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Abstract

The zebrafish (Danio rerio) is a popular model organism for the study of developmental biology,
disease mechanisms, and drug discovery. Glycosaminoglycans (GAGSs), located on animal cell
membranes and in the extracellular matrix, are important molecules in cellular communication during
development, in normal physiology and pathophysiology. Vertebrates commonly contain a variety
of GAGs including chondroitin/dermatan sulfates, heparin/heparan sulfate, hyaluronan and keratan
sulfate. Zebrafish might represent an excellent experimental organism to study the biological roles
of GAGs. A recent study showing the absence of heparan sulfate in adult zebrafish, suggested a more
detailed evaluation of the GAGs present in this important model organism needed to be undertaken.
This report aimed at examining the structural alterations of different GAGs at the molecular level at
different developmental stages. GAGs were isolated and purified from zebrafish in different stages
in development ranging from 0.5 days to adult. The content and disaccharide composition of
chondroitin sulfate and heparan sulfate were determined using chemical assays, liquid
chromotography and mass spectrometry. The presence of HS in adult fish was also confirmed
using 1H-NMR.
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Introduction

The zebrafish is a popular model vertebrate organism because of its fecundity, its
morphological and physiological similarity to mammals. The existence of many genomic tools
and the ease with which large, phenotype-based screens can be performed also makes zebrafish
an attractive model. Researchers from disparate fields, including developmental biology,
neuroscience, and cardiovascular research all rely on the zebrafish model and over the past few
years, the research in this area has resulted in a wealth of fundamental information about
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embryonic development and diseases [1-4]. The zebrafish genome has been sequenced and
human disease gene homologs have been identified [5,6]. Zebrafish have also been used at
various stages of the drug discovery process and offers a cost-effective alternative to some
mammalian models [7,8].

The GAGs are long, linear, sulfated, and highly charged heterogeneous polysaccharides that
are involved in numerous biological functions, including organogenesis and growth control,
cell adhesion, signaling, inflammation, tumorigenesis, and interactions with pathogens [9]. A
series of carbohydrate modifying enzymes and sulfotransferases are involved in the
biosynthesis of GAGs. Zebrafish have been used as a vertebrate model organism for study the
biological function of GAGs in different developmental stages through knockout or mutation
of genes encoding the GAG biosynthetic enzymes. GAGs are believed to be essential in many
zebrafish developmental processes, such as gastrulation [10,11], angiogenesis, muscle
development [12], cardiac valve development [13], and axon guidance during embryonic
development [14,15]. HSPG synthesis by zebrafish Ext2 and Extl3, which encode
glycosyltransferases for heparan sulphate biosynthesis, is required for FGF10 signalling during
limb development [16,17]. While many reports clearly indicate the presence of GAGs in
zebrafish, very little is known about GAG structure, especially in the early development stages.
Recently, Souza and coworkers [18] reported that the GAGs in adult fish are primarily
chondroitin sulfate (CS) and keratan sulfate (KS) and that no heparin or heparan sulfate was
detected. These surprising results seem to conflict with previous reports [10,11,16,19]. In light
of the essential role of HS in zebrafish biology, we decided to undertake the detailed structural
analysis of the GAGs at different stages of zebrafish development.

Materials and methods

Materials

Zebrafish

Actinase E was from Kaken Biochemicals (Tokyo, Japan). Chondroitin sulfate, chondroitin
lyases ABC and ACII and heparin lyases 1, 2 and 3 were from Seikagaku (Tokyo, Japan).
Polyacrylamide, urea, CHAPS, alcian blue dye, and tetra-n-butylamonium hydrogen sulfate,
were from Sigma Chemical Company (St. Louis, MO, USA). All other chemicals were of
regent grade. Vivapure MAXI QH columns were from Viva science (Edgewood, NJ, USA).
Unsaturated disaccharides standards of CS/DS (ADi-0S: AUA-GalNAc, ADi-4S: AUA-
GalNAc4S, ADi-6S: AUA-GalNAC6S, ADi-2S: AUA2S-GalNAc, ADi-diSg:AUA2S-
GalNAc4S, ADi-diSp: AUA2S-GalNAC6S, ADi-diSg: AUA-GalNACc4S6S, ADi-triS: AUA2S-
GalNACc4S6S) and unsaturated disaccharides standards of heparin/HS (ADi-0S: AUA-
GIcNAc, ADi-NS: AUA-GICcNS, ADi-6S: AUA-GIcNAC6ES, ADi-2S: AUA2S-GIcNAC,
ADi-2SNS: AUA2S-GIcNS, ADi-NS6S: AUA-GICNS6S, ADi-2S6S: AUA2S-GIcNAC6S,
ADi-triS: AUA2S-GIcNS6S) were obtained from Seikagaku Corporation (Japan).

Zebrafish embryos and adults (3—4 months of age) were raised and maintained at 28.5°C under
a 14-/10-h circadian cycle under standard laboratory conditions [20]. Mixed populations of TL
and wik strain animals were used for all samples. Animals were 12 and 24 h post fertilization
and 5 days post fertilization or retired breeding stock adults.

Isolation and purification of GAGs from zebrafish [21]

Zebrafish samples were crushed with dry ice into very fine homogenized powder using a mortar
and pestle. The homogenized samples (in 5 ml water) were individually subjected to proteolysis
at 55°C with 10% of actinase E (20 mg/ml) for 18 h. After proteolysis, dry urea and dry CHAPS
were added to each sample (2 wt.% in CHAPS and 8 M in urea). Particulates were removed
from the resulting solutions by passing each through a syringe filter containing a 0.22-um
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membrane. A Vivapure MAXI Q H spin column was prepared by equilibrating with 3 ml of 8
M urea containing 2% CHAPS (pH 8.3). The clarified filtered samples were loaded onto and
run through the Vivapure MAXI QH spin columns under centrifugal force (500xg). The
columns were first washed with 3 ml of 8 M urea containing 2% CHAPS at pH 8.3. The columns
were then washed five-times with 5 ml of 200 mM NaCl. GAGs were released from the spin
column by washing three-times with 1 ml of 16% NaCl. Methanol (12 ml) was added to the
GAG solution in sodium chloride to afford an 80 vol% solution and the mixture was
equilibrated at 4°C for 18 h. The resulting precipitate was recovered by centrifugation
(2,500%g) for 15 min. The precipitate was recovered by dissolving in 0.5 ml of water and the
recovered GAGs were stored frozen for further analysis.

Quantification of GAGs by carbazole assay

The isolated GAGs were subjected to carbozole assay [22] to quantify the amount of GAG in
each sample using heparan sulfate as standard. A standard curve of the heparan sulfate gave
the equation y = 17.521x + 0.0023, r2=0.979

Polyacrylamide gel electrophoresis (PAGE) analysis

Polyacrylamide gel electrophoresis (PAGE) was applied to analyze the heparan sulfate and
chondroitin sulfate in the GAG sample from adult fish. To each lane ~5 ug of intact GAG
mixture or GAG mixture treated with heparinase or chondroitinase GAGs was subjected to
electrophoresis against a standard composed of heparin oligosaccharides prepared
enzymatically from bovine lung heparin [23]. The gel was visualized with alcian blue. The gel
was then digitized with UN-Scan-it software (Silk Scientific, Utah, USA) and the average MW
of the GAGs was calculated based on the heparin oligosaccharide standard [23].

Disaccharide composition analysis using LCMS

Enzymatic depolymerization of GAGs: GAG samples (20 ug/5 ul) were incubated with the
chondroitinase ABC (10 m-units) and chondroitinase ACII (5 m-units) at 37°C for 10 h. The
enzymatic products were recovered by the centrifugal filtration (YM-3, 3000 MWCO,
Millipore, Bedford, MA). CS/DS disaccharides, passed through the filter, were freeze-dried
and ready for LC-MS analysis. Next, the heparinase I, Il and 111 (5 mU each) were added into
the remainder and incubated at 37°C for 10 h. The products were again recovered by centrifugal
filtration and the heparin/HS disaccharides were similarly collected and freeze-dried and ready
for LC-MS analysis. The LC-MS analysis was performed on a LC-MS system (Agilent, LC/
MSD trap MS) [24]. Solution A and B for HPLC were 15% and 70% acetonitrile (CH3CN),
respectively, containing the same concentration of 37.5 mM NH4HCO3 and 11.25 mM
tributylamine. The pH values of them were adjusted to 6.5 with acetic acid. The flow rate was
10 pl/min. The separation was performed on a C-18 column (Agilent) using solution A for 20
min, followed by a linear gradient from 20 to 45 min of 0% to 50% solution B. The column
effluent entered the source of the ESI-MS for continuous detection by MS. The electrospray
interface was set in negative ionization mode with the skimmer potential —40.0 V, capillary
exit —120.5 V and a source of temperature of 325°C to obtain maximum abundance of the ions
in a full scan spectra (150-1,500 Da, ten full scans per second). Nitrogen was used as a drying
(5 I/min) and nebulizing gas (20 p.s.i.).

Disaccharide composition analysis using high performance liquid chromatography with
post-column fluorescence detection

Unsaturated disaccharides produced from heparin lyase or chondroitin lyase treatment of
GAGs were also determined by high performance liquid chromatography with post-column
fluorescence detection [25]. A gradient was applied at a flow rate of 1.1 ml/min on a Docosil
column (4.6x150 mm) at 55°C. The eluents used were as follows: A, H,0; B, 0.2 M sodium
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chloride; C, 10 mM tetra-n-butyl ammonium hydrogen sulfate; D, 50% acetonitrile. The
gradient program was as follows: 0-10 min, 1-4% eluent B; 10-11 min, 4-15% eluent B; 11—
20 min, 15-25% eluent B; 20-22 min, 25-53% eluent B; and 22-29 min, 53% eluent B. The
proportions of eluent C and D were constant at 12% and 17%, respectively. To the effluent
were added aqueous 0.5% (w/v) 2-cyanoacetamide solution and 0.25 M NaOH at the same
flow rate of 0.35 ml/min by using a double plunger pump. The mixture passed through a
reaction coil (diameter, 0.5 mm,; length, 10 m) set in a temperature controlled bath at 125°C
and a following cooling coil (diameter, 0.25 mm; length, 3 m). The effluent was monitored
fluorometrically (excitation, 346 nm; emission, 410 nm). The following standard unsaturated
disaccharides from heparin/HS, AUA-GIcNAc, AUA-GIcNS, AUA-GICNAC6S, AUA2S-
GIcNAc, AUA-GICNS6S, AUA2S-GICNS, A UA2S-GIcNAC6S, and AUA2S-GICNS6S were
used to prepare a standard curve for HS analysis. The unsaturated disaccharides from
chondroitin/dermatan sulfate, AUA-GcINAc, AUA2S-GIcNAc, AUA-GalNAc, AUA-
GalNAc4S, AUA-GaINAC6S and AUA-GalNAc4S6S and AUA2S-GalNACc4S6S were used to
prepare a standard curve for chondroitin sulfate analysis.

NMR analysis

After treating the total GAG isolate from zebrafish with chondroitin lyase (to remove the CS),
the heparin/HS was analyzed by IH-NMR spectroscopy to characterize its structure. H-NMR
was performed on Bruker 800 spectrometer with Topsin 2.0 software. Commercial HS (from
porcine intestine, Celsus Co.) and HS (ug) from fish was each dissolved in 0.5 ml D,O
(99.996%, Sigma, Co.) and freeze-dried repeatedly to remove the exchangeable protons. The
samples were re-dissolved in 0.3 ml D,0 and transferred to an NMR tube (Sigma). The
operation conditions for spectra were as follows: frequency, 800 MHz; wobble sweep width,
20 MHz; filter width, 125 KHz; pre-scan delay, 6 ps; transmitter frequency offset, 4.704 ppm;
temperature, 300 K.

Results and discussion

Quantification of GAGs by carbozole assay

Using a simple three-step procedure involving protease digestion, strong-anion-exchange

chromatography on a spin column followed by salt release and methanol precipitation that had
been previously established to quantitatively isolation of heparin from human plasma [21], we
isolated the total GAGs from zebrafish samples. The dry weight of the fish sample and isolated
GAGs were determined and the GAG samples were subjected to carbozole assay to quantify
the amount of GAG in each sample (Table 1). The content of GAG (microgram per gram dry
sample) in the adult fish was an order of magnitude lower than fish of 0.5, 1 and 5 days of age.

Polyacrylamide gel electrophoresis (PAGE) analysis

GAGs isolated from the adult fish were next analyzed by using PAGE with Alcian blue staining
(Fig. 1). PAGE analysis with alcian blue staining confirmed that GAGs were present by a broad
band of expected polydispersity (Fig. 1). After digitizing the gels, the average MW of GAGs
were calculated based on the heparin oligosaccharide standards [23]. The average molecular

weight of GAGs from adult fish was 12.95 kD. PAGE analysis also clearly demonstrated that
GAGs were susceptible to both heparin lyase and chondroitin lyase digestion, demonstrating
that the major GAG in zebrafish is CS/DS.

Disaccharide composition analysis of GAGs

Composition analysis of disaccharides gives important structural information on the GAGs
being analyzed and is an efficient method to measure the variation of structures of GAGs
derived from different fish samples. Heparin/HS GAGs are comprised of eight repeating
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disaccharide sequences. As a result, exhaustive enzymatic digestion of HS can produce up to
eight different unsaturated disaccharides: AUA-GIcNAc, AUA-GIcNS, AUA-GICNAC6S,
AUAZ2S-GIcNAc, AUA-GICNS6S, AUA2S-GICNS, AUA2S-GICNACES, and AUA2S-
GIcNS6S (where AUA is A-deoxy-a-.-threo-hex-4-enopyranosyl uronic acid, GIcN is
glucosamine, Ac is acetyl, S is sulfo). Similarly, CS/DS also is comprised of variable sequences
from which up to 8 disaccharides can be obtained: AUA-GalNAc, AUA-GalNAc4S, AUA-
GalNAC6S, AUA2S-GalNAc, AUA2S-GalNACc4S, AUA2S-GalNAC6S, AUA-GalNAC4S6S,
AUA2S-GalNAc4S6S.

We developed a LC/MS method to analyze the disaccharide composition of GAGs in our lab.
The ion-paring reverse phase capillary HPLC gave good resolution of eight standard heparin/
HS disaccharides (Fig. 2b), their MS spectra were obtained with ESI micro spray MS [24]. In
this disaccharide composition analysis, CS was digested with chondroitin lyases prior to
digestion with heparin lyases. The CS disaccharide analysis results for 5-day and adult fish are
present in Table 2 (the disaccharide was not detectable with the 0.5-day and 1-day fish). It is
noteworthy that in adult fish, there was significantly increase in ADi-4S and ADi-diS (B or D)
while ADi-6S decrease in comparison with the 5-day fish. HS and CS disaccharide analysis
(Fig. 2 and Table 3) showed no detectable disaccharide in 0.5-day and 1-day samples. A
significant decrease in NS6S, 6S and increases in 0S and tri S was observed in adult fish.

To obtain the disaccharide composition in GAGs samples from 0.5-day and 1-day, disaccharide
analysis was performed by using high sensitivity HPLC with post-column fluorescence
detection (Fig. 3). With this method, ADi-6S was detected in the GAGs from 0.5-day fish in
the CS disaccharide analysis. For the HS disaccharide analysis, four types of disaccharides
(AUA-GICcNS, AUA-GIcNAC6S, AUA-GICNS6S, and AUA2S-GIcNS) and one disaccharide
(AUA-GICcNS) were detected in the GAGs from 0.5-day and 1-day samples, respectively. The
results of the disaccharide composition of the GAGs from 5-day and adult are comparable
between this method and LCMS. Apparently the CS and HS disaccharide composition was
different in different age.

HS 1D-1H-NMR spectra

The spectra of commercial standard HS, and HS from fish are shown in Fig. 4. Comparing
assigned peaks HS from fish with HS standard, the 'H-NMR spectra obtained for fish HS shows
a pattern of HS with a higher content of residues containing 2-O-sulfated iduronic acid
(1doA2S) (peaks b, c, e, ), but lower content of GICA residues (peaks d, g, j). Id0A2S was also
observed in the HS/heparin disaccharide composition analysis by LC-MS.

Discussion

Glycosaminoglycans are long, linear heterogeneous chains of charged polysaccharides that
play an important role in mediating cell signaling events important for diverse normal
biological processes such as embryogenesis and organogenesis as well as pathological
processes such as tumorigenesis and inflammation. GAGs are synthesized in the Golgi and
modified by carbohydrate modifying enzymes and sulfotransferases to create domains in the
GAGs, called the fine structure, that are important in modulating GAG function. The zebrafish
has proven to be a useful system in which to study vertebrate development and numerous genes
GAG genes or genes required for the GAG synthesis have been studied in zebrafish
development. While significant effort has been placed in describing the expression pattern of
GAG modifying enzymes, relatively little work has been done to describe the carbohydrate
modifications found during development of the zebrafish model. Indeed it remains
controversial whether HS is present in zebrafish [18,26-28]. To redress this imbalance, we have
performed disaccharide analysis of staged zebrafish embryos, larvae and adults. We find that
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chondroitin sulfate and heparan sulfate modifications are dynamically modulated during
development.

The first result of this study is that both CS and HS disaccharides are present in the zebrafish.
This result is not surprising given that several HSPGs have been demonstrated to be essential
for normal zebrafish development. For example, syndecan-4 is required for neural crest
migration [29] while syndecan-2 is required for angiogenesis. Further, multiple enzymes
required for formation and modification of CS and HS have been identified in zebrafish, their
expression patterns in embryogenesis determined and some are known to be essential for
development. The present work demonstrates that CS and HS are present in the zebrafish during
development and in whole adults. Interestingly, the amount of GAG present as a proportion of
total dry mass of tissue is highest during the first 5 days of development, falling to
approximately an eighth the embryonic and a tenth the larval concentration in adulthood. This
result is consistent with a role of GAGs in playing an essential role in signaling events that
drive development and differentiation.

The second major result of this study is that GAG modification is dynamic during zebrafish
development. Both CS and HS show developmentally regulated changes in disaccharide
composition. CS disaccharide analysis demonstrates that the ADi-6S disaccharide is the only
detectable disaccharide in 0.5-day animals, while 5-day animals have both ADi-4S and ADi-6S.
Adults have additional detectable disaccharides ADi-diSB and ADi-diSD. Other disaccharides
may be present but were below the threshold of detection. HS analysis showed a different
compositional profile during development, having a diverse compaosition at the earliest time
point tested, decreased apparent diversity at 1-day and then increasing diversity at later time
points. The earliest time point disaccharide composition was similar to that observed in the
adult animals which may be consistent with the presence of maternally contributed HS
modification enzymes or maternally contributed HS. Loss of diversity in 1-day old animals
may reflect turn-over of maternally contributed material and de novo synthesis of HS that is
less diverse than in the more mature 5-day old and adult animals.

These changing patterns of GAG modification suggest that these modifications may play an
important role in development. It will be interesting to determine whether there is spatial as
well as temporal regulation of these heterogeneous GAG modifications.
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Fig 1.

PAGE analysis on GAGs isolated from adult zebrafish. Lane 1 shows heparin oligosaccharide
standard where the degree of polymerization (dp) from four (tetrasaccharide) to 14
tetradecasaccharide is labeled. Lane 2 shows the isolated intact GAG mixture. Lane 3
corresponds to the GAG mixture following treatment with an equi-unit mixture of heparin lyase
1, 2, and 3. Lane 4 corresponds to the GAGs treated with an equi-unit mixture of chondroitin
lyase ABC and AC Il
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Fig 2.

Analysis of GAG disaccharides by LC-MS. a lon-pairing chromatography for HS

disaccharides from adult fish. b lon-pairing chromatography for HS disaccharides standard.
Peaks are assigned to 1 ADi-0S, 2 ADi-NS, 3 ADi-6S, 4 ADi-2S, 5 ADi-NS2S, 6 ADi-NS6S,

7 ADIi-2S6S, and 8 ADi-triS
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Fig 3.

Chromatograms of CS and HS disaccharide analysis using high performance liquid

Retention time, min

Page 11

Ql

chromatography with post-column fluorescence detection. a CS at 0.5 day (the chromatogram
magnified 32-fold); b CS at 1 day (the chromatogram magnified 32-fold); ¢ CS at 5 days; d
CS in adult; e HS at 0.5 day (the chromatogram magnified 32-fold); f HS at 1 day (the
chromatogram magnified 32-fold)
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Page 12

1D-'H-NMR spectra of HS samples. A TH-NMR of standard heparan sulfate obtained from
porcine intestine; B 1H-NMR of heparan sulfate from adult fish. a H-1 GIcNAc; b H-1 IdoA2S;
¢ H-5 1doA2S; d H-1 GIcA; e H-2 I1doA2S; f H-3 1doA2S and H-6 GICNS6S or GICNACES;
H-4 1doA2S; g and h H-2 and H-3 GIcNAc, H-6 and H-5 GIcNS or GIcNAc; i H-3 and H-4
GIcNS, GIcNAc, GIcNS6S or GICNACES, j H-2 GIcA; k H-2 GIcNS or GIcNS6S; | CH3 of

acetyl group
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