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Abstract

Proteins can react with reactive oxygen species (ROS) and reactive nitrogen species (RNS) to form post-
translational modifications (PTMs), which can affect protein structure and function. The formation of
3-nitrotyrosine (NTyr) and dityrosine (DiTyr) upon reaction of proteins with ROS/RNS are two common
PTMs studied due to their stability and irreversibility, as well as their ability to enhance the allergenicity of
pollen allergens upon formation. Many common techniques used to study the formation of these PTMs
can reliably detect the PTMs but can only provide semi-quantitative information due to many
assumptions and limitations. In Chapter 2 we present an analysis of the common methodologies used
and provide analytical perspectives for improved quantification.

NTyr can form via the reaction of proteins and urban air pollutants and may have implications in the
increase in allergic disease seen worldwide. The reaction of proteins with ozone and nitrogen dioxide has
been previously studied in controlled laboratory studies, but not extensively in urban air. In Chapter 3 we
develop and characterize a method for the exposure of proteins to urban air, analysis, and quantification
of NTyr in samples after exposure. An extensive ambient study was further conducted (Chapter 4) and the
nitration degree, or NTyr concentration, of the exposed samples was correlated with air pollutant
concentrations and atmospheric conditions. The formation of DiTyr in the exposed samples was also
detected in this study, representing the first time the detection of oligomerization of proteins was
reported in ambient air.

The reactions of proteins with endogenous ROS/RNS upon inhalation may be a further mechanism for the
increase in allergenicity seen. Peroxynitrite (ONOO-) is an endogenous ROS formed under oxidative stress
conditions. Here we show how using ONOO- in vitro to mimic oxidative stress in vivo has experimental
artifacts, like an increase in pH that alters the reaction mechanism (Chapter 5), as well as how it reacts
site-selectively with lactoferrin (Chapter 6). The studies shown provide information to tie together the
nitration reactions occurring both in urban air and endogenously, which is imperative to determining the
role each play in the increase in allergic disease.
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Abstract

Proteins can react with reactive oxygen species (ROS) and reactive nitrogen
species (RNS) to form post-translational modifications (PTMs), which can affect protein
structure and function. The formation of 3-nitrotyrosine (NTyr) and dityrosine (DiTyr)
upon reaction of proteins with ROS/RNS are two common PTMs studied due to their
stability and irreversibility, as well as their ability to enhance the allergenicity of pollen
allergens upon formation. Many common techniques used to study the formation of these
PTMs can reliably detect the PTMs but can only provide semi-quantitative information
due to many assumptions and limitations. In Chapter 2 we present an analysis of the
common methodologies used and provide analytical perspectives for improved
quantification.

NTyr can form via the reaction of proteins and urban air pollutants and may have
implications in the increase in allergic disease seen worldwide. The reaction of proteins
with ozone and nitrogen dioxide has been previously studied in controlled laboratory
studies, but not extensively in urban air. In Chapter 3 we develop and characterize a
method for the exposure of proteins to urban air, analysis, and quantification of NTyr in
samples after exposure. An extensive ambient study was further conducted (Chapter 4)

and the nitration degree, or NTyr concentration, of the exposed samples was correlated

with air pollutant concentrations and atmospheric conditions. The formation of DiTyr in



the exposed samples was also detected in this study, representing the first time the
detection of oligomerization of proteins was reported in ambient air.

The reactions of proteins with endogenous ROS/RNS upon inhalation may be a
further mechanism for the increase in allergenicity seen. Peroxynitrite (ONOQO") is an
endogenous ROS formed under oxidative stress conditions. Here we show how using
ONOO' in vitro to mimic oxidative stress in vivo has experimental artifacts, like an
increase in pH that alters the reaction mechanism (Chapter 5), as well as how it reacts
site-selectively with lactoferrin (Chapter 6). The studies shown provide information to tie
together the nitration reactions occurring both in urban air and endogenously, which is

imperative to determining the role each play in the increase in allergic disease.
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Chapter One: Introduction
1.1 Oxidative chemical reactions of proteins
1.1.1 Heterogeneous aerosol chemistry

Atmospheric aerosols are very small particles suspended in a gas. Aerosols
derived from biogenic sources, like viruses, bacteria, mold, plants, or pollen, are referred
to as biogenic aerosols and liquid and solid materials lofted as fragments of biological
material are referred to as bioaerosols (Sénéchal et al., 2015). In the context of air
pollution, the terms aerosol and particulate matter (PM) are often used interchangeably.
However, an aerosol is a collection of suspended particles and the surrounding gases,
whereas a particulate, or PM, refers just to the suspended solid or liquid matter (Donahue
et al., 2009). PM with a diameter less than 2.5 um (PM25) is able to be deposited deep
into the lungs of the respiratory tract, which can induce oxidative stress (Shiraiwa et al.,
2017).

Proteins make up an important component of PM (between 1 and 2% of PM25s)
(Menetrez et al., 2007). Pollen proteins that are responsible for the allergenic response are
referred to as pollen allergens. Free allergens derived from bioaerosols are able to bind to
fine PM, which leads to allergen-containing aerosols capable of being transported deep
into respiratory airways (Knox et al., 1997). In addition, pollen proteins in ambient air
can react with reactive air pollutants and be chemically modified. For example, proteins

can be efficiently nitrated and cross-linked at atmospherically relevant air pollutant
1



concentrations (Franze et al., 2005; Liu et al., 2017; Reinmuth-Selzle et al., 2014;
Shiraiwa et al., 2012). In many cases, when allergens are chemically modified their
allergenic potential can be altered, which will be discussed more in Section 1.5.1 (Beck et
al., 2013; Duque et al., 2014; Frank & Ernst, 2016; Ghiani et al., 2016; Gruijthuijsen et
al., 2006; Hochscheid et al., 2014; Naas et al., 2016; Sénéchal et al., 2015; Zhou et al.,
2021).

The current geological epoch during which human activities have impacted the
environment enough to induce geological change is referred to as the Anthropocene
Epoch (Reinmuth-Selzle et al., 2017; Shiraiwa et al., 2017). One characteristic of the
Anthropocene is large increases in the concentrations of gaseous air pollutants, such as
nitrogen dioxide (NO>), ozone (O3), and carbon dioxide (CO>) (Reinmuth-Selzle et al.,
2017; Shiraiwa et al., 2017). High concentrations of these air pollutants have been shown
to cause adverse health effects, such as cardiovascular, respiratory, and allergenic
diseases (Brunekreef & Holgate, 2002; Péschl & Shiraiwa, 2015; Reinmuth-Selzle et al.,
2017; Shiraiwa et al., 2017; West et al., 2016). Furthermore, the gaseous air pollutants are
reactive and are able to react with PM in the atmosphere, producing further health
concerns (Reinmuth-Selzle et al., 2017; Shiraiwa et al., 2017). Two of the most studied
reactive gaseous air pollutants are Oz and NO>, due to their high ambient concentrations,
and relevant mechanisms by which these pollutants react with proteins in PM are
discussed in Section 1.4.2,

Ground-level Os is a subset of tropospheric Oz and is formed through chemical

reactions of volatile organic compounds (VOCs), nitrogen oxides (NOx), and sunlight
2



(Fishman et al., 1979). Further discussion of O3 reactions here refer to ground-level Os,
and will be referred to as only Os for the remainder of the text. Os is highly reactive, and
evidence dating to the 1960s has shown that it can react with proteins and amino acids
(Mudd et al., 1969). O3 concentrations in Denver, CO are particularly important, as
Denver was ranked 7™ most polluted city in the United States for ground-level O3
concentration in 2022 (Martinez, 2022). Another reactive atmospheric air pollutant is
NOz, which is formed from the combustion of fossil fuels and photochemical smog
(Bascom et al., 2012). NO is broadly reactive, and when inhaled, can damage lung
epithelium. One hypothesis explaining this effect relates to the reactive modification of
biomolecules on the surface of the epithelium, one important example being protein
nitration (Persinger et al., 2012). This will be discussed further in Section 1.3.

Further study of the heterogeneous reactions of gaseous air pollutants on
bioaerosols is extremely important, because of the health implications these reactions
play with respect to public health, and because of the many questions that remain. A
particular limitation of the current research is quantifying the concentration of reaction
products in ambient air and using that data to elucidate potential mechanisms that occur.
Additionally, the current methods for detection and quantification of the reaction
products between PM and gaseous reagents have limitations, which will be discussed in

Chapter 2.



1.1.2 Endogenous chemistry

Chemical reactions that occur within the human body, referred to here as
endogenous chemistry, are important to human physiology. The body is a dynamic
chemical environment where many reactions are always occurring. Reduction-oxidation
(redox) reactions play a vital role in maintaining cellular functions and the detoxification
of harmful molecules (Fraunberger et al., 2016; Harwell, 2007). Reactive oxygen species
(ROS) and reactive nitrogen species (RNS) are often found in high concentrations in the
human body and can originate from the metabolism of oxygen (Oz) in the mitochondria
(Lin & Beal, 2006). An imbalance in the redox environment of cells and tissues, i.e. when
the environment becomes more oxidative, can result in cell and tissue damage and is
referred to as oxidative stress (Fraunberger et al., 2016; Pizzino et al., 2017).
Accordingly, oxidative stress can be responsible for the onset of many diseases, such as
cancer, cardiovascular disease, neurological disease, respiratory disease, and rheumatoid
arthritis (Pizzino et al., 2017). Nitrosative stress, or an increase in the relative
concentration of RNS species, has also been associated with diseases, particularly
cardiovascular disease and neurodegenerative disease (F. Wang et al., 2021; Yoon et al.,
2021).

Nitrosative and oxidative stress are closely related. ROS, such as the superoxide
anion (O2"), hydroxyl radical (‘OH), hydrogen peroxide (H202), and nitric oxide (-NO),
also participate in the formation of RNS species (F. Wang et al., 2021). The peroxynitrite
anion (ONOO") is also an important ROS and biological oxidant that plays roles as a

mediator in signal transduction and the disruption of cellular redox homeostasis (Radi,
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2013b). The conjugate acid of ONOO" is peroxynitrous acid (ONOOH). The two species
are in acid-base equilibrium under biologically relevant conditions, with a pKa of 6.8 (
Bartesaghi & Radi, 2018; Radi, 2013). ONOO' is a short-lived transient species in
biological systems, making it difficult to detect. However, the reaction of ONOO" within
biological systems leads to stable products, the reaction product with proteins being
referred to as post-translational modifications (PTMSs). These products have become
biomarkers for ONOO" and oxidative stress in cells and tissues (Ferrer-Sueta et al., 2018).
Two major PTMs resulting from oxidative and nitrosative stress in the human body are
nitrotyrosine (NTyr), resulting from nitration, and dityrosine (DiTyr), resulting from
dimerization. These PTMs are commonly used as biomarkers for stress and disease in the
body and will be more thoroughly discussed in Section 1.3 and Chapter 2. Furthermore,
ONOO  is extremely reactive and will decay in pH-neutral solution via homolysis or
isomerization, making the study of ONOO" reactions difficult (Pryor & Squadrito, 1995).
In the laboratory, the addition of ONOO" to reaction mixtures is most commonly
performed via the bolus addition, or addition all at one time, which will be discussed in
Chapter 5.

As discussed, high levels of oxidative stress pose a threat to human health.
Antioxidants neutralize ROS and RNS species (Pérez de la Lastra et al., 2022).
Therefore, endogenous antioxidants play a crucial role in regulating endogenous redox
chemistry, and the removal of ROS and RNS by antioxidants has been shown to prevent
oxidative damage (Ilari et al., 2020; Lauro et al., 2016). Common antioxidants in the

human body are glutathione and ascorbate, both of which have been shown to reduce
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relevant ONOO™-mediated radicals in cells (Folkes et al., 2011; Gaucher et al., 2018;
Radi, 2012). Furthermore, the cytotoxic effects of ONOO™ have been shown to decrease
when antioxidants are present (Miller et al., 1998). Due to this, further study of relevant
antioxidants and their specific reactions with ONOO" is important.

Research regarding the reaction of ONOO" and lactoferrin (LF), a protein found in
human milk and other bodily fluids, has been conducted previously in the Huffman Lab
(Alhalwani et al., 2018, 2019, 2023). Mass spectrometry (MS) results show that a
biologically-relevant concentration of ONOO" is able to nitrate selective Tyr residues,
altering protein structure and function (Alhalwani et al., 2019). Questions remain,
however, regarding the site-selectivity of ONOO" reactions of LF and other relevant
proteins. In addition, preliminary research regarding the ability of L-ergothioneine
(EGT), a naturally-derived antioxidant, to prevent the oxidative damage of ONOO™ on LF
has been conducted (Alhalwani et al., 2023). Further research is needed to determine the

extent of EGT’s ability to protect from oxidative damage in ONOQO" reactions.

1.2 Overview of post-translational modifications

1.2.1 Importance and relevance of PTMs

PTMs occur after proteins have been translated from mRNA and are an essential
mechanism by which the diversity of protein function can be expanded beyond what is
dictated by DNA (Wang et al., 2013). Proteins can undergo a variety of different
chemical modifications. The focus here is on PTMs that are the products of proteins

reacting with ROS and/or RNS, as mentioned in Section 1.1. Upon interaction with ROS
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and/or RNS various reactions may occur, including reactions with redox-sensitive amino
acid side chains. These amino acids include cysteine (Cys), methionine (Met), tryptophan
(Trp), tyrosine (Tyr), phenylalanine (Phe), and histidine (His) (Bachi et al., 2013; Mudd
et al., 1969; Reinmuth-Selzle et al., 2017).

PTMs caused by ROS/RNS reactions change the properties of a protein and can
lead to structural and functional changes. These changes can impact further responses in
the human body, such as the immune response and allergies, which will be discussed
further in Section 1.5 (Tikhonov et al., 2021). PTM’s are often associated with certain
diseases, like kidney disease, but the biological significance of most PTMs in
pathogenesis remain unclear (Bandookwala & Sengupta, 2020; Landino et al., 2004;
Tikhonov et al., 2021). Because of this, the study of individual PTMs and deciphering the
role they play in disease is important. Laboratory reagents are commonly used to induce
PTMs on proteins to study their effects in vitro. Common reagents that mimic RNS and
ROS are tetranitromethane (TNM) and ONOQO-, as discussed in Section 1.4.

Modification of proteins also impacts the detection and quantification of the
targeted protein. For instance, the modification of Trp results in the decrease of its
intrinsic fluorescence properties (Yamakura & Ikeda, 2006). In addition, Trp is often
detected via chromatography coupled with UV-Vis absorbance spectroscopy or mass
spectrometry. However, when oxidized or nitrated, the limit of detection and ionization
efficiency of the protein is altered. For immunoassay detection, a specific antibody for
the modified residue must be used. As one example, an antibody for 6-nitrotryptophan

has been developed for use in detection (lkeda et al., 2007).
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1.2.2 Effects of PTMs

ROS and RNS reactions determine various PTMs, some of which are extremely
stable and irreversible (Forrester & Stamler, 2012). The human body is designed to
counteract a small amount of oxidative stress by removing some ROS and RNS directly.
As mentioned, proteins with amino acids containing redox-active side chains can react
with oxidants and undergo regulatory chemical modification, the most common being
oxidation of Cys and Met, resulting in PTMs (Bachi et al., 2013). These regulatory PTMs
are often reversible and are a part of a protein’s normal function, such as in proteins
involved in redox signaling processes. Therefore, reversible redox modifications may
protect from irreversible damage to mild oxidative stress, as well as regulate protein
structure and activity (Bachi et al., 2013). A common example of a reversible PTM is the
formation of intra- or intermolecular disulfide bonds (Bachi et al., 2013; Lukesh et al.,
2013; Ulrich & Jakob, 2019).

Irreversible PTMs occur when there is an imbalance between oxidants and
antioxidants. ROS and RNS. Examples of irreversible PTMs are cross-linking of proteins
due to DiTyr formation, and Tyr and Trp nitration and halogenation (Bachi et al., 2013).
These PTMs may result in permanent loss of protein function, unfolding, or proteolytic
degradation (Cai & Yan, 2013; Marinelli et al., 2018). For example, Cys oxidation can
be induced by oxidative stress and has been shown to influence the structure and function
of proteins (Landino et al., 2004; Marinelli et al., 2018).

In general, the switch from reversible to irreversible PTMs can be correlated with

increasing ROS and RNS levels, as shown by Bachi et al. and Selzle et al. (Bachi et al.,
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2013; Reinmuth-Selzle et al., 2017). Low levels of ROS/RNS are referred to as
homeostatic or physiological levels, which result in common reversible PTMs, of Cys
thiol side chains for example. Slightly elevated levels result in stress and adaptive states
and lead to modifications like glutathione mixed disulfide formation. Finally, high levels
of ROS/RNS lead to maladaptive and injurious states, which result in irreversible
modifications of Cys, like sulfonic acid, and nitration of Tyr and Trp (Forrester &

Stamler, 2012).

1.3 NTyr and DiTyr overview

It has been shown that Tyr residues in proteins typically represent, on average, 3-
4 mol percent (mol %) of total residues in a protein (Bartesaghi et al., 2007). Tyr residues
have a large phenolic amphipathic side-chain that can participate in hydrogen bond
formation and undergo nonpolar interactions (Koide & Sidhu, 2009). Both solvent-
exposed and buried Tyr residues can be present in a protein, but on average only 15% of
Tyr residues are buried (Bartesaghi et al., 2007; Koide & Sidhu, 2009; Radi, 2012). The
reactivity of the phenol group allows Tyr residues to undergo a variety of PTMs
(Campolo et al., 2020).

NTyr (3-nitrotyrosine) is formed after the substitution of a hydrogen by a nitro
(NO3) group in the ortho position with respect to the OH group of the phenolic ring,
shown in Figure 1.1 (Souza et al., 2008). The formation of NTyr is radical-mediated and
the radical generated at the oxygen atom is stabilized by resonance within the aromatic

ring, resulting in the addition of the NO2 group only in the ortho position. NTyr is a
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stable product and has been associated with inflammation, ageing, cancer, rheumatism,
diabetes, and neurodegeneration (Bandookwala & Sengupta, 2020; Radi, 2012; Souza et
al., 2008). In addition, nitration of proteins has been shown to increase the allergenic
potential of allergens (Gruijthuijsen et al., 2006; Karle et al., 2012; Reinmuth-Selzle et
al., 2023).

The addition of the NO- group on the phenolic ring of the Tyr residue alters the
chemical properties of the amino acid (Radi, 2012). Nitration of Tyr changes the pKa of
the hydroxyl (OH) group from 10 to 7.2, as well as impairs hydrogen bonding capability,
which causes a disruption in protein structure (Radi, 2012; Souza et al., 2008; Zhan et al.,
2015). Nitration also adds a hydrophobic substituent that often creates local steric

restrictions and conformational changes (Radi, 2012).
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Figure 1.1. Nitration of Tyr residue via ROS/RNS. Created at BioRender.com.

DiTyr (L,L-dityrosine) can be formed via the cross-linking of Tyr residues both
intramolecularly and intermolecularly, shown in Figure 1.2 (Malencik & Anderson,
2003). DiTyr is highly stable and irreversible, allowing for detection to be possible in

both in vitro and in vivo experiments (Gross & Sizer, 1959; Maina et al., 2022). DiTyr
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occurs naturally in some proteins, including in structural proteins where it is believed to
increase stability and strength of the protein (Waykole & Heidemann, 2009). However,
the formation of DiTyr in proteins is also associated with disease, specifically
Alzheimer’s disease, Parkinson’s, cystic fibrosis, and acute myocardinal infarction (heart
attack) (Atwood et al., 2003; Mayer et al., 2014; Souza et al., 2000). Furthermore, DiTyr
has been detected on human Alzheimer’s disease tau protein oligomers (Al-Hilaly et al.,

2014; Maina et al., 2022).

ROS/RNS
OH »

NH;

HO

Tyrosine L,L-Dityrosine ©

Figure 1.2. Dimerization of Tyr via ROS/RNS. Created at BioRender.com.

DiTyr and NTyr may occur simultaneously under oxidative and nitrosative stress
conditions (Malencik & Anderson, 2003). The formation of NTyr and DiTyr via the
reaction of ONOO™ and amino acids was shown by Van der Vliet et al. in 1994 and 1995
(Van der Vliet et al., 1995; van der Vliet et al., 1994). The reaction product and ratio of
products formed depends on the environment, concentration, and pH (Lymar et al., 1996;
Zhang et al., 2001). This will be discussed more in Chapter 5. However, because of this,
it is important to consider and monitor the formation of both products when studying

ONOO  reactions.
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Although other PTMs can be formed via the reactions of proteins with both
ONOO" and NO»/QOs, the focus of this dissertation will be NTyr and DiTyr formation, due
to their prevalence and association with both endogenous reactions with ONOO" and
heterogenous aerosol chemistry with Oz and NO>. There has been extensive research on
both NTyr and DiTyr, however questions remain regarding the role each plays in
allergenicity and respiratory disease, as well as the relative concentrations of each in
ambient air. Furthermore, there are limitations to the detection and quantification of these
PTMs that need to be overcome to further research. NTyr and DiTyr, as well as the
detection and quantification methods used for both PTMs and the limitations, will be

discussed in further detail in Chapter 2.

1.4 Relevant mechanisms of PTM formation

1.4.1 PTM formation via reaction with ONOO-

ONOO" can promote oxidation reactions either directly or by secondary radicals,
including ‘OH and nitrogen dioxide (‘NO>) (Ischiropoulos et al., 1992). ONOO" can act
as an oxidant via nucleophilic substitution (Sn2) and electron transfer (ET) mechanisms,
and it can also act as a Lewis base and form reactive adducts. Due to this, ONOO" can
react with many different biomolecules and is known to nitrate phenolic compounds
(Halfpenny & Robinson, 1952). The reactivity of ONOO" with amino acids in proteins
will be discussed here as a brief overview. For further information, Ferrer-Sueta et al.
published a more comprehensive review of ONOO" reactivity with biomolecules (Ferrer-

Sueta et al., 2018).
12



ONOO  can oxidize Met, including to sulfoxide in proteins, which isa PTM
known to alter protein function (Berlett et al., 1998). Trp can react with ONOO" directly
or with free radicals derived from ONOO", leading to many possible oxidized and nitrated
products (Alvarez & Radi, 2003; Beatriz Alvarez et al., 1996; Padmaja et al., 2016). The
most specific modification of ONOO" in biological systems, however, is oxidation and
nitration of Tyr. Tyr nitration, or the formation of NTyr, has been studied extensively
since the early 1990’s and is a PTM that can alter the function of a protein (Ferrer-Sueta
et al., 2018). It has been associated with many diseases and inflammatory conditions, and
has therefore become a biomarker of oxidative and nitrosative stress (Ziegler et al.,
2019). It should be noted that both NTyr and nitrated Trp can be formed via other
mechanisms (i.e. involving heme peroxidases), so the detection of these species in a
biological system is not solely indicative of ONOO" (Ferrer-Sueta et al., 2018).

One mechanism by which ONOO" is produced endogenously is by the reaction of
free radicals ‘NO and O (Figure 1.3) (Ferrer-Sueta et al., 2018; Pfeiffer et al., 1997).
The formation of ONOO" in vivo from ‘NO and superoxide O is kinetically favored, as
indicated by its large rate constant (4-16 x 10° M) (Denicola et al., 1996; Ferrer-Sueta et
al., 2018). ‘NO is uncharged and nonpolar, which allows it to freely diffuse through
cellular membranes, compared to O, that has low permeability due to its anionic
character (pKa is 4.8) (Takahashi & Asada, 1983). ONOO" is most likely formed in vivo
where O is, due to ‘NO being able to diffuse easily across cellular membranes and
having a longer half-life than O~ (Lancaster, 1994). As mentioned, ONOO" is a transient

species. Once formed, there are three major possibilities of the fate of ONOO". It can
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isomerize to nitrate (NO3"), be reduced to nitrite (NO2"), or be reduced to ‘NO2 (Ferrer-
Sueta et al., 2018). Focus here will be centered on "NOz, due to its role in NTyr
formation. When ONOO  is reduced to ‘NO2, ‘OH is also produced, which is an O»-
derived reactive species (Campolo et al., 2020). Oxidation of amino acids via ‘OH also

results in chemical and structural changes (Malencik & Anderson, 2003).

‘NO + Oz = ONOO
ONOO" - ‘NO2+ OH-
Tyr + ‘NO2 = NTyr

Figure 1.3. Relevant reactions for the formation of NTyr from ONOO".

‘NO: is a free radical formed in vivo, as well as an air pollutant, and is both a very
strong oxidant (E°” = ‘NO2/NO2 =0.99 V) and nitrating agent (Stanbury, 1989).
Because of this, ‘NO> can react directly with many molecules in biological systems. The
oxidation chemistry of ‘NOz is described in detail by Augusto et al. and Prutz et al.
(Augusto et al., 2002; Pritz et al., 1985). Briefly, it is capable of recombination with
other radicals, electron transfer, and addition to unsaturated bonds (Augusto et al., 2002).
All reactions except electron transfer are able to take place in both gas and liquid phase
(Augusto et al., 2002; Ferrer-Sueta et al., 2018). Most crucially to the discussion here,
‘NOz can react with biomolecule-derived radicals, including the tyrosyl radical (Tyr"), to

form NTyr (Prutz et al., 1985). ‘NOz can also oxidize Tyr (Pritz et al., 1985). The ET
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reaction of Tyr and ‘NO at alkaline pH (TyrO™ + ‘NO2 = TyrO- + NOy) is particularly
important and will be discussed more in Chapter 5 (Ferrer-Sueta et al., 2018).

The phenol side chain of Tyr is able to undergo one-electron oxidation to form
Tyr (Campolo et al., 2020). This can occur via three mechanisms, oxidation then
deprotonation, deprotonation then oxidation, and a concerted oxidation/deprotonation
(hydrogen abstraction) (Campolo et al., 2020). At physiological pH the phenolic OH
group is protonated and the formation of Tyr- occurs mainly through hydrogen
abstraction (TyrH + X - Tyr + XH") (Campolo et al., 2020; Warren et al., 2012). At
higher pH values, however, the mechanism involving deprotonation first followed by
oxidation is more relevant (Campolo et al., 2020; Warren et al., 2012). Once the Tyr- is
formed, a radical-radical reaction between two Tyr molecules can occur, generating
DiTyr (Figure 1.4). Many ONOO - derived radicals can mediate the oxidation of Tyr to
Tyr:, including ‘NO2 and OH" (Ferrer-Sueta et al., 2018). The oxidation of Tyr by OH-
occurs almost always through the initial addition of the OH" to the aromatic ring (Ferrer-

Sueta et al., 2018).

Tyr + X 2 Tyr + X~

Tyr + Tyr- = DiTyr

Figure 1.4. Relevant reactions for DiTyr formation.

It is important to note that ONOO™-mediated free radical reactions can result in

the formation of NTyr and DiTyr, as shown, as well as many other secondary products,
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including 3-hyrodxytyrosine produced from the addition of *OH to Tyr- (Santos et al.,
2000). The biochemistry of ONOO" is complex and only briefly discussed here. Ferrer-
Sueta et al. published an extensive review in 2018 for more information (Ferrer-Sueta et
al., 2018). The reactions of ONOO" will often be referred to as homogeneous reactions, as

they are conducted in aqueous solution, like the conditions found in the human body.

1.4.2 PTM formation via reaction with Oz and NO2

In the atmosphere, ROS and RNS species are generated via photochemistry and
reactions involving oxidants and aerosols, and many common air pollutants can react as
ROS and RNS in ambient air (Reinmuth-Selzle et al., 2017). The gaseous reactions of air
pollutants and aerosols or proteins are referred to as heterogeneous reactions, due to two
phases (gas and solid or gas and liquid) being involved. A substantial number of different
reactions can occur due to the complexity of atmospheric chemistry, however only the
reactions of Oz and NOz with proteins will be discussed here. Furthermore, Os is able to
react with proteins in the atmosphere at many residues, including Tyr, Trp, His, Cys, and
Met due to the reactivity of these residues (Sharma & Graham, 2010). However, only the
heterogeneous reactions of Tyr residues with Oz and NO> to form NTyr and DiTyr are
considered here.

The heterogeneous gaseous reaction of Tyr with Ozand NO- is also radical-
mediated, like the endogenous reactions previously discussed, as Tyr is a reactive species
in the atmosphere (Figure 1.5). Therefore, Tyr acts as a sink for atmospheric oxidants.

The reaction of Os that leads to cleaved unsaturated bonds is referred to as ozonolysis.
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The nitration reaction of Tyr in the atmosphere is initiated by the reaction of Tyr with O3
(ozonolysis), followed by reaction with NO2 when present to form NTyr (Sandhiya et al.,
2014). Reaction oxygen intermediates (ROIs) are formed after the first reaction,
consisting of Tyr, which can either react with NO2 or cross link with each other to form
DiTyr (Figure 1.5) (Kampf et al., 2015; Reinmuth-Selzle et al., 2017). Also like the
endogenous reactions, Tyr oxidation and nitration in the atmosphere depend on the
environment where the Tyr residues are present. Ozonolysis may also result in the
formation of other oxidized products (Liu et al., 2017). The mechanism for NTyr
formation with Oz and NO> was studied by Sandhiya et al. using computational methods
(Sandhiya et al., 2014). In this study, the initial oxidation by O3z was found to proceed by
hydrogen abstraction, resulting in the formation of Tyr'. The formation of Tyr* was
determined to be irreversible under atmospheric conditions and the subsequent nitration
reaction with NO2 was shown to occur as well, consistent with previous studies (Liu et

al., 2017; Reinmuth-Selzle et al., 2014; Sandhiya et al., 2014).
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Figure 1.5. Reaction mechanism of Tyr with Oz and NO. Created at BioRender.com.

Liu et al. employed kinetic models to fit experimental data from the reactions of
bovine serum albumin (BSA) protein with Oz and NOz (Liu et al., 2017). BSA is a
commonly used experimental protein with 21 Tyr residues. Results have shown that both
NTyr formation and DiTyr cross-linking are sensitive to Oz concentration and insensitive
to NO2 concentration. In addition, results confirmed that the reaction with Oz to form
ROI’s is the rate-limiting step for NTyr formation, and that protein nitration qualitatively
occurs faster than protein oligomerization, consistent with previous studies (Liu et al.,
2017; Sandhiya et al., 2014; Souza et al., 2008). Figure 1.6 shows the reaction scheme of
the relevant BSA nitration and oligomerization reactions from this study (Liu et al.,

2017).
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BSA Dimer

Nitrated BSA

Figure 1.6. Reaction schematic of BSA and O3z/NO2, modified from Liu et al. (2017).
Created at BioRender.com.

1.5 Motivation

1.5.1 Negative effects on human health

Hay fever and allergic rhinitis account for more than 13 million visits to doctor
offices every year (L. Ziska et al., 2011; L. H. Ziska et al., 2019). There is substantial
evidence showing that various climate change factors are causing an effect on allergies
(Reinmuth-Selzle et al., 2017). Temperature rise and CO> concentrations are causing
longer allergy seasons and higher pollen counts (L. Ziska et al., 2011). Furthermore, NO>
and Os concentrations are causing an increase in the allergenic response to pollen
(D’Amato, 2011; Duque et al., 2014; Gruijthuijsen et al., 2006; Reinmuth-Selzle et al.,

2017). Due to this data and other observations that climate is changing rapidly at higher
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latitudes, the EPA recognizes allergies as one of the most robust examples of how climate
change is increasing risks to human health.

Ragweed pollen (Ambrosia artemisiifolia) is airborne as an aerosol in high
concentrations across the US and Europe and represents a significant allergen for a
considerable fraction of the population. Allergenic pollen proteins, or allergens, are
responsible for the allergenic response (IgE, immunoglobin E) that occurs in some
humans. Amb a 1 and Amb a 11 are the major ragweed allergens (Bouley et al., 2015;
Wolf et al., 2017; Wopfner et al., 2009; Zhao et al., 2016). Allergens have been shown to
react with oxidative air pollutants, resulting in an increase in relative allergenicity and the
nitration reaction has been shown to increase the IgE response of proteins (Gruijthuijsen
et al., 2006). Reactions of other common allergens, like Bet v 1 (birch pollen) and Phl p 5
(grass pollen), with RNS and ROS have been investigated, but no studies have looked
into the nitration and oligomerization reactions of Amb a 1 and Amb a 11 or the extent to
which nitration occurs in ambient air (Backes et al., 2021; Reinmuth-Selzle et al., 2014;
Selzle et al., 2013). In addition, PM. s, which includes proteins, can be deposited deep
into the lungs of the respiratory tract, which further induces oxidative stress. Oxidative
stress reactions, like ONOO-, cause further modification of the protein endogenously,
which affects the functionality of the protein. More research is needed to determine the
extent to which nitration and oligomerization of allergens occurs in the atmosphere, as

well as how the PTMs further affect the respiratory tract and immune response.
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1.5.2 Method development

There are a variety of scientific questions regarding the reactions of ROS and
RNS with proteins that cannot be studied due to a lack of methodology or experimental
design. Important analytical techniques for the study of NTyr and DiTyr will be discussed
in Chapter 2. However, many of the current techniques have limitations, and there is a
need for the advancement of various methodologies and analysis. Two important
examples are 1) the lack of ability to detect PTMs directly in the atmosphere, and 2) the
lack of understanding of experimental artifacts when reacting ONOO" with proteins in
vitro.

Studies surrounding the reactions of proteins with Oz and NO> are commonly
conducted using a flow reactor, where Oz and NO-, as well as other reactants, have been
synthetically produced (Backes et al., 2021; Liu et al., 2017; Reinmuth-Selzle et al.,
2014). This method is ideal for being able to vary the concentrations and mixtures of
gaseous reactants, as well as reaction time, temperature, and relative humidity (RH).
However, it does not represent the complex nature of the reactions occurring in ambient
air. Therefore, it is important to be able to detect these reactions in ambient air and
quantify the extent of which they occur.

Another example of the need for further study is regarding the reactions of
ONOO" and proteins to mimic oxidative stress in the human body. As discussed, ONOO"
is very reactive and the site-selectivity for many proteins is still not understood.
However, to further study the reactions ONOO" is often added in bolus amounts. This

mechanism does not always directly represent what occurs in vivo, and experimental
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artifacts may occur. It is therefore imperative these in vitro mechanisms are further

analyzed.

1.6 Research aims

As shown throughout this chapter, a large amount of research has been conducted
regarding the reactions of ROS and RNS with proteins and how these reactions interplay
with the increase of allergic disease seen worldwide. However, various scientific
questions remain. Further research is needed to better understand the roles of atmospheric
RNS and ROS species, endogenous ROS and RNS species, and antioxidants in the
increase in allergenic response.

There are many aspects of atmospheric and endogenous chemistry that overlap
but have not been tied together. The main linkage to be discussed in this dissertation is
between the atmospheric chemistry proteins in ambient air undergo, and the further
chemistry that occurs once the proteins are inhaled through the respiratory tract inducing
oxidative stress reactions. The extent of NTyr formation in urban air is, at this point, still
unknown and there are no studies showing oligomerization formation in the atmosphere.
Furthermore, comparison of NTyr formation in the atmosphere and endogenously has not
been extensively conducted and many of the mechanistic details are still unknown. This
dissertation aims to fill the gap between atmospheric and endogenous nitration and
oligomerization and show that mechanistically the multiphase gaseous reactions and

aqueous reactions are very similar.
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In addition, there are various limitations in the current experimental methodology
that prevent answering some questions regarding this linkage discussed. For instance,
methodology to detect nitration occurring in ambient air in real time does not exist and
previous work has only studied total PM samples. Quantification methods for PTMs
involve many assumptions and the most widely available techniques, like ELISA, can
only give semi-quantitative information. This dissertation aims to improve the
methodology and quantification of PTMs in complex samples, as well as provide

perspective on the importance of analytical method development.

This dissertation demonstrates the achievement of the following research goals:

1. To improve the experimental methodology of studying the heterogeneous
reactions occurring with proteins and Os/NO- in ambient air (Chapter 3).

2. To determine the relative concentrations of NTyr formation in urban ambient air
and correlate NTyr formation to ambient air pollutant concentrations (Chapter 4).

3. To determine the extent of which experimental conditions, like pH, alter the
reaction mechanism of proteins with ONOO" (Chapter 5).

4. To study the site-selectivity of the reaction of ONOQO™ and LF and efficacy of

EGT to prevent the reactions (Chapter 6).

Additional work supporting the main chapters can be found in Appendices A through N.

23



Chapter Two: Nitrotyrosine and Dityrosine
2.1 Nitration
2.1.1 NTyr in urban air

The chemical modification of bioaerosol proteins in the atmosphere has been
linked to an increase in respiratory disease and allergies (Gruijthuijsen et al., 2006; Ito et
al., 2018, 2019; Liu et al., 2017). The following section is not meant to be
comprehensive, but to give further background into the research that has been conducted
showing NTyr formation in ambient air as well as the implications nitrated pollen
proteins have. Pollen grains around 20 um can be transported up to 1,000 km, and the
long-range transport of ragweed pollen has been detected (Grewling et al., 2016; Muller-
Germann et al., 2017). In addition, Amb a 1 has been observed in particles <5 um, which
can stay in the air for days or weeks (Grewling et al., 2016). Therefore, proteins can react
with atmospheric pollutants for an extended period, allowing for increased modification.

NTyr has been detected in polluted urban air samples and the relationship of NTyr
with PM and Oz in the atmosphere was shown by Ito et al. after collecting PM samples
using a high volume air sampler (Franze et al., 2005; Ito et al., 2018). Franze et al.
collected environmental samples and detected NTyr in urban road dust, window dust, and
fine air PM, and the observed rates of NTyr formation was correlated to NO2 and O3
concentrations (Franze et al., 2005). In addition, Ogino et al. detected protein in PM

samples and the proteins were partially nitrated (Ogino et al., 2021).
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As mentioned, it has been shown that environmental allergens trigger the immune
response and chemical modification of allergens enhances the response. Bet v 1 and Phl p
1 have been studied extensively by researchers at the Max Plank Institute for Chemistry
and Bet v 1 has also been investigated by researchers at the University of Salzburg
(Ackaert et al., 2014; Backes et al., 2021; Reinmuth-Selzle et al., 2014). The nitration of
Bet v 1 was shown to proliferate specific T-cell lines more than the unmodified allergen
(Ackaert et al., 2014). Chemical modification of Phl p 5 was shown to enhance Toll-like
receptor 4 (TLR4) activation (Reinmuth-Selzle et al., 2023). Immunochemical analysis
also showed that the allergenicity of London plane (Platanus x acerifolia) pollen was
enhanced after allergens were exposed to Oz and NO2 (Ribeiro et al., 2017). Finally,
changes in the IgE response were observed of Acer negundo, Platanus x acerifolia, and
quercus robur pollen following Oz exposure and Platanus pollen allergen Pla a 3 was
shown to be nitrated and oxidized in a later study (Duque et al., 2014; Zhou et al., 2021).
Frank and Ernst review the effects of NO. and Oz on pollen allergenicity in 2016 and
Senechal et al. reviewed the effects of major atmospheric pollutants on pollen grains in

2015 (Frank & Ernst, 2016; Sénéchal et al., 2015).

2.1.2 NTyr within the human body
As mentioned, oxidative and nitrosative stress are considered driving factors in
many endogenous pathological conditions. Protein Tyr nitration has become a PTM
biomarker for oxidative stress, often impacting protein structure and function. It has been

estimated that approximately 1-10 Tyr residues per 100,000 proteins are nitrated under
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inflammatory conditions, and even early immunological studies showed that protein
dinitrophenyl derivatives enhance the immune response (Parker et al., 1962; Souza et al.,
2008). Presented here are some key findings from the literature outlining the role NTyr
plays in the human body.

The presence of NTyr in human samples was shown by MS, both in protein
samples and as a free amino acid (Pacher et al., 2007). Sacksteder et al. identified
proteins sensitive to nitration and of the 29 proteins identified more than half are involved
in Parkinson’s disease, Alzheimer’s disease, or other neurodegenerative disorders
(Sacksteder et al., 2006). Furthermore, when mice were treated with an experimental
model of Parkinson's disease an increased level of nitration was identified (Sacksteder et
al., 2006). Lee et al. reviewed the role of NTyr in neurodegenerative disease and
atherosclerosis (Lee et al., 2009). Nitrated proteins in in vivo disease models were
investigated, and the major nitrated proteins were involved in energy metabolism (redox
reactions), consistent with the current understanding of how NTyr forms. The
mitochondria, therefore, is considered to be the center of nitration (Lee et al., 2009).

In addition to NTyr studies in disease states, individual proteins have been studied
upon modification. The nitration of LF has been shown to alter protein structure and
function, decreasing the antibacterial ability of LF (Alhalwani et al., 2019, 2023). Upon
nitration, some proteins can become completely inactivated, as seen by manganese
superoxide dismutase (Peluffo & Radi, 2007). Lastly, nitrated a-synuclein at different

Tyr residues exhibited reduced binding affinity (Burai et al., 2015).
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2.2 Analytical methods of NTyr detection and quantification
2.2.1 Detection methods of NTyr

Due to extensive research on PTMs that has been conducted, various detection
methods exist, including immunoassays and spectrometry. A common hurdle in PTM
research, however, is that analytical quantification is necessary to answer some of the
scientific questions. However, in many cases qualitative or semi-quantitative biochemical
techniques are all easily accessible. The following sections regarding the detection and
quantification of NTyr and DiTyr are not meant to be comprehensive, but rather provide
the necessary information for the subsequent chapters. VVarious PTM detection and
quantification reviews have been published, some of which are referenced here
(Bandookwala et al., 2019; Batthyany et al., 2016; Duncan, 2003; Hawkins & Davies,
2019; Herce-Pagliai et al., 1998; Teixeira et al., 2016; Tsikas, 2017).

UV-Vis spectroscopy enables the detection of NTyr both as a free amino acid and in
proteins due to its absorbance spectrum. Tyr and NTyr both have an absorption peak at
280 nm. In addition, NTyr can be detected in pure samples qualitatively and semi-
quantitatively via the absorbance around 430 nm in alkaline conditions (Crow &
Beckman, 1995). The absorbance properties are pH-dependent, and in neutral and acidic
conditions NTyr has an absorbance maximum around 350 nm (Yang et al., 2010). Figure
2.1 shows the absorbance properties of Tyr and NTyr. NTyr is a yellow color in solution.
Because absorption properties of NTyr, high-performance liquid chromatography
coupled with diode-array detection (HPLC-DAD), is often employed as a detection and

quantification technique, discussed in the next section.
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Figure 2.1. Absorption properties of Tyr and NTyr, obtained via UV-Vis
measurements of standards. Red lines indicate NTyr and black lines represent Tyr. Solid
lines are at neutral pH and dotted lines at acidic pH.

The loss of the intrinsic fluorescence properties of Tyr is also indicative of NTyr

formation, shown in Figure 2.2.
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Figure 2.2. Loss of Tyr fluorescence when nitrated, obtained via fluorescence
measurements of Tyr and NTyr standards. Red color represents high intensity, purple
represents low intensity. 1:100 is the dilution factor from a 1.0 mg/mL standard in PBS.
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Immunoassays are another common method utilized for the detection of NTyr.
Enzyme-linked immunosorbent assay (ELISA) employs the use of labeled antibodies for
the detection of a specific substrate. There are different types of ELISA’s, two of which
are direct and sandwich. Direct ELISA uses one antibody while sandwich ELISA
requires a matched antibody pair, resulting in more specific detection. The detection of
NTyr is commonly conducted using direct ELISA (see optimized protocol in Appendix
J). Specific methodology can be optimized for the analyte of interest. For instance,
Alhalwani et al. developed a sandwich ELISA method for the selective detection of
nitrated LF (Alhalwani et al., 2018). While ELISA’s can offer very specific detection of a
desired analyte, common interferences can occur, and the quantification is based off a
calibration curve. This poses a problem when the analyte is chemically modified to an
unknown extent.

Two commonly used well plate assays, the bicinchoninic assay (BCA) and
Bradford assay, are used to determine total protein concentration. While not specific to
NTyr, they are important to note here, because they can detect proteins that have been
chemically modified, as long as the modification does not impact the assay mechanism.
Many methods used to detect protein concentration, like UV-Vis spectroscopy applying
Beer’s Law, are not reliable once a PTM has occurred due to the molar absorptivity
changing to an unknown degree. The BCA assay relies on the formation of a Cu?*-protein
complex and compares the unknown sample signal to a calibration standard. The BCA,
however, has many problems associated with it, including common interferences and

systematic error at low analyte concentrations (bias above 15%) (Rogatsky, 2021).
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Similarly, the Bradford assay is not reliable at low analyte concentrations and is not as

sensitive as the BCA (Ernst & Zor, 2010).

2.2.2 Quantification methods of NTyr

While various immunoassays, like ELISA’s, are considered quantification
methods, limitations apply when used with chemically modified proteins, making these
methods only semi-quantitative. Similarly, spectrometric properties, like absorbance
maxima and extinction coefficients can be altered when chemical modification occurs, so
spectroscopic quantification is also semi-quantitative. However, analytical techniques for
the quantification of NTyr has been greatly improved, as reviewed by Bandookwala et al.
in 2019 (Bandookwala et al., 2019).

Briefly mentioned in the last section, HPLC-DAD is often used to detect and
quantify NTyr in protein samples. Selze et al. determined a metric referred to as nitration
degree (ND) to quantify the nitration of intact protein samples using HPLC-DAD without
the need for nitrated protein standards (Selzle et al., 2013). The ND is the concentration
of NTyr divided by the sum of the concentrations of NTyr and Tyr. In HPLC
measurements Tyr and NTyr are measured simultaneously, so because both Tyr and
NTyr have absorption maxima at 280 nm the relative contribution of each to the
absorbance is necessary to calculate ND. Scaling factors k and f are used to scale the

extinction coefficients and ND is determined using Equation 1 (Selzle et al., 2013).
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ND = ANTyr357 (Equation 1)

- f
ANTyr357t ¢(Aali 280~k ANTyr,357)

Figure 2.3 shows a schematic of the detection of nitrated proteins via HPLC-
DAD, using BSA (bovine serum albumin, a commonly used test protein) as an example.
The wavelength 357 nm is used as it was determined to be the absorption maxima in
acidic conditions, as used by the HPLC (Selzle et al., 2013). Gas chromatography

methods are also commonly used to detect and quantify NTyr but are not discussed here.
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Figure 2.3. HPLC-DAD detection of NTyr schematic once individual amino acid
residues are modified. Blue line represents absorbance at 280 nm and red line 357 nm.
Created at BioRender.com.
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As mentioned, the site-selectivity of NTyr formation is dependent on the
molecular structure of the protein and reaction conditions (Reinmuth-Selzle et al., 2014).
Analyzing the specific NTyr sites, therefore, requires analytical techniques. Tandem mass
spectrometry (MS/MS) is often used to analyze proteins and PTMs. Briefly described,
proteins are digested during sample work-up into peptides. The peptides are then
analyzed via MS/MS. Zhan et al. wrote a review article on the MS analysis of NTyr-
containing peptides (Zhan et al., 2015). In nitrated protein samples the ND is able to be
determined for individual NTyr-containing peptides, as well as site-specific information
for nitrated and oxidated amino acids. Electrospray ionization (ESI) allows for the
detection and characterization of many PTMs since direct sequence information is
obtained, as well as multiple charge peaks can be generated, which is ideal for peptide
analysis. Quadrupole time-of-flight (Q-TOF) and orbitrap MS detectors are ideal for

peptide analysis due to the high resolution.

2.3 Dimerization and oligomerization

As stated in Chapter 1, DiTyr can be a naturally occurring component of protein
structure, or a product of oxidative stress, environmental or endogenous. DiTyr formation
in proteins is usually the result of two protein molecules cross-linking. The steric
hinderances involved in a single protein molecule make it less likely for DiTyr to form
intramolecularly. Because of this, the terms DiTyr formation, dimerization, and
oligomerization are commonly used to refer to the same PTM. However, oligomerization

is mostly used to refer to the formation of higher oligomers (> dimer; i.e. trimer, etc). As
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discussed in Chapter 1, the reaction mechanisms for the formation of DiTyr are related to
the NTyr mechanism, and the reaction product is mostly determined by the reaction
conditions and availability of reactants. Therefore, it is important to monitor the
formation of both NTyr and DiTyr when reacting proteins with ROS and RNS.

As noted, there is extensive research on NTyr as a PTM. However, there is not as
much literature on DiTyr formation and oligomerization and its role in allergies and
disease. A simple Web of Science search (March 15", 2023) gave 1,196 results for
“dityrosine,” compared to 7,367 results for “nitrotyrosine.” Luckily, as the evidence for
the strong relationship between the formation of DiTyr and NTyr grows, more research
including DiTyr is being done.

DiTyr crosslinks have been identified in Alzheimer’s disease, as well as
Parkinson’s disease, and cerebrospinal fluid (Maina et al., 2022; Mukherjee et al., 2017).
In addition, crosslinks were formed in collagen and amyloid-p as the result of vitamin b-
12 deficiency (Koseki et al., 2021). Free DiTyr has also been found in the urine of
diabetic patients (Kato et al., 2009). Malencik and Anderson reviewed the early research
on DiTyr formation in 2003 (Malencik & Anderson, 2003). The role of DiTyr formation
and oligomerization in allergies and oxidative stress is also important, but has not been
investigated extensively. Kofler et al. have shown that dimerization of Bet v 1 alters the
allergenic potential of the protein (Kofler et al., 2014). Furthermore, the formation of
protein dimers and oligomers through DiTyr crosslinks upon reaction with Oz have been

reported (Kampf et al., 2015). However, further research is needed to better understand
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the extent of DiTyr formation that occurs under oxidative and environmental stress, as

well as its role in allergies.

2.4 Detection and quantification of DiTyr

Similar to the detection of NTyr, various techniques are commonly used to detect
DiTyr and oligomers. As with DiTyr, sample conditions and the need for quantitative
results dictate the specific technique chosen. This section briefly summarizes some of the
methods used with respect to DiTyr formation in the atmosphere and under oxidative
stress. It is not discussed here, but DiTyr ELISA methods also can be used like NTyr
ELISA protocols. DiMarco and Giulivi reviewed the early detection methods of DiTyr in
2006, but advancements have been made since (DiMarco & Giulivi, 2007).

While the formation of NTyr from Tyr results in a decrease of fluorescence,
DiTyr does have fluorescence properties. The fluorescent properties of DiTyr are pH-
dependent, as shown by Malencik and Anderson (Malencik & Anderson, 2003). In
alkaline solution, excitation of DiTyr at 320 nm results in fluorescence emission at 400
nm (Malencik & Anderson, 2003). It should be noted that DiTyr is a potential energy
transfer donor to NTyr, so energy transfer and quenching may occur if there is the
simultaneous occurrence of DiTyr and NTyr in the same protein molecule, depending on
the distance between donor and receptor (Malencik & Anderson, 2003).

SDS-PAGE with silver stain is also a common technique used to detect DiTyr and
higher oligomers in protein and biological samples. When using pure protein samples, it

is easy to determine the expected molecular mass of dimers, trimers, and higher
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oligomers (i.e. MW x 2, 3, etc.). Backes et al. show the use of SDS-PAGE to detect
oligomerization of Phl p 5 upon exposure to Oz, NO2, and ONOO" (Backes et al., 2021).

MS techniques are used to detect overall oligomerization and MS/MS is a useful
tool for detecting free DiTyr in complex mixtures and protein samples. Verrastro et al.
review the MS-based methods for identifying oxidized proteins in disease (Verrastro et
al., 2015). However, there are limitations to using MS/MS to determine cross-linked
DiTyr residues. Mukherjee et al. developed a method for using MS/MS to identify and
characterize DiTyr peptides using the fragmentation pattern of a synthetic peptide
(Mukherjee et al., 2017, 2019). Synthetic peptides with specific PTMs are costly and
often require manufacturing, so this method is not possible for all cases.

Size exclusion chromatography coupled with DAD (SEC-HPLC) is a fast and
reliable technique for determining the degree of oligomerization in an intact protein
sample. Often times a protein mixture standard is used as a calibrant and the retention
time gives information regarding the size of the protein molecules in the sample, as SEC
separates based on hydrodynamic size. Kampf et al. show the use of this method to
determine DiTyr formation upon exposure to Oz, and reported degrees of oligomerization
as the sum of the respective oligomer to the sum of monomer and all oligomer peaks
(Kampf et al., 2015). The simultaneous determination of ND and oligomerization is also
possible via SEC-HPLC (Liu, Reinmuth-Selzle, et al., 2017). Gas chromatography

methods also exist for the detection of DiTyr but are not discussed here.
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2.5 Limitations of NTyr and DiTyr detection and quantification

There are various limitations of NTyr and DiTyr detection and quantification, so
care is needed when choosing an analysis technique. Some examples of error were
discussed in, however a few more examples are discussed here.

As mentioned, ELISA techniques are able to selectively detect NTyr and nitrated
proteins. However, their use in quantification has many assumptions tied into it. For one,
the signal is compared to a calibration curve made with nitrated protein standards. We
have determined that this does not give accurate information regarding the extent to
which a protein is nitrated. For instance, many of our nitrated protein samples are nitrated
with TNM. When using this to compare the overall NTyr concentration to nitrated
proteins via ONOO" or O3/NOg, the difference in nitration mechanism, site-selectivity,
and reaction conditions are not taken into account. Therefore, the NTyr concentration
determined can only be compared to the nitrated standards and does not represent an
absolute concentration.

The required sample work-up for MS/MS can incorporate problems when
analyzing proteins with PTMs. If the protein has already been modified prior to analysis
sample work-up, it must be ensured that no further modifications occur and that the
sample work-up modifications do not interfere with analysis. For example, in MS/MS
analysis protein samples are digested, most often via trypsin, and the resulting peptides
are analyzed. During the trypsin digestion cysteine residues are alkylated, which does not
allow for their pre-digested PTM analysis to occur. Other considerations in MS/MS

analysis are needed, including ionization efficiency and proteasomal cleavage rates.
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Trypsin is highly specific, cutting at the carboxyl side of arginine and lysine residues.
However, at NTyr sites in proteins and peptides there are decreased proteasomal cleavage
rates (Silvina Bartesaghi et al., 2018). Similarly, the ionization efficiency in MS/MS
analysis is not the same for nitrated and native peptides. Therefore, some nitrated
peptides might not be analyzed as efficiently as native, resulting in measurement bias.

As discussed, once nitrated the extinction coefficient of the protein or amino acid
is altered. This makes the quantification of NTyr concentration and total protein
concentration of modified proteins difficult, as the determined concentration will also
only be relative to a standard that is nitrated to a different unknown extent than the
samples. Spectroscopic properties are often dependent on sample conditions, so the limit
of detection (LOD) and limit of quantification (LOQ) may vary as well. Furthermore,
other modifications, like nitrated Trp, have similar spectroscopic properties, so other
modifications may alter the signal. Selzle et al. compare commonly used methods for
determining protein content (Reinmuth-Selzle et al., 2022).

Many of the same limitations of detection and quantification of NTyr apply to
DiTyr. ELISA methods rely on calibration standards, and spectroscopic measurements
are only valid for pure protein samples. Sample conditions also dictate what detection and
quantification considerations apply, as well as certain sample work-up conditions must be
avoided as to not form artificial DiTyr before samples are analyzed. Also, as briefly
discussed in Section 2.4, use of MS/MS analysis for the quantification of DiTyr cross-

linkages in digested protein samples requires further improvement. While MS and HPLC
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methods can detect and quantify the extent of oligomerization that has occurred in a

protein sample, they do not elucidate the location of the cross-linkage.

2.6 Additional analytical considerations
2.6.1 Baseline correction and integration

Due to the large number of uncertainties with NTyr and DiTyr detection,
especially with commonly available techniques, a major part of my doctoral studies has
required analytical development and method characterization. More details will be given
with respect to each project in Chapters 3-6, however three common questions will be
discussed here. The first is regarding the HPLC-DAD data and how it is integrated. We
have found that the software the HPLC system uses to baseline subtract and integrate
peak areas gives very different results depending on the sample compared to when the
integration is done by hand. In many of our analyses for NTyr detection, the integrated
peak area is placed into the nitration degree calculation. Because this metric is a ratio it is
not concentration dependent, allowing us to compare multiple samples across
experiments. It is therefore important the integration strategy used is the same across all
samples and accurately depicts the peak area.

Figure 2.4 shows the integration strategy we have employed throughout the work
presented here. Due to using a gradient chromatographic elution method, our samples
often have a sloping baseline. Our protein samples elute later in the chromatographic run
and we often use lower concentration samples, so accurate subtraction of this sloping

baseline is important. Figure 2.4 represents the baseline subtraction and integration
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strategy used. In this case the 280 nm wavelength is being analyzed. Integrated peak
areas were cross-referenced with integration done by hand, and the integration scheme
was modified until the values matched. This analysis has also been conducted with the
357 nm wavelength and a nitrated BSA standard, which allowed the LOD, LOQ, and

analytical sensitivity of our HPLC method to be determined. This is shown in Chapter 3.

irtegrated HPLC area

R’ = 0.964667
2

R =0.970842

Figure 2.4. HPLC-DAD baseline correction and integration scheme. First top plot
shows the raw 280 nm (blue) and 357 nm (red) chromatograms. Second top plot is
baseline subtraction methods, flat baseline in black and a sloping baseline in red. Bottom
plot is calibration curve with the BSA concentration on the x-axis (mg/mL) and the
integrated peak area on the y-axis.
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Figure 2.4 represents a standard protein sample, but we also wanted to ensure our
integration strategy works on more complex and unknown samples. An example of the
integration scheme used on an ambient sample is shown in Figure 2.5. The black dotted
curve represents a H2O blank, the black curve represents the raw data, the red curve
represents the raw data once the baseline has been subtracted, and the blue curve
represents the data that is integrated. As shown, the ambient data samples can often be
low concentration and the raw data often has a baseline below zero. Our integration
scheme accounts for this and allows for the correct integrated peak area to be obtained.
Because this analysis is done very often, we developed Igor code to baseline subtract and
integrate peaks of interest semi-automatically. The Igor code can be found in Appendix

A.
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Figure 2.5. HPLC-DAD baseline correction and integration used for ambient samples.

Dotted line is blank, black line is raw data, red line is baseline corrected data, and blue
line is integrated data.

2.6.2 Micropipette precision

Another common question in our analytical research is the precision and accuracy
of the micropipettes used. The micropipettes have been calibrated and are used
appropriately depending on volume required, however there have been times in our
research that the accuracy and precision of the micropipettes are very important. For
instance, in many of our nitration experiments a very small volume of nitrating agent is
required to be delivered (< 1 pL). In these experiments the same exact volume is needed

to be delivered for the nitration response to then be compared across multiple samples,
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reaction conditions, etc. However, often it is noticeable that the same volume is not
accurately delivered. An example of this is discussed in Chapter 5.

The accuracy and precision of each micropipette are determined by the
manufacturers and reported. However, the accuracy and precision vary depending on the
volume used, and values for each volume are not reported. To test the accuracy and
precision of the micropipettes used for these experiments, we developed an experiment
using the absorbance of a standard at a certain concentration, delivered a volume using a
micropipette of the standard into a 96-well plate to match the concentration, and back-
calculated the volume delivered by the micropipette. Experimental details can be found in
Appendix B. Figure 2.6 shows two histograms each using a different volume that are
commonly used in our experiments. It is noticeable that the volume delivered is not the
same as the intended volume. More work is being done to further analyze this, but we

believe this may play a larger role in experimental uncertainty at lower volumes.
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Figure 2.6. Histogram of calculated volume delivered compared to pipette volume.
Top is 0.316 pL and bottom is 3.16 pL.

2.6.3 Amicon centrifugal unit cleaning

Another commonly used technique in nitration experiments is to “clean” the
reaction products after the nitration reaction to remove all byproducts and remaining
unreacted nitration agent. To do this, Amicon centrifugal units are utilized due to the

small volume and concentrations of the samples. Minimizing sample loss is imperative,
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especially when quantification of the final protein concentration of the sample is
required.

As stated above, total protein concentration determination is not always trivial,
and each method has its limitations. In our experimental set-ups the total protein
concentration is assumed to be the same as before cleaning after the cleaned sample is
diluted back to the starting volume. However, the cleaning efficiency of the Amicon
filters had not been analyzed previously, due to limitations of prior methods (i.e. UV-Vis
and ELISA not accurately quantifying modified proteins compared to unmodified
proteins, discussed above). Using the HPLC (Figure 2.7) we were able to quantify the
cleaning efficiency of the filters, which allows us to account for the sample loss in protein
concentration quantification. The experimental details are discussed more in Chapter 3
and Appendix C. However, it was determined that the cleaning process through the

Amicon filter has 96.18% sample retention.
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Figure 2.7. HPLC-DAD before and after centrifugal unit cleaning. Blue line is before
cleaning and red, black, and purple lines are three separate samples after cleaning.
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Chapter Three: Heterogeneous Nitration Reaction of BSA Protein with Urban Air:
Improvements in Experimental Methodology
Peer-reviewed and published in the following form, with only minor formatting
modification:

Davey, R. L., Mattson, E. J., & Huffman, J. A. (2022). Heterogeneous nitration reaction

of BSA protein with urban air: improvements in experimental methodology.

Analytical and Bioanalytical Chemistry 2021, 1-12. https://doi.org/10.1007/S00216-

021-03820-8

3.1 Abstract

Gas-phase ozone (O3) and nitrogen dioxide (NO2) can react with environmentally
exposed proteins to induce chemical modifications such as the formation of nitrotyrosine
(NTyr). Certain proteins with these modifications have also been shown to promote
adverse health effects and can trigger an immune response. It is hypothesized that
proteinaceous material suspended in the atmosphere as particulate matter, e.g. embedded
in pollen, can undergo heterogenous reactions to produce chemically modified proteins
that impact human health, especially in urban areas. To investigate the protein

modification process under ambient outdoor reaction conditions, bovine serum albumin
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(BSA) protein samples were loaded onto filters and exposed to urban air in Denver,
Colorado (USA). Losses and measurement artifacts were measured independently to
calculate nitration effects on the protein via high-performance liquid chromatography and
to support the experimental methodology. O3 loss from inlet lines using three commonly
used particulate filters was quantified, showing a range of ambient Oz concentration
losses from 3.2% for Kynar® (polyvinylidene fluoride) filters to > 60% for commonly
used HEPA filters. Protein mass extraction efficiency was calculated as a function of
filter material and protein mass using both native and nitrated BSA. Finally, we show
examples of BSA samples nitrated by exposure to urban air as a proof-of-concept for
future studies, highlighting the potential for atmospherically relevant NTyr formation.
The methodology vetted here provides support for a wide variety of experimental efforts
related to exposure of analytes to Oz and more broadly to an expanding field of protein

modification in ambient air.

3.2 Introduction
3.2.1 Importance of heterogeneous protein reactions in the atmosphere
The effects of polluted urban air on human and environmental health are
widespread and being more fully understood (Ackaert et al., 2014; Backes et al., 2021,
Frank & Ernst, 2016; Ghiani et al., 2016; Gruijthuijsen et al., 2006; Reinmuth-Selzle et
al., 2017; Shiraiwa et al., 2012; Taylor et al., 2004). One broad avenue to health impact is
via reactive oxygen and nitrogen species (ROS/RNS) that can be generated in the

atmosphere via oxidative chemical reactions of air pollutants (Estillore et al., 2016;
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Mayorga et al., 2021; Reinmuth-Selzle et al., 2017). These highly-reactive species can
further interact with proteins to induce post-translational modifications (PTMs) that are,
in most cases, irreversible (Backes et al., 2021; Estillore et al., 2016; Franze et al., 2005;
Ito et al., 2018, 2019; Reinmuth-Selzle et al., 2014, 2017; Sandhiya et al., 2014). A
common PTM implemented as a biomarker for inflammation and oxidative stress is
nitrotyrosine (NTyr), which can be formed via the nitration of the aromatic amino acid
tyrosine with a variety of nitrating agents (Gruijthuijsen et al., 2006; Liu, Reinmuth-
Selzle, et al., 2017; Reinmuth-Selzle et al., 2014; Albert van der Vliet et al., 1995).
Nitration has been reported upon nitrogen dioxide (NO-) and ozone (O3) exposure, e.g. to
bovine serum albumin (BSA) and Bet v 1, the major allergen in birch pollen (Franze et
al., 2005; Reinmuth-Selzle et al., 2014; Sandhiya et al., 2014; Selzle et al., 2013;
Shiraiwa, Po, et al., 2012; Zhou et al., 2021), requiring only relatively low gas
concentrations (Liu et al., 2017). The reaction of tyrosine and Os involves the formation
of a tyrosyl radical, which further reacts with NO> in a second step to form NTyr (Lai et
al., 2020). Due to the reactive nature of the tyrosyl radical, other PTMs like
hydroxylation, oxidation, nitrosylation, and dityrosine are possible (Lahoutifard et al.,
2002; Liu et al., 2017; Mudd et al., 1969) and have been studied for other amino acids,
proteins, and polycyclic aromatic hydrocarbons (PAHS) in the atmosphere (Arey et al.,
1986; Backes et al., 2021; Mudd et al., 1969; Reinmuth-Selzle et al., 2014; Zhou et al.,
2021).

Studies have reported the linkage of increased pollen allergenicity to exposure to

urban air pollutants, like NO. and Oz (Lang-Yona et al., 2016; Liu et al., 2017; Petersen
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etal., 1998; Zhou et al., 2021). Additionally, the direct exposure of allergenic proteins,
like Bet v 1, to polluted outdoor air has been shown to increase the allergenic potential of
the protein (Ackaert et al., 2014; Gruijthuijsen et al., 2006; Karle et al., 2012). The
chemical modification of proteins, like nitration, has been linked to both an increase in
Immunoglobin E (IgE) response (Baraldi et al., 2006; Cuinica et al., 2014; Gruijthuijsen
et al., 2006; Parker et al., 1962) and immunogenic properties (Ackaert et al., 2014; Karle
etal., 2012; Ziegler et al., 2020). Due to extensive this evidence, as well as the large
increase in seasonal allergy prevalence, the study of atmospherically relevant proteins

and pollen is important to better understand these effects.

3.3.2 Mechanisms of study

The most common method to study the chemical effects of air pollution on pollen
or proteins has been to expose them to manufactured gases in the laboratory. In one
study, BSA was exposed to varying levels of Oz, NO2, and relative humidity (RH) by
passing the gasses through solid BSA protein on syringe filters (Yang et al., 2010; Zhang
etal., 2011). In separate studies, BSA solutions were loaded into glass tubes, dried with
N2 gas, and exposed to Oz produced from synthetic air flowed through a mercury vapor
lamp (Kampf et al., 2015; Liu et al., 2017). Reinmuth-Selze et al. placed Bet v 1 on
cellulose acetate syringe filters and the protein-loaded syringe filters were exposed to
pollutants in a flow reactor (Reinmuth-Selzle et al., 2014). Frank and Ernst provided a
broad review of other exposure studies (Frank & Ernst, 2016), including the exposure of

Oz and NO2 (Ribeiro et al., 2017), Oz only (Duque et al., 2014), NO> only (Cuinica et al.,
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2014), and the combined effect of CO, SOz, and O3 (Cuinica et al., 2015). Finally, pollen
extracts have been exposed directly to diesel exhaust (Chen et al., 2020). Here we aim to
discuss a common ambient exposure system used for proteins and to identify procedural
uncertainties and artifacts to better aid future studies.

Direct ambient exposure refers to experiments where pollen or proteins are
exposed to ambient urban air, whereas indirect ambient exposure refers to experiments
where pollen is exposed naturally, while on the plant, through growth in the urban
environment, or through being grown in environments enriched in specific gas-phase
pollutants. Studies using indirect ambient exposure on pollen have shown widespread
effects (Beck et al., 2013; Franze et al., 2005; Ghiani et al., 2012; Suérez-Cervera et al.,
2008). For instance, ragweed plants grown in elevated NO> conditions and pollen
samples collected from trees near high traffic roads translated to an increased IgE
response of the pollen (Zhao et al., 2016). It is difficult, however, to correlate the effect,
e.g. enhanced allergenicity, to the specific chemical or physical modification in the plant
or pollen due to an abundance of variables.

Using direct exposure in an environmental chamber allows for controlled reaction
conditions and exposing pollen or proteins directly to ambient air allows for more
variables to be studied, e.g. other pollutants or temperature, and for individual chemical
or physical modifications in the pollen or protein to be correlated to the immunological or
allergenic response. In direct exposure studies, is important to choose a particulate matter
(PM) filter and experimental procedure that reduce O3 losses due to adsorption and

reactivity of Oz Teflon tubing is typically chosen for its low reactivity with Os. It is also
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imperative the PM filter has a small enough filter size to efficiently block deposition of
ambient PM. Reference methods established by the Environmental Protection Agency
(EPA) for measuring ambient concentration of air pollutants use a standard Teflon PM
pre-filter (47 mm, 5 um; 40 CFR Part 53) to reduce interference in gas-phase sampling
instruments, but such filters are insufficient for experiments outlined here, because they
allow a fraction of submicron particles to deposit onto protein samples. A study regarding
the ambient exposure of a fungal allergen used a HEPA (high efficiency particulate air)
filter to block PM deposition onto samples (Lang-Yona et al., 2016). Another similar
study was performed in which glass fiber pre-filters were inserted in the gas-flow directly
before protein samples and the pre-filter was shown to reduce O3z by 80% (Franze et al.,
2003). This shows how significantly the choice of pre-filter can alter reactive gaseous
concentrations downstream, which is especially important when quantitative correlation
with O3 concentration is being studied.

An appropriately chosen sample filter is also important to reduce artifacts and
sample losses. Properties such as pore size, minimal extraction artifacts, and low amounts
of protein binding in aqueous extractions are important. Both syringe and non-syringe
filters have been used in this type of ambient sampling and cellulose acetate and
polypropylene (PP) filters have been compared, but PP is considered best for high
performance liquid chromatography (HPLC) analysis (Keller et al., 2008; Williams,
2004). Ito et al. collected airborne PM on quartz filters using a high-volume air sampler
(Ito et al., 2018). Franze et al. lyophilized an aqueous solution of BSA onto different

types of syringe filters (diameter 25 mm), including glass fiber syringe filters (pore size 1
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pm), cellulose (0.45 um), cellulose acetate (1.2 pm), and aluminum oxide (0.2 pm)
(Franze et al., 2005). In addition, Franze et al. used glass fiber syringe filters (Franze et

al., 2003). Here, we show uncertainties introduced by different filter media.

3.2.3 Reducing experimental uncertainties and artifacts

While the detection of protein PTMs upon exposure to ambient air has been
conducted widely, uncertainties remain in the technical approaches utilized. Here, we
present experiments conducted to address these concerns (Figure 3.1). By using BSA,
which is a commonly used test protein with 21 tyrosine residues (UniProt P02769), we
were able to compare our results to previous studies discussed here. We determined the
Oz loss across three commonly used PM filters and the protein extraction efficiencies of
common protein-loading filters. This was done to ensure accurate quantification of the
protein after modification by urban air without relying on assays or using the molar
absorptivity due to changes after chemical modification. Also, by using HPLC and an
absorbance ratio to determine the ND, the absolute protein concentration is not required.
By conducting these experiments, we address experimental uncertainties and artifacts.
The reduction of these uncertainties further improves experimental procedures, which
will help aid in the next generation of studies related to direct ambient exposure of

proteins.
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Figure 3.1. Schematic representing steps in ambient exposure and analysis
experiments. Created with BioRender.com

3.3 Materials and Methods

3.3.1 Materials
Bovine serum albumin (BSA; A7030), tetranitromethane (TNM; T25003), sodium

phosphate dibasic (RES20908-A702X), potassium phosphate monobasic (P5655),
potassium chloride (P9333), and sodium chloride (S9625) were purchased from Sigma-
Aldrich. Trifluoroacetic acid (85183) was obtained from Thermo Fisher Scientific and
acetonitrile (ACN; 100030) from Millipore Sigma. Amicon Ultra-0.5 centrifugal filters
(10 kDa, 0.5 mL size; UFC503008) and Amicon Ultra centrifugal filters (10 kDa, 4 mL
size; UFC803024) were purchased from Calbiochem. A 1.0 mL quartz cuvette with 10
mm path length (MF-W-10-LID) was obtained from Science Outlet.

Luer-Lock PP syringe filters (0.45 um, 25 mm; SF14691) were purchased from
Tisch Scientific, glass fiber filters (47 mm; 61631) and HEPA filter capsules (12144)

from Pall (12144), and Advantec quartz fiber filters (25 mm; QR20025mm) from Cole-
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Parmer. Kynar® (polyvinylidene fluoride; PVDC) filters were purchased from Parker
Balston and Teflon tubing (3/16 ID, 1/4” OD; 5239K12) from McMaster. Inlet line was
constructed using Swagelock fittings. A DryCal Defender 220 Series (Mesa Labs) was
used to measure airflow of ambient inlets.

The buffer used was phosphate-buffered saline (1xPBS; 8.1 mM sodium
phosphate dibasic, 0.8 mM sodium phosphate monobasic, 1.3 mM potassium chloride,
and 68.0 mM sodium chloride at pH 7.4). An analytical balance (Ohaus Explorer
EX125D; £ 0.01 mg) was used for all mass measurements. All data analysis was done in

Igor Pro (Wavemetrics). Graphics created at BioRender.com.

3.3.2 Nitration of BSA by TNM
The nitration reaction of BSA with TNM followed the procedure from Alhalwani
et al. (Alhalwani et al., 2018). Briefly, the TNM reaction occurs in a mixture of PBS
buffer and 20% ethanol, followed by addition of TNM based on the chosen TNM/Tyr
molar ratio, and stirred at room temperature (RT) for 2 hours. The reaction is quenched
by using an Amicon 10 kDa centrifugal unit to filter excess reagent from the reaction

vessel and product. The modified protein is further referred to as nitrated BSA, or NBSA.

3.3.3 Spectroscopic analysis
The absorbance of light at 357 nm is commonly used as a general tool for
the detection of NTyr, due to the addition of the NO group to tyrosine. A Cary 100

Bio UV-vis spectrophotometer was calibrated using potassium dichromate and
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determined to be within accepted values. Absorbance values were measured at a
wavelength range of 250 - 500 nm in 2 nm increments at RT using a 10 mm quartz

cuvette.

3.3.4 Protein extraction

PBS (4 mL) was placed in conical tubes with either quartz or glass filters, and the
absorption of the extract was spectroscopically analyzed to give the absorbance of the
blank. Extracts produced through this protocol were also flushed through a PP syringe
filter before spectroscopic analysis. PBS (4 mL) was directly flushed through a PP
syringe filter and the blank absorbance of the extract was taken. BSA (50 pL of 2.0
mg/mL BSA in PBS) was loaded onto each filter and extracted with PBS using the same
protocol.

Solutions of BSA in PBS (0 — 500 pg/mL) were prepared in order to calculate
solution density at varying concentrations. The 0 pg/mL BSA sample was PBS, alone.
For each concentration, volume increments (0.5 — 10 mL) of the BSA solutions were
aliquoted using a BRAND® Transferpette® S pipette (BR705880, BR705874) and
weighed to determine the mass (n = 3). It is important to note that because the volumes
used are measured via micropipettes, the precision of this process is limited by the
precision of micropipettes used (+ 0.6 - 3%).

To determine the extraction efficiency, BSA (4.99 g/mL BSA in PBS stock; 50 -
500 ug BSA) was placed onto PP syringe filters and extracted with 4 mL PBS (referred

to as extract). The same mass of BSA was placed in a falcon tube with 4 mL PBS
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(referred to as reference). The absorbance of each extract and reference sample were

spectroscopically analyzed and the extracted volume was weighed.

3.3.5 HPLC-DAD analysis and ND determination

Protein solutions were analyzed using RP-HPLC-DAD (reverse-phase high
performance liquid chromatography with diode-array detection) as previously described
(Selzle et al., 2013). Briefly, modified or exposed samples were concentrated using
Amicon centrifugal units and placed in glass HPLC vials and analyzed using a HPLC-
DAD system (Agilent 1200 series) that was calibrated to detect nitration using BSA
reacted with TNM at a 1/1 (TNM/Tyr) molar ratio. A C1s column (Supelco Discovery
BioWide Pore 25 cm x 2.1 mm, 5 pm) with eluents 0.1% (v/v) trifluoroacetic acid in
water (eluent A) and ACN (eluent B) were used for chromatographic separation. Gradient
elution was performed at a flow rate of 300 uL/min, and for each run the solvent gradient
started at 3% B followed by a linear gradient to 90% B within 15 min. Absorbance was
monitored at wavelengths of 280 and 357 nm. The sample injection volume was 25 uL,
and each chromatographic run was repeated three times (measurement replicates) with a
water blank in between. The nitration degree (ND) of each sample was determined, as
previously described by Selzle el at. (Selzle et al., 2013), using the integrated peak areas

of both 280 nm and 357 nm peaks (Selzle et al., 2013).
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3.3.6 Gas-phase instruments and pollutant data
Air pollutant data was collected using instruments operating continuously at
monitoring sites in Denver, CO managed by the Colorado Department of Public Health
and Environment (CDPHE). The two sites used for this study were La Casa (39.779460, -
105.005124) and Rocky Flats North (39.912799, -105.188587). Each site has a variety of
air pollutant monitors that continuously collecting data. NO> data was collected via a
Model T200 Chemiluminescence NO/NO2 /NOy Analyzer (Teledyne API) and Oz data

was collected via Model T400 UV Absorption Oz Analyzer (Teledyne API).

3.3.7 Os loss over PM filters
Two collocated Oz instruments were used over four separate experiments. Both
instruments had a Teflon 1 um pre-filter in place. The test instrument had an additional
PM filter placed upstream of the final pre-filter, but not the reference instrument. To
ensure instrument comparability, the instrument responses were compared for 6-16 days
before and after each filter was added. A Kynar® filter was placed in front of the test
instrument and the responses were logged and compared for 27 days, 20 days for a HEPA

filter, and 28 days for a PP syringe filter.

3.3.8 Ambient set-up
A 3 m Teflon sample line (%4 outer diameter) was led from the roof of each
monitoring site into the building where the protein samples were placed. BSA (100 pL of

4.0 mg/mL BSA in PBS) was placed on 2 separate sample filters and a PM filter was
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placed directly before the samples in the set-up to ensure only ambient gases passed
through the samples. An air pump (Gast high-capacity vacuum pump; DOA-P704-AA)
was used to continually pump air through the filters at a rate of 12 L/min total (~6 L/min

to each sample). BSA samples were exposed to ambient air for 1-2 weeks each.

3.4 Results and Discussion
3.4.1 Particulate filters

To support the selection of an appropriate PM filter for ambient protein analysis,
where avoiding Os reactivity is important, three different types of commonly used PM
filters were tested using two identical Oz monitors. To ensure instrument compatibility,
the Oz response was compared for six days before the test filters were placed, as well as
6-16 days in between each test filter. The two instruments (reference and test) showed
high correlation at most O3 concentrations (overall R? 1.00), but poor correlation at O3
concentrations below 3 ppb Os, points which were subsequently removed before analysis.
Data was also filtered to remove electronic spikes. The two O3z data sets were then plotted
against each other (Figure. 3.2a). Baseline and slope measurements for the test instrument
were adjusted (b + 0.003; m x 1.005) so the adjusted fit line passed through the origin
with a slope of 1.00. The same correction was applied to test instrument data for all
subsequent comparisons.

No additional filter was placed in front of the reference instrument, whereas a
sequence of three different filters were used in front of the test instrument. Upon placing

the Kynar® filter in front of the test instrument, the Oz response immediately dropped
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with respect to the reference instrument signal but returned within 2 hours. Every new
PM filter will have a ‘burn-in’ period when it temporarily absorbs more Os. Therefore,
the immediate drop in Oz was likely due to conditioning of receptor sites in the filter, and
so the first 2 hours of data comparison were removed from analysis. Following signal
response adjustment, as discussed above, the slope of the correlation between reference
and Kynar® was 0.968 (Figure 3.2b). By subtracting the reduction from a slope of unity,
the Kynar® filter showed an O3 loss of 3.2%. The process was repeated for the HEPA
filter (Figure 3.2c) and PP syringe filter (Figure 3.2d) resulting in losses of 63.6% and
5.9%, respectively. This suggests that the Kynar® filter was optimal for use as a PM filter
due to its minimal effect on O3 loss, while the PP filter could be useable if necessary and
collocated Oz concentration is adjusted appropriately. Due to the common use of HEPA
filters, the observation that HEPA filters reduced O3 concentration by 63.6% is important
for many ambient studies concerned with urban gas exposure. These should be avoided
whenever Oz loss may be important. Organic material within PM deposited onto the
filters provides surface area for Oz adsorption and reaction, so Oz loss will also increase
with PM loading (Hyttinen et al., 2003). For this reason, new PM filters were used here in
all cases. Care should be taken to occasionally replace loaded PM filters with new filters

during similar exposure experiments.
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Figure 3.2. O3 loss over PM filters. Dotted black lines represent 1:1 line and solid red
lines represent linear fit of individual 1 min. data points, shown as dots. a Direct
comparison of both O3 instruments no additional filter (R? = 1.00), b Kynar® filter (R? =
0.993), ¢ HEPA filter (R? = 0.849), d PP syringe filter (R? = 0.992).

3.4.2 Protein extraction vs filter media type
The nitration response, or formation of NTyr, of protein samples can be

monitored in various ways. Most commonly used is a method by which ND is calculated,
as explained by Selzle et al. (Selzle et al., 2013). Briefly, both unmodified (in this case,
no NTyr) and modified proteins show a 280 nm absorbance peak. Upon formation of
NTyr in the modified protein, the 280 nm peak intensity increases slightly, and an
absorbance peak at 357 nm is introduced under acidic conditions (pH ~3) (Selzle et al.,
2013). This 357 nm peak is not present in unmodified proteins and grows upon nitration,

thus ND is a modified ratio of 357 nm to 280 nm (Selzle et al., 2013).
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To be able to quantify extracted protein amount after modification, using
absorption spectroscopy, it is important to avoid filters that leech light-absorbing
contaminates into solution. To identify optimal filter media on which to load protein
before ambient exposure, BSA in buffer was loaded onto each filter type and absorbance
was measured at 280 nm. Buffer solutions washed through both quartz and glass fiber
filters became visibly cloudy and exhibited high background absorbance (Appendix C
Figure C1) due to large amounts of soluble and insoluble filter components washed into
solution. Filter blanks for quartz and glass fiber filters produced high background values
(Figure 3.3 dashed bars). In contrast, the PP syringe filter did not interfere with the
absorbance at 280 nm (Figure 3.3) and produced a minimal blank signal (0.02 + 0.01).
The PP syringe filter BSA extract signal (0.04 = 0.02) was within the uncertainty range of
the matching BSA reference signal (0.06 £ 0.03). The quartz and glass extracts were also
filtered in a second step using a PP syringe filter to remove suspended material washed
off the primary filters. A high background absorbance remained, however, as shown by
the smaller bars (filter + PP) in Figure 3.3. Given these observations, PP syringe filters
alone were determined optimal to use as protein-loading filters for ambient exposure.

It is important to note these experiments were done to optimize the use of small
mass amounts of protein for direct ambient exposure and NTyr detection using UV-vis.
The need to avoid interference using absorption spectroscopy, as discussed here, may not
be necessary for bulk PM collection or detection of other PTMs. In other applications, for

example, quartz filters are used widely for PM collection, where spectroscopic analysis is
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not utilized or where absorption wavelengths >400 nm are used (Ito et al., 2018). For

reasons stated, quartz filters are not a viable option here.
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Figure 3.3. Protein extraction interference at absorbance value of 280 nm from
different filter media. BSA (50 pL of 2.0 mg/mL BSA in PBS; red bar, left) loaded onto
each filter and extracted with 4 mL PBS. Striped bars represent the filter blank of each
sample, which is the filter in PBS with no protein. Solid bars represent the filter with
BSA, extracted with PBS. Error bars represent the standard deviation from sample
replicates (n = 2-5).

3.4.3 Protein extraction efficiency
Due to the nature of the type of ambient sampling and analysis proposed, there are
many places in the process for sample loss. To verify that exposed protein is not being
lost or retained on the filter through the extraction process, the extraction efficiency of
BSA (purity > 98%) off the PP syringe filter was determined (see Appendix C Figure

C2). The concentration of protein in a sample can be spectroscopically analyzed using
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Beer’s Law (A = ¢lC; where € is molar absorptivity, | is pathlength, and C is solution
concentration) if ¢ is known. The e values can be measured for native BSA, but are
unknown for NBSA (nitrated BSA) because even slight differences in nitration reaction
conditions, i.e. when exposed to ambient reactants, can cause BSA to be nitrated to
varying degrees, resulting in different e values. Therefore, to determine the extraction
efficiency without using ¢ values, a gravimetric analysis was performed, utilizing the
density (p in g/mL) of BSA in PBS. The densities of varying BSA concentrations (0 —
500 pg/mL BSA in PBS) were determined by plotting the mass (ug) of the sample as a
function of volume (mL), where the slope of the fit line determined the density (see
Appendix C Figure C3). Due to the dilute nature of the solutions, the density of solution
was essentially that of water and thus did not significantly change (see Appendix C
Figure C4; n = 3) as a function of BSA concentration (1.002 = 0.001 g/mL).

To measure filter extraction efficiency, the same mass of BSA (50 - 500 pg) was
measured on an analytical balance, put into solution using PBS volume measured by
micropipette, and separately placed onto PP syringe filters and extracted (extract) or
directly placed into falcon tubes (reference; mre). The absorbance value at 280 nm was
measured for each solution. Upon extraction, an unknown volume of BSA in PBS
solution remained on the filter, so the concentration of the extract is thus unknown.
Assuming the spectroscopic pathlength and e of solution are constant before and after

extraction, a rearrangement of ratios of Beer’s Law in Equation 3.1 shows that:

Ae.x Tac -
Cextract = #fr Cres (Equation 3.1)
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This assumption is reasonable, because molar absorptivity is concentration
independent, even if absorbance is not. The mass of the extracted solution (Msolution) Was
measured on an analytical balance and recorded, as was the solution density (psolution; S€€
Appendix C Figure C4). The volume of extracted solution (Vsoiution) can thus be

determined:

Vsotution = Dsolution (Equation 3.2)

Psolution

The mass of BSA in the extracted volume can thus further be calculated:

mextract = CextractVsolution (Equa’tion 3'3)

By taking the ratio of mass of BSA in the extract to mass of BSA in the reference

(mextract
Myef

), the extraction efficiency was determined for each mass of BSA (50 - 500 pg).
Shown in Figure 3.4, the extraction efficiency is plotted against BSA concentration. The
extraction efficiency of 400 pg BSA was determined to be the highest at 99 + 2% (n = 3),
so 400 pg BSA was placed on the PP syringe filters being exposed to urban air.

The nitration reaction that occurs on proteins changes various physical properties,
such as acidity and size (De Filippis et al., 2006). To determine that these physical and
chemical changes do not affect the extraction efficiency of the modified or exposed
protein, a similar experiment was done with modified NBSA produced through reaction
of BSA with TNM. Using the same method as described above, NBSA was placed on a

PP syringe filter and extracted, and the absorbance values were compared to a NBSA

reference. This process determined NBSA extracted with similar efficiency (99 + 2% for
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400 pg BSA) as unmodified BSA. Similarly, because the protein samples are
continuously exposed to urban air for up to 2 weeks, the process was also repeated after
BSA remained on the filter for 14 days in a desiccator, and the extraction efficiency
remained the same (98 + 2% for 400 pug BSA). Finally, this extraction experiment was
conducted to determine the protein loss after filtering with an Amicon centrifugal unit,
used for cleaning and concentrating before HPLC analysis. Comparing the absorbance
values before and after filtering, it was determined the protein loss of BSA over the
Amicon filter is 8.6 £ 0.4% (n = 3; exemplary spectra shown in see Appendix C Figure

C5).
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Figure 3.4. Protein extraction efficiency of PP syringe filter for a range of BSA mass
loading. Line is to guide eye. Dashed area represents standard error of replicates (n = 3).
Extraction efficiency for 400 pg BSA determined to be 98 +/- 2 %.

3.4.4 HPLC calibration curves
As mentioned, both 280 nm and 357 nm absorbance values are used to determine

the ND (Selzle et al., 2013). Samples of BSA and NBSA were injected onto the HPLC at
concentrations in the range 0.1 — 1.0 mg/mL to establish calibration curves at 280 nm and
357 nm for both unmodified and modified protein. Due to a sloping baseline, each raw
chromatogram data was blank-subtracted (using average chromatogram taken from three
water blanks at the beginning of each day), and the integrated signal was calculated as the
area under the curve and above a line drawn from the baseline before and after the protein
peak at retention time 13.4 min (see Appendix C, Figure C6). Calibration curves for each

HPLC-DAD absorbance wavelength were determined by plotting the integrated peak area
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as a function of protein concentration (Figure 3.5). The BSA and NBSA at 280 nm, as
well as NBSA at 357 nm curves show linear fits, as expected. The BSA at 357 nm plot
shows a flat line near zero, which is expected because unmodified BSA does not have an

absorbance peak at 357 nm.
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Figure 3.5. Calibration of HPLC response versus protein concentration. NBSA
calibrant produced by treatment of BSA with 1/1 TNM/Tyr molar ratio. Shaded area
represents standard deviation (n = 3). Black closed markers represent BSA and red open
markers represent NBSA. Circle symbols collected at absorbance 280 nm; triangles at
357 nm. Dotted line is linear fit. a BSA at 280 nm (R? = 0.998); b NBSA at 280 nm (R? =
0.997); ¢ BSA at 357 nm (R? = 0.975); d NBSA at 357 nm (R? = 0.997).

The calibration curves were used to determine the limit of detection (LOD), limit
of quantification (LOQ), and analytical sensitivity (y) for each of the three absorbing
peaks (Table 3.1). The LOD and LOQ values were calculated using the relationships

discussed, i.e. by Sengiil (Sengul, 2016):
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g

LOD = 3x (%) (Equation 3.4)

LOQ = 10x (%) (Equation 3.5)
where ¢ is the standard deviation of the y-intercept and m is the slope of the
calibration curve (Sengiil, 2016). The LOD of the NBSA 357 nm peak thus determines
the non-detectable nitration value to be concentrations below 0.05 mg/mL NBSA.
Analytical sensitivity was calculated as follows:
Yy =m/sg (Equation 3.6)
where m is the slope of the calibration curve and s;s is the standard deviation of the
signals (Skoog et al., 1992). This definition has the benefit of taking both the slope and

precision of the measurement into account.

Table 3.1. Slope of calibration curve (units of peak area per mg mL™), LOD, LOQ,
and analytical sensitivity, y (units of mL mg 1), calculated for each of the three absorbing

peaks.
Absorbance Signal Slope LOD LOQ y
BSA 280 nm 40+0.1 0.04 mg/mL | 0.14 mg/mL 24.6
NBSA 280 nm 44+01 0.05mg/mL | 0.16 mg/mL 8.0
NBSA 357 nm 0.46£0.01 | 0.05mg/mL | 0.15mg/mL 7.2

3.4.5 Ambient application
The city of Denver and the northern Front Range of Colorado is one of the most

polluted regions of the United States, based on annual Oz averages. The region frequently
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sees Oz concentrations of 60 — 80 ppb, for example, as well as NO2 concentrations in the
10 - 30 ppb range (Cooper et al., 2012). To test the discussed method of ambient
exposure, extraction, and analysis, BSA samples were placed on filters at the two
monitoring sites in the Denver area. Two sites were utilized because the Rocky Flats
North monitoring site generally has higher Oz concentrations, whereas the La Casa site
usually has higher NO2 concentrations due to elevation and proximity to major highways.
BSA is used as a test protein for this ambient application because gas-chamber laboratory
studies have been conducted with BSA previously, as mentioned, so results can be
compared to the controlled results (Franze et al., 2005).

Shown in Figure 3.6 is the nitration response of BSA after exposure to urban air
involving the corresponding average Os and NO> concentrations during exposure. The
lowest ND detected in this proof-of-concept study was 0.17%, correlating to exposure
from an average of 34.4 ppb Oz and 5.9 ppb NO>. The highest ND detected was 1.17%
from average exposure of 40.0 ppb O3z and 3.6 ppb NO>. For reference, the NBSA
standards prepared for HPLC calibration (reacted at a 1/1 TNM/Tyr ratio) showed a ND
of 7.6%. This essentially serves as the upper limit for nitration. Thus, the range of
exposures via heterogeneous reaction observed in the four preliminary samples represents
a ND of 2.2 — 15.4% relative to the observed maximum ND from TNM reaction, and may
therefore, be environmentally significant.

Many lab-based studies of BSA exposure, have utilized much higher Oz and NO>
concentrations, i.e. 100 ppb NO2 and 200 ppb Os, and so concentrations in almost all

ambient situations will be much lower (Franze et al., 2005; Liu et al., 2017). In part, this
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means that optimizing extraction efficiency and procedures is necessary to be able to

detect more subtle changes in the protein as would be expected in ambient environments.
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Figure 3.6. Nitration degree of four samples of BSA exposed to urban air (top, dark
bars). NO- (blue, striped bars) and Oz (red, striped bars) show ambient values during each
protein exposure experiment (7 - 14 days). For comparison, NBSA calibration standards
used (reacted at a 1/1 TNM/Tyr ratio) had a ND of 7.6%

3.5 Conclusion

Nitration, or NTyr formation, can be used as a biomarker for inflammation and
can be formed in the atmosphere by the interaction of proteins and ROS and RNS,
specifically Os and NOo. It is thus important to study the extent of nitration occurring in

the atmosphere to better understand air pollutant effects on human health. Multiple
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studies have exposed proteins to direct air pollutants in gaseous flow reactors, which is
helpful in determining the effects of individual air pollutants on proteins, but few studies
have directly exposed proteins to urban ambient air. This type of ambient study
introduces more uncertainty and opportunity for sample loss, and the experimental
methodology had not previously been thoroughly examined. The work shown follows up
on these other similar studies; however, through testing previous approaches we were
able to quantify and reduce procedural uncertainties.

As a part of this study, we quantified Oz loss across the PM filter in the exposure
set-up, quantified protein sample loss using various filter media as a function of sample
mass and determined analytical metrics of sensitivity and detection limits for both
modified and unmodified BSA at the wavelengths of interest. The analyses discussed
here will further aid in reducing uncertainties within future studies.

By using BSA we were able to compare our results to previous studies, which
show nitration using higher gas concentrations. NTyr formation through gaseous
reactions with Oz and NO: is dependent on the accessibility of these reactants to the Tyr
residues in the protein, so nitration results will vary depending on Tyr location and
number in proteins being exposed. It is thus important to further study these reactions
with other proteins to be able to quantify how much nitration is occurring in urban air.
Furthermore, by determining the specific Tyr residues that are modified, links to the
increase in allergenicity and immunological effects seen can be further investigated.

More work is required to correlate the nitration response to specific Oz and NO>

concentrations, as well as to quantify how much nitration occurs in highly polluted areas.
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In addition, other variations in environmental conditions, e.g. RH and temperature, can
vary nitration results and other PTMs can be formed through these gaseous reactions as
well, e.g. nitrosylation or di-tyrosine formation. However, the results shown here can

reduce uncertainties in further studies and aid in quantifying the extent of modification

occurring in urban air.
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Chapter Four: Heterogeneous Reaction of BSA Protein with Urban Air: A Long-

Term Ambient Study

In preparation for submission for peer-review.

4.1 Abstract

Ambient air pollutants like ozone (O3) and nitrogen dioxide (NO2) can act as
reactive oxygen species (ROS) and reactive nitrogen species (RNS) and chemically react
with proteins in the atmosphere, forming post-translational modifications (PTMs). The
prevalence of allergic disease, including allergic rhinitis and asthma, has been increasing
globally and one hypothesis as to a component of this increase is the reaction of allergens
with ROS/RNS in the atmosphere is causing an increase in the allergenicity of the
proteins. Nitration (NTyr) is a PTM that forms via the reaction with Oz and NO> and it
has been shown that the allergenic potential of NTyr-containing proteins is enhanced.
NTyr formation competes with oligomerization (DiTyr cross-linking), which has also
been shown to form in the presence of Oz. We have previously shown preliminary results
showing the nitration of bovine serum albumin (BSA) in ambient air via Oz and NOx.
Here we present a more extensive study correlating NTyr formation in the Front Range of

Colorado, a highly polluted region, to Oz concentrations. Additionally, we present a
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proof-of-concept study showing the formation of DiTyr upon reaction to high ROS

concentrations in ambient air.

4.2 Introduction

Air pollutants in ambient air can act as reactive oxygen and nitrogen species
(ROS/RNS) and chemically react with particulate matter (PM) in the atmosphere.
Proteins can make up a significant portion of atmospheric PM and can react with
ROS/RNS in ambient air to form post-translational modifications (PTMs). When airborne
allergenic proteins, like pollen allergens, are chemically modified the allergenic potential
of the proteins may be enhanced (Ackaert et al., 2014; Duque et al., 2014; Frank & Ernst,
2016; Ghiani et al., 2016; Hochscheid et al., 2014). Allergic disease has been increasing
globally over the past few decades and the reaction of air pollutants with allergenic
proteins is one hypothesized mechanism for the rise (Asher et al., 2006; Liu et al., 2017;
Pawankar et al., n.d.; Reinmuth-Selzle et al., 2017).

Ozone (O3) and nitrogen dioxide (NOz) have been shown to react directly with
proteins and allergen carriers, like pollen grains and fungal spores, causing PTMs to form
(Frank & Ernst, 2016). One significant PTM is nitration, or the formation of 3-
nitrotyrosine (NTyr). NTyr can form via the reaction of tyrosine (Tyr) residues in
proteins and O3s/NO- and is an extremely stable modification product, allowing for its
detection in ambient air samples (Reinmuth-Selzle et al., 2017). Franze et al. showed that
proteins can be nitrated by polluted ambient air almost 20 years ago in 2005 (Franze et

al., 2005). Since then, many studies have been conducted to elucidate more information
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regarding protein nitration in the atmosphere and the role nitration has played on the
increase in allergies (Backes et al., 2021; Davey et al., 2022; Ito et al., 2019; Lang-Yona
etal., 2016; Liu et al., 2017; Reinmuth-Selzle et al., 2014). However, many questions
remain including the extent to which nitration occurs in ambient air, the relationships
between individual air pollutants and nitration, and what other PTMs could be playing a
role.

Protein cross-linking, also referred to as oligomerization or dityrosine (DiTyr)
formation, is another PTM that can form via the reaction of Tyr residues and O3 (Backes
et al., 2021; Kampf et al., 2015; Liu et al., 2017). The nitration and oligomerization
reactions are both 2-step mechanisms, involving the formation of a tyrosyl radical
followed by a secondary reaction to form either product (Bartesaghi & Radi, 2018;
Sandhiya et al., 2014). The mechanistic considerations are lengthy, but briefly, Tyr reacts
with an ROS/RNS, like Os, to form the tyrosyl radical. This reaction is followed by either
the reaction with NO radical to form NTyr or the reaction with another Tyr radical to
form DiTyr. It is becoming clearer that NTyr and DiTyr are competing processes and the
kinetics and concentrations of ROS/RNS present dictate which PTM forms (Backes et al.,
2021; Kampf et al., 2015; Liu et al., 2017). Because of this, both reaction products should
be considered. It should be noted that due to its reactive nature, the tyrosyl radical can
react with many of the radicals present, as is the case in ambient air, to form a variety of
reaction products, as shown by Bartesaghi and Radi (Bartesaghi & Radi, 2018). Nitration

and oligomerization are focused on here.
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It has previously been shown that NTyr formation in collected airborne PM
corresponds to Oz, humidity, and PM in the atmosphere by Ito et al. (Ito et al., 2018).
Lang-Yona et al. showed that exposing allergenic mold Aspergillus fumigatus to polluted
ambient air increased the allergenicity via nitration (Lang-Yona et al., 2016).
Furthermore, the nitration reaction of the pollutants with Aspergillus fumigatus showed to
occur within the first 12 hours of exposure, followed by deamidation (Lang-Yona et al.,
2016). In laboratory gas-chamber experiments, protein nitration and oligomerization have
been shown to occur upon exposure to atmospherically relevant Oz and NO-
concentrations (Backes et al., 2021; Kampf et al., 2015; Liu et al., 2017; Reinmuth-Selzle
et al., 2014). We have previously shown in a proof-of-concept study that nitration occurs
in ambient air in Denver, CO, as the region often sees high concentrations of Oz (60 — 80
ppb) and NO> (10 — 30 ppb) (Abeleira & Farmer, 2017; Cooper et al., 2012; Davey et al.,
2022). There is little information known, however, regarding the extent of nitration that
occurs, and at what ambient air pollutant concentrations the reaction proceeds. Here, we
show a more comprehensive study to elucidate the nitration reaction in urban ambient air,
as well as to better understand the extent of nitration occurring. This study is, to our
knowledge, the first extensive study to detect nitration in protein samples reacting in
urban ambient air directly. We also present preliminary results supporting the hypothesis
that protein oligomerization occurs in ambient air upon exposure to high ROS

concentrations.
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4.3 Materials and Methods
4.3.1 Materials

Bovine serum albumin (BSA; A7030), sodium phosphate dibasic (RES20908-
A702X), potassium phosphate monobasic (P5655), potassium chloride (P9333), sodium
chloride (S9625), acetonitrile (ACN; 100030), and Amicon Ultra-0.5 centrifugal filters
(10 kDa, 0.5 mL size; UFC503008) were purchased from Millipore Sigma (St. Louis,
MO, USA). Trifluoroacetic acid (TFA; 85183) was obtained from Thermo Fisher
Scientific (Waltham, MA, USA). Milli-Q H.O (MQW) was obtained using a Millipore
Milli-Q lab water system. Microcentrifuge tubes (500 pL; LT8507 and 1.5 mL; LT8509)
were purchased from Life Science Products (Frederick, CO, USA). 0.01 M phosphate-
buffered saline (1xPBS; 10 mM sodium phosphate dibasic, 1.8 mM potassium phosphate
monobasic, 2.7 mM potassium chloride, and 137 mM sodium chloride) was prepared in
MQW and was adjusted to the desired pH of 7.4 NaOH (0.1 M).

Luer-Lock PP syringe filters (0.45 um, 25 mm; SF14691) were purchased from
Tisch Scientific (Cleves, OH, USA). Kynar® (polyvinylidene fluoride; PVDC) filters
were purchased from Parker Balston (Cleveland, OH, USA) and Teflon tubing (3/16” ID,
1/4” OD; 5239K12) from McMaster (Elmhurst, IL, USA). Transferpette (BrandTech
Scientific; Essex, CT, USA) automated pipettes were used to deliver volumes unless
otherwise noted. An analytical balance (Ohaus Explorer EX125D; + 0.01 mg) was used
for all mass measurements and a DryCal Definer 220 (Mesa Laboratories Inc, NJ, USA)
was used to measure the flow rate. All data analysis was done in Igor Pro (Wavemetrics).

Graphics were created at BioRender.com.
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4.3.2 Exposure to ambient air

Ambient exposure of BSA samples was conducted for ~2.5 years, from the spring
of 2020 to the fall of 2022. Samples were prepared, exposed to ambient air, and analyzed
as previously described, unless otherwise noted (Davey et al., 2022). Briefly, 400 pg of
BSA (4.0 mg/mL in PBS) was placed onto a PP syringe filter and placed in a desiccator
overnight. Samples were placed in a sample line set up at one of two Colorado
Department of Public Health and Environment (CDPHE) monitoring sites, La Casa or
Rocky Flats, each having collocated pollutant and ambient instruments collecting
monitoring data. Details for the sample line set up can be found in Davey et al and shown
in Figure 4.1 (Davey et al., 2022). Two samples were placed at each site. Samples were
exposed to ambient air from 14-27 days from and the flow rate (kept between 8-12
L/min) was measured using a DryCal. Blanks (PP syringe filters with no BSA) were
placed on sample lines every third sample to ensure no ambient PM was depositing onto
samples and unmodified samples (BSA on PP syringe filter) remained in the desiccator in
the laboratory throughout each monitoring sample period to serve as a control for no
exposure to ambient air. Any ambient sample where the sample line was disturbed was
discarded to ensure accurate flow rate information. Air pollutant monitoring data was
collected using instruments operating continuously at the monitoring sites operated by the

CDPHE.
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Figure. 4.1 Schematic diagram of ambient experimental set-up connections. Created
with BioRender.com.

4.3.3 HPLC-DAD analysis and ND determination

After ambient exposure the BSA samples were extracted from the PP syringe
filters using 4 mL PBS. Each sample was analyzed via RP-HPLC-DAD (reverse-phase
high performance liquid chromatography with diode-array detection), as previously
described (Davey et al., 2022; Selzle et al., 2013). Briefly, samples were concentrated
using Amicon centrifugal units and placed in glass HPLC vials and analyzed using a
HPLC-DAD system (Agilent 1200 series). A Cig column (Supelco Discovery BioWide
Pore 25 cm x 2.1 mm, 5 um) with eluents 0.1% (v/v) trifluoroacetic acid in water (eluent
A) and ACN (eluent B) were used for chromatographic separation. Gradient elution was

performed at a flow rate of 300 pL./min, and for each run the solvent gradient started at
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3% B followed by a linear gradient to 90% B within 15 min. Absorbance was monitored
at wavelengths of 280 and 357 nm. The sample injection volume was 25 pL, and each
chromatographic run was repeated three times (measurement replicates) with a water
blank in between. Using the integrated peal areas of both 280 nm and 357 nm the
nitration degree (ND) for each injection was calculated as previously described by Selzle
et al (Selzle et al., 2013). Native BSA samples gave a ND value of 0.58 = 0.09, so all

ambient samples have been adjusted for this background.

4.3.4 SEC-HPLC analysis

A subset of the ambient samples were separately analyzed using SEC-HPLC-
DAD (size exclusion chromatography HPLC-DAD) as previously studies have described
(Backes et al., 2021; Kampf et al., 2015; Liu, Reinmuth-Selzle, et al., 2017). Briefly, a
Bio SEC column (Agilent, 300 A, 4.6 x 150 mm, 3 um particle size) was used with
isocratic separation at a flow rate of 0.35 mL min’. The mobile phase was 150 mM
NaH2POg4 buffer (pH 7.4), and the injection volume was 20 pL. DAD spectra were
recorded at wavelengths of 220, 280, and 357 nm, and each chromatographic run was
performed in triplicate. A protein standard mix 15 — 600 kDa (69385, Sigma-Aldrich)
was used to calibrate a Bio SEC column and the baseline-corrected chromatographic data
at 220 nm was integrated according to the calibration retention times. The retention times
and peak shape of the higher oligomers varied, as well as some peaks co-eluted, so here
we report oligomer degree (OD) as the integrated monomer area subtracted from the total

integrated area divided by the total integrated area. It should be noted that the purchased
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unmodified BSA contained a small fraction of oligomer variants, so OD values reported

here have been corrected for this.

4.4 Results and Discussion

As noted, there is little information known regarding the extent of nitration
occurring in ambient air. Furthermore, more information is needed to better understand
the air pollutant concentrations needed to drive the reaction forward. Through exposing
BSA samples to ambient air directly we have been able to elucidate more information
regarding the time and exposure conditions needed to drive the nitration reaction, as well
as relevant Oz and NOz concentrations. By using BSA we were able to compare our
results to previous laboratory studies, which show nitration using higher gas
concentrations.

Liu et al. showed that both Tyr nitration and cross-linking within proteins are
sensitive towards increases in Oz concentration, but relatively insensitive to changes in
NO:z concentrations (Liu et al., 2017). Using a laboratory flow reactor BSA was exposed
to constant Oz and NO2 (5-200 ppb) for 12 hours and results showed that NTyr formation
correlates with Oz and does not correlate with NO2 (Liu et al., 2017). Furthermore, it was
shown that nitration is kinetically favored compared to cross-linking, nitration is favored
in high humidity, and ND values up to 8% were seen (Liu et al., 2017). Through our
long-term ambient study, we were able to study the similar nitration and oligomerization
reaction of BSA with Oz and NO-, as well as consider the presence of other ROS and

RNS species, RH, and temperature to better study to extent of nitration in ambient air.
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RP-HPLC was used to analyze all ambient samples and the ND was calculated as
described by Selzle et al. (Selzle et al., 2013). ND is used as a quantitative metric for
determining the NTyr concentration in a particular sample. ND values from 0.72 - 5.6%
were seen in ambient samples, after being corrected for the background ND of
unmodified BSA. Figure 4.2 shows the ND response of the ambient-exposed BSA
samples versus the total integrated Oz, NO2, and O3 + NO.. There is a forming
relationship of ND with Oz, shown in Figure 4.2 (green circles), but not with NO2, or Os
+ NOg, similar to previous reports (Ito et al., 2018; Liu et al., 2017). As the O3
concentration increases, ND also increases, which is consistent with the proposed
mechanism that Oz reacts first to form the tyrosyl radical, followed by the addition of

NO-.
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Figure 4.2 ND (%) response corresponded to total integrated Os and NO>
concentrations (ppb hrs). Green circles represent Os, blue squares represent NO2, and red
triangles represent Oz + NOa.

To further study to relationship of ND and Os, the ratios of Oz to BSA (ug) and

O3 to Tyr (moles) were calculated and correlated to ND, shown in Figure 4.3.
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Figure. 4.3 ND (%) response corresponded to ratios of mol Os/mol BSA (black
circles) and Oz/mol Tyr (red squares). The slope of the line of ND vs O3/BSA (ug) is 1.9
+ 0.4 and the slope of the line of ND vs Os/Tyr (mol) is 2.2 + 0.5.

As noted, there is no clear correlation of ND with NO> (Figure 4.2), consistent
with previous laboratory studies (Liu et al., 2017). However, the ND response was also
analyzed versus NOy, NOy, NO; (Figure 4.4). NOx is defined as the sum of NO and NO-

and NOy is the sum of NOx and NO;. No correlations were seen.
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Figure 4.4 ND (%) response versus NOx (blue circles), NOy (green squares), NO;
(purple triangles).

In addition, our results do not clearly show a correlation between ND and RH

(Figure 4.5), which is inconsistent with previous reports (Ito et al., 2018; Liu et al., 2017).

However, this can be explained due to the dry climate of Denver. The average RH of the

ambient samples did not exceed 55%. Figure 4.5 also shows the relationship of ND and

temperature. Sandhiya et al. has shown through ab initio calculations that temperature

can increase the formation of tyrosyl radicals via ozonolysis, so as temperature increases

the ND response is expected to increase (Sandhiya et al., 2014). Our results show a

relationship between ND and temperature up to ND values of ~4% (Figure 4.5), but

interestingly the highest ND values seen (up to 5.6%) do not follow the trend. It is

important to note here that ND is not a 0-100% scale, but rather a 0 to a max of what is
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available to be nitrated scale, which is dependent on sterics, solvent access, folding, etc.
The upper limit of nitration is difficult to determine, but BSA samples nitrated via

laboratory reagents TNM and ONOO" result in ND values of 8-12%.
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Figure 4.5 ND (%) response versus RH (blue circles), temperature (F; red squares),
and time (min; green triangles).

As noted above, the formation of many PTM products is possible due to the
complexity of atmospheric ROS and RNS chemistry. Many oxidants can perform the
one-electron oxidation of Tyr to form the tyrosyl radical, including O3z, NO>, and COs, as
shown by Bartesaghi and Radi (Bartesaghi & Radi, 2018). Due to this, the relationship of

ND and total ROS was compared, and Spearman coefficients were used to analyze the
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relationship formed. Total ROS in this case is represented as the total directly measured
ROS, which includes CO, NO, NO2, NOy, Oz, and SOz. Figure 4.6 shows the relationship
of ND and total measured ROS. The ND increases linearly as total ROS increases
(Spearman coefficient 0.8), but then starts to decrease as the total ROS reaches 3 x 10*
ppb. We propose this is a result of either increased exposure time associated with high

ROS, or the formation of other PTM products due to the abundance of ROS.
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Figure 4.6 ND (%) response correlated to the sum of the measure ROS.

A subset of the samples with low ND values and high ROS exposure were
analyzed as a proof-of-concept study using SEC-HPLC. The OD was calculated as a
metric to quantify the amount of oligomerization formed in each sample, after being

corrected for the background OD of unmodified BSA. Table 1 shows results for
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oligomerization formation in the high ROS samples with low ND values. OD values of
0.99 - 56.1% were detected. This is the first study, to our knowledge, to show direct
oligomerization upon ambient exposure of a protein. Future studies are needed to better
elucidate the extent of oligomerization in ambient air. It is important to note that due to
the complexity of atmospheric ROS and RNS present in ambient air a wide variety of
other PTM products could form, including 3-nitrosotyrosine from the reaction of Tyr and
NO (Bartesaghi & Radi, 2018). In our study the ambient concentrations of NO2 were
higher than NO by about 2 orders of magnitude. However, in future studies it may be

important to monitor the formation of more PTM products.

Table 4.1. Preliminary results detecting oligomerization in high ROS ambient
samples. Unmodified BSA has a degree of nitration and oligomerization, so ND and OD
values shown have been subtracted to account for this baseline.

Sample Total ROS (ppb) ND (%) OD (%) ‘
Unmodified 0 0 0
BSA
1 30 x 10° 55+0.1 0.99 + 0.03
2 42 x 10° 3.82+0.02 1.2+0.2
3 41 x 10° 2.84+0.03 15.0+0.1
4 63 x 10° 1.9+0.1 29.05 + 0.05
5 49 x 10° 0.79 + 0.08 39.6 + 0.2
6 51 x 10° 0.72 +0.09 56.1+0.3
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4.5 Conclusion

The worldwide increase in allergic disease may be associated with air pollution
and chemical reactions in the atmosphere. Oz and NO- react with proteins in ambient air
to form nitration and oligomerization products. Little is known regarding the extent to
which these reactions occur in ambient air. Here we report an extensive study of the
nitration reaction of BSA in ambient air to compare ambient results to previously
reported laboratory studies. Our ambient results show a correlation between nitration and
O3 concentrations, consistent with previous studies. In addition, we provide preliminary
results supporting the hypothesis that oligomerization competes with nitration in ambient
air, especially at high ROS concentrations. Future studies to elucidate other PTMs
occurring in ambient air may be important to better understand the complexity of the

increased allergenicity of proteins upon exposure to air pollutants.
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Chapter Five: Reaction of Proteins with Peroxynitrite: pH Determines Degree of

Nitration and Oligomerization

In preparation for submission for peer-review.

5.1 Abstract

Oxidative and nitrosative stress are produced by high levels of reactive oxygen
species (ROS) and reactive nitrogen species (RNS). Peroxynitrite (ONOQ") is a highly
reactive species that causes post-translational modification (PTM) of proteins and
oxidation of lipids and DNA and is therefore associated with various diseases. Two
PTM’s associated with the reaction of ONOO" with proteins are nitrotyrosine (NTyr) and
dityrosine (DiTyr). The commonly used method of studying ONOQ" reactions to examine
the effects of these PTM’s in vitro contains high concentrations of sodium hydroxide, due
to the stability of ONOO" in alkaline solution. The aim of this study was to determine if
the addition of high concentrations of ONOQO" are therefore associated with high pH
values in commonly used and biologically relevant buffer systems, and if the high pH of
the reactions was associated with a mechanistic change. It was determined that in
experiments using phosphate-buffered saline, a buffer most used to mimic biologically
relevant conditions, the reaction quickly exceeded the buffer capacity. Furthermore, the

reaction of ONOO" with tyrosine (Tyr) residues on bovine serum albumin was
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determined to be pH-dependent, where at lower pH values NTyr formation was favored
and at higher pH values the formation of DiTyr was favored. As the molar ratio of
ONOO to Tyr passed a value of 5/1 the nitration degree began to decrease, at which
point the dimer degree began to rise. These results are consistent with mechanistic studies
of Tyr and ONOO" but are the first to show the pH of the aqueous reaction of ONOO™ and
protein increasing under commonly used ONOO™ concentrations and are the first to detect

DiTyr formation at high ONOQO™ concentrations.

5.2 Introduction

Reactive oxygen and reactive nitrogen species (ROS/RNS) can chemically react
with proteins to form post-translational modifications (PTM’s), resulting in oxidized or
nitrated proteins, as well as oligomers. (Backes et al., 2021; Reinmuth-Selzle et al.,
2014). In particular, the formation of 3-nitrotyrosine (NTyr) is frequently used as a
biomarker for oxidative and nitrosative stress (Ahsan, 2013; Campolo et al., 2020; Radi,
2013). NTyr and other PTM’s can be formed via the reaction of peroxynitrite (ONOO")
and amino acids, like tyrosine (Tyr), in proteins in vivo, and are usually associated with
loss of protein function and modified structure (Bartesaghi & Radi, 2018; Roy et al.,
2019). Cross-linking of Tyr to 3,3’-dityrosine (DiTyr) can also occur via the reaction of
proteins and ONOO", and recent studies have focused on the importance of DiTyr
formation as an oxidative stress biomarker in addition to NTyr (Backes et al., 2021;
Bruno et al., 2020; Maina et al., 2022; Pfeiffer et al., 2000; Reinmuth-Selzle et al., 2023;

Ziegler et al., 2020).
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ONOO' can be generated in vivo via the rapid reaction of superoxide (O2") and
nitric oxide (NO) (van der Vliet et al., 1995). In a 2-step mechanism, a tyrosyl radical is
formed via the reaction of tyrosine with a single electron oxidant, which further reacts
with NO; radical to form the stable NTyr product (Lai et al., 2020). Therefore, ONOO"
does not react with Tyr directly, rather via the formation of free radicals that further react
with the Tyr radical (Radi et al., 2001). Separately, dimerization of Tyr to DiTyr can
occur via the same first step, but with reaction of two tyrosyl radicals in the second step.
The presence of DiTyr has also been associated with certain diseases, including
Alzheimers (Bartesaghi et al., 2006; Hensley et al., 1998; Ischiropoulos & Al-Mehdi,
1995; Maina et al., 2022). Studies have indicated that DiTyr and therefore
oligomerization yields upon reaction with ONOQO" can be comparable to NTyr, depending
on the experimental conditions (Pfeiffer et al., 2000). This is due to the ability of the NO-
radical to react with both the tyrosyl radical and native Tyr residues (Ferrer-Sueta et al.,
2018). The first mechanistic step in the reaction is the formation of the tyrosyl radical.
With low ONOO" concentrations, and therefore low generated radical concentrations, the
oxidation of Tyr to tyrosyl radical is needed to occur first, followed by the remaining
NO- radical reacting to form NTyr. If there are high amounts of Tyr, however, more of
the NO- radical reacts directly with native Tyr residues to produce the tyrosyl radical.
This consumes more of the NO; radical, resulting in less NTyr formation and more DiTyr
formation (Bartesaghi et al., 2006; Ferrer-Sueta et al., 2018).

The detection of NTyr using UV-Vis is pH-dependent, where at neutral pH the

absorbance maxima are centered at 280 nm and 357 nm, and at alkaline pH values a new
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maximum appears at 430 nm (De Filippis et al., 2006). DiTyr absorbance and
fluorescence properties are pH-dependent as well (D. A. Malencik & Anderson, 2003).
The nitration reaction of Tyr with ONOO" is also pH-sensitive and changes in pH will
influence ONOO"-dependent nitration yields. Various studies have been conducted to
determine the nitration pH profiles of protein reactions (Alvarez & Radi, 2003;
Bartesaghi et al., 2006; Bartesaghi & Radi, 2018; Lemercier et al., 1997; Pfeiffer et al.,
2000; Pfeiffer & Mayer, 1998; Roy et al., 2019). For example, van der Vliet et al. showed
nitration of 4-hydroxyphenylacetic acid was maximal at pH 7.5 and fell sharply with
increasing pH (van der Vliet et al., 1995). Roy et al. investigated the effects of ONOO™ at
pH 7.4 and 6.0 on RNase A and saw a higher degree of nitration at pH 7.4 (Roy et al.,
2019). Bartesaghi et al. propose acidic conditions will favor nitrite-dependent nitration
pathways, whereas basic conditions favor dimerization, however experimental results
have not been shown (Bartesaghi et al., 2006; Bartesaghi & Radi, 2018).

When pH increases, DiTyr formation increases due to an increase of Tyr being in
its phenolate form (Bartesaghi et al., 2006). The pKa of the phenolic hydroxyl on Tyr is
10 (Bartesaghi & Radi, 2018). The phenolate is more readily oxidized to the tyrosyl
radical by the NO> radical. This results in a higher fraction of NO- radical oxidizing
native Tyr rather than combining with previously-formed tyrosyl radical to yield NTyr. In
a 2006 study, Bartesaghi et al. use computer-assisted simulations using the rate constants
from literature to show the pH profiles and yields for Tyr hydroxylation, nitration, and
dimerization (Bartesaghi et al., 2006). No laboratory studies have been conducted to

support these results. The oxidation of Tyr to tyrosyl radical via OH radical was shown to
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be pH-dependent, with yields increasing with pH. NO2 radical can react with the tyrosyl
radicals to yield NTyr or react with deprotonated Tyr to form tyrosyl radical. As
mentioned, the pKa of Tyr is 10 (Bartesaghi et al., 2006), so the process of NO- radical
reacting with deprotonated Tyr is much faster at alkaline pH values. This increases the
steady state concentration of tyrosyl radicals. Due to this, hydroxylation has higher yields
at acidic pH values, nitration yields are bell-shaped with the maximum yields being at
neutral pH, and dimerization yields are higher at alkaline pH values (Bartesaghi et al.,
2006).

The vast majority of ONOO" studies use commercial suppliers that dissolve
ONOO" in NaOH (i.e. in 4.7% NaOH). When ONOO" is added to a reaction, the NaOH
can increase the pH of the reaction well past the buffer capacity. Here we show the
effects of varying ONOO" reaction conditions and how nitration and oligomerization
results differ. To our knowledge, this study is the first to show the effect of adding
ONOO' in aqueous reactions on not only pH, but to product yields. It is thus important to
consider pH when extrapolating results from reactions in vitro to effects in the human
body in vivo. It is important to note that many other oxidation products are possible in
this reaction. There are several oxidants that can react to form the one-electron oxidation
of tyrosine, such as OH radical, NO radical, and COs" radical. Furthermore, once the
tyrosyl radical is formed many reactions can occur to form NTyr, DiTyr, 3-
hydroxytyrosine, 3-nitrosotyrosine, and so on (Bartesaghi & Radi, 2018). This study

solely focuses on the pH-effects of the ONOO™ reaction and NTyr and DiTyr yields.
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5.3 Materials and Methods
5.3.1 Materials

Bovine serum albumin (BSA; A7030), tetranitromethane (TNM; T25003),
peroxynitrite (ONOO"; 516620) supplied in 4.7% NaOH (w/v) at 160-200 mM, sodium
phosphate dibasic (RES20908-A702X), potassium phosphate monobasic (P5655),
potassium chloride (P9333), sodium chloride (S9625), hydrochloric acid (HCI; 258148),
sodium hydroxide (NaOH; 79724), acetonitrile (ACN; 100030), and Amicon Ultra-0.5
centrifugal filters (10 kDa, 0.5 mL size; UFC503008) were purchased from Millipore
Sigma (St. Louis, MO, USA). Trifluoroacetic acid (TFA; 85183) was obtained from
Thermo Fisher Scientific (Waltham, MA, USA). Milli-Q water (MQW) was obtained
using a Millipore Milli-Q lab water system (18.2 mQ. 0.01 M phosphate-buffered saline
(1xPBS; pH 7.4; 10 mM sodium phosphate dibasic, 1.8 mM potassium phosphate
monobasic, 2.7 mM potassium chloride, and 137 mM sodium chloride) and 0.1 M
phosphate-buffered saline (10xPBS; 100 mM sodium phosphate dibasic, 18 mM
potassium phosphate monobasic, 27 mM potassium chloride, and 1.37 M sodium
chloride) were prepared in MQW. Phosphate buffer (PB) pH 7 (PB 7; 100 mM sodium
phosphate dibasic and 18 mM potassium phosphate monobasic), phosphate buffer pH 12
(PB 12; 100 mM sodium phosphate dibasic), and ammonium bicarbonate buffer (AHC,
2M) were prepared in MQW. Each buffer was adjusted to the desired pH using HCI (0.1
M) or NaOH (0.1 M).

An analytical balance (Ohaus Explorer EX125D; £ 0.01 mg) was used for all

mass measurements. A 1.0 mL quartz cuvette with 10 mm path length (MF-W-10-LID)
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was obtained from Science Outlet (Lewiston, MI, USA). An InLab micro pH electrode
(Mettler-Toledo; Columbus, OH, USA) was used for all pH readings. Microcentrifuge
tubes (500 pL; LT8507 and 1.5 mL; LT8509) were purchased from Life Science
Products (Frederick, CO, USA). Transferpette (BrandTech Scientific; Essex, CT, USA)
automated pipettes were used to deliver volumes unless otherwise noted. All data

analysis was done in Igor Pro (Wavemetrics). Graphics were created at BioRender.com.

5.3.2 Nitration of BSA with ONOO-

The nitration reaction of BSA with ONOO" followed the procedure from
Alhalwani et al. (Alhalwani et al., 2019). Briefly, the reaction of BSA (1.0 mg mL %)
with ONOO" occurred in either 1xPBS buffer, 10xPBS buffer, or PB, followed by the
addition of ONOO" based on the chosen ONOO/Tyr molar ratio. The reaction was left to
sit on ice in the dark for 90 minutes. Initial pH readings were taken before the addition of
ONOO and final readings were taken both immediately following the addition, upon
vortexing, and after the 90 minutes. In all cases the final pH did not change after the 90-
minute reaction. The reaction was quenched using an Amicon 10 kDa centrifugal unit to
filter excess reagent and by-products from the reaction vessel and product, and the
concentrated reaction product was diluted in the respective buffer back to the original
concentration (1.0 mg mL™).

Reaction experiments were conducted across increasing molar ratios. ONOO" was
added to BSA in 1xPBS (pH 7.4) in volumes corresponding to molar ratios of 0.1, 0.5

0.75,1,15, 2,5, 10, and 20 (ONOO/Tyr) and the final pH values of the reaction
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mixtures were taken. A separate nitration experiment was conducted using molar ratios of
0.1, 1, 5, and 10. Unmodified BSA (not reacted with ONOQO") and 1xPBS were used as
controls. A further experiment was conducted to determine the effects of buffer capacity
on the reaction. ONOO" was added to BSA (1.0 mg mL ) in both 1xPBS (pH 7.4) and
10xPBS (pH 7.4) in volumes corresponding to the molar ratios mentioned above and the
final pH of the reaction mixtures were taken. For simplicity, modified BSA samples
(reacted with ONOOQ") are referred to as NBSA (nitrated BSA).

To minimize the effects of extending buffer capacity, the ONOO" reaction was
further tested in PB (100 mM) at varying pH starting values using both PB 7 and PB 12.
BSA (1.0 mg mL™) was placed in PB which had been pH-adjusted to corresponding
starting pH values across 6-12. ONOO™ was added corresponding to two different ONOO"
/Tyr molar ratios (0.5/1 and 5/1, 0.316 pL and 3.16 pL respectively). The reaction

proceeded as outlined above and the final pH values were measured.

5.3.3 Spectroscopic analysis
The absorbance of light at 357 nm is used as a tool for the detection of NTyr in
acidic and neutral solutions, as is the reduction of fluorescence intensity at excitation 280
nm upon nitration (Espey et al., 2002; Yang et al., 2010). Fluorescence in alkaline
solutions at excitation wavelength 320 nm and emission wavelength 400 nm is indicative
of DiTyr formation (D. A. Malencik & Anderson, 2003; Dean A. Malencik et al., 1996).
Samples were diluted in PB to 0.1 mg mL* and adjusted pH until with addition of 0.1 M

NaOH until pH measured 9.7, as described by Kampf et al (Kampf et al., 2015).
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Fluorescence measurements were performed at RT on a Cary Eclipse Fluorescence
Spectrometer. Excitation wavelengths were 200-400 nm (2 nm increments), and emission
was recorded from 250-600 nm. Excitation and emission slit widths were both set to 5 nm

and a scan rate of 600 nm/min was used.

5.3.4 Nitration degree analysis

Protein solutions were analyzed using RP-HPLC-DAD (reversed-phase high
performance liquid chromatography with diode-array detection) as previously described
by Selzle et al. (Selzle et al., 2013). Briefly, modified samples were placed in glass HPLC
vials and analyzed using a HPLC-DAD system (Agilent 1200 series). A Cig column
(Supelco Discovery BioWide Pore 25 cm x 2.1 mm, 5 pm) with eluents 0.1% (v/v)
trifluoroacetic acid in water (eluent A) and ACN (eluent B) were used for
chromatographic separation. Gradient elution was performed at a flow rate of 300 uL.
min’t, and for each run the solvent gradient started at 3% B followed by a linear gradient
to 90% B over 15 min. Absorbance was monitored at wavelengths of 280 and 357 nm.
The sample injection volume was 20 pL. and each chromatographic run was repeated 2-3
times (measurement replicates) with 1-2 MQW blanks in between each.

The instrument was calibrated to detect nitration using unmodified BSA, BSA
reacted with TNM at a 1/1 (TNM/Tyr) molar ratio, and BSA reacted with ONOO" at a 1/1
(ONOO/Tyr) molar ratio, as described previously (Davey et al., 2022). The limit of
detection (LOD) and limit of quantification (LOQ) for both 280 nm and 357 nm were

determined for each calibrant and are shown in Appendix D Table D1.
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The nitration degree (ND) of each sample was determined using the integrated
peak areas of both 280 nm and 357 nm peaks, as previously described by Selzle et al
(Selzle et al., 2013). Briefly, the chromatographic data was baseline-subtracted and the
area under the curve was integrated at a retention time of 13.0 min for both 280 nm and
357 nm. The integrated peak area was then inputted into the ND calculation, which
accounts for the simultaneous absorption properties of NTyr at 280 nm and 357 nm
(Selzle et al., 2013). It should be noted that the absorption properties of NTyr are strongly
pH-dependent due to its ability to form an internal hydrogen bond between the nitro and
phenolic hydroxyl group (De Filippis et al., 2006). At acidic pH, which is the case for
RP-HPLC, NTyr has an absorption maximum at 357 nm (Crow & Ischiropoulos, 1996;

Jiao et al., 2001; Souza et al., 1999).

5.3.5 Dimerization and oligomerization analysis
To determine oligomerization of the protein samples size exclusion

chromatography (SEC) was utilized. The protein solutions were separately analyzed
using SEC-HPLC-DAD as previously described (Backes et al., 2021; Kampf et al., 2015;
Liu et al., 2017). Briefly, a protein standard mix 15 — 600 kDa (69385, Sigma-Aldrich)
was used to calibrate a Bio SEC column (Agilent, 300 A, 4.6 x 150 mm, 3 pm particle
size), which was used with isocratic separation at a flow rate of 0.35 mL min! (Figure D5
in Appendix D). The mobile phase was 150 mM NaH:PO4 buffer (adjusted to pH 7.4 by
adding 0.1 M HCI), and the injection volume was 20 pL. DAD spectra were recorded at

wavelengths of 220, 280, and 357 nm, and each chromatographic run was performed in
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triplicate. It is important to note that molecules are separated by hydrodynamic size via
SEC, so only approximate molecular weights can be determined via this calibration
method (Kampf et al., 2015).

The BSA oligomer fractions were determined similarly to previously described
(Backes et al., 2021; Kampf et al., 2015; Liu et al., 2017). The baseline-corrected
chromatographic data at 220 nm was integrated according to the calibration retention
times. The retention times and peak shape of the higher oligomers varied, as well as some
peaks co-eluted, so here we report dimer degree (DD) as the ratio of the integrated dimer
peak area to the total integrated area and oligomer degree (OG) as the integrated
monomer area subtracted from the total integrated area divided by the total integrated
area. It should be noted that the purchased unmodified BSA contained a small fraction of
dimer and oligomer variants. Exemplary chromatograms are shown in Figure D3 in

Appendix D.

5.4 Results and Discussion
5.4.1 Reaction of BSA with ONOO- results in pH increase
BSA was reacted with ONOO" at varying molar ratios (ONOO/Tyr) and both
native and modified BSA samples were analyzed by RP-HPLC. The ND was determined
as a metric for quantifying the NTyr formation in each sample (Selzle et al., 2013).
Figure 5.1 shows the ND response as molar ratio of ONOO" increases, as well as the
corresponding final ONOO™ concentration. In a previous study, Pfeiffer et al. showed that

as the steady state of ONOO" increased the nitrating efficiency of Tyr-containing
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solutions increased, but leveled off at higher concentrations, consistent with results we
have seen previously (Pfeiffer et al., 2000). In this study, we see similar results with the
BSA reactions. ND increases upon increasing addition of ONOO™ to a molar ratio of 1/1,
slightly increases to 5/1, and then slightly decreases with molar ratios of 10/1 and 20/1.
The higher molar ratios and ONOO" concentrations used here are not biologically
relevant, however they are often used in reactions with proteins in in vitro experiments to
mimic endogenous oxidative stress. The goal of this research was to determine if the
increase in ND followed by a decrease was experimental artifact from adding ONOO". It
should be noted that ONOO" is extremely reactive and is unstable at room temperature. In
addition, the actual concentration of each purchased vial of ONOO" varies and is given as
a range (160-200 mM) and is synthesized from isoamyl nitrite and hydrogen peroxide
(Uppu & Pryor, 1996). Due to this, the absolute ND value of the reaction is relative and
varies with each ONOO" batch, as well as if the ONOO" has been thawed previously.
Therefore, the data shown here is from a single experiment. However, the experiment has
been repeated 6 times and the relative trend is the same (shown in Figure D2 in Appendix

D).
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Figure 5.1 ND and pH response as molar ratio and ONOO" increases in 1XxPBS. Open
circles represent ND and closed circles represent pH. Lines are to guide the eye.

Due to its reactivity, ONOO" is commonly supplied in a strong base, therefore the
bolus addition of ONOO" to reaction mixtures may affect the pH of the reactions,
depending on the strength of the buffer used. Furthermore, the reaction of proteins with
ONOO is most conducted using 1xPBS, which corresponds to 0.01 M phosphate buffer.
Figure 5.1 shows the pH values after the addition of ONOO™ to the BSA reaction
mixtures. The addition of the ONOO™ in NaOH quickly exceeds the buffer capacity of the
1xPBS and the pH increases with the corresponding molar ratio, and ONOO"
concentration, increase. Pfeiffer et al. showed that DiTyr formation was predominant at

low ONOO" concentrations (Pfeiffer et al., 2000). However, as discussed in the
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introduction and shown by Bartesaghi et al, at high pH DiTyr formation may outcompete
NTyr formation in ONOO reactions with Tyr (Bartesaghi et al., 2006). We hypothesized,
therefore, that due to the large increase in pH at increasing ONOO" concentrations, DiTyr

formation was outcompeting NTyr formation.

5.4.2 DiTyr formation occurs at high ONOO" concentrations

To determine if DiTyr formation was occurring at high concentrations of ONOO-,
and thus high molar ratios, in another set of experiments BSA was reacted with ONOO"
at increasing molar ratios. The NDs of the reaction products were determined using RP-
HPLC and oligomer degree (OD) was determined using size-exclusion chromatography
(SEC-HPLC). Figure 5.2 (circles) shows the ND slightly increasing from unmodified
BSA to 0.1/1 NBSA, followed by a large increase to 1/1 NBSA and 5/1 NBSA. The ND,
indicative of NTyr formation, slightly decreases from 5/1 to 10/1 NBSA, consistent with
the previous experiment. Figure 5.2 (squares) shows the OD, indicative of DiTyr
formation, increasing linearly from unmodified BSA to 5/1 NBSA, followed by only a
slight increase at 10/1 NBSA. This supports the idea that DiTyr formation outcompetes
NTyr formation at higher molar ratio values. Figure 5.2 is colored by the pH after the
addition of ONOO-, confirming that the pH increased across the increasing molar ratio,
consistent with observations from Figure 5.1. The formation of DiTyr species was further
confirmed by fluorescence spectrometry. DiTyr has fluorescence properties in alkaline
solutions, so the reaction mixtures were pH-adjusted to 9.7 with NaOH (0.1 M) and

fluorescence measurements at excitation (320 nm) and emission (400 nm) wavelengths,
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corresponding to DiTyr, were taken (Kampf et al., 2015; Dean A. Malencik et al., 1996).
Figure 5.2 (triangles) shows the fluorescence intensity (ex 320 nm, em 400 nm) of the
reaction mixtures, showing a similar trend to the DD with a linear increase to molar ratio
5/1 and a slight increase to molar ratio of 10/1. These results further support the
hypothesis that DiTyr formation may outcompete NTyr formation at high ONOO"
concentrations but does not separate ONOO" concentration from the corresponding pH

increase.
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Figure 5.2. ND, OD, and fluorescence response of the reaction of BSA and ONOO"as
molar ratio increases. Circles represent ND, squares represent OD, and triangles represent
fluorescence.

5.4.3 Reaction mechanism is determined by pH
To separate the ONOO"™ concentration from the change in pH that corresponds to
increasing the ONOQO™ concentration, thus correlating with a pH increase from NaOH in
the ONOO- solution, a separate set of experiments were conducted. Two molar ratios
were selected. The lower relative ratio of 0.5/1 was designed with ONOO" as a limiting

reagent (non-excess), and the higher relative ratio of 5/1 with ONOO" is in a large excess.
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At each molar ratio, ONOO"™ was allowed to react with BSA in PB (100 mM). PB was
used to buffer the reaction more than 1XPBS, and to minimize any ionic strength effects
from the salts in the 1xPBS solution. Both PB 7 and PB 12 were used to further buffer
each respective reaction as closely to the buffer range as possible. BSA samples were
allowed to react at various pH starting values (~6-12) to obtain a similar range of final pH
values after the ONOO reaction occurred. Unmodified BSA samples in each of the
respective PB buffers were used as control samples. The reaction samples were analyzed
via RP-HPLC and SEC-HPLC to determine the extent of formation of both nitration and
oligomerization.

Figure 5.3 shows an increase of ND as the pH is increased from 6-10, then a
decrease from pH 10-12. The 0.5/1 results (Figure 5.3 blue triangles) are not as clear.
This may be due to the very small volume of ONOO" delivered (0.316 uL) to achieve the
0.5/1 molar ratio. Secondly, because the ONOO" is below equimolar concentrations to the
Tyr residues in the samples the reaction will not proceed to completion in all cases,
whereas the ONOO" concentration is in excess in the 5/1 molar ratio samples which
allows the nitration reaction to react completely.

Figure 5.3 also shows the dimerization and oligomerization results. As the pH
increases the DD increases, especially as the pH approaches 10. This is consistent with
what we expect due to the pKa of the phenolic hydroxyl of Tyr being 10, as seen in the
mechanistic studies by Bartesaghi et al. (Bartesaghi et al., 2006; Bartesaghi & Radi,
2018). Separately, the oligomerization degree (OD) was calculated as a metric

representing all higher oligomers (MW > MWmonomer) formed in the reaction. The 0.5/1
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and 5/1 NBSA samples show similar results, indicating dimerization and oligomerization
formation is not dependent on the ONOO"™ concentration, but rather only the pH. This
SEC data and methodology are consistent with previous studies of DiTyr formation
(Kampf et al., 2015). It should be noted that the unmodified BSA samples have a small
degree of both dimers and oligomers (open black squares Figure 5.3). Therefore, the DD
and OD discussed refers to the concentration above this baseline. Furthermore, SEC-
HPLC separates molecular masses by their hydrodynamic size and our method resulted in
some peaks not being fully resolved, so only approximate molecular weights were

obtained.
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Figure 5.3. ND, DD, and OD response of the reaction of BSA and ONOO" as pH
increases. Blue represents limited (0.5/1 NBSA) ONOO™ and red represents excess (5/1
NBSA). Black represents unmodified BSA. Closed symbols are ND and open symbols

are DD and OD.

DiTyr formation was further verified via fluorescence measurements (Figure 5.4).
As noted, Tyr nitration results in the loss of fluorescence at excitation 220 nm and 280
nm (emission 350 nm) and DiTyr formation results in the gain of fluorescence at
excitation 320 nm (emission 400 nm; in alkaline solution). Excitation emission matrices
(EEMs) were taken of the unmodified BSA samples and 0.5/1 and 5/1 NBSA samples
from excitation wavelength range 200-400 nm (Figure D1 in Appendix D). The
fluorescence intensity of the unmodified BSA shows two fluorescence peaks at excitation

220-230 nm and 280 nm, corresponding to the excitation of Tyr and tryptophan
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(Bortolotti et al., 2016). The loss of fluorescence by nitration and the gain of fluorescence
due the addition of DiTyr across the samples are shown in Figure 5.4. The first 2 panels
show the loss of Tyr fluorescence (ex 280 nm) as the samples are nitrated at pH 7 and pH
9.7. The second 2 panels show the gain of DiTyr fluorescence (ex 320 nm) as the samples
are dimerized at pH 9.7 and pH 11. This data is consistent with previous studies of DiTyr
formation (Kampf et al., 2015). Excitation emission matrices (EEMSs) are shown in

Figure D1 in Appendix D.

100 100

100

100

pH7 pH 9.7 pH 11

)
®
=]
|
=

80—+ |

)
3
|

80 —

60 —

40 |

Ex. 280 nm Fluor. Intensity (a.u

ARy

40 — |

20 —

60 —

40 |

Ex. 320 nm Fluor. Intensity (a.u

R 20 —

60 —

40 —

20 — A7 20 i

| [ I ] I I I I | [ I | I
300 350 400 450 500 300 350 400 450 500 350 400 450 500 550 350 400 450 500 550
Emission (nm)

Emission (nm)

by g W
0 T T

Emission (nm) Emission (nm)

Figure 5.4. Fluorescence response of the reaction of BSA and ONOO"as pH
increases. The black lines represent the unmodified BSA, blue lines correspond to 0.5/1
NBSA, and red lines correspond to 5/1 NBSA.

Collectively, these results confirm that the switch from NTyr formation to DiTyr
formation and oligomerization is pH-mediated and not due to the increase in ONOO"

concentration. When the pH was kept lower than 9, the dimerization reaction did not
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occur, and the ND continued to rise or remained constant. When the pH rose above 9
when ONOO" was in excess, the ND began to decrease, and the oligomerization reaction
began increasing. Both nitration and oligomerization are two-step processes. Tyr reacts
with the OH radical from ONOO" to form a tyrosyl radical. However, NTyr formation
requires a NO- radical to be present, whereas DiTyr formation requires another tyrosyl
radical to be present (reaction mechanism shown in Figure 5.5). However, as stated in the
introduction, the NO: radical can react with both the tyrosyl radical and native Tyr
residues, which may consume the NO; radical resulting in less NTyr formation
(Bartesaghi et al., 2006; Ferrer-Sueta et al., 2018). At higher pH values, Tyr is in its
phenolate form, which is more readily oxidized to the tyrosyl radical by the NO> radical,
resulting in a higher fraction of tyrosyl radicals to form DiTyr. It is important to note that
the results shown here are from one detailed experiment, due to differences in ONOO"
reactivity making quantitative results difficult to compare, discussed below. However,
experiments were conducted multiple times resulting in similar reaction trends, shown in

Appendix D.
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Figure 5.5. Reaction mechanism of Tyr with ONOO" to form NTyr or DiTyr. Created
at BioRender.com.

5.4.4 Importance of reaction conditions

To further verify pH causes the observed decrease in nitration seen e.g. in Figure
5.1, the specific reaction was carried out in higher buffer capacity to resist the change in
pH. The ONOO" reaction was carried out in both 1xPBS and 10xPBS at the same ONOO"
/Tyr molar ratios (0.1/1 — 20/1) and the respective pH change was measured. Figure 5.6
shows the ND response vs the final pH (after ONOO" addition). The 10xPBS (open
circles) buffered the reaction to a narrower range of pH values, as expected, than the
1xPBS (closed circles). Furthermore, the 10xPBS samples do not show a decrease in ND,
whereas the 1xPBS do. Similarly, the reaction of BSA with ONOO"was conducted with
additional ammonium bicarbonate buffer (AHC) added, as done by Backes et al., to
buffer the ONOO reactant (Backes et al., 2021). The results (Figure D2 in Appendix D)
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show that additional buffer resists some change to pH, but also bring up the starting pH
from pH 7.4. This further verifies the bolus amounts of ONOO" in NaOH added exceed
the buffer capacity of PBS, and the large increase in pH alters the reaction mechanism.
This is especially important because the reaction of ONOO" with proteins can also result
in side-products, and the shift in retention time and HPLC peak broadening are indicative

of hydrophobicity changes and partial unfolding, as discussed previously (Reinmuth-

Selzle et al., 2023).
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Figure 5.6. Reaction of BSA with ONOO- at differing buffer capacities. Open circles
represent 10xPBS and closed circles represent 1xPBS.

As stated previously, the concentration of purchased ONOO™ can vary and is
given as a range from 160-200 mM. ONOO" is unstable and the activity decreases about

2% a day at -20 °C, as well as freeze-thaw cycles should be avoided (Uppu & Pryor,
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1996). Therefore, experimental results using purchased ONOO" vary depending on the
age and preparation of the ONOO". Figure D2 shows how the relative ND value is
affected over the course of multiple experiments depending on if the ONOO™ had
previously been opened or not.

ONOO" nitration of Tyr is often studied in vitro by the bolus addition of alkaline
ONOO" solutions to Tyr-containing samples. However, as noted by Pfeiffer and Mayer,
this experimental approach does not reflect what occurs in vivo, where ONOO" is formed
by the reaction of NO with O at physiological pH (Pfeiffer & Mayer, 1998). The studies
shown here further show that the molar ratios and ONOO" concentrations used in in vitro
experiments are no longer biologically relevant to the pH of 7.4 and extra care should be

taken accordingly when planning physiological-relevant experiments with ONOO".

5.5 Conclusion

The reaction of proteins with ONOO™ is commonly used to mimic oxidative stress
in in vitro experiments. Many studies report the effects of ONOO™mediated NTyr
formation, which is vital to the understanding of the effects that may occur. However,
bolus additions of ONOO" to reactions in 1x or 10x buffers have a large effect on the pH
of the reaction, which can lead to different chemical mechanisms to occur. Our results
show the importance of using adequate buffers to keep the pH in a biologically relevant
range, as well as a need to monitor the formation of other PTMs. This information is vital

to accurately attributing alterations in protein function studied to specific PTMs.
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Chapter Six: Site-Selective Nitration of Lactoferrin Upon Peroxynitrite Exposure

and Efficacy of Ergothioneine Inhibition

In preparation for submission for peer-review.

6.1 Abstract

The formation of post-translational modifications (PTM’s) in proteins is
associated with changes in protein structure and potential loss of function. Nitrotyrosine
(NTyr) formation, or nitration, has been linked to oxidative stress, specifically via the
reaction of Tyr residues with peroxynitrite (ONOQ"), a reactive species produced in the
body. Lactoferrin (LF) is a multifunctional protein found in the many fluids and tissues
within the human body and at sites of inflammation. Understanding the effects ONOO"
has on specific proteins is important in determining its link to inflammation and disease,
as well as studying therapeutics to prevent oxidative damage. In the study presented here,
the site-selectivity of ONOO" reacted with LF is determined. The specific nitration sites
are linked to the functionality of LF. Further, we study the effects ergothioneine (EGT), a
L-histidine derivative with high antioxidant potential, has on preventing the nitration
reaction from occurring. A concentration of 5.0 mM EGT prevented all nitration from
occurring, and 0.5 mM and 1.0 mM EGT concentrations prevented nitration at

physiologically relevant ONOQO" concentrations.
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6.2 Introduction

Nitrotyrosine (NTyr) is a common biomarker used to represent signs of oxidative
stress and damage. The formation of NTyr has been associated with many diseases,
including neurodegeneration and cardiovascular injury, and is formed via the reactions of
reactive oxygen species (ROS) and reactive nitrogen species (RNS) with tyrosine (Tyr)
residues in proteins (Griendling & FitzGerald, 2003; Ischiropoulos & Beckman, 2003).
Common ROS and RNS include hydrogen peroxide, hydroxyl radical, and peroxynitrite.
Peroxynitrite (ONOQ") is a highly reactive species produced by the human body under
stress. The reaction of ONOO™ with proteins can cause a variety of post-translational
modifications (PTM’s), such as nitration (NTyr), oxidation, dityrosine (DiTyr), and
hydroxylation of aromatic residues and NTyr residues specifically have been used as a
footprint for ONOO" (Zhang et al., 2001).

ONOO is formed in vivo via the reaction of superoxide anion (O2") and nitric
oxide (NO") and can react with different biomolecules by one or two-electron oxidations
(Radi et al., 2001). It can also decompose by homolysis of peroxynitrous acid to NO2 and
OH radicals, which further participate in nitration and oxidation reactions (Alvarez &
Radi, 2003; Radi et al., 2001). The mitochondria is a major source of intracellular
superoxide formation, so it is also a major source of ONOO™ formation (Masubuchi et al.,
2005). The mechanism behind NTyr formation via ONOO™ was elucidated at the
molecular level by Lai et al. in 2020 (Lai et al., 2020). In this study, evidence for the
prerequisite formation of phenoxyl radicals and a two-step mechanism of the radical-

mediated peptide tyrosine nitration was found (Lai et al., 2020).
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Lactoferrin (LF, Lactotransferrin) is a protein found in human bodily fluids and
tissues. It is found in high concentrations in human breast milk due to its antibacterial
properties (Alhalwani et al., 2019). One of the well-studied properties of LF is its ability
to bind lipopolysaccharide (LPS), a potent endotoxin that causes inflammation (Drago-
Serrano et al., 2012). By binding LPS, LF inhibits its interaction with Toll-like receptor 4
(TLR4) activating complexes. Thus, LPS binding is one of the anti-inflammatory
properties of LF. LF also has iron-binding properties and is able to bind one or two ferric
iron molecules (Niaz et al., 2019). We have previously shown that modification of LF by
ONOO" changes its structure and reduces its antibacterial activity (Alhalwani et al.,
2019).

Many disease states, like heart disease and hypertension, are characterized by an
imbalance of ROS and antioxidant activity (Franzoni et al., 2006). Antioxidants stop the
accumulation of free radicals and inhibit oxidative stress. L-ergothioneine (EGT; 2-
mercaptohistidine trimethylbetaine) is a well-studied is a naturally occurring L-histidine
derivative synthesized by fungi, mycobacteria, and cyanobacteria that has high
antioxidant activity (Asahi et al., 2016). When ingested in a food source, EGT is
metabolized slowly and retained in various tissues and fluids in varying concentrations.
EGT is found in high concentrations in edible mushrooms (0.4 to 2 mg/g dry weight) and
is conserved by mammals in the kidney, liver, seminal fluid, and erythrocytes (Franzoni
et al., 2006; Nakamichi et al., 2016; Tanaka et al., 2019). It is a stable compound and

upon uptake accumulates in high concentrations (100 uM to 2 mM) via an organic cation
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transporter (OCTN1,; gene symbol SLC22A4) expressed in humans (Cheah & Halliwell,
2012; Tanaka et al., 2019).

Numerous studies have demonstrated the antioxidant and cytoprotective abilities
of EGT and its ability to accumulate in high oxidative stress organs. Nakamichi et al.
showed the ability of ergothioneine to cross the blood-brain barrier and show
antidepressant-like effects (Nakamichi et al., 2016). Kerley et al. reviewed the therapeutic
potential of EGT to inhibit mitochondrial dysfunction in pre-eclampsia (Kerley et al.,
2018). Asahi et al. showed the ability of an edible mushroom containing high amounts of
EGT, Coprinus comatus, to inhibit the UV-B-induced inflammatory responses and DNA
halogenation (Asahi et al., 2016). EGT is known to scavenge radicals. It is primarily
present as a thione under physiological pH, which allows it to resist oxidation (Cumming
et al., 2018). Franzoni et al. measured the free radical scavenging capacity of EGT.
Compared to other well-known antioxidants, i.e. glutathione, EGT showed the highest
antioxidant activity against ONOO™ (5.2 + 1.0 units), hydroxyl radicals (0.34 £ 0.09 units)
and peroxyl radicals (5.53 + 1.27 units) (Franzoni et al., 2006). While the scavenging
abilities of EGT have been extensively studied, the mechanistic reaction steps between
EGT and strong oxidants are still unknown. Lespade studied the first steps of the
reactions of ETG and hydroxyl radical and ONOO" using ab initio molecular dynamics
(Lespade, 2019). In the simulation, EGT reacts with the hydroxyl radical, giving it an
electron. Depending on the proximity of the hydroxyl radical to EGT, the transfer is
either rapid or a strong adduct is formed with EGT. No reaction or charge sharing was

observed for the reaction of either peroxynitrous acid (the conjugate acid of ONOO") or
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ONOO" and EGT, although they formed complexes with hydrogen bonds that remained
stable for 6 ps. We have previously shown the ability of EGT to reduce the nitration of
LF upon ONOO" exposure, as well as its ability to protect the loss of antibacterial activity
upon nitration (Alhalwani et al., 2023). However, questions remain regarding the relative
concentration of EGT required, and what Tyr sites EGT can protect from nitration.

Due to the reactivity of ONOO" under oxidative stress conditions, biological
relevance of LF at sites of inflammation, and antioxidant properties of EGT, we have
aimed to further characterize the nitration reaction of LF with ONOO™ and the ability of
EGT to stop the reaction from occurring. In this study we employ site-selective nitration
results. It is important to study site-selective nitration of ONOO" with proteins because
the results can indicate important biological relevance, as discussed by Campolo et al.
(Campolo et al., 2020). It is not possible to reliably predict which Tyr residues will be
nitrated in protein models. Therefore, site-selectivity results allow for further chemical
properties to be analyzed, such as the solvent accessibility or the buried nature of
individual Tyr residues. For instance, loop or turn structures more solvent exposed, and
glycine and proline residues are often located at loops and turns. In addition, steric
hinderance, the stabilization of tyrosyl radicals, and nearby residues play a role in
determining the nitration of individual Tyr residues. It is important to note that cysteine
or methionine residues can also react via one-electron oxidants, as discussed in Chapter
1, so other reactions can also occur. This is the first study to quantify LF nitration at
different ONOQO™ concentrations, as well as determine the site-selectivity of ONOO™ upon

reaction with LF.
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6.3 Materials and Methods
6.3.1 Materials

Lactoferrin from human milk (L0520, Lot #SLBW5976), L-Ergothioneine (EGT,;
E7521), trifluoroethanol (T63002), dithiothreitol (400 mM, D5545), iodoacetamide (400
mM, 16125), trypsin stock solution (1 pg uL™ sequencing grade trypsin, T6567, acetic
acid (50 mM, 34254), and ammonium bicarbonate (NHsHCOs3, pH 7.8, A6141) were
obtained from Sigma Aldrich. Sodium peroxynitrite (160-200 mM) was purchased from
Merck Chemicals (now Millipore Sigma). Formic acid (28905) was purchased from
Perbio Science. Formic acid in H20O (0.1% v/v, 85170) was obtained from Thermo Fisher
Scientific. Acetonitrile (ACN; Rotisolv AE70.1) and phosphate buffered saline (1X PBS-
, pH 7.4 without Ca or Mg) were purchased from Carl Roth.

Reaction vials and thermomixer (Thermomixer Comfort) were purchased from
Eppendorf. Amicon centrifugal units were purchased from Sigma Aldrich. C18 spin tubes

(Pep Clean C18 Spin Columns) were obtained from Pierce Fisher Scientific.

6.3.2 Treatment of LF with ONOO-and EGT
Native LF was buffered in 1X PBS(-) (pH 7.4, without Ca or Mg) to a final
concentration of 1 mg mL™. NH4HCO3 (pH 7.8) was added to a final concentration of 50
mM to buffer the radical formation. ONOO"™ was added after being thawed on ice to yield
ONOO'/Y molar ratios of 0.1, 0.5, 1, 2, 5, and 10 and the reactions were incubated on ice
for 110 minutes in brown reaction vials. The reactions were stopped via centrifugation

with Amicon centrifugal units with 10 kDa cutoff membranes. Samples reacted with
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ONOQO" are referred to as nitrated LF (NLF). For the EGT-treated samples, 5 mg EGT
was suspended in 250 pL nanopure H2Oand added to the samples at a final concentration

of 5.0 mM, 1.0 mM. and 0.5 mM prior to the addition of ONOO".

6.3.3 Tryptic digestion

The ONOO™ and EGT-treated samples were tryptically digested using the protocol
previously described (Reinmuth-Selzle et al., 2014). Briefly, 100 pg protein was mixed
with 5 uL NH4HCO3 (100 mM), 5 pL trifluoroethanol, and 0.4 pL dithiothreitol (DTT)
for 1 hr at 60 °C in a thermomixer. lodoacetamide (2 pL; 400 mM; IAM) was added and
the protein mixture sat in the dark for 1 hr. DTT (0.4 pL) was added to destroy the excess
IAM and the mixture sat in the dark again for 1 hr. 60 pL nanopure water and 20 pL
NH4HCO3 was added to raise the pH of the solution to around 7.5-8. Following, 2 puL
trypsin stock solution (1 pg pLt in 50 mM acetic acid) was added. The protein mixture
was incubated for 18 hr at 37 °C. The reaction was stopped by the addition of 0.4 pL
formic acid and the mixture was desalted using C18 spin tubes before HPLC-MS/MS

analysis.

6.3.4 QTOF-MS/MS analysis and NDy determination
An Agilent HPLC-QTOF-MS/MS system (Agilent 1200 series coupled to Agilent
6520 Accurate-Mass QTOF) was used to analyze the tryptically digested peptides as
previously described by Selzle et al (Reinmuth-Selzle et al., 2014; Selzle et al., 2013). All

modules were controlled via the Mass Hunter software (B.06.00, Agilent). A Cis
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Advancebio peptide column (4.6 x 250 mm, 5 uM particle size, Agilent) was used to
separate the peptides at a temperature of 40 °C. Each HPLC-MS/MS run was repeated
three times with injection volumes of 14, 12, and 10 pL for better resolution of coeluting
peptides. The eluents used were 3% (v/v) ACN in H2O/formic acid (0.1% v/v; Eluent A),
and 3% water/formic acid (0.1% v/v) in ACN (Eluent B). Gradient elution was used at a
flow rate of 0.3 mL min™* starting from 97% A to 40% A over 30 minutes, then
decreasing from 20% A over 0.1 min and continuing for 5 minutes before returning to
initial conditions at 35.10 and equilibrating for 4.90 min before the next run. The eluting
peptides were monitored using DAD signals of 210 nm (ref 360 nm), 280 nm (ref 450
nm), and 357 nm (ref 450 nm) for nitrated peptides. Chromatographic spectra were
acquired using the Mass Hunter Qualitative Analysis software (B.06.00, Agilent).

The Dual AJS ESI ionization source was operated in positive ion mode with
capillary voltage of 3,500 V, gas temperature of 325 °C, and 5 L min* drying gas flow
rate. Fragmentation of protonated ions was conducted using the auto MS/MS mode with
preferred ions included, see Table G2 in Appendix G. MS spectra were recorded at an
acquisition rate of 4 spectra/s for MS mode and 3 spectra/s for MS/MS mode. Protein and
post-translational modification identification were performed via database searches using
the Spectrum Mill software (Rev B.04.00.127, Agilent) against the database Swiss-Prot.
Variable modifications searchers included nitrated tyrosine, oxidized methionine, and
nitrated tryptophan. The search criteria were as follows: database: SwissProt.fasta; digest:
trypsin; species: all; maximum # missed cleavages: 2; precursor-ion mass tolerance: + 20

ppm; fragment-ion mass tolerance: £ 50 ppm; masses: monoisotopic; minimum detected
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peaks: 4, minimum matched peak intensity: 50%, and minimum S/N: 25. Filtering criteria
were: Protein score > 13; peptide score >10 and % SPI > 70. Search parameters were
50% min matched peak intensity, sequence tag length 3, min detected peaks 4, variable
modifications of oxidized methionine, nitration Tyr, Nitration tryptophan. The
SpectrumMill was also searched for detection of oxidized methionine, oxidized tyrosine,
nitrated Tyr, nitrated tryptophan, nitrated histidine, hydroxylated Tyr, hydroxylated
phenylalanine, hydroxylated tryptophan, and nitrosylated Tyr.

The individual nitration degree (NDy) of a specific Tyr residue (Y) were
determined as previously described (Reinmuth-Selzle et al., 2014). Briefly, NDy is
defined as the ratio of the spectral intensity of a modified peptide to the sum of spectral

intensities for the modified and unmodified peptide (Reinmuth-Selzle et al., 2014).

6.3.5 HPLC-DAD analysis and ND determination

The treated protein solutions were analyzed using a HPLC-DAD system (Agilent
1200 series), as described previously (Selzle et al., 2013). Briefly, a C1g column (Vydac
238TP, 250 mmx2.1 mm inner diameter, 5 um particle size; Grace Vydac, Alltech) was
used for separation. Eluents were 0.1 % trifluoroacetic acid in H20 (Eluent A) and ACN
(Eluent B). Gradient elution at a flow rate of 200 pL/min was performed starting at 3% B
followed by a linear gradient to 90% B within 15 min, flushing back to 3% B within 0.2
min, and 3% B for 2.8 min. A column re-equilibration time of 5 min was used before the
next run and absorbance was monitored at 280 nm and 357 nm. Sample injection volume

was 20 pL and each run was repeated three times.
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The total nitration degree (ND) of each sample was determined as previously
described (Selzle et al., 2013). Briefly, the peak areas of the 280 nm and 357 nm peaks
were used, in addition to f and k scaling factors, to determine the total ND of each

sample.

6.4 Results and Discussion
6.4.1 Total ND of LF reaction with ONOO-

LF was successfully nitrated under varying ONOO" concentrations. The nitration
reaction of ONOO"™ and LF was analyzed via HPLC-DAD and QTOF-MS/MS. The
HPLC-DAD determines total nitration of the entire protein sample, whereas the QTOF-
MS/MS is able to determine nitration at individual Tyr residue sites.

Figure 6.1 shows the total ND of NLF upon reaction with ONOO" at increasing
molar ratios (ONOO7/Tyr). The ND increases with increasing ONOO"™ concentration,
peaks around 1:1 molar ratio, and then begins to decrease. As shown in Chapter 5, the
decrease is most likely pH-related, where the addition of ONOO™ in NaOH increases the
pH of the reaction above 10, causing a switch from nitration to oligomerization. ONOO"
is stable under alkaline conditions, but decomposes at lower pH, so laboratory ONOO"
reagents are stored in NaOH. The concentration of ONOO™ in NaOH delivered to in vitro
samples mimicking oxidative stress in vivo is important for biologically relevant results,
because if the pH is increasing the results are no longer relevant biologically.

The nitration of tyrosine via ONOO" is pH-dependent, as shown in Chapter 5. Due

to chemical properties of the reactive species (OH and NO> radicals), the nitration
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reaction occurs alongside other reactions, like oligomerization and hydroxylation.
Discussed in Chapter 5, physiological pH has higher nitration yields than dimerization
and hydroxylation., and NTyr yields maximize around pH 7.4 (Ischiropoulos et al.,
1992). DiTyr formation also occurs upon reaction with ONOO™ (Bartesaghi et al., 2007).
DiTyr yields minimal at low pH and increase towards alkaline pH (Santos et al., 2000;
van der Vliet et al., 1995). Tyr deprotonation facilitates the oxidation to Tyr radical
(Heineckes et al., 1993; Marquez & Dunford, 1995; Pfeiffer et al., 2000). The increase in
DiTyr yields with a higher Tyr/oxidant ratio is due to the decrease in the overall rate of

radical recombination (Campolo et al., 2020).
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Figure 6.1. Total nitration results of LF nitrated with ONOO- at increasing molar ratios.
Different colors represent different experiments. Lines are to guide eye.
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The reaction of ONOO™and LF can vary depending on the ONOO" used. Changes
in reactivity can be caused from the age of the ONOO" and if the ONOO" reaction vial
had been previously thawed before use. For this study, each line in Figure 6.1 represents
a separate nitration reaction using a new ONOO" vial. The absolute ND value varies,
most likely due to small changes in the amount of thaw time of each reaction vial.
However, each experiment shows the same trend. This coupled with the pH results shown
in Chapter 5 show us the nitration of LF with ONOO" is also pH-dependent and the
relative ND will be determined by the final pH of the reaction mixture. Therefore, the
decrease in ND as molar ratio increases (Figure 6.1) can be attributed to DiTyr formation

or oligomerization occurring in competition with nitration.

6.4.2 Site-selectivity of ONOO" nitration

The nitration of specific amino acids can be determined using MS/MS. In this
study the focus is on nitration, but other PTM’s can also be studied using this method,
with the exception of cysteine oxidation due to the cysteine residues being alkylated
during the trypsin digestion. The LF samples reacted with ONOQO"at increasing molar
ratios were analyzed via MS/MS and Spectrum Mill searches were conducted for all
PTM’s (nitration, hydroxylation, oxidation, etc.). The detection of one nitrated Trp and
multiple nitrated Tyr residues was seen. Figure 6.2 shows the NDy results, representing
the ND of each individual nitrated Tyr residue. NDy was shown to increase with
increasing ONOO" concentration, similar to the total ND. The NDy of all detected

nitration sites also peak around a 1:1 molar ratio, then drops. This is also consistent with
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the pH-dependency and formation of DiTyr. As noted, NDy was calculated based on the
assumption that the ionization efficiencies of unmodified and nitrated peptides are
similar, as shown previously (Reinmuth-Selzle et al., 2014).

The site-selective results can give information about the accessibility of the sites
to ONOO, as well as the reactivity, polarity, and steric hinderances involved in the
reaction. LF has 21 Tyr residues, 20 of which were detected using this method. Of the 21,
8 Tyr residues were nitrated across all samples, to varying ND values. These residues
include Tyr 84, 91, 111, 338, 343, 434, 545, and 686 (Figure 6.2). Some Tyr residues are
more easily nitrated than others. For example, upon reaction of LF with ONOO", Tyr
residue 686 (light blue) is nitrated to the highest degree compared to the other nitrated
Tyr residues. Comparatively, Tyr residue 545 (red) is nitrated the least. It is interesting
that the NDy values of some Tyr residues, i.e. Y84 and Y91, drop more quickly than
others. This could be an indication that these residues are more likely to form DiTyr than

NTyr.
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Figure 6.2. Site-selectivity of LF nitration with ONOO"™ at increasing molar ratios.
Different colors represent different Tyr sites. Y represents a Tyr residue site. Lines are to
guide eye.

6.4.3 EGT reduces nitration of LF

As discussed above, EGT has been shown to inhibit NTyr formation (Alhalwani
et al., 2023; Bruno et al., 2020). The ability of EGT to protect LF from nitration of
ONOO" was experimentally analyzed at 5 mM, 1 mM, and 0.5 mM EGT concentrations.
Figure 6.3 shows the total ND of LF upon reaction with ONOO™ and with pre-treatment
with each EGT concentration. The total ND of LF decreases completely with 5.0 mM
EGT treatment and significantly with 0.5 mM and 1.0 mM, which are biologically
relevant concentrations. An EGT concentration of 1.0 mM (squares) stopped nitration

from occurring up to a molar ratio of 1/1, which may be too high to be physiologically
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relevant. Similarly, an EGT concentration of 0.5 mM (triangles) stopped the nitration
reaction up to a molar ratio of 0.5/1. EGT must be added prior to ONOO" to be effective,
shown in Appendix G. This suggests EGT scavenges ONOO" and radicals, preventing

them from interacting with amino acid residues.
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Figure 6.3. Total ND of LF upon treatment with EGT and nitration by ONOO".
Circles represent total nitration degree of NLF with no EGT, triangles are 0.5 mM EGT,
squares are 1.0 MM EGT, and diamonds are 5 mM EGT. Lines are to guide eye.

The site-selectivity of the reaction of LF with ONOO" with and without pre-
treatment of EGT at 5.0 mM was also determined. Results are shown in Table 6.1. No
nitrated or hydroxylated residues were found in any of the EGT samples (samples 1
through 6), compared to multiple NTyr and one nitrated Trp residue being detected in
NLF samples (samples 7 through 12). It should be noted that each sample was detected
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with relatively high peptide coverage (total AA coverage) and intensities. In addition,

nearly all Tyr residues were detected in all samples (19-20/21).

Table 6.1. LC-MS/MS results for NLF and NLF + 5 mM EGT samples.

Total LF N- N-
Sample | Description | Spectral Total AA | Total Tyr N-Tyr Residues
. Tyr? W287?
Intensity Coverage Coverage
NLF 0.1/1
1 +EGT 1.35E+08 67.4 20/21 no none no
NLF 0.5/1
2 + EGT 1.43E+08 70.9 20/21 no none no
NLF 1/1 +
3 EGT 1.67E+08 70.9 20/21 no none no
NLF 2/1 +
4 EGT 1.49E+08 65 19/21 no none no
NLF 5/1 +
5 EGT 1.67E+08 70.1 20/21 no none no
NLF 10/1 +
6 EGT 1.21E+08 69.2 20/21 no none no
1.49E+08 62.2
7 NLF 0.1/1 19/21 yes Y84, Y343, Y686 yes
Y84, Y91, Y111, Y343, Y507,
8 NLF051 | L79E*08 | 664 20/21 yes Y686 yes
Y84, Y84+91, Y111, Y343,
9 NLF1g | LS7EH08 04 20/21 ves | Y434, Y454, Y507, Y686 yes
Y84, Y91, Y84+91, Y111,
10 NLF21 | LOOE+08 | 719 20/21 yes Y343, Y507, Y686 yes
Y84, Y91, Y84+91, Y111,
11 NLFs1 | LASEH08 | 702 20/21 ves Y507, Y686 yes
Y84, Y91, Y84+91, Y111,
12 NLF10/1 | 1A47EY08 | 697 20/21 ves Y343, Y507, Y686 yes

The relative ratios of the ND values of the NLF samples with and without EGT
samples for the 1.0 mM and 0.5 mM EGT samples were determined and analyzed, as
shown in Figure 6.4. The left y axes represents the total ND of the NLF samples, and the
right y axes represents the relative ND determined by the ratio of the ND values of NLF-
EGT samples to the NLF samples. The line crosses the x-axis at a EGT/ONOO" ratio of
2.27 mM. This shows preliminary results for the amount of EGT needed to entirely stop

the reactivity of ONOO'.
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Figure 6.4. Relative ND vs EGT to ONOO" Ratio. Black squares represent NLF-EGT
to NLF ND ratio. Red circles represent the total ND of NLF-EGT samples.

6.5 Conclusion

The nitration reaction of ONOO™ and human LF was quantified, and the site-
selectivity of the reaction was determined. This is the first study, to our knowledge, to
quantify LF nitration with ONOO".

The NLF ND increases as a function of molar ratio around 1/1, then decreases
when the molar ratio is greater, consistent with Chapter 5. Furthermore, this is one of two
studies (along with Selzle et al. 2014) that looks at site-selective nitration degree on any
protein with any nitrating agent, which helps lead toward functional implications
(Reinmuth-Selzle et al., 2014).

EGT stops the nitration of LF, and this study is the first to quantify this using

HPLC, which has benefits beyond the use of ELISA, discussed in Chapter 2. This study
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is also the first to show ND ratios upon biologically relevant EGT concentrations (0.5
mM and 1.0 mM), and preliminary evidence for the relevant ONOO™ to EGT

concentration ratio needed to stop all nitration from occurring.
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Chapter Seven: Conclusions
7.1 Summary of conclusions

There has been an increase in allergic disease worldwide and many hypotheses as
to what is causing the increase. One mechanism is the reaction of allergenic proteins with
ROS and RNS in the atmosphere, resulting in chemical modification that enhances the
allergenic potential, or IgE response, of the protein. Allergenic proteins embedded in
atmospheric PM are small, < 2 um in size, allowing them to be suspended in the
atmosphere for an extended period, as well as being transported long distances. In
addition, due to their size they can deposit into the lungs upon inhalation, further reacting
with endogenous ROS and RNS species. The overall goal of this dissertation was to
explore the ROS and RNS chemistry associated with the increase in allergenic disease
further, as well as to develop and characterize analytical methodology required to
quantify the reactions.

The reactions of proteins with ROS and RNS are complex and often require
quantification beyond the capacity of commonly used biochemical methods. Discussed in
Chapter 2, many biochemical techniques, like ELISA or BCA, can only offer semi-
guantitative results due to the assumptions and pitfalls associated with the methodology.
Throughout this dissertation the detection and quantification of Ntyr and DiTyr are
analyzed, and the methods used to study the reactions producing these products are

improved upon.
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7.2 Ambient air reactions

Due to the complexities of atmospheric chemistry, there is a wide range of
reactions always occurring. Proteins derived from biological sources can react with ROS
and RNS species, like Oz and NO- in the atmosphere and be chemically modified,
resulting in PTMs. The formation of Ntyr and DiTyr via these reactions has been
explored in controlled gaseous reaction chambers experiments by Liu et al., which was
able to provide information regarding reaction mechanisms and relevant atmospheric
conditions, like temperature and RH (Liu et al., 2017). However, the extent to which
these reactions occur in ambient air has yet to be explored. In Chapters 3 and 4 the
methodology for studying these ambient reactions was developed and characterized, and
a 2.5-year ambient study was conducted.

It is important to accurately characterize each aspect of ambient sampling
methodology, especially due to the low concentration often detected. In Chapter 3 we
quantified interferences, e.g. protein filter media, and chances for loss, e.g. O3 reactivity
from PM filters and lack of protein extraction, to aid in decreasing uncertainties in future
studies of this kind. In Chapter 4, ND values up to 5.6% were detected, the first results
showing the extent of nitration occurring in ambient air. The nitration reaction was
further correlated to relevant air pollutant and atmospheric conditions, and the detection
of DiTyr was shown in ambient air for the first time.

Throughout these studies it was determined that the nitration reaction of proteins
with urban air pollutants can occur and be detected in ambient air, and that it is possible

to occur at relatively high degrees of nitration. Our results indicate that the further study
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of the nitration reaction occurring in ambient air is important in determining the role Ntyr
formation plays in the increase in allergic disease. Our results tie together previously
conducted laboratory studies, as well as provide a mechanism for studying this reaction in
other urban centers. As mentioned, oligomerization and other PTMs also can form in
ambient air and need to be explored, as well as the role of these other PTMs in the

increase of IgE response.

7.3 Oxidative stress reactions

The reactions of endogenous proteins with oxidative stress reactants are complex.
Furthermore, the use of in vitro experimental set-ups to study in vivo reactions and
mechanisms is important but comes with pitfalls and the necessary considerations need to
be explored. The reaction of proteins with ONOO™ in aqueous solutions has been used for
decades to mimic oxidative and nitrosative stress in the human body and the only
laboratory reactant widely available for purchase is ONOO™ supplied in NaOH. The
experimental artifacts of this reaction, however, had not been taken into consideration. In
Chapter 5 we show that the reaction of ONOO" at increased concentrations also
significantly increases the pH of the reaction, well beyond the buffer capacity of
commonly used buffer systems (1xPBS), and the increase in pH alters the reaction
mechanism from Ntyr formation to DiTyr formation and oligomerization. These results
have implications in future studies of these reactions and represent the importance of
secondary pH measurements and choosing the correct buffer system for experimental set

ups. If these considerations are not taken into account reaction results may not be
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indicative of actual in vivo conditions and therefore no longer accurately mimic
endogenous oxidative stress conditions.

Determining the site-selectivity of the reaction of ONOO" with proteins gives
important information regarding the structural and functional information of the protein.
For instance, we have previously shown that the nitration reaction of LF with ONOO"
affects the iron-binding capacity of LF as well as alters its structure. However, site-
selective results shown in Chapter 6 give information regarding which individual Tyr
residues are more easily nitrated than others and at what ONOO" concentration each
residue is nitrated at. One residue is shown to be nitrated very easily at low ONOO"
concentrations and is in the iron-binding site of LF, indicative of why nitration lowers the
functionality of LF. This is only the second study to determine the site-selectivity of the
nitration reaction of ONOO" and a protein at varying ONOO" concentrations, and various
analytical considerations were required to quantify the results beyond detection,
discussed below. The methodology and results shown will improve future studies in

determining site-specific reaction products in individual protein reactions.

7.4 Analytical considerations

Many times throughout this dissertation the line between biochemistry and
analytical chemistry was crossed in order to accurately quantify the nitration reactions
occurring. Many bioanalytical techniques used for detection do not accurately or reliably
quantify, which complicates analysis. In this dissertation we were able to push against

methodology limitations, like the accuracy and precision of pipettes, sample loss across
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filters, and low concentration samples, to improve quantification. In the site-selectivity
experiments discussed in Chapter 6, various methodological considerations were required
to be able to quantify the nitration reaction beyond just detection. The cleavage rates of
trypsin at modified versus unmodified sites, as well as the ionization efficiencies of
native versus unmodified peptides are two examples of metrics that do not matter when
simply detecting Ntyr, however are very important when wanting to quantify Ntyr and
compare across samples. Selzle et al. provided the equation and protocol for determining
the ND of a protein, both the total ND of a sample and the individual ND values of each
nitrated Tyr residue (Selzle et al., 2013). This metric is concentration independent,
allowing for the comparison between many samples. By using this quantification tool and
improving upon the methodology used in each study, this dissertation represents
innovative and creative tools for the future study of the nitration reaction of proteins with

both air pollutants and endogenous reactants.

7.5 Limitations

While the work presented in this dissertation benefits the specific scientific areas
discussed, there are various limitations and future work required. As discussed in Chapter
2 and throughout this dissertation, the line between quantitative and qualitative results
requires analysis of the methodology and assumptions being made. In many cases semi-
quantitative results are the only results possible, especially when instrumentation and
methodology are limited. In regards to the results presented here, there are limitations in

the analysis of nitration products, as well as sources of error, both in the reactions and in
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the analysis. For example, the error associated with the micropipettes used in many cases
may be negligible, but in some experiments, like the pH experiments in Chapter 4, is
noticeable. Furthermore, a QTOF-MS was not available for many of the experiments
presented, which limited the analysis capabilities.

Sources of error and unavailable instrumentation were not the only limitations of
the studies throughout this dissertation, as each chapter also had boundaries. For instance,
the long-term ambient study presented in Chapter 4 was conducted using only BSA.
Further studies need to be done with more atmospherically-relevant proteins, like pollen
allergens. In addition, mechanistic studies regarding the interactions of proteins with
O3/NO:; are needed to determine the effect that nitration and oligomerization have on
future interactions. For example, as proteins oligomerize the surface area for the reactions
may decrease, altering future chemical reactions. Future work is also needed to separate
high ROS and time regarding the oligomerization reaction, as the only mechanism for
increasing ROS in our sample set-up was increasing the amount of time the proteins were
exposed.

The pH experiments presented in Chapter 5 serve as an important component of
in vitro ONOO" experiments used to mimic oxidative stress in vivo, however they were
also conducted using BSA and not biologically-relevant proteins. While the pH change of
the reactions is still applicable to other protein reactions, the degree of dimerization and
oligomerization is dependent on the individual protein. Similarly, the site-selective
nitration of LF results in Chapter 6 indicate how nitration impacts the iron-binding

capabilities of LF, but oligomerization and other reaction products were not explored and
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using tryptic digestion impairs the ability to study other reaction products, like
oligomerization. In addition, the study of high ONOO™ concentration are not applicable to

what would naturally occur endogenously.

7.6 Perspectives and future directions

The goal of this dissertation is to address some of the many questions that remain
regarding how proteins are chemically reacted with ROS/RNS both atmospherically and
endogenously. While there have been many studies conducted, as discussed throughout
this dissertation, the linkages between nitration of proteins in the atmosphere and via
oxidative stress in the human body are still unclear. Atmospherically, this dissertation
concludes three major findings. First, Oz and NO; are able to nitrate proteins in the
atmosphere to a high extent relative to endogenous reactions. Second, the nitration
reaction occurs in areas with high O3z concentration, like Denver, representing a need to
reduce ground-level Oz pollution. Lastly, other reaction products, like oligomerization,
are able to form and be detected in the atmosphere. Further work is thus needed to
separate the role each individual reaction product plays in the increase in IgE response.
This work has further implications beyond IgE, however, including the mechanisms of
study for other oxidative products that form in the atmosphere, like oxidized polycyclic
aromatic hydrocarbons.

Endogenously, this dissertation concludes that ONOO- is able to nitrate
biologically-relevant proteins site-selectively, inducing changes in protein structure and

function. Even though the study of ONOO" reactions with proteins is relatively well-
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understood, this dissertation demonstrates that experimental artifacts, like alterations in
reaction pH, are important to consider. This work has future implications beyond
oxidative stress reactions, including how we mimic in vivo reactions to study them in
vitro. This dissertation closes the gap between the atmospheric and endogenous reactions,
however more work is still needed to fully understand the linkage. For instance, questions
remain regarding how proteins already nitrated atmospherically then are nitrated further
in the body.

With climate change and air pollution levels worsening the reactions of proteins
in the atmosphere are likely to be enhanced. Climate change is causing an increase in the
concentration of allergenic proteins released, as well as increasing the length of the pollen
season. Air pollution levels, specifically Os, are also increasing, enhancing the number of
reactions with the allergenic proteins in the atmosphere, especially in urban centers.
These reactions are complex and only a small subset of them have been studied. The
formation of NTyr and DiTyr in the atmosphere is discussed here, but future studies of
PTMs forming in urban air will be important to characterize the extent of reactions
occurring and the role they play in the increase in respiratory disease, as well as how the
endogenous oxidative stress reactions enhance the reactions. The increase of the relevant
reactions occurring only enhances the need for analytical quantification techniques to
study biochemical questions. In many cases detection is not enough, especially when
comparing results across samples, reaction mechanisms, and experimental set ups. Future

work to quantify reaction products more reliably will be important, as well as the
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constant analytical analysis of methodology to ensure all assumptions and limitations are

considered.
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Appendix A: HPLC integration Igor code
This Igor code is to import and rename HPLC-DAD data from Excel to waves.

Function/S DoLoadMultipleFiles()
Variable refNum
String message = “Select one or more files”
String outputPaths
String fileFilters = “Data Files (*.txt,*.dat,*.csv):.txt,.dat,.csv;”
fileFilters += “All Files:.*;”

Open /D /IR IMULT=1 /F=fileFilters /M=message refNum
outputPaths = S_fileName

if (strlen(outputPaths) == 0)
Print “Cancelled”
else
Variable numFilesSelected = ItemsInList(outputPaths, “\r””)
Variable i
for(i=0; i<numFilesSelected; i+=1)
String path = StringFromList(l, outputPaths, “\r”)
LoadWave/A/D/J/W/K=0/L={0,0,0,0,0}
endfor
endif

return outputPaths
End

This Igor code is used for HPLC-DAD integration, specifically designed to
integrate a peak for both 280 nm and 357 nm wavelengths for input into nitration degree

calculation.

Function BaselineCorrect(InputSampleWv, InputTimeWv, StartBaselineSubPt,
EndBaselineSubPt, EndIntegrationWindowVar)
Wavel/t InputSampleWv
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Wave InputTimeWv
Variable StartBaselineSubPt, EndBaselineSubPt
Variable EndIntegrationWindowVar
Variable iCount, jCount
Variable m, b

Make/o/n=(numpnts(InputSampleWv)) IntegratedVValWvA, IntegratedVValWvB
Make/o/n=(numpnts(InputSampleWv)) SlopeWv
IntegratedValWvA = nan
IntegratedVValWvB = nan
SlopeWv = nan
For (iCount = 0 ; iCount < numpnts(InputSampleWv) ; iCount += 1)
Wave TempWv = $InputSampleWv[iCount]

Wavestats/q/r=[StartBaselineSubPt, EndBaselineSubPt] TempWv
TempWv -=v_avg

Duplicate/o TempWv TempIntWv, TempintSlopeCorrWv

TempIntWv[0,(EndBaselineSubPt)] = nan
TempIntWv[EndIntegrationWindowVar, numpnts(TempIntWv)-1] = nan

IntegratedValWvA[iCount] = areaxy(InputTimeWv, TempIntWv)

m = (TempIntWv[EndIntegrationWindowVar-1] —
TempIntWv[EndBaselineSubPt+1]) / (InputTimeWv[EndIntegrationWindowVar-1] —
InputTimeWv[EndBaselineSubPt+1])

b = TempIntWv[EndBaselineSubPt+1]

SlopeWyv[iCount] =m

TemplntSlopeCorrWv = nan

For (jCount = EndBaselineSubPt+1 ; jCount <= EndIntegrationWindowVar -1 ;
jCount +=1)

TemplntSlopeCorrWv[jCount] = TempIntWv[jCount] — (m*(InputTimeWv[jCount]-
InputTimeWv[EndBaselineSubPt+1]) + b)

Endfor

IntegratedVValWvBJ[iCount] = areaxy(InputTimeWv, TempIntSlopeCorrWv)

Endfor

End Function
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Appendix B: Micropipette precision

To determine the accuracy and precision of the micropipettes an absorbance
experiment was conducted. 10.0 mg/mL tryptophan (Trp) was prepared in MQ H2O using
volumetric pipettes and flasks. Two pipette volumes were tested (0.316 pL and 3.16 pL)
due to their common use in nitration experiments. A desired final concentration was
calculated to be 0.0158 mg/mL (0.316 pL concentrated Trp (10.0 mg/mL) placed into
200 pL MQ H20). A standard solution of Trp in H20 of this concentration (0.0158
mg/mL) was made using volumetric flasks and pipettes, and the absorbance at 280 nm
was taken using a UV-Vis spectrometer. Using the absorbance value and known
concentration, the molar absorptivity of this solution was calculated using Beer’s Law.

The same concentration was placed in each well of a 96-well UV-Vis plate (0.316
ML concentrated Trp (10.0 mg/mL) placed into 200 uL MQ H20). A plate reader was
used to measure the absorbance at 280 nm for each well, along with a H20 blank, three
times each. The same experiment was done using 197 pL H20 and 3.16 pL diluted Trp
solution (1.0 mg/mL) to ensure the same final concentration. The blank measurements
were done using the same plate and a new pipette tip was used each time to deliver the
Trp into the well. Plates were placed on a plate shaker to ensure homogeneity.

Using Beer’s Law and the fact that the same Trp solution is used in each
experiment, it was determined that absorbance divided by pathlength (A/l) is the known
value calculated (molar absorptivity and concentration are the same). The pathlength of
the UV-Vis cuvette used is 10 mm. The pathlength of the plate reader varies depending

on the volume being used. At a 200 pL volume the pathlength of the plate reader was
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assumed to be 5.8 mm, after verifying with sources. These values were used to back-
calculate the delivered volume by the pipette from the absorbance values, along with the

molar absorptivity and concentration both in M, shown below.

All = e*c
Aexpected/ Cexpected = AexperimentaI/ Cexperimental

Cexperimental = AexperimentaI/Aexpected (Cexpected)

CiV1=C V2
C:1=10.0 mg/mL Trp
C: = calculated from absorbance value
V> = total volume (assume 200 + X)
V1 = unknown (delivered volume) = X
C1X =C2 (200 + X)
*rearrange™
X (C1—-C2) =200 C>
X =200C2/C1-C2

Delivered volume = 200 |J.L (Cexperimental) / (CTrpstock - Cexperimental)
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Appendix C: Chapter 3 supplement
Appendix C was included as the online supplement in the peer-reviewed and

published version of the following publication, which was reformatted here as Chapter 3.

Davey, R. L., Mattson, E. J., & Huffman, J. A. (2022). Heterogeneous nitration reaction

of BSA protein with urban air: improvements in experimental methodology.

Analvtical and Bioanalytical Chemistry 2021, 1-12. https://doi.org/10.1007/S00216-

021-03820-8

Supplement to:

Heterogeneous nitration reaction of BSA protein with urban air: improvements in

experimental methodology
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Figure C1. Exemplary absorption spectra showing quartz and glass filter interference.
Solid green line is BSA in PBS (50 pL of 2.0 mg/mL BSA in PBS), dotted black line is
PP syringe filter extract in PBS, blue dashed line is glass filter extract in PBS, and red
dashed line is quartz filter extract in PBS.
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Figure C3. Density determination of 400 pg BSA in PBS. Dashed line is linear fit and
shaded error represents standard deviation (R? = 0.9999; m = 1.000 + 0.002, n = 3).
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Figure C4. Change in density of 0 — 500 pug/mL BSA in PBS. Dashed line is linear fit.
Due to small deviations in density, the average density (1.002 + 0.001 g/mL) was used.
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Figure C5. Exemplary absorption spectra showing protein loss of 1.0 mg/mL BSA
over Amicon filter. Solid line represents absorbance at 280 nm before Amicon filter and
dotted line represents absorbance at 280 nm after Amicon filter. Loss of BSA determined

to be 8.6 = 0.4% (n = 3) after Amicon filter.
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Figure C6. HPLC integration scheme. Red dashed line represents exemplary raw
chromatogram of 1.0 mg/mL BSA, black dotted line represents an average chromatogram
taken from three water blanks, and blue solid line represents the blank-corrected data
which was further integrated.
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Appendix D: Chapter 5 supplement

Appendix D serves as the supplemental information for Chapter 5.

Supplement to:

Reaction of proteins with peroxynitrite: pH determines degree of nitration and

oligomerization
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Figure D1. Excitation emission matrices of BSA and ONOO" reaction products.
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Figure D3. Exemplary chromatograms of SEC-HPLC. Solid line represents native
BSA and dotted line represents BSA reacted with ONOO".
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Table D1. Slope of HPLC calibration curves (units of peak area per mg mL-1), R2
values, LOD (mg mL-1), and LOQ (mg mL-1) calculated for each absorbing peak and

Integrated Peak Area (280 nm)

Integrated Peak Area (357 nm)

60 —
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CrOEO@

40 —

BSA 280

BSA 357
TNM-NBSA 280
TNM-NBSA 357
ONOO-NBSA 280
ONOO-NBSA 357
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20 —

R e B e

1.0 0.0
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Figure D4. HPLC-DAD calibration.

each calibrant.

0.6 0.8 1.0

NBSA-ONOO Concentration (mg/mL)

Unmodified BSA 1/1 TNM/Tyr BSA 1/1 ONOO/Tyr BSA
BSA 280 BSA 357 NBSA- NBSA- NBSA- NBSA-
nm nm TNM TNM ONOO ONOO" 357
280 nm 357 nm 280 nm nm
R? 0.9996 0.9943 0.9998 0.9997 0.9990 0.9991
m 40.0+0.3 0.49+0.02 | 624+04 242 +0.2 46.8+0.6 94+0.1
LOD | 0.009 0.04 0.008 0.008 0.02 0.01
LOQ | 0.03 0.1 0.03 0.03 0.05 0.05
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Figure D5. SEC calibration obtained using protein standard mixture.
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Appendix E: Ozone filter test Igor code
This Igor code was used for the ozone filter tests in Chapter 3.

Function SimpleFilter(InputWv, Threshold)
Wave InputWv
Variable Threshold
Variable n

Duplicate/o InputWv FilteredWv
For (n =0 ; n < numpnts(InputWv) ; n +=1)
If (InputWv[n] <= Threshold)
FilteredWv[n] = nan
Endif
Endfor

End Function

This Igor code is used to look at the slope every 8 hours between two instruments and

set the number of points threshold.

Function SlopeValuesNumpnts(EPAWv, CoWv, DateWv, FloatBVar,
NumPntsFilterVar)

Wave EPAWYvV, CoWv, DateWv
Variable FloatBVar

Variable NumPntsFilterVar
Variable StartPt, StopPt, n

Wave StartPtWv, StopPtWv

Make/o/n=(numpnts(StartPtWv)) NewSlopeWv, NewR2Wv, NewNumPntsWv
NewSlopeWyv = nan

NewR2WYV = nan

NewNumPntsWv = nan

Duplicate/o DateWv NewDateWv

Deletepoints 0,1e9, NewDateWv

Insertpoints 0,numpnts(StartPtWv), NewDateWv

208



For (n =0 ; n < numpnts(StartPtWv) ; n +=1)
StartPt = StartPtWv[n]
StopPt = StopPtWv[n]
If (FloatBVar == 1)
CurveFit/g/M=2/W=0 line,
CoWv[StartPt,StopPt]/X=EPAWV[StartPt,StopPt]/D
Elseif (FloatBVar == 0)
KO=0
CurveFit/g/H="10" line,
CoWv[StartPt,StopPt]/X=EPAWV[StartPt,StopPt]/D
Endif
wave w_coef
NewSlopeWv[n] = W_coef[1]
NewR2Wv[n] =v_r2

Wavestats/q/r=[StartPt,StopPt] CoWv

NewNumPntsWv[n] = v_npnts

If (v_npnts < NumPntsFilterVar)
NewSlopeWv[n] = nan
NewR2Wv[n] = nan

Endif

NewDateWv[n] = DateWv|[StartPt]

Endfor

End Function
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Appendix F: Density of H20 and PBS

To determine the extraction efficiency of various filters for use in ambient sampling
(discussed in Chapter 3 and Appendix C) the density and mass of the liquid that is extracted
are needed to determine the volume, because the filter soaks up some of the liquid and it
remains on the filter. The density of BSA in PBS (1x; made in laboratory) was analyzed to
determine if as the concentration of BSA in PBS increases the density raises above one.
The change in density and the density curve for 400 ug are shown in Appendix C, however
the other individual density curves with linear regression information are shown in Figure
F1 for use in experiments requiring volumes other than 400 pg. The density values were
determined to be 1.004 £+ 0.001 g/mL for PBS, 1.003 + 0.002 g/mL for 50 pg/mL BSA in
PBS, 1.0008 + 0.0008 g/mL for 100 pg/mL BSA in PBS, 1.0022 + 0.0008 g/mL for 200

pg/mL BSA in PBS, and 1.002 + 0.001 g/mL for 500 pg /mL BSA in PBS.
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Figure F1. Density determination for various BSA concentrations in PBS.
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The density values of two H20 sources and a purchased PBS (1x) source were
also determined for use in extraction experiments. The two H»O sources tested were the
MQ H20 from the MQ system and purchased H>O from Gibco. Purchased PBS was
acquired from Gibco. The density determination curves are shown in Figures F2 and F3.
The density value for Gibco PBS was calculated to be 1.000 + 0.004 g/mL. The density
value for Gibco H20 was calculated to be 0.99 + 0.01 g/mL and the density value for MQ

H>0O was calculated to be 1.00 + 0.06 g/mL.
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Figure F2. Density determination for purchased Gibco PBS.
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Figure F3. Density determination for purchased Gibco H.O and MQ H-O.
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Appendix G: Site-selective nitration of LF and ONOO-

The following results were peer-reviewed and published as part of the following:

Alhalwani, A. Y., Davey, R. L., Kaul, N., Barbee, S. A., & Huffman, J. A. (2019).

Modification of lactoferrin by peroxynitrite reduces its antibacterial activity and

changes protein structure. Proteins: Structure, Function, and Bioinformatics, 1-9.

https://doi.org/10.1002/prot.25782

To investigate the post-translational effects ONOO"™ has on lactoferrin, both the
native protein and ONOO -treated protein were tryptically digested and analyzed via LC-
MS/MS. A software tool called Scaffold was used to validate and interpret the MS data.
Scaffold uses a Label Free Quantification (LFQ) method to quantify the peptides. Using
a peptide threshold of 95%, the tryptic peptides of NLF show nitration of both tyrosine
(YY) and tryptophan (W) residues, including one tyrosine in the iron binding site (Y92)
and six nitrated residues in total. It is important to note that in the tryptic digestion
cysteine residues are alkylated and reduced. Cysteine oxidation products are thus not
able to be identified via this analysis. No methionine oxidation was observed at this
peptide threshold.

The LC-MS/MS results (Table G1) show relatively high peptide coverage, which

provides a clear representation of the modifications present in the ONOO -treated sample
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(native showed 86% and ONOO- treated sample showed 80% amino acid coverage).
Nitration of six residues, including 4 of 21 tyrosine and 2 of 10 tryptophan, in the treated
sample were observed, including: Y85, Y92, Y112, W288, Y344, and W367. One
nitrated tyrosine, Y92, is located in the iron-binding site of lactoferrin, which could
explain why the iron-binding ability of the ONOO"-treated sample was lowered (Table
G1). Itis hypothesized that the nitration of residues observed, as well as possible cysteine

oxidation, contributed to the loss of protein structure and function seen.
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Table G1. LC-MS/MS data. Tryptic peptides of NLF identified by LC-MS/MS.
Lowercase letters represent modified residues.

Modified

State Residue Tryptic Peptide LFQ!
Native ADAVTLDGGFIYEAGLAPYK 4.46 x 10’
Treated  Y85and Y92 ADAVTLDGGFIYyEAGLAPYK 8.09 x 10°
Native THYYAVAVVK 7.32x 10°
Treated Y112 THYYAVAVVK 1.27 x 10°
Native EDAIWNLLR 8.6 x 107
Treated w288 EDAIWNLLR 7.0x10°
5.46 x 10°
Native VPPRIDSGLYLGSGYFTAIQNLR  6.38 x 10°
Treated Y344 VPPRIDSGLYLGSGYFTAIQNLR  3.33x10°
Native VVWCAVGEQELR 7.49 x 107
Treated W367 VVWCAVGEQELR 2.56 x 10°

1LFQ = label free quantification
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The following serves as the supplemental information for Chapter 6.

Supplement to

Site-Selective Nitration of Lactoferrin Upon Peroxynitrite Exposure and Efficacy of

Ergothioneine Inhibition

8 April 12th - 1/1 NLF and 0.5 mM Ergo Pre and Post Nitration Test

Total Nitration Degree (%)

0
LF NLF I NLF+Ergo Pre-nitration I NLF+Ergo Post-nitration

Figure G1. Treatment of LF with ET scavenges ONOO" radicals
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Table G2. Preferred peptides used for QTOF-MS/MS analysis.

Ret.
Delta m/z Time
Prec. m/z | (ppm) Z | Prec. Type | (min) Peptide
922 100 | 1 | Exclude 0 | contaminant (from old method)

622.02 100 | 1 | Exclude 0 | contaminant (from old method)
1221.99 100 | 1 | Exclude 0 | contaminant (from old method)
1521.97 100 | 1 | Exclude 0 | contaminant (from old method)
2071.04 100 | 1 | Preferred 17.8 | (R)ADAVTLDGGFIYEAGLAPY(L)
2116.04 100 | 1 | Preferred 18.82 | Y84 OR Y91
2161.04 100 | 1 | Preferred 20 | Y84Y91
1975.85 100 | 1 | Preferred 15.6 | (K)CAFSSQEPYFSYSGAFK(C)
1362.71 100 | 1 | Preferred 15.1 | (K)CGLVPVLAENYK(S)
1407.71 100 | 1 | Preferred 16.4 | Y434
1524.66 100 | 1 | Preferred 13.2 | (R)DEYELLCPDNTR(K)
1862.77 100 | 1 | Preferred 12.1 | (K)FDEYFSQSCAPGSDPR(S)
1907.77 100 | 1 | Preferred 12.9 | Y507
1804.81 100 | 1 | Preferred 11.5 | (K\IGEADAMSLDGGYVYTAGK(C)
1849.81 100 | 1 | Preferred 14.15 | Y417 OR Y419
2088.01 100 | 1 | Preferred 19.18 | (R)IDSGLYLGSGYFTAIQNLR(K)
2133.01 100 | 1 | Preferred 20.1 | Y343 OR Y338
2858.37 100 | 1 | Preferred 15.1 | (K)SQQSSDPDPNCVDRPVEGYLAVAVVR(R)
1150.63 100 | 1 | Preferred 1.6 | (R)THYYAVAVVK(K)
1195.63 100 | 1 | Preferred 11.2 | Y111 OR Y112
1240.63 100 | 1 | Preferred 12.4 | Y111Y112
1536.84 100 | 1 | Preferred 155 | (K)YLGPQYVAGITNLK(K)
1581.84 100 | 1 | Preferred 16.6 | Y686
1097.51 100 | 1 | Preferred 12 | (R)YYGYTGAFR(C)
1142.51 100 | 1 | Preferred 14 | Y545
1664.94 100 | 1 | Preferred 13.27 | (K)YLGPQYVAGITNLKK(C)
1709.94 100 | 1 | Preferred 14.43 | Y686
3132.36 100 | 1 | Preferred 19.5 | (R)ESTVFEDLSDEAERDEYELLCPDNTR(K)
3177.36 100 | 1 | Preferred 20.3 | Y246

1129.6 100 | 1 | Preferred 18.2 | (K)EDAIWNLLR(Q)

1174.6 100 | 1 | Preferred 18.3 | W287
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Appendix H: Pollen rupture

The following protocol was developed for use in rupturing pollen, following by

nitration.

10.

11.

12.

13.

Weigh out 1 mg BSA/pollen using analytical balance

Place BSA/pollen in 1 mL ultrapure water (or 1xPBS)

Load 300 pL BSA/pollen solution onto filter and place in large Falcon sterile
conical tube

Let sit overnight

Add 4 mL 1xPBS to conical tube with filter

Place vial on platform shaker at medium (about 80 RPM) for 15 minutes
Sonicate for 10 minutes with no heat

Place back on platform shaker at medium for another 15 minutes

Bring filter to rim of conical tube using clean tweezers and rinse both sides with 2
mL 1xPBS, collecting runoff into same tube to remove as much visual pollen as
possible

Add a small stir bar and place tube onto stir plate for 15 minutes on the highest
RPM to break apart as much pollen as possible

Reduce RPM to medium-high and let stir for another 30 minutes

Remove conical tube from stir plate

Using a 25 mm syringe filter with 0.45 pum polypropylene membrane filter the

entire mixture into the top part of a 10k centrifuge tube
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14.

15.

16.

17.

18.

19.

20.

21.

e Note: centrifuge tube only holds about 4mL, so must perform step 14 with the
first 4mL and step 17 with any remaining volume

Centrifuge for 15 minutes at 7,500g using fixed-angle rotor

After centrifuging the solution, there will be a small amount of solution (50-100

ML) left in the top and just under 4ml in the bottom of the tube. Place the bottom

solution into a sterile conical tube

Add remaining extract solution into the top of the same 10k centrifuge tube using

a different 25 mm syringe filter with 0.45 pum polypropylene membrane

Centrifuge the remaining solution for 10 minutes at 7,500g

Combine filtrates in the labeled conical tube

Place concentrate in new conical tube

Add approximately 850 pL 1xPBS (to dilute to 1 mL) into top of centrifuge tube

to remove as much protein as possible and transfer to concentrate tube

Extraction is ready for UV-Vis, fluorescence, BCA, HPLC and ELISA
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Figure H1. Absorbance spectra of unmodified pollen extract (top) and nitrated pollen
extract (bottom) Concentration determined by BCA to be 0.03 mg/mL.

221



ELISA Absorbance (450nm)

0.25

0.20

0.15+

0.10 +

0.05+

0.00 —

W ELISA (450 nm)
—@ Absorbance (350 nm)

—0.30

—0.25

—0.20

—0.15

~0.10

—0.05

—0.00

0.25

Nitrated pollen concentration (mg/mL)

Figure H2. NTyr ELISA quantification of nitrated pollen extract.
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Appendix I: Amb a 1 and Amb a 11 preliminary results

This work was conducted at the Max Plank Institute for Chemistry in Mainz, Germany.

For preliminary results of the nitration of ragweed pollen allergens, various protein
samples were nitrated and analyzed. Amb a 1 and Amb a 11, the major ragweed pollen
allergens, were obtained from collaborators (Roxana Buzan). Amb a 1 was also
purchased from Indoor Biotech. Each sample was digested with trypsin and analyzed via
LC-QTOF-MS/MS following the methodology outlined in Chapter 6. Each protein was
able to be detected, including several of the Tyr-containing peptides of interest. However,
samples were too diluted to see entire amino acid sequence.

Purchased Amb a 1 from Indoor Biotech was nitrated with ONOO" using the protocol
outlined in Chapter 6 at molar ratios of 5/1 and 20/1 to serve as preliminary results to test
the nitration of Amb a 1 with ONOO". Figure 11 shows the results, showing that Amb a 1
is nitrated by ONOO"and a similar trend of ND increasing and then decreasing is seen (as

in Chapters 5 and 6).
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Figure 11. Preliminary results of n-AMB reacted with ONOO".
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Appendix J: NTyr ELISA protocol

This is an updated direct NTyr ELISA protocol for use in semi-quantifying the NTyr

concentration in protein and pollen samples. The protocol followed by Alhalwani et al.

was modified for use with pollen samples (Alhalwani et al., 2023).

Protocol:
A. Coating:
1. Make carbonate buffer ahead of time
2. Make serial dilutions in snapcaps with vortexing
3. Place 100uL of each dilution in respective wells
4. Put sealing tape and foil on plate
5. Place in fridge overnight
B. Blocking:
1. Setplate out at RT
2. Get PBS and SuperBlock out and set to RT
3. Make diluent solutions: 1/3 superblock, 2/3 PBS (one detection antibody, one
HRP)
4. 1:300 dilution ratio used for detection antibody (anti NTyr), place antibody in
detection antibody solution
5. Make PBSt (50mL PBS, 25uL Tween, shake)
6. Wash plate (dump plate into trash, pat on Kimwipe, wash with 2xPBSt 250uL
per well)
7. Place 290uL Superblock in each well, dump, pat, do twice
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8.

wash 2x with 250uL PBS

C. Detection antibody:

1.

2.

3.

4.

Pour detection antibody solution in trough, get all out with pipette
Place 100uL solution in each well
Wrap in cling wrap and foil, make sure plate is flat

Let sit at RT for 2-3 hours

D. Enzyme — HRP Streptavidin:

1.

2.

3.

4.

5.

1:20,000 ratio used; place amount of HRP in diluent solution made earlier
Wash plate 2x with 250uL PBSt

Add 100uL HRP solution to each well

Cover with cling wrap and foil, let sit for 45 min

Warm up plate reader

E. TMB:

Place TMB in falcon tube and cover in foil, place in drawer to get to RT
Wash plate 2x with 250uL PBSt, dump, pat

Place 100uL TMB in each well, wait until turns blue (around 4 min)

To stop, place 100uL 2M H2S04

Read immediately at 450 nm
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Appendix K: TNM nitration protocol

This is an updated protocol for nitrating protein or pollen samples with TNM. The

protocol followed by Alhalwani et al. was modified for use with protein and pollen

samples (Alhalwani et al., 2018, 2023). Nitrate according to a TNM/Tyr (nitrating agent

to tyrosine) molar ratio (i.e. a 10/1 TNM/Tyr ratio means we put in 10 mol TNM for

every tyrosine residue). BSA has 21 Tyr resides. Place 4% of the total reaction volume

MeOH (i.e. 1,000 pL total volume uses 40 uL MeOH) into the reaction vessel before

adding TNM. This helps the TNM suspend and react more efficiently, as TNM is not

soluble in aqueous solutions. PBS (1x) is used to maintain the pH at 7.4.

Protocol:

1.

2.

Place MeOH, BSA stock, and PBS in snapcap, falcon tube, cuvette, etc.
Take UV-Vis spectrum of reaction mixture pre-nitration
Add TNM using “TNM-only” micro syringe (add in fume hood)
- Make sure syringe is cleaned with PBS first
Wait 90 minutes (record exact time)
Take UV-Vis spectrum post-nitration
Clean samples with Amicon centrifuge tube (4 mL, 10 kDa cutoff)
Dilute sample back to 1 mL using PBS

Take UV-Vis spectrum post-cleaning
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Appendix L: Theoretical pH calculations

As discussed in Chapter 5, the pH of the reaction mixture upon addition of

ONOO increases depending on the buffer capacity. The theoretical final pH values of

various experimental reactions of proteins with ONOO" were calculated. Table L1 shows

the results for the addition of the 0.5/1 ONOO" volume to phosphate buffer (PB) and

Table L2 shows the results for 5/1. PB was used as opposed to PBS to decrease the

complexity of the calculation. Final pH represents the calculated theoretical final pH

upon addition of the ONOO" to the reaction with each corresponding starting pH.

Table L1. Theoretical pH calculations for the addition of 0.5/1 ONOO™/Tyr to PB.

final volume
Starting pH starting volume (uL) Final pH ONOO added (uL) | (uL)

7 400 7.014296002 0.316 400.316
7.4 400 7.414253425 0.316 400.316
8 400 8.028884431 0.316 400.316
8.4 400 8.463345272 0.316 400.316
9 400 9.294590597 0.316 400.316
9.05 400 9.397482877 0.316 400.316
9.25 400 10.11554521 0.316 400.316
9.3 400 10.78419519 0.316 400.316
9.4 400 11.29459515 0.316 400.316
114 400 11.44948537 0.316 400.316
12 400 12.02012237 0.316 400.316
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Table L2. Theoretical pH calculations for the addition of 5/1 ONOO/Tyr to PB.

final volume
Starting pH starting volume (uL) | Final pH ONOO added (uL) | (uL)

7 400 7.13927755 3.16 403.16
7.3 400 7.440368196 3.16 403.16
7.8 400 8.04910414 3.16 403.16

8 400 8.392911707 3.16 403.16
8.2 400 9.031261782 3.16 403.16

8.25 400 9.458135764 3.16 403.16
8.3 400 9.885597431 3.16 403.16
8.4 400 10.67837676 3.16 403.16
8.6 400 11.02904806 3.16 403.16

10.8 400 11.54909525 3.16 403.16

12 400 12.18612744 3.16 403.16
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Appendix M: Average ambient data Igor code
This Igor code is used to average the ambient data collected (O3, NO2, RH,
temperature) automatically when applying filter start and end date and times.

Function AverageAmbientData (XWvInput, YWvInput, RefPtsWv, AvgWindowVar)
Wave XWvinput, YWvInput
Wave RefPtsWv
Variable n, startpt, endpt

Make/o/n=(numpnts(RefPtsWv)) AvgPtsWv, StDevPtsWv
AvgPtsWv = nan
StDevPtsWv = nan

For (n =0 ; n < numpnts(RefPtsWv) ; n +=1)
startpt = RefPtsWv[n]
endpt = RefPtsWv[n]
WaveStats/q/r=(startpt, endpt) YWvInput
AvgPtsWv[n] = V_avg
StDevPtsWv[n] = V_sdev

Endfor

End Function
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Appendix N: UV-Vis calibration
To ensure accurate calculations when using the UV-Vis spectrometer, the UV-Vis

was calibrated using potassium dichromate and sulfuric acid (H2SOa).

Table N1. UV-Vis spectrometer calibration using potassium dichromate.

Wavelength (nm) A (1% 1cm) Accepted Values
235 114.6 122.9-126.2
257 136.5 142.8-145.7
313 45.37 47.0-50.3
350 103.3 105.6-108.2
430 13.98 15.7-16.1
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Figure N1. UV-Vis calibration using potassium dichromate.
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Appendix O: A poem to my PhD.

The overall topic of my PhD is nitration; its role in the body, mechanisms, and ambient
concentration.

Countless hours searching through web of science, sifting through methods comparing
their reliance.

Collecting ambient samples and monitoring their air flow, checking the weather and
praying for no more snow.

UV-Vis readings, waiting for that 357 peak, 106 HPLC samples down, damn what a
week.

Studying tyrosine and its ROS modification, finding the best way for its quantification.
Long science talks with my fav twin, discussing my new bud, a QTOF named Quinn.
On hour eight of the immunoassay, fingers crossed it turns blue in its 96 well tray.
Analyzing the concentrations of Denver’s NOx and ozone, it’s scary all their effects are
still unknown.

So much time spent analyzing data, all to find out what’s happening in Amb’s beta
(sheets).

A biochemist on one end, looking at inflammation and proteins’ interconnection, but
analytical on the other because | also wonder about its limit of detection.

My PhD is near done so I give you this ode, to commemorate all the time spent looking at
Igor code.

Yes, it was stressful and at times | wanted to flee, but I can say now it was all worth it for

this Doctor of Philosophy.
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