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Xenopus laevis is an excellent animal for analyzing early
vertebrate development. Various effects of glycosaminogly-
cans (GAGs) on growth factor-related cellular events dur-
ing embryogenesis have been demonstrated in Xenopus. To
elucidate the relationship between alterations in fine struc-
ture and changes in the specificity of growth factor bind-
ing during Xenopus development, heparan sulfate (HS) and
chondroitin/dermatan sulfate (CS/DS) chains were isolated
at four different embryonic stages and their structure and
growth factor-binding capacities were compared. The to-
tal amounts of both HS and CS/DS chains decreased from
the pre-midblastula transition to the gastrula stage, but in-
creased exponentially during the following developmental
stages. The length of HS chains was not significantly af-
fected by development, whereas that of CS/DS chains in-
creased with development. The disaccharide composition of
GAGs in embryos also changed during development. The
degree of sulfation of the HS chains gradually decreased
with development. The predominant sulfation position in
the CS/DS chains shifted from C4 to C6 of GalNAc during
embryogenesis. Growth factor-binding experiments using a
BIAcore system demonstrated that GAGs bound growth fac-
tors including fibroblast growth factors-1 and -2, midkine,
and pleiotrophin, with comparable affinities. These affini-
ties significantly varied during development, although the
correlation between the structural alterations of GAGs and
the change in the ability to bind growth factors remains to
be clarified. The expression of saccharide sequences, which
specifically interact with a growth factor, might be regulated
during development.
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Introduction

During development, the formation of complex body struc-
tures is governed by several signaling factors, such as Wnt,
hedgehog, midkine (MK), pleiotrophin (PTN), fibroblast growth
factors (FGFs), epidermal growth factor, and members of
the transforming growth factor-p superfamily. Most of these
growth/differentiation factors are capable of binding to gly-
cosaminoglycans (GAGs) such as heparan sulfate (HS) and
chondroitin/dermatan sulfate (CS/DS) (Conrad 1998). A num-
ber of studies have demonstrated that some of these signaling
factors exert their functions through interactions with HS chains
(Perrimon and Bernfield 2000; Lin 2004).

GAGs are complex sulfated polysaccharides with a backbone
structure composed of repeating disaccharide units and occur in
animal tissues as proteoglycans (PGs), in which these polysac-
charide chains are covalently attached to a respective core pro-
tein (Rodén 1998). PGs are found on the cell-surface and in the
extracellular matrix. The highly heterogeneous sulfated patterns
found in the GAG chains and the specific molecular interactions
of GAGs with protein factors are involved in the regulation of
various biological processes (Perrimon and Bernfield 2000; Lin
2004).

Xenopus laevis is a freshwater animal that can be induced
to lay eggs repeatedly by a simple hormone injection. This
useful feature, coupled with the large size of its embryos,
which allow micromanipulation and microinjection, and their
rapid rate of development, makes Xenopus an excellent model
animal for analyzing early vertebrate development (Sive et al.
2000). Shortly after fertilization, rapid cleavages of Xenopus
embryos result in the formation of the blastula. At around
the midblastula stage, the cell cycle remodels from rapid
embryonic cleavage cycles to longer, more regulated somatic
cell cycles and gastrulation (gastrula stage) commences. This
key developmental event is called the midblastula transition
(MBT). After the end of gastrulation, the process of neurulation
(neurula stage) occurs, during which the neural plate folds to
become the neural tube. Following the closure of the neural
tube, the period of organogenesis commences (tailbud stage).

Various effects of PGs on growth factor-related cellular events
have been observed during Xenopus embryogenesis. HS-PG has
been postulated to participate in the mesoderm’s formation in
early Xenopus embryos (Brickman and Gerhart 1994; Itoh and
Sokol 1994; Furuya et al. 1995). Immunohistochemistry using
the anti-HS mouse monoclonal antibody, HepSS-1, revealed that
HS-PG occurs mainly in the animal hemisphere in the early gas-
trula (Furuya et al. 1995). Furthermore, elimination of HS-PGs
by heparitinases induced abnormal mesodermal differentiation

© The Author 2009. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions @oxfordjournals.org 488

20z Iudy g2 uo 3senb Aq 606,86 1/881/G/61/9101LE/q09A|6/W00 dno"dlWwapede//:sdjy woly papeojumod



(Brickman and Gerhart 1994; Itoh and Sokol 1994; Furuya
et al. 1995). PGs appear to play indispensable roles in Xenopus
development by modifying actions of GAG-binding growth
factors and morphogens. Specific antisense knock-down of
Xenopus heparanases, HS-degrading enzymes, results in a fail-
ure of embryogenesis to proceed, suggesting that heparanases
regulate the developmental processes (Bertolesi et al. 2008).
The serine protease xHtrA1l activates FGF signals by cleaving
the core proteins of PGs and releasing cell-surface GAG-bound
FGF ligands (Hou et al. 2007). CS-PGs also play an important
role in Xenopus embryos. The notochord-derived CS-PGs act as
repulsive signaling molecules that are recognized by contactin,
which has been implicated in axonal guidance of spinal sensory
neurons in Xenopus tailbud embryos (Fujita and Nagata 2005).

Nurcombe et al. (1993) reported, although it was not con-
firmed by others, that a single species of HS-PG undergoes a
rapid, tightly controlled change in growth factor-binding speci-
ficity concomitant with the temporal expression of FGF-1 and
FGF-2 during murine neural development. The Xenopus GAG
chains may also undergo dynamic structural changes and switch
binding properties coordinated with the timing of the expression
of various growth/differentiation factors such as FGF-2, MK,
and PTN to control their activities during early embryogenesis.
However, this concept has never been established.

In Xenopus development, the expression of several GAG-
interacting growth/differentiation factors has been detected.
Growth factors belonging to the FGF family are involved in
morphological events during embryogenesis in Xenopus. The
expression of FGF-2 is turned on from anterior and posterior
regions simultaneously at the mid-neurula stage and greatly in-
creases during the late neurula and tailbud stages (Song and
Slack 1994). Disruption of the FGF-2 signaling pathway re-
sulted in severe inhibition of invagination and neural tube clo-
sure in the posterior region of Xenopus embryos (Amaya et al.
1991). MK was first expressed at the mid-gastrula stage and was
located in the neural anlage at the late gastrula stage (Sekiguchi
etal. 1995). At the neurula and tailbud stages, MK was predom-
inantly localized in the brain and neural tube. The expression of
PTN was restricted to the central nervous system, particularly
in the hindbrain at the tailbud stage in Xenopus (Tujimura et al.
1995).

In this study, we have characterized Xenopus HS and CS/DS at
four different embryonic stages, the pre-MBT, gastrula, neurula,
and tailbud stages. Structure and growth factor-binding capac-
ities were compared to elucidate the relationship between the
fine structural alteration and the changes in the growth factor-
binding specificities during development using FGF-1, FGF-2,
MK, and PTN as representative growth/differentiation factors.

Glycosaminoglycans in Xenopus laevis
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Fig. 1. Disaccharide composition analysis of HS (A) and CS/DS (B) chains
from Xenopus embryos at the tailbud stage. The GAG fraction prepared from
Xenopus embryos at the tailbud stage (2.4 mg as the dried material) was
digested with chondroitinase ABC or a mixture of heparinase and heparitinase.
Each digest was labeled with the fluorophore 2AB and analyzed by HPLC on
an amine-bound silica column. The peak eluted at around 20 min and marked
by an asterisk is due to an unidentified impurity derived from the enzyme
solution or the 2AB reagent. The elution positions of authentic
2AB-disaccharide standards derived from HS and CS/DS are indicated by
numbered arrows in panels A and B, respectively: (1) AHexUA-GIcNAc;

(2) AHexUA-GIcNACc(6S); (3) AHexUA-GIcNS; (4) AHexUA-GIcNS(6S);
(5) AHexUA(2S)-GIcNS; (6) AHexUA(2S)-GIeNS(6S); (7) ADi-0S;

(8) ADi-6S; (9) ADi-4S; (10) ADi-diSp; (11) ADi-diSg; (12) ADi-triS.

Results

Structural analysis of Xenopus GAGs from different
developmental stages

The GAG fractions purified at different developmental stages
were digested exhaustively with chondroitinase ABC or a mix-
ture of heparinase and heparitinase, and the resulting disaccha-
rides were labeled with a fluorophore 2-aminobenzamide (2AB)
and analyzed by HPLC on an amine-bound silica column. As
representative chromatograms, the HPLC profile of the GAG
fraction from the tailbud stage digested with chondoritinase
ABC or a mixture of heparinase and heparitinase is shown in
Figure 1. Each disaccharide peak was identified by compari-
son of the elution position with those of the standard 2AB-
disaccharides. The yield of each disaccharide was calculated
based on the fluorescence intensity (Kinoshita and Sugahara
1999). The total amounts and composition of disaccharides of
the CS/DS and HS produced from Xenopus embryos at different
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Table I. Composition of unsaturated disaccharides produced from HS in Xenopus embryos at the different developmental stages®

Unsaturated disaccharide (%)

AHexUA- AHexUA- AHexUA(2S)- AHexUA(2S)- Total amount in the
AHexUA-GIcNAc AHexUA-GIcNS  GIcNAc(6S)  GIcNS(6S)  GIcNS GIcNS(6S) Sulfate/disaccharide® dried materials (ng/mg)
Pre-MBT 34 +£2.2 20+ 1.4 10+14 5+1.3 19 +£3.7 12+1.8 1.14 4.7
Gastrula 41 +0.3 25+1.3 20+ 1.7 1+0.1 8+0.5 54+0.2 0.78 1.6
Neurula 45423 26 £ 6.0 7+14 5+34 12+1.8 5+1.8 0.82 18.2
Tailbud 65 +4.6 20+ 0.8 4+09 24+0.3 7+1.5 24+1.2 0.48 92.7

2The values are expressed as the mean + range for two independent experiments.
The average number of sulfate groups/disaccharide unit is given.
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Table II. Composition of unsaturated disaccharides produced from CS/DS in Xenopus embryos at the different developmental stages®

Unsaturated disaccharide (%) Total amount Ratio
Sulfate/ in the dried

ADi-0S ADi-4S ADi-6S ADi-diSp  ADi-diSg  disaccharide®  materials (ng/mg) HS/(CS+DS) DS/(CS+DS)°
Pre-MBT/ABC+AC-I 10+ 0.8 79+22 11+14 ND4 ND 0.90 4.1 1.1 0.55
Pre-MBT/AC-1 7 32 6
Gastrula/ABC+AC-1 24 +24 72+ 0.9 4+15 ND ND 0.76 0.52 3.1 0.32
Gastrula/AC-1 24 41 3
Neurula/ABC+AC-1 15+£1.0 58+ 1.3 27+04 ND ND 0.85 7.6 24 0.29
Neurula/AC-T 13 32 26
Tailbud/ABC+AC-I 33+ 14 23+2.0 44 £ 0.6 ND ND 0.67 73.7 1.3 0.23
Tailbud/AC-1 24 11 42

2Xenopus GAG fractions were extensively digested with a mixture of chondroitinases ABC and AC-I or chondroitinase AC-I alone. Percent recoveries of
disaccharides obtained by digestion were calculated based on the peak area in the HPLC chromatograms and are expressed in molar proportions taking the total
amount obtained by digestion with a mixture of chondroitinases ABC and AC-I as 100%. The values for the digest with a mixture of chondroitinases ABC and

AC-I are expressed as the mean =+ range for two independent experiments.
The average number of sulfate groups/disaccharide unit is given.

¢The amount of DS was calculated as follows: the amount of disaccharides released by a mixture of chondroitinases ABC and AC-I minus the amount of

disaccharides released by chondroitinase AC-1.
dND, not detected.

developmental stages are summarized in Tables I and II as well
as in Figures 2 and 3. The total amounts of both HS and CS/DS
chains decreased from the pre-MBT to the gastrula stage, but
then increased exponentially during the following developmen-
tal stages. The zygotic genome in X. laevis is quiescent until the
MBT stage, and transcription is repressed at the pre-MBT stage.
Thus, GAG synthesis during the pre-MBT stage is regulated by
maternal transcripts and proteins. The change in the total amount
of GAGs in Xenopus embryos at around the gastrula stage and
thereafter probably reflects the switchover of GAG biosynthetic
enzymes from maternal to zygotic gene products. The dramatic
increase in GAGs at the tailbud stage may indicate the require-
ment of large amounts of GAGs for Xenopus organogenesis at
this stage.

Reproducible differences were detected in the disaccharide
profile of HS and CS/DS from Xenopus embryos at different
developmental stages. The major disaccharide unit in the HS
fractions was the nonsulfated disaccharide AHexUAal-

preMBT

Gastrula

Neurula

Tailbud

1 | I 1
0 50 100 150 200

ng/mg dried material

Fig. 2. The total amount of GAGs from Xenopus embryos at the different
developmental stages. The yields of HS and CS/DS from embryos at the
different developmental stages were calculated based on the fluorescence
intensity of the peaks detected by HPLC. Hatched and open areas in each bar
indicate HS and CS/DS, respectively.

490

100

80

(%)

(%)

Fig. 3. Comparison of disaccharide composition of Xenopus HS (A) and
CS/DS (B) at different developmental stages. The structures of the Xenopus
HS and CS/DS are illustrated based on the findings obtained from the analysis
of the disaccharide composition (Figure 1 and Tables I and II). The width of
each box corresponds to the proportion of each disaccharide unit. The
variously shaded boxes for the repeating disaccharide region of HS (panel A)
indicate AHexUA-GIcNAc, AHexUA-GIcNS, AHexUA-GIcNAc(6S),
AHexUA-GIcNS(6S), AHexUA(2S)-GIcNS, and AHexUA(2S)-GIcNS(6S),
respectively, from the top. Boxes for the repeating disaccharide region of
CS/DS (panel B) indicate ADi-0S, ADi-4S, and ADi-6S, respectively, from
the top. Note that boxes for the repeating disaccharide region represent the
composition, but do not reflect the location or clustering of the disaccharide
units along the polysaccharide chains.
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4GIcNAc at all stages tested. There was an increase in the
proportion of the nonsulfated disaccharide and a decrease in
the sulfated disaccharide units with development. The average
number of sulfate groups/100 disaccharides in the HS prepara-
tions from the pre-MBT, gastrula, neurula, and tailbud stages
was 114, 78, 82, and 48, respectively.

The complete digestion of Xenopus GAG fractions with
chondroitinase ABC yielded the disaccharides, AHexUAal-
3GalNAc (ADi-0S), AHexUAal-3GalNAc(4-sulfate) (ADi-
4S), and AHexUA«a1-3GalNAc(6-sulfate) (ADi-6S). The pro-
portions of ADi-OS and ADi-6S increased, whereas that of
ADi-4S decreased gradually with development. Oversulfated
disaccharide units such as AHexUA(2-sulfate)a1-3GalNAc(6-
sulfate) and AHexUAa1-3GalNAc(4,6-disulfate) found in ver-
tebrate CS (Ueoka et al. 2000; Tsuchida et al. 2001; Maeda
et al. 2003; Bao et al. 2004; Bergefall et al. 2005; Mitsunaga
et al. 2006) were not detected at any developmental stages.

The molecular sizes of the Xenopus HS and CS/DS chains
at different developmental stages were analyzed by gel filtra-
tion chromatography on a column of Superdex 200. To monitor
small amounts of GAGs, aliquots of individual fractions were
lyophilized and digested with chondroitinase ABC or a mixture
of heparinase and heparitinase, respectively, and then the prod-
ucts were derivatized with a fluorophore 2AB and analyzed by
anion-exchange HPLC as described in Materials and methods.
Since the amount of the GAG fraction from the pre-MBT stage
was limited, the molecular size of GAGs at this stage was not
analyzed. Compared with the calibration plot prepared using
size-defined commercial polysaccharides, the average molecu-
lar size of the major component in the Xenopus HS and CS/DS
at the gastrula, neurula, or tailbud stage was estimated to be
47, 47, or 57, and 47, 68, or 83 kDa, respectively (Figure 4).
The chain length of Xenopus HS fractions did not significantly
change during development, whereas that of Xenopus CS/DS
fractions increased with development. It should also be noted
that the chain length of Xenopus CS/DS preparations was rather
heterogeneous.

The proportion of the DS structure in Xenopus CS/DS chains
was also analyzed. GAG preparations were extensively digested
with a mixture of chondroitinases ABC and AC-I or chondroiti-
nase AC-I alone, and the resultant unsaturated disaccharides
were individually analyzed by anion-exchange HPLC for iden-
tification and quantification. The linkages susceptible to chon-
droitinase ABC or AC-I correspond to the amounts of GlcUA
and IdoUA (CS and DS) or GIcUA (CS), respectively. The data
obtained from digestion experiments with chondroitinases are
summarized in Table II. The proportion of the DS structure in
Xenopus CS/DS preparations decreases during embryonic de-
velopment as follows: 55 (pre-MBT), 32 (gastrula), 29 (neurula),
and 23% (tailbud).

Xenopus GAGs from different developmental stages showed
diverse specificity in the binding to human recombinant growth
factors

To examine whether Xenopus GAG fractions from different
developmental stages bind to growth factors in a similar or dif-
ferent manner, we investigated the molecular interaction of the
Xenopus GAG samples with recombinant growth factors, FGF-
1, FGF-2, MK, and PTN. Since Xenopus growth factors were
not commercially available, human counterparts were used in

Glycosaminoglycans in Xenopus laevis

65.5 K 375K 181K

by

60 —

40 —

20 —

40 —

2-AB Disaccharides (pmol/Fr.)

20 —

10 12 14 16 18 20 22
Fraction Number

Fig. 4. Analysis of the molecular sizes of Xenopus HS (A) and CS/DS (B) by
gel filtration chromatography. The Xenopus GAG fraction (160 or 75 pmol as
total HS or CS/DS disaccharides, respectively) was subjected to gel filtration
chromatography on a Superdex 200 column. The digests of individual
fractions obtained with chondroitinase ABC or a mixture of heparinase and
heparitinase was derivatized with 2AB, and then analyzed by HPLC. The
amounts of the 2AB derivatives of unsaturated disaccharides were calculated
based on fluorescence intensity. The circles, squares, and triangles indicate the
elution profiles of the Xenopus HS or CS/DS from gasturula, neurula, and
tailbud stage embryos, respectively. Arrows indicate the elution positions of
size-defined commercial polysaccharides (Yamada et al. 2002).

this study. The kinetic parameters for the binding of recombi-
nant growth factors to the Xenopus GAGs were analyzed using
a surface plasmon resonance biosensor, BIAcore J, which uses
a dual-channel flow and detection system to enhance the speci-
ficity of analyte detection. To analyze the interactions between
Xenopus HS chains and growth factors, biotinylated GAG frac-
tions were immobilized on the streptavidin-coated surface of
the sample cells and the reference cells were coated with the
digests of biotinylated Xenopus GAG fractions obtained with
a mixture of heparinase and heparitinase. For the analysis of
Xenopus CS/DS interactions, HS lyase-treated samples were
immobilized on the streptavidin-coated sample cell surface and
their chondroitinase ABC digests were prepared on the refer-
ence cells. Varying concentrations of individual growth factors
were injected onto the sensor’s surface and the interactions were
analyzed. Figures 5 and 6 represent overlays of the sensorgrams
for the binding of FGF-1, FGF-2, MK, and PTN to the Xenopus
HS and CS/DS, respectively. Since the amount of the Xenopus
GAG fraction at the pre-MBT stage was limited, the interac-
tion experiments for the Xenopus CS/DS at this stage were not
performed. Representative model fittings overlaid with the sen-
sorgrams for the binding of FGF-2 to Xenopus HS are shown in
Figure 7. The other model fittings are depicted in supplementary
Figures 1 to 5.

The kinetic parameters, the association rate constant (k,), the
dissociation rate constant (k,), and the equilibrium dissociation
constant (K;), for the binding of FGF-2, MK, and PTN to the
Xenopus HS and CS/DS, are presented in Tables III and IV.
These growth factors displayed K, values in the low nM range,
suggesting high affinity and a physiological significance of the
interactions. The kinetic parameters for the binding of FGF-1
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Fig. 5. Sensorgrams for the binding of FGF-1, FGF-2, MK, and PTN to Xenopus HS at the different developmental stages. Various concentrations of FGF-1 (A, E,
I, M), FGF-2 (B, F, J, N), MK (C, G, K, O), and PTN (D, H, L, P) were injected over sensor chips immobilized with Xenopus embryonic HS chains prepared at
the pre-MBT (A, B, C, D), gastrula (E, F, G, H), neurula (I, J, K, L), and tailbud (M, N, O, P) stages. The long arrows indicate the beginning of the association
phase initiated by the injection of varying concentrations of the growth factors, and short arrows indicate the beginning of the dissociation phase initiated with the

running buffer.

are not shown, since the model calculated did not fit with the
real sensorgrams completely. However, the data of the binding
of FGF-1 to Xenopus GAGs can be used qualitatively.

Both CS/DS and HS chains of Xenopus bound FGF-1, FGF-2,
MK, and PTN with comparable affinities. To compare the affini-
ties of growth factors for Xenopus GAG fractions, on rates (k)
and off rates (k;) were plotted on an on-/off-rate map (Figure 7).
The k, values were plotted on the x-axis. The further to the left
a data point appears on the map, the more stable the binding
is. The k, values were plotted on the y-axis. The higher up, the
better the recognition is. As the affinity is the ratio of the &,
value to the k, value, growth factors binding to the GAGs with
a similar affinity lie on the straight diagonal line as indicated in
Figure 8. Growth factors that bind with high affinity appear in
the upper-left-hand corner of the map.

Comparison of the affinity of growth factors to Xenopus HS
preparations from different developmental stages

The alteration of the K, values observed for the interaction of
various growth factors with the Xenopus HS during development
is shown in Figure 8 and Table III. No significant correlation
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was observed between developmental progress and variations in
the binding affinity. The K; values for the interaction of FGF-2
with the Xenopus HS changed as follows: 9 (pre-MBT), 760
(gastrula), 130 (neurula), and 61 nM (tailbud) (Table III and
Figure 8). The affinity for FGF-2 decreased from the pre-MBT
to the gastrula stage but increased at the neurula and tailbud
stages. The affinities of the Xenopus HS for other growth factors
also fluctuated with development. This pattern of fluctuation did
not parallel that for Xenopus CS/DS as described below.
Although K, values for the interaction of FGF-2 and PTN
with Xenopus HS chains did not show a significant difference
from the neurula to the tailbud stage, both k, and &, values for
the corresponding interaction increased (Table III). As indicated
in Figure 8, symbols for FGF-2 (open squares) and PTN (open
triangles) shifted parallel to the straight diagonal lines toward
the upper-right corner from the neurula to the tailbud stage
(no. 3 to 4). The k, values for the binding of FGF-2 and PTN to
the tailbud stage HS were 15- and 4.3-fold higher, respectively,
than those for the binding to the neurula stage HS. The k, values
for the dissociation of FGF-2 and PTN from the tailbud stage
HS were 7.1- and 7.5-fold higher, respectively, than those for the
dissociation from the neurula stage HS. Thus, development from
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Fig. 6. Sensorgrams for the binding of FGF-1, FGF-2, MK, and PTN to Xenopus CS/DS at the different developmental stages. Various concentrations of FGF-1 (A,
E, I), FGF-2 (B, F, J), MK (C, G, K), and PTN (D, H, L) were injected over sensor chips immobilized with Xenopus embryonic CS/DS chains prepared at the
gastrula (A, B, C, D), neurula (E, F, G, H), and tailbud (I, J, K, L) stages. The long arrows indicate the beginning of the association phase initiated by the injection
of varying concentrations of the growth factors, and short arrows indicate the beginning of the dissociation phase initiated with the running buffer.
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Fig. 7. The model fittings overlaid with the sensorgrams for the binding of
FGF-2 to Xenopus HS chains. The fitting models were simulated by
BIAevaluation 3.1 software and overlaid with the sensorgrams for the binding
of FGF-2 to Xenopus embryonic HS chains prepared at the preMBP (A),
gastrula (B), neurula (C), and taibud (D) stages.

the neurula to the tailbud stage resulted in a faster association
of these growth factors with the Xenopus HS as well as a faster
dissociation from the Xenopus HS. These results indicate that,
even if there is no change in the value of K, alterations to
binding parameters, namely the k, and k; values, can have a
substantial biological impact.

Comparison of the affinity of growth factors for Xenopus
CS/DS preparations at different developmental stages

The K; value for the interaction of FGF-2 or PTN with the
Xenopus CS/DS decreased or increased with development as
follows: 170 or 3.3 (gastrula), 14 or 6.8 (neurula), and 0.75
or 22 nM (tailbud), respectively (Table IV and Figure 8). As
the embryogenesis proceeds, the structure of the CS/DS chains
in Xenopus embryos undergoes a controlled gradual change to
acquire or lose the ability to bind FGF-2 or PTN, respectively.
In contrast, the K; value observed for the interaction of MK
with the Xenopus CS/DS altered with development as follows:
340 (gastrula), 1.0 (neurula), and 1.9 nM (tailbud), indicating
that the affinity of the Xenopus CS/DS for MK increased by
approximately 300-fold from the gastrula to the neurula stage,
and then was retained until the tailbud stage.

Discussion

Several secreted growth factors including MK/PTN, the FGF
family, and the transforming growth factor-p superfamily gov-
ern the formation of complex body structures and patterns during
development. The distribution of these signaling molecules is
regulated spatiotemporally. Studies with model animals have
demonstrated the crucial roles of PGs in these signaling path-
ways during development (Perrimon and Bernfield 2000; Lin
2004). PG molecules regulate the activities and distribution of
these signaling molecules by interacting through their GAG
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Table III. Kinetic parameters for the interaction of FGF-2, MK, and PTN with immobilized Xenopus HS

Growth factors and developmental stages ke M1 871

Growth factor: FGF-2

Pre-MBT (9.6 £3.2) x 10°
Gastrula (3.2 4+ 0.40) x 10*
Neurula (8.9+3.4) x 10*
Tailbud (1.3 +£0.31) x 10°
Growth factor: MK
pre-MBT (2.6 +£0.73) x 10°
Gastrula (8.3 £3.6) x 10*
Neurula (1.24+0.26) x 10°
Tailbud (3.1 +0.98) x 10°
Growth factor: PTN
pre-MBT (2.5£0.67) x 10°
Gastrula (4.2 £0.65) x 10°
Neurula (1.8 £0.51) x 10°
Tailbud (7.8 +2.3) x 10°

kg (S7hH K4 (nM)

(7.5 +£0.27) x 1073 89432

(2.3 +0.83) x 1072 760 =+ 360
(9.6 £0.12) x 1073 130 + 51
(6.8 +3.4) x 1072 61 + 40
9.5+ 0.71) x 1073 0.41 4 0.15
(5.1 £0.53) x 10~° 0.080 & 0.041
4.9+21) x 1074 49+29

(14 +0.51) x 1073 0.057 £+ 0.034
(9.2 +£0.19) x 1073 0.40 £ 0.12
34+28) x 1073 0.094 + 0.081
(12 4+0.14) x 10~* 0.74 £+ 0.28
9.0£32) x 107 1.4 +£0.82

The kq, kq, and K, values were determined using the “fit kinetics simultaneous k,/k;” program. The values are expressed as the mean =+ SD.

chains. In the present study, the structural and functional alter-
ation of GAG chains derived from Xenopus embryos at different
stages of development was investigated.

Although the exact biological significance of the develop-
mental changes in the sulfation profile remains to be inves-
tigated, they appear to affect at least some developmentally
important events such as cellular adhesion, migration, and neu-
rite outgrowth (Herndon and Lander 1990; Faissner et al. 1994;
Sugahara and Mikami 2007). Nurcombe et al. (1993) reported
that the HS-PG produced by the murine neuroepithelium at em-
bryonic day 9 preferentially bound FGF-2 whereas there was
a switch in the binding specificity of HS-PG to FGF-1 at em-
bryonic day 11 concomitant with the temporal expression of
the mRNA for FGFs. Brickman et al. (1998) demonstrated that
the switch in the binding specificity of the murine neuroepithe-
lial HS-PG from FGF-2 to FGF-1 depends on the alterations
in sulfation patterns, total chain length, and the number of sul-
fated domains of the HS at the different developmental stages.
Although such a clear discrete switch of the binding proper-
ties to growth factors as observed during murine neural devel-
opment was not detected for Xenopus here, we demonstrated
that the affinity for four different growth factors significantly
varied during development. The structural changes of Xenopus
GAGs appear to control the activities and functions of various
growth/differentiation factors during embryogenesis.

The disaccharide composition of GAGs in Xenopus embryos
altered during development (Figure 3). The degree to which
Xenopus HS chains were sulfated gradually decreased with de-
velopment. The proportion of nonsulfated disaccharide units
increased but that of highly sulfated disaccharides decreased.
However, the fine saccharide sequences in HS chains required
for binding to growth factors seem to be formed even at the later
stage of the Xenopus development because all the Xenopus HS
chains showed significant affinity to growth factors tested.

The 4-sulfation of GalNAc residues was predominant in
CS/DS chains from pre-MBT embryos (79%), but the ratio of
ADi-6S to ADi-4S decreased gradually with development. At
the tailbud stage, the GalNAc 6-sulfate-containing unit becomes
the predominant disaccharide unit (44%). Previous studies have
indicated that the ratio of 6-sulfation/4-sulfation of GalNAc
residues in CS chains changes during the development of chick
cartilage (Robinson and Dorfman 1969), chick brain (Kitagawa
et al. 1997), rat skin (Habuchi et al. 1986), mouse brain (Maeda
et al. 2003; Mitsunaga et al. 2006), pig brain (Bao et al. 2004),
and human cartilage (Mathews and Glagov 1966). These studies
showed that the ratio of ADi-6S to ADi-4S increased gradually
during development in birds and mammals. The downregulation
of the expression of the GalNAc 6-sulfate structure in chicken
embryonic brain and mouse brain was found to be parallel the
developmental expression of the chondroitin 6-sulfotransferase

Table IV. Kinetic parameters for the interaction of FGF-2, MK, and PTN with immobilized Xenopus CS/DS

Growth factors and developmental stages k, M~ S™h

Growth factor: FGF-2

Gastrula (63+27) x 10*

Neurula 3.6+14) x10°

Tailbud (1.5 £0.69) x 107
Growth factor: MK

Gastrula 4.5 +£29) x 103

Neurula (1.5 £ 0.69) x 10°

Tailbud (1.54+0.92) x 10°

Growth factor: PTN
Gastrula
Neurula
Tailbud

(1.7 £0.21) x 10°
(4.3 4+0.84) x 10*
(3.8 £1.8) x 10*

kg (S7h Ky (nM)
(7.74+2.0) x 1073 170 £ 100
(43 £0.37) x 1073 14+£6.7
(6.7+4.0) x 1073 0.75 + 0.63
(7.0 £2.6) x 10~ 340 + 280
(12+0.11) x 1074 1.0 £ 0.55
(1.540.52) x 10~* 19+15
(5.0 £3.0) x 107 33423
(274 0.42) x 10~ 6.8+£23
(55+23)x 1074 22416

The kg, kq, and K4 values were determined using the “fit kinetics simultaneous k,/k;” program. The values are expressed as the mean & SD.
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Fig. 8. The kinetic characteristics of Xenopus HS and CS/DS in their
interactions with various growth factors. The interaction kinetic maps show the
association versus dissociation rate constants (k, and k4, respectively) and the
combination of k, and k; that results in the same K; values (diagonal lines).
Open symbols, HS; closed symbols, CS/DS. Squares, FGF-2; diamonds, MK;
triangles, PTN. Numbers in the symbols indicate the developmental stage of
Xenopus embryos: (1) pre-MBT; (2) gastrula; (3) neurula; (4) tailbud.

gene (Kitagawa et al. 1997; Mitsunaga et al. 20006).
The 4-sulfation and 6-sulfation of CS chains on phosphacan
PG also change during the development of the brain in rats
(Margolis and Margolis 1993; Maeda et al. 1995). Substantial
amounts of GalNAc 6-sulfate are found on phosphacan PG in
the early developmental stages, but later, the CS chains of phos-
phacan PG are virtually composed of only GalNAc 4-sulfate
structure. However, the results obtained in the present study are
quite different. The ratio of ADi-6S to ADi-4S decreased grad-
ually during Xenopus development. This inconsistency might
be due to the difference in the expression pattern of sulfated
structures of CS/DS among species or organs. Although whole
embryos were used for the GAG structural analysis in this study,
individual organs such as brain, skin, and cartilage were used in
previous studies.

Apparently, the alteration of the affinity of GAGs for growth
factors during development was not directly correlated with
the change in the total amount or disaccharide composition of
GAGs. These results indicated that the mechanism by which
the affinity is altered during development is rather complicated,
and that the expression of a certain saccharide sequence specifi-
cally interacting with a growth factor might be regulated during
development.

Since Xenopus proteins were not commercially available, all
growth/differentiation factors used in this study were human re-
combinant counterparts. The homology of amino acid sequences
of FGF-2, MK, and PTN between Xenopus and human pro-
teins are 84, 65, and 87%, respectively. No Xenopus ortholog
for FGF-1 has been reported. Thus, the interaction between
human FGF-1 and Xenopus GAGs may not reflect the physio-
logical events in Xenopus embryogenesis. FGF-1 was used as
a probe to detect the fine structural alteration of a special sac-
charide sequence interacting with FGF-1. At least the alteration
of the fine structure of Xenopus GAGs during development has
been demonstrated. In the future, an interaction analysis using
Xenopus proteins will be required.

Glycosaminoglycans in Xenopus laevis

In this study, we detected high affinity of the Xenopus CS/DS
for FGF-1. Although high affinity of HS for FGF-1 has been
shown (Pellegrini 2001), strong binding between FGF-1 and
CS/DS chains has never been reported to our knowledge. Pre-
viously highly sulfated CS/DS chains from squid cartilage,
shark skin, hagfish notochord, or shark liver were subjected
to an analysis of interaction with FGF-1 (Deepa et al. 2002;
Nandini et al. 2004, 2005; Li et al. 2007). However, no CS/DS
preparations showed affinity for FGF-1. Hence, the observation
made in this study suggests the presence of a unique saccharide
sequence in the Xenopus CS/DS chains, which specifically in-
teracts with FGF-1. To characterize the FGF-1-binding structure
in the CS/DS chains, inhibition experiments were carried out.
Various CS/DS isomers were added as inhibitors mixed with
FGF-1 to the BIAcore sensor chip on which the CS/DS prepa-
ration from the Xenopus tailbud embryos was immobilized. DS
from bovine skin effectively inhibited the interaction of FGF-1
with the sensor’s surface (results not shown), indicating that the
DS-like structure in Xenopus CS/DS from the tailbud embryos
is involved in the binding of FGF-1. The presence of the DS
structure was demonstrated in the Xenopus CS/DS preparations
from all the embryonic stages used (Table II). Xenopus CS/DS
does not contain highly sulfated disaccharide units but is com-
posed of only nonsulfated and monosulfated disaccharide units.
Hence, the mixed sequence of CS with DS seems to be im-
portant to bind with FGF-1. The critical role of DS domains
in neurite outgrowth has been reported (Bao et al. 2004, 2005;
Nandini et al. 2005; Li et al. 2007). Decoding the DS-containing
saccharide sequence, which specifically interacts with FGF-1,
remains to be accomplished.

During the association phase of MK and PTN with Xenopus
GAGs, the association curves showed virtually straight lines
rather than exponential curves (Figures 5 and 6). A laminar flow
system such as BIAcore instrument has a difficulty in measuring
k, values that are above 10° M~ S™!. The straight line asso-
ciation of MK and PTN for Xenopus GAGs may result from
this fundamental limitation of a laminar flow system. The k,
values of PTN with Xenopus GAGs obtained in this study are
approximately 10-fold lower than that with heparin measured
by other group (1.6 x 10° M~! S™!) (Vacherot et al. 1999).
They were rather similar to that of a fragment of PTN with hep-
arin reported by Hamma-Kourbali et al. (2008) (3.4 x 10° M~!
S~1), which binds less potently to heparin than the full-length
PTN. The degree of sulfation of Xenopus GAGs (0.48-1.14
sulfate groups/disaccharide) (Table I and II) is much lower than
that of heparin (approximately 2.6 sulfate groups/disaccharide)
(Sugahara et al. 1992). Generally heparin has higher affinity
to growth factors than less sulfated GAGs. Weaker associa-
tion of the full-length PTN with Xenopus GAGs than heparin
is reasonable, and the k, values of PTN with Xenopus GAGs
seem to be moderate. However, we cannot exclude the possibil-
ity of underestimation for the k, values of PTN with Xenopus
GAGs because of the fundamental limitation of the BIAcore
system.

Although all growth factors tested showed small K; values for
the interaction with Xenopus GAGs, k, and k; values were dis-
tinct among growth factors. The interactions of Xenopus GAGs
with MK and PTN have much smaller k; values than those
with FGF-2. As shown in Figure 8, spots for the interaction be-
tween Xenopus GAGs and MK or PTN (diamonds and triangles)
are accumulated on the left side compared to those of FGF-2
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(squares). A small k; value indicates a slow dissociation of in-
teraction and a stable binding. The strong association of MK or
PTN with Xenopus GAGs and the negligible dissociation from
Xenopus GAGs prompted us to speculate that MK or PTN is not
released as a free signaling molecule, but rather enzymatically
released as a growth factor—GAG complex from a parent PG
molecule by endoglycosidases, such as hyaluronidase and hep-
aranase, and transferred to the cell-surface receptor. Recently
Xenopus heparanases have been demonstrated to be necessary
in early embryonic development (Bertolesi et al. 2008). In con-
trast, the interaction of Xenopus GAGs with FGF-2 showed
large k, and k, values, indicating that these growth factors bind
to and separate from Xenopus GAGs quickly. Hence, FGFs are
readily transferred from Xenopus GAGs to the cell-surface re-
ceptors without cleavage by glycosidases, and Xenopus GAGs
may function as coreceptors of FGFs.

The difference in affinity for various growth/differentiation
factors between the Xenopus HS and CS/DS at the same devel-
opmental stage was investigated. When the positions of the same
numbered and shaped symbols are compared in Figure 8, open
diamonds (MK) and triangles (PTN) are always to the upper left
of closed ones but closed squares (FGF-2) are always located
to the upper left of open ones, indicating that FGF-2 showed
higher affinity for Xenopus CS/DS than HS whereas MK and
PTN showed higher affinity for Xenopus HS than CS/DS at all
the developmental stages examined. The high affinity of FGFs
for CS/DS was unexpected because to our knowledge, no reports
have demonstrated stronger binding of CS/DS chains to FGFs
than HS from the same source. The disaccharide composition
of Xenopus CS/DS is not striking because of the lack of highly
sulfated units, which have been demonstrated to play important
roles in the functions of CS/DS in neurite outgrowth and immune
system (Kawashima et al. 2002; Nandini et al. 2004; Mitsunaga
et al. 2006; Sotogaku et al. 2007). However, Xenopus CS/DS
chains contain a significant proportion of DS domain. The mixed
sequence composed of CS with DS may be responsible for the
high affinity to FGFs. Accumulating evidence demonstrates the
important functions of DS domains in neurite outgrowth through
interactions with growth/differentiation factors (Bao et al. 2004,
2005; Nandini et al. 2005; Li et al. 2007). Although the phys-
iological significance of the high affinity of CS/DS chains for
FGFs remains to be clarified due to the use of human recom-
binant proteins, the strong affinity of CS/DS for FGFs may be
significant and CS/DS chains also may play indispensable roles
during Xenopus embryogenesis.

Material and methods

Materials

Heparitinase (EC 4.2.2.8), heparinase (EC 4.2.2.7), chon-
droitinase ABC (EC 4.2.2.4), AC-1 (EC 4.2.2.5), AC-1I (EC
4.2.2.5), and B (EC 4.2.2), unsaturated disaccharides derived
from CS/DS, and various CS isoforms were obtained from
Seikagaku Corp., Tokyo, Japan. 2AB was purchased from
Nacalai Tesque, Kyoto, Japan. Unsaturated disaccharides de-
rived from heparin and HS were prepared as described (Yamada
et al. 1992). Eggs of general X. laevis at the pre-MBT, gas-
trula, neurula, and tailbud stages were prepared as described
(Nieuwkoop and Faber 1956).
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Preparation of the GAG chains from Xenopus embryos

Xenopus embryos at different developmental stages (9—12 mL)
were homogenized in ice-cold acetone. The homogenates were
filtrated, extracted with chloroform/methanol/water (5:5:1), and
air-dried. Approximately 2.2, 2.3, 1.3, and 1.5 g of the dried
materials were recovered from 10 mL of Xenopus embryos
at the pre-MBT, gastrula, neurula, and tailbud stages, respec-
tively. These samples were exhaustively digested with actinase
E (Kaken Pharmaceutical Co., Tokyo) at 60°C for 48 h, and then
the acid soluble fraction (5% trichloroacetic acid) was extracted
with ether, and the aqueous phase was adjusted to 80% ethanol
(Yamada et al. 2002). The resultant precipitate was dissolved
in the 0.15 M LiCl/50 mM sodium acetate buffer, pH 4.0, and
applied to a column of DEAE-cellulose (Amersham Pharma-
cia Biotech, Uppsala, Sweden). After a wash with the starting
buffer, stepwise elution was conducted with buffers containing
0.5, 1.0, and 1.5 M LiCl. The hexuronic acid in each fraction was
quantified by the carbazole method, using D-glucuronic acid as
a standard (Bitter and Muir 1962). The flow-through and 1.5 M
LiCl-eluted fractions did not contain GAGs. The fractions eluted
with 0.5 and 1.0 M LiCl were used for further analysis. HPLC
analysis after enzymatic digestion as described below indicated
that more than 90% of the sulfated GAGs were recovered in 1.0
M LiCl-eluted fractions, which were used for the examination
of the interactions with growth factors.

Enzymatic treatments and HPLC analysis

Enzymatic treatments for the disaccharide composition analysis
were carried out as follows. An aliquot of a GAG fraction (8-280
mg as the dried materials) was digested with chondroitinase
ABC (10 mIU) in a total volume of 50 wL of 0.05 M Tris-HCI
buffer, pH 8.0, containing 0.06 M sodium acetate at 37°C for
30 min, with chondroitinase AC-I (10 mIU) or a mixture of
chondroitinases ABC and AC-I (5 mIU each) in a total volume
of 50 wL of 0.05 M Tris-HCI buffer, pH 7.3, at 37°C for 30 min,
or with a mixture of heparinase and heparitinase (2 mIU each)
in a total volume of 50 pL of acetate-NaOH buffer, pH 7.0,
containing 10 mM Ca(OAc), at 37°C for 2 h. The digests were
labeled with a fluorophore 2AB and analyzed by HPLC on an
amine-bound silica column as reported previously (Kinoshita
and Sugahara 1999).

Gel filtration chromatography of Xenopus GAGs

To determine the chain length of polysaccharides, the Xenopus
GAG fraction was analyzed by gel filtration HPLC on a column
(10 x 300 mm) of Superdex 200 eluted with 0.2 M ammonium
bicarbonate at a flow rate of 0.4 mL min~!. Fractions were
collected at 2.0 min intervals, lyophilized, and digested with
chondroitinase ABC or a mixture of heparinase and hepariti-
nase. The digests were derivatized with 2AB, and then analyzed
by HPLC on an amine-bound PA-03 column (Kinoshita and
Sugahara 1999).

Preparation of biotinylated Xenopus GAGs

Xenopus GAG fractions were biotinylated as previously reported
for heparin and CS-E preparations (Deepa et al. 2002). The
weight ratio of GAGs to biotin-LC-hydrazide and 1-ethyl-3-
[3-dimethylaminopropyl]carbodiimide hydrochloride reagents
was approximately 3:1:1.
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Growth factor-binding assays using a BIAcore system

Real-time analysis of the interactions of growth factors with
biotinylated Xenopus GAG fractions or their digests with
GAG lyases was performed with a BIAcore™ J biosensor
(BIAcore AB, Uppsala, Sweden). A streptavidin-coated sensor
chip was used to immobilize the biotinylated samples. Compa-
rable amounts of samples were used for immobilization. The
injection of biotinylated samples onto the sensor’s surface was
controlled to obtain a response of 320-570 resonance units (RU).
BIAcore J uses a dual-channel flow and detection system so that
one channel may be used as an in-line reference for sample anal-
ysis, to enhance the specificity of analyte detection. The princi-
ple of an in-line reference cell is that the sample cell is prepared
with a ligand, to which the analyte binds, whereas the reference
cell is either left unmodified or coated with a protein, to which
the analyte does not bind. Subtracting the reference from the
sample response thus gives the ligand-specific response. For the
analysis of Xenopus—HS-specific interactions, the reference cell
was prepared with biotinylated Xenopus GAG fractions treated
with a mixture of heparinase and heparitinase. For the analysis
of Xenopus—CS/DS-specific interactions, the sample cell was
prepared with biotinylated Xenopus GAG fractions treated with
a mixture of heparinase and heparitinase, and the correspond-
ing reference cell was immobilized with the double digests of
biotinylated Xenopus GAG fractions with chondroitinase ABC
as well as a mixture of heparinase and heparitinase. The con-
ditions for the kinetic analysis were the same as those reported
previously (Deepa et al. 2004; Bao et al. 2005). The kinetic
parameters, namely the association rate constant (k,), the dis-
sociation rate constant (ky;), and the equilibrium dissociation
constant (K,), were calculated wth BIAevaluation 3.1 software
(BIAcore AB, Uppsala, Sweden) using a 1:1 binding model with
mass transfer.

An interaction study using GAG in surface measurement al-
ways has an issue of rebinding which prevent calculating the
intrinsic k; values (Sadir et al. 1998). When measuring the bind-
ing of a protein factor to whole GAG chains, the protein may
dissociate from one site on a chain and then rebind further along
the chain. Such rebinding may artifactually reduce the measured
value. Thus, it should be noted that some of the measurements
shown in Figures 5 and 6 might be suffering from rebinding.
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Supplementary data for this article is available online at
http://glycob.oxfordjournals.org/.
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