation modulates
numerous protein characteristics [1,2]. Obviously, detailed
knowledge of the glycosylation potential of plants is impor-

tant to devise strategies for genetic modi¢cation of plants to
enable the production of proteins with a speci¢c mammalian-
like glycosylation. In many plants, Lewisa containing glycans
are found [3^5] whereas typical mammalian GalL1C4Glc-
NAc and GalL1C4[FucK1C3]GlcNAc (Lewisx) structures
are lacking. The availability of the complete sequence of the
Arabidopsis thaliana genome facilitates the identi¢cation of
plant orthologues of human glycosyltransferase genes. Our
aim in this study was to learn the potential of plants to fuco-
sylate complex-type glycans by characterizing enzymes en-
coded by the putative members of the K1C3/4-fucosyltrans-
ferase (K1C3/4-FucT) gene family that were identi¢ed in the
A. thaliana genome.

Members of the K1C3/4-FucT gene family are found in
eukaryotes as well as prokaryotes [6]. In general, they catalyze
the ¢nal and sometimes crucial step in the synthesis of a range
of biologically active glycoconjugates. Six genes encoding
K1C3/4-FucTs have been identi¢ed in humans, encoding
FucT-III to FucT-VII and FucT-IX [7^16]. These FucTs
have distinct acceptor speci¢cities but in general catalyze the
transfer of a fucose (Fuc) residue in K-linkage to the C3 of
N-acetylglucosamine (GlcNAc) in GalL1C4GlcNAc (type 2)
structures occurring on glycolipids and glycoproteins. FucT-
III and FucT-V have a dual K1C3 and K1C4 speci¢city for
type 1 or type 2 chains, respectively, and a higher a¤nity for
type 1 (GalL1C3GlcNAc) containing structures than for type
2 structures [10,17]. In humans, the K1C3/4-FucTs are in-
volved in the synthesis of the Lewis blood group determi-
nants: Lewisa, sialyl-Lewisa, Lewisb, Lewisx, sialyl-Lewisx

and Lewisy.
In plants, as well as in some invertebrates, a FucT activity

(FucT-C3) has been described that does not occur in mam-
mals and catalyzes the transfer of a Fuc in K1C3-linkage to
the innermost asparagine-linked GlcNAc of N-glycans [18^
20]. The immunogenic core K1C3-fucosylated N-glycan syn-
thesized by this enzyme is an abundant carbohydrate epitope
in plants and invertebrates [21^25], and contributes to the
carbohydrate-based cross-reactivity that has long been ob-
served in immunoassays of glycoproteins of plants, insects
and mollusks [26,27]. Recently the cDNAs for two FucT-
C3s have been cloned, from mung bean and Drosophila me-
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lanogaster, and identi¢ed as members of the same gene family
as the mammalian K1C3/4-FucTs [28,29]. In the genome of
A. thaliana, three putative FucT genes of the K1C3/4-FucT
family can be detected. While this manuscript was in prepa-
ration, Wilson et al. [30] reported that one of these genes
(FucTA, At-FucT-C3-1 in this manuscript) encodes a FucT-
C3 activity in vitro, whereas expression of FucTB (At-FucT-
C3-2 in this manuscript) did not result in any FucT activity in
vitro and was suggested to be a redundant non-active FucT-
C3. Here, we demonstrate that both A. thaliana enzymes show
FucT-C3 activity in vivo when expressed in CHO cells. In
addition, we report the isolation of an orthologue of the third
A. thaliana FucT gene from a Beta vulgaris (beet) cDNA
library. This cDNA encodes an K1C4-FucT, catalyzing the
transfer of a Fuc residue to the C4 of GlcNAc, with a strict
substrate speci¢city for neutral type 1 chain-based glycan
structures.

2. Materials and methods

2.1. Materials
Unlabeled GDP-Fuc was purchased from Boehringer Mannheim.

GDP-[14C]Fuc (250 Ci/mol) was purchased from New England Nu-
clear Corp. (Boston, MA, USA) and diluted with the unlabeled nu-
cleotide sugar to obtain a speci¢c radioactivity of 5 Ci/mol. Dr. Mo-
nica Palcic (University of Alberta, Edmonton, AB, Canada) kindly
provided the 8-methoxycarbonyloctyl glycoside acceptors.

2.2. Cloning of plant cDNAs
A cDNA clone encoding At-FucT-C3-1 (accession no. AJ345084)

was isolated from an A. thaliana selique cDNA library in the mam-
malian expression vector pABE [31] by a PCR screening method and
sibling selection as described previously for the isolation of a
GlcNAcT-I cDNA [32]. The cDNA clone was completely sequenced
and contained the complete open reading frame as was predicted from
the genomic sequence (protein accession no. BAB02969). As the
cDNA insert was in the wrong orientation for expression, the plasmid
was digested with BstXI and the insert religated in the same vector.
An At-FucT-C3-2 cDNA clone (accession no. AJ345085) was isolated
by PCR using primers covering the putative start and stop (ttgatt-
catcctctaggttaatg and tccagaggaatgaaactagacg) codons from selique
cDNA. BstXI linkers (Invitrogen) were ligated to the PCR fragment
and inserted into BstXI-digested pABE. Sequencing con¢rmed that
the sequence was identical to the prediction from the A. thaliana
genome (protein accession no. AAG13053). Sequences of At-FucT-
C3-1 and At-FucT-C3-2 are also identical to those cloned by Wilson
et al. [30] (DNA accession no. AJ404860 (FucTA) and AJ404861
(FucTB), respectively) except that At-FucT-C3-2 is not the alternative
spliced form cloned by Wilson et al. [30], but is identical to the de-
scribed correctly spliced form. Bv-K1C4FucT cDNA (accession no.
AJ315848) was recognized as an orthologue of At-FucT-3 (protein
accession no. AAG52222) in a B. vulgaris root expressed sequence
tag (EST) library in SK� made within Plant Research International
(accession no. AJ315848). The cDNA was sequenced and appeared to
contain the complete putative coding region. The cDNA insert was
isolated from SK� and introduced into pABE by HindIII/XbaI diges-
tion and ligation (pABE-Bv-K1C4FucT).

2.3. Expression of the plant cDNAs in CHOP8 cells and
immunohistochemistry

The putative FucT genes were transiently expressed in CHOP8 cells
[33]. Cells were grown and transfected as described before [32,34].
Two days after transfection cells were washed with phosphate-bu¡-
ered saline (PBS), ¢xed in 1% glutaraldehyde in PBS, washed with
Tris-bu¡ered saline (TBS) (150 mM NaCl, 10 mM Tris^HCl pH 7.5),
blocked with 2% milkpowder/TBS and immunostained by a core
K1C3-Fuc speci¢c antibody in 2% milkpowder/0.1% Tween 20/
TBS. This antibody was puri¢ed from commercially available rabbit
anti-horseradish peroxidase (HRP) antiserum (Rockland, Gilberts-
ville, PA, USA), that has a dual speci¢city for the L1C2-xylose
and core K1C3-Fuc epitope of HRP N-glycans. By a¤nity chroma-

tography with honeybee venom phospholipase A2 (Sigma), that car-
ries N-linked glycans with core K1C3-Fuc, but di¡ers from HRP by
lacking the L1C2-xylose epitope, a core K1C3-Fuc speci¢c antibody
was obtained, as described previously by Faye et al. [35]. The second-
ary antibody was an alkaline phosphatase-conjugated goat anti-rabbit
(Jackson Immunoresearch Laboratories). For color development,
Fast-red (Sigma) was used.

2.4. Expression of Bv-K1C4-FucT in COS-7M6 cells and
FucT activity

COS-7 cells (ATCC 1651) were grown in Dulbecco's modi¢ed Eagle
medium supplemented with 10% fetal calf serum, 2 mM L-glutamine
and 1/50 penicillin/streptomycin solution (all from Life Technologies).
The cells were transiently transfected with pABE-Bv-K1C4-FucT us-
ing the calcium phosphate precipitation method as described previ-
ously [36]. After 2 days, cells were washed with PBS and collected in
50 mM sodium-cacodylate bu¡er pH 7.2 at a concentration of 2.5 mg/
ml, and assayed for FucT activity. The standard reaction mixture (50
Wl) contained 5 nmol GDP-[14C]Fuc (4^5 Ci/mol), 2.5 Wmol sodium-
cacodylate bu¡er pH 7.2, 1 Wmol MnCl2, 0.2 Wmol ATP, 20 nmol
acceptor substrate, 0.1% (v/v) Triton X-100 and 20 Wl homogenate.
Reactions were incubated for 2 h at 37³C, in which period no more
than 10% of the limiting substrate was converted. Incorporation of
Fuc was determined as described [37]. Values were corrected for in-
corporation into endogenous acceptors. Three replicates were used per
data point, and the assays were performed twice.

2.5. Product characterization
Lacto-N-tetraose (LNT) (250 nmol) was incubated with 500 nmol

GDP-[14C]Fuc (0.2 Ci/mol), and 250 Wl cell extract under otherwise
standard incubation conditions and incubated for 18 h at 37³C. The
product was separated from unincorporated nucleotide sugar by ion
exchange on a 5 ml column Dowex 1-X8 (Cl3 form), isolated on a
Spherisorb S5 NH2 column (Waters, 4.6U250 mm) run in acetoni-
trile/15 mM KH2PO4 (80:20) using a linear gradient (0.3%/min, £ow
2 ml/min), and desalted on a column (0.7U45 cm) of Bio-gel P-2 (200^
400 mesh) run in water. The fucosylated product was exchanged in
D2O (99.75 atom%, Merck) three times with intermediate lyophiliza-
tion. Finally, the sample was redissolved in 400 Wl D2O (99.96 atom%
D, Aldrich, Milwaukee, WI, USA). 1H-nuclear magnetic resonance
(NMR) spectroscopy was performed on a Bruker MSL 400 spectrom-
eter operating at 400 MHz at a probe temperature of 300 K. Reso-
lution enhancement was achieved by Lorentzian to Gaussian trans-
formation. Chemical shifts are expressed in ppm down¢eld from
internal sodium 4,4-dimethyl-4-silapentane-1-sulfonate (DSS), but
were actually measured by reference to internal acetone (N= 2.225
ppm in D2O).

3. Results

3.1. Cloning of plant FucT cDNA clones
Screening of the A. thaliana genomic database with mam-

malian and putative bacterial sequences of the K1C3/4-FucT
gene family resulted in the identi¢cation of three putative
K1C3/4-FucT genes. All three showed a low overall homol-
ogy with the known K1C3/4-FucTs, but did show a con-
served sequence motif (K3 motif II) found in the mammalian
and bacterial genes (Fig. 1, [6]). A cDNA clone encoding At-
FucT-C3-1 was isolated from an A. thaliana selique cDNA
library by a PCR screening method and sibling selection as
described previously for the isolation of a GlcNAcT-I cDNA
[32]. Another cDNA, At-FucT-C3-2, was isolated by PCR
using primers covering the putative start and stop codons
from selique cDNA. The third putative gene, At-FucT-3,
could not be isolated from the same cDNA source using
this approach. ESTs containing part of the At-FucT-3 se-
quence, however, can be found in GenBank. An orthologue
of At-FucT-3 was found in an EST library from B. vulgaris.
The EST clone contained a complete open reading frame with
64% identity to At-FucT-3 and was named Bv-K1C4-FucT.
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At-FucT-C3-1 and At-FucT-C3-2 each show 77% mutual sim-
ilarity and are considered orthologues of the mung bean core
K1C3-FucT. At-FucT-3 and Bv-K1C-4FucT are about 17%
identical to At-FucT-C3-1 and At-FucT-C3-2. The similarity
was mainly found around a conserved FucT motif (K3 motif
II) that was previously identi¢ed in animal and bacterial
K1C3/4-FucTs (Fig. 1, [6]). These data indicate that At-
FucT-3 and Bv-K1C-4FucT form a distinct subfamily of
plant FucTs within the K1C3/4-FucT family.

3.2. Expression of the plant cDNAs in CHOP8 cells
The three cDNAs have been inserted in the mammalian

expression vector pABE [31] and transiently expressed in
CHOP8 cells [33]. CHOP8 is a Chinese hamster ovary
(CHO) cell line of the Lec8 complementation group. Lec8
cells are de¢cient in UDP-galactose transport and were chosen
since their cell surface glycans, which lack galactose, are ex-
pected to be e¤cient acceptor substrates for core K1C3-
FucTs [38]. Transfected cells were stained with an a¤nity-
puri¢ed antibody speci¢c for the core K1C3-Fuc structure.
Expression of either At-FucT-C3-1 or At-FucT-C3-2 cDNA
in CHOP8 cells resulted in cells that were recognized by the
anti-core Fuc antibody (Fig. 2), indicating that both cDNAs
encode core K1C3-FucTs. In vitro FucT assays of the trans-
fected CHOP8 cells, using GDP-Fuc as donor substrate and
glycopeptides of asialo-agalacto IgG as acceptor as described
previously [20], demonstrated that At-FucT-C3-1 indeed
showed core K1C3-FucT activity, whereas no enzymatic ac-

tivity could be detected using cells transfected with At-FucT-
C3-2 cDNA (results not shown).

Expression of the Bv-K1C4-FucT cDNA in CHOP8 cells
did not result in positive staining of transfected cells, indicat-
ing that the Bv-K1C4-FucT cDNA does not encode a func-
tionally active core K1C3-FucT.

Fig. 1. Amino acid sequence alignment of three A. thaliana members of the K1C3/4-FucT gene family (At1 and At2 are FucT-C3-1 and -2,
At3 is the A. thaliana orthologue of the B. vulgaris K1C4-FucT), the B. vulgaris K1C4-FucT (Bv) and the human FucT-III (H3, protein acces-
sion no. BAA96390). Amino acids that are conserved in all ¢ve members are shaded. Above the alignment, two conserved boxes (K3 motifs)
are indicated that were previously identi¢ed based on sequence alignments of animal and bacterial FucTs [6]. Within the motifs, the previously
indicated most conserved amino acid residues are shown. An * indicates the position of the tryptophan (W) residue, that determines the
K1C4-FucT speci¢city of mammalian FucT-III [42]. The presented A. thaliana sequences are identical to the predictions from the genome se-
quence, except that At-FucT-3 was extended with eight amino acids at the N-terminus, as these aligned well with Bv-K1C4-FucT.

Fig. 2. CHOP8 cells transiently expressed with At-FucT-C3-1 (A),
At-FucT-C3-2 (B) and Bv-K1C4-FucT (C) and an empty vector
control (D). Cells were stained with an antibody speci¢c for core
K1C3-linked Fuc.
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3.3. Characterization of Bv-K1C4-FucT
To investigate the enzymatic properties of Bv-K1C4-FucT,

homogenates of COS-7 cells transfected with pABE-Bv-
K1C4-FucT were incubated with radiolabeled GDP-Fuc
and a panel of oligosaccharide acceptor substrates. COS-7, a
monkey kidney cell line, was chosen for these experiments as
they facilitate plasmid replication, usually resulting in a higher
expression level of recombinant proteins than CHO cells. The
results (Table 1) show that the enzyme e¤ciently acts on ac-
ceptor substrates containing neutral type 1 chain-based struc-
tures (GalL1C3GlcNAc), presumably producing Lewisa and
Lewisb determinants, respectively. Bv-K1C4-FucT failed to
act on sialylated type 1 substrates and all type 2 chain-based
acceptor substrates were used with poor e¤ciency.

To establish the structure of the product synthesized with
the recombinant Bv-K1C4-FucT, 200 nmol of fucosylated
LNT was prepared by incubation of 250 mmol LNT, the
transfected COS cells and GDP-Fuc. The product from this
large-scale enzyme reaction appeared to be a pentasaccharide,
as was observed by high-performance liquid chromatography.

The structure of this pentasaccharide (#F-LNT) was analyzed
by 400 MHz 1H-NMR spectroscopy. Relevant chemical shifts
are listed in Table 2, together with the chemical shifts of
reference compounds LNT and lacto-N-fucopentaose II
(LNFP II). Chemical shifts of LNT and LNFP II were essen-
tially as reported before [39,40]. The chemical shifts of the
fucosylated product (#F-LNT) appeared to be similar to
those of LNFP II. Thus, the Fuc residue appears to be at-
tached to the GlcNAc residue in an K1C4-linkage. In the
spectrum of #F-LNT no signals were found typical for a
Fuc in K3-linkage to Glc (two doublets of a H-1 of a residue
in K-linkage at N= 5.427 and at N= 5.371 ppm; [17]). The H-1
residue of the Gal of the GalL1C4GlcNAc element is shifted
down¢eld in the spectrum of #F-LNT (N= 4.506 ppm), due to
the presence of a Fuc residue at the GlcNAc. Furthermore,
the H-1 of the K-anomeric Glc residue (N= 5.221 ppm) is not
shifted up¢eld, compared to the H-1 of a Glc which is fuco-
sylated (compounds #F3 and #F10 in [17]). Similarly, in the
spectrum of #F-LNT there are no signals indicative for a Fuc
in K2-linkage to Gal, indicating that the Bv-K1C4-FucT
lacks any K1C2-FucT activity.

Thus, the Bv-K1C4-FucT can be identi¢ed as a GDP-
Fuc:GlcNAc K1C4-FucT capable of synthesizing Lewisa

and Lewisb epitopes.

4. Discussion

Three plant members of the K1C3/4-FucT gene family
have been cloned and, based on immunohistochemical and
in vitro enzymatic studies, their function in plant glycosyla-
tion is proposed. Two cDNAs with high sequence similarity to
the mung bean core K1C3-FucT gene were isolated from an
A. thaliana cDNA library and designated At-FucT-C3-1 and
At-FucT-C3-2. We were not successful in isolating the third
cDNA from A. thaliana, but found and cloned instead an
orthologous EST of this gene from the sugar beet, B. vulgaris.

Transient transfection of the plant cDNAs in CHOP8 cells
resulted in binding of an antiserum speci¢c for core K1C3-
Fuc to the At-FucT-C3-1 and At-FucT-C3-2, but not to the
Bv-K1C4-FucT-transfected cells. These data indicate expres-
sion of core K1C3-fucosylated N-glycans on the cell surface

Table 1
Acceptor speci¢city of recombinant Bv-K1C4-FucT towards reduc-
ing oligosaccharides and 8-methoxycarbonyloctyl glycoside acceptors

Substrate FucT activity (%)

Type 1 chain-based oligosaccharides

1. GalL1C3GlcNAc 42
2. GalL1C3GlcNAcL1C3GalL1C4Glc (LNT) 59
3. GalL1C3GlcNAcL-Ra 59
4. FucK1C2GalL1C3GlcNAcL-R 100
5. NeuAcK2C3GalL1C3GlcNAcL-R 6 0.1

Type 2 chain-based oligosaccharides

6. GalL1C4GlcNAc 1
7. GalL1C4GlcNAcL1C3GalL1C4Glc 0.7
8. GalL1C4GlcNAc-R 2
9. FucK1C2GalL1C4GlcNAc-R 4
10. NeuAcK2C3GalL1C4GlcNAc-R 3

Relative rates for each acceptor (¢nal concentration reducing oligo-
saccharides: 1 mM and 8-methoxycarbonyloctyl glycoside acceptors
0.4 mM) are expressed as percentage of the incorporation with com-
pound #4. 100% activity: 90 pmol/min/mg.
aR, O-(CH2)8-COOCH3.

Table 2
400 MHz 1H-NMR chemical shift values and J constants of structural reporter group protons for the constituent monosaccharides of the prod-
uct synthesized by enzymatic transfer of Fuc by Bv-K1C4-FucT to LNT ( F-LNT)

Residue Reporter group Anomer Chemical shifts (J constants) (ppm) (Hz)

#F-LNT LNT LNFP II

Fuc(1-4) H-1 K,L 5.026 (3.6) ^ 5.026 (4.0)
H-5 K,L 4.872 ^ 4.873
H-6 K,L 1.180 (6.5) ^ 1.180 (6.6)

Gal(1-4) H-1 K 4.438 (7.8) 4.441 (7.7) 4.441 (7.8)
H-1 L 4.438 (7.8) 4.441 (7.7) 4.436 (7.9)
H-4 K,L 4.155 (3.0) 4.153 (3.4) 4.154 (3.3)

Gal(1-3) H-1 K,L 4.506 (7.7) 4.480 (7.8) 4.505 (7.7)
GlcNAc H-1 K 4.704 (8.3) 4.737 (8.3) 4.707 (8.5)

H-1 L 4.704 (8.3) 4.732 (8.4) 4.703 (8.5)
H-3 K,L 4.082 (10.1) N.D. 4.082 (9.1)
NAc K,L 2.033 2.028 2.030

Glc H-1 K 5.221 (3.7) 5.220 (3.9) 5.220 (3.8)
H-1 L 4.663 (7.9) 4.662 (7.9) 4.662 (8.0)
H-2 L 3.280 3.278 3.279

Reference compounds are LNT and LNFP II (LNFP II was puri¢ed from human milk according to Donald and Feeney, 1988). Chemical
shifts are given in ppm down¢eld from DSS in D2O, at 300 K, acquired at 400 MHz (but were actually measured relative to internal acetone,
N= 2.225 ppm). N.D., not determined; ^, not applicable.
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of the antiserum positive cells, suggesting that both cDNAs
encode functional core K1C3-FucTs. The identity of At-
FucT-C3-1 could be established by in vitro FucT assays using
a homogenate of the transfected cells. In contrast and for
reasons unknown we were not able to demonstrate in vitro
core K1C3-FucT activity using the At-FucT-C3-2-transfected
cells as enzyme source, although staining intensity of trans-
fected cells appeared to be similar. Similarly, Wilson et al. [30]
reported the in vitro core K1C3-FucT activity of FucTA
( = At-FucT-C3-1) and the in vitro inactivity of the correctly
spliced form of FucTB ( = At-FucT-C3-2) and concluded that
FucTB could possibly be a redundant product of duplication
of an original FucT-C3 gene. Our immunohistochemistry re-
sults, however, strongly favor the possibility that At-FucT-
C3-2 is a functionally active core K1C3-FucT. The inability
to show in vitro activity might be caused by a variety of
reasons, i.e. the enzyme may have a low a¤nity towards the
substrates used in vitro, or may be unstable in the assay con-
ditions used. Furthermore, it should be considered that in the
CHOP8 cells overexpression of both enzymes is achieved.
Possibly, the activity of At-FucT-C3-2 is low compared to
that of At-FucT-C3-1, and under the detection limit of the
in vitro assay. This activity, however, might be su¤cient to
fucosylate in vivo. To get insight in the contribution of At-
FucT-C3-1 and At-FucT-C3-2 to the fucosylation of N-gly-
cans in A. thaliana, however, the fucosylation capacity of
selective knock-outs of both the respective genes in A. thaliana
should be investigated.

To de¢ne the enzymatic properties of the putative FucT
encoded by the Bv-K1C4-FucT cDNA, we used COS-7 cells
transiently transfected with this cDNA as enzyme source. Our
data clearly show that Bv-K1C4-FucT has similar properties
as the human Lewis-type FucT (FucT-III). Out of a panel of
type 1 and type 2 chain containing structures, Bv-K1C4-
FucT has a strict preference for neutral type 1-based acceptor
substrate. Still the substrate speci¢city of the plant enzyme is
distinct from the speci¢city of the human Lewis enzyme FucT-
III [37], since the sialylated type 1 acceptor #5 was not a
substrate for the plant enzyme and type 2 acceptors were
very poor substrates. The enzyme also lacked the ability to
transfer Fuc to the C3 of Glc in LNT [17], as appeared from
the structural identi¢cation of the product by 1H-NMR spec-
troscopy. The enzymatic properties of Bv-K1C4-FucT resem-
ble those of a FucT activity puri¢ed from mung bean seedling
[41], indicating that in mung bean a similar gene is expressed.
Interestingly, in human FucT-III, a tryptophan residue (W111)
has been identi¢ed that is responsible for K1C4-FucT specif-
icity [42]. The same residue can be found in FucT-V, the
second mammalian enzyme with K1C4-FucT activity, but
an arginine residue (R) is found at the corresponding position
in the mammalian K1C3-FucTs. A single amino acid substi-
tution W111CR in FucT-III was su¤cient to change the spe-
ci¢city of Fuc transfer from H-type 1 to H-type 2 acceptors
[42]. In agreement with the proposed function of this region in
acceptor binding, W114 in Bv-K1C4-FucT and W111 in its
A. thaliana orthologue align with W111 of FucT-III, whereas
the two A. thaliana core K1C3-FucTs did not have either
W or R in the corresponding position. Comparison of the
Bv-K1C4-FucT area around W114 showed several more con-
served amino acids (see Fig. 1) with FucT-III, that may con-
tribute to the K1C4 structural motif, although they cannot be
found in FucT-V. We were not successful in isolating a full

length cDNA of the putative A. thaliana K1C4-FucT,
although EST fragments have been detected in the databases.
Wilson et al. [30], however, have isolated the full coding re-
gion of the putative A. thaliana K1C4-FucT, but were unable
to assign a function to the gene, which may be in accordance
with previous ¢ndings that Lewisa has not been detected in
Arabidopsis [3^5].

Lewisa epitopes, however, are found on many other plants
[3^5], and we could show that this structure is readily synthe-
sized in vitro by Bv-K1C4-FucT, indicating that the Bv-
K1C4-FucT gene described here may have a function in the
formation of Lewisa glycan epitopes on N-linked glycans in
beet. It is not clear yet if the capacity of Bv-K1C4-FucT to
catalyze the synthesis of the Lewisb epitope has a functional
relevance. So far, the Lewisb epitope has not been described in
plants. A prerequisite for the formation of Lewisb structures is
the coordinate expression of an K1C2-FucT that catalyzes
the transfer of Fuc in K1C2-linkage to Gal in GalL1C3Glc-
NAc-R, i.e. an orthologue of the human FucTs I and II,
belonging to the gene family of K1C2-FucTs. So far, such
an enzyme has not been described in plants, but several se-
quences that putatively encode plant members of this gene
family can be detected in the databases. Recently, plant
K1C2-FucTs belonging to this family have been cloned
[43,44]. These enzymes, however, seem to catalyze speci¢cally
the synthesis of K1C2-fucosylated xyloglucan structures.

In conclusion, we have identi¢ed two core K1C3-FucT
genes and one K1C4-FucT gene in plants. So far, no other
K1C3/4-FucT homologues have been found in plants, sug-
gesting that none of the plant FucTs identi¢ed so far encodes
an enzyme that is able to K1C3-fucosylate type 2 chain-based
(GalL1C4GlcNAc, LacNAc) structures, thus forming Lewisx

or Lewisy determinants. So far, no LacNAc structures have
been found on plant glycoproteins. We have shown previously
that the glycosylation potential of plants can be modi¢ed, by
introducing the human L1C4-galactosyltransferase gene in
tobacco. This resulted in the formation of N-glycans contain-
ing typical mammalian LacNAc structures [45], an achieve-
ment that is promising for future genetic glycan engineering
of plants. Knowing the speci¢cities of the endogenous plant
FucTs is important as it facilitates the prediction of the fuco-
sylation of recombinant glycoproteins produced in these
plants, as well as the design of additional genetic modi¢ca-
tions that will be required to produce for example Lewisx,
Lewisy and Lewisb structures in plants.
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Lainë, A.C., Gomord, V. and Faye, L. (1998) Plant Mol. Biol.
38, 31^48.

[24] Staudacher, E., Altmann, F., Ma«rz, L., Hard, K., Kamerling,
J.P. and Vliegenthart, J.F. (1992) Glycoconjug. J. 9, 82^85.

[25] van Die, I., Gomord, V., Kooyman, F.N., van den Berg, T.K.,
Cummings, R.D. and Vervelde, L. (1999) FEBS Lett. 463, 189^
193.

[26] Aalberse, R.C. and van Ree, R. (1997) Allergy Immunol. 15,
375^387.

[27] Faye, L. and Chrispeels, M.J. (1988) Glycoconjug. J. 5, 245^256.
[28] Fabini, G., Freilinger, A., Altmann, F. and Wilson, I.B. (2001)

J. Biol. Chem., (in press).
[29] Leiter, H., Mucha, J., Staudacher, E., Grimm, R., Glo«ssl, J. and

Altmann, F. (1999) J. Biol. Chem. 274, 21830^21839.
[30] Wilson, I.B., Rendic, D., Freilinger, A., Dumic, J., Altmann, F.,

Mucha, J., Muller, S. and Hauser, M. (2001) Biochim. Biophys.
Acta 1527, 88^96.

[31] Eckhardt, M., Mu«hlenho¡, M., Bethe, A. and Gerardy-Schahn,
R. (1996) Proc. Natl. Acad. Sci. USA 93, 7572^7576.

[32] Bakker, H., Lommen, A., Jordi, W., Stiekema, W. and Bosch, D.
(1999) Biochem. Biophys. Res. Commun. 261, 829^832.

[33] Cummings, L., Warren, C.E., Granovsky, M. and Dennis, J.W.
(1993) Biochem. Biophys. Res. Commun. 195, 814^822.

[34] Bakker, H., Friedmann, I., Oka, S., Kawasaki, T., Nifant'ev, N.,
Schachner, M. and Mantei, N. (1997) J. Biol. Chem. 272, 29942^
29946.

[35] Faye, L., Gomord, V., Fitchette-Laine, A.C. and Chrispeels, M.J.
(1993) Anal. Biochem. 209, 104^108.

[36] Agterberg, M., van, Die.I., Yang, H., Andriessen, J.A., van Te-
tering, A., van den Eijnden, D.H. and Ploegh, H.L. (1993) Eur. J.
Biochem. 217, 241^246.

[37] de Vries, T., Palcic, M.P., Schoenmakers, P.S., van den Eijnden,
D.H. and Joziasse, D.H. (1997) Glycobiology 7, 921^927.

[38] Johnson, K.D. and Chrispeels, M.J. (1987) Plant Physiol. 84,
1301^1308.

[39] Breg, J., Romijn, D., Vliegenthart, J.F., Strecker, G. and Mon-
treuil, J. (1988) Carbohydr. Res. 183, 19^34.

[40] Platzer, N., Davoust, D., Lhermitte, M., Bauvy, C., Meyer, D.M.
and Derappe, C. (1989) Carbohydr. Res. 191, 191^207.

[41] Crawley, S.C., Hindsgaul, O., Ratcli¡e, R.M., Lamontagne, L.R.
and Palcic, M.M. (1989) Carbohydr. Res. 193, 249^256.

[42] Dupuy, F., Petit, J.-M., Mollicone, R., Oriol, R., Julien, R. and
Maftah, A. (1999) J. Biol. Chem. 274, 12257^12262.

[43] Faik, A., Bar-Peled, M., DeRocher, A.E., Zeng, W., Perrin,
R.M., Wilkerson, C., Raikhel, N.V. and Keegstra, K. (2000)
J. Biol. Chem. 275, 15082^15089.

[44] Perrin, R.M., DeRocher, A.E., Bar-Peled, M., Zeng, W., Nor-
ambuena, L., Orellana, A., Raikhel, N.V. and Keegstra, K.
(1999) Science 284, 1976^1979.

[45] Bakker, H., Bardor, M., Moltho¡, J.W., Gomord, V., Elbers, I.,
Stevens, L.H., Jordi, W., Lommen, A., Faye, L., Lerouge, P.
and Bosch, D. (2001) Proc. Natl. Acad. Sci. USA 98, 2899^
2904.

FEBS 25392 26-10-01

H. Bakker et al./FEBS Letters 507 (2001) 307^312312


