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Sialyl Lewisx epitopes do not occur on acute phase
proteins in mice: relationship to the absence of
a3-fucosyltransferase in the liver

Ellen C. Havenaar, Ruben C. Hoff, Dirk H. van den Eijnden and Willem van Dijk*

Department of Medical Chemistry, Faculty of Medicine, Vrije Universiteit, 1081 BT, Amsterdam, The Netherlands

Mice are frequently used in models for the study of immunological processes related to inflammation. Since it is known that
the degree of fucosylation of human acute phase proteins (APPs) is altered as a consequence of an inflammatory response,
we have undertaken this study to gain more insight into the fucosylation of acute phase proteins as it occurs in mouse liver.
Mice carrying the cluster of the three genes encoding human a1-acid glycoprotein (AGP), one of the well known APPs, were
used and the fucosylation of AGP was assessed. A complete absence of fucosylation on the transgenic human AGP was
found, which is in sharp contrast to AGP in human serum, of which a major proportion is normally a3-fucosylated.
Remarkably, a large proportion of mouse AGP did contain fucose residues. Fucosylation was also detected on another APP,
mouse protease inhibitor (PI).

a3-Fucosylation of the transgenic human AGP can be achieved in vitro, using an a3/4-fucosyltransferase (a3/4-FucT)
isolated from human milk, showing that the glycoprotein is not intrinsically resistant to fucosylation. Upon subsequent
measurement of the activities of the possible fucosyltransferases present in liver membranes of parent and transgenic mice,
only an N-linked-core a6-FucT and no a2-, a3- or a4-FucT activity was detected. This indicates that fucose residues found
on the mouse serum proteins AGP and PI, which are synthesized in the liver, are most probably in a6-linkage to the core
chitobiosyl unit. Interestingly, both a6- and a3-FucT activity was detectable in human liver membranes. None of the above
mentioned findings were influenced by the induction of an acute phase response by administration of bacterial lipopolysac-
charide. This study shows that: (a) a6-FucT is probably a protein specific-glycosyltransferase, since mouse AGP, but not
human AGP, may be used as an acceptor; (b) in contrast to human liver, mouse liver does not express any a3-FucT-activity,
thereby making the mouse incapable of producing the Sialyl Lewisx epitope on APPs, which is an important part of the
inflammatory reaction in humans. This last finding indicates that the mouse is not suitable as a model for the study of those
phenomena related to inflammation in humans, in which glycosylation of acute phase proteins could play a significant role.
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Abbreviations: AAL, Aleuria aurantia lectin; AGP, a1-acid glycoprotein; PI, a1-protease inhibitor; CAIE, crossed affino-
immunoelectrophoresis; LPS, lipopolysaccharide; FucT, fucosyltransferase; LacNAc, Galb1P4GlcNAc; H-type 2,
Fuca1P2Galb1P4GlcNAc; H-type 1, Fuca 1P2Galb1P3GlcNAc; ag-GP-F2, asialo/agalacto-diantennary glycopeptide
from human fibrinogen. sLex, sialyl Lewis x.
Introduction

a
1
-Acid glycoprotein (AGP) is an acute-phase protein with

five N-linked glycans [1, 2], synthesized mainly in the liver
[3, 4]. The degree of branching and a3-fucosylation of these
glycans can vary during inflammatory states, and under the
influence of hormones and cytokines [5—8]. It is known that
during inflammation the concentration and a3-fucosylation
of AGP and other acute-phase proteins in human serum is
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increased (see [9, 10] for a review), and that the enzyme
responsible for this fucosylation is fucosyltransferase VI
(Fuc-TVI, [11]). This higher fucosylation of AGP invariably
coincides with increased expression of the sialyl Lewis9
structure (sLe9, NeuAca2P3Galb1P4[Fuca1P3]GlcNAc)
[5, 10], which is a counter-receptor for the selectin-type
adhesion molecules involved in leukocyte extravasation
[12—14]. A possible regulatory role for AGP expressing sLe9
in the inflammatory response, has been suggested [5].

Previously, a mouse line transgenic for human AGP was
used to study the effect of transgenic expression of AGP on
the glycosylation process [15]. These studies were focused
on the degree of branching of the N-linked glycans of mouse
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and transgenic AGP. In the present study we have used the
same animal model to gain insight into the fucosylation
process in mouse liver, with mouse and transgenic human
AGP as reporter proteins. Crossed affino immunoelec-
trophoresis (CAIE) with Aleuria aurantia lectin (AAL) as
fucose-specific affinity component was used to assess the
extent of fucosylation of human and mouse AGP from
transgenic mice. Unexpectedly, transgenic human AGP was
found to be non-fucosylated, whereas mouse AGP was
fucosylated. In order to ascertain whether transgenic human
AGP was intrinsically resistant to fucosylation, in vitro
fucosylation of the non-fucosylated transgenic human AGP
was attempted, using CAIE with AAL as a detection tech-
nique. Furthermore, the presence of a2-, a3-, a4- and a6-
FucTs was studied in transgenic and parent mouse livers by
measurement of enzyme activities in liver-membrane frac-
tions, using specific acceptors for each of the enzymes. The
results were compared with those obtained for Balb-c
mouse liver and with those obtained for human liver.

Materials and methods
Materials and animals
GDP-[14C]Fuc (225 Ci mol~1) was obtained from Du
Pont-New England Nuclear. Unlabelled GDP-Fuc was
kindly donated by Drs H. Lönn and T. Nordberg (BioCarb
AB, Lund, Sweden). The glycopeptide from fibrinogen
(ag-GP-F2, GlcNAcb1P2Mana1P6[GlcNAcb1P
2Mana1P3]Manb1P4GlcNAcb1P4GlcNAc-Asn) was
obtained from human fibrinogen according to [16], by
pronase digestion of the desialylated glycoprotein (0.1 M

trifluoro acetic acid, 1 h at 80 °C) followed by b-galac-
tosidase treatment of the isolated diantennary glyco-
peptide. Purity was checked by 400 MHz 1H NMR
spectroscopy. The H-type 2 (Fuca1P2Galb1P4GlcNAcb-
O-(CH

2
)
8
COOCH

3
) and H-type 1 (Fuca1P2Galb1P

3GlcNAcb-O-(CH
2
)
8
COOCH

3
) acceptors were a kind gift

from Dr O. Hindsgaul (Alberta, Canada). Galactoside-b-O-
p-nitrophenyl (Galb-O-pNP) was obtained from Sigma, St.
Louis, MD, USA. An a3/4-FucT preparation was isolated
from human milk [17]. Human milk was obtained from
healthy lactating mothers and stored frozen until use.
A non-fucosylated AGP glycoform that was used as a stan-
dard (A0), was isolated by preparative affinity electrophor-
esis [18]. AGP from pooled human serum was isolated from
Cohn fraction V, by the method of Hao and Wickerhauser
[19]. AAL was isolated from fruiting bodies of the Aleuria
aurantia mushroom as detailed earlier [5]. Rabbit anti hu-
man glycoprotein monospecific antisera were obtained from
Dakopatts, Glostrup, Denmark. Rabbit anti mouse AGP
was a kind gift from Dr Heinz Baumann, Buffalo, NY, USA.
Rabbit anti mouse PI was a kind gift from Dr Peter
Heegaard, Copenhagen, Denmark. The antisera were speci-
fic and did not cross react with glycoproteins from other
species as revealed by immunoelectrophoresis of control
mouse and human sera with all antiserum preparations.
Coomassie Brilliant Blue R250 was obtained from Sigma,
St Louis, USA. All other materials were of analytical
grade.

Sera and livers from young adult mice transgenic for the
cluster of three human AGP-genes (ABB@), as well as from
parent mice (C3H-strain) were obtained from Dr Luciana
Dente (Rome, Italy [20]), and stored at !80 °C until use.
These mice were also used in a previous study regarding the
glycosylation of AGP [15]. All mice were homozygous
obtained by heterozygous intercrosses as described in [20].
Inflammatory conditions had been induced in these animals
by the injection of 100 lg lipopolysaccharide, as described
in [20]. Young adult male Balb-c mice were obtained from
Harlan CPB, Zeist, The Netherlands. A sample of human
liver was a kind gift from Dr Chamuleau, Academic Medical
Centre, Amsterdam, The Netherlands, and stored at
!80 °C until use.

Crossed affinity immunoelectrophoresis (CAIE)

CAIE was performed according to the method of Bøg-Han-
sen [21], using 2.5 mgml~1 (with a haemagglutination titre
of 1024) AAL as the fucose-specific affinity component as
described previously [11]. AAL is specific for fucose linked
in either a2-, a3-, a4- or a6-linkages [22]. However, interac-
tions of human AGP with AAL may be assumed to be only
due to a3-linked fucose [2, 5, 23—25]. For PI it is known that
not only a3-, but also a6-linked fucose are present [26], and
that both these groups will result in retardation in CAIE
with AAL [5, 11]. Briefly, 0.5—2.0 ll of serum was elec-
trophoresed through a 7.5% polyacrylamide gel containing
2.5 mgml~1 AAL, resulting in the separation of the differ-
ently glycosylated AGP forms. In a second, perpendicular
dimension, at 90° to the first dimension the glycoprotein
forms were immunoelectrophoresed against the precipita-
ting monospecific antiserum. The resulting precipitation
curves were visualized by staining with Coomassie Brilliant
Blue R250. The areas under the precipitation curves indicate
the relative amounts of separated glycoprotein.

Preparation of liver membrane fractions

Approximately 200 mg of mouse or human liver was hom-
ogenized in 5 ml 0.25 M sucrose on ice with a Potter-Elveh-
jem homogenizer, (3—4 strokes of 15 s at 1400 rpm).
Membrane fractions were obtained by centrifugation
10 000]g

av
for 60 min after removal of cell debris by centri-

fugation for 10 min at 1000]g
av.

The final pellets were
resuspended in 200 ll 0.25 M sucrose and were stored at
!20 °C until use.

Fucosyltransferase assays

The following compounds Gal-b-O-pNP, H-type 2, H-type
1 and ag-GP-F2 were used as specific acceptors for the
determination of a2-, a3-, a4- and a6-fucosyltransferase
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activities, respectively. Incubation-mixtures (30 ll) were
composed of: 0.1 mM GDP-[14C]Fuc (4.5—5 Ci mol~1);
50 mM MOPS/NaOH, pH7.5; 0.4% Triton X-100; 20 mM

MnCl
2
; 4 mM ATP; 0.1 M NaCl, 1 mM acceptor and liver

membrane fraction (10 ll, corresponding to 10 mg wet
weight) or serum (10 ll). Incubations were carried out at
37 °C for 4 h in the case of liver membranes and 16 h in the
case of serum. In all assays the reaction was stopped by the
addition of 1 ml water. In the case of the acceptors used to
determine a2-, a3- and a4-FucT activities, the labelled
oligosaccharide products (having a hydrophobic aglycon)
were separated from the radioactive GDP-Fuc according to
[27]. Sep-Pak-C18 reverse-phase cartridges (Waters, Mil-
ford MA, USA) that had been conditioned immediately
before use by washing with 5 ml of methanol and 10 ml of
H

2
O were used. After application of the sample the car-

tridge was washed with 40 ml of H
2
O, whereupon the

radiolabelled product was eluted with 5 ml of methanol.
After evaporation of the methanol the radioactivity in the
product was counted by liquid scintillation. The a6-FucT
activity was assayed by application of the incubated sample
to a column (0.7]56 cm) of Bio-Gel-P4 (100—200 mesh),
which was equilibrated and eluted with 50 mM ammonium
acetate, pH 5.2. Void volume fractions, which contain the
14C-fucosylated glycopeptide product, were pooled and
radioactivity was counted by liquid scintillation [28]. In all
assays, values were corrected for incorporation found in the
absence of added acceptors. Protein content of livers and
sera were determined according to Peterson [29].

In vitro fucosylation of non-fucosylated AGP

Non-fucosylated transgenic human AGP was fucosylated in
vitro, using an a3/4 fucosyltransferase preparation isolated
from human milk [17]. The composition of the incubation
mixtures was in a total volume of 25 ll: mouse serum
containing 10 lg transgenic human AGP, 4 mM ATP,
20 mM MnCl

2
, 0.2 mM GDP-fucose, 123 lU human milk

fucosyltransferase, 50 mM sodium cacodylate (pH 7.2),
0.1 M NaCl, 50% glycerol, 0.05% sodium azide. The mix-
tures were incubated at 37 °C for 72 h. As a control, a non-
fucosylated AGP-glycoform from human serum was also
incubated under the same conditions, as was AGP isolated
from Cohn fraction V from pooled normal human serum.
Fucosylation was determined by means of CAIE using
Aleuria aurantia lectin as the affinity component.

Results and discussion

In this study the fucosylation of transgenic human AGP, as
well as the fucosylation of mouse AGP and PI, was used for
the study of the capacity of mouse liver to fucosylate glyco-
proteins, since this is an important phenomenon in the
human acute phase response. It became apparent that trans-
genic human AGP in mice is not fucosylated, in contrast to
mouse AGP and PI. Furthermore we showed that mouse
liver possesses a different panel of fucosyltransferases than
human liver.

Fucosylation of mouse and (transgenic) human AGP

The extent of fucosylation of mouse- and transgenic hu-
man-AGP in mice serum, was determined using CAIE with
AAL as the affinity component. By this method, fucosylated
AGP-glycoforms are retarded in an AAL-containing gel,
resulting in fractionation of AGP into a non-reactive glyco-
form (A0) containing no fucose, weakly reactive (Aw) and
strongly reactive (As) glycoforms, containing increasing
amounts of fucose, as is shown for normal human serum
AGP in Figure 1d. In contrast to human serum AGP, the
transgenic human AGP was not retarded at all in an AAL-
containing gel (Figure 1b), displaying a pattern identical to
that observed for the non-fucosylated human AGP stan-
dard (A0) that was used as a control (Figure 1c). Remark-
ably, a substantial amount of mouse AGP present in the
same transgenic mouse was retarded in CAIE with AAL
(Figure 1a). Therefore it can be concluded that mouse AGP
is fucosylated, and transgenic human AGP in the same
mouse is not.

Fucosylation of mouse PI

The extent of fucosylation of mouse PI was also studied
with CAIE (Figure 2c). Human serum PI is known to
possess both a3-, and a6-linked fucose [11, 26] and will
therefore also be retarded by AAL, which is specific for
fucose linked in either a2-, a3-, a4- and a6-linkages [22]. The
relative distribution of weakly and strongly reactive glyco-
forms of mouse PI with AAL (Figure 2c) was comparable to
that found previously for human PI from individuals with
a mutation in the Fº¹6-gene, lacking a3-fucosylation of
the serum proteins [11] (Figure 2b). The virtual absence of
the As peak in PI from mouse and PI from individuals with
the Fº¹6 mutation, and its presence in PI from normal
human serum (Figure 2a), indicates that the PI of the first
two sources contains only a6-linked and no a3-linked
fucose.

The fucosylation found for mouse AGP and PI does not
lead to the expression of the sLe9-epitope, since we were
unable to detect specific staining of mouse plasma compo-
nents in either ABB@- or balb-c mouse serum (not shown)
with the monoclonal antibody CSLEX-1, which is directed
towards sLe9-groups [5].

In vitro fucosylation of AGP

In order to determine whether the absence of fucosylation of
transgenic human AGP was due to an intrinsic resistance of
this glycoprotein to fucosylation, in vitro fucosylation was
attempted and detected by means of CAIE with AAL. This
has previously been shown to be a very sensitive technique
for the monitoring of in vitro fucosylation [11]. Figure 1g
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Figure 1. Reactivity of AGP with AAL before (a–d) and after (e–g) in
vitro fucosylation: (a) mouse AGP; (b, e) transgenic human AGP; (c, f)
non-fucosylated human AGP standard; (d, g) AGP from normal human
serum. Sera were subjected to CAIE as described in the Materials and
methods. Only the second dimension gels are shown. The lower right
corner of each pattern corresponds to the site of application in the first
dimension gel. Electrophoresis was performed from right to left in the first
dimension, and from bottom to top for the second dimension. A0: AGP-
glycoforms non-reactive with AAL; Aw: AGP-glycoforms weakly reactive
with AAL; As: AGP-glycoforms strongly reactive with AAL. No fractiona-
tion was obtained when samples were analysed in the absence of AAL,
resulting in recovery of all AGP-protein at the position of A0.

shows an increase in retardation of normal human serum
AGP by AAL, after 72 h in vitro fucosylation at 37 °C. As
expected the non-fucosylated human-AGP standard was
highly susceptible to fucosylation, also resulting in a high
amount of strongly reactive glycoforms (Figure 1f). Trans-
genic human AGP was not intrinsically resistant to
fucosylation (Figure 1e), although the degree of fucosylation
was much lower than for the non-fucosylated human AGP
standard. The reason for this much lower susceptibility to
fucosylation may be found in the type of sialylation. Pre-
viously, we have shown that the diantennary glycan-content
of transgenic human AGP, as well as mouse AGP, in the
Figure 2. Reactivity of PI with AAL. (a) normal human serum PI; (b) PI
from an individual with a mutation in the FUT6-gene [11]; (c) mouse PI
(balb-c mouse). Sera were subjected to CAIE as described in the Mater-
ials and methods, see also Figure 1. A0: PI-glycoforms non-reactive with
AAL; Aw: PI-glycoforms weakly reactive with AAL; As: PI-glycoforms
strongly reactive with AAL. No fractionation was obtained when samples
were analysed in the absence of AAL, resulting in recovery of all PI-
protein at the position of A0.

transgenic mouse strain, was very much higher than for
normal human AGP [15]. It is known that diantennary
glycans are preferentially a6-sialylated [30] which will result
in a relatively low degree of a3-fucosylation of the dianten-
nary glycans, since a6-sialyltransferase and a3-FucT show
a mutually exclusive action [31, 32]. This might explain why
the degree of in vitro fucosylation of transgenic human AGP
could not be as high as the fucosylation achieved for the
normal human non-fucosylated AGP standard, containing
a low amount of diantennary glycans [18]. This is further
corroborated by the finding that a desialylated form of the
transgenic AGP could be fucosylated to a much higher
degree than the sialylated form (results not shown).

Fucosyltransferase activities in liver and serum

To further understand the absence of fucosylation on trans-
genic human AGP, the various FucT activities were assayed
in livers and sera. It was found that in mouse liver only
a6-FucT activity is present; a2-, a3- or a4-FucT activities
were below detectable levels. This is in contrast to human
liver, where not only both a3- and a6-FucT activities were
detectable (Table 1), but the a3-FucT activity in human liver
is also three-fold higher than the a6-FucT activity. The sole
presence of a6-FucT activity in mouse supports our con-
clusion that only a6-linked fucose is present on mouse AGP
and PI. LacNAc-R was also tested as an acceptor, but this
did not result in a detectable incorporation of fucose by
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Table 1. Fucosyltransferase activity in liver membrane fractions.

Acceptor FucT Fucosyltransferase activity (pmol h~1 mg protein~1)

C3H ABB@ Balb-c Human

[ ] [ ]

Galb-O-pNPa a2 NDe ND ND ND ND ND
Fuca1P2Galb1P4GlcNAcb-O-Rb a3 ND ND ND ND ND 229.0$64.9
Galb1P4GlcNAcb-O-Rb a2/3 —d — 13.1$1.8 — — 67.8$20.3
Fuca1P2Galb1P3GlcNAcb-O-Rb a4 ND ND ND ND ND ND
ag-GP-F2c a6 156.7$51.1 105.0$0.4 439.9$22.4 77.7$1.7 40.2$8.9 73.4$12.4

Membranes were obtained from parent (C3H) and transgenic (ABB@) mouse liver before (!) and after (#) LPS treatment, and from Balb-c mouse
and human liver.
apNP, p-nitrophenyl.
bR"(CH2)8COOCH3.
casialo/agalacto-diantennary glycopeptide from human fibrinogen;
c(—), not determined.
eND, below detectable levels.
Samples were measured at two separate instances, in duplicate.
mouse liver membranes (Table 1). This excludes the pres-
ence of an a3-FucT in mouse liver with a high preference for
LacNAc over H-type 2. LPS was unable to induce a3-
FucT-activity in mouse liver, since fucosylation of trans-
genic human AGP did not occur, nor could a3-FucT
enzyme activity be detected after treatment of mice
with LPS.

We have shown that the fucose residues found on mouse
AGP (and PI) are not in a3-linkage, and must be in a6-
linkage (glycoproteins containing either, or both, linkages
are retarded by AAL [22]), since only a6-FucT activity is
present in mouse liver. Although only the porcine a6-FucT
[33] and human a6-FucT [34] have been cloned, these
studies indicate that the enzyme must be present and func-
tional in mice, and is probably a protein-specific glycosyl-
transferase.

In humans, the major source for serum a3-FucT activity
appears to be the liver [11, 35]. In view of the absence of
a3-FucT activity in mouse liver, the very small amounts of
a3-FucT activity found in (transgenic) mouse serum, relative
to serum from healthy human individuals (Table 2), must
have another tissue origin. Possible candidates are
leukocytes or kidney [36], or perhaps even the gastro-
intestinal tract [37]. This is corroborated by the total ab-
sence of a3-FucT activity in plasma, of individuals lacking
the Fº¹6-gene in all tissues, Table 2 [11]. It should be
noted however, that the level of activity in serum is very low
in mice. Possibly the small increase in serum a3-FucT
Table 2. Fucosyltransferase activity in mouse-serum compared to human serum.

Acceptor FucT Fucosyltransferase activity (pmol h~1 mg protein~1)

C3H ABB@ Balb-c Human

! ] ! ] Normal FUT6-def.

Galb-O-pNPa a2 NDe ND ND ND ND —d —
Fuca1P2Galb1P4GlcNAcb-O-Rb a3 ND 10.9 15.6$0.0 5.3$0.6 9.7$4.6 33$19 ND
Fuca1P2Galb1P3GlcNAcb-O-Rb a4 ND ND ND ND ND — —
ag-GP-F2c a6 ND ND ND ND ND — —

Serum was obtained from parent (C3H) and transgenic (ABB@) mice before (!) and after (]) LPS treatment, and from Balb-c mice. Values for human
sera were measured earlier in our group under the same experimental conditions, and are adapted from [11].
apNP, p-nitrophenyl.
bR"(CH2)8COOCH3.
casialo/agalacto-diantennary glycopeptide from human fibrinogen.
d(!), not determined.
eND, below detectable levels.
Mouse samples were measured at two separate instances, in duplicate. For humans: normal (n"12), for FUT6-deficient (n"8).
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activity in transgenic mice compared to parent mice, might
be the result of activation of an endogenous a3-FucT-gene
due to transgenesis. Interestingly, such an activation has
been described earlier for CHO-cells after transfection with
human DNA [38]. Furthermore, we have previously in-
dicated that the introduction of the AGP-genes has an effect
on the glycosylation process in the transgenic mouse liver
[15].

General conclusions

We have recently shown that the liver a3-FucT (FucT VI) is
responsible for the a3-fucosylation of serum proteins such as
AGP, PI and a

1
-antichymotrypsin in humans [11]. We

have shown here that mouse liver does not express any
a3-FucT, since human AGP is not fucosylated in transgenic
mice, and no a3-FucT activity could be detected in trans-
genic- or Balb-c mouse liver. This is in agreement with
recent findings that only one inactive pseudogene was found
in an attempt to clone mouse fucosyltransferases using the
same homology cloning strategy that was used to clone the
human Fº¹3, Fº¹5 and Fº¹6 genes [39]. From our
studies it can also be concluded that the mouse FUT4
[39, 40] and FUT7 [41] gene products, which have been
cloned and are able to synthesize a3-fucosylated structures
in mice, do not take over the a3-fucosylation function in
mouse liver. Furthermore, this study shows that the mouse
liver possesses a different panel of fucosyltransferases com-
pared to human liver, leading to a significantly different
glycosylation of acute phase proteins in mice compared to
humans. As a result the mouse liver is incapable of produ-
cing the sLe9 epitope on APPs, which is an important part
of the human acute phase response [11, 42]. Therefore, the
mouse is not suitable as a model for the study of those
processes related to inflammation in humans, in which the
glycosylation of acute phase proteins such as AGP, PI and
a
1
-antichymotrypsin could play a significant role.
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