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Abstract 

Developmental changes in the fucoglycoproteins of the intestinal brush-border membranes were determined by lectin affinoblotting 
after electrophoresis. Whereas only two a(1-6)-fucoglycoproteins were detected in brush-border membranes from suckling rats, a large 
number of N-fucoglycoproleins with a(1-2)- and/or a(1-6)-linked fucose residues were detected in rat membranes after weaning. 
Dietary manipulations at weaning time were used to investigate the effect of nutritional factors in the development of fucosylation in the 
small intestine of prolonged-nursed rats fed with milk (a high-fat, low-carbohydrate diet) compared to rats weaned normally with a 
standard high-carbohydrate diet. The fucose content of the mucosa glycoproteins was lower in 22-day-old prolonged-nursed rats than in 
22-day-old rats weaned normally with the standard diet. The appearance of fucoglycoproteins in the brush-border membranes, which was 
delayed by prolonged nursing, was accompanied by a concomitant delay in the increase of intestinal fucosyl-transferase activity and in the 
decrease of GDP-fucose substrate breakdown. The developmental decrease in the activity of the inhibitory protein which regulates the 
fucosyl-transferase activity was also delayed by prolonged nursing. The intestinal fucosylation of brush-border membrane glycoproteins 
(which include many digestive enzymes) displayed ontogenic changes on which were superimposed dietary influences at the time of 
weaning. The complete maturation of the brush-border membrane glycoproteins, and particularly their terminal fucosylation, is a 
developmental event which thus seems to be strongly influenced by the manipulation of nutritional factors during the weaning period2 
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1. Introduction 

The apical membrane of the rat intestinal cells exhibits 
striking adaptive developmental changes in membrane 
composition and enzymic equipment which culminate at 
weaning [1]. In the brush-border membranes, during post- 
natal development, between the young suckling and adult 
weaned stages, these changes include marked modifica- 
tions both in the activities of the glycoprotein enzymes 
involved in the digestive process (glycosidases, amino- 
peptidase, alkaline phosphatase [2-4]), and in the glyco- 
sylation process. The latter involves a shift from sialylation 
to fucosylation observed in the membrane-bound glyco- 
proteins [5-8], accomparded by changes in the activity of 
the enzymes responsible for the transfer of fucose and 
sialic acid to glycoproteins at the time of weaning [7,9]. 
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Quantitative changes in fucose glycoprotein content in 
the small intestine during development have been deter- 
mined, but the fucoglycoproteins in the brush-border mem- 
branes (the most functionally important membranes in the 
enterocyte) are less well known in qualitative terms. Lectin 
affinoblotting with a lectin - UEA I from Ulex europaeus, 
which recognizes a(1-2)-linked fucose [11] or AAA from 
Aleuria aurantia, which is specific for a(1-6)-linked fu- 
cose [12] - can be used to investigate the linkage of fucose 
with glycoproteins during development, and especially at 
weaning time. 

Fucosyl-transferase activity in adult rat intestine is sen- 
sitive to dietary modifications [10]. It is also found to 
increase markedly during weaning [9]. It may be that 
nutritional changes, which take place during weaning, 
cause variations in the fucosyl-transferase activity and in 
the fucosylation process as a whole. Nutritional effects on 
other enzymic and regulatory systems involved in the 
fucosylation pathway are possible. Indeed, the existence of 
an endogenous intestinal protein that inhibits fucosyl-trans- 
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ferase activity [13], combined with changes in its activity 
during postnatal development, and with contrary changes 
in fucosyl-transferase activity, have already been demon- 
strated [14]. In the light of these data, the effect on the 
fucosylation pathway of dietary manipulations (by pro- 
longed-nursing experiments) at weaning was examined as 
a way of explaining the drastic changes in glycoprotein 
fucosylation that are observed at the time of weaning. 

This paper describes the appearance of fucoglycopro- 
teins in the brush-border membranes during postnatal de- 
velopment. The effect of variations caused by drastic 
nutritional manipulation at weaning time on developmental 
changes in the fucosylation process has been investigated. 
Changes in fucoglycoproteins, in different enzymes (fuco- 
syl-transferase, enzymes acting on biosynthesis, and break- 
down of the fucosylation substrates) and in the regulatory 
protein (fucosyl-transferase inhibitor) involved in the fuco- 
sylation process are discussed. 

2. Materials and methods 

2.1. Animals 

Male rats and pups (with dams) of the Sprague-Dawley 
strain (IFFA-CREDO, France) were housed in controlled 
conditions of temperature (21°C) and light (12 h light, 12 h 
darkness). Just after birth, the pups were divided up into 
litters of 10 males. For prolonged-nursed groups, litters 
were placed in special cages between day 14 and 22; the 
cages were designed to avoid standard-diet intake and 
coprophagic behavior by the pups, so that they were 
actually unweaned until 22 days of age. Milk composition 
is given in Table 1, according to Keen et al. [16]. For 
weaned groups, litters were placed in similar conditions 
until the pups were 19 days old, at which point weaning 
was induced abruptly by separation of pups from dam and 
feeding with standard diet (Souriffarat ®, IFFA CREDO, 
France), whose composition is described in Table 1. 

2.2. Cell fractionation 

The animals were killed by decapitation. The small 
intestines were removed between the gastro-duodenal junc- 

Table 1 
Composition of diet 

Milk composition Standard diet composition 

% by weight % of total % by weight % of total 
(wet diet) energy (wet diet) energy 

Proteins 11.1 27.6 21.0 26.2 
Carbohydrates 2.9 6.7 53.5 62.9 
Fats 12.2 65.7 4.0 10.9 

The standard diet Soufiffarat ® (IFFA-CREDO, France) also contained 
11.5% water, 4.5% cellulose, 5.5% minerals and vitamins. Its caloric 
value was 13 600 kJ/kg. 

tion and the ileo-caecal junction, and flushed with cold 
0.9% NaCI; the mucosa was then scraped with a micro- 
scope glass slide. 100000 × g pellets (microsomes) and 
supernatants (cytosols) were obtained as previously de- 
scribed [15], frozen, and stored at - 20°C. The brush-border 
membranes from the total small intestine were prepared by 
precipitation with CaC12 according to the method of 
Kessler et al. [17], then resuspended in water, aliquoted in 
small quantities, lyophilized and stored at -20°C. 

2.3. Enzymic treatment of brush-border membranes 

In order to test the specificity of lectin binding to sugars 
in the glycan chains of glycoproteins, the brush-border 
membrane glycoproteins were treated with: either 1 U of 
a-L-fucosidase from bovine kidney (Sigma, USA) per mg 
of brush-border membrane protein, in a pH 5.5 buffer (75 
mM sodium acetate, 23 mM CaC12, 0.03% NaN 3, 1 mM 
PMSF) at 37°C for 24 h; 10 U of N-glycanase from 
Flavobacterium meningosepticum (Genzyme, USA) per 
400 ~g of protein in a pH 7.4 buffer (50 mM Tris-HC1, 
0.5% Triton X-100) for 24 h at 37°C; 0.5 mg of O- 
sialoglycoprotein endopeptidase from Pasteurella hemolyt- 
ica (Cedarlane, Canada) per 200/xg of protein in 50 mM 
Hepes, pH 7.4 buffer for 4 h at 37°C, or 250 mU of Vibrio 
cholera neuraminidase (Sigma) per 400 /~g of protein in a 
pH 5.5 buffer (75 mM sodium acetate, 23 mM CaC12, 
0.03% NaN 3, 1 mM PMSF) at 37°C for 3 h followed by 
the addition of 50 mU of O-glycanase from Diplococcus 
pneumoniae (Genzyme) for 15 h at 37°C. For all treat- 
ments, the reaction was stopped after incubation by boiling 
for 4 min. Brush-border membrane samples, treated with 
N-glycanase, O-sialoglycoprotein endopeptidase or neur- 
aminidase/O-glycanase, were directly aliquoted and 
lyophilized. For the fucosidase-treated membranes, dialysis 
was necessary before lyophilization. 

2.4. Electrophoresis of the brush-border membrane pro- 
teins, transfer onto cellulose nitrate membranes, and lectin 
affinoblotting 

The lyophilized brush-border membranes were analyzed 
by electrophoresis after sample denaturation by boiling for 
4 min in a pH 6.8 buffer (62.5 mM Tris-HC1, 2% SDS, 5% 
2-mercaptoethanol, 10% glycerol). The proteins were sepa- 
rated by electrophoresis: for 45 min at 200 V on 3% 
stacking polyacrylamide gels and on 0.1% SDS-7.5% sep- 
arating polyacrylamide gels (8.5 × 7 cm), using a Mini- 
Protean II system (Bio-Rad, UK). 

The proteins were electrotransferred overnight at 30 
volts, using a Bio-Rad transfer cell, onto 0.45 /~m cellu- 
lose nitrate membranes (Schleicher and Schuell, Germany). 
Proteins were either detected using an immunogold stain- 
ing kit (Biocell, UK) or studied for glycan-lectin binding. 

For lectin binding studies, the cellulose nitrate mem- 
branes were incubated at room temperature for 30 min 
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with a 0.5% blocking reagent (Boehringer, Germany) in a 
pH 7.5 buffer (50 mM Tris-HC1, 150 mM NaC1 containing 
0.1% Tween 20 (TBST)), then washed twice with TBST 
for 10 min, and once with a pH 7.5 buffer (50 mM 
Tris-HC1, 150 mM NaC1, 1 mM MnCI 2, 1 mM MgC12, 1 
mM CaC12, 0.1% Tween 20 (TBSTS)) for 10 min. The 
membranes were then incubated for 1 h with either UEA 
I-biotin conjugate (Sigma) (0.6/~g/ml), AAA-digoxigenin 
conjugate (0.1 /xg/ml), ConA-digoxigenin conjugate (4 
/xg/ml) or GNA-digoxigenin conjugate (Boehringer) (1.5 
~g /ml )  in TBSTS. After three washes with TBST, the 
membranes were incubated, either - for UEA- or ConA- 
treated membranes - with an anti-digoxigenin-Fab frag- 
ment conjugated with alkaline phosphatase (Boehringer) at 
750 mU/ml,  in TBST for 1 h or - for AAA-treated 
membranes - with streptavidin conjugated with alkaline 
phosphatase (Boehringer) at 750 mU/ml.  They were then 
washed twice for 10 min with TBST and once with TBST 
without Tween 20 for 10 min. The staining reaction with 
alkaline phosphatase was performed by incubation of the 
membranes with 0.5 mM nitro-blue tetrazolium chloride, 
0.5 mM 5-bromo-4-chloro-3-indolylphosphate, 4-toluidine 
salt in a pH 9.5 buffer (100 mM Tris-HC1, 50 mM MgC12, 
100 mM NaC1); it was ,;topped by rinsing the membrane 
with deionized water twice for 5 rain. In order to verify the 
specificity of staining, a search was carried out for intesti- 
nal alkaline phosphatase according to the method of Ko- 
moda et al. [18] but none was detected. The absence of 
unspecific labeling due to endogenous protein-bound bi- 
otin or streptavidin receptors was verified by incubation 
without lectin. Fucose specificity was confirmed after 
treatment of the brush-border membranes with a-L- 
fucosidase, and also by :incubating the lectins in the pres- 
ence of 0.2 M a-L-fucose. A check was also done for 
possible interference due to lectin detection of the enzymes 
used for treating the brush-border membranes. 

2.5. Determination of fucosyl-transferase activity 

Fucosyl-transferase (EC 2.4.1.68) activity was deter- 
mined in microsomal fractions homogenized in a pH 7.4 
buffer (10 mM Tris-HC1, 10 mM KC1, 10 mM MgC12), or 
in cytosols. Enzymic activity was studied either with an 
endogenous acceptor or with asialofetuin as a glycopro- 
teinic exogenous acceptor. The membrane-bound fucosyl- 
transferase assay contained (in 250 /~1) between 150 and 
250/xg of microsomal proteins, 2 /xM of asialofetuin (200 
/~g), 0.25% Triton X-100, 5 mM MnC12, 10 mM AMP 
and 6 /~M GDP-fucose (with 2960 Bq of GDP- 
[14C]fucose/ml of the incubation mixture (spec. act. 10 
GBq/mmol, NEN, USA)). The incubations were per- 
formed at 23°C for 30 rain. For the soluble fucosyl-trans- 
ferase assay, Triton X-100 was omitted. After stopping the 
reaction with 20% trichloroacetic acid, the precipitates 
which were radiolabeled during incubation were collected 
on G F / B  glass fiber filters (Whatman, UK) and the 

radioactivity was determined by liquid scintillation count- 
ing with a Toluene scintillator (Packard, USA). 

2.6. Determination of fucosyl-transferase inhibitor activity 

10 ml of cytosolic fraction, diluted 4-fold with water, 
were incubated for 30 min at 4°C with 1 g of DEAE-cel- 
lulose (DE 52 Whatman, UK) in 10 ml of 10 mM Tris-HC1, 
pH 7.6. The DEAE-cellulose, whose purpose was to retain 
the inhibitor, was poured into the column, and the elution 
was performed with 30 ml of a pH 5.5 buffer (280 mM 
KC1, 10 mM Mes). The fucosyl-transferase inhibitor activ- 
ity was assayed as previously described [14] against a 
partially-purified fucosyl-transferase [19] obtained from 
adult rat intestine. One inhibitor unit was defined as the 
amount of protein giving 50% inhibition of the fucosyl- 
transferase activity. 

2.7. Determination of GDP-mannose and GDP-fucose 
biosynthesis 

The biosynthesis of GDP-mannose was determined by 
incubation (in 200 /xl) of 500 /~g of cytosolic proteins 
with 200 /xM [14C]mannose (spec. act. 11.1 GBq/mmol, 
CEA, France) in 10 mM 2,3-dimercaptopropanol, 10 mM 
ATP, 10 mM GTP, 10 mM cysteine and 35 /xM glucose 
1,6-diphosphate at 30°C for 3 h. The reaction was stopped 
after incubation by boiling for 20 s; this was followed by 
the addition of 100/xl 1 M NaC104, pH 4.2, freezing, and 
the addition of 200 /zl of 1 M potassium acetate. The 
substrate and products were separated in a SAX Partisil 
column (Waters, USA) by HPLC after elution with a 
gradient of 20 mM (pH 4.1) to 500 mM (pH 4.6) KH2PO 4 
buffer. For the GDP-fucose biosynthesis study, the trans- 
formation of GDP-mannose was estimated after incubation 
of cytosolic fractions with GDP-[lac]mannose [14] fol- 
lowed by separation of the reaction products by reverse- 
phase HPLC [19]. 

2.8. Determination of GDP-fucose breakdown 

The degradation of the substrate by GDP-fucose py- 
rophosphatase was estimated after incubation of GDP- 
[14 C]fucose with cytosol and the separation of GDP-fucose 
from its degradation products by HPLC, as previously 
described [19]. 

2.9. Other chemical determinations 

The fucose content of the fucoglycoproteins in the 
intestinal mucosa was determined by the method of Dische 
[20] after delipidation according to the method of Folch 
[211. 

Protein content was determined either by the method of 
Lowry [22] or by that of Schaffner [23]. 
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2.10. Statistical treatment of  results 

The results were treated, and the means were compared 
by Student's t-test, using the INSTAT biostatistics pro- 
gram (GraphPad, USA). 

3. Results 

3.1. Developmental changes in the fucoglycoproteins of  the 
brush-border membranes 

Fucoglycoproteins in the intestinal brush-border mem- 
branes of 7- to 18-day-old suckling rats and 22- to 48-day- 
old weaned rats were studied by lectin affinoblotting dur- 
ing postnatal development. No a(1-2)-fucoglycoprotein 
was found in 7- to 18-day-old suckling rats (lines 1 to 3) 
after detection with UEA I (Fig. la), whereas in all the 
small intestines of 22- to 48-day-old weaned rats (lines 4 
to 7) between five and eight fucoglycoproteins were de- 
tected, with molecular masses of > 300, 200, 150, 140, 
130, 110, 95 and 70 kDa. 

AAA detection (Fig. lb) indicated the progressive ap- 
pearance of one or two fucoglycoproteins with a(1-6)-lin- 
ked fucose residues with molecular weight of 95 (lines 1 to 
3) and 120 kDa for 18-day-old rats only (line 3) in the 
brush-border membranes of 7- to 18-day-old suckling rats. 
In weaned rats (lines 4 to 7), five fucoglycoproteins were 
revealed as fine bands with molecular masses of between 
270 and 200 kDa, and five others were revealed as more 
strongly marked bands with molecular masses of 150, 130, 
110, 95 and 75 kDa. 

The control glycoprotein thyroglobulin (containing 

~(1-6)-linked fucose) was detected by AAA (Fig. lb, line 
9) but not by UEA I, whereas erythropoietin (containing 
a(1-3)-linked fucose) was not detected by either of the 
two lectins in the given conditions. After a-L-fucosidase 
treatment of the brush-border membranes, or incubation of 
the lectins with L-fucose, no more fucoglycoprotein was 
detected; this indicating a high degree of specificity of the 
two lectins for fucose. After N-glycanase treatment of the 
brush-border membranes, nearly all the fucoglycoproteins 
appeared as N-glycoproteins, no glycoprotein being de- 
tected by AAA (not shown) and only one (molecular mass 
about 110 kDa) by UEA (Fig. 2a, line 4). The mannosy- 
lated N-glycans were detected at normal levels by ConA in 
the same samples of untreated brush-border membranes 
(lines 1, 2 in Fig. 2b), whereas the disappearance of the 
N-glycans in N-glycanase-treated brush-border membranes 
(lines 3, 4, Fig. 2b) indicated that the action of the 
N-glycanase was complete. Similar results were obtained 
after GNA detection, indicating that all the high-mannose 
chains were degraded. After treatment with O-sialogly- 
coprotein endopeptidase, which degrades protein chains at 
the linkage sites of O-glycan chains (lines 3, 4 in Fig. 2c), 
all the bands of glycoproteins were again detected by 
AAA, and no degradation was found, thus confirming that 
the a(1-6)-fucose residues were linked to N-glycan chains. 
For UEA detection, difficulties in the interpretation of 
blots were induced by a weak reaction of the commercial 
sialoglycoprotein endopeptidase with UEA I (probably due 
to the presence of serum proteins in the enzyme prepara- 
tion). However, after fucoglycoprotein detection of brush- 
border membranes treated with neuraminidase from Vibrio 
cholera, and then with O-glycanase from Diplococcus 
pneumoniae (active only on asialoglycoproteins), neither 
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Fig. 1. Developmental changes in brush-border membrane fucoglycoproteins. (a) UEA I detection of a(1-2)-fucuglycoproteins in 5 /.~g of brush-border 
membrane proteins from suckling rats (1, 2, 3 = respectively 7, 14 and 18 days of age) and from weaned rats (4, 5, 6, 7 = respectively 22, 28, 38 and 48 
days of age). MWC = molecular weight control proteins stained by gold immunorevelation. (b) AAA detection of a(1-6)-fucoproteins in 0.2 /.~g of 
brush-border membrane proteins from 7-, 14-, 18-day-old rats (lines 1, 2, 3) and from 22-, 28-, 38-, and 48-day-old rats Oines 4, 5, 6, 7). 
8 = serotransferrin (0.5 p.g), 9 = thyroglobulin (0.5 /~g), 10 = erythropoietin (0.5 /.*g). 
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Fig. 2. N-Glycanase and O-sialoglycoprotein endopeptidase treatment of fucoglycoproteins. (a) UEA I detection of fucoglycoproteins in 3 /~g of 
N-glycanase-treated brush-border membranes: 1, 2 = control BBM from small intestine of 14- and 48-day-old rats; 3, 4 = N-glycanase-treated BBM from 
the same 14- and 48-day-old rats. (b) N-glycan detection with ConA in 3/xg of the same samples than in a. (c) AAA detection of fucoglycoproteins border 
membranes treated with O-sialoglycoprotein endopeptidase: 1, 2 = control BBM from small intestine of 14- and 48-day-old rats; 3, 4 = BBM (treated with 
O-sialoglycoprotein endopeptidase) from the same 14- and 48-day-old rats. 

U E A  I nor  A A A  detect ion revealed any var iat ion in treated 

brush-border  membranes  as compared  to untreated brush-  
border  membranes  (not shown).  

3.2. Nutrition-dependent changes of fucoglycoproteins at 
the time of weaning 

The effect of  drastic :nutritional changes on fucoglyco-  
proteins at wean ing  was  studied, us ing  groups of  22-day-old 

rats either submit ted to prolonged nurs ing  (PN) or weaned  
when  they were 19-day-old (W). 

The fucose content  of  the glycoproteins  was signifi-  
cantly lower in  the entire intestinal  mucosa  of  the 22-day- 
old prolonged-nursed rats (71.5 + 10.9 / ~ g / g  intestine, 
n = 8) than in the mucosa  of the age-matched weaned  rats 
(120.8 + 16.6 / x g / g  intestine, n = 8, P < 0.025). 

As  shown in Fig. 3b for U E A  I detection, in brush-border  
membranes  from the 22-day-old pro longed-nursed  rats 
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Fig. 3. Effect of nutritional changes at weaning on the appearance of brush-border membrane fucoglycoproteins. (a) Protein detection by immunogold 
reaction in 4/~g of brush-border membrane from the small intestine of 7-day-old suckling (S), 22-day-old prolonged-nursed (PN), 22-day-old weaned (W) 
and 48-day-old adult (A) rats. MWC = molecular weight control proteins stained by gold immunorevelation. (b) UEA I fucoglycoprotein detection in 7 p,g 
of brush-border membranes from the same samples as in a. (c) AAA fucoglycoprotein detection of 0.5 /.Lg of brush-border membranes from the same 
samples as in a. 
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(PN), no fucoglycoprotein was detected, as was also the 
case for brush-border membranes from the 7-day-old suck- 
ling rats (S). In membranes from the 22-day-old weaned 
rats, a(1-2)-fucoglycoproteins appeared with a pattern 
similar to what was found for 48-day-old adult rats (A), 
but at a lower intensity. Only one a(1-6)-fucoprotein was 
detected by A A A  in the youngest suckling rats (S), many 
c~(1-6)-fucoproteins being found in adult rats (A) (Fig. 3c), 
as also shown in Fig. lb. The c~(1-6)-fucoglycoproteins 
detected in brush-border membranes from 22-day-old pro- 
longed-nursed rats (PN) had similar molecular weights to 
those found in membranes from 18-day-old suckling rats 
(Fig. lb, line 3) and from 22-day-old weaned rats (W in 
Fig. 3c). 

Table 3 
Effect of nutritional changes on the GDP-fucose metabolism at weaning 

Prolonged- Weaned 
nursed rats 
rats 

GDP-mannose biosynthesis 951.3 ± 163.5 773.6 ± 66.9 
GDP-fucose biosynthesis 211.1 ± 28.3 234.3 ± 32.3 
GDP-fucose breakdown 272.0± 2 8 . 1  51.2±14.6 * 

Results are given as means + S.E., in pmol. GDP-Man synthesized/mg 
protein per min for 6 independent values of GDP-mannose biosynthesis, 
in pmol. GDP-Fuc synthesized/rag protein per min for 16 values of 
GDP-fucose biosynthesis, and in pmol. GDP-Fuc degraded/rag protein 
per min for 16 values of GDP-fucose breakdown. Means were compared 
by Student's t-test: * P < 0.001. 

3.3. Nutrition-dependent changes in fucosyl-transferase ac- 
tivity at weaning 

To determine the sites of regulation of  the fucosylation 
pathway involved in nutrition-dependent quantitative and 
qualitative modifications in fucoglycoproteins, the differ- 
ent enzymic and regulatory systems involved in this 
metabolic pathway were studied at weaning. 

The activity of  the main enzyme involved in glyco- 
protein fucosylation (fucosyl-transferase) was greatly in- 
creased during the weaning period. Table 2 shows the 
effect of  dietary changes on the specific activity of  this 
enzyme, whose membrane-bound form was present at a 
significantly higher level in the intestine of  22-day-old 
weaned rats than in the intestine of  the age-matched rats 
that were submitted to prolonged nursing, on endogenous 
acceptor as well as on asialofetuin. On the other hand, the 
specific activity of  soluble fucosyl-transferase was not 
significantly modified. 

3.4. Influence of nutritional variations on fucosyl-trans- 
ferase inhibitor activity at weaning 

A decrease in the activity of  a soluble proteinic in- 
hibitor of  intestinal fucosyl-transferase during postnatal 

Table 2 
Effect of nutritional changes, at weaning, on the activity of fucosyl-trans- 
ferase and on that of its inhibitor 

Prolonged- Weaned 
nursed rats 
rats 

Membrane-bound fucosyl-transferase 
Endogenous 
Asialofetuin 

Soluble fucosyl-transferase 
Asialofetuin 

Fucosyl-transferase inhibitor 

0.246 + 0.025 0.360 + 0.037 * * 
1.996+0.163 3.247-t-0.276 * * * 

0.259+0.047 0.186+0.016 
213.7+32.2 123.1+22.0 * 

Results are given as means + S.E., in pmol/mg protein per min for 18 
independent values of fucosyl-transferase, and in U/rag protein for 13 
values of the inhibitor activity. Means were compared by Student's t-test: 
* P < 0.050, * * P < 0.025, * * * P < 0.001. 

development, particularly pronounced between days 18 
and 23 days of  life has been described [14]. The present 
study revealed a higher level of  inhibitor activity in the 
intestine of  22-day-old prolonged-nursed rats than in the 
intestine of  age-matched weaned rats (Table 2). 

3.5. Influence of nutritional variations on fucosylation 
substrate biosynthesis and breakdown at weaning 

The active substrate for fucose transfer to protein by 
fucosyl-transferase is GDP-fucose, whose biosynthesis 
from GDP-mannose involves a complex enzymic system 
[21], which is particularly active in the intestine [19]. An 
increase in the biosynthesis of  this substrate (in 18-day-old 
animals) prior to the rise in fucosyl-transferase activity has 
been described [14]. Table 3 shows that GDP-fucose bio- 
synthesis from GDP-mannose is quite similar in 22-day-old 
prolonged-nursed and weaned rats. It was also verified that 
the previous step, the biosynthesis of  GDP-mannose from 
mannose, was not a limiting step for GDP-fucose biosyn- 
thesis, since there was a higher level of  GDP-mannose 
biosynthesis than of  GDP-fucose biosynthesis in both 
groups of  animals (Table 3). 

The breakdown of  the GDP-fucose substrate by GDP- 
fucose pyrophosphatase, which progressively decreases 
during postnatal development [14], was significantly lower 
in weaned than in prolonged-nursed rats (Table 3). 

4. Discussion 

Some years ago, a large degree of  enhancement of  the 
global fucose content of  glycoconjugates was reported in 
the case of  brush-border membranes [6,24,25] and mucins 
[26] in adult rats as compared to young suckling ones. 
Here, UEA I and A A A  detection indicated that the appear- 
ance of  fucoglycoproteins with a(1-6)  residues (generally 
linked to the N-acetyl-glucosamine of  the N-glycan core) 
preceded that of  fucoglycoproteins with a(1-2)  residues 
(linked at the external part of  the N-glycan chains). In- 
deed, whereas a(1-2)-fucoproteins were absent after UEA 



D. Lenoir et al. / Biochimica et Biophysica Acta 1234 (1995) 29-36 3 5  

I binding in suckling rats,, one to two t~(1-6)-fucoproteins 
with molecular masses 12'0 and 95 kDa were detected after 
AAA binding. By contrast, in adult rats, several fucoglyco- 
proteins were detected both with AAA and UEA I lectins; 
this supporting the hypothesis of fucose with ct(1-2) 
or /and cz(1-6) linkages. Two glycoproteins (molecular 
masses: > 300, and 140) were determined with only UEA, 
and four fucoproteins (molecular masses: 270, 250, 230, 
210) were determined with only AAA. 

The identity of these glycoproteins, which were prema- 
turely fucosylated in c~(1-6) has not been determined. But 
it is possible that, among the glycoprotein enzymes known 
to be present in brush-border membranes, there are some 
which, in view of their molecular weights, could corre- 
spond to these proteins (trehalase [27] and lactase [28]), 
although Biiller et al. have shown (but only by means of 
UEA) that lactase is fucosylated just after weaning [28]. 
Using a different technical approach, Torres-Pinedo et al. 

• • 1 2 5  • • • demonstrated an increase in I-UEA I lectm binding to 
all the brush-border membranes after weaning [6]. By 
cytochemical studies, Taatjes and Roth have shown that 
UEA I binds to the apical and basolateral plasma mem- 
branes in rat jejunum, with intense staining after 23 days 
of age [29]. These observations are in good agreement with 
the results of the present study. However, the authors in 
question did not study the involvement of nutritional fac- 
tors at weaning. 

The causes of the developmental glycoprotein fucosyla- 
tion changes that are particularly marked at weaning were 
studied in terms of the !possible role of nutritional varia- 
tions in the fucosylation ]pathway caused by dietary manip- 
ulations at weaning time 

For all the glycoproteins in the intestinal mucosa, the 
difference in fucose content must have been largely due to 
dietary changes at weaning, since the 22-day-old weaned 
rats had glycoproteins that were more fucosylated than 
those of the age-matched suckling rats that were submitted 
to prolonged nursing. This result was confirmed by fucosy- 
lation of the intestinal brush-border membrane proteins; 
here, the 22-day-old normally-weaned rats presented a 
fucoprotein pattern similar to that of adult rats, whereas the 
age-matched suckling rats submitted to prolonged nursing 
presented the same fucoprotein pattern as the younger 
suckling rats. 

It has been suggested that the regulation of the expres- 
sion of some glycosyl-transferase activities takes place at 
the level of transcription [30]. Although this mechanism 
could also be at work in the intestine during development, 
it would not be the on]iy one, and the different systems 
involved in the metabolic fucosylation pathway may have 
considerable influence on the fucosylation of glyco- 
proteins• This assumption led us to the hypothesis that 
modifications of these different systems could occur after 
dietary manipulations at weaning, and that the inhibitor of 
fucosyl-transferase could play a role in dietary regulation. 
The large increase in membrane-bound fucosyl-transferase 

activity observed at the weaning period can be supposed to 
be highly influenced by dietary modifications, since the 
fucosyl-transferase activity of 22-day-old suckling rats 
submitted to prolonged nursing is seen to be lower than 
that of weaned rats, and similar to that of younger suckling 
rats. GDP-fucose biosynthesis, which is greatly enhanced 
just prior to the increase in fucosyl-transferase activity 
[14], is not modified by prolonged nursing. Concerning 
systems opposed to fucosylation, the decrease in GDP- 
fucose breakdown observed during development is delayed 
by prolonged nursing. Moreover, the role of the endoge- 
nous inhibitor of fucosyl-transferase in the metabolic regu- 
lation of glycoprotein fucosylation appears to be important 
in the nutritional regulation of this process at weaning, 
given that the decrease in its activity that is observed 
during postnatal development is delayed in the intestines 
of 22-day-old rats submitted to prolonged nursing, com- 
pared to 22-day-old weaned rats, 

Little is known about the effect of dietary changes on 
intestinal glycosylation in young rats, though there has 
been a study showing a decrease in the overall fucose 
content of brush-border membrane in 21-day-old rats sub- 
mitted to undernutrition by reduced access to milk [31]. 
The critical difference between milk [16,32] and a standard 
solid diet is likely to lie in the relative proportions of fats 
(which are high in milk) and of carbohydrates (which are 
high in the standard diet). It has already been demonstrated 
that, in the adult rat intestine, a high-carbohydrate diet has 
the opposite effect, producing an increase in the fucosyl- 
transferase activity, whereas a high-fat diet decreases this 
activity [10]. The present study specifies the role of the 
nutritional factors involved in the developmental evolution 
of glycoprotein fucosylation by demonstrating a weaning- 
dependent concerted regulation of a number of enzymic 
and regulatory systems involved in this metabolic pathway, 
including the fucosyl-transferase inhibitor (a recently dis- 
covered regulatory protein). However, it is not known 
whether diet acts on fucosylation in the small intestine in a 
direct way, or via endocrine factors; this point currently 
being studied. 

The relation between glycosylation and the biological 
activity of intestinal glycoproteins (maltase, isomaltase, 
sucrase, alkaline phosphatase,...) which are of great impor- 
tance in the digestive process is not well known, though 
the effect of altered weaning on the activity of these 
enzymes has been studied in some cases• Lactase activity, 
which normally decreases from birth to weaning time, is 
maintained at a significantly higher level after prolonged 
nursing than after normal weaning [33]. In the duodenum 
and jejunum of prolonged-nursed rats, I2e and Lebenthal 
found general reductions in enzymes for sucrase, maltase 
and enterokinase whose activities are normally increased at 
weaning [34]. Concerning the relation between glycosyla- 
tion changes in brush-border membranes and variations in 
their biological activities, Biiller et al. established that the 
lactase oligosaccharide core remains constant during devel- 
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opment, but that there is an alteration in terminal glyco- 
sylation, with a shift from sialic acid during suckling to 
fucose in adulthood [28]. Naim et al. have suggested that 
the difference in lactase activity during development could 
be due to differences in the O-glycosylation of lactase [35]. 
On the other hand, Nsi-Emvo et al. make the assumption 
that the decline in lactase activity is associated with changes 
in lactase protein glycosylation occurring at weaning, and 
that these changes could induce the intracellular accumula- 
tion of an inactive 300 kDa lactase protein in a highly 
mannosylated form, whereas the active form could contain 
complex g!ycan chains [36]. In pig intestine, the existence 
of a high-mannose glycosylated form of sucrase-isomaltase 
with a lower specific activity than the complex glyco- 
sylated form has been found by Sj/SstriSm et al. [37]. But 
fucose is an external sugar linked to glycan chains of a 
complex type, and its presence in these chains may be very 
significant. Studies on the relation between changes in 
glycan characteristics and the biological activity of en- 
zymes involved in the digestive process are of great inter- 
est, but remain controversial for the moment. 

In conclusion, the present study shows how nutritional 
factors at weaning contribute to the regulation of enzyme 
activities (fucosyl-transferase and substrate degradative en- 
zymes), and of the activity of the fucosyl-transferase in- 
hibitor involved in the fucosylation pathway, leading to the 
appearance of fucoglycoproteins in the brush-border mem- 
brane. The maturational changes in enzymes of the brush- 
border membranes may be related to developmental differ- 
ences in the chronology of the synthesis of the proteins 
and that of their fucosylation pathway. Certain dietary 
manipulations may modify the natural chronological evolu- 
tion of small intestine ontogeny. 
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