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Abstract

Structural details of keratan sulfate (KS) glycosaminoglycan, isolated from early-metamor-
phosing larvae (leptocephali) of bonefish (A4/bula sp.), are described. Bonefish KS was analyzed by
first hydrolyzing the purified compound with KS endo-g-galactosidase (keratanase) from Pseudo-
monas spp., and then examining the resulting oligosaccharides with reversed-phase high-
performance liquid chromatography (HPLC) and 'H and !3C nuclear magnetic resonance (NMR)
spectroscopy at 400 MHz. Spectral analyses were performed by COSY and HMQC. The results
showed that a single oligosaccharide was produced whose structure is consistent with that of a
tetrasaccharide containing two, g-linked, N-acetyllactosamine units. Enzymic evidence indicated
that the internal galactose of the tetrasaccharide was O-sulfated at C-6, and that the reducing-end
galactose was unsulfated. Spectral data for C-1 of the two galactose residues were consistent with
the proposed sulfation pattern. In addition, spectral evidence confirmed that a C-6 on one of the
sugars was sulfated; this sulfate was tentatively assigned to the internal galactose. Chemical studies
have shown that an additional suifate group is present, but its assignment could not be confirmed,
owing to the complexity of the spectral data. The known specificities of keratanase, and the pro-
duction of a single tetrasaccharide, however, require that the additional sulfate reside on C-6 of
either of the two available N-acetylglucosamine (GlcNAc) moieties, and that it cannot alternate
between the two. The inability of g-N-acetylglucosaminidase from beef kidney to liberate GIcNAc
from the tetrasaccharide provided preliminary support for the view that this sulfate is located on
the nonreducing-end GlcNAc. We conclude that the native, high molecular weight (M, = 55,000)
KS polymer from bonefish larvae consists of a disulfated disaccharide alternating with an unsul-
fated disaccharide in the adjacent N-acetyllactosamine unit, with this pattern repeating itself in a
regular fashion along most, or all, of the chain. This structure could provide an explanation for the
ability of bonefish KS chains to self-associate into dimers. Although the N-acetyllactosamine
repeat is characteristic of KS in general, the sulfation pattern is different from that postulated for
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the well-characterized KS chains of lower molecular weight obtained from mammalian cornea and
cartilage. An additional difference was the inability to demonstrate sialic acid in bonefish KS.

© 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Keratan sulfate (KS) glycosaminoglycan is
formed of repeating units of —3)-B-D-galactose
(1—4)-N-acetyl-g-p-glucosamine-(1—  that are
usually O-sulfated at C-6 of one or both of the
component sugars [1-3]. Although possessing the
same N-acetyllactosamine repeating unit, KS
chains isolated from mammalian cornea (KS I) and
cartilage (KS II) show several basic differences,
mainly in the content of minor sugars (e.g., galac-
tosamine) and type of linkage to proteoglycan core
protein [4,5]. In addition, KS I chains are normally
larger (M, = 7000-26,000) [6,7] than those of KS II
(M, < 6000) [8]. For both KS I and II, structural
studies also indicate heterogeneity in sulfate com-
position, resulting in regions of unsulfated, mono-
sulfated and disulfated disaccharide repeats [8,9]. It
has been postulated that disulfated disaccharides
predominate at the nonreducing end of the chain,
with one or two unsulfated disaccharides located at
the attachment region to the protein core [8,9].

KS has been identified as the predominate gly-
cosaminoglycan in the gelatinous body matrix of
early-metamorphosing bonefish (4/bula sp.) larvae
(leptocephali), where it accounts for about 6% of
the total larval dry weight [10]. A unique feature of
bonefish KS is its apparent use as an endogenous
source of energy during metamorphosis, the first
vertebrate glycosaminoglycan thought to function
as a storage polysaccharide [10,11]. Although its
biochemical composition is similar to mammalian
KS I[12,13], bonefish KS shows several character-
istics not seen in KS T and KS II. The average
molecular weight of the bonefish KS chains is
much higher (M, ~55,000), and these chains
appear to self-associate forming a dimer of
M.~ 100,000 as judged by Sepharose CL-6B
molecular-exclusion  chromatography  profiles
under associative conditions [12]. Keratan sulfate
endo-p-galactosidase from Pseudomonas spp.
(=keratanase) degrades these chains, with the
breakdown products eluting as a single symme-
trical peak close to the total volume of the column
(Kav = 0.94), suggesting the formation of a single

homogeneous oligosaccharide. This was confirmed
by thin-layer chromatography (TLC) where the
relative amount of the single oligosaccharide was
seen to increase with time of keratanase incubation
[12]. Mild acid hydrolysis of the isolated oligo-
saccharide, followed by TLC, indicated that it was
composed of at least four sugar units, but its pre-
cise size was not determined. These results are in
contrast to those obtained on bovine and porcine
corneal KS, where keratanase digestion produces a
series of oligosaccharides of different sizes
[9,12,14], suggesting that bonefish KS differs in
sulfation pattern.

Keratanase cleaves the 8-(1—4)-glycosidic link-
age between galactose and GlcNAc in KS but is
inactive when the galactosyl residue is O-sulfated
at C-6 [14]. There is evidence that the enzyme also
requires that at least one of the GlcNAc residues
on either side of the bond that is hydrolyzed be O-
sulfated at position 6 [15,16]. Larval bonefish KS
possesses about one sulfate residue per N-acet-
yllactosamine unit [12]. With this information, the
sulfation pattern of the native KS polymer can be
deduced once the nature of the keratanase-derived
oligosaccharide has been established.

In this paper, 'H and '*C NMR analyses of the
keratanase-produced oligosaccharide from bone-
fish KS is reported. The postulated sulfation pat-
tern of the native KS polymer reveals a sequence of
disulfated disaccharide alternating with unsulfated
disaccharide that is repeated in a regular fashion
along most of the chain. This sulfation pattern,
which may be related to its novel storage function,
provides a basis for explaining the ability of free
KS chains from bonefish larvae to self-associate.

2. Results and discussion

Reversed-phase high-performance liquid chro-
matography (HPLC) of keratanase digests of pur-
ified bonefish KS (C4 and C;3 columns; UV
[220nm] detection; acetonitrile-water [90:10 or
50:50] mobile phase), revealed the presence of a
single major peak (not shown). The HPLC data
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supported our earlier conclusion, based on mole-
cular-exclusion chromatography and TLC [12],
that the main product of keratanase digestion is a
single oligosaccharide. NMR analyses of the oli-
gosaccharide confirmed that it was composed of a
tetrasaccharide (1; shown as the o anomer).

Fig. 1 shows the portion of the '"H NMR spec-
trum of the keratanase digest that was particularly
informative in elucidating the structure of 1. The
'H NMR spectrum of the main peak recovered
after reversed-phase HPLC (not shown) was iden-
tical to that shown in Fig. 1. The informative
regions of the '3C NMR spectrum are described
below, but the spectrum is not illustrated.

The partial assignments deduced from both the
'H and "C NMR spectra of 1 are shown in
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Table 1. The presence of two GleNACc residues was
confirmed in the 13C NMR spectrum by two clean
signals at 56 ppm (56.84 and 56.86 ppm), which are
distinct from the other carbons and which corre-
spond to C-2 of glucosamine [17]. Signals in the
13C NMR spectrum for the two corresponding
carbonyl groups (176.22 and 176.24 ppm) of the
acetyl side chain of GlcNAc also were observed.
Two additional, but smaller, sets of peaks for car-
bonyl and methyl groups of acetyl moieties were
observed, and these remain unassigned. Of the four
strong signals assigned to anomeric carbons, two
were distinct (93.6 and 97.7 ppm); the remaining
two overlapped at 103.8 and 103.9 ppm.

Each of the anomeric carbons was correlated to
the anomeric hydrogens through the HMQC
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Fig. 1. Portion of the '"H NMR spectrum at 400 MHz and 25 °C of the tetrasaccharide produced by keratanase treatment of
bonefish keratan sulfate. Signal abbreviations are I, H-1 of reducing-end galactose (Gal-1) in anomeric forms « (Ia) and 8 (Ib); II,
H-1 of internal g-galactose (Gal-3); ITT, H-1 of 8-GlcNAc residues 2 and 4; IV, H-6 (one of two) of the carbon tentatively assigned

to Gal-3.
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spectrum (Fig. 2); the coupling constants described
below are also given in Table 1. The peak at 93.6
correlated to 5.1 ppm (d, J 3.6 Hz) and 97.7 corre-
lated to 4.4ppm (d, J 8.0Hz). The overlapping
peaks at 103.8/103.9 correlated to 4.4 (d, J 7.2 Hz),
4.5 (d, J 8.0Hz) and 4.6 ppm (d, J 8.4 Hz). As the

Table 1
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tetrasaccharide obtained after keratanase digestion
was analyzed in a non-reduced form, the reducing-
end, unsulfated galactose should exhibit both «
and B anomeric forms [18]. The '*C chemical shifts
at 93.6 and 97.7 ppm, and their respective coupling
constants, are consistent with unsulfated «- and 8-

Partial assignments for '*C and '"H NMR chemical shifts for tetrasaccharide (1)

Residue and ring position

Chemical shift (ppm)

Coupling constant (Hz)

13C IH
GIcNAc-4 (nonreducing end)
1 103.8/103.9 4.4/4.6 d, /8.0/84
2 56.84/56.86
CH; 23.500/23.507 1.89/1.90
CO 176.22/176.24
Gal-3
1 103.8/103.9 44 d,J72
6 ~69 4.2 (6,6') dd, 2, 11.2
GIcNAc-2
I 103.8/103.9 4.5/4.6 d, J 8.0/84
2 56.84/56.86
CH; 23.500/23.507 1.89/1.90
CO 176.22/176.24
Gal-1 (reducing end)
1 (e anomer) 93.6 5.1 d, J 3.6
d, /8.0

1 (8 anomer)

97.7
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Fig. 2. Details of the two-dimensional HMQC spectrum of the keratanase-derived tetrasaccharide of bonefish keratan sulfate.
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galactopyranose [19]. The chemical shifts at 103.8/
103.9 and 4.4 ppm in the '*C and 'H spectra, and
the corresponding coupling constant, are con-
sistent with C-1 of a sulfated, B-linked internal
galactose [20]. The other two correlations at 103.8/
103.9 (J 8.0 and 8.4 Hz) are assigned to C-1 of the
two glucosamines. We assumed that the two
anomeric carbons of each glucosamine would have
similar chemical shifts in the '3C and 'H spectra,
and this was confirmed. The coupling constants
implied a tetrasaccharide with three g-glycosidic
links. The H-2 of the reducing-end a-galactose can
be assigned to a location in the 'H spectrum from
correlation of the anomeric H in the COSY spec-
trum (Fig. 3); it was, however, buried in the region
from 3.5 to 3.7 ppm. A pair of doublets at 4.2 ppm
(/ 2, 11.2Hz) appeared to correspond to one
hydrogen of a methylene (at a C-6 position) of one
of the sugars. The coupling values indicated a
coupling to the other methylene H at C-6, and to
H-5. These values are consistent with the Karplus
correlation and the geometry about the C-5/C-6
position [21]. The pair of doublets correlated to a
carbon at ~69ppm (Fig. 2). This value is larger
than a typical C-6 of either a free (unsulfated) glu-
cosamine or galactose (about 62ppm for each).

This would indicate that this particular H is asso-
ciated with a C-6 methylene that bears a sulfate
group, tentatively assigned to the internal galactose.
Our partial assignments for 'H chemical shifts are
in general agreement with those seen at 500 MHz
for a similar, B-linked, trisulfated tetrasaccharide
obtained from KS I [18].

The spectral data confirm an earlier suggestion
that the oligosaccharide produced by keratanase
treatment of bonefish KS was composed of at least
four sugars units [12]. In addition to showing
approximately equimolar amounts of galactose
and GlcNAc, chemical analyses show about one
sulfate group per hexosamine [12], indicating that
each tetrasaccharide should have two sulfate
groups. We were, however, only able to detect one
of these; the presence of the second sulfate group
could not be confirmed due to the complexity of
the spectral data resulting from the presence of
both nonreducing-end and internal GlcNAc resi-
dues, and reducing-end and internal galactosyl
residues.

Because keratanase is unable to cleave the g-
glycosidic linkage when galactose is O-sulfated at
C-6 [14], the internal galactose must bear a sulfate
group, and the reducing-end galactose must be
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Fig. 3. Details of the two-dimensional COSY spectrum of the keratanase-derived tetrasaccharide of bonefish keratan sulfate.




122 M. Peria et al./Carbohydrate Research 309 (1998) 117-124

unsulfated, in order for a tetrasaccharide to be
produced. Therefore, only two possibilities exist
for assigning the remaining sulfate; it must reside
on C-6 of the GIcNACc either immediately preceding
(a) or following (b) the sulfated galactose as
shown.

(a) B-D-GIcNACc6S-(1—3)-8-D-Gal6S-(1—4)-8-
D-GIcNAc-(1—3)-p-Gal

(b) B-D-GlcNAc-(1—3)-8-p-Gal6S-(1—4)-8-D-
GIecNACc6S-(1—3)-p-Gal

We attempted to distinguish between these two
possibilities by incubating the tetrasaccharide with
bovine kidney B-N-acetylglucosaminidase (EC
3.2.1.52; from Sigma Chemical Co., St. Louis, MO)
for 90 min at 37 °C and then analyzing the diges-
tion mixture by TLC. No free GIcNAc or 6-O-sul-
foGIcNAc was detected. If the nonreducing
GIcNAc was unsulfated as in (b), it would have
been liberated. The inability to produce free 6-O-
sulfoGlcNAc suggests that, unlike one form of the
enzyme [22], the B-N-acetylglucosaminidase used
here cannot hydrolyze the g-glycosidic linkage if
GlcNAc is O-sulfated. These results support tetra-
saccharide (a), shown also in 1. We feel, however,
that the evidence for the assignment for the second
sulfate is still preliminary and requires confirmation.

Either tetrasaccharide (a) or (b), however, satis-
fies the requirement for GIcNAc sulfation at C-6
on either side of the bond hydrolyzed [15], but
because keratanase digestion apparently vyields
only a single class of oligosaccharide, the position
of the sulfated GIcNAc must be fixed and cannot
vary along the chain. Any alternation of sulfated
GlcNAc would, after keratanase treatment, result
in oligosaccharides of different sizes. This implies
that the sulfation pattern of the intact KS polymer
consists of a disulfated disaccharide alternating
with an unsulfated disaccharide in the adjacent N-
acetyllactosamine unit, with this pattern repeating
itself in a regular fashion along the most, or all, of
the chain (Fig. 4). Based on the molecular weights
of the intact polymer and the tetrasaccharide, the
average number of tetrasaccharide repeats is esti-
mated at about 50. This sulfation pattern differs
dramatically from that postulated for mammalian
KS I and KS II [8,9,16]. The regular, alternating
sequence of unsulfated regions may provide
appropriate contact zones for noncovalent interac-
tions between free KS chains, providing a possible
explanation for the ability of these chains to self-
associate [12].
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Fig. 4. Schematic representation of a portion of the postu-
lated structure of keratan sulfate from bonefish larvae
demonstrating the tetrasaccharide repeats obtained after ker-
atanase digestion (arrows indicate B-glycosidic linkage
attacked by keratanase) and the regular, repeating sequence of
negative charges along the backbone of the polymer. Solid
squares = GlcNAc; open squares= galactose; negative char-
ge =O-sulfate linked to C-6 of corresponding hexose.

KS also has been isolated from other non-mam-
malian sources, including adult fish (Pacific mack-
erel) skin [23]. Although biochemical composition
of larval bonefish and mackerel skin KS is very
similar [12,23], with identical sulfate contents,
mackerel skin KS shows a molecular weight profile
and heterogeneity in sulfate composition typical of
corneal KS [8,9]. Although the nature of the link-
age of bonefish KS chains to core protein of the
proteoglycan [12] has not been determined, the
almost complete absence of galactosamine [13]
strongly suggests an N-linkage to an asparagine
residue, typical of KS 1 and mackerel skin KS.
Both mannose and fucose are postulated to reside
near the core protein linkage region in KS I [8],
and minor amounts of these two sugars are found
in bonefish KS [13]. N-acetylneuraminic acid (sialic
acid) is also found in both KS I and KS II [8,24].
The C-3 carbon of sialic acid and its two hydrogens
show characteristic chemical shifts in both the 'H
and '*C NMR spectra [25,26], which we did not
observe during spectral analyses of the keratanase-
derived tetrasaccharide of bonefish KS. Commer-
cial keratanase from the same source as used here
sometimes contains sialidase activity [24]. Sialidase
contamination of keratanase will degrade sialic
acid in oligosaccharides derived from KS II [16],
suggesting that this may have occurred in our
experiments. We failed, however, to detect sialic
acid in purified bonefish KS using the thiobarbi-
turic acid procedure [27].

3. Experimental

Keratan sulfate extraction and purification—KS
was extracted from whole-body homogenates of
early-metamorphosing larvae (leptocephali) of
bonefish (4/bula sp.) using a preparative extraction
described previously [12]. In this procedure, larval
homogenates are first treated with protease (Sigma
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type II1 from papaya) for 72h, followed by treat-
ment with 10% trichloroacetic acid and low-speed
centrifugation to remove precipitated protein. The
supernatant is then treated with 1.25 volumes
ethanol/1% sodium acetate which produces a pre-
cipitate consisting of chondroitin sulfate and
undersulfated chondroitin  sulfate [28]. The
remaining supernatant is made to 3 volumes etha-
nol/1% sodium acetate which produces a pre-
cipitate of keratan sulfate peptidoglycan. KS was
isolated by centrifugation, washed twice with 80%
ethanol, dissolved in water and lyophilized.

Preparation of keratan sulfate oligosacchar-
ides.—Purified KS was dissolved in 0.05 M Tris-
HCl (pH 8.0) at a concentration of 11-
38mgxmL~!. Keratanase (EC 3.2.1.103; from
Pseudomonas spp.; Sigma) was then added (0.02-
0.08 units of keratanase per mg KS), and the solu-
tion was incubated for 24 h at 37 °C. The reaction
mixture was heated for 5min at 100 °C to stop the
reaction and then centrifuged. The supernatant
fraction containing the KS oligosaccharides was
recovered and lyophilized.

'H and 3C NMR analyses.—About 90-100mg
of oligosaccharide was dissolved in 6 mL of
99.98% atom-% D,O (Cambridge Isotopes) and
lyophilized. The procedure was repeated eight
times to completely exchange the hydrogens of the
hydroxyl functional groups with deuterium. The
material was isolated as a hygroscopic white pow-
der. The oligosaccharide was dissolved in 1.5mL of
D,O and examined by high-field 'H and '*C NMR
on a Varian 400 MHz NMR Spectrometer at 25 °C.
Chemical shifts were referenced to the methyl
groups of the N-acetyl chains of GicNAc (1.9 ppm
'H and 23.50ppm '}C) [17]. Two-dimensional
COSY and HMQC spectra were obtained using
software provided by the manufacturer.
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