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Abstract

Abstract

Water-soluble organic compounds (WSOCs) are maponponents of atmospheric
aerosols, accounting for ~50% or more of the odr@Ection of particulate matter.
They can influence the optical properties and hygopicity of aerosol particles and
their effects on climate. Moreover, they can cdmtie to the toxicity and allergenicity
of air particulate matter.

In this study, high performance liquid chromatodmamoupled with optical diode
array detection and mass spectrometry (HPLC-DADaW& HPLC-MS/MS) has been
applied to measure WSOCs with a wide range of nutdeenasses and structures that
are characteristic for different aerosol typesrses, and processes. Carboxylic acids
and nitrophenols with low molecular mass were itigesed as tracers for fossil fuel
combustion and the formation and aging of secondaggnic aerosols (SOA) from
biogenic precursors. Protein macromolecules wevesitigated with regard to the
influence of air pollution and nitration on the emtienicity of primary biological
particles like pollen and fungal spores.

Filter samples of fine and coarse aerosol partbdiected over a period of one year in
central Europe (Mainz, Germany) were analyzed f@QAs, including the:- and
B-pinene oxidation products (pinic acid, pinonic da@nd 3-methyl-1,2,3-butane-
tricarboxylic acid (3-MBTCA)) as well as a varief dicarboxylic acids and
nitrophenols. Seasonal variations and other cheniatit features are discussed with
regard to aerosol sources and sinks in comparigotiata from other studies and
regions. The ratios of adipic acid and phthalidaoi azelaic acid indicate that the
investigated aerosol samples were mainly influenmgdbiogenic sources. A strong
Arrhenius-type correlation was found between th®MEFCA concentration and
inverse temperature {R 0.79, E = 126210 kJ mét, temperature range: 275-300 K).
Model calculations suggest that the temperaturemniggnce observed for 3-MBTCA
can be explained by enhanced photochemical pramuctie to an increase of OH
radical concentration with increasing temperaturehereas the influence of
gas-particle partitioning appears to play a minage.r The results suggest that the
OH-initiated oxidation of pinonic acid is the rdiediting step in the formation of
3-MBTCA, and that 3-MBTCA may be a suitable trafer the chemical aging of
biogenic SOA by OH radicals. An Arrhenius-type temrgiure dependence was also
observed for the concentration of pinic acid €R0.60, & = 84+9 kJ mot); it can be
tentatively explained by the temperature dependefid®ogenic pinene emission as
the rate-limiting step of pinic acid formation.



Abstract

For the investigation of protein nitration, nitrdtprotein standards were synthesized
by liquid-phase reaction of bovine serum albumiSAB and ovalbumin (OVA) with
tetranitromethane (TNM). Protein nitration occursnarily on residues of the
aromatic amino acid tyrosine, and UV-Vis photometrgs used to determine the
protein nitration degree (ND), which is definedlas average number of nitrotyrosine
residues divided by the total number of tyrosingdees in a protein molecule. BSA
and OVA exhibited different relations between NDdarNM/tyrosine ratios in the
reaction mixture, which is likely due to the di#et solubilities and molecular
structures of the two proteins.

The nitration of BSA and OVA upon exposure to gastunes of nitrogen dioxide (N£)
and (Q) was investigated with a newly developed analytiogethod using
HPLC-DAD. This simple and robust method enablesi#termination of ND without
hydrolysis or digestion of the investigated proteiacromolecules, and thus efficient
investigation of the reaction kinetics of proteitration. For detailed product studies,
however, nitrated BSA and OVA were enzymaticallygedited. The obtained
oligopeptides were analyzed using advanced HPLOM®&Sechniques and database
search functions, and high sequence coverage vidsvad. The nitration degrees of
individual nitrotyrosine residues (NP were well correlated with the overall protein
ND, and different ratios of NPpto ND provided insight into the regioselectivitiitbe
reaction. The nitration patterns observed in BS& @VA nitrated with TNM indicate
that the vicinity of negatively charge amino acmsmotes the nitration of tyrosine
residues. The nitration patterns observed in B$@teid by NQ and Q differed from
those obtained with TNM, which indicates that tagioselectivity of protein nitration
depends on the nitrating agent. However, tyrosesgdues located in loop structures
were preferentially nitrated regardless of theatiihg agent.

The methods and results of this study provide shasfurther detailed investigations
of the reaction kinetics, products and mechanisipsaiein nitration. They shall help
to elucidate the relations between traffic-rela@dollutants like nitrogen oxides and
O3 and the allergenicity of air particulate matter.
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Zusammenfassung

Wasserlosliche organische Verbindungen (WSOCs) siHduptbestandteile
atmospharischer Aerosole, die bis zu ~ 50% und mehorganischen Aerosolfraktion
ausmachen. Sie kénnen die optischen Eigenschabigie slie Hygroskopizitat von
Aerosolpartikeln und damit deren Auswirkungen aas &lima beeinflussen. Dartiber
hinaus koénnen sie zur Toxizitat und Allergenitatmaspharischer Aerosole
beitragen.In dieser Studie wurde Hochleistungsijiidsomatographie gekoppelt mit
optischen Diodenarraydetektion und MassenspektrignédHPLC-DAD-MS und
HPLC-MS/MS) angewandt, um WSOCs zu analysieren, fiie verschiedene
Aerosolquellen und -prozesse charakteristisch dWiedermolekulare Carbonsauren
und Nitrophenole wurden als Indikatoren fur diebfennung fossiler Brennstoffe und
die Entstehung sowie Alterung sekundarer organisdkeosole (SOA) aus biogenen
Vorlaufern untersucht. Protein-Makromolekile wuraeih Blick auf den Einfluss von
Luftverschmutzung und Nitrierungsreaktionen auf dAdlergenitat priméarer
biologischer Aerosolpartikel — wie Pollen und Rilasen — untersucht.

Filterproben von Grob- und Feinstaubwurden tbedeahr hinweg gesammelt und auf
folgende WSOCs untersucht: die Pinen-OxidationsyktalPinséure, Pinonsaure und
3-Methyl-1,2,3-Butantricarbonsaure (3-MBTCA) sowieine Vielzahl anderer
Dicarbonsauren und Nitrophenole. Saisonale Schwagdu und andere
charakteristische Merkmale werden mit Blick auf dsmiquellen und -senken im
Vergleich zu Daten anderen Studien und Regionekutiest. Die Verhatinisse von
Adipinséure und Phthalsaure zu Azelainséure deddesuf hin, dass die untersuchten
Aerosolproben hauptséachlich durch biogene Quelleeirflusst werden. Eine
ausgepragte Arrhenius-artige Korrelation wurde ehen der 3-MBTCA--
Konzentration und der inversen Temperatur beoba¢Rfe= 0.79, E = 126+10 kJ
mol?, Temperaturbereich 275-300 K). Modellrechnungerigere dass die
Temperaturabhangigkeit auf eine Steigerung derqgaheimischen Produktionsraten
von 3-MBTCA durch erhéhte OH-Radikal-Konzentrationebei erhdhten
Temperaturen zurtckgefuhrt werden kann. Im Verbleieur chemischen
Reaktionskinetik scheint der Einfluss von Gas-iRalHPartitionierungseffekten nur
eine untergeordnete Rolle zu spielen. Die Ergebnrgsgen, dass die OH-initiierte
Oxidation von Pinosaure der geschwindigkeitsbestme Schritt der Bildung von
3-MBTCA ist. 3-MBTCA erscheint somit als Indikatidr die chemische Alterung von
biogener sekundarer organischer Aerosole (SOA)d(rd-Radikale geeignet. Eine
Arrhenius-artige Temperaturabhangigkeit wurde dicPinaure beobachtet und kann
durch die Temperaturabhéngigkeit der biogenen Plraissionen als
geschwindigkeitsbestimmender Schritt der PinsaulduBg erklart werden (R= 0.60,
Ea.= 849 kJ mob).
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Fur die Untersuchung von Proteinnitrierungreaktioneurde nitrierte Protein-

standards durch Flussigphasenreaktion von Rindersgbumin (BSA) und

Ovalbumin (OVA) mit Tetranitromethan (TNM) syntrsért.Proteinnitrierung erfolgt

vorrangig an den Resten der aromatischen Aminosé@yresin auf, und mittels

UV-Vis-Photometrie wurde der Proteinnnitrierungsbré@ND) bestimmt. Dieser ist
definiert als \erhaltnis der mittleren Anzahl von itrtyrosinresten zur

Tyrosinrest-Gesamtzahl in den Proteinmolekilen. B8& OVA zeigten verschiedene
Relationen zwischen ND und TNM/Tyrosin-Verhéltnia Reaktionsgemisch, was
vermutlich auf Unterschiede in den Loslichkeiterl @ien molekularen Strukturen der
beiden Proteine zurtick zu fuhren ist.

Die Nitrierung von BSA und OVA durch Exposition mginem Gasgemisch aus
Stickstoffdioxid (NQ) und Ozon (@) wurde mit einer neu entwickelten HPLC-DAD--
Analysemethode untersucht. Diese einfache und tebldethode erlaubt die
Bestimmung des ND ohne Hydrolyse oder Verdau déersachten Proteine und
erndglicht somit eine effiziente Untersuchung derindtik von Protein-
nitrierungs-Reaktionen. Fur eine detaillierte Piddtudien wurden die nitrierten
Proteine enzymatisch verdaut, und die erhalteneigo@dptide wurden mittels
HPLC-MS/MS und Datenbankabgleich mit hoher Sequieeminstimmung analysiert.
Die Nitrierungsgrade individueller Nitrotyrosin-RegNDy) korrelierten gut mit dem
Gesamt-Proteinnitrierungsgrad (ND), und untersdiubd Verhaltnisse von NpPzu
ND geben Aufschluss Uber die Regioselektivitat deaktion. Die Nitrierungmuster
von BSA und OVA nach Beahndlung mit TNM deuten déar&in, dass die
Nachbarschaft eines negativ geladenen Aminosatesrd® Tyrosinnitrierung fordert.
Die Behandlung von BSA durch N@nd Q fuhrte zu anderend Nitrierungemustern
als die Behandlung mit TNM, was darauf hindeudletss die Regioselektivitat der
Nitrierung vom Nitrierungsmittel abhangt. Es zesgth jedoch, dass Tyrosinreste in
Loop-Strukturen bevorzugt und unabhangig vom Resmgaitriert werden.Die
Methoden und Ergebnisse dieser Studie bilden emeadbage fur weitere, detaillierte
Untersuchungen der Reaktionskinetik sowie der Rdedwnd Mechanismen von
Proteinnitrierungreaktionen. Sie sollen helfen, dieisammenhange zwischen
verkehrsbedingten Luftschadstoffen wie Stickoxiderd Ozon und der Allergenitat
von Luftstaub aufzuklaren.
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1. Background and motivation

1. Background and Motivation

An aerosol is defined as a suspension of liquidadid particles in a gas with particle

diameter of 18-10* m. In atmospheric sciences, however, the term saéro

traditionally refers to suspended particles thaitam a large proportion of condensed
matter other than water (Pdschl, 2005). Atmospheeiosol particles originate from

natural and anthropogenic sources. On the othet, lEaaording the formation process
of airborne particles, aerosol particles can bmary particles or secondary particles.
Primary particles are directly emitted from a largege of sources including biomass
burning, incomplete combustion of fossil fuels,calic eruptions and wind-driven or

traffic-related suspension of road, soil, and maheatust, sea salt, and biological
materials (plant fragments, microorganisms, pollett.); secondary particles are
formed by gas-to-particle conversion in the atmesph(new particle formation by

nucleation and condensation of gaseous precur@isghl, 2005).

The properties of particulate matter highly dependts components, which raises the
study on the components of the aerosols. Howewy,aosmall fraction of particulate
matter has been identified on a molecular levele Buthe chemical complexity of
aerosol particles, the analysis is often carrieidwoth the division into the following
classes: sulphate, nitrate, ammonia, organic, kltackon and other components. The
typical composition of continental aerosols is shawFig 1-1.
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Fig 1-1 Mass balance on the chemical compositicenoiual mean fine particle
concentrations at West Los Angeles in 1982 (Rogge €1993).
Because of the effects of aerosols on the atmospbimate, and public health, the

research interest of aerosols has been raiseds@sroot only directly influence the
energy balance of the entire globe by scatterirjadosorbing the incoming solar and
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terrestrial radiation, which translates into coglof the atmosphere, but also indirectly
cause the cooling of the atmosphere through clatidegion which they are involved,
e.g. the formation of clouds and precipitation kmid condensation and ice nuclei.
Aerosol particles also affect the abundance artdlalision of atmospheric trace gases
by heterogeneous chemical reactions and otherphakie processes (Finlayson-Pitts
et al.,, 2000; Houghton et al., 2001; Lohmann et 2005; Seinfeld et al., 1998).
Moreover, airborne particles can cause or enhamspiratory, cardiovascular,
infectious and allergic diseases during the sprepdif biological organisms,
reproductive materials, and pathogens (pollen,ev&ctspores, viruses, etc.) (Pdschl,
2005).

1.1 Water-soluble organic compounds in atmospheriaerosols

Organic aerosol mass can contribute 30 % to 70 fétab aerosol mass (Zhang et al.,
2007). Most chemical speciation of organic aerasoperformed on an extracted
fraction in nonpolar organic solvents such as beezeether, hexane, or
dichloromethane. The nonpolar organic solvent efditsle mass typically accounts for
only 50-60 % of the total organic aerosol (Cas€8)9Besides, a number of studies
have also shown that water-soluble organic compeufWISOG) constitute a
significant fraction of carbon mass. Some stude$gomed in urban and rural sites
have reported that water soluble organic carboawus for approximately 20 % to 67
% of the total particulate carbon in the atmosplt€aadle et al., 1982; Decesari et al.,
2000; Mueller et al., 1982; Sempere et al.,, 1994)ey include organic anions,
dicarboxylic acids, oxocarboxylic acids, dicarbanytarbohydrates, amino acids,
aliphatic amines, urea, and some miscellaneousfomdtional compounds containing
multiple hydroxyl, carboxyl, and carbonyl groupsg(eglyceraldehyde, malic acid,
citric acid, lactic acid, and tartaric acid) (Saaest al., 1996). Nevertheless, WSOC
composition remains poorly characterized. In thislg main discussions are denoted
to analysis and characterization of small moleculsight compounds in the
atmosphere including- andp-pinene (the word pinene in the following text mean
bothu- andB-pinene) oxidation products, aliphatic and aromditarboxylic acids and
nitrophenols and high molecular weight compoundshsas native and nitrated
proteins.

1.1.1 Terpene oxidation products

Biogenic volatile organic compounds (BVOC) referredvolatile organic aerosol
emitted by vegetation. About 800 Tg C™yof global emission was estimated
(Lathiere et al., 2006). The largest class of eimissources is volatile isoprenoids
including isoprene, monoterpenes, and sesquiterdsoprene, the largest class of
emitted volatile isoprenoids, is believed to cdnite about half of the emission
(Guenther et al., 2006). Monoterpenes, the othagelaclass of emitted volatile
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isoprenoids, contribute about 10-15 % of the emissThe others which contribute to
the emission as well are sesquiterpene and oxyegmnalatile compounds including
alcohols, aldehydes and ketones. The studies on BVY&us on reactions of
monoterpenes and isoprene. Pinic acid and pinaiicaaie considered as the oxidation
products ofa-pinene andg-pinene and received lots of interest before (@bifisrsen

et al., 1998; Winterhalter et al., 1999), but stsdshowed other peaks in the OH and
NOy oxidation products ad-pinene ang-pinene. 3-Methyl-1,2,3-butanetricarboxylic
acid, is found as a major component of pinene dixidgroducts in tropical rainforest
aerosol from the Amazon basin and in summertimesa¢rfrom Ghent, Belgium
(Kubatova et al., 2000) and its structure was ifiedt by Szmigielski et al.
(Szmigielski et al., 2007). 3-hydroxyglutaric a¢claeys et al., 2007), terpenylic acid
and its dimmer (Claeys et al., 2009) were idertifees the oxidation products of
a-pinene ang-pinene as well.

1.1.2 Aliphatic and aromatic dicarboxylic acids andhitrophenols

The total aliphatic dicarboxylic acids account®06-1.1 % of the total aerosol mass
(Kawamura et al., 1993). In this group, oxalic aamhlonic acid and succinic acidy{C
— &) are the most abundant species (Kawamura et®#3)land mainly found in gas
phase. Aliphatic dicarboxylic acids as an imporfaattion of WSOC were found and
studied in urban (Kawamura et al., 2005; Yao et2003), rural (Limbeck et al.,
2001), marine (Wang et al., 2006), tropical (Grahetnal., 2003) and remote arctic
atmosphere (Narukawa et al., 2002). Dicarboxylitlatave primary sources and
secondary sources. Direct source includes motaauesthemission (Kawamura et al.,
1987), biomass combustion (Lefer et al., 1994; andret al., 1996; Narukawa et al.,
1999), and oceanic emission (Mochida et al., 2008y were also considered to be
secondary organic compounds formed from photo-aidaof unsaturated fatty aids
and cyclic alkenes (Hatakeyama et al., 1987; Kawarstal., 1996). Pinic acid as a
dicarboxylic acid and pinonic acid as an oxocarlioxgcid are considered to be
ozonolysis products of pinene (Hatakeyama et 8891Hatakeyama et al., 1991).

Aromatic acids, such as phthalic acid, attract lotsattention because of their
abundance in the atmosphere and their toxic prgger\romatic acids are directly
emitted by anthropogenic sources, such as solvapiogation and automobile exhaust
emissions; thus, they are often used as marken®tafr emission or combustion. More
polar aromatic compounds such as aromatic monoggiibcacids with additional
hydroxyl, alkyl or methoxy groups have also beamfibin wood smoke (linuma et al.,
2007; Nolte et al., 2001).

Nitrophenols including 2-nitrophenol and 4-nitropbk originate from primary
anthropogenic sources including combustion prosessenotor vehicles (Nojima et
al., 1983; Tremp et al., 1993), coal and wood aé agedecomposition and hydrolysis
reactions of herbicides and insecticides (Shafat.e1985). They can also be formed

3



1. Background and motivation

during the secondary processes including the mtratf phenol and the transformation
of benzaldehyde under photochemical smog condi{i@nssjean, 1985; Luttke et al.,
1997a; Luttke et al., 1997b). Nitrophenols havenbieind in urban, rural and even
remote atmospheric aerosols. They were also fonrrdinwater and snow samples,
which leads to a hypothesis that they plan an aatole in cloud formation and
precipitation processes (Harrison et al.,, 2005).diwt studies showed that
nitrophenols were toxic to animals, and might beiddo humans and vegetation
(ATSDR — Agency for Toxic Substances and DiseaggidRy (1995), US).

1.1.3 Proteins

Cellular and protein particles injected into thmasphere include pollen, spores, fur
fibers and other species (Jaenicke, 2005). Thederiala exit not only in coarse
particles such as pollen grains, but also in fizetfon because of fine fragments of
pollen, microorganisms or plant debris and mixifigpteins dissolved in rain water
with fine soil and road dust particles (Franzelet2®05; Miguel et al., 1999; Zhang et
al., 2003). Protein molecules account for up to Bfarban air particles and are the
most prominent group of airborne allergens (P0s2805). They are known to be
efficiently nitrated by peroxynitrite (ONOYD The reaction leads ortho-nitration of the
aromatic amino acid tyrosine, 3-nitrotyrosine (Beek et al., 1992; Graham et al.,
1993). 3-Nitrotyrosine in its free or protein-bouridrm has been detected in
association with at least 50 diseases and more&@amnimal models or cell culture
systems (Greenacre et al., 2001), e.g. asthma @&kyet al., 1999; Saleh et al., 1998).
Medical studies indicate that allergies have beemeiasing during the last decades
(Ring et al., 2001a; Ring et al., 2001b), whichlddoe due to the traffic-related air
pollution with high concentration of nitrogen oxgdand ozone (Brunekreef, 2001;
Brunekreef et al., 2003). Franze et al. (2005) psep that the promotion of allergies
by the traffic-related air pollution could be duethe protein nitration by polluted
urban air. In his study, he found the airbornerges such as Bet v 1 was easily
nitrated by the polluted urban air. This hypothésisupported by the immunological
experiments of nitrated proteins with cells, mioel @duman sera (Gruijthuijsen et al.,
2006). This raises the further investigations dft@in nitration by air pollutants,
including kinetic study and site -specific andestive information.

1.2 Analytical techniques

1.2.1 Instrumentation: HPLC-MS and HPLC-MS/MS

The instrument used in the analysis is high peréorce liquid chromatography (HPLC)
coupled to mass spectrometer (MS) or tandem massremeter (MS/MS). Normally,
an HPLC-MS(/MS) system consists of the followingngmnents: an HPLC system, an
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ion source, a mass analyzer, a detector, a vacystens, an instrument-control system
and a data system. The discussion are focusedearothponents which are important
for the analysis in this study, i.e., the HPLC ewst the ion source, and the mass
analyzer.

1.2.1.1 HPLC system

The HPLC system consists of a pump, a degassampls injection inlet and a column.
An HPLC pump is to pump the mobile phases and sathpbugh the column, and then
to the mass spectrometer; a degasser can remowxitiirg in the mobile phases
leading to high pressure and unstable baselingngple injection inlet makes an
accurate injection and then an accurate quaniibicgtossible. The most important
part of an HPLC system is a column, which is foo@jseparations of complex sample
and it determines the type of the HPLC. The HPL@rmms used in this study are
reversed phase chromatography column, and a nam-ptationary phase and polar
mobile phases are used in the separation.

1.2.1.2 lon source

Two kinds of ionization methods are introduced hee&ectrospray (ESI) and

nanoelectrospray (nanoESI). lon source in HPLC-MSesn is the interface between
the HPLC system and the vacuum region of mass rgpeeter. Nanoelectrospray
operates on principles similar to electrospray itignificant reductions of flow rate
and needle diameter. Here, the TurbolonSpray so(&pplied Biosystems MDS

SCIEX QSTAR, Toronto, Canada), which allows the as#ow rates up to 1.0 mL

min™, is used to explain the principle of the ESI seu(feigure 1-2).
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Fig 1-2 The Principle of TurbolonSpray
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TurbolonSpray is an Atmospheric Pressure lon Souraghich pre-formed ions in
solution are emitted into the gas phase with ohavit the application of heat. In this
way, quasi-molecular ions can be generated fromadile and high molecular weight
compounds with no thermal degradation.

When a liquid sample is pumped by an HPLC pumprored syringe through the
lonSpray Inlet, which is maintained at a high voéait is sprayed into the ion source
creating a mist of highly charged droplets. Ondeodtuced inside the ion source, the
droplets evaporate causing the ions to enter tiseppase. At the same time, the
TurboProbe directs a jet of heated dry nitrogethatspray produced by the lonSpray,
which helps focus the TurbolonSpray stream andess®s the rate of droplet
evaporation resulting in an increased ion signal.

1.2.1.3 Mass analyzer

In this study, two kinds of mass spectrometer aexdfor the analysis: one is singel
guadrupole mass spectrometer (6130, Agilent, Waltiyr and the hybrid mass
spectrometer combining tandem quadrupole with thgh hmass resolution of a
time-of-flight detector (Qg-TOF). Figure 1-3 show® ion path chambers of the
hybrid mass spectrometer QSTAR (pannel a, Appliedsygtems MDS SCIEX
(Toronto, Canada)) and 6520 mass spectrometer épanAgilent, Waldbronn). The
principle of the two Qg-TOF is similar. Here, thgbhid mass spectrometer QSTAR
(pannel a, Applied Biosystems MDS SCIEX (Torontan&da)) will be used to explain
the priciple.
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Fig 1-3 lon Path Chamber of Qg-TOF of Qstar (panelpplied biostystem, Applied Biosystems MDS
SCIEX, Toronto, Canada), and 6520 (Panel B, Agilé/gldbronn).

The hybrid mass spectrometer can provide tandens s@ectrometry. Fragments of
these ions are analyzed in MS/MS experiments irroral obtain information about
chemical structure of analytes. The ions of inteaes selected in the first quadrupole
(Q1). They are fragmented in the collision celldmflision (Q2) with neutral nitrogen
molecules. The resulting fragment ions are analyretie TOF mass analyzer. This
method is also called collision-induced dissocia{iGID).

The TOF chamber inside the QSTAR hybrid systemocated in an orthogonal
direction relative to the set of three quadrupoléss provides ion acceleration in a
direction, which is perpendicular to the quadrupiole beam, to correct the initial
kinetic energy differences of ions with the same walues. There is a reflectron at the
end of the drift zone, which refocuses the kinetiergy of ions with same m/z values.
The reflectron consists of a series of metallicetales with different applied voltages,
which generate a series of repulsing electric §ielthis enables the detector to record
all ions with the same m/z values at the same tilmes enhances the resolution.

1.2.2 Analysis of WSOC by HPLC-MS and HPLC-MS/MS

Many techniques and instruments have been developaohlyze WSOC in aerosols.
Gas chromatography (GC) and GC coupled to masstrepester (GC-MS),
HPLC-MS and HPLC-MS/MS, ion chromatography (IC) anther analytical
techniques have been applied after the extractioregure. About 85 % of WSOC are
not sufficiently volatile or stable to be analyzad GC, and LC is considered to be a
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suitable separation technique. Using HPLC, polanmaunds could be separated and
analyzed without derivatization. MS and MS/MS, whizan provide information of
WSOC such as the molecular weight and functionaligs, have been applied as the
detector. With the use of WSOC standards, quantitanalysis of them is possible.
Several interfaces have been developed, whichtdiredlow from HPLC to MS and
turn the target compounds into ions. In this sty and nanoESI were used for the
analysis of WSOC in the atmosphere such as careoagids, nitrophenols as well as
proteins and nitrated proteins.

Many techniques have been applied to analyze tineoxglic acid group in the

atmosphere. To analyze a homologous series oftdigglic acids in the atmosphere,
GC-MS, which requires derivatization of carboxydicids (Kawamura et al., 1987),
and IC equipped with electric conductivity deteatBCD) (Koch et al., 2000) have
been reported before. HPLC-MS, which avoids dedasibn of extracted samples,
allows the qualitative and quantitative analysistloé dicarboxylic group in low

concentration range. Rompp et al. (2006) has usedtéchnique to analyze both
dicarboxylic acids and oxocarboxylic acids in thdmasphere. Capillary

electrophoresis (CE) has also been reported asawzing technique of this class of
compounds in aerosol samples and vehicle emisgbabek-Zlotorzynska et al.,
2001).

For the analysis of nitrophenols, GC-MS or GC wHCD or with nitrogen
phosphorous detector (NPD) have been reporteddHigt 1991; Leuenberger et al.,
1985; Luttke et al., 1997b). High performance lijauhromatography coupled with a
diode array detector (HPLC-DAD) was also used ftophenol detection (Belloli et
al., 1999). In this study, HPLC-MS is used to gifgr&-nitrophenol and 4-nitrophenol,
simultaneously with dicarboxylic acid and other gmuands.

Many methods have been reported to analyze 3-+pigsine either in its free form or
in its protein binding form. The separation methadslude two-dimensional
polyacrylamide gel electrophoresis (2D-GE), solutisoelectric focusing (IEF)
followed by polyacrylamide gel electrophoresis ihet presence of sodium
dodecylsulfate (SDS-PAGE), immunoprecipitation (IFJPLC and so on. Mass
spectrometric analysis has been widely applied ftbe identification of
nitrotyrosine-containing proteins and peptides withe introduction of “soft”
ionization techniques suitable for proteins andipeg. The so-called “soft” ionization
techniques are ESI introduced by Whitehouse €t18B5) and matrix-assisted laser
desorption/ionization (MALDI) by Karas and Hillenkp (Karas and Hillenkamp,
1988). MALDI with laser light at 337 nm with MS isidely used for protein and
peptide analysis. However, nitrotyrosine-contairpngteins and peptides are sensitive
to the light of this wavelength and undergo decaositmm. Reduction to aminotyrosine
can circumvent this problem (Sarver et al., 20E8I has the advantage that it can
generate ions from the effluent of an HPLC colutimus, provide the possibility of
HPLC separation and further confirmation of nitchfgrotein or peptides by light

8
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absorbance at 360+5 nm under acidic conditions priVS (Crow and Ischiropoulos,
1996; Jiao et al., 2001; Souza et al., 1999; variggret al., 1996; Wong and Van Der
Vliet, 2002). To better understand the nitration chanism, the site-specific
information is important, which needs to localibe titrated amino acid in protein
sequence. The reduction of nitrotyrosine to amirosiyye may result in too little
fragment information (Ghesquiere et al., 2006).réfae, HPLC-MS/MS is a suitable
technique to identify and localize tyrosine nitoati Moreover, quantification of
nitrated peptides could be accomplished by ther@aéiference peptide method, that is,
to quantify modified peptides in a protein digegtsklecting another reference peptide
from the protein of interest as the internal stadd®illard et al., 2003).

1.3 Objectives

The aim of this study is to analyze and charaaetiz WSOC using HPLC-DAD-MS
or HPLC-MS/MS. The thesis includes two parts: talgre and characterize the low
molecular weight WSOC in the atmosphere such asngiroxidation products pinic
acid, pinonic acid, 3-methyl-1,2,3-butanetricarbdaxgcid (3-MBTCA), aliphatic and
aromatic carboxylic acids and nitrophenols; to yraland characterize the native and
nitrated proteins.

One part in this thesis is to analyze and charaeteghe small molecular weight
water-soluble organic in the atmosphere. Filterdamwere collected over a period of
one year from June, 2006 to May, 2007. Water-seldnbganic compounds such as
carboxylic acids and nitrophenols were extracteti amalyzed. HPLC-MS allows the
analysis of the pinene oxidation products piniadaginonic acid and 3-MBTCA as
well as a variety of dicarboxylic acids and nitrepbls at one run without any
derivatization. In the study, seasonal variatioms$ possible source of the compounds
were discussed. Arrhenius-type temperature depeerdesf 3-MBTCA and pinic acid
concentrations were observed. Model study has templied to explain the observed
temperature dependences.

The other part in this thesis is dedicated to ti@yais of proteins and nitrated proteins.
Standard proteins bovine serum albumin (BSA) aradbmmin (OVA) were nitrated by
tetronitromethane to obtain the nitrated BSA and\@tndards. An HPLC-DAD-MS
method was developed to determine the nitratiomedeg(ND) of the nitrated proteins
and proved to be suitable for the kinetic studpraftein nitration. To get more details
on protein nitration, e.g. the site-specific infaton, a tryptic digestion method
followed by an HPLC-chip-MS/MS analysis was appli@fithe ND of individual
nitrotyrosine (NO}) was determined and strong linear correlationsvéen ND and
NDvy were found. Different slopes of the linear cortielas suggest protein nitration is
site-selective. Possible factors causing the sictvity were discussed.
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2. HPLC-MS analysis of carboxylic acids and nitroplenols

2.1 Introduction

Water-soluble organic compounds (WSOCs) are majonponents of atmospheric
aerosols, accounting for up to ~50% or more of dhganic fraction of particulate
matter. They can influence the optical properties dygroscopicity of aerosol
particles and their effects on climate. WSOCs odgg from primary emissions like
fossil fuel combustion and biomass burning as aglrom secondary formation in the
atmosphere, i.e., photo-oxidation of anthropogemidiogenic precursors (Poschl,
2005).

Organic acids are a prominent group of WSOC ane \i@rnd in urban, rural, marine
and polar aerosols in various regions around thédvas detailed below (Kawamura
and lkushima, 1993; Kawamura et al., 1996b; Kawamaurd Usukura, 1993). This
group includes monocarboxylic acids, dicarboxylaida, oxocarboxylic acids and
tricarboxylic acids. The total dicarboxylic acidscaunt for 0.06-1.1 % of the total
aerosol mass and oxalic acid, malonic acid andisiecacid (G-C,) are the most
abundant species in the dicarboxylic acid groupw#&maura and Ikushima, 1993).
Dicarboxylic acids originate from a wide range ofises. Primary sources include
motor exhaust (Kawamura and Kaplan, 1987), bioroassbustion (Kundu et al., 2010;
Lefer et al., 1994; Legrand and DeAngelis, 1996;ukawa et al., 1999) and oceanic
emissions (Mochida et al.,, 2003b). Secondary faonatsources are the
photooxidation of unsaturated fatty aids and cyalienes (Hatakeyama et al., 1987;
Kawamura et al., 1996a). The photo-oxidation ofgbiic hydrocarbons is a major
source of secondary organic aerosol (SOA) (Hoffmatnal.,, 1997), and SOA
formation by oxidation of pinene and other terpehas been studied extensively
(Hallquist et al., 2009). Pinic acid as a dicardmxycid and pinonic acid as an
oxocarboxylic acid are major products of the ozgsisl or OH radical-initiated
oxidation of pinened- andp- pinene, the word pinene stands for botlndp- pinene

in the following text) (Atkinson and Arey, 2003; tdkeyama et al., 1989; Hatakeyama
et al., 1991; Yu et al.,, 1999a). Further reactidnttee first-generation oxidation
products of pinene leads to highly oxidized, aaycfiolar compounds (Jaoui et al.,
2005). Among the second-generation products of n@nghotooxidation is
3-methyl-1,2,3-butanetricarboxylic acid (3-MBTCAyhich is formed by OH-initiated
oxidation of cis-pinonic acid (Szmigielski et &007) and was first detected in aerosol
samples from Amazonia and Belgium (Kubatova et2flQ2; Kubatova et al., 2000).
Another prominent group of WSOC are nitrophenolke li2-nitrophenol and
4-nitrophenol, which have been found in urban andlraerosol, rainwater and snow
samples. They originate from primary sources inclgdmotor vehicle exhaust
(Nojima et al., 1983; Tremp et al., 1993), coal amood combustion, as well as
decomposition and hydrolysis reactions of herbgided insecticides (Shafer and
Schonherr, 1985). Moreover, they are formed byatidn of phenol and the
transformation of benzaldehyde under photochenscabg conditions (Grosjean,
1985; Luttke and Levsen, 1997; Luttke et al., 19&0ad traffic is considered to be the
main source of nitrophenols.

Nitrophenols are usually analyzed by gas chromapg coupled with a mass
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2. LC-MS analysis of carboxylic acids and nitropblsn

spectrometer (GC-MS), with an electron capture aete(GC-ECD), or with a
nitrogen phosphorous detector (GC-NPD) (Herterdd91; Leuenberger et al., 1985;
Luttke et al., 1997). Belloli et al. (1999) usedthperformance liquid chromatography
coupled with a diode array detector (HPLC-DAD) futrophenol detection. Most
studies of carboxylic acids used GC-MS after deizadion, i.e., conversion of the
acids into methyl- or butylesters (Kawamura andshima, 1993). Rompp et al.
(2006) and Warnke et al (2006) applied high perforoe liquid chromatography
coupled with a mass spectrometer (HPLC-MS) for dhalysis of organic acids in
aerosol samples.

In this study, we apply HPLC-MS for the analysisi@fophenols as well as carboxylic
acids (aliphatic &C;¢ dicarboxylic acids, phthalic, pinic, and pinonad 3-MBTCA)

in a large set of fine and coarse aerosol parsiateples collected over a period of one
year in central Europe (Mainz, Germany, June 200dady 2007).

2.2 Methods

2.2.1 Collection of filter samples

Aerosol samples were collected on glass fiberr§iltgall Corporation, Type A/A,
102-mm diameter) over a period of one year in MaBermany (130 m a.s.l., June
2006—May 2007). The sampling station was positicrred mast at the top of the Max
Planck Institute for Chemistry (MPIC, ~5 m above tlat roof of the 3-story building)
on the campus of the University of Mainz (493936'N and 8°1415.22'E). The air
masses sampled at MPIC represent a mix of urbanuaaldcontinental boundary layer
air in central Europe (Frohlich-Nowoisky et al.,08). A high-volume dichotomous
sampler (Solomon et al., 1983) was used to sepanateollect coarse and fine aerosol
particles on a pair of glass fiber filters. The péanwas operated with a rotary vane
pump (Becker VT 4.25) at a total flow rate of apgmeately 300 L min',
corresponding to a nominal cut-off diameter of pf1. Coarse particles with
aerodynamic diameters larger than the cut-off welected through a virtual impactor
operated in line with the inlet (~27 L mf), and fine particles with aerodynamic
diameters smaller than the cut-off were collectechfthe main gas flow perpendicular
to the inlet (~270 L mirt).

The sampling period was generally ~7 days, cormeding to a sampled air volume
of approximately 3000 A few samples were collected over shorter peridds5
days, ~400- 2000 nf). A list of all investigated air filter samples7(6oarse and 58

fine particle samples) and of the correspondingpdiaugp times and volumes is given
in sect. A2 (Table A1 and A2).

For the investigation of seasonal trends, the aines were grouped into summer
(June, July and August, JJA) (coarse: 18; fine; a8jumn (September October and
November, SON) (coarse: 14; fine: 14), winter (Deber, January and February, DJF)
(coarse: 12; fine: 13) and spring (March, April aidy, MAM) (coarse: 13; fine: 13).
Before use, all glass fiber filters were decontated by baking at 500°C over night.
Loaded filters were packed in aluminum foil (alselpaked at 500°C), and stored in a
freezer at —80°C until WSOC extraction. (Frohlicbwxbisky et al., 2009).
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2. LC-MS analysis of carboxylic acids and nitropblsn

2.2.2 Sample extraction and analysis (HPLC-MS)

A filter aliquot (typically 1/8 sector) was transfed into a 7 mL glass vial with a
PTFE-coated cap and extracted with 2 mL of a watethanol mixture (methanol
volume fraction 10 %, water: chromatography graderck, Darmstadt, Germany;
methanol: LC-MS grade, Merck, Darmstadt, Germarih)e sample vials were
sonicated for 30 minutes in an ice bath. The eksatution was collected using an
Eppendorf pipette with polyethylene (PE) tips. Stheently, the filters were extracted
for the second time following the same procedurd #re extract solutions were
combined and used directly for HPLC-MS analysisr{iRp et al., 2006).

The applied HPLC-MS system consists of a thermedtauto-sampler (Series 200,
Perkin Elmer, Norwalk, Connecticut, USA), a degass® a quaternary pump (1100
Series, Agilent Technologies, Waldbronn, Germamy)d a hybrid Qg-TOF mass
spectrometer QSTAR (Applied Biosystems MDS SCIEXrohto, Canada) with an
electrospray ion source (ESI). The ESI source vpasated in the negative mode with
an ionization voltage of 4 kV at 400 °C. The seddain/z range was 120 to 300 Da. The
data processing was performed with the softwardgmee Analyst (version QS1.1,
Applied Biosystems MDS SCIEX, Toronto, Canada). Tteom and column
temperature were kept at 296 K, and the injectiotume was 100 pL. The
chromatographic separation of all investigated commgs was performed with a
ReproSil-Pur G-AQ column (250 mm x 2.1 mm I.D., 5 pm particlesyim a stainless
steel cartridge (Dr. Maisch GmbH, Ammerbuch, Gemmat a flow rate of 400 uL
min™. For the first 0.5 min of each chromatographic the composition of the mobile
phase was kept at 100 % water with formic acid (KBEOvolume fraction 0.1 %,
Chromasolv, Sigma, Seelze, Germany). Then the rité® (ACN, Chromasoly,
Sigma, Seelze, Germany) content was increased ¥ Wghin 3.5 min, and further to
95 % within 16 min. Finally the mobile phase waseteto initial conditions within 3
min, and the column was equilibrated for 6 min befine next run (Winterhalter et al.,
2009). Chromatograms were recorded using the dapmted molecule ion signals of
the analytes ([M-H]detected at m/z = M-1). The molecular masses (M)ratention
times (RT) of the investigated compounds are ligtethble 2-1.
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Table 2- 1 Molecular weight, retention time andegébn limits of investigated organic compounds.

Compound M2 RT®  LOD® LOQ? ELOD_coarse ELOQ_coarse ELOD_finé ELOQ_finé
gmo* min  nmoll* nmolL* ngm? ng m* ng m* ng m*

Glutaric Acid (G) 132 7.59 14.36 47.88 0.02 0.08 0.03 0.09
Adipic Acid (G) 146 9.01 3.01 10.03 0.01 0.02 0.01 0.02
Pimelic Acid (G) 160 10.35 2.69 8.96 0.01 0.02 0.01 0.02
Suberic Acid (G) 174 11.59 19.22 64.07 0.04 0.14 0.05 0.16
Azelaic Acid (G) 188 12.75 19.10 63.65 0.05 0.15 0.05 0.17
Sebacic Acid (&) 202 13.87 1.83 6.09 0.005 0.02 0.01 0.02
Dodecanedioic Acid (5) 230 15.84 1.68 5.60 0.005 0.02 0.01 0.02
Tridecanedioic Acid (&) 244 17.17 1.74 5.80 0.01 0.02 0.01 0.02
Tetradecanedioic Acid (@) 258 16.77 1.62 5.39 0.01 0.02 0.01 0.02
Hexadecanedioic Acid (@) 286 19.54 1.29 4.30 0.005 0.02 0.01 0.02
Phthalic Acid (Ph) 166 10.72 2.85 9.50 0.01 0.02 0.01 0.02
3-methyl-1,2,3-butanetricarboxylic acid (3-MBTCA)204 9.45 0.59 1.98 0.002 0.01 0.002 0.01
Pinic Acid 186 11.04 1.90 6.35 0.004 0.01 0.005 0.02
Pinonic Acid 184 13.88 18.06 60.20 0.04 0.14 0.05 0.16
4-Nitrocatechol 155 12.30 20.10 67.00 0.04 0.13 0.04 0.15
2-Nitropnenol 138 14.18 17.28 57.61 0.03 0.10 0.03 0.11
4-Nitrophenol 138 14.86 11.58 38.60 0.02 0.07 0.02 0.08

#molecular weight;

® retention time;

¢ limit of detection of the HPLC-MS method defined3afold standard deviation of background signal;

4 limit of quantification of the HPLC-MS method defihas 10-fold standard deviation of background signa

¢ effective limit of detection of aerosol filter ciamt in coarse particulate matter, correspondirigrday sample;
"effective limit of quantification of aerosol filteontent in coarse particulate matter, correspantiirv-day sample;
9 effective limit of detection of aerosol filter camt in fine particulate matter, corresponding iday sample;

" effective limit of quantification of aerosol filteontent in fine particulate matter, correspondm@-day sample.
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The analytes were identified by comparison of redentime and mass spectra with
reference standards (Sigma/Fluka, purity98 %; 3-MBTCA from M. Claeys,
University of Antwerp) (Winterhalter et al., 2009s pure cis-pinic acid was not
available, we used the mixture of cis- and tramsepacid as reference standard and
assumed a response factor of 1 between the twoeirsofor the quantification of
cis-pinic acid in aerosol filter samples. Due twmited availability and purity of the
3-MBTCA reference standard, we used a calibraticurve obtained with
1,3,5-pentatricarboxylic acid and assumed a respdastor of unity for the
guantification of 3-MBTCA. Small aliphatic dicarbgic acids consisting of less than
five carbon atoms were eluted in the dead volunm@ethromatographic column and
were thus not investigated in this study.

For every analyte, a linear calibration functionpgfak area vs. concentration was
established and applied for quantification (cotietacoefficient B > 0.98, number of
data points n =12). As detailed in Table 1, thedital limits of detection (LOD, 3s
method, 0.59-20.10 nmolY, ) and quantification (LOQ, 10s method, 1.98-6hawI
L™ correspond to effective limits of 0.002-0.05 ng (ELOD) and 0.01-0.17 ng th
(ELOQ) for the detection and quantification of tiiwestigated compounds in the
coarse and fine aerosol samples, respectively. Meamnt results for blank filter
samples were generally below the LOD, except fapiadcid (G) and azelaic acid
(Co). For these two acids blank values larger than L&), were observed and
subtracted from the aerosol sample measurementtsiesthe relative standard
deviation of repeated measurements was generaby tlean 5 %. Therefore, the
precision of the measurement accounting for imgreniof sample flow control and
recovery (Winterhalter et al., 2009) is estimateti¢ less than 20 %.

Mass concentrations of the analytes in the invattjair samples were determined by
scaling with the extract volume, filter aliquotdtaon, and sampled air volume. Due to
the operating principle of the dichotomous samiilex, coarse patrticle filter samples
contained a contribution of fine particles corraggiag to the ratio of air flow through
the coarse filter to total air flow (~1/10). To oect for this interference, 1/10 of the
concentration determined for fine particles wastrsubed from the concentration
determined for coarse particles. All measuremestilte are listed in sect. A2 (Table
Al and A2). Correlation analyses were performedafbinvestigated compounds, and
the correlation coefficients obtained for coarse fame particle samples are also listed
in Table 2-3 and 2-4. Exponential fits were alsdgrened between concentrations of
investigated compounds and inverse temperature, Aarftenius-type temperature
dependence were found for 3-MBTCA and pinic acidicl is discussed below.

2.2.3 Supporting data and model calculations

Ambient temperature (daily mean values of recodedimum and maximum
temperature values, averaged over filter samplaripd) and precipitation data were
recorded on top of the 7—story building of the itag¢ of Atmospheric Physics of the
University of Mainz, which is less than 500 m avieym the sampling site.

Hydroxyl radical (OH) concentration data were ol from a simulation (1998-2008)
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with the ECHAM/MESSy Atmospheric Chemistry modeMEC, time resolution: 15

min, output frequency: 5 h, averaged over filtanghing period) (Jockel et al., 2006).
The OH concentration data were used for model Gioms investigating the
observed Arrhenius-type temperature dependenceMBBCA as detailed in sect. A3
and discussed below.

2.3 Results and discussion

2.3.1 Concentration levels and seasonal variations

For all dicarboxylic acids, nitrophenols and pinexélation products investigated in

this study, the observed concentration ranges, walales and standard deviations are
summarized in Table 2-2. For comparison we have pésformed a comprehensive

literature search and compiled data from other apheric aerosol studies and
locations where these WSOCs have been analyzed.

The mean concentrations of individual dicarboxg@ids in fine particulate matter
(PMs, 0.09-3.76 ng ) were generally lower than the values reportechfpplluted
urban areas and megacity regions (Houston, USAgH&ng, and 14 economically
developed or developing cities in China; 0.29-36¢5 ni°)). With regard to total
suspended particles (TSP, fine plus coarse paatieuhatter), the mean concentrations
observed in Mainz (0.14-5.71 ng3nwere higher than values reported from Arctic
regions (0.06-0.9 ng M), similar to values reported from Philadelphia, AU® My,
0.5-3.5 ng 17), and generally lower than the values reportethffimkyo, Japan, and
Melpitz, Germany (Plb, n.d.-25.8 ng ). The highest mean concentrations in Mainz
were observed for phthalic acid (B\8.76 ng ri¥; TSP: 5.71 ng i) and for the pinene
oxidation products pinic acid (PM1.51 ng r¥; TSP: 2.32 ng i) and 3-MBTCA
(PMs: 5.89 ng rit; TSP: 6.88 ng ).

Seasonal variations of investigated compounds wsrdied (Fig. 2-1, 2-2 and 2-3),
and, to our knowledge, this is the first study mipg a full annual cycle and
characteristic differences in the seasonal vanationitrophenols and 3-MBTCA. For
most aliphatic dicarboxylic acids the seasonal meamcentration was highest in
summer and spring, indicating biogenic or photodktahsources as discussed below
(Fig. 2-1). Some of the lower seasonal values fanrelbmmer could be attributed to
wet deposition of water-soluble compounds due tgelaamount of precipitation in
summer (total precipitation of 186.5 mm in summé7.6 mm in autumn, 136.0 mm in
winter, and 121.6 mm in spring). 4-Nitrocatechot @xnitrophenol also exhibited
maximum concentrations in summer, whereas 4-nigoph exhibited maximum
concentrations in winter (Fig. 2-2). The differaeiasonalities can be attributed to the
different sources and formation pathways as diszubglow. To our knowledge this is
the first study reporting a full annual cycle amaacteristic differences in the seasonal
variation of nitrophenols and 3-MBTCA.

The most pronounced seasonal cycles and summarianena were observed for the
pinene oxidation products 3-MBTCA, pinic acid andgmic acid (Fig. 2-3), which
exhibited also pronounced Arrhenius-type tempeeattependencies that can be
attributed to photochemistry and biogenic emississliscussed below. The average
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particulate concentration level decreased withgasig volatility from 3-MBTCA
(non-volatile) via pinic acid (low/semi-volatile) pinonic acid (high/semi-volatile, see
sect. A3).

The concentration of 3-MBTCA was generally highethie fine particle fraction than

in the coarse fraction. During summer and autunenpiimic acid concentration was

also higher in the fine fraction than in the codraetion, but during winter and spring

the concentration was similar in the fine and oeafrsictions. The pinonic acid

concentration was similar in the fine and coaraetions during summer and autumns,
but during winter and spring the concentration higber in the coarse fraction. These
differences may be related to the different vatad and concentration levels of the
three compounds, to seasonal differences in amt@erngerature, and possibly also to
seasonal differences in the overall aerosol parscte distribution and composition.
Information about the latter parameters is unfataly not available and further

investigations would go beyond the scope of thesgme study. Nevertheless, we
suggest and intend to investigate these effects iatedactions in future studies,

because they may be relevant for comprehensivacteaisation, understanding and
modelling of the sources and properties of orgariosols.
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Table 2- 2 Concentrations of WSOC measured in eaansl fine aerosols in this study and other studies

Compound Concentration (ng i) Particle Location, time Publication
Range Mean+SD
Glutaric Acid (G) 0.16-6.15 1.28+0.99 P# Mainz, Germany 2006-2007 this study
30 PM China 2003 summer Ho et al., 2007
22.1 PM s China 2003 winter Ho et al., 2007
35.56 PMs Hong Kong urban summer 2006 Hu et al., 2008
7.73 PMs USA Houston area suburban 2000 Yue and Frased, 200
2.3 PM¢  Philadelphia, USA, July-August 1999 Ray and McDa@Q5
6.8 PMo Melpitz, Germany/rural 2005 van Pinxteren and khemn, 2007
1.24-18.41 2.56+1.27 TSP  Mainz, Germany 2006-2007 this study
0.9 TSP Arctic July 1987 June 1988 Kawamurd.efl@896a
11 TSP Tokyo, Japan/urban July 1989 Kawamura asdiy2005
23.1 TSP Tokyo, Japan/urban June 1989 Kawamurdasd, 2005
18.2 TSP Tokyo, Japan/urban Nov 1989 Kawamurayasdi, 2005
Adipic Acid (G) 0.17-2.71 0.78+0.57 PM Mainz, Germany 2006-2007 this study
235 PMs China 2003 summer Ho et al., 2007
15 PM s China 2003 winter Ho et al., 2007
11.376 PMs Hong Kong urban summer 2006 Hu et al., 2008
7.52 PMs USA Houston area suburban 2000 Yue and Frased, 200
2 PMy Philadelphia, USA, July-August 1999 Ray and McD2@05
13.8 PMo Melpitz, Germany/rural 2005 van Pinxteren and khemn, 2007
0.59-4.69 1.51+0.84 TSP Mainz, Germany 2006-2007 is study
0.82 TSP Arctic July 1987 June 1988 Kawamuial.el996a
13 TSP Tokyo, Japan/urban July 1989 Kawamura asdiy2005
25.8 TSP Tokyo, Japan/urban June 1989 Kawamur¥asd, 2005
14.2 TSP Tokyo, Japan/urban Nov 1989 Kawamuravaedi, 2005
Pimelic Acid (G) BDL'-1.77 0.32+0.31 P Mainz, Germany 2006-2007 this study
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Suberic Acid (G)

Azelaic Acid (G)

BDL-2.05

0.11-1.87

0.32-2.44

0.12-4.64

0.13-1.45

6.34

6.7

4.564

2.58

1.6
0.58+0.39

0.13

4.6

9.9

8.2
0.44+0.35

9.06

5.98

5.43

0.5

21
0.78+0.45

0.15

24

11

9.1
1.60+1.04

31.6

28.9

10.07

1

21
2.91+1.25

PM s
PMs
PMs
PM s
PMo
TSP
TSP
TSP
TSP
TSP
PM
PM s
PM s
PM s
PMo
PMo
TSP
TSP
TSP
TSP
TSP
PM
PM s
PM s
PMs
PMy
PMo
TSP

China 2003 summer
China 2003 winter
Hong Kong urban summer 2006
USA Houston area suburban 2000
Melpitz, Germany/rural 2005
Mainz, Germany 2006-2007
Arctic July 1987 June 1988
Tokyo, Japan/urban July 1989
Tokyo, Japan/urban June 1989
Tokyo, Japan/urban Nov 1989
Mainz, Germany 2006-2007
China 2003 summer
China 2003 winter
USA Houston area suburban 2000
Philadelphia, USA, July-August 1999
Melpitz, Germany/rural 2005
Mainz, Germany 2006-2007
Arctic July 1987 June 1988
Tokyo, Japan/urban July 1989
Tokyo, Japan/urban June 1989
Tokyo, Japan/urban Nov 1989
Mainz, Germany 2006-2007
China 2003 summer
China 2003 winter
USA Houston area suburban 2000
Philadelphia, USA, July-August 1999
Melpitz, Germany/rural 2005
Mainz, Germany 2006-2007

Ho et al., 2007
Ho et al., 2007
Hu et al., 2008
Yue and Frased, 200
van Pinxteren and kiemn, 2007
s #hidy
Kawamuia.efl996a
Kawamuravaedi, 2005
Kawamur¥asd, 2005
Kawamura asdiyY2005
this study
Ho et al., 2007
Ho et al., 2007
Yue and Frased, 200
Ray and McD2@05
van Pinxteren and kiemn, 2007
is study
Kawamuial.el996a
Kawamurayasdi, 2005
Kawamura asui, Y2005
Kawamura asdiyY2005
this study
Ho et al., 2007
Ho et al., 2007
Yue and Frase4, 200
Ray and McD2@05
van Pinxteren and khexmn, 2007
is diudy
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2. LC-MS analysis of carboxylic acids and nitropblen

Sebacic Acid (&)

Dodecanedioic Acid (G)

Tridecanedioic Acid (&)
Tetradecanedioic Acid (@)
Hexadecanedioic Acid (@)

Phthalic Acid (Ph)

0.06-1.31

0.13-1.45

BDL-1.24

BDL-1.34
BDL-2.04
BDL-2.11
BDL-2.05
BDL-2.21
BDL-2.05
BDL-2.18
0.69-13.38

1.24-18.41

0.26

11

15.1

20.6
0.24+0.20

2.49

4.4

2.58

n.d?
0.39+0.24

1.1

4.9

7.3
0.09+£0.17

0.91

0.29

0.15+0.18

0.09+0.27

0.14+0.29

0.11+0.28

0.18+0.31

0.13£0.29

0.20+0.31

3.76x£2.87

3.36

12.4

35
5.71+3.73

TSP
TSP
TSP
TSP
PM
PM s
PMs
PM s
PMio
TSP
TSP
TSP
TSP
PM
PM s
PM s
TSP
PM
TSP
PM
TSP
PM
TSP
PM
PM s
PM,
PMo
TSP

Arctic July 1987 June 1988
Tokyo, Japan/urban July 1989
Tokyo, Japan/urban June 1989
Tokyo, Japan/urban Nov 1989
Mainz, Germany 2006-2007
China 2003 summer
China 2003 winter
USA Houston area suburban 2000
Melpitz, Germany/rural 2005
Mainz, Germany 2006-2007
Tokyo, Japan/urban July 1989
Tokyo, Japan/urban June 1989
Tokyo, Japan/urban Nov 1989
Mainz, Germany 2006-2007
14 cities in China 2003 summer
14 cities in China 2003 winter
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Hong Kong urban summer 2006
Melpitz, Germany/rural 2005

Philadelphia, USA, July-August 1999

Mainz, Germany 2006-2007

Kawamuial.el996a
Kawamura asdiY2005
Kawamurdasd, 2005
Kawamurayasdi, 2005
this study
Ho et al., 2007
Ho et al., 2007
Yue and Frase4, 200
van Pinxteren and khemn, 2007
is diudy
Kawamuravaedi, 2005
Kawamur¥asd, 2005
Kawamura asdiyY2005
this study
Ho et al., 2007
Ho et al., 2007
s #hidy
this study
s #hidy
this study
s #hidy
this study
s #hudy
this study
Hu et al., 2008
van Pinxteren and kiemn, 2007
Ray and McD2@05

his study
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3-Methyl-1,2,3-butanetricarboxylic acid 1.6-99.3 3"1 PM; Hyytidla, Finland, July-Aug 2005 Kourtchev et &008a
(3-MBTCA) 1.9-74 15.8 PM K-puszta, Hungary, summer 2003 Kourtchev et @02
52 PM s Julich, Germany, July 2003 Kourtchev et al., 2008b
n.d.-1.6 PMs Balbina, Brazil, Mar-Apr 1998 Kubatova et al., P00
15.8-130 41.95 PbE Research Triangle Park, NC, USALewandowski et al., 2007
summer 2003
0.13-26.00 5.8946.15 PM Mainz, Germany 2006-2007 this study
0.13-29.72 6.88+7.04 TSP Mainz, Germany 2006-2007 his study
3.47-25.9 TSP Mt. Tai, China, May to June 2006 efal., 2009b
0.005-2.613 0.647+0.786 TSP Canadian high Arctiy-Bun, 1991 Fu et al., 2009a
Pinic Acid 2-29.6 7.7 PM, Hyytiala, Finland, July-Aug 2005 Kourtchev et 8008a
0.6-135 12.2 PM K-puszta, Hungary, summer 2003 Kourtchev et 802
1.1-21 PMs Tabua, Portugal Aug 1996 Kavouras et al., 1999b
3.0 PM s Julich, Germany, July 2003 Kourtchev et al., 2008b
4,5-15.5 9.98 PMs Research Triangle Park, NC, USALewandowski et al., 2007
summer 2003
0.38-4.7 PMs Hyytiala, Finland 2001 Warnke et al., 2006
1.1-21 PMs Hyytidala, Finland 2003 Warnke et al., 2006
0.43-3.8 PMs Julich, Germany 2002 Warnke et al., 2006
0.94-12 PMs Jilich, Germany 2003 Warnke et al., 2006
BDL-9.05 1.51+2.24 PM Mainz, Germany 2006-2007 this study
0.06-12.17 2.32+2.72 TSP Mainz, Germany 2006-2007 his study
0.36-6.27 TSP Mt. Tai, China, May to June 2006 efal., 2009b
0.03-1.357 0.514+0.401 TSP Canadian high Arctit-Fen, 1991 Fu et al., 2009a
2.4+1.5 TSP Pertouli, Greece Aug 1998 Kavouras&eghanou, 2002
0.4-82.7 TSP Pertouli, Greece Aug 1997 Kavouras €1999a
0.48 - 0.59 0.54 TSP Nova Scotia, Canada Jul 1996 u et'dl., 1999b
0.5 TSP San Bernadino, CA Sep 1998 Yu et al., 1999
Pinonic Acid (PA) 7.1-98 P Tébua, Portugal Aug 1996 Kavouras et al., 1998919
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2. LC-MS analysis of carboxylic acids and nitropblen

0.91-8.2 PMs
0.99-74 PMs
1.1-5.9 PMs
1.4-78 PMs

BDL-5.60 0.60+1.01 PM
BDL-5.60 1.22+1.33 TSP

0.21-21.8 TSP
0.038-0.108 0.069+0.023 TSP
9.7+11 TSP
1-257 TSP
0.13-0.39 0.26 TSP
0.8 TSP
4-Nitrocatechol BDL-26.30 6.40+17.55 RM
BDL-28.72  4.4945.32 TSP
2-Nitrophenol BDL-8.51 1.57+£1.45 PM
3.5t1.5 PN
BDL-8.51 1.81+1.70 TSP
4-Nitrophenol BDL-10.22  2.48+2.12 PM3
17.815.6 PM5

BDL-12.52  3.78+2.89 TSP

Hyytiala, Finland 2001
Hyytiala, Finland 2003
Jilich, Germany 2002
Jilich, Germany 2003
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mt. Tai, China, May to June 2006
Canadian high Arctiy-Bun, 1991
Pertouli, Greece Aug 1998
Pertouli, Greece Aug 1997
Nova Scotia, Canada Jul 1996
San Bernadino, CA Sep 1998
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Mainz, Germany 2006-2007
Rome, Italy, Spring 2003
Mainz, Germany 2006-2007
Mainz, Germ&®06-2007
Rome, Italy, Spring 2003
Mainz, Germany 2006-2007

Warnke et al., 2006
Warnke et al., 2006
Warnke et al., 2006
Warnke et al., 2006
this study
s #hudy
efal., 2009b
Fu et al., 2009b
Kavouras&teghanou, 2002
Kavourad.£1999a
u et¥dl., 1999b
Yu et al., 1999
this study
is study
this study
Cecinato et al., 2005
s #hidy
this study
Cecinatalet2005
is study

@ standard deviation;

® particles of aerodynamic diameters less tham3the cut-off of the dichotomous sampler in thigly):

¢ particles of aerodynamic diameters less tharugh5s
9 particles of aerodynamic diameters less thaprp

€ total suspended particles, in this study, it'sshen of the particle contents in both coarse amelfode;

" below detection limit (limit of quantification listl in table 2-1);
9 not detected;

" is median value;

' particles of aerodynamic diameter less thaml
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Figure 2- 1 Seasonal variations of dicarboxylidaoass concentrations in fine, coarse, and total
particulate matter (TSP). The data points are medures for diferent seasons (summer: JJA, autumn:
SON, winter: DJF, spring: MAM). The error bars atandard errors of the mean, and the lines are to
guide the eye.
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Figure 2- 2 Seasonal variations of 2-nitrophenaijtdophenol and 4-nitrocatechol mass concentration
in fine, coarse, and total particulate matter (TSRg data points are mean values féfedent seasons
(summer: JJA, autumn: SON, winter: DJF, spring: MAIVhe error bars are standard errors of the mean,
and the lines are to guide the eye.

29



2. LC-MS analysis of carboxylic acids and nitropblen
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Figure 2- 3 Seasonal variation of pinene oxidafiozducts: mass concentrations of 3-MBTCA, pinic
acid and pinonic acid in fine, coarse, and totalipaiate matter (TSP). The data points are meanegl
for different seasons (summer: JJA, autumn: SON, winté¥; §p¥ing: MAM). The error bars are

standard errors of the mean, and the lines araitedghe eye.

2.3.3 Source attribution of dicarboxylic acids andhitrophenols

Atmospheric photo-oxidation of volatile and semlatde organic compounds is
considered to be the main source of dicarboxylitlsaén air particulate matter.
Mochida et.al. (2003a) proposed that small dicayboxacids containing up to 7
carbon atoms originate mostly from anthropogenecprsors. Glutaric acid is formed
upon oxidation of cyclopentene cyclohexene andagilidldehyde (Winterhalter et al.,
2009). Adipic acid (&) originates from the oxidation of cyclohexeneha atmosphere
(Hatakeyama et al., 1987; Koch et al., 2000), anthfthe ozonolysis of polycyclic
aromatic hydrocarbons (PAHSs) like methylene-cyckaime and 1-methyl-cyclohexene
(Koch et al., 2000). As an aromatic compound, pithecid is also considered to
originate mostly from anthropogenic sources, ineigddirect emission from
automobile, industrial and other anthropogenic sesirsources (manufacturing of
plastics, hydrolysis of phthalate esters in tharagef plastics), and the oxidation of
PAHs (Kawamura and Ikushima, 1993). The correlatioefficients between phthalic
acid and the sum of£C; dicarboxylic acids (R= 0.65 for coarse particles PM and
0.47 for fine particles) suggest that these com@suriginate indeed from related
sources.

According to Mochida et al. (2003a), the oxidatioh biogenic precursors like
unsaturated fatty acids is the main sourceg€¢ dicarboxylic acids (Kawamura and
Gagosian, 1987; Stephanou and Stratigakis, 1998¢ mMost abundant of these
compounds was azelaic acich(@.9 ng ri¥ in TSP). It originates from the oxidation of
unsaturated fatty acids containing a double bongasition 9 (Kawamura and
Gagosian, 1987), including oleic acid which is tiglly abundant in air particulate
matter and has been studied extensively (Shiraivah,e2010; Zahardis and Petrucci,
2007). The concentrations of suberic acigl (C8 ng 1t in TSP) and sebacic acid«C
0.4 ng nt in TSP) were substantially lower than that of azecid. The correlation
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2. LC-MS analysis of carboxylic acids and nitropblen

coefficients suggest that the sources gh8d Gy are similar (R= 0.71 and 0.81 for
coarse and fine PM), and related but not identizghe sources of JJR?= 0.36-0.52,
Tables 2-3 and 2-4).

Long-chain dicarboxylic acids ¢(&Cie) are generally attributed to the oxidation of
o-hydroxy fatty acids from vascular plants or oth&rgenic sources. The correlation
coefficients suggest that the sources gfCis are more closely related to each other
(R?= 0.33-0.97) than to £C; (R*= 0.07-0.75) or ¢(R*= 0.00-0.19, Tables 2-3 and
2-4).
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2. LC-MS analysis of carboxylic acids and nitropblen

Table 2- 3 Correlation coefficients {between investigated compounds in coarse paatiewhatter. Abbreviations are the same as Table 2-1

Ph G G G G G Cio Cp Cis Ciq Cis Css Cs10  Cipue  Di_totaf
Ph 1.00
Cs 0.63 1.00
Ce 0.45 0.60 1.00
(o7 0.62 0.62 0.60 1.00
Cs 0.49 0.75 0.54 0.56 1.00
Co 0.38 0.31 0.19 0.41 0.40 1.00
Cio 0.48 0.61 0.39 0.39 0.71 0.36 1.00
Ci 0.16 0.35 0.16 0.12 0.49 0.09 0.67 1.00
Cis 0.08 0.26 0.13 0.11 0.39 0.04 0.45 0.68 1.00
Cu 0.12 0.34 0.14 0.12 0.40 0.05 0.47 0.66 0.83 1.00
Cie 0.01 0.01 0.00 0.00 0.07 0.00 0.23 0.46 0.44 0.331.00
Cs7 0.65 0.75 0.32 0.58 0.29 0.22 0.28 0.00 1.00
Cs.10 0.49 0.49 0.31 0.53 0.22 0.13 0.14 0.01 0.55 001.
Cio16 0.07 0.24 0.11 0.09 0.38 0.04 0.53 0.23 0.17.00 1
Di_total 0.66 0.93 0.78 0.31 1.00
3-MBTCA 0.53 0.64 0.26 0.51 0.44 0.17 0.36 0.30 10.2 0.28 0.01 0.55 0.28 0.20 0.55
Pinic acid 0.28 0.51 0.21 0.26 0.39 0.04 0.37 0.42 0.44 0.53 0.08 0.43 0.13 0.43 0.40
Pinonic acid 0.55 0.44 0.26 0.42 0.45 0.20 0.39 10.2 0.18 0.27 0.01 0.43 0.31 0.18 0.46
Sum 0.57 0.72 0.34 0.52 0.58 0.19 0.52 0.42 0.35 47 0. 0.04 0.65 0.35 0.37 0.64
4-Nitrocatechol 0.20 0.03 0.00 0.00 0.00 0.05 0.00 0.02 0.02 0.05 .050 0.00 0.03 0.05 0.02
2-Nitrophenol 0.00 0.00 0.01 0.22 0.01 0.02 0.01 020. 0.07 0.04 0.05 0.01 0.01 0.05 0.02
4-Nitrophenol 0.05 0.01 0.05 0.03 0.00 0.06 0.04 010. 0.06 0.03 0.06 0.03 0.05 0.04 0.03
Nitrophenols 0.02 0.00 0.01 0.00 0.00 0.04 0.02 00.0 0.08 0.06 0.06 0.01 0.05 0.03 0.02

To be continued

32



2. LC-MS analysis of carboxylic acids and nitropblen

Continued

3-MBTCA Pinic acid Pinonic acid St 4-Nitrocatechol 2-Nitrophenol 4-Nitrophenol Nittognols

Ph
Cs
Cs
G

Cs.z

Cs-10

Ci216

Di_total

3-MBTCA 1.00

Pinic acid 0.62 1.00

Pinonic acid 0.38 0.23 1.00

Sum 1.00

4-Nitrocatechol 0.06 0.05 0.01 0.00 1.00

2-Nitrophenol 0.02 0.10 0.14 0.09 0.01 1.00

4-Nitrophenol 0.01 0.03 0.02 0.00 0.00 0.27 1.00
Nitrophenols 0.02 0.04 0.00 0.00 0.00 1.00

the total of aliphatic dicarboxylic acids and plib acids;

® the sum of pinene oxidation products (3-MBTCA ipiacid and pinonic acid).
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Table 2- 4 Correlation coefficients {JFbetween investigated compounds in fine partieutaatter. Abbreviations are the same as Table 2-1.

Ph G G G G & Cio Cp Cia Cia Cis G Gs10 Cio6 Di_totaf
Ph 1.00
Cs 0.40 1.00
Cs 0.35 0.56 1.00
C, 0.41 0.35 0.63 1.00
Cs 0.36 0.25 0.68 0.70 1.00
Co 0.17 0.28 0.49 0.37 0.52 1.00
Cio 0.19 0.13 0.57 0.72 0.82 0.49 1.00
Ci 0.08 0.08 0.41 0.64 0.59 0.19 0.75 1.00
Cis 0.03 0.03 0.27 0.52 0.44 0.11 0.66 0.95 1.00
Cis 0.06 0.06 0.38 0.60 0.53 0.18 0.73 0.97 0.97 1.00
Cie 0.01 0.02 0.27 0.51 0.41 0.12 0.68 0.86 0.91 0.89 1.00
Cs7 0.47 0.52 0.43 0.38 0.27 0.16 0.24 0.15 1.00
Cs.10 0.24 0.29 0.62 0.55 0.37 0.24 0.34 0.26 0.52 1.00
Cis.16 0.04 0.04 0.33 0.57 0.49 0.15 0.72 0.20 0.30 1.00
Di_total 0.34 0.81 0.83 0.51 1.00
3-MBTCA 0.41 0.01 0.12 0.22 0.26 0.03 0.18 0.13 0.09 0.13 0.05 .070 0.09 0.10 0.11
Pinic acid 0.13 0.08 0.37 0.41 0.51 0.16 0.45 0.41 0.30 0.39 0.24 .230 0.29 0.33 0.38
Pinonic acid 0.12 0.33 0.22 0.12 0.17 0.22 0.09 0.08 0.03 0.07 0.01 310 0.22 0.04 0.26
Sum 0.41 0.05 0.25 0.35 0.42 0.09 0.31 0.24 0.17 0.24 0.10 .180 0.21 0.18 0.26
4-Nitrocatechol 0.02 0.04 0.01 0.02 0.06 0.11 0.06 0.03 0.01 0.02 0.01 .030 0.11 0.00 0.07
2-Nitrophenol 0.52 0.14 0.44 0.36 0.59 0.32 0.51 0.28 0.02 0.17 0.01 .270 0.43 0.09 0.41
4-Nitrophenol 0.13 0.10 0.20 0.27 0.16 0.22 0.32 0.02 0.00 0.00 0.15 .170 0.25 0.04 0.24
Nitrophenols 0.22 0.11 0.11 0.04 0.07 0.19 0.04 0.01 0.04 0.03 0.02 .130 0.17 0.02 0.09

To be continued
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Continued

3-MBTCA Pinic acid Pinonic acid St 4-Nitrocatechol 2-Nitrophenol 4-Nitrophenol Nittognols

Ph
Cs
Cs
G

Cs.z

Cs-10

C 1216

Di_total

3-MBTCA 1.00

Pinic acid 0.34 1.00

Pinonic acid 0.02 0.14 1.00

Sum 1.00

4-Nitrocatechol  0.00 0.00 0.51 0.01 1.00

2-Nitrophenol 0.24 0.18 0.06 0.31 0.01 1.00

4-Nitrophenol 0.01 0.00 0.00 0.02 0.00 0.33 1.00
Nitrophenols 0.00 0.01 0.00 0.00 0.01 1.00

the total of aliphatic dicarboxylic acids and plib acids;

® the sum of pinene oxidation products (3-MBTCA ipiacid and pinonic acid).
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2. LC-MS analysis of carboxylic acids and nitropblen

According to Ho et al. (2006), the ratios of adipcid (G) and phthalic acid (Ph)
to azelaic acid (§} can be used to estimate the relative influenantfiropogenic and
biogenic sources of organic aerosol. The lower eslof the two ratios represent
typically biogenic emission; whreas the higher wealuindicate influence of
anthropogenic origin. Comparisons of the two ratioghis study and other location
around the world were performed (Table 2-5).

Table 2- 5 Ratios between the mass concentratioadipic acid, phthalic acid and azelaic aci@/(%3
and Ph/G) in comparison to other studies.

Location Time GCy Ph/G Particle Publication

Mainz, Germany June, 2006-May, 2007 0.65 3.13 3 PM this study

14 cities in China summer 2003 0.74 2PM  Hoetal., 2007

14 cities in China winter 2003 0.52 PM Ho et al., 2007

Hoston area, USA 2000 0.75 PM Yue and Fraser, 2004
Melpitz, Germany 2005 6.57 5.90 M van Pinxteren and Herrmann, 2007
Philadelphia, USA  July-August 1999 2.00 350 PM Rayand McDow, 2005
Mainz, Germany June, 2006-May, 2007 0.58 2.16 TSP this study

Arctic July, 1987 June, 1988 3.15 TSP Kawamura.etl996a
Tokyo, Japan summer, 1989 1.19-1.71 TSP Kawamd&asui, 2005
Tokyo, Japan winter, 1989 0.69 TSP Kawamura asilly 2005

The mean @Cy ratio in PM; (0.65, ranged from 0.21 to 4.35) were generally
comparable with the values reported from Housto@AUand 14 economically
developed or developing cities in China (0.52-0.79jith regard to TSP, the mean
ratio observed in Mainz (0.58, ranged from 0.23.81) were generally lower than the
other region around the world (TSP: Tokyo, Japad anctic, 0.69-3.15; P
Melpitz, Germany and Philadelphia, USA, 2.00-6.84) % of samples in P{/and 91

% in TSP had the ratio lower than 1.

The mean Ph/gralue in PM was 3.13 (ranged from 0.76 to 11.78). In TSPntlean
ratio (2.16, ranged from 0.60 to 11.78) were lothian the values in other region (RM
Melpitz, Germany and Philadelphia, USA, 3.50-5.90)¢ low values of the two ratios
indicate that aerosols in Mainz were mainly infloet by biogenic sources.

2-Nitrophenol and 4-nitrophenol can be directly geti as primary pollutants in
combustion exhaust (Tremp et al., 1993), and tlayaiso be formed as secondary
pollutants by nitration of phenols in the atmosgh@tkinson et al., 1992; Dumdei and
Obrien, 1984; Grosjean, 1985; Nojima et al., 199yriu et al.,2002). 2-Nitrophenol
and 4-nitrophenol can originate from the irradiatiof benzene-NO-air mixture
(Nojima et al.,1975), whereas only 2-nitrophenoh darm from various reaction
including OH initiated reaction in the presencéN@y, NO; initiated reaction and OH
initiated reaction in the presence of N@tkinson et al., 1992; Olariu et al.,2002). The
distinctly different seasonal variations and lowretation coefficients of the two
isomers of nitrophenol (= 0.27 and 0.33 for coarse and fine PM) indicase their
main sources are different.

The observed summer maximum and correlations whitingic acid and various
aliphatic dicarboxylic acids @up to 0.59, Table 2-4) suggest that atmospheric
photochemistry is a major source of 2-nitrophehrotontrast, the winter maximum of
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4-nitrophenol and low correlation coefficients oittwdicarboxylic acids (R< 0.32,
Table 2-4) suggest that primary emissions are rmopertant for this compound than
secondary formation. Interestingly, 4-nitrocatecéxhibits a summer maximum like
2-nitrophenol but no correlation with dicarboxyéicids (R < 0.11, Table 2-4). These
observations indicate primary sources that are msgthduring summer, which could
be evaporation from soil as proposed by Gelencseal.e(2002) for humic-like
substances (HULIS, Graber and Rudich, 2006). Vigest that further analyses of
nitrophenols, nitrocatechol and other nitrated exyenated aromatic compounds by
HPLC-MS may help to unravel combustion- and sdiéwed sources of organic
particulate matter (Letzel et al., 2001; Schaued.e2004)

2.3.4 Temperature dependence of pinene oxidation @ducts

In Fig. 2-4 the concentrations of 3-MBTCA, piniddand pinonic acid observed in the
coarse and fine particle fractions and in totaktplb against the inverse of ambient
temperature (275 — 300 K).

Each of the data sets was fitted with an Arrhetyp®- expression of the fordi= A
exp(E/RT), and the fit parameters are summarized inefabb. The results obtained
for coarse, fine particulate matter and TSP (fihes goarse particles) were in overall
agreement (Fig. 2-4), and for simplicity the follog discussion is focused on the TSP
results.

100+ 1004
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= 3-MBTCA_c - = Pinic Acid ¢ * = Pinonic Acid_c
e 3-MBTCA_f(PM,) e Pinic Acid_f (PM)" e Pinonic Acid_f (PM,)
T T 0

0.0033 0.0034 0.0035 0.0036 0.00370.0033 0.0034 0.0035 0.0036 0.0037.0033 0.0034 0.0035 0.0036 0.0037

UT (KY

Figure 2- 4 Arrhenius-type temperature dependeratiserved for pinene oxidation products (275-300
K): mass concentrations of 3-MBTCA, pinic acid gridonic acid in fine, coarse and total particulate
matter (TSP) plotted against inverse temperature.data points represent individual samples, tiesli
are exponential fits, and the corresponding Arrheparameters are listed in Table 2-6.
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Figure 2- 5 Normalized Arrhenius-type plot of teenperature dependencies (275-300 K) observed for

the concentration of 3-MBTCAJ;.wstca tsp data points and solid line) and modeled for tnéssion of

pinene Crp), the gas-particle partitioning of pinonic acid3[f,), and the concentration of OH radicals
(Con, dotted lines). For each parametegoXs the fit value at 300 K. The model assumptiorss an

calculations are described in sect. A3.

Table 2- 6 Arrhenius parameters for observed andeted temperature dependencies (275-300 K):
pinene oxidation product mass concentrations (3-KBTpinic acid, pinonic acid) in fine, coarse and
total particulate matter (TSP) as shown in Fig; 2mission of pinene, gas-particle partitioning of
pinonic acid, and concentration of OH radicals escdbed in sect. A3 and shown in Fig. 2-5.

A? E.(kJ mo)® R*C n?
3-MBTCA (TSP) 3.29x1& ng m® 126+10 0.74 52
(fine) 2.41x18 ng m* 121+11 069 58
(coarse) 1.05x¥thg m® 111+10 072 52
Pinonic acid (TSP) 2.82x1mg n® 46.9+12.7 021 35
(fine) 5.49xfng m? 22.8+15.0 0.05 36
coarse 1.45x18g m* 41.1+18.3 012 35
( ) g
Pinic acid (TSP) 2.54x1dng m* 83.9+9.1 060 56
(fine) 9.78x10® ng m* 66.8+16.3 0.24 56
coarse 2.05x¥ng ni® 91.3+8.9 0.66 57
( ) g
Pinene emission 6.31xfthg m* 75.6+3.3 - -
Pinonic acid gas-particle-partitioning 1.09 0.21340.011 0.95 27
OH concentration 4.52xtbem? 1108 079 59

& pre-exponential factor (Fig. 2-4 and sect. A3);
® activation energy (Fig. 2-4 and sect. A3)

¢ correlation cofficient;

4 humber of data points.
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3-MBTCA exhibited a strong Arrhenius-type temperatuependence with high
activation energy and correlation coefficient €€126+10 kJ mot, R? = 0.74, Table
2-6). Pinic acid also exhibited a pronounced temjpee dependence albeit with lower
activation energy and correlation coefficient é84+9 kJ mof, R? = 0.60, Table 2-6),
whereas the temperature dependence of pinonicveasdvery weak (E= 47+13 kJ
mol?, R? = 0.21, Table 2-6).To explain the observed tentpezadependencies and
differences, we considered the following steps Iived in the atmospheric oxidation of
pinene and formation of pinic acid, pinonic acidda3MBTCA: (1) Emission of
pinene; (2) Oxidation of pinene and formation afipiand pinonic acid; (3) Oxidation
of pinonic acid and formation of 3-MBTCA.

As detailed in sect. A3 and illustrated in Tablé,2he temperature dependence (275 —
300 K) of the pinene emission rate can be desciilyetth Arrhenius activation energy
of ~84 kJ mot.

The oxidation rate of pinene depends primarilyfedoncentration of oxidants (ozone,
OH, etc.) and on rate coefficients of the involged phase reactions (Szmigielski et al.,
2007). For typical atmospheric conditions and omtdaoncentration levels, however,
the lifetime of pinene is relatively short (~5 hetor a-pinene and ~3.5 h f@¥pinene,
k(OH) = 5.3*10" cn® molecule' s* for a-pinene and k(OH) = 7.9*18 cn?
moleculé' s for B-pinene (Atkinson et al., 2006) and typical aver&gg = 1*10°
radical cni®) compared to the transport, mixing and averagimgs involved in the
collection of air samples in this study (of theardf one week). Thus, we assume that
the oxidation of pinene is not rate-limiting anattthe temperature dependence of the
formation of pinic and pinonic acid can be approxied by the temperature
dependence of pinene emission. The plausibilithisfassumption is confirmed by the
agreement between the observed temperature demendepinic acid concentration
and the calculated temperature dependence of pararssion (Table 2-6).

The oxidation rate of pinonic acid depends prinyaoih gas-particle partitioning, on
the concentration of OH radicals, and on the Oldtiea rate coefficient (Jimenez et al.,
2009; Hallquist et al., 2009). As detailed in s&&3. and illustrated in Fig. 2-5, the
temperature dependence of gas-particle partitioafrginonic acid is very weak and
can be approximated by an Arrhenius activationgnef ~0.21 kJ mét (Table 2-6).
Moreover, pinonic acid is expected to reside almn@&tiusively in the gas phase (>
99%, sect. A3) under the conditions relevant fas thtudy, and thus gas-particle
partitioning should have little influence on thesebved temperature dependencies.

As detailed in sect. A3, the,f OH reaction rate cécient cause insignificant
temperature dependence of overall OH oxidationmdmic acid.

The atmospheric concentration of OH radicals dep&mda wide range of processes,
including the photolysis of ozone by solar UV rditia (Crutzen et al., 1999; Rohrer
and Berresheim, 2006). Due to radiative heating,ititensity of solar radiation at a
given location usually varies in conjunction withuithal and seasonal variations of
temperature. To explore the effective dependenc®ldfradical concentration on
ambient temperature at our sampling location, wedusodel data from the
ECHAM/MESSy Atmospheric Chemistry Model (EMAC, Jétket al., 2006). As
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detailed in sect. A3, these data could be fittetth &h Arrhenius-type expression’(R
0.79) and with an apparent Arrhenius activationrgyef 110 kJ mot.

As illustrated in Fig. 2-5, the model-derived effee temperature dependence (in the
range of 275 — 300 K) of OH radical concentratiensimilar to the observed
temperature dependence of 3-MBTCA concentration stmalvs only 16 kJ mdl
difference, which is within the error range. Theremgnent suggests that the
OH-initiated oxidation of pinonic acid is indeecettate-limiting step in the formation
of 3-MBTCA, because the temperature dependenceunia@ess consisting of multiple
steps is generally dominated by the temperaturerdigmce of the rate-limiting step.
None of the other temperature dependencies coesiddrove and illustrated in Fig.
2-5 appears strong enough to explain the obsereetpdarature dependence of
3-MBTCA, and the it appears plausible that the fation and concentration of
3-MBTCA is limited by the OH-initiated oxidation gfinonic acid. The result is also
consistent with regard to the very weak temperatlependence observed for the
pinonic acid concentration, which may results fram effective cancelation of the
temperature dependencies of the formation fromn@nemission and oxidation (in
analogy to pinic acid) and the loss by OH oxidatiboe to aldehyde group, k(OH) is
larger for pinonic acid (1.04 x & cn® moleculé' sY) than for pinic acid (8.7 x 15
cm’ moleculé® s?) at 298 K (Vereecken and Peeters, 2002), resiitiiag OH-lifetime
of ~27 h for pinonic acid and ~32 h for pinic acidsing a typical average
OH-concentration of 1*1Dradical cn®. It appears not very likely that potential
temperature dependencies of other relevant progékeealry and wet deposition of the
investigated compounds would be more important laetter suited to explain the
observations.

Nevertheless, the above considerations have tegagded as a first approximation and
simple conceptual model approach to explain theeagions. A full mechanistic
understanding and quantification will require deethi numerical model studies
including potential effects of atmospheric transpamd deposition. This would go
beyond the scope of the present study, but we stiggel intend to pursue such
investigations in follow-up studies. Similarity d&, for observed Arrhenius
concentration and model OH concentration sugghatsQH initiated oxidation is rate
limited step of 3-MBTCA formation. The differencé 16 kJ mof* is within the range
of uncertainties and might also be related to grdcesses (chemical loss, dry/wet
deposition).

2.4 Conclusions and outlook

Based on the dicarboxylic acid and nitrophenol mezment data of this study we
suggest that further analyses of nitrated and axgtgel aromatic compounds by
HPLC-MS may help to unravel combustion- and sdiéted sources of organic
particulate matter in comparison to primary biotajiaerosols containing fatty acids
and SOA formed from gaseous biogenic precursoesfikene.

From on the analysis of pinene oxidation produetduiding pinic acid, pinonic acid
and 3-MBTCA and accompanying model calculationcamclude that the emission of
pinene appears to limit the formation and expldie bbserved Arrhenius-type
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temperature dependence (275 — 300 K) of pinic d¢id.OH radical concentration and
the OH-initiated oxidation of pinonic acid seenlitoit the formation and explain the
observed Arrhenius-type temperature dependence 2300 K) of 3-MBTCA,
whereas the influence of gas-particle partitiorapgears negligible. Thus, 3-MBTCA
may be a suitable tracer for the chemical agingi@jenic SOA by OH radicals.

WSOCs collected and studied in this study were tpanfiluenced by biogenic sources.
Biogenic volatile organic compounds such as mopeteegs react directly with-00H
etc., forming low volatility oxidation products thare important sources for SOA
formation and growth. It is evident that with rethgcanthropogenic emissions of both
volatile organic compounds (VOC) and N®iogenic sources become increasingly
important in atmospheric chemical processes. Ftietbeontrol of the air quality, not
only anthropogenic source but also the presentem enhanced biogenic emission in
particular at high temperatures and high solaratamh should be taken into account.
At present, study on isoprene and monoterpene Emikas progressed substantially,
and the importance of oxygenated VOC and sesgeie$ has been appreciated.
However, observation data of biogenic emissionstitespecies limited and spatial
sparse (Monks et al. 2009). An improved understandf the processes is required for
accurate predictions of future natural emissionsb@& observation of different species
should be launched. Knowledge on emission processeSOA formation will help to
improve the controlling of biogenic emission, thasntrols the air quality.
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3. Protein analysis by HPLC-DAD-MS

3.1 Introduction

The nitration of biomolecules, including proteidgsoxyribonucleic acid (DNA) and
lipids, plays an important role in biological syseand human diseases. It can trigger
cellular responses ranging from subtle modulatadrell signaling to oxidative injury,
committing cells to necrosis or apoptosis (Hallivetlal., 2004; Pacher et al., 2007).
Protein nitration is a protein post-translationaldification occurring under the action
of a nitrating agent. The nitration of tyrosine hagen extensively investigated (Abello
et al., 2009). 3-nitrotyrosine, with an additioneoitro group (-N@) in ortho position

to the phenolic hydroxyl group (as shown in fig@r&), is the main product of protein
tyrosine nitration.

o [} o o o
HzN HzN HaM HzM HzN
OH OH OH OH OH
HO HO HO HO HO
NO, NHz NO N

(A) (B) <) D (E)

Figure 3- 1 Molecular structures of tyrosine, rtiyrosine, and other derivatives. (A) Tyrosine, (B)
nitrotyrosine, (C) aminotyrosine, (D) nitrosotynesiand (E) nitrenetyrosine (Abello et al., 2009)

There are two major pathways of protein nitration Iiteratures: one is with
tetranitromethane (TNM) and the other is with pgrottite and derivatives. In 1960s,
TNM has been widely used to nitrate tyrosine resgdn proteins (Riordan et al., 1966;
1967; Sokolovs.M et al., 1970; Sokolovs.M et a@68). 3-nitrotyrosine is the main
product of this experiment, but other modificatioofstyrosine residues were also
found, e.g., tyrosine nitrosylation (i.e., the dddi of -NO, see Figure 3-1) by a
radical-mediated reaction (Lee et al., 2007). Altjio still being used in the later
studies, nitration with peroxynitrite is more pneézl because of its supposedly greater
biological relevance. Peroxynitrite (ONOXforms from the reaction between free
radicals nitrogen oxide (NPDand superoxide () under physiological conditions
(Beckman et al., 1990; Beckman et al., 1992; Beckn&t al., 1994). It can react with
various amino acids in protein especially tyrostnggtophan, cysteine and methionine
(Alvarez et al., 1999). Besides, the possibilitytsfin-house production also makes it
more useful in protein nitration studies. It canfbened by the reaction of nitroxyl
anion (NO) with molecular oxygen and stored under basic tmm$ prior to use
(Kirsch et al., 2002). For studies on the selettignd the biological consequence of
protein nitration, nitrated proteins were usuallyegared using the mentioned
pathways.

Elevated concentrations of nitrated proteins, peatein containing 3-nitrotyrosine
residues, have been detected in biological tisqaady fluids and cells. Nitrotyrosine
in its free or protein-bound form has been detedtedssociation with at least 50
diseases and more than 80 animal models or celireusystems (Greenacre et al.,
2001), e.g. asthma ((Kaminsky et al., 1999; Satlet £.998). On the other hand, some
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studies suggested the traffic-related air pollutiath high concentration of nitrogen
oxides and ozone tend to be related to allergieadiss (Brunekreef, 2001; Brunekreef
et al., 2003). Franze et al. (Franze et al., 200%)d both synthetic gas mixtures of
nitrogen oxides and ozone and polluted urban am(ser smog) can lead to protein
nitration. In this study, he proposed that theatiin of airborne allergens, such as Bet
v 1, by traffic-related air pollution promotes afjees. Gruijthuijsen et al.
(Gruijthuijsen et al., 2006) found that functiongE specific for nitrated Bet v 1a,
which does not bind unmodified Bet v 1 or nitratemlelated proteins, is detected in
serum samples of patients who are allergic to halen. The experiment suggested
that nitration generates novel allergenic epitoged allergen nitration is relevant in
vivo and can contribute to allergenicity in polldtenvironments. Thus, further
investigations of protein nitration by air pollutanare under way, and suitable
analytical techniques are required. In particlkspratory studies characterizing the
reaction kinetics of protein nitration under a wrd@ge of well defined experimental
conditions require efficient ways of quantifyindrotyrosine in protein molecules.

The detection and quantification methods for nytregine reported in the reference are:
immunohistochemistry including western blot, Enzyin&ed immunosorbent assay
(ELISA) and immunoprecipitation followed by westebiot, ultraviolet-visible
photometry (UV-Vis), gas chromatography (GC) codple a thermal energy analyzer
(TEA) or mass spectrometer (MS), and high-perforreatiquid chromatography
(HPLC) coupled to UV-Vis absorption, fluorescerglectrochemical (ECD), and MS
(Duncan, 2003; Herce-Pagliai et al., 1998). Imminenaistry has been applied
extensively but is generally regarded as semi-agadine (Duncan, 2003; Franze et al.,
2003; Franze et al., 2004; Greenacre et al., 200¥)Vis photometry enables the
detection of nitrotyrosine as a free amino acidvall as in peptides and proteins. As
illustrated in Fig. 3-2, tyrosine and nitrotyrosineth exhibit an absorption peak at 280
nm, and nitrotyrosine has an additional peak aZ~+8% in acidic solutions (pHd 3.5)

or at ~430 nm in basic solutions (p+b.5) (Crow et al., 1995). Due to low sensitivity
and low specificity the application of simple phoieters is restricted to relatively pure
and large amount of substance (Crow et al., 1996).

The advantages and disadvantages of various GCH&w€C methods and related
sample preparation techniques have been reviewedulmgan (Duncan, 2003) and
Herce-Pagliai, Kotecha et al. (Herce-Pagliai et 2298). In the reported GC and
HPLC methods, proteins had to undergo hydrolysisnaymatic digestion to release
nitrotyrosine as a free amino acid, whereby aréfitormation or loss of nitrotyrosine
are of concern. Methods that account for artifié@mation or loss of nitrotyrosine
have been developed, but they tend to be highlyrlabd cost-intensive. For example,
Yi et al. (Yi et al., 2000) developed gas phase kj@rolysis followed by LC-MS/MS
analysis using isotopomerit’Ce-tyrosine as an internal standard.
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Figure 3- 2 UV-visible spectra of tyrosine and atiyrosine (Crow and Beckman (1995))

In this study, TNM was used to prepare the standdrdted proteins including bovine

serum albumin (BSA) and ovalbumin (OVA). To detarenthe nitration degrees (ND)
of the nitrated proteins, we develop a simple, jpemsive and robust

HPLC-UV-Vis-DAD method, which is based on the oneveloped by Crow and

Beckman (1995) for free nitrotyrosine. Here, ND dsefined as the number of
nitrotyrosine residues divided by the total numbétyrosine residues. As will be

demonstrated below, it is applicable for charaziegi the reaction kinetics of protein
nitration by nitrogen oxides and ozone. Besidesssrspectra of native and nitrated
proteins were acquired and analyzed using deconwolgoftware.

3.2 Methods
3.2.1 Chemicals

Bovine serum albumin (BSA) (05473-50G) was obtaifiesin Fluka. Ovalbumin
(Grade V, A5503-5G), tetranitromethane (TNM) (T283&G), phosphate buffered
saline (PBS) tablet (P4417-50TAB) and bicinchoniracid assay (BCA) kit
(BCA1-1KT) were obtained from Sigma-Aldrich, ScHhdelf, Germany.
L-3-Nitrotyrosine (ALX-106-020-G001) was obtainedorih Alexis, Grinberg,
Germany. Water for chromatography (LiChrosolv) waktained from Merck,
Damstadt, Germany. For all other purposes, higitypwater (18.2 M2 m was taken
from an ELGA LabWater system (PURELAB Ultra, ELGA LabWater Glbba
Operations, UK). Synthetic air, nitrogen (99.999b&¥d ~5 ppmv N@in N, 99.9995
% were obtained from AIR LIQUIDE Deutschland Gmlgkgrmany.

Size exclusion chromatography columns PD-10, Seph&3#25M (17-0851-01) and
PD MiniTrap G-25 (28-9180-08) were obtained from Gfealthcare, Freiburg,
Germany.Syringe filters (cellulose acetate membrdn2um pore size, 30 mm
diameter, sterile. FP 30) were obtained from Whatr&hatman GmbH, Dassel,
Germany).
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3.2.2 Nitration of proteins and determination of ntration degree

The preparation of nitrated protein standards bégitollowed the optimized nitration
procedure described by Franze et al. (Franze e2@03). Briefly, the protein was
dissolved in PBS (50 mg/mL BSA or 10 mg/mL OVA)id\lots of the protein solution
(2.5 mL) were pipetted into 20 mL glass vials wittrew caps. TNM dissolved in
methanol (4 % v/v) was added in different amountsresponding to the
tetranitromethane/tyrosine ratios listed in Tahld e reaction mixtures were stirred
with Teflon-coated magnetic bars at room tempeeatt298 K), and the reaction times
were varied in the range of 35-230 min (Table Ijchereaction mixture was then
pipetted onto a PD-10 size exclusion chromatograggtymn and eluted with water.
The columns had been pre-washed with 40 mL of wated upon elution of the
reaction mixtures the first 2.5 mL of the eluaterevdiscarded, and the subsequent ~
3.5 mL were collected. Two aliquots of the eluatravtaken to determine the protein
concentration (50 pL) and the concentration ofotytosine residues (150 L),
respectively. The remaining eluate was dried uradéigh purity N stream or in a
freeze drier (ALPHA 2-4 LDplus, Martin Christ Gedrirocknungsanlagen GmbH,
Germany) and stored in a refrigerator at 4 °C (Yetra., 2010).

The protein concentration in the eluate was detezthwvith a bicinchoninic acid (BCA)
assay. The 50 pL eluate aliquot was diluted witkewéo 2 mL) to a concentration in
the range of 200-1000 pg/mL, and 0.1 mL of thisteid solution was then mixed with
2 mL of the BCA working reagent. After incubatiarraom temperature for 3-6 hours,
the absorbance of the solution was measured atm62sing an UV-Vis Spectrometer
(Perkin Elmer, Lambda 25). The determined concéatravas used to calculate the
total amount of protein in the eluate and the recpwf protein from the nitration
reaction, respectively.

The concentration of nitrotyrosine residues inghmte was determined by dilution of
the 150 pL eluate with 0.05 N NaOH into 1.5 mL s$oln and measurement of
absorbance at 425 nm calibrated against 3-nitrsityean 0.05 N NaOH (Perkin Elmer,
Lambda 25 UV/VIS Spectrometer). The average nitosipe residue number per
protein molecule (NTN) was then determined from ah@unt-of-substance (mol) of
nitrotyrosine divided by the amount-of-substanceroftein. Based on the NTN value,
the nitrated protein standards were designated &so-(NTN)-BSA or
nitro-(NTN)-OVA (Table 1). The ND was calculated BYyTN divided by the total
number of tyrosine residues in one protein mole{\dag et al., 2010).

3.2.3 Analysis of nitrated proteins with HPLC-DAD-MS

The dilute protein solutions applied in the BCAassvere also analyzed with the
HPLC-DAD system (Agilent Technologies 1200 Seriesysisting of a binary pump
(G1312B), a 4-channel micro-vacuum degasser (G1g78Bcolumn thermostat
(G1316B), an auto-sampler with thermostat (G133@Bphoto-diode array detector
(DAD, G1315C) and a quadropole mass spectromef30(j6 Chemstation software
(Version B.03.01, Agilent) was used for system oardand data analysis.

A monomerically bonded C18 column (Mydac 238TP, 850 x 2.1mm i.d., particle
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size: 5um. Grace Wdac, Alltech) was used for theomatographic separation.

Gradient elution was applied with 0.1 % (v/v) uidroacetic acid in water and

acetonitrile (ACN) at the flow rate of 300 pL minThe chromatographic run started
with 0.1 % (v/v) trifluoroacetic acid in water attten the ACN content was increased
to 20 % within 4 min, and to 100 % within the net@ min. The mobile phase

composition was reset to initial conditions withl® min, and the column was

equilibrated for 2 min before the next run. Theabance was monitored with the
DAD at 280 nm and 357 nm. The sample injection r@uvas 100 uL (Yang et al.,

2010).

Electrospray (ESI) was interfaced to the quadrupodess spectrometer, and all the
mass spectra were acquired in the positive mode.idiization voltage was 4000 V,

and the mass range of acquired mass spectra waa0B00Da. Mass calibration and

tuning were done using the tuning standard provimedgilent.

3.2.5 Gas phase nitration

Syringe filters were prewashed with autoclaved rpghity water (18.2 Nk m) and
dried with freeze-dryer. 100L of BSA aqueous solution (~5 g'). was pipetted onto
the prewashed filter and dried by lyophilisatiorD.~ mbar for 40~60 min). The
BSA-loaded syringe filters were then exposed toy@thetic gas flow containing
variable amounts of nitrogen dioxide, ozone aneewaapor. NQwas supplied from a
gas cylinder (~5 ppmv NOn N; 99.9995 %) at a flow rate of 10-70 mL/min. Ozone
was produced from synthetic air passing through eacory vapor lamp (Jelight
Company, Inc., Irvine, USA) at ~1.5 L/min. At thaceof a dark flow tube (~ 4 L)
inside which NQ in N, and Q in synthetic air have been mixed (residence tiaé ~
min) water vapor was introduced by passing#dv at ~1.0 L/min through a washing
bottle filled with autoclaved high purity water. @melative humidity achieved in the
gas mixtures was between 30 % ~ 50 %. The condmmtsaof the trace gases and
water vapor were measured with commercial monitgprsystems (NQ analyzer,
42i-TL, Thermo SCIENTIFIC; ozone analyzer, 49i, Tie SCIENTIFIC; the
humidity detector, ALMEMO 2390-3, AHLBORN, Mess urRlegelungstechnik
GmbH, Germany).

The BSA-loaded syringe filters were exposed tagdee mixtures for 1 - 7 days and
then extracted with water (6 mL). The extract wasdlby lyophilisation (at ~0.8 mbar
for ~24 hours), re-dissolved in water (0.5 mL),gitpd onto a PD MiniTrap G-25
column, that had been pre-washed with 8 mL of wated eluted the column with 1
mL of water. The eluate was collected and usedafalysis with HPLC-DAD to
determine NTN values for the products of the exppsxperiments and for analysis of
protein concentration by BCA assay to subsequeatlyulate the protein recovery rate.
Because the amount of the sample is small, BCAyalsaaed on 96 well plate was
employed. Briefly, 200 uL BCA working reagent waklad into 25 uL eluate. Sealed
the 96 well plate (Product #9017, Corning Incorpeda Corning, NY 14831, USA)
with sealing film (SeaIPIa@e EXCEL Scientific, Inc., Wringtwood, CA 92397, USA
incubated the samples for 3-6 hours and measueealiorbance of the solutions with
MULTISKAN EX (Thermo Electron Corporation) at 56énnYang et al., 2010).
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3.3 Results and discussion

3.3.1 Nitrotyrosine detection with UV-Vis spectrom&r and
guantification of standard nitrated protein

Nitrated protein standards with ND were obtainedr&gction between protein and
TNM at different molar ratios and for different tghs of time. As shown in Table 3-1
and Fig. 3-3, generally the ND increased with iasieg TNM:tyrosine molar ratio
(TNM/Tyr) and reaction time. Within the investigdteange of experimental conditions
(Table 3-1), the ND values exhibited only a weagatalence on reaction time but a
strong dependence on the molar ratio of TNM to diyre residues (TNM/Tyr). As
illustrated in Fig. 3-3, the observed increase Dfwith increasing TNM/Tyr ratio was
near-logarithmic for BSA (R= 0.941) and near-linear for OVA{R 0.992).
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Figure 3- 3 the relationships between ND and TNMgEine molar ratios of nitrated BSA and nitrated
OVA

For nitrated BSA, the ND increase linearly with TKIMr before ND reaches ~30 %
and it reaches a plateau gradually with increa$idiyl/tyrosine ratio after ND reaches
30 %. This indicates that for steric reason ongyttosine residues at the surface of the
protein molecule can be nitrated by TNM in the lihsolution. Data from the previous
study (Franze et al., 2004) shows the similar ¢aticn (Fig. 1), but their nitrated
BSAs produced at the same TNM/tyrosine ratio amdHe same reaction time as ours
have systematically higher ND than those of oudpots. Possible reason might be
that their lab temperatures were generally highan tour lab temperatures, but it can
not be proved without the temperature data. Foateitt OVA, the ND has a good linear
correlation with the TNM:tyrosine molar ratio.

The average recovery rate of nitrated BSA is 74618%® % (averagezstandard
deviation) and that of nitrated OVA is 91.3 %124} Precipitation was observed
during the reactions when TNM:TYR molar ratio wa8 for BSA and 20.7 for OVA,

which were the highest in our experiments. Theipiation seemed to be caused by
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decrease of solubility as a result of cross-linkiofy protein molecules when
TNM:protein ratio is high. There are studies repgrthe similar phenomena. Bristow
and Virden observed partial loss of enzymatic @gtiduring the nitration of tyrosine
residues of staphylococcal penicillinase using TB#/hitration agent (Bristow et al.,
1978). They found the loss of activity was corretiatvith low recovery of tyrosine plus
nitrotyrosine and suggested that the loss of entigraativity was caused by covalent
cross-linking through tyrosine, rather than by atitn. Williams and Lowe also
suggested a possible mode of cross-linking mighéebponsible for the polymerization
of some proteins on treatment with TNM based oir gireliminary experiments on the
formation of biphenyl and terphenyl derivativesnfirthe tyrosine residues of proteins
(Williams et al., 1971).

The ND were then determined by the nitrotyrosin@sneed with UV-Vis and protein
concentration determined by BCA assay. 3-Nitrotyresan be quantified by UV-Vis
spectrometer using its characteristic spectrat ghiélkaline solutions. Both tyrosine
and 3-nitrotyrosine have an absorption peak at 28Q but 3-nitrotyrosine has a
secondary maximum at ~357 nm in acidic solutiom$ {®.5) or at ~430 nm in basic
solutions (pH> 9.5) (Crow et al., 1995) (Fig. 3-2). Thus, 3-niyrosine can be
guantified by detections of absorption at 357 nmM2f nm depending on the acidity of
the solution. This method is also reliable for diration of 3-nitrotyrosine residues in
a protein or peptide. In our study, absorptionhef basic standard solution at 425 nm
was detected to quantify the amount of 3-nitrotyresresidues in the synthesized
nitrated BSA and nitrated OVA standards. The rdliigtof this method was checked
and confirmed by Franze et al. (Franze et al., 2B&#hze et al., 2004). They measured
the NTN of their nitrated BSA standard by spectapimetry at 429 nm in 0.05 M
NaOH calibrated against 3-nitrotyrosine. They digdrolyzed their nitrated BSA and
analyzed the released free 3-nitrotyrosine by HRIiG UV-Vis absorption detection.
The results from the two independent methods wereparable. Moreover, their
immunoassay results were also consistent with theilis photometric results.
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Table 3- 1 Nitrated protein standards preparecehgtion of tetranitromethane (TNM) with bovine
serum albumin (BSA) or ovalbumin (OVA) in phosphhtdfered saline (PBS). TNM/Tyr is the molar
ratio of TNM to tyrosine residues in the reactioixtare; NTN is the number of nitrated tyrosine

residues per protein molecule, and ND is the nitnadlegree.

Protein standards TNM/Tyr Reaction time NTN ND
(mol mol?) (min) (%)
BSA
nitro-(0.08)-BSA 0.05 120 0.08 0.4
nitro-(0.3)-BSA 0.10 120 0.34 1.6
nitro-(0.6)-BSA 0.24 35 0.57 2.7
nitro-(0.7)-BSA 0.15 120 0.71 3.4
nitro-(1.1)-BSA-1 0.24 140 11 51
nitro-(1.1)-BSA-2 0.20 120 1.1 5.2
nitro-(1.3)-BSA 0.24 120 1.3 6.0
nitro-(1.9)-BSA 0.29 120 1.9 9.0
nitro-(2.1)-BSA 0.34 120 21 9.8
nitro-(2.4)-BSA 0.39 120 24 11.4
nitro-(2.8)-BSA 0.49 70 2.8 13.3
nitro-(2.9)-BSA 0.49 140 2.9 13.8
nitro-(4.0)-BSA 0.49 140 4.0 18.9
nitro-(6.0)-BSA 1.0 140 6.0 28.4
nitro-(8.2)-BSA 3.0 170 8.2 38.9
nitro-(8.3)-BSA 3.9 200 8.3 39.4
nitro-(10.1)-BSA 7.9 230 10.1 48.2
OVA
nitro-(0.2)-OVA 0.3 35 0.18 1.8
nitro-(0.3)-OVA-1 0.3 70 0.27 2.7
nitro-(0.3)-OVA-2 1.7 35 0.30 3.0
nitro-(0.5)-OVA 0.7 70 0.52 5.2
nitro-(0.6)-OVA 1.7 70 0.55 55
nitro-(0.8)-OVA 3.5 70 0.79 7.9
nitro-(1.2)-OVA 3.5 140 1.2 12.1
nitro-(2.3)-OVA 6.9 140 2.3 22.7
nitro-(4.1)-OVA-1 13.9 180 41 41.1
nitro-(4.1)-OVA-2 13.9 180 41 41.2
nitro-(4.1)-OVA-3 13.9 180 41 41.5
nitro-(4.2)-OVA-1 13.9 180 4.2 41.8
nitro-(4.2)-OVA-2 13.9 180 4.2 42.4
nitro-(4.3)-OVA-1 13.9 180 4.3 42.6
nitro-(4.3)-OVA-2 13.9 180 4.3 42.9
nitro-(4.3)-OVA-3 13.9 180 4.3 43.2
nitro-(4.3)-OVA-4 13.9 180 4.3 43.4
nitro-(4.4)-OVA-1 13.9 180 4.4 44.1
nitro-(4.4)-OVA-2 13.9 180 4.4 44.1
nitro-(4.4)-OVA-3 13.9 180 4.4 44.3
nitro-(4.4)-OVA-4 13.9 180 4.4 44.4
nitro-(4.5)-OVA-1 13.9 180 4.5 44.6
nitro-(4.5)-OVA-2 13.9 180 4.5 44.7
nitro-(4.5)-OVA-3 13.9 180 4.5 45.2
nitro-(4.6)-OVA 13.9 180 4.6 45.7
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3.3.2 Correlation between nitration degree and absption peak area
ratio A357/A280

Fig. 3-4 shows the HPLC-DAD calibration curves atea with the nitrated protein
standards. The relations between ND and the raabsorbance peak areas at 357 nm
and 280 nm (As7A2s0) can be described by second order polynomials (®99). At
low ND (ND < 0.2) they are near-identical for b&BA and OVA (relative deviations

< 2 %). Even at high ND (ND ~ 0.5) the deviatiorstvieen the BSA and OVA
calibration curves did not exceed the measuremecertainties of ~6 %, suggesting
that one single calibration curve can be applieddistermining the ND of different
types of nitrated proteins.

At the low ND that are most relevant for kineticpeximents with nitrating gas
mixtures (ND <= 0.1; Sect. 3.3.4), the calibratiomrves can be fitted by linear
regression (R> 0.99).

0.4 T
LT O
0.3 [
0.2 r All Y =-0.99x2 +1.19x + 0.01
i R2=0.99
01 & OBSA y=-0.84x2+1.17x + 0.01
4L R?=1.00
I AQVA Yy=-0.97x2 +1.18x +0.01
R2=0.99
0.0 1 1 1 1 | 1 Il 1 Il 1 Il 1 Il 1 | 1 Il 1 Il | 1 Il 1 Il 1 Il 1 Il 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Nitration Degree

Figure 3- 4 Calibration curves plotting the ratfabsorbance peak areas at 357 nm and 280 nm
(Azs7A250) against the nitration degree (ND) of nitratedtpiostandards for BSA (---), for OVA (---), and
for all samples (—), respectively

As illustrated in Fig. 3-5a the calibration curieabsorbance peak area ratigsAA 250

vs. ND remained essentially unchanged when thentht@graphic column of the
HPLC system was exchanged, which demonstratesrbigkstness of our method. In
contrast, an alternative calibration approach ueinlg the peak area at 357 nm instead
of the peak area ratio sf/A230 was strongly influenced by the change of
chromatographic column (Fig. 3-5b).
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A357/A280

A357

Figure 3- 5 Calibration lines plotting the ratioadfsorbance peak areas at 357 nm and 280 pg#ALso,
panel a) or just the absorbance peak area at 35Agm panel b) against the nitration degree (ND) of

With regard to ND, the detection limit of our methis 0.0035 based on the standard
deviation of measurements with unnitrated BSA (&hwod), corresponding to ~0.51
pmol/uL nitrotyrosine (41 pmol in 80 uL) of the ahgte concentration of nitrotyrosine
in the investigated protein solution samples, whishcomparable to 16 pmol
nitrotyrosine per 80 UL injection by Crow and Beaan for free nitrotyrosine (Crow
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nitrated BSA standards measured with different ctatmgraphic columns

and Beckmann 1995).

3.3.3 Application in kinetic experiments
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An example of application of this analysis methoaur kinetic study of BSA exposed
to synthetic gas mixtures of NGand Q was shown in Fig. 3-7. Two series of
experiment data were shown. In one series, BSA kmmyere exposed to 102+1.9 ppb
NO, and 110+3.5 ppb £for 1-7 days. In another series BSA samples wepesed to
212+8.5 ppb N@and 209+5.7 ppb £for 1-7 days. The N@and Q concentrations
were the mean values averaged over the whole espgseriod. The relative
humidities in the two experiments were 41 %+0.8rtd a7%=+0.4 % respectively. The
exposures were carried on at room temperature ttvthmean values of 22.5 °C and
21.3°C, respectively.

6x107 X
5 -
)]
)
[a)]
c
Re) 3
=
£
= 2
O NO,: 102 ppb, O,: 110 ppb
X NO,: 212 ppb, O,: 209 ppb
1 _ Kt
ND=ND,_,.(1-e™)
0 | | | | | |
0 20 40 60 80 100 120 140 160

Exposure Time (hours)

Figure 3- 6 Nitration degrees plotted against exposime for bovine serum albumin (BSA) exposed to
synthetic gas mixtures of N@nd Q at ~ 40% relative humidity.

The results show that when the concentrations@f &hd Q were both around
100 ppb the ND of nitrated BSA molecules producker ane day exposure is ~ 1 %
and the ND increased steadily along the time befosaches a maximum at around 4
% after 5 days. Similar phenomena were also obdemen the concentrations of NO
and Q were increased to ~210 ppb and higher ND was médxdiai This application
example shows that our analysis method can directintify the ND of the products
from the gas exposure nitration experiments.

3.3.4 Interpretation of mass spectra of native anditrated protein

For better understanding the properties of natimd aitrated proteins, e.g. the
molecular weight of native and nitrated protein, W&s also applied in this study. The
attachment of nitro group (-NPwill lead to a mass shift of 45 Da. If the molisou
weights of native and nitrated protein are obtaineing the difference between the
two values to divide 45 will get an accurate NDh# nitrated proteins. A typical mass
spectrum of intact protein (BSA) was showed in Bigy.. Because the multiplicity of
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organic functional groups in a biological molecwdeg. the 20 different base groups
composing protein, can attract protons in positinale, proteins are multiple charged.
It provides the possibility of calculating the acie molecular weight of proteins
using deconvolution. The principle of deconvolutia using the m/z of two
neighboring peaks of protein mass spectra, (m;, and m>m;) and assuming
continuity of charge states and proton ionizatihgn we will have the following
equations:

my = (M+ny)/ng;

M= (M+np)/ny;

ny=mn-1

Using these equations, we will have the equationsléconvolution:

m-1

n2 = ;
m2-ml

M = np*(mo-1).

m denotes the m/z measured by MS; M denotes theaulalr weight of the analyzed
protein; n denotes the charge state z.

Deconvolution provides independent M value for epelak, and average the M
calculated from each peak. If a good quality maectsum has been obtained, the
averaged M value is close to the average molecutEght of biomolecule. For
example, the molecular weight of BSA is determiaed®6430 Da in our study.
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Figure 3- 7 The mass spectrum of native BSA (pajpehd the zoomed view of the mass spectrum (panel
b).
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Figure 3- 8 The mass spectrum of nitrited BSA (pah@nd the zoomed view of the mass spectrum
(panel b).

Figure 3-8 showed a mass spectrum of the nitra®&, Bnd it showed a more complex
spectrum compared to native BSA showed in figuée Bhere are more signals in one
peak in the nitrated BSA than in the native BSAntticats that the protein nitration
causes the mass shift in the mass spectrum amitthted BSA analyzed is a mixture
of nitrated BSA at different ND. After deconvolutionot only mass shift of 45 Da but
also mass shift of 29 Da was found, which suggésis there are nitration and
nitrosylation reactions during the reaction betwpestein and TNM. Therefore, the
ND determined using the HPLC- DAD method is therage value. Because of the
complexity of the mass spectrum, it failed to idgnthe molecular weight of the
nitrated BSA. It suggested that better identificatis acquired for further studying on
the nitration mechanism.

3.4 Conclusions

Series of nitrated BSA and nitrated OVA standardsewsynthesized at different
TNM/tyrosine molar ratio in liquid phase by TNM.fi&irent relationships between ND
and TNM/tyrosine molar ratio indicate differentration mechanisms for BSA and
OVA.

An HPLC-DAD method has been developed and applieaviestigate the nitration of
proteins after exposure to synthetic gas mixtufeN@,, O; and water vapor. Good
correlation has been found between ND and thesratichromatography absorption
peak area at 357 nm to that at 280 nms{A2g0) and used as the calibration curve to
calculate the nitration degrees of gas phase edrptoteins. The calibration curve is
very stable and not affected by the change of &éinalycolumn. This method requires
no hydrolysis or digestion of proteins and thusidsantroduction of artifacts and
saves time.

The HPLC-DAD method has been applied to detect qumahtify the ND of the
products of the gas exposure experiments. Apparenklations were observed
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between the nitration degrees of the exposed B®feaposure time at different gas
concentration levels. This confirms the applicépiliand consistency of our
measurement method.

Mass spectrometer has also been applied to obiaimccurate molecular weight of the
proteins and nitrated proteins. The molecular wieagBSA is determined as 66430 Da
in our study.
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4. Protein digestion and analysis by HPLC-chip-MS/Nb

4.1 Introduction

Protein nitration, a protein post-translational ffiodtion occurring under the action of
nitrating agents, has been extensively investigéMello et al., 2009). The nitration
of biomolecules, including proteins, desoxyribomichcid (DNA) and lipids, plays an
important role in biological systems and human akes. It can trigger cellular
responses ranging from subtle modulations of delhalling to oxidative injury,
committing cells to necrosis or apoptosis (Hallivetlal., 2004; Pacher et al., 2007).

Protein nitration has been reported in associatith at least 50 diseases and more
than 80 animal models or cell culture systems (Gaere et al., 2001), e.g. asthma
(Kaminsky et al., 1999; Saleh et al., 1998). Ondtreer hand, some studies suggested
the traffic-related air pollution with high conceations of nitrogen oxides and ozone
tend to be related to allergic diseases (Brunekr2@®1; Brunekreef et al., 2003).
Franze et al. (Franze et al., 2005) found that@tdn of proteins can occur upon
exposure to synthetic gas mixtures of nitrogen exi@nd ozone, and polluted urban air
(summer smog). He proposed that protein nitratigntraffic-related air pollution
promotes allergies. This hypothesis was supportegd the Gruijthuijsen’s
immunological experiments (Gruijthuijsen et al.,08)) which triggers the further
studies of protein nitration by traffic-related pwllution, mainly the gas mixtures of
nitrogen oxides (N§) and ozone (). In these studies, suitable analytical methods ar
required. Most of the studies on protein nitratfooused on the detection and /or
guantification of free nitrotyrosine either in itérculating free form or in protein
hydrolyzates (Duncan, 2003; Greenacre et al., 28eice-Pagliai et al., 1998; Ryberg
et al., 2007; Tsikas et al., 2005). We have preskr high performance liquid
chromatography coupled to diode-array detection EHDAD) method without
complex sample preparation, e.g., hydrolysis, terdeine the nitration degrees (ND)
of the proteins nitrated by either tetranitrometh&nNM) or nitration gases nitrogen
oxides and ozone. Quantification of total nitrosire is useful for identifying ND of
protein exposed to nitration agent, which is suédbor kinetic study of gas phase
nitration. However, for understanding the mechaniémprotein nitration, site-specific
information is acquired. Moreover, the ND of indiual nitrated residues (i.e., quantity
of nitrotyrosine vs. tyrosine residues), which cbmlfer the extent of nitration-evoked
change in the function of a given protein, is ataportant for this purpose. Suitable
analytical methods need to be developed.

With introduction of soft ionization methods suitkor proteins and peptides, namely
matrix-assisted laser desorption/ionization (MALD(Karas et al., 1988) and
electrospray (ESI) (Fenn et al., 1989; Whitehousal.e 1985), mass spectrometry
(MS), especially tandem mass spectrometry (MS/M8)ld be used to study protein
nitration at peptide or protein level (Walcher &t 2003). The two most powerful
approaches provided by MS/MS are peptide massrfanigéing (Ling et al., 1991) and
peptide fragment fingerprinting upon collision ired fragmentation (Biemann, 1986;
Biemann et al., 1994; Martin et al., 2000), whicaka MS (/MS) a suitable analytical
method for studying post-translational modificatierg., protein nitration (Aebersold
et al., 2001). Mass fingerprinting determines grotétration based on a mass increase
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of 45 Da, and peptide fragment fingerprinting cacelize the modified amino acid in
the protein sequence.

With ESI as the interface of MS, reversed-phaseh hgerformance liquid
chromatography (RP-HPLC) provides good separatdrnise peptide generated from
tryptic digestion. Lots of studies indicated HPLSIBVS (/MS) is one of the most
successful techniques for studying protein nitraiad accomplishes the identification
of nitration sites in proteins and peptides niatey different nitration agents
(Curcuruto et al., 1999; Delatour et al., 2002; i&Set al., 1996; Jiao et al., 2001,
Sharov et al., 2002). Walchet al (Walcher et al., 2003) reported that, after tryptic
digestion, protein nitrated by both TNM and gastonigs of nitrogen dioxide (N
and Q could be analyzed using HPLC-ESI-MS/MS. In higlgtine also discussed the
differences of the nitrotyrosine residues foundBSA nitrated by TNM and gas
mixtures: less nitrotyrosine residues were foundgas mixtures nitrated BSA than in
TNM nitrated BSA; the ND of nitrotyrosine residuegas mixtures nitrated BSA were
generally the same as those found in TNM nitrat&h BTherefore, Walcher et al.
suggested protein gas phase nitration is highéysstective.

In this study, nitrated protein standard serieseweepared using the TNM method as
nitrated protein standard series and the ND of tiveme determined using the HPLC-
DAD method described in Chapter 3 and by Yang €@10). Gas phase nitrated BSA
was prepared upon exposure to synthetic gas mixtuidO, and Q and ND was
determined using the same HPLC-DAD. HPLC-chip-MS/M8&8s used to analyze
nitrated protein after tryptic digestion. The ctatmns between nitration degrees of
each nitrotyrosine residues found (NDand ND of nitrated protein determined by
HPLC-DAD have been studied. The correlation of NDnitrated proteins between
from HPLC-chip-MS/MS and from HPLC-DAD has been ditdl as well. The
difference between the nitrotyrosine residues faardifferent nitration pathways has
also been discussed.

4.2 Methods

4.2.1 Chemicals and samples

Bovine serum albumin (BSA) (05473-50G) was obtaifien Fluka. Ovalbumin
(Grade V, A5503-5G), tetranitromethane (TNM) (T28@) and phosphate buffered
saline (PBS) tablet (P4417-50TAB) were obtainedanfrdigma-Aldrich, Schnelldorf,
Germany. Ammonium bicarbonate (A6141, Sigma), dttimeitol (DTT) (D5545,
Sigma), iodoacetamide (IAM) (16125, Sigma-Aldrichjrifluoroethanol (TFE)
(T63002, Sigma-Aldrich), and sequencing grade tryp6567, Sigma-Aldrich) were
purchased from Sigma-Aldrich and dissolved in alatged ultra-pure water to prepare
stock solutions prior to use. 0.1 N acetic acil2@4 Sigma-Aldrich,) was diluted to
50 mN solution to prepare trypsin stock solutiootric acid (28905, Perbio Science
Deutschland) was obtained from Perbio Science.Spif8tube used for desalting was
obtained from Pierce (Thermo, Germany). Water foomatography (LiChrosolv)
was obtained from Merck, Damstadt, Germany. Fom#ier purposes, high purity
water (18.2 M2 m was prepared by an ELGA LabWater system (PURELARa,
ELGA LabWater Global Operations, UK).
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Nitrated proteins (BSA and OVA) were synthesizethgigshe method described in
Chapter 3. In brief, standard proteins reacted WitM at different TNM/Tyr ratio
under the same condition for different length @fatéon time. Gas phase nitrated BSA
was obtained upon the exposure of synthetic gasineixf NQ and Q. The ND of the
nitrated protein standard series and the gas phitiated BSA were determined using
the HPLC-DAD method described in Chapter 3. Aftealgsis, nitrated proteins were
dried under nitrogen stream and stored at 4 °C rbetoyptic digestion and
HPLC-chip-MS/MS analysis.

4.2.2 Digestion and desalting of native and nitratéproteins

About 0.1 mg of dried nitrated proteins was dissdivn 0.1 mL water in 1.5 mL
Eppendorf tube. 5 uL 100 mN ammonium bicarbonatgtisa, 5 pL TFE denaturizing
agent and 0.5 pL 200 mN DTT solution were usedéeoature the 0.1 mL protein
solution at 60 °C for 1 hour. After 1 hour, 2 ulO2@N IAM solution was then added to
the mixture to alkylate the protein at room temp@e in dark for 1 hour. After
alkylation, another 0.5 uL 200 mN DTT solution veadled to the solution to destroy
excess IAM at room temperature in dark for anotheour. 60 pL water and 20 pL 100
mN ammonium bicarbonate solution were added totisoluo dilute denaturant and
raised the pH value of the solution before digestidth trypsin. 2 pg trypsin in 2 puL
50mN acetic acid (1:50 enzyme: substrate) was tisex to digest the proteins. The
mixture was incubated at 37 °C overnight. 0.4 pimio acid was used to stop the
digestion. After digestion, samples were desalieddmditioned C18 spin tube before
HPLC-chip-MS/MS analysis.

4.2.3 HPLC-chip-MS/MS analysis and data processing

The desalted digested protein samples were loawlesh tHPLC-MS/MS chip cube
system consisting of a nano pump (G2226A, Agileaty-channel micro-vacuum
degasser (G1379B, Agilent), and a Q-ToF mass spaeter (6520, Agilent) by a
capillary pump (G1376A, Agilent) with degasser (G2B, Agilent) and an
auto-sampler with thermostat (G1377A, Agilent). Téuwntrol of all modules was
performed using the Mass Hunter software (versidi2®0, Agilent). The data were
then submitted to the Spectrum Mill software (vensiA.03.03.084, Agilent) for
database search to locate the tyrosine and nibgitye residues.

A p-fluidic HPLC chip cube system (Zorbax 300SB-C3.8m particle size, 75 umi.d.,
and 150 mm length) interfaced to a Q-TOF MS instrnitnwas used for peptide
separation. Formic acid (the volume fraction is @)Lin water (Chromasolv, Sigma,
Seelze, Germany) was used as elute A and acetr{iinromasolv, Sigma, Seelze,
Germany) as elute B. The gradient used for separatiarted with 3 % elute B,
increased to 40 % in 23 min, then increased to 70 Sanin, decreased to 3 % at 28.1
min, and kept for 2 min before starting new runtaypvoltage was set to 1750 V and
fragmentor voltage was 175 V. Drying gas was 30@A@ 4 L mif'. The acquisition
mode was auto MS/MS, and the collision energyetiartith 2.5 V and increased 3.7 V
per 100 Da. The mass range (m/z) were 300 to 2400 Ehe MS mode and 59 to 3000
Da in the MS/MS mode. Scan rates were 4 spectragmnd for MS mode and 3
spectra per second for MS/MS mode. In each cyble,MS would select the three
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4. Protein digestion and analysis by LC-MS/MS

highest peaks to fragment and the rule would béuderd after 2 spectra and released
after 0.08 min. Reference correction was enableguhe acquisition.

All the acquired data were submitted to Spectrurt fdi database search to identify
peptides and nitrated peptides. Swiss-Prot was wedhe database. Except
carbamidomethylation, nitration was included in thedification. All the ions of the
range 600 to 4000 Da would be extracted and theappearing in the chromatogram
within 15 seconds and having the m/z within 1.4vizauld be considered as one peak
and merged in the extraction. All the exported daiauld be with the score higher than
11 for protein identification and 6 for peptide mtiécation.

4.3 Results and discussion

4.3.1 HPLC-chip-MS/MS analysis of digested native ral nitrated
proteins

After tryptic digestion, the digested peptides wesparated and identified using
HPLC-chip-MS/MS. The location of tyrosine and nitn@sine sites and the intensities
of peptides containing tyrosine and nitrotyrosirereweported by Spectrum Mill. BSA
nitrated by TNM and gas mixtures of N@nd Q as well as OVA nitrated by TNM
have been studied.

BSA, a protein consisting of 607 amino acids, poedu87 different peptides when
digested with proteolytic enzyme trypsin. A totél52 native and nitrated peptides
were found in the native and TNM nitrated BSA, &melamino acid coverage is 67 %.
In native BSA, 17 out of 21 tyrosine residues wepated; in BSA nitrated by TNM,
17 out of 21 tyrosine residues were located, angrb8ine residues were found in both
nitrated and unnitrated forms. A total of 62 natared nitrated peptides were found in
NO, and Q nitrated BSA, and the amino acid coverage is 82reBSA nitrated by
NO, and Q, 18 out of 21 tyrosine residues were located,atosine residues were
found in both nitrated and unnitrated forms. THermation of the located peptides in
TNM nitrated BSA including retention time, measuradss (m/z) and corresponding
molecular weight was listed in Table 4-1 and tHerimation of the located peptides in
NO, and Q nitrated BSA was listed in Table 4-2. The phenoomeabserved in this
study that less nitrotyrosine residues were foungroteins nitrated by NCand Q
than that in protein nitrated by TNM is similarth@at observed by Walcher (Walcher et
al. 2003). This could be due to the large excesSENM in the liquid phase nitration,
which generates larger nitration stress to prodsid leads to more sufficient protein
nitration. As a result, more nitrotyrosine residuese found in TNM nitrated BSA.

OVA is a protein consisting of 386 amino acids. ddat of 21 native and nitrated
peptides were found in native and nitrated OVA, tredamino acid coverage is 44 %.
7 out of 10 tyrosine sites were located for OVA amitated OVA, and 5 tyrosine
residues were found in both nitrated and unnitrdtechs. The large percentage of
nitrated tyrosine out of unnitrated tyrosine cobl attributed to the large nitration
stress generated by TNM. The retention time, measurass (m/z) and corresponding
molecular weight of the located peptides weredisteTable 4-3.

67



4. Protein digestion and analysis by LC-MS/MS

Table 4- 1 Identification of tryptic peptides of B®itrated by tetranitromethane (TNM) by Spectrum
Mill. RT denotes retention time; z denotes chatgees; m/z denotes mass over charge state medsured
HPLC-chip-MS/MS; theoretical mass is the theorétmalecular weight of the corresponding peptides.

position Sequence RT z m/z Theoretical native nitrated
(min) (Da) mass (Da)  tyrosine tyrosine

35-44 (R)FKDLGEEHFK(G) 8.54 3 417.2139 1249.6212

37-44 (K)DLGEEHFK(G) 6.64 3 325.4917 974.4578

45-65 (K)GLVLIAFSQYLQQCPFDEHVK(L) 19.76 3 831.4249 2492.2642 s

66-75 (K)LVNELTEFAK(T) 13.09 2 582.321 1163.6307

89-100 (K)SLHTLFGDELCK(V) 13.48 3 473.9048 1419.6937

106-117 (R)IETYGDMADCCEK(Q) 7.19 2 739.7661 1478.5232 s

123-138 (R)NECFLSHKDDSPDLPK(L) 9.27 4476.2251 1901.8698

131-138 (K)DDSPDLPK(L) 6.23 2 443.7144 886.4153

139-151 (K)LKPDPNTLCDEFK(A) 11.03 3 526.261 1576.7676

139-155 (K)LKPDPNTLCDEFKADEK(K) 10.93 4 505.7488 2019.9692

156-160 (K)KFWGK(Y) 6.17 2 333.1924 665.377

161-167 (K)YLYEIAR(R) 10.67 2 464.2511 927.4934 %1, Yie3

161-167 (K)YLYEIAR(R) 11.96 2 486.744 927.4934 %3 Y 161

168-183 (R)RHPYFYAPELLYYANK(Y) 15.59 3 682.3473 2045.028 Y1, Y173,
Y170 Y180

168-183 (R)RHPYFYAPELLY YANK(Y) 15.90 3 697.3389 2045.028 ¥ Yize, Y3
Y180

169-183 (R)HPYFYAPELLY YANK(Y) 16.55 3 630.3152 1888.9268 ¥ Y173,
Y1791 YlSO

169-183 (R)HPYFYAPELLYYANK(Y) 17.73 3 645.3103 1888.9268 ¥, Yize. Yirs
Y180

169-183 (R)HPYFYAPELLY YANK(Y) 17.73 3 645.3103 1888.9268 ¥ Y7o, Yin
Y180

169-183 (R)HPYFYAPELLYYANK(Y) 18.35 3 660.2954 1888.9268 1¥2 Y179 Y171, Yigo

184-197 (KYYNGVFQECCQAEDK(G) 8.59 2 874.3518 1747.705 ¥4

198-204 (K)YGACLLPK(I) 8.15 2 379.7168 758.4229

205-209 (K)IETMR(E) 3.33 2 325.1694 649.3338

249-256 (K)AEFVEVTK(L) 8.98 2 461.7453 922.488

257-263 (K)LVTDLTK(V) 7.46 2 395.2401 789.4716

267-280 (K)YECCHGDLLECADDR(A) 8.97 3 583.8953 1749.6625

286-298 (K)YICDNQDTISSK(L) 6.47 2 722.3238 1443.642 X5

286-298 (K)yICDNQDTISSK(L) 7.45 2 744.8188 1443.642 %5

298-309 (K)LKECCDKPLLEK(S) 6.87 3 511.6009 1532.7811

299-309 (K)ECCDKPLLEK(S) 6.44 3 431.205 1291.6021

310-340 (K)SHCIAEVEKDAIPENLPPLTADFAEDK  15.46 5 703.1415 3511.672

DVCK(N)

319-336 (K)DAIPENLPPLTADFAEDK(D) 15.50 2 978.4879 1955.9597

319-340 (K)DAIPENLPPLTADFAEDKDVCK(N) 14.96 3 820.0651 2458.1806

347-359 (K)DAFLGSFLYEYSR(R) 18.12 2 784.3769 1567.7427 X5 Yas7

347-359 (K)DAFLGSFLYEYSR(R) 19.76 2 806.868 1567.7427 ¥ Y357

360-371 (R)RHPEYAVSVLLR(L) 12.45 3 480.6101 1439.8118 ¥

360-371 (R)RHPEYAVSVLLR(L) 13.38 3 495.6038 1439.8118 ¥

361-371 (R)HPEYAVSVLLR(L) 12.92 3 428.576 1283.7106 %

387-399 (K)YDDPHACYSTVFDK(L) 10.19 3 518.8914 1554.6529 N3

402-412 (K)HLVDEPQNLIK(Q) 11.02 2 653.3626 1305.7161

421-433 (K)LGEYGFQNALIVR(Y) 15.05 2 740.4009 1479.7954 M,

421-433 (K)LGEYGFQNALIVR(Y) 16.70 2 762.8949 1479.7954 X

437-451 (R)KVPQVSTPTLVEVSR(S) 12.01 3547.3183 1639.9377

469-482 (R)IMPCTEDYLSLILNR(L) 17.99 3 575.624 1724.8346 s

469-482 (R)MPCTEDYLSLILNR(L) 19.59 3 590.6113 1724.8346 s

483-489 (R)LCVLHEK(T) 6.34 3 300.167 898.4815

498-507 (K)CCTESLVNR(R) 6.24 2 569.754 1138.498

508-523 (R)RPCFSALTPDETYVPK(A) 12.71 3627.6472 1880.9211 %0

508-523 (R)RPCFSALTPDETYVPK(A) 13.39 3642.6325 1880.9211 X
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4. Protein digestion and analysis by LC-MS/MS

529-544 (K)LFTFHADICTLPDTEK(Q) 14.50 3 636.6458 1907.9208

538-551 (K)VPQVSTPTLVEVSR(S) 11.99 2756.4218 1511.8428

548-557 (K)KQTALVELLK(H) 13.16 3 381.5764 1142.7143

549-557 (K)QTALVELLK(H) 14.65 2 507.8132 1014.6194

569-580 (KYTVMENFVAFVDK(C) 16.55 2 700.3544 1399.6926

598-607 (K)LVVSTQTALA(-) 10.78 2 501.7968 1002.583

Table 4- 2 Identification of tryptic peptides of B8itrated by NQ and Q by Spectrum Mill. RT denotes
retention time; z denotes charge states; m/z demo#ss over charge state measured by
HPLC-chip-MS/MS; theoretical mass is the theorétialecular weight of the corresponding peptides.
position Sequence RT z miz Theoretical native nitrated
(min) (Da) mass (Da)  tyrosine tyrosine

29-34 (K)SEIAHR(F) 1.63 2 356.6901 712.3737

35-44 (R)FKDLGEEHFK(G) 8.82 3 417.2112 1249.6212

37-44 (K)DLGEEHFK(G) 7.71 2 487.7313 974.4578

45-65 (K)GLVLIAFSQYLQQCPFDEHVK(L) 20.30 3 831.4278 2492.2642 Y

66-75 (K)LVNELTEFAK(T) 13.24 2 582.32 1163.6307

76-88 (K)TCVADESHAGCEK(S) 471 3 488.534 1463.589

89-100 (K)SLHTLFGDELCK(V) 13.65 3 473.9024 1419.6937

106-117 (R)ETYGDMADCCEK(Q) 7.50 2 739.7633 1478.5232 s

118-130 (KYQEPERNECFLSHK(D) 7.66 4419.1992 1673.77

118-138 (KYQEPERNECFLSHKDDSPDLPK(L) 10.00 4636.0504 2541.1674

123-130 (R)NECFLSHK(D) 7.37 2 517.739 1034.4724

123-138 (R)NECFLSHKDDSPDLPK(L) 10.21 3634.628 1901.8698

131-138 (K)DDSPDLPK(L) 7.30 2 443.7113 886.4153

139-151 (K)LKPDPNTLCDEFK(A) 11.84 3 526.2601 1576.7676

139-155 (K)LKPDPNTLCDEFKADEK(K) 11.72 4 505.7478 2019.9692

139-156 (K)LKPDPNTLCDEFKADEKK(F) 11.17 4 537.7738 2148.0641

156-160 (K)KFWGK(Y) 7.42 2 333.1928 665.377

161-167 (K)YLYEIAR(R) 10.85 2 464.2504 927.4934 %1, Y163

161-167 (K)YLYEIAR(R) 11.94 2 486.7433 927.4934 %3 Y161

168-183 (R)RHPYFYAPELLYYANK(Y) 15.59 4 512.0139 2045.028 ¥ Y173,
Y170 Y1g0

169-183 (R)HPYFYAPELLY YANK(Y) 16.64 3 630.3145 1888.9268 ¥ Y173,
Y17Qv Y180

184-197 (KYYNGVFQECCQAEDK(G) 9.43 2 874.3552 1747.705 %2

198-204 (K)YGACLLPK(1) 9.26 2 379.7142 758.4229

205-209 (K)IETMR(E) 4.99 2 325.1701 649.3338

236-241 (K)AWSVAR(L) 7.91 2 345.1902 689.3729

249-256 (K)AEFVEVTK(L) 9.13 2 461.7474 922.488

257-263 (K)LVTDLTK(V) 8.48 2 395.2392 789.4716

267-280 (K)YECCHGDLLECADDR(A) 9.33 3 583.8915 1749.6625

267-285 (K)YECCHGDLLECADDRADLAK(Y) 10.78 4 562.7422 2247.9427

286-298 (K)YICDNQDTISSK(L) 7.52 2 722.3273 1443.642 X6

298-309 (K)LKECCDKPLLEK(S) 7.82 3 511.5977 1532.7811

299-309 (K)ECCDKPLLEK(S) 7.41 3 431.2052 1291.6021

310-318 (K)SHCIAEVEK(D) 6.13 2 536.7583 1072.5092

310-340 (K)SHCIAEVEKDAIPENLPPLTADFAEDK 15.49 5 703.1435 3511.672

DVCK(N)
310-346 (K)SHCIAEVEKDAIPENLPPLTADFAEDK 16.04 4 753.1231 3009.451
(D)

319-336 (K)DAIPENLPPLTADFAEDK(D) 15.78 2 820.0675 2458.1806

347-359 (K)DAFLGSFLYEYSR(R) 16.19 2 978.4891 1955.9597  3¥%;, Yas7

360-371 (R)RHPEYAVSVLLR(L) 12.51 3 480.6092 1439.8118 A

360-371 (R)RHPEYAVSVLLR(L) 14.03 3 495.6012 1439.8118 ¥

361-371 (R)HPEYAVSVLLR(L) 13.60 3 428.5744 1283.7106 ¥

375-386 (K)EYEATLEECCAK(D) 8.57 2 751.8121 1502.6138  3¥%

387-399 (K)YDDPHACYSTVFDK(L) 10.28 3 518.8892 1554.6529  J¥;
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4. Protein digestion and analysis by LC-MS/MS

402-412 (K)HLVDEPQNLIK(Q) 11.10 2 653.3621 1305.7161
413-420 (KYQNCDQFEK(L) 5.22 2 534.7242 1068.4415
421-433 (K)LGEYGFQNALIVR(Y) 15.20 2 740.4026 1479.7954 N,
423-428 (R)CASIQK(F) 221 2 353.6812 706.3552
437-451 (R)IKVPQVSTPTLVEVSR(S) 12.10 3547.3183 1639.9377
469-482 (R)MPCTEDYLSLILNR(L) 18.62 3 575.6163 1724.8346 ¥
483-489 (R)LCVLHEK(T) 7.48 2 449.7432 898.4815
490-495 (K)TPVSEK(V) 1.76 2 330.6817 660.3563
498-507 (K)CCTESLVNR(R) 7.36 2 569.7522 1138.498
508-523 (R)RPCFSALTPDETYVPK(A) 12.80 3627.6452 1880.9211 %
508-523 (R)RPCFSALTPDETYVPK(A) 14.05 3642.6426 1880.9211 X
524-528 (K)AFDEK(L) 3.07 2 305.1478 609.2879
538-551 (K)VPQVSTPTLVEVSR(S) 12.90 3504.6218 1511.8428
548-557 (K)KQTALVELLK(H) 13.21 3 381.5761 1142.7143
549-557 (K)QTALVELLK(H) 14.81 2 507.8138 1014.6194
562-568 (K)ATEEQLK(T) 4.26 2 409.7146 818.4254
569-580 (K)YTVMENFVAFVDK(C) 17.29 2 700.3492 1399.6926
571-597 (KYCCAADDKEACFAVEGPK(L) 9.56 3 643.2715 1927.7983
588-597 (K)EACFAVEGPK(L) 9.48 2 554.2596 1107.5139
598-607 (K)LVVSTQTALA(-) 11.62 2 501.7952 1002.583

Table 4- 3 Identification of tryptic peptides of @¥iitrated by tetranitromethane (TNM) by Spectrum

Mill. RT denotes retention time; z denotes chatgees; m/z denotes mass over charge state medsured

HPLC-chip-MS/MS; theoretical mass is the theorétmalecular weight of the corresponding peptides.
position Sequence RT z miz Theoretical native nitrated

(min) (Da) mass (Da)  tyrosine tyrosine
52-59 (R)TQINKVVR(F) 4.83 3 319.8684 957.584
86-105 (R)DILNQITKPNDVYSFSLASR(L) 15.93 3 761.0665 2281.1823 ¥
86-105 (R)DILNQITKPNDVWYSFSLASR(L) 17.76 3 776.0608 2281.1823 oY
106-123 (R)LYAEERYPILPEYLQCVK(E) 15.63 3 762.0595 2284.1682 %7 Y1z,
Y118
106-123 (R)LYAEERYPILPEYLQCVK(E) 16.86 3 777.053 2284.1682 s Yus  Yio
112-123 (R)YPILPEYLQCVK(E) 15.26 2 761.9033 1522.7974 1Yo, Y118
112-127 (R)YPILPEYLQCVKELYR(G) 17.73 3 695.3683 2084.0885 1Yo, Yiig,
Y126
124-143 (K)ELYRGGLEPINFQTAADQAR(E) 13.45 3 750.3816 2249.1309 Y5
124-143 (K)ELyRGGLEPINFQTAADQAR(E) 15.04 3 765.3795 2249.1309 Y
128-143 (R)IGGLEPINFQTAADQAR(E) 12.67 2844.4248 1687.8398
144-159 (R)ELINSWVESQTNGIIR(N) 15.61 2929.9873 1858.9658
160-182 (RINVLQPSSVDSQTAMVLVNAIVFK(G) 20.33 3 820.7784 2460.3167
160-187 (RINVLQPSSVDSQTAMVLVNAIVFKGL  22.37 3 1025.2175 3073.6391
WEK(A)

183-187 (K)GLWEK(A) 7.37 2 316.6757 632.3402
188-200 (K)AFKDEDTQAMPFR(V) 10.10 3 519.2462 1555.721
201-229 (R)VTEQESKPVQMMYQIGLFR(V) 16.69 3 762.0558 2284.1464 Y,
201-229 (R)VTEQESKPVQMMyQIGLFR(V) 18.27 3 777.0503 2284.1464 s
265-277 (K)LTEWTSSNVMEER(K) 10.95 2 791.3673 1581.7213
281-285 (K)VYLPR(M) 7.54 2 324.1989 647.3875 %o
281-285 (KYWLPR(M) 9.38 2 346.6912 647.3875 X%
371-382 (K)HIATNAVLFFGR(C) 13.95 3 449.2537 1345.7375
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4. Protein digestion and analysis by LC-MS/MS

4.3.2 Nitration degree of nitrotyrosine residues imitrated proteins

The observation of peptides in both native anctett forms in the same analytical run
enabled a quantitative estimation of the nitratitagree of each nitrotyrosine. The
nitration degree of each nitrotyrosine residue {IN\@as calculated using the equation:

ND., = Intens 1:ynitratedpepti de
Y . -
Intensi tyni"a‘edpepﬁde + Intens 1:yunnitratest:ipeptide

As shown in Table 1-3, the nitrated peptides wéuted slightly later than the native
peptides, indicative of an increase in hydrophapiwith the addition of a nitro group
to the tyrosine. This will cause a slight increasacetonitrile in the mobile phase. The
quantization of the NPwas based on the assumption that ionization effies were
similar for native and nitrated peptides and thatgignal intensities were not affected
by the slight change of mobile phases (Walchet.e2@03).

As shown in Figure 4-1, the NOdetermined by HPLC-chip-MS/MS are proportional
to the ND of the nitrated BSA. All NPshow linear correlations with the ND of
nitrated BSA, with different slopes.

As we discussed above, not all the nitrotyrosirsédiees found in TNM nitrated BSA
could be found nitrated in NGand Q nitrated BSA. Only tyrosine residues 161, 364
and 520 were found nitrated in gas phase nitrafibe. nitrotyrosine residues found in
gas mixture nitrated BSA were of very low NDThe NDy161, NDyzss andNDyszo
were 100 %, 0.3 % and 0.6 %, respectively. yNPand NDysyo measured by
HPLC-chip-MS/MS were higher than NR;andNDys,o calculated using the nitration
curve obtained from TNM nitrated BSA (calculated \§: 10.1 % and NEsyo: 0 %) ,
while NDy3e4 Were lower (calculated NBes: 1.9 %).

As shown in Figure 4-2, the NDOdetermined by HPLC-chip-MS/MS are proportional
to the ND of nitrated OVA. Same as nitrated BSA, MWDy show strong linear
correlations with the ND of nitrated OVA, with dffent slopes.

The finding that N both in nitrated BSA and OVA showed linear corielawith the
ND of nitrated proteins with different slopes susfgethat, in general, all NOncrease
as the ND of nitrated BSA increase. However, somthe tyrosine sites with high
slope values are the more preferred nitration gitd3\NM protein nitration, indicating
that nitration is site-selective.
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Figure 4- 1 Correlations between the nitration degf each nitrotyrosine residues (WBound in BSA
nitrated by TNM (161, 171, 173, 171&180, 286, 3364, 424, 475 and 520) determined by
HPLC-chip-MS/MS (y axis) and the nitration degréd] of nitrated BSA determined by HPLC-DAD
(x axis). The error bars are standard deviationd,the lines are linear fits. The correlations adle

nitrotyrosine residues are as followed: 161: y417x-0.031 (R= 0.978, n =

9); 171: y = 0.737x-0.049

(R*=0.744,n=8); 173a: y = 2.427x-0.153 &R0.770, n = 7), 173b: y = 1.564x-0.08% R0.669, n =

8); 171&180: y = 0.367x-0.028 (R 0.536, n = 8); 286: y = 0.366x-0.023°(R0.770, n = 7); 357: y =

0.372x-0.008 (R= 0.910, n = 9); 364: y = 0.881x-0.029°(R0.940, n = 8); 424: y = 2.245x+0.057(R
=0.920, n = 9); 475: y = 2.118x-0.013*(R0.850, n = 9); 520: y = 0.023x-0.002(R0.299, n = 9).
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Figure 4- 2 Correlations between the nitrationrdegf each nitrotyrosine residues (NDound in
OVA nitrated by TNM (98, 107, 126, 112, 213 and p8@termined by HPLC-chip-MS/MS (y axis) and
the nitration degree (ND) of nitrated OVA deterndriey HPLC-DAD (x axis). The error bars are
standard deviations, and the lines are linearTitg correlations of each nitrotyrosine residuesaar
followed: 98: y = 1.561x-0.082 fR= 0.966, n = 6); 112: y = 0.227x{R 0.775, n = 6); 126: y =
1.448x-0.075 (R= 0.968, n = 6); 213: y = 1.296x+0.004°(R0.808, n = 7); 282: y = 0.961x-0.052(R
=0.951,n=7).
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4. Protein digestion and analysis by LC-MS/MS

4.3.3 Selectivity of nitrated tyrosine residues

In this study, we could not observe specific seqei@iahe nitrotyrosine residues in
TNM and gas mixture nitrated BSA and TNM nitrated&/AO(Table 4-4), which
suggests that protein nitration was not promotedgd®cific consensus sequence.

Table 4- 4 Nitrotyrosine residues found in nitraBSIA by TNM as well as Ngand Q and nitrated OVA
by TNM, the bold wide character is the target tirosine, the underlined characters are glutanigte (
and aspartate (D), the one with dots is glycined®) ,and the grey one is tryptophan (W).

n-Tyr position Sequence from -10 to +10 amino acids steric  hindrance
relative to the nitrated tyrosine helice/loop (disulfide bonds)

TNM nitrated BSA

161 KADEKKFWGKY LYEIARRHPY helice

171 YLYEIARRHPY FYAPELLYYA loop

173 YEARRHPYFY APELLYYANK loop

180 PYFYAPELLY Y ANKYNG VFQE helice

286 ADDRADLAK Y ICDNQDTISS helice YIC

357 DAFLGSFLYEY SRRHFEYAVS helice

364 LYEYSRRHFEY AVSVLLRLAK loop

424 NCDQFEKLGEY GFQNALIVRY helice

475 ESERVPCTEDY LSLILNRLCV helice

520 FSALTPDET Y VPKAFDEKLF loop

NO, and Q nitrated BSA

161 KADEKKFWGKYY LYEIARRHPY helice

364 LYEYSRRHFEY AVSVLLRLAK loop

520 FSALTPRET Y VPKAFDEKLF loop

TNM nitrated OVA

98 LNQITKPNDV Y SFSLASRLYA loop

112 LASRLYAEERY PILPEYLQCV loop

126 FEYLQCVKEL Y RGGLEPINFQ helice

213 EQESKPVQ Y QIGLFRVAS helice

282 NVVEERKIKV Y LPRVIKMEEKY helice

Souza et al. (Souza et al., 1999) suggested thasene apparent sequence to predict
the protein nitration but the nearby negative cedrgmino acids (glutamate (E) and
aspartate (D)) will promote nitration. Ischiropasillschiropoulos, 2003) also
suggested the presence of a nearby negative cfugally in position -1 before the
tyrosine residue or several acidic residues withia residues on either side of the
tyrosine) is required in protein tyrosine nitratiddouza et al. (Souza et al., 1999)
proposed a hypothesis that the electrostatic repulsf negatively charged nitrating
agents by the carboxyl group directs the nitratiggnt toward the aromatic ring of the
neighbouring tyrosine, which will effectively in@ase the local concentration of the
nitrating agent over that of the bulk solvent i thicinity of the tyrosine residue
leading to selective nitration. Among the nitrotsire residues found, there are four
with either a glutamate or a aspartate at -1 posi57, 364, 424 and 475 nitrotyrosine
resides in TNM nitrated BSA. Nitrotyrosine residd@4 can also be found in the gas
phase nitrated BSA, which suggests a negative edaagnino acid at -1 position will
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promote the nitration not only in liquid phase blsb in gas phase. Except 213 and 282
nitrotyrosine residues in TNM nitrated OVA, most tbe other found nitrotyrosine
residues were found with 1 to 2 glutamate or agpanmesidues within 5 residues on
either side.

Souza et al. (Souza et al., 1999) and Ischiropoflszhiropoulos, 2003) pointed out
that the secondary structure of protein is alsooitgnt for predicting the preferred
nitration sites. Souza et al. (Souza et al., 1968nd in their study nearly all the
nitrotyrosine located on loop structures. Ischindps (Ischiropoulos, 2003) examined
the nitrotyrosine and found a preference for ritrabf tyrosine residues located on
loop structures and paucity of nitration of tyresiesidues located @astrands. In this
study, nitrotyrosine residues 171, 173, 364 and BRO’NM nitrated BSA and
nitrotyrosine residues 98 and 112 in TNM nitratedAQvere found on loop structures.
This suggests that tyrosine residues located gnstruicture are the preferred nitrated
target in TNM nitration. Nitrotyrosine residues 38Ad 520 were also found in NO
and Q nitrated BSA. That 2 out of 3 nitrotyrosine foundNO, and Q nitrated BSA
were located on loop structure suggests that, B @ease nitration, the tyrosine
residues located on loop structure are also tHenpeel nitrated target. No nitrotyrosine
residues were found dhstrands. This supports the hypothesis that pao€itytrated
tyrosine residues were located [®strands..

It is also suggested that one important factouariting nitration was steric hindrance
(disulfide bonds) (Souza et al., 1999). Disulfidets in proteins are formed between
the thiol groups of cysteine residues. Proteincstine prediction found that only one
nitrotyrosine residue with disulfide bonds withing residues on either sites, which
can only found in TNM nitrated BSA but not in gasxtare nitrated BSA. Protein
structure prediction also found that other 4 tymesresidues with disulfide bonds
within 5 residues on other tyrosine residues wetenitrated.

Besides the factor mentioned above, Souza et@lz¢bet al. 1999) suggested nitrating
agents would also influence the nitration selettibecause the reactivity of tyrosine
residues might rely on the nature of the reactper®s. Greis (Greis et al. 1996) found
that peroxynitrite and TNM nitrated certain protein a comparable manner. However,
in later studies ((Batthyany et al. 2005; LennoaleR007), different protein nitration
patterns were found in other proteins. The nitmdyre residues found in both TNM
nitrated and nitration gas mixtures BSA are 164 &86d 520, and the slopes of these
residues are 2.417, 0.881 and 0.023. Among thes#ymosine residues, the slope of
161 is the highest values but those of 364 andas@dow values. This suggests the
pattern observed from the TNM nitrated BSA revesase preferred nitrated sites in
gas phase nitration. However, not all the prefenigrdtion sites found in TNM nitrated
BSA and gas phase nitration are the same.

4.3.4 Comparison of nitration degree from HPLC-DAD and
HPLC-chip-MS/MS

The ND determined by HPLC-chip-MS/MS were plottegiast the ND determined
by HPLC-DAD (Figure 3). The ND from HPLC-chip-MS/M&ere calculated using
the sum of all N® to the total tyrosine numbers of the proteins. ™2 from
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HPLC-DAD and HPLC-chip-MS/MS analysis showed gootkdr correlations for

both BSA and OVA (R= 0.964 and R= 0.901 for BSA and OVA, respectively).
However, the slopes of the linear correlations warel but about 0.5, which means
only 50 % of nitrotyrosine residues were found I titrated proteins using the
HPLC-MS/MS method.

Delatour et al. (Delatour et al., 2007) pointed thatt the autolysis of the enzyme(s)
leads to an incomplete digestion of the substfatethermore, the activity of some
enzymes may be too specific to completely cleawteprs/peptides, leading to a trend
in the measurement. That only one enzyme was usdsiprotocol may be the reason
that only 50 % of nitrotyrosine residues were foimthe nitrated proteins.

] = BSA
094 ™ OVA

1BSA: Y = 0.448* X -0.005 (R’=0.964, n=9)

0.7{OVA: Y = 0.472* X -0.022 (R?=0.901, n=7)

HPLC-Chip-MS/MS
o
a1
|

ND

ND

HPLC-DAD

Figure 4- 3 ND determined by HPLC-DAD (MR c.pap) VS. the ND determined by HPLC-chip-MS/MS
(NDupic-chip-msivg Of nitrated BSA@ ) and OVA% ). ND denotesratton degrees. Lines are linear fit.

4.4 Conclusions and outlook

After tryptic enzymatic digestion, an HPLC-chip-Ni& method was applied to
separate and analyze the digested peptides okratie nitrated BSA and OVA series.
With high sequence coverage by the HPLC-chip-MS/stl successful database
searching by software Spectrum Mill (TNM nitrate84& 67 %, NQ and Q nitrated
BSA: 82 %, and TNM nitrated OVA: 44 %), 17 out df Brosine residues in TNM
nitrated BSA as well as 18 out of 21 tyrosine res&lin NQ and Q nitrated BSA, and

7 out of 10 tyrosine residues in TNM nitrated OVAre located. Among these tyrosine
residues, 10 in TNM nitrated BSA, 3 in N@nd Q nitrated BSA, and 5 in TNM
nitrated OVA were found in both native and nitrateans.
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The nitration patterns of nitrotyrosine residueddath TNM nitrated BSA and TNM
nitrated OVA were studied. The NDof all nitrotyrosine residues were found well
correlated with the ND of nitrated protein with fdifent slope, indicating protein
nitration is site-selective. The factors influergisite selectivity including primary
sequence, secondary structure and nitrating ageate discussed. No apparent
sequence favours the protein nitration. Howeveearby negative charge amino acids
glutamate and aspartate will promote protein tyreshitration. Tyrosine residues
located on loop structures were found to be prefenitration target not only in TNM
nitration but also in N@and Q nitration. No nitrotyrosine residues were founcited
on B-strands. The nitration patterns of nitrated BSAendifferent in TNM nitration
and NQ and Q nitration.

The ND of nitrated proteins detected using thishmodtlinearly correlated with those
detected using the HPLC-DAD method. The slope®&bh nitrated BSA and nitrated
OVA were about 0.5.

Many analytical methods have been developed foatfadysis of nitrotyrosine, either
in its free form or after its release by proteirdigtysis. HPLC-chip-MS/MS provides
an LC separation and allows an absorbance detgector to MS. Moreover, it
generates better fragmentation in MS/MS, which vedlothe localization of the
modified amino acids in protein sequence. TherefBliRRLC-chip-MS/MS supported
by database search has been widely used in thes@anaf nitrotyrosine in its protein
binding form after digestion. However, the disadege of this method is the nitration
position can not be localized if the digested pigsi contain more than one
nitrotyrosine. To label the nitrotyrosine usingtgme could be one protential way to
solve the problem. Another problem of this methabsviound in this study: the ND
determined by HPLC-chip-MS/MS is only 0.5 of ND elhined by HPLC-DAD.
Possible reason could be that only trypsin is nmugh to digest and multiple
enzymatic digestion is needed. Another possiblesaeais that the nitration of
tryptophan has been ignored. Further study on proigration should include not only
protein tyrosine nitration but also tryptophan atiton.
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Figure Al Typical chromatograms of standard (lefe} and aerosol particle sample
(right side). From top to bottom: total ion chrowgitam of standard and aerosol

particle sample; extract ion chromatogram @f €xtract ion chromatogram ofsC

extract ion chromatogram of,CGextract ion chromatogram oC

81




Appendix

B 7iC of - TOF MS: fram Sample 10 (std difr 1000nh) of 15.11.07 wif...

&z B.1e4 cps.

B TIC of -TOF W%: fram Sample 5 (MZ 80b) of 15,1107 witt

hdaz. 3.3ed eps.

24324 154.06
6.1 . E
ed 154.05.. 2202 3.3ed 121.04.,
) 5.0e4 ) 155.02
c c 17400239 24004,
z z
= =
0.0’ T T T T T T T T T T T T T T 1 0.0’ T T T T T T T T T T T T
2 4 G g 10 12 14 16 18 20 22 24 26 2@ 30 2 4 G 8 0 412 14 16 18 20 22 24 26 28 30
Time, min Time, min
B 0 of -TOF MS: 186.5 to 187.5 amu frem Sample 10 (std dids 100... hdaz. 2.1ed cps. B 0 of -TOF MS: 136.5 to 127.5 amu from Sample 5 (MZ90... hdax. 2550.0 eps.
18715 18714
204 3550
E i
o 10e4 EJ
= =
128.03.299.01
o L S 1V O
2 4 G g W 12 14 16 18 20 22 24 2 @ @0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Time, min Time, min
B XC of - TOF MS: 2005 to 201.5 amu fram Sample 10 (std difs100... . 3.284 cps. B 3 of -TOF MS:; 20005 to 204.5 amu from Sample 5 (MZ90b... hdaz. B05.0 eps.
3 2a4 20147 05 248,00
£ g
E E
00 T T T T T T t T T T T T T T 1
2 4 6 &8 M 12 14 B 18 20 22 24 26 28 0 2 4 B B 10 12 14 18 18 20 22 24 2/ 289 30
Time, min Time, min
B0 of TOF MS: 228.5 to 220.5 amu from Sample 10 (std diAr100... hdax. 3.5ed ops. B 0 of -TOF MS: 2285 to 2295 amu from Sample 5 (MZ90b... Mazx. 218.0 ep=.
3 5ad 2022 g 182.08
g 5
£ E 174,08
240,03
0.0 —— - .
z 4 6 8 0 12 14 16 18 20 2@ M 226 2B 3 2 4 B 8 0 12 14 B 48 20 22 24 B 2 3
Time, min Time, min
-. KIC of - TOF MS: 242.5 to 243.5 amu from Sample 10 (std difs 100... . 3.7 ed cps) -. AT of -TOF WS: 242 5 to 243 5 amu from Sample 5 (WZ 90b... M, 3970 ops)
37ed e 07 174.99
H 175.00. 15501
I g 500 240.02 17449
= = jam08 24804, 24000, 2B02 201
oo T T T T T T T T T T T T T T D’ T T T
2 4 ] g W 12 14 16 18 2 22 4 2 @ 30 o 12 14 15 18 24 25

Time, min

Time, min
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Figure A3 Typical chromatograms of standard (lefey and aerosol particle sample
(right side). From top to bottom: total ion chroomgrtam of standard and aerosol
particle sample; extract ion chromatogram @f; @xtract ion chromatogram of,£

extract
4-nitrocatechol.

ion chromatogram of phthalic acid,;

83

extracn chromatogram of




Appendix

B TIC of-TOF WS fam Sample 13 (mixstd_3 1000nhd) of 15.11.07 .. Max. 2.8ed ops.
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Figure A4 Typical chromatograms of standard (lefey and aerosol particle sample
(right side). From top to bottom: total ion chroomgrtam of standard and aerosol
particle sample; extract ion chromatogram of 2emitrenol and 4-nitrophenol.
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B TiC of . TOF MS: from Sample 10 (std diAr 100000 of 15.49.07 wif...

hdaz. 6.1ed cpz.
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Figure A5 Typical chromatograms of standard (lefe} and aerosol particle sample
(right side). From top to bottom: total ion chrowgitam of standard and aerosol
particle sample; extract ion chromatogram of 3-MB\[ €xtract ion chromatogram of

pinonic acid; extract ion chromatogram of pinicdaci
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1 A2 Overviews of air samples (Chapter 2)

Table Al. Overview of air samples in coarse paldtmatter. Sample ID (running number); sampliaggu and time; sampled air volume;
concentrations of dicarboxylic acids (a), nitropblsrand pinene oxidation products (b). Abbreviatiare the same as Table 2-1.

W N

4  a Dicarboxylic acid concentrations in coarse paldite matter

Sample Sampling Period Sampling Sampled Ph G GCs (o GCs Gy Cuo Cu Cis Cus Cis
ID time air
volume
d n ngm®* ngnm® ngn® ngnf ngn® ngn® ngnt ngn’ ngnt ngnt ngnt

1961.18 1.64 1.66 0.78 14 0. 0.40 1.55 0.11 0.06 0.06 0.05 BDL
776.32 2.53 1.98 1.05 BDLO.47 1.65 0.20 0.10 0.05 0.08 0.01
1921.01 2.73 1.77 0.60 290. 0.34 1.43 0.17 0.06 0.04 0.06 0.03
381.27 5.02 3.61 281 00.7 0.64 1.35 0.25 0.08 0.04 0.08 0.03
2645.96 1.35 1.55 0.58 230. 0.36 131 0.14 0.06 0.03 0.06 0.03
381.61 1.57 1.36 1.14 00.30.42 0.69 0.09 0.04 BDL BDL 0.03
1931.65 1.78 1.69 0.59 240. 0.35 1.40 0.12 0.05 0.04 0.03 0.02
2697.55 1.31 1.48 0.39 150. 0.35 0.88 0.22 0.19 0.18 0.22 0.24
1325.18 3.82 0.53 0.49 170. 0.26 0.96 0.14 0.05 0.02 BDL BDL
1152.02 2.99 2.15 0.84 360. 0.46 1.29 0.15 0.07 0.04 0.07 0.03
1158.88 2.17 1.89 0.60 280. 0.45 0.78 0.15 0.10 0.08 0.17 0.13
766.81 4.95 3.56 1.86 60.6 1.03 2.20 0.39 0.25 0.35 0.37 0.24
772.81 4.19 3.25 1.26 40.50.60 2.07 0.29 0.12 0.06 0.14 0.05
1880.60 3.26 3.11 1.61 830. 0.78 1.84 0.25 0.12 0.25 0.22 0.10
2664.70 1.81 1.81 0.68 310. 0.40 1.98 0.17 0.06 0.04 0.09 0.04
2699.24 0.91 0.86 0.38 170. 0.28 1.14 0.07 0.03 BDL 0.03 0.01
2741.76 231 1.76 1.33 560. 0.35 1.80 0.15 0.07 0.03 BDL 0.09
2773.07 1.48 0.59 0.46 100. 0.18 0.92 0.09 0.04 0.02 0.05 BDL
1386.06 2.27 1.55 0.42 140. 0.48 1.42 0.23 0.13 0.12 0.06 0.15
2700.44 1.44 0.90 0.47 160. 0.22 0.79 0.07 0.03 0.02 0.03 0.02
2713.60 1.94 1.75 0.52 240. 031 1.08 0.19 0.12 0.12 0.15 0.15
2668.37 1.28 1.25 0.45 170. 0.33 1.19 0.15 0.08 0.06 0.10 0.08
2689.52 0.69 0.78 0.77 120. 0.19 0.73 0.09 0.05 0.07 0.06 0.06

MZ31la 01.06.06-06.06.06
MZ32a 06.06.06-08.06.06
MZ33a 08.06.06-13.06.06
MZ34a 13.06.06-14.06.06
MZ35a 14.06.06-21.06.06
MZ36a 21.06.06-22.06.06
MZ39a 22.06.06-27.06.06
MZ40a 27.06.06-04.07.06
MZ41a 04.07.06-11.07.06
Mz42a 11.07.06-14.07.06
MZ43a 14.07.06-17.07.06
MZz44a 17.07.06-19.07.06
MZz45a 19.07.06-21.07.06
MZ46a 21.07.06-26.07.06
Mz47a 26.07.06-02.08.06
MZzZ51a 09.08.06-16.08.06
MZ52a 16.08.06-23.08.06
MZ53a 23.08.06-30.08.06
MzZ54a 30.08.06-06.09.06
MZ55a 06.09.06-11.09.06
MZ59a 11.09.06-18.09.06
MZ60a 18.09.06-25.09.06
MZ61la 25.09.06-02.10.06

NNNUONNNNNUUONNOWNNORNRONO
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MZ62a
MZ63a
MZ66a
MZ67a
MZ68a
MZ69a
MZ70a
MZ71a
MZ74a
MZ75a
MZ76a
MZ77a
MZ80a
MZ81a
MZ82a
MZ83a
MZ84a
MZ87a
MZ88a
MZ89a
MZ93a
MZ94a
MZ95a
MZ96a
MZ97a
MZ100a
MZ101a
MZ102a
MZ103a
MZ104a
MZ107a
MZ108a
MZ109a
MZ112a

02.10.06-09.10.06
09.10.06-16.10.06
16.10.06-23.10.06
23.10.06-30.10.06
30.10.06-02.11.06
02.11.06-06.11.06
06.11.06-16.11.06
16.11.06-23.11.06
23.11.06-30.11.06
30.11.06-07.12.06
07.12.06-14.12.06
14.12.06-21.12.06
21.12.06-28.12.06
28.12.06-04.01.07
04.01.07-11.01.07
11.01.07-18.01.07
18.01.07-25.01.07
25.01.07-01.02.07
01.02.07-08.02.07
08.02.07-15.02.07
22.02.07-01.03.07
01.03.07-08.03.07
08.03.07-15.03.07
15.03.07-22.03.07
22.03.07-29.03.07
29.03.07-05.04.07
05.04.07-12.04.07
12.04.07-19.04.07
19.04.07-26.04.07
26.04.07-03.05.07
03.05.07-10.05.07
10.05.07-17.05.07
17.05.07-24.05.07
24.05.07-31.05.07

NNNNNNNNNNNNNNN NN NN NN NN NN NN NN 0N NN

2710.88
2686.32
2590.56
2656.42
1160.89
2630.88
2660.38
2701.44
2395.36
2719.58
2686.52
2610.72
2666.67
2590.56
2655.53
2575.42
2664.46
2705.00
2640.71
2641.13
2650.72
2734.60
2600.49
2710.10
2628.44
2655.48
2658.98
2715.17
2671.53
2687.44
2704.59
2732.36
2684.00
2661.35

0.56
3.37
2.23
1.17
0.94
1.71
1.22
1.53
1.09
0.73
0.86
0.87
0.90
0.79
0.55
0.79
0.59
0.79
0.76
141
1.27
1.62
1.75
1.03
3.97
4.01
1.99
3.89
3.19
3.74
2.99
1.68
2.60
2.75

0.58
1.55
1.05
0.78
0.68
1.06
0.73
0.87
0.75
0.64
0.79
0.58
0.82
0.87
0.34
0.62
0.27
0.54
0.57
0.62
0.95
0.82
0.94
0.78
1.32
1.44
1.09
1.97
1.64
2.17
151
1.24
1.93
1.39

0.23
0.52
0.80
0.75
1.14
0.44
0.31
0.60
0.42
0.61
0.77
0.44
0.37
0.53
0.23
0.38
0.32
0.53
0.57
0.63
0.74
0.71
1.03
0.47
0.75
0.81
0.70
1.10
1.06
1.15
0.81
0.79
0.99
0.67

LBD 0.17

40 0.
350.
150.
20 0.
26 0.
09 0.
24 0.
09 0.
210.
24 0.
14 0.
10 0.
10 0.

0.29
0.39
0.33
0.33
0.17
0.24
0.26
0.25
0.52
0.32
0.29
0.23
0.33

LBDO0.17

08 0.
09 0.
210.
11 0.
25 0.
23 0.
17 0.
250.
17 0.
36 0.
380
320
540
510
.650
410
350
490
400

0.21
0.10
0.18
0.16
0.23
0.33
0.21
0.25
0.19
0.34
0.38
0.31
0.47
0.39
0.56
0.41
0.38
0.52
0.41

0.49
1.20
1.83
0.89
0.80
0.71
0.64
0.99
1.42
1.93
0.56
1.03
1.42
1.30
0.40
1.08
0.42
1.14
0.83
1.60
1.63
1.11
1.24
1.05
2.23
2.28
1.35
1.67
1.63
2.73
1.77
2.09
2.27
1.75

0.09
0.14
0.15
0.12
0.17
0.11
0.09
0.14
0.14
0.19
0.09
0.15
0.13
0.17
0.08
0.12
0.04
0.11
0.09
0.11
0.13
0.10
0.16
0.13
0.20
0.15
0.17
0.17
0.15
0.26
0.14
0.11
0.16
0.13

0.08
0.05
0.08
0.09
0.12
0.04
0.03
0.05
0.07
0.08
0.04
0.06
0.05
0.07
0.06
0.04
0.02
BDL
BDL
0.04
0.05
0.05
0.06
BDL
0.07
0.05
0.07
0.07
0.07
0.12
0.04
0.05
0.07
BDL

0.08
BDL
BDL
0.16
0.11
BDL
BDL
BDL
0.06
BDL
BDL
BDL
0.03
0.05
0.06
0.03
BDL
0.04
0.02
0.04
0.04
BDL
0.04
0.03
0.05
0.03
0.05
0.04
0.04
0.08
0.04
0.04
0.06
BDL

0.09
BDL
BDL
0.14
0.12
BDL
0.05
0.01
0.08
BDL
BDL
0.02
0.05
BDL
0.06
0.06
0.02
0.03
0.02
0.06
0.05
0.05
0.06
0.05
0.06
0.04
0.07
0.08
0.05
0.11
0.06
0.06
0.06
0.04

0.11
0.05
0.08

0.15

0.13
0.07

0.06

BDL

0.09
0.12
0.05

0.12

BDL

0.19

0.07

0.08

0.04

0.06

0.06

0.06

0.06

0.05

0.11

0.09

0.06

0.05

0.07

0.03

0.03

0.08

0.03

0.03

0.05
0.02
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b Pinene oxidation products and nitrophenols camaions in coarse particulate matter.

Sample  Sampling Period Sampling Sampled 3-MBTCA Pinic acid Pinonic acid 4-Nitrocatechol2-Nitrophenol 4-Nitrophenol
ID time air
volume

d nt ng m° ng nt ng nt ng nt ng nt ng nt
MzZ3la 01.06.06-06.06.06 5 1961.18 0.50 1.10 0.27 0.20 0.44 0.67
MzZ32a 06.06.06-08.06.06 2 776.32 0.95 0.17 BDL 0.56 2.32 2.38
MZ33a 08.06.06-13.06.06 5 1921.01 2.00 1.33 1.90 0.84 0.24 1.44
MZ34a 13.06.06-14.06.06 1 381.27 2.34 2.05 1.29 2.42 BDL 3.83
Mz35a 14.06.06-21.06.06 7 2645.96 1.25 1.13 0.20 0.23 BDL 0.35
MZ36a 21.06.06-22.06.06 1 381.61 0.76 0.45 0.28 1.43 BDL 0.81
MZ39a 22.06.06-27.06.06 5 1931.65 111 0.97 0.55 0.25 BDL 0.64
MZ40a 27.06.06-04.07.06 7 2697.55 1.76 2.14 BDL 0.06 BDL 0.27
MZ4la 04.07.06-11.07.06 7 1325.18 11.16 1.65 0.43 12.74 BDL 1.14
MzZ42a 11.07.06-14.07.06 3 1152.02 2.60 1.63 0.89 0.78 BDL 1.24
MZ43a 14.07.06-17.07.06 3 1158.88 1.61 1.46 1.56 BDL BDL 0.07
MZ44a 17.07.06-19.07.06 2 766.81 3.72 3.56 4.51 BDL BDL 0.15
Mz45a 19.07.06-21.07.06 2 772.81 2.29 1.74 2.86 0.96 BDL 2.92
MZ46a 21.07.06-26.07.06 5 1880.60 251 2.62 1.40 BDL BDL BDL
Mz47a 26.07.06-02.08.06 7 2664.70 1.59 1.43 BDL 0.01 BDL 0.94
MZ51a 09.08.06-16.08.06 7 2699.24 0.45 0.45 0.27 0.13 BDL 0.60
MZ52a 16.08.06-23.08.06 7 2741.76 1.89 0.92 0.20 0.06 BDL 0.56
MZ53a 23.08.06-30.08.06 7 2773.07 1.88 0.64 0.91 0.78 0.82 0.27
MZ54a 30.08.06-06.09.06 7 1386.06 0.99 0.35 0.73 BDL BDL 0.25
MZ55a 06.09.06-11.09.06 5 2700.44 1.16 0.84 0.35 0.20 BDL 1.78
MZ59a 11.09.06-18.09.06 7 2713.60 2.67 2.77 BDL 0.10 0.49 0.53
MZ60a 18.09.06-25.09.06 7 2668.37 2.04 2.32 BDL BDL 0.43 0.56
MzZ6la 25.09.06-02.10.06 7 2689.52 0.77 1.37 BDL BDL 0.23 0.35
Mz62a 02.10.06-09.10.06 7 2710.88 0.22 0.55 BDL BDL BDL 0.54
MzZ63a 09.10.06-16.10.06 7 2686.32 2.70 0.90 0.30 0.10 1.47 1.50
MzZ66a 16.10.06-23.10.06 7 2590.56 1.07 0.75 0.26 BDL 0.52 1.54
Mz67a 23.10.06-30.10.06 7 2656.42 0.39 0.76 0.22 BDL BDL 0.58
MzZ68a 30.10.06-02.11.06 3 1160.89 0.15 0.44 BDL BDL BDL 0.72
MZ69a 02.11.06-09.11.06 7 2630.88 0.31 0.29 BDL BDL 0.89 1.10
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MZ70a
MZ71a
MZ74a
MZ75a
MZ76a
MZ77a
MZ80a
MZ81a
MZ82a
MZ83a
MZ84a
MZ87a
MZ88a
MZ89a
MZ93a
MZ94a
MZ95a
MZ96a
MZ97a
MZ100a
MZ101a
MZ102a
MZ103a
MZ104a
MZ107a
MZ108a
MZ109a
MZ112a

09.11.06-16.11.06 7
16.11.06-23.11.06 7
23.11.06-30.11.06 7
30.11.06-07.12.06 7
07.12.06-14.12.06 7
14.12.06-21.12.06 7
21.12.06-28.12.06 7
28.12.06-04.01.07 7
04.01.07-11.01.07 7
11.01.07-18.01.07 7
18.01.07-25.01.07 7
25.01.07-01.02.07 7
01.02.07-08.02.07 7
08.02.07-15.02.07 7
22.02.07-01.03.07 7
01.03.07-08.03.07 7
08.03.07-15.03.07 7
15.03.07-22.03.07 7
22.03.07-29.03.07 7
29.03.07-05.04.07 7
05.04.07-12.04.07 7
12.04.07-19.04.07 7
19.04.07-26.04.07 7
26.04.07-03.05.07 7
03.05.07-10.05.07 7
10.05.07-17.05.07 7
17.05.07-24.05.077
24.05.07-31.05.077

2660.38
2701.44
2395.36
2719.58
2686.52
2610.72
2666.67
2590.56
2655.53
2575.42
2664.46
2705.00
2640.71
2641.13
2650.72
2734.60
2600.49
2710.10
2628.44
2655.48
2658.98
2715.17
2671.53
2687.44
2704.59
2732.36
2684.00
2661.35

0.15
0.21
0.17
0.18
BDL
0.07
0.06
0.16
BDL
0.14
BDL
BDL
0.04
BDL
0.23
0.16
0.51
0.22
0.69
0.87
0.45
2.54
1.79
2.87
1.04
0.68
2.45
6.05

0.34
0.15
0.28
0.15
0.30
0.18
0.49
0.06
0.03
0.10
0.02
0.10
0.15
0.17
0.31
0.28
0.29
0.10
0.38
0.31
0.25
0.92
1.03
1.01
0.92
0.54
0.59
0.58

0.80
BDL
0.54
BDL
0.78
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.30
0.54
BDL
BDL
1.24
1.24
0.53
3.97
1.75
2.28
1.73
0.16
0.22
0.44

BDL
BDL
BDL
BDL
BDL
0.09
0.55
0.09
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL

BDL
1.13
0.41
0.63
BDL
0.79
1.50
0.77
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
BDL
0.20
BDL
BDL
BDL
0.15
0.21

BDL
2.67
1.20
1.74
0.05
2.94
6.97
2.30
0.50
0.82
1.12
1.39
1.18
1.28
131
1.74
2.35
1.55
2.43
1.81
1.89
3.20
1.60
3.07
0.78
0.49
0.58
0.91

@ below detection limit (limit of quantification listl in table 2-1).
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1 Table A2. Overview of air samples in fine particalanatter. Sample ID (running number); samplingqeeand time; sampled air volume;
2 concentrations of dicarboxylic acids (a), nitropblsrand pinene oxidation products (b). Abbreviatiare the same as Table 2-1.

3 aDicarboxylic acid concentrations in fine partatel matter.

Sample ID Sampling Period Sampling Sampled Ph G GCs C, Cs Gy Cuo Cu Cis Cis Cis
time air
volume
d n ngm®* ngn® ngn® ngnf ngn® ngn® ngnt ngn® ngnt ngnt ngnt

MZ31b 01.06.06-06.06.06 5 1780.18 1.45 0.93 0.71 160. 0.36 1.76 0.17 0.08 0.05 0.06 0.01
MZ32b 06.06.06-08.06.06 2 703.43 6.95 2.30 219 305 0.92 4.64 0.52 0.20 0.12 0.39 0.02
MZ33b 08.06.06-13.06.06 5 1739.10 3.53 0.47 0.34 240. 0.26 1.15 0.16 0.03 0.02 0.04 BDL
MZ34b 13.06.06-14.06.06 1 345.45 13.38 1.94 1.88 730. 1.65 3.68 0.61 0.21 0.09 0.20 0.07
MZ35b 14.06.06-21.06.06 7 2393.37 1.83 0.42 0.22 120. 0.14 0.58 0.06 0.02 BDL BDL BDL
MZ36b 21.06.06-22.06.06 1 345.82 9.40 6.15 271 80.8 0.85 2.56 0.24 0.17 0.06 0.19 0.04
MZ39b 22.06.06-27.06.06 5 1752.45 211 0.54 0.34 050. 0.25 0.63 0.07 0.03 0.01 0.01 0.01
MZ40b 27.06.06-04.07.06 7 2446.81 2.42 0.16 0.24 100. 0.38 0.52 0.08 0.02 0.01 0.02 BDL
MZz41b 04.07.06-11.07.06 7 1199.03 3.88 3.34 1.19 480. 0.87 3.57 0.29 0.14 0.09 0.17 0.07
MZ42b 11.07.06-14.07.06 3 1044.57 4.67 0.65 0.55 230. 0.52 0.78 0.14 0.04 0.03 0.05 0.02
MZ43b 14.07.06-17.07.06 3 1050.50 6.72 2.02 253 771. 1.87 3.47 1.31 1.24 2.04 2.05 2.05
MZ44b 17.07.06-19.07.06 2 693.33 8.15 2.38 253 413141 3.82 0.88 0.40 0.50 0.69 0.82
MZ45b 19.07.06-21.07.06 2 701.89 6.35 0.85 0.77 10.4 1.00 2.00 0.52 0.09 0.07 0.03 0.05
MZ46b 21.07.06-26.07.06 5 1700.23 3.54 1.23 0.80 260. 0.42 0.75 0.22 0.08 BDL 0.09 0.13
MZ47b 26.07.06-02.08.06 7 2414.07 2.90 1.41 0.54 470. 0.45 0.34 0.26 0.16 0.18 0.16 0.09
MZ51b 09.08.06-16.08.06 7 2431.28 1.36 0.57 0.20 090. 0.17 0.62 0.06 0.02 0.02 0.02 0.02
MZ52b 16.08.06-23.08.06 7 2449.44 1.61 0.45 0.29 LBDO.11 0.38 0.06 0.02 BDL BDL BDL
MZ53b 23.08.06-30.08.06 7 2487.58 1.32 1.27 0.86 120. 0.37 1.64 0.10 0.05 0.03 0.05 BDL
MZ54b 30.08.06-06.09.06 7 1246.46 2.89 0.44 0.59 LBDO0.37 1.05 0.21 0.09 0.08 0.12 0.12
MZ55b 06.09.06-11.09.06 5 2433.36 1.62 0.30 0.17 120. 0.16 0.69 0.08 0.02 0.01 0.01 0.01
MZ59b 11.09.06-18.09.06 7 2439.36 7.46 2.04 1.17 260. 0.26 0.73 0.09 0.03 0.01 0.03 BDL
MZ60b 18.09.06-25.09.06 7 2390.63 3.22 0.63 0.33 320. 0.24 1.21 0.19 0.04 0.03 0.04 BDL
MZ61b 25.09.06-02.10.06 7 2402.73 2.13 1.28 0.82 170. 0.19 0.73 0.10 BDL 0.03 0.03 0.02
MZ62b 02.10.06-09.10.06 7 2441.29 1.19 0.83 0.41 150. 0.29 0.18 0.12 0.10 0.11 0.10 0.20
MZ63b 09.10.06-16.10.06 7 2419.20 12.46 3.46 0.90 .580 0.34 1.36 0.17 0.03 BDL 0.06 BDL
MZ66b 16.10.06-23.10.06 7 2318.40 2.92 0.65 0.64 220. 0.26 1.28 0.16 0.03 BDL 0.02 BDL
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MzZ67b
Mz68b
MZ69b
MZ70b
MZ71b
MZ74b
MZ75b
MZ76b
MZ77b
MZ80b
Mz81b
Mz82b
Mz83b
Mz84b
MZ87b
MZ88b
MZ89b
MZ90b
MZ93b
MZ94b
MZ95b
MZz96b
MZ97b
MZ100b
MZ101b
MZ102b
MZ103b
MZ104b
MZ107b
MZ108b
MZ109b
MZ112b

23.10.06-30.10.06
30.10.06-02.11.06
02.11.06-09.11.06
09.11.06-16.11.06
16.11.06-23.11.06
23.11.06-30.11.06
30.11.06-07.12.06
07.12.06-14.12.06
14.12.06-21.12.06
21.12.06-28.12.06
28.12.06-04.01.07
04.01.07-11.01.07
11.01.07-18.01.07
18.01.07-25.01.07
25.01.07-01.02.07
01.02.07-08.02.07
08.02.07-15.02.07
15.02.07-22.02.07
22.02.07-01.03.07
01.03.07-08.03.07
08.03.07-15.03.07
15.03.07-22.03.07
22.03.07-29.03.07
29.03.07-05.04.07
05.04.07-12.04.07
12.04.07-19.04.07
19.04.07-26.04.07
26.04.07-03.05.07
03.05.07-10.05.07
10.05.07-17.05.07
17.05.07-24.05.07
24.05.07-31.05.07

NN N NNNNNNNNNNNNNNNNNNNNNNNNNNN N

2380.33
1045.46
2358.72
2384.81
2419.20
2084.60
2449.44
2414.05
2338.56
2392.69
2308.32
2381.93
2297.08
2392.87
2437.44
2369.89
2372.68
2297.08
2384.63
2462.01
2315.93
2443.02
2352.89
2379.54
2390.15
2442.44
2403.58
2414.20
2436.02
2462.02
2415.55
2392.65

1.78
1.42
3.80
1.67
1.65
4.07
1.94
2.08
2.88
3.86
3.06
0.69
2.45
1.40
1.99
3.60
0.82
7.65
1.71
1.64
3.97
0.98
10.57
7.21
2.86
4.40
4.18
5.62
2.08
1.21
6.74
2.83

0.83
1.14
1.63
0.93
0.91
2.12
1.18
1.25
151
2.72
2.01
0.55
1.16
0.83
0.99
1.49
0.35
2.79
0.80
0.84
1.12
0.64
2.12
1.49
0.79
0.74
0.84
0.95
0.52
0.71
0.57
0.76

0.63
0.81
0.84
0.51
1.19
0.79
0.77
0.83
1.12
0.65
1.48
0.53
0.57
0.50
0.58
0.82
0.33
1.18
0.46
0.45
0.79
0.40
0.90
0.80
0.51
0.57
0.38
0.45
0.39
0.45
0.29
0.50

26 0.

0.34

LBD 0.38

290.
170.
250.
58 0.
230.

0.31
0.42
0.29
0.56
0.44

LBD 0.34

390.
310.
42 0.

0.53
0.53
0.78

LBD 0.27

250.
16 0.
130.
380.
150.
45 0.
240.
26 0.
310.
200.

.870
480
300
300
210
330
200
200

DLB

280

0.31
0.22
0.30
0.32
0.22
0.47
0.32
0.28
0.46
0.21
0.69
0.37
0.31
0.39
0.20
0.24
0.17
0.16
0.18
0.20

0.22
1.65
1.15
1.42
1.66
3.63
2.54
1.15
2.76
3.06
3.61
0.12
1.87
1.50
1.96
2.06
1.08
0.65
2.00
1.81
1.87
1.01
1.81
1.37
1.56
1.66
1.39
2.07
0.79
0.83
0.93
1.24

0.23
0.27
0.21
0.27
0.30
0.39
0.37
0.20
0.33
0.28
0.43
0.13
0.23
0.17
0.23
0.30
0.13
0.31
0.25
0.18
0.21
0.14
0.28
0.20
0.21
0.23
0.17
0.21
0.09
0.09
0.13
0.14

0.12
BDL
0.05
0.14
0.06
0.09
0.05
0.07
0.08
0.09
0.10
0.09
0.06
0.07
0.03
BDL
BDL
0.07
0.07
0.06
0.05
0.02
0.08
0.04
BDL
BDL
BDL
0.04
0.03
0.03
BDL
0.03

0.15
0.07
0.04
0.19
0.03
0.08
0.03
0.12
0.06
0.07
0.07
0.11
0.03
0.05
0.03
0.04
0.02
0.06
0.04
0.03
0.04
0.03
0.05
0.02
0.03
0.03
BDL
0.02
0.02
BDL
BDL
BDL

0.09
0.14
0.02
0.20
0.03
0.10
0.04
0.10
0.06
0.10
0.04
0.09
0.07
0.05
0.05
0.06
0.04
0.06
0.08
0.05
0.04
0.03
0.06
0.05
0.04
0.06
0.03
0.03
BDL
0.03
BDL
0.04

0.17
0.16
BDL
0.16
0.14
0.11
0.15
0.17
0.16
0.02
0.24
0.21
0.31
0.15
0.23
0.30
0.12
0.12
0.20
0.14
0.11
0.15
0.10
0.07
0.07
BDL
BDL
BDL
BDL
0.02
BDL
BDL
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b Pinene oxidation products and nitrophenols cotnagons in fine particulate matter.

Sample  Sampling Period Sampling Sampled 3-MBTCA Pinic acid Pinonic acid 4-Nitrocatechol2-Nitrophenol 4-Nitrophenol
ID time air
volume

d nt ng m° ng nt ng nt ng nt ng nt ng nt
MZ31b 01.06.06-06.06.06 5 1780.18 2.68 0.48 0.82 5.02 1.24 0.93
MZ32b 06.06.06-08.06.06 2 703.43 8.98 7.20 3.98 16.81 5.22 2.76
MZ33b 08.06.06-13.06.06 5 1739.10 11.94 181 0.53 10.99 1.47 1.57
MZ34b 13.06.06-14.06.06 1 345.45 22.27 7.28 1.62 26.30 8.51 5.23
MZ35b 14.06.06-21.06.06 7 2393.37 4.97 0.83 0.21 3.49 1.00 0.68
MZ36b 21.06.06-22.06.06 1 345.82 6.07 2.62 3.65 2.14 2.26 2.35
MZ39b 22.06.06-27.06.06 5 1752.45 7.01 0.59 0.59 4.35 0.81 0.85
MZ40b 27.06.06-04.07.06 7 2446.81 10.17 1.02 0.72 4.64 BDL 0.44
MZ41b 04.07.06-11.07.06 7 1199.03 3.38 2.45 0.52 1.17 1.54 2.49
MZ42b 11.07.06-14.07.06 3 1044.57 14.05 1.07 1.03 8.82 1.34 1.74
MZ43b 14.07.06-17.07.06 3 1050.50 16.85 8.25 1.65 BDL BDL BDL
MZ44b 17.07.06-19.07.06 2 693.33 26.00 8.61 0.88 BDL BDL BDL
Mz45b 19.07.06-21.07.06 2 701.89 15.36 1.47 0.36 17.81 3.21 2.82
MzZ46b 21.07.06-26.07.06 5 1700.23 15.16 5.11 BDL 1.03 BDL BDL
MZ47b 26.07.06-02.08.06 7 2414.07 9.17 9.05 1.33 1.73 0.76 1.08
MZ51b 09.08.06-16.08.06 7 2431.28 2.31 0.61 BDL 5.36 0.57 0.95
MZ52b 16.08.06-23.08.06 7 2449.44 4.59 0.04 BDL 0.21 1.06 0.76
MZ53b 23.08.06-30.08.06 7 2487.58 0.55 1.33 0.83 0.17 0.77 0.71
MZ54b 30.08.06-06.09.06 7 1246.46 7.57 1.49 BDL 0.45 1.37 0.65
MZ55b 06.09.06-11.09.06 5 2433.36 5.17 1.21 BDL 11.33 1.03 2.28
MZ59b 11.09.06-18.09.06 7 2439.36 14.38 0.27 0.22 1.66 2.08 1.34
MZ60b 18.09.06-25.09.06 7 2390.63 12.00 3.01 1.25 2.04 1.78 1.97
MZ61b 25.09.06-02.10.06 7 2402.73 4.75 2.31 BDL 1.14 0.85 0.93
MZ62b 02.10.06-09.10.06 7 2441.29 1.32 1.79 BDL 1.30 1.29 1.64
MZ63b 09.10.06-16.10.06 7 2419.20 12.42 0.07 1.23 3.36 4.36 4.50
MZ66b 16.10.06-23.10.06 7 2318.40 5.31 0.00 0.38 1.84 2.83 2.59
MZ67b 23.10.06-30.10.06 7 2380.33 1.70 1.82 0.58 1.17 1.26 1.63
MZ68b 30.10.06-02.11.06 3 1045.46 0.66 1.40 BDL 2.08 1.30 2.54
MZ69b 02.11.06-09.11.06 7 2358.72 1.67 0.46 0.38 2.59 2.38 2.34
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MZ70b
MZ71b
MZ74b
MZ75b
MZ76b
MZ77b
MZ80b
MZ81b
MZ82b
MZ83b
MZz84b
MZ87b
MZ88b
MZ89b
MZ90b
MZ93b
MZ94b
MZ95b
MZ96b
MZ97b
MZ100b
MZ101b
MZ102b
MZ103b
MZ104b
MZ107b
MZ108b
MZ109b
MZ112b

09.11.06-16.11.06 7
16.11.06-23.11.06 7
23.11.06-30.11.06 7
30.11.06-07.12.06 7
07.12.06-14.12.06 7
14.12.06-21.12.06 7
21.12.06-28.12.06 7
28.12.06-04.01.07 7
04.01.07-11.01.07 7
11.01.07-18.01.07 7
18.01.07-25.01.07 7
25.01.07-01.02.07 7
01.02.07-08.02.07 7
08.02.07-15.02.07 7
15.02.07-22.02.07 7
22.02.07-01.03.07 7
01.03.07-08.03.07 7
08.03.07-15.03.07 7
15.03.07-22.03.07 7
22.03.07-29.03.07 7
29.03.07-05.04.07 7
05.04.07-12.04.07 7
12.04.07-19.04.07 7
19.04.07-26.04.07 7
26.04.07-03.05.07 7
03.05.07-10.05.07 7
10.05.07-17.05.07 7
17.05.07-24.05.07 7
24.05.07-31.05.07 7

2384.81
2419.20
2084.60
2449.44
2414.05
2338.56
2392.69
2308.32
2381.93
2297.08
2392.87
2437.44
2369.89
2372.68
2297.08
2384.63
2462.01
2315.93
2443.02
2352.89
2379.54
2390.15
2442.44
2403.58
2414.20
2436.02
2462.02
2415.55
2392.65

0.98
0.62
1.12
1.16
0.24
0.46
0.31
0.87
0.21
0.78
0.34
0.15
0.25
0.13
1.30
0.77
1.01
3.30
0.60
5.02
5.39
3.17
10.57
9.75
14.34
5.12
1.89
16.87
6.48

1.13
0.35
2.60
0.40
0.56
0.05
0.20
0.00
0.69
0.37
0.23
0.15
0.36
0.16
0.43
0.41
0.37
1.44
0.17
0.54
0.60
0.80
0.48
0.31
0.49
0.02
0.14
0.41
0.08

0.16
BDL
0.89
0.49
0.76
0.17

BDL
0.58
0.21
0.27
BDL
0.26
0.21
0.16
BDL
BDL
0.19
BDL
0.21
0.29
BDL
BDL
BDL
BDL
BDL
BDL
0.18
BDL

1.98
3.07
2.71
2.15
3.17
8.09

8.08
0.61
2.79
2.53

3.62
9.47
1.36
4.15

1.82

2.85
12.29

0.88
6.31
4.76

5.47

2.29

1.95

4.27

BDL

BDL
2.09

0.22

BDL
3.10
1.34
2.20
0.75
2.73
0.72
4.56
0.43
0.80
0.79
0.63
1.19
0.48
2.08
0.66
0.86
2.17
0.39
291
2.30
1.44
1.35
1.64
2.13
0.64
0.56
1.39
0.59

0.04
7.94
231
4.82
0.47
6.76
2.15
10.22
1.12
1.58
3.43
3.10
5.73
1.78
6.33
2.46
261
5.26
3.02
6.70
4.57
2.62
3.09
2.03
2.12
0.55
0.85
1.12
1.01

@ below detection limit (limit of quantification listl in table 2-1).
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A3 Temperature dependences of 3-MBTCA formation proesses
(Chapter 2)

To analyze the observed temperature dependence{3® K) of the 3-MBTCA
concentration, we have compiled a simple concepmaldel considering the
temperature dependences during the following stplsprocesses in the production
and loss of 3-MBTCA.

A3.1 Temperature dependence of emission and oxidati of pinene

The mechanism of emission from plants is usualplared as emission from terpene
pools within the plant needles or leaves (from ngsstored in ducts, glands or
trichomes) and the emission rate is typically réggbto be only temperature dependent.
The quantitative dependence has been describeevieyas authors (Juuti et al.,1990,
Lamb et al.,1985, Tingey et al.,1980). For the entrrsimulation of pinene emission,
we used the empiric temperature dependent emigaimatel for Scots Pine (pinus
silvestris) to estimate the temperature depend&oceénda et al.,2003):

Cericion = @

Emission

*EF

Emission

CP,S

Emission

cDEmission = CD\};OSC *exp|:h * (uj}

o7 EF

R \T*T,

1
|n Em|$on - TP * _
( oS ) = (T = )

Emisssion S

C is the concentration of emitted piner@;,y,, IS pinene emission rate (ng
g(dry weight)' h'"), and EF is the emission factor, which is to sthkelinear fit of
pinene emission and assumed as 1.5 g°h [ is the pinonic acid emission rate

from pool (ng g(dry weight) ") at standard temperature;, Terp is the empirical
parameter describing the temperature dependeno®i(’), and & is the standard

temperature. At 298 K®"% = (23£9.3) ng g(dwj h™, %z (9.1+0.4)*16 K

Emission

(Komenda et al., 2003) ; R is the gas constantL(BK3" mol™). T is temperature (K)
and Ts is standard temperature (300 K).

We assume as a first approximation this first stepe independent of environmental
conditions (e.g. oxidant concentration) and tod/lconstant amount of pinonic acid
(PA) (linearly scaling with the precursor emissiomhich essential means that the
lifetime of pinene is shorter than the averagedpant time of the emitted biogenic
VOC to the sampling site. This assumption was supddy the fact that pinic acid has

94



Appendix

a similar temperature dependence value to thaing#ne emission (see temperature
dependence of pinic acid). As a result:

CPinene(emission)_— CPA(produced-)

A3.2 Temperature dependence of gas-particle partiining of pinonic
acid

The partitioning of a semi-volatile compound betwebe gas and particle phase is
generally described by the ratio of the particleaggh concentration and the
concentration in the gas phase (FGP), normalizetthdyotal concentration of organic
material in the particle phase (FPP). The resulpaditioning coefficienK; (m3/ug)
(Odum et al., 1996) or its inverse*@ug/m?3) (Donahue et al., 2006) of a compound
strongly depends on the vapor pressuiie Binonic acid is a semi-volatile species with
a C* value between 900-4000 pg/m3 (Jimenez et2809). Applying these values
together with a typical ambient organic aerosolsiaading (i.e. 5 pg/m3) (Hock et al.,
2008) to the temperature range of interest shoasttte relative amount of pinonic
acid in the gas phase is always more than 99 %chwimieans that even at lower
ambient temperatures pinonic acid is dominanthg@né in the gas phase.

R o
CF’A C;A+COA

FGR,, =1-FPR, =

FGP, _ C;AS *+Con

S *S
FGPPA C*P,s + COA * EI:A
PA
* l
CPA = K
PA
Cis _ Ky
CPA KF?A

Since the vapor pressure is a function of tempegatallowing the Clausius Clapeyron
equation, also Kor G* vary with temperature (Chung and Seinfeld,200kekawa et
al.,2003).

Kea(T,) _T, F{AHPA (i_i)}

=—eX
Kea(l) T R T, T,
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KPA —lex;{AHgA (l_i):|

Ks Te R T T,

|n(FGPPA =In C;A? +COA
FGRs | .. T [AHS 1 1
i Con +Con* T exl{RpA (? _.IT)
S S

Coa is organic aerosol concentration (g m?) (Hock et al.,2008).c;} is the
effective saturation concentration at standard tzatpre (5=300K) (4000ug m'3)
(Jimenez et al., 2009)AH 2, is the enthalpy of pinonic acid vaporisation (59117
mol™) (Saathoff et al., 20097 is temperature (K). The calculated natural lotani of
ratios FGPpa Over FGP5, were plotted against inverse temperature (Fig., A8

good linear correlation was found¥R 0.95). E/R is opposite number of linear fit
slope (26 K), andE4R is the deviation of linear fit slope (1.4 K).

0.002- b 1.002-

0.000 = 1.000

-0.002- 0.998-

-0.004- _ 0.996
£

-0.006- & 0.994-
L

In (FGP_IFGP__ )

-0.0081 Gas-particle-part. = 0.9927 . Gas-particle-part. *
Linear fit Expon. fit
-0.010- 0.990+ .
y=-25.6x+0.086 (R*=0.93, n=27) y=1.09 exp(-25.6x) (R*=0.93, n=27)
'0.012 T T T T T T T 1 0-988 T T T T T T T 1
0.0033 0.0034 0.0035 0.0036 0.0037 0.0033 0.0034 0.0035 0.0036 0.0037
UT (KY 1T (KY

Figure A6 Natural logarithm of ratieGPp, over FGPPSA plotted against inverse temperature. Line is

linear fit.

With an opposite sign the same is true for the enampre dependent partitioning of

3-MBTCA itself, since the very low vapor pressuretlis compound always (i.e.
independent from temperature within the relevaninperature range) drives
3-MBTCA into the condensed phase. In summary, g#gegarticle-partitioning has no
contribution to the observed temperature dependefcthe observed 3-MBTCA
concentration (also indicated by the almost hotiabime in Fig. 2-6).

A3.3 Temperature dependence of OH oxidation of pinac acid
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Pinonic acid is known to be an essential precurdoB-MBTCA (Szmigielski et
al.,2007). During this process, we considered ¢neperature dependence of reaction
rate and OH concentratio@d).

* A a
| Kon e = AT expl RT) __E,1_ 1
(2" = In( Ry = -2 (-2
OH (PA) A* exp(_ R—F‘ S
s

E, is the enthalpy of reaction between pinonic aeid &H, which is not available.
Since the reaction between pinonic acid and OHstakace at the aldehyde group, we
took the empirical temperature dependencgR)Eof propionaldehyde (410+250 K)
(Atkinson et al. 2006) to estimatg & OH oxidation of pinonic acid. Hs (-3.4%£2.1 kJ
mol ™), and thus cause insignificant temperature deperedef overall OH oxidation of

pinonic acid.

The natural logarithms of ratios between OH coneioin data and OH concentration
at highest temperature (300 K) were plotted aganvarse temperature (Fig. S3), and
linear correlation was found ERE 0.79). The OH data used were taken from
simulations with the ECHAM/MESSy Atmospheric ChemigEMAC) model (J6ckel

et al., 2006). ER is opposite number of linear fit slope (1300Q KNdAEL/R is the
deviation of linear fit slope (910 K).

14 b 250000+ =  Modeled OH
Expon. fit
2000004\ Y=4.52*10""exp(-13500x)
. (R?=0.79, n=59)
£ 150000
T
O
@)
= 100000
O
e
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Figure A7 Natural logarithm of ratio OH concenteatiover OH concentration at 300 K plotted against
inverse temperature. Line is linear fit.
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A4 Chromatograms of native and nitrated proteins ((hapter 3)
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Figure A8 Chromatogram of native (upper) and reaBSA (lower) at 280 nm and

357 nm.
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Figure A9 Chromatogram of native (upper) and rela©VA (lower) at 280 nm and

357 nm.
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A5 Chromatograms of tryptic digested peptides (Chater 4)
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Figure A10 HPLC-chip-MS analysis of tryptic pepsdeom native BSA (upper) and
nitrated BSA (lower).
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Figure A11 HPLC-chip-MS/MS analysis of tryptic peejets from native BSA (upper)
and nitrated BSA (lower).
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Figure A12 HPLC-chip-MS analysis of tryptic peptdeom native OVA (upper) and
nitrated OVA (lower).
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Figure A13 HPLC-chip-MS/MS analysis of tryptic pejats from native OVA (upper)
and nitrated OVA (lower).
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A6 Mass spectra of peptides containing native anditnated
tyrosine (Chapter 4)
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Figure A14 Mass spectra of peptides containingveafupper) and nitrated tyrosine
(lower) 161 in nitrated BSA.
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Figure A15 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 173 in nitrated BSA.
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Figure A16 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 171, 173 and 180 in nitrated BSA.
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Figure A17 Mass spectra of peptides containingveatupper) and nitrated tyrosine

(lower) 286 in nitrated BSA.
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Figure A18 Mass spectra of peptides containingveatupper) and nitrated tyrosine

(lower) 357 in nitrated BSA.
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Figure A19 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 364 in nitrated BSA.
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Figure A20 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 424 in nitrated BSA.
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Figure A21 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 475 in nitrated BSA.
Wl R e | e | F |s el T r o e [T ¥ Jv[r]K ]
I
76943 S0
¥z
100.% ar .
+H ]
g a3 by
474.7 37 4 9:385
213, 2%2 BO6 2 ‘ ¥y
b el Ll .|l|.| lll.-Ith L]l toses 2836.7
r T L] L] L] L]
I 500 1000 1500 2000 2500
0080402-1-9_a 2605 6633 ph Mass [miz] N+ 1830 0255 miz: G2F 646 203
Wt R e oe | F Jsfafe T ] E [T v [w][r]r |
I
Tamerzy OO
100.% By
EALE T
gzd 8
0035
L a‘h|.|..|.||.i| | | 1HE 7 18094 23963
L T T T T
1000 1500 2000 2500
20000402-1-0_4.2872 2678.0.pkl Mass [miz] MH+: 10258820 mie: 6426325 203

Figure A22 Mass spectra of peptides containingveatupper) and nitrated tyrosine

(lower) 520 in nitrated BSA.
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Figure A23 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 98 in nitrated OVA.
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Figure A24 Mass spectra of peptides containingveatupper) and nitrated tyrosine
(lower) 112 in nitrated OVA.
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Figure A25 Mass spectra of peptides containingveatupper) and nitrated tyrosine

(lower) 126 in nitrated OVA.
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Figure A26 Mass spectra of peptides containingveatupper) and nitrated tyrosine

(lower) 213 in nitrated OVA.
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Figure A27 Mass spectra of peptides containingveatupper) and nitrated tyrosine

(lower) 282 in nitrated OVA.

111



Abbreviation

Abbreviation Index

2D-GE

3-MBTCA

ACN

BCA

BSA

BVOC

CE

CID

DTT

ECD

ELISA

EMAC

ESI

GC

HPLC-DAD

IAM

Two-dimensional polyacrylamide gel electrogsis

3-Methyl-1,2,3-butanetricarboxylic acid

Acetonitrile

Bicinchoninic acid assay

Bovine serum albumin

Biogenic volatile organic compounds

Capillary electrophoresi

Collision-induced dissociation

Dithiothreitol

Electric conductivity detector

Enzyme-linked immunosorbent assay

ECHAM/MESSy Atmospheric Chemistry model

Electrospray

Gas chromatography

High performance liquid chromatography ptad to diode-array detector

lodoacetamide

lon chromatography
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Abbreviation

IEF Solution isoelectric focusing

P Immnunoprecipitation

MALDI Matrix-assisted laser desorption/ionization
nanoESI Nanoelectrospray

ND Nitration degree

NDy Nitration degree of nitrotyrosine residue

NPD Nitrogen phosphorous detection

NTN Nitrotyrosine residue number per protein molecu
OVA Ovalbumin

PBS Phosphate buffered saline

PE Polyethylene

PTFE Polytetrafluoroethylene

Qq-TOF Tandem quadrupole coupled to time of fliglaiss spectrometer
R? Square correlation coefficients

SDS-PAGE Polyacrylamide gel electrophoresis in tpeesesence of sodium
dodecylsulfate

SOA Secondary organic aerosol
TFA Thermal energy analyzer
TFE Trifluoroethanol
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Abbreviation

TNM Tetranitromethane

UV-Vis Ultraviolet-visible photometry
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