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Abstract

Glycosaminoglycans (GAGSs) are linear polysaccharides that participate in a broad range of
biological functions. Their incomplete biosynthesis pathway leads to nonuniform chains and
complex mixtures. For this reason, the characterization of GAGs has been a difficult hurdle

for the analytical community. Recently, ultraviolet photodissociation (UVPD) has emerged as a
useful tool for determining sites of modification within a GAG chain. Here, we investigate the
ability for UVPD to distinguish chondroitin sulfate epimers and the effects of UVPD experimental
parameters on fragmentation efficiency. Chondroitin sulfate A (CS-A) and chondroitin sulfate

B (CS-B), commonly referred to as dermatan sulfate (DS), differ only in C-5 uronic acid
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stereochemistry. This uronic acid difference can influence GAG-protein binding and therefore can
alter the specific biological function of a GAG chain. Prior tandem mass spectrometry methods
investigated for the elucidation of GAG structures also have difficulty differentiating 4-O from

6- O sulfation in chondroitin sulfate GAGs. Preliminary data using UVPD to characterize GAGS
showed a promising ability to characterize 4- O sulfation in CS-A GAGs. Here, we look in depth
at the capability of UVPD to distinguish chondroitin sulfate C-5 diastereomers and the role of
key experimental parameters in making this distinction. Results using a 193 nm excimer laser

and a 213 nm solid-state laser are compared for this study. The effect of precursor ionization
state, the number of laser pulses (193 or 213 nm UVPD), and the use of the low-pressure versus

high-pressure trap are investigated.

Graphical Abstract

/-_ -\\ |/-_ _\\
'I { '|
‘\_“f l '_“}.h ll
,__4s 48
4s 77 as || O PO
pa paea ||«
R Iy A 4s 4s
&>pa pagppd
N
P _‘\I \

Keywords

carbohydrates; ion activation; UVPD; tandem mass spectrometry; glycans

INTRODUCTION

Ultraviolet photodissociation (UVPD) coupled with mass spectrometry has been utilized for
a variety of biological analyses.1 UV lasers were first coupled with mass spectrometers
almost 40 years ago; however, due to low signal-to-noise (S/N) and limitations on ionization
methods and mass spectrometers at that time, it was not widely used for biological samples
until decades later.5.7 Although a large proportion of UVPD research has focused on
proteins and protein complexes, there have also been successful efforts made with UVPD

to characterize lipids, nucleotides, and carbohydrates.8-18 This type of photodissociation
utilizes a single wavelength for activation, with the most widely used wavelength being

193 nm from excimer lasers. lon activation by UVPD occurs from the absorption of one or
more high-energy photons. Upon absorption of a UV photon, ions reach excited electronic
states that access dissociation pathways that can be quite different from those resulting from
vibrational excitation, as in collision-induced dissociation (CID).1° Following electronic
excitation, ions can dissociate by direct dissociation from excited states, which is a unique
feature of UVPD. Laser irradiation can also result in electron detachment from multiply
deprotonated ions, leading to radically driven dissociation.2-22 lons can also undergo
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internal conversion to the ground electronic state and intramolecular vibrational energy
redistribution (IVR), which result in low-energy fragmentation pathways, similar to those
commonly observed for conventional collisional-activation methods.#23-26

Glycosaminoglycans (GAGSs) are linear polysaccharides covalently bound to a protein
backbone. GAGs are involved in a variety of biological functions ranging from cell
signaling pathways to cell adhesion.27-30 Structural characterization of these carbohydrates
is challenging, as they are expressed as heterogeneous mixtures. GAGs are highly modified
by varying degrees of sulfation, acetylation, and uronic acid C-5 epimerization and are also
heterogeneous in chain length (degree of polymerization or dp). Due to the complex nature
of GAG mixtures, mass spectrometry is well suited for their structural characterization.
Other analytical methods, such as nuclear magnetic resonance (NMR), can determine
locations of modifications; however, this requires high purity samples in much greater
amounts than are required for mass spectrometry, which uses microgram quantities or

less for analysis.3! Many groups have focused their efforts on optimizing the positive-

ion mode for permethylated glycans and proteins sequencing. For example, Wei et al.
utilized electronic excitation dissociation (EED) paired with gated-trapped ion mobility

to sequence permethylated N-glycan isomers.32 This work showed an ability to generate
isomer-specific fragmentation allowing confident identification of isomers. However, due to
the sulfate and carboxylic acid groups, GAGs ionize well in negative ion mode, which is
used substantially less frequently by mass spectrometrists than positive ion mode. For this
reason, optimization of negative ion activation methods has been the focus of research in
our lab and others for nearly 20 years. Alternative ion activation methods that are suited
for negative ions, including electron detachment dissociation (EDD) and negative electron
transfer dissociation (NETD), have been utilized to generate informative spectra for these
acidic biomolecules. These activation methods have been shown to yield a large number of
cross-ring fragment ions, which are particularly useful for assigning sites of modification
within a GAG chain.31:33-38 One of the more challenging modifications to characterize

by mass spectrometry is the stereochemistry of the C-5 position of the hexuronic acid,
which distinguishes glucuronic acid from iduronic acid. Assignment of this difference has
been examined for both heparin (Hp)/heparan sulfate (HS) and chondroitin sulfate (CS)/
dermatan sulfate (DS) GAG subclasses.32:39-44 For CS/DS GAGs, CID can distinguish this
stereochemistry difference by comparing the intensities of fragment ions generated from
specific glycosidic cleavages.#2=44 Electron-based methods have also been utilized for this
determination and, like threshold-based methods, produce differing fragment ion intensities
that can be used to determine C-5 hexuronic acid stereochemistry.3> We have recently
shown the ability of UVPD to characterize GAG standards, producing extensive cross-ring
fragmentation.1> Recent work by Hawkridge et al. demonstrated the ability for 213 nm
UVPD to identify 3-Osulfation in HS GAGs by a Y3/Cj internal fragment ion from lowly
charge precursor ions.#> Here, we investigate the ability of UVPD to distinguish CS-A dp4,
which contains glucuronic acid (GlcA), from DS dp4, which contains iduronic acid (IdoA)
but is otherwise identical in structure. To determine a basis for improving fragmentation
efficiency of UVPD for this class of carbohydrates, we examined parameters previously
found to be essential for optimizing the fragmentation of other classes of molecules. Key
parameters for UVPD fragmentation efficiency include pulse energy, number of pulses, and
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wavelength. For this work, we investigate the effect of these parameters on the fragmentation
patterns of GAGs, as well as the impact of the charge state of the precursor.

EXPERIMENTAL SECTION

Preparation of Chondroitin Sulfate Oligosaccharides.

Chondroitin sulfate A (CS-A) was prepared using partial enzymatic depolymerization of
bovine trachea chondroitin sulfate A (Celsus Laboratories, Cincinnati, OH). Dermatan
sulfate (DS) was prepared the same way but using porcine intestinal mucosa dermatan
sulfate (Celsus Laboratories). A full explanation of the procedure has been previously
reported.3543 For this study, CS-A dp4 (AUA-GalNAc4S-GlcA-GalNAc4S) and DS dp4
(AUA-GalNACc4S-GlcA-Gal-NAc4S) are utilized.

Mass Spectrometry.

All experiments were performed on a Thermo Fisher Orbitrap Fusion Lumos mass
spectrometer (San Jose, CA). The mass spectrometer was equipped with a Coherent Excistar
193 nm excimer laser (Santa Clara, CA) or a 213 nm CryLas solid state laser (Berlin,
Germany) as described previously.#® A schematic including the laser beam path is shown

in Figure S1. Samples were sprayed from a static nanoelectrospray source with a spray
voltage of 0.8-1.2 kV. Samples were diluted in 50:50 MeOH/H-,O0 to a concentration of

50 tg/mL before ionization. Spectra were collected in negative-ion mode at a resolving
power of 120000 at /772 200 in full-profile mode. To minimize sulfate decomposition in MS?
spectra, the ion funnel RF was set to 10%. Precursor ions were isolated in the ion trap using
an isolation width of 3 m/z. Higher energy collisional dissociation (HCD) was performed
using a normalized collision energy (NCE) of 15-25. 193 nm UVPD was performed in both
the low-pressure cell and the high-pressure cell, using 4 or 8 pulses at 4 mJ per pulse, and
repetition rate of 500 Hz, applied during a 8 or 16 ms activation period, respectively. 213

nm UVPD experiments were also performed in the low-pressure cell and high-pressure cell,
varying the number of pulses from 3 to 1000 at 3 /4 per pulse and a repetition rate of 2.5
kHz corresponding to activation periods ranging from 1 to 400 ms. All data presented is

an average of 50 transients, resulting in an experimental time of approximately 30-60 s per
spectrum.1®

Mass spectral features were assigned using Glycoworkbench 2.047 and in-house GAG
analysis software.#849 Fragment ions are reported using a modified version of the Domon
and Costello nomenclature.®0-51 Fragment ion maps use dashed lines drawn through

the chemical structure to depict fragmentation, and hash marks at the end of the lines
indicate the specific fragment ion. Circles at the end of the hash marks represent sulfate
decomposition via loss of —SO3 with an open circle representing one —SO3 loss and a filled
circle representing two or more —SOg losses. A tick mark within a hash mark represents
loss of hydrogen, and two tick marks represent the loss of two hydrogen atoms. Donut plots
display the percentages of the summed ion abundances for glycosidic fragment ions, cross-
ring fragment ions, glycosidic fragment ions with sulfate decompaosition, and cross-ring
fragment ions with sulfate decomposition.
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RESULTS AND DISCUSSION

Previous work using both vibrational and electronic excitation methods for the dissociation
of CS/DS GAGs has shown the ability to distinguish isomers using variations in fragment
ion intensities. Initial work using CID showed that a higher abundance of Y, and 92X,
fragment ions occurs for DS samples compared to CS-A samples.* Further work utilized
CID, infrared multiphoton dissociation (IRMPD), EDD, and NETD.3° Like the previous
CID results, IRMPD, EDD, and NETD data showed 22X ,and Y , fragments to be diagnostic
for DS, specifically 92X3 and Y3 for DS dp4 when activated by EDD. Additionally, these
data showed Y, and B3 fragments to be diagnostic for CS-A dp4. It was also shown

that for CS-A dp4, B3 is more intense than Cs, and for DS dp4 C3 is more intense than

B3 when activating by EDD. Here, we investigate the different parameters of UVPD that
typically modulate energy deposition to determine which parameters are optimal for GAG
fragmentation. We also examine the utility of UVPD to distinguish CS isomers and how
these essential fragmentation parameters affect diagnostic fragment ion intensity.

Precursor lonization State.

Precursor selection for MS/MS analysis of GAGs is of primary importance for achieving
effective fragmentation. The degree of ionization is known to play a significant role in the
fragmentation behavior of GAGs.%152 When using CID, a fully ionized precursor is needed
to produce structurally informative fragmentation.43->3 A fully ionized precursor ion has
been defined previously by our group as one where all acidic sites are deprotonated; that

is, all sulfo and carboxyl groups are deprotonated and ionized.34:51 This can be achieved by
either utilizing a highly charged precursor ion or by replacement of protons with sodium
cations. When using EDD, a precursor with a degree of ionization that is one more than

the number of sulfate modifications is needed to minimize sulfate decomposition while
maintaining informative glycosidic and cross-ring fragmentation production, meaning all
sulfate modifications and one carboxyl group are deprotonated.5 Here, we have investigated
the effect that the degree of ionization of the precursor ion exerts on the production of
diagnostic fragment ions by UVPD for CS-A and DS tetrasaccharides containing two sulfate
modifications and two carboxyl groups for a total of four ionizable sites. Precursors ranging
from one ionized site to four ionized sites were examined. All UVPD results discussed in
this section used eight laser pulses of the 193 nm excimer laser in the high-pressure cell
unless stated otherwise.

Figure 1 compares UVPD results for CS-A dp4 for four different levels of deprotonation.
The singly charged precursor ion, [M — H]™ (/m/z917.129), of CS-A dp4 contains only one
site of ionization out of four potential sites yet yields an abundance of glycosidic fragments
and a modest level of cross-ring fragments by UVPD, as shown in the fragment map in
Figure 1A. The capability of UVPD to produce structurally informative fragment ions for
this singly charged precursor is remarkable when compared to other activation methods. For
example, CID would yield principally sulfate decomposition products for this singly charged
precursor, as shown in Figure S2. Both methods produce SO3 loss from the precursor ion;
however, UVPD yields structurally informative fragment ions that CID does not. Though the
fragment ion intensities are low in the UVPD spectrum, the [M — H]~ precursor produced
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24X, (ml2619.130) and 14A, (ml2828.105) fragment ions for both CS-A dp4 and DS dp4
(Figure 2), which establishes the sites of both sulfate modifications of each structure as 4-O
rather than 6-O (mass error of 0.48 and 2.3 ppm, respectively). An expanded view of these
low intensity fragment ions is shown in Figures S3 and S4. The distribution of glycosidic
cleavages, cross-ring cleavages, glycosidic cleavages with SO3 loss, and cross-ring cleavages
with SO3 loss are shown in Figure 1E for each precursor. SO3 loss from the precursor ion

is not included in this listing. Although this neutral loss peak has substantial abundance,

it does not contribute significantly to the standard fragmentation types (A, B, C, X, Y, 2).
The distribution of product ions for the singly charged precursor is composed mainly of
glycosidic fragment ions (83.6%) with a low abundance of cross-ring fragment ions (6.2%)
(Figure 1E). In addition, the singly charged precursor produced the highest relative portion
of products corresponding to SO3 10ss(10.2%) compared to the other precursor charge states.
A comparison of the UVPD spectra and fragment ion distributions for the singly charged
CS-A and DS tetramers is shown in Figure 2, and Tables S1 and S2 contain complete lists

of identified fragment ions. Figure S5 shows the full-scan UVPD spectrum of the [M - H]™
precursor ion of CS-A dp4. The Y4 (/m/2300.039) fragment is less intense than the Z; ion
(mlz282.029) for DS dp4, whereas for CS-A dp4 the Y4 fragment is more intense than

the Z4 ion. These results are consistent with previous results for distinguishing CS-A from
DS based on EDD.3° An increased intensity of the Z,”"=C,"" (/mlz 456.045) fragment ion,
where ’” denotes the loss of two hydrogens, compared to the Z,=C» peak (/7/z 458.060) is
also noted for DS dp4 while these fragment ions are similar intensities for CS-A dp4. These
results also agree with the previous EDD results. The individual Z, and C, fragment ions are
isobaric and therefore are indistinguishable from each other.

Figure 1B shows the fragmentation map of the [M — 2H]%~ (/2 458.061) precursor ion of
CS-A dp4, which exhibits a greater diversity of cross-ring fragment ion types compared to
the [M — H]~ precursor ion. The doubly charged precursor is deprotonated at two of the
four ionizable sites, likely the two sulfate modifications, as the sulfo half-esters are stronger
acids than the carboxyl groups.35455 The [M - 2H]2~ precursor of CS-A dp4 exhibited

a lower percentage of —SOg3 loss than the [M — H]™ precursor and a higher portion of
cross-ring fragment ions (Figure 1E). Similar to UVPD of the singly charged precursor, the
doubly charged precursor produced 24X, and 14A, ions for both CS-A dp4 and DS dp4,
which assigns both sulfate modifications to 4- O positions on the amino sugars, shown in
Figure 3. These fragment ions are more intense in the spectrum obtained for the doubly
charged precursor than for the singly charged precursor. For the [M — 2H]2~ precursor ion,
the relative abundance of the Y4 versus the Z; ions shows the same trend as observed for
the singly charged precursor, where Y is more abundant than Z; for CS-A dp4 and less
abundant for DS dp4. Additionally, the C3 (/m/2634.093) fragment was much higher in
abundance than the B3 (/m/2616.083) fragment for DS dp4 (Figure 3A), which was also
noted previously with EDD.3% Past work showed that for CS-A the B3 fragment was more
intense than Cs; however, both fragment ions have very similar intensity in the UVPD
spectrum of CS-A dp4. UVPD of both the singly and doubly charged precursors of DS dp4
and CS-A dp4 yielded fragment ions with the mass matching the addition of ~HSOx to the
C3 fragment ion (/m/z715.057), which appears to arise from a rearrangement reaction of
the sulfate modification. This fragment ion was not seen for the [M — 3H]3~ and [M - 4H
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+ Na]3~ precursor ions (Figures 4 and S5), indicating that the location of deprotonation of
acidic sites may play a role in gas-phase rearrangement processes.1> As discussed in our
previously published paper,1®> MS3 results support that sulfate migration has occurred, where
the sulfate modification on the reducing end GalNAc has moved to the underivatized uronic
acid residue.1® This is further supported by the presence of a [Y/C3] + SOz (/112 272.99)
internal fragment which corresponds to an uronic acid containing a sulfate modification.
MS3 spectra of the 7772 715.057 fragment peak for DS dp4 and CS-A dp4 with additional
assignments beyond those previously reported are shown in Figures S7 and S8.

The triply charged precursor of CS-A dp4, [M — 3H]3~(/m/2305.038), is deprotonated at
three of the four ionizable sites. Presumably both sulfate modifications and one of the
carboxyl groups are ionized. Figure 1C shows the fragment ion map of the triply charged
precursor, which yielded a higher diversity of cross-ring fragment ions than noted for

the singly and doubly charged precursors, particularly those involving the reducing end
galactosamine and glucuronic acid residues. Like the singly and doubly charged precursor
ions, the triply charged precursor ion also produced 24X, and 14A, fragment ions for both
CS-A dp4 and DS dp4, which establish the locations of both sulfate modifications, shown
in Figure 4. The triply charged precursor, however, did not produce a higher intensity of
cross-ring fragment ions (22.6%) compared to the doubly charged precursor (24.7%). It
did, however, retain sulfate modifications more extensively than either the singly or doubly
charged precursors (Figure 1E). These higher charge state precursors no longer exhibit

a distribution of B3 and Cj3 ions that are diagnostic for uronic acid stereochemistry, a
correlation that was noted for the singly and doubly charged precursors. Instead, for the
triply charged precursor the C3 fragment ion is more intense than the B3 ion for both CS-A
dp4 and DS dp4. As was seen previously using EDD, the [M — 3H]3~ precursor does not
produce stereospecific fragment ions.3> However, the present results differ from the EDD
results in that the Bz and Cs ions are vanishingly small by EDD but have abundances
comparable to other fragment ions in the UVPD mass spectrum.

UVPD of the fully ionized precursor, [M — 4H + Na]3~(/m/2312.366), produced a similar
diversity of cross-ring fragment ion types to the triply charged precursor (Figure 1D). The
[M - 4H + Na]®~ precursor, however, did not produce the cross-ring fragment ions critical
for assigning either sulfate modification as 4-O versus 6-O. This outcome may be due to the
incorporation of Na, which adds more complexity to the spectrum and spreads signals out
across additional fragmentation channels owing to the possible retention or exclusion of Na,
resulting in a reduction of the overall S/N ratio.5® It is also possible that sodium stabilizes
radical intermediates from electron detachment. It has been observed in EDD studies that a
significant decrease in product ion formation results from the incorporation of sodium cation
in the precursor.>1 A comparison of UVPD of the [M — 4H + Na]3~ precursor of CS-A and
DS tetramers is shown in Figure S8. For the [M — 4H + Na]3~ precursor ion, the intensity
of the Y3 + Na (/m/2781.090) fragment was more intense than the Z3 + Na (/7/2763.079)
fragment for DS dp4, and the Z3 + Na fragment was more intense than the Y1 + Na ion for
CS-A dp4. Additionally, the doubly charged Y3 + Na fragment had a higher intensity in DS
dp4 than in CS-A dp4; the doubly charged Z3 + Na fragment ion was not seen for either
sample. This agrees with past findings that Y , fragment ions are diagnostic for DS.3544

JAm Soc Mass Spectrom. Author manuscript; available in PMC 2022 July 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pepi et al.

Page 8

Precursor comparison for the DS tetrasaccharide, shown in Figure S9, followed a similar
trend. The fully ionized precursor produced less cross-ring fragment ion diversity than
observed for both the doubly and triply charged precursor ions. The fully ionized precursor
also produced a lower percentage of cross-ring fragment ions (15.7%) than both the doubly
(23.4%) and triply charged (17.6%) precursor ions. Neither sulfate modification could be
localized at the 4-O position for the [M — 4H + Na]3~ fragment ion; however, both sulfate
modifications could be localized at the 4- O position for the singly, doubly, and triply
charged precursor ions.

On the basis of these results obtained using UVPD, it can be concluded that SO3 loss

is minimized when the ionization state is equal to one more than the number of sulfate
modifications, and informative product ion formation can be maximized when the ionization
state is either equal to, or one more than, the number of sulfate modifications present in

the precursor. This is similar to the behavior of EDD and can guide precursor selection for
the analysis of individual GAGs, for which one can select solution conditions to control

the types of precursors that are generated in electrospray ionization. In contrast to EDD,
UVPD produces informationally rich MS/MS spectra from lower charge states and with only
a modest amount of sulfate decomposition exhibited among the standard fragment ions (A,
B, C, X, Y, Z). Although we observe a substantial peak exhibiting loss of SOz from the
precursor ion, this ion does not appear to undergo further fragmentation. This is a significant
result that can enable the integration of capillary zone electrophoresis (CZE) and tandem
mass spectrometry for the analysis of GAG mixtures, as CZE buffers tend to produce lower
charge states for GAGs that are difficult to analyze with other ion activation methods.>”

Number of Pulses (193 nm UVPD).

The number of laser pulses used in a UVPD experiment has been shown to affect the
fragmentation outcome. For example, past work by Cotham et al. showed that an increased
number of laser pulses results in higher sequence coverage of monoclonal antibodies.?® The
variation in fragmentation as the number of laser pulses increases is related to the higher
signal-to-noise of fragment ions upon conversion of more precursor ions into fragment

ions as well as conversion of primary fragment ions into other secondary fragment ions
upon exposure to additional laser pulses.®8 For this study, the number of laser pulses used
was varied from four laser pulses to eight laser pulses at 4 mJ per pulse when using a

193 nm excimer laser. The increase in the number of laser pulses used resulted in an

overall increase in fragment ion intensity, as shown for precursor ion [M — 3H]3~ of the
CS-A tetramer in Figure 5. The abundances of all product ions, including both glycosidic
and cross-ring fragment ions, as well as neutral loss peaks, increased with an increase in
pulses used. The sequence coverage however did not significantly increase, as shown in the
fragment ion maps in Figure 5. When using eight laser pulses, the location of both sulfate
modifications were assigned based on diagnostic 24X, and 14A, fragment ions (Figure
5A). Only the 24X, fragment ion is seen when using four laser pulses (Figure 5B). This

is likely due to the low intensity of these fragment ions. This trend was seen for both

CS-A and DS tetramers. When comparing the intensity distribution of fragment ion types,
there was minimal differences between the results obtained using four laser pulses and eight
laser pulses. With an increase in the number of pulses, there is an expected increase in the
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fraction of precursor ions that undergo photoabsorption. The majority of the signal in these
UVPD spectra is from undissociated precursor ions, suggesting that additional laser pulses
could offer even higher yields of fragmentation. However, this must be balanced against
the possibility of further fragmentation of product ions, leading to the formation of internal
cleavage products that might confound the assignment of a structure.

The effect of the number of laser pulses on differentiation of CS-A dp4 and DS dp4 was
also investigated. UVPD of the [M — 2H]%~ precursor of both CS-A dp4 and DS dp4 when
using eight laser pulses in the high-pressure cell is shown in Figure 3. For DS dp4, the Y4
fragment ion is less intense than the Z; ion, whereas for CS-A dp4 the Z; fragment is more
intense than the Y4 ion. Additionally, for DS dp4, the C3 fragment ion was more intense
than the B3 fragment, whereas for CS-A dp4 both fragment ions were similar in intensity.
These distribution differences have been noted previously for EDD.35 For UVPD of the
[M = 2H]%" precursor ion using four laser pulses in the high-pressure cell (Figure S10),
the same distributions for diagnostics fragments were seen. This indicates that although
increasing the number of laser pulses increases the intensities of fragment ions it does not
change their relative distribution. This was also investigated for the [M — 3H]3~ precursor.
As previously noted, the triply charged precursor did not yield any diagnostic fragments.
However, like the [M — 2H]?~ precursor, the [M — 3H]3~ precursor did not exhibit any
changes in fragmentation distribution when eight laser pulses and four laser pulses for
UVPD (Figures 4 and S11).

Using the Low-Pressure or High-Pressure Cell.

A benefit of performing UVPD experiments on a mass spectrometer with a dual linear ion
trap is the ability to carry out UVPD in either the high-pressure or low-pressure region. The
observation of fragment ions upon UVPD experiments in either portion of a dual-pressure
ion trap results from the ability of high energy photons to fragment ions via single photon
absorption, unlike other techniques which require multiple photons, such as IRMPD. When
comparing results for the [M — 3H]3~ precursor ion of DS tetrasaccharide using the
high-pressure cell (eight laser pulses) and the low-pressure cell (eight laser pulses), the
sequence coverage did not change significantly. Both the high-pressure cell and low-pressure
cell UVPD experiments resulted in almost identical sequence coverage. However, the high-
pressure cell resulted in an overall increase of fragment ion intensity and produced two
cross-ring fragments needed to assign the location of both sulfate modifications, 24X, and
L4A,. These cross-ring fragments were not seen in the low-pressure cell results. A higher
pressure in the ion trap produces more radial condensation of the ion cloud and an increased
overlap with the laser beam. This leads to a better conversion of precursor ions to fragment
ions, as seen in Figure 6 for DS dp4. Though the fragmentation coverage of the GAG chain
is almost identical between the high-pressure cell and low-pressure cell experiments, there
was an increase in the intensity of cross-ring fragment ions when activating precursor ions
in the low-pressure cell. This change in intensity distribution is likely due to a few intense
glycosidic fragments, specifically the Z, Y1 and Z,/C, fragment ions in the high-pressure
cell UVPD data, which are likely affecting the intensity distribution between glycosidic and
cross-ring cleavages.
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The influence of trapping pressure on formation of diagnostic fragments was also
investigated. When activating the [M — 2H]?~ precursor (/772 458.061) of DS dp4 in the
high-pressure cell with eight laser pulses (4 mJ per pulse), the C3 fragment ion was much
more intense than the B3 fragment ion, whereas for CS-A dp4 the Bz and C3 fragment

ions have similar intensities. Additionally, the Y, fragment is more intense than Z; in CS-A
dp4, whereas for DS dp4 Z, ion is more intense (Figure 3). When the same precursor was
activated in the low-pressure cell using eight laser pulses (4 mJ per pulse), the C3 fragment
was still much more intense than the B fragment in DS dp4, but the Y fragment was
slightly more intense than the Z, fragment for CS-A (Figure S12). These results coincide
with the results from the [M — 3H]3~ precursor (Figure S13); activation in the high-pressure
cell results in an overall increase in fragment ion intensity, but activation in the low-pressure
cell does not change the intensity distribution of diagnostic fragment ions. UVPD in either
the high-pressure cell or low-pressure cell can yield diagnostic fragment ions to distinguish
CS-A dp4 from DS dp4.

Laser Wavelength (193 nm vs 213 nm).

193 nm UVPD has successfully been used for structural characterization of acidic
saccharides, locating sulfate modifications on peptides, and recently, the structural
characterization of GAGs.1%:59.60 213 nm UVPD has recently been made a commercially
available option with Orbitrap MS via use of a high repetition rate, low power solid state
laser.61.62 \While the energy per photon is similar (6.4 eV per 193 nm photon versus 5.8 eV
per 213 nm photon), the lower power (3 £J per pulses) of the solid state laser means that
more pulses are needed to deliver comparable energy to the excimer laser (mJ per pulse).
However, the difference in power delivered to the trapped ions is not as extreme as one
might expect from difference in the outputs of the two lasers. The 193 nm excimer laser
has a large beam divergence that results in a small percentage of the beam overlapping with
the trapped ions compared to the 213 nm solid-state laser, which has a much more coherent
and well-focused output. We compared the fragmentation patterns of GAGS using the two
lasers. Figure 7 shows a comparison of fragmentation for the [M — 3H]3~ precursor of DS
dp4. The red dashes indicate fragment ions observed only upon 193 nm UVPD, and blue
dashes represents fragment ions detected only by 213 nm UVPD. Black dashes indicate
fragment ions produced by both 193 and 213 nm UVPD. Figure 7A compares 213 nm
UVPD fragmentation using 125 pulses (50 ms period) to 193 nm UVPD using four laser
pulses (8 ms period), both in the high-pressure cell. 193 nm UVPD produced of a 24X,
fragment ion, which locates a sulfate modification at the 4- O position on the nonreducing
end GalNAc. Figure 7B compares the fragmentation obtained using 213 nm UVPD (1000
laser pulses in a 400 ms period) to 193 nm UVPD (eight laser pulses at 4 mJ), both in the
high-pressure cell. In both cases, the location of the sulfate positions were pinpointed. Both
produced a 24X, fragment and 213 nm UVPD also produced a 24A,2~ fragment, whereas
193 nm UVPD produced a 14A, fragment. By increasing the number of pulses from 125
to 1000, the sequence information gained from 213 nm UVPD was drastically increased
(Figure 7A,B), presumably owing to greater conversion of precursor ions into meaningful
fragment ions. When UVPD was performed in the low-pressure cell, neither 213 nm UVPD
nor 193 nm UVPD allowed successful assignment of the location of sulfate modifications
(Figure 7C). Both lasers resulted in production of glycosidic fragment ions that can be used
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to assign the location of sulfate modifications to the amino sugars and not the uronic acid
residues. 213 nm UVPD (1000 pulses) in the low-pressure cell allowed assignment of both
sulfate modifications based on 24X, and 24A,2~ fragment ions, but 193 nm UVPD (eight
laser pulses) in the low-pressure cell was unable to assign the location of either sulfate
modification (Figure 7D). For all conditions, 213 nm UVPD produced a higher intensity of
cross-ring fragment ions than 193 nm UVPD. However, as seen in the fragment maps in
Figure 7, the higher intensity of cross-ring fragments does not mean a higher abundance and
diversity of cross-ring fragment types.

Number of Laser Pulses (213 nm UVPD).

For experiments using the 213 nm solid state laser, the number of pulses was varied from
125 to 1000, and a comparison of the spectra obtained using 125, 375, 750, and 1000
pulses of the [M — 3H]3~ precursor ion of DS dp4 is shown in Figure 8. By increasing

the number of laser pulses, there is in increase in overall signal intensity, leading to more
fragment ion coverage. Using 1000 pulses produced more diverse fragmentation than 125
pulses. Neither sulfate modification could be located using 125 pulses. Using 375 pulses
allowed localization of one sulfate modification via a 24A,2~ fragment ion but did not
permit localization of the remaining sulfate modification. Applying 750 or 1000 pulses
allowed localization of both sulfate modifications based on 24X, and 24A,2~ fragment ions.
Figure S14 shows a comparison of 213 nm UVPD with 750 laser pulses (3 tJ/pulse) in the
high-pressure cell to 213 nm UVPD with 750 pulses (3 J/pulse) in the low-pressure cell.
As was noted for 193 nm UVPD, the high-pressure cell produces an overall higher intensity
of fragment ions than the low-pressure cell. For CS/DS GAGsS, this increase in fragment ion
intensity is imperative for distinguishing 4- O and 6- O sulfation, as the necessary cross-ring
fragment ions to do this are low intensity.

CONCLUSIONS

The importance of optimizing UVPD fragmentation parameters for efficiently converting
precursor ions to fragment ions has been previously demonstrated for proteins and peptides.
Here, we outline the effect these parameters have on fragmentation and distinction of

DS and CS-A tetrasaccharide GAG standards. The parameters that were shown to be
imperative for enhancing protein fragmentation, including precursor charge state, number
of laser pulses, and pulse energy, have been shown here to play a large role in GAG
fragmentation as well. UVPD using either a 193 nm excimer laser or a 213 nm solid-state
laser can yield informative fragmentation for GAG standards. Increasing the number of
pulses for both wavelengths can yield more informative fragmentation and increase the
fragmentation abundance. However, what was shown to have the largest effect on increasing
the information content of UVPD mass spectra was precursor ionization state. A precursor
with one more deprotonated site than the number of sulfate modifications was shown to
reduce sulfate decomposition while also maintaining informative fragments. DS dp4 and
CS-A dp4 could be distinguished from each other using UVPD in the same manner as was
previously noted for other activation methods in which Z, C3, Y3, and Z,"’/C,”” ions were
shown to be indictive of DS dp4.
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Figurel.
Annotated fragment maps depicting 193 nm UVPD fragment ion diversity using eight laser

pulses (4 mJ per pulse) in the high-pressure cell for (A) CS-A dp4 [M — H] ™ precursor, (B)
CS-A dp4 [M - 2H]% precursor, (C) CS-A dp4 [M - 3H]3~ precursor and (D) CS-A dp4

[M = 4H + Na]®~ precursor. (E) Donut plots depicting the intensity distribution of glycosidic
fragments (blue), cross-ring fragments (orange), glycosidic fragments with —SOs loss (gray),
and cross-ring fragments with —SOg loss (yellow) of each precursor. Precursor ion intensity
and sulfate decomposition from the precursor ion are not included.
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Figure2.
193 nm UVPD spectra of the [M — H]™ precursor and intensity donut plots using eight laser

pulses in the high-pressure cell of tetrasaccharides of (A) DS dp4 and (B) CS-A dp4. Donut
plots depict the intensity distribution of glycosidic fragments (blue), cross-ring fragments
(orange), glycosidic fragments with —SO3 loss (gray), and cross-ring fragments with —SO3
loss (yellow).
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Figure 3.
193 nm UVPD spectra using eight laser pulses (4 mJ per pulse) in the high-pressure cell

of the [M — 2H]2~ precursor with fragment map and intensity donut plot insets of (A) DS
dp4 and (B) CS-A dp4. Tables S3-S8 contain identified fragment ions for the [M - 2H]2~
precursors of CS-A and DS.
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Figure 4.

M Glycosidic

M Cross Ring
B Glycosidic SO,
Cross Ring =50,

193 nm UVPD spectra using eight laser pulses (4 mJ per pulse) in the high-pressure cell

of the [M - 3H]3~ precursor with fragment map and donut plot insets of (A) DS dp4 and
(B) CS-A dp4. Donut plots depict intensity distributions if glycosidic fragments (blue),
cross-ring fragments (orange), glycosidic fragments with —SOs loss (gray), and cross-ring
fragments with —SO3 loss (yellow). Tables S9-S14 show identified fragment ions for the [M
- 3H]3" precursor of CS-A and DS.
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Figureb.

193 nm UVPD spectra with fragment map and intensity donut plot insets of the [M — 3H]3~
precursor of CS-A dp4 with (A) eight laser pulses (4 mJ per pulse) in the high-pressure

cell and (B) four laser pulses (4 mJ per pulse) in the high-pressure cell. Donut plots

depict intensity distributions of glycosidic fragments (blue), cross-ring fragments (orange),
glycosidic fragments with —SOg3 loss (gray), and cross-ring fragments with —SO3 loss
(yellow).
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Figure®6.
193 nm UVPD spectra with fragment map and donut plot insets of the [M — 3H]3~ precursor

of DS dp4 with eight pulses (4 mJ per pulse) in the (A) high-pressure cell and (B) low-
pressure cell.
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Figure 7.
Annotated fragment maps and donut plots of the [M — 3H]3~ precursor of DS dp4

comparing 213 nm UVPD to 193 nm UVPD. Red dashes indicate fragment ions observed
solely using 193 nm UVPD, blue dashes indicated fragment ions observed exclusively using
213 nm UVPD, and black dashes indicate fragments produced using 193 nm UVPD or

213 nm UVPD. (A) 213 nm UVPD with 125 pulses (3 td/pulse) in the high-pressure cell
compared to 193 nm UVPD with four laser pulses (4 mJ/pulse) in the high-pressure cell.
(B) 213 nm UVPD with 1000 pulses (3 J/pulse) in the high-pressure cell compared to 193
nm UVPD with eight laser pulses (4 mJ/pulse) in the high-pressure cell. (C) 213 nm UVPD
with 125 pulses (3 td/pulse) in the low-pressure cell compared to 193 nm UVPD with four
laser pulses (4 mJ/pulse) in the low-pressure cell. (D) 213 nm UVPD with 1000 pulses (3
(d/pulse) in the low-pressure cell compared to 193 nm UVPD with eight laser pulses (4
mJ/pulse) in the low-pressure cell.
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Figure8.

213 nm UVPD spectra of the [M — 3H]3~ precursor of DSdp4 with fragment map and donut
plot insets illustrating the effect of the number of pulses. Fragment ion lists are shown in

Tables S17-S22.
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