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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 (O3) and nitrogen dioxide (NO2). Proteins were exposed to O3, 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 O3, 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 O3 and 

NO2, 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 O3 concentrations but rather insensitive to the change in ambient 

NO2 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 können mehrere 

Prozent der gesamten Partikelmasse in der Luft ausmachen. Diese Proteine können abhängig 

von ihren Eigenschaften, wie Hygroskopizität, molekularer Zusammensetzung und Struktur, 

das Klima der Erde beeinflussen und sich auf die Gesundheit der Lebewesen auswirken. Durch 

die Wechselwirkungen mit anthropogenen Luftschadstoffen können 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 verstärkten 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 

Hochleistungsflüssigkeitschromatographie 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 

atmosphärischen Aerosolproben charakterisiert. Die Hauptpunkte dieser Arbeit können wie 

folgt zusammengefasst werden: 

1. Entwicklung einer Methode zur Charakterisierung von Proteinen aus atmosphärischen 

Aerosolproben unter Anwendung eines metaproteomischen Ansatzes basierend auf 

Massenspektrometrie. Die Extraktionsmethode wurde optimiert, um die Interaktion 

zwischen Proteinen und Glasfaserfiltern zu überwinden und somit eine hohe 

Proteinrückgewinnung zu erreichen. Zur Entfernung von Matrixkomponenten wurde die 

Größenausschlusschromatographie (SEC) verwendet. Zur Auftrennung der Proteine 

anhand ihrer molekularen Größe, wurde Natriumdodecylsulfat-Polyacrylamidgel-

elektrophorese (SDS-PAGE) angewendet. Anschließend 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 für weitere Studien über die räumliche und zeitliche Variabilität von 

Biopartikeln und Allergenen in atmosphärischen Aerosolproben. 

2. Aufklärung des Mechanismus und der Kinetik der Nitrierung und Oligomerisierung von 

Tyrosinresten in Proteinen durch Ozon (O3) und Stickstoffdioxid (NO2). Hierfür wurden 

Proteine entweder auf die Wand eines Durchflussrohres aufgetragen oder in Lösung 

gebracht und O3 oder einer Mischung aus O3 und NO2 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 höheren Proteinoligomeren sowie ihrer individuellen 

Nitrierungsgrade (NDs) ermöglicht. Für die Reaktion von BSA mit O3 wurde die Bildung 

von Proteindimeren, -trimeren und höheren Oligomeren beobachtet. Die Ergebnisse von 

SDS-PAGE und Fluoreszenzanalyse zeigen, dass die Proteinquervernetzung auf die 

Bildung von intramolekularen Dityrosinen zurückzuführen ist. Für die Reaktion von BSA 

mit O3 und NO2 wurden mehr Tyrosinreste gefunden, die dem Nitrierungsweg folgen, als 

die den Weg der Oligomerisierung gehen. Abhängig von den Reaktionsbedingungen lag 

der Anteil an Oligomeren im Bereich von 2.5-25% und die NDs bei 0.5-7%. Das Ausmaß 

der Nitrierung und Oligomerisierung von Proteinen ist stark abhängig von ihrem 

Aggregatzustand (glasartig, halbfest, flüssig) und damit vom Diffusionsvermögen der 

Oxidationsmittel und Proteinmoleküle, das sich mit der relativen Luftfeuchtigkeit verändert. 

Die experimentellen Ergebnisse können unter Zuhilfenahme eines kinetischen 

Mehrschichtenmodells der Oberflächen- und Kernmaterialchemie beschrieben und erklärt 

werden. Die Reaktionsraten der beiden Prozesse reagierten feinfühlig auf einen Anstieg der 

O3-Konzentration, waren aber nahezu unempfindlich gegenüber Veränderungen in der 

umgebenden NO2-Konzentration. 

3. Freisetzung von freien Aminosäuren 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 Aminosäuren wurden durch HPLC-MS/MS-

Analyse als Produkte identifiziert. Darüber hinaus wurde eine seitenselektive Bildung von 

freien Aminosäuren beobachtet, die durch einen Reaktionsweg erklärt werden könnte, der 

Stickstoff-zentrierte Radikale beinhaltet. Die molaren Ausbeuten für Oxidationsreaktionen 

waren wesentlich größer für Glycin (Gly, ~32‐55 % für BSA, ~10‐21 % für Ovalbumin 

(OVA)) als für andere identifizierte Aminosäuren (z.B. Alanin, Asparaginsäure, und 
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Asparagin; ~5‐12 % für BSA, ~4‐6 % für 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 für weitere Untersuchungen der 

atmosphärischen Proteinchemie mit Luftschadstoffen. Sie sollen helfen, die Beziehungen 

zwischen durch Luftschadstoffe modifizierten Aeroallergenen und ihrer verstärkten 

Allergenität 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; Fröhlich-Nowoisky et al., 2016; Estillore et al., 2016; 

Pöschl 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; Pöschl 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; Fröhlich-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 (CO2) 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, NO2, 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 NO2) (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 Möhler, 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 Möhler, 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 
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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.  

 

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 O3 and NO2 (Shiraiwa et al., 2012; Reinmuth-Selzle et al., 2014; Sandhiya et 

al., 2014). Reactions of proteins with O3 and NO2 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 O3 with protein Tyr residues, likely tyrosyl 

radicals, and followed by the nitration via exposure to NO2. Kinetic experiments and modeling 

showed that the reaction rates are limited by the phase state of proteins and the diffusivity of 
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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 α‐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 

et al., 2017).  

In addition to nitration, tyrosyl radicals can also undergo cross‐linking to form dityrosine 

(DTyr) derivatives. It has been demonstrated that O3 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 O3, 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 µM s‐1) 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 O3 and 

NO2 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).  
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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, O3 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 O3‐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 O3/NO2 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 O3/NO2. 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 (Pöschl and Shiraiwa, 2015). It exhibits a very short 

lifetime (less than one second) and low mixing ratio (sub‐ppt, i.e., < pmol mol-1) in the lower 

troposphere. The major sources of OH in the lower troposphere include the photolysis of O3, 

NO2, nitric acids (HONO), etc. (Gligorovski et al., 2015). In biological systems, OH can be 
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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 > 10‐14 cm3 s‐1 (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 α‐carbon positions of the protein backbone. This is followed by a reaction with O2 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 

et al., 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.  
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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 O3, and study the mechanisms and kinetics of protein 

oligomerization under varying environmental conditions.  

4. Elucidate the oxidation, nitration and oligomerization reactions of proteins induced by O3 

and NO2, 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. 
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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. 

 

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 



 

9 
 

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/NO2.  

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 O3 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 O3 and protein molecules, 

occurred at much slower rates. From the experimental data, a chemical mechanism and rate 
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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 O3 and NO2 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 O3 concentrations, but rather insensitive 

to different NO2 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 tomolecular 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

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 μm
aerodynamic diameter) as well as in fine mode particles
(<2.5 μm) [12]. It has been shown that bacteria are most
frequently observed in ∼2–4 μm particles [13, 14], fungal
spores in the range of 2–10μm [15, 16], pollen grains between
10 and 100 μm [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 nm to 4 μm [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.

Materials and methods

Reagents

Bovine serum albumin (BSA; A5611), phosphate-buffered
saline tablet (PBS; P4417), glycine (G7126), β-
mercaptoethanol (M-6250), dithiothreitol (DTT; D5545),
iodoacetamide (IAM; I6125), 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 MΩ 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 Fröhlich-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 μm) 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 μg of
BSA dissolved in 100 μL H2O 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
BBicinchoninic acid assay .̂ All spiking experiments were per-
formed in triplicate.

The optimized extraction method (discussed in
BDevelopment of extraction method^) was applied to aerosol
filter samples. Briefly, filter aliquots (∼40 cm2) were cut out
from the whole filter and extracted twice with 2.0 mL 1×
Tris/Gly/SDS buffer in a 15-mL polypropylene (PP) vial by
sonication (frequency, 35 kHz; Bandelin, Sonorex Super 10P,

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 μL H2O 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 BAerosol 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 μLTris/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

Fig. 1 Schematic overview of the
developed method for the
metaproteomic analysis of
atmospheric aerosol samples.
Aerosol filter samples were
extracted and subjected to size
exclusion chromatography to
remove sample matrix before
BCA assay and SDS-PAGE
analysis. Five molecular size
fractions were excised from SDS-
PAGE gels and in-gel digested
before nano-LC-MS/MS with a
Hybrid Quadrupole-Orbitrap
mass spectrometer. Proteins were
identified using the MaxQuant
software for database searches
against the Swiss-Prot database
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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 μL) was pipetted into a size exclusion column
(PD Minitrap™ G-25) while a 50-μL 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 μL 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 μL 1× Lammli
sample buffer for SDS-PAGE and silver staining, as detailed
in BSDS-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 μL of standard and sample solutions, respectively, were
pipetted into the microwells (three wells per sample solution),
and 200 μL freshly prepared working reagent was added. The
microplate was incubated at 60 °C for 15min, 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 μL 1× Lammli sample buffer contain-
ing 2.5 % β-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

(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 forMass 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 μL 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 μL 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 μL 5 % ACN in H2O 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 μL 50 % ACN in H2O 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 μm inner
diameter) packed with C18 stationary phase material
(ReproSil-Pur 120 C18-AQ 1.9, 120 Å pore size, 1.9 μm 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 H2O with 0.1 % formic acid (buffer A)
and 80 % ACN in H2O 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 μL. 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 performedwithMaxquant (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
BProtein 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 (Δrecovery ∼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 H2O (as reference), 50 % ACN in H2O (common
extraction solvent for organic aerosol constituents), and aque-
ous buffer solutions commonly used in aerosol protein

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 H2O, H2O, 10 % PBS in H2O, and 50 % ACN
in H2O, 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 β-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 aerosol 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
BAssessment 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
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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

(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

Fig. 2 Protein recoveries
obtained for different extraction
solvents used for the extraction of
test filters spiked with 200 μg
BSA. The filter extraction
procedure and solvents are
detailed in BProtein extraction^

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

and after size exclusion; b observed BSA recovery for soot + BSA and
ammonium sulfate + BSA mixtures before and after size exclusion
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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 BSAmonomer 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

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 µg) 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 ofNeurospora 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

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 μL Tris/Gly/SDS buffer; lane C, 200 ng BSA in
500 μL Tris/Gly/SDS buffer; lane D, 200 ng BSA mixed with 0.4 mg
soot in 500 μLTris/Gly/SDS buffer. Right lane, protein molecular weight
marker

Metaproteomic analysis of atmospheric aerosol samples 6343

27



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

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
fromGlycine 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 BAssessment 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, HO2) [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
range)

Protein name Family/species Sum of
peptides

Unique
peptides

MW
(kDa)

(Unique) Peptide counts

F1 F2 F3 F4 F5

Mz02c (TSP) Glycinin G4 Fabaceae/Glycine max (soybean) 2 1 63.6 1 (0) 2 (1) 1 (0) 1 (0)

Glycinin G1 Fabaceae/G. max (soybean) 7 4 55.7 4 (3) 5 (3) 3 (1) 1 (1)

Glycinin G2 Fabaceae/G. max (soybean) 8 4 54.4 1 (0) 5 (3) 4 (2)

Beta-conglycinin,
alpha chain

Fabaceae/G. max (soybean) 9 6 70.3 2 (2) 9 (5) 4 (4)

Beta-conglycinin,
alpha’ chain

Fabaceae/G. max (soybean) 4 2 74.3 4 (2)

Major pollen allergen
Lol p 5a

Poaceae/Lolium perenne
(perennial ryegrass)

6 6 30.9 6 (2) 2 (2)

344b (<3 μm) ATP synthase subunit
beta

Saccharomycetaceae (yeasts)/– 7 1 54.8 5 (1) 3 (1) 6 (1) 3 (0) 1 (0)

Elongation factor 2 Saccharomycetaceae (yeasts)/– 3 1 93.2 3 (1) 1 (1)

Molecular size fractions: F1 (∼10–15 kDa), F2 (∼15–25 kDa), F3 (∼25–50 kDa), F4 (∼50–100 kDa), F5 (∼100–250 kDa)

Metaproteomic analysis of atmospheric aerosol samples 6345

29



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 aerosols. 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

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. 
 

Sample ID Size range Sampling period Sampled air 
volume (m3) 

Protein 
concentration 
(μg/m3) 

344a > 3 μm 
(coarse) 

22/06/2010-
29/06/2010 302 0.27 ± 0.01 

344b < 3 μm (fine) 22/06/2010-
29/06/2010 2722 0.13 ± 0.01 

Mz01a > 3 μm 
(coarse) 

02/06/2015-
09/06/2015 301 0.32 ± 0.02 

Mz01b < 3 μm (fine) 02/06/2015-
09/06/2015 2705 0.11 ± 0.01 

Mz01c TSP 02/06/2015-
09/06/2015 1002 1.14 ± 0.11 

Mz02c TSP 01/07/2015-
07/07/2015 975 1.27 ± 0.03 
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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. 

 

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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Sample ID (size range) Protein # Protein names Protein IDs                                          (from 

UniProtKB, www.uniprot.org)

Type of evidence for protein existence 

(from UniProtKB, www.uniprot.org)

Kingdoms of 

identified proteins

Phyla of      

identified proteins

Classes of             identified 

proteins

Orders of             

identified proteins

Families of            identified 

proteins

Genera of          

identified proteins

Potentially 

identified 

species (#)

Species of first 

Protein ID

Peptides (#) Razor + 

unique 

peptides (#)

Unique 

peptides (#)

Peptides 

in F1 (#)

Peptides 

in F2 (#)

Peptides 

in F3 (#)

Peptides 

in F4 (#)

Peptides 

in F5 (#)

Molecular 

weight 

(kDa)

Sequence 

coverage 

(%)

PEP Intensity

344a (> 3 µm) 1 Polcalcin Phl p 7 O82040 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Phleum 1 Phleum pratense 

(Common 

timothy)

3 3 2 3 8.7 39.7 1.14E-38 1.53E+08

2 Heat shock 70 kDa protein Q01233;Q5B2V1;P53421;Q96W30;O9386

6;Q00043;Q92260;P40918;P53623;Q0187

7;P87047;P10591;Q10265;P46587;P18694

;O59855;P48720;P41797

experimental evidence at transcript level Fungi Ascomycota/ 

Basidiomycota/ 

Bastocladiomycota

Sordariomycetes/ 

Eurotiomycetes/ 

Saccharomycetes/ 

Dothideomycetes/ 

Schizosaccharomycetes/ 

Pucciniomycetes/ 

Ustilaginomycetes/ 

Blastocladiomycetes

Sordariales/ … Sordariaceae/ … Neurospora/         

Fusarium/ …

19 Neurospora 

crassa (red bread 

mold)

2 2 2 1 1 70.6 3.7 4.76E-11 1.84E+07

3 High-molecular weight cobalt-containing 

nitrile hydratase subunit alpha

P21219 experimental evidence at protein level Bacteria Actinobacteria Actinobacteria Corynebacteriales Nocardiaceae Rhodococcus 1 Rhodococcus 

rhodochrous

2 2 2 1 1 22.8 11.3 3.42E-04 1.81E+07

4 Ovalbumin P01012 experimental evidence at protein level Anmial Chordata Aves Galliformes Phasianidae Gallus 1 Gallus gallus 

(Chicken)

6 6 5 6 42.9 24.1 1.27E-95 2.32E+08

5 Protein S100-A7 Q28050 experimental evidence at protein level Anmial Chordata Mammalia Artiodactyla Bovidae Bos 1 Bos taurus 

(Bovine)

3 3 3 3 11.5 26.7 1.49E-09 4.57E+07

344b (< 3 µm) 6 Malate dehydrogenase 1, mitochondrial;Malate 

dehydrogenase 2, mitochondrial;Malate 

dehydrogenase, chloroplastic

P83373;B3H269;B0BQN0;A3N1U6;Q9ZP

06;Q9LKA3;Q43744;P17783;Q9SN86;P85

920;P86074;Q7VP41;O82399;Q42972

experimental evidence at protein level Plant/             

Bacteria

Streptophyta/ 

Proteobacteria

Magnoliopsida/ 

Conferopsida/      Liliopsida/ 

Gammaproteobacteria

Rosales/             

Brassicales/       

Cucurbitales/         

Solanales/                   

Poales/              

Coniferales/   

Pasteurellales

Rosaceae/              

Brassicaceae/     

Benincaseae/       Solanaceae/                  

Poaceae/                  Pinaceae/           

Pasteurellaceae

Fragaria/       

Arabidopsis/      

Brassica/          

Citrullus/                

Oryza/            Capsicum/          

Pseudotsuga/        

Actinobacillus/         

Haemophilus    

14 Fragaria 

ananassa 

(Strawberry)

3 3 3 2 2 2 35.5 7.1 4.26E-08 2.12E+08

7 Ribulose bisphosphate carboxylase large chain P25414;P25413;P93936;Q95694;P92445;P

93890;Q33162;P93906;Q36800;P28261;P9

2463;P28262;P25836;P25829;P92306;P28

259;Q9BA49;Q6ENG6;P48684;P11383;P0

C512;P0C511;P0C510;A8Y9H8;A6MML5;

A1EA16;A9L9A4;P48683;P05698;Q3V526

;Q3BAN4;A9LYA9;P51994;Q37227;Q8M

D78

experimental evidence at protein level Plant Streptophyta Liliopsida Poales/                  

Asparagales/          

Arecales/               

Acorales/           

Alismatales/       

Dioscoreales

Poaceae/                   

Iridaceae/          

Aspraragaceae/ 

Hyacinthaceae/       

Arecaceae/         

Bromeliaceae/         

Acoraceae/                Araceae

Aegilops/                 Iris/                        

Oryza/                   

Avena/                

Triticum/             

Lolium/              

Hordeum/ ...

35 Tricium 

aestivum 

(wheat) 

3 3 1 3 1 1 47.0 7.6 3.90E-09 3.27E+08

8 14-3-3-like protein GF14-F Q06967;Q9SP07;P42653;P29305 experimental evidence at protein level Plant Streptophyta Liliopsida Poales/                      

Liliales/                     

Fabales

Poaceae/                   

Liliaceae/                    

Fabaceae

Oryza/                   

Lilium/                    

Vicia/                 

Hordeum

4 Oryza sativa 

subsp. japonica 

(Rice)

3 3 1 2 2 29.2 11.5 6.10E-10 4.83E+07

9 Hydrophobic seed protein P24337 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

2 2 2 2 8.4 25 2.77E-14 6.21E+08

10 Beta-conglycinin, alpha chain P13916 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

2 2 1 1 1 70.3 3.5 2.50E-06 1.22E+07

11 Major pollen allergen Lol p 5a Q40240 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Lolium 1 Lolium perenne 

(Perennial 

ryegrass)

2 2 1 2 30.9 5.5 1.82E-04 1.11E+07

12 ATP synthase subunit beta, mitochondrial P00830;P49376;P85446;P23704 experimental evidence at protein level Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Saccharomyces/ 

Kluyveromyces/ 

Penicillium/      

Neurospora

4 Saccharomyces 

cerevisiae 

(baker's yeast)

7 7 1 5 3 6 3 1 54.8 19.4 9.88E-79 1.56E+09

13 Eukaryotic translation initiation factor 5A-1 P23301;O94083;P38672 experimental evidence at protein level Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Saccharomyces 3 Saccharomyces 

cerevisiae 

(baker's yeast)

2 2 2 2 17.1 8.3 2.30E-06 2.77E+07

14 Elongation factor 2 Q6BJ25;Q875S0;A5DI11;Q874B9;Q754C8

;Q6CPQ9;P32324

experimental evidence at protein level Fungi Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Debaryomyces/ 

Lachancea/ 

Meyerozyma/ 

Komagataella/ 

Eremothecium/ 

Kluyveromyces/ 

Saccharomyces

7 Saccharomyces 

cerevisiae 

(Baker's yeast)

3 3 1 3 1 93.2 4 3.65E-09 3.58E+07

15 Histone H2B P78567 experimental evidence at transcript level Fungi Basidiomycota Agaricomycetes Agaricales Agaricaceaea Agaricus 1 Agaricus 

bisporus (White 

button 

mushroom)

2 2 1 1 1 15.2 17.5 6.22E-08 3.24E+07

16 Small COPII coat GTPase SAR1 P0CR31;P0CR30;Q0UKC0;Q877B9;Q6FU

Z9;Q5EMZ6;Q5BGB9;Q4WJS7;Q0CUN7;P

78976;P0C951;P0C950;P0C583;A1D4D1;

A1CRG9;Q9P4C8;Q755D7;Q6CWR7;Q6C

B54;Q6BVA7;Q59S78;Q2HA55;P20606;A

5E5G3;A5DR82;A3LTA2

protein inferred from homology Fungi Basidiomycota/ 

Ascomycota

Tremellomycetes/ 

Dothideomycetes/ 

Eurotiomycetes/ 

Saccharomycetes/ 

Sordariomycetes

Tremellales/    

Pleosporales/         

Eurotiales/       

Saccharomycetales/      

Hypocreales/     Sordariales

Tremellaceae/ 

Phaeosphaeriaceae/ 

Aspergillaceae/ 

Saccharomycetaceae/ 

Hypocreaceae/ Sordariaceae/ 

Phaffomycetaceae/ 

Dipodascaceae/ 

Debaryomycetaceae/ 

Chaetomiaceae

Cryptococcus/ 

Aspergillus/       

Emericella/ 

Neosartorya/ 

Trichoderma/ 

Neurospora/ 

Debaryomyces/ 

Saccharomyces/ 

Lodderomyces/ 

Meyerozyma/ 

Scheffersomyces/ …

26 Cryptococcus 

neoformans

4 4 2 4 21.4 22.8 1.73E-25 6.48E+07

17 Ras-related protein Rab-11A P36412;Q5ZJN2;Q5R9M7;Q52NJ1;Q2TA2

9;P62494;P62493;P62492;P62491;P62490;

Q3MHP2;Q15907;P46638;P22129;O35509

experimental evidence at protein level Amoebozoa/       

Animal

Chordata Mycetozoa/                    

Aves/                      

Mammalia

Dictyosteliida/ 

Galliformes/ …

… Dictyostelium/                

Gallus/                       

Sus/                          Bos/                         

Rattus/                   Mus/                      

Homo/                      

Canis/ …

15 Dictyostelium 

discoideum 

(slime mold)

2 2 2 2 24.0 10.7 2.83E-04 1.75E+07

18 40S ribosomal protein S14 P19115 protein inferred from homology Fungi Ascomycota Sordariomycetes Sordariales Sordariaceae Neurospora 1 Neurospora 

crassa (red bread 

mold)

2 2 1 2 16.0 18.7 2.95E-09 6.31E+07

19 40S ribosomal protein S5 Q7RVI1 protein inferred from homology Fungi Ascomycota Sordariomycetes Sordariales Sordariaceae Neurospora 1 Neurospora 

crassa (red bread 

mold)

2 2 1 1 2 1 23.7 10.8 5.78E-12 2.88E+07

20 Heat shock 70 kDa protein Q01233;Q5B2V1;P53421;Q96W30;O9386

6;Q00043

experimental evidence at transcript level Fungi Ascomycota Sordariomycetes/ 

Eurotiomycetes/ 

Saccharomycetales

Sordariales/          

Eurotiales/        

Saccharomycetales/        

Onygenales

Sordariaceae/ 

Aspergillaceae/    Pichiaceae/ 

Arthrodermataceae/ 

Ajellomycetaceae

Neurospora/       

Emericella/          

Ogataea/ 

Paracoccidioides/ 

Trichophyton/ 

Histoplasma

6 Neurospora 

crassa (red bread 

mold)

4 4 4 4 2 1 70.6 7.4 4.76E-11 1.20E+08

21 Nucleoside diphosphate kinase A9B9E7;A2STK8 protein inferred from homology Bacteria/         

Archaea

Cyanobacteria/ 

Euryarchaeota

Methanomicrobia Prochlorales/ 

Methanomicrobiales

Prochloraceae/ 

Methanocorpusculaceae

Prochlorococcus/ 

Methanocorpusculum

2 Prochlorococcus 

marinus

2 2 2 2 1 16.7 13.9 1.84E-09 7.32E+06

22 Histone H3-like 1;Histone H3.3-like type 

2;Histone H3.2;Histone H3-like 5;Putative 

histone H3.3-like type 3;Histone H3.3 type 

2;Histone H3.3;Histone H3.1;Histone 

H3.1t;Histone H3.3 type 1;Histone H3;Histone 

H3.1/H3.2;Histone H3.3C;Histone H3-like 2

Q9U7D1;Q9FX60;Q76MV0;Q71T45;Q6LC

K1;Q6LBE3;Q5MYA4;Q2RAD9;Q27532;P

69248;P69246;P68430;P68429;P68428;P6

8427;P59226;P08903;A2Y533;Q9FKQ3;P

81198;P81201;P81200;P81199;P81197;P8

1196;P81195;Q27489;Q7XYZ0;Q55BP0;Q

55BN9;Q402E1;Q22RG7;P69150;P69149;

P41353;P15512;Q9FXI7;O15819;Q9MBF6

experimental evidence at transcript level Amoebozoa/      

Bacteria/           

Fungi/           Animal/             

Plant

… … … … … 39 Mastigamoeba 

balamuthi

2 2 2 2 1 15.2 14.8 1.10E-04 1.92E+08

23 ATP synthase subunit alpha, mitochondrial Q9XXK1;P37211;C6E9F3;B9LZ86;B5YI2

2;B5EFI9;B3EA03;A5G9D6;A1ALL5;Q74

GY2;Q39Q54;Q2N8Z5;A5V3X3

experimental evidence at protein level Animal/              

Fungi/                 

Bacteria

Nematoda/ 

Ascomycota/ 

Proteobacteria

Chromadorea/ 

Sordariomycetes/ 

Deltaproteobacteria

Rhabditida/         

Sordariales/ …

Rhabditidae/        

Sordariaceae/ …

Caenorhabditis/ 

Neurospora/ …

13 Caenorhabditis 

elegans

2 2 1 2 57.8 5 1.50E-05 6.16E+07

24 Selenium-binding protein 2;Selenium-binding 

protein 1

Q63836;P17563 experimental evidence at protein level Animal Chordata Mammalia Rodentia Muridae Mus 2 Mus musculus 

(Mouse)

2 2 2 1 2 52.6 2.5 1.04E-05 3.70E+08

25 Latherin P82615 experimental evidence at protein level Animal Chordata Mammalia Perissodactyla Equidae Equus 1 Equus caballus 

(Horse)

2 2 1 1 1 1 24.7 10.5 3.68E-13 2.71E+07

26 Ovalbumin P01012 experimental evidence at protein level Anmial Chordata Aves Galliformes Phasianidae Gallus 1 Gallus gallus 

(Chicken)

2 2 2 1 1 42.9 9.1 1.27E-95 3.95E+07

Mz02c (TSP) 27 Beta-conglycinin, alpha chain P13916 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

9 9 6 2 9 4 70.3 16.7 0.00E+00 4.38E+08

28 Hydrophobic seed protein P24337 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

3 3 3 2 1 1 8.4 37.5 1.09E-262 2.99E+09

29 Glycinin G4 P02858 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

2 2 2 1 2 1 1 63.6 6 4.70E-230 4.50E+08

30 Glycinin G2 P04405 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

7 7 4 1 5 4 54.4 21.2 9.30E-125 2.64E+08

31 Beta-conglycinin, alpha' chain P11827 experimental evidence at transcript level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

4 4 2 4 74.3 7.2 1.67E-114 8.49E+06

32 Beta-conglycinin, beta chain P25974 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

4 4 3 1 3 50.6 11.4 2.49E-110 1.83E+07

33 Trypsin inhibitor A P01070;P85278;P01071;P25272 experimental evidence at protein level Plant Streptophyta Magnoliopsida/      

Liliopsida

Fabales/           Zingiberales Fabaceae/         Zingiberaceae Glycine/            

Curcuma

4 Glycine max 

(Soybean)

3 3 3 3 24.0 14.4 7.17E-10 4.68E+07

34 Glycinin G1 P04776 experimental evidence at protein level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

7 4 4 4 5 3 1 55.7 16.2 1.98E-41 8.59E+08

35 P24 oleosin isoform B P29531 experimental evidence at transcript level Plant Streptophyta Magnoliopsida Fabales Fabaceae Glycine 1 Glycine max 

(Soybean)

2 2 1 1 2 23.4 13.5 5.32E-06 1.60E+08

36 Major pollen allergen Lol p 5b Q40237 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Lolium 1 Lolium perenne 

(perennial 

ryegrass)

5 5 5 5 33.8 21.8 1.76E-124 3.07E+08

37 Major pollen allergen Lol p 5a Q40240 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Lolium 1 Lolium perenne 

(Perennial 

ryegrass)

6 6 6 6 2 30.9 26.4 9.96E-16 3.42E+08

38 Pollen allergen Lol p 2-A P14947 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Lolium 1 Lolium perenne 

(Perennial 

ryegrass)

3 3 1 3 10.9 36.1 3.72E-09 1.70E+08

39 Pollen allergen Dac g 3 P93124 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Dactylis 1 Dactylis 

glomerata 

(Orchard grass)

2 2 1 2 10.9 27.1 8.46E-15 2.96E+08

40 Pollen allergen Phl p 5a Q40962 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Phleum 1 Phleum pratense 

(Common 

timothy)

3 3 2 1 3 28.5 15 1.40E-12 1.03E+08

41 Polcalcin Phl p 7 O82040 experimental evidence at protein level Plant Streptophyta Liliopsida Poales Poaceae Phleum 1 Phleum pratense 

(Common 

timothy)

2 2 1 2 8.7 29.5 4.63E-05 8.62E+07

42 Calmodulin-5 Q682T9;Q39752;Q7Y052;Q03509;P93087;

P62202;P62201;P62200;P62199;P59220;P

48976;P0DH98;P0DH97;P27164;Q7DMP0

;Q7DMN9;Q6F332;P93171;P41040;P1792

8;P0DH96;P0DH95;P04464;P04353;A2Y6

09

experimental evidence at protein level Plant Streptophyta Magnoliopsida/          

Liliopsida

Brassicales/                

Poales /                   

Fagales/ …

Brassicaceae/            

Poaceae/                 Fagaceae/ 

…

Arabidopsis/             Zea/                         

Fagus/ …

25 Arabidopsis 

thaliana      

(Mouse-ear cress)

2 2 1 1 2 16.8 17.6 2.48E-11 1.19E+08

43 Coatomer subunit gamma Q6Z382 experimental evidence at transcript level Plant Streptophyta Liliopsida Poales/                     

Liliales/                     

Fabales

Poaceae/                    

Liliaceae/                   

Fabaceae

Oryza/                  

Lilium/                     

Vicia/               Hordeum

1 Oryza sativa 

subsp. japonica 

(Rice)

2 2 1 2 98.6 3.7 2.05E-10 2.45E+07

44 ATP synthase subunit beta Q01859;P19023;P17614;P85088;P29685;P

37399;P83484;P83483;Q9C5A9;P38482

experimental evidence at protein level Plant Streptophyta Liliopsida/      

Magnoliopsida

Poales/                 

Solanales/            

Malpighiales/             

Vitales/                    

Apiales/           Brassicales/  

Chlamydomonadales    

Poaceae/                 

Solanaceae/   Euphorbiaceae/          

Vitaceae/                     

Apiaceae/          Brassicaceae/     

Chlamydomonadaceae

Oryza/                     Zea/                   

Nicotiana/                 

Hevea/                   Vitis/                      

Daucus/             

Arabidopsis /          

Chlamydomonas

10 Oryza sativa 

subsp. japonica 

(Rice)

5 4 3 1 4 58.9 13.4 7.97E-53 1.40E+08

45 Glyceraldehyde-3-phosphate dehydrogenase 2 P08477;Q7FAH2;Q6K5G8;Q43247;Q0J8A

4;Q09054;P26520;P26517;P25861;P08735

;A2YQT7;Q9FX54;P34922;P34921;P2585

8;P04796;P34783;P09094;Q6FPW3;Q6BM

K0;P26519;Q42671;P17878;P26521;Q6CC

U7;P26518

experimental evidence at transcript level Plant/                  

Fungi

Streptophyta/           

Ascomycota

Liliopsida/         

Magnoliopsida/ 

Saccharomycetes

Poales/                  

Solanales/              

Lamiales/ ... 

Saccharomycetales

Poaceae/              Solanaceae/    

Plantaginaceae/ … 

Saccharomycetaceae/ 

Debaryomycetaceae/ 

Dipodascaceae

Hordeum/                 Zea/                      

Petunia/              

Antirrhinum/ … 

Nakaseomyces/ 

Debaryomyces/   

Yarrowia

26 Hordeum vulgare 

(Barley)

2 2 2 1 2 2 33.2 9.5 4.02E-06 3.00E+08

46 14-3-3-like protein A P29305 experimental evidence at transcript level Plant Streptophyta Liliopsida Poales Poaceae  Hordeum 1 Hordeum vulgare 

(Barley)

2 2 2 2 1 29.4 11.1 1.82E-08 7.08E+07

47 ATP synthase subunit alpha P37211 protein inferred from homology Fungi Ascomycota Sordariomycetes Sordariales Sordariaceae Neurospora 1 Neurospora 

crassa

2 2 2 2 59.5 4.9 4.99E-11 7.88E+07

48 40S ribosomal protein S14 P19115 protein inferred from homology Fungi Ascomycota Sordariomycetes Sordariales Sordariaceae Neurospora 1 Neurospora 

crassa

4 4 2 4 16.0 34.7 1.34E-10 2.17E+08

49 Superoxide dismutase [Cu-Zn] P07509 experimental evidence at protein level Fungi Ascomycota Sordariomycetes Sordariales Sordariaceae Neurospora 1 Neurospora 

crassa

2 2 1 2 15.9 13 3.46E-04 1.50E+08

50 Glyceraldehyde-3-phosphate dehydrogenase Q9HGY7;Q8X1X3;Q00640;Q5RAB4;P044

06;Q12552;Q9P8C0;Q9HFX1;Q8J1H3;P53

430;P29497;P28844;P19089;Q96US8;Q8

WZN0;P54118;P35143;P80534

experimental evidence at transcript level Fungi/                

Animal

Ascomycota/ 

Chordata

Eurotiomycetes/ 

Leotiomycetes/ 

Dothideomycetes/ 

Sordariomycetes/ Mammalia

Eurotiales/        

Erysiphales/     

Pleosporales/     

Sordariales/ ...       

Primates/               Rodentia

Aspergillaceae/ 

Erysiphaceae/ 

Phaeosphaeriaceae/ 

Sordariaceae/ …   

Hominidae/             

Dipodidae

Aspergillus/        

Blumeria/ 

Parastagonospora/ 

Sordaria/ …          

Pongo/                     

Homo/                 Jaculus

18 Aspergillus 

oryzae 

2 2 2 1 2 2 36.2 8.6 1.57E-254 1.15E+08
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51 Calmodulin Q9UWF0;P61861;P61860;P61859;P60206;

P60205;P60204;P07463

protein inferred from homology Fungi/             

Alveolata

Ascomycota/    

Ciliophora 

Sordariomycetes/ 

Eurotiomycetes/ 

Oligohymenophorea

Magnaporthales/ 

Glomerellales/  

Sordariales/          

Onygenales/       Eurotiales/          

Peniculida

Magnaporthaceae/ 

Glomerellaceae/ 

Sordariaceae/ 

Ajellomycetaceae/ 

Aspergillaceae/ Parameciidae

Magnaporthe/ 

Colletotrichum/ 

Neurospora/ 

Histoplasma/  

Aspergillus/ 

Paramecium

8 Magnaporthe 

oryzae

2 2 2 2 1 17.0 16.1 6.29E-32 9.16E+07

52 ADP,ATP carrier protein Q09188 experimental evidence at transcript level Fungi Ascomycota  Schizosaccharomycetes Schizosaccharomycetales Schizosaccharomycetaceae Schizosaccharomyces 1 Schizosaccharo

myces pombe 

(Fission yeast)

3 3 1 2 1 1 35.0 9 2.04E-09 3.71E+07

53 Histone H4 P09322;Q8NIG3;Q8J1L3;Q75AX1;Q757K

0;P91890;P90516;Q8T7J8;Q6ZXX3;P0230

9

experimental evidence at protein level Fungi/           Animal/          

Alveolata

Ascomycota/ 

Basidiomycota/  

Arthropoda/    

Ciliophora/ 

Apicomplexa

Schizosaccharomycetes/ 

Saccharomycetes/ 

Ustilaginomycetes/                                

Insecta/            

Heterotrichea/          

Coccidia

Schizosaccharomycetales/ 

Saccharomycetales/ 

Ustilaginales/            

Hymenoptera/ 

Heterotrichida/ 

Eucoccidiorida

Schizosaccharomycetaceae/ 

Saccharomycetaceae/ 

Trichomonascaceae/ 

Ustilaginales/     

Trichogrammatidae/ 

Blepharismidae/      

Eimeriidae

Schizosaccharomyces/          

Blastobotrys/       

Ustilago/ …     

Trichogramma/ 

Blepharisma/         

Eimeria

10 Schizosaccharo

myces pombe 

(Fission yeast)

2 2 1 2 1 11.4 29.1 9.58E-98 3.12E+08

54 Enolase P42040 experimental evidence at protein level Fungi Ascomycota Dothideomycetes Capnodiales Cladosporiaceae Cladosporium 1 Davidiella 

tassiana

2 2 2 1 2 47.5 6.8 3.30E-129 1.41E+08

55 Trihydroxynaphthalene reductase P87025 protein inferred from homology Fungi Ascomycota Sordariomycetes  Glomerellales Glomerellaceae Colletotrichum 1 Colletotrichum 

orbiculare

2 2 2 1 2 29.8 7.8 9.45E-08 8.65E+07

56 ATP-dependent RNA helicase eIF4A Q0UU86;A4QVP2;Q7RV88;A6R3R5;Q2H

FP1;A7EGL7;A6RJ45;A1CJT5;P47943;Q6

CDV4;P10081;A6ZQJ1;Q6FQQ6;A7TK55;

A5DB98;Q0CXD0;Q6BRN4;P87206;A5D

VM3;A3GFI4;Q5B948;Q1DQ20;A2QEN5;

Q2UPY3

protein inferred from homology Fungi Ascomycota Dothideomycetes/ 

Sordariomycetes/ 

Eurotiomycetes/ 

Leotiomycetes/ 

Schizosaccharomycetes/ 

Saccharomycetes

Pleosporales/ 

Magnaporthales/ 

Onygenales/ …

Phaeosphaeriaceae/ 

Magnaporthaceae/ 

Ajellomycetaceae/ …

Parastagonospora/ 

Magnaporthe/ 

Histoplasma/ …

24 Phaeosphaeria 

nodorum 

(Glume blotch 

fungus)

3 3 2 1 2 2 44.5 8.8 5.66E-07 1.45E+08

57 Malate dehydrogenase 1 B3H269;B0BQN0;A3N1U6;P83373;Q9ZP

06;Q9LKA3;Q43744;P17783;Q9SN86;P85

920;P86074;Q7VP41

protein inferred from homology for bacteria, 

experimenta evidence at protein/transcript 

level for plant protein

Bacteria/            Plant Proteobacteria/ 

Streptophyta 

Gammaproteobacteria/ 

Magnoliopsida/     Pinopsida

Pasteurellales/         

Rosales/            

Brassicales/        

Cucurbitales/          Pinales/                  

Solanales

Pasteurellaceae/          

Rosaceae/          

Brassicaceae/  

Cucurbitaceae/         

Pinaceae/                 

Solanaceae

Actinobacillus/ 

Haemophilus/       

Fragaria/       

Arabidopsis/      

Brassica/            

Citrullus/ ...

12 Actinobacillus 

pleuropneumoni

ae serotype 7 

2 2 2 1 1 2 33.4 3.8 8.75E-103 9.27E+07

58 Ovalbumin P01012 experimental evidence at protein level Anmial Chordata Aves Galliformes Phasianidae Gallus 1 Gallus gallus 

(Chicken)

2 2 1 1 1 42.9 8.5 1.09E-05 4.27E+07

59 Latherin P82615 experimental evidence at protein level Animal Chordata Mammalia Perissodactyla Equidae Equus 1 Equus caballus 

(Horse)

3 3 1 3 2 24.7 15.8 2.10E-27 1.36E+08

assignement of taxonomic rank ambigous at kingdom revel

assignement of taxonomic rank ambigous at phylum level
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Sample ID (size range) Sequence Amino acid before First amino acid Second amino acid Second last amino acid Last amino acid Amino acid after A Count R Count N Count D Count C Count Q Count E Count G Count H Count I Count L Count K Count M Count F Count P Count S Count T Count W Count Y Count V Count U Count Length Missed cleavages Mass Proteins Leading razor protein Unique (Groups) Unique (Proteins) Charges PEP Score Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Intensity
344a (> 3μm) FDTNGDGKISLSELTDALR R F D L R T 1 1 1 3 0 0 1 2 0 1 3 1 0 1 0 2 2 0 0 0 0 19 1 2051.017 O82040 O82040 yes yes 3 3 26E-27 175 33 0 1 4 78E+07

ISLSELTDALR K I S L R T 1 1 0 1 0 0 1 0 0 1 3 0 0 0 0 2 1 0 0 0 0 11 0 1216.666 O82040 O82040 yes yes 2 1.03E-09 145.91 0 1 7.94E+07
TLGSTSADEVQR R T L Q R M 1 1 0 1 0 1 1 1 0 0 1 0 0 0 0 2 2 0 0 1 0 12 0 1262.61 O82040;P94092 O82040 yes no 2 3.39E-03 96.745 0 1 2.60E+07
DAGLIAGLNVLR K D A L R I 2 1 1 1 0 0 0 2 0 1 3 0 0 0 0 0 0 0 0 1 0 12 0 1210.703 Q01233;Q5B2V1;P53421;Q96W30;O93866;Q00043;Q92260;P40918;P87047;Q10265;O59855 Q01233 yes no 2 2.46E-03 107.06 0.471 1 1.06E+07
ARFEELCQDLFR R A R F R S 1 2 0 1 1 1 2 0 0 0 2 0 0 2 0 0 0 0 0 0 0 12 1 1582.756 Q01233;Q5B2V1;P53421;Q96W30;O93866;Q00043;Q92260;P53623;Q01877;P87047 Q01233 yes no 3 5.11E-04 96.067 1 1 7.85E+06
DFGFDIPDEVEVR R D F V R V 0 1 0 3 0 0 2 1 0 1 0 0 0 2 1 0 0 0 0 2 0 13 0 1536.71 P21219 P21219 yes yes 2 7.99E-03 110.29 0 1 6.33E+06
GLITPAAVDR R G L D R V 2 1 0 1 0 0 0 1 0 1 1 0 0 0 1 0 1 0 0 1 0 10 0 1011.571 P21219 P21219 yes yes 2 4.28E-02 93.096 0 1 1.18E+07
AFKDEDTQAMPFR K A F F R V 2 1 0 2 0 1 1 0 0 0 0 1 1 2 1 0 1 0 0 0 0 13 1 1554.714 P01012 P01012 yes yes 2 2.29E-04 116.19 0 2 1.28E+07
ELINSWVESQTNGIIR R E L I R N 0 1 2 0 0 1 2 1 0 3 1 0 0 0 0 2 1 1 0 1 0 16 0 1857.959 P01012 P01012 yes yes 2 8.38E-33 179.79 0 1 2.63E+07
GGLEPINFQTAADQAR R G G A R E 3 1 1 1 0 2 1 2 0 1 1 0 0 1 1 0 1 0 0 0 0 16 0 1686.833 P01012 P01012 yes yes 2 6 36E-06 106 6 0 1 9 26E+07
HIATNAVLFFGR K H I G R C 2 1 1 0 0 0 0 1 1 1 1 0 0 2 0 0 1 0 0 1 0 12 0 1344.73 P01012 P01012 yes yes 2,3 5.89E-11 149.23 0 2 5.30E+07
ISQAVHAAHAEINEAGR K I S G R E 5 1 1 0 0 1 2 1 2 2 0 0 0 0 0 1 0 0 0 1 0 17 0 1772.892 P01012;P19104 P01012 yes no 2,3 1 23E-09 116 51 0 2 1 67E+07
VTEQESKPVQMMYQIGLFR R V T F R V 0 1 0 0 0 3 2 1 0 1 1 1 2 1 1 1 1 0 1 2 0 19 1 2283.139 P01012 P01012 yes yes 3 1.43E-35 183.77 0.943 2 3.11E+07
GRDYLSNIFEK R G R E K Q 0 1 1 1 0 0 1 1 0 1 1 1 0 1 0 1 0 0 1 0 0 11 1 1340.673 Q28050 Q28050 yes yes 2 4 92E-02 67 519 0 1 2 26E+07
RGRDYLSNIFEK K R G E K Q 0 2 1 1 0 0 1 1 0 1 1 1 0 1 0 1 0 0 1 0 0 12 2 1496.774 Q28050 Q28050 yes yes 3 9.87E-03 83.204 0 1 6.28E+06
YSGSDDTIEKEDLLR K Y S L R L 0 1 0 3 0 0 2 1 0 1 2 1 0 0 0 2 1 0 1 0 0 15 1 1739.821 Q28050 Q28050 yes yes 3 3 07E-06 115 91 0 1 1 68E+07

344b (< 3 μm) ALGILNLNR R A L N R N 1 1 2 0 0 0 0 1 0 1 3 0 0 0 0 0 0 0 0 0 0 9 0 982.5924 P24337 P24337 yes yes 2 2.23E-04 130.27 1 5.34E+08
ALRLEDLR R A L L R I 1 2 0 1 0 0 1 0 0 0 3 0 0 0 0 0 0 0 0 0 0 8 1 984.5716 P25414;P25413;P93936;Q95694;P92445;P93890;Q33162;P93906;Q36800;P28261;P92463;P28262;P25836;P25829;P92306;P28259;Q9BA49;Q6ENG6;P48684;P11383;P0C512;P0C511;P0C510;A8Y9H8;A6MML5;A1EA16;A9L

9A4;P48683;P05698;Q3V526;Q3BAN4;A9LYA9;P51994;Q37227;Q8MD78
P25414 no no 2,3 2.29E-03 118.33 2 2 2 3.03E+08

AMAILNSFVNDIFER K A M E R I 2 1 2 1 0 0 1 0 0 2 1 0 1 2 0 1 0 0 0 1 0 15 0 1738.871 P78567 P78567 yes yes 2 3 16E-06 120 7 1 2 73E+07
ARFEELCQDLFR R A R F R S 1 2 0 1 1 1 2 0 0 0 2 0 0 2 0 0 0 0 0 0 0 12 1 1582.756 Q01233;Q5B2V1;P53421;Q96W30;O93866;Q00043;Q92260;P53623;Q01877;P87047 Q01233 yes no 3 5.11E-04 96.067 1 5.70E+06
DAGLIAGLNVLR K D A L R I 2 1 1 1 0 0 0 2 0 1 3 0 0 0 0 0 0 0 0 1 0 12 0 1210.703 Q01233;Q5B2V1;P53421;Q96W30;O93866;Q00043;Q92260;P40918;P87047;Q10265;O59855 Q01233 yes no 2 2 46E-03 107 06 2 4 36E+07
DDLFNINAGIVR R D D V R S 1 1 2 2 0 0 0 1 0 2 1 0 0 1 0 0 0 0 0 1 0 12 0 1345.699 P83373;O82399;Q42972 P83373 yes no 2 2.61E-03 86.463 1 1.20E+07
DSTLIMQLLR K D S L R D 0 1 0 1 0 1 0 0 0 1 3 0 1 0 0 1 1 0 0 0 0 10 0 1188.654 P29311;P42656;P34730;P85939;P85938;P68253;P68251;Q26537;P29308;P29309;P42650;P42648;Q7T356;Q8AVQ3;Q6UFZ9;Q5ZLQ6;Q5XHK2;Q5XGC8;Q5PRD0;Q91896;Q6Q6X0;Q6P4Z5;Q5ZMD1;Q5ZKC9;Q5RFJ2;Q5R

651;Q52M98;Q3SZI4;P68255;P68254;P63104;P63103;P63102;P63101;P29361;P27348;Q9CQV8;Q4R572;Q04917;P68511;P68510;P68509;P68250;P35213;P31946;A4K2U9;Q96451;Q6UFZ3;Q6PCG0;Q6PC29;Q6NRY9;Q5RC
20;Q5F3W6;Q2F637;P68252;P61983;P61982;P61981;Q8MUA4;Q8MM75;Q20655;Q1HR36;Q0VC36;P48349;P48348;P41932;P31947;P29310;O77642;O70456;P93206;O49996;Q26540;P93207;P54632;Q43643;P93208;Q5ZMT
0;P93210;P62262;P62261;P62260;P62259;P62258;P42644;O49995;Q6ZKC0;Q96450;P93784;P93211;O49998;Q41418;Q01525;P52908;O65352;P93343;P93209;P46266;P42652;P29307;P49106;Q99002;Q7XTE8;Q6EUP4;Q434
70;P92177;Q84J55;P93259;Q96300;Q2R2W2;Q25538;P46077;P42643;P42645;P42657;O49997;O96436;P85942;Q9U408;Q6UFZ2;Q41246;Q9S9Z8;P93212;P48347;Q5QNB8;Q96452;Q8SW28;Q96453;P93214;P42654;Q96299;
Q9C5W6;O42766;Q06967;Q9SP07;P42653;P29305;Q24902

Q06967 no no 2 6.81E-03 80.231 1 1 1.42E+07

EAYPGDVFYLHSR R E A S R L 1 1 0 1 0 0 1 1 1 0 1 0 0 1 1 1 0 0 2 1 0 13 0 1552.731 Q9XXK1;P37211;Q40611;Q05FY3;Q85X67;P41602;Q85FQ8;Q06J68;Q20EV9;Q4G397;Q9CER8;Q8RGE0;Q180W8;Q02XA3;A4W1V9;A4VVK1;A2RMI4;Q9TL16;Q9PJ21;Q8E5V0;Q8E074;Q5M5J3;Q5M106;Q5HX61;Q3K1J
7;Q3A944;Q1JHN7;Q03LX5;P95787;P08215;C0MH19;C0M718;B9KES1;B9DRT4;B4U2D9;A8FJR0;A7H1H9;A2RFC4;A1VXI8;Q9K6H3;Q9A0I9;Q8P1K6;Q81JZ3;Q72XE6;Q72E02;Q6HAX7;Q6GEX0;Q6G7K5;Q630U1;Q5X
CY2;Q5HE95;Q4L7Y6;Q48UD5;Q2YUJ9;Q2FWE8;Q2FF22;Q24MN9;Q1JMJ1;Q1JCL5;Q1J7G1;P99111;P63676;P63675;P50000;P17674;P0DA03;P0DA02;C6E9F3;C5CIV6;C4XI08;C4KYS5;C3P1F6;C3LFI1;C1F0N0;B9LZ86
;B9IRT9;B8FZ36;B8DRD0;B7JGN2;B7IQW0;B7HY67;B7HFK4;B5YI22;B5XKP9;B5EFI9;B4U989;B3EA03;B1YMR6;B1HM54;B0THN4;B0JWV1;A9VSA5;A9KK94;A8YY72;A7X4U5;A7GV58;A6U3J0;A6QIU9;A5IUQ0;A5
G9D6;A4ITJ1;A1VFJ3;A1ALL5;A0RL97;Q8F2J2;Q8DLP3;Q8CNJ5;Q74K17;Q74GY2;Q72SY1;Q6B8Q8;Q5HMB7;Q5FKY2;Q49Z52;Q3Z8Z4;Q39Q54;Q1WUC8;Q1GAW7;Q05372;Q04ZU3;Q04S16;Q04BA5;Q00820;O66907;
C0Z778;B9E8E8;B7KKR4;A8YUJ9;A0T0P4;Q9TM26;Q927W2;Q8Y4C0;Q88UU1;Q71WP7;Q1XDP5;Q0P3K5;Q0AUD1;Q06SI2;Q06RE6;P51242;C3KYJ1;C1FQP3;B9DX63;B2V6N6;B1MW87;B1KSS6;B1IE32;B0SLC6;B0S
DA3;A7G9Q7;A7FQH7;A6QB61;A5N3H9;A5HY50;A4QLR8;A0ALL5;Q9Z689;Q9MUT2;Q9MTL7;Q814W0;Q7V5S7;Q32RL1;Q31RF1;Q112Z6;Q03V27;Q02848;P48080;P35009;P08449;B8HPK1;B1A920;B0Z5D4;B0Z4W6;B
0Z4N2;B0BZL2;A8MJW1;A8G6V1;A8EV72;A7ZC35;A7I175;A7H019;A6TK63;A6Q4C2;A3PET9;A2BT25;A0T0F1;A0RR28;Q8RC17;Q67TB9;Q2JSW1;Q2JIG0;Q19VA5;Q042L3;P56294;P30392;O99015;A6YG64;A4QJR8;A3
DIM7;Q8S8Y3;Q85FN4;Q85AU2;Q7YJY4;Q70XV0;Q6YXK3;Q6L3A1;Q6EW63;Q6ENW6;Q6ENH7;Q68S21;Q5SCX6;Q589B3;Q49L13;Q3V549;Q3C1H4;Q3BAQ7;Q33C53;Q2RFX7;Q2QDA3;Q2MIK2;Q2MIB5;Q2L8Z1;Q27
S65;Q1KVU0;Q14FH2;Q0ZJ35;Q0G9X7;Q0G9N4;Q09X32;Q09MJ3;Q09G61;Q09FX6;Q06H12;Q06GS5;Q06FX6;P56757;P0C2Z6;P0C2Z5;P0C2Z4;P06450;P06283;B7IG42;B7GMF5;B2Y1W2;B1NWD5;B0Z550;B0YPM5;A9
LYH0;A9L981;A8W3H5;A8W3A9;A8SE59;A7Y3A4;A7M8Y9;A7HJV9;A6MMS9;A6MMJ2;A6MMA7;A6MM21;A6LJR3;A6H5F1;A4QLH9;A4QL91;A4QL04;A4QKR6;A4QKH7;A4QK90;A4QK03;A4QJI4;A4QJA0;A4GYP3;A
1XGM3;A1XFU0;A1E9S1;A0ZZ20;A0A320;Q8WI30;Q332Y4;Q1KXW5;Q1ACM8;P26526;B9JTR4;A6BM08;A2T317;Q98EV6;Q92LK6;Q8YJ37;Q8UC74;Q8FYR3;Q89X72;Q5NQZ1;Q57B86;Q2YLI5;Q2VZN0;Q2N8Z5;Q2K3
G8;Q2G5N7;Q1MAZ0;Q1GQS7;Q11DD7;P72245;C3M9S3;C0RF52;B8IN03;B8EQP9;B7KUA4;B5ZSN9;B3PQ70;B2S7M5;B1ZEE9;B0UE41;A9WWS4;A9W2R3;A9M839;A7IH29;A7HT50;A6WXW9;A6UDM3;A5VSE3;A5V3
X3;A5E948;A4YKD8;Q9BBS3;Q9A2V7;Q92G86;Q6NDD0;Q4UK16;Q3SVJ4;Q2PMS8;Q2J3I2;Q2IHQ9;Q21CY5;Q1QQS5;Q13DP4;Q0AKV8;Q07UZ3;C4K229;B8JCV2;B8H5I2;B6JD06;B4UKF2;B4RD45;B1LVH1;B0T338;B
0BVB8;A8HS15;A8GTS8;A8F2U2;A5FZ52;A4GGB2;Q6G1W7;Q6FYM1;Q4FP36;Q0C0Z8;Q0BQE6;A9IYX0;A7M951;A1UR47;A1B8N8;Q8MA05;Q68VU6;Q5P4E4;Q5LNN9;Q477Z3;Q3J433;Q32RS8;Q28TJ8;Q1IIG6;Q162S
7;P05439;O50288;B9KPI6;B3CSS9;B2KEX0;A8LJR6;A8GY42;A8GPZ6;A7HIX9;A5CD07;A4WUM9;A3PIB7;A1K1S0;Q8Z9S4;Q8XU74;Q8E8B8;Q82XQ0;Q7WEM7;Q7W3A8;Q7VU46;Q7NCS3;Q6CYJ3;Q663Q6;Q65Q05;Q
63PH8;Q62FR7;Q60CR6;Q5NIK5;Q4QN62;Q48AW2;Q46VX8;Q3SF64;Q3JXV6;Q3IK48;Q39KX8;Q2YCA5;Q2STE7;Q2NQ88;Q2KU34;Q2A1I0;Q21DK6;Q1LHK8;Q1GEU6;Q1CCH3;Q1C093;Q1BRA8;Q15MU2;Q14K08;Q1
3SQ0;Q12HP9;Q0K5M5;Q0HPF9;Q0HD77;Q0BK82;Q0BJL7;Q0AJB2;Q0A4M6;Q07VU2;P43714;C6DJH0;C5BKJ7;C4LDW2;B8GRC0;B8F772;B8EDV2;B8CVU7;B4RS83;B4F0E5;B4EEY7;B2UGV1;B2SEX9;B2K845;B1YQ
L2;B1XSD2;B1KQ36;B1JSV5;B1JRN0;B0TWS5;B0TQF6;A9R5U1;A9KX08;A9HY40;A9H9A4;A9AJG2;A8HAG5;A8G7M6;A8G1W7;A7NEH6;A7FPE2;A6WUJ2;A5UGZ1;A5UA09;A5EXJ7;A5CVI8;A4YCI0;A4TSJ1;A4SUT2
;A4STP5;A4JA33;A4IW22;A3QJR2;A3P0Z2;A3NF42;A3MQJ7;A3DAR6;A2S6K0;A1WZT3;A1V8T3;A1T0Z1;A1SBU2;A1RQB2;A1JTC8;A1AXU4;A0Q8E1;A0L2T0;A0KQY0;A0K2Y1;Q9HT18;Q88BX2;Q87TT2;Q7P097;Q4
ZL22;Q4K3A7;Q4FQ35;Q48BG3;Q3K439;Q2S6N9;Q1QSC8;Q1Q897;Q1I2I5;Q0VKX2;Q02DF2;P41167;C3K1E8;C1D5G4;B7V793;B7JB86;B7I1W2;B7H296;B5ER44;B3PIS9;B2I100;B1JFU3;B0VBP5;B0KRB0;A6W3T0;A6V
F34;A5WBV9;A5WBA5;A4Y189;A4VS64;A3M142;Q9PE83;Q9JXQ0;Q9JW72;Q8PGG5;Q8PCZ7;Q87E88;Q5H4Y6;Q5F4Z2;Q4UQF2;Q3BP13;Q2P7Q6;B4SJS1;B2SQB2;B2I862;B2FHZ0;B0U5A0;B0RWC4;A9M121;A1KW1
3;Q223D4;Q12GQ2;C5CNB3;A9AVV2;A2SC68;A1VIV0;Q831A3;P26679;Q6FFK2;A1TJ39;Q04G22;B8G6G8;A9WGS6;B1W0A5;Q6MS92;Q6F204;Q2ST36;A6H2D7;A5FL34;Q8KAW8;Q3AUA7;Q11YP1;B4SGC7;B3EL39;B3
EHU6;A7NIR1;A1BJF5;A5UQN5;Q9K4D5;Q82J82;P50001;B3EU98;C1F3N8;P24487;B3QWX7;A1WF56;B8CZ12;B2GLY8;Q83HY2;Q83G89;Q6NHT1;A1A3C7;Q8G7B1;B7GTZ1;B3DTV2;C5C1U6;Q6AG60;Q6A8C5;Q5Z0
Y3;Q4JUJ8;P08428;P07251;B8HAZ1;B1VFY5;B0RED6;A9WNC6;A5CQ58;A1R7V5;A0JY66;Q8FQ22;C3PFR3;B8DWS4;Q79VG7;Q47M80;Q0SGP7;C1AW01;C1A1Y0;A4QDH1;A1SHI9;P49375;B1MLW0;A4FN29;P63674;P
63673;C1AMV2;B2HQK4;A5U207;A1KI96;A0PUK2;A8M2J5;A4XAW4;Q2J6N1;Q0RDB2;P35381;A6W7G7;Q5R546;Q03265;P25705;P19483;P15999;A8L3W3;A5A6H5;Q73X57;A0QCX6;A0LSL4;P45825;B8ZR40;A9GHR6;
Q9PR12;B1AIC1

Q9XXK1 no no 2,3 8.13E-04 92.039 2 4.91E+07

EGELVFGVAR R E G A R I 1 1 0 0 0 0 2 2 0 0 1 0 0 1 0 0 0 0 0 2 0 10 0 1075.566 P19115 P19115 yes yes 2 3 90E-04 121 73 1 4 18E+07
EIAQDFKTDLR R E I L R F 1 1 0 2 0 1 1 0 0 1 1 1 0 1 0 0 1 0 0 0 0 11 1 1334.683 Q9U7D1;Q9FX60;Q76MV0;Q71T45;Q6LCK1;Q6LBE3;Q5MYA4;Q2RAD9;Q27532;P69248;P69246;P68430;P68429;P68428;P68427;P59226;P08903;A2Y533;Q9FKQ3;P83864;P06353;Q6LCW8;Q42681;P50564;P08437;Q9U2

81;Q9HDN1;Q8WSF1;Q76N23;Q757N1;Q71V89;Q71U98;Q71LE2;Q71H73;Q71DI3;Q711T2;Q6RUR1;Q6PI79;Q6PI20;Q6P823;Q6LED0;Q6LBF0;Q6LBE8;Q6BRZ5;Q64400;Q5RCC9;Q5E9F8;Q59VN2;Q4QRF4;Q4PB04;Q4
P7J7;Q3C2E5;Q28D37;Q16695;Q10453;Q0JCT1;P84250;P84249;P84248;P84247;P84246;P84245;P84244;P84243;P84239;P84238;P84237;P84236;P84235;P84234;P84233;P84232;P84231;P84230;P84229;P84228;P84227;P69
245;P69244;P68433;P68432;P68431;P61836;P61833;P61831;P61830;P59169;P22843;P10651;P09988;P08898;P06902;P02302;P02301;P02299;A5PK61;A5DWE2;A5DFC5;A3LXD5;A2XHJ3;P0CO05;P0CO04;Q6C0C4

Q9U7D1 yes no 2,3 5.09E-03 90.697 3 1.66E+08

EMTLGFVDLLR R E M L R D 0 1 0 1 0 0 1 1 0 0 3 0 1 1 0 0 1 0 0 1 0 11 0 1292.68 P25414;P25413;P93936;Q95694;P92445;P93890;Q33162;P93906;Q36800;P28261;P92463;P28262;P25836;P25829;P92306;P28259;Q9BA49;Q6ENG6;P48684;P11383;P0C512;P0C511;P0C510;A8Y9H8;A6MML5;A1EA16;A9L
9A4;P48683;P05698;Q3V526;Q3BAN4;A9LYA9;P51994;Q37227;Q8MD78

P25414 yes no 2 7.33E-03 75.819 1 1.81E+07

FFEITPEKNPQLR K F F L R D 0 1 1 0 0 1 2 0 0 1 1 1 0 2 2 0 1 0 0 0 0 13 1 1617.852 P25974;P13916 P13916 yes no 3 6 73E-04 92 856 1 1 14E+07
FIPSLEAAVK K F I V K Q 2 0 0 0 0 0 1 0 0 1 1 1 0 1 1 1 0 0 0 1 0 10 0 1073.612 Q40240;P56166;P56164 Q40240 yes no 2 2.81E-02 35.71 1 4.43E+06
FRPGTVALR R F R L R E 1 2 0 0 0 0 0 1 0 0 1 0 0 1 1 0 1 0 0 1 0 9 1 1015.593 Q9U7D1;Q9FX60;Q76MV0;Q71T45;Q6LCK1;Q6LBE3;Q5MYA4;Q2RAD9;Q27532;P69248;P69246;P68430;P68429;P68428;P68427;P59226;P08903;A2Y533;Q9FKQ3;P81198;P81201;P81200;P81199;P81197;P81196;P81195;

Q27489;Q7XYZ0;Q55BP0;Q55BN9;Q402E1;Q22RG7;P69150;P69149;P41353;P15512;Q9FXI7;O15819;Q9MBF6
Q9U7D1 yes no 3 2.15E-02 74.269 1 1 2.63E+07

FTQAGSEVSALLGR R F T G R I 2 1 0 0 0 1 1 2 0 0 2 0 0 1 0 2 1 0 0 1 0 14 0 1434.747 P00830;P49376;P85446;Q05825;Q9PTY0;Q5ZLC5;Q3A605;Q39ZU1;Q74GY0;Q39Q56;C6E9F1;B9LZ84;B5EFI7;A5G9D8;B3EA01;A1AP52;A1ALL7;P72247;Q5LNP1;Q162S9;A8LJR4;A1B8P0;Q0C100;A4WUM7;Q11DD5;Q
25117;Q07233;Q0QEP2;P42467;Q8RGE2;Q8KAC9;Q3B6W8;Q3AP13;P35110;B4SAN6;B3EJK9;B3EDQ7;A4SC45;A1BCJ2;Q9PR15;Q8EM83;Q4A604;B5ZAW1;B1AIB8;A8MJV9;A7GV56;A6TK65;A5N3H7;Q24MP1;B8FZ3
4;B3QUP6;Q04G20;Q03V29;P50002;B1MW85;Q88UU3;Q9A0I7;Q97PT6;Q8P1K5;Q8E5U8;Q8E072;Q8DP44;Q831A5;Q814W2;Q72XE8;Q5XCY0;Q5M5J1;Q5M104;Q48UD3;Q3K1J5;Q1JMI9;Q1JHN5;Q1JCL3;Q1J7F9;Q04
HT9;Q03LX3;P95789;P43451;P0DA05;P0DA04;C1CSC8;C1CLK6;C1CF93;C1C899;C0MH17;C0M720;B9IRT7;B9DRT6;B8ZLA9;B7IQV8;B7HY64;B7HFK1;B5XKQ1;B5E670;B4U2E1;B2IQX0;B1ICS9;A8AYG1;A4W1V7;A
4VVJ9;A3CM14;A2RFC2;Q9CES0;Q81JZ5;Q6HAY0;Q630U3;Q2LR05;Q03EL4;Q02XA5;C3P1F4;C3LFH9;C1F0M8;C0Z776;B7JGN0;A9VSA3;A2RMI2;A0RL95;Q9K6H5;Q8CNJ7;Q72E04;Q6KI82;Q6GEX2;Q6G7K7;Q5WB7
8;Q5HMB9;Q5HE97;Q4L7Y4;Q49Z50;Q313W0;Q2YUK1;Q2FWF0;Q2FF24;Q03234;P99112;P63680;P63679;P22478;A8YY70;A7X4U3;A6U3I8;A6QIU7;A5IUP8;A5CYE2;A1VFJ5;Q6AQ10;Q03QY8;P42466;P33253;B9E8E6;
B9DME3;B8DRD2;B1HM56;B0THN2;A9AVV4;Q67TB7;Q4FP38;B8FGT4;A9KK92;A4J999;Q9LA80;Q92G88;Q927W4;Q8Y4C1;Q71WP9;Q65DX4;Q5KUJ3;Q3A946;Q1RKD7;P42006;P41009;P37809;P12698;P07677;C5D99
0;C4K227;C3PLT1;B8J439;B7GMF3;B0BVB6;A8GY40;A8GTS6;A8GPZ4;A8FIB2;A8F2U0;A8F004;A7Z9Q0;A4ITI9;A0ALL3;Q4UK18;Q2VZN2;Q2RV18;Q28TJ6;Q1GEU8;P05038;O50290;A9F3R4;Q98QU5;Q6MS94;Q5033
1;Q3J431;B2G691;A5VIR1;A3PIB9;Q3SVJ1;Q38WK5;Q2ST34;Q2J3I4;Q21CY7;Q1QQS8;Q13DP2;Q07UZ5;P47639;Q89X74;Q1GAW5;Q04BA3;Q74K15;Q042L5;A5E950;A4YKE0;Q1CX36;P42469;A7HIX7;Q2IHQ2;Q02BU
1;Q5FRC5;Q03A18;B3WDL8;B6YQC5;Q11Y90;Q92LK8;Q5LD89;P13356;C3M9S1;A6L8P2;A6UDM1;A6L4L7;Q8YJ35;Q8FYR5;Q57B88;Q2YLE6;A9WWS2;A9M837;A5VSE1;A1UR49;P46561;A7HT52;B3PQ68;B5ZSN7;A
8HS10;Q2K3H0;A7IH31;Q1MAZ2;Q8UC76;P00829;P56480;P10719;P06576;A0T0R6;P49647;A0T0D2;P23704

P00830 no no 2,3 5.54E-17 165.64 1 2 1 1 6.56E+08

GAVGALLVYDIAK R G A A K Q 3 0 0 1 0 0 0 2 0 1 2 1 0 0 0 0 0 0 1 2 0 13 0 1288.739 P36412;Q5ZJN2;Q5R9M7;Q52NJ1;Q2TA29;P62494;P62493;P62492;P62491;P62490;Q3MHP2;Q15907;P46638;P22129;O35509 P36412 yes no 2 9 95E-03 78 964 1 1 01E+07
GGLEPINFQTAADQAR R G G A R E 3 1 1 1 0 2 1 2 0 1 1 0 0 1 1 0 1 0 0 0 0 16 0 1686.833 P01012 P01012 yes yes 2 6.36E-06 106.6 1 2.94E+07
GISELGIYPAVDPLDSK R G I S K S 1 0 0 2 0 0 1 2 0 2 2 1 0 0 2 2 0 0 1 1 0 17 0 1772.92 P00830;P49376;P85446;P23704 P00830 no no 2 2.82E-12 136.26 1 1 5.44E+07
GLVGEILSR R G L S R F 0 1 0 0 0 0 1 2 0 1 2 0 0 0 0 1 0 0 0 1 0 9 0 942.5498 A9B9E7;A2STK8 A9B9E7 yes no 2 4.08E-02 82.287 1 7.32E+06
GVRPAINVGLSVSR K G V S R V 1 2 1 0 0 0 0 2 0 1 1 0 0 0 1 2 0 0 0 3 0 14 1 1423.826 Q9XXK1;P37211;C6E9F3;B9LZ86;B5YI22;B5EFI9;B3EA03;A5G9D6;A1ALL5;Q74GY2;Q39Q54;Q2N8Z5;A5V3X3 Q9XXK1 yes no 3 1.84E-02 68.972 1 1.25E+07
IFASFNDTFVHVTDLSGR R I F G R E 1 1 1 2 0 0 0 1 1 1 1 0 0 3 0 2 2 0 0 2 0 18 0 2024.996 P19115;P27069 P19115 yes no 3 7.56E-06 87.676 1 2.13E+07
IINVIGEPIDERGPIK R I I I K S 0 1 1 1 0 0 2 2 0 5 0 1 0 0 2 0 0 0 0 1 0 16 1 1761.999 P00830 P00830 yes yes 2,3 1.52E-17 169.02 2 2 2 1.30E+08
IKPVVIINKVDR R I K D R A 0 1 1 1 0 0 0 0 0 3 0 2 0 0 1 0 0 0 0 3 0 12 2 1392.882 Q6BJ25 Q6BJ25 yes yes 3 1 44E-04 122 39 1 1 2 10E+07
IPTGELQIVDKIDAAFK K I P F K I 2 0 0 2 0 1 1 1 0 3 1 2 0 1 1 0 1 0 0 1 0 17 1 1857.025 Q40240 Q40240 yes yes 3 1.82E-04 100.04 1 1.11E+07
KETYSSYIYK R K E Y K V 0 0 0 0 0 0 1 0 0 1 0 2 0 0 0 2 1 0 3 0 0 10 1 1280.629 P78567;P04913;Q8J1F8;Q6FWM8;Q6BKW7;A5DJJ1;A5DBG5;Q6BRG2;Q59VP1;P48989;Q6FM30;P02294;P02293;A5DWF0;A3LZZ1;A3LXE6;Q74ZL5;Q6CMV8;Q6CK60;Q875B7;Q5G577;Q4HTT2;Q2HH38;P37210;Q7Z9J

4;Q6C4I7;Q1E5N0;Q4WWC5;Q0U1A0;Q0CBD1;P23754;A1D8G9;A1CJ09;Q2U5A9;A2QY49
P78567 yes no 2 1.97E-02 88.596 1 5.06E+06

KLFGVTTLDVVR K K L V R A 0 1 0 1 0 0 0 1 0 0 2 1 0 1 0 0 2 0 0 3 0 12 1 1346.792 P83373;B3H269;B0BQN0;A3N1U6;Q9ZP06;Q9LKA3;Q43744;P17783;Q9SN86;P85920;P86074;Q7VP41 P83373 yes no 2,3 1 68E-03 94 023 2 1 3 26E+07
LAFGHCSLLPR R L A P R A 1 1 0 0 1 0 0 1 1 0 3 0 0 1 1 1 0 0 0 0 0 11 0 1269.665 P82615 P82615 yes yes 3 1.92E-03 94.767 1 1 1.07E+07
LATLQPTLHPTSEELAIGNVK R L A V K F 2 0 1 0 0 1 2 1 1 1 4 1 0 0 2 1 3 0 0 1 0 21 0 2231.216 P0CR31;P0CR30 P0CR31 yes no 3 9 30E-21 133 93 1 2 43E+07
LFGVTTLDVVR K L F V R A 0 1 0 1 0 0 0 1 0 0 2 0 0 1 0 0 2 0 0 3 0 11 0 1218.697 P83373;B3H269;B0BQN0;A3N1U6;Q9ZP06;Q9LKA3;Q43744;P17783;Q9SN86;P85920;P86074;Q7VP41 P83373 yes no 2 9.71E-03 87.184 1 1 1.67E+08
LILPGLISSR K L I S R I 0 1 0 0 0 0 0 1 0 2 3 0 0 0 1 2 0 0 0 0 0 10 0 1067.67 Q63836;P17563 Q63836 yes no 2 2 49E-02 83 862 1 3 19E+08
LLFLGLDNAGK K L L G K T 1 0 1 1 0 0 0 2 0 0 4 1 0 1 0 0 0 0 0 0 0 11 0 1159.66 P0CR31;P0CR30;Q0UKC0;Q877B9;Q6FUZ9;Q5EMZ6;Q5BGB9;Q4WJS7;Q0CUN7;P78976;P0C951;P0C950;P0C583;A1D4D1;A1CRG9;Q9P4C8;Q755D7;Q6CWR7;Q6CB54;Q6BVA7;Q59S78;Q2HA55;P20606;A5E5G3;A5D

R82;A3LTA2
P0CR31 yes no 2 2.48E-02 77.062 1 3.15E+07

LLQLSLEFSPDSK R L L S K G 0 0 0 1 0 1 1 0 0 0 4 1 0 1 1 3 0 0 0 0 0 13 0 1475.787 P82615;Q865V1 P82615 yes no 2 1 92E-10 138 02 2 1 64E+07
LVLEVAQHLGENTVR K L V V R T 1 1 1 0 0 1 2 1 1 0 3 0 0 0 0 0 1 0 0 3 0 15 0 1676.921 P00830;P49376;Q05825;Q9PTY0;Q5ZLC5;Q24751;P72247;Q5LNP1;Q162S9;A8LJR4;A1B8P0;Q0C100;A4WUM7;Q11DD5;Q25117;A6WXX1;Q6G1W9;Q6FYM3;A9IYW6;A7HT52;A8HS10 P00830 no no 2,3 1.50E-24 172.91 2 1 1 2.14E+08
LVNHFVQEFKR R L V K R K 0 1 1 0 0 1 1 0 1 0 1 1 0 2 0 0 0 0 0 2 0 11 1 1415.767 Q01233;Q01877;P18694;P48720 Q01233 yes no 3 2 29E-02 49 448 1 5 74E+06
NKLILPGLISSR R N K S R I 0 1 1 0 0 0 0 1 0 2 3 1 0 0 1 2 0 0 0 0 0 12 1 1309.808 Q63836;P17563 Q63836 yes no 2,3 4.16E-04 106.26 2 5.08E+07
NLLSVAYK R N L Y K N 1 0 1 0 0 0 0 0 0 0 2 1 0 0 0 1 0 0 1 1 0 8 0 906.5175 P29311;P42656;P34730;P85939;P85938;P68253;P68251;Q26537;P29308;P29309;P42650;P42648;Q7T356;Q8AVQ3;Q6UFZ9;Q5ZLQ6;Q5XHK2;Q5XGC8;Q5PRD0;Q91896;Q6Q6X0;Q6P4Z5;Q5ZMD1;Q5ZKC9;Q5RFJ2;Q5R

651;Q52M98;Q3SZI4;P68255;P68254;P63104;P63103;P63102;P63101;P29361;P27348;Q9CQV8;Q4R572;Q04917;P68511;P68510;P68509;P68250;P35213;P31946;A4K2U9;Q96451;Q6UFZ3;Q6PCG0;Q6PC29;Q6NRY9;Q5RC
20;Q5F3W6;Q2F637;P68252;P61983;P61982;P61981;Q8MUA4;Q8MM75;Q20655;Q1HR36;Q0VC36;P48349;P48348;P41932;P31947;P29310;O77642;O70456;P93206;O49996;Q26540;P93207;P54632;Q43643;P93208;Q5ZMT
0;P93210;P62262;P62261;P62260;P62259;P62258;P42644;O49995;Q6ZKC0;Q96450;P93784;P93211;O49998;Q41418;Q01525;P52908;O65352;P93343;P93209;P46266;P42652;P29307;P49106;Q99002;Q7XTE8;Q6EUP4;Q434
70;P92177;Q84J55;P93259;Q96300;Q2R2W2;Q25538;P46077;P42643;P42645;P42657;O49997;O96436;Q6UFZ8;Q9U408;Q6UFZ2;Q39757;P93342;Q01526;O42766;Q06967;Q9SP07;P42653;P29305;Q24902

Q06967 no no 1 9.77E-03 78.324 1 2.00E+07

NLQLILNSCGR R N L G R S 0 1 2 0 1 1 0 1 0 1 3 0 0 0 0 1 0 0 0 0 0 11 0 1286.677 P24337 P24337 yes yes 2 1 24E-10 155 1 8 68E+07
NMSVIAHVDHGK R N M G K S 1 0 1 1 0 0 0 1 2 1 0 1 1 0 0 1 0 0 0 2 0 12 0 1306.645 Q6BJ25;Q875S0;A5DI11;Q23716;P15112;Q875Z2;Q6FYA7;O14460;O23755;Q1HPK6;P13060;P28996;P29691;Q90705;Q5R8Z3;Q3SYU2;P58252;P13639;P09445;P05197;A0SXL6;Q96X45;Q5A0M4;C4YJQ8;Q874B9;Q754C8

;Q6CPQ9;P32324
Q6BJ25 no no 3 3.59E-03 79.492 1 4.64E+06

QAVDVSPLRR R Q A R R V 1 2 0 1 0 1 0 0 0 0 1 0 0 0 1 1 0 0 0 2 0 10 1 1139.641 Q9P3T6;O14277;Q5E988;P97461;P46782;P24050;P26783;Q24186;Q9VFE4;Q7RVI1 Q7RVI1 no no 2,3 6.71E-08 160.36 2 1 1.58E+07
SPQLQNLR R S P L R D 0 1 1 0 0 2 0 0 0 0 2 0 0 0 1 1 0 0 0 0 0 8 0 954.5247 P13916 P13916 yes yes 2 3 72E-03 53 968 1 7 65E+05
STIGVEFATR K S T T R T 1 1 0 0 0 0 1 1 0 1 0 0 0 1 0 1 2 0 0 1 0 10 0 1079.561 P36412;Q5ZJN2;Q5R9M7;Q52NJ1;Q2TA29;P62494;P62493;P62492;P62491;P62490;Q3MHP2;Q15907;P46638;P22129;O35509;Q9SN35;Q9LNW1;Q39434;P17610;Q9FK68;Q40523;Q40193;Q39572;Q39222;Q9LK99;Q9FJH0

;Q9FIF9;Q96283;Q40521;P40393;O49513;O04486;Q1PEX3;P51996;P38555
P36412 yes no 2 2.84E-02 81.017 1 7.41E+06

STLTDSLVQR K S T Q R A 0 1 0 1 0 1 0 0 0 0 2 0 0 0 0 2 2 0 0 1 0 10 0 1118.593 Q6BJ25;Q875S0;A5DI11;Q874B9;Q754C8;Q6CPQ9;P32324 Q6BJ25 no no 2 7.07E-03 105.98 1 1.02E+07
TFLAIKPDGVQR R T F Q R G 1 1 0 1 0 1 0 1 0 1 1 1 0 1 1 0 1 0 0 1 0 12 1 1343.756 A9B9E7;Q8YRP2;Q3M7K5;B2IX22;Q8DM56;Q7VEG3;Q7V3M8;A2BU01 A9B9E7 yes no 2 3 4 51E-08 116 24 3 0 00E+00
TFQGPPHGIQVER K T F E R D 0 1 0 0 0 2 1 2 1 1 0 0 0 1 2 0 1 0 0 1 0 13 0 1464.747 Q31NB3;P00880;B2J8T2;P25414;P25413;P93936;Q95694;P92445;P93890;Q33162;P93906;Q36800;P28261;P92463;P28262;P25836;P25829;P92306;P28259;Q9BA49;Q6ENG6;P48684;P11383;P0C512;P0C511;P0C510;A8Y9

H8;A6MML5;A1EA16;A9L9A4;P48683;P05698;Q3V526;Q3BAN4;A9LYA9
P25414 no no 2 2.33E-04 117.08 1 5.79E+06

TIAMDGTEGLVR R T I V R G 1 1 0 1 0 0 1 2 0 1 1 0 1 0 0 0 2 0 0 1 0 12 0 1261.634 P00830;P49376;Q05825;Q9PTY0;Q5ZLC5;Q24751;P83484;P83483;Q9C5A9;P00829;P56480;P10719;P06576 P00830 no no 2 4.70E-03 70.089 1 0.00E+00
TTLLHMLK K T T L K N 0 0 0 0 0 0 0 0 1 0 3 1 1 0 0 0 2 0 0 0 0 8 0 955.5525 Q4P0I7;Q01475;Q23445;Q01474;P52884;O04834;O04266;O04267;Q9Y6B6;Q9QVY3;Q9NR31;Q9CQC9;Q5R548;Q5PYH3;Q5HZY2;Q52NJ3;Q3T0T7;Q3T0D7;P52885;P0CR31;P0CR30;Q0UKC0;Q877B9;Q6FUZ9;Q5EMZ6;

Q5BGB9;Q4WJS7;Q0CUN7;P78976;P0C951;P0C950;P0C583;A1D4D1;A1CRG9;Q9P4C8;Q755D7;Q6CWR7;Q6CB54;Q6BVA7;Q59S78;Q2HA55;P20606;A5E5G3;A5DR82;A3LTA2
P0CR31 no no 2 2.28E-02 75.109 1 4.59E+06

TTLLHMLKNDR K T T D R L 0 1 1 1 0 0 0 0 1 0 3 1 1 0 0 0 2 0 0 0 0 11 1 1340.724 Q4P0I7;Q01475;P0CR31;P0CR30;Q0UKC0;Q877B9;Q6FUZ9;Q5EMZ6;Q5BGB9;Q4WJS7;Q0CUN7;P78976;P0C951;P0C950;P0C583;A1D4D1;A1CRG9;Q9P4C8;Q755D7;Q6CWR7;Q6CB54;Q6BVA7;Q59S78;Q2HA55;P206
06;A5E5G3;A5DR82;A3LTA2

P0CR31 no no 3 3.29E-02 65.179 1 4.46E+06

TTPSFVAFTDTER R T T E R L 1 1 0 1 0 0 1 0 0 0 0 0 0 2 1 1 4 0 0 1 0 13 0 1470.699 Q01233;Q5B2V1;P53421;Q96W30;O93866;Q00043;P40918;P53623;P10591;P46587;P41797 Q01233 yes no 2 1 65E-03 88 092 1 1 6 47E+07
VALVFGQMNEPPGAR K V A A R A 2 1 1 0 0 1 1 2 0 0 1 0 1 1 2 0 0 0 0 2 0 15 0 1584.808 P00830;P49376;P85446;P23704 P00830 no no 2 4.68E-06 109.83 1 3.53E+07
VHLVAIDIFTGK K V H G K K 1 0 0 1 0 0 0 1 1 2 1 1 0 1 0 0 1 0 0 2 0 12 0 1311.755 P23301;O94083;P38672 P23301 yes no 2 2.46E-03 104.59 1 1.99E+07
VHLVAIDIFTGKK K V H K K L 1 0 0 1 0 0 0 1 1 2 1 2 0 1 0 0 1 0 0 2 0 13 1 1439.85 P23301;O94083;P38672 P23301 yes no 3 9.33E-04 83.204 1 7.74E+06
VNQAIALLTTGAR R V N A R E 3 1 1 0 0 1 0 1 0 1 2 0 0 0 0 0 2 0 0 1 0 13 0 1326.762 Q7RVI1 Q7RVI1 yes yes 2 8.61E-05 99.991 1 1.30E+07
VTEQESKPVQMMYQIGLFR R V T F R V 0 1 0 0 0 3 2 1 0 1 1 1 2 1 1 1 1 0 1 2 0 19 1 2283.139 P01012 P01012 yes yes 3 1.43E-35 183.77 1 1.01E+07
VVDLLAPYAR K V V A R G 2 1 0 1 0 0 0 0 0 0 2 0 0 0 1 0 0 0 1 2 0 10 0 1115.634 P00830;P49376;Q3A605;Q39ZU1;Q74GY0;Q39Q56;C6E9F1;B9LZ84;B5EFI7;A5G9D8;B3EA01;A1AP52;A1ALL7;A7HT52;B3PQ68;B5ZSN7;Q1MAZ2;P23704 P00830 no no 2 1.26E-02 96.342 1 1 1 1 4.66E+08
YLAEFKSGAERK R Y L R K E 2 1 0 0 0 0 2 1 0 0 1 2 0 1 0 1 0 0 1 0 0 12 2 1397.73 Q06967;Q9SP07;P42653 Q06967 yes no 2,3 1 10E-02 84 479 2 1 41E+07

Mz02c (TSP) AAAQNIIPASTGAAK R A A A K A 6 0 1 0 0 1 0 1 0 2 0 1 0 0 1 1 1 0 0 0 0 15 0 1382.752 P70685 P70685 yes yes 2 3.85E-03 115.06 1 1 1.47E+08
AAPLDQAIGLLVATFHK M A A H K Y 4 0 0 1 0 1 0 1 1 1 3 1 0 1 1 0 1 0 0 1 0 17 0 1763.993 Q98953 Q98953 yes yes 2 5.38E-221 214.54 1 7.27E+07
AAQDIANAELAPTHPIR K A A I R L 5 1 1 1 0 1 1 0 1 2 1 0 0 0 2 0 1 0 0 0 0 17 0 1786.933 P29308;O49995;P93784;P93211;O65352;P29307;P46077 P29308 yes no 2,3 3.33E-04 122.14 2 3.67E+07
AASFNIIPSSTGAAK R A A A K A 4 0 1 0 0 0 0 1 0 2 0 1 0 1 1 3 1 0 0 0 0 15 0 1433.751 P08477;Q7FAH2;Q6K5G8;Q43247;Q0J8A4;Q09054;P26520;P26517;P25861;P08735;A2YQT7;Q9FX54;P34922;P34921;P25858;P04796;P34783;P26519;Q42671;P17878;P26521 P08477 yes no 2 4.99E-04 97.767 1 1 2.39E+08
AAVAAAANAPPADK K A A D K F 8 0 1 1 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 1 0 14 0 1236.646 Q40240 Q40240 yes yes 2 1.98E-02 71.879 1 2.72E+07
AAVAAAANAPPADKFK K A A F K I 8 0 1 1 0 0 0 0 0 0 0 2 0 1 2 0 0 0 0 1 0 16 1 1511.81 Q40240 Q40240 yes yes 2 5 68E-04 130 66 1 1 8 01E+07
AAVAAAAVVPPADK K A A D K Y 7 0 0 1 0 0 0 0 0 0 0 1 0 0 2 0 0 0 0 3 0 14 0 1249.703 Q40237 Q40237 yes yes 2 1.74E-02 83.087 1 1.70E+07
AAVAAAAVVPPADKYK K A A Y K T 7 0 0 1 0 0 0 0 0 0 0 2 0 0 2 0 0 0 1 3 0 16 1 1540.861 Q40237 Q40237 yes yes 2 9 37E-03 71 531 1 2 50E+07
AAVEEGILPGGGTALLK R A A L K A 3 0 0 0 0 0 2 4 0 1 3 1 0 0 1 0 1 0 0 1 0 17 0 1594.893 Q5B041;P50142;O60008 Q5B041 yes no 2 2.42E-03 74.428 1 4.00E+07
AAVYVTAVLEYLTAEVLELAGNAA K A A A K D 7 0 1 0 0 0 3 1 0 0 4 1 0 0 0 0 2 0 2 4 0 25 0 2578.389 Q5AUJ1;Q09FM9;Q4WE68;Q2UJ80;Q1DTG2;Q0C919;A2R702;A1D0C1;A1C5F1;A4QVR2;Q873G4;Q2GUP0;Q4IMD1 Q5AUJ1 yes no 3 3 52E-03 45 735 1 8 07E+06
ADQLTDDQISEFK M A D F K E 1 0 0 3 0 2 1 0 0 1 1 1 0 1 0 1 1 0 0 0 0 13 0 1508.7 Q39752;Q7Y052;Q682T9;Q03509;P93087;P62202;P62201;P62200;P62199;P59220;P48976;P0DH98;P0DH97;P27164 Q39752 yes no 2 7.79E-04 122.64 1 1 1.04E+08
ADSLTEEQVSEFK M A D F K E 1 0 0 1 0 1 3 0 0 0 1 1 0 1 0 2 1 0 0 1 0 13 0 1481.689 Q9UWF0;P61861;P61860;P61859 Q9UWF0 yes no 2 3 57E-30 158 11 1 1 9 16E+07
AEAESLVAEAQLSNITR R A E T R S 4 1 1 0 0 1 3 0 0 1 2 0 0 0 0 2 1 0 0 1 0 17 0 1800.922 P53252;Q12230 P53252 yes no 2 4.02E-40 156.11 1 1 4.27E+07
AETFEFQAEISQLLSLIINTVYSNK M A E N K E 2 0 2 0 0 2 3 0 0 3 3 1 0 2 0 3 2 0 1 1 0 25 0 2857.475 O43109 O43109 yes yes 3 3 72E-11 99 838 1 1 65E+07
AGLQFPVGR R A G G R V 1 1 0 0 0 1 0 2 0 0 1 0 0 1 1 0 0 0 0 1 0 9 0 943.524 P09590;P69140;P69139;Q4PEF9;P09589;P02270;Q8I0T3;Q6WV88;Q6WV69;Q6WV67;Q6WV66;Q07135;P27325;P02269;P16886;Q99878;Q96KK5;Q8CGP6;Q9BTM1;Q8R1M2;Q64523;Q4R3X5;Q3ZBX9;Q16777;P70082;P3

5062;P13912;P02263;A9UMV8;A1A4R1;Q93077;Q8CGP7;Q8CGP5;Q8BFU2;Q7L7L0;Q6GSS7;Q6FI13;Q64598;Q4FZT6;Q00728;P22752;P20671;P0CC09;P0C170;P0C169;P0C0S9;P0C0S8;P04908;P02262;Q96QV6;P27661;
P16104;P07793;P69142;P69141;P13630;P04736;P35061;P04735;P09588;Q6DER6;P70094;P02264;Q8IUE6;Q64522;P06897;P0CN99;P0CN98;Q6CUC8;Q6BQE9;A3GHC1;P40282;Q75CC6;Q5AEE1;A5DXC6;A5DQL2;P3506
5;P02274;Q9C944;Q12692;Q4PHE4;P0CO01;P0CO00;P35064;P02273;Q9HGX4;P48003;Q6GM86;Q6C341;Q7ZUY3;P55897;P59890;P50567;P16866;P16865;Q9LD28;P06898;O81826;Q9LHQ5;Q9C681;Q84NJ4;Q43312;A2Y
VE5;Q6ZL43;Q6ZL42;Q43208;Q2QS71;A2ZK29;A2YMC6;A2YMC5;P35063;Q43213;P25469;P02275;Q43214;Q2HU68;P40281;P19177;Q94F49;P25470;P02277;Q1S053;Q9M531;Q2HU65;Q75L11;A2XZN0;Q94E96;P40280;
A2WQG7;Q6L500;A2Y5G8;Q6PV61;P84057;P84056;P84055;P84054;P84053;P84052;P84051;P19178;P21896;P02268;P08992;Q9FJE8;P02276;P08991;Q71UI9;Q71PD7;Q6YNC8;Q6Y237;Q6GM74;Q5ZMD6;Q5RC42;Q5BJ6
5;Q3THW5;Q32LA7;P22647;P0C0S7;P0C0S6;P0C0S5;P0C0S4;P02272;O62695;Q84MP7;Q8H7Y8;P08985;Q27511;Q8LLP5;A2XLI0;Q2QPG9;A2ZL69;O65759;Q9S9K7;O04848

P09590 no no 2 8.82E-35 125.31 1 1.83E+08

AGMVVTFAPAGVTTEVK K A G V K S 3 0 0 0 0 0 1 2 0 0 0 1 1 1 1 0 3 0 0 4 0 17 0 1676.881 Q59QD6;P0CY35;A5DPE3 Q59QD6 yes no 2 2.47E-04 99.055 1 1 1.49E+08
AIPSEVLAHSYNLR R A I L R Q 2 1 1 0 0 0 1 0 1 1 2 0 0 0 1 2 0 0 1 1 0 14 0 1568.831 P02858 P02858 yes yes 2 3 3 92E-03 97 631 2 1 13E+08
AITAMSEAQK K A I Q K A 3 0 0 0 0 1 1 0 0 1 0 1 1 0 0 1 1 0 0 0 0 10 0 1048.522 Q40962;P56166;P56164;P56167 Q40962 no no 2 1.84E-02 68.847 1 4.26E+07
ALGILNLNR R A L N R N 1 1 2 0 0 0 0 1 0 1 3 0 0 0 0 0 0 0 0 0 0 9 0 982.5924 P24337 P24337 yes yes 2 7 30E-18 145 34 1 1 1 75E+09
ALPLEVITNAFQISLEEARR R A L R R I 3 2 1 0 0 1 3 0 0 2 3 0 0 1 1 1 1 0 0 1 0 20 1 2269.243 Q02498;P33525 Q02498 yes no 3 1.23E-04 65.808 1 9.28E+06
ALQDGPQVVVGTPGR K A L G R V 1 1 0 1 0 2 0 3 0 0 1 0 0 0 2 0 1 0 0 3 0 15 0 1492.8 Q0UU86;A4QVP2;Q7RV88;A6R3R5;A7EGL7;A6RJ45;A1CJT5 Q0UU86 yes no 2 5 30E-03 97 904 1 1 2 77E+07
ALQEGPQVVVGTPGR K A L G R V 1 1 0 0 0 2 1 3 0 0 1 0 0 0 2 0 1 0 0 3 0 15 0 1506.815 A1D7N3;Q4WX43 A1D7N3 yes no 2 1.89E-04 134.14 1 1 6.36E+07
ANAASGMAVEDECK M A N C K L 4 0 1 1 1 0 2 1 0 0 0 1 1 0 0 1 0 0 0 1 0 14 0 1451.602 Q8LFH6;Q67ZM4 Q8LFH6 yes no 2 1 44E-03 80 387 1 1 24E+07
ASHIVGYPR M A S P R M 1 1 0 0 0 0 0 1 1 1 0 0 0 0 1 1 0 0 1 1 0 9 0 998.5298 Q42662;Q9SRV5;Q42699;P93263;O50008;Q2QLY5;Q2QLY4 Q42662 yes no 2 9.60E-03 81.525 1 1 1 4.24E+07
ATTLATDVR M A T V R L 2 1 0 1 0 0 0 0 0 0 1 0 0 0 0 0 3 0 0 1 0 9 0 946.5084 Q9ST58;Q9ST57;Q41593;P93692;P93693;P06293 Q9ST58 yes no 2 7 48E-03 86 898 1 2 09E+07
AVANVNEIIAPALIK K A V I K E 4 0 2 0 0 0 1 0 0 3 1 1 0 0 1 0 0 0 0 2 0 15 0 1534.908 P42040 P42040 yes yes 2 1.42E-32 157.86 1 4.00E+07
DAVTYTEHAR R D A A R R 2 1 0 1 0 0 1 0 1 0 0 0 0 0 0 0 2 0 1 1 0 10 0 1161.542 Q76H85;Q6WZ83;Q6PMI5;Q6LAF3;Q43083;Q41811;P82888;P62887;P62788;P62787;P62786;P62785;P59259;P0CG89;P04915;P80737;P69152;P69151;P02310 Q76H85 yes no 2 1.76E-02 82.417 1 1.47E+07
DDDVAALVVDNGSGMCK M D D C K A 2 0 1 4 1 0 0 2 0 0 1 1 1 0 0 1 0 0 0 3 0 17 0 1764.766 O17503 O17503 yes yes 2 1.23E-04 92.439 1 6.99E+06
DLISSLVAGLLTIGSR K D L S R F 1 1 0 1 0 0 0 2 0 2 4 0 0 0 0 3 1 0 0 1 0 16 0 1613.935 Q8X097;O93988 Q8X097 yes no 2 2.14E-07 77.506 1 9.17E+07
DNIQGITKPAIR R D N I R R 1 1 1 1 0 1 0 1 0 3 0 1 0 0 1 0 1 0 0 0 0 12 1 1324.746 P09322;Q8NIG3;Q8J1L3;Q75AX1;Q757K0;P91890;Q8T7J8;Q6ZXX3;P02309;Q76H85;Q6WZ83;Q6PMI5;Q6LAF3;Q43083;Q41811;P82888;P62887;P62788;P62787;P62786;P62785;P59259;P0CG89;Q71V09;Q6V9I2;Q27443;

P62793;P62792;P62784;P62783;P62782;P62781;P62780;P62779;P62778;P62777;P62776;P50566;P35057;P27996;P08436;P04915;Q9U7D0;P91849;Q9HDF5;Q8MTV8;Q8I0Y4;Q7KQD1;Q7K8C0;Q76FF5;Q76FF1;Q76FE7;Q7
6FD9;Q6WV90;Q6WV74;Q6WV73;Q6WV72;Q6LAF1;Q5RCS7;Q4R362;Q28DR4;Q27765;P91882;P84050;P84049;P84048;P84047;P84046;P84045;P84044;P84043;P84042;P84041;P84040;P83865;P70081;P62806;P62805;P62
804;P62803;P62802;P62801;P62800;P62799;P62798;P62797;P62796;P62795;P62794;P35059;Q8NIQ8;Q7LKT3;Q76MU7;Q711M0;P23751;P23750;P04914

P09322 no no 2,3 1.01E-53 182.25 3 1 3.03E+08

DTDLLAAFR K D T F R F 2 1 0 2 0 0 0 0 0 0 2 0 0 1 0 0 1 0 0 0 0 9 0 1020.524 Q31NB3;P00880;Q10WH6;B2J8T2 Q31NB3 yes no 2 9 18E-04 120 87 1 3 25E+07
DTDSEEELKEAFR K D T F R V 1 1 0 2 0 0 4 0 0 0 1 1 0 1 0 1 1 0 0 0 0 13 1 1567.7 Q39752;Q7Y052;Q682T9;Q03509;P93087;P62202;P62201;P62200;P62199;P59220;P48976;P0DH98;P0DH97;P27164;Q7DMP0;Q7DMN9;Q6F332;P93171;P41040;P17928;P0DH96;P0DH95;P04464;P04353;A2Y609;Q0JNS6;

Q0JNL7;P62163;P62162;A2WNH1;A2WN93
Q39752 no no 2 3.19E-08 150.22 1 1.46E+07

DTERTDQK K D T Q K A 0 1 0 2 0 1 1 0 0 0 0 1 0 0 0 0 2 0 0 0 0 8 1 991.4571 P96644 P96644 yes yes 2 5.66E-03 91.626 1 3.86E+07
EAFGVNMQIVR K E A V R N 1 1 1 0 0 1 1 1 0 1 0 0 1 1 0 0 0 0 0 2 0 11 0 1262.644 P04405 P04405 yes yes 2 1 43E-04 123 75 1 1 5 66E+07
EGDSMAEVELK K E G L K E 1 0 0 1 0 0 3 1 0 0 1 1 1 0 0 1 0 0 0 1 0 11 0 1206.544 P14947;Q41183 P14947 no no 2 2.09E-03 91.961 1 3.00E+07
EGELVFGVAR R E G A R I 1 1 0 0 0 0 2 2 0 0 1 0 0 1 0 0 0 0 0 2 0 10 0 1075.566 P19115 P19115 yes yes 2 1 96E-02 86 898 1 4 38E+07
EIAQDFKTDLR R E I L R D 1 1 0 2 0 1 1 0 0 1 1 1 0 1 0 0 1 0 0 0 0 11 1 1334.683 P83864;Q6LCW8;Q42681;P50564;P08437;Q9U281;Q9HDN1;Q8WSF1;Q76N23;Q71V89;Q71U98;Q71LE2;Q71H73;Q71DI3;Q711T2;Q6RUR1;Q6PI79;Q6PI20;Q6P823;Q6LED0;Q6LBF0;Q6LBE8;Q5RCC9;Q5E9F8;Q4QRF4;

Q4PB04;Q3C2E5;Q28D37;Q16695;Q10453;Q0JCT1;P84250;P84249;P84248;P84247;P84246;P84245;P84244;P84243;P84239;P84238;P84237;P84236;P84235;P84234;P84233;P84232;P84231;P84230;P84229;P84228;P84227;
P69245;P69244;P68433;P68432;P68431;P59169;P22843;P09988;P08898;P02302;P02301;P02299;A5PK61;A2XHJ3;P0CO05;P0CO04;P06353;Q757N1;Q6BRZ5;Q64400;Q59VN2;Q4P7J7;P61836;P61833;P61831;P61830;P106
51;P06902;A5DWE2;A5DFC5;A3LXD5;Q6C0C4;Q9U7D1;Q9FX60;Q76MV0;Q71T45;Q6LCK1;Q6LBE3;Q5MYA4;Q2RAD9;Q27532;P69248;P69246;P68430;P68429;P68428;P68427;P59226;P08903;A2Y533;Q9FKQ3

Q9U7D1 no no 2 4.75E-03 91.313 1 2.70E+07

ELLLLDVTPLSLGIETLGGIFTR K E L T R L 0 1 0 1 0 0 2 3 0 2 7 0 0 1 1 1 3 0 0 1 0 23 0 2469.409 Q01899;P37900 Q01899 yes no 3 6 74E-09 107 21 1 1 93E+07
ELTPAITVLQLFLSSSKPVLR R E L L R F 1 1 0 0 0 1 1 0 0 1 5 1 0 1 2 3 2 0 0 2 0 21 1 2311.352 Q6Z382 Q6Z382 yes yes 3 2.24E-07 95.622 1 2.45E+07
EMTLGFVDLLR R E M L R D 0 1 0 1 0 0 1 1 0 0 3 0 1 1 0 0 1 0 0 1 0 11 0 1292.68 P25414;P25413;P51994;Q37227;P93936;Q95694;P92445;P93890;Q33162;P93906;Q36800;P28261;P92463;P28262;P25836;P25829;P92306;P28259;Q8MD78;Q9BA49;Q6ENG6;P48684;P11383;P0C512;P0C511;P0C510;A8Y9

H8;A6MML5;A1EA16;A9L9A4;P48683;P05698;Q3V526;Q3BAN4;A9LYA9
P25414 yes no 3 1.21E-02 47.894 1 5.64E+06

EPDVSPEIKEEFVK R E P V K I 0 0 0 1 0 0 4 0 0 1 0 2 0 1 2 1 0 0 0 2 0 14 1 1644.825 Q95182 Q95182 yes yes 2 3 7 91E-04 109 83 2 8 11E+07
EQPQQNECQIQK R E Q Q K L 0 0 1 0 1 5 2 0 0 1 0 1 0 0 1 0 0 0 0 0 0 12 0 1528.694 P04776 P04776 yes yes 2 1.54E-02 80.245 1 1.44E+07
EQQQEQQQEEQPLEVR K E Q V R K 0 1 0 0 0 7 5 0 0 0 1 0 0 0 1 0 0 0 0 1 0 16 0 2024.94 P13916 P13916 yes yes 2 0 00E+00 409 14 1 4 87E+07
ESTLHLVLR K E S L R L 0 1 0 0 0 0 1 0 1 0 3 0 0 0 0 1 1 0 0 1 0 9 0 1066.614 P69310;P19848;P69326;P69317;P69313;Q42202;P51423;P49636;P0CH09;P0CH08;P0CH07;P0CH06;P0C224;B9DHA6;P40909;P0CH35;P0CH34;P59272;P69061;P0C8R3;P0C016;P05759;P0C073;P0C031;P0C030;Q8RUC6;P

14799;Q9ARZ9;P51431;P47905;P27923;P0CG87;P0CG86;Q9SHE7;P62981;P62980;P59271;P59233;P59232;P0CG83;P0CH33;P0CG73;Q3E7K8;Q3E7T8;P69325;P69315;P69309;P0CG74;P0CG70;Q1EC66;Q9FHQ6;P0CG84;
Q58G87;P69322;P0CG75;P0CG63;P0CH32;P0CG72;Q8H159;P0CG85;P0CH05;P0CH04;P84589;Q865C5;P68197;P62975;Q8SWD4;P69201;P69200;P68205;P63053;P63052;P63050;P63048;P62987;P62986;P62984;P49633;P4
9632;P21899;P18101;P14795;P14794;P0CH11;P0CH10;P0C276;P0C275;P0C273;P46575;P33190;P0DJ25;P23398;P14797;P68202;P29504;P79781;P68203;P68200;P62992;P62983;P62982;P62979;P62978;P15357;P62972;P23
324;P22589;P0CG77;P0CG67;P0CG65;P0CG60;P0CG47;Q8MKD1;P0CG88;P0CG80;P0CG62;P0CG55;P0CG53;P0CG51;P0CG49;P0CG54;P0CH27;P0CG82;P0CG81;P0CG79;P0CG76;P42739;P59669;P42740;P0CG78;P0C
G68;P0CG66;Q39256;P62976;P0CG48;P0CH28;P0CG50;P0CG64;P0CG61;P0CG69;Q63429;P0CG71;P62985;P31753;P0C032

P69310 yes no 2 0.00E+00 226.47 1 1 1 1 1.01E+08

ETQPASENLAAAAK R E T A K H 5 0 1 0 0 1 2 0 0 0 1 1 0 0 1 1 1 0 0 0 0 14 0 1399.694 P29531;P29530 P29531 yes no 2 1 23E-02 108 07 1 1 1 45E+08
EVAAFAQFGSDLDAATK R E V T K Q 5 0 0 2 0 1 1 1 0 0 1 1 0 2 0 1 1 0 0 1 0 17 0 1739.837 P37211 P37211 yes yes 2 2.73E-08 137.45 1 2.01E+07
EVAVVEVPNVR R E V V R W 1 1 1 0 0 0 2 0 0 0 0 0 0 0 1 0 0 0 0 5 0 11 0 1209.672 Q5AWS6 Q5AWS6 yes yes 2 4 82E-03 56 551 1 6 42E+06
FFEITPEKNPQLR K F F L R D 0 1 1 0 0 1 2 0 0 1 1 1 0 2 2 0 1 0 0 0 0 13 1 1617.852 P25974;P13916 P13916 no no 2,3 7.02E-25 134.56 2 3.78E+07
FGPMIQCDLSSDD R F G D D - 0 0 0 3 1 1 0 1 0 1 1 0 1 1 1 2 0 0 0 0 0 13 0 1483.596 P19594 P19594 yes yes 2 1 11E-03 99 5 1 1 69E+07
FIAEGHPLSLK R F I L K F 1 0 0 0 0 0 1 1 1 1 2 1 0 1 1 1 0 0 0 0 0 11 0 1210.671 P01070;P85278 P01070 yes no 2 5.26E-06 127.87 1 1.21E+07
FRPGTVALR R F R L R E 1 2 0 0 0 0 0 1 0 0 1 0 0 1 1 0 1 0 0 1 0 9 1 1015.593 Q9U7D1;Q9FX60;Q76MV0;Q71T45;Q6LCK1;Q6LBE3;Q5MYA4;Q2RAD9;Q27532;P69248;P69246;P68430;P68429;P68428;P68427;P59226;P08903;A2Y533;Q9FKQ3;P81198;P81201;P81200;P81199;P81197;P81196;P81195;

Q27489;Q7XYZ0;Q55BP0;Q55BN9;Q402E1;Q22RG7;P69150;P69149;P41353;P15512;Q9FXI7;O15819;Q9MBF6
Q9U7D1 yes no 2 1.11E-02 82.287 1 1.36E+07

FTQANSEVSALLGR R F T G R I 2 1 1 0 0 1 1 1 0 0 2 0 0 1 0 2 1 0 0 1 0 14 0 1491.768 Q01859;P19023;P17614;P29685;P85088;P37399;P83484;P83483;Q9C5A9;P38482 Q01859 yes no 2 1 52E-04 132 97 1 7 80E+07
FVQAGSEVSALLGR R F V G R M 2 1 0 0 0 1 1 2 0 0 2 0 0 1 0 2 0 0 0 2 0 14 0 1432.767 O03073;O03070;O03063;O03074;O03066;O03064;Q8RC15;Q2RFX9;Q6MAK7;B8I579;Q85FT2;A9BFX3;O50550;B9K7U1;B1LBB9;A5ILX2;A8F3K2;A6LJR1;B7IG44;A7NIQ9;A6MVY0;A5UQN3;O50341;A7HJV7;O03080;O0

3075;O03069;Q6B8S4;Q1XDM8;P51259;O78491;Q4G3C8;Q2PQH4;Q08807;Q2JX57;Q2JIV9;Q06J29;Q7NHG7;O03085;P31476;Q9MUT5;Q3ZJ68;Q20EW8;P32978;P30158;P26532;Q8DLG8;Q3MAS0;Q05373;P06540;B7KG
V4;B2IUL2;B0JFM7;A6YGB6;A6BM09;Q0P3P2;P50003;P26527;B7K2R8;Q31KS4;Q10Z38;Q06SG7;P07890;Q19V65;P48081;B8HP55;Q7V049;Q318V4;O03068;A8G6T8;A3PES6;A2BYG3;A2BT12;Q8MBG5;Q7U8U7;Q3AZ
K5;Q3AHM2;Q0I7U1;A5GNB1;Q7VA76;Q7V5U2;Q46J68;O47037;A9BCC6;A5GV55;A2C6Z4;A2C4I4;Q32RI0;Q9TM41;Q9TKI7;Q8MBQ4;Q8MBQ3;Q8MBQ2;Q8MBQ1;Q8MBM4;Q8MBM3;Q8MBK3;Q8MBG0;Q85X24;Q7
H8M1;Q7H8L9;P30399;P07137;A8W3D7;A4QJK6;A4QJC2;Q9TL34;P05037;Q5SCV8;Q31794;P41622;P06284;O03081;B0YPN7;A6H5I4;Q8SLY2;Q85V35;Q32RY8;Q1ACK1;O03062;Q8MBG4;Q8MBG3;P80658;A8W3J1;Q9
TMV0;Q9TMU1;Q9TMQ4;Q85V57;Q85V50;Q85V45;Q85V44;Q85V31;Q85V29;Q85V28;Q85V27;Q85V26;Q85V24;O03079;Q9BA92;A6MML4;Q9XQX2;Q9MU82;Q9MU81;Q9MU80;Q9MU43;Q9MU41;Q9MU30;Q9MU26;Q
9MTY2;Q9MTX9;Q9MTP7;Q9MTG8;Q9MS49;Q9MRV8;Q9MRR9;Q9MRR1;Q9MRQ5;Q9MRM0;Q9MRI8;Q9MRF3;Q9BBU0;Q9BA96;Q9BA86;Q9BA85;Q9BA84;Q9BA69;Q95FL8;Q95DR6;Q95AF8;Q95AD7;Q95AD6;Q8S
8W8;Q8MBF7;Q7YJW5;Q7HHY7;Q7HHY5;Q7HHY4;Q7HHX4;Q7HHX1;Q7HHW4;Q7HDI4;Q6QBP2;Q6L392;Q6EW72;Q6ENV6;Q6ENG7;Q68RZ9;Q4VZI5;Q4PLI6;Q49KZ1;Q3V527;Q3C1J5;Q3BAN5;Q33C27;Q332X1;Q
2VEH0;Q2PMV0;Q2MII0;Q2MI93;Q2L917;Q1KXV2;Q14FF0;Q0ZJ13;Q0G9V5;Q09X10;Q09MH1;Q09G39;Q09FV4;Q06RC2;Q06GZ0;Q06GQ3;Q06FV3;P69370;P69369;P62626;P62614;P26531;P26530;P20858;P19366;P120
85;P0C2Z8;P0C2Z7;P00828;P00827;P00826;P00825;O98766;B1A942;B0Z5B2;B0Z528;B0Z4U4;B0Z4L0;A9L9A3;A8Y9H7;A8SEB0;A6MMV1;A6MMC9;A6MM43;A4QLU0;A4QLK1;A4QL26;A4QKT8;A4QKJ9;A4QKB2;A4
QK25;A4QJU0;A4GYR7;A4GG90;A1EA15;A1E9T1;A0ZZ42;A0A342;A7Y3E6;Q70XZ6;B1NWF7;A4QLB3

O03073 yes no 2 5.91E-03 95.264 1 3.69E+07

GGLEPINFQTAADQAR R G G A R E 3 1 1 1 0 2 1 2 0 1 1 0 0 1 1 0 1 0 0 0 0 16 0 1686.833 P01012 P01012 yes yes 2 1.09E-02 67.685 1 3.78E+07
GISELGIYPAVDPLDSK R G I S K S 1 0 0 2 0 0 1 2 0 2 2 1 0 0 2 2 0 0 1 1 0 17 0 1772.92 P23704;P85446;P49376;P00830 P49376 no no 2 8.31E-08 136.34 1 1 6.36E+07
GNPTVEVDLVTETGLHR R G N H R A 0 1 1 1 0 0 2 2 1 0 2 0 0 0 1 0 3 0 0 3 0 17 0 1835.938 Q6RG04 Q6RG04 yes yes 2,3 3 52E-04 94 325 1 1 12E+07
GNTANVLR R G N L R Y 1 1 2 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 0 8 0 843.4563 Q09188;P04710 Q09188 yes no 2 9.89E-03 84.568 1 1 1.09E+07
GSDEKNLALSIK K G S I K Y 1 0 1 1 0 0 1 1 0 1 2 2 0 0 0 2 0 0 0 0 0 12 1 1273.688 P14947;Q41183 P14947 no no 2 1 00E-04 130 2 1 1 97E+07
GVTTIIGGGDSVAAVEK K G V E K V 2 0 0 1 0 0 1 4 0 2 0 1 0 0 0 1 2 0 0 3 0 17 0 1572.836 Q42962;P12783;P50318;P12782;Q9LD57;Q42961 Q42962 yes no 2 3.25E-03 115.87 1 3.44E+07
HLQLAIR R H L I R N 1 1 0 0 0 1 0 0 1 1 2 0 0 0 0 0 0 0 0 0 0 7 0 849.5185 P09590;P69140;P69139;Q4PEF9;P09589;P02270;Q8I0T3;Q6WV88;Q6WV69;Q6WV67;Q6WV66;Q07135;P27325;P02269;Q99878;Q96KK5;Q8CGP6;Q9BTM1;Q8R1M2;Q64523;Q4R3X5;Q3ZBX9;Q16777;P70082;P35062;P1

3912;P02263;A9UMV8;A1A4R1;Q93077;Q8CGP7;Q8CGP5;Q8BFU2;Q7L7L0;Q6GSS7;Q6FI13;Q64598;Q4FZT6;Q00728;P22752;P20671;P0CC09;P0C170;P0C169;P0C0S9;P0C0S8;P04908;P02262;Q96QV6;Q0CBD2;P04910
;P08844;P04909;Q4WWC6;Q2U5A8;Q1E5N1;A1D8G8;A1CJ10;Q8X132;Q4HTT1;Q2HH37;Q0U1A1;P0C953;P0C952;Q875B8;P0CT12;O74268;L7HZV6;P27661;P16104;Q6DER6;P70094;A5DXS8;Q6BKW8;A5DWF1;A5DJJ
2;A5DBG4;Q6BRG3;Q59VP2;A3LZZ0;A3LXE7;Q59SU5;Q6CUC8;Q6BQE9;A3GHC1;Q75CC6;Q5AEE1;A5DXC6;A5DQL2;Q9C944;Q12692;Q6C4I6;Q4PHE4;P0CO01;P0CO00;Q9HGX4;P48003;Q6C341;Q9T0H7;Q6CK59;
Q757L4;Q74ZL4;Q6FWM7;Q6FM31;P04912;P04911;Q9SII0;O23628;Q8S857;Q0UG93;Q6PV61;P84057;P84056;P84055;P84054;P84053;P84052;P84051;P19178;P21896;P02268;P08991;Q71UI9;Q71PD7;Q6YNC8;Q6Y237;Q
6GM74;Q5ZMD6;Q5RC42;Q5BJ65;Q3THW5;Q32LA7;P22647;P0C0S7;P0C0S6;P0C0S5;P0C0S4;P02272;O62695;Q84MP7;Q8H7Y8;P08985;Q5AUJ1;Q09FM9;Q4WE68;Q2UJ80;Q1DTG2;Q0C919;A2R702;A1D0C1;A1C5F1;
A4QVR2;Q873G4;Q2GUP0;Q4IMD1

P09590 no no 2 1.45E-33 148.21 1 4.95E+07

IAATAANAAPTNDKFTVFESAFNK K I A N K A 7 0 3 1 0 0 1 0 0 1 0 2 0 3 1 1 3 0 0 1 0 24 1 2498.244 Q40240 Q40240 yes yes 3 1.64E-02 52.465 1 4.14E+07
IAFTGSTVVGR K I A G R Q 1 1 0 0 0 0 0 2 0 1 0 0 0 1 0 1 2 0 0 2 0 11 0 1106.608 P42041 P42041 yes yes 2 4 66E-05 72 531 1 2 56E+07
IDTPDKLTGPFTVR R I D V R Y 0 1 0 2 0 0 0 1 0 1 1 1 0 1 2 0 3 0 0 1 0 14 1 1558.836 P43213;P14946;Q41260 P43213 yes no 3 9.82E-04 98.943 1 1 3.47E+07
IEDVTPTPSDSTR R I E T R R 0 1 0 2 0 0 1 0 0 1 0 0 0 0 2 2 3 0 0 1 0 13 0 1416.673 P19115 P19115 yes yes 2 9 80E-03 88 075 1 5 30E+07
IEIDQDHQEEICEVVLAK K I E A K S 1 0 0 2 1 2 4 0 1 3 1 1 0 0 0 0 0 0 0 2 0 18 0 2167.047 Q7M1X5;Q8H6L7 Q7M1X5 yes no 3 1.06E-04 79.837 1 2.29E+07
IFASFNDTFVHVTDLSGR R I F G R E 1 1 1 2 0 0 0 1 1 1 1 0 0 3 0 2 2 0 0 2 0 18 0 2024.996 P19115;P27069;Q5UAM9;P46295 P19115 yes no 3 8 97E-05 60 062 1 1 80E+07
IGGIGTVPVGR K I G G R V 0 1 0 0 0 0 0 4 0 2 0 0 0 0 1 0 1 0 0 2 0 11 0 1024.603 Q04634;Q07051;Q26487;P84322;P84321;P84320;P84319;P84318;P84317;P84316;P84315;Q41803;Q41011;Q40034;Q03033;P43643;P34823;O64937;P17786;Q8W4H7;Q8GTY0;Q0WL56;P86939;P86934;P29521;P0DH99;O49

169;O59949;Q9YIC0;P19039;P17508;P17507;Q92005;P05303;P29520;P08736;P51554;P27634;P54959;Q27139;P14963;P25166;P25698;P34824;Q8LPC4;P50256;P86933;P41752;Q2HJN9;Q2HJN8;Q2HJN4;Q00251;Q2HJN6;Q
09069;Q01520;Q01372;P34825;Q01765;Q90835;Q66RN5;Q5VTE0;Q5R4R8;Q5R1X2;P68105;P68104;P68103;P62630;P62629;P13549;P10126;P02993;A2Q0Z0;Q71V39;Q32PH8;Q05639;P62632;P62631;P53013;P27592;P502
57;P02994;P28295;P41745;P0CN31;P0CN30;O42820;Q9HDF6;P32186;P14865;P14864;P06805;Q10119;P50522;Q59QD6;P0CY35;A5DPE3

P02994 no no 2 5.66E-06 131.82 1 1 1 1.01E+09

IIAGTLEVHAVKPAAEEVK R I I V K V 4 0 0 0 0 0 3 1 1 2 1 2 0 0 1 0 1 0 0 3 0 19 1 1974.115 Q40962 Q40962 yes yes 3 4.01E-06 98.175 1 1.91E+07
ILNVIGEPIDER R I L E R G 0 1 1 1 0 0 2 1 0 3 1 0 0 0 1 0 0 0 0 1 0 12 0 1366.746 Q1GQS5;A5V3X5;Q0BQE8;A5FZ54;A9H9A8 Q1GQS5 yes no 2 2 38E-03 91 093 1 4 21E+07
ILSSIEQKEESR R I L S R G 0 1 0 0 0 1 3 0 0 2 1 1 0 0 0 3 0 0 0 0 0 12 1 1417.741 P93214 P93214 yes yes 2,3 1.44E-04 113.99 2 4.07E+07
INFTLYDDVVPK R I N P K T 0 0 1 2 0 0 0 0 0 1 1 1 0 1 1 0 1 0 1 2 0 12 0 1422.74 P10255 P10255 yes yes 2 2 85E-03 94 122 1 5 45E+07
IPAGELQIVDKIDAAFK K I P F K I 3 0 0 2 0 1 1 1 0 3 1 2 0 1 1 0 0 0 0 1 0 17 1 1827.014 P56167 P56167 yes yes 2,3 1.21E-113 200.48 2 6.33E+07
IPAGTTYYLVNPHDHQNLK R I P L K I 1 0 2 1 0 1 0 1 2 1 2 1 0 0 2 0 2 0 2 1 0 19 0 2180.102 P25974 P25974 yes yes 3 4 10E-52 152 13 1 1 83E+07
IPSAVGYQPTLATDLGGLQER R I P E R I 2 1 0 1 0 2 1 3 0 1 3 0 0 0 2 1 2 0 1 1 0 21 0 2185.138 Q01859;P19023;P17614;P29685;P85088;P37399;P38482 Q01859 yes no 2 3.31E-28 146.25 1 1.54E+07
IPTGELQIVDKIDAAFK K I P F K I 2 0 0 2 0 1 1 1 0 3 1 2 0 1 1 0 1 0 0 1 0 17 1 1857.025 Q40240 Q40240 yes yes 3 6 01E-05 113 88 1 3 12E+07
IQDKEGIPPDQQR K I Q Q R L 0 1 0 2 0 3 1 1 0 2 0 1 0 0 2 0 0 0 0 0 0 13 1 1522.774 P69310;P19848;P69326;P69317;P69313;Q42202;P51423;P49636;P0CH09;P0CH08;P0CH07;P0CH06;P0C224;B9DHA6;P40909;P0CH35;P0CH34;P59272;P69061;P0C8R3;P0C016;P05759;P0C073;P0C031;P0C030;Q8RUC6;P

14799;Q9ARZ9;P51431;P47905;P27923;P0CG87;P0CG86;Q9SHE7;P62981;P62980;P59271;P59233;P59232;P0CG83;P0CH33;P0CG73;Q3E7K8;Q3E7T8;P69325;P69315;P69309;P0CG74;P0CG70;Q1EC66;Q9FHQ6;P0CG84;
Q58G87;P69322;P0CG75;P0CG63;P0CH32;P0CG72;Q8H159;P0CG85;P0CH05;P0CH04;P84589;Q865C5;P68197;P62975;Q8SWD4;P69201;P69200;P68205;P63053;P63052;P63050;P63048;P62987;P62986;P62984;P49633;P4
9632;P21899;P18101;P14795;P14794;P0CH11;P0CH10;P0C276;P0C275;P0C273;P46575;P33190;P0DJ25;P23398;P14797;P68202;P29504;P79781;P68203;P68200;P62992;P62983;P62982;P62979;P62978;P15357;P62972;P23
324;P22589;P0CG77;P0CG67;P0CG65;P0CG60;P0CG47;Q8MKD1;P0CG88;P0CG80;P0CG62;P0CG55;P0CG53;P0CG51;P0CG49;P0CG54;P0CH27;P0CG82;P0CG81;P0CG79;P0CG76;P42739;P59669;P42740;P0CG78;P0C
G68;P0CG66;P62976;P0CG48;P0CH28;P0CG50;P0CG64;P0CG61;P0CG69;Q63429;P0CG71

P69310 yes no 2 2.38E-04 116.58 1 2.15E+07

ISAMIYEETR R I S T R G 1 1 0 0 0 0 2 0 0 2 0 0 1 0 0 1 1 0 1 0 0 10 0 1211.586 Q8NIQ8;Q7LKT3;Q76MU7;Q711M0;P23751;P23750;P04914 Q8NIQ8 yes no 2 5 08E-03 87 184 1 4 43E+07
ISGLIYEETR R I S T R G 0 1 0 0 0 0 2 1 0 2 1 0 0 0 0 1 1 0 1 0 0 10 0 1179.614 Q76H85;Q6WZ83;Q6PMI5;Q6LAF3;Q43083;Q41811;P82888;P62887;P62788;P62787;P62786;P62785;P59259;P0CG89;Q71V09;Q6V9I2;Q27443;P62793;P62792;P62784;P62783;P62782;P62781;P62780;P62779;P62778;P6277

7;P62776;P50566;P35057;P27996;P08436;Q9U7D0;P85945;P91849;Q9HDF5;Q8MTV8;Q8I0Y4;Q7KQD1;Q7K8C0;Q76FF5;Q76FF1;Q76FE7;Q76FD9;Q6WV90;Q6WV74;Q6WV73;Q6WV72;Q6LAF1;Q5RCS7;Q4R362;Q28D
R4;Q27765;P91882;P84050;P84049;P84048;P84047;P84046;P84045;P84044;P84043;P84042;P84041;P84040;P83865;P70081;P62806;P62805;P62804;P62803;P62802;P62801;P62800;P62799;P62798;P62797;P62796;P62795;P
62794;P35059

Q9HDF5 no no 2 9.64E-03 108.7 1 1.01E+08

ISLSELTDALR K I S L R T 1 1 0 1 0 0 1 0 0 1 3 0 0 0 0 2 1 0 0 0 0 11 0 1216.666 O82040 O82040 yes yes 2 9.25E-03 83.182 1 3.42E+07
ISQAVHAAHAEINEAGR K I S G R E 5 1 1 0 0 1 2 1 2 2 0 0 0 0 0 1 0 0 0 1 0 17 0 1772.892 P01012;P19104 P01012 yes no 3 9 93E-04 62 658 1 4 92E+06
ISTLNSLTLPALR R I S L R Q 1 1 1 0 0 0 0 0 0 1 4 0 0 0 1 2 2 0 0 0 0 13 0 1397.824 P02858;P04347 P02858 yes no 2 5.55E-226 206.74 1 1 1 1 3.37E+08
KDELTLEGIK K K D I K Q 0 0 0 1 0 0 2 1 0 1 2 2 0 0 0 0 1 0 0 0 0 10 1 1144.634 Q0UU86;A4QVP2;Q7RV88;Q2HFP1;P47943;Q6CDV4;P10081;A6ZQJ1;Q6FQQ6;A7TK55;A5DB98;Q6BRN4;P87206;A5DVM3;A3GFI4 Q0UU86 yes no 2 7 17E-03 88 803 1 9 87E+06
KLFGVTTLDVVR R K L V R A 0 1 0 1 0 0 0 1 0 0 2 1 0 1 0 0 2 0 0 3 0 12 1 1346.792 B3H269;B0BQN0;A3N1U6;P83373;Q9ZP06;Q9LKA3;Q43744;P17783;Q9SN86;P85920;P86074;Q7VP41 B3H269 yes no 2,3 4.19E-03 73.082 2 9.89E+06
KTISSEDKPFNLR R K T L R S 0 1 1 1 0 0 1 0 0 1 1 2 0 1 1 2 1 0 0 0 0 13 2 1533.815 P13916 P13916 yes yes 3 5 37E-04 124 07 1 1 3 87E+07
LAFGHCSLLPR R L A P R A 1 1 0 0 1 0 0 1 1 0 3 0 0 1 1 1 0 0 0 0 0 11 0 1269.665 P82615 P82615 yes yes 3 3.48E-03 75.819 1 6.97E+06
LAGGAAR K L A A R F 3 1 0 0 0 0 0 2 0 0 1 0 0 0 0 0 0 0 0 0 0 7 0 614.35 C5CXC5 C5CXC5 yes no 2 2 38E-03 89 703 1 1 24E+07
LAVNLIPFPR K L A P R L 1 1 1 0 0 0 0 0 0 1 2 0 0 1 2 0 0 0 0 1 0 10 0 1138.686 P33632;P25862;P28551;P33631;P50260;Q6VAF8;P29502;Q04709;P33188;P12457;P11857;P41352;P33630;P22852;P11482;P10876;P04690;O04386;Q9N2N6;Q76FS3;Q6VAF5;Q39697;Q08115;P37832;P29517;P24636;P20802;

P18026;Q9ZRB2;Q9ZRB0;Q9ZRA9;Q9ZPP0;Q7KQL5;Q6VAF7;Q6VAF4;Q43697;Q43695;Q41785;Q41784;P14643;P14140;P12459;Q9ZPN8;Q9ZPN7;Q76FS2;Q41783;Q40665;P20365;P18025;P05304;Q9ZSW1;Q9ZRB1;Q9Z
RA8;Q8H7U1;Q43594;Q41782;P93176;P46265;P45960;P37392;P29501;P12411;Q9ZPN9;Q40106;Q39445;P29516;P29515;P29514;P29513;P12460;Q9ASR0;Q6VAF6;Q56YW9;P29500;P50262;P34108;P12458;P32256;P07436

P33632 yes no 2 1.82E-02 83.647 1 1.56E+07

LDSPSRSPSK K L D S K V 0 1 0 1 0 0 0 0 0 0 1 1 0 0 2 4 0 0 0 0 0 10 1 1072.551 Q80X80;O14523 Q80X80 yes no 2 7.38E-03 93.649 1 3.76E+09
LFGVTTLDVVR K L F V R A 0 1 0 1 0 0 0 1 0 0 2 0 0 1 0 0 2 0 0 3 0 11 0 1218.697 B3H269;B0BQN0;A3N1U6;P83373;Q9ZP06;Q9LKA3;Q43744;P17783;Q9SN86;P85920;P86074;Q7VP41 B3H269 yes no 2 2 09E-100 177 57 1 1 1 8 28E+07
LFLENVIR K L F I R D 0 1 1 0 0 0 1 0 0 1 2 0 0 1 0 0 0 0 0 1 0 8 0 1002.586 P09322 P09322 yes yes 2 6.80E-43 125.81 1 0.00E+00
LIGAGAATIALAGAAIGIGNVFSSLI K L I A R N 8 1 1 0 0 0 0 5 1 5 3 0 0 1 0 3 1 0 0 2 0 31 0 2890.639 P60112 P60112 yes yes 3 2 64E-263 203 19 1 2 32E+07
LIGAGAATIALAGAAVGIGNVFSSL K L I A R N 8 1 1 0 0 0 0 5 1 4 3 0 0 1 0 3 1 0 0 3 0 31 0 2876.624 P13547;P0C519;P0C518;P00840 P13547 yes no 3,4 0.00E+00 207.99 2 1 2.34E+08
LIGPESVIGR K L I G R T 0 1 0 0 0 0 1 2 0 2 1 0 0 0 1 1 0 0 0 1 0 10 0 1039.603 P07509;Q711T9;O94178 P07509 yes no 2 1 72E-02 84 817 1 1 25E+08
LILMGSITGQAK R L I A K G 1 0 0 0 0 1 0 2 0 2 2 1 1 0 0 1 1 0 0 0 0 12 0 1230.701 P87025;Q12634 P87025 yes no 2 2.14E-04 110.08 1 1 8.65E+07
LITLAIPVNKPGR R L I G R F 1 1 1 0 0 0 0 1 0 2 2 1 0 0 2 0 1 0 0 1 0 13 1 1390.866 P13916 P13916 yes yes 2 3 5 85E-04 146 16 1 1 1 1 80E+08
LLEDVNAGFK K L L F K A 1 0 1 1 0 0 1 1 0 0 2 1 0 1 0 0 0 0 0 1 0 10 0 1104.582 Q40240 Q40240 yes yes 2 2.05E-02 87.258 1 8.74E+07
LLILEPLTLYVR K L L V R T 0 1 0 0 0 0 1 0 0 1 5 0 0 0 1 0 1 0 1 1 0 12 0 1441.891 P82615;Q865V1 P82615 yes no 2 9 82E-23 142 08 1 1 6 94E+07
LLIQNQDEMIR K L L I R A 0 1 1 1 0 2 1 0 0 2 2 0 1 0 0 0 0 0 0 0 0 11 0 1371.718 Q09188 Q09188 yes yes 2 1.05E-05 94.465 1 0.00E+00
LLQLSLEFSPDSK R L L S K G 0 0 0 1 0 1 1 0 0 0 4 1 0 1 1 3 0 0 0 0 0 13 0 1475.787 P82615;Q865V1 P82615 yes no 2 6.14E-03 91.62 1 1 5.91E+07
LLVNELHIKDR R L L D R V 0 1 1 1 0 0 1 0 1 1 3 1 0 0 0 0 0 0 0 1 0 11 1 1348.783 Q8X092 Q8X092 yes yes 3 5.26E-03 83.862 1 2.54E+07
LMGAGAATIALAGAAIGIGNVFSSL K L M A R N 8 1 1 0 0 0 0 5 1 4 3 0 1 1 0 3 1 0 0 2 0 31 0 2908.596 P60118;P60117;P60116;P60115;P60114 P60118 yes no 3,4 1.22E-27 146.5 2 4.84E+07
LNALKPDNR K L N N R I 1 1 2 1 0 0 0 0 0 0 2 1 0 0 1 0 0 0 0 0 0 9 1 1039.577 P04776;P11828;P04405 P04405 no no 2 2.08E-03 118.21 1 1 2.66E+07
LPAAGVGDMVMATVK R L P V K K 3 0 0 1 0 0 0 2 0 0 1 1 2 0 1 0 1 0 0 3 0 15 0 1458.758 Q9XSU3;Q90YU5;Q5REU2;Q3T057;P62832;P62831;P62830;P62829 Q9XSU3 yes no 2 7.25E-04 134.02 1 5.45E+07
LQESVIVEISK R L Q S K E 0 0 0 0 0 1 2 0 0 2 1 1 0 0 0 2 0 0 0 2 0 11 0 1243.702 P13916;P11827 P13916 no no 2 7 23E-03 89 301 1 5 21E+07
LSAEFGSLRK R L S R K N 1 1 0 0 0 0 1 1 0 0 2 1 0 1 0 2 0 0 0 0 0 10 1 1106.608 P04776 P04776 yes yes 2 9.30E-07 139.43 1 1 4.06E+07
LTDDEVDEMIR K L T I R E 0 1 0 3 0 0 2 0 0 1 1 0 1 0 0 0 1 0 0 1 0 11 0 1334.602 Q9UWF0;P61861;P61860;P61859;P60206;P60205;P60204;P07463 Q9UWF0 yes no 2 1 76E-02 46 88 1 0 00E+00
LVLEVAQHLGENTVR K L V V R T 1 1 1 0 0 1 2 1 1 0 3 0 0 0 0 0 1 0 0 3 0 15 0 1676.921 A7HT52;A8HS10;A6WXX1;Q6G1W9;Q6FYM3;A9IYW6;P49376;P00830;Q2G5N5;Q05825;Q9PTY0;Q5ZLC5;Q24751;P72247;Q5LNP1;Q162S9;A8LJR4;A1B8P0;Q0C100;A4WUM7;Q98EV8;Q25117;Q1GQS5 P49376 no no 3 2.03E-03 72.315 1 2.60E+06
MMMTSGEAVK R M M V K Y 1 0 0 0 0 0 1 1 0 0 0 1 3 0 0 1 1 0 0 1 0 10 0 1083.476 P02723;Q41630;Q41629;O49447;P31167;P31691;P40941;P27081;P25083;P12857;P04709;Q09188 Q09188 no no 2 1 98E-02 57 347 1 2 62E+07
MNPLVSAASVIAAGLAVGLASIGPG - M N A R Q 10 1 1 0 0 2 1 8 0 3 3 0 1 0 2 3 1 0 0 5 0 41 0 3700.993 P56760;A4QL06;A4QKR8;A4QKH9;A4QK05;A4QJS0 P56760 yes no 3 4.05E-59 148.08 1 1 3.96E+08
NDEELNK R N D N K L 0 0 2 1 0 0 2 0 0 0 1 1 0 0 0 0 0 0 0 0 0 7 0 860.3876 P09590;P69140;P69139;Q4PEF9;P09589;P02270;Q8I0T3;Q6WV88;Q6WV69;Q6WV67;Q6WV66;Q07135;P27325;P02269;P16886;Q99878;Q96KK5;Q8CGP6;Q9BTM1;Q8R1M2;Q64523;Q4R3X5;Q3ZBX9;Q16777;P70082;P3

5062;P13912;P02263;A9UMV8;A1A4R1;Q93077;Q8CGP7;Q8CGP5;Q8BFU2;Q7L7L0;Q6GSS7;Q6FI13;Q64598;Q4FZT6;Q00728;P22752;P20671;P0CC09;P0C170;P0C169;P0C0S9;P0C0S8;P04908;P02262;Q96QV6;Q0CBD2
;P04910;P08844;P04909;Q4WWC6;Q2U5A8;Q1E5N1;A1D8G8;A1CJ10;Q8X132;Q4HTT1;Q2HH37;Q0U1A1;P0C953;P0C952;Q875B8;P0CT12;O74268;L7HZV6;P27661;P16104;P07793;P69142;P69141;P13630;P04736;P350
61;P04735;P09588;P02264;A5DXS8;Q6BKW8;A5DWF1;A5DJJ2;A5DBG4;Q8IUE6;Q64522;P06897;Q6BRG3;Q59VP2;A3LZZ0;A3LXE7;P0CN99;P0CN98;Q59SU5;P40282;P35065;P02274;Q6C4I6;P35064;P02273;Q6GM86;
Q7ZUY3;P06898;P40279;Q6PV61;P84057;P84056;P84055;P84054;P84053;P84052;P84051;P19178;P21896;P02268

P09590 no no 2 3.71E-03 120.62 1 3.32E+07

NILEASYDTKFEEINK R N I N K V 1 0 2 1 0 0 3 0 0 2 1 2 0 1 0 1 1 0 1 0 0 16 1 1912.942 P13916;P11827 P13916 no no 2,3 5 34E-04 126 77 2 1 60E+07
NKPLVVQFQK K N K Q K L 0 0 1 0 0 2 0 0 0 0 1 2 0 1 1 0 0 0 0 2 0 10 1 1199.703 P01070;P01071;P25272 P01070 yes no 2 2.33E-02 61.161 1 3.46E+07
NLQGENEEEDSGAIVTVK R N L V K G 1 0 2 1 0 1 4 2 0 1 1 1 0 0 0 1 1 0 0 2 0 18 0 1930.912 P04405 P04405 yes yes 2 8 71E-40 154 39 1 1 53E+07
NLQLILNSCGR R N L G R S 0 1 2 0 1 1 0 1 0 1 3 0 0 0 0 1 0 0 0 0 0 11 0 1286.677 P24337 P24337 yes yes 2 8.03E-244 209.85 1 7.76E+08
NNNPFSFLVPPQESQR K N N Q R R 0 1 3 0 0 2 1 0 0 0 1 0 0 2 3 2 0 0 0 1 0 16 0 1872.912 P04405 P04405 yes yes 2 8 36E-49 157 74 1 3 22E+07
NQLFAEATSEPGLAFAFGR K N Q G R F 4 1 1 0 0 1 2 2 0 0 2 0 0 3 1 1 1 0 0 0 0 19 0 2024.996 C5FS55;D4DEN7 C5FS55 yes no 2 3.38E-21 145.91 1 1.46E+07
NTTIPTKK R N T K K S 0 0 1 0 0 0 0 0 0 1 0 2 0 0 1 0 3 0 0 0 0 8 1 901.5233 Q5B2V1;Q01233;Q96W30;Q00043;Q92260;P53623;P40918;P27322;P53421;P11143;P37899;O65719;Q9LHA8;P25840;P24629;P22953;P09189;P29357;P22954;O93866;P12078;P16121;P14834;Q05FS8;B0S1F8;A3DF25;A5W9

A3;C3PJM6;A6LRN4;Q182E8;B8I305;B2V2I5;B2TLZ7;Q8TQR2;B9E041;A5N6M2;P0CW13;P0CW12;Q465Y6;P69377;P69376;Q1XDH2;Q06W39;Q92J36;P29215;C4K110;C3PMM7;B0BWH1;A8GR22;A8GMF9;C4Z1J4;Q6
G554;Q6G1F9;Q3SW76;A9ILH7;A5V5P9;Q6NCY4;Q0BWZ9;O52064;O05700;B3Q972;A8IPT1;A7IC65;A1UUC3;Q21CI2;Q1QRU1;Q0BW82;B5YH59;B5RPM1;B5RM75;B3H2X7;B2S0M0;B2IBR4;A3N3K0;Q8YW74;Q2J32
0;Q13E60;Q07US6;P94317;P71331;P50019;B8F7S6;B0BTI7;Q5N1J4;Q5FSL5;Q3YRR6;P57870;P50021;P48209;B8EIP9;Q661A3;Q5NPS6;Q5GSE1;Q4QJW4;Q2G6N0;Q0SMZ0;Q0I3V2;P43736;P0C922;B7J282;B0UWR4;A6
VNB1;A5UF68;A5UBQ1;A5FZ19;Q65U55;Q3IYM7;Q16D45;Q11KJ6;Q0AKB1;P22358;A4WW89;A3PNM1;Q9HV43;Q8YE76;Q8FXX2;Q5LWJ6;Q57AD7;Q52701;Q313S2;Q05981;Q02FR1;C0QGP6;B8IHL3;B7V1H3;B6JCI3
;B3CNB5;A6W2D2;A6VCL8;A4XYF6;A4VPQ5;Q98DD1;Q87WP0;Q4ZNP7;Q4KIH1;Q48E62;Q3KIA0;Q3IC08;Q2KDW6;Q1MN11;O33528;C3K275;B9JZ87;B1LZ51;A9HEA3;A1B4E9;Q28VY3;C1F2D2;B8FGS3;B7KSZ4;B5
ZWQ2;B3PXH3;B1ZGR1;B0UR84;A9W6R7;A7HZ39;Q8DI58;Q73GL7;C0R3W7;B6IVA4;B3PF33;Q88DU2;Q1IF59;P42374;B0KIS5;A6UEY0;A4SQ25;A1U614;Q5NFG7;Q2SMM8;Q2A328;Q1GKS3;Q14GW9;Q0BLK4;P482
05;B4S0U1;B2SGV8;B1J254;B0TYF2;A8ZRW3;A7NCM9;A4IX28;A0Q7F0;A0KMI6;Q21H36;Q1QSX0;Q1IT15;Q10265;C5BQ33;C4L8Y5;Q5PAB8;Q5HAY1;Q5FFM4;Q04Y47;Q04VC8;P26413;P61443;P61442;P16019;Q4FN
P9;Q27031;O59855;P87047;Q07437;P17804;P0CS90;P26791;P0CS91;P20583;P11141;P11145;Q5B0C0;Q5ZM98;Q5R511;Q3ZCH0;P48721;P38647;P38646;O35501;P05456;Q9LDZ0;Q8GUM2;Q08276;P29845;Q01899;P3790
0

Q5B2V1 no no 2 1.53E-02 84.615 1 1.66E+07

NVFDDVVPADFK R N V F K V 1 0 1 3 0 0 0 0 0 0 0 1 0 2 1 0 0 0 0 3 0 12 0 1364.661 P14947 P14947 yes yes 2 1 78E-02 80 905 1 1 20E+08
NVFDEVIPTAFK R N V F K I 1 0 1 1 0 0 1 0 0 1 0 1 0 2 1 0 1 0 0 2 0 12 0 1378.713 P93124 P93124 yes yes 2 1.36E-11 131.06 1 2.12E+08
NVFDEVIPTAFTVGK K N V G K T 1 0 1 1 0 0 1 1 0 1 0 1 0 2 1 0 2 0 0 3 0 15 0 1635.851 P14948 P14948 yes yes 2 2 42E-03 77 191 1 1 19E+08
PACGVIGISQ R P A S Q - 1 0 0 0 1 1 0 2 0 2 0 0 0 0 1 1 0 0 0 1 0 10 0 1000.501 P07509 P07509 yes yes 2 2.01E-02 89.355 1 2.45E+07
QAYAATVAAAPEVK K Q A V K Y 6 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 1 0 1 2 0 14 0 1388.73 Q40240 Q40240 yes yes 2 4 39E-03 100 11 1 1 7 48E+07
QAYAATVATAPEVK K Q A V K Y 5 0 0 0 0 1 1 0 0 0 0 1 0 0 1 0 2 0 1 2 0 14 0 1418.741 Q40962 Q40962 yes yes 2 1.89E-05 115.91 1 2 4.12E+07
QDLPNAMNAAEITDK K Q D D K L 3 0 2 2 0 1 1 0 0 1 1 1 1 0 1 0 1 0 0 0 0 15 0 1629.767 P36579;Q9LQC8;Q8BSL7;Q5R5P7;Q5E9I6;Q4R5P2;Q06396;P84082;P84081;P84080;P84079;P84078;P84077;P61207;P61206;P61205;P61204;P51823;P51821;P51643;P49076;P36397;P0DH91;O48920;O48649;O23778;P6121

0;P61209;P0CM17;P0CM16;Q7RVM2;P51824
P36579 yes no 2 7.21E-04 92.8 1 2 2.91E+07

QQQEEQPLEVR R Q Q V R K 0 1 0 0 0 4 3 0 0 0 1 0 0 0 1 0 0 0 0 1 0 11 0 1382.679 P11827 P11827 yes yes 2 1 33E-03 107 06 1 8 49E+06
RFYLAGNQEQEFLK R R F L K Y 1 1 1 0 0 2 2 1 0 0 2 1 0 2 0 0 0 0 1 0 0 14 1 1741.879 P04776;P04405 P04405 no no 3 1.62E-02 44.968 1 8.90E+06
SAQDIALADLPTTHPIR K S A I R L 3 1 0 2 0 1 0 0 1 2 2 0 0 0 2 1 2 0 0 0 0 17 0 1817.964 P29305;Q06967 P29305 yes no 2 1 11E-06 129 46 1 1 63E+07
SIATLAITTLLK R S I L K T 2 0 0 0 0 0 0 0 0 2 3 1 0 0 0 1 3 0 0 0 0 12 0 1243.775 Q6Z382;D4ABY2;Q22498;Q9UBF2;Q9QXK3;A2VE21;Q6DKD7;Q66JI9;Q9PUE4;Q9I8E6;Q9Y678;Q9QZE5;Q4AEF8;P53620;Q8H852;Q0WW26;Q54HL0 Q6Z382 yes no 2 9.13E-04 63.662 1 0.00E+00
SLQDIIAILGMDELSEADKLTVER K S L E R A 2 1 0 3 0 1 3 1 0 3 4 1 1 0 0 2 1 0 0 1 0 24 1 2658.379 P23704 P23704 no no 3 1.86E-09 107.47 1 2.04E+07
SNSASGMAVCDECK M S N C K L 2 0 1 1 2 0 1 1 0 0 0 1 1 0 0 3 0 0 0 1 0 14 0 1514.58 Q6EUH7 Q6EUH7 yes yes 2 6.14E-04 83.37 1 1.33E+07
SPQLENLR R S P L R D 0 1 1 0 0 1 1 0 0 0 2 0 0 0 1 1 0 0 0 0 0 8 0 955.5087 P25974 P25974 yes yes 2 3.29E-25 120.15 1 0.00E+00
SQQLQNLR R S Q L R D 0 1 1 0 0 3 0 0 0 0 2 0 0 0 0 1 0 0 0 0 0 8 0 985.5305 P11827 P11827 yes yes 2 2.10E-43 129.47 1 0.00E+00
SQSDNFEYVSFK R S Q F K T 0 0 1 1 0 1 1 0 0 0 0 1 0 2 0 3 0 0 1 1 0 12 0 1449.641 P04776;P11828;P04405 P04405 no no 2 2.34E-22 138.2 1 1 1.04E+08
SSSQLEQAITDLINLFHK M S S H K Y 1 0 1 1 0 2 1 0 1 2 3 1 0 1 0 3 1 0 0 0 0 18 0 2043.064 Q28050 Q28050 yes yes 2,3 0 00E+00 359 88 2 6 79E+07
STLTDSLVQR K S T Q R A 0 1 0 1 0 1 0 0 0 0 2 0 0 0 0 2 2 0 0 1 0 10 0 1118.593 Q875S0;Q874B9;Q754C8;Q6CPQ9;Q6BJ25;P32324;A5DI11 Q875S0 yes no 2 2.17E-05 112.11 1 1.88E+07
SVDAMVPIGR K S V G R G 1 1 0 1 0 0 0 1 0 1 0 0 1 0 1 1 0 0 0 2 0 10 0 1043.543 P37211;Q5P4E4 P37211 yes no 2 1 83E-03 97 965 1 5 86E+07
SYELPDGQVLTIGNER K S Y E R F 0 1 1 1 0 1 2 2 0 1 2 0 0 0 1 1 1 0 1 1 0 16 0 1789.885 P18600 P18600 yes yes 2 7.12E-18 143.67 1 1 8.23E+07
SYPSNATCPR R S Y P R T 1 1 1 0 1 0 0 0 0 0 0 0 0 0 2 2 1 0 1 0 0 10 0 1151.503 P24337 P24337 yes yes 2 1 86E-02 85 355 2 4 66E+08
TAAQNIIPSSTGAAK R T A A K A 4 0 1 0 0 1 0 1 0 2 0 1 0 0 1 2 2 0 0 0 0 15 0 1428.757 Q9HGY7;Q8X1X3;Q00640;Q12552;Q9P8C0;Q9HFX1;Q8J1H3;P53430;P29497;P28844;P19089;Q96US8;Q8WZN0;P54118;P35143 Q9HGY7 yes no 2 1.08E-02 116.87 1 1 1 8.35E+07
TAATAANAAPANDKFTVFENTFNN R T A I K V 8 0 5 1 0 0 1 0 0 1 0 2 0 3 1 0 4 0 0 1 0 27 1 2811.383 Q40237 Q40237 yes yes 3 1 90E-96 183 24 1 7 41E+07
TADVGELTVEER K T A E R N 1 1 0 1 0 0 3 1 0 0 1 0 0 0 0 0 2 0 0 2 0 12 0 1317.641 P29305 P29305 yes yes 2 1.64E-02 84.365 1 1 5.45E+07
TFVETFGTATNK K T F N K A 1 0 1 0 0 0 1 1 0 0 0 1 0 2 0 0 4 0 0 1 0 12 0 1314.646 Q40237 Q40237 yes yes 2 1 65E-02 84 365 1 5 52E+07
TIAMDGTEGLVR R T I V R G 1 1 0 1 0 0 1 2 0 1 1 0 1 0 0 0 2 0 0 1 0 12 0 1261.634 P49376;P00830;Q05825;Q9PTY0;Q5ZLC5;Q24751;P00829;P56480;P10719;P06576;Q01859;P19023;P17614;P29685;P37399;P83484;P83483;Q9C5A9 P49376 no no 2 6.41E-03 79.492 1 3.25E+07
TISSEDKPFNLR K T I L R S 0 1 1 1 0 0 1 0 0 1 1 1 0 1 1 2 1 0 0 0 0 12 1 1405.72 P13916 P13916 yes yes 2 3 3 18E-06 146 36 1 2 1 1 91E+07
TLGSTSADEVQR R T L Q R M 1 1 0 1 0 1 1 1 0 0 1 0 0 0 0 2 2 0 0 1 0 12 0 1262.61 O82040;P94092 O82040 yes no 2 5.00E-03 92.19 1 5.20E+07
TPGPGAQSALR R T P L R A 2 1 0 0 0 1 0 2 0 0 1 0 0 0 2 1 1 0 0 0 0 11 0 1053.557 P19115;P93377;P19950;Q9SIH0;Q9CAX6;P42036;P19951;Q6XI08;Q5UAM9;Q1HR24;Q08699;P62265;P62264;P62263;P14130;P13471;Q7QEH1;Q7QBX2;Q54EG3;P48150;P46295 P19115 yes no 2 7 79E-03 93 345 1 1 02E+08
TQSNPNEQNVELNR M T Q N R T 0 1 4 0 0 2 2 0 0 0 1 0 0 0 1 1 1 0 0 1 0 14 0 1641.771 Q9THZ2;Q9GE29;Q7J1C4;Q7J1C3;Q7J1C0;Q7J1B6;Q7J1B4;Q7J1B2;Q7J1A8;Q7J1A6;Q7J1A4;Q7J1A1;Q7IW42;Q7IW39;Q7HIU9;Q7HIU7;Q7HIU5;Q7HIU0;Q7HIT8;Q7HIT6;Q7HIT4;Q7H8L5;Q7H8L2;Q7H8L0;Q7H8K8;Q

7H8K6;Q7H8J9;Q7H8J7;Q7H8I7;Q7H8E6;Q7H8E4;Q7H833;Q7H827;Q7H826;Q71L82;Q71L70;Q71L58;Q71L51;Q6W6R3;Q6W6Q9;Q6L385;Q6EYW2;Q6EYV8;Q6EYU3;Q6EYT9;Q6EYP1;Q6EYN0;Q6EYM6;Q6EW38;Q6E
NU9;Q6ENF8;Q68RZ1;Q67HR8;Q67HN6;Q67HH2;Q67HD6;Q67HC0;Q67HB2;Q67HA0;Q67H92;Q67H84;Q4VZH7;Q3BAM5;Q2THP9;Q2PMR9;Q2L919;Q2A7F4;Q27S35;Q1KXU4;Q1KXK8;Q14FE2;Q09X02;Q09MG3;Q09
G31;Q06RB7;Q06GY2;Q06FL1;P60150;P60149;P60148;P60147;P60146;P60145;P60144;P60143;P60142;P60141;P60140;P60139;P60138;P60137;P0C417;P0C416;B3TN65;B2XWM0;B2LMK8;B1VKE8;B1NWG5;B1NTN6;B
1A950;A9L9B1;A8Y9A1;A8W3C9;A7Y3F8;A7M971;A6MMV9;A6MMM2;A6MMD7;A6MM51;A6H5J3;A4QLU8;A4QLK9;A4QLC1;A4QL34;A4QKC0;A4QK33;A4QJL4;A4QJD0;A4GYS6;A4GGC1;A1EA23;A1E9T9;A0ZZ50;
A0A350

Q9THZ2 yes no 2 4.67E-39 167.21 1 4.52E+07

TQSNPNEQSVELNR M T Q N R T 0 1 3 0 0 2 2 0 0 0 1 0 0 0 1 2 1 0 0 1 0 14 0 1614.76 Q8HRZ5;Q7HKX8;Q67HJ6;Q67HD2;Q06GP5;P60136;P60135;P60134;P60133;P60132;P60131;P60130;P60129;A4QKU6;A4QKK7;A4QJU6 Q8HRZ5 yes no 2 1.09E-03 97.797 1 6.53E+06
TSFFQALGVPTK K T S T K I 1 0 0 0 0 1 0 1 0 0 1 1 0 2 1 1 2 0 0 1 0 12 0 1294.692 P05317;Q96TJ5;Q9C3Z6 P05317 yes no 2 1 66E-52 160 18 1 1 1 1 06E+08
TSNILSDVVDLK R T S L K T 0 0 1 2 0 0 0 0 0 1 2 1 0 0 0 2 1 0 0 2 0 12 0 1302.703 P05046 P05046 yes yes 2 2.58E-03 96.313 1 7.01E+07
TTPSFVAFTDTER R T T E R L 1 1 0 1 0 0 1 0 0 0 0 0 0 2 1 1 4 0 0 1 0 13 0 1470.699 Q5B2V1;Q01233;Q96W30;Q00043;P53623;P40918;P53421;O93866;P10591;P46587;P41797 Q5B2V1 yes no 2 9 82E-03 86 756 1 3 65E+07
TTVPPHSVQVHTTTHR M T T H R Y 0 1 0 0 0 1 0 0 3 0 0 0 0 0 2 1 5 0 0 3 0 16 0 1796.928 P29531 P29531 yes yes 3 4.31E-04 97.797 1 1.48E+07
TVDVEELTVEER K T V E R N 0 1 0 1 0 0 4 0 0 0 1 0 0 0 0 0 2 0 0 3 0 12 0 1417.694 Q6ZKC0;O49997 Q6ZKC0 yes no 2 5 98E-03 114 72 1 1 65E+07
TVFIQELINNIAK K T V A K A 1 0 2 0 0 1 1 0 0 3 1 1 0 1 0 0 1 0 0 1 0 13 0 1501.85 P23704;P49376;P00830 P49376 no no 2 2.35E-66 160.18 1 1 7.06E+07
TVLSSVGIDADEER K T V E R L 1 1 0 2 0 0 2 1 0 1 1 0 0 0 0 2 1 0 0 2 0 14 0 1489.726 P42039 P42039 yes yes 2 2 57E-11 136 83 1 5 69E+07
VADIVEIVTIR R V A I R S 1 1 0 1 0 0 1 0 0 3 0 0 0 0 0 0 1 0 0 3 0 11 0 1226.723 A8AX96 A8AX96 yes yes 2 9.77E-06 78.513 1 9.85E+07
VALTGLTVAEHFR R V A F R D 2 1 0 0 0 0 1 1 1 0 2 0 0 1 0 0 2 0 0 2 0 13 0 1412.778 A7HT52;B3PQ68;Q1MAZ2;B5ZSN7;A8HS10;Q2K3H0;A7IH31 A7HT52 yes no 2 3 8 39E-91 173 76 2 1 4 92E+07
VALVFGQMNEPPGAR K V A A R A 2 1 1 0 0 1 1 2 0 0 1 0 1 1 2 0 0 0 0 2 0 15 0 1584.808 P23704;P85446;Q2N8Z2;Q55CS9;P49376;P00830;Q2G5N5;Q1GQS5;A5V3X5 P49376 no no 2 6.22E-04 105.99 1 5.36E+07
VAPEEHPLLLTEAPLNPK R V A P K A 2 0 1 0 0 0 3 0 1 0 4 1 0 0 4 0 1 0 0 1 0 18 0 1967.073 P93374 P93374 yes yes 3 6 94E-05 88 283 1 2 53E+07
VEILANDQGNR R V E N R T 1 1 2 1 0 1 1 1 0 1 1 0 0 0 0 0 0 0 0 1 0 11 0 1227.621 P48741;Q9N1U2;Q04967;P17066;Q6BZH1 P48741 yes no 2 9.52E-03 84.479 1 1.19E+07
VFDGELQEGGVLIVPQNFAVAAK R V F A K S 3 0 1 1 0 2 2 3 0 1 2 1 0 2 1 0 0 0 0 4 0 23 0 2400.269 P04405 P04405 yes yes 3 1.13E-07 64.377 1 2.09E+07
VFDGELQEGR R V F G R V 0 1 0 1 0 1 2 2 0 0 1 0 0 1 0 0 0 0 0 1 0 10 0 1148.546 P04776 P04776 yes yes 2 3.03E-05 121.9 1 1 2.51E+08
VGAGAPVYLAAVLEYLAAEILELAGR V G A R D 9 1 1 0 0 0 3 3 0 1 5 0 0 0 1 0 0 0 2 3 0 29 0 2884.57 P09590;P69140;P69139;Q4PEF9;P16886;Q0CBD2;P04910;P08844;P04909;Q4WWC6;Q2U5A8;Q1E5N1;A1D8G8;A1CJ10;Q8X132;Q4HTT1;Q2HH37;Q0U1A1;P0C953;P0C952;Q875B8;P0CT12;O74268;L7HZV6 P09590 yes no 3 2.34E-221 193.93 1 1 7.00E+07
VGAGAPVYLAAVMEYLAAEVLELAR V G A R D 9 1 1 0 0 0 3 3 0 0 4 0 1 0 1 0 0 0 2 4 0 29 0 2888.511 Q6PV61;P84057;P84056;P84055;P84054;P84053;P84052;P84051;P19178;P21896;P02268 Q6PV61 yes no 3 7.12E-17 102.97 1 1.93E+07
VGAGAPVYLSAVLEYLAAEVLELA R V G A R D 8 1 1 0 0 0 3 3 0 0 5 0 0 0 1 1 0 0 2 4 0 29 0 2886.549 Q8LLP5;A2XLI0;Q2QPG9;A2ZL69;O65759;Q9S9K7;O04848 Q8LLP5 yes no 3 2.82E-17 99.954 1 1.67E+07
VGATAAVYSAAILEYLTAEVLELAGR V G S K D 8 0 1 0 0 0 3 2 0 1 4 1 0 0 0 2 2 0 2 3 0 29 0 2894.528 P08991;Q71UI9;Q71PD7;Q6YNC8;Q6Y237;Q6GM74;Q5ZMD6;Q5RC42;Q5BJ65;Q3THW5;Q32LA7;P22647;P0C0S7;P0C0S6;P0C0S5;P0C0S4;P02272;O62695;Q84MP7;Q8H7Y8;P08985;Q27511 P08991 yes no 3 4 51E-182 183 69 1 2 62E+07
VGLTGLTVAEHFR R V G F R D 1 1 0 0 0 0 1 2 1 0 2 0 0 1 0 0 2 0 0 2 0 13 0 1398.762 B6JD09;Q6NDD2;Q01859;P19023;P17614;P29685;P85088;P37399 Q01859 no no 3 2.21E-17 107.17 1 0.00E+00
VGNEGVITVEEAK K V G A K S 1 0 1 0 0 0 3 2 0 1 0 1 0 0 0 0 1 0 0 3 0 13 0 1343.693 Q2NBL8;Q1GRD4;A4YRI5;A5EG60;Q98IH9;Q6W1D5;Q6W163;Q3SQS3;Q2KAU2;Q11DQ8;P35471;P35470;A8I5R5;A6U901;A6U7N0;Q11LG4;Q0BQ24;P35635;P30779;A1UTX7;Q92ZQ4;Q3SQJ5;Q2KBZ7;Q1QP32;P3546

9;A6UM48;A6U6I5;Q8YB53;Q8FX87;Q89IK8;Q2YIJ3;Q1QK71;Q07PA9;P35862;P34939;P0CB35;C0RKD5;B6IU98;B2SCZ4;B1ZAU5;B1LVA0;A9WXQ0;A9MDV1;A6X3D0;A5VTU1;A5EM76;A4YS25;Q2IV30;Q212H2;Q1
MKX4;Q138M7;Q0C0T0;P60365;P0CAT9;O33964;O33963;B9K1Y8;B8H163;B8ER20;B5ZRD6;A9IY10;A8ILV4;Q2RWV4;B2ICU4;B0SXR2;Q981J9;A5G1G2;P35861;A7HQQ0;Q983S4;Q98AX9;Q2WAW8;Q4FPA5

Q2NBL8 yes no 2 1.12E-02 105.19 1 2.31E+07

VIAGTLEVHAVKPAAEEVK R V I V K V 4 0 0 0 0 0 3 1 1 1 1 2 0 0 1 0 1 0 0 4 0 19 1 1960.099 Q40237 Q40237 yes yes 3 4 3 45E-23 142 88 2 1 36E+08
VLFGEEEEQR R V L Q R Q 0 1 0 0 0 1 4 1 0 0 1 0 0 1 0 0 0 0 0 1 0 10 0 1234.583 P25974 P25974 yes yes 2 2.28E-03 53.567 1 0.00E+00
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VLGIDGAACM K V L C M - 2 0 0 1 1 0 0 2 0 1 1 0 1 0 0 0 0 0 0 1 0 10 0 1005.462 P87025 P87025 yes yes 2 2.00E-02 50.04 1 0.00E+00
VLIATDLLAR R V L A R G 2 1 0 1 0 0 0 0 0 1 3 0 0 0 0 0 1 0 0 1 0 10 0 1083.665 Q0UU86;A4QVP2;Q7RV88;A6R3R5;Q2HFP1;A7EGL7;A6RJ45;A1CJT5;Q0CXD0;Q5B948;Q1DQ20;A2QEN5;Q2UPY3;A1D7N3;Q4WX43 Q0UU86 no no 2 1 49E-02 103 01 1 1 1 1 08E+08
VLITTDLLAR R V L A R G 1 1 0 1 0 0 0 0 0 1 3 0 0 0 0 0 2 0 0 1 0 10 0 1113.676 Q6Z2Z4;P41378;P35683;Q40469;Q40466;P29562;P0CQ71;P0CQ70;Q02748;O02494;Q5R5F5;Q4R8K5;Q3SZ54;P60843;P60842;A5A6N4;Q8JFP1;Q5RKI1;Q5R4X1;Q3SZ65;Q14240;P10630;Q4R4Y9;Q41741;Q4P331;P41377;

P41376;Q40471;Q40470;Q40468;Q40467;Q40465;P41382;P41381;P41379;Q9CAI7;Q6BV94
Q6Z2Z4 yes no 2 1.67E-02 83.869 1 1 1 4.55E+07

VLIVPQNFVVAAR R V L A R S 2 1 1 0 0 1 0 0 0 1 1 0 0 1 1 0 0 0 0 4 0 13 0 1424.85 P04776 P04776 yes yes 2 5.77E-03 93.345 1 1 1 5.53E+08
VLNTGSPITVPVGR R V L G R A 0 1 1 0 0 0 0 2 0 1 1 0 0 0 2 1 2 0 0 3 0 14 0 1408.804 Q01859;P19023;P17614;P29685;P85088 Q01859 yes no 2 1 12E-02 112 42 1 4 68E+07
VNQIGTITEAINAAK K V N A K D 3 0 2 0 0 1 1 1 0 3 0 1 0 0 0 0 2 0 0 1 0 15 0 1541.841 P42040 P42040 yes yes 2 2.32E-97 177.21 1 1 1.01E+08
VPSGTTYYVVNPDNNENLR R V P L R L 0 1 4 1 0 0 1 1 0 0 1 0 0 0 2 1 2 0 2 3 0 19 0 2151.023 P13916 P13916 yes yes 2 0 00E+00 264 23 1 1 4 60E+07
VPTANVSVVDLTCR R V P C R T 1 1 1 1 1 0 0 0 0 0 1 0 0 0 1 1 2 0 0 4 0 14 0 1529.787 Q9HGY7;Q8X1X3;Q00640;Q5RAB4;P04406;P80534 Q9HGY7 yes no 2 1.46E-252 211.75 1 1 3.11E+07
VPTVDVSVVDLTVR R V P V R L 0 1 0 2 0 0 0 0 0 0 1 0 0 0 1 1 2 0 0 6 0 14 0 1497.84 P08477;Q7FAH2;Q6K5G8;Q43247;Q0J8A4;Q09054;P26520;P26517;P25861;P08735;A2YQT7;Q9FX54;P34922;P34921;P25858;P04796;P34783;P09094;Q6FPW3;Q6BMK0;Q6CCU7;P26518 P08477 yes no 2 8.07E-03 106.14 1 1 1 6.09E+07
VSDDEFNNYK R V S Y K L 0 0 2 2 0 0 1 0 0 0 0 1 0 1 0 1 0 0 1 1 0 10 0 1229.52 P01070;P85278;P01071 P01070 yes no 2 5 86E-03 56 043 1 0 00E+00
VVDALGNPIDGK R V V G K G 1 0 1 2 0 0 0 2 0 1 1 1 0 0 1 0 0 0 0 2 0 12 0 1196.64 B9JTR4;Q98EV6;Q92LK6;Q8YJ37;Q8UC74;Q8FYR3;Q89X72;Q5NQZ1;Q57B86;Q2YLI5;Q2VZN0;Q2N8Z5;Q2K3G8;Q2G5N7;Q1MAZ0;Q11DD7;C3M9S3;C0RF52;B8IN03;B8EQP9;B5ZSN9;B3PQ70;B2S7M5;B0UE41;A9

WWS4;A9M839;A7IH29;A6WXW9;A6UDM3;A5VSE3;A5E948;A4YKD8;Q92G86;Q6NDD0;Q4UK16;Q3SVJ4;Q2J3I2;Q21CY5;Q1QQS5;Q13DP4;Q07UZ3;C4K229;B6JD06;B1LVH1;B0BVB8;A8HS15;A8GTS8;A8F2U2;A5F
Z52;Q6G1W7;Q6FYM1;Q0BQE6;A9IYX0;A1UR47;A1B8N8;P05439;A8GY42;A8GPZ6;Q63PH8;Q5NIK5;Q3JXV6;Q39KX8;Q2STE7;Q2A1I0;Q21DK6;Q1BRA8;Q14K08;Q13SQ0;Q0BK82;Q0BJL7;C5BKJ7;B4EEY7;B2SEX9
;B1YQL2;B1JSV5;A9AJG2;A7NEH6;A5EXJ7;A4JA33;A4IW22;A3P0Z2;A3NF42;A0Q8E1;A0K2Y1;Q9HT18;Q88BX2;Q4FQ35;Q1Q897;Q1I2I5;Q0VKX2;Q02DF2;B7V793;B7I1W2;B7H296;B3PIS9;B2I100;B1JFU3;B0VBP5;B
0KRB0;A6W3T0;A6VF34;A5WBV9;A5WBA5;A4Y189;A4VS64;A3M142;Q5ZR99;Q5X0P1;Q5WSG6;A5III5;Q6FFK2;P24487;Q9XXK1;P07251;P49375

B9JTR4 yes no 2 7.97E-03 92.19 1 1.92E+07

VVDLLAPYAR K V V A R G 2 1 0 1 0 0 0 0 0 0 2 0 0 0 1 0 0 0 1 2 0 10 0 1115.634 P23704;Q3A605;Q39ZU1;Q74GY0;Q39Q56;C6E9F1;B9LZ84;B5EFI7;A5G9D8;B3EA01;A1AP52;A1ALL7;A7HT52;B3PQ68;Q1MAZ2;B5ZSN7;P49376;P00830 P49376 no no 2 6 08E-09 129 85 1 1 1 1 69E+08
YFPTQALNFAFR R Y F F R D 2 1 1 0 0 1 0 0 0 0 1 0 0 3 1 0 1 0 1 0 0 12 0 1473.741 P02723 P02723 yes yes 2 3.98E-04 118.9 1 1 2.61E+07
YNVTVIDAPGHR K Y N H R D 1 1 1 1 0 0 0 1 1 1 0 0 0 0 1 0 1 0 1 2 0 12 0 1340.684 P14865;P14864;P06805;Q10119;P50522 P14865 yes no 2 3 13E-06 72 705 1 2 47E+07
YRPGTVALR R Y R L R S 1 2 0 0 0 0 0 1 0 0 1 0 0 0 1 0 1 0 1 1 0 9 1 1031.588 P83864;Q6LCW8;Q42681;P50564;P08437;Q9U281;Q9HDN1;Q8WSF1;Q76N23;Q71V89;Q71U98;Q71LE2;Q71H73;Q71DI3;Q711T2;Q6RUR1;Q6PI79;Q6PI20;Q6P823;Q6LED0;Q6LBF0;Q6LBE8;Q5RCC9;Q5E9F8;Q4QRF4;

Q4PB04;Q3C2E5;Q28D37;Q16695;Q10453;Q0JCT1;P84250;P84249;P84248;P84247;P84246;P84245;P84244;P84243;P84239;P84238;P84237;P84236;P84235;P84234;P84233;P84232;P84231;P84230;P84229;P84228;P84227;
P69245;P69244;P68433;P68432;P68431;P59169;P22843;P09988;P08898;P02302;P02301;P02299;A5PK61;A2XHJ3;P0CO05;P0CO04;P81202;Q6NXT2;Q9LR02;Q402E2;Q3SZB8;P90543;P69079;P69078;P69077;P69076;P690
75;P69074;P69073;P69072;P69071;P06352;Q2Z2F4

P83864 yes no 2,3 1.05E-02 78.816 2 2.95E+07

YTRPGDTLAEVELR K Y T L R Q 1 2 0 1 0 0 2 1 0 0 2 0 0 0 1 0 2 0 1 1 0 14 1 1618.832 P14948;P93124 P93124 no no 2,3 6.20E-04 124.25 2 8.47E+07
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Highlights 

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

 calculation of individual protein oligomer concentrations from their measured ND 

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

proteins  

 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. 

48



3 
 

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 (ONOO-) 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 NO2/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·H2O, 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 MΩ cm) 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 MΩ 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-1, 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 NO2/O3 exposure 

Aliquots of aqueous BSA solutions (0.13 mg mL-1, 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 & Co.KG, Germany) at ~1.98 L min-1. The air flow was then mixed with another flow 

(20 mL min-1) containing ~5 ppmV NO2 in N2 (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-1. The concentrations of O3 and NO2 were monitored by 

commercial monitoring instruments (Ozone analyzer, 49i, Thermo Scientific, Germany; NOx 

analyzer, 42i-TL, Thermo Scientific, Germany), respectively. After exposure, the proteins were 

lyophilized and resuspended in 150 μL H2O 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 k (Eqs. 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, εTyr, 280, εNTyr, 280, and εNTyr, 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 (cNTyr, in moles per liter) divided 

by the sum of the concentrations of NTyr and Tyr (cNTyr+cTyr) [16]. Aall,280 and ANTyr,280 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. 

         (1)  

        (2) 

      (3) 

  (4) 

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 f and 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 NaH2PO4 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 k =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 Å, 300 × 4.6 mm, 2.7 μm). The mobile phase for isocratic separation was 

150 mM NaH2PO4 buffer (pH 7, adjusted by adding 10 N NaOH). The flow rate was 0.35 mL 

min-1 and the sample injection volume was 40 μL. 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 (ω, 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 NO2/O3-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 ω 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: 

    (5) 

where CP, CM, CD and CT are the concentrations of the total protein, monomer, dimer  and trimer 

in solution.  

The combined ND of the monomer plus dimer fraction (ND(M+D)), and of the monomer 

plus trimer fraction (ND(M+T)) 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:  

  (6) 
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  (7) 

where nTyr is the number of Tyr residues in the investigated protein, i.e., 20 for BSA [17], and 

NDM, NDD and NDT are the individual ND of the protein monomer, dimer and trimer, 

respectively. Thus, the CD and CT can be generalized using the following expressions: 

            (8) 

            (9) 

Therefore, Eq.5 can be re-formulated as: 

            (10) 

Note that the ND(M+D) and ND(M+T) can be calculated from Eq.4. Thus, we can derive CM, 

CD and CT 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 C18 column (Vydac 238TP, 250 mm×2.1 mm inner diameter, 5 μm 

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/NO2 [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 NO2/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 NO2/O3-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 NO2/O3-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-1). 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 
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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 (CM, CD 

and CT) 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 CM, CD and CT 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. 3c shows higher 

concentrations of oligomers formed in the NO2/O3-nitrated BSA samples in the dashed box 

labeled “O”, which illustrates the difficulty in estimating their molecular weight due to the non-
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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 NaH2PO4 (aq, adjusted to pH 7 by 10 N NaOH): (a) Scaling 

factor k = 2.50 ± 0.04 (R2= 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 

NTyr at 357 nm (ANTyr,357 nm); (b) Scaling factor f = 3.50 ± 0.04 (R2= 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, R2=0.99. The 

protein standard mix 15–600 kDa (69385, Sigma-Aldrich, Steinheim, Germany) contains bovine 

thyroglobulin (MW = 670 kDa), γ–globulins from bovine blood (MW = 150 kDa), albumin 

chicken egg grade VI (MW = 44.3 kDa), and ribonuclease A (MW = 13.7 kDa).  

 

  

62



18 
 

Fig. 3. SEC-HPLC-DAD chromatograms at 280 nm for native BSA and nitrated BSA in aqueous 

solutions. (a) 1.3 mg mL-1 BSA, (b) 1.1 mg mL-1 TNM-nitrated BSA (TNM/Tyr = 1/3, mol/mol), 

3 h reaction, (c) 1.3 mg mL-1 NO2/O3-nitrated BSA, 200 ppb O3/50ppb NO2, 1 h reaction. 
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Fig. 4. Method comparison for: (a) TNM-nitrated BSA samples and (b) NO2/O3-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 NO2. (c) 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 NO2. 
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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 TNM/Tyr 
(mol/mol) CM (μM) CD (μM) CT (μM) 

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 
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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 (O3)
exposure were studied in coated-wall flow tube experiments at
environmentally relevant O3 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
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 O3 in the Anthropocene may promote the formation of
protein oligomers with enhanced allergenicity and may thus contribute to the increasing prevalence of allergies.

1. INTRODUCTION

The prevalence of allergies is increasing worldwide,1,2 and air
pollution has been identified as one of the factors potentially
responsible for this trend, but the underlying chemical
mechanisms remain unclear.3 Air pollutants can directly affect
the immune system, e.g., by inducing inflammation or oxidative
stress,4−7 and reactive trace gases like ozone (O3) and nitrogen
dioxide (NO2) can induce post-translational modifications
altering the immunogenicity of proteins.8−12

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 μm diameter), several processes might also lead to the
occurrence of allergenic proteins in fine mode particles (<1
μm), which may enter deeper into the respiratory tract. Such
processes include the release of cytoplasmic granules from
pollen (PCGs),13 fragmentation of airborne cellular material,14

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 O3 and NO2,
promoting post-translational modifications like tyrosine (Tyr,
Y) nitration.16 Although a number of studies already
investigated general mechanisms and kinetics of protein O3
uptake and nitration,17−19 analysis of site selectivity of protein
nitration by O3 and NO2,

20 or specifically studied specific
relevant aeroallergens, e.g., the major birch pollen allergen Bet v
1,8,21,22 much less is known about oligomerization processes for
proteins at atmospherically relevant concentrations of O3.

The (transient) formation of homodimers or oligomers has
been reported for a number of allergenic proteins.23−29 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.30 For Bet v
1.0101, it has recently been shown that the wild-type allergen
partly contains a Y5C mutation and that a disulfide-bridge
mediated stabilization of a dimeric form, which preferentially
induced a TH2 immune response.28

In this study, we investigate the formation of oligomers of
proteins upon their exposure to atmospherically relevant
concentrations of O3. Bovine serum albumin (BSA) was used
as a model protein, because O3 uptake kinetics and rate
constants are available in the literature.17 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, A5611-1G),
ammonium acetate (>98%, 32301-500G), trifluoroethanol
(TFE, T63002), ammonium bicarbonate (A6141-25G), dithio-
threitol (DTT, D5545-5G), and iodoacetamide (IAM, I6125-
5G) were purchased from Sigma-Aldrich (Germany). 10×
Tris/glycine/SDS (161-0732), 2× 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 MΩ m) for chromatog-
raphy was taken from an ELGA LabWater system (PURELAB
Ultra, ELGA LabWater Global Operations, UK). For other
purposes, high purity water (18.2 MΩ m) was autoclaved
before used if not specified otherwise.
2.2. Protein O3 Exposure Setup. BSA solutions (0.6 mL;

3.33, 0.33, 0.07, and 0.03 mg mL−1 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−1 BSA solutions were used) were loaded into the
glass tube and dried by passing a N2 (99.999%) flow of ∼2.3 L
min−1 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−1. The
O3 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. O3 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 1× 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, O3/synthetic
air gas mixtures were bubbled directly through 1.5 mL 0.15 mg
mL−1 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−1.
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 Å, 150 × 4.6 mm, 3 μm) 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−1 and the sample injection volume was 40 μL. 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), γ-globulins from bovine blood (MW = 150 kDa),
albumin chicken egg 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). 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 5 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 5.1, 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 Pöhlker et al.31 Samples were analyzed in
a 10 × 10 × 40 mm UV quartz cuvette (Hellma Analytics,
Müllheim, 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−1 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 O3 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 O3 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 Poschl20 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
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illustrated in Figure 1. The BSA dimer (MW 141.9 kDa) and
trimer (MW 195.8 kDa) bands clearly increased in intensity,

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 O3 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).32 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 O3 in the liquid phase at λex =
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.33

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 O3
concentrations with reaction times between 3 (200 ppb O3)
and 6 (50 ppb O3) 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

Figure 1. SDS-PAGE analysis of the homogeneous oligomerization of
alkylated BSA exposed to 200 ppb O3 for 2 h (false color illustration).

Figure 2. Fluorescence excitation−emission matrices (EEMs) of native BSA (a), and BSA after 1 h (b) and 2 h (c) exposure of 200 ppb O3 in the
liquid phase; (d) fluorescence emission spectra at λex = 320 nm (dityrosine signal).
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higher oligomers (MW > MWtrimer), 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,34,35 e.g., Tyr + O3 yields an o-quinone
derivate.36 However, in a recent study on the oxidation and
nitration of Tyr by O3 and NO2, ab initio calculations showed
that O3 can induce H abstraction from the hydroxyl group of

the Tyr phenol ring, resulting in the formation of a tyrosyl
radical.37 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 ε-
amino group of lysine and (c) intra- or intermolecular disulfide
cross-linking, in part after reductive separation of pre-existing
disulfide bridges.38 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 O3 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 O3
−, which can be

rapidly converted into OH radicals. Further, during ozonolysis
reactions, 1O2 (singlet oxygen) and H2O2 (hydrogen peroxide)
are known to occur.39 These reactive oxygen species (ROS)
likely induce secondary reactions, such as oxidation, ring
opening of aromatic amino acid side chains, and protein
backbone cleavage.40−42 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 O3 and RH conditions. However, the
reaction of O3 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.20 Protein
Tyr nitration by O3 and NO2 is a two-step mechanism

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 O3. 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.

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 O3; (b) 45% RH, 50 ppb O3; (c) 96% RH, 200 ppb O3; (d) 96% RH, 50
ppb O3. 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 O3 as the first step, which is followed by
the addition of NO2 to form 3-nitrotyrosine.18 Three nitrated
Tyr residues (Y161, Y364, and Y520) were found, Y161 was
fully nitrated (NDY161 = 1), whereas the others exhibited only
low nitration degrees (NDY364 = 0.003, NDY520 = 0.006).20

However, also other Tyr residues in BSA might be reactive
toward O3, 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 α-lactalbumin were found to be site
selective and occurred at sterically favored sites.43 Tryptophan
residues in cytochrome C were observed to be resistant to O3,
whereas Trp in BSA and human serum albumin (HSA) were
found to be susceptible to O3.

44 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 (i.e., five layers of protein as
detailed below) at 45% RH and 96% RH and proteins in
aqueous solution with O3 gas phase concentrations of 200 and
50 ppb. Oligomer signals were found to increase with exposure
time.
Figure 5 illustrates the influence of protein film thickness on

the observed increase of oligomer signals after an exposure of

200 ppb of O3 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 (rm)
and the inner diameter (d) and length (l) of the tube: n =
mBSArm

2NA/(MBSAdl), where NA is the Avogadro constant,
6.022 × 1023 mol−1, rm = 3.4 nm,45 MBSA = 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 O3 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 O3 proceeds through a chemical mechanism involving two
steps, as suggested in previous studies.18,46 The first step is the
reaction of a Tyr residue with O3 forming phenoxy radical
derivatives (tyrosyl radicals) as long-lived reactive oxygen
intermediates (ROI-1).19 It should be noted that O3 can also
oxidize other amino acid residues in proteins such as Trp.36

However, from other amino acid residues with a high reactivity
toward O3, i.e., cysteine (Cys), Trp, Met, and His,47 only Cys is
able to cross-link proteins directly upon O3 exposure.36,48

Cross-linking by O3 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
O3 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

+ → ‐ + −c cO BSA ROI 1 (1 ) oxidized monomer3 1 1
(R1)

‐ + ‐ →ROI 1 ROI 1 dimer (R2)

+ → ‐ + −c cdimer O ROI 2 (1 ) oxidized dimer3 2 2 (R3)

‐ + ‐ →ROI 2 ROI 1 trimer (R4)

+ → ‐ + −c ctrimer O ROI 3 (1 ) oxidized trimer3 3 3
(R5)

‐ + ‐ →ROI 2 ROI 2 tetramer (R6)

‐ + ‐ →ROI 1 ROI 3 tetramer (R7)

where c1, c2, and c3 are stoichiometric coefficients for R1, R3,
and R5, 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 method49,50). 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 O3 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 O3 in the aqueous phase was
estimated using a Henry’s law constant of 0.011 M atm−1.51

The second-order rate coefficients for R1 and R3 were found to
be fast at (0.1−5) × 10−14 cm3 s−1, which is consistent with
previous studies;36 the oligomerization rates R2, R4, R6, and R7
were consistently several orders of magnitude lower (see Figure
S4). The stoichiometric coefficients c1 and c2 were found to be
∼0.2, and c3 was found to be ∼0.1.

Figure 5. Influence of protein coating thickness on oligomer formation
observed after 30 min of ozone exposure (200 ppb O3, 45% RH).
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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 O3
than phenols, i.e., by a factor of ∼106.39 However, it is difficult
to determine the amounts of conjugated ions of Tyr in our
flowtube experiments. Local pH and exact pKa (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 pKa of the phenolic hydrogen of free Tyr
(10.07). According to this equation, ∼10−5 to ∼10−3
dissociated ions per residue should be present at pH 5−7,
respectively. By a simple division of the rate constant of Tyr +
O3 calculated by the model in this study (∼6 × 105−3 × 107

M−1 s−1) with the rate constant of phenolate + O3 reported by
Mvula and von Sonntag (1.4 × 109 M−1 s−1),39 we may
estimate that ∼4 × 10−4 to ∼2 × 10−2 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 + O3 reported in
the literature (0.7−2.8 × 106 M−1 s−1 in neutral pH,52 and 7.2 ×
107 M−1 s−1 in aqueous medium at 298 K calculated using
variational transition state theory37) 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 O3
exposure to protein films with gas phase O3 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).53 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 O3 in BSA, and the self-diffusion
coefficient of the protein.

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.17 On the basis of the model
fitting, the bulk diffusion coefficients of O3 were estimated to be
10−9−10−8 cm2 s−1 at 45% RH and ∼10−7 cm2 s−1 at 96% RH;
self-diffusion coefficients of protein were estimated to be
∼10−17 cm2 s−1 at 45% RH and ∼10−15 cm2 s−1 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 O3. 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),37 the effect of temperature on rate constants of the
Tyr + O3 reactions was studied using ab initio calculations. The
rate constant for the formation of tyrosyl radicals in aqueous
medium ranged from 3.6 × 106 to 2.7 × 108 M−1 s−1 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 O3 in continental background air have
increased by factors of 2−4 from around 10−20 ppb from the
beginning of the 19th century to 30−40 ppb in the 21st
century.54−61 This increase of O3 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 O3
concentrations,62 and the dimeric proteins were found to have
higher allergenicity than the monomeric species.28 On the basis
of our observation of higher oligomers formed upon O3
exposure, we suggest further investigation of the allergenicity
of protein oligomers beyond the dimer level.

Figure 6. Schematic overview of the most relevant reactions and intermediates for protein oligomerization observed in flowtube experiments upon
exposure to environmentally relevant O3 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.
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In the atmosphere, also, photooxidation of proteins may lead
to oligomer formation.63 Photoinduced radicals can trigger
secondary reactions, which have been shown to result in
protein cross-linking in the absence of UV radiation.64 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 

 

 

Figure S1. Experimental setup for protein ozone exposure. 

Molecular weight calibration of size exclusion chromatography (SEC) 

 

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, 

R2=0.998. 
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DAD analysis of exposed protein samples 

 

 

Figure S3. Exemplary chromatograms of native BSA and exposed BSA samples. (a) 1.3 mg/mL 

BSA in 1×Tris/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). 

  

M D T O 

M – Monomer 
D – Dimer 
T – Trimer 
O – Oligomers (n ≥ 4) 

(a) 

(b) 

79



S4 
 

 

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 k1-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,a Pascale S. J. Lakey,a Thomas Berkemeier,a,b Haijie Tong,a Anna Theresa Kunert,a 
Hannah Meusel,a Yafang Cheng,a Hang Su,a Janine Fröhlich-Nowoisky,a Senchao Lai,c Michael G. 
Weller,d Manabu Shiraiwa,e Ulrich Pöschla and Christopher J. Kampf*,f,a 

The allergenic potential of airborne proteins may be enhanced via posttranslational modification induced by air pollutants 

like ozone (O3) 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 O3 and NO2 were studied in coated-wall flow-tube and bulk-solution experiments under 

varying atmospherically-relevant conditions (5-200 ppb O3, 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 NO2 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 important issue for human health and the 

prevalence of allergic diseases has been increasing worldwide 

over the past decades.1,2 Among other explanations, air 

pollution has been proposed as a potential driver for this 

increase.3-6 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.7, 8 Air 

pollutants like nitrogen dioxide (NO2), sulfur dioxide (SO2), and 

ozone (O3), have been shown to interact with and modify 

allergen carriers like pollen grains and fungal spores, increasing 

the release of allergenic proteins.8, 9 Moreover, post-translational 

modifications (PTM) of allergenic proteins can be induced by reactive 

trace gases such as O3 and NO2 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 grains14, but also in 

the fine fraction of air particulate matter (aerodynamic diameter < 

2.5 µm).15-17 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,9 

fragmentation of airborne cellular material,18 and contact transfer of 

allergenic proteins onto fine particles.18, 19 Therefore, aeroallergens 

can be directly exposed to ambient O3 and NO2, 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 NO2 and 

O3 in synthetic gas mixtures or polluted urban air.11, 12, 15, 20 The 

mechanisms of protein nitration by O3 and NO2, and protein cross-

linking (oligomerization) by O3, both involve the formation of long-

lived reactive oxygen intermediates (ROIs), which are most likely 

tyrosyl radicals, as proposed earlier.12, 20-24 The ROIs can 

subsequently react with each other forming dityrosine (DTyr) 

crosslinks, with NO2 to form nitrotyrosine (NTyr) residues, or 

undergo further oxidation reactions. Using quantum chemical 

methods, Sandhiya et al.22 showed that six different intermediates 

a. Multiphase Chemistry Department, Max Planck Institute for Chemistry, Hahn-
Meitner-Weg 1, 55128 Mainz, Germany. 

b. School of Chemical & Biomolecular Engineering, Georgia Tech, Atlanta, GA, USA. 
c. School of Environment and Energy, South China University of Technology, Higher 

Education Mega Center, Guangzhou 510006, P.R. China. 
d. Division 1.5 Protein Analysis, Federal Institute for Materials Research and Testing 

(BAM), Richard-Willstätter-Str. 11, 12489 Berlin, Germany. 
e. Department of Chemistry, University of California, Irvine, CA, USA. 
f. Institute for Organic Chemistry, Johannes Gutenberg University Mainz, 

Duesbergweg 10-14, 55128 Mainz, Germany. Email: kampfc@uni-mainz.de 
 
Electronic Supplementary Information (ESI) available: Chemical mechanism and 
corresponding parameters used in kinetic modelling (Table S1), schematic 
experimental setup (Fig. S1), and SEC calibration curve (Fig. S2). See 
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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 NO2, tyrosyl 

radicals can undergo self-reaction to stabilize in the form of dimers. 

Under physiological conditions, Pfeiffer et al.25 found that DTyr was 

a major product of Tyr modification caused by low steady-state 

concentrations of peroxynitrite, while high fluxes (> 2 µM s-1) of 

nitrogen oxide/superoxide anion (NO/O2
-) 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 NO2 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, and 

oligomerization reactions of proteins induced by O3 and NO2, 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 O3 and NO2 

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)26 to investigate which 

chemical reactions and transport processes control the 

concentration and time dependence of protein oligomerization and 

nitration. 

2. Experimental 

2.1. Materials 

Bovine serum albumin (BSA, A5611) and sodium phosphate 

monobasic monohydrate (NaH2PO4·H2O, 71504), were purchased 

from Sigma-Aldrich (Germany). Sodium hydroxide (NaOH, 0583) was 

from VWR (Germany). 10×Tris/Glycine/SDS (161-0732) was from Bio-

Rad Laboratories (USA). High purity water (18.2 MΩ cm) for 

chromatography was taken from a Milli-Q Integral 3 water 

purification system (Merck Millipore, USA). The high purity water 

(18.2 MΩ∙cm) was autoclaved before use if not specified otherwise. 

 

2.2. Protein O3/NO2 exposure setup 

Reactions of BSA with O3/NO2 mixtures were performed both 

homogeneously in aqueous solutions and heterogeneously via the 

exposure of BSA-coated glass tubes to gaseous O3/NO2 at different 

levels of relative humidity (RH). Before the exposure experiments, 

BSA solutions (0.6 ml, 0.33 mg mL-1) were loaded into the glass tube 

and dried by passing a nitrogen (N2, 99.999%) flow at ~ 1 L min-1 

through a specific rotating device27, 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,20 was 

extended by incorporating an additional flow of NO2 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 

gas humidifier (MH-110-12F-4, PermaPure, 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 gas flow with a 

set O3 concentration and RH was then mixed with a N2 flow 

containing ~5 ppmV NO2 (AIR LIQUIDE, Germany). The NO2 

concentrations were adjusted by varying the flow rate (20-80 mL min-

1) of the ~5 ppmV NO2 flow. The combined gas flow was then directed 

through the BSA-coated glass tube. The concentrations of O3 and NO2 

as well as RH were measured by commercial monitoring instruments 

(Ozone analyzer, 49i, Thermo Scientific, Germany; NOx 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 1×Tris/Glycine/SDS buffer to avoid 

precipitation of protein oligomers in the extract solution. 

For homogeneous bulk solution reactions, the O3/NO2 gas 

mixtures were directly bubbled through 1.5 mL of 0.13 mg mL-1 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-1 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 

(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 an AdvanceBio SEC column (Agilent, 300 Å, 300 × 

4.6 mm, 2.7 μm). Isocratic separation at a flow rate of 0.35 mL min-1 

was carried out using a mobile phase of 150 mM NaH2PO4 buffer 

(adjusted to pH 7 with 10 M NaOH (aq)) after injecting 40 µL 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), γ-

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 
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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 (ω) 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.29 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 NO2 and O3 

concentrations on protein oligomerization for homogeneous bulk 

solution and coated-wall flow-tube experiments, respectively. 

Exposures were carried out at fixed NO2 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 O3 and 

NO2, 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 NO2) from 5 to 200 ppb significantly affected the temporal 

evolutions observed for the mass fractions of the different 

oligomers, changing the NO2 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 NO2 in water is ~ 10-

5 mol mL-1 (derived from their Henry’s law constants: Ksol, cc, O3 ≈ Ksol, 

cc, NO2 ≈ 10-2 M atm-1)30 under our experimental conditions. Increasing 

O3 and NO2 gas concentrations between 5 to 200 ppb should result 

in concentrations of O3 and NO2 between 7 × 10-11 to 3 × 10-9 M in 

the aqueous phase. Thus, the insignificant change of oligo- 

 

 
Fig. 1   Temporal evolution of protein oligomer mass fractions (ω (%), 
monomer, dimer, trimer and oligomer (n ≥ 4)) in the aqueous phase 
reaction of BSA with O3/NO2: ((a)-(d)) at a fixed NO2 concentration of 50 
ppb with varied O3 concentrations; ((e)-(h)) at a fixed O3 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 NO2 concentration should not be 

caused by a saturation of dissolved NO2 in the investigated 

concentration range (5 to 200 ppb). 

Mechanistically, the reactions between O3/NO2 and protein Tyr 

residues involve the formation of ROIs (tyrosyl radicals) resulting 

from the reaction of Tyr with O3. These ROIs can then either react 

with NO2 to form NTyr residues or cross-link due to intermolecular 

DTyr formation.6, 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 

NO2 concentrations. However, no such behavior was observed. 

Furthermore, similar protein oligomer mass fractions were observed 

previously in the absence of NO2 for BSA exposed to O3 in bulk 

solution experiments with comparable levels of O3 (50 and 200 

ppb).20 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 (ω (%), 
monomer, dimer, trimer and oligomer (n ≥ 4)) upon exposure of BSA films 
(thickness 34 nm) to various O3/NO2 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 O3/NO2 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.20 The experiments were performed at 45% and 96% RH 

with O3/NO2 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 NO2 for 

comparable RH and O3 concentrations.20 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 

at exposure times of 2 – 4 h, depending on RH and trace gas 

concentrations, while only higher oligomers steadily increased over 

the course of the reaction time (see Fig. 2). This result indicates that 

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.32 

Our observation indicates that initial exposure (< 2 – 4 h) of proteins 

to O3 and NO2 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 NO2 and O3 

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 NO2 concentrations 

with varying O3 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 

NO2,12, 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 NO2, 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  

 

 
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/NO2: (a) and 
(b) at a fixed NO2 concentration of 50 ppb with varied O3 concentrations; 
(c) and (d) at a fixed O3 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. 
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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 % to 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 NO2 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 NO2 by 

aerosolized proteins. They found that the uptake coefficient of NO2 

(γ_NO2) increased with increasing O3 concentrations while γ_NO2 

decreased gradually with increasing NO2 concentration. Thus, our 

results confirmed that the protein reaction with O3 and formation of 

ROI is the rate-limiting step for protein nitration.21, 23 Shiraiwa et al.23 

have excluded NO3 or N2O5 (formed through NO2 oxidation by O3) as 

major contributors for protein nitration. Ghiani et al.34 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 NO2 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 

NO2 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 NO2 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 NO2 

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  

. 

 
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 
O3/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. 

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 much slower rates. This highly 

reactive site could be the Tyr residue at position 161 (Y161), as 

suggested by Zhang et al..35 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/NO2 exposure in 

aqueous solutions (200 ppb O3 and 50 ppb NO2). 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).36, 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,12 

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 

O3/NO2, 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 O3/NO2) 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. 

 

3.3. Kinetics and mechanism of protein nitration and 

oligomerization by O3/NO2 

The model results for the reactions of proteins with O3/NO2 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)26 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 ROIs can react with each other to 

form dimers, or with NO2 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 NO2 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 O3. While ROIs formed in the protein bulk can only react 

with NO2 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 

residues, i.e., cysteine (Cys), tryptophan (Trp), methionine (Met) and 

histidine (His).31 Among them, only Cys is able to cross-link proteins 

directly upon O3 exposure, yielding intermolecular disulfide bridges, 

as one free Cys is available in BSA.39 This reversible cross-linking 

mechanism has been shown to be only a minor contributor to protein 

oligomerization upon O3/NO2 exposure previously.20 The kinetic 

parameters were obtained using a global optimization method 

combining a uniformly-sampled Monte-Carlo search with a genetic 

algorithm (MCGA method).40, 41 The genetic algorithm was 

terminated when the correlation between experimental data and 

model output reached an optimum. Concentrations of O3 and NO2 in 

the aqueous phase can be estimated using the published Henry’s law 

constant of Ksol, cc, O3 ≈ Ksol, cc, NO2 ≈ 10-2 M atm-1, which were used as 

fixed values in the model.30 

The temporal evolution of NDs and oligomer mass fractions in 

aqueous solution is well-reproduced by the model (Figs. 1 and 3). For 

the heterogeneous reactions studied in the coated-wall flow-tube 

experiments at 45% RH and 96% RH, some substantial deviations 

between modelled and measured data can be observed, and the 

coefficient of determination (R2 value) is approximately a factor of 

two lower than for the aqueous data. For example, the oligomer 

mass fractions ω at 45 % RH in Fig. 2 a-d are qualitatively captured 

fairly well, while the model fails to reproduce their evolution at 

higher RH, especially for the dimer and trimer (Fig. 2 f and g). The 

observed reduction of dimers in flow tube experiments could be 

reproduced by the model including the reactions on the surface, 

where the rates are four orders of magnitude higher than that of bulk 

reactions. Despite simple model assumptions when describing the 

complex reaction system that was studied, the model reproduces the 

experimental data reasonably well with an overall R2 value of 0.88 

for Figures 1-4. Most of the optimized parameters obtained for the 

flow tube experiments were close to or the same as those for 

aqueous solutions (for details see Table S1, ESI). However, note that 

some of the rate coefficients would be expected to change as the 

liquid water content and viscosity varies. Water could actively take 

part in some of the reactions and its presence at different 

concentrations could lead to changes in experimental conditions, 

such as pH, which would influence the rate of the reactions. As the 

viscosity increases it is also expected that some rate coefficients 

would decrease as they become diffusion-limited as per the 

Smoluchowski diffusion equation.42, 43 

The second-order rate coefficients obtained as model outputs 

and shown in Table S1 are mostly consistent with previous studies.20, 

23 However, as the complex reaction mixture has been reflected in 

only 19 chemical reactions, the absolute numbers of the rate 

coefficients obtained for the individual reactions likely do not reflect 

reality, because further secondary chemistry of various kinds is not 

included explicitly. It should also be noted that different types of 

tyrosine residues have not been explicitly included within the model, 

although these can nitrate at different rates and have different 

surface accessibilities.35, 44 Nevertheless, qualitatively, the model 

results suggest that protein nitration occurs at faster rates than 

protein oligomerization. The observed and modelled preference of 

nitration over oligomerization can be rationalized by comparing the 

mass fraction of nitrated monomer (calculated by multiplying the 

mass fraction of monomer with NTyr/monomer) with the total 

oligomer mass fraction. Nitrated monomers were observed to have 

two times or higher mass fractions compared to all other oligomer 

mass fractions combined under all experimental conditions. This 

result indicates the Tyr nitration outcompetes the 

dimerization/oligomerization process.22, 45 

4. Implications and conclusions 
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In this study we investigated the kinetics and mechanism of nitration 

and oligomerization of proteins induced by O3 and NO2 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 under the 

experimental conditions studied in this work. On the basis of the 

observation of nitrated oligomers formed upon exposure to O3/NO2, 

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,46 in which the mechanism is 

similar to the one we reported here.25, 47 

The implications of protein chemistry with O3 and NO2 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  

 

 
Fig. 6 Atmospheric protein chemistry by ozone (O3) and nitrogen dioxide 
(NO2). 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 
O3 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 dust15). 

also showed that increased temperature can speed up the formation 

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

dimeric protein species could be important products of exposure to 

O3 and NO2 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 NO2 are able to damage pollen 

grains and facilitate the release of allergen in polluted 

environments.3, 8, 9 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 NO2 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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and M. Shiraiwa, J. Phys. Chem. A, 2015, 119, 4533-4544. 

42 W. Scheider, J. Phys. Chem., 1972, 76, 349-361. 

43 L. J. Lapidus, W. A. Eaton and J. Hofrichter, Proc. Natl. Acad. 
Sci. U. S. A., 2000, 97, 7220-7225. 

44 B. Petersen, T. N. Petersen, P. Andersen, M. Nielsen and C. 
Lundegaard, BMC. Struct. Biol., 2009, 9, 1. 

45 J. M. Souza, G. Peluffo and R. Radi, Free. Radic. Biol. Med., 
2008, 45, 357-366. 

46 Y. J. Zhang, Y. F. Xu, X. Q. Chen, X. C. Wang and J.-Z. Wang, 
FEBS Lett., 2005, 579, 2421-2427. 

47 R. Radi, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 4003-4008. 

Page 8 of 9Faraday Discussions

Fa
ra

da
y

D
is

cu
ss

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 M

ax
 P

la
nc

k 
In

st
itu

te
 f

ur
 C

he
m

ie
 o

n 
11

/0
3/

20
17

 1
7:

23
:2

4.
 

View Article Online

DOI: 10.1039/C7FD00005G

90

http://dx.doi.org/10.1039/c7fd00005g


1 
 

 

Supporting Information for “Atmospheric protein chemistry influenced by anthropogenic 

air pollutants: nitration and oligomerization upon exposure to ozone and nitrogen dioxide” 

 

Faraday Discussions 

 

Fobang Liu,a Pascale S. J. Lakey,a Thomas Berkemeier,a,b Haijie Tong,a Anna Theresa Kunert,a 

Hannah Meusel,a Yafang Cheng,a Hang Su,a Janine Fröhlich-Nowoisky,a Senchao Lai,c Michael 

G. Weller,d Manabu Shiraiwa,e Ulrich Pöschl,a and Christopher J. Kampf*,f,a 

 

aMultiphase Chemistry Department, Max Planck Institute for Chemistry, Hahn-Meitner-Weg 1, 

55128 Mainz, Germany 

bSchool of Chemical & Biomolecular Engineering, Georgia Tech, Atlanta, GA, USA 

cSchool of Environment and Energy, South China University of Technology, Higher Education 

Mega Center, Guangzhou 510006, P.R. China 

dDivision 1.5 Protein Analysis, Federal Institute for Materials Research and Testing (BAM), 

Richard-Willstätter-Str. 11, 12489 Berlin, Germany 

eDepartment of Chemistry, University of California, Irvine, CA, USA 

fInstitute for Organic Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14, 

55128 Mainz, Germany 

 

*Correspondence to Christopher J. Kampf, email: kampfc@uni-mainz.de, phone: +49 6131 39 

22417

Electronic Supplementary Material (ESI) for Faraday Discussions.
This journal is © The Royal Society of Chemistry 2017

91



2 
 

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 NO2 at 45% RH, 96% RH and aqueous solutions. The bulk diffusion coefficients of O3 and NO2 were estimated to 
be 1.9 × 10-10 cm2 s-1 at 45% RH and 1.0 × 10-9 cm2 s-1 at 96% RH; self-diffusion coefficients of protein were estimated to be 9.0 × 10-

21 cm2 s-1 at 45% RH and 1.0 × 10-18 cm2 s-1 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 (cm2 s-1) = 1 × 104 × kbulk (cm3 s-1).  

No. Equation 
Parameters 

45% RH 96% RH Aqueous 

 Total BSA = x1 AA1 + (1-x1) AA2 x1 = 0.56 x1 = 0.65 x1 = 0.69 

R1 O3 + AA1→ c1 ROI-1 + (1-c1) oxidized 
monomer 

k1 = 3.41 × 10-15 cm3 s-1 

c1 = 0.97 
k1 = 5.99 × 10-15 cm3 s-1 

c1 = 0.99 
k1 = 5.00 × 10-14 cm3 s-1 

c1 = 0.97 

R2 O3 + AA2→ c2 ROI-2 + (1-c2) oxidized 
monomer 

k2 = 4.55 × 10-15 cm3 s-1 

c2= 0.15 
k2 = 3.83 × 10-14 cm3 s-1 

c2= 0.25 
k2 = 8.32 × 10-16 cm3 s-1 

c2= 0.13 

R3 ROI-1 + ROI-1 → x2 dimer1 + (1- x2) 
dimer2 

k3 = 4.26 × 10-19 cm3 s-1 

x2= 0.85 
k3 = 6.11 × 10-19 cm3 s-1 

x2= 0.84 
k3 = 3.45 × 10-20 cm3 s-1 

x2= 0.54 

R4 ROI-1 + NO2 → nitrated monomer k4 = 5.00 × 10-19 cm3 s-1 k4 = 5.00 × 10-19 cm3 s-1 k4 = 5.00 × 10-19 cm3 s-1 

R5 ROI-1 → AA1 k5 = 1.98 × 10-8 s-1 k5 = 9.38 × 10-8 s-1 k5 = 6.95 × 10-4 s-1 

R6 ROI-2 + NO2 → nitrated monomer k6 = 1.00 × 10-13 cm3 s-1 k6 = 1.00 × 10-13 cm3 s-1 k6 = 1.00 × 10-13 cm3 s-1 

R7 dimer1 + O3 → c3 ROI-3 + (1-c3) oxidized 
dimer 

k7 = 1.64 × 10-13 cm3 s-1 

c3= 0.57 
k7 = 1.81 × 10-13 cm3 s-1 

c3= 0.78 
k7 = 1.01 × 10-15 cm3 s-1 

c3= 0.67 

R8 dimer2 + O3 → c4 ROI-4 + (1-c4) oxidized 
dimer 

k8 = 9.94 × 10-15 cm3 s-1 

c4= 0.13 
k8 = 9.94 × 10-15 cm3 s-1 

c4= 0.14 
k8 = 1.41 × 10-15 cm3 s-1 

c4= 0.14 

R9 ROI-3 + ROI-3 → tetramer k9 = 9.76 × 10-21 cm3 s-1 k9 = 8.88 × 10-21 cm3 s-1 k9 = 2.29 × 10-20 cm3 s-1 

R10 ROI-1 + ROI-3 → x3 trimer1 + (1- x3) 
trimer2 

k10 = 4.80 × 10-20 cm3 s-1 

x3= 0.80 
k10 = 4.77 × 10-20 cm3 s-1 

x3= 0.80 
k10 = 3.75 × 10-20 cm3 s-1 

x3= 0.80 
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R11 ROI-3 + NO2 → nitrated dimer k11 = 5.32 × 10-18 cm3 s-1 k11 = 6.18 × 10-17 cm3 s-1 k11 = 2.77 × 10-19 cm3 s-1 

R12 ROI-3 → dimer1 k12 = 7.63 × 10-9 s-1 k12 = 9.58 × 10-8 s-1 k12 = 1.06 × 10-5 s-1 

R13 ROI-4 + NO2 → nitrated dimer k13 = 1.00 × 10-13 cm3 s-1 k13 = 1.00 × 10-13 cm3 s-1 k13 = 1.00 × 10-13 cm3 s-1 

R14 trimer1 + O3 → c5 ROI-5 + (1-c5) oxidized 
trimer 

k14 = 1.00 × 10-12 cm3 s-1 

c5= 0.15 
k14 = 1.00 × 10-12 cm3 s-1 

c5= 0.15 
k14 = 1.00 × 10-12 cm3 s-1 

c5= 0.15 

R15 trimer2 + O3 → c6 ROI-6 + (1-c6) oxidized 
trimer 

k15 = 1.00 × 10-15 cm3 s-1 

c6= 0.15 
k15 = 1.00 × 10-15 cm3 s-1 

c6= 0.15 
k15 = 1.00 × 10-15 cm3 s-1 

c6= 0.15 

R16 ROI-1 + ROI-5 → tetramer k16 = 5.00 × 10-20 cm3 s-1 k16 = 5.00 × 10-20 cm3 s-1 k16 = 5.00 × 10-20 cm3 s-1 

R17 ROI-5 + NO2 → nitrated trimer k17 = 5.00 × 10-16 cm3 s-1 k17 = 5.00 × 10-16 cm3 s-1 k17 = 5.00 × 10-16 cm3 s-1 

R18 ROI-5 → trimer1 k18 = 1.00 × 10-7 s-1 k18 = 1.00 × 10-7 s-1 k18 = 1.00 × 10-7 s-1 

R19 ROI-6 + NO2 → nitrated trimer k19 = 1.00 × 10-13 cm3 s-1 k19 = 1.00 × 10-13 cm3 s-1 k19 = 1.00 × 10-13 cm3 s-1 
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Fig. S1 Experimental setup for protein exposure to O3/NO2.  
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Fig. 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 = -0.42x+5.21, R2=0.99. 
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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

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 α-carbon position. This is
followed by a reaction with O2 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 α-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/O2

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 liq-
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

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)3,
G1377), Met-Ala-Ser (M1004), NaH2PO4·H2O (71504), OPA
(P0657), 9-fluorenylmethoxycarbonyl chloride (FMOC-Cl,
23186), 3-mercatopropionic acid (63768), acetonitrile (ACN,
34998), methanol (MeOH, 494291), amino acid standards
(AAS18), asparagine (A0884), glutamine (49419), tryptophan
(93659), sodium tetraborate decahydrate (Na2B4O7·10H2O,
S9640), FeSO4·7H2O (F7002), H2O2 solution (30%, w/v,
16911), and HCl 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 MΩ 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-H2O2) 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 H2O to remove low
molecular components (<5 kDa). From the purified
25 mg mL−1 protein solutions, 100-μL 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 H2O to separate the protein and the low molecular
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weight fraction (<5 kDa). For peptide oxidation reactions,
100 μL of 100 mM solutions of the investigated peptides were
added as described before. Control reactions were performed
using either H2O2 or FeSO4 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
H2O2 in aqueous solution. Briefly, 4 mM (Gly)3 were mixed
with 50mMH2O2 or 200 mMH2O2 in a 10 × 10 × 40mmUV
quartz cuvette (Hellma Analytics, Müllheim, 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 HCl. Control
samples were either treated the same way as described above,
but without UV irradiation, or prepared without H2O2 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 μL H2O 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.

Fig. 1 Structures of the
investigated peptides (a) and
proteins (b) in this study. The
molecular structures of proteins
(BSA, PDB accession number
3V03; OVA, PDB accession
number 1OVA) were created
using the RCSB PDB protein
workshop (4.2.0) software

Table 1 Oxidation conditions for
the generation of OH radical in
aqueous solutions

Condition Compositions pH (adjusted by 1 M NaOH) [OH] (molecule cm−3)a

FeSO4 (mM) H2O2 (mM)

Ox1 5 50 3 1.5 × 108

Ox2 5 150 3 2.1 × 108

a The decay of (Gly)3 was monitored and allowed for an estimation of the effective OH concentration based on a
pseudo-first-order kinetic rate function: [(Gly)3] = [(Gly)3]0e

(−k[OH]t) , where [(Gly)3] is the recovery of (Gly)3,
[(Gly)3]0 is the initial recovery (i.e., 100%), k (1.2 × 10−12 cm3 s−1 ) is the second-order rate constant for the
reaction of OH with (Gly)3 [16], [OH] is the effective concentration of hydroxyl radical (assuming it remains
constant during the reaction), and t 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 μL of each sample was
injected on a Zorbax Eclipse amino acid analysis (AAA) col-
umn (150 mm× 4.6 mm i.d., 3.5 μm, Agilent) at a tempera-
ture of 40 °C. Mobile phase A was 40 mM NaH2PO4 (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−1 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 λ = 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 μM 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 × 50 mm, 1.8 μm) 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−1 with a gradient program starting with 3% B
for 1.5 min followed by an 18-min step that raised eluent B

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 μL.

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 withm/z 76 found in oxidized BSA, (Gly)3, 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 NH2 [34]. In addition, the
signal intensity of extracted ion chromatograms (EICs) form/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,

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.

Fig. 2 Amino acid analysis (AAA) with fluorescence detection of OPA-derivatized amino acids: (A) 200 μM of a 20-amino acid standard; (B) 15 μM
BSA, Ox2, 24 h; (C) 4 mM tri-Gly, Ox1, 0.25 h; and (D) 4 mM Ala-Met-Gly, Ox1, 19 h. The dotted box indicates the signal of glycine in all samples
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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 MS2 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 oxidizedMet-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.

Notably, the Gly yield of BSAwas 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].

Fig. 3 TheMS2 spectra ofm/z 76
in (A) 1 mM Gly, (B) oxidized
BSA sample in Ox2 condition,
(C) (Gly)3 in Ox1 condition, and
(D) Ala-Met-Gly in Ox1
condition (Ox1, 5 mM FeSO4–
50 mM H2O2; Ox2, 5 mM
FeSO4–150 mM H2O2). The
oxidized samples show an
accurate mass of precursor ion
m/z 76 with the glycine standard,
and they exhibit the same
fragments of m/z 60. The
extracted ion chromatograms
(EICs) of m/z 76 for the above
samples are shown in Fig. S2 in
ESM

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
H2O2 with 5 mM FeSO4, respectively)
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Figure 5 shows the temporal evolution of the Gly yield
during the oxidation of (Gly)3 by OH radicals. The cor-
responding recovery of (Gly)3 (see ESM Fig. S6) was
obtained through AAA analysis using a calibration curve
made by a set of (Gly)3 solutions (see ESM Fig. S7). We
found that the recovery of (Gly)3 has declined to 50%
after 1 h of reaction (see ESM Fig. S6), while the molar
yield of glycine only reached 6% of (Gly)3. Additionally,
the mola r ra t io of f ree Gly to reac ted (Gly) 3
(Δ(Gly)3 = (Gly)3, t = 0 − (Gly)3, t = x) 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 α-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)3 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 H2O2, and a
positive relationship between glycine yield and H2O2

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

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 onGlymay lead to the formation ofMet or
its oxidized product as a Bbyproduct^. 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]0(1 − e− k[OH]t), where the coefficient a
stands for the maximum molar yield for the release of the
specific amino acid, k is the second-order rate coefficient, t
is the reaction time, and [AA], [TriPep]0, and [OH] are the
concentrations of amino acids, tripeptide (4 mM), and OH
(1.5 × 108 mol cm−3, 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 10−12 cm3 s−1. The maximummolar 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)3 (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.

Fig. 5 The temporal evolution of molar yield Gly/(Gly)3 (blue dots) and
the product ratio of Gly to Δ(Gly)3 (red dots) in the oxidation of 4 mM
(Gly)3 with 5 mM FeSO4–50 mM H2O2 condition (Ox1). Δ(Gly)3 was
quantified by a calibration curve made by a set of (Gly)3 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[TriPep]0(1 − e− k[OH]t), as discussed in the BQuantification and
site selectivity of amino acid formation^ section
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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 α-
carbon H abstraction, which results in the formation of amide
and carbonyl products, as outlined in the BIntroduction^ 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)3) appears to be a good candidate
for the investigation of such pathways, because H abstraction
by OH radicals can only occur at the α-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

previous studies, Štefanić 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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oxidation with 5 mM FeSO4–
50 mM H2O2 (Ox1). The solid
lines are fitted with a pseudo-first-
order kinetic rate function:
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as discussed in the
BQuantification and site
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formation^ section. For the fitting
for Ala in Ala-Met-Gly, it is only
fitted for the first two data points
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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 μL

2 draw sample 0.5 μL

3 mix 3.0 μL

4 wait 0.5 min

5 draw water ( needle wash) 0 μL

6 draw OPA-3MPA 0.5 μL

7 mix 3.5 μL

8 draw water ( needle wash) 0 μL

9 draw FMOC 0.5 μL

10 mix 4 μL

11 draw water 32 μL

12 mix 18 μL

13 Inject (0.5 μL)
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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-1) 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:

, for the temporal evolution of release of amino acids in the four investigated tripeptides

Tripeptide
a k (cm3 s-1) Chisquare

Gly Ala Asp Gly Ala Asp Gly Ala Asp

(Gly)3

0.0709
±

0.0011

(3.87 ± 0.28)
× 10-12

2.05×
10-6

Ala-Met-Gly
0.0221

±
0.0001

0.0023
±

0.0002

(5.32 ± 0.21)
× 10-12

(2.69 ± 1.06)
× 10-12

4.13×
10-7

4.06×
10-7

Met-Gly-Ala
0.0082

±
0.0006

0.0112
0.0083

±
0.0022

(3.02 ± 0.88)
× 10-12 7.36 × 10-12

(1.77 ±
1.33) ×

10-12

2.77×
10-6 * 1.05

×10-5

Gly-Ala-Met
0.0019

±
0.0002

0.0093
±

0.0011

0.0014
±

0.0018

(1.47 ± 0.40)
× 10-12

(2.78 ± 1.26)
× 10-12

(0.99 ±
2.65) ×

10-12

4.82×
10-8

9.41×
10-6

9.32
×10-7

*: 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, R2 

= 0.999, (B) Asparagine, the fitting equation was: y = 582.67x-1.60, R2 = 0.998, (C) Glycine, the 

fitting equation was: y = 4798x+79.60, R2 = 0.999, (D) Alanine, the fitting equation was: y = 

4193.2x+8.79, R2 = 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 MS2 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 H2O2).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 1 mM Asn (C) and m/z 134 in 1 mM Asp (E),

respectively
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Fig. S4 The representative MS2 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 FeSO4-

50 mM H2O2).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 1 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 γ- carbon, which is further oxidized to yield Asp
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Fig.S6 The decay of (Gly)3 under two different oxidation conditions. Both curves were fitted with

a pseudo-first order kinetic rate function: , where [(Gly)3] is the

recovery of (Gly)3, [(Gly)3]0 is the initial recovery (i.e., 100%), k ( 1.2 × 10-12 cm3 s-1 ) is the second

order rate constant for the reaction of OH with (Gly)3, [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)3. The fitting equation was y = 77.85x-10.23, R2 = 0.999
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Fig. S8 Molar yield of glycine obtained in the oxidation of 4 mM (Gly)3 with UV photolysis of 50

and 200 mM H2O2 solutions
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