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Abstract

Glycosaminoglycans (GAGs) were recovered from human cerebral spinal fluid (CSF) and after 

their conversion to disaccharides using polysaccharide lyases were analyzed by liquid 

chromatography tandem mass spectrometry using multiple reaction monitoring. CSF showed 

ng/mL levels of heparan sulfate, chondroitin sulfates and hyaluronan. The amounts and 

disaccharide composition of these GAGs differed from those found in human plasma. This 

approach may offer a new method for the discovery of biomarkers for diseases of the central 

nervous system.

Glycosaminoglycans (GAGs) are linear and anionic polysaccharides, populating the cell 

surface and extracellular matrix, which are biosynthesized in the Golgi or at the cell 

membrane [1]. GAGs perform a wide spectrum of important biological functions in 

development, homeostasis, and disease, ranging from controlling cell-cell interactions, cell 

signaling, cell proliferation and interact with many different proteins [2–5]. When classified 

by their core, GAGs can be divided into four major families: heparan sulfate/heparin (HS/

HP), chondroitin sulfate/dermatan sulfate (CS/DS), keratan sulfate (KS) and hyaluronan 

(HA) based on their disaccharide (dp2) repeating units comprising their backbone structure. 

These units consist of an amino sugar, either N-acetyl-D-glucosamine (D-GlcNAc) or N-

acetyl-D-galactosamine (D-GalNAc), and either an uronic acid, D-glucuronic (D-GlcA) or L-

iduronic acid (L-IdoA), or galactose in the case of KS. The linkage positions and 
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configurations vary in all GAGs with the exception of HA, which contain sulfo esters, and 

HS/HP can also contain sulfamide substituents [1].

The analysis of GAGs is less fully developed than the analysis of other biopolymers, 

proteins and nucleic acids. The most important structural determination of a GAG is its 

disaccharide composition analysis as this provides information on the family to which it 

belongs, and in the case of sulfated GAGs its level of substitution may serve as potential 

biomarkers for the detection of disease [6, 7, 8]. One of the most convenient methods to 

obtain this information relies on the enzymatic depolymerization of the GAG polysaccharide 

using polysaccharide lyases [9] followed by the separation and determination of the resulting 

disaccharides/oligosaccharides [10]. Recently a very sensitive analytical method relying on 

liquid chromatography tandem mass spectrometry (LC/MS/MS) with multiple reaction 

monitoring (MRM) has been introduced for the ultrasensitive determination of GAGs in 

biological fluids [11].

GAG-based biomarker discovery has primarily focused on biological fluids, such as urine 

and plasma due to their easy access [11,12]. Few studies have examined the presence and 

type of GAGs present in cerebral spinal fluid (CSF) and none of these have provided detail 

characterization of GAG families or substitution levels [13–17].

In the current study we investigated a pooled CSF sample (PrecisionMed, Inc., San Diego, 

CA) and CSF samples from three individuals collected locally following consensus 

guidelines for blood biobanking [18] (St. Peter’s Hospital, Albany, NY, under informed 

consent and Institutional Review Board approval). All samples were immediately aliquoted 

and snap frozen and kept at −80 °C until further processed.

The overall work flow is illustrated in Figure 1. Samples of CSF (100 μL) were defrosted at 

4 °C and desalted by passing through a 3-kDa molecular weight cut-off spin column and 

washed twice with distilled water. Digestion buffer (300 μL of 50 mM ammonium acetate 

containing 2 mM calcium chloride, pH 7.0) was added to the filter unit and a mixture (10 

mU each) of recombinant heparin lyase I, II, III, chondroitin lyase ABC were added to each 

sample. The samples were placed in a water bath at 37 °C and digested overnight. The 

reaction was terminated by removing the enzymes by centrifugation in a 3K Da MWCO 

column at 13000 × g for 20 min. The filter unit was washed with 300 μL of distilled water 

and the filter through was collected and lyophilized.

The dried samples were labeled with 2-aminoacridone (AMAC) by adding 10 μL of 0.1 M 

AMAC in dimethyl sulfoxide (DMSO)/acetic acid (17:3, v/v), and incubated at room 

temperature for 10 min, followed by adding 10 μL of 1 M aqueous sodium 

cyanoborohydride (NaBH3CN). The mixture was incubated at 45 °C for 1 h and centrifuged 

at 10000 × g for 10 min. Supernatant was collected and analyzed using LC-MS/MS MRM 

performed on an Agilent 1200 LC system connected to a triple quadrupole mass 

spectrometry system equipped with an ESI source (Thermo Fisher Scientific, San Jose, CA). 

Mobile phase A was 50 mM ammonium acetate, mobile phase B was methanol. An Agilent 

Poroshell 120 ECC18 (2.7 μm, 3.0 × 50 mm) column was used at a flow rate of 300 μL/min. 

The gradient was 0-10 min, 5-45% B; 10-10.2 min, 45-100% B; 10.2-14 min, 100% B; 
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14-22 min 100-5% B. MRM mode was used in MS experiments with the following 

parameters: negative ionization mode with a spray voltage of 3000 V, a vaporizer 

temperature of 300 °C and a capillary temperature of 270 °C. MRM parameters of are 

provided in Table S1.

The average raw total GAG content was 804 ng/mL in pooled sample and 809 ng/mL in 

individual samples. CS, at 455 ng/ml pool and 387 ng/mL individual, was the most abundant 

GAG (avg. 52%), followed by HA, at 218 ng/mL pool and 301 ng/mL individual (avg. 

32%), and HS, at 132 ng/mL pool, 120 ng/mL individual (avg. 16%) (Figure 2 A and B).

There were two previous LC-MS/MS studies, one reported average HS levels of 160 ng/mL 

[16], while the other reported average levels of HS of 140 ng/mL and CS of 670 ng/mL [15], 

respectively. Our results of 126 ng/mL HS (average of 132 ng/mL and 120 ng/mL) and 421 

ng/mL CS (average of 455 ng/mL and 387 ng/mL) compares favorably with these reported 

values. Another study reported 50 ng/mL HS in CFS using a thrombin activity assay, which 

has a limit of detection of 30 ng/mL [13]. The current study is the first report looking at the 

disaccharide composition of HS and CS in CSF (Figures 2 C and D). HS was comprised 

principally of the 0S disaccharide (68.7%), followed by the NS (10.5%), 6S (9.5%), NS2S 

(7.2%), NS6S (3.8%) and TriS (0.2%) disaccharides. No significant amounts of 2S or 2S6S 

disaccharides were observed in any samples. CS was comprised principally of the 4S 

disaccharide (91.4%), followed by 4S6S (3.2%), 2S4S (2.3%), 0S (1.5%), 6S (0.9%), 2S6S 

(0.8%), and TriS (0.1%) disaccharides. Compared with human plasma, another well-studied 

bio-fluid used in biomarker discovery, human CSF contains 5-fold more HS (126 ng/mL in 

CSF vs. 20 ng/mL in plasma), 3-fold less HA (260 ng/mL in CSF vs. 800 ng/mL in plasma), 

and 6-fold less CS (421 ng/mL in CSF vs. 2400 ng/mL in plasma) [12]. Furthermore, the 

compositions of HS and CS in CSF and plasma were very different with HS in plasma 

comprised of ~90% 0S and ~10% NS and CS comprised primarily of ~58% 0S and ~41% 

4S with trace amounts (0.2%) of 6S disaccharides.

MRM detection facilitated sensitive detection of the high-resolution LC separation of all 17 

labeled CS, HS, and HA disaccharides, making it essential for the analysis in biological 

samples by avoiding interference from other substances co-extracted from such complex 

biological samples. The sensitivity of MRM afforded an LOD of <2 ng/mL, and was robust 

showing only 5% variability between analytical replicates. CSF from different individuals, 

biological replicates, showed 15% variability. This very sensitive and robust MRM method 

is necessary since certain HS and CS disaccharides are found in the low ng/mL range in 

normal CSF. Previous MRM analysis has been successfully applied to other tissues or bio-

fluids [8, 11, 12]. Future studies are planned to examine the GAG composition of CSF in 

various disease states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The average amounts of glycosaminoglycans in CSF were: heparan sulfate, 126 ng/mL; 

chondroitin sulfate, 421 ng/mL; and hyaluronan, 260 ng/mL.

HS was comprised principally of the 0S disaccharide (68.7%), followed by the NS 

(10.5%), 6S (9.5%), NS2S (7.2%), NS6S (3.8%) and TriS (0.2%) disaccharides.

CS was comprised principally of the 4S disaccharide (91.4%), followed by 4S6S (3.2%), 

2S4S (2.3%), 0S (1.5%), 6S (0.9%), 2S6S (0.8%), and TriS (0.1%) disaccharides

Robust LC/MS/MS MRM showing only 5% variability between analytical replicates and 

15% variability in biological replicates.
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Figure 1. 
Analytical workflow for quantitative measurement GAG content and composition in human 

CSF. Excess AMAC is removed as a precipitate in the final step and residual AMAC (eluting 

as an early peak) is diverted from the mass spectrometer.
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Figure 2. 
CSF disaccharide analysis results in the pooled (white bars) and individual (gray bars) 

samples. A. Total concentration of CSF GAGs (the sum of the GAG disaccharides observed 

in lyase-digested CSF based on a standard curve prepared from the 17 disaccharide 

standards); B. percentage of CSF HS, CS and HA; C. CSF HS composition; D. CSF CS 

composition. Result of pooled sample shows the analytical error bar from triplicate analysis 

and the result from three individual sample shows the biological error bar.
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