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ABSTRACT: Glycosaminoglycans (GAGs) participate in a broad range of physiological processes, and their structures are
of interest to researchers in structural biology and medicine. Although they are abundant in tissues and extracellular
matrices, their structural heterogeneity makes them challenging analytes. Mass spectrometry, and more specifically,
tandem mass spectrometry, is particularly well suited for their analysis. Many tandem mass spectrometry techniques have
been examined for their suitability towards the structural characterization of GAGs. Threshold activation methods such as
collision induced dissociation (CID) produce mainly glycosidic cleavages and do not yield a broad range of structurally
informative cross-ring fragments. Considerable research effort has been directed at finding other means of dissociating
gas-phase GAG ions to produce more comprehensive structural information. Here, we compare the structural information
of GAGs obtained by charge transfer dissociation (CTD) and electron detachment dissociation (EDD). EDD has
previously been applied to GAGs and is known to produce both glycosidic and cross-ring cleavages in similar abundance.
CTD has not previously been used to analyze GAGs but has been shown to produce abundant cross-ring cleavages and no
sulfate loss when applied to another class of sulfated carbohydrates like algal polysaccharides. In contrast to EDD, which
is restricted to FTICR mass spectrometers, CTD can be implemented on other platforms, such as ion trap mass
spectrometers (ITMS). Here, we show the capability of CTD-ITMS to produce structurally significant details of the sites
of modification in both heparan sulfate (HS) and chondroitin sulfate (CS) standards ranging in length from degree of
polymerization (dp) 4 to dp6. EDD and CTD both yield more structural information than CID, and yield similar fractional

abundances to one another for glycosidic fragments, cross-ring fragments and neutral losses.

INTRODUCTION

Glycosaminoglycans (GAGs) are linear poly-sulfated
carbohydrates that exhibit a number of important
biological functions, principally through their
interactions with proteins.!? Their structural
characterization presents a challenge to the analytical
community, due to their high variability in the sites of
sulfo modification, degree of polymerization, and
hexuronic acid stereochemistry, a result of their
enzymatic, non-template driven biosynthesis.*®
Identifying sites of sulfation is essential to structure-
function studies, as it influences the GAG-protein
specific binding relationship.” Structural changes in
GAGs also directly effects the function of the GAG
chain. For example, the physiochemical properties of
certain GAGs classes are responsible for the viscoelastic
properties of cartilage.® Of the four established GAG
classes, heparin (Hp) and heparan sulfate (HS) are the
most diverse.* Hp/HS have a high variability in sites of
O-sulfation, N-sulfation, N-acetylation and hexuronic
acid stereochemistry. Another class of sulfated GAGs,
chondroitin sulfate (CS) and dermatan sulfate (DS), also
vary in the sites of O-sulfation and hexuronic acid

stereochemistry. Due to the heterogeneity of GAGs in
naturally occurring material, they are difficult to analyze
by methods such as nuclear magnetic resonance (NMR)
and X-Ray diffraction.®!! Disaccharide analysis using
LC-MS can be used for analysis from small tissue
volumes, however this approach results in loss of
structural information relating to linkage, order and
sulfation patterns.'>!'3 Advances in mass spectrometry,
specifically soft ionization by electrospray (ESI) in
combination with advanced methods of ion activation,
have led to a more detailed understanding of GAG
structure and function.!%!! 14

Fourier transform ion cyclotron resonance mass
spectrometry (FTICR-MS) is a powerful tool for GAG
structural characterization due to its high resolution and
mass accuracy.” !> FTICR-MS can perform
collisionally-activated, photo-induced, and electron-
based tandem mass spectrometry (MS/MS) methods,
which have all been shown to productively dissociate
GAGs.">*° Due to the acidic nature of the carboxyl
groups and sulfo modifications on GAG chains, they are
most efficiently analyzed by negative mode ionization
using ESL.?® Mass spectrometry measurement of



molecular weight provides details regarding the chain
length, number of sulfo modifications, and the number
of N-acetyl groups present in a GAG chain, however
more detailed analysis is needed to assign the location
of sulfo- modifications and N-acetylated hexosamine
residues. MS/MS methods are useful analytical tools for
obtaining this information. There are multiple electron-
based activation methods for GAG analysis, and some
of the more useful ones include electron induced
dissociation (EID), electron detachment dissociation
(EDD), and negative electron transfer dissociation
(NETD).2!- 24293136 More recently ultraviolet
photodissociation (UVPD) has been shown as a useful
MS/MS tool for the analysis of GAGs.*’

EDD has been extensively studied as a tool for the
structural analysis of GAGs.!7!821:242 EDD is
accomplished by precursor selection and trapping of
multiply-charged negative ions in the analyzer cell of an
FTICR mass spectrometer, and bombarding these
precursor ions with electrons of a moderate kinetic
energy (19 eV). Fragmentation occurs via radical
species produced by electron detachment, or from
electronically excited even-electron precursor ions. The
combination of these two pathways produces rich and
complex mass spectra whose analysis provides
considerable structural detail.?>>® A schematic
representation of the EDD process is shown in Figure
S1. EDD has been shown to produce both glycosidic
and cross-ring fragmentation. Glycosidic cleavage
products are used to assign the degree of sulfo
modification and acetylation that is present in each
monosaccharide, whereas cross-ring fragmentation is
used to identify the sites of modification within a sugar
residue.?>2%2 EDD has also been shown to minimize
sulfate decomposition compared to low-energy or
threshold activation methods such as infrared
multiphoton dissociation (IRMPD) and collision
induced dissociation (CID).2% 252731

In the mid 2000s, Schlathdlter’s groups studied the
gas-phase interactions between small biological ions and
fast (1-200 keV) reagent ions, including H*, He*, He*",
O°" and Xe™" 3340 Zubarev’s group enabled products of
cation-cation reactions to be monitored in a 3D ion trap,
and the Jackson group extended the approach to other
biological oligomers and negative ions.***¢ The
technique, now termed charge transfer dissociation
(CTD), typically uses helium cations and has some
similarities to helium metastable atom-activated
dissociation (MAD).*#7-® CTD exposes gas-phase
precursor cations or anions to a beam of helium cations
with kinetic energies in the range of 3-10 keV. Helium
has a well-defined ionization energy (24.6 eV), which
greatly exceeds the electron affinity of any organic
molecule. The high kinetic energy provides sufficient
energy to overcome any Coulombic barriers between the
precursors, such as with cation-cation reactions, and the
high electron affinity of helium cations provides excess
energy for fragmentation.*% 46 The helium cations

abstract electrons (charge transfer) from the precursor
ions and cause the oxidized product ions to decompose
via high-energy, radical-driven pathways. Recently,
CTD was used to analyze sulfated oligosaccharides in
negative ion mode.*** CTD is able to generate a- and x-
ions from singly charged peptide cations, and cross-ring
cleavages of oligosaccharides, which are typically not
produced by CID.*** A schematic representation of the
CTD process is shown in Figure S2. Here, we report the
first application of CTD to the analysis of
glycosaminoglycans. This work is motivated by the
unique capabilities of CTD for fragmentation via radical
pathways, and the potential to yield useful analytical
information for the characterization of this challenging
class of biomolecules. Moreover, the capability for
deployment in ion trap mass spectrometers raises the
potential to analyze GAGs by more widely available
instrumentation compared to the FTICR and Orbitrap
mass spectrometers that have been used for GAG
analysis to date.

EXPERIMENTAL

Preparation of Synthetic Heparan Sulfate Oligosaccharides

Heparan sulfate (HS) tetrasaccharide standards were
prepared by chemical synthesis using a modular approach and
further purified by silica gel column chromatography.'®
Structures were confirmed by 'H NMR and accurate mass
measurement by FTICR-MS.!8

Preparation of Chondroitin Sulfate Oligosaccharides

Chondroitin sulfate A (CS-A) and dermatan sulfate (DS)
oligosaccharides were prepared by partial enzymatic
depolymerization from bovine trachea chondroitin sulfate A
(Celsus laboratories, Cincinnati, OH, USA) and porcine
intestinal mucosa dermatan sulfate (Celsus Laboratories)
respectively. Full explanations of enzymatic depolymerization
and desulfation have been reported previously.3 3¢

Mass Spectrometry

0.1 mg/mL of each GAG standard was ionized by nanospray
ESI with a spray voltage of 1.2 kV (pulled glass tip model
Econo12-N; New Objective, Woburn, MA). All standards were
analyzed in negative ion mode.

EDD spectra for all samples were collected on a 9.4T
Bruker solariX XR Fourier transform ion cyclotron resonance
mass spectrometer (Bremen, Germany) with a hollow cathode
(HeatWave, Wasonville, CA, USA), which serves as the
source of electrons for EDD. Multiply charged precursor ions
were isolated in the quadrupole and accumulated for 2-3 s
before injection into the dynamically harmonized FTICR cell.
Ions were then irradiated for 1 s with 19 eV electrons. The
cathode heater was set to 1.5 A and the extraction lens was set
to 18.6 £ 0.4 V. 1 M points were acquired for each spectrum
and 48 acquisitions were averaged for each stored spectrum.
Internal calibration was performed using confidently assigned
glycosidic cleavage product ions as internal calibrants.

CTD and CID experiments were performed on a modified
Bruker AmaZon 3D ion trap (Bremen, Germany), with a
custom vacuum chamber cover. A saddle field fast ion gun
(VSW/ Atomtech, Macclesfield, UK) was installed on top of
the ring electrode. The saddle field fast ion source was used as
the helium cation source, which is described in detail
elsewhere.*! Multiply charged precursor ions were activated
with 7.5-8 keV helium cations for 100 ms for CTD. Helium
gas flow in the ion gun was controlled via a variable leak valve



and measured by the ion trap gauge; the readout was
approximately 9.5 x10° mbar. Precursor ions were accumulated
for 20-60 ms in the ion trap before isolation. Each stored CTD
spectrum was the average of 5 replicate scans, and the
presented spectra are typically the result of 1.5-2 mins of
spectral averaging. Internal calibration was performed using
confidently assigned glycosidic cleavage product ions as
internal calibrants.

For resonance ejection experiments, precursor ions were
isolated and irradiated with helium cations at the MS/MS level
(CTD). Remaining unreacted precursor ion was then
resonantly ejected using a large CID amplitude.

Product ions for CID, CTD and EDD were assigned using
Glycoworkbench version 2.0, and in-house GAG analysis
software.>'? All product ions are reported using the annotation
scheme proposed by Wolff and Amster, which was derived
from the Domon and Costello nomenclature.?® 33
Fragmentation is illustrated in the molecular structure drawings
using dashed lines through the structure and hash marks at the
end to indicate the fragment ion. Open circles at the end of
hashmarks represent -SO; loss, whereas a closed circle
represents multiple -SO3 losses. Donut plots display
percentages of the summed ion intensity of fragment ion types
(glycosidic fragment, cross-ring fragment, glycosidic fragment
with -SOs loss, cross-ring fragment with -SOs3 loss).

RESULTS AND DISCUSSION

Well-characterized standards were examined to test
the capability of CTD to analyze GAGs. CTD results are
compared to that of CID and EDD for a series of
heparan sulfate tetrasaccharides, dermatan sulfate
tetrasaccharide and hexasaccharide, and chondroitin
sulfate A tetrasaccharide. Prior work in our group has
demonstrated the capability of EDD on an FTICR to
provide a complete set of fragment ions that can be used
to assign the structural features of GAG samples. EDD
fragmentation was enhanced using highly ionized
precursor ions to retain labile sulfate half-ester
modifications.'* 2% > For the data presented here, we
have selected the optimal precursor charge state (as
determined by EDD) to ensure complete deprotonation
of sulfate groups, and selected precursors that lie outside
the CTD chemical background range (i.e. >m/z 350).
CTD has previously been shown to produce no sulfate
decomposition for sulfo-peptides and sulfo-lipids, and
minimal neutral loss for sulfo-oligosaccharides.*>* The
previous data therefore suggested that CTD should be an
effective ion activation method for GAG samples. The
symbol nomenclature used for glycans is displayed in
Figure S3.

Compound 1- HS Tetrasaccharide IdoA-GlcNAc-
1doA-GlcNAc6S-(CH3)sNH:

The MS/MS spectrum in Figure 1 shows the CTD
results for the [M-2H]* precursor (m/z 470.39) of the
synthetic HS monosulfated tetrasaccharide IdoA-
GlcNAc-IdoA-GleNAc6S-(CH2)sNHa. For comparison,
the EDD spectrum of the same precursor is presented in
Supplemental Figure 1. Both CTD and EDD produce a
series of glycosidic fragments ions; however, EDD
yields both reducing end and non-reducing end
fragments for all the glycosidic cleavages. I.e. all the B,

C, Y and Z ions are observed (Figures S4 and S5). Both
CTD and EDD also produce copious cross-ring
cleavages. EDD produced a ®?A4ion, which confirms
the location of N-acetylation on the reducing-end
glucosamine. Once the N-acetylation is confirmed on
the reducing terminus, the presence of Cs/Z; fragment
ions infer that the sulfate is located at the 6-O
position.*** Though these fragment ions alone do not
rule out the possibility of 3-O sulfation, the observation
of N-acetylation rules out 3-O sulfation, which occurs
only on GIcNS residues.*® CTD produced >*Asand C3
fragments, which taken together confirm the presence of
both N-Acetylation and 6-O sulfation. EDD produced
more fragments than CTD on the uronic acid closest to
the reducing end. Both EDD and CTD produced X
and *°X> ions, which together confirm the presence of
N-acetylation on the glucosamine closest to the non-
reducing end. Table S1 contains a list of identified
fragment ions from CTD.

The intensities of glycosidic, cross-ring and sulfate-
loss fragment ions are compared for CID, CTD, and
EDD in the donut plots shown in Figure 1B. EDD
produced a lower abundance of cross-ring fragments
(23.6%) and lower abundance of neutral sulfate losses
(8.1%) than CTD (38.7% and 22.2%, respectively).
MS/MS spectra of the same precursor using CID is also
shown in Figure S4. The spectrum is dominated by
glycosidic cleavages and neutral losses that provide
ambiguous information about the locations of the
different functional groups.

Compound 2- HS Tetrasaccharide GlcA-GlcNAc-
GlcA2S-GlcNAc-(CHz)sNH:

The MS/MS spectrum in Figure 2 shows the CTD
results for the [M-2H]* precursor (m/z 469.14) of the
synthetically produced HS monosulfated tetrasaccharide
GlcA-GleNAc-GlcA2S-GleNAc-(CHz2)sNH.. CID, CTD
and EDD each produce fragments at every glycosidic
bond (Figures S6 and S7). CTD and EDD produced
more cross-ring cleavages than CID, as expected for a
precursor with a protonated site. Past work investigating
the effect of ionization state on CID fragmentation of
GAGs showed that few informative fragments are seen
with precursors that are not fully ionized.?? For this
sample, CTD produced a greater number of cross-ring
cleavages than EDD, specifically on the N-
acetylglucosamine nearest to the non-reducing end.
Neither EDD nor CTD produced cross-ring cleavages
on the reducing end N-acetylglucosamine. However,
both EDD and CTD produced B3 and Cs fragments,
which confirm the presence of the N-acetylation.

On the non-reducing end N-acetylglucosamine, EDD
produced a %*A; fragment ion, which confirms the
presence of the N-acetyl group. CTD produced X and
24X, fragment ions, which confirm the presence of the
N-acetyl group. For the glucuronic acid closest to the
reducing end, EDD produced a ®?As fragment, which
confirms 2-O sulfation, and CTD produced A3z and
23 A3 fragments, which also confirm 2-O sulfation for



this residue. Incidentally, the biosynthesis of GAGs
restricts sulfo-modification in uronic acid to the 2-O
position, so only glycosidic cleavage is necessary to
make this assignment.’* When comparing the overall
intensity of fragment ions (Figure 2B), EDD produced a
greater abundance of cross-ring fragments than CTD
(48.3% and 35.5%); EDD also produced less-abundant
sulfate decomposition in both glycosidic and cross-ring
fragment ions (4.3% and 2.1% for EDD compared to
5.2% and 5.4% for CTD). Table S2 contains a list of
identified fragment ions from CTD.

Compound 3- HS Tetrasaccharide GlcA-GlcNS6S-
GlcA-GIcNS6S-(CHz)sNH:

The CID, CTD and EDD results for the [M-4H+Na]*
precursor (m/z 372.45) of the synthetic HS tetrasulfated
tetrasaccharide GlcA-GIcNS6S-GlcA-GlecNS6S-
(CH2)sNHz are shown in Figure S8. EDD was able to
break every glycosidic bond, however CTD was not
able to break the central glycosidic bond without sulfate
decomposition. Figure 3 shows fragment maps with the
cleavages produced by CID, CTD and EDD and donut
plots showing the intensity distributions of the principal
fragment types. CTD produced a ®?Ax cleavage, which
confirms the location of the N-sulfation on the non-
reducing end proximal glucosamine, however CTD did
not yield any more cross-ring cleavages in this sugar
residue to confirm 6-O sulfation. The Y3 fragment, in
combination with the ®?A; fragment, can be used to
determine the presence of a sulfate in this residue on
either the 6-O or the 3-O position; 6-O sulfation is more
likely, but 3-O sulfation cannot be disregarded.>> EDD
also produced a ®2A; cleavage on the non-reducing end
glucosamine, which confirms the presence of the N-
sulfation, and a '*X; fragment, which confirms an
additional sulfate modification. However, like for CTD,
the location of sulfation cannot be determined. Neither
EDD nor CTD produced any informative cross-ring
cleavages on the reducing end glucosamine. CTD and
EDD yielded glycosidic fragment ions, which confirm
the presence of two sulfates on the reducing end amino
sugar. EDD produced a greater abundance of cross-ring
fragments (26.7%) compared to either CID (2.1%) or
CTD (5.7%) (Figure 3B). Table S3 contains a list of
identified fragment ions from CTD. Previous work
investigating the effect of the ionization state of GAGs
on EDD fragmentation efficiency showed superior EDD
efficiencies when at least one of the sulfate groups
retains a proton or cation and is uncharged.?® When the
GAG is not fully deprotonated, sulfate decomposition is
minimized while maintaining informative fragment ions.
The precursor ion chosen for these experiments results
in four of the six ionizable sites ionized. A precursor ion
with five ionized sites would be ideal for this sample,
however the m/z value of the [M-5H]*" precursor would
have fallen in the region of the CTD spectrum with
chemical background (e.g. < m/z 350), and so this
precursor was not selected. Na-H exchange is a valuable
alternative to achieve higher ionization. For this work,

only Na"adducts that were present within the original
sample were utilized, and no additional NaOH was
added. For future work additional Na-H exchange
precursors will be tested. Additionally, the chemical
background area can be minimized with tuning,
however as shown in Figure S2, even when the chemical
background is minimized, no fragment ions are
produced below m/z 350. The high degree of sulfo loss
and the lower abundance of informative cross-ring
fragment ions could be attributable to the dissociation
behavior of the less-than optimal precursor ion.

Compound 4- HS Tetrasaccharide IdoA2S-GlcNS6S-
1doA-GIlcNAc6S-(CH2)sNH:

The MS/MS spectra in Figure 4 show the CTD (top)
and EDD (bottom) results for the [M-3H]* precursor
(m/z 378.47) of the synthetic HS tetrasulfated
tetrasaccharide IdoA2S-GIcNS6S-IdoA-GlcNAc6S-
(CH2)sNHa. Structural annotations for EDD and CTD
are presented as well. CTD produced a '*A4 fragment
ion, which confirms 6-O sulfation on the reducing end
amino sugar. EDD produced a A4 cleavage, which
also confirms this sulfation position. Both CTD and
EDD produced Z»/Y2 and Z3/Y3 glycosidic cleavages,
which confirm the presence of two sulfate modifications
on the glucosamine residue closest to the non-reducing
end. However, EDD produced no informative cross-ring
cleavages on this glucosamine to confirm sulfate
positions. In contrast, CTD produced a '“*X; cleavage on
the non-reducing end glucosamine, which confirms
sulfation at the 6-O position. CTD produced no
additional cross-ring cleavages to confirm the location
of the second sulfate on the glucosamine. However,
since CTD confirmed the presence of 6-O sulfation on
the non-reducing end amino sugar, one can infer that the
other sulfate is on the N position, especially because 3-O
sulfation requires N-sulfation to be present.>®

The final sulfate modification is located on the non-
reducing end uronic acid. The known biosynthetic
pathway requires that sulfation on uronic acid is at the
2-0 position, and only CTD confirmed this location of
the sulfate modification by producing a **X3 ion. EDD
and CTD both produced X3 and >*X3 fragment ions,
which, when combined, confirm the 2-O location for the
sulfate modification on the uronic acid. CTD produced
slightly more abundant cross-ring fragments than EDD
(17.9% and 9.8%, respectively); however, both CTD
and EDD produced a notable abundance of ions
containing sulfate decomposition, specifically from
glycosidic cleavages. Sulfate decomposition accounted
for 48.1% of assigned fragments for CTD and 40.2% for
EDD. Table S4 contains a list of identified fragment
ions from CTD. The abundance of sulfate loss can
possibly be attributed to the precursor selection, which
has one less ionized site than the number of sulfates on
the GAG standard. As stated previously, the ideal
precursor for minimizing sulfate decomposition has one
more ionized site than the number of sulfate
modifications on a GAG.% Precursor selection was



limited by the chemical background of the CTD
experiments, which, when the lower m/z limit is set to
m/z 250, tends to maximize between m/z 250-300 and
tail off towards m/z 350. As mentioned previously,
precursors with Na-H exchange can substitute for higher
charge states without entering the m/z range of the
chemical background. For this preliminary comparison
between EDD and CTD, no additional Na* was added to
the GAG samples.

Compound 5- DS Tetrasaccharide AHexA-GalNAc4S-
ldoA-GalNAc4S-OH

Dermatan sulfate (DS) tetrasaccharide is disulfated
and is known to have 4-O sulfation on both N-acetyl
galactosamines. MS/MS spectra from CID, CTD and
EDD, as well as annotated molecular structures and
donut charts, are shown in Figures S9 and S10.
Unfortunately, neither EDD nor CTD produce cross-
ring fragments that can distinguish 4-O from 6-O
sulfation. However, both CTD and EDD produced Bs
and C; fragment ions to confirm the presence of a
sulfate modification on the reducing end amino sugar.
EDD yielded Bz and Y3 fragment ions, which also
confirms the presence of a sulfate modification on the
non-reducing end amino sugar. CTD produced
glycosidic fragment ions breaking the central glycosidic
bond (Z2, Y2, C2), but no glycosidic fragments to
distinguish the location of the sulfate modification from
the non-reducing end amino sugar and uronic acid.
Table S5 contains a list of identified fragment ions from
CTD.

The lack of cross-ring fragmentation on the amino
sugars has been reported previously when using EDD
and other radical-based ion activation techniques.?® 3¢-3
The proposed mechanism by Wolff et al. suggests that a
radical site first forms on the uronic acid carboxylate,
either at the initiation of electron detachment or from
hydrogen rearrangement. The change in linkage from B3-
1,4 in HS standards to 3-1,3 in CS/DS standards appears
to be a major factor in the differences in fragmentation
between the two GAG subclasses. Whereas the neutral
losses of SO;3 from CTD fragments of highly sulfated
algal carrageenans appear to be favored by certain
positions,® the sulfate losses in HS, CS and DS seem to
be less predictable and multiple sulfate losses are
observed in both CTD and EDD.

An added benefit to using an ion trap instrument for
CTD experiments is the ability to perform resonance
ejection to remove unwanted ions from the trap. This
can lead to an extension of the dynamic range of the ion
trap instrument.’’ In this case, any residual precursor
ions remaining after the CTD reaction were resonantly
ejected before the mass acquisition scan to prevent
space charge effects—such as peak broadening—on
fragment ions with lower m/z values than the precursor.
By ejecting the unreacted precursor ions, the previously
suppressed fragment ions became well resolved peaks
that could be assigned to specific fragments. A
comparison of CTD of the [M-2H]* precursor (m/z

458.46) of DS tetramer with and without resonance
ejection is shown in Figure 5. There was an overall
increase in the abundance and number of fragment ions
produced; however, no new cross-ring cleavages on
either amino sugar were observed. Resonance ejection
CTD produced detectable fragments corresponding to
Y3 and Zs fragment ions, possibly because of a trace
amount of resonance excitation (CID) during resonance
ejection.”® When combined with the Y2, Z and C; ions
from CTD activation, these data confirm a sulfate
modification on the non-reducing end amino sugar and
not the non-reducing end uronic acid. CTD with
resonance ejection yielded a handful of more
informative fragmentation, but at a cost of a higher
degree of sulfate decomposition (17.8% compared to
16.2% for CTD without resonance ejection) (Figure
5C). As mentioned previously, the chemical background
of CTD can be minimized, however informative
fragments are still absent from this m/z area, as shown in
Figure 5A.

Compound 6- DS Hexasaccharide AHexA-GalNAc4S-
IdoA-GalNAc4S-1doA-GalNAc4S-OH

DS hexasaccharide contains three sulfate
modifications, all at the 4-O position on the three amino
sugars. MS/MS results from CID, CTD and EDD
experiments of the [M-3H]** precursor (m/z 458.65), as
well as annotated molecular structures and donut charts,
are shown in Figures S11 and S12. Similar to the DS
tetramer results, neither EDD nor CTD produced the
necessary cross-ring cleavages to confirm the location
of the sulfate modifications at the 4-O position on the
amino sugars. EDD produced all necessary glycosidic
cleavages to confirm that the sulfate modifications are
on the amino sugars. CTD produced the necessary
glycosidic cleavages to confirm that two of the sulfates
are on amino sugars; however, like the DS tetramer,
CTD did not produce the necessary glycosidic cleavages
to determine if the final sulfate is on the non-reducing
end amino sugar or the non-reducing end uronic acid.
Table S6 contains a list of identified fragment ions from
CTD. For hexameric oligosaccharides, in comparison to
the tetramers examined above, the increase in the
number of possible fragmentation peaks leads to
spectral congestion in the region above m/z 800. As a
result of the lower resovling power of the ion trap mass
spectrometer, a number of lower abundance ions were
unable to be assigned in this region of the mass
spectrum. By comparison, the EDD-FTICR
measurements on the same sample provide well-
resolved peaks that are easily assigned.

CTD with resonance ejection was also performed on
this compound. Results comparing CTD with resonance
ejection and CTD without resonance ejection are shown
in Figure 6. Resonance ejection CTD produced a Zs
fragment ion, which confirms the final sulfate
modification is located on the amino sugar. Although
resonance ejection hardly changes the relative



abundance of fragments with m/z values above the
precursor m/z value, CTD with resonance ejection
provides additional peaks below the m/z of the precursor
and changes the overall distribution of fragment types.
For example, CTD with resonance ejection produced a
greater percentage of glycosidic cleavage intensity, but
less cross-ring cleavage intensity than CTD without
resonance ejection, as shown in Figure 6C. The overall
intensity of sulfo loss peaks increased slightly with
resonance ejection CTD (13.4% with resonance ejection
versus 11.2% without).

Compound 7- CS-A Hexasaccharide AHexA-
GalNAc4S-GlcA-GalNAc4S-GlcA-GalNAc4S-OH

Chondroitin sulfate A (CS-A) hexasaccharide has
three sulfate modifications at the 4-O position of the
amino sugar residues. MS/MS data from CID, CTD and
EDD experiments of the [M-3H]* precursor (m/z
458.42) and annotated molecular structures are shown in
Figures S13 and S14. Similar to the DS samples, the
majority of the cross-ring fragmentation of CS-A was on
the uronic acid residues, and no cross-ring fragments
could distinguish 6-O and 4-O sulfation by either EDD
or CTD. EDD produced all the necessary glycosidic
cleavages to confirm sulfate modifications on the amino
sugar residues and eliminated the possibility of sulfation
on the uronic acid residues. CTD produced the
necessary glycosidic cleavages to confirm sulfate
modifications on the reducing end amino sugar and
central amino sugar. CTD did not produce any
glycosidic fragments to distinguish the location of the
remaining sulfate modification which could be on either
the non-reducing end uronic acid or the adjacent amino
sugar. Table S7 contains a list of identified fragment
ions from CTD.

CTD with resonance ejection was performed on this
compound (Figure S15). CTD with resonance ejection
yielded the glycosidic cleavages necessary (Y's and Zs)
to determine that the final sulfate is located on the non-
reducing end amino sugar. When comparing the overall
fragment ion intensity between CTD, CID, EDD and
CTD with resonance ejection for this compound (Figure
7), CTD and EDD produced a similar intensity of cross-
ring fragment ions, whereas CID and resonance ejection
CTD both produced a significantly lower intensity of the
cross-ring fragment ions but a much higher intensity of
glycosidic cleavages. CTD with resonance ejection
produced a much lower intensity of sulfate
decomposition than CTD without resonance ejection.

CS-A and DS are isomers, differing in
stereochemistry at the C5 position of the uronic acid.
CS-A contains glucuronic acid whereas DS contains
iduronic acid. Extensive work has been done to
investigate the differences produced from MS/MS of
these isomers.*> %" In general, several selected
fragment ions exhibit intensity differences that correlate
with glucuronic acid versus iduronic acid. The selected
precursor ion was significant in yielding these
diagnostic differences. Although CTD did not provide

differences in intensity of the fragment ions previously
shown to be diagnostic in EDD,*> %% CTD of CS-A
had a significantly lower intensity for B4 fragment ions
than DS, as shown in Figure 8 for the [M-3H]*
precursor (m/z 458.061). Therefore, the stereochemical
differences between CS-A and DS provide readily
distinguishable spectral differences. Significantly more
work would be necessary to elucidate whether or not
CTD provides any general trends between spectral and
stereochemical differences.

CONCLUSIONS

The data shows that charge transfer dissociation
(CTD) is a powerful tool for sequencing GAG
polysaccharides with minimal sulfate decomposition.
CTD uses a 100 ms activation time with 1.5-2 min of
signal averaging, making it more efficient to collect a
data set for CTD than EDD. For the Hp/HS standards
investigated here, CTD performance was comparable to
that of EDD, and both methods were able to establish
the location of sulfate modifications from cross-ring
cleavages. For CS/DS standards, CTD and EDD both
fell short of being able to assign the site of sulfation as
4-0 versus 6-0 in the amino sugar residues.

In addition to a reduction in cross-ring fragmentation,
CTD produces fewer product ions than EDD, however
the products formed by CTD in general yield the same
structural information. For additional information, CTD
can be paired with resonance ejection to observe lower-
abundance product ions. CTD as implemented here
produces a chemical background which interferes with
the observation of fragments in the low m/z region (i.e.
m/z 200-350). This results in loss of information in this
mass range; however, this was overcome in the
resonance ejection experiments, which did yield
fragment ions in the low m/z region. The necessity of a
properly ionized precursor ion was shown for highly
sulfated GAG standards, where both EDD and CTD are
susceptible to sulfate decomposition from the activation
of less optimal precursor species. This can be overcome
by using Na-H exchange to ionize acidic sites. For this
preliminary test of CTD for GAG analysis, no additional
Na" was added to the GAG standards. Further studies to
investigate the ability for sodiated precursors to produce
a higher abundance of informative cross-ring fragments
will be performed.

Using an ion trap instrument presents an additional
difficulty for GAG analysis. The low resolution of ion
trap spectrometers increases the difficulty in confidently
assigning fragment ions. In many cases multiple
fragment ions can fall within a few Da of each other,
creating a need for high resolution MS for GAG
analysis. Implementation of CTD on higher resolution
spectrometers, such as Orbitrap MS, has been done
previously*' and would alleviate the resolution
discrepancies between CTD and EDD. Overall, the
product ions produced by CTD of GAG standards does
yield informative structure information for



characterizing GAGs, and presents an additional
approach for the analysis of this challenging compound
class.
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(red). (C) Fragment type distribution for glycosidic, cross-ring, glycosidic sulfate loss and cross-ring sulfate loss fragment ions are

shown.
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Figure 6. MS/MS spectra of the [M-3H]> precursor of dermatan sulfate hexamer standard AHexA-GalNAc4S-IdoA-GalNAc4S-IdoA-
GalNAc4S-OH. (A) (top) CTD MS/MS spectrum (bottom) CTD MS/MS spectrum with resonance ejection. (B) Molecular structure
inset represents fragmentation seen from both CTD and CTD with resonance ejection (black), CTD only (blue) and CTD with
resonance ejection only (red). (C) Fragment type distribution for glycosidic, cross-ring, glycosidic sulfate loss and cross-ring sulfate

loss fragment ions are shown.
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Figure 7. MS/MS results of the [M-3H]* precursor of
chondroitin sulfate hexamer standard AHexA-
GalNAc4S-GlcA-GalNAc4S-GlcA-GalNAc4S-OH.
Fragment type distribution for glycosidic, cross-ring,
glycosidic sulfate loss and cross-ring sulfate loss
fragment ions are shown.
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Figure 8. CTD spectra of the [M-3H]3- precursor of (top) chondroitin sulfate hexamer AHexA-GalNAc4S-GlcAA-GalNAc4S-GIcA-
GalNAc4S-OH and (bottom) dermatan sulfate hexamer standard AHexA-GalNAc4S-IdoA-GalNAc4S-IdoA-GalNAc4S-OH.

Molecular structure inset represents fragmentation seen from CTD MS/MS results of chondroitin sulfate (top) and dermatan sulfate
(bottom). Blue highlights indicate the B4 fragment ions shown to have a higher intensity for dermatan sulfate than chondroitin sulfate.
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