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Preface

This PhD thesis concludes the work by Simon Kamenov Gammelgaard in
collaboration with Aalborg University and Novo Nordisk from 2017 to 2020.
The industrial PhD project was funded by Innovation Fund Denmark under
the Ministry of Higher Education and Science (grant nr. 7038-00004) and the
Novo Nordisk STAR Fellowship Programme.

The thesis is constituted of three first-author manuscripts. Two are published
and a third is accepted for publication at the time of submission of the thesis:

Manuscript 1 [1]

Characterization of Ultraviolet Photoreactions in Therapeutic Peptides by
Femtosecond Laser Catalysis and Mass Spectrometry

Simon K. Gammelgaard, Steffen B. Petersen, Kim F. Haselmann,
and Peter Kresten Nielsen
ACS Omega 2019 4 (11), 14517-14525

Manuscript 2 [2]

Direct Ultraviolet Laser-Induced Reduction of Disulfide Bonds in Insulin
and Vasopressin

Simon K. Gammelgaard, Steffen B. Petersen, Kim F. Haselmann,
and Peter Kresten Nielsen
ACS Omega 2020 5 (14), 7962-7968

Manuscript 3
Characterization of Insulin Dimers by Top-Down Mass Spectrometry

Simon K. Gammelgaard, Steffen B. Petersen, Kim F. Haselmann,
and Peter Kresten Nielsen

Journal of the American Society for Mass Spectrometry, special edition: MS
in Industry. Accepted for publication 070CT20.
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Summary (English)

Peptides and proteins are as amino acid polymers sensitive to ultraviolet (UV)
light. The individual residues have intrinsic properties enabling absorption of
energetic UV light that can destine the molecule into modification. The
journey to the modification can be complex and challenging to predict for
peptides and proteins. The chemical microenvironments created by folding
can mitigate or promote the effects of UV light exposure. Tyr, Trp and the
disulfide bond are the primary targets of modification at 280 nm. In the
solution, UV light has been reported to induce reduction of disulfide bonds in
a predominant model where UV excited Tyr or Trp donates the electrons. To
study the UV photoreactivity of peptides/proteins in solution, continuous
wave lamps are conventionally used to generate the photoproducts. Mass
spectrometry (MS) is a suitable method to identify products and their
individual modifications. A subdiscipline within MS, ultraviolet
photodissociation (UVPD), uses UV lasers either at 193 nm or 213 nm to
fragment the peptide backbone in the gas phase for analysis of the primary

structure.

The shared activities across the manuscripts and unpublished results presented
in this thesis is the combined utilisation of laser technology and MS to
generate and describe UV photoproducts. The aims were to apply powerful
femtosecond laser technology at 280 nm to rapidly accelerate and study the
UV photoreactivity of peptides/proteins in the solution, and study UV
photoproducts as agents carrying analytical value. A special interest was given
to Tyr, Trp, and the disulfide bond. Five model molecules were selected: the
tripeptides Gly-Tyr-Gly and Gly-Trp-Gly, the therapeutic peptides arginine
vasopressin (one Tyr, one disulfide bond) and somatostatin-14 (one Trp, one

disulfide bond), and human insulin (four Tyr, three disulfide bonds).

At 280 nm the femtosecond laser setup was able to accelerate photoreactions
40-fold compared to a continuous wave xenon lamp. MS analysis identified

the same UV photoproducts between the pulsing and continuous source.

ix



Within few minutes of femtosecond laser irradiation, UV photostability
testing could be conducted and common as well as novel modifications were
identifiable with MS analysis. The Tyr/Trp-mediated model of UV photo-
induced reduction of disulfide bonds were studied. Interestingly,
characterisation of the photoreduced products and 213 nm UVPD did not
indicate or support any requirement for Tyr or Trp. We propose that UV
photo-reduction in peptides/proteins can also derive from an additional model
where the disulfide bond is cleaved by the direct absorption of UV light.

In human insulin the dominant UV reaction pathways led to high-molecular
weight products (HMWP). The most abundant UV light-induced dimer was
characterised directly with MS in a top-down approach. The type and sites of
the crosslink was identifiable with the combined utilisation of diverse
fragmentation methods. UVPD at 213 nm alone presented confident
identification of the type and sites of the crosslink in a top-down analysis of
another insulin dimer. Here, the UV light-induced fragmentation indicated
that the chromophoric side chain of Phe participated in the crosslinking.

The following is concluded. Pulsing light sources of high intensity may
replace lower-powered continuous sources for rapid UV irradiation of
peptides and proteins in solution. UV light-induced reduction of disulfide
bonds should not be exclusively interpreted as an outcome of Tyr or Trp
absorbing the UV light but also as a probable outcome of the disulfide bond
absorbing the UV light. State-of-the-art MS with diverse fragmentation
methods is mature for top-down analysis of covalent insulin dimers. UVPD at
213 nm may have an extended application beyond backbone fragmentation in
the characterisation of chromophoric crosslinks.



Resumé (Dansk)

Peptider og proteiner er som aminosyrepolymere felsomme overfor ultraviolet
(UV) lys. De enkelte rester har iboende egenskaber der muligger absorbering
af energisk UV lys der kan afsende molekylet til modifikation. Rejsen til
modifikationen kan vaere kompleks og udfordrende at forudsige for peptider
og proteiner. Det kemiske mikromilje skabt af foldning kan afbede eller
promovere effekterne af UV lyseksponering. Tyr, Trp og disulfidbindingen er
de primazre skydeskiver ved 280 nm. I oplesningen er UV lys blevet
rapporteret til at inducere reduktion of disulfidbindinger i en udbredt model
hvor UV-exciteret Tyr eller Trp donerer elektronerne. For at studere UV
fotoreaktivitet af peptider/proteiner i oplesning, er kontinuertbglgede lamper
konventionelt brugt til at generere fotoprodukterne. Massespektrometri (MS)
er en egnet metode til at identificere produkter og deres individuelle
modifikationer. En underdisciplin i MS, ultraviolet fotodissociation (UVFD),
bruger UV lasere enten ved 193 nm eller 213 nm til at fragmentere

peptidrygraden i gasfasen for analyse af den primere struktur.

Fellesaktiviteterne pa tvers af manuskripterne og upublicerede resultater
presenteret i denne athandling er den kombinerede anvendelse af
laserteknologi og MS til at generere og beskrive UV fotoprodukter. Formélene
var at anvende kraftfuld femtosekund laserteknologi ved 280 nm til at kraftigt
accelerere og studere UV fotoreaktivitet af peptider/proteiner i oplesning, og
studere UV fotoprodukter som agenter der indeholder analytisk veerdi. En
serlig interesse var givet til Tyr, Trp og disulfidbindingen. Fem
modelmolekyler var udvalgt: tripeptiderne Gly-Tyr-Gly og Gly-Trp-Gly, de
terapeutiske peptider arginin-vasopressin (en Tyr, en disulfidbinding) og
somatostatin-14 (en Trp, en disulfidbinding), og human-insulin (fire Tyr, tre
disulfidbindinger).

Ved 280 nm var femtosekundlaseren i stand til at accelererer fotoreaktioner
40 gange sammenlignet med en kontinuertbelget xenonlampe. MS analyse

identificerede de samme UV fotoprodukter mellem den pulserende og
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kontinuerlige kilde. Indenfor f4 minutter af femtosekund-laserbestralingen
kunne testning af UV fotostabilitet blive udfert og almindelige sdvel som nye
modifikationer var identificerbare med MS analyse. Den Tyr/Trp-medierede
model af UV fotoinduceret reduktion af disulfidbindinger var studeret.
Interessant nok kunne karakteriseringen af de fotoreducerede produkter og
213 nm UVFD ikke indikere eller understotte nogen krav for Tyr eller Trp. Vi
forslar at UV fotoreduktion i peptider/proteiner ogsa kan udspringe fra en
yderligere model hvor disulfidbindingen bliver klovet af den direkte
absorbering af UV lys.

I human-insulin forte den dominerende UV reaktionsvej til hgjmolekyleert-
vaegtede produkter Den mest udbredte UV lysinducerede dimer var
karakteriseret direkte med MS i et gverst-ned tilgang. Typen og placeringen
af krydsbindingen var identificerbare med den kombinerede anvendelse af
diverse fragmentationsmetoder. UVFD ved 213 nm alene praesenterede
overbevisende identifikation af typen og placeringen af krydsbinding i en
overst-ned analyse af en anden insulin-dimer. Her indikerede den UV
lysinducerede fragmentation at den kromoforiske sidekeede af Phe deltog i
krydsbindingen.

Det folgende er konkluderet. Pulserende lyskilder af hej intensitet kan
muligvis erstatte svagere kontinuere kilder for meget hurtig UV bestraling af
peptider og proteiner i1 oplesning. UV lysinduceret reduktion af
disulfidbindinger ber ikke blive udelukkende fortolket som et udfald af at Tyr
og Trp absorberer UV lyset men ogsd som en sandsynlig udfald af at det er
disulfidbindingen der absorberer UV lyset. Den nyeste MS med mangfoldige
fragmentationsmetoder er moden for gverst-ned analyse af kovalente insulin-
dimere. UVFD ved 213 nm kan muligvis have en udvidet applikation udover

rygradfragmentering i karakterisering af kromoforiske krydsbindinger.
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1 Background

The interaction between light and matter has many diverse essential impacts
in our lives and in science. Life and atmosphere on Earth would not be as we
know it today if it was not for the photochemistry of biomolecules. Sunlight
energy is harvested in photosynthesis which fuels the foundation for most
lifeforms and provide fundamental organic building blocks. In the reaction
carbon dioxide is depleted from the atmosphere and molecular oxygen is
released. In the eye, the same photoreceptor proteins follow the entire lifespan
of the host to sense light. The absorption of light induces conformational
change in the protein and is processed in the brain into vision. When gazing
towards space, light can reveal elemental compositions of stars and planets. In
peptide and protein chemistry, many important analytical applications use the
interaction between light and molecule.

One type of interaction is absorption of the photon converted to electronic
excitation. The energy of the photon must match the difference in energy
between the ground state and an excited state of the chromophore in order to
establish electronic excitation. The passage of energy barriers driven by the
photonic energy can activate reaction pathways and have diverse roles in this
thesis (Figure 1). In fluorescence, vibrational relaxation can be followed by
spontaneous emission of a new photon, leading the chromophore to a safe
return to its initial ground state without any covalent alterations. Emission
from electronic relaxation is used in lasers to produce the intense light beams.
The amino acid residues in peptides and proteins have electronic energy
transitions that match the energy of UV light. Besides fluorescence (and
phosphorescence), other pathways may result in fragmentation of covalent
bonds, crosslinking, electron release, and transfer of the excitation or electron
to other groups that are then modified or induce modification elsewhere.
Characterisation by MS of these products provide knowledge of the
photoreactivity and can provide analytical value of the parent molecule. In the
last two decades the synergy between UV lasers and MS for structural analysis
of fragmented biomolecules in the gas phase has increasingly improved in the



discipline known as UVPD. Other researchers have an interest in the
solubilized UV photoproducts of peptides and proteins from a perspective of
stability using lamps as light sources. Here, liquid chromatography-mass
spectrometry (LC-MS) is a natural choice for characterising the chemical

composition of the UV photoproducts.

Es
\’\,\/Ai electronic relaxation,
photon excitation energy deposition
Eo
peptides/proteins
UV photo-
\L \L \L products <
excitation ionization, bond
transfer e ejection fragmentation emission
stimu- sponta-
lated neous

laser,
fluorescence
UV source

photo-oxidation i-etéizzze;’

mass spectrometry mass spectrometry
characterisation of products ultraviolet photodissociation

Figure 1. How keywords, reactions, and methods in the thesis are correlated to
the effects of light-induced electronic excitation.

1.1 The UV photochemistry of peptides and proteins

The spectroscopic characteristics of peptides and proteins have diverse
implications in protein chemistry, depending on the context. For
biopharmaceuticals any degradation throughout the manufacturing and
storage must be kept to a minimum for product quality and patient safety.
Light-stressed biopharmaceuticals have the potential to pose a risk for the
patient, as demonstrated in an animal study with light-induced aggregates of
IgG1, which induced a strong immunogenic response in mice [3]. A guideline
to forced degradation by UV light is available to decide whether the
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biopharmaceutic products should be protected from light with packaging [4].
The UV spectroscopic properties of peptides and proteins can be utilized for
concentration determination, interaction and folding studies, detection in
chromatography, and analysis of the primary structure by MS. A typical UV
spectrum of a peptide or protein will exhibit two local absorption maxima
from ~190 to ~230 nm and at ~280 nm [5-10]. Trp, Tyr, and the disulfide bond
contribute significantly to both wavelength regions, while the peptide bond,
Phe, His, Pro, and Met absorb in the ~190-230 nm region. Figure 2 provides
an overview of selected chromophores in the polypeptide and their extinction
coefficients at 214 and 280 nm.

Reaction N for all chromophores: detection,
pathway Application 214/280 nm - absorption concentration
detection,
primary structure folding, interactions
analysis
;- 280 nm - fluorescence
fragmentation . ionization: i
|: e (ejection) i oxidation, crosslinking,
crosslinking f "7 C-C, fragmentation
€280= 125 M'cm™! f - €280 = 1490 M-'cm” E €280 = 5500 M'cm” : €258 = 188 M'cm”
€214=~1000 M-'cm! % €214= 5375 M'cm™! €214 = 29050 M-'ecm”' €214 = 5200 M-'cm’'
disulfide bond
S—S

poly-
peptide

peptide bond------- fragmentation
€214= 923 M'em™ ]

primary structure
analysis

Figure 2. Overview of selected UV chromophores in a peptide important in
analytics and vulnerable to UV photo-induced alterations. The remaining
significant chromophores not depicted are His (€214 = 5125 Mt cm™), Pro (€214 =
2675 M1cm?), and Met (€214 = 980 Mtcm'?).

Based on the primary structure an expected absorptivity for UV photons
can be deduced merely by summarizing the extinction coefficients of all the
chromophores at the wavelength of interest. Beyond the individual

chromophores in peptides and proteins, the UV photoreactivity is additionally



impacted by the structure, which defines spatial proximities between the
residues and which residues interact with external chemical groups. These
local chemical environments may shield or promote covalent modification,
depending highly on the specific molecule. Especially exposure to solvent,
crosslinking, hydrogen abstraction, and electron transfer between residues are
heavily dictated by structure. UV photoreactions that may depend more on the
isolated intrinsic properties of the chromophores are ionization and
fragmentation of the covalent bonds. But even here the formed radicals can in
secondary reactions be influenced by structure.

Solvent-exposed Tyr and Trp residues can be vulnerable to UV photo-
oxidation [11, 12]. The UV excitation of the aromatic side chain can be
transferred to molecular oxygen. The resulting singlet oxygen is reactive and
may modify the same aromatic groups or due to diffusion in the solution
modify residues elsewhere in the protein susceptible to oxidation. Among the
most common photo-oxidation product of Tyr is dihydroxyphenylalanine
(DOPA) and of Trp it is kynurenine by the addition of one oxygen or N-
formylkynurenine (NFK) by the addition of two oxygen [13-18]. Oxidation is
one of the major consequences of light exposure, as exemplified by the
frequent reporting of photo-oxidation products of monoclonal antibodies [19-
22]. While photo-oxidation can be induced by the surroundings, there is a risk
it also appears in UV spectroscopy studies as unwanted artefacts that disturb
the analysis. A recent study demonstrated with an LC-UV-MS setup that
peptides, proteins and other biomolecules can be significantly oxidized when
using high-performance UV detection [23].

A direct damage on the aromatic side chains of Tyr and Trp upon UV
electronic excitation is ionization when an energized electron is ejected. The
cationic tyrosyl (Tyr™) or indolyl radical (Trp™) can rapidly deprotonate into
the neutral radical variant. The neutral tyrosyl (Tyr") or indolyl radical (Trp™)
may pass on the radicalisation elsewhere by hydrogen abstraction or directly
induce crosslinking to other aromatic groups nearby. Di-tyrosine formation
has been suggested as a direct consequence of UV light exposure [24-26]. In
a recent UV photostudy of a-lactalbumin, di-Tyr, di-Trp, and Tyr-Trp



crosslinks were all identified [27]. Solution studies of peptides and proteins
have reported UV photoproducts that were fragmented within the side chain
of Tyr and Trp at the Co-Cg bond [28-31]. It was proposed that ionization into
tyrosyl or indolyl radicals induce fragmentation of the C,-Cp bond by passing
the radical to the backbone C, atom. UV photochemistry studies in the gas
phase also report that fragmentation is possible at the C,-Cg bond of Phe, Tyr,
and Trp [32-34].

The thiyl radical (-S%) is another important intermediate in the UV
photochemistry of peptides and protein. The cleavage of the disulfide bond
upon direct absorption of the UV photon or one-electron reduction from UV
light-induced ionization of Tyr or Trp yield thiyl radicals that may cause
hydrogen abstraction and thioether crosslinking [35]. A commonly reported
UV photomodification of the disulfide bond derived from sulfur radicalization
is dithiohemiacetal (R;-CH(-SH)-S-R»). The dithiohemiacetal group has the
irreversible thioether crosslink and a thiol that can participate in reversible
reactions. The Schoneich lab has reported the formation of dithiohemiacetal
by UV irradiation in a model peptide of 12 residues, the biological
nonapeptide oxytocin, and the proteins IgG1 and human growth hormone [36-
39]. Free thiols are vulnerable to re-oxidation forming scrambled disulfide
bonds, however scrambled dithiohemiacetal products have not been reported
and discussed in the literature before this work. Scrambling of disulfide bonds
as a consequence of UV light exposure has been observed in lysozyme, a-
lactalbumin, and IgG1 to cause aggregation [22, 27, 40, 41]. The mechanisms
behind the disruption of the disulfide bond by UV light are studied both in the
solution and gas phase, and are further discussed in chapter 1.3.

The peptide bond, His, Pro, and Met are generally not perceived as
chromophores directly vulnerable to UV light exposure in UV photostability
studies of peptides/proteins in solution. They have none or negligible
absorption above ~230 nm where photostability begins to be relevant.
However, in tandem MS analysis of which the analytes are in the gas phase,
the UV absorption capacity of the peptide bond can be used to selectively
fragment the backbone with lasers at 193 or 213 nm. In the gas phase



photochemistry field, fragmentation of the covalent bond by UV light is
termed UVPD and described in more detail in chapter 1.2.3.

1.2 Characterisation of biotherapeutics by mass
spectrometry

Proof of compound identity, assessment of purity as well as stability are
required in the research and development of a peptide or protein as a
biopharmaceutical candidate. The description of the biopharmaceutical down
to the residual level is required to have complete confidence that the expected
compound have been expressed and purified. The identity of the compound
may be divided into two parts. The first is the primary structure as dictated by
the expression vector. The second is the diverse modifications, originating
from the post-translational machinery in the expression host cell or from
rational design by the synthesis scientist, which modulate the behaviour of the
molecule. After the biopharmaceutical has been expressed, modified, and
purified as wanted, external factors such as formulation, heat, and light may
induce degradation in vitro. The derived masses from MS can be interpreted
into a feasible chemical composition and identity that is utilized to
characterise some molecular features of biopharmaceuticals and their
degradation products, such as the sequence or the modifications and their
residual sites.

1.2.1 The disulfide bond

A common post-translational modification is the disulfide bond. Disulfide
bonds have a key role in the structure and function of peptides and proteins.
Multiple disulfide bonds can exist on the same molecule in complex patterns.
A disulfide map is a description of which cysteine residues in the molecule
are bridged together. Having obtained maps of disulfide bonds in
biopharmaceuticals enable scientists to evaluate if the structure and ultimately
the biological activity have been preserved throughout the biochemical
conditions in the host cell and throughout the in vitro conditions. Identification

of the disulfide connectivities in a protein can be achieved with the three-
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dimensional structure methods nuclear magnetic resonance spectroscopy, X-
ray crystallography, and more recently also state-of-the-art cryogenic electron
microscopy. However, in an industrial setting with narrow time frames, the
speed of and resource spend on the applied methods are important. The three-
dimensional methods are all resource-heavy and comprehensive, generally
causing them to be applied accordingly if there are no other methods that can
answer the scientific questions.

MS is the most suitable method for initial attempts to map disulfide bonds
in peptides and proteins [42]. Protease digestion is used to separate the Cys
residues on the primary structure. The extend of successful proteolytic
separation of Cys residues dictates the difficulty and efforts in mapping the
patterns. In the optimal scenario all Cys residues are separated on the primary
structure. These produced species contain the identity of the disulfide bonds
in simple systems of two digested peptides connected through one disulfide
bond. An additional MS analysis of the reduced sample can support the
identifications by the depletion of the assumed disulfide-bonded systems. If
the Cys residues are closely-spaced with no protease site for digestion, the
disulfide-bonded species generated from the digestion can contain complex
networks of multiple disulfide bonds between two or more digested peptides.
Here, a key principal in the MS mapping procedures is that the reducing agent
must generate a population of heterogeneously partially reduced species each
with one remaining disulfide bond that contain the information needed for
assigning the Cys pairs. Conventionally, reduction is conducted with
chemicals like tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol [43].
However, there can be various challenges associated with chemical reduction,
such as laborious sample preparation and unsuccessful production of specific
partial reduced species. At the same time many next-generation larger
peptides and proteins in novel therapeutic areas have complex disulfide bond
patterns that pose an increasing analytical challenge for efficient MS analysis.
Novel approaches to reduce disulfide bonds online to LC-MS analysis have
therefor been of interest and developed, such as electrochemical reduction or

in-source reduction [44-48].



1.2.2 Liquid chromatography-mass spectrometry (LC-MS)

The fundamental principal behind MS is the use of electrical or magnetic
fields to manipulate the movement of analytes to acquire mass values that
reflect the identity of the analytes. There are many diverse technological
solutions to MS. What all mass spectrometers have in common in
instrumentation is a dedicated ionisation source, a mass analyser, and a
detector. In the ionisation source the analytes are brought to the gas phase
charged, a prerequisite to control the motion of the ions in the MS instrument.
The analyte ions are transported from the ionization source to the mass
analyser which separates the ions in time or space for subsequent detection
and processing into mass-to-charge (m/z) ratios that are further calculated to
masses.

Peptides and proteins have since the invention of MS in the early 20™
century been very challenging to analyse until the late ‘80s or early 90s.
While small hydrophobic molecules were analysable by MS through
evaporation and hard ionization, the polar and larger peptides/proteins were
not compatible with the same techniques used for the smaller and more robust
molecules [49]. The challenges with peptide/protein analysis were to bring the
molecules to the gas phase and preserve the entire covalent structure. If it
succeeded to bring peptides to the gas phase through heating, they fragmented
due to their polar (and thereby covalently weak) bonds in the backbone or by
the following hard ionization, losing the intact molecular ion. MS analysis of
peptides and proteins were revolutionized by two soft ionization techniques
that solved both challenges: electrospray ionisation (ESI) and matrix-assisted
laser desorption/ionization (MALDI).

ESI is applied to dissolved samples that can add charge to the analytes and
vaporize the water molecules surrounding the analyte ions. An electric field is
applied to the solution as it passes through a capillary. A positive polarity is
used for peptides and proteins to ensure an excess of protons used for the
charging of the analytes, further facilitated by acidic conditions. Surface
tension and electrostatic repulsion at the capillary tip cause the sample to
produce an aerosol of continuously smaller droplets, additionally facilitated



by desolvation. As the droplets dry and charge is accumulated, the analytes
are increasingly protonated and eventually depleted from interaction with
water. The release to gas phase is primarily described by two mechanisms in
which the ion is ejected out of the droplet or the droplet is completely
evaporated leaving behind the ion [50]. The major strength and reason for why
ESI is the most-used soft ionization technique for MS analysis of
biomolecules is its direct compatibility and synergy with liquid reverse-phase
chromatography. Before ESI, analytical chromatography of peptides and
proteins mainly applied UV absorption for the detection. ESI enables the
powerful hybridization of LC-UV with MS for an online coupling between
separation, UV detection, and MS detection. Having reversed-phase LC as the
inlet for MS analysis enables desalting for improved MS detection. Even more
importantly, MS analysis of complex samples is heavily improved with LC
separation and in many cases an essential requirement. In LC-UV-MS analysis
of a sample with multiple analytes, the ideal scenario is a sequential and
defined elution of each analyte species. As all the analyte species are not
introduced to the MS inlet simultaneously, sensitivity of each analyte species
is increased because competition is avoided for ESI and the MS spectra are
decreased in complexity. The UV detection is placed between the outlet of the
chromatographic column and the MS inlet. For the same analytes
complementary UV- and MS-detected chromatograms are collected. The MS
intensity is heavily depending on the number of basic residues that are
protonated, which are sequence-specific. UV detection is independent of
ionisation efficiency, and wusually preferred over MS detection for
quantification. UV absorption spectra of the individually-eluting analytes can
also be collected online to the LC. Also, an inherent weakness of MS is
characterisation of any chemical alteration not followed with a shift in mass.
LC may here salvage MS if the isomeric species are separable. To ensure the
best MS analysis of biopharmaceuticals, their modified variants, and
degradation products, time-of-flight (TOF) or Orbitrap technologies are
usually preferred over low-resolution mass analysers mostly covered by

quadrupoles and ion traps. MS analysis of macromolecules such as larger



peptides and proteins benefit significantly from the accuracy and resolution
provided by TOF and Orbitrap mass analysers. With sufficient resolution, ions
of similar masses present in the same MS acquisition event can be
distinguished by the generation of the individual m/z signals. At some
hypothesized lower resolution these ions would contribute to the same m/z
signal. Resolving closely-spaced m/z signals reveal the presence of multiple
different analytes or within the individual analyte species distinguish the

isotopic subpopulations for more accurate and confident identification.

1.2.3 Tandem mass spectrometry and UVPD

TOF and Orbitrap instruments are usually hybridized with a quadrupole,
which on its own can function as a low-resolution scanning mass analyser but
in a hybridized setup has another purpose. Here, the quadrupole is situated
before the high resolution mass analyser and functions as a mass filter that
only allows ions within a specified m/z window to safely translocate further in
the instrument. In this way one species of interest, in a simultaneous
introduction of multiple analyte ions of varying m/z values, can be isolated
and exclusively selected for further MS events. These hybrid instruments with
two or more different mass analysers in tandem enable tandem MS
experiments. The biggest strength and what is utilized the most in tandem MS
is the ability to fragment isolated ions for primary structure analysis. Tandem
MS is usually abbreviated MS/MS or MS?. However, certain MS instruments
with ion trapping capabilities are not limited to one fragmentation step before
the MS? scan. They are able to isolate the fragment (otherwise included in a
MS?) scan and further dissociate for a MS? scan or again continue the
dissociation for MS" analyses. The fragmentation of ions in the mass
spectrometer can be activated by various approaches such as collision,
electrons, or light. Probably two of the currently most-used and one
intensively studied activation methods are, respectively, higher-energy
collision-induced dissociation (HCD), electron-transfer dissociation (ETD),
and UVPD. The ion population of the isolated precursor are distributed to
dissociative pathways upon activation. The resulting product ions are divided
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in subpopulations that share fragmentation of the same covalent bond and thus
collectively contribute to the same m/z signal. Elucidation of the covalent
structure of the precursor becomes possible when the m/z values, representing
particular fragmentation sites on the molecule, are interpreted combinedly.
The peptide backbone within each residue has three covalent bonds that can
be fragmented. Dissociation of a backbone bond will yield a C- and N-
terminal fragment pair. Only fragments carrying charge are detected and
therefore both termini fragments of a pair are not always observed. A
nomenclature by P. Roepstorff and J. Fohlman, 7984, has been established of
the product ions that describe which backbone cleavage in which residue in

the sequence the fragments originate from (Figure 3) [51]. Collisional
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Figure 3. Nomenclature of the product ions derived from fragmentation in
tandem MS, here illustrated on a tetrapeptide.

activation like HCD usually yield b/y-ions and electrons like in ETD usually
yield c¢/z-ions. UV photons in 193 or 213 nm UVPD can yield all the
aforementioned as well as a/x-ions. Hybridized activation methods such as the
combination of ETD and HCD (EThc¢D) are also applied to produce spectra
rich of b-, ¢-, y-, and z-ions.

UVPD is still a relatively exclusive activation method only commercially
supported at 213 nm since 2017 as an integrated solution by Thermo Scientific
(who are also the sole providers of the Orbitrap technology). Leading
academia groups in the field have mostly reported UVPD at 193 nm [52, 53].
The ArF excimer lasers applied for the 193 nm irradiation are more powerful
and match better the ~190 nm maximum absorption of the peptide bond than
the solid state Nd:YAG laser for the commercial 213 nm UVPD. Irrespective
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of the UV laser, the energy from an absorbed UV photon induce electronic
excitation that can activate two overall pathways leading to dissociation of
covalent bonds. The energy of the electronic excitation may be deposited by
relaxation through vibration or deposited to direct dissociation of a covalent
bond. In a vibrational relaxation the electron reaches the ground state by
distributing the energy internally in the molecule. In tandem MS a
vibrationally hot peptide or protein can channel the excitation into dissociation
of the weakest bonds, which usually is the peptide bond. Collisional activation
methods such as HCD cause vibrational excitation and therefore also generate
the b/y-ions (which are products of the peptide bond fragmentation). In a direct
dissociation upon electronic excitation the energy is immediately driving
fragmentation and not internally converted in the molecule to distributed
vibration. Electronic excitation can thereby fuel higher-energy dissociation
pathways not available through vibrational excitation. In direct dissociation
little or no energy remains for vibration. In ETD the electrons inducing
dissociation have low energy and therefore do also not cause significant
vibration. Larger peptides and proteins for the most have some structure in the
gas phase held by non-covalent interactions. Vibrations can disrupt the low-
energy non-covalent interactions. For those reasons is it common in ETD to
observe reduced charge states of the precursor which contain fragmentation.
However, the product ion pairs are still binding together non-covalently,
leaving no analytical information of the primary structure. In EThcD, heating
of the reduced precursors in the HCD step after ETD not only contributes to
the observation of the ¢/z-ions by their non-covalent dissociation but can also
be a strict requirement to observe ETD fragments [54, 55]. Since all fragment
ions of the peptide backbone can be observed for one activation step it appears
in UVPD that a unique synergy exists between direct dissociation and internal
conversion. The vibration supports MS detection of directly-dissociated
fragments and additionally enrich the spectra with its own fragments [56].
This synergy may also be the reason why UVPD can be applied successfully
on intact proteins. New discoveries of UVPD are still reported that expand
our understanding of the UV photodynamics of peptides/proteins. A recent
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work has reported that aromatic residues can function as additional
chromophores to increase the 213 nm UVPD of the backbone regions they are
localized to [57].

1.2.4 Top-down mass spectrometry

The analysis of the intact protein as it enters the mass spectrometer and then
deconstructed to smaller pieces by activated fragmentation is termed top-
down MS. In the characterisation of the primary structure in larger peptides or
proteins, the gas phase fragmentation in top-down MS could ideally replace
the in-solution protease digestion used in bottom-up MS. The continuous
improvements in software and MS technology such as faster scan rates, higher
sensitivity and resolution, as well as in diversity of activation methods within
the same instrument, all make top-down MS an increasingly attractive
alternative or complement to bottom-up MS workflows. An instrument
capable of powerful high resolution top-down analysis is the Orbitrap Fusion
Tribrid [58]. HCD, ETD, and 213 nm UVPD are available for any MS" step
to combine as wanted in fragmentation workflows.

While bottom-up MS leads to significant and important lower technological
requirements to mass spectrometers, inherit disadvantages do follow. Due to
the nature of protease digestion, any information describing connections
between post-translational modifications is lost when the modifications are
divided to digested peptides. The modifications in the proteoforms can be
studied in concert in top-down MS [59]. Other disadvantages of bottom-up
workflows for characterisation of larger peptides and proteins, that are
diminished or avoided in top-down workflows, are time-consuming and
laborious sample preparation, incomplete protease digestion, loss of digested
peptides e.g. from precipitation, and long LC gradients for the peptide
mapping. As the sequences lose their native structure in the intact protein
when digested and released to the solution as individual peptides, solubility
can be decreased and stabilisation towards chemical degradation (such as
oxidation and deamidation) may be weakened. In worst case degradation
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artefacts are introduced when assessing the chemical stability of peptides and
proteins.

Top-down MS has other challenges. Demands for state-of-the-art
instrumentation and diversity in activation methods are higher than for
bottom-up. As the backbone increases in length, the precursor ions and the
charges are correspondingly diluted in the fragmentation in an unequal
distribution throughout the sequence, challenging the lower detection limit of
the mass analyser. The fragmentation spectra increase in complexity with size
and may require software analysis such as ProSight Lite [60] for efficient and
successful interpretation of the data but with the risk of false annotations.
Disulfide bonds introduce an additional covalent bond that has to be
fragmented in order to observe product ions in the sequence flanked by the
two Cys residues. The requirement of simultaneous fragmentation of the
disulfide bond and the peptide backbone translates in the best case to a
diminished but still detectable abundance of the product ions and in the worst
case causes a complete darkening of the sequence coverage. ETD, and UVPD
in one study, have proven more efficient than HCD in cleaving disulfide bonds
in peptides or proteins and may provide product ions not observable with HCD
[61-67]. In the following chapter UVPD of the disulfide bond will be covered

A common benchmarking of the progressions in the field of top-down MS
is sequence coverage in model proteins. State-of-the-art top-down MS and
software analysis has reported ~40% sequence coverage on a 150 kDa IgG1
[68]. Before this work only three studies have reported top-down
characterisation of crosslinks in proteins, likely due same challenges in

fragmentation as for disulfide bonds [69-71].

1.3 UV light-induced disruption of disulfide bonds in
peptides/proteins

The majority of this subchapter has also been used in an introduction for a
PhD plan report to the doctoral school. Some sentences are different.

The UV photo-induced cleavage of disulfides have been studied both in the
context of gas phase [52, 67, 72-74] and in solution [26, 36, 38, 40, 41, 75-
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82]. The research of disulfide UV photoreactions can therefore also be divided
into one of two fields, depending on the physical phase. Generally,
fragmentation of disulfides in the gas phase is studied in the context of
analytical peptide/protein chemistry. Usually the UVPD experiments are
conducted in an ion trap in a mass spectrometer installed with a laser. UV
photo-induced cleavages of disulfides in the solution are mainly identified and
discussed in the context of characterising the photostability of
peptides/proteins. The usual workflow is continuous irradiation of the
disulfide-containing molecule followed by characterisation with spectroscopy,
MS, or sometimes both. In the two fields there are roughly two different views
on how the disulfides are cleaved based on which chromophores absorb the
photons.

In gas phase studies, disulfides are explained to be cleaved through directly
targeting the disulfide with UV photons. The maximum absorption of the
disulfide bond in cystine is around 150 nm and 157 nm laser irradiation was
therefore used to fragment the bond in the gas phase [72]. Proof-of-concept
disulfide photodissociation was observed but the high energy photons also
resulted in peptide backbone fragmentation. Higher wavelength was later on
explored in the field. It was shown that laser irradiation at 266 nm can
selectively cleave disulfide bonds of a disulfide-linked peptide pair while
preserving the peptide backbone [73]. A study later on explored the
fragmentation mechanisms of a disulfide bond in free cystine at 263 nm,
proposing that the disulfide upon absorption of a UV photon causes the
homolytic dissociation of the two sulfur atoms into two thiyl radicals [74].
Others have demonstrated that 193 nm UVPD is capable of fragmenting the
two intermolecular disulfide bonds in insulin, releasing its A and B chain in
the mass spectrometer [67].

In solution phase studies, the UV light-induced reduction of disulfide bonds
are dominantly explained by a different mechanism involving Tyr/Trp-
mediation. The Petersen lab has previously reported that Trp in the disulfide-
containing enzyme cutinase can eject electrons into the solution upon

excitation of 295 nm photons [79]. They suggested that the solvated electrons
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can reduce disulfide bonds. Two years earlier another study of cutinase
reported observations of a lost disulfide bond upon UV irradiation and also
proposed that Trp was the electron source [75]. It appears the two cutinase
studies may have been inspired by previous findings of which the UV
photoreduction of the disulfide bond in free cystine is promoted by the
presence of free Tyr or Trp [83-85]. This model based on aromatic residue
mediation was subsequently used by researchers from two separate groups to
explain their observations on UV-irradiated o-lactalbumin [76-78]. Both
groups detected the generation of free thiols and discussed the three-
dimensional relationships and distances between the Trp residues and
disulfides to rationalize Trp-mediated reduction. Another example of a group
adopting Tyr/Trp-mediated UV photoreduction with limited experiments to
support the model is based on the scrambled intermolecular disulfide bonds of
lysozyme [40, 41]. In 254 nm irradiation experiments of human insulin, an
electron scavenger was used to collect the solvated electrons from excited Tyr
residues [81]. The data supported and accounted for 33% percent of the
generated thiols to be dependent on solvated electrons. They further proposed
that the remaining 67% of the thiols in insulin are generated by a direct
absorption of the photon by the disulfide leading to the dissociation of the two
sulfur atoms, which is also the explanation model used in gas-phase UVPD.
However, with a 254 nm local maximum a decreased in Tyr/Trp-mediation is
expected compared to 280 nm irradiation.

Overall it appears that these two subfields of UV photochemistry each have
their predominant model for the UV light-induced cleavage of the disulfide
bond. Also, the referencing and discussion across the fields in the literature is
rather limited.

A third methodology to cleave disulfide bonds with UV light is researched
by the Yu Xia lab. In 2017 the interaction between UV light, methanol, and
disulfide bonds in peptides and proteins were demonstrated to produce stable
cleaved products of disulfide bonds [86]. One sulfur is reduced into a thiol and
the other is capped by the methanol into a sulfenic methyl ester (-SOCH3).

Among the molecules included in the study was bovine insulin of which one
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of the interchain disulfide bonds was identified by tandem MS to have been
cleaved. In a subsequent work the efficiency of the disulfide bond cleavage
appears to have been improved by including acetone to the combination of
UV light and alcohol [87]. Furthermore, the ratio between the capped sulfur
and thiol was illustrated to be changeable by methanol, ethanol and
isopropanol. UV irradiation was conducted in a microflow reactor with a flow
of 1-10 pL/min before the infusion. An efficiency of the simultaneous
reduction of the interchain disulfide bonds in porcine insulin was 88% after
just 3 s of UV irradiation with the acetone/isopropanol mixture. Extensive UV
irradiation may have been achieved due to the low sample volume in the puL

range in a capillary ensuring efficient exposure to the UV light.

1.4 Lasers

Laser is an abbreviation for “/ight amplification by stimulated emission of
radiation”. Any light source using stimulated emission to produce the output
is a laser. The emission of light derives from the relaxation of an excited
electron in an atom, ion, or molecule to the ground state. Normally when a
photon is absorbed and converted to an electronic excitation, the emission of
a new photon is a spontaneous process dictated by the life-time of the
excitation, known as fluorescence and phosphorescence. Spontaneous
emission produces photons in random directions. The emission can also be
prematurely activated by the passage of a nearby photon with energy matching
the transition from the excited electronic state to the ground state. The new
photon is identical to the characteristics of the passing photon. The wavelength,
phase, and direction of the passing photon are thereby amplified by the
stimulated photon. This coherency of the light beam is a unique feature of
lasers. The stimulated emission and amplification takes place in a material
called the medium. Energy from an external source must be pumped to the
medium for excitation to occur in the atom, ion, or molecule. The initial
excitations by the pumping relax spontaneously to photons in random
directions. As the emission travels through the medium, new emissions are

stimulated in a cascade. In lasers an essential component is a pair of mirrors
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that flank the medium. The mirrors redirect emission back and forth through
the medium for an efficient cascaded amplification continuously pumped into
higher intensities. In inherently pulsed lasers at first the pumping accumulates
excitation at a faster rate than relaxation occurs. Eventually the cascade of the
stimulated emission driven by pumping and mirroring depopulates the
majority of the excitation in concert, creating a burst or pulse of emission that
constitutes the laser beam. Continuous wave (CW) lasers have during
pumping a stable ground state population where the rate of relaxation is faster
than the rate of excitation, ensuring a continuous supply of emission. Lasers
capable of continuous irradiation can also be operated in a pulsing mode. The
medium defines the laser output and may be a solid, gas, or liquid, as well as

decides the type of pumping.

1.4.1 Lasers in tandem MS UVPD

Primarily two types of lasers are used in UVPD to fragment the peptide
backbone [53]. Excimer lasers use a gas as the medium and electric discharge
as the pumping mechanism. Excimer lasers are used for a pulsing UV output.
The 193 nm output of the excimer laser applied in UVPD originates from ArF
as the active medium. The inactive medium is Ar and F, in the ground state.
Electrical discharge produces ArF which only exist in an excited state used
for the UV output. Upon emission the heterodiatomic molecules dissociates
to regenerate argon and molecular fluorine. A disadvantage of excimer lasers
are their size, which could be one of the reasons why the 193 nm laser was not
chosen by Thermo Scientific in the commercialized UVPD.

The Nd:YAG laser used for the commercialization of UVPD at 213 nm is
significantly smaller and can be installed inside the cabinet of the Orbitrap
Fusion Tribrid instruments. Nd:YAG is a solid-state medium of neodymium
incorporated (or doped) in the crystal of yttrium aluminium garnet (Y3Als012).
Solid-state media are (with a few exceptions) pumped by external light
sources in the wavelength region the medium absorbs. It is the transition metal
in the transparent support that absorbs the external pumping and produces the
irradiation. Nd:YAG has an output of 1064 nm which through pulse mode
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operation and fifth harmonic generation is converted to the five-fold shortened
wavelength of 213 nm applied for UVPD. In harmonic generation the photons
are frequency-multiplied # times by the interaction between # initial photons
from the pulsing laser. The initial # photons are merged to produce one
combined new photon of » times higher energy and thereby n times shorter
wavelength. By the selection of the appropriate laser output and harmonic
generation, a variety of new wavelengths (also in the UV range) can be

accessed.

1.4.2 UV femtosecond irradiation on biomolecules

An advantage of UV light is the interaction with biomolecules in living cells.
Powerful pulses in the UV range produced by femtosecond lasers have been
used to crosslink DNA-protein complexes in vivo [88-90]. These studies target
the DNA-crosslinked proteins of interest with immunoprecipitation to reveal
the bound DNA sequences, enabling mapping of the genomic sites that
proteins bind to. The UV light-induced crosslinking by the short femtosecond
pulsing are advantageous over the slower chemical crosslinking (like
formaldehyde) when studying transient interactions. Pulsing lasers such as in
the femtosecond timescale has been a major improvement over the continuous
sources in increasing the yield of the DNA-protein crosslinking. The nucleic
bases in DNA are UV chromophores capable of biphotonic reactivity that is
efficient for inducing crosslinking [91]. The high intensity in laser pulses
promote such multiphoton processes. Examples of crosslinking between
amino acid residues in peptides and proteins induced directly by femtosecond
pulsing have also been reported. In an in vitro peptide-peptide study, it was
shown that the UV irradiation induced intermolecular crosslinks between two
Trp or a Trp and a Tyr residue [92]. Another protein-protein study in vivo
demonstrated it was possible with UV femtosecond pulsing to crosslink a
dehydrogenase into dimerism [93]. The Petersen lab has reported the
immobilization of proteins using femtosecond laser irradiation at 280 nm to
induce crosslinking onto biosensor surfaces in a methodology coined Light
Assisted Molecular Immobilization (LAMI) [94-96].
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1.4.3 Femtosecond laser setup for 280 nm irradiation

In the Petersen lab in Aalborg University a customized setup with a solid-state
Ti:sapphire femtosecond laser is installed. Ti:sapphire lasers have an unusual
broad emission between ~700 nm to ~1100 nm that derives from a continuous
access to vibrational energy levels that the excited electron can relax into
before emission [97]. The method known as mode-locking is used to produce
pulses in the order of femtosecond duration and is also applied to tune the
wavelength of the output. Green light at 532 nm is pumped into the
femtosecond laser tuned to produce an output at 840 nm, which can be
frequency-tripled with a harmonic generator module to 280 nm (Figure 4).
Mirrors ensure the travel of the laser beam between the femtosecond laser all

the way to a cuvette sample holder. Samples of 3 mL can be irradiated in
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Figure 4. Simplified overview of the UV femtosecond laser setup in the Petersen
lab, Aalborg University. The lasers and UHG module are all from Spectra Physics.
A LED laser (Millennia eV) pumps the femtosecond laser (Tsunami XP). The pulses
from the femtosecond laser are directed to frequency tripling in an ultrafast
harmonic generation (UHG) and further directed to the sample in a
macrocuvette.
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macrocuvettes under magnetic stirring in the sample holder. Spectrometers
measure the spectrum of the beam before and occasionally after the frequency
tripling to validate the expected wavelengths. Between the last mirror and the
sample holder a plano-concave lens is placed to expand the diameter of the
laser beam to about 3 mm in diameter in the cuvette. The power was measured
behind the sample holder in the absence of a cuvette. A great deal of energy
is lost in the entire setup from the processes in the femtosecond laser, from the
reflection by the many external mirrors, and from the frequency tripling.
When the femtosecond laser is pumped with 18 W at 532 nm, a stable power
level at 280 nm was usually 50 mW. Other parameters are a pulse duration of
~100 femtoseconds with a repetition rate of 80 million pulses pr. second (80
MHz).
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2 Research initiation

2.1 Motivation for the industrial PhD project

The Petersen lab (Aalborg University) has expertise in conducting UV
photoreactions of proteins in solution with a powerful laser UV source and
analysing the outcome with advanced spectroscopy. Among the UV light-
induced modifications of interest were reduction of disulfide bonds. The
Petersen lab sought for detailed knowledge of the covalent modifications in
the individual UV photoproducts generated in the photonics lab. The
department MS Characterisation, (Global Research Technologies, Novo
Nordisk) are specialized in characterising peptides, proteins, and degradation
products with LC-UV-MS. MS Characterisation was interested in developing
new analytical methods, such as new ways of reducing disulfide bonds.
Combining MS with powerful laser technology to drive UV photoreactions
and characterise photoproducts of peptides/proteins in solution is an appealing
opportunity that has only been explored to a limited extend. It is an important
advantage for experimental procedures in industrial biopharmaceutic research
that they are easy and fast, require minimal sample preparation, and that any
experimental alteration fit existing pipelines. An interesting advantage of UV
irradiation is that it is online-compatible with LC-MS, potentially allowing an
efficient LC-laser-MS setup.
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2.2 Objectives

The reported UV photoreduced products of disulfide proteins in solution have
so far been perceived as degradation products suffering from UV
photodamage. No previous studies have evaluated the analytical value of these

in-solution UV photoproducts. The aims were divided in three parts:

1) The initial aim was to explore if and how UV light technologies could
improve LC-MS analyses in disulfide bond mapping of
biopharmaceuticals in simple procedures replacing chemical agents
with light. We hypothesized that the intrinsic properties of Tyr/Trp
residues upon UV excitation could be utilized as an electron source
for the reduction of disulfide bonds in peptides/proteins. This aim is
addressed in Manuscript 2.

2) The targeting of Tyr/Trp with UV light to initiate electron ejection
may also activate other reaction pathways. The aim was therefore also
to characterise major degradation products, study the putative
electron-donated residues, and determine selectivity for
photoreduction of disulfide bonds. This aim is addressed in

Manuscript 1, Manuscript 2, and Report 1.

3) The first two aims cover in-solution studies, where the UV light
irradiation is used as a preparative step before the LC-MS analysis.
During the project an Orbitrap Fusion Lumos was upgraded with 213
nm UVPD. In the last part of the project the aim was also to test the
analytical utilization of the UV laser and study the product ions
generated from the gas-phase photoreactions. This aim is addressed

in Manuscript 2 and Manuscript 3.

As the project progressed the focus was shifted towards objectives 2 and 3.
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2.3 UV source instrumentation and workflow

The Tyr/Trp-mediated photoreduction model was planned to be utilized in the
wavelength region ~275-280 nm due to the local absorption maximum of
these aromatic side chains. Two different types of UV light instrumentation in
Petersen’s photonics lab were identified as useful 280 nm light sources. A
spectrofluorometer was used for CW irradiation with a xenon lamp coupled
to a diffraction grating for wavelength selection. The advantages are an easy-
to-use UV light source that is a complete commercial solution and does not
require an advanced custom setup of photonic equipment. During irradiation
the spectrofluorometer was used to measure real-time the degraded
fluorescence of Tyr/Trp as the residues were degraded into products. The
second UV light source was a pulsing femtosecond laser in a custom setup
designed for output in the 280 nm region (Figure 4). We expected a significant
power increase and acceleration of UV photoreactions compared to the CW
xenon lamp in the spectrofluorometer. The UV irradiation was conducted
offline to the LC-MS analysis. After the UV irradiation step in Petersen’s lab,
the samples were stored frozen and transported to MS Characterisation. The

remaining workflow continued in the MS lab.

2.4 Strategy of the model molecules

The model of Tyr/Trp-mediated UV photoreduction and UV photoproducts
have not previously been studied with LC-MS in the Petersen’s lab. We
selected a group of molecules varying in complexity to gradually study the
model (Figure 5). The tripeptides Gly-Tyr-Gly (GYG) and Gly-Trp-Gly
(GWG) were designed as the basic model peptides to characterise the products
of Tyr and Trp after the putative electron ejection. Two biological peptides
with a disulfide bond and a Tyr or Trp were selected as simple systems to
study the hypothesized interaction between Tyr/Trp and the disulfide bond:
arginine-vasopressin is a 9-residue peptide with one Tyr and one disulfide
bond while somatostatin-14 is a 14-residue peptide with one Trp and one
disulfide bond. Human insulin was used as the representative of the small
protein with a more complex molecular system that included four Tyr residues,
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two inter-chain disulfide bonds, and one intra-chain disulfide bond. The
advantage of insulin for studying UV photoreduction is the separation of its
two backbone polypeptides (A- and B-chain) after reduction of the inter-chain
disulfide bonds, which is easily detected in LC-MS analysis.

Tripeptide Tripeptide

GWG GYG

Somatostatin-14 Arginine vasopressin
1 1

AGCKNFFWKTFTSC CYFQNCPRG

Human insulin
—
A-chain GIVEQCCTSICSLYQLENYCN
B-chain  FVNQHLCGSHLVEALYLVCGERGFFYTPKT

Figure 5. The molecules selected for the initial purpose of studying the model of
Tyr/Trp-mediated UV photo-reduction of the disulfide bond.
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3 Research outcomes

3.1 Overview of manuscripts & unpublished data

As the project progressed we assessed that the analytical value of UV light-
induced reduction of disulfide bonds in proteins was limited and not worth the
efforts of pursuing extensive optimization. We re-prioritized our aims towards
the research of the combined utilization of UV laser technology and state-of-
the-art MS. The common activities and focus throughout the manuscripts are

therefore characterisation of UV laser-induced photoproducts using MS.

Manuscript 1 reports the advantages of using the femtosecond laser setup over
the CW xenon lamp in accelerating the same 280 nm photoreactions arginine
vasopressin and somatostatin-14. Utilizing the new powerful 280 nm source,
photostability between the peptides were compared, and novel
photomodifications as well as known were identified. After the femtosecond
laser was established as a powerful source for driving UV photoreactions, we
reported in Manuscript 2 our attempts to induce and stabilize reduction of the
disulfide bonds in vasopressin, somatostatin-14, and human insulin in the
solution phase. Gas phase 213 nm UVPD in the MS instrument was also
applied on the interchain disulfide bonds of insulin for a combined evaluation
of the hypothesized Tyr/Trp-mediated UV photoreduction model. Among the
major side-reactions to the UV light-induced reduction of insulin was covalent
dimerization. Manuscript 3 is a top-down MS study of the UV light-induced
insulin dimer and a second insulin dimer from a different type of stress. The
application of 213 nm UVPD for the characterisation of the insulin dimers
were also studied. Diverse multistage approaches in the MS instrument were
presented in the characterisation of the crosslinks and identification of their
sites in the dimers.

Report 1 presents unpublished data of the tripeptides GYG and GWG. The
same type of modification was observed between the molecules but in GWG
it was intramolecular while with GYG it was intermolecular which lead to
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dimerized products. The modification type was also observed for vasopressin,

reported in Manuscript I and 2.

The manuscripts containing the detailed introductions, results, and discussions
can be found in the Appendix. Summaries of the individual manuscripts are

provided in the following chapters.

3.2 Summary of Manuscript 1

Motivation and comments. Initially we established that a simple workflow
consisting of UV irradiation without any following sample preparation
allowed for characterisation of photoproducts by LC-UV-MS. In the initial
workflow the spectrofluorometer was exclusively used as the UV light source
on the model molecules. Secondly, we wanted to know if the same UV
photoproducts would arise from the CW xenon lamp (coupled to a diffraction
grating in the spectrofluorometer) and the femtosecond pulsing laser. In a
hypothetical comparison between CW and pulse irradiation at same power,
the first would favour one-photon reactions while the second could to a larger
probability activate multi-photon reactions. When the femtosecond laser setup
replaced the spectrofluorometer for the 280 nm irradiation we observed the
same photoproducts between the two UV light sources on all model molecules.
This lead us to the opportunity to present the femtosecond laser technology as
a more powerful alternative to the CW xenon lamp for activating the UV
photochemistry of peptides. We also grasped the occasion to report
identification of a series of UV photomodifications at pH 7.4. The following
examples of UV photodamage can potentially induce major disruption of the
function of peptides/proteins from altered side chains, misfolding, and
oligomerization. The manuscript is entitled “Characterization of Ultraviolet
Photoreactions in Therapeutic Peptides by Femtosecond Laser Catalysis and

Mass Spectrometry”.

Results and discussion. The 280 nm photodegradation of the tripeptide GWG
was compared between the excitation source of the spectrofluorometer and the
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femtosecond laser setup. The half-life of the photodegradation of GWG was
decreased 40-fold down to 34 s using the femtosecond laser setup. The laser
setup was followingly demonstrated on the UV photochemistry study of
somatostatin-14 and arginine vasopressin.

The 280 nm photodegradation of somatostatin-14 was exclusively localized
to the Trp residue of which two types of major photomodifications were
observed. The first was NFK, a common photo-oxidation product of Trp. The
second modification was found in two photoproducts eluting separately in the
chromatography with identical mass to somatostatin-14. Absorption
spectroscopy coupled online to the chromatography revealed that the
individual photoproduct of highest abundance contained modified
chromophores due to two new local maxima of ~251 nm and ~284 nm. LC-
MS? indicated a crosslink between Phe7 (which may account for the 251 nm)
and Trp8 (which may account for the 284 nm). Such a Phe-Trp crosslink
between aromatic side chains enables isomerism, why we also observed two
photoproducts.

The 280 nm photodegradation of vasopressin was divided into a reaction
pathway involving Tyr and pathways leaving the Tyr residue intact. After 30
s of laser irradiation, the Tyr fluorescence degraded ~3% while the total
degradation on the molecule was 34%. LC-UV-MS analysis identified one
Tyr-modified photoproduct, and a series of monomeric and dimeric
photoproducts modified on the original disulfide bond. The Tyr photoproduct
had a mass loss corresponding to NH; and a modified Tyr absorption profile
due to a new local maximum of ~294 nm. The monomeric sulfur
photoproducts included a monosulfide (thioether) and trisulfide species. The
UV photoreaction of vasopressin was primarily dominated by dimeric species
containing intermolecular disulfide bonding. Besides two purely scrambled
dimeric products containing two intermolecular disulfide bonds, ten
scrambled (and complicated) isomers were identified to harbour the sulfur
modification dithiohemiacetal (reduced: R;-CH(-SH)-S-R»). The primary
sulfur participated in intermolecular disulfide scrambling, forming dimers that

had the additional modifications of intramolecular thioether crosslinks. How
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ten dimeric isomers can be formed from dithiohemiacetal-vasopressin are
studied and discussed in detail in the manuscript. The scrambled disulfide
bonds were proposed to derive from UV photo-induced cleavage of the
intrachain disulfide bond in monomeric vasopressin. Thiols were formed that
due to the neutral pH subsequently reoxidized into scrambled intermolecular
disulfide bonds causing the observed dimerization.

The differences in UV photoreactivity between somatostatin-14 and
arginine vasopressin were striking and illustrate the challenges in predicting
photostability solely on the primary structure. Even though the predicted
extinction coefficient of Trp is 44-fold higher than for the disulfide bond, it
took the femtosecond laser 4 min to degrade 33% of Trp in somatostatin-14
but only 30 s to degrade ~31% of the disulfide bond in vasopressin, which is
an 8-fold difference. In contrast, the disulfide bond of somatostatin-14 was
stable, further emphasizing that UV photoreactivity of amino acid polymers
depends not only on sequence, but also on other characteristics which could
be e.g. the folded structure.

3.3 Summary of Manuscript 2

Motivation and comments. The first attempts to UV photo-reduce disulfide
bonds in the model molecules were conducted at pH 7.4. Our hypothesis that
the observed scrambled disulfide were re-oxidized secondary products of UV
photo-induced thiols lead us to irradiations conducted under acidic pH. It
became evident that the side-reactions to the wanted UV photoreduction were
dominating the photoreactions in our 280 nm targeting of Tyr in vasopressin
and insulin. We realized that we were far away from a reliable and efficient
disulfide bond mapping procedure using solely the intrinsic UV
photochemistry of peptides/proteins — also because the disulfide bond of
somatostatin-14 was completely stable. Characterisation of the successfully
photoreduced products caught our attention as they did not meet our
expectations. The Tyr residues in these in-solution reduced products were
intact and lead us to following investigations of the mechanism behind UV
light cleavage of the disulfide bonds that circumvented the initially
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hypothesized model of Tyr/Trp-mediation. The manuscript is entitled “Direct
Ultraviolet Laser-Induced Reduction of Disulfide Bonds in Insulin and

Vasopressin”.

Results and discussion. Disulfide bonds in vasopressin and human insulin
were UV photoreducible but not in somatostatin-14. Re-oxidation of the UV
photo-generated thiols were partially prevented at pH 3.0. In insulin we
observed the cleavage of the interchain disulfide bonds due to free B-chain.
The reduction of the disulfide bonds in reduced vasopressin and B-chain were
supported by LC-MS? analysis, where analytical value was present in the
significantly improved sequence coverage from fragmentation in the regions
between the Cys residues. The quantity of degraded precursor of vasopressin
or insulin that was converted to stable reduced product was ~3%. Accordingly,
major side-products were also observed in our targeting of the aromatic
residues with 280 nm light.

Peptide mapping of UV irradiated insulin at neutral pH identified three
scrambled disulfide bonds, that additionally all had the same scrambled
connectivity through a trisulfide variant. Common photo-oxidation
modifications were also searched for to which we identified DOPA on Tyr14
of A-chain using a top-down MS® approach. However, the major reaction
pathway of insulin was formation of HMWP observed as one continuous
elution in the reverse-phase chromatography. The most abundant side-product
to the UV photoreduction of vasopressin was the Tyr-modified species with a
mass loss corresponding to NH3 (previously reported in Manuscript 1). To
ensure the disulfide bond was intact in this product, LC-MS? characterisation
was performed. The NH3 mass loss was within the Cys1-Tyr2 region, meaning
the N-terminus must have been the leaving group in the photoreaction upon
UV excitation of Tyr2.

We were not able to report any correlation between the requirement of
Tyr/Trp and the observed reduction in the UV photoproducts characterised by
LC-UV-MS? We suspected that the model of Tyr/Trp-mediation is not the
exclusive mechanism in solution leading to UV photoreduction. We therefore
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used a vasopressin-Tyr2Phe analogue and discovered it was also
photoreducible under the same conditions. Cleavage of the disulfide bonds in
vasopressin and insulin was also possible with 213 nm UVPD in the gas phase.
Fragment species of separated A- and B-chain indicated that thiyl radicals
were formed, which are known as intermediary products from the homolytic
cleavage of the disulfide bond. Quantification of the reduced photoproducts
in solution supported that the UV light-induced reduction was a one-photon
reaction. Combining the information with the disulfide bond as significant UV
chromophore, a new model was proposed to describe Tyr/Trp-independent
UV photoreduction of disulfide bonds in solution. We proposed that when the
disulfide bond directly absorbs one UV photon, the energy homolytically
dissociates the disulfide group in the solution. Followingly, acidic pH
promotes stabilization of the thiols while increased pH directs the
equilibration towards re-oxidation that can recombine into non-native

disulfide bonds in peptides/proteins.

3.4 Summary of Manuscript 3

Motivation and comments. In human insulin the primary reason for the
observed low specificity of the interchain disulfide photoreduction (reported
in Manuscript 2) was the dominating formation of HMWP. Conventional
characterisation of crosslinks in insulin HMWP is challenging and time-
consuming since it usually requires purification steps and peptide mapping of
the singly isolated dimer variant. We took advantage of the opportunity to
efficiently generate large quantities of insulin dimer with the femtosecond UV
laser technology to conduct method development of MS-based
characterisation of insulin dimers. At the same time we acquired
characterisation of the UV light-induced dimer and was able to study 213 nm
UVPD. The positive results motivated us to further explore top-down
characterisation and UVPD on a second insulin dimer, induced by incubation
of FeSO4 as another type of stress. The manuscript is entitled

“Characterization of Insulin Dimers by Top-Down Mass Spectrometry”.
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Results and discussion. Denaturing size-exclusion chromatography showed
that weeks of FeSOs incubation induced dimers while minutes of UV
irradiation induced dimers as well as species at higher oligomeric states. The
most abundant dimer from the two stress types were selected for two case
studies. The intact mass of the Fe-induced dimer had the addition of a carbon
(+12 Da) while the UV light-induced dimer suggested a modification
corresponding to an addition of oxygen minus two hydrogen (+14 Da, +O-
2H).

Identification of which two of the four chains in the dimer were crosslinked
was confidently achieved with ETh¢D-MS? due to efficient cleavage of the
interchain disulfide bonds. The monomers in the Fe-induced dimer were
crosslinked between two B-chain and in the UV light-induced dimer the
crosslink was between an A- and B-chain. Characterisation at the MS? level
of the crosslinks in both dimers contained surprises that was not revealed by
HCD but was with ETheD and 213 nm UVPD. The carbon crosslink in the
Fe-induced dimer was indicated to crosslink to the aromatic side chain of Phe.
The crosslink in the UV-light induced dimer contained an unusual O-S bond.

Crosslink site identification was possible for both dimers using MS?
analysis of MS? fragments that were cleaved somewhere in the crosslink or
the interchain disulfide bonds as well as both. In the Fe-induced dimer, the
residual sites were between Phel of both B-chains. In the UV light-induced
dimer, the addition of oxygen was localized to Tyrl4 of A-chain and the
involved sulfur was localized to both Cys residues of B-chain, meaning there
was isomerism in the sulfur donation from B-chain to the O-S bond.

None of the fragmentation methods at the MS? level were able to provide
crosslink identification in the UV light-induced dimer. However, for the Fe?'-
induced dimer, 213 nm UVPD at the MS? level provided significant advantage
over the remaining activation methods with rich and extensive fragmentation
close to and in the crosslink for confident identification of residual sites and
sub-residual information. Among others, fragmentation of the Co-Cg bond in
Phe was observed. It is in the manuscript proposed and discussed in more
detail that the success of 213 nm UVPD may be due to the direct crosslinking
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to the chromophoric side chain of Phel as well as the remaining nearby
chromophoric side chains that all function as significant collectors of the
energetic 213 nm photons.

A shortcoming in our workflow was the lack of chromatography coupled to
the MS instrument to potentially separate dimeric variants, which is a
challenge on its own. However, the unlimited acquisition time to collect
hundreds of scans were essential for acquiring confident spectra, which is not
compatible with the time scale of an elution peak. Overall, we concluded that
useful information can be extracted from insulin dimers with state-of-the-art

MS in a top-down approach.

3.5 Summary of Report 1

Motivations and comments. The tripeptides GYG and GWG were in the
beginning of the project studied to increase our understanding of the identity
of the putative electron-donated Tyr/Trp in disulfide reduced photoproducts
in the remaining model molecules. After having also characterised the
photoreduced products in vasopressin and insulin, there appeared to be no
direct correlation between the UV photoreactions of GYG/GWG and UV
photoreduction of disulfide bonds. However, there were value in the
comparisons between GYG and vasopressin as well as between GWG and
somatostatin-14. Vasopressin has a Tyr residue at the second position just like
the tripeptides. In somatostatin-14 the Trp residue is located away from the N-
terminus and therefore different UV photo-characteristics were observed
compared to GWG. The report is entitled “The Cyclic Ultraviolet
Photoproducts of the Tripeptides Gly-Tyr-Gly and Gly-Trp-Gly: Deamination

and Aromatic Side Chain Crosslinking”.

Results and discussion. The 280 nm photoreaction of GWG lead to one major
(93%) and one minor (7%) photoproduct. In both cases the modification
corresponded to a total mass loss of NH3. In such a simple molecule the N-
terminus is an obvious candidate for the deamination, which was also

supported by LC-MS?. Online absorption spectroscopy measured modified
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Trp profiles in both products, meaning that the indole side chains were
crosslinked. The fragmentation also supported that it was the C, atom in Gly1,
previously bound to the N-terminus, which was crosslinked to the indole side
chain. The mechanism of the deamination and side chain crosslinking is
discussed in the report, which includes intra-molecular electron transfer from
the aromatic side chain to the N-terminus. For GYG, deamination was also
observed but here the crosslinking was inter-molecular. Seven dimers were
observed, which all contained a total mass loss corresponding to two NHs
moieties. The LC-MS? supported a dimeric structure where the phenol side
chain of one monomer was crosslinked to the C, of the other monomer.

The UV photoreaction of arginine vasopressin lead to one major Tyr product,
also with the mass loss of one NH3;. Why the modification resembled GWG
and not the dimerization of GYG could be due to the disulfide bond
positioning the Tyr residue for an intramolecular photo-induced reaction with
the N-terminus. The 280 nm half-life of GWG was 11-fold shorter than for
somatostatin-14, indicating that having an aromatic residue positioned close

to an N-terminus may be highly destabilizing under UV light exposure.
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4 Closing remarks

UV light technology is on its own without any support of chemicals unfit for
reliable and efficient mapping procedures of disulfide bonds in proteins. The
specificity of those disulfide bonds that we did succeed in reducing with the
UV laser and detect with LC-UV-MS was too low and not promising for
follow-up optimization studies. Scrambled disulfide bonds were observed,
lowering the confidence in any mapped disulfide bond. Also, a range of
diverse and unpredictable modifications can be introduced upon UV
irradiation that increases complexity of data analysis — all specific to the
protein of interest, which is not applicable in an organization requesting fast
and reliable workflows.

The Tyr/Trp-mediated hypothesis have here been challenged as the only
phenomenon in UV photo-induced reduction of disulfide bonds in solubilized
proteins. The series of protein in-solutions studies throughout the ‘00s and
“10s have advocated for the Tyr/Trp-mediated model or used it to rationalize
observations. Discussions of mechanisms based on direct absorption of the
photon by the disulfide bond have in comparison been limited. We hope to
impact a more nuanced view in the in-solution UV photochemistry field on
how disulfide bonds in peptides and proteins can become reduced with UV
light so that researchers may conduct and rationalize their studies more
successfully.

Throughout our UV irradiation experiments all the amino acid polymers
yielded photoproducts. If one general predictability should be proposed, it is
that upon sufficient UV light stress you should expect photoproducts that are
detectable and characterizable with LC-UV-MS. Currently, UV light stability
does not seem to be a major challenge for the biopharmaceutic industry with
the current manufacturing, protective packaging, products, and costumers. It
appears that there is awareness among researchers that heat-stable compounds
could become correspondingly important as biopharmaceuticals are
increasingly distributed to development countries with hot climates and
limited access to cooling. If combined with a potential misadministration of

the product by the user, product quality and patient safety could be at risk. In
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this context, including light stability in the research and development of
biotherapeutics could have an increased importance for patients from these
sunny countries.

Not surprisingly the femtosecond technology was potent in accelerating the
UV photoreactions. The equipment in the photonics lab was designed to
support a variety of experimental setups. The performance of the laser was not
optimized specifically to our experiments. Further significant potential
remains untapped in the femtosecond laser technology for acceleration UV
photoreactions of peptides and proteins. What did surprise us was the identical
photoproducts between the CW source and the femtosecond-pulsing source,
suggesting powerful pulsing sources may not be a general issue in UV photo-
studies of peptides and proteins. The 213 nm laser for gas phase UVPD
provided unusual deliveries in our work. We utilized UVPD to substantiate
in-solution cleavage of the disulfide bond from direct photon absorption as
well as fragmented a crosslinked UV chromophore in an insulin dimer for

analytical value.

The coupling between gas phase laser-induced UVPD and MS has for years
proven useful in the field of analytical peptide/protein chemistry, and also
proven useful in our work. The reported utilization of UV lasers on in-solution
peptides/proteins and MS is in the recent years scarce. In this thesis we
additionally demonstrated that the pipeline of advanced UV laser technology
and MS can be a powerful and successful combination in the research of UV

photo-properties of peptides and proteins in solution.
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5 Future perspectives

Ideas and thoughts that have crossed the mind are here shared on the
conceptual level. They may be interesting to pursue if the solutions are

achievable and provide significant impact in their respective fields.

Optimization of the laser setup. The utility of the femtosecond laser setup
as a more powerful UV source than the xenon lamp-diffraction grating system
is one advantage. Another feature of lasers we did not exploit to the fullest is
the narrow width of the parallel beam, enabling irradiation of small targets.
The sample volume of 3 mL used in the experiments is a large quantity
compared to the 1 to 10 uL (and occasionally 20 pL) used for one LC-MS
injection. In theory another acceleration by the factor of 40 can be deduced
when decreasing the sample volume from 3 mL to 75 pL (under the
assumption that the travel length of 1 cm for the laser beam through the sample
is the same when decreasing the volume — however this is not realistic with
75 pL). Also, the photonics setup in the Petersen lab was built for diverse
experimental opportunities and not optimized to the application in this thesis.
For each redirection of the laser beam with a mirror about 10% of the intensity
can be lost (Steffen Petersen, oral communication). About five of the mirrors

can be avoided in an optimized construction.

UV light and lasers as a tool for rapidly generating HMWP at large
quantities. The irradiation at 50 mW and 280 nm within minutes converted
the majority of insulin to HMWP. Perhaps in other fields or applications such
a generation of HMWP by a UV laser beam may have uses where other
methods are used to induce formation of HMWP. E.g. in the testing of the
separation power in size-exclusion columns. However, the formation of
HMWP by UV light should be expected to differ from other stress types.

In vivo UV photomodifications studied by proteomics. MS analysis of UV
light-induced modifications of peptides and proteins have so far only been

conducted in vitro of purified samples in buffers. Today LC-MS in proteomics

39



offers standardized workflows that are compatible with any stimuli that
change the proteoform landscapes within the cells. Modifications could be
searched for in epidermal cell lines exposed to a variety of UV light conditions
varying in intensity, duration, and wavelengths. No one has so far conducted
such studies to our knowledge. An opportunity also arises to study the cellular
repair response induced by UV light in the case of damage on the DNA and

protein level.

Implementation of high-powered pulsing lasers in photostability
guidelines. The approved UV sources in the photostability guidelines by the
authorities are all lamps [4]. For the five molecules, we always observed the
same UV photoproducts between the continuous lamp and the pulsing laser
setup. If it was further explored and established that pulsing sources do not
introduce artificial modifications, the guidelines could be expanded to include
pulsing lasers for rapid testing of photostability.

UV light-induced reduction with external chromophoric donor of
electrons. What if it was possible to find or design a strong chromophoric
compound that upon UV excitation readily releases electrons? The compound
could then be co-solubilized with the protein and any progression of reduction
can be controlled by the irradiation to facilitate a possible diverse production
of partial reductions in proteins for disulfide mapping. Maybe such a putative
ejection of electrons would be able to reduce buried disulfide bonds
unreachable with conventional chemicals. To avoid excitation on the protein,

such a light-triggered reductant should preferably absorb above 300 nm.

LC-MS online reduction of disulfide bonds with UV laser. In hydrogen-
deuterium exchange MS, low temperature and pH (~2.5) are used to preserve
the labelling of deuterium [98, 99]. Any sample preparation conducted to
facilitate the MS analysis must be done rapidly to minimize the loss of
labelling. One sample preparation is the reduction of disulfide bonds.

Chemical reduction is normally applied but a common challenge since the
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reduction is strongly inhibited by the low temperature and acidic pH [43, 45].
During the reducing step, labelling is lost with time, which forces a trade-off
between reduction and preserving the labelling. A solution online to LC-MS
saves the step of chemical reduction. A UV laser beam that cleaves the
disulfide bonds could target the tubing between the column and MS
instrument. Opposite to chemical reduction, we learned in Manuscript 2 that
UV light is directly compatible with acidic pH. The absorption of UV light is
also not expected to be inhibited by any cold temperature if used during the
chromatography. It may be so that the yield of disulfide reduction is
significantly improved in the online coupling between chromatography,
irradiation, and immediate MS analysis when compared to the results
presented in Manuscript 2, in which offline irradiation could allow time for
re-formation of the disulfide bond and formation of secondary products. The
organic solvents in the reversed-phase chromatography are commonly
methanol or acetonitrile, which could facilitate a significant improvement in
the yield of UV photo-cleaved disulfide bonds (as was demonstrated by the
Yu Xia lab [86, 87]) in the deuterium-containing peptides.

UVPD at ~280 nm targeting Tyr and Trp. It could be interesting to study if
any selective fragmentation of the backbone in proximity to Tyr and Trp can
be induced if only these two residues are excited. Selective fragmentation at
Tyr and Trp would provide predictable and limited fragmentation similar to
an in-solution protease digestion. A mechanism to induce backbone
fragmentation could be transfer of excitation from Tyr and Trp to the peptide
bond. However this may be impossible to accomplish as the 280 nm excitation
of the aromatic side chain of Tyr or Trp should not match any electronic
transition in the peptide bond as here excitation occurs at lower wavelengths.
Another mechanism may be through radicalization from the fragmentation of
the Cy-Cp bond.

Characterisation of aromatically-crosslinked products with 213 nm
UVPD. Throughout the project we identified multiple photoproducts that
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contained crosslinks in aromatic side chains. The Phe-Trp crosslink of
somatostatin-14, and the deamination (minus NH3) products of vasopressin,
GYG, and GWG could be re-analysed with 213 nm UVPD to search for new
unique fragments that contribute to the characterisation of the modifications.

Top-down MS of HMWP induced by aromatic formulations with 213 nm
UVPD. Aromatic compounds such as phenol may be used in formulation of
biotherapeutics to improve chemical stability towards oxidation. Phenol is
also used as an antibacterial agent for multiple injection cartridges. However,
formulations may also participate in the formation of HMWP. If the crosslink
from the formulation is suspected to be aromatic, top-down fragmentation of
the dimer with 213 UVPD could have higher specificity for the crosslink than
the peptide bond, providing analytical information about the crosslink.

An outlook that we evaluate is promising, and with a void in discoveries, is

UVPD of crosslinked chromophores such as the intrinsic aromatic side chains

or extrinsically conjugated compounds, covered by the last two perspectives.
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