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II 

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 sn-isomers was developed. Bivalent 

metal salts (e.g., FeCl2) 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 sn-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 c, 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.  



 

III 

Zusammenfassung 

Ultraviolette Photodissoziation (UVPD) ist eine vielversprechende Methode für die 

Strukturaufklärung, welcher in den letzten Jahren zunehmen Beachtung 

zuteilwurde. Für eine breitere Anwendbarkeit ist die Entwicklung neuer 

Arbeitsvorschriften, sowie ein Verständnis der zugrundeliegenden 

Fragmentierungsprozesse essentiell. 

Im Rahmen dieser Arbeit wurde eine Methode für die Unterscheidung von 

sn-Isomeren entwickelt. Dafür wurden zweiwertige Metallsalze (z.B. FeCl2) zur 

Lösung in Elektrospray-Ionisations- (ESI) Experimenten gegeben. Bei der 

Fragmentierung der zweifach geladenen Metall-Glycerophospholipid (GP) Ionen 

mittels UVPD wurde eine selektive Abspaltung der Fettsäuren in sn-2 Position 

beobachtet. Diese selektive Fragmentierung wurde für die relative 

Quantifizierung von sn-Isomeren in Eigelb-, Schweinehirn-, Hefe- und 

Mauspankreaslipidextrakten genutzt. Dies ermöglichte die relative 

Quantifizierung von sn-Isomeren in Tandem-Massenspektrometrie (MS2) 

Experimenten durch das Zufügen zweiwertiger Metallsalze. 

Die Gasphasenstrukturen verschiedener ein- und zweifach geladener Metall-GP 

Ionen und von Zwischenprodukten wurden studiert, um die zugrundeliegenden 

Fragmentierungsprozesse der sn-selektiven Abspaltung zu verstehen. Dafür 

wurden Experimente mittels infraroter Multiphotonendissoziations-

Spektroskopie durchgeführt. 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 gestützt und Einflüsse 

auf die Selektivität der Methode verstanden werden. 

Als Beitrag zum Verständnis des Fragmentierungsprozess von Proteinen mittels 

UVPD wurde die Abhängigkeit der Bindungsbruchstellen von Position und Anzahl 

der Ladungsträger untersucht. Die Modellproteine Ubiquitin, Cytochrom c und 

Myoglobin wurden dafür in nativer, denaturierter und hochgeladener Form in ESI-

MS2 Experimenten untersucht. Die Ergebnisse zeigen einen Zusammenhang 

zwischen Fragmentierung und Ladungsträgerposition.
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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. ⁠

1 

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.⁠

3–6 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. ⁠

8,9 

 

Figure 1. Scheme of a sector field mass spectrometer. Ion beams of species with different m/q values are shown 

as green, blue, and yellow lines. 
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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.14–16 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. 

 

Figure 2. Sequence of excitation and relaxation in NMR experiments.17 

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.18 In an NMR sequence, the nuclei 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 

identify the atoms, and the intensity indicates the atom position in the unit cell. 

XRC is 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.28,29 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 Å2 limits the sensitivity of the method.30 To increase the 

sensitivity, experiments need to be performed under different angles followed by 

data processing. 

MS is 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 
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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.34 However, MS is limited 

to information on the m/z ratio. Structure determination by MS requires 

fragmentation of the ions in MSn experiments. The MSn method and strategy 

strongly depends on the structural element of interest.35 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 

9 in 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-3β-ol), f) glycolipids (lipid A in E. coli), g) terpene lipids 

(2E,6E-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.45 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 sn-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.49,50 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.59 

Nevertheless, the number of proteins in humans are predicted to be 10,000 to 

several billion.60,61 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 
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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 μm 

length) and the presence of four structural levels.63 The sequence (primary 

structure) can be folded to α-helix or β-sheet (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.64 An example of 

a folded protein structure of human fatty acid synthase obtained by XRD is shown 

in Figure 6. 

 

Figure 6. Human fatty acid synthase crystal X-ray structure with the active site in red, α-helices in cyan, 

β-sheets in blue, and the amide backbone in white.65 

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 

identification of the structures requires a combination of MS2 approaches, which 

tackle the different structural features. 
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Tandem mass spectrometry 

To expand the application possibilities of MS in structural analysis, new 

strategies were developed, using fragmentation of precursor ions.35,68 

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.69,70 In CID, transferred kinetic energies of the 

collisions differ, but are typically 10 kJ mol-1.71 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). 

 

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 
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molecules.74 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.75 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). 

 

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 c) multiphoton absorption can 

lead to fragmentation.  
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Absorption of UV photons potentially leads to direct excitation to a dissociative 

vibronic state and cleavage in femtoseconds.77,78 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.79 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.81 Phenyl groups absorb UV photons and the 

resulting radical is trapped in the σ orbital.82,83 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.84 

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.88 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), 

Paternò-Büchi (PB) reactions followed by CID or UVPD or UVPD without prior PB 

functionalization (Figure 9).89–91 
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Figure 9. Double-bond-position localization by a) ultraviolet photodissociation (UVPD), b) Paternò-Büchi (PB), 

and c) ozone-induced dissociation (OzID) on the example of POPC. 

However, the identification of sn-isomerism remains challenging. Previous 

methods used the selectivity of enzymatic cleavage in phosphatidylcholines (PCs) 

followed by product identification, for example using MS.92,93 Thao et al. showed 

that sn-isomerism can be unraveled using OzID.94 The group of Brodbelt developed 

a HCD-UVPD workflow based on a fragmentation mechanism, which was proposed 

by Turk and coworkers.95 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 MS2 experiments. Tertiary and 
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quaternary structures of proteins can also be probed using hydrogen–deuterium 

exchange.99 The analytes are solved in deuterated solvents, and if the proton 

interacts with the solvent, protons can be exchanged with deuterium and vice 

versa.100 This exchange results in a change in the mass of fragments created in 

MS2 experiments and can therefore be tracked. 

Ionization 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” ionization 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” 

ionization 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 In MALDI, the laser indirectly ionizes the analyte molecules solved or 

covered in/by matrix crystals.108,109 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 

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.115,116 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.117  

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 (
𝛿𝑚

𝑚
), the accurate mass value (m) and the exact mass value 

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

𝛿𝑚

𝑚
 = 

𝑚 − 𝑚𝑒𝑥𝑎𝑐𝑡 

𝑚𝑒𝑥𝑎𝑐𝑡
· 106 (1) 

The resolution (R) is analyzer-specific and depends on the m/z signal and the signal 

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

R = 
𝑚

𝑧

𝛥
𝑚

𝑧

 (2) 

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 R up to 1,000,000 are 

achieved on a routine basis.120,121 
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The advantage of FT-ICR-MS is the independence of the mass resolution of the 

kinetic energy of the ion (equation 3). 

𝑓c= 
𝑧𝐵

2𝜋𝑚
 (3) 

 

The cyclotron frequency (fc), depends on the charge number (z), the magnetic field 

strength (B), and the mass (m) of the ion. With B constant 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/z values 

by Fourier-transformation. High resolution analyzers like FT-ICR-MS allow direct 

identification of elemental compositions according to the element’s mass defect and 

isotopic distribution. 

 

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 β-cleavage of hydrocarbons is induced by keto groups or the 

oxazolone pathway in protein fragmentation.124,125 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.131 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 

ions 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.134 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 Møller-Plesset method, were developed, which added electron 

correlation to the Hartree-Fock method.137 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.138,139 In contrast to HF and post-HF, DFT uses spatially dependent 
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electron densities for solving the Schrödinger equation.140 Therefore, in DFT 

corrections need to be applied for example if dispersion plays a major role in the 

investigated systems.141 Hybrid functionals such as the Becke 3-parameter, Lee–

Yang–Parr (B3LYP) 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.146 

Single-electron wavefunctions are given by the theory, for example Slater-type 

(STO), Gaussian-type (GTO), or numerical atomic orbitals (NAO).147–151 STOs are 

the solution of the Schrödinger 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 sn-2 position is validated by comparing relative 

fragment-ion intensities of both possible fragments (cleavage in sn-1 and sn-2) to 

literature and sn-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 c 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 lipid-metal complexes of PCs, 

phosphatidylethanolamines (PEs), and phosphatidylserines (PSs) form during ESI 

when adding 20 mol% MCl2 (M = Mg, Sr, Ba, Mn, Fe, Co, Cu, Zn, or Sn) to 

10-100 μM 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 sn-2 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 · 10-10 mbar) compared to the HCD-cell (5 · 10-5 mbar). 

 

Figure 12. Positive-ion mode ESI-UVPD spectra of a) PC 18:0/18:1(9Z) (SOPC) and b) PC 18:1(9Z)/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 Ea 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 PLA2 digestion as reference of sn-impurity 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 sn-isomers 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) + M]+ (M = H, Na, K) and Corresponding CID 

Fragment Ions (Publication 4) 

In order to rationalize sn-selectivity 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.91 Using the same intermediate dioxolane structures, 

lithium and silver(I) were used for discrimination of lipid sn-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. 

 

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-1 of each 

other, the alkali metals preferably coordinated towards the phosphate and the sn-1 
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ester with more than 15 kJ · mol-1 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 sn-2 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). 

 

Figure 15. IRMPD spectra of [PC 4:0/4:0 + H]+ and [PC 4:0/4:0 + Fe]2+. 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 NMe3 groups. In contrast to results for singly charged 

PC 4:0/4:0 ions, the bands assigned to ester modes were red- (νsym(O=C-O)) and 

blue-shifted (ν(C=O)) by roughly 100 cm-1 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.165 Therefore, our findings indicated stronger interactions of the 

iron(II) ions with the esters compared to H+, Na+, 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(II) 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 c, and 

myoglobin.171 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). 

 

Figure 16. Fragment signals of cytochrome c 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 

MS2 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 MSn workflows. 

In addition to the sn-selective cleavage observed for PCs, PEs, and PSs, we found 

that fragmentation of [PE + Fe]2+ and [PS + Fe]2 resulted in fragments with a series 

of (CH2)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). 

 

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 (CH2)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. 

 

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.181 

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 Ga2(bpbp). 

Attachment of Ga2(bpbp) to PIs was successfully performed. The introduced 

chromophores made PI-Ga2(bpbp) adducts interesting candidates for UVPD. 

However, UVPD of the species did not result in fragments indicating the phosphate 

position. Modifying the Ga2(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 PIs. 

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 Due 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  



 

 

28 

 

 

Figure 20. Structures of a) (4E,8Z)-sphingadiene and b) (4E,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. 

 

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 

ion 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.191 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.192,193 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.196 

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.199 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.202,203 Understanding basic processes could 

lead to tools, which assign MS fragments to structural motifs.   
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