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Abstract

The determination of complex analytes, present at low concentrations, in biological fluids poses a
diffcult challenge. This study relies on an optimized method of recovery, enzymatic treatment, and
disaccharide analysis by liquid chromatography—tandem mass spectrometry to rapidly determine
low concentrations of glycosaminoglycans in human urine. The approach utilizes multiple reaction
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monitoring (MRM) of glycosaminoglycan disaccharides obtained from treating urine samples with
recombinant heparin lyases and chondroitin lyase. This rapid and sensitive method allows the
analysis of glycosaminoglycan content and disaccharide composition in urine samples having
concentrations 10-to 100-fold lower than those typically analyzed from patients with metabolic
diseases, such as mucopolysaccharidosis. The current method facilitates the analysis low (ng/mL)
levels of urinary glycosaminoglycans present in healthy individuals and in patients with
pathological conditions, such as inflammation and cancers, that can subtly alter
glycosaminoglycan content and composition.

Abstract

MRM analysis

W | ey

0.25h

Glycosaminoglycans (GAGS) are polydisperse, linear, anionic polysaccharides that are
functionally important in the biology of cell—-cell interaction, cellular communication, cell
signaling, and are critical in the developmental biology of multicellular organisms.1=4 GAGs
are biosynthesized either in the Golgi or at the cell membrane and are commonly secreted to
the external cell surface or into the extracellular matrix.5-2 GAGs can be remodeled to
shorter polysaccharides through the action of hydrolases®1! or their functional groups (i.e.,
sulfates) can be removed through the action of sulfatases,1213 modifying their biological
activities. GAGs are rapidly turned over through lysosomal degradation and their local
concentrations in a healthy organism are well-regulated.14

There are several major structural classes of GAGs, including hyaluronan, (—3)-4-D-
GIcNAc(1 — 4)-4-D-GlcA(1—, chondroitin sulfates (—3)-4D-GalNAc(1—4)-4-D-GIcA or
a-L-1doA(1—, and heparan sulfates (—4)-a-D-GIcNAc or a-D-GIcNS(1—4)-4-D-GIcA or
a-L-1doA (1— (where GIcNAc is N-acetylglucosamine, GalNAc is N-acetylgalactosamine,
GIcNS is N-sulfoglucosamine, GIcA is glucuronic acid, and 1doA is iduronic acid).* While
hyaluronan is unmodified, chondroitin sulfate can be modified with O-sulfo groups at the 4-
or 6 positions of its GalNAc residue and the 2-positions of its uronic acid residues, and
heparan sulfate can be modified with O-sulfo groups at the 3- or 6-positions of its GIcNAc
or GIcNS residue and the 2-positions of its uronic acid residues.’” The fine structures, as well
as the chain sizes, of GAGs have a profound impact on their biological activities.89:15-17
Thus, it is critically important to develop the means of GAG analysis, particularly in their
natural environment, such as in tissues'8-1%nd in biological fluids. Urine, while representing
an easy to access biological fluid, presents a particular challenge to analysis, because normal
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urine contains variable and extremely low levels of excreted GAGs, in addition to other
sulfated metabolites.

GAG analysis is still less developed that protein or nucleic acid analyses and often relies on
three levels of structural determination, disaccharide compositional analysis, oligosaccharide
and domain mapping, and finally sequence analysis.29-23 Disaccharide compositional
analysis provides information on total GAG content, classes of GAG present, and structural
characteristics, such as the position and level of substitution of sulfo groups, which can be
informative about the subclass of GAG, i.e., chondroitin 4-sulfate or chondroitin 6-sulfate,
heparan sulfate or heparin, etc. Such data can often serve as biomarkers for diseases such as
cancer?4:25 and metabolic disorders such as mucopolysaccharidoses (MPS)14:26 and
lysosomal storage diseases related to a failure of GAG catabolism, resulting in the
detrimental buildup of excessive levels of GAGs.2729 In MPS, the concentration of urinary
GAG:s is suffciently high that colorimetric dye-binding analysis using Dimethylmethylene
Blue (DMMB) is possible; unfortunately, this is a relatively low-sensitivity method, it is
subject to various interferences, and it fails to detect unsulfated GAGs or small GAG-derived
oligosaccharides formed through GAG catabolism. Moreover, the DMMB assay cannot
distinguish between the class and subclass of urinary GAG present and, thus, cannot be used
to diagnose the type of MPS. Most recently, LC-MS and LC-MS/MS methods have been
intensively investigated for measuring urinary GAGs by first breaking these GAGs down to
disaccharides through the use of enzymatic or chemical methods.3%-32 Most of these
methods focus on a group of patients or patients in different grades of the same MPS disease
and require GAG concentrations quite elevated over normal urinary levels. None of these are
capable of analyzing multiple GAG types, particularly those with very different
concentrations. These LC-MS and LC-MS/MS methods rely on a variety of LC methods,
such as hydrophilic liquid interaction (HILIC),33:34 graphitic carbon (Hyper-Card),35-38 and
hydrophobic (C18)31:39 resins, and the reported methods can be complicated and the
separations achieved are not particularly good.

Recently, we demonstrated GAG disaccharide analysis that effciently separated 17 standard
disaccharides in a 50 min LC run.0 In the current study, we now report a simplified method
for the excellent recovery of GAGs from urine, their enzymatic conversion to GAG
disaccharides, and the sensitive and rapid determination of GAG content and composition
using LC-MS/MS, even at the normal low levels of urinary GAGs.

EXPERIMENTAL SECTION

Materials

CS and HS standard were purchased from Celsus Laboratories (Cincinnati, OH). CS, HS,
and HA disaccharide standards (see Table 1 for structures) were purchased from Iduron
(Manchester, U.K.). Normal human urine samples—one pooled, two from males, and two
from females—were purchased from BioreclamationlVT (Westbury, NY). DMMB, 2-
aminoacridone (AMAC), sodium cyanoborohydride (NaCNBHy), and acetic acid were
purchased from Sigma’Aldrich (St. Louis, MO). Methanol (HPLC grade), ammonium
acetate (HPLC grade), and dimethyl sulfoxide (DMSQ) were purchased from Fisher
Scientific (Springfield, NJ). £. coli expression and purification of the recombinant £~
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heparinum heparin lyase I, 11, 111 (EC Nos. 4.2.2.7, 4.2.2.X, and 4.2.2.8, respectively) and P
vulgaris chondroitin lyase ABC (EC No. 4.2.2.20) were performed in our laboratory as
described.*!

Human Samples

Urine samples were obtained from a study of urinary biomarkers of critical illness
(Clinicaltrials.gov No. NCT01900275). All human protocols were approved by the Colorado
Multiple Institutions Review Board (No. 13-0425). Urine was collected from patients within
24 h of admission to the Denver Health Medical Center Surgical Intensive Care Unit
(Denver, CO) for treatment of major trauma, as defined by an Injury Severity Score of >15.
Collected urine (5 mL) was centrifuged at 2000 rpm, with the supernatant snap-frozen and
stored at —80 °C for later analysis.

Sample Preparation

Urine samples were defrosted at 4 °C and mixed well using a vortex mixer. A 400-4L aliquot
of each sample was desalted by passing through a 3 kDa molecule weight cutoff (MWCO)
spin column and washed twice with distilled water. A series of urine samples were also
prepared for method validation by adding aqueous solutions containing varying amounts of
standard CS and HS affording final concentrations of 50-500 ng/mL.

The casing tubes were replaced before 150 y1 of digestion buffer (50 mM ammonium
acetate containing 2 mM calcium chloride adjusted to pH 7.0) was added to the filter unit.
Recombinant heparin lyase I, Il, 111 (pH optima 7.0-7.5) and recombinant chondroitin lyase
ABC (10 mU each, pH optimum 7.4) were added to each sample and mixed well. The
samples were all placed in a water bath at 37 °C for 2 h, after which enzymatic digestion
was terminated by removing the enzymes by centrifugation. Under these reaction conditions,
these lyases could completely depolymerize their GAG substrates (in amounts of over 100
40) into products containing each class of GAG disaccharides. The filter unit was washed
twice with 100 gL distilled water and the filtrates, containing the disaccharide products,
were dried via vacuum centrifuge and stored at —20 °C.

The dried samples were AMAC-labeled by adding 10 zL of 0.1 M AMAC in DMSO/acetic
acid (17/3,V/V) incubating at room temperature for 10 min, followed by adding 10 /L of 1
M aqueous NaBH3CN and incubating for 1 h at 45 °C. A mixture containing all 17-
disaccharide standards prepared at 1250 ng/mL was similarly AMAC-labeled and used for
each run as an external standard. After the AMAC-labeling reaction, the samples were
centrifuged and each supernatant was recovered and an equal volume of DMSOQ:acetic
acid:distilled water (17:3:20) was added to each. Samples were stored in a light-resistant
container at room temperature until analyzed via LC-MS/MS.

LC-MS/MS Analysis

LC was performed on an Agilent 1200 LC system at 45 °C using an Agilent Poroshell 120
EC-C18 (2.7 pm, 3.0 x 50 mm) column. Mobile phase A (MPA) was 50 mM ammonium
acetate aqueous solution, and the mobile phase B (MPB) was methanol. The mobile phase
passed through the column at a flow rate of 300 wL/min. The concentration of MPB
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increased from 5% to 45% during 10 min, then rose to 100% MPB in the following 0.2 min,
and a 4 min flow of 100% MPB was applied to elute all compounds.

A triple quadrupole mass spectrometry system equipped with an ESI source (Thermo Fisher
Scientific, San Jose, CA) was used a detector. The online MS analysis was at the Multiple
Reaction Monitoring (MRM) mode. The conditions and collision energies for the all of the
disaccharides MRM-transitions are listed in Table 2.

Urinary Creatinine Analysis

To control for differences in urinary dilution,*243 glycosaminoglycan values were
normalized to urine creatinine (Beckman Coulter AU Analyzer), as measured in a blind
fashion by the Colorado Clinical and Translational Sciences Institute (CCTSI) at the
University of Colorado Hospital Core Laboratory (Aurora, CO).

DMMB Assay

DMMB reagent was prepared following standard protocol in which DMMB (16 mg),
glycine (3.05 g), sodium chloride (1.6 g), and acetic acid (544 (L) were mixed with distilled
water up to a volume of 1 L. Chondroitin sulfate A was used as a standard, and a calibration
curve was generated at chondroitin sulfate concentrations ranging from 0 to 125 pg/mL. All
urine samples were thawed at 4 °C. Standards and samples (8 xL of each) were transferred
to a 96-well plate and 200 L. DMMB reagent was added to each well using a multichannel
pipettor. The absorbance at 525 nm was immediately determined using a plate reader, and
the GAG concentration in each urine sample was calculated based on the chondroitin sulfate
calibration curve.

Data Analysis

The data analysis was performed on Thermo Xcalibur software. In addition, the
disaccharides were quantified via comparison of the peak area to that of an external standard
and normalized with urinary creatinine data.

RESULTS AND DISCUSSION

Urine samples were collected from critically ill trauma patients and were stored frozen until
they were analyzed. In addition, frozen normal human urine samples, pooled and from
individuals, were also defrosted immediately before analysis. The analytical workflow for
determining GAG content and composition was optimized to minimize the number of
analytical steps (Figure 1). In this approach, GAGs are desalted and enzymatically digested
with heparin lyases I, I1, 111 and chondroitin lyase ABC to obtain HS and CS disaccharides;
these disaccharides were AMAC-labeled by reductive amination to improve analytical
selectivity and separation effciency, and then the AMAC-labeled disaccharides were
analyzed by reversed-phase LC-MS/MS. Urine sample preparation steps relied on a single
tube for desalting and enzymatic treatment to decrease processing time, reduce sample loss
(see Figure S1 in the Supporting Information) and improve digestion effciency. AMAC
labeling conditions were optimized to reducing labeling time and improve the labeling
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effciency (see Figure S2 in the Supporting Information). The entire sample preparation
process can be run in parallel on multiple samples and requires 4.75 h.

LC chromatography for the separation of AMAC-labeled disaccharides was improved,
compared to our previous method,22:40 reducing the separation time from 50 min to 15 min.
Thus, the analysis of 12 samples a day was possible, even when relying on serial analysis by
LC-MS/MS. The extracted ion chromatograms (EICs) of AMAC-labeled disaccharide
standards are shown in Figure 2A. LC separation of the AMAC-labeled HS, HA, and CS
disaccharide standards, with the exception of 2Sys and 2Scs, was possible within 15 min
(Figure 2A). Next, a urine sample was similarly treated and the EICs for the same AMAC-
labeled disaccharides are shown in Figure 2B. A urine sample spiked with GAG standard
was used to examine GAG recovery at low, medium, and high GAG concentrations. different
amounts of urine were used to determine the GAG recovery linearity of the new sample
preparation method, and different amounts of disaccharide standards were used to determine
the limit of detection (LOD) and limit of quantification (LOQ for each disaccharide). The
LOD and LOQ vary from 0.26 and 0.85 ng/mL, respectively, for the unsulfated
disaccharides (0Sps and 0Scg) to 2.53 and 8.4 ng/mL, respectively, for TriSyg (see Table 2).
This difference in LOD and LOQ primarily results from the reduced ionization effciency of
more highly sulfated disaccharides.

The GAG compositions on 5 commercially purchased normal human urine samples and 23
urine samples from trauma patients were examined next. These patients had been admitted
to the hospital surgical ICU for severe trauma, including automobile accidents, skiing
accidents, gunshot wounds, etc. Within 24 h of admission, urine samples were collected and
frozen. LC-MS/MS analysis was performed on each sample and the total HS, CS, and HA
content, as well as the HS and CS disaccharide composition (ng/mL) in urine, was
determined (see Tables S1 and S4 in the Supporting Information). To control for urinary
dilution (as a consequence of fluid resuscitation, diuresis, etc.), GAG content was
normalized to urine creatinine. Normalization to urine creatinine is a standard approach to
control for urinary dilution.#243 The raw total GAG content was highly variable, ranging
from 580 ng/mL to 11 198 ng/mL (average of 5149 ng/mL); normalization to urine
creatinine decreased this range to 1430-10 808 ng/mg creatinine (average of 5818 ng/mg
creatinine) (see Tables S2 and S5 in the Supporting Information). The creatinine-normalized
data for each urine sample are shown in Figure 3. CS (4563 ng/mg creatinine) was the
predominant GAG, followed by HS (901 ng/mg creatinine) and HA (354 ng/mg creatinine),
with a total GAG content of 5818 ng/mg creatinine. Thus, the vast majority (78%) of the
GAG in human urine was CS with much smaller quantities of HS (16%) and HA (6%)
(Figure 4 and Figure S3 in the Supporting Information). Next, the disaccharide composition
of urinary HS and CS were examined (Figures 3 and 4).

CS was comprised primarily (51%) of the 4S, followed closely by the 0S (36%) and 6S
(10%) disaccharides (Figure 4). Four of the five remaining disaccharides comprised 3% of
urinary CS and no 2S was observed in any of the 23 urine samples (see Tables S1 and S2 in
the Supporting Information). The absence of 2S¢g disaccharide in urine, first demonstrated
using a 50 min LC separation,*? allowed the use of a rapid (15 min) LC separation speeding
sample analysis. It is noteworthy that bikunin, which is a CS proteoglycan drug prepared
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from normal human urine and is used to treat acute pancreatitis,** contains a single CS chain
comprised of 0S (~66%) and 4S (~33%) disaccharide units.172345-47 These results suggest
that bikunin comprises only a portion of the CS present in human urine.

HS was comprised primarily of 0S (49%), NS (25%), and NS2S (10%) disaccharides. All of
the five remaining disaccharides could be detected and comprised the remaining 16% of the
HS composition.

In the past, the normal levels of human urinary GAGs have been evaluated primarily by
DMMB colorimetric assay. Examination of these samples by DMMB assay gave total
urinary GAG levels that paralleled those obtained using LC-MS/MS analysis (see Tables
S1-S5 in the Supporting Information). Differences between the absolute amounts obtained
by the two methods arise from the insensitivity of DMMB assay to small or uncharged
GAGs and the presence of interfering substances present in urine, such as sulfated
metabolites (see Figure S4 in the Supporting Information). This study provides the first
detailed look at the disaccharide composition and distribution of these GAGs. Most prior
studies!429.31.33.35 have only evaluated GAGs present at greatly elevated levels in patients
suffering from MPS. Moreover, since <1 g of GAG might be present in 1 mL of a normal
urine sample, a more effcient method of GAG isolation, as well as a more sensitive method
of GAG detection, than that used in previous studies of MPS patients with high urinary GAG
levels was required. MRM detection of GAG disaccharides also affords the disaccharide
compositional analysis of the HS and CS present in a urine sample. The current study offers
a method that is suffciently sensitive to study changes in urinary GAG levels and
compositions resulting from diseases outside of MPS such as inflammatory reactions*® and
cancers.® Future studies will be directed at applying the current method to such patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Analytical workflow for determining GAG content and composition.
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Figure2.
Extracted ion chromatograms (EICs) of AMAC-labeled disaccharides. (A) Analysis of

AMAC-labeled disaccharide standards; the sixth and seventh EICs show small, unlabeled
peaks, corresponding to minor fragments produced by monosulfated precursor ions. (B)
Disaccharides formed from GAGs in a urine sample; the small, unlabeled peaks in the third
EIC are noise resulting from the extremely low concentration of TriScg. The seventh EIC
shows a small, unlabeled peak corresponding to minor fragments produced by monosulfated
precursor ions.
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Composition of urinary GAGs, HS, CS, and HA and the disaccharide composition of urinary
HS and CS. Each of 23 urine samples and the average value are provided in terms of ng/mg
of creatinine. The inset is the enlargement, zooming in on the minor components in the main

figure.
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Average percentage composition of urinary GAGs, HS, CS, and HA, and the disaccharide

composition of urinary HS and CS.
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"0,

CH, OH

CH:0Rs ¢ CH;0Rg O,
RO " 4 o o o | o
H on {oH \ OH OH  (OH OH
HO
OR; HAc OR; HR OH HAC
1 2 3

CS disaccharides structure 1 R, Ry R
TriScs AUA25(1,3)GalNAC4S6S S0O5” S05” S05”
254Scg AUA2S(1,3)GalNAc4S SO3” SO3” H
256Scs AUA2S(1,3)GalNAC6S S04 H SO5”
456Scg AUA(1,3)GalNAC4S6S H S05” S05”
2Scs AUA2S(1,3)GalNAc SO3” H H
4Scs AUA(1,3)GalNAc4S H SO3~ H
6Scs AUA(1,3)GalNAc6S H H SOz~
0Scs AUA(1,3)GalNAc H H H

HS disaccharides structure 2 R, NR Rg
TriSys AUA2S(1,4)GIcNS6S SOz~ SO3” SO3~
NS6Shs AUA(1,4)GIcNS6S H S0O;” S05”
NS2Sps AUA2S(1,4)GIcNS SO5~ SO3~ H
NSus AUA(1,4)GIcNS H S03” H
2S6Sys AUA2S(1,4)GIcNAC6S SO3” Ac SOz~
6Shs AUA(1,4)GalNAC6S H Ac S03”
2Shs AUA2S(1,4)GIcNAc SOz~ Ac H
O0Shs AUA(1,4)GIcNAc H Ac H

HA disaccharides

structure 3

OSHA

AUA(1,3)GIcNAC
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Table 2
limit of limit of
detection, quantification,

precursor ion  productionion collisonal energy tubelen retention time LOD LOQ
disaccharide (m/2) (m/2) V) v) (min) (ng/mL) (ng/mL)
TriShs 770 690 20 -70 4.83 2.53 8.42
NS6Shs 690 610 20 =75 5.94 0.44 1.45
NS2Sys 690 610 20 -70 6.67 0.41 1.35
TriScs 405.5 365.5 20 -70 7.18 0.72 2.40
NShs 610 354 33 -100 7.63 0.26 0.88
254Scs 732 652 20 -80 7.92 0.69 2.31
2S6Sys 732 652 20 -80 8.04 0.69 231
2S4Scg 732 652 20 -80 8.50 1.22 4.07
4S6Scs 732 652 20 -80 8.68 0.85 2.84
6SHs 652 396 37 -104 8.70 0.81 271
2Sus/2Scs 652 157 29 -106 9.24 0.59 1.96
4Scs 652 396 40 -110 9.45 0.93 3.09
6Scs 652 396 31 -110 9.86 0.73 2.43
0Sys 572 396 28 -90 9.95 0.26 0.85
0Sya 572 396 26 -80 10.29 0.65 2.17
0Scs 572 396 28 -90 10.60 0.26 0.86
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