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IEM lon Evaporation Model

IMS lon Mobility Mass Spectrometry

LC Liquid Chromatography

M/C Average Numbers of Residue per Charge
m/z Mass-to-Charge Ratio

MALDI  Matrix Assisted Laser Desorption/lonization
MeOH Methanol
m-NBA  m-Nitrobenzyl Alcohol

MS Mass spectrometry

MSn Tandem Mass Spectrometry
MW Molecular Weight

aMb Apo-Myoglobin

hMb Holo-Myoglobin

nano-ESI  nESI

NeuAc N-Acetylneuraminic Acid
NeuGc N-Glycolylneuraminic Acid
n-HexCer Cerebroside (n is the configuration of glycosidic bond)

n-HexSph  Glycosylsphingosine (n is the configuration of glycosidic bond)

NHS N-Hydroxysuccinimide

NL Neutral Loss

NMR Nuclear Magnetic Resonance

OzID Ozone Induced Dissociation

PA Proton Affinity

PD Parkinson’s Disease

PEI Polyethylenimine

PFO Perfluoro-1-octanol

PrS Proton Sponge, N, N, N', N'-tetramethyl-1,8-naphthalenediamine
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RF
RP
RPLC
SCA
SFC
SLIM
Sph
Terpy
TLC
Ub
UVPD

Radio Frequency Current

Reversed Phase

Reversed Phase Liquid Chromatography
Supercharging Agent

Superficial Fluid Chromatography
Structures for Lossless lon Manipulations
Sphingosine

2,2";6',2"-Terpyridine

Thin Layer Chromatography

Ubiquitin

Ultraviolet Photodissociation
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ABSTRACT

Mass spectrometry (MS) is one of the most commonly used analytical techniques in
bioanalytical analysis, allowing scientists to characterize molecules with very diverse chemical
features. The advance in ionization strategies significantly improves the potential in using MS for
that purpose, especially electrospray ionization (ESI) can generate ions directly from solution in
ambient conditions, showing high flexibility in coupling with other techniques. Moreover, a
hallmark of the ESI of large polymeric molecules is also its tendency to generate a distribution of
charge states based on their chemical characteristics, allowing us to exploit the multiple charging
phenomenon in various applications.

This dissertation introduces the relationships between ESI and multiple charging phenomena
with different proposed ionization models, and how condensed-phase and gas-phase approaches
affect the multiple charging phenomenon. Moreover, multiply charged ions permit gas-phase
ion/ion reactions to occur without neutralizing the ions. Therefore, various ion/ion reactions can
be utilized for distinct analytical purposes. Objectively, this dissertation focuses on the
investigation of the multiple charging phenomenon from ESI-MS, and the applications from taking
the multiply charged ions to perform gas-phase ion chemistry in order to a) manipulate the charges
of the targeted ions; b) invert the polarity of the targeted ions; ¢) and characterization of the ions
from the gas-phase ion/ion reactions.

The first work demonstrates how multiple components (i.e., complicated mixtures) lead to
a highly congested spectrum of ions with overlapped m/z values, resulting from the multiple
charging phenomenon after the ESI process. Utilizing ionic reactions can de-congest the spectra
via manipulating the charges of the ions to separate the overlapped signals. A universal spectral
pattern in the ESI mass spectra is observed while analyzing multiply-charged homopolymers.
Various parameters, such as the charges of the ions, widths of polymer distributions, monomer
mass, and cationizing agent masses, are investigated to show how they can affect the appearance
of the unique patterns, which condense the information of the overall distribution of the
homopolymers. Combined with gas-phase charge reduction (i.e., proton transfer reaction), we can

characterize the size distribution of polydisperse homopolymer samples.
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Second, a novel type charge inversion ion/ion reaction summarizing the conversion of
multiply charged protein ions to their opposite polarity and still holds multiple charges is reported.
The reaction occurs via a single ion/ion collision with highly charged reagent ions, which we
usually obtain from biological relevant polymers. Hyaluronic acid (HAs) anions and
polyethylenimine (PEI) cations are used as the charge inversion reagents to react with protein ions.
Remarkably, inversion of high absolute charge (up to 41) from the reaction is demonstrated. All
mechanisms for ion/ion charge inversion involve low-energy ions proceeding via the formation of
a long-lived complex. Factors that underlie the charge inversion of protein ions to the opposite
polarity with high charge states in reaction with those reagent ions are hypothesized to include: (i)
the relatively high charge densities of the HA anions and PEI cations that facilitate the
extraction/donation of multiple protons from/to the protein leading to multiply charged protein
anions/cations, (ii) the relatively high sum of absolute charges of the reactants that leads to high
initial energies in the ion/ion complex, and (iii) the relatively high charge of the ion/ion complex
following the multiple proton transfers that tends to destabilize the complex.

Third, shotgun MS strategies coupled with different gas-phase ion chemistry and tandem MS
to analyze glycolipids are demonstrated. Glycolipids contain both carbohydrates and lipids
structure components that it is incredibly challenging to analyze with MS. Isomeric cerebrosides
(n-HexCer) and glycosphingosines (n-HexSph), which hold isomerisms in diastereomeric sugar
head groups (glucose and galactose), anomeric glycosidic linkages (alpha- or beta-), and isomeric
amide-bonded monounsaturated fatty acyl chain (double bond location) are successfully
differentiated by dissociating gas-phase ion/ion reaction products, the charge-inverted complex
cations. Both relative and absolute quantification of the isomers is also achieved, and analytical
performances are evaluated in terms of accuracy, precision, and inter-day precision, allowing us
to perform mixture analysis. Porcine brains were used to demonstrate the ability to profile and
quantify those isomers from biological extracts. Moreover, a parallel workflow is also proposed
for gangliosides, which have more complicated structures among their glycan moiety. Metal cation
transfer, proton transfer, and charge inversion reactions are utilized to manipulate the ion types to
provide better structural information. The proposed workflow allows us to clean up the mass
spectra by neutralizing interfering isobaric ions, differentiate isomeric gangliosides, and perform
relative quantitation when the standards are available. The workflow also is used to obtain

gangliosides profiles from biological matrices. Overall, work in this dissertation takes advantage
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of the multiple charging phenomenon and couples with gas-phase ion/ion reactions to achieve
various analyses among a wide range of biological-related samples.
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CHAPTER 1. INTRODUCTION TO MULTIPLE CHARGING
PHENOMENON AND GAS-PHASE ION/ION REACTION IN MASS
SPECTROMETRY

1.1 Brief History of Mass Spectrometry

Mass spectrometry (MS) has become one of the most widely-used analytical techniques
since the early twentieth century, after Sr. J. J. Thomson’s first mass spectrometer to measure
mass-to-charge ratio (m/z) in 1897, and later the first parabola mass spectrum was obtained, in
which the first detection of multiply charged mercury cation in 1912.% F. W. Aston further modified
the mass spectrometer allowing precise and volatile detection of ions® and observed the existence
of two isotopic neon in “Aston’s mass spectrograph,” and the foundation of mass spectrometry
had been built ever since.

Modern mass spectrometry instruments have evolved and differed from the mass
spectrometer in Thomson’s and Aston’s time. However, all the mass spectrometers share the basic
principle- monitoring ions’ trajectories and measuring their mass-to-charge ratio, even in
exceedingly divergent ways.® Despite the innovation of mass spectrometers tremendously
improved the performance of m/z measurements, the generation of ions, especially from large
molecules, remained a challenge for many decades until the invention of two breakthrough
ionization strategies, matrix-assisted laser desorption ionization (MALDI) and electrospray
ionization (ESI) in the late twentieth century.® Both MALDI and ESI could be considered as “soft
ionization” methods, so they could preserve the intact large molecules rather than making
fragments from them. This advanced feature drastically changes the role of mass spectrometry in
biomolecule characterization that scientists can produce ions with m/z greater than thousands.
However, MALDI typically generates singly or doubly charged ions,”® but ESI has the power to
generate multiply-charged ions allowing even larger molecules to have a lower mass-to-charge
ratio that could be analyzed by some mass analyzers that have a low high-mass limit. Therefore,
ESI shows advantages for large biomolecules analysis and allows us to manipulate the numbers of
charges on the ions. In this dissertation, ESI is the primary ionization method for the work and will

be discussed more in detail in the following sections.
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1.2 Electrospray lonization and Multiple Charging Phenomenon

Electrospray was first introduced by J. Fenn in 1984,° and further the application in ionizing
large biomolecule was published in 1989.1° The work was based on the investigation of macro-
ions in the gas phase and the charged droplet work by M. Doyle.!*? The introduction of ESI
immediately caught the attention of all mass spectrometrists, and it became one of the most widely-
used ionization strategies since then.

Electrospray ionization has several advantages over other commonly used ionization
methods. First, ESI is one of the ionization methods that can be operated under atmospheric
pressure allowing ease of operation without the requirement of a vacuum system.!® Second, the
direct ionization from the infused sample solution simplifies the steps for ionization, such as
evaporation or desorption.}* Third, the capability to couple separation techniques, such as liquid
chromatography®*” or capillary electrophoresis,®1° significantly improves the mass
spectrometry’s ability to analyze complicated biological samples. Last but not least, the generation
of multiply-charged ions makes large molecules have a lower m/z value allowing researchers to
utilize various mass spectrometers with limited mass range (with their high mass) to analyze them.
All the advances mentioned above make ESI the most commonly used ionization method for
biological applications.?

Despite the applicability of ESI for various usage, the ionization mechanism of ESI has not
been fully understood. In the past few decades, researchers have proposed general mechanisms to
explain how the charged droplets form via introducing an electric field and the relationships
between the charges from the charged droplets to the ions of interest.?! Besides the general
explanation, different models, have been reported to meet the various ionization processes from
different types of analytes, including ion evaporation model (IEM), charge residue model (CRM),
and chain ejection model (CEM).?2 The following sections will be focused on the general

explanation of the ionization process from ESI and the three models individually.

1.2.1 General ESI Mechanism

It is widely accepted by the scientific community that the general mechanic aspect of ESI,
which starting with the nebulization of the solution from the capillary tips combined with a high

electric field.?® While applying a high electric field on the capillary tip, the solution moves forward
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based on the electrophoresis force,?* and the combined effects of the surface tension and the
electrostatic force from the applied electric field, a cone-like structure of the solution could be
obtained at the outlet of the capillary, which is Taylor cone.?>2¢ Once the electric force (or the
charges) surpasses the surface tension, which is the Rayleigh limit, the cone structure is no longer
be able to maintain at the apex, then further “corrupts” into charged droplets, which is so-called
electrospray.®

After nebulization, the charged droplets are formed, and the solvent is further evaporated,
making the sizes of the charged droplets smaller. While the volume of the droplet becomes smaller,
the charges on the droplet surface would have stronger Coulomb repulsion to each other. When
the Coulomb repulsion equals to the surface tension of the droplet, which again reaches the
Rayleigh limit, the charged droplet no longer be able to maintain its structure, then both Coulomb
fission, which produces smaller progeny charged droplet, or ejection of the small ions on the
surface would occur to reduce the charges on the surface.® After multiple events from the fission
of charged droplet, de-solvation of the analyte would achieve, and ions would be formed. (Figure
1.1)27-30

Several analytical relationships could be used to describe the overall ESI process. Starting
with electrospray, to generate a Taylor cone, it is needed to apply enough onset electric field (Eon)
to overcome the surface tension between solution and capillary tip. Sr. G. Taylor proposed the

approximation as the approximation following the relationship:3

. 6 4D
E,, ~ /%m (T) (eq. 1.1)

where rcis the radius of capillary, vy is the surface tension, 0 is the half-angle from the Taylor cone
(6 = 49° while forming regular Taylor cone), €0 is the permittivity of vacuum, and D is the distance
between the capillary and counter electrode. The experimental electric field at capillary (Ec) can

be obtained by equation 1.2:
21
€ rcln(ﬂ)

Tc

(eq.1.2)

where V. is the applied potential between the capillary and the counter electrode. In the equation,
we can understand that the required onset electric field for forming the Taylor cone is in proportion

to the radius of the capillary and the surface tension of the solution.
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While the numbers of charge (zr) reach the Rayleigh limit, the charged droplets would
form, and further Coulomb fission event to produce progeny droplets from the bigger droplets also

follows the Rayleigh limit, and zr could be described as the following equation 1.3:

Zgp = 8?",/esoyR3 (eq. 1.3)

where e is the elementary charge and R is the droplet radius.

Although the scientific community widely accepts the above explanation of the ESI
mechanism and the analytical relationships, researchers proposed three models based on their
experimental observations, including IEM, CRM, and CEM.?? The three different models are
applied to explain different ionization events associated with distinct chemical features of analytes
and are highly related to the numbers of charges of those ions (Figure 1.2). To introduce the
multiple charge phenomenon from the ESI process, it is crucial to think of all three different
models. The following sections will introduce three models individually and their respective

aspects to the multiple charging phenomenon.

1.2.2 lon Evaporation Model (IEM)

IEM was proposed earlier than general the ESI process, in which Irbarne and Thomson
investigated the formation of ions from the evaporation of charged droplets in 1976.3 They
discussed the process of the evaporation of cluster ions from charge droplet using with the
estimation of energy barrier and the reaction rates, which they also proposed that driving force of
the evaporation of the ions is from the Rayleigh instability. In general, the IEM suggests that while
the electric field emanates from a charged nano-droplet (with the radius within 10 nm) is
sufficiently high, the ejection of small solvated ions from the droplet surface would occur. The

rate constant (ke) of the ejection can be approximated using transition state (TS) theory:32-3

ko = %e<%) (eq. 1.4)
where kB is the Boltzmann constant, h is Planck’s constant, T is the temperature, and —AG* is the
height of the modified energy barrier. The model can also be considered as the theory for the
formation of nanoscale progeny droplet from the droplet surface, in which Ahadi and Konermann
used a molecular dynamics model to simulate the ejection of an ion with MeOH/Water-based

droplet, that some solvent molecules actually “stick” on the charged ion when it firstly ejected

from the bigger droplet surface. Then the solvent molecules evaporate at the later stages (e.g., in
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the mass spectrometer).3* Moreover, Ahadi and Konermann also utilized the TS to mimic how
NH.4" ion experienced free energy in a water droplet, which demonstrated that a successful ion
ejection event occurs under ns time scale and the position of the analytes in the droplet is
significantly essential.3* Therefore, the ionization of the analytes that are analog to NH4" ion,
which with low molecular weight (MW) such as small protonated/deprotonated molecules or
inorganic ions, and better surface partitioning molecules (i.e., less polar analytes in a polar solvent
droplet, high surface affinity) can be explained by IEM (Figure 1.2a). Since some inorganic
molecules (especially metal cations) may have different oxidation states (different charges) in the
condensed phase, the observation of multiple charges on those types of ion is not abnormal.
However, IEM is limited to explaining the multiple charging phenomenon when ESI is applied to
larger molecules such as proteins, more prominent than the proposed size of the cluster ions (~10

nm), and multiple protonation/deprotonation can be observed.

1.2.3 Charge Residue Model (CRM)

CRM was also based on the charge droplet study back in the days earlier than ESI that
Doyle first proposed in 1968.3° CRM introduced that multiple Coulomb fission events lead to the
volume shrinkage of the droplet, and approaching the end of the evaporation process, the Rayleigh-
charged droplet only contains one (or few) large molecules. After the last few solvent molecules
evaporate, the charges from the droplet surface can transfer to the molecule, resulting in ionization
of the analyte.>>2¢ The numbers of charges on the ions from the fission events only occur while
the charged droplet reaches the Rayleigh limit. Many research has demonstrated the relationship
between charge states and the size of protein in terms of mass and the accommodated surface area
of the proteins,®-%® which charge states can be predicted by modifying the Rayleigh limit equation
(eg. 1.3).” Besides, CRM might be affected by the early stage of IEM that when some salts take
the charges away at the early evaporation, the remained charges may be lower, then lower the
charge states were observed.®® In sum, the general CRM illustrates that the larger the molecules,
the more charges can be observed through the CRM process, demonstrating the multiple charge
phenomenon from the ESI process. However, in some cases, such as unfolded proteins, they can

be charged up much more than the intact protein (native and globular-like structure), which are
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much higher than the theoretical Rayleigh charges. Therefore, CRM is majorly used for explaining

the charging for large globular biomolecules (Figure 1.2b).

1.2.4 Chain Ejection Model (CEM)

To further understand why different structures of proteins hold such various charge states,
Konermann and colleagues proposed chain ejection model (CEM), an analog to the production of
highly charged unfolded proteins from activation of the original protein complex ions (Figure 1.2c
and 1.2d).*’ The original scenario states that a protein unit from the protein complex would unfold
under the activation. With further charge redistribution between the unfolded unit and the complex,
t the Coulomb repulsion between the unfolded chain and the other intact part of the complex
overcomes the activation energy. The chain is then ejected to form the fragment ions, the unfolded
protein ions.*! The site on the unfolded chain to reach the ejection point is called the “scission
point.” In charged droplets, unfolded proteins usually hold a higher hydrophobicity, making it
easier to partition on the droplet's surface, not the center. The excess charges on the ESI droplet
tend to find the distance to minimize the electrostatic potential on the surface; therefore, the charge
equilibrium occurs between the droplet surface and the unfolded protein chain. Equation 1.5 can
be used to approximate the charge equilibrium phenomenon, which the system is trying to find the
minimum electrostatic potential V:*!

1 i - qi4;
<Ezliv=oz_i + 25 ?]=i+1r__]) (eq. 1.5)

ij

1
4TTE

where i is the sequence of the chargeable unit on the chain, which the droplet surface has i = 0,
and the first charged site on the chain designates as i = 1 (and further to N, which represents the
number of chargeable units on the chain until the scission point). The absolute charge on
each i is gi, and the corresponding distance is ri. The values rij refer to any midpoint distances
between entities i and j to consider the Coloumb repulsion within the chain, not only between the
chain and droplet. The mobile charges (i.e., protons) tend to rapidly redistribute to minimizes the
overall electrostatic potential. While the charge configurations from the lowest possible VV(N), and
the energy (i.e., the Coulomb repulsion) is higher than the “scission point (N),” the chain would
further be ejected from the droplet. The charges on the protein can further be denoted as equation
1.6:%0

Qprotein = Qtotal — 9o (eq. 1.6)
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where Qrotal IS the total charges on the original droplet and qo is the charge on the surface at the
“scission point (N).” And the numbers of charges of the unfolded protein can be found from
equation 1.7:4

ZcEM = qpn;ftein (eq 1.7)

Under CEM, the Rayleigh charge is no longer the limit for the number of charges on the
unfolded proteins. V(N) and the affinity between the chain and the droplet lead to the multiple
charging on the unfolded chain. Analogous linear polymer models were also used to demonstrate
various scenarios, such as the boundary among the three models (IEM, CRM and CEM), for the
jonization process through CEM, including “model polymer™*?, polypropylene glycol,*® and
polylactide.** Some evidence from other techniques, including ion mobility mass spectrometry
(IMS), supports the CEM that the ejected unfolded proteins with different charge states share
similarities in collisional cross-section (CCS) from IMS, which the difference in CCS occurs when
the ejection time (activation time) is different, so the structures are different.*> CEM explains the
higher charging phenomenon from the ESI process that CRM and IEM cannot fully address.
However, there is no clear boundary among all three models under the whole ESI process, so the

triad models occur in every ESI event, only with different percentages among the type of the ions.

1.3 Condensed Phase Effects on Multiple Charging Phenomenon

The three main models described above rely on the analytes' chemical characteristics and
their interaction with the charged droplets. Therefore, the solution conditions make the most
significant contributions to the multiple charging phenomenon from the direct ESI process. In the
following discussion, protein will be used as the system for demonstrating how various factors

would affect its charge states.

1.3.1 pH value

pH value of the original solutions already represents if the targeted analyte is charged (i.e.,
protonated or deprotonated) or not in the condensed phase, depending on the natural pKa value
from the different functional groups on the analytes, such as carboxylic acids or amines.* In the
earlier investigation, researchers found that the pH of the solution is highly related to protein

charge states under the ESI process.*” The first consideration of different pH values of the solution
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IS supposed to be how the protein structures are withheld under the pH value. It is well-known that
low and high pH tend to denature protein, making it have unfolded structure.*® lon mobility mass
spectrometry has been used to correlate the folded and unfolded structure with the average charge
states, suggesting unfolded structures have greater average charge states than folded ones.*°
Therefore, they tend to have more charges based on the CEM pathway than CRM.

However, pH value not only affects the structures of protein, which determine the charging
ESI path, but also the charging efficiency under different spray polarities.>® Two different spraying
modes, right-way-round and wrong-way-round, indicating the relationship between the pH value
of the solution and the ESI polarities, have been proposed to demonstrate the charging phenomena
upon the different spray modes.>* For example, a wrong-way-round experiment is spraying protein
negatively under low pH (natural protonated condition). A wrong-way-round spray usually results
in much lower signals (i.e., lower ionization efficiency) and sometimes with slightly lower
absolute charge state distribution.®® Besides, spraying in a wrong-way-round mode tends to have
a greater degree of metal ion adduction, indicating the condensing effect of the charges (from the
nonvolatile ions) on the surface to the protein, suggesting the evidence of the CRM charging model
that the ions are formed at the later stage of ESI but are not charged at the initial stage in the

condensed phase.

1.3.2 Organic Solvent

As the pH value, organic solvents can be used as the denaturing condition for proteins,
affecting the folding of the proteins.®® Therefore, the protein structures are affected by the
percentages of organic solvent in the condensed phase, which further affect how they can be
charged from the ESI process (e.g., CRM or CEM.) Researchers have investigated the degrees of
different percentages of additive organic solvent into the solution to find the correlation between
the percentages and charge states distribution.>® Again, IMS results verified that mixtures of
protein structures were found, leading to the difference among charge states distributions under

different percentages of organic solvent.>
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1.3.3 Other Solvent Modifier

Different solvent modifiers would have individual contributions to the charging effect from
the ESI process. As we previously discussed, the volatile salt that tends to be ionized through IEM
would take away the charges on the surface at the early ESI stage.?? The process is part of the
formation of progeny droplets, leading to the Coulomb fission event, but it might also lead to lower
charges on the final droplet to charge up the protein.> Therefore, volatile salt additives play a part
in charging through the ESI process.

Some researchers investigated other solvent modifiers, which dominantly called
supercharging agents (SCAs), including sulfolane or m-nitrobenzyl alcohol (m-NBA), to modulate
protein charge states, that we are not able to fully address the higher charging phenomenon based
on the triad models.>® SCAs tend to give a greater average charge states distribution compared to
both unfolded and folded protein solutions. Several mechanisms have been proposed to explain
their effects on the ESI process. For example, Adding SCAs can modulate the surface tension on
the charged droplet leading to different Rayleigh charges based on eq. 1.3.%

Although SCAs addition could preserve the noncovalent component/interaction within the
protein complex,®” SCAs may still change protein structures in the condensed phase, which
significantly affects the charge states of protein ions.®® Therefore, SCAs effect on native
supercharging (i.e., preserving the native protein structures) is controversial, but researchers
reported additional evidence for the native supercharging events. The charge trapping model,
reported by Konermann’s group, demonstrates that the prevention of evaporation of small ions
(e.g., Na") at an early stage is achieved by the SCAs shells.>® As a result, native proteins with
higher charge states are formed from condensing higher degrees of those cations from the CRM
process. The same group also reported anti-supercharging with 18C6 crown ether by adding both
sulfolane and 18C6. The experimental results suggested that almost no supercharging phenomenon
was observed after adding 18C6 crown ether to the solution. They suggested that the complexation
between 18C6 and sulfolane makes sulfolane more soluble, preventing them from forming a
trapped shell, so no native supercharging was observed.®° The charge trapping model provides
alternative insights on native supercharging phenomenon, but it does not exclude the fact that
denaturing of protein still occurs while adding none native components into the solution.

Besides the native supercharging, SCAs also give greater average charge states among

denatured proteins.®® One explanation may be that SCAs might serve as much stronger denaturing
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reagents that break some of the disulfide bonds within the protein leading to a more extended chain
structure with higher charge states.®* Another explanation, proposed by Konermann’s group, is
that SCAs provide the electrostatic stabilization of protein-bound proton via charge—dipole
interactions.%? Therefore, SCAs-mediated favorable charge—dipole interactions on the chain can
result in the accumulation of more proton on the unfolded protein after charge equilibrium from
CEM, then further cause supercharging.®®> Figure 1.3 summarizes all the possible charging
processes from regular and supercharging scenarios for proteins.

Overall, solution conditions that we discussed above would lead to different scenarios for
the analytes (majorly proteins above) to be ionized by the ESI process, causing various multiple
charging phenomena. Those conditions also give us a room to manipulate charges on the analytes.
However, ambiguity is remained because of the gap between the actual experimental charge states

and all the modeling results as well as the theory.

1.4 Gas-Phase Reactions and Multiple Charging Phenomenon

Despite the modification among solution conditions providing scientists ways to generate
various cases for different charging results from ESI, the condensed phase approaches usually give
bulky changes in the solution that manipulation of charging phenomenon relies on the different
charging models. Therefore, gas-phase approaches were introduced to provide another way for
manipulating the charges on the analyte ions without considering the ionization theory. Two major
types of gas-phase reactions are commonly used for the purposed, including ion/molecule reaction
and ion/ion reaction. The following sections will introduce the two types of reactions individually,

with a greater focus on ion/ion reactions.

1.4.1 lon/Molecule Reaction

lon/molecule reaction has been widely studied in mass spectrometry and was first used for
chemical ionization.%® The general theory of ion/molecule reaction depends on the gas-phase
acidity/basicity of the ion and neutral that the difference in proton affinities (PA) between the two
reagents results in proton transfer. The general reaction can be found below
M + RH* - MH™* + R (reaction 1.1)
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when PA(M) > PA(R), the overall reaction would be exothermic, and proton would transfer from
RH*to M to form proton transfer product, MH*.% PA can be determined by using different mass
spectrometry-based approaches, including experimental determination of the ionization energy of
the molecular ion or the measurement of equilibrium constants for the proton transfer reactions to
relatively determine the PA between the two reagents.®®

Unlike the ionization process, which focuses on giving a charge (proton) to the targeted
analyte (M), the ion/molecule reaction for the existed multiply charged ions is dominantly used
for charge reduction reaction that proton transfer reactions allow to extract (or donate) proton from
multiply protonated ions (or deprotonated anions). Reaction 1.2 represents the proton transfer
reaction from a multiply protonated ion, (M+nH)™ to the reagent molecule (R).

(M +nH)™ +R > (M + (n — 1)H)® D+ 4+ RH* (reaction 1.2)

The PA(R) is much greater than PA(M+(n—1)H)®™ D" because of the Coulomb repulsion
between proton (H*) and (M+(n—1)H)®™ D", which both of them has the same polarity of positive
charge, resulting in a very efficient reaction.®® However, the reaction rates gradually decrease
while we have lower charges on the targeted analytes because of the decrease in PA (or gas-phase
basicity) of the ions.®” Therefore, ion/molecule reaction would meet an issue at the end when PA(R)
is less than the targeted ions (See reaction 1.1), indicating the limitation for the reaction would be

the selection of optimal neutral reagents.

1.4.2 Gas-Phase lon/lon Reaction
Theory of lon/lon Reaction

Unlike ion/molecule reaction, ion/ion reaction is not limited by the gas-phase basicity of
the reagent because of the long-range Coulomb attraction potential between the opposite polarities
of ions, not ion-dipole or ion-induced dipole interactions in ion/molecule reaction. In Kinetic
consideration with the following assumption: a) the rate constant (ki) for the reaction is same as
forming a stable orbiting complex; b) ignoring the internal energies of the reactants; c) point charge
model is used, the collisional cross-section for ion/ion capture can be denoted as the following
equation 1.8 with equation 1.9, and 1.10 show the different rate constant between ion/ion reaction
and ion/molecule reaction:®

n\ [Z1Z,e?

o= (5) [225] (ea. 19
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ki = voi = v (2) [222] (eq. 1.9

pv?

ki = 21Z (%)i (eq. 1.10)

where Z; and Z> (or Z) are the unit charges of the reacting ions for ion/ion reaction, e is the electron
charge, v is the relative velocity,  is the reduced mass, and a is the polarizability of neutral reactant.
The kinetic models provide insight into the different factors that impact the reaction rates that
ion/ion reactions rate has proportion relationships to Z2. The general ion/ion reaction is represented
as the following reaction 1.3.

(M + nH)™ 4+ R~ -» (M + (n — 1)H)™ D+ 4 RH (reaction 1.3)

However, the model explained the proton transfer phenomenon from ion/ion reaction, which
we can use ion/ion reaction to reduce charges on multiply charged analytes, but not really for the
formation of the electrostatic complex from the ions with opposite polarities. To further elaborate,
three different models were discussed for forming the complex product via gas-phase ion/ion
reactions.®

The first mechanism directly assumes the reaction for forming complex is from a hard-sphere
collision event. The relationship between the collision radius (rns) and impact parameter (bns) can

be expressed as:"°

27,72

2 2
bps® =1 [1 + ————
hs hs [ ATTEQT s V2

] (eq. 1.11)

The above model cannot be used for the reaction occurring at a further distance than the hard-
sphere collision. Therefore, the maximum distance (rph) for the successful reaction of “simple
proton transfer” reaction, which we refer to as proton hopping, is then included, and the impact

parameter can be again expressed as:

2717,e?
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” ] (eq. 1.12)

The third model is from Thomson’s three-body interaction model that ionic reactants form

bound orbit within the critical distance (domit), and the maximum cross-section for that orbital

complex formation can be approximated as:"*

2 7,27,%e*

~
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(eq. 1.13)

Oorbit,max ~ T[dorbit

In the early work from our group, experimental results suggested that both protons hopping
and orbital bound electrostatic complex formation meet the different reaction schemes. Proton
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transfer reaction involving transferring single or double proton can be achieved both from proton
hopping or the charge separation channels after the complex formation.® In the later chapter 3, we
will further discuss the multiple protons (more than two) transfer reaction that only occurs at a

single collision event through the formation of the complexes.

Different lon/lon Reactions

By taking advantage of the multiple charging phenomenon, we can perform various gas-
phase ion/ion reactions in the mass spectrometry without neutralizing the ion (i.e., +1 and —1 lead
to a net charge = 0), which we cannot analyze the neutral in a typical mass spectrometer. lon/ion
reactions allow us to manipulate not only charges based on protons, but various reactions can be
performed to achieve a wide range of analytical purposes.’? The following sections will introduce

some ion/ion reactions and how they can be used for analytical purposes.

Proton Transfer Reaction

As we heavily discussed above, utilizing proton transfer reactions to reduce charges on the
multiply charged biomolecule ions are widely used. There are many applications for us to
manipulate charge with proton transfer reaction for mass spectrometry standpoints. First, proton
transfer reaction allows us to reduce the charges from the targeted ion populations, which is useful
for mixture analysis.”>"* To elaborate, congested mass spectra formed from different closed m/z
signals of mixtures through the ESI process can be deconvoluted by charge reduction so that the
signals can be separated to higher m/z windows.” Second, combined with ion parking techniques,
it is possible to reduce the reaction rate of the proton transfer reaction so that the concentration of
ion signals into a single charge state is achievable.”®’” Therefore, more control among the proton
transfer reactions can be done in the mass spectrometry for various purposes. For example, for top-
down proteomic study, different charge states many give distinct fragmentation patterns leading
for complementary sequencing information among different charge states.”® Again, coupling with
different dissociation techniques that the fragment ions might create overlapped signals (congested
spectra from the mixture of fragment ions), so proton transfer reaction can be used to separate

them and retrieve better sequencing results.”®! An example utilizing proton transfer reactions to
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study polydispersed polymer mixtures and deconvolute congested mass spectra will be discussed
later in chapter 2.

Electron Transfer Reaction

lon/election reaction is another type of ion/ion reaction in which ions react with different
thermalized electrons (i.e., with different kinetic energy). Most of the time, further fragmentation
occurs after the ion/electron reactions.®? Electron transfer reaction, in contrast, the electron is
transferred from one ion to another, which the general reactions are expressed as reactions 1.4 and
1.5, shares the similarity in the dissociation part, and is commonly referred as electron transfer
dissociation (ETD).2 ETD usually provides more sequence information among proteins and can
preserve post-translation modification information.
(M + nH)™ + R™* —» (M + nH)®~D*** 4 R — fragments (reaction 1.4)
(M — nH)™™ 4+ R** - (M + nH)®~D~** + R - fragments (reaction 1.5)

Complex Formation Reaction

The complex formation reactions also play a significant role in ion/ion reactions. The general
complex formation reaction is expressed as the following reaction 1.6:
(M 4+ nH)™ + (A — bH)?™ = (AM + (n — b)H)(™~P)* (reaction 1.6)
Protein complexes can be formed through the complex formation in the gas phase.
Moreover, many gas-phase reactions go through the intermediate stage of forming complex, then
moving forward on the reaction coordinates. In the following parts, we will give three examples

that the reactions require the formation complexes.

Metal Transfer Reaction

Metal transfer reaction is achieved in analogous to the proton transfer reaction from
forming a long-lived complex initially. In the further reaction processes, instability of the complex
(via activation or excess internal energy) leads to the loss of neutral ligand, resulting in overall

metal transfer. The general reaction is shown as below:84
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(M + nH)™ + MeL,™ = (M + Me + nH + 2L)®"D* — (M + Me + (n — 2)H)®~D+ 4+ 2HL
(reaction 1.7)
There are some benefits for doing metal transfer reactions, including providing different
fragmentation patterns after dissociation. In the later chapter 6, we utilized a similar metal transfer

reaction for better characterizing glycan moiety on gangliosides.®

Charge Inversion Reaction

While awhilepplying the general reaction 1.6, under the condition that n > b, the anion,
[A—bH]"", can be considered polarity inverted to form the charge inverted complex cations
[AM+(n—b)H)]®®*. The formation of charge inverted complex cations have been intensively
studied in our group for lipidomics analysis, allowing us to generate cationized lipid from their
respectively dominantly polarities, negative polarity.2%-88 In brief, lipid anions react with metal-
complex cations to produce charge-inverted complex cations. Following by activation techniques,
in-depth structural characterization can be achieved. Examples applying charge inversion reactions
for lipidomics analysis are shown in later chapters 4 to 6.

Moreover, after forming a complex ion, various charge separation channels allow multiple
protons to be transferred. In analog of losing ligand in metal transfer reaction, final product ions
show the inversion of polarity can also be achieved.®® Details of this type of charge inversion is

introduced in the later chapter 3.

Covalent Modification Reaction

lon/ion reaction can also achieve covalent modification in the gas phase, and this type of
reaction usually requires the formation of complex product ion followed by external energy input
(i.e., ion activation) to overcome the activation energy.*® Covalent modification usually competes
with the above reactions, such as proton transfer reaction and metal transfer reaction, after forming
a complex. Our group demonstrated the competing channels between proton transfer reaction and
nucleophilic substitution in the reactions between peptide cations with primary amine or guanidine
group and sulfo-N-hydroxysuccinimide (sulfo-NHS) ester reagent anions that it is possible to have
selectivity in the reactions according to the predicted energy surfaces.®* Our group is currently

investigating a better way to measure the ion temperature in the mass spectrometer, so more
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controlled conditions are allowed to produce covalently modified products. Several covalent
modifications have been achieved from our group, including the nucleophilic substitution

mentioned above, Schiff base formation®-%3, and gas-phase oxidation.%*°

1.5 Conclusions

lonization of the targeted analytes is always the first consideration while using mass
spectrometry, despite the advances in novel mass spectrometers. ESI opens the window of mass
spectrometry for forming multiply charged ions directly from the solution, allowing us to achieve
various analytical purposes. However, the complete theory behind ESI to form multiply charged
ions is still missing that three complementary models, IEM, CRM, and CEM, are proposed to
explain different charging events. To interrogate the multiple charging phenomena from the ESI
process, modification of condense phase condition has been widely used, and evidence supports
different models. Moreover, it is also common to adjust solution composition to form different
charging product ions.

On the other hand, gas-phase approaches, including ion/molecule reactions and ion/ion
reactions, allow scientists to manipulate the charges on the ion in a more analytical sense. Proton
affinities of the reagents limit the reaction efficiency in ion/molecule reactions; therefore, ion/ion
reactions show their advantages in this case. Last but not least, various ion/ion reactions can be
utilized for a wide range of analytical purposes.

In this dissertation, work will focus on investigating multiple charging phenomena and their
contribution to the congested mass spectra. Another focus would be taking advantage of the
multiply charged ions to perform various ion/ion reactions on biological/synthetic polymers and

glycolipids for better characterizing targeted analytes.
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Figure 1.1. The general electrospray ionization process. Reprinted from reference 30. Copyright
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CHAPTER 2. CHARACTERIZATION OF HOMOPOLYER
DISTRIBUTIONS VIA DIRECT INFUSION ESI-MS/MS USING WIDE
MASS-TO-CHARGE WINDOWS AND GAS-PHASE ION/ION
REACTIONS

Adapted with permission from Chao, H.-C., Lee, K. W., Shih, M., and McLuckey, S. A., J. Am.
Soc. Mass Spectrom. 2022. Copyright 2022 American Society for Mass Spectrometry.

Abstract

A hallmark of the electrospray ionization (ESI) of large polymeric molecules is its tendency
to generate a distribution of charge states. When a distribution of polymers is subjected to ESI,
the charge state distribution of each component can lead to a mass spectrum comprised of a highly
congested mixture of ions with various masses and charges with overlapping mass-to-charge (m/z)
ratios. When the distribution of polymers is comprised of a common monomeric unit (i.e., a
homopolymer), the overlap of the charge state distributions of the various polymer components
can give rise to striking spectral patterns comprised of a dense central cluster of peaks with similar,
but not identical, m/z values, usually with wing-like patterns on either side. We refer to the central
cluster of peaks as an “Emerald City”, with a nod to the Wizard of Oz, with the wings contributing
to an “Emerald City pattern”. The Emerald City pattern can appear in the mass spectrum of any
homopolymer with a distribution of charge states and oligomer sizes. We developed a web-based
tool to simulate ESI mass spectra of homopolymers to study the effects of various parameters, such
as the charges of the ions, widths of polymer distributions, monomer mass, and cationizing agents,
on the appearance of Emerald City patterns. We used two size distributions of Dextran to
experimentally demonstrate the results of the model. We also demonstrate a strategy using direct
infusion ESI-MS coupled with segmented m/z windows that encompass Emerald Cities followed
by gas-phase proton transfer reactions for characterizing size distributions as well as identifying
individual polymer species within poly-disperse synthetic polymer samples. PEI 4k and 10k were
used as model systems to demonstrate the approach. The selection of a windows of m/z prior to
ion/ion reaction is demonstrated to lead to improved sample characterization using the proposed
strategy relative to conventional zero charge deconvolution or proton transfer reactions without

prior isolation of the targeted ion populations.
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2.1 Introduction

Electrospray ionization (ESI) of large polymeric molecules tends to form multiply-charged
ions.}2 While the multiple-charging phenomenon has several beneficial consequences, such as
lowering the mass-to-charge ratio (m/z) of analyte ions to facilitate mass analysis, mixture analysis
can be difficult due to overlapping charge state distributions. Therefore, different strategies to
process and/or simplify spectra have been developed, including ion/ion reactions® and spectral
deconvolution.*® In this work, we discuss a general phenomenon observed when forming
multiply-charged ions from homopolymers with nano-ESI (nESI) and ESI and use spectral
modeling to study characteristic features in the spectra. The spectra include three features: a dense
cluster of peaks that we refer to as an ‘Emerald City’ and ‘wings’ of peaks to the left and right of
the central clusters. An Emerald City appears when there is a concentration of peaks within a
narrow m/z distribution corresponding to those components of the distribution with the same n-
mer/charge ratio.

Homopolymers are comprised of a single monomer unit and are usually ionized via matrix-
assisted laser desorption/ionization (MALDI), which normally gives mostly singly charged
polymer ions.® However, homopolymers with one or more polar groups per monomer tend to form
multiply-charged ions via ESI or nESI because of a charged group within the monomer unit (e.g.,
a carboxylic acid group) or through ion adduction. Coulomb repulsion between neighboring charge
sites generally inhibits charges residing on every monomer;’ nevertheless, it remains possible to
form ions with high charge density from homopolymers. This high charge density coupled with
the range of molecular sizes inherent in a homopolymer distribution leads to the ‘Emerald City’
phenomenon. In this work, we developed a web-based tool to calculate ESI mass spectra of homo-
polymers with defined size distribution and charges of virtual homopolymer ions to simulate the
Emerald City phenomenon under well-defined conditions. Additionally, a commercial
polysaccharide, dextran, was used to demonstrate the appearance of Emerald Cities in
experimental data. We also discuss the effects of various parameters relevant to the observation of
the Emerald City phenomenon, such as numbers of charges of the ions, size distributions of the
homopolymers, monomer unit mass, and different cationizing agents using the web-tool calculator.

In the past few decades, researchers established strategies for analyzing polymer samples
using ESI-MS coupled with separation techniques, including reversed-phase liquid

chromatography,® gel permeation chromatography,® and size-exclusion chromatography.
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However, the condensed-phase separation techniques require relatively long separation times and
can also require extensive experimentation to optimize elution conditons. Therefore, we take the
advantage of the tendency for homopolymers to form Emerald Cities to analze polydisperse
homopolymer samples via ESI-MS using direct infusion coupled with gas-phase proton transfer

reactions to rapidly charactize the homopolymer components.

2.2 Experimental
2.2.1 Materials

Dextran samples with labeled average molecular weights of 5k and 12k, poly(ethylenimine)
(PEI) linear HCI salts with labeled average molecular weights of 4k (dpi=1.3) and 10k (dpi=1.5),
and perfluoro-1-octanol (PFO) were all purchased from Sigma-Aldrich (St. Louis, MO, U.S.A)).
Optima LC-MS grade water and methanol (MeOH) were purchased from Fisher Scientific (Fair
Lawn, NJ, U.S.A)).

2.2.2 Sample Preparation

Dextran stock solutions were initially prepared by dissolving the powders in LC-MS grade
water to a concentration around 1 mg mL™'. The working nESI solutions were directly diluted from
the stock solutions to 1 - 10 ug mL! with LC-MS grade water. PEI solutions were freshly prepared
in optima water every day before the experiment, the concentrations were at 10 pg mL™! and 50
ng mL! for 4k and 10k PEI, respectively. PFO stock solution was initially prepared by dissolving
the powders in LC-MS grade MeOH to a concentration around 1 mg mL™! then further diluted to
200 pM as the working solution.

2.2.3 Mass Spectrometry

All experiments were performed on a Sciex™ TripleTOF 5600 quadrupole time-of-flight
mass spectrometer (Concord, ON, Canada).!!"!? Dextran cations were formed via nESI with pulsed
borosilicate glass emitters at approximately +1300 V applied to the wire in contact with the
solution. The emitters were placed before the inlet aperture of the atmosphere/vacuum interface.

To avoid in-source fragmentation, a low DC gradient was used and tuned manually every day. The

55



ions were injected and directly transmitted into the g2 cell for trapping. The pressure of g2 was
maintained at approximately 6 to 8 mtorr. The ions were released from q2 and mass-analyzed via
orthogonal acceleration time-of-flight mass spectrometry.

For characterization of the polymer sample, PEI cations were first generated via +nESI, as
mentioned above, followed by low resolution Q1 RF/DC isolation to select the ion populations for
the analysis. The selected ion population was transmitted into q2 for storage. Next, deprotonated
PFO dimer anions were generated via —nESI using the alternatively pulsed emitter system, mass

selected in Q1, and transferred into g2 for mutual storage (10 — 30 ms).

2.2.4 Mass Spectral (Emerald City) Simulations

An R Shiny Application was created to model polymer spectra for comparison with
experimental data (Ion/ion Reaction Calculator, https://mcluckey-
apps.shinyapps.io/iirxnspeccalc/). The application allows a user to define separate isotopic
distributions for the non-repeating and repeating parts of a polymer as well as the distribution of
polymer lengths. Mass distributions are defined by inputting the different masses and relative
intensities. The distribution of polymer lengths is assumed to follow a gamma distribution
parameterized using the mode (most probable value) and a loosely-defined “entropy” parameter.
Gamma distributions are typically defined using a “shape” parameter and a “scale” parameter. The

app uses “entropy” in place of “scale” to suggest that a higher entropy will lead to a wider

mode

+ 1. The

distribution of polymer sizes. The shape parameter is calculated by shape = entropy

user then defines the mass and charge of the charging agent on the ions (e.g., proton, sodium ion,
etc.) and a distribution that defines the average number of charging agents per monomer unit. For
example, if a polymer has on average a proton on every two to four monomer units, the distribution
will range from 0.5 to 0.25. For consistency, this distribution also follows a gamma distribution
and is defined with a mode and entropy. This approach will calculate fractional numbers of charge
carriers for some polymer lengths, which is not physically possible; therefore, each fractional value
is rounded in both directions, which results in two m/z values corresponding to one polymer length
with a particular number of charge carriers per monomer. Using the mass distributions, the polymer
size distribution, and distribution of charge carriers per monomer unit, all possible mass and charge

pairs can be calculated to generate a mass-to-charge spectrum. We identify different ranges of the
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measured spectra of homopolymers using the average number of monomers per charge (M/C)

given by:

n
M/C:—

iz
where n is the number of monomer units, i is the number of charge carriers, and z. is the charge of
the charge carrier. Using the above example, where a polymer has a proton on every two to four

monomer units, the spectrum would range from M/C =2 to 4.

2.2.5 Zero-Charge Deconvolution Procedure

The zero-charge deconvolution is achieved by applying a research version of a THRASH
algorithm written in MATLAB (MathWorks, Natick, MA, USA) developed by AB SCIEX.™ The
different criteria for the deconvolution were set as follow: mass-to-charge (m/z) range 500 to 2500;
maximum output molecular weights of 9,000 Da and 14,000 Da for Dextran 5k and 12k samples,

respectively; signal-to-noise ratio (S/N) of three; and the minimum ion counts of 5 ions.

2.3 Results and Discussion
2.3.1 The Emerald City Spectral Pattern

The regularity in mass spacing of homopolymers and the multiple-charging phenomenon
associated with ESI gives rise to the possibility for the appearance of regions of high
concentrations of ions on the m/z scale. We refer herein to these regions as “Emerald Cities.” For
example, if each monomer of a homopolymer carries a single charge, an M/C =1 as defined above,
every oligomer will have a very similar mass-to-charge ratio within a range dependent upon the
combined mass of the terminal groups, often 18 Da, divided by the range of charge states. If M/C
= 2, half (even number of oligomers) or nearly half (odd number of oligomers) will fall into a
narrow range of m/z values. If M/C = 3, one-third or nearly one-third of the oligomers will fall into
a very narrow range of m/z values, and so on. Oligomers that are not wholly divisible by a unit
charge will fall on either side of the region of high m/z concentration, giving rise to wings on either
side of the peaks within the highly concentrated m/z range. This situation is illustrated with the
simulation associated with Figure 2.1. In this simulation, a mass spectrum of ions generated by

sodium adduction to a homopolymer distribution consisting of 5-20 monomers of 162 Da with an
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18 Da combined mass of the termini was modeled over a range of M/C = 1 to 4. All parameters
used for this model, including those associated with the polymer distribution, are given in
Supplemental Information.

Figure 2.1a shows the calculated spectrum of the sodiated polymer distribution with the ions
associated with M/C =1, 2, 3, and 4 indicated in the figure. In the case of M/C = 1, all ions are
found in a narrow region near m/z 162+23. No wings are associated with this Emerald City as all
n-mers of the distribution are wholly divisible by 1. We focus our attention on the region
surrounding M/C = 2, which represents ions formed by sodium cation adduction to every other
monomer. The insert in Figure 2.1a shows an expanded region showing the Emerald City
associated with M/C = 2. There are 8 oligomers in the simulated distribution and the even-
numbered oligomers appear in the Emerald City. Figure 2.1b shows a region of the m/z scale that
includes the M/C = 2 Emerald City along with nearby ions on either side. Adjacent charge states
of all the odd-numbered oligomers from the distribution fall on the left (M/C < 2) and right (M/C
>2) sides of the Emerald City. Higher and lower charge states of the even-numbered oligomers
also appear in this m/z window. Figure 2.1c shows a slightly narrower m/z window that restricts
the wings to the peaks with declining abundances in the direction of Emerald City. This pattern
can give the eye a sense of perspective that, with some imagination, looks like light posts leading
to a city in the distance and hence the reason we refer to this spectral pattern as an Emerald City
from the Wizard of Oz.

2.3.2 Demonstration of the Emerald City Phenomenon with Dextrans

We chose to use dextrans, a class of polysaccharides, to demonstrate experimentally the
Emerald City spectral pattern. Figure 2.2a shows the +nESI experimental spectrum of Dextran
12k (labeled MW = 12,000 Da) along with simulated results, and Figure 2.2b shows a zoomed-in
region of the experimental and simulated results that include the Emerald Cities for M/C 8-10 from
Figure 2.2a. The simulation is primarily intended to predict the positions of the modelled
components on the mass-to-charge scale and to provide approximate relative abundances, based
on the crude assumptions used to model shapes of the distributions. There may also be peaks in
the experimental spectrum that do not match the calculated spectrum if they arise from adduction
of other metal ions, such as potassium, that are not included in the simulation. Also, for clarity,

58



the calculated spectra are mono-isotopic, so that the simulated spectra appear less congested than
the experimental results. Figure 2.2c shows a zoomed-in portion of the experimental and simulated
spectra that show the emerald city with M/C = 9. These comparisons clearly demonstrate
experimentally the Emerald City phenomenon that arises for a homopolymer distribution subjected

to nESI along with an approximate match to simulated data.

2.3.3 Factors that Contribute to Emerald City Formation

Given that ESI mass spectrometry has been used for decades for various homopolymer
analyses, including those involving dextrans, it is noteworthy that the spectral pattern described
above, referred to here as an Emerald City, does not appear to be widely recognized by the mass
spectrometry community despite such patterns in mass spectra are apparent in the literature. 14>,
Therefore, we also examined via modelling and experiments four factors that could play roles in
the appearance, or lack thereof, of the Emerald City pattern, including the extent of multiple
charging (charge density), size distributions of the homopolymers, monomer unit mass, and
different ionizing agents.

To illustrate how the extent of multiple-charging impacts the formation or significance of
the Emerald City phenomenon, we simulated mass spectra of dextran ions generated from a
distribution of 10 to 50-mers with various M/C values. An analogous way to classify the ions is
on the basis of charge density (CD), which is defined as charge/monomer (or the reciprocal of
M/C). Figure 2.3 shows three different charge densities, 0.2, 0.1, and 0.05, (corresponding to M/C
=5, 10, and 20, respectively) for the 10-50 mer dextran distribution. Figures 2.3b to 2.3d show
the spectra with the mass ranges associated with the respective charge densities. An Emerald City
is clearly apparent in Figure 2.3b (M/C = 5) over the m/z range from 700 to 1000, but Emerald
Cities are not as clearly obvious for M/C = 10 and M/C = 20, at least at the m/z scale expansions
in Figures 2.3c and 2.3d. Figures 2.3e to 2.3g show the zoom-in spectra of the Emerald City
regions from each M/C value. At these levels of expansion, the Emerald Cities for M/C =5 and
M/C = 10 are obvious. These regions have 10 and 5 ions, respectively, comprising the higher
concentrations of peaks, which prominently shows Emerald Cities. In contrast, for M/C = 20, only
two ions, Do?" and Dzo*, are present in the region, which hardly comprises a “city”. This figure

illustrates that higher charging increases the number of ions in an Emerald City and higher charge
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density compresses the ions into a narrower (and lower) m/z window. In contrast, lower charge
states and the resulting lower charge density results in fewer ions within the overlap region and
greater separation between the ions. In summary, the higher the number of charges and charge
densities of the homopolymer ions, the more visually striking Emerald City pattern will be.

While the number of components within a given Emerald City is limited by the maximum
charge that can contribute to it, the homopolymer size distribution determines how nearly the
maximum is realized. Figure 2.4 shows the effect of homopolymer size distribution on Emerald
City formation from the calculation with the theoretical M/C = 10 Emerald City window. For
example, Figure 2.4a shows the calculated spectrum of dextran with size distribution from 10-
mers to 30-mers indicating only three ions are observed (Dso®*, D2o?*, and D1o") within the M/C =
10 Emerald City window. In contrast, more ions are observed within the Emerald City windows
in Figures 2.4b to 2.4f, which represent successively wider n-mer distributions. The results show
that wider size distributions of homopolymers are more likely to lead to more significant Emerald
City spectral patterns. Besides the number of peaks within the Emerald City, the wings appearing
on either side of the Emerald City are also clearer by virtue of more peaks as the distribution width
increases. The spacing between the Emerald City and its wings is mostly due to the finite upper
molecular weight of the polymer distribution. Therefore, as the upper mass of the distribution
increases and as the charge increases, the spacing between the Emerald City and its wings could
decrease to the point that might make the spectral pattern less apparent. Based on Figures 2.3 and
2.4 and the related discussion, it is clear that if a charge state distribution applies to each n-mer
component of a homopolymer distribution, they will combine to yield an overall mass spectrum
that can exhibit the Emerald City effect with the number of potential Emerald City patterns and
the number of components within each Emerald City dependent upon the charge state distribution
and the number of n-mers within the distribution.

From the above discussion, we summarize that both multiple charging and size distribution
of the homopolymer play roles in the appearance of an Emerald City region by determining the
number of ions located within the Emerald City m/z window. Therefore, we compare, experimental
nESI data for Dextran 5k (Figure 2.5a) and 12k (Figure 2.5b). Based on the differences in
polymer size, it can be expected that the 12k sample leads to higher absolute charge states and has
a wider distribution. When the spectra of Figure 2.5 were subjected to zero-charge deconvolution,

the Dextran 5k ions showed a distribution ranging from roughly 5-mer to 40-mer whereas the
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Dextran 12k ions showed a distribution ranging from roughly 10-mer to 70-mer (see Figure 2.6).
Based on the components observed in the various Emerald Cities, it was also apparent that the
Dextran 12k spectrum reflected the presence of higher maximum charge states than that of the
Dextran 5k spectrum (see below). Figure 2.5a shows six Emerald Cities whereas Figure 2.5b
shows roughly nine. The former are less clearly defined than the latter due both to relatively fewer
components within each Emerald City and relatively fewer peaks that comprise the wings. The
insert in Figure 2.5a shows the zoom-in m/z range representing the M/C = 7 Emerald City regions
for both polymers. Figure 2.5¢ shows an even greater expansion of the m/z scale to highlight the
compositions of the M/C = 7 regions of the two spectra. The insert shows that the larger polymer
distribution has more components in the wings and Figure 2.5¢ shows the greater number of
components for the 12k distribution in the Emerald City itself.

We also investigated how the mass of the monomer unit and the adduction of different
cations affect the appearance of an Emerald City. These factors play relatively minor roles in the
formation of the Emerald City pattern in the mass spectrum. However, both of them can affect the
appearance of the Emerald Cities, leading to, for example, difficulty in clearly resolving Emerald
Cities in the spectrum. Figure 2.7 shows simulations for three 10 to 50-mer homopolymer
distributions of monomer masses 44 Da, 128 Da, and 162 Da, with protonation, and a CD of 0.2
(M/C = 5). In the zoomed-in spectra (Figure 2.7b to 2.7d), the Emerald City for M/C = 5 is
observed in all three spectra. A smaller monomer unit has narrower spacings between ions of
adjacent n-mers, which may lead to overlap in signals from the wings and the Emerald City. For
example, Figure 2.7e shows the zoomed-in spectrum of the m/z range 216 to 232 from Figure
2.7b, which applies to a 44 Da monomer for a homopolymer such as polyethylene glycol (PEG).
The homopolymer ions that fall within this M/C =5 Emerald City include the 10-mer, 15-mer, 20-
mer ions and so on. lons with the number of monomers not wholly divisible by 5 appear in either
the left or right wings. The ions in Figure 2.7b are labelled as PEG ions. We note that, in this
case, the PEG10?* ion appears within the ions that comprise the higher m/z wing of the Emerald
City pattern. Overlap of Emerald City ions with one of its wings can make the Emerald City
pattern less prominent.

Mixtures of cationizing agents (e.g., protons, sodium ions, potassium ions, ammonium ions,
etc.) might be present in ESI mass spectra of homopolymers, depending upon solution conditions,

where the presence of such mixtures can impact the appearance of Emerald Cities. For illustration,
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we simulated dextran mass spectra in which sodium ions (Figure 2.8a) and potassium ions (Figure
2.8b) were the exclusive cationizing agents. In each case, various Emerald Cities are clearly
apparent. Figure 2.8c shows the spectrum that includes both the ions of Figure 2.8a and 2.8b.
Figure 2.8d shows an expansion of Figure 2.8c to highlight the M/C = 7 region for both the
sodium- and potassium-adducted ions. Two distinct Emerald Cities are apparent in Figure 2.8d
that show overlap in the respective wings. This overlap makes appearance of the Emerald Cities
less obvious in Figure 2.8c. This example applies to ions that are ionized exclusively by either
sodium or potassium ion adduction. In practice, mixtures of sodium and potassium adduction can
likely occur for a given polymer molecule. Each cationizing agent composition (e.g., 2:1, Na":K")
would have its own m/z window for Emerald City with the exclusive versions (see Figure 2.8d)
constituting the upper and lower limits for the windows of the Emerald Cities. The net effect for
the presence of multiple cationizing agents is a potentially significant overlap of the Emerald Cities

such that they are not clearly apparent upon casual inspection.

2.3.4 Characterization of Homopolymer Distributions via Direct Infusion ESI-MS/MS by
Selection of an Emerald City Followed by Gas-Phase Proton Transfer Reactions

Recognizing the spectral overlap phenomena (i.e., Emerald Cities) that appear in the nESI
mass spectra of homopolymer distributions enables the development of a strategy for
characterizing a polydisperse polymer distribution by focusing on the regions of fixed whole
number M/C and using such ions as a sampling of the distribution. Therefore, we propose a strategy
that involves mass selection of a m/z window encompassing an Emerald City region followed by
charge reducing reactions to disperse the components of the Emerald City. In this way, the size
distribution of the homopolymer samples can be sampled. The general strategy of isolating a
portion of an ESI mass spectrum of a complex mixture that encompasses a range of precursor ions
followed by charge reduction to determine the components in the isolated window has been
illustrated using ion/molecule reactions,*® electron transfer reactions,'” proton transfer reactions,®
and multiply-charged ion attachment®®. An initial broad-band mass selection simplifies the
mixture of ions subjected to charge state reduction resulting in a more readily interpretable product
ion spectrum. The studies cited above have involved mixtures of biologically relevant polymers.
Here we apply the general concept to homopolymer distributions, which lend themselves

particularly well to such an experiment due to the Emerald City phenomenon. Here, we illustrate
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the approach using mixtures of ions generated from poly(ethylenimine) (PEI) samples. PEI is a
synthetic polymer that is used, for example, as a nucleic acid delivery vector for cellular therapy?’
in which the size of PEI significantly affects transfection efficiency.?! Therefore, an alternative
method for rapid characterization of a PEI distribution will be valuable.

A mass spectrum of a PEI 4k sample generated via nESI with ion accumulation in g2 followed
by TOF mass analysis is shown in Figure 2.9a. The spectrum shows most of the ions to appear
within a range of m/z 250-650, with much of the signal concentrated in a highly congested region
of m/z < 400. The application of a zero-charge deconvolution algorithm to this spectrum (Figure
2.10a) showed very few of the expected PEI components, presumably due to the high spectral
congestion. The same ion population was then subjected to ion/ion proton transfer reactions
(see Figure 2.10b) to convert most of the ions to the 1+ charge state, which showed the presence of
ions extending up to roughly 3200 Da. However, this experiment revealed that the ion population
was comprised of a mixture of species, including abundant fragment ions. Some of the fragments
were likely to originate from the sampling/transmission process (e.g., in-source fragmentation and
injection into g2), despite the use of relatively low potential gradients in regions of relatively high
pressure. However, some fragmentation likely arose from space-charge induced ion heating in the
accumulation quadrupole.’? For highly complex mixtures, such as those present with
heterogeneous homopolymer distributions, space-charging can arise even when no single
component gives rise to a strong signal.

To study the impact of space charge, we investigated both ion fill time, which can be used to
vary the number of ions in the ion trap, and ion trapping time in g2, which influences the time that
ions are exposed to the electric fields present during ion storage. Figure 2.11 shows the pre and post-
proton transfer reaction spectra with different fill times. The post-ion/ion reaction result indicated
that the relative abundance of the major PEI distribution (singly charged PEI with ™2 window
1,500 to 3,500) decreased as a function of increasing fill time. Furthermore, a zoom-in of the
spectra (Figure 2.12) clearly showed that fragments corresponding to neutral loss (NL) of CH30OH
and water increased in relative abundance with increased fill time. We also increased the ion
trapping time in q2 (see Figure 2.13). In addition to increases in losses of water and methanol,
lower m/z ions can be observed at the longer trapping times. This is consistent with sequential

fragmentation resulting from longer activation times.?***
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A strategy for reducing the total number of ions in the trap while simultaneously maximizing
the presence of informative ions is to select smaller regions of the mass spectrum that contain a
high concentration of informative ions (e.g., an Emerald City). When Q1 was used to transmit
only ions within the window of ™2 260-263 (Figure 2.9b), which corresponds to the M/C = 6
Emerald City of PEI (CH3(C2HsN),OH), followed by ion/ion proton transfer, the post-ion/ion
reaction spectrum shows a much cleaner spectrum (Figure 2.9c). A much higher size distribution
than zero charge deconvolution and proton transfer reaction without a segmented window can be
observed (compare Figure 2.9¢c with Figures 2.10 and 2.11). The mass spacing between the identified
PEI ions in Figure 2.9¢ equals six monomer units (6 * 43 Da), which is consistent with the known
M/C = 6 Emerald City. We also observed slightly lower size distributions of PEI with CH30OH loss
with one water adduct ((C2HsN)e+H20) from the isolated ion population. When we mass-selected
another m/z window (m/z 258-261, Figure 2.9d), we noted that the major PEI species distribution
changed from intact PEI (CH3(C2HsN),OH) to CH3OH loss (formula = (C2HsN)q) and its water
adduction ((C2HsN)e+H20) (Figure 2.9¢), suggesting that these species might be present in the
sample solution or arise from in-source fragmentations despite gentle ion transmission conditions.

We further applied the same strategy to a PEI 10k sample (labeled average MW = 10,000,
with polymer dispersity index = 1.5). Figure 2.14a and Figure 2.15 provide mass spectra obtained
with no mass selection before and after ion/ion reaction, respectively. Like the PEI 4k results
described above, highly complex spectra that include abundant products from fragmentation are
observed that complicate the identification of the various ions. The post-ion/ion reaction data (see
Figure 2.15) indicates that almost all of the ions in the spectra are less than 3000 Da in mass.
Extensive fragmentation, much of which likely arises from space charge, is indicated, in analogy
with the findings with the PEI 4k sample described above. We note that both the PEI 4k (Figure
2.9a) and 10k (Figure 2.14a) samples both showed distributions with series of particularly narrow
peaks (see, for example, the shaded peaks in Figure 2.14a). Isolation of ions in these peaks
followed by proton transfer revealed them to be Emerald Cities of n-mers formed from methanol
loss (i.e. PEI formula = (C2HsN)n). (See, for example, Figure 2.9e for the 4k sample and the data
in Figure 2.16 for the 10k sample.) Polymer ions that lack the masses of the termini (CH3 and
OH), lead to Emerald Cities with identical m/z values for the monoisotopic species of the various
n-mers, leading to narrower Emerald Cities relative to those generated from polymer ions that

contain the termini. In the case of Figure 2.16, ions of m/z 302 were selected for ion/ion reactions.
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The mass spacing between the singly-charged product ions after the reaction equaled seven
monomer units (7 * 43 Da), which is consistent with the M/C =7 Emerald City for (CoHsN).. We
note that the size distribution for (C2HsN)n, as determined from its Emerald Cities, extended up to
around 2,000 Da, which is much less than what label (average MW = 10k Da). This suggests that
they are degradation products, either from gas-phase fragmentation or from condensed-phase
processes, derived from the larger PEI species.

In order to selectively sample intact PEI oligomers (PEI formula = CH3(C2HsN),OH), we
selected the m/z window from 258 to 263 (see Figure 2.14b), which includes the Emerald City
M/C=6 (6 * 43 Da), and subjected the ions to proton transfer. A larger m/z window than that used
with the PEI 4k sample (see Figure 2.9b) was selected in this case due to larger labeled PEI size.
The wider window also allows for the presence of other species, such as, for example,
(CoHsN)et+H20. Figure 2.14c shows the post-ion/ion reaction mass spectrum from the mass-
selected m/z window. Several distributions are apparent with spacings between the peaks in each
distribution consistent with six monomer units of PEI (6 * 43 Da), as expected. (The relatively low
abundance ions that do not fall within a 6 * n-mer pattern probably arise from “wing regions” (see
above) of distributions that can contribute due to the relatively broad selection window that we
sampled.) Intact PEI oligomers are noted in Figure 2.14c up to around m/z 8,000 (singly charged),
which is closer to the labeled molecular weight (MW=10k, with dpi=1.5) than noted in Figure
2.15. However, the dominant PEI distributions are (C2HsN)e+H20 (purple dots and numbers) and
(CoHsN)e+H20+HCI  (blue dots). There is also a series of peaks consistent with
CHz3(C2HsN),OH-H20. The ion sampling and transmission conditions were made a gentle as
possible to minimize fragmentation. It is therefore not surprising that HCI adducts might be
observed given that the sample was supplied as an HCI salt or that water adducts might appear.
(We note that water adduction in g2 is sometimes observed in the present apparatus.) However,
the origin of the species (gas-phase versus condensed-phase) that appear to be methanol and water
loss products is less clear.

We also selected other ™2 windows from different Emerald City regions, including m/z
298-304 (Emerald City with M/C = 7, Figure 2.17a) and m/z 346-352 (Emerald City with M/C =
8, Figure 2.17b). The post-ion/ion spectrum from the m/z 298-304 window (Figure 2.17¢) IS
dominated by the [(C2HsN)7+H]"ion at m/z 302, which was present in the precursor ion distribution.

However, singly charged ions extending in mass to at least as high as those in Figure 2.14c were
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observed. For the selected window with m/z 346-352, a relatively abundant series of peaks are
observed below m/z 3600 (Figure 2.17c) that are consistent with the lower mass distribution in
Figure 2.14c. Higher mass species of much lower abundance are also seen beyond 8,000 Da that
are mixtures of n-mers with water and HCI adducts. The nESI mass spectrum of the 10k PEI
sample is clearly a highly complex mixture of ions that is difficult to interpret. However, the
selection of Emerald City windows followed by ion/ion reactions allows for the identification of

many of the mixture components.

2.4 Conclusions

We describe a general spectral pattern that is possible in the electrospray ionization of
multiply-charged homopolymers. Closely spaced signals on the m/z scale arise from homopolymer
ions with a common M/C value while those ions that do not have an integer M/C value appear as
wings on either side of the concentration of ions with the same integer M/C value. We refer to
this pattern herein as an Emerald City. This pattern was demonstrated here using nESI mass spectra
of dextran samples as examples of homopolymer distributions. A web-based tool to simulate the
distribution of the homopolymer ions was developed to allow for the study of various factors that
can affect the appearance, or lack thereof, of the Emerald City spectral pattern. We find that
particularly important factors for the appearance of distinct Emerald Cities is the magnitude of
charging and the width of the polymer distribution. The mass of the monomer, along with its charge,
determines the spacings of the ions along the m/z scale, which impacts the ability of a given
analyzer for resolving the ions in an Emerald City.

We also proposed a strategy to characterize homopolymer samples with a form of direct
infusion tandem mass spectrometry involving gas phase ion/ion reactions. The proposed strategy
involves mass selection of a window that includes an Emerald City spectral pattern described
above to sample the overall distribution. Emerald Cities concentrate information about a polymer
distribution into a narrow m/z range. This information is ordinarily difficult to extract via direct
mass measurement alone due to extensive m/z overlap. lon/ion reactions serve to separate the
charge states allowing for a straightforward identification of the Emerald City components. The
locations of Emerald Cities are readily predicted from monomer masses and can be selected even

when they may not be obvious in highly congested mass spectra. The concept was illustrated here
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with PEI distributions that included multiple related distributions comprised of fragments and

adducts.
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2.7 Scheme and Figures

Homopolymers
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Scheme 2.1. Graphical abstract of chapter 2.
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Figure 2.1. The demonstration of the Emerald City phenomenon. (a) The calculated spectrum from
a sodiated virtual homopolymer sample (with the size distribution from 5 to 20 monomer units)
using the web tool. (b) The zoom-in spectrum (m/z 300 to 400) from (a). (c) The zoom-in spectrum
(m/z 320 to 380) from (a). The inserted spectrum at the top-right corner is the zoom-in spectrum
(m/z 345 to 355) to show the ions within the same M/C = 2 that form the Emerald City. Dy**
denotes the different dextran ions in the spectrum, where n is the number of monomer units in the
polymer, and x is the number of charges on the polymer, all of which arise from sodium adduction.
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Figure 2.2. Emerald City in +nESI mass spectra of Dextran 12k. (a) The butterfly spectrum for
experimental results (top) and simulated results (bottom) (m/z 1000-2500). (b) The butterfly
spectrum for experimental results (top) and simulated results (bottom) of the zoom-in EC mass
range (m/z 1300-1700). Note that in the experimental spectrum, the labels only represent the mar
peak of the m/z value that also has well-defined charge states. There are many more peaks
overlapping within some clusters so that the charge states are difficult to identify manually.
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Figure 2.3. The effect of charge density for Emerald City formation. (a) The calculated spectra
from three different CDs, 0.2, 0.1, and 0.05 from defined size distribution of the ions (Dextran,
from 10 mers to 50 mers). (b) to (d), the zoom-in spectra of the m/z range corresponding to
different CDs, 0.2, 0.1, and 0.05, respectively. (e) to (g), the zoom-in spectra of the Emerald Cities
of m/z range from the theoretical M/C values, 5, 10, and 20, respectively.
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spectra (especially for the ions in the Emerald City, e.g., D1o" in Figure 2.4c)
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Figure 2.5. The comparison of Dextran 5k and 12k. (a) The +nESI mass spectrum of Dextran 5k.
(b) The +nESI mass spectrum of Dextran 12k. (c) Zoom-in of the respective Emerald Cities for
M/C =7 (top: Dextran 5k; bottom: Dextran 12k). The inserted butterfly spectrum shows the zoom-
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(b).
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(a) Zero-charge Deconvolution of Dextran 5k Sample
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Figure 2.6. Zero-charge deconvolution spectra of the Dextran samples. The spectra give us a rough
size distribution from different Dextran samples, (a) Dextran 5k and (c) Dextran 12k. Noted that
there might be different combinations of cationizing agents for dextran samples, so peaks in the
spectra show not only singlet. Also, the zero-charge deconvolution include the Na+ mass, so the
molecular weight here is the mass after the adduction of sodium (i.e., +22 Da).
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Figure 2.8. The effect of different degree of metal adduction on the Emerald City phenomenon.
(@) The calculated +ESI mass spectrum from sodium adducted Dextran. (b) The calculated +ESI
mass spectrum from potassium adducted dextran. (c) The overlapped mass spectra from (a) and
(b). (d) The zoom-in spectrum of M/C =7 Emerald City from (c), showing a doublet Emerald City
in the m/z region.
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Figure 2.9. The mass spectra of PEI 4k sample. (a) The +nESI mass spectrum of PEI 4k. (b) The
mass selected segmented m/z window (m/z = 260-263) mass spectrum of PEI 4k sample. (c) Post-
ion/ion reaction mass spectrum from (b). The labeled numbers in (c) are the b or e from the inserted
PEI cation formula. (d) The mass selected segmented m/z window (m/z = 258 to 261) mass
spectrum of PEI 4k sample. (e) Post-ion/ion reaction mass spectrum from (d) The labeled numbers

with different colors are the d from the inserted PEI
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(a) Zero-charge Deconvolution of PEI 4k Sample
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Figure 2.10. (a) Zero-charge deconvolution spectra of the PEI 4k samples. (b) Post-ion/ion
reaction mass spectrum of PEI 4k sample. The spectrum roughly shows the size distribution of PEI
polymers within the sample.
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Figure 2.11. The comparison between different fill time for PEI 4k sample. The mass spectra of
PEI-4k sample with fill time (a) 50ms, (b) 75ms, (c) 100ms, (d) 200 ms, () 300ms, and (f) 500ms,
and their respective post-ion/ion reaction mass spectra (g) to (I).
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Figure 2.12. The zoom-in mass spectra from the post-ion/ion reaction spectra in Figure 2.11. (a)
50ms, (b) 75ms, (c) 100ms, (d) 200 ms, (e) 300ms, and (f) 500ms. The numbers are the degrees of
polymerization showing in the different profiled PEI species.
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Figure 2.13. The comparison between different g2 trapping time. The mass spectra of PEI-4k
sample with g2 trapping time (a) 30ms, (b) 50ms, (c) 100ms, and (d) 150 ms, and their respective
post-ion/ion reaction mass spectra (e) to (h).
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Figure 2.14. The mass spectra of PEI 10k sample. (a) The +nESI mass spectrum of PEI 10k. (b)
The mass selected segmented m/z window (m/z = 258-263) mass spectrum of PEI 10k sample. (c)
Post ion/ion reaction mass spectrum from (b). The labeled numbers in (c) are the b, ¢, or e from
the inserted PEI cation formula.
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Figure 2.15. Post-ion/ion reaction mass spectrum of PEI 10k sample. The spectrum shows way
smaller size distribution of the label on PEI 10k sample indicating simply shotgun MS with
segmented m/z window with ion/ion reaction strategy may not suitable for polymer size
characterization.
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Figure 2.17. The comparison between different selected segmented m/z window from different
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CHAPTER 3. THE GENERATION OF MULTIPLY-CHARGED
PROTEIN IONS FROM OPPOSITE POLARITY OF MULTIPLY-
CHARGED PROTEIN IONS VIA GAS-PHASE CHARGE INVERSION
REACTIONS

Adapted with permission from Chao, H.-C., Shih, M., and McLuckey, S. A., J. Am. Soc. Mass
Spectrom. 2020, 31, 7, 1509-1517. Copyright 2020 American Society for Mass Spectrometry.

Abstract

In this chapter, we investigated the gas-phase ion/ion reactions with those highly charged
ions generated by ESI or nESI, and reported a type of ion/ion reaction that converts multiply
charged protein ions to their opposite polarities with multiple charges. The reaction event only
involves a single ion/ion collision while the charge-inversion reagents hold high enough charges
derived from nESI. For multiply charged protein cations to anions, highly charged anions derived
from nESI of hyaluronic acids (HAs) were used to achieve the purpose. This type of charge
inversion reaction is demonstrated with cations derived from ubiquitin (Ub), cytochrome ¢ (CytC),
apo-myoglobin (aMb), and carbonic anhydrase (CA) cations. For example, the reaction has been
demonstrated to convert the [CA+22H]??* carbonic anhydrase cation to a distribution of anions as
high in absolute charge as [CA—19H]"". For the opposite polarity (protein anions to protein
cations), the use of polyethylenimine (PEI) cations were used to charge invert Ub, CytC, and holo-
myoglobin (hMb) anions into cations. lon/ion reactions involving multiply charged ions of
opposite polarity have previously been observed to result predominantly in the attachment of the
reactant ions. All mechanisms for ion/ion charge inversion involving low energy ions proceed via
the formation of a long-lived complex. Factors that underlie the charge inversion of protein ions
to the opposite polarity with high charge states in reaction with those reagent ions are hypothesized
to include: (i) the relatively high charge densities of the HA anions and PEI cations that facilitate
the extraction/donation of multiple protons from/to the protein leading to multiply charged protein
anions/cations, (ii) the relatively high sum of absolute charges of the reactants that leads to high
initial energies in the ion/ion complex, and (iii) the relatively high charge of the ion/ion complex

following the multiple proton transfers that tends to destabilize the complex.
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3.1 Introduction

The application of mass spectrometry and tandem mass spectrometry to multiply-charged
peptide and protein ions generated by electrospray ionization (ESI)! is commonplace in modern
analytical mass spectrometry. The multiple-charging phenomenon has many practical effects in
the application of mass spectrometry to several categories of analytes, including proteins. For
example, the multiple charging phenomenon generally produces ions of relatively low m/z, which
makes ESI amenable with mass analyzers where high m/z performance is limited. Furthermore, it
is widely appreciated that favored dissociation pathways of precursor ions can be highly dependent
on the charge state’ such that complementary structural information can be obtained from
dissociation of different charge states of the same molecule. For these and other reasons, it is
sometimes desirable to manipulate the charge states of analyte ions. There is a variety of strategies
for controlling the charges of protein ions. Solution-based approaches® involve, for example,
altering pH or solvent composition, or adding so-called super-charging reagents.*> Gas-phase
approaches include one or sequential single-charge transfer reactions after ionization involving
either gas-phase ion/molecule®” or ion/ion chemistry.®!! Included among these, for example, are

proton transfer applications for mixture analysis,'?"!* ion parking,'* and product ion charge state

determination in tandem mass spectrometry,'>®

as well as electron transfer applications, which
primarily involve structural characterization (i.e., electron transfer dissociation (ETD)).!”!8 Such
single-charge transfer reactions take place via the use of neutral reagents with, for example, high
proton affinities or gas-phase acidities or singly-charged reagent ions of opposite polarity.

Due to the high exothermicities of gas-phase ion/ion reactions, it is possible to reduce protein
ion charge states to arbitrarily low values using sequential one-at-a-time proton transfer reactions
with singly-charged reagent ions.'” However, there are scenarios in which it is desirable that two
or more charges transfer in a single collision. For example, sequential single-charge-transfer
reactions are not suitable for changing the polarity of a gas phase ion. In order to change the
polarity of a gas phase ion, there should be more than one charge change via a single collision to
avoid neutralization of the analyte ion. For example, high energy collisions (e.g., keV collisions of
relatively low mass ions) involving electronic transitions have been shown to lead to charge
reversal of singly-charged ions via the ejection of two electrons.??! However, charge reversal
reactions induced by high energy collisions are relatively inefficient and compete with other more

efficient processes, such as collision-induced dissociation (CID). An alternative approach is the
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use of ion/ion reactions at relatively low translational energies using reagents that lead to two or
more charge transfers in a single collision.?>?3 This has been effected using multiply-charged
reagent ions leading to efficiencies of tens of percent.?* Indeed, a number of applications have been
developed for the charge inversion of singly-charged analyte ions, including, for example, those
derived from oligonucleotides?*, polypeptides®®>?’, and lipids,?®?° using one or more of a variety
of multiply-charged reagent anions.

The conversion of a multiply-charged protein to their opposite polarity and also with
multiple charges via a single ion/ion encounter is reported here for the first time. The phenomenon
was noted serendipitously while studying the ESI of highly charged homopolymers including
hyaluronic acid (HA) and polyethlyenimine (PEI) mixtures. It is a surprising observation in that
previous studies involving reactions of multiply-charged ions of opposite polarity have shown
ion/ion attachment to dominate, sometimes competing with partial proton transfer.>* The latter
phenomenon is most likely to occur when the electrostatic repulsion in the cation is sufficiently
high for proton transfer to occur via a curve-crossing mechanism within the electrostatically bound
ion/ion capture orbit that does not involve an intimate collision. Large multiply-charged cations
with relatively low internal electrostatic repulsion have been observed to react largely via
attachment to large multiply-charged reactants of opposite polarity, at least when both reactants
are proteins.’! In fact, ion attachment in ion/ion reactions is a common observation and is
maximized for reactants with large physical cross-sections, low relative charge, and functional
groups in each reactant that can undergo relatively strong electrostatic interactions.*? In this report,
we demonstrate the conversion of multiply-protonated proteins to multiply-deprotonated proteins,
and the other-way-round inversion of polarity via a single-collision event and discuss the
mechanism and characteristics of the reactants that are most likely to lead to multiple proton
transfer in a single collision with minimal ion attachment. The phenomena reported here point to
a novel means for charge state manipulation that may serve as an alternative to single charge

transfer or ion attachment events for charge state manipulation applications.
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3.2 Experimental
3.2.1 Materials

All the protein standards, hyaluronic acids (HAs with different labeled molecular weight,
MW=1155 Da, MW=8-15k, and MW=50Kk), linear polyethlyleneimine (PEI with different labeled
molecular weight, MW=4k Da and MW=10k Da, and reported dpi = 1.3 and 1.5, respectively) and
piperidine were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). HA-dp18 (MW=3412
Da) was purchased from AMSBIO (Abingdon, UK). Optima LC-MS grade water and methanol
(MeOH) was purchased from Fisher Scientific (Fair Lawn, NJ, U.S.A.). Acetic acid was purchased
from Mallinckrodt (Phillipsburg, NJ, U.S.A.).

3.2.2 Sample preparation

Protein stock solutions were initially prepared by dissolving the powders in LC-MS grade
water to a concentration around 1 mg-mL™'. The working nano electrospray ionization (nESI)
protein solutions were directly diluted from the stock solutions to 5 to 20 uM with either LC-MS
grade water, to yield ions under near-neutral pH conditions, or in LC-MS grade water with 0.5 to
2%, v/v, acetic acid, or 0% to 2% v/v ammonium hydroxide, to give rise to denaturing conditions
under positive or negative ion mode, respectively.

For BSA solution, a final concentration at 5 uM with 0 or 1% acetic acid (v/v) was prepared.
Hyaluronic acid stock solutions were prepared by dissolving the lyophilized powders with water
to a concentration of 1 mg-mL"!, then further diluted with water to 0.1 to 0.01 mg mL"" as the
working nESI solutions. Polyethylenimine stock solution were prepared by dissolving the
lyophilized powders with water/MeOH (9:1, v/v) to a concentration of 1 mg-mL"!, then further
diluted with the same solvent to 0.05 mg mL™! as the working nESI solutions The negative nESI (-
nESI) solution for denatured apo-myoglobin (aMb) was prepared by diluting the stock solution

with water then further spiked piperidine to the solution at final 20 uM piperidine concentration.

3.2.3 Ion/lon Mass Spectrometry

All experiments were performed on a Sciex™ TripleTOF 5600 quadrupole time-of-flight

mass spectrometer (Concord, ON, Canada) that has been modified for ion/ion reactions, similar to

t,33

a previously described instrument,’” using alternatively pulsed dual nano-electrospray ionization
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(nESI) emitters.>* Both anions and cations were formed via nano-electrospray ionization. The
emitters were placed before the inlet aperture of the atmosphere vacuum interface. Targeted protein
ions were firstly isolated in Q1 then transferred to q2. The reagent ions, including mixtures, were
then injected, isolated in Q1, transferred to 2, and mutually stored in g2 for up to 50 ms for the

gas phase ion/ion reaction.

3.3 Results and Discussion
3.3.1 Charge Inversion Phenomena

It is common for top-town proteomics approach to do the MS analysis with protein cations.
Therefore, we will discuss the charge mainly with the starting protein polarity in positive ion mode.
The main phenomena noted for the reaction of analyte ions with reagent ions of greater absolute
charge are illustrated in the comparison of data shown in Figures 3.1 and 3.2. Figure 3.1
summarizes the reaction of a multiply protonated polypeptide, the [Ub+6H]°" ion of ubiquitin (Ub),
with a reagent anion of greater absolute charge, as represented by the apo-myoglobin (aMb)
[aMb—17H]'7" ion. Figures 3.1A and 3.1B show the isolated cationic and anionic reactants,
respectively, while Figure 3.1C shows the negative mode post-ion/ion reaction spectrum. The
three most abundant peaks in Figure 3.1C are the residual unreacted [aMb—17H]'”" ions, the
attachment of a single [Ub+6H]®" ion to [aMb—17H]'"" resulting in the [aMB+Ub—11H]'""
complex, and the attachment of two [Ub+6H]®" ions to [aMb—17H]'”" resulting in the
[aMB+2Ub—5H]>~ complex. The positive ion post-ion/ion reaction mass spectrum (Figure 3.3)
showed small contributions of single proton transfers giving rise to lower charge states of ubiquitin
that account for the smaller complex signals arising from [aMb+Ub—12H]'*" and
[aMb+Ub—13H]'*", which result from the attachment of [Ub+5H]** and [Ub+4H]*" to
[aMb—17H]'7", respectively. Likewise, sequential additions of ubiquitin cations, one or more of
which have lower charge than [Ub+6H]®%", are also observed. This experiment is fully consistent
with previous observations of protein cations in reactions with protein anions in that the results
predominantly show partial proton transfer, arising from proton transfers at crossing points along
the energy surface, along with complex formation.>**! In this case, the charge states of the reactants

are relatively low such that the attachment process dominates.
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Figure 3.2 summarizes the phenomenon observed when the [Ub+6H]®" cation (isolated
cation shown in Figure 3.2A) was allowed to react with a mixture of anions derived from a 50 kDa
mixture of hyaluronic acid (HA) polymers primarily within the m/z range of 350-500 (isolated
anions shown in Figure 3.2B for 20 ms. In this case, the post-ion/ion reaction negative ion
spectrum shown in Figure 3.2C is dominated by a distribution of deprotonated ubiquitin charge
states over the range [Ub—7H]"" to [Ub—H]~ with little to no evidence for adduct formation. This
experiment reflects the transfer of as many as 13 protons from the [Ub+6H]°" cation and suggests
that these transfers largely occurred as a result of a single ion/ion encounter. (We note that the
relative abundances of the ubiquitin product ions in both polarities was insensitive to reaction time
over the range of up to 30 ms, which indicates that sequential ion/ion reactions played little role in

the spectrum of Figure 3.2C).

3.3.2 Processes Arising from the Interaction of [M+mH]™" with [R—nH]|""

The [aMb—17H]'”" anions associated with Figure 3.1 and the HA anions associated with
Figure 3.2 give rise to quite distinct product ion spectra. To clarify the origins of these differences
in behavior, it is instructive to consider a generic interaction between two large multiply-charged
ions of opposite polarity, [M+mH]™" and [R—nH]"", at low relative velocities. The rate determining
step for gas-phase ion/ion reactions at low relative velocities involves the mutual capture of
reactant ions into a stable orbit, the cross-section for which can be approximated by the Thomson

three-body model*>-3¢:

amz?z2e*

Oorb = T, — % (eq 3-1)

~ (4mequv?)?
where Gor is the cross-section (m?) for formation of a Coulomb-bound orbit, Z; and Z; are the
unit charges of the ions, e is the electron charge in Coulombs, v is the relative velocity in m/s, p
is the reduced mass in kg and 1/(4mso) is in units of kg-m3-s2-C2. Once oppositely-charged ions
are captured in their mutually attractive electric field, they can come into close proximity,
depending upon the degree of eccentricity of the orbit, and the orbit can collapse due to tidal
effects®”28 and/or collisions to the point at which chemical interactions can take place. Under
low energy conditions (e.g., thermal energies), the formation of a Coulomb-bound orbit is the

rate-limiting process for an ion-ion reaction.*
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There are two classes of chemical interactions that can take place when the distances
between the ions become sufficiently low. The key category for the process of interest here is
the formation of a long-lived complex, which we refer to as an attachment collision. The cross-

section for an intimate or ‘sticky’ collision, oat, IS estimated by:

](eq 3.2)

where rat represents the distance for a physical collision between the oppositely charged reactant

ZZ]_ZZ e
ATLEQT gt V2

Oaer = Ty [1 +
ions. The second category of interaction involves the transfer of a small charged particle, such as
a proton or an electron, at a crossing point on the interaction surface. This type of reaction does
not require the formation of a long-lived complex and can occur as a ‘fly by’ process. We
distinguish between proton transfer at a crossing point versus within a long-lived complex by
referring to the former as a proton ‘hop’. (We are concerned here with proton transfer at a
crossing point as no evidence for electron transfer has been noted in this work.) The cross-

section for proton hopping can be estimated by:

ZZ]_ZZe
4TrET PTUVZ

](eq 3.3)

where rpt is the distance between reactants at which proton transfer can occur, which can be

~ 2
Ohop = LrxnTTpT [1

estimated as the point at which the energy surfaces of the reactants and products cross:

Z1Z2€

TPT ¥ reontipr (eq. 3.4)
where AHpr is the enthalpy for proton transfer in Joules. The Pwn term in equation 3.3 is the
probability that the proton will transfer at the crossing point. This term is difficult to determine a
priori and, given that this process is a side-reaction with respect to the process of interest in this
work, is not addressed further herein. We note that it is possible for a proton hop to occur at a
crossing point with subsequent intimate collision to give rise to a long-lived complex. Such a
process cannot be distinguished from the direct formation of a long-lived complex. The likelihood
for the observance of ‘fly by’ proton transfer products, ory by is therefore related to the difference
between the cross-sections of equations 3.2 and 3.3, i.e.:
Ofly by = Onop — Ogrt (€Q. 3.5)

We finally note that multiple proton hopping reactions can occur within an orbiting

complex before the products escape from the orbit due to the reduction of the mutual attraction.

This gives rise to a distribution of partial neutralization products, as observed in Figure 3.3.
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The preceding discussion provides context for considering the differences in behaviors of
the two reagent species associated with Figures 3.1 and 3.2. It is important to recognize that
charge inversion to absolute charge states greater that one via a one-charge-a-time process is highly
unlikely. Proton transfer via hopping takes place one-at-a-time with each transfer giving rise to a
significant change in the interaction potential. Once one of the reactants is fully neutralized, the
interaction potential is that of an ion/molecule interaction and the long range Coulomb attraction
of the ion/ion interaction is no longer present. If there is substantial relative velocity in the orbiting
complex when one of the reactants is neutralized, it is likely that the ion and neutral will fly apart
without undergoing an ion/molecule proton transfer, even if the AHpt for the ion/molecule reaction
were to be favorable. In the unlikely event that another proton transfer were to occur via an
ion/molecule collision, both products would be of like charge thereby precluding further charge
transfers. The formation of multiply-deprotonated ubiquitin from multiply-protonated ubiquitin
via a single ion/ion encounter, as suggested in Figure 3.2, can only occur through a long-lived
complex that allows for multiple proton transfers in a single collision. A kinetic scheme that
summarizes the processes discussed here is provided in Scheme 3.1, which includes the break-up
of the collision complex into various partitions of charge between the complex components. The
dissociation of the initially formed long-lived ion/ion complex, represented by
[M+R—(n—m)H]®™" in Scheme 3.1, is indicated by the dissociation reactions with rate constants
indicated as Kadiss. The processes that lead to charge inversion via ion attachment are indicated with
blue arrows whereas the processes that lead to charge inversion via multiple proton transfers are
indicated with red arrows.

The charge inversion of the ubiquitin ions reflected in Figures 3.1 and 3.2, either via
attachment or multiple proton transfer, is expected to take place via long-lived complex formation.
The difference in the results from the different charge inversion reagents is therefore determined
by the fate of the long-lived complex. Generic energy diagrams are provided in Figure 3.4 that
compare qualitatively the role of the total electric field associated with the reactions of oppositely
charged ions in which the charge of the reagent anion exceeds that of the cation. Two cases are
illustrated with the total charge of the reagent anion differing by a factor of two. This difference
leads to a greater degree of initial potential energy for the more highly charged reagent as well as
a greater degree of electrostatic repulsion in the intermediate. For comparison, the entrance

channels are normalized to zero energy. The blue lines relate to the reaction of [M+mH]™" with
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[R—nH]" and the red line relates to the reaction of [M+mH]™ with [R—2nH]?"". The total energy
in the complex for thermalized reactants is largely determined by the Coulombic attraction of the
reactants, as determined by the magnitudes of the reactant charges. This is augmented by the
interactions that form between the reactants (e.g., non-covalent ion/dipole, dipole/dipole, etc.) by
virtue of the intimate collision. The lifetime of the complex is determined by the initial total
internal energy within the complex and the various exit channel barriers associated with the variety
of charge partitioning that can arise upon the dissociation of the complex. The likelihood that the
complex survives to be observed experimentally is determined by the lifetime of the complex and
the cooling rates (collisional and radiative). In the case of Figure 3.1C, most, if not all, of the
initially formed complexes survived and could be observed. In the case of Figure 3.2C, essentially
none of the initially formed complexes survived. The former scenario is more likely for the blue
line energy surface whereas the latter is more likely with the red line surface. Regardless of the
chemical nature of the reagent anion, e.g., protein versus carbohydrate, increasing the charge of
the reagent increases the potential energy of the system as reflected in the comparison of Figure
3.4.

The characteristics of the reagent anions determine the fate of the initially formed ion/ion
complexes with [Ub+6H]%*. The HA anions and the aMb anions differ in two important ways: i)
the HA anions (m/z 350-500) have higher charge densities than the aMb anions (m/z 996) and 1)
the aMb ions can engage in a wider array of electrostatic interactions due to the greater diversity
of functional groups associated with the amino acid side-chains. The former difference alone may
underlie the different reagent anion behavior (see Figure 3.4). HAs are comprised of 379 Da
disaccharide (glucuronic acid and N-acetylglucosamine bound via a B-1,4 linkage, Figure 3.5A
repeating units with a single carboxylic acid per monomer. We have found that is it possible to
generate HA anions in which most, and often all, of the carboxylic acid groups are deprotonated.
The largest single n-mer sample of a hyaluronic acid-related molecule that we could purchase was
HA-dp18, which lacks one —OH group on the non-reducing end sugar. Figure 3.5B shows the
negative ion nESI mass spectrum of HA-dp18 (MW=3412 Da), which is dominated by the fully
deprotonated [HA-dp18—9H]”" ion. Unfortunately, larger single n-mer HA oligomers are not
commercially available. For this reason, it is difficult to study the charge inversion reactivity of
single well-defined HA n-mers of defined charge state, in contrast with, for example, a charge state

of a specific protein. The mass spectra of HA mixtures are generally highly complex as they are
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comprised of mixtures of n-mers, charge states, and fragments derived therefrom. However, by
mass-selecting portions of the HA anion distributions within the range of roughly m/z 350-500,
ions with a charge on every or nearly every n-mer are selected from the distribution. The fact that
prominent signals in the region of m/z 350-500 are observed for every HA distribution used in this
work indicates that it is possible to generate “highly charged” HA anions of various sizes and
charges. In contrast, it is difficult to generate such highly charged protein anions as the m/z values

are generally a factor of 2-4 greater than those of the fully charged HA anions.

3.3.3 Experimental Evidence for the Role of Reagent Anion in Leading to Charge Inversion
via Ion Attachment versus Multiple-Proton Transfer

As indicated above, efficient charge inversion must take place via the formation of a
relatively long-lived complex, as sequential individual proton transfer reactions lead to
neutralization. Fragmentation of the complex can lead to charge states of the analyte of opposite
polarity to those of the initial reactant ions and stabilization of the ion/ion complex can lead to the
observation of adduction products. Protein reagent anions have been observed to lead to charge
inversion largely via adduct formation. This is further illustrated in Figure 3.6, which shows the
negative ion post-ion/ion reaction spectrum of [Ub+6H]®" with a range of apo-myoglobin anion
charge states (viz., [aMb—18H]'®to [aMb—13H]!*"). The products are dominated by adducts of
ubiquitin with apo-myoglobin (i.e. [aMb+Ub—nH]"", where n = 12 to 7).

The highly charged anions derived from the HA 50k sample (Figure 3.2C), gave rise to
essentially no adduct formation. We therefore reacted [Ub+6H]®" cations with a series of HA-
related anions of relatively modest charge to evaluate the competition between adduct formation
and stabilization versus adduct formation and breakup. We generated HA anions from a 8k-15k
mixture and selected fully charged anions with 7 to 12 charges. It is very difficult to isolate fully
charged ions from a homopolymer distribution due to the fact that all 1ons have similar m/z ratios.
Therefore, in order to be able to isolate each charge state, we selected from fragment ions observed
in the mass spectrum generated from the loss of the reducing-end terminal sugar. In the
carbohydrate fragmentation lexicon, these fragment ions are referred to as C-ions.*® These ions
have a whole number of di-sugar monomers plus one additional glucuronic acid sugar. The

relevant C-ion from [HA22—-11H]'"", for example, is denoted here as [HA21—11H]!!". The post-

ion/ion reaction negative ion spectrum from the reaction of [Ub+6H]®" with [HA17-9H]°" is
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shown in Figure 3.7A. A prominent peak associated with complex formation, viz.
[HA17+Ub—3H]*", is observed, which reflects the attachment of the oppositely charged reactants.
A series of charge-reduced HA 17 peaks are also observed, at least some of which arise from proton
hopping. Prominent signals for [HA17-3H]*", [HA17-2H]*", and [HA17-H]  can also arise, at
least in part, from the break-up of [HA17+Ub—3H]*". Relatively small signals corresponding to
[Ub—3H]*", [Ub—2H]*", and [Ub—H] ", suggest the formation of the complex with rapid cleavage
to give the charge-inverted ubiquitin ions. Figure 3.7B shows a plot that summarizes the ratio
(areas under the peaks) of ubiquitin anions/adduct anions as a function of the HA-related anion
charge states. (The spectra used to generate this plot are shown in Figure 3.7A and in Figures 3.8
to 3.11.) The degree of charge inversion via multiple proton transfer relative to adduct formation
increases monotonically with the charge of the HA anions. This general trend is consistent with
the hypothesis that use of highly charged reagent anions lead to the formation of highly charged
complexes which facilitates dissociation of the complex with charge partitioning between the
reagent and analyte (see Figure 3.4). Protein reagent anions react predominantly via proton
hopping and formation of a stable ion/ion complex whereas highly charged HA anions, while also
reacting via hopping, lead to the generation of highly charged ion/ion complexes that dissociate

via the pathways denoted as kgiss in Scheme 1.

3.3.4 Charge Inversion of Larger Protein Cations

The phenomenon illustrated above for [Ub+6H]°" appears to be general, at least for protein
cations of moderate size. We reacted the highly charged (m/z 350-500) HA anions with a range of
protein cations and observed extensive charge inversion via multiple proton transfers from a single
collision. Figure 3.12, for example, shows data for reactions with cytochrome ¢ [CytC+15H]">*
(Figure 3.12A), apo-myoglobin (aMb) [aMb+17H]'"* (Figure 3.12B), and carbonic anhydrase
(CA) [CA+22H]**" (Figure 3.12C). The isolated cationic reactants are shown in Figures 3.13A
to 3.13C. These protein cations were converted to anions with the highest negative charge states
at 77,117, and 197, respectively. Remarkably, as many as 41 charges were changed in CA. In each
case, a distribution of anionic charge states was generated. Interestingly, there appears to be at

least two overlapping charge state distributions in the case of the apo-myoglobin experiment and

perhaps in the carbonic anhydrase data as well. It is not surprising that a single cationic charge
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state is converted to a distribution of anionic charge states in these experiments. The experiment
involves a mixture of reagent anions with various charges, the possible convolution of sequential
proton hopping reactions followed by complex formation, and a range of charge partitioning upon
breakup of a multiply-charged complex.*’

We note that larger proteins of greater charge, e.g. the bovine serum albumin (BSA)
[BSA+40H]** did not show charge inversion via multiple proton transfer with the HA 50k anions
used to generate the data of Figure 3.12. To ensure the charges are enough for the charge inversion,
[BSA+nH]™" (n = 13-17) cations are used and complex ions both in the positive and negative ion
polarities were observed, which indicates ion attachment as the major mechanism while reacting
BSA with HAs (Figure 3.14). This is likely due in part to insufficient negative charge in the
reagent anion population. However, the size of the protein, which is a factor in determining the

lifetime of the initially formed complex, may also play a role.

3.3.5 Charge Inversion of Protein Anions

A similar charge inversion reaction could be utilized for the opposite polarity, from
multiple charge protein anions to multiple charge protein cations. To demonstrate,
polyethylenimine (PEI) mixtures are used as the charge inversion reagent, which we can also
generate highly charge density of the protonated PEI through the nESI process (Chapter 2
and Figure 3.15B). One of the major differences between HA and PEI reagent is that the highest
degrees of protonation on PEI are about one charge every six monomers, but HA can be
deprotonated every monomer. However, the observed charge density of PEI ions is slightly greater
than HA (m/z 260 comparing to m/z 350, Figure 3.15B V.S. Figure 3.2B). Figure 3.15 shows the charge
inversion reaction between [Ub—5H]" and mass-selected PEI window (m/z 260-262). As we
expected, the post-ion/ion reaction spectrum shows only simply charge-inverted ubiquitin cation
(protonated ubiquitin, [Ub+nH]"™, n=1 to 5, Figure 3.15C). The result suggested a similar reaction
is also true for charge-inverting multiply-charged protein anion to protein cations.

To further test the limits of the charge inversion reactions with PEI cations, we performed
the reactions using the same PEI ion population (Figure 3.15B) with [CytC—6H]®" and [nMb—7H]"",
and we were able to invert the charge to either 4+ or 5+ respectively, which a total 12 charges were
changed (Figure 3.16). However, we are not able to perform the charge inversion reaction with
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higher charge states of aMb anions (e.g. [aMb—10H]'®"), and instead, we mainly observed ion
attachment product (data not shown), which agrees with our observation with the reaction using
HA and BSA. Therefore, we concluded that the PEI that we used might not have as high charge
states as HA, so we could not invert similar degrees of charges using PEI to HA. We are currently
investigating other reagents to be the charge inversion reagent for inverting protein anions into
cations, and several reagents showed similar effects as PEI, including polyallylamine and
polylysine (data not shown). However, PEI still holds the best record for converting multiply
charged protein anions into cations. Other future work is also proposed, including eliminating the
possible in-source/in-instrument fragmentation of those high charge densities of ions, so that we
can perform the reactions with those highly charged reagent ions, but not the fragments that we

mentioned in the earlier chapter and sections.

3.4 Conclusions

In this work, we note the first observation of the charge inversion of a multiply protonated
protein to a multiply deprotonated protein via gas-phase ion/ion reactions. Evidence for the
transfer of as many as 41 protons was provided for the reaction of the carbonic anhydrase
[CA+22H]**" ion in yielding the [CA—19H]" ion. This phenomenon was observed using
multiply-charged anions derived from hyaluronic acid in which most, if not all, of the carboxylic
acid groups in the polymer were deprotonated. The reaction in the opposite polarity (viz.
deprotonated protein to protein cations with protonated polyethylenimine) was also observed.
While this observation is novel, it is consistent with the overall picture for ion/ion reactions
involving multiply-charged ions of opposite polarity. Previous studies have reported combinations
of proton hopping and ion attachment when reactants were oppositely charged proteins. We
hypothesize that the current observations also arise from the formation of relatively highly charged
complexes upon protein cation/anion attachment to highly charged hyaluronic acid
anions/polyethylenimine followed by spontaneous Coulomb-assisted cleavage of the complex to
yield the multiply charged proteins with opposite polarities, along with charge-reduced reagent
ions. While extensive charge inversion via multiple proton transfer was observed for cations of
ubiquitin, cytochrome ¢, and myoglobin, in addition to carbonic anhydrase, mostly ion attachment

was seen with cations of bovine serum albumin with the anions used in this study. In the opposite
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polarity, anions of ubiquitin, cytochrome ¢, and myoglobin were charge inverted. We are interested

in exploring the limits of this variation of charge inversion chemistry in terms of both the

characteristics of the protein cations and the reagent anions, and vice versa. The discovery and

optimization of such reagents may enable the development of novel charge inversion applications

in biological mass spectrometry.
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3.7 Scheme and Figures
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Figure 3.1. (A) The +nESI spectrum of isolation of protonated ubiquitin, [Ub+6H]%*. (B) The —
nESI spectrum of deprotonated apo-myoglobin, [aMb—17H]'"". (C) The mass spectrum after gas
phase ion/ion reaction. The different protein-protein complex anions were observed with different
charge states. The ubiquitin was prepared as the procedures in experimental section with a final
concentration at 20 uM in LC-MS graded water.
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Figure 3.2. (A) The +nESI spectrum of isolation of protonated ubiquitin, [Ub+6H]%*. (B) The —
nESI spectrum of wide isolation of the HA 50k mixture. (C) The mass spectrum after gas phase
ion/ion reaction. The charge-inverted ubiquitin anions were observed with different charge states.
The same condition of ubiquitin solution as in Figure 3.1 was used.
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Figure 3.3. The post-ion/ion reaction mass spectrum of [Ub+6H]®" reacted with [aMb—17H]!"" in
positive mode.
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Scheme 3.1. Kinetic scheme that summarizes processes associated with ion/ion reactions between
[M+mH]™ and [R-nH]" where |n|>|m|. Blue arrows indicate steps that lead to charge
inversion via adduct formation, red arrows indicate steps that lead to charge inversion via multiple
proton transfers, and black arrows indicate proton transfers at crossing points on the energy surface.
The latter processes constitute side reactions when charge inversion is the objective.
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transition states for the charge partitioning channels arising from break-up of the complex.
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Figure 3.6. The mass spectrum of post-ion/ion reaction of deprotonated apo-myoglobin anions
and protonated ubiquitin ((Ub+6H]®"). Region (A) is the precursor anions of the deprotonated apo-
myoglobin at different charge states from 18— to 13—; Region (B) is the product ions of protein-
protein complexes anions ([aMb+Ub—nH]", n =12 to 7); Region (C) is the protein-protein
complexes anions with 2 ubiquitins in the complexes ([aMb+2Ub—mH]™", m= 6 or 5).
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Figure 3.7. (A) The mass spectrum of post-ion/ion reaction of HA17 anion ((HA17-9H]°" and
protonated ubiquitin [Ub+6H]%"). (B) The integrated area-under-the-peak ratio of the ubiquitin
anions to protein-HA complex anions while using different HA anions as the charge inversion
reagent reacting with [Ub+6H]%".
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Figure 3.8. The post-ion/ion reaction mass spectrum of [Ub+6H]®" reacted with [HA13—7H]"
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(MW=2848) in negative mode.
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Figure 3.10. The post-ion/ion reaction mass spectrum of [Ub+6H]®" reacted with [HA19—10H]'*"
(MW=3606) in negative mode.
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Figure 3.11. The post-ion/ion reaction mass spectrum of [Ub+6H]°* reacted with [HA21-11H]'!"

(MW=3985) in negative mode.
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Figure 3.13. The mass spectra of post-ion/ion reaction from different protein cations and HA 50k
mixture anions. (A) Charge inverted CytC, (B) charge inverted aMb, and (C) charge inverted CA.
The protein solutions were prepared as described in experimental section with final concentrations
at 20 uM with 0.5% acetic acid (v/v) for CytC, 10 uM with 2.0% acetic acid for aMb, and 10 uM
with 1.0% acetic acid for CA.
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Figure 3.14. The mass spectra of BSA precursor ions and post ion/ion reaction in both positive
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CHAPTER 4. DIFFERENTIATION AND QUANTIFICATION OF
DIASTEREOMERIC PAIRS OF GLYCOSPHINGOLIPIDS USING GAS-
PHASE ION CHEMISTRY

Adapted with permission from Chao, H.-C., and McLuckey, S. A. Anal. Chem. 2020, 92, 19,
13387-13395. Copyright 2020 American Chemical Society.

Abstract

Glycosphingolipids (GSLs), including glycosphingosine (lyso-GSLs) and cerebrosides
(HexCer), constitute a sphingolipid subclass. The diastereomerism between their monosaccharide
head groups, glucose and galactose in mammalian cells, gives rise to an analytical challenge in the
differentiation of their biological roles in healthy and disease states. Shotgun tandem mass
spectrometry has been demonstrated to be a powerful tool in lipidomics analysis, in which the
differentiation of diastereomeric pairs of GSLs could be achieved with offline chemical
modifications. However, the limited number of standards, as well as the lack in comprehensive
coverage of the GSLs, complicates the qualitative and quantitative analysis of GSLs. In this work,
we describe a novel strategy that couples shotgun tandem mass spectrometry with gas-phase ion
chemistry to achieve both differentiation and quantification of the diastereomeric pairs of GSLs.
In brief, deprotonated GSL anions, [GSL—H]", and terpyridine-magnesium complex dications,
[Mg(Terpy)2]?*, are sequentially injected and mutually stored in a linear ion trap to form charge-
inverted complex cations, [GSL-H+MgTerpy]*. Collision-induced dissociation of the charge-
inverted complex cations leads to significant spectral differences between the diastereomeric pairs
of GSLs, which permits their distinction. Moreover, we describe a relative quantification strategy
with the normalized %Area extracted from selected diagnostic ions in binary mixtures. Analytical
performance with the selected pure-component pairs, HexSph(d18:1) and HexCer(d18:1/18:0),
were also evaluated in terms of accuracy, repeatability, and inter-day precision. The pure-
components could be extended to different fatty acyl chains on cerebrosides with limited error,
which allows for the relative quantitation of the diastereomeric pairs without all standards. We
successfully applied the presented method to identify and quantify, on a relative basis, the GSLs

in commercially available total cerebroside extracts from the porcine brain.
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4.1 Introduction

Glycosphingolipids (GSLs), including lyso-glycosphingolipids (lyso-GSLs) and
cerebrosides (HexCer), constitute a sphingolipid subclass. In general, lyso-GSL structures consist
of a sphingosine moiety linked to a glycan head group while cerebrosides have a single sugar
residue and an esterified fatty acyl side chain linked to the sphingoid base, as depicted in Figure
4.1." In mammalian cells, glucose or galactose is the monosaccharide head group linked to the
sphingosine backbone via a beta-glycosidic bond.? The only difference between the diastereomeric
pairs of GSLs is the orientation of the hydroxyl group (OH) at the C4’-position on the
monosaccharide. The GSL subclass glucosylsphingolipid (GIlcSL) has an equatorial OH at the C4’
position whereas galactosylsphingolipid (GalSL) has an axial OH at the C4’ position (Figure 4.1).
As many analytical approaches do not achieve isomeric resolution, this isomeric pair is usually
reported as a single species.>* However, failing to unambiguously identify these isomers results
not only in an underestimation of lipid diversity, but also precludes understanding of their
individual roles in biological functions and disease progression.

Gaucher disease is a disorder arising from a mutation in the human GBA gene that causes a
deficiency of the glucocerebrosidase (or glucosylceramidase, GCase) enzyme leading to abnormal
glucosylceramide (GlcCer) accumulation in the brain.’ In another example, Parkinson’s disease
(PD) is also associated with the metabolic pathway of GlcCers in which higher levels of GlcCers
in the substantia nigra have been found in PD patients.® These examples correlate GlcCer levels
with neuron dysfunction. However, cerebrosides are also reported to have neuroprotective activity
such that increasing cerebroside levels by altering the de novo synthesis pathway of sphingolipids
leads to deactivation of downstream apoptosis signaling pathways.”® These results of different
cerebroside levels reflect an incomplete understanding of the physiological roles of cerebrosides.
A more complete understanding of this sphingolipid subclass will likely require both
differentiation and quantification of the diastereomers in biological milieu.

Currently, the primary strategy to analyze GSLs utilizes liquid chromatography coupled with
mass spectrometry (LC-MS). Normal phase chromatography (NPLC)’ or hydrophilic interaction
chromatography (HILIC)'® can separate GlcSL and GalSL diastereomeric pairs. Li et al. developed
a 2D NP/RP-LC-MS to analyze GlcSLs and GalSLs that is able to separate both the sugar
headgroups and the length of fatty acyl chains.!! However, the 2D separation strategy takes longer

analysis times (up to hours), suggesting the need for more rapid analytical tools for GSL analysis.
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Shotgun analysis via direct electrospray ionization tandem mass spectrometry (ESI-MS/MS)
has become a popular tool for lipid analysis due to ease of use, lower sample volume, and
decreased analysis time requirements.® Despite many successes, shotgun approaches often struggle
to provide detailed structural information, including the differentiation of GlcSLs and GalSLs.
Recently, offline chemical derivatization strategies have helped overcome these difficulties. Leary
et al., for example, used metal-ligand complexes to coordinate with the monosaccharides to
differentiate the diastereomers.!?> Coupled with ion trap tandem mass spectrometry, N-
acetylglucosamine and N-acetylgalactosamine could be quantitated by virtue of the distinct
product ion relative abundances formed from the isomeric complexes upon activation.!*'* Julian
and co-workers reported a strategy using photodissociation (PD) to initiate radical chemistry to
differentiate diastereomeric pairs of lyso-GSLs. They used 4-iodobenzoyl 18-crown-6 (IB18C6)
to form complexes with the lyso-GSLs followed by PD to generate a radical cation. With further
collisional activation, differences in the ratios of relative abundances from the diagnostic product
ions derived from the diastereomers were reported.!> Moreover, they also reported a derivatization
method using 4-iodophenyl boronic acid (IPBA), which selectively binds to GalCer because of the
C4’ axial OH, to separate the diastercomers in solution. Both methods were effective in
distinguishing the diastereomers within the context of shotgun analysis. However, offline
derivatization steps, as well as post-derivatization sample treatment steps, are time consuming and
can lead to low abundances of derivatized products.

Chloride or lithium adduction are alternative approaches to achieve lipid structural
elucidation by doping salts into lipid ESI solutions. For example, Han and co-workers developed
a strategy in which chloride adducted cerebrosides anions were exploited to differentiate the
diastereomeric pairs of cerebrosides (HexCer).'® Briefly, collision-induced dissociation (CID) of
the [HexCer+Cl]™ adduct ion generated different ratios of product ions from GlcCer and GalCer,
in which the inner-sugar fragmentation was slightly greater from CID of the [GlcCer+CI] ™ ion.
The same group also proposed a multidimensional strategy to quantify GalCer in the sample using
internal standard addition.'®"!” However, chloride adduction can only differentiate between GlcCer
and GalCer, but not lyso-GSLs. Furthermore, the method relies on multidimensional operation,
which involves multiple salt additions, and can quantify only GalCer, but not GlcCer.

Gas-phase ion/ion chemistry has been shown to be effective in modifying lipid analytes

directly within the mass spectrometer. Due to the attractive Coulombic potential associated with
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the reactions of oppositely charged ions, reaction rates of 10-100 s are typical under readily
accessible conditions in quadrupole ion traps.!®!® Recently, our group has described charge
inversion ion/ion strategies to facilitate lipid identification and relative quantitation.?*?*> For
example, fatty acid (FA) anions derived from non-esterified FAs or released from complex lipid
precursors, are reacted in the gas-phase with tris-phenanthroline magnesium complex dications to
generate [FA-H+MgPhen]* product ions. Ensuing dissociation of the charge inverted FA complex
cation gives rise to spectral patterns that facilitate unambiguous isomeric discrimination and FA
identification.?’ Additionally, this charge inversion strategy, in combination with a multiple linear
regression approach, enables relative quantitation of FA isomers.?! In this study, we describe a
shotgun mass spectrometry strategy using ion chemistry to chemically modify GSLs in the gas

phase to differentiate and quantify the diastereomeric pairs of GSLs in the samples.

4.2 Experimental Section
4.2.1 Materials.

All lipid standards and total cerebrosides extract (porcine brain) were purchased from
Avanti Polar Lipids, Inc (Alabaster, AL). Magnesium chloride (MgCl»), 2,2";6',2"-terpyridine
(Terpy), and 4’-chloro-2,2';6',2"-terpyridine (Terpy-Cl) were purchased from Sigma-Aldrich (St.
Louis, MO). MS-grade water and methanol (MeOH) were purchased from Fisher Scientific
(Pittsburgh, PA).

4.2.2 Sample Preparation

Solutions of GSL standards were prepared in methanol to a final concentration of 0.01 mg
mL!. Magnesium chloride and 2,2';6',2"-terpyridine (Terpy) were mixed in methanolic solution
with 1:1 (molar ratio) to a final concentration of ~50 pM for the metal-ligand complex.?° For
relative quantification, different ratios of GlcSL/GalSL were prepared, holding the final GSL
concentration at 0.01 mg mL"!. For total cerebrosides extract analysis, 1 mg of purified extract
powder was dissolved in 1 mL of methanol as the stock solution and stored at —20°C before use.

Prior to analysis, the lipid extract was diluted to a final concentration of 0.01 mg mL".
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4.2.3 Mass Spectrometry

All experiments were performed on a TripleTOF 5600 quadrupole time-of-flight mass
spectrometer (SCIEX, Concord, ON, Canada) that has been modified for ion/ion reactions.?
Alternately pulsed dual nano-electrospray ionization (nESI) allows for the sequential injection of
anions and cations.?®> GSL anions, denoted [GSL—H]", were ionized and isolated in Q1, and then
accumulated in the high-pressure collision cell g2. Next, metal-ligand reagent dications, referred
to as [Mg(Terpy)2]** were generated via direct positive nESI, mass-selected in Q1, and transferred
to g2 to for storage. Once in g2, the lipid anions and reagent dications were mutually stored for
10-30 ms, undergoing a charge inversion ion/ion reaction. Charge-inverted complex cations were
subjected to MS" experiments. Mass analysis was performed via orthogonal acceleration time-of-

flight (TOF).

4.2.4 Analytical Performance Evaluation

The analytical performance was evaluated for accuracy, repeatability, and inter-day
precision. Three samples each differing in the ratios of concentrations from both the
GlcSph/GalSph and GlcCer(d18:1/18:0)/GalCer(d18:1/18:0) pairs, (i.e., 90/10, 50/50, and 10/90)
with a total GSL concentration of 0.01 mg mL™!' were prepared. Note that for each ratio, three
individual sample replicates were prepared in order to evaluate repeatability and accuracy. The
accuracy was calculated based on the following equation 4.1:

A %) = Calculated percentage of the GSL % 100%
ceuracy (o) = Theroetical percentage of the GSL ’

(eq. 4.1)

The repeatability was expressed by the standard deviation of the calculated accuracy (n =

3). For inter-day precision, the individually prepared samples at different concentration ratios (n =
3) were analyzed on three non-consecutive days. Interday precision was calculated using equation
4.2:

. Standard deviation of the calculated percentage of the GSL
Interday Precision (%RSD) =

Mean of the calculated percentage of the GSL
(eq.4.2)
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4.2.5 Absolute Quantification

To achieve absolute quantification, the two different amounts of GlcCer (d18:1/18:0) were
spiked into separate aliquots of the total cerebrosides solution. For the high concentration spike,
1uL of 0.01 mg mL™" of GlcCer(d18:1/18:0) was added to a 99 uL aliquot of the cerebrosides
solution. For the low concentration spike, a total of 1pL of 0.001 mg mL™! of GlcCer(d18:1/18:0)
was added to a 49 pL aliquot of the cerebrosides solution. Three replicates were used to calculate
the percentage of the GSL pairs in the samples, and further back-calculated the absolute
concentration in the total cerebrosides extracts using the known spiked amount of
GlcCer(d18:1/18:0) by the following equation 4.3 and 4.4:

%GalCernigh-spiked X (Glccersample +C‘lccerhigh—spiked)

GalCer =
sample %GlcCerhigh—spiked
(eq. 4.3)
Galcersample — %Galcerlow—spikedX(Glccersample+Glccerlow—spiked)

%GlcCerjow—spiked
(eq. 4.4)
Where the GalCer and GlcCer were expressed in pg mL™!, and %GalCer and %GlcCer

were the calculated percentages from the relative quantification.

4.3 Results and Discussion

4.3.1 Differentiation of Diasteromeric Glycosphingosines Pair via Gas-Phase lon
Chemistry

As described above, diastereomeric GSL pairs differ only in the orientation of the hydroxyl
(OH) group at the C4’-position of the monosaccharide. Specifically, glycosphingolipids (GlcSLs)
exhibit equatorial OH orientation while galactosylsphingolipids (GalSLs) display axial orientation
of the OH moiety (Figure 4.1). We first examined a diastereomeric pair of lyso-GSLs, or are called
glycosphingosine (hexosylsphingosine, HexSph) and illustrate with glucosylsphinogsine (GlcSph)
and galactosylsphingosine (GalSph). As is commonly observed, the diastereomeric pair of
glycosphingosine show only limited differences in their fragmentation patterns from either
protonated or deprotonated ions upon conventionally used ion-trap collision-induced dissociation
(ion-trap CID) (Figure 4.2). The results again demonstrate the challenge while applying shotgun

lipidomics approach for differentiation of these diastereomeric isomers.
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Therefore, we applied gas-phase ion/ion reaction to modify the targeted deprotonated
HexSph anions, trying to enhance the structural characterization between the isomeric pair. Figure
4.3a shows the positive ion spectrum obtained following the reaction between [GlcSph—H] ™ anions
and [Mg(Terpy)2]*" reagent dications, which yielded the charge-inverted complex cations,
[GleSph—H+MgTerpy]" (m/z 717.4). The reaction between [GalSph—H] ™ anion and [Mg(Terpy)2]*"
also yielded the charge-inverted complex cation, [GalSph-H+MgTerpy]". The reactions showed
no differences between the two diastereomers (data not shown), so we labeled the charge-inverted
complex cations as the generic label, [HexSph — H + MgTerpy]" in Figure 4.3a. Next, the charge-
inverted glycosphingosine complex cation was mass-selected and subjected to ion-trap collisional
activation. Figures 4.3b and 4.3¢ show the CID spectra from the charge-inverted GlcSph and
GalSph complex cations, respectively. Importantly, significant spectral differences were observed
following interrogation of the two charge-inverted HexSph complex cations. Specifically,
interrogation of the [GlcSph—H+MgTerpy]” ion resulted in a dominant neutral loss (NL) of the
sugar moiety (m/z 555.3, NL = 162 Da), generating a Y-type ion using the widely used
carbohydrate fragment nomenclature.?® A Z-type ion is also observed at much lower abundance
corresponding to a NL = 180 Da. In contrast, the CID spectrum of [GalSph—H+MgTerpy]" shows
a dominant product ion corresponding to a neutral loss of a Terpy ligand, NL. = 233 Da (m/z 484.3),
along with an ion at an apparent NL = 215 Da (m/z 502.3) that arises from the attachment of a
water molecule in the collision cell to the NL = 233 Da loss product. Previous work with divalent
alkaline earth metal complexes has shown water attachment to occur in the gas phase subsequent
to ligand loss. Ultimately, these spectral differences permit distinction between the GalSph and
GlcSph components of the diastereomeric pair.

We have not performed a detailed mechanistic study to determine the origin(s) of the
different dissociation behaviors of the [HexSph—H+MgTerpy]" ions. However, the differences in
fragmentation patterns observed following CID of the charge-inverted lyso-GSL complex cations
presumably reflect the nature of the interactions of the [Mg(Terpy)2]** cation with the lipids. In
both cases, upon attachment of the [Mg(Terpy):]** reagent a single Terpy ligand is lost, presumably
due to displacement of one of the Terpy ligands by the lipid. On the other hand, the loss of the
second Terpy ligand is highly dependent on the stereochemistry of the sugar. The [GalSph-
H+MgTerpy]" ion, for example, predominantly loses the second Terpy ligand upon CID, which
likely reflects a greater degree of stabilization of the Mg?" ion than is afforded by the GalSph lipid.
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We speculate that the additional stabilization of the Mg?* ion is afforded by deprotonation of one
of the sugar hydroxyl groups at the C4’ or C3’ positions with additional coordination by the
hydroxyl group at the C4’ or C3’ site that is not deprotonated (see Scheme 4.1).2”2% This additional
interaction with the Mg?* ion can facilitate the loss of the second Terpy ligand. In contrast, the
glucose head group in GlcSph apparently does not interact with MgTerpy?” in the same way as the
galactose head group in GalSph such that an alternate pathway (i.e., sugar loss) dominates. The
facile loss of the neutral sugar indicates that the deprotonation site either originates or can migrate

to the sphingosine chain as part of the sugar loss channel.

4.3.2 Differentiation of Diasteromeric Cerebrosides Pair via Gas-Phase Ion Chemistry

To test the ability of the gas-phase ion/ion reaction in differentiation of cerebrosides
(HexCer), we performed the same reaction described above with deprotonated HexCer,
[HexCer—H] . Again, the CID spectra of protonated and deprotonated diastereomeric ions show
little or no differences in product ion masses and relative abundances (Figure 4.4). After the
reactions between [GlcCer(d18:1/18:0) — H]™ or [GalCer(d18:1/18:0)-H]~ with [Mg(Terpy):]*",
charge-inverted complex cations [GlcCer(d18:1/18:0)-H+MgTerpy]” or [GalCer(d18:1/18:0) —
H+MgTerpy]” were observed (m/z 983.6). The fragmentation patterns of charge-inverted HexCer
complex cations generated by CID are similar but not identical, to those of the analogous charge-
inverted lyso-GSLs complex cations (Figure 4.5). The CID spectrum of [GalCer(d18:1/18:0)—
H+MgTerpy]™ (m/z 983.6) is dominated by the neutral loss of Terpy (m/z 750.6, NL = 233 Da)
(Figure 4.5b), which is similar to the behavior of the [GalSph—H+MgTerpy]*, with the exception
that the addition of a water molecule to the Terpy loss product is far more prominent in the latter
case (Figure 4.3b). The [GalCer(d18:1/18:0)-H+Mg]" product ion clearly solvates the magnesium
dication more effectively than the corresponding [GalSph—H+MgTerpy]" product ion. The CID
spectrum of [GlcCer(d18:1/18:0)-H+MgTerpy]", on the other hand, not only shows a neutral loss
of the sugar moiety (m/z 821.6, NL =162 Da), but also shows major neutral losses of water (m/z
965.6, NL = 18 Da) and 443 Da (m/z 540.3).

To clarify the origin of the 443 Da loss from the charge-inverted complex after CID, we
further applied the same reaction to GlcCer(d18:1/16:0) and a soy-based cerebroside,
GlcCer(d18:2/h16:0) (Figure 4.6a), and compared the results. Figures 4.6b and 4.6¢ show the
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CID spectra when we subjected the charge-inverted GSL complex cations to CID. A 443 Da loss
is observed in the CID spectrum from the [GlcCer(d18:1/16:0) — H + Mg(Terpy)]*" complex (m/z
955.6), whereas a 441 Da loss is observed from the [GlcCer(d18:2/h16:0) — H + Mg(Terpy)]**
complex (m/z 969.5). This result suggests that the 443 Da loss from the charge-inverted GSL
complex cations described above includes the sphingosine backbone.

We further used MgTerpy-4’-Cl as the ligand for the charge inversion reagent ([Mg(Terpy-
Cl)]** (Figure 4.6a) in reaction with all three glycosylceramides, GlcCer(d18:1/18:0),
GlcCer(d18:1/16:0) and GlcCer(d18:2/h16:0) followed by CID of the charge-inverted complex
cations. The results show that 443 Da losses from both [GlcCer(d18:1/18:0)-H+Mg(Terpy-C1)]**
and [GlcCer(d18:1/16:0)-H+Mg(Terpy-CI)]*" are still observed as well as a 441 Da loss from
[GlcCer(d18:2/h16:0)-H+Mg(Terpy-Cl1)]*" (Figure 4.6). This result strongly suggests that the loss
of 443 Da does not include the loss of the ligand and that MgTerpy is retained in the product ion.
Additionally, we performed MS? of the 233 Da loss product (the product ion at m/z 750.6 in Figure
4.4a), and it did not show evidence for the loss of 210 Da (Figure 4.7), which further supports the
conclusion that the 443 Da loss described above does not arise from losses of the Terpy ligand and
another fragment of mass 210 Da. A previous report suggested a mechanism for losing a
hydrocarbon chain from a deprotonated ceramide by various bond cleavages, including cleavage
of the N-C bond.?*~** Therefore, we performed an MS? experiment by subjecting the sugar loss ion
(m/z 821.6 in Figure 4.4a to CID, and the m/z 540.3 ion is observed (Figure 4.8). Hence, the 443
Da loss is comprised of sugar loss (162 Da) and a loss of 281 Da. Furthermore, a 443 Da loss was
observed in the CID spectra from both deprotonated cerebrosides (Figure 4.4b and 4.4d).
Therefore, the 443 Da loss 1s most likely to be the sequential cleavages of the glycosidic bond and
the N-C bond, with the MgTerpy coordinated with the amide. However, further studies into the
detailed mechanism for the net loss of 443 Da from [HexCer(d18:1/18:0)-H+MgTerpy]" are

needed to confirm the product ion structure.

4.3.3 The Relative Quantification of the Diastereomeric Pairs of GSLs

Due to extensive lipid structural diversity, quantification has remained a significant
challenge in shotgun lipidomics. The most common strategy to quantify lipids involves preparation

of a calibration curve. However, this approach requires the preparation of external calibration
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standards, which are not always commercially available. Furthermore, calibration curve
construction is sample-, time-, and labor-intensive. We developed a quantification strategy
exploiting pure component analysis, in which only limited standards are required to achieve
relative quantification.

To do so, we first generated the charge-inverted glycosphingosine complex cations in an
identical fashion as described above (Figure 4.3a). Next, the charged-inverted complex cations
were subjected to ion-trap CID, noting that the entire precursor cation population was fully
dissociated. We chose categories of diagnostic product ions mentioned in the previous section, viz.
the two major fragments associated with Terpy loss (NL =233 Da and NL =215 Da, NL 233 + NL
215) and the ion associated with the loss of the sugar (NL = 162 Da, NL 162). Various molar ratios
of the diastereomeric pair of lyso-GSLs were prepared and analyzed using the outlined approach.
Specifically, we used GlcSph/GalSph binary mixtures with the ratios 90/10, 80/20, 60/40, 50/50,
40/60, 20/80, and 10/90. The CID spectra of the fully dissociated precursor cation mixtures are
provided in Figure 4.9 and show monotonic changes in relative abundances of the diagnostic
product ions as the fractions of GlcSph and GalSph decrease and
increase, respectively.

We further extracted areas of the monoisotopic peak from the diagnostic product ions from
the pure-component CID results (100% GlcSph and 100% GalSph) for relative quantification. The
areas were normalized to the total area from the extracted peaks and expressed as %Area (%A).
Table 4.1 shows the normalized %A of the two groups of product ions from nine replicates (three
replicates per day for three days). The %A are placed in the following equations to calculate the
percentage of lyso-GSLs (%GlcSph and %GalSph) in unknown samples:

%Glcsphunkown X %ANL Terpy + %Galsphunknown X %ANL Terpy — detected %ANL Terpy
(eq. 4.5)

%Glcsphunkown X 0/OANL sugar + %Galsphunknown X %ANL sugar — detected %ANL sugar
(eq. 4.6)

Three different molar ratios of GlcSph/GalSph at 90/10, 50/50, and 10/90, were chosen to
demonstrate the approach as well as to evaluate the analytical performance in terms of accuracy,
repeatability, and inter-day precision. The normalized %A of the product ions from different NL
groups were obtained as detected %A and was input into eq. 5 and eq. 6. The bottom panel from

Table 4.1 summarizes the relative quantification results with the analytical performance. The
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accuracies for relative quantification of the GlcSph and GalSph diastereomeric pair ranged from
96.8 to 104.1% from different molar ratios, with the highest SD around 11.7%. The results suggest
that relative quantification is achieved applying the strategy. Moreover, the inter-day precisions of
the lyso-GSLs results are all below 12.5%RSD, which suggests that the relative quantification
results obtained from different days were still comparable. Correlation curves between the
calculated % and the spiked % are also shown in Figure 4.10. We note that the inter-day precision
suggests that the use of the sum of the abundances of the NL = 233 Da and NL = 215 Da signals
minimizes sensitivity of this approach to quantification to changes in water levels in the collision
cell.

A similar strategy was applied to the cerebroside diastereomeric pair GlcCer(d18:1/18:0) and
GalCer(d18:1/18:0). The diagnostic product ions were chosen based on the previous section, and
also divided into two groups, NL of Terpy (NL 233 + NL 215) versus NL of water (NL =18 Da,
NL 18), NL of sugar (NL 162), and NL of 443 Da (NL 443). The different molar ratios of
GlcCer(d18:1/18:0)/GalCer(d18:1/18:0) were analyzed, and the changes in relative abundances of
the diagnostic product ions from samples with different molar ratios were also observed (Figure
4.11). Again, the extracted areas of the monoisotopic peak from the diagnostic product ions were
normalized to the total area from the extracted peaks and expressed as %A in the top panel from
Table 4.2. Another set of equations to quantify the percentage of the cerebroside diastereomers are
shown as follows:

%GlcCerynkown X YANL Terpy + %0GalCeryninown X %ANL Terpy = detected %ANL Terpy
(eq. 4.7)

%GlcCerynkown X YANL other + %GalCerynknown X %ANL other = detected %ANL other
(eq. 4.8)

Three different molar ratios of GlcCer/GalCer were chosen to demonstrate the approach as
well as to evaluate the analytical performance. The bottom panel from Table 4.2 summarizes the
relative quantification results with the analytical performances. The accuracies for relatively
quantifying the cerebroside diastereomeric pair were ranged from 92.6 to 101.4% with the highest
SD around 6.7%, and the inter-day precisions are all below 6.8%RSD. Also, correlation curves
between the calculated % and the spiked % are shown in Figure 4.12. All of the above results

show the applicability of the strategy to achieve relative quantification of both lyso-GSLs and the
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cerebroside diastereomeric pairs, which only require the analysis of the two pure components prior
to the quantification.

Lack of commercially available calibration standards is often a challenge in lipidomics
analysis, especially for quantification. Therefore, we evaluated the use of the same pure
components from a single pair of cerebroside diastereomers to perform the relative quantification
for other cerebrosides, which vary only in the fatty acyl chain. This assumes that all charge-
inverted cerebroside complex cations have similar fragmentation patterns after activation since
none of the selected diagnostic product ions arise from the fatty acyl chain (R1 group in Figure
4.1). Two different pairs of cerebroside diastereomers, HexCer(d18:1/16:0) and
HexCer(d18:1/18:1), at five different molar ratios between the diastereomers (GlcCer/GalCer),
including 100/0, 80/20, 50/50, 20/80, and 0/100, were analyzed. The CID spectra of the fully
dissociated precursor cations are shown in Figure 4.13, showing the same monotonic changes in
the relative abundances of the diagnostic product ions as a function of molar ratio. The relative
quantification is achieved by using the same %A obtained from pure components of
HexCer(d18:1/18:0), and eq.7 and eq. 8 The relative quantification results are summarized in
Table 4.3. The accuracies ranged from 96.5 to 113.0%, with the highest SD around 3.2% for the
HexCer(d18:1/16:0) pair, and the accuracies ranged from 89.4 to 106.6%, with the highest SD
around 8.4%, for HexCer(d18:1/18:1). To validate the results, we also performed the same
approach using the pure-component %A obtaining from their own calibration standards. The
relative quantification results are also reported (Table 4.4 and Table 4.5), and less than 6% error
were observed when comparing the two data sets. However, it is noticeable that there is a greater
difference in the normalized %A from the pure GlcCer(d18:1/18:1) relative to GlcCer(d18:1/18:0)
(i.e., 35.9% (Table 4.5) vs. 39.4% (Table 4.1)) than GlcCer(d18:1/16:0) relative to
GlcCer(d18:1/18:0) (i.e., 39.9% (Table 4.4) vs. 39.4% (Table 4.1)). This suggests that
unsaturation in the fatty acyl chain could give rise to slight differences in product ion abundances
relative to a saturated fatty acyl chain.’! More studies would be required to establish a firm
correlation, however. Overall, the relative quantitation for different fatty acyl chain GSLs using

the %area from HexCer(d18:1/18:0) pair is demonstrated.
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4.3.4 Analysis of Total Cerebrosides Extracts

We examined commercially available total cerebroside extracts from porcine brain using
the approaches described above. We identified a total of 11 m/z values that correspond to different
sizes of cerebrosides common in mammalian systems.>?-* To differentiate the diastereomeric pairs
that might be present in the putative cerebrosides, we exploited the strategy described above. Due
to the lack of commercially available standards mentioned above, we were able to perform relative
quantification on the diastereomeric pairs of cerebrosides using only our evaluated
quantification %Area from HexCer(d18:1/18:0) pair. The CID spectra of the fully dissociated
precursor ions after all reactions are shown in Figure 4.14. After the relative quantification, a total
of 14 cerebrosides were identified and relatively quantified from the 11 m/z values expected to
arise from cerebrosides. The results are reported in Table 4.6. Most of the cerebrosides that we
detected in the porcine brain are GalCers with only three minor components within the
diastereomeric pairs, including GlcCer(d18:1/16:0), GlcCer(d18:1/20:0), and GlcCer(d18:1/22:0).
The results agree with previous reports showing that the majority of the cerebrosides in
mammalian brain are galactosylsphingolipid.> 63435

In the event that a standard is available, such as the case for GlcCer(d18:1/18:0), a
measurement of absolute concentration is possible. We spiked two aliquots of the sample with
different known amounts of GlcCer(d18:1/18:0). Figure 4.15 shows the CID spectra of the pre-
and post-spiked samples. The changes in the relative abundances of the diagnostic product ions
after spiking the standard were observed. The different percentages of GlcCer(d18:1/18:0) and
GalCer(d18:1/18:0) from the different spiked samples were obtained using the relative quantitation
described above. Due to the fact that we did not detect any GlcCer(d18:1/18:0) in the total
cerebrosides extract, we can modify eq. 4.3 and eq. 4.4 to yield the absolute amount of
GalCer(d18:1/18:0) in the sample by eq. 4.9 and eq. 4.10:

%Galcerhigh—spiked X GlCCerhigh—spiked

GalC =
Al sample %Glccerhigh—spiked
(eq. 4.9)
%GalCerjow—spiked X GlcCerigw—_spi
Galcersample _ low-spiked low-spiked

%GlcCeryow—spiked

(eq. 4.10)
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The absolute quantitation results from both high concentration and low concentration
spiked samples are shown in Table 4.7. Normally, spiking two different concentrations in the same
sample is needed for applying eq. 4.3 and eq. 4.4 if both the cerebroside diastereomers exist in the
sample. The mean calculated concentration of GalCer(d18:1/18:0) is 1.90+0.13 pg per mg extract
powder. Here we also compared the two results from both high-spiked and low-spiked samples,
which are each within one standard deviation of the mean. The primary benefit of this approach is
that the absolute quantification of cerebroside diastereomers is achieved using addition of a single
calibration standard comprised of only one of the diastereomers. Moreover, no external calibration
curve is required, leading to reduced analysis time and cost. However, as with many lipidomics
approaches, the lack of commercially available standards presents several challenges, including

absolute quantification of GSLs in complex mixtures using the developed platform.

4.4 Conclusions

The differentiation of the diastereomeric glycosphingolipids is often a challenge, but
essential for defining their biological roles in various diseases. We present a shotgun tandem mass
spectrometry strategy using gas-phase ion chemistry to achieve the identification in both lyso-
GSLs and cerebrosides without offline chemical derivatization. The gas-phase ion/ion reaction
between the deprotonated GSLs ((GSL—H]") and [Mg(Terpy).]** forming charge-inverted cations,
[GSL-H+Terpy]", followed by collision-induced dissociation yield distinctive product ion spectra
for the diastereomers. Moreover, relative quantification is achieved by analyzing the
normalized %Area from the diagnostic product ions. The analytical performance of the relative
quantification of both lyso-GSL and cerebroside diastereomeric pairs are also evaluated in terms
of accuracy, repeatability, and inter-day precision. We also extended the strategy using the %Area
from the validated cerebroside diastereomers, GlcCer(d18:1/18:0) and GalCer(d18:1/18:0), to
provide relative quantification of other cerebrosides with different fatty acyl chains.

We extended the strategy to the analysis of total cerebroside extracts. A total of 14
cerebrosides were identified and quantified based on of their percentages within the diastereomeric
pairs. This work also demonstrated an absolute quantification strategy for a cerebroside component
in the total cerebroside extract from the porcine brain. By spiking two different sample solutions

with known amounts of GlcCer(d18:1/18:0), the quantity of GalCer(d18:1/18:0) was obtained. The
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proposed absolute quantification method requires a calibration standard for only one of the
diastereomers within the diastereomeric pair, and also with only two spiked concentrations, which
reduces the required of numbers of calibration standards and obviates the generation of a
calibration curve. However, the lack of a calibration standard from each diastereomeric pair

prevents the absolute quantification of all cerebrosides.
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47 Tables

Table 4.1. The normalized %area for quantifying glycosphingosines and the analytical
performance of glycosphingosines quantification.

Normalized % Area for Glycosphingosines (HexSph) (N=9)

100% of NL of Terpy NL of sugar SD
lyso-GSLs (%, NL 215 + NL 233) (%, NL 162)
GlcSph 15.7 84.3 1.4
GalSph 90.5 9.5 0.6
Analytical Performance
Inter-day Inter-day
% GlcSph Avg Cal  Accuracy Avg Cal Accuracy
Precision Precision
/% GleSph %GlcSph (%)* % GalSph (%)*
(RSD%)** (RSD%)**
90/10 90.1 100.0+0.0 0.7 9.9 98.9+4.7 6.3
50/50 52.1 104.1+1.2 2.7 48.4 96.8+1.1 2.9
10/90 9.8 97.7+11.7 12.5 90.2 100.3+1.3 1.4

*Mean+SD, N=3

**Relative standard deviation, calculated from three different days with 9 different samples.
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Table 4.2. The normalized %area for quantifying cerebrosides and the analytical performance of

GSLs quantification

Normalized % Area for cerebrosides (N=9)

NL of Terpy NL of others*
100% of GSLs SD
(%, NL215 + NL233) (%, NL18 +N L162 + NL443)
GlcCer(d18:1/18:0) 39.4 60.6 1.2
GalCer(d18:1/18:0) 92.5 7.5 0.2
Analytical Performance
Inter-day Inter-day
%GlcCer Avg Cal Accuracy Avg Cal  Accuracy
Precision Precision
/%GalCer %GlcCer (%)** % GalCer (%)*
(RSD%)*** (RSD%)**
90/10 89.9 99.8+0.4 1.0 10.1 101.443.9 6.8
50/50 49.3 98.6+2.1 2.2 50.7 101.4+0.9 1.4
10/90 9.3 92.6+4.3 6.7 90.7 100.8+0.5 0.6
*NL of water, sugar, and Terpy with sphingosine backbone

**Mean+SD, N=3

***Relative standard deviation, calculated from three different days with 9 different samples
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Table 4.3, The relative quantification results of different acyl chains on GSLs with the constants

from HexCer(d18:1/18:0).

HexCer(d18:1/16:0)

%GlcCer/%GalCer ‘jfl_czsjr Accuracy (%)* :j‘é;g;l(;ii Accuracy (%)*
() °
100/0 98.9 98.9+0.2 1.1 Not applicable
80/20 80.1 100.2+0.6 19.7 98.7+0.8
50/50 49.6 99.1+0.4 50.4 100.9+0.4
20/80 22.6 113.0+£3.2 77.2 96.5+2.1
0/100 1.8 Not applicable 98.2 98.1+0.5
HexCer(d18:1/18:1)
100/0 106.4 106.4+0.1 <0 Not applicable
80/20 82.1 102.7+2.1 17.9 89.4+1.4
50/50 53.3 106.6+1.9 46.5 93.0+1.9
20/80 20.5 102.3+5.8 79.5 99.4+8 .4
0/100 2.5 Not applicable 97.5 97.5+0.2
*Mean+=SD
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Table 4.4, The normalized %area for quantifying HexCer(d18:1/16:0) and the quantification
results.

Normalized %A from HexCer(d18:1/16:0)

NL of Terpy loss NL of others
100% of GSLs SD
(%, NL215 + NL233) (%, NL18+NL162+NL443)
GlcCer(d18:1/16:0) 39.9 60.1 0.12
GalCer(d18:1/16:0) 915 8.5 0.29

Analytical Performance (N=3)

16:0 ratio
Accuracy Accuracy
%GlcCer/ Avg_Cal %GlcCer Avg_Cal %GalCer
(%0)* (%0)*
%GalCer
Not
100/0 100 100.0+0.2 0 )
applicable
80/20 82.3 102.9+0.6 19.2 96.1+0.8
50/50 50.2 100.4+0.4 49.8 99.6+0.4
20/80 214 107.0+3.4 78.4 98.0+2.6
Not
0/100 0 _ 100 100.0+0.5
applicable
*Mean+SD
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Table 4.5. The normalized %area for quantifying HexCer(d18:1/18:1) and the quantification
results.

Normalized %A from HexCer(d18:1/18:1)

NL of Terpy loss NL of others
100% of GSLs SD
(%, NL215 + NL233) (%, NL18+NL162+NL443)
GlcCer(d18:1/18:1) 35.9 64.1 0.05
GalCer(d18:1/18:1) 91.2 8.8 0.12

Analytical Performance (N=3)

18:1 ratio
Accuracy Accuracy
%GlcCer/ Avg_Cal %GlcCer Avg_Cal %GalCer
(%0)* (%0)*
%GalCer
Not
100/0 100 100.0+0.1 0 )
applicable
80/20 78.2 97.7+2.1 22.9 114.5+1.4
50/50 49.9 99.9+1.8 50.1 100.1+1.8
20/80 17.2 86.215.6 82.8 103.4+7.9
Not
0/100 2.5 _ 100 10.0+£0.2
applicable
*Mean+=SD
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Table 4.6, The relative quantitation results of the profiled cerebrosides from porcine brain extract.
(N=3)

HexCer Avg Cal_Glc (%) Avg Cal_Gal (%) SD
d18:1/14:0 ND 99.7 0.9
d18:1/16:0 10.9 89.1 0.8
d18:1/18:1 ND 106.7 2.0
d18:1/18:0 ND 99.5 1.9
d18:1/20:0 1.3 98.7 0.5
d18:1/22:0 0.9 99.1 0.2
d18:1/23:0 ND 100.3 0.0
d18:1/24:1 ND 102.0 0.5
d18:1/24:0 ND 100.8 1.5
d18:1/26:1 ND 100.7 0.5
d18:1/26:0 ND 101.9 0.5

ND: non-detectable, indicated the calculated percentages < 0, or < SD.
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Table 4.7. The summary table of the absolute quantification results from both low concentration
and high concentration spiking test (N=3).

Avg_Cal GalCer(d18:1/18:0) (ng mg™) SD

High spiked 1.98 0.10
Low spiked 1.82 0.08
Avg (N=6) 1.90 0.13
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4.8 Scheme and Figures

R,: C4’ axial

R: C4' equatorial

(R5, R3) = (H, OH) : glucosyl-
(OH, H) : galatosyl-

R; =H: lyso-GSLs (HexSph)
R, = Fatty acyl group : Cerebrosides (HexCer)

Figure 4.1. The common structure of glycosphingolipids (GSLs) in the mammalian system.
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Scheme 4.1. The gas-phase ion/ion reaction between deprotonated GSLs and [Mg(Terpy)2]*".
Note that the multiple structures that solvate the Mg>* ion can contribute. However, the mixture
of structures differs for the two diastereomers.
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Figure 4.2. The CID spectra of protonated and deprotonated HexSphs. (a) The CID spectrum of
[GlcSph+H]*. (b) The CID spectrum of [GlcSph—H]". (c) The CID spectrum of [GalSph+H]". (b)
The CID spectrum of [GalSph—H]".
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Figure 4.3. The comparison of the CID spectra between glycosphingosine after gas-phase ion/ion
reaction. (a) The post-ion/ion reaction spectrum of HexSph anion with Mg(Terpy): cation. (b) The
CID spectrum of the [GlcSph—-H+ MgTerpy]* (m/z 717.4) . (c) The CID spectrum of the [GalSph—
H+MgTerpy]" (m/z 717.4). The values inside the parenthesis indicate the neutral loss. The
lightning bolt () signifies collisionally activated precursor ion. The solid circle (®) indicates the
mass selection in the negative ion mode analysis and the black and white squares (m/0) indicate

the positive ion mode analysis with and without mass selection, respectively.

147



O

c

-H,0

100, -
ES B
8 g
& [GlcCer+H]* §
=] 4 ]
g 50 [ g
. 2
2 / 2
5 -sugar N 5
& | J &
100 200 300 400 500 600 700
(b) m/z (d)
100. -sugar
g g
g 8
= c
R 3
c =
2 5o [GlcCer-H]- 3
< <
2 ~ g
= &5
3 -4:}3 2
100 200 300 400 500 600 700

m/z

-H,0
100
[GalCer+H]*
'Y
50 :
-sugar P
100 200 300 400 500 600 700
m/z
100 -sugar
[GalCer-H]-
50 -443 o
-H,0
‘._.\
-sph _
o '
100 200 300 400 500 600 700
m/fz

Figure 4.4. The CID spectra of protonated and deprotonated cerebrosides. (a) The CID spectrum
of [GlcCer(d18:1/18:0)+H]*. (b) The CID spectrum of [GlcCer(d18:1/18:0)-H]". (c) The CID
spectrum of [GalCer(d18:1/18:0)+H]*. (d) The CID spectrum of [GalCer(d18:1/18:0)-H] .
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Figure 4.5. The comparison of the CID spectra between cerebrosides after gas-phase ion/ion
reaction. (a) The CID spectrum of the [GlcCer(d18:1/18:0)-H+MgTerpy]" complex (m/z 983.6)
generated via gas-phase ion/ion reaction between singly deprotonated GlcCer anion and
[Mg(Terpy)2]%*. (b) The CID spectrum of the [GalCer(d18:1/18:0)-H+MgTerpy]* complex (m/z
983.6) generated via gas-phase ion/ion reaction between singly deprotonated GalCer anion and
[Mg(Terpy)2]%*. The values inside the parenthesis indicate the neutral loss. The lightning bolt ( )
signifies collisionally activated precursor ion. The solid circle (@) indicates the mass selection in
the negative ion mode analysis and the black and white squares (m/0) indicate the positive ion
mode analysis with and without mass selection, respectively.
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Figure 4.6. (a) The structure of Mg(Terpy-Cl). (b) The CID spectrum of the [GlcCer(d18:1/18:0)—
H+Mg(Terpy-CD)]* complex (m/z 1017.6). (c) The CID spectrum of the [GlcCer(d18:1/16:0)—
H+Mg(Terpy-Cl)]* complex (m/z 989.5). (d) The CID spectrum of the [GlcCer(d18:1/16:0)-
H+Mg(Terpy-Cl)]* complex (m/z 1003.5).

150



(a) [GlcCer(d18:1/18:0)-H]- [GlcCer-H+Mg]*
IIRXN with [Mg(Terpy),** 75*0.5
[GlcCer-H+Mg(Terpy)]* O~

— 100 glierpy ~

3\3_ CID (all)/isolation !

@ |
E [GlcCer-H+Mg]* |
1

e ¢ 452.3 512.3 !

3 50- (-298 = -Sph and C,H,0,) (-238 = -Sph) 4

< v, P

1] AN it

2 ~ e

=] N ’

[} N ’

E .

: T

. . _ 1 4 ‘ .
100 200 300 400 500 600 700 800
m/z

(b) [GalCer(d18:1/18:0)-H]" 452.3

IIRXN with [Mg(Terpy),J?* (-298 = -Sph and C,H,0,)
L4
[GalCer-H+Mg(Terpy)]* P

Q 1007 ciD {aﬂ}/:'so.faﬁong pY) - >12.3

-‘-’a- ---- (-238 = -Sph)

2 [GalCer-H+Mg]*

% ciD

= [GalCer-H+Mg]*

S 50 750.5

o N

2

E 'H20

o x

(v \

- - - L [ fe ol " Ll - _\A‘ .
100 200 300 400 500 600 700 800

m/z

Figure 4.7. (a) MS?® product ion spectrum of [GlcCer(d18:1/18:0)-H+Mg]" (m/z 750.5) derived
from Terpy loss from [GlcCer(d18:1/18:0)-H+MgTerpy]™. (b) MS® product ion spectrum of
[GalCer(d18:1/18:0)-H+Mg]" (m/z 750.5) derived from Terpy loss from [GalCer(d18:1/18:0)—
H+MgTerpy]".
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Figure 4.8. MS?® product ion spectrum of [GlcCer(d18:1/18:0)-H-+Mg(Terpy)—162]" (m/z 821.6)
derived from sugar loss from [GlcCer(d18:1/18:0)-H+MgTerpy]".
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Figure 4.9. The CID spectra of the [HexSph — H + MgTerpy]* complex with different molar ratios
of lyso-GSLs in the sample. The lightning bolt (') signifies collisionally activated precursor ion.
The blue triangle (A) indicates the fragment ion from NL of sugar and the green stars (7) indicate
the fragment ion from NL of Terpy ligand. Yellow box are the fragment ions mostly from the

sphingosine chain/sugar head group.
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Figure 4.11. The CID spectra of the [HexCer —H + MgTerpy]* complex with different molar ratios
of cerebrosides in the sample. The lightning bolt (#) signifies collisionally activated precursor
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Figure 4.12. The correlations between calculated %HexCer and spiked %HexCer. (a)
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Figure 4.13. The CID spectra of the [HexCer(d18:1/16:0) -H + MgTerpy]® and
[HexCer(d18:1/18:1) — H + MgTerpy]* complex with different molar ratios in the sample. The
lightning bolt (') signifies collisionally activated precursor ion. The blue symbols indicates the
group of fragment ions from NL of other ions, including triangle (A, NL of sugar; @, NL of water;
and @, NL of 443), and the green stars (7*) indicate the fragment ion from NL of Terpy ligand.
Yellow box are the fragment ions mostly from ceramides chains.
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Figure 4.14. The CID spectra of [HexCer — H + MgTerpy]+ from the profiled cerebrosides in the
total cerebroside extracts from porcine brain. (a) HexCer(d18:1/16:0). (b) HexCer(d18:1/18:1). (c)
HexCer(d18:1/20:0). (d) HexCer(d18:1/22:0). (e) HexCer(d18:1/23:0). (f) HexCer(d18:1/24:1). (g)
HexCer(d18:1/24:0). (h) HexCer(d18:1/26:1). (i) HexCer(d18:1/26:0).
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Figure 4.14 continued

(d) [HexCer(d18:1/22:0)-H]- NL Terpy
lon/ion reaction with [Mg(Terpy).J** 806.7 824.7
100 [HexCer-H+Mg(Terpy)]* (‘233‘L (-215)
S el NL Sugar
3 877.7
c
< (-162)
c
3 50
<
.g 596.4 -H,0
".i.' (-443)
2 \
o
| . l L l‘ A1 . L '
200 400 600 800 1000 1200
m/z
(e) [HexCer(d18:1/23:0)-H]" NL Terpy
lon/ion reaction with [Mg(Terpy).J** 820.7 838.7 NLs
_ N _ . ugar
100 [HexCer-H+Mg(Terpy)] ( 233)‘\ (-215) 8917
< CiD (alf) (-162)
s
(%]
c
©
o°
c
2 50
<
.g 610.4 -H,0
5 (-443) \
o
o
! _ L L N ‘L 1 » N _ .4 )
200 400 600 / 800 1000 1200
m/z
(f) [HexCer(d18:1/24:1)-H]- NL Terpy
lon/ion reaction with [Mg(Terpy),J**
cren i attery 8327 8507
_ + _ _ ugar
100 . [HexCer-H+Mg(Terpy)] ( 233)‘\ (-215) 903.7
9 €D (all) 16l2
3 (-162)
c
©
o
c
2 50-
<
.g 622.4 -H,0
% (~443)
\
; - I = L - - |/ .
200 400 600 800 1000 1200
m/z

159



Figure 4.14 continued
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Figure 4.15. The single standard spiking strategy for absolute quantitation of GSLs in total brain
extract. (@) The CID spectrum of the [HexCer(d18:1/18:0)-H+MgTerpy]* complex (m/z 983.6)
without spiking any standard. (b) The CID spectrum of the [HexCer(d18:1/18:0)-H+MgTerpy]*
complex with spiking low concentration of GlcCer(d18:1/18:0). (c) The CID spectrum of the
[HexCer(d18:1/18:0)-H+MgTerpy]™ complex with spiking high concentration of
GlcCer(d18:1/18:0). The values insides the parenthesis indicate the neutral loss. The lightning bolt
() signifies the location of the fully depleted precursor ion. The solid circle (@) indicates the
mass selection in the negative ion mode analysis and the black and white squares (m/0) indicate
the positive ion mode analysis with and without mass selection, respectively.
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CHAPTERSS. IN-DEPTH STRUCTURAL CHARACTERIZATION AND
QUANTIFICATION OF CEREBROSIDES AND GLYCOSPHINGOSINES
WITH GAS-PHASE ION CHEMISTRY

Adapted with permission from Chao, H.-C., and McLuckey, S. A. Anal. Chem. 2021, 93, 19,
7332—7340. Copyright 2021 American Chemical Society.

Abstract

Cerebrosides (n-HexCer) and glycosphingosines (n-HexSph) constitute two sphingolipid
subclasses. Both are comprised of a monosaccharide head group (glucose or galactose in
mammalian cells) linked via either an alpha- or beta- glycosidic linkage to the sphingoid backbone
(n = a or B, depending upon the nature of the linkage to the anomeric carbon of the sugar).
Cerebrosides have an additional amide-bonded fatty acyl chain linked to the sphingoid backbone.
While differentiating the multiple isomers (i.e., glucose vs. galactose, a- vs. B-linkage) is difficult,
it is crucial for understanding their specific biological roles in health and disease states. Shotgun
mass spectrometry has been a powerful tool in both lipidomics and glycomics analysis but is often
limited in its ability to distinguish isomeric species. In this this chapter, we exteneded the previous
strategy using shotgun mass spectrometry with gas-phase ion chemistry to achieve both
differentiation and quantification of isomeric cerebrosides and glycosphingosines. Briefly, [n-
HexCer—H] or [n-HexSph—H], are reacted with [Mg(Terpy)2]?* in the gas phase to produce [n-
HexCer—H+MgTerpy]" or [n-HexSph—H+MgTerpy]*. CID of the product cations leads to
significant spectral differences between the two groups of isomers, a-GalCer, B-GlcCer, and B-
GalCer for cerebrosides, and a-GlcSph, a-GalSph, -GlcSph, and B-GalSph for glycosphingosines,
which allows for isomer distinction. Moreover, we describe a quantification strategy using
normalized %Area extracted from selected diagnostic ions to quantify three isomeric cerebroside
or four isomeric glycosphingosine mixtures. Furthermore, CID of the product ions resulting from
443 Da loss from the ([n-HexCer—-H+MgTerpy]®) is performed and demonstrated for localizing
the double bond position on the amide-bonded monounsaturated fatty acyl chain in the cerebroside
structure. The proposed strategy was successfully applied to the analysis of total cerebroside
extracts from the porcine brain providing in-depth structural information of cerebrosides from a

biological mixture. (Scheme 5.1)
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5.1 Introduction

Cerebrosides (HexCer) and glycosphingosines (HexSph) constitute two subclasses of
glycosphingolipids. Both are comprised of a monosaccharide head group and a sphingoid base
backbone, while HexCers also have a fatty acyl chain that links to the base with an amide bond.!
In mammalian systems, the de novo synthesis pathway generates most of the glycosphingolipids
(GSLs) with either glucose or galactose as the head group. The sugars are linked to the sphingoid
backbone via a beta-glycosidic linkage (B-linkage) or an alpha-glycosidic linkage (a-linkage), with
the former dominating in mammalian cells.?® Due to the difficulty of differentiating isomers, they
are usually reported as a single cerebroside, thereby preventing the recognition of possible
differences in function of the isomers in a biological system.*®

Advances in analytical techniques have led to some strategies for the differentiation of the
diastereomerism between glucose and galactose head group on lipids, including liquid
chromatography coupled with mass spectrometry (LC-MS)’! and shotgun mass spectrometry.1?
13 The former methods usually require long separation times while the latter requires offline sample
pretreatment steps. Recently, our group reported a shotgun mass spectrometry approach employing
gas-phase ion/ion chemistry to differentiate and quantify diastereomeric pairs of
glycosphingosines and cerebrosides in binary mixtures without recourse to condensed-phase
derivatization. The reaction of deprotonated glycosphingolipids, [GSL—H]", with magnesium-
terpyridine complex dications, [Mg(Terpy)2]?*, leads to complex cations, [GSL—H + MgTerpy]*,
that generate different fragmentation patterns upon ion-trap collisional-induced dissociation (CID),
providing the ability to unambiguously identify diastereomeric pairs and their relative
compositions in the mixtures.4

In recent decades, attention has been drawn to a-linked cerebrosides for their roles in
mediating the immune system in various models.’® Alpha-galactosylceramides (a-GalCer), for
example, have been demonstrated to be a substrate for type I natural killer T cells that could be
used for regulating innate immunity by activating the costimulatory signals with both NKT cells
and dendritic cells.!®*” This makes a-GalCer a potential drug motif for the immunotherapy of
different autoimmune diseases and cancers.’® Therefore, while the natural de novo synthetic
pathway of GSLs in mammals strongly disfavors a-glycosidic linked GSLs,® differentiation of
the anomeric a- and - glycosidic linkages may be needed for various biomedical studies. We

show below how an a-glycosidic linked GSL can be used as an internal standard for the absolute
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quantitation of isomeric 3-glycosidic linked GSLs. Most of the studies that have involved a-GalCer
identification relate to synthesis, wherein nuclear magnetic resonance (NMR) was used for the
characterization of the products.?®-?> However, it is often a challenge for NMR to analyze complex
matrices often associated with biological samples (e.g., cell extracts). Recently, cryogenic gas-
phase infrared (IR) action spectroscopy has been demonstrated to be able to distinguish anomeric
glycosidic linkages in glycolipids. However, this requires both incorporation of specialized IR
techniques with mass spectrometry and post-acquisition spectra fitting.?® Therefore, a simple mass
spectrometry based strategy that can directly probe the anomeric glycosidic bond is needed.

Several strategies to differentiate the anomericity of the glycosidic bonds via mass
spectrometry have been described. Most of the methods include cationization by different metal
ions, such as alkali metal ions,?*2° alkaline earth metal ions,?® and transition metal ions,?”? in
which the fragmentation patterns yield different results after the activation of the metal ion-
saccharide complexes. Salpin et al., for example, reported a lead ion adduction method in which
the CID spectrum of [Pb(disaccharide)-H]" gave different base peaks and fragmentation
fingerprints from different glycosidic linkages.?® The specific ion type, [Pb(disaccharide)-H]", is
analogous to the charge-inverted complex cations from the gas-phase ion/ion reaction described
herein. However, addition of metal salts to the sample solution often leads to variations in yields
and increased complexity of the mass spectrum, which may cause additional analytical problems.
Moreover, none of the above methods demonstrated the ability to identify different glycosidic
linked isomers in a mixture.

Quantifying isomeric mixture components presents a further challenge. To our knowledge,
there are no reported methods for differentiating and quantifying both a- and B-glycosidic linkages
and their different head groups simultaneously for cerebrosides and glycosphingosines with
shotgun mass spectrometry. Therefore, in this work we describe a shotgun mass spectrometry
strategy using ion chemistry to chemically modify both cerebroside and glycosphingosine ions in
the gas phase to differentiate stereoisomers and achieve both relative and absolute quantification
with a single spiking test that requires less use of analytical standards.

In addition to the structural complexities associated with the saccharide head groups in
glycosphingolipids, the amide-bonded fatty acyl chain can add to the overall challenge of fully
characterizing the lipid species. For example, reports have suggested that signaling functions of

sphingolipids are related to fatty acyl chain length.3%3! In the case of unsaturated fatty acyl chains,
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locating the double bond can be particularly challenging. The different fatty acyl side chains (i.e.,
chain length and degree and location of unsaturation) have also been shown to influence the effect
of a-GalCer on immune response.® Previous reports have demonstrated the use of reversed-phase
LC-MS to differentiate the fatty acyl chain, but the poor ability for differentiating hydrophilic
groups hinders the distinction of the monosaccharide head group.®** Besides orthogonal
separation techniques, various dissociation methods including ultraviolet photodissociation
(UVPD)®* and ozone induced dissociation (OzID)3-*® have been demonstrated to identify the
double bond position of the unsaturated fatty acyl chain in glycosphingolipids. Using gas-phase
ion chemistry coupled with ion-trap CID, our group has also presented the ability to identify the
double positions in various lipid classes, including fatty acids,*-%° glycerolphospholipids,**? and
fatty acid esters of hydroxy fatty acids.*® Therefore, in this work we also demonstrate that gas-
phase ion chemistry coupled with tandem mass spectrometry (MS?) can differentiate the double
bond position on the amide-bonded monounsaturated fatty acyl chain in cerebrosides. Overall, we
present a shotgun strategy that couples gas-phase ion/ion chemistry with ion-trap CID to provide
in-depth structural information (Figure 5.1) and the relative composition of cerebrosides and

glycosphingosines in mixtures.

5.2 Experimental
5.2.1 Materials

All lipid standards and total cerebrosides extract (porcine brain) were purchased from
Avanti Polar Lipids, Inc (Alabaster, AL). Magnesium chloride (MgCl>) and 2,2';6',2"-terpyridine
(Terpy) were purchased from Sigma-Aldrich (St. Louis, MO). MS-grade water and methanol
(MeOH) were purchased from Fisher Scientific (Pittsburgh, PA).

5.2.2 Sample Preparation

Solutions of cerebrosides and glycosphingosine standards were prepared in MeOH to a
final concentration of 0.01 mg/mL. MgCl> and Terpy were mixed in methanolic solution with 1:1
(molar ratio) to a final concentration of ~50 pM for the metal-ligand complex.?’ For relative
quantification, different ratios of isomeric cerebrosides or glycosphingosine solutions were

prepared, holding the final lipid concentration at 0.01 mg/mL. For total cerebrosides extract
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analysis, 1 mg of purified extract powder was dissolved in 1 mL of methanol as the stock solution
and stored at —20°C before use. Prior to analysis, the lipid extract was diluted with MS grade
MeOH to a final concentration of 0.01 mg/mL.

5.2.3 Mass Spectrometry

All experiments were performed on a TripleTOF 5600 quadrupole time-of-flight mass
spectrometer (SCIEX, Concord, ON, Canada) that has been modified for ion/ion reactions.*
Alternately pulsed dual nano-electrospray ionization (nESI) allows for the sequential injection of
anions and cations.*® The experimental procedures were similar to reported previously.!* In short,
lipid anions ([GSL—H]") and metal-ligand reagent dications ([Mg(Terpy)2]**) were alternately
generated via nESI, mass-selected in Q1, and transferred to g2 for mutual storage (10-30 ms).
Sequential resonance ejection ramps in g2 were used to mass-select targeted ion/ion reaction
product ions for MS" experiments.*® lon-trap CID was performed under the following conditions:
g=0.2, AC amplitudes = 0.115V (n-HexCer complex); 0.078V (n-HexSph complex), activation
time = 150 ms, and the CAD gas pressure set at 8 (estimated to be 8 mtorr). Mass analysis was

performed via orthogonal acceleration time-of-flight (TOF).

5.2.4 Dissociation Kinetic Study

The dissociation rate experiments were conducted with dipolar direct current (dipolar DC,
DDC) activation of the ions. Dipolar DC was implemented as previously reported.*’ After the
charge-inverted cerebroside complex cation was produced and isolated in the g2 cell, a fixed
amplitude of DDC, at 20V, was applied to opposing rods with various times, including 50, 100,
150, 200, and 250 ms. The RF voltage for the q2 cell was fixed at the value for which m/z 100 was
at q = 0.908 (low-mass cutoff = m/z 100) for the DDC broadband activation. The integrated areas
under the curves of the precursor complex cation ([n-GalCer(d18:1/16:0—H + Mg(Terpy)]+) were
extracted and normalized to the total ion count (TIC) through the whole collected m/z range. A
total of three replicates were tested at each time point. The kinetic plot was plotted with the
logarithm of the mean of the normalized areas versus times (ms). Linear regression analyses were
performed, and the reported p-value of the difference between the slope was tested with a modified

student t-test via Microsoft Excel.
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5.2.5 Analytical Performance Evaluation.

The analytical performance was evaluated for accuracy, repeatability, and inter-day
precision. Various cerebroside mixtures (a-GalCer(d18:1/16:0)/B-GlcCer(d18:1/16:0)/B-
GalCer(d18:1/16:0)) with different molar ratios, including 1/0/0, 0/1/0, 0/0/1, 1/1/0, 1/0/1, 0/1/1,
and 4/3/3 with a total cerebroside concentration of 0.01 mg mL-1 were prepared. Five replicates
were used for the evaluation of the analytical performance. Glycosphingosine mixtures (o-
GlcSph/a-GalSph/B-GlcSph/B-GalSph) with different molar ratios, including 1/0/0/0, 0/1/0/0,
0/0/1/0, 0/0/0/1, 1/1/0/0, 1/0/1/0, 1/0/0/1, 0/1/1/0, 0/1/0/1, 0/0/1/1, 0/1/2/2, 1/0/2/2, 2/2/1/0, 2/2/0/1,
and 1/1/1/1 were also prepared and three replicates were used for evaluation. The accuracy was

calculated based on the following equation 5.1:

Calculated percentage of the GSL

Accuracy (%) = X 100% (eq. 5.1)

Theroetical percentage of the GSL

The repeatability was expressed by the standard deviation of the calculated accuracy (n =
3 or 5). For inter-day precision, the individually prepared samples at different concentration ratios
(n =3 or 5) were analyzed on three non-consecutive days. Inter-day precision was calculated using

equation 5.2:

Standard deviation of the calculated percentage of the GSL
Mean of the calculated percentage of the GSL

(eq.5.2)

Inter — day Precision (%RSD) =

5.2.6 Absolute Quantification

To achieve absolute quantification, a single amount of a-GalCer(d18:1/16:0) was spiked
into an aliquot of the total cerebrosides solution. In brief, a total of 1pL of 0.001 mg mL! of a-
GalCer(d18:1/16:0) was added to a 99 pL aliquot of the cerebrosides solution. Three replicates
were used to calculate the percentage of the all cerebroside isomers in the samples, and further
back-calculated the absolute concentration in the total cerebrosides extracts solution using the
known spiked amount of a-GalCer(d18:1/16:0) via equations 5.3 and 5.4:
(eq.5.3)

%B—GlcCerspikeq X a—GalCergpiked

— GlcCer =
B Sample % a—GalCerspiked

%B—GalCergpiked X a—GalCerspiked

B — GalCergampie = (eq.5.4)

%a—GalCerspiked
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where all the concentrations were expressed in ug mL-1, and can further back-calculate the
amount of the cerebrosides in the total extract in the unit of ng mg-1. %a-GalCer, %p-GlcCer, and

%p-GlcCer were the calculated percentages from the relative quantification.

5.3 Results and Discussion

5.3.1 Differentiation of Glycosidic Linkages and Monosaccharide Head Group of
Cerebrosides via Gas-Phase Ion Chemistry

In the previous chapter (chapter 4) and report, an ion/ion reaction shotgun tandem mass
spectrometry strategy to identify the diastereomeric pairs of cerebrosides in binary mixtures has
been reported.'* In summary, after producing the cerebroside complex cation, [HexCer—H +
MgTerpy]", via ion/ion reaction and subjecting it to ion-trap CID, specific diagnostic product ion
spectra from both [GlcCer—H+MgTerpy] " and [GalCer—H+MgTerpy]” were generated allowing us
to differentiate and quantify the diastereomeric pair in the sample (Figure 4.5). In this chapter, we
further extend this strategy to investigate the ability of gas-phase chemistry (i.e., ion/ion reaction
followed by CID) to differentiate the anomericity of the glycosidic linkages in cerebrosides.
Figure 5.2 shows the gas-phase ion/ion reaction results and the mass spectra after ion-trap CID of
the charge-inverted cerebroside complex cations, [0-GalCer(d18:1/16:0)-H+MgTerpy]™ (m/z
955.6), [B-GlcCer(d18:1/16:0)-H+MgTerpy]" (m/z 955.6), and [B-GalCer(d18:1/16:0)—
H+MgTerpy]" (m/z 955.6). We note that an a-glucosylceramide analytical standard was not
commercially available at the time of this report, and therefore, our data only examines a-
galactosylceramide. Paralleling previous observations, we observed that product ions with neutral
loss (NL) of a single Terpy ligand (m/z 740.6, NL = 233 Da) and its subsequent water-adducted
product (m/z 722.6, NL = 215 Da) show the highest abundances in the CID spectrum of [B-
GalCer(d18:1/16:0)-H+MgTerpy]* (Figure 5.2d), and neutral loss of water (m/z 937.6) and neutral
loss of 443 Da (Figure 5.3, m/z 512.3) are more prominent upon CID of [B-GlcCer(d18:1/16:0)—
H+MgTerpy]"™ (Figure 5.2¢). It was also noticeable that neutral losses associated with the sugar
(NL = 162 Da and NL = 180 Da) are more significant in the CID spectrum of [B-
GlcCer(d18:1/16:0)-H+MgTerpy]* than that of [B-GalCer(d18:1/16:0)-H+MgTerpy]”. Figure
5.2b shows an even more significant loss of sugar in the CID spectrum of [a-GalCer(d18:1/16:0)—
H+MgTerpy]", and there is almost no neutral loss of Terpy observed in the a-linked cerebroside

CID spectrum.
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The ease with which the Terpy ligand is lost from a given complex ion is related to how
well the cerebroside can stabilize the Mg?* ion and therefore reflects the interactions of the
cerebroside with the MgTerpy?" adduct. In the previous chapter, we noted that the different
orientations of the hydroxyl groups on the C3’ and C4’ positions on the sugar head group leads to
differences in the stabilization of Mg?*, and therefore propensities for the loss of the Terpy ligand
for the two B-isomers (compare Figures 5.2¢ and 5.2d).'* The a-galactosylceramide has a similar
C3’-C4’ orientation to that of the B-galactosylceramide but no Terpy loss was observed from the
a-galactosylceramide complex (compare Figure 5.2b to Figure 5.2d). Therefore, it is apparent
that the two anomeric anions (viz., [a-GalCer—H] and [B-GalCer—H]") interact with the
MgTerpy** adduct in distinct ways.

Therefore, we measured the dissociation kinetics of the two charge-inverted
galactosylceramide complex cations under a common set of activation conditions to determine
their relative kinetic stabilities (see section 5.2.4 for the description of the dissociation rate
measurement). Figure 5.4 shows that the [B-GalCer(d18:1/16:0)-H+MgTerpy]® complex is
significantly less stable (i.e. it fragments at a 4-5x greater rate) than the [a-GalCer(d18:1/16:0)-H
+ MgTerpy]” complex. Furthermore, the comparison of Figures 5.2b and 5.2d shows that the two
complexes differ dramatically in the Terpy loss fragmentation pathway (i.e., Terpy loss dominates
for CID of [B-GalCer(d18:1/16:0)-H+MgTerpy]"~ whereas it is absent in the case of [o-
GalCer(d18:1/16:0)-H + MgTerpy]"). The B-GalCer(d18:1/16:0) anion clearly stabilizes the Mg?*
ion more than does the o-GalCer(d18:1/16:0) anion thereby facilitating Terpy loss. This
observation reflects the fact that cation interaction effects can play a major role in the dissociation
of carbohydrate ions.*® The distinct product ion spectra from the ion-trap CID of the charge-
inverted cerebroside complex cations allow us to empirically differentiate the anomeric
configuration of the glycosidic linkages between a- and B-, as well as the diastereomerism from

the monosaccharide head group, glucose and galactose.

5.3.2 Differentiation of Glycosidic Linkages and Monosaccharide Head Group of
Glycosphingosines via Gas-Phase Ion Chemistry

The same complexity of anomericity and diasteromericity can be found in
glycosphingosines, making the analysis more challenged. Again, from the previous chapter

(chapter 4, section 4.3.1), we have discussed how we differentiate the different monosacchride
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head groups on glycosphingosine by coupling shotgun tandem mass spectrometry and gas-phase
ion/ion reactions. In this section, we will focus on the differentiation of the anomericities among
the glycosphingosine isomers. All four analytical standards, a-glucosylsphingosine (d18:1) (a-
GlcSph), a-galactosylsphingosine (d18:1) (a-GalSph), B-glucosylsphingosine (d18:1) (B-GlcSph),
and B-galactosylsphingosine (d18:1) (B-GalSph), were commercially available. Therefore, we
performed the gas-phase ion/ion reaction with the deprotonated standards ([n-HexSph—H]") and
[Mg(Terpy)2]**, followed by ion-trap CID (Figure 5.5). Analogous to the cerebrosides, the charge-
inverted a-linked glycosphingosine complex cations show almost no Terpy loss upon ion-trap CID
(Figures 5.5a and 5.5b). For [a-GalSph—H + MgTerpy]" (Figure 5.5b), the prominent product ion
at m/z 418 is consistent with sphingoid backbone loss (NL =299 Da). In the case of [a-GlcSph—H
+ MgTerpy]" (Figure 5.5a), the m/z 418 product ion is less abundant and an ion at m/z 400, likely
a water loss following loss of the sphingoid backbone, is observed to be slightly more abundant
than the m/z 418 product. Overall, using the sugar loss, Terpy loss, sphingoid base loss, and water
loss following sphingoid base loss, it is possible to differentiate the four isomers experimentally

via the gas-phase ion/ion reaction coupled with ion-trap CID.

5.3.3 Relative Quantification of the Cerebroside and Glycosphingosine Isomers in mixtures

It is typically challenging to do quantitative analysis with shotgun lipidomics, and it becomes
more complicated with multiple isomers (e.g., more than two isomers). In our previous work, we
demonstrated the use of a gas-phase ion/ion reaction combined with tandem mass spectrometry to
quantify the relative composition of the diastereomeric pairs of both cerebrosides and
glycosphingosines in binary mixtures.'* Here, we extend the strategy to quantify three and four
commercially available isomers from cerebrosides and glycosphingosines, respectively, in a
mixture.

First, the charge-inverted cerebroside complex cations are produced as described above,
followed by ion-trap CID (Figure 5.2). In order to differentiate three isomers in the mixture,
diagnostic product ions mentioned from the previous section were pooled into three classes; Terpy
loss (NL =233 Da and NL =215 Da, NL 233 + NL 215), the ions associated with water and 443
Da loss (NL = 18 and NL = 443 Da, NL 18+NL 443), and the ions related to glycosidic bond
cleavage (neutral loss of sugar, NL = 162 Da and NL = 180 Da, NL 162+NL 180). Commercially
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available isomers, a-GalCer(d18:1/16:0), B-GlcCer(d18:1/16:0), and B-GalCer(d18:1/16:0), were
mixed to prepare various molar ratios among the isomers in the mixtures (section 5.2.2). The CID
spectra of the fully dissociated precursor cation mixtures are provided in Figure 5.6.

To quantify the relative compositions of the isomers in the mixtures, the areas of the
monoisotopic peaks from the diagnostic product ions were extracted and normalized to the total
extracted peaks from the pure-component CID results. Table 5.1 shows the normalized %area (%A)
of the three groups of product ions from fifteen replicates (five replicates per day for three days).
The %A are placed in the following equations to calculate the percentage of three isomers in
unknown samples:

(%O( - Galcerunknown X %ANL Terpy) + (%B - GllCcerunknown X %ANL Terpy)

+ (%P — GalCerynknown X %ANL Terpy ) = Detected %Ay, Terpy

(eq.5.5)
(%o — GalCerypkown X %ANL 18+NL 443) T (%P — GlcCerynknown X %A NL 18+NL 443)
+ (%B — GalCerynknown X %ANL 18+NL 443) = Detected %Ay, 18+NL 443
(eq.5.6)
(%o — GalCerypkown X YANL sugar) + (%P — GlcCerynknown X %ANL sugar)

+ (%B — GalCerypknown X %ANL sugar) = Detected %Ay, sugar
(eq.5.7)

The analytical performance in terms of accuracy, repeatability, and inter-day precision were
also evaluated at various molar ratio of the isomeric mixtures (procedures can be found in the
section 5.2.5). Table 5.2 summarizes the relative quantification results with the analytical
performance. The accuracies for relative quantification of the cerebrosides ranged from 94.9 to
105.2% from different molar ratios, with the highest SD around 3.2%. The results suggest the
relative quantitation is achieved with the applied strategy. In addition, the inter-day precisions of
the platform from various molar ratios are all below 5.4% RSD, indicating the relative
quantification results obtained from different days were comparable.

As mentioned at the beginning of this section, increasing the number of isomers in a mixture
complicates quantification with shotgun mass spectrometry. To our knowledge, no examples of
quantifying more than three isomers simultaneously with shotgun lipidomics have been reported.*”:

4951 Therefore, we explored the ability of this strategy to quantify four glycosphingosine isomers,
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a-GleSph(d18:1), a-GalSph(d18:1), B-GlcSph(d18:1), and B-GalSph(d18:1), in the mixture. A
similar strategy from the cerebrosides section was applied. The diagnostic product ions were
chosen based on the previous section and divided into four groups, NL of Terpy (NL 233 + NL
215), NL of sugar (NL = 162 Da), NL of sphingosine backbone (NL of Sph, NL =299 Da), and its
sequential loss of water (NL = 317 Da). Various molar ratios of the four isomers in the mixtures
were analyzed, and changes in relative abundances of the diagnostic product ions from different
mixtures were also observed (Figure 5.7). The extracted the areas of the monoisotopic peak from
the diagnostic product ions were normalized to the total extracted area (Table 5.3). Another set of
equations to quantify the percentage of the four glycosphingosines are shown as follows:

(%o — GleSphypknown X %ANL rerpy) + (%a — GalSphynknown X %ANL Terpy) +

(%B — GleSphyninown X %ANL Terpy) + (%B — GalSphyninown X Y%ANL rerpy) =

Detected %Ay rerpy (€q. 5.8)

(%a — GleSphynknown X %AnL sugar) + (%o — GalSphypinown X %ANL sugar) +
(%B — GleSphynknown X AN sugar) + (%B — GalSphynknown X %ANL sugar) =
Detected %Ay, sugar (€9.5.9)

(%o — GleSphynknown X %AnL spn) + (% — GalSphynknown X %AwL spr) +
(%B — GleSphynknown X %AnL spn) + (%B — GalSphynknown X %ANL spr) =
Detected %Ay, spn (eq. 5.10)

(%o — GleSphynknown X %AnL 317) + (% — GalSphynknown X %Ang 317) +
(%B — GleSphynknown X %An 317) + (%B — GalSphynknown X %AnL317) =
Detected %Ay, 317 (eq. 5.11)

Table 5.4 summarizes the relative quantification results along with the analytical
performances from the analysis of various mixtures. The accuracies for relatively quantifying the
four isomeric glycosphingosines ranged from 84.2 to 114.0%, with the highest SD around 8.0%,
and the inter-day precisions are all below 13.5% RSD. We note that it is crucial to have an accurate
measurement of the relative abundances of the diagnostic ions to obtain accurate quantitative
results. There is a higher variation for the quantification of the four isomers, which is most likely
due to the low percentage from several ion groups in the pure component table (e.g., NL =317 Da

for both a-GalSph and B-GalSph), leading to an approximately 5% error when there is no other
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isomer in the sample. Overall, the above results show the applicability of the strategy to achieve

relative quantification of three cerebroside isomers and four glycosphingosine isomers.

5.3.4 Identification of the Double Bond Position on the Fatty Acyl Side Chain of
Cerebrosides via Gas-Phase Ion Chemistry

In addition to the isomerism arising from the monosaccharide head group, the amide-bonded
fatty acyl chain on the cerebrosides (Figure 5.1) adds to the structural diversity of this lipid class. A
single platform that could provide structural information from both the monosaccharide head
group and the fatty acyl chain would comprehensively cover the isomerism in cerebrosides. We
previously reported a charge switching gas-phase ion/ion reaction strategy to identify the double
bond position(s) on unsaturated fatty acids by reacting a deprotonated fatty acid with tris-
phenanthroline magnesium dications followed by ion-trap CID.*” In brief, the charge-inverted fatty
acid complex cations generate a spectral gap with 12 Da spacing at the corresponding double bond
position upon ion-trap CID.*° This approach, in some cases with some variation in the overall

workflow, has been extended to various classes of lipids containing fatty acyl chains including

41 42

glycerolphospholipids,™ ether glycerolphospholipids,™ and fatty acid esters of hydroxy fatty
acids.®

Instead of the tris-phenanthroline magnesium dication, we used the terpyridine magnesium
dication as the charge switching reagent in the current work because, in the former case, ligand
loss (180 Da) could be confused with one of the sugar neutral loss channels. After CID of the
charge-inverted cerebroside complex cations (Figure 5.2), no abundant product ions directly
reveal fatty acyl chain structural information. We previously proposed the structure of the ion
generated by 443 Da loss (Figure 5.3)!* to be similar in structure to a charge-inverted fatty acid
complex cation.*’ Therefore, another round of ion isolation and CID was performed on the first
generation product ions formed from 443 Da loss. Figure 5.8 shows the MS? result derived from
both B-GlcCer(d18:1/18:0) and B-GlcCer(d18:1/18:1). The product ion spectra of 443 Da loss ions
reveal the informative spectral pattern previously noted for monounsaturated fatty acyl chains. An
informative spectral gap and a 12 Da spacing at the double bond position can be observed in Figure
5.8b whereas saturated a fatty acyl chain only shows 14 Da spacings among the fragmented ions

(Figure 5.8a). The standard obtained from the vendor suggests a double bond at the n-9 position

on the fatty acyl chain, which agrees with our result. As expected, there is no significant difference
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between the MS® spectra from analytical standards of B-GlcCer(d18:1/18:1(n-9)) and P-
GalCer(d18:1/18:1(n-9)) (data not shown). The above results demonstrate the ability to identify
double bond position from the amide-bonded monounsaturated fatty acyl side chain on
cerebrosides using the gas-phase charge inversion ion/ion reaction with deprotonated cerebroside

anions and terpyridine-magnesium dication.

5.3.5 Analysis of Total Cerebroside Extract from Porcine Brain

The strategy described here was applied to total cerebroside extracts from porcine brain. In
the previous chapter, we profiled 14 different cerebrosides in the extracts (Table 4.6).1* As
indicated above, a-linked cerebrosides are present in bacteria or can be synthetic products but they
are not prominent in mammalian systems.!’® We therefore focused on the only available
commercial a-linkage cerebroside standard, a-GalCer(d18:1/16:0), and its corresponding isomers
in the brain extracts. Figure 5.9 shows the CID spectra of the m/z 955.6 precursor ion before and
after spiking a-GalCer(d18:1/16:0) into the sample, and the top panel from Table 5.5 summarizes
the relative quantities of the isomers in the sample. The pre-spiked results of the relative
compositions of B-GlcCer(d18:1/16:0) and p-GalCer(d18:1/16:0), which were 11.9% and 89.3%,
respectively, agreed with the results reported in chapter 4 (10.9% and 89.1%, Table 4.6). After
spiking a-GalCer(d18:1/16:0) into the sample, the percentages among the three isomers change
but the molar ratio for the two non-spiked isomers, B-GlcCer(d18:1/16:0) and p-
GalCer(d18:1/16:0), remained the same, which is 0.133 (B-GlcCer(d18:1/16:0) to pB-
GalCer(d18:1/16:0)), suggesting that the spiking test would still be able to reflect their original
relative composition, and to accurately quantify as low as 2% of the isomer. The result
demonstrates the applicability of using the gas-phase ion chemistry to differentiate and quantify
the three cerebroside isomers in the biological extract.

In addition to relative quantification, we also attempted to perform absolute quantification
with this isomer species. By applying equations 5.3 and 5.4, we can back-calculate the absolute
quantity of B-GlcCer(d18:1/16:0) and B-GalCer(d18:1/16:0) after spiking the known amount of a-
GalCer(d18:1/16:0). Table 5.5 also shows the results of absolute quantification. This approach
uses a-GalCer(d18:1/16:0) as an internal standard that is absent in the non-spiked sample. If all
three isomers were to be present in the original sample, modification of the strategy would be
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needed (e.g., two-point spiking test with a revised equation set.) The proposed strategy has the
advantage that it requires only a single analytical standard (i.e., a-GalCer(d18:1/16:0)) for the
isomeric cerebroside group to achieve absolute quantification, thereby avoiding the need for a
calibration curve for each isomer.

We also probed double bond position of selected cerebrosides from the porcine brain
extract. Three cerebrosides that we profiled with a monounsaturated fatty acyl chain, including p-
GalCer(d18:1/18:1), B-GalCer(d18:1/24:1), and B-GalCer(d18:1/26:1), were further subjected to
MS? experiments for the identification of the double bond position. Figures 5.10 and 5.11 show
the CID spectra, and the bottom panel from Table 5.5 summarizes the results. Two of the
cerebrosides, f-GalCer(d18:1/18:1) and 3-GalCer(d18:1/26:1), proved to be dominated by a single
component with unsaturation at the n-9 and n-6 positions, respectively. In the case of -
GalCer(d18:1/24:1), de novo spectral interpretation suggests the presence of two major
components with unsaturation at either the n-8 or n-9 positions. The difference between the CID
spectra from the standard of B-GalCer(d18:1/24:1(n-9)) (Figure 5.11a) and the corresponding
isomer(s) from the brain extract sample (Figure 5.11b) suggest that, while the the n-9 isomer is
present, another isomer with unsaturation at n-8 is also there. However, there is no analytical
standard for B-GalCer(d18:1/24:1(n-8)) to allow for a clear validation of this result. We also did
not profile any cerebrosides from the brain extracts or find standards with more than one double

bond on the amide-bonded fatty acyl chain.

5.4 Conclusions

In this chapter, we demonstrated a shotgun tandem mass spectrometry approach involving
gas-phase ion/ion chemistry and ion trap CID to provide in-depth structural information from both
cerebrosides and glycosphingosines. The gas-phase ion/ion reaction between deprotonated
cerebrosides ([n-HexCer—H]") and [Mg(Terpy).]** leads to charge-inverted complex cations, [n-
HexCer—H + Mg(Terpy)]*. lon trap CID of these ions yields distinctive product ion spectra for
the three isomers, a-GalCer, B-GlcCer, and B-GalCer. The same [Mg(Terpy)2]** reaction with
deprotonated glycosphingosines derived from four isomers, a-GlcSph, a-GalSph, B-GlcSph, and
B-GalSph, also forms charge-inverted complex cations. Subsequent CID of these cations allows
for each isomer to be identified and profiled. This strategy enables the distinction of
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monosaccharide head group diastereomers and anomeric glycosidic linkage to the sphingoid
backbone. Moreover, relative quantification of three isomeric cerebrosides and four isomeric
glycosphingosines mixtures is achieved by analyzing the normalized %area from the diagnostic
product ions. The analytical performance for the quantification in terms of accuracy, repeatability,
and inter-day precision is also reported.

The ion/ion reaction followed byion trap CID strategy has been extended to locate the double
bond position on the cerebroside amide-bonded fatty acyl chain. The site of unsaturation in a
cerebroside’s fatty acyl chain can be identified via an informative spectral gap and a characteristic
12 Da spacing at the double bond in an MS2 experiment on the 443 Da loss ion generated from the
MS? experiment of the cerebroside. A total cerebroside extract from porcine brain was subjected
to these approaches. By spiking a known amount of a-GalCer(d18:1/16:0) into the extract as an
internal standard, it is possible to generate both relative and absolute quantities of the p-
GlcCer(d18:1/16:0) and B-GalCer(d18:1/16:0) isomers in the extract. Finally, we identified the
sites of double bond location in four cerebrosides in the porcine brain extract with
monounsaturated fatty acyl chains, including -GalCer(d18:1/18:1(n-9)), p-GalCer(d18:1/24:1(n-
8)), p-GalCer(d18:1/24:1(n-9)), and B-GalCer(d18:1/26:1(n-6)). However, a lack of calibration
standards is a complication for quantifying cerebrosides with isomeric monounsaturated amide-
bonded fatty acyl chains, and for identifying sites of unsaturation when multiple double bonds are

present.
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5.7 Tables

Table 5.1. The normalized %area from the pure components of cerebroside isomers.

NL of Terpy NL of water+443

NL of sugar
100% CB (%, NL215+NL (%, NL18+NL SD*
(%, NL 162 + NL 180)
233) 443)
a-GalCer(d18:1/16:0) 0.2 56.3 43.5 0.03
B-GlcCer(d18:1/16:0) 41.6 49.1 93 0.2
B-GalCer(d18:1/16:0) 90.7 7.3 2.0 0.1

*Standard deviation (SD) is obtained from the %A group with the lowest percentage.
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Table 5.2. The results of quantification of the three cerebroside isomers and the analytical performance of the mixture analysis.

Inter-day Inter-day Inter-day
Molar ratio Accuracy Accuracy Accuracy
Cal_%AA Precision Cal _%BC Precision Cal BA Precision
AA/BC/BA* (%)** (Y)** (Y%)**
(%RSD)*** (%RSD)*** (%RSD)***
Not Not Not Not
1/0/0 100.2  100.2 +0.7 2.0 ND* . _ 0.2 _ _
applicable  applicable applicable  applicable
Not Not Not Not
0/1/0 0.12 101.0  101.0+£0.7 4.4 ND*
applicable  applicable applicable  applicable
Not Not Not Not
0/0/1 ND* . . 1.4 . _ 99.1 99.1 £ 0.6 0.9
applicable  applicable applicable  applicable
Not Not
1/1/0 47.5 94.9+2.0 3.6 52.6 105.2+3.2 3.9 ND* . .
applicable  applicable
Not Not
1/0/1 49.7 99.47+1.9 5.4 0.7 _ . 496  99.1+1.1 2.5
applicable  applicable
Not Not
0/1/1 ND* 50.9 101.7 £2.1 53 493 98719 4.7
applicable  applicable
4/3/3 40.0 100.0+ 1.5 2.4 32.2 103.0+2.4 2.4 279  96.7+0.8 3.1

*AA stands for a-GalCer, BC stands for B-GlcCer, and BA stands for B-GalCer in the table. *Not-detectable

**Mean+SD, N=5; ***Relative standard deviation, calculated from three different days with 9 different samples.



Table 5.3. The normalized %area from the pure components of glycosphingosine isomers

NL of
NL of Terpy NL of sugar  NL of Sph
100% Sph+water
(%, NL 215+ NL 233, (%, NL 162, (%, NL 299, SD*
HexSph (%, NL 317,
m/z 502 + m/z 484) m/z 555) m/z 418)
m/z 400)
a-GlcSph
0.2 79.6 5.9 14.2 0.01
d18:1
a-GalSph
0.7 59.6 39.5 0.2 0.01
dis:1
B-GlcSph
14.8 62.4 18.4 4.3 0.8
d18:1
p-GalSph
88.3 8.6 29 0.2 0.01
d18:1

*Standard deviation (SD) is obtained from the %A group with the lowest percentage (N=12).
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Table 5.4. The results of quantification of the four glycosphingosine isomers and the analytical performance of the mixture analysis.

Molar ratio ACU PRE ACU PRE ACU PRE ACU PRE
Cal_%AC Cal_%AA Cal _%BC Cal BA
AC/AA/BC/BA# *% wekk *% *h% %% %k %% ek
100.0 £
1/0/0/0 100.0 50 1.8 ND* NAS NA ND* NA NA ND* NA NA
100.0 £
0/1/0/0 ND* NA NA 100.0 57 2.8 ND* NA NA ND* NA NA
100.0 &
0/0/1/0 ND* NA NA ND* NA NA 100.0 sq 6.1 ND* NA NA
100.0 &
0/0/0/1 ND* NA NA ND* NA NA ND* NA NA 100.0 0.3
1119+ 95.6 £
1/1/0/0 559 4.1 47.6 6.9 ND* NA NA 0.7 NA NA
2.5 3.5
96.7 + 100.6 +
1/0/1/0 48.3 5.6 0.7 NA NA 50.3 9.4 ND* NA NA
2.3 6.2
114.0 £ 99.2 +
1/0/0/1 57.0 4.6 4.5 NA NA ND NA NA 49.7 2.4
2.05 1.0
94,7 + 104.8 +
0/1/1/0 ND NA NA 47.2 04 7.4 52.4 04 13.5 0.6 NA NA
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Table 5.4 continued

97.5+ 111.8 +
0/1/0/1 2.1 NA NA 48.7 4.5 ND NA NA 56.1 1.9
2.8 1.0
105.5 + 93.0+
0/0/1/1 1.0 NA NA ND NA NA 52.8 34 46.6 23
2.6 0.6
109.0 = 98.7 + 104.5 +
1/0/2/2 21.8 53 ND NA NA 39.3 10.2 42.1 7.0
4.3 4.4 0.6
97.5+ 104.9 + 98.6 +
0/1/2/2 1.9 NA NA 19.5 8.4 42.5 6.1 39.5 52
2.8 2.9 0.5
106.9 + 90.8 + 104.7 £
2/2/1/0 42.8 4.1 36.0 3.8 21.7 10.8 ND NA NA
1.4 2.1 8.0
109.2 + 84.2 £ 100.7 £
2/2/0/1 43.7 5.8 34.1 4.9 ND NA NA 20.0 9.6
1.0 3.1 3.8
103.6 + 953+ 109.6 + 915+
1/1/1/1 25.9 2.8 24.0 3.9 27.0 5.9 23.0 4.1
24 4.3 4.9 1.1

*AC stands for a-GlcSph, AA stands for a-GalSph, BC stands for B-GlcSph, and BA stands for B-GalSph in the table. *Not-detectable
**ACU stands for accuracy which is reported as mean+SD, (%,N=3); ***PRE stands for interday precision which is reported as relative
standard deviation (%RSD), calculated from three different days with 9 different samples. $ Not applicable, the percentage supposed to
be 0)



Table 5.5. The analytical results of the cerebroside isomers in total brain extract.

Quantification of Cerebroside Isomers

Relative Quantification
Calculated Calculated Calculated
Test (N=5)
a-GalCer (%)* B-GlcCer (%) B-GalCer (%)
Non-spiked test ND** 119128 89.3+21
n-HexCer
Spiked test 80.1+1.6 2.2+ 0.6 16.60+ 1.6
(d18:1/16:0)
Absolute Quantification (N=5)
Calculated p-GlcCer Calculated p-GalCer
ng mg-l*-k-k ng mg-l
279+ 6.6 209.8 + 24.2

Profiled Cerebrosides with Monounsaturated Fatty Acyl Chain

Fatty acyl chains

Profiled p-GalCer o ] Double bond position
(sphingoid backbone/side ) ] ]
(total carbon number) ) (amide bonded side chain)
chain)
36:2 d18:1/18:1 n-9
42:2 d18:1/24:1 n-8 and n-9
44:2 d18:1/26:1 n-6

*Mean + SD. ** Not-detectable. ***The concentrations of cerebrosides are expressed as per mg

brain extract.

186



5.8 Scheme and Figures
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Scheme 5.1. Graphical abstract of chapter 5.
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Figure 5.1. The general structures of glycosphingosines and cerebrosides with the possible
isomeric positions within the structure.
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Figure 5.2. The comparison of the CID spectra among cerebrosides after gas-phase ion/ion reaction. (a) The post-ion/ion reaction
spectrum of cerebroside anion with [Mg(Terpy)2]*" cation. (b) The CID spectrum of the [a-GalCer—H+MgTerpy]" (m/z 955.6). (c) The
CID spectrum of the [B-GlcCer—-H+MgTerpy]" (m/z 955.6). (d) The CID spectrum of the [B-GalCer—-H+MgTerpy]” (m/z 955.6). The
values inside the parenthesis indicate the neutral loss. The lightning bolt ( #) signifies the collisionally activated precursor ion. The solid
circle (@) indicates the mass selection in the negative ion mode analysis and the black and white squares (m/00) indicate the positive ion
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Figure 5.3. The proposed structures of neutral loss of 443Da ion from both [n-GlcCer(d18:1/18:0)-H+Mg(Terpy)]" (left) and [n-
GlcCer(d18:1/18:1)-H+Mg(Terpy)]* (right.)
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Figure 5.4. The dissociation kinetic plot of isomeric charge-inverted galactosylceramide complex
cations. Error bars are express with standard deviation (n=3). The p-value between the two slope
is < 0.01 indicating the significantly different rate constant between the two complex cations. (The
procedure for the dissociation rate measurement is provided in section 5.2.4)
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Figure 5.5. The comparison of the CID spectra among glycosphingosines after gas-phase ion/ion reaction. (a) The CID spectrum of the
[a-GlcSph-H + MgTerpy]* (m/z 717.4). (b) The CID spectrum of the [a-GalSph—-H + MgTerpy]" (m/z 717.4). (c) The CID spectrum of
the [B-GlcSph—-H + MgTerpy]™ (m/z 717.4). (d) The CID spectrum of the [B-GaSph-H + MgTerpy]™ (m/z 717.4). The values inside the
parenthesis indicate the neutral loss. The symbols represent as same as those in Figure 5.2.
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Figure 5.6. The CID spectra of the [n-HexCer(d18:1/16:0-H + MgTerpy]* complex with different
molar ratios (top-left inserts) in the sample. The lightning bolt (#') signifies collisionally activated
precursor ion. The blue circle (®) and diamond () indicate fragment ion from NL of water, and

NL of 443 Da, respectively. The brown triangle () indicates the fragment ion from NL of sugar

and the green stars (+) indicate the fragment ion from NL of Terpy ligand. AA stands for a-
GalCer, BC stands for -GlcCer, and BA stands for -GalCer.
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Figure 5.7. The CID spectra of the [n-HexSph(d18:1)-H + MgTerpy]" complex with different
molar ratios (top-left inserts) in the sample. The lightning bolt (') signifies collisionally activated

precursor ion. The brown triangle (A ) indicates the fragment ion from NL of sugar and the green

stars (&) indicate the fragment ion from NL of Terpy ligand. The brown circle (®) indicates the

ion from NL of 299 Da (m/z 418), and red diamond () indicate fragment ion from NL of 317 Da
(m/z 400), respectively. AC stands for a-GlcSph, AA stands for a-GalSph, BC stands for 3-GlcSph,
and BA stands for f-GalSph
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Figure 5.8. The identification of double bond position from the monounsaturated fatty acyl side
chain on cerebrosides. (a) The CID spectrum of 443 Da loss ion from [f-
GlcCer(d18:1/18:0)-H+MgTerpy]". (b) The CID spectrum of 443 Da loss ion from [pB-
GlcCer(d18:1/18:1 (n-9))-H+MgTerpy]". The inserts are the zoom-in spectra of m/z region ranged
from 350 to 500. The red dashed line signifies the special spectral gap pointing the double bond
position. The symbols represent as same as those in Figure 5.2.
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Figure 5.9. The standard spike test for quantitation of cerebroside isomers in total brain extract.
(@) The CID spectrum of the [n-HexCer(d18:1/16:0)-H + MgTerpy]* complex (m/z 955.6) without
spiking any standard. (b) The CID spectrum of the [HexCer(d18:1/18:0) — H + MgTerpy]" complex
with spiked a-GalCer(d18:1/16:0). The values insides the parenthesis indicate the neutral loss. The

symbols represent as same as those in Figure 5.2.
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Figure 5.10. The identification of double bond position from the monounsaturated fatty acyl side
chain on cerebrosides in porcine brain sample. (a) The CID spectrum of 443 Da loss ion from [j-
(b) The CID spectrum of 443 Da loss ion from [B-

GalCer(d18:1/18:1(n-9))-H+MgTerpy]".

GalCer(d18:1/26:1 (n-6))-H+MgTerpy]". The insert in Figure 5.10a is the zoom-in spectrum of
m/z region ranged from 350 to 500. The red dashed line signifies the special spectral gap pointing
the double bond position. Other symbols represent as same as those in Figure 5.2.

197



314

(a) 508 —482~454~426~398 370342
5 4684401412 384 L3sgl-3728 °|.__
2 .

]
22} .
241_494 g
— Hh'“'“x.,_h_ﬂ
468 f’ P
[MgTerpy+OH]* Il i
1007%/" 292 = 5225\\/ \[/
5 [MgTerpy+OH+H,0]* : .: 574 g [E-Ga..Cer{d18:1,’24:1[n-9})—|—1]_
3 s . | ! l HRXN with [Mg(Terpy),**
.'E 1 328 370 398 454 ! O [B-GalCer-H+Mg(Terpy)]*
5 - i ! H H I falt)fisolation
2 1 i i
1 314 o i .
; ! H 1426 . [B-GalCer-H+Mg(Terpy)-443Da]* (m/z 622)
= ! :’ ! ! 622 a
i |l 34%55 384 ' 412i440 ! {
" . LL[LL,.I | 4 i Mo
260 360 46‘? 560 660
m/z
=508
(b) E 482454426398 ~370~342~314
1
Py ~ﬁ£=\ EIT\I:’ \t/ “\\/HIH:
522 Laggl-468L-440L412L384 L3sel 328 ﬂ
524 i
— H"‘“‘-N
468 496 = \| = ‘*[
[MgTerpy+0H]* ! N )\ 1) ]
; 4941 508 S = S
274 292 a1 U0 522/
g 100 [MgTerpy+OH+H,0]° i s LJ [B-GalCer(d18:1/24:1)-H]-
] + 482 E l l HRXN with [Mg{Terpy),F*
-'E | 328 370 398 4.54 } Lo A [B-GalCer-H+Mg(Terpy)]*
5 50 ( | H | CID (ali)/isolation
3 ! b :
% i 314 I ' A [B-GalCer-H+Mg(Terpy)-443Da)* (m/z 622)
% | l E :41;1 &6‘140 : \ézz “
o 342 384 "' !
o«
m ]l l3?6[ l Llll I L L \ e | 1 n i L1
260 360 45? 560 660
m/z

Figure 5.11. The identification of double bond position from the monounsaturated fatty acyl side
chain on B-GalCer(d18:1/24:1) from the analytical standard and porcine brain extract. (a) The CID
spectrum of 443 Da loss ion from [B-GalCer(d18:1/18:1(n-9))-H+MgTerpy]" from analytical
standard. (b) The CID spectrum of 443 Da loss ion from [B-GalCer(d18:1/18:1)-H+MgTerpy]*
from porcine brain extract. The inserts are the zoom-in spectra of m/z region ranged from 460 to
550. The red dashed line signifies the special spectral gap pointing the double bond position and
the green dashed line indicates another 12 Da spacing from porcine brain sample. Other symbols
represent as same as those in Figure 5.2.
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CHAPTER 6. MANIPULATION OF ION TYPES VIA GAS-PHASE
ION/ION CHEMISTRY FOR THE STRUCTURAL CHARACTERIZATION
OF THE GLYCAN MOIETY ON GANGLIOSIDES

Adapted with permission from Chao, H.-C., and McLuckey, S. A. Anal. Chem. 2021, 93, 47,
15752-15760. Copyright 2021 American Chemical Society.

Abstract

Gangliosides are the most abundant glycolipid among eukaryotic cell membranes and
consist of a glycan head moiety containing one or more sialic acids and a ceramide chain. The
analysis of the glycan moieties among different subclass gangliosides, including GM, GD, and GT
gangliosides, remains a challenge for shotgun lipidomics. In this chapter, we investigated the
derivatization strategy using gas-phase ion/ion reactions, which provide rapid ways to manipulate
the ion-types of precursor ions, and, in conjunction with CID, allows for the elucidation of the
structures of the glycan moieties from gangliosides. In addition to the enhancement of structural
characterization, gas-phase ion chemistry leads to a form of purification of the precursor ions prior
to CID by neutralizing isobaric or isomeric ions with different charge states but with similar or
identical m/z values. To demonstrate the proposed strategy, both deprotonated GM3 and GM1
gangliosides ((GM—H]") were isolated and subjected to reaction with [Mg(Terpy)2]%*. The post-
reaction product spectra showed the elimination of possible contamination, illustrating the ability
of charge-switching derivatization to purify the precursor ions. Isomeric differentiation between
GDla and GD1b was achieved by sequential ion/ion reactions, that CID of [GD1-H+Mg]* shows
diagnostic fragment ions from the isomers. Moreover, isomeric identification among GT1a, GT1b,
and GT1c was accomplished while performing a gas-phase magnesium transfer reaction and CID.
Lastly, the presented workflow was applied to ganglioside profiling in a porcine brain extract. In
total, 34 gangliosides were profiled among only 20 precursor ion m/z values by resolving isomers.
Furthermore, the fucosylation site on GM1 and N-glycolylneuraminic acid conjugated GT1
isomers was identified. Relative quantification of isomeric two GD1a/b pairs was also achieved
using pure component product ion spectra coupled with a total least squares method. The results
demonstrate the applicability and strength of using shotgun MS coupled with gas-phase ion/ion

chemistry to characterize the glycan moiety structures on different subclasses of gangliosides.
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6.1 Introduction

Gangliosides are a type of glycolipid composed of a hydrophilic glycan head moiety that
contains one or more sialic acids and a hydrophobic ceramide chain (Figure 6.1), are the most
abundant glycolipids on eukaryotic cell membranes®. Gangliosides in cell membranes are strongly
associated with lipid rafts, which are thought to serve as anchors to stabilize the lipid-protein
interactions on the membrane, and can be used as indicators of the cell membrane dynamics.?3
Gangliosides are also rich in the central nervous systems (CNS) and provide more than 75% of the
sialic acid in the mammalian brain, serving as the dominant glycan source, in contrast with other
organs and tissues where glycans are mostly from glycoproteins.* Therefore, gangliosides play
essential roles in the CNS for both cell signaling and intercellular interactions.®> Many reports have
suggested that imbalances in ganglioside levels are correlated with both neurodegenerative and
neurodevelopmental diseases, such as Alzheimer’s disease,®’ Parkinson’s disease,®® and
Huntington’s disease'%!,

Gangliosides can be further classified into GM, GD, and GT series, which correspond to the
numbers of sialic acids on the glycan. The isomeric linkage arising from the sialic acids, N-
acetylneuraminic acid (NeuAc), and how they are linked to the glycan chain lead to further sub-
classifications (e.g., GD1la/b, and GTla/b/c, Figure 6.1).2> The biosynthetic pathways of
gangliosides diversify the structures of the glycan moiety on gangliosides.* Unambiguously
differentiating the isomers of gangliosides is a daunting analytical challenge that leads many
reports to forego differentiation and simply group the isomers from biological samples.41
Therefore, a method to differentiate isomeric gangliosides in biological samples is of interest.

Mass spectrometry (MS) has been used to analyze gangliosides for decades. Particularly,
soft-ionization methods like matrix-assisted laser desorption/ionization (MALDI) have aided in
ganglioside analysis. Specifically, isobars and isomers of gangliosides have been separated by
thin-layer chromatography preceding MALDI-MS analysis.!”*® However, other strategies to
differentiate isomeric pairs using only MS analysis have also been developed, particularly for
GDlaand GD1b, using MALDI. For example, Ivleva et al. applied a partial cooling strategy during
the desorption/ionization process, resulting in sodiated GD1a and GD1b having different relative
fragment intensities.® In another report, Ito et al. used negative ion atmospheric pressure-MALDI
coupled with a MS" switching strategy to differentiate the isomeric gangliosides, showing that

GD1la and GD1b have characteristic product ions.?® This method required the generation of
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specific ion-types, which could be challenging and would likely require careful matrix selection
to produce the correct ion-type (e.g., [M—H]™ or [M+Na]*).1* 2! Further, the preparation steps are
complicated by requiring different wash procedures prior to analysis.?? Therefore, most of the
MALDI-MS reports still utilize the positive ion mode neglecting to resolve isomeric species.

Electrospray ionization (ESI) is also used in ganglioside analysis. ESI is usually coupled
with liquid chromatography (LC) prior to mass spectrometry.? Both reversed-phase (RP) and
hydrophilic interaction liquid chromatography (HILIC) have been applied to ganglioside analysis,
with the former usually separating the different gangliosides based on their carbon number?* and
the latter providing the ability to separate isomeric glycan head moieties.?® Hajek et al. optimized
a HILIC platform that can partially separate isomeric GD1a/b and their respective carbon numbers
simultaneously, which is powerful for profiling gangliosides from biological matrixes.?® Recently,
two-dimensional (2D) chromatography methods, combining RP with either HILIC or normal
phase LC, have been developed for lipidomics analysis to improve coverage.?’?° Si et al.
developed a 2D chromatography method that coupled supercritical fluid chromatography and
RPLC that expanded the number of profiled gangliosides in the sample.®® These LC-MS methods
enable isomeric separation, but are time consuming.

On the other hand, shotgun ESI-MS lipidomics approaches have the advantage of short
analysis time, but often struggle to differentiate isomers. Recently, Sabru et al. coupled a shotgun
approach with ion mobility mass spectrometry (IMS) to separate various classes of gangliosides
in the gas phase.®! Moreover, high-resolution IMS, using the structures for lossless ion
manipulations (SLIM) approach, has demonstrated the capability of separating sodiated GD1a/b
isomers in positive ion mode,*? and the same GD series and GT1a/b/c isomers in negative ion
mode. Tandem mass spectrometry was used to validate the isomeric structures.

In addition to the IMS method mentioned above, other pure gas phase approaches including
dissociation methods, such as ultraviolet photo-dissociation®* and electron-induced dissociation,
have been shown to generate backbone cleavages within the glycan head moieties, allowing for
the differentiation of isomers. Recently, our group has developed shotgun MS strategies involving
gas-phase ion/ion chemistry and MS" to differentiate isomeric lipids®6-2° and glycosphingolipids.*®-
41 Gas-phase ion/ion chemistry allows for the transformation of targeted ions into different charge
states or derivatized product ions.*? Therefore, ion-types can be readily manipulated for various

purposes.*®> The MALDI-MS work indicated that sodium cationization can be helpful for the
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structural determination of gangliosides. However, the most sensitive ESI conditions generate
deprotonated gangliosides ((M—nH]"", where n is related to the number of sialic acids on the glycan
moiety),** which do not fragment under conventional CID conditions in ways that allow for isomer
differentiation. Sodiated ions could be generated by adding sodium salts, but salt addition could
adversely affect the ionization efficiency, which may further impact the sensitivity and complicate
the spectrum.*>*” Gas-phase ion/ion chemistry provides a way to modify the ion type without
affecting the solution or ionization conditions. Moreover, by using a pulsed dual spray system,
reagents can be quickly interchanged, providing rapid and ready access to the different ion-types
required to interrogate gangliosides.”® In this work, we focused on using gas-phase ion/ion
reactions to generate the targeted ion types for the structural elucidation of a wide range of
gangliosides, including GM3, GM1, GD1, and GT1. We demonstrated the capability of applying
various gas-phase ion chemistries to reduce interferences and differentiate isomeric species. The

described workflow was also successfully applied to biological extracts

6.2 Experimental
6.2.1 Materials

All ganglioside extracts were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Sodium chloride (NaCl), magnesium chloride (MgCl.), 2,2';6',2"-terpyridine (Terpy), 4’-Chloro-
2,2',6'2"-terpyridine (Terpy-Cl), 4,4°,4”’-tri-tert-butyl-2,2";6',2"-terpyridine (ttb-Terpy), and
proton sponge (N, N, N’, N’'-tetramethyl-1,8-naphthalenediamine, PrS) were purchased from
Sigma-Aldrich (St. Louis, MO). MS-grade methanol (MeOH) and LC-grade chloroform (CHsCl)
were purchased from Fisher Scientific (Pittsburgh, PA).

6.2.2 Sample Preparation

Stock solutions of different classes of ganglioside extracts and total gangliosides extract
(porcine brain) were prepared in MeOH/CHCl3 (v/v, 50/50) to a concentration of 0.5 or 1 mg-mL"
! and stored at —80 °C. Before the analysis, the stock solutions were diluted using the same
MeOH/CHCIs solvent to 0.01mg mL™. For total ganglioside extract analysis, 1 mg of extract
powder was dissolved in 1 mL of MeOH/CHCI3 (v/v, 50/50) as the stock solution and stored at
—80°C before use. Prior to analysis, the lipid extract was diluted with MS grade MeOH to a final
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concentration of 0.05 mg mL™. MgCl, or NaCl and differebt Terpy reagents were mixed in
methanolic solution with 1:1 (molar ratio) to a final concentration of ~50 uM for the metal-ligand
complex. Proton sponge powder was dissolved in MeOH with the stock concentration at 1 mM,

and then spiked into the metal-terpy complex solution with a final concentration of 20 uM.

6.2.3 Mass Spectrometry

All experiments were performed on a TripleTOF 5600 quadrupole time-of-flight mass
spectrometer (SCIEX, Concord, ON, Canada) that has been modified for ion/ion reactions.*
Alternately pulsed dual nano-electrospray ionization (nESI) allows for the sequential injection of
anions and cations.*® Ganglioside anions (e.g., [GM—H] or [GT—3H]*") and metal-ligand reagent
cations (e.g., [Mg(Terpy)2]>*) were alternately generated via nESI, mass-selected in Q1, and
transferred to g2 for mutual storage (10-30 ms). Sequential resonance ejection ramps in g2 were
used to mass-select targeted ion/ion reaction product ions for MS" experiments.>® For GD anions
([GD—2H]*), sequential ion/ion reactions were performed. First, [GD—2H]* was generated via
nESI, and stored in g2. Next, both [PrS+H]* and metal-ligand complex ([Mg(Terpy)2]?*) ions were
generated via alternately pulsed nESI, but only [PrS+H]" was mass-selected in Q1 and transferred
to g2 for mutual storage (10-30 ms). A supplemental AC amplitude of 0.02V p-p at the secular
frequency of the targeted proton transfer product ((GD—H]") was applied during the entire mutual
storage period to park the ion to prevent further neutralization of the anion.® Sequential resonance
ejection ramps in q2°° were then used to mass-select targeted [GD—H] ™ ions and store them in ¢2.
Another pulse from the cation emitter was applied and generated both cations via nESI, and only
the mass-selected metal-ligand complex cation was transferred to q2 for mutual storage (10-30
ms). Further sequential resonance ejection ramps in q2 were used to mass-select targeted ion/ion
reaction product ions for MS" experiments. The total time to complete a full cycle of steps (i.e.,
ion fills, ion isolations, ion/ion reactions, ion activation, and mass analysis) ranged from 0.5 to 0.8

S.
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6.3 Results and Discussion
6.3.1 Analysis of GM Series

The GM series are gangliosides that consist of only one sialic acid (N-Acetylneuraminic
acid, NeuAc) on the glycan moiety. We obtained two different purified GM extracts, GM3 and
GM1, which differ in the total numbers of saccharides on the glycan (Figure 6.1). Data for these
ions is presented here to illustrate the behaviors of the ion types relevant to this work. Singly
deprotonated GM anions ([GM—H]") could be generated via direct negative nESI. We first mass-
selected the ion population for the singly deprotonated GM3, [GM3 C40:1-H]™ (m/z 1235.8) and
performed ion-trap CID of the selected ion population. Figure 6.2a shows the product ion
spectrum of [GM3 C40:1-H], and the insert shows the isolated ion population from the mass
selection. The abnormal isotopic distribution indicates the presence of multiply-charged ions (most
likely doubly charged anions) in the isolated population in addition to the singly deprotonated
GMa3. The appearance of product ions higher in m/z than that of the precursor ion is also consistent
with the presence of multiply-charged ions in the activated ion population. To eliminate mixtures
of charge states, we performed a gas-phase ion/ion reaction between the isolated anion population
shown in the Figure 6.2a insert with [Mg(Terpy)2]?*. Importantly, singly deprotonated ions
undergo charge inversion, yielding singly charged complex cations, while the doubly-charged ions
are effectively neutralized and are not observed in the resulting product ion spectrum. Two charge-
inversion product cations were observed from this reaction, including [GM3 C40:1-H+Mg]" (m/z
1259.8) and [GM3 C40:1-H+MgTerpy]® (m/z 1492.8) (Figure 6.3). CID of [GM3
C40:1-H+MgTerpy]* (m/z 1492.8) ion resulted in Terpy loss to yield the [GM3 C40:1-H+Mg]"
cation (Figure 6.2b). After another round of CID of the [GM3 C40:1-H+Mg]* (m/z 1259.8) ion,
a cleaner product ion spectrum (compared with that of Figure 6.2a) was generated (Figure 6.2c),
showing a dominant Y2* ion (—NeuAc, neutral loss (NL) of 291 Da). Much smaller signals
corresponding to losses of 162 (m/z 1097) and 144 Da (m/z 1115) were also observed. We postulate
that these product ions are associated with in-ring fragmentation from the sialic acid (°*Xz, and
45X5, respectively) combined with a CO; or C2H4O (44 Da) loss. X ions and CO2/C2H40 losses
from gangliosides and other glycans are common in product ion spectra generated via various
dissociation techniques.®*3® MS* experiments were performed on both the 162 Da and 144 Da loss

ions (Figures 5.4a and 5.4Db, respectively), and the results show that the dissociation of the 144
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Da loss ion produces an ion of m/z 1097, which is identical to the overall 162 Da loss mentioned
earlier. In addition, MS* results also showed that the 144 Da loss ion and 162 Da loss ion share
some same fragments, indicating they are related.

The same strategy as GM3 analysis is applied for GM1 analysis. Figure 6.5a shows the
CID spectrum of the isolated ion population ([(GM1 C36:1-H]", m/z 1544.9) with the insert
showing the presence of a doubly-charged interferent. The CID spectrum shows some product ions
(transparent blue boxes in Figure 6.5a) from the isolated ion population that could not be
rationalized on the basis of the GM1 structure and presumably arise from the doubly-charged
interfering species. Figure 6.5b shows the CID spectrum of the charge-inverted complex cation,
[GM1 C36:1-H+MgTerpy]" (m/z 1801.9), and Figure 6.5¢c shows CID spectrum of [GM1
C36:1-H+Mg]" (m/z 1568.9). As with the GM1 system described above, loss of the remaining
Terpy ligand dominates Figure 6.5c. Figure 6.5¢ shows three dominant fragment ions, including
water loss, Y2q* (—[Gal-GalNAc], NL of 365), and Y2p* (—[NeuAc], NL of 291) without the low
level unidentified products apparent in Figure 6.5c.

6.3.2 Charge Inversion and Magnesium Cation Transfer Reactions of GM series with
Different Metal-Ligand Complexes

From the previous section, we recognized that the main fragment ion from the charge-
inverted complex cation, [GM—H+MgTerpy]’, is another Terpy ligand loss ((GM—-H+Mg]")
(Figure 6.2b and Figure 6.5b), which is the ion-type giving us the structural information after
CID. From the post-ion/ion spectrum (Figure 6.3), we also can observe [GM3 C40:1-H+Mg]*
was formed right after the charge-inversion ion/ion reaction. Therefore, it shows the potential of
the formation of magnesium transfer cation might be facilitated by the facile loss of the Terpy
ligand after the ion/ion reaction. A single ligand loss is usually observed after the charge inversion
ion/ion reaction in the gas phase, in which the anion accommodates the interaction sites and
replaces the ligand after the reaction.®® “° Therefore, altering the ligand could enhance, or hinder,
magnesium transfer, encouraging the study of different ligands. Figure 6.6b s shows the reaction
between [GM3 C40:1-H] and [Mg(Terpy-Cl)2]**, with more Terpy ligand loss after the reaction
which Terpy is with electron-withdrawing modification (Terpy-Cl). In contrast, when Terpy with
an electron-donating modification is used (ttb-Terpy, Figure 6.6c), no ligand loss is observed. The

results suggest that the ligand loss is related to the binding affinity between magnesium and ligands.
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Figure 6.7 also demonstrates the phenomenon via applying different activation AC amplitudes to
resonance activate all the charge inverted GM3 C40:1 complex cation empirically. The required
amplitudes follow the order of the predicted ionic interaction between the ligand and magnesium
(Mg(Terpy-Cl) < MgTerpy < Mg(ttb-Terpy)).> Using the same substituted ligands as in GM3 for
GML1 reaction, the same trend of the required AC amplitude for activating the charge inverted GM1
C36:1 complex cations as GM1 C40:1 was also observed, validating the hypothesis (Figure 6.8).

6.3.3 Analysis of GD Series.

Unlike the GM series, the GD series contains two sialic acids that can differ in branching
arrangement on the glycan chain, forming two major isomeric gangliosides, GD1a and GD1b
(Figure 6.1). CID was performed on both doubly deprotonated GD ions, [GD1a C36:1—2H]* and
[GD1b C36:1—2H]*". The results show that two unique diagnostic ions are observed in the GD1b
product ion spectrum, namely the Yz and Bz ([2NeuAc—H]") ions (Figure 6.9b), which are
complementary ions from the same cleavage. However, no unique diagnostic ions from GD1a are
observed, leading to ambiguities in ganglioside identification and thus hindering isomeric
discrimination (Figure 6.9a).

To provide isomeric resolution, we first used a proton transfer reaction to reduce the
charge-state of GD anions. Charge reduced GD1 anions ([GD1-H]") were obtained after the
reaction between [GD1—2H]*" and [PrS+H]* (Section 6.2.3) and the results are shown in Figure
6.11a. The product ion spectra of the singly-deprotonated species yielded the same product ions
observed with the dianions (compare Figure 6.11b and 6.11c). The [GD—2H]*" ions obviously
cannot undergo charge inversion using [Mg(Terpy)2]**. We therefore pursued a sequential ion/ion
reaction strategy (Section 6.2.3) involving single proton transfer using protonated proton sponge
to generate the [GD—H]™ ion followed by reaction with [Mg(Terpy)2]** to produce the charge-
inverted complex cation, [GD—H+Mg(Terpy)]*. Sequential ion/ion reactions involving different
reagents have been reported previously with a triple spray ionization system.>® However, we
simplified the three emitter system by mixing Mg(Terpy) and proton sponge and using just two
emitters. By taking advantage of Q1 mass selection, we were able to select a single reagent (i.e.,
protonated proton sponge) for the first reaction, and then with a subsequent pulse on the same
emitter, select a different reagent (i.e. [Mg(Terpy)2]?*) for the charge inversion step.
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As depicted in Figure 6.9, ion-trap CID of the charge inverted complex cation was
performed to produce the magnesium transfer product, denoted [GD C36:1-H+Mg]*. Both GD1a
and GD1b isomers share similar product ions, such as neutral loss of water (NL of 18 Da), one
sialic acid (NeuAc, NL of 291 Da), and the Bs* or B4* ion (the whole glycan moiety, m/z 1294.3)
for GD1a or GDIb, respectively. However, GD1a has a unique diagnostic fragment ion, Y24*ion
(m/z 1203.5, blue box in Figure 6.9c), which corresponds to the loss of the alpha chain from the
glycan moiety (—[NeuAc-Gal-GalNAc], NL of 656). GD1b also has a unique diagnostic fragment,
Y2* ion (m/z 1495.6, green box in Figure 6.9d) formed from the loss of [Gal-GalNAc] (NL of 365
Da) on the alpha chain. The two distinct diagnostic fragment ions permit unambiguous isomeric
differentiation of GD1a and GD1b. We also produced sodiated GD anions, [GD C36:1-2H+Na] ",
via sodium transfer from [Na(Terpy)2]" in a gas-phase ion/ion reaction and the CID results are
shown in Figure 6.12. It is noted that sodiated GD1a and GD1b give different product ions patterns,
in which the former gives intense water and sialic acid losses, and the latter again has a pair of
complementary ions corresponding with the cleavage of two sialic acids. However, unique
diagnostic ions, such as those generated via charge inversion with [Mg(Terpy)2]?*, are more

beneficial for isomeric differentiation in mixture analysis.

6.3.4 Analysis of GT Series

GT gangliosides have three sialic acids on the glycan moiety, and the isomerism in GT is
more diverse (Figure 6.1). However, we were able to obtain only a purified GT1b extract from a
commercial vendor. Therefore, we performed the gas-phase ion/ion reaction only between the
GT1b anions with the reagent cations. The CID spectrum of [GT1b C36:1-3H]*" is shown in
Figure 6.13a. This ion was subjected to the reaction with [Mg(Terpy)2]%*, forming the magnesium
transfer product ion, [GT1b C36:1-3H+Mg] (Figure 6.13b). Figure 6.13c shows the product ion
spectrum after ion-trap CID of the magnesium adducted anion. Comparing it with the CID
spectrum of [GT1b C36:1-3H]* (Figure 6.13a), the magnesium adduct anion gives a diagnostic
ion, Y24* (loss of alpha chain, —[NeuAc-Gal-GalNAc], NL of 656 Da, blue box in Figure 6.13c)
and a potential diagnostic ion, Y2,—NeuAc* (NL of 947), while none of the fragment ions from the
[GT1b C36:1-3H]* provide structurally specific information for GT1b. Additionally, we also
performed CID on [GT1lb C36:1-2H]* and its sodium transferred product ion, [GT1b
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C36:1-2H+Na]™ (Figure 6.15a and 6.15b), neither of which provided specific structural
information for GT1b. We conclude that, of the ion types examined, only the magnesium transfer
product has the potential to differentiate isomeric GT gangliosides. Consequently, we propose a
workflow, summarized in Scheme 6.2, using a range of ion chemistries to comprehensively cover
GM, GD, and GT gangliosides. These chemistries include charge inversion reactions, proton
transfer reactions, cation transfer reactions, and gas-phase dissociation.

6.3.5 Analysis of Total Ganglioside Extracts from Porcine Brain

We adopted the findings discussed above to profile the gangliosides in biological extracts
from porcine brain. A total of 20 m/z values corresponding to 4 GM1, 3 GD, and 13 GT
gangliosides were identified based on their respective masses from LIPIDMAPS. We further
applied the workflow to profile the isomeric compositions of the putative gangliosides. Table 6.1
shows that a total of 34 unique gangliosides were identified among the profiled 20 m/z values.
Among the 4 GM1, we identified two GM1 with fucose (Fuc) conjugations. After CID of the
magnesium transferred products, we were also able to identify that the fucose is linked terminally
to the alpha chain on the glycan moiety via neutral loss of one fucose (Y44, NL of 146 Da) and the
further alpha chain loss Y2a*ion (—[Fuc-Gal-GalNAc], NL of 511), the latter of which shares the
same m/z as the analogous fragment from non-fucosylated GM1. Moreover, the neutral loss of one
sialic acid (Y2p*, —NeuAc, NL of 291) could also be found in the spectrum with the mass shift
according to the fucose mass (Figure 6.16). Therefore, using the charge inversion reaction with
magnesium transfer for profiling the [GM—H]™ series provides the potential to eliminate other
interferences and provides structural information for fucose conjugated GM gangliosides.

Next, we also profiled 5 different GD gangliosides, including 2 isomeric GD1a/b pairs and 1
fucosyl GD1b C38:1. The diagnostic fragment ions, NL of 656 and NL of 365, from both isomeric
pairs matched what we observed in the GD analysis section, corresponding to GD1a and GD1b,
respectively (Figure 6.17a). We observed that the ion with NL of 656 Da has a higher abundance
than the ion with NL of 365, suggesting that GD1a might be present in a higher concentration in
the porcine brain, assuming equivalent ionization efficiencies. To further investigate the isomeric

composition within the porcine brain extracts, we proposed a relative quantification method using
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the Total Least Square (TLS) strategy to match the abundant fragment ions from the isomeric
mixture with the two “pure component” CID spectra.>

To perform the relative quantification of porcine brain extracts, we first analyzed the pure
GD1a or GD1b from the standard mixture. We are able to obtain pure GD1a or GD1b from Q1
mass selection via the instrument. The selected ions were then subjected into g2 for further reaction
and dissociation to produce magnesium transfer product cations, [GD1-H+Mg]*. Next, ion-trap
CID were performed to fully deplete the precursor cation, [GD1-H+Mg]*, obtaining the CID
spectra. We further extracted the peak areas from the monoisotopic peaks of the major fragment
ions and normalized with the total extracted peak area. The normalized results are showed in the
following Table 6.2. Next, the same procedures were performed on the profiled GD gangliosides,
GD1 C36:1 and GD1 C38:1, from the porcine brain sample, and the normalized %area of the
diagnositc fragments are also obtained. The TLS algorithm is then utilized to match the normalized
peak area from the profiled gangliosides from the porcine brain to those corresponding pure
component analyses.>* We then could obtain the percentages from the both isomers in the isomeric
pair to know their relative quantity in the sample. The results suggested that both GD1 C36:1 and
GD1 C38:1 isomeric pairs show a higher GD1a percentage than GD1b, in which the calculated
percentages were 71.7£2.3 % to 24.9+2.1 % for GD1a C36:1 to GD1b C36:1, and 86.2£2.1 % to
13.0+2.3 % for GDla C38:1 to GD1b C38:1 (Table 6.3), which validates our speculation.
However, we could not perform absolute quantification because we could not obtain pure GD1a
and GD1b standards with only a single carbon number. Commercially available purified GD1a
and GD1b extracts contained a mixture of different GD gangliosides with a range of total carbon
numbers on their lipid moieties. Fucosylated GD1b C38:1 was also profiled. The diagnostic Y2,*
fragment ion (—[Fuc-Gal-GalNAc], NL of 511) after CID reveals the loss of the whole alpha chain,
including the conjugated fucose, indicating the fucosylation site on the ganglioside (Figure 6.17b).

We profiled ions of a total of 13 m/z values corresponding to 25 GT gangliosides, including
15 GT1 and 10 N-glycolylneuraminic acid (NeuGc) conjugated GT1 (Gc-GT1). When we
performed ion-trap CID of the magnesium transfer product ion from the GT1 anions, we observed
different fragment ions than from the CID spectrum of the pure GT1b sample described above.
lons with m/z 968 and m/z 894 were both observed in the product ion spectrum, corresponding to
the Bao* ion ([2NeuAc-Gal-GalNAc—3H+Mg]") and Bsg* ([3NeuAc—3H+Mg]") from GTla and

GTlc, respectively (Figure 6.18). These findings suggest that using magnesium cation transfer

209



reactions can be used to profile the three isomeric GT gangliosides. However, we cannot validate
the finding with pure GT1a and GT1c standards. Additionally, the Gc-GT1 gangliosides were also
profiled and also showed a similar trend to the regular GT1 gangliosides. Figure 6.19 shows that
the NeuGc is most likely linked to the alpha chain on the glycan, which might also be the first
sialic acid on that alpha chain because no mass shift is observed from the first sialic acid loss ions
and Ba,* ions ([2NeuAc-Gal-GaINAc—3H+Mg]") from Gc-GTla, but Y2,* ions (—[NeuAc-Gal-
GalNAc], NL of 656) from Gc-GT1b and Bsg* ions ([NeuGc-2NeuAc—3H+Mg] ") from Ge-GTlc
were observed, with the mass shift equaling the mass difference between NeuAc and NeuGc.
Overall, the profiled results are comparable to other reports describing analysis of gangliosides in
porcine brain, but we note that use of magnesium transfer ion/ion reactions can improve coverage

among trace isomeric GT gangliosides.?5 3

6.4 Conclusions

We present a novel shotgun mass spectrometry strategy comprised of various ion/ion
reactions and ion-trap CID to analyze the glycan moieties on different ganglioside subclasses,
including GM3, GM1, GD1, and GTL1. In this work, we observed that magnesium adduction
facilitates structural elucidation of these ganglioside classes. Therefore, a workflow was proposed
to utilize a series of various gas-phase ion/ion reactions for ganglioside analysis. For both GM3
and GM1, a single charge inversion reaction was used to eliminate the possible isobaric dianion
interferences from a mixture, which is beneficial for identifying ganglioside species in a mixture.
Furthermore, the proposed workflow can localize the fucose on the fucosylated GM1 from a
biological extract. A sequential ion/ion reaction approach involving single proton transfer followed
by a charge inversion was applied to the analysis of GD1 gangliosides. Both GD1a and GD1b
show diagnostic fragment ions from the CID of the [GD1-H+Mg]* ion where the loss of the alpha
chain on both GD1a (—[NeuAc-Gal-GalNAc], NL 656) and GD1b (—[Gal-GalNac], NL 365) can
distinguish the isomeric pair. Moreover, like GM1, the fucose position on the GD1 could also be
identified. We extended the strategy via the relative quantification of the isomeric pairs of GD1a/b
C36:1 and C38:1 from porcine brain extracts. Lastly, a magnesium transfer reaction can
differentiate the three isomeric GT1 gangliosides, GT1a, GT1b, and GT1c, wherein each isomer

showed specific diagnostic fragment ions. The proposed workflow was applied to the analysis of
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porcine brain extracts, and a total of 34 gangliosides were profiled across the 20 m/z values
subjected to investigation. The results demonstrate the applicability of utilizing shotgun mass
spectrometry and gas-phase ion/ion chemistry to generate magnesium adducted gangliosides for
elucidating the structural information on the glycan moiety from gangliosides in both purified and
biological extracts. We note that, while beyond the scope of this work, the ion/ion reaction work-
flow described herein can also be compatible with LC and IMS separations. The separation must
take place prior to the ion/ion reaction process in the former case whereas, given the gas-phase
nature of the IMS separation, the use of ion/ion reactions before or after separation is possible in

the latter case.
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6.7 Tables

Table 6.1, Profiled gangliosides from porcine brain using the proposed workflow.

GM1
Carbon Y YZB
Formula [M-H]” [M-H+Mg]*
number (-[Gal-GalNac], —365) (—NeuAc, —291)
36:1 C,H; N0, 15449 1568.9 1203.9 1277.9
38:1 CH;sN,Oy 15729 1596.9 1231.9 1305.9
Fuc-GM1
Y2a
Carbon _ . Y3, Y2B
Formula [M—H] [M—-H+Mg]| (—[Fuc-Gal-GalNac],
number (—Fuc, —146) (—NeuAc, —291)
—511)
36:1 CoH,, N;Oys  1690.9 1714.9 1568.9 1203.9 1423.9
38:1 Gy H ;sN.Oy  1719.0 1742.9 1596.9 1231.9 1451.9
GD1
Carbon F 1 [M—2H]> [M-H] [M—H+Mg]* el GD1b-Y,
ormula - - —H]™ —H+Mg ¢
number ( [NeuAc;%%aé;GalNAc]’ (-[Gal-GalNac], —365)
36:1  C,H,.NO, 9175 1836.0 1860.0 1204.0 1495.0

381  C,H,,NO,, 9315 1864.0 1888.0 1232.0 1523.0




Table 6.1 continued

L1¢

Fuc-GD1
GDl1a-Y,,
Carbon . ~ . GD1b-Y,,
Formula [M—2H] [M—-H] [M-H+Mg|" (—[Fuc-NeuAc-Gal-GalNAc],
number _656) (—[Fuc-Gal-GalNac], —511)
Co2H162N4043
38:1 1004.5 2010.1 2034.0 ND* 1523.0
GT1
GT1a-B4o GT1b-Y2a
Carbon GT1c-Bsp
b Formula [M—3H]*~ [M-3H+Mg]|~ ([2NeuAc-Gal- (—[NeuAc-Gal-
number _ -
GalNAc—3H+Mg]") GalNAc|, —656)  (I3NeuAc—3H+Mgl)

34:1 Co3H161N5047 699.0 2121.0 ND 1465.0 894.2

36:1 CosH165N5047 708.4 2149.0 968.3 1493.0 894.2

36:2 CosH163N5047 707.7 2147.0 ND 1491.0 894.2

38:1 Co7H169N5047 717.7 2177.0 968.3 1521.0 894.2

40:1 Co9H173N5047 727.0 2205.1 ND 1549.1 ND

42:1 C101H177N5047 736.4 2233.1 ND 1577.1 ND

42:2 C101H175N5047 735.7 2231.1 ND 1575.1 894.2

44:1 Ci03H181NsO47  745.7 2261.2 ND 1605.1 ND
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Table 6.1 continued

Gc-GT1
Carbon Gc-GT1a-B4o Gc-GT1b-Y2e Ge-GT1e-Big
Formula [M-3H]*~ [M-3H+Mg]|~ ([2NeuAc-Gal- (—[NeuAc-Gal-
number ([NeuGc-
GalNAc—3H+Mg|) GalNAc], —656) 2NeuAc—3H+Mg|")
36:1 CosH165N5048 713.7 2165.0 ND 1509.0 ND
36:2 Co5H163N5048 713.2 2163.0 968.3 1507.0 910.2
38:2 Co7H167N5048 722.4 2191.0 ND 1537.0 910.2
40:2 Co9H171N504s 731.7 2219.1 ND 1563.1 910.2
42:2 C101H17sNsO4g  741.0 2247.1 968.3 1591.0 ND

*ND: non-detected.



Table 6.2. The normalized %area from the extracted fragment ions from pure GD1 isomers.

Normalized % Area from Each Fragment lon

Carbon

number Water Loss NeuAc Loss GD1b-Y2s  Glycan moiety GDla-Yz,
C36:1
GDl1a 46.7 £ 0.4* 351+0.5 0 11+0.1 7.2+0.1
GD1b 74.5+0.4 15.8+£0.6 3.6+0.2 6.1+0.3 0
C38:1
GDl1a 51.7+0.2 26.4+0.5 0 13.6+£0.3 83+04
GD1b 72.7+0.7 16.2+0.2 4.1+0.1 7.0+04 0

*Mean = SD (n=3).
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Table 6.3. The relative quantification (%) results of the profiled isomeric GD1 in porcine brain.

carbon number GDl1a GD1b Total
36:1 71.7 £2.3% 249+2.1 96.6 +4.4
38:1 86.2+2.1 13.0+2.3 99.2+44

*Mean + SD (n=3).
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6.8 Scheme and Figures

Ceramide Y @ Glucose (Glc) @ N-Acetylneuraminic acid (NeuAc)
GlcCer (Cerebrosides) @-ce--------- Chain %“\/ ST O Galactose (Gal) @ N-Glycolylneuraminic acid (NeuGe)
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Figure 6.1. Structures of gangliosides. The map is drawn based on the de novo metabolic pathway of gangliosides and limited to the
species that are discussed in the current work (GM3, GM1, GD1a/b, and GT1a/b/c). Other profiled gangliosides are the species that we
profiled and identified in the biological samples.
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Figure 6.2. The CID spectra of various ion types of GM3-C40:1. (a) The CID spectrum of [GM3
C40:1-H]". (b) The CID spectrum of [GM3 C40:1-H+MgTerpy]*. (c) The CID spectrum of
[GM3-C40:1-H+Mg]*. The insert in (a) is the zoom-in spectrum (m/z 1225 to 1250) for the
isolated ion population for [GM3 C40:1-H] ", and the insert in (b) is the zoom-in spectrum (m/z
1250 to 1275) for the isolated ion population the [GM3 C40:1-H+Mg]*. The values inside the
parenthesis indicate the neutral loss. The glycan moiety symbols are consistent with those of
Figure 6.1. The lightning bolt signifies the collisionally activated precursor ion. The black and
white circle (@/O) indicate the negative ion mode analysis with and without mass selection,
respectively. The black and white squares (m/0) indicate the positive ion mode analysis with and
without mass selection, respectively. The diamond (#) indicates the ion with Mg?*.
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Figure 6.3. The post-ion/ion reaction spectrum of GM3 C40:1 reacting with [Mg(Terpy)2]?*.
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Figure 6.4. The MS* spectrum of fragment ions from [GM3 C40:1+Mg]". (a) The CID spectrum
from m/z 1097 ion. (b) The CID spectrum from m/z 1115 ion. The top structure shows the proposed
94X, ion and the product ions structures observed in both (a) and (b). The values inside the
parenthesis indicate the neutral loss. The symbols represent as same as those in Figure 6.2. All

ions are with Mg?* adduction
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Figure 6.5. The CID spectra of various ion types of GM1 C36:1. (a) The CID spectrum of [GM1
C36:1-H] . (b) The CID spectrum of [GM1 C36:1-H+MgTerpy]". (c) The CID spectrum of [GM1
C36:1-H+Mg]". The insert in (a) is the zoom-in spectrum (m/z 1535 to 1560) for the isolated ion
population for [GM1-C36:1-H] ", and the insert in (b) is the zoom-in spectrum (m/z 1560 to 1585 )
for the isolated ion population the [GM1 C36:1-H+Mg]*. The glycan moiety symbols are
consistent with those of Figure 6.1. The transparent blue boxes highlight the unknown fragment
ions. The values inside the parenthesis indicate the neutral loss. The symbols represent as same as
those in Figure 6.2.
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Figure 6.6. The post-ion/ion reaction spectra of GM3-C40:1 reacting with different metal-ligand
dications. (a) Reaction with [Mg(Terpy)2]?*. (b) Reaction with [Mg(Terpy-Cl)2]**. (c) Reaction
with [Mg(ttb-Terpy)2]?*. The inserts in each spectrum are the structures of the adducted metal-
ligand to the ganglioside. The symbols represent as same as those in Figure 6.2.
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Figure 6.7. The CID spectra spectra from different GM3 C40:1-metal-ligand complex. (a) The
CID spectrum of [GM3 C40:1-H+Mg(Terpy)]*, AC = 0.09V. (b) The CID spectrum of [GM3
C40:1-H+Mg(Terpy-Cl)]*, AC = 0.07V. (c) The CID spectrum of [GM3 C40:1-H+Mg(ttb-
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to the ganglioside. The symbols represent as same as those in Figure 6.2.
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Figure 6.8. The CID spectra from different GM1 C36:1-metal-ligand complex. (a) The CID
spectrum of [GM1 C36:1-H+Mg(Terpy)]", AC = 0.095V. (b) The CID spectrum of [GM1
C36:1-H+Mg(Terpy-Cl)]*, AC = 0.084V. (c) The CID spectrum of [GM1 C36:1-H+Mg(ttb-
Terpy)]*, AC = 0.153V. The inserts in each spectrum are the structures of the adducted metal-
ligand to the ganglioside. The symbols represent as same as those in Figure 6.2.
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Figure 6.9. Comparison of CID spectra between isomeric GD1a and GD1b with different precursor ion types. (a) The CID spectrum of
[GD1a C36:1-2H]?*". (b) The CID spectrum of [GD1b C36:1-2H]*". (c) The CID spectrum of [GD1a C36:1-H+Mg]". (d) The CID
spectrum of [GD1b C36:1-H+Mg]". The values inside the parenthesis indicate the neutral loss. The glycan moiety symbols are the same
as in Figure 6.1, and the blue/green box in (c) and (d) are the diagnostic fragment ions for GD1a and GD1b isomer, respectively. The
symbols represent as same as those in Figure 6.2. Detailed structure could be found in Figure 6.10.



(a) GD1a C36:1

(b) GD1b C36:1

Figure 6.10. The structures of GD1-C36:1 and the proposed fragmentations. (a) GD1a C36:1. (b)
GD1b C36:1.
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Figure 6.11. The MS spectra of GD1 C36:1. (a) The post-proton transfer reaction mass spectrum
between [GD1 C36:1-2H]* and proton sponge ([PrS+H]"). (b) The CID spectrum of [GD1la
C36:1—-H] with the structure. (c) The CID spectrum of [GD1b C36:1-H] with the structure. The
lightning bolt signifies the collisionally activated precursor ion. The symbols represent as same as
those in Figure 6.2.
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Figure 6.12. The CID spectra of sodium transfer GD1 C36:1 anions. (a) The CID spectrum of
[GD1a C36:1-2H+Na] with the structure. (b) The CID spectrum of [GD1b C36:1-2H+Na]™ with
the structure. The lightning bolt signifies the collisionally activated precursor ion. The black and
white circle (@/O) indicate the negative ion mode analysis with or without mass selection. The %
indicates the ion with sodium (Na*).
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Figure 6.13. The mass spectra of GT1b C36:1. (a) The CID spectrum of [GT1b C36:1-3H]*". (b)
The post-ion/ion reaction CID spectrum of [GT1b C36:1-3H]*" reacting with [Mg(Terpy)2]%*. (c)
The CID spectrum of [GT1b C36:1-H+Mg] . The values inside the parenthesis indicate the neutral
loss. The glycan moiety symbols represent as same in Figure 6.1, and the blue box in (c) is the
diagnostic fragment ion specifically with GT1b isomer. The symbols represent as same as those in
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Figure 6.2. Detailed structure could be found in Figure 6.14.

233

gc

[GT1b €36:1-3H]*" (m/z 708.4)
D

[GT1b €36:1-3H)* (m/z 708.4)
HRXN with [Mg(Terpy),**

[GT1b C36:1-3H+Mg] (m/z 2149.0)

[GT1b C36:1-3H]*" (m/z 708.4)
HRXN with [Mg{Terpy),**

[GT1b C36:1-3H+Mg] (m/z 2149.0)
cip



Figure 6.14. The structures of GT1b C36:1 and the proposed fragmentations.
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Figure 6.15. The CID spectra of different ion types of GT1b C36:1 anions. (a) The CID spectrum
of [GT1b C36:1-2H]*> . (b) The CID spectrum of [GT1b C36:1-2H+Na]". The lightning bolt

signifies the collisionally activated precursor ion. The black and white circle (@®/O) indicate the

negative ion mode analysis with or without mass selection. The % indicates the ion with sodium
(Na"). The structures of the fragment ions are shown in Figure 6.14
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Figure 6.18. The CID spectra of the profiled GD1 C36:1 and Fuc-GD1 38:1 gangliosides from
porcine brain. (a) The CID spectrum of [GD1 C36:1-H+Mg]" (m/z 1859.9), and the structures of
the fragment ions could be found in Figure 6.10. (b) The CID spectrum of [Fuc-GD1
C38:1-H+Mg]" (m/z 2034) and the structure. he symbols represent as same as those in Figure 6.2.
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Figure 6.19. The profiled GT1 C36:1 gangliosides from porcine brain. (a) The structure of GT1a-
C36:1 and the diagnostic ion. (b) The structure of GT1c C36:1 and the diagnostic ion. (c) The CID
spectrum of the profiled [GT1 C36:1-3H+Mg]™ from porcine brain. The labels in black are the

labels from GT1b structure (Figure 6.14). The black and white circle (@/O) indicate the negative
ion mode analysis with or without mass selection. The @ indicates the ion with Mg?*.
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Figure 6.20. The profiled Ge-GT1 C36:2 gangliosides from porcine brain. (a) The structure of Ge-GT1a C36:2 and the diagnostic ion.
(b) The structure of Ge-GT1b C36:2 and the diagnostic ion. (c) The structure of Ge-GT1b C36:2 and the diagnostic ion. (d) The CID
spectrum of the profiled [Gc-GT1 C36:2—3H+Mg]™ from porcine brain. The labels in black are the labels from GT1b structure (Figure
6.14). The black and white circle (®/O) indicate the negative ion mode analysis with or without mass selection. The 4 indicates the
ion with Mg?*. Noted that the double bond on the amide-bonded fatty acyl chain only indicates the monounsaturated fatty acyl side

chain is in the structure but not the real unsaturation site.
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