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ABSTRACT
Structural elucidation of sulfated glycosaminoglycans necessitates the assignments
of both sulfo modified sites and the C-5 hexuronic acid stereochemistry. Tandem mass
spectrometry efforts targeted at resolving fine structures of GAGs have been hampered by
the labile sulfate groups which undergo decomposition during ionization and ion activation
and the insensitivity of mass spectrometry in assigning stereocisomers. This work presents
improvements on tandem mass spectrometry methods using Fourier transform ion
cyclotron resonance mass spectrometry and multivariate statistical analysis methods to
resolve some of these challenges. Electron detachment dissociation (EDD) and
collisionally induced dissociation (CID) have been used to sequence sulfated
glycosaminoglycans including heparin and heparan sulfate and fucosylated chondroitin
sulfate. Structural details aimed at assigning sites of sulfo modifications while reducing
SOs loss in highly sulfated heparin and heparan sulfate oligosaccharide including Arixtra
is presented. Also addressed in of this work is the assignment of the hexuronic acid

stereochemistry using a EDD-PCA and a diagnostic ratio formula derived from an EDD-



PCA experiment. The C-5 uronic acid stereochemistry of thirty-HS tetrasaccharides have
been assigned.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Proteoglycans (PGs) or mucoprotiens are highly glycosylated proteins
found in all connective tissues and cell surface membranes where they are known
to influence critical physiological and pathological processes [1, 2]. Their basic
structure comprises a core protein with covalently attached highly anionic
polysaccharides called glycosaminoglycans (GAGSs) [3]. Structurally, GAGs are
unbranched, polydisperse polysaccharides consisting of a repeating disaccharide
unit of an amino sugar and a uronic acid.[4, 5] Depending on their disaccharide
repeats, GAGs can be categorized into four major classes: heparin (Hp) and
heparan sulfate (HS), chondroitin (CS) and dermatan sulfate (DS), keratan sulfate
(KS), and hyaluronic acid or hyaluronan (HA) [5].

Heparin and heparan sulfate GAGs are the most structurally complex among
the family of GAGs. Heparin/HS are composed of disaccharide repeating units of
N-acetylglucosamine (GIcNAc) and glucuronic acid (GIcA) [5, 6]. The glucosamine
unit may be sulfated at the 3-O, 6-O or the N-positions whereas sulfation at the 2-O
uronic acid residue may occur upon epimerization of glucuronic acid to iduronic
acid (IdoA) [6-10]. Even though heparin and HS have the same disaccharide
building blocks, there exist some structural differences: heparin has higher amount
of N- and O-sulfo groups compared to HS with the major disaccharide unit in heparin
being IdoA2S-GIcNS6S. Epimerization of the GICA content to IdoA is estimated to

be about 80% in heparin and 20-50% in HS [7, 11, 12]. The striking difference



between these structurally related compounds is the sulfo content per disaccharide
unit; heparin averages about 1.8-2.6 sulfo groups per disaccharide and 0.6-1.8 for
HS [7, 13]. The structural features of heparin and HS are known to influence a
myriad of biological functions including cell-cell signalling, inflammatory
processes, morphogenesis, cancer metastasis and wound healing [12]. The
anticoagulant efficiency of heparin upon interacting with antithrombin is also a well-
documented phenomenon [14, 15]. This interaction is mostly attributed to its
pentasaccharide binding motif (GICNAC/NS(6S)-GIcA-GIcNS(3S,6S)-1doA(2S)-
GIcNS(6S) in the polymer [16, 17].

Chondroitin sulfate (CS) GAGs are composed of alternating disaccharide
building blocks of N-actylgalactosamine (GalNAc) and glucuronic acid linked
through an alternating a, 3 (1, 4) and, B (1, 3) glycosidic bonds.[5] Sulfation on the
GIcNACc unit may occur at the 4-O and 6-O positions and the C-2 hydroxyl group
of the uronic acid residue [4, 5]. There are many types of CS however, three main
classifications are found in higher animals namely CS A, CS B also known as
dermatan sulfate (DS) and CS C. CS A and CS B are predominantly sulfated at the
4-0 position of GaINAc while CS C has mostly 6-0 sulfated GalNAc. Dermatan
sulfate differs from CS A, in that glucuronic acid moiety is replaced by its C-5
epimer, iduronic acid. CS/DS are known to influence several biological activities,
which are strongly correlated to the degree and position of sulfation and their
hexuronic acid stereochemistry [4, 5, 18].

The basic disaccharide sequence of Keratan sulfate (KS) consist of N-

actylgalactosamine, and galactose (3GalB1-4GIcNAcB1) which may be sulfated at



the C-6 positions of both residues [19]. There are three distinct forms of KS found
in nature: KSI are mostly found in the cornea and N-linked to asparagine in the core
protein, KSII located in the cartilage are highly sulfated and O-linked to the protein
via serine or threonine, KSIII (Man-O-linked KS) also described as proteoglycans
from the brain are linked to a core protein via mannose residue (KS-Man-O-Ser)
[19,20]. Some documented biological function of KS includes inhibiting
proliferation of cancerous cells, metastatic transformations, involved in tissue
hydration and regulation the assembly of collagen fibril [19, 20].

Hyaluronic acid (HA) is the only member of the GAG family that is not
modified by sulfation or epimerization, and is not attached to a core protein [21]. It
iIs composed of polymerized disaccharide  repeating units  of
GIcAB(1,3)GIcNACcB(1,4) exiting as free chains with molecular weight ranges
between 100-20000kDa [21]. HA forms an integral part of the skin, synovial fluid
and cartilage and involved in skin repair, wound healing, control tissue hydration,
tumour development, cell migration etc [21-23].

The last decade has seen a surge in the interest to structurally link GAGs to
their biological activities. This has propelled advances in sensitive analytical
methods for their analysis. NMR analysis has been at the forefront of
glycosaminoglycan analysis but existing limitations such as sample purity and
milligram amounts needed for analysis may not be available [24, 25]. Mass
spectrometry is an excellent option for GAG analysis offering high sensitivity, low
sample consumption and fast analysis times. The versatility to parallel most mass

spectrometers to several separation platforms (liquid/gas) phase has positively



impacted structural studies of GAGs. This review focuses on current advancements
in mass spectrometry analysis of GAGs from the view of sample preparation to
automated interpretation of GAG MS and MS/MS data.

Isolation and purification of GAGs for mass spectrometry analysis

Animal tissues remain a major source of the production of
glycosaminoglycans [26]. An established protocol for the extraction of PGs
involves the treatment of homogenised defatted tissues with strong denaturing or
chaotropic agents like guanidine hydrochloride (GdnHCI) containing detergent and
or protease inhibitors [27]. This step is followed by the removal of GdnHCI and
other salts in the extraction buffer prior to the recovery of the PGs. The release of
the GAG component from the core protein is then achieved using g-elimination
under reducing conditions at room temperature producing a xylitol residue at the
reducing end of the GAG [28]. The resulting GAG oligomers present in the mixture
after tissue extraction can be isolated using ultracentrifugation, gel-chromatography,
anion-exchanged chromatography (AEC), and reverse phase (RP) chromatography
[1, 29]. The extracted GAG chains are often too large and highly heterogeneous
hence may require further treatment to obtain well defined fragments suited for mass
spectrometry analysis [30].

Isolated GAG chains can be purified and characterised using site specific
lyases. Well characterised substrate specific lyases are routinely employed to
depolymerize GAGs into their basic disaccharide building blocks or partial
depolymerisation into oligosaccharides [1]. The polysaccharide lyases cleave

specific glycosidic bonds creating GAG fragments with delta 4, 5-unsaturated



uronosyl non-reducing end residues [13, 30, 31]. Comprehensive protocols on
specific enzymatic depolymerisation of the various types of GAGs have been
documented [25, 32]. Another means of depolymerisation GAGs is by use of
nitrous acid. Nitrous acid depolymerisation of GAGs at lower pH ( 2) is used to
cleaved N-sulfated hexosamine bonds [13, 33, 34]. Fragments of heparin and HS
GAGs, resulting from nitrous acid depolymerisation often vary in molecular
weights depending on the N-sulfated glucosamine residues [13]. Cleavage of free
hexosamine bonds can also be achieved at pH 4 upon deacetylation of the GICNAc
residues with hydrazine to GIcN [13]. The end products of these reactions have
their reducing ends modified with 2,5-anhydromannose which can be reduced to
anhydromannitol [35]. Notably, the C-5 uronic acid configuration of the resulting
depolymerized fragments are retained [36]. These depolymerisation procedures
play integral roles in obtaining less complicated samples for structural analysis of

GAGs.

MS analysis of glycosaminoglycans

The principal aim of mass spectrometry analysis of GAGs is to obtain
molecular weight, from which we can infer the oligomer length, degree of sulfation
and other substituents that may be present [37]. The ability to acquire molecular
weight information hinges on the ability to make ions. The initial application of fast
atom bombardment (FAB) for the analysis of GAGs was characterized by
fragmentation of the sulfate groups [30, 33]. Recent advances in mass spectrometry

analysis have led to the development of soft ionization techniques amenable to GAG



studies. The two main ionization methods currently employed for GAG analysis are
matrix-assisted laser desorption ionization (MALDI) and electrospray ionization
(ESI) [38]. These ionization methods impart very little energy to the analyte thereby
reducing thermal fragmentation of the sulfate groups [38].

Matrix-assisted laser desorption ionization (MALDI): Early reports on MALDI MS
analysis of highly sulfated GAGs produced weak signals accompanied with the
decomposition of the sulfate groups [39, 40]. The tendency of GAGs to form
complexes with basic peptides has been exploited to produce molecular ions without
SO3 loss during MALDI analysis, thus allowing for intact molecular weight
measurements [40-42]. While this method provides a great improvement in analyte
sensitivity and greatly supresses sulfate decomposition [10], it is limited by lack of
synthetic peptides [10, 43]. MALDI-MS analysis of uncomplexed polysulfated
oligosaccharides using ionic liquid matrices (ILMs), 1-methylimidadazolium-a-
cyano-4-hydroxycinnamate (ImMCHCA) and butylammonium-2,5-
dihydroxybenzoate, have recently been reported by Larimore et al., however, this
technique could not resolve the issue of sulfate decomposition [44]. Using the same
ILMs, the same group investigated the effects of alkali metal counterions on
supressing SOz losses during a UV-MALDI-MS experiment [45]. Their results
showed no SOz loss for both sodium and cesium salts of CSA in the positive ion
MALDI-MS spectra. In another report, the use of 1,1,3,3-tetramethylguanidinium
(TMG) salt of a-cyano-4-hydroxycinnamate acid (G>-CHCA) as ionic liquid
matrices to suppress loss of SOz in the MALDI spectra was proposed [41]. In this

report, G>-CHCA showed excellent tolerance to the presence of buffer salts



facilitating the detection of intact CS and DS oligosaccharides. MALDI-MS analysis
of heparin and HS oligosaccharides using new ILMs. 2-(4-hydroxyphenylazo)
benzoic acid (HABA) with TMG and spermine has shown great prospects in
suppressing the dissociation of sulfate groups and improving signal to noise ratios
[47]. Work done by Tissot et al.[42] using IMCHCA matrix has also shown the
capability of obtaining intact molecular weight information on highly sulfated
GAGs oligosaccharides, with as many as 13 sulfates. MALDI-MS analysis of
isolated single components of polysulfated DS oligosaccharides varying in oligomer
length (di- to decasaccharides) as well as a mixture of depolymerized CS and DS
have been reported wusing pyrenemethylguanidine [43]. The ILM
pyrenemethylguanidine used by these researchers did not only serve as a derivatizing

agent but greatly enhanced the ionization efficiency.

Electrospray ionization (ESI): Conventional electrospray ionization (ESI) and
nano-ESI remain the most exploited ionization methods for GAG analysis due to
its high sensitivity [30, 33, 44]. With well optimized source conditions, highly
sulfated GAG oligomers can be analyzed with very minimal dissociation of the
labile sulfate groups [8]. Arixtra, which is an octasulfated pentasaccharide is an
ideal test compound for optimization of the ion source conditions [8]. The high
sulfate density per disaccharide unit of Arixtra can reveal the susceptibility of the
sulfate groups to harsh ionization conditions. The modification of the spray
solvent with metal cations such as Ca?* and Na* can also suppress the
decomposition of the labile sulfate groups [44-46]. The presence of these ions,

though useful, may negatively impact the sensitivity and may also complicate the



mass spectrum. Supercharging agents aimed at efficient deprotonation of the acidic
protons in GAGs can greatly also suppress SOs loss [47]. Due to the acidic nature
of GAGs, most ESI-MS analyses are done in the negative mode.[32] Additionally,
the experimental setup of ESI makes it well suited for on-line liquid-phase
separation techniques such as liquid chromatography (LC) and capillary
electrophoresis (CE) [37]. These hyphenated MS platforms offer excellent

capabilities for compositional profiling of GAG oligomers [30, 48].

Analysis and compositional profiling of GAG disaccharides using mass

spectrometry

Extracted GAGs subjected to complete enzymatic depolymerization often
exist as complex mixtures thereby benefiting from various online separation
techniques prior to MS analysis [30]. This allows for detailed disaccharide
compositional analysis of unknown GAG samples providing information about their
relative and absolute amounts with the aid of commercially available disaccharide
standards. The first step in carrying out compositional analysis of GAGs involves
exhaustive enzymatic digestion to release the disaccharide components. The
product of a complete lyase digestion of heparin/HS GAGs contains twelve delta
unsaturated disaccharides while that of CS/DS proteoglycans produces eight delta
unsaturated disaccharides. The resulting disaccharide mixture can be analyzed by
ESI-MS or ESI-MS" depending on the complexity of the mixture. MS quantification
of unique molecular ions can be easily accessed, relative to the abundance of an
internal standard [49]. Complimentary tandem mass spectrometry analysis on

resulting isomeric disaccharides can provide unique diagnostic ions whose relative



abundances can be used in a system of equations to estimate their relative amounts
[49, 50]. A successful application of this method by Zaia et al.[49] for the analysis
of eight CS disaccharides has been implemented in the analysis of HS disaccharide
mixtures including those extracted from bovine and porcine tissues [49]. Subsequent
application of this method for profiling twelve heparin and HS disaccharides
including free amine containing disaccharides have been reported [51]. Even though
this method offers some advantages such as short analysis times and low sample
consumptions, it is difficult to use diagnostic ions to quantify individual isomers
when they are present in low intensities. Another factor that may also affect accurate
quantitation is the effects of metal cations which may have an adverse effect on
sensitivity and complicate the mass spectra. Hyphenated MS methods have been
developed to resolve some of these challenges.

Liquid Chromatography (LC)-MS for GAG disaccharide analysis

LC-MS has been extensively used for the analysis of GAGs. Comprehensive
review on LC application for GAG analysis beyond the scope of this review have
been publish by Zaia et al. [30]. We hereby briefly discus various LC-MS techniques
applied for GAG disaccharide analysis.

Reverse-phased ion pair (RPIP) LC-MS: RPIP- LC is known for its compatibility
with MS detection [52]. For MS analysis, volatile lipophilic ion-pairing reagents are
added to the mobile phase to facilitate ion retention and aid evaporation during
electrospray.[48] The right choice of ion-paring regent and its concentration is
essential for successful RPIP- LC-MS analysis [37, 53]. The ideal ion-pairing

reagent concentration should be sufficient enough to resolve and provide retention



of the component of interest; however, it should be low enough to avoid suppressing
the MS signal [37, 53]. Selected ion-pairing reagents that have shown great prospect
for RPIP -HPLC-MS for GAG analysis include dibutylamine, [53]
tributylamine,[54] propylanmine, [55, 56] and pentylamine [56]. The application of
RPIP-HPLC-MS for disaccharide profiling was recently reported by Zhang et al
using tributylamine as the ion-pairing reagent [57]. In their report, eight heparin and
HS disaccharides were separated using reverse-phase ion-pairing micro flow high
performance liquid chromatography RPIP-HPLC and the extracted ion
chromatogram revealed the anomeric a, 3 forms of these three disaccharides (6S, 2S
and 2S6S) nicely resolved. RPIP- LC-MS analysis of CS/DS disaccharides using n-
hexyl amine as the ion-pairing agent have also been reported [32]. Most recently,
RPIP- LC-MS analysis of 2-aminoacridone (AMAC) labeled disaccharides of HA,
CS and DS released by enzymatic digestion have been reported [58]. This work also
revealed the applicability of the method to evaluate the CS disaccharide content in
human plasma. Notwithstanding these great reports on the use of RPIP- LC-MS, it
can be limited by its sensitivity to mobile phase components, long analysis time and
the contamination of the ion source by ion-pairing reagents [59].

Ultraperformance liquid chromatography (UPLC)-MS: UPLC analyte
separations are carried out on columns packed with 1.7-um particles at high
pressures (about 15000psi) [48]. This technology benefits from recent advances in
liquid chromatography performance in the area of resolution, peak capacity and
short analysis time [59, 60]. Rapid RPIP-UPLC-MS profiling of heparin and HS

disaccharides from various bovine and porcine tissues have been reported.[61, 62]
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Elution times recorded for the heparin and HS disaccharides were less than 5mins.
The ability to resolve fine structural details like the o and B anomers of heparin and
HS disaccharides (AUA-GIcNAc6S and AUA2S-GIcNACc) have also been reported
in compositional analysis experiment using RPIP-UPLC-MS.[57] The use of
hexylamine (15mM) as the optimal ion paring agent for the analysis of eight CS
disaccharides in a RPIP-UPLC-MS in both positive and negative ESI conditions
have been reported by Solakyildirim et al. [63]. Surprisingly, the results under
positive ESI conditions were better.

Hydrophilic interaction chromatography (HILIC)-MS: HILIC separation is a
normal phase chromatography technique that employs a polar stationary phase to
retain polar analytes [64]. Reports have shown that amine and amide stationary
phases can enhance GAG separation on HILIC columns [30, 65]. For a successful
HILIC-MS analysis, solvent modifiers and MS compatible ammonium salts are
required. Some of the advantages of this technique include improved ESI-MS
sensitivity, highly symmetrical analyte peak shapes, less cumbersome sample
preparation and fast analysis times. Some recent reports on the application of
HILIC-MS for disaccharide analysis include work done by Gill et al. [36]. This
work showed the application of HILIC-MS for structural analysis of HS, CS and
DS disaccharide products obtained via enzymatic and nitrous acid
depolymerisation. A most recent report by Ouyang et al.[29] using an Xamide
column showed the utility of HILIC-LC-MS for compositional analysis of heparin
and LMWH GAGs. Their report also showed the separation of both the o and

forms of the N-acetylated disaccharides. The best separation of these subtle

11



features was achieved at 40 °C. HILIC coupled with high resolution Fourier
transform mass spectrometry (FTMS) has recently been used for the analysis of
low molecular weight heparin (LMWH) [66]. In this report 40 oligosaccharide
fragments of LMWHSs were quantified including unsaturated disaccharides [66].
Size-exclusion liquid chromatography (SEC)-LC-MS: SEC-LC is different from
other adsorptive mode chromatography techniques in that, it is independent of
selective adsorption or desorption of molecules, but rather molecules are sieved
based on their size as they go through the resin [67, 68]. SEC-LC provides the
platform to do online desalting enabling a reduction in the formation of metal adduct
that can complicate the MS spectra [49]. Recent reports have shown SEC-MS as a
very useful tool for quantitative profiling of GAG disaccharides in mammalian
tissues [69-71]. These analysis have shown the compatibility of SEC to ESI as tissue
surface molecules that may interfere with the ionization of disaccharide analytes are
removed [72]. A recent comparison of direct nano-ESI and SEC-LC-MS
quantification of GAGs released from tissues surfaces revealed the latter produces
more reproducible results even though the SEC-LC-MS analysis was slow [72]. A
more rapid analysis could be achieved using ultraperformance size exclusion
chromatography mass spectrometry (UPSEC-MS).

Graphitized carbon (GC)-LC-MS: GCC-LC is a widely used analytical tool for
oligosaccharide purification and desalting. The chemical and physical properties of
porous graphitized carbon (PGC) are well suited for GAG analysis [30]. It is robust
over a wide pH range and well known for its ability to resolve isomers [73]. PGC

columns do not require any form of derivatization therefore analysis time are greatly
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reduced as well as cost. PGC-LCMS under negative ESI conditions have been used
to resolve enzymatically derived disaccharides including heparin and HS, CS, KS
and HA [74-76]. LC-MS quantification of GAG disaccharide obtained via
deaminative depolymerization remains a grey area. However, PGC-LCMS analysis
of HONO generated HS disaccharides was recently reported by Gill et al.[77] This
work did not only demonstrate the ability to quantify HS disaccharides using PGC-
LCMS, but also information pertaining to sulfate position, differentiation of the C-
5 uronic acid stereochemistry as well as positional sulfation isomers could be
obtained.

Capillary electrophoresis (CE)-MS

The analytical significance of CE-MS as a tool for compositional and
structural analysis of GAGs has been emphasized by several reviews [78-81]. This
separation method distinguishes analytes based on differences in their
electrophoretic mobilities [82]. CE is known for its high sensitivity, versatility and
separation efficiency. The acidic nature of GAGs makes them excellent candidates
for CE-MS analysis. The pioneering work by Duteil et al. demonstrated the potential
of CE-MS in both negative and positive ionization modes for compositional analysis
of heparin disaccharides and oligosaccharides [83]. Subsequently, a pressure
assisted CE ion trap MS method was developed for the analysis of eight heparin
derived disaccharides [84]. In this report, co-eluting disaccharides were identified
and quantified using MS/MS. However, several CE-MS/MS acquisitions had to be
made to facilitate the identification of positional isomers. Recently a new CE-MS

interface has been employed by Sun et al. for the analysis of heparin
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oligosaccharides and LMWH [85]. To determine the linearity and sensitivity of this
CE-MS method, various concentrations of heparin disaccharides were considered.
This method offered several advantages including low injection volumes (20nL) and

higher sensitivity about 1000-fold higher than ultraviolet detection.

Tandem mass spectrometry of GAGs

Tandem mass spectrometry analysis of GAGs affords specific information
such as mono-saccharide composition, linkages, sulfate positions and sites of
acetylation [86, 87]. These structural assignments are made possible through the
production and assignment of glycosidic and cross-ring product ions. The elemental
composition within a monosaccharide unit can be obtained using the glycosidic
product ions. It is also possible to assign sulfate positions for GAGs with predictable
monosaccharide unit for example the Gal and GIcNAc residues of KS can only be
sulfated at the 6-O position therefore no cross-ring products are required for their
assignment. However for sulfated GAG oligomers such as CS, DS, HS and Heparin
with possible variability in the sulfo positions on their many sugar residues may
require a combination of cross-ring(s) and glyosidic product ions for their
assignment [8]. The assignments of product ions arising from an MS/MS analysis
of GAGs is made using the Domon and Costello nomenclature [88]. Fig. 1. 1
illustrates the structural assignment of a Heparin/HS tetrasaccharide using the

Domon and Costello nomenclature.
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A routine MS/MS experiment involves the activation of a selected precursor
ion from the first stage MS. The two broad categories of MS/MS activation
techniques employed for GAG analysis are categorized as threshold and electron-

assisted method [32].

Figure 1.1: Domon and Costello nomenclature annotation of a Heparin/HS
tetrasaccharide: Glycosidic cleavages containing the non-reducing end (NRE) are
denoted with B or C and those with the reducing end as “Y” and “Z”. Cross-ring
cleavages are assigned as “A” if they contain the NRE and “X” if they contain the
RE. R1= H, SOz3H and R>= H, SOzH, Ac

Threshold ion activation: The two main threshold activation methods employed
for MS/MS GAG analysis are collision-induced dissociation (CID) and infrared
multiphoton dissociation (IRMPD). With CID, the selected molecular ion is
translationally excited, then undergoes frequent collisions with neutral molecules
which then induces fragmentation of the molecular ion [89]. Whereas in a typical
IRMPD experiment, product ions are obtained by activating the trapped molecular
ion with low-power continuous-wave CO: laser [90]. The threshold activation of
GAGs is often associated with cleavage of the weakest bond especially the sulfate
half-ester bond. Various methods geared at avoiding the decomposition of these
sulfate groups include modification of the ESI spray solvent, chemical derivatization

by permethylation or acetylation [45, 91, 92].
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Electron assisted activation: Electron induced fragmentation can be achieved
through the transfer of electrons either to or from a multiply charged selected
precursor ion [38]. This method of activating molecular ions is fast gaining grounds
in the field of mass spectrometry due to their ability to produce backbone fragments
essential for structural analysis. The most utilized electron based activation methods
for GAG analysis include electron induces dissociation (EID)[93], electron
dissociation detachment (EDD)[93-96] and negative electron transfer dissociation
(NETD)[97]. The proposed mechanism for the formation of product ions via these

activation methods is illustrated in Fig 1.2.

EID 2-

____.An

,B

(Even electron)
Direct fragmentation

m

(Even/odd electron)

Figure 1. 2 Proposed mechanism for product ion formation via electron-assisted activation

of multiply charged precursor ions. Adapted from reference 95.
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Two ion activation channels can be accessed upon irradiating selected precursor
(P) with low energy (15-20eV) electrons to create an excited state intermediate
(P*) [98]. Fragmentation of the intermediate product may occur due to electronic
excitation (EID) producing even electron ions or an electron can be detached in the
cause of irradiation to create a radical ion. The radical site created on the ion can
initiate fragmentation to produce even and odd product ions (EDD) [95]. For
NETD, a radical ion is created upon reacting the selected multiply charged
precursor ion with a radical cation (either fluoranthene or Xe*) [99]. A radical site
Is created through the transfer of an electron from the precursor ion to the radical

cation. The product ions formed are similar to those of EDD.

MS/MS analysis of sulfated GAGs: Tandem mass spectrometry sequencing of
GAGs [100] are routinely achieved through a bottom up approach relying on fully
or partially depolymerized oligosaccharides [38]. The micro heterogeneity of GAGs
remains a significant challenge. Recent improvements in mass spectrometry
methodologies have offered access to critical information pertaining to the
assignment of sulfo positions and the C-5 uronic acid stereochemistry. For example,
CID activation of CS oligosaccharides has been shown to produce distinct fragment
ions whose abundance could be correlated to the pattern of sulfation and C-5
hexuronic acid stereochemistry [101]. CID activation of heparin and HS present a
far greater challenge, especially heparin, because of the high sulfate density per
disaccharide unit, with their MS/MS spectra often dominated by SOs loss fragments.
Efficient deprotonation of a majority of the ionisable protons (at least all the sulfate

groups) can reduce the occurrence of SOz loss fragments [45]. Yet, for a highly
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sulfated heparin, for example Arixtra, efficient deprotonation of all the sulfate
groups is difficult to achieve due to charge-charge repulsion. Early attempts at
sequencing heparin/heparin-like oligomers through CID activation of Ca?* adducted
ions proved useful in reducing SOz loss fragments [45]. However, their MS/MS
spectra produced very few product ions, and were inadequate for structural
elucidation. Recent work by Muchena et al.[91, 102] on CID activation of Na*
adducted heparin/HS GAGs provided highly informative MS/MS spectra.
Subsequent CID analysis of Na adducted CS/DS precursor ions revealed diagnostic
cross-ring product ions that could differentiate CS from DS (dp4-dp10) [103].
EDD is the most useful electron based activation method for GAG analysis
in terms of producing structurally informative fragmentation. EDD provides both
cross-ring and glyosidic product ions for structural analysis of GAGs [93, 95, 97,
104-106]. Early work by Wolff et al.[93, 96] also showed the capability of obtaining
stereospecific EDD ions (Bs’, Bs-CO- and %2As) for assigning the C-5 uronic acid
stereochemistry moderately sulfated HS tetrasaccharides. EDD MS/MS spectra are
often densely populated with peaks, therefore statistical evaluation of the data can
be very useful. One of the most useful statistical tools for evaluating EDD data is
principal component analysis (PCA) [94, 105, 107]. PCA is a multivariate statistical
method that reduces the dimensionality of a large data set into few variables that are
capable of finding trends for a large proportion of the data.[108] ESI/FAIMS-EDD
experiments projected on PCA plots have been used to differentiate synthetic HS

tetrasaccharide epimers.
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Even though most GAG analysis targets short oligomers, the ultimate goal
for most GAGs MS/MS techniques is to handle the analysis of intact GAGs. The
first top-down CID MS/MS analysis on an intact proteoglycan, bikunin, was
achieved using high resolution FTICR and FT-orbitrap tandem mass spectrometry
[109]. Another very important area in GAG MS/MS approaches is the ability to
achieve structural details on individual components in a complex mixture. Gas phase
separation techniques coupled with MS/MS have been employed for the analysis of
GAG mixtures [110, 111]. While ion mobility mass spectrometry based techniques
presents several advantages, a lot remains to be done in terms of their applicability
to complex mixtures. A recent method involving sequential derivatization of GAG
oligomers prior to LC-MS" analysis has been developed by Huang et al [112]. In
this method, GAG oligosaccharides are first permethylated to protect the free
carboxyl and hydroxyl groups. This step is followed by desulfation of the oligomers.
The resulting hydroxyl groups are acetylated and the derivatized oligomers are
separated on a C18 column prior to MS" analysis [112]. The application of this
method for the analysis of CS hexasaccharides isomers yielded results capable of
assigning the structural details of the individual isomers. With the aid of glyosidic
product ions, they were able to differentiate the 4-O and the 6-O GalNAc residues
of CS [112]. In subsequent work, derivatized synthetic HS-like oligosaccharides
including Arixtra-like heptamer were sequenced using this LC-MS/MS approach
[113]. The most recent application of this method afforded the analysis of isomeric
and epimeric HS tetrasaccharides. In this report, a series of derivatized synthetic HS

tetrasaccharides differing in sulfation and C-5 uronic acid stereochemistry were
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analysed using LC-MS/MS.[114]. In the same report, HS oligosaccharide mixtures
derived from natural sources were also sequenced.

Automated analysis of GAG MS/MS data

With the current advances in tandem spectrometry analysis of GAGs and the
amount of data generated, automation of GAG MS/MS data is increasingly
becoming a necessity. The amount of MS/MS data generated for a structural analysis
of a GAG may vary depending on the complexity of the structure in terms of
sulfation, acetylation, the length of the oligomer and the type of MS/MS technique
employed. For example, GAG MS/MS data generated via electron assisted methods
like EID, EDD and NETD, are often dense and highly informative compared to CID
or IRMPD, thus may require more analysis time. Furthermore, MS/MS spectra
complexity may also arise from ions resulting from either sulfate losses or various
degrees of cationized fragments ions from the precursor ion. These arising concerns
demands computational methods to help facilitate fast and accurate analysis of GAG
MS/MS data.

Presently, there are very few accessible platforms for automated
interpretation of GAG MS/MS data. A spreadsheet-based heparin sequencing tool
HOST was developed in 2005 by Saad et al [115]. This software predicts
oligosaccharide sequences by generating and computing the mass(s) of intact and
fragment heparin oligomers and matching them against the acquired ESI-MS and
ESI-MS/MS data. In another attempt by Spencer et al.[116], a software aimed at
predicting the structure and domain organisation of HS oligosaccharide was

developed. With their computational models, the average chain of HS
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oligosaccharides could be predicted. GlycoWorkbench is one of the easily accessible
tools for analysis and interpretation of GAG MS and MS/MS data [117, 118]. The
software facilitates faster peak annotations and offers quick structural assembly of
GAGs using symbolic graphical annotations [117-119]. Another promising tool
called HS-SEQ for sequencing HS GAGs have been developed by Hu et al. [120].
HS-SEQ has been tested on NETD MS/MS data generated from pure HS standards
differing in sulfation patterns. The software was able to predict the right structure
for these oligomers from a large pool of possible candidates. The large number of
analytes present in GAG mixtures and the size of LC-MS/MS data generated could
frustrate efforts at obtaining sequence information on individual components [119].
GAG-ID has recently been developed to automate the interpretation of LC-MS/MS
data collected on a mixture of twenty-one synthetic HS tetrasaccharides [121]. With
the aid of a scoring system based on classification of peaks based on intensity,
GAG-ID was able to assign the structures of individual HS tetrasaccharides from a
single LC-MS/MS experiment.[114].

The biological significance of GAGs continues to drive the need for high
throughput analytical methods to help facilitate structure-function relationship
studies. This review highlights the impact of mass spectrometry based methods for
the analysis of GAGs in recent years. Current improvement on soft ionization
techniques such as MALDI and ESI allows for intact molecular weight measurement
with very minimal insource fragmentation of the facile bonds. Structural
information pertaining to specific monosaccharide modifications are now possible

via a variety of MS/MS based applications (CID, IRMPD, EDD, EID and NETD).
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Tandem mass spectrometry techniques including the modification of the ESI spray
solvent followed by the activation of sodium cationized precursor ions for the micro-
sequencing of GAGs is discussed in Chapters 2-7.

The experimental procedure including sample preparation, ionization and ion
activation parameters are discussed in Chapter 2. Data processing including
multivariate analysis of tandem mass spectrometry highly sulfated GAG oligomers
Is also presented in this chapter.

Chapter 3 presents the effect of sodium cationization on EDD fragments of
heparin and heparan sulfate oligosaccharides. Two hexasaccharides produced
enzymatically and chemically were used for this study. The MS and MS/MS
techniques for this experiment is covered in this chapter. The results in this chapter
highlights the benefits of sodium adduction in maximizing the amount of useful ions
without SOz loss.

Chapter 4 investigates the efficiency of providing complete structural
information from a single stage MS/MS experiment for the pharmaceutical drug
Arixtra. This chapter briefly describes the importance of achieving fully ionize state
of highly sulfated GAGs via Na/H exchange. The results for this work is compared
to a recently reported work on Arixtra using collisionally induced dissociation of
fully deprotonated sodiated molecular ions.

Chapter 5, describes an electron detachment dissociation experiment aimed
at assigning the C-5 hexuronic acid stereochemistry of 2-O sulfo heparan sulfate
tetrasaccharides. EDD-PCA results presented in this chapter reveals diagnostic ions

capable of assigning the C-5 hexuronic acid stereochemistry.
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Chapter 6 presents the efficacy of the diagnostic ions identified in chapter 5
to assign the C-5 hexuronic acid stereochemistry in a broad range of heparan sulfate
tetrasaccharides varying in degree of sulfation and disaccharide repeat. In all, 33
synthetically-prepared heparan sulfate tetrasaccharide standards were used for this
work. A diagnostic ratio formula is derived from ions selected from the EDD-PCA
results.

Chapter 7 presents the first tandem mass spectrometry data for fucosylated
sulfate oligosaccharides (FCS) from dp3-dp15. Collisionally induced dissociation
(CID) experiments have been used to characterize these anomalous CS samples. We
have confidently assigned the elemental compositions of these unusual
glycosaminoglycans isolated from sea cucumber wusing accurate mass
measurements. Highly informative MS/MS of the isomeric FCS oligomers (FCS-Pg-
3,4-0S) and (FCS-Ib-2,4-0OS) isolated from pearsonothuria graeffei (FCS-Pg) and
Isostichopus badionotus (FCS-Ib) were sufficient to assign sites of sulfation and to

differentiate the two structural isomers.
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CHAPTER 2

EXPERIMENTAL METHODS

Heparin and heparan sulfate oligosaccharides

Heparin oligosaccharides were obtained via enzymatic depolymerization of
heparan sulfate sodium salt (Celsus Laboratories, Cincinnati, OH) using recombinant
heparinase 1 (EC 4.2.2.7) followed by strong-anion-exchange-HPLC and gradient PAGE.
SP-Sephadex at acidic pH 3.5 was used to remove the proteins (BSA and heparinase 1)
[1]. A mixture of heparin derived oligosaccharides were then fractionated through a
controlled pore membrane (mol. Wt > 5000) by pressure filtration and later size
fractionated by gel column chromatography [1]. The separation step afforded
oligosaccharide residues of varying sizes ranging from disaccharides to

tetradeccasaccharides. A detailed account of this procedure can be found in ref [1].

Synthetic Heparan Sulfate Tetrasaccharides and Hexasaccharide

Thirty-three heparan sulfate tetrasaccharide deferring in degree of sulfation,
stereochemistry and disaccharide repeat including one hexasaccharide were synthesized
by a modular approach and purified by silica gel column chromatography [3, 4]. The
structures of the heparan sulfates oligosaccharides were further confirmed by *H and

HSQC NMR spectroscopy.

42



Fucosylated Chondroitin sulfate oligosaccharides

Fucosylated chondroitin sulfate polysaccharides were prepared based on a
previously published protocol by Zou et al. [5]. A detailed account on how the various
fractions of FCS oligomers were obtained and characterized is described in reference
[6, 7]. Briefly, FCS polysaccharides isolated from two sea cucumber species
Isostichopus badionotus (FCS -1b) and pearsonothuria graeffei FCS -Pg were subjected to
deaminative cleavage via nitrous degradation. The resulting oligosaccharides were further
purified and characterized using IR and *H NMR spectroscopy [6-8]. A comprehensive
account on the isolation, purification and characterization of the FCS oligomers is also
given in chapter 7.
Mass spectrometry analysis

All ESI-MS and MS/MS analysis were done on a 9.4 Bruker Apex Ultra Qh-
FTICR mass spectrometer. GAG oligosaccharides were directly infused at the rate of
120pL/hr at 0.1-0.2 mg/mL concentrations in 50:50 methanol:H2O and ionized using
negative mode using metal capillary. Approximately 0.1mM of NaOH was used as a
spray solvent modifier to stabilize the facile half sulfate bonds.
First stage MS were obtained to enable the assignment of the elemental composition of
the GAG oligomers. Precursor ions of interest are isolated in the quadruple for MS/MS
analysis. Cross-ring and glycosidic ions obtained from the MS/MS experiments are used
to assign specific sites of sulfation.
Electron detachment dissociation (EDD)

For all EDD experiments, multiply charged precursor ions selected in the

quadrupole with a 3Da isolation mass window are sent into the ICR cell. These ions are
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then irradiated with for 1s while the cathode heater, ECD lens and cathode bias are held
at 1A, ~18.5 — 19eV and -18.6 respectively. 512k-1M data points were summed over 24-
34 scans, padded with zero fills and apodized using a sinebell window. The acquired
mass spectra were externally calibrated to produce a mass accuracy of 5 ppm. It was
followed by internal calibration using confidently assigned glycosidic product ions as
internal calibrant to produce a mass accuracy of < 1 ppm. Only peaks with S/N > 10 are
considered due to the large low intensity of EDD product ions. Accurate mass
measurement of glycosidic cleavage and cross-ring product ions enabled the assignment
of structure with the aid of Glycoworkbench [9, 10]. These ions are reported using the

Domon and Costello nomenclature [11]

Collisional induced dissociation (CID)

CID activation of carefully selected precursor ions occurred in the collision cell
using argon as the collision gas. Similar to the EDD experiment, 512k-1M data points
were acquired for each spectrum and summed over 24-64 scans depending on the
intensity of the parent ion and the product ions in the spectra. Both external and internal
calibration were carried out as described above, with product ions assignment achieved
using accurate mass measurement and Glycoworkbench [9, 10]. Again, we have assigned

product ions using the Domon and Costello nomenclature [11].

Principal component analysis (PCA) and Diagnostic Ratio (DR) Analysis

Principal component analysis (PCA) on quintuplicate EDD spectra acquired on

the same day was performed using PLS Toolbox (Eigenvector Research, Inc.,
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Wenatchee, WA). The abundances of 20 most intense product ions are normalized in
reference to the total ion current (TIC) of each EDD spectrum. The normalized product
ions are then pre-processed by mean centering the data and cross-validating prior to the
PCA analysis. The two most informative plots generated for the data are the loadings and
the scores plots. The scores plot depicts the differences in the samples sets being
analyzed while the loading plots reveals the specific ions responsible for the differences.
Carefully selected diagnostic ions obtained from the EDA-PCA loadings plot can
reveal subtle information in assigning stereochemistry. This ions from our experiments
has been expressed as a ratio that can be used to predict the stereochemistry of heparan

sulfate tetrasaccharides.
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Abstract

Heparin (Hp) and heparan (HS) oligosaccharides are important biomolecules that
have been implicated in very important biological processes including cell growth and
division, cell-cell signaling, angiogenesis, and are known bind other proteins. In order to
fully exploit the properties of these structurally complex polysaccharides, it is very
important to link these biological activities with their fine structure. However, structural
characterization of Hp/HS using tandem mass spectrometry has been accompanied with
unwanted loss of its labile sulfate groups. SOz decomposition observed during ion
activation has been attributed to the high sulfate density making Hp/HS arguably the
most challenging and information dense among the family of glycosaminoglycans
(GAGS). Recent studies have shown that, SO3 loss can be reduced via Na/H* exchange
providing a platform for obtaining detailed structural information using electron
detachment dissociation (EDD) and collisionally induced dissociation (CID). Here we
exploit the effects of Na*/H" exchange on Hp/HS oligomers using electron detachment
dissociation (EDD). Our result show an increase in the amount of structurally relevant

product ions without SOz loss with increasing ionized state via Na/H exchange.
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Introduction

Heparin and heparan sulfate oligosaccharides are structurally related
glycosaminoglycans (GAGs) with repeating disaccharide units of uronic acid-(1—4)-D-
glucosamine [1]. Variable sulfation patterns may occur at the N, 6-O, 2-O and positions
rarely 3-O in heparin including variations in the C-5 hexuronic acid stereochemistry
(glucuronic acid or iduronic acid) accounts for its structural complexity [1-3]. The
structural features of these bio-molecule influences its interactions with a variety of
proteins and also implicated in important very biological activities such as growth factor
signaling, tumour metastasis, adhesion blood coagulation, viral invasion of cells [1, 4].
The biological significance of heparin and heparan sulfate oligomers continue to
influence research into their structure function relationships.

Several analytical techniques such as 1D and 2D NMR [5, 6] have been used to
characterize GAGs, however this powerful analytical tool can be limited my sample
purity and amount (milligram quantities) [7]. Mass spectrometry as an alternative offers
high sensitivity and can be couple to several separation platforms [8, 9]. The anionic
nature of GAGs especially heparin and heparan sulfates is well suited for ESI MS in the
negative mode nevertheless, the labile sulfate groups are susceptible to decomposition in
the source or during ion activation [10]. To retain these labile sulfate groups during MS
and MS/MS analysis of GAGs, few analytical MS based methodologies have been
proposed. These include efficient deprotonation of the sulfate groups using super-
charging agents such as sulfolane [11, 12], chemical derivitization [13, 14] and the use of
metal cations [15, 16]. The latter has been used to successfully characterize the

pharmaceutical drug Arixtra by modifying the spray solvent with 1mM NaOH using CID.
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This approach has recently been used to sequence a wide array of enzymatically and
chemoenzymatically derived heparin and heparan sulfate GAGs with minimal SOs loss
[16]. As a compliment to CID, electronic activation techniques such as negative electron
transfer dissociation (NETD) [10, 13, 17], electron induce dissociation (EID) [18] and
electron detachment dissociation (EDD) [7, 19-23] have been shown to produce
structurally informative MS/MS for sequencing GAGs. Work done by Wolff et al. [19]
demonstrated the efficacy of reducing SOz via Na/H exchange by EDD activation of
sodiated molecular ions of dp8 dermatan sulfate (DS) oligomer. In their reports,
increasing the ionized state such at more carboxylate groups are deprotonated could lead
to a reduction in the number of product ions observed. This work extends their studies to
heparin and heparan sulfate GAGs which have a higher charge density compared to DS
oligomers

Experimental Methods

Heparin hexasaccharide preparation.

Heparin sodium salts (6g), extracted from porcine intestinal mucosa (Celsus
Laboratories, Cincinnati, OH) were partially depolymerized using recombinant
heparinase 1 (E.C. 4.2.2.7). The resulting heparin oligosaccharide mixture is then
fractionated into low (<5000) and high (>5000) molecular weights through high pressure
filtration. The fraction containing the low molecular weight heparin mixture is further
fractionated using low pressure gel permeation chromatography into well-defined
mixtures of disaccharides to tetradodecasaccharides. The purity of the oligomers was
ascertained by gradient polyacrylamide gel, analytical SAX-HPLC, HPLC, CE and 1D

and 2D NMR spectroscopy [24]. A step-by-step account of the heparin oligosaccharide

51



preparation can be found in Ref [4]. The heparin hexasaccharide used for this study was
acquired from the pool of low molecular weight mixture.
Synthetic Heparan sulfate hexasaccharide.

The heparan sulfate hexasaccharide was synthetized using the modular approach.
A comprehensive description on the preparation of the heparan sulfate heptasaccharide
using this method is captured in Ref [25]. FT- MS accurate mass measurements and ‘H
NMR were used to confirm the structure of the compound.
Mass Spectrometry Analysis

Electron detachment dissociation experiments were performed on a 9.4T Bruker
Apex Ultra QeFTMS (Billerica, MA). This FT-ICR platform is fitted with an indirectly
heated hollow dispenser cathode (HeatWave, Watsonville, CA) for generating electrons.
0.1 mg/ml sample solutions in 50:50 methanol/H>0 modified with 0.1mM NaOH were
infused at a rate of 120 [JL/h and ionized using electrospray using a metal capillary in the
negative mode (Agilent Technologies, Santa Clara, CA, #G2427A). To obtain the free -5
charged state molecular ion [M-5H]5-, the sample was sprayed in 50:50 methanol/H20O
with 0.1% Formic acid. ESI-MS of both hexasaccharide produced multiply charged
precursor ions with their corresponding sodium adducts. Multiply charged precursor ions
were isolated in the external quadrupole and accumulated for 1-4s before injection into the
FT-MS cell for the EDD experiment. 2 isolation cell fills were applied per scan, while the
precursor ion selection was further refined by in-cell isolation using a coherent excitation
frequency (CHEF) event. The mass isolated precursor ions were then irradiated with 19eV
electrons for 1s. This was achieved with the following instrumental conditions; the

extraction lens was held at -18.5 + 0.5V while the cathode bias was set to 19 with the
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cathode heater at 1.5A. At least 36 acquisitions were signal averaged per spectrum. 512 K
points were acquired for each EDD spectrum, padded with one zero fill, and apodized using
a sine bell window. The data reported in this work was first internally calibrated using
confidently assigned glycosidic bond cleavage product ions as internal calibrants, resulting
in a mass accuracy of <1 ppm. We report only peaks with S/N> 10 due to the large number
of low intensity products formed by EDD. Glycosidic and cross-ring product ions were
assigned using accurate mass measurement and GlycoWorkbench [26, 27]. These product
ions are reported using the annotation proposed by Domon and Costello [28]. A m/z list
for the highest ionized state for both ionized state is included in Appendix A.
Results and discussions
ESI MS of Heparin and Heparan Sulfate Oligosaccharides

The ESI MS of both hexasaccharides HEX1 (AU2S-GICNS6S-1d0A2S-GIcNS6S-
GIcA-GIcNS6S) and  GIcA-GIcNS6S-1doA-GIcNS6S-GIcA-GIcNS6S-(CH2)sNH: in
1mM NaOH is shown on Figures 3.1 a and b. The impact of the dilute amount of NaOH
produced higher charged molecular ions with the sodiated states, ensuring efficient
deprotonation of the ionizable protons. The highest charge observed for Hex 1 was -5
with sodiated states (0-5Na) while that Hex 2 was -6 with sodiated states (0-3Na). Even
through these hexasaccharides differ in structure and degree of sulfation, the highest
ionized state observed for the highest charge ensure all but 1 of their ionizable protons
deprotonated. Only ions in these high charged regions were selected for the EDD

experiment
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Figure 3.1. (a) ESI-MS of AU2S-GIcNS6S-1doA2S-GIcNS6S-GIcA-GIcNSGS (b) ESI-MS

of GIcA-GIcNS6S-1doA-GIcNS6S-GIcA-GIcNS6S-(CH2)sNH:
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Results and discussion
EDD of AU2S-GIcNS6S-1doA2S-GIcNS6S-GIcA-GIcNS6S

The total number of ionizable protons for the enzymatic derived heparin
hexasaccharide AU2S-GIcNS6S-1doA2S-GIcNS6S-GIcA-GIcNS6S is 11 comprising 8 sulfate
groups and 3 carboxyl groups. The minus five-charged state precursor ions molecular ions
for this compound were selected with increasing other of ionized state. The MS/MS
spectrum for the [M-5H]® produced intense SOs loss fragment from the parent ion with
very few structurally relevant ions. The calculated amount of useful ions relative to the

total amount of glycosidic and cross-ring product ions was 4% (Figure 3.2).

[M-5H]5 [M-7H+2Na]5-  [M-8H+3Na]5-  [M-9H+4Na]5- [M-10H+5Na]5
[molecular Ions]
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4

Productlon %
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(==}

B NoSO3Loss ® SO3 Loss

Figure 3. 2 This bar graph shows the effects of increasing the ionized state of the five-

charged molecular ion via Na/H exchange for AU2S-GIcCNS6S-1doA2S-GIcNS6S-GIcA-

GIcNS6S.
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The next molecular ion analyzed was [M-7H+2Na]>. We observe an increase in product
ion coverage for this molecular ion as shown in the annotated EDD spectra in Appendix
A. The calculated amount of useful ions without SOz loss increased ten-fold (47%)
compared to the[M-5H]> molecular ion. The remaining precursor ions showed consistent
increase in the amount of useful ions with increasing degree of sodiation as shown on

Figure 3. 2.

The most structurally informative EDD spectra was obtained for [M-8H+3Na]>
molecular ion with 8 out of the 11 ionizable protons deprotonated. The highest ionized
state [M-8H+3Na]*> with 10 out of the 11 ionizable protons deprotonated had 83% of its
most useful ions without SO3. Even though this precursor ions produced fewer ions, the
EDD spectra shown on Figure 3 produced sufficient structurally relevant product ions
capable of locating sites of sulfation, especially those located on the second and forth
glucosamine residue from the non-reducing end (NRE) including that of the reducing
end. The accurate mass of the “2As and %2X, we used to assign the N-sulfo group while
the mass difference between %2As and 2“As was used to locate the 6-O sulfo group.
Accurate mass or mass differences of glycosidic bond cleavages were used to establish

the presence or absence of a sulfate group on the uronic acid residues.
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Figure 3. 3 Annotated EDD mass spectra and structure of the [M-10H+5Na]> molecular

ion for AU2S-GIcNS6S-1doA2S-GIcNS6S-GIcA-GICNS6S
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EDD of GIcA-GIcNS6S-1doA-GIcNS6S-GIcA-GIcNS6S-(CH2)sNH:

The synthetically produced heparan sulfate hexasaccharide has 10 ionizable
protons (6 sulfo groups and 3 carboxyl groups). The highest charge observed for this
compound allows for fewer Na adducts to achieve full deprotonation. Extensive EDD
fragmentation of these molecular ions [M-6H]%, [M-7H+Na]® and [M-8H+2Na]>
produced abundant glycosidic and cross-ring product ions capable of assigning the sulfate
positions on all the glucosamine units except the one at the reducing end. The N, and 6-O
sulfo positions have been assigned using a combination of cross-ring (>*An and °2A,
where n = 2, 4) and glycosidic ions (B2 and B4). We do note the importance of multiple
sodiated state of these product ions, as they serve as confirmatory ions for sulfate
modification assignments. The amount of useful ions without SOz loss were computed
and the results are shown on Figure 3.4. Compared to the results of enzymatically the
derived hexasaccharide with a sulfate density of 2.7 per disaccharide, the synthetically
produced hexasaccharide (showed sulfate density of 2.0 per disaccharide) showed a
similar trend of decrease in SOz with increasing degree of ionized state via Na/H
exchange. However, the change in SO3 loss of structurally relevant product ions was
minimal due to the low sulfate density per disaccharide. The percent amount of useful
ions recorded without SOz loss for the molecular [M-6H]%, [M-7H+Na]® and [M-
8H+2Na]® was 76%, 80% and 82% respectively. Figure 3.5 Shows the annotated
structure and EDD spectra for the three six-charged molecular ions for GICA-GICNS6S-

1doA-GIcNS6S-GIcA-GIcNS6S-(CH2)sNH...
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Figure 3.4. This bar graph shows the effects of increasing the ionized state of the 6

charged molecular ion via Na/H exchange for GIcA-GICNS6S-1doA-GIcNS6S-GIcA-

GICNS6BS-(CH2)sNH:,
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Conclusions

In this work, we have shown EDD as a powerful analytical tool for assigning sites of
sulfate modifications. The effect of sodiation for carefully selected precursor ions led to
an increase in the amount of structurally relevant product ions for the two compounds
analyzed. For the enzymatically derived hexasaccharide AU2S-GIcNS6S-1doA2S-
GIcNS6S-GIcA-GIcNSES, there was a twenty-fold (4% —83) increase in the amount of
useful ions without SOz loss while that for the chemically synthesized hexasaccharide
GIcA-GIcNS6S-1doA-GIcNS6S-GIcA-GIcNS6S-(CH2)sNH2 was very little (76%—82%)
comparing the highest ionized state via Na/H for the molecular ions studied to their
molecular ions without sodium adduction. Product ions observed where present in
multiple cationized state which proved to confirm the existence of low intensity cross-
ring products without their isotopes. EDD of both hexasaccharides produced
structurally informative MS/MS spectra even at ionized states greater than the number

of sulfate groups present.
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Abstract

Heparin oligosaccharides are known as the most acidic biomolecule in nature. This
structurally complex molecule is well known for its anticoagulant activity. Heparin has
been implicated in very important biological processes including cell growth and division,
cell-cell signaling, angiogenesis, and are known bind other proteins. In order to fully
exploit the biological properties of Hp, it is very important to link these biological activities
with their fine structure. However, structural characterization of Hp using tandem mass
spectrometry has been accompanied with unwanted loss of its labile sulfate groups. Recent
studies have shown that, SOs loss can be reduced via Na/H* exchange providing a platform
for obtaining detailed structural information using collision induced dissociation (CID).
Here we extend the efficiency of fragmenting sodiated precursor ions using electron
detachment dissociation to characterize Ultra-low molecular weight heparin (Arixtra) from
a single stage MS/MS. MS/MS of the fully deprotonated molecular ion [M-10H+5Na]>

obtained via Na/H exchange is provided.
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Introduction

Heparin and heparan sulfate glycosaminoglycans (GAGS) are sulfated unbranched
polysaccharides composed of a repeating disaccharide unit of hexuronic acid (1,4) linked
to D-glucosamine [1]. The uronic acid residue within each disaccharide unit may exist as
either a-L-iduronic acid (IdoA) or B-D-glucuronic acid (GIcA) and can be sulfonated at the
2-0 position. The glucosamine unit on the other hand may undergo sulfation at the N, 6-O
or 3-O positions [1-4]. This class of carbohydrates are very complex and their structural
complexity is attributed to the variable sulfation and epimerized states resulting from their
non-template biosynthesis [5]. The biosynthesis of heparin occurs in the endoplasmic
reticulum and the Golgi apparatus of the mast cells of connective tissues while HS GAGs
are expressed by mammalian cells and mostly located on cell surfaces and in the
extracellular matrices [4, 6]. Heparin and HS are known to influence several physiological
and pathophysiological processes including tumorigenesis, angiogenesis, growth control,
cell adhesion, inflammation, hemostasis, neural development and regeneration [4, 7, 8].
Heparin is a widely used clinical drug mainly for its anti-coagulant activity which occurs
through its interaction with the antithrombin Il [9, 10]. The structure of the heparin
pentasaccharide binding motif responsible for its interaction with AT-111 is shown in Figure
1. To enable a better understanding of the biological roles of Heparin and HS GAGs, micro-

sequencing of these compounds remains paramount.

CH,0SO03H COOH CH,0S03H CH,0SO3H
o o) o o o
COOH
OH
OH o OSO;H OH o OH
o O
NHR OH NHSO;H OSOzH NHSO3H

Figure 4.1. Structure of AT Il pentasaccharide heparin binding motif. R= Ac/SOsH

68



Mass spectrometry, for the past decade, continues to impact the field of glycomics.
With current advances in ionization techniques such as MALDI and ESI, molecular weight
information of intact GAGs is now possible with minimal or no decomposition of the facile
sulfate half ester bonds [11]. The molecular weight obtained can reveal the length and
elemental composition of the oligomer. Specific location of monosaccharide modifications
mostly the sulfate groups and site of acetylation can be achieved using tandem mass
spectrometry. Sulfate losses, especially at the ion activation stage of MS/MS experiment
are a common occurrence. This phenomenon is more pronounced in heparin oligomers as
they contain a high degree of sulfate groups per disaccharide unit. Initial attempts at
addressing this challenge was reported by Zaia et al. [12] where they witnessed a reduction
in sulfate loss product ions upon CAD fragmentation of Ca adducted precursor ions of
heparin-like oligomers. However, the MS/MS information was not enough for structural
sequencing of the oligomers. Recently, CID activation of Na adducted precursor ions have
also been shown to reduce sulfate losses and provide structurally informative fragment [13,
14]. Alternatively, super charging agents such as sulfolane can be employed to obtain
higher ionized states [15]. This approach works well with moderately sulfated oligomers
however for highly sulfated Heparin GAGs, it is not efficient due to charge-charge
repulsion. Chemical derivatization of GAG oligomers prior to CID MS/MS analysis
present an alternative approach in dealing with SO3 loss [16-18].

Electron assisted fragmentation of GAGs is one of the well utilized platforms for
structural analysis. lon activation methods such as electron detachment dissociation (EDD)
[19-24], electron induced dissociation (EID) [25] and negative electron transfer

dissociation (NETD) [24, 26] have been shown to provide sufficient cross-ring and
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glycosidic ions for structural analysis of GAGs. The ability to obtain stereospecific ions
(°?As, B3’, and Bs’-CO) for moderately sulfated HS tetrasaccharides using EDD have been
reported [22]. The effect of sodium cationization on EDD fragments of dermatan sulfate
oligosaccharides have been reported by Wolff et al.[20] . This report also showed the
ability to reduce sulfate decomposition via metal cation exchange. To test the efficiency of
most ionization and ion activation methods, Arixtra has been the gold standard. Recent
work by Muchena el. [14] revealed the usefulness to produce obtained highly informative
product ions for arixtra with minimal sulfate decomposition. However, the structural
assignment of Arixtra was made using MS/MS information obtained from CID activation
of multiple precursor ions. This work extends efficiency of reducing sulfate decomposition
via Na/H and the extensive fragmentation of product ions using EDD to provide full
structural details of Arixtra from a single acquired spectrum. We also present a means of
reducing the MS spectra complexity associated with Arixtra resulting from their propensity
to form metal adducts.
Experimental

All chemicals and solvents used for this work were of HPLC-grade and purchased
from Sigma-Aldrich. Arixtra was acquired from the hospital formulary and desalted on a
BioGel P2 column BioRad (Hercules, CA, USA). Arixtra was introduced at a concentration
0.1 mg/ml in 50:50 methanol/H2O with the degree of sodiation controlled by adding 1mM
NaOH. The sample solutions were infused at a rate of 120 pL/hr and ionized with ESI in
the negative mode. For the EDD experiments, precursor ions were isolated in the external
quadrupole and accumulated for 2s before injection into the FTMS cell. The selection of

the precursor ion was refined by using in-cell isolation. Electron irradiation for 1s was
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achieved by setting the cathode bias at -19V and extraction lens -18.5+0.5V. 24
acquisitions were signaled averaged per mass spectrum. External calibration of mass
spectra was performed to ensure a mass accuracy of 5 ppm. This was followed by internal
calibration of the EDD spectrum using confidently assigned glycosidic bond cleavage
products ions as internal calibrants. Product ion assignments were made using accurate
mass measurement and Glycoworkbench [27, 28]. All MS/MS fragment ions have been

reported using the  Domon and Costello nomenclature [29].
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Figure 4.2. ESI MS of Arixtra showing the annotations for the fully deprotonated molecular

ions.

Results and Discussions
MS of Ultra-low molecular weight heparin (Arixtra)
The mass spectra of Ultra-low molecular weight heparin (Arixtra) are often

complicated as molecular ions usually exist in several mass channels of Na*and K*adducts
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because of their polyanionic nature. We show in Figure 1 an MS of Arixtra in 50:50
methanol/H20. The modification of the spray solvent with 1ImM NaOH suppresses the
potassium ions allowing for clean isolation of preferred precursor ions. As much as this
technique has some advantages, the spreading of a particular ion over several ionized state
via Na/H can suppress the ions signal. The most stable precursor ions that is [M-
10H+8Na]*, [M-10H+7Na]*, [M-10H+6Na]*, and [M-10H+5Na]®> occurring at m/z
840.39.62, 552.6010, 408.7035 and 322.3649 respectively are shown on Figure 3. With
this technique, it is possible to reduce the intensity of unwanted precursor ions that may be
caught in the isolation window since un-intentional fragmentation of these ions can also
complicate the MS/MS spectrum.

EDD MS/MS of Ultra-low molecular weight heparin (Arixtra)

Figure 4. 3 shows extensive EDD fragmentation of the most intense precursor ions
[M-10H+5Na]>. With all ten ionizable protons deprotonated, we observe minimal SO3
loss from the structurally relevant product ions. Assignment of all the sites of sulfation is
made possible with a combination of both cross-ring and glycosidic product ions. We make
definitive assignment of the sulfate group on the non-reducing end sugar with cross-ring
product ions 3°Aq, %3A; and %3A;+Na. The accurate mass of each of these cross-ring
products confirms the presence of the 6-O sulfate group on the glucosamine residue. The
same sulfate group could be confirmed with the %*X4+5Na ion. The position of N sulfo
group is further confirmed by accurate mass by obtaining the mass difference between the
B1/C1 and ®2A; product ions. These multiple product ions obtained on a single sugar residue
further increases the confidence of each sulfo group assignment. The assignment of the

three sulfo groups (3-O, 6-O and N) on the third glucosamine unit can be made by taking
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the mass difference between the B2/C> and B3/C3 or Z»/Y> and Zs/Y3. Again, having the
full compliments of these ions further confirms these sulfo group assignments. The di-
sulfated glucosamine unit (6-O and N-) at the reducing end underwent several
fragmentations. Specifically, we assign the 6-O sulfate by taking the mass difference
between the *°As and B4/Cs ions. The accurate mass of the 0,2X0 ions unambiguously
locates the N-sulfo group.

Sulfation on the uronic acid residue can only be at the 2-O position, therefore a
combination of glycosidic ions for example B3/Cz and B4/C4 or Z1/Y1 and Z»/Y > are enough
for its location. However, we can confirm the uronic acid towards the reducing end is 2-O
sulfated using the %2X; and Z1/Y1. Furthermore, the presence of 6-O and N-sulfo groups
on the NRE and RE can also be achieved by taking the mass difference between the
24X 4+5Na and 1°Xs+4Na/ > Xs+5Na. We however prefer the latter approach in assigning
the individual sulfate groups on the NRE glucosamine since 2*Xs+5Na and
15X 4+4Na/**X4+5Na are isobaric with 2*As+4Na/>*As+5Na and 1°As+5Na respectively.
It is worth noting that EDD fragmentation of the [M-10H+5Na]> produced a full
complement of all glycosidic cleavages necessary for obtaining the constituent of
monosaccharide residues [23]. The quality of MS/MS data especially those produced could
significantly fast tract currently attempts at automating spectra analysis. Structure
annotations for all isobaric cross-ring are illustrated with the same color shown on Figure

3.
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Figure 4.3. EDD structure and spectra annotations for the [M-10H+5Na]®> molecular ion

for Arixtra

74



EDD Hexuronic acid stereochemistry of Arixtra

Electron based radical site initiated fragmentation of HS tetrasaccharide has been
shown to produce stereospecific ions that can be associated with the C-5 hexuronic acid
stereochemistry [22]. This is seen in the extensive fragmentation of the two uronic acid
residues present in arixtra especially the GIcA residue. A careful study of the fragmentation
pattern of the [M-10H+5Na]*> reveal cross-rings product ions that can be associated with
the C-5 hexuronic acid stereochemistry. The 2,4A2 ion observed on the GIcA residue is
absent on the 1doA2S residue. Even though this cross-ring fragment is isobaric with 1,5X1,
the latter assignment (>*Az) has been confirmed through an H/D exchanged experiment
from previous studies [14]. The diagnostic ion >*An has recently been shown to distinguish
the uronic acid stereochemistry in a variety of chondroitin and dermatan sulfate oligomers
(dp4-dp10) [30]. The results were achieved by CID fragmentation of carefully selected
precursor ions. A careful comparison of this EDD report to the referenced CID of [M-
10H+5Na]®> precursor ion Arixtra further revealed other cross-rings product ions unique to
the GIcA residue [14]. These ions include ®2A, and %3Xs. The reproducibility of this
diagnostic ions could be exploited in determining alternating uronic acid configurations in
heparin and heparan sulfate oligosaccharides. The m/z list for the five-charged fully
deprotonated ion is included in Appendix B
Conclusions

In this report, we have shown the ability to reduce the spectra complexity by
suppressing the presence of K* adducts with the addition of 1mM NaOH the spray solvent.
Molecular ions observed for Arixtra were [M-10H+7Na]®*, [M-10H+6Na]*" and [M-
10H+5Na]®**. EDD fragmentation of a single molecular ion [M-10H+5Na]®>* have been

shown to provide structurally informative cross-ring product ions and the full compliments
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of glycosidic bond cleavages capable of assigning the sites of sulfation and the C-5
hexuronic acid stereochemistry of Arixtra. Multiple confirmation of sites of sulfation using
several cross-rings product ions from the EDD spectrum was achieved. With current
interest in automating the analysis of GAGs, the ability to obtain highly informative
MS/MS spectra from single stage experiment will significantly maximize accuracy of up

and coming software products in producing the right information.
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CHAPTER 5

Assignment of Hexuronic Acid Stereochemistry in Synthetic Heparan Sulfate

Tetrasaccharides with 2-O-Sulfo Uronic Acids Using Electron Detachment Dissociation
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Abstract

The present work focuses on the assignment of uronic acid stereochemistry in heparan
sulfate (HS) oligomers. The structural elucidation of HS glycosaminoglycans is the subject
of considerable importance due to the biological and biomedical significance of this class
of carbohydrates. They are highly heterogeneous due to their non-template biosynthesis.
Advances in tandem mass spectrometry activation methods, particularly electron
detachment dissociation (EDD), has led to the development of methods to assign sites of
sulfo modification in glycosaminoglycan oligomers, but there are few reports of the
assignment of uronic acid stereochemistry, necessary to distinguish glucuronic acid (GIcA)
from iduronic acid (IdoA). Whereas preceding studies focused on uronic acid epimers with
no sulfo modification, the current work extends the assignment of the hexuronic acid
stereochemistry to 2-O-sulfo uronic acid epimeric tetrasaccharides. The presence of a 2-O-
sulfo group on the central uronic acid was found to greatly influence the formation of B3,
Ca, Z», and Yz ions in glucuronic acid and Y2 and *°X; for iduronic acid. The intensity of
these peaks can be combined to yield a diagnostic ratios (DR), which can be used to

confidently assign the uronic acid stereochemistry.
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Introduction

Heparan sulfate (HS) glycosaminoglycans (GAGs) are a unique class of
proteoglycans present on the surface of mammalian cells and in the extracellular matrix [1,
2]. These compounds are known to bind to a variety of proteins, and are implicated in
several Dbiological activities including angiogenesis, embryonic development,
inflammation, and microbial infections [3, 4]. Structurally, they are synthesized as
alternating disaccharide units of uronic acid [D-glucuronic acid (GIcA) or L-iduronic acid
(1doA)] linked to a glucosamine in the Golgi apparatus [5]. Selective sulfo modification
of the disaccharide may occur at the N, 3-O and 6-O positions of the glucosamine while 2-
O-sulfo modification can be observed on the acidic sugar [1, 4, 6]. The enzyme, 2-O-
sulfotransferase, responsible for the transfer of the sulfo group to the 2-O position of a
uronic acid, preferentially modifies 1doA, but can also modify GIcA to a limited extent,
forming 1doA2S and GIcA2S [4]. These structural modifications of the HS chain are
known to contribute to its various biological functions [1]. A well-documented example
is the role of IdoA2S in binding several proteins including antithrombin, the fibroblast
growth factors [7], and hepatocyte growth factors [8]. Even though the function of its
epimeric isomer, GIcA2S, has yet to be elucidated, substantial amounts have been found
in the human cerebral cortex [9], implicating an important role for this less commonly
observed modification. Robust analytical methods for obtaining all structural details of
GAG oligomers, including uronic acid stereochemistry, are required to aid researchers in
their quest to gain a deeper understanding of the biological role GAGs.

Tandem mass spectrometry is well known as a tool for the analysis of biomolecules,

offering high sensitivity, throughput, and accuracy [10]. However, MS/MS analysis of HS
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oligosaccharides is challenging due to their heterogeneity in oligomer length, degree and
sites of sulfo modifications, and hexuronic acid C-5 stereochemistry. The labile nature of
a sulfate half-ester hinders structural characterization, especially during ion activation, due
to the facile decomposition of the sulfo group. To address these challenges, researchers
have focused their efforts on the development and refinement of ion activation methods to
minimize sulfo decomposition while maximizing the fragmentation that provides useful
structural information.

Chemical derivatization methods such as permethylation and acetylation followed by
MS/MS have been successfully employed to locate sites of sulfation in HS oligomers [11].
Another approach to reducing sulfo decomposition is via metal cation exchange, which has
been used with positive ionization to facilitate fragmentation by electron capture
dissociation [12-14]. An alternative method involves efficient deprotonation of the acidic
groups using supercharging agents like sulfolane [15]. This approach works well with less
sulfated GAGs, but is limited in its applicability to highly sulfated GAG oligomers due to
charge repulsion. Recent work showed that by adding sodium hydroxide to the spray
solution, one can ionize sulfo groups in highly sulfated GAGs, while reducing the overall
charge of the precursor ion. With this approach, one can obtain very rich and structurally
informative MS/MS spectra [16, 17].

Electron based activation methods such electron detachment dissociation (EDD)
[16-21], electron induced dissociation (EID) [18-20], and negative electron transfer
dissociation (NETD) [22, 23] have been particularly useful for the tandem mass
spectrometry analysis of GAGs. Compared to threshold activation methods like collision

induced dissociation (CID) and infrared multi-photon dissociation (IRMPD), EDD
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produces more structurally relevant ions with less SOs loss [19]. Prior studies have shown
the capability of EDD for sequencing dp4-dp10 chondroitin sulfate (CS) oligomers, and
assigning the hexuronic acid stereochemistry of HS tetrasaccharides [18, 20]. With the aid
of sodium cation pairing of ionizable acidic protons, EDD has been established as an
excellent tool for characterizing highly sulfated heparin tetrasaccharides [24]. Recent EDD
applications to the highly sulfated pentasaccharide, Arixtra, showed remarkable product
ion coverage for assigning sites of modifications [25]. The density of peaks in EDD mass
spectra has driven the application of multivariate statistical methods like principal
component analysis (PCA) to maximize the amount of information retrieved in a data set.
PCA was used to differentiate the EDD spectra of four diastereoisomeric HS
tetrasaccharides with very similar spectral features [26], and also used for the analysis of
mixtures of epimer pairs that were resolved by field asymmetric ion mobility spectrometry
(FAIMS) [27].

Most of the previous efforts to develop tandem mass spectrometry methods for analyzing
GAG oligomers have focused on assigning sites of sulfo modification. However, a few
examples of the assignment of C-5 stereochemistry in the uronic acids of
glycosaminoglycans using tandem mass spectrometry can be found in the literature. Zaia
and coworkers have been able to assign the global ratio of chondroitin sulfate (CS) versus
dermatan sulfate (DS) in mammalian extracellular matrix by using collision induced
dissociation [28, 29]. The ability to distinguish the C-5 stereochemistry in uronic acid
residues of 4-O-sulfo chondroitin sulfate epimers, based on diagnostic ion intensities in
EDD mass spectra has been reported by Leach et al [18]. The results showed doubly

deprotonated %2X and Y3 were indicative of CS-A containing GIcA, in agreement with the
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prior CID results for CS oligomers examined by Zaia and co-workers (vide infra). Wolff
and Amster have reported diagnostic ions that can be used for assigning IdoA versus GIcA
in unsulfated and monosulfated heparan sulfate (HS) tetramers by using EDD [20].
Despite these promising results, there is still a need for a more general approach to
identifying uronic acid C-5 stereochemistry in GAG oligomers, particularly in HS and
heparin (Hp) oligomers, where 2-O-sulfo modification of the uronic acid can occur. In prior
work using EDD to examine HS tetramers, stereospecific product ions B3’-CO2 and %2A;
indicated the presence of glucuronic acid in enzymatically produced HS tetrasaccharides
[20]. For IdoA residues, the relative intensities of C3’’ is higher compared to Ca. Later
work on more highly sulfated HS tetrasaccharides found that these same ions were not as
useful for assigning uronic acid stereochemistry [26]. This has motivated us to examine in
more detail the capability of EDD mass spectrometry to assign uronic acid stereochemistry
in HS GAGs.

In the present work, we study the significance of 2-O-sulfo modification of the
uronic acid residue on product ion formation during EDD activation. Synthetically
produced epimeric 2-O-sulfo modified HS tetrasaccharides, with varying degrees of
sulfation (0.5-2.5 sulfates per disaccharide subunit) serve as standards to examine
differences in the EDD mass spectra. Principal component analysis identifies statistically
significant peaks that are diagnostic of the C-5 stereochemistry in a uronic acid. With these
data, we can assign the stereochemistry of the reducing end uronic acid in a tetrasaccharide
with a single stage of tandem mass spectrometry, based on diagnostic ratios of selected

product ions.
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Experimental method
Sample Preparation

Epimeric heparan sulfate tetrasaccharides; I-A[GIcA-GIcNAc-1doA2S-GIcNAc-
(CH2)sNH2], 1-B [GIcA-GIcNAC-GIcA2S-GlcNAc-(CH2)sNH;], 11-A [GlcA-GlcNAc-
IdoA2S-GIcNAC6S-(CH2)sNH2], 11-B [GIcA-GIcNAC-GIcA2S-GIctNAC6S-(CH2)sNH2],
I1I-A [GIcA-GIcNS-1doA2S-GIcNS-(CH2)sNH2], 111-B  [GICA-GIcNS-GIcA2S-GIcNS-
(CH2)sNHz, IV-A [GIcA-GIcNS-1doA2S-GIcNS6S-(CH2)sNH2], 1V-B [GICA-GIcNS-
GIcA2S-GIcNS6S- (CH2)sNH2], V-A [GIcA-GIcNS6S-1do2SA-GIcNS6S- (CH2)sNH:],
and VI-A [IdoA-GIcNS6S-1d02SA-GIcNS6S- (CH2)sNH2] ,were synthesized by the
modular approach [30]. FT-ICR MS accurate mass measurements and *H NMR were used
to confirm all structures.
Mass Spectrometry Analysis

All tandem mass spectrometry experiments were performed on a 9.4T Bruker Apex
Ultra QeFTMS (Billerica, MA) fitted with an indirectly heated hollow cathode (HeatWave,
Watsonville, CA) to generate electrons for EDD. 0.1 mg/ml sample solutions in 50:50
methanol/H20 were infused at a rate of 120 [1L/h and ionized by electrospray using a metal
capillary (Agilent Technologies, Santa Clara, CA, #G2427A) [19].
For the EDD experiments, precursor ions were isolated in the external quadrupole and
accumulated for 1 to 3s before injection into the FT-MS cell. Two isolation cell fills were
applied per scan, and the selection of the precursor ion was further refined by using in-cell
isolation with a coherent excitation frequency (CHEF) event. Selected precursor ions were
then irradiated with electrons for 1s. For electron irradiation, the cathode bias was set to 19

and extraction lens set to -18.5 + 0.5V with the cathode heater set to 1.5A. 36 acquisitions
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were signal averaged per spectrum. 512 K points were acquired for each spectrum, padded
with one zero fill, and apodized using a sine bell window. 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. All products are
reported using the annotation proposed by Wolff and Amster, derived from the Domon and

Costello nomenclature [31].

Principal Component Analysis

Principal component analysis (PCA) was performed using PLS Toolbox
(Eigenvector Research, Inc., Wenatchee, WA), as reported earlier [26]. The abundances
of 30 assigned product ions were normalized with respect to the total ion current in each
EDD spectrum. An input matrix with each row containing the mass spectrum of a single
tetrasaccharide epimer and each column the normalized abundance of an assigned fragment
ion (variables) is constructed. For each sample quintuplicate EDD spectra were acquired
in the same day. Each data set was mean-centered and cross-validated prior to PCA
analysis. Principal component scores plot shows the relationship between the samples,
whereas the loading plot reveals the variables that contribute to the sample differences. All

referenced figures and the supplemental material in chapter 5 is included in Appendix C.
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Results and discussions

The compounds selected for this study provide the means to examine differences
between HS tetramers that differ only in C-5 stereochemistry of the uronic acid closest to
the reducing end of the oligomer. The uronic acid at the nonreducing end is of little
consequence, as this residue is often converted to a [1-uronic acid during the enzymatic
processing of proteoglycans to produce oligomers of a size that can be sequenced by
tandem mass spectrometry. Such enzymatic processing eliminates stereochemical
differences between IdoA and GIcA in the nonreducing end sugar. In the following
discussion, references to the uronic acid are to the residue closest to the reducing end.
Several EDD mass spectra were recorded for each compound, so that statistical significant
differences between compounds could be differentiated from variations that occur
spectrum-to-spectrum for the same compound. Previous studies of differences in the EDD
mass spectra of epimeric GAGs focused on uronic acids lacking 2-O-sulfo, and have little
or no sulfo modifications elsewhere in the oligomer chain. Here, all the samples have 2-O-
sulfo modifications in the uronic acid closest to the reducing end. Furthermore, we examine
HS tetramers with up to five sulfo modifications, to find product ions that are diagnostic
of the uronic acid stereochemistry, yet insensitive to the degree of sulfation.
EDD and PCA results for mono-sulfated HS tetrasaccharides epimers I-A and I-B

EDD mass spectra and annotated structures for [M-2H]* precursor ions for I-A
(contains 1doA2S) and I-B (contains GIcA2S) are shown in Fig. 5. 1. Abundant cross-ring
cleavages occur on the hexuronic acid near the reducing end, consistent with the prior
observations that electron detachment is favored on a carboxyl group, particularly if it is

ionized [19, 20]. Glycosidic cleavage products, Bz and Co, locate a sulfo modification on
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the uronic acid; definitive assignment of the 2-O-sulfo modification in compound I-B can
be made with the %2As ion, which is absent in I-A. This ion has been shown to indicate the
presence of GICA in previous EDD studies [20]. Bs' and B3'-CO., indicative of GICA in
prior studies of oligomers lacking 2-O-sulfo modification, were not observed in I-B. We
attribute this difference to the presence of 2-O-sulfo, which introduces extra charge on the
uronic acid residue. We find instead the products [B3-HSO3], [B3-H2SO3] and [B3z-H2SOs-
COg] in the EDD spectrum of I-B. To better identify diagnostic ions that distinguish the
epimer pair, the data was subjected to PCA, and the scores and loadings plots are shown in
Fig. 5. 2. 99.78% of the differences between the EDD spectra of the epimers are found in
a single principal component. lons contributing to the clear distinction of these isomers are

Bs, Y1, Z», and Z3, which correlate with GICA2S, while Y2, Y3, and 1°X, correlate with

IdoA2S.
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Figure 5. 1. EDD spectra and annotated structures for [M-2H]? precursor ion for I-A and

I-B.
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Figure 5. 2. PCA projection of EDD results for I1-A and I-B. Score Plot (a) PC1 and PC2

(b) loadings plot showing PC1 and PC

EDD and PCA results for di-sulfated HS tetrasaccharides epimers I1-A and 11-B

The introduction of a 6-O-sulfo modification on the reducing end amino sugar
distinguishes epimer pair 11-A and 11-B from the first set of standards. The EDD mass
spectra and annotated structure of the [M-3H]*> precursor ion for both for epimers are
shown in Fig.5. 3. The EDD data unambiguously determine the locations of the two sulfo
modifications. The mass difference between %2X; and B3 assigns 2-O-sulfo on the central
uronic acid, while **A4and Z; locates the 6-O-sulfo on the reducing terminus amino sugar.
PCA of the EDD mass spectra for I1-A and 11-B established a high variance of 99.9% in a
single principal component. Fig. 5. 4 shows the scores and loadings plot for I1A and 1IB.
From the loadings plot, Bs*, Y1, C, and Zs, are observed to be diagnostic for 11-B

(containing GIcA2S) and Y3%, 19X, [Y3-SO3]? and Z2-SOs for 1I-A (containing 1doA2S).

92



Intens. o 15y 2 .
7 ( ¢ ( v %, /Yw Y:
10 cdon I | cn‘nn [ CH,OSO0,H aup-
125, @ X @ 5 Wy I1-A
W u(cH)NH 24X2_ OZAZ
oH DHI [ 'J 1 lNlu\ 4 1 EXQ'CHEOQ'COQ
67 )J/ 7 C)/ [Y ] [Y3-804)% A 02,50 /
1 o 17oU;
] ! 02H,0,\ , , [M-3H-80;]" % [Z-805-CsHuN 1,5X2-CH,0,
4 12,80, Z,-50;
B, 7oUs 2 \Bay 4 [Z SO -CO, C
[BsSO,f: \ z%\B : B s
P |fcd / z2 zso3 / X
i T l | L
] LL W l L L o .
30 oAt 0 By* Y, Y32-
X11 6 chHI | | CH|DH | Cdl?o” | | CH,0S0,H / II_B
' |‘3'I 6" ) | OH 15X
| | | O(CH )sNH, 5 1
OH OH ' ' ! NHAlr 1 oq'd»l I INHAG Zr
" W ' VSO [op
: \ M-3H-S0| paalso,p| 22 ¢, | | 1A [M-3H>
02A-HQ Vi 72 L' / [Z25-804]-CsHy4N 15%,-CH,0,-C0,
! " " 0.2
05 51 B1 [YQ'SOB]E_ , 2 \ 7 Y CQ i X1'803 ZQ,SOB 1 EXZ CH202
5] 1
02Aq \ Gl 12808 ﬁ\Z I3 W \ 2 VX [2-804:C0; | 7,50, G
‘ \ 02X % \ ’SAS |C|32 2,2 \ 02Y;2 j / l F ! ‘XQ
00 \‘ ‘xi‘ wu A ‘{ Wy ‘\\,A‘ . ‘Ahl lt \‘HI ‘ } " XI |\\l i ‘/‘ Ly l " T - ‘l‘ " L S ‘L‘I‘L ‘||l‘ }
' 150 200 250 300 350 400 450 500 550 600 650 miz

Figure 5. 3. EDD spectra with structural annotations of [M-2H]? precursor ion for 11-A and

11-B.
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EDD and PCA results for tri-sulfated HS tetrasaccharides epimers I11-A and 111-B

Product ion assignments for the EDD mass spectra of epimers with three sulfo
modifications are shown in Fig. 5. 5. The sulfo modifications are distributed on the three
reducing end saccharides. Prior work has shown that all sulfo groups must be ionized for
such high sulfated HS oligomers to fragment by pathways other than SO3z loss [16]. The
[M-4H+Na]* precursor ion for 111-A and 111-B was thus selected for EDD fragmentation.
Supplementary information, fig. S1, shows the tandem mass spectrum for I11-A and I11-B.
Complete glycosidic product ions with cross ring product ions observed for these epimers
were enough to locate all the sites of sulfation. EDD-PCA scores and loadings plot shown
in Fig. 5. 6. show that 99.9% of variance between the epimers occurs in one principal
component. The loadings plot shows very high positive loading values for complementary
ions [Bs+Na]? and Y1 for 111-B and negative loadings value for [Y2+Na]?,Y2%, [Ya+Na]*

and 1°X»+Na for I11-A.

O(CHz)sNH=
NHSOz:H

O(CH_)sNH,
NHSO_.H

Figure 5. 5. Annotated structure for EDD fragmentation of [M-4H+Na]* for I11-A and I11-

B
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Figure 5. 6. PCA scores plot (e) and loadings plot (f) for I11-A and 111-B

EDD and PCA results for tetra-sulfated HS tetrasaccharides epimers IV-A and V-
B

Sulfo modification at the 6-O position on the reducing end amino-sugar of 1V-A
and IV-B distinguish these compounds from the tri-sulfated HS tetrasaccharides
described above. This modification increases the number of sulfates per disaccharides
from 1.5 to 2, making it even more prone to SOz loss. To prevent excessive sulfo
decomposition from occurring, the [M-5H+Na]* precursor ion was selected for the EDD
experiment. EDD product ions spanning the range m/z 120-600 as shown in the
Supplemental Information, Fig. S2, were sufficient to locate all four sites of sulfo
modification. Fig. 5. 7 shows the structural annotations for IV-A and IV-B. PCA

projection of the EDD results shown in Fig. 8 revealed these two epimeric
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tetrasaccharides could be differentiated with a single principal component (99.1% of the
variance is in PC1). High positive loadings values again for [Bs+Na]> and Y1 were

observed for IV-B and [Y2+Na]* showed negative loading values for I1-A.

/
CHLO0SOzH
1
|

IV-B

O(CH2)sNH=

1 5
H L
[ "
o i
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1\(210/“2/“0/

OH/:I/: /"|/|/: N‘%/s:?‘:‘}"; |/I

Figure 5. 7. Annotated structure for EDD fragmentation of [M-5H+Na]* for IV-A and IV-
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Figure 5. 8. PCA scores plot (g) and loadings plot (h) for IV-A and IV-B
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Careful analysis of EDD-PCA results for all eight synthetic 2-O-sulfo tetrasaccharides
revealed a pattern of glycosidic and cross-ring product ions that correlate with hexuronic
acid stereochemistry in their EDD spectra, specifically, the glycosidic cleavages
surrounding the uronic residue, Bs, Y1, Z2, and Cz were observed to be diagnostic for
GIcA2S. The more remote glycosidic cleavage, Y2, as well as the cross ring fragment in
the adjacent amino sugar, 1°Xz, are found to be diagnostic for IdoA2S.

Diagnostic ratio (DR) analysis of 2-O-sulfo HS tetrasaccharides

A tandem mass spectrometric method for assigning uronic acid stereochemistry in HS
oligomers, and that is applicable to compounds with a wide variation in sulfo modification,
has not previously been reported. Contrary to initial tandem mass spectrometric
assignments of uronic acid stereochemistry in chondroitin sulfate oligosaccharides [28]
which has a defined sulfation pattern, HS oligosaccharides presents a more complex
challenge due to the variability in sulfation pattern and hexuronic acid stereochemistry.
Earlier attempt using EDD to assign the hexuronic acid stereochemistry in HS
tetrasaccharides yielded promising results. However, the sulfate density was very low (0-
0.25 sulfates per disaccharide) for the compounds that were tested, and 2-O-sulfo was not
present [19]. To provide a more robust analysis for assigning the hexuronic acid
stereochemistry in a single mass spectrum using EDD, we have considered 4 epimers pairs
with varying degree of sulfation (0.25-2.0). From the PCA loadings plots, we observe
strong positive loading values for GIc2AS diagnostic ions and negative loadings values for
IdoA2S. The strong variations between these epimer pairs from the EDD PCA loadings
plots suggest the possibility of combining diagnostic ions could to assign the

stereochemistry in a mass spectrum. Combining the results from all 4 PCA plots, we have
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selected diagnostic ions indicative of GIc2AS (Bs, Y1, C2 and Z2) and 1do2AS (Y2 and
15X5,). The ratio of these summed peaks could predict the hexuronic acid stereochemistry
for all the 2-O-sulfated HS tetrasaccharides examined. Equation 1 below compares the

intensity ratios of GIC2AS ions to 1do2AS.

DR — ZI(GICAZS) — ZI(B?HYI'CZ'ZZ)
YI(IdoA2S) Y I(Y,, " X2)

(1)

In equation 1, DR is the diagnostic ratio calculated from the abundance of the designated
fragment ions in the EDD spectra. 1(GIcA2S), I(IdoA2S) are the intensities for all
diagnostic ions, including those accompanied by sulfo decomposition, for the fragment
ions that are diagnostic of GIc2AS and 1do2AS. DR results for the four epimer pairs are
found to segregate in to low ratios (<1.6) for IdoA2S containing tetrasaccharides, and high
ratios (9 or higher) for tetrasaccharides with GIcA2S, as shown in Table 1, with up to four
sulfo modifications. The large gap between the DR values of the GICA2S and the 1doA2S
tetrasaccharides allows the confident assignment of stereochemistry for the uronic acid
residue closest to the reducing end. This was tested on even more highly sulfo modified
oligomers, two penta-sulfo modified tetramers that contain 1doA2S, GIcA-GIcNS6S-
IdoA2S-GIctNS6S-(CH2)sNH2 (DR = 13) and 1doA-GIcNS6S-1doA2S-GIcNS6S-
(CH2)sNH2 (DR=0.6), shown Table 1. EDD spectra for the pentasulfated tetrasaccharides
are shown in Supplementary data, Fig. S3 and Fig. S4. Also included in the supplementary
material are mass (m/z) - intensity table for the ions used for the DR calculations. These
data suggest that the DR calculation from assigned peaks in EDD mass spectra of HS

tetramers can be used to accurately and confidently assign uronic acid C-5 stereochemistry.
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IdoA2S DR GIcA2S DR

GlcA-GIcNAc-1doA2S-GlcNAc- GlcA-GIcNAc-GIcA2S-GIcNAc-
0.5 12.5
(CH2)sNH: (CH2)sNH2
GlcA-GIcNACc-1doA2S-GIcNAC6S- GlcA-GIcNACc-GIcA2S-GIcNAC6S-
1.0 13.5
(CH2)sNH: (CH2)sNH2

GIcA-GIcNS-1doA2S-GIcNS-
1.6| GIcA-GIcNS-GIcA2S-GIcNS-(CHZ)sNH, | 21.6

(CH2)sNH:
GIcA-GIcNS-1doA2S-GIcNS6S- GIcA-GIcNS-GIcA2S-GIcNS6S-
1.2 9.3
(CH2)sNH: (CH2)sNH2
GIcA-GIcNS6S-1doA2S-GIcNS6S-
1.3
(CH2)sNH:
IdoA-GIcNS6S-1doA2S-GIcNS6S-
0.6

(CH2)sNH:

Table 5. 1, shows DR results for 10 synthetic 2-O-sulfo HS tetrasaccharides

Conclusions

EDD fragmentation is known to provide useful data for the assignment of sulfo locations
in HS oligomers, but the assignment of uronic acid stereochemistry has remained an open
issue. This work demonstrates for the first time the assignment of C-5 stereochemistry in
2-O-sulfated uronic acid epimers using EDD data. The relative abundance of glycosidic
products Bz, Y1, Z> and Cz as projected onto the PCA loadings plots are found to be
diagnostic of GIcA2S while Y2, Y3 and 1°X; are diagnostic of 1doA2S near the reducing

end of HS or Hp tetramers. By summing the intensities of the GICA2S diagnostic
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fragments, and dividing by the sum of the I1doA2S diagnostic fragments, a ratio is obtained
that allows one to assign the hexuronic acid stereochemistry for a number of HS/Hp
tetramers with a broad range of sulfo modifications. Since there are several structural
variations of HS oligomers, future work will test the value of the diagnostic ratio (DR) for
a full range of HS tetrasaccharides. We also plan to test this approach on hexasaccharides
and longer oligomers, to see if it extends to the assignment of more than one uronic acid

residue in an oligomer.
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Abstract

The analysis of heparan sulfate (HS) glycosaminoglycans presents many
challenges, due to the high degree of structural heterogeneity arising from their
nontemplate biosynthesis. Complete structural elucidation of glycosaminoglycans
necessitates the unambiguous assignments of sulfo modifications and the C-5 uronic acid
stereochemistry. Efforts to develop tandem mass spectrometric-based methods for the
structural analysis of glycosaminoglycans have focused on the assignment of sulfo
positions. The present work focuses on the assignment of the C-5 stereochemistry of the
uronic acid that lies closest to the reducing end. Prior work with electron based tandem
mass spectrometry methods, specifically electron detachment dissociation (EDD), have
shown great promise in providing stereo-specific product ions, such as the B3 ~ —-CO2,
which has been found to distinguish glucuronic acid (GIcA) from iduronic acid (IdoA) in
some HS tetrasaccharides. The previously observed diagnostic ions are generally not
observed with 2-O-sulfo uronic acids or for more highly sulfated heparan sulfate
tetrasaccharides. A recent study using electron detachment dissociation and principal
component analysis revealed a series of ions that correlate with GIcA versus IdoA for a set
of 2-O-sulfo HS tetrasaccharide standards. The present work comprehensively investigates
the efficacy of these ions for assigning the C-5 stereochemistry of the reducing end uronic
acid in 33 HS tetrasaccharides. A diagnostic ratio can be computed from the sum of the

ions that correlate to GIcA to those that correlate to IdoA.

Keywords: Glycosaminoglycans, Heparan sulfate, Uronic acids, Stereochemistry, FTICR,

Electron detachment dissociation
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Introduction

A large portion of the extracellular matrix and basement membranes are comprised
of proteoglycans, composed of proteins covalently attached to the class of carbohydrates
called glycosaminoglycans (GAGs) [1-3]. GAGs are linear negatively charged
biopolymers, the basic building blocks of which consist of a repeating disaccharide
sequence of an amino sugar and a uronic acid or galactose [4, 5]. They are categorized as
either keratan sulfate (KS), chondroitin sulfate (CS), dermatan sulfate (DS), hyaluronan
(HA), or heparan sulfate (HS) depending on their disaccharide repeating unit [1-6]. Among
these classes of GAGs, HS is the most structurally complex [6, 7]. They are initially
synthesized in the Golgi apparatus as alternating disaccharide units of D-glucuronic acid
and N-acetylated glucosamine [6, 8]. C5-epimerization of glucuronic acid (GIcA) to
iduronic acid (IdoA) occurs during the biosynthesis of HS followed by a series of sulfo
modifications [7, 8]. Sulfo modifications may occur at the 2-O position of the uronic acid,
and the N-, 3-O, and 6-O positions of the glucosamine unit [8]. These structural
modifications often do not go to completion, producing HS chains with varying sequences
of sulfation, acetylation, and IdoA/GIcA content [6, 9]. Despite these varying structural
modifications, specific structural motifs on HS chains have been reported to bind target
proteins with high specificity. These categories of proteins, called heparan sulfate binding
proteins (HSBPs), include chemokines, cytokines, blood coagulation factors, such as serine
proteases, cell adhesion proteins, growth factors, and morphogenetic factors [7, 10, 11].
Documented physiologic processes influenced by HS interactions with proteins include
growth and development, cancer, inflammation, viral infectivity, and blood coagulation

[12-15]. The numerous biological functions of this bio-molecule continue to inspire
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research into structure—function relationships of HS oligomers. However, this research has
been hampered by their enormous microheterogeneity and limited availability requiring
very sensitive and robust analytical methods for their analysis.

Advanced analytical methods like nuclear magnetic resonance (NMR)
spectroscopy have been used to determine sulfo modifications and the C-5 stereochemistry
of the uronic acid in GAGs [16, 17]. However, the quantity and purity of GAGs extracted
from natural sources are often not suitable for NMR analysis [18]. These drawbacks make
mass spectrometry an excellent alternative for GAG analysis. Negative electrospray
ionization mass spectrometry offers an excellent platform for GAG analysis, offering high
sensitivity, throughput, and accuracy [19, 20]. However, tandem mass spectrometry of
GAGs, especially heparan sulfate, is often challenging due to variations in oligomer length,
hexuronic acid stereochemistry, and sulfation heterogeneity [6, 21]. ESI-MS is able to
determine the length, degree of sulfation of GAGs, and other features affecting the
elemental composition. To determine sites of sulfation, N-acetylation, and hexuronic acid
stereochemistry, more advanced methods are required. Recent advances in tandem mass
spectrometric applications to GAGs using collision-induced dissociation (CID) [22, 23],
infrared multiphoton dissociation (IRMPD) [24], electron induced dissociation (EID) [2,
5], electron detachment dissociation(EDD) [26-28], and negative electron transfer
dissociation (NETD) [29] have addressed some of the challenges encountered during their
structural analysis. Inherent sulfo decomposition of the labile sulfate half ester group
present in GAGs hinders structural characterization. This phenomenon occurs mostly
during the ionization and ion activation stages of the experiment. Chemical derivatization

[30], deprotonation of the acidic groups [23, 31, 32], and metal cation exchange [22, 23]
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have been reported to effectively reduce sulfo decomposition depending on the degree of
sulfation. Recent CID MS/MS reports on Arixtra and highly sulfated heparan sulfate GAGs
showed that one can obtain very rich and structurally informative product ion coverage by
adding dilute NaOH to the spray solution [33, 34]. Electron-based activation methods,
especially EDD, have shown great potential in providing highly informative cross-ring
products as well as the corresponding glycosidic cleavages, which are essential for
localization of sulfo positions [25-27]. Although mass spectrometry methodologies
continue to gain ground in assigning sites of sulfo modifications, a remaining challenge
has been the inability to discriminate diastereomers that differ by the chirality of the uronic
acid C-5 center. Zaia and coworkers were the first to address this challenge. Using collision
induced dissociation, they were able to differentiate chondroitin sulfate (CS) from
dermatan sulfate (DS) in mammalian extracellular matrix, and quantitatively assign the
amount of the diastereomers present in mixtures [35]. The ability to assign the C-5
stereochemistry in uronic acid residues of 4-O-sulfo chondroitin sulfate epimers with
varying oligomer lengths (dp4-dp10) based on diagnostic cross-ring ions 2*A, and %2X, in
CID mass spectra has also been reported by Kailemia et al. [36]. Compared with heparan
sulfates, chondroitin sulfates have a well-defined sulfation pattern; hence, the former
requires a more sensitive activation method for stereochemistry assignments. EDD results
for HS tetrasaccharides reported by Wolff et al. showed the possibility of obtaining a
stereospecific ion Bz'-CO; for assigning the C-5 stereochemistry for moderately sulfated
tetramers (0-0.25 sulfates per disaccharide) [18]. Gas-phase separation of epimeric
mixtures of HS tetrasaccharides using field asymmetric ion mobility spectrometry

(FAIMS) followed by EDD fragmentation confirmed the presence of the B3'-CO ion for
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the GIcA containing epimer [37]. Recent EDD reports, however, showed that the presence
of a sulfo group at the 2-O position of the uronic acid hinders production of the B3~ CO>
ion in GlcA-containing epimers [38]. More recent work on the assignment of the C-5
stereochemistry for 2-O-sulfated HS tetramers (0.5-2.5 sulfates per disaccharide) revealed
the possibility of assigning the C-5 stereochemistry of HS tetrasaccharides using a ratio
combination of selected ions obtain from EDD-PCA experiments [38]. Such analyses are
useful when epimeric compounds are available. The scarcity of naturally occurring
epimeric HS samples has motivated the development of a technique that assigns the
stereochemistry of these tetramers without reference to their isomers. Here we present for
the first time a more general approach in assigning the C-5 hexuronic stereochemistry for
33 HS tetrasaccharide standards from a single stage EDD tandem mass spectrum.
Experimental Sample Preparation Thirty-three heparan sulfate tetrasaccharides standards
were synthesized using a modular approach [39]. All the compounds examined had their
compositions confirmed using FTICR MS accurate mass measurement and had their
structures confirmed by 1 H NMR, HSQC, and COSY. Supplementary Figures 1-4 show
the chemical structures of all 33 compounds. Mass Spectrometry Analysis EDD
experiments were performed on a 9.4T Bruker Apex Ultra QeFTMS (Billerica, MA, USA)
with a hollow cathode (Heat Wave, Watsonville, CA, USA), which serves as the I.
Agyekum et al.: Assigning Uronic Acid in HS by EDD source of electrons for EDD; 0.1
mg/mL of each standard were injected at a rate of 120 uL/h in 50:50 methanol:H20 and
ionized by a metal electrospray capillary (#G2427A; Agilent Technologies, Santa Clara,
CA, USA). Where necessary, 0.1 mM NaOH was added to the spray solvent to enhance

the intensity of preferred sodium adducted precursor ions for analysis. All the HS
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tetrasaccharides were analyzed in the negative ion mode. Each EDD experiment was
repeated three times with almost similar results for each HS standard examined. For the
EDD experiment, multiply charged precursor ions were isolated in the external quadruple
and accumulated for 1 4 s before injection into the FT-ICR cell. Precursor ion selections
were refined using in-cell isolation with a coherent excitation frequency (CHEF) event.
These ions were then irradiated with 19 eV electrons for 1 s. The extraction lens was set to
— 18.5 £ 0.5 V with the cathode heater at 1.5 A. Twenty-four acquisitions were signal
averaged per spectrum; 512 K points were acquired for each spectrum, padded with one
zero fill, and apodized using a sine bell window. Internal calibration was achieved using
confidently assigned glycosidic product ions as internal calibrants, providing mass
accuracy of 10 due to the large number of low intensity product ions formed by EDD. All
cross-ring and glycosidic product ions generated from the EDD experiment were assigned
using accurate mass measurement and GlycoWorkbench [40]. These ions are reported

using the Domon and Costello nomenclature [41].

Results and Discussion

Determination of Sulfo Positions Electron detachment dissociation has been shown
to provide excellent product ion coverage for the structural analysis of
glycosaminoglycans. Figure 1 shows abundant glycosidic and cross-ring product ions for
the epimeric di-sulfated HS standards epimers, labeled (2b, 2f, 2d, and 2g). EDD
fragmentation of the [M — 3H]* precursor ion produced almost identical fragmentation for
these compounds as one would expect for these epimers (Figure 6. 1). These compounds

differ only in the C-5 hexuronic acid stereochemistry and have both their glucosamine unit
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sulfated at the 6-O position. We are able to unambiguously assign the sites of sulfation on
these epimers with a combination of cross-ring and glycosidic product ions. The mass
difference between product ions C1 and 3°A., and Cs. and *°Ay, confidently identifies the
two 6-O sulfo groups on the second and fourth glucosamine units towards the reducing end
for HS standards 2b, 2d, and 2g (Figure 1). A similar assignment of the 6-O sulfo group on
the second glucosamine unit from the non-reducing end can be made using the C1 and 3°A;
for compound 2f; however, the sulfate group on the reducing end sugar is assigned using

the mass difference between cross-ring ions product ions 24A4 and %2A,.
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Figure 6. 1 EDD mass spectra with structural annotations for four epimeric synthetic di-
sulfated HS tetrasaccharides: (a) 2b-(lIdoA-GIcNAc6S-GIcA-GICNACES-

(CH2)sNHy), (b) 2f-(GIcA-GIcNACc6S-GIcA-GIctNAC6S- (CH2)sNHy), (c) 2d-(GIcA-
GIcNAC6S-1doA-GIcNAC6S-(CH2)sNH?2), and (d) 2g-(IdoA-GIcNACc6S-IdoA-
GIcNAC6S-(CH2)sNH>).
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We also show in Figure 2, efficient EDD fragmentation for tri-sulfated epimers 3b-(IdoA-

GIcNS6S-GIcA-GIcNS-(CH2)sNH2 and 3h- (GIcA-GIcNS6S-1doA-GIcNS-(CH2)sNH>)

for the [M — 4H + Na]* precursor ion. The N- and 6-O sulfo groups on the second residue

near the non-reducing ends can be assigned using the mass difference between °2A; and

B2, and %A, and %2A; product ions, respectively. The N-sulfo group on the reducing end

glucosamine is assigned using cross-ring product ion %2X,. We have included a

comprehensive mass list (m/z and intensity) showing similar fragmentation efficiency for

triplicate EDD experiment for all the 33 standards in the accompanying supplemental

material.
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tetrasaccharides: (a) 3b-(IdoA-GIcNS6S-GIcA-GIcNS-(CH2)sNH2, and (b) 3h-(GIcA-

GIcNS6S-1doA-GIcNS-(CH2)sNH,) for the [M — 4H + Na]* precursor ion

Assignment of the Reducing End Hexuronic Acid Stereochemistry Electrospray ionization

mass spectra for all HS standards considered for this work produced abundant multiply
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charged ions for the EDD experiment. Figure 3 shows the general structure for the synthetic

heparan sulfate tetrasaccharides epimers with an aminopentyl linker on the anomeric

carbon.
COOH CH,OR, COOH CH,0R,
0 0 0 0
OH OR, OH OH O(CH;)sNH;
4]
OR, NHR, OR, NHR,
mm[ CHZ{:-R, CHzDR1
NHR,

Figure 6. 3 General structure for the synthetic heparan sulfate tetrasaccharide epimers
with an anomeric aminopentyl linker, where R = H, SO3H and R, = H, SOzH, Ac

This modification provides a mass shift for the resulting reducing end fragments ions that
enable confident assignment of product ions that would otherwise exhibit identical masses
for reducing end and non-reducing end products. In this figure, arrows highlight the C-5
carbon of the uronic acid residue that is the focus of this investigation, namely the acidic
sugar closest to the reducing end. ESI-MS of the mono-sulfated synthetic heparan sulfate
standards yield abundant doubly charged ions molecular ions, [M — 2H]?". With this charge
state, two of the three acidic protons are removed during ionization. Close examination of
the EDD spectra for the GIcA-containing standards 1a and 1b, Figure 6. 4a, reveals results
consistent with previous EDD reports on modestly sulfated HS tetrasaccharides [35, 40].
Diagnostic ion Bz'-CO; indicative of glucuronic acid in less sulfated HS GAGs (0-0.25

sulfates per disaccharide) reported for naturally extracted and synthetically produced HS
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tetrasaccharides [18, 21] are observed for only samples la (IdoA2S-GIcNAc-
GIcAGIcNACc-(CH2)sNH2) and 1b (IdoA-GIcNAc6S-GIcCAGIcNAc-(CH2)sNH2), Figure
4a, occurring at m/z 589.0972. An expanded mass spectra region for the stereospecific ion
Bs'- CO2is shown in Figure 6. 4a. An intense B3’ ion relative to its original B3 ion is a
feature also reported for being diagnostic for GIcA-containing HS [18]. These ions for
standards la and 1b stand in stark contrast to standards 1d (GIcA-GIcNAc-
IdoOAGICNAC6S-(CH2)sNH>) and 1f (IdoA-GIcNAc-1doA- GIcNAC6S-(CH2)sNH2), with
the B3’ ion with a lower intensity relative to its B3 ion (Figure 4b). The absence of the B3’
ion for standard 1c (GIcA-GIcNAc-1doA2S-GIcNAc-(CH2)sNH2) and le (GIcA-GIcNAc-
GIcA2S-GIcNAc-(CH2)sNH>) further confirmed the influence of the 2-O sulfation on the
uronic acid in the formation of the B3'-CO- for 1e as reported earlier [38].

The non-specificity of this previously reported ion over a wide range of sulfo modifications
has been the main motivation for this work. Principal component analysis of EDD results
from our most recent work revealed several ions that could be used to differentiate GICA2S
from 1doA2S. These ions included, Bs, Y1, Cz, and Z> fragments, found to be diagnostic
for GIcA2S, whereas Y, and 1°X; were diagnostic for IdoA2S. We combine these ions into
a diagnostic ratio formula below (Equation 2) capable of assigning the C-5 stereochemistry
of HS tetrasaccharide standards.

DR = log (1/3((3 (GlcA) / Y. (IdoA))) = log (1/3((3. (Bs, Y1, C2, Z2) / Y. (Y2, ¥°X2))) (2)
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Figure 6. 4 Expanded EDD spectra for the [M — 2H]? precursor ion for the mono-

sulfated HS standards showing the region for the stereospecific ion B3'-COz(a) for
compounds 1a, 1b, 1c, and 1e m/z 570-640, and (b) compounds 1d and 1f m/z 509-580.

Equation 2 computes the ratio of the sum of intensities of ions that are statistically validated

as diagnostic for the presence of GIcA to the sum of intensities of ions diagnostic of IdoA.

The factor of one-third applied to each sum was determined empirically to produce a

positive value for the diagnostic ratio (DR) when GICA is present at the second residue

from the reducing end, and negative values when IdoA is present in the same position. The

DR values computed for all the standards include fragments with sulfo losses from the
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selected ions. The discussion below examines the results for a comprehensive set of HS
standards with 1 to 4 sulfo modifications.
Diagnostic Ratio Results for Mono-Sulfated HS Standards

Diagnostic ratio (DR) results for all six HS standards for the mono-sulfated
tetrasaccharides labeled 1a to 1f are shown in Figure 6. 5. For a common precursor ion
selection [M — 2H]2-, at m/z 469.6327 and subsequent electron irradiation, we are able to
confidently resolve the C-5 hexuronic acid stereochemistry for the residue closest to the
reducing end, for singly sulfated standards. All the GlcA-containing standards showed
positive diagnostic ratio results, whereas those for IdoA where negative. The lowest DR
results obtained for these set of HS tetramers GIcA was 0.61 + 0.07 (GIcA-GIcNAc-
GIcA2S-GIcNAc-(CH2)sNH2) and the highest for mono-sulfated standards containing
IdoA was —0.38 = 0.09 (IdoA-GIcNAc-1doAGICNACES-(CH2)sNH2). Epimeric
pair 1c (GIcA-GIcNAcldoA2S-GIcNAc-(CH2)sNH2) and le (GIcA-GIcNACGICA2S-
GIcNACc-(CH2)sNH2) with 2-O sulfo modification on the central uronic unit are clearly
differentiated, as shown in Figure 6. 5. We also note the non-reducing end stereochemistry
has a negligible impact on the DR results for the mono-sulfated set of compounds. This is
evident comparing the diagnostic ratio results, which were —0.44 + 0.03 for standards 1d
(GIcAGIcNACc-IdoA-GIcNACc6S-(CH2)sNH2) and —0.38 + 0.09 for 1f (IdoA-GIcNAc-

IdoA-GIcNAC6S-(CH2)sNH>).
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1f == GlcA
== |doA

IdoA-GIcNAC-1d0A-GlcNAC6S-(CH,):NH
GleA-GIeNAC-GIcA2S-GleNAC-(CH,)sNH,

GlcA-GleNAc-1doA-GlcNAC6S-(CH,)sNH,
GlcA-GIeNAC-1doA2S-GlcNAc-(CH,)sNH,

|doA-GIcNACBS-GlcA-GleNAc- (CH,)NH,

Id0A2S-GIcNAC-GIcA-GleNAC-(CH)sNH,

25 -2 -15 -1 05 0 05 1 15 2 25
Diagnostic ratios

Figure 6. 5 EDD diagnostic ratio results for the mono-sulfated HS tetrasaccharides
standards (1a—1f), for the [M — 2H]?> precursor ion.

Diagnostic Ratio Results for Di-Sulfated HS Standards

ESI-MS of the di-sulfated HS standards produced abundant [M — 3H]3- ions at m/z
339.4050 and 325.4015 depending on the disaccharide repeating sequence. These
tetrasaccharides have four ionizable protons, two on the sulfo groups and two on the
carboxyl groups. Figure 6. 6 shows the diagnostic ratio results obtained for all the eight HS
standards examined upon EDD fragmentation of the [M — 3H]3- precursor ion. Again, we
show the standards containing GICA residues towards the reducing end have positive
diagnostic ratio values relative to those containing IdoA residues. The broad selection of
standards allowed for the applicability of diagnostic ratio formula to discriminate epimers.
Standards 2b (IdoA-GIcNACc6S-GICAGICNAC6S-(CH2)sNH2) and 2d (GIcA-GIcNACES-
IdoAGIcNAC6S-(CH2)sNH?>) differing in the C-5 stereochemistry for the non-reducing end
and central uronic acid residues were unambiguously resolved with diagnostic ratio values
0.64 = 0.01 and —0.22 * 0.01, respectively. The diagnostic ratio results for the remaining

epimer pairs, [2¢ (GIcA-GIcNAc-1doA2SGICNAC6S-(CH2)sNH>): —0.33 £+ 0.05, and 2e

119



(GlcA-GIcNACc-GIcA2S-GIcNAC6S-(CH2)sNH2: 0.83 £ 0.11] and [2f (GICAGICNAC6S —
GIcA-GIcNAC6S-(CH2)sNH2 0.60 £ 0.06 and, 2g (IdoA-GIcNACc6S-1doA-GIcNAC6S-
(CH2)sNH2: —0.11 + 0.03] further established the usefulness of the formula to discriminate
epimers. The overall contribution of the non-reducing end uronic acid stereochemistry is
again observed to have very minimal impact on the diagnostic ratio values as we compare
standards 2b and 2f (Figure 6. 6). Standard 2h IdoA-GIcNAcldoA2S-GIcNS-(CH2)sNH,
which has a different disaccharide repeating sequence compared with the seven di-sulfated
standards produced results consistent with the IdoA-containing tetramers. The lowest
diagnostic ratio value recorded for the GIcA-containing standards was 0.11 £ 0.04 for 2a
(GIcA2SGIcNAC6S-GIcA-GIcNAC-(CH2)sNH>) and the highest for with IdoA was —0.11

+ 0.03 recorded for 2g (IdOAGICNAC6S-1doA-GIcNAC6S-(CH2)sNH>).

IdoA-GlcNAc-1doA2S-GIeNS-(CH,)sNH,
IdoA-GlcNACES-IdoA-GIcNACES-(CH,)sNH,
GlcA-GIcNAC6S-GIcA-GIcNACES- (CH,)sNH,
GlcA-GlcNAC-GIcA2S-GIeNAC6S-(CH,)sNH,
GlcA-GlcNAC6S-IdoA-GIcNACES-(CH,)sNH,
GleA-GleNAc-1d0A2S-GIeNACES-(CH,)sNH,
IdoA-GIcNAC6S-GIcA-GlcNAC6S-(CH,)sNH,
IdoA2S-GIcNAc6S-GlcA-GleNAc-(CH,)sNH,

-25 -15 -05 05 15 25
Diagnostic ratios

Figure 6. 6 EDD diagnostic ratio results for the di-sulfated HS tetrasaccharides
standards (2a—2h) for the [M — 3H]® precursor ion.
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Diagnostic Ratio Results for Tri-Sulfated HS Standards

Previous EDD and CID reports have shown that the presence of sodium counter
ions can provide a means to control stereochemical dependent fragmentation [21, 36]. We
found that to be very useful for the tri- and tetra-sulfated HS standards. For the tri-sulfated
HS standards, the [M — 4H + Na]* precursor ion at m/z 345.3775 was selected for the EDD
experiment. This ionized state allows for all the sulfo groups and a carboxylic group to be
ionized. Figure 6. 7 shows diagnostic ratio results for 10 HS tetrasaccharides standards.
The C-5 stereochemistry of the central uronic acid is clearly resolved using the respective
diagnostic ratios for the isomers. The lowest diagnostic ratio recorded for the GIcA-
containing isomers was 0.05 + 0.01 for standard 3a (IdoA2S-GIcNS-GIcA-GIcNS-
(CH2)sNHz, and the closest to zero for those with IdoA was —0.12 + 0.01, recorded for
sample 3i (IdoA-GIcNS-1doA-GIctNS6S-(CH2)sNH). The ability to resolve epimers for
the tri-sulfated HS standards using the diagnostic ratio formula is tested with standards 3b
(IdoA-GIcNS6S-GIcA-GIcNS-(CH2)sNH2)  and  3h  (GIcA-GIcNS6S-1doA-GIcNS-
(CH2)sNH2), and 3c (GICAGICNS-1doA2S-GIcNS-(CH2)sNH2) and  3e  (GIcA-
GIcNSGIcA2S-GIcNS-(CH2)sNH2), as shown on Figure 6. 7. Even though standards 3f
(GlcA-GIcNAC6S-1doA2S-GICNAC6S-(CH2)sNH>, 39(1doA2S-GIcNAC6S-GIcA-
GIcNAC6S-(CH2)sNH>), and 3j (IdoA-GIcNAC6S-1doA2S-GIctNAC6S-(CH2)sNH2) have
different repeating disaccharide units compared with the other seven isomers, EDD
fragmentation of the [M — 4H + Na]* precursor ion (m/z 373.3846) for 3f, 3g, and 3j
produced diagnostic ratio results consistent for assigning their hexuronic acid
stereochemistry. We observe a minor diagnostic ratio difference between standards 3f (—

0.12 £ 0.01) and 3j (- 0.24 = 0.01), which differ only at the non-reducing end uronic acid.
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However, this minor difference had no impact on the assignment of the stereochemistry of

the central uronic acid.

IdoA-GIcNACES-1d0A2S-GItNACES-(CH,)sNH,
== GlcA

Id0A-GINS-1doA-GIcNSBS-(CH,)sNH, o
== (0

GlcA-GIeNS6S-1d0A-GIeNS-(CH,)sNH,
|doA2S-GIcNACES-GIcA-GlcNACES-(CH,)sNH,
GlcA-GIcNAC6S-1doA2S-GIeNAC6S-(CH,)sNH,
GlcA-GIeNS-GIcA2S-GIeNS-(CH_,)sNH,
GlcA-GIeNS-1doA-GIeNS6S-(CH,)sNH,
GlcA-GIeNS-IdoA2S-GIeNS-(CH,)sNH,
IdoA-GIcNS6S-GlcA-GIeNS-(CH,)sNH,
IdoA2S-GIeNS-GlcA-GleNS-(CH,)sNH,

25 2 15 1 05 0 05 1 15 2 25
Diagnostic ratios

Figure 6. 7. EDD diagnostic ratio results for the tri-sulfated HS tetrasaccharides
standards (3a—3j), for the [M — 4H + Na]® precursor ion.

Diagnostic Ratio Results for the Tetra-Sulfated HS Standards

Highly sulfated HS GAGs are difficult to characterize due to loss of the labile sulfo
groups. However, we show, in Figure 6. 8, reproducible diagnostic ratio results for these
highly sulfated tetramers for the [M — 5H + 2Na]* precursor for all seven isomers
(standards 4a—4g) and [M — 5H + Na]* for 4h and 4i. The selected precursor ion for the
diagnostic ratio analysis ensured at least all sulfo groups are ionized. The diagnostic ratio
values obtained for this degree of sulfation allowed for confident assignment of their
respective C-5 uronic acid stereochemistry. The lowest diagnostic ratio recorded for the

GlcA-containing tetra-sulfated standards was 0.066 + 0.006 and the closest to zero for the
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IdoA standards was —0.06 + 0.01, recorded for 4a (IdoA2S-GIcNS6S-GIcA-GICNS-
(CH2)sNH>) and 4f (I1doA-GIcNS6S-1doA-GIcNS6S-(CH2)sNHy), respectively. Epimeric
pairs 4c (GIcA-GIcNS-1doA2S-GIcNS6S-(CH2)sNH2) and 4d (GIcA-GICNSGIcA2S-
GIcNS6S-(CH2)sNHy) are clearly resolved as shown on Figure 6. 8, with diagnostic ratio
values —0.40 = 0.03 and 0.109 £ 0.007, respectively. Epimeric standards 4b (IdoA-
GIcNS6SGIcA-GIcNS6S-(CH2)sNH2) and 4f (IdoA-GIcNS6S-1doAGIcNS6S-(CH2)sNH>)
are also differentiated unambiguously based on the diagnostic ratio values 0.35 + 0.01 and
—0.06 £ 0.01, respectively. We again compare the diagnostic ratio results for standards 4b
(IdoA-GIcNS6S-GIcA-GIcNS6S-(CH2)sNH2)) and 4e (GlcA-GIcNS6S-GIcA-GICNS6S-
(CH2)sNHy)) differing only at the nonreducing end uronic acid. Their respective diagnostic
values, 0.35 = 0.01 and 0.36 + 0.02, again indicated the non-reducing end uronic acid
stereochemistry had little or negligible impact on the diagnostic ratio results. Standards 4c
(GICA-GICNSIdoA2S-GIcNS6S-(CH2)sNH;) and 49 (1doA-GIcNSIdoA2S-GICcNS6S-
(CH2)sNHy), also differing at the non-reducing end uronic acid residue, produced almost
similar diagnostic ratio values as shown in Figure 8. A mass list (mass (m/z) — intensity
table) for the ions used for the DR calculations for all 33 HS standards are included in the

Supplemental Material shown in Appendix D.
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Id0A2S-GIcNS6S-1doA-GIeNACES-(CH,)sNH,

IdoA2S-GlcNACES-1doA2S-GleNAC6S-(CH,)sNH,
|doA-GIcNS-1doA2S-GleNS6S-(CH,)sNH,

IdoA-GIcNSES- d0A-GIENS6S-(CH,);NH,
e

25 2 -15 1 05 0 05 1 15 2 25
Diagnostic ratios

Figure 6. 8 EDD diagnostic ratio results for the tetra-sulfated HS tetrasaccharides
standards 4a—4g for the [M — 5H + 2Na]* precursor ion and [M — 5H + Na]+ for
standards 4h and 4i.

Conclusions

In this study, we have demonstrated the capability to assign the C-5 hexuronic acid
stereochemistry from a single stage tandem mass spectrum using EDD. The diagnostic
ratio provides the means to assign the stereochemistry of the uronic acid near the reducing
end for HS tetrasaccharides. For all 33 tetramers that were examined, the diagnostic ratio
was positive for GICA near the reducing end, whereas those having IdoA residues near the
reducing end had negative DR values. The smallest absolute value of DR for an IdoA-
containing tetrasaccharide standard was —0.06 = 0.01, and for a GIcA was 0.05 + 0.01.
These data show that the diagnostic ratio clearly distinguishes the uronic acid

stereochemistry, not by comparison to a standard, but with a number derived directly from

124



the data. The applicability of this approach to typical analytical problems faced by
glycosaminoglycan researchers remains to be demonstrated. Generally speaking,
researchers are confronted with mixtures of GAG oligomers, and these would need to be
resolved before the type of analysis presented in this paper could be performed, as the
diagnostic ratio only has significance for single component samples. Secondly, the
diagnostic ratio presented here has been demonstrated on tetramers that are alkylated at the
reducing end. This modification breaks the symmetry of the structure and allows one to
easily distinguish reducing end from non-reducing end fragments. This derivatization can
be performed on real world samples, but will require an extra step in the work-up
procedure. Finally, this approach has been demonstrated only for assigning the
stereochemistry of the uronic acid residue closest to the reducing end. Future work will
focus on extending this approach to assign the C-5 hexuronic acid stereochemistry of

additional residues in longer chain HS GAGs using EDD.
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Abstract
Fucosylated chondroitin sulfates (FCS) are complex polysaccharides extracted

from sea cucumber. They have been extensively studied for their anticoagulant
properties and have been implicated in other biological activities. While NMR
spectroscopy has been used to extensively characterize FCS oligomers, we herein report
the first detailed mass characterization of FCS using high resolution FTICR-MSMS. The
two species of fucosylated chondroitin sulfates considered for this work include
pearsonothuria graeffei (FCS-Pg) and Isostichopus badionotus (FCS-Ib). FCS
oligosaccharides were prepared by N-deacetylation—deaminative cleavage of the two
FCSs and purified on by repeated gel filtration. Accurate mass measurements obtained
from ESI-FTICR-MS measurements confirmed the oligomeric nature of these two FCS
oligosaccharides with each trisaccharide repeating unit averaging four sulfates per
trisaccharide. CID activations of efficiently deprotonated molecular ions through Na"/H"
exchange proved useful in providing structurally relevant glycosidic and cross-ring
product ions, capable of assigning the sulfate modifications on the FCS oligomers.
Careful examination of the MS/MS of both species, deferring in the positions of sulfate
groups on the fucose residue (FCS-Pg-3,4-0S) and (FCS-1b-2,4-OS) revealed cross-ring
products *?As and >*Xgr which were diagnostic for (FCS-Pg-3,4-0S) and **Xg; for (FCS-
Ib-2,4-0S). MS and MS/MS data acquired for both species varying in oligomer length

(dp3-dp15) is presented.

Keywords: FTICR-MS/MS; carbohydrates; fucosylated chondroitin sulfate; sea cucumber

133



Introduction

Acidic polysaccharides isolated from sea cucumber have been reported to have
antithrombic, anti-tumor, and anticoagulant properties and are involved in several
biological activities.[1-9] The two main acidic polysaccharides isolated from sea cucumber
include fucosylated chondroitin sulfates (FCS) and fucan.[3, 10-14] FCS is a rare
glycosaminoglycan (GAG) with a backbone similar to that of mammalian chondroitin
sulfate, containing large numbers of sulfated a-L-fucopyranosyl (Fuc) branches.[12, 15,
16] Their basic tri-saccharide repeating unit is composed of [4-B-D-glucuronic acid
(GlcA)-1—3-B-D-N-acetyl galactosamine (GalNAc)-1]n with the third position of the B-
GIcA residue substituted with a-L-Fuc branches.[17, 18] The B-D-GIcNAc unit could be
sulfated (S) at the 4-O, 6-O or both (4, 6-OS) whereas the 2-O position of its B-D-
glucuronic acid unit is unsubstituted.[17] Sulfate modifications on the fucose branches
could either be mono-sulfated or di-sulfated depending on the species of sea cucumber
from which they are isolated.[3, 6, 8, 19, 20] Recently, the similarity in structure between
FCS and glycosaminoglycans isolated from other tissues has led to investigations about its
anticoagulant and antithrombic activities.[21] Reports of increased anticoagulant activities
of FCS have been linked to its ability to increase the inhibition of thrombin and factor Xa
by antithrombin or heparin cofactor II.[2, 6, 22, 23] These observations have been
attributed to the sulfated a-L-fucopyranosyl branches.[3, 18, 24, 25] Notably, desulfation
or de-fucosylation of FCS leading to loss of its anticoagulant activities have been
reported.[2, 26] Other documented roles of FCS, include their ability to interact with the
selectin family of cell-adhesion molecules.[7] FCS extracted from L. grisea shows a 4-8,
fold increase in inhibiting interactions of P- and L-selectin with sialyl Lewis x (sLeX)

antigen compared to heparin. This work further highlighted the fact that, the removal of
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the sulfated fucose branches on FCS obliterated its inhibitory potential in vitro and in vivo.
The structure-activity relationship of FCS continues to drive the search for analytical
methods that can efficiently elucidate the structural features of these compounds.

Typical of most sulfated polysaccharides, the structural analysis FCS can be challenging.
This is mainly due to variations in sulfation patterns, degree of branching and oligomer
length. NMR [3, 18, 27, 28] has been the choice analytical tool for obtaining structural
details on FCS, however, limitations due to sample quantity and purity can be
problematic.[29, 30] Recently, electrospray ionization tandem mass spectrometry analysis
of sulfated polysaccharides is emerging as an alternative to NMR as it offers high
sensitivity, fast analysis times and requires sub microgram amounts of sample. [29] ESI-
MS is a widely recognized analytical tool for the analysis of sulfated polysaccharides as
they also ionized efficiently in the negative mode.[31-34] Nevertheless, the labile sulfate
groups are very susceptible to decomposition during ESI or during ion activation.[29, 35-
39] Suggested protocols for reducing sulfate decomposition include chemical
derivatization methods such as methylation and acetylation and coupling of the sulfate
groups with metals. Recent EDD and CID reports on dermatan sulfate, heparan sulfate, and
heparin by activating sodium cationized molecular ions showed a reduction in sulfate
decomposition and improvements in the amount of product ions observed especially those
occurring from cross-ring cleavages essential for locating sulfo modified sites.[30, 35, 40-
42] Additional information pertaining to the influence of sodium cationized molecular ions
on the hexuronic acid stereochemistry of chondroitin, dermatan sulfate and heparan sulfate
oligomers have also been reported.[40-42] Apart from the possibility of sulfation on the

fucose ring, the labile nature of the a-L-fucopyranosyl branches can pose a challenge for
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MS and MS/MS analysis. To date, we have no knowledge of a reported tandem mass
spectrometric analysis of FCS. We present for the first time a detailed MS/MS analysis of
isolated from Pearsonothuria graeffei (FCS-Pg) and Isostichopus badionotus (FCS-Ib).
These two species differ in the position of the sulfo groups; FCS-Pg is 3,4-O-sulfated
whereas FCS-Ib is 2,4-O-is sulfated. Information regarding the location of sulfo groups

and differentiation of these two-isomeric species are also discussed.

Methods

Sample preparation and PAGE analysis

Dried sea cumcumbers, P. graeffei and I. badionotus, were locally purchased in
Qingdao, China. The FCSs were prepared as previously described.[43] Briefly, FCS-Pg
and FCS-1b were each extracted from 100 g of dried sea cucumber body wall, digested
with protease, precipitated with cetyl pyridinium chloride and fractionated using ethanol
precipitation.

FCS oligosaccharides were prepared by N-deacetylation-deaminative cleavage
followed by gel filtration chromatography. The N-deacetylation was accomplished by a
hydrazinolysis step following the method of Fukuda and coworkers.*4 Briefly, dried FCS
(100 mg) and 1.50 mL hydrazine hydrate containing 1% hydrazine sulfate were added in a
reaction tube. The tube was sealed and incubated at 90 °C for 12 h on a magnetic stirrer at
250 rpm. After the reaction, the solution was added to 6 mL of ethanol. When several drops
of saturated sodium chloride were added, a white precipitate was formed. The precipitate
was collected by centrifugation and dissolved in distilled water. This precipitation and

dissolution procedure was repeated 4-times to remove the hydrazine and hydrazine sulfate.
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The resulting solution was dialyzed against flowing tap water for 2 d and distilled water
for 1 d with a 3500 Da molecular weight cut-off and subsequently lyophilized.
Deaminative cleavage followed Bienkowski’s method[45] with some modification.
Nitrous acid reagent was prepared by mixing 0.5 M H>SO4 and 5.5 M NaNO> at volume
ratio of 3:5. Deacetylated FCS solution (20 mg in 1 mL ice-cold water) was added to 2 mL
of pre-cooled nitrous acid reagent in a reaction tube. The reaction was performed for 10
min in an ice bath, and the excess nitrous acid was neutralized by adding 1.5 mL 0.5 M
NaOH. Immediately, 150 pL of 300 mg/mL NaBHs (dissolved in 0.05 M NaOH) was
added and allowed to react with the FCS oligosaccharides at 50 °C for 2 h. Finally, the
sample was dialyzed against distilled water in 500 Da molecular weight cut-off bags and
lyophilized.

The resulting oligosaccharide mixtures were fractionated by gel filtration on a
Superdex 30 prep grade column (2.6 x 120 cm) eluted with 0.3 M NH4HCOg3 at a flow rate
of 0.3 mL/min, and were collected in a tube every 6 min. Every tube of sample was
analyzed using a Superdex Peptide 10/300 GL column (10 mm x 300 mm) and monitored
with a refractive index detector, those showing a single peak of the same retention time
were collected together, and five main fractions were collected for each oligosaccharide
mixture. Polyacrylamide gel electrophoresis (PAGE) on an isocratic 22% gel stained with
Alcian blue[46] was used to analyze the FCS oligosaccharides that had been fractionated
by gel filtration by gel filtration. The size in dp was determined and purity of each FCS

oligosaccharide was estimated to be >80%.
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Mass Spectrometry analysis

Collisionally induced dissociation (CID) experiments were performed on a 9.4T
Bruker Apex Ultra QeFTMS (Billerica, MA). 0.1 mg/mL of each sample (dp3-dp15) from
both species was injected at a rate of 120uL/h in 50:50 methanol: H20O and ionized in the
negative mode by electrospray using a heated metal capillary (Agilent Technologies, Santa
Clara, CA, #G2427A). Dilute amounts of NaOH (1mM) was added to the spray solvent to
stabilize the labile sulfate groups which are susceptible to decomposition. Multiply charged
sodium adducted molecular ions were carefully selected using a 3Da window and activated
using CID. 512K points were acquired for each spectrum, padded with one zero-fill, and
apodized using a sinebell window. External calibration was performed to achieve a mass
accuracy of 5-ppm. Internal calibration using confidently assigned glycosidic bond
cleavage products ions was also performed to obtain mass accuracy of less than 1ppm.
MS/MS product ions have been assigned using accurate mass measurements and
Glycoworkbench.[47, 48] These ions have been illustrated and discussed using both the

Domon-Costello[49] nomenclature and structures obtain from Glycoworkbench.

Results and discussions

ESI accurate mass measurements obtained from intact FCS oligosaccharides
confirmed the basic trisaccharide sequence of both FCS species to be [4-B-D-GIcA-1—3-
B-D-GalNAc-1], with the third-position of the B-GICA acid residues substituted with di-
sulfated a-Fuc branches averaging four sulfates per tri-saccharide. The modification of the
terminal GalNAc to 3-3-anhydrotalitol-(4,6-OS) resulting from deaminative cleavage with

nitrous acid is also confirmed by high-resolution accurate mass measurements. With the
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addition of dilute amounts of NaOH to the spray solvent, we are able to observe higher
ionized state for the intact FCSs oligomers with their corresponding cationized molecular
ions. The annotated ESI-MS for these isomeric FCSs oligomers (dp3-dp15) is included in
the supplemental material (Figures 1-6). The paragraphs below discuss the mass
spectrometric results for both species for each degree of polymerization. All referenced
supplemental Figures can be found in Appendix E.

MS/MS of FCS-Pg dp3 and FCS-1b dp3

Negative-mode ESI-MS of both dp3 FCS-Pg and FCS-Ib produced abundant
multiply charged molecular ions -4, -3 and -2 as well as their Na* counterions for MS/MS
as shown in Supplementary Figure 1. Fully ionized molecular ions considered for the
MS/MS experiment include [M-5Na-3Na]*, [M-5H-2Na]*" and [M-5H-Na]* with m/z
434.9585, 282.3093 and 205.9846, respectively. Structurally informative fragment ions
observed for these molecular ions have enabled the assignment of sulfo modifications
especially on the differing fucose units of both isomers FCS-Pg and FCS-Ib. For FCS-Pg,
the two sulfo groups 2,3-OS located on the fucose residue can be confidently assigned
using the accurate masses of cross-ring product ions 2*Xgr and %2A.. Confirmatory
fragments such as 3°Aq, %Xt ©2Aqr and %Xy can locate the presence of the 4-O sulfo
group. The symmetric nature of these molecules resulting from the formation of the p-3-
anhydrotalitol-(4,6-OS) residue which has the same elemental composition as the di-
sulfated fucose unit could be challenging especially in the absence of cross-ring product
ions. Despite this structural feature of the compound, we can confidently assign the number
of sulfates on the fucose ring using the accurate mass of distinct cross-rings products 1A

and 1*Aqs. Spectra to spectra comparison of dp3 FCS-Ib and FCS-Pg reveal cross-ring
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products %“2A.¢ and 2*Xgr occurring at m/z 284.9356 and 303.0093 as diagnostic for FCS-

Pg and %2Xgr for FCS-Ib-2,4-0S at m/z 331.9654 (Supplemental Figure 7). Similarly, we

observe the highest number of fragmentation for dp3 FCS-Ib on the fucose ring. The

accurate mass of the “*A; ion, occurring from the MS/MS of all the three selected

molecular ions can locate the 4-OS on the fucose ring. The positions of the two sulfo groups

on the fucose ring (2, 4-OS) increases the possibility of fragments ions (*?Aqrand ®*Xpy)

being isobaric with (>*Xo and >*A3) on the B-3-anhydrotalitol residue. However, the %2A,

and 92X, product ions have been reported for MS/MS of 2-O and 4-O sulfated fucoidan L-

fucose isomers,[50] of highly sulfated fucan from algal Laminaria cichorioides[51] and

Ascophyllum nodosum [52].
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Figure 7. 1. CID MS/MS spectra comparison of FCS Pg dp3 and FCS Ib dp3 for the [M-

5H+Na]* molecular ion.
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Figure 7. 2 Structural annotations for CID activation of [M-5H+3Na]?, [M-5H+2Na]*
and [M-5H+Na]* molecular ions for FCS Pg dp3 and FCS Ib dp3.

The postulated mechanism supported by computational studies for the occurrence of the
927, and 92X, product ions occurring on the L-fucose isomers by Tissot et. al. supports a
McLafferty rearrangement fragmentation pathway following the cleavage of the C-1-O-5
fucose bond.[50] It is also worth noting from recent EDD[29, 53] and CID[40, 54] reports
on mammalian chondroitin, dermatan sulfate and hyaluronic acid[55] oligosaccharide the
rare occurrence of cross-ring fragmentation on the GalNAc residues. The above-referenced
works support the %?Ayr and [*?Xz + 2Na]* ions with m/z 182.9968 and 331.9661
respectively more likely to occur on the fucose residue. Thus the 2-O sulfo groups on the

fucose could be assigned with these ions. The position of the 4-O sulfo group on the fucose
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ring is assigned using the accurate mass of the 3>°Aqsion, with the mass °A.¢ confirming
the presence of two sulfate groups on the fucose ring. The cross-ring product ions %2A,,
02),, 93X, and ®2A, observed on the fucose residues of both dp 3 isomers have also been
reported on 2-O, 3-O and 4-O sulfated fucose residues of fucoidan oligosaccharides.[50-
52] The annotated MS/MS spectra comparison for the [M-5H-Na]*- molecular ion for the
two isomers is shown in Figure 7. 1. Figure 7. 2, also shows the CID MS/MS structural
annotations for all the fully deprotonated molecular ions for dp3 FCS-Pg and FCS-Ib. Only
structurally informative product ions are shown in the annotated structures.

MS/MS of FCS-Pg dp6 and FCS-Ib dp6

The structural composition of the dp6 FCS oligomers indicates ten ionizable protons
comprising 8 sulfate groups and 2 carboxyl groups. With the aid of the ESI-MS shown in
Supplementary Figure 2, we are able to confirm the elemental composition of both FCS-Ib
and FCS-Pg hexasaccharides. Charged states observed for both isomers ranged from -6 to
-3. The favorable intensities of the fully deprotonated ion [M-10H+5Na]® for both FCS-Ib
and FCS-Pg dp6 have been considered for MS/MS analysis. Additionally, the abundance
of the [M-9H+3Na]® observed in the MS of FCS-Pg dp6 proved to be more structurally
informative. Figure 3 shows the MS/MS spectra annotations for the [M-9H+3Na]®
precursor ion for FCS-Pg dp6. Structural annotations showing extensive fragmentation on
the fucose ring allowing for the location of the 3, 4-O sulfo groups is shown for the [M-
10H+5Na]> and [M-9H+3Na]® molecular ions in Figure 4. The %?A. ion locating

unambiguously position of positions of both sulfo groups with 35Au, and %Ay
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Figure 7. 3. FCS Pg dp6 CID MS/MS annotated spectra for the [M-9H+3Na]® molecular

ion.
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confirming the presence of the 4-O sulfo group on the fucose. Complete glycosidic bond

fragmentations are also observed including loss of a single and both fucose rings. Figure

7.5, also shows the structural annotations and MS/MS of FCS-1b dp6 for the [M-

10H+5Na]° precursor ion. The cross-ring product ions observed on the fucose ring are

very similar to those of dp3 FCS-Ib.
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Figure 7. 5 CID MS/MS spectra annotations for the [M-10H+5Na]> molecular ion for
FCS Ib dpé.

We have assigned the two sulfate groups on fucose rings using similar cross-rings ions as
discussed for the 1b dp3. As expected, we observe glycosidic cleavages resulting in the loss
fucose residues in both dp6 isomers. Loss of the fucose residue and subsequent loss of
sulfate from the fucose residue were observed to dominate the MS/MS spectrum for both
isomers. This was expected due to the labile nature of the a-L-Fuc branches and the sulfate

half-ester bonds. Again, most cross-ring fragmentations are observed on the Fuc ring
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residues. Similar to MS/MS of mammalian chondroitin sulfate,[29, 40, 53] we observe
extensive cross-ring fragmentation on the GICA units. Fragment ions resulting from
internal cleavages are also observed, yielding mostly GaINAc monosaccharide residues in
MS/MS spectra of both Pg dp6 and Ib dp6. Internal cleavages resulting from the cleavage
of multiple glycosidic bonds have been reported in MS/MS of both branched and linear
oligosaccharides.[56-61] We are able to confirm the presence of the di-sulfated
monosaccharide GalNAc residues from the observed internal cleavages as shown in
Figures 3 and 5. Isobaric ions have been designated the come color on the annotated
structures of the dp6 isomers as shown in Figures 4 and 5.

MS/MS of FCS-Pg dp9 and FCS-Ib dp9

The MS and MS/MS results for the nonasaccharide isomers for Pg and Ib are
discussed below. Precursor ion selection for these isomers was based on the number of
ionizable protons deprotonated and ion abundance. For FCS-Pg dp9, the molecular ion [M-
15H+8Na]”" with m/z 380.6834 was subjected to CID activation. This ionized state
represents a deprotonation of all the fifteen ionizable protons comprising twelve sulfate
groups and three carboxyl groups. We again observe extensive cross-ring fragmentation on
the fucose residues as shown in Figure 6a. Cross-ring product ions such as®**A,rpositions
a sulfate group at the 4-O position whereas'*A,s ion establishes a di-sulfated fucose ring.
Other cross-ring product observed were accompanied with SO3 losses. It is worth noting
that we observed glycosidic product ions adjacent each sugar residue. The structural
annotation for CID MS/MS activation of [M-15H+7Na]® molecular ion for FCS Ib dp 9 is

also shown in Figure 7. 6b. This ionized state represents a complete deprotonation of all
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the 15 acidic acid groups. The MS/MS result provided sufficient product ions for the

assignment of the structure.
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Figure 7. 6. CID structural annotations for (a) [M-14H+7Na]’- molecular ion for FCS Pg
dp9 and (b) [M-15H+7Na]® molecular ion for FCS Ib dp9.

MS/MS of FCS-Pg dp12 and FCS-Ib dp12

The elemental composition of both dpl2 FCS fractions has been confirmed by
accurate mass measurement from ESI-MS. Supplementary Figure 3, shows the annotated
MS spectra for the ions considered to CID analysis. The accompanying sodium cationized
molecular ions for example [M-20H+10Na]*% ensures all the ionizable protons have been
deprotonated. For FCS-Pg dp12, the [M-19H+10Na]®>" molecular ion with m/z 392.1942
was selected and subjected to CID activation. Supplementary Figure 8 shows the CID
MS/MS product ion annotations while the structural annotations for FCS-Pg dpl2 are

shown in Figure 7. 7a. The MS/MS was mostly dominated by glycosidic bond fragments.
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A similar fragmentation was observed for the CID activation of the [M-20H+10Na]*" for
FCS-1b dp12. The selected molecular ion has nineteen out of the twenty ionizable protons
deprotonated. The annotated MS/MS structure for the observed product ions for FCS-Ib
dp12 is shown in Figure 7. 7b for the [M-20H+10Na]'°- molecular ion with m/z 355.0722.
The accompanying supplemental material contains the annotated CID spectra showing a
selected number of structurally informative ions (Supplementary Figure 8 (Appendix E)).
With all the acidic groups deprotonated, CID activation of the molecular ion yielded
abundant cross-ring and glycosidic product ions for the structural assignment. For example,
thel*A.r peak confirms the presence of the two sulfate groups on the fucose residue with

the?A eliminating the presence of a 3-O on the FCS-1b dp12 oligomer.
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Figure 7. 7 CID MS/MS and structural annotations for (a) the [M-19H+10Na]® molecular

ion for FCS Pg dp12 and (b) the [M-19H+9Na]** molecular ion for FCS Ib dp12.
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MS/MS of FCS-Pg dp15 and FCS-Ib dp15

The polymeric structure for both FCS-Ib and FCS-Pg dpl5 oligomers have been
confirmed from ESI-MS accurate mass measurements. With optimized ionization
conditions, we are able to observe higher ionized states for the dp15 oligomers having
twenty-five ionized groups. The MS of FCS-Pg dp15 showing a charged state distribution
from -8 to -5 is shown in Supplementary Figure 5. The highest deprotonated molecular ion
observed for this oligomer was [M-23H+15Na]®. However, the [M-22H+14Na]® ion with
twenty-two out of the twenty-five ionizable protons deprotonated was selected for the CID
experiment due to its abundance. The insert shown in Supplementary Figure 5, displays
the isotopic distribution of the [M-22H+14Na]®> m/z 560.7070 molecular ion. The
Annotated MS/MS spectrum for the FCS-Pg dpl5 is shown in Supplementary Figure 10.
With twenty-two out of the twenty-five ionizable protons deprotonated, we observe SO3
loss fragments from the molecular ion upon CID activation. Figure 7. 8a shows the
annotated product ion structure for the FCS Pg dp15 oligomer. We show in Supplementary
Figure 6, the 9 charged state molecular ions [M-23H+14Na]*, [M-24+15Na]® and [M-
25H+16Na]®* for the ESI-MS of FCS-Ib dp15. The CID MS/MS spectra and structural
annotations for FCS-lb dpl5 for the [M-24+15Na]®" m/z 500.7373 are shown in
Supplementary Figure 6 and Figure 8b. Compared to the CID spectra for the FCS-Pg dp15,
we observe more structurally informative cross-ring product ions on the Fuc ring for FCS-

Ib dp15.
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Figure 7. 8 CID MS/MS structural annotations for, (a) the [M-22H+14Na]® molecular ion
for FCS Pg dp15 and (b) the structural annotations for the [M-24H+15Na]® molecular ion

for FCS Ib dp15.

It is worth noting that the MS/MS spectra for both isomers produced abundant glycosidic
product ions essential for assigning the number of sulfate per monosaccharide residue.
Compared to FCS-Pg dp15, the MS/MS of FCS-Ib dp15 produced very little sulfate loss
fragments mainly due to the effective deprotonation of all the acidic groups except for one
(twenty-four out of twenty-five ionizable protons). supplemental list of m/z and intensity

is included in Appendix E.

Conclusions

ESI-MS/MS experiments have been carried out on two isomeric FCS samples isolated from
two sea cucumber species, Isostichopus badionotus (FCS-Ib) and pearsonothuria graeffei
(FCS-Pg) ranging from dp3-dp15 using a 9.4T FTICR. With the aid dilute NaOH added to

the spray solvents, we are able to achieve efficient deprotonation of the molecular ions of
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intact FCS oligomers. Our ESI-MS results confirm the polymeric trisaccharide sequence
for the FCS samples examined: [4-B-D-GIcA-1—3-B-D-GalNAc4, (4,6-0S)-1], with the
third position of the B-glucuronic acid residue substituted with di-sulfated (FCS-Pg (3, 4-
0S) from FCS-Ib (2, 4-0S)) a-L-fucopyranosyl branches. With careful selection of
efficiently deprotonated molecular ions, we have been able to produce structurally
informative MS/MS spectra rich in both glycosidic and cross-ring product ions for
assigning sites of sulfation. From accurate mass measurements and spectra comparison
both isomers, diagnostic ions **Xp¢ , “*Aqr and “*Xp¢ were able to differentiate the FCS-
Pg (3, 4-OS) from FCS-Ib (2, 4-OS). Future work will focus on extending this method for

sequencing other species of fucosylated chondroitin sulfates.
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CHAPTER 8

CONCLUSIONS

Improvement on current ESI tandem mass spectrometry analysis of sulfated
glycosaminoglycans using electron detachment dissociation (EDD) and collisionally
induced dissociation (CID) is highlighted this work. This work extends the activation of
carefully selected sodium cationized molecular ions of highly sulfated GAGs including
heparin, heparan sulfate and fucosylated chondroitin sulfate (FCS).

The efficiency of EDD product ion coverage in relation to the amount of useful
ions produced without SOz loss has been shown to increase as the ionized state of the
selected charged state molecular ion increased through Na/H. The efficacy of using EDD
to obtain even more structurally informative spectra of fully deprotonated sodium
cationized precursor ion is tested with the pharmaceutical drug Arixtra. In comparison to
recently reported CID activation of fully deprotonated multiply charged molecular ions of
Arixtra, EDD of a single precursor ion [M-10H+5Na]* produced more structurally
informative product ions. Both N and 6-O sulfo positions on the reducing and non-
reducing end glucosamine units where confidently assigned based on accurate mass
measurements of cross-ring product ions with distinct elemental composition. In contrast,
the earlier CID activation of [M-10H+6Na]* and [M-10H+5Na]> molecular ions yielding
cross-ring cleavages with the same elemental composition; 1°As = 24X4, 24As = 1°X4 and

24X = 15A; on both glucosamine units. Since these ions were indistinguishable, it was
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difficult to assign the exact positions of two sulfate groups on the reducing and non-
reducing end glucosamine units using CID.

The bulk part of this work also focused on the assignment of the hexuronic acid
stereochemistry of heparan sulfate tetrasaccharides. EDD-PCA results on 2-O-Sulfo
uronic acid heparan sulfate tetrasaccharides proved useful in revealing diagnostic ions
capable of assigning the C-5 hexuronic acid stereochemistry of these standards. We have
combine these ions into a diagnostic ratio formula capable of assigning the C-5 hexuronic
acid stereochemistry of heparan sulfate tetrasaccharides from a single EDD MS/MS
experiment without comparing it to a standard. The Formula proved efficient in assigning
the C-5 hexuronic acid stereochemistry 33 HS tetrasaccharide standards. Future works
hope to extend this method to longer heparan sulfate oligomers with multiple or
alternating C-5 hexuronic acid stereochemistry.

Lastly, MS and MS/MS sequence information for fucosylated chondroitin sulfate
(FCS) a rare glycosaminoglycan is presented. To our knowledge, this work presents the
first tandem mass spectrometry sequence information on FCS. ESI MS of the two species
of fucosylated chondroitin pearsonothuria graeffei (FCS-Pg) and Isostichopus badionotus
(FCS-Ib) showed they were repeating polymers of the trisaccharide repeats of [4-B-D-
GlcA-1—3-B-D-GalNAc-1], with the third-position of the B-glucuronic acid residues
substituted with di-sulfated a-fucose branches. Each subunit averages 4 Sulfates per
disaccharide making this rare class chondroitin sulfate the most sulfated chondroitin
sulfate yet to be sequenced. Again, with abundant cross-ring and glycosidic cleavages,
we have been able to assign the positions of the sulfate groups and differentiate these two

positional isomers. FCS-Pg oligomers were sulfated at the 3, 4-O positions on the fucose
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residues whereas FCS-Ib were sulfated at the 2, 4-O positions. Key diagnostic ions

identified for FCS Pg were “*A.r and 2*Xp¢ and that for FCS Ib was *2Xg;.
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EDD mass list for [M-10H+5Na]®>

Mass to charge Intensity  Type

157.0139 2269305 B1-SO3
159.9682 2829748 0,2X0+Na
168.4888 4428038 Y12-

168.9809 1712765 1,4X0

171.5113 610654 1,4X1-S03
175.0245 1878493 C1-SO3
186.5167 662031  2,4X1-SO3
208.9759 1098290 1,5A1

236.9707 1799777 Bl

240.0178 2222688 Z1-SO3
249.485 1233792  [B2+Na-SO3]2-
254.9811 1150941 C1

258.4905 1675319  [Z2+Na]2-
258.4905 1675319 [C2+Na-S03]2-
258.4905 1675319 C1+Na
258.9525 4451621 Bl+Na
259.1736 733665  [0,2X5+4Na]5-
267.4957 1.39E+07 [Y2+Na]2-
274.9837 1083178  [2,4A6+Na-SO3]5-
276.963 1876413 C1+Na
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282.5022

290.9752

299.9465

300.4544

309.4603

318.9737

323.3667

327.9637

335.1741

341.9565

351.1654

353.2301

358.9637

359.2137

359.9674

369.4658

369.7171

378.9758

378.9948

379.714

380.2931

384.471

384.7218

793975

769091

1876162

1861424

1705589

3838630

1090004

2438727

2.18E+07

2584676

1.65E+09

2890713

1857758

1114952

2729128

2034181

1073245

1316275

1404376

5657200

3.72E+07

2.10E+07

8802961

3,5A3+Na-S03
[2,4A6+Na]5-
2,4X0+Na
[B2+2Na]2-
[C2+2Na]2-
2,4A2+Na
[0,2A6+5Na]5-
[0,2X5+5Na]5-
[M-10H+5Na-SO3]5-
Z1+Na
[M-10H+5Na]5-
[Z5+Na]4-
[C5+5Na]4-
[2,4X4+4Na]4-
Y1+Na
[2,4A6+5Na]4-
[Z5+4Na]4-
[0,2A6+4Na-SO3]4-
0,2A2+Na-S03
[Y5+5Na]4-
[B4+4Na-SO3]3-
[0,2A6+5Na-SO3]4-

[0,2X5+5Na-SO3]4-
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386.7145

387.9618

388.4707

389.9951

390.967

399.4624

404.4604

404.7107

406.9449

408.4667

408.9673

412.9496

414.2727

419.2192

420.2757

427.957

432.66

434.2806

440.9647

446.2983

448.4457

449.9698

459.4374

928909

1034677

1009998

1662333

874883

1061401

1.13E+08

5.38E+07

3.72E+07

3343969

1040588

2532142

9790793

4081361

4464789

1030767

857321

2244661

2517378

4625413

6610068

1144332

2262625

[1,5X5+5Na]4-
1,5X1+Na
[B3+2Na-SO3]2-
[23+2Na-S03]2-
[C4+Na]3-
[B3+3Na-SO3]2-
[0,2A6+5Na]4-
[0,2X5+5Na]4-
[B4+4Na]3-
[C3+3Na-SO3]2-
[2,4X2+2Na]2-
[C4+4Na]3-
[B4+5Na]3-
[M-9H+5Na-03]4-
[C4+5Na]3-
1,4A2+Na
[25+3Na-S03]3-
[2,4A5+5Na]3-
[Z3+3Na]2-
[B5+5Na-SO3]3-
[C3+3Na]2-
[Y3+3Na]2-

[C3+4Na]2-
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465.6228 1620866  [B5+4Na]3-

472.9499 2.10E+07 [B5+5Na]3-
474.959 2005633  [1,5X3+4Na]2-
478.9534 6545010 [C5+5Na]3-
479.2882 1256287  [2,4X4+4Na]3-
480.934 2955589  0,2A2+2Na
489.302 1139213  [1,5X5+5Na-S03]3-
492.9567 2186107  [0,2X3+5Na-SO3]2-
492.9567 2186107  [2,4A6+5Na]3-
500.6182 3098474  [Z5+5Na]3-
510.4511 1393153  [0,2A4+4Na-S0O3]2-
521.9584 2002580  [1,4A6+4Na]3-
539.9725 2456760  Z2+2Na/C2+2Na-SO3
543.9616 1109317  [1,5A6+5Na-S0O3]3-
561.4219 3483401  [0,2A4+5Na]2-
569.9801 1116104  [1,5X4+4Na]2-
570.9448 040268  [B4+4Na-SO3]2-
590.9413 1.39E+07 [Z4+5Na]2-
590.9413 1.39E+07 [C4+5Na-SO3]2-
601.9175 937365  B2+2Na

602.952 1389534  [1,5X4+2Na]2-
611.9469 957400  [2,4A5+5Na-SO3]2-
613.9444 2310682  [1,5X4+5Na]2-

168



621.9154

630.9205

EDD Mass list for [M-8H+2Na]®

Mass to charge
175.0248
187.0085
193.0355
199.031
207.5217
211.034
223.0762
225.0314
229.2671
232.0392
235.0463
247.5003
256.5059
257.0279
258.4912
259.0724
267.4966

271.5194

1381560

6383592

Intensity
4158408
792456
7793361
2473728
1.67E+07
3.72E+07
647596
3187669
1060749
2804537
1518673
4195002
672669
1032474
3656627
658802
4867152

1.17E+07

[B4+5Na]2-

[C4+5Na]2-

Type

Bl

0,2A22-

C1

Y33-
[B2-SO3]2-
Y1

0,2X0
1,5X12-

Y 34-

0,2X1
2,4A2

B22-

C22-
2,4A2+Na
[B2+Na]2-
[Y2-SO3]2-
[C2+Na]2-

[B3-SO3]4-
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272.5414

272.6779

273.2753

279.373

279.7642

280.697

281.0054

284.2663

297.0042

297.3349

299.0502

302.4992

302.4992

304.6631

306.0251

306.5293

310.0412

311.0229

317.0492

318.3386

320.6801

324.0385

324.3414

889967  ~{0,2}A_{GIcN}
8.03E+07 ~{2,5}A_{GIcN}
1.97E+07 Y44-

1624551 [Y3-SO3]3-
1785312  [Z4+2Na]4-
1006076  [Z3+Na-SO3]3-
763157 0,2A54-
1.49E+08 [Y4+2Na]4-
1037309 [B5+Na)4-
897922  [0,2A4+Na]3-
2031879  Y22-

1.41E+07 [3,5A2+Na]2-
1.41E+07 [B5+2Na]4-
3353933  [0,2A4+2Na]3-
1309526  Y33-

712934  [B3+Na-SO3]2-
1.27E+07 [Y2+Na]2-
915561 0,3X44-
1114891 [0,2A2+Na-SO3]3-
7172773  [B4+2Na-S03]3-
8801233 [Y3+2Na]2-
768518 [1,5X2+Na]2-

1514415 [C4+2Na-SO3]3-
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325.1085 2352521 Z1-SO3

327.0145 3.02E+07 [0,2A6+Na-SO3]4-
330.0104 1256415  [1,5X3+2Na]3-
334.6828 861458  [0,2X3+Na]3-
335.5155 1423146  B32-

336.0939 1153453  B2-SO3
340.0188 1133193  [Z5+2Na-SO3]4-
343.119 3744142 Y1-SO3
344.9909 1940093  [B4+2Na]3-
346.5076 3855094  [B3+NaJ2-
346.7017 081446  [Z3+2Na-SO3]3-
350.9943 6862560 [C4+2Na]3-
355.5124 1501428  [C3+Na]2-
364.0222 802823  0,2X54-
364.7018 1552491  Y43-

365.1014 1056434  Y1+Na-SO3
366.0256 1179006  [Z4+Na]3-
371.113 692623  1,5X1-SO3
373.3537 1030519  [Z4+2Na]4-
379.0119 791748  [2,5X5+2Na]4-
379.3575 6628974  [Y4+2Na]3-
385.1295 788112  0,2X1-SO3
387.5088 794023 [2,4A4+2Na]2-
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388.6885

397.0063

397.0203

416.0511

438.0331

441.545

445.0572

457.4973

487.0146

517.9881

517.9881

1192885

6400996

2693029

1094624

3241240

1189642

4946515

2361206

748135

823064

823064

[1,5X4+2Na]2-
0,2A2+Na
[1,4X2+2Na]2-
B2-SO3
B2+Na-SO3
[Y3+Na-SO3]2-
Y1+Na
[0,2A4+Na]2-
[C4+2Na-SO3]2-
[B4+2Na]2-

B2+Na
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Mass list for [M-10H+5Na]®> precursor ion

Mass to Relative

charge Intensity Intensity Type Accuracy PPM
137.9867 7208342 0.101795183 13A; -0.348504602
137.9867 7.21E+06 | 0.101795183 13A3-SO3 -0.348504602
137.9867 7208342 | 0.101795183 L3A -0.348504602
138.9706 2.73E+07 | 0.385528026 04, 0.485685462
138.9706 2.73E+07 | 0.385528026 13p, 0.485685462
138.9706 2.73E+07 | 0.385528026 04A3-S0O3 0.485685462
152.0023 2283744 | 0.032250709 02X 0.012993224
152.9863 1389110 | 0.019616814 S5/, 0.11478152
159.484 2119879 0.02993663 B: -0.36338128
159.9686 3708470 | 0.052370487 L3A;+Na -0.021572984
159.9686 3.71E+06 | 0.052370487 L3A3+Na-SO3 -0.021572984
159.9686 3.71E+06 | 0.052370487 L3As+Na -0.021572984
160.9526 2912499 | 0.041129898 04A+Na 0.075388655
160.9526 2912499 | 0.041129898 L3A,+Na 0.075388655
160.9526 2912499 0.041129898 %4As+Na 0.075388655
168.4892 6356821 | 0.089770124 Cy 0.144754085
168.9812 2661507 | 0.037585424 03, 0.190447221
175.4971 6.40E+06 | 0.090330776 Y1 -0.288201344
186.4881 3.77E+06 0.05325412 Y1+Na -0.419648761
189.4947 1.81E+06 | 0.025490123 24p, -1.019909792
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189.4947 1805012 | 0.025490123 18X, -1.019909792
190.9633 1.43E+06 | 0.020206967 03A;1+Na -0.645045409
198.9918 3.06E+07 | 0.432824417 02 -0.015739342
214.4829 1460588 | 0.020626217 [B3+2Na-SO3)* 0.16953566

214.4829 1460588 | 0.020626217 35A,+Na 0.16953566

214.9632 1.37E+06 | 0.019316555 [Z3+4Na]* 1.523488671
220.9737 2175203 | 0.030717908 02A;+Na 0.187832307
240.0183 7.21E+06 | 0.101777107 B1-SO3 0.191522896
241.0259 1.03E+06 | 0.014599601 [*3A2+2Na-SO3]* 2.540294079
243.9898 2223766 | 0.031403708 [2°A2+2Na-SO3]* -0.866706313
243.9898 2223766 | 0.031403708 [1*X3+2Na-SO3]* -0.866706313
247.4718 1.16E+07 | 0.163636226 02X1+Na -0.358176164
247.4998 1736485 | 0.024522395 B> 0.751679395
247.4998 1736485 | 0.024522395 B4-SOs 0.751679395
254.034 1.01E+07 0.14260169 Z:-SO;3 -0.01561602
258.029 2354491 | 0.033249788 C1-SO3 -0.346259529
258.491 9691482 | 0.136861734 B2+Na -0.161090715
258.491 9691482 | 0.136861734 [B4+2Na-SO3]* -0.161090715
265.4988 5.99E+06 | 0.084532256 Z»+Na-SO3 -0.062555839
272.0447 1113743 | 0.015728121 Y1-SO3 -0.511978362
294.0265 2266385 | 0.032005567 Y1+Na-SOs3 0.018219446
303.9645 1532401 0.02164035 [B4+3Na]* 1.157362126
305.4771 6174027 | 0.087188733 Z>+Na 0.296812756
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306.3736 4.21E+06 | 0.059409273 | [M-10H+5Na-SO3]* -0.093230618
316.4682 3.39E+07 | 0.478943948 [Z2+2Na]> -0.116951719
317.4666 1.85E+06 0.026173 [Ys+4Na]* 0.91866042

320.2925 2084328 | 0.029434584 [Bs+3Na]* 0.292520118
322.3647 7.08E+09 100 [M-10H+5Na]> 0.726964832
323.3643 2.71E+08 3.82032369 [°?X4+3Na-SO3]* -0.732664882
324.4654 3403400 | 0.048062332 [25X4+4Na]* 0.678961455
324.4654 3403400 | 0.048062332 [2*As+4Na]* 0.678961455
324.9644 5182639 | 0.073188493 [Z5+3Na-SO3]* 0.237092637
325.4735 7939030 | 0.112113855 [Y2+2Na]* -0.167966056
326.296 1697111 | 0.023966361 [C3+3Na]* 0.353219163
339.4708 1534878 | 0.021675329 [2*As+2Na]> 0.302360321
339.4708 1.53E+06 | 0.021675329 [F5X2+2Na]* 0.302360321
339.4708 1534878 0.021675329 [*2As+4Na-SO3]* 0.302360321
341.9571 1.98E+07 | 0.280238841 B:1+Na 0.015098385
353.4539 451E+06 | 0.063619197 [*5As+5Na]®> 0.912747037
355.9728 1.32E+07 | 0.186283958 Z1+Na -0.125776464
359.9677 2.17E+07 | 0.306522585 Ci+Na -0.083760293
364.9476 5.26E+07 | 0.742157872 [Y3+4Na]* -0.041083524
368.2142 1324962 | 0.018710925 [2*X4+5Na-SO3]> -1.898186572
368.2142 1324962 | 0.018710925 [24X4+5Na]* -1.898186572
368.2142 1324962 | 0.018710925 [“®As+5Na-SO3]* -1.898186572
372.2749 3034960 | 0.042859275 [Y3+5Na]* -3.06E-04

177




373.9834 | 2.22E+07 | 0.313339629 Y1+Na -0.214145869
374.2793 5315127 | 0.075059469 [L5Xa+4Na]* -0.205156951
383.2185 6931490 | 0.097885518 | [M-9H+5Na-SOs]* 0.73953567

390.9688 3307261 | 0.046704671 [Z4+4Na]* 0.906948756
392.3004 1802024 | 0.025447927 [C4+4Na-SO3]* 1.001263317
395.9658 3052516 | 0.043107198 [Y1+2Na]> -1.352260726
401.9781 5255955 | 0.074223851 24,+Na 0.334682412
401.9781 5255955 | 0.074223851 L5X;+Na 0.334682412
4032071 | 3.09E+07 | 0.436200699 [M-9H-+5Na]* 2.199968081
412.9492 1192068 | 0.016834215 [Bs+4Na]*” 0.830011698
418.9534 1390945 | 0.019642728 [C4+4Na]*™ -0.801247426
420.2765 2573892 | 0.036348138 [B4+5Na]* 0.850944557
423.9605 4291079 | 0.060598009 [2*Az+2Na]? -0.756737951
423.9605 4291079 | 0.060598009 [25X1+2Na]? -0.756737951
4249489 | 1.75E+07 | 0.247505052 [Z:+5Na]™ -0.374194011
426.2806 6558674 | 0.092620664 [C4+5Na]* 20517982756
430.9524 | 1.11E+07 | 0.157087243 [Y4+5Na]> -0.318947831
440.2847 4660179 | 0.065810387 [L5X4+5Na]> -1.815289062
440.2847 4660179 | 0.065810387 [Z*As+5Na]” -1.815289062
440.9647 1562700 | 0.022068228 [Bs+3Na-SO3]* -1.311950821
4479717 1151502 | 0.016261348 [Z3+3Na-SO03]* 0.550275832
451.9542 1470005 | 0.020759202 [Bs+4Na-SO3]* 1.977622954
451.9542 1470005 | 0.020759202 [*°As+2Na]2- 1.977622954
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481.2842 2090998 | 0.029528777 [*3X4+5Na]> -1.304849955
491.9339 1880838 | 0.026560927 [Bs+4Na]* -0.810936185
495.9574 2247086 0.031733030 [>*X4+2Na]* 0.041211200
495.9574 2247086 0.031733030 [“°As+2Na]* 0.041211200
497.9606 2081498 | 0.029394619 [°2As+2Na]* -0.054014314
498.9416 4913635 | 0.069389656 [Z5+4Na-SO3]* -0.548952022
500.9386 7148359 | 0.100948112 [Ca+4Na]* 0.366144673
507.9476 2024582 0.02859086 [Y3+4Na-SO3]* -1.952075372
517.9329 4544610 | 0.064178338 [°2X1+2Na]> -0.494672187
519.9433 3193041 | 0.045091672 [°2A:+3Na]* -1.50450828
539.9724 1297940 | 0.018329325 [B2+2Na]2- -2.337547253
539.9724 1297940 0.018329325 03X -1.312778209
539.9724 1297940 | 0.018329325 [B4+4Na-SO3]* -2.337547253
557.9817 2362800 | 0.033367126 [C2+2Na]* 0.004435629
558.9171 6845617 | 0.096672832 [Y3+5Na]> -1.989481088
572.9129 3184656 0.04497326 [%°X3+5Na]> 0.951900367
579.9228 1617068 0.022836005 [2X3+5Na]> -2.637613144
595.9617 1065288 | 0.015043846 [Ys+4Na-SO3]* 1.598159747
595.9617 1065288 | 0.015043846 Cs+Na -2.319392337
597.9496 1214589 | 0.017152254 [Z4+5Na-SO3]> -2.103157189
637.9266 1180976 | 0.016677576 [Z4+5Na]* 0.234660226
655.9251 4633859 | 0.065438699 [Z2+3Na]* 0.681551902
673.9367 1571007 | 0.022185538 [Y2+3Na]* -0.872881682
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Scheme 1. EDD mass spectrum-to-spectrum product ion variation for [M-3H]> precursor

1on for IA and IB
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Scheme 2. EDD mass spectrum-to-spectrum product ion variation for [M-3H]>" precursor

ion for IIA and IIB
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HA: GleA-GleNS-1doA2S-GleNS{CH,) NH, IB: GleA-GIeNS-GleA28-GIeNS-(CH, ) NH,
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Scheme 3. EDD mass spectrum-to-spectrum product ion variation for IIIA and II1IB
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Scheme 4. EDD mass spectrum-to-spectrum product ion variation for IVA and IVB
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Scheme 5. EDD assignment of stereospecific ion A, for the [M-2H] precursor for IA and IB.
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Scheme 7. EDD mass spectra of the [M-5H+Na]4_ precursor ion for IVA and IVB.
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Scheme 9. EDD mass spectrum for [M-6H+2Na] precursor ion for VIA.
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Supplemental Table 1. Diagnostic ratio (DR) analysis for 1A: GIcA-GIcNAc-

1doA2S-GIlcNAc-(CH2)sNH:

Mass to charge Relative Intensity lon
589.1561 0.040905 L2Xs
561.1611 0.030978 Y2

S I(IdoA2S ) 0.071883

Mass to charge Type
543.1507 0.011894 Z;
396.1148 0.011304 C
463.1937 0.007846 Z3-S03

316.543 0.002741 Bs?®
634.0948 0.001923 Bs
YI(GIc2AS ) 0.035708
DR 0.5
Supplemental Table 2. Diagnostic ratio (DR) analysis for 1B: GIcA-GIcNAc-

GIcA2S-GIcNAc-(CH2)sNHo.
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Mass to charge Relative Intensity lon
589.1598 0.00903265 15X,
561.1643 0.00633442 Y2

SI(IdoA2S ) 0.01536706

Mass to charge Type
543.1536 0.02970089 Z;
396.1166 0.01396326 Cz
554.1399 0.00373472 B3-SO3
2.77E+02 0.00091155 [B3-SO3]*
634.0978 0.01220159 Bs
3.17E+02 0.11002256 Ba*

SI(GIcA2S ) 0.17053457
DR 11.1

Supplemental Table 3. Diagnostic ratio (DR) analysis for 11A: GIcA-GIcNAc-

1d0A2S-GIcNACES-(CH2)sNH.

Mass to charge Relative Intensity lon
334.0525 0.061648 L5Xo*
669.1119 0.003814 15X,
280.0768 0.004874 [Y2-SOs]*
320.0551 0.005808 Yo
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561.1622 0.000842 Y2-SO3
641.1167 0.002051 Y

YI(IdoA2S ) 0.079036

Mass to charge Type

271.0716 0.008601 [Z2-SO3]%
311.0499 0.003614 Z,>
463.193 0.002581 Z3-S03
385.1288 0.04294 Y1
396.1149 0.0101 Cz
276.5643 0.001021 [B3-SO3]*
316.543 0.004247 Ba*
554.1359 0.001846 B3-SO3
634.093 0.002992 Bs

SI(GlcA2S ) 0.077942

DR 1.0

Supplemental Table 4. Diagnostic ratio (DR) analysis for 11B: GIcA-GIcNAc-

GIcA2S-GIcNAC6S-(CH2)sNH:,

Mass to charge Relative Intensity lon
669.1120 0.001555 15X,
334.0527 0.014178 15X 22
641.1168 0.001868 \Za
320.0553 0.003819 \Z
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Y I(IdoA2S ) 0.021421
Type
543.1464 0.00198 Z,-SOs
271.0703 0.001099 [Z,-S03]*
623.1026 0.00278 Z,
311.0483 0.006607 Z"
385.1289 0.136354 Y1
396.1150 0.016735 Cz
276.5647 0.002035 [B3-SOs]*
634.0895 0.001836 B
316.5431 0.104079 Bs*
YI(GIcA2S ) 0.273505
DR 12.8

Supplemental Table 5. Diagnostic ratio (DR) analysis for 111A: GIcA-GIcNS-

1doA2S-GIcNS-(CH2)sNHo.

Mass to charge Relative Intensity lon
649.0847 0.0171838 15X,+Na
259.0714 0.0015996 [Y2-SO3)?

299.05 0.0134743 \Za
310.041 0.0452264 [Y2+Na]*
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541.1328 0.0059167 Y2+Na-SOs
621.0897 0.0026221 Y2+Na
YI(IdoA2S ) 0.0860228
Mass to charge Type
250.0661 0.0009182 [Z2-SO3)?
301.0356 0.0182524 Z,*
523.1225 0.0093005 Z,+Na-SOs3
603.0795 0.0023441 Z>+Na
343.1183 0.043336 Y1
365.1005 0.0030053 Yi1+Na
456.0436 0.0139317 Co+Na
346.5072 0.0286709 [Bs+Na]*
614.065 0.001692 B3+Na-SO3
SI(GlcA2S ) 0.1214511
DR 14

Supplemental Table 6. Diagnostic ratio (DR) analysis for 111A: GIcA-GIcNS-

GIcA2S-GIcNS-(CH2)sNH:2

Mass to charge

Relative Intensity

lon
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649.0844 0.006986 15X2+Na
310.0409 0.005948 [Y2+Na]*
621.0908 0.001434 Y2+Na

SI(IdoA2S ) 0.014367

Mass to charge Relative Intensity Type

301.0353 0.000592 Zy*
603.0787 0.009677 Z»+Na
343.1181 0.094812 Y1
2275179 0.000601 [C2+Na)*
456.0434 0.022569 Co+Na
346.507 0.154192 [Bs+Na]*
306.5286 0.020485 [B3+Na-SO3]*
614.0651 0.004425 B3+Na-SO3

SI(GlcA2S ) 0.307353

DR 21.4

Supplemental Table 7. Diagnostic ratio (DR) analysis for IVA: GIcA-GIcNS-

1d0A2S-GIcNS6S-(CH2)sNH2

Mass to charge

Relative Intensity

lon

324.0382

0.00374

[1,5X2+Na-SO3]2-

364.0166

0.013995

[1,5X2+Na]2-
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729.0412 0.000481 1,5X2+Na
233.0102 2.39E-02 [Y2+Na]3-
310.0406 2.97E-02 [Y2+Na-SO3]2-
350.0192 0.011716 [Y2+Na]2-

Y I(IdoA2S ) 8.35E-02
227.0066 1.12E-03 [Z2+Na]3-
290.0446 3.99E-04 [Z22-SO3]3-
301.0354 1.09E-02 [Z2-SO3+Na]2-
341.0136 2.52E-03 [Z2+Na]2-
523.1209 5.00E-04 [Z2+Na-SO3]2-
211.0336 3.22E-02 Y12-
222.0245 1.95E-03 [Y1+Na]2-
343.1181 4.74E-03 Y1-S03
365.0998 0.002765 Y1+Na-SO3
445.0573 1.29E-02 Y1+Na
216.5266 1.28E-03 C22-
354.1051 0.000436 C2-SO3
434.0621 9.07E-04 C2
456.0429 7.11E-03 C2+Na
223.3414 3.97E-04 B33-
295.5374 0.001009 [B3-SO3]2-
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306.5285 0.004804 [B3+Na-SO3]2-
346.507 0.012674 [B3+Na]2-
SI(GlcA2S ) 0.098641
DR 1.2

Supplemental Table 8. Diagnostic ratio (DR) analysis for IVB: GIcA-GIcNS-

GIcA2S-GIcNS6S-(CH2)sNH:2

Mass to charge RI lon
364.0165 0.008533 [+°Xz+Na]*
324.0382 0.00273 [*®X2+Na-SO3]*
350.0189 0.003064 [Y2+Na]*
233.0101 0.003932 [Y2+Na]*
310.0406 0.011529 [Y2+Na-SOs]*

SI(IdoA2S ) 0.029788

Mass to charge Type
341.0135 0.001545 [Z2+Na]*
301.0358 0.000822 [Z>+Na-SO3]*
211.0335 0.078156 \Za
222.0245 0.000895 [Y1+Na]*
445.0572 0.02103 Y1+Na
343.118 0.00421 Y1-SOs
365.0997 0.001644 Y1+Na-SOs3
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216.5268 0.001159 Co*
227.5177 0.000337 C2+Na
434.0617 0.000643 Cz
456.0426 0.009851 C2+Na
354.1043 0.000542 C2-SO3
346.5067 0.122002 [Ba+Na]?
223.3413 0.007206 B3>
295.5374 0.002385 [B3-SOs]*
306.5284 0.01418 [B3+Na-SO3]*
SI(GlcA2S ) 0.266607
DR 8.9

Supplemental Table 9. Diagnostic ratio (DR) analysis for: GIcA-GIcNS6S-1doA2S-

GIcNS6S-(CH2)sNH:

Mass to charge Relative Intensity lon
364.0173 0.000455 [*°X2+Na]*
310.0411 0.011688 [Y2+Na-SO3]*
233.0106 0.000628 [Y2+Na]*
350.0195 0.025286 [Y2+Na]*
361.0106 0.11471 [Y2+2Na]*

SI(IdoA2S ) 0.152767
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Mass to charge Type
301.0357 0.000888 [Z2+Na-SO3]*
341.014 0.000529 [Z2+Na]*
352.0052 0.004597 [Z2+2Na]*
365.0999 0.000456 Y1+Na-SO3
4450573 0.019189 Y1+Na
467.039 0.000381 Y1+2Na
423.0747 0.000427 Y1
211.0339 0.02148 75
456.0438 0.000878 C2+Na-SO3
536.0004 0.000264 Co+Na
557.9831 0.00073 C2+2Na
306.5289 0.000243 [Bs+Na-2S03]*
346.5073 0.002283 [Bs+Na-SOs]*
357.4983 0.02524 [Bs+2Na-SOs]*
257.3214 0.004605 [Bs+Na]*
386.4852 0.000329 [Bs+Na]*
397.4768 0.135746 [Bs+2Na]2-

SI(GlcA2S ) 0.218264
DR 1.4

Supplemental Table 10. Diagnostic ratio (DR) analysis for VIA: IdoA-GlcNS6S-

IdoA2S-GleNS6S-(CH

2)sNH,
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Mass to charge Relative Intensity Type
364.0174 0.001564 [+°Xz+Na]*
242.3419 0.00052 [+°X2+Na]*
324.0382 0.000718 [*X2+Na-SOs]*
361.0105 0.088657 [Y2+2Na]2-
350.0193 0.021106 [Y2+Na]*
233.0102 0.000769 [Y2+Na]*
310.0408 0.007454 [Y2+Na-SOs]*

> I(IdoA2S ) 0.120789

Mass to charge RI Type
352.0053 0.00239 [Z2+2Na]*
290.0449 0.000406 [Z2-SOs]*
301.0357 0.000537 [Z2+Na-SOs]*
211.0337 0.009436 Y%
445.0577 0.004097 Y1+Na
343.1182 0.000889 Y1-S03
267.4965 0.000452 [C2+Na]*
397.4767 0.040324 [Bs+2Na]*
386.4858 0.001039 [Ba+Na]*
257.3213 0.001272 [Bs+Na]*
357.4977 0.005012 [B3+2Na-SOs]*
346.5071 0.003301 [Bs+Na-SO3]*
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SI(GlcA2S )

0.069156

DR

0.6
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APPENDIX D

SUPPLEMENTAL DATA FOR CHAPTER 5
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Supplemental Figure 1. Chemical structures for mono-sulfated HS standards (1a-1f)
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Supplemental Figure 2. Chemical structures for di-sulfated HS standards (2a-2h)
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Supplemental Figure 3. Chemical structures for tri-sulfated HS standards (3a-3j)
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Supplemental Figure 4. Chemical structures for tetra-sulfated HS standards (4a-4i)
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Supplemental Table 1. Diagnostic ratio results for EDD diagnostic ratio results for 1a, for
[M-2H]% precursor ion

Mass to charge lons Intensity Intensity Intensity Diagnostic Ratio
481.2038 Y2 4953862 4459979 4736759
> (IdoA) 4953862 4459979 4736759
Mass to charge Intensity Intensity Intensity
463.1935 Z; 18180694 | 14825351 18820748
305.1720 Y1 13468601 | 11676351 18172296
396.1156 C2-SO3 11396200 | 11229495 19052994
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476.0718 Cs 1.3E+08 | 1.15E+08 | 1.47E+08
237.5322 CA 2389162 | 1972587 | 2548052
634.0922 Bs 5774204 | 4787680 | 5418335
316.5428 Bs? 18307592 | 17412888 | 18700824
Y (GIcA) 2E+08 | 1.77E+08 | 2.3E+08
DR 1.128642 | 1.120889 1.20892 1.1528 + 0.0487

Supplemental Table 2. Diagnostic ratio results for EDD fragmentation of [M-2H]*

precursor ion for 1b

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
481.2038 Y2 3826594 3401895 3091584
> (IdoA) 3826594 3401895 3091584
Mass to charge Intensity Intensity Intensity
463.1936 Z; 13200108 | 8777935 9727237
305.1718 Y1 6298305 4179045 4522439
237.5322 Co* 4228510 3653947 3707224
396.1149 C2-SO3 5390822 | 4001383 4789525
476.0717 C 1.2E+08 1.11E+08 1.15E+08
316.5429 Bs® 21278472 | 15765723 16803910
634.0922 Bs 3005581 5648101 3954922
> (GIcA) 1.73E+08 | 1.53E+08 1.58E+08

DR 1.178828 | 1.175803 1.231532 1.1953 £ 0.0313
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Supplemental Table 3. Diagnostic ratio results for EDD fragmentation of [M-2H]*
precursor ion for 1c

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
589.1560 15X, 75981352 | 70956120 71628008
481.2059 [Y2-SO3]% | 1924399 1707910 2103669
561.161 Y2 58341192 | 54835952 57124256
Y(IdoA) 1.36E+08 | 1.27E+08 | 1.31E+08
Mass to charge | lon Intensity | Intensity Intensity
463.1937 Z>-SOs | 11434117 | 10020313 12431328
543.1507 Z> 19122436 | 17559604 19897310
396.1150 (07) 20399828 | 19140978 19257978
554.1363 B3-SOs 708409 629737 910967
316.5429 Bs* 2950708 2372489 2742307
634.0935 Bs 3599267 2858662 2873887
Y(GlcA) 57506356 | 51952046 57202810
DR -0.8517 -0.86703 | -0.83649731 | -0.8518+0.0153

Supplemental Table 4. Diagnostic ratio results for EDD fragmentation of [M-2H]*
precursor ion for 1d

Mass to lon Intensity Intensity Intensity Diagnostic Ratio
charge

589.1561 13X, 34064452 | 78604040 | 1.46E+08

561.1612 Y2 87650456 | 32484504 | 54215304

> (IdoA) 37891027 | 1.11E+08 | 2.00E+08
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Mass to lon Intensity Intensity Intensity

charge
463.1941 Z-S03 14381227 | 11107665 5735756
543.1508 Z 62147240 | 52074904 | 81305416
385.1292 Y1 1.14E+08 | 92183688 | 1.06E+08
396.1153 C 26298524 | 20477350 | 25084380
554.1374 Bs 23547678 | 18100076 | 16959450
> (GIcA) 41036558 | 1.94E+08 | 2.35E+08

DR -0.44249 -0.47712 -0.40834 -0.4427 £ 0.0344

Supplemental Table 5. Diagnostic ratio results for EDD fragmentation of [M-2H]*
precursor ion for 1e

Mass to lon Intensity Intensity Intensity Diagnostic Ratio
charge
589.1562 15X, 18859728 | 19324480 | 18866658
561.1613 Y2 14170177 | 14151433 | 13597671
Y (IdoA) 33029905 | 33475913 | 32464329
Mass to lon Intensity Intensity Intensity
charge
543.1505 Z; 67996360 | 65750260 | 65171776
396.1148 C 24833928 | 27427278 | 27150918
316.5428 Bs® 1.92E+08 | 2.39E+08 2.3E+08
554.1365 B3-SOs3 7726079 8649897 8605791
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634.0939 Bs 27101668 | 29135022 | 27453156
Y(GlcA) 3.2E+08 | 3.7E+08 | 3.58E+08
DR 0.685066 | 0.566572 | 0.56565 0.6058+0.0687

Supplemental Table 6. Diagnostic ratio results for EDD fragmentation of [M-2H]*

precursor ion for 1f

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
589.1562 15X, 98733624 29401934 34576320
561.1613 Y2 40268916 68868184 82239992
> (IdoA) 1.39E+08 98270118 1.17E+08
Mass to charge lon Intensity Intensity Intensity
385.1292 Y1 57366876 45159348 46729528
543.1508 Z> 43243596 34453864 | 36506452
554.1375 Bs 30213758 57744536 23246144
396.1153 C 26809426 20088266 20274656
> (GlcA) 1.58E+08 1.57E+08 | 1.27E+08
DR -0.4225 -0.27241 -0.44165 | -0.3789 + 0.0927

Supplemental Table 7. Diagnostic ratio results for EDD fragmentation of [M-3H]*

precursor ion for 2a

Mass to charge

lon

Intensity

Intensity

Intensity

Diagnostic Ratio

481.2052

Y2

16893164

58452360

15220988
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Y (IdoA) 16893164 | 58452360 | 15220988
Mass to charge lon Intensity Intensity Intensity
305.1721 Y1 11606355 26672774 10171876
463.1944 Z 1825369 5508413 1249289
316.5435 [B3-SO3]* 1148720 3571099 1367998
356.5216 Bs® 25366874 82167296 20596796
476.0723 C2-SO3 3197851 9225579 2696663
237.5322 [C2-SO3)* 2545543 7572881 2531461
396.1155 C2-2S0s3 913770 3010048 1032572
556.0293 C 1104824 2609164 1641224
277.5107 Co* 23649902 | 61248728 | 20326660
Y (GlcA) 71359208 2.02E+08 61614539
DR 0.148618 0.060537 0.130119 0.1108 + 0.0439

Supplemental Table 8. Diagnostic ratio results for EDD fragmentation of [M-3H]*

precursor ion for 2b

Mass to charge

lon

Intensity

Intensity

Intensity

Diagnostic lon

561.1635

3967151

3913552

3650378
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280.0771 \Z5 51042728 43887312 43292356
589.1582 15X 4446280 4110748 4078222
> (IdoA) 59456159 51911612 51020956
Mass to charge lon Intensity Intensity Intensity
305.1725 Y1-SO3 2139748 2060722 2130710
385.1295 Y1 2.78E+08 | 235951360 | 2.41E+08
463.1962 Z,-S0O3 1248782 974702 1037232
543.1507 Z 90478400 67026844 75424456
271.0717 Z,> 1.16E+08 | 104895120 | 1.02E+08
554.1387 B3-SO3 2720663 2926886 3183758
634.0954 Bs 3135454 3110907 3061120
316.5435 Bs® 3293167 3271514 3272172
396.1157 [C-SOs]* | 45214664 35790492 37231400
476.0730 C 1.99E+08 | 151758352 | 1.62E+08
237.5323 Co* 60920324 54750216 55949996
S (GlcA) 8.02E+08 | 662517115 | 6.87E+08
0.652732 0.6288113 0.651971 0.6445 + 0.0125

Supplemental Table 9. Diagnostic ratio results for EDD fragmentation of [M-3H]*
precursor ion for 2c

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio

334.0527 Lo ,2 1.16E+08 1.57E+08 1.13E+08
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669.1123 15X 7410978 | 10212210 | 7355478
280.0768 [Y2-SOs)? 8902406 10410245 | 10296887
320.0553 \Za 11122452 13116672 10015481
481.2047 Y2-2S03 2471130 2862044 2582460
561.1621 Y2-SO3 1782634 2036215 1583196
641.1179 Y2 4986183 5308680 4320404
S (IdoA) 152E+08 | 2.01E+08 | 1.49E+08
Mass to charge lon Intensity Intensity Intensity
271.0716 [Z2-SOs]* | 23951520 | 25713974 | 22351576
311.0500 Z,* 7900344 9618064 8335596
463.1942 Z»-2S03 4181159 5008681 4255833
543.1509 Z,-SO3 18499390 | 20356690 | 18105550
385.1290 Y1 1.19E+08 1.32E+08 1.24E+08
396.1151 C2 24762044 | 28903464 | 24500704
276.5646 B3-SO3 2010021 2168577 2482320
316.5430 Bs 9315893 9441328 9285729
554.1361 B3-SOs3 3761689 4912886 3526783
634.0936 Bs 7279126 10323493 6943638
> (GIcA) 2.21E+08 2.48E+08 2.23E+08
DR -0.31613 -0.38591 -0.3013 -0.3345 + 0.0452
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Supplemental Table 10. Diagnostic ratio results for EDD fragmentation of [M-3H]*

precursor ion for 2d

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
481.2047 Y2-SO3 3931460 1.33E+07 6034545
561.1611 Y2 3149911 1.04E+07 5169641
280.0770 \Za 43970548 1.41E+08 81498664
589.1563 12X 2640543 7024767 2450717
3 (IdoA) 62216104 | 1.71E+08 | 95153567
Mass to charge lon Intensity Intensity Intensity
305.1718 Y1-SO3 842014 2411961 1147884
385.1292 Y1 43873032 1.51E+08 74058000
463.1930 Z,-SO3 1492385 4535612 1868347
543.1515 Z 7169626 2.56E+07 12541788
271.0717 Zy* 20714480 | 6.59E+07 | 41429652
634.0943 Bs 1387186 2.95E+06 1378609
396.1154 C2-SO3 2500403 7684790 4379382
476.0723 C 12205525 4.02E+07 24981498
237.5323 Co* 5686696 1.72E+07 10809529
> (GIcA) 1.14E+08 3.17E+08 1.73E+08

DR -0.22535 -0.20959 -0.21852 | -0.2178 £ 0.0079
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Supplemental Table 11. Diagnostic ratio results for EDD fragmentation of [M-3H]*
precursor ion for 2e

Mass to charge lon Intensity Intensity Intensity | Diagnostic ratio
334.0529 L5%,% | 4.77E+07 | 1.99E+07 | 3.54E+07
589.1564 \Za 2563960 871951 1716219
669.1130 13%s 5704086 1753353 5421969
320.0555 15X,-SO; | 1.15E+07 | 2808579 8822770
Y (IdoA) 6.75E+07 | 2.53E+07 | 5.14E+07

Mass to charge lon Intensity Intensity Intensity
385.1293 Y1 6.07E+08 4.19E+08 6.05E+08
543.1518 Z>-S03 5363064 2481766 4434532
271.0717 [Z2-SO3]* 3097429 1578554 2390932
623.1093 Z> 1.22E+07 4220742 9379510
311.0500 Z,* 2.28E+07 9395726 1.83E+07
396.1155 C 6.18E+07 3910351 5.28E+07
276.5646 [B3-SOs]* 5245960 2575506 4819975
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634.0961 Bs 1865195 2510799 1690066
554.1363 B3-SOs 1937628 861370 5842274
316.5432 Bs* 3.05E+08 2.17E+08 3.00E+08
Y(GlcA) 1031310922 | 697248056 | 1004119323
DR 0.70709 0.96280 0.81374 0.8279 £ 0.1284

Supplemental Table 12. Diagnostic ratio results for EDD fragmentation of [M-3H]*

precursor ion for 2f

Mass to charge Type Intensity Intensity Intensity | Diagnostic Ratio
589.1576 13X, 3283151 3471716 3139461
280.0768 \Za 24513988 26311380 13704574
561.1615 Y2 3655253 3452701 2865757
Y (IdoA) 31452392 33235797 19709792
Mass to charge Type Intensity Intensity Intensity
271.0715 Z,* 50710320 49473280 26766388
543.1517 Z; 40955940 39687268 43432528
305.1715 Y1-SOs3 865512 1192119 472132
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385.1291 Y1 1.37E+08 1.41E+08 | 1.1E+08
237.5321 CA 48455576 48173372 | 28511514
396.1154 C2-SO3 9653681 9161724 7758384
476.0726 Cx 63364480 59542688 | 58801396
316.5431 Bs? 4455608 3469007 1639828
Y (GlcA) 3.55E+08 352E+08 | 2.77E+08
0.576017 0.547444 | 0.671275 | 0.5982 + 0.0645

Supplemental Table 13. Diagnostic ratio results for EDD fragmentation of [M-3H]*
precursor ion for 2g

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
589.1563 15X, 2075773 3507379 1895389
481.2043 Y2-SO3 6358870 12822163 9123369
561.1602 Y2 3744493 7547170 5592472
280.0762 \Za 91306624 1.47E+08 1.27E+08
> (IdoA) 1.03E+08 | 1.71E+08 | 1.43E+08

Mass to charge lon Intensity Intensity Intensity
271.071 Z,> 61350300 1.09E+08 85146968
463.1941 Z>-SO3 1632908 3687011 2235616
543.1515 Z 12316772 23856412 15371581
305.1725 Y1-SO3 1381245 2741962 1997523
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385.1292 Y1 1.09E+08 2E+08 1.42E+08
237.5316 Co> 8543020 | 14346398 | 10897323
396.1157 [C2-SO3]* | 10027016 | 18453904 | 12379704
476.0721 Co 35974820 | 59953336 | 41777488
554.1404 B3-SOs 819291 2241754 877586

634.0931 Bs 752178 2191905 1391712
Y(GlcA) 2.42E+08 | 4.37E+08 | 3.14E+08

DR -0.10865 -0.07018 -0.13645 | -0.1051 + 0.0333

Supplemental Table 14. Diagnostic ratio results for EDD fragmentation of [M-3H]*

precursor ion for 2h

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
547.1470 [*°X2-SO3] | 2008460 2413573 2456307
627.1025 15%s 3201852 4782503 3862109
313.0474 LoXo% 2.32E+08 | 2.49E+08 | 2.36E+08
519.1504 Y2-SO3 3593079 3008591 2589491
439.1938 Y2-2S03 6037843 4509797 4356351
599.1073 Y2 3750195 5696699 4746990
299.0500 \Za 16019182 14858093 | 14877801
Y (IdoA) 2.67E+08 | 2.84E+08 | 2.69E+08

Mass to charge lon Intensity Intensity Intensity
501.1404 Z>-SO3 41422232 28799298 | 33621756
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250.0662 [Z-SOs]* | 9631083 | 6243205 | 7782201
421.1832 Z,-2SO; | 12292547 | 7636148 | 9425286
263.1613 Y1-SOs | 2255707 | 1426679 | 1613432
343.1184 Y1 1.06E+08 | 1.41E+08 | 1.61E+08
396.1151 C. 34861296 | 31166476 | 32000104
554.1355 Bs-SOs | 1370768 | 1976731 | 1361046
276.5646 [Bs-SOs]* | 5203213 | 4073069 | 4941307
634.0932 Bs 2354586 | 3440797 | 2724808
316.5431 Ba? 17792328 | 13739761 | 14695594
Y(GlcA) 3.23E+08 | 2.4E+08 | 2.69E+08
DR -0.39428 | -0.5505 | -0.47722 | -0.4840 + 0.0782

Supplemental Table 15. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3a

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
439.1936 Y2-SOs3 11994233 27614940 | 30475332
541.1327 Y2+Na 11823909 26886140 | 29990208
519.1506 Y2 19095812 44423932 | 45720728
259.0714 \Za 16110788 30352780 | 35083044
Y (IdoA) 50024742 | 1.29E+08 | 1.41E+08
Mass to charge lon Intensity Intensity Intensity
365.1003 Y1+Na 3703404 7579423 9153549
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343.1182 Yi 94945120 | 1.84E+08 | 2.1E+08
523.1222 Z,+Na 2516275 | 6431381 | 6648484
501.1401 Z 18039988 | 55170172 | 43524156
456.0434 C,+Na-SOz | 17605438 | 39149364 | 44723496
536.0004 C,+Na | 17630782 | 46317308 | 44400076
267.4962 [Co+Na]> | 7272381 | 15408505 | 16894044
306.5286 [Ba+Na- | 6669263 | 13118642 | 17605078
SO3]*
346.5069 [Ba+Na]> | 34608984 | 65420492 | 62058600
Y (GIcA) 2.03E+08 | 4.32E+08 | 4.55E+08
DR 0.059323 | 0.046975 | 0.030667 | 0.0457 +0.0144

precursor ion for 3b

Supplemental Table 16. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
439.1937 Y2-SO3 8180905 7237816 10062591
541.1321 Y2+Na 9806904 8957386 12319876
519.1501 Y2 5898365 5261595 7427824
259.0719 \Za 15554930 | 14821769 18842114
547.1451 15X 4963987 | 4563442 6827706
> (IdoA) 44405091 | 40842008 55480111
Mass to charge lon Intensity Intensity Intensity
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365.1004 Y1+Na 5492316 | 4830407 | 6898582
343.1188 Y1 156E+08 | 1.41E+08 | 1.8E+08
523.1229 Z+Na 2204812 | 1987405 | 2722462
501.1414 Z, 31038696 | 28077654 | 38164720
456.0435 C.+Na-SO; | 31748904 | 27882164 | 38848740
536.9998 C.+Na | 17626022 | 16808904 | 21980836
267.4967 [C+Na]> | 36567724 | 34020928 | 46415680
306.5292 [Bs+Na- | 14180960 | 13143426 | 17458340
SO3)>
346.5075 [Bs+Na]> | 1.05E+08 | 97056528 | 1.3E+08
Y (GlcA) 4E+08 | 3.64E+08 | 4.82E+08
DR 0477259 | 0.473372 | 0.461648 | 0.4708 + 0.0081
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Supplemental Table 17. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3c

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
541.1315 Yo+Na 9856662 9292695 8543154
259.0717 [Y2-SOs]* | 4098259 3821591 3395278
621.0876 Ya+Na> 9785342 7316703 6403490
310.0411 [Y2+Na]*> | 1.15E+08 1.06E+08 95778104
299.0501 \Za 42128068 | 34521588 | 31013434
649.0844 15%,+Na | 53614400 | 45848120 | 40419540
S (IdoA) 2.35E+08 | 2.07E+08 | 1.86E+08

Mass to charge lon Intensity Intensity Intensity
365.1003 Y1+Na 5693326 6032984 5595992
343.1185 Y1 1.09E+08 1.06E+08 89990552
523.1212 Z,+Na- 11797982 | 14052412 | 11844299

SOs3
501.1395 Z>-S03 1448346 1844284 1843273
250.0663 [Z2-SO3]* 1581749 1587757 1725699
603.0803 Z>+Na 4832664 4176272 3555205
301.0358 [Z2+Na]*> | 20992844 | 26043782 | 24685154
290.0449 Z* 1675820 26713810 | 23941784
346.5072 [Bs+Na]*> | 88291504 | 84764336 | 78459888
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614.0629 Bs+Na- 5449349 4062907 3657268
SO3
306.5289 [Bs+Na- | 16010440 | 15008053 | 14069679
SOs]*
Y(GlcA) 2.67E+08 2.9E+08 2.59E+08
DR -0.42117 -0.33042 -0.33167 -0.3611 + 0.0520

Supplemental Table 18. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3d

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
541.1348 Y2+Na-SOs 6492467 6577430 6028420
621.0919 Y2+Na 3213812 2795273 2816983
310.0413 [Y2+Na]* 1.83E+08 | 170611088 | 1.62E+08
299.0502 \Za 25007294 | 23466500 | 21454286
569.1273 15X>+Na 2194368 1936356 1816670
649.0841 15X ,+Na- 30688646 | 28348736 | 29049820

SOs
Y (IdoA) 2.5E+08 | 233735383 | 2.23E+08
Mass to charge lon Intensity Intensity Intensity
365.1005 Y1+Na-SOs | 12425520 | 11288990 | 9265747
343.1185 Y1-SO3 28828430 | 26804242 | 22563066
445.0576 Yi+Na 41551360 | 36544236 | 33541886
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423.0756 Y1 2453659 2616985 2332267
211.0340 Y% 95075128 | 91683088 | 89541768
523.1226 Z>+Na-SO3 9314176 8805996 7415197
501.1403 Z>-S0O3 4647046 3262143 3513124
250.0663 [Z2-SO3]* 2656023 2527108 2377356
603.0784 Z>+Na 22089904 | 17999020 | 18959288
581.0973 Z2 5613088 4784932 5119645
301.0359 [Z>+Na]* 41036320 | 38856416 | 38403680
290.0448 Zy* 2187501 1909187 1823365
354.1050 C2-S0Os3 2485080 2539524 1899643
456.0437 C>tNa 15335923 | 14617575 | 13318221
434.0616 (07) 4699490 3794942 3454300
534.1087 B3+Na-SOs 2224983 2013771 1918878
614.0654 Bs+Na 22431358 | 21944404 | 21886074
306.5289 [Bs+Na]* 5594591 5760800 4490868
295.5380 Bs* 4987682 5107061 4093459
Y(GlcA) 3.26E+08 | 302860420 | 2.86E+08
DR -0.36307 | -0.364603 | -0.36902 | -0.3656 *+ 0.0031
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Supplemental Table 19. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3e

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
621.0896 Y2+Na 1888469 1903033 4678952
310.0409 [Y2+Na]® | 8223750 | 11488580 | 15229283
299.0501 \Za 1235625 2595031 2224641
649.0840 15%,+Na | 6203734 7078469 16308934
> (IdoA) 17551578 | 23065113 | 38441810

Mass to charge lon Intensity Intensity Intensity
365.1004 Yi1+Na 1078246 1049903 1433730
343.1183 Y1 2.36E+08 | 2.14E+08 | 3.94E+08
501.1401 Z>-S03 642118 661845 752949
603.0791 Z>+Na 10416531 | 10120866 | 27448318
581.0987 Z; 944719 852592 1794242
456.0441 C2+Na 31035276 | 29161124 | 68107160
2275175 [Co+Na]? | 749811 701668 1405314
614.0659 Bs+Na 3698658 3583628 0884447
306.5288 [Bs+Na- | 28241800 | 25599212 | 58021244

SOs]*
534.1082 Bs+Na- 397086 676727 1367747
2503
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223.3416 Bs® 613532 585571 | 1112285
346.5071 [Bs+Na]> | 4.71E+08 | 4.38E+08 | B8.5E+08
Y(GlcA) 7.85E+08 | 7.25E+08 | 1.42E+09

DR 1.173168 | 1.020694 | 1.088954 | 1.0943 +0.0764

Supplemental Table 20. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3f

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
691.0945 15%,+Na | 17507536 15518637 13684399
583.1431 Y2+Na-SO3 | 5372735 5816366 4576154
663.0997 Y2+Na 8191180 8211126 6763587
331.0463 [Y2+Na]* | 90258704 1.12E+08 67247632
280.0768 Y2-SO3 1650504 2006527 1656595
Y (IdoA) 1.23E+08 | 144E+08 | 92271772

Mass to charge lon Intensity Intensity Intensity
565.1329 Z>+Na-SOs | 5934525 5715214 5104254
543.1526 Z>-S0O3 3392279 3171412 2984783
271.0715 [Z>-SOs)* | 8284767 9546820 6088478
645.0895 Z>+Na 13109040 12883620 9870525
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322.0410 [Z:+Na]> | 63966488 | 73397800 | 46956024
311.0499 2 2609051 | 2962832 2098137
407.1110 Yi+Na | 10811056 | 10601184 | 8374953
385.1289 Yi 73658992 | 76793968 | 56991588
396.1155 Ci-SOs | 3066497 | 2909268 2104130
498.0541 Cs+Na | 9651722 | 9033176 7923431
476.0718 C2 9920760 | 9954576 8303512
237.5323 C? 3216180 | 1711809 2461464
327.5340 [Ba+Na- | 6217475 | 7172050 4310007
SO3)>
367.5125 [Ba+Na]> | 36896064 | 44746456 | 28587928
Y (GIcA) 251E+08 | 2.71E+08 | 1.92E+08
DR -0.16774 | -0.20211 -0.15853 | -0.1761 + 0.0230

Supplemental Table 21. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3g

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
280.0769 \Za 1834082 2455325 1719038
583.1434 Y2+Na 1454227 3248872 2089277
> (IdoA) 3288309 5704197 3808315

Mass to charge lon Intensity Intensity Intensity
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407.1112 Y:1+Na 1794712 2953360 2199471
385.1290 Y1 34097160 | 47655608 33663008
565.1307 Z>+Na 677272 1269839 1024815
543.1508 Z; 7245054 10586461 8466306
271.0717 Z* 5154713 6714853 5341643
367.5116 [Bs+Na]*> | 2055413 2702973 2467188
498.0539 C2+Na-SOs3 | 8436823 11647904 7536828
578.0105 C2+Na 5110883 6883860 5442739
288.5017 [Co+Na]*> | 7896249 9851609 9140125
Y(GlcA) 72468279 1E+08 75282123
DR 0.866054 0.76784 0.818838 0.8176 £ 0.0491

Supplemental Table 22. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3h

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
439.1940 Y2-SO3 73672480 | 65028000 7.36E+07
541.1328 Yo>+Na | 32130974 | 30079736 3.31E+07
519.1509 Y2 22361638 | 22168882 2.36E+07
259.0716 Y22 1.53E+08 1.32E+08 1.49E+08
547.1456 13%s 7821058 8952708 8543301
> (IdoA) 2.89E+08 2.58E+08 2.88E+08
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Mass to charge lon Intensity Intensity Intensity
421.1842 Z>-SO3 2210913 2532787 2115592
523.1222 Z>+Na 21054136 | 18640954 2.14E+07
501.1400 Z; 23352196 | 24622700 2.50E+07
250.0664 Z,* 8151763 24622700 8118707
263.1617 Y1-SO3 2071384 1687059 1546338
365.1004 Yi1+Na 10727273 9701851 1.02E+07
343.1184 Y1 1E+08 88141592 9.81E+07
456.0435 Co+Na- 13325671 | 11330588 1.25E+07

SO3
536.0008 Co+Na 15261289 | 16166002 1.58E+07
267.4965 [Co+Na]* | 11486631 | 11232580 1.24E+07
346.5074 [Ba+Na]? | 31426172 | 29354790 | 3.23E+07
3 (GlcA) 2.39E+08 | 2.2E+08 2.39E+08
DR -0.55885 -0.54595 -0.55658 | -0.5538 + 0.0069

Supplemental Table 23. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3i

Mass to charge lon Intensity Intensity Intensity | Diagnostic Ratio
299.0501 \Za 22711064 | 22432704 27117660
310.0411 [Y2+Na]> | 2.65E+08 | 2.69E+08 2.97E+08
259.0716 [Y2-SO3)* 2982683 3231133 2027269
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541.1326 Y>+Na-SOs | 12234378 | 11165996 | 12020393
Y (IdoA) 3.03E+08 | 3.06E+08 | 3.38E+08
Mass to charge lon Intensity Intensity Intensity
523.1217 Z>+Na-SO3 | 15876294 | 16283533 | 19806644
250.0664 [Z>-SOs]* | 2635091 2366032 2671868
603.0788 Z»+Na 4697920 5571375 5667516
301.0358 [Z2+Na]* 2E+08 | 2.15E+08 | 2.31E+08
290.0449 Z,* 3587653 4110679 3902428
365.1005 Y1+Na-SOs | 19231044 | 23070818 24487512
343.1185 Y1-SO3 51000916 | 52660196 58405440
445.0573 Yi1+Na 1.17E+08 | 1.31E+08 1.49E+08
423.0752 Y1 2857038 2972521 3721266
222.0249 [Y2+Na]* 3103792 3695178 3442705
211.0339 Y1% 1.18E+08 | 1.21E+08 1.32E+08
354.1046 C2-SO3 27349860 | 27948186 31377986
456.0434 C2+Na 24764114 | 26596388 | 30505846
434.0614 C2 9680554 | 10199488 | 11576688
534.108 Bs+Na-SOs | 3591842 3942113 4187013
512.1262 Bs-SO3 2926105 3627586 3374982
614.0645 Bs+Na 39492632 | 37713152 | 41220480
306.5289 [Bs+Na]> | 7584958 9386479 9673348
295.5379 Bs* 16586330 | 17023792 | 19131400
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> (GIcA)

6.69E+08

7.14E+08

7.86E+08

DR

-0.13245

-0.10893

-0.11043

-0.1173 + 0.0132

Supplemental Table 24. Diagnostic ratio results for EDD fragmentation of [M-4H+Na]*

precursor ion for 3j

Mass to charge lon Intensity Intensity Intensity Diagnostic Ratio
691.0954 15X1+Na 1015891 972927 1354847
331.0465 [Y2+Na]> | 17749454 | 13359074 14821590
583.1435 Y2+Na-SOs 861968 596013 425964
663.0999 Y2+Na 786312 827770 440294
> (IdoA) 20413625 | 15755784 17042695

Mass to charge lon Intensity Intensity Intensity
271.0718 Z>-S03 850048 788065 849330
322.0411 [Z2+Na]*> | 15986340 | 12639379 13185950
645.0875 Z>+Na 2071721 1735773 1950565
385.1291 Y1 6938938 5373554 5842771
407.1113 Yi1+Na 1222370 1172261 1170104
237.5323 Co* 618784 653889 770111
396.1162 C2-SOs 483950 690507 583341
476.0717 C 1926725 1796958 1819151
498.0547 C2+Na 1276965 1305499 869869
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367.5123 [Bs+Na]* 2685137 1894629 2060139
Y (GlcA) 34060978 | 28050514 | 29101331
DR -0.2548 -0.2266 -0.2447 -0.2421 + 0.0143

Supplemental Table 25. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

precursor ion for 4a

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
259.071 \Za 4194682 1413910 1592519
439.194 Y1-SOs3 8694911 4603584 4769891
519.151 Y2+Na 9566041 4544486 4462267
541.134 Y2 8800816 5472752 6694714
S (IdoA) 3.13E+07 | 1.6E+07 1.8E+07

Mass to charge lon Intensity Intensity Intensity

501.14 Z 5577845 2392848 2551029

523.123 Z>+Na 2737808 1616276 1725454

343.118 Y1 51835016 2.4E+07 2.4E+07

365.001 Y1+Na 2426596 1556181 1662538

318.465 [C2+2Na]® | 13017124 8906673 9339472

456.043 Co+Na- 1190608 580495 1644509
2503
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557.982 C2+2Na- 3026002 2054282 2251709
SO3
637.938 Co+2Na 10391923 4785345 5426490
357.498 [Bs+2Na- 1706093 1699917 1718592
SOs]*
397.476 [Bs+2Na]* | 16758693 9432260 9998721
S(GIcA) 1.090E+08 | 5.7E+07 | 6.1E+07
DR 0.06404 0.07312 0.06196 0.06637 + 0.0059

Supplemental Table 26. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

precursor ion for 4b

Mass to charge Type Intensity Intensity Intensity Diagnostic ratio
649.0844 15X,+Na 1198220 739222 1483201
643.0718 Y2+2Na 884993 946677 1096045
541.1317 Y2+Na-SOs 994223 682001 1222909
621.0917 Y2+Na 825598 618416 1058971
310.0408 [Y2+Na]* 23898174 22844930 24972094
Y'(IdoA) 27801208 | 25831246 | 29833220
301.036 [Z2+Na]* 974493 386422 757258
603.0785 Z>+Na 2909485 3045122 3316420
625.059 Z>+2Na 1865955 1487173 1759098
211.0338 Y% 3725434 4216062 4904305
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343.1181 Y1-SO3 3775916 | 3848223 | 4355575
365.1003 Y1+Na-SOs | 1840655 1340441 1779961
445.0573 Y1+Na 59196748 | 56396764 | 64546564
467.0401 Y1+2Na 1195511 1290632 854680

256.5048 Co> 963027 1161930 830671

267.4962 [CotNa]> | 14441716 | 14577452 | 16274848
456.0434 Co+Na-SO; | 8721067 | 8568722 | 9465473
536.0007 C2+Na 3094751 | 3056347 | 3720669
557.9814 Co+2Na 1700937 1513019 2224199
306.5285 [Ba+Na- 3039091 | 3336177 | 3346068

SO3)*
335.5159 Bs* 2362227 3093654 2194757
346.507 [Bs+Na]> | 67948824 | 68468720 | 74900824
614.0635 Bs+Na-SOs | 1786233 1656897 2081379
Y(GlcA) 179542070 | 1.77E+08 | 1.97E+08
DR 0.3329813 | 0.359794 | 0.343334 | 0.3454 +0.0135
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Supplemental Table 27. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

precursor ion for 4c

Mass to charge Type Intensity Intensity Intensity Diagnostic ratio
729.0416 15X,+Na 1199995 1805712 1363023
751.0223 15X>+2Na | 8444108 | 11866427 9450798
310.0411 [Y2+Na- 4866408 4020658 5457672

SO3)*
350.0196 [Y2+Na]* 11800761 8612507 11627181
361.0106 [Y2+2Na]> | 34741944 26614142 35554332
643.0729 [Y2+2Na- 1004943 121868 1312227
SO3)*
> (IdoA) 62058159 53041314 64765233
301.0358 [Z2+Na- 8962030 6959545 9283306
SO3)*
341.0137 [Z2+Na]* 772239 1006991 821888
352.0053 [Z2+2Na]* | 18859134 14005386 18421128
603.0777 Z>+Na-SO3 701063 879527 1211262
625.0616 Z>+2Na- 2990833 2214531 2921459
SOs
705.0169 Z>+2Na 1148492 1513624 1165264
211.0339 Y% 3128457 2967939 3081004
343.1183 Y1-SO3 1838421 3038332 1645814
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365.1001 Y1+Na-SOs | 1070276 | 1452156 1015593
445.0574 Yi+Na | 13798141 | 14880494 | 15063420
456.0431 Co+Na 7695948 | 9431812 | 8163885
306.5291 [Ba+Na- | 1025784 | 1235046 979390
SO3]>

346.5073 [Ba+Na]> | 7424013 | 6053076 | 8196562
614.0633 Bs+Na-SO; | 1713832 | 2442810 1693888
716.0033 Bs+2Na 865475 793564 648315

Y (GIcA) 71994138 | 68874833 | 74312178

DR -0.41262 | -0.36367 -0.4174 | -0.3979 % 0.0297

Supplemental Table 28. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

precursor ion for 4d

Mass to charge Type Intensity Intensity Intensity Diagnostic ratio
324.0393 [°X2+Na- 696434 754709 630759
S03)*
364.0166 [“5X2+Na]?> | 1153170 1354303 1410117
375.0077 [Y5X2+2Na]? | 2625171 2384608 2718783
671.0664 15%,+2Na- | 2156896 2256530 2608878
S0s
751.0221 15%,+2Na 3899136 4440243 4152667
495.5197 [}5Xp+2Na]* | 3771398 4454511 4122977
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350.0194 [Y2+Na]* 5250633 5602884 6008155
361.0105 [Y2+2Na]> | 35922532 | 3.92E+07 4E+07
310.0412 [Y2+2Na- 4943014 5355231 4822614
SOs]*
643.0717 Y2+2Na-SO3 | 1964410 2311969 2288181
> (IdoA) 62382794 68114988 68852095
Mass to charge Type Intensity Intensity Intensity
301.0359 [Z2+Na- 1398569 1240314 1297616
SO3)*
341.0147 [Z2+Na]* 626406 779404 851502
352.0052 [Z2+2Na]* 5805828 6460995 5793197
603.0762 Z>+Na-SOs3 1018255 973494 582061
625.0636 Z>+2Na-S03 1172434 1416280 1588792
705.017 Z>+2Na 2238261 2451692 2498172
343.1184 Y1-SOs3 7914286 8168837 8662354
211.0339 \75 15249004 | 1.59E+07 | 1.6E+07
343.1184 Y1-SOs3 7914286 8168837 8662354
365.1005 Y1+Na-SOs 5230122 5773301 5678404
222.0247 Y% 517586 1016526 671150
445.0573 Y1 84398400 9.32E+07 9.1E+07
467.0388 Y1+2Na 3230766 3787288 3622845
456.0433 C2>+Na 20463914 2.45E+07 2.3E+07
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295.5379 [Bs-SO3)* 1850174 1826873 1669217
306.5288 [B3+Na- 9339436 1.06E+07 | 1.1E+07
SOs]*

346.5073 [Bs+Na]* 68871208 7.51E+07 7.3E+07
357.4988 [Bs+2Na]* 754277 710893 801072

636.046 B3s+2Na-SOs | 918701 1048382 1493647
716.0031 Bs+2Na 1556756 1451001 1420777
614.0628 Bs+Na-SOz | 1623777 1012002 1517170
>(GlcA) 242092446 | 265586119 | 2.61E+08

DR 0.1117952 |0.113841433 | 0.101494 | 0.1090 + 0.0066

Supplemental Table 29. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

precursor ion for 4e

Mass to charge Type Intensity Intensity Intensity Diagnostic ratio
649.0872 1°X2+Na 3471211 3201469 2747070
310.0413 [Y2+Na]* 8187911 12990223 13282343
Y (IdoA) 11659122 | 16191692 | 16029413
Mass to charge Type Intensity Intensity Intensity
603.0773 Z>+Na 1822586 1546780 1457331
211.0341 Y1 876137 1157631 1179961
343.1187 Y1-SO3 2966505 2254860 2876901
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365.1008 Y1+Na-SO3 1169263 1089303 933694
445.057 Y1+Na 33924312 40634352 41504900
467.0408 Y1+2Na 659638 701482 6584130
267.4966 [C2+Na]* 6584130 9485387 10265702
456.0429 C2+Na-SO3 2091750 2121245 2699517
535.9999 C2+Na 1207995 1423563 1212212
557.9816 Co+2Na 1024824 1123182 1544626
306.5284 [Bs+Na-SOs]* 711992 1971198 2374325
346.5073 [Bs+Na]* 29539070 42221076 42246936
> (GlcA) 82578202 | 105730059 | 114880235
DR 0.3730783 0.337785 0.3782064 | 0.3630 +0.0220

precursor ion for 4f

Supplemental Table 30. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

Mass to lon Intensity Intensity Intensity Diagnostic ratio
charge

541.1308 Y2+Na-SOs 1051640 1345199 537674

621.0887 Y2+Na 1493422 1152307 844796

643.0728 Y2+2Na 1122508 744326 406429

310.0410 [Y2+Na]* 22469200 33014140 21713260

299.0502 \Za 1162502 1773116 902141

649.0852 15X,+Na 3953852 3242480 1942913
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> (IdoA) 31253124 41271568 26347213
Mass to lon Intensity Intensity Intensity
charge

365.1002 Y1+Na-SO3 1859985 2420895 1189409

343.1183 Y1-SO3 4985872 7951448 4001566

445.0591 Yi1+Na 17683254 23659024 13914581

467.0407 Y1+2Na 1085593 1571967 815349

423.0753 Y1 1470693 1591050 1413595

211.0340 Y% 4927760 6918603 4217780

523.1223 Z>+Na-SOs3 1551369 1595637 1225651

603.0768 B3+Na-SOs3 2833127 2148827 1727312

625.0600 Z,+2Na-2S03 7078502 7141195 4880039

301.0356 [Z2+2Na]* 6929320 10067999 5599519

290.0449 Z* 1033112 1502146 820018

456.0432 C2+Na-SO3 5675267 7993177 4578391

536.0003 Co+Na 3852101 3563516 2380388

557.9815 Co+2Na 2405144 2961318 1933785

267.4963 [C2+Na]* 3767821 3638998 2588707

614.0640 B3+Na-SO3 1634622 2089059 1442869

346.5071 [Bs+Na]* 10053438 14713078 10258414

357.4981 [Bs+2Na]* 4926859 7243626 4498042

S (GlcA) 83753839 | 1.09E+08 | 67485415
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DR

-0.04901

-0.05626

-0.06865

-0.0580 + 0.010

Supplemental Table 31. Diagnostic ratio results for EDD fragmentation of [M-5H+2Na]*

precursor ion for 4g

Mass to charge lon Intensity Intensity Intensity Diagnostic ratio
751.0234 L5%,+2Na 6471279 4620628 19249286
310.041 [Y2+Na-SOs)* 2789328 2883881 12465444
350.0194 [Y2+Na]* 6469536 6009930 29454074
361.0104 [Y2+2Na]* 1.5E+07 1.4E+07 77267256
> (IdoA) 30779487 27462715 138436060

Mass to charge lon Intensity Intensity Intensity
445.0573 Y1 9404970 9181430 29771918
306.529 [Ba+Na-SOs]> | 580121 462801 1628497
301.0357 [Z>+Na--SO3]* | 2460998 2316199 9095460
352.0051 [Z2+2Na]* 1.2E+07 1.3E+07 68388928
625.0624 Z>+2Na-S03 1331946 1521457 4357626
211.0337 Y% 3206567 2506172 7287609
343.1188 Y1-SO3 1842893 1803170 3833694
354.1039 C2>+Na 1710613 2017566 4045603
434.0607 C 711867 877973 2357441
456.0438 C2>+Na 3585068 3356300 8086379
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346.5073 [Bs+Na]* 5144408 4977452 19718614
614.0648 B3+Na-SOs 850041 683948 2699157
Y(GlcA) 43097496 42808299 | 161270926
DR -0.33093 -0.28434 -0.410814 | -0.342 +0.0640

Supplemental Table 32. Diagnostic ratio results for EDD fragmentation of [M-5H+Na]*

precursor ion for 4h

Mass to charge Type Intensity Intensity Intensity Diagnostic ratio
334.0528 15%,% 955223 650815 1002196
345.0441 15X,+Na 783458 837877 680078

691.098 [15X2+Na)?* 1196952 5102210 500153
213.0343 Y* 1387923 1427869 1475201
280.0768 [Y2-SOs]* 2797623 3243543 2813301
320.0554 \Z3 6932348 314.707 7579344
331.0462 [Y2+Na]* 2.6E+07 2.9E+07 3E+07
> (IdoA) 39822773 39923747 44523445

Mass to charge lon Intensity Intensity Intensity
271.0706 [Z2-SO3)* 754742 1193766 992298
311.0501 Z>* 5650282 4665712 4122502

322.041 [Z2+Na]* 1.9E+07 2.3E+07 2.1E+07
645.0901 Z>+Na 3139058 2628950 1737143
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385.1291 Y1 1.2E+07 1.5E+07 1.4E+07
407.1105 Y1+Na 1642378 2629451 1967804
277.5118 Co* 868397 1041008 1491622
288.5021 [C2+Na]? 1134893 1285271 1394074
498.0531 C2+Na-SO3 910686 1543444 1393011
578.013 Co+Na 1856905 1401130 814680

367.5123 [Bs+Na-SOs]*> | 2059375 2222824 1247816
407.4909 [Bs+Na]? 1145267 1065767 1967804
Y(GlcA) 49804644 | 57487861 | 52241655

DR -0.37998 -0.31878 -0.40769 | -0.3688 + 0.0455

Supplemental Table 33. Diagnostic ratio results for EDD fragmentation of [M-5H+Na]*

precursor ion for 4i

Mass to charge Type Intensity Intensity Intensity Diagnostic Ratio
611.1382 L5X2+Na 798696 1152657 914125
589.1569 15X, 593701 73216 395737
481.2053 Y2-SO3 1844981 2414555 1690455
561.1615 Y2 1484432 1638215 880023
583.1438 Y2+Na 2434406 3187925 1980871
280.0768 \3 1.27E+08 1.62E+08 1.16E+08
> (IdoA) 134156216 | 170466568 | 121861211
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135.9926 Co* 604587 419701 421271
204.6472 [Co+Na]®* 1724020 2306964 1599117
267.4965 [C2+Na- 6088346 7179674 5391552
SOs]*
307.4746 [Co+Na]* 11714436 | 15449015 | 11925317
456.0438 C2+Na-2SO; | 2885529 3571635 2839526
271.0716 Z* 10947536 | 15085654 | 10359285
565.1317 Z,+Na 2155324 3237440 1846839
192.0607 \Za 518752 747647 618479
385.1292 Y1 43756768 | 54963880 | 40428128
407.111 Y1+Na 5853122 7633493 5520832
346.507 [B3+Na- 3762336 4414270 2916271
S03)*
386.4854 [Bs+Na]? 2780012 3376198 2567595
Y(GlcA) 92790768 | 118385571 | 86434212
DR -0.637227 | -0.635462 | -0.626301 | -0.6372 % 0.0059
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Mass List for all tetrasaccharides are arranged according to product ion types for easy

identification of diagnostic ions

Supplemental Table 34. Mass list for 1a, [M-2H]? precursor ion

Mass to charge Type Intensity Intensity Intensity
329.0183 $5A; 13436226 9726875 11114866
546.0772 $5A3 13252187 1944245 12354879
272.5349 $5A4° 3418125 1.03E+07 2412958
226.9867 L5A, 48367924 3.56E+07 41439664
430.066 L5A, 3017058 1831368 2743897
606.0982 L5, 2949382 1823394 2587924
138.9707 13A, 2167716 2164924 2892422
295.0672 02A,-S0O3 5584512 5134771 9717899
375.0238 02A; 30435614 2.29E+07 30513548
187.0083 02,2 2206893 2037813 3260839
512.1256 92A3-SO3 2926058 2273449 1942323
592.0826 02A3 64947420 4.84E+07 58065824
463.1935 Z 18180694 1.48E+07 18820748
305.172 Y1 13468601 1.17E+07 18172296
481.2038 \Z 4953862 4459979 4736759
684.282 \Z 2243618 1564303 1790380
193.0354 C1-SO3 7679704 7342090 11769528
272.9922 Ci 10939761 7957538 11483529
652.1038 Cs 4487254 2893906 3377188
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325.5483 Cs> 1588298 1321766 1449702
396.1149 C2-SOs3 11396200 1.12E+07 19052994
476.0718 C 130335080 1.15E+08 147178240
237.5322 C* 2389162 1972587 2548052
175.0249 B1-SO3 3784274 2787060 4026302
2549816 B1 20464778 1.80E+07 30349696
634.0922 Bs 5774204 4787680 5418335
316.5428 Bs* 18307592 1.74E+07 18700824
378.1042 B2-SO3 6074502 4962519 8365978
458.061 B2 2557316 2050295 2961689
228.5268 Bo* 2568759 2237731 3675593
Supplemental Table 35. Mass list for 1b, [M-2H]? precursor ion
Mass to charge Type Intensity Intensity Intensity
329.0185 35A; 4284341 5972692 4970030
272.5349 32 AZ 5288929 5035581 4331408
546.0771 35A3 10221850 11118582 10091672
792.2343 15X 11304080 10923962 10797308
430.0661 L5a; 34828788 40078680 36639108
633.1819 L4Xs 11584176 13201087 12879230
187.0082 02,7 1985402 1434372 2252575
295.067 0272503 2033590 1202198 2342331
375.0239 02, 12828680 14951018 13691641
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512.1254 02A3-SO3 1884463 2077894 2200792
592.0826 02A3 33850096 39578840 35703912
463.1936 Z2 13200108 8777935 9727237
746.2303 Z3 50356364 50746292 52200232
305.1718 Y1 6298305 4179045 4522439
381.6163 \%a 5566312 2806797 3304655
481.2038 Y2 3826594 3401895 3091584
764.2406 Ys 1.74E+08 1.68E+08 1.76E+08
193.0354 C1 5949009 5616593 6187842
237.5322 Co> 4228510 3653947 3707224
325.5481 Cs* 2006934 1520720 1909881
396.1149 C2-S0Os3 5390822 4001383 4789525
476.0717 (07) 1.2E+08 1.11E+08 1.15E+08
652.1036 Cs 12702226 12878903 12658970
175.0248 Bi1 2289877 1963750 1754563
228.5269 B> 2084317 1879798 2020292
316.5429 Bs* 21278472 15765723 16803910
378.1038 B2-SO3 2778888 2374452 3136941
458.061 B2 10460594 12136480 11000460
634.0922 Bs 3005581 5648101 3954922
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Supplemental Table 36. Mass list for 1c, [M-2H]? precursor ion

Mass to charge Type Intensity Intensity Intensity
708.13 $5A4 3960562 3570284 4105607
466.1202 $5A; 2919234 2863134 2948856
792.2357 15X 14729892 13333422 14006717
589.1560 15X, 75981352 70956120 71628008
606.0985 L5A; 15686776 14929562 15398149
295.067 02p, 2267083 1977812 2149494
463.1937 Z»-SO3 11434117 10020313 12431328
543.1507 Z 19122436 17559604 19897310
746.2301 Zs 55782500 51098512 52817640
381.6167 \Za 61711896 55143924 65828820
481.2059 [Y2-SO3]* 1924399 1707910 2103669
561.161 \Z 58341192 54835952 57124256
684.2843 Y3-SO3 2052620 2183665 2116049
764.2413 Y3 172169312 161544704 1.76E+08
193.0354 C1 8563274 7784544 9144521
325.5482 Cs* 3765727 3547045 3140814
396.115 Cz 20399828 19140978 19257978
652.1008 Cs 12336112 12761586 11974259
175.0248 B: 20927004 17497670 21120648
316.5429 B3> 2950708 2372489 2742307
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378.1046 B> 2751274 2502634 3372956
634.0935 Bs 3599267 2858662 2873887
554.1363 B3-SOs3 708409 629737 910967
Supplemental Table 37. Mass list for 1d, [M-2H]? precursor ion

Mass to charge Type Intensity Intensity Intensity
708.1323 S5A, 2020992 1636812 3825933
466.121 S5A; 2582051 3142912 3654324
738.1415 25, 3649753 3.07E+06 5.77E+06
325.1079 24%0 5382524 4603399 9.34E+06
792.2356 15X4 1.16E+07 1.09E+07 1.84E+07
589.1561 15X, 8.77E+07 7.86E+07 1.46E+08
413.124 15%4 3.93E+07 3.71E+07 6.13E+07
427.1404 02X 5278222 4.14E+06 5.17E+06
295.0674 02A; 6465858 5.45E+06 4.20E+06
754.1353 02A4 4400716 3.24E+06 7.46E+06
512.1261 02A3 2024293 1.95E+06 3.38E+06
367.1184 Z 5.30E+07 4.78E+07 9.51E+07
463.1941 Z»-SO3 1.44E+07 1.11E+07 5.74E+06
543.1508 Z> 6.21E+07 5.21E+07 8.13E+07
746.2301 Z3 2.36E+07 2.09E+07 3.73E+07
381.617 \Za 5.14E+07 3.63E+07 3.05E+07
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385.1292 Y1 1.14E+08 9.22E+07 1.06E+08
561.1612 Y2 3.41E+07 3.25E+07 5.42E+07
684.284 Y3-SO3 4359345 2.82E+06 2004799
764.2413 Y3 1.14E+08 9.92E+07 1.09E+08
193.0354 C1 1.59E+07 1.38E+07 1.59E+07
396.1153 C 2.63E+07 2.05E+07 2.51E+07
572.1479 Cs 7852971 6.71E+06 1.27E+07
175.0248 B1 2.02E+07 17181670 1.11E+07
378.1047 B2 6071337 5119370 7054814
554.1374 Bs® 2.35E+07 18100076 1.70E+07
Supplemental Table 38. Mass list for 1e, [M-2H]? precursor ion
Mass to charge Type Intensity Intensity Intensity
466.1204 35A; 9258155 9278186 8894991
792.237 15X, 19458582 21205990 20200214
589.1562 15X, 18859728 19324480 18866658
302.5452 L5as% 5264730 4655255 4458332
606.099 15A3 9171905 9773996 9136041
138.9707 13a, 2210370 2447444 2159266
295.067 027, 5271872 6711872 6219881
512.1265 02A5 3660899 3859024 3607435
543.1505 Z; 67996360 65750260 65171776
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746.2307 Z3 66822464 67597464 67188824
381.6166 Y32 12205501 13605678 13992851
561.1613 Y2 14170177 14151433 13597671
764.2421 Y3 53538196 55436252 54541332
193.0353 C1 13901131 18047946 16335187
325.5481 Cs* 4180683 3821758 3761776
396.1148 C 24833928 27427278 27150918
652.1036 Cs 19295032 20389830 20521456
175.0248 B1 9028621 11029749 10739540
316.5428 Bs® 1.92E+08 2.39E+08 229861216
378.1043 B2 2817446 3266066 2898724
554.1365 B3-SO3 7726079 8649897 8605791
634.0939 Bs 27101668 29135022 27453156
Supplemental Table 39. Mass list for 1f, [M-2H]? precursor ion

Mass to charge Type Intensity Intensity Intensity
708.1287 35, 2603993 1854698 2456689
466.1211 35A3 5208071 3663329 4742282
792.2356 15%s 14628845 9894642 1835586
589.1562 13X, 98733624 68868184 82239992
413.1241 15%4 27980874 19914906 23900970
427.1408 02X, 2315761 2037411 2108218
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295.0673 02A; 8314981 5844047 4822074
754.1359 02A4 3938080 2611794 2508711
512.1265 02/ 2286307 1431615 2166608
367.1185 Z 27441324 18344746 23979300
543.1508 Z 43243596 34453864 36506452
746.2299 Zs* 30583546 22263986 25011282
381.6169 \Za 3317790 2496851 3090448
385.1292 Y1 57366876 45159348 46729528
561.1613 Y2 40268916 29401934 34576320
764.2406 Y3 74867800 63050980 62926004
193.0354 C1 13342981 8889682 8789495
396.1153 Co 26809426 20088266 20274656
572.1478 Cs 4537660 3117556 3993233
175.0248 B: 4339692 2933228 2845255
378.1047 B> 10259728 6916056 6244765
554.1375 Bs 30213758 57744536 23246144
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Supplemental Table 40. Mass list for 2a, [M-3H]* precursor ion

Intensity Type Intensity Intensity Intensity
312.5136 $5A3 1433123 2911206 1274875
235.0459 2472-S03 524861 1045141 390739

254.5078 L5A; 423018 1543471 651794

226.9867 1,5A1 6188499 17516212 7036902
138.9706 13A, 7340656 23551332 5708639
187.0083 [°2A2-2S05]* 3181894 10726090 3823986
226.9867 02,7 6188499 17516212 7036902
295.0673 02/,-2S03 792450 2792770 815889

375.0247 02A,-S03 1627157 4974239 2147060
335.5163 02A3 1712571 3794698 1968022
463.1944 Z 1825369 5508413 1249289
746.2325 Zs 5053441 10800346 5003729
305.1721 Y1 11606355 26672774 10171876
381.6168 \Za 12540829 46072244 10156834
481.2052 \Z 16893164 58452360 15220988
764.2456 Y3 5053441 1763667 1031206
193.0353 C1-SO3 1827215 6376027 1502298
237.5322 [C2-SOs]* 2545543 7572881 2531461
272.9924 Ci 2751908 6704973 3245593
277.5107 Co* 23649902 61248728 20326660
365.527 Cs* 1272730 3118593 1239551
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396.1155 C2-2503 913770 3010048 1032572
476.0727 C2-SO3 3197851 9225579 2696663
556.0293 (07) 1104824 2609164 1641224
175.0248 B1 2168886 6830924 1679280
228.5269 [B2-SOs]* 9298817 28189652 9192398
254.9817 B1 7563902 21674812 6933691
268.5054 B> 23722534 67227752 20188312
316.5434 [Bs-SOs]* 1148720 3571099 1367998
356.5216 Bs® 25366874 82167296 20596796
378.1049 B2-2S03 1006450 3404232 1012237
458.0619 B2-SOs 3626845 9603274 3303169

Supplemental Table 41. Mass list for 2b, [M-3H]* precursor ion

Mass to charge Type Intensity Intensity Intensity
329.0193 35A, 2621842 2309726 2882243
393.54 SV 2097303 1903412 1665985
272.535 32 A% 1092199 1226606 1134021
546.0791 35A; 6682052 5778519 6705200
325.1077 24X, 2163365 1646526 1851132
391.585 24X % 2465859 2719581 2581216
235.0461 24p, 4337817 4358333 3941279
258.5374 24 p 4% 2132332 1722658 1250763
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438.1266 24A4-SO3 1255952 983073 1107360
589.1582 15X, 4446280 4110748 4078222
413.1246 15X4 12490953 11523924 11332234
435.5931 15X 42 14441967 12987597 12855073
430.0673 L5A, 20571896 18235674 19969920
444.0638 15, 1756797 1681787 1683750
606.0982 L5A, 2669901 2251780 2591304
138.9706 04p, 14164506 12200141 12843370
427.1405 02X, 26119194 20905616 20982272
442.6009 02X 4039898 3302302 3284796
187.0084 02,2 54421368 47557328 49110104
295.0675 02A2-S03 18632128 15648690 16180789
375.0247 02p, 22063370 19546282 19559768
170.037 [*2A3-SO3]* 2347609 2931647 4615227
592.0856 02A3 2295111 2341340 2239949
271.0717 Z” 1.16E+08 1.05E+08 1.02E+08
367.1189 Z 24023064 22298044 22409242
412.5902 Z3* 6574090 6433803 6241769
463.1962 Z,-SO;3 1248782 974702 1037232
543.1525 Z, 90478400 67026844 75424456
280.0771 \Za 51042728 43887312 43292356
280.7277 T 43116896 38147840 38188796
305.1725 Y1-SO3 2139748 2060722 2130710
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385.1295 Y1 2.78E+08 2.36E+08 2.41E+08
421.5955 Y3? 1.09E+08 85428064 89105200
561.1635 Y2 3967151 3913552 3650378
193.0354 C1 32031806 27212362 28280596
237.5323 C* 60920324 54750216 55949996
396.1157 C2-SO3 45214664 35790492 37231400
476.073 C 1.99E+08 1.52E+08 1.62E+08
652.108 Cs 3201375 2418979 2362325
175.0248 B1 18974152 18352452 18312224
228.527 B> 54145360 45349324 46375840
316.5435 Bs* 3293167 3271514 3272172
378.1051 B2-SO3 45905756 38390312 40051752
458.0623 B> 58343688 45056664 47350928
554.1387 B3-SO3 2720663 2926886 3183758
634.0954 Bs 3135454 3110907 3061120
Supplemental Table 42. Mass list for 2c, [M-3H]* precursor ion
Mass to charge Type Intensity Intensity Intensity
393.5396 35, 11350148 14504291 11030887
249.0616 35A, 3794451 4844149 4333636
466.1207 35A; 3112665 3552505 3798220
391.5847 24X, 5662833 6974684 5620073
117.0193 24p, 1785343 1881912 1477407
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669.1123 15X, 7410978 10212210 7355478
334.0527 15X5? 1.16E+08 1.57E+08 1.13E+08
413.1238 15X4 9524131 10832582 9471354
435.5925 15X 13892856 16819810 13228666
302.5456 L5A; 3520522 4407570 3438413
138.9706 L3p, 10230613 11560870 10535709
427.1397 02X1-SO3 9328769 9751206 8590003
253.0446 02X 1461748 1736839 2002378
442.5996 02X 42 4321862 5332627 5004513
416.5424 0242 42019412 55481164 38866420
295.0672 02A; 10854747 11886829 10755838
170.0368 02A5° 1739666 1500019 7003748
367.1183 Z 24201378 28575318 22159140
543.1509 Z,-SOs3 18499390 20356690 18105550
271.0716 [Z2-SO3]* 23951520 25713974 22351576
463.1942 Z,-2S053 4181159 5008681 4255833
746.2313 Z3-SO;3 3903717 4419722 3305192

311.05 Zy" 7900344 9618064 8335596
412.5896 Zs* 4976328 6581690 4673350
385.129 \7 1.19E+08 1.32E+08 1.24E+08
561.1621 Y2-SO3 1782634 2036215 1583196
280.0768 [Y2-2S03)* 8902406 10410245 10296887
481.2047 Y2-2S03 2471130 2862044 2582460
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764.2411 Y3-2S03 4656264 5973302 4583887
381.6167 Y3-SO3 41307908 47506028 42225264
641.1179 Y2 4986183 5308680 4320404
320.0553 \Za 11122452 13116672 10015481
280.7276 2 5495906 5839423 5227143
421.595 \Za 2.2E+08 2.62E+08 2.08E+08
652.104 Cs 6659362 8571112 6615147
325.5484 Cs* 6609974 6307658 7108567
396.1151 C 24762044 28903464 24500704
193.0354 C1 42342648 45591132 42446056
554.1361 B3-SO3 3761689 4912886 3526783
276.5646 [Bs-SOs]* 2010021 2168577 2482320
634.0936 Bs 7279126 10323493 6943638
316.543 Bs* 9315893 9441328 9285729
378.1045 B2 12963348 14164153 12480096
175.0248 B1 9757516 10457740 9082857
Supplemental Table 43. Mass list for 2d, [M-3H]* precursor ion

Mass to charge Type Intensity Intensity Intensity
262.0241 5% 625389 1180702 324166
329.0185 35A, 936219 3415798 1152719
393.5391 35, 886093 1607873 901362
546.0777 35A; 6468559 19922766 8878974
391.5846 24X % 1804402 5685678 2322166
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439.622 [>#X5-SO3]? 739756 1566261 417083

589.1563 15X, 2640543 7024767 2450717
413.1239 15X4 6301924 24611498 11343921
435.5926 15X 3 1916018 5311606 2733715
138.9705 04 3304528 8813950 6092146
427.1395 02X, 4065879 11474377 5320816
442.5998 02X 42 1646457 3563601 2144419
187.0083 02,2 4273035 12593102 8403465
295.0673 02A,-S03 840665 3747673 1732350
375.0245 02p, 2166484 8818102 4545041
271.0717 Z” 20714480 65920348 41429652
367.1185 Z 8235406 31091486 14553196
412.5899 Zs* 6397335 15870143 8714601
463.193 Z,-SOs3 1492385 4535612 1868347
543.1515 Z 7169626 25582480 12541788
280.077 Y22 43970548 1.41E+08 81498664
280.7277 S 4069645 9555567 5932649
305.1718 Y1-SO3 842014 2411961 1147884
381.6174 [Y3-SOs]* 592475 1692583 1068408
385.1292 Y1 43873032 1.51E+08 74058000
421.5952 \Za 15199365 36955524 26300584
481.2047 Y2-SO3 3931460 13267948 6034545
561.1611 Y2 3149911 10425351 5169641
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193.0354 C1 6783990 19384940 12002436
237.5323 Co* 5686696 17216060 10809529
325.5485 Cs* 800693 1190130 657374
396.1154 C2-SOs3 2500403 7684790 4379382
476.0723 C 12205525 40184704 24981498
175.0248 B1 3627576 10152664 6202314
228.527 B> 3182757 10789885 6861092
378.1047 B2-SO3 9197253 28487602 18111860
458.0618 B2 14788148 46792020 28732822
634.0943 Bs 1387186 2947346 1378609
Supplemental Table 44. Mass list for 2e, [M-3H]* precursor ion

Mass to charge Type Intensity Intensity Intensity
249.0616 35A, 4019100 1898242 3269202
393.5403 3SAZ 29499370 11212873 24167392
466.1212 35A; 6116105 3052005 5045965
117.0192 24P, 2166346 1222186 1753459
391.5848 24X % 11430339 4346128 9657261
334.0529 L5%,% 47684208 19886212 35433116
589.1564 15X,-S03 2563960 871951 1716219
669.1130 13X, 5704086 1753353 5421969
413.1242 13X4 15951114 6657880 12857099
435.5928 15X4% 14121942 5504928 11690282
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302.5457 15As 5275969 2943714 4879100
138.9706 13a; 11596684 7757057 12122019
401.5374 03A2 2782103 997823 1983152
427.1399 02X, 1859690 1198840 1687443
442.6009 02X 42 4758530 1675634 3144635
295.0673 02p, 25430046 16612956 22768562
416.5429 0242 29680206 8842506 22860674
376.5651 [*?A4-SO3]? 2134010 622963 1378118
271.0717 [Z2-S03)? 3097429 1578554 2390932
311.05 Zy" 22837844 9395726 18274178
367.1186 Z 28537222 11302170 20952110
4125901 Z” 124933920 45798188 98704176
543.1518 Z,-SOs3 5363064 2481766 4434532
623.1093 Z> 12228549 4220742 9379510
746.2359 Z3-SOs3 4560323 1356240 3478906
280.7273 2 2624621 1374220 2098568
320.0555 Yo 11527683 4986274 8822770
385.1293 Y1 607204480 418512896 604887360
421.5954 \Za 165125088 65530380 135569712
641.1205 \Z 6867400 2808579 5120556
193.0353 Ci 73373464 45545732 64188976
325.5485 Cs* 6850733 4193238 5647986
396.1155 C2 61829440 36576476 52830960
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652.1037 Cs 6457834 2639065 5259741
175.0248 B: 9895051 6461344 8031619
276.5647 [B3-SO3]* 5245960 3910351 4819975
316.5432 Bs® 304745888 217199376 299569536
378.1048 B2 9838445 6845108 9232129
554.1363 B3-SO3 6820640 2510799 1690066
634.0961 B3 1937628 861370 5842274
Supplemental Table 45. Mass list for 2f, [M-3H]* precursor ion

Mass to charge Type Intensity Intensity Intensity
329.0193 S5, 1169673 1126042 1077951
272.535 35As” 1420996 1038458 760599
546.0785 $5A3 4593221 4733588 3584542
391.5845 24X % 2852211 1965187 1492881
258.5373 24 A5 1223278 1422837 806058
589.1576 15X, 3283151 3471716 3139461
413.124 15Xy 7364870 7400088 5146482
435.5926 15X 6283759 5992812 4597731
430.0666 15A, 3057054 2584220 453214
444.0638 L5A,% 2212441 1812291 2251636
138.9705 04p, 8436629 8609626 3568462
427.1399 02X, 10977989 12898537 8979800
442.6009 022 1180483 1595147 929097

261




187.0082 02,2 29028410 29272360 13551302
295.0672 02A2-SO3 2852968 2892288 1799683
375.0243 02A; 15463825 15099366 13983369
592.0849 02A; 2821220 3203800 2622129
271.0715 Zy* 50710320 49473280 26766388
367.1186 Z1 12155999 11845782 8504810
412.5898 Zs* 8809666 8199691 5517441
543.1517 Z2 40955940 39687268 43432528
280.0768 \Za 24513988 26311380 13704574
280.7274 e 5769718 5805452 3239412
305.1715 Y1-SOs3 865512 1192119 472132
385.1291 Y1 1.37E+08 1.41E+08 1.1E+08
421.595 \Za 18349716 16585141 11853790
561.1615 Y2 3655253 3452701 2865757
193.0353 Ci 14123663 14885751 6838985
237.5321 Co* 48455576 48173372 28511514
396.1154 C2-SO3 9653681 9161724 7758384
476.0726 (07) 63364480 59542688 58801396
175.0247 B1 4384311 4443582 1992785
228.5268 B> 15777938 17051976 8092012
316.5431 Bs* 4455608 3469007 1639828
378.1046 B2-SO3 7411261 7653413 6239802
458.0617 B2 17850652 17811004 13252686
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Supplemental Table 46. Mass list for 2g, [M-3H]* precursor ion

Mass to charge Type Intensity Intensity Intensity
329.019 $5A; 1581586 2964251 1795119
546.077 35 2328344 6047929 3043751
117.0189 241, 911162 1334839 1245758
325.1082 24X 1025305 1824666 1244754
391.5848 28X % 1050721 2783278 2085936
235.0461 241, 1763149 3618383 2144769
117.0189 24p,% 911162 1334839 1245758
589.1563 15X, 2075773 3507379 1895389
413.1241 15X, 7063606 1.40E+07 9707612
435.5923 15X 3 2082805 4124073 2457783
269.0543 15A4-S03 2515911 2742384 2604522
430.0666 15A; 6151447 1.36E+07 8907465
606.1018 15As 729753 1965651 798280
138.9704 04A, 1.07E+07 1.63E+07 12816767

427.14 02X 6690497 1.25E+07 8015773
442.6001 02X 4% 1191738 2.40E+06 1225656
295.0675 02A2-SO3 6195276 1.10E+07 7270794
375.0243 02p, 4416316 7298814 5088121
187.0078 02A,% 7738598 1.41E+07 11486864
367.1186 Z 1.18E+07 2.27E+07 16355682
463.194 Z,-SO;3 1632908 3687011 2235616
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543.1504 Z, 1.23E+07 2.39E+07 15371581
271.0718 Zy* 6.14E+07 1.09E+08 85146968
412.5898 Z:” 6335955 9072636 7430592
305.1725 Y1-SO3 1381245 2741962 1997523
385.1292 \7 1.09E+08 2.00E+08 1.42E+08
481.2043 Y2-SOs 6358870 1.28E+07 9123369
561.1602 Y2 3744493 7547170 5592472
280.0762 Yo 9.13E+07 1.47E+08 1.27E+08
381.6172 [Y3-SOs]* 1777003 2317856 1644541
280.7277 5 2.40E+07 3.82E+07 31706602
421.5947 \Ca 7.28E+07 1.01E+08 82065440
325.5478 C 822634 955878 787118

396.1148 C2-SO3 1.00E+07 1.85E+07 12379704
476.0718 Co 3.60E+07 6.00E+07 41777488
237.5323 Co> 8543020 1.43E+07 10897323
193.0354 Ci 1.52E+07 2.77TE+07 18929382
554.1363 B3-SOs 819291 2241754 877586

634.0931 Bs 752178 2191905 1391712
378.104 B2-SOs 6.44E+07 9.78E+07 79782800
458.0614 B> 5.18E+07 8.88E+07 61987544
228.527 B> 9466420 1.51E+07 13848651
175.0248 B: 1.89E+07 3.13E+07 24279332
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Supplemental Table 47. Mass list for 2h, [M-3H]* precursor ion

Mass to charge Type Intensity Intensity Intensity
249.0618 $5A, 2606825 2184222 2314953
466.121 35 2925157 2343954 2998707
370.5792 24%, 8893946 7649259 9330297
235.0462 241, 1407763 1062987 1138972
117.0193 24,7 4345239 3551408 3674516
438.1258 241 2778622 1757626 1763670
547.147 [1°X2-S03]* 2008460 2413573 2456307
627.1025 15X, 3201852 4782503 3862109
313.0474 L5X5? 2.32E+08 2.49E+08 2.36E+08
371.1132 15X, 13165855 12868573 13144080
374.609 15X3-S03 2395920 2023263 2366535
414.5873 15X 26867350 27028522 25097532
302.5456 15A; 1392313 1020366 1168388
137.9866 13p, 4567462 3120292 3555916
138.9706 L3p 13807556 8540340 10248340
223.0759 92X 3386159 2257461 2230949
340.5688 02X, 4182089 3183020 3004299
385.1291 02X1-S03 22219004 13832533 17028420
232.0392 02X, 7102250 4989494 6196831
4215947 0242 4161789 5411991 4534173
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295.0673 02p, 14893086 11183250 12179266
325.1078 Z 30709620 41884264 36519688
501.1404 Z,-SOs 41422232 28799298 33621756
250.0662 [Z,-SO3]* 9631083 6243205 7782201
421.1832 Z,-2S03 12292547 7636148 9425286
351.6059 [Z5-SOs]* 1735726 991081 1337409
290.0447 Z* 8951083 6386202 7897569
391.5844 Z3* 12741263 14796792 14301805
263.1613 Y1-SO3 2255707 1426679 1613432
343.1184 Y1 1.96E+08 1.41E+08 1.61E+08
519.1504 Y2-SOs 3593079 3008591 2589491
259.0716 [Y2-SOs]* 17174934 11674326 14782764
439.1938 Y2-2S03 6037843 4509797 4356351
360.6114 [Y3-SOs]* 1.3E+08 86975832 1.05E+08
642.2733 Y3-2S03 2100503 1024713 1772947
599.1073 \Z 3750195 5696699 4746990

299.05 \Za 16019182 14858093 14877801
266.724 T 14802051 9626302 12083741
400.5898 Y3> 3.66E+08 3.1E+08 3.17E+08
572.1488 C3-SO3 3761424 4564991 3721380
652.1036 Cs 24545506 35273536 28989608
325.5482 Cs?> 22672108 18396212 22408040
396.1151 Cz 34861296 31166476 32000104
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193.0354 C1 56956608 40170060 46060664
554.1355 B3-SO3 1370768 1976731 1361046
276.5646 [Bs-SO3)* 5203213 4073069 4941307
634.0932 Bs 2354586 3440797 2724808
316.5431 Bs® 17792328 13739761 14695594
378.1046 B2 14859884 10971101 12500551
175.0248 B1 26089024 19668372 20817302
Supplemental Table 48. Mass list for 3a, [M-4H+Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
302.4989 [>5As+Na]* 1296317 3532304 3259765
526.05 3°Az+Na-SOs 574866 1740049 1410033
606.0059 $5As+Na 2682316 8034884 5530886
167.9887 [>*Ax+Na]* 7222455 14595523 20050722
257.028 24M\+Na-SO3 1604500 3370492 3873326
336.9848 24, 14708487 30636918 35915760
288.5016 [>*As+Na]? 6032714 11081107 13616555
404.5729 [“°X3+Na]? 2671910 6684575 6106927
371.1133 15%4 4905833 14099756 11514096
226.9865 15A; 1011505 2694547 2546427
453.0199 [*5As+Na)* 4366834 15685561 12201267
138.9707 13p; 4709786 8578739 10372421
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160.9527 13A;1+Na 1423735 3027669 3271940
137.9867 13A, 10067876 19861122 23107076
159.9686 L3A,+Na 4000497 8548664 9526759
300.7029 [>?X3+Na]® 735562 567777

223.0755 02X 893006 1647876 1885095
385.1288 02X, 5354427 12439857 13591553
197.999 [02A2+Na]? 699677 1130616 1919601
295.0672 02A,-S0O3 1354071 2544935 2659832
375.0241 02p, 2818648 6018072 7678707
397.0062 02A,+Na 2404487 5854855 6620127
325.1076 Z 4769412 14055604 12245965
501.1401 Z 18039988 55170172 43524156
523.1222 Z>+Na 2516275 6431381 6648484
764.1495 Z3+Na 2778751 9505578 6701809
259.0714 Y2 16110788 30352780 35083044
343.1182 Y1 94945120 183540160 2.1E+08
365.1003 Y1+Na 3703404 7579423 9153549
390.5751 [Y3+Na]* 10190402 22539358 23153272
439.1936 Y2-SO3 11994233 27614940 30475332
519.1506 Y2 19095812 44423932 45720728
541.1327 Yo+Na 11823909 26886140 29990208
782.1541 Y3+Na 1513671 4019651 3787008
193.0354 C1-SO3 3211882 6676691 8036518
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267.4962 [C2+Na]* 7272381 15408505 16894044
272.9922 Ci 9935768 18757676 19567312
294.9742 Ci+Na 9985806 24763668 25518666
344.5216 Cs* 1017832 1031898 1312024
355.512 [Cs+Na]* 2063729 4787591 5685269
456.0434 C2+Na-SO3 17605438 39149364 44723496
536.0004 C2+Na 17630782 46317308 44400076
632.0763 Cs+Na-SO3 949108 2994561 1889174
712.0343 Cs+Na 1836496 6544140 5074494
175.0248 B1-SO3 3226444 6764392 6989816
247.5 B> 2218656 3853958 3546246
254.9816 Bi1 9073984 18352314 20172108
258.491 [B2+Na]* 55768516 103936808 1.21E+08
276.9636 B1+Na 7663161 16520707 19009724
306.5286 [Bs+Na-SO3]* 6669263 13118642 17605078
346.5069 [Bs+Na]* 34608984 65420492 62058600
416.0512 B2-SO3 880681 2356010 2347185
438.0327 B2+Na-SO3 10385348 22807600 27756008
517.9896 Bo+Na 4923296 12684475 13147943
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Supplemental Table 49. Mass list for 3b, [M-4H+Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
223.0758 92X 1166141 877998 1410666
526.0481 3°As+Na-SO3 2043188 1803875 2683811
606.0045 $5As+Na 8641429 7813316 10129546
302.4994 [>°As+Na]2- 3315940 2580831 3721313
257.0284 24A,+Na 3168406 3003445 4289856
235.0462 24p, 5003937 4080141 6296988
404.5733 15%3+Na-SO3 2817507 2679748 2880190
4445512 15X3+Na 12247588 11650109 17028676
547.1451 13X, 4963987 4563442 6827706
371.1135 15%4 12934848 10927500 15253567
159.9685 13a,+Na 3297442 2834955 3761150
137.9864 13p, 13630839 12599873 15300000
160.9525 13a1+Na 4570000 3933225 5265356
138.9704 L3pq 12768480 11145720 15369239
451.5597 [>2Xs+Na]* 2844572 2278796 3742319
385.1298 02X 9368524 6593882 11850472
397.0064 02A2+Na 43409692 38028064 52479192
375.0242 027, 1872356 1472244 1845878
197.9995 [>2A+Na]* 1139773 1742727 1354313
652.0103 02A3+Na 2479832 2275906 2586184
325.1081 Z; 10936856 10170320 14413413
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523.1211 Z>+Na 2204812 1987405 2722462
501.1398 Z2 31038696 28077654 38164720
764.1464 [Z3+Na-SO3]* 2401943 1759261 2340788
421.5488 [Z5+Na]* 5290249 5350121 7358968
365.1004 Yi1+Na 5492316 4830407 6898582
343.1187 Y1 1.56E+08 1.41E+08 1.8E+08
439.1937 Y2-SO3 8180905 7237816 10062591
541.1321 Y2+Na 9806904 8957386 12319876
519.1501 Y2 5898365 5261595 7427824
259.0719 \Za 15554930 14821769 18842114
390.5758 [Y3+Na-SO3)* 28294484 27096560 36210944
286.7004 [Ys+Na]* 38461128 37001908 49066484
430.5537 [Ys+Na]* 76520272 72677504 94836496
632.073 Cs+Na-SO3 2053909 2097142 2815521
712.0291 Cs+Na 3958926 3659355 5564591
355.513 [Cs+Na]* 4062126 3462177 5643413
456.0435 C2+Na-SO3 31748904 27882164 38848740
535.9998 C2+Na 17626022 16808904 21980836
267.4967 [C2+Na]* 36567724 34020928 46415680
215.0176 Ci+Na 1655522 1340492 1755530
193.0355 C1 6621445 5776325 7579619
306.5292 [Bs+Na-SOs]* 14180960 13143426 17458340
346.5075 [Bs+Na]* 1.05E+08 97056528 1.3E+08
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438.033 B>+Na-SOs 19026214 16978296 23544824
416.0512 B2-SOs 1418245 1214588 1336081
207.5218 [B2-SO3]* 4899965 4486133 5153271
336.0946 B2-2S0s3 1488467 1149106 1515006
517.9895 B2+Na 5653592 5524762 6697961
258.4914 [B2+Na]* 18353146 18274574 22510906
247.5002 B2 1811276 1743661 1656579
175.0248 B: 6572079 6514844 7538099

Supplemental Table 50. Mass list for 3¢, [M-4H+Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
526.0482 $5As+Na 6325660 6177450 5228130
257.0281 24A2+Na 1.80E+07 17148488 1.59E+07
371.1134 15X 4881856 4790737 3948909
649.0819 15X>+Na 5.36E+07 45848120 4.04E+07
4445509 15X3+Na 1.24E+07 10219498 9376419
160.9525 13As+Na 2047511 2099742 1850493
138.9704 L3A/ASA, 1.13E+07 10995292 9723097
159.9684 L3A,+Na 8563459 9499477 8480213
137.9864 L3A, 1.63E+07 18173986 1.58E+07
385.1288 02X;-SO3 4585378 5234053 4025406
487.0655 02X1+Na 3806452 2799484 2853629
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232.0393 02X 42 2694772 3268881 2467571
223.076 02X 1759071 1367138 1152263
370.5332 [%2X2+Na]? 1590411 1376969 1424052
451.5583 [%2X3+Na]? 2776002 2792743 2486643
295.0671 02p, 2856583 2443787 1915385
325.108 Z 1.58E+07 13877774 1.14E+07
523.1212 Z>+Na-SO3 1.18E+07 14052412 1.18E+07
501.1395 Z,-SO;3 1448346 1844284 1843273
250.0663 [Z2-SO3)* 1581749 1587757 1725699
764.1452 Z3+Na-SO3 2207030 1940467 1830435
381.5701 [Z5+Na-SOs]»- 1480397 1492003 2026119
603.0772 Z>+Na 4832664 4176272 3555205
301.0358 [Z2+Na]* 2.10E+07 26043782 2.47E+07
290.0449 Z,” 1675820 842553 1255236
421.5483 [Zs+Na]* 1.40E+07 11345574 1.03E+07
365.1003 Y1+Na 5693326 6032984 5595992
343.1185 Y1 1.09E+08 1.06E+08 9.00E+07
541.1315 Y2+Na-SO3 9856662 9292695 8543154
259.0717 [Y2-SO3]* 4098259 3821591 3395278
390.5754 [Y3-S0O3]* 2.45E+07 26866992 2.69E+07
621.0876 Yo+Na 9785342 7316703 6403490
310.0412 [Y2+Na]* 1.15E+08 1.06E+08 9.58E+07
299.0501 \Za 4.21E+07 34521588 3.10E+07
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286.7003 [Y3s+Na]* 3462393 3928728 4095327
430.5535 [Y3+Na]* 6.50E+07 56532016 5.72E+07
456.043 C2+Na 2.80E+07 26713810 2.39E+07
434.06 C 1538126 1538743 1.14E+06
632.0766 C2+Na-SO3 3460652 2797829 3141723
315.5342 [C2+Na-SO3]* 2616541 2538117 2335885
712.0338 Cs+Na 1.12E+07 10430136 9709534
355.5127 [C3+Na]2- 5863184 6234512 4749426
215.0175 Ci1+Na 2964833 3090054 2283381
193.0354 C1 2.06E+07 20849102 1.84E+07
336.0941 B2-SO3 1.27E+07 12513297 1.11E+07
438.0324 B.+Na 3.62E+07 34036428 3.11E+07
416.0505 B2 1.52E+07 13643862 1.25E+07
207.5217 B2 8210831 7933658 7126378
614.0629 B3+Na-SO3 5449349 4062907 3657268
306.5289 [Bs+Na-SO3]* 1.60E+07 15008053 1.41E+07
346.5072 [Bs+Na]* 8.83E+07 84764336 7.85E+07
175.0248 B1 5120295 5059434 4189024
Supplemental Table 51. Mass list for 3d, [M-4H+Na]? precursor ion

Mass to charge Type Intensity Intensity Intensity
504.0671 $5As+Na 3019730 2690718 2748338
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257.0282 24A2+Na 1.14E+07 1.01E+07 8213772
473.0524 15X 1+Na 5812013 4696040 4903205
569.1273 15%,+Na-SO3 2194368 1936356 1816670
627.1034 15X, 1499001 977963 1025673
649.0841 15X +Na 3.07E+07 2.83E+07 2.90E+07
4445515 [“°X3+Na]? 1.02E+07 8619555 9951654
137.9865 13A; 1.49E+07 1.45E+07 1.23E+07
159.9686 L3A,+Na 6296114 6040000 5494977
138.9706 04p, 2.98E+06 2920000 5494977
232.0394 02x,2 2205156 2033670 1718240
385.1294 02X, +Na-SOs3 4824626 3948057 3374799
487.0671 02X 1+Na 5280689 4994736 4338843
223.0759 02X 1661972 1391414 1014644
451.5587 [>2Xs+Na]* 2298181 1867811 2363613
295.0675 02p, 4519518 4108080 3554585
250.0663 [Z.-S0s]* 2656023 2527108 2377356
290.0448 Z* 2187501 1909187 1823365
301.0359 [Z2+Na]? 4.10E+07 3.89E+07 3.84E+07
325.108 Z:-SO;3 6167100 5703414 4577611
405.0652 Z 2633426 1870574 1889972
421.5483 [Zs+Na]* 7926106 6180164 7905881
427.0473 Z1+Na 1.19E+07 9440449 9507397
501.1403 Z,-SO;3 4647046 3262143 3513124
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523.1226 Z»+Na-SOs 9314176 8805996 7415197
581.0973 Z 5613088 4784932 5119645
603.0784 Z>+Na 2.21E+07 1.80E+07 1.90E+07
211.034 75 9.51E+07 9.17E+07 8.95E+07
259.0718 [Y2-SOs]* 1.40E+06 1.33E+06 1514001
222.0249 [Y1+Na]* 1333350 1614592 1269641
286.7004 [Ya+Na]* 4463719 5138932 5050166
621.0919 Y2+Na 3213812 2795273 2816983
299.0502 Yo 2.50E+07 2.35E+07 2.15E+07
310.0413 [Y2+Na]* 1.83E+08 1.71E+08 1.62E+08
343.1185 Y1-SOs 2.88E+07 2.68E+07 2.26E+07
365.1005 Y1+Na-SO3 1.24E+07 1.13E+07 9265747
390.5757 [Ys+Na-SO3)* 1.12E+07 1.20E+07 1.21E+07
423.0756 Y1 2453659 2616985 2332267
430.5537 [Ys+Na]* 6.26E+07 5.63E+07 5.91E+07
445.0576 Y1+Na 4.16E+07 3.65E+07 3.35E+07
541.1329 Y2+Na-SO3 6492467 6577430 6028420
621.0893 Y2+Na 3213812 2795273 2816983
193.0355 Ci 2.84E+07 2.57E+07 2.33E+07
215.0173 Ci+Na 2012768 1782210 1576689
354.105 C2-SO3 2485080 2539524 1899643
434.0616 Cz 4699490 3794942 3454300
456.0437 Co+Na 1.53E+07 1.46E+07 1.33E+07
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552.1188 C3+Na-SO3 2835352 2459962 2528621
632.0754 Cst+Na 2928760 2817722 3192715
175.0248 B1 6210414 5182627 4645872
207.5217 B> 4325153 4618663 4261016
295.538 Bs® 4987682 5107061 4093459
306.5289 [Bs+Na]* 5594591 5760800 4490868
336.0941 B2-SO3 2.21E+07 1.99E+07 1.84E+07
416.0509 B2 2.84E+07 2.67TE+Q7 2.61E+07
438.033 B2+Na 3.08E+07 2.83E+07 2.79E+07
534.1087 B3+Na-SOs3 2224983 2013771 1918878
614.0654 Bs+Na 2.24E+07 2.19E+07 2.19E+07
Supplemental Table 52. Mass list for 3e, [M-4H+Na]* precursor ion
Mass to charge Type Intensity Intensity Intensity
526.0487 35A3 3010492 2970918 7201154
235.0468 24P, 758916 633646 1140940
257.028 24Ax+Na 12824724 11666714 22327536
371.1133 15X 2986423 2797993 5687020
649.084 15X,+Na 6203734 7078469 16308934
4445514 [15X2+Na)* 2915743 2899876 8072554
138.9707 13A5 2320185 2461135 4091779
160.9526 13As+Na 798811 795148 1138333
159.9686 13p; 4517123 9528111 9033248
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137.9867 L3A,+Na 10147960 3858490 20047048
451.5575 [>2X3+Na]2- 1284551 1412567 3549947
317.0493 02A,+Na 1858728 1123073 2553187
295.0671 02A, 2444163 1787281 4624740
325.1078 Z 3334939 2942248 6102916
501.1401 Z,-SOs 642118 661845 752949

603.0791 Z 10416531 10120866 27448318
581.0987 Z»+Na 944719 852592 1794242
4215484 [Z2+Na]* 3290354 3685826 9303588
365.1004 Y1+Na 1078246 1049903 1433730
343.1183 Y1 2.36E+08 2.14E+08 3.94E+08
390.5752 [Y3+Na-SOs]* 3016976 3548503 5834638
621.0896 Y2+Na 1888469 1903033 4678952
310.0409 [Y2+Na]? 8223750 11488580 15229283
299.0501 Yo 1235625 2595031 2224641
286.7002 [Ya+Na]* 701579 586520 1305708
430.5537 [Y3+Na]* 9516300 11406181 26579844
456.0434 Co+Na 31035276 29161124 68107160
227.5177 [C2+Na]* 749811 701668 1405314
315.5331 [C3+Na-SOs]* 759287 1130534 1608119
712.0322 C2+Na 4593818 4628571 11641135
355.5126 [Ca+Na]* 2921537 3109662 3923885
215.0173 Ci 2203653 1899537 4065745
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193.0355 B1 9302481 9073122 18685114
336.094 B2-SO3 1592005 2079289 2630860
438.0328 B2+Na 7308309 7202464 15007184
416.0505 B2 2946551 2945410 6993843
614.075 B3+Na-SOs3 3698658 3583628 9884447
306.5288 [B3-SOs]* 28241800 25599212 58021244
534.1082 B3+Na-2S03 397086 676727 1367747
223.3416 Bs* 613532 585571 1112285
346.5071 [Bs+Na]* 4.71E+08 4.38E+08 8.5E+08
175.0248 B1 1704274 2069228 3837495
207.5217 B2* 443695 581021 1428241
Supplemental Table 53. Mass list for 3f, [M-4H+Na]* precursor ion
Mass to charge Type Intensity Intensity Intensity
568.0588 $5As+Na 3169551 2422242 2228943
351.0009 35A,+Na 2159655 1822259 2091665
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444.5089 [*5As+Na]? 4891406 4469457 3324023
442,554 [24X2+Na]? 4755477 3960611 3941326
257.0281 24M,+Na 3508733 3228143 2881128
413.1237 15X 6090364 4910386 4909060
691.0945 15X +Na 17507536 15518637 13684399
446.5833 [Z°X3+Na-SOs]* 2545274 2625983 2038363
486.5617 [£5X3+Na]? 39274812 35181864 30604678
628.0798 L5A3+Na-SO3 4117619 3770481 3438442
160.9526 L3As+Na/®*Ax+N 8104938 6574874 6871212
a
138.9707 L3As/04A, 24637250 20293468 20551604
427.1399 02X1-SO3 4982853 4313170 3984259
529.0777 02X, 6985964 6780871 5758091
493.5694 02X 1+Na 5876353 5251705 4848329
397.0061 [*?Xs+Na]? 33578612 32889646 25239330
187.0084 02A% 4437149 4287618 3400626
367.1183 Z: 22942552 22689908 17156974
565.1326 Z»+Na-SO3 5934525 5715214 5104254
543.1507 Z,-SOs 3392279 3171412 2984783
271.0715 [Z,-SO3]2- 8284767 9546820 6088478
645.0895 Z»+Na 13109040 12883620 9870525
322.041 [Z2+Na]* 63966488 73397800 46956024
311.0499 Z,* 2609051 2962832 2105316
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463.5589 [Zs+Na]* 45149060 41034844 35881832
407.111 Y1+Na 10811056 10601184 8374953
385.1289 \Z 73658992 76793968 56991588
583.1431 Y2+Na-SO3 5372735 5816366 4576154
280.0768 Y2-SO3 1612667 2006527 1656595
432.5861 [Y3+Na-SO3]* 52780484 64327400 42255544
663.0997 Y2+Na 8191180 8211126 6763587
331.0463 [Y2+Na]* 90258704 1.12E+08 67247632
314.7072 [Ys+Na]* 98007576 1.29E+08 69716480
472.5642 [Ya+Na]* 2.94E+08 3.06E+08 2.39E+08
396.1151 C2-SO3 3066497 2909268 2104130
498.0541 C2+Na 9651722 9033176 7923431
476.0718 Co 9920760 9954576 8303512
237.5323 Co* 3216180 3867490 2461464
193.0355 Cu 10660580 9661762 8262612
376.5178 [Cs+Na]* 7079357 6756462 7146252
378.1045 B2-SO3 12129939 12724233 9339102
480.0432 B2+Na 10741470 10695881 8327224
458.0612 B> 11168538 12222701 9511880
228.527 B2 4084066 4514636 2739833
175.0249 B: 11886065 12372981 88469883
327.5341 [Bs+Na-SOs]* 6217475 7172050 4310007
367.5125 [Bs+Na]* 36896064 44746456 28587928
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Supplemental Table 54. Mass list for 3g, [M-4H+Na]® precursor ion

Mass to charge Type Intensity Intensity Intensity
336.9851 24+Na 3417203 4847579 2758559
413.1238 15X, 1608340 2223040 1882518
446.5844 15X 3+Na 622413 675123 480865
226.9869 L5A, 852491 1488901 1647938
160.9525 13A1+Na 2296731 3230019 2307444
138.9704 13A, 8029150 12317395 8680865
427.1399 02X, 4841438 6787362 4099093
397.0062 02A,+Na-SO3 7411468 9952519 6488470
375.0244 02A2-SO3 1.19E+07 12348125 8358974
476.9631 02A2+Na 1005086 1344587 1131254
237.9778 [>?Ax+Na]* 1.16E+07 16038270 1.17E+07
304.011 025 439893 601867 600414
367.1185 Z 2407576 3587273 3840246
565.1307 Z>+Na 677272 1269839 1024815
543.1508 Z 7245054 10586461 8466306
271.0717 Z" 5154713 6714853 5341643
407.1112 Y1+Na 1801977 2953360 2199471

385.129 Y1 3.41E+07 47655608 3.37E+07
583.1434 Yo+Na 1454227 2455325 1719038
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280.0769 Y2 1834082 3248872 2089277
4325861 [Ys+Na]> 4.88E+07 70124392 5.48E+07
498.0539 C2+Na-SO3 8436823 11647904 7536828
578.0105 Co+Na 5110883 6883860 5442739
288.5017 [Co+Na]? 7896249 9851609 9140125
193.035 C1-SO3 439641 775949 571811

294.9744 Ci+Na 2655221 3547251 2843194
272.9926 C1 552966 732516 715787

754.0424 Cs+Na 826815 1312474 1456792
480.0434 B2+Na-SO3 2628770 3385264 2510635
458.061 B2-SO3 1140784 1160266 935430

228.5269 [B2-SO3]> 1038608 1467071 1357059
279.4964 [B2+Na]” 8893122 13669957 1.01E+07
268.5056 B2 1768710 2174860 1728934
175.0248 B1-SO3 1272124 1818593 1078689
276.9637 B1+Na 2093508 2645530 1708147
254.9818 B 1.20E+07 16575485 1.26E+07
367.5125 [Bs+Na]* 2055413 2702973 2467188
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Supplemental Table 55. Mass list for 3h, [M-4H+Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
606.0057 35As+Na 3884920 5619448 4673371
302.4992 [P°As+Na]? 4010437 3928219 4389697
351.0008 35A,+Na 3266190 2449029 3015898
257.0281 24/,+Na 4317422 4214081 4781087
235.046 247, 1377512 618442 953035
371.1135 15X, 9420831 11566907 10869621
547.1456 15X, 7821058 8952708 8543301
404.5736 [£°X3+Na-SO3]* 2023562 2317250 2078062
4445512 [£°X3+Na]? 26877990 32703042 31578272
159.9685 L3A,+Na 6783930 5399747 6397605
137.9865 13p, 19424796 14705326 16897360
160.9525 04A,+Na 5293285 4101298 4766958
138.9705 04p, 19539516 14923148 18503894
385.1293 02X, 17988174 13585778 16005194
223.0758 02X 1780263 1297227 1367068
451.5592 [%2X3+Na]? 2394590 3101538 2978839
397.0064 02A,+Na 32952532 27725024 31627098
375.0243 02p, 1290004 1172636 1063417
187.0083 02p,% 3619599 3423691 3371081
325.1079 Z 13904978 13556640 13745227
421.1842 Z,-SO;3 2210913 2532787 2115592
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523.1222 Z>+Na 21054136 18640954 21437256
501.14 Z> 23352196 24622700 25037994
250.0664 Z,* 8151763 6566651 8118707
764.148 Z3+Na-SO3 1687668 1734864 1676258
381.5703 [Z5+Na-S03]* 2583531 2302867 3009855
280.6969 [Zs+Na]* 2005756 1320185 1644791
421.5489 [Z5+Na]* 2773846 3065659 3775661
263.1617 Y1-SO3 2071384 1687059 1546338
365.1004 Yi1+Na 10727273 9701851 10161977
343.1185 Y1 1E+08 88141592 98129144
439.194 Y2-SOs3 73672480 65028000 73628064
541.1328 Yo+Na 32130974 30079736 33083882
519.1509 Y2 22361638 22168882 23573136
259.0716 \Za 1.53E+08 1.32E+08 1.49E+08
390.5757 [Y3+Na-SO3]* 19298164 15803088 18971006
286.7003 [Ys+Na]* 24656940 20612384 22657142
430.5538 [Ys+Na]* 82910376 1.01E+08 95888368
456.0435 C2+Na-SO3 13325671 11330588 12457711
536 C2+Na 15261289 16166002 15843977
267.4965 [C2+Na]* 11486631 11232580 12357585
215.0175 Ci+Na 2231751 1620724 1727799
193.0354 C1 17416506 14955259 17084164
632.0752 Cs+Na-SO3 3192977 3883421 3240696
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712.0307 Cs+Na 4188929 4889268 4885867
355.5128 [Cs+Na]* 7300344 6416185 7624321
344.5213 Cs> 1434300 586033 1237405
438.033 B2+Na-SOs3 1.02E+08 89928728 1.01E+08
416.0511 B2 3906121 2329204 2791307
207.5216 [B2-SO3]* 30025370 24545446 29398638
336.0938 B2-2S03 4184413 2594492 3774248
517.9901 B2+Na 16546667 14209308 16575340
258.4911 [B2+Na]* 1.27E+08 1.1E+08 1.24E+08
247.5002 Bo* 7240663 5784942 7392239
175.0248 B1 9064512 7069957 7618775
346.5074 [Bs+Na]* 31426172 29354790 32269380

Supplemental Table 56. Mass list for 3i, [M-4H+Na]® precursor ion

Mass to charge Type Intensity Intensity Intensity
235.0461 24p, 6095704 5708069 7662294
257.0282 24Ao+Na 14672342 15986492 16973246
473.0523 15X1+Na 2877967 3652474 2861360
159.9685 13A,+Na 5515815 5499487 6395495
232.0393 02,2 3575836 4303758 5586101
385.1291 02X,-S03 6427921 7118606 9067832
487.0678 02X1+Na 6866344 8967269 11023825
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223.0758 02X 2296951 2046143 2498658
295.0674 02A, 41433516 42379640 49449228
250.0664 [Z2-SO3)? 2635091 2366032 2671868
290.0449 Z* 3587653 4110679 3902428
301.0358 [Z2+Na]* 2E+08 2.15E+08 2.31E+08
325.1079 Z1-SOs 9311903 11120148 12070221
381.5703 [Z3+Na-SO3]* 4131877 4438224 4609380
421.5488 [Zs+Na]? 2219367 1968444 2042850
427.0471 Z 4721492 5890587 6141419
523.1217 Z2+Na-SO3 15876294 16283533 19806644
603.0788 Z>+Na 4697920 5571375 5667516
764.1458 Z3+Na-SOs 3428790 3760238 4022335
211.0339 Y% 1.18E+08 1.21E+08 1.32E+08
222.0249 [Y1+Na]* 3103792 3695178 3442705
259.0716 [Y2-SOs]* 2982683 3231133 2027269
286.7002 [Ya+Na]* 27341288 30398538 29660670
299.0501 \Za 22711064 22432704 27117660
310.0411 [Y2+Na]> 2.65E+08 2.69E+08 2.97E+08
343.1185 Y1-SO3 51000916 52660196 58405440
365.1005 Y1+Na-SO3 19231044 23070818 24487512
390.5755 [Y3+Na-SOs]* 44748240 46556800 48740900
423.0752 Y1 2857038 2972521 3721266
430.554 [Y3+Na]* 37740152 40615264 40682688
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445.0573 Y1 1.17E+08 1.31E+08 1.49E+08
541.1326 Y2+Na-SO3 12234378 11165996 12020393
193.0355 Ci 35000056 37425912 40897796
354.1046 C2-S0O3 27349860 27948186 31377986
434.0614 (07) 9680554 10199488 11576688
456.0434 C2+Na 24764114 26596388 30505846
552.1182 Cs+Na-SO3 2780743 3392515 3633203
632.0738 Cs+Na 3208123 3043455 3168508
175.0248 B1 12790164 12459665 13889165
207.5217 B> 5238247 5830423 5456656
295.5379 Bs* 16586330 17023792 19131400
306.5289 [Bs+Na]* 7584958 9386479 9673348
336.094 B2-SOs 58436740 62339492 68799808
416.051 B2 38637960 39947732 42546548
438.0329 Bo+Na 39685360 38687232 42480700
512.1262 B3-SOs 2926105 3627586 3374982
534.108 B3+Na-SO3 3591842 3942113 4187013
614.0645 Bs+Na 39492632 37713152 41220480

Supplemental Table 57. Mass list for sample 3j, [M-4H+Na]* precursor ion
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Mass to Type Intensity Intensity Intensity

charge
4445104 [*5As+Na]* 788890 1200049 939722
4425558 [2*X2+Na]? 823807 900547 769384
691.0954 15X 1+Na 1015891 972927 1354847
486.5615 [£5Xs+Na]? 2151788 2053585 2111592
430.0667 15, 3902633 4179090 3687985
160.9525 04A+Na 925476 585084 774294
138.9705 04p, 2586993 2436402 2257371
529.079 02X;+Na 886699 777055 593506
397.0063 02A,+Na 2590631 1667005 1884989
375.0256 02A; 1520748 1444189 1420448
187.0084 02,2 873446 465976 586258
367.1185 Z 3421583 1730409 2440125
271.0718 Z,-SOs3 850048 788065 849330
645.0875 Z>+Na 2071721 1735773 1950565
322.0411 [Z2+Na]?* 15986340 12639379 13185950
463.5592 [Zs+Na]* 3633086 3953809 3370321
407.1113 Y1+Na 1222370 1172261 1170104
385.1291 \Z 6938938 5373554 5842771
583.1435 Y2+Na-SO3 861968 596013 425964
432.5861 Y3+Na-SO3 11031441 8664174 8733028
663.0999 Yo+Na 786312 827770 440294
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331.0465 [Y2+Na]* 17749454 13359074 14821590
314.7072 [Y3s+Na]* 37570076 34213648 31679210
472.5643 [Y3+Na]* 35891788 34504852 32550248
396.1162 C2-SO3 483950 690507 583341
498.0547 Co+Na 1276965 1305499 869869
476.0717 C 1926725 1796958 1819151
237.5323 Co* 618784 653889 770111
193.0354 C1 1547574 1278828 1307186
378.1047 B2-SOs3 5176692 3918043 4344764
480.0442 B2+Na 1025582 1278828 973459
458.0609 B> 2279949 1305499 1930339
228.527 Bo* 1337653 649989 718136
367.5123 [Bs+Na]* 2685137 1894629 2060139
175.0248 B1 5440769 5335352 4515866
Supplemental Table 58. Mass list for 4a, [M-5H+2Na]* precursor ion
Mass to charge Type Intensity Intensity Intensity
353.4684 [>°As+2Na]* 1350838 572190 818213
707.9439 $5A3+Na 5985812 2503094 2585923
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336.9848 24po+Na 5166719 2464495 2682282
358.9668 24p+2Na 5908698 3949326 3728809
455.5426 [L5Xs+Na]? 1493522 756534 567232
371.113 L5X4 7792552 4135482 919433
226.9867 L5 2370559 708456 4262898
138.9707 A, 19461674 4516089 681378
160.9526 04Ar+Na 1670028 648414 4671313
137.9866 L3A; 11275462 2923121 663856
159.9686 L3A+Na 1111538 473107 573210
385.1289 02X, 4912989 2180018 2424389
226.9867 02A2 2370559 708456 681378
397.0058 02A,+Na-SO3 1468743 992334 946515
498.9445 02A,+2Na 6822110 5020310 5113979
325.1075 b2 12401274 2642894 2755742
432.5392 [Z2+Na-SO3]> 1335506 1119629 959482
501.1397 Z 5577845 2392848 2551029
523.1214 Z,+Na 2737808 1616276 1725454
381.5701 [Z3+Na-SO3]> 756421 1369650 1221497
259.0715 [Y2+Na]Z 4194682 1413910 1592519
343.1181 Yi 51835016 23900596 24298912
365.1006 Y1+Na 2426596 1556181 1662538
390.5755 Y3+Na-SOs 1478714 1292028 1266442
439.1934 Y2-S03 8694911 4603584 4769891
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441.5446 [Y3s+2Na]* 38577688 23672398 27733664
519.1504 Y2 9566041 5472752 4462267
541.1325 Yo+Na 8800816 4544486 6694714
193.0354 C1-SO3 1334325 289089 459659
272.9922 C1 8265476 2734635 2901567
294.9742 Ci+Na 2439967 1531161 1346570
318.4656 [C2+2Na]* 13017124 8906673 9339472
406.482 [Cs+2Na]* 1389651 1453082 1710402
456.0435 C2+Na-2S03 1190608 580495 424502
557.9822 C2+2Na-SO3 3026002 2054282 2251709
637.9386 C>+Na 10391923 4785345 5426490
175.0248 B1-SOs 3585099 515887 913909
254.9816 Bi1 25873168 6524091 7060511
258.491 [B2+Na-SOs]* 4048969 2996880 4124915
276.9636 B1+Na 3399772 2029151 2251933
298.4694 [B2+Na]* 5724471 2778168 3111794
309.4604 [B2+2Na]* 32016876 21886986 22292362
357.4977 [Bs+Na-SOs]* 1706093 1699917 1718592
397.4763 [Bs+Na]* 16758693 9432260 9998721
438.0328 B2+Na-2S03 1384240 812086 677558
517.9894 B2+Na-SO3 1118099 915547 1135953
539.9719 B2+2Na-SO3 2454430 1881521 1778480
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Supplemental Table 59. Mass list for 4b, [M-5H+2Na]® precursor ion

Mass to charge Type Intensity Intensity Intensity
302.499 [>5As+Na]2- 2159664 1825191 2339414
606.0057 [*5As+Na]- 4153275 4157815 5452485
539.5293 [2*X3+2Na]* 928952 1050731 1105085
235.0457 241, 1285433 928631 1387061
473.0521 15X1+Na 6160080 6192316 7861274
649.0844 15X ,+Na 1198220 739222 1483201
330.011 [F5Xa+2Na]* 1008140 990450 1316543
455.542 [L°X3+2Na- 2064156 2016972 1868959

SOs3)*
495.5203 [£°X3+Na]? 5808289 5484634 6814024
332.5094 [“°As+Na]? 1078976 1356622 1080351
137.9868 13p, 3512973 3323376 3821861
138.9708 04p, 6031271 6399267 7683151
160.9527 04A,+Na 1359456 1361377 1665620
487.0683 02X, 1605997 945924 2253262
502.5293 02X3+2Na 735149 1104772 876730
462.5491 [>2X3+2Na- 886258 684427 888314

S03)?
375.0236 02p, 1333706 1681775 1851522
397.0062 02A,+Na 9380697 9101665 10803940
301.036 [Z2+Na]* 974493 386422 757258
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325.1077 Z1-S03 1635492 1479514 1739729
405.0652 1 843480 1017476 547003
427.047 Z1+Na 1910689 2593958 3273144
432.539 [Z3+2Na-SO3]* 1181718 1780200 1573096
472.5175 [Z5+2Na]* 11947792 11693389 14450973
603.0785 Z>+Na 2909485 3045122 3316420
625.059 Z>+2Na 1865955 1487173 1759098
211.0338 Y1% 3725434 4216062 4904305
310.0408 Y2+Na 23898174 22844930 24972094
320.6796 [Ys+Na]* 37923068 37593356 39810912
343.1181 Y1-SOs3 3775916 3848223 4355575
365.1003 Y1+Na-SOs 1840655 1340441 1779961
441.5451 [Y3+2Na-SO3]* 33052364 30616524 33790844
445.0573 Y1+Na 59196748 56396764 64546564
467.0401 Y1+2Na 1195511 1290632 854680
481.523 [Ys+2Na]* 8675999 8610769 11426174
643.0718 Y2+2Na 884993 946677 1096045
541.1317 Y2+Na-SO3 994223 682001 1222909
621.0917 Y2+Na 825598 618416 1058971
193.0354 C1 2979126 2264585 3012113
256.5048 Co> 963027 1161930 830671
267.4962 [C2+Na]* 14441716 14577452 16274848
456.0434 C2+Na-SO3 8721067 8568722 9465473
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536.0007 Co>+Na 3094751 3056347 3720669
557.9814 Co+2Na 1700937 1513019 2224199
175.0249 B1 3227813 3241375 3301338
207.5218 [B2-SO3]* 763700 828533 973148
247.4999 B22- 3008353 2748803 2376457
258.4911 [B2+Na]* 1894521 1881999 2090112
306.5285 [Bs+Na-SO3]* 3039091 3336177 3346068
335.5159 Bs® 2362227 3093654 2194757
336.0938 B2-2S03 1133715 1018440 1255977
346.507 [Bs+Na]* 67948824 68468720 74900824
416.0507 B2-SO3 1839494 1701121 1922935
438.0327 B>+Na-SO3 10357244 10348482 10776430
517.9901 Bo+Na 3603649 3654895 3815365
614.0635 Bs+Na-SO3 1786233 1656897 2081379
Supplemental Table 60. Mass list for 4c, [M-5H+2Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
526.0486 3°As+Na 1035868 1400286 1101798
332.5099 15As+Na 868821 977186 755105
257.0279 24p,+Na 2306836 4492564 2612503
473.0527 15X1+Na 2023873 1998406 1850752
729.0416 15X,+Na 1199995 1805712 1363023
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751.0223 15%,+2Na 8444108 11866427 9450798
495.5209 [L5X3+2Na]? 4915058 7863262 5126964
138.9705 04A, 2201737 2870125 2204178
137.9865 L3p, 3130283 5064495 3322959
159.9685 13A,+Na 1390504 2215710 1397544
487.0672 02X ;+Na-SO3 1842601 2330989 2209140
283.0082 [%2X;+Na]? 1191119 1060065 1367728
190.0133 [2As+Na]* 1795568 1119261 915774

295.0669 02p, 867522 1393298 794975

301.0358 [Z2+Na-SO3]* 8962030 6959545 9283306
325.1078 Z:-SO;3 1433797 2227023 1409572
341.0137 [Z2+Na]* 772239 1006991 821888

352.0053 [Z2+2Na]* 18859134 14005386 18421128
427.0467 Z1+Na 5544788 6781209 5688008
4725182 [Zs+2Na]* 3662870 5509751 4469967
603.0777 Z>+Na-SOs3 701063 879527 1211262
625.0616 Z»+2Na-SO;3 2990833 2214531 2921459
705.0169 Z»+2Na 1148492 1513624 1165264
211.0339 75 3128457 2967939 3081004
310.0411 [Y2+Na-SO3]* 4866408 4020658 5457672
320.6798 [Ys+2Na]* 33233052 21165622 33907556
343.1183 Y1-SO3 1838421 3038332 1645814
350.0196 [Y2+Na]* 11800761 8612507 11627181
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361.0106 [Y2+2Na]* 34741944 26614142 35554332
365.1001 Y1+Na-SOs3 1070276 1452156 1015593
379.5841 [Y3+Na-2S03]* 11276787 14372268 12993474
441.5449 [Y3+Na-SOs)* 21526144 13496805 21991226
445.0574 Y1+Na 13798141 14880494 15063420
481.5232 [Y3s+2Na]* 84428280 64659476 85101312
643.0729 [Y2+2Na-SO3]* 1004943 121868 1312227
193.0354 C1 4803759 7560434 5412906
456.0431 Co+Na 7695948 9431812 8163885
712.0322 Cs+Na 1394327 1752412 1615348
734.0156 Cst+2Na 1648858 2011737 1659372
175.0248 B1 5048745 5621932 4495785
306.5291 [Bs+Na-SOs]* 1025784 1235046 979390
336.0939 B2-SO3 3346756 3459841 2957272
346.5073 [Bs+Na]* 7424013 6053076 8196562
416.0506 B2 5465319 5271876 5668521
438.0329 B>+Na 11051382 10569571 10573188
614.0633 B3+Na-SOs3 1713832 2442810 1693888
716.0033 Bs+2Na 865475 793564 648315
Supplemental Table 61. Mass list for 4d, [M-5H+2Na]? precursor ion
Mass to charge Type Intensity Intensity Intensity
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526.0486 35As+Na 3280405 3548744 3816024
396.1132 24A3-SO3 639372 756301 665559
235.0462 241, 1042209 1133372 1313753
257.0281 24Ar+Na 22182328 2.42E+07 23832022
225.0311 L5X,2 911030 803227 617918
473.0523 15X 1+Na 4725607 5013449 5201886
324.0393 [1°X2+Na-SO3]* 696434 754709 630759
364.0166 [£°X2+Na]? 1153170 1354303 1410117
375.0077 [F5X,+2Na]? 2625171 2384608 2718783
671.0664 L5X,+2Na-SO3 2156896 2256530 2608878
751.0221 15%,+2Na 3899136 4440243 4152667
455.5421 [15X3+2Na- 4465714 4252384 4412062
S03)*
4955197 [V5X2+2Na]* 3771398 4454511 4122977
332.51 [“5As+Na]* 701077 1323733 1228607
138.9707 04As 10225003 1.16E+07 11454811
160.9527 04A3+Na 1952094 2363267 2211112
137.9867 13, 12556273 1.35E+07 12989646
159.9687 L3Az+Na 6332419 6688890 6860247
232.0392 [%2X1-SO3]* 984822 711713 627624
283.0087 [%2X;+Na]? 2531096 2961695 2998361
487.0677 02X, +Na-SO3 4631255 4775645 4705724
589.007 02, +2Na 743053 1084882 1090656
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223.076 02X 1823661 1909149 1904975
381.5236 [*2X2+2Na- 1703224 1819719 2090694
SOs]?
462.5503 [02X3+2Na- 2921195 2766567 2756802
SOs]?

502.528 [°2X3+2Na]? 949231 1130660 506371

190.0136 [2As+Na]® 1541010 1949509 1044976
295.0672 02p, 1576542 1936684 2051218
317.0489 02A,+Na 1371450 1731322 1678515
301.0359 [Z2+Na-SO3]* 1398569 1240314 1297616
325.1078 Z:-SO;3 6756599 6850005 7454355
341.0147 [Z2+Na]? 626406 779404 851502

352.0052 [Z2+2Na]? 5805828 6460995 5793197
421.5479 [Z5+Na-SOs]* 1008815 883806 1118751
427.0468 Z 6513789 6597558 6746432
432.5393 [Z5+2Na-SO3]* 3333571 3624636 2792805
472.5169 [Zs+2Na]* 3200758 2795987 3546491
603.0762 Z>+Na-SOs 1018255 973494 582061

625.0636 Z»+2Na-SO3 1172434 1416280 1588792
705.017 Z»+2Na 2238261 2451692 2498172
211.0339 Y& 15249004 1.59E+07 16073473
310.0412 [Y2+2Na-SOs]* 4943014 5355231 4822614
320.6797 [Ys+2Na]* 4998191 4158849 3957601
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343.1184 Y1-SOs3 7914286 8168837 8662354
350.0194 [Y2+Na]* 5250633 5602884 6008155
361.0105 [Y2+2Na]* 35922532 3.92E+07 40088964
365.1005 Y1+Na-SO3 5230122 5773301 5678404
441.5448 [Y3+2Na-SO3]* 26384878 3.05E+07 30279322
222.0247 Y1% 517586 1016526 671150
445.0573 Y1 84398400 9.32E+07 91264864
467.0388 Y1+2Na 3230766 3787288 3622845
481.5228 [Ys+Na]* 7919705 9129316 9551812
643.0717 Y2+2Na-SO3 1964410 2311969 2288181
193.0355 Ci 11771184 1.38E+07 13679495
215.0174 Ci+Na 3064094 3223596 2580862
355.5125 [Cs+Na]2- 844078 1193429 839574
366.5032 [Ca+2Na]* 1902678 1981680 2140586
456.0433 C>+Na 20463914 2.45E+07 23150184
654.0558 C3+2Na-SO3 1859443 1891189 2114889
734.0149 Cs+2Na 790009 1079562 840988
175.0249 B1 2703710 2796207 2884660
295.5379 [Bs-SOs]* 1850174 1826873 1669217
306.5288 [Bs+Na-SOs]* 9339436 1.06E+07 10778313
336.094 B2-SO3 3196958 3339484 3643534
346.5073 [Bs+Na]* 68871208 7.51E+07 72857952
357.4988 [Bs+2Na]* 754277 710893 801072
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416.0508 B2 3586193 3838907 4042313
438.0328 Bo+Na 8712041 9523748 10363745
636.046 Bs+2Na-SO3 918701 1048382 1493647
716.0031 Bs+2Na 1556756 1451001 1420777
614.0628 B3+Na-SO3 1623777 1012002 1517170

Supplemental Table 62. Mass list for 4e, [M-5H+2Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
302.4991 [F°As+Na]* 1049126 1062165 929990
606.0044 $5As+Na 1129521 948736 909153
257.0283 24M,+Na 670398 461935 567837
473.052 15X1+Na 1926880 1969710 1432579
649.0872 15X>+Na 3471211 3201469 2747070

495.52 [L°X3+2Na]* 4250396 3808660 3578009
332.51 [“°As+Na]* 786909 636872 439813
137.9865 13p, 2025306 1779197 1793244
159.9686 L3A,+Na 710400 428991 504967
138.9705 04p, 2824143 1853230 2246339
160.9526 04A,+Na 506524 461331 528424
397.0062 02A,+Na 5825552 5591150 6761151
325.1078 Z:-SO3 656327 535785 762716
427.0466 Z:+Na 1439998 1750614 1550625
4725174 [Z3+2Na]* 7557976 5184294 5424669
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603.0773 Z>+Na 1822586 1546780 1457331
211.0341 Y% 876137 1157631 1179961
310.0413 [Y2+Na]* 8187911 12990223 13282343
320.6797 [Ys+2Na]* 981215 1769629 2331439
343.1187 Y1-SO3 2966505 2254860 2876901
365.1008 Y1+Na-SO3 1169263 1089303 933694
441.5451 [Y3+2Na-SO3]* 2696446 6723802 7204883
445.057 Yi1+Na 33924312 40634352 41504900
481.5223 [Ys+2Na]* 2057799 1332147 1530928
193.0353 C1 835627 601849 636587
267.4966 [C2+Na]* 6584130 9485387 10265702
456.0429 C2+Na-SO3 2091750 2121245 2699517
535.9999 C>+Na 1207995 1423563 1212212
557.9816 Co+2Na 1024824 1123182 1544626
175.0249 Bi1 592743 754840 582094
258.491 [B2+Na]* 910637 1427287 1287370
306.5284 [Bs+Na-SOs]* 711992 1971198 2374325
346.5073 [Bs+Na]* 29539070 42221076 42246936
438.0325 B2+Na-SOs3 5123891 6365798 6190604
517.9896 Bo+Na 1333429 1317020 859165
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Supplemental Table 63. Mass list for 4f, [M-5H+2Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
606.0054 $5As+Na 3806096 3088745 1730145
302.4992 [P°As+Na]? 1469394 1408906 946261
539.5297 [2%X3+2Na]? 1413037 1377949 800121
235.0463 241, 758739 1490494 339610
473.0517 15X 1+Na 5238959 4464813 2874318
649.0852 15X ,+Na 3953852 3242480 1934252
4555418 [£°X3+2Na- 1185170 1413304 693494

S03)*
330.0117 [F5X3+2Na]* 705021 697263 400153
495.5205 [F5X3+2Na]? 7308995 5439494 3750942
332.5086 15As 754068 459994 410770
503.9911 [F5A4+2Na]> 1851012 943501 848252
539.5297 [“3Xs+2Na]* 1413037 1377149 800121
159.9685 L3A,+Na 869075 1056744 483212
137.9865 13p, 1639609 2630461 1548110
160.9525 04A,+Na 876160 1383238 530302
138.9705 04p, 4238176 5462835 2927984
517.5345 [03X3+Na]? 1175218 791886 700426
385.1298 02X;-SO3 892481 704088 598491
487.0675 02X ,+Na 2573936 3166793 2118578
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502.5284 [2X3+2Na]? 2299410 1312719 861651
397.0061 02p, 6335327 9602490 5539272
325.1075 Z:-SOs3 1572149 2323770 1228304
427.0466 Z1+Na 6007408 6051350 3921028
405.0642 Z 1423726 1363250 602001
523.1223 Z>+Na-SO3 1551369 1595637 1225651
603.0768 Z>+Na 2833127 2148827 1724997
625.06 Z»+2Na 7078502 7141195 4880039
301.0356 [Z2+Na]* 6929320 10067999 5599519
290.0449 Zy" 1033112 1502146 820018
432.5393 [Z5+2Na-SOs]* 1532437 1617236 867747
314.6763 [Zs+2Na]* 1671216 1579343 693065
4725176 [Zs+2Na]* 15789410 11545859 7435445
365.1002 Y1+Na-SO3 1859985 2420895 1189409
343.1183 Y1-SO3 4985872 7951448 4001566
4450571 Y1+Na 17683254 23659024 13914581
467.0376 Y1+2Na 1085593 1571967 815349
423.0747 Y1 1470693 1591050 1413595
211.0338 75 4927760 6918603 4217780
541.1308 Y2+Na-SO3 1051640 1331136 640944
621.0887 Yo+Na 1493422 1152307 844796
643.0728 Yo+2Na 1122508 744326 405829
310.041 [Y2+Na]* 22469200 33014140 21713260
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299.0502 \Za 1162502 1773116 902141

4415448 [Y3+2Na-SO3])* 13875304 16330991 12052785
320.6796 [Y3+2Na]3- 64338072 71615648 55821468
4815232 [Y3+2Na]* 43178468 42074484 27672992
456.0432 C2+Na-SO3 5675267 7993177 4578391
536.0003 Co+Na 3852101 3563516 2380388
557.9815 C2+2Na 2405144 2961318 1933785
267.4963 [C2+Na]2- 3767821 3638998 2588707
734.0112 [Cs+2Na]* 1198440 1064844 650844

193.0354 Ci 1411925 1961503 1228263
438.0328 B2+Na-SO3 9608544 13667227 8688275
416.0521 B»-SO3 738334 1063717 985865

517.9897 B2+Na 4515435 5389265 3008121
539.9721 B2+2Na 1327430 1784100 1060242
258.4909 [B2+Na]* 1914874 2496523 1486437
614.064 Bs+Na-SO3 1634622 2089059 1442869
346.5071 [Bs+Na]* 10053438 14713078 10258414
357.4981 [Bs+2Na]* 4926859 7243626 4498042
175.0248 B: 4691455 7116659 4181947
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Supplemental Table 64. Mass list for 4g, [M-5H+2Na]® precursor ion

Mass to charge lon Intensity Intensity Intensity
235.0458 24p, 1030409 1229563 2187701
257.028 24A,+Na 2689442 3203856 3932352
751.0234 L5%,+2Na 6471279 4620628 19249286
495.5208 [15X3+2Na]* 3805305 3035525 10877226
138.9706 04A, 3240383 3077794 5132025
137.9866 03A, 3348167 3519986 7076238
159.9685 04A+Na 1999268 1518543 2306939
283.0091 [>2X1+Na)* 679078 967626 2081630
487.0656 02X%;+Na-SO3 982685 1190013 2207435
190.0134 023 1210089 800810 1934578
295.0672 024, 3267332 3188541 7714463
301.0357 [Z2+Na--SO3]* 2460998 2316199 9095460
325.1078 Z1-SO3 1503008 1532047 2669139
352.0051 [Z2+2Na]* 12268004 13103831 68388928
427.0465 Z1+Na 3283420 3034856 9711016
472.5176 [Zs+2Na]* 2716962 2760397 8887796
625.0624 Z>+2Na-S03 1331946 1521457 4357626
211.0337 Y% 3206567 2506172 7287609
310.041 [Y2+Na-SOs)* 2789328 2883881 12465444
320.6798 [Y3s+Na]* 7264913 8075400 55106104
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343.1188 Y1-SO3 1842893 1803170 3833694
350.0194 [Y2+Na]* 6469536 6009930 29454074
361.0104 [Y2+2Na]* 15049344 13948276 77267256
365.0999 Y1+Na-SO3 826361 591257 1469022
379.5839 [Y3-2S03]* 11471940 11414471 20956102
441.5452 [Y3+2Na-SO3]* 4398698 3981720 25809430
445.0573 Y1 9404970 9181430 29771918
306.529 [Bs+Na-SOs]* 580121 462801 1628497
481.5236 [Ys+2Na]* 6278980 6005294 33589328
193.0354 C1 5735467 5573187 11713730
354.1039 C>+Na 1710613 2017566 4045603
434.0607 (07) 711867 877973 2357441
456.0438 C>+Na 3585068 3356300 8086379
175.0248 Bi1 3258914 2749990 7292058
336.0939 B2-SOs 4246162 3791343 10279680
346.5073 [Bs+Na]* 5144408 4977452 19718614
416.0508 B2 4598641 3938988 12861164
438.033 Bo+Na 7039556 6235889 22019906
614.0648 B3+Na-SO3 850041 683948 2699157
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Supplemental Table 65. Mass list for 4h, [M-5H+Na]* precursor ion

Mass to charge Type Intensity Intensity Intensity
323.5048 [3°As+Na]* 785230 777884 582630
322.6558 [3°As+Na]* 1389511 1415646 616267
4425538 [2*X2+Na]* 2330515 1646692 1083362
336.9849 24M,+Na 1441066 2338390 1908303
413.1234 15X 1480325 1136825 917841
334.0528 LOX,% 955223 650815 1002196
345.0441 15X ,+Na 783458 837877 680078

691.098 [LXo+Na]* 1196952 5102210 500153
316.7116 L% 915136 610412 905585
446.5851 [15X3+Na-SOs]* 1147684 634974 680078
486.5634 [L°X3+Na]* 2000989 1641239 953124
393.4933 [Y°As+Na]* 1619199 1255495 1517375
708.0374 L5As+Na-SO3 1560342 890720 531427

254.508 L5, 2123399 1537060 717389

226.987 L5A; 1933583 1869720 1305765
138.9706 L3As/04A, 17139282 4723723 23020492
160.9525 L3A3+Na/*Ar+Na 3175584 23692250 4681124
253.0446 02,2 1368752 2096930 1521725
529.0799 02%,+Na 1223277 1265305 725864

226.987 02,2 1933583 1869720 1305765
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237.9778 [*2A2+Na]? 2267149 3039390 3188611
337.9912 [“2A4+Na]* 14253575 9643333 4748814
397.006 02A,+Na-SO3 2063976 2313880 2468677
271.0706 [Z2-SOs]* 754742 1193766 992298

311.0501 Zo* 5650282 4665712 4122502
322.041 [Z2+Na]* 18877010 23221350 21279026
367.1184 Z: 11416510 11941409 9422920
463.5595 [Zs+Na]* 6839928 4671585 1650817
645.0901 Z»+Na 3139058 2628950 1737143
213.0343 T 1387923 1427869 1475201
280.0768 [Y2-SOs]* 2797623 3243543 2813301
307.3799 \Z 4542814 5198757 4747999
314.7071 [Ya+Na]* 35525020 40968280 42259836
320.0554 \Za 6932348 314.7071 7579344
331.0462 [Y2+Na]?* 25769246 28661118 30473172
385.1291 \7 11765651 14589188 13833875
407.1105 Y1+Na 1642378 2629451 1967804
432.5879 [Y3+Na-SO3]* 980040 1431813 458239

472.5645 [Y3+Na-SO3]* 2145386 2334260 1595799
193.0355 C1-SOs 647019 1095452 1062080
272.9923 Cu 977288 1518673 489371

277.5118 Co> 868397 1041008 1491622
288.5021 [Co+Na]* 1134893 1285271 1394074
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294.9744 Ci1+Na 2258485 1970559 1986058
416.4966 [Cs+Na]* 2487047 2320370 1037721
498.0531 C2+Na-SO3 910686 1543444 1393011
578.013 Co+Na 1856905 1401130 814680
175.0248 B1-SO3 2271741 2938742 2442893
228.5269 B2-SO3 7838213 8879348 8149124
254.9817 Bi1 11414815 14048083 12996723
268.5054 B2* 7886756 8685465 7949080
276.9636 Bi1+Na 3291855 5083127 4241916
279.4964 [B2+Na]* 4785582 5782640 5901930
367.5123 [B3+Na-SO3]> 2059375 2222824 1247816
407.4909 [Ba+Na]? 1145267 1065767 1967804
458.0613 B2-SO3 2097676 2127898 1053392
480.044 B>+Na-SO3 2310728 2163421 2162538
Supplemental Table 66. Mass list for 4i, [M-5H+Na]* precursor ion
Mass to charge Type Intensity Intensity Intensity
342.4775 [>5As+Na]* 1434290 1959210 1355126
164.0055 [*°A2-SOs]* 1041250 1405202 865069
214.9748 [>5A+Na)* 1215350 1095174 837462
351.0014 35A,+Na-SO3 1393518 1765333 1397784
231.2373 [>5As+Na]* 900235 875806 369657
282 [>°As+Na-SO3]* 1259599 1079150 882810
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308.6529 [*°As+Na]® 2208175 2511501 2000414
325.1085 24%0 1481430 1690682 1241330
235.0459 24A2-S03 1559001 1525774 1368832
336.985 24/,+Na 2533322 3353329 2531737
413.1234 15X, 2189359 2971709 2070673
611.1382 15X, +Na 798696 1152657 914125

589.1569 15X, 593701 73216 395737

310.0352 [£°X3+Na]* 5342714 7134668 5598454
4255781 [£°X3+Na-SO3]* 567628 1115614 919203

465.5569 [£°X3+Na]? 5749788 6698332 4958843
226.9868 15A1 2369625 2774377 2143280
168.9812 Lip, 1142175 1729962 941771

190.963 L4A1+Na 1490671 1516281 1239687
137.9866 13p, 11042352 12479291 9201944
159.9686 L3A,+Na 4204167 5022994 3860341
160.9526 13As+Na/’4Az+Na 4644111 5781021 3806966
138.9706 L3As/04A, 27319530 33185860 24377956
427.1399 02X, 4698089 5895175 4471831
255.7675 [%2X3+Na]* 1385501 1339984 1322643
314.7068 [>2X3+Na-SO3]* 776482 732330 708899

187.0081 027,-S03 711857 944801 637867

226.9868 02p, 2369625 2774377 2143280
237.9778 [2A2+Na]? 2593053 2975694 2505950
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397.0067 02A,+Na-SO3 4855252 5606124 4347392
476.963 02A,+Na 2779839 3425361 2326749
271.0716 Z” 10947536 15085654 10359285
294.7004 [Zs+Na]* 2116201 2411483 1771621
367.1184 Z 4952137 6366546 5259995
402.5763 [Z3+Na-SO3]* 1530529 1430788 942487

565.1317 Z>+Na 2155324 3237440 1846839
192.0607 75 518752 747647 618479

280.0768 \Za 1.27E+08 1.62E+08 1.16E+08
300.7035 [Y3+Na]* 45529992 58291192 41193588
385.1292 Y1 43756768 54963880 40428128
407.111 Y1+Na 5853122 7633493 5520832
451.5597 [Ya+Na]* 774571 1074279 860825

481.2053 Y2-SO3 1844981 2414555 1690455
561.1615 \Z 1484432 1638215 880023

583.1438 Y2+Na 2434406 3187925 1980871
135.9926 Co> 604587 419701 421271

193.0354 C1-SO3 9284493 11310409 8435880
204.6472 [Co+Na]* 1724020 2306964 1599117
263.3246 [Cs+Na]* 2099108 1765733 1195118
267.4965 [C2+Na-SOs]* 6088346 7179674 5391552
272.9923 C1-SO3 21634434 27491488 20483082
294.9743 Ci+Na 15972485 19843552 15415935
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307.4746 [C2+Na]? 11714436 15449015 11925317
355.512 [C3+Na-SOs]* 1045970 1008115 425070
395.4917 [Cs+Na]? 2092804 2588080 1656991
456.0438 C2+Na-2S03 2885529 3571635 2839526
175.0248 B1-SO3 4974416 6105023 4088244
198.6438 [B2+Na]* 8785666 11701043 7789772
207.5217 [B2-2S03]> 716257 480242 565983
247.5 [B2-2S0s]* 7189932 6290958 9115275
254.9817 B: 13581352 16316972 13294333
258.491 B2+Na-SO3 70131816 85627536 64084124
276.9637 B: 11367042 14713952 10811804
287.478 Bo* 826990 929852 1022501
298.4693 [B2+Na]? 36583224 49107144 35383112
346.507 [Bs+Na-SO3]* 3762336 4414270 2916271
386.4854 [Bs+Na]? 2780012 3376198 2567595
416.0504 B,-2S03 802299 855523 598260
438.0328 B2+Na-25S03 2742004 3429761 2604654
517.9901 B2+Na-SO3 3906398 4922208 3801642
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APPENDIX E

SUPPLEMENTAL DATA FOR CHAPTER 7
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Pg dp3 m/z 434

Mass to
Charge Intensity Type Accuracy PPM lon Structure
(45)
s (@
182.9964 | 4735698 02A,+-SO3 2.635275885 ( (s5)
225.0074 | 3.57E+07 Z1-SO3 0.208579807 e
(45)
225.0074 | 3.57E+07 Bpr-SO3 0.208579807 S(!Sﬁ :
243.0179 | 2.57E+07 Y1-SO3 0.4592995 o |
s)
243.0179 | 2.57E+07 Cpr-SO3 0.4592995 ; ((’mﬁ =
246.9892 | 2426515 Z1+Na-SOs 0.775620958 ‘|
(45)
246.9892 | 2426515 | Bpr+Na-SOs 0.775620958 S(!Sﬁ 3
264.9999 | 2.76E+08 | Y1+Na-SO; 0.212286872 ‘|
(45)
264.9999 | 2.76E+08 | Cpr+Na-SO3 0.212286872 ’ ((’ssﬁ e
g
270.9201 | 1767539 LA +Na -0.40094478 3s
285.023 993557 B:1*°Xp+Na -0.701038162 -
285.0287 | 7329414 02%1-S03 -0.433977351 | o
285.0287 | 7329414 2471-S03 -0.433977351 S (I
285.0287 | 7329414 13A:-S0O;3 -0.433977351 ) {
45
298.9514 899351 LSA,+Na -0.362921866 %
304.9643 | 7119925 Z: -0.126283634
304.9643 | 7119925 By -0.126283634 O
-
306.9176 | 4826932 02A,+2Na -0.045360709 s
307.0105 | 2095193 | °2X;+Na-SOs 0.068212651 o B
307.0105 | 2095193 | 2%A;+Na-SOs 0.068212651 ) (I
307.0105 | 2095193 | %3A;+Na-SO; 0.068212651 ) {i
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321.9973
323.0052

326.9462
326.9462

327.0028

337.0212

344.9568

344.9568
346.9702

348.9283

348.9283
351.0006

365.0167

366.9388

366.9388
372.952

372.9673

372.9831
381.0111

381.0111

381.0111

381.0111
386.9673

386.9673

851833
853826

5.65E+08
5.65E+08

800406

3562753

2.80E+09

2.80E+09
8343895

7812848

7812848
9284221

824240

1.99E+08

1.99E+08
1.81E+08

7126981

1465195
5.95E+07

5.95E+07

5.95E+07

5.95E+07
8.73E+08

8.73E+08

[0‘4X[3f+2 Na-
2S03)*

25%1+Na-S03
Z1+Na

BprtNa

810,3)(Bf

LAA1+Na-SO3

Y1

Cpt
[*3Xpr+2Na]*

Z1+2Na
Bpr+2Na
14X 1+Na-SO3

25A1+Na-SO3

Y1+2Na

Cprt2Na
15%1+Na

[**Xpr+3Na-
SO3)*

14%,+2Na-S03
24%,+Na-SO03
13%,+Na-S03

0.2A;:+Na-SO3

C11‘3X[31+Na
02X 1+Na

247:+Na

0.96439318
0.729288569

0.018737027
0.018737027

-0.136133391

-0.339361441

-0.084613494

-0.084613494
1.543265099

-0.427698183

-0.427698183
-0.711719581

-1.917035577

-0.230419896

-0.230419896
-0.843449023

-0.830826188

-2.158746603
-0.485886107

-0.485886107

-0.485886107

-0.485886107
0.091733849

0.091733849

(4S)(6S)
xS I3 p3 © )
(4s)(38)

s { (45)(6S)

s ( ;
(45) (35)
3P

ASZ
55 6S

53

O
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386.9673

394.9806

401.0397
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402.9624
408.9495

408.9495

408.9495

416.9775

419.0502

419.0502
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434.9577

438.9603

452.9379
460.9677

460.9677

460.9677

8.73E+08

4714873

9783128

9783128
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1500582
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2.41E+07
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2404569
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5.65E+07
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0'2A1+Na

0.091733849

-1.272204255

-0.411630071

-0.411630071

-0.371945373
-0.537631175

-0.537631175

-0.537631175

0.959725645

-0.239575116

-0.239575116

-0.521112747

-0.521112747
-0.012335738

1.850253484

-1.03694571

2.670079055
0.063839614

0.063839614

0.063839614

3
f
45 35

48)
3 s 3|j 3 @
i
(4S) S\ (35)

(55)(6S)
s ( Y63 €

3
F
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i
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{hiaen
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466.955
482.95

482.95

482.95

488.9366

496.9648

502.9784

502.9784
520.9883

520.9883

524.9602

524.9602
542.9704

542.9704

546.9419

546.9419
564.9524

564.9524

570.9658

584.9813

689.0296

1.04E+07
5.04E+08

5.04E+08

5.04E+08

4549145

1682764

9.30E+07

9.30E+07
1959348

1959348

7.87E+07

7.87E+07
6.08E+08

6.08E+08

2470316

2470316
7244274

7244274

1246419

7526957

721731

25A1+2Na
24X1+2Na

13%,+2Na
02A;+2Na
25A1+3Na
15A;+2Na
Zp+Na

B1+Na
YprtNa

Ci+Na
Zpr+2Na

B:+2Na
Yprt2Na

Ci1+2Na
Zpr+3Na

Bi1+3Na
Yp+3Na

C1+3Na
1'5X3f+2Na
0'2X3f+2Na

[M-3H+2Na-
2503]

-0.515158848
-0.674881458

-0.674881458

-0.674881458

0.212874225

1.054662221

-0.210517987

-0.210517987
1.07257687

1.07257687

0.073818929

0.073818929
0.743020246

0.743020246

0.518135473

0.518135473
0.616115623

0.616115623

-0.143511222

0.116455005

-1.288411993

3
p
45 35
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Pg dp 3 m/z 282

Mass to Intensity Type Accuracy PPM lon Structure
Charge
151.9785 | 2213629 Z” -0.049164849 e
151.9785 | 2213629 B -0.049164849 H
152.9861 | 1214720 03 Aus 1.422089981 s

@
160.9526 | 1127600 | 2*A.++Na-SO3 0.075388655 e
160.9838 | 1.86E+07 Y. 1.08626593 U
160.9838 | 1.86E+07 Cp 1.08626593 H
171.9747 | 3357787 Y1+Na® 0.274400827 e
171.9747 | 3357787 Cpr+Na> 0.274400827 H
175.0248 | 1308516 C1Zopr 0.066024929 fj
175.0248 | 1308516 B1Yap¢ 0.066024929 ﬁ
182.997 | 5519605 02— SO3 -0.097018037 S ( =

)

193.0354 | 1781191 C1Yopr -0.641115235 iﬁ
200.0161 | 3918530 [Z2p-SO3s]* -0.853710423
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200.0161

209.0216

209.0216

209.0371

214.3504

225.0074

225.0074

239.9946

239.9946

241.0023

243.018

243.018

3918530

5810266

5810266

1186490

1307770

1.37E+08

1.37E+08

1.00E+07

1.00E+07

6828999

8.07E+07

8.07E+07

[B1-SO3]*

[Y2p-SOs]*

[C1-SO3]*

[*XprtNaJ*

[M-3H-2S03]*

Z1-S03

Bpr-SO3

Zop>

B.Z

[M-3H-S03]*

Y1-SO3

Cp-SO3

-0.853710423

-0.901404448

-0.901404448

-1.835645443

-1.446065259

0.653009925

0.653009925

-0.681173376

-0.681173376

-0.159525382

-0.363684845

-0.363684845

m
w
—_—
El
=
T
kil
=
8
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246.9895

246.9895

248.3298

250.9855

250.9855

255.0122

259.9907

259.9907

260.006

265

265

270.9201

282.0506

2.05E+07

2.05E+07

3143686

2.84E+07

2.84E+07

1462417

4.98E+08

4.98E+08

4026855

7.35E+07

7.35E+07

9068252

3.23E+07

Z1+Na-S0s3

BprtNa-SO3

[M-4H+Na-
SOs]*

[Z2pr+Na]?

[Bi+Na]*

B12°Xpr+Na

[Y2p+Na]*

[C1+Na]*

[>°Xp+2Na-
SOs)*

Y1+Na-SO3
CprtNa-SO3

Laa+Na

[M-2H-3S03]*

-0.843881686

-0.843881686

-0.497590972

-0.761633033

-0.761633033

0.139216869

-0.418537726

-0.418537726

0.368756875

-0.165071698

-0.165071698

-0.770057013

-0.829670279

(48)(6S)
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282.3091

283.0436

283.0436

284.9356

285.0228

296.0013

298.9515

303.0094

303.0094

304.9643

304.9643

321.0827

321.0827

9.44E+09

1199961

1199961

1479085

5861823

3787273

1112277

4963099

4963099

2.89E+07

2.89E+07

1530259

1530259

[M-5H+2Na]*>

B124Xg+Na

B113Xg+Na

0.2A,+Na

B1 *5Xgr+Na

[3Xp+Na-SOs]*

LSA.+Na

[2*Xpr+Na]*

[13X +Na-SOs]?

Z1

BBf

Zﬁf

B1

0.576783863

-0.227420793

-0.227420793

0.145436372

6.60E-04

0.188749171

-0.697424164

-0.393050643

-0.393050643

-1.110004243

-1.110004243

0.063422912

0.063422912

3P
(45)

(g

(4s

45

35

(35)

(4S)(BS)

AR

Z)(3%)

1A (35)
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322.028

322.9749

322.9749

326.9462

326.9462

327.0029

339.093

339.093

344.9567

344.9567

346.9703

348.9283

1945407

1424266

1424266

1.69E+09

1.69E+09

2199589

3030471

3030471

3.13E+09

3.13E+09

1.12E+07

4865995

[M-2H-2S03]*

Copt

Z1+Na

BprtNa

Bl 0,3XBf

Ypt

C1

Yi1+Na

CprtNa

[**Xpr+2Na]*

Z1+2Na

2.401247717

-0.847823873

-0.847823873

-0.898844307

-0.898844307

-0.441941035

0.840624843

0.840624843

0.495169537

0.495169537

1.255055548

-0.427698183

55 65

45

35

45 65
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348.9283

366.939

366.939

401.0396

401.0396

419.0498

419.0498

423.0213

423.0213

502.9777

502.9777

4865995

8.87E+07

8.87E+07

1.36E+08

1.36E+08

1.37E+07

1.37E+07

4.08E+07

4.08E+07

1.29E+07

1.29E+07

Bpr+2Na

Y1+2Na

Cprt2Na

Zp-SO3

B1-SO3

Yp-SO3

C1-S0O3

Zpr+Na-SO3

B1+Na-SOs3

Zpr+Na

Bi+Na

-0.427698183

-0.775469493

-0.775469493

0.336425797

0.336425797

-0.478209895

-0.478209895

-0.048323785

-0.048323785

-0.210517987

-0.210517987

45

3

55 65
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Pg dp 3 205

336

Mass to Intensity Type Accuracy lon Structure
charge PPM
129.4916 | 473100 [Yis+Na]+ 1.21533752 I—Q—w
129.4916 | 473100 [C1+Na]* 1.21533752 i—@j
137.9811 | 596675 LSA# -0.469506331 o
138.9705 | 469152 24y-SO3 1.205262988 . (
150.0081 | 443046 [>°X1-S03]* | 0.048310725 o "H
151.9785 | 2.66E+07 z:* -0.049164849 B
151.9785 | 2.66E+07 Bpi -0.049164849 H
160.9838 | 5.17E+07 Y1 -0.156096452 o
160.9838 | 5.17E+07 Cp* -0.156096452 H
165.6639 | 877557 Yo 1.330601698 e
165.6639 | 877557 Ci? 1.330601698 iﬂ
168.9812 | 3.08E+07 L4A.— SOs 0.190447221 ) {Q
174.9813 | 520924 15Xq % -0.387572844
175.0248 | 7589225 C1Zops 0.066024929 i
175.0248 | 7589225 B1Yopt 0.066024929




181.9891

181.9891

182.997

189.9865

192.9798

192.9798

193.0354

194.343

196.9943

197.0068

197.0068

197.0125

Mass to

charge

200.0161

4107527

4107527

1.07E+07

2312419

2040872

2040872

1580572

7241325

1570267

693933

693933

1158688

Intensity

3.72E+07

[°?X1+Na]*

[2’4A1 +Na]2‘

C1Yopt

2’4X2[3f 3-

1,4A12-

Ci1Z2pr +Na
B1Yopr

LA -S03

Type

Z5p-SO3%

337

-0.235101993

-0.235101993

-0.64347503

0.0764528

1.189414643

1.189414643

-0.123075871

0.241384219

0.200802764

-0.222357807

-0.222357807

0.163999746

Accuracy

PPM

0.14620823

55 65




200.0161

205.0719

205.0719

205.9845

207.9857

209.0214

209.0214

209.0371

210.9918

216.3229

218.9894

218.9894

225.0074

225.0074

225.9971

3.72E+07

1315234

1315234

2.31E+09

627028

6726480

6726480

1186490

1191113

572715

3955741

3955741

4.45E+08

4.45E+08

6383493

B1-SOz*

0,2)(l

2,4Al

[M-5H+Na]*

[1,4A1+Na]2-

[Y2p-SO3]*

[C1-SO3)*

[*Xpr+Na]

Z1-S0Os3

Bpr-SO3

1,5A12—

338

0.14620823

-0.67416355

-0.674163549

0.688673177

-1.866109064

0.055434515

0.055434515

-1.835645443

-0.014844179

2.473502959

-0.665881545

-0.665881545

0.208579807

0.208579807

-0.091987906

(55)(65)

S(H%




229.9803

2108564

[**X1+Na]*

-0.319601288

55 6S

229.9803 | 2108564 [>2A1+Na]> | -0.319601288 T
p
239.9946 | 1.89E+08 Zop® -0.264497618 I. g
239.9946 | 1.89E+08 B:1* -0.264497618 >
B
241.0023 | 4.82E+07 | [M-3H-SO3]* | 0.255408351 { o
243.018 | 2.48E+08 Y1-SO3 0.047807158 o {
243.018 | 2.48E+08 Cp-SO3 0.047807158 . (@S)
(33)
246.9895 | 1.13E+07 Z1+Na-SO0s -0.439006516 .
) (
246.9895 | 1.13E+07 Bpr+Na-SOs | -0.439006516 . ((;SJ
p
(38)
248.9999 | 2885233 Y -0.325843504 IJ%
248.9999 | 2885233 Ci* -0.325843504 <
f
250.9855 | 1.86E+07 [Z2pr+Na]* 0.035225142 Iﬁj.ﬁﬁ (
250.9855 | 1.86E+07 [B1+Na]* 0.035225142 >
f
259.9907 | 7.64E+08 [Y2s+Na]* 0.350720237 I%%
259.9907 | 7.64E+08 [C1+Na]* 0.350720237

339




265

265

270.9201

271.0129

274.982

285.0287

285.0287

292.0176

298.9515

301.0236

303.0094

304.9643

304.9643

315.0391

322.9749

2.13E+07

2.13E+07

1411140

1520599

3.27E+08

1.27E+07

1.27E+07

872510

1112277

1603815

2210692

4.38E+07

4.38E+07

9782023

7110174

Y1+Na-SO3

Cpr+Na-SOs

L4A+Na

1,5)(l

[M-4H+Na]*

0.2%4-S03

24A1-S03

2,4XBf2-

LSA+Na

25X1-S03

[2’4X[31+N3.] 2-

Z1

Bpt

L4A1-SO;

340

-0.165071698

-0.165071698

-0.40094478

0.096821959

-0.189277844

-0.433977351

-0.433977351

2.084062741

-0.697424164

-0.362343683

-0.723073278

-0.126283634

-0.126283634

0.130110834

-0.22858123

(55)(65)
S
{ @

(s)
RlLan

)

45

35

55 65




322.9749

7110174

Copt

-0.22858123

323.0054 | 2492328 | *°Xpr+Na-SOs | 0.110103422 ;
326.9462 | 2.30E+07 Z1+Na 0.018737027 S
326.9462 | 2.30E+07 Bpr 0.018737027 >
343.0342 | 2698427 25A1-S03 -0.4209143
; ((45)1(35)
344.9567 | 3.67E+08 Y1+Na 0.205277938 e
344.9567 | 3.67E+08 Cpr+Na 0.205277938 >
364.9851 | 591111 02X 0.796909243 y e
364.9851 | 591111 %A1 0.796909243 I
48) ﬁ(33)
372.9516 | 8839686 1*X1+Na 0.229075301
373.0446 | 6720657 5A1-SOs 0.054411724 . ( i
(43) ﬁ(SSl
381.011 | 9895787 | ?**X1+Na-SOs | -0.22342662 | o
381.011 | 9895787 | ©*°A1+Na-SOs | -0.22342662 ( T
(43) ﬁ(SS)
386.9672 | 6.44E+07 02X1+Na 0.350153708 o
386.9672 | 6.44E+07 4Ar+Na 0.350153708 i
P
401.0396 | 7.76E+07 Zp-SOs -0.162278239 ( e
s{ Ysf2
401.0396 | 7.76E+07 B1-SO; -0.162278239

341

f
3
5 F
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416.9779

419.0498

419.0498

423.0213

423.0213

4449726

474.9834

502.9777

502.9777

5618035

1128063

1128063

4576912

4576912

1.59E+07

6514866

1084875

1084875

LAA1+Na

Yp-SOs

C1-S03

Zpr+Na-SO3

B1+Na-SOs3

25A1+Na

1*5A1+Na

Zpr+Na

Bi+Na

4.41E-04

0.714965142

0.714965142

0.424465624

0.424465624

0.482739836

-0.043176246

1.18119352

1.18119352

342




Ib dp 3 434

Mass to Intensity Type Accuracy Structure
charge PPM
138.9705 757365 24 Agt 1.205262988 ;;
160.9523 | 557021 24740+ Na | 1.442252671 g
182.9966 | 8319349 02 Aqt 1.10518945 Z‘;
225.0072 | 2.42E+07 Z1-S03 0.786339037 f g
225.0072 | 2.42E+07 B13-SOs 0.786339037 . ((;S)ﬁ
(28)
239.9946 | 493576 Zog% -0.514503115 Y
Y3
239.9946 493576 B1% -0.514503115 >3
p
243.0178 | 1.12E+07 |  Y1-SO3 | 0.788493617 R
243.0178 | 1.12E+07 C1p-SO3 0.788493617 . ((;5)
IB (ZSJE
259.9911 | 613347 [Ys+Na]> | -1.264720119 o
Iﬂﬁ
259.9911 613347 [C1+Na]* | -1.264720119 >
p
264.9998 | 1.69E+07 | Y1+Na-SO3 | 0.476438041 s
264.9998 | 1.69E+07 | Cip+Na-SOs | 0.476438041 ( s)
(253Ij
271.0122 | 364900 15%1-S03 2.42144018 s g

343




285.0284

285.0284

298.9515

304.9641

304.9641

326.9461

326.9461

344.9566

344.9566

346.9703

348.9280

348.9280

351.0005

366.9387

366.9387

372.9517

381.0109

798942

798942

408329

5282509

5282509

4.16E+07

4.16E+07

3.22E+08

3.22E+08

1195943

1481826

1481826

581020

1.94E+07

1.94E+07

1.46E+07

3490022

0.2X1-SO3

2471-S0O;

l’SAaf + Na.

Z1

Bip

Z1+ Na
Big+ Na
Y1+Na
CiptNa

[24Xp+2Na]?

Z1+ Na

Big+ Na

14%,+Na-S03

Y1+2Na
Cipt2Na

L5%;1+Na

24X 1+Na-SO3

0.302790784

0.302790784

-0.965025841

0.299995897

0.299995897

0.324597846

0.324597846

0.263256244

0.263256244

1.168592715

0.432077678

0.432077678

-0.398329928

-0.012399891

-0.012399891

-0.065869118

0.039033004

| QIR
R 148)(85]

“le—a—
@

3
s 8
(45) (25)

S

45

23

45 68
43

25

43 65
45

2s

45 68

45 65

& o
3

@05

45 65

45

>

2s

{ (45)(6S)

45 63

344




381.0109

386.96736

386.96736

401.03958

401.03958

408.94937

408.94937

423.02153

423.02153

424.94437

438.95939

441.03123

441.03123

460.96774

3490022

6.18E+07

6.18E+07

3878778

3878778

1.09E+07

1.09E+07

2204132

2204132

1641024

4878100

2137194

2137194

2526556

0.2A;1+Na-SO3

02%+Na

247,+Na

Z13-S0O3

B1-SO3

0.2%1+2Na

24A1+2Na

Z3+Na-SOs3

B1+Na-SO3

25%1+2Na

L4p1+2Na

Y2|3+ Na-SOs3

C1+Na-S03

24%1+Na

0.039033004

-0.063318002

-0.063318002

-0.112407858

-0.112407858

-0.219743584

-0.219743583

-0.119242158

-0.119242158

-0.412388097

1.036136851

1.846227534

1.846227534

-0.02293436

(45)(65)
s { Y @

B
3
5 p
(45) (28)

45 65

345




460.96774

466.95476

482.9499

482.9499

502.97819

502.97819

524.96087

524.96087

542.97065

542.97065

564.95401

564.95401

584.98177

2526556

578068

1.98E+07

1.98E+07

4583382

4583382

4957187

4957187

7228288

7228288

465325

465325

670763

02A:+Na

25A1+2Na

24%1+2Na

02A1+2Na

Zip+Na

B1+Na

Zp+2Na

B1+2Na

Y2p+2Na

Ci1+2Na

Y2p+3Na

Ci1+3Na

02%3-SO3

-0.02293436

-0.001190694

-0.467820782

-0.467820782

0.206995059

0.206995059

-1.202466767

-1.202466767

0.28258986

0.28258986

-2.233675623

-2.233675623

-0.68698893

3P
P
45 44 28
48 65

3ﬁ3

45 65

3ﬁ3

3P

45 25

48 65

BEZ

(45)(63)
2% 8 3ﬁ 3
(25)

346




Ib dp 3 282

Mass to Intensity Type Accuracy PPM | Structure
charge
138.9707 1623989 24N -0.233891029 g
151.9783 465102 7% 1.266812433
151.9783 465102 Bip® 1.266812433 >
152.9862 342147 03¢ 0.768435323 4s
@

157.0143 501241 GlcAgz -0.338376823 Iﬁ
160.9527 1422239 | 2*Aqs+ Na -0.545911935 g

2- 18 BS
160.9838 1.35E+07 | Y1 -0.156096452 T

2 _ 43
160.9838 1.35E+07 | Cup 0.156096452 >,
165.664 319886 Yop> 0.726969448 s

347




165.664 319886 C.* 0.726969448 iﬁ_ﬂ
[
168.9815 247395 “*A1+Na-SOs | -1.584895388 | _ (g)
(28)

175.0249 1480349 | GlcAcz -0.505322386 Iﬂ
175.0249 1480349 | GlcAsy -0.505322386 Iﬂ
182.9969 5542940 | %2A.r -0.097018037 g
193.0353 655719 GlcAcy 0.39496403 >
197.007 309813 GlcAcz -1.237549935 I—ej
197.007 309813 GlcAsy -1.237549935 T—ﬂ
200.0161 3279072 | [Z24-SO3)? 0.14620823 ( S

s ij & )
200.0161 3279072 | [B1-SOs]* 0.14620823 T

) ((48) B(QS)
209.0212 842113 [Y2p-SO3]? 1.01227531 P
209.0212 842113 [C1-SOs]* 1.01227531 ﬁ

) {MSJ E(283
211.0077 390348 [Z2p+Na-SO3]? | -2.836090816 ( o)

s { Y
211.0077 390348 [B1+Na-SO3]* | -2.836090816

7
3
5 p
(45) (25)

348




225.0074 | 1.02E+08 | Z;-SO3 0.208579807 | s | ¥
225.0074 | 1.02E+08 | Bip-SO3 0.208579807 | . (“‘5)
(25)
239.9945 | 1L10E+07 | Zp*™ 0.152178487 o
ik
239.9945 1.10E+07 | B1* 0.152178487 >3
P
243.018 2.29E+07 | Y1-SOs 0.047807158 || o “&% |
243.018 2.29E+07 | C1p-SO3 0.047807158 ( @9
P
(25)
246.9895 | 1457033 | Z1+Na-SOs -0.439006516 | < | o “x”
246.9895 | 1457033 | Bip+Na-SOs -0.439006516 | . ((“S)B
(28)
250.9855 | 1861924 | [Zp+Na]” 0.035225142 e
NAE
250.9855 | 1861924 | [Bi+Na]* 0.035225142 %
P
259.9908 | 1.87E+07 | [Yzp+Na]* -0.033908892 s
\E
259.9908 | 1.87E+07 | [Ci+Na]* -0.033908892 >
B
264.9999 | 9644279 | Y1+Na-SOs 0.212286872 TS
264.9999 | 9644279 | Cip+Na-SO3 0.212286872 ( @9
P
(25)
280.9961 333735 [%?Xpr+Na- -0.094211272 ( e
EERRAE
803]2- 1)(25)

349




298.951

1011062

1,5A(xf +Na.

0.975089563

45

®
25
304.9642 1.12E+07 | Zs 0.201623666
304.9642 1.12E+07 | By 0.201623666 >
B
326.9462 2.38E+07 | Z1+ Na 0.018737027 S
326.9462 2.38E+07 | B+ Na 0.018737027 >
p
331.9654 1667067 | [“?Xpr+2Na]> | 0.160028726 o o
[)2S
344.9567 3.61E+08 | Yi1+Na 0.205277938 o
344.9567 3.61E+08 | Cip+Na 0.205277938 :
B
346.9702 1377603 | [*®Xp+2Na]> | 1.543265099 o
A
&) 2s
348.9276 547200 Z1+2Na 1.578447792
348.9276 547200 Bip+ 2Na 1.578447792 >
p
353.979 800695 [*“Xprt2NaJ2- | -1.241601903 | & &
§)2s
366.9387 1.32E+07 | Yi1+2Na 0.042105125 o
366.9387 1.32E+07 | Cip+2Na 0.042105125 R
B
401.0396 8791207 | Z1p-SOs -0.162278239

350




401.0396 | 8791207 | B:-SO3 -0.162278239 ﬁ

) ( (43) ﬂ(233
419.0497 [ 1254891 | Y15-SOs 0.953600492 | _
419.0497 | 1254891 | C1-SO3 0.953600492 ﬁ

) { (45) A (25)
423.0214 | 3170034 |Zip+Na-SO3 | 0.188070863 ( e

s | YeP3
4230214 | 3170034 | B:+Na-SO3 0.188070863 ﬁ

) ( (45) A (25)
441.0316 | 1838627 | Y1+Na-SOs 1007283832 | [a& o
4410316 | 1838627 | C1+Na-SOs 1.007283832 ﬁ

) ( (45) AA(2S)
5029782 | 3747757 | Zy+Na 0.187113477 o

N3
502.9782 | 3747757 |Bi+Na 0.187113477 >

p

524.9613 | 530186 | Zx+2Na -2.021573781 o

N
524.9613 | 530186 | Bi+2Na -2.021573781 7

P

542.9707 | 6371434 | Yy:+2Na 0.190503834 o

AE]
5429707 | 6371434 | C1+2Na 0.190503834 ;
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Ib dp 3 205

Mass to Intensity Type Accuracy PPM Structure
charge
151.9785 | 1937439 Z* -0.049164849
151.9785 | 1937439 Bip? -0.049164849 >
152.9863 664493 03y 0.11478152 3
160.9527 2337516 24Aq¢+ Na -0.545911935 g;
160.9838 | 9.12E+07 Y. -0.156096452 o
160.9838 | 9.12E+07 Cip? -0.156096452 .
168.9812 | 5696860 | *A;+Na-SO; | 0.190447221 =
@)

171.9748 743435 [Y1+Na]* -0.307079875 A
171.9748 743435 [C1+Na]* -0.307079875 -
179.0108 2736856 [24X1-SOs]* 0.262000952 Ao o
179.0108 2736856 [*2A1-SOs]* 0.262000952

) {(‘GJ%@SJ
181.989 9985338 02X4* 0.314381638
181.989 9985338 247 % 0.314381638
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182.9968

189.9865

190.9633

192.9798

192.9798

196.9945

197.0125

200.0161

200.0161

207.9855

218.9894

218.9894

225.0075

225.0075

2.75E+07

3565765

1059859

3396651

3396651

1805321

2509739

2.14E+07

2.14E+07

666461

2622930

2622930

4 56E+08

4.56E+08

0,2'6\01f

2,5X12-

1,4AQF+Na'SOS

[0,2X1+Na]2-

[2,4A1+Na]2-

1,4A12-

L°A4-S03

[Z25-SOs]?

Z1-S03

B13-SO3

0.449439553

0.0764528

-0.645045409

1.189414643

1.189414643

-0.814454211

0.163999746

0.14620823

0.14620823

-0.904505362

-0.665881545

-0.665881545

-0.235849916

-0.235849916

P
3
s 8
(45) (25)

5 ( (45)(55)
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225.9971

239.9945

239.9945

243.018

243.018

246.9894

246.9894

250.9855

250.9855

259.9908

259.9908

264.9999

264.9999

271.0129

285.0287

5256183

2.41E+07

2.41E+07

8.38E+07

8.38E+07

1.54E+07

1.54E+07

3080011

3080011

9.16E+07

9.16E+07

1.01E+07

1.01E+07

1649350

6464948

2252'

B.%

Y1-SOs3

Cp-SOs3

Z1+Na-SO3

Bisg+Na-SO3

[Z2p+Na]*

[Bl+Na]2‘

[Y2p+Na]*

[C1+Na]2‘

Y1+Na-SOs3

Cip+Na-SOs

15%1-S0s

02X1-SO3

-0.091987906

0.152178487

0.152178487

0.047807158

0.047807158

-0.034131019

-0.034131019

0.035225142

0.035225142

-0.033908892

-0.033908892

0.212286872

0.212286872

0.096821959

-0.433977351

5 { (45)(65)
3

(s)
s e
(28)

R { (45)(55)
3

(4s)
s f

(28)

48 68

3'33

45 65

3ﬁ3
5F
p
45 28

5 { (45)(6S)
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285.0287

304.9642

304.9642

307.0102

307.0102

315.0388

322.9748

322.9748

323.0045

326.9462

326.9462

344.9568

344.9568

365.0163

372.9517

386.9674

6464948

1.51E+07

1.51E+07

1146954

1146954

1159011

2250017

2250017

1025613

1.81E+07

1.81E+07

2.21E+08

2.21E+08

3974384

9084897

1.09E+08

2471-S0O3

Z1

Bip

0.2%,+Na-S03

247,+Na-S03

L4A-SOs

Y1

Cip

25X 1+Na-SO3

Z1+ Na

Big+ Na

Y1+Na

Cip+Na

25A1+Na-S03

1'5X1+Na

02%,+Na

-0.433977351

0.201623666

0.201623666

1.045378948

1.045378948

1.082374615

0.081040378

0.081040378

2.896442619

0.018737027

0.018737027

-0.084613494

-0.084613494

-0.821196204

-0.039055996

-0.166685876

45 65

< { (45)(65)

45 65

43

>

28

4S8 &S

3
5 p
(45) (25)

45 B8

45 6S
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386.9674 | 1.09E+08 24A1+Na -0.166685876 I
p
401.039 2181672 Z13-SO3 1.333835363 ( (45)(63)
A
401.039 2181672 B1-SO3 1.333835363 :
) {(453 B(25)
416.9782 7510223 L4p1+Na -0.719020803 i
3
423.0212 2334018 Z3+Na-S03 0.660860496 ( syss)
s | YaP?
423.0212 2334018 B1+Na-SO3 0.660860496 :
) ((453 B(28)
444,973 6127107 25A;1+Na -0.416191544 i
B
4749835 | 1.02E+07 15A1+Na -0.253709866 i
f
Pg dp6 [M-9H+3Na]®
Mass to Intensity Type Accuracy lon Structure
charge PPM
136.9915 | 2124990 5 Aar - 2
0.708525712
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138.9707

145.0506

145.0506

150.008

151.9785

151.9785

152.9862

157.0142

160.9526

160.9838

160.9838

163.0611

163.0611

165.6642

3.92E+07

1230829

1230829

1791338

1.81E+08

1.81E+08

3225081

1.27E+07

1.32E+07

3.43E+08

3.43E+08

1984213

1984213

1824872

2'4Aaf 'SO3

Bpr-2S03

Z1

[2,5X2_Sog]2-

Bﬁfz'

le'

GlcA

2’4AQF{_Na '803

Cﬁfz_

0.233891029

0.223204868

0.223204868

0.71494187

0.049164849

0.049164849

0.768435323

0.298508033

0.075388655

0.156096452

0.156096452

0.595249265

0.595249265

0.480292866
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167.002

168.9812

174.9812

175.0248

178.6681

180.4892

181.9891

181.9891

182.9969

184.0615

189.4945

190.963

193.0353

197.0067

1321589

1.42E+07

1418274

4.08E+07

1145398

2.54E+07

4154030

4154030

4.38E+07

3.50E+07

3.76E+07

2771031

2.92E+07

2490439

2'5Aaf 'SO3

1'4Aaf'803

1,5X12-

B1Ypr

B2Ypr 3/CaZp

B,Y3%/ CoZ3*

2,4A12-

0,2X12-

02A4-SO3

B»Z3
CoY3*

1’4Aaf+Na'SO3

CaY aps

B1Yapr/ C1Z apt

0.193865942

0.190447221

0.183916901

0.066024929

1.939657947

0.135129969

0.235101993

0.235101993

0.097018037

0.170665783

0.035528736

0.925938533

0.39496403

0.28523903
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197.0125

200.0161

207.9852

208.0002

208.3466

209.0214

210.9918

214.3501

214.7444

219.9897

220.24

225.0074

225.0074

4228347

5.44E+07

1785398

3785331

2425169

1.92E+07

7277628

4142890

3527534

4007477

2327710

1.29E+09

1.29E+09

l'sAaf'SOS

B.%

[1’4A1+Na] 2-

[“5A1+2Na-SO3]*

[Z2-2S03]*

[C1-SO3)*

2,5A12-

[Y2-SO3)*

C*

[YaprY2pr+3Na] >

[C2+Na]*

Bpr-SO3

Z1-S03

0.16400000

0.14620823

0.537903659

2.002743267

0.151318364

0.055434515

0.014844179

-0.04648781

0.566381475

0.210899874

0.035355748

0.208579807

0.208579807

[ as)
= { L)

{ @s)

[
N
s || 5

| (45 (35

3
f
as M 3S
3
s F
(45) A (35)

|' (45)(68)

(45)(6S)
MR &
2% S 4 3F 3

F
(45) # (35)

45 65

45 B3 45 65
NAE [ BAY;E3 &
3 3

45 65

S { (55)(65)
&3
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227.3537

228.5268

231.2696

232.4099

232.4099
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241.0023
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1.44E+07
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259.9908
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286.0311
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301.023
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401.9784 | 8278005 C2Y3+Na -
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200.4894
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205.9844
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206.9774

207.9853
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209.0213
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[2’4A323-SO3]3'
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218.0129

219.9897

225.0074
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227.3535

232.9437
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236.9878
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4350595
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243.0181
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260.0092

260.797

260.797

261.3334

261.3334

261.3334

262.9844
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295.2679
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301.7555

304.9644
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6.58E+07
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1.44E+07
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330.7835

331.7428
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337.0213
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1109274
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347.2292
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351.7711
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353.9904
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374.9838

375.9714
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Pgdp9

Mass to | Intensity | Type Accuracy Structure

charge PPM

136.991 | 495727 |3°Aqt -0.7085 a

5

138.970 | 5021850 | **AurtNa- | -0.2340 S

7 SOs B

151.978 | 839998 | Z1* -0.0492

5

151.978 | 839998 | Bp? -0.0492 ,ﬁ

5

160.952 | 3804316 | 2*A,SOs | 0.0754 P

. (=)

160.983 | 1738705 | Y1? -0.1561 e

8

160.983 | 1738705 | Cpi? -0.1561 b

8

163.061 | 485912 | Y1-2SO; -0.6313 e

3

163.061 | 485912 | Cp1-2SO;3 -0.6313 &

; @s)

182.997 | 1.04E+0 | °2A,+SOs3 -0.6435 L@
7 (3%)
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0.9259

-1.3324

0.4591

-0.2358

-0.2358

1.8951

0.1522

-0.5745

-0.3637

-0.3637

-0.4390

( (4s)
s &

(33)

( (“s)
s { &

(33)

3
p
45 35
@)
s I f :I
(38)

5 ( (55)(65)

3
p
45 35

(45) 4 (35)

(55)(69)
S
S

ws)
RlLan
39)

5 ( (59)(65)
3
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246.989

5

248.938

250.985

6

259.990

6

261.332

7

265

265

282.309

8

285.028

5

285.028

5

301.316

3

1459961

473664

666913

691947

887388

1.66E+0

7

1.66E+0

7

497349

3998186

3998186

1015104

Big+Na-SOs

1'4Aaf

[B1+Na]*

[C1+Na]*

[B2+4H+Na]

3-

Y1+Na-SOs

Cip+Na-SOs3

[Y2+5H+2Na

¥

02X1-S0O3

2471-SO3

[Co-

5H+2Na]*

-0.4390

0.1877

-0.3632

0.7353

2.3321

-0.1651

-0.1651

-1.9028

0.2677

0.2677

0.3896

3 S
p
(48)

(45)

(38)

(45)(6S)
3 p3

(38)

P
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301.556

3

304.964

4

304.964

4

307.011

1

307.011

1

307.723

9

313.024

315.039

2

316.022

8

324.014

5

868605

2329106

2329106

958334

958334

801187

1533424

2927359

511966

2642940

[B1-3S03]*

Z1

Bgp1

02%+Na-
SO3
24A1+Na-

SO3

[Ys-
7H+3Na]*

[Z5-2S0s]%

LAA-SO3

[Y3-4H+Na-
3S03)*

[Z2-3H+Na]>

-1.6066

-0.4542

-0.4542

-1.8861

-1.8861

-0.1151

-1.6263

-0.1873

0.0019

0.11343628

2

(45)(6S)
s 3P 3 p
p
(45) A (35)

38 BS

35453

B
45 35
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326.946

2

326.946

2

333.019

5

334.717

2

337.021

5

341.534

3

344.956

8

344.956

8

348.030

4

350.002

3

4.97E+0

7

4.97E+0

7

822986

641435

1316859

1.94E+0

7

1.60E+0

8

1.60E+0

8

686442

1459148

Z1+Na

Big+Na

[Y2-3H+Na-

2S03]*

[83-4303]3'

L4A1+Na-

SOs3

[B2-2S03)*

Cip+Na

Yis+Na

[C3-8H+4Na-

5S03]*

[Ys+2Na-

2S03]*

0.01873702

7

0.01873702

7

0.73745831

7

0.43226640

3

1.22951206

4

-0.22608

-0.0846

-0.0846

-2.2844

0.2486

38 BS

3
5 o
(48) (35)

(65)(45)

2x 8 3|3 3
p
(48) (3S)

45 65

43

3s

(65)(45) (45)(6S)
3 S JF3 ¢ LB 3 “
43)

(35) (45) g (35)

(45)(6S) (45)(6S)
4 s ME “4ﬁ3 g

(45) g (35)
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352.525

2

353.724

2

355.659

9

361.530

5

366.938

8

366.938

8

368.696

6

372.951

6

374.983

5

376.024

1

1.06E+0

7

827259

798565

2.13E+0

7

2135444

2135444

8505279

3070221

2896425

3242167

[B2+2Na-
2S03]*
[Cs-
10H+7Na-
SOs]*
[Yps-
11H+5Na-
S0s]%
[C1+Na-
2S03]>

Y1+2Na

CiptNa

[Bs+4H+Na-
3S03]*

1’5)(1+N¢’:’l

[Z2-4H+2Na-
SO03)*
[B3-5H+2Na-

SO3]*

-0.0139

1.2088

0.2255

-0.0624

-0.2304

-0.2304

0.1131

0.2291

0.9143

-0.3814

(45)(68)
5 S 3P 3 B 4GP
B B
(45) (35) (45) (35)

(65)(48)
%S 3P 3 ¢
B
(45) (35)

45 B3

(4S)(BS)
v @
3 S YR 3

(45) A (35)

(45)(6S)
S GP3 B4
(4s)

(35) (4s)

3F

(35)
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382.615

9

382.615

9

386.967

3

386.967

3

389.639

389.639

392.503

5

401.039

5

402.676

2

403.494

1

407.997

9

9685830

9685830

1.32E+0

7

1.32E+0

7

1244389

1244389

4848655

1.43E+0

7

5168919

5540141

598389

[Zsp-
4H+2Na-
SOs)?
[Bs-8H+3Na-
SOs]~

02%+Na

24A1+Na

[Yep-
13H+7Na]®
[Cs-

13H+7Na]®

[B2-3H+Na-
SOs]*

B1-SO3

[B3-5H+2Na-
SO3]*
[B2-5H+2Na-
SO3]*
[Cs-8H+4Na-

SOs]*

-0.2224

-0.2224

0.0917

0.0917

1.4541

1.4541

0.2608

0.0871

0.0698

1.1765

-1.6768

(43)

(65)(45)
(] 3P *
F p p
(45) A4 (35) (45) A (35) (45) g (35)

(65)(48) (435)(6S)
6x 8 |3 3 . ¢ |3 3 .
P

(39)

3ﬁ3

53 63

(45)(6S)
CE] |j 2

(45) A (35)

(45)(69)

o 4
5P

3% S 3P 3
P
(4S) 4 (3S)

(4s)(6

7
3
s §
(4%) (35)

4% s { TP
f
(4%) (35)

3* S 3P 3
F
(43) 4 (35)

(45)(65)

(45)(6

(65)(43)
Bx S 33 3 ¢ 3
B B
(45) (35) (45)

S)

S)

(4S)(6S)
B3

(3%)
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408.948

9

408.948

9

410.002

5

416.976

3

417.961

3

423.021

1

425.953

2

434.956

4

436.656

1

438.959

7

441.031

9

676753

676753

880770

1296344

773644

3677266

635303

686018

799282

2780531

1.04E+0

7

02%+2Na

2401+2Na

[Bs-
6H+3Na]*

L4A1+Na

[Ys-
7H+3Na]*

B1+Na-SOs3

[Z2-
5H+3Na]>
[Y2-
5H+3Na]>
[B3-6H+3Na-
SOs]*

L4p1+2Na

C1+2Na-SOs3

0.9295

0.9295

2.5439

3.8376

0.6216

0.8973

0.0527

4.8391

-0.6538

0.3299

0.3271

55 65

3
B
45 35

(45)(6S)
4% S GF3 PAYSP
148)

(35) (45) A (35)

3
P
43 38

3[1453

g
45 3s

P
3
5 8
(45) (35)

45 63
4 ﬁ 3 @
3
45 35
45 65
© 4ﬁ T
f
48 35
(45)(68)
5 S GP3 R
B f
(45) (35) (45) (35)

3
P
4s A 3s
B
3
(45) A (39)

398




443471 | 814061 |[B+2Na]> | 4.4692 5y
as Bss
454.463 | 978804 | [B»+3Na]> | 0.1195 o
9 s Ass
463.468 | 1007466 | [Co+3Na]> | 0.9421 BBEME
8 43 ﬁzs
502.977 | 2229281 | Bi+Na 0.7836 S
;
. ws A
542.971 | 1522588 | C1+2Na -0.7304 4
, ws A
Ibdp9
Mass to Intensity | Type Accuracy Structure
charge PPM
136.9914 4558944 | 35A.¢ 0.021446602 25
@
137.9811 1353582 | LSAL# -0.4695 8
25
138.9707 1.18E+08 | 24A4 -0.2339 g
145.0506 826638 | B1p-2S0s 0.2232 &
>
145.0506 826638 | Z1-2SO3 0.2232 S
151.9785 7060891 | Big* -0.0492 H
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151.9785

152.9863

160.9526

160.9838

160.9838

163.0611

163.0611

167.0018

168.9811

171.9747

171.9747

174.9683

174.9811

181.989

181.989

182.9969

7060891

4860738

2.25E+07

2.37E+08

2.37E+08

828639

828639

1013608

2437624

1108003

1108003

1256489

1188143

5831402

5831402

1.05E+08

Cip?
25
Cp-2S03

Y1-2S03

2 'SAaf

14A1+Na-SO3

[Cip+Na]*

[Y1+Na]2‘

0'3A(1f + Na.

1,5X12—

2,4A12-

-0.0492

0.1148

0.07540

-0.1561

-0.1561

0.5952

0.5952

1.0037

0.7822

0.2744

0.2744

-0.2161

0.7554

0.3144

0.3144

-0.0970

48 &S

45

P>

28

45 6S

(45)

f
(2%)

(45)(bs)

3

45 6S

45 65
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190.9631

197.0124

200.016

205.9847

206.977

207.9852

208.0001

209.021

210.9917

225.0074

225.0074

227.3535

232.974

233.3567

239.9945

3839037

1016744

1.28E+07

1241882

1322245

2725412

2520442

3072422

1285711

7.83E+08

7.83E+08

889932

770333

943712

3.20E+07

1'4Aaf + Na'SOS

l’E)/A\()tf + Na'SOS

[B1-2S03]*

[Y1+Na]*

[Z1+2Na]*

[1’4A1 + Na]z'

[1’5A1 + Na-
SO3]*

[C1-SO3)*

2’5Al

B1p-SO3

Z1-S0s3

[B2-2S03]*

[>°A1+2Na]*

[C2-2S0O3]*

B.Z

0.4023

0.6716

0.6462

0.282273392

2.352164733

0.537903659

2.4835

1.9691

0.4591

0.2086

0.2086

0.9811

-1.1095

2.3338

0.1522

(1)
5 I B j

(28)

s { (45)(68)

(4s)(55)
2% S GF3 B
f
(45) (25)

3
B
43 25
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241.0023

242.3261

243.0179

243.0179

246.9894

246.9894

246.9894

248.3297

250.9853

254.0059

256.7544

259.9907

261.3333

9547128

1.02E+07

1.57E+08

1.57E+08

5936870

5936870

5936870

2903034

3192646

2463466

1242949

4235170

1.36E+07

[Y3-SOs]*

[Y3+Na-SOs]*

C1p-SO3

Y1-SO3

Bi+Na

Z1+Na-SOs3

B1+Na-SOs3

[Y2+Na-SOs]*

Bi+Na

[Bs-SO3]*

[Y3+Na-2503]*

[C1+Na]*

[B3-Na-SOs]*

0.2554

0.2264

0.4593

0.4593

-0.0341

-0.0341

-0.0341

-0.0949

0.8321

0.3723

0.3310

0.3507

0.0361
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265

265

268.9775

270.7751

273.1859

276.3057

282.2391

282.3092

285.0286

285.0286

287.9857

295.3129

1.89E+07

1.89E+07

856746

3565821

1726052

9745737

8155136

8089999

2173108

2173108

5487893

9157774

Cip+Na-SOs

Y1+Na-SO3

[Zs+Na]*

[B3-3S03]*

[Ba+2Na]>

[Zo+2Na]*

[Y3+2Na-SOs]*

[Y2+2Na]®

2471-SO3

02X1-S0O3

[B2+Na]*

[B2+2Na]*

-0.1651

-0.1651

3.4441

0.2807

-1.2734

0.1494

0.2650

0.2226

-0.0831

-0.0831

-0.4133

-0.0141

(45)(6S)
3% S L3 R
B B
(45) (25) (45) (25)

45 65

3
3ﬁ3 p p

p p
45 25 45 25

4S8 65
R
3

p
45 28

(43)(635) (4S)(63)
5% 8 ME

(45) A (25)

45 65
< 4|33 &

p
A8 25
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296.2599

298.9511

301.3166

301.5559

304.9643

304.9643

307.7238

313.0232

315.0395

321.7446

324.0145

326.9462

326.9462

2542698

1079593

4243260

776690

1.99E+07

1.99E+07

1.81E+07

1787891

1737906

3808759

1068437

2.60E+07

2.60E+07

[Bs+Na-2S0s]*

l’SAaf + Na

[C2+Na]*

[Bs+2Na-
2S03]*

Bip

Z1

[Y3+3Na]*

[Z2-2S0s]%

LAA1-SO;

[Bs+2Na-SO3]*

[Z2+Na-2S03]*

Big+Na

Z1+Na

-0.1154

0.6406

-0.6060

-0.2802

-0.1263

-0.1263

0.2099

0.9294

-1.1396

-0.1380

-0.11343

0.01874

0.01874

48 &S

45 65 4s 68
©3 . g4p3 &

f
48 s

(45)(6S)
< )
5 YGRS
(

f
45) g (2S)

3
8 P
(4s) (2S)

(4S)(6S)
4 s GP3 R
(48)

(25) (45) A (25)

(45)(6S)
< )
5 YGRS
(

f
45) g (2S)

43

>

25

45 658
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327.2401

341.5341

344.9568

344.9568

347.2294

350.9691

352.5251

356.6377

366.9394

366.9394

372.9531

386.9674

386.9674

1.01E+07

2623305

1.86E+08

1.86E+08

4408868

763914

1446460

800271

801452

801452

1225865

2928568

2928568

[Bs+3Na-
2S03)*
[B2-2S03]*
CiptNa
Y1+Na

[Bs+3Na]*

1’5X1

[B2+Na-SO3]*

[Ys+6Na]®

Cip+t2Na

Y1+2Na

L5%1+Na

2'4A1+Na

°'2X1+Na

-0.1780

0.3595

-0.0846

-0.0846

-0.4452

1.8258

0.2698

-1.3240

-1.8656

-1.8656

-3.7929

-0.1667

0.166685876

(25) (45) S (25)

(45)(b5)
2% 8 3ﬂ 3 B
p
(@s) A (25)

45 65

(45) ()
2% 8 3ﬂ 3 B
p
(45) (25)

6S 45 45 68 45 68

3 . u.4|33 . \14|33 &

45 65

45 65

45 68

O———
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Pgdp 12

Mass to | Intensity | Type Accuracy Structure
charge PPM
2‘ - 45
151.9785 | 441839 | B 0.0492 >
151.9785 | 441839 | Z:* -0.0492 55 63
160.9837 | 998755 | Y1 0.4651 e
2- as

160.9837 | 998755 | Cy 0.4651 -
225.0074 | 1.29E+07 | Z1-SOs 0.2086 [ o
225.0074 | 1.29E+07 | B1p-SO3 0.2086 . ((.45)ﬁ

(38)
239.9946 | 1037838 | B> -0.2645 <

B
243.0179 | 5717438 | C1p-SO3 0.4593 . (MSJ

(38)
243.0179 | 5717438 | Y1-SO3 0.4593 o plt
265 369793 | Cip+Na-SOs3 -0.1651 . ((483

p

(38)
265 369793 | Z1+Na-SOs -0.16501 o | oo
282.3086 | 357191 | Y 2.3479 : by

4; S:SB

285.0283 | 376230 | %2X1-SOs3 0.9694 g
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285.0283

287.9855

304.9643

304.9643

307.7235

326.9461

326.9461

344.9568

344.9568

372.952

386.9672

386.9672

401.0395

408.974

417.9614

376230

483241

1199450

1199450

537596

7334029

7334029

2.46E+07

2.46E+07

569573

861799

861799

2734324

498443

2164516

2471-S0O3

B1

[Y3-7H+3Na]*

B1+Na

Z1+Na

15%1+Na
0.2%1+Na

2471+Na

B1-SOs3

1‘4X1

[Ys+4Na]®

0.9694

0.2811

-0.1263

-0.1263

1.1849

0.3246

0.3246

-0.0846

-0.0846

-0.8434

0.3502

0.3502

0.0871

2.9833

0.3823

407

3
§ 5
(43) (35)

55 65

55 68

3
f
43 35

P
3
s B
(438) (3S)




419.9776

423.6849

423.9684

425.5545

425.9524

432.5628

443.473

4449723

446.8318

446.8318

448.9682

475527

667049

842002

1318302

738108

3234763

6940022

554866

7394394

7394394

2546239

[Y7+4Na]”

[Z7+6Na]"

[Y2+2Na]?

[Z2+Na-4S03]*

[Zo+2Na]*

[Ys+7Na]*

[B2+2Na]>

25A1+Na

[Z4-18H+9Na-

s0,]"”

7-
[B,+9Na-SO,]

[B4+5Na]*

1.9147

2.6480

-2.0462

-0.8236

1.9308

-0.6528

-0.0406

1.1569

0.2112

0.2112

0.5972

408

13 8 LP3
g
4s) A (39)

4|330.4ﬁ3u4ﬁ3
B F F
45 35 48 35 45 35
45 65
v
4 f B3
p
45 35
(45)(BS) (45)(6S)
(==&
2% 8 3 4 3B 3
B
(45) A (35)
45 63
4 3 &
B
4s 3s
65 45 45 6S 45 6S
3m4ﬁ3m4ﬁ3
3 3
p P
45 35 45 3s
48 6S
SF 3 p
p
48 335
3
p
48 335
(65)(48) (45)(68) (45)(6S)
4ﬁ3 . 4ﬁ3 . 4ﬁ3 s
B B B
(45) A (35) (45) A (35) (45) A (35)
(45)(6S) (65)(4S) (48)(6S)
i 1 i 1 O |
o & p3 LI a4 p3 LI a4 P
3 3 3
g g g
(45) £ (35) (45) £ (35) (45) A (35)
45 65 6S 45
3ﬁ 3 4 B3
4s 3s 48 35




454.4638

457.1757

457.4659

463.4692

464.1667

466.8121

470.4773

470.6346

472.9874

474.1662

498.4725

502.9792

1951775

781473

953058

1425772

2167794

1061252

1280834

1315248

1890423

622151

1031471

2135604

[B2+3Na]*

[M-f].-5SOs

[Ce+3Na]*

[Cs+5H+3Na]*

[Bs+7Na]*

[2Xs+4Na]>

[24Xs+5Na]®

[Bs+4Na]*

[2,4x4+Na]4—

4

[>°As+3Na]*

B1+Na

0.3395

1.1830

-0.4042

0.0791

0.2634

1.9856

-1.3086

1.7018

0.3450

-0.3500

-1.0506

-1.8010
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504.7825

509.5016

520.9638

524.9607

542.4804

542.9709

564.7743

606.2893

619.6183

501710

1700947

692810

1045045

1407005

1346267

1036278

649518

1960455

[Bs+3Na-3S03]®

[Bs+5Na-3S03]*

[Z6+6Na]>

Bi1+2Na

n{2,43X_{GIcA}

Ci1+2Na

[2Xs+5Na]>

[Bs+6Na]>

[Ca+7Na]*

0.3898

0.3213

1.806

-0.8786

-0.2305

-0.1778

-1.458

-2.6425

0.3782

50 S f
B
(43)

xS LB 3
p
(45) A (39)

65 45

(48
B3

(33)

)(BS

(45)(6S)

)

(6S

1(48)

SENR3
(45) g (35)
(65)(4S)

r. 1 . |
can/p3 LI waN g
3 3
p p

(45)1(35) (45)1(35)

45 65

45 65

4[13 . u4g3 . u4ﬂ3 @
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Ib dp 12

Mass to Intensity Type Accuracy Structure
charge PPM
136.9915 | 1667749 35 ¢ - 4s
&
0.708525712
138.9707 | 4.58E+07 24\t - ;;
0.233891029
145.0506 | 679177 Z:1-2S03; | 0.223204868 Sk
145.0506 | 679177 B1p-2SOs | 0.223204868 >
es)
151.9785 | 5399159 Z* -
0.049164849
151.9785 | 5399159 Bip> - >
0.049164849
152.9864 | 1750729 03 Ayt - as
@
0.538871429
157.0161 | 500442 | 4A;-SOs - . ( E
1.068177085 o
160.9526 | 9653767 | %A+ Na | 0.075388655 g
160.9838 | 2.05E+08 Y1 - S
0.156096452
160.9838 | 2.05E+08 Cip? - >

0.156096452
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167.0021 | 529803 ?5Aa - B
0.792660691
168.9812 | 1309836 | “A:+Na-SOs | 0.190447221 NI
e
174.9811 | 976533 X 0.755407298 P
181.9892 | 986992 02X* -0.78458502
181.9892 | 986992 24A2 -0.78458502 i
;
182.9969 | 4.43E+07 02 A - as
@
0.097018037
190.963 | 920898 | “Aq+Na- | 0.925938533 . (g)
SO; h
197.0126 | 603208 | “SAq+ Na- - !(@J
SOs 0.343582086 -
207.9853 | 1212472 | [“*A1+ Na]* | 0.057100189 E
208.0002 | 1518769 | [“°As+ Na- 2.0027 ( i
SO3]* ke
210.9918 | 1591495 | [*°A1+ Na]* - i
0.014844179 o
225.0074 | 6.88E+08 Z1-SO3 0.208579807 s i
225.0074 | 6.88E+08 |  Bip-SOs | 0.208579807 (;ﬁ
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225.9972

234.9994

239.9946

242.3262

243.018

243.018

246.9894

246.9894

248.3296

250.9855

254.006

259.9908

1127460

525148

5.25E+07

2937174

8.40E+07

8.40E+07

1498694

1498694

2042947

2739414

4858152

3369616

[°Ac+ Na]*

[Z2-SO3]*

B>

[Z2+Na-S03]*

Y1-SO3

Ci1p-SOs3

Z1+Na-SOs3

B1B+Na-SO3

[Y2+Na-SOs]*

Bi+Na

[B3-SO3]3'

[C1+Na]*

0.534471224

-2.38301885

0.264497618

0.186231067

0.047807158

0.047807158

0.034131019

0.034131019

0.307789862

0.035225142

0.021391883

0.033908892
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(45)(6S)
MRV @
] YRR 3
(

4S) S (2S)




261.3334 | 3.36E+07 | [B3-Na-SO3]* | -0.34650884 @si65)
262.9841 | 713309 | [Y2+3Na- | 0.784047401 ( o
SOs)* A
265 5896394 | Y1+Na-SO3 - (e
0.165071698 -
265 5896394 | Cip+Na-SO3 - (MS)
0.165071698 -
267.3369 | 4828098 | [C2+Na-SO3]* - e
0.258072617 (w C
268.9777 | 678949 | [Z-4H+Na]* | 2.700558448 4”49
48 Ezs
273.1856 | 4259384 | [Bs+2Na]> - I
0.175283763 ke ks
274.9814 | 789460 | [Y2+Na]* | 1.992687505
45 ﬁQS
276.3058 | 8012552 | [Z2-5H+2Na]* - .
0.212556764 e
282.2392 | 1.11E+07 | [Y3-6H+2Na- - e e
oo | P
SOs]* 0.089331142 ( as) Etz)
282.3093 | 8083657 | [Y2-4H+Na]* .
0.131659377 ko
285.0279 | 1148320 | 02X;-SO; | 2.37276421 g
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285.0279 | 1148320 24A1-SO3 2.37276421 S { I
Y
287.9857 | 1.61E+07 | [B2+Na]* -
0.413338811 b
295.313 | 9896349 | [B+2Na]* -
0.352698098 N
296.26 2703115 [Bs+Na- - N l EEB("S)(GSJM .
2S03]* 0.452932391 “‘jﬁ‘”) “‘S)I?S’
301.3165 | 5963090 | [Ca+Na]* - w%ﬁ
0.274111552 A=
301.7554 | 5970271 | [Bs+2Na- ; ! S
2S03]* 0.159156224 “‘jﬁ‘”) “““I@S’
304.9643 | 2.07E+07 Bip ; »ﬁ
0.126283634
304.9643 | 2.07E+07 Z1 - Sy
0.126283634
307.7239 | 2.36E+07 | [Ya+3Na]* - EETINLT
0.115084496 E
322.9755 | 621523 Y1 ;
2.086306856
322.9755 | 621523 Cip - 5y
2.086306856 QS

415




324.0149

326.9463

326.9463

327.2401

337.0218

341.5342

344.9568

344.9568

347.2293

348.994

351.1705

577557

1.22E+07

1.22E+07

8770840

822962

3425637

1.02E+08

1.02E+08

8228684

1576631

1589926

[Z2-4H+2Na-
2S03]*

Z1+Na

BigtNa

[B3+3Na-

2S03]*

L4A+Na-SOs

[B2-2S03]>

Y1+Na

Cip+Na

[Bs-7H+3Na]*

[Bs-10H+4Na-
2505]%
[Yas

10H+5Na]®>

1.347947271

0.287123604

0.287123604

0.177935864

2.119661102

0.06672099

0.084613494

0.084613494

0.157212395

1.610275057

1.820822079
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354.5776

998512

[B2-3H+Na-

250> | 1.888729575 L ek
356.6369 | 2331367 [Ys- 0.919209426 - D
12H+6Na]® E E
361.5311 | 572930 | [Co-3H+Na- - wse
2503]* 1.721983254 (H 32; m
365.9844 | 2806308 | [Bs-13H+5Na- - | T N
S03]* 0.122476987 ((“53 S S &
369.6473 | 1187585 | [Bs+6Na- | 1.927824172 | e o
2503]° (“‘53 SR SRR &
372.952 | 1096932 | 5X;+Na -
0.843449023
374.9836 | 2095751 | [Zz+2Na- | 0.647606988 o
SO ( N
381.0937 | 3437337 | [Y7+9Na]® | 0.549584328
386.967 | 2573623 | 92X;+Na | 0.866993826
386.967 | 2573623 | 2%A;+Na | 0.866993826 i
ﬁ
387.3518 | 685486 | [**X,+9Na]® | 0.645487835
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388.1042 | 3105935 [B7+8Na- 0.1416 (e)s)
1 753 wZ (63
503]8' (4s) (25 (45) B(ZSJ
392.5037 | 3890175 [Bz+Na-SO3]2' -0.2487 ( (45)(58)
™ S 3P 3
125 A (25)
400.846 1571151 [ng+9Na]8' 1.4965
400.846 1571151 [B7+9Na]8' 1.4965 U -
p3 o 4 g3 L1 a4 g3 L1 a4 P
45 EZS 4SE25 4SE25 4SE25
401.04 1382424 B1-SO3 -1.1597 iﬁ
) ((45) E(25)
403.4943 | 2251645 [B2+2Na- 0.6808 ( (45)(6)
¥ S 3P 3 f
503]2' (4S)iﬁ(25)
416.9787 | 1099891 L4a1+Na -1.9181
i
417.9608 | 788238 | [Ya+4Na]* 1.8179 _ws ms
=51 pafﬁa )
o
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Pgdp 15

Mass to | Intensit Type Accura Structure
charge y cy PPM
225.007 | 5.52E+ Z1-S03 0.2086 . { (55)E5)
4 07
225.007 | 5.52E+ B1s-SO3 0.2086 . (("‘S)ﬂ
(35)
4 07
239.994 | 293123 B1> 0.15212 fﬁ
P
5 4
243.018 | 1.38E+ Y1-SO3 0.0478 . { i 3(55)
07
243,018 | 1.38E+ | Cp-SOs | 0.0478 . ((48)
(339)
07
304.964 | 1.10E+ Z -0.1263 58 65
3 07
304.964 | 1.10E+ Bip -0.1263 .35 :
3 07
324.014 | 152752 [Z>+Na- 0.5038 ( o)
3 3 803]2' (45) AN(39)
326.946 | 1.87E+ Z1+Na -0.2871 58 65
3 07
326.946 | 1.87E+ Big+Na -0.2871 .asﬁ
3 07
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333.019

8

341.534

3

344.956

8

344.956

8

350.002

4

352.525

2

361.530

4

368.696

6

372.998

374.984

376.024

1

229246

1

1.67E+

07

1.15E+

08

1.15E+

08

441468

6

831582

5

316680

4

1.42E+

07

272261

4

304523

8

212810

8

[Y2+Na-

2S03]*

[B2-2S03)*

Y1+Na

CiptNa

[Y3+2Na-
2S03]*
[B2+2Na-
2S03]*
[C1+Na-
2S03]*
[Bs+Na-
3S03]*
[Y2+Na-
SOs]*
[Zo+2Na-
SO3]*
[Bs+2Na-

803]3'

-0.1634

-0.2261

-0.0846

-0.0846

-0.0371

-0.0139

0.2142

0.1131

0.4098

-0.4191

-0.3814

R

2% 8 4 3|3 E
P
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3x 8
f
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3 S EB 3
p
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(33)
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(45)
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(38)

.
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376.654

7

383.982

383.988

4

386.967

7

386.967

7

392.503

6

395.349

3

401.039

6

402.676

3

403.494

4

410.003

7

223778

7

2.47E+

07

555765

1

111355

0

111355

0

5.40E+

07

553651

3

2.34E+

07

5.02E+

07

1.25E+

07

619058

3

[Y3+2Na-
SOsJ*
[Ys+3Na-
SOs]*
[Y2+2Na-
SOs]*

247:+Na

0*2X1+Na

[B2+Na-
SOs)*
[B3+2Na-

2S03]*

B1-SO3

[Bz+2Na-
2S03]*
[B2+2Na-
SOs]*
[B3+3Na-

2S03]*

-0.1101

-0.0693

1.8886

-0.9419

-0.9419

0.0061

-0.9783

-0.1623

-0.1785

0.4330

-0.3830

(45) g (35)

(45) g (35)

(45)(65)

4x 8 i
B p
(45) 44 (35) 4s)

7
3
5 8
(45) (35)

(45)(6S)
4% S GF3
f
145) A

35)

(45)(6S)
3 S GP3
p
(4s) (3S)

(45)(65)
4% S GF3
(48)

(38)

P4

(48)

B4

(48)

iF

(3%)

JF

(33)

p

3P

(38)
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410.634

3

412.499

9

414.962

1

417.961

6

423.021

8

425.953

3

429.328

4

434.958

7

436.655

8

441.032

1

443.473

157744

9

665816

9

176551

3

3.01E+

07

246540

5

597895

6

613070

7

428962

7

9.09E+

07

255470

2

5.08E+

07

[Y3+3Na]*

[Co+2Na-
SO3J*

[Z2+2Na]*

[Ya+4Na]®

B1+Na-SO3

[Z2+3Na]?

[Ba+2Na-
SO3]*
[Y2-
5H+3Na]*
[Ba+3Na-
SOsJ*
C1+2Na-
SO3

[B2+2Na]>

-0.1341

-0.1041

0.3618

-0.0962

-0.7575

-0.1821

0.2321

-0.4488

0.0332

-0.1264

-0.0406

45 65 45 B8
[
L
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o
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3
f
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3 S 3
B
(45) A (35)
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7
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5 p
(45) (38)

45 68

4ﬁ3 )
B
45 3s
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B
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p
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B
3
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p
45 35

p
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444972

6

454.463

9

463.308

8

463.469

4

469.996

2

470.635

3

472.987

7

484.017

2

485.528

7

495.481

502.978

3

187885

0

612935

1

364914

2

795030

0

309399

0

1.94E+

07

702692

5

633256

4

504885

2

925267

9

1.83E+

07

215A1

[B2+3Na]*

[Bs+3Na]*

[C2+3Na]?

[Ys+5Na-
3S03]*

[Bs+3Na]*

[2,4x4+Na]4-

[Bs+4Na-
4S03]*
[Ys+2Na-
3S03)*
[Ys+6Na-

2S03]*

Bi+Na

0.4827

0.1195

-1.5410

-0.3525

0.3891

0.2144

-0.2893

-0.2605

0.2295

0.1467

-0.0117

3
o
A8 38
45 65
3
iF P
o
45 3s
45 635
3 4
F A
p P
45 38 45 35
45 65

1
B
45 @ 35
3
p

p
(45)(6S)

(45)(65)
™ s G 3 . o . o 4

(45) g (35) (45)

~'B 3
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6x 8 3 GP3
p F
(45) g (35) (45) g (35)

NAE
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(45)(6S)

@

(33)

(45)(65)

(45) A (35)

45 3s
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504.005

8

504.349

508.145

7

509.501

9

515.469

1

517.981

1

520.965

7

524.958

8

534.986

4

535.985

5

536.418

3

386355

2

860126

4

826311

3

1.89E+

07

270908

4

774411

8

2.72E+

07

465447

0

4.04E+

07

646527

8

413778

9

[Bs+4Na-
3S03]*
[Ba+3Na-
3503]*
[B7+9Na-
250"
[Bs+5Na-
350"
[Ys+6Na-
SO3]*
[M+13Na-
4S03]*
[Ys+7Na-

SOs]*

B1+2Na

[Bs+6Na-

2S03]*

[Cs+ONa-
3S03]*
[Z10p+10Na-

4S03]"

0.9475

-0.1216

-0.1565

-0.2675

2.2820

0.7841

0.1199

2.7407

0.1000

1.5850

0.8760

(45)(6S) (45)(6S)
™ S 5 - Y -
(45) A (35) (45) A (35) (45) A (35)
(45)(65) (45)(6S)
] 5 GP3
f p
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536.418

3

540.467

1

540.718

9

546.450

5

551.660

5

553.548

4

560.471

1

564.539

2

564.773

6

564.973

6

565.544

4

413778

9

2.63E+

07

4. 42E+

07

2.23E+

07

287828

8

920802

0

529E+0

7

1.56E+

07

717991

2

917291

5

1.02E+

07
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[>2Xs+5Na]
s
[M-+14Na-
2S03]*

[Ys+8Na]*

[C4+5Na-
2S03]*
[Bs+Na-
3S03]*

[Bs+7Na-

SOs]*

[Bz+2Na-

3S03]*

[>*Xe+5Na]

5-
[Cs+7Na-
SO3]*

[Z10pt12Na-

4S03]"

0.8760

-0.8604

-0.8290

-0.0873

-2.0637

0.3627
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0.6609

-0.2187

0.3265
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565.544

4

568.684

568.684

569.827

9

570.686

4

570.686

4

571.258

1

571.258

1

572.308

1

573.597

2

574.397

5

1.02E+

07

2.33E+

07

2.33E+

07

338375

0

369628

8

369628

8

883012

3

883012

3

3.37E+

07

792161

8

1.58E+

07

[Bo+12Na-
4S0s]"
[Z10pt13Na-
4S0s]"
[Bo+13Na-
4S0s]"
[>*Xe+8Na]
7.
[Z10p+10Na-
3503]"
[Bo+10Na-
3503]"
[Yi0p+13Na
-4S03]"
[Co+13Na-
4S03]"
[B4+5Na-
SO3]*
[B7+8Na-
6S03]*
[Y10p+14Na

-2503]"

-0.4780

0.7165
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574.397

5

576.477

3

576.964

9

576.964

9

579.635

2

580.107

580.107

582.387

583.245

4
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4
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3

1.58E+
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7
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7
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7

365028

3

698963
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0
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