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Structural characterization of glycosaminoglycans remains a
challenge but is essential for determining structure–function
relationships between glycosaminoglycans and the biomol-
ecules with which they interact and for gaining insight into the
biosynthesis of glycosaminoglycans. We have recently reported
that xyloside-primed chondroitin/dermatan sulfate derived
from a human breast carcinoma cell line, HCC70, has cytotoxic
effects and shown that it differs in disaccharide composition
from nontoxic chondroitin/dermatan sulfate derived from a
human breast fibroblast cell line, CCD-1095Sk. To further
investigate the structural requirements for the cytotoxic effect,
we developed a novel LC–MS/MS approach based on reversed-
phase dibutylamine ion-pairing chromatography and negative-
mode higher-energy collision dissociation and used it in combi-
nation with cell growth studies and disaccharide fingerprinting.
This strategy enabled detailed structural characterization of
linkage regions, internal oligosaccharides, and nonreducing
ends, revealing not only differences between xyloside-primed
chondroitin/dermatan sulfate from HCC70 cells and CCD-
1095Sk cells, but also sialylation of the linkage region and
previously undescribed methylation and sulfation of the
nonreducing ends. Although the xyloside-primed chondroi-
tin/dermatan sulfate from HCC70 cells was less complex in
terms of presence and distribution of iduronic acid than that
from CCD-1095Sk cells, both glucuronic acid and iduronic
acid appeared to be essential for the cytotoxic effect. Our data
have moved us one step closer to understanding the structure
of the cytotoxic chondroitin/dermatan sulfate from HCC70
cells primed on xylosides and demonstrate the suitability of

the LC–MS/MS approach for structural characterization of
glycosaminoglycans.

Glycosaminoglycans(GAGs)3 arecomplex linearpolysaccha-
rides important in many cellular processes, both in health and
disease (1–5). They are commonly linked to a core protein
as part of a proteoglycan and are produced by virtually all
mammalian cells. Chondroitin/dermatan sulfate (CS/DS) and
heparan sulfate (HS) are the two major classes of GAGs com-
posed of repeating N-hexosamine (HexNAc; N-acetylgalac-
tosamine (GalNAc) or N-acetylglucosamine (GlcNAc))
and hexuronic acid units (HexUA or UA; glucuronic acid
(GlcUA) or iduronic acid (IdoUA)): [-3GalNAc�1–4GlcUA�1-]
in CS, [-3GalNAc�1-4IdoUA�1-] in DS, and [-4GlcNAc�1-
4GlcUA�1/IdoUA�1-] in HS (Fig. 1A) (1, 6). Notably, DS is
commonly found as CS/DS copolymers with varying propor-
tions of IdoUA-containing disaccharide units.

The biosynthesis of both CS/DS and HS is initiated by the
attachment of xylose (Xyl) to a serine residue of a core protein,
followed by stepwise assembly of a common linkage region
tetrasaccharide [-4GlcUA�1–3Gal�1–3Gal�1– 4Xyl�1-]. The
linkage region can be modified by sulfation (7, 8), phosphory-
lation (9), and as recently shown, also by sialylation and fucosy-
lation (Fig. 1A) (10). The phosphorylation is involved in the
regulation of the GAG chain elongation during biosynthesis
(11), but the functional roles of the other modifications are as
yet unknown. The critical addition of GalNAc or GlcNAc to the
linkage region tetrasaccharide directs the biosynthesis to either
CS/DS or HS, respectively. Further extension of the GAG
chains is mediated by class-specific GAG polymerases generat-
ing the carbohydrate backbone, epimerases converting GlcUA
to IdoUA, N-deacetylases/N-sulfotransferases (HS only), and
O-sulfotransferases adding sulfates at position 2 of GlcUA and
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IdoUA in both CS/DS and HS, at positions 4 and 6 of GalNAc in
CS/DS, and at position 6 and, more rarely, at position 3 of
GlcNAc in HS (Fig. 1A). GAGs are commonly extensively mod-
ified and extended to a total length of dp50 – dp200 (dp; degree
of polymerization, i.e. the number of monosaccharide resi-
dues), corresponding to 25–100 kDa in size (12).

Accumulating data indicate that specific sulfation and epi-
merization patterns are required for a number of GAG–protein
interactions (13). However, because of the size and heterogene-
ity of GAGs, structural characterization has proven to be par-
ticularly difficult. Disaccharide fingerprinting, entailing enzy-
matic GAG degradation, disaccharide labeling, and detection
by HPLC or LC–MS/MS, is a common analytical approach used
to obtain an overview of the sulfation pattern of the GAGs
expressed by a certain cell type or tissue (14 –17). For GAG
sequencing, various mass spectrometric approaches represent
promising methods (18 –22). The challenges associated with
these approaches include LC–MS/MS compatible chromatog-
raphy, alkali adduct formation, in-source sulfate loss, and com-
plex data analysis, although progress to minimize and circum-
vent these issues have been made during the past few years
(23–25). The field is moving fast forward, yet only a few suc-
cessful attempts of sequencing intact GAGs have been reported
(26 –28). Thus, novel LC–MS/MS approaches with improved
separation, capacity, sensitivity, specificity and higher mass
accuracy, in addition to more efficient bioinformatics tools are
needed.

The cellular assembly of GAG chains onto core proteins can
be perturbed by a group of compounds called �-D-xylopyrano-
sides or xylosides in short, comprising a Xyl in �-linkage to an
aglycon (29, 30). They can act as acceptor substrates for GAG
biosynthesis, thereby inducing the formation and secretion of
xyloside-primed GAGs and concurrently inhibiting the forma-
tion of GAGs on core proteins. The xyloside concentration,
type of xyloside, and cell type have been shown to influence the
amount and composition of the GAGs produced (31–35), but
detailed knowledge about the structure of xyloside-primed
GAGs is lacking. We have recently reported a cytotoxic effect of
CS/DS derived from human breast carcinoma cells, HCC70,
primed on either 2-naphthyl �-D-xylopyranoside (XylNap,
Fig. 1B) or 2-(6-hydroxynaphthyl) �-D-xylopyranoside (Xyl-
NapOH, Fig. 1B), and shown that the effect can be inhibited by
the corresponding HS primed on XylNap (34). Moreover, the
XylNap- and XylNapOH-primed CS/DS was shown to differ in
disaccharide composition when compared with the noncyto-
toxic XylNap- and XylNapOH-primed CS/DS derived from a
human breast fibroblast cell line, CCD-1095Sk, indicating that
the detailed structures of these CS/DS GAGs are important for
the cytotoxic effect.

To further investigate the structural requirements for the
cytotoxic effect, we have here developed a novel LC–MS/MS
approach based on reversed-phase dibutylamine ion-pairing
chromatography and negative-mode higher-energy collision
dissociation (HCD), and we used it in combination with disac-
charide fingerprinting and cell growth studies. Our approach
enabled us to, in one single LC–MS/MS run, characterize inter-
nal disaccharides, oligosaccharides, linkage regions, and nonre-
ducing ends (NREs) of CS/DS from HCC70 cells and CCD-

1095Sk cells primed on XylNap generated after degradation
with established GAG-degrading enzymes.

Results

Both GlcUA- and IdoUA-containing structures are important
for the cytotoxic effect of XylNap-primed CS/DS from
HCC70 cells

To investigate whether the cytotoxic effect of XylNap-
primed CS/DS from HCC70 cells could be linked specifically to
GlcUA- or IdoUA-containing structures of the CS/DS, Xyl-
Nap-primed GAGs were isolated from culture media of HCC70
cells after treatment with 100 �M XylNap and degraded enzy-
matically. Chondroitinase ABC and heparinase II and III cleave
CS/DS and HS, respectively, to disaccharides and linkage
regions (36, 37). Chondroitinase AC-I and -II, however, cleave
at GlcUA in CS/DS, whereas chondroitinase B cleaves at IdoUA
in CS/DS, generating disaccharides, oligosaccharides (dp3–
dp10), polysaccharides (�dp10), and linkage regions depend-
ing on the distribution of GlcUA and IdoUA in the GAG chain
(Fig. 1A) (37). The XylNap-primed GAGs were degraded using
mixtures of heparinase II and III and chondroitinase AC-I and
-II or heparinase II and III and chondroitinase B before they
were used to treat HCC70 cells. Their effects were compared
with those of XylNap-primed GAGs degraded with heparinase
II and III alone or with a mixture of heparinase II and III and
chondroitinase ABC.

Treatment of HCC70 cells with heparinase II- and III-de-
graded XylNap-primed GAGs resulted in a growth-reducing
effect, with an IC50 value of 6 �g/ml (Fig. 2). This was in accord-
ance with previously published data (34), where we showed that
the growth reduction was mediated by induction of apoptosis
and the effect was thereby concluded to be cytotoxic. In this
study, the XylNap-primed GAGs degraded with a mixture of
heparinase II and III and chondroitinase ABC were found to
lack a distinct effect on the cell growth, indicating that the disac-
charides and linkage region-containing structures obtained
after this degradation were nontoxic. The XylNap-primed
GAGs degraded both with the mixture of heparinase II and III
and chondroitinase AC-I and -II, and the mixture of heparinase
II and III and chondroitinase B, in contrast, had growth-reduc-
ing effects on the HCC70 cells, corresponding to IC50 values of
�9 �g/ml in each case (Fig. 2). This suggests that both GlcUA-
and IdoUA-containing structures are important for the cyto-
toxic effect of the XylNap-primed CS/DS from HCC70 cells.

XylNap-primed GAGs from HCC70 cells and CCD-1095Sk cells
differ in CS/DS and HS proportions and disaccharide
composition

As an initial step in the structural characterization of the
xyloside-primed GAGs, disaccharide fingerprinting using
HPLC was performed. Xyloside-primed GAGs were isolated
from culture media of HCC70 cells and CCD-1095Sk cells after
incubation with 100 �M XylNap or XylNap deuterated in the
naphthyl moiety (2-naphthyl-1,3,4,5,6,7,8-d7) �-D-xylopyrano-
side (XylNap-d7). XylNap-d7-primed GAGs were included to
enable relative quantification of linkage region structures us-
ing the LC–MS/MS approach. The XylNap- and XylNap-d7-
primed GAGs were degraded using heparinase II and III, chon-
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droitinase ABC, chondroitinase AC-I and -II, or chondroitinase
B, and these samples were used throughout the study unless
otherwise stated. Because the enzymes cleave between HexNAc
and UA through an eliminative mechanism resulting in 4,5-
unsaturated UA (�UA) disaccharide units, discrimination
between terminal and internal structures was possible. Disac-
charide fingerprinting was performed as described under
“Experimental procedures,” and the relative proportions of HS
and CS/DS were calculated based on the data (see Equation
2–5), including the relative proportions of IdoUA present in
blocks and as alternating or single IdoUA-containing disaccha-
ride units.

The XylNap-primed GAGs from both HCC70 cells and
CCD-1095Sk cells were primarily composed of CS/DS (69 and
98%, respectively) (Fig. 3A). The xyloside-primed CS/DS from
HCC70 cells corresponded to 11% of IdoUA-containing disac-

charide units (7% in blocks and 4% as alternating or single ones)
(Fig. 3A). The disaccharides generated after chondroitinase
ABC degradation were �UA-GalNAc,6S (63%), �UA-
GalNAc,4S (30%), �UA-GalNAc,4S,6S (5%), �UA-GalNAc
(2%), and �UA,2S-GalNAc,6S (�1%) (Fig. 3B). In contrast, the
XylNap-primed CS/DS from CCD-1095Sk cells corresponded
to 42% of IdoUA-containing disaccharide units (27% in blocks
and 15% as alternating or single ones) (Fig. 3A), and the disac-
charides generated after chondroitinase ABC degradation were
�UA-GalNAc,4S (59%), �UA-GalNAc,6S (30%), �UA,2S-
GalNAc,6S (5%), �UA,2S-GalNAc,4S (4%), �UA-GalNAc
(1%), and �UA-GalNAc,4S,6S (1%) (Fig. 3C). The combined
disaccharide proportions obtained after chondroitinase AC-I
and -II and chondroitinase B degradation did not completely
correspond to that obtained after the chondroitinase ABC deg-
radation. After chondroitinase AC-I and -II and chondroitinase
B degradation, 7% of the XylNap-primed CS/DS from HCC70
cells (�UA-GalNAc,4S and �UA-GalNAc,4S,6S disaccharide
units) and 28% of the XylNap-primed CS/DS from CCD-
1095Sk cells (�UA-GalNAc,4S, �UA,2S-GalNAc,6S, and
�UA-GalNAc,6S disaccharide units) were lacking from the
proportion of disaccharides obtained after chondroitinase ABC
degradation (Fig. 3, B and C). This suggests that XylNap-
primed CS/DS from both cell lines contains IdoUA distributed
as alternating or single disaccharide units, which may be found
as oligosaccharides (dp4 or larger) after chondroitinase AC-I
and -II and chondroitinase B degradation. The GlcUA and
IdoUA proportions and disaccharide composition of XylNap-
d7-primed CS/DS was similar to those of the XylNap-primed
CS/DS (summarized in Tables S1 and S2).

Taken together, disaccharide fingerprinting of XylNap-
primed GAGs from HCC70 cells and CCD-1095Sk cells
showed that the relative proportions of CS/DS and HS and the
specific disaccharide composition of CS/DS differed substan-
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tially between the two cell lines. In particular, the lower propor-
tion of IdoUA and disulfated disaccharides in XylNap-primed
CS/DS from HCC70 cells suggests the presence of less complex
structures than in the XylNap-primed CS/DS from CCD-
1095Sk cells.

XylNap-primed CS/DS from HCC70 cells and CCD-1095Sk cells
differs not only in disaccharide composition but also in
linkage region modifications

To study the structure of the XylNap-primed GAGs from
HCC70 cells and CCD-1095Sk cells in more detail, the nonla-
beled GAG products generated after the different enzymatic
degradations were subjected to LC–MS/MS. The LC step was
inspired by Kuberan et al. (38) and comprised reversed-phase
ion-pairing chromatography on a C18 column with dibutyl-
amine as the ion-pairing agent. Dibutylamine was used to
enable glycan separation, circumvent metal ion adduct forma-
tion, and improve the ionization (38, 39). The MS/MS setup
was developed from our previous work on glycopeptides (10,
40) adapted to GAGs. Because of the highly anionic nature of
GAGs, negative-mode was chosen instead of positive mode,
and fragmentation was performed using HCD at the normal-
ized collision energy of 80%. At this energy level, high inten-
sity glycosidic and cross-ring fragment ions were generated
(Fig. S1).

Commercially available unsaturated CS/DS disaccharide
standards showed limited separation on the LC level but dis-

tinct MS2 fragmentation patterns, allowing for discrimina-
tion between the different variants (Fig. 4, A–F). The frag-
ment ion at m/z 300.04, corresponding to [HexNAc �
sulfate]	, dominated for �UA-GalNAc,4S, whereas the frag-
ment ion at m/z 282.03, corresponding to [HexNAc � sul-
fate 	 H2O]	, dominated for �UA-GalNAc,6S (Fig. 4, B and
C) (18, 41). In addition, the fragmentation patterns of the
disulfated�UA,2S-GalNAc,4Sand�UA,2S-GalNAc,6Sdisac-
charides both displayed a diagnostic ion at m/z 236.97, cor-
responding to [�UA � sulfate 	 H2O]	, and a relatively high
intensity fragment ion at m/z 157.01, corresponding to
[�UA 	 H2O]	 (Fig. 4, E and F).

For the chondroitinase ABC-degraded XylNap-primed
GAGs from both cell lines (Fig. 4, G and J), the base peak chro-
matograms displayed three major peaks eluting at 18, 20 –21,
and 40 – 48 min, corresponding to monosulfated disaccharides,
disulfated disaccharides, and linkage region oligosaccharides,
respectively. The average fragmentation pattern of the mono-
sulfated disaccharides of the XylNap-primed GAGs generated
after chondroitinase ABC degradation showed that they
were composed of co-eluting �UA-GalNAc,4S and �UA-
GalNAc,6S disaccharides in the samples from both cell lines
(Fig. 4, H and K). In accordance with the results from the disac-
charide fingerprinting, �UA-GalNAc,6S dominated in the
sample from HCC70 cells (Fig. 4H), whereas �UA-GalNAc,4S
dominated in the sample from CCD-1095Sk cells (Fig. 4K). Fur-
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thermore, the disulfated disaccharides were identified as pri-
marily �UA-GalNAc,4S,6S in the sample from HCC70 cells
(Fig. 4I) and as a mixture of �UA,2S-GalNAc,4S and �UA,2S-

GalNAc,6S in the sample from CCD-1095Sk cells (Fig. 4L). This
was also in agreement with the disaccharide fingerprinting
data.
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The linkage region oligosaccharides in the samples from
both cell lines appeared as broad tailoring peaks in the chro-
matograms (Fig. 4, G and J), from which [M 	 2H]2	 precursor
ions at m/z 567.66, m/z 607.64, and m/z 647.62 corresponded to
an unsulfated hexasaccharide (L6; Table 1), a monosulfated
hexasaccharide (L6S1; Fig. 5, A and B), and a disulfated hexasa-
ccharide (L6S2; Fig. 5, C and D), respectively. In addition, a
precursor ion at m/z 753.19 [2	] was detected, corresponding
to a monosulfated hexasaccharide carrying N-acetylneur-
aminic acid (Neu5Ac; L6S1SA1; Fig. 5, E and F) as indicated by
the presence of a diagnostic ion derived from the Neu5Ac res-
idue (m/z 290.09). The position of Neu5Ac was not assigned
due to lack of diagnostic ions. The presence of fragment ions at
m/z 282.03 and m/z 300.04 for the monosulfated hexasaccha-
rides indicated that the sulfate group was located on the Gal-
NAc residue (Fig. 5, A, B, E, and F). Similarly, one of the sulfate
groups of the disulfated hexasaccharide was assigned to the
GalNAc residue (Fig. 5, C and D), whereas the second sulfate
was assigned to one of the Gal residues. The ratio of m/z 282.03

to m/z 300.04 was roughly constant for the linkage region vari-
ants from HCC70 cells; m/z 282.03 was consistently dominat-
ing, suggesting that the GalNAc was primarily sulfated at posi-
tion 6. In contrast, the ratio differed between the linkage region
variants from CCD-1095Sk cells going from an equal relative
abundance for L6S1 toward a dominating m/z 282.03 for L6S2.
This suggests that the linkage regions were sulfated either at
position 4 or 6 and that the position differed between the link-
age region variants and between HCC70 cells and CCD-1095Sk
cells.

To quantify the relative abundances of the linkage region
variants, the chondroitinase ABC-degraded XylNap (light)-
and XylNap-d7 (heavy)-primed GAGs from HCC70 cells and
CCD-1095Sk cells were mixed in equal amounts and analyzed
by LC–MS/MS. Extracted ion chromatograms were generated
for the different linkage region variants, L6, L6S1, L6S2,
and L6S1SA1, and their relative areas were computed (Fig. 5, G
and H). Independently of the order of labeling (light and heavy,
respectively), the results indicated that the Neu5Ac modifica-

Table 1
Summary of oligosaccharides and linkage regions of XylNap-primed GAGs from HCC70 cells and CCD-1095Sk cells identified by LC-MS/MS after
degradation with chondroitinase AC-I and -II (AC), or chondroitinase B (B)

Cell line Degradation enzyme Precursor ion mass Negative charge Glycan compositiona

HCC70 CCD-1095Sk AC; B 458.06 2 dp4S2
HCC70 CCD-1095Sk AC 498.04 2 dp4S3
HCC70 CCD-1095Sk AC 562.61 2 dp4S3b

CCD-1095Sk B 562.61 2 dp4S3b

HCC70 CCD-1095Sk AC; B 458.06 3 dp6S3
HCC70 CCD-1095Sk AC; B 752.17 2 dp6S3b

HCC70 CCD-1095Sk AC 757.22 1 L4
HCC70 CCD-1095Sk AC; B 837.17 1 L4S1
HCC70 CCD-1095Sk AC 523.65 2 L4SA1
HCC70 CCD-1095Sk AC 563.63 2 L4S1SA1
HCC70 B 563.63 2 L4S1SA1
HCC70 CCD-1095Sk AC 567.66 2 L6
HCC70 CCD-1095Sk AC; B 607.64 2 L6S1
HCC70 CCD-1095Sk AC; B 647.61 2 L6S2

CCD-1095Sk B 687.59 2 L6S3
HCC70 CCD-1095Sk AC; B 753.19 2 L6S1SA1
HCC70 AC 793.16 2 L6S2SA1
HCC70 CCD-1095Sk AC; B 797.19 2 L8S1
HCC70 CCD-1095Sk B 837.17 2 L8S2
HCC70 AC 837.17 2 L8S2

CCD-1095Sk B 557.78 3 L8S2
CCD-1095Sk AC; B 941.73 2 L8S3*

HCC70 CCD-1095Sk B 982.72 2 L8S2SA1
HCC70 AC 982.72 2 L8S2SA1

CCD-1095Sk B 986.75 2 L10S1
HCC70 CCD-1095Sk B 1026.73 2 L10S2

CCD-1095Sk B 684.15 3 L10S2
CCD-1095Sk AC 710.80 3 L10S3

HCC70 B 710.80 3 L10S3
HCC70 CCD-1095Sk AC; B 1131.28 2 L10S3b

CCD-1095Sk B 1235.84 2 L10S4b

HCC70 B 807.83 3 L10S3SA1
CCD-1095Sk B 1216.28 2 L12S2
CCD-1095Sk B 810.52 3 L12S2

HCC70 CCD-1095Sk B 837.17 3 L12S3
HCC70 CCD-1095Sk B 1320.84 2 L12S3b

CCD-1095Sk B 647.62 4 L12S4
CCD-1095Sk B 1425.39 2 L12S4b

HCC70 B 906.87 3 L12S4b

HCC70 B 1003.90 3 L12S4SA1b

CCD-1095Sk B 963.54 3 L14S3
HCC70 CCD-1095Sk B 1033.24 3 L14S4b

HCC70 CCD-1095Sk B 1102.95 3 L14S5b

CCD-1095Sk B 1063.26 3 L16S2
CCD-1095Sk B 1159.61 3 L16S4b

CCD-1095Sk B 1229.32 3 L16S5b

HCC70 CCD-1095Sk B 1299.02 3 L16S6b

a Glycans were identified using the algorithm described under “Experimental procedures.” Glycans were ordered according to their glycan compositions and characterized by
their precursor ion masses and net charges. Dp is degree of polymerization; L is linkage region; n is number of repeats; S is sulfate; SA is Neu5Ac.

b These are dibutylamine adducts.
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tion was considerably more abundant in the XylNap-primed
CS/DS from HCC70 cells than in that from CCD-1095Sk cells,
whereas the abundances of the other linkage region variants
were similar between the two cell lines.

To summarize, the disaccharide data obtained using the
LC–MS/MS approach was in agreement with the disaccharide
fingerprinting data, showing differences in sulfation pattern
between the CS/DS from HCC70 cells and CCD-1095Sk cells.
Furthermore, using this approach, the CS/DS linkage regions
were discovered to carry not only sulfate groups but also
Neu5Ac, in particular those from HCC70 cells.

Amount and distribution of GlcUA and IdoUA differ between
the XylNap-primed CS/DS from HCC70 cells and CCD-1095Sk
cells

To better understand the differences between the GAGs
from the two cell lines, the relative amount of CS/DS and the
distribution of GlcUA and IdoUA in CS/DS in the XylNap-
primed GAGs from each cell line were investigated using the
LC–MS/MS approach. This was performed by comparing the
products generated after heparinase II and III, chondroitinase
AC-I and -II, and chondroitinase B degradations (displayed
as total ion chromatograms (TICs) in Fig. 6, A–F). The

Figure 5. Linkage region products generated after chondroitinase ABC degradation of XylNap-primed CS/DS from HCC70 cells and CCD-1095Sk cells.
A–F, average HCD-MS2 spectra of the precursor ions at m/z 607.64 [2	] corresponding to a naphthyl-containing hexasaccharide linkage region modified with
one sulfate group (A and B; L6S1 in Table 1), at m/z 647.62 [2	] corresponding to one with two sulfate groups (C and D; L6S2 in Table 1), and at m/z 753.19 [2	]
corresponding to one carrying one sulfate group and one Neu5Ac residue (E and F; L6S1SA1 in Table 1) from chondroitinase ABC-degraded XylNap-primed
GAGs from HCC70 cells (A, C, and E) and CCD-1095Sk cells (B, D, and F). G and H, relative abundance ratios of precursor ions of the observed linkage region
variants primed on XylNap (light) and XylNap-d7 (heavy) generated after chondroitinase ABC degradation of 1:1 mixed samples from HCC70 cells (red) and
CCD-1095Sk cells (blue). G, HCC70 sample was heavy; H, CCD-1095Sk sample was heavy.
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Figure 6. Total ion chromatograms of enzymatically degraded XylNap-primed GAGs from HCC70 cells and CCD-1095Sk cells and MS1 of intact
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LC–MS/MS identification of the linkage region structures and
internal saccharides generated after chondroitinase AC-I and
-II and chondroitinase B degradation are described below,
and the data are summarized in Table 1.

The TICs of the heparinase II- and III-degraded XylNap-
primed GAGs from HCC70 cells and CCD-1095Sk cells dis-
played one minor peak eluting at 16 –18 min, three minor peaks
eluting at 41– 47 min, and one dominating peak eluting at 50
min (Fig. 6, A and B). The minor peak at 16 –18 min corre-
sponded to HS disaccharides, which were not further explored
in this study. The precursor ion masses of the three minor peaks
eluting at 41– 47 min corresponded to nondegraded, or intact,
XylNap-primed CS/DS of L11 to L19 carrying various numbers
of sulfate groups (Fig. 6, G–I). The major chromatographic
peak at 50 min observed in the samples from both cell lines
contained co-eluting intact XylNap-primed GAGs with a chain
length above L19 (the previously estimated average chain
length is 30 disaccharides (34)), but they were not possible to
resolve further at the precursor ion level. Because intact GAGs
were present as dominating peaks after the heparinase II and III
degradation in both cell lines (Fig. 6, A and B), the majority of
the XylNap-primed GAGs was suggested to be CS/DS, which
was completely in line with the disaccharide fingerprinting
data.

The TICs of the chondroitinase AC-I– and -II– degraded
XylNap-primed GAGs from HCC70 cells and CCD-1095Sk
cells displayed several peaks eluting at 16 – 42 min, in-
dicating complex mixtures of sulfated disaccharides, IdoUA-
containing oligosaccharides, and linkage region structures (Fig.
6, C and D). The virtual absence of intact XylNap-primed GAGs
implies that all CS/DS from both cell lines were susceptible to
chondroitinase AC-I and -II degradation, and therefore con-
tained GlcUA to some extent. The TICs of the chondroitinase
B– degraded XylNap-primed GAGs from HCC70 cells and

CCD-1095Sk cells (Fig. 6, E and F) displayed several peaks elut-
ing at 16 – 47 min, indicating the presence of complex degrada-
tion products, but also a peak eluting at 50 min, possibly corre-
sponding to CS polysaccharides, or near-intact or intact
XylNap-primed CS (compare Fig. 6, E and F with A and B). As
indicated by the relative intensities of the peaks corresponding
to degradation products and CS polysaccharides or intact CS,
respectively, the sample from HCC70 cells, which was com-
posed of only a small proportion of IdoUA, constituted mainly
CS polysaccharides or intact CS GAGs. In contrast, the sample
from CCD-1095Sk cells, which instead was composed of a con-
siderably higher proportion of IdoUA, constituted mainly
CS/DS co-polymeric structures.

To further elucidate the main products of the XylNap-
primed CS/DS from both cell lines generated after chondroiti-
nase AC-I and -II and chondroitinase B degradation, the
LC-MS chromatograms were displayed as base peak chromato-
grams (Fig. 7). The major internal saccharide products gener-
ated after chondroitinase AC-I and -II and chondroitinase B
degradation were identified as di-, tetra-, and hexasaccharides
substituted with 1–3 sulfate groups, respectively (dp2S1–
dp6S3 in Fig. 7), suggesting that the stretches of consecutive
IdoUA- and GlcUA-containing disaccharide units in the CS/DS
are short and primarily alternating or two consecutive units.
Base peak chromatograms differ from TICs by showing only the
most abundant products within a sample; thus, the apparent
absence of larger products (�dp6 and �L10, Fig. 7), such as
those observed at retention times of 40 –50 min in the TICs
(Fig. 6, A, B, E, and F), may be due to their greater heterogeneity.
The double peak of dp2S1 observed in the sample from CCD-
1095Sk cells after chondroitinase B degradation (Fig. 7B) gave
identical MS2 fragmentation spectra, where the first peak cor-
responded to the disaccharide alone, and the second peak cor-
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Figure 7. Base peak chromatograms of chondroitinase AC-I– and -II– degraded and chondroitinase B– degraded XylNap-primed GAGs from HCC70
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responded mainly to an adduct composed of two disaccharides
and one dibutylamine.

The linkage region structures generated after the two enzy-
matic degradations differed; tetrasaccharide linkage regions
were the most abundant products detected after chondroiti-
nase AC-I and -II degradation (L4 in Fig. 7), whereas hexa-,
octa-, and decasaccharide linkage regions substituted with 1–3
sulfates, respectively, were the most abundant products
detected after chondroitinase B degradation (L6S1, L8S2, and
L10S3 in Fig. 7, HCD-MS2 spectra of L6S1 in Fig. 5, A and B).
This indicates that IdoUA is present primarily close to the
reducing end in the CS/DS GAGs from both cell lines, i.e. 1–3
disaccharides away from the linkage region tetrasaccharide.
Interestingly, a distinct chromatographic peak eluting at 35–37
min was observed in the sample from HCC70 cells, but not in
the sample from CCD-1095Sk cells. This peak, with a precursor
ion of m/z 523.65 [2	], was consistent with a tetrasaccharide
linkage region modified with one Neu5Ac residue (L4SA1; Fig.
7A). Thus, the Neu5Ac modification in the linkage region
observed in XylNap-primed CS/DS from HCC70 cells after
chondroitinase ABC degradation described above was con-
firmed with the chondroitinase AC-I and -II degradation.

Taken together, the data showed that the CS/DS co-polymer-
ic structures from both HCC70 cells and CCD-1095Sk cells
contain primarily alternating or two consecutive GlcUA and
IdoUA units. The overall CS/DS from HCC70 cells, which was
composed only to a small proportion of IdoUA, contained
primarily CS polysaccharides or intact XylNap-primed CS,

whereas in the CS/DS from CCD-1095Sk cells, which was com-
posed to a similar degree of IdoUA and GlcUA, the CS/DS
co-polymeric structures were dominating. Furthermore, the
Neu5Ac residue observed in the linkage region of XylNap-
primed CS/DS from HCC70 cells after chondroitinase ABC
degradation was observed also after chondroitinase AC-I and
-II degradation.

Presence of Neu5Ac in the linkage region impacts the structure
of xyloside-primed GAGs

To investigate whether Neu5Ac in the linkage region of xylo-
side-primed CS/DS influenced the biosynthesis and thereby
the structures of xyloside-primed GAGs, XylNapOH-primed
GAGs were isolated from culture media of HCC70 cells and
CCD-1095Sk cells after treatment with or without the general
sialyltransferase inhibitor, 3Fax-peracetyl Neu5Ac (42). In these
experiments, XylNapOH was chosen as primer to verify that
the Neu5Ac modification is not restricted to GAGs primed on
XylNap. Treatment with the inhibitor resulted in the complete
absence of Neu5Ac in the linkage region structures of the Xyl-
NapOH-primed GAGs from both cell lines, as confirmed by MS
(Fig. S2). The most pronounced difference was the reduction in
the chain length of XylNapOH-primed GAGs from HCC70
cells upon sialyltransferase inhibition (Fig. 8A). In contrast, the
XylNapOH-primed GAGs from CCD-1095Sk cells, where the
Neu5Ac modification was much less abundant, did not differ in
chain length upon sialyltransferase inhibition (Fig. 8B). Fur-
thermore, a higher proportion of HS was observed in the Xyl-

Untr
ea

ted

Neu
5A

c 

inh
ib

Untr
ea

ted

Neu
5A

c 

inh
ib

0

10

20

30

%
H

S

HCC70

CCD-1095Sk

UA,2S
-G

alN
Ac,4

S

UA-G
alN

Ac,4
S,6S

UA,2S
-G

alN
Ac,6

S

UA-G
alN

Ac,4
S

UA-G
alN

Ac,6
S

UA-G
alN

Ac
-6

-4

-2

0

2

4

6

Δ
C

S/
D

S
di

sa
cc

ha
rid

e 
co

m
po

si
tio

n 
(%

)

HCC70
CCD-1095Sk

0 20 30 40 50
0.0

5.0×106

1.0×107

1.5×107

Time (min)

F.
I.

Untreated
Neu5Ac 

inhib

V0 Vt

0 20 30 40 50

5.0×106

1.0×107

1.5×107

Time (min)

F.
I.

Untreated
Neu5Ac 
inhib

V0 Vt

A

C D

B

Figure 8. Effects of sialyltransferase inhibition on the structure and composition of XylNap-primed GAGs from HCC70 cells and CCD-1095Sk cells. A
and B, chromatograms from size-exclusion HPLC on two serially coupled G2000SWxl columns of XylNapOH-primed GAGs from HCC70 cells (A) and CCD-1095Sk
cells (B) either untreated (solid line) or treated with the sialyltransferase inhibitor 3Fax-peracetyl Neu5Ac (Neu5Ac inhib; dashed line). F.I., fluorescence intensity.
C, proportion of HS in XylNapOH-primed GAGs from HCC70 cells and CCD-1095Sk cells treated with or without sialyltransferase inhibitor. D, relative differences
in disaccharide composition (%) after chondroitinase ABC degradation between XylNapOH-primed GAGs from HCC70 cells (red) and CCD-1095Sk cells (blue)
treated or untreated with sialyltransferase inhibitor (�disaccharide composition � disaccharide compositionNeu5Ac inhib 	 disaccharide compositionuntreated).
The bars are the means � S.D., where n � 3.

LC–MS/MS of xyloside-primed chondroitin/dermatan sulfate

J. Biol. Chem. (2018) 293(26) 10202–10219 10211

http://www.jbc.org/cgi/content/full/RA118.002971/DC1


NapOH-primed GAGs from HCC70 cells upon inhibition (Fig.
8C; raw data in Table S3), whereas there was little or no differ-
ence in the proportion of HS in the GAGs from CCD-1095Sk
cells. Finally, minor differences due to sialyltransferase inhibi-
tion were observed in the disaccharide composition of the Xyl-
NapOH-primed CS/DS from both HCC70 cells and CCD-
1095Sk cells (Fig. 8D; raw data in Table S4). The proportion of
�UA-GalNAc,4S was lower in the CS/DS lacking the Neu5Ac
modification from both cell lines (�1 and �3% when from
HCC70 cells and CCD-1095Sk cells, respectively). Further-
more, the proportion of �UA-GalNAc,4S,6S was higher in the
XylNapOH-primed CS/DS lacking Neu5Ac from HCC70 cells
(�1%), and the proportion of the �UA-GalNAc,6S was higher
in the XylNapOH-primed CS/DS lacking Neu5Ac from CCD-
1095Sk cells (�3%; Fig. 8D). Taken together, the data indicate
that a Neu5Ac modification in the linkage region of CS/DS
indeed had an impact on the biosynthesis of XylNapOH-
primed GAGs.

Terminal nonreducing ends of XylNap-primed GAGs from
HCC70 cells and CCD-1095Sk cells contain cell-specific and
novel modifications

To identify terminal NRE structures, the LC–MS/MS data
analyses of products obtained after chondroitinase ABC degra-
dation were extended by searching for fragment ions at m/z
282.03 and m/z 300.04, diagnostic for sulfated GalNAc residues
(18). This resulted in the identification of several spectra that
deviated from the HCD-MS2 spectra of the available disaccha-
ride standards, and manual interpretation of the spectra dem-
onstrated precursor ions and fragmentation patterns that were
annotated as terminal mono- and disaccharides. However,
because of the lack of appropriate standards, the position of the
sulfate on GalNAc could not be assigned. Common for the sam-
ples from both HCC70 cells and CCD-1095Sk cells, terminal
NREs were identified as a 4,6-disulfated GalNAc residue (Fig.
9A) and a saturated GlcUA bound to a sulfated GalNAc residue
(Fig. 9B). Interestingly, in addition to these two previously
described NRE products (43–45), a precursor ion at m/z 490.09
[1	] was detected consistent with a methylated saturated
GlcUA bound to a sulfated GalNAc residue, as indicated by
diagnostic ions at m/z 189.04 and m/z 207.05 (Fig. 9C).

To our knowledge, methylation of mammalian-derived gly-
cans has not previously been observed, and therefore, verifica-
tion of the observed methylation was also performed biochem-
ically. XylNap-primed GAGs were isolated from HCC70 cells
and CCD-1095Sk cells treated with and without [3H]methyl-
methionine, and the amount of radioactivity in the XylNap-
primed GAGs was determined. In both cell lines, there was a
distinct amount of radioactivity in the XylNap-primed GAGs
from the cells treated with [3H]methyl-methionine compared
with the GAGs from the untreated cells (Fig. 9D), not only con-
firming the LC–MS/MS data but also suggesting the general
methyl donor S-adenosylmethionine as the donor for this
modification.

In addition to the above described NREs, a precursor ion at
m/z 556.03 [1	] was detected in the XylNap-primed CS/DS
from HCC70 cells after chondroitinase AC-I and -II degrada-
tion. Its fragmentation pattern was consistent with a sulfated

saturated GlcUA bound to a sulfated GalNAc residue, as indi-
cated by the presence of a diagnostic ion at m/z 254.98 corre-
sponding to [GlcUA � sulfate-H2O]	 (Fig. 9E). Such modifica-
tion has not previously been observed in the NRE of GAGs
extended beyond the linkage region tetrasaccharide (46).

Discussion

We have recently shown a cytotoxic effect of CS/DS from a
human breast carcinoma cell line, HCC70, primed on XylNap
or XylNapOH, and linked the effect to the GAG structure, as
the disaccharide composition differed from that of nontoxic
CS/DS from a human breast fibroblast cell line, CCD-1095Sk,
primed on the same xylosides (34). Here, by using a novel
LC–MS/MS approach, we have in detail characterized the link-
age region structures, internal saccharides, and NREs of the
CS/DS from HCC70 cells and CCD-1095Sk cells primed on
XylNap. The aim was to, in one single LC–MS/MS run, identify
qualitative differences in the structures of the CS/DS from
these cells and, as for traditional disaccharide analysis, exploit
the efficiency and cleavage specificities of available GAG deg-
radation enzymes to generate classes of defined products. To
acquire the reversed-phase chromatographic separation and
improve ionization of the glycan products, dibutylamine was
used as a ion-pairing agent (38). This strategy enabled separa-
tion of glycan products ranging from dp2S1 and dp2S2 to L19S7
(Figs. 6 and 7). Similar separation capacities using reversed-
phase ion-pairing chromatography have been demonstrated for
heparosan and heparin, but without performing MS/MS of the
glycan products (38, 47). For the MS/MS analysis, we used neg-
ative-mode HCD on an Orbitrap spectrometer to accomplish
high mass accuracies of precursor and fragment ions, which
provided excellent fragmentation spectra (Figs. 4, 5, and 9).
Thus, HCD appears suitable not only for detailed characteriza-
tion of linkage regions on glycopeptides, as shown previously
(10, 40), but also for GAGs. The presence of the xyloside agly-
con made it straightforward to identify linkage region struc-
tures, including cell-specific sulfate and Neu5Ac modifications.
Because the MS/MS analyses were run in negative mode, the
efficiency of the method to identify single glycan products
depends on the presence of negative charges provided by sulfate
and carboxyl groups. Quantitative estimation and comparison
of the samples were performed with caution, because there are
currently no oligosaccharide or linkage region standards avail-
able. Optimized LC separation and additional standards are
also required for identification of longer structures (�L19) and
characterization of oligosaccharides with sulfate groups at var-
ious positions and different mixtures of GlcUA and IdoUA
(�dp2 and �L6). Nevertheless, a substantial number of CS/DS
oligosaccharides were identified using the LC–MS/MS
approach, providing information about structural differences
between XylNap-primed CS/DS from HCC70 cells and CCD-
1095Sk cells.

In this study, we showed that although CS/DS was dominat-
ing the GAGs from both HCC70 cells and CCD-1095Sk cells
primed on XylNap, the presence and distribution of GlcUA and
IdoUA differed markedly between the CS/DS from the two cell
lines. In accordance with the disaccharide fingerprinting data,
the MS data showed that the proportion of IdoUA was low in
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the CS/DS from HCC70 cells, whereas GlcUA and IdoUA were
in similar proportions in the CS/DS from CCD-1095Sk cells.
Based on the base peak chromatograms (Fig. 7), the CS/DS

co-polymeric structures from HCC70 cells appeared limited in
length, as the dominating products after chondroitinase B deg-
radation were linkage region variants rather than internal sac-
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charides (Fig. 10A). In the samples from CCD-1095Sk cells,
however, there was a balance in the relative abundances
between the internal saccharide structures and the linkage
region structures suggesting that the CS/DS co-polymeric
structures may be longer than those from HCC70 cells (Fig. 10).
The TICs displayed that in addition to internal saccharides up
to dp6 and linkage region structures up to L10, the samples
degraded with chondroitinase B, in particular that from HCC70
cells, contained larger products corresponding to CS polysac-
charides and/or intact XylNap-primed CS. Based on our previ-
ous publication (34), the average length of the CS/DS from the
two cell lines was shown to be similar. Thus, the CS/DS from
HCC70 cells may contain shorter CS/DS co-polymeric struc-
tures extended with CS polysaccharides (Fig. 10). In the CS/DS
from both cell lines, the internal saccharides generated after
chondroitinase AC-I and -II and chondroitinase B degradation
were hexasaccharides or shorter, implying that the distribution
of the IdoUA- and GlcUA-containing disaccharide units were
primarily different combinations of two consecutive units and

alternating units throughout the co-polymeric chain (Fig. 10).
IdoUA was primarily detected 1–3 disaccharides away from
the linkage region tetrasaccharide in the CS/DS from both
cell lines, indicating that IdoUA tends to be formed close to
the linkage region in this type of CS/DS. Although less abun-
dant, additional linkage region variants were detected (Table
1), indicating that the CS/DS is heterogeneous. Both the
disaccharide fingerprinting and LC–MS/MS provided de-
tailed data on the disaccharide composition; nevertheless, an
estimation of the sulfation pattern along the GAG chains
requires additional studies. Taken together, future investi-
gations will focus on further details in the characterization of
these complex GAGs.

The modifications in the linkage region of GAGs have been
suggested to influence the GAG structure (48). However, the
mechanisms directing the biosynthesis toward HS, CS/DS, or
CS formation have not yet been well-established. In accordance
with previously published data on proteoglycan-derived CS/DS
(10), the linkage region structures observed in XylNap-primed
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GAGs from HCC70 cells and CCD-1095Sk cells were nonsul-
fated or sulfated to a varying degree. The sulfate group at the
first GalNAc was not limited to position 4 as suggested previ-
ously for bikunin and decorin (26, 27), rather the opposite; in
general, sulfation at position 6 was dominating. However, dif-
ferences between HCC70 cells and CCD-1095Sk cells were
observed, which may be related to differences in their CS/DS
structures. In addition to sulfated linkage region variants, we
discovered linkage region variants modified with a Neu5Ac res-
idue. The Neu5Ac modification was clearly observed in the
linkage region structures of CS/DS from HCC70 cells after deg-
radation with chondroitinase ABC or AC-I and -II but not after
degradation with chondroitinase B, suggesting that the modifi-
cation may be associated with certain CS structures. Thus, the
lower proportion and indicated distribution of GlcUA in the
CS/DS from CCD-1095Sk cells may explain the difference in
the proportion of Neu5Ac between the CS/DS from the two
cell lines. Interestingly, sialyltransferase inhibition influ-
enced the GAG structure in more than one way; the most
pronounced impact was on the chain lengths of the GAGs
from HCC70 cells, which were shorter in the absence of
Neu5Ac. There are a few reports of Neu5Ac modifications in
GAGs (10, 11, 49 –52); however, whether Neu5Ac in the
linkage region could influence the formation of CS or CS/DS
remains to be elucidated, as well as identification of the
transferase or transferases responsible for the sialylation and
the impact of Neu5Ac in the linkage region on the biosyn-
thesis of proteoglycan-derived GAGs.

Although little is known about GAG termination, it is not
unreasonable that different terminal NREs may be related to
certain structures or chain lengths. In addition to previously
reported terminal NREs (43–45), a methylated GlcUA bound to
a sulfated GalNAc residue was identified in CS/DS from both
cells. Methylation has previously not been observed in glycans
from mammalian cells, but based on our present results we
speculate that it may serve as a mechanism for termination of
GAG elongation. Whether proteoglycan-derived GAGs can be
methylated in a corresponding manner remains to be eluci-
dated. However, as xyloside stimulation of cultured cells tends
to generate considerably higher amounts of GAGs than origi-
nally produced (30, 34, 53), methylation may be more abundant
in xyloside-primed GAGs than in proteoglycan-derived GAGs.
In line with this, there are examples of modifications, such as
�-GalNAc-capping and Neu5Ac-capping, which were initially
discovered in xyloside-primed oligosaccharides but later also in
proteoglycan-derived GAGs (49, 54). A terminal sulfated
GlcUA linked to a sulfated GalNAc residue was observed the
CS/DS from HCC70 cells after chondroitinase AC-I and -II
degradation. It was not possible to assign the position of the
sulfate group on GlcUA; however, human natural killer-1 sul-
fotransferase (HNK-1ST), the enzyme responsible for the 3-O-
sulfation of the truncated linkage region of �-thrombomodulin,
may be involved (55). Although terminal 3-O-sulfation of
GlcUA in mammals has hitherto only been observed in this
context, it is noteworthy that recombinant HNK-1ST has
shown activity also toward the terminal GlcUA residues in
chondroitin of various lengths.

The cytotoxic effect of CS/DS from HCC70 cells primed on
XylNap appeared to be dependent on both GlcUA and IdoUA,
because the CS/DS degraded with either chondroitinase AC-I
and -II or chondroitinase B had a growth-reducing effect on
HCC70 cells, although not as explicit as that of the nonde-
graded CS/DS. The disaccharides and linkage region structures
generated after heparinase II and III and chondroitinase ABC
degradation did not have any effect on cell growth, implying
that saccharides larger than disaccharides and/or the linkage
region structures larger than hexasaccharides are required for a
growth-reducing effect. Mere structural complexity did not
appear as a prerequisite for the cytotoxic effect, as the CS/DS
from HCC70 cells was less complex than that from CCD-
1095Sk cells; the CS/DS from HCC70 cells had lower propor-
tions of IdoUA and disulfated disaccharides and a different dis-
tribution of IdoUA than the CS/DS from CCD-1095Sk cells.
Although the modifications of the linkage regions and terminal
NREs themselves may not be responsible for the cytotoxic
effect, they may be associated with a specific substructure that
is responsible for the effect. In addition to the differences in
presence and distribution of GlcUA and IdoUA in the CS/DS
from the two cell lines, both the disaccharide fingerprinting and
the MS analyses revealed differences in the sulfation patterns
of the CS/DS. This may also be crucial for the cytotoxic effect of
the CS/DS from HCC70 cells. To obtain a better understanding
of the structure–function relationship and to which extent the
cytotoxic effect applies to many types of cancer cells, future
studies will in parallel with further structural characterization
of the GAGs focus on specific interactions between the GAGs
and proteins.

In conclusion, we have shown that GlcUA and IdoUA are
both required for the cytotoxic effect on HCC70 cells of CS/DS
from HCC70 cells primed on XylNap. Furthermore, using a
novel LC–MS/MS approach, we have identified possible candi-
dates for the cytotoxic effect, including internal saccharides
(tetra- and hexasaccharides) and linkage region structures
(octa- to decasaccharides). The XylNap-primed CS/DS from
HCC70 cells appeared structurally less complex and diverse
than the CS/DS from CCD-1095Sk cells, suggesting that mere
structural complexity or diversity was not essential for the cyto-
toxic effect. Detailed characterization of the modifications of
the CS/DS from the two cell lines revealed both shared and
cell-specific modifications, some previously observed in pro-
teoglycan-derived GAGs and others previously undescribed.
Although the LC–MS/MS approach still needs some optimiza-
tion as well as bioinformatic development for handling all of the
spectral data, it appears as a promising method for structural
characterization of GAGs.

Experimental procedures

Xylosides

(2-Naphthyl-1,3,4,5,6,7,8-d7) �-D-xylopyranoside 1,2,3,4-
tetra-O-acetyl-�-D-xylopyranose (158 mg, 0.50 mmol) was
added to CH2Cl2 (6 ml) under N2 while stirring. 2-Naphthol-
1,3,4,5,6,7,8-d7 (50 mg, 0.33 mmol) and Et3N (0.023 ml, 0.17
mmol) were added, followed by BF3�OEt2 (0.082 ml, 0.66
mmol). After 50 min, NaHCO3 (saturated aqueous solution)
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was added to quench the reaction. The aqueous phase was
extracted three times with CH2Cl2, and the combined organic
phases were washed with brine and concentrated in vacuo. The
residue was purified by chromatography. The crude product
(134 mg) was dissolved in NaOMe/MeOH (20 ml, 0.05 M). After
1.5 h, the reaction mixture was neutralized with AcOH and
concentrated in vacuo. The crude product was purified by chro-
matography to give (2-naphthyl-1,3,4,5,6,7,8-d7) �-D-xylopyra-
noside (56 mg, 0.025 mmol, 60% over two steps). 1H NMR was
(CD3OD) as follows: � 8.55 (s, 0.06H, Ar-H), 7.79 (s, 0.06H,
Ar-H), 7.42 (s, 0.44H, Ar-H), 5.03 (d, 1H, J � 7.1 Hz, H-1), 3.97
(dd, 1H, J � 11.4, 5.4 Hz, H-5), 3.64 –3.56 (m, 1H, H-4), 3.53–
3.41 (m, 3H, H-2, H-3, H-5). 13C NMR (CD3OD) was as follows:
� 156.6, 135.7, 131.1, 111.8, 102.9, 77.7, 74.8, 71.1, 67.0 Optical
rotation was: [�]D

20 	29 (c 1.0, MeOH). 2-Naphthyl �-D-xylopy-
ranoside and 2-(6-hydroxynaphthyl) �-D-xylopyranoside were
synthesized as described previously (32, 33).

Isolation of xyloside-primed GAGs

The procedure has been described previously (34). Briefly,
HCC70 cells and CCD-1095Sk cells cultured in T75 flasks to
70% confluence were pre-incubated in serum-free DME/F-12
medium (Sigma) for 24 h and then treated with 100 �M xyloside
in fresh medium. After 48 h of incubation, the media were col-
lected and subjected to ion-exchange chromatography and
hydrophobic interaction chromatography. The GAGs were
precipitated and further purified by size-exclusion HPLC using
a Superose 12 HR 10/30 column (GE Healthcare). The xyloside-
primed GAGs were collected based on fluorescence, freeze-
dried, and quantified using the 1,9-dimethylmethylene blue
method (56).

Enzymatic degradation of GAGs for cell growth assay,
disaccharide fingerprinting, and LC–MS/MS

Approximately 10 �g of XylNap- and XylNap-d7-primed
GAGs were degraded using either chondroitinase ABC (EC
4.2.2.20) (Seikagaku), chondroitinase AC-I and -II (EC 4.2.2.5)
(Seikagaku), chondroitinase B (EC 4.2.2.19) (R&D Systems),
or heparinase II (no EC number) and heparinase III (EC
4.2.2.8) (from Flavobacterium heparinum overexpressed in
Escherichia coli, a gift from Prof. Jian Liu, University of
North Carolina). Chondroitinase ABC degradations were
performed in 100 �l of 50 mM NH4OAc, pH 8.0, containing
100 milliunits of enzyme at 37 °C for 16 h. Chondroitinase
AC-I and -II degradations were performed in 100 �l of 50
mM NH4OAc, pH 8.0, containing 10 milliunits of each
enzyme at 37 °C for 16 h. Chondroitinase B degradations
were performed in 100 �l of 50 mM NH4OAc, 4 mM CaCl2,
pH 7.4, containing 50 milliunits of enzyme at 37 °C for 16 h.
Heparinase II and III degradations were performed in 100 �l
of 50 mM NH4OAc, 4 mM CaCl2, pH 7.4, containing 50 mil-
liunits of each enzyme at 37 °C for 16 h. After degradation,
the samples were boiled for 10 min and centrifuged at
10,000 
 g before the supernatants were dried by centrifugal
evaporation. Commercially available CS A, CS B, and hepa-
rin (all from Sigma) were included as controls.

Cell growth determination using the crystal violet method

The procedure has been described previously (34, 57).
Briefly, HCC70 cells were dissociated and seeded in 96-well
plates at plating densities of 5000 cells/well. After 24 h of plat-
ing, the cells were allowed to grow in DME/F-12 medium sup-
plemented with increasing concentrations of XylNap-primed
GAGs degraded using either heparinase II and III, heparinase II
and III and chondroitinase ABC, heparinase II and III and chon-
droitinase AC-I and -II, or heparinase II and III and chondroitinase
B. The completion of each degradation was verified by disaccha-
ride fingerprinting. Untreated cells and blanks only containing
medium were included as well as a plate containing the number of
cells at the time for the initiation of the experiment (day 0). After
96 h of incubation, the cell density was measured using the crystal
violet method, and the relative cell number (in % of untreated
(UT)) was calculated according to Equation 1,

Relative cell number (% of UT) �

100 �
�Abssample 	 Absblanksample� 	 �Absday 0 	 Absblankday 0�

�AbsUT 	 AbsblankUT� � �Absday 0 	 Absblankday 0�
(Eq. 1)

where the Abs is absorbance (in absorbance units). The inhib-
itory concentrations of the GAGs are expressed as IC50 values
and calculated after Boltzmann sigmoidal fitting (applied when
effect was observed) or linear fitting (applied when no effect was
observed) to the data points.

Disaccharide fingerprinting

The procedure has been described previously (34, 58). The
disaccharides generated as described above were labeled with
2-aminoacridone and separated on an XBridge BEH Shield
RP18 (2.1 
 100 mm, 2.5 �m) column (Waters). Identification
and quantification were performed using disaccharide stan-
dards (Iduron) subjected to the corresponding labeling and sep-
aration. HS and CS/DS proportions were calculated using
Equations 2–5, also described in Ref. 34)

%HS � � mheparinase I�II

�mheparinase I�II � mchondroitinase ABC�
� � 100

(Eq. 2)

%CS/DSIdoUA_ChB �

� mchondroitinase B

�mheparinase I�II � mchondroitinase ABC�
� � 100 (Eq. 3)

%CS/DSIdoUA_Alt/single �

100 � �mchondroitinase ABC 	 �mchondroitinase ACI�II � mchondroitinase B�

2 � �mheparinase II�III � mchondroitinase ABC�
�

(Eq. 4)

%CS/DSGlcUA �

100 � %HS � %CS/DSIdoUA_ChB � %CS/DSIdoUA_Alt/single (Eq. 5)

where m is mass (in nanograms) calculated based on the disac-
charide data after degradation with the indicated enzymes, and

LC–MS/MS of xyloside-primed chondroitin/dermatan sulfate

10216 J. Biol. Chem. (2018) 293(26) 10202–10219



CS/DSIdoUA_ChB and CS/DSIdoUA_Alt/single correspond to the
proportion of IdoUA in blocks and IdoUA as alternating or
single disaccharide units, respectively. Equation 3 and 4 were
generated based on the cleavage sites of chondroitinase B and
chondroitinase AC-I and -II (37). All equations are based on the
assumption that the degradations have gone to completion.

LC–MS/MS analysis

LC–MS/MS setup, inspired by Kuberan et al. (38), consisted
of the Dionex Ultimate 3000 RS chromatography system (Ther-
moFisher Scientific, Germering, Germany) equipped with the
in-house–made flow split and coupled to an Orbitrap Elite
mass spectrometer (ThermoFisher Scientific, Bremen, Ger-
many). Glacial AcOH (for analysis) and LC-MS grade MeOH
were purchased from Merck (Darmstadt, Germany), HPLC-
grade di-n-butylamine was purchased from Acros Organics
(Geel, Belgium). Water was deionized.

Dried samples were reconstituted in 30 �l of H2O. Two to six
�l of the sample was injected onto the Acquity BEH C18 col-
umn (300-Å pore size, 1.7-�m particle size, 300 �m 
 150 mm
column dimensions) purchased from Waters. Solvent A was 5
mM di-n-butylamine and 8 mM AcOH in H2O; solvent B was 5
mM di-n-butylamine and 8 mM AcOH in 70% MEOH. All meth-
ods used stepwise isocratic elution at �2 �l/min flow on col-
umn. To separate the whole range of the digested and intact
XylNap-primed GAGs, the products were eluted at 100% A for
13 min, at 30% B for 15 min, then at 60% B for 10 min, and at
100% B for 19 min.

The electrospray source was operated in negative ionization
mode at 3.5 kV. Precursor ion mass spectra were recorded at
60 – 000 resolution in the m/z range 350 –2000. The 10 most
intense precursor ions were selected with an isolation window
of 5.0 Thomsons without a dynamic exclusion, fragmented
using HCD at the normalized collision energy of 80%, and
the MS2 spectra were recorded at a resolution of 15,000 with the
first mass 100; precursors with unassigned charge states were
rejected. The MS data for the disaccharides and chondroitinase
ABC-degraded samples have been deposited to the Pro-
teomeXchange Consortium via the PRIDE (59) partner repos-
itory with the dataset identifier PXD009652.

The following combinatorial algorithm was introduced into
SweetNET (24) to estimate the glycan composition of deconvo-
luted single charged MS1 peaks.

1) For each peak, the running mass, mrunning, was set to
the following two values: (a) for linkage regions: mrunning �
mXylNap/XylNapOH � (mHex 
 2) � mUA; (b) for internal frag-
ments: mrunning � mHexNAc � mUA, where mXylNap/XylNapOH is
the mass of one XylNap or XylNapOH residue; mHex is the mass
of one hexose residue; mUA is the mass of one UA residue; and
mHexNAc is the mass of one HexNAc residue.

The following steps were performed for both mrunning values.
2) The �mass (�m) was calculated as the difference be-

tween total precursor mass, mtotal and mrunning: �m � mtotal 	
mrunning. 3) Given that �m � 0, the mass of the following com-
ponents were added to mrunning one by one in a combinatorial
fashion using nested loops: sulfate, hexose, UA, HexNAc,
Neu5Ac, adducts. 4) After each step in the loop, the values of
mrunning and subsequently �m were updated to accommodate

the newly added residues. 5) New compositions were written
only when running mass became equal to the total precursor
mass within the tolerance value of 0.01 Da.

The list of new compositions was manually scrutinized to
output only the logically possible combinations.

Sialyltransferase inhibition

HCC70 cells and CCD-1095Sk cells cultured in T75 flasks to
60% confluence were treated with or without 100 �M of the
sialyltransferase inhibitor, 3Fax-peracetyl Neu5Ac (Millipore),
in serum-free DME/F-12 medium for 48 h before changing to
fresh medium supplemented with 100 �M XylNapOH and 100
�M 3Fax-peracetyl Neu5Ac and incubating for another 48 h.
The GAGs were isolated and purified as described above. GAG
chain length determination was performed by size-exclusion
HPLC using a TSKgel G2000SWxl column (Tosoh) under iso-
cratic conditions (20% MeCN, 80% 60 mM NH4OAc, pH 5.6).
The XylNapOH-primed GAGs were detected by fluorescence.

Incorporation of [3H]methyl-methionine

HCC70 cells and CCD-1095Sk cells were cultured and pre-
incubated as described above, and then treated with or without
[3H]methyl-methionine (PerkinElmer Life Sciences, 10 �Ci/ml
medium) and 100 �M XylNap in fresh medium for 48 h. The
GAGs were isolated and purified as described above. Radio-
activity was determined using a liquid scintillation counter
(PerkinElmer Life Sciences).
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