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A better understanding of the biological roles of carbohydrates requires the use of tools able
to provide efficient and rapid structural information. Unfortunately, highly acidic oligomers—
such as polysulfated oligosaccharides—are very challenging to characterize because of their
high polarity, structural diversity, and sulfate lability. These features pose special problems for
matrix-assisted laser desorption/ionization mass spectrometric (MALDI-MS) analysis because
polysulfated carbohydrates exhibit poor ionization efficiency and usually do not produce any
signal. The present report demonstrates how MALDI-MS can be used to derive structural and
compositional information from pure and mixed fractions of polysulfated oligosaccharides.
Indeed, pyrenemethylguanidine (pmg, a derivatizing agent and ionization efficiency en-
hancer) was used for the analysis of di- to decasaccharides, carrying from two to nine sulfate
groups. The method is applied to various highly sulfated chondroitin and carrageenan
oligosaccharides as well as to the analysis of mixtures of compounds. In the mass spectra, the
observation of a unique pmg-complexed ladder of peaks in both ionization modes allows an
easy and rapid determination of both the number of sulfate groups carried by the analyte and
its molecular weight. Moreover, we have developed a software tool for the rapid and
automatic structural elucidation of carrageenans based on the mass spectra obtained. (J Am
Soc Mass Spectrom 2009, 20, 131-137) © 2009 Published by Elsevier Inc. on behalf of American

Society for Mass Spectrometry

quence heterogeneity of complex carbohydrates

render their structural elucidation one of the
most difficult challenges for chemists, often requiring
the application of multiple analytical approaches [1].
Furthermore, polysulfated carbohydrates are important
biologically active molecules involved in many physio-
logical and pathophysiological conditions. Glycosami-
noglycans (GAGs), for example, are central players in
blood coagulation, signal transduction, or cell-cell rec-
ognition [2—-4]. Carrageenans, another important class
of complex carbohydrates, are water-soluble linear sul-
fated galactans extracted from marine red algae, serving
mainly as gelling or stabilizing agents in the food
industry [5]. They also have potential as pharmaceuti-
cals [6,7]. Interestingly, it has been demonstrated that
many polysulfated polysaccharides may have potent
antiviral properties, depending on the position and the

The high negative charge, polydispersity, and se-
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density of the O-sulfates, as well as the size of the
polysaccharide moiety [7]. In addition, synthetic poly-
sulfated carbohydrate drugs—such as the antiulcer su-
crose octasulfate or the octasulfated pentasaccharide
anticoagulant Arixtra—are chemically prepared by O-
sulfonation of oligosaccharide precursors. Considering
the myriad of polysulfated carbohydrate structures,
their structural diversity, and their potential impor-
tance to the food and pharmaceutical industries, strong
analytical tools are needed to gain in-depth structural
information. Because of their chemical heterogeneity
and highly acidic character, polysulfated carbohydrates
are challenging analytes. Nuclear magnetic resonance
spectroscopy is a powerful technique for the character-
ization of such oligomers, but large amounts of product
are needed and mixtures of compounds are difficult to
study [8]. Mass spectrometry is another useful analyti-
cal method, particularly because it allows one to deduce
structural details from molecular weight information
[9]. Unfortunately, the polyanionic nature of these com-
pounds renders it difficult to generate intact gas-phase
ions for mass spectrometric analysis because polysul-
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fated carbohydrates have a tendency to lose SO; groups
(A —80 mass units). Although electrospray ionization
(ESI) mass spectrometry is one of the preferred ap-
proaches for the analysis of highly acidic compounds, it
has been shown that the data interpretation is compli-
cated because of the creation of multiply charged ions
[10-14]. Nevertheless, MALDI-MS has not been used for
the detection of such compounds, although MALDI-
MS has the advantage of creating mostly singly charged
ions because polysulfated carbohydrates possess a poor
ability to ionize. Because of their propensity to form
adduct with cations, sulfated oligosaccharides had to be
complexed with basic peptides, such as (Gly-Arg),,
where n exceeds the number of sulfate groups by one,
for efficient MALDI-TOF MS analysis [15-17]. Although
this complexation method is efficient and sensitive, it is
hampered by the requirement of having a library of
peptides suitable for the analysis of unknown com-
pounds. Tremendous advances were recently made for
MALDI detection of alkali metal salts of sulfated carbo-
hydrates either using ionic liquid matrices [18-20] or by
alkali metal exchange [21]. These methods are very
efficient since they partially suppress SO; loss but,
unfortunately, they cannot avoid Na/H or Cs/Na ex-
change peaks and the mass spectra obtained might be
difficult to interpret. Moreover, the analysis and the
structural elucidation of unknown compounds remain a
difficult task. Therefore, the challenge remains to de-
velop a simple method using a benchtop MALDI-time
of flight (TOF) mass spectrometer for the characteriza-
tion of highly sulfated carbohydrates. Although a large
body of work has been devoted to prevent fragmenta-
tion of the parent ions of highly sulfated oligosaccha-
rides, we thought that specific fragments resulting from
SO; loss might be very useful in obtaining structural
information. The benefit would result from fragmented
mass spectra only if (1) specific and reproducible frag-
mentations are observed and (2) glycosidic fragments or
exchange peaks are avoided.

Recently, we used MALDI-TOF mass spectrometry
to observe complexes between single-strand oligonucle-
otides and various structurally distinct guanidinium
derivatives. This study revealed the importance of
the guanidinium group for an efficient interaction
with the phosphodiester linkages of DNA and em-
phasized the importance of the presence of an aro-
matic ring on the artificial receptor. In particular,
pyrenemethylguanidine (pmg) was found to form very
strong complexes with DNA. This eventually helped us
to monitor the number of phosphate groups in modi-
fied oligonucleotides [22]. In view of the importance of
noncovalent binding interactions involving the guani-
dinium group and acidic moieties [23], we decided to
shift our attention toward MALDI detection of sulfate-
guanidinium interactions. Our goal was to develop an
analytical tool that could reveal in a single experiment
the degrees of polymerization (molecular weight) and
sulfation (number of sulfate groups) of the analyte.
Such a method would allow rapid and confident char-
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acterizations of sulfated oligosaccharides that are usu-
ally hampered by uncertainty.

The work presented here describes a very efficient
tool for matrix-assisted laser desorption/ionization of
polyanionic oligosaccharides using pyrenemethylgua-
nidine. The method was used to analyze various highly
sulfated chondroitin and carrageenan oligosaccharides
as well as the sodium salt of sucrose octasulfate. Unique
pmg-complexed ladders of peaks have been observed
for all of the di- to decasaccharides carrying from two to
nine sulfate groups analyzed.

Experimental
Materials

All chemicals were purchased from commercial sources
and used without further purification. Sucrose octasul-
fate sodium salt was a gift from EUTICALS (Milano,
Italy). Chondroitin sulfates were synthesized according
to known procedures [4, 24]. Carrageenans were pre-
pared from various algae, as previously reported, and
their structures were previously confirmed by spectro-
scopic analysis [25-27]. In somes cases (see, for exam-
ple, spectra 516 and S19 in the supplementary material,
which can be found in the electronic version of this
article) the analysis of carrageenans gave rise to the
presence of either minor peaks or main peaks present as
a doublet. These results, usually observed in both
ionization modes for a given compound, are not the
consequence of glycosidic cleavage fragmentations but
rather reflect the purity of the analytes obtained after
enzymatic digestion and purification of complex hybrid
carrageenans. These impurities are attributed to the
presence of the corresponding anhydro analogues. This
further demonstrates the value of this method in the
assessment of the purity of compounds.

Mass Spectrometry

The MALDI mass spectra were recorded on a Voyager
DE (PerSeptive Biosystems, Framingham, MA, USA)
equipped with a 337-nm nitrogen laser. All mass spec-
tra were acquired in linear mode with an acceleration
voltage of 20 kV; guide wire, 0.05% of accelerating
voltage; 94% of accelerating voltage; delay extraction
time, 500 ns. Typically 50 laser shots were averaged for
each spectrum. Sulfated oligosaccharide solutions (0.1
mM) were prepared in deionized water. Pyrenemethyl-
guanidine hydrochloride [28] was dissolved in deion-
ized water and MeOH (1:1; final concentration 10 mM).
The matrix solution was prepared daily by dissolving
p-nitroaniline in EtOH (final concentration 0.1 M). For
sensitivity determination, a series of dilutions of chon-
droitin CSC hexa (for structures see the supplementary
material) was done (final concentrations 50, 5, and 0.5
uM) in the presence of 30-300 equivalents of pmg.
Samples were prepared by mixing 5 uL of the oligosac-
charide solution (0.1 mM in H,0), 2 uL of pyrenemeth-
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ylguanidine hydrochloride solution (10 mM in MeOH/
H,O 1:1), and 3 pL of deionized water. This mixture
(1 uL) was deposited on the MALDI plate and directly
mixed on the plate with an ethanolic solution of p-
nitroaniline (1 uL, 0.1 M) for 15 s. The resulting mixture
was allowed to dry for 10 min at room temperature
before being applied to MALDI-MS analysis.

Mixture Analysis

The mixture of kk and kkk (subsequently analyzed in
Figure 4) was obtained by mixing 2.5 uL of kk (0.1 mM
in H,O) and kkk (0.1 mM in H,0), 2 uL of pyrenem-
ethylguanidine hydrochloride solution (10 mM in
MeOH/H,O0, 1:1), and 3 pL of deionized water.

Carrageenan Software Interface

The Carrageenan analyzer is a simple, downloadable,
Excel spreadsheet designed as a software application
to determine the possible composition of carrageenans
from data obtained by MALDI-MS experiments (see
Supplementary Material available in the online version
of this article). Although this version analyses only di-
to decasaccharides that are composed of k-, -, u-, or
A-carrabiose units, this program could be easily modi-
fied by the user to extend the degrees of polymerization
or to add other carrabiose units. This software tool was
developed using the “IF” function of Microsoft Excel.
First, all possible oligocarrageenan combinations up to
decasaccharides were generated and their theoretical
fully complexed molecular masses were calculated. The
conditions for the “IF” function were next defined with
a margin of mass error (in this version *0.14% of
theoretical mass, except for decasaccharide units where
a margin of mass error of *0.13% was set). These
tolerances allow the length of the saccharide based on
their fully complexed molecular weight and the number
of sulfate groups to be uniquely assigned. Indeed, the
minimum difference within a series of di-, tetra-, hexa-,
or decasaccharide is 18 Da. Further, there is a minimum
difference in mass of 64.9 Da between di- and tetrasac-
charides, 46.8 Da between tetra- and hexasaccharides,
28.8 Da between hexa- and octasaccharides, and 10.8 Da
between octa- and decasaccharides. These molecular
mass differences are always superior to the defined
margin of mass error. The masses of the fragments ions
identified in our study always matched those generated
by calculation within the accuracy defined in the soft-
ware. Therefore, the length of the oligosaccharide and
the number of sulfate groups are accurately assigned
for any given oligosaccharide up to decasaccharides.
Upon counting peaks observed in a MALDI experi-
ment, between which the differences of mass must be
353 Da, one should (1) enter this number in the Peak cell
and (2) enter the highest mass value in the Mass cell.
The application will then (3) generate possible compo-
sitions in the composition cell. Matching composition
should be generated by both positive- and negative-
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ionization mode analyzers. In some cases, fully desulfated
ions (generally in the positive-ionization mode) or fully
complexed ions (generally in the negative-ionization
mode) might be observed as small peaks. It is therefore
important to make sure that spectra obtained in both
ionization modes match the general rules developed in
the article. Given the margin of mass error defined, the
probability of a false hit is greatly reduced by this

cross-examination.

Results and Discussion
Analysis of Chondroitin Sulfates

In the process of selecting the best conditions to obtain
excellent MALDI mass spectra we selected the non-
acidic p-nitroaniline [29] as a matrix in the presence of
40 equivalents of pmg. This matrix offered best shot-to-
shot reproducibility and signal stability in the analysis.
Typically, 50 laser shots were averaged for each spec-
trum without noticing any signal deterioration.

We first focused on the analysis of chondroitin sulfates
(CS). Chondroitin sulfates are linear copolymers made of
dimeric units composed of p-glucuronic acid (GlcA) and
2-acetamido-2-deoxy-D-galactose (GalNAc) arranged in
the sequence [—4)-B-D-GlcA-(1—3)-B-D-GalNAc-(1-],,
and contain on average one sulfate group per disaccha-
ride unit, but other types with sulfate(s) at various
positions are also known (Figure 1). MALDI-TOF anal-
ysis was performed on synthetic samples of chondroitin
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Figure 1. Structures of sulfated oligosaccharides analyzed using
pyrenemethylguanidine (pmg).
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sulfates with various sulfation patterns in the negative-
and positive-ionization modes. Although no signal
could be observed without pmg, the addition of 40
equivalents (MW, = 273 g mol ') of the latter gave a
ladder of peaks dependent on the number of sulfate
groups in both ionization modes. An illustrative exam-
ple is given in Figure 2 with the tetrasaccharide tetra-
sulfated CS-D tetra. In the positive mode, a ladder of
five peaks is obtained corresponding to the complex-
ation of 5 pmg with the oligosaccharide. The fully
complexed ion is easily detected at m/z 2476.7, whereas
the calculated value is 2476.6. In the negative mode,
four well-distinguished peaks can be observed, with the
highest m/z value at 1927.5 corresponding to a compl-
exation of CS-D tetra with 3 pmg molecules (calcd.
1928.4). The mass differences between the observed
peaks in both ionization modes correspond to a SO5-
pmg cleavage with an H substituting the SO;—pmg pair
(net loss of 353 mass units). This specific SO;—pmg loss
associated with the highest m/z value is very useful
because it does not create any ambiguity in the data
interpretation. The molecular weight of the fully pro-
tonated analyte is therefore deduced from these spectra:
MW = 1109.7 Da (calcd. 1110.1). Changing the laser
energy did not affect the number of observed fragments
and influences only their respective intensities. For all
CS analyzed, mass spectra followed the general formula
of n peaks in the negative mode and [n + 1] peaks in the

(+)
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positive mode, where 7 is the degree of sulfation of the
analytes. In the positive mode these results indicate that
all SO; groups are bound to a pmg molecule as is one of
the carboxylate groups. This result seems to indicate
that the sulfate-pmg complex is stronger than the
carboxylate-pmg one. By contrast, the negative-ion
analysis indicates that one of the sulfate groups is
always staying free. The highest m/z values were found
to follow the general formula m/z = [Mgg + (n + 1) X
M, + H]" in the positive mode and m/z = [Mos +
(n — 1) X Mg — H]™ in the negative mode, where Mg
and M., refer to the exact mass of the fully protonated
oligosaccharide and the guanidine derivative, respec-
tively. Additionally, the peaks with the lowest m/z
values correspond to the fully desulfated ion in the
positive mode and to a monosulfated ion in the nega-
tive mode. No sodium adducts and no glycosidic cleav-
age fragments were detected whatsoever. This method
is equally useful to analyze less sulfated CS as well as
phosphorylated CS (see the supplementary material).
Sensitivity was assessed and reproducible analyte sig-
nals could be obtained in both ionization modes with 10
pmol of sample material per target spot. A detection
limit of 1 pmol can be achieved with 300 equivalents of
pmg in the negative mode without affecting the quality
of the spectra, thus attaining sensitivity within a biolog-
ically relevant range of analyte concentrations. Because
the molecular ratio of analyte versus pyrenemethylgua-
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Figure 2. Positive-ion (a) and negative-ion (b) MALDI mass spectra of CS-D tetra with pmg.
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nidine is an important factor for the observation of the
fully complexed oligosaccharide form, an easy way to
analyze samples whose amounts are unknown is to
increase the concentration of the pmg solution until no
intensity change of the maximum m/z ion is observed.

Analysis of Carrageenans

We next shifted our attention toward the carrag-
eenans, another source of highly sulfated polysaccha-
rides. Carrageenans are composed of galactose and
3,6-anhydrogalactose, linked by alternating 1,3 and
1,4 glycosidic linkages. The disaccharide residues may
variously be sulfated, and differences in degree of
sulfation and occurrence of the 3,6-anhydrogalactose
residues give rise to the various forms of carrageenans.
Of these forms, A- (D2S6S-G2S), k- (DA-G4S), u- (D6S-
G4S), and - (DA25-G4S) carrageenans are probably the
most important (Figure 1) and the heterogeneity of the
carrageenans renders them particularly difficult to char-
acterize. Like chondroitins no usable spectra could be
obtained without addition of pmg. However, applying
our method to various carrageenans differing in both
length and sulfation patterns, we were again pleased to
observe specific ladders of peaks that directly relate the
number of sulfate groups depending on the number of
observed fragments (A = 353 mass units). Because
carrageenans do not bear carboxylate functions, mass
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spectra followed in both ionization modes the general
formula of n peaks for n sulfate groups. As shown in
Figure 3 with the decasaccharide heptasulfated hybrid
sequence kkpuk, the highest m/z values (4330.2 in the
positive mode and 3781.6 in the negative mode) follow
the same general formula found for the chondroitins.
However, because of the absence of a carboxylic func-
tion, a difference with the chondroitins is observed with
the lowest m/z values, which correspond in both ioniza-
tion modes to a monosulfated ion. Because a series of
seven peaks (A = 353 mass units) are observed in both
ionization modes, we confirm that the molecule is
heptasulfated with a molecular weight of 2144.2 Da
(calcd. 2144.2). The high efficiency and reproducibility
of our analytical method prompted us to develop an
algorithm for the rapid and automatic interpretation of the
mass spectra obtained in both positive- and negative-
ionization modes, therefore facilitating the process of
deriving sequence information (see the supplementary
material). These basic software applications were par-
ticularly useful for oligosaccharide mixtures analysis.
As exemplified in Figure 4 a mixture of kk and kkk
carrageenans led to two series of peaks differing in
intensities in both ionization modes. These two series
can be identified by the 353 mass-unit difference
observed between each peak. Summing the number
of peaks (2 and 3, respectively) and entering the m/z
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Figure 3. Positive-ion (a) and negative-ion (b) MALDI mass spectra of kkuuk with pmg.
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Figure 4. Positive-ion MALDI mass spectrum of a mixture of kk and kkk with pmg.

values of the fully sulfated ions into our applications
(m/z 1612.1 and 2271.7, respectively, in the positive-
ionization mode and 1062.5 and 1720.9 in the nega-
tive-ionization mode, respectively) generate in both
ionization modes the composition of the correspond-
ing oligosaccharides: kk and kkk. The perfect match
obtained for both ionization modes allows a confi-
dent structural characterization of unknown carrag-
eenans. When these compounds were analyzed indi-
vidually their respective spectra gave peaks at m/z
1258.7 and 1612.1 for kk and 1564.7, 1918.9, and
2271.6 for kkk. These results demonstrate that this
pmg-complexing method can be successfully used for
the characterization of depolymerized mixtures with-
out affecting mass spectra analysis. It should be noted
that specific arrangements could not be determined
without digestion experiments and that mixtures of
carrageenans having the same backbone but different
numbers of sulfates (e.g., kkk and kik) are indistin-
guishable in mixture analysis, although they can be
separated by chromatography.

Sucrose Octasulfate Analysis

Finally, our method was evaluated on the sodium salt of
the disaccharide sucrose octasulfate (SOS, Figure 1). This
compound is the active ingredient of the antiulcer drug
sucralfate and was chosen for its exceedingly high degree
of sulfation. The mass spectra obtained in both ionization
modes were found to follow the rules concluded from the
carrageenans analysis. A series of eight peaks (A = 353
mass units) are observed in both ionization modes, but it
should be noted that the positive mode gave better sensi-
tivity, in that 50 equivalents of pmg were needed to obtain
the fully complexed form in the negative mode (Figure 5).
Nevertheless, neither sodium exchange nor glycosidic
cleavage was observed, further demonstrating the scope
of our method.

Conclusions

A new powerful method for the MALDI-MS analysis of
polysulfated oligosaccharides using pyrenemethylgua-
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Figure 5. Positive-ion MALDI mass spectrum of SOS with pmg.
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nidine as an effective derivatizing agent and ionization
enhancer was introduced. Although fragmentation is
generally considered a major inconvenience, the gener-
ation of specific fragments resulting from SO;-pmg
cleavages, with an H substituting the SO,—pmg pairs,
has a number of distinctive advantages. It allows the
detection and the molecular weight determination of
highly sulfated oligosaccharides through the formation
of complexes with pmg. Specific fragmentations permit
the unambiguous determination of the sulfation degree
of the molecule. The analytical utility of the complex
formation is demonstrated by the molecular mass de-
termination of compounds from 500 to 5000 Da at the
picomole level with accuracy of +0.1% and the absence
of alkali cation adduct. Adding pmg is very suitable for
the direct analysis of purified polysulfated oligosaccha-
rides up to decasaccharides, as well as oligosaccharide
mixtures. Finally, through the development of our
software, we provided a practical methodology for the
analysis of carrageenans of unknown structures as a list
of all possible structures is quickly generated from
information obtained in the mass spectra.

Future studies will be directed toward the applica-
tion of this method to more complex mixtures as well as
other class of GAG-derived oligosaccharides such as
heparin oligosaccharides. Monitoring enzymatic depo-
lymerization reactions using this method will also be
evaluated.
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