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Abstract

For simultaneous quantitative analysis of glycosaminoglycans (GAGs), we developed

a method using LC-electrospray ionization-tandem MS (LC-ESI-MS/MS) with a selected

reaction monitoring (SRM) mode. For the first time, we demonstrated the simultaneous

quantification of a total of 17 variously sulfated disaccharides of 4 GAG classes (8

chondroitin/dermatan sulfates, 1 hyaluronic acid, 6 heparan sulfate and 2 keratan sulfate) with

a sensitivity of less than 0.5 pmol within 18 min using this method. By one-shot analysis of

GAGs with our MS/MS method, we showed the differences in the composition of GAG

classes and the sulfation patterns between the porcine articular cartilage and yellow ligament.

In addition to the internal disaccharides described above, some saccharides derived from the

nonreducing terminal were also simultaneously detected. The simultaneous quantification of

both internal and nonreducing terminal saccharides could be useful to estimate the chain

length of GAGs. This method would help establish comprehensive GAGomic analysis of

biological tissues.

Keywords: glycosaminoglycan (GAG), high-sulfated disaccharide, electrospray ionization

(ESI), tandem mass spectrometry (MS/MS), selected reaction monitoring (SRM)
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1. Introduction

The glycosaminoglycans (GAGs) are classified into 4 classes, namely,

chondroitin/dermatan sulfates (CS/DS), hyaluronic acid (HA), heparan sulfate (HS) and

keratan sulfate (KS), based on the repeating disaccharide unit and the glycoside linkage

pattern (Table 1) [1]. Except HA, all GAGs are modified with several sulfate groups at

multiple positions and covalently bind to core proteins as proteoglycans. All GAGs are

constitutively localized to the extracellular matrix of many connective tissues such as

cartilage. Their negative charge provides swelling pressure for visco-elasticity in the tissues.

Age- or disease-related changes in composition of GAG classes, sulfation pattern [2, 3, 4, 5]

and chain length [6, 7] have been reported. For example, CS and HS are recently reported

to have opposite effects on axonal growth in the spinal cord [8]. Furthermore, multiple

classes of GAGs are suggested to play each role in cancer metastasis [9]. Though the

high-sulfated disaccharides are minor components of GAG chains, they have also been

reported to be involved in neurite outgrowth promoting activity [10] and altered in several

diseases [11, 12]. Thus, a fast, accurate, quantitative and comprehensive method that provides

the information of the class, sulfation pattern and chain length of GAGs, is required for basic

and clinical science.



So far the quantitative composition analysis of GAG disaccharides has been done by

UV [13, 14], fluorescence [14, 15] and MS [16]. However, the closely related, but subtly

different structure of GAGs has complicated their detailed and extensive analysis. Among the

“omics” fields such as proteomics, lipidomics and glycomics, MS has been used to identify

and precisely quantify thousands of target molecules from complex biological samples. The

high-throughput molecular profiling approaches have now become indispensable tools for not

only molecular and cellular biology but also clinical medicine. Since the selected reaction

monitoring (SRM) mode on a triple quadrupole MS is a highly sensitive and selective

quantification method and has been previously used for targeted quantitative “omics” [17],

we have tried to introduce our approach to the GAG research field for “GAGomics”. In this

paper, we describe the specific and quantitative one-shot analysis of variously sulfated

saccharides of 4 GAG classes for the first time. With this method, we showed the differences

in the composition of the GAG classes and sulfation patterns between the porcine articular

cartilage and yellow ligament and the estimation of the chain length of cartilage CS.

2. Materials and Methods

2.1. Materials



Standard unsaturated disaccharides of GAGs listed in Table 1, purified GAG chains:

CS type A (CSA), CS type B (CSB), CS type C (CSC) and KS, and GAG degrading

enzymes: chondroitinase ABC, keratanase Il and hyaluronidase SD were purchased from

Seikagaku Biobusiness Corporation (Tokyo, Japan). GaINAc-4S and -6S were from Dextra

Laboratories, Ltd. (Reading, UK). The preparation of two standard disaccharides of KS is

described later. Thermolysin from Bacillus thermoproteolyticus rokko (cat. no. T7902) and

aggrecan were from Sigma-Aldrich. The porcine tissues were obtained from a local

slaughterhouse. Acetonitrile (LC/MS grade) and all other reagents were from Wako Pure

Chemical Industries (Osaka, Japan). A porous graphitized carbon column Hypercarb (particle

size 3 um, column size 2.1 mm x 150 mm) was purchased from Thermo Fisher Scientific Inc.

(MA, USA).

2.2. Measurement of total GAG content

Total GAG content was quantified with 1,9-dimethylmethylene blue (DMMB)

using the Blyscan GAG assay kit (Biocolor Ltd.) [18].

2.3. Extraction of GAGs from the porcine articular cartilage and yellow ligament



The porcine articular cartilage and yellow ligament (6 mg) were completely

solubilized with thermolysin (12 U) at 70 °C overnight in 200 mM ammonium acetate (pH

8.0) containing 5 mM CacCl;, in a total volume of 600 pl, and centrifuged at 20,000 g for 15

min. The supernatant was added to 9 times the volume of chilled ethanol, kept overnight at

—20 °C and centrifuged at 20,000 g for 15 min. The precipitates from the cartilage and

ligament were reconstituted with 60 and 30 ul of distilled water, respectively.

2.4. Digestion and alkaline-reduction of GAGs

For preparation of the standard KS disaccharides, KS (20 ug) was incubated with

keratanase Il (5 mU) for 3 h at 37 °C in 50 mM Tris-HCI (pH 7.5) containing 0.05% BSA in a

total volume of 50 ul. CS chains (CSA, CSB and CSC, 46 ug), aggrecan (50 ug), cartilage

GAGs (15 pg) or ligament GAGs (15 ug) were incubated with chondroitinase ABC (10 mU)

for 12 h at 37 °C in 50 mM ammonium acetate (pH 8.0) containing 0.05% BSA in a total

volume of 120 pl. For complete digestion, the cartilage GAGs (5 pg) were incubated with a

mixture of chondroitinase ABC (5 mU), keratanase 11 (5 mU) and hyaluronidase SD (2.5 mU)

for 12 h at 37 °C in 0.05% BSA, 1 mM CaCl,, 50 mM sodium acetate (pH 6.0) and 30 mM

Tris-HCI (pH 8.0) in a total volume of 60 ul. For LC-MS/MS analysis, an aliquot of the



digests was heated for 5 min at 100 °C, added to an equal volume of 10 mM ammonium

bicarbonate, (pH 10.0) (solvent A) and filtered.

For the analysis of the linkage region [19, 20], the chondroitinase ABC digests of

aggrecan (50 pg) or cartilage GAGs (15 pg) were alkaline-reduced with 0.1 M NaBH4/0.05

M NaOH overnight at 50 °C in a total volume of 150 pl, added to 2 ul of 99.5% acetic acid

and 148 pl of solvent A, filtered, and applied to LC-MS/MS.

2.5. LC-MS/MS

MS was performed with a triple quadrupole mass spectrometer equipped with an

electrospray ion source (Sciex APl 3000; AB SCIEX) in the negative ionization mode. The

separation was performed on a Hypercarb column using the Shimadzu HPLC system

(LC-10AD pumps, SIL-HTC autosampler, and DGU-14AM degasser) at a flow rate of 0.15

ml/min. The column temperature was maintained at 40 °C. The mobile phases consisted of

solvent A and 100% acetonitrile (solvent B). The samples without or with the

alkaline-reduction were developed with gradient | (the percentage of solvent B was linearly

changed as follows: 0 min, 5%; 9 min, 15%; 10.5 min, 15%; 11 min, 70%; 11.5 min, 70%; 12

min, 5%; and 25 min, 5%) and gradient Il (the percentage of solvent B was linearly changed



as follows: 0 min, 5%; 7 min, 10%; 7.5 min, 20%; 12.5 min, 20%; 13 min, 50%; 18 min,

50%; 18.5 min, 70%; 19 min, 70%; 19.5 min, 5%; and 35 min, 5%), respectively. The turbo

gas temperature was set at 400 °C and the ion spray voltage was adjusted at —4500 V. The

flow rates of the nebulizer, curtain, and collision gases were 8, 8, and 6 (instrument units),

respectively. Nitrogen was used as a collision gas as well as a nebulizer. The entrance

potential (EP) was —10 V, and the other parameters are provided in Table 2. The mass

spectrometer was operated at low resolution for mass filters of first and third (Q1 and Q3,

respectively) chambers in the SRM mode. A channel was defined by a combination of a

transition of Q1 and Q3 mass filters with other parameters indicated in Table 2. Data

acquisition and analysis were performed using Analyst 1.4 software. Standard calibration

curves were generated with 3 independent experiments using 1/X-weighted linear regressions

and were used to determine the concentrations of the unknown samples. The nomenclature

for disaccharide fragmentation by Domon and Costello was used [21].

3. Results

3.1. Simultaneous analysis of 17 disaccharides of CS/DS, HA, HS and KS

Based on the precursor ion and the specific product ion detected with MS and



MS/MS analyses of the disaccharide standards of CS/DS, HA, HS and KS (Table 1), the

channels of the SRM mode were set (Table 2).

3.1.1. Setting of the channels for disaccharides

Non-sulfated disaccharides of CS/DS, HA and HS

For AHS-0S, we set channel A (378.4 — 175.0) based on a previous report [22].

The MS and MS/MS analyses of ACS-0S and AHA showed the same patterns as AHS-0S (Fig.

1a). All these 3 disaccharides were detected with this channel and were distinguished by

different retention times under our LC condition (Fig. 1b).

Mono-sulfated disaccharides of CS/DS and HS

By the MS analysis of 4 mono-sulfated disaccharides, ACS-2S, ACS-4S, ACS-6S

and AHS-6S, [M—H] was produced at approximately m/z 458.2 (data not shown). The

MS/MS analysis showed the same patterns of the product ions as obtained previously with

fast atom bombardment (FAB)-MS/MS [23]. By the release of the sulfate group, all the

disaccharides produced the product ion at approximately m/z 97.0, corresponding to

[HSO4] (Fig. 2a). Only ACS-2S, having sulfated uronic acid (UA), produced the product ion
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at m/z 237.0 (B; ion). For ACS-4S and ACS-6S, the most abundant product ions were
detected at approximately m/z 300.0 (Y1 ion) and m/z 282.0 (Z; ion), respectively, consistent
with the results of a previous report [24]. AHS-6S did not produce specific product ions. We
set channels B-1 (458.2 — 97.0), B-2 (458.2 — 300.0), B-3 (458.2 — 282.0) and B-4 (458.2
— 237.0). The transitions of the former 3 channels had been reported previously [22, 24]. We
compared the specificity and sensitivity of the channel B series for the mono-sulfated
disaccharides (Fig. 2b). ACS-2S, ACS-4S and ACS-6S were specifically detected with
channels B-4, B-2 and B-3, respectively. AHS-6S, which was separately eluted from the other
3 disaccharides, was identified with channel B-1 (Table 3). For AHS-NS, we set channel E

(416.0 — 138.0) based on a previous report [25].

High-sulfated disaccharides of CS/DS

By the MS analysis of 3 di-sulfated disaccharides, ACS-2S4S, ACS-2S6S and
ACS-4S6S, signals of approximately m/z 268.8, 538.3 and 458.2 ((M—2H]*, [M—-H] and
[M—SO3—H], respectively) were produced (data not shown). From the tri-sulfated
disaccharide ACS-tS, signals at m/z 308.7, 268.8 and 458.2 ([M—2H]*", [M—SO3—2H]* and

[M—2SOs—H] , respectively) were produced (data not shown). By the MS/MS analysis of the
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[M—2H]? of all the 4 high-sulfated disaccharides, the product ions of approximately m/z 97.0
([HSO4] ) and m/z 458.0 ([M—SO3—H] and [M—2SO3;—H] for di-sulfated and tri-sulfated
disaccharides, respectively) were produced (Fig. 3a). The disaccharides having a sulfate
group at the C4 position of GaINAc (ACS-254S, ACS-4S6S and ACS-tS) produced the Y; ion
of approximately m/z 300.0. The disaccharides having a sulfated uronic acid (ACS-2S4S,
ACS-2S6S and ACS-tS) produced the B; ion at m/z 237.0.

For detection of the 3 di-sulfated disaccharides ACS-2S4S, ACS-2S6S and
ACS-4S6S, we set channels 268.8 — 97.0 (channel C-1), 538.3 — 300.0 (channel C-2),
268.8 — 300.0 and 538.3 — 97.0. Channel C-2 specifically detected ACS-2S4S and
ACS-4S6S, whereas channel C-1 detected all the 3 di-sulfated disaccharides. The transitions
268.8 — 300.0 and 538.3 — 97.0 did not sensitively detect them (data not shown). These 3
disaccharides could be detected with the channel C series (Q1: [M—2H]* or [M—H]") but less
sensitively than those detected with the channel B series (Q1: [M—SO3—H] ) (Fig. 4). Only
ACS-4S6S was separately eluted from mono-sulfated disaccharides (Fig. 5). From these
results, for the quantitative analysis of ACS-254S, ACS-2S6S and ACS-4S6S, we selected
channels C-2, C-1 and B-2, respectively (Table 3).

ACS-tS was detected not only with channel D (Q1: [M—2H]*) but also more
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sensitively with the channel B (Q1: [M—2SO3—H] ) and C series (Q1: [M—SOs;—H] ) (Fig. 3b).

For ACS-tS, the most sensitive channel C-1 was selected (Table 3).

The high-sulfated disaccharides could be detected with multiple channels set for

cognate disaccharides and more sensitively with the channels for the less sulfated ones. This

phenomenon was observed with KS disaccharides [26], and can be explained by the in-source

fragmentation-induced conversion of high-sulfated disaccharides to less-sulfated ones with

the release of the labile sulfate group.

High-sulfated disaccharides of HS

The MS and MS/MS analyses of AHS-6SNS showed the same patterns as

FAB-MS/MS [27]. The MS/MS analysis of the [M—H]  of AHS-2SNS and AHS-tS showed

the product ion of approximately m/z 416.0 ([M—SOz;—H] and [M—2SO3;—H] for AHS-2SNS

and AHS-tS, respectively) (Fig. 4a). AHS-2SNS and AHS-6SNS were detected with channel

F (496.2 — 416.0). AHS-tS was detected not only with channel G (576.1 — 416.0) but also

more sensitively with channel F (Fig. 4b). From these results, for AHS-2SNS, AHS-6SNS and

AHS-tS, channel F was selected (Table 3).
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Identification of the total 17 disaccharides of CS/DS, HA, HS and KS

For KS-6S and KS-6S6S, we set channel H (462.1 — 97.0) based on a previous

report [26]. By the combination of LC and the MS/MS analysis using the SRM mode

consisting of the 10 channels shown in Fig. 5, a total of 17 variously sulfated disaccharides (8

CS/DS, 1 HA, 6 HS, and 2 KS) were simultaneously and quantitatively identified within 18

min.

3.1.2. Quantification of standard disaccharides

Fifteen disaccharides of CS/DS/HA/HS classes can be quantified by using specific

calibration curves constructed with increasing the amount of the standard disaccharides. The

calibration curves for all disaccharide standard showed a linear response from 0.5 to 125

pmol with correlation coefficients generally greater than 0.99 (Table 3). Since authentic

standard materials for KS-6S and KS-6S6S are not commercially available, they were

quantified only in a relative quantification manner.

The digests of the 3 different CS chains by chondroitinase ABC, in which no GAG

signals were detected with the DMMB assay, were analyzed by this method. Table 4 shows

that our results of the disaccharide compositions of the CS chains are similar to those of
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previous reports based on UV methods [13, 14].

3.1.3. Quantification of GAG disaccharides from the porcine articular cartilage and yellow

ligament

The GAGs extracted from the solubilized porcine articular cartilage were digested

with a combination of chondroitinase ABC, keratanase Il and hyaluronidase SD, until no

GAG signals were detected in the digest with the DMMB assay. The digest was analyzed by

our MS/MS method (Fig. 6) and the result of the quantification is shown in Table 5. Seven

disaccharides from the 3 GAG classes (4 CS/DS, 1 HA and 2 KS) were simultaneously

quantified. In the CS class, non-, mono-, di- and tri-sulfated disaccharides were relatively 14,

85, 1 and 0%, respectively. These findings are consistent with those of a previous report

based on fluorescence and MS detection showing that most CS of the porcine nose cartilage

exists in the mono-sulfated form [28]. In the same report, HA was not detected. With our

method, the amounts of CS and HA were 75.7 and 0.6 nmol/mg wet weight of the articular

cartilage, respectively, and the ratio of HA to CS was estimated to be approximately 0.008.

By a relative quantification with our standard KS disaccharides, the amount of KS class was

estimated to be approximately 5 nmol/mg wet weight of the cartilage (data not shown). These
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levels are similar to those in previous reports on the human [29] and rabbit cartilage [30]. The

total disaccharides was estimated to be approximately 37 ug/mg wet weight of the cartilage,

similar to the GAG content (33.3 pg/mg) quantified by the DMMB assay. These values are

similar to those in a previous report on the human cartilage [31]. From these results, our

quantitative composition analysis of GAG disaccharides seems to be able to obtain acceptable

data.

In the chondroitinase ABC digest of the yellow ligament GAGs, 6 disaccharides of 2

GAG classes (5 CS/DS and 1 HA) were simultaneously quantified (Table 5). In the CS class,

non-, mono-, di- and tri-sulfated disaccharides were relatively 11, 76, 13 and 0%, respectively.

The amounts of CS and HA were 2.1 and 0.1 nmol/mg wet weight of the ligament,

respectively, and the ratio of HA to CS was estimated to be approximately 0.05. This is a first

report of the detailed composition analysis of GAG disaccharides of the yellow ligament.

3.2. Analysis of nonreducing and reducing terminals of CS

In the CS digest, some monosaccharides (GalNAc-4S, GalNAc-6S and

GalNAc-4S6S) and disaccharides (GIcA-GalNAc-4S (CS-4S) and GlcA-GalNAc-6S

(CS-6S)) derived from the nonreducing terminals had been detected [6]. For GalNAc-4S and
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GalNAc-6S, channel J (300.3 — 97.0) (Table 2) was set based on the MS/MS analysis. Under

our LC conditions, they eluted at 9.7 and 9.9 min, respectively, and were not

chromatographically separated (data not shown). The calibration curve of each

monosaccharide is considerably similar and linear within 1-50 pmol. For the other

monosaccharide GaINAc-4S6S and the disaccharides CS-4S and CS-6S, channels K (380.3

— 97.0) and L (476.0 — 97.0) were set, respectively, based on their [M—H] and the

estimated product ion at m/z 97 ([HSO,4] ). With these channels, some peaks corresponding to

GalNAc-4S and/or GaINAc-6S and CS-4S and/or CS-6S were also detected from the digests

of CS chains and cartilage GAGs. A peak corresponding to GalNAc-4S6S was also detected

from the digests of CS chains (data not shown).

In the chondroitinase ABC digested and p-eliminated cartilage proteoglycan

aggrecan, variously sulfated AUA(B1-3)GalNAc(B1-4)GIcA(B1-3)Gal(p1-3)Gal(B1-4)xylitol

(AHexaSch-0S-ol) derived from the linkage region have been detected [20]. To detect

AHexaSch-0S-ol and its mono- and di-sulfated forms (AHexaSch-mS-ol and AHexaSch-dS-ol,

respectively), we set channels M (506.0 — 175.0), N (546.0 — 97.0) and O (586.3 —

97.0), respectively, based on previous reports [32, 33] (Table 2). These channels detected

some peaks from the reduced digests of aggrecan and cartilage GAGs, but not from the
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non-reduced digest of aggrecan (data not shown). These saccharides of nonreducing and

reducing terminals of CS from proteoglycan were first recognized with the SRM mode.

4. Discussion

In this study, we have developed a simple method for the simultaneous analysis of

17 internal disaccharides from 4 GAG classes and 5 nonreducing terminal saccharides from

CS using LC-ESI-MS/MS with the SRM mode. This quantitative composition analysis was

confirmed to obtain reliable data comparable to those from previous reports based on UV

method [13, 14]. By using this method, we first quantified 7 and 6 internal disaccharides from

the porcine articular cartilage and yellow ligament GAGs, respectively. Moreover 2

nonreducing saccharides of CS/DS were also simultaneously detected from these 2 tissues.

From these results, we were able to obtain information on the classes, the sulfation patterns

and the chain length of GAGs.

With our method, 2 isomeric disaccharides (ACS-2S and ACS-6S) were

distinguished by the specific channels of SRM, and 11 disaccharides were just distinguished

by combination of the specific channels and LC separation. Only 4 disaccharides (ACS-tS,

AHS-NS, AHS-tS and KS-6S6S) were distinguishable at the MS level. As the result, single
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injection analysis distinguished 17 multiple sulfated disaccharides (8 CS/DS, 1 HA, 6 HS,

and 2 KS) within 18 min and can be quantified with a sensitivity of less than 0.5 pmol. From

the GAG digests of the porcine articular cartilage and yellow ligament, 4 CS/DS, 1 HA and 2

KS disaccharides, and 5 CS/DS and 1 HA disaccharides were quantified, respectively. The

results show that the ratio of the disaccharides of HA to CS/DS in the yellow ligament (0.05),

even with incomplete digestion of HA, is higher than that of the cartilage GAGs (0.008)

(Table 5). The characteristic GAG compositions of the animal tissues may reflect their

different functions physiologically. Thus, this composition analysis of GAGs would

accelerate the elucidation of the function of each GAG class.

For the first time, in a SRM mode we distinguished 8 high-sulfated disaccharides

over 3 classes (ACS-254S, ACS-2S6S, ACS-4S6S, ACS-tS, AHS-2SNS, AHS-6SNS, AHS-tS

and KS-6S6S) at the same time. We found a higher level of di-sulfated CS/DS disaccharides

in the ligament (13%) than in the cartilage (1%) (Table 5). Galactosaminoglycan

uronyl-2-sulfotransferase, responsible for the synthesis of high-sulfated CS/DS, has been

shown to transfer a sulfate to the C2 position of iduronyl residues in DS rather than

glucuronyl residues in CS [34]. Thus, high levels of di-sulfated disaccharides would reflect

the presence of DS as shown in the DS-rich CSB chain (Table 4) and the porcine intestinal
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mucosa [28]. DS-rich proteoglycans such as decorin or biglycan are known to be abundant in

the ligaments. In fact, the human yellow ligament has been reported to have plenty of these

DS-rich proteoglycans with di-sulfated disaccharides [35]. Our data clearly demonstrated the

differences between the cartilage and ligament not only in the composition of the GAG

classes but also in the sulfation patterns of CS/DS.

In the nonreducing terminal of CS, the presence of some monosaccharides and

disaccharides was shown, and GalNAc-4S was reported to be a main component in the

human cartilage [6]. The chain length of CS was calculated from the ratio of internal

disaccharides to nonreducing termini, and its alteration has been shown during the

development [6] or in disorders such as osteoarthritis [7]. By quantification of cartilage

GAG:s, the chain length of CS was calculated from the ratio of internal disaccharides (75.7

nmol/mg wet weight cartilage, Table 5) to GaINAc-4S and/or GaINAc-6S (5.4 nmol/mg wet

weight cartilage, data not shown), and the value obtained was approximately 14, which was

similar to that of previous reports on the human cartilage [6, 7]. We can discriminate the

nonreducing terminal saccharides from the cognate internal disaccharides based on the

difference in masses. Thus, even one-shot analysis without any derivatization steps enables to

estimate the chain length. Our method could facilitate the evaluation of the alteration of the
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length of CS chains and its application could be expanded to evaluate the length of other

GAG chains of animal tissues.

In this paper, we described a simple and rapid method suitable for simultaneously

quantification analysis of complex GAG mixtures derived from biological samples. Using

this method, we successfully demonstrated characteristic GAG features of the connective

tissues in terms of the class, sulfation pattern and chain length. The difference in these GAG

features should be closely associated with their biological functions. Thus, this novel method

would help establish the basic system for GAGomic analysis and lead to an understanding of

the structure-function relationships of GAGs and the significance of their alteration in the

disorders of complex biological systems.
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Legends to figures

Figure 1

Identification of non-sulfated disaccharides of CS/DS, HA and HS classes

(a) Product ion spectra with fragmentation scheme of ACS-0S and AHA. (b) Chromatogram

with channel A showing the separation of ACS-0S, AHA and AHS-0S (100 pmol).

Figure 2

Identification of mono-sulfated disaccharides of CS/DS and HS classes

(a) Product ion spectra with fragmentation scheme of ACS-2S, ACS-4S, ACS-6S and AHS-6S.

(b) Chromatogram with the indicated channels showing the separation of the disaccharides

(100 pmol).

Figure 3

Identification of di- and tri-sulfated disaccharides of CS/DS class

(a) Product ion spectra with fragmentation scheme of ACS-254S, ACS-2S6S, ACS-4S6S and

ACS-tS. (b) Chromatogram with the indicated channels showing the separation of the

disaccharides (100 pmol). The intensity magnification of the chromatogram with channel B-4
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is 3 times that of the other channels.

Figure 4

Identification of di-and tri-sulfated disaccharides of HS class

(@) Product ion spectra with fragmentation scheme of AHS-2SNS and AHS-tS. (b)

Chromatogram with the indicated channels showing the separation of AHS-2SNS, AHS-6SNS,

and AHS-tS (100 pmol).

Figure 5

Separation of a mixture of 17 disaccharides derived from 4 classes

(a) The simultaneous measurement of 15 disaccharides of CS/DS, HA and HS classes (100

pmol) and 2 disaccharides of KS class (approximately 2 nmol) by the SRM analysis of

MS/MS combined with LC separation. (b) The extracted ion chromatograms with indicated

channels.

Figure 6

Profile of GAG disaccharides of the cartilage
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GAGs derived from the porcine cartilage were simultaneously digested with chondroitinase

ABC, keratanase Il and hyaluronidase SD. Internal disaccharides in the digest were

quantitatively detected with the indicated channels. The intensity magnification of the

chromatograms with channels C-2 and H are 1000 and 100 times those of the other channels,

respectively.

Table 1 Investigated compounds

Table 2 Parameters for SRM analysis of GAGs

Table 3 Linearity and sensitivity of SRM analysis with specific channels

Table 4 Disaccharides composition analysis of CS chains

Table 5 Quantification profile of GAG disaccharides in the articular cartilage and

yellow ligament
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Tablel

Class | Abbreviation Structure R1 R, R; M.W.
ACS-0S H H H 379.3
ACS-2S SO;H H H 459.4
ACS-4S H SO;H H 459.4
ACS-6S oo g SR H H SOH | 459.4
ACS-2S4S CO“ >,—OQOH SOH | SOH H 539.4
ACS-2S6S . NrAe SO;H H SOH | 539.4
ACS-4S6S AUA(p1-3)GalNAc H SO,H | SOH | 539.4
ACS-tS SOH | SOH | SOH | 619.5
GalNAc-4S - SO;H H 301.3
CH20R3
CS/DS GalNAc-6S o da - H SOH | 301.3
GalNAc-4S6S oh uwhae  GalNAc - SOH | SOH | 381.3
CS-4S coon R0 o H SOH H
o oH 477.4
CS-6S NHAc H H SO:H
OR: UA(B1-3)GalNAc O
COOHO OH
COOH (o]
COOH o Q 0 OH
5 (o]
AHexaSch-0S-ol COOH o 0 o KoH o OH OH OH 1013.9
OH
on )° { . oH AUA(B1-3)GalNAc(B1-4)GIcA(B1-3)
On ¢ Gal(p1-3)Gal(p1-4)xylitol
COOH CH20H
(o)
HA AHA ANV o ; ; - 379.3
OH NHAc
AUA(B1-3)GIcNAc
AHS-0S H H Ac 379.3
AHS-6S COOH cHior: H SO;H Ac 459.4
He AHS-NS <0H Do Kon por H H SOH | 417.3
AHS-2SNS OR: NHRs SOsH H SOH | 497.4
AHS-6SNS AUA(a1-4)GIcN H SO;H | SOH | 497.4
AHS-tS SOH | SOH | SOH | 577.5
KS-6S H | sop | - | 4634
] o OH OH 3 "
KS o NHAc
OH
KS-6S6S Gal(p1-4)GIcNAc SO,H | SOsH - 543.4




Table2

Target Tr?rr;jg;on Parameter

Channel
Saccharide MW.| Q1 i Q3 |DPi FP i CEiCXP
A ACS-0S, AHA, AHS-0S 379.3|378.4 1 175.0 | -30}-150} -18 ! -9
B-1 97.0]-601-300! -60! -5
gL-2:2 ACS-2S, ACS-4S, ACS-6S, AHS-6S| 459.4 | 458.2 300.0 150300 :30; -5
B-3 282.0|-70!-330!-30} -5
B-4 237.0|-40!-270!-30} -5
ch-&d ACS-284S, ACS-2S6S, ACS-4S6S | 539.5 268.8.1.90:0 44012001 2501 .2
c-2 538.3 | 300.0 | -40-350}-40} -5
D ACS-tS 619.5 | 308.7 ¢ 97.0|-45!-250!-40} -5
E AHS-NS 417.3|416.0 1 138.0 | -601-2401 -30} -3
F AHS-2SNS, AHS-6SNS 497.4 | 496.2 | 416.0 | -50}-330} -25! -5
G AHS-tS 5775 | 576.1 ! 416.0 | -40!-300! -40! -8
H KS-6S 4635 |462.11 97.0]-701-3401-80! -5
| KS-6S6S 543.6 | 542.0 ! 97.0-80}{-340!{-80! -5
J GalNAc-4S, GalNAc-6S 301.3[300.3; 97.0]-36i-170i -40} -3
K GalNAc-4S6S 381.3[380.3¢ 97.0]-30i-300i-50} -5
L CS-4S, CS-6S 477.4|476.0 ¢ 97.0|-50i-300:-80! -5
M AHexaSch-0S-ol 1013.9 | 506.0 i 175.0 | -60: -300i -30} -5
N AHexaSch-mS-ol 1093.3 | 546.0 i 97.0 |-60:i-300i-80} -5
o AHexaSch-dS-ol 1174.0 | 586.3 i 97.0 |-60:-300i-80: -5

DP: declustering potential,

CXP: collision cell exit potential, mS: mono-sulfate, dS: di-sulfate

FP: focusing potential, CE: collision energy




Table3

Disaccharide  Channel Range LOD cc
(pmol) (pmol)
ACS-0S A 0.5 500 0.061 0.997
ACS-2S B-4 2.0 250 0.500 0.995
ACS-4S B-2 0.5 500 0.122 0.992
ACS-6S B-3 0.5 500 0.122 0.997
ACS-254S C-2 0.5 200 0.031 0.996
ACS-256S C-1 0.5 250 0.031 0.988
ACS-4S6S B-2 0.5 250 0.031 0.987
ACS-tS C-1 1.0 500 0.122 0.990
AHA A 0.5 250 0.031 0.990
AHS-0S A 0.5 250 0.031 0.993
AHS-6S B-1 0.5 125 0.031 0.986
AHS-NS E 0.5 250 0.031 0.996
AHS-2SNS F 0.5 125 0.031 0.995
AHS-6SNS F 0.5 250 0.122 0.993
AHS-tS F 1.0 500 0.244 0.988

cc: correlation coefficient

LOD: limit of detection



Table4d

Disaccharide composition (%)

CSA CSB CSC
ACS-0S 1.2 16 1.2 0.4 0.7 1.6 1.7 1.0
ACS-28 0.0 0.0 n.d. 0.0 nd. 0.0 0.0 n.d.
ACS-4S 74.3 76.2 72.4 88.4 90.0 17.9 15.4 15.7
ACS-6S 23.1 19.3 249 2.7 1.9 73.1 729 73.8
ACS-2584S 0.1 0.0 0.0 7.3 6.5 0.3 00 0.0
ACS-286S 0.7 27 0.9 1.0 0.6 5.0 93 8.8
ACS-4S6S 0.6 03 0.6 0.3 0.0 21 06 0.7
ACS-tS 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
ref [131 114 [13] 131 [14]

n.d. : not determined
ref : reference number



Table5

Disaccharide Cartilage Ligament

nmol/ mg wet weight

ACS-0S 1055 ( 14 ) 023 ( 11 )
ACS-2S 000 ( 0) 000 ( 0)
ACS-4S 4575 ( 60 ) 130 ( 62 )
ACS-6S 1868 ( 25 ) 030 ( 14 )
ACS-284S 076 ( 1) 020 ( 10)
ACS-2S6S 000 ( 0) 007 ( 3)
ACS-486S 000 ( 0) 000 ( 0)
ACS-tS 000 ( 0) 000 ( 0)

Total 75.74 (100 ) 2.10 ( 100 )
AHA 0.60 0.10

Numbers in parentheses indicate the percentage of each disaccharide in the total of ACS .



