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LAD II/CDG IIc is a rare autosomal recessive disease
characterized by a decreased expression of fucosylated
antigens on cell surfaces that results in leukocyte adhe-
sion deficiency and severe neurological and develop-
mental abnormalities. Its molecular basis has been iden-
tified as a defect in the transporter of GDP-L-fucose into
the Golgi lumen, which reduces the availability of the
substrate for fucosyltransferases. During metabolic ra-
diolabeling experiments using [3H]fucose, LAD II fibro-
blasts incorporated significantly less radiolabel com-
pared with control cells. However, fractionation and
analysis of the different classes of glycans indicated that
the decrease in [3H]fucose incorporation is not general-
ized and is mainly confined to terminal fucosylation of
N-linked oligosaccharides. In contrast, the total levels of
protein O-fucosylation, including that observed in
Notch protein, were unaffected. This finding demon-
strates that the decrease in GDP-L-fucose levels in the
fibroblast Golgi caused by the LAD II defect does not
impair bulk protein O-fucosylation, but severely affects
the bulk addition of fucose as a terminal modification of
N-linked glycans. These data suggest that the severe
clinical abnormalities including neurological and devel-
opmental ones observed in at least some of the LAD II
patients may be related to alteration in recognition sys-
tems involving terminal fucose modifications of N-gly-
cans and not be due to a defective O-fucosylation of
proteins such as Notch.

Fucosylated structures expressed on cell surfaces or secreted
in biological fluids are involved in a variety of functions related
to cell-to-cell adhesion and recognition processes. Alterations in
the production of fucosylated glycoconjugates have been ob-
served in development and differentiation, and in pathological
conditions as well, including inflammation and tumor progres-
sion (1–5). Disruption of the FX gene, which codes for a key
enzyme in fucose metabolism, results in mice that require

fucose in their diet for survival, demonstrating the essential
nature of fucosylation (6).

Fucose is present in both N-linked and mucin-type O-linked
glycoproteins, where it is linked to the oligosaccharide chains
as a terminal modification that is not further elongated (7).
Recently, a new class of fucose-containing glycoproteins has
been identified in which fucose is directly O-linked to a serine/
threonine residue (8–9). O-fucose modifications have been re-
ported to occur in two distinct sequence contexts: epidermal
growth factor-like (EGF)1 repeats (8) and thrombospondin type
1 repeats (TSR) (10). Serum proteins, involved in blood clotting
or clot dissolution, such as human factor VII, factor XII, uPA
(urokinase-type plasminogen activator) and tPA (tissue type
plasminogen activator), are modified by O-fucose as a simple
monosaccharide at a specific consensus sequence within their
EGF repeats (11–16). Elongation of the O-fucose monosaccha-
ride on EGF repeats to a tetrasaccharide can occur in a protein-
specific manner (e.g. factor IX, Notch and Notch ligands, Refs.
17–19). Elongation of O-fucose is initiated by Fringe, an O-
fucose-specific �1,3-N-acetylglucosaminyltransferase. Subse-
quent action of galactosyl- and sialyltransferases results in the
formation of the final tetrasaccharide (Sia-�2,3/6-Gal-�1,4-
GlcNAc-�1,3-Fuc-�1-O(S/T) (20–21).

Many reports have demonstrated an essential functional role
for the O-fucose modification on proteins such as Notch, Cripto/
Nodal, and uPA (Refs. 15 and 22–23; for recent reviews, see
Refs. 24 and 25). The Notch receptor plays an essential role in
numerous stages of development (26), and recent work has
demonstrated that O-fucose is essential for Notch signaling.
Reduction or elimination of the enzyme responsible for addition
of O-fucose to proteins, protein O-fucosyltransferase 1 (O-FucT-
1), causes strong Notch-like phenotypes in both Drosophila (27)
and mice (28). In addition, the presence of an O-fucose glycan is
essential in the Notch receptor system for the Fringe-mediated
modulation of Notch activation in vivo in both Drosophila and
mammalian cells (20–21). The fact that a defect in O-fucosyla-
tion of Notch results in embryonic lethality in mice raised the
question of whether Notch is properly O-fucosylated in LAD
II/CDGS IIc patients.

Recent work by Hofsteenge and co-workers (10, 29) has dem-
onstrated that several extracellular matrix glycoproteins, in-
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cluding thrombospondin-1, F-spondin and properdin, are mod-
ified with O-fucose at a consensus site within TSRs. In contrast
to EGF repeats, the O-fucose on TSRs exists as either the
monosaccharide Fuc-O-Ser/Thr or the disaccharide Glc-Fuc-O-
Ser/Thr. A similar modification (Glc-�1,3Fuc) has also been
observed in CHO cells, where it represents a quite abundant
form of glycosylation (30). Although the function of the O-
fucose on TSRs is not yet known, it occurs in a predicted cell
interaction domain, suggesting that the modification may play
a role in regulating cellular interactions with the extracellular
matrix (31).

The importance of fucose in modulating glycan functions is
well demonstrated by the human genetic disease LAD II/CDGS
IIc, which is characterized by the absent or reduced expression
of fucosylated glycoconjugates on cell surfaces, including blood
group H and Lewis antigens (32). Patients affected by this
syndrome present with severe mental and growth retardation,
facial and skeletal abnormalities and immunodeficiency char-
acterized by recurrent bacterial infections. This latter finding
has been related to a reduced leukocyte rolling on endothelial
cells mediated by the selectins, which are unable to recognize
their oligosaccharide ligands, impairing leukocyte recruitment
into the inflamed tissues. Conversely, the specific causes that
lead to the severe neurological, developmental, and morpho-
logic defects need still to be clarified. The molecular basis of
LAD II/CDGS IIc syndrome has been found in a defect in
GDP-L-fucose import into the Golgi system (33–36). The de-
creased GDP-L-fucose availability for the fucosyltransferases
within the Golgi lumen explains the lower fucose content in
glycoconiugates. However, the fact that some fucosylated anti-
gens are undetectable (i.e. H antigen, selectin ligands), while
LAD II cells incorporate low, but detectable levels of fucose into
macromolecules, suggested that not all fucose-containing gly-
cans are comparably decreased (36). The aim of the present
study was the characterization of the residual fucose-contain-
ing glycoconjugates in cultured fibroblasts from a LAD II pa-
tient of Arab origin, in order to determine how the decreased
availability of GDP-L-fucose inside the Golgi can affect their
type and composition. Both terminal fucosylation of N-linked
glycans and protein O-fucosylation are clearly involved in de-
velopment and differentiation processes. Identification of the
class of glycans that is most heavily affected in LAD II patients
should provide clues to the role of these forms of fucosylation in
the severe developmental defects observed in these patients.

EXPERIMENTAL PROCEDURES

Cell Lines and Metabolic Labeling—Fibroblasts of one LAD II pa-
tient of Middle Eastern origin (35) and of two unrelated, age-matched
controls were derived from dermal biopsies, using standard procedures.
Informed consent for the study was obtained from patient and control
parents. Cells were maintained in RPMI 1640/10% fetal calf serum/2
mM glutamine (Invitrogen). No differences in morphology, adhesion,
and growth kinetic were observed between patient and control cells. For
all experiments, confluent fibroblasts were split 1:1 and used between 7
and 21 passages. Cells (80–90% confluent) were incubated for 18 h in
the presence of 50 �M [3H]fucose (PerkinElmer Life Sciences, Milan,
Italy, 3.2 TBq/mmmol; final specific activity 7.5 MBq/mmmol). Incuba-
tion with [3H]glucosamine (PerkinElmer Life Sciences, 814 GBq/mmol),
used for control experiments, was performed under identical conditions,
with only the radiolabeled molecule at 74 Bq/ml; in these conditions, a
great proportion of the label should be distributed in glycans (37), but it
is possible that a portion of the radiolabel could also be incorporated in
non-carbohydrate molecules.

Tunicamycin Treatment—Cells were grown in triplicate in 6-well
plates and labeled for 18 h, using 50 �M [3H]fucose, as described above.
Tunicamycin (0.5 �g/ml, from Sigma) was added together with the
radiolabeled fucose. No toxicity, determined by MTT (3-(4,5 dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, was observed in
these incubation conditions. Incorporation of the radiolabel in macro-
molecules was determined after PTA (phosphotungstic acid)/HCl pre-

cipitation, as previously described (36). Protein concentration was an-
alyzed by DC Protein Assay (Bio-Rad).

Cell Fractionation—Monolayers of labeled fibroblasts were washed
three times with ice-cold phosphate-buffered saline, harvested by
trypsinization, and washed again twice, to completely remove unbound
radioactivity. Cell pellets were then sequentially extracted at room
temperature, using CHCl3/CH3OH, to eliminate the lipidic fraction, as
the described procedure (38). Pellets containing the glycoproteins were
then solubilized by heating for 20 min at 100 °C in 1% SDS. The
following steps followed the described procedure (39), with slight mod-
ifications. A Sephadex G-50 column (30 � 1 cm, mobile phase 50 mM

NH4
� formate � 0.1% SDS � 0.02% NaN3) was used to remove small

contaminant molecules. Protein-containing fractions (designed total
glycoproteins), to be submitted to analysis of N- and O-linked glycans,
were pooled together, and the volume was reduced by lyophilization.
Aliquots (1.5 mg) of the total glycoproteins were withdrawn in triplicate
for fucose analysis. The remaining glycoproteins were then precipitated
using 8 volumes of acetone at �20 °C for 18 h. The precipitates were
centrifuged at 12,000 � g for 10 min, and the resulting pellets were
resuspended in 0.5 ml of 1% SDS, to be used for glycan fractionation.

Determination of Total Fucose and [3H]Fucose-specific Activity in
Total Glycoproteins—The aliquots of total glycoproteins set apart in
triplicate before acetone precipitation (see above) were used for the
determination of total bound fucose content by HPAEC-PAD analysis.
Proteins were acetone-precipitated in 1.5-ml screw tubes as described
above, and the resulting pellets were directly hydrolyzed in 0.2 ml of 2
M trifluoroacetic acid at 100 °C for 4 h. Samples were then dried in a
SpeedVac (Savant) and passed over a 0.5 ml Dowex 50 (proton form)
column to remove amino acids and peptides. Samples were then dried
again and further purified through a Zip Tip (C18) (Millipore) to remove
any residual peptide contaminants. Samples were then subjected to
HPAEC-PAD analysis, which was performed on a Dionex DX300
equipped with a pulsed amperometric detector (Dionex Corp., Sunnyvale,
CA) using a Dionex PA-1 column under standard conditions for mono-
saccharide analysis (40). Fractions (0.25 min) were collected and radio-
activity eluting in correspondence to fucose was determined by scintil-
lation counting. The ratio between cpm and fucose pmol was used to
calculate [3H]fucose-specific activity.

Release of N- and O-Linked Glycans from Total Glycoproteins—The
solubilized proteins (6 mg) were treated with PNGase F (Roche Applied
Science) as described (30, 39). The released oligosaccharides were then
separated from PNGase F-resistant glycoproteins on a Sephadex G-50
column as described above. Fractions (1.0 ml) were collected, and ali-
quots were analyzed by scintillation counting. The PNGase F-resistant
fractions were pooled, concentrated by lyophilization, and precipitated
with acetone. The residual glycoproteins were then subjected to alkali-
induced �-elimination to obtain O-glycan release (39). The released
oligosaccharides were then subjected again to a Sephadex G-50 column
and 1.0 ml fractions were collected for further analysis. Fractions cor-
responding to small oligosaccharides and monosaccharides were pooled
and SDS was removed by KCl precipitation. Samples were then de-
salted on a Dowex 50 column, lyophilized, and residual boric acid was
removed by repeated evaporation in the presence of methanol. The sam-
ples were then chromatographed on a Superdex peptide column, using
water (0.5 ml/min) as mobile phase. Fractions (0.5 min) were collected and
analyzed by scintillation counting. Individual peaks (monosaccharide and
disaccharide) were analyzed by HPAEC analysis on an MA-1 column as
described (40). Radioactivity in the eluted fractions was determined by
scintillation counting and the retention time compared with that observed
for unlabeled standards (Fucitol, Glc�1,2Fucitol, Glc�1,3Fucitol,
Glc�1,4Fucitol. Disaccharides generously provided by Dr. Khushi Matta,
Roswell Park Cancer Center, Buffalo, NY).

Western Blotting and Immunoprecipitation of Notch1 Protein—Fibro-
blasts from LAD II patient and two controls were seeded into 10 cm-
diameter culture dishes and were incubated for 24 h in the presence of
[3H]fucose. Immunoprecipitation and Western blotting experiments
were performed as described (18). Briefly, after labeling cells were
washed three times with cold Tris-buffered saline and lysed with the
same buffer containing 1% Nonidet P-40 and protease inhibitors. The
lysate was incubated overnight with Notch1-specific rabbit polyclonal
Na antibody (41). The immunoprecipitated protein, untreated and
treated with PNGase for 24 h (18), was analyzed by SDS-PAGE on a
4–12% gradient gel and transferred to a polyvinylidene difluoride
(PVDF) membrane (Bio-Rad). The membrane was analyzed by digital
autoradiography using a Beta-imager 2000 instrument (Biospace,
Paris, France). The radioactivity associated with individual proteins
was determined with the specific Beta-Vision software provided by
Biospace.
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Notch1 presence in fibroblasts lysates before and after immunopre-
cipitation was analyzed by Western blotting experiments using Na
antibody. The lysates were subjected to SDS-PAGE analysis on a 7.5%
gel and, after separation, the proteins were transferred onto a PVDF
membrane. Detection was performed with the ECL Plus detection sys-
tem (Amersham Biosciences) according to the manufacturer’s
instructions.

RESULTS

LAD II Fibroblasts Incorporate Significantly Less [3H]Fucose
into N-Glycans than Control Fibroblasts—To initially assess
the consequences of a reduced uptake of GDP-L-fucose into the
Golgi apparatus on fucosylated glycan composition in fibro-
blasts, cells were metabolically labeled with 50 �M [3H]fucose.
As expected, uptake of [3H]fucose was significantly reduced in
LAD II samples compared with controls (Fig. 1A). Tunicamycin
treatment was able to reduce [3H]fucose incorporation in mac-
romolecules. However, this tunicamycin-induced decrease of
label uptake in glycoproteins was not comparable between the

two samples, the LAD II cells being less affected than controls
(Fig. 1A). No differences between LAD II and control cells were
observed after labeling with [3H]glucosamine, either alone or in
the presence of tunicamycin (Fig. 1B). These data suggested
as a first approximation that the decrease in fucose incorpo-
ration in LAD II cells is not equally distributed in all glycan
classes, but involves mainly the N-linked oligosaccharides, and
it is not accompanied by a general alteration in glycoconjugate
composition.

To test this hypothesis, cells were incubated in the presence
of [3H]fucose and subjected to fractionation, in order to isolate
and analyze N- and O-linked glycans. Aliquots of the recovered
total glycoproteins were then used to determine radioactivity
incorporated in glycoproteins (Fig. 2A) or subjected to hydrol-
ysis followed by HPAEC-PAD analysis to determine total
amount of bound fucose (Fig. 2B) and fucose-specific activity
(Fig. 2C). As already observed for tunicamycin experiments,
total radioactivity and the amount of fucose incorporated in
macromolecules were decreased in LAD II samples (Fig. 2, A
and B). [3H]Fucose final specific activity, determined by
HPAEC-PAD analysis after acid hydrolysis of total glycopro-
teins, was slightly different between control and LAD II (Fig.
2C), possibly due to a different contribution of the salvage
pathway to the cytosolic GDP-L-fucose pool in the two samples.
The specific activity of [3H]fucose on total glycoproteins was
then used to estimate the picomoles of total fucose bound to
glycoproteins and in the different glycan fractions.

The profiles of elution from G-50 column of [3H]fucose-la-
beled total glycoproteins after PNGase F treatment to release
N-linked oligosaccharides are reported in Fig. 3A. Radioactiv-
ity eluting in correspondence to the oligosaccharide peak was
highly decreased in LAD II samples, while the PNGase-resist-
ant fraction was comparable between LAD II and controls (Fig.
3A). No differences in the elution profile were observed be-
tween LAD II and controls when [3H]glucosamine was used as
label (Fig. 3B). This strongly suggests that the reduction ob-
served is specific for fucose, and it is not accompanied by
significant differences in N-glycan composition. Fucose con-
tent, estimated using [3H]fucose-specific activity in the pooled
fractions containing the N-linked oligosaccharides, was mark-
edly reduced in LAD II cells, while the amount of protein-
bound, PNGase-resistant fucose was less affected in patient
samples (Fig. 3C). This finding was in accord with the previous
data obtained with tunicamycin.

LAD II and Control Fibroblasts Contain Similar Levels of
O-Fucose Saccharides—Labeled proteins recovered from G-50
column were then subjected to alkali-induced �-elimination in
the presence of NaBH4, in order to release O-linked oligosac-
charides and, possibly, residual PNGase F-resistant N-linked

FIG. 1. Effect of tunicamycin treatment on [3H]fucose and
[3H]glucosamine incorporation in controls and LAD II fibro-
blasts. Cells were metabolically labeled for 18 h in the presence of 50
�M [3H]fucose (A) or [3H]glucosamine (B). Tunicamycin (0.5 �g/ml) was
added together with the labeled sugar. At the end of the incubation
time, cells were extensively washed and macromolecules were precipi-
tated by PTA/HCl treatment. NT, untreated samples, containing the
same amount of vehicle (Me2SO) used for tunicamycin-treated samples.

FIG. 2. Radioactivity and fucose content in total glycoproteins. Aliquots of total glycoproteins recovered after Sephadex G-50 chroma-
tography were analyzed by scintillation counting (A) or subjected to acid hydrolysis and HPEAC-PAD analysis, to determine fucose concentration
(B) and [3H]fucose-specific activity (C).
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oligosaccharides, and analyzed again with a Sephadex G-50
column. [3H]fucose-labeled material eluted in three main
peaks, corresponding to residual proteins resistant to �-elimi-
nation, high/medium molecular weight oligosaccharides and
small molecular weight oligosaccharides/monosaccharides, re-
spectively (Fig. 4A). While a marked decrease of radioactivity
was observed for the first two eluting peaks in LAD II, the peak
corresponding to the small oligosaccharides and monosaccha-
rides was comparable between LAD II and controls. Again, no
differences between controls and LAD II were observed in
[3H]glucosamine labeled samples (Fig. 4B). When the amount
of fucose was estimated by using [3H]fucose-specific activity, it
revealed an increase in the amount of fucosylated material
corresponding to small oligosaccharides/monosaccharides from
LAD II samples compared with control samples (Fig. 4C).

To characterize the size and composition of the third peak,
which is hypothesized to contain O-fucosylated species, the
corresponding fractions were pooled and subjected to gel filtra-
tion analysis on a Superdex column. The profile of elution was
comparable between controls and LAD II and showed two spe-
cies, corresponding to disaccharides and to monosaccharides,
respectively (Fig. 5, A and B). HPAEC analysis of the mono-

saccharide indicated the presence of fucitol, which is formed
when O-fucose monosaccharide is released by �-elimination
followed by NaBH4 reduction of the aldehyde group (not
shown). HPAEC profiles from the fractions containing the dis-
accharide form are reported in Fig. 5, C and D and show that
the disaccharide corresponds to Glc-�1,3-fucitol for both control
and LAD II samples.

O-Fucosylation of Notch1 Appears to Be Similar in LAD II
and Control Fibroblasts—To specifically investigate whether
O-fucosylation on the EGF repeats of Notch is affected in LAD
II, fibroblasts were metabolically labeled with [3H]fucose and
Notch was immunoprecipitated using the Na antibody (41).
The expression of Notch1 in lysates of control and LAD II
fibroblasts was verified by Western blot experiments. A band
migrating at �110 kDa was detected (Fig. 6A), consistent with
the mass of the transmembrane/intracellular domain of Notch
protein (42), which is recognized by Na antibody (18, 41). The
amount of Notch1 in LAD II fibroblasts was comparable to that
detected in control cells. After immunoprecipitation, the immu-

FIG. 4. Elution profiles from Sephadex G-50 column obtained
after �-elimination of PNGase-resistant glycoproteins. A, PN-
Gase-resistant glycoproteins obtained from metabolic labeling of fibro-
blasts with 50 �M [3H]fucose. B, PNGase-resistant glycoproteins ob-
tained after incubation with [3H]glucosamine. Control, f; LAD II, E.
PNGase-resistant glycoproteins derived from the initial enzymatic
treatment of 6 mg of protein for each sample. Fractions (1.0 ml) were
collected at 1-min intervals starting 10 min after the beginning of
elution, and 100 �l were used for scintillation counting. Three main
peaks were identified: fractions 5–10, �-elimination-resistant material;
fractions 11–23, high/medium molecular weight oligosaccharides; frac-
tions 24–35 � small oligosaccharides/monosaccharides. Arrows corre-
spond to the elution peaks of maltopentaose (MP) and fucose (F). Ra-
dioactive recovery after G-50 column chromatography was between 70
and 80% for all samples. C, fractions from the three peaks identified
from G-50 analysis corresponding to the �-elimination-resistant mate-
rial, high/medium molecular weight oligosaccharides, and small oligo-
saccharides/monosaccharides were pooled together. The amount of fu-
cose was estimated using [3H]fucose-specific activity.

FIG. 3. Elution profiles from Sephadex G-50 column obtained
after treatment of total glycoproteins with PNGase F. A, total
glycoproteins obtained from metabolic labeling of fibroblasts with 50 �M

[3H]fucose. B, total glycoproteins obtained after treatment with [3H]glu-
cosamine. Control, f; LAD II, E. 6 mg of total glycoproteins were
treated for each sample. Fractions (1.0 ml) were collected at 1-min
intervals starting 10 min after the beginning of elution, and 50 �l were
used for scintillation counting. Total radioactivity recovery after chro-
matography ranged between 90 and 95% for each sample. PNGase-
resistant glycoproteins eluted from fractions 5–10. N-linked oligosac-
charides eluted from fractions 11–28. Elution volume of glycoproteins
was determined using a parallel sample in the absence of PNGase F
treatment. C, fractions obtained from G-50 chromatography after PN-
Gase treatment of total glycoproteins were pooled together to obtain
PNGase-resistant proteins and N-linked oligosaccharides. Fucose
amount was estimated from incorporated radioactivity in each pool,
using [3H]fucose-specific activity.
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noreactive bands disappeared, confirming that all Notch pro-
tein was immunoprecipitated (Fig. 6A).

The immunoprecipitated proteins, either untreated or
treated with PNGase F to eliminate N-linked oligosaccharides,
were separated by SDS-PAGE and analyzed by autoradiogra-
phy (Fig. 6B). Before PNGase F, bands of �200 kDa, which
correspond to the molecular weight of the extracellular domain
of Notch1 (42), were observed both in controls and LAD II
samples. The amount of radioactivity detected in these bands
reflected [3H]fucose incorporation both as terminal modifica-
tion of N-linked glycans and as O-fucosylation and, as expected,

was severely decreased in LAD II cells, confirming the defective
incorporation in N-linked oligosaccharides. After PNGase F
treatment, together with a detectable shift in molecular mass
due to removal of N-linked oligosaccharides (18), comparable
levels of PNGase F-resistant radioactivity (corresponding to
O-fucosylated species in Notch protein) were observed in both
controls and LAD II cells. Very similar results were obtained
after labeling of the cells with [14C]fucose and scintillation
counting of the gel slices following immunoprecipitation and
SDS-PAGE separation of the bands (not shown). These results
demonstrate that, while [3H]fucose incorporation as terminal
fucosylation of N-linked glycans is severely affected, the O-
fucosylation on EGF repeats on Notch1 protein is not signifi-
cantly reduced in LAD II fibroblasts. The same conclusion
holds for total O-fucosylation.

DISCUSSION

LAD II/CDGS IIc syndrome is characterized by a defective
GDP-L-fucose import into the Golgi system, due to point muta-
tions in the specific transporter (34–35). The decreased avail-
ability inside the Golgi of the substrate for fucosyltransferases
causes the generalized defect in fucose expression on glycocon-
jugates. However, it is not presently clear if all glycan species
are equally involved, or, due to the different characteristics of
the fucosyltransferases, some species are more affected than
others. The data obtained from this study indicate that in
fibroblasts the decrease in fucose expression affects mainly
N-linked oligosaccharides, where fucose represents a terminal
modification that is not further elongated. Conversely, the total
amounts of O-fucose monosaccharide and of the disaccharide
Glc-�1,3-Fuc-O(S/T) are even slightly increased in LAD II sam-
ples compared with controls. These results indicate that total
levels of O-fucosylation are not affected by a reduced availabil-
ity of GDP-L-fucose inside the Golgi apparatus of LAD II
fibroblasts.

FIG. 5. Superdex and HPAEC chromatography of the radioactive material collected from G-50 analysis corresponding to small
oligosaccharides/monosaccharides. A, Superdex analysis of control; B, Superdex analysis of LAD II samples. DS, disaccharide and MS,
monosaccharide indicate the retention time of unlabeled standard. Fractions eluting in correspondence to the disaccharide were collected and
analyzed by HPEAC chromatography (C, control; D, LAD II sample). Standards: 1, glucose-�1,2-fucitol; 2, glucose-�1,4-fucitol; 3,
glucose-�1,3-fucitol.

FIG. 6. Western blotting and immunoprecipitation of Notch1
protein. A, Western blot experiment of lysates from controls and LAD
II fibroblasts using Na antibody was performed as described under
“Experimental Procedures.” The expression of Notch 1 was analyzed in
lysates before and after immunoprecipitation (I.P.). B, Notch protein
was immunoprecipitated with Na antibody in lysates from [3H]fucose-
labeled fibroblasts from two controls and one LAD II patient as de-
scribed under “Experimental Procedures.” The immunoprecipitated
proteins, both untreated and treated with PNGase F to remove N-
glycans, were subjected to SDS-PAGE and autoradiography. Data de-
rive from one representative experiment. The Notch1 protein is a het-
erodimer composed of a 110-kDa transmembrane/intracellular domain
and a 205-kDa extracellular domain. The Na antibody is directed
against the 110-kDa transmembrane/intracellular domain, but can be
used to immunoprecipitate the extracellular domain (18). The two do-
mains migrate separately on SDS-PAGE.
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O-fucosylation has been described so far in both EGF-like
repeats and TSRs, and at least two different protein O-fucosyl-
transferases are responsible for modification of these repeats.
O-FucT-1, which modifies EGF repeats, has been cloned and
characterized (43–44); conversely, nothing is as yet known
about the enzyme(s) responsible for fucosylation of TSRs. How-
ever, preliminary observations suggest that O-FucT-1 will not
modify TSRs and that a separate enzymatic activity exists.2

Since total levels of the disaccharide Glc-�1,3-Fuc-O(S/T),
which is characteristic of TSRs (10, 29), are normal in LAD II
cells, it can be assumed that O-fucosylation of this type of
repeats is in general not affected. Conversely, we were consis-
tently unable to identify by chromatographic methods O-fucose
elongated to the tetrasaccharide form, which, together with
O-fucose monosaccharide, is a typical of modification of EGF-
like repeats of proteins such as Notch. However, the amount of
[3H]fucose-labeled tetrasaccharide bound to Notch can be ex-
pected to be very low and below the detection limits by chro-
matographic methods. The data obtained after immunoprecipi-
tation of [3H]fucose-labeled Notch1 confirmed a significant
reduction in the incorporation of this sugar in N-linked glycans,
while comparable amounts between LAD II and control cells
were observed after PNGase treatment of immunoprecipitated
Notch proteins. This indicates that O-fucosylation of EGF-like
repeats is also not affected in LAD II fibroblasts.

A potential explanation for the difference between addition
of terminal fucose and O-fucosylation could rely in a different
affinity for GDP-L-fucose, the protein fucosyltransferases hav-
ing a lower Km for the nucleotide-sugar compared with the
other fucosyltransferases that add fucose as terminal modifi-
cation of the oligosaccharide chains. For instance, O-FucT-1,
which modify EGF repeats, has a Km for GDP-L-fucose of �5
�M, while several fucosyltransferases involved in terminal fu-
cosylation of N-glycans have nearly 10-fold higher Km values
(43–44). A similar phenomenon has been described in a mutant
line of MDCK cells, which is severely defective for UDP-galac-
tose transport into the lumen of Golgi vesicles (45). In these
cells, galactosylation of keratan sulfate as well as of glycopro-
teins and glycolipids is highly decreased, while that of heparan
sulfate and chondroitin 4-sulfate is unaffected. This suggested
that the Km for UDP-galactose of the galactosyltransferases
involved in the biosynthesis of the linkage region of proteogly-
cans is significantly lower than that of the other galactosyl-
transferases and that UDP-galactose availability may be able
to modulate proteoglycan expression (45).

Another possible explanation for the normal levels of O-
fucosylation in LAD II could derive from a different localization
of the transferases. It is in fact known that terminal fucosyla-
tion of N-glycans is a late event in the formation of the protein-
bound oligosaccharides and the fucosyltransferases responsible
for this fucose transfer are mainly localized in trans-Golgi and
trans-Golgi network. Conversely, the subcellular site of protein
O-fucosylation is not yet clear. The membrane-bound localiza-
tion of the protein O-fucosyltransferase identified so far and
the presence of mostly high mannose type oligosaccharides on
it suggest that this protein is probably localized in either the
endoplasmic reticulum or the cis-Golgi region (43). Other than
localization of GDP-L-fucose transport activity to the Golgi
apparatus (46), no information is presently available on the
distribution of the GDP-L-fucose transporter within the Golgi
system. It is not known if transport occurs through only one
protein species or other isoforms that can be expressed at
different Golgi sites.

Since data were obtained in fibroblasts from a LAD II patient

with a specific point mutation in the GDP-L-fucose transporter,
it cannot be excluded that in other tissues or in patients bear-
ing other mutations different fucosylation patterns can occur.
However, the extensive decrease of fucose as terminal modifi-
cation of N-linked glycans observed in our study is in agree-
ment with an almost absent expression of blood group H anti-
gen and of Lewis ligands for the selectins in blood cells (32).
Thus, the severe impairment of growth and development af-
fecting these LAD II patients may be related to a generalized
defect of selectin/ligand interaction or of other mechanisms
involving recognition of fucose as terminal modification, rather
than to a bulk defect in O-fucosylation. Further studies are
required to understand if a limited GDP-L-fucose supply is also
able to differentially affect the activity of the several �1,2,
�1,3/4, and �1,6 fucosyltransferases and if specific types of
terminal fucose linkages are more affected than other ones in
N-glycans from LAD II fibroblasts. For instance, genetic abla-
tion of FUT8 (responsible for addition of �1,6-linked fucose to
the N-linked core GlcNAc) appears to be semi-lethal. Mice die
a few weeks after birth and display LAD II-like characteristics,
thus suggesting that core fucosylation is essential for proper
development.3

The mechanisms that underlie and control the production of
fucosylated glycans are not yet completely understood. The
results obtained in the present study give some insights into
them, indicating that GDP-fucose transport into the Golgi lu-
men is able to regulate the biosynthesis of fucosylated glyco-
conjugates. The importance of understanding these processes
derives from the fact that both the enzymes involved in the
biosynthesis of GDP-L-fucose and the subsequent transport of
this metabolite into the Golgi represent distinctive targets for
the pharmacological modulation of the expression of fucose-
containing structures (i.e. SLex). This approach perhaps may
be used in therapy in order to disrupt selectin-mediated inter-
cellular adhesion processes (i.e. during inflammation, graft
rejection, tumor metastasis). A possible drawback of such ther-
apies could be represented by an impaired production of other
classes of glycans, such as O-fucosylated glycoproteins, which
could be essential for other cellular functions, thus causing
unwanted side effects. Our results indicate that, by choosing
the appropriate target for a pharmacological treatment, it
should be possible to modulate selectively the expression of
fucose as a terminal modification of N-linked glycans, leaving
O-fucosylation unaffected.
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