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Abstract

Proteins are a major component of bioaerosols and can account for several percent of air
particulate matter. They may influence the climate and public health depending on their
properties, e.g., hygroscopicity, molecular composition and structure. The interaction with
anthropogenic air pollutants can modify their physical, chemical and biological properties, thus
altering their climate and health effects. In particular, chemical modifications of proteins (e.g.,
nitration and cross-linking) induced by air pollutants, have been linked to an enhanced potency
of allergenic proteins. The mechanisms and kinetics of the underlying chemical processes,
however, are not yet well understood.

In this thesis, the reaction products, kinetics and mechanisms of atmospheric protein
chemistry were studied, and the proteome of atmospheric aerosol samples was characterized
using high performance liquid chromatography coupled with diode array detection and
fluorescence detection (HPLC-DAD and HPLC-DAD-FLD), and HPLC coupled to mass

spectrometry (HPLC-MS/MS). The focus areas of this thesis can be summarized as follows:

1. Development of a method to characterize proteins from atmospheric aerosol samples using
a mass spectrometry-based metaproteomic approach. Extraction solvents were optimized
to overcome the interaction between proteins and glass fiber filters and achieve high protein
recoveries. Size exclusion chromatography (SEC) was applied to remove matrix
components. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was
applied for protein fractionation according to molecular size, followed by in-gel digestion.
The digested peptides were analyzed using a hybrid Quadrupole-Orbitrap MS and database
search functions. The developed method has been successfully applied for protein
identification from filters samples collected in central Europe (Mainz, Germany). The
presented method provides a tool for further studies of spatiotemporal variability of

bioparticles and allergens in atmospheric aerosol samples.

2. Elucidation of the mechanisms and kinetics of protein nitration and oligomerization
induced by ozone (Os) and nitrogen dioxide (NO2). Proteins were exposed to Os, and
O3/NO2 mixtures in coated-wall flow-tube and bulk-solution experiments, using bovine
serum albumin (BSA) as a model protein. An SEC-HPLC-DAD method was developed
that enables the simultaneous detection of mono-, di-, tri-, and higher protein oligomers as
well as their individual nitration degrees (NDs). In the reaction of BSA with O3z, the

formation of protein dimers, trimers and higher oligomers was observed. The SDS-PAGE
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and fluorescence analysis results revealed that the protein cross-linking can be attributed to
the formation of intermolecular dityrosine species. For the reactions of BSA with Oz and
NO., more tyrosine residues were found to react via the nitration pathways than via the
oligomerization pathways. Depending on reaction conditions, oligomer mass fractions and
NDs were in the range of 2.5-25% and 0.5-7%, respectively. The extent of protein nitration
and oligomerization strongly depended on the phase state of proteins (i.e., amorphous solid,
semi-solid, liquid) and hence the diffusivity of oxidants and protein molecules, which
change with relative humidity. The experimental results can be explained and described by
a kinetic multi-layer model of surface and bulk chemistry. The rates of both processes were
sensitive to the increase of Os concentrations but rather insensitive to the change in ambient

NO> concentrations.

3. Identification and quantification of free amino acids released upon oxidation of peptides
and proteins by hydroxyl radicals. The oxidation products of proteins and peptides
generated by hydroxyl radicals from Fenton reactions were analyzed using HPLC-MS/MS
and HPLC-DAD-FLD. Free amino acids were identified as products by HPLC-MS/MS
analysis. A site-selective formation of free amino acids was also observed, which may be
due to a reaction pathway involving nitrogen-centered radicals. For protein oxidation
reactions, the molar yields of glycine (Gly, ~32-55% for BSA, ~10-21% for ovalbumin
(OVA)) were substantially higher than for the other identified amino acids (i.e., alanine,
aspartic acid, and asparagine; ~5-12% for BSA, ~4-6% for OVA). Upon oxidation of
tripeptides with Gly in C-terminal, mid-chain, or N-terminal positions, Gly was
preferentially released when it was located at the C-terminal site.

The methods developed and reaction products, Kinetics, and mechanisms studied in this
thesis provide a basis for further investigations of atmospheric protein chemistry influenced by

air pollutants. They shall help to understand the relations between air pollutant-modified

aeroallergens and their enhanced allergenicity.
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Zusammenfassung

Proteine sind eine Hauptkomponente biologischer Aerosolpartikeln kénnen mehrere
Prozent der gesamten Partikelmasse in der Luft ausmachen. Diese Proteine kdnnen abhéangig
von ihren Eigenschaften, wie Hygroskopizitat, molekularer Zusammensetzung und Struktur,
das Klima der Erde beeinflussen und sich auf die Gesundheit der Lebewesen auswirken. Durch
die Wechselwirkungen mit anthropogenen Luftschadstoffen kénnen die physikalischen,
chemischen und biologischen Eigenschaften der Proteine modifiziert werden und demnach
Auswirkungen auf das Klima und die Gesundheit haben. Insbesondere die von
Luftschadstoffen hervorgerufene chemische Modifikationen von Proteinen (z.B. Nitrierung
und Quervernetzung) konnten bereits mit einer verstarkten Allergenwirkung der
entsprechenden Proteine in Zusammenhang gebracht werden. Allerdings sind weder die
Mechanismen noch die Kinetik der zugrundeliegenden chemischen Prozesse ausreichend
verstanden.

In der vorliegenden Doktorarbeit wurden basierend auf der Anwendung von
Hochleistungsflussigkeitschromatographie  gekoppelt mit Diodenarray-Detektion und
Fluoreszenzdetektion (HPLC-DAD und HPLC-FLD), sowie HPLC gekoppelt an
Massenspektrometrie (HPLC-MS/MS) die Reaktionsprodukte, die Kinetik und die
Mechanismen der Interaktion mit Luftschadstoffen untersucht und Proteine aus
atmosphérischen Aerosolproben charakterisiert. Die Hauptpunkte dieser Arbeit konnen wie

folgt zusammengefasst werden:

1. Entwicklung einer Methode zur Charakterisierung von Proteinen aus atmospharischen
Aerosolproben unter Anwendung eines metaproteomischen Ansatzes basierend auf
Massenspektrometrie. Die Extraktionsmethode wurde optimiert, um die Interaktion
zwischen Proteinen und Glasfaserfiltern zu (berwinden und somit eine hohe
Proteinriickgewinnung zu erreichen. Zur Entfernung von Matrixkomponenten wurde die
Grolenausschlusschromatographie (SEC) verwendet. Zur Auftrennung der Proteine
anhand ihrer molekularen GroRe, wurde Natriumdodecylsulfat-Polyacrylamidgel-
elektrophorese (SDS-PAGE) angewendet. Anschlieend wurden die Proteine im Gel
verdaut und die entstandenen Peptide mit Hilfe eines hybriden Quadrupol-Orbitrap-
Massenspektrometers und Datenbanksuchfunktionen analysiert. Die entwickelte Methode
konnte erfolgreich auf die Identifikation von Proteinen aus in Mitteleuropa (Mainz,

Deutschland) gesammelten Filterproben angewendet werden. Zudem bietet sie ein
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Werkzeug fir weitere Studien 0ber die rdaumliche und zeitliche Variabilitdt von

Biopartikeln und Allergenen in atmosphérischen Aerosolproben.

. Aufklarung des Mechanismus und der Kinetik der Nitrierung und Oligomerisierung von
Tyrosinresten in Proteinen durch Ozon (Os) und Stickstoffdioxid (NO2). Hierfur wurden
Proteine entweder auf die Wand eines Durchflussrohres aufgetragen oder in Ldsung
gebracht und Oz oder einer Mischung aus Oz und NO: ausgesetzt. Rinderserumalbumin
(BSA) diente hierbei als Modellprotein. Des Weiteren wurde eine effiziente Methode mit
SEC-HPLC-DAD entwickelt, welche die simultane Bestimmung von einfachen,
zweifachen, dreifachen und hoheren Proteinoligomeren sowie ihrer individuellen
Nitrierungsgrade (NDs) ermdglicht. Fur die Reaktion von BSA mit Oz wurde die Bildung
von Proteindimeren, -trimeren und hoheren Oligomeren beobachtet. Die Ergebnisse von
SDS-PAGE und Fluoreszenzanalyse zeigen, dass die Proteinquervernetzung auf die
Bildung von intramolekularen Dityrosinen zuriickzufiihren ist. Flr die Reaktion von BSA
mit Oz und NO2 wurden mehr Tyrosinreste gefunden, die dem Nitrierungsweg folgen, als
die den Weg der Oligomerisierung gehen. Abhéngig von den Reaktionsbedingungen lag
der Anteil an Oligomeren im Bereich von 2.5-25% und die NDs bei 0.5-7%. Das Ausmal}
der Nitrierung und Oligomerisierung von Proteinen ist stark abhangig von ihrem
Aggregatzustand (glasartig, halbfest, flussig) und damit vom Diffusionsvermdgen der
Oxidationsmittel und Proteinmolekdle, das sich mit der relativen Luftfeuchtigkeit verandert.
Die experimentellen Ergebnisse konnen wunter Zuhilfenahme eines kinetischen
Mehrschichtenmodells der Oberflachen- und Kernmaterialchemie beschrieben und erklart
werden. Die Reaktionsraten der beiden Prozesse reagierten feinfiihlig auf einen Anstieg der
Os-Konzentration, waren aber nahezu unempfindlich gegenlber Veranderungen in der

umgebenden NO»-Konzentration.

Freisetzung von freien Aminosauren als Folge der Oxidation von Peptiden und Proteinen
durch Hydroxylradikale. Die Oxidationsprodukte von Proteinen und Peptiden, die durch
Hydroxylradikale aus der Fenton-Reaktion entstanden sind, wurden mittels HPLC-MS/MS
und HPLC-DAD-FLD analysiert. Freie Aminosauren wurden durch HPLC-MS/MS-
Analyse als Produkte identifiziert. Dartber hinaus wurde eine seitenselektive Bildung von
freien Aminoséuren beobachtet, die durch einen Reaktionsweg erklart werden konnte, der
Stickstoff-zentrierte Radikale beinhaltet. Die molaren Ausbeuten fiir Oxidationsreaktionen
waren wesentlich gréRer fir Glycin (Gly, ~32-55 % fur BSA, ~10-21 % fur Ovalbumin

(OVA)) als fir andere identifizierte Aminosduren (z.B. Alanin, Asparaginsaure, und
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Asparagin; ~5-12 % fur BSA, ~4-6 % fur OVA). Bei der Oxidation von Tripeptiden mit
Gly in C-terminaler, zentraler oder N-terminaler Position wurde Gly bevorzugt freigesetzt,

wenn es sich zuvor am C-terminalen Ende befand.

Die in dieser Arbeit entwickelten Methoden, sowie die untersuchten Reaktionsprodukte,
Mechanismen und Kinetik bieten eine Grundlage fiir weitere Untersuchungen der
atmospharischen Proteinchemie mit Luftschadstoffen. Sie sollen helfen, die Beziehungen
zwischen durch Luftschadstoffe modifizierten Aeroallergenen und ihrer verstarkten

Allergenitat besser zu verstehen.
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1. Introduction

1.1. Health and Climate Effects of Airborne Proteins

Primary biological aerosols, in short bioaerosols, play a vital role in the Earth system,
climate and health (Després et al., 2012; Frohlich-Nowoisky et al., 2016; Estillore et al., 2016;
Poschl and Shiraiwa, 2015). Primary biological aerosol particles (PBAPs) comprise bacteria,
fungal spores, pollens, biogenic polymers, and others like plant or animal fragments. Proteins
are a major component of PBAPs that can influence aerosol-cloud interactions and public
health (Lang-Yona et al., 2016; D'amato et al., 2007; Pummer et al., 2015; Pdschl et al., 2010).

The adverse health effects caused by airborne proteins comprise allergies and associated
respiratory diseases, which are mainly caused by allergenic proteins. Allergies pose an
important concern for human health. The prevalence of allergic diseases has been increasing
worldwide over the past few decades (Asher et al., 2006). A common type of allergy is
mediated by the production of specific IgE antibodies against harmless proteins, the so called
allergens. Important sources of aeroallergens are wind-dispersed pollen from trees, grasses, and
weeds, fungal spores and hyphae, animal dander, and house-dust mite excretions (Buters et al.,
2015; Twaroch et al., 2015; Frohlich-Nowoisky et al., 2016).

The abundance and properties of aeroallergens can be influenced by air pollution and
changes in climate (Reinmuth-Selzle et al., 2017). Increasing temperatures and higher carbon
dioxide (CO.) concentrations have been found to affect pollen production and the length of the
pollination period, spore numbers, and allergen production of pollen and spores (Lang-Yona et
al., 2013; Reid and Gamble, 2009; Reinmuth-Selzle et al., 2017). Air pollutants such as
nitrogen oxides (NO, NO, etc.), sulfur dioxide (SO2), and ozone (O3) can also interact with
pollen and fungal spores, damaging their envelopes and facilitating the release of allergens into
polluted environments (Ouyang et al., 2016; Beck et al., 2013). On the other hand, exposure of
aeroallergens to air pollutants may modify their allergenic potential, e.g., by changing their IgE
binding capacity (Franze et al., 2005; Gruijthuijsen et al., 2006). Several studies have found an
enhanced allergenicity of aeroallergens, such as birch pollen, ragweed pollen and Aspergillus
spores, after their exposure to air pollutants (e.g., O3 and NOz) (Lang-Yona et al., 2016;
Reinmuth-Selzle et al., 2014; Zhao et al., 2016). Such changes of allergenic properties may
result from chemical modifications of allergens like nitration and cross-linking, induced by
atmospheric oxidants. Gruijthuijsen et al. (2006) showed that the nitrated major birch pollen
allergen Bet v 1a resulted in enhanced levels of specific IgE in murine models, possibly due to

the formation of neoepitopes. Nitration of Bet v 1a also resulted in enhanced presentation of
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allergen-derived peptides by antigen presenting cells (APC) (Karle et al., 2012). Moreover,
oligomers and aggregates of certain allergenic proteins were found to enhance immune
responses compared to the monomeric form (Vrtala et al., 2011; Rouvinen et al., 2010).

Proteinaceous matter in aerosol particles (e.g., proteins, protein fragments, free amino acids)
also play an important role in cloud formation and precipitation. Steiner et al. (2015) found that
the submicron pollen particles (SPP) released from pollen grains under humid conditions can
act as cloud condensation nuclei (CCN). The composition analysis indicated that SPP mainly
contains carbohydrates and proteins. Mikhailov et al. (2004) showed that in aerosol particles
composed of proteins and salts, proteins were enriched at the surface and formed an envelope.
This envelope inhibits the ability of water vapor to reach the particle core and leads to kinetic
limitations of hygroscopic growth, phase transitions, and microstructural rearrangement
processes. Other proteinaceous matter, like amino acids and other amine compounds, have been
suggested to affect the atmospheric water cycle and the atmospheric radiation balance (Zhang
and Anastasio, 2003; Qiu and Zhang, 2013).

The role of proteins in the ability of PBAPs to serve as ice nuclei (IN) is a topic of increasing
interest (Hill et al., 2014; O'Sullivan et al., 2016). It has been shown that many bacteria are IN-
active because they possess an IN-active protein in the outer cell wall, which has structural
similarities to the crystal lattice of ice (Hoose and Mdhler, 2012). In general, only certain
sections on the surface of an IN particle participates in ice nucleation--so called active sites.
Biological macromolecules can become INs by themselves (Pummer et al., 2015). Proteins,
saccharides, and lipids may play a role as ice nucleating macromolecules (INMs), depending
on their properties such as size, composition and heat tolerance (Hoose and Mdohler, 2012;
Pummer et al., 2015). It has been shown that the INMs of certain bacterial and fungal species
are proteins, while polysaccharides are suggested to be the INMs of birch pollen (Hill et al.,
2014; Pummer et al., 2015; Murray et al., 2015). However, the characteristic structures of INMs,
which are responsible for the IN activity, are subject of ongoing scientific research and

discussions.

1.2. Atmospheric Chemistry of Proteins

Fig.1 schematically summarizes the chemical reactions of proteins with atmospheric
oxidants. Atmospheric protein chemistry induced by ambient reactive oxygen species (ROS)
and reactive nitrogen species (RNS) mainly includes oxidation, nitration, cross-linking, and

degradation of proteins. These modifications can lead to changes in the structure of protein



macromolecules, and affect protein stability and other properties such as hydrophobicity and
acidity of binding sites (Reinmuth-Selzle et al., 2017). Such transformations may affect the
allergenic potential of aeroallergens, the role of proteins (or proteinaceous matter) involved in
the CCN activity of atmpspheric particles, and the ability of proteins to act as IN. Thus, it is
important to elucidate the mechanisms and Kinetics of protein chemistry induced by
atmospheric ROS/RNS.

atmospheric ROS/RNS

O3, NO,, OH, Atmospheric
Protein Chemistry
- oxidation .
Airborne Proteins - nitration (Reactlon Products:
- pollen - cross-linking - gx'dlli?d éﬁvs, ItVIet, Tyr,
- microbes (fungi & - degradation ) nirtriéatelj(Ty?'I?r;)')

bacteria

) - cross-linked (Cys, Tyr, etc.)
- plants & animals - fragments (carbonyl,
excretions / Qamide, amino acids, etc.)

Health & Climate Effects:
- allergies and associated
respiratory diseases
- ice nucleation activity

- cloud formation

Fig.1 Proteins in the atmosphere: airborne proteins transported in the atmosphere by aerosols
of biological origin may affect public health and climate; they may also undergo heterogeneous
reactions with atmospheric ROS/RNS leading to complex products and altering their health

and climate effects.

1.2.1. Protein Nitration and Cross-Linking by Ozone and Nitrogen Dioxide

Previous studies have investigated the general mechanisms and kinetics of protein nitration
upon exposure to Oz and NO. (Shiraiwa et al., 2012; Reinmuth-Selzle et al., 2014; Sandhiya et
al., 2014). Reactions of proteins with Oz and NO, mainly lead to the nitration of the aromatic
amino acid tyrosine (Tyr) forming 3-nitrotyrosine (NTyr). Shiraiwa et al. (2012) proposed that
the reactions follow a two-step mechanism involving the formation of long-lived reactive
oxygen intermediates (ROIs) by the reaction of Oz with protein Tyr residues, likely tyrosyl
radicals, and followed by the nitration via exposure to NO.. Kinetic experiments and modeling
showed that the reaction rates are limited by the phase state of proteins and the diffusivity of



oxidants and proteins, which change with relative humidity (RH) and temperature (T)
(Reinmuth-Selzle et al., 2014; Sandhiya et al., 2014).

Product analysis by mass spectrometry found that the nitration is site selective, depending
on the nitrating agents, reaction conditions, and molecular structures of proteins (primary,
secondary and tertiary structures) (Abello et al., 2009; Zhang et al., 2011; Reinmuth-Selzle et
al., 2014). Those Tyr residues found to be efficiently nitrated usually have a high solvent
accessibility, are located in loop or a-helix secondary structures, and/or within a hydrophobic
environment. Upon exposure of Bet v 1a to O3/NO2, NTyr residues were mainly identified in
the C-terminal helix and in the hydrophobic cavity, which are both key positions for the binding
of specific IgE as well as ligands like fatty acids, cytokines, and flavonoids (Reinmuth-Selzle
etal., 2017).

In addition to nitration, tyrosyl radicals can also undergo cross-linking to form dityrosine
(DTyr) derivatives. It has been demonstrated that Oz can induce protein cross-linking in
solution via the formation of DTyr species (Verweij et al., 1982). Shiraiwa et al. (2012) showed
mass spectra of dimeric protein species after the exposure of aerosolized proteins to Os, and
suggested that the ROIs reacted with each other to form protein dimers. However,
investigations of the kinetics and chemical mechanisms of protein oligomerization processes
at atmospherically relevant concentrations of O3 are limited.

Under physiological conditions, Pfeiffer et al. (2000) found that DTyr was a major product
of Tyr modification caused by low steady-state concentrations of peroxynitrite, while high
fluxes (> 2 uM s?) of nitrogen oxide/superoxide anion (NO/O2) are required to render
peroxynitrite an efficient trigger of Tyr nitration. The mechanism for peroxynitrite-mediated
Tyr modification also involves the generation of tyrosyl radicals. Thus, a kinetic competition
between Tyr nitration and dimerization (or oligomerization) upon protein exposure to Oz and
NO:2 can be expected, which needs to be explored in detail to assess relevant atmospheric
conditions favoring the one or the other protein modification.

The levels of DTyr in proteins have been quantified in numerous studies based on the
intrinsic fluorescence properties of DTyr (DiMarco and Giulivi, 2007; Malencik et al., 1996).
However, the sites for Tyr cross-linking might differ from the sites for Tyr nitration, as the
nitration involves one more site-selective reaction step than the pure ozonolysis. Also, the
effect of steric hindrance for Tyr cross-linking is likely more important than for Tyr nitration
(Heijnis et al., 2010).



Thus, to explicitly explore the kinetics and competition between Tyr nitration and cross-
linking, together with the quantification of oligomeric species, studies should consider the mass
spectrometric identification of DTyr as well as NTyr modification sites in proteins. However,
the identification of DTyr cross-linked peptides is challenging because of their complex
fragmentation patterns and a lack of bioinformatics tools for the localization of cross-linked
residues. In a recent study, the fragmentation characteristics of known DTyr-linked peptides
were studied, which enabled identification of the cross-linked positions and provided generic
rules to identify these oxidative modifications in the oxidized human serum albumin (Annibal
et al., 2016). This strategy may also be applied to other proteins for identifying DTyr cross-
linked sites.

Apart from Tyr, Oz can also react with other amino acids, i.e., cysteine (Cys), tryptophan
(Trp), methionine (Met), phenylalanine (Phe) and histidine (His). The oxidation of Cys induced
by O3 could also form protein oligomers via intermolecular disulfide cross-linking, while the
ozonolysis of Trp, Met, Phe and His doesn’t contribute to the formation of oligomer species
(Sharma and Graham, 2010). The reactivity order for the Oz-mediated oxidation of amino acids
at neutral pH is: Cys > Trp > Met > Tyr > Phe = His (Sharma and Graham, 2010; Pryor and
Uppu, 1993). But a pH dependency for the reactivity is also observed; at pH < 4: Trp > Met >
Cys > Tyr > all others (including Phe and His) (Pryor and Uppu, 1993). It should be noted that
the reactivity order of amino acids in peptides and/or proteins might differ from that of free
amino acids, probably owing to micro-structural and steric effects (Kotiaho et al., 2000). These
findings indicate that the reaction system between proteins and Oz/NO: is complex with
multiple reaction pathways and products. Thus, robust and state-of-the-art analytical
techniques are needed for the quantification of reaction products and identification of the site-
selectivity of protein modifications by Os/NO.. For kinetic studies and modelling, a holistic
and flexible chemical mechanism may improve its applicability towards the complex reaction

system.

1.2.2. Protein Oxidation by Hydroxyl Radicals

The hydroxyl radical, OH, plays a key role in the atmosphere as well as in biological
systems because of its very high reactivity (Poschl and Shiraiwa, 2015). It exhibits a very short
lifetime (less than one second) and low mixing ratio (sub-ppt, i.e., < pmol mol-!) in the lower
troposphere. The major sources of OH in the lower troposphere include the photolysis of O3,
NOo, nitric acids (HONO), etc. (Gligorovski et al., 2015). In biological systems, OH can be



generated endogenously and exogenously, and the sources include a variety of different
processes such as cellular metabolic processes, radiolysis, photolysis, and Fenton chemistry
(Watson et al., 2009; Apel and Hirt, 2004; Doan et al., 2010; Xu and Chance, 2007).

The mechanism and kinetics of the OH-mediated oxidation of amino acids, peptides, and
proteins in aqueous solutions or under physiologically relevant conditions have been
extensively studied over the past few decades (Xu and Chance, 2007; Davies, 2005). The
oxidation products (i.e., carbonylated products) are commonly used as markers of protein
damage (Davies, 2016). The OH radicals have a high reactivity with all amino acid residues,
with rate constants > 10-** cm® st (Sharma and Rokita, 2012). With respect to the peptide
backbone cleavage induced by OH, the main reaction pathway is initiated by an H-abstraction
at the a-carbon positions of the protein backbone. This is followed by a reaction with O to
produce a peroxyl radical, which ultimately results in fragmentation and cleavage of the
backbone of the protein, thereby mainly forming amide and carbonyl fragments (Xu and
Chance, 2007). The high reactivity of proteins with OH radicals, however, may result in various
products due to different reaction pathways. Further studies quantifying specific (and/or
various) oxidation products are required to fully elucidate the mechanisms and kinetics of OH-
mediated protein oxidation (Morgan et al., 2012).

The oxidation of airborne proteins induced by OH under atmospherically relevant
conditions (e.g., heterogeneous reactions at different relative humidities), to the author’s
knowledge, have not yet been well investigated. The reaction mechanisms of airborne proteins
with OH are expected to be similar to that in aqueous media or under physiological conditions.
The degradation products might play an important role in the abundance of atmospheric amine,
amide and carbonyl compounds (Qiu and Zhang, 2013). These compounds, (e.g. amines) are
involved in the nucleation and growth of nanoparticles, which contribute to climate change (Ge
etal., 2011; Qiu and Zhang, 2013). So far, the contribution of protein oxidation/degradation on
the abundance of atmospheric amines and amino compounds is still largely unknown. This

timely topic is highly interesting and should be investigated in future studies.



1.3. Objectives

Airborne proteins, originating from various biological species with different properties,
may undergo physical and chemical transformation processes upon interaction with air
pollutants, and thus affect the climate system and human health. The aims of this PhD work
were to develop methods for the characterization of aerosol proteins, and to elucidate the
reaction products, mechanisms and kinetics of proteins reacting with air pollutants, in order to
provide insights into the impact of airborne proteins on climate and human health. The specific

objectives of the PhD work can be summarized as follows:

1. Develop a method to characterize proteins from atmospheric aerosol samples using a mass
spectrometry-based metaproteomics approach, providing information about the taxonomic
composition of bioaerosols.

2. Develop a method to enable a simultaneous detection of mono-, di-, tri-, and higher protein
oligomers, as well as their individual nitration degrees.

3. Investigate the formation of oligomers of proteins upon their exposure to atmospherically
relevant concentrations of Os, and study the mechanisms and Kkinetics of protein
oligomerization under varying environmental conditions.

4. Elucidate the oxidation, nitration and oligomerization reactions of proteins induced by O3
and NOg2, and their predominance under different atmospherically-relevant conditions.

5. Identify and quantify amino acids as oxidation products of proteins and peptides generated

by hydroxyl radicals from the Fenton reaction.



2. Results and Conclusions

2.1. Overview

The results of this PhD research are described in five manuscripts for publication in peer-
reviewed scientific journals (four first-author and one co-first-author papers). The manuscripts
are attached in Appendix B. All of them have been accepted for publication. The PhD research
focused on the development of analytical methods and their application in the identification of
proteins in atmospheric aerosol samples, as well as products and mechanisms studies of protein
modification induced by air pollutants or ROS. An overview of the studies is shown in Fig.2,

and summaries of the individual studies are included below.

Analytical Method Products and
Development Mechanisms Studies
. s ~
1. Metaproteomics of 3. Protein Oligomerization
Atmospheric Aerosols (Kampf et al., ES&T, 2015)
| (Liuetal,ABC, 2016) \ J

4. Protein Nitration and
Oligomerization
(Liu etal., FD, 2017) )

e ~
5. Release of Amino Acids
(Liu et al., ABC, 2017)

o NG "

N

Oligomer Mass Fraction
(Liu et al., JCA, 2017)

-
2. Determination of ND & }

Fig.2 Individual studies of the PhD research in two core areas: 1) analytical method
development, and 2) products and mechanisms studies. The analytical techniques applied for
method development and products analysis mainly include: mass spectrometry (quadrupole
time-of-flight, orbitrap), high performance liquid chromatography (size exclusion and reversed
phase chromatography), spectrophotometry (UV-Vis, fluorescence), gel electrophoresis (SDS-
PAGE) and protein quantification assay (bicinchoninic acid assay). For kinetic and mechanistic
studies (sub-projects 3 and 4), two kinetic models, i.e., a box model for homogeneous reactions
and kinetic multilayer model for aerosol surface and bulk chemistry (KM-SUB) (Shiraiwa et

al., 2010) are also introduced for data interpretation in cooperation with modeling partners.

2.2. Analytical Method Development

2.2.1. Metaproteomic Analysis of Atmospheric Aerosol Samples
This study presents an efficient method for the extraction and analysis of proteins from

glass fiber filter samples of airborne particulate matter. Extraction solvents were optimized to
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overcome the interaction between proteins and filter material and achieve high protein
recoveries. The metaproteomic analysis allows a profiling of proteins in atmospheric aerosols.
Proteins in airborne particulate matter were found to mainly originate from plants,
microorganisms, and animals, which is in line with the major categories of PBAPs. Allergenic
pollen proteins, e.g., from perennial ryegrass, were found in fine particles, which can penetrate
deep into the lower part of the respiratory tract. In addition, the molecular size dependent
analysis of proteins extracted from the aerosol samples revealed the presence of fragmented
proteins in atmospheric aerosol sample extracts.
For details see Appendix B.1, Liu et al., Anal. Bioanal. Chem., 2016.

2.2.2. Simultaneous Determination of Nitrated and Oligomerized Proteins

A size exclusion high performance liquid chromatography coupled to photodiode array
detection (SEC-HPLC-DAD) method was developed that enables a simultaneous detection of
mono-, di-, tri-, and higher protein oligomers, as well as their individual nitration degrees
(NDs). The validation of the results showed a good agreement between this new method and a
well-established method. Importantly, the NDs for individual oligomer fractions can be
obtained from the new method. Overall, the new method provides a single run analysis for the
determination of NDs and oligomer mass fractions, reducing analysis time and sample
consumption. The new method has been successfully applied in Liu et al., Farad. Discuss.,
2017 for the investigation of reaction kinetics and mechanisms of protein tyrosine nitration and
cross-linking by O3/NO:a.

For details see Appendix B.2, Liu et al., J. Chromatogr. A., accepted.

2.3. Protein Chemistry Induced by Reactive Oxygen Species
2.3.1. Protein Cross-Linking through Dityrosine Formation upon Exposure to Ozone
The chemical mechanism and Kinetics of protein oligomerization upon exposure to
atmospherically relevant concentrations of Oz was studied in coated-wall flow-tube and bulk-
solution experiments, using bovine serum albumin as a model protein. The formation of protein
dimers, trimers, and higher oligomers was observed. The cross-linking was attributed to the
formation of intermolecular DTyr cross-links, which was demonstrated by SDS-PAGE and
fluorescence analysis. The oligomerization proceeds fast on the surface of protein films, while
the bulk oligomerization, characterized by limited diffusion of Oz and protein molecules,

occurred at much slower rates. From the experimental data, a chemical mechanism and rate



equations were derived for a kinetic multi-layer model of surface and bulk reaction, thus
enabling a prediction of oligomer formation under atmospherically relevant conditions.

For details see Appendix B.3, Kampf et al., Environ. Sci. Technol., 2015.

2.3.2. Protein Nitration and Cross-Linking upon Exposure to Ozone and Nitrogen
Dioxide

The chemical kinetics and mechanisms of protein tyrosine nitration and oligomerization
upon simultaneous exposure of Oz and NO> were investigated in coated-wall flow-tube and
bulk-solution experiments under atmospherically relevant conditions, using bovine serum
albumin as a model protein. Tyrosine residues were more prone to react via nitration pathways
than via oligomerization pathways. The extent of nitration and oligomerization strongly
depended on the phase state of proteins (i.e., amorphous solid, semi-solid, liquid), which
changes with relative humidity. Dimeric and nitrated species were the major products in the
liquid phase, while protein oligomers became the dominant oligomerization products at solid
and semi-solid protein states. From the experimental and kinetic modelling results, the rates of
both processes were found to be sensitive to ambient Oz concentrations, but rather insensitive
to different NO: levels.

For details see Appendix B.4, Liu et al., Farad. Discuss., accepted.

2.3.3. Release of Free Amino Acids upon Oxidation of Peptides and Proteins by
Hydroxyl Radicals

The oxidation products of proteins and peptides generated by OH from Fenton reactions
were analyzed by HPLC tandem mass spectrometry (HPLC-MS/MS) and by HPLC with diode
array detection and fluorescence detection (HPLC-DAD-FLD). Free amino acids were
identified as products in the OH-induced oxidation of proteins and peptides by HPLC-MS/MS
analysis. For protein oxidation reactions, the molar yields of glycine were substantially higher
than for the other identified amino acids (i.e., alanine, aspartic acid, and asparagine). Upon
oxidation of tripeptides with known amino acid compositions, the molar yields of individual
amino acids strongly depended on the sequence of amino acids, as well as the reactivity of
amino acid residues with OH.

For details see Appendix B.5, Liu et al., Anal. Bioanal. Chem., 2017.
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2.4. Summary and Outlook

Understanding the role of airborne proteins in human health and climate requires the
characterization of proteins from atmospheric aerosols and the elucidation of the reaction
mechanisms and kinetics of atmospheric protein chemistry. This PhD research established a
mass spectrometric approach for the identification of proteins in atmospheric aerosol samples,
and also elucidated the reaction products, mechanisms, and kinetics of protein modification
induced by atmospheric ROS.

The metaproteomic analysis presented in this PhD research provides a tool for further
studies of spatiotemporal variability of bioparticles and allergens in airborne particulate matter.
The development of an efficient method for the simultaneous determination of protein nitration
degrees and oligomer mass fractions will facilitate further kinetic and mechanistic studies of
protein nitration and cross-linking, particularly for allergenic proteins, which are generally
expensive and available only in small quantities.

The kinetic and mechanistic insights of atmospheric protein chemistry with air pollutants
show that the reactions are highly complex and yield a variety of products including nitrated,
oxidized, oligomerized, and degraded proteins. Hence, further investigations are recommended
on the allergenic and immunogenic effects induced by chemically-modified aeroallergens. Of
particular interest are nitrated and oligomerized proteins, which are believed to have enhanced
allergenicity. In terms of the climate effects caused by airborne proteins, future challenges
include the investigations of the ice nucleation activity and the hygroscopicity (etc.) of air

pollutant-modified (aged) proteins.
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Abstract Metaproteomic analysis of air particulate matter
provides information about the abundance and properties of
bioaerosols in the atmosphere and their influence on climate
and public health. We developed and applied efficient
methods for the extraction and analysis of proteins from glass
fiber filter samples of total, coarse, and fine particulate matter.
Size exclusion chromatography was applied to remove matrix
components, and sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) was applied for protein fraction-
ation according to molecular size, followed by in-gel digestion
and LC-MS/MS analysis of peptides using a hybrid
Quadrupole-Orbitrap MS. Maxquant software and the
Swiss-Prot database were used for protein identification. In
samples collected at a suburban location in central Europe,
we found proteins that originated mainly from plants, fungi,
and bacteria, which constitute a major fraction of primary
biological aerosol particles (PBAP) in the atmosphere.
Allergenic proteins were found in coarse and fine particle
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samples, and indications for atmospheric degradation of pro-
teins were observed.

Keywords Metaproteomics - Atmospheric aerosols -
Bioanalytical methods - HPLC - Mass spectrometry

Introduction

Primary biological aerosol particles (PBAP) including bacte-
ria, fungal spores, pollen, biogenic polymers, and others like
plant or animal fragments, are ubiquitous components of the
atmospheric aerosol [1-3]. They likely have an influence on
clouds and precipitation [4, 5] and have been linked to many
adverse health effects such as infectious, respiratory, and al-
lergic diseases [6—8]. Proteins, contained in PBAP from dif-
ferent sources and with distinct properties, are also known to
influence atmospheric microphysics and public health [9—11].

Proteins can be found in coarse mode particles (>2.5 pm
aerodynamic diameter) as well as in fine mode particles
(<2.5 um) [12]. It has been shown that bacteria are most
frequently observed in ~2—4 pum particles [13, 14], fungal
spores in the range of 2—10 um [15, 16], pollen grains between
10 and 100 um [1], and smaller pollen compartments, such as
pollen cytoplasmic granules (PCGs; subcellular compart-
ments) released from the rupture of pollen grains due to high
humidity and moisture, are in the range of 30 nmto 4 um [17,
18]. Proteinaceous material in different size modes of atmo-
spheric aerosols have different penetration depths into the hu-
man respiratory tract, i.e., fine mode particles are able to pass
through the upper respiratory tract and deposit in the small
airway and alveoli [19], thus affecting potential health
impacts.

Proteins in aerosol particles have been suggested to be
good tracers for PBAP in the atmosphere [20]. Many
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studies have focused on the measurement of total protein
content in airborne particles using biological assays, e.g.,
bicinchoninic acid (BCA) assay, nano-orange, and
Bradford assay and found proteins to account for up to
5 % of particles in mass concentration [21-23]. Some
specific proteins, mostly allergens, have been investigated
using immunoassays, such as enzyme-linked immunosor-
bent assay (ELISA) or Western blot, etc. For example,
Buters et al. [24] determined the major birch pollen aller-
gen Bet v 1 in ambient aerosols of different size fractions
with an allergen-specific ELISA. Miyajima et al. [25] de-
veloped a fiber-optic chemifluorescence immunoassay for
the detection of the airborne major dust mite allergen Der
f 1. Although these immunoassays have the advantage of
low detection limits and can quantify the targeted pro-
teins, the antigen specificity of these assays limits their
use in metaproteomic analysis of ambient aerosol parti-
cles. The term metaproteomics has been proposed for
the characterization of the entire protein complement of
environmental samples at a given point in time [26, 27].
Mass spectrometry-based metaproteomics has been suc-
cessfully applied in studies of soils, lake sediments, and
marine environments [28-31]. With regard to atmospheric
aerosols, bioaerosol mass spectrometry has been used for
the rapid identification of individual aerosolized microbial
particles [32, 33]. Moreover, metaproteomic analysis has
recently been applied to soils in Asian desert dust storm
deposition regions [34, 35].

In this study, we develop a method to characterize pro-
teins from atmospheric aerosol samples using a mass
spectrometry-based metaproteomics approach, providing
information about the taxonomic composition of
bioaerosols. To our knowledge, this approach has previ-
ously not been established and applied for atmospheric
aerosol samples. The critical step for protein identification
is to efficiently extract proteins from the air filter samples.
Besides considering the differences in protein properties
such as solubility, also interactions between proteins, par-
ticles, and filter material need to be overcome by the
extraction method. We evaluated the effects of soot parti-
cles and ammonium sulfate on protein recovery during
filter extraction using BCA assays and sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Furthermore, aerosol samples of different particle size
fractions (total suspended, fine, and coarse particles) were
analyzed using nano-HPLC coupled with a Hybrid
Quadrupole-Orbitrap mass spectrometer after in-gel diges-
tion. The method developed in this study allows for the
characterization of aerosol proteins, simultaneously yield-
ing insights into atmospheric protein transformation pro-
cesses. A schematic overview of the analytical procedure
for protein identification in ambient aerosol samples is
shown in Fig. 1.
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Materials and methods
Reagents

Bovine serum albumin (BSA; A5611), phosphate-buffered
saline tablet (PBS; P4417), glycine (G7126), f3-
mercaptoethanol (M-6250), dithiothreitol (DTT; D5545),
iodoacetamide (IAM; 16125), acetonitrile (ACN; 34967), am-
monium bicarbonate (A6141), and trypsin from porcine pan-
creas (T6567) were supplied by Sigma-Aldrich (Germany).
Ten times Tris/glycine/SDS (161-0732) and two times
Lammli sample buffer (161-0737) were from Bio-Rad
Laboratories (USA). Trifluoroacetic acid (TFA; 400028) was
from Applied Biosystem (UK). Formic acid (28905) and C18
spin tubes (89870) for desalting were obtained from
ThermoFisher Scientific (Germany). Diesel particulate matter
(SRM 2975) was purchased from the National Institute for
Standards and Technology (NIST; USA). Ammonium sulfate
(>99 %) was obtained from Acros Organics. Sodium dodecyl
sulfate (H5113) was from Promega (USA). Glass fiber filters
(type MN 85/90, 406015, Duren, Germany) for sampling of
total suspended particles (TSP) and protein recovery tests dur-
ing the development of the extraction method were purchased
from Macherey-Nagel (Germany). A second set of glass fiber
filters (type A/A, 102-mm diameter) for sampling coarse and
fine particles was obtained from Pall Corporation (UK). High-
purity water (18.2 MQ m) was taken from an ELGA
LabWater system (PURELAB Ultra, ELGA LabWater
Global Operations, UK) and autoclaved before use if not spec-
ified otherwise.

Aerosol sampling

Aerosol samples were collected at the roof of the Max Planck
Institute for Chemistry (MPIC; Mainz, Germany) in 2010 and
2015; the sampling period was generally 7 days. Sampling
details are provided in Frohlich-Nowoisky et al. [15].
Briefly, coarse and fine aerosol particles were collected onto
a pair of glass fiber filters (prebaked at 500 °C overnight) by a
self-built high-volume dichotomous sampler [36] operated at
300 L/min. Coarse particles with aerodynamic diameters larg-
er than the cutoff diameter (=3 um) were collected through a
virtual impactor operated in line with the inlet (=30 L/min),
and fine particles with aerodynamic diameters smaller than the
cutoff were collected from the main gas flow perpendicular to
the inlet (=270 L/min). As a result of the air flow design of the
virtual impactor, 10 % of the fine particles are collected on the
coarse particle fraction. Furthermore, TSP samples were col-
lected on 150 mm glass fiber filters (baked overnight at
290 °C) using a self-standing high-volume sampler (Digitel
DHA-80) operated at 100 L/min. A list of all investigated air
filter samples is given in Electronic supplementary material
(ESM) 1 Table S1. The loaded samples were stored in
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decontaminated aluminum foil bags at —80 °C. To detect pos-
sible contaminations from the samplers and sample handling,
blank samples were taken as well. Blank sample filters were
mounted in the sampler like for regular sampling, but the
pump was turned on only for up to 30 s.

Protein extraction

Figure S1 in ESM 1 illustrates the extraction method develop-
ment. The effects of the vial material, the extraction solvent
and technique, as well as the enrichment method on protein
recovery were investigated. In these experiments, 200 pg of
BSA dissolved in 100 uL. H,O were spiked on prebaked fil-
ters. The parameters of interest were varied individually, while
keeping the remaining parameters constant (see ESM 1 for
details). The corresponding effects were evaluated by BSA
recovery obtained by BCA assay, which has been widely ap-
plied for the measurement of total protein concentration in
ambient aerosol samples [22, 37], as outlined in
“Bicinchoninic acid assay”. All spiking experiments were per-
formed in triplicate.

The optimized extraction method (discussed in
“Development of extraction method”) was applied to aerosol
filter samples. Briefly, filter aliquots (~40 cm?) were cut out
from the whole filter and extracted twice with 2.0 mL 1x
Tris/Gly/SDS buffer in a 15-mL polypropylene (PP) vial by
sonication (frequency, 35 kHz; Bandelin, Sonorex Super 10P,
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Germany) for 1 h. It should be noted that low protein binding
microcentrifuge tubes (525-0134, VWR International,
Germany) were used in following steps in order to minimize
protein loss. After the first extraction, the extract was centri-
fuged (15,000 rpm, 15 min) and the supernatant was collected
before extracting the filter material the second time.
Subsequently, the supernatants were lyophilized separately
(Christ Alpha 2-4 LD, Germany). The dried residues were
resuspended in 500 uL H,O and subjected to size exclusion
chromatography (28-9180-08, PD Minitrap™ G-25, exclu-
sion limit 5 kDa, GE Healthcare, Germany) according to the
supplier’s instruction, before BCA assay and SDS-PAGE
analysis. Also, blank filter samples (see “Aerosol sampling™)
were treated in the same way.

Assessment of matrix interferences on BCA assay
and SDS-PAGE silver staining

The effects of ammonium sulfate and soot particles interfering
with protein concentration determination by BCA assay were
investigated. Experiments were conducted in triplicate using
aliquots of 26 mg ammonium sulfate, 0.4 mg soot with or
without spiking BSA solution (final concentration 250 mg/
L) in 500 uL Tris/Gly/SDS buffer, representing the estimated
mass of ammonium sulfate and soot collected on the ambient
filter samples based on a study by Poulain et al. [38], and the
average protein concentration on our filter samples as
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determined by BCA assay. The mixture was sonicated for 1 h
and afterwards centrifuged (15,000 rpm) for 15 min. The su-
pernatant (450 nL) was pipetted into a size exclusion column
(PD Minitrap™ G-25) while a 50-uL aliquot was kept as the
sample before size exclusion treatment. Both samples, before
and after size exclusion treatment, were analyzed by BCA
assay.

In addition, 0.4 mg soot samples with or without spiking
BSA (200 ng) in 500 pL Tris/Gly/SDS buffer were used to
investigate the effect of soot on SDS-PAGE silver staining.
The same procedures of sonication and size exclusion treat-
ment were performed as described above. Afterwards, the
eluate was lyophilized and resuspended in 40 puL. 1x Lammli
sample buffer for SDS-PAGE and silver staining, as detailed
in “SDS-PAGE and in-gel digestion”.

Bicinchoninic acid assay

The protein concentrations of spiked BSA and ambient aero-
sol filter sample extracts were determined with the BCA assay
(BCA1-1 KT, Sigma-Aldrich). In brief, the assay was per-
formed in 96-well microplates and calibrated with solutions
of BSA dissolved in the corresponding extractants. Volumes
of 10 uL of standard and sample solutions, respectively, were
pipetted into the microwells (three wells per sample solution),
and 200 pL freshly prepared working reagent was added. The
microplate was incubated at 60 °C for 15 min, and then cooled
to room temperature (~22 °C). The absorbance was measured
on a microplate photometer (Thermo Scientific Multiskan
EX) at 560 nm. Prebaked blank filters and sample handling
blanks were assayed according to the same procedure, and
results were used to correct laboratory and ambient filter re-
sults for blank values.

SDS-PAGE and in-gel digestion

SDS-PAGE was performed using a 4 to 20 % gradient Mini-
PROTEAN® TGX™ Gel (456-1093, Bio-Rad, USA).
Briefly, after lyophilization, the ambient filter sample extracts
were resuspended in 40 uL 1x Lammli sample buffer contain-
ing 2.5 % [3-mercaptoethanol, then incubated at 95 °C in a
thermomixer (Thermomixer Comfort, Eppendorf, Germany)
for 5 min prior to SDS-PAGE separation. A molecular weight
marker (Precision Plus Protein Unstained Standards, 161-
0363, Bio-Rad, USA) was used for molecular weight scale
calibration. Gels were run at a constant voltage of 110 V and
silver-stained with a Pierce Silver Stain for Mass
Spectrometry kit (24600, ThermoFisher Scientific, USA) ac-
cording to the supplier’s instruction. Subsequently, the gels
were scanned on a ChemiDoc MP Imaging system using the
Image Lab software (version 4.1, Bio-Rad).

The gels were cut into five fractions (F1-F5) as illustrated
in Fig. 3, corresponding to molecular weights of ~10-15 kDa
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(F1), ~15-25 kDa (F2), ~25-50 kDa (F3), ~50-100 kDa (F4),
and ~100-250 kDa (F5) for in-gel digestion. The excised
pieces were destained using the reagents and procedure pro-
vided in the Pierce Silver Stain for Mass Spectrometry kit. The
following in-gel digestion was conducted according to the
protocol of Shevchenko et al. [39]. Briefly, 10 mM DTT was
applied at 56 °C for reduction of disulfide bonds and 55 mM
IAM at room temperature in the dark for alkylation of cysteine
residues. Trypsin digestion was performed at 37 °C overnight.
Typically, 200 uL or more DTT, IAM, and trypsin solution
were added to completely cover the gel pieces in the corre-
sponding step, depending on the volume of gel matrix. After
digestion, peptides were extracted from the gel pieces by
adding 400 pL 5 % formic acid/ACN (v/v) and incubating
for 15 min at 37 °C. Subsequently, the supernatants were
collected and dried down by a SpeedVac concentrator
(Christ RVC 2-25, Germany). The dried extracts were dis-
solved in 100 uL 5 % ACN in H,O with 0.5 % TFA and
desalted with conditioned C18 spin tubes according to the
manufacturer’s instructions. Finally, the tryptic peptides were
eluted using 20 uL. 50 % ACN in H,O with 0.1 % formic acid
for MS analysis.

Nano-LC-MS/MS analysis

Peptide mixtures were analyzed with a Thermo Q Exactive
Plus Hybrid Quadrupole-Orbitrap mass spectrometer coupled
to an EASY nLC 1000 uHPLC system. Self-packed
NewObjective silica tip columns (25 cm length, 75 um inner
diameter) packed with C18 stationary phase material
(ReproSil-Pur 120 C18-AQ 1.9, 120 A pore size, 1.9 um par-
ticle size, Dr. Maisch) were used for peptide separation. The
column was operated in a column oven at 35 °C to reduce
back pressure and coupled to a nano-electrospray ion source
[40]. Eluents were H,O with 0.1 % formic acid (buffer A)
and 80 % ACN in H,O with 0.1 % formic acid (buffer B).
Peptides were eluted with a linear gradient from 2 to 5 %
buffer B for 2 min, 5 to 40 % B for 19 min, 40 to
95 % B for 4 min, and 95 % B for 5 min at a flow rate of
225 nL/min. Then the mobile phase was reset to initial
condition within 4 min and equilibrated for 4 min before the
next run. The sample injection volume was 9 puL. The Q
Exactive Plus Oribtrap was operated in a HCD Top 10 mode
with dynamic selection of the ten most intense peaks from
each survey scan (m/z 300-1650) with collision energy of
25 eV for fragmentation. The resolution for full scan (m/z
300-1650) was 70,000 and 17,500 for MS/MS scan.
Dynamic exclusion time was 20 s.

Database searches were performed with Maxquant (version
1.4.1.2, http://www.maxquant.org/) against the database
Swiss-Prot (release 2013 08, www.uniprot.org). Trypsin/P
was specified as a cleavage enzyme. Carbamidomethyl (C)
was set as a fixed modification. Variable modifications were
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acetyl (protein N-term) and oxidation (methionine (M)). Initial
peptide mass tolerance was set to 20 ppm, and fragment mass
tolerance was set to 4.5 ppm. Two missed cleavages were
allowed, and the minimum peptide length was seven amino
acids. The maximum false-discovery rate (FDR) was set to
0.01 for both the peptides and proteins. The maximal posterior
error probability (PEP), which is the individual probability of
each peptide to be a false hit considering identification score
and peptide length, was set to 0.1. Only proteins with a min-
imum of two identified peptides, one of which needs to be
unique, and without simultaneous detection in blank and wash
samples were regarded as positively identified.

Results and discussion
Development of extraction method

The effects of vial materials, extraction solvents and tech-
niques, as well as enrichment methods on protein recovery
from spiked filter samples were investigated (for details, see
“Protein extraction”; Fig. S1 in ESM 1). The presented ex-
traction method is primarily aimed at proteins that are already
released or easily extractable from pollen, fungal spores, bac-
teria, and other cells and cellular fragments in the primary
biological fraction of air particulate matter.

We first compared the influence of vial materials used for
extraction, i.e., PP and glass, on BSA recovery from glass
fiber filters. No significant difference in BSA recovery was
observed (Ayccovery ~1 %). Polypropylene vials were selected
for further method development steps. Physical extraction
methods tested were sonication and stirring. Sonication and
stirring were both carried out for 1 h at room temperature.
Protein recoveries of sonicated samples were 13 % higher than
of stirred samples. Sample enrichment methods tested were
freeze drying and protein precipitation using trichloroacetic
acid (TCA). Protein recovery of freeze drying was 22 %
higher compared with TCA precipitation. Trichloroacetic acid
precipitation is efficient for protein separation from sample
matrix but lower protein recoveries were obtained. Thus, for
maximum protein recovery, freeze drying was used for protein
enrichment. It should be noted that a commercial kit for pro-
tein extraction from soils (NoviPure® Soil Protein Extraction
Kit, Mo-Bio) was also tested but showed a comparatively low
recovery (8.5 3.6 %, data not shown) for BSA spiked on test
filters. Further tests and procedure optimizations for extraction
methods aiming to extract proteins also from intact cells col-
lected on air filter samples, including lysis methods, are re-
quired and shall be pursued in follow-up studies.

The comparison of extraction solvents was performed
among H,O (as reference), 50 % ACN in H,O (common
extraction solvent for organic aerosol constituents), and aque-
ous buffer solutions commonly used in aerosol protein

25

extraction (PBS) and biological research (PBS and Tris/Gly/
SDS). The highest protein recovery (88 =6 %) was observed
for Tris/Gly/SDS buffer (25 mM Tris, 192 mM glycine, 0.1 %
SDS in aqueous solution), followed by Gly/SDS (192 mM
glycine and 0.1 % SDS in aqueous solution), 0.1 % (w/v)
SDS in H,0, H,0, 10 % PBS in H,O, and 50 % ACN
in H,O, respectively, as shown in Fig. 2. Sodium dodecyl
sulfate (SDS), as an anionic detergent, can denature secondary
and non-disulfide-linked tertiary structures of proteins and
therefore facilitates the solubilization of otherwise water-
insoluble proteins as well as water-soluble proteins.
Watanabe et al. [41] reported that the amount of protein ex-
tracted from food increased 10- to 100-fold when the extrac-
tion solvent contained SDS and 3-ME and assumed that SDS
helps solubilize proteins by disrupting most of their non-
covalent bonds. Indeed, all extraction solvents containing
SDS resulted in a high protein recovery. Therefore, Tris/Gly/
SDS buffer was selected to enable extraction of water-soluble
and water-insoluble proteins and to minimize other potential
non-covalent interactions between proteins and components
(e.g., soot, dust) of ambient acrosol samples and the filter
material.

In summary, in the optimized method, samples were soni-
cated using Tris/Gly/SDS buffer as the extraction solvent,
followed by freeze drying of the obtained extracts for sample
enrichment.

BCA assay and SDS-PAGE silver staining analysis
of aerosol samples—interferences caused by ammonium
sulfate and soot particles

Previous studies have shown that aerosol components such as
ammonium sulfate and humic-like substances (HULIS) may
hamper protein determination by protein quantitation kits
[42]. They found that protein concentrations measured by
the protein quantitation kit (nano-orange assay) were six times
higher than the concentrations determined by hydrolysis of
proteinaceous material and concluded that the discrepancy
could be caused by matrix interferences. In addition, also soot
particles, which are mostly present in the fine fraction of at-
mospheric aerosols, may cause interferences in protein con-
centration determination by protein quantitation kits. Here, we
estimate the effects of ammonium sulfate and soot on protein
concentration determination by BCA assay (details in
“Assessment of matrix interferences on BCA assay and
SDS-PAGE silver staining”). Figure 3a illustrates that ammo-
nium sulfate and soot are causing signals in the BCA assay
(signals were converted into equivalent BSA concentrations)
and thus the calculated recovery of BSA was >100 % in
Fig. 3b, when ammonium sulfate or soot were present in the
protein solution.

Low molecular weight interfering substances, i.e., ammo-
nium sulfate, can be efficiently removed by size exclusion

@ Springer
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chromatography (SEC), as suggested by Franze et al. [22] and
illustrated in Fig. 3. The BCA assay signal caused by ammo-
nium sulfate is reduced by around one order of magnitude
after SEC, bringing the observed recovery of the BSA/
ammonium sulfate mixture close to 100 %. Also for soot
particles, a threefold reduction in the BSA equivalent concen-
tration was observed after SEC and >65 % of the interference
in the mixed BSA/soot sample could be removed. BCA assay
analysis of ambient aerosol samples also show a reduction of
BSA equivalent protein concentration of ~60-90 % after SEC
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Fig. 3 Influence of soot particles and ammonium sulfate on total protein
content analysis by BCA assay: a equivalent BSA concentration of soot
particle and ammonium sulfate standards in Tris/Gly/SDS buffer before
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(see Fig. S2 in ESM 1). This reduction in the observed signal
may either be caused by an over determination of the protein
content in the presence of the aforementioned interferences or
by the removal of proteins attached to soot particles. A com-
bination with other protein purification techniques, e.g., dial-
ysis or affinity chromatography, may further improve protein
concentration determination of aerosol samples by BCA
assay.

For SDS-PAGE analysis, no influence of ammonium sul-
fate was observed, but soot particles were found to affect the
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appearance of the gel after silver staining. Figure 4 lane A
shows the separation of an ambient aerosol (TSP) sample
extract after silver staining, whereby no clear bands could be
resolved over the strong background. Coomassie-stained
SDS-PAGE gels of filter extracts did not show any visible
bands (data not shown; EZBlue, G1041, Sigma-Aldrich,
Germany, detection sensitivity 5 ng), indicating that
overloading of gels is no major issue and silver staining was
selected because of its higher sensitivity (<1 ng protein) [43].
Additional experiments were performed to investigate
the influence of soot particles on the lane background
after silver staining (see Fig. 4; Fig. S3 in ESM 1). The back-
ground of lanes showing separations of samples with soot
standard (lane B and D in Fig. 4; lane B in Fig. S3 in ESM
1) appears in a darker color after silver staining compared with
the background of lanes without the addition of soot (lane C
Fig. 4; Fig. S3 in ESM 1). Furthermore, the intensities of the
protein bands were weaker in the presence of soot particles
(lane D in Fig. 4; lane B in Fig. S3 in ESM 1). However, the
location of the BSA monomer band remained unaffected by the
soot particles (lanes C and D in Fig. 4). It should be noted that
the soot standard used here might have different properties
than aged soot in the atmosphere, as soot morphology changes
and coatings by organic substances have been observed for
atmospherically aged soot particles [44]. Alternative or opti-
mized staining methods shall be investigated in follow-up
studies to minimize the effect of soot particles in the staining
step.

Soot particles were found to affect both BCA assay and
SDS-PAGE analysis of atmospheric aerosol samples and

A B C D
g .
Fraction [ | kDa
( - =250
FS 4 .r,‘ # — =150
B w— -100
F4 — . :‘ l - -75
B - -50
F3 - - -37
B - 25
F2 - . -20
™ R - 15
F1 - )
L 10

Fig. 4 SDS-PAGE of filter extracts after silver staining, BSA and/or soot
in Tris/Gly/SDS buffer: Lane A, filter sample (Mz02c, TSP); lane B,
0.4 mg soot in 500 pL Tris/Gly/SDS buffer; lane C, 200 ng BSA in
500 uL Tris/Gly/SDS buffer; lane D, 200 ng BSA mixed with 0.4 mg
soot in 500 pL Tris/Gly/SDS buffer. Right lane, protein molecular weight
marker
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should be considered when reporting the corresponding pro-
tein concentrations. Nevertheless, the soot particles did not
affect SDS-PAGE protein separation itself, thus in-gel diges-
tion of aerosol sample extracts and subsequent peptide LC-
MS/MS have been performed and will be discussed in the next
section.

Protein identification in ambient aerosol samples

Ambient aerosol samples collected in Mainz, Germany, a
sampling site in central Europe influenced by urban and rural
boundary layer air masses, have been analyzed. A list of the
identified proteins and their taxonomic classification is given
in ESM 2. The Maxquant output file for the observed peptides
of the identified proteins and protein groups, respectively, is
provided in ESM 3.

Five, twenty-one, and thirty-three proteins were successful-
ly identified in the coarse, fine, and TSP aerosol sample, re-
spectively. There seems to be a gap in the number of identified
proteins from the investigated aerosol samples compared with
the metaproteomic analysis of other environmental samples,
e.g., soils or sediments [28—31]. The low number of proteins
identified in this work might be related to the applied extrac-
tion method, for which the aims were outlined above. Also,
larger sample sizes (whole filters, longer sampling times)
might be used to increase the number of identified proteins,
considering the potentially low amounts of individual proteins
contributing to the total protein mass analyzed per filter ali-
quot (~250 pg) due to the diversity of protein sources includ-
ing various plants, fungi, and bacteria. Furthermore, as will be
discussed below, we observed the presence of partly degraded
proteins in the aerosol filter sample extracts, which may fur-
ther hamper protein identification. Note that the higher num-
ber of identified proteins in the fine fraction aerosol sample
compared with the coarse fraction aerosol sample is likely due
to the higher sampling flow rate of the fine fraction aerosol
sample. Protein databases (e.g., Swiss-Prot) only provide se-
quence information for a subset of known proteins [45].
Therefore, only those proteins listed in the databases can be
identified, which is particularly important for the identification
of fungal and bacterial proteins.

Many database-listed proteins of bacteria and fungi are
inferred from homology, i.e., indicating that the existence of
a protein is probable because clear orthologs exist in closely
related species, while no direct experimental evidence for the
existence of these proteins exists on a transcript or protein
level. For example, the genome of Neurospora crassa (a fungi
from the class of Sordariomycetes in the phylum of
Ascomycota) has been sequenced due to its use as a model
organism in biology [46], providing information about pre-
dicted protein-coding sequences. Still, proteins identified to
orginate from N. crassa, which was also found in air filter
samples collected in Mainz in March 2006 using DNA
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analysis [15], are partly inferred from homology (entries 18, 19,
47, and 48 in ESM 2). For other identified proteins, experimen-
tal evidence is available at the transcript level (entries 2 and 20
in ESM 2), while experimental evidence at the protein level is
only available for one of them (entry 49 in ESM 2).

Some of the identified proteins are expressed by a variety
of organisms with only minor changes in the primary protein

structure (i.e., the amino acid sequence of the protein). Thus,
the taxonomic level to which identified proteins can be
assigned varies depending on the uniqueness of the measured
peptides among the database-listed proteins. In most cases
kingdom (83 %) and phylum (80 %) level assignments are
reasonable. The identified proteins mainly originated from
plants (68 % in TSP, 31 % in fine particles), microorganisms
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Fig. 5 Exemplary MS/MS spectra of the tryptic peptide TISSEDKPFNLR (a unique peptide of Beta-conglycinin, alpha chain from soybean) identified

in fraction F2 (a), F3 (b), and F4 (c) of the TSP sample (Mz02c)
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(fungi, bacteria, Amoebozoa, etc., 25 % in TSP, 50 % in fine
particles) and animals (7 % in TSP, 19 % in fine particles),
which is in line with the major categories of PBAP [1].
Notably, in the coarse particle sample one protein has been
assigned to a bacterium (Rhodococcus rhodochrous) [47],
which is used as a soil inoculant in agriculture, while potential
assignments of proteins identified in the fine particle and TSP
sample to the kingdom of bacteria were not unambiguous on
the kingdom level.

Also lower taxonomic ranks down to family and genus
level may be assigned, e.g., in the case of the well-studied
plant pollen proteins. Here, also seasonal influences are
reflected in the identified proteins. Particularly for the TSP
sample collected beginning of July 2015, several proteins
from different grass (Poaceae) genera were identified, which
is in accordance with the main grass flowering period from
May to July in central Europe [10]. Grass pollen proteins
identified were all allergens from the genera Lolium,
Dactylis, and Phleum. Notably, also nine proteins originating
from Glycine max (soybean), eight having a molecular weight
>20 kDa, were identified in the TSP sample. Potentially, the
occurrence of these proteins can be attributed to soy unloading
and industrial processing by a local manufacturing site pro-
ducing among others soy oil and soy flour. Soy flour dust is
known to contain high levels of proteins with MW >20 kDa
[48].

Allergenic proteins were found in TSP, coarse, and fine
particle samples. Polcalcin Phl p 7 from common timothy
(Phleum pratense), which is one of the most abundant sources
of airborne grass pollen [10], was identified in the TSP and
coarse particle sample, while for example, the major perennial
ryegrass (Lolium perenne) pollen protein Lol p 5a and the
hydrophobic seed protein (Gly m 1), an allergen from soybean
(G. max), were identified in the TSP and fine particle sample.
Allergens associated with different aerosol size fractions can

be inhaled and transported to different regions of the respira-
tory tract depending on their size (i.e., smaller particles can
enter deeper into the respiratory tract), and thus have distinct
health implications such as allergic asthma [49, 50].

The molecular weight-dependent proteomic analysis of
aerosol samples showed the presence of protein fragments in
the atmospheric aerosol sample extracts. SDS-PAGE gels
were divided into five molecular weight fractions (F1-F5,
see “Assessment of matrix interferences on BCA assay and
SDS-PAGE silver staining”) and some of the identified pro-
teins could be detected in multiple gel fractions (Table 1), i.e.,
also in fractions corresponding to lower MW than that of the
intact protein. For example, beta-conglycinin, alpha chain
from soybean (G. max), MW 70.3 kDa, was simultaneously
identified in fractions F2, F3, and F4 in the TSP sample.
Corresponding to its MW, the protein should only be detected
in fraction F4. Figure 5 shows exemplary MS/MS spectra of
TISSEDKPFNLR, a representative unique peptide of beta-
conglycinin, alpha chain, identified in the different MW frac-
tions, respectively. Tandem mass spectra (MS/MS) of other
(razor and unique) peptides of beta-conglycinin, alpha chain
are shown in Fig. S3 (ESM 1). In general, several processes
may lead to the observed protein degradation, including pro-
teolytic degradation during sample preparation and in the en-
vironment, as well as degradation by reactive oxygen species
(e.g., OH, HO,) [51] and acid-catalyzed hydrolysis [52] in the
environment. To differentiate between environmental protein
degradation and degradation during sample preparation, it is
planned to conduct experiments with and without the addition
of protease inhibitors [53]. Nevertheless, these first results
could motivate studies concerning the fate of proteins in the
atmosphere, especially under the rising air pollutant concen-
trations encountered in the Anthropocene, the present era of
steeply increasing human influence on planet Earth [54, 55].
Environmental protein degradation might be a source of

Table 1  Exemplary results of protein identification in SDS-PAGE molecular size fractions for the TSP and fine particle sample extracts
Sample ID (size  Protein name Family/species Sum of Unique MW (Unique) Peptide counts
range) peptides peptides (kDa)
F1 F2 F3 F4 F5
Mz02c¢ (TSP) Glycinin G4 Fabaceae/Glycine max (soybean) 2 1 63.6 1(0) 2(1) 1(0) 10
Glycinin G1 Fabaceae/G. max (soybean) 7 4 55.7 43) 53) 3(1) 1)
Glycinin G2 Fabaceae/G. max (soybean) 8 4 544 10) 53) 42
Beta-conglycinin, Fabaceae/G. max (soybean) 9 6 70.3 2(12) 905 44
alpha chain
Beta-conglycinin, Fabaceae/G. max (soybean) 4 2 743 4(2)
alpha’ chain
Major pollen allergen  Poaceae/Lolium perenne 6 6 30.9 6(2) 2(2)
Lol p 5a (perennial ryegrass)
344b (<3 pm) ATP synthase subunit ~ Saccharomycetaceae (yeasts)/— 7 1 54.8 5(1) 3(1) 6(1) 3(0) 1(0)
beta
Elongation factor 2 Saccharomycetaceae (yeasts)/— 3 1 93.2 3() 1()
Molecular size fractions: F1 (~10-15 kDa), F2 (~15-25 kDa), F3 (~25-50 kDa), F4 (~50-100 kDa), F5 (~100-250 kDa)
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peptides, amino acids, amino, and carbonyl compounds in the
atmosphere and thus contribute to various atmospheric pro-
cesses and ecosystem interactions of atmospheric aerosols
[56, 57].

Conclusions

Mass spectrometric identification of proteins in atmospheric
aerosol samples was carried out after development of a meth-
od optimized to extract proteins from air filter samples. Soot
particles contained in the aerosol samples were found to inter-
fere with BCA assay analysis, a common technique to mea-
sure total protein contents, as well as staining methods, i.e.,
silver staining, used to visualize SDS-PAGE results. The in-
terference of the soot particles could be minimized by
performing size exclusion chromatography of air filter sample
extracts.

The metaproteomic analysis presented here allows a first
profiling of proteins in atmospheric acrosols. More in-depth
analysis of specific post-translational modifications (PTM) of
health-relevant proteins (aeroallergens) in the atmosphere
(e.g., protein nitration) [58—61], requires specific and efficient
enrichment and purification methods, e.g., antibody-based af-
finity enrichment, which will be addressed in follow-up stud-
ies. Furthermore, improvements of protein databases, e.g., by
providing proteome information for a larger number of species
including fungi and bacteria present in the atmosphere are
needed to provide more complete information about the abun-
dance and proportions of different biological kingdoms pres-
ent in the aerosol metaproteome.

The molecular size-dependent analysis of proteins extract-
ed from the aerosol samples revealed the presence of
fragmented proteins in the sample extracts. Such fragments
may arise partly from proteolytic degradation during sample
preparation and degradation of proteins in the environment,
which will be examined in follow-up studies. Environmental
protein degradation processes might be of relevance for eco-
system interactions, e.g., nutrient cycling, as well as health
implications of protein-containing aerosols due to a potential
loss of protein activity upon degradation.

The presented profiles of extractable proteins in atmospher-
ic aerosol particles show that proteins encountered in ambient
air particulate matter mainly originate from plants, fungi, and
bacteria, which is in line with the major categories of PBAP.
Allergenic pollen proteins, e.g., from perennial ryegrass, were
found in coarse and fine particles, which can penetrate deep
into the lower part of the respiratory tract.

Complementary to antibody or DNA-based methods, the
metaproteomic analysis of atmospheric aerosol samples pro-
vides a tool to study bioparticles and allergens in air particu-
late matter. Potential applications include investigations of the
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spatiotemporal variability of bioaerosol composition and cor-
responding implications for human health.
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Table S1. Overview of all investigated air filter samples in this study.

Sampled air Protein
Sample ID Size range Sampling period P 3, concentration
volume (m”) 3
(ng/m’)
>3 um 22/06/2010- 0.27£0.01
344a (coarse) 29/06/2010 302
22/06/2010- 0.13+£0.01
344b <3 pm (fine) 9/06/2010 2722
>3 um 02/06/2015- 0.32+0.02
Mz0la (coarse) 09/06/2015 301
02/06/2015- 0.11+0.01
Mz01b <3 um (fine) 09/06/2015 2705
02/06/2015- 1.14+£0.11
Mz0lc TSP 09/06/2015 1002
01/07/2015- 1.27 £0.03
Mz02¢ TSP 07/07/2015 975
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Fig. S1 Scheme of the development of extraction method. Sonication and stirring (step 2) were

both conducted twice with 2 mL corresponding solvent for 1h. Precipitation (step 3) was performed

with 100% trichloroacetic acid (TCA). Briefly, 0.37 mL 100% TCA was added to each c.a. 1.5

mL extract and incubated at -20°C for 1 h. Then the extract was centrifuged (15,000 rpm, 5 min)

and the liquid was removed as much as possible. Subsequently 0.5 mL ice cold acetone was added

to wash protein pellets for three times and afterwards the pellets were dried in a hood.
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Fig. S2 Protein concentrations before (a) and after (b) size exclusion in ambient TSP (Mz01c),

coarse (Mz01a) and fine (Mz01b) fraction particles, sampling in 02/06/2015-09/06/2015.
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A: 0.5uL MW marker
B: 0.4 mg soot + 2.5 uL MW marker

C: 2.5 pL MW marker

Fig. S3 SDS-PAGE of protein molecular weight (MW) marker after silver staining.
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Fig. S4 MS/MS spectra of tryptic peptides of Beta-conglycinin, alpha chain in fraction F2 ((a),
two unique peptides), F3 ((b), five unique peptides and four razor peptides) and F4 ((c), four unique

peptides) in the TSP (Mz02c) sample.
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Highlights

e simultaneous detection of protein oligomers and their individual nitration degrees (ND)

e calculation of individual protein oligomer concentrations from their measured ND

e method validation against a well-established method for the determination of the ND of
proteins

e suitable for the investigation of kinetics and mechanisms of protein tyrosine nitration and

cross-linking

Abstract

Chemical modifications such as nitration and cross-linking may enhance the allergenic potential
of proteins. The kinetics and mechanisms of the underlying chemical processes, however, are not
yet well understood. Here, we present a size-exclusion chromatography/spectrophotometry
method (SEC-HPLC-DAD) that allows a simultaneous detection of mono-, di-, tri-, and higher
protein oligomers, as well as their individual nitration degrees (NDs). The ND results of proteins
from this new method agree well with the results from an alternative well-established method,
for the analysis of tetranitromethane (TNM)- and nitrogen dioxide and ozone (NO2/O3)-nitrated
protein samples. Importantly, the NDs for individual oligomer fractions can be obtained from the
new method, and also, we provide a proof of principle for the calculation of the concentrations
for individual protein oligomer fractions by their determined NDs, which will facilitate the

investigation of the kinetics and mechanism for protein tyrosine nitration and cross-linking.

Keywords: size exclusion chromatography; HPLC-DAD; protein nitration degree; protein

oligomer analysis, nitrotyrosine.
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1. Introduction

The determination of 3-nitrotyrosine (NTyr) in proteins is of central importance, as it can
serve as a biomarker for inflammation, asthma and a wide range of diseases [1, 2]. Protein
nitration leading to the formation of 3-nitrotyrosine, may occur endogenously and/or
exogenously with different nitrating agents [3]. For example, protein tyrosine (Tyr) residues can
be nitrated by peroxynitrite (ONOQO") under physiological conditions [4]. In addition, the
nitration of proteins was also observed upon their exposure to nitrogen dioxide (NO2) and ozone
(O3) in synthetic gas mixtures and polluted urban air [3, 5]. This post-translational modification
(PTM) of proteins has been associated with the enhancement of allergic diseases by air pollution
[6].

Several analytical techniques have been developed to determine the extent of Tyr nitration
in proteins/peptides, such as immunochemical and chromatographic methods. A summary of
analytical methods for the NTyr detection and quantification can be found in a recent review [7].
Most of the current approaches enable and focus on the detection of nitrotyrosine as a free amino
acid, or in digested peptides as well as in “whole” proteins [8-11]. However, the modifications
induced by endogenous and exogenous reactive oxygen species (ROS) may also result in
aggregation or fragmentation of proteins, modifying the allergenic potential of the proteins [12,
13]. Indeed, it has been shown that protein dimers and higher oligomers were formed through
dityrosine formation upon exposure to atmospherically relevant concentrations of O3 [14].
Therefore, in order to investigate the kinetics and mechanism for protein tyrosine nitration and
dimerization (or oligomerization) by ROS (e.g., ONOO™ or NO»/O3) [14, 15] and thus to better

evaluate the immunological effects induced by each detected molecular weight (MW) fraction,
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an efficient method for the detection of nitration degrees (NDs) in individual oligomer fractions
of proteins is required.

Here, we developed a size-exclusion chromatography/spectrophotometry method to enable
the simultaneous detection of mono-, di-, tri-, and higher protein oligomers as well as their
individual NDs, on the basis of a simple and efficient method recently established for
determination of NDs for the birch pollen allergen Bet v 1 [16]. The applicability of the new
method is validated by a comparison with the well-established method [16]. Also, we provide a
proof of principle for the calculation of the concentrations for monomer, dimer and trimer by

their determined NDs.

2. Materials and methods
2.1 Chemicals

Bovine serum albumin (BSA, A5611), tetranitromethane (TNM, T25003), L-3-
nitrotyrosine (NTyr, ALX-106-020-G001), L-tyrosine (Tyr, 93829), sodium phosphate
monobasic monohydrate (NaH2PO4-H>0, 71504), methanol (MeOH, 494291) and acetonitrile
(ACN, 34967) were purchased from Sigma-Aldrich (Germany). Water with 0.1 % (v/v)
trifluoroacetic acid (TFA, LiChrosolv, 480112) was obtained from Merck KGaA (Germany).
Sodium hydroxide (NaOH, 0583) was from VWR (Germany). PD-10 desalting columns were
obtained from GE Healthcare (Germany). High purity water (18.2 MQ c¢m) for Chromatography
and UV spectrophotometry was taken from a Milli-Q Integral 3 water purification system
(Merck Millipore, USA). For other purposes, high purity water (18.2 MQ cm) was autoclaved

before used if not specified otherwise.
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2.2 Preparation of TNM-nitrated proteins

Protein nitration by TNM was carried out as described in Yang et al. [10]. Briefly, aliquots
of aqueous protein solutions (20 mg mL"!, 2.5 mL) were mixed with different amounts of
TNM/MeOH (4%, v/v), yielding TNM/Tyr molar ratios of 1/3, 2/3, 1/1 and 2/1. Reaction
mixtures were stirred for 3h at room temperature. Each reaction mixture was then eluted with
ultrapure water on a PD-10 size exclusion chromatography column, according to the
manufacturer’s instructions, to remove excess TNM. The PD-10 columns separate compounds
according to their molecular weight with a cutoff value of about 5 kDa. Each column was pre-
equilibrated with 30 mL ultrapure water before use. After elution, eluates were diluted ten times
and analyzed according to the reference method by Selzle et al. [16] and the newly developed

SEC-HPLC-DAD method.

2.3 Nitration of proteins by NO»/O3 exposure

Aliquots of aqueous BSA solutions (0.13 mg mL™, 1.5 mL) were exposed to NO2/O3
mixtures. Briefly, O3 was produced from synthetic air passed through a UV lamp (L.O.T.-Oriel
GmbH & Co0.KG, Germany) at ~1.98 L min!. The air flow was then mixed with another flow
(20 mL min') containing ~5 ppmV NO> in N (Air Liquide, Germany). The resulting air gas
mixtures were bubbled directly through the aqueous BSA solutions with a Teflon tube (ID: 1.59
mm) at a flow rate of 60 mL min'!. The concentrations of O3 and NO, were monitored by
commercial monitoring instruments (Ozone analyzer, 491, Thermo Scientific, Germany; NOx
analyzer, 42i-TL, Thermo Scientific, Germany), respectively. After exposure, the proteins were

lyophilized and resuspended in 150 uLL H>O to concentrate the sample for further analysis.
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2.4 Determination of scaling factors f'and k£ by UV/Vis spectrophotometry

Selzle et al. [16] have introduced the scaling factors f'and & (Egs. 1 and 2) to calculate
protein NDs (Eq. 3) according to Eq. 4 based on the Beer-Lambert Law using Reversed Phase
(RP)-HPLC-DAD. In Eqs 1-4, €7y, 280, €ntyr, 280, and entyr, 357 are the molar extinction coefficients
of Tyr at the wavelength of 280 nm, and of NTyr at wavelengths of 280 and 357 nm,
respectively. The ND is defined as the concentration of NTyr (cnry, in moles per liter) divided
by the sum of the concentrations of NTyr and Tyr (cy7y-+cryr) [16]. Aan 280 and Anryr, 250 are the
absorbance signals of the intact proteins at wavelengths of 280 and 357 nm. The scaling factors
were determined by analyzing the UV/Vis absorbance of three different concentrations of the

free amino acids Tyr and NTyr, thereby eliminating the need of nitrated protein standards for

calibration.
__ ENTyr,280 1
f = Smrase ()
Tyr,280
ENTyT,280
k =——— (2)
ENTyr,357
ND = —Dr 3)
CNTyrt+Cryr
_ ANTyr357
ND = 4)

ANTyr357 + L(Aqu,280-KANTyr357)

Here, aiming to measure the individual ND of protein monomers and oligomers by SEC-
HPLC-DAD analysis (details in “SEC-HPLC-DAD analysis”), we determined the scaling factor
of fand k in the running buffer used for the analysis at pH 7. The scaling factors f'and k were
determined by measuring the absorbance of three different concentrations (0.05, 0.10, and 0.20
mM) of Tyr and NTyr (10 replicates each) in 150 mM NaH>POq buffer (pH 7) at wavelengths of

280 nm and 357 nm on a Lambda 25 UV/Vis spectrophotometer (Perkin Elmer, USA),
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respectively. Scaling factors £ =2.50 & 0.04 (linear regression, n =3) and f=3.50 + 0.04 (linear

regression, n =3) at pH 7 were determined as shown in Fig. 1.

2.5 SEC-HPLC-DAD analysis

All samples were analyzed using high-performance liquid chromatography coupled to
diode array detection (HPLC-DAD, Agilent Technologies 1200 series). The HPLC system
consisted of a binary pump (G1379B), an autosampler with thermostat (G1330B), a column
thermostat (G1316B), and a photodiode array detector (DAD, G1315C). ChemStation software
(Rev. B.03.01, Agilent) was used for system control and data analysis. Molecular weight
separation by size exclusion chromatography (SEC) was carried out using an AdvanceBio SEC
column (Agilent, 300 A, 300 x 4.6 mm, 2.7 um). The mobile phase for isocratic separation was
150 mM NaH,PO4 buffer (pH 7, adjusted by adding 10 N NaOH). The flow rate was 0.35 mL
min’! and the sample injection volume was 40 pL. The settings of DAD were as follows: full
spectra were recorded at wavelengths of 200-800 nm every 2 s with a slit width of 4 nm and in
steps of 2 nm. Chromatograms at wavelengths of 220, 280 and 357 nm were used for analysis.
Each chromatographic run was performed in duplicate.

The determination of protein oligomer fractions was carried out as described in Kampf et
al. [14]. Briefly, a protein standard mix 15-600 kDa (69385, Sigma-Aldrich, Germany) was used
for the molecular weight (MW) calibration (elution time vs log MW; calibration curve provided
in Fig. 2). The BSA oligomer fractions are reported as the ratios of the respective oligomer
fractions (monomer, dimer, trimer, and higher oligomers with n > 4) to the sum of monomer and
all oligomer peak areas at 220 nm [14]. Assuming that the molar extinction coefficients of the

individual protein oligomer fractions are multiples of the monomer extinction coefficient, the
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calculated oligomer ratios correspond to the oligomer mass fractions (o, percentage by mass of
the individual oligomers to the mass of the total protein). Exemplary chromatograms at 280 nm
for a native BSA sample, TNM-nitrated BSA and NO>/Os-nitrated BSA are provided in Fig. 3.
The commercially available native BSA contains monomer, dimer and trimer variants of the
protein according to the molecular weights calculated by the calibration curve for the
chromatographic signals in Fig. 3a. The oligomer mass fractions o reported in Fig. 5 were
corrected for this background.

The ND of individual oligomers was calculated according to Eq. 4 introduced by Selzle
et al. [16], using the peak areas of respective oligomer signals monitored at wavelengths of 280
nm and 357 nm. The total protein ND was calculated using the sum of the peak areas of all MW
fractions at wavelengths of 280 nm and 357 nm, respectively.

In addition to the calculation of the respective oligomer fractions outlined above, we
provide a proof of principle for the calculation of the concentrations of monomer, dimer and
trimer in the protein solution as follows:

Cp=Cu+2Cp+ 3Cr (5)
where Cp, Cy, Cp and Cr are the concentrations of the total protein, monomer, dimer and trimer
in solution.

The combined ND of the monomer plus dimer fraction (NDas+p)), and of the monomer
plus trimer fraction (NDas+1)) can be formulated as Eq.6 and Eq.7, respectively, according to the
definition of ND (Eq.3; [16]) and assuming the extinction coefficients of the individual protein
oligomer fractions are multiples of the monomer extinction coefficients for the specific

wavelengths:

nTerM NDum+ ZnTerDNDD

NDwm+p) = (6)

nryrCut2n7yCo
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nryrCu NDy+3nryrCTND T

NDw+7) = (7)

TlTerM+3nTerT
where n7y, is the number of Tyr residues in the investigated protein, i.e., 20 for BSA [17], and
NDuwy, NDp and NDr are the individual ND of the protein monomer, dimer and trimer,

respectively. Thus, the Cp and Cr can be generalized using the following expressions:

Cp= Cm(NDy—ND +0)) (8)
2(NDm+p)—NDp)
_ Cu(NDyu—ND (m+7))
Cr= 3(ND@+p—ND7) ©)
Therefore, Eq.5 can be re-formulated as:
Cr= Cu+ Cu(NDy—ND m+0)) Cu(NDy—ND os+1)) (10)

(ND@+0)—NDp) (ND@m+1r)—NDr)

Note that the NDas+p) and NDay+1) can be calculated from Eq.4. Thus, we can derive Cu,
Cp and Cr from Eqs.8-10, assuming the concentration of the investigated protein is known or has

been determined.

2.6 HPLC-DAD analysis

For comparison with an established method, total protein NDs were determined according
to Selzle et al. [16], using the same HPLC-DAD system as described above, equipped with a
monofunctionally bound Cig column (Vydac 238TP, 250 mmX2.1 mm inner diameter, 5 um
particle size; Grace Vydac, Alltech) for chromatographic separation. Briefly, samples were
separated using the following gradient of 0.1% (v/v) trifluoroacetic acid in water (eluent A) and
ACN (eluent B): the solvent gradient started at 3 % B followed by a linear gradient to 90 % B
within 15 min, flushing back to 3% B within 0.2 min, and maintaining 3 % B for additional 2.8
min. Column re-equilibration time was 5 min before the next run. Note that the elution method

has been applied for the determination of protein NDs in laboratory studies on the nitration of
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individual proteins by different nitrating agents, i.e., the nitration of the major birch pollen
allergen Bet v 1 by TNM, peroxynitrite, as well as O3/NO; [3]. However, for the analysis of
protein mixtures, different elution methods should be considered. Settings of the DAD were as
follows: full spectra were recorded at wavelengths of 200-600 nm every 2 s with a slit width of 4
nm and in steps of 2 nm. The peak areas of the protein signal at wavelengths of 280 and 357 nm

were used for the determination of NDs according to Eq. 4.

3. Results and discussion

For validation, the total protein NDs obtained for TNM-nitrated and NO>/O3-nitrated BSA
samples using the newly developed SEC-HPLC-DAD method were compared with the results
obtained by the established HPLC-DAD method, as shown in Fig. 4.

Both methods agree very well for the two ranges of total protein NDs resulting from the
two different nitration setups. The TNM-nitrated protein samples show a high ND, ranging from
0.1 to 0.3, while the NDs of NO»/Os-nitrated protein samples were about one magnitude lower
(0.03~0.06). In both correlation plots the slopes are close to 1 and show high correlation
coefficients (>0.997 for TNM-nitrated BSA, Fig. 4a; >0.988 for NO»/Os-nitrated BSA, Fig. 4b),
which confirms the applicability of the SEC-HPLC-DAD method for the ND determination of
protein samples. With regard to the ND, the detection limit of our method was found to be 0.012,
determined by nine consecutive measurements of unmodified BSA samples (1.33 mg L. It
should be noted, that Tyr and NTyr extinction coefficients at 280 and 357 nm are higher in acidic
solutions (~pH 3) than in neutral solutions (pH 7), respectively [18]. Therefore, the SEC-HPLC-
DAD limit of detection for ND determination of BSA is higher than that previously reported [10,

16]. Indeed, we found that in neutral solutions the extinction coefficient of BSA is about 0.6

10
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times that in acidic solution for the wavelength of 280 nm and ~0.5 for 357 nm by a division of
the corresponding integrated peak areas. Additionally, the absorption of tryptophan (Trp) at 280
nm should be taken into account as a potential interference for this method. However, our results
showed that this interference has little influence on BSA samples, which may be explained by a
much higher number of tyrosines than tryptophans in BSA (20 Tyr, 2 Trp). Also, no interference
was found for ovalbumin (OVA, 10 Tyr, 3 Trp), as demonstrated in our previous study [16].

In addition to the determination of the total protein ND, SEC-HPLC-DAD analysis yields
NDs of the individual oligomer fractions in nitrated protein samples as shown in Fig. 5a and b.
Fig. 5a shows a positive relationship between NDs for monomeric, dimeric and trimeric BSA
and molar ratios of TNM/Tyr residues in the protein. Fig. 5b shows the temporal evolution of
BSA monomer and dimer NDs for different exposure times to a NO2/O3 mixture. In both cases
the ND decreases as the oligomerization state of the protein increases. Note that corresponding to
the definition of the ND (Eq. 3), the same number of NTyr residues in a BSA monomer and
dimer (or trimer), will yield a factor of 2 (or 3) difference in the individual NDs, because a BSA
dimer (or trimer) contains twice (or triple) the number of Tyr residues compared to the monomer.

Table 1 shows concentrations of monomeric, dimeric, and trimeric BSA species (Cuy, Cp
and Cr) calculated from the NDs of the individual oligomer fractions obtained for TNM-nitrated
BSA samples as outlined in the section “SEC-HPLC-DAD analysis”. The Cu, Cp and Cr in the
four samples were very similar, with an average of 16.61 + 0.33, 1.72 = 0.04 and 0.48 + 0.04
mM, respectively. The Co values were not calculated, because the corresponding
chromatographic peaks could not be well separated. For example, Fig. 3¢ shows higher
concentrations of oligomers formed in the NO2/Os-nitrated BSA samples in the dashed box

labeled “O”, which illustrates the difficulty in estimating their molecular weight due to the non-

11
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optimal peak shape, resulting from low concentrations of higher oligomers and chromatographic
resolution limitations of the applied SEC. Nevertheless, the results indicate that oligomerization

is a minor pathway compared to nitration in the TNM/BSA reaction system.

4. Conclusions

In this study, we developed a SEC-HPLC-DAD method for the simultaneous detection of
mono-, di-, tri- and higher protein oligomers as well as their individual ND. The ND
determination of the new method has been validated using a series of nitrated BSA samples
against the original method [16]. The results of the validation show a very good agreement
between both methods with correlation plot slopes of ~1 and correlation coefficients >0.988.
Further, we introduce a formalism to calculate concentrations of monomeric, dimeric and
trimeric protein species in single protein solutions through the determined NDs. The new method
combines and improves methods by Selzle et al. [16] and Kampf et al. [ 14] to reduce analysis
time and sample consumption. Overall, the new method provides a single run analysis for the
simultaneous investigation of reaction kinetics and mechanisms of protein tyrosine nitration and
cross-linking by ROS (e.g., NO2/O3, ONOO"). Furthermore, additional information about the
NDs of individual oligomer fractions can be obtained, which will be useful in follow-up studies

on the immunogenicity of nitrated/non-nitrated variants of individual protein oligomer fractions.
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Figure captions

Fig. 1. Determination of scaling factors k£ and f by UV photometry of tyrosine (Tyr) and

nitrotyrosine (NTyr) in 150 mM NaH»>POs (aq, adjusted to pH 7 by 10 N NaOH): (a) Scaling

factor k= 2.50 £ 0.04 (R?= 0.99, n=3) was determined as the slope of a linear least squares fit by

plotting the absorbance signal of NTyr at 280 nm (Anryr, 280 nm) against the absorbance signal of

NTyr at 357 nm (AnTyr.357 am); (b) Scaling factor £=3.50 + 0.04 (R*= 0.99, n=3) was determined

as the slope of a linear least squares fit by plotting the absorbance signal of NTyr at 280 nm

(ANTyr, 280 nm) against the absorbance signal of Tyr at 280 nm (ATyr,280 nm). Three different

concentrations (0.05, 0.10, and 0.20 mM) were measured and the error bars represent the

standard deviation of 10 experimental replicates for each concentration.
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Fig. 2. Calibration curve plotting the logarithm of molecular weight (log (MW)) against retention
time (RT) of the protein standard mix. The fitting equation was y = -0.42x+5.21, R>=0.99. The
protein standard mix 15-600 kDa (69385, Sigma-Aldrich, Steinheim, Germany) contains bovine
thyroglobulin (MW = 670 kDa), y—globulins from bovine blood (MW = 150 kDa), albumin

chicken egg grade VI (MW = 44.3 kDa), and ribonuclease A (MW = 13.7 kDa).
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Fig. 3. SEC-HPLC-DAD chromatograms at 280 nm for native BSA and nitrated BSA in aqueous
solutions. (a) 1.3 mg mL! BSA, (b) 1.1 mg mL"' TNM-nitrated BSA (TNM/Tyr = 1/3, mol/mol),

3 h reaction, (c) 1.3 mg mL"! NO»/Os-nitrated BSA, 200 ppb O3/50ppb NO>, 1 h reaction.
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Fig. 4. Method comparison for: (a) TNM-nitrated BSA samples and (b) NO2/Os-nitrated BSA

samples. NDs from HPLC-DAD calibrated with the amino acids Tyr and NTyr at pH 3 are

plotted against NDs from SEC-HPLC-DAD calibrated with the amino acids Tyr and NTyr at pH

7.
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Fig. 5. (a) NDs of monomer, dimer and trimer vs. molar ratio of TNM to tyrosine residues in
nitrated BSA samples. (b) Temporal evolution of NDs for monomer, dimer in the aqueous phase
reaction of BSA with 200 ppb O3 and 50 ppb NO:. (¢) The variation of dimer and trimer mass
fractions in TNM-nitrated BSA samples. (d) Temporal evolution of protein dimer, trimer and

oligomer mass fractions in the aqueous phase reaction of BSA with 200 ppb O3 and 50 ppb NO,.
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Table 1 The concentrations of monomer, dimer and trimer in the TNM nitrated-BSA samples,
calculated from their determined NDs. The calculation method is outlined in the section “SEC-

HPLC-DAD analysis”.

Sample ;rrfxggrl) Cu (uUM) Cp (M) Cr(uM)

TNM-nitro-BSA-1 1/3 16.94 £0.02 1.68 +£0.02 0.40£0.02

TNM-nitro-BSA-2 2/3 16.84 +0.02 1.69 + 0.03 0.43+£0.02

TNM-nitro-BSA-3  1/1 16.29+0.03 1.75 +0.03 0.57+0.03

TNM-nitro-BSA-4  2/1 16.38 £0.03 1.76 + 0.03 0.53+0.03

Mean + S.D.: 16.61 +0.33 1.72 + 0.04 0.48 + 0.04
21
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ABSTRACT: Air pollution is a potential driver for the increasing
prevalence of allergic disease, and post-translational modification by air
pollutants can enhance the allergenic potential of proteins. Here, the
kinetics and mechanism of protein oligomerization upon ozone (O,)
exposure were studied in coated-wall flow tube experiments at RoOI1
environmentally relevant O; concentrations, relative humidities and
protein phase states (amorphous solid, semisolid, and liquid). We
observed the formation of protein dimers, trimers, and higher oligomers,
and attribute the cross-linking to the formation of covalent intermolecular
dityrosine species. The oligomerization proceeds fast on the surface of
protein films. In the bulk material, reaction rates are limited by diffusion ~ROl-2 ROI-1
depending on phase state and humidity. From the experimental data, we

derive a chemical mechanism and rate equations for a kinetic multilayer model of surface and bulk reaction enabling the
prediction of oligomer formation. Increasing levels of tropospheric O; in the Anthropocene may promote the formation of
protein oligomers with enhanced allergenicity and may thus contribute to the increasing prevalence of allergies.

ROI-1
Reactive Oxygen
) Intermediate (ROI)

Protein trimer

1. INTRODUCTION

The prevalence of allergies is increasing worldwide,"” and air
pollution has been identified as one of the factors potentially
responsible for this trend, but the underlying chemical
mechanisms remain unclear.® Air pollutants can directly affect
the immune system, e.g,, by inducing inflammation or oxidative
stress,"™” and reactive trace gases like ozone (O;) and nitrogen
dioxide (NO,) can induce post-translational modifications
altering the immunogenicity of proteins.””"?

Atmospheric aerosols carry a variety of allergenic proteins in
plant pollen, fungal spores, animal secretions and excrements.
Besides these mostly larger particles (coarse mode particles,
>1—2 pm diameter), several processes might also lead to the
occurrence of allergenic proteins in fine mode particles (<1
um), which may enter deeper into the respiratory tract. Such
processes include the release of cytoplasmic granules from
pollen (PCGs)," fragmentation of airborne cellular material,"*
and transfer of allergenic proteins onto fine mode particles
(e.g, refs 14 and 15). Therefore, airborne allergenic proteins
can be directly exposed to air pollution, such as O; and NO,,
promoting post-translational modifications like tyrosine (Tyr,
Y) nitration.'® Although a number of studies already
investigated general mechanisms and kinetics of protein Oj
uptake and nitration,"” " analysis of site selectivity of protein
nitration by O, and NO,,*° or specifically studied specific
relevant aeroallergens, e.g,, the major birch pollen allergen Bet v
1,*"** much less is known about oligomerization processes for
proteins at atmospherically relevant concentrations of Oj.

i i © 2015 American Chemical Society
~ ACS Publications

The (transient) formation of homodimers or oligomers has
been reported for a number of allergenic proteins.”>~> Such
dimers, typically formed by colocalization at high protein
concentrations encountered in living cells, were observed in
80% of 55 allergen crystal structures and should show an
enhanced allergenicity due to facilitated cross-linking of IgE
antibodies at FceRI receptors on effector cells.”” For Bet v
1.0101, it has recently been shown that the wild-type allergen
partly contains a YSC mutation and that a disulfide-bridge
mediated stabilization of a dimeric form, which preferentially
induced a T};2 immune response.”®

In this study, we investigate the formation of oligomers of
proteins upon their exposure to atmospherically relevant
concentrations of O;. Bovine serum albumin (BSA) was used
as a model protein, because O; uptake kinetics and rate
constants are available in the literature.'” Coated-wall flow tube
and liquid phase experiments were performed to study the
mechanism and kinetics of protein oligomerization under
varying environmental conditions using size exclusion chroma-
tography, fluorescence spectroscopy, gel electrophoresis, and a
kinetic modeling approach.
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2. EXPERIMENTAL SECTION

2.1. Materials. Bovine serum albumin (BSA, AS611-1G),
ammonium acetate (>98%, 32301-S00G), trifluoroethanol
(TFE, T63002), ammonium bicarbonate (A6141-25G), dithio-
threitol (DTT, D5545-5G), and iodoacetamide (IAM, 16125-
SG) were purchased from Sigma-Aldrich (Germany). 10X
Tris/glycine/SDS (161-0732), 2X Lammli sample buffer (161-
0737) were from Bio-Rad Laboratories (USA). PD-10 desalting
columns were obtained from GE Healthcare (Germany).
Sodium hydroxide (NaOH) was purchased from Merck
(Germany). High purity water (18.2 MQ m) for chromatog-
raphy was taken from an ELGA LabWater system (PURELAB
Ultra, ELGA LabWater Global Operations, UK). For other
purposes, high purity water (182 MQ m) was autoclaved
before used if not specified otherwise.

2.2. Protein O; Exposure Setup. BSA solutions (0.6 mL;
3.33,0.33, 0.07, and 0.03 mg mL™! concentrations were used to
achieve 2, 0.2, 0.04, and 0.02 mg of BSA coating for
experiments discussed in section 3.2; for all other reactions,
0.33 mg mL ™" BSA solutions were used) were loaded into the
glass tube and dried by passing a N, (99.999%) flow of ~2.3 L
min~' through the rotated tube before the exposure experi-
ment. The BSA-coated glass tube was then connected to the
experimental setup. Figure S1 of the Supporting Information
shows a schematic of the experimental setup. Ozone was
produced from synthetic air passed through a mercury vapor
lamp (Jelight Company, Inc., Irvine, USA) at 1.9 L min~". The
O; concentration was controlled by varying the intensity of UV
irradiation with an adjustable cover on the mercury vapor lamp.
To control the relative humidity (RH), the gas flow was split;
one flow was passed through a Nafion gas humidifier (MH-110-
12F-4, PermaPure, Toms River, NJ, USA) operated with
autoclaved high purity water, while the other flow remained
dry. RH could be varied in a wide range by adjusting the ratio
between the dry and humidified air flow. During the
experiments, the standard deviation from the set RH values
was <2% RH. The resulting air flow was then passed through
the BSA-coated glass tube. O; concentration and RH were
measured by commercial monitoring instruments (Ozone
analyzer, 49i, Thermo Scientific, Germany; RH sensor FHA
646-E1C with an ALMEMO 2590-3 instrument, Ahlborn,
Mess- und Regelungstechnik GmbH, Holzkirchen). After the
respective exposure, the proteins were extracted from the glass
tube with 1.5 mL of 1X Tris/glycine/SDS buffer to avoid
precipitation of protein oligomers in the extract solution.

Additionally, to investigate further the role of protein phase
state for the oligomerization process, the homogeneous
reaction of dissolved protein and reactants were studied using
a setup described in our previous study.22 Briefly, O;/synthetic
air gas mixtures were bubbled directly through 1.5 mL 0.15 mg
mL™" BSA aqueous solutions (pH 7.1 + 0.1; pH meter model
WTW multi 350i; WTW, Weilheim, Germany) at a flow rate of
60 mL min".

2.3. SEC-HPLC-DAD Analysis. Product analysis was
performed using high-performance liquid chromatography
coupled to diode array detection (HPLC-DAD, Agilent
Technologies 1200 series). The HPLC-DAD system consisted
of a binary pump (G1379B), an autosampler with thermostat
(G1330B), a column thermostat (G1316B), and a photodiode
array detector (DAD, G1315C). ChemStation software (Rev.
B.03.01, Agilent) was used for system control and data analysis.
Molecular weight (MW) separation by size exclusion

chromatography (SEC) was carried out using a Bio SEC-3
HPLC column (Agilent, 300 A, 150 X 4.6 mm, 3 ym) at a
temperature of 30 °C. The mobile phase was 50 mM
ammonium acetate (pH 6.8). The flow rate was 0.35 mL
min~' and the sample injection volume was 40 L. The
absorbance was monitored with the DAD at wavelengths of 220
and 280 nm.

A protein standard mix 15—600 kDa (69385, Sigma-Aldrich,
Steinheim, Germany) containing thyroglobulin bovine (MW =
670 kDa), y-globulins from bovine blood (MW = 150 kDa),
albumin chicken egg grade VI (MW = 443 kDa), and
Ribonuclease A (MW = 13.7 kDa) was used for the SEC
column calibration (elution time vs log MW). For details, see
the Supporting Information. It should be noted that SEC
separates molecules according to their hydrodynamic sizes, thus
only approximate molecular masses can be obtained by this
calibration method. We report the formation of BSA oligomers
as the temporal evolution in the ratios of the respective
oligomers (dimer, trimer, and higher oligomers with n > 4) to
the sum of monomer and all oligomer peak areas. The
commercially available BSA contained also dimer and trimer
variants of the protein. Therefore, the reported values were
corrected for this background.

2.4. SDS-PAGE Analysis. Sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) was performed
using Mini-PROTEAN TGX Any kD Stain-Free precast gels
(Bio-Rad) according to the manufacturer’s instructions. Briefly,
samples were mixed with Lammli sample buffer and heated at
95 °C for S min prior to SDS-PAGE separation. A molecular
weight marker (Precision Plus Protein Unstained Standards,
161-0363, Bio-Rad) was used for the calibration of the
molecular weight scale. After the SDS-PAGE run, the gels
were visualized on a ChemiDoc MP Imaging system with
Image Lab software (Version S.1, Bio-Rad). Molecular weights
were determined using the MW Analysis Tool of the Image Lab
software.

2.5. Fluorescence Spectroscopy. Fluorescence spectra
were recorded on a LS 45 luminescence spectrometer
(PerkinElmer, Inc., Waltham, MA, USA). A detailed instrument
description is given in P&hlker et al.>* Samples were analyzed in
a 10 X 10 X 40 mm UV quartz cuvette (Hellma Analytics,
Miillheim, Germany). The photomultiplier tube detector
voltage was 600 V. Excitation wavelengths were 240—400 nm
(10 nm increments), whereas emission was recorded from 280
to 560 nm (0.5 nm increments). Excitation and emission slit
widths were both set to 10 nm and a scan speed of 1500 nm
min~" was used.

3. RESULTS AND DISCUSSION

3.1. Protein Ozone Exposure Results in the Formation
of Dityrosine Cross-Links. In a previous study, it has been
demonstrated that O; can induce protein cross-linking in
solution via the formation of dityrosine species. In this study,
we explore this process and its kinetics for the heterogeneous
and homogeneous reactions of proteins with O; at atmospheri-
cally relevant conditions.

For one set of homogeneous bulk solution experiments, the
BSA samples were pretreated with DTT and IAM, according to
the method described in Zhang, Yang, and Poschl®® to exclude
oligomer formation due to disulfide bridging. The alkylated
BSA samples were then desalted with PD-10 columns
according to the manufacturer’s instructions and the eluates
were used for the exposure experiments. Exemplary results are

DOI: 10.1021/acs.est.5b02902
Environ. Sci. Technol. 2015, 49, 10859—10866



Environmental Science & Technology

illustrated in Figure 1. The BSA dimer (MW 141.9 kDa) and
trimer (MW 195.8 kDa) bands clearly increased in intensity,

Figure 1. SDS-PAGE analysis of the homogeneous oligomerization of
alkylated BSA exposed to 200 ppb O, for 2 h (false color illustration).

whereas the intensity of the monomer band (MW 65.1 kDa) is
reduced. Interestingly, further bands at MWs higher than 250
kDa were found as well, indicating further oligomerization or
agglomeration of BSA. Clearly, an O; induced formation of
oligomers occurred and, more importantly, the cross-linking
could not be attributed to the formation of intermolecular

disulfide bonds because the thiol groups of the protein had
been protected by alkylation before the exposure experiment.
Additionally, the formation of dityrosine species in the reacted
samples was confirmed by fluorescence spectrometry. Ex-
citation and emission wavelengths of dityrosine in alkaline
solution were taken from the literature (320 and 400 nm,
respectively).”” Accordingly, the pH of our samples was
adjusted to 9.7 with 0.1 M NaOH before measurement. Figure
2a—c shows the excitation/emission matrices (EEM) of
nonexposed and exposed BSA samples for increasing reaction
times, whereas Figure 2d) shows the fluorescence spectra of
native BSA and BSA exposed to Oj; in the liquid phase at 4., =
320 nm. Clearly, the fluorescence intensity at 400—430 nm
increased in the reacted compared to the unreacted BSA
samples, which we attribute to the formation of dityrosine
species. From the combined SDS-PAGE and fluorescence
analysis results, we can infer that ozone induced protein
oligomerization occurs via the formation of covalent
intermolecular dityrosine cross-links, which is consistent with
a previous study.”

In another set of homogeneous bulk solution experiments,
we investigated the reaction kinetics of the formation of BSA
dimers and trimers at O3 concentrations of 50 and 200 ppb. A
series of exposure experiments were conducted for both O;
concentrations with reaction times between 3 (200 ppb O,)
and 6 (50 ppb O;) minutes and 2 h. The samples were analyzed
by SEC-HPLC-DAD as described above (for exemplary
chromatograms, see Supporting Information Figure S3) and
the results are shown in Figure 3. Signals corresponding to the
molecular weight of BSA dimers, trimers, and even higher
oligomers have been observed in the exposed samples. For the
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Figure 3. Temporal evolution of protein oligomer content in the
aqueous phase reaction of BSA (initial pH 7.1 # 0.1) with ozone at gas
phase concentrations of 50 and 200 ppb Os. BSA oligomer formation
is reported as the temporal evolution of the ratio of the UV signal area
(220 nm) of the respective oligomer (dimer, trimer) to the total signal
area (sum of monomer and all oligomer signal areas), see section 2.3.
The reported values were corrected for the background of dimers and
trimers observed in the commercial BSA. The solid lines are results of
the kinetic model.

higher oligomers (MW > MW\,...), peak shape and retention
time varied among different samples. However, according to
their retention times, they span a range from tetramers up to
decamers.

It should be noted that the ozonolysis of amino acid residues,
e.g, Tyr, histidine (His), methionine (Met), and tryptophan
(Trp) also results in the formation of oxidized products
incorporating O atoms,”*** e.g., Tyr + O, yields an o-quinone
derivate.”® However, in a recent study on the oxidation and
nitration of Tyr by O; and NO,, ab initio calculations showed
that O; can induce H abstraction from the hydroxyl group of

the Tyr phenol ring, resulting in the formation of a tyrosyl
radical.’” This reaction was found to have a similar energy
barrier as the attack of ozone at the phenol ring in ortho
position to the hydroxyl group (3.9 vs 3.6 kcal/mol in aqueous
medium).

Oxidative protein cross-links can form upon (a) tyrosyl
radical coupling to form dityrosine, (b) Schiff-base cross-linking
by reaction of an oxidation-derived protein carbonyl with the &-
amino group of lysine and (c) intra- or intermolecular disulfide
cross-linking, in part after reductive separation of pre-existing
disulfide bridges.”® Because we can exclude the formation of
intermolecular disulfide bonds as outlined above, the combined
SDS-PAGE and fluorescence analysis results, strongly indicate
that the observed O; induced protein oligomerization can be
attributed to the formation of covalent intermolecular
dityrosine cross-links.

The formation of tyrosyl radicals during the ozonolysis of
BSA may also lead to the formation of O;~, which can be
rapidly converted into OH radicals. Further, during ozonolysis
reactions, 'O, (singlet oxygen) and H,0, (hydrogen peroxide)
are known to occur.” These reactive oxygen species (ROS)
likely induce secondary reactions, such as oxidation, ring
opening of aromatic amino acid side chains, and protein
backbone cleavage.*™* However, the role of this secondary
chemistry in atmospheric protein modification and degradation
needs to be investigated in follow-up studies.

The focus of this study was to investigate the chemical
process and the kinetics of protein oligomerization under
environmentally relevant O; and RH conditions. However, the
reaction of O; with the Tyr residues in BSA likely is site
selective. Likely Tyr candidates for this reaction could be
inferred from previous work on Tyr nitration in BSA.*° Protein
Tyr nitration by O; and NO, is a two-step mechanism
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Figure 4. Temporal evolution of protein oligomer content (dimer, red; trimer, black; higher oligomers, blue) upon ozone exposure of BSA films
(thickness 34 nm; calculated according to ref 34): (a) 45% RH, 200 ppb Os; (b) 45% RH, S0 ppb Os; (c) 96% RH, 200 ppb 03; (d) 96% RH, 50
ppb O;. Details on experimental conditions and analysis are provided in section 2.3. The solid lines are the results of the kinetic model.
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involving the attack of Oj as the first step, which is followed by
the addition of NO, to form 3-nitrotyrosine.'® Three nitrated
Tyr residues (Y161, Y364, and Y520) were found, Y161 was
fully nitrated (NDy,4, = 1), whereas the others exhibited only
low nitration degrees (NDysqy = 0.003, NDysgyo = 0.006).”
However, also other Tyr residues in BSA might be reactive
toward O;, as the nitration involves one more site-selective
reaction step than the pure ozonolysis. It should be noted, that
for potential dimerization sites, the effect of steric hindrance
likely is more important than for the nitration reaction. Further,
in a recent study, peroxidase-generated intermolecular dityr-
osine cross-links in bovine a-lactalbumin were found to be site
selective and occurred at sterically favored sites.” Tryptophan
residues in cytochrome C were observed to be resistant to O;,
whereas Trp in BSA and human serum albumin (HSA) were
found to be susceptible to O,.** Such potentially protein
structure related resistance may also apply to Tyr in some
proteins.

3.2. Kinetics of the Oligomerization Process. Figures 3
and 4 show experimental data and kinetic modeling results to
explore and characterize the reaction kinetics of protein
oligomerization by ozone. We performed experiments for the
reaction of thin protein films (ie., five layers of protein as
detailed below) at 45% RH and 96% RH and proteins in
aqueous solution with O; gas phase concentrations of 200 and
50 ppb. Oligomer signals were found to increase with exposure
time.

Figure S illustrates the influence of protein film thickness on
the observed increase of oligomer signals after an exposure of
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Figure 5. Influence of protein coating thickness on oligomer formation
observed after 30 min of ozone exposure (200 ppb Os, 45% RH).

200 ppb of O; for 30 min at 45% RH. For spherical molecules,
the number of layers (n) coating the inner surface of the
reaction tube can be estimated from their molecular radius (r,,)
and the inner diameter (d) and length (I) of the tube: n =
Mpgalm Na/ (Mygadl), where N, is the Avogadro constant,
6.022 X 10 mol™, r, = 3.4 nm,* Mg, = 66430 Da. In
principle, 2 mg of BSA can form 50 layers on the tube’s inner
surface. By coating 0.2, 0.04, and 0.02 mg of BSA, five layers, a
monolayer, and half of a monolayer can be formed, respectively,
assuming an ideal distribution of BSA molecules on the tube’s
surface. Therefore, when the tube is coated with 0.02 or 0.04
mg of BSA, the reaction with O could be dominated by surface
reactions, whereas for 0.2 mg and 2 mg BSA bulk diffusion and
reactions plays an increasing role. We found oligomers ratio to
be reduced for both the dimer and the trimer with increasing
initial BSA mass. Consequently, proteins located on the film

surface were oligomerized efficiently, whereas the bulk
oligomerization occurred at much slower rates when reactive
sites on the surface were consumed, confirming the bulk
diffusion limitation result of the kinetic modeling as detailed
below.

The observations support that the dimerization of proteins
by O; proceeds through a chemical mechanism involving two
steps, as suggested in previous studies."*** The first step is the
reaction of a Tyr residue with O; forming phenoxy radical
derivatives (tyrosyl radicals) as long-lived reactive oxygen
intermediates (ROI-1)."? It should be noted that O can also
oxidize other amino acid residues in proteins such as Trp.*
However, from other amino acid residues with a high reactivity
toward O, i.e., cysteine (Cys), Trp, Met, and His,* only Cys is
able to cross-link proteins directly upon O; exposure.’®*®
Cross-linking by O; induced intermolecular disulfide bridge
formation could be excluded in our experiments (see section
3.1). In the second step of the process, the ROI-1 react with
each other to form dimers. A dimer itself can react further with
O; forming tyrosyl radicals, forming a second type of reactive
oxygen intermediate (ROI-2), which may react with ROI-1 to
form a trimer. Oxidation of trimer and formation of tetramer is
also considered. Further oligomerization was not considered as
such products were not detected in significant amount in
experimental studies. These reactions can be summarized as
follows

O; + BSA = ¢ROI-1 + (1 — ¢,) oxidized monomer
(R1)

ROI-1 + ROI-1 — dimer (R2)

dimer + O; — ¢,ROI-2 + (1 — c,) oxidized dimer  (R3)

ROI-2 + ROI-1 — trimer (R4)
trimer + O3 — ¢;ROL-3 + (1 — ¢;) oxidized trimer

(RS)
ROI-2 + ROI-2 — tetramer (R6)
ROI-1 + ROI-3 — tetramer (R7)

where ¢;, ¢,, and ¢; are stoichiometric coefficients for R1, R3,
and RS, respectively. The above chemical mechanism was
applied in the kinetic model to fit the experimental data. The
kinetic parameters were varied using a global optimization
method that utilizes a uniformly sampled Monte Carlo search
to seed a genetic algorithm (MCGA method***°). The genetic
algorithm was terminated when the correlation between
experimental data and model output converged into an
optimum. Since the optimization of the kinetic parameters to
the experimental data was not unique in all kinetic parameters,
repeated execution of the MCGA method yields a range of
kinetic parameters, which can be used to describe the
experimental data (Figure S4). The time and O; concentration
dependence of dimer and trimer formation in the aqueous
phase was reproduced very well, as shown with the solid lines in
Figure 3. Concentration of O; in the aqueous phase was
estimated using a Henry’s law constant of 0.011 M atm™.*"
The second-order rate coeflicients for R1 and R3 were found to
be fast at (0.1—5) X 107" cm® 5™, which is consistent with
previous studies;>° the oligomerization rates R2, R4, R6, and R7
were consistently several orders of magnitude lower (see Figure
S4). The stoichiometric coefficients ¢, and ¢, were found to be
~0.2, and ¢; was found to be ~0.1.
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Figure 6. Schematic overview of the most relevant reactions and intermediates for protein oligomerization observed in flowtube experiments upon
exposure to environmentally relevant O, concentrations. The molecular structure of the protein (bovine serum albumin, BSA; PDB accession
number 3V03) was created using the RCSB PDB protein workshop (4.2.0) software.

The reactivity of a Tyr residue is strongly influenced by
hydration-level and acidity (pH) of the environment. For
instance, phenolate ions are much more reactive toward O;
than phenols, i.e., by a factor of ~10°>° However, it is difficult
to determine the amounts of conjugated ions of Tyr in our
flowtube experiments. Local pH and exact pK, (of the phenolic
hydrogen) values for the individual Tyr residues are hard to
determine under these experimental conditions. For aqueous
phase experiments, one could calculate the amounts of
conjugated Tyr ions according to the Henderson—Hasselbalch
equation using the pK, of the phenolic hydrogen of free Tyr
(10.07). According to this equation, ~107° to ~107°
dissociated ions per residue should be present at pH 5-7,
respectively. By a simple division of the rate constant of Tyr +
0, calculated by the model in this study (~6 X 10°=3 x 10’
M~!s7!) with the rate constant of phenolate + O, reported by
Mvula and von Sonntag (1.4 X 10° M~ s7'),*’ we may
estimate that ~4 X 107 to ~2 X 107> of the reactive Tyr
residues in BSA were present in the form of dissociated ions
under the experimental conditions applied in this study,
indicating neutral to slightly acidic pH in the flow tube
experiments. Further, rate constants of Tyr + O; reported in
the literature (0.7—2.8 X 10° M™' s™" in neutral pH,”* and 7.2 X
10" M™! s7! in aqueous medium at 298 K calculated using
variational transition state theory’’) are in fairly good
agreement with our model results.

Figure 4 shows the temporal evolution of the oligomers ratio
(for more details see section 3.1; dimer (red), trimer (black)
and oligomers with n > 4 monomer units (blue)) for O,
exposure to protein films with gas phase O; concentrations of
200 and 50 ppb at 45% and 96% RH. Here, we model the
formation of oligomers using the kinetic multilayer model for
aerosol surface and bulk chemistry (KM-SUB).>* KM-SUB
explicitly resolves surface-bulk exchange, bulk diffusion and
chemical reactions from the gas-particle interface to the particle
core, resolving concentration gradients and diffusion through-
out the particle bulk. The model fitting to the experimental data
for different RH and in aqueous solution was performed using
the MCGA method. Optimized parameters include the second-
order reaction rate coefficients (see Figure S4), the bulk
diffusion coefficients of O; in BSA, and the self-diffusion
coefficient of the protein.
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The solid lines in Figure 4 show the results of model
simulations, reproducing the observed evolution of dimer,
trimer, and oligomer (n > 4) concentrations well. The reactive
turnover is higher at 96% RH compared to 45% RH, which can
be explained by a moisture-induced phase transition of the
protein matrix: the phase state of BSA is amorphous solid with
high viscosity at 45% RH, whereas it is semisolid or liquid-like
with low viscosity at 96% RH.'” On the basis of the model
fitting, the bulk diffusion coefficients of O; were estimated to be
107°—107% cm?® s™" at 45% RH and ~1077 cm? s™! at 96% RH;
self-diffusion coeflicients of protein were estimated to be
~107"7 em® s7! at 45% RH and ~107"° em® s™' at 96% RH.
Protein oxidation followed by oligomerization can be kinetically
limited by bulk diffusion particularly at lower RH. In summary,
our flow tube experiments show that thin protein films, e.g., on
the surface of bioaerosol particles, can be efficiently
oligomerized by atmospheric O;. The most relevant reactions
for this process are illustrated in Figure 6.

Temperature also affects the reaction rate of tyrosyl radical
formation by ozonolysis. In a recent publication by Sandhiya et
al. (2014),” the effect of temperature on rate constants of the
Tyr + O; reactions was studied using ab initio calculations. The
rate constant for the formation of tyrosyl radicals in aqueous
medium ranged from 3.6 X 10° to 2.7 X 10 M™' s™! over the
temperature range of 278—308 K.

Numerous studies indicate that anthropogenic air pollution
has led to a massive increase of aerosol and oxidant
concentrations in the lower atmosphere. For example, the
average mixing ratios of Oj in continental background air have
increased by factors of 2—4 from around 10—20 ppb from the
beginninsg of the 19th century to 30—40 ppb in the 21st
century.”*"®" This increase of O, concentration in the
Anthropocene likely resulted in an increased occurrence of
oligomeric proteins in the atmosphere, which in turn may be
related to the increase in the prevalence of allergies that has
been observed around the globe. The allergenicity of birch
pollen has recently been shown to be enhanced at high O;
concentrations,”” and the dimeric proteins were found to have
higher allergenicity than the monomeric species.”® On the basis
of our observation of higher oligomers formed upon O,
exposure, we suggest further investigation of the allergenicity
of protein oligomers beyond the dimer level.

DOI: 10.1021/acs.est.5b02902
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In the atmosphere, also, photooxidation of proteins may lead
to oligomer formation.”> Photoinduced radicals can trigger
secondary reactions, which have been shown to result in
protein cross-linking in the absence of UV radiation.’* Thus,
the reaction mechanism and kinetics presented in this study can
be regarded as a lower limit of protein oligomer formation in
the atmospheric environment.
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Protein ozone exposure setup
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Figure S1. Experimental setup for protein ozone exposure.
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Figure S2. Calibration curve plotting the logarithm of molecular weight (Log MW) against

retention time (RT) of the protein standard mix. The fitting equation was y = -0.83x+5.41,

R?=0.998.
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DAD analysis of exposed protein samples
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Figure S3. Exemplary chromatograms of native BSA and exposed BSA samples. (a) 1.3 mg/mL

BSA in 1xTris/Glycine/SDS buffer, (b) BSA, 200 ppb O3, 96% RH, 30 min exposure.

The signal at 5.6 — 6.4 min retention time in Figure S3 a) and b) is caused by the SDS buffer
used to elute the protein from the reaction tube after the experiment; SDS buffer concentration in

b) is ten times higher than in a).

S3

79



~ 10
- |

@ -14 |
“g 10 T
< |

o -15 | -
5 10 | |

& 16 | |
“g 10 ‘ =
o 7 i
s 10 |

3 10"k -
S

2 1O>19 I~ | | ]
o

(&)

& 0%k =

ki ko ks ks ks kg Kk

Figure S4. The second-order reaction rate coefficients (k) for (R1)-(R7) determined by
optimizing KM-SUB model results to experimental data. The model fitting was performed in a
least-squares fashion using a genetic algorithm (Matlab software) preceded by a uniformly-
sampled Monte-Carlo search as global optimization routine. Multiple optimizations yielded 20
sets of possible parameter combinations that describe the experimental data equally well. The
ranges parameters ki-k7 spanned is depicted as a box-whisker plot (the percentiles of 10, 25, 50,

75, and 90 % are shown).
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Atmospheric protein chemistry influenced by anthropogenic air
pollutants: nitration and oligomerization upon exposure to ozone
and nitrogen dioxide

Fobang Liu,® Pascale S. J. Lakey,® Thomas Berkemeier,>® Haijie Tong,® Anna Theresa Kunert,?
Hannah Meusel,? Yafang Cheng,® Hang Su,? Janine Fréhlich-Nowoisky,? Senchao Lai,* Michael G.
Weller,? Manabu Shiraiwa,® Ulrich P&schl® and Christopher J. Kampf*f2

The allergenic potential of airborne proteins may be enhanced via posttranslational modification induced by air pollutants
like ozone (03) and nitrogen dioxide (NO2). The molecular mechanisms and kinetics of the chemical modifications enhancing
the allergenicity of proteins, however, are still not fully understood. Here, protein tyrosine nitration and oligomerization
upon simultaneous exposure of Oz and NO, were studied in coated-wall flow-tube and bulk-solution experiments under
varying atmospherically-relevant conditions (5-200 ppb Os, 5-200 ppb NO2, 45-96% RH), using bovine serum albumin as a
model protein. Generally, more tyrosine residues were found to react via the nitration pathway than via the oligomerization
pathway. Depending on reaction conditions, oligomer mass fractions and nitration degrees were in the range of 2.5-25%
and 0.5-7%, respectively. The experimental results were well-reproduced by the kinetic multi-layer model of aerosol surface
and bulk chemistry (KM-SUB). The extent of nitration and oligomerization strongly depended on relative humidity (RH) due
to moisture-induced phase transition of proteins, highlighting the importance of cloud processing conditions for accelerated
protein chemistry. Dimeric and nitrated species were major products in the liquid phase, while protein oligomerization was
observed to greater extent at solid and semi-solid phase states of proteins. Our results showed that the rate of both
processes was sensitive towards ambient ozone concentration, but rather insensitive towards different NO> levels. An
increase of tropospheric ozone concentrations in the Anthropocene may thus promote pro-allergic protein modifications
and contribute to the observed increase of allergies over the past decades.

1. Introduction

Allergies represent an importantissue for human health and the
prevalence of allergic diseases has been increasing worldwide
over the past decades.?2 Among other explanations, air
pollution has been proposed as a potential driver for this
increase.3% It is well established that air pollutants, especially
diesel exhaust particles (DEPs), can act as adjuvants and
facilitate on the allergic sensitization in the human body.”- 8 Air
pollutants like nitrogen dioxide (NO;), sulfur dioxide (SO3), and
ozone (0Os), have been shown to interact with and modify
allergen carriers like pollen grains and fungal spores, increasing
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the release of allergenic proteins.8 °® Moreover, post-translational
modifications (PTM) of allergenic proteins can be induced by reactive
trace gases such as O3 and NO; and modify their structure and
activity, thus altering the immunogenicity of the proteins.10-13
Airborne allergenic proteins (aeroallergens) are contained not
only in coarse biological particles such as pollen grains4, but also in
the fine fraction of air particulate matter (aerodynamic diameter <
2.5 um).1>17 The occurrence of allergenic proteins in fine particles
can be explained by several processes, including the release of pollen
cytoplasmic granules (PCGs) from the rupture of pollen grains,®
fragmentation of airborne cellular material,18 and contact transfer of
allergenic proteins onto fine particles.1® 12 Therefore, aeroallergens
can be directly exposed to ambient O3 and NO,, promoting chemical
modifications like tyrosine (Tyr) nitration and oligomerization.
Laboratory and field investigations have shown that proteins can
be oxidized, nitrated and/or oligomerized upon exposure to NO; and
O3 in synthetic gas mixtures or polluted urban air.11 12,15, 20 The
mechanisms of protein nitration by O3 and NO;, and protein cross-
linking (oligomerization) by Os, both involve the formation of long-
lived reactive oxygen intermediates (ROIs), which are most likely
tyrosyl radicals, as proposed earlier.2 2024 The ROIls can
subsequently react with each other forming dityrosine (DTyr)
crosslinks, with NO, to form nitrotyrosine (NTyr) residues, or
undergo further oxidation reactions. Using quantum chemical
methods, Sandhiya et al.22 showed that six different intermediates
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can be formed through the initial oxidation of Tyr residues by O3, out
of which the tyrosyl radical is favorable due to a small energy barrier,
particularly in the aqueous phase. In the absence of NO,, tyrosyl
radicals can undergo self-reaction to stabilize in the form of dimers.
Under physiological conditions, Pfeiffer et al.2> found that DTyr was
a major product of Tyr modification caused by low steady-state
concentrations of peroxynitrite, while high fluxes (> 2 uM s1) of
nitrogen oxide/superoxide anion (NO/Oy’) are required to render
peroxynitrite an efficient trigger of Tyr nitration. Thus, a kinetic
competition between Tyr nitration and dimerization (or
oligomerization) upon protein exposure to O3 and NO; can be
expected, which needs to be explored in detail to assess relevant
atmospheric conditions favoring potentially health relevant protein
modifications.

In this study, we explored the oxidation, nitration,
oligomerization reactions of proteins induced by O3 and NO,, and
their kinetics under different atmospherically relevant conditions
using bovine serum albumin (BSA) as a model protein. Coated-wall
flow-tube and bulk solution experiments were performed to study
the kinetics of protein nitration and oligomerization at Oz and NO,
concentrations of 5-200 ppb, and relative humidity (RH) of 45 and
96%, utilizing a size exclusion chromatography/spectrophotometry
method. Additionally, we used the kinetic multi-layer model of
aerosol surface and bulk chemistry (KM-SUB)?6 to investigate which
chemical reactions and transport processes control the
concentration and time dependence of protein oligomerization and
nitration.

and

2. Experimental
2.1. Materials

Bovine serum albumin (BSA, A5611) and sodium phosphate
monobasic monohydrate (NaH,PO4-H,0, 71504), were purchased
from Sigma-Aldrich (Germany). Sodium hydroxide (NaOH, 0583) was
from VWR (Germany). 10xTris/Glycine/SDS (161-0732) was from Bio-
Rad Laboratories (USA). High purity water (18.2 MQ cm) for
chromatography was taken from a Milli-Q Integral 3 water
purification system (Merck Millipore, USA). The high purity water
(18.2 MQ-cm) was autoclaved before use if not specified otherwise.

2.2. Protein 03/NO;, exposure setup

Reactions of BSA with O3/NO, mixtures were performed both
homogeneously in agueous solutions and heterogeneously via the
exposure of BSA-coated glass tubes to gaseous O3/NO; at different
levels of relative humidity (RH). Before the exposure experiments,
BSA solutions (0.6 ml, 0.33 mg mL) were loaded into the glass tube
and dried by passing a nitrogen (N, 99.999%) flow at ~ 1 L min!
through a specific rotating device?’, which is essential to ensure the
homogeneous coating and experiment reproducibility. The BSA-
coated glass tube was then connected to the experimental setup.
The experimental setup (Fig. S1, ESI) described previously,?° was
extended by incorporating an additional flow of NO, after the
humidifier.

Briefly, ozone was produced from synthetic air passed through a
UV lamp (L.O.T.-Oriel GmbH & Co.KG, Germany) at ~1.9 L min'1, The
gas flow was then split and one flow was passed through a Nafion
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gas humidifier (MH-110-12F-4, PermaPure, USA) operated with

autoclaved high purity water, while the other flow remained dry. RH
View Article Onlin

could be varied in a wide range by adjust%‘_twl&g%p%\ggg& e

dry and humidified air flow. During the experiments, the standard
deviation from the set RH values was < 2% RH. The gas flow with a
set O3 concentration and RH was then mixed with a N; flow
containing ~5 ppmV NO; (AIR LIQUIDE, Germany). The NO,
concentrations were adjusted by varying the flow rate (20-80 mL min-
1) of the ~5 ppmV NO; flow. The combined gas flow was then directed
through the BSA-coated glass tube. The concentrations of Oz and NO,
as well as RH were measured by commercial monitoring instruments
(Ozone analyzer, 49i, Thermo Scientific, Germany; NOy analyzer, 42i-
TL, Thermo Scientific, Germany; RH sensor FHA 646-E1C with
ALMEMO 2590-3 instrument, Ahlborn, Mess- und Regelungstechnik,
Germany). After exposure, the proteins were extracted from the
glass tube with 1.5 mL 1xTris/Glycine/SDS buffer to avoid
precipitation of protein oligomers in the extract solution.

For homogeneous bulk solution reactions, the 03/NO, gas
mixtures were directly bubbled through 1.5 mL of 0.13 mg mL BSA
aqueous solutions (pH 7.0 + 0.2; measured by a pH meter model
WTW multi 350i; WTW, Germany) at a flow rate of 60 mL min-! using
a Teflon tube (ID: 1.59 mm). All heterogeneous and homogeneous
exposure experiments were performed in duplicate.

2.3. SEC-HPLC-DAD analysis

Product analysis was performed using high-performance liquid
chromatography coupled to diode array detection (HPLC-DAD,
Agilent Technologies 1200 series). The HPLC-DAD system consisted
of a binary pump (G1379B), an autosampler with thermostat
(G13308B), a column thermostat (G1316B), and a photodiode array
detector (DAD, G1315C). ChemStation software (Rev. B.03.01,
Agilent) was used for system control and data analysis. Molecular
weight (MW) separation by size exclusion chromatography (SEC) was
carried out using an AdvanceBio SEC column (Agilent, 300 A, 300 x
4.6 mm, 2.7 um). Isocratic separation at a flow rate of 0.35 mL min!
was carried out using a mobile phase of 150 mM NaH,P0, buffer
(adjusted to pH 7 with 10 M NaOH (aq)) after injecting 40 uL of
sample. The absorbance was monitored with the DAD at
wavelengths of 220, 280 and 357 nm. Each chromatographic run was
performed in duplicate.

A protein standard mix 15-600 kDa (69385, Sigma-Aldrich,
Germany) containing bovine thyroglobulin (MW = 670 kDa), y-
globulin from bovine blood (MW = 150 kDa), chicken egg albumin,
grade VI (MW = 44.3 kDa), and ribonuclease A (MW = 13.7 kDa) was
used for the SEC column calibration (elution time vs log MW). Details
can be found in Fig. S2 in the ESI. It should be noted that SEC
separates molecules according to their hydrodynamic sizes, thus only
approximate molecular masses can be obtained by this calibration
method.

2.4. Determination of protein oligomer mass fractions and
nitration degrees

A detailed description of the simultaneous determination of protein
oligomer mass fractions and nitration degrees using the SEC-HPLC-
DAD analysis described above can be found in Liu et al..28 Briefly, we
report the formation of BSA oligomers as the temporal evolution in

This journal is © The Royal Society of Chemistry 2017
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the ratios of the respective oligomers (dimer, trimer, and oligomers
with n > 4) to the sum of monomer and all oligomer peak areas at the
absorption wavelength of 220 nm. Assuming that the molar
extinction coefficients of the individual protein oligomer fractions
are multiples of the monomer extinction coefficient, the calculated
oligomer ratios correspond to the mass fractions (w) of the individual
oligomers. Nitration degrees (NDs), defined as the concentration of
nitrotyrosine (NTyr) divided by the sum of the concentrations of NTyr
and Tyr, were obtained for BSA monomers and dimers, using the
respective peak areas of the monomer and dimer signals at
wavelengths of 280 nm and 357 nm. For the calculation of the total
protein ND, the sum of the peak areas of all protein signals at
wavelengths of 280 nm and 357 nm was used. Note that
corresponding to the definition of the ND, the same number of
nitrated Tyr residues in a BSA monomer and dimer will lead to a
factor of 2 difference in the individual NDs, because a BSA dimer
contains twice the number of Tyr residues compared to the
monomer. Further information on the calculation of NDs can be
found in Liu et al.. 28 The values and errors of the calculated NDs and
oligomer mass fractions represent arithmetic mean values and
standard deviations of duplicate experiments.2? The commercially
available BSA also contained dimers and trimers of the protein as
well as pre-nitrated monomers and dimers (~NDs 0.9%). Therefore,
the reported values of oligomer mass fractions and NDs were
corrected for these background signals.

3. Results and discussion
3.1. Protein oligomerization

Figures 1 and 2 show the effects of varying NO, and Os
concentrations on protein oligomerization for homogeneous bulk
solution and coated-wall flow-tube experiments, respectively.
Exposures were carried out at fixed NO;, concentrations with varying
O3 concentrations and vice versa. The exposure time was varied from
0.5 up to 12 h. While in bulk solution experiments dimers were
generally observed as the major reaction products of BSA with Oz and
NO,, trimers or higher oligomers can be dominant products in the
coated-wall flow-tube experiments at longer exposure times,
depending on the experimental conditions.

The results of the bulk solution experiments on protein
oligomerization are illustrated in Fig. 1. Generally, the mass fractions
of dimers, trimers, and higher oligomers increase with increasing
reaction times, reaching up to 21 + 1 % for dimers, 9 + 1 % for trimers,
and 4 £ 1 % for oligomers with n > 4 after 12 h of exposure. The
minimum mass fraction of monomers correspondingly was found to
be 66%. While varying the O3 concentrations (Fig. 1a-d, fixed 50 ppb
of NO;) from 5 to 200 ppb significantly affected the temporal
evolutions observed for the mass fractions of the different
oligomers, changing the NO; concentration (Fig. 1e-h, fixed 50 ppb
of O3) in the same range did not result in significant changes in
oligomer mass fractions. The solubility of O3 and NO; in water is ~ 10
5 mol mL? (derived from their Henry’s law constants: Ksol, cc, 03 = Ksol,
., No2 = 102 M atm1)30 under our experimental conditions. Increasing
03 and NO; gas concentrations between 5 to 200 ppb should result
in concentrations of O3 and NO, between 7 x 1011 to 3 x 10° M in
the aqueous phase. Thus, the insignificant change of oligo-

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Temporal evolution of protein oligomer mass fractions (w (%),
monomer, dimer, trimer and oligomer (n > 4)) in the aqueous phase
reaction of BSA with O3/NO:: ((a)-(d)) at a fixed NO, concentration of 50
ppb with varied Oz concentrations; ((e)-(h)) at a fixed Oz concentration of
50 ppb with varied NO2 concentrations. The data points and error bars
represent the arithmetic mean values and standard deviations of
duplicate experiments. The dashed lines are the results of the kinetic
model.

mer mass fractions with varied NO, concentration should not be
caused by a saturation of dissolved NO; in the investigated
concentration range (5 to 200 ppb).

Mechanistically, the reactions between 03/NO, and protein Tyr
residues involve the formation of ROIs (tyrosyl radicals) resulting
from the reaction of Tyr with Os. These ROIs can then either react
with NO; to form NTyr residues or cross-link due to intermolecular
DTyr formation.® 20 Ozonolysis of Tyr may also result in other oxidized
products such as 3,4-dihydroxyphenylalanine (DOPA).31 However,
the reaction mechanism for the formation of these oxidized products
is not the focus of this study and we only consider these modified Tyr
derivatives in the proposed mechanism (Table S1) as a portion of the
oxidized amino acid residues. Regardless, an inhibition of
intermolecular DTyr cross-linking would be expected with increasing
NO, concentrations. However, no such behavior was observed.
Furthermore, similar protein oligomer mass fractions were observed
previously in the absence of NO, for BSA exposed to Os in bulk
solution experiments with comparable levels of O3 (50 and 200
ppb).2° This observation may be due to the high number of accessible
Tyr residues on the dissolved BSA molecules in solution, because
after 12 h of exposure still 66% of BSA (Fig. 1a) is present in
monomeric form.
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Fig. 2 Temporal evolution of protein oligomer mass fractions (w (%),
monomer, dimer, trimer and oligomer (n > 4)) upon exposure of BSA films
(thickness 34 nm) to various Os/NO; concentrations: ((a)-(d)) at 45% RH;
((e)-(h)) at 96% RH. The data points and error bars represent the
arithmetic mean values and standard deviations of duplicate experiments.
The dashed lines are the results of the kinetic model.

The results of the coated-wall flow-tube experiments on protein
oligomerization are illustrated in Fig. 2. In these experiments, thin
protein films were exposed to 03/NO, mixtures. A film thickness of
~34 nm, or roughly five layers of BSA, can be calculated assuming an
even distribution of the BSA molecules on the inner surface of the
glass tube.?° The experiments were performed at 45% and 96% RH
with O3/NO, concentrations of 50/50, 200/50, and 50/200 ppb,
respectively. Generally, the reactive sites accessible for
oligomerization reactions of the proteins are limited here compared
to aqueous solutions, leading to smaller mass fractions of protein
oligomers. Furthermore, we observed a 30-40% reduction of the
overall oligomer mass fraction (dimer, trimer, and oligomer > 4)
compared to similar flow-tube experiments in the absence of NO; for
comparable RH and Os; concentrations.?0 Apparently, the lower
diffusivity of the proteins in this solid (45% RH) or semi-solid (96%
RH) state induces a competition between DTyr and NTyr formation,
also indicated by the observation of slower reaction rates for
oligomerization in the bulk of the thin protein film compared to its
surface.20, 23

In contrast to the bulk solution experiments, which showed a
steady increase of the oligomer mass fractions with exposure time,
dimer and trimer mass fractions in the flow tube experiments peaked
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at exposure times of 2 — 4 h, depending on RH and trace gas

concentrations, while only higher oligomers steadily increased over
View Article Onli

the course of the reaction time (see Fig. Zbghifor %;&g&%sag hat

as the exposure proceeds, the formation of dimers and trimers
becomes slower than their consumption converting them into higher
oligomers. The characteristic residence times (lifetimes) of biological
particles in the atmosphere can range from hours to weeks,
depending on their sizes, aerodynamic, and hygroscopic properties.3?
Our observation indicates that initial exposure (< 2 —4 h) of proteins
to O3 and NO; mainly leads to the formation of protein dimers and
trimers, and as exposure proceeds, protein oligomers could be the
dominant protein species, e.g., on the surface of bioaerosol particles.

3.2. Protein nitration

Figures 3 and 4 show the effects of varying NO; and Os
concentrations on the nitration of protein monomers and dimers in
homogeneous bulk solution and coated-wall flow-tube experiments,
respectively. Exposures were carried out at fixed NO, concentrations
with varying Oz concentrations and vice versa. The exposure time
was varied from 0.5 up to 12 h. While in previous studies total protein
nitration degrees (NDs) were investigated upon exposure to O3 and
NO,,1% 33 we explicitly explored and characterized the reaction
kinetics of protein nitration, resolving the individual NDs of the
protein monomer and its various oligomers over the course of
reaction time.

The results of the bulk solution experiments on protein nitration
are illustrated in Fig. 3. The maximum ND of protein monomers and
dimers were found to be 7 % and 5 % after 12 h exposure to 200 ppb
O3 and 50 ppb NO,, respectively. These results correspond to 1.4
NTyr residues per monomer molecule and 2 NTyr residues per dimer
molecule (NTyr/Monomer and NTyr/Dimer are shown as secondary
y-axis in Figs. 3 and 4). We found a positive relationship between the
NDs and O3 concentration (Fig. 3a and b), particularly the increase of
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Fig. 3 NDs of protein monomer and dimer (primary y-axis), and NTyr
number per monomer and dimer (secondary y-axis) plotted against
reaction time in the aqueous phase reaction of BSA with O3/NOz: (a) and
(b) at a fixed NO2 concentration of 50 ppb with varied Os concentrations;
(c) and (d) at a fixed Os concentration of 50 ppb with varied NO:
concentrations. The data points and error bars represent the arithmetic
mean values and standard deviations of duplicate experiments. The
dashed lines are the results of the kinetic model.
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O3 concentration by one order of magnitude from 5 to 50 ppb
resulted in an increase of NDs from 4.2 +0.2 % t0 6.9+ 0.2 %, and 2.0
+ 0.3 % to 4.5 £ 0.3 % after 12 h exposure for the monomer and
dimer, respectively. Also, for protein nitration, no significant
difference was found when concentrations of NO, were varied from
5 to to 200 ppb at a fixed O3 concentration of 50 ppb, as shown in
Fig. 3c and d. These results are in accordance with the observation
by Shiraiwa et al.23 on the study of the reactive uptake of NO; by
aerosolized proteins. They found that the uptake coefficient of NO,
(v no2) increased with increasing Os concentrations while y no2
decreased gradually with increasing NO; concentration. Thus, our
results confirmed that the protein reaction with Oz and formation of
ROl is the rate-limiting step for protein nitration.2% 23 Shiraiwa et al.23
have excluded NOs or N,Os (formed through NO; oxidation by Os) as
major contributors for protein nitration. Ghiani et al.3* reported that
nitration of proteins can also occur by nitrate ions in bulk solutions
without UV irradiation under acidic conditions (pH < 3 for BSA). The
reaction of NO; with water can form nitric acid and thereby nitrate
ions might appear in the BSA solution. However, we found that the
pH of the BSA solutions stayed relatively constant (pH 6.6 + 0.2; pH
meter model WTW multi 350i) for a reaction time of 12 h at 200 ppb
NO; and 50 ppb O3, indicating that nitration induced by nitrate ions
is likely a minor or negligible pathway in this study. This hypothesis is
consistent with the results in Fig. 3c and d that show only a slight
increase in ND (monomer, 6.3 + 0.3 % to 6.9 + 0.2 %, and dimer, 4.0
+0.3 % to 4.5+ 0.3 %, for 12 h reaction) for a one order of magnitude
increase in the NO; concentration from 5 to 50 ppb.

The results of the temporal increase of NDs of monomer and
dimer for reactions of the thin protein films with O3 and NO;
concentrations of 50 and 200 ppb at 45% and 96% RH are illustrated
in Fig. 4. Here, the NDs for monomer and dimer at 45% RH were
found to be around 1 % and 0.8 % for 12 h exposure, corresponding
to 0.2 NTyr/monomer molecule and 0.3 NTyr/dimer molecule. Note
that the protein coating consisted of ~5 layers. Therefore, the results
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Fig. 4 NDs of protein monomer and dimer (primary y-axis), and NTyr
number per monomer and dimer (secondary y-axis) plotted against
exposure time upon exposure of BSA films (thickness 34 nm) to various
03/NO2 concentrations: (a) and (b) at 45% RH; (c) and (d) at 96% RH. The
data points and error bars represent the arithmetic mean values and
standard deviations of duplicate experiments. The dashed lines are the
results of the kinetic model.
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likely indicate that on average one Tyr per BSA monomer molecule
located on the surface of the protein film were efficiently nitrated,
while the bulk nitration occurred at muctbgp%efogé%g '%grg“” ly
reactive site could be the Tyr residue at position 161 (Y161), as
suggested by Zhang et al..3> The maximum NDs for monomer and
dimer reached up to 2.5 + 0.1 % and 2.0 £ 0.1 % at 96% RH,
respectively. However, both of the maximum NDs at 45% and 96%
RH were much lower than those obtained for O3/NO, exposure in
aqueous solutions (200 ppb O3 and 50 ppb NO,). This discrepancy can
be explained by a decrease in viscosity and an increase in diffusivity
going from an amorphous solid (45% RH) or semisolid (96% RH)
protein on a coated wall to an aqueous protein solution and was able
to be reproduced using a model (see below).3% 37 Furthermore, the
NDs of BSA in this study are comparable to those found by Yang et
al.33 using the same protein, whereas the nitration efficiency of BSA
in general is found to be much lower than the one observed for the
major birch pollen allergen Bet v 1 in similar exposure experiments,*2
indicating a strong influence of molecular structure and potentially
the amino acid sequence of the reacting protein. From previous mass
spectrometric analysis of the site-selectivity of protein nitration by
03/NO,, it is known that only 3 out of 21 Tyr residues in BSA can be
detected in nitrated form, while in Bet v 1, 4 out of 7 Tyr residues can
be nitrated.12 35> Thus, besides the types of nitrating agents (e.g.
ONOO" or 03/NO3) and reaction conditions (in aqueous solution or
heterogeneous exposure), the nitration efficiency also depends on
the fraction of reactive Tyr residues in the investigated protein.

and

3.3. Kinetics and mechanism of nitration

oligomerization by O3/NO;

protein

The model results for the reactions of proteins with O3/NO, under
the various exposure conditions are shown as the dashed lines in
Figs. 1-4. A chemical mechanism involving 19 reactions (see Table S1
for details) was applied in two kinetic models, i.e., a box model for
bulk solution experiments and the kinetic multilayer model for
aerosol surface and bulk chemistry (KM-SUB)2¢ for flow tube
experiments to fit the experimental data. The most relevant
reactions for this mechanism are illustrated in Fig. 5. The first step in
the mechanism is the reaction of a Tyr residue with O3 forming
tyrosyl radicals as long-lived reactive oxygen intermediates (ROIs). In
the second step of the process, the ROls can react with each other to
form dimers, or with NO; to form nitrated monomers. Note that for
simplification, each molecule only contains one reactive tyrosine
residue, while nitrated and oxidized monomers, dimers and trimers
are unable to take part in further reactions in the kinetic model. A
dimer can react further with O3 to form a dimeric ROI, which may
react with NO; to form a nitrated protein dimer, with monomeric ROI
to form a protein trimer or with another dimeric ROI to form a
protein tetramer.

The following assumptions were made to enable modelling the
reaction system for bulk solution and coated-wall flow-tube
experiments using the sets of physicochemical parameters shown in
Table S1 (ESI): BSA molecules have reactive amino acid residues on
their surface (AA1) and in their bulk (AA2), both of them reactive
towards Os. While ROIs formed in the protein bulk can only react
with NO; to form NTyr, they are unable to form intermolecular DTyr
due to steric hindrance.38 These assumptions were also applied to di-
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Fig. 5 Schematic overview of the most relevant reactions for protein nitration and oligomerization upon exposure to ozone and nitrogen dioxide. The
reactions are corresponding to protein surface Tyr nitration and oligomerization in the mechanism presented in Table S1. The molecular structure of the
protein (BSA, PDB accession number 3V03) was created using the RCSB PDB protein workshop (4.2.0) software.

mers and trimers. Besides Tyr, O3 can also oxidize other amino acid aqueous solutions (for details see Table S1, ESI). However, note that
residues, i.e., cysteine (Cys), tryptophan (Trp), methionine (Met) and  some of the rate coefficients would be expected to change as the
histidine (His).3 Among them, only Cys is able to cross-link proteins  liquid water content and viscosity varies. Water could actively take
directly upon O3 exposure, yielding intermolecular disulfide bridges, part in some of the reactions and its presence at different
as one free Cys is available in BSA.3° This reversible cross-linking  concentrations could lead to changes in experimental conditions,
mechanism has been shown to be only a minor contributor to protein  such as pH, which would influence the rate of the reactions. As the
oligomerization upon Os3/NO, exposure previously.2® The kinetic viscosity increases it is also expected that some rate coefficients
parameters were obtained using a global optimization method would decrease as they become diffusion-limited as per the
combining a uniformly-sampled Monte-Carlo search with a genetic ~ Smoluchowski diffusion equation.*2 43
algorithm (MCGA method).?> 41 The genetic algorithm was The second-order rate coefficients obtained as model outputs
terminated when the correlation between experimental data and and shown in Table S1 are mostly consistent with previous studies.2%
model output reached an optimum. Concentrations of O3 and NO, in 23 However, as the complex reaction mixture has been reflected in
the aqueous phase can be estimated using the published Henry’slaw  only 19 chemical reactions, the absolute numbers of the rate
constant of Ksol, cc, 03 = Ksol, cc, No2 = 102 M atm™2, which were used as  coefficients obtained for the individual reactions likely do not reflect
fixed values in the model.3° reality, because further secondary chemistry of various kinds is not
The temporal evolution of NDs and oligomer mass fractions in  included explicitly. It should also be noted that different types of
aqueous solution is well-reproduced by the model (Figs. 1 and 3). For  tyrosine residues have not been explicitly included within the model,
the heterogeneous reactions studied in the coated-wall flow-tube although these can nitrate at different rates and have different
experiments at 45% RH and 96% RH, some substantial deviations surface accessibilities.3> 44 Nevertheless, qualitatively, the model
between modelled and measured data can be observed, and the results suggest that protein nitration occurs at faster rates than
coefficient of determination (R2 value) is approximately a factor of protein oligomerization. The observed and modelled preference of
two lower than for the aqueous data. For example, the oligomer nitration over oligomerization can be rationalized by comparing the
mass fractions w at 45 % RH in Fig. 2 a-d are qualitatively captured mass fraction of nitrated monomer (calculated by multiplying the
fairly well, while the model fails to reproduce their evolution at mass fraction of monomer with NTyr/monomer) with the total
higher RH, especially for the dimer and trimer (Fig. 2 f and g). The oligomer mass fraction. Nitrated monomers were observed to have
observed reduction of dimers in flow tube experiments could be two times or higher mass fractions compared to all other oligomer
reproduced by the model including the reactions on the surface, mass fractions combined under all experimental conditions. This
where the rates are four orders of magnitude higher thanthatof bulk  result indicates the Tyr nitration outcompetes the
reactions. Despite simple model assumptions when describing the  dimerization/oligomerization process.?2 45
complex reaction system that was studied, the model reproduces the
experimental data reasonably well with an overall RZ value of 0.88
for Figures 1-4. Most of the optimized parameters obtained for the 4. Implications and conclusions
flow tube experiments were close to or the same as those for
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In this study we investigated the kinetics and mechanism of nitration
and oligomerization of proteins induced by Os; and NO; under
different atmospherically-relevant conditions. We showed the
concentration and time dependence of the formation of dimers,
trimers and higher protein oligomers as well as their individual
nitration degrees. The temporal evolution of the concentrations of
these multiple reaction products were well reproduced by a kinetic
model with 19 chemical reactions. Protein nitration was found to be
kinetically favored over protein oligomerization the
experimental conditions studied in this work. On the basis of the
observation of nitrated oligomers formed upon exposure to 03/NO,,
we suggest further investigation on allergenic and immunogenic
effects by nitrated protein oligomers. The nitrated oligomers were
also found in the physiologically-relevant peroxynitrite-induced
protein nitration and oligomerization,*¢ in which the mechanism is
similar to the one we reported here.2> 47

The implications of protein chemistry with O3 and NO, under
atmospherically relevant conditions are illustrated in Fig. 6. The
overall nitration and oligomerization rates were both almost one
order of magnitude higher in aqueous phase than for 45% RH,
indicating an increased relevance of the processes under cloud-
processing conditions. Also, the yields of protein nitration and
oligomerization can be strongly influenced by changes in relative
humidity leading to changes of phase states. The protein dimers can
yield up to 20% (by mass) for 12h exposure in the liquid phase and
the NDs of monomers and dimers can be up to 7% and 5%,
respectively. This result indicates that on average, 1.4 Tyr residues in
each monomeric protein molecule and 2 Tyr residues in each dimeric
molecule are present in their nitrated forms. For proteins in solid or
semi-solid phase states, our measurement and model results suggest
that higher protein oligomers are likely to be found at lower RH, e.g.,
on the surface of bioaerosols, whereas the NDs of monomers and
dimers remain at ~1-2%. Using ab initio calculations, Sandiya et al.22

under

low RH, T high RH, T
solid -solid
protein chemistry
| = oxidation
+ nitration
‘ | * cross-linking ‘\
o ® o
o @ NO,, O,
bioaerosols

Fig. 6 Atmospheric protein chemistry by ozone (Os) and nitrogen dioxide
(NOz). Reaction rates are limited by the phase state of proteins and hence
the diffusivity of oxidants and protein molecules, which changes with
relative humidity (RH) and temperature (T). Air pollutants such as NO2 and
03 can enhance the allergen release from bioaerosols (e.g., pollen), with
O3 being more important in triggering the nitration, cross-linking and

oxidation of allergenic proteins in bioaerosols and other protein-
containing particles (e.g., Bet v 1 on urban road dust?®).
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also showed that increased temperature can speed up the formation

of tyrosyl radicals by ozonolysis. Thus, it is expected that nitrated and
Article Online

. . . . . Vie
dimeric protein species could be mportarg&rgslys% _eXpasiice to

O3 and NO; under tropical or summer smog conditions. These
differences in reaction kinetics should be taken into account in
studies on the physiological effects of proteins exposed to
anthropogenic air pollutants, as the allergenic proteins in various
oligomerization and nitration states might have a different
immunogenic potential.

Both increasing levels of O3 and NO; are able to damage pollen
grains and facilitate the release of allergen in polluted
environments.3 8 % However, our results showed that the tyrosine
nitration and cross-linking of proteins are sensitive towards the
increase of O3 concentration and rather insensitive towards change
in ambient NO, concentrations. Therefore, an effective control of the
enhanced allergenicity induced by air pollutants-modified
aeroallergens should point towards the decrease of ambient ozone
concentrations.
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Table S1 The chemical mechanism with 19 equations and the corresponding parameters used in the kinetic model for the reactions of
proteins with O3 and NO» at 45% RH, 96% RH and aqueous solutions. The bulk diffusion coefficients of O3 and NO> were estimated to
be 1.9 x 107 cm? s at 45% RH and 1.0 x 10 cm? s™! at 96% RH; self-diffusion coefficients of protein were estimated to be 9.0 x 10-
2l em? s at 45% RH and 1.0 x 107'® cm? s! at 96% RH. Note that reactions on the surface were also included for the flow tube

experiments with rate constants determined using the following equation: ksurface (cm? s71) = 1 x 10* X kpuix (cm? s7h).

Parameters
No. Equation
45% RH 96% RH Aqueous
Total BSA =x; AA| + (1-x;) AA2 x;=0.56 x1=0.65 x7=0.69
Rl | O3 T AAI— ¢ ROL-1 + (1-¢)) oxidized kr=341x10"ecm®s! | k=599 %x 10" em’ s | k;=5.00 x 107 cm? s™!
monomer c1=0.97 c1=0.99 c1=0.97
Ry | O3 T AAx— c2ROI2 + (1-¢:) oxidized k2=455x10" cm®s! | k2=3.83x10"em’s! | k2=8.32x10"cm’ s’
monomer c=0.15 c=0.25 c=0.13
R3 | ROLL+ROI-1 — x;dimer; + (1-x2) k3=426x10"cm®s! | k3=6.11%x10"cm’s? | k3=3.45%x102"cm’ 5!
dimer> x2=0.85 x2=0.84 x2=0.54
R4 | ROI-1 + NO; — nitrated monomer ky=5.00x10" cm®s! | k4=5.00x 10" em’s? | ky=5.00x 10" cm? 57!
R5 ROI-1 — AA; ks =198 x 10% 5! ks =938 x 108 5! ks =6.95x 10"
R6 | ROI-2 + NO> — nitrated monomer ks=1.00x 103 cm®s! | ks=1.00x 103 em’s? | ks=1.00 x 10 cm? 57!
R7 dimer; + O3 — ¢3ROI-3 + (1-¢3) oxidized | k7=1.64 x 103 cm®s' | k7=1.81 x 103 ecm®s! | k7=1.01 x 10 cm?® s™!
dimer c3=0.57 c3=0.78 c3=0.67
RS dimerz + O3 — ¢4 ROI-4 + (1-¢4) oxidized | ks=9.94 x 10° cm® s | ks=9.94 x 10 ecm® s | ks=1.41 x 10 cm?® 5!
dimer c=0.13 c=0.14 cs=0.14
R9 | ROI-3 + ROI-3 — tetramer k9=9.76 x 102 cm® s | ko=8.88 x 102 ecm® s | ko =2.29 x 102 cm? 57!
R10 ROI-1 + ROI-3 — x;3 trimer; + (1- x3) kio=4.80x 102 ecm® s | kio=4.77 x 10 ecm? s | kjp=3.75 x 102 cm? 57!
trimer» x3=0.80 x3=0.80 x3=0.80
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R11 | ROI-3 + NO; — nitrated dimer ki=532x10"%cm? s | kyy =618 x 107 cm® s | k1 =2.77 x 101 cm? 57!

R12 | ROI-3 — dimer; ki2=7.63 107 s’ ki2=9.58 x 108 57! ki2=1.06 x 105 5!

R13 | ROI-4 + NO; — nitrated dimer ki3=1.00 x 103 em® s | k73=1.00 x 103 em® s | ky3=1.00 x 10713 cm? 57!

Ri4 | trimeri O3 — s ROL5 + (1-¢5) oxidized | krs=1.00 x 102 em® st | kiy=1.00 x 102 em? s | kzy=1.00 x 1072 cm? 57!
trimer cs=0.15 cs=0.15 cs=0.15

RIS tr@merz + 03 — ¢ ROI-6 + (1-¢5) oxidized | k;5=1.00 x 105 cm3 s | k;5=1.00 x 10 cm? s | k5= 1.00 x 1015 cm? 57!
trimer c=0.15 c=0.15 c=0.15

R16 | ROI-1+ ROI-5 — tetramer k16=15.00 x 102 ecm® 57! | k76 =75.00 x 102 ecm® 57! | ky6=5.00 x 102" cm? 5°!

R17 | ROI-5+ NO> — nitrated trimer ki7=5.00 x 10" em® 57! | k;7=35.00 x 101% ecm® 57! | k;7=5.00 x 1071¢ cm? 57!

R18 | ROI-5 — trimer; k1s=1.00x 107 s’ k1s=1.00 x 107 57! kis=1.00x 107 s’

R19 | ROI-6 + NO; — nitrated trimer kr9=1.00 x 1013 cm? s | k70=1.00 x 103 cm® s | k79=1.00 x 1013 cm? 57!
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Abstract Hydroxyl radical-induced oxidation of proteins and
peptides can lead to the cleavage of the peptide, leading to a
release of fragments. Here, we used high-performance liquid
chromatography tandem mass spectrometry (HPLC-MS/MS)
and pre-column online ortho-phthalaldehyde (OPA)
derivatization-based amino acid analysis by HPLC with diode
array detection and fluorescence detection to identify and
quantify free amino acids released upon oxidation of proteins
and peptides by hydroxyl radicals. Bovine serum albumin
(BSA), ovalbumin (OVA) as model proteins, and synthetic
tripeptides (comprised of varying compositions of the amino
acids Gly, Ala, Ser, and Met) were used for reactions with
hydroxyl radicals, which were generated by the Fenton
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reaction of iron ions and hydrogen peroxide. The molar yields
of free glycine, aspartic acid, asparagine, and alanine per pep-
tide or protein varied between 4 and 55%. For protein oxida-
tion reactions, the molar yields of Gly (~32-55% for BSA,
~10-21% for OVA) were substantially higher than those for
the other identified amino acids (~5-12% for BSA, ~4-6%
for OVA). Upon oxidation of tripeptides with Gly in C-termi-
nal, mid-chain, or N-terminal positions, Gly was preferentially
released when it was located at the C-terminal site. Overall,
we observe evidence for a site-selective formation of free ami-
no acids in the OH radical-induced oxidation of peptides and
proteins, which may be due to a reaction pathway involving
nitrogen-centered radicals.

Keywords Peptides - Proteins - Oxidation - Hydroxyl
radicals - HPLC-MS - Amino acid analysis

Introduction

Reactive oxygen species (ROS) have been associated with
various diseases (e.g., diabetes and cancer), as they can
cause oxidative stress, biological aging, and cell death
[1-7]. The hydroxyl radical (OH), the most reactive form
of ROS, can oxidize most organic compounds such as pro-
teins and DNA [8]. Hydroxyl radicals can be generated in
biological systems endogenously and exogenously [9], and
the sources include a variety of different processes such as
cellular metabolic processes, radiolysis, photolysis, and
Fenton chemistry [10—12]. Elucidation of the OH-induced
oxidation mechanism of amino acids, peptides, and proteins
is of exceptional importance for physiological chemistry
(e.g., for understanding the relationship between protein
oxidation and aging) [13—16] and also of considerable in-
terest for the Earth’s atmosphere [17, 18].
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Hydroxyl radicals undergo several types of reactions with
amino acids, peptides, and proteins. Typical reactions include
addition, electron transfer, and hydrogen abstraction [14, 15].
The OH radicals can attack both amino acid side chains and
the peptide backbone, generating a large number of different
radical derivatives of proteins [19, 20]. With respect to the
peptide backbone cleavage, the main reaction pathway is ini-
tiated by an H abstraction at the «-carbon position. This is
followed by a reaction with O, to give a peroxyl radical,
which ultimately results in fragmentation and cleavage of
the backbone of the protein, thereby mainly forming amide
and carbonyl fragments [11, 21]. Several studies have demon-
strated that the H abstraction from the o«-carbon position is the
dominant pathway for the OH-mediated fragmentation of pro-
teins and occurs at specific sites or amino acid residues as
shown by computational and experimental investigations [9,
22, 23]. Also, the metal-catalyzed oxidation (MCO) of pro-
teins was found to be an important pathway for protein deg-
radation, as metal ions preferentially bind particular sites of
proteins, resulting in selective damage [14, 24-26]. Among
the multiple oxidation products, carbonyl compounds,
peptide-bound hydroperoxides, and larger protein fragments
were predominantly identified [27-30]. For example, Morgan
et al. [28] investigated the site selectivity of peptide-bound
hydroperoxide and alcohol group formation, as well as frag-
ment species formed through protein oxidation by OH/O,
using a mass spectrometry (MS) approach.

The high reactivity of proteins with OH radicals, however,
may result in various products due to different reaction mech-
anisms [31, 32]. In this study, we focus on the identification
and quantification of amino acids as oxidation products of
proteins and peptides generated by hydroxyl radicals from
the Fenton reaction. For this purpose, we introduced two ro-
bust analytical methods based on mass spectrometry and lig-
uid chromatography, which have been widely used for the
determination of amino acids in various environments (e.g.,
plasma and plant extracts) [33, 34]. These methods provide
analytical evidence for the release of amino acids due to the
OH-mediated oxidation of peptides and enable their yields to
be quantified.

Bovine serum albumin (BSA) and ovalbumin (OVA) were
used as model proteins, and tripeptides with varying amino
acid sequences were used to study yields and site selectivity
for reactions with OH radicals. The amino acids consisted of
the tripeptides (glycine (Gly), alanine (Ala), serine (Ser), and
methionine (Met)) were chosen due to their reactivity towards
OH radicals; i.e., Gly, Ala, and Ser show a low reactivity
towards OH, while the rate constant of Met with OH is about
2 orders of magnitude higher [19]. Oxidation products were
analyzed by high-performance liquid chromatography tandem
mass spectrometry (HPLC-MS/MS) using a Q-ToF mass
spectrometer and pre-column online ortho-phthalaldehyde
(OPA) derivatization-based amino acid analysis by HPLC
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with diode array detection and fluorescence detection to iden-
tify and quantify free amino acids. We report the release of
free amino acids in the OH radical-induced oxidation of pep-
tides and proteins. Furthermore, effects of amino acid side
chains on the release are discussed with regard to product
identification and site selectivity.

Experimental
Reagents

BSA (A5611), OVA (grade V, A5503), Gly-Gly-Gly ((Gly)s,
G1377), Met-Ala-Ser (M1004), NaH,PO4-H,O (71504), OPA
(P0657), 9-fluorenylmethoxycarbonyl chloride (FMOC-CI,
23186), 3-mercatopropionic acid (63768), acetonitrile (ACN,
34998), methanol (MeOH, 494291), amino acid standards
(AASI18), asparagine (A0884), glutamine (49419), tryptophan
(93659), sodium tetraborate decahydrate (Na,B40;10H,0,
S9640), FeSO4-7H,0 (F7002), H,O, solution (30%, w/v,
16911), and HCI solution (0.1 M, 318965) were purchased
from Sigma-Aldrich (Germany). Sodium hydroxide (NaOH,
0583) was from VWR (Germany). Met-Gly-Ala, Gly-Ala-
Met, and Ala-Met-Gly were obtained from GeneCust
(Luxembourg) and were delivered in the desalted form with
a purity >95%. High purity water (18.2 MQ cm) was taken
from an ELGA LabWater system (PURELAB Ultra, ELGA,
UK) and autoclaved before use if not specified otherwise.

Protein/peptide oxidation reactions

Reaction mixtures of proteins/peptides (structures shown in
Fig. 1) with Fenton oxidants (FeSO4-H,0,) were stirred
(Multistirrer 15, Fischer Scientific, Germany) in closed
screw-cap vials at room temperature. Hydroxyl radicals were
generated under two oxidation conditions, and the estimated
effective OH concentrations are listed in Table 1. The pH of
the reaction solutions was adjusted to 3 by adding 1 M NaOH
and measured by a pH meter (Multi 350i; WTW, Weilheim,
Germany). Although ethylenediaminetetraacetic acid (EDTA)
is a common chelator to stimulate the generation of radicals
under physiological pH conditions (pH 6-8) [35], no EDTA
was added in this study as glycine was found to be one of the
degradation products of EDTA in the presence of OH [36].
For protein oxidation reactions, the proteins BSA and OVA
were pretreated with a size-exclusion column (PD-10, GE
Healthcare, Germany) using ultrapure H,O to remove low
molecular components (<5 kDa). From the purified
25 mg mL™" protein solutions, 100-uL aliquots were added
to the Fenton oxidant solutions to a final volume of 2.5 mL.
After the respective reaction times, the oxidized samples were
immediately eluted on a PD-10 column pre-equilibrated with
ultrapure H,O to separate the protein and the low molecular



Release of amino acids upon oxidation of peptides and proteins

Fig. 1 Structures of the
investigated peptides (a) and

a Tripeptides:

(e}

b Proteins:

proteins (b) in this study. The o H ,
molecular structures of proteins HzN\)J\N/\"/N\J\ oH (Gly)s S
o Do acesssion humber Hoo > & Bovine Serum Albumin (BSA)
; , accession % - ;
number 10VA) were created S ) (67 kD.607 amino acids)
using the RCSB PDB protein o : Q G
workshop (4.2.0) software FN N/k’( \kaH Met-Ala-Ser \\
e OH
/S
\S o
o H
HZN\HJ\N/Q(N\J\OH Ala-Met-Gly Ovalbumin (OVA)
H o (45 kD, 386 amino acids)
(0] H 0
& A
’ Q)LE/T OH  Met-Gly-Ala
_S
Gly-Ala-Met

[¢] H O
HQN\)j\ NJ\I]/N OH
H O
/S

weight fraction (<5 kDa). For peptide oxidation reactions,
100 pL of 100 mM solutions of the investigated peptides were
added as described before. Control reactions were performed
using either H,O, or FeSO, alone at the same concentrations
and pH conditions, adjusted by 0.1 M HCl and 1 M NaOH,
respectively.

In addition, oxidation experiments were performed for pep-
tides with UV-induced OH generation via the homolysis of
H,0, in aqueous solution. Briefly, 4 mM (Gly); were mixed
with 50 mM H,0, or 200 mM H,0O, ina 10 X 10 x 40 mm UV
quartz cuvette (Hellma Analytics, Miillheim, Germany) and
subsequently irradiated by four UV lamps (wavelength of
254 nm, LightTech, Hungary) for 1 h. The pH of these sam-
ples was also adjusted to 3 by adding 0.1 M HCI. Control
samples were either treated the same way as described above,
but without UV irradiation, or prepared without H,O, and
irradiated for 1 h.

All experiments described above were performed in dupli-
cate, and the samples were lyophilized (—40 °C, ~12 h) im-
mediately after reaction to stop the reaction by removing the
hydrogen peroxide. The dry residues were stored at —20 °C
and redissolved in 100 pL. H,O for analysis.

Amino acid analysis

The oxidized peptides and low molecular weight fraction of
proteins were analyzed with the HPLC-DAD-FLD system
(Agilent Technologies 1200 Series) consisting of a binary
pump (G1312B), a four-channel microvacuum degasser
(G1379B), a column thermostat (G1316B), an autosampler
with a thermostat (G1330B), a photo-diode array detector
(DAD, G1315C), and a fluorescence detector (FLD,
G1321A). ChemStation software (version B.03.01, Agilent)
was used to control the system and for the data analysis.

Table 1 Oxidation conditions for

the generation of OH radical in Condition Compositions pH (adjusted by 1 M NaOH) [OH] (molecule cm™>)*
aqueous solutions
FeSO4 (mM) H,0, (mM)
Oxl1 5 1.5x 108
0ox2 5 150 3 2.1x10°

#The decay of (Gly); was monitored and allowed for an estimation of the effective OH concentration based on a
pseudo-first-order kinetic rate function: [(Gly);] = [(Gly)sloe” ™ | where [(Gly)s] is the recovery of (Gly)s,
[(Gly)s]o is the initial recovery (i.e., 100%), k (1.2 x 1072 em® s7!) is the second-order rate constant for the
reaction of OH with (Gly); [16], [OH] is the effective concentration of hydroxyl radical (assuming it remains
constant during the reaction), and ¢ is the reaction time. The fitting curves are shown in Fig. S6 in ESM
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Chromatographic conditions were in accordance with the
instructions by Agilent Technologies [37]. Briefly, automatic
pre-column derivatization with OPA and FMOC was per-
formed at room temperature, according to the injector pro-
grams (for details, see Table S1 in Electronic Supplemental
Material (ESM)) listed in Henderson et al. [37]. After deriva-
tization, an amount equivalent to 0.5 pL of each sample was
injected on a Zorbax Eclipse amino acid analysis (AAA) col-
umn (150 mm % 4.6 mm i.d., 3.5 um, Agilent) at a tempera-
ture of 40 °C. Mobile phase A was 40 mM NaH,PO, (aq),
adjusted to pH 7.8 with 10 N NaOH (aq), while mobile phase
B was acetonitrile/methanol/water (45:45:10, v/v/v). The flow
rate was 2 mL min_' with a gradient program that started with
0% B for 1.9 min followed by a 16.2-min step that raised
eluent B to 57%. Then, eluent B was increased to 100% within
0.5 min and kept for another 3.7 min. The mobile phase com-
position was reset to initial conditions within 0.9 min, and the
column was equilibrated for 2.8 min before the next run.
Primary amino acids were detected by monitoring the UV
absorbance at 338 nm, with a reference at A =390 nm, band-
width =10 nm, slit of 4 nm, and peak width of >0.1 min,
simultaneously detected by FLD with excitation 340 nm,
emission 450 nm, and photomultiplier tube (PMT) gain of
10. Secondary amino acids were detected by FLD with exci-
tation 266 nm, emission 305 nm, and PMT gain of 9. A mix-
ture of 20-amino acid standards (see ESM Table S2) was used
to obtain calibration curves for quantification as illustrated in
Fig. S1 in ESM. The limits of detection (LODs, defined as a
signal-to-noise ratio of 3) for 20 individual amino acids are in
the range of 0.1 to 5 pmol. Linearity is demonstrated for the
concentration range of 20 to 500 uM for all amino acids by
detection using a DAD or FLD.

LC-Q-TOF-MS

Identification of OH-mediated reaction products of peptides
and the low molecular weight fraction of proteins was also
carried out using an HPLC-MS/MS system (Agilent). The
LC-MS/MS system consists of a quaternary pump
(G5611A), an autosampler (G5667A) with a thermostat
(G1330B), a column thermostat (G1316C), and an
electrospray ionization (ESI) source interfaced to a Q-ToF
mass spectrometer (6540 UHD Accurate-Mass Q-ToF,
Agilent Technologies). All modules were controlled by
MassHunter software (Rev. B. 06.01, Agilent). The LC col-
umn was a Zorbax Extend-C18 Rapid Resolution HT
(2.1 x50 mm, 1.8 um) and was operated at a temperature of
30 °C. Eluents used were 3% (v/v) acetonitrile (Chromasolv,
Sigma, Seelze, Germany) in water/formic acid (0.1% v/v,
Chromasolv, Sigma, Seelze, Germany) (eluent A) and 3%
water in acetonitrile (eluent B). The flow rate was
0.2 mL min~' with a gradient program starting with 3% B
for 1.5 min followed by an 18-min step that raised eluent B
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to 60%. Further, eluent B was increased to 80% at 20 min and
returned to initial conditions within 0.1 min, followed by col-
umn re-equilibration for 9.9 min before the next run. The
sample injection volume was 1-5 pL.

The ESI-Q-TOF instrument was operated in the positive
ionization mode (ESI+) with a drying gas temperature of
325 °C, 20 psig nebulizer pressure, 4000 V capillary voltage,
and 75 V fragmentor voltage. Fragmentation of protonated
ions was conducted using the targeted MS/MS mode with a
collision energy of 10 V (16 V for m/z 76). Spectra were
recorded over the mass range of m/z 50-1000 for MS mode
and m/z 20-1000 for MS/MS mode. Data analysis was per-
formed using the qualitative data analysis software (Rev. B.
06.00, Agilent).

Results and discussion

Identification of amino acid products in the hydroxyl
radical-induced oxidation of peptides and proteins

Figure 1 shows the tripeptides and proteins investigated in this
study. The oxidation products generated by OH radicals from
the Fenton reaction were analyzed by AAA and LC-MS/MS
in order to identify and quantify amino compounds and, in
particular, amino acid products.

Figure 2 shows the exemplary AAA chromatograms of an
amino acid standard, as well as protein and peptide samples
oxidized by OH radicals. The signal corresponding to glycine-
OPA derivative at a retention time (RT) of 7.8 min was detect-
ed in all oxidized samples of glycine-containing peptides and
proteins. Moreover, the peak was absent when the oxidized
peptide did not contain glycine (i.e., Met-Ala-Ser). LC-MS/
MS analysis of underivatized samples further confirmed the
free amino acid glycine to be an oxidation product of proteins
and peptides reacting with hydroxyl radicals. Figure 3 shows
the MS/MS spectra of a glycine standard (m/z 76) and those of
precursor ions with m/z 76 found in oxidized BSA, (Gly)s, and
Ala-Met-Gly samples. In all cases, identical fragmentation
patterns were observed and the loss of 16 Da from the precur-
sor ions corresponds to the loss of NH, [34]. In addition, the
signal intensity of extracted ion chromatograms (EICs) for m/z
76 in the oxidized samples increased significantly compared
to the control samples (see ESM Fig. S2), indicating the for-
mation of an OH-mediated reaction product with m/z 76 in
these samples. Thus, glycine, which does not contain an oxi-
dation sensitive side chain, could be identified as a product of
all studied reaction systems of peptides and proteins compris-
ing glycine in their amino acid sequences.

In addition to glycine, three other peaks exhibiting the RT
of OPA derivatives of aspartic acid (Asp), asparagine (Asn),
and Ala were detected in the AAA of oxidized protein (BSA
and OVA) samples, i.e., at 2.1 min for Asp, 6.4 min for Asn,
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and 9.2 min for Ala, as illustrated in Fig. 2B. The LC-MS/MS
analysis of reference compounds and samples confirmed the
identity of the amino acids as shown in Fig. S3 in ESM [34,
38]. It should be noted that the four free amino acids (Asp,
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Asn, Gly, and Ala) identified in oxidized protein samples, all
exhibit a low rate constant for reactions with OH [19, 39],
resulting in a higher stability towards further reactions with
OH radicals and enabling their identification in the analysis.
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Fig.3 The MS? spectra of m/z 76 a
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Furthermore, Ala and Asp were unambiguously identified by
LC-MS/MS in the oxidized Met-Gly-Ala and Gly-Ala-Met
samples. Exemplary MS? spectra of reference standards and
samples are shown in Fig. S4 in ESM. The presence of Asp in
the tripeptide samples can be explained by the OH-induced
oxidative modification of methionine (Met), as suggested by
Xu and Chance [11] and illustrated in Fig. S5 in ESM. Note
that Asp was not identified in the oxidized Ala-Met-Gly sam-
ple. This discrepancy may be explained by the formation of
other oxidation products of Met, which can be formed when
Met is located in the middle of the peptide, as Met is highly
reactive towards OH and the reaction could result in different
oxidized species [11]. In the oxidized Met-Ala-Ser sample, the
amino acids Asp, Ala, and Ser were identified. Here, Ser could
be released directly from the C-terminal position or it could be
formed by the oxidation of the methyl side chain of Ala re-
leased from the peptide [40]. Therefore, from the combined
AAA and LC-MS/MS results, we can confirm that free amino
acids are products in the OH-induced oxidation of proteins
and peptides.

Quantification and site selectivity of amino acid formation

Figure 4 shows the molar yields of free amino acids for the
OH oxidation of two model proteins (BSA and OVA) quanti-
fied by AAA, whereby yields increased with increasing oxi-
dant concentrations. The yields of Gly were found to be the
highest among the quantified amino acids and ranged from
~32 to 55% for BSA and from ~10 to 21% for OVA.
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Notably, the Gly yield of BSA was approximately two to three
times higher than that of OVA under the same conditions,
despite the higher number of Gly residues in OVA (19) com-
pared to BSA (17). The factors influencing the yields of indi-
vidual free amino acids in the studied reactions might be mul-
tiple, including different tertiary and primary structures and
thus different numbers of accessible sites available for the
OH attack, as well as differences in adjacent amino acids in
BSA and OVA, influencing OH site selectivity [19].

0.6
50 MM H,0, - 5 mM Fe”*
150 mM H,0, - 5 mM Fe’"

m Gly [ Asp
@ Asn X Ala

©
o
]

o
[N
|

Molar yield of amino acid (%)

..
ul‘_‘ﬁﬁ Dlj

Fig. 4 Molar yields of amino acids obtained in the oxidation of BSA and
OVA samples with different concentrations of oxidants (50 and 150 mM
H,0, with 5 mM FeSO,, respectively)
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Figure 5 shows the temporal evolution of the Gly yield
during the oxidation of (Gly); by OH radicals. The cor-
responding recovery of (Gly); (see ESM Fig. S6) was
obtained through AAA analysis using a calibration curve
made by a set of (Gly); solutions (see ESM Fig. S7). We
found that the recovery of (Gly); has declined to 50%
after 1 h of reaction (see ESM Fig. S6), while the molar
yield of glycine only reached 6% of (Gly);. Additionally,
the molar ratio of free Gly to reacted (Gly)s
(A(Gly); =(Gly)s, ;=0 — (Gly)s, ;=) was relatively stable
over the reaction time with a value of ~12%. These re-
sults indicate that other reaction products than Gly are
accounting for ~88% of the reacted peptide. These prod-
ucts may include, e.g., carbonyl species known to be
products of the «-carbon H abstraction pathway [28].
To exclude an influence of acidic or basic hydrolysis on
the observed formation of glycine [41], control experi-
ments were conducted, in which (Gly); was incubated
under acidic (pH 2) and basic (pH 12) conditions for
24 h, respectively. No glycine formation was observed
in these experiments. Furthermore, we found that amino
acids were also released in the absence of iron ions. This
was confirmed through control experiment, in which OH
radicals were generated by the photolysis of H,O,, and a
positive relationship between glycine yield and H,0,
concentrations was observed (see ESM Fig. S8).

Furthermore, we found the amino acid yields of three
small peptides (Ala-Met-Gly, Met-Gly-Ala, and Gly-Ala-
Met) are dependent on the sequence of Gly, Ala, and Met,
as shown in Fig. 6. The highest yields of Gly and Ala
were obtained when they were located at the C-terminus,
followed by the mid-chain position and the N-terminal
site. While the Gly concentration was increasing with
reaction time, the Ala concentration already showed a
reduction after 2 h of reaction time when located at the
C-terminal site (Met-Gly-Ala), which may be due to fur-
ther oxidation of free Ala by OH radicals. Besides, com-
paring the results in the case of Gly and Ala both located
in the same position of the respective tripeptide, the yield
of Gly was about 50% higher than that of Ala when they
are located C-terminally. For mid-chain and N-terminal
sites, their yields were more comparable. These results
suggest that the OH attack for the release of free amino
acids preferably occurs at Gly, particularly for Gly locat-
ed at the C-terminal site and, to a less extent, at Ala.
Previous studies have suggested that OH-mediated frag-
mentation of proteins likely occur at specific sites rather
than giving rise to random fragments [23, 28, 42].
Glycine residues could be favorable sites for OH
attacking the polypeptide backbone due to its low steric
hindrance [11]. It should be noted that the highest molar
yield of Gly was found to be ~2% of the corresponding
tripeptide (Ala-Met-Gly), confirming free amino acids to
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Fig. 5 The temporal evolution of molar yield Gly/(Gly); (blue dots) and
the product ratio of Gly to A(Gly); (red dots) in the oxidation of 4 mM
(Gly); with 5 mM FeSO4~50 mM H,0, condition (Ox1). A(Gly); was
quantified by a calibration curve made by a set of (Gly); solutions (see
ESM Fig. S7) monitored at a UV absorbance of 338 nm. The solid line
(blue) is fitted with a pseudo-first-order kinetic rate function:
[AA] = a[TriPeplo(1 — e MO, as discussed in the “Quantification and
site selectivity of amino acid formation™ section

be low yield products and explaining the lack of reports
in the literature.

Aspartic acid, the OH oxidation product of Met, was found
in Met-Gly-Ala and Gly-Ala-Met. In contrast to the observed
increasing yield of Gly and Ala for the C-terminal site, the Asp
yields were found to be higher for the N-terminal site than for
the C-terminal site, i.e., 0.7% in Met-Gly-Ala and only 0.1%
in Gly-Ala-Met. The site selectivity for the OH attack at Gly
may also explain why the yield of Asp was higher for Met at
the N-terminal site than at the C-terminal site, since in Met-
Gly-Ala, the attack on Gly may lead to the formation of Met or
its oxidized product as a “byproduct”. Additionally, the
temporal evolution of release for amino acids in Figs. 5 and
6 can be fitted with a pseudo-first-order rate function:
[AA] = a[TriPep]o(1 — e O where the coefficient a
stands for the maximum molar yield for the release of the
specific amino acid, & is the second-order rate coefficient, ¢
is the reaction time, and [AA], [TriPep]o, and [OH] are the
concentrations of amino acids, tripeptide (4 mM), and OH
(1.5 x 10® mol cm >, assuming [OH] is constant), respectively.
The second-order rate coefficient for the release of amino
acids from the four investigated tripeptides is in the order of
magnitude of 1072 cm® s~'. The maximum molar yield for all
the amino acids was from 0.0014 +0.0018 to 0.0709 £0.0011,
with the highest found for Gly in (Gly); (0.0709 £0.0011); the
detailed coefficients from fittings can be found in Table S3 in
ESM. The kinetics and mechanism will be further investigated
in follow-up studies.
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Fig. 6 Temporal evolution of the ao12

concentration (/eff axis) and molar
yield (right axis) of glycine (A),
alanine (B), and aspartic acid (C)
from Gly-Ala-Met, Met-Gly-Ala,
and Ala-Met-Gly subjected to the
oxidation with 5 mM FeSO4—

50 mM H,0, (Ox1). The solid
lines are fitted with a pseudo-first-
order kinetic rate function:
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Conclusions

Free amino acids were identified as products in the OH-
induced oxidation of proteins and peptides by LC-MS/MS
analysis. In addition, the molar yields of the formation of
amino acids were quantified by AAA analysis. Glycine was
released at higher yields than the other identified amino acids,
which is likely to be due to the absence of a side chain
resulting in low rate constants for further reactions with OH
and low steric hindrance of the initial radical generation on the
peptide backbone, especially when Gly was in the C-terminal
position. Note that the molar yields and production rates of
amino acids for different peptides and proteins cannot be in-
terchangeably used, as release of amino acids is not equal to
their presence in the solution due to possible side chain oxi-
dations of amino acids.

The formation of free amino acids, however, has not been
reported for the main backbone cleavage process through o~
carbon H abstraction, which results in the formation of amide
and carbonyl products, as outlined in the “Introduction” sec-
tion. Thus, another reaction pathway may be responsible for
the formation of free amino acids. The peptide which was only
composed of glycine ((Gly);) appears to be a good candidate
for the investigation of such pathways, because H abstraction
by OH radicals can only occur at the x-carbon and the amide
nitrogen. For other amino acids, however, hydroxyl radicals
can attack at the side chain and polypeptide backbone sites,
complicating investigations of the reaction mechanism. In
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previous studies, Stefanié et al. [43] determined that the amide
nitrogen is the preferred site for OH attack through pulse ra-
diolysis on free glycine and a glycine anion, whereas Doan
et al. [9] concluded that H abstraction from the peptide nitro-
gen atom is the least preferred site for OH attack at the peptide
backbone by ab initio calculations. The key difference for the
contradiction in the above two studies is that the former inves-
tigated isolated amino acids while the latter used peptide sys-
tems for their calculation methods. Also, the electron transfer
between sites resulting in secondary fragmentation or rear-
rangement [14, 44], should be considered for the formation
of nitrogen-centered radicals. Further verification of the gen-
eration of nitrogen-centered radicals and the investigation of
their role for the release of amino acids via protein/peptide
oxidation by hydroxyl radicals could be obtained by tech-
niques such as electron paramagnetic resonance (EPR) spec-
troscopy in follow-up studies [45, 46].
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Table S1 Injector program for the automatic pre-column derivatization for amino acid analysis

Step Function Reagent Amount
1 draw borate buffer 2.5 ulL
2 draw sample 0.5 uL
3 mix 3.0uL
4 wait 0.5 min
5 draw water ( needle wash) 0 uL

6 draw OPA-3MPA 0.5 uL
7 mix 3.5uL
8 draw water ( needle wash) 0 uL

9 draw FMOC 0.5 uL
10 mix 4 ulL

11 draw water 32 uL
12 mix 18 uL
13 Inject (0.5 uL)
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Table S2 A list of 20 amino acid standards used for making a calibration curve for amino acid

analysis. “Peak No.” is the amino acid elution order using Eclipse-AAA column

Peak No. | Amino acid (Abbreviation) | Molecular weight (g mol™') | Retention Time (min)
1 Aspartic acid (Asp) 133.04 2.1
2 Glutamic acid (Glu) 147.05 4.3
3 Asparagine (Asn) 132.05 6.4
4 Serine (Ser) 105.04 6.7
5 Glutamine (Gln) 146.07 7.2
6 Histidine (His) 155.07 7.5
7 Glycine (Gly) 75.03 7.8
8 Threonine (Thr) 119.06 8.0
9 Arginine (Arg) 174.11 8.5
10 Alanine (Ala) 89.05 9.2
11 Tyrosine (Tyr) 181.07 10.2
12 Cystine (Cy2) 240.02 11.5%
13 Valine (Val) 117.08 12.1
14 Methionine (Met) 149.05 12.3
15 Tryptophan (Trp) 204.09 13.1
16 Phenylalanine (Phe) 165.08 13.5
17 Isoleucine (Ile) 131.09 13.6
18 Leucine (Leu) 131.09 14.2
19 Lysine (Lys) 146.10 14.6

20 Proline (Pro) 115.06 17.8

* Cy2 does not fluoresce under these derivatization conditions and thereby the retention time is
monitored in DAD signal (338 nm).
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Table S3 The fitting coefficients with a pseudo-first order rate equation:[AA] = a[TriPep]y(1 —

e~klOHIty “for the temporal evolution of release of amino acids in the four investigated tripeptides
a k (cm? s Chisquare
Tripeptide
Gly Ala Asp Gly Ala Asp Gly Ala Asp
Gl 0'0109 (3.87 0.28) 2.05x%
( Y)3 0.0011 x 10712 10°¢
Ala-MetGl 0.0i221 0'0323 (5.32£0.21) | (2.69 + 1.06) 4.13% | 4.06%
T | o000t | 0.0002 <10 x 10 i
0.0082 0.0083 (1.77 +
Met-Gly-Ala | + |oo112| =+ |GO02E08 1 oac qon [ 133yx | 27| « | 105
x 10 10 x10
0.0006 0.0022 10
0.00191-0.0093 | 0.0014 1y 474 540y | 278+ 126) | ©22% | 480% | 9.41x | 932
Gly-Ala-Met + + + X 10712 % 1012 2.65) x 10 106 | x107
0.0002 | 0.0011 | 0.0018 10712

*: Chisquare cannot be achieved due to only two datapoints were used for the fitting.
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Fig. S1 Calibration curves plotting the peak area detected by FLD detection against the
concentration of amino acids. (A) Aspartic acid, the fitting equation was: y = 4577.8x+62.84, R?
=0.999, (B) Asparagine, the fitting equation was: y = 582.67x-1.60, R*> = 0.998, (C) Glycine, the
fitting equation was: y = 4798x+79.60, R> = 0.999, (D) Alanine, the fitting equation was: y =

4193.2x+8.79, R? = 0.999
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Fig. S2 The extracted ion chromatograms (EIC) of m/z 76 in oxidized proteins/peptides samples

and respective control samples
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Fig. S3 The MS? spectra of m/z 90 (B), m/z 133 (D) and m/z 134 (F) in the oxidized BSA sample,
in Ox2 condition (5 mM FeSO4-150 mM H>0).The precursor ion m/z 90, m/z 133 and m/z 134
was identified as alanine, asparagine and aspartic acid as they exhibited the same fragmentation
patterns with m/z 90 in 1 mM Ala (A), m/z 133 in I mM Asn (C) and m/z 134 in 1 mM Asp (E),

respectively
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Fig. S4 The representative MS? spectra of m/z 90 (B) and m/z 134 (D) in the oxidized Met-Gly-
Ala sample, and m/z 134 (F) in the oxidized Met-Ala-Ser sample in Ox1 condition (5 mM FeSOq-
50 mM H203).The precursor ion m/z 90, m/z 134 and m/z 106 was identified as alanine, aspartic
acid and serine by comparison with the fragments of m/z 90 in 1 mM Ala (A), m/z 134 in | mM

Asp (C) and m/z 106 in 1 mM Ser (E), respectively
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Fig. S5 Oxidation of methionine (Met) by OH radical for Met to aspartic acid (Asp) conversion.
The major steps involve a first step of the oxidation of methionine to sulfoxide, followed by the

formation of aldehyde at y- carbon, which is further oxidized to yield Asp
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Fig.S6 The decay of (Gly); under two different oxidation conditions. Both curves were fitted with
a pseudo-first order kinetic rate function: [(Gly);] = [(Gly)3]oe TKIOHID | where [(Gly)s] is the
recovery of (Gly)s, [(Gly)s]o is the initial recovery (i.e., 100%), k ( 1.2 x 1072 cm?® s!) is the second
order rate constant for the reaction of OH with (Gly)s, [OH] is the concentration of hydroxyl radical,
t is the reaction time. For simplification, we assumed that [OH] remained constant during the reaction in

order to obtain a rough [OH] from the fitting function
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Fig. S7 Calibration curve plotting the peak area detected by DAD detection against concentration

of (Gly)s. The fitting equation was y = 77.85x-10.23, R* = 0.999
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Fig. S8 Molar yield of glycine obtained in the oxidation of 4 mM (Gly); with UV photolysis of 50

and 200 mM H»O; solutions
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