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Abstract

Ultraviolet photodissociation (UVPD) is an emerging method for the structural
analysis of molecular ions in mass spectrometric experiments. To increase the
capabilities of UVPD in bioanalytical research, new structure-specific workflows
are required and details of the UVPD-triggered fragmentation event need to be

understood to improve the scope of the methodology.

In the presented work, UVPD methods were developed and used to tackle existing
challenges of analyte characterization in lipidomics and proteomics. In particular,
an UVPD workflow for the discrimination of sm-isomers was developed. Bivalent
metal salts (e.g., FeCle) were added to electrospray ionization (ESI) solvents. This
led to the formation of doubly charged metal-glycerophospholipid (GP) ions, which
were fragmented using collision-induced dissociation and UVPD. Selective
cleavage of the fatty acid in sn-2 position was observed. The selectivity of the
fragmentation was used as a measure for the relative sn-isomer abundance in egg

yolk, porcine brain, yeast, and mouse pancreas lipid extracts.

In order to rationalize the sm-selectivity introduced via metal ion-adduction, the
structures of precursor and fragment ions were investigated. Infrared multiphoton
dissociation (IRMPD) spectra of [GP + H/Na/K/Fe]+*2+ and [GP + Na/K - 183]+ were
obtained. By comparison of the IRPMD spectra to theoretical spectra of quantum-
chemically predicted structures, gas-phase structures of the precursor and
fragment ions were assigned. The gas-phase structures of the precursor and the
fragment were used to draw conclusions of likely fragmentation mechanism of GP

ions.

Lastly, the fragmentation sites and efficiencies of intact protein ions upon UVPD
activation as a function of the charge carrier quantity and position were
investigated. The model proteins ubiquitin, cytochrome ¢, and myoglobin were
sprayed from ESI solutions containing substances for native, denaturing, and
supercharging of the proteins. Comparison of the data with calculations of charge
carrier positions revealed a correlation between the location of the charge carrier

and the fragmentation sites.
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Zusammenfassung

Ultraviolette Photodissoziation (UVPD) ist eine vielversprechende Methode fiir die
Strukturaufklarung, welcher in den letzten Jahren zunehmen Beachtung
zutellwurde. Fir eine breitere Anwendbarkeit ist die Entwicklung neuer
Arbeitsvorschriften, sowie ein  Verstiandnis der  zugrundeliegenden

Fragmentierungsprozesse essentiell.

Im Rahmen dieser Arbeit wurde eine Methode fir die Unterscheidung von
smIsomeren entwickelt. Dafiir wurden zweiwertige Metallsalze (z.B. FeCls) zur
Losung in Elektrospray-lonisations- (ESI) Experimenten gegeben. Bei der
Fragmentierung der zweifach geladenen Metall-Glycerophospholipid (GP) Ionen
mittels UVPD wurde eine selektive Abspaltung der Fettsduren in sn-2 Position
beobachtet. Diese selektive Fragmentierung wurde fir die relative
Quantifizierung von smlIsomeren in Eigelb-, Schweinehirn-, Hefe- und
Mauspankreaslipidextrakten  genutzt. Dies ermoglichte die relative
Quantifizierung von smlIsomeren in Tandem-Massenspektrometrie (MS2)

Experimenten durch das Zufiigen zweiwertiger Metallsalze.

Die Gasphasenstrukturen verschiedener ein- und zweifach geladener Metall-GP
Ionen und von Zwischenprodukten wurden studiert, um die zugrundeliegenden
Fragmentierungsprozesse der sm-selektiven Abspaltung zu verstehen. Dafir
wurden Experimente mittels infraroter Multiphotonendissoziations-
Spektroskopie durchgefithrt. Durch den Vergleich der spektroskopischen Daten
mit quantenchemischen Berechnungen konnten die Gasphasenstrukturen von
[GP + H/Na/K/Fe]*2* und [GP + Na/K - 183]+ beschrieben werden. Anhand der
Gasphasenstruktur konnten postulierte Reaktionspfade gestiitzt und Einflisse

auf die Selektivitat der Methode verstanden werden.

Als Beitrag zum Verstiandnis des Fragmentierungsprozess von Proteinen mittels
UVPD wurde die Abhéangigkeit der Bindungsbruchstellen von Position und Anzahl
der Ladungstrager untersucht. Die Modellproteine Ubiquitin, Cytochrom ¢ und
Myoglobin wurden dafiir in nativer, denaturierter und hochgeladener Form in ESI-
MS? Experimenten untersucht. Die Ergebnisse zeigen einen Zusammenhang

zwischen Fragmentierung und Ladungstragerposition.
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I. Subject of this work

Introduction

Bioanalytical chemistry

The properties of matter are distinguished by the bonding of atoms in
molecules, their structure. The analysis of molecule structures is a major challenge
in chemistry. Until the early 19th century, the analysis of molecules was limited to
approaches like flame tests, precipitations, complexations, or chemical reactions.?

In 1831, Justus von Liebig developed
“a device for the analysis of organic bodies ...”,

which combined reaction chambers for the quantitative analysis of carbon,
hydrogen, oxygen and nitrogen of organic molecules.2 The molecular structures,
however, remained unclear. The availability of electricity in technical instruments
boosted the development of devices for chemical analysis. Based on the proposals
by Prout in 1815, first instruments for the analysis of molecular masses were
described by Thomson in the beginning of the 20th century.3% Thomson’s first mass
spectrometer (MS) used the inertia of ions to separate them in magnetic fields by
their mass-to-charge (m/q) ratios (Figure 1), based on the fundamental work of
Wilhelm Wien on channel rays in 1898.7 Today, MS can be applied to study for

example lipids, peptides/proteins, and nanoparticles.89
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Figure 1. Scheme of a sector field mass spectrometer. Ion beams of species with different m/g values are shown
as green, blue, and yellow lines.



However, biomolecules can also be separated and detected using the thin-layer
chromatography, gas chromatography, or liquid chromatography (LC).10-13
Proteins can be characterized using enzyme-linked immunosorbent assays,
western blots, or immunostaining.1416 These methods lack information about the
structure or the sum formulae of the analyte. Therefore, the analytes’ identity can
only be unraveled in comparison to literature or standard substances with these

methods.

Pulse

Voltage
I

acquisition

Time

Figure 2. Sequence of excitation and relaxation in NMR experiments.1?

Structural identification of purified samples can be performed with nuclear
magnetic resonance (NMR) experiments. NMR is performed in magnetic fields up
to 15 T in routine analysis.® In an NMR sequence, the nuclel are excited by
radiofrequencies followed by relaxation, which correlates to the chemical
environment of the atoms (Figure 2).19 NMR typically provides information about
relative proton-proton positions in one-dimensional or two-dimensional
experiments through bond interactions, but can also be extended to heteroatoms,
such as carbon, or interactions through space (Nuclear Overhauser Enhancement
SpectroscopY).20-23 In contrast to MS, NMR is not destructive, but the amount of
sample needed for NMR analysis is orders of magnitude higher.24 In addition,
increasing numbers of analyte atoms, for example hydrogen, challenge the

resolution of NMR.25
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Figure 3. Scheme of the diffraction of X-rays by crystal structures and constructive interference according to
Bragg’s law.

Another method for structural analysis of biomolecules is X-ray crystallography
(XRC), which is able to identify relative positions of all atoms but hydrogen.26.27
XRC uses the diffraction of X-rays on ordered structures (e.g. crystal structure) to
determine the atom positions (Figure 3). The signal positions can be used to
1dentify the atoms, and the intensity indicates the atom position in the unit cell.
XRC 1is a powerful tool for structures which are too large for NMR or do not contain
hydrogen atoms. On the other hand, the analyte needs to be enriched, purified, and
crystallized prior to analysis. Cryogenic electron microscopy (cryo-EM) overcame
the need for crystallization.2829 Cryo-EMs are transmission electron microscopes,
which allow the investigation of large biomolecules without substitution of water
by embedding media. The analyte is cooled below the glass transition temperature
of water within milliseconds, which decreases the formation of artefacts and traps
molecules near their native form. By detecting the electron transition through the
sample, electron densities can be calculated. However, the preparation of the
sample remains challenging and the limited non-destructive electron beam fluence
of 1 - 10 electrons per A2 limits the sensitivity of the method.30 To increase the
sensitivity, experiments need to be performed under different angles followed by

data processing.

MS 1is able to solve the challenges of sample preparation of NMR, XRC, and cryo-
EM.31 Solved analytes can directly be injected into the instrument using MS.
Coupled to LC, complex biological mixtures can be analyzed. Even imperfectly

chromatographically separated analytes can be distinguished in a single MS



experiment.32 Additionally, amounts of the samples for meaningful analysis can be
as low as 30 zmol per spectrum, but are roughly in the fmol range in routine
analysis.33 The high sensitivity and easy handling made MS the method of choice
for the analysis of complex unknown biological samples.3* However, MS is limited
to information on the m/z ratio. Structure determination by MS requires
fragmentation of the ions in MS» experiments. The MS» method and strategy
strongly depends on the structural element of interest.3> Structural elements of
interest can, for example, be esters, double bonds (DBs), or headgroups in lipids.
Lipids

Lipids are of major interest because they are key molecules in the physiology
of every known organism on our planet. The increasing interest in lipids as part of

the “omics” fields is documented by the publications per year, which increased from

91n 2003 to 1731 in 2021.36 Lipids are loosely defined as
“.. substances of biological origin that are soluble in nonpolar solvents’,

but are further divided into categories, which strongly differ in terms of their

physicochemical properties and physiological application area (Figure 4).37
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Figure 4. Examples of the lipid classes of a) fatty acids (palmitic acid), b) glycerol lipids (1-palmitoyl-2-oleoyl-
glycerol), c) glycerophospholipids (1-palmitoyl-2-oleoyl-sn-glycero-3- phosphatidylcholine), d) sphingolipids (N-
myristoyl-D-sphingosine), e) sterols (cholest-5-en-36-0l), f) glycolipids (lipid A in Z. col)), g) terpene lipids
(2E,6 B farnesol), and h) polyketides (aflatoxin B1).37

Lipids are important building blocks (fatty acids; FAs), serve for energy storage
(glycerol lipids, sterol lipids), are precursors in biosynthesis (terpene lipids), can
be found in outer membranes of gram-negative bacteria (saccharolipids), make up
cell membranes, or are part of molecular signaling networks (glycerophospholipids,
GPs).38-44 GPs are the most abundant category in multicellular organisms.4 The
structure of GPs consists of the glycerol backbone (yellow), two fatty acids (grey),
and the phosphate-containing headgroup (orange) connected via ester and/or
phosphoester bonds, respectively (Figure 5). Therefore, GPs can vary in the
chemical identity of the headgroup, FAs (lengths, number of double bonds (DB),
DB (blue) position, stereochemistry, quantity, and configuration), and
permutations of FA moieties attached to the GP glycerol backbone. The latter is

called stereospecific numbering (sn) - isomerism.
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Figure 5. Structural elements of GPs, for the example of 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC). The glycerol backbone, fatty acids, the headgroup, and the DBs are color-coded in yellow, grey, orange,
and blue, respectively.

Due to the high number of naturally occurring FAs (over 1,000) and the different
head groups (around 17), the presence of lysolipids and sm-isomerism, the number
of possible GPs can be carefully estimated to more than 17,000,000.37:46 This
number does not take glycolipids or cyclic structures in FAs into account.47.48 The
number of molecules and their similarity challenges analytical chemists and their

methodologies to provide lipid quantities and structures in biological mixtures.

Proteins

Proteins are

“Naturally occurring and synthetic polypeptides having molecular weights
greater than about 10000 ...”

the second most abundant class of biomolecules.4950 Proteins are, for example,
crucial for signal transmission in cells, transcription and repairing of the DNA,
molecule transport, and biosynthesis of lipids and metabolites in enzymes.51-56 Due
to the close interlinking of physiological processes, defects in the biosynthesis
potentially lead to an entail of errors. To counteract this risk, highly selective
processes in the biosynthesis are required, which are provided by proteins. They
consist of an active site, where reactants are trapped. Similar to a lock and key,
binding of educts to the active site is highly selective.57 The alignment of the
trapped educts determines the stereochemistry of the product.58 After reaction, the
products are released by the proteins, which are available for the next synthesis.
The whole variety of protein biosynthesis is mainly built on only 20 amino acids.5°
Nevertheless, the number of proteins in humans are predicted to be 10,000 to
several billion.6%61 The script for protein synthesis is coded in the DNA.62 For the
synthesis of proteins, RNA polymerases transcribe DNA to mRNA followed by

translation of mRNA to amino acids in the ribosomes. After synthesis, the resulting



proteins are folded to the final three-dimensional structure. The diversity of
proteins is a result of the protein size (up to 34,000 amino acids; more than 1 pm
length) and the presence of four structural levels.63 The sequence (primary
structure) can be folded to a-helix or Asheet (secondary structure), linked by
cystine and hydrogen bonding (tertiary structure), and multiple sequences
(quaternary structure) can be arranged. The last function-influencing structures
are post-translational modifications, for example phosphorylation.4 An example of
a folded protein structure of human fatty acid synthase obtained by XRD is shown

in Figure 6.

B active site
[] a-helix
B #sheet

amide backbone

Figure 6. Human fatty acid synthase crystal X-ray structure with the active site in red, a-helices in cyan,
G-sheets in blue, and the amide backbone in white.6®

The protein structures in MS experiments can be influenced by the ionization
method. Proteins stay near their native form in buffered solutions, while adding
acid or tailored reagents leads to unfolding of the proteins.66:67 The following
1dentification of the structures requires a combination of MS2 approaches, which

tackle the different structural features.



Tandem mass spectrometry

To expand the application possibilities of MS in structural analysis, new
strategies were developed, wusing fragmentation of precursor ions.3568
Fragmentation of molecular ions by collision with inert-gas molecules/atoms,
so-called collision-induced dissociation / higher-energy C-trap dissociation
(CID / HCD), is most widely used.6970 In CID, transferred kinetic energies of the
collisions differ, but are typically 10 kJ mol 1. Between collisions, the energy
which was introduced into the analyte equilibrates within the heat bath of the
internal degrees of freedom heating the analyte ion. Upon consecutive gas
collisions, the energy of the system is increased above the dissociation threshold,

resulting in fragment ion formation (Figure 7).
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Figure 7. Jablonski diagram showing the energy (E) and the interatomic distance of the excitation using
collision-induced dissociation (CID; grey), infrared multiple photon dissociation (IRMPD; red), ultraviolet
photodissociation (UVPD; blue), or electron-capture dissociation / electron-transfer dissociation
(ECD, ETD:; brown). Vibronic energy levels are represented by black lines, dissociative vibronic levels are
shown in green.

In contrast to CID, energy is introduced by capturing or transferring electrons in
electron-capture dissociation (ECD) and electron-transfer dissociation (ETD).72.73
Formation of radical molecules potentially leads to direct cleavage of bonds.

Preferentially, radicals are rearranged, which finally leads to cleavage of



molecules.” However, in the positive-ion mode, the loss of a charge requires the
presence of multiply charged precursor ions, in the negative-ion mode, electron
capturing becomes less likely with increasing charge states. Instead of collisions
or electrons, photons can be used for the excitation of ions. In infrared multiphoton
dissociation (IRMPD), cumulative low energy excitation leads to fragmentation,
similar to CID. Differences of IRMPD to CID are the absorption of the energy by
capturing photons instead of inert-gas collisions and the well-defined amounts of
energy per photon.” Due to the excitation of vibrational modes in the IR range of
the electromagnetic spectrum, the absorption efficiency is wavelength dependent.
According to the wavelength, relative fragment ion intensities are increased or
decreased. Therefore, IR spectra can be recorded, when the fragmentation yield is
tracked as a function of the IR wavelength in IRMPD.76 Ultraviolet
photodissociation (UVPD) irradiates the analyte with UV instead of IR photons.
The higher amount of energy per photon in UV compared to IR potentially leads to
instant cleavage of bonds. The dissociation can occur following different energetic

pathways (Figure 8).
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Figure 8. Examples of schematic energy/time diagrams for the photodissociation models using UV excitation.
a) Direct cleavage by single photon absorption, b) intersystem crossing (IC), or ¢) multiphoton absorption can
lead to fragmentation.



Absorption of UV photons potentially leads to direct excitation to a dissociative
vibronic state and cleavage in femtoseconds.7.78 Another possible energetic path is
electronic excitation, followed by intersystem crossing (IC) to a dissociative
vibronic level of lower electronic states in femto- to picoseconds.”™ Bond cleavage
can also occur by the absorption of multiple photons. Therefore, the energy cannot
equilibrate to the internal degrees of freedom of the analyte ion. This opens the
possibility to selectively cleave bonds next to a chromophore, so-called radical-
directed dissociation (RDD).80 Phenylic C-I bonds are promising candidates for the
introduction of a localized radical.8! Phenyl groups absorb UV photons and the
resulting radical is trapped in the o orbital.8283 The group of Julian used this
characteristics of phenylic C-I bonds to analyze protein structures, by

functionalizing tyrosine to iodo-tyrosine in an RDD approach.8

Biological application of tandem mass spectrometry

The composition of biologically relevant molecules ranges from small
molecules like metabolites (e.g. ethanol), to macromolecules like lipids or
proteins.85-87 For example, headgroups of lipids are routinely identified using CID
combined with database search.8 But pinpointing structural elements such as the
FA identity, require more sophisticated approaches. DB positions in FAs, for
example, can be unraveled using ozone-induced dissociation (OzID),
Paterno-Biichi (PB) reactions followed by CID or UVPD or UVPD without prior PB

functionalization (Figure 9).89-91

10



- =/\/\/\/\n/OR
0]
}{\._/\ 0-P-0 or 0

R = ]
C;H (0) 0o /M
1 35\[]/ +N— 213 nm or OR
0 /\ 193 nm 2 Y Y

Ph = Phenyl (6]

— OR

(0]
+0;3\\?
/ Ph)LPh \
and Av

OR

(6]
/\/\/\/1 /\/\/\/hl )
Ph™ "Ph 0

Figure 9. Double-bond-position localization by a) ultraviolet photodissociation (UVPD), b) Paterno-Biichi (PB),
and c¢) ozone-induced dissociation (OzID) on the example of POPC.

However, the identification of smisomerism remains challenging. Previous
methods used the selectivity of enzymatic cleavage in phosphatidylcholines (PCs)
followed by product identification, for example using MS.9293 Thao et al. showed
that sn-isomerism can be unraveled using OzID.% The group of Brodbelt developed
a HCD-UVPD workflow based on a fragmentation mechanism, which was proposed
by Turk and coworkers.?> Turk proposed a mechanism in which a 1,3-dioxolane
derivative is formed, which Brodbelt and coworkers created in HCD, followed by

selective cleavage in sn-2 position by UVPD by the Brodbelt group.91.96

Identification of post-translational modifications is challenging with proteomics
approaches. The development of mass analyzers with increasing resolution and
new MS2 methods allow to overcome this shortcoming in top-down approaches. For
example, protein tertiary and quaternary structures can be investigated using
cross-linking experiments. A crosslinker consists of two reactive ends, typically
primary amines, sulfhydryls, carboxylic acids, connected by a spacer, which can be
MS cleavable.97.98 If the distance defined by the spacer is present in-between two

amino acids, specific mass tags can be detected in MS? experiments. Tertiary and

11



quaternary structures of proteins can also be probed using hydrogen—deuterium
exchange.% The analytes are solved in deuterated solvents, and if the proton
interacts with the solvent, protons can be exchanged with deuterium and wvice
versa.l%0 This exchange results in a change in the mass of fragments created in

MS? experiments and can therefore be tracked.

lonization in mass spectrometry

Gas-phase structures, charge states, and in-source fragmentation are just a
few examples of influences on lipids and proteins caused by the ionization method.
“Hard” 1onization techniques such as electron ionization, chemical ionization, laser
desorption/ionization, or secondary ion mass spectrometry typically lead to
dissociation of larger (bio-)molecules.101-106 Therefore, the invention of “soft”
lonization techniques started a new era in the investigation of large biomolecules
with MS. The development of matrix-assisted laser desorption/ionization (MALDI)
and electrospray ionization (ESI) were awarded with the Noble prize in chemistry
in 2002.107 I[n MALDI, the laser indirectly ionizes the analyte molecules solved or
covered in/by matrix crystals.108109 Energy of laser photons is absorbed by the
matrix and afterwards transferred to the analytes, resulting in their ionization.
The sample is desorbed by a laser-induced explosion. The so-formed ions can be
analyzed using MS. ESI allows the analysis of molecules from solution, by applying

high voltages on liquids, which are typically scattered by gas to accelerate the

@, us—>
@2
oo e
Taylor Cone

®, O

evaporation of the solvent.110.111

Figure 10. Scheme of an ESI source in positive-ion mode. Anions and cations are shown in red and dark blue,
respectively. Solvents are colored light blue.
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After the release by the Taylor cone, ions are captured in solvent droplets.112 The
size of the droplets is consequently reduced by evaporation of the solvent
(Figure 10), resulting in an increase of repulsive Coulomb forces. When the
droplets surface tension gets smaller than the Coulomb repulsion the droplet
ruptures (Rayleigh limit).113.114 Smaller droplets are formed and the process of
evaporation starts again. The final step before the evaporation of solvent-free ions
was explained by two mechanisms in literature. The ion evaporation model
suggests field desorption of ions from the droplet surface.!!5116 The competing
theory is called charge residue model. It suggests that droplets rupture and solvent
evaporation goes on until only one analyte is left in the droplet and finally released

when the whole solvent evaporates.11?

Mass analyzers

After ionization, the analytes are transferred to mass analyzers to
determine the m/z ratio. Historically, magnetic or electric sector fields were used
but modern instruments mainly contain time-of-flight, quadrupole, FT-ICR, or
orbital trapping mass analyzers.101.118-121 The resolution and the accuracy of mass

analyzers are their figures of merit. The accuracy in ppm is given by equation 1
with the accuracy (%n), the accurate mass value (m) and the exact mass value

(Mexace)- The accuracy can be calibrated using a solution of known compounds.

m _m-m
o - exact | 106 (1)
m Mexact

The resolution (&) is analyzer-specific and depends on the m/zsignal and the signal

width at half maximum (Am/z) (equation 2).122

R= (2)

SEAE

The development of high-resolution mass spectrometers-, such as Fourier-
transform ion cyclotron resonance mass spectrometers (FT-ICR-MS) and orbital
trapping analyzers allow to analyze the elemental composition of analytes by the
atomic mass defect. Accuracies lower than 2 ppm with £ up to 1,000,000 are

achieved on a routine basis.120.121

13



The advantage of FT-ICR-MS is the independence of the mass resolution of the

kinetic energy of the ion (equation 3).

f;:: ZB (3)

2mm

The cyclotron frequency (£), depends on the charge number (2), the magnetic field
strength (B), and the mass (i) of the ion. With Bconstant for the superconducting
magnet, the m/z ratios of the ions are independent from any influence but the
cyclotron frequency. Experimentally, radio frequencies are applied by excitation
plates to stimulate the ions (Figure 11).123 If the cyclotron frequency equals the
excitation frequency, the radii of the ion motion are extended and they induce a
current in the detector plates, which can be recorded and transformed to m/zvalues
by Fourier-transformation. High resolution analyzers like FT-ICR-MS allow direct
1dentification of elemental compositions according to the element’s mass defect and

1sotopic distribution.

M detector plates
excitation plates

[ trapping plates

Figure 11. Schematic picture of an ICR cell with the detector (red), excitation (yellow), and trapping (grey)
plates.
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Computational chemistry

The increasing availability of MS led to the description of multiple
dissociation mechanisms in gas-phase chemistry. For example, the McLafferty
rearrangement, where #cleavage of hydrocarbons is induced by keto groups or the
oxazolone pathway in protein fragmentation.!24125 Due to the ultra-high vacuum
in MS, isolated gas-phase molecules can be investigated. The lack of interactions
with solvent or matrix molecules benefits the comparison of experimental data
with density-functional theory (DFT) calculations.126 The low molecular density in
mass analyzers, however, prevents conventional IR spectroscopy. This was
overcome by the wavelength-tunable free-electron lasers (FELs) in IRMPD
experiments.127-129 The photoproduct yield (PY) in IRMPD depends on the
absorption, therefore IR spectra can be generated by monitoring the wavelength
dependency of the PY.130 Instead of monitoring the PY it is also possible to trap
and cool ions in superfluidic helium droplets.13! If they are excited by FELs, the
Helium evaporates, until the ion is released from the droplet. The wavelength-
dependent evaporation efficiency yields IR spectra at 0.4 K in MS. Cooling of the

1ons sharpens the IR bands by freezing of rotational conformers.

New computational models for chemistry are constantly developed. The early ab-
initio self-consistent field method by Hartree and Fock (HF) uses a static mean
field of the electrons.132.133 By using a single Slater determinant HF methods
neglect correlations between the electrons, e.g. Coulomb forces.3* This
approximation reduces computational costs, but limits the accuracy to the so-called
Hartree-Fock-Limit.135 The development of computer hardware, more effective
algorithms, and integrated software solutions fueled theoretical investigations of
molecular systems.136 Computationally more costly post-Hartree-Fock methods,
for example the Moller-Plesset method, were developed, which added electron
correlation to the Hartree-Fock method.13” However, compromising between
computational cost and improvement of the results is an important consideration
to be made. DFT approaches dramatically decreased computational costs compared
to post-HF methods, while yielding energetic accuracy comparable to

experiment.138139 [n contrast to HF and post-HF, DFT uses spatially dependent
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electron densities for solving the Schrodinger equation.!40 Therefore, in DFT
corrections need to be applied for example if dispersion plays a major role in the
investigated systems.14l Hybrid functionals such as the Becke 3-parameter, Lee—

Yang—Parr (BSLYP) combine DFT with partly HF Kohn-Sham orbitals.142-145

Accuracy of the calculations and their computational cost do not only depend on
the method, but also the electronic wave functions taken into account.l146
Single-electron wavefunctions are given by the theory, for example Slater-type
(STO), Gaussian-type (GTO), or numerical atomic orbitals (NAQO).147-151 STOs are
the solution of the Schrodinger equation in a single electron system, but the exact
calculation of STOs is computationally costly. The computationally less demanding
GTOs are approximations of Gaussian functions to the STOs. Linear combination

of these atomic orbitals is the simplest way of estimating molecular orbitals.

The acceleration of the calculations using GTOs compared to STOs and NAOs is
important, since this is the rate-determining step in most calculations.152.153
Therefore, GTOs are most widely used in modern computational chemistry.
Examples are the Pople 6-311G series, Dunnings correlation consistent cc-pVXZ

series, or Jensens polarization consistent pc-n series.154-158
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Aim of this work

Structural analysis of peptides, proteins and lipids remains one of the biggest
challenges in mass spectrometry. However, their structural features are highly

relevant because they determine their biological functionality.

One of the emerging mass spectrometric methods that holds the promise to achieve
complete structural characterization of biomolecules due to the use of UV laser
photons, is UVPD. The aim of this work is to contribute to the understanding and
bioanalytical capabilities of UVPD. For this purpose, current challenges in
MS-based proteomics and lipidomics are used as models to obtain mechanistic
insights and reveal drawbacks of UVPD in bioanalytical mass spectrometry.
Specific fragment ion structures and mechanisms associated with

structure-selective fragmentation of lipid and protein ions are investigated.

The selective cleavage of GP sn-positions are targeted by introducing energetic
differences between the cleavage of sn-1 and sn-2 esters by adding metal ions to
the gas-phase structures. Therefore, [GP+M]1*2* ions are screened using 213 nm
UVPD, HCD, and CID on an FT-ICR MS (LTQ FT Ultra, Thermo Fisher Scientific,
Bremen, Germany) equipped with a laser (Tempest, New Wave Research,
Portland, USA) for UVPD and an orbital trapping mass spectrometer (Q Exactive,
Thermo Fisher Scientific GmbH, Bremen, Germany) for HCD.159

The selectivity of cleavage in sm-2 position is validated by comparing relative
fragment-ion intensities of both possible fragments (cleavage in sn-1 and sn-2) to
literature and sm-2 selective enzymatic digestion using PLA2. The performance of
UVPD is further compared to CID and HCD and limits of detection are
investigated. Using relative quantification of standard substances for calibration,
egg yolk, porcine brain, yeast, and mouse pancreas lipid extracts are analyzed.
Following up the findings of metal-lipid adducts, the fragmentation mechanism
and the influence of the cations on the GP gas-phase structures are investigated in
detail. Therefore, IRMPD spectra of [GP+M]1+2* ions are analyzed and compared

to theoretical vibrational spectra.
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To expand the knowledge about the capabilities of UVPD in proteomics, the
influence of the protein charge state on the fragmentation is investigated. For this
purpose, the model proteins ubiquitin, cytochrome ¢ and myoglobin are
investigated. Numbers of charge carriers attached to the proteins are manipulated
using buffered solution, denaturing solution, and adding supercharging reagents
to the ESI spray solvent. A home-built algorithm is used to analyze the protein
data without prior deconvolution to a spectrum containing only singly charged
monoisotopic signals. The number of trapped ions, the mass resolution, the number
of averaged spectra, and the number of laser pulses per spectrum were kept
constant to avoid influences on the fragmentation. Identifying the influence of the
charge carrier positions, the experimental results are compared to Monte

Carlo-type ‘pseudo-random walk’ calculations.160
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Results and Discussion

Relative Quantification of Phosphatidylcholine sn-Isomers Using Positive Doubly
Charged Lipid-Metal Ion Complexes (Publication 3)

We found that doubly charged Ilipid-metal complexes of PCs,
phosphatidylethanolamines (PEs), and phosphatidylserines (PSs) form during ESI
when adding 20 mol% MCl: (M = Mg, Sr, Ba, Mn, Fe, Co, Cu, Zn, or Sn) to
10-100 pM GP solutions in methanol.161 In contrast to singly-charged lipid-metal
complexes, fragmentation of these lipids resulted in selective cleavages of the FA
in sn2 position (Figure 12). Best signal intensities were achieved for PCs, but
fragmentation of PE and PS metal adducts also yielded selective cleavage of the
sn-2 position. DB-related fragments reported for 193 nm on the orbital trapping
mass spectrometer were not detected in 213 nm UVPD.162 This is likely a result of
the limited sensitivity of the instrument compared to Orbitrap MS, lower
absorption of the DB at 213 nm compared to 193 nm, and the absence of collisional

cooling in FT-ICR-MS (2 - 1010 mbar) compared to the HCD-cell (5 - 10> mbar).
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Figure 12. Positive-ion mode ESI-UVPD spectra of a) PC 18:0/18:1(92) (SOPC) and b) PC 18:1(9.2)/18:0 (OSPC).
FAs in sn-2 position are highlighted in green (FA 18:1) and blue (FA 18:0).

Cleavage of the FA in sn-2 position of [PC+M]2* most likely resulted in cyclisation
of the phosphate group (Figure 13). These fragments were unique for doubly
charged precursor ions. The selectivity of the method therefore was determined by
the affinity of the metal to coordinate towards the sn-1 or the sn-2 ester. If the
energy introduced by CID/HCD/UVPD was higher than £, of cleavage in sn-1 and

sn-2 position, a decrease of the selectivity was expected.
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Figure 13. Proposed fragmentation mechanisms for the selective cleavage in a) sn-2 and b) sn-1 position of
[PC+M]2* complexes and the energy diagrams of the dissociation.

This hypothesis was support by our data because we found that the sn-selectivity
of the cleavage depends on the fragmentation method. Mean absolute deviations
(MDs) determined using PLAs digestion as reference of snimpurity of authentic
standards were 23 = 12 for HCD, 19 + 4 for CID, and 9 + 4 for UVPD. We conclude
that the higher collision energies in HCD compared to CID make higher energy
fragmentation pathways available. UVPD on the other hand introduces a
well-defined amount of energy per photon to the molecules, leading to the highest

sn-selectivity.

The development of a method for the sn-selective cleavage contributed to the
toolbox of lipid analysis. We showed that fragment ion intensities correlate to the
abundance of smisomers in standard substances. By applying the method to lipid
extracts, we demonstrated the robustness of the UVPD method for the relative
quantification of lipids in complex mixtures without standard substances.
Moreover, the method can easily be implemented to any shotgun ESI-MS/MS setup

in standard lipidomics workflows.
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IRMPD Spectroscopy of [PC (4:0/4:0) + MJ* (M = H, Na, K) and Corresponding CID
Fragment Ions (Publication 4)

In order to rationalize smselectivity of tandem MS methods, we next
intended to characterize fragment ion structure, fragmentation energetics, and
fragmentation pathways. For this purpose, we commenced with singly charged
ions of PCs. Fragmentation of [PC+M]* (M = Li, Na, K) species resulted in cleavage
of the headgroup. The fragmentation could either be a result of a nucleophilic
attack of the sn-1 or the sn-2 ester to the sn-3 position. Attack of the sn-1 would
result in a six-membered (dioxane) ring, while cyclization involving the sn-2 ester
results in a five-membered (dioxolane) ring (Figure 14). Using deuterated species
Hsu et al. proposed that the oxolane species is present in the experiments.163 The
group of Brodbelt developed a HCD-UVPD workflow for lipid-sodium adducts
based on the oxolane species.?! Using the same intermediate dioxolane structures,
lithium and silver(I) were used for discrimination of lipid sm-isomers and DB
positions in CID experiments.95.164 However, these sn-selective methods strongly
rely on the selectivity of the formation of a dioxolane-intermediate, which was not

spectroscopically identified.
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Figure 14. Proposed mechanism for the loss of PC headgroups in CID experiments by Turk et al, yielding (a)
five- (dioxolane) or (b) six-membered (dioxane) rings.163

To investigate the gas-phase structure of these lipid ions, we investigated ESI
sprayed [PC (4:0/4:0) + M]* (M = H, Na, K) species and the fragments assigned to
headgroup loss [PC 4:0/4:0 + Na/K — 183]* using IRMPD spectroscopy. To assign
the spectroscopic bands to vibrational modes, the spectra were compared to the
theory using B3LYP/pc-1.165 We found that spectra of the protonated PC differed
from those of the alkali metal complexed ones. While the conformational isomers
of the predicted [PC (4:0/4:0) + H]* structures were all within 2 kJ - mol! of each
other, the alkali metals preferably coordinated towards the phosphate and the sn-1
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ester with more than 15 kdJ - mol! compared to coordination towards the sn-2 ester.
The higher energetic differences between the isomers of Na* and K+ indicated less
conformational conversion compared to H*, which leads to preferred presence of
the isomers that sterically hinder the sn-1 ester to attack the sn-3 position.
Acetal-like signals were found in the fragment ion IRMPD spectra, hinting towards
the formation of a dioxolane or dioxane structure. The calculated bands of the
dioxolane derivatives fitted the experiment better than the dioxane. Therefore, the
alkali-metal-mediated orientation within the precursor structure most likely
facilitated a nucleophilic attack of the sm2 ester resulting in the formation of

dioxolane derivatives.

Next, we performed IRMPD spectroscopic investigations of [PC 4:0/4:0 + Fe]2+.

Vibrational bands of the doubly charged iron adduct were strongly shifted
compared to [PC 4:0/4:0 + H/Na/K]+ (Figure 15).
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Figure 15. IRMPD spectra of [PC 4:0/4:0 + H]* and [PC 4:0/4:0 + Fel?*. Bands are assigned based on
Publication 4.165 As a guide to the eye, bands assigned to the same mode are connected by dashed blue lines.

The spectrum of [PC 4:0/4:0 + Fe]2* showed similar positions of bands assigned to
phosphate, hydrocarbon and NMes groups. In contrast to results for singly charged
PC 4:0/4:0 ions, the bands assigned to ester modes were red- (veym(O=C-0)) and
blue-shifted (v(C=0)) by roughly 100 cm'! compared to the protonated, sodiated
and potassiated structures. As described in publication 4, shifts of vibrational

bands indicated pronounced interactions between metal ions and functional groups
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within the lipid.16> Therefore, our findings indicated stronger interactions of the
iron(I) ions with the esters compared to H*, Nat*, and K*. The increase of
interactions compared to the singly charged species as well as the increased charge
of the doubly charged ion compared to [PC (4:0/4:0) + M]+ ions potentially activated
the precursors and resulted in the mechanism shown in Figure 13 and discussed
in Publication 3.161 The spectroscopic data support that Fe2* coordinated stronger
to the ester bonds compared to H*, Na*, and K*. This has two effects, the glycerol
sn-2 position got more nucleophilic, favoring a nucleophilic attack of the phosphate
and the attack of the ester to the sn-3 position was blocked. This finding explained
the presence of different fragmentation mechanisms in iron(I) compared to alkali

metal-lipid adducts.

Influence of Protein Ion Charge State on 213 nm Top-Down UVPD (Publication 5)

In addition to the increasing interest in UVPD for lipidomics, multiple
studies showed the benefits of the method in top-down proteomics.166-168 In
contrast to collisional and electron activation, the protein fragmentation
mechanism occurring upon UVPD was not well understood.169.170 To shed light on
the influence of the charge location and quantity on UVPD fragmentation, we
investigated UVPD on the model proteins ubiquitin, cytochrome ¢, and
myoglobin.1”* To manipulate the numbers of charge states per protein, buffered
solution (low), denaturing solution (medium), and supercharging reagents (high)
were added to the ESI solvent. The photoproduct yields and the sequence coverages
increased with increasing charge states for all proteins. Comparison with
calculations of charge carrier positions showed that cleavage preferentially
occurred, if the amide bond was protonated or in-between two protonated amide
bonds. Therefore, we concluded that there are two processes determining the
fragmentation site, a) a charge-induced dissociation, similar to CID results, and b)

charge-remote fragmentation that was driven by repulsive Coulomb forces.

Systematic investigation of protein UVPD experiments can help to interpret
top-down proteomics data. Our findings contribute to the understanding of
differences in sequence coverage found for UVPD compared to CID, HCD, ETD,

and ECD by giving insights into the fragmentation mechanism.172
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For the analysis of the data, only terminal fragments were considered. However,
10 to 40 laser pulses per spectrum were used to increase the fragmentation
efficiency. Therefore, fragments resulting from earlier laser pulses were prone to
be further fragmented, resulting in internal fragments. In collaboration with

Susannah Brown, analyses of the internal fragments were performed (Figure 16).
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Figure 16. Fragment signals of cytochrome ¢ as a function of precursor charge state. Terminal, internal and
overall deconvoluted signals are color-coded green, blue and black, respectively.

We found that the number of internal fragments was in the range of that of
terminal fragments when performing experiments with 20 pulses per spectrum on
cytochrome c. In good agreement with data of Publication 3, the fragmentation

increased with the charge state.

Publication 3 extends the toolset of analytical chemists. Adding metal-salts as the
only requirement without the need for instrumental modifications, makes the
method widely applicable. The gas-phase structures discussed in publication 4
show the influence of the precursor conformation on the fragmentation. Signals
correlating with the presence of a dioxolane species support the mechanisms
proposed in the literature. The first study on the influence of charge carrier
quantity and position showed that charge carriers directly influence the
fragmentation of proteins. This can be used to identify charge carrier sites using

MS? data or to predict cleavage sites of proteins in MS2 experiments.
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Outlook

Further investigations using UVPD were carried out and showed the high
potential of the method for the analysis of biomolecules. First experiments and
their interpretation should be followed by extended investigations to deepen the

understanding of UVPD and to develop novel structure-sensitive MS» workflows.

In addition to the smn-selective cleavage observed for PCs, PEs, and PSs, we found
that fragmentation of [PE + Fel2+ and [PS + Fe]2 resulted in fragments with a series
of (CHg)n-loss in UVPD, CID, and HCD experiments. To investigate the origin of
this process, HCD experiments were conducted because they yielded the highest
fragment-ion intensities. Interestingly, comparison of PE 18:0/18:1 and
PE 18:0/18:0 showed that the observed dissociation channels are unique in

unsaturated FAs (Figure 17).
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Figure 17. MS2 spectra of PE 18:0/18:1 and 18:0/18:0. Signals colored in blue and red are separated by 14 Da
each.

This finding was confirmed in experiments with unsaturated deuterated lipids

(Figure 18). The (CHg)n-losses were unique for the FA containing the DB, resulting
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in similar patterns as the non-deuterated species, shifted by the mass-difference

of the precursors.
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Figure 18. MS2 spectrum of PE 16:0-d31/18:1. Signals colored in blue are separated by 14 Da.

The investigation of the underlying fragmentation mechanism potentially leads to
a method that allows identification of FA derivatization. For example, the
determination of DB positions, DB conformations or the location of cyclopropane
sites in FAs. The exclusive presence of the fragments in PSs and PEs indicate an
influence of the primary amine. Future experiments on lipids with 13C-labeled FAs
and comparison to the theory could provide the final piece of the puzzle to

understand the mechanism.

Another analytical question of interest concerns phosphorylation sites in
phosphatidylinositols (PIs). PIs can be phosphorylated in positions three, four, and
five of the headgroup, or combinations thereof (Figure 19).173.174 The position of the
phosphate strongly influences the biological function of the PIs.175-180 Separation
of PIs by LC is also challenging and requires an LC-MS/MS approach.18!
Unfavorable for MS2, the phosphate bond is labile and therefore easily cleaved off
in MSn. This leads to a loss of the information of the phosphate position. Svane et
al. showed that phosphates bonds can be stabilized using bimetal
2,6-bis((N,N’-bis(2-picolyl)amino)methyl)-4-tertbutylphenol) (bpbp) complexes
(Figure 19).182-184
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Figure 19. Reaction of phosphatidylinositol-4-phosphate with the digallium complex Gas(bpbp).

Attachment of Gagz(bpbp) to PIs was successfully performed. The introduced
chromophores made PI-Gax(bpbp) adducts interesting candidates for UVPD.
However, UVPD of the species did not result in fragments indicating the phosphate
position. Modifying the Gaz(bpbp) complex, for example iodination of the pyridine,
introduces a UV cleavable radical starter, which potentially leads to fragments
indicating the phosphorylation site. Further research on this topic is a promising

approach to improve characterization methods for Pls.

Deoxysphingosines are another class of lipids, which challenge analytical
chemists. They consist of aliphatic chains which can be unsaturated in several
positions and numbers. Approaches to identify DBs using UV photons are direct
cleavage, functionalization, or RDD.84.91,167.185-188 Dye to the lack of DB fragments
in our UVPD setup and to be specific on deoxysphingosines we developed an RDD
workflow. After derivatization with 4-iodo benzaldehyde (Figure 20) the C-I bond
was homolytically fissioned by UV photons.189
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Figure 20. Structures of a) (4E,8Z)sphingadiene and b) (4%,14Z)sphingadiene. The reaction with the
chromophore 4-iodo benzaldehyde and the activation in UVPD.

The resulting radical attacked the aliphatic chain, leading to cleavage of a series
of carbon-carbon bonds by radical rearrangement. In Figure 21 the spectrum of the
protonated 4-iodo benzaldehyde derivatized octadecyl amine is shown as an

example.
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Figure 21. UVPD spectrum of the protonated 4-iodo benzaldehyde derivatized octadecyl amine. Distances of
14 Da between signals are indicated by blue arrows. Fragments in vicinity to the imine are marked by an

asterisk and a square.

The signals with distances of 14 Da showed two signal intensity maxima, one near
the functionalized group and a second in the aliphatic chain (the position differed
corresponding to the degree and position of unsaturation). We concluded that the
two signal intensity maxima were the results of two processes. On one hand there
is a kinetic (steric) and on the other hand a thermodynamic effect.190.191 Fragment
1on intensities decreased, starting from the maxima, except for vinylic positions.
This local maximum can be used to identify DB positions in deoxysphingosines.
Additionally, fragmentation of the DB results in a difference of 12 Da between the
signals. Similar results were found for aliphatic primary amines and PEs. To use
the method on lipid extracts, for example MTBE, the influence of other

amine-containing lipids need to be investigated.19! Following the investigation of
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standard substances a workflow of lipid extraction, derivatization, LS-MS/MS
experiment should be applied to gain information about the DB position of the

extracted lipids.

The development of novel methods allows the identification of increasing numbers
of functional groups and improves MS capabilities for structural identification. For
future developments, methods that are easy to use and implement are promising
to have the biggest impact. The development of multifunctional reactants can help
to simplify experiments and make the approaches available for a broad range of

analytes.

Another crucial factor for the implementation in routine MS analysis is the
combination of LC-MS with novel methods. With decreasing times per scan of the
mass analyzers, the duration of the fragmentation becomes the rate-limiting step
in MS2. OzID, UVPD, and CID/HCD have already been shown to be feasible for
LC-MS experiments.192193 The reaction time (OzID) and the excitation time
(CID/HCD) determine the duration of MS2 measurements. UVPD requires at least
the time of a single laser pulse, which is in the range of nanoseconds. The fast
fragmentation permits the performance of multiple tandem-MS experiments
within the timescale of a chromatographic signal. To combine the capabilities of
orbital trapping MS and UVPD, a 266 nm laser was attached to an orbital trapping
mass spectrometer (Q Exactive, Thermo Fisher Scientific GmbH, Bremen,
Germany). First results were promising to increase the precursor isolation

selectivity and the time per spectrum in UVPD-MS experiments.

To understand ion fragmentation mechanisms, gas-phase IR spectroscopy has
proven to be a powerful tool for biomolecules.194.195 Recently, Kirschbaum et al.
were able to record gas-phase IR spectra of GPs under cryonic conditions.19
Studies of the fragments supported the findings of publication 4. According to the
low temperatures of the molecules, IR bands were sharper compared to room-
temperature IRMPD results.197.198 On the other hand, cryogenic infrared
spectroscopy instruments are rarer than IRMPD setups. Promising candidates to
establish infrared ion spectroscopy in routine analytical laboratories are optical

parametric oscillators (OPOs). They combine high pulse powers and wavelength
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tunability.19® In combination with quadrupole ion trap mass spectrometers,
benchtop IR ion spectroscopy instruments could be developed. This would make

the technique accessible to a broad scientific community.

To gain further insight into UVPD of proteins, it is favorable to increase the
number of analyzed fragments. Routine proteomics software packages focus on
N- or C-terminal protein fragment ions. Multiple-fragmentation, however, also
yields internal fragments, which can exceed the number of terminal fragments for
some charge states .200.201 The information of internal fragments could be used to
get a deeper understanding of influences on the fragmentation, similar to the
charge state in publication 5. Several publications showed the influence of the
protein structure on the fragmentation.202203 Understanding basic processes could

lead to tools, which assign MS fragments to structural motifs.
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ABSTRACT: Phosphatidylcholines are the major phospho-
lipid component of most eukaryotic cell membranes.
Phosphatidylcholines have been shown to actively participate
in regulatory and metabolic processes. Dysfunctional meta-
bolic processes have been linked to human disease and can
result in altered phosphatidylcholine structural features, such
as permutation of fatty acid connectivity. Assignment and
relative quantitation of structural isomers that arise from fatty
acid permutation on the phosphatidylcholine backbone, so-
called sn-isomers, is difficult with routine tandem mass
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spectrometry or with liquid chromatography without authentic standards. In this work, we report on the observation that
phosphatidylcholines form abundant doubly charged metal ion complexes during electrospray ionization (ESI) and show that
these complexes can be used to assign fatty acid moieties, relatively quantify sn-isomers in MS® experiments, and mass
spectrometrically separate phosphatidylcholines from other phospholipid classes in positive ion mode. Addition of Fe*" salts (20
mol %) to ESI spray solutions affords highly abundant doubly charged metal ion phosphatidylcholine complexes (~110% of
protonated compounds) and allows sensitive fragment ion detection (limit of detection = 100 pM). Higher energy collisional
dissociation, collision-induced dissociation, and ultraviolet photodissociation of doubly charged complexes yield two fragment
ions for every fatty acid moiety. The latter two tandem MS methods preferentially yield sn-2 associated product ions enabling
relative sn-isomer quantification. The analytical utility of doubly charged phosphatidylcholine-metal ion complexes is
demonstrated for polar lipid extracts, including extracts from diabetes type 1 and type 2 mouse models, and sn-isomer

abundances are derived.

lycerophospholipids play essential roles in cellular

function, influencing structural integrity and biophysical
properties of cellular membranes, modulating membrane
protein functions, and serving as intra- as well as intercellular
signaling molecules.'® This multitude of biochemical
functions gives rise to the structural diversity encountered
for this lipid class. Changes in lipid abundance, lipid structures,
or dysregulation of glycerophospholipid metabolism have been
implicated in cancer, diabetes, and cardiovascular disease.”™*°
But also cell types, tissue regions, or cell mating has been
Iinked”t& specific glycerophospholipids or lipid distribu-
tions.

In particular, phosphatidylcholines (PCs) that are the major
components of most eukaryotic cell membranes, have been
associated with multiple biochemical processes.”* For example,
the cell mating of Tetrahymena thermophila was studied by
Ewing and co-workers revealing that PC levels are diminished
at cell—cell interfaces during cell fusion.''> Mouchlis et al.
recently demonstrated that the selectivity of three different
human phospholipase A, (PLA,) enzymes, that exclusively
cleave sn-2 (sn: stereospecific numbering) ester groups, is
influenced by the fatty acid (FA) attached to sn-2 and differs
between members of different PLA, enzyme families.'* These
results indicate that PC structure-dependent lipid-enzyme
interactions exist and that PC remodeling depends on the
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PLA, enzyme type. In line with the structure-sensitive
selectivity of PLA, enzymes toward PCs, localized changes of
PC isomers were recently visualized by Ellis and co-workers.'®
They were able to show that the relative abundance of PC sn-
and double bond position isomers depends on tissue regions
and hypothesized that these changes reflect cell-specific
enzyme activities and therefore cell-specific lipid metabolism.
A similar PC isomer specific effect that even compartmental-
izes PC distribution within cells, was found for neurons.'® One
specific PC sn-isomer is accumulated in the presynaptic plasma
membrane suggesting a specific function of this lipid. This
combined evidence highlights that obtaining molecular-level
understanding for PC structures is of great importance.
Many advancements in lipid analysis in recent years were
driven by mass spectrometry (MS) and tandem MS (MS/MS)
methods.'’~** Lipidomics studies have benefited from power-
ful MS methods, such as direct infusion “shotgun” lipidomics
and liquid chromatography (LC) approaches.”> > When
coupled to high performance mass spectrometers these
methods allow for routine lipid sum formulas assignment
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and simultaneous quantification of hundreds of lipid. MS/MS
in the form of collision-induced dissociation (CID) is a
powerful tool to aid lipid assignments from accurate mass
measurements with lipid headgroup and FA moiety informa-
tion."”*® For example, positive ion mode MS/MS measure-
ments of protonated PCs are dominated by the headgroup
fragment ion at m/z 184 that allow to discriminate PCs from
isobaric phosphatidylethanolamines (PEs).””** For FA assign-
ment of PCs, MS/MS of [PC+X]~, with X = Cl, HCOO, or
CH;COO, in negative ion mode is required. In contrast to
headgroup and FA composition, positional double bond
isomers, stereochemistry of double bonds, and sn-isomers are
not accessible from routine CID experiments. Powerful LC-
MS, LC-MS/MS, and most recently ion mobilit?f spectrometry
(IMS)-MS methods separated isomeric PCs.””~** For example,
Nakanishi et al. developed a LC-MS/MS method that
separated PC sn-isomers.”” Despite the impressive capabilities
of LC and IMS methods, all these separation techniques
require authentic standards for accurate PC structure assign-
ment.

To address the problem of lipid structure identification new
tandem MS methods aim to generate PC structure selective
fragment ions that allow to probe sn-positions or double bond
isomers. Paternd-Biichi functionalization,”*™® ozone-induced
dissociation (OzID),””*" metastable atom activated dissocia-
tion,* radical directed dissociation,*”*' and ultraviolet photo-
dissociation (UVPD)***** are the most widely adapted
tandem MS methods that probe double bond positional
isomers. Electron impact excitation of ions from organics was
reported to yield information about PC double bond
geometries.44 Whereas the number of double bond selective
tandem MS methods has considerably increased in recent
years, discrimination or relative quantification of sn-isomers of
PCs using tandem MS methods is rather scarce. Most notably
Blanksby and co-workers used CID of [PC+Na]" followed by
0zID of product ions in order to assign sn-isomers.”"*
Discrimination between sn-1 and sn-2 position most likely
occurs during CID activation because OzID predominantly
cleaves FAs in sn-2 position, whereas OzID without CID does
not result in sn-selective fragments. Relative sn-isomeric
abundances from CID/OzID experiments are extracted by
taking the relative fragment ion abundances into account. In
line with the CID/OzID method, Ekroos et al. were able to
correlate relative product ion abundances with sn-isomeric
purities by using sn-2 selective ion trap CID-MS? of [PC+Cl]~
ions in negative ion mode.”” Brodbelt and co-workers most
recently employed higher-energy collisional dissociation
(HCD) followed by UVPD to assign sn-isomers as well as
double bond positions in a MS® workflow.** Adduct formation
between metal ions and glycerophospholipids, such as Ag" and
neutral PCs,*’ was shown to yield fragment ion abundances in
MS? experiments but the analytical ca&)abﬂities of this method
were not explored in more detail **~*

In this work, the formation as well as fragmentation of [PC
+M]** (M = Mg, Sr, Ba, Mn, Fe, Co, Cu, Zn or Sn) during
electrospray ionization (ESI) is investigated to evaluate if
doubly charged PC—metal ion complexes can be used to assign
and relatively quantify PC sn-isomers from complex lipid
mixtures. Fragment ions and relative product ion abundances
are compared between tandem MS methods (UVPD, CID,
HCD) and enzymatic PLA, digestion to study the sn-selectivity
of different activation methods. The ability to use CID and
UVPD of [PC+X]* ions to relatively quantify sn-isomers in
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complex mixtures is demonstrated by performing shotgun lipid
analysis of different polar lipid extracts and determining PC sn-
isomer abundances.

B EXPERIMENTAL SECTION

Safety Considerations. MeOH/EtOH were used as ESI
spray solvents. ESI requires high voltage to produce ions. To
ensure safe handling, ESI sources are shielded and excess
solvent was transferred to solvent containers using flexible
tubing. UV laser light is dangerous for skin and eyes. All
equipment and laboratories were approved by the laser safety
officer and laser safety googles were worn at all time.

Lipid Nomenclature. Shorthand notations according to
the guidelines by Liebisch et al. are used throughout the
manuscript.”” The separator “/” is used to indicate that the sn
positions of the FA moieties are known. For synthetic
standards the double bond position with respect to the ester
group and double bond geometry are reported in the format
“9Z”. When the double bond position and geometry is
unknown this nomenclature is omitted. Abbreviations are
introduced for some lipid standards for clarity.

Materials. All synthetic standards, solvents, salts, or
reagents were obtained from commercial sources and used
without further purification. PC 16:0/18:1(9Z), PC 18:1(9Z)/
16:0, PC 18:0/18:1(9Z), PC 18:1(9Z)/18:0, PC 16:0/18:0,
PC 18:0/16:0, PC 16:0/16:0, PC 14:0/18:0, PC 18:0/14:0,
SM d18:1/16:0, egg yolk, porcine brain, and yeast extracts
were purchased from Avanti Polar Lipids Inc. (Alabaster, AL,
US.A.). PC 18:1(9Z)/18:1(9Z) was purchased from NOF
Corporation (New York, U.S.A.). Metal salt screening
experiments were performed with NaCl, KCl, MgCl,, SrCl,,
BaSO,4 MnCl,, FeSO,, FeCl,, CoSO, CuSO, ZnSO, and
SnCl, with purities of 90% or higher obtained from Sigma-
Aldrich (Munich, Germany). All other experiments were
performed with anhydrous FeCl, (99.998%, Sigma-Aldrich).
Phospholipase A, (PLA,) from honey bee and all other
chemicals for PLA, digestion were purchased from Sigma-
Aldrich.

PLA, Digestion. We followed the PLA, digestion protocol
used by Ekroos and co-workers with some modifications.”” In
brief, 500 nmol of PC lipid standard was dissolved in 800 uL
methanol. This solution was mixed with a solution containing
450 pL water, 20 mM Tris-HCI, 40 mM CaCl,, and 7 ug PLA,.
Resulting samples were vortexed for 15 h prior to solvent
evaporation. Dried reaction mixtures were reconstituted in
methanol with 1% formic acid for mass spectrometric analysis.

Standard Solutions for MS Analysis. Lipid standards
with 10—100 uM concentration were dissolved in ethanol—
water (99:1; v/v), methanol—water (99:1; v/v), or mixtures
thereof, and FeCl, dissolved in water or methanol (1 mM) was
added to a final concentration of 20 mol % with respect to the
lipid. Some experiments were performed with 100 pM to 1 #M
lipid concentrations (see Supporting Information, SI). The
limit of detection (LOD) was estimated by diluting a 10 M
POPC solution containing 20 mol % FeCl, by a factor of 10
until no more fragment ions stemming from CID of [POPC
+Fe]*" were detected. The reported LOD is the concentration
of the last solution in the dilution series for which the signal-to-
noise of the fragment ions was above 3.

Lipid Extraction and Preparation for Analysis. Lipid
extracts of mouse pancreas tissue from female C57-J, ins2Akita,
and db/db mice were prepared according to Matyash et al,
and details are described in the SI.*® Extracts in CHCl, were
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dried and stored at —80 °C. Purchased and dried extracts were
reconstituted in CHCly-methanol (50:50; v/v) with final
concentrations of 0.04—0.40 g-L ™" and 20 v% of 1 mM FeCl,
solution in methanol was added for shotgun experiments. After
quantifying PC 34:1 in porcine brain extract, the LOD of PC
34:1 in porcine brain extract was determined as described
above for standards.

Mass Spectrometric Analysis of Lipid Standards and
Extracts. All mass spectrometric experiments were performed
ona7 T LTQ FT Ultra or a Q Exactive instrument (both
Thermo Scientific, Bremen, Germany) equipped with Thermo
Scientific heated electrospray ionization (HESI) sources. HCD
was performed on the Q Exactive instrument, whereas the
LTQ FT Ultra was used for ion trap CID and UVPD at 213
nm as described previously.’* Normalized collision energy
(NCE) were tested for CID and HCD (Figure S-1) and best
results (highest sn-2 selectivity) were obtained for NCE 12 for
LTQ-FT Ultra and NCE 10 for Q Exactive experiments.
UVPD with 213 nm laser light was performed with 40 laser
pulses but the fragment ion identity does not depend on the
number of laser pulses. Similar results but lower UVPD
fragment ion yields compared to 40 pulses were obtained with
2-20 laser pulses (see ref 54). UVPD fragment ion yields were
obtained by dividing the sum of all (or a selected subset)
fragment ions by the sum of all ion abundances in UVPD mass
spectra. Experimental settings: +4.5 kV HESI voltage; 330 °C
inlet temperature; 80 S-lens (Q Exactive), 35 V capillary and
120 V tube lens voltage (LTQ FT Ultra); 100 000 at m/z 400
(LTQ FT Ultra)/140 000 at m/z 200 (Q Exactive) mass
resolution; <+3 ppm mass accuracy (FTMS methods); Am/z
= 0.4 (Q Exactive), Am/z = 1.5 (LTQ FT Ultra) isolation
window. All reported uncertainties are standard deviations
from triplicate measurements.

B RESULTS AND DISCUSSION

Formation of Doubly Charged Lipid Metal lon
Complexes and UVPD. In an attempt to increase the
UVPD fragment ion yield for phospholipids, lipid—metal
complexes between PC 18:1(9Z)/18:1(9Z) and Na*, K,
Mgu, Sr¥*, Ba**, Mn?', Fe**, Co?*, Cu?!, Zn*, or Sn*" were
studied using ESI-MS and UVPD (213 nm) as summarized in
Figure $-2.°* The two singly charged reference complexes
between PC 18:1(9Z)/18:1(9Z) and Na'/K*, for which the
CID/UVPD fragment ions and yields are well-known,”***
form in 93% and 72% abundance with respect to the
protonated lipid ion. UVPD of these ions results in low
abundant headgroup related fragments (Figure S$-2). In
contrast, all investigated divalent metal ions, M?*, form [PC
18:1(9Z2)/18:1(9Z)+M]*" ion adducts (example Figure S-3)
and the abundance of these ions depends on the M** identity
(Figure S-2). The lowest abundance is observed for the Zn*
adduct that is formed in >1% abundance with respect to the
protonated phospholipid ion, whereas the abundance of Fe*"
adducts relative to [PC 18:1(9Z)/18:1(9Z)+H]" is 12%. For
glycerophospholipid classes other than PCs, formation of
doubly charged metal ion complexes was not observed (results
not shown) but doubly charged ions of sphingomyelins with
divalent metals are formed (Figure S-4).The UVPD fragment
ion yield is also affected by the metal ion identity (Figure S-2).
For example, the attachment of Co™ to PC 18:1(9Z)/
18:1(9Z) results in a 36% UVPD fragment ion yield, a 13-fold
UVPD fragment ion yield increase compared to results for [PC
18:1(9Z)/18:1(9Z)+K]*. However, 97% of the UVPD frag-
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ment ions obtained for [PC 18:1(9Z)/18:1(9Z)+Co]*" are
associated with headgroup loss. In contrast, UVPD of [PC
18:1(9Z)/18:1(9Z)+Fe]** does not result in headgroup loss
and the overall UVPD fragment ion yield is 40%. Because
increased UVPD fragment ion yields are obtained compared to
results for H'/Na*/K", headgroup loss is suppressed and the
propensity for [PC 18:1(9Z)/18:1(9Z)+M]** formation is
higher than for all other investigated divalent metal ions, Fe**
is exclusively used in all following experiments.

Spray Solution Optimization. To improve the Fe®*
adduct ion abundance in ESI mass spectra, solvent
composition and lipid to FeCl, ratio was optimized.
Significantly improved [PC+Fe]* ion abundances compared
to results reported in Figure S-2 were obtained for solutions
containing 1:1 v/v ethanol/water or 99:1 v/v methanol/water
and 20 mol % FeCl, with respect to the lipid concentration.
Representative mass spectra obtained for PC 18:1(9Z)/18:0
(OSPC) and PC 16:0/18:1(9Z) (POPC) are shown in Figure
la (Figure S-S5 for LTQ results) and Figure S-6, respectively.
For example, the two most abundant signals in Figure la are
[OSPC+H]* (orange, m/z 788.616) and [OSPC+Fe]** (red,
m/z 421.771). The experimental isotopic distribution of the
signals around m/z 421.771 is compared to the theoretical
distribution for [OSPC+Fe]*" in Figure 1a (inset) confirming
the assignment. The signal abundance of [OSPC+Fe]*" is
108% of the abundance of [OSPC+H]" indicating that doubly
charged lipid ion complexes are readily formed in ESI when
appropriate solvents and experimental settings are used.

Effect of sn-Position on UVPD Results. In order to
identify UVPD fragment ions and monitor the effect of a
variable sn-fatty acid composition on [I’C%—Fe]Pr fragment ion
intensities, PC 18:0/18:1(9Z) (SOPC) and OSPC were
investigated and results are shown in Figure 1b+c. The sn-1
position of SOPC contains a FA 18:0 moiety and FA 18:1(9Z)
is attached to sn-2, whereas the sn-position of the same FAs are
inverted in OSPC compared to SOPC. UVPD of both iron(II)
adducts results in the same fragment ion signals. Two signals
are present at m/z 504.345 and m/z 506.360 after UVPD
(Figure 1b+c, blue). These signals are assigned to [OSPC—FA
18:0-H]* (m/z 504.345) and [OSPC—FA 18:1-H]* (m/z
506.360), respectively. The presence of fragment ions at m/z
values above the doubly charged precursor in UVPD mass
spectra suggests that [OSPC+Fe]** and [SOPC+Fe]** have
lost [FA 18:0+Fe—H]* and [FA 18:1+Fe—H]* upon
fragmentation. Corresponding fragment ions are present at
m/z 337.183 and m/z 339.198 in both UVPD mass spectra
(Figure lb+c, green). Interestingly, the relative fragment jon
abundance in [OSPC+Fe]* (Figure 1b) and [SOPC+Fe]*
(Figure 1c) UVPD mass spectra differs. For [OSPC+Fe]** the
fragment ion at m/z 504.345 and the m/z 339.198, both
associated with the cleavage of FA 18:0 from the precursor, are
16 times more abundant than FA 18:1(9Z) fragment ions.
Permutation of the FA positions on the glycerol backbone in
SOPC compared to OSPC results in pronounced FA 18:1(9Z)
dissociation from the precursor with m/z 506.360 and m/z
337.183 being S times more abundant than m/z 504.34S and
m/z 339.198. Because FA 18:0 is preferably lost from [ospC
+Fe]?" and FA 18:1(9Z) from [SOPC+Fe]*", the sn-2 attached
FA moieties, these results indicate that UVPD of [PC+Fe]**
ions is a sn-2 selective fragmentation process.

Fragment lons and Fragmentation Pathways of [PC
+Fe]**. Possible fragment ion structures and fragmentation
pathways that are consistent with UVPD results presented in
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Figure 1. a) Positive ion mode ESI MS of PC 18:1 (92)/18:0
(OSPC) after FeCl, addition. Inset: Comparison of theoretical and
experimental isotopic distributions for [OSPC+Fe]*". b) UVPD of
[OSPC+Fe]** (m/z 421.772, red). Assigned sum formulas and
experimental m/z values are highlighted in green and blue,
respectively. ) UVPD of [SOPC+Fe]** (m/z 421.771. red). Assigned
sum formulas and experimental m/z values are highlighted in green
and blue, respectively.

Figure 1 are shown in Scheme 1. Activation of a [PC+Fe]** sn-
isomer with 213 nm UV light can facilitate formation of a five-
membered ring containing the phosphate group to give
fragment ions that are associated with FAs attached to sn-2
(R,—COOH). Alternatively, a six-membered ring is formed
when sn-1 specific fragmentation (loss of R;—COOH) occurs.
[PC+Ee]* fragmentation results in two distinct singly charged
ions for every sn-specific fragmentation pathway (Scheme 1)
but no headgroup loss occurs as usually observed in tandem
mass spectra of singly charged PCs.*® Unlike CID of [PC+M]*
with M = Li, Na, K that results in neutral headgroup loss and
intramolecular cyclization involving FA moieties as reported
previously by several groups,"**** the proposed fragmenta-
tion pathway of [PC+Fe]*" is consistent with results for [PC
+H]* and CID-MS® of [PC+formate]™ for which similar
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Scheme 1. Proposed Fragmentation Pathways for [PC
+Fe]** and Corresponding Proposed Fragment Ion
Structures

sn-2 sn-1
fragmentation fragmentation
pathway pathway
! R .Fe®
1 }=0" |
i 9 le o 00 |
PN Poo ™A BooNE
R 0 0 ! s\Xe}
) /\.Q-/' ! . ‘o N
0---Fe 1 Ry (o]
s [
Ry | (]
1
¢ | ¢
1
I
1
[} X QE,O\/\N/_
e | o 1°
) 0 | |
O~p o ~ENT
A N s
= . b
I 0
+ ! +
I
O. ® ! D, @
Ry _(“ _Fe ! Ry _Q. -Fe
Of ! 0°

fragment ions or neutral losses were observed.””*® Because
CID of singly charged PC ions is known to result in PC
dissociation, [PC+Fe]** were subjected to CID. CID of [PC
+Fe]** (Figure S-7) afforded product ion signals down to a
LOD of 100 pM for standards and S00 pM for extracts (Figure
S-S) that are consistent with the pathways proposed in Scheme
1. This provides evidence that fragmentation of [PC+Fe]*
using UV light or collisional activation results in the same
fragment ion signals and most likely the same fragment ion
species. CID-MS? results for [PC+Fe]** (Figures S-9—S-11)
are in line with the proposed fragmentation pathways and ion
structures shown in Scheme 1. These results indicate that
activation of [PC+Fe]?* ions enable exclusive fragmentation of
FA moieties from PCs using collisional and UV activation.
UVPD, CID, HCD of sn-isomers. In order to investigate
the extent of sn-2 selectivity upon [PC+Fe]** fragmentation,
UVPD, CID, and HCD of iron(II) PC 16:0/18:1(9Z), PC
18:1(9Z)/16:0, PC 18:0/18:1(9Z), PC 18:1(92)/18:0, PC
16:0/18:0, PC 18:0/16:0, PC 14:0/18:0, and PC 18:0/14:0
adducts were performed. Results are summarized in Table 1
and shown in Figure 2 and S-12 for POPC and PC 18:1/
16:0(9Z) (OPPC), respectively. Because commercially avail-
able sn-isomer lipid standards contain sn-isomeric impurities,
PLA, digestion was performed, and these results are used as
reference values (Table 1). The results for UVPD of [POPC
+Fe] (Figure S-12a) and [OPPC+Fe]** (Figure 2a) are
similar when compared to the results for SOPC/OSPC (Figure
1). For [POPC+Fe]*, that contains a FA 18:1(9Z) moiety at
sn-2 position, the relative abundance of fragment ions that
originate from FA 18:1(9Z) loss (m/z 337.185 and m/z
478.329) is increased by a factor of 6 (Figure S-12a) compared
to ions from FA 16:0 loss (m/z 311.167 and m/z 504.345).
The FA 16:0 fragment ions are, on the other hand, 49 times
more abundant than the FA 18:1(9Z) associated fragment ions
for [OPPC+Fe]** (Figure 2a). This indicates that dissociation
of FAs attached to sn-2 position is preferred in UVPD of [PC
+Fe]?" ions, in line with results for SOPC/OSPC. CID of
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Table 1. Comparison of sn-Isomeric Purity for Synthetic
Lipid Standards in Mol % Using PLA, Digestion and
UVPD/CID/HCD

lipids® e CID* HCD®
PC 14:0/18:0 95/5 79/21 77/23 61/39
PC 18:0/14:0 89/11 83/17 58/42 62/38
PC 16:0/18:0 95/5 83/17 79/21 81/19
PC 18:0/16:0 91/9 77/23 75/25 74/26
PC 16:0/18:1(9Z) 93/7 85/15 82/18 81/19
PC 18:1(9Z)/16:0 97/3 98/2 83/17 56/44
PC 18:0/18:1(9Z) 92/8 82/18 71/19 88/12
PC 18:1(9Z)/18:0 88/12 94/6 65/35 54/46
MD + SD (n = 8) 9+ 4 19+ 4 23+ 12

“Major sn-composition of lipid standard. "Relative abundance
obtained with FT-ICR MS of chloride adducts. First number: major
sn-isomer; second number: minor sn-isomer. Coefficient of variation
2%. “Relative abundance of [PC+Fe]** fragment ions. Coefficient of
variation 3%. “Mean absolute deviation (MD) and standard deviation
(SD) with respect to PLA, results.

[POPC+Fe]** (Figure S-12b) and [OPPC+Fe]** (Figure 2b)
also yield relative fragment ion abundances that are connected
to the position of the FAs on the glycerol backbone. FA
18:1(9Z) loss is preferred over FA 16:0 loss in CID mass
spectra of [POPC+Fe]?", whereas relative fragment ion
abundances are inverted in CID mass spectra of [OPPC
+Fe]** compared to [POPC+Fe]**. The increased abundance
of fragment ions stemming from sn-2 position is, however, not
observed for both sn-isomers in HCD experiments (Figures S-
12c and S2c). HCD fragment ions connected to FA 18:1(9Z)
loss from [POPC+Fe]** are 4 times more abundant than FA
16:0 ions, whereas FA 16:0 loss is only preferred by 1.3 over
FA 18:1(9Z) loss for [OPPC+Fe]**. The [FA 16:0+Fe—H]"
fragment ion is even lower in abundance than [FA 18:1-
(9Z)+Fe—H]* in HCD experiments of [OPPC+Fe]**(Figure
2¢).

To quantitatively analyze the sn-selectivity in tandem mass
spectra of [PC+Fe]*, the relative signal intensity of product
ions associated with loss of one particular FA, e.g,, all fragment
ions connected to the FA 16:0 loss from OPPC, is calculated
and compared to results obtained by PLA, digestion (Table
1).3% For example, FA 16:0 is attached to the sn-2 position in
97% abundance according to PLA, digestion of OPPC,
whereas the relative abundance of FA 16:0 attached to the
sn-2 position obtained from UVPD, CID, and HCD of [OPPC
+Fe]** is 98%, 83%, and 56%, respectively. The decreased sn-2
selectivity of HCD and CID compared to UVPD is not only
observed for OPPC but also for most other investigated PCs as
summarized in Tables 1 and S-1. The mean absolute deviation
(MD) and corresponding standard deviation (SD) are given in
Table 1. UVPD results deviate by an average of 9% from PLA,
digestion measurements, in contrast to the sn-isomeric purity
obtained from CID and HCD that differ on average by 19%
and 23% from PLA, results, respectively.

Especially for HCD, the fragment ion abundances appear to
depend on the FA moieties. In particular, HCD of [OSPC
+Fe]** results only in $4% fragment ions that are connected to
FA 18:0 loss from the precursor but 88% of FA 18:1(9Z)
product ions are obtained upon HCD of [SOPC+Fe]*". This
indicates that the double bond number of the FA in sn-1 is
connected to selectivity of the sn-2 bond cleavage during HCD
(Table 1) but no correlation between HCD results and FA
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Figure 2. Tandem MS results for [PC 18:1(9Z)/16:0+Fe]** ((OPPC
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(c). Fragment ions assigned to [carboxylate+Fe]* and [lipid-
carboxylate]” are highlighted in green and blue, respectively. Assigned
sum formulas and experimental m/z values are included. ® H,0
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340 380

chain length is observed. The sn-selectivity differences between
ion trap CID and HCD could be caused by the specifics of the
ion activation in these collision activation methods. Whereas
precursor ions but not product ions are resonantly excited in
CID by multiple low energy (~tens eV) gas collisions,”**’ in
HCD precursor and resulting fragment ions are activated by
multiple collisions with tens to hundreds of eV.”®*
Consequently, ions activated with HCD can access higher
energy dissociation pathways as compared to ion trap CID and
HCD activation facilitates rearrangements and secondary
fragmentation from primary fragment ions. Rearrangements
or secondary fragmentation could be responsible for the
decreased sn-selectivity in HCD compared to CID. In order to
understand the HCD “sn-2 scrambling” effect for [PC+Fe]*" in
more detail, an increased number of authentic sn-isomer pairs
is required. UVPD and CID results for [PC+Fe]**, however,
show no structure dependent change of sn-2 fragmentation
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selectivity (Table 1). These results suggest that UVPD and
CID can be used to deduce relative sn-isomer abundances.

Relative sn-Quantification using UVPD. Because sn-
isomeric abundances obtained from UVPD have the smallest
deviation to PLA, digestion results of all investigated tandem
mass spectrometry methods, the ability to infer relative sn-
isomer abundances from UVPD experiments without compar-
ison to authentic standards was investigated. Results for PC
34:1 in yeast, porcine brain, and egg yolk polar lipid extracts
analyzed in a shotgun approach are summarized in Table S-2.
For egg yolk and porcine brain the relative POPC/OPPC
abundance inferred from UVPD mass spectra is 97/3 and 49/
51, respectively. This is in reasonable agreement with OzID
results from Blanksby, Ellis, and co-workers that reported sn-
abundances of 97/3, 61/39, and 57/43 for e%§ olk, sheep
brain, and rat brain (gray matter), respectively.”**

To further demonstrate the robustness of using UVPD of
[PC+Fe]* to relatively quantify sn-isomers, a mouse pancreas
polar lipid extract was analyzed in a shotgun approach after
addition of FeCl,. A typical mass spectrum is shown in Figure
3a and demonstrates the ability to detect [PC+Fe]** adducts in

o 2+
NL1.4-10 [PC 36:4 + Fe]** [PC 34:2 +H]*
100 418,748 758570

R 90

[PC 34:2 +Fe]

406.748
a)

NL5.5-10° 2
[PC 38:4 + Fe]
432763 .
[PC 36:4 + H]
782.570

[PC38:4 +H]*
810.602
2 X LPC + Fe(ll)
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Figure 3. a) Shotgun ESI-FT-ICR-MS of mouse pancreas lipid
extract. [PC+Fe]?* ions are magnified in the inset and some signals
are assigned and labeled with corresponding m/z values. h) UVPD of
[PC 36:4+Fe]** in CS7-] mouse pancreas lipid extract. Fragment ion
signals are assigned and labeled with corresponding m/z values.

complex lipid mixtures. To investigate if all investigated ions
are PCs and no isobaric PE impurities exist, MS® experiments
were performed. By fragmentation of [lipid-carboxylate]* ions
only the neutral loss of 59.073 Da associated with PCs was
observed (Figure S-13). Additionally, no odd chain FAs were
detected in MS? experiments. This confirms that all
investigated ions are only PCs and not PEs. A total of 18
PCs were identified as listed in Table 2. The relative
abundance was deduced for 12 PCs. For example, part of
the UVPD mass spectrum of [PC 36:4 + Fe]*" is shown in
Figure 3b (Figure S-14 for overview). Fragment ion signals for
FA 16:0, FA 18:2, and FA 20:4 loss are obtained indicating
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Table 2. Compositional and Relative sn-Abundance Analysis
of PCs in Mouse Pancreas Lipid Extract Using UVPD“"*

precursor (m/z) fragment ion m/z assigned compounds”

PC 32:0 (394.748) 478.329 PC 16:0/16:0

PC 32:1 (392.741) 476.314 PC 16:1/16:0 (9%)
478.329 PC 16:0/16:1 (91%)

PC 34:0 (408.764) 478.329 PC 16:0_18:0
506.361

PC 34:1 (407.756) 478329 PC 16:0/18:1 (70%)
504.345 PC 18:1/16:0 (30%)

PC 34:2 (406.748) 478.329 PC 16:0/18:2 (42%)
502.329 PC 18:2/16:0 (58%)

PC 36:2 (420.764) 478.329 PC 16:0_20:2
502.329 PC 18:1/18:1
504.345 PC 18:0/18:2 (75%)
506.361 PC 18:2/18:0 (25%)
530.361

PC 36:4 (418.748) 478.329 PC 16:0/20:4 (98%)
502.329 PC 20:4/16:0 (2%)
526.329 PC 18:2/18:2

PC 38:4 (432.764) 478.329 PC 16:0_22:4
506.361 PC 18:0/20:4 (97%)
526.329 PC 20:4/18:0 (3%)
554.361

“Relative abundance of sn-isomers in brackets. Only [PC—FA-H]"
ions are listed. ®Absolute uncertainties of sn-isomer abundances are
+9% (Table 1) and relative errors of reported values are +39%.
“Compositions confirmed by CID-MS using [PC+Fe]**. “sn-purity
only determined if the signal-to-noise of all fragments was >S.
Predominate FA moiety in sn-1 position is bold.

that PC 18:2/18:2, PC 16:0/20:4 (98%), and PC 20:4/16:0
(2%) are present. The 2% abundance of the latter is consistent
with previously reported results for PC 16:0_20:4 that found
relative sn-abundances for PC 20:4/16:0 of 5—10%.2>%°

If authentic standards are available, [PC+Fe]** fragment ion
abundances from UVPD experiments and PLA, digestion
results are linearly correlated (Figure S-15) and comparison
between PLA, digestion and UVPD, thus, allows to relatively
quantify PC sn-abundances.

Relative sn-Quantification using CID. To examine the
capability to use [PC+Fe]>* ions in MS” CID experiments for
relative sn-quantification and account for the systematic offset
between CID and PLA,, POPC:OPPC mixtures with varying
lipid standard mixing ratios were investigated. CID results for
selected mixing ratios and the resulting correlation between
signal intensities and solution composition obtained from
PLA, digestion are shown in Figure 4. [PC+Fe]*" fragment
ions from [FA+Fe]* loss are used for the analysis presented in
Figure 4. Similar results are obtained for PCs with other FA
composition than POPC/OPPC (Figure S-16) or by taking all
sn-selective fragment ions into account (Figure S-17). The FA
16:0 fragment ion abundance (blue) increases with respect to
the FA 18:1(9Z) loss ion signal abundance from Figure 4a to
Figure 4c. This suggests that the amount of FA 16:0 attached
to sn-2 of PC 34:1 increases, consistent with the increased
amount of OPPC in the POPC/OPPC mixtures. By plotting
the relative abundance of FA 16:0 associated fragment ions
relative to all [PC—~FA—H]" product ions as a function of
solution phase OPPC content, a linear correlation between the
mass spectrometric signal abundances and solution sn-isomer
abundance is identified (Figure 4d, Figure S-14). These results
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Figure 4. CID tandem mass spectra of PC 16:0/18:1(9Z):PC
18:1(9Z)/16:0 standard mixtures with a) 90:10, b) 50:50 and c)
10:90 mixing ratios. d) The m/z 504 fragment ion abundance with
respect to the sum of m/z 504 and m/z 478 as a function of relative
PC 18:1(9Z)/16:0 solution content obtained from PLA, digestions.

indicate that CID of [PC+Fe]** can be used to relatively
quantify sn-isomers if authentic standards are available.

To demonstrate that CID of [PC+Fe]’ is capable to
relatively quantify sn-isomers in complex lipid mixtures, the
abundance of PC 16:0/18:1 relative to PC 18:1/16:0 is
investigated in pancreas lipid extracts from CS57-], ins2akita
and db/db mice (Figure S-18) applying a shotgun approach.
CID of [PC 34:1+Fe]** from C57-] pancreas extract yields
relative abundances of 73% and 27% for PC 16:0/18:1 and PC
18:1/16:0, respectively. This is in good agreement with sn-
abundances from UVPD experiments (Table 2) for the same
tissue extract. For ins2akita and db/db extracts, mouse models
for type 1 and type 2 diabetes, the POPC/OPPC ratios are 59/
41 and 68/32, respectively. Whereas the sn-isomeric
abundance of PCs in a larger number of biological replicates
for C57-], ins2akita, and db/db mice organ extracts is currently
investigated to enable interpretation of sn-isomeric abundances
changes, these first results show the CID of [PC+Fe]** can be
used for relative quantification of sn-isomers in complex lipid
extracts.

B RESULTS AND DISCUSSION

In this study, formation of double charged metal ion-
phospholipid complexes during ESI is reported for the first
time. These ions were investigated with CID, HCD and UVPD
tandem mass spectrometry. Most abundant formation of
doubly charged phospholipid-metal ion complexes is observed
for PC with Fe?". Fragmentation of [PC+Fe]*" ions containing
different FAs with CID, HCD and UVPD results in exclusive
dissociation of FA moieties and suppression of headgroup loss.
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For every FA group, two abundant product ions, [PC—FA—
H]* and [FA+Fe—H]", are obtained. The limit of detection for
the fragment ions is determined to be 100 pM and
consequently [PC+Fe]* fragmentation enables sensitive PC
compositional analysis in positive ion mode.

For authentic PC standards, comparison between PLA,
digestion and tandem MS results reveal that CID and UVPD
yield preferential dissociation of FAs from sn-2 positions,
whereas HCD fragment ion abundances are not only
influenced by the FA sn-position but also by the FA structure.
The MD for UVPD is 9% enabling sn-isomeric abundance
estimation without authentic standards. In contrast, lipid
standards are required for the relative sn-isomer quantification
with CID due to the MD of 19% compared to PLA, digestion
results. By using a shotgun approach both tandem MS
methods, UVPD and CID, enabled relative quantification of
sn-isomers in complex lipid mixtures such as egg yolk, porcine
brain, yeast and mouse pancreas lipid extracts.

The major advantage is the predominant [PC+Fe]** ion
formation by simply adding Fe’* salts in low concentrations
(~0.1-20 M) to ESI solutions. Formation of [PC+Fe]** ions
helps to mass spectrometrically separate PCs from other lipid
classes. Potential PE impurities can be investigated by
performing MS® and MS® experiments to determine FA
moieties and head groups, respectively. The currently not
detected Fe** attachment to other glycerophospholipids,
however, prevents their analysis as doubly charged metal ion
complexes. CID or UVPD of [PC+Fe]** ions from complex
lipid mixtures readily reveal PC composition and sn-isomer
abundance in positive ion mode without the need for prior
isomer separation. To understand the differences between
CID, HCD, and UVPD in more detail and deduce potential
structures of [PC+Fe]’" as well as fragment ions, experiments
with synthesized PC standards will be performed. Further
optimization of the solvent composition to increase doubly
charged lipid-metal ion complex abundances is currently
underway in order to quantify PC sn-isomers in LC-MS/MS
experiments using [PC+Fe]*™ or to observe other glycer-
ophospholipids—Fe>* complexes.
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ABSTRACT: Glycerophospholipids (GPs) are highly abundant in
eukaryotic cells and take part in numerous fundamental
physiological processes such as molecular signaling. The GP
composition of samples is often analyzed using mass spectrometry
(MS), but identification of some structural features, for example,
differentiation of stereospecific numbering (sn) isomers by well-
established tandem MS (MS?) methods, is challenging. In
particular, the formation of 1,3-dioxolane over 1,3-dioxane
intermediates proposed to be responsible for the sn-selectivity of
these tandem MS strategies has not been validated by
spectroscopic methods. In this work, we present infrared multiple
photon dissociation (IRMPD) spectra of phosphatidylcholine
(PC) ions [PC 4:0/4:0 + H/Na/K]* and [PC 4:0/4:0 + Na/K —
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free electron laser ONa

1-— T

T T

T T T
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183]" fragments generated by electrospray ionization (ESI)-MS and collision-induced dissociation (CID), respectively. IRMPD
spectra of protonated, sodiated, and potassiated PC 4:0/4:0 differ in the phosphate- and ester-related bands, which are increasingly
shifted to lower wavenumbers with higher adduct masses. Comparison of calculated and experimental IR spectra indicates the
presence of multiple, two and one isomer(s) for [PC 4:0/4:0 + H]*, [PC 4:0/4:0 + Na]*, and [PC 4:0/4:0 + K], respectively.
Isomers exhibiting pronounced sn-1 ester—ion interactions are computationally predicted to be energetically preferred for all species
and are in line with experimental results. IRMPD spectra of [PC 4:0/4:0 + Na/K — 183]" are presented and shed the first light on
the fragment ion structures, rationalizing MS-based lipidomics strategies that aim to characterize the sn-isomerism of GPs.

KEYWORDS: lipids, IRMPD spectroscopy, tandem mass spectrometry, density functional theory, phosphatidylcholine, sn-isomerism

Bl INTRODUCTION

Glycerophospholipids (GPs) are essential biomolecules that
are found in cell membranes, are involved in protein—protein
interactions, and are crucial for molecular signaljng.l_3
Changes in the lipid composition have been associated with
cancer, diabetes, and cardiovascular disease.*™® Recently,
Munir et al. found that triglycerides (TG) and cholesterol
esters (CE) are upregulated in the metastasis of the colon
carcinoma cell line SW620 compared to the primary tumor cell
line SW480.” Moreover, fatty acid (FA) moieties of
triglycerides and cholesterol esters showed an increase of
saturation in SW620. The authors concluded that the FA
composition is altered by cancer-induced modulation of the
lipid metabolism. The lipid composition and FA content are
tightly regulated and so is the abundance of specific lipid
isomers, as demonstrated by Honke and co-workers.® They
were able to show that accumulation of 1-oleoyl-2-palmitoyl-
sn-glycero-3-phosphocholine (PC 18:1/16:0, shorthand nota-
tions according to Liebisch et al.), a sn-isomer of PC 16:0/18:1
in protrusion tips and presynaptic areas of neuronal synapses of
mouse brains occurs.’” The presence of PC 18:1/16:0 was
explained as resulting from attraction of a dopamine trans-
© 2021 American Society for Mass

Spectrometry. Published by American
hemical Society. All rights reserved.
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porter and Ga, protein confinement by building a scaffold for
these proteins. This highlights that GP structures and their
changes are important to understand influences of lipids in
diseases. In eukaryotic organisms, structural features typically
important for GP properties are the headgroup, FA
compositions, C=C double bond (DB) positions in the
FAs, and permutations of FA moieties attached to the GP
glycerol backbone leading to the so-called stereospecific
numbering isomerism (sn-isomerism).

Mass spectrometry (MS) is arguably the method of choice
to analyze lipid composition, abundance, and structures in the
emerging field of lipidomics.'”"" This is because MS combines
high analytical sensitivity with high sample throughput,
outperforming other methods such as histochemical staining
or nuclear magnetic resonance spectroscopy. However,
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Figure 1. Proposed mechanism for headgroup loss of phosphatidylcholine (PC) in CID experiments by Turk et al,, yielding (I) five- or (II) six-
membered rings.'” Fragments found by Brodbelt and co-workers using CID-UVPD are assigned to the (I) six- and (II) five-membered

intermediates.

structural discrimination in MS is challenging. Whereas
identification of lipid FA compositions can routinely be
performed in tandem MS (MS?) experiments, the development
of advanced tandem MS methods is required to unveil detailed
structural elements such as DB positions or sn-isomers.'”
Newly developed tandem MS tools allow some challenges
associated with MS-based lipid structure elucidation to be
overcome."® For example, ozone-induced dissociation (OzID)
leads to selective cleavage of the FA double bonds."* Another
method uses Paterno-Biichi (PB) reactions followed by
collision-induced dissociation (CID) for DB position local-
ization."® Ultraviolet photodissociation (UVPD) yields DB
position diagnostic fragment ions with or without prior
derivatization.'® However, despite these improved methods,
discrimination of sn-isomers in lipidomics remains challenging.
‘While differences in bond dissociation energies often allow
differential fragmentation of bonds in CID-MS", this approach
does not work for GP analysis, presumably due to the similarity
of the ester bond dissociation energies. Identification of sn-
positions for GPs can be performed using phospholipase A,
(PLA,) for the selective cleavage of the FA in sn-2 position.'
After enzymatic cleavage, the fragments can be analyzed using
liquid layer chromatography, gas chromatography, thin-layer
chromatography, or MS. However, the enzymatic cleavage is
time-consuming, especially in comparison to MS analysis.
Additionally, Dennis and co-workers found that the selectivity
of PLA, is influenced by the FA chain length and degree of
saturation.'®

Methods for sn-isomer identification were developed using
lipid-metal adducts that influence the fragmentation for the
analysis in MS2 121920 Our group contributed to this progress
by developing a method using doubly charged metal ions,
leading to selective cleavage of the FA in the sn-2 position in
CID and UVPD experiments, with higher selectivity in
UVPD.”" In our approach, fragments assigned to the loss of
one FA are predicted to yield 2-hydroxy-1,3,2-dioxaphospho-
lane 2-oxide or 2-hydroxy-1,3,2-dioxaphosphorinan 2-oxide
derivatives (Figure S1). This contrasts with singly charged GP-
alkali metal adducts for which the fragment used for sn-
position analysis is associated with headgroup loss. Brodbelt
and co-workers developed a CID—UVPD MS?* workflow for
sodiated GP ions (Figure 1).'° They propose that CID leads to
1,3-dioxolane (I) derivatives, first described by Turk and co-
workers."” Subsequent cleavage of the dioxolane by UVPD
results in [FA; + C;HNa]*, [FA, + Na — H,]%, and
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[FA, + C3H;ONa]" fragments, allowing the identification of
sn-isomers. The complementary 1,3-dioxane (II) derivative
fragment ion, however, could potentially yield fragment ions
with m/z values similar to those originating from I. Therefore,
the step that leads to sn-selective fragment ion formation
depends on the initial headgroup loss event, which will
ultimately dictate the structure and relative abundance of the
resulting fragment ions.

To explore the fragmentation mechanism of GPs that are
fundamental to lipidomics workflows that aim to assign sn-
isomer abundances, gas-phase structures of precursor and
fragment ions involved in these tandem MS steps are
necessary. An approach to study the gas-phase structure of
ions is infrared multiple-photon dissociation (IRMPD) spec-
troscopy, where gas-phase ions are irradiated with IR Ehotons
produced by a wavelength-tunable IR laser source.””** By
recording the wavelength-dependent fragment ion intensities
upon IR irradiation of the mass-to-charge-selected precursor
ions, IRMPD spectra are obtained. The IRMPD spectra can
identify ion functional groups and allow the assignment of gas-
phase structures by comparing experimental with theoretical IR
spectra. IRMPD spectroscopy has successfully been used to
analyze gas-phase structures of small biomolecules, polycyclic
aromatic hydrocarbons, nucleotide $’-triphosphates, etc., as
well as their complexes.”* >

The aim of our study is to investigate the gas-phase structure
of PC cations and corresponding CID fragments to contribute
to the understanding of reported sn-selective fragment ion
formation. To avoid influences of the acyl chain on
spectroscopic results and minimize computational cost, the
model lipid PC 4:0/4:0 was selected and gas-phase structures
of [PC 4:0/4:0 + H/Na/K]" precursors and [PC 4:0/4:0 +
Na/K — 183]" fragments were examined using IRMPD
spectroscopy. IRMPD spectra are compared to theoretical
vibrational spectra calculated at the B3LYP/pc-1 level of
theory, revealing preferred H*, Na*, and K* attachment sites in
the precursor, and provide evidence for CID-generated
headgroup loss fragment ion structures derived from alkali
metal attached PC 4:0/4:0.

B EXPERIMENTAL SECTION

Materials. All synthetic standards were commercially
obtained and used without further purification. PC 4:0/4:0
was purchased from Avanti Polar Lipids Inc. (Alabaster, AL,

https://doi.org/10.1021/jasms.1c00277
J. Am. Soc. Mass Spectrom. 2021, 32, 2874-2884
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U.S.A.). MeOH, trifluoroacetic acid (TFA) (>99%), NaCl
(299%), and KCI (=99%) were purchased from Sigma-Aldrich
(Munich, Germany).

Mass Spectrometry and IRMPD Spectroscopy. All
experiments were performed with an AmaZon ETD quadru-
pole ion trap mass spectrometer (Bruker, Bremen, DE),
modified for IRMPD experiments and coupled to the free
electron laser for infrared experiments (FELIX).*' For the
experiments described here, settings for the MS were chosen to
give an approximate 0.5 Da mass resolution for the precursor
ion masses under investigation. Wavenumbers were calibrated
using a grating spectrometer (£0.02 pm), and observed
vibrational band widths in the IRMPD spectra are typically on
the order of 30 cm™'.** Precursor isolation was performed with
a mass isolation window of Am/z = +1 centered around the
precursor mass. lons were generated using electrospray
ionization (ESI), employing a flow rate of 2—3 pL-min™"
with a voltage difference of approximately 4 kV in positive ion
mode. The spray was nebulized using N, at 180 to 220 °C and
4—5 L-min~".

MeOH solutions containing 1 vol % of TFA, 50 mol % of
NaCl, or 50 mol % of KCI with 107 M PC 4:0/4:0 were used.
IRMPD was performed with laser energies of 20—120 m] per
pulse using 1—10 pulses per mass spectrum. Pulse numbers
were adjusted to maximize fragment signal intensities without
reaching saturation of the IRMPD signal. FELIX was scanned
from 850 to 1800 cm™' in steps of 3 cm™. For each
wavelength, six mass spectra were averaged. Wavelength-
dependent IRMPD rates were derived from fragment ion
intensities by the relation k = —In(A/A)/t, where A, Ay, and t
are the precursor ion abundance, the sum of precursor and
product ion abundances, and the irradiation time, respectively.
The [PC 4:0/4:0 + Na/K — 183]" fragments were generated
using CID with collision energy settings of 0.2—0.5 on the
AmaZon collision scale. Activation via IRMPD of CID
fragments did not lead to detection of fragment ions, and
instead, the loss of precursor ions was measured (thus A,
derived from a spectral region without vibrational bands).

Computational Chemistry. Molecular gas-phase struc-
tures were optimized on the B3LYP/pc-1 level of theory using
the Grimme DFT-D3 dispersion correction based on
structures generated and preoptimized with molecular
dynamics (MD) with the MMFF94s and GAFF force fields
in Avogadro.” ™ All quantum-chemical calculations were
performed with NWChem 6.8.1 and visualized using Chem-
Craft.’” Gibbs free energies were calculated using electronic
energies, scaled harmonic vibrations, and rotational constants
at 298 K (G,gg). Nine isomers were compared for each species,
and the energetically most stable structures are discussed in
detail. Attempts to optimize structures in which the added
proton interacts with both esters and the phosphate converged
to structures containing only interactions of the sn-1 ester and
the proton (Figure S2). The predicted vibrational stick
spectrum was convoluted with a Gaussian line shape function
of 50 cm™' fwhm. For wavenumbers <1000 cm™, a scaling
factor of 0.9808 was used, and for wavenumbers >1000 cm ™!, a
scaling factor of 0.9654 was used, as suggested by Wilson and
co-workers.” The vibrational frequencies used for the
calculation of the Gibbs energy (G,q) were scaled by 1.014,
as also suggested by Wilson and co-workers.

Whereas most bond lengths for related systems were
obtained from literature reports, bond lengths between the
NMe; groups and the esters were derived from benchmark
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calculations based on tetramethylammonium methyl butyrate
(Figure S3).

B RESULTS AND DISCUSSION

IRMPD Spectroscopy [PC 4:0/4:0 + H/Na/K]*. As the
charge carrier has the potential to influence the abundances
and identities of tandem MS fragment ions of lipids, we
first explored the possible structural variations of
[PC 4:0/4:0 + H/Na/K]* precursor ions. For this purpose,
IRMPD spectra of [PC 4:0/4:0 + H/Na/K]" were recorded,
and the results are shown in Figure 2. IRMPD fragment ion m/
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Figure 2. IRMPD spectra of [PC 4:0/4:0 + M]*, with M = H, Na, K.
Bands are assigned based on literature values.''” The influence of the
charge carrier identity on band position is shown by dashed blue lines.

z values did not depend on IR wavelength, and representative
tandem mass spectra are shown in Figures S4—S6. IRMPD
fragment ions are in line with CID-MS? literature reports of
protonated, sodiated, or potassiated PCs. Additionally, frag-
ment ion and IRMPD spectra intensities are lower for
sodiated/potassiated lipids than for protonated lipids, con-
sistent with tandem MS results of these lipids. The signal at m/
z 184 is the major fragment of [PC 4:0/4:0 + H]*, and alkali-
metal—containing precursors are dominated by NMe, loss (m/ z
361 (Na*), m/z 377 (K")) as well as [C,H;O,P + M]* (M =
Na (m/z 147), K (m/z 163)) ions.'”" Irradiation of the
sodiated PC 4:0/4:0 additionally resulted in neutral loss of the
headgroup and sodium (m/z 215), the headgroup (m/z 237),
and one fatty acid (m/z 273).

The IRMPD spectra shown in Figure 2 were compared to
literature reports in order to assign features and characterize
the impact of the charge carrier on band positions. The bands
at 1725 cm™' (H*), 1710 cm™' (Na*), and 1713 em™ (K*) are
assigned to the v(C=0) stretching vibrations. These
experimental bands are red-shifted compared to free ester
bonds (1750—1725 cm') for all three adducts, indicating a
weakening of the ester C=O bonds most likely due to
interactions with the charge carriers.*” Bands assigned to the
t/sym(O=C—O) mode are at 1172, 1195, and 1181 cm™ for
H', Na*, and K" in the experimental spectrum, respectively. All
Dsm(OIC—O) bands are in good agreement with reported
literature values of solid- and liquid-state IR (1300—1000
cm_l).40 In contrast to the red shift of ¥(C=0) signals, the
ysm(O=C—O) signals are blue-shifted in the spectra of Na*
and K" compared to H' and for Na* and K* narrowed by 15
and 5 cm™! relative to H*. The findings of 1(C=0) and
Vym(O=C—0) indicate that the ester bonds are strongly

https://doi.org/10.1021/jasms.1c00277
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Figure 3. Lowest-energy isomers of [PC 4:0/4:0 + H]", [PC 4:0/4:0 + Na]*, and [PC 4:0/4:0 + K]*. Computed bond lengths of charge carrier to
phosphate oxygen (orange), charge carrier to carbonyl ester (sn-1 blue and sn-2 cyan), phosphate oxygen double bond (gray), ion binding
phosphate oxygen to phosphorus (azure), and AG,gg relative to the lowest-energy isomer are included.

influenced by the adduct identity, providing strong evidence
that H*, Na*, and K" interact with the carbonyl ester groups.

Bands at 1472 cm™! (H*), 1469 cm™ (Na*), and 1476 cm™
(K*) are consistent with literature values of freely vibrating
6(CH,)/6(CH;) groups in solid- and liquid-state IR (1470—
1400 cm™') and differ only by 7 cm™.* Therefore,
interactions of the charge carrier with the FA chains is likely
minimal.

Bands assigned to v(P=0) (H*, 1325—1236 cm™}; Na*,
1291—-1248 cm™'; K, 1291-1231 cm™') are in good
agreement with theoretical results of neutral diethylphosphate
(DEP, 1295 cm™) and DEP — H + Na (1240 cm™') reported
by Rodgers and co-workers.*' In our data, the red-shifted
shoulder of the 2(P=0) signals in the spectra of Na" indicate
a weakening of the P=0 bond most likely due to P=0-Na*
interactions. In the study of DEP-related ions, an additional
band at 1025 cm™, which was identified as splitting of the
v(P—O—C) mode by coupling of the alkoxy and oxo stretching
modes in IRMPD spectra of [DEP — H + 2Na]*, is consistent
with shoulders at 1090 cm™" for H*, 1099 cm™! for Na®, and
1097 cm™ for K* with a maximum deviation of 26 cm™.
Compared with v(P=0) and the band resulting from
coupling of the alkoxy and oxo stretching, relative band
intensities of (P—O—C) decrease with higher atom radii of
the charge carrier. The coupling mode and the shifts of
phosphate-assigned bands are a strong indication for binding of
the charge carriers to the PO, unit of PC 4:0/4:0.

Vibrational modes involving the N—C bonds of NMe; are
related to the bands at 965/935 cm™ (H'), 956 cm™ (Na*),
and 957 em™' (K*), all within or close to the range reported in
the literature (960—940 em™').*> All modes except this N—C
vibration of the NMe; group give rise to the same number of
bands in the spectra of [PC 4:0/4:0 + H/Na/K]", so that the
gas-phase structures of the three systems are likely similar. The
presence of a second band in [PC 4:0/4:0 + H]" could indicate
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a second gas-phase isomer. All other vibrations involving NMe,
are located at the same wavenumbers for all adducts, similar to
the CH,/CH; bands, so that significant intramolecular
interactions involving these groups are unlikely. On the other
hand, strong evidence for interactions with the phosphate and
ester groups is suggested by the shift of their IR bands in
Figure 2. Therefore, only isomers with interactions of H*, Na*,
or K* with the phosphate and the esters will be considered for
in-depth analysis.

Structures of [PC 4:0/4:0 + H/Na/K]*. To understand
gas-phase structures of PC 4:0/4:0 adducts and differences in
the fragmentation pathways, density functional theory (DFT)
calculations were conducted. Structures of the most stable
conformers are schematically shown in Figure 3 (detailed
structures in Figures $7—S9) and grouped into four categories.
One group of structures exhibits bonding interactions of the
charge carrier with the phosphate and the sn-1 carbonyl oxygen
(H,, Na,, K;). In the second group, the sn-2 carbonyl oxygen is
involved instead of the sn-1 (H,, Nay, K,). In some structures,
the ion is not coordinated to ester groups but only to the
phosphate (Hp, Nap, Kp). In the final set of structures, both
ester carbonyl oxygens as well as the phosphate bind to Na* or
K* (Nay/,, Ky/). As a simplistic measure for the strength of
interactions between functional groups and the ions, distances
between the charge carrier and the ester carbonyl oxygens
(Mg 4, in blue and Mo ,, in cyan), the phosphate oxygen
(Mo_p in orange), the phosphate oxygen double bond (Pp—q
in gray), and the phosphate oxygen length (Po_y in azure) are
given in Figure 3 (Table S1). Interactions between the choline
nitrogen and the ester bonds are also discussed in terms of
their distance (Ng 4,.1/Ng g2)-

The energetically most stable [PC 4:0/4:0 + H]" isomer is
H,, with H, and Hp being higher in energy by 0.7 and 1.5 kJ-
mol ™', respectively. In H,, the hydrogen bonding dihedral
angle is 170.08°. The charge-carrying NMe; residue is

https://doi.org/10.1021/jasms.1c00277
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Figure 4. Lowest-energy isomers of [PC 4:0/4:0 + H]" and corresponding predicted vibrational spectra compared to the experimental IRMPD
spectrum. Experimental and theoretical bands are shown in black with gray areas and blue, respectively. Predicted AG,y4 values relative to the

lowest-enetgy isomet are included.

coordinated by the sn-2 ester. In H,, the interaction of the
proton with the sn-2 ester carbonyl oxygen only allows
coordination of NMe; with the sn-1 ester. In Hy, the Mg_p
bond is shortened by 0.02 A compared to that in H; and H,.
The charge-carrying choline group is oriented toward the sn-1
and sn-2 ester carbonyl oxygen.

To put these bond lengths into perspective and measure the
influence of charge-carrier lipid interactions and lipid
structures, computed results can be compared to benchmark
values, as outlined in the Experimental Section. The bench-
mark bond length for NMe,—carbonyl ester oxygen is 3.39 A.
The H,, H,, and H, isomers, however, have NMe;—carbonyl
ester oxygen bond lengths well above 3.75 A. This indicates
that the influence of the charged NMe; group on the ester
groups is likely negligible. Lommerse et al. described that
hydrogen bonding to ester moieties has typical bond lengths
from 1.90 to 1.95 A* Dihedral angles of the proton, the
donor, and the acceptor oxygen approach 180°, with increasing
H-bonding strength.“ The H-bonding distances of 1.72 A and
the O—H--O dihedral angle of 170.08° indicate strong
hydrogen bonding in H;, which is weakened in H, (166.60°,
1.81 A) and absent in Hp. This emphasizes a stabilizing
influence of the hydrogen bonding in H; and H,. The Py_y
and Pp_ lengths of 1.60 and 1.48 A in Hj are elongated
compared to literature values (1.56 A Po_y/1.46 A Pp_).®
However, energy differences between the protonated PC 4:0/
4:0 isomers of a maximum 1.5 kJ-mol™" suggest that multiple
isomers could coexist under our experimental conditions.

In contrast to the protonated species, sodium directly
interacts with the phosphate group and both ester carbonyl
oxygens in the energetically most stable Na, /, isomer. Energy
differences relative to the most stable Na,,, isomer are 1.1 kJ-
mol™" (Na,), 32.0 kJ-mol™" (Na,), and 27.5 kJ-mol™" (Nap).
No coordination of the positively charged NMe; toward the
partially negatively charged groups such as the phosphate or
the esters is observed in Na, ,. In comparison to the literature
values (1.54 A (Po_y); 146 A (Pp—o)), there is an elongation
of Pp_ in all isomers, whereas the Py _y, is shorter or equal to
literature values.*’ This indicates that sodium—phosphate
interactions result in strengthened P—O bonds at the cost of
a weaker P=0 bond. The M .., (224 A) and Mq_p (2.21 A)
lengths in Na, , are close to those of the Na, isomer (2.21 A
Mg ¢1/2.17 A Mg_p). Hence, the Naj;, isomer can be
interpreted as a Na, species with additional interactions
involving the sn-2 ester. The interactions of the sodium with
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the s-1 ester can be identified as the major stabilizing effect, as
isomers missing this interaction are considerably destabilized
compared to Na,, and Na;.

Results for [PC 4:0/4:0 + K]* are comparable to those with
sodium. The K, isomer is energetically favored by 10.4, 23.1,
and 26.7 kJ-mol™" compared to K;, K,, and Kp, respectively.
Similar to sodium, potassium is chelated by two phosphate
oxygens in Kp with equal Pp_, and P_y, lengths. The Mg, ,
length of the K, ), isomers is shorter than the Mg g, length.
This is in line with the Na, /, species and the isomer can also be
interpreted as K, with additional interactions to the sn-2 ester.
Supporting the findings for Na’, K,,, and K yield the two
lowest-energy isomers. This strongly indicates the presence of
a metal—sn-1 binding motif in [PC 4:0/4:0 + Na/K]* gas-
phase structures.

In general, our computations predict that interactions of the
charge-carrying NMe; group with electron-rich groups such as
the Phosphate or the esters are weaker than H*'/Na'/K*
interactions with these groups. Coordination of H*/Na*/ K*
to the sn-1 ester is preferred over coordination to the sn-2
ester, with the energetically most stable isomers of the alkali
metals showing further stabilization by metal—sn-2 ester
carbonyl oxygen interactions. Whereas Po_y lengths decrease
with higher ion radii from 1.59 A (H*) on average to 1.52 A
(Na*) and 1.51 (K*), Pp_o lengths increase from 1.49 A (H*)
on average to 1.50 A (Na") and 1.51 A (K"). Overall, shorter
Po_y and longer Pp_q lengths in the alkali adducts indicate
stronger interactions compared to those with H*. This is also
reflected in energy differences of maximum 1.5 kJ-mol™" but
32.0 and 26.7 kJ-mol ™" in Na* and K, respectively.

Comparison of the Experimental and Theoretical
IRMPD Spectra for [PC 4:0/4:0 + H/Na/K]*. To develop a
detailed picture of the [PC 4:0/4:0 + H]" gas-phase structure,
experimental and theoretical results for different isomers are
compared in Figure 4 (experiment in black, theory in blue).
Band positions for H, H,, and H;, are listed in Table S2.

The experimental feature above 1700 cm™ assigned to ester
v(C=0) vibrations by comparison to literature values is
broader (71 cm™) compared to that of typical carbonyl bands
(50 cm™).* The theoretical spectra for all isomers consist of
two distinct ¥(C=0) bands, one for each ester. In H,, the
predicted bands are blue-shifted compared to the experimental
band by about 25 cm™'. The predicted ester v(C=0) bands
for the H, and H; isomers are within the width of the
experimental (C=0) feature. Combination of more than one

https://doi.org/10.1021/jasms.1c00277
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H* isomer or different sn-1 and sn-2 ester vibrational modes
could explain the broadening of the experimental ¥(C=0)
band. The 1(O=C-0) signals at roughly 1155 ecm™" in H,
and H, are in good agreement with experimental signals at
1182—1167 cm™", but the red-shifted (O=C—0) mode of
Hp is at odds with the experimental band position. The
experimental band at 1472 cm™ is within the theoretically
predicted §(CH,/CH;) range for all isomers. Experimental
bands in the wavenumber range of the phosphate modes are
close to the v(P=0), v(P—0~-C), and v(P—O~-C)/v(P=0)
bands predicted by theory for all three isomers. Bands at 965
and 935 cm™" in the experimental spectrum are in line with the
v(NMe;) mode predicted for the H; (964 cm™), the H, (939
cm™"), and the Hj (938 cm™) isomers.

Predicted phosphate signal intensities differ for all three
isomers compared to the experiment. However, the exper-
imental data for [PC 4:0/4:0 + H]" agrees best with calculated
band positions of the v(C=0) mode of the H, and H,
isomers. The bands at 965 and 935 cm™ are not present in the
spectrum of a single isomer but are most likely the
consequence of the presence of multiple isomers. Coexistence
of the isomers is also likely due the intramolecular mobility of
protons known for other biomolecules.*”** The v(C=0) and
v(NMe;) bands of H;, H,, and Hj, are all consistent with the
experimental data. Therefore, possibly all isomers contribute to
the experiment spectrum.
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Predicted vibrational spectra of the [PC 4:0/4:0 + Na]*
isomers are shown along with the experimental IRMPD
spectrum in Figure S (band positions in Table S3).
Experimental spectra and theoretical spectra of Na;, Na,,
Nayp, and Na, /, with AG,gg values are shown in black and blue,
respectively.

The spectrum of the sodiated PC 4:0/4:0 lipid shows bands
for ester- and phosphate-related vibrational modes, exceeding
band widths reported for phosphate (60 cm™) and ester
species (50 cm™) in the literature.*"*” Theoretical bands that
are close to the experimental band at 1746—1697 cm ™" are the
combination of sn-1 and sn-2 v(C=0) modes, similar to the
protonated species. In contrast to the predicted H* spectra,
bands assigned to ,,,(0=C—0) are split into one band for
each ester in the calculated spectra of Na,;, (1238 cm™ sn-1,
1160 cm™ sn-2), Na; (1184 cm™ sn-1, 1170 cm™" sn-2), Na,
(1158 em™ sn-1, 1191 cm™ sn-2), and Nap (1234 cm™ sn-1,
1280 cm™ sn-2) isomers. The presence of a second l/sym(0=
C—0) band in all spectra of Na* isomers indicates stronger
interactions of the sodium to the ester compared to the proton.
However, the broad nature of the experimental band
challenges differentiation of the isomers based on this
vibrational mode. All PC 4:0/4:0 isomers of Na* show bands
near 1469 and 1358 cm™ corresponding to CH,/CH,4
vibrations. The feature assigned to ¥(P=O0) in the IRMPD
spectrum agrees with calculated signals of the Na, ,, Na,;, and
Na, modes. Nap (1151 cm™) is the only isomer predicted to

https://doi.org/10.1021/jasms.1c00277
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exhibit a 60 cm™ red-shifted band compared to the
experiment. The two bands in the experiment at 1099 and
1060 cm ™! are reproduced in all four simulated spectra and are
due to v(P—O-C) and v(P—O-C)/v(P=0) coupled
vibrations. All isomers have v(NMe;) bands in the range of
the experimental band. However, broadening of the v(P=0)
and the v,,(0=C—0) band suggests the presence of more
than one isomer. In line with the findings for [PC 4:0/4:0 +
H]*, the aliphatic bands and the NMe; group are not
influenced by the binding of sodium.

The red-shifted (C=0) shoulder in the theoretical
spectrum of Na, is at odds with the presence of this structure;
the same is true for the broad band at 1084 cm™ and the lack
of absorption near 1206—1167 cm™" in Nap. The higher energy
differences between the isomers and the spectroscopic match
of most bands point toward the predominant formation of
Nay;, and Na, isomers. However, the presence of a single
isomer is unlikely, as indicated by #(P=0) and v, (0O=C—
0) modes with band widths of >50 cm™.

Similar to the sodium isomers, K is the energetically most
stable potassium isomer (Figure 6, band positions in Table
S4). The AG,gs values between the isomers further increase
compared to H" and Na*.

The experimental band at 1713 cm™" coincides with 1(C=
0) bands of all isomers predicted for the sn-1/sn-2 esters. The
theoretical (C=0) bands of all isomers but K,/, are red-
shifted compared to those in the experiment. Experimental
bands assigned to v,(0=C—0) are in line with computed
Vym(O=C~0) band positions. Wavenumbers of CH,/CH,
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vibrations in the calculated spectra are in good agreement with
the experimental signals at 1471 and 1351 cm™. The
experimental band at 1181 cm™ can be explained by v(P=
O) signals of all isomers. Wavenumbers of computed v/(P—O—
C) and v(P-O-C)/v(P=0) bands of K;,, fit the
experimental findings. The same is true for the band at 957
em™), which is best reproduced by the ¥(NMe;) modes of
K, 5. In general, all bands are sharper in the potassium adduct
compared to the proton and the sodium (e.g., ¥(C=0) widths
39 em™ H/54 em™! Na/25 em™! K) adducts, suggesting that
one isomer dominantly contributes to the experimental
spectrum. This is supported by AGyys higher than that of
both other adducts.

Based on the experimentally assigned v(C=0) and
v(NMe;) bands and the small energy differences of ~1.5 kJ-
mol™" between isomers, multiple isomers involving sn-1 and sn-
2 protonated esters for [PC 4:0/4:0 + H]" and interconversion
between these isomers are likely. Additionally, the dominant
loss of the charged headgroup prohibits the observation of
neutral sn-specific fragments for [PC (4:0/4:0) + H]".
Therefore, differentiation between the ester groups and
selective formation of a single fragment ion isomer is not
facilitated by the precursor structure. This is in line with
literature reports, where sn-selectivity is not, or to a limited
extent, reported for protonated ljpids.m’su’sl In contrast to the
protonated species, predicted spectra and energy differences
for the sodium and potassium isomers indicate the presence of
two (Na;/Na,;,) or one structure (K,,), with stronger
interactions of the metal ion with the sn-1 ester in Na,, and

https://doi.org/10.1021/jasms.1c00277
J. Am. Soc. Mass Spectrom. 2021, 32, 2874-2884
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K, ;- Preferential interaction with one ester potentially explains
the selective FA cleavage in the sn-2 position, as reported in the
literature.'®'® Factors impacting the fragmentation reactions
are the stabilization of the phosphate as a leaving group,
reduction of the nucleophilic character of the ester by ester—
metal interactions, and steric hindrance of the nucleophilic
attack on the sn-3 carbon by the sn-1 ester.'>'“'**” Therefore,
binding of the alkali metal to the sn-1 ester can promote the
cyclization of the sn-2 ester by cleaving the headgroup resulting
in I (Figure 1), which is in line with reported OzID and UVPD
results.”™'® To investigate the structure of resulting fragment
ions, computational and experimental studies were conducted
for sodiated and potassiated PC 4:0/4:0 ions after neutral loss
of 183 Da.

Investigation of [PC 4:0/4:0 + Na/K — 183]" Frag-
ments. In order to contribute to the mechanistic under-
standing of GP fragmentation pathways and resulting
structures, IRMPD spectroscopy was performed on the
fragment ions. For this purpose, CID fragments corresponding
to headgroup loss of [PC 4:0/4:0 + Na/K — 183]" were
spectroscopically investigated, as shown in Figure 7 (structures
in Figure S10 and band positions in Tables S5 and S$6).
Calculations were performed with sodium and potassium
attached to 1,3-dioxolane- (Nags, Naggi, Kos) and 1,3-dioxane-
type (Nagg Kog) structures. The 1,3-dioxolane derivative is
energetically favored by 87.1 kJ-mol™ (80.2 for Nagsi) in [PC
4:0/4:0 + Nal]’, and the six-membered ring 1,3-dioxane
derivative is energetically favored by 2.7 kJ-mol ™' for [PC 4:0/
4:0 + K]".

In contrast to the precursor ion spectra, the IRMPD spectra
of the CID fragments contain six bands, which appear at very
similar wavenumbers for [PC 4:0/4:0 + Na — 183]" and [PC
4:0/4:0 + K — 183]*. The bands at ~1700 and 1025 cm™" are
red-shifted by 20 cm™ for the potassium compared to the
sodium complex. The similar positions and number of bands
suggest structural similarity of the fragment structures. Due to
the shifts of the ester-related signals between Na* and K*, the
charge carriers are likely attached to them. Compared to the
precursor ion spectra, the bands assigned to z(C=0) are red-
shifted for both adducts. This shift suggests either a stronger
influence of the charge carriers on the ester in the fragment as
compared to the precursor or the appearance of a new
structural motif in the fragment ions. The double-peak feature
at 1200—1150 cm™ as well as bands at 1300—1400 and 1025
cm™! appear in the [PC 4:0/4:0 + Na/K — 183]" spectra but
are absent in the precursor IRMPD spectra. Bands assigned to
v(NMe;) and the phosphate group in the precursor spectra are
absent in the fragment spectra.

Based on literature values, experimental bands at 1689 cm™
(Na*) and 1717 em™ (K") are assigned as a combination of a
red-shifted (C=0) band and a cyclic acetal-like 2(O—C—0)
band.”® For both adducts, experimental versus theoretical
differences for (C=0) are small for five-membered rings (7
cm™" Nags/4 em™ Naggi/16 cm™ Ko) and increase for the
six-membered rings (19 cm™ Napg/44 cm™ Kog). Deviations
between experi.mental bands and theoretical D(O—C—O)
modes are higher for the five-membered rings (39 cm™
Nags/16 cm™ Naggi/32 em™ Kog) compared to the six-
membered rings (15 em™ Naggs/9 cm™ Kog). Compared with
the precursor IRMPD spectra, the combined v(C=0) and
v(0—C—0) modes are red-shifted by 20 em™ (Na*) and 4
em™' (K*). The red shift of the band is likely a result of an
increased interaction of the ester to the metal ion, which is

1
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consistent with the candidate structures, where interactions of
the alkali metal with the ester probably increases due to the
lack of interactions with the phosphate moiety. The O—C-0
motif potentially contributes to the red shift.

Bands assigned to v,,,(0=C—0) are in the upper range of
literature values and blue-shifted compared to the precursor
spectra. The bands assigned to 5(0O—C—O) are part of the
crowded experimental region at ~1230—1150 cm™' with
maxima at 1188/1158 cm™" in Na" and 1198/1171 em ™" in K.
The number and position of bands in our data are similar to
structurally related acetals reported in the literature.”* In
particular, Bermann et al. described the presence of character-
istic acetal bands in IR spectroscopy, with wavenumbers of
1151—1140 and 1110—1091 c¢m™ for 1,3-dioxolane. The
experimental bands are all within the range of literature values
for acetals §(O—C—0) (1300—1000 cm™"). The same is true
for the calculated acetal 5(O—C—O) vibrations. Bands at 1013
em™' (Na*) and 1052 cm™ (K*) in the experimental spectra
may be explained by the (O—C—C) modes of all isomers.
Similar to §(O—C—0), the values are close to literature values
for 1(O—C—C) of acetals.”> Presence of a cyclic acetal-like
structure can be the result of cyclization of the glycerol
backbone, as shown in Figure 1, and are strong indication of
formation of cyclic dioxolane/dioxane structures upon
precursor ion fragmentation.

Bands at 1451 cm™ (Na*) and 1453 cm™ (K*) are close to
theoretical 6(CH,) bands for all isomers. The bands at 1388
and 1393 cm™’, only found in the fragment spectra, are in line
with t‘i(CH,/CHZ)“ng vibrations in the calculated spectra, but
bands in theoretical five- and six-membered ring isomers are
too close to distinguish between dioxolane and dioxane
structures.

Therefore, v(C=0) and {(O—C—0) bands are the only
spectroscopic signatures that are not overlapping with other
bands and whose frequencies are significantly influenced by
interactions with ions or by structural changes.’®” The
positions and widths of ¥(C=0) in the experimental
spectrum for the Na* cationized fragment overlap more with
predicted vibrations for the Nagg structure than with those for
the Nag; structure, but all other bands are in better agreement
with Nags. This is quite surprising when comparing the
energetic destabilization of Nagg (87.1 kJ-mol™) compared to
Nags. The high-energy differences between Nags/Naggi and
Nags are probably the result of complexation of Na* by the
C=C bond, which is absent in Nags Due to the thermal
energy at 298 K and the inaccuracy of the DFT energy
differences between isomers, interconversion between Nagg
and Nag;i possibly occurs, the “true” energetic order is not
captured with DFT methods or high-energy isomers are
kinetically trapped upon CID. The #(C=0) and ©(O—C-0)
bands of the calculated Nagsi spectrum are in line with the
experimental IRMPD data making both Nagsi and Nagg likely
candidate structures for the CID fragment ion, but the
significant energetic destabilization of Naps makes the
presence of a 1,3-dioxolane structure more likely.

The energetic difference between the isomers Kos and Kog
for [PC 4:0/4:0 + K — 183]" is only 2.7 kJ-mol ™" as potassium
does not interact with the C=C bond to stabilize the
dioxolane compared to the dioxane. Compared with the
experimental spectrum, the v(C=0) and (O—C—0O) bands
in the theoretical spectra are red-shifted by roughly 50 cm™ for
the Ko isomer and by only 10 cm™ for Kqs. Moreover, no
other isomer for Ko4 exists that can explain the position and
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width of the experimental band at 1717 cm™. This suggests
the CID fragment ion to possess a 1,3-dioxolane structure,
which is supported by a better overlap between experimental
and theoretical results of the other bands.

B CONCLUSION

In this study, we present the first IRMPD spectra of PC ions
and PC-derived fragment ions. The aim of this study was to
contribute to the understanding of reactions underlying
tandem MS fragmentation of lipids in the gas phase.'® For
this purpose, IRMPD spectra of protonated, sodiated, and
potassiated PC 4:0/4:0 were recorded, and theoretical
structures, energies, and IR spectra of three (H') to four
(Na', K*) potential isomers of the adducts were obtained. In
addition, IRMPD spectra of fragment ions formed by neutral
loss of 183 Da were investigated.

With help of these predicted spectra for the different isomers
and comparison to experimental results, multiple, two, and one
isomer(s) for H', Na*, and K" adducts, respectively, were
identified as most likely gas-phase ion structure. Whereas the
multitude of energetically low-lying isomers prevents un-
ambiguous assignment of IRMPD spectra to a single
protonated lipid isomer structure, the lowest-energy isomers
of [PC 4:0/4:0 + Na/K]" are in line with experimental results
and are structurally similar. In particular, isomers for Na* and
K" that best describe experimental band positions contain
pronounced phosphate—metal—sn-1 ester interactions, whereas
the sn-2 ester does not, or at least to a lesser extent, bind to the
alkali metal ion. These preferred interactions between sn-1
ester carbonyl and alkali metal ions most likely decrease the
flexibility and electron density for a nucleophilic attack of the
carbonyl oxygen at the sn-3 carbon atom as proposed to occur
during CID activation compared to the sn-2 moiety. Therefore,
our assigned precursor structures are consistent with the
proposed formation of 1,3-dioxolane intermediates.

Further evidence for the preferred formation of 1,3-
dioxolane over 1,3-dioxane structures upon CID fragmentation
of alkali metal adducts of GPs is presented by spectroscopic
investigation of [PC 4:0/4:0 + Na/K — 183]* ions. In
particular, the appearance of §(O—C-0), 5(CHH2)nng, and
other bands associated with an acetal moiety as well as absence
of v(NMe;), ¥(P=0), and (P—0O-C) bands as compared to
the precursor spectra, is in line with 1,3-dioxolane and 1,3-
dioxone structures. Comparison of predicted #(C=0) and
v(0—C—0) bands for potential 1,3-dioxolanes and 1,3-
dioxanes to experimental spectra point toward the predom-
inant formation of 1,3-dioxolane isomers. This further supports
the mechanistic picture in which 1,3-dioxolane fragments are
formed upon CID and explaining the sn-isomer selectivity of
tandem MS tools targeting these specific CID fragment ions.
Our findings are also in line with a recent study by Kirschbaum
et al. that provided evidence for the formation of 1,3-
dioxolanes upon fragmentation of protonated lipids.*® This
study also shows that the methodology and the findings of our
work most likely extent to other lipid classes and other lipid
chain length but further experiments are required to validate
this assumption.

This first IRMPD spectroscopic study of GPs and
corresponding isomers demonstrates that spectroscopic
investigations of lipids can contribute to a better understanding
of proposed CID fragmentation rules and mechanisms.
Therefore, we envisage more and extended spectroscopic
investigations of lipids and lipid fragment ions in the future, in
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order to rationalize lipid fragment ion mass spectra and
systematically improve structure elucidation of lipids in high-
throughput lipidomics workflows.
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Introduction

Influence of protein ion charge state on 213 nm
top-down UVPD+

Simon Becher,? Huixin Wang,® Michael G. Leeming,© William A. Donald ©9and
Sven Heiles () *

Ultraviolet photodissociation (UVPD) is a powerful and rapidly developing method in top-down proteo-
mics. Sequence coverages can exceed those obtained with collision- and electron-induced fragmenta-
tion methods. Because of the recent interest in UVPD, factors that influence protein fragmentation and
sequence coverage are actively debated in the literature. Here, we performed top-down 213 nm UVPD
experiments on a 7 T Fourier-transform ion cyclotron resonance mass spectrometer (FT-ICR MS) for the
model proteins ubiquitin, myoglobin and cytochrome ¢ that were electrosprayed from native, denaturing
and supercharging solutions in order to investigate the effect of protein charge states on UVPD frag-
ments. By performing UVPD in ultrahigh vacuum, factors associated with collisional cooling and any ion
activation during transfer between mass analyzers can be largely eliminated. Sequence coverage
increased from <10% for low charge states to >60% for high charge states for all three proteins. This trend
is influenced by the overall charge state, i.e., charges per number of amino acid residues, and to a lesser
degree by associated structural changes of protein ions of different charge states based on comparisons
to published collision-cross section measurements. To rationalize this finding, and correlate sequence ion
formation and identity with the number and location of protons, UVPD results were compared to proto-
nation sites predicted based on electrostatic modelling. Assuming confined protonation sites, these
results indicate the presence of two general fragmentation types; i.e., charge remote and charge directed.
For moderately high protein charge states, fragment ions mostly originate in regions between likely proto-
nation sites (charge remote), whereas sequence ions of highly charge protein ions occur either near back-
bone amide protonation sites at low-basicity residues (charge directed) or at charge remote sites (i.e.,
high-basicity residues). Overall, our results suggest that top-down 213 UVPD performance in the zero-
pressure limit depends strongly on protein charge states and protonation sites can influence the location
of backbone cleavages.

prevalence of top-down investigations is driven by a growing
appreciation that single amino acid alterations, isomerism or

Sequencing peptides generated by enzymatic digestion of pro-
teins, so called bottom-up proteomics, is the method of choice
to investigate complex protein mixtures via mass spectrometry
(MS) and tandem MS (MS") approaches, whereas dissociation
of intact protein ions, i.e. top-down proteomics, is increasingly
employed to reveal proteoform complexity. The increasing
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post-translational modifications (PTMs) can impact the func-
tional context of proteins.' For example, Fournier et al. showed
that acetylation of lysine can influence protein activity and
function.> Using high-energy collisional dissociation the
authors demonstrated that human lysine acetyltransferases
KAT2A and KAT2B are capable of activating and deactivating
polo-like kinase 4 by acetylation of PLK4 kinase residues K45
and K46.

On the other hand, the improvement of mass spectrometric
performance, such as sensitivity, mass resolution, mass range,
as well as development of novel MS” workflows give access to
proteins/protein complexes formed by electrospray ionization
from native-like solutions and reveals proteoform complexity
that is hard to capture with bottom-up methodologies.”
However, the success of proteoform identification as well as
sequence coverages depends on the method of ion activation.
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Collision-induced dissociation (CID) is the most widely
used MS" method in top-down proteomics.”” Upon CID,
protein ions are heated by collisions with the gas atoms/mole-
cules resulting in protein ion fragmentation. Due to the low
energy per collision of most CID methods (typically
10 kJ mol™ per collision is transferred to protein ions in low-
energy CID), the introduced energy after every collision equili-
brates throughout the protein before bond cleavage occurs.
Therefore, most prominent fragment ion signals are often
associated with the lowest bond dissociation enthalpies. For
example, Donald and co-workers demonstrated that CID of
intact highly charged ubiquitin, cytochrome ¢, lysozyme and
p-lactoglobulin ions results in preferential cleavage sites near
the first low-basicity amino acid residue that is predicted to be
protonated with increasing charge state yielding highly selec-
tive ion fragmention.® The highest sequence coverages are
obtained for charge states without backbone protonation,
because nonspecific cleavage of the amide backbone occurs.
By comparison to predictions of charge carrier positions
benchmarked against gas-phase basicity measurements,
hybrid quantum mechanics and molecular dynamics simu-
lations of dissociation pathways and energy-resolved CID
measurements, the dominance of the observed selective frag-
ment ions can be attributed to the lowered energetic demand
of backbone cleavage due to protonation.” However, slow
heating during CID triggers preferential loss of labile groups
complicating the ability to identify the sites of some PTMs and
causing hydrogen/deuterium (H/D) scrambling.’®"" Infrared
multiphoton dissociation (IRMPD) of protein ions utilizes the
absorption of multiple IR photons, resulting in fragmentation
patterns that are often similar to CID results.*>"*

An alternative means of fragmentation in top-down proteo-
mics involves generating hydrogen-rich radical protein ions
that subsequently fragment through intramolecular bond
homolysis."* Electrons can be introduced directly (electron-
capture dissociation ECD) or via ion-ion reactions involving
electron transfer (electron-transfer dissociation ETD). Molina
et al. and Zenaidee et al showed that cleavage of protein
bonds in ETD and ECD tend to occur near the likely locations
of charge carriers and depends strongly on charge state.'>'®
That is, fragmentation in ECD and ETD experiments is influ-
enced by the number and position of charge carriers, which
impacts the sequence coverage. Resulting sequence coverage
values for top-down proteomics viea ETD and ECD are typically
comparable to that for CID or higher, and importantly PTM
fragmentation can be minimized in ETD/ECD."”

Another method for ion activation that recently has received
considerable attention is ultraviolet photodissociation (UVPD).
The method employs high energy UV photons for the elec-
tronic excitation of analyte ions to trigger fragmentation. The
energy of a single UV photon can be used to form fragment
ions and access high-energy dissociation pathways.'**° The
wavelengths mostly employed for UVPD of protein and peptide
ions are 266 nm, 213 nm, 193 nm, and 157 nm.

UVPD has been employed in numerous case studies. For
example, zwitterionic salt bridges in gaseous ions were identi-
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fied by Julian and co-workers by irradiating protein ions with
266 nm laser light creating photoelectrons in close proximity
to salt bridges as indicated by the detected c-fragments.*!
Wavelengths below 266 nm allow excitation of amide and ester
bonds. In a top-down proteomics approach Shaw et al
reported 99%, 93% and 87% sequence coverages using
193 nm photons on ubiquitin (9 kDa; 7+ to 13+), myoglobin
(17 kDa; 16+, 18+, 20+, 22+ and 24+) and carbonic anhydrase I
(29 kDa; 34+), respectively.'” Studies on apo- and holo-myoglo-
bin showed fragment suppression for sites that bind to the
heme unit as well as for the helical core of the molecule. This
indicates the sensitivity of UVPD for selected charge states to
probe primary, secondary, tertiary and quaternary protein
structures.>

Application of 157 nm photons from the vacuum ultraviolet
(VUV) range increases possible fragmentation sites due to
absorption by C-C and carbon-heteroatom bonds leading to
homolytic bond cleavage in peptides.”>** However, in addition
to complications arising from containing the VUV laser beam,
fragmentation can also result in extensive cleavage of side
chain residues resulting in very complex tandem mass spectra.

Another UVPD wavelength that employs solid state lasers is
213 nm that is absorbed by aromatic groups, amides as well as
sulfides, and is now available as part of a commercial mass
spectrometer.>” 213 nm UVPD systems have been used by mul-
tiple researchers to investigate peptides and protein ions. For
example, cleavage of C-S and S-S bonds of cysteine moieties
by 213 nm UVPD can result in the formation of unique
thioether, disulfide and trisulfide fragments, which facilitate
identification of cysteine linkages in antibodies.”® The major
factor that determines the performance of 213 nm UVPD top-
down and bottom-up proteomics experiments is the absorp-
tion of UV light by the amide n-n* transition.”” Typically
amide groups exhibit a local absorption maximum around
210 nm.*® In a study by Fornelli et al., the authors found that
proline residues increase fragmentation efficiencies compared
to other amino acids in 213 nm UVPD.? Unique fragments of
proline were also found by Dugourd and co-workers corres-
ponding to b + 2, a + 2 and y — 2 ions formed in 213 nm
UVPD.* The authors explained the formation of these 213 nm
UVPD specific ions by homolytic bond cleavage after excitation
of n-n* transitions in proline moieties. The dependence of
protein charge states on 213 nm performance has been investi-
gated by Fornelli et al for ubiquitin (8+ to 13+), myoglobin
(14+ to 25+) and carbonic anhydrase (29+ to 43+). This study
was performed on an orbital trapping mass spectrometer but
did not reveal a pronounced charge state dependence.”’

Here, we present top-down 213 nm UVPD results for a wide
range of charge states for a set of model proteins in the zero-
pressure limit in order to probe the intrinsic response of pro-
teins to 213 nm light irradiation and rationalize fragmentation
patterns in terms of charge state dependence. We examined
ubiquitin, cytochrome ¢ and myoglobin with charge states
ranging from 5+ to 17+, 7+ to 24+, and 9+ to 34+ with top-
down 213 nm UVPD, respectively. Cyclic alkyl carbonate solu-
tion additives were used to form protein ion charge states in
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very high charge states.””' Experimental UVPD cleavage sites
and ion abundances for all protein charge states are compared
to predicted protonation sites in order to rationalize the
impact of charge location and overall protein charge on
213 nm UVPD performance.

Experimental section
Safety considerations

Methanol (MeOH), 4-vinyl-1,3-dioxolan-2-one (vinyl ethylene
carbonate, VEC), propylene carbonate (PC) (299.7%) and
formic acid (FA) were used for protein solutions. Heated elec-
trospray ionization (HESI) uses high voltage and high tempera-
tures. The high voltage area and hot surfaces were shielded by
the source. Lasers in the UV range are dangerous for the
human eye. To avoid danger, laser safety goggles were worn all
the time and a laser safety officer examined the instrument.

Materials

Ubiquitin from bovine erythrocytes (>98%), cytochrome c
from bovine heart (>95%), myoglobin from equine skeletal
muscle (>95%), propylene carbonate (PC) (>99.7%), 4-vinyl-
1,3-dioxolan-2-one (vinyl ethylene carbonate, VEC) (>99%)
were purchased from Sigma-Aldrich (St Louis, MO, USA).
Ammonium acetate (NH;Ac) (=97%) was purchased from Alfa
Aesar (Kandel, Germany). Methanol (HPLC grade) was pur-
chased from Merck (Darmstadt, Germany). Water (HPLC
grade) was purchased from VWR (Darmstadt, Germany).
Formic acid (FA) (~98%) was purchased from Honeywell Fluka
(Seelze, Germany).

Sample preparation

Proteins were diluted to final concentrations of 107* to
10~% M. For native MS, 0.2% NH,Ac and 1% FA in water were
used as solvent.>” For denaturing solutions, proteins were pre-
pared in 44.5% MeOH, 54.5% water and 1% FA. Protein super-
charging was achieved by adding PC (1% to 20%) or VEC (5%
to 10%) to the denaturing solutions (Fig. $11).>*”* The heme
associated signal at m/z 616.2 found in the supercharged cyto-
chrome ¢ spectrum is most likely a result of in-source acti-
vation of the highly charged ions.

Mass spectrometry

All experiments were performed on a 7 T LTQ FT Ultra
(Thermo Fisher Scientific, Bremen, Germany), operated with
100 000 resolution at m/z 400. HESI was used for the ionization
and typical parameters were: 3.5 to 5.5 kV spray voltage, 310 °C
cone temperature, 2 to 20 pL min~" flow rate, 4 to 25 (arbitrary
units) sheath gas rate, 0 to 5 (arbitrary units) aux gas rate, 0 to
20 (arbitrary units) sweep gas rate. All reported uncertainties
are standard deviations of triplicate measurements. For the
data evaluation, 120 UVPD spectra were averaged per charge
state and protein (Fig. S2f). The influence on the signal-to-
noise (S/N) ratio was evaluated by measuring 800 spectra using
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100 000 resolution at m/z 400 and 300 spectra using 750 000
resolution at m/z 400.

For UVPD experiments a 213 nm laser was installed as
described previously (Fig. $3af).>® Briefly, the fifth harmonic
of a solid state Nd:YAG (Tempest, New Wave Research,
Portland, USA) was guided in the ICR-cell through a UV-grade
fused silica viewport (Hositrad, Hoevelaken, Netherlands). The
laser was operated at 20 Hz providing 0.7 m] per pulse with a
3.5 mm beam diameter. To limit the influence of secondary
fragmentation, the dependence of the sequence coverage and
the PY on pulses per spectra was investigated (Fig. S4-67). For
all proteins the sequence coverage increases with the number
of pulses per spectrum, reaches a maximum and decreases for
the highest pulse numbers. The decrease of sequence coverage
most likely stems from extensive secondary fragmentation. To
limit the impact of secondary fragments but also to obtain
reasonably high sequence coverage, the pulse number at
which the sequence coverage reaches a maximum (ubiquitin =
40 pulses per spectrum Fig. 54,1 cytochrome ¢ = 10 pulses per
spectrum Fig. S5,% myoglobin = 20 pulses per spectrum
Fig. S61) was used. Precursor ions were isolated using Am/z = + 10
to isolate the complete isotopic distribution of every charge
state. Holo-myoglobin was fragmented in the native charge
state 9+, all other experiments were carried out on apo-
myoglobin.

To minimize the influence of the precursor signal intensity
on UVPD results, the number of ions in the ICR-cell was con-
trolled by adjusting the automatic gain control target, protein
concentrations and HESI parameters. Stability of the spray
conditions were checked by monitoring precursor signal inten-
sity over 40 spectra (20 before and 20 after the UVPD measure-
ment). The normalized level (NL) of the trapped ions was
adjusted from 8 x 10° to 7 x 10* (Fig. S71).

Data analysis

Data evaluation of UVPD-MS® data was performed using a
custom in-house MATLAB algorithm. The Roepstorff nomen-
clature is used to deseribe peptide fragment ions.*® Details of
the algorithm are described in the ESI (Fig. S81). The signal-to-
noise (S/N) level was evaluated manually for each measure-
ment. The S/N ratio used for data analysis was set to 3. All iso-
topes with a theoretical abundance of 65% relative to the most
abundant isotope need to be present for signal annotation.
The maximum absolute deviation was set to 10 ppm. PTMs,
H,0 or NH; loss and multiply cleaved fragments were not
taken into account. Only fragments meeting all these require-
ments were used for the sequence coverage and PY calcu-
lations. Fragment ion intensities were normalized such that
the sum of all fragment intensities is 1. The efficiency of dis-
sociation is represented by the product yield (PY), which is
defined as
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where I, is the intensity of all fragment ions, I, is the intensity
of the precursor signal, and z is the charge of the signal to
account for the charge state dependent signal response intrin-
sic to all FT-MS methods.

Protonation of the proteins was investigated theoretically by
calculating the frequency of protonation at different amino
acid residues using the freeware PredictPrPlus,® which is based
on the method reported by Williams and co-workers.”
Specifically, the energies of proton configurations were calcu-
lated by assuming the proteins are in highly elongated 1D
strings, treating each amino acid residue as a node with an
intrinsic gas-phase basicity and accounting for coulombic
repulsion between charge sites. Our model does not ade-
quately describe the distributions of protons for native-like
protein ion structures. Therefore, linking fragmentation pat-
terns to native-like protein ion structures should be avoided.
The energies are then optimized using a Monte Carlo-type
‘pseudo-random walk’ method.*” This approach can be used
to predict the configuration of ionizing protons on an
elongated protein, thereby estimate the measured basicity
values'® and collision-induced cleavage sites of intact protein
ions.® Here, PredictPrPlus was modified to also calculate and
output the electrostatic potential experienced by a ‘probe’
charge placed at neutral backbone amide moieties as a func-
tion of the residue number, and the electrostatic repulsion
between fragment ions at a given cleavage site prior to frag-
mentation as a function of amino acid residue number. Input
parameters used for the calculations are given in Table S1.7

Results and discussion
Effects of MS parameters on UVPD results

To probe the intrinsic propensity of proteins to fragment upon
213 nm UVPD, the effects of experimental MS parameters on
the number, intensity and identity of fragment ions were inves-
tigated. Firstly, the background pressure can impact UVPD
results.”® Here, we assume that gas-protein ion collisions
during the trapping time of at most 2 s are negligible at a back-
ground pressure of ~2 x 107'° mbar in the vacuum chamber
surrounding the FT-ICR cell.*”

Four further factors can influence the PY and S/N of UVPD
results. These are: (a) number of trapped ions, (b) the mass
spectrometric performance settings (e.g. resolution and scan
number), (c) the number of averaged spectra and (d) the
number of laser pulses per spectrum.

(a) The influence of the number of trapped ions on the
UVPD results was investigated by monitoring the sequence cov-
erage as a function of precursor ion abundance. A representa-
tive example of a plot of sequence coverage vs. precursor ion
abundance for [ubiquitin + 13H]** is shown in Fig. $9.7 The
sequence coverage increases with increasing precursor abun-
dance. However, ion abundances cannot be necessarily readily
tuned for each charge state as the detected intensity of protein
charge states is determined by the spray solution composition
as well as the ESI process.””** To reduce the influence of the
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precursor ion abundance between different protein charge
states, precursor abundances were adjusted to 8 x 10’7 x 10*
(Fig. S71) by tuning the concentration and ion collection time,
which was the values typically encountered for the lowest
intensity protein charge states in all experiments.

(b) Because fragment ions can potentially overlap in m/z in
top-down tandem MS, increasing the mass resolution will ulti-
mately yield higher sequence coverage values compared to
lower mass resolution settings. This is also true for our UVPD
results as demonstrated in Fig. $10.1 Compromising between
measurement time and resolution all experiments were per-
formed at mass resolution settings of 100 000 at m/z 400.

(¢) The number of averaged spectra also influences the
sequence coverage by affecting S/N levels. As expected, the
noise decreases when increasing the number of averaged
spectra (Fig. S21), which increases the experiment time. To
compromise between increased sequence coverage and
measurement time, 120 spectra were averaged in all
experiments.

(d) Another experimental parameter that influences frag-
ment ion $/N levels is the number of laser pulses per spec-
trum. The influence of the number of laser pulses on the
sequence coverage was studied for [ubiquitin + 13H]"",
[eytochrome ¢ + 19H]"*" and [myoglobin ¢ + 21H]*'", and the
results are shown in Fig. S4-6.7 Initially the sequence coverage
increases when more laser pulses are used, hits a maximum
and starts decreasing for the largest laser pulse numbers. But
PY values stay mostly within the error margin of the experi-
ments for laser pulse numbers above 10 (or 500 ms of
irradiation time). The decrease of sequence coverage with
increased number of laser pulses is likely caused by extensive
secondary fragmentation of fragment ions. Laser pulse
numbers with the maximum sequence coverage were selected
and used throughout this study (40, 10 and 20 shots per spec-
trum for ubiquitin, cytochrome ¢ and myoglobin, respectively).
The constant PY for high laser pulse numbers also indicates
that the influence of a kinetic shift on the PY and sequence
coverage values is negligible under our experimental con-
ditions. This is because increasing the laser pulse number
goes along with an increased time for irradiated proteins to
fragment until ion detection. If a kinetic shift would prevent
fragmentation prior to ion detection, PY values should con-
tinuously increase with increasing laser pulse number.

Overall, the selected settings enabled the influence of
experimental and instrumental parameters on the UVPD
results to be minimized as the aim was to exclusively probe the
intrinsic UVPD response of protein ions as a function of
charge state. However, these settings are not intended to maxi-
mize the sequence coverage. If sequence coverage is near
100%, then any effects of charge state on the UVPD of protein
ions will be more challenging to determine.

Influence of charge state on UVPD photoproduct yield

The PY of proteins subjected to tandem MS methods, such as
CID or ETD, is known to be affected by many factors including
primary, secondary, tertiary and quaternary protein structures
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as well as protein charge state.>**"" In order to investigate the
dependence of the PY on these factors in 213 nm UVPD, ubi-
quitin, myoglobin and cytochrome ¢ were sprayed fragmented
and analyzed from native, denaturing and supercharging
solutions.

The resulting PYs as a function of charge state are shown in
Fig. 1. Charge states analyzed from native, denaturing and
unfolded solutions are color-coded yellow, blue and red,
respectively.*” The PY of all proteins increases with increasing
charge states. A linear fit of PY values as a function of precur-
sor ion charge state results in moderate to good coefficients of
determination. In particular, R* values are 0.70 for ubiquitin
(circles), 0.90 for cytochrome ¢ (triangles) and 0.84 for myoglo-
bin (crosses). Absolute deviations to the linear regression are
at most + 0.25 for all three proteins.

The collision cross sections (CCS) increase with protein
charge state. However, the extent of the increase in CCS per
charge state depends on ESI spray solution conditions and
typically exhibits characteristic “jumps” in the slope of CCS vs.
charge between charge states obtained from different solution
conditions. For example, the CCS values in He for cytochrome
c increases by ~200 A® per charge for ions generated from
native solutions, whereas that for denaturing and superchar-
ging solutions increases by only ~100 A> and ~50 A? per
charge respectively.’® Because the PY values follow a largely
linear trend for all precursor charge states, including charge
states formed via different solution conditions, including pres-
ence of holo- (native MS) and apo-myoglobin (denaturing and
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supercharging), these results suggest that protein structure
and associated structural changes do not influence the overall
UVPD PY as strongly as CCS values under these conditions.
Therefore, our data implies that the most important factor
affecting the magnitude of PYs is the overall charge state.
Potentially, coulombic repulsion and the location of protons
can more strongly affect the efficiency of fragmentation in
213 nm protein UVPD. These data are consistent with results
reported by Kolbowski et al. who used 213 nm UVPD to ident-
ify the peptide charge density as driving force for peptide back-
bone cleavage.*®

Sequence coverage as a function of charge state

In contrast to the PY, the sequence coverage does not necess-
arily increase when fragment ion intensities increase. For
example, multiple fragment ions originating from cleavage
between the same adjacent residues (e.g:, detecting comp-
lementary a/x ions only vs. a/x, b/y, and c¢/z) do not increase the
sequence coverage, whereas the PY is increased. The increase
in sequence coverage for ubiquitin, cytochrome ¢ and myoglo-
bin is plotted vs. the protein charge state in Fig. 2. For all three
proteins, the UVPD sequence coverage under our experimental
conditions for the lower charge states is below 10%, increases
with approximately 5% per charge state as the charge state
increases, and then plateaus at a maximum of 50-60%. This
non-linear increase in the sequence coverage with an increase
in the charge state directly contrasts with previous top-down
CID results.® In CID, the sequence coverage first increases as
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Fig. 1 Photoproduct yields for (a) ubiquitin, (b) cytochrome c and (c) myoglobin ions as a function of precursors charge state. Proteins formed from
native, denaturing and supercharging solutions are color-coded yellow, blue and red, respectively. As a guide to the eye linear trend lines are shown

in black.
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Fig. 2 Sequence coverage for ubiquitin, cytochrome c and myoglobin ions as a function of precursor charge state. Ubiquitin, cytochrome c and
myoglebin are represented by circles, triangles and crosses, respectively. Proteins formed from native, denaturing and supercharging solutions are
colored yellow, blue and red, respectively. The black lines serve as a guide to the eye.

protein charge states increase, and then drops significantly for
higher protein charge states. Therefore, the charge state of
protein ions influences the sequence coverage in 213 nm
UVPD in a substantially different manner than in CID experi-
ments for the same proteins and charge states.

Although the size and overall charge state of ubiquitin, cyto-
chrome ¢ and myoglobin are different, the increase in the
sequence coverage with an increase in charge state follows a
similar trend for all three proteins (Fig. 2). This implies that
the increase of the sequence coverage in 213 nm UVPD with
charge state is not substantially affected by the protein iden-
tity, size or overall charge but by the protein ion charge with
respect to the protein size, i.e. the number of charges per
amino acid. Therefore, Fig. 3 shows the sequence coverage as a
function of charges per amino acids. The maximum charge
states of the three proteins are 17+, 24+, 34+ for ubiquitin,
cytochrome ¢ and myoglobin, respectively. The charges per
amino acid for all three proteins are in the range of 0.06 to
0.22.

The slope corresponding to the change in sequence cover-
age vs. an increase in charge density for all three proteins
differs in the ranges of 0.06 to 0.11, 0.11 to 0.18 and 0.18 to
0.22 charges per residue. In the range of 0.06 to 0.11 there is
essentially no increase in sequence coverage. From 0.11 to 0.18
the sequence coverage increases dramatically by 200-600% for
ubiquitin, cytochrome ¢ and myoglobin, respectively. In con-
trast, from 0.18 to 0.22 charges per residue, there is virtually
no change in sequence coverage. The general trend is very
similar for all three proteins. This suggests that the most
important descriptor for the change of sequence coverage with
charge state is the number of charges per amino acid.

Increasing the number of charges per amino acid of the
protein has multiple effects. The distance between charges
decreases on average and the repulsive Coulomb force between
charge sites increases substantially. Moreover, at moderate to
high charge states, nearly all basic residues should become
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Fig. 3 Sequence coverage for ubiquitin, cytochrome ¢ and myoglobin
ions as a function of charges per amino acid residues. Ubiquitin, cyto-
chrome ¢ and myoglobin are represented by circles, triangles and
crosses, respectively. Proteins formed from native, denaturing and
supercharging solutions are colored yellow, blue and red, respectively.
The black lines serve as a guide to the eye.

protonated resulting in the protonation of the amide backbone
at higher charge states.®*”

Influence of the charge state on fragment ion identities
We next investigated the type of fragment ions formed in

213 nm UVPD as a function of charge state. In Fig. 4, the nor-
malized number of each fragment ion type formed upon UVPD
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Fig. 4 Normalized number of fragment ions of ubiquitin charge states 5+ to 17+. Fragment ions of a, b, c, x, y, z are shown in black, orange, grey,
yellow, blue and green, respectively. Fragments with masses of —1 and +1 are included.

of ubiquitin 5+ to 17+ is shown. Fragments with masses —1 Da
and +1 Da were included for each ion type, corresponding to
hydrogen-transfer reactions that can occur as fragment ions
separate. Data for myoglobin and cytochrome ¢ are provided in
the ESI (Fig. S11 and 12t). Due to the limited sequence cover-
age obtained under our experimental conditions for low ion
charge states, only a few fragments are present for charge
states <9+. For charge states >9+, y-fragments are most abun-
dant and for high charge states (>15+), all fragment types are
formed in very similar abundances. The dominance of y ions
for medium charge states is in line with studies by Dugourd
and co-workers, who found y-fragments were the most promi-
nent in 213 nm top-down UVPD of ubiquitin in an orbitrap
instrument.*® The dominance of y-type fragments is even more
abundant in our data. This could be an effect of the trap
pressure. While formation of b- and y-fragments is suppressed
by collisional cooling in high pressure regimes, the b- and
y-ion intensities increase at lower pressures.’® These data are
consistent with enhanced intramolecular vibrational relaxation
from electronically excited states in the ultrahigh vacuum of
the FT-ICR cell, resulting in the formation of relatively higher
abundant y-ions, which are usually a distinctive sequence ion
in top-down CID experiments.

The relative abundances of a, b, ¢, x, y and z fragments did
not change substantially from the 8+ to 13+ charge states.
Relative fragment type abundances were also reasonably con-
stant up to charge state 17+. However, the difference in abun-
dance between y-ions and all other ion types decreased for the
16+ and 17+ charge states. Results obtained for myoglobin and
cytochrome c differ to ubiquitin (Fig. S11 and 127). However,
no trend for the fragment types is found for increasing charge
states. Overall, these results indicate that the charge state of
protein ions does not influence the relative abundance of
213 nm UVPD derived fragment ion types to a large extent,
unlike all other parameters, such as PY and sequence coverage
that depended strongly on the protein ion charge state.

Correlating fragmentation sites to charge carrier positions

In order to rationalize the impact of charge on top-down UVPD
results, charge carrier positions and electrostatic potentials

This journal is © The Royal Society of Chemistry 2021

were predicted using PredictPrPlus and compared to experi-
mental results. Corresponding mass spectrometric fragment ion
abundances (black bars), electrostatic potentials (white squares
connected by a green line), protonation frequencies of side
chains (blue bars) and the amide backbone (orange bars) are
shown in Fig. 5 for [ubiquitin + 12H]'*" and [ubiquitin + 17H]""*.
Results for all charge states of ubiquitin, cytochrome ¢ and myo-
globin are included in the SI (Fig. S13-15%). As the proton posi-
tion of native-like protein ions are not accurately predicted, only
fragment ions of unfolded charge states are quantitively com-
pared to model predictions.

[ubiquitin + 12H]"*" is the first charge state of ubiquitin for
which the number of protons is predicted to exceed the
number of high-basicity amino acid moieties. For the UVPD of
this ion, the experimental fragment ions are dominated by
bond cleavage at Gluyg (Fig. 5, top). Comparison to the pre-
dicted protonation sites reveals that the excess proton that is
predicted to be located at a low basicity amide backbone site is
likely to be located between Glu,, and Ser,,. This suggests that
amide bond cleavage correlates with amide backbone protona-
tion. This is also in line with results for [ubiquitin + 17H]"""
which contains four protons that are predicted to protonate
the amide backbone (Fig. 5, bottom). These protonation sites
(i.e. two protons between Leu;s and Thr,,, one between Ilezq
and Prosg and one between Sers; and Tyrsq) correlate to experi-
mental cleavage sites that result in high fragment ion
intensities. This suggests that the presence of a charge on the
amide backbone can facilitate and direct protein ion fragmen-
tation, consistent with a charge-directed fragmentation
event.SﬂAQ,EO

In contrast, some fragment ions for [ubiquitin + 12H]'?",
[ubiquitin + 17H]'”" and also other ubiquitin charge states
(Fig. S137) are not associated with protonation of the amide
backbone. For example, fragments close to Ile; — Aspso, ASpsa,
Thrss in [ubiquitin + 12H]"*" as well as Leug, Thr, and Ile,, to
Gly, in [ubiquitin + 17H]'”* do not coincide with the presence
of amide bond protonation. However, the location of these
fragment ions in the amino acid sequence correlates with local or
global minima of the Coulomb potential. In [ubiquitin + 17H]'7*
fragmentation between Ile,, to Gly,; would lead to most
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equally charged 9+ and 8+ fragments, resulting in a maximal
decrease of intermolecular electrostatic potentials, (Fig. S167)
which is represented by high fragmentation yields between
Tlesq to ASpsg and Ile,, to Gly,, for [ubiquitin + 17H]'”". The corre-
lation of these fragment ions with a decrease of electrostatic
potentials suggests that formation of these fragmentation ions is
facilitated by maximizing the Coulomb energy decrease due to
fragment ion formation. As formation of these fragment ions are
not directly affected by the presence of charges but indirectly by
remote influence of the Coulomb potential, the corresponding
fragment ions can be classified as charge-remote fragment
ions. Similar trends were observed for charge dependent frag-
ment ions of myoglobin and cytochrome ¢ (Fig. S14 and S157).
For example, [cytochrome ¢ + 21H]**' has intense signals at
Thrye, Glyss — Phess, LySsq and Serys, Metgs — Tyrgs, Leugs
which coincide with minima of the electrostatic potential and
protonation of the amide backbone, respectively. On the other
hand, fragmentation at Lys,, and Ile,s does not correspond to
charge-directed or charge-remote fragmentation. Therefore, all
investigated protein ions contain between 10-15% of fragment
ions not in line with the simplistic dissociation scenarios dis-
cussed above. However, the large majority of the fragments
formed upon 213 nm are in agreement with the charge remote
or charge directed fragmentation pathways. To explain the
remaining 213 nm fragment ions, more future research is
needed.
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In CID experiments fragmentation at amino acid Glu,g is
highly selective for the 12+.° Donald and co-workers attributed
this selectivity to protonation of the amide bond of the first
low basicity amino acid residue that is protonated with
increasing charge (Glu,g) based on mixed QM/MM modelling,
energy resolved CID experiments, and electrostatic calcu-
lations. Protonation of the amide bond was calculated to
reduce the dissociation barrier by 50 k] mol™ in charge-
induced vs. charge-remote fragmentation mechanisms. In con-
trast to CID, 213 nm UVPD experiments of the 12+ ubiquitin
yields additional fragments at Ilezs to Glny, and Asps, redu-
cing the selectivity of the formation of Glu,s associated frag-
ment ions in 213 nm UVPD compared to CID.

Differences in the selectivity of Glu,g associated ions
between CID and UVPD most likely arise due to excitation and
energy redistribution events characteristic to the excitation
methods. During CID, molecules are heated by less than
10 kJ mol™ per collision, followed by redistribution of the
excess energy to the vibrational heat bath of the protein ion.”"
This ultimately leads to dynamical sampling of accessible
protein conformers by the CID-heated ions, preferentially
accessing fragmentation pathways with the lowest dissociation
barriers. Hence, fragmentation preferentially occurs for the
energetically weakest bond.

In contrast, 213 nm UVPD introduces 562 k] mol™" per
photon to activate ions. While some degree of energy redistri-
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bution will still occur, the energy introduced by UV photons
can be sufficient to directly cleave amide bonds of approxi-
mately 335 k] mol™" or less (depending on Coulomb repulsion)
prior to or after only partial energy redistribution or photon
emission in gas-phase fluoresence.”>> Therefore, 213 nm
UVPD mass spectra should contain fragment ions also
observed in CID experiments (particularly in ultrahigh vacuum
with limited collisional cooling) but also additional fragments
from direct bond cleavage. This is in line with our observation
for ubiquitin, cytochrome ¢ and myoglobin hinting to frag-
ment ions arising due to charge-remote (side chain protona-
tion) and charge-induced dissociation (amide protonation) in
213 nm UVPD.

Conclusions

In this work we investigated the effect of the overall protein
ion charge state on the 213 UV photodissociation of native-
like, unfolded and supercharged charge states of ubiquitin,
cytochrome ¢ and myoglobin in terms of the extent of frag-
mentation, the type of fragment ions that are formed, and frag-
mentation sites. The goal was not to explore the limits of
sequence coverage in top-down UVPD measurements but to
control the experimental conditions in order to systematically
probe the intrinsic UVPD fragmentation of protein ions as a
function of protein charge state. Our data strongly indicates
that the photoproduct yields and sequence coverages increase
as the charge state increases. The major factor that impacts
top-down 213 nm UVPD fragmentation of protein ions is the
overall protein charge state, and the effects of secondary/ter-
tiary structural changes of these protein ions are less pro-
nounced under these conditions. The extent of protein ion
charging correlates with the sequence coverage and the PY
value but the relative number of different fragment ion types
that are formed is largely independent of protein charge state.
In particular, the relative sequence coverage increase depends
more strongly on the number of charges per amino acid resi-
dues than on the masses or identity of the proteins. For
unfolded and supercharged charge states these results are con-
sistent with a major driving force in the dissociation of intact
protein ions by 213 nm top-down UVPD being the Coulomb
repulsion between individual localized charges in these multi-
ply charged protein ions.

Comparison of the protein cleavage sites and abundances
to predicted charge locations and the resulting calculated
electrostatic potentials reveal that the majority of cleavage sites
are consistent with two mechanisms. For protein ions in
which the proton number does not exceed the number of
high-basicity residues in which protons are located primarily
on high-basicity amino acid residue side chains, the majority
of fragment ions stem from sites of local coulombic minima
between adjacent charges. Unlike, fragmentation in ECD and
ETD in which fragmentation sites are directed by the location
of protons, the majority of fragments in our UVPD results arise
at sites with a relatively large distance between predicted proto-

This journal is © The Royal Society of Chemistry 2021
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nation sites thereby minimizing coulombic repulsion upon
dissociation.”® For some supercharged protein ions the
number of protons exceed the number of basic sites and proto-
nation of the amide backbone is predicted. For these highly
charged protein ions, cleavage sites are not only determined
by the Coulomb repulsion but also by amide protonation as
high sequence ion abundance is observed in the same region
in which amide backbone protonation is predicted. This,
however, is in marked contrast to top-down CID results for the
same protein ion, which is dominated by highly selective frag-
ment ions formed typically at the first amide backbone site
that is predicted to be protonated with increasing charge
state.’

In contrast to our results, another study has investigated
the protein charge state dependence in 213 nm top-down
UVPD experiments on an orbitrap instrument and found that
sequence coverage does not depend on the charge density of
highly charged protein ions.””*® A potential explanation for
these differences is the pressure regimes in which UVPD is per-
formed. In our FT-ICR MS, pressures of 2 x 10~** mbar mini-
mizes ion-neutral collisions during UVPD experiments,
whereas frequent deactivating collision at about 10~ mbar
could minimize fragmentation arising from vibrational exci-
tation owing to intramolecular vibrational relaxation from elec-
tronically excited states. Such an effect of pressure has been
studied by Hao et al. who demonstrated that the intensities of
UVPD-like fragments can decrease at lower pressures.®®

Thus, these results can be considered a first step towards
rationalizing fragmentation sites in top-down 213 nm UVPD as
a function of charge state but more work is required to under-
stand the differences between different UVPD wavelength, the
impact of the wavelengths on sequence coverage results, influ-
ences of locally different UV absorption cross sections, and
additional effects of experimental conditions on the UVPD
charge-state dependence.
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