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To facilitate qualitative andquantitative analysis of glycosam-
inoglycans, we tagged the reducing end of lyase-generated dis-
accharides with aniline-containing stable isotopes (12C6 and
13C6). Because different isotope tags have no effect on chro-
matographic retention times but can be discriminated by amass
detector, differentially isotope-tagged samples canbe compared
simultaneously by liquid chromatography/mass spectrometry
and quantified by admixture with known amounts of standards.
The technique is adaptable to all types of glycosaminoglycans,
and its sensitivity is only limited by the type of mass spectrom-
eter available. We validated the method using commercial hep-
arin and keratan sulfate as well as heparan sulfate isolated from
mutant and wild-type Chinese hamster ovary cells, and select
tissues frommutant and wild-type mice. This new method pro-
vides more robust, reliable, and sensitive means of quantitative
evaluation of glycosaminoglycan disaccharide compositions
than existing techniques allowing us to compare the chon-
droitin and heparan sulfate compositions of Hydra vulgaris,
Drosophila melanogaster, Caenorhabditis elegans, and mam-
malian cells. Our results demonstrate significant differences in
glycosaminoglycan structure among these organisms thatmight
represent evolutionarily distinct functional motifs.

Metazoans make several types of sulfated glycosaminogly-
cans (GAGs),2 including keratan sulfate (KS), chondroitin sul-
fate/dermatan sulfate (CS/DS), and heparan sulfate/heparin

(HS). Each type of chain consists of unique disaccharide units.
KS consists of galactose (Gal) and GlcNAc ([Gal�1,
4GlcNAc�1,3]n) with variable sulfation at C6 of either sugar.
CS/DS assembles as a copolymer of GlcA�1,3GalNAc�1,4
and then undergoes various processing reactions, including
C5 epimerization of a portion of GlcA units to iduronic acid
in DS, O-sulfation at C2 and more rarely at C3 of the uronic
acids, and O-sulfation at C4 and C6 of the GalNAc residues
(1). HS is the most highly modified GAG, consisting initially
of GlcA�1,4GlcNAc�1,4 units, which then undergo variable
processing by GlcNAc N-deacetylation and N-sulfation, C5
epimerization of some GlcA units to iduronic acid, and
O-sulfate addition to C2 of the uronic acids and C6 andmore
rarely at C3 of the glucosamine units (2). The arrangement of
the modified residues along the chain creates binding sites
for numerous growth factors, enzymes, and extracellular
matrix proteins. The structural variation that can occur
makes sulfated GAG chains one of the most complex classes
of macromolecules found in nature.
GAG fine structure is typically assessed by analyzing the dis-

accharide composition of an isolatedmixture of chains. A num-
ber of techniques have been developed to accomplish this task
that rely on chemical or enzymatic depolymerization of the
chains into their constituent disaccharides, followed by separa-
tion via anion exchange chromatography, reversed-phase chro-
matography with ion pairing agents, or capillary electrophore-
sis. These techniques separate disaccharides based on charge,
position of sulfate groups, and uronic acid composition. The
individual disaccharide residues are detected using different
methods, such asmetabolic radiolabeling of chains prior to iso-
lation, radiochemical labeling of liberated disaccharides by
borotritide reduction, UV absorbance of enzymatically gener-
ated products, or fluorescence of fluorophore-tagged deriva-
tives. These techniques have a limit of sensitivity of�10�11mol
(�10 ng). The actual identification of the disaccharides
depends on determining the retention time relative to authen-
tic standards, which are sometimes difficult to procure. At
times the profile can be confusing due to spurious peaks or
contaminants (3–5).
The adaptation of high performance liquid chromatography-

mass spectrometry (LC/MS) to analyze disaccharides circum-
vents some of these problems (6–16). The technology affords
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simultaneous measurement of chromatographic retention
time, absolute mass, ion adduction characteristics, and frag-
ment ion analysis of each disaccharide, eliminating the need for
comparison to disaccharide standards. In addition to revealing
more structural and chemical information for each disaccha-
ride, the use of LC/MS eliminates the need for radiolabeling or
the requirement for UV or fluorescent derivatization. Further-
more, depending on mass detector design, LC/MS can be sig-
nificantly more sensitive (�10�15 mol, or �1 pg).

Although the use of LC/MS has greatly enhanced disaccha-
ride analysis, the technology suffers in one important aspect:
the technique is semiquantitative due to variation in the ioni-
zation efficiency of different disaccharides, solvent effects on
ionization, and suppression by contaminants in the prepara-
tion. To circumvent these problems, LC/MS procedures have
been developed that utilize linear equations to correlate the
concentration of underivatized disaccharides with the detec-
tion ofmolecular standards (10, 17–20). Another approach is to
usemass-tagging techniques based on differentially isotopically
labeled tags introduced into oligosaccharides derived from
intact chains (16, 21–24). Here we describe a mass-tagging
technique that allows quantitative analysis of disaccharide
composition and ratiometric comparisons between samples.
This method employs glycan reductive isotope labeling (GRIL)
with [12C6]- and [13C6]aniline,3 modification of N-unsubsti-
tuted glucosamine residues by propionylation and resolution of
the derivatives by LC/MS (GRIL-LC/MS). In this study, we
demonstrate the reliability and sensitivity of this new method
compared with the most commonly used means of GAG com-
positional analysis based on post column fluorescence derivat-
ization. Improving LC/MS analysis in this way revealed that
heparan sulfates from the invertebrates Drosophila melano-
gaster and Hydra vulgaris have a high content of free-amine-
containing disaccharides compared with samples obtained
from Chinese hamster ovary cells, mice, and Caenorhabditis
elegans.

EXPERIMENTAL PROCEDURES

Culture Conditions—Wild-type andmutant pgsF17 cells (26)
were grown inHam’s F-12mediumcontaining 50 units/ml pen-
icillin, 50 �g/ml streptomycin, 2 mM glutamine, and 10% fetal
bovine serum.Micewere housed inAssociation forAssessment
and Accreditation of Laboratory Animal Care (AAALAC)-ap-
proved vivaria in the School of Medicine, University of Califor-
nia SanDiego, following standards and procedures approved by
the local Institutional Animal Care and Use Committee for the
ethical use of animals in experiments. A line bearing a condi-
tional loxP-flanked allele of uronyl-2-O-sulfotransferase
(Hs2st) was bred to ZP3Cre to generate heterozygous mice.4
These were then in-bred to produce homozygous null, het-
erozygous, and wild-type littermate embryos. Another set of
micewas crossbredwithAlbCremice to generate a hepatocyte-
specific mutant. Embryos and tissues were genotyped by PCR.

H. vulgaris (Zurich strain),D.melanogaster, andC. eleganswere
grown according to established procedures.
Purification and Enzymatic Depolymerization of HS and CS

Chains—GAG chains were extracted from cell monolayers,
liver, or homogenized whole mouse embryos by exhaustive
digestion with Pronase (Sigma-Aldrich) in phosphate-buffered
saline at 37 °C for 24 h followed by anion-exchange chromatog-
raphy (DEAE-Sephacel, GE Healthcare). After loading the col-
umns, they were washed with 0.25 M NaCl, and GAGs were
eluted with 1 M NaCl (27). GAGs from H. vulgaris, D. melano-
gaster, andC. eleganswere prepared in a similar way except that
the samples were first delipidated with acetone (3) before Pro-
nase digestion and subsequent anion-exchange chromatogra-
phy. All preparations were desalted by gel filtration (PD-10, GE
Healthcare).
GAGs were digested with 1milliunit each of heparin lyases I,

II, and III (Seikagaku, Tokyo) for 16 h at 37 °C in 50 �l of buffer
containing 40mM ammonium acetate and 3.3 mM calcium ace-
tate, pH 7, or for 3 h at 37 °C with 25 milliunits of chondroiti-
nase ABC (Seikagaku, Tokyo) in 100 �l of buffer containing 50
mM Tris and 50 mM sodium acetate, pH 8.0 (28). Bovine Cor-
neal KS (Sigma-Aldrich) was digestedwith either 100milliunits
of keratanase (Seikagaku, Tokyo) or 5milliunits of keratanase II
(Seikagaku, Tokyo) per 20 �g of GAG in 50 �l of buffer con-
taining 7.5 mM sodium acetate, pH 6, for 16 h at 37 °C. The
extent of conversion was complete based on analysis of stand-
ard GAGs incubated under the same conditions.
Disaccharide Standards and Purification of 3-O-Sulfated

Disaccharides—HS disaccharides D0A6, D2A0, and D2A65
were purchased from Calbiochem, whereas all other HS disac-
charide standards were purchased from Sigma-Aldrich. CS dis-
accharides were obtained from Oxford Glycosystems. Stock
solutions (1mM)were prepared by dissolution of each disaccha-
ride in water. The final concentrationwas verified by quantitat-
ing the amount of uronic acid present using high performance
anion-exchange chromatography with pulsed amperometric
detection (29). The 3-O-sulfated disaccharides were isolated
from a stable CHO cell line CHO[ECO] containing a retroviral
expression construct for the human 3-OST-3A cDNA (12). HS
isolated from these transductants was subjected to exhaustive
digestion with heparan lyases as described above, and the dis-
accharides corresponding to D2S3 and D2S9 were collected
(12). Purity and identity was checked by LC/MS.
Reductive Amination and Acylation of Disaccharides—1 pmol

to 10 nmol of HS and CS disaccharides was transferred to 1.5-ml
microcentrifuge tubes and dried down in a centrifugal evaporator.
[12C6]Aniline or [13C6]aniline (15 �l, 165 �mol) and 15 �l of 1 M
NaCNBH3 (Sigma-Aldrich) freshly prepared in dimethyl sulfox-
ide:aceticacid (7:3, v/v)wereaddedtoeachsample.Reactionswere
carriedoutat65 °Cfor4horalternativelyat37 °Cfor16handthen
dried in a centrifugal evaporator. Inmost cases subsequent purifi-
cation steps are not necessary. However, if samples contain exces-
sive contaminants, non-glycan components canbe removedusing
paper chromatography cartridges (GlycoClean S cartridges,

3 B. Xia, C. L. Feasley, G. P. Sachdev, D. F. Smith, and R. D. Cummings, submitted
for publication.

4 O. Garner, B. E. Crawford, J. Castagnola, D. Song, R. Lawrence, J. R. Brown, J. R.
Bishop, D. Y. Zhang, L. Wang, and J. D. Esko, unpublished results.

5 Throughout this report we use a shorthand nomenclature called “disac-
charide structure code (DSC)” to simplify the description of glycosam-
inoglycan disaccharides. See Lawrence et al. (25) for details and Table 1.
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Prozyme) according to the manufacturer’s instructions without
loss of aniline-tagged disaccharides (as judged by LC/MS analysis
of flow through and wash fractions). Unsubstituted amines were
reactedwith propionic anhydride (Sigma-Aldrich). Dried samples
were reconstituted in 20�l of 50%methanol and 3�l of propionic
anhydride (Sigma-Aldrich, 23.3�mol) was added. Reactions were
carried out at room temperature for 2 h. Acylated disaccharides
were subsequently aniline-tagged as described above.
LC/MS Analysis of HS and CS Disaccharides and KS Diges-

tion Products—An LCQ classic quadrupole ion trap mass spec-
trometer equipped with an electrospray ionization source, and
a quaternary high-performance liquid chromatography pump
(Thermo-Finnigan, San Jose, CA) was used for disaccharide
analyses. Derivatized and non-derivatized disaccharide resi-
dues were separated on a C18 reversed-phase column (0.46 �
25 cm, Vydac) with the ion pairing agent dibutylamine (DBA,
Sigma-Aldrich) (9, 12, 30). The isocratic steps were: 100%
buffer A (8mM acetic acid, 5mMDBA) for 10min, 17% buffer B
(70% methanol, 8 mM acetic acid, 5 mM DBA) for 15 min; 32%
buffer B for 15min, 40% buffer B for 15min, 60% buffer B for 15
min; 100% buffer B for 10 min; and 100% buffer A for 10 min.
The most highly substituted disaccharide, D2S9 (see Table 1),
eluted at 60% buffer B (42% methanol). Ions of interest were
monitored in negative ion mode, and signal intensity was opti-
mized for a representative species (D2S0, see Table 1). To min-
imize in-source fragmentation of sulfated disaccharides, the
capillary temperature and spray voltagewere kept at 140 °C and
4.75 kV, respectively. The accumulative extracted ion current
(XIC) was computed, and further data analysis was carried out
as described in the documentation for the Qual Browser soft-
ware provided by Thermo-Finnigan. For CID analysis of CS-
monosulfated disaccharides, ions with m/z 535 were selected
using a 2-atomic mass unit window and activated with 30%
normalized collision energy.
Heparin (Sigma) disaccharides were also separated by high-

performance liquid chromatography on a ProPac PA1 anion-
exchange column (Dionex) with a linear gradient of sodium
chloride (50 mM to 1 M, pH 3.5, 60 min). Post column derivat-
ization with 2-cyanoacetamide was performed as described
(31). Fluorescent products were detected with a flow-through
fluorescence detector (Jasco) set at excitation 346 nmand emis-
sion 410 nm.

RESULTS

Stable Isotope Labeling and LC/MS Analysis of Glycosamin-
oglycan Disaccharides—Of the different technologies available
to analyze the disaccharide composition of GAG chains,
LC/MS is most robust because of its higher sensitivity and its
capacity formultiparametric analysis.However, due to intrinsic
molecular differences in structure and extrinsic effects of sol-
vent and contaminants on ionization, traditional LC/MS is not
quantitative. To overcome the non-quantitative aspects of
LC/MS, we adapted the GRIL technique.3 As applied to glycos-
aminoglycans, the technique first involves enzymatic depoly-
merization of partially purified chains using bacterial hydro-
lases or eliminases, followed by reductive amination of the
reducing ends of the disaccharides with aniline to form a sec-
ondary amine derivative (Fig. 1A). The conjugation reaction is

rapid and quantitative. Incubation of standard disaccharides
derived from heparan sulfate and chondroitin sulfate with a
100-fold molar excess of [12C6]aniline at 65 °C yielded �98%
derivatization in 4 h, which was determined by measuring
unmodified disaccharide present in the reaction mixture. No
detectable O-desulfation byproducts and only a trace amount
of N-deacetylated or N-desulfated byproducts were detected
under these conditions. Less than 2% of these byproducts were
observed after incubation at 65 °C for 4 h (supplemental Fig.
S1). Reducing the temperature to 37 °C (for 16 h) almost com-
pletely eliminated these minor byproducts, without sacrificing
the efficiency of conjugation (�98%).
We utilized a Finnigan LCQ Classic quadrupole mass spec-

trometer during the development phase of this method, which
is capable of moderate levels of sensitivity. Based on titration
studies, the limit of sensitivity was 1 pmol/disaccharide.
Because of multiparametric analysis, detection was reliable for
disaccharides present at low levels in samples containing signif-
icant background contaminants that tend to obscure the disac-
charide profile obtained by UV or fluorescence detection. Fur-
thermore, all species present in the sample, including
underivatized disaccharides, can be detected, so that the extent
of derivatization can be internally monitored.
The linear range of GRIL-LC/MS was evaluated by meas-

uring the XIC ratio between increasing amounts of the disul-
fated disaccharide standard D2S0 (Table 1) tagged with

FIGURE 1. Aniline-tagging of GAG disaccharides. A, the reducing form of
each GAG disaccharide can form a Schiff base with the amine group of aniline.
The resulting imine is then reduced with sodium cyanoborohydride resulting
in a stable derivative. B, to determine the sensitivity and linear range of GRIL
disaccharide analysis, D2S0 was labeled with either [12C6]aniline or
[13C6]aniline. Differing amounts of [12C6]aniline-labeled D2S0 (between 0.5
pmol and 1 nmol) were mixed in triplicate with 25 pmol of [13C6]aniline-la-
beled D2S0 prior to LC/MS analysis. The measured amount (y-axis) is plotted
against the amount of [12C6]aniline-labeled disaccharide added (x-axis). The
standard error was less than the diameter of the symbols and �5%.
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[12C6]aniline and a set amount (25 pmol) of D2S0 tagged with
[13C6]aniline. Three replicate measurements were carried out
with each concentration of [12C6]aniline-tagged D2S0 and
showed the linear range to be from 1 pmol to �2500 pmol (Fig.
1B). Similar results were observed in titration assays for other
purified disaccharide standards (data not shown). The standard
curve deviated somewhat from linearity below 1 pmol, but this
lower limit reflects the mass spectrometer configuration. At
least 100-fold greater sensitivity should be achievable on amore
modern instrument (e.g. a linear ion trap or quadrupole time-
of-flight mass spectrometer).
Aniline Derivatization Enhances Detection and Resolution of

HS and CS Disaccharides—Derivatization of disaccharides
with aniline led to enhanced resolution by liquid chromatogra-
phy and greater sensitivity of detection by mass spectrometry.
For example, the isobaric disaccharides designated D0S6 and
D2S0 in their underivatized states did not separate by reversed-
phase chromatography on C18 resin (Fig. 2A), whereas the ani-
line derivatives completely resolved from each other (Fig. 2B).
Higher sensitivity was also observed for the aniline derivatives
presumably due to greater desolvation at the ion source of con-
jugated disaccharides, which eluted at a higher concentration of
methanol (notice the increase in peak height ofD2H6 andD2S6
in Fig. 2B compared with Fig. 2A). The extracted ion current
(XIC) for m/z corresponding to the underivatized forms of

D0S6 and D2S0 showed the presence of the free molecular ions
(m/z � 496.1 [M-H]�1), adduction ions formed with the ion
pairing reagent (DBA) (m/z � 625.1 [M-2H�DBA]�1), and a
small amount of desulfated species (m/z � 416.1 [M-H-
SO3]�1) caused by in-source fragmentation (Fig. 2C), but the
relative contribution of each disaccharide to the XIC could not
be determined. However, the separated aniline derivatives had
mass spectra that differed significantly (Fig. 2D). The aniline
derivative of D0S6 formed DBA adducts more readily than the
derivative of D2S0 and underwent partial in-source desulfation
to a greater extent, which presumably reflects structural differ-
ences between these isobaric disaccharides.
To determine if all of the disaccharides typically found in

naturally occurringHS chains can be separated and quantitated
by GRIL-LC/MS, mixtures of equimolar amounts of disaccha-
ride standards were analyzed (Fig. 3A). Peak assignments were
made by comparing the retention times and mass spectra to
individual aniline-tagged standards (Table 1). The results
showed that all of the HS disaccharide standards resolved with
the exception of the trisulfated disaccharides D2S3 and D2S6,
which co-elute. In all tissues analyzed to date, D2S3 is either
absent or exists in very low amounts compared with D2S6 (12).
Thus, its contribution to the combined peak can usually be
considered negligible. If necessary, the presence of D2S3 can be
determined by analyzing the disaccharides in their underivat-

TABLE 1
Molecular masses for component disaccharides from HS, CS/DS, and KS used in generating disaccharide XIC traces for both quantitative and
qualitative compositional analysis
The disaccharide structure code (DSC) (25), the abbreviated chemical structure (�U � 4,5-unsaturated uronic acid), and the observedm/z values in negative ion mode for
each enzymatically derived disaccharide are given. The values for both underivatized and 	12C6
aniline-derivatized forms are provided as well as the m/z values for
unsubstituted amine-containing HS disaccharides modified with both propionic anhydride and 	12C6
aniline (PA/aniline). For aniline-labeled disaccharides, both the free
molecular ion (	M-H
�1), the adduction ions formed by many of the more highly sulfated disaccharides with the ion pairing reagent (	M-2H�DBA
�1), and any in-source
desulfation products (which correspond in mass to the masses of disaccharides that naturally have one less sulfate) were used in determining the XIC traces. The HS and
CS/DS disaccharides listed in bold font are commercially available, and the 	13C6
aniline-derivatized forms of these disaccharides were used for quantitative analysis by
GRIL-LC/MS. Them/z values of the 	13C6
aniline-derivatized standards differ from the 	12C6
aniline derivatives listed in this table by �6 atomic mass units.

DSC Structure
Observedm/z

Non-derivatized 	12C6
Aniline-derivatized 	12C6
Aniline-derivatized PA/aniline
[M-H]�1 [M-H]�1 [M-2H�DBA]�1 [M-H]�1

HS disaccharides
D0H0 �UA-GlcNH2 336 413 469
D0H6 �UA-GlcNH2-6S 416 493 549
D2H0 �UA2S-GlcNH2 416 493 549
D2H6 �UA2S-GlcNH26S 496 573 629
D0A0 �UA-GlcNAc 378 455
D0A6 �UA-GlcNAc6S 458 535
D2A0 �UA2S-GlcNAc 458 535
D2A6 �UA2S-GlcNAc6S 538 615 744
D0S0 �UA-GlcNS 416 493
D0S6 �UA-GlcNS6S 496 573 702
D0S3 �UA-GlcNS3S 496 573 702
D2S0 �UA2S-GlcNS 496 573 702
D2S6 �UA2S-GlcNS6S 576 653 782
D2S3 �UA2S-GlcNS3S 576 653 782
D0S9 �UA-GlcNS3S6S 576 653 782
D2S9 �UA2S-GlcNS3S6S 656 733 862

CS disaccharides
D0a0 �UA-GalNAc 378 455
D0a4 �UA-GalNAc4S 458 535
D2a0 �UA2S-GalNAc 458 535
D0a6 �UA-GalNAc6S 458 535
D2a4 �UA2S-GalNAc4S 538 615 744
D2a6 �UA2S-GalNAc6S 538 615 744
D0a10 �UA-GalNAc4S6S 538 615 744
D2a10 �UA2S-GalNAc4S6S 618 695 824

KS disaccharides
g0A6 Gal-GlcNAc6S 462 539
g6A6 Gal6S-GlcNAc6S 542 619 748
A6g0 GlcNAc6S-Gal 462 539
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ized states in which they are fully resolved by conventional
LC/MS (12). GRIL-LC/MS can detect the 3-O-sulfated disac-
charides D2S3 andD2S9, which were prepared fromCHO cells
transduced with human Hs3st-3a (12). Two other disaccharide
containing 3-O-sulfated glucosamine units (D0S3, D0S9) are
not yet available for analysis. Other relatively rare disaccharides
containing unsubstituted amino groups (D0H6, D2H0, and
D2H6) were also resolved.
All disaccharides derived from CS by chondroitinase ABC

digestion also resolved, with the exception of the twomonosul-
fated isomers D0a4 and D2a0 (Fig. 3B). The latter is a compo-
nent of dermatan sulfate. As discussed below, collision-induced
dissociation (CID) can be used to distinguish these isobaric spe-
cies. This approach is not useful for discriminating the HS dis-
accharides D2S3 and D2S6, because desulfation predominates
during ionic fragmentation of these more highly sulfated
species.
Qualitative Analysis of GAG Chain Structure Using

GRIL-LC/MS—Corneal KS consists of variably sulfated poly-
N-acetyllactosamine units, bearing sulfate groups at C6 of
N-acetylglucosamine and galactose residues. The non-reduc-

ing end termini can also include
sialic acid linked �2–3 to a penulti-
mate galactose residue (Fig. 4A). To
demonstrate the suitability ofGRIL-
LC/MS for analyzing KS oligo-
saccharides, a sample of bovine cor-
neal KS was subjected to exhaustive
digestion with either keratanase or
keratanase II, which depolymerize
the chains dependent on the sulfa-
tion of theN-acetylglucosamine and
galactose subunits (Fig. 4A). The
digestion products were then
labeled with [12C6]aniline and ana-
lyzed by LC/MS. Keratanase cleaves
between unsulfated galactose
and 6-O-sulfated or unsulfated
N-acetylglucosamine (Fig. 4A) resu-
lting in the release of sequential
A6g0 disaccharides and blocks of
A6g6 oligosaccharides (Fig. 4B,
upper panel). The results show that
these KS I chains contain significant
amounts of fully sulfated blocks up
to the size of octamers, which are
separated by one or more A6g0 dis-
accharides. Keratanase II cleaves
between 6-O-sulfated N-acetylglu-
cosamine and galactose with or
without sulfation (Fig. 4A) resulting
in the release of both g0A6 and
g6A6 disaccharides (Fig. 4B, lower
panel). In addition, small amounts
of a number of tetrasaccharides and
a single pentasaccharide were
detected, consistent with previous
studies (32). The pentasaccharide

has am/z value consistent with the sialylated species Neu5Ac-
g0A6g0A6 (Fig. 4B, lower panel inset), which has previously
been shown to be the predominant non-reducing end terminal
structure in corneal KS(32). Thus, GRIL-LC/MS can be used to
evaluate block structure and disaccharide composition of KS
GAGchains.More importantly, using differential isotope label-
ing of two samples, GRIL-LC/MS can be a very convenient and
effective means of showing ratiometric differences in KS fine
structure between two samples differentially labeled with ani-
line containing different stable isotopes (see Fig. 6C for an
example usingHS isolated from two genetically differentmice).
Quantitative Analysis of Heparin andHSDisaccharides from

Cells and Tissues—The advantage of differential mass tagging
using aniline containing different stable isotopes (12C6 or 13C6).
is that samples tagged with different isotopically labeled ani-
lines can be mixed and simultaneously analyzed to yield quan-
titative comparisons. The addition of the [12C6]aniline group
adds 77 atomic mass units to the mass of the underivatized free
molecular ion ([M-H]�1) as well as to any adducts or decompo-
sition products, whereas [13C6]aniline group adds 83 atomic
mass units (for example, compare Fig. 2C and 2D). The differ-

FIGURE 2. Enhanced detection and resolution of disaccharides. A, the accumulated XIC for disulfated dis-
accharide ions present in equimolar mixtures of untagged D2H6, D0S6, D2S0, and D2S6 are shown. The accu-
mulative XIC is the summation of individual ionic currents for the free molecular ion, [M-H]�1 (m/z � 496), the
adduction ion formed with the ion-pairing reagent, [M-2H�DBA]�1 (m/z � 625), and in-source desulfation of
D2S6 [M-H-SO3]�1 (m/z � 496). The two isobaric isomers D0S6 and D2S0 did not resolve. B, the accumulated
XIC for D2H6, D0S6, D2S0, and D2S6 tagged with [13C6]aniline is shown. The accumulative XIC is the summation
of individual ionic currents for the free molecular ion, [M-H]�1 (m/z � 573), the adduction ion formed with the
ion-pairing reagent, [M-2H�DBA]�1 (m/z � 702), and the in-source desulfation of D2S6 [M-H-SO3]�1 (m/z �
573). D0S6 and D2S0, which were not resolved in their underivatized state, are resolved as aniline derivatives.
C, corresponding mass spectrum for underivatized D0S6 and D2S0 showing the free molecular ions, [M-H]�1,
adduction ions formed with the ion-pairing reagent, [M-2H�DBA]�1, and desulfated in-source fragment ions
[M-H-SO3]�1. D, the corresponding mass spectra for D0S6 and D2S0 tagged with [13C6]aniline.
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ence of 6 atomic mass units between [12C6]aniline- and
[13C6]aniline-tagged disaccharides is readily detected by mass
spectrometry.
To use GRIL-LC/MS for quantitative measurements,

all available disaccharide standards were prepared with
[13C6]aniline. A sample of heparin was then digested with hep-
arin lyases, and the liberated disaccharides were derivatized
with [12C6]aniline. 25 pmol of each [13C6]aniline-tagged disac-
charide standard was mixed with the [12C6]aniline-tagged hep-
arin disaccharides and separated by LC/MS. As expected,
LC/MS showed that the mass difference between each pair of
[12C6]aniline-and [13C6]aniline-tagged disaccharides was 6
atomicmass units, whichwas reflected in the freemolecular ion
and all adduction ions (e.g. D0S6 in Fig. 5A), which are pro-
duced independently of heavy and light isotopes. The accumu-
lative XIC for each isotope was then determined, by summing
all of the [12C6]- or [13C6]aniline-tagged XIC values for the
standard disaccharides listed in Table 1 (and any in-source de-
sulfation products). Because the [13C6]aniline-tagged standards
are added at known amounts and behave in the sameway as the
corresponding [12C6]aniline-tagged disaccharides, the actual
amount of these residues can be calculated from the ratio of the

XIC profiles of each isotope (Fig. 5B). For example, the peak
area for the D0S6 standard shown in the 12C6-XIC trace is 2.38-
fold that of [13C6]aniline-tagged D0S6 shown in the 13C6-XIC
trace (Fig. 5B), which is reflected by the relative ion intensities
of both molecular and adduction ions seen in the correspond-
ing mass spectrum (Fig. 5A). Thus, the amount of D0S6 in the
sample can be calculated as 2.38*25 pmol � 59.5 pmol. The
results from three independent analyses of commercially

FIGURE 3. GRIL-LC/MS analysis of aniline-tagged HS and CS disacchar-
ides. A, XIC chromatographs for aniline-tagged HS disaccharide standards
resolved by LC/MS. The panels on the right show that the two 3-O-sulfated HS
disaccharides D2S3 and D2S9 can also be resolved after aniline tagging as can
the two N-acetylated isobaric isomers D0A6 and D2A0. The only standard not
resolved was D0H0, which co-elutes with the salt peak, thus suppressing its
ionic signature. B, XIC chromatographs for CS disaccharide standards after
aniline tagging. The panel on the right expands the region where disulfated
CS disaccharide standards elute showing partial separation of D2a6 and
D0a10. The two isobaric isomers D0a4 and D2a0 did not separate under these
conditions but can be easily distinguished by CID (see Fig. 7). All XIC traces
were generated with the appropriate m/z values for the HS and CS disaccha-
rides listed in Table 1.

FIGURE 4. Qualitative structural analysis of KS GAG chains using GRIL-LC/
MS. A, generalized structure of corneal KS I showing the cleavage sites for
keratanase (solid arrows) and keratanase II (broken arrows). The symbols used
for monosaccharides subunits: sialic acid (purple diamond), galactose (yellow
circle), N-acetylglucosamine (blue squares), mannose (green circles), and
fucose (red triangle) are as previously described (grtc.ucsd.edu/symbol.html).
The presence of 6-O-sulfate is also indicated (6S) above each sulfated mono-
saccharide. B, bovine corneal KS was digested with either keratanase (“Exper-
imental Procedures”), aniline-tagged and subjected to LC/MS for analysis of
digestion products. The chromatographs show the relative ion intensity (XIC)
of digestion products eluting from the C18 column. The indicated peak
assignments were based on retention time, mass, and the known activity of
the keratanases used. The inset in the lower panel shows the elution of two
species released by keratanase II digestion with degree of polymerization of 4
and 5 (dp4 and dp5) based on mass. The XIC traces were generated with the
appropriate m/z values for KS disaccharides listed in Table 1 and for m/z val-
ues for the major expected ions of oligosaccharides released after keratanase
digestion. For keratanase, these included: dp4 ([M-3H�DBA]�2, m/z � 596),
dp6 ([M-5H�3DBA]�2, m/z � 987), and dp8 ([M-5H�3DBA]�2, m/z � 1250).
For keratanase II these included dp4 species g0A6g0A6 ([M-2H]�2, m/z �
491.5), g0A6g6A6 and g6A6g0A6 ([M-3H�DBA]�2, m/z � 596), and
g6A6g6A6 ([M-4H�2DBA]�2, m/z � 700.5). The inset XIC trace in the Kerata-
nase II panel was generated for the putative dp5 species Neu5Ac-g0A6g0A6
([M-2H]�2, m/z � 637), which also reveals a putative minor adduction ion for
g6A6g6A6 ([M-3H�DBA]�2, m/z � 636). The mass spectra of the small peak
eluting just after 80 min in the upper chromatogram and the small peak
eluting after the putative g6A6g6A6 peak in the lower chromatogram do not
correspond to any known keratan sulfate-derived oligosaccharides and are
most likely contaminants.
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obtained porcine intestinal mucosal heparin are shown in Fig.
5C, with standard errors forGRIL-LC/MSof 2–8% (n� 3). The
composition was nearly identical to that obtained by anion-
exchange chromatography and post-column derivatization
with 2-cyanoacetamide (post column fluorescence derivatiza-
tion, see “Experimental Procedures”) (Fig. 5D). The back-
ground in theXICprofilewas due to unidentified peaks, a fewof
which had masses similar to those predicted for known tet-
rasaccharides, but further analysis will be necessary to confirm
their identity.
To establish the accuracy and the reliability of the GRIL-

LC/MS analysis method, we evaluated the disaccharide profiles
of HS derived from wild-type CHO cells and the mutant CHO
line pgsF-17, deficient in uronyl 2-O-sulfotransferase activity

(Hs2st). The results along with the
standard errors for three independ-
ent HS extractions from wild-type
and mutant cells are presented in
Fig. 6A. As expected, the mutant
exhibited very little of the 2-O-sul-
fated disaccharides D2S0 and D2S6,
and their decrease correlated with a
concomitant increase in N-sulfated
and 6-O-sulfated disaccharides
D0S0 and D0S6, confirming previ-
ously published results (26).We also
analyzed the disaccharide composi-
tion of HS extracted from wild-type
mouse embryos and embryos bear-
ing null alleles of Hs2st (Fig. 6B).
Although the differences in disac-
charide compositions of wild-type
and heterozygous embryos were
negligible, theHS composition from
the homozygous null animals
showed a loss of 2-O-sulfated disac-
charides and an associated rise in
D0S0 and D0S6 residues (33). Thus
similar changes in the disaccharide
profiles occurred in both CHO and
mouse Hs2st mutants. The low, but
statistically relevant, amount of
D2S6 detected in both homozygous
null embryos was verified by post
column fluorescence derivatization
(data not shown). The source of this
material is unknown.
The reliability of GRIL-LC/MS

quantitation of disaccharides was
further evaluated by measuring
the recovery of individual disac-
charides as a function of sample
concentration using liver HS.
GRIL-LC/MS analysis was per-
formed at four different dilutions
of the same sample. The results
showed a strong linear correlation
(R2 values from 0.9954 to 1.000)

between disaccharide concentration and the disaccharide/
standard XIC ratio for all of the disaccharides detected in the
sample (supplemental Fig. S2). As a further test of analytical
recovery, a bolus of heparin byproduct (70 ng) was added to
a heart tissue homogenate (containing�250 ng of HS) and to
an equal volume of phosphate-buffered saline. The two sam-
ples and an equal aliquot of heart homogenate were sub-
jected to GAG purification, heparan lyase digestion, and
analysis by GRIL-LC/MS. The results showed that the
byproduct was recovered from the tissue sample and from
phosphate-buffered saline in the same proportion (supple-
mental Fig. S3). The average difference in recovery of the
individual disaccharides in the combined sample and
the control was �5%. Overall, these results demonstrate the

FIGURE 5. GRIL-LC/MS quantitation of porcine intestinal mucosal heparin. Disaccharides derived from
heparin were tagged with [12C6]aniline and mixed with [13C6]aniline disaccharide standards (25 pmol each).
A, the mass spectra for a representative low abundance disaccharide, D0S0, and a higher abundance disaccha-
ride, D0S6, are shown. Note the 6 atomic mass units difference between the [12C6]aniline-tagged residue and
the corresponding [13C6]aniline-tagged standard for the free molecular ions ([M-H]�1), the sodium adducts
([M-2H�Na�]�1), and the ion pairing reagent adducts ([M-2H�DBA]�1). Adduction ions are typically detected
for disaccharides with two or more sulfates (compare the mass spectra for D0S0 and D0S6, see Table 1). B, the
individual XIC profiles for the [12C6]aniline-tagged sample and [13C6]aniline-tagged standards for one of three
separate analyses. The XIC traces were generated using the m/z values for HS disaccharide standards listed in
Table 1. C, GRIL-LC/MS determined disaccharide composition of porcine heparin (n � 3), error bars represent
the standard error. D, analysis of an identical sample using the anion-exchange high performance liquid chro-
matography with post column derivatization and fluorescence detection. The preparation of heparin used in
this study did not contain measurable amounts of D0H0, D0H6, D2H0, or D2H6 detected by either LC/MS-GRIL
or post column derivatization with 2-cyanoacetamide. The rare disaccharide D2A0, which is also detectable by
GRIL-LC/MS (Fig. 3A), was not analyzed in this experiment.
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high degree of reliability provided by this technique to carry
out comparative analysis.
GRIL-LC/MS also permits comparative analyses of samples

without the introduction of standards thus showing relative
differences for all disaccharides and not just those for which
standards are available. In this format, a sample of disacchar-
ides derived from one experimental condition was tagged with
[12C6]aniline and a sample from a different set of conditions

was tagged with [13C6]aniline. The samples were then mixed
and analyzed by LC/MS, and the ratio of XICs for each isotope
was determined. Fig. 6C shows the analysis of liver HS from
wild-type mice (Hs2stf/fAlbCre�) tagged with [12C6]aniline and
liverHS frommice bearing a hepatocyte-specific deletion of the
Hs2st gene (Hs2stf/fAlbCre�) tagged with [13C6]aniline. The
analysis showed diminished amounts of all disaccharides con-
taining 2-O-sulfated uronic acids and an increase in D0S6.
Complete loss of 2-O-sulfated disaccharides did not occur as in
the CHO cell mutant due to incomplete deletion ofHs2st in the
hepatocytes and the presence of wild-type HS from �10%
untargeted endothelial cells in the liver preparations. No signif-
icant increase in D0S0 occurred as in CHO and whole mouse
embryos, suggesting liver-specific changes in composition (Fig.
6, compare C to A and B).
Survey of GAGs fromModel Organisms—To evaluate the dif-

ferences in GAG chain fine structure present in evolutionarily
distant organisms, we analyzed GAGs isolated fromH. vulgaris
(cnidarian), C. elegans (nematode), D. melanogaster (arthro-
pod), and CHO cells (vertebrate). Chondroitin chains were
depolymerized with chondroitinase ABC, tagged with
[12C6]aniline, mixed with [13C6]aniline-tagged standards
(Table 1), and the mixture was analyzed by GRIL-LC/MS. Each
invertebrate organism showed a distinct disaccharide compo-
sition. In all three invertebrates, D0a0 dominated the disaccha-
ride composition, indicating a low overall degree of sulfation
compared with CHO cells (Fig. 7A). H. vulgaris chondroitin
contained �30% D0a6 and �2% D0a4, in contrast to a recent
report on chondroitin derived from Hydra magnipapillata
showing equal amounts of both 4- and 6-O-sulfated disacchar-
ides, whichmay reflect species-specific differences (5).D.mela-
nogaster chondroitin contained 25% monosulfated disaccha-
ride resembling D0a4 or D2a0, two isobaric disaccharides that
co-elute. To determine the dominant species that elutes at this
position, both D0a4 and D2a0 standards were subjected to CID
tandemMS/MS. From themass of the inter-ring cleavage prod-
ucts, these two isobaric species can be easily distinguished
because the position of the sulfate differs (Fig. 7B). For example,
the B1 ion for D2a0 has an m/z � 237 and the B1 ion for D0a4
has an m/z � 157. When compared, the CID spectrum of the
unknown monosulfated species in the D. melanogaster most
closely resembled that of D0a4 (Fig. 7C). The presence in the
CID spectrum of Y1 withm/z� 377, Z1 withm/z� 359, and B1
withm/z� 157, and lack of the diagnostic product ion for D2a0
(18, 34) show that the predominant and perhaps only species
eluting at this position has sulfate on the hexosamine side of the
glycosidic bond. C. elegans chondroitin consists entirely of
D0a0, as described previously (3, 35, 36). CHO cell chondroitin
consists primarily of D0a4, but interestingly �3% D0a6, �10%
D0a0, and �10% D2a4 were detected. The presence of D2a4
suggests the presence of either 2-O-sulfated iduronic or glucu-
ronic acids, which have not been previously reported in CHO
cells.
Previous studies ofHS fromC. elegans andD.melanogaster and

a recent report onH.magnipapillata suggested that these inverte-
brates produce an array of disaccharides similar to those found in
vertebrates (3–5, 35, 37). However, inspection of the published
data suggested that other disaccharides might be present,

FIGURE 6. GRIL-LC/MS analysis of disaccharides in wild-type and Hs2st-
deficient mutant cells and mice. A, the disaccharide profile for HS isolated
from wild-type CHO-K1 cells and from pgsF-17 mutant cells (Hs2st-deficient),
error bars represent the standard error of the means (n � 3). The results are
reported as percentage of total disaccharide. B, the disaccharide profile for HS
isolated from Hs2st�/�, Hs2st�/�, or wild-type mouse embryos. The results
are reported as percentage of total disaccharide recovered from each sample.
C, the disaccharides derived from HS isolated from the liver of Hs2stf/fAlbCre�

and Hs2stf/fAlbCre� mice were tagged with [13C6]aniline or [12C6]aniline,
respectively. The samples were mixed and then analyzed by LC/MS. The ratio
of 13C and 12C recovered for each disaccharide is shown.
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because several unidentified peaks were present in the chro-
matograms. Application ofGRIL-LC/MS revealed the presence
of three N-unsubstituted disaccharides (D0H6, D2H6, and
D2H0), which fully resolve (Fig. 3A). Due to the lack of any
sulfates on D0H0, this species does not absorb to the C18
matrix and is thus not significantly retained by the reversed-
phase column. Its co-elution with salts causes suppression of
the ion current, and attempts to quantify D0H0 failed. To cir-
cumvent this problem, disaccharides bearing free amino groups
were amidated (supplemental Fig. S4A) with propionic anhy-
dride (20), which results in stronger interaction with the C18
matrix and separation from salts in the sample. Propionylation
generates a product (D0R0) with a mass 56 atomic mass units
larger than the corresponding free amino disaccharide (supple-
mental Fig. S4B). Furthermore, aniline-tagged D0R0 separates
completely from aniline-tagged D0A0 (supplemental Fig. S4C).
These two unsulfated disaccharides are structurally similar but
vary in the length of the amide substituent.
Derivatization of disaccharides from D. melanogaster and

H. vulgaris HS with both propionic anhydride and aniline
demonstrated surprisingly high levels of D0H0 (6.8% and
12.8%, respectively) (Fig. 8), which were absent from C.
elegans and CHO cell HS. Minor amounts of D0H6 were
present in D. melanogaster (1.2%) but absent in other sam-
ples. D2H6 was present in trace amounts in all samples
except HS from D. melanogaster.

DISCUSSION

In this report we demonstrate the
use of differential isotope tagging
and LC/MS (GRIL-LC/MS) to facil-
itate quantitative compositional
analysis of disaccharides derived
from depolymerized GAG chains.
Reductive amination with isotopi-
cally labeled anilines is rapid, quan-
titative, and sensitive, and when
coupled to reversed-phase ion-pair-
ing liquid chromatography permits
separation of nearly all known dis-
accharides, including difficult to
separate species bearing unsubsti-
tuted glucosamine residues. Based
on titration studies, the limit of sen-
sitivity was 1 pmol/disaccharide
(see Fig. 1B), a value 5–10 times
more sensitive than the post column
fluorescence detection system using
2-cyanoacetamide. Our results
demonstrate the high sensitivity
and wide linear range (between 1
pmol and 3 nmol) of this new
method, which makes it an attrac-
tive alternative to other techniques
for conducting compositional GAG
analysis especially on small and dif-
ficult to obtain samples. We vali-
dated the method by analysis of
enzymatically depolymerized KS

and heparin chains, HS from mutant and wild-type CHO cells,
HS from whole mouse liver, HS from mouse embryos bearing
null alleles of Hs2st, and HS from a tissue-specific mutation of
Hs2st in mouse hepatocytes. Although the compositions that
were obtained resembled that obtained by traditional methods,
GRIL-LC/MS revealed the presence of previously undescribed
disaccharides in CHO cells (D2a4) and invertebrates (D0H0,
D0H6, and D2H6). Furthermore, because a second dimension
of analysis by MS/MS can be imposed, GRIL-LC/MS provides
structural information that methods based solely on co-chro-
matography with standards do not. Another advantage is that
proportional comparisons between samples can be made by
mixing samples tagged with different isotopically labeled anili-
nes, which eliminates differential effects due to varying levels of
contaminants.
When comparing the capabilities ofGRIL-LC/MSwith those

of other detection methods such as post column fluorescence
derivatization, we found GRIL-LC/MS to be more reliable for
analyzing disaccharides present in low abundance, easier to set
up andmaintain (assuming the availability of a mass spectrom-
eter) and easier to troubleshoot if problems arise with the deri-
vatization reaction or sample preparation (because the pres-
ence of underivatized species or problematic contaminants can
be detected). The sensitivity of this method is only limited by
the mass spectrometer used for the analysis. We expect a fur-

FIGURE 7. GRIL-LC/MS disaccharide analysis of CS isolated from Hydra, nematodes, and arthropods.
A, chondroitins from H. vulgaris, D. melanogaster, C. elegans, and CHO-K1 cells was enzymatically depolymer-
ized and tagged with [12C6]aniline. An equimolar mixture (25 pmol) of [13C6]aniline-tagged CS/DS disaccharide
standards was added prior to LC/MS analysis. Results are shown as the percentage of total disaccharides
recovered. B, schematic showing possible tandem mass spectra intra-and inter-ring cleavages of aniline-con-
jugated D0a4, using the nomenclature proposed by Domon and Costello (49). C, tandem mass spectra of D2a0,
D0a4, and the uncharacterized monosulfated disaccharide (Drosophila dp2(1SO4)) present in the D. melano-
gaster chondroitin sample.
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ther dramatic increase in sensitivity when a more advanced
mass spectrometer is used (femtomoles). Furthermore, because
of the multiparametric data generated by LC/MS, this new
technique is significantly more reliable for detecting low abun-
dance species whose signal can be obscured by co-eluting
contaminates.
GRIL-LC/MS is also a significant enhancement over LC/MS

procedures that rely on linear equations to correlate the con-
centration of underivatized disaccharides with the detection of
molecular standards (10, 17, 18, 20). The presence of non-GAG
contaminants, which is unavoidable in many samples, can
affect analyte ionization and the calculated results. GRIL-
LC/MS doesn’t suffer from this limitation, because standards
for each disaccharide are included in each sample and the sam-
ple disaccharide and its corresponding standard co-elute. Thus,
buffer conditions and contaminants that affect disaccharide
ionization will affect both the sample and the standard to the
same extent and the ratio of disaccharide to standard remains
the same regardless of changing LC/MS conditions.
GRIL-LC/MS also can be used for other types of GAG anal-

yses. For example, the method easily resolves disaccharides
derived from hyaluronan using either lyases or hydrolases.6
Furthermore, the non-reducing end of the chain resolves from
the internal disaccharides, making measurement of chain
length possible. Thus, the technique should also allow partial
sequencing of short oligosaccharides, e.g. by mass tagging the
reducing terminus with [13C6]aniline followed by lyase diges-
tion and mass tagging the liberated disaccharides with
[12C6]aniline. The suitability of GRIL-LC/MS for nitrous
acid digests of GAGs such as HS, which preserves the stere-
ochemistry of the uronic acid residues but converts the
amino sugars to anhydromannose, has yet to be determined.
Because standards for nitrous acid-liberated disaccharides
are not readily available, the potential of GRIL-LC/MS for
analyzing nitrous acid-liberated disaccharides samples will
require further work.
Most organisms express one or more members of the HS

3-O-sulfotransferasese family, which generates 3-O-sulfated

glucosamine residues, and some CS contains 3-O-sulfated
glucuronic acids (1, 38). In theory, GRIL-LC/MS should be
able to separate and quantify these disaccharides, but stand-
ards are not readily available to optimize chromatography
conditions or to use as mass standards. Thus GRIL-LC/MS,
in the absence of suitable 3-O-sulfated standards, cannot be
used to quantitate these particular species. It is important to
note that all other analysis schemes that rely on comparison
to standards, such as post column fluorescence derivatiza-
tion, also suffer from this limitation. However, expressing
3-OST-3A in CHO cells yield two disaccharides, D2S3 and
D2S9, which can be easily separated by GRIL-LC/MS analy-
sis (Fig. 3A). Although other 3-O-sulfated disaccharides
might be obtained in this way, chemoenzymatic methods
may be needed to generate sufficient quantities of rare dis-
accharides for further analysis and for preparation as heavy
isotope-tagged standards.
Using GRIL-LC/MS, we found significant differences in

chondroitins fromH. vulgaris, C. elegans,D. melanogaster, and
CHO cells. The major sulfated disaccharides present in D.
melanogaster CS were D0a4, whereasH. vulgaris CS contained
D0a6 as its major sulfated disaccharide. In both cases these
sulfated disaccharides represented �25–30% of the total, and
the remainder was unmodified D0a0. CHO cell chondroitin is
much more highly sulfated with D0a4 being the principle spe-
cies. CHO cells also make a significant amount of D2a4, which
has not been previously described in this cell line. Chondroitin
chains from C. elegans are unsulfated and therefore consists of
100% D0a0, as previously observed (3, 35, 36).
GRIL-LC/MS analysis of HS from D. melanogaster and H.

vulgaris revealed significant structural differences highlighted
by residues containing N-unsubstituted amines. Disaccharides
containingN-unsubstituted glucosamine residues are relatively
rare in vertebrateHS (�5%), and their detection depends on the
source of material and the method of analysis (sensitivity to
high pH nitrous acid, reactivity to NHS-biotin, binding of spe-
cific antibodies) (20, 39–46). As shown here, D. melanogaster
and H. vulgaris HS possess substantial amounts of free amino-
containing disaccharides, consisting almost entirely of D0H0.
Presumably, D0H0 arises from incomplete GlcNAcN-deacety-
lation/N-sulfation by GlcNAc N-deacetylase/N-sulfotrans-
ferases encoded in these organisms, although we cannot
exclude the possibility of a specific N-deacetylase or N-sul-
fatase. The significance of high levels of disaccharides with
free amino groups in HS from these species is not known, but
may signal the existence of an evolutionarily ancient class of
biologically important functional motifs. Earlier studies have
shown that GAGs are expressed in several other inverte-
brates (37, 47, 48). While the earliest diverging animal phy-
lum, Porifera (sponges) appears to express only CS, the
expression of both CS andHS is manifest throughout the rest
of the animal kingdom (37). The advantage of GRIL-LC/MS
is that even minor amounts of free amine-containing disac-
charides can be detected, e.g.D0H6 inD. melanogaster. Eval-
uation of the type and degree of GAG chain modification
across multiple species will help determine if a correlation
exists between GAG chain modifications and biological
function during evolution.6 R. Lawrence, R. Gallo, and J. D. Esko, unpublished results.

FIGURE 8. GRIL-LC/MS disaccharide analysis of HS from Hydra, nema-
todes, and arthropods. HS samples were depolymerized by exhaustive
digestion with a mixture of heparan lyases, reacted with propionic anhydride,
tagged with [12C6]aniline, and mixed with [13C6]aniline-tagged HS disaccha-
ride standards. The proportion of each disaccharide in the samples was then
determined by comparison to the standards, including [13C6]aniline-tagged
standards for propionylated N-unsubstituted disaccharides. Significant levels
of D0H0 were detected in H. vulgaris and D. melanogaster HS but not in C.
elegans or CHO cells.
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