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a  b  s  t  r  a  c  t

Heparin  glycosaminoglycans  (GAGs)  present  the  most  difficult  glycoform  for  analytical  characterization
due  to  high  levels  of sulfation  and  structural  heterogeneity.  Recent  contamination  of  the  clinical  heparin
supply  and  subsequent  fatalities  has  highlighted  the  need  for sensitive  methodologies  of  analysis.  In
the  last  decade,  tandem  mass  spectrometry  has  been  increasingly  applied  for  the  analysis  of GAGs,  but
developments  in  the  characterization  of  highly  sulfated  compounds  have  been  minimal  due  to the low
number  of  cross-ring  cleavages  generated  by threshold  ion  activation  by  collisional  induced  dissociation
(CID).  In  the  current  work,  electron  detachment  dissociation  (EDD)  and  infrared  multiphoton  dissociation
ourier transform mass spectrometry
lectron detachment dissociation
nfrared multiphoton dissociation

(IRMPD)  are  applied  to a series  of  heparin  tetrasaccharides.  With  both  activation  methods,  abundant
glycosidic  and  cross-ring  cleavages  are  observed.  The  concept  of  Ionized  Sulfate  Criteria  (ISC)  is  presented
as a succinct  method  for  describing  the  charge  state,  degree  of ionization  and  sodium/proton  exchange
in  the  precursor  ion.  These  factors  contribute  to the  propensity  for useful  fragmentation  during  MS/MS
measurements.  Precursors  with  ISC  values  of  0 are  studied  here,  and  shown  to yield  adequate  structural

vatio
information  from  ion acti

. Introduction

The analytical characterization of sulfated glycosaminoglycan
GAG) carbohydrates has remained topical. Sulfated GAGs are
inear, acidic biopolymers that are synthesized through a non-
emplate driven mechanism. This mechanism results in high
olydispersivity in natural samples and presents a challenging sys-
em for analytical characterization. Of the established glycoform
lasses, the heparin and heparan sulfates are the most diverse,
emonstrating high variability in sites of O-sulfation, N-sulfation
r N-acetylation, and hexuronic acid stereochemistry. Specifically,
eparin has posed a daunting challenge for direct analysis since

ts discovery nearly 100 years ago, due to its high molecular
eight (Mw: range 5–40 kDa, average 15 kDa) [1] and polydisper-

ity. Heparin is known to interact with a variety of proteins [1] via

omains with specific sequence motifs such as the pentasaccharide
equence for heparin binding to antithrombin III [2,3].

∗ Corresponding author. Tel.: +1 706 542 2001; fax: +1 706 542 9454.
E-mail address: jamster@uga.edu (I.J. Amster).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.08.029
n  by  EDD  or IRMPD.
© 2011 Elsevier B.V. All rights reserved.

The characterization of heparin is of vital importance to clini-
cal applications as an anticoagulant through its inhibition of serine
proteases in the blood coagulation cascade [1].  Recently, the hep-
arin market suffered a contamination crisis, resulting in several
fatalities. The source of the contaminant was traced to a highly
sulfated chondroitin sulfate with similar physical–chemical prop-
erties to heparin that was not identified using the quality control
protocols in place at the time [4]. In light of this event, additional
sensitive methods are needed to determine any impurities within
heparin.

The purification of heparin oligosaccharides and subsequent
characterization by 2-D NMR  has been applied to heparin chains
having a degree of polymerization (dp) 2–40 [5].  NMR  was also
shown to effectively differentiate heparin from over-sulfated chon-
droitin sulfate during the contamination crisis based on unique
signals generated by the N-acetyl group found in chondroitin [4].
Historically, the characterization of heparin has been conducted
at the oligosaccharide level by preparation with heparin lyases [6]

and separation by liquid chromatography [7,8] or capillary zone
electrophoresis [9].

Mass spectrometry-based analysis has followed digestion and
purification by the abovementioned methods, eliminating the need

dx.doi.org/10.1016/j.ijms.2011.08.029
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jamster@uga.edu
dx.doi.org/10.1016/j.ijms.2011.08.029
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Fig. 1. MS  of the pentasulfated heparin tetrasaccharide, T1, demonstrati

or chemical modification of the analyte, a common preliminary
tep for separation. Both MALDI-MS [10] and ESI-MSn [11–16]
ethods have been developed for small heparin oligomers. MALDI-
S  in combination with enzymology has presented a powerful

pproach for structural analysis due to the charge-deconvoluted
ature of MALDI and sensitivity (∼fmol), but requires the non-
ovalent complexation with a peptide to ionize in positive ion mode
10,17,18]. ESI-MS approaches have provided the ability to ion-
ze heparin and other sulfated GAGs directly into the negative ion

ode, producing high charge states while retaining the labile sul-
ate groups. Ion traps have largely been employed for these efforts
o conduct CID-MSn and oligomer lengths have varied from disac-
haride to octasaccharide with a combination of enzymatic steps
11–16].

Several difficulties exist in the MS-based analysis of highly sul-
ated GAGs. The first is the polydisperse nature of GAGs, which
esults in a complex mixture of chain lengths and sulfation states,
ut can be resolved by chromatographic methods before ioniza-
ion. The second is MS-level heterogeneity due to Na/H exchange
19], which results in the division of a single GAG chain into many

ass channels. This effect is especially pronounced in highly sul-
ated GAGs such as heparin where the degree of Na/H exchange
an match or exceed the number of sulfate half esters present in

 chain. Lastly, it is difficult to ionize all of the sulfates on a given
ligosaccharide due to charge repulsion from having more than one
onized site in a given residue. It is well known in the ESI-MS of GAGs
hat all sulfate half esters should be ionized and/or paired with a

etal counter ion to reduce the facile loss of the modification as
O3 through H-rearrangement [20]. Therefore, the ESI solvent con-
itions should be adjusted such that Na exchange can occur at an
cceptable level to produce a suitable precursor ion yet not to the
oint of reducing the ionization efficiency.

Tandem mass spectrometry can be employed to locate the
ites of sulfation in highly sulfated GAGs, but difficulty arises
hen assignment of the hexuronic acid stereochemistry is needed.

reviously, electron detachment dissociation (EDD) [21] has
emonstrated a duality in GAG ion activation [22] where sites
f sulfation and hexuronic acid stereochemistry could be deter-
ined during a single tandem mass spectrometry experiment
hen applied to heparan sulfate tetrasaccharides [23]. The pro-
osed mechanism for the generation of stereo-specific products by
DD is based on detachment from a carboxylate, and it becomes dif-

cult to find conditions that allow ionization of this more weakly
cidic functional group as the sulfate density increases. Fortu-
ately, a correlation between 2-O-sulfation and hexuronic acid
tereochemistry has been demonstrated that can assist in the
ctral heterogeneity due to charge state variation and sodium exchange.

stereochemical assignment [24]. Although heparin may  contain
either IdoA or GlcA, the dominant disaccharide repeat unit is
(IdoA2S-GlcNS6S). The IdoA constituents are typically substituted
with 2-O-sulfo group whereas the GlcA residues are not [24].
Knowledge of sample origin is critical, though, as murine mastocy-
toma heparan sulfate has been demonstrated to contain 2-O-sulfo
GlcA residues, but this residue has not been found in porcine intesti-
nal muscosa heparin [25].

The following work has extended the application of EDD  and
infrared multiphoton dissociation (IRMPD) in GAG oligosaccha-
rides to heparin tetrasaccharides derived from porcine mucosa.
The selection of a precursor ion for MS/MS  activation where all
sulfates are ionized or paired with a metal counter ion minimizes
the loss of sulfo groups as SO3 and subsequent fragmentation by
either method is shown to provide sufficient provide ion suites
for the assignment of sulfate position, except in the hexasulfated
tetrasaccharide case (GlcNS6S-IdoA2S) where the question of 3-
O- or 6-O-sulfation remains (although the occurrence of 3-O-sulfo
groups is infrequent when compared to 6-O-sulfo groups, occur-
ring at 1 in 50 GlcN residues [25]). Based on the knowledge of
sample origin, hexuronic acid stereochemistry can be determined
by the assignment of 2-O-sulfo group substitution from cross-ring
cleavage product ions. Conversely, the absence of 2-O-sulfo groups
cannot be used to definitively assign GlcA as the occurrence of
un-sulfated IdoA is approximately 10% in heparin [25].

2. Experimental methods

2.1. Heparin oligosaccharide preparation

Heparin sodium salt (6 g), derived from porcine intesti-
nal mucosa (Celsus Laboratories, Cincinnati, OH), was partially
depolymerized with recombinant heparinase 1 (E.C. 4.2.2.7) from
Flavobacterium heparinum to 30% completion, as determined by
ultraviolet absorbance at 232 nm,  at which point the digestion
was quenched by boiling. The oligosaccharide mixture was con-
centrated on a rotary evaporator, filtered through a 0.22 �m filter,
and separated on a 1.5 m × 5.0 cm Bio-Gel P10 column (BioRad,
Hercules, CA). The oligosaccharides were eluted at 1.2 mL/min
with 0.2 M NaCl. Size-fractionated oligosaccharides were further
separated by HPLC on a 2.0 cm × 25 cm semi-preparative strong
anion exchange (SAX) column (Waters Spherisorb S5, Milford,

MA)  using a 60-min salt gradient at a flow rate of 4.0 mL/min
with absorbance detection at 232 nm [5].  Purity of HPLC-separated
oligosaccharides was  assessed using a 46 mm × 250 mm SAX col-
umn  (Waters Spherisorb, 5 �m)  and additional semi-preparative
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ig. 2. EDD spectrum of tetrasaccharide, T1. Structural inset denotes the assigned p
efined  at the end of the Section 2.

urification was carried out when necessary to achieve >95% purity.
ll oligosaccharides used in the present work were determined to
e >95% pure by analytical SAX-HPLC, PAGE analysis, RPIP-HPLC-
SI-MS, high resolution MS,  and 1D and 2D NMR  [24].

.2. Mass spectrometry analysis

Experiments were performed with a 9.4 T Bruker Apex Ultra
eFTMS (Billerica, MA)  fitted with an MTP  dual ion source, 25 W
O2 laser (Synrad model J48-2, Mukilteo, WA)  for IRMPD, and an

ndirectly heated hollow cathode (HeatWave, Watsonville, CA) to
enerate electrons for EDD. The sample solutions were infused at a
ate of 120 �L/h and ionized by electrospray using a metal capillary
Agilent Technologies, Santa Clara, CA, #G2427A) or at 10 �L/h and
onized by nanospray (pulled fused silica tip model FS360-75-15-
-20; New Objective, Woburn, MA,  USA). Based on the extent of

ulfation and desired charge state or degree of sodiation, the ESI
olvent was varied. Solutions of each tetrasaccharide were intro-
uced at a concentration of 0.1–0.2 mg/mL  in aqueous methanol
ith the addition of 1% 100 �M NaOH to generate sodium adduct

ons. All tetrasaccharides were examined in negative ion mode.
For EDD experiments, precursor ions were isolated in the exter-

al quadrupole and accumulated for 1–3 s in an RF-only hexapole
efore injection into the FT-ICR MS  cell. One or two quadrupole iso-

ation/analyzer cell fills were utilized per scan. The selection of the
recursor ion was further refined by using in-cell isolation with

 coherent harmonic excitation frequency (CHEF) event [26]. For

lectron irradiation the cathode bias was set to −19 V. The extrac-
ion lens was  set to −18.5 ± 0.1 V, and the cathode heater was set
o 1.5 A. The precursor ions were then irradiated with electrons for

 s. 24–36 acquisitions were signal averaged per mass spectrum.
t ions. The annotations used to represent fragmentation types in the structure are

IRMPD was  conducted with a 25 W CO2 laser (Synrad model J48-2,
Mukilteo, WA). Ions were irradiated for 0.025 s to 0.075 s at 65%
laser attenuation.

For each mass spectrum, 1M points were acquired, padded with
one zero fill, and apodized using a sinebell window. Background
spectra were acquired by leaving all parameters the same but set-
ting the cathode bias to 0 V to ensure that no electrons reached
the analyzer cell. External calibration of mass spectra produced
mass accuracy of 5 ppm. Internal calibration was also performed
using confidently assigned glycosidic bond cleavage products as
internal calibrants, providing mass accuracy of <1 ppm. Due to
the large number of low intensity products formed by EDD, only
peaks with S/N > 10 are reported. Product ions were assigned using
accurate mass measurement and Glycoworkbench version 2.0 [27],
which predicts the masses of conventional fragment ions (A, B,
C, X, Y, Z), with and without SO3 losses, for a given carbohydrate
structure.

All product ions are reported using the annotation proposed by
Wolff et al. [29], derived from the Domon and Costello nomencla-
ture [30], in which a prime or double prime next to the product type
indicates the loss of one or two  atoms of hydrogen from the con-
ventional glycosidic fragment. Fragmentation is illustrated in the
molecular structure drawings with dashed lines. The slanted line
at the top or bottom of the dashed line is used to indicate reducing
end or non-reducing end products, respectively. Single and dou-
ble hash marks across the slanted line indicate an additional loss
of 1 or 2 hydrogen atoms from the conventional glycosidic frag-

ments. To denote sulfate decomposition accompanying glycosidic
or cross-ring cleavage, an open circle placed at the end of a slanted
line indicates the loss of one SO3 from a sulfate half ester, while
a filled circle is used to show a loss of 2 or more equivalents of
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ig. 4. Annotated structure indicating the assigned EDD and IRMPD products ions fro
etrasaccharide, T2.

ig. 5. Annotated structure indicating the assigned EDD and IRMPD products ions fro
etrasaccharide, T3.
 the [M−5H+2Na]3− and [M−5H+3Na]2− precursor ions of tetrasaccharide, T1.

m the activation of the [M−5H+1Na]4− precursor ion for pentasulfated heparin

m the activation of the [M−6H+2Na]4− precursor ion for hexasulfated heparin
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O3. An integer placed next to a slanted line indicates the number
f sodium ions that are replacing protons in the denoted fragment
on. In annotated spectra, the charge states of all ions are 1− unless
therwise indicated.

. Results and discussion

Highly sulfated GAG oligosaccharides readily form ionic salts
e.g., sodium). This chemistry introduces additional heterogeneity
t the MS  level shown in Fig. 1. In purified compounds, this splits the
on signal between many channels, reducing the intensity in of any
ingle precursor for tandem mass spectrometry. Sodium/proton
xchange often occurs in the capillary used to infuse the sample into
he electrospray source. The addition of 0.1% formic acid has been
hown to reduce this heterogeneity in CS glycoforms [29], but has
imited success when applied to highly sulfated heparin oligosac-
harides. Conveniently, the affinity for sodium is beneficial in that
t enables the generation of precursor ions where the total number
f ionized sites, including those with sodium counter-ions, equals
he number of sulfate groups. To reduce SO3 loss during MS/MS
f sulfated GAGs, it is desirable that all sulfate groups are ionized;
owever, when multiple sites of sulfation are present on one hex-
se ring, ionization of both sites is energetically unfavorable due
o charge repulsion; sodium cationization fulfills the need for hav-
ng an ionized sulfate group while reducing the charge repulsion
etween anionic sites.

To succinctly convey this concept, we define a value called the
Ionized Sulfate Criteria” (ISC). The ISC value of a GAG precursor ion
s calculated by the difference in total sites of sulfation subtracted
rom the summed number of charges and sodium counter-ions.
ositive ISC values correspond to precursor ions for which the
umber of ionized sites (including those with sodium counterions)
xceeds the number of sulfate groups; in such cases, at least one
ronic acid carboxyl group is ionized. Precursor ions with negative

SC values do not guarantee this, and given the higher acidity of sul-
onic acid, most likely have a mix  of ionized and protonated sulfate
roups, and no ionized carboxyl groups. A precursor ion with an ISC
alue of zero has an equal number of ionized sites (including those
ith sodium counterions) as there are sulfate groups. For example,

 pentasulfated GAG ion with a charge state of 4 and 1 Na ion, would
ave an ISC of 0, that is, 5 − (4 + 1) = 0. Increasing the ISC to 1, by
electing a higher charge state or an ion with an additional sodium,
ould require an ionized site on a carboxyl group and introduce

he potential for EDD generated products that differentiate GlcA
rom IdoA. An ISC of <1 would leave a protonated sulfate moiety,
ncreasing the potential for loss as SO3. Due to charge repulsion in
ighly sulfated GAGs, it is difficult to produce precursor ions with
ositive ISC values. In the current work, precursor ions are selected
ith an ISC of 0 to minimize sulfate loss. In future work where sul-

ate densities are reduced, precursor ions with ISC values greater
han 0 will be studied.

.1. T1 (�UA2S-GlcNS6S-GlcA-GlcNS6S)

Based on the MS  data presented in Fig. 1, three potential precur-
ors ions are available where the precursor ion satisfies the ISC = 0.
he EDD activation of each precursor state enables the evaluation
f the degree of ionization/sodiation for highly sulfated tetrasac-
harides. Additional threshold activation by IRMPD is made for
omparison in certain cases.

The highest degree of ionization for a tetrasaccharide without

ntroducing charge repulsion effects is achieved at 4−. With four
onized sites, it is hypothesized that an ionized site will exist on
ach hexose ring. For T1 containing five sulfates, the addition of
ne Na+ ions satisfies the ISC = 0. The EDD of this precursor ion,
ass Spectrometry 308 (2011) 253– 259 257

[M−5H+1Na]4−, is shown in Fig. 2. Abundant glycosidic and cross-
ring bond cleavage products are observed, ranging in charge state
from 1− to 4−. The masses of glycosidic bond cleavages can be uti-
lized to deduce the location of sites of sulfation as follows: one on
the non-reducing hexuronic acid, two  on the central glucosamine,
and two on the reducing end glucosamine.

The knowledge of sample origin in combination with an accu-
rate mass measurement of the precursor ion can directly assign the
positions of three sulfate groups. On hexuronic acid residues, only
2-O-sulfo groups are known to occur and the difference in precur-
sor ion mass due to N-sulfo modification instead of N-acetylation
assigns the second and third positions. The remaining two sites of
sulfation cannot be assigned directly at the MS level, even though
it is highly likely that 6-O-sulfation occurs on both glucosamine
residues based on the known 1–4 glycosidic bond linkage in heparin
oligosaccharides and rare occurrence of 3-O-sulfation. Cross-ring
cleavage assignments can validate this hypothesis. The assignment
of 6-O-sulfation on the reducing end glucosamine can be confirmed
by the generation of the 2,4X0 cross-ring product as well as the 3,5A4
ion. The occurrence of 6-O-sulfation on the central glucosamine can
be assigned by the difference in mass due to SO3 between the 0,2A2
and 2,4A2 cross-ring products.

As described previously, two other ions, [M−5H+2Na]3− and
[M−5H+3Na]2− satisfy the ISC = 0. The annotated structures indi-
cating both EDD and IRMPD fragmentation [31] for each precursor
are shown in Fig. 3. A precursory examination of both Fig. 3A and B
reveals that EDD and IRMPD generate the previously denoted prod-
uct ions employed to assign the five sites of sulfation in T1. When
the product ion sets are compared based on activation method, the
majority of assigned products are observed in both EDD and IRMPD
spectra (indicated by red) with additional cross-ring (1,5X and 1,5A)
and glycosidic bond cleavages with the loss of 1H or 2H present
only in the EDD data set (black). (For interpretation of the refer-
ences to color in this text, the reader is referred to the web  version
of the article.) This observation is consistent with prior results in
DS GAGs where threshold activation products were shown to be a
subset of EDD [31].

Consistent behavior is observed in Fig. 3B for the [M−5H+3Na]2−

where both EDD and IRMPD can be employed independently to
locate the five sites of sulfation, although the absolute number
of cleavages is reduced when compared to the discussed 4− and
3− precursor ions. This decrease in observed fragmentation with
increasing sodium exchange has been documented in both DS [29]
and HS GAG oligosaccharides [32]. The addition of the Na+ counter-
ion reduces the number of sulfate loss fragments, but concurrently
eliminates fragment ions that are presumably due to the presence
of an ionized site.

3.2. T2 (�UA2S-GlcNS6S-IdoA2S-GlcNS)

Based on the evaluation of the observed decrease in product ions
with increasing sodium exchange for T1, the [M−5H+1Na]4− pre-
cursor ion was  activated for T2. Both T1 and T1 are penta-sulfated,
but T2 is sulfated on the IdoA residue and only N-sulfated on the
reducing end (RE) glucosamine. This sulfation sequence is one sul-
fate group less than that of the typical heparin disaccharide repeat
which will be examined in the following section. Depicted in Fig. 4,
are product ions assigned for EDD and/or IRMPD. Examination of
the product ions generated by both activation methods reveals
that sufficient cleavages are generated to locate all of the sulfa-
tion sites by a combination of glycosidic and cross-ring cleavages

by the reductive method utilized in the prior section. Although the
loss of SO3 is observed in the majority of product ions, in only
one case (0,2X3) is the sulfate-intact ion not observed. Losses of
2 sulfate groups are largely observed from glycosidic bonds for
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Fig. 6. Annotated EDD spectrum of the [M−6H+2Na]4− precursor ion for tetrasaccharide T3.
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Fig. 7. Annotated IRMPD spectrum of the [M−6H+2Na]4− precursor ion for tetrasaccharide T3.
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oth activation methods and only for IRMPD generated cross-ring
leavages.

.3. T3 (�UA2S-GlcNS6S-IdoA2S-GlcNS6S)

The highest degree of sulfation examined to date by EDD and/or
RMPD is the tri-sulfated disaccharide repeat unit present in T3.
his increase in sulfation introduced further heterogeneity at the
S level when compared to T1 or T2, but precursor ions still exist
here the ISC = 0. Shown in Fig. 5 are the product ions assigned
ue to activation by both EDD and IRMPD of the [M−6H+2Na]4−

on. An annotated spectrum for the EDD of T3 is shown in Fig. 6 and
or IRMPD is shown in Fig. 7. Consistent with results in samples
1 and T2, the majority of product ions are consistent within both
ctivation types.

Both IRMPD and EDD result in the cleavage of all glycosidic
onds. In either case, each glycosidic bond product ion is paired
ith at least one sulfate loss with the number increasing to two

osses as the fragment length is increased. As described previously,
hen the number of sulfation sites increases for a given oligomer

ength, the possible structures decreases due to the finite number
f O-sulfo possibilities. Analysis of glycosidic bond cleavage prod-
cts places 1 sulfate on each hexuronic acid and 2 sulfates on each
lucosamine, which by accurate mass is known to be N-sulfo. Loca-
ion of the O-sulfo group on the RE N-sulfo-glucosamine can be
stablished by the occurrence of 2,4X0 in both EDD and IRMPD.
ue to the lack of additional cross-ring cleavage on the central N-

ulfo-glucosamine, the exact location to 6-O-sulfation cannot be
etermined by MS/MS, but is known due to complimentary NMR
ata. Subtle differences do exist between the two data sets, such as
he occurrence of a 1,5X cleavage on each hexose ring in only EDD
nd additional losses of sulfates as SO3 in IRMPD.

.4. Determination of hexuronic acid stereochemistry

In the examined tetrasaccharides, the ability of EDD to assign
he hexuronic acid stereochemistry has not been fully realized. Due
o the distribution of ion signal between many product ion chan-
els, many are low intensity. The previous indicators of hexuronic
cid stereochemistry, e.g., B′

3, B′
3-CO2, nor 0,2A3 are not assigned in

2 (GlcA) nor C′ ′
3 in T1 or T3 (both containing IdoA). The EDD of

 sufficiently desulfated precursor produced by solvolytic means
ay  result in that determination [32], but insight can be achieved

y known biology where 2-O-sulfation is known to only occur on
duronic acid residues [24]. The generation of sufficient cross-ring
leavage on hexuronic acid residues can lead to the assignment of
-O-sulfation as shown in T1 and T3; therefore, in combination with
he known biology, IdoA can be inferred.

. Conclusions

The selection of the appropriate precursor ion for the tandem
ass spectrometry of GAG oligosaccharides is critical to the gen-

ration of informative mass spectra. This case is especially true in
ighly sulfated GAGs such as heparin. To minimize sulfate loss as

O3 and maximize the number of product ions observed, the high-
st charge state should be selected with the minimal number of
odium counter-ions (if needed). Slight differences in the prod-
ct ion distributions generated by EDD and IRMPD are observed,

[
[

[

ass Spectrometry 308 (2011) 253– 259 259

but both provide sufficient information to locate sites of sulfation.
This result contradicts prior results in ion trap mass spectrometers
where CID proved to generate minimal bond cleavage in highly sul-
fated GAGs. Although previous detachment generated products are
not observed, the combination of the knowledge of sulfate loca-
tion and sample origin can be utilized to some extent to identify
hexuronic acid stereochemistry.
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