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ABSTRACT

Glycosaminoglycans (GAGS) are long linear polysaccharides with a repeating uronic acid
sugar and amino sugar disaccharide backbone that can be heavily modified. These modifications
make GAGs highly negatively charged and contribute to GAGs being a major player in many
important biological processes. Intact GAGs are typically too long and complex to analyze with
mass spectrometry (MS) and completely digested GAG disaccharides provide valuable statistical
data but are too short to retain binding motifs. Partially digested GAG chains are the best way to
characterize structural modifications that make up binding motifs, but partial digestion often
presents samples that are highly complex and full of isomers. Online separation paired with MS
is the best way to simplify complex biological GAG samples for tandem MS analysis. Capillary
zone electrophoresis separations are designed for highly charged samples like GAGs and
separate samples based on their charge to size ratio. Negative electron transfer dissociation is a
fast electron-based ion activation technique that works well within online separation time
limitations and enables fragmentation and characterization of GAGs without loss of informative

sulfo-modifications. A CZE-MS platform and method optimized for GAG separations and



analysis would be a powerful tool for biological research that could enhance our understanding

of disease and biological operations.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1 INTRODUCTION TO GLYCOSAMINOGLYCANS

The work presented in this dissertation establishes a platform for online separation of
sulfated glycosaminoglycan carbohydrates. Glycosaminoglycans (GAGSs) are carbohydrates
abundant in most eukaryotes and are involved in many biological processes*. GAGs are long
linear polysaccharides, up to hundreds of degrees of polymerization, typically attached to a core
protein to form a proteoglycan?. GAGs are formed by a series of transferase enzymes that extend
and modify the carbohydrate chain. GAGs are categorized by repeating disaccharide backbone
templates and functionalized by modifications including sulfation, modification of the nitrogen
group on the amino sugar, and modification of the stereochemistry of the hexuronic acid*. The
basic repeating disaccharide backbone is a hexosamine on the reducing end and a uronic acid on

the non-reducing end.

Heparin and Heparan sulfate are the most complex variants of the GAG family of
polysaccharides. Heparin is produced in connective-tissue type mast cells and has more sulfates
per hexosamine than heparan sulfate®. HS is produced by most mammalian cells, and located on
cell surfaces and in the extracellular matrix*. Heparin and heparan sulfate are composed of
uronic acid and glucosamine (GIcN) repeating disaccharide subunits®, and joined by alternating
a(1,4) and B(1,4) linkage!. The uronic acid of the repeating disaccharide unit can be either L-
IdoA or D-GIcA, both of which can be 2-O sulfated, however this sulfation pattern is

predominantly seen on 1doA (1doA2S)* °. The D-(GIcN) can be N-sulfated (GICNS), N-



acetylated (GIcNAc), or N-hydrated (GIcNH>), all of which can have 6-O sulfo-modification, but
only the GIcNS can also be 3-O sulfated * %8, Heparin is a well-known anticoagulant and

heparan sulfate is linked to cell growth, angiogenesis, and viral invasion among others® *.

Chondroitin sulfate has a disaccharide backbone composed of N-acetylgalactosamine
(GalNAc) and glucuronic acid (GIcA) joined by an alternating P(1,4) and B(1,3) linkage,
respectively® 8. Chondroitin sulfate is polymerized into chains hundreds of residues long and is
usually composed of hybrid structures containing more than one type of chondroitin disaccharide
unit. There are three principal types of chondroitin sulfate, CSA, CSB, also known as dermatan
sulfate (DS), and CSC. CSA and CSB are predominantly sulfated at the 4-O position of the
GalNAc, and CSC has predominantly 6-O sulfated GalNAc subunits®. Dermatan sulfate (CSB/DS)
is composed of repeating disaccharide units containing a GaINAc and an iduronic acid (IdoA)
instead of a GICA residue!. GIcA and IdoA differ in C-5 stereochemistry of the carboxyl group.
Chondroitin sulfate (CS) is used widely as a medication for osteoarthritis as well as other diseases®
11 Dermatan sulfates are the primary GAG in the dermis and are responsible for binding proteins
involved in modulation of a broad range of physiological processes'? 3. Other patterns of
modification, including those with two sulfo-groups per disaccharide, have been reported; CSD
has 2-O sulfation on the uronic acid and 6-O sulfation on the GalNAc, and CSE has 4-O and 6-O

sulfation on the GalNAc!! 4,

Keratan sulfate has a backbone of N-acetylglucosamine (GIcNAc) and galactose (GalA)
joined by an alternating B(1,3) linkage and a (1,4) linkage respectively. Keratan sulfate has
sulfo-modifications at the 6-O position of either monomer and may also be fucosylated. Keratan

sulfate has been linked to corneal health as well as cell motility*°.



Hyaluronon has a backbone of N-acetylglucosamine (GIcNAc) and glucuronic acid
(GlcA) with a B(1,4) linkage and a B(1,3) linkage respectively. Hyaluronon is the only non-

sulfated GAG and has therefore been studied extensively. Hyaluronon is a major component of

synovial tissues and has been shown to shield stem cells from growth factor proteins® 17,
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Figure 1.1. A molecular schematic representation of the different GAG classifications including

linkages and possible sites of modification.

Modification patterns within GAGs present binding motifs that are specific to proteins
and their biological function®. This is exemplified by arixtra’s role in modulating the
antithrombinlll protein which is strongly related to its specific structure, especially the rare 3-O

sulfo-modification” 8. This structure-function relationship has increased interest in



characterizing specific GAG structures. However, GAG structural analysis remains a significant
analytical challenge®® 2, Intact sulfated GAGs are difficult to analyze because they are very
large and complex, though the shortest and simplest GAGs, Bikunin and Decorin, have been
characterized intact by mass spectrometry® 2123, The characterization of Bikunin and decorin
further cemented that GAGs have conserved modification patterns. Bottom up analysis, where
GAGs are completely digested down to their disaccharide constituents offer statistically
informative information related to the abundance of each type of modification present but lack
full binding motifs as biologically relevant structural motifs are longer than disaccharides, the
basic building block of GAGs?*. Middle out analysis, where GAGs are partially digested down to
4-30 degrees of polymerization, are the best way to keep binding motifs intact but present as
complex mixtures that can be difficult to analyze by mass spectrometry. The components of
complex mixtures can be isolated and purified offline, but this takes a great deal of time and
effort and can still prove inadequate. Furthermore, GAGs are generally only available in small

quantities and cannot be overexpressed or amplified like other biopolymers?,
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Figure 1.2. Molecular representation of Antithrombin with bound arixtra pentasaccharide.?

MS methods have been thoroughly developed for analysis of partially digested GAGs that
have been purified and isolated, and bespoke synthetic GAG species. Partially digested GAGs
from biological sources present as complex mixtures that are dense and overlapping. Furthermore,
many of the developed techniques require expert knowledge in mass spectrometry to perform well.
CZE-MS is a platform that can separate and purify the individual components of complex
biological GAG mixtures without long and complex purification and isolation techniques.

5



Methods have been developed to make GAG experiments on the CZE-MS platform easy and

widely accessible to the biological sciences at large.

1.2 MASS SPECTROMETRY OF GAGS
FTICR-MS

Mass spectrometry measures the mass to charge (m/z) ratio of gas phase ions. This can be
done by scanning through m/z with radio frequencies in a quadrupole mass filter, measuring ion
time of flight, or converting ion oscillations using the Fourier transform (FT). Fourier transform
is the most accurate way for measuring m/z and is used in Fourier transform ion cyclotron

resonance (FTICR) mass spectrometers and orbitrap mass spectrometers.

In FTICR ions are trapped by voltage barriers in an analyzer cell where ions oscillate
perpendicular to a uniform magnetic field. The ions oscillate at a velocity based on their m/z
value?” 2, The charge inherent to the ions produces current on detection plates within the
analyzer cell. Current increases on a detection plate as an ion bundle approaches and decreases as
an ion bundle moves away, creating a sinusoidal wave. Fourier transform is applied to the sin
waves generated this way to transform the time domain sin waves into their constituent

frequencies which represent highly accurate m/z values.

Electrostatic Axially Harmonic Orbital Trapping: Orbitrap

The electrostatic axially harmonic orbital trapping mass spectrometer, known as the

Orbitrap, was developed by Makarov based on the orbital trapping principle established by



Kingdon?®*°, The Mass accuracy and resolving power are comparable to FTICR-MS with low
magnetic fields but does not rely on a magnetic field to produce those results. Instead the
analyzer is composed of an outer shell electrode and an inner spindle electrode. lons injected
between the electrodes will form rings around the spindle electrode that oscillate back and forth
along the spindle with a velocity based on the m/z value. The ring oscillations are measured by

the outer electrode as sin waves which are Fourier transformed into accurate m/z values.

The key to an effective orbitrap mass analyzer was the development of the storage device
called the C-trap®-3, The C-trap is a bent quadrupole that can store ions and cool them down

before orthogonally injecting them into the electrostatic fields of the orbitrap analyzer cell.

Square
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Figure 1.3. A schematic representation of the Orbitrap elite mass spectrometer. lon trap mass
measurements take place in the low-pressure cell at the front of the instrument. Fourier transform
measurements take place in the high-field orbitrap mass analyzer in the middle of the schematic.
CID takes place in the high-pressure cell near the front and HCD takes place in the HCD
collision cell near the back. NETD reagent ions are generated at the reagent ion source at the
back and reacted with sample ions in the high-pressure cell before fragments are detected in

either the low-pressure cell or the orbitrap mass analyzer.



Structural characterization of GAGs

GAG composition, or more specifically, Polysaccharide length, degree of sulfo-
modification, and the number of acetyl groups can be determined by accurate m/z measurements.
Therefore, MS analyzers with high resolving power, like FTICR or Orbitrap, are desirable for
GAG analysis. However, even high mass accuracy cannot resolve isomeric compounds or
determine the exact location of modifications. For complete structural analysis of partially

digested GAGs, tandem mass spectrometry fragmentation methods are required.

Domon and Costello developed a nomenclature for the fragments that result from ion
activation®*. B and C fragments are glycosidic cleavages, or cleavages between the sugar rings,
that retain information from the non-reducing end of the GAG, while Y and Z fragments are
glycosidic cleavages that retain information from the reducing end. B and Y fragments, and C
and Z fragments are complimentary; when combined the molecule is made whole again. From
glycosidic cleavages the location of a modification can be narrowed down to a sugar ring, but the
specific location of the modification cannot be determined. A and X fragments are cross-ring

cleavages that retain information from the non-reducing end and the reducing end respectively.



Non-Reducing End Reducing End

Figure 1.4. A representation of the fragmentation types possible for GAGs. B and C ions
represent glycosidic fragments that retain information on the non-reducing end and Y and Z ions
represent glycosidic fragments that retain information on the reducing end. A and X fragments
are cross-ring fragments that retain information on the non-reducing end and the reducing end
respectively. The “n” represents the first carbon bond that a cross-ring fragment breaks and the

“m” represents the second.*

Electrospray lonization

Mass spectrometry requires charged particles or ions to produce a reading which can be
measured. Originally mass spectrometers used chemical ionization (CI) which produced singly
charged ions and was of limited use. In 1989 John Fenn coupled electrospray ionization (ESI) to
mass spectrometry to analyze large biomolecules®. ESI was later adapted for minute solvent

flow rates called nanoelectrospray ionization (nESI) by Matthias Wilm3. The advent of ESI saw



the generation of multiply charged ions which quickly lead to ESI as the standard and to

increased interest in mass spectrometry.

ESI generates a fine mist of charged particles by passing solution through a strong
electric field®” 3, A voltage difference between the ESI source and the mass spectrometer inlet
pulls and charges the sample molecules. The solvent rapidly evaporates due to heat and dry gas
causing a buildup of charge on the sample molecules. ESI is a soft ionization method that can
produce multiply charged molecules and keep fragile molecules intact. These features quickly
enshrined ESI as the standard method of ionization and to increased interest in mass
spectrometry. High charge states produced by ESI are better for both threshold fragmentation
and electron-based fragmentation methods®®. GAGs that are closer to being fully ionized are
more stable under threshold activation and more easily fully ionized with Na-H exchange. GAGs
with higher charge states have more active sites available for reaction with electrons or reagent

ions making electron-based activation methods more efficient.

One of the greatest disadvantages of ESI is ion suppression of the most polar components
of a mixture. This disadvantage can be overcome by integrating an online separation technique.
ESI is performed under atmospheric conditions and can easily interface with separation
techniques like LC, CE, or IM. Salts and detergents ionize much more favorably than most
biological molecules and severely reduce sensitivity. Salts and detergents must be removed prior

to experimentation or from preparation entirely.

GAGs present as highly anionic molecules due to the carboxyl group on the uronic acid
sugar which can easily deprotonate, as well as any sulfo-modification which is also likely to

deprotonate. Therefore, MS analysis is most easily accomplished in negative ion mode.

10



lon Activation

CID/HCD is the most common and easiest to implement form of ion activation for mass
spectrometry. Inside an ion trap a dc potential well causes ions to oscillate back and forth,
rapidly colliding with a neutral collision gas and building up thermal energy which will break the
molecular bonds. Sulfo-modifications for GAGs are typically the most labile bonds by far as low
energy levels will cause a hydrogen rearrangement reaction on the sulfate*. Thus, highly
sulfated GAGs will only produce sulfate loss when subjected to threshold activation techniques
like CID/HCD. Informative fragmentation can be generated from sparsely sulfated GAGs like
keratan sulfate, bikunin, and even CS/DS, which can have fully ionized precursors with ESI
because sulfate loss pathway will be closed. Sodium counterions can stabilize sulfo-
modifications by shutting down the rearrangement pathway that leads to fragmentation by
substituting sodium for the operative hydrogen, effectively fully ionizing the precursor. Sodium,
however, contaminates mass spectrometers and makes spectra more complex and is generally
avoided if possible. CID/HCD will generate b- and y-type fragments in proteins and glycosidic

fragments in GAGs, if precursors are fully ionized.

11
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Figure 1.5. Thermal/kinetic energy causes the sulfo-modification to be lost, while ionized sulfate

groups or sulfate groups with a metal cation substitution are much more stable.

ECD was developed in 1998 by Roman Zubarev and was the first low energy electron-
based (~1eV) ion activation method*!. Low energy electron capture typically works on positively
charged ions that can accept electrons. Though, recently Kristina Hakansson has been applying
negative ion electron capture dissociation (niECD) to negative mode peptides and glycans*.
Electrons captured by positively charged molecules can undergo fragmentation from radical
rearrangement in a non-ergodic mechanism. This type of fragmentation will lead to c- and z-type
fragments in proteins, which are complimentary to the b- and y- type fragments generated by
CID. The most common product of ECD is charge state reduction, where an ion captures an

electron but does not fragment.

12



GAG:s are highly negatively charged and are therefore not amenable to ECD
fragmentation. EDD is the negative ion mode compliment to ECD developed in 2001,
Negatively charged ions, like GAGs, when bombarded by moderately high energy electrons
(~18eV), can lose an electron to form a radical and undergo rearrangement and fragmentation.
EDD ion activation on sulfated GAGs has been extensively researched by the Amster group*4-53,
This type of fragmentation produces glycosidic and cross-ring cleavages without sulfate loss and
allows for informative structure characterization. Since the EDD activation pathway does not
break the most labile bonds primarily, fully ionized precursors are not necessary to produce

informative fragmentation without sulfate loss.

EDD is ill suited for high throughput analysis as it can take seconds of ion accumulation
and reaction to produce low intensity fragments. Both ECD and EDD require a direct path from
the filament where electrons are generated to the sample. This limits ECD and EDD to expensive
FTICR instruments where electrons can be directed towards trapped sample ions in the analyzer

cell.

NETD was developed as a reagent ion version of EDD, where an intermediary reagent
ion delivers the extra electron to a positively charged sample ion>* . In NETD a neutral carrier
gas, like nitrogen, is heated up to a thermally reactive temperature and then reacted with a
reagent ion, like fluoranthene or xenon, which becomes a radical species. The radicalized reagent
ions act as an intermediary for delivering electrons to multiply charged sample ions. The reagent
ion reacts quickly with the sample of interest, within milliseconds, creating an odd-electron
species that undergoes fragmentation which is not based on thermal energy. The NETD ion
activation time falls within the time restrictions imposed by online separation techniques. NETD

produces both informative glycosidic and cross-ring fragments similar to EDD, also without
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fully ionized precursors®8, Franklin Leach demonstrated NETDs ability to produce informative
fragmentation on a millisecond time scale making it a good candidate to be paired with

separation techniques®’.

NETD can take place within ion traps because reagent ions can be guided by rf voltages
unlike electrons. The ion-ion reaction between the reagent and the sample is efficient and fast
and can be well controlled. New MS instruments, like the orbitrap, use charge-sign independent
trapping (CSIT), where rf voltages are applied in both the radial (quadrupole rods) and axial (end
lenses) directions without additional dc offsets to trap sample ion and reagent ions in the linear

ion trap at the same time.>* >°,

Liquid Chromatography

Liquid chromatography (LC) paired with mass spectrometry has become the gold-
standard for online separation of biomolecules. There are many forms of LC that have been
applied to GAGs, including size exclusion chromatography (SEC), strong anion exchange
(SAX), reverse phase ion pairing (RPIP), and hydrophilic interaction liquid chromatography
(HILIC). Most LC techniques struggle with the highly anionic nature of GAGs and require
preparation either before or after separation to ensure proper separation or prevent contamination

of the mass spectrometer.

SEC uses sieves with sized pores to alter the distance molecules moving through the
matrix must travel based on their size. SEC separates GAGs over time based on their molecular
size. SEC has been used online to separate low molecular weight heparins (LMWH) and

dalteparin into distinct chain lengths®® ¢, However, SEC does not account for isoforms which
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are abundant in GAGs and may not perfectly separate GAG chain lengths since GAGs are linear
and not globular like the proteins SEC was designed for. For these reasons, SEC is most often

used as one step for offline purification and isolation of GAG samples.

SAX uses highly ionic resin to capture sample molecules with an opposite charge and
then salt is flushed through to release sample molecules by exchanging with them onto the resin.
The use of large amounts of salts make this technique very incompatible with MS due to
contamination and ion suppression, though some groups have worked to reduce the abundance of
salt after separation®® %0, Miller et al. combined SEC and SAX to better separate GAG

oligosaccharides based on their size and degree of modification®?.

RPIP uses ion pairing reagents that bind to GAGs and increase their retention to the
separation column, improving separation and resolution. lon pairing reagents are typically
organic compounds like di- and tributyl amines®. lon pairing enables high enough spectral
resolution to differentiate similar GAG species at the cost of higher sample complexity, reduced

ionization efficiency, and reduced fragmentation efficiency®3-°,

HILIC uses a polar stationary phase and a non-polar solvent system that ramps to a more
polar solvent to separate sample molecules by their polarity. Typically, the solvent system is
acetonitrile ratioed with water which works well with mass spectrometry, and little to no sample
preparation is required for GAGs separated by HILIC. HILIC has been used by several groups to
analyze a wide range of GAG chain lengths®’-%°. Combined HILIC/LC methods have even been
reported to be capable of separating chemically synthesized tetra- and hexasaccharide isomers

without permethylation over the course of an hour®.
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LC-MS has difficulty with the highly negative charge of GAGs and separating isomeric
compounds abundant in biological GAG mixtures. RPIP was developed to account for the highly
anionic nature of GAGs but introduces sample complexity and lowers ionization efficiency.
HILIC takes advantage of the polar nature of GAGs but is difficult to perform and fails to

separate isomers efficiently on its own.

lon Mobility Spectrometry (IMS)

IMS separations take place in the gas phase after the sample molecules are
electrosprayed. IMS uses electric fields and buffer gases to control the mobility of ions based on
their size and shape’. Because ion mobility is a gas phase technique separation occurs within
milliseconds. Kailemia et al. used high field asymmetric waveform IMS (FAIMS) to separate
isobaric GAG mixtures followed by structural characterization by EDD"?. Gated-trapped IMS
(gated TIMS) was used by Wei et al. to separate isomeric highly sulfated GAGs which were
analyzed by NETD". IMS is a promising new separation technique for GAGs, but many of the
methods are still in development and further experiments with more complex biological mixtures

are required for a true evaluation.

Capillary Zone Electrophoresis

Capillary zone electrophoresis (CZE) occurs when one end of a capillary is held at a high
voltage and the other end is held at a relatively lower voltage’. There are two main forces in a
CZE experiment that cause ions to migrate through the capillary. Electrophoretic force (EF) is
when charged molecules, or ions, migrate towards the voltage of opposite polarity and away
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from the like polarity. When a high voltage is applied to the inlet of the capillary sample ions
rapidly concentrate until they are the same resistance as the surrounding background electrolyte
and begin to migrate towards the outlet. The concentration of sample this way makes
investigation of small amounts of low concentration sample viable. This principle paired with
MS makes a powerful separation system for highly charged molecules like GAGs. The second
main force, electroosmotic flow (EOF), is when a charged double layer of background
electrolyte ions builds up on the inner surface of the capillary and bulk flow is induced. The
influence of EOF can be considerable in capillaries with very narrow inner diameters. CZE-MS,
then, is well suited to the highly anionic nature of GAGs and separates them based on the size of

their electric dipole.

CZE has been used to investigate GAG samples, especially disaccharides, for a long time
but suffered from some core issues?® ">"8, The background electrolyte, or solvent system for
CZE separation must be tailored to fit a specific sample type and to work well with MS. Most
BGEs were developed initially for fluorescence-based detection, not MS. Many of the BGEs
initially developed to effectively separate GAGs are very salty or have low ionization efficiency

which would contaminate and interfere with MS.

Second, the inner surface of bare fused silica capillaries is not well suited for migration of
negatively charged ions in CZE experiments. The silica oxide present on the inner surface of
BFS capillaries builds up a mobile layer of positively charged particles that flows in the opposite
direction of the negatively charged carbohydrate samples of interest, a detrimental EOF°. Both
temporary and permanent capillary coatings can negate or reverse the electroosmotic flow, but

permanent coatings are more reliable and less of a hassle.
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The third issue is, CZE requires a high voltage and a complete electrical circuit. A large
voltage is applied the BGE container at the inlet of the capillary, but the circuit must be
completed at the outlet of the capillary. Originally this was solved by flowing sheath liquid from
a secondary reservoir around the capillary outlet to generate electrospray®. This would complete
the circuit, but also heavily dilute the sample. Many groups have attempted to improve
sensitivity by stacking or concentrating the sample in the capillary®® &, Other groups are trying
to solve the dilution problem by removing the sheath liquid entirely, by adding an electrode to
the outlet of the capillary, but this is difficult to accomplish®. Recently, a company has come out
with an interface, based on research from the Dovichi group, designed to drastically reduce the
dilution factor by limiting the sheath liquid to a nanospray needle®*®#’. The outlet of the capillary
is etched by nitric acid to fit more snuggly into the nanospray needle and reduce the mixing

volume as much as possible.

This CZE-MS system is tailored to work well for analysis of small quantities of

highly negatively charged GAGs.

1.3 DISSERTATION TOPIC: DEVELOPING A CZE-MS PLATFORM FOR GAG

ANALYSIS

Partially digested biological GAG samples often present a complex mixture that is
difficult to interpret by MS or tandem MS alone. A robust and easy to use separation technique is
required to meaningfully advance understanding of GAG structural mechanisms and their role in
biological processes. This dissertation details the first steps in developing a CZE-MS platform

designed to separate and characterize complex GAG samples. Optimal separation and ionization
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conditions for highly negatively charged GAGs were determined using a basic CE instrument
and an orbitrap mass analyzer. Then, NETD fragmentation was optimized on GAG
tetrasaccharide standards before being used to analyze the components of a complex partially

digested GAG pharmaceutical.
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CHAPTER 2
EXPERIMENTAL METHODS
2.1 MATERIALS

BFS capillaries (360 pm o.d. x 50 um i.d.) were purchased from PolyMicro Technologies
(Phoenix, AZ). Borosilicate glass capillaries (1.0 mm o0.d. x 0.75 mm i.d.) and pulled coated
electrospray emitters (1.0 mm o.d. x 0.75 mm i.d., E-BS-CC1-750-1000-10 p-B30) were
obtained from CMP Scientific (Brooklyn, NY). Coating reagents, dichlorodimethylsilane (DMS,
Sigma-Aldrich, St. Louis, MO) and N-(6-aminohexyl)aminomethyltriethoxysilane (AHS, Gelest,
Morrisville, PA) were prepared in toluene. Ammonium acetate, water, and methanol were of
HPLC grade (Fisher Scientific, Hampton, NH). Diethylamine, sodium hydroxide, concentrated
hydrofluoric acid (~48% wt), acetone, and toluene were purchased from Sigma-Aldrich (St.
Louis, MO). All solutions were filtered with 0.45 um syringe filter (Millipore, Temecula, CA)

before use.

2.2 GAG SAMPLE PREPARATION

GAG oligosaccharides were prepared by enzymatic depolymerization and purified using
strong anion exchange high-pressure liquid chromatography (SAX-HPLC). GlcA-GIcCNACc6S-
IdoA-GIcNAC6ES (GI) and GIcA-GIcNACc6s-GIcA-GIcNAC6S (GG) were chemically synthesized
and purified as shown in the literature!. Low molecular weight heparin (LMWH), Enoxaparin,

was from the USP (Rockville, MD). Low molecular weight heparin (LMWH), Lovenox, was
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from Sanofi (Bridgewater, NJ). Enoxaparin and Lovenox were chemically digested with

hydrogen peroxide?.

All samples were diluted in HPLC grade water and desalted with a 3kDa Amicon Ultra
centrifugal filter (Millipore, Temecula, CA) prior to separation and mass spectrometry analysis.
Although the GAGs have molecular weights below 3 kDa, heparin and heparan sulfate
tetrasaccharides and larger chains do not pass through the 3 kDa membrane. The membrane
permeability is based on size and shape. GAGs have a linear structure compare to proteins which
are often globular, and this makes the GAGs behave as if they have a higher molecular weight
for the purposes of the centrifugal filter membrane. Filters were conditioned with water, and the
sample was then washed with two filter volumes of water (14,000 x g for 25 min each). Before
analysis, GAG samples were diluted to 5 pg/mL and the LMHWSs were diluted to 100 pg/mL in

water.

2.3 COATINGS

Bare fused silica capillaries were etched with concentrated hydrofluoric acid (HF) at one
end to reduce the outer diameter of the capillary for use in the sheath flow CE interface described
below. For the etching process, the outlet of the capillary was placed in concentrated HF for 45-
60 min. the capillary was then thoroughly washed with water. Etched capillaries were coated
with AHS to produce a cation coated capillary and DMS to produce a neutral coated capillary.
Coating materials were prepared in toluene with 1% concentration of either AHS or DMS. A
BFS capillary was first cleaned and prepared for coating by flushing 0.1 M NaOH, water,

methanol, dried acetone, and dried toluene, in series for 30 min each. The capillary was then
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coated by flushing the 1% AHS or DMS solution for 1 h. The capillary was then flushed with
dried toluene, dried acetone, and methanol, in series for 30 min each to remove excess coating
solution. AHS coated capillaries were left to dry and cure for 2 weeks before being equilibrated.
Finally, capillaries were equilibrated by flushing background electrolyte (BGE, 25mM
ammonium acetate 70% MeOH) through the capillary and applying a high voltage to the
capillary for 1 h. Once degradation becomes apparent, BFS capillaries can be easily cleaned by
flushing sodium hydroxide for a short time; however, the coatings are stripped in basic
conditions and must be reapplied by repeating the coating procedure. Very little coating

degradation is observed, and coating reapplication is rarely needed.

The interior surface of sheath flow emitters was covalently modified with solutions that
were prepared in dried toluene with 1% concentration of either AHS (cationic surface) or DMS
(neutral surface). To clean and prepare the emitter for surface modification, the borosilicate glass
capillary was rinsed consecutively with 2 mL each of aqueous 0.1 M NaOH, water, methanol,
dried acetone, and dried toluene. The surface of the borosilicate glass capillary was then
modified by flushing with 500 pL of 1% AHS or DMS over a 20 min period. The borosilicate
glass capillary was then consecutively rinsed with 2 mL of each dried toluene, dried acetone, and
methanol. The modified borosilicated glass capillaries were then pulled into emitter with 30 um

orifices using a commercial capillary puller, as described previously.

2.4 INSTRUMENTATION

Experiments were conducted on an Agilent HP 3D capillary electrophoresis instrument

(Wilmington, DE). The total length of capillaries used ranged from 50 to 60 cm, and their inner
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diameter was 50 um with a total internal volume of approximately 1 pL. The aqueous GAG
sample was injected for 3 s at 950 mbar followed by a BGE injection for 10 s at 10 mbar. The
injected volume was approximately 0.1 uL. The ionic strength of the injected sample plug is 2-3
orders of magnitude less than that of the background electrolyte. The sample plug will act as a
resistor within the capillary circuit when voltage is applied and cause sample stacking and a
sharp sample peak. The inlet of the capillary was placed into a BGE vial for separation. A
separation voltage of -30 kV was applied to the inlet of the capillary form most experiments. A

separation voltage of -15 kV was used for selected experiments as identified in the results below.

An EMASS-II (CMP Scientific, Brooklyn, NY) CZE-MS interface was used to couple
the CE with a Thermo Fischer Scientific Orbitrap Elite mass spectrometer (Bremen, Germany).
The etched capillary outlet was nested inside of a glass emitter tip with a 30 um tip orifice (CMP
Scientific, Brooklyn, NY). The etched capillary was positioned 0.3-0.5 mm from the tip of the
emitter orifice to create a mixing volume of approximately 15 nL, and the emitter tip was filled
with sheath liquid (SL, 25 mM ammonium acetate 70% MeOH) from a reservoir vial. An
external power supply provided a nano-electrospray (nESI) voltage ranging from -1.6 to -1.9 kV
to the sheath liquid and thus the emitter. 2mM NaOH was added to the sheath liquid (SL) to

generate sodiated sample peaks

MS detection was performed in negative ion mode. Prior to CZE-MS experiments, a
semi-automatic optimization of source parameters was performed using sucrose octasulfate to
improve sensitivity of sulfated GAGs and reduce sulfate loss during MS analysis. The Orbitrap
Elite was scanned from m/z 150-2000 for GAG oligosaccharides with a specified resolution of

120,000.
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2.5 NEGATIVE ELECTRON TRANSFER DISSOCIATION

Fluoranthene radical cation produced by electron ionization was used as the reagent ion
for NETD experiments. lon-ion reactions took place inside the ion trap quadrupole of the
Orbitrap Elite mass spectrometery. Analyte ions generated by nESI after CZE separation are
accumulated in the ion trap and reacted with fluoranthene reagent ions generated by a chemical
ionization source (Cl) in a module at the back end of the instrument. 110 ms activation times
were used for doubly charged tetrasaccharides and triply charged hexasaccharides. 50 ms
activation times were used for triply charged tetrasaccharides. Emission current was set to 75 HA
and electron energy was set to -70 V. Experiments were manually optimized. Preliminary CZE-
MS were acquired to identify potential precursor ions, followed by individual NETD tandem
experiments for each precursor, and then methods were used that split spectra acquisition evenly
between MS and NETD MS?2 of a single selected precursor. A data dependent method was
designed to apply NETD fragmentation to the two most intense m/z in the MS1 throughout the

electropherogram, excluding the BGE peaks, and used to asses LMWH samples.
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CHAPTER 3

HEPARIN/HEPARAN SULFATE ANALYSIS BY COVALENTLY MODIFIED REVERSE

POLARITY CAPILLARY ZONE ELECTROPHORESIS-MASS SPECTROMETRY

Stickney, M.; Sanderson, P.; Amster, I. J. 2018. J. Chromatogr. A, 1545, 75-83.
Accepted by J. Chromatogr. A. Reprinted here with permission of the publisher.
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3.1 ABSTRACT

Reverse polarity capillary zone electrophoresis coupled to negative ion mode mass
spectrometry (CZE-MS) is shown to be an effective and sensitive tool for analysis of
glycosaminoglycan mixtures. Covalent modification of the inner wall of the separation capillary
with neutral or cationic reagents produces a stable and durable surface that provides reproducible
separations. By combining CZE-MS with a cation-coated capillary and a nano sheath flow
interface, a rapid and reliable method has been developed for the analysis of sulfated
oligosaccharides from dp4 to dp12. Several glycosaminoglycan (GAG) mixtures have been
separated and detected by mass spectrometry. The mixtures were selected to test the capability of
this approach to resolve subtle differences in structure, such as sulfo-modification position and
epimeric variation of the uronic acid. The system was applied to a complex mixture of
heparin/heparan sulfate oligosaccharides varying in chain length from dp3 to dp12 and more than

80 molecular compositions were identified by accurate mass measurement.

3.2 INTRODUCTION

Sulfated glycosaminoglycan (GAG) carbohydrates are linear, acidic polysaccharide
chains that are abundant on the surface of mammalian cellst. Several biological processes, such
as developmental and disease functions, are impacted by GAGs within the body through protein-
binding interactions®*. The biosynthesis of GAG chains is a non-template driven process,
facilitated by a number of enzymatic steps (elongation, deacetylation, sulfo-modification,
epimerization) that do not go to completion, resulting in highly heterogeneous and complex

mixtures®. There are several classes of GAGs that are defined by their linkage pattern and amino
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sugar (N-acetyl glucosamine (GIcNAc) orN -acetyl galactosamine (GalNAc)), with heparin and
heparan sulfate as the most structurally diverse. Heparin and heparan sulfate consist of a
repeating disaccharide unit of an N-acetyl glucosamine linked (1«<—4) to a hexuronic acid sugar.
The GIcNAc can be modified by deacetylation and N-sulfo modification, and it can also have
sulfo-modification at the 6-O- or 3-O-position. The hexuronic acid sugar can exist as one of two
epimers: glucuronic acid (GIcA) or iduronic acid (IdoA) with sulfo-modification commonly at
the 2-O-position of 1doA but infrequently at the 2-O-position of GIcA®. The structural
assignment of GAG chains is a significant analytical challenge and has been the target of several
researchers’4. Although full-length sulfated GAGs have been analyzed in top-down fashion by
mass spectrometry®® 16, the typical approach is to partially digest polysaccharides to
oligosaccharide mixtures of moderate length (typically disaccharide to decasaccharide) to enable
characterization. The structural analysis of sulfated GAGs can be accomplished using mass
spectrometry, which has the advantages of high sensitivity and selectivity for structural
characterization® 12 13.17:18 The complexity of these digest mixtures makes prior separation (on-
line or off-line) desirable to facilitate analysis. Approaches for separating GAGs include high
performance liquid chromatography (HPLC), hydrophilic interaction liquid chromatography
(HILIC), and capillary zone electrophoresis (CZE). HPLC is an umbrella term that contains
several different techniques based on the chosen column. Size exclusion (SEC), strong anion
exchange (SAX), reversed phase ion pairing (RPIP), and graphitized carbon chromatography
(GCC) are techniques that have been coupled to mass spectrometry for GAG analysis®?2.
However, these techniques have disadvantages in comparison to CZE-MS. SEC and SAX utilize
reagent cations at elevated concentrations that lead to ion suppression if not removed before MS

analysis?®. RPIP-LC-MS can lead to mass spectrometer contamination and may undermine

34



system performance. HILIC uses a polar stationary phase and mobile phases much like those
used in reverse-phase separations, making it more compatible for GAG separations and MS
analysis®* 25, Unfortunately, HILIC separations resolve components mostly by their degree of
polymerization (dp), and do not provide much resolution for isomers** 6, GCC offers adsorption
based separation with very stable graphite columns allowing a multitude of conditions to be
implemented, such as high temperatures, variable pH, and low salt content!® 2627, Previous work
using HPLC and HILIC demonstrated the ability to separate GAGs up to dp142® 28, Because of
the highly ionic nature of sulfated GAG chains, CZE is a well-suited separation technique for
this biomolecule class. Anionic biomolecules, such as oligonucleotides and metabolites, have
been analyzed using CZE-MS for several years?®-3, Despite this advantage, CZE-MS analysis of
GAG oligosaccharides remains an under-developed approach. Much of the early GAG CZE
literature focuses on normal mode polarity where a positive potential is applied to the capillary®*
3, Using normal polarity, CZE separation of chondroitin sulfate, hyaluronic acid, keratan sulfate,
heparan sulfate, and heparin; ranging from disaccharide to oligosaccharide length (up to dp20)
has been demonstrated®’. However, normal polarity is not well suited to the acidic nature of
highly sulfated GAGs and generally leads to longer migration times (except with specific
electrolytes) and low resolution®: 328, Most of this work has been performed with optical
detection and structural features cannot be assigned without the use of standards. Replacement of
UV absorbance with MS detection is a logical progression; however, the electrolytes used during
UV detection experiments are non-volatile and often incompatible with MS limiting the number
of well understood electrolytes that can be employed®*L. The optimal CZE-MS configuration
for GAG oligosaccharide analysis is reverse polarity with negative mode ionization. In reverse

polarity CZE, a negative potential is applied to the capillary inlet, generating an electrophoretic
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force which migrates negatively charged GAGs in the direction of the mass spectrometer. By
using reverse polarity, the migration times of GAGs will decrease, and the sample peaks become
narrower, improving resolution. A recent application of CZE-MS to GAGs has used reverse
polarity CZE and negative mode MS detection*?. This work focused on disaccharides and
demonstrated fast and complete separations. Researchers have started to tackle larger
oligosaccharides, which retain structural information, in an attempt to solve specific biological
problems®” and investigate common pharmaceuticals®®. In addition to the electrophoretic force
(EF), ions are also subject to an electroosmotic force (EOF). The EOF is driven by the bulk
movement of solvated counterions near the inner surface of the capillary. With a conventional
bare fused silica (BFS) capillary, the inner surface of the capillary presents silanol groups to the
solution within the capillary. At neutral pH, the silanol groups are ionized, resulting in a
negatively charged static layer which attracts cations from the background electrolyte (BGE) to
create a positively charged mobile layer** %, With reverse polarity CZE in a BFS capillary, the
EOF opposes the EF and results in longer migration times, peak broadening, and may cause
some less ionized components to migrate away from the MS interface and not be detected.
Modification of the surface of the fused silica capillary can alter its properties and either turn off
EOF by creating a neutral surface or make a static positively-charged surface, which produces an
EOF that moves in the same direction as the EF, thus reduces the migration time of the
analytes*® %', Prior work used dynamic coatings to create positive charge at the capillary inner
surface*® 4. These are simple to implement, but the stability of such non-covalent coatings is an
issue that can be improved upon. The present work focuses on the separation and detection of
GAG oligosaccharide mixtures using reverse polarity CZE-MS. We have examined neutral and

cation coated separation capillaries, using covalent modifications that are durable and stable.
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These were tested and compared to BFS capillaries to optimize separation parameters for GAGs.
Baseline characterization of each coating was performed with binary mixtures of typical
modifications in GAGs. The optimized conditions were used to examine a complex mixture of
GAG oligosaccharides with up to 12 saccharide subunits. Although demonstrated on a high-

resolution MS system, the described methodology is amenable to most MS instrumentation.

3.3 EXPERIMENTAL
Materials

BFS capillaries (360 um o.d. x 50 um i.d.) were purchased from PolyMicro Technologies
(Phoenix, AZ), and coated electrospray emitters (1.0 mm OD x 0.75 mm ID, E-BSCC1-750-
1000-10u-B30) were obtained from CMP Scientific (Brooklyn, NY). Coating reagents,
dichlorodimethylsilane (DMS, Sigma-Aldrich, St. Louis, MO) and N-(6- aminohexyl)
aminomethyltriethoxysilane (AHS, Gelest, Morrisville, PA) were prepared in toluene at 1%
concentration. Ammonium acetate, formic acid, water, and methanol were HPLC grade (Fisher
Scientific, Hampton, NH). Diethylamine, sodium hydroxide, concentrated hydrofluoric acid
(~48% wt), acetone, and toluene were purchased from Sigma-Aldrich (St. Louis, MO). All

solutions were filtered with 0.45 pm syringe filter (Millipore, Temecula, CA) before use.

GAG Standards

GAG oligosaccharides were prepared by enzymatic depolymerization and purified using

strong anion exchange high-pressure liquid chromatography (SAX-HPLC) for samples 1-6 as
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shown in Table 1%°. Epimer pair heparan sulfate tetrasaccharides (Table 1, samples 7 GIcA-
GIcNACc6S-1doA-GIcNAC6ES (GI) and 8 GIcA-GICNAC6S-GIcA-GIcNACES (GG)) were
chemically synthesized and purified as described in the literature®. Low molecular weight
heparin, Enoxaparin, was from the USP (Rockville, MD). All samples were desalted with a 3
kDa Amicon Ultra centrifugal filter (Millipore, Temecula, CA) prior to separation and mass
spectrometry analysis. Although the GAGs have molecular weights below 3kDa, heparan sulfate
tetrasaccharides and larger chains do not pass through the 3kDa membrane. The membrane
permeability is based on size and shape. GAGs have a linear structure compared to proteins
which are often globular, and this makes GAGs behave as though they have a higher molecular
weight to the centrifugal filter membrane. Filters were conditioned with water, and the sample
was then washed with two filter volumes of water (14,000 x g for 25 min each). Before analysis,

GAG samples were diluted to 5 pg/mL in water.

Table 1. GAG tetrasaccharide standards used in this study.

Tetrasaccharides Structure Name \:: iogl;?:::;} Structure
1 AUA2S-GIcNS6S-1doA2S-GIeNS6S | 1153.9427 @—D—G—{:—a
2 AUA2S-GleNS6S-1doA-GIcNAc6S | 1036.0396 %—!—O—I—
3 AUA2S-GIcNS6S-IdoA-GleNAc | 914.0722 <> ‘1 < B
4 ' AUA28-GlcNS-TdoA-GlcNS6S 994.029 <> B g D §
5 | AUA2S-GIcNS6S8-1doA2S-GIeNS | 1073.9859 %—B—é—u—
6 AUA2S-GleNS6S-IdoA-GIcNS6S | 1073.9859 @—p—é—lﬁ!—
7 GlecA-GleNAc6S-1doA-GIeNAc6S | 936.1471 O—I—G—I— {
8 GleA-GlcNAc6S-GlcA-GlcNAcHS | 936.1471 Q_‘J.b_o_s.b_.,
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Coatings

Bare fused silica capillaries were etched with concentrated hydrofluoric acid (HF) at the
distil end to reduce the outer diameter of the capillary for use in the sheath flow CE interface
described below. For the etching process, the outlet of the capillary was placed in concentrated
HF for 45-60 min. The capillary tip was then washed with copious amounts of water. The etched
capillaries were coated with AHS to render a cation coated capillary and DMS for a neutral
coated capillary. Coating solutions were prepared in toluene with 1% concentration of either
AHS or DMS. To clean and prepare for coating, the capillary was rinsed with 0.1 M NaOH,
water, methanol, dry acetone, and dry toluene, respectively, for 30 min each. The capillary was
then coated by flowing 1% AHS or DMS for 1 h. The capillary was consecutively flushed with
dry toluene, dry acetone, and methanol for 30 min to remove excess coating solution after
coating. Finally, the capillary was equilibrated with background electrolyte buffer (BGE, 25 mM
ammonium acetate 70% MeOH) for 1 h. Once degradation becomes apparent, BFS capillaries
can be easily cleaned by flushing sodium hydroxide for a short time; however, the coatings are
stripped in basic conditions and must be reapplied by repeating the coating procedure. In some
experiments, 0.1-1% formic acid (FA) or 0.02— 0.1% diethylamine (DEA) was added to the

BGE.

Instrumentation

Experiments were conducted on an Agilent HP 3D capillary electrophoresis instrument
(Wilmington, DE). The total length of the capillary ranged from 52-54 cm, and its inner

diameter was 50 um with a volume of approximately 1 pL. The aqueous GAG sample was
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injected for 3 s at 950 mbar followed by a BGE injection for 10 s at 10 mbar. The injected
volume was 0.1 pL. The ionic strength of the injected sample plug is 2—-3 orders of magnitude
less than that of the background electrolyte, so sample stacking is expected under these
conditions and provides a sharp sample front. The capillary was then placed into a BGE vial for
separation. A separation voltage of -30 kV was applied to the capillary for most experiments. A
separation voltage of —15 kV was used for selected experiments as identified in the results
below. An EMASS-I1 (CMP Scientific, Brooklyn, NY) CE-MS interface was employed to
couple the CE with a Thermo Scientific Velos Orbitrap Elite mass spectrometer (Bremen,
Germany)*? 5253, The etched capillary outlet was nested inside of a cation coated glass emitter
tip with a 30 um tip orifice (CMP Scientific, Brooklyn, NY). The etched capillary was positioned
0.3-0.5 mm from the tip of the emitter orifice to create a mixing volume of ca. 15 nL, and the
emitter tip was filled with sheath liquid (SL, 25 mM ammonium acetate 70% MeOH). An
external power supply provided a nano-electrospray (nESI) voltage ranging from —1.7 to —1.85
KV to the emitter. MS detection was performed in negative ion mode. Prior to CZE-MS
experiments, a semi-automatic optimization of source parameters was performed using sucrose
octasulfate to improve sensitivity of sulfated GAGs and reduce sulfate loss during MS analysis.
The Orbitrap was scanned from m/z 150-2000 for GAG oligosaccharides with a specified
resolution of 120,000. Optimal conditions resulted when the S-lens RF level, multipole 00 offset,

and lens O were set at 6 %, 7.20 V, and 8.50 V, respectively.
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3.4 RESULTS AND DISCUSSION

In capillary zone electrophoresis of mixtures, EF provides component separation due to
differences in their mobilities. In contrast, EOF causes an analyte-independent migration of all
components. The magnitude and direction of the EOF with respect to the EF depends upon the
chemical nature of the separation capillary’s inner surface. In an uncoated BFS capillary, with a
background electrolyte solution (BGE) of 25 mM ammonium acetate (pH="7.5) in
70% methanol, a static layer of negatively-charged silanol groups are presented at the inner wall
of the capillary. These interact with the BGE to create a mobile layer of solvated positive ions.
With reverse-polarity CZE, this mobile layer is attracted by the negative potential at the entrance
of the separation capillary. This creates an EOF that opposes the EF for negatively charged
analytes. In the case of highly-charged GAG oligosaccharide anions, the EF is greater than the
EOF, so sample migrates toward the mass spectrometer interface. However, with EOF moving in
the opposite direction, sample migration through the BFS capillary is slowed and results in
increased migration times.

We have examined coated capillaries that either eliminate the EOF or reverse it so that it
aligns with the EF to optimize the separation of GAG oligosaccharides. After optimization,
migration time and peak widths are reduced while the peak capacity remains the same compared
to prior work with BFS capillaries. Two different coatings, dichlorodimethylsilane (DMS)
and N-(6-aminohexyl) aminomethyltriethoxysilane (AHS), were examined. Fig. 1 compares the
direction of EF and EOF for BFS, with that of capillaries with neutral (DMS) and cationic (AHS)

coatings that were examined for this study.
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Figure 3.1. Diagram depicting the forces of the electroosmotic flow (EOF) and electrophoretic
forces (EF) that act on analytes during a CZE-MS experiment with three different inner capillary

sufaces: (A) Bare fused silica (BFS), (B) DMS coated, and (C) AHS coated.

For DMS and AHS capillaries, the reagent forms a covalent ether linkage to silica at the
surface of the inner wall of the capillary and produces a durable and stable layer. These fused
silica surface modifications have been used by others for nanoparticle modification, protein
immobilization supports, and other applications®%. Non-covalent coating methods (also known
as dynamic coating) are easier to implement than covalent coating, but the coating can dissociate
from the inner surface over time. In our hands, when bovine serum albumin (BSA) is utilized as
a non-covalent coating, a cation surface is produced on the inner surface of the capillary but is
unstable over time and often leads to plug formation within the capillary as the coating degrades.

As shown in Fig. 2, the covalently linked coatings are more durable than the BSA-coated
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capillaries. After 81 run iterations on a BSA capillary, degradation of the BSA coating caused
plug formation and prevented further trials. The AHS and DMS coated capillaries are found to be
quite stable, and the coating hydrolyzes slowly under the separation conditions with a very
modest change in migration time from run to run. Furthermore, they do not lead to column
plugging, and therefore can be refreshed by reapplication of the coating. In contrast, the BSA-

coated capillaries often become plugged by desorbed protein after several runs.

Short Term Durability of Coated Capillaries
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Figure 3.2. Short term durability of neutral (DMS, solid line) and cation (AHS, dashed line;
BSA, circle dashed line) coated capillaries shown using sample 1 across 150 iterations. The BSA

trial was terminated after 81 iterations due to coating failure.

With a DMS-coated capillary, silanols are capped by neutral methyl groups. This
eliminates the EOF in normal and reverse polarity and analytes migrate only under the influence
of EF. For negatively charged analytes under reverse-polarity conditions, the sample is expected
to migrate through the capillary faster than in an uncoated BFS capillary. The AHS coated

capillary will have an EOF that aligns with the EF for negatively charged analytes in reverse-
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polarity CZE and should exhibit even faster migration. Multiple amino silane reagents were
considered, such as 3-aminopropyltriethoxysilane and N-(2-aminoethyl)-3-
aminopropyltriethoxysilane. However, AHS was shown to be the most stable coating reagent
because its chain length prevents hydrolysis by self-cyclization®. Short term durability tests
demonstrated that covalent coatings are stable in optimized conditions (Fig. 2), but long-term use
showed signs of degradation in DMS-coated capillaries. Both coatings degrade in high pH

conditions (pH > 12).

Tetrasaccharide standards that contain common variations in GAG structure were used to
test the efficacy of the coatings. A mixture of tetrasaccharides that differ in the number
of sulfate modifications, ranging from 3 to 6 (samples 1-3), was analyzed first. Fig. 3 compares
the CZE migration profiles (base peak chromatogram) for this GAG tetrasaccharide mixture
obtained with BFS, DMS, and AHS coatings on capillaries of similar length and identical
experimental conditions. Sample 1 migrates through all of the capillaries first due to the higher
number of sulfates present (six) compared to samples 2 and 3 with four and three sulfates,
respectively. As expected from the EOF behavior described above, the compounds migrate most
rapidly with the AHS capillary and slowest with a BFS capillary. The peaks are narrowest with
the AHS capillary, as longitudinal diffusion of a sample band increases linearly with its
migration time. For sample 1, the peak widths at 50% peak height (FWHM) were 1.14, 0.49, and
0.2 min for BFS, DMS, and AHS capillaries, respectively. With a decrease in peak width, the
sensitivity (limit of detection of 50 ng/mL) was improved using the AHS capillary and optimized
experimental conditions. Shortened migration and reduced peak width were achieved with

reverse polarity CZE on a cation coated capillary.
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Figure 3.3. Electropherogram comparison of migration times based on different capillary
coatings. Samples (1), (2), and (3) are tetrasaccharides with different numbers of sulfates.
Sample (1) contains six sulfates, (2) has four sulfates, and (3) has three sulfates. Significant
improvement in migration time and peak width is observed with neutral (DMS) and cation

coated (AHS) capillaries.

Next, compounds that contain single point variations in structure and produced mixtures
of increasing separation difficulty were analyzed. Two GAG tetrasaccharides with different
amino modifications, samples 4 and 2 (Table 1), were investigated. These tetrasaccharides have
the same number of sulfate modifications, but one has an N-sulfo modification on the fourth
residue; whereas, the other tetrasaccharide contains an N-acetyl group. Using reverse polarity
CZE-MS on an AHS capillary, these tetrasaccharides are baseline separated in less than 20 min
with approximately 2.5 min between the peaks. The FWHM for the peaks are 13.8 s (sample 4)
and 15 s (sample 2). When compared with the DMS and BFS capillaries, the FWHM for the

AHS capillary was reduced by a factor of two (DMS) or three (BFS). The two components of
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this mixture differ in composition by (O-sulfo + N-acetyl) versus (OH + N-sulfo), evidenced by

the 42 Da difference in their mass spectra, shown in panels B and C of Fig. 4.
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Figure 3.4. A) Baseline separation of tetrasaccharide mixture containing samples 4 and 2 with
different amino modifications. Mass spectrum of sample 4 (B) and 2 (C) showing the mass

difference due to amino modification.

A more challenging test are the isomeric tetrasaccharides, samples 5 and 6. The analyte
structures are closely related and vary only in the position of one of the five sulfate
modifications. Fig. 5 shows the separation of this isomer pair (samples 5 and 6) using an AHS
coated capillary, with baseline separation of the peaks. As these are positional isomers, their
mass spectra are identical, and exhibit double, triple, and quadruple-charged molecular ions, as

shown in the lower panel of Fig. 5, for sample 5.
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Figure 3.5. (A) Baseline CZE separation of a tetrasaccharide mixture on AHS capillary. Sample
5 and 6 are isomers with the same number of sulfate groups and exact mass but differ in sulfate
position on the last two sugar residues. (B) Mass spectrum of sample 5 demonstrating the

observed charge state distribution.

The most challenging analysis that often arises in GAG characterization using MS is the
differentiation of stereoisomeric compounds arising from epimerization of uronic acids (GICA vs.
IdoA). We examined such a mixture of epimers, and the results are shown in Fig. 6, for samples
7 (G1) and 8 (GG). These GAG tetrasaccharides vary only by the C-5 stereochemistry of the
uronic acid near the reducing end. With reverse polarity CZE-MS on an AHS capillary, the two
epimers are well separated. The early migrating peak, GI, exhibits a distinct shoulder. A similar
result was found using differential ion mobility of these same compounds and was attributed to
anomeric nature of the reducing end®’. The rate of mutarotation of the anomeric carbon is slow
compared to the migration time in CZE, so this is a plausible cause of the extra peak in the

sample. The lower panel in Fig. 6 shows the mass spectrum of GI which is identical to that of
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GG (spectrum not shown). Since these are stereocisomers, all of the peaks in the

electropherogram, including the shoulder, produce similar ESI mass spectra.
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Figure 3.6. Baseline separation of a stereoisomer mixture (samples 7 and 8) on AHS capillary.
Sample 7 migrates first followed by sample 8. The peak labeled 7a is attributed to an anomeric

form of sample 7.

Enoxaparin, a pharmaceutical product produced by alkaline depolymerization of heparin
into low molecular weight components, was also analyzed using reverse polarity CZE and
negative ion mode mass spectrometry. Others have analyzed Enoxaparin using on-line
separations and mass spectrometry detection® 2> %860 This sample is known to be a complex
mixture of oligosaccharides varying in degree of polymerization (dp) from dp 3 to dp 20. Fig. 7A

shows an ESI mass spectrum of the sample without any prior separation, demonstrating the
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innate complexity of this sample. Base peak electropherograms obtained using BFS, DMS, and
AHS capillaries are shown Fig. 7B. Enoxaparin migrates more quickly through the capillary on

the cation coated capillary (AHS) compared to the neutral and uncoated capillaries.
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Figure 3.7. A) Mass spectrum of Enoxaparin (LMWH) without separation. B) separation
windows of Enoxaparin on uncoated and coated capillaries: (1) BFS, (2) DMS, and (3) AHS
with migration times decreasing from 1 to 3. The presented migration time window varies

between panels 1-3 to enable comparison.

Although the migration time decreases for the coated capillaries, peaks are not lost. The
peaks become narrower when using coated capillaries, as shown previously with the
tetrasaccharide mixtures, but they exhibit the same features as the BFS separation. This is a
highly complex mixture, and we do not obtain baseline separation of all components.
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Nevertheless, the mass spectra obtained at any time point is highly simplified compared to the
unseparated sample, and we can evaluate the components that are present. Oligosaccharides
ranging from dp 3 to dp 12 were detected with a range of 4-17 sulfo groups present on the
GAGs. The neutral masses extend from 753 to 3301 Da with less than 3.5 ppm error for the
assigned compositions. Shorter oligosaccharides migrate through the capillary first and the GAG
chain length increases over the migration period. The majority of the chains were dp 4 to dp 8
which is expected for the Enoxaparin mixture. Toward the end of the separation, dp 10 to dp 12
are observed in low intensity.

Sodium and ammonia adducts were also assigned for approximately half of the
compositions. Sodium adducts are expected because Enoxaparin is manufactured as a sodium
salt. The appearance of ammonia adducts can be explained by the choice of an ammonium
acetate BGE. A supplemental list of all 83 unique compositions that were identified using the
AHS capillary is included (Supp. Table 1).

While optimizing conditions for reverse polarity CZE with negative ionization mode MS,
the use of background electrolyte solution (BGE) additives was explored. The role of pH can
play a vital part in the extent of separation achieved based on the applied coating. EOF is directly
influenced by the pH range of the BGE on capillaries that have a charge on the inner surface of
the capillary. The neutral DMS capillary will not be affected by the pH of the BGE because the
EOF is eliminated.

Formic acid (FA) and diethylamine (DEA) were used to adjust the pH to lower and
higher values during separation, respectively. These reagents were selected for their volatility,
which makes them compatible with on-line CZE-MS analysis. Acetic acid and formic acid were

both tested as an additive to the BGE and sheath liquid. Using formic acid reduced the amount of
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chemical background in the MS which improved the signal to noise ratio compared to acetic
acid. Table 2 shows the effect of different BGE additives on the pH of the BGE. Without any
additive, a BGE consisting of 25 mM ammonium acetate in 70% MeOH has a pH of 7.5. By
adding FA to a concentration of 0.5%, the pH is reduced to 4.2. Conversely, with addition of

0.4% DEA into the BGE, the pH increases to 10.1.

Table 2. Effect of BGE additive on pH.

BGE Additive pH
0.5% FA 4.2
0.4% FA 4.3
0.3% FA 4.6
0.2% FA 4.8
0.1% FA 5.3
None 7.5
0.05% DEA 8.3
0.1% DEA 8.8
0.2% DEA 9.3
0.3% DEA 9.9
0.4% DEA 10.1

BGE: 25 mM ammonium acetate 70% MeOH.

For the AHS cation coated capillary, increasing the pH of the BGE reduces ionization of
the modified surface of the capillary, reduces EOF, and results in longer migration times. In Fig.
8, a mixture of tetrasaccharides containing an increasing number of sulfate groups, ranging from
3 to 6 sulfate groups (samples 1-3, and 6), is separated using 25 mM ammonium acetate in 70%
MeOH with the addition of FA in the top electropherogram and DEA in the bottom

electropherogram. The middle electropherogram is the separation in normal BGE without any
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pH adjustment. FA reduces the migration time and suppresses sodium adducts in the mass
spectrum but does not affect the observed charge state. It also decreases the peak width in the
electropherogram. The FWHM for sample 1 is reduced to 16 s using 0.1% FA compared to a
FWHM of 22 s without any additive. In contrast, DEA increases migration times and the charge
states of the ions of interest in the mass spectrum. As one would expect, DEA increases the peak
width. For samples that migrate slower through the capillary, the peak widths increase. Peak
broadening is diminished for samples that migrate faster through the capillary. Comparison of
sample 1 with or without DEA, the FWHM slightly increases from 21 to 22 s. However, for
samples 2 and 3, the FWHM changed from 30 to 85.2 s and 22-28 s with the addition of 0.05%
DEA, respectively. Overall, lower pH decreases migration time, while, higher pH increases

migration time on an AHS cation coated capillary.
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Figure 3.8. Effect of additives on four tetrasaccharide standards with an increasing number of
sulfates (samples 1-3 and 6) through and AHS coated capillary. The pH of BGE in AHS coated
capillaries modulates migration time. Lower pH, from addition of formic acid, leads to faster

migration, and higher pH, from diethylamine, leads to slower migration.
3.5 CONCLUSIONS

In this work, the advantages of using different coated capillaries with
reverse polarity CZE-MS separations were demonstrated on oligosaccharide mixtures larger
than disaccharides. Standard uncoated, neutral coated, and cation coated capillaries were

investigated to determine suitable CZE-MS conditions for sulfated glycosaminoglycans.
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Covalently coated capillaries were implemented through simple chemical reactions
with silane reagents.

Using a cation coated capillary, structurally similar sulfated GAG oligosaccharides
and complex mixtures were separated and analyzed with CZE-MS in a fast and reproducible
manner. Positional isomers and stereoisomer tetrasaccharides were baseline separated. Although
Enoxaparin was not baseline separated, the mass spectra were significantly simplified and would
facilitate tandem mass spectrometry of the various components in this mixture. By incorporating
a covalent cation coating, the migration time and peak widths were reduced while increasing the
analytically useful lifetime of the separation capillary. Through the use of additives, the charge
state distribution and migration time can be altered based on pH of the BGE. Future work will
extend this method to incorporate tandem mass spectrometry for online sequence analysis of

sulfated GAGs.
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3.7 SUPPLEMENTAL DATA

Table ST3.1. GAG oligomer compositions identified by CE-MS of Enoxaparin

Neutral Mass Composition Error (ppm)
753.01 dp3_3S 2.74
771.02 dp3_3S 3.06
832.96 dp3_4S 1.25
836.01 dp3_4S 3.37
850.97 dp3_4S 2.77
854.94 dp3_4S_Na 1.03
915.97 dp3_5S 2.39
937.95 dp3_5S_Na 2.90
994.03 dp4_4S 1.87
995.92 dp3_6S 2.27
1012.95 dp3_6S_NH3 -1.50
1055.98 dp4_5S (-H20) 1.50
1073.99 dp4_5S 1.71
1092.00 dp4_5S 2.42
1095.97 dp4 55 Na 2.50
1153.94 dp4_6S 1.84
1170.97 dp4_6S_NH3 -1.06
1171.95 dp4_6S 0.60
1251.91 dp4_7S 1.93
1268.94 dp4_7S_NH3 -1.02
1329.98 dp5_6S 1.37
1347.00 dp5_6S_NH3 -0.77
1347.99 dp5_6S 1.76
1375.04 dp5_6S_Nac 2.41
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1409.93 dp5_7S 2.09
1412.98 dp5_7S 2.04
1426.96 dp5_7S_NH3 0.04
1427.95 dp5_7S 2.55
1443.99 dp5_7S_NH3 2,71
1453.10 dp6_5S_Nac 2.86
1491.05 dp6_6S 2.25
1492.94 dp5_8S 2.88
1533.06 dp6_6S_Nac 2.22
1571.00 dp6_7S -0.09
1572.90 dp5_9S 2.78
1588.03 dp6_7S_NH3 -1.28
1589.01 dp6_7S 2.56
1589.92 dp5_9S NH3 0.29
1606.95 dp5_9S_2NH3 -2.08
1613.01 dp6_7S_Nac 2.14
1630.04 dp6_7S_Nac_NH3 -2.05
1647.06 dp6_7S_Nac_2NH3 -5.25
1650.96 dp6_8S 1.12
1667.99 dp6_8S_NH3 -0.16
1668.97 dp6_8S 1.72
1685.01 dp6_8S_2NH3 -3.06
1730.92 dp6_9S 1.94
1747.94 dp6_9S_NH3 -0.11
1748.93 dp6_9S 2.20
1764.97 dp6_9S 2NH3 -2.22
1765.96 dp6_9S NH3 0.06
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1782.98 dp6_9S_2NH3 -1.31
1826.99 dp7_8S 2.02
1906.95 dp7_9S 2.07
1923.98 dp7_9S_NH3 0.11
1950.12 dp8_7S_Nac 1.96
1986.91 dp7_10S 3.30
1988.06 dp8_8S 1.01
2003.93 dp7_10S_NH3 -0.14
2020.96 dp7_10S_2NH3 -1.44
2030.07 dp8_8S_Nac 0.73
2050.01 dp7_9S_3NAc_NH3 -0.19
2067.04 dp7_9S_3NAc_2NH3 -154
2127.06 dp8_9S_Nac_NH3 0.45
2144.08 dp8_9S_Nac_2NH3 -2.32
2147.98 dp8_10S 2.20
2165.00 dp8_10S_NH3 0.28
2182.03 dp8_10S_2NH3 -2.27
2207.01 dp8_10S_Nac_NH3 0.46
2224.04 dp8_10S_Nac_2NH3 -0.23
2227.93 dp8_11S 1.69
2244.96 dp8_11S_NH3 0.70
2261.99 dp8_11S_2NH3 -0.54
2307.89 dp8_12S 1.30
2325.90 dp8_12S 3.40
2341.94 dp8_12S_2NH3 -2.45
2377.99 dp8_10S_2Na 1.42
277504 | dp9_12S 5NAC_2Na_2NH3 0.44
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2804.91 dp10_14S 2.77
2839.95 dp10_14S NH3 3.15
2855.00 | dp9_13S_5NAC_2Na_2NH3 0.45
2971.99 | dpl0_13S_4NAc_2Na_NH3 1.03
3301.92 dp12_16S 221
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CHAPTER 4

INVESTIGATION OF ELECTROSPRAY FOR A CAPILLARY ELECTROPHORESIS-MASS

SPECTROMETRY INTERFACE IN REVERSE POLARITY AND NEGATIVE ION MODE

Stickney, M.; Amster, 1. J. 2019. Eur. J. Mass. Spectrom. 25 (1), 157-163

Accepted by Eur. J. Mass. Spectrom. Reprinted here with permission of the publisher.
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4.1 ABSTRACT

Capillary zone electrophoresis (CZE) paired with mass spectrometry (MS) is a powerful
analytical technique for examining mixtures of ionic analytes. This study examines the
mechanics of the electrospray process for a sheath flow CZE-MS interface under reverse polarity
negative ionization conditions. Liquid flow in a sheath flow nano-electrospray CZE-MS interface
is driven by two mechanisms: Electroosmotic flow (EOF) and electrospray nebulization. The
contribution of these two processes to the overall flow of solution to the electrospray tip is
influenced by the surface coatings of the sheath flow emitter tip and by the solvent composition.
We have investigated the application of this interface to the reverse polarity separation of
glycosaminoglycans and find that the role of EOF is far less than has been reported previously,

and the electrospray process itself is the largest contributor to the flow of the sheath liquid.

4.2 INTRODUCTION

The online combination of capillary zone electrophoresis and mass spectrometry (CZE-MS)
provides powerful capabilities for the analysis of mixtures of ionic species that are not readily
examined by more conventional hyphenated approaches such as liquid chromatography and mass
spectrometry (LC-MS) 1 2. Recently our laboratory demonstrated the effectiveness of CZE-MS
for analyzing glycosaminoglycans (GAGs), a family of sulfated carbohydrates that are difficult
to analyze by LC-MS 3. A commercial sheath flow CZE-MS interface provided the means to
implement nano-electrospray with a low dilution factor and minimal sample consumption, while

providing ample resolution of closely related isomers.
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Sulfated carbohydrates exist as negative ions in solution, and thus require reverse polarity
for the CZE separation and negative mode ionization for the mass spectrometry detection. Under
these conditions, standard bare fused silica separation capillaries are subject to electroosmotic
flow (EOF) that opposes the migration of negative ions, adversely affecting the separation time
and resolution for GAGs. Our prior work showed that by modifying the surface of the separation
capillary to make it neutral or cationic, shorter separation times could be achieved while
maintaining good peak resolution for this class of compounds 3. In a similar fashion, we
modified the surface of the glass capillary that forms the emitter of the sheath interface, with the
goal of making a cationic surface that would provide a sufficient EOF to sustain stable
electrospray. The sheath flow CZE-MS interface has been reported by others to function by the
electrokinetic pumping of the sheath liquid by EOF in the emitter tip . We were surprised to
find that neutral coated, or even unmodified bare glass capillaries (with an anionic surface)
would function well with reverse polarity CZE and negative ionization mass spectrometry. The
present study is motivated by the desire for a better understanding of the sheath flow interface,

and the mechanism of liquid flow necessary for electrospray ionization.

The sheath flow CZE-MS interface is something of a hybrid between a traditional ESI
interface and a nano-ESI interface !, as it uses no desolvation gas, has no backing pressure, and
has a moderately sized orifice of 30 um. Liquid from a reservoir is introduced to a bare glass
emitter sheath that surrounds the exit of the separation capillary, and which is pulled to a fine tip
that functions as an electrospray ionization emitter. As the analyte exits the separation capillary,
it mixes with the sheath liquid in a nanoliter volume and then exits through an orifice as it

undergoes electrospray, at the entrance of a mass spectrometer 2,
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There are two mechanisms that are responsible for the flow of sheath liquid through the
interface: electroosmotic flow (EOF) and electrospray-driven liquid flow "3, EOF is liquid flow
caused by the movement of the solvated mobile ions in the electrical double layer present at the
inner surface of a glass capillary, and which acts as a nanoscale pump. The ESI-driven flow is
created by the aerosolization of solvent at the tip of the emitter. Here we explore the
contributions of these forces in reverse polarity CZE and negative ionization mass spectrometry
experiments. We use a highly negatively charged glycosaminoglycan sample for this
investigation. Cationic and neutral modifications of the inside surface of the bare glass emitter
that surrounds the end of the separation capillary were utilized to ascertain the importance of

EOF to the performance of the sheath flow CZE-MS interface under reverse polarity conditions.

4.3 EXPERIMENTAL
Materials

Bare fused silica (BFS) capillary for CZE (360 pm o0.d. x 50 um i.d.) was purchased from
PolyMicro Technologies (Phoenix, AZ), borosilicate glass capillaries (1.0 mm OD x 0.75 mm
ID) and pulled coated electrospray emitters (1.0 mm OD x 0.75 mm ID) were obtained from
CMP scientific (Brooklyn, NY). Coating reagents, dichlorodimethylsilane (DMS, Sigma-
Aldrich, St. Louis, MO) and N-(6-aminohexyl)aminomethyltriethoxysilane (AHS, Gelest,
Morrisville, PA) were prepared in toluene. Ammonium acetate, water, and methanol were of
HPLC grade (Fisher Scientific, Hampton, NH). Sodium hydroxide, acetone, and toluene were
purchased from Sigma-Aldrich (St. Louis, MO). Ammonium hydroxide and acetic acid were

purchased from Avantor (Allentown, PA).
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Heparan sulfate GAG sample

The GAG tetrasaccharide sample was prepared by enzymatic depolymerization of heparan
sulfate and purified using strong anion exchange high-pressure liquid chromatography (SAX-
HPLC), using methods described previously 1 1>, The sample was desalted with a 3 kDa Amicon
Ultra centrifugal filter (Millipore, Temecula, CA) prior to separation and mass spectrometry
analysis. Filters were conditioned with water, and the sample was then washed with two filter
volumes of water (14,000 x g for 25 min each). Before analysis, GAG samples were diluted to 5
pg/mL in water. The heparan sulfate sample used in this study, referred to as HS1, has been
characterized previously ¢, and its structure has been assigned as AHexA(2S)-GIcNS(6S)-

HexA-GIcNS(6S). Its structure is shown in Figure 4.1.

QOCH CHOB0OH QOCH CHO80H
Q 0 Q Q
/CH O CH H O H
CH
C80H NHSOH CH NHSOS

Figure 4.1. Chemical structure diagram of heparan sulfate sample 1 (HS1). This heparan sulfate

tetrasaccharide has five sulfo-modifications, making it highly negatively charged.
Emitter Surface Modification

The interior surface of the sheath flow emitter was covalently modified using solutions that
were prepared in toluene with 1% concentration of either DMS (neutral surface) or AHS

(cationic surface). To clean and prepare the emitter for surface modification, the borosilicate
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glass capillary was rinsed consecutively with 2 mL each of aqueous 0.1 M NaOH, water,
methanol, dry acetone, and dry toluene. The surface of the borosilicate glass capillary was then
modified by flushing with 500 pL of 1% DMS or AHS over a 20 min period. The borosilicate
glass capillary was then consecutively rinsed with 2mL of each dry toluene, dry acetone, and
methanol. The modified borosilicate glass capillaries were then processed into emitters with 30
um orifices using a commercial capillary puller, as described previously’. For all experiments,

the separation capillary was modified with AHS as described in our previous paper 2.
Instrumentation

Separations were conducted with an Agilent HP 3D capillary electrophoresis instrument
(Wilmington, DE). A long bare fused silica capillary was used for CZE of GAG analyte, and its
inner surface was modified with AHS to speed up analyte migration. The total length of the
capillary ranged from 58-60 cm, and its inner diameter was 50 um with an internal volume of
approximately 1 pL. 25 mM ammonium acetate was used as both the background electrolyte
(BGE) and the sheath liquid (SL) for reverse polarity experiments. The aqueous GAG sample
(HS1) was injected for 3 s at 950 mbar followed by a background electrolyte (BGE) injection for
10 s at 10 mbar. The injected volume was 0.1 pL. The ionic strength of the injected sample plug
is 2-3 orders of magnitude less than that of the background electrolyte, and sample stacking is
expected under these conditions and provides a sharp sample front 2. The entrance end of the
capillary was then placed into a vial of BGE prior to separation. A voltage of -30 kV was applied

to the capillary to drive the separation for all experiments.

An EMASS-I1I (CMP Scientific, Brooklyn, NY) CZE-MS interface was employed to couple the
CZE with a Thermo Scientific Velos Orbitrap Elite mass spectrometer (Bremen, Germany). A

separation capillary with a beveled outlet was nested inside a glass emitter sheath with a 0.75
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mm inner diameter and a 30 um tip orifice (CMP Scientific, Brooklyn, NY). The etched end of
the capillary was positioned 0.3-0.5 mm from the tip of the sheath emitter orifice to create a
mixing volume of ca. 1-5 nL and the emitter tip was filled with sheath liquid (SL), at a
concentration of 25 mM ammonium acetate 50-70% MeOH. An external power supply provided
a voltage of -1.9 kV to the sheath liquid reservoir via a platinum wire, which produces
electrospray at the emitter tip. MS detection was performed in negative ion mode. Prior to CZE-
MS experiments, a semi-automatic optimization of source parameters was performed using
sucrose octasulfate to improve sensitivity of sulfated GAGs and reduce sulfate loss during MS
analysis. The Orbitrap was scanned from m/z 150-2000 for GAG oligosaccharides with a

specified resolution of 120,000.

4.4 RESULTS AND DISCUSSION

Figure 4.2 shows a schematic of the nanoflow sheath CZE-MS interface developed by
Dovichi and Wojcik, and used for these studies 8. For reverse polarity CZE-MS experiments
25mM ammonium acetate in 70:30 MeOH:H>O was used for both the BGE and the SL. A large
negative voltage (-30kV) is applied to the BGE vial at the inlet of the separation capillary and a
relatively smaller negative voltage (-1.9kV) is applied to the reservoir of the sheath liquid (SL)
near the outlet of the separation capillary. The potential applied to the SL serves two purposes. It
completes an electrical circuit through the separation capillary by contact of the SL and the BGE
near the emitter tip which drives analyte migration through the separation capillary. It also drives
the electrospray process by creating a difference in electric potential between the sheath liquid
near the emitter and the small potential (-0.33 kV) at the entrance of the mass spectrometer. A

Taylor cone forms, and electrospray of the analyte is achieved when the electric potential
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difference is large enough to overcome the surface tension of the solvent. Dilution is reduced,
and sensitivity is maximized by placing the outlet of the separation capillary in close contact to

the orifice of the sheath emitter, producing a mixing volume that is less than 1 nL.

Instrument
Source
(-0.33kV)

Figure 4.2. Schematic of the CZE-MS sheath flow interface. Background electrolyte (BGE) and
sheath liquid (SL) are 25 mM ammonium acetate in 70:30 MeOH:H20. The separation capillary
makes a snug fit with the emitter sheath and establishes a small mixing volume (ca. 200 pL)
where BGE and SL meet and complete the electrical circuit. The electric potential difference
between the sheath liquid in the emitter and the detector source forms a Taylor cone and
electrospray. Covalent modification of the inner surface used to control EOF in the emitter

sheath is represented by the green; it is destroyed in the tip by the pulling process.
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The flow of the sheath liquid must be sufficient to sustain a stable electrospray, as the flow
rate of the liquid exiting the separation capillary is too small to serve this purpose by itself. The
inventors of this interface describe the driving force for sheath flow as electrokinetic in nature,
resulting from the electroosmotic flow of SL within the emitter % 8, Under normal polarity
conditions (positive voltages for CZE and for the SL), a bare glass surface, with its negatively
charged surface, would be expected to provide an EOF that moves the sheath liquid from its
reservoir toward the emitter tip. Under reverse-polarity conditions (negative voltages for both
CZE and the SL), the EOF will reverse in direction, and oppose the desired flow necessary for
electrospray ionization. Previous work using reverse-polarity for negatively charged analytes has
employed a cation-modified surface on the emitter, which reversed the direction of the EOF, so
that it moved toward the emitter tip °. Not considered previously was the flow of the SL due to
the electrospray process. In the absence of EOF, liquid is drawn through the emitter as the
solution is nebulized by ESI. This may be sufficient to overcome EOF even when it flows in the
wrong direction. We have made a series of measurements to better understand the relative
magnitudes of these forces (EOF versus ESI-driven flow). We were motivated to examine
whether or not it was necessary to alter the surface of the emitter in order to make reverse
polarity separations. Modifying the surface adds extra complexity to the experiment. This
modification process must be accomplished before the emitter is pulled to a fine tip, and heating
during this process is certain to damage the modification in an indeterminate portion of the
capillary. Also, delamination of the modified surface can occur, leading to a reduced lifetime

from plugging of the emitter.

The interior surface of the borosilicate glass emitters was covalently modified to control

EOF. We used the same agents for modifying the surface of the emitter as we had previously
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used for modifying the separation capillary 3. We use a cationic reagent (AHS) to reverse EOF
and a neutral reagent (DMS) to nullify EOF. Our cation reagent (AHS) is similar to material
described by others °, but has a longer linker to make a more stable and longer-lasting covalent
modification. The heat generated pulling the emitter tip is thought to destroy the surface

modification in its narrow, conical region, but the extent of this region is poorly characterized.

Figure 4.3 shows the measured average rate of consumption of sheath liquid from the
reservoir for each type of inner surface. The volume of the sheath liquid in its reservoir was
measured before and after 10 h of use, and the difference in volume over that time is the rate of
consumption. Under these reverse polarity conditions, the consumption of SL is found to be
similar between all three types of inner surface. The cation-coated surface shows a modestly
larger consumption, suggesting that the EOF contributed fractionally to the overall sheath flow
for this surface. The neutral-coated and bare glass surface show nearly identical consumption,
suggesting that the EOF of the bare glass surface is small compared to the overall sheath flow
under the experimental conditions employed. Furthermore, the flow rate of the interface is low,

on the order of 10 pL/h, as expected for nanospray conditions.
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Sheath Liquid Consumption vs. Emitter Surface
Modification
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Figure 4.3. Comparison of sheath liquid consumption rates between three types of emitter sheath
inner surface; DMS (neutral), AHS (cationic), and bare glass surface (BG) (anionic). DMS
(neutral) nullifies EOF, AHS (cationic) provides an EOF toward the emitter tip, and BG

(anionic) produces an EOF that opposes the sample flow toward the emitter tip.

Prior studies of heparan sulfate tetramers show that under reverse polarity conditions, with
25 mM ammonium acetate in 70:30 MeOH:H-O as the BGE and SL, adversarial EOF will
double CZE migration times compared to favorable EOF 3. This suggests that EOF is a relevant
and influential factor under these solvent conditions. The emitter is borosilicate glass and
presents the same inner surface as the separation capillary, but the EOF is weaker because of the
much larger diameter of the emitter compared to the separation capillary (750 pum versus 50 pm).
A heparan sulfate tetrasaccharide sample, denoted as HS1 and seen in Figure 4.3, was used to
test ESI and its stability when using emitters with different surface modifications. Figure 4.4 and
Table 3 demonstrate that, unlike the separation capillary, modifying the surface of the emitter

has no observable effect on the migration time, peak shape, or mass spectrum of HS1. The force
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of EOF under these conditions is negligible compared to the ESI force and has no influence on

the outcome of the experiment.
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Figure 4.4. CZE-MS measurement of HS1 comparing cationic and anionic emitter inner
surfaces. An AHS modified separation capillary was used in tandem with a (a) AHS (cationic
surface) coated emitter and (b) uncoated glass (anionic surface) emitter. Mass spectra are shown
as insets to the electropherograms, and were acquired for the major feature at 23 min migration

time.
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Table 3. Comparison of migration times and peak widths for CZE-MS of a glycosaminoglycan
tetrasaccharide, with different emitter sheath coated surfaces: AHS (cationic), DMS (neutral),

and BFS (anionic)

Emitter type Migration time (min) FWHM (s)
AHS 21.41 0.18
21.33 0.19
21.16 0.21
12.19 0.19
2101 0.21
21.04 0.22
AHS avg. 21,21 0.20
DMS 21.76 0.17
21.33 0.21
21.00 0.19
21.08 0.20
21.16 0.22
21.25 0.20
DMS avg. 21.26 0.20
BFS 21.28 0.19
21.20 0.16
21.20 0.21
21.04 0.17
20.93 0.18
20.72 0.18
BFS avg. 21.06 0.18

Note: The same AHS-modified separation capillary was used for all
measurements.

While the direction of EOF is controlled by the surface of the emitter, the magnitude of EOF
can be manipulated by the content of the solvent. Varying the organic composition of the solvent
will influence the degree of ionization of the silanol groups on the surface of a bare glass emitter,
and therefore the number of ions in the electrical double layer. Highly organic solvent systems,
like the one used here to effectively separate GAGs, reduces the degree of ionization of the
silanol groups, reducing the mobile ions in the double layer, and reducing the EOF. Increasing

the aqueous concentration will have the opposite effect, leading to an increase in the EOF.
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Figure 4.5 shows the difference in electrospray between a sheath liquid that has 70:30
MeOH:H,0 (Figure 4.5(a)) and one that has 50:50 MeOH:H>0 (Figure 4.5(b) & 4.5(c)). By
increasing the ratio of water vs. organic in the solvent, the double layer increases in size and the
magnitude of EOF is expected to increase. This results in unstable electrospray at lower organic
concentration for uncoated bare glass emitters, where the EOF is counter to electrospray flow.
This exhibits itself as signal dropout observed across the peak in the mobility plot in Figure
4.5b. Conversely, AHS emitters, which have EOF with the same direction as the electrospray
flow, are found to function normally at higher aqueous concentration, as can be seen in Figure
4.5c. These data suggest the EOF increases with a 50% organic/50% aqueous solution to a

magnitude that is comparable to the electrospray driven flow.
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Figure 4.5. CZE-MS electropherograms and mass spectra (inset) for HS1, obtained with

different solvent organic concentrations. HS1 in (a) 70:30 MeOH:H>0 BGE and SL with a bare
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glass emitter, (b) 50:50 MeOH:H>O BGe and SL with a bare glass emitter, and (c) 50:50
MeOH:H.O BGE and SL with a AHS coated emitter. The separation capillary had an AHS

modified surface for all three measurements.

Altering the pH of the solvent also changes the magnitude of EOF through changes in the
degree of ionization of the surface silanols for bare glass emitters 2 1°. A higher, more basic, pH,
from adding ammonium hydroxide, ionizes a larger proportion of the silanol groups present on
the inner surface of an uncoated glass emitter and increases the EOF that opposes the
electrospray flow in a reverse polarity CZE experiment. However, solvents with higher pH show
no disruption to ESI, and electrospray still works even when detrimental EOF is purposefully
applied to the system. Favorable EOF is not necessary for this interface to function properly

because the ESI force is robust.

4.5 CONCLUSIONS

Collectively, the data presented here show that the accepted mechanism of EOF-driven flow
for the sheath liquid in the CZE-MS interface does not apply under all experimental conditions®.
The separation of GAG oligomers by capillary zone electrophoresis is optimal at relatively high
concentration of organic solvent (70%). While EOF is still significant in the separation capillary
with a solvent of this composition, in the sheath flow interface, EOF is small compared to the
flow driven by the electrospray itself. At lower organic concentration, the EOF in the sheath
interface increases enough to be a concern, but this is not an optimal solvent composition for the
separation, and thus is not relevant. Surface modified CZE-MS emitters are expensive, are

unstable at high alkaline concentrations (pH 10 or higher), and have more limited lifespans than
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unmodified emitters. Thus, it is significant that an emitter with an unmodified surface can be
implemented for reverse polarity separations. If coated emitters are required, then covalently

bound coatings are best because they are stable and effective®.

4.6 REFERENCES

1. Smith, R. D.; Olivares, J. A.; Nguyen, N. T.; Udseth, H. R., Capillary zone
electrophoresis-mass spectrometry using an electrospray ionization interface. Anal. Chem. 1988,
60 (5), 436-441.

2. Whatley, H., Basic Principles and Modes of Capillary Electrophoresis. In Clinical and
Forensic Applications of Capillary Electrophoresis, Petersen, J. R.; Mohammad, A. A., Eds.
Humana Press: Totowa, NJ, 2001; pp 21-58.

3. Sanderson, P.; Stickney, M.; Leach, F. E.; Xia, Q.; Yu, Y.; Zhang, F.; Linhardt, R. J,;
Amster, . J., Heparin/heparan sulfate analysis by covalently modified reverse polarity capillary
zone electrophoresis-mass spectrometry. J. Chromatogr. A 2018, 1545, 75-83.

4. Sun, L.; Zhu, G.; Zhang, Z.; Mou, S.; Dovichi, N. J., Third-Generation
Electrokinetically Pumped Sheath-Flow Nanospray Interface with Improved Stability and
Sensitivity for Automated Capillary Zone Electrophoresis—Mass Spectrometry Analysis of
Complex Proteome Digests. J. Proteome Res. 2015, 14 (5), 2312-2321.

5. Sarver, S. A.; Schiavone, N. M.; Arceo, J.; Peuchen, E. H.; Zhang, Z.; Sun, L.;
Dovichi, N. J., Capillary electrophoresis coupled to negative mode electrospray ionization-mass
spectrometry using an electrokinetically-pumped nanospray interface with primary amines
grafted to the interior of a glass emitter. Talanta 2017, 165, 522-525.

6. Wojcik, R.; Dada, O. O.; Sadilek, M.; Dovichi, N. J., Simplified capillary
electrophoresis nanospray sheath-flow interface for high efficiency and sensitive peptide
analysis. Rapid Communications in Mass Spectrometry 2010, 24 (17), 2554-2560.

7. Kebarle, P.; Tang, L., From ions in solution to ions in the gas phase - the mechanism of
electrospray mass spectrometry. Anal. Chem. 1993, 65 (22), 972A-986A.

8. Wilm, M. S.; Mann, M., Electrospray and Taylor-Cone theory, Dole's beam of
macromolecules at last? Int. J. Mass Spectrom. lon Processes 1994, 136 (2), 167-180.

9. Olumee, Z.; Callahan, J. H.; Vertes, A., Droplet Dynamics Changes in Electrostatic
Sprays of Methanol—Water Mixtures. J. Phys. Chem. A 1998, 102 (46), 9154-9160.

79



10.  Yamashita, M.; Fenn, J. B., Electrospray ion source. Another variation on the free-jet
theme. J. Phys. Chem. 1984, 88 (20), 4451-4459.

11.  Wilm, M.; Mann, M., Analytical Properties of the Nanoelectrospray lon Source. Anal.
Chem. 1996, 68 (1), 1-8.

12.  Pozniak, B. P.; Cole, R. B., Current measurements within the electrospray emitter. J. Am.
Soc. Mass Spectrom. 2007, 18 (4), 737-748.

13. Hocker, O.; Montealegre, C.; Neusif3, C., Characterization of a nanoflow sheath liquid
interface and comparison to a sheath liquid and a sheathless porous-tip interface for CE-ESI-MS
in positive and negative ionization. Anal. Bioanal. Chem. 2018, 410 (21), 5265-5275.

14. Linhardt, R. J.; Gunay, N. S., Production and chemical processing of low molecular
weight heparins. Semin. Thromb. Hemostasis 1999, 25, 5-16.

15. Laremore, T. N.; Ly, M.; Solakyildirim, K.; Zagorevski, D. V.; Linhardt, R. J., High-
resolution preparative separation of glycosaminoglycan oligosaccharides by polyacrylamide gel
electrophoresis. Analytical Biochemistry 2010, 401 (2), 236-241.

16.  Singh, A.; Kett, W. C.; Severin, I. C.; Agyekum, I.; Duan, J.; Amster, I. J.; Proudfoot,
A. E.; Coombe, D. R.; Woods, R. J., The Interaction of Heparin Tetrasaccharides with
Chemokine CCL5 Is Modulated by Sulfation Pattern and pH. J Biol Chem 2015, 290 (25),
15421-36.

17.  Oesterle, A., Pipette Cookbook. Rev. F ed.; Sutter Instrument Company: Novato, CA,
2018; p 108.

18. Dovichi, N. J.; Wojcik, R. Sheath-flow electrospray interface. US 9234880 B2. June 3,
2011.

19. Hayes, M. A.; Kheterpal, I.; Ewing, A. G., Effects of buffer pH on electroosmotic flow

control by an applied radial voltage for capillary zone electrophoresis. Anal. Chem. 1993, 65 (1),
27-31.

80



CHAPTER 5

ONLINE CAPILLARY ZONE ELECTROPHORESIS NEGATIVE ELECTRON TRANSFER

DISSOCIATION TANDEM MASS SPECTROMETRY OF GLYCOSAMINOGLYCAN

MIXTURES

Stickney, M.; Amster, 1. J. 2019. Int. J. Mass. Spectrom. 445, 1162009.

Accepted by Int. J. Mass. Spectrom. Reprinted here with permission of the publisher.

81



5.1. ABSTRACT

Glycosaminoglycans (GAGs) are important biological molecules that are highly anionic
and occur in nature as complex mixtures. A platform that combines capillary zone
electrophoresis (CZE) separations with mass spectrometry (MS) and gas-phase sequencing by
using negative electron transfer dissociation (NETD) is shown to be efficacious for the structural
analysis of GAG mixtures. CZE is a separation method well suited to the highly negatively
charged nature of GAGs. NETD is an electron-based ion activation method that enables the
generation of informative fragments with retention of the labile sulfate half-ester modification
that determine specific GAG function. Here we combine for the first time NETD and CZE for
assigning the structures of GAG oligomers present in mixtures. The speed of ion activation by
NETD is found to couple well with the narrow peaks resulting from CZE migration. The
platform was optimized with mixtures of GAG tetrasaccharide standards. The potential of the
platform is demonstrated by the analysis of enoxaparin, a complex mixture of low molecular
weight heparins, which was separated by CZE within 30 minutes and characterized by NETD
MS/MS in one online experiment. 37 unique molecular compositions have been identified in

enoxaparin using CZE-MS and 9 structures have been assigned with CZE-NETD-MS/MS.

5.2. INTRODUCTION

Sulfated glycosaminoglycan (GAG) carbohydrates serve a wide array of biological
functions that are modulated by their structural modifications . For example, heparin’s
pharmaceutical efficacy as an anti-blood clotting agent is tied to a well-defined pattern of

sulfation in a pentasaccharide sequence, and binds the protein antithrombin 111 (ATII) with high
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specificity & 7. Determining GAG-protein binding interactions that rely on specific GAG
sequence motifs is nontrivial and currently requires considerable effort and sample. There is
considerable interest in developing sensitive and rapid analytical methods to enable the
identification of biologically active GAG sequences. Sulfated GAG carbohydrates are
challenging targets for analysis due to variability in chain length as well as degree and placement
of modifications. These structural variations are a result of their biosynthesis through a series of
enzymatic reactions that do not go to completion and lead to highly heterogeneous carbohydrate
chains of high molecular weight & °. The most complex and highly modified GAG is
heparin/heparan sulfate (Hep/HS), which consists of a repeating disaccharide unit of a
glucosamine, which can be modified with up to three sulfo-modifications, and a uronic acid,
which can host one sulfo-modification. Additional complexity results from the epimerization of
the carboxyl group on C5 of the uronic acid 1> 1. The occurrence of carboxyl groups and the

sulfo-modifications on GAGs also makes them highly anionic.

The structural characterization of GAG oligomers by mass spectrometry has shown great
promise in recent years. Tandem mass spectrometry techniques such as sodium-hydrogen
exchange for threshold activation and electron based activation techniques like electron
detachment dissociation (EDD) have made structural assignment of the labile sulfo-half-ester
modification possible *> 13, Native GAG polysaccharides are too long and complex for typical
top down analysis and significant effort is required to characterize even the shortest and least
complex intact GAG chains * 1°, Bottom up approaches where polysaccharides are digested to
disaccharides simplify characterization of base constituents but any knowledge of extended

sequence is lost 161, Typically, a small segment of 4-12 monosaccharides in a chain is required
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for protein binding, and a quasi-bottom up approach where polysaccharides are partially digested

is highly amenable to mass spectrometry-based analysis.

Partial digestion of GAG polysaccharides leads to complex mixtures of isomers and
variable chain lengths that overlap in mass-to-charge that are difficult, if not impossible, to
differentiate by MS alone. Liquid chromatography mass spectrometry (LC-MS) is not well suited
to the separation of GAGs 2°22, Reverse phase ion-pairing (RPIP) LC-MS has been utilized to
investigate disaccharide mixtures and low molecular weight heparin (LMWH) mixtures, like
enoxaparin, but requires specific ion pairing reagents that add spectral complexity and suppress
signal %2325 Hydrophilic interaction chromatography (HILIC) LC-MS can be applied to the
separation of polar molecules such as GAGs and is well suited for the separation of complex N-

glycans by size and degree of modification, but less useful for separating isomers 72627,

Capillary zone electrophoresis (CZE) is an ideal technique for the separation of GAG
polysaccharide mixtures because the separation mechanism acts upon the charge and shape of a
molecule. Not only can CZE resolve structures that differ in mass, such as those that differ in
amino modification, but CZE has been utilized to resolve positional isomers as well as
enantiomers with baseline resolution 28, CZE has been under investigation for some time because
of its powerful and robust mechanism that separates molecules based on their size, shape, and
charge 182934 A new commercial interface has made sheathed CZE paired with MS (CZE-MS)
more sensitive by lowering the dilution factor associated with these interfaces, providing the
capability for nanospray *. This feature of the interface is especially useful because it allows for
injection and detection of nanoliter sample volumes, making it compatible with the limited

amount of a GAG sample when it is isolated from a natural source. CZE-MS has proven very

84



effective at separating purified HS disaccharides, purified HS tetrasaccharides, and low

molecular weight heparin pharmaceuticals 2% 3¢,

CZE-MS analysis has recently been used to assign the degree of polymerization, sulfo-
modification, and to show the presence of isomers 2. In order to determine specific sites of
modification and assign structural motifs for GAG oligomers tandem MS is necessary.
Threshold activation methods such as collision induced dissociation (CID/HCD) are well
matched with the CZE peak widths (tens of seconds) but are sub-optimal due to their propensity
to decompose labile sulfo-modifications °. These can be stabilized by forming sodium adducts,
or direct deprotonation of the sulfate 123, During CZE-MS, NaOH can be added to the sheath
liquid of the interface to exchange ionizable protons with sodium cations but this results in added
experimental and spectral complexity, and reduced sensitivity. The direct deprotonation of all
sulfo-groups to generate higher charge state precursors for ion activation would be ideal, but it is

difficult to achieve, particularly when employing CZE for online separations.

Electron activation techniques, specifically electron detachment dissociation (EDD), have
previously been shown to provide highly informative fragmentation of GAGs ** 373, However,
the duty cycle for this approach is too slow for the narrow (~30 s) peaks generated by CZE
separations as several seconds are required for external accumulation and electron irradiation due
to poor conversion efficiencies. Fewer than 10 EDD spectra can be generated and averaged
together under these constraints. Alternatively, negative electron transfer dissociation (NETD),
the negative ion compliment to electron transfer dissociation (ETD), can provide electron
activation through comparatively fast ion-ion interactions %42 on the order of ~50-100 ms.
NETD has previously been implemented to characterize highly purified and synthetic GAG

samples from dp4 to dp10 and up to 8 sulfo-modifications 4346,
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Although CE-MS has been previously shown to effectively separate GAG oligomers and
provide compositional data, this approach has not been combined with tandem mass
spectrometry for structure assignment. The current work provides the first data for CE-MS/MS
of GAGs. We show NETD to be a compatible activation technique for sequencing GAGs that
have been separated by CZE-MS 28, The rationale for this combination is that NETD is much
more rapid than EDD, while yielding many of the same products, and so is well suited for GAG
mixture analysis. The CZE-MS/MS NETD technique was optimized with mixtures of naturally
occurring and synthetic GAG tetrasaccharides, and then applied to enoxaparin, a complex low

molecular weight heparin mixture.

5.3. EXPERIMENTAL
Materials

Bare fused silica (BFS) capillary for CZE (360 pm o.d. x 50 um i.d.) was purchased from
PolyMicro Technologies (Phoenix, AZ), borosilicate glass capillaries (1.0 mm OD x 0.75 mm
i.d.) and pulled coated electrospray emitters (1.0 mm OD x 0.75 mm i.d.) were obtained from
CMP scientific (Brooklyn, NY). Coating reagent N-(6-aminohexyl) aminomethyltriethoxysilane
(AHS, Gelest, Morrisville, PA) was prepared in toluene. Ammonium acetate, water, and
methanol were of HPLC grade (Fisher Scientific, Hampton, NH). Sodium hydroxide, acetone,

toluene, and fluoranthene were purchased from Sigma-Aldrich (St. Louis, MO).
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GAG Samples

GAG tetrasaccharide samples were prepared by enzymatic depolymerization of heparan
sulfate and purified using strong anion exchange high-pressure liquid chromatography (SAX-
HPLC), using methods described previously 3¢, Epimer pair heparan sulfate tetrasaccharides
were chemically synthesized and purified as described in the literature 4’. Low molecular weight
heparin, enoxaparin, was purchased from USP (Rockville, MD). All samples were desalted with
3 kDa Amicon Ultra centrifugal filter (Millipore, Temecula, CA) prior to CZE separation and
mass spectrometry analysis. Filters were conditioned with water, and the sample washed with
two filter volumes of HPLC grade water (14,000 x g for 25 min each). Before analysis, GAG

samples were diluted to 50 pg/mL in water, and enoxaparin was diluted to 0.1 mg/mL in water.

Instrumentation

CZE separations were conducted with an Agilent HP 3D capillary electrophoresis
instrument (Wilmington, DE). A bare fused silica capillary was used for CZE of GAG analyte,
and its inner surface was modified with AHS to reduce observed analyte migration times. The
total length of the capillary ranged from 58-60 cm, and its inner diameter was 50 um with an
internal volume of approximately 1 uL. Ammonium acetate (25 mM) was used as both the
background electrolyte (BGE) and the sheath liquid (SL) for reverse polarity experiments.
Aqueous GAG samples were injected for 3 s at 950 mbar followed by a background electrolyte
(BGE) injection for 10 s at 10 mbar. The injected volume was 0.1 nL. The ionic strength of the
injected sample plug is 2-3 orders of magnitude less than that of the background electrolyte, and

sample stacking is expected under these conditions which provides a sharp sample front 2°. The
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inlet of the capillary was then placed into a vial of BGE prior to separation. A voltage of -30 kV

was applied to the capillary to drive the separation.

An EMASS-II (CMP Scientific, Brooklyn, NY) CZE-MS interface was employed to
couple the CZE with a Thermo Fisher Scientific Orbitrap Elite mass spectrometer (Bremen,
Germany) %348 A separation capillary with a beveled outlet was nested inside a glass emitter
sheath with a 0.75 mm inner diameter and a 30 um tip orifice (CMP Scientific, Brooklyn, NY).
The etched end of the capillary was positioned 0.3-0.5 mm from the tip of the sheath emitter
orifice to create a mixing volume of ca. 1-5 nL and the emitter tip was filled with sheath liquid
(SL) consisting of 25 mM ammonium acetate in 70 % methanol. An external power supply
provided a voltage of -1.9 kV to the sheath liquid reservoir through a platinum wire, which
produces electrospray at the emitter tip. MS detection was performed in negative ion mode. Prior
to CZE-MS experiments, a semi-automatic optimization of source parameters was performed
using sucrose octasulfate to improve sensitivity of sulfated GAGs and reduce sulfate
decomposition during ion transfer prior to MS analysis. The Orbitrap Elite was scanned from
m/z 150-2000 in negative ion mode for GAG oligosaccharides with a specified resolution of

120,000 for full MS and 60,000 for tandem MS experiments.

Fluoranthene radical cation produced by electron ionization was used as the reagent ion
for NETD experiments. 110 ms activation times were used for doubly charged tetrasaccharides
and triply charged hexasaccharides. 50 ms activation times were used for triply charged
tetrasaccharides. Emission current was set to 75 pA and electron energy set to -70 V.
Experiments were manually optimized. Preliminary CZE-MS was acquired to identify potential
precursor ions, followed by individual NETD tandem experiments for each precursor, and then

methods that split spectra acquisition evenly between MS1 and NETD MS2 of a single selected
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precursor. A data dependent method was designed to apply NETD fragmentation to the two most

intense m/z in the MS1 throughout the electropherogram, excluding the BGE peaks.

5.4 RESULTS AND DISCUSSION

With CZE, application of a strong electric field (ca. 30 kV) causes ions to migrate through an
electrolyte solution. Small differences in mobility based on charge and molecular shape result in
separation. This method is ideal for separating GAGs, which have a repeating disaccharide
backbone structure with a high degree of charge arising from ionizable sulfo-modifications and
carboxyl groups. CZE separations are rapid, with typical migration times less than 20-30 minutes
(column lengths of 55 cm, and applied potential of 30 kV). Migration times vary too much to use
this parameter to assign structures due to capillary heating effects, changes in the degree of
modification of the interior wall of the separation capillary, and differences in capillary lengths
between runs. Peaks in the electropherogram representing unique oligosaccharide structures are
approximately 30 s wide. NETD activation is accomplished within 120 ms for low charge state
precursors and 60 ms for higher charge state precursors and allows spectral averaging for a
selected precursor ion or even for multiple co-migrating ions of different mass-to-charge. NETD
operates near the speed of CID/HCD but with the informative ion activation of EDD. For an
NETD experiment at a mass resolving power of 60,000 and a 110 ms activation time, 10-20
spectra can be recorded and averaged within a 30 s window corresponding to the peak width in
CZE. NETD can also effectively fragment low charge state precursors without prior modification
and produce fragmentation that provides sufficient information to assign sites of sulfo-

modification to specific residues.
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CZE has sufficient resolution to separate the enantiomeric iduronic acid (IdoA) and
glucuronic acid (GIcA) residues, which differ only in the stereochemistry of C5. Figure 5.1A
shows CZE separation of the synthetic tetrasaccharides GIcA-GICNACc6S-1doA-GIcNACES (GI)
and GIcA-GIcNACc6S-GIcA-GIcNAC6S (GG), which both have two sulfo-modifications. A
simple binary mixture of known tetrasaccharide epimers is a good test of CZE separation
efficiency and NETD sequencing. Figure 5.1B shows the NETD fragmentation of [M-2H]*
precursor of Gl, a tetrasaccharide with two sulfo-modifications on each of the 6-O positions of
the glucosamine residues. Glycosidic bond fragment coverage is nearly complete across the Gl
ion with only B1 and C1 missing. The two sulfo-modifications can be confidently assigned to the
glucosamine residues and cross-ring cleavages allow the assignment of the sulfo-modification on
the reducing end at the 6-O position. The second sulfo-modification, assigned to the inner
hexosamine residue cannot be differentiated between the 6-O- and 3-O- position; however, sulfo-
modification of the 3-O position is rare *. Figure 5.1C is the NETD fragmentation of GG. The
fragmentation patterns for both GG and Gl are almost identical except for a ®2As peak present in
GG and not in GI. This diagnostic ion has been shown previously to indicate the presence of
glucuronic acid *°. With this method it is possible to distinguish enantiomers as well as anomers.
The latter often appear as a small peak of similar migration time to the dominant anomeric
conformation, leading to the peak splitting observed in Figure 5.1A. Previous work using
differential ion mobility gave similar results for resolving anomers °1. The MS/MS spectra for
the two structures can be differentiated by inspection in this case, though multivariate statistical

approaches like principal component analysis are required for more highly sulfated HS tetramers

52, 53
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Table 4. The structure of four HS tetrasaccharide standards used for experiments are shown

using symbol notation as defined in the table.

6S 6S
Sample 1 R e

a

6S 6S
sample2 | il <A,

6S 6S
Sample 3 Er TN
2S NS 2S NS

. 63 6S
Sample 4 NVL 4!5 AN il
2S NS

@ Hexuronic Acid G |duronic Acid

4. Glucoronic Acid N Glucosamine

B N-acetyl Glucosamine
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Figure 5.1. A) Capillary zone electrophoresis mass spectrometry (CZE-MS) separation and
detection of a binary mixture of synthetically produced heparan sulfate (HS) tetrasaccharide
epimers with two sulfo-modifications, with GIcCA-GICNACc6S-1doA-GIcNACES (Gl) on the left,
and GIcA-GIcNACc6S-GIcA-GIcNAC6S (GG) on the right. B) The negative electron transfer
dissociation (NETD) spectrum for the peak at 20 min in the CZE-MS electropherogram
corresponding to Gl, with structural assignments. C) The NETD spectrum for the peak at 21 min

in the CZE-MS electropherogram corresponding to GG, with structural assignments.

The degree of sulfo-modification has an observable effect on the charge state distribution that
impacts precursor selection. The difference in the CZE-MS spectra is demonstrated for a
tetrasaccharide with two sulfo-modifications (Figure 5.2A top) compared to a tetrasaccharide
with six sulfo-modifications (Figure 5.2A bottom). The tetrasaccharide with two sulfo-
modifications generated only a 2- charge state peak, while the tetrasaccharide with six sulfo-
modifications generated both 2- and a 3- charge state peak for precursor selection. By direct
infusion, one would expect to see a larger difference in the charge state distributions for these
two HS tetrasaccharides, but we find that the degree of ionization is lower with our CZE

interface.
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Figure 5.2. A) Comparison of peak intensity measured for the 2- charge state and 3- charge state
between a HS tetrasaccharide with two sulfo-modifications (top) and a tetrasaccharide with six
sulfo-modifications (bottom). B) The NETD spectrum for the 2- charge state precursor of the six
sulfo-modified HS tetrasaccharide, with structural assignments. C) The NETD spectrum for the
3- charge state precursor for the six-sulfo modified HS tetrasaccharide, with structural

assignments.

The higher charge state enables more complete sequence information by NETD. Figure 5.2B
shows the NETD fragmentation of the [M-2H]? precursor for the tetrasaccharide (HS6) with six
sulfo-modifications. The quality and coverage of NETD fragmentation has decreased compared
to Gl, due to the high degree of sulfo-modification on the low charge state precursor, but there is
enough information to assign sulfo-modifications to each residue. The molecular weight of the
molecule indicates that the amine group of both glucosamine residues are sulfated. The
glycosidic cleavages also indicate that each uronic acid residue contains a sulfo-modification,
which should be in the 2-O position, based on the known details of the biosynthesis of HS/Hp.
This leaves a sulfate group on either the 6-O or 3-O position of each glucosamine residue, with

the former occurring far more commonly than the latter.

In contrast, the NETD mass spectrum of the [M-3H]* precursor for the same tetrasaccharide
(HS6) is far more informative, as seen in Figure 5.2C. Glycosidic fragmentation coverage is
nearly complete, with only the B; fragment missing, and all sulfo-modifications can be
confidently assigned to specific residues. Cross-ring cleavage is sufficient to assign sites of
modification, and the *°A peak present on both glucosamine residues can be utilized to

differentiate between 6-O and 3-O sulfo-modifications.
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Unlike threshold activation techniques, such as CID or HCD, NETD does not require sodium
replacement of protons to stabilize the labile sulfo-modifications. However, it has been shown
that a certain degree of Na*/H* exchange can improve electron based fragmentation 2. Figure
5.3 shows annotated structures for a 2- precursor series of a HS tetrasaccharide with four sulfo-
modifications and A) [M-2H]%, B) [M-4H+2Na]?, and C) [M-6H+4Na]%. Overall,
fragmentation for this tetrasaccharide is informative, with the production of large set of
glycosidic and cross-ring fragments. Annotated spectra for the three tetrasaccharides are
provided in the supplemental information (Figures S1-S3). The addition of two sodium adducts
to the precursor has a minor effect; two glycosidic fragments are lost, C; and Y2, while two
cross-ring fragments are gained overall, though the observed cross-ring fragments are not
entirely comparable. Fully ionizing the molecule by replacing all ionizable protons with sodium
ions reduces overall fragmentation; few glycosidic bond fragments remain in comparison, and
cross-ring fragmentation is shunted towards the outer residues with only two of the nine cross-
ring fragments located on an inner residue. Adducting sodium to low charge state precursors
presented by CZE-MS changes NETD fragmentation pathways and rearrangement options, and
in some cases reduces the number of product ions once the molecule is fully ionized. In general,

sodium adduction does not benefit NETD activation of heparin/HS after CZE separation.
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Figure 5.3. Comparison of NETD fragmentation patterns for different degrees of Na*

stabilization of a four sulfo-modified HS tetrasaccharide. A) Two of six sites are ionized with no
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Na* adduction. B) Four of six sites are ionized with two Na* adductions. C) All six sites are
adductions.
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A more stringent test of the CZE-NETD MS/MS platform is the analysis of complex
mixtures of GAGs. Enoxaparin, a low molecular weight heparin (LMWH) pharmaceutical, is a
complex mixture derived from heparin polysaccharides that have been chemically digested to
oligomers with up to 30 saccharide rings theoretically >, and 3-12 saccharide rings observed
with CZE-MS. We have examined this mixture by CZE-MS previously, and found that the
components are detected within a 6 min wide window and present a series of well-defined peaks
28 We have also identified compositions in enoxaparin with an extra water loss that is consistent
with chemical digestion pathways that lead to a 1,6-anhydro bicyclic reducing end glucosamine
residue °" %, Here, we have integrated NETD with CZE-MS for the first time to assign structures
to the components of enoxaparin. Figure 5.4 shows the assignment of the top five most intense
peaks found in the CZE separation of enoxaparin and characterized using NETD fragmentation.
Mass lists of assigned peaks for all structures found in enoxaparin are in supplemental tables 1-
7 (ST5.1-5.7). The Orbitrap Elite was set to acquire data dependent MS/MS, selecting the two
most intense peaks from the MS1 as a precursor to isolate and activate with NETD. The NETD
spectra of the five most prominent masses were manually averaged and utilized to assign
structure and sulfo-modification sites. The five prominent structures in enoxaparin are found to
be highly sulfated, as one would expect for these heparin-derived fragments. Two of these five
components, m/z 526.98% and 543.31%, are found to have a molecular weight that indicates the
presence of a 1,6-anhydro bicyclic ring on the reducing end residue, which is an expected

byproduct caused by the base-catalyzed digestion process used in the production of enoxaparin.
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Figure 5.4. An electropherogram of the low molecular weight heparin pharmaceutical
enoxaparin with structure assignments for the 5 most intense peaks determined by means of

NETD activation.

Figure 5.5 shows extracted ion electropherograms for the five most prominent mass-to-
charge values found in the CE separation of enoxaparin. Multiple peaks in the extracted ion
electropherograms indicate that isomeric species exist for many of the prominent mass-to-charge
values. These isomers can include GIcA/IdoA diastereomers as well as different combinations of
sulfo-modification. NETD fragmentation was used to examine structural differences for these
isomeric species. As an example, in Figure 5.6A more than five peaks were observed for m/z
535.982 throughout the electropherogram. These five peaks were selected for NETD analysis.
Figure 5.6B shows the NETD spectra for the first peak in the grouping of three peaks from 23-
24 min, which are partially resolved. Annotated NETD spectra and structural assignments for the

three peaks in the grouping are in supplemental Figure S4. High intensity peaks in the spectra
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that are unassigned are uninformative neutral losses and are detailed in the supplemental tables.
The NETD spectra suggest a common pattern of sulfo-modification that differs from the peak
that migrates at 25 min. The molecular structures in this grouping must differ by uronic acid
stereochemistry (for the uronic acid residue closest to the reducing end) or by anomer state of the
reducing end. NETD of the fourth peak at 25 min, Figure 5.6C, reveals a different pattern of
sulfo-modification; on the 2-O position of the inner uronic acid residue instead of the 6-O
position of the glucosamine observed for the previous three peaks, indicated by the red box in
Figure 5.6. The fifth peak, 25.7 min, is too low in intensity to generate informative
fragmentation with NETD. Multiple peaks indicating isomeric structures appear for many
compositions found in Enoxaparin. Figure 5.7A shows that m/z 526 appears as only two main
peaks in the electropherogram. Characterization of these two peaks with NETD reveals that they
differ in sulfo-modification pattern. The annotated spectrum for the first peak at 24.53 min,
Figure 5.7B, shows that the sulfo-modification is located on the reducing end glucosamine
residue, and the 1,6-anhydro bicyclic ring structure of the reducing end glucosamine residue
indicates that the sulfo-modification is most likely located on the rare 3-O position. The
annotated spectrum for the second peak at 25.08 min, Figure 5.7C, shows that the sulfo-
modification is located on the inner uronic acid residue, most likely at the 2-O position. NETD
characterization of the two peaks for m/z 543, supplemental Figure S5, shows that the
hexasaccharide has two different sites of sulfo-modification as well, with the late migrating peak
most likely having a sulfo-modification in the rare 3-O position of the non-reducing end
glucosamine due to the 1,6-anhydro bicyclic ring structure. Annotated spectra for the last

remaining prominent mass-to-charge value m/z 415, a trisaccharide, as well as a separate low
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intensity tetrassacharide, m/z 549, are provided in the supplemental information (Figures S6 and

s7).
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Figure 5.5. Extracted ion electropherograms with the mass-to-charge of the five most intense
components found in enoxaparin, showing the presence of isomers at each of these m/z values.

Composition assignments are represented as [dHexA, HexA, GIcN, NAc, S, water loss].
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Figure 5.6. Electropherogram for NETD activation of m/z 535.98% within enoxaparin, with
structural assignment for the four most intense peaks. B) NETD spectrum for the first of three
peaks (23-24 min) with annotations and structural assignments. C) NETD spectrum for the fourth

peak (25 min) with annotation and structural assignments.
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Figure 5.7. A) Isolated electropherogram of m/z 526.98% in enoxaparin. B) Annotated spectrum
and structure for m/z 526.98% left peak (24.53 min). C) Annotated spectrum and structure for m/z

526.982 right peak (25.08 min).

5.5. CONCLUSIONS

CZE-NETD MS/MS provides a promising platform for analyzing complex GAG
mixtures, to derive both chemical composition and structural information. GAG mixtures can be
effectively separated by CZE. The speed of NETD activation (50-100 ms) is a good match for
the CZE peak width (30 s), allowing improved signal-to-noise by signal averaging, and
generating informative fragmentation spectra. In general, lower charge states are produced in the
online CZE-MS experiment compared to direct infusion of GAGs. For this reason, CID is not a
good match for CZE-MS sequencing of GAGs, as these lower charge states readily undergo
sulfate decomposition. In contrast to CID, NETD of these lower charge state precursors
produced by CZE separation generates fragmentation detail that is sufficient to assign sulfo-
modification to specific GAG residues. Higher charge state precursors become more intense as
the degree of sulfo-modifications increases and provides even more detailed fragmentation for
the assignment of sulfo-modification to specific sites within GAG residues. With enough sulfo-
modifications the higher charge state peak is sufficiently intense for NETD activation, and this
provides near total coverage of the molecule. CZE-MS with NETD activation of complex
mixtures like enoxaparin heparin results in structural assignment of multiple compositions.
Isomeric compositions within enoxaparin are resolved by CZE and unique structures are

assigned when there are differences in sulfo-modification. CZE is found to resolve diastereomers
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resulting from differences in uronic acid stereochemistry, but their assignment by tandem mass

spectrometry (IdoA versus GIcA) remains a challenge in most cases.
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5.7 SUPPLEMENTAL DATA

ST5.1. Mass lists for the NETD tandem mass spectra of the two peaks of m/z 526.98% in

enoxaparin shown in Figure 7; A) peak at 24.53 min and B) peak at 25.08 min.

A

m/z %l Assgnment
254.9799 0.35 [
136.9701 1.2 027,
176.9657 0.19 25X,
177.9973 0.36 Z,
187.0024 9.99 [M-2H]*-50,
196.0076 0.03 Y,
524.0032 0.54 15X,
526.9813 100 [M-2H]*
557.9504 0.08 B,
575.9636 0.18 C,
645.9691 0.38 354,
700.0014 7.18 73'-S03-H20
701.0055 0.59 Z3-503-H20
718.0117 1.76 73'-S03
719.0196 1.79 Z2.-50,
733.9808 0.46 B,
737.0304 0.22 Y.-SO,
779.0501 0.56 0.2X,-250,
797.9689 2.86 Z.'
798.9762 0.75 Z.
816.9875 0.28 Y,
832.0439 5.69 [M-2H]--250,-H,0-CO,
859.0076 5.18 0.2X,-50,
876.0342 3.83 [M-2H]~-2504-H,0
893.0369 3.6 [M-3H]-250,
894.0433 1.21 [M-2H]~-250,
895.0504 0.22 [M-H]-250,
912.0009 3.96 [M-2H]~-50,-H,0-CO,
938.9516 0.09 02),
955.9908 5.2 [M-2H]-S0.-H,0
972.9934 16.92 [M-3H]-S0,
974.0006 14.11 [M-2H]~-504
975.0073 3.5 [M-H]-S0,
1053.9587 17.43 [M-2H]-
1054.964 3.87 [M-H]-

B

m/z %l Assgnment
254.9799 0.4 C,

436.97 2.43 02ZA,
476.9659 0.13 25X,
477.997 0.13 Z,
487.0021 4.54 [M-2H]*-S0,
524.0033 0.15 15X,
526.9813 100 [M-2H]*
575.9643 0.06 G,
645.9693 0.29 354,
700.0016 7.45 7.'-50,-H,0
701.0062 0.07 Z.-50.,-H,0
1718.0122 1.18 Z,'-50,
1719.0198 0.75 Z,-S0,
1733.9831 0.56 (C3-503-H20
1751.9942 0.47 C.-50,
1797.9691 0.93 Z.'
1798.9776 0.39 Z,
816.9869 0.14 Y,
831.9509 1.31 C,
832.0439 2.23 [M-2H]~-250,-H,0-CO,
857.9902 2.27 [M-2H]~-250,-2H,0
876.0342 2.07 [M-2H]-250.-H,0
893.0367 2.22 [M-3H]-250,
894.0441 0.78 [M-2H]~-250,
1912.0009 3.26 [M-2H]~-50,-H,0-CO,
1955.9909 2.32 [M-2H]~-50.-H,0
1972.9935 11.18 [M-3H]-50,
1974.0014 11.91 [M-2H]~-S0,
1975.0083 1.8 [M-H]-S0,
1053.9589 20.25 [M-2H]-
1054.966 2.37 [M-H]-




ST5.2. Mass list for the NETD tandem mass spectrum of the peak m/z 415.47% in enoxaparin,

shown in Figure 5 at 25.33 min.

m/z %I Asdgnment
254.9799 0.13 C./2,
300.9854 0.21 15X,
335.516 0.19 [M-2H]*-250,
375.4935 3.13 [M-2H]*-S0,
390.9647 0.04 35A,
415.4723 100 [M-2H]>
436.9702 1.01 024,
476.9895 4.66 C,'/2,'-S0.-H,0
556.9457 1.03 C,'/2,'H,0
574.9564 2.35 c'/Z,
575.9641 1 C/zZ,
591.9593 0.28 Y,"
593.975 0.67 Y,
609.0305 1.41 [M-2H]--250,-H,0-CO,
634.9769 7.01 [M-2H]--250,-2H,0
645.9688 0.2 35A,
653.0206 3.89 [M-2H]--250,-H,0
670.0232 2.93 [M-3H]--2S0,
691.9732 0.27 02A,,
732.9758 8.47 [M-2H]--50,-H,0
749.9782 7.42 [M-3H]--S0,
750.9858 3 [M-2H]--S0,
829.936 0.81 [M-3H]
830.9434 0.89 [M-2H]~-
831.9511 0.52 [M-H]-
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ST5.3. Mass list for the NETD tandem mass spectrum of the peak m/z 575.96 in enoxaparin,

shown in Figure 5 at 25.50 min.

m/z %I Asdgnment
186.9943 0.14 [M-2H]?--250,-H,0
526.9824 1.57 [M-2H]*-50,-H,0
535.9878 8 [M-2H]?-S0,
566.96 0.06 [M-2H]?>-H,0
575.9654 100 C/Z,
575.9654 100 [M-2H]*
621.9712 0.06 15X,
733.9835 0.08 B,-SO,
797.9697 1.57 Z,'-S0.-H,0
813.9405 0.47 B,
816.9875 0.77 Z,-50,
835.0008 0.19 Y,-SO,
895.9375 1.45 Z,)'
896.9439 0.82 Z,
914.9566 0.27 Y,
930.0123 5.27 [M-2H]2--250,-H,0-CO,
955.959 1.73 [M-2H]*-250,-2H,0
974.0025 4.71 [M-2H]?--250,-H,0
975.0102 3.66 [M-H]-250,-H,0
991.0051 5.62 [M-3H]%-250,
993.0211 0.59 [M-H]--2S0,
1009.97 3.07 [M-2H]*-50,-H,0-CO,
1013.942 0.14 027,
1053.96 12.4 [M-2H]*-50,-H,0
1054.967 7.41 [M-H]--SO,-H,0
1070.963 29.75 [M-3H]*-S0,
1071.97 11.15 [M-2H]?-S0,
1072.978 8.46 [M-H]-SO,
1134.924 0.16 [M-H]-H,O
1150.92 4.95 [M-3H]*
1151.928 7.46 [M-2H]>
1152.935 5.95 [M-H]-
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ST5.4. Mass list for the NETD tandem mass spectrum of the peak m/z 383.64% in enoxaparin,

which is the 3- charge state precursor for m/z 575.96% shown in Figure 5 at 25.50 min.

m/z %l Asdgnment
254.9773 2.14 C,
319.9699 0.8 Z;
337.9805 0.57 Y,
356.9752 0.35 0.2,
356.9828 4.11 [M-3H]3-S0,
365.9753 0.5 15X,
377.6311 0.95 [M-3H]3-H,0
383.6351 100 [M-3H]5
4106.4619 0.68 B,

415.467 0.36 C;
436.9649 2.94 0.2,
447.9641 2.5 Zs
456.9695 4.61 Y,

4163.994 11.16 [M-4H]?-250,-H,0
504.4761 20.74 [M-3H]*-505-H,0-CO,
506.4611 0.56 024,
517.9526 0.42 0.2%.
525.9671 8.7 [M-4H]?-S0;-H,0
534.9724 9.52 [M-4H]2-S0,
543.4467 13.91

566.4489 5.65 [M-3H]2-H,0
566.9499 1.57 [M-2H]2-H,0
575.4536 2.16 [M-3H]*
575.9581 8.29 C,/Z,/[M-2H]
593.9681 1.46 Y,
596.5362 11.49 [M-3H]*+f1-250,
621.9628 2.13 15X,
636.5139 24.83 [M-3H]%+f1-S0,
645.9624 3.03 35A,
676.4917 5.49 [M-3H]2+]
691.9664 0.25 02p,
731.9621 4.53

733.9776 4 [M-3H]-450,-H,0
813.9336 4.73 [M-3H]-3504-H,0
813.9337 4.53 B,
831.9438 1.21 C;
349.0392 6.01 [M-3H]-250,-H,0-CO,
893.0289 2.11 [M-3H]-250,-H,0
014.9475 0.98 Y
028.9957 2.82 [M-3H]-S0,-H,0-CO,
072.9848 2.76 [M-3H]-S0,-H,0
1051.116 1.98  |[M-3H]+1-350.-H,0-CO,
1052.942 0.89 [M-3H]-H,0
1070.951 0.4 [M-3H]
1095.105 3.54 [M-3H]+fl-350;-H,0
1113.115 3.85 [M-3H]+f1-350,
1175.062 2.53 [M-3H]+fl-250;-H,0
1193.071 8.42 [M-3H]+f1-250,
1273.027 3.86 [M-3H]+1-50,
485.9887 4.25 [M-4H]?-2504-H,0
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ST5.5. Mass lists for the NETD tandem mass spectra of the two structures found for m/z

535.982 in enoxaparin, shown in Figure 6; A) peak at 23.30 min and B) peak at 24.95 min.

A

m/z %l Assgnment
436.9701 0.04 027,
487.0022 0.42 [M-2H]*-50.-H,0
196.0076 6.8 Z,/[M-2H]2--503
526.9807 0.03 [M-2H]*-H,0
535.9867 100 [M-2H]*
575.964 0.42 G,
645.9683 0.75 354,
691.9731 0.21 027,
718.0119 2.71 7.-50.-H,0
732.9756 2.7 B.'
733.9835 0.32 B.
737.0309 0.57 Z.-50,
750.9867 0.39 c,'
751.9942 0.25 C,
755.0422 0.14 Y-S0,
815.9799 2.45 Z:'
816.9876 0.81 Z.
834.9986 0.39 Y.
850.0549 4.18 [M-2H]--250,-H,0-CO,
854.027 0.09 02A,-50,
877.0173 0.11 0.2%.-S0.,
894.0447 1.28 [M-2H]--250,-H,0
895.0526 0.4 [M-H]-250,-H,0
1911.0472 1.39 [M-3H]-250,
930.116 4.51 [M-2H]--50.-H,0-CO,
1933.9831 1.19 027,
1974.0019 4.36 [M-2H]--50.-H,0
1975.0105 0.99 [M-H]-50.,-H,0
1991.0046 8.33 [M-3H]-50,
1992.0127 4.52 [M-2H]~-50,
1993.0206 1.13 [M-H]-SO,
1993.0206 1.13 [M-H]-504
1070.962 2.13 [M-3H]
1071.97 6.36 [M-2H]-
1072.978 1.53 [M-H]-
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B

m/z %l Assgnment
254.9799 0.11 C,
477.9975 0.03 B,
4187.0024 0.12 [M-2H]*-504-H,0
196.0078 6.11 C,/[M-2H]2--S03
526.982 0.05 [M-2H]*-H,0
535.9868 100 [M-2H]
575.9642 0.04 Z,
593.9751 0.12 Y,
654.0275 0.06 B_-50,
718.0125 3.8 Z7.-50.-H,0
732.9758 3.88 B,
733.985 0.88 B,
737.0307 0.33 Z.-50,
750.9864 0.34 C,'
751.9945 0.03 C;
815.9799 3.04 Z,'
816.988 0.51 Z,
834.9989 0.03 Ya
850.0549 1.38 [M-2H]-250.-H,0-CO,
894.0449 1.41 [M-2H]~-250.-H,0
895.0527 0.23 [M-H]-250,-H,0
911.0472 1.8 [M-3H]-250,
930.0118 1.26 [M-2H]~-50.-H,0-CO,
974.0019 8.59 [M-2H]~-50,-H,0
975.0096 0.38 [M-H]-50.-H,0
991.0046 14.43 [M-3H]-50,
992.0126 5.81 [M-2H]--50.
993.0206 1.32 [M-H]-50,
993.0206 1.32 [M-H]-50,
1070.962 4.37 [M-3H]
1071.97 8.45 [M-2H]~
1072.978 1.36 [M-H]-




ST5.6. Mass lists for the NETD tandem mass spectra of the two peaks of m/z 543.31% in

enoxaparin shown in Figure 5; A) peak at 27.01 min and B) peak at 27.42 min.

A

m/z %l Assgnment
254.98 0.09 C,
436.9701 0.77 02p,
490.0033 0.43 [M-3H]>-250,
496.0077 0.54 Y,
496.0077 0.54 C,-50,
496.0077 0.54 Y4504
496.0077 0.54 C,-250,
516.6567 10.34 [M-2H]*-50,
543.309 100 [M-3H]=-
575.964 1.12 C,/C,
645.969 0.31 35A,
646.9882 0.57 03X,
647.4908 0.5 750,
656.4975 0.5 Y-S0,
676.9989 1.48 24%,-50,
677.5049 1.37 02X.-250,
686.9651 2.66 Z'
687.4676 0.86 Z
696.4746 1.03 Yo
703.9571 0.1 C.
704.0024 16.54 | [M-3H]*-250.-H,0-CO,
717.4834 6.29 02X.-50,
725.9974 6.74 [M-3H]*-250.-H,0
734.4988 7.35 [M-4H]?-250,
735.5054 0.71 [M-2H]*-250,
743.9807 18.17 [M-3H]*-50.-H,0-CO,
756.9732 1.98 24X,
757.4711 0.47 02X
765.976 17 [M-3H]*-50.-H,0
774.4773 19.38 [M-4H]*-50,
774.9802 12.88 [M-3H]>-50,
775.4839 3.86 [M-2H]*-50,
814.9598 8.38 [M-3H]*
815.4624 4.35 [M-2H]*
816.9876 0.05 Y,
831.952 0.39 C,
836.0416 3.84 [M-3H]>+1-250,
876.0203 9.32 [M-3H]*+f1-50,
915.999 5.11 [M-3H]z+
1013.941 0.22 02p,
1070.962 0.49 Y,"
1072.977 0.17 Y,
1072.977 0.17 C,-50,
1100.975 0.13 15X,

B

m/z %l Assgnment
136.9705 0.21 024,
190.002 0.27 [M-3H]3-250,
516.6566 11.43 [M-3H]*-50,
543.3089 100 [M-3H]*>
575.9646 1.51 C,/Y,
647.4912 0.28 Z.-50,
647.997 0.21 14X,
654.9751 0.22 B
656.4985 0.53 Y-S0,
663.9799 1.32 C.
676.9988 1.61 24%,-50,
677.5049 0.77 02X.-250,
687.4684 0.4 .
696.4751 1.18 Ye
704.0025 20.16 [M-3H]*-2505-H,0-CO,
717.4833 4.46 92X.-50,
725.9974 5.59 [M-3H]?*-250.-H,0
1734.4988 6.7 [M-4H]?-250,
1735.5058 0.66 [M-2H]*-250,
743.9809 12.8 [M-3H]*-50.-H,0-CO,
756.9544 0.81 24X,
757.4678 0.12 02X
765.4658 1.2 25X
765.976 14.49 [M-3H]>-50,-H,0
774.4773 14.23 [M-4H]*-50,
1774.9808 20.54 [M-3H]*-50,
775.4832 5.77 [M-2H]*>-50,
814.9597 12.41 [M-3H]*
815.4622 5.07 [M-2H]*
836.042 3.71 [M-3H]%>+{1-250,
876.0205 11.91 [M-3H]*+{l-S0,
915.9993 5.7 [M-3H]z+1
1072.979 0.25 CJ/Y,




ST5.7. Mass lists for the NETD tandem mass spectrum of the middle peak of m/z 549.31% at

30.88 min in enoxaparin shown in Figure S7.

m/z %I Asdgnment
4136.9659 1.01 02A,
522.6541 6.23 [M-3H]3-S0,
549.3061 100 [M-3H]?*
575.9579 0.64 C/Z,
654.4639 1.16 B.'
654.9667 0.22 B.
656.4904 0.11 Z.-50,
663.9726 0.22 C.
665.4966 0.21 Y-S0,
696.4684 0.63 Z
705.4745 1.4 Yo
713.0027 7.43 [M-3H]2--250,-H,0-CO,
714.9883 0.19 02A.-S0,
725.976 5.75 [M-4H]2--250,-H,0
726.4785 0.87 02X.-SO,
734.4935 1.15 25X.-S0,
734.9973 5.64 [M-3H]*-250,-H,0
735.4993 2.16 [M-2H]*-250.-H,0
743.4987 3.11 [M-4H]?--250,
752.9806 15.49 [M-3H]*-50,-H,0-CO,
754.9659 1.99 027,
766.4562 0.39 02X
774.4712 2.6 25X,
774.9752 17.51 [M-3H]*-50,-H,0
775.4774 5.89 [M-2H]%-50.-H,0
783.4767 8.9 [M-4H]*>-S0,
783.9792 5.55 [M-3H]?-S0,
784.4832 1.73 [M-2H]*-5S0,
801.9637 0.83 [M-3H]>-CO,
814.9534 3.17 [M-3H]*-H,0
815.4548 0.85 [M-2H]*>-H,0
823.9585 5.95 [M-3H]*
824.461 3.38 [M-2H]>
845.04 2.39 [M-3H]2-+fl-2503
885.0185 11.32 [M-3H]2-+f1-S03
024.9966 6.99 [M-3H]Z-+fl
1090.977 0.34 Y,
1118.971 0.1 15X,
1350.039 0.31 25X-250,
1469.994 0.5 25X.-S0,
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S5.1. Annotated NETD spectrum of HS tetrasaccharide with 4S and 0 Na adduction (2/6 sites

ionized), m/z 517.01%, from Figure 3A.
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S5.2. Annotated NETD spectrum of HS tetrasaccharide with 4S and 2 Na adduction (4/6 sites

ionized), m/z 538.99%, from Figure 3B.
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S5.3. Annotated NETD spectrum of HS tetrasaccharide with 4S and 4 Na adduction (6/6 sites

ionized), m/z 560.97%, from Figure 3C.
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S5.4. Annotated NETD spectra of m/z 535.982 in Figure 6 and assigned structures for (A) peak 1

(23.35min), (B) peak 2 (23.84 min), and (C) peak 3 (24.13 min).
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S5.5. A) Isolated electropherogram of m/z 543.31% in Enoxaparin, shown in Figure 5. Annotated
NETD spectra and structures of m/z 543.31% for (B) the left peak (26.96 min), and for (C) the

right peak (27.40 min).
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S5.6. Annotated NETD spectrum and structure for m/z 415.47% in Enoxaparin, shown in Figure

5 at 25.3 min.
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S5.7. A) Selected ion electropherogram of m/z 549.31% in Enoxaparin. B) Annotated NETD

spectrum and structure for m/z 549.31 component at 30.88 min.
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CHAPTER 6

CONCLUSION AND FUTURE DIRECTIONS

6.1. CONCLUDING REMARKS

Complex biological mixtures of glycosaminoglycans can be separated and characterized
with a simple CZE-MS/MS platform. CZE is ideal for separating highly anionic GAGs based on
their charge and size. A basic coating of the inner surface of the separation capillary is highly
beneficial to sample throughput. No coating is necessary for the emitter of the interface where
electrospray forces are dominant. NETD is an adequate fragmentation method for the low charge
state precursors and the relatively narrow migration times generated by CZE-MS. NETD
provides enough glycosidic and cross-ring fragmentation to narrow down sulfo-modification

sites to specific sugar rings, and under the right conditions, specific carbons within the ring.

6.2. FUTURE DIRECTIONS

The ultimate goal is to make a platform that is relatively cheap and easy to use so that
GAG analysis can become more accessible and thus commonplace. The CZE-MS/MS platform
is currently reliant on NETD technology that is proprietary on the orbitrap mass spectrometer.
Work will need to be done by our collaborators to ensure that NETD becomes a stable and
normal component on orbitraps. Alternatively, the manufacturer of the CZE-MS interface is

currently working on an interface for connecting CZE to Bruker’s Solarix FTICR which already
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has NETD capabilities. Furthermore, it would be interesting to see how much more effective the

CZE-MS/MS platform can be with the high sensitivity and resolving power of an FTICR system.

As good an ion activation technique as NETD is there is always room for improvement;
ultra-violet photon dissociation (UVPD) has shown great promise for GAG fragmentation in
initial trials and may be even better suited for the low charge state precursors and short

fragmentation windows presented by CZE separation.

So far CZE-MS/MS of GAG chains up to hexasaccharide length has been demonstrated,
but that is the bare minimum chain length for binding motifs. Experimentation on CZE-MS of
longer chains has already begun, and separation results thus far are promising, but CZE-MS/MS
analysis of longer chain lengths must be shown to prove that this system can identify biologically

relevant GAGS.

Protein pulldown experiments must be performed. The effectiveness and ease of CZE-
MS/MS analysis to identify binding motifs must be established on protein-GAG interactions that
are already well understood. Identification of GAG binding motifs for proteins can really take off

once that groundwork has been laid.

Establish simple and reproducible methods for CZE-MS/MS analysis of GAGs. Integrate
automated data interpretation for quick and easy structural characterization of GAGs after CZE-
MS/MS analysis. These two things will lower the barrier of entry to GAG analysis and make it a

more common experiment for biological inquiry.
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APPENDIX A:

TUNING FRONT END OPTICS OF ORBITRAP MASS SPECTROMETERS FOR

ANALYSIS OF GLYCOSAMINOGLYCANS

GAGs are generally more fragile than proteins and peptides due to the sulfo-
modifications. Some special considerations should be taken when analyzing GAGs on mass
spectrometers, like the orbitrap, which are designed for streamlined peptide analysis. A few
simple adjustments to the front-end optics of the orbitrap can make it much more

accommodating to GAG analysis.

The suite of optics on the front-end of the orbitrap, (MPQO, Lens 0, MPO, Lens 1, MP1,
and the front lens) are essential for creating soft introduction conditions for GAGs. These optics
are used to create a potential gradient for ions to roll down into the analyzer. For GAGs the hill
should be even gentler than for proteins/peptides, especially MP0OO and Lens 0, to avoid drastic
loss of ion intensity. It is important to tune the optics settings on fragile GAG samples like

sucrose octasulfate (SOS) or de-salted Arixtra after calibration of the instrument.

The most important front-end optic on orbitraps for GAGs is the S-Lens. The S-Lens is a
series of RF controlled focusing lenses immediately following the inlet capillary of the
instrument. The intensity of the RF voltages applied to the S-Lens plates is controlled by a
percentage input. The S-Lens is designed to run at around 50-75% intensity, which is optimal for

proteomics but far too harsh for GAGs and such high intensity causes sulfate loss peaks to
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appear for GAG samples. Most likely, rapidly forcing injected ions into a narrow volume causes

sulfate loss peaks which are generated by a process similar to threshold activation.

Sulfate loss peaks can complicate already complex spectra of biological mixtures and
cause lower intensity peaks to be lost due to space charge effects. For MS1 of GAGs it is
beneficial to set the S-Lens intensity to ~20% as this prevents most sulfate loss without loss of
intensity from fully intact peaks. Initial MS1 experiments are useful for identifying real peaks

from the sample that can be investigated further with tandem MS (MS2).
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Figure Al. A) Mass spectrum of a standard tetrasaccharide analyzed by an orbitrap with the S-
Lens set to 20%. B) Mass spectrum of a standard tetrasaccharide analyzed by an orbitrap with

the S-Lens set to 55%. Sulfate loss peaks are much more abundant when the S-Lens is 55%.
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and focus the ion beam/packet in the analyzer cell making fragmentation methods more

For MS2 higher S-Lens intensities, in the 55% range, will stabilize the selected precursor

effective. A low S-Lens intensity, 20%, will produce NETD fragmentation of an abundant

precursor with low intensity informative fragments that are lost in the noise. A higher S-Lens
intensity, 55%, will produce NETD fragmentation from an abundant precursor where the low

intensity informative fragments are well above the noise. Increasing the S-Lens intensity

drastically increases the signal-to-noise of the spectra which is hugely beneficial for

fragmentation techniques like NETD that produce mainly low intensity informative fragments.
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Figure A2. A) NETD fragmentation mass spectrum of a tetrassacharide standard on an orbitrap

with S-Lens set to 20%. B) NETD fragmentation mass spectrum of a tetrassacharide standard on
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an orbitrap with S-Lens set to 55%. Informative low intensity fragments emerge from the noise

with higher S-Lens values.

An important flaw in running the orbitrap at 55% S-Lens is that the creation of intense
sulfate loss peaks can be misidentified as real natural species. Experimentation so far would
suggest that NETD of sulfate loss peaks resulting from higher S-Lens presents a precursor ion
with no isotope peaks. This could help determine if an artificial species was selected as a
precursor accidently. Careful precursor selection using an initial MS1 experiment at lower 20%

S-Lens intensity can help prevent NETD of false sulfate loss peaks.

A more difficult problem resulting from higher s-lens intensity is when two real species that
differ by the mass of one sulfo-modification overlap in the electropherogram. This situation can

result in NETD fragmentation that shows a mixture of structures is present.

A two-stage experiment is recommended for fragmentation analysis of GAGs with an
orbitrap mass spectrometer. The first stage should be MS1 run at low S-Lens intensities to
identify real precursors, and the second stage should be a MS2 run at high S-Lens intensities to

improve signal to noise for fragment ion peaks.
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