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ABSTRACT

Glycosaminoglycans (GAGs), which are one of the major components of

proteoglycans, play a pivotal role in physiological processes such as signal transduction,

cell adhesion, growth, and differentiation. Characterization of GAGs is challenging due

to the tremendous structural diversity of heteropolysaccharides with numerous sulfate or

carboxyl groups. In this present study, we examined the analysis of 2-aminobenzamide

(2-AB) labeled GAG disaccharides by high-performance liquid chromatography (HPLC)

using a reverse-phase (RP)-column with adamantyl groups. Under the analytical

conditions, 17 types of 2-AB labeled GAG disaccharides derived from heparan sulfate,

chondroitin/dermatan sulfates, and hyaluronan were sequentially separated in a single

analysis. The analysis time was fast with high retention time reproducibility. Moreover,

the RP-HPLC column with adamantyl groups allowed the quantification of GAGs in

various biological samples, such as serum, cultured cells, and culture medium.
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1. Introduction

Glycosaminoglycans (GAGs) are linear heteropolysaccharides that are highly-

negatively charged due to numerous sulfate or carboxyl groups [1]. GAG chains are

constructed from different repeating disaccharide units, uronic acid (glucuronic acid

[GIcA] or iduronic acid [IdoA]), and an amino sugar (N-acetylglucosamine [GlcNAc] or

N-acetylgalactosamine [GalNAc]). GAGs are classified into three categories, namely,

heparan sulfate (HS), chondroitin sulfate (CS)/dermatan sulfate (DS), and hyaluronan

(HA). HS and CS/DS are major components of proteoglycans (PGs) and modified with

sulfate groups. PGs play various important roles in physiological processes such as cell

signaling, cell—cell adhesion, growth, and differentiation [2, 3] and these GAGs have been

reported to be associated with the immune response, inflammation, infection, and cancer

[4-7]. GAGs consist of different disaccharide units with or without sulfate groups, and

consequently possess extensive diversity in polysaccharide sequence. HA consists of a

simple repeating disaccharide without sulfate groups (GlcA B1-3 GIlcNAc) and is not

covalently linked to proteins. For this reason, characterization of whole GAGs is
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challenging due to the tremendous structural diversity.

The fine structures of GAGs are generally assessed by analyzing the A-disaccharide

composition after enzymatic depolymerization, fluorescent labeling, followed by high-

performance liquid chromatography (HPLC) analysis; however, there are 17 types of

structures of repeating disaccharides derived from HS, CS/DS, and HA. Various

analytical techniques have been developed [8, 9]. CS/HA disaccharides derivatized with

2-aminoacridone could be separated by reversed-phase (RP)-HPLC analysis [10].

Previously, we reported the simultaneous analysis of 17 GAG disaccharides derived from

HS, CS/DS, and HA by zwitterionic type of hydrophilic interaction chromatography

(Z1IC-HILIC) separation and glycoblotting glycan purification [11]. However, separation

of 17 GAG disaccharides required HPLC method by two-step gradient elution, resulting

in poor retention time reproducibility.

In this present study, we investigated the separation of 17 GAG disaccharides using

various RP-HPLC columns and established the analytical conditions for the qualitative

and quantitative analysis of GAGs.

2. Experimental

2.1. Cell cultures

LX-2 cells (Billerica, MA, United States), an immortalized human hepatic stellate
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cell line, were grown in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific,

Waltham, MA, United States) supplemented with 2% fetal bovine serum (Moregate

Biotech, Bulimba, QLD, Australia) and 1% penicillin/streptomycin (Wako Pure Chemical

Industries) at 37°C and 5% CO,. LX-2 cells were seeded in a 10 cm dish at a density of

1.5x10¢ cells/dish, cultured in DMEM with supplements and treated with or without 2

ng/mL TGF-3 (PeproTech, Rocky Hill, NJ, United States) for 72 h [12, 13]. After

replacement with FBS-free medium containing TGF-f3, the LX-2 cells were cultured for

24 hours, and then collected by centrifugation. Corrected cells were subjected to GAG

analysis, as described below.

2.2. Protein precipitation of cultured cell, cell culture medium, and serum

The protein extraction procedure was the same as a previously reported method [14].

Briefly, a 100 pL of phosphate-buffered saline (PBS) was added to cell pellets and they

were homogenized by ultrasonication. A 4-fold volume of ethanol was added to the

homogenized mixture or cell culture medium and incubated at -30°C for 3 h. After

separation of protein pellets and supernatants, precipitates were dried at 37°C and re-

dissolved in water. Protein concentration was measured using a BCA Protein Assay Kit

(Thermo Fisher Scientific).

2.3. Precipitation of glycosaminoglycanopeptides and hyaluronan
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A 100 pg sample of cellular or cell culture medium protein, or 10 uL of serum, was

dried in vacuo and resuspended in 90 pL of 50 mM AcONH, pH 7.5/10 mM CaCl,.

Samples were subjected to nonspecific protease digestion by adding 10 pL. of 10 mg/mL

pronase (Merck, Darmstadt, Germany) at 37°C overnight. Subsequently, 20 uL of 30%

aqueous sodium acetate and 480 pL of cold ethanol were added, and pellets containing

glycosaminoglycanopeptides and hyaluronan were recovered by centrifugation at 14,000

2 4. Preparation of GAG disaccharides by enzymatic digestion

Ethanol-precipitated glycosaminoglycanopeptides were digested to disaccharides by

treatment with 100 mU each of a mix of heparinase, heparitinase, hyaluronidase SD, and

chondroitinase ABC (Sigma-Aldrich, St. Louis, MO) in 100 pL of 0.1 M ammonium

acetate containing 5 mM calcium acetate, pH 7.5, at 37°C overnight. A known amount of

maltose (typically, 20 pmol) was added as an internal standard, followed by a 4-fold

volume of ethanol, and samples were incubated at -30°C for 3 h. After centrifugation at

14,000 g, supernatants were collected and dried in vacuo.

2.5. 2-Aminobenzamide (2-AB) labeling of glycosaminoglycan disaccharides

GAG disaccharides were labeled with 2-Aminobenzamide (2-AB) by the previously

reported methods with minor modification [15, 16]. A 20 pL of 0.4 M 2-methylpyridine
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borane complex (Junsei Chemical, Tokyo, Japan) was added to 1 mL of 2-AB in 45%

methanol containing 10% AcOH to prepare the reaction solution. A 50 pL of the reaction

solution was added to dried GAG disaccharides and incubated at 50°C for 2.5 h. After 2-

AB labeling, excess reagent was removed using a G-10 column [11].

2.6. GAG disaccharide analysis by RP-HPLC column with adamantyl groups

Experiments were performed using an HPLC system consisting of a NANOSPACE

SI-2 instrument with a fluorescence detector (Osaka soda, Osaka, Japan). Separation of

2-AB labeled GAG disaccharides was performed with the a7damantly column (3 pm, 4.6

mm x 250 mm; CAPCELL PAK ADME-HR, Osaka soda) in a column oven at 25°C. A

gradient elution was applied at a flow rate of 500 pL./min using 10 mM ammonium acetate,

pH 6.6-6.8 (solvent A) and 50% (v/v) acetonitrile containing 10 mM ammonium acetate,

pH 7.1-7.3 (solvent B) as follows: A/B = 100/0 (0 min) — 70/30 (40 min) — 0/100

(50 min) — 100/0 (60 min)). Disaccharides were detected by in-line fluorescence

(excitation at 330 nm, emission at 420 nm). The column was regenerated by washing with

100% solvent B before equilibrating in solvent A. Peak identification was confirmed

through co-injection of 18 different standard disaccharides. The structures of GAG

disaccharides were shown in Table 1. Quantitation was performed using maltose as an

internal standard.
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3. Results and Discussion

3.1. Separation of 2-AB labeled GAG disaccharide standards by RP-HPLC column with

adamantyl groups

Volpi reported that chondroitin sulfates (CS)/hyaluronan (HA) disaccharides

derivatized with 2-aminoacridone could be separated by RP-HPLC using ammonium

acetate buffer and acetonitrile as eluents [10]. Previously, we also demonstrated that 17

kinds of GAGs derived from heparan sulfate (HS), CS/dermatan sulfates (DS), and HA

were well separated using a ZIC-HILIC column and 2-AB labeling [11]. This eluent

composition is similar to that used for the analysis of 2-aminoacridone labeled GAGs by

RP-HPLC: however, the retention time reproducibility was poor as shown in Fig. S1. To

overcome this problem, GAG standards mixture was analyzed using an ODS-RP-column

with eluent A (10 mM ammonium acetate) and eluent B (50% (v/v) acetonitrile containing

10 mM ammonium acetate) with fluorescence detection. The mixture contained equal

amounts of each of the 17 types of 2-AB labeled glycosaminoglycan disaccharides,

including eight disaccharides comprising HS, eight disaccharides comprising CD/DS, and

one HA disaccharide (Fig. 1). 2-AB labeled isomaltotriose was included for relative

quantitation. First, the mixture of GAG standards (10 uL) was analyzed on a ODS-RP-



145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

column with a linear gradient (0—40% eluent B over 40 min) at a flow rate of 500 puL/min.

As shown in Fig. 1a, GAGs with two or three sulfate groups were sufficiently separated

within 24 min. In contrast, GAG disaccharides with less than one sulfate group were not

separated after 25 min. Other gradient elution and concentration of ammonium acetate

were not effectives for the separation. Second, we examined whether commonly used

phenyl and pentafluorophenyl (PFP)-RP-columns could separate the 17 types of GAGs.

Using a phenyl RP-column, GAGs were eluted after 15 min, probably with less than one

sulfate groups, could be separated. On the other hand, GAG disaccharides within 15 min

could not be separated. Almost no GAG disaccharides could be separated using the PFP-

RP column (Fig. S2). Therefore, we investigated RP-HPLC using a column with

adamantyl groups (CAPCELL PAK ADME-HR) for GAGs separation. As shown in Fig.

1d, 17 kinds of peaks were successfully separated using the linear gradient (0—30% eluent

B over 40 min). In the case of the ADME-HR column, strongly polar GAGs (HS-2SNS,

HS-NS6S, and HS-2SNS6S) eluted earlier than with the ODS column (Fig. 1a and d);

however, weakly polar GAGs (CS-0S, CS-2S, CS-4S, CS-6S, HS-0S, and HA) eluted

slower. Peaks for CS-0S and isomaltotriose (IS) were not separated, but we solved this

problem by replacing IS with maltose (Fig. 1e). In other words, HPLC analysis using an

ADMR-HR column provided better separation of GAG disaccharides with few sulfate



163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

groups than that with an ODS column and three or two sulfate groups than that with

phenyl and PFP columns. A wide retention range was achieved with the ADME-HR

column, whose hydrophobic adamantyl functional groups likely facilitate the

simultaneous determination of GAG disaccharides. Retention time reproducibilities were

less than 3.2% for 17 kinds of GAGs (Table 1). These results demonstrated that RP-

HPLC with an ADME-HR column can be used for the quantitative analysis of 17 GAGs

with good retention time reproducibility.

3.2. Analysis of GAGs in biological samples

After establishing HPLC conditions for 17 kinds of GAG analysis by RP-HPLC

using an ADME-HR column, we performed quantitative glycosamino-glycomic analysis

of LX-2 cells and their culture medium with/without TGF-f3. In our other N- and O-linked

glycans analysis of LX-2 cells,, we revealed that the terminal galactose of N- and O-

glycans was elevated by the treatment with TGF-f3. Jiang et al. reported that up-regulation

of galectin-3 binding to galactose modulates phagocytosis-induced stellate cell activation

and liver fibrosis [17]. These results suggested that fibrosis is appropriately induced by

TGF-f stimulation in LX-2 cells. First, we measured 2-AB labeled GAGs derived from

LX-2 cells and their culture medium under optimized conditions. As shown in Fig. 2a

10



181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

and b, 12 GAG peaks were detected for both LX-2 cells with and without TGF-

B stimulation. Expression of CS-4S was increased by the treatment with TGF-f3, and the

high expression of CS-4S in culture medium following addition of TGF-f3 was correlated

with that of LX-2 cells. Expression of HA was increased only in the culture medium

following TGF-p treatment (Fig. 2c¢ and d). By contrast, GAG disaccharides derived from

HS were not altered by TGF-f. Koshiishi et al. reported that expression of CS-4S were

increased in fibrotic lesions of cirrhotic rat liver compared to non-fibrotic lesions [18].

Expression of HA was also increased in chronic liver diseases with fibrosis [19]. These

results were consistent with these previous reports.

Next, we analyzed GAGs in human serum. Peaks for CS-4S and CS-0S were mainly

detected at 28.0 and 34.7 min, respectively, following separation using the ADME-HR

column (Fig. 3). These results were consistent with those of our ZIC-HILIC analysis.

Huang et al. reported that CS-0S and CS-4S were the major GAG derivatives in human

plasma [20]. Although human serum was treated similarly to samples prepared from cells,

the peaks derived from HS were barely detectable. Together, these results demonstrate

that HPLC using a RP-ADME-HR column is applicable for the qualitative and

quantitative analysis of GAGs in various biological samples, such as cultured cells, cell

culture medium, and serum. The work flow for GAG analysis of the various biological

11



199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

samples is summarized in Fig. 4.

4. Conclusion

In this study, we assessed various RP-column for separation of 2-AB labeled GAGs

and established a HPLC method for the determination of GAG disaccharides using a

column containing adamantyl groups. The RP-ADME-HR column achieved quantitative

separation of GAGs derived from HS, CS/DS, and HA in a single analysis. In addition,

this analysis time was faster and achieved higher retention time reproducibility than ZIC-

HILIC column. Combined with ethanol precipitation, our RP-HPLC method was used

successfully for analysis of GAGs derived from various biological samples. RP-HPLC-

ESI-MS was reported for the analysis of CS/DS and HA disaccharides derivatized with

2-aminoacridone [10]. Yang et al. reported the analysis of 2-aminoacridone-tagged

CS/HS/HA disaccharides of GAGs using RP-UPLC-ESI-MS, which revealed the

composition and structures of GAGs in various biological samples, such as cells and

tissues [21]. The novel method using RP-ADME-HR column could easily be adapted to

LC/MS analysis when used with 10 mM ammonium acetate and it will be easily

applicable in the near future. GAG analysis by ADME-HR column is a powerful tool for

the discovery of diagnostic markers, and for understanding the roles of

12
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glycosaminoglycans in various biological physiological processes.
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Figure 1. Separation of 2-AB labeled GAG disaccharide standards by ODS and

ADME-HR columns. The liquid chromatogram from an ODS column using the

following gradients: (A) Solvent A/ Solvent B = 100/0 (0 min) — 60/40 (40 min); (B)

Solvent A/ Solvent B = 100/0 (O min) — 65/35 (40 min); (C) Solvent A/ Solvent B =

100/0 (0 min) — 60/30 (40 min). The liquid chromatograms from an ADME-HR

column using the following gradient: (D) Solvent A/ Solvent B = 100/0 (O min) — 60/30

(40 min). (E) The same gradient as (D) but with maltose added.
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266  Figure 2. GAG analysis of LX-2 cells and its culture medium by ADME-HR column.

267  The liquid chromatograms of GAG in (a) LX-2 cells and (b) TGF-B-treated cells. The

268  liquid chromatograms of GAG in (c¢) LX-2 cell culture medium and (d) TGF- treated

269  cell culture medium. e) Absolute quantification of detected GAG disaccharides. Absolute

270  quantification was performed by comparative analyses between the areas of the HPLC

271  signal derived from each GAG disaccharides and the internal standard (maltose).
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277  Figure 3. Human serum GAG analysis by ADME-HR column.

278  The liquid chromatograms of GAG in human serum with an ADME-HR column. 20 pmol

279  of maltose is added as internal standard (IS).
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Biological samples: cultured cells, culture medium, serum
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286  Figure 4. The experimental work flow for GAG analysis derived from various

287  biological samples.
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