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Abstract

Abstract
Tyrosine nitration is an oxidative post-translational protein modification relevant to various
pathophysiological processes. It is potentially also involved in the redox regulation of normal
cellular functions. The scientific literature provides little information on residue specificity and
efficiency of nitration. In initial experiments of this thesis, we further showed that the
commonly used chemical tyrosine nitration methods also lead to unwanted modifications at
other amino acid residues. The multiple side reactions make it arduous to establish direct
and quantitative relationships between extents of tyrosine nitration on specific sites in a
protein and biological responses.
Therefore, in this thesis, a novel strategy was explored, allowing incorporation of 3nitrotyrosine (3NT) during ribosomal protein synthesis, based on a genetic code modification.
It was used to generate recombinant proteins with defined 3NT-sites, in the absence of other
post-translational modifications. We studied the generation and stability of the 3NT moiety in
recombinant proteins produced in E.coli. Nitrated alpha-synuclein (ASYN) was selected as
exemplary protein, relevant in Parkinson’s disease (PD). A procedure was established to
obtain pure tyrosine-modified ASYN in mg amounts. However, a rapid (t1/2 = 0.4 h) reduction
of 3NT to 3-aminotyrosine (3AT) was observed. When screening for potential mechanisms,
we found that 3NT can be reduced enzymatically to 3AT, depending on the spatial
orientation of 3NT within the protein. A genetic screen of E.coli proteins, involved in the
observed 3NT reduction, revealed the contribution of several, possibly redundant pathways.
Green fluorescent protein was studied as an alternative model protein. These data confirm
3NT reduction as a broadly-relevant pathway in E.coli.
In conclusion, incorporation of 3NT as a genetically-encoded non-natural amino acid allows
for generation of recombinant proteins with specific nitration sites, opening up new
possibilities for investigating the role of tyrosine nitration in regulating protein structure and
function in physiological and pathophysiological conditions. The potential reduction of the
3NT moiety by E.coli, however, requires attention to the design of the purification strategy for
obtaining purified nitrated protein.
The findings of this thesis open for new research questions: (i) which role does the reduction
of 3NT in E.coli have as a defence mechanism under inflammatory conditions? (ii) which role
does 3AT play as a potential end product of potential 3NT reduction in mammalian tissue?
This novel post-translational modification could be relevant in diseases related to
inflammation and oxidative stress.
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Zusammenfassung

Zusammenfassung
Die Nitrierung von Tyrosinresten ist eine oxidative post-translationale Modifikation, relevant
in verschiedenen pathophysiologischen Prozessen. Sie spielt möglicherweise auch eine
Rolle in der Redox-Regulation normaler zellulärer Funktionen. Die wissenschaftliche Literatur
gibt leider nur wenig Auskunft über die Spezifität der nitrierten Tyrosinreste und die Effizienz
der Nitrierung. In ersten Experimenten zu Beginn dieser Arbeit konnten wir zudem zeigen,
dass die gebräuchlichen chemischen Tyrosin-Nitrierungsverfahren auch eine Vielzahl von
Modifikationen an anderen Aminosäuren erzeugen. Diese Vielzahl von Nebenreaktionen
macht es sehr mühselig, direkte und quantitative Zusammenhänge zwischen dem Grad der
Nitrierung an bestimmten Tyrosinresten eines Proteins und einer biologischen Reaktion zu
etablieren.
Deswegen wurde in der vorliegenden Arbeit eine neue Strategie erforscht, basierend auf
einer Modifizierung des genetischen Codes, die den Einbau von Nitrotyrosin während der
ribosomalen Proteinsynthese erlaubt. Diese Strategie wurde genutzt, um rekombinante
Proteine mit definierten nitrierten Tyrosinresten zu generieren ohne die gleichzeitige
Modifikation anderer Aminosäuren des Proteins. Wir konnten damit die Generierung und die
Stabilität der Nitrotyrosin-Gruppe in rekombinanten Proteinen untersuchen, die in E.coli
hergestellt wurden. Nitriertes Alpha-Synuclein (ASYN), das in der Parkinson-Krankheit eine
Rolle spielt, wurde als exemplarisches Protein gewählt. Ein Verfahren wurde etabliert, um
Milligramm-Mengen von reinem Tyrosin-modifizierten ASYN herzustellen. Allerdings wurde
dabei eine schnelle (t1/2= 0.4 h) Reduktion des Nitrotyrosins zu Aminotyrosin beobachtet. Auf
der Suche nach potentiellen Mechanismen konnten wir feststellen, dass Nitrotyrosin
abhängig von seiner Position im Protein enzymatisch zu Aminotyrosin reduziert werden
kann. Ein genetischer Screen von E.coli-Proteinen, die in die beobachte Reduktion des
Nitrotyrosins involviert sein könnten, zeigte, dass mehrere, eventuell redundante
Reaktionswege beteiligt sind. Grün fluoreszierendes Protein wurde als zusätzliches
alternatives Modell-Protein untersucht. Diese Daten bestätigen, dass die Reduktion von
Nitrotyrosin ein allgemein relevanter Prozess in E.coli zu sein scheint.
Schlussfolgernd erlaubt der Einbau von Nitrotyrosin als genetisch-codierte Aminosäure die
Herstellung rekombinanter Proteine mit spezifischen Nitrierungsstellen und somit neue
Möglichkeiten, die Rolle von Tyrosin-Nitrierung in der Regulation von Proteinstruktur und funktion unter physiologischen und pathophysiologischen Bedingungen zu untersuchen.
Die mögliche Reduktion der Nitrotyrosin-Gruppe durch E.coli macht es jedoch notwendig,
größere Aufmerksamkeit auf die Aufreinigungsstrategie zu legen, um reine nitrierte Proteine
zu erhalten.

V

Zusammenfassung
Die Ergebnisse dieser Arbeit eröffnen neue wissenschaftliche Fragen: (i) welche Rolle spielt
die Reduktion des Nitrotyrosins in E.coli als möglicher Abwehrmechanismus unter
Entzündungsbedingungen? (ii) welche Rolle spielt Aminotyrosin als potentielles Endprodukt
der möglichen Reduktion von Nitrotyrosin in Säugetiergewebe?
Diese neue post-translationale Modifikation könnte in Krankheiten relevant sein, die in
Zusammenhang mit Entzündung und oxidativem Stress stehen.
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Abbreviations

Abbreviations

3NT

3-nitrotyrosine

aa

amino acid

APS

ammonium persulfate

ASYN

alpha-synuclein

bp

base pairs

C-terminal

carboxy-terminal

Da / kDa

Dalton/ kilo Dalton

DNA

desoxyribonucleic acid

DTT

dithiothreitol

E.coli

Escherichia coli

EtOH

Ethanol

FPLC

Fast protein liquid chromatography

IPTG

isopropyl ß-D-1-thiogalactopyranoside

LB

Luria broth

MESNA

sodium 2-sulfanylethaneslfonate

MQ

ultrapure water

mRNA

messenger RNA

MS

mass spectrometry

MS/MS

tandem mass spectrometry

MWCO

molecular weight cut-off

m/z

mass-to-charge ratio

N-terminal

amino-terminal

OmpA/OmpF

outer membrane protein A/outer membrane protein F

PAGE

polyacrylamide gel electrophoresis

PCR

polymerase chain reaction

PD

Parkinson’s disease
VII

Abbreviations
pH

negative logarithm of hydronium ion concentration

pKa

acid dissociation constant

PTM

post-translational modification

RNA

ribonucleic acid

RNS

reactive nitrogen species

ROS

reactive oxygen species

RP-HPLC

reversed phase – high performance liquid chromatography

rpm

revolutions per minute

RT

room temperature

SDS

sodium dodecyl sulfate

TEMED

N,N,N’,N’-tetramethylethylenediamine

ThT

Thioflavin-T

tR

retention time

Tris

tris(hydroxymethyl)aminomethane
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Introduction

1

Introduction*

Within the last few decades, rapid advances have been made in understanding the genetic
makeup of mankind. The human genome project has identified approximately 32,000 proteinencoding genes distributed throughout the human genome. Interestingly, the total number of
proteins in the human proteome is estimated at over 1 million, making the human proteome
vastly more complex than the human genome. Assumingly, single genes have to encode for
multiple proteins.
One major mechanism for further expanding the coding capacity in eukaryotic genomes
generating the observed diversity in the corresponding proteomes are covalent posttranslational modifications (PTMs) of proteins.

1.1

Post-translational modifications of proteins

PTM refers to a biochemical mechanism modifying proteins covalently at one or more sites
(Walsh et al. 2006). They can occur almost everywhere in a protein at the various amino acid
side chains and peptide linkages. Most often, the modifications are mediated by enzymatic
activity but can also result non-enzymatically. PTMs are present in both eukaryotes and
prokaryotes, but it can be estimated that they are more common in eukaryotes, in which
about 5% of the genome can be dedicated to enzymes that perform more than 200 types of
PTMs - some of them discovered only recently (Mann&Jensen et al. 2003, Walsh et al.
2005).
PTM processes can be divided into two groups: one group interfering with the polypeptide
backbone of proteins and one group leaving the polypeptide backbone intact. The first group
is based on proteolytic processes, that lead to covalent cleavage of specific peptide bonds
and result in removal of polypeptide fragments, like specific sequences or regulatory
subunits. Cleavage is primarily modulated by the action of proteases or, to a lesser extent,
auto-catalytically. The second group is based on enzyme-catalyzed, covalent attachment of
small chemical moieties to selected amino acid residues. The chemical moieties are usually
electrophilic fragments of co-substrates, which are added to electron rich side chains, serving
as nucleophiles in the transfer.

*

Parts of this chapter were published by Schildknecht, Gerding et al. (2013) in J Neurochem 125, 491511. For the sake of readability, not all passages from the published manuscript are marked
additionally by quotation marks.
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Sites that often undergo post-translational modification are therefore: the hydroxyl groups of
serine, threonine and tyrosine residues; the amine forms of lysine, arginine and histidine; the
thiolate anion of cysteine; the carboxylates of aspartate and glutamate; and the N- and Ctermini of proteins (Walsh et al. 2006). Moieties added are particularly chemical groups, but
also lipids, carbohydrates and entire proteins like ubiquitin.
To date, more than 90,000 PTMs have been identified. In 2011, Khoury et al. reported the
relative abundances of each PTM found experimentally and putatively based on proteomewide data from the Swiss-Prot database (Khoury et al. 2011). The most common
experimentally found covalent modifications are listed in Table 1. Examples of specific amino
acid residues carrying common post-translational modifications are shown in Table 2.
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Table 1: Common experimentally found PTMs by frequency (Khoury et al. 2011)
Frequency

Modification

58383

Phosphorylation

6751

Acetylation

5526

N-linked glycosylation

2844

Amidation

1619

Hydroxylation

1523

Methylation

1133

O-linked glycosylation

878

Ubiquitylation

Table 2: Common PTMs at amino acid side chains*
Amino acid residue

Type of modification

(functional reactive group)
Asparagine

N-linked Glycosylation, hydroxylation

Cysteine (-SH)

S-hydroxylation,
disulfide
phosphorylation, N-acetylation

Histidine

Phosphorylation

Lysine (-ℇ-NH2)

Acetylation, ubiquitination, SUMOylation, biotinylation,
hydroxylation

Methionine (-SCH3)

Oxidation to sulfoxide

Proline

Hydroxylation

Serine (-OH)

Phosphorylation, O-linked glycosylation, N-acetylation
(N-terminus)

Threonine (-OH)

Phosphorylation, O-linked glycosylation, N-acetylation
(N-terminus)

Tryptophan (indole ring)

Oxidative modification

Tyrosine (-OH)

Nitration, sulfation, phosphorylation

bond

formation,

*Adapted from Walsh et al. 2005 and Kumar et al. 2008.
A more detailed list can be found in Walsh et al. 2006.
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1.2

Biological significance of PTMs

Modification of a protein with functional groups after the translation of the amino acid chain is
a common mechanism of altering its behavior, and therefore influencing almost all aspects of
normal cell biology as well as pathogenesis.
At any step during the life-cycle of a protein, PTMs can occur. Starting concomitantly or
shortly after translation, modifications for example mediate gene expression, folding and
stability of nascent proteins or modulate their direction to distinct cellular compartments.
PTMs affect cellular functionalities as metabolism and signal transduction and are also able
to influence binding affinities between proteins by changing either structural or electrostatic
properties of the proteins and therefore modulate protein-protein interactions and interactions
with nucleic acids, lipids and cofactors (Deribe et al. 2010, Duan et al. 2013, Yachie et al.
2011, Zhao et al. 2010). The variety of PTMs of any given protein therefore facilitates rapid
cellular changes. Covalent linkage to certain tags can also target proteins for degradation.
PTMs can regulate protein function, because they can change protein structure. Changes
can either be small and local (e.g. methylation of lysine residues) or might only affect
backbone conformation within a limited region of a protein (phosphorylation) (Johnson&Lewis
et al. 2001, Ruthenburg et al. 2006). Other modifications, such as proteolytic cleavages or
the addition of large protein tags like ubiquitin, can drastically alter the overall protein
structure. The functional activity of various proteins is dependent on the presence of certain
prosthetic groups covalently bound to the proteins. Exemplarily, modification of inactive
apoenzymes or apoproteins is needed to form a functionally active holoenzyme.
Besides single modifications, also combinations of several added functional groups together
with post-translational cleavages can add up to a step-wise mechanism defining protein
maturation and function. With integrative PTM spots, defined sites in proteins have been
identified at which different PTMs operate together in a combinatorial manner to modulate
protein function (Woodsmith et al. 2013). Furthermore, depending on the nature of the
modification, PTMs of proteins can be reversible. Transient modifications are often
associated with signal propagation and regulation, whereas irreversible modifications like
most redox modifications or proteolytic cleavage of peptide bonds are often linked to aging or
tissue injury.
Considering the importance of PTMs for all aspects of protein function and cell biology, tight
regulation of PTMs in time and space is needed. Any dysregulation of PTMs homeostasis by
inherited or environmental factors might potentially lead to malfunction and pathological
states.
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PTM proteins and peptides have gained attention as biomarkers and/or mediators in
numerous diseases including cancer, cardiovascular and chronic kidney disease, but in turn
PTMs are also known to be affected by disease conditions (Gajjala et al. 2015, Jin&Zangar
et al. 2009, Krueger&Srivastava et al. 2006, Liddy et al. 2013). Further, PTMs are recognized
as intriguing regulators of aging (Nedic et al. 2015, Santos&Lindner et al. 2017). Aging is
characterized by alterations in rate and extent of protein synthesis and turnover, the
accumulation of abnormal proteins due to a decreasing cellular capacity to recognize and
target damaged proteins for degradation (Shiozawa-West et al. 2015). Also, dysregulation of
enzymatic and non-enzymatic PTMs can be associated with the aging process
(Cloos&Christgau et al. 2004, Kikis et al. 2010).

1.3

Oxidative modifications of proteins

As all living aerobic multicellular organisms require molecular oxygen (O2) to survive, which
is susceptible to radical formation due to its electronic structure, also reactive oxygen and
nitrogen have become an integral part of life. Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are continuously generated during mitochondrial oxidative
metabolism as well as in cellular response to xenobiotics, cytokines and bacterial invasion.
Many recent reports indicate that ROS/RNS and dynamic intracellular reductive/oxidative
(redox) balance are critical for normal cellular functions (Finkel et al. 2011, Ray et al.
2012, Schieber&Chandel et al. 2014). Low levels of ROS and RNS seem to function as
important signalling molecules, to set the metabolic pace of cells and to take part in the
regulation of processes ranging from gene expression to apoptosis. The balance between
ROS/RNS generation and disposal appears to determine the physiological and pathological
effects of free radicals, and the impact of redox regulation on cell functioning.
Many physiological conditions such as host defence or aging and pathological conditions as
neurodegenerative diseases however are associated with the accumulation of high levels of
ROS and RNS. This generates a condition called oxidative stress. Oxidative stress refers to
a disturbed redox equilibrium due to excess ROS/RNS or oxidants over the capability of the
cell to mount an effective antioxidant response by the multifaceted antioxidant and reducing
system. It is usually accompanied by pathophysiological consequences, e.g. oxygen radical
induced damage (Sies et al. 1985). In contrast, “redox regulation” or “redox signaling”
describes a reversible phase of physiological regulatory reactions occurring over shorter time
periods. In such circumstances, the oxidative reactions leading to posttranslational protein
modification like disulfides, thiolations and nitrosylations, or to changes in the oxidation state
of metals are returned to the resting state by reductive pathways (Frein et al. 2005).
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Since reduction is required and it is implicated that the oxidative event has regulatory
consequences, redox regulation can clearly be delineated from “oxidative” stress, the latter
being irreversible for the cell and where the term “stress” indicates a deviation from the
normal physiological state (Figure 1).

Figure 1: Oxidative stress and redoxregulation (simplified from Maccarrone et al. 2004)
Redox signalling/ redoxregulation is evolving as a new field of biochemical and
pharmacological research. Redoxregulation, i.e. physiological regulation of enzyme/protein
activity by oxidative modifications of regulatory enzymes, unlike oxidative stress, which is
characterized by a disturbed redox equilibrium and is usually accompanied by oxygen radical
induced damage, involves subtle and more chemically defined oxidations of short duration.
Most important is the reductive component as a necessary part of a reversible regulatory
process. Oxidative signals involve superoxide and nitric oxide as the main players which
form a system of oxidizing, nitrating or nitrosating species leading to posttranslational
modifications of proteins.
Persistent oxidative events together with a decline in the cellular reduction potential lead to
oxidative stress as is seen in the pathophysiology of a variety of different diseases.
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Accordingly, one major group of PTMs, that is increasingly understood to play an important
role, are oxidative modifications of various amino acid residues. These modifications were
shown to be involved in regulation of protein function and activity, but also in the pathology of
different diseases (Abello et al. 2009, Forman et al. 2004, Spickett et al. 2006). Oxidative
modifications are partly reversible. Exemplarily, oxidative alteration of methionine residues to
methionine sulfoxide can be reversed by methionine sulfoxide reductases (Moskovitz et al.
1996). These modifications have therefore been described to be involved in regulatory
processes. Other oxidative modifications, rather considered irreversible, may have
alternative biological effects through loss of function or gain of toxic function, and have value
as biomarkers of oxidative stress.
Oxidative modifications can be generated by a number of cellular processes or enzymes that
are capable of ROS and RNS formation in vivo in response to a broad spectrum of different
stimuli during either homeostasis or inflammation. The reactive species include for example
the hydroxyl radical (•OH), the carbonate radical (CO3•−), and products formed from reactions
involving peroxynitrite (ONOO−).
The number of amino acids modified by ROS/RNS is diverse, but nevertheless strongly
governed by a number of factors including the rate constant for the reaction between the
oxidant and the given amino acid residue, the solvent exposure of the target residue, steric
hindrance of the target residue, the pKa of the residue and the identity of the surrounding
residues (Ryan et al. 2014). Most susceptible to oxidation are perhaps the sulfur-containing
amino acids cysteine and methionine. Methionine residues, for example, can be oxidized to
methionine sulfoxide and methionine sulfone (Vogt et al. 1995).
Other residues most susceptible to oxidation include the aromatic residues tryptophan,
tyrosine, phenylalanine and histidine, resulting in oxidation products like hydroxytryptophan
(and further kynurenine), 3,4-dihydroxyphenylalanine or inter- and intra-molecular di-tyrosine
cross-linking via formation of tyrosyl radicals (Stadtman&Levine et al. 2000, Todorovski et al.
2011). The typical oxidative modification of these residues is hydroxylation, whereas lysine
and arginine can undergo oxidative deamination to form carbonyl groups. These
modifications can also be formed on serine and threonine residues (Shacter et al. 2000).
RNS are able to cause nitrosylation and nitration of tyrosine residues as well as oxidative
modifications of other amino acids including cysteine, tryptophan, methionine and
phenylalanine (Ischiropoulos&al-Mehdi et al. 1995). Structures of amino acid residues within
proteins after post-translational modifications by reactive oxygen and nitrogen species can
be found in Figure 2.
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In a broader sense, also formation of adducts of amino acyl side chains with products of
oxidatively modified lipids, amino acids, sugars or glutathione may account as indirect
oxidative modifications. Exemplarily, covalent binding of lipid peroxidation breakdown
products as hydroxynonenal (HNE) to lysine, histidine and cysteine residues might be named
here (Uchida&Stadtman et al. 1994).
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1.4

Protein tyrosine nitration

Nitration of tyrosine residues increasingly came into focus of interest with the recognition of
peroxynitrite (PON) as biologically-relevant oxidant, acting as mediator in signal transduction
pathways but also in disruption of cellular redox homeostasis. PON and PON-derived
species were shown to react with various biomolecular targets, with nitration of protein
tyrosine residues being one major hallmark (Ischiropoulos et al. 1992, Koppenol et al. 1992).
In proteins, several amino acids have been identified as preferential targets for nitration, such
as tyrosine, tryptophan, cysteine and methionine.
However, most studies so far concern nitration of tyrosine residues. Protein tyrosine nitration
has first been reported in vitro in 1966 (Sokolovsky et al. 1966), in the early nineties also its
in vivo occurrence in mammalian cells was demonstrated (Ischiropoulos et al. 1992).
Tyrosine nitration occurs in multiple organisms, like phagocytized bacteria (Evans et al.
1996), yeasts (Bhattacharjee et al. 2009), plants (Lozano-Juste et al. 2011) and animals
(Yakovlev&Mikkelsen et al. 2010).
The nitration of tyrosine residues to 3-nitrotyrosine (3NT) represents an oxidative
posttranslational modification, that was shown to occur in vivo primarily under conditions of
oxidative and nitrative stress. After demonstration of increased 3NT levels in a variety of
acute as well as chronic pathological conditions (Duda et al. 2000), protein tyrosine nitration
was established as a biomarker of ROS/RNS-mediated oxidative inflammatory reactions.
Nevertheless, there is growing evidence that nitration of tyrosine residues might also impart
an increased risk for disease development.
As low levels of PON and therefore low levels of protein tyrosine nitration have been
detected also under normal physiological conditions, there is reason to believe that formation
of 3NT might have physiological functions in redox regulation (Frein et al. 2005, Schildknecht
et al. 2005).
A central question is whether tyrosine nitration can lead to fundamental changes in protein
function and might therefore be part of physiological as well as pathophysiological
processes. Gaining more insights into identification of nitrated proteins, and further the
individual sites of nitration in a given protein and their correlation to potential alterations in
protein functionality could shed light onto the question, whether 3NT might participate on the
basis of diseases and might therefore serve as a target for therapeutics.
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1.4.1

Protein tyrosine nitration in vivo

1.4.1.1 Nitric oxide (•NO) metabolism
Tyrosine nitration is a chemical reaction mediated by reactive nitrogen species: collectively,
in vitro and in vivo studies have identified several nitrating species, such as PON and
nitrogen dioxide (•NO2). These nitrating agents all derive as secondary products of nitric oxide
(•NO) metabolism.
In general, •NO is produced enzymatically from l-arginine in a cell by one of the three
isoforms of nitric oxide synthase (NOS). Neurons express NOS-1 (= neuronal, nNOS) that,
similar to NOS-3 (= endothelial, eNOS) is characterized by a relatively moderate expression
level and cellular activity (Bredt et al. 1990, Bredt&Snyder et al. 1990, Radomski et al. 1990).
In contrast to that, the inducible iNOS (NOS-2), expressed in macrophages, endothelial cells,
fibroblasts and vascular smooth muscle cells, can be up-regulated significantly by a variety of
stimuli such as inflammatory cytokines or hypoxia. It leads to the Ca2+-independent formation
of high fluxes of •NO. •NO therefore, besides its signal transducing function in the vascular
and nervous system, serves as a cytotoxic effector molecule if produced in high rates.
Together with the inducible iNOS isoform the radical plays a prominent role in mediating host
inflammatory responses (Radomski et al. 1990).
1.4.1.2 Generation of peroxynitrite (PON)
Although •NO is a free radical, its direct reactivity with cellular proteins or lipids is negligible.
However, much more reactive and toxic than •NO are its secondary intermediates, generated
in the presence of superoxide (•O2−). A one-electron reduction of molecular oxygen (O2)
leads to the formation of •O2−, which can not only act as oxidant but also as strong reducing
agent. In cells, •O2− is formed by several enzymes including NAD(P)H oxidases, xanthine
oxidase, uncoupled NOS or Complex I and III of the mitochondrial electron transport chain
(Boveris et al. 1976, Segal et al. 2005, Vignais et al. 2002). Further reduction yields
hydrogen peroxide (H2O2) and finally, the hydroxyl radical (•OH). Another important aspect of
•

O2− is its ionic nature, that largely prevents its diffusion across biological membranes at

cellular pH. This chemical property has significant biological relevance, since •O2− is ‘trapped’
within the subcellular compartment (e.g., mitochondria) where it is formed. At very low pH,
•

O2− may be protonated (pKa = 4.8) and can then cross membranes in the form of its

conjugated acid. Once •O2− is formed, it may undergo dismutation to H2O2 catalyzed by the
superoxide dismutase (SOD). Although •O2− and •NO are relatively unreactive alone, their
reaction to form the PON anion (ONOO−) is extremely fast (6.7 × 10−9/M/s), and even
exceeds the dismutation rate of •O2− by SOD (2 × 10−9/M/s) (Beckman&Crow et al.
1993, Huie&Padmaja et al. 1993). This implies, that as soon as •NO and •O2− are formed
within the same cellular compartment, PON is generated.
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The high cellular activities of SOD leave a very low •O2− concentration under “resting
conditions”. Under these conditions also •NO concentrations are approximately 100-fold
lower than that of SOD, resulting in only small amounts of generated PON as a ‘basal’ flux of
nitrating species and low levels of tyrosine nitration. Enzymatic and non-enzymatic systems
are further capable of detoxifying low levels of PON (Arteel et al. 1999, Bryk et al. 2000, Radi
et al. 1991, Trujillo&Radi et al. 2002), Generally, •NO and •O2− reactions do not necessarily
oxidatively damage tissue and might even be cytoprotective in certain cases (Gutierrez et al.
1996, Sarti et al. 2002). There is evidence, that small amounts of PON might play a
physiologic role in signal transduction processes (Brito et al. 1999, Go et al. 1999, Mihm et
al. 2003).
However, a plethora of different physiological stimuli such as hormones, neurotransmitters
and growth factors increase generation of •O2− by activating NAD(P)H oxidases and xanthine
oxidase or by affecting mitochondrial respiration and therefore increase PON production. •O2−
levels, similar to upregulation of •NO production, are typically increased during events
associated with inflammation and ischemia/reperfusion (e.g. stroke, myocardial infarction and
hemorrhagic shock).
1.4.1.3 PON-mediated tyrosine nitration
PON is a strong and short-lived oxidant (half-life of ca. 10 ms under physiological pH), that
can react by one-electron oxidations with for example carbon dioxide (CO2) or transition
metal centers in a radical pathway, and by two-electron oxidations involving oxygen atom
transfer. Oxygen atom transfer might lead to protein methionine sulfoxidation (Souza et al.
1999), whereas the radical pathway is the dominating source for protein tyrosine nitration.
About 20–30% of PON is present in its protonated form, peroxynitrous acid (ONOOH), under
physiological pH conditions (Goldstein&Czapski et al. 1995, Kissner et al. 1997). Protonation
weakens the O-O bond in ONOOH and leads to homolytic cleavage of peroxynitrous acid
into the highly reactive •OH radical and the •NO2 radical, that represents the actual nitrating
species (Merenyi et al. 1998, Prutz et al. 1985). This process was shown to be relatively slow
in biological systems (Carballal et al. 2014). Carbon dioxide/bicarbonate, present in cells in
the millimolar concentration range, that is several orders of magnitude higher than steady‐
state PON levels (Goldstein et al. 2001), further influence the reactions mediated by PON.
The interaction, a nucleophilic addition of PON to CO2, has a sufficiently high rate constant
(2.9 × 104/M/s) to consider it as one of the dominating pathways for PON decomposition in
biological systems (Lymar&Hurst et al. 1995, Uppu et al. 1996). The intermediate
ONOOCO2‐ was shown to undergo fast homolysis to •NO2 and CO3•− (Bonini et al.
1999, Goldstein et al. 2001).
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Additionally, transition metal centers such as iron (Fe), copper (Cu) and manganese (Mn)
ions can participate actively in the process of tyrosine nitration in biological systems by also
catalyzing the generation of secondary oxidants. Low molecular weight transition-metal
centers and transition metal centers of metalloproteins were shown to promote PONdependent nitration (Beckman et al. 1992, Ramezanian et al. 1996). Two-electron reactions
of PON and metals yield •NO2 and a strongly oxidizing oxo-metal complex (FerrerSueta&Radi et al. 2009). In heme-containing enzymes such as myeloperoxidase, PON might
react with the iron, yielding •NO2 and strong oxidants, the oxo-ferryl compounds (Figure 3).
PON-mediated reactions are highly pH-dependent, as the stability, reactivity and capacity of
PON and ONOOH are quite different. Nitration is maximal at a physiological pH of about 7.4,
but the yield decreases rapidly under more basic or acidic conditions. In contrast to that
sulfoxidation increases in a pH range from 5 to 9 (Beckman et al. 1994, van der Vliet et al.
1995).
PON might further be generated upon the reaction of nitroxyl anion (NO -) with O2, the latter
being present in concentrations many orders of magnitude higher than that of •O2−. The
reaction proceeds at a comparable slow rate (5.7 x 107 M-1 s-1), but might be physiologically
relevant in some specific conditions (Hogg et al. 1996, Kirsch&de Groot et al. 2002).

Figure 3: Chemical biology of tyrosine nitration
Pathways of peroxynitrite mediated protein nitration. Free radicals can be formed by a variety
of intra- and extracellular sources. The main product from the near-diffusion-limited reaction
of nitric oxide (•NO) and superoxide (•O2−) is the peroxynitrite anion (ONOO-), which exists at
neutral pH in equilibrium with its acid. peroxynitrous acid (ONOOH). It is chemically unstable
and undergoes homolyses into the •NO2 radical and the hydroxyl radical (•OH). Carbon
dioxide (CO2), which is present in concentrations up to 1 mM in biological systems, shifts the
product pattern towards nitrogen dioxide radicals (•NO2). Once formed, ONOO- can direct
one- and two-electron oxidation reactions that result in the formation of reactive secondary
intermediates. In most cases, protein nitration proceeds through a free radical mechanism
whereby a tyrosyl radical (•Tyr) recombines with •NO2 to form nitrotyrosine.

12

Introduction

1.4.1.4 PON-independent nitration mechanisms
There is evidence that in vivo several different nitration pathways contribute to protein
tyrosine nitration. The second main mechanism of tyrosine nitration is based on the
generation of •NO2 radicals by various peroxidases in the presence of H2O2 and nitrite (NO2-),
a normal byproduct of •NO metabolism. Peroxidases catalyze reduction of H2O2 and, in turn,
catalyze one-electron oxidation of organic compounds, inorganic anions and halides.
Nitration occurs via simultaneous oxidation of nitrite to nitrogen dioxide radical and tyrosine
to tyrosyl radical, respectively (Bian et al. 2003, Brennan et al. 2002, Eiserich et al.
1998, Pfeiffer et al. 2001, Thomas et al. 2002, van der Vliet et al. 1997). The described
reaction plays a major role in host defense mechanisms, as activated phagocytes contain
high levels of the abovementioned peroxidases, especially myeloperoxidases and eosinophil
peroxidases (Gaut et al. 2002, Wu et al. 1999). Also oxidation of nitrite to •NO2 in the
presence of H2O2 was shown to be transition metal-catalyzed, either through the action of
heme contained in peroxidases or by ferrous and cuprous ions through Fenton-type
chemistry.
Another mechanism of tyrosine nitration is mediated by NO2- under acidic conditions and
might be a relevant mechanism in the gastric lumen (Rocha et al. 2013, Rocha et al. 2012).
1.4.1.5 •NO2 and tyrosyl radicals
accompanying modifications

as

mediators

for

tyrosine

nitration

and

Overall, a multitude of biological reactions seem to be responsible for the nitration of tyrosine
residues in proteins, which can take place in vivo either simultaneously or at different times
depending on cell type and stimulus. The mechanisms summarized above seem to share
common characteristics as they involve the action of free radicals including transient tyrosyl,
•

NO2 and carbonate CO3•− and/or oxo-metal complexes. In the nitration reactions, formation of

•

NO2 is the rate limiting step, modulated by the steady-state concentration of oxidative, free-

radical and oxidant-scavenging pathways.
While •NO2 is the predominant nitrating species, formation of a tyrosyl radical is a second
prerequisite for the occurrence of tyrosine nitration. Many of the aforementioned (PONderived) radicals can be the active part in generating the tyrosyl radical: •OH, CO3•−, •NO2,
oxo-metal complexes or oxidized iron intermediates of heme peroxidases (Figure 3).
Formation of tyrosyl radicals not only sets the stage for nitration by the •NO2 radical, but
alternatively can also lead to the formation of covalent di‐tyrosine bonds (Pfeiffer et al.
2000, Souza et al. 2000b). Addition of •OH will yield 3-hydroxytyrosine, also known as DOPA.
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As indicated above, the generation of •NO and subsequently PON is accompanied by the
generation of a phlethora of radicals and therefore simultaneous to nitration reactions and
inter- and intra-molecular dityrosine crosslinks, also other reactions on amino acid side
chains take place. For example, methionine sulfoxidation and various oxidative adducts must
be considered.
In addition, it is important to distinguish between (i) the aforementioned nitration
reactions; (ii) nitrosylation reactions, in which binding of •NO to a transition metal in an active
site center, such as guanylyl cyclase, takes place (Arnold et al. 1977), and (iii) nitrosation
reactions that, in a cell, mostly modify cysteine residues with a covalently bound NO group
(Cys-NO) (Daiber et al. 2009, Ullrich&Schildknecht et al. 2014).

1.4.2

Biological consequences of protein tyrosine nitration

Tyrosine nitration is characterized by the addition of a nitro group onto one of the two
equivalent ortho carbons of the phenolic ring of the tyrosine residue. The addition shifts the
local pKa of the hydroxyl group from 10.07 in tyrosine to 7.50 in 3NT (Turko&Murad et al.
2002) and might make proteins more hydrophobic. Tyrosine nitration further has a slight
effect (30 Å) on the bulkiness of the residue (Zamyatnin et al. 1972) and might create local
steric restrictions and trigger conformational changes.
These alterations are likely to affect protein structure and function. The fact, that protein
tyrosine nitration has been detected under normal physiological conditions, might indicate
that low levels of tyrosine nitration are physiologically involved in regulatory processes and
signaling pathways (Frein et al. 2005, Greenacre&Ischiropoulos et al. 2001, Herrero et al.
2001). However, being associated with oxidative stress and several disease conditions, also
a switch to pathophysiological function of a protein upon nitration of tyrosine residues could
be possible (summarized in Figure 4).
Indeed, gain of function as well as inhibition of function have been reported for nitrated
proteins. Tyrosine nitration has been shown for example to inactivate the mitochondrial
manganese superoxide dismutase (Ischiropoulos et al. 1992, Neumann et al. 2008),
prostacyclin synthase (Zou et al. 1997), prostaglandin endoperoxide H2 synthase
(Schildknecht et al. 2012), the lipid aggregatory activity of surfactant protein A (Haddad et al.
1993), and glutamine synthetase activity (Berlett et al. 1998). Aberrant and potential toxic
gain of function was reported for cytochrome c, fibrinogen, glutathione S-transferase etc.
(Souza et al. 2008). However, also no effect on function was described (Balafanova et al.
2002, Gole et al. 2000, Greenacre&Ischiropoulos et al. 2001, Ischiropoulos et al. 1998).
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Additional to alterations in structure and function of proteins, nitration of tyrosine is further
discussed to affect cellular function by influencing or even competing with tyrosine
phosphorylation. As protein tyrosine phosphorylation, mediated by receptor as well as nonreceptor tyrosine kinases, is nearly an universal mechanism for mediating intracellular
signaling events associated with cell proliferation, adhesion, and cell differentiation
(Schlessinger et al. 2000), nitration of tyrosine residues might interfere with these signaling
processes. Studies, describing that in several proteins nitration of tyrosine reduced or
prevented tyrosine phosphorylation and vice versa (Gow et al. 1996, Hellberg et al.
1998, Kong et al. 1996, Shi et al. 2007), led to the hypothesis, that protein tyrosine
phosphorylation and protein tyrosine nitration are mutually exclusive events.
Alternatively, studies suggest, that nitration may simulate phosphorylation, resulting in
constitutively active proteins (Mallozzi et al. 2001). Taken together with a putative enzymatic
denitration process (see 1.4.4), these observations might hint on an interplay between lowlevel protein tyrosine nitration and tyrosine phosphorylation in modulating signal transduction,
additional to the classical phosphorylation-dephosphorylation reaction, rather than being
deleterious (Monteiro et al. 2002).
Furthermore, similar to other PTMs, tyrosine nitration might affect the rate of proteolytic
degradation of a protein, favoring either faster clearance or accumulation of nitrated proteins.
In general, oxidatively modified proteins have shown greater susceptibility to proteolysis. The
removal of the modified proteins might be seen as a cellular defense mechanism against the
consequences of oxidative stress (Gow et al. 1996). Increased proteolytic degradation was
also observed after incubation of proteins or cells with PON, which might be due to a faster
degradation of nitrated proteins by the proteasome (Grune et al. 1998, Souza et al. 2000a).
In contrast to that, nitrated tyrosine residues are not resistant but significantly retard cleavage
by chymotrypsin, a digestive enzyme involved in the breakdown of proteins (Souza et al.
2000a).
In the recent years, tyrosine nitration was assigned a potential role in mediating immune
responses. Modification of tyrosine residues might result in modification of potential antigens.
As a result, so called neo-epitopes might be created and an adaptive immune response
would be triggered: amongst other things, host proteins might be recognized as ‘non-self’,
the immune system would be activated, and immunoglobulins would be generated that
specifically recognize nitrotyrosine. Immunological tolerance would break down and a robust
anti-self immune response could be elicited. Accumulation of 3NT containing proteins might
therefore induce autoimmune diseases or lead to a sustained chronic inflammatory response
(Birnboim et al. 2003, Ohmori&Kanayama et al. 2005) (see 1.4.5).
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Figure 4: Biological consequences of protein tyrosine nitration (adapted from
Ischiropoulos et al. 2009)
Pathways supported by in vivo data are indicated as solid arrows and are discussed in the
text. Dashed arrows are proposed pathways that are supported by in vitro or cellular model
system data.
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1.4.3

Selectivity of protein tyrosine nitration

A subject of interest is the fact, that tyrosine nitration is residue-, protein-, and tissue-specific,
meaning that not all tyrosine residues of a protein are a target of nitration (Ischiropoulos et al.
2003, Ischiropoulos et al. 1998, Souza et al. 1999). Additionally, not all proteins are able to
become nitrated, whereas other proteins are a preferential target for nitration. Despite the
high natural abundance of tyrosine residues (3.2%) and its occurrence in most proteins,
neither the abundance of a protein nor the abundance of tyrosine residues in a protein can
be used to predict the likelihood of protein tyrosine nitration. Exemplarily, the most abundant
plasma protein on molar basis, human serum albumin, is target for protein tyrosine nitration,
but is less extensively nitrated as other plasma proteins. Out of 18 contained tyrosine
residues, only two were susceptible to nitration in an in vitro study (Ischiropoulos et al.
1998, Jiao et al. 2001). Due to the mild hydrophilicity of tyrosine, the tyrosine residues in
protein are often surface-exposed. Only 15% of tyrosine residues are at least 95% buried
(Bartesaghi et al. 2007). Thus, tyrosine residues should usually be available for nitration. The
observed selectivity may depend on various factors such as the proteins intracellular
concentration, localization and interaction with other molecules, as well as its structure. So
far, it could not be clarified whether a specific consensus sequence for protein tyrosine
nitration exists (Elfering et al. 2004, Ischiropoulos et al. 2003, Souza et al. 1999).
It might be assumed, that the secondary structure of a protein and neighboring amino acids
mediate nitration: turn-inducing residues such as proline and glycine as well as negatively
charged residues seem to act beneficial on nitration, whereas sulfur containing amino acids
in close vicinity decrease the probability of tyrosine nitration due to scavenging. The
presence of positively charged amino acids like arginine seems to inhibit tyrosine nitration
due to electrostatic forces (Bayden et al. 2011, Ischiropoulos et al. 2003, Souza et al. 1999).
As discussed before, transition metal centers assumingly catalyze tyrosine nitration.
Therefore, the presence of a transition metal center in close proximity of a tyrosine residue
might site-specifically direct nitration. This effect was observed in manganese dependent
SOD, which is nitrated by PON site-specifically at tyrosine 34 in the active site close to the
manganese atom (Quijano et al. 2001, Yamakura et al. 1998). Thus, transition metals could
be able to provide region-selectivity for the nitration of internal or buried tyrosine residues.
In context of the short half-life of most nitrating species, the selectivity of nitration of course
also depends on close proximity of potential target proteins to the nitrating species at the site
where nitrating agents are generated. Accordingly, nitrated proteins have often been
detected in subcellular compartments known to generate nitrating species, for instance in the
cytosol of circulating erythrocytes, in peroxidase-containing secretory granules, in
mitochondria and the endoplasmatic reticulum of endothelial cells, fibroblasts and smooth
muscle cells etc. (Heijnen et al. 2006).
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In contrast to that, nitration reactions will be inhibited in the presence of endogenous
antioxidants such as glutathione, ascorbate and uric acid, as these substances consume
oxidizing and nitrating species (Carballal et al. 2014, Folkes et al. 2011, Gebicki et al.
2010, Simic&Jovanovic et al. 1989).
Further, localization in protein transmembrane domains might support selective tyrosine
nitration, as unsaturated fatty acids may outcompete for the ROS and RNS, antioxidants are
excluded, whereas diffusion of •NO2 and •NO towards the lipid milieu is favored (Viner et al.
1999, Yamamoto et al. 2002, Zhang et al. 2003, Zhang et al. 2001). In the discussion of •NO
and •O2− interaction, it has to be noticed that •NO can freely diffuse across membranes, while
•

O2− has a very limited capacity to cross lipid bilayers. This implies that the localization where

•

O2− is formed determines to a large extent the formation of PON and consequently the

likelihood for tyrosine nitrations in subcellular compartments. As a major source of RNS and
therefore primary locus of protein tyrosine nitration, mitochondria and especially the
mitochondrial matrix, have been identified (Ghafourifar&Colton et al. 2003, Valdez et al.
2000). ROS and RNS are either formed in complexes I-III of the mitochondrial respiratory
chain or can diffuse from extra-mitochondrial compartments into the mitochondria (Koeck et
al. 2004, Radi et al. 2002).
Next to compartmentalization of the reaction, nitration of proteins might further depend on the
nature of the reactive species. At least in vitro, differences in nitration patterns were
observed after proteins have been incubated with various nitrating agents (Castro et al.
2004, Quint et al. 2006, Yamakura et al. 1998). Yet, also cases have been reported, where
comparable nitration sites were detected in certain proteins, e.g. after treatment with either
PON or tetranitromethane (Greis et al. 1996). Whether this is due to the in vitro experimental
conditions or a phenomenon also observable in vivo, must be object of further studies.
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1.4.4

Rationals for protein denitration events

To think of protein tyrosine nitration as a regulatory mechanism, nitration would require
reversibility. Protein tyrosine nitration was long considered as stable post-translational
modification, due to chemical stability of free nitrotyrosine over a wide pH range (3.5-9.0)
upon prolonged incubation at 100 °C (Liu et al. 2007).
Nevertheless, increasing evidence points towards a biological denitration system. A putative
denitrase activity was observed in human plasma, isolated platelets, activated macrophages
and tissue homogenates of different organs (Gow et al. 1996, Kamisaki et al. 1998, Kuo et al.
1999, Osoata et al. 2012, Sabetkar et al. 2002, Smallwood et al. 2007). In the absence of
apparent proteolytic activity, the denitration appears to be time-, concentration- and
temperature-dependent. The denitration activity was further shown to be LPS-inducible,
sensitive to heat, trypsin and PON and retained after passage through a membrane with
10 kDa cut-off.
Several reports indicate a presumable selectivity of denitration regarding tissues as well as
proteins (Kamisaki et al. 1998). For example, different kinetic profiles of denitration reactions
were shown towards different substrates (Deeb et al. 2013, Greenacre&Ischiropoulos et al.
2001). It further has to be distinguished between the denitration of nitrated proteins and free
3NT (Kuo et al. 1999, Leger et al. 2008). For mitochondria, an organelle-specific mechanism
was suggested, dependent on oxygen tension. Mitochondria seem to be capable of
eliminating 3-nitrotyrosyl adducts during conditions of hypoxia-anoxia and re-establishing the
protein tyrosine nitration patterns after reoxygenation, a phase associated with a burst of
ROS and RNS, in order to protect against nitrative stress (Koeck et al. 2004).
Most of the studies reporting the denitration of 3NT are based on an antibody-dependent
detection of 3NT-containing protein epitopes. The loss of nitrotyrosine recognition by
antibodies might result either from an actual denitration of the 3NT group to yield tyrosine, a
reduction of 3NT to form 3-aminotyrosine (3AT), or possibly the consequence of epitope
alterations, independent of the 3NT group (e.g. conformational changes or other chemical
modifications). In rotenone-exposed neurons, for example, aminotyrosine containing
peptides of the protein alpha-synuclein have been detected besides tyrosine-nitrated ones
(Mirzaei et al. 2006). On the contrary, a complete removal of the nitrogroup without prior
reduction to aminotyrosine was proposed after observation of a Ca2+-dependent denitration
process in brain and heart homogenates with a concomitant stoichiometric increase of nitrate
ion concentration (Kuo et al. 1999, Leger et al. 2008).
In this context, it is important to note, that a quantitative reduction of 3NT to 3AT was
observed upon incubation with dithiothreitol in combination with heme at 100°C (Balabanli et
al. 1999). Although much slower, the reaction also occurred at 37°C.
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This might lead to an underestimation of the 3NT level in immunoblotting experiments after
SDS-PAGE, since complex heme-containing biological samples are often boiled in buffers
containing dithiothreitol and might account for some of the observed “denitration” events
observed in vivo (Soderling et al. 2007).
So far, neither a catalyzing enzyme nor a product of the denitration of protein tyrosine
residues could be identified, although efforts have been made in enriching discrete denitrasecontaining fractions (Deeb et al. 2013).
Widespread in eubacteria are nitroreductases: a group of enzymes that use nicotinamide
adenine dinucleotide (NADH) or nicotinamide adenine dinucleotide phosphate (NADPH) as
reducing agents for catalysing the reduction of nitro-substituted compounds. Among other
reactions, they are able to transfer two electrons from NAD(P)H to the nitro group of nitrosubstituted compounds to form nitroso and hydroxylamino intermediates and finally an amino
group (Bryant et al. 1981, Muller et al. 2018). These enzymes participate in the reduction of a
variety of mostly xenobiotic nitro-compounds as nitro-furans and nitro-toluenes (Olekhnovich
et al. 2009, Race et al. 2005).
Nitroreductase-like proteins have also been found in archaea and in eukaryotes (Bryant et al.
1981). In mammals, some enzymes exist that seem to be functionally related to type I and
type II nitroreductases such xanthine dehydrogenase, aldehyde oxidase, cytochrome c
oxidase, and NADPH cytochrome P-450 reductase and others (Peterson et al. 1979).
However, the biological function of the nitroreductase family of proteins remains unknown so
far. Some studies suggest a possible involvement of nitroreductases in the oxidative stress
response (Hassan&Fridovich et al. 1978, Lightfoot et al. 2000, Liochev et al. 1999).
For E. coli it has been postulated that nitroreductases NfsA and NfsB, may be able to reduce
3NT residues in proteins. However, a study conducted by Lightfoot et al. (2000) refuted this
hypothesis (Lightfoot et al. 2000).
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1.4.5

Role of 3-nitrotyrosine in aging and disease

As indicated, increased levels of protein tyrosine nitration are consistently observed in over
50 pathological conditions such as cardiovascular disorders, neurodegenerative diseases,
rheumatoid arthritis, diabetes, hepatic diseases, ischemia-reperfusion injury as well as
cancer (Duda et al. 2000, Greenacre&Ischiropoulos et al. 2001, Pacher et al. 2007). These
diseases all have a strong component of oxidative stress. It remains unclear, however,
whether the oxidative stress and induced oxidative protein modifications are causal in
disease progression or the result of the cell death associated with cells dying by necrosis.
ROS, and therefore also oxidative modifications of proteins, are further believed to play a key
role in the aging process. Aging is characterized by alterations in rate and extent of protein
synthesis and turnover and the accumulation of abnormal proteins due to a decreasing
cellular capacity to recognize and target damaged or covalently modified proteins for
degradation (Shiozawa-West et al. 2015). A long-standing theory for the cause of the agerelated changes in a number of tissues are oxidative stress and free radical reactions,
resulting

in

accumulation

of

proteins

that

have

undergone

oxidative

damage

(Finkel&Holbrook et al. 2000, Harman et al. 1956).
The formation of 3NT has been used as evidence for oxidative and nitrative damage, for
example in aging muscle (Viner et al. 1999) and aging brain (McCormack et al.
2012, Uttenthal et al. 1998).
Lately, nitration of tyrosine residues was shown to be able to generate neo-epitopes and
induce antibody production against host proteins and was therefore assigned a role in
influencing immunologic responses in autoimmune as well as inflammatory and degenerative
diseases (see 1.4.2). Anti-3NT antibodies have been detected for example in human plasma
and in elevated levels also in patients with rheumatoid arthritis, systemic lupus
erythematosus or after acute lung injury compared to control subjects (Khan&Ali et al.
2006, Khan&Siddiqui et al. 2006, Thomson et al. 2007, Thomson et al. 2012). T-cells specific
for nitrated proteins could be elicited after immunization with synthetic peptides containing
3NT. Transgenic mice, constitutively expressing exogenous pigeon/moth cytochrome c under
control of an MHC class I promoter, were tolerant toward immunization with tyrosine
containing cytochrome c epitope, but exhibited robust immune responses against the nitrated
form (Birnboim et al. 2003).
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Extensively studied for an involvement of 3NT have been diseases sharing inflammation as
common contributor to pathogenesis, like cardiovascular and neurodegenerative diseases.
Especially in neurodegenerative diseases as Parkinson’s disease, Alzheimer’s disease,
multiple sclerosis and stroke, elevated levels of 3NT have been observed and several
proteins have been identified as specific targets for tyrosine nitration in vivo.
Among the nitrated proteins, the active role of alpha-synuclein (ASYN) has extensively been
studied in the pathogenesis of Parkinson’s disease.

1.5
Nitration of ASYN as a model case: implications in Parkinson’s
disease
Next to Alzheimer’s disease, Parkinson’s disease (PD) is the second most common
neurodegenerative disorder. Approximately six million people are living with the disease and
as aging seems to be one major risk factor, this number is supposed to double in an
increasing and aging global population by 2030 (Dorsey et al. 2007).
The cause of PD is idiopathic but believed to involve both environmental and genetic (5% of
the cases) factors. Hallmarks of the disease are intracellular proteinaceous aggregates, so
called Lewy bodies and Lewy neurites. Another critical feature of PD is the degeneration of
specific neuronal populations, including dopaminergic (DA) neurons of the substantia nigra
(Hirsch et al. 1988). Not all neuronal populations are equally susceptible to the
neurodegenerative processes. The fact that DA cells are among the most vulnerable
neurons, strongly suggests an important role of oxidative reactions and oxidatively modified
proteins in their demise. Due to their DA content, the cells are characterized by a pro-oxidant
environment (Fahn&Cohen et al. 1992). Enzymatic and non-enzymatic oxidation of DA,
together with elevated levels of free iron present in the substantia nigra, sets the stage for
the formation of hydroxyl radicals and could result in sustained oxidative stress (Arriagada et
al. 2004, Barzilai et al. 2003, Fornstedt et al. 1990, Graham et al. 1978, Jenner&Jenner et al.
1991, Kehrer et al. 2000).
PD might therefore represent a concrete disease condition, where symptoms, which are
thought to be a consequence of specific neurodegenerative processes (e.g., injury and death
of nigrostriatal dopaminergic neurons), may result primarily from a gain of toxic function(s)
and possibly partial loss of normal functions of a protein due to oxidative modifications.
A good protein candidate might be the small, cytosolic protein ASYN. The protein has been
identified as major component of Lewy bodies and Lewy neurites in the brains of PD patients
(Spillantini et al. 1998, Spillantini et al. 1997). Analysis of ASYN obtained from these
aggregates revealed a wide array of oxidative modifications, including nitration of tyrosines,
oxidation of methionines, covalent modification of histidines and lysines by 4-hydroxy-2nonenal (HNE), and many others, such as phosphorylation, ubiquitination, or SUMOylation
(Duda et al. 2000).
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Another direct evidence of a causal role of ASYN in neuronal injury comes from genetic
studies. ASYN mutations are a dominant trait for familial PD (Nussbaum&Polymeropoulos et
al. 1997, Polymeropoulos et al. 1996, Polymeropoulos et al. 1997). Point mutations in the
ASYN gene, such as the A53T, A30P, or the E46K mutations, were identified in familial
cases leading to early onset of parkinsonian symptoms including motor impairment
(Athanassiadou et al. 1999, Kruger et al. 1998, Polymeropoulos et al. 1996, Polymeropoulos
et al. 1997, Zarranz et al. 2004). Furthermore, duplication or triplication of the gene encoding
for ASYN was identified in familial cases of PD, that occurred with an early age of disease
onset (Chartier-Harlin et al. 2004, Ibanez et al. 2004, Singleton et al. 2003), suggesting that
doubling the concentration of ASYN is sufficient to cause PD. Furthermore, genome wide
association studies indicated a link between the ASYN (SNCA) locus and the risk of sporadic
Parkinson's disease (Nalls et al. 2011).
Recent work underscores an intriguing relationship between PD risk factors and ASYN
nitration. Aging is perhaps the only unequivocal risk factor for idiopathic PD. Interestingly,
the substantia nigra of the aging primate brain is characterized by enhanced levels of soluble
ASYN (Chu&Kordower et al. 2007, Li et al. 2004) and by increased levels of post‐
translationally modified ASYN, including tyrosine nitration (Giasson et al. 2000, McCormack
et al. 2012). Another potential PD risk factor is exposure to environmental toxins (Di Monte et
al. 2003, Vieregge et al. 1988). Experimental models reproducing toxicant‐induced injury of
nigrostriatal dopaminergic neurons also feature an up‐regulation of ASYN as well as
formation of nitrated ASYN (McCormack et al. 2008).
Indubitably, ASYN is a prominent target for PON‐mediated nitration in vivo and the nitrated
protein has therefore been suggested as clinical biomarker for the diagnosis of PD
(Fernandez et al. 2013). There are several examples in the literature, indicating that nitration
of tyrosine residues is also able to alter the structure and biology of ASYN (Giasson et al.
2000, Ischiropoulos et al. 2009).
ASYN is a soluble 140 amino acid pre-synaptic protein, considered mainly unstructured in
solution (Bertoncini et al. 2005). ASYN sequence includes four tyrosines: tyrosine 39 in the
N-terminal part of the protein and tyrosine 125, 133 and 136 in the C-terminus. The abundant
protein is expressed throughout the central nervous system in relatively high levels (0.51% of total neuronal cytosolic protein mass) (Iwai et al. 1995). Although extensively studied,
the physiological function(s) of the protein remain to be elucidated at the moment. ASYNdeficient mice exhibit normal development. They show only subtle functional deficiencies,
suggesting that ASYN can act as negative regulator of dopamine (DA) neurotransmission
and plays a role in modulating pre-synaptic vesicle trafficking and brain glucose metabolism
(Abeliovich et al. 2000, Michell et al. 2007, Murphy et al. 2000).
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However, over-expression of ASYN in different transgenic models reproduces some, but not
all aspects of PD pathology (Buchman&Ninkina et al. 2008).
Although the physiological role of ASYN is not clearly defined at the moment, the protein
shows several characteristic behaviors that are strongly affected by tyrosine nitration
(summarized in Figure 5):
1.) ASYN is able to spontaneously form fibrillar aggregates initiated by the adoption of a
partially folded conformation followed by a stabilizing self-association to form amyloid
fibrils (Conway et al. 2000a, Uversky et al. 2001a). A hydrophobic region spanning
amino acid residues 71–82, as well as factors that have not been fully understood,
contribute to the orderly assembly into fibrils that ultimately constitute in part Lewy
bodies and other inclusions.
Nitration of ASYN leads to the stabilization of a partially folded conformation of the
monomer and inhibits its fibrillization by stabilizing off-pathway oligomers (Kaylor et
al. 2005, Uversky et al. 2005, Yamin et al. 2003). In such oligomers, not only nitrated
ASYN monomers but also covalent di-tyrosine cross-links between monomers can be
found. This makes the oligomers formed by nitrative insult extremely stable (Souza et
al. 2000b). When reviewing literature data on the nitration of ASYN and its impact on
fibrillation, it is essential to discriminate between experimental nitration conditions
leading to a mixture of unmodified ASYN, nitrated ASYN monomers, dimers, and
oligomers, and studies working with purified nitrated ASYN monomer (Hodara et al.
2004, Souza et al. 2000b). Addition of high concentrations of nitrated ASYN species
to unmodified ASYN leads to inhibition of fibrillation (Uversky et al. 2005). In contrast,
when purified nitrated ASYN monomer or dimer is added in sub-stoichiometric
concentrations to unmodified ASYN monomers, the nitrated monomers and dimers,
which are characterized by a partially folded conformation, trigger the formation of
fibrils from unmodified ASYN by serving as fibrillation seed (Hodara et al. 2004). This
seeding effect is clearly different from the fibrillation process as such, as purified
nitrated ASYN monomers and dimers alone were no longer able to form fibrils.
2.) ASYN is an intrinsically disordered protein. While it is considered unstructured in
solution, it can undergo conformational changes to form an N-terminal alpha-helical
region and an unstructured C-terminal domain when it binds to a water-lipid interface
with a negative net charge (Davidson et al. 1998, Eliezer et al. 2001). The lipid
interaction occurs via the N-terminal region of ASYN (Beyer et al. 2007, Kubo et al.
2005).
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Apparently, selective nitration at position tyrosine 39, which is within the lipid
interaction region, has been shown to decrease ASYN binding to membranes
(Danielson et al. 2009, Hodara et al. 2004). The effect may be because of
electrostatic repulsion of the negatively charged 3NT and the negatively charged
lipids. Interestingly, not only nitration of the N-terminal tyrosine 39, but also nitration
of the tyrosines at the C-terminal end (Y125, Y133, Y136) that are positioned outside
the membrane binding region, leads to a significant reduction in membrane binding.
As explanation, a change in the global structure of ASYN upon nitration that also
influences the conformational properties of the N-terminal region was assumed
(Sevcsik et al. 2011).
3.) Intriguing evidence indicates that nitration of ASYN can also influence its degradation.
While normal ASYN monomers can be degraded by the 20S proteasome (Tofaris et
al. 2003), this process was slowed down significantly by nitration of ASYN (Hodara et
al. 2004). In addition, ASYN oligomers, generated under nitrating conditions, inhibit
proteasome activity (Lindersson et al. 2004). Moreover, oxidation/nitration of ASYN
can lead to its C-terminal truncation by the proteasome, instead of complete
degradation (Mishizen-Eberz et al. 2005).
As ASYN belongs to the group of intrinsically disordered proteins, selectivity of tyrosine
nitration is not expected. Indeed, all four tyrosine residues were confirmed as targets for
PON-mediated nitration in vivo and in vitro. However, the high abundance of the protein in
the cytosol might shift the PON reaction at low levels of the nitrating agents from tyrosine
nitration to tyrosine dimer formation, as the likelihood for two tyrosyl radicals to encounter
each other is increased. The strong concentration‐dependence and the short half‐life time of
its intermediates limit the incidence for di‐tyrosine formation for most other proteins in a
cell. The end-product, an ASYN dimer (or higher oligomeric forms), has been observed both
in vitro and in vivo (Souza et al. 2000b). However, the precise position of the respective
tyrosines involved in di-tyrosine formation is still unclear.
Together, these findings suggest that tyrosine nitration affects ASYN structure/biology. It
might be hypothesized, that oxidative damage and ASYN changes could ultimately act
together to trigger or promote ASYN-mediated toxic/pathological events in PD. Nitrated
ASYN, and a resulting gain of toxic function(s) or partial loss of ASYN’s normal functions,
might be one of the key ‘links’ between oxidative stress, proteostatic stress, energy stress,
and neurodegeneration. Hypotheses, on how exactly the described effects of tyrosine
nitration on ASYN biology and structure might modulate ASYN cytotoxicity by a gain of toxic
or loss of normal function, can be found in detail in a review we were able to publish recently
(Schildknecht, Gerding et al. 2013).
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Figure 5: Nitration and gain of function mechanisms of ASYN (adapted from Reynolds
et al. 2007)
Under physiological conditions, ASYN exists in a cytosolic form considered mainly
unstructured in solution. This form is in equilibrium with a membrane-associated form (αhelical conformation). Nitration of cytosolic ASYN increases its tendency to form oligomers
with β-sheet structure, decreases its ability to associate with lipid membranes, and reduces
its capacity for proteolytic degradation. At high concentrations, nitrated ASYN species inhibit
fibril formation of unmodified ASYN, whereas at substoichiometric levels, purified nitrated
ASYN monomers and dimers facilitate fibril formation.

Bringing together oxidative stress, induction of tyrosine nitration (e.g. of ASYN) and its
influence on protein function/biology as a basis to explain disease pathologies (e.g. the
selective neurodegeneration characterizing PD and related synucleinopathies), could help in
constituting protein tyrosine nitration and enzymes or pathways involved in its regulation as
potential target for preventive or curative intervention strategies.
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1.6

Advances in the analysis of protein tyrosine nitration

Nowadays, authentic PON is the nitration reagent most often applied to proteins in in vitro
experiments because of its relevance in vivo and its lower toxicity than for example
tetranitromethane (TNM). Also PON-generating compounds as Sin-1 are used frequently.
For nitration, either single addition or a set of small sequential additions of the nitrating agent
can be used. Such chemical nitration procedures usually result in complex patterns of
nitrated and non-nitrated residues, depending also on the chemical environment of the
tyrosine residues (see 1.4.3). In addition, these protocols cause oxidative modifications of
other amino acids, as well as covalent di-tyrosine cross-links (Souza et al. 2000b) (see
1.4.1.5). It should be added that methionine oxidation often occurs during mass spectrometry
(MS) analysis, which is generally used to analyze the outcome of the treatment with nitrating
agents, thereby hampering this identification method (Chen&Cook et al. 2007).
The multiple parallel reactions hamper the establishment of causal correlations between the
nitration of a given tyrosine residue and a biological effect. To obtain proteins nitrated at
specific positions, they need to be purified from the crude mixture after incubation with
nitrating agents, e.g. by HPLC. Due to low efficiency of the nitration reaction, high amounts of
substrate protein are needed to generate homogenous species. In order to minimize
heterogeneity, all tyrosines but one might be replaced by the structurally related amino acid
phenylalanine, limiting the nitration reaction to the only remaining tyrosine (Burai et al. 2015).
Notwithstanding, it has to be considered that mutations often alter protein’s biochemical,
biophysical and cellular properties, especially in proteins containing several mutation sites
and are therefore not favored.
In order to avoid these limitations, two methods for generating recombinant proteins with a
defined 3NT site in the absence of other oxidative modifications have emerged in recent
years: 1) Native chemical ligation (NCL) allows for the extension of recombinant proteins with
synthetically-derived small peptides (Muir et al. 1998). For targeted insertion of a 3NT
residue into a protein, a short 3NT-containing peptide fragment is obtained by chemical
peptide synthesis. The remaining part of the protein is generated by recombinant expression
and requires the presence of a C-terminal thioester. Ligation sites are typically chosen at
cysteine residues. When no cysteines are present, endogenous alanine residues are
mutated to cysteine and reverted back after ligation to alanine by a desulfuration step (Burai
et al. 2015, Fauvet et al. 2013, Hejjaoui et al. 2012). This method allows incorporation of
more than one 3NT site, but other post-translational modifications may also occur during
ligation and desulfurization.
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2) As a second method, genetic encoding of unnatural amino acids emerged in recent years
as an approach for the recombinant generation of full length proteins with defined posttranslational modifications (Wang et al. 2001, Wang&Schultz et al. 2001, Xie&Schultz et al.
2005). In this regard, targeted co-translational insertion of 3NT by E.coli has recently been
established, requiring the expression of an orthogonal pair of archaeal aminoacyl-tRNA
synthetase/tRNAAUC to avoid interference with the endogenous, bacterial translation
machinery (Kiga et al. 2002, Wang et al. 2001, Wang&Schultz et al. 2001, Xie&Schultz et al.
2005). Genetic encoding employs the TAG DNA triplet, and the corresponding mRNA
sequence (amber stop codon) that normally leads to terminating translation (Normanly et al.
1990, Wang et al. 2000). This approach allows for the formation of a recombinantlygenerated protein with defined 3NT residues at sites determined by the amber stop codon
(Figure 6).
Although pioneering work has generated a well-working and specific expression system for
3NT containing proteins (Burai et al. 2015, Yokoyama et al. 2010), in general there is still
little information available on the fate of such proteins and their (sometimes potentially
instable) modifications in the producing host.

Figure 6: Genetic encoding of the unnatural amino acid 3NT (adapted from DíazMoreno et al. 2013)
Comparison of the molecular pathways that incorporate the canonical amino acid tyrosine
(left panel) and the unnatural amino acid 3NT (right panel) during the process of translation.
Introduction of 3NT is achieved by using an orthogonal pair of archaeal aminoacyl-tRNA
synthetase/tRNAAUC that acts as supressor of the amber stop codon (UAG).
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1.7

•

NO and nitrative stress tolerance in E.coli

E.coli and other enteric bacteria encounter reactive nitrogen species generated from
essentially four sources: reactions in the atmosphere or in soils and sediments, as products
of nitrate and nitrite reduction by bacteria sharing their environment, as parts of the
nitrosative burst of mammalian host defense mechanisms such as neutrophils and activated
macrophages, but also as part of its own metabolism utilizing nitrate and nitrite as electron
acceptors for anaerobic respiration (Fang et al. 2004, Lundberg et al. 2004). During
anaerobic growth, Enterobacteriaceae reduce nitrate to nitrite and further to ammonia using
respiratory nitrate reductases and nitrite reductases. In these processes, •NO is generated as
a byproduct in yields sufficient to stress bacteria (Vine&Cole et al. 2011). There are several
reactive nitrogen species alongside •NO, that are harmful to bacteria, for example
nitrosothiols (RSNO) and PON. These RNS can react with a variety of cellular targets,
especially thiol groups and transition metal centers in proteins. A block in respiration is one of
the first and most consequential effects of •NO as it binds tightly to metal centers and
therefore is a potent inhibitor of cytochrome oxidases (Butler et al. 1997, Hori et al. 1996).
Interestingly, these effects are bacteriostatic rather than lethal and inhibition is reversed
quickly with falling •NO levels. As a radical, •NO also reacts directly with radical enzymes like
ribonucleotide reductase (Kwon et al. 1991, Lepoivre et al. 1994). Immunological detection of
3NT suggests that bacterial proteins can be nitrated in vivo within phagocytic cells upon
generation of PON (Chakravortty et al. 2002, Evans et al. 1996), which might lead to the loss
or perturbation of enzyme activity.
In E.coli there are adaptive responses to •NO stress mediated by numerous transcriptional
regulators (Spiro et al. 2006). Their molecular mechanisms of redox sensing rely on protein
conformational changes triggered by interaction with ROS and RNS. They induce the
expression of antioxidant enzymes or •NO -detoxifying proteins as well as stress-resistant
enzymes and cluster repair machinery and thereby enhance resistance of the bacteria to
oxidative or nitrosative stress.
Three main mechanism of detoxifying

•

NO have already been identified: 1) the

flavohaemoglobin Hmp, upregulated by NO or nitrosating agents, that catalyzes the oxidation
of •NO to nitrate under aerobic conditions, while under anaerobic conditions it is capable of
reducing •NO to N2O (Cruz‐Ramos et al. 2002, Gardner&Gardner et al. 2002), 2) the
cytochrome c periplasmatic reductase, NrfA, is able to catalyze the reduction of •NO to
ammonia, in addition to its primary function in respiratory reduction of nitrite (Costa et al.
1990, Poock et al. 2002, van Wonderen et al. 2008) and 3) the •NO responsive transcription
factor NorR upregulates the reductase NorV, also known as flavorubredoxin, and the
associated NorW, a redox protein that reduces NorV.
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Together they function as a ‘specialized’ NO reductase able to reduce •NO to N2O
(D'Autreaux et al. 2005, Gomes et al. 2002, Tucker et al. 2006) (Figure 7). However, single
mutants defective in any one of these proteins and even mutants defective in all four proteins
reduced •NO at the same rate as the parent, hinting at additional mechanisms of •NO
reduction by E.coli that remain to be characterized (Vine&Cole et al. 2011). Several bacterial
pathogens also express a PON reductase activity (Bryk et al. 2000).
There is evidence that E.coli further has several repair mechanisms to deal with the damage
caused by RNS, e.g. repair of iron-sulfur proteins, methionine sulfoxide repair processes,
DNA repair etc.
If tyrosine nitration is a significant component of the antimicrobial activity of phagocytes, it
might be the case that pathogens also have a mechanism to repair nitrated proteins.
However, little is known about the fate of nitrated proteins or free 3NT in bacteria.
Hypothetically, nitrated proteins might either be degraded and replaced by functional proteins
or get repaired. Repair mechanisms might yield the native protein and free 3NT due to
complete removal of the nitrogroup or proteins carrying 3AT after reduction of the nitrogroup.
In vitro, nitration of the arginine repressor ArgR causes its degradation (McLean et al. 2010),
whereas another study performed by Lightfoot et al. (Lightfoot et al. 2000) found no evidence
of an ability to repair nitrated proteins in E.coli (see 1.4.4). Thus, the presence and potential
mechanisms of (protein) nitrotyrosine repair and/or metabolism and contribution to bacterial
resistance remain to be elucidated.
However, the present adaptive stress responses and potential repair mechanisms might
strongly impact the fate of genetically encoded nitro-proteins in E.coli and might partly
account for observed differences in the efficiency of 3NT incorporation at different positions
in the protein and overall yield.
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Figure 7: •NO formation and metabolism in E.coli (modified from Spiro et al.2006)
Under anaerobic growth conditions, E.coli uses respiratory nitrate reductases and nitrite
reductases to reduce nitrate, via nitrite, to ammonia. In these processes, •NO might be
generated as a byproduct. The flavohaemoglobin Hmp oxidizes •NO to nitrate in the
presence of oxygen. Under anaerobic conditions, it is able to reduce •NO to N2O. In the
absence of oxygen, •NO can also be reduced to ammonia by Nrf and to N2O by the
flavorubredoxin (NorVW).
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Objective and Cornerstones

2

Objective and Cornerstones of the thesis

In summary, tyrosine nitration is a covalent protein modification derived from the reaction of
proteins with nitrating agents. Protein tyrosine nitration has been associated with a number of
physiological settings and the aging process and was detected in a variety of disease
conditions. Therefore, tyrosine nitration has been well-established as biomarker of
nitroxidative stress. Both in vivo and in vitro data support that tyrosine nitration further
translates to functional alterations; however, additional evidence exploring the causal
relationship between alterations in protein function and the onset or propagation of a
pathogenic phenotype is required.
Studies often rely either on chemical nitration procedures, e.g. the use of authentic PON, or
they investigate endogenously occurring tyrosine nitration. In both cases, little information is
provided on residue specificity, and efficiency of nitration. Even less information is available
on the occurrence of other oxidative modifications. It is therefore arduous to unambiguously
establish direct and quantitative relationships between extents of tyrosine nitration on specific
sites in a protein and biological responses.
In this study, the Parkinson-related protein ASYN was chosen for studying site-specific
nitration of tyrosine residues.
At the onset of the study, consequences of chemical nitration procedures were investigated:
1.) A method based on affinity chromatography was established to generate large
quantities of highly purified ASYN and ASYN variants without residual impurities,
which could be analyzed and characterized in a variety of established and newly
developed functional assays to gain new insights into potential (patho)physiological
functions of ASYN*;
2.) Further, nitration protocols based on standard protocols from the literature using three
different nitrating agents were set up to generate nitrated ASYN;
3.) In different biochemical assays, it was tested whether the nitration of ASYN had an
effect on the behavior of the protein, for example regarding its membrane binding and
aggregation propensity. The results were comparable to data obtained in studies
using similar nitration conditions.
4.) The sites of nitration in ASYN as well as the level of nitration were analyzed via mass
spectrometry and HPLC.

*

published in Robotta, Gerding et al. 2014, Schildknecht, Weber, Gerding et al. 2014, Fallah, Gerding
et al. 2017
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It became obvious that the standard nitrating chemical nitration procedures, as they react via
radical mechanisms, usually result in complex patterns of nitrated and non-nitrated residues,
and additionally cause oxidative modifications of other amino acids as well as covalent dityrosine cross-links. The multiple parallel reactions hampered determination of exact nitration
sites and quantification of nitration levels and further made it difficult to establish causal
correlations between nitration on a given tyrosine residue and observed biological effects.
To unambiguously link tyrosine nitration to alterations in the biological function of a protein to
nitration at single or specific combinations of nitration sites in the protein, a need for sitespecifically nitrated proteins in the absence of other oxidative modifications was identified.
In the second part of this thesis two different approaches were used to generate sitespecifically nitrated ASYN protein:
1.) A semisynthetic approach using native chemical ligation was successful in generating
ASYN site-specifically nitrated at tyrosine position 125. However, the effort of the
multiple purification steps needed (in some steps separation of proteins differing in
only one amino acid is required) bore no relation to an expected yield in the low
milligram range and had only little prospect for generation of pure fractions of nitrated
protein.
2.) In a second approach, a protocol for targeted co-translational insertion of 3NT in
ASYN by E.coli and subsequent purification of the nitrated protein was successfully
established and optimized for high purity and yield. Using genetic encoding of the
non-natural amino acid, 3NT could be inserted at all four endogenous tyrosine
positions of ASYN.
So far, little is known on the fate of a nitrated protein and their modification in the producing
host. In E.coli, an unexpected 3NT-reducing capacity was observed mediated by several,
possibly redundant pathways, resulting in proteins containing 3AT instead of 3NT. The halflife of the 3NT group was dependent on its localization in the protein and was further not
specific for ASYN. As reduction of 3NT by E.coli may occur in any protein generated by nonnatural amino acid incorporation technology, it needs to be considered in the purification
strategy of 3-NT containing proteins generated by this method.
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Material and Methods

3.1

Materials

3.1.1

Substances

Substance

Cat.No

Manufacturer

2-Mercaptoethanol

1350

Gibco

2-Nitrophenylalanine

15234

Chem-Impex Int’l. Inc.

2-Propanol

33539

Sigma-Aldrich

3,4-Dihydroxyphenylalanine (L-DOPA)

D9628

Sigma-Aldrich

3-Aminotyrosine

135496

Sigma-Aldrich

3-Nitrophenylalanine

155233

Chem-Impex Int’l. Inc.

3-Nitrotyrosine

N7389

Sigma-Aldrich

4-Nitrophenylalanine

00431

Chem-Impex Int’l. Inc.

Acetic acid glacial

20.104.298

VWR Chemicals

Acetone

20.066.296

VWR Chemicals

Acrylamide/Bis-acrylamide (37,5:1), 30%
3029.1
(w/v)

Carl Roth

Agarose

A9539

Sigma-Aldrich

Ammonium sulfate ((NH4)2SO4)

A4418

Sigma-Aldrich

Ammonium persulfate (APS)

9592.2

Carl Roth

Ampicillin

K029.2

Carl Roth

Arabinose

A91906

Sigma-Aldrich

Arginine

A8094

Sigma-Aldrich

Aspartic acid

A9256

Sigma-Aldrich

Asp-N, sequencing grade

V1621

Promega

Biotin

B4501

Sigma-Aldrich

Bromophenol blue

B4501

Sigma-Aldrich

Calcium chloride (CaCl2)

1081220025

Merck

Chloramphenicol

3886

Carl Roth

Chloroform

31307

Honeywell Riedel-de Haën

Coomassie Brilliant Blue R-250

3862

Carl Roth

Copper(II) chloride (CuCl2)

32211

Sigma-Aldrich

CutSmart Buffer

#B7204S

New England BioLabs

Cysteine

C1276

Sigma-Aldrich
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Disodium
phosphate
(Na2HPO4 x 2H2O

dihydrate

71645

Sigma-Aldrich

Dithiothreitol (DTT)

6908

Carl Roth

Ethanol

20821.296

VWR Chemicals

Ethidium bromide solution, 1%

A1152

AppliChem Darmstadt

Ethylenediaminetetraacetic acid (EDTA)

8043.2

Carl Roth

Formalin (35% formaldehyde)

533998

Sigma

DNA
molecular
weight
standards
#SM1331
GeneRuler 1 kb Plus dna ladder

Thermo Fisher Scientific

Glucose

16325

Honeywell Riedel-de Haën

Glutamic acid

G5889

Sigma-Aldrich

Glutamine

G3126

Sigma-Aldrich

Glycerol

24.386.298

VWR Chemicals

Glycine

3908.2

Carl Roth

Histidine

H800

Sigma-Aldrich

Hydrochloric acid (HCl), 25%

X897.1

Carl Roth

Hydrogen peroxide

1072090250

Merck

Hypoxanthine

H9763

LKT Laboratories

12354

Honeywell Riedel-de Haën

I2752

Sigma-Aldrich

I6758

Sigma-Aldrich

Kanamycin

A1493

AppliChem

L-Alanine

A7469

Sigma-Aldrich

L-Asparagine

A0884

Sigma-Aldrich

Luria broth (LB) agar

A0927

AppliChem

Leucine

L8000

Sigma-Aldrich

Linsidomine (Sin-1 chloride)

82220

Cayman Chemicals

Lysine

62840

Sigma-Aldrich

Magnesium chloride (MgCl2)

2189.1

Carl Roth

Magnesium sulfate (MgSO4) heptahydrat

A665286547

Merck

Manganese(II)
(MnSO4 x H2O)

M7634

Sigma-Aldrich

Methanol

20847.295

VWR Chemicals

Methionine

M9625

Sigma-Aldrich

Iron(II)
sulfate
(FeSO4 x 7H2O)

heptahydrate

Isoleucine
Isopropyl
(IPTG)

ß-D-1-thiogalactopyranoside

sulfate

monohydrate
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Peroxynitrite

516620

Merck

Phenylalanine

P5482

Sigma-Aldrich

Potassium acetate (KAc)

K35911720613

Merck

Potassium chloride (KCl)

196770010

Acros Organics

Potassium
(KH2PO4)

30407

Honeywell Riedel-de Haën

dihydrogenphosphate

Potassium phosphate dibasic trihydrate
A0634599404
(K2HPO4x3H2O)

Merck

Precision Plus ProteinTM Dual Color
161-0374
Standard

BioRad

Proline

P5607

Sigma-Aldrich

SDS (solution, 10% (w/v))

2326.5

Carl Roth

Serine

84959

Sigma-Aldrich

Silver nitrate (AgNO3)

7908.1

Carl Roth

Skimmed milk (dried)

Migros

SOC outgrowth medium

#B90205

New England BioLabs

Sodium azide (NaN3)

A1430

AppliChem

Sodium carbonate (Na2CO3)

31432

Honeywell Riedel-de Haën

Sodium chloride (NaCl)

3957.2

Carl Roth

Sodium dodecyl sulfate (SDS)

2326.3

Carl Roth

Sodium hydroxide (NaOH), 1M

1091371000

Merck

Sodium
(MESNA)

M1511

Sigma-Aldrich

24,365-5

Sigma-Aldrich

71645

Sigma-Aldrich

Sodium phosphate monobasic dihydrate
71500
(NaH2PO4 x 2H2O)

Sigma-Aldrich

2-mercaptoethanesulfonate

Sodium molybdate (Na2MoO4)
Sodium phosphate
(Na2HPO4 x 2H2O)

dibasic

dihydrate

Sodium thiosulfate (Na2S2O3)

K42022712

Merck

T4 DNA ligase

#M0202S

New England BioLabs

T4 DNA ligase buffer, 10x

#B0202S

New England BioLabs

Terrific broth

T0918

Sigma-Aldrich

Tetracycline

58346

Merck

Tetramethylethylenediamine (TEMED)

2367.1

Carl Roth

Tetranitromethane (TNM)

T25003

Sigma-Aldrich

Thiamine hydrochloride

T4625

Sigma-Aldrich

Thioflavin T

T3516

Sigma-Aldrich
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Threonine

T8625

Sigma-Aldrich

Trizma(TRIS base)

T1503

Sigma-Aldrich

Tryptophan

T0254

Sigma-Aldrich

TWEEN-20

9127.2

Carl Roth

Tyrosine

T8909

Sigma-Aldrich

Valine

V0500

Sigma-Aldrich

Xanthine oxidase

X4875

Sigma-Aldrich

Zinc chloride (ZnCl2)

198945000

Acros Organics

All chemicals, reagents, substances, consumables and equipment not mentioned were
obtained from Acros Organics (Geel, Belgium), AppliChem (Darmstadt, Germany), B. Braun
(Melsungen, Germany), BD Bioscience (Heidelberg, Germany), BioRad (München,
Germany), Carl Roth (Karlsruhe, Germany), Cayman Chemical (Ann Arbor, Michigan, USA),
Chem-Impex Int’l. Inc (Wood Dale, Illinois, USA), Eppendorf (Hamburg, Germany), GE
Healthcare

(Freiburg,

Germany),

Gibco

(Eggenstein,

Germany),

Greiner

Bio-One

(Frickenhausen, Germany), Heraeus (Hanau, Germany), Honeywell Riedel-de Haën (Seelze,
Germany), Hycult Biotech (Uden, Netherlands), IKA Labortechnik (Staufen, Germany),
Invitrogen (Karlsruhe, Germany), Jackson ImmunoResearch Europe Ltd (Cambridgeshire,
United Kingdom), LKT Laboratories (St Paul, Minnesota, USA), Machery-Nagel (Düren,
Germany), Memmert (Schwabach, Germany), Merck (Darmstadt, Germany), Mettler Toledo
(Gießen, Germany), neoLab (Heidelberg, Germany), New England BioLabs (Frankfurt,
Germany), Pall (Dreieich, Germany), Peqlab (Erlangen, Germany), Promega (Mannheim,
Germany),

Qiagen

(Hilden,

Germany),

Sarstedt

(Nümbrecht,

Germany),

Sartorius

(Göttingen, Germany), SCPA (Weyhhe-Leehste, Germany), Sigma-Aldrich (Steinheim,
Germany), Sykam (Fürstenfeldbrück, Germany), Tecan (Crailsheim, Germany), Terumo
(Eschborn, Germany), Thermo Fisher Scientific (Dreieich, Germany), TPP (Trasadingen,
Switzerland), Vilber (Eberhardzell, Germany); VWR (Leuven, Belgium) or Zymo Research
(Freiburg, Germany).
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3.1.2

Antibodies

Antibody

Dilution

Origin

Cat.No.

Manufacturer

3-Nitrotyrosine

1:250

mouse

HM5001

Hycult Biotech

Alpha-synuclein

1:3000

mouse

610787

BD Bioscience

CaptureSelect c-tag Affinity
Matrix

camelid

191307005

Thermo Fisher

EPEA
sequence
(CaptureSelectTM
Biotin 1:1000
Anti-C-tag conjugate)

camelid

7103252100

Thermo Fisher

Mouse
(Horseradish
conjugated)

goat

115-035-174

Jackson
ImmunoResearch

IgG-HRP
peroxidase- 1:2500

Rabbit IgG-HRP

1:4000

donkey

NA934V

GE Healthcare

Streptavidin-HRP

1:5000

S. avidinii

434323

Invitrogen

Tom20 (FL-145)

1:1000

rabbit

Sc-11415

Santa Cruz

Reagents and kits

Cat.No.

Manufacturer

GoTaq Long PCR Master Mix

M4021

Promega

IMPACTTM Kit

E6901S

New England BioLabs

Pierce ECL Western Blotting substrate

32106

Thermo Scientific

TOPO® TA Cloning® Kit for Sequencing

K4595

Invitrogen

ZymoClean Gel DNA Recovery Kit

D4001

Zymo Research

ZymoPureTM Plasmid Maxiprep Kit

D4028

Zymo Research

ZyppyTM Plasmid Miniprep Kit

D4019

Zymo Research

3.1.3

Reagents and kits
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3.1.4

Buffer and solutions

All frequently used buffer and solutions were prepared with deionised distilled water.
3.1.4.1 General buffer and solutions
Buffer/ solution

Composition

1x Phosphate buffered saline (PBS)

8.1 mM Na2HPO4 x 2 H2O
1.47 mM KH2PO4
137 mM NaCl
2.7 mM KCl

PBS-Tween

1x PBS, 0.05% TWEEN-20
40.24 mM K2HPO4

Potassium phosphate buffer

9.7 mM KH2PO4
adjusted to pH 7.4

3.1.4.2 Staining solutions
Staining solution

Composition

Coomassie staining solution

0.1% (w/v) Coomassie brilliant blue R-250
10% Acetic acid glacial
40% Methanol
50% H2O

Coomassie destaining solution

10% Acetic acid glacial
40% Ethanol
50% H2O

Silver stain fixing solution

50% Methanol
12% Acetic acid
0.05% Formalin

Silver stain washing solution

35% Ethanol

Silver stain sensitizing solution

0.02% Na2S2O3

Silver staining solution

0.2% AgNO3
0.076% Formalin

Silver stain developing solution

6.0% Na2CO3
0.05% Formalin
0.0004% Na2S2O3

Silver stain stop solution

50% Methanol
12% Acetic acid glacial
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3.1.4.3 Agarose gel electrophoresis
Buffer/solution

Composition

Agarose loading buffer

1x TAE
0.6 g/ml Sucrose
Bromophenol blue

50 x TAE buffer

242 g/l Tris base
57.1 ml/l Acetic acid glacial
18.61 g/l EDTA
pH 8.5

3.1.4.4 SDS-PAGE and Western Blotting
Buffer/solution

Composition

Separating buffer

1.5 M Tris-HCl pH 8.8

Stacking buffer

0.5 M Tris-HCl pH 6.8

Separating gel solution, 12/ 15%

5 ml Separating buffer
8.0/10.0 ml Acrylamide
7.0/4.7 ml H2O
200 µl 10% SDS solution
56 µl APS
14 µl TEMED

Stacking gel solution

2.5 ml Stacking buffer
1.7 ml Acrylamide
5.7 ml H2O
100 µl 10% SDS solution
100 µl APS
10 µl TEMED

10 x SDS-PAGE running buffer

30.25 g/l Tris base
144.25 g/l Glycine
10 g/l SDS

6 x Laemmli buffer

6.0 ml 0.5 M Tris-HCl pH 6.8
23.5 ml Glycerol
6 g SDS
4.65 g DTT
30 mg Bromophenol blue
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3.1.4.5 Gel extraction (electroelution)
Buffer/solution

Composition

Tris-Glycine buffer

125 mM Tris
1.25 mM Glycine

3.1.4.6 Mitochondria binding assay
Buffer/solution

Composition

SEM buffer

250 mM Sucrose
1 mM EDTA
10 mM MOPS-KOH
pH 7.2

3.1.4.7 Amino acid analysis (ASA)
Buffer/solution

Manufacturer

Sample dilution buffer (0.12 N, pH 2.2)

Cat.no. 6002009, Sykam

3.1.4.8 Semisynthesis and native chemical ligation
Buffer/solution

Composition

Chitin binding buffer

20 mM Tris
500 mM NaCl
1 mM EDTA
pH 8.5
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3.1.5

Consumables

Product

Manufacturer

15 ml Falcon

BD Biosciences

50 ml Falcon

BD Biosciences

5 ml Serological pipette

Sarstedt

10 ml Serological pipette

Sarstedt

25 ml Serological pipette

Sarstedt

5 ml Disposable syringe

Terumo

20 ml Disposable syringe

Terumo

30 ml Disposable syringe

Terumo

10 kDa Micron centrifugal filter device

Merck Millipore

10 kDa Microsep

TM

Advance centrifugal device

Pall

30 kDa Microsep TM Advance centrifugal device

Pall

Culture tubes, 13 ml

Sarstedt

Dialysis sacks (Cat no D6066)

Sigma-Aldrich

iBlot Transfer Stacks, Nitrocellulose

Thermo Fisher Scientific

Multiwell plate 24 well

BD Bioscience

Multiwell plate 96 well

BD Bioscience

NucleoSpin Filters

Machery-Nagel

Nunc cryo tube vials

Nunc Thermo Fisher Scientific

PCR Strip Tubes

VWR

Petri dishes

Thermo Fisher Scientific

Pipette tips

Eppendorf

Protein LoBind 1.5 ml

Eppendorf

Sterican G 21 x 4 ¾’’

B.Braun

Syringe filters 0.22/ 0.45 µm filter

TPP

ViewSealTM Multiwell plate sealers

Greiner Bio-One

Vacuum Hydrolysis Tube, 1ml

Thermo Fisher Scientific
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3.1.6

Laboratory equipment

Name

Manufacturer

5320 Thermostat dry block heater

Eppendorf

5427 R centrifuge

Eppendorf

Certomat R Incubator shaker

B. Braun

EV243 Power supply

Consort

FPLC system ÄKTA prime

GE Healthcare

Fresco 21 Microcentrifuge

Heraeus

Fusion-SL 3500 WL device

Vilber

TM

Gene Pulser XCell

Electroporation System

BioRad

HeraFreeze HFU 586, -86 °C

Heraeus

TM

26/10 Desalting column

GE Healthcare

TM

Q Sepharose anion exchange column

GE Healthcare

HiPrep
HiTrap

HS 501 Horizontal shaker

IKA Labortechnik

iBlotTM 2 Dry Blotting System

Invitrogen

Incubator

Memmert Wärmeschrank

Infinite M200 PRO Plate reader

Tecan

Mini-PROTEAN® Tetra Cell system

BioRad

Microprocessor controlled 280 series water bath

Thermo Scientific

MP230 pH meter

Mettler Toledo

MyCycler

TM

Thermal Cycler System

BioRad

Nanodrop ND100 V3.7.1

PeqLab

Öko Fridge&freezer

Privileg

OwlTM EasyCastTM Electrophoresis system

ThermoFisher

Pipettes, adjustable

Eppendorf

ProfiLine Fridge, 4 °C

Liebherr

R220A Microwave

Sharp

Resource

TM

Q anion exchange column

GE Healthcare

Rotator

neoLab

SpeedVac Concentrator

Bachofer Laboratoriumsgeräte

Super Energiesparer Fridge&freezer

Privileg

Sykam S433 System

Sykam

TE124S Digital scale

Sartorius

TE3102S Digital scale

Sartorius

Thermomixer Compact

Eppendorf

VMS-A Magnetic hotplate stirrer

VWR

Vortex mixer

VWR
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3.1.7

Software

Name

Manufacturer

AiO (All in One)

Christiaan Karreman,
(Karreman et al. 2002)

Chromstar 7

SCPA

FPLC software PrimeView

GE Healthcare

Fusion FX7

PeqLab

ImaEva

Christiaan Karreman, University of Konstanz

Microsoft Windows

Microsoft, Redmont, USA

Microsoft Office Excel

Microsoft, Redmont, USA

Microsoft Office PowerPoint

Microsoft, Redmont, USA

Nanodrop 1000

PeqLab
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3.2

Methods

3.2.1

Bacterial Strains

Escherichia coli DH5 competent cells:
Genotype: huA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 endA1
thi-1 hsdR17.
This E.coli strain was purchased from Zymo Research (Freiburg, Germany) and was used for
plasmid amplification.
Escherichia coli TunerTM (DE3):
Genotype: F– ompT hsdSB (rB– mB–) gal dcm lacY1(DE3).
This E.coli strain was a kind gift from Prof. Dr. J. Hartig (University of Konstanz, Germany)
and was used for overexpression of the 3-nitroytyrosine containing proteins alpha-synuclein
(ASYN) and green fluorescent protein (GFP) and the tyrosine containing wildtype ASYN.
This T7 RNA polymerase expressing strain allows production of protein from target genes,
cloned for example in pET vectors, downstream of the T7 promoter.
Escherichia coli TunerTM (DE3)pLysS:
Genotype: F– ompT hsdSB (rB– mB–) gal dcm lacY1(DE3) pLysS (CamR).
This E.coli strain was a kind gift from Prof. Dr. J. Hartig (University of Konstanz, Germany)
and was used for overexpression of ASYN wildtype containing all 4 native tyrosine residues
(wt ASYN), no tyrosine residues (S39F125S133F136) or only one of the original tyrosine residues
(Y39, Y125, Y133, Y136), and all other ASYN variants described in this study. The strain allows
inducible protein expression with T7 RNA polymerase with a low background expression of
the target genes due to the presence of the pLysS plasmid, carrying the gene encoding T7
lysozyme.
Escherichia coli SHuffleT7:
Genotype: F´ lac, pro, lacIq / Δ(ara-leu)7697 araD139 fhuA2 lacZ::T7 gene1 Δ(phoA)PvuII
phoR ahpC* galE (or U) galK λatt::pNEB3-r1-cDsbC (SpecR, lacIq) ΔtrxB rpsL150(StrR) Δgor
Δ(malF)3
This E.coli strain was purchased from New England BioLabs (Frankfurt, Germany) and was
used for the overexpression of 3-nitroytyrosine containing ASYN.
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Escherichia coli C321.∆A:
Genotype: Delta(ybhB-bioAB)::[lcI857 N(cro-ea59)::tetR-bla] Delta prfA Delta mutS::zeoR
This E.coli strain derived from E.coli MG1655 was a kind gift from Prof. Dr. D. Summerer
(University of Konstanz, Germany). It has all instances of the amber stop codon (UAG) and
release factor 1 (RF1) removed (UAG termination function removed), all 321 UAG codons
were changed to UAA (Lajoie et al. 2013). It was therefore tested for the overexpression of
3NT containing ASYN.
Escherichia coli strain BW20767/pRL27:
Genotype: RP4-2(Km::Tn7,Tc::Mu-1), leu-163::IS10, ∆uidA3::pir+, recA1, endA1, thiE1,
hsdR17, creC510
This E.coli strain was purchased from the E.coli Genetic Stock Center (Yale University,
Connecticut, USA). The strain bearing pRL27, a plasmid carrying a hyperactive Tn5
transposase gene, served as donor bacterium for insertion mutagenesis.

3.2.2

Plasmids used and generated

All plasmids generated in this thesis (Table 3) were created following the standard
mutagenesis protocols established by Sambrooke and Maniatis (“molecular cloning: a
laboratory manual”) with primers containing desired mutations. Most of them were based on
the following three vectors:
Vector

Manufacturer

pET11c

Novagen (Studier et al. 1990), Merck

pTxB

New England BioLabs (Chong et al. 1997)

pEvol

Young et al. (Young et al. 2010)

3.2.3

Plasmid digestion with restriction enzymes

For digestion, 1 µg of plasmid DNA was mixed with MQ water to give a volume of 18 µl or
less. 2 µl CutSmart Buffer® (2x) and 10 units of each restriction enzyme were added, and the
mixture was incubated for 1 h at 37 °C. Digest was followed up by agarose gel
electrophoresis. Restriction enzymes were obtained from Thermo Fisher Scientific and New
England BioLabs and used according to the manufacturer’s specification.
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3.2.4

Ligation

For ligation of DNA fragments, 4 µl of DNA extracted from agarose gels were added to 4 µl of
MQ water, 1 µl T4 DNA Ligase and 1 µl of T4 DNA Ligase buffer (10x). The mixture was
incubated overnight at 4 °C.

3.2.5

PCR

For amplification of a desired DNA fragment, oligonucleotide primers (sense and antisense)
were designed and ordered at Eurofins MWG Operon (München, Germany). Delivered
oligonucleotides were solved in MQ water to a final concentration of 100 µM (stock solution)
and then diluted 1:10 for working solutions. 1 µl of diluted template plasmid (1:1000 in MQ
water) was mixed with 0.3 µl of sense and antisense oligonucleotides, 13.6 µl of MQ water
and 15 µl of PCR mastermix (containing Taq and Pfu) from the GoTaq Long PCR Master
Mix. PCR was run on a BioRad Thermo Cycler and verified by agarose gel electrophoresis.

3.2.6

Topoisomerase

For insertion of PCR fragments into plasmids, the TOPO® TA Cloning Kit for Sequencing
was used. To add a single deoxyadenosine to the 3’ ends of the PCR products, 7 µl of the
corresponding PCR product were mixed with 1 µl MgCl2 (25 mM), 1 µl dNTPs (2.5 mM each),
1µl Taq buffer (10x) and 1/20 Taq polymerase. Reaction was allowed for 10 min at 72 °C.
For insertion of the PCR fragment, 2 µl of modified PCR fragment were added to 0.5 µl
SaltSolution and 0.5 µl TOPO® vector and incubated for 5 min at room temperature.

3.2.7

Growth media

All frequently used media were prepared with deionised distilled water and sterilized by
autoclaving.
3.2.7.1 Terrific Broth Medium (TB Medium)
TB medium was prepared by dissolving 47.6 g of Terrific Broth powder in 1000 ml of distilled
water and was supplemented with 8 ml/l glycerol.
3.2.7.2 Luria Broth Agar (LB plates)
Luria broth agar (LB plates) was prepared by dissolving 8 g Luria broth agar in 200 ml of
distilled water. The solution was sterilized, supplemented with appropriate antibiotics in the
required antibiotic concentration after cooling to 46 °C before pouring into plates.
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3.2.7.3 Antibiotics
Antibiotic

Final concentration (μg/ml) for E.coli

Ampicillin

100

Chloramphenicol

25

Kanamycin

50

Tetracycline

100 (blocking of protein synthesis)

3.2.7.4 Expression medium
For the incorporation of the non-natural amino acid 3NT into different proteins a special
synthetic expression medium was prepared.
Substance

Concentration

(NH4)2SO4

7.5 mM

NaCl

8.5 mM

KH2PO4

22 mM

K2HPO4

50 mM

MgSO4

10 mM

CaCl2

1 mg/l

FeSO4 x 7H2O

1 mg/l

CuCl2

1 µg/l

MnSO4 x H2O

1 µg/l

ZnCl2

1 µg/l

Na2MoO4

1 µg/l

Additionally, a 10x stock of glucose, thiamine, biotin and all canonical amino acids excluding
tyrosine was prepared, stored at -20 °C and diluted freshly in expression medium before
expression of recombinant proteins.
Substance

Concentration (10x stock)

Glucose

200 mM

Thiamine

10 mg/l

Biotin

10 mg/l

All amino acids

2 g/l

To buffer the medium during protein expression, 50 ml/l of 1 M Tris-HCl pH 7.4 were added.
In a last step, 1% (w/v) arabinose, 1 mM IPTG, 2 mM 3-nitrotyrosine, ampicillin and
chloramphenicol were dissolved in the medium.
49

Material and Methods

3.2.8

Growth of E.coli

E.coli strains were incubated and cultured either in liquid TB medium while shaking at
250 min-1 or on solid LB-agar plates at 37 °C with the corresponding antibiotics for selection.

3.2.9

Glycerol stocks

To store bacteria bearing a construct of interest, freeze stock solutions were prepared by
adding 0.5 ml of an overnight culture to 0.5 ml of sterile glycerol in a 2 ml screw cap tube.
The tube was vortexed, frozen in liquid nitrogen and stored at -80 °C.

3.2.10 Generation of competent E.coli cells
Competent E.coli DH5 for plasmid amplification were bought and stored at -80 °C, all other
E.coli strains were made competent using the calcium chloride method as follows:
A culture of one bacterial colony was grown at 37 °C overnight in TB medium with
appropriate antibiotics. The overnight culture was diluted 1:50 into fresh TB medium with
antibiotics and incubated on shaker at 37 °C for another 3 to 4 h until bacteria were in the
beginning of log growth phase. 1- 1.5 ml of cells were centrifuged for 2 min at 21000 g and
4 °C, the cell pellet was then washed with 1 ml of ice cold 150 mM CaCl2 (sterile) and again
centrifuged for 1 min at 21000 g and 4 °C. The cell pellet was resuspended in 100 µl of ice
cold 150 mM CaCl2 (sterile). Competent cells could be kept on ice for 24 h.

3.2.11 Bacterial transformation
1-2 µl of plasmid DNA were added to 100 µl of competent E.coli on ice and mixed by tapping
with a finger. The mixture was incubated on ice for 1 min, placed in a 42 °C water bath for
2 min (heat shock) and immediately transferred to ice for an additional minute. 150 µl of SOC
medium were added, cells were then incubated at 37 °C on shaker for 1 h and afterwards
plated onto LB agar plates containing appropriate antibiotics. Plates were incubated
overnight at 37 °C.
For transformation of ready-to-use competent E.coli DH5, 1-2 µl of plasmid DNA were
added to one vial of competent cells on ice, mixed by tapping with a finger and incubated on
ice for 2 min, plated on LB agar plates and subsequently incubated overnight at 37 °C.
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3.2.12 Plasmid isolation from E.coli cells
3.2.12.1 Mini-Preps:
The ZyppyTM Plasmid Miniprep Kit (Zymo Research, Freiburg, Deutschland) was used
according to the manufacturer’s protocol with minor changes. Buffers and consumables
mentioned were provided by the kit.
Briefly, 1.5 ml of a bacterial overnight culture grown in TB medium were transferred to a
1.5 ml microcentrifuge tube and centrifuged for 2 min at 21000 g. The supernatant was
discarded and the cell pellet was resuspended in 600 µl of MQ water. 100 µl of 7x Lysis
Buffer were added and tubes were mixed by inverting 6 times. After addition of 350 µl of cold
Neutralization Buffer and thorough mixing by shaking, samples were centrifuged for 4 min at
21000 g. The supernatant was transferred into provided Zymo-SpinTM IIN columns placed
into collection tubes. Samples were centrifuged for 30 s at 21000 g, flow-through was
discarded and 200 µl of Endo-Wash Buffer were added to the column. After centrifugation for
30 s at 21000 g, 400 µl of ZyppyTM Wash Buffer were added to the column and samples were
again centrifuged for 30 s at 21000 g. Columns were then placed into clean microcentrifuge
tubes and 60 µl of MQ water were added to the column. Incubation on the column was
allowed for 1 min at room temperature and DNA was eluted by subsequent centrifugation for
2 min at 21000 g.
3.2.12.2 Maxi-Preps:
The ZymoPURETM Plasmid Maxiprep Kit (Zymo Research, Freiburg, Deutschland) was used
according to the manufacturer’s protocol with minor changes. Buffers and consumables
mentioned were provided by the kit unless indicated otherwise.
Briefly, 100 ml of a bacterial overnight culture grown in TB medium were centrifuged in 50 ml
falcons for 10 min at 4000 g. The supernatant was discarded and 15 ml of ZymoPURETM P1
were added to the bacterial pellet and resuspended by vortexing. To lyse the cells, 15 ml of
ZymoPURETM P2 were added and mixed by inverting six times. Lysis was allowed for 1 min
and stopped by the addition of 20 ml of cold ZymoPURETM P3 neutralization buffer, thorough
mixing and incubation on ice for 5 min. After neutralization, the suspension was centrifuged
for 15 min at 4000 g and 4 °C. The supernatant was loaded stepwise onto the Zymo-SpinTM
VI columns provided by the kit and was centrifuged for 1 min at 4000 g. This was followed by
two washing steps: first with 10 ml of Endo-Wash Buffer and then with 10 ml of ZyppyTM
wash Buffer each for 1 min at 4000 g. To elute DNA, filters were placed in new 50 ml falcons
filled with 12.5 ml ethanol and 0.5 ml 3 M KAc. 4.5 ml of MQ water were applied to the filter
and tubes were centrifuged for 2 min at 4000 g. Filters were removed, tubes were vortexed
thoroughly and precipitated DNA was pelleted by centrifugation for 15 min at 4000 g. DNA
concentration was measured by Nanodrop at 260/280 nm.
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3.2.13 Agarose gel electrophoresis (DNA)
DNA molecules were separated by electrophoresis on agarose gels with a concentration
ranging from 0.8% to 1.5% depending on the size of the molecules to be separated. Agarose
was dissolved in 1x TAE buffer by boiling and 1:20,000 (v/v) ethidium bromide solution
(10 mg/ml) were added. Samples were loaded in 1x agarose loading buffer and
electrophoresis was performed in 1x TAE buffer at 80 V. Gels were analysed under UV light.

3.2.14 Recovery of DNA from agarose gels
To extract desired DNA fragments from agarose gels, respective DNA bands were excised
from agarose gels using a razor blade and DNA was recovered using the ZymoCleanTM Gel
DNA Recovery Kit (Zymo Research) according to the manufacturer’s instructions.
Three volumes of ADB buffer were added to each volume of agarose excised from the gel
and incubated at 55 °C until gel slices were completely dissolved. The solution was then
loaded onto Zymo-SpinTM Columns placed in collection tubes and centrifuged for 1 min at
20000 g. 200 µl of DNA Wash Buffer were added to the column and centrifuged for 30 s. To
elute DNA from the column, 12 µl of MQ water were added to the column, incubated for
1 min at room temperature and centrifuged for 1 min at 20000 g. To store DNA, samples
were frozen at -20 °C.

3.2.15 Sequencing
For sequencing, 9.75 µl of miniprep DNA were mixed with 0.25 µl of appropriate
oligonucleotides (10 µM). Sequence analysis of DNA samples was performed by GATC
Biotech AG, Konstanz, Germany. Sequence files were obtained online and were
subsequently analysed and aligned using AiO (All in One) bioinformatics software.

3.2.16 SDS-PAGE
SDS-PAGE was performed using the Mini-PROTEAN tetra cell system. Gels comprised a
5% stacking gel (pH 6.8) and a 12% or 15% separation gel (pH 8.8). E.coli lysates and
protein samples in Laemmli buffer were incubated for 5 min at 95 °C and purified from DNA
with NucleoSpin Filters if needed. Electrophoresis of 2-10 μg protein/lane in 1x SDS-PAGE
running buffer was carried out at 80 V through the stacking gel, followed by separation at
120 V for ~2 h.
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3.2.17 Western Blotting
Transfer onto nitrocellulose membranes was performed by using the iBlotTM 2 Dry Blotting
System. Membranes were blocked in 5% dried skimmed milk in PBS-Tween for 1 h and
incubated overnight with the primary antibody in 5% milk in PBS-Tween at 4 °C. After
washing steps using PBS-Tween, membranes were incubated with a secondary antibody
conjugated to horseradish peroxidase (in 5% dried skimmed milk in PBS-Tween) for 1 h at
room temperature. Protein bands were detected using Pierce ECL western blotting substrate
and imaged with a Fusion-SL 3500 WL device and Fusion software. Protein bands were
quantified by ImaEva.

3.2.18 Coomassie and silver staining
For Coomassie staining, SDS-PAGE gels were incubated in Coomassie staining solution at
90 °C for 2 min, followed by 20 min at room temperature on a rocking table. Gels were
washed several times with water, treated with Coomassie destaining solution and left at room
temperature on a rocking table overnight with an additional knotted Kimwipe for complete
destaining.
For silver staining, SDS-PAGE gels were fixed for 2 h in fixing solution and subsequently
washed three times with washing solution for 20 min each. Gels were incubated in
sensitizing solution for 2 min, washed three times in MQ water for 5 min each, and stained in
silver staining solution for 20 min. Afterwards, gels were again washed two times with water
(1 min each). Gels were then incubated in developing solution until bands were visible.
Reaction was immediately stopped by placing the gels in stop solution for 5 min to avoid
overstaining.
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3.2.19 Purification of alpha-synuclein via gel extraction (electroelution)
After separation of proteins by gel electrophoresis, protein was recovered from the SDS gels
by electroelution. Therefore, gel slices containing the desired protein were cut from the gel by
using Coomassie stained protein standards and ASYN test samples as size references. Gel
pieces were placed into the apparatus for protein extraction and concentration (see Figure
9). The apparatus consists of a voltage source (g), two buffer reservoir basins and a bridge
(c). The bridge is divided into 4 chambers connected to each other through small holes in the
separating walls. The smallest chamber (b) functions as a collection tube and is placed into
the anode reservoir basin. The biggest chamber is the gel fragment deposit chamber (a). The
two reservoir basins are two electrophoresis cells filled with Tris-Glycine-Buffer and therefore
function as anode (e) and cathode (f). The opening ends of the bridge are covered with a
semipermeable membrane (d). In order to avoid extreme heat generation, the whole
apparatus was placed in a cold storage room. The electrophoresis process was run for 3 h at
constant voltage (100 V). Afterwards, buffer of all chambers, except the cathode-connecting
chamber, was transferred into a dialysis bag.

3.2.20 Dialysis and concentration
Electroelution buffer containing the protein of interest was further purified by dialysis. Dialysis
was carried out in MQ water, 200-500 times the volume of the sample, using dialysis sacks
with a pore size of 12000 Da MWCO while stirring. Dialysis was carried out for 2 h at room
temperature, then MQ water was changed once and samples were dialyzed overnight at
room temperature. Dialyzed samples were concentrated by vacuum evaporation until solid.

3.2.21 Expression of recombinant ASYN wt or ASYN variants
Recombinant proteins were expressed using the E.coli strain Tuner (DE3) pLysS bearing the
pET11c expression vector carrying the gene of interest (ASYN wt and ASYN variants
containing no or only one of the four natural tyrosines) under control of the T7 promotor
regulated by the LacI protein. The different ASYN clones were generated via PCR with
primers containing the corresponding mutations (Karreman et al. 2002).
Overnight bacterial cultures (5ml) inoculated from glycerol stocks were used to inoculate
100 ml of TB medium with ampicillin and chloramphenicol. Cells were grown on shaker
(250 min-1) at 37 °C for 4 h. Expression of recombinant proteins was induced by addition of
IPTG to a final concentration of 1 mM. After additional 2 h of growth, cells were pelleted by
centrifugation (15 min, 4000 g, 4 °C).
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3.2.22 Expression of ASYN and GFP with defined nitration sites by genetically
encoded non-natural amino acid technology
Recombinant proteins containing the non-natural amino acid 3NT were expressed in the
E.coli strains TunerTM (DE3), SHuffleT7 or C321.∆A. The gene of interest (ASYN with
amber stop codon at amino acid position 39 or 125, GFP with amber stop codon at amino
acid position 66 and 239) was inserted into the pTxB expression vector under the control of
the T7 promoter (regulated by the LacI protein). A second plasmid encoded for an evolved
Methanococcus janaschii 3NT-tRNA synthetase and 3NT-tRNA pair under the control of the
araBAD promoter. For increased yields of nitrated protein, a second generation system was
employed, involving the pEvol-enhanced expression vector, in which the two copies of the
original synthetase gene were replaced with one gene corresponding to mutation 5B
described in (Cooley et al. 2014). The E.coli strains expressing this second generation
amino-acyl-tRNA synthetase system are indicated by an asterisk (Tuner*; Shuffle*).
For protein expression, 4 x 100 ml of a bacterial culture in TB with ampicillin and
chloramphenicol inoculated from glycerol stocks were grown on shaker at 37 °C overnight.
Cells were combined, pelleted by centrifugation (15 min, 4000 g, 4 °C), resuspended in
400 ml expression medium and distributed to 16 flasks à 25 ml. Protein expression was
allowed for 4.5 h. Subsequently, cells were pelleted by centrifugation (15 min, 4000 g, 4 °C).
For assessment of the decay of the nitrotyrosine signal in E.coli, bacterial cultures were
treated with tetracycline (100 µg/ml) after the 4.5 h protein production phase and lysed after
various time intervals.

3.2.23 Pre-purification of heat-stable ASYN
Bacterial cell pellets were washed once with PBS, resuspended in 10-15 ml of fresh PBS and
boiled in 50 ml falcons for 4 min at 100 °C. Bacterial lysate was centrifuged at 20.000 g for
20 min, 4 °C. The ASYN-containing supernatant was collected, cell debris and unlysed cells
in the pellet were discarded. Supernatants containing the desired protein could be stored at
-80 °C or subjected to further chromatography-based purification. For isolation of GFP, the
boiling step was omitted, cell lysis was instead performed by sonication.
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3.2.24 Chromatography affinity purification
15 ml of supernatant as obtained in 3.2.23, were filtered through 0.22 µm PES-membrane
syringe filters and then loaded onto a FPLC column packed with Capture Select c-tag Affinity
Matrix. The column was washed with Buffer A and loaded with the sample supernatant. The
column was washed with 2 M NaCl (block, Buffer B) and protein was eluted by a gradient
ranging from 0-2 M MgCl2 (Buffer C). Fractions containing target protein (3x5 ml) were
applied to a HiPrepTM Sephadex G-25 resin desalting column and eluted in H2O according to
the Desalting HiPrep Desalting template provided by the manufacturer. Purified protein
stocks (ASYN variants and GFP) were stored in H2O, because of a lower tendency to form
covalent ASYN di- and multimers compared with storage in buffers.

Buffer

Composition

Buffer A

10 mM Tris pH 7.4

Buffer B

10 mM Tris pH 7.4
2 M NaCl

Buffer C

10 mM Tris pH 7.4
2 M MgCl2
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3.2.25 Semisynthesis of site-specifically nitrated ASYN variants
3.2.25.1 Cloning into pTXB1 vector
C-terminally truncated human alpha-synuclein (aa 1-123) was cloned into the pTXB1 vector
in fusion with the GyrA Mini-Intein from Mycobacterium Xenopii and a chitin binding domain
(CBD). The ASYN fragment 1-123 was isolated by a NdeI and SapI digest.
3.2.25.2 Fusion protein expression and peptide ligation
Expression of the ASYN-intein-CBD fusion protein was carried out in Tuner(DE3)pLysS.
Cells were grown in TB with ampicillin and chloramphenicol on a shaker (250 rpm) for 4 h at
37 °C. Protein expression was induced with 1 mM IPTG and cells were grown for additional
2 h at 37 °C. Cells were harvested by centrifugation at 4000 g for 10 min in 50 ml tubes.
Pellets were washed with 25 ml Chitin binding buffer each and centrifugation was repeated.
After the washing step, pooled pellets were resuspended in 5 ml of Chitin binding buffer and
lysed by ultrasonication on ice using short pulses. Supernatant was separated from cell
debris by centrifugation at 14000 g for 20 min at 4 °C in 2 ml vials and subsequently loaded
onto a chitin batch. Chitin was either purchased from New England Biolabs or manufactured
as previously described (Iftekhar Shams et al. 2012).Prior to loading of the cell extract, chitin
was washed with 10 column volumes of chitin binding buffer. For protein ligation, protein was
incubated on the chitin batch together with different concentration of synthesized ASYN
peptide (1 and 4 mM) and the thiol reagent 2-mercaptoethanesulfonic acid (MESNA) (10,
100 and 250 mM) overnight at 37 °C on a tube mixer. ASYN124-140 peptide containing a 3nitrotyrosine at amino acid position 125 and a cysteine at position 124 instead of the
endogenous alanine was either synthesized by Kathrin Linder, Przybylski group, University of
Konstanz or purchased from GeneCust (Dudelange, Luxembourg). Chitin could be removed
either by centrifugation or filtration through different filters (cell strainer, filter paper etc.). RPHPLC using a C4 column, LC-MS using a C8 column and further MS analysis were
performed by the group of Prof. Dr. Michael Przybylski, University of Konstanz.
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3.2.26 Nitration of ASYN
3.2.26.1 Nitration with authentic PON
Purified ASYN (10 µg/200 µl of 100 mM potassium phosphate buffer, pH 7.4) was treated
with authentic PON in the concentrations indicated. Photometric determinations of PON
stock concentrations were performed routinely (λmax, 302 nm; ϵ=1670 liter mol−1 cm−1). PON
was diluted accordingly in 4.7% NaOH. Since PON is provided in NaOH buffer, an equimolar
amount of HCl was added to the nitration mixture to ensure maintenance of pH in the
reaction sample. For this purpose, droplets of PON and HCl were carefully placed as
separate droplets in the inner ring of a 1.5 ml reaction tube containing ASYN solution. The
tube was closed gently without mixing of the two droplets, and then the sample was
vigorously vortexed for optimal nitration at constant pH.
3.2.26.2 Nitration with the PON-generating agent Sin-1 chloride
Sin-1 solutions were prepared freshly before each experiment with MQ water. Purified ASYN
(10 µg/200 µl of 100 mM potassium phosphate buffer, pH 7.4) was incubated with Sin-1 in
the concentrations indicated at 37 °C on shaker for at least 5 h.
3.2.26.3 Nitration with the nitrating agent TNM
TNM solutions were prepared freshly before each experiment with MQ water. Purified ASYN
(10 µg/200 µl of 100 mM potassium phosphate buffer, pH 7.4) was treated with TNM in the
concentrations indicated at 37 °C on shaker for at least 5 h.
3.2.26.4 Incubation with ROS generating compounds
H2O2 solutions were prepared freshly before each experiment with MQ water. Purified ASYN
(10 µg/200 µl of 100 mM potassium phosphate buffer, pH 7.4) was incubated with H2O2 at
37 °C on shaker for 5 h.
To generate superoxide radicals (•O2-), xanthine oxidase together with the substrate
hypoxanthine was used. Hypoxanthine solutions (1 mM) were prepared freshly before each
experiment with potassium phosphate buffer, sonicated and mixed with protein samples
(10 µg). Xanthine oxidase (10 mU/ml) in KPP buffer was applied and samples were
incubated at 37 °C on shaker for 24 h. O2 supply had to be assured.
Hydroxyl radicals (•OH) were generated by a combination of ferrous iron (Fe2+) and H2O2.
Fifty μl of a 150 mm NaCl solution were combined freshly with 25 μl of 0.7 mm EDTA, 25 μl
of 0.5 mm FeCl2 and 50 μl of sample in water (10 µg). Generation of hydroxyl radicals was
initiated by the addition of 25 μl of 0.5 mm H2O2. The mixture was incubated at 37 °C on
shaker for 1 h.
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3.2.27 Binding of ASYN to isolated mitochondria
Yeast mitochondria were isolated, adjusted to a protein concentration of 10 mg/ml, aliquoted,
and shock-frozen with liquid nitrogen as described (Stojanovski et al. 2007) (L.Böttinger,
Institute for Biochemistry and Molecular Biology, University of Freiburg). To generate nitrated
ASYN, 10 μM ASYN were treated with PON as described before (3.2.26.1). 30 μl of protein
samples were mixed with 60 μl of freshly thawn mitochondria in SEM buffer, control samples
consisted of 30 μl protein mixed with 60 μl SEM buffer. Mixtures were incubated at 37°C and
350 rpm for 5 min, followed by centrifugation at 4 °C for 5 min at 12000 g. Pellets and
supernatants were separated, pellets were resuspended in 90 μl of SEM buffer, and all
samples were immediately mixed with 18 μl of 6x Laemmli buffer.

3.2.28 Kinetic measurements of ASYN aggregation
Aggregation experiments were monitored by thioflavin T (ThT) fluorescence using a Tecan
Infinite M200pro plate reader as described previously (Shvadchak et al. 2015). Briefly,
experiments were performed at 37 °C, while shaking (orbital, 6 mm amplitude, 142 rpm) in
96-well plates sealed with “Viewseal” film to avoid evaporation. The final solution used for
aggregation contained 6 mM Na2HPO4/NaH2PO4 buffer at pH 7.2, 150 mM NaCl, 9 mM
NaN3, 1 mM EDTA and 5 μM ThT. Protein concentration was 100 μM, using a volume of
125 μL per well.
Fluorescence of ThT was recorded from the bottom of the plate every 370 s (300 s shaking
and 70 s reading time). Excitation was at 446 nm and emission at 485 nm.
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3.2.29 Mass spectrometric analysis
Mass spectrometric analysis of protein samples was either performed at the Proteomics
Facility of A. Marquardt, University of Konstanz or by M. Mex at the group of Prof. Dr.
A. Marx, University of Konstanz.
3.2.29.1 LC tandem mass spectrometry (Proteomics Facility)
For identifying individual ASYN nitration sites, digested samples were analysed by reversed
phase liquid chromatography nanospray tandem mass spectrometry (LC-MS/MS), comprised
of a Linear Trap Quadropole (LTQ) Orbitrap mass spectrometer (Thermo Fisher) and an
Eksigent nano-HPLC. The dimensions of the reversed-phase LC column were 5 μm, 100 Å
pore size C18 resin in a 75 μm i.d. × 10 cm long piece of fused silica capillary (Acclaim
PepMap100, Thermo Fisher Scientific). After sample injection, the column was washed for
5 min with 100% mobile phase A (0.1% formic acid) and peptides were eluted using a linear
gradient of 10% mobile phase B to 40% mobile phase B in 35 min, then to 80% B in an
additional 5 min, at 300 nl/min. The LTQ-Orbitrap mass spectrometer was operated in a data
dependent mode in which each full MS scan (30.000 resolving power) was followed by five
MS/MS scans where the five most abundant molecular ions were dynamically selected and
fragmented by collision-induced dissociation (CID) using a normalized collision energy of
35% in the LTQ ion trap. Dynamic exclusion was allowed. Tandem mass spectra were
searched against a suitable protein database using Mascot (Matrix Science) with the specific
enzyme cleavage and variable methionine oxidation.
3.2.29.2 High-resolution electrospray ionization mass spectrometry (HR-ESI-MS) (Marx
group)
For assessment of whole ASYN protein mass, HR-ESI-MS spectra were recorded on a
Bruker Daltronics microTOF II equipped with an Agilent 1100 Series HPLC system. Samples
were separated using an EC150/2 Nucleodur 200-5 C4ec column (Macherey Nagel) and a
binary gradient of 0.1% formic acid in MQ as mobile phase A and 0.1% formic acid in MeCN
as mobile phase B at a flow rate of 300 µl/min. After starting with an isocaratic gradient at 5%
B for 5 min, the fraction of B was linearly increased to 100% B within 20 min. For each
measurement, 20 µl of protein sample at a concentration of 0.5-1-0 µg/µl were injected. The
mass spectroscopic analysis was performed in positive ion mode under the following
conditions: capillary voltage at 4.5 kV, nebulizer gas pressure at 0.4 bar, dry gas flow at
4 l/min and a dry temperature of 180 °C. In order to assure accuracy, sodium formate was
used as internal standard in every single measurement.
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Processing of recorded spectra was performed using the Compass DataAnalysis software
(Bruker, Bremen, Germany). Following baseline subtraction with a flatness value of 0.99 and
smoothing utilizing Gauss algorithm, compound spectra were subjected to maximum entropy
deconvolution to yield final spectra.

3.2.30 Amino acid analysis
Protein samples were vacuum hydrolysed in 1 ml of 6 N HCl at 110 °C overnight in vacuum
hydrolysis tubes. Subsequently, samples were freeze dried. Hydrolysed samples, or a
standard amino acid mixture (100 µM each, cystine 50 µM) spiked with 30 µM 3AT, were
dissolved in sample dilution buffer. Amino acids were then quantified using a Sykam S433
amino acid analyser using post-column derivatization with ninhydrin. Chromatography was
performed using a lithium-based anion exchange column loaded with spherical polystyrene
resin (7 µm diameter, 10% crosslinks). Elution was performed using buffers with increasing
pH and ion strength (pH 2.9 -> pH12; buffer concentration 0.12 M to 0.45 M), supported by a
temperature gradient. Absorbance of the reaction products was quantified at 440 nm
(intermediate product; quantifies cysteine and proline) or 570 nm (quantifies all other amino
acids). Amino acid concentrations were determined relative to a reference standard using the
area under the peak method in the Chromstar 7 software.

3.2.31 HPLC analysis of nitrated ASYN
For total hydrolysis of proteins, 5 μM of nitrated protein in 0.1 M potassium phosphate buffer,
pH 7.4 and 1 mM CaCl2 for the stabilization of the proteases were incubated with 2 mg/ml
pronase overnight at 37 °C followed by another addition of 2 mg/mL pronase. Residual
proteins were removed by centrifugation through a 10 kDa Microcon centrifugal filter device.
An aliquot (100 μl) of each sample was analyzed on a HPLC system as described previously
(Daiber et al. 2004). Amino acids were detected at 275 and 350 nm and tyrosine and 3NT
were identified by external standards.
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3.2.32 Transposon-mediated insertion mutagenesis
Transposon mediated insertion mutagenesis was used to screen for E.coli mutants leaving
the nitro-group intact during a 3 h tetracycline treatment, and to identify endogenous proteins
involved in 3-nitrotyrosine reduction.
For insertion mutagenesis, pRL27, a plasmid carrying a hyperactive Tn5 transposase gene
was used (Larsen et al. 2002). The E. coli strain BW20767 served as donor bacterium
carrying pRL27 (kanamycin resistant) and was mated with E.coli strain Tuner* containing the
plasmids for the 3-NO2-Tyr-tRNA synthetase/ amber suppressor tRNACUA pair and the ASYN
gene containing an amber codon at amino acid position 125 (ampicillin and chloramphenicol
resistance). The donor and the recipient strain were mixed at a ratio of 1:5, spotted on an
agar plate, and cultured at 37 °C for 12 h to allow conjugational transfer of the pRL27
plasmid to the recipient cells. Tuner* clones with the integrated Tn5 cassette were selected
on agar plates supplemented with kanamycin, ampicillin and chloramphenicol. The
generated mutant library of 24000 clones was transferred onto nitrocellulose and incubated
4.5 h on filter paper with expression medium containing 3NT and IPTG. The nitrocellulose
with the spatially separated colonies was then transferred to a new filter paper and incubated
for another 3 h with tetracycline. Colonies were lysed afterwards with chloroform and
lysozyme, blotted and probed with an antibody against 3NT. The original library was
meanwhile incubated on 37 °C overnight to regrow colonies. Western Blots were used to
identify the clones with a high 3NT signal, indicating a decreased or inhibited reduction of the
3NT to 3AT. The integration site was then identified using inverse PCR using
oligonucleotides for the Tn5 transposon. The targets identified were further confirmed by
PCR-amplification and sequencing.
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3.2.33 Generation of single-gene knockout mutants of E.coli
After confirmation and identification of target genes, independent knock-out mutants with
precisely defined deletion of the identified gene were generated by using a PCR gene
replacement method as described previously (Baba et al. 2006) with minor modifications.
PCR reactions were performed as described (see 3.2.5) using the primers hdfr_F and hdfr_R
(listed in the table below) and pRL27 as template. E.coli Tuner(DE3) carrying the Red helper
plasmid pKD46 was grown in 100 ml SOB medium with ampicillin and 1 mM L-arabinose at
30 °C and electroporation-competent cells were prepared by washing two times with MQ
water. Electroporation was performed using a Gene Pulser XCellTM Electroporation System
according to the manufacturer’s instructions at 2.5 kV with 25 mF and 200 Ω. Electroporation
was followed by addition of 1 ml of SOC medium with 1mM L-arabinose for induction of the
Red helper plasmid. After 2 h incubation at 37 °C cells were transferred to agar plates
containing kanamycin to select KmR transformants at 37 °C. Deletions were verified by PCR
(see 3.2.5) using control primers hdfr_CF and hdfr_CR (see table below).

Primers Hdfr

Sequence (5’ 3’)
ACATTTAAATCATAACGACAAATAATTTTGCGGAGAGCACTGTGG

HDFR_F
ATACGCTCTACGCCGACGCATCG
GAAGTAAATCCTTCTACCGGCATCCTTGCCAGCCATTCATATTAAT

HDFR_R
ACACCAACCCTGAAGCTTGCATG

HDFR_CF

TTGACCGAGCTAGTTATGGC

HDFR_CR

GCCAGAAATCATCCTTAGCGA
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Table 3: Plasmids used and generated in this study
Name

Ori

Resistance Key feature

Reference/
source
under control of T7 promoter and regulated by LacI protein C.Karreman, this
laboratory
Regulation

pET11c_SNCA

pMB1

Amp

gene for the expression of ASYN wt

pET11c_SFSF

pMB1

Amp

pET11c_YFSF

pMB1

Amp

pET11c_SYSF

pMB1

Amp

pET11c_SFYF

pMB1

Amp

pET11c_SFSY

pMB1

Amp

pET11c_SNCA(A30P)

pMB1

Amp

gene for the expression of ASYN S 39F125S133F136 (no
tyrosines)
gene for the expression of ASYN Y39F125S133F136 (one
tyrosine at position Y39)
gene for the expression of ASYN S 39Y125S133F136 (one
tyrosine at position Y125)
gene for the expression of ASYN S 39F125Y133F136 (one
tyrosine at position Y133)
gene for the expression of ASYN S 39F125S133Y136 (one
tyrosine at position Y136)
gene for the expression of ASYN with the familial point
mutation A30P

pET11c_SNCA(A53T)

pMB1

Amp

gene for the expression of ASYN with the familial point under control of T7 promoter and regulated by LacI protein C.Karreman, this
mutation A53T
laboratory

pET11c_Δ2-11

pMB1

Amp

gene for the expression of ASYN with deletion of the N- under control of T7 promoter and regulated by LacI protein C.Karreman, this
terminal amino acids 2 to 11
laboratory

pET11c_ΔEx3

pMB1

Amp

gene for the expression of ASYN with deletion of
exon3 (amino acids 41-54)

under control of T7 promoter and regulated by LacI protein this study

pET11c_ΔEx3

pMB1

Amp

gene for the expression of ASYN with deletion of
exon5 (amino acids 103-130)

under control of T7 promoter and regulated by LacI protein this study

pET11c_ΔEx3andEx5

pMB1

Amp

gene for the expression of ASYN with deletion of exon under control of T7 promoter and regulated by LacI protein this study
3 and exon5 (amino acids 41-54 and 103-130)

pTxB_NoMycSynY123Int_CBD

pMB1

Amp

pTxB_NoMycSynY39Int_CBD

pMB1

Amp

pTxB_NoMycSynY125Int_CBD

pMB1

Amp

gene for the expression of ASYN1-123 fused to an
intein/chitin binding domain tag
gene for the expression of ASYN with an amber stop
codon at position Y39 fused to an intein/chitin binding
domain
gene fortag
the expression of ASYN with an amber stop

pTxB_NoMycSynY133Int_CBD

pMB1

Amp

pTxB_NoMycSynY136Int_CBD

pMB1

Amp

pTxB_NoMycSynY125

pMB1

Amp

PTxET11c_NoMycSynY39

pMB1

Amp

gene for the expression of ASYN with an amber stop
codon at position Y39

under control of T7 promoter and regulated by LacI protein this study

pTxB_GFPY66AmberEPEA

pMB1

Amp

under control of T7 promoter and regulated by LacI protein this study

pTxB_GFPY239AmberEPEA

pMB1

Amp

gene for the expression of GFP with an amber stop
codon at position Y66 and a C-terminal EPEA
sequence
gene for the expression of GFP with an amber stop

pEvol-3NT

p15A

Cmp

pEvol-enhanced-3NT

p15A

Cmp

pEvol-WTSynth

p15A

Cmp

pLysS

p15A

Cmp

plasmid for expressing low levels of T7 lysozyme

pKD46

pSC

Amp

Lambda Red recombinase expression plasmid

pRL27

R6K

Kana

plasmid encoding the kanamycin resistant hyperactive
Tn5 system of Reznicoff

purchased from
the E.coli genetic
stock center (Yale
University)

pcr_SNCAmyc

pMB1

Amp

pcr4 vector containing ASYn wt fused to a myc tag,
origin of ASYN and ASYn derivative containing plamids

pegfp-n1

pMB1

Kana

Vector for fusing EGFP to the C-terminus of a partner
protein, origin of GFP containing plasmids

Studier et al.,
1991
purchased from
Clonetech
laboratories

under control of T7 promoter and regulated by LacI protein this study
under control of T7 promoter and regulated by LacI protein this study
under control of T7 promoter and regulated by LacI protein this study
under control of T7 promoter and regulated by LacI protein this study
under control of T7 promoter and regulated by LacI protein this study
under control of T7 promoter and regulated by LacI protein C.Karreman, this
laboratory

under control of T7 promoter and regulated by LacI protein this study
under control of T7 promoter and regulated by LacI protein this study

under control of T7 promoter and regulated by LacI protein this study
codon at position Y125 fused to an intein/chitin binding
domain
tag
gene for the expression of ASYN with an amber stop
under control of T7 promoter and regulated by LacI protein this study
codon at position Y133 fused to an intein/chitin binding
domain
gene
fortag
the expression of ASYN with an amber stop
under control of T7 promoter and regulated by LacI protein this study
codon at position Y136 fused to an intein/chitin binding
domain
gene
fortag
the expression of ASYN with an amber stop
under control of T7 promoter and regulated by LacI protein this study
codon at position Y125

under control of T7 promoter and regulated by LacI protein
codon at position Y239 and a C-terminal EPEA
sequence
gene for the constitutive expression of a mutated copy under control of the araBAD promoter and regulated by
of M.janaschii 3-NO2-Tyr-tRNA synthetase and 3-NO2- AraC protein
Tyr tRNA and the controlled expression of one more
copy of 3-NO2-Tyr-tRNA synthetase

this study

gene for the controlled expression of a mutated
M.janaschii 3-NO2-Tyr-tRNA synthetase and 3-NO2Tyr tRNA
gene
for the controlled expression of a mutated
M.janaschii Tyr-tRNA synthetase and Tyr tRNA

Cooley et al. ,
2014
this study
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Results

4.1
Generation of highly purified alpha-synuclein (ASYN) and ASYN
variants
To study the influence of site-specific nitration at tyrosine residues on physiologic as well as
pathophysiologic functions of a protein, we chose the Parkinsonian protein alpha-synuclein
(ASYN) as exemplary protein.
At the beginning of this study, production of nitrated ASYN was based on standard protocols
from the literature inducing tyrosine nitration upon incubation of so far unmodified protein
with chemical nitrating agents. One prerequisite for this approach was a sufficient amount of
protein for the nitration procedure and later on for usage in different in vitro assays.
Therefore, first of all, strategies for the generation of pure fractions of ASYN and ASYN
variants (disease related mutants, mutants generated for control experiments etc.) in good
yields were established.

4.1.1

Recombinant protein production and purification

Generation of ASYN and ASYN variants was based on standard protocols from the literature
using recombinant overexpression of the protein in E.coli. Overexpression of recombinant
wildtype alpha-synuclein and its derivatives was carried out in the E.coli strain
Tuner(DE3)pLysS using pET11c vectors allowing high expression levels of the desired
proteins under the control of the T7 promotor regulated by the LacI protein.
After growth of the bacteria until log phase and initiation of protein expression, bacteria were
harvested by centrifugation and as a first purification step, the bacterial cell pellet was boiled
for 4 min. Since ASYN belongs to the family of intrinsically disordered proteins, it does not
precipitate during boiling, stays in solution and thus can be separated from the majority of
E.coli proteins (~ 4300 proteins) by centrifugation. 5-8 E.coli proteins remained in the
supernatant as contaminants (Figure 8). It is important to note, that boiling of the bacterial
pellet had to be carried out in 50 ml tubes from BD Bioscience, since boiling in other plastic
ware yielded a second peak of a potential protein-plastic adduct with the mass of
ASYN+245 Da in mass spectrometric analysis (data not shown).
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Figure 8: Bacterial expression and pre-purification of ASYN
Coomassie stained SDS-PAGE gel of bacterial lysate 2 h after IPTG induction and
supernatant of bacterial lysate after 4 min of boiling and centrifugation at 4000 g, 4 °C for 15
min. Boiling led to enrichment of ASYN in the supernatant fractions with only 5-8 remaining
visible contaminating E.coli proteins.
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4.1.2

Purification via electroelution

After pre-purification by boiling, higher purity of the protein fractions should be obtained by
removal of the 5-8 remaining contaminant E.coli proteins. As several standard separation
techniques like chromatography, fractional precipitation and filtration were not successful in
terms of purity and yield (see discussion, 5.1), a new purification protocol was established for
separation of ASYN protein from remaining bacterial components. It combines separation of
proteins by SDS-PAGE and isolation of the desired protein from gels via electroelution.
Samples of the supernatant after boiling were run on SDS-PAGE gels. Afterwards, bands
containing ASYN protein were cut and placed into a self-made electroelution chamber,
consisting of a ‘deposit chamber’ for the gel slices and a collection tube separated by a
porous membrane (Figure 9).

Figure 9: Principle of electroelution (P.Balz, bachelor thesis)
Apparatus for protein extraction from polyacrylamide gels. The bridge (seen as close up on
the right side) consists of a gel fragment (c) deposit chamber (a), collection tube (b) and two
semipermeable membranes (d). The bridge is placed into two reservoir basins containing
Tris-Glycine-buffer. Those basins are connected to a voltage source (g) and therefore
function as anode (e) and cathode (f).
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Negatively charged ASYN covered by SDS eluted from the gel into the surrounding TrisGlycine buffer after the application of current and was trapped in the collection tube.
Electroelution times were optimized to 3 h (Figure 10 A) and, for maximum yield, buffers of
the collection tube and deposit chamber were combined after this time period. Longer elution
times only marginally increased the protein concentration in the buffer, but simultaneously
lead to higher oligomeric forms of ASYN (not shown).

Figure 10: Purification of ASYN via electroelution
A: Coomassie stained SDS-PAGE gel of ASYN accumulating in the fragment deposit
chamber (DC) and collection tube (CT) after 1, 2 and 3 h of gel-electroelution.
B: Electroelution with subsequent dialysis and acetone precipitation allowed enrichment of
ASYN without significant contamination by other proteins according to Coomassie staining.
To remove substances interfering with downstream applications, like for example SDS, the
combined ASYN containing fractions were dialyzed for 24 h and could then be concentrated
by vacuum evaporation. Several dialysis sacks of different manufacturers were tested, but
only usage of dialysis sacks from Sigma Aldrich allowed recovery of a large proportion of
ASYN, the others led to high protein losses (data not shown). The united dry weight of
purified ASYN obtained from pre-purified bacterial lysate from a total of 10 l bacterial culture
after eight rounds of gel separation and subsequent electroelution was 21.3 mg. Solid protein
or protein dissolved in distilled water (15 µg/µl) could be stored in liquid nitrogen. High purity
of ASYN was confirmed by Coomassie staining (Figure 10 B).
Dialysis, as used in this procedure, is partially able to remove free SDS from solution, it
cannot remove protein-bound SDS. Removal of protein-bound SDS, however, is preferable
because it might interfere with downstream applications used for example for protein
characterization such as mass spectrometry or membrane binding assays. Literature
suggests that acetone precipitation of protein samples leads to 100-fold reduction of SDS
with protein recovery of 50% (Puchades et al. 1999).
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Thus, acetone precipitation (4:1 acetone:protein ratio) was added to the purification protocol
after dialysis of the samples instead of vacuum evaporation. Nevertheless, the modified
protocol was not able to remove enough SDS to not interfere with downstream analysis: dryweights of protein samples were highly overestimated due to present SDS, dissolved protein
samples were foaming and MS data showed SDS impurities (data not shown). This made the
established electroelution protocol infeasible for our purpose.

4.1.3

Purification of ASYN using camelid nanobodies

In the search for another alternative purification strategy, we became aware that, since 2013,
a new purification resin for C-terminal ‘EPEA’-tagged proteins based on the work of
De Genst et al. ((De Genst et al. 2010), (Pardon et al. 2011)) is commercially available,
allowing one step purification of C-terminally tagged proteins with high purity. The C-Tag
Affinity Matrix is composed of a single domain camelid antibody, immobilized afterwards onto
solid matrix support. The resin, selective for the C-terminal amino acid sequence ‘EPEA’,
was originally developed on ASYN, which contains the ‘EPEA’ sequence as its natural four
C-terminal amino acids. Thus, the resin should allow purification of ASYN wt and also of
ASYN derivatives as long as the original C-terminal 4 amino acid sequence is conserved.
In initial purification attempts, pre-purified bacterial lysate was incubated with aforementioned
bead-conjugated cameloid nanobodies on filter membranes (Figure 11 A). Unbound proteins
were removed by repeated washing steps using PBS, elution of desired ASYN proteins could
be achieved by 2 M NaCl, but was best with 2 M MgCl2 repeated up to three times à 15 min.
Elution was not complete with both conditions used, since still bound protein could be
observed after elution. Complete stripping and recycling of the matrix could be achieved by
incubation with 0.1 M glycine pH 2.0 for 15-30 min at 37 °C (not shown). Staining of Western
blots with an ASYN-selective antibody illustrated the presence of ASYN in the crude
supernatant (E.coli lysate). Absence of protein in the pass through during PBS washing
indicated that the maximum binding capacity of the resin was not exceeded. An enrichment
of ASYN could be shown in the eluate (Figure 11 B). Coomassie staining of the eluate
fraction revealed the presence of at least two additional distinct protein bands that were
identified by mass spectrometry analysis as a mixture of the outer membrane porin proteins
A and F (OmpA, OmpF) (Figure 11 C). Extended washing with higher salt concentrations
(1-9 x PBS) did not diminish the grade of contamination. Filtration with 10 kDa MWCO filters
trapped all proteins on top of the filter, whereas filtration with 30 kDa MWCO filters did result
in pure ASYN fractions in the pass through. Nevertheless, a large proportion of ASYN
remained on top of the filter and reduced the level of yielded protein (Figure 11 D).
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Figure 11: Purification of ASYN using camelid nanobodies directed against the
C-terminal EPEA amino acid sequence
A: Purification of ASYN by bead-conjugated nanobodies. Pre-purified supernatant fractions
containing ASYN were incubated with bead-conjugated cameloid nanobodies, selective for
the C-terminal amino acid sequence EPEA. The mixture was loaded on a filter membrane
and E.coli proteins were removed by repeated washing steps with PBS. Elution of
conjugated ASYN protein was achieved by using high salt concentrations.
B: Staining of Western blots with an ASYN- selective antibody illustrated binding of the
protein to the nanobodies and absence of ASYN in the pass through. Protein elution worked
better with 2 M MgCl2 than 2 M NaCl, but both conditions were not sufficient to strip all
protein from the beads (still bound).
C: Coomassie staining of the eluate fraction revealed the presence of at least two additional
distinct protein bands that were identified by mass spectrometry analysis as a mixture of the
outer membrane proteins A and F (OmpA, OmpF).
D: Extended washing with increasing concentrations of PBS (1x, 3x, 6x, 9x) did not reduce
the grade of contamination with OmpA/OmpF. Filtration with 30 kDa but not 10 kDa MWCO
cut-off resulted in pure fractions of ASYN, but large proportions of protein were trapped on
the filter.

70

Results

4.1.4

FPLC purification using a camelid nanobody column

Contamination of the ASYN fractions represents a problem for the application of ASYN in
research projects, investigating e.g. its lipid/organelle interactions. To avoid contamination of
ASYN batches by OmpA/F and to obtain higher yields of the protein, a modified purification
protocol involving the aforementioned bead-conjugated EPEA nanobodies in association with
a FPLC system was established.
After growth of the bacteria for 4 h and subsequent protein expression for 2 h induced by
incubation with IPTG, supernatant containing the desired ASYN protein was obtained after
pre-purification by boiling for 4 min and was subjected to FPLC purification using a selfpacked nanobody-column (Figure 12 A). The FPLC protocol included a washing block with
high NaCl concentrations (2 M) for elution of proteins binding unspecifically to either the
column or ASYN as e.g. the aforementioned OmpA/F proteins (Figure 12 B). With very high
expression levels of ASYN protein ‘over-loading’ of the column could occur. Washing with
2 M NaCl would then result in washing ASYN off the column. These fractions could be
recycled by desalting and subsequent re-loading onto the nanobody column (not shown).
Gradient-elution of ASYN with 2 M MgCl2 was followed by desalting of ASYN containing
fractions using a HiPrep Desalting column in combination with a pre-installed HiPrep
Desalting application template. Desalted fractions were either concentrated by vacuum
evaporation or filtration using 3 kDa MWCO filters, followed by acetone precipitation. This
allowed enrichment of ASYN protein in desired buffer conditions without significant
contamination by other proteins according to silver staining (Figure 12). From 2.5 l bacterial
culture, around 15-25 mg of pure ASYN were obtained with three FPLC and nine desalting
runs.
Attempts with commercially available, prepacked anion exchange columns, which are used
in most ASYN-purification protocols from literature, were not successful as they resulted in
incomplete separation of the proteins contained in the boiled supernatant as tested with
Coomassie staining (see Supplementary figure 1).
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Figure 12: FPLC purification of ASYN using a camelid nanobody column
A: Synthesis of ASYN in E.coli was induced by IPTG, serving as activator of genes under
control of a lac operon, and proceeded for 2 h. Following centrifugation (4000 g, 15 min), the
cell pellet was lysed by boiling for 4 min. A second centrifugation step yielded a supernatant
fraction containing ASYN and several E.coli proteins.
B: To obtain a fraction of purified ASYN, supernatant of boiled ASYN producing E.coli was
subjected to a FPLC system, involving a nanobody-column for the specific interaction with
the C-terminal amino acid sequence EPEA of ASYN, together with an optimized
washing/elution protocol.
FPLC purification and subsequent desalting and acetone precipitation allowed enrichment of
ASYN without significant contamination (< 1%) by other proteins according to silver staining.

72

Results

4.2

Generation of nitrated ASYN using standard nitration protocols

Successful establishment of a suitable expression and purification protocol using the ‘EPEA’
nanobody strategy enabled generation of sufficient amounts of highly pure fractions of ASYN
and ASYN variants. In a next step, suitable and reliable protocols for the nitration of ASYN
and its derivatives as well as subsequent analysis of the introduced modification had to be
set up. Existing research reports investigating the biological significance of tyrosine nitration
are almost all based on chemical nitration procedures. We therefore established nitration
protocols for three commonly used chemical nitrating agents: authentic PON, the PONgenerating compound Sin-1 and tetranitromethane (TNM).

4.2.1

Treatment with authentic PON

A major nitrating agent present in cells is PON, which upon protonation dissociates readily
into the highly reactive •OH radical and the nitrogen dioxide radical (•NO 2). These radicals
can lead to the nitration of tyrosine residues and as a ‘side-reaction’ might also trigger
dityrosine formation in proteins (Merenyi et al. 1998, Prutz et al. 1985).
Authentic PON can also be used for in vitro nitration of proteins. We previously optimized the
in vitro nitration conditions for ASYN with PON and established the procedure under
physiological pH conditions instead of using basic conditions, where PON is admittedly
stable, but will probably not form products normally found in cells (Schildknecht et al. 2011).
Upon reaction of ASYN with PON, ASYN monomer became nitrated in a concentration
dependent manner. In parallel, SDS-, heat-, and DTT-resistant ASYN dimers and higher
oligomers were formed, most likely as consequence of dityrosine cross links (Figure 13 A).
Nitration and dimer formation were dependent on tyrosine residues, as a mutant, that was
depleted of all four endogenous tyrosine residues by substitution with either serine or
phenylalanine (S39F125S133F136), did neither show signals for 3NT nor dimer formation in
Western Blots upon treatment with PON (Figure 13 B).
The established protocol was also applied for nitration of a Parkinson-related disease mutant
of ASYN with an alanine-proline substitution at amino acid 30 (A30P). A nitration and dimer
formation pattern similar to the wildtype protein was observed upon incubation with
increasing concentrations of PON (Supplementary figure 2).
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Figure 13: Nitration of ASYN using authentic PON
A: Schematic representation of the mechanism of tyrosine nitration and di-tyrosine formation.
Tyrosine is oxidized to form an instable tyrosyl radical by various oxidants. In the presence of
•NO2 radicals, nitration via a radical-based mechanism takes place. Alternatively, when two
tyrosyl radicals encounter each other, formation of a covalent di-tyrosine bond can occur. For
Western blots shown, purified ASYN was treated with PON as indicated. Membranes were
stained with antibodies selective for ASYN or 3-nitrotyrosine (3NT). PON caused nitration of
the ASYN monomer. Concomitant, a second band with the mass of two ASYN monomers
appeared. This potential ASYN dimer also exhibited tyrosine nitration.
B: ASYN (2 µg), respectively a mutant, in which all four endogenous tyrosine residues were
substituted by serine or phenylalanine (S39F125S133F136), were treated with authentic PON
(5 min) at the concentrations indicated. Western Blot analysis with antibodies selective for
ASYN and for 3NT indicated a concentration-dependent nitration of ASYN and a concomitant
formation of a covalently linked ASYN dimer and higher oligomeric forms of ASYN. Nitration
and dimerization of ASYN seemed to be dependent on tyrosine residues, since the
S39F125S133F136 mutant did neither show signals for 3NT formation nor for dimer or oligomer
formation.

4.2.2

Treatment with the PON-generating compound Sin-1

Another nitrating agent widely used in the literature is the PON-generating compound Sin-1.
Sin-1 releases •NO with a half-life time of ∼45 min and concomitantly generates •O2- in a 1:1
molar ratio. The half-life time of the generated PON is ∼1–2 s, establishing a steady state
PON level of ∼0.01% of the applied Sin-1 concentration. Incubation of ASYN with increasing
concentrations of Sin-1 for 5 h led to nitration of the ASYN monomer as well as to dimer
formation as already observed after incubation with authentic PON. Nitration of monomers
and oligomers and formation of higher oligomers was less pronounced, since the steadystate level of generated PON is only 0.01% of the applied Sin-1 concentration (Figure 14).
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4.2.3

Treatment with tetranitromethane (TNM)

ASYN was also incubated with a third nitrating agent, tetranitromethane (TNM). Nitration and
dimer formation was not as efficient as with comparable concentrations of PON, but formed
dimers were extensively nitrated with high concentrations of TNM (Figure 14).

Figure 14: Nitration of ASYN using the nitrating agents Sin-1 and TNM
ASYN (2 µg) was treated with the PON-generating compound Sin-1 chloride (5 h), or with
TNM (5 h) at the concentrations indicated. Western blot analysis and staining with antibodies
selective for ASYN and 3-nitrotyrosine (3NT) indicated nitration of ASYN and concomitant
formation of an ASYN dimer with moderate and high concentrations of the nitrating agents.
Formation of higher oligomeric forms of ASYN was hardly observed with the concentrations
used.

4.2.4

Treatment with antioxidants and ROS generating compounds

Direct scavengers of PON, for example the NOX1/4 inhibitor GKT136901, can block dimer
formation as well as nitration of ASYN in a concentration dependent manner as published in
Schildknecht, Weber, Gerding et al. 2014 (Figure 15 A). To a great part, dimer and oligomer
formation upon treatment with PON was blocked also in the presence of minocycline, a
broad-spectrum tetracycline antibiotic and known scavenger of PON impeding nitration more
effectively than oxidative modifications of ASYN (Schildknecht et al. 2011). Uric acid, a major
antioxidant in human plasma, inhibited dimer and oligomer formation completely (Figure
15 B).
Interestingly, dimer formation seemed to be selective for treatment with PON/ generation of
•NO2 radicals as incubation with several ROS-generating compounds like H2O2, xanthine
oxidase (•O2-) and Fe2+ together with H2O2 (•OH) did not result in substantial amounts of
ASYN dimer (Figure 15 C).
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Figure 15: Prevention of dimer formation by radical scavengers
A: ASYN (10 µg/200 µl) was nitrated by authentic PON (1 µM) in the presence of
GKT136901. Control samples received no PON, uric acid (100 µM, UA) as a known PON
scavenger was applied as positive control. Samples were subjected to Western Blot analysis
with antibodies directed against ASYN as well as 3-nitrotyrosine (3-NT). Graphs represent
the quantitative evaluation of three independent experiments. Figures depicted here were
published in Schildknecht et al. 2014.
B: ASYN protein (10 µg/ 200 µl) was pretreated with 10 µM of either the PON specific
scavenger minocycline or the general antioxidant uric acid before incubation with 5 µM of
PON. Samples were subjected to Western Blot analysis with antibodies directed against
ASYN.
C: The capacity of radicals different from •NO2 (PON-derived) was tested with respect to
ASYN dimer formation. ASYN (10 µg/ 200 µl) was treated with either increasing
concentrations of H2O2, hypoxanthine and the superoxide (•O2-) generating enzyme xanthine
oxidase (10 mU/ml) or Fe2+ with or without H2O2 for the generation of hydroxyl radicals (•OH).
Treatment with 50 µM PON served as positive control for the formation of ASYN dimer.
Samples were subjected to Western Blot analysis with antibodies directed against ASYN.

76

Results

4.3

Behaviour of unmodified and nitrated ASYN in functional assays

To secure proper protein function and interaction of the purified ASYN variants, standard
assays from the literature, investigating major functional characteristics of ASYN, such as
membrane binding and aggregation propensities, are a prerequisite for further studies and
thus were performed and established. They were also used to investigate whether tyrosine
nitration induces alterations in ASYN’s functions.

4.3.1

Aggregation of ASYN

ASYN is a major component of Lewy bodies and Lewy neurites in Parkinson’s disease.
These hallmark proteinaceous inclusions consist primarily of insoluble and fibrillary ASYN
structures (Spillantini et al. 1998). A wide array of post-translational modifications was
observed on ASYN obtained from Lewy bodies of Parkinson’s disease patients, including
oxidative modifications as tyrosine nitration, which might contribute to the aggregation
properties of the protein (Duda et al. 2000).
In vitro, ASYN undergoes spontaneous aggregation into β- sheet-rich thioflavin T positive
fibrils upon shaking and incubation at 37 ˚C. Thioflavin T, a benzothiazole salt, is widely used
for the visualization and quantification of amyloid aggregates due to its enhanced
fluorescence and characteristic red shift of its emission spectrum upon binding to β- sheetrich structures. Using an established protocol (Shvadchak et al. 2015) for in vitro aggregation
of ASYN into fibrils, the increase of the fluorescent signal was measured over time. Individual
untreated ASYN protein samples produced comparable aggregation curves with a
characteristic sigmoidal shape and an initial lag period followed by accelerated fibril
formation. Thioflavin T signals seemed to reach a plateau after ~ 80 h. The assay further
allowed observation that ASYN, chemically nitrated with PON, was not able to aggregate into
amyloid fibrils in the observed period of time (Figure 16).
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Figure 16: Aggregation kinetics of ASYN and PON-nitrated ASYN
Aggregation kinetics of ASYN (blue) and ASYN treated with 100 µM PON (red) at 37°C
monitored by measuring ThT fluorescence. The aggregation reaction was carried out with a
protein concentration of 100 µM using 6 mM Na2HPO4/NaH2PO4, pH 7.2, 150 mM NaCl,
9 mM NaN3, 1 mM EDTA buffer at 142 min-1 in a TECAN fluorescence microplate reader at
37 °C. ThT concentration was 5 µM. Each curve is representative of one independent
experiment.

4.3.2

Binding of ASYN to isolated mitochondria

ASYN belongs to the group of intrinsically disordered proteins and is considered unstructured
in solution. Upon binding to water-lipid interfaces with a negative net charge, it is able to
undergo conformational changes to form an N-terminal alpha-helical region and an
unstructured C-terminal domain (Davidson et al. 1998, Eliezer et al. 2001). Posttranslational
modifications of ASYN as phosphorylation (Paleologou et al. 2010), acetylation (Maltsev et
al. 2012) and also oxidative modifications (Danielson et al. 2009, Hodara et al. 2004, Sevcsik
et al. 2011) seem to effect the binding propensity of ASYN to membranes.
To investigate binding of the generated ASYN and PON-treated ASYN, a binding assay
using isolated yeast mitochondria was established in the lab. Aliquoted mitochondria were
thawed freshly and incubated with ASYN for 5 min at 37 ˚C, unbound ASYN was removed by
centrifugation (Figure 17 A). As negative control, a mutant ASYN lacking the N-terminal
amino-acids 2-11, that is deficient in membrane binding, was used (Vamvaca et al. 2009).
Western blot analysis of pelleted mitochondria showed a significant amount of mitochondriabound ASYN, whereas significant binding of the ∆2-11 mutant was not observed (Figure
17 B).
Incubation of isolated mitochondria with ASYN treated with high concentrations of PON
resulted in a decreased binding compared to untreated protein (Figure 17 C).
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Figure 17: Binding of ASYN to isolated mitochondria (modified from Robotta, Gerding
et al. 2014)
A: Recombinant ASYN (2.5-25 µg/ 100 µl), a mutant form of ASYN lacking N-terminal amino
acids 2-11 (ASYN ∆2-11) (B) or ASYN treated with 40 molar excess of PON (C) were
incubated with isolated mitochondria for 5 min at 37 °C. Unbound protein (Snt) was removed
by centrifugation for 5 min at 12000 g and 4 °C.
B: The mitochondrial pellet was subjected to Western blot analysis using an antibody
directed against ASYN. The outer mitochondrial membrane protein TOM20 was stained as
loading control to ensure same amounts of mitochondria in all samples.
C: ASYN or PON-treated ASYN incubated with mitochondria was analyzed with Western blot
using an antibody specific for ASYN, either before centrifugation (load) or after separation
into pellet (P) or supernatant (Snt) by centrifugation.

In summary, establishment of a new method for the generation of highly purified ASYN and
biologically relevant ASYN variants and testing their behaviour in additionally established
functional

assays

allowed

gaining

new

insights

into

potential

physiological

and

pathophysiological functions of ASYN, which were successfully published. Beside studies on
binding of ASYN to isolated mitochondria (Robotta, Gerding et al. 2014) and investigations
on the NOX1/4 inhibitor GKT136901 as a direct scavenger of PON (Schildknecht, Weber,
Gerding et al. 2014), we were also able to establish a label-free infrared spectroscopic
approach, that allows simultaneous monitoring of ASYN conformation and integrity of a solidsupported lipid bilayer used as biomimetic membrane (Fallah, Gerding et al. 2017).
This new approach enabled a comparative study of wildtype ASYN and a naturally occurring
splicing variant of ASYN lacking exon 3 (ASYN ∆Ex3), that hinted at potential effects of
modulations in the ratio of both variants on the (patho)physiological properties of the protein
in cells.
.
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4.4

Analysis of chemically nitrated ASYN

The nitrated forms of ASYN, generated following the protocols described in 4.2.1, showed
alterations in their behaviour, for example in binding to membranes, compared to the
unmodified proteins. However, proteins as ASYN often contain multiple potential nitration
sites, that can either take part in the nitration reaction, form dityrosine crosslinks or are left
unmodified. In the literature, the information on exact nitration sites and levels is often
missing and it is not clearly defined, whether mixtures of different species are investigated in
experiments or whether for example unreacted species, nitrated monomers and oligomeric
forms of the protein have been separated.
To be able to unambiguously establish direct and quantitative relationships between tyrosine
nitration on specific sites in a protein and biological responses, it is essential to identify the
exact sites of nitration and the percentage of nitrated residues.

4.4.1

HPLC-based quantification of 3NT

To assess kinetics of PON-mediated nitration of ASYN, we used quantitative HPLC analysis
of 3NT from Pronase digested samples as described previously (Daiber et al. 2004).
Measurement of untreated control samples spiked 1:1 with 10 µM free 3NT matched up
almost perfectly with an expected 3NT concentration of 5.6 µM, showing that the assay is
indicative for 3NT (not shown). Analysis of ASYN treated with increasing concentrations of
PON showed that formation of 3NT reached saturation already at a ~ 3:1 molar excess of
PON (Figure 18). Under this condition, or with higher molar excess of PON, the yield of 3NT
within ASYN did not exceed 25%.

Figure 18: HPLC-based quantification of 3-nitrotyrosine (3NT) after nitration of ASYN
with authentic PON
ASYN (4.8 μM) was rapidly mixed with authentic PON (0.5–388.8 μM) generating molar
excesses of PON of up to ~81. The yield of 3-nitrotyrosine (3NT) was determined by HPLC
analysis after Pronase digestion of the nitrated proteins. 3NT concentrations calculated from
peak area are indicated in the table and depicted graphically.
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4.4.2

Mass spectrometric analysis of ASYN treated with nitrating agents

To obtain an overview on the effect of chemical tyrosine nitration on the overall protein, total
protein mass of full length ASYN was assessed by linear ion trap mass spectrometry. A
Gaussian normal distribution of the mass per charge (m/z) pattern of full length ASYN was
observed for the untreated protein, consistent with the molecular weight of 14460 Da (Figure
19, upper left panel). For instance, the peaks around m/z = 900 correspond to full length
ASYN with 15-16 charges. Following nitration of an equal amount of ASYN with PON, a
global reduction in the m/z peak intensities and a drastic increase in the number of peaks
was observed. This suggests that an ensemble of multiple protein species was generated
upon exposure to the nitrating agent. Similar changes were observed for all three nitrating
agents tested (Figure 19). Among those numerous modifications, identification of nitration on
specific tyrosine residues proved to be difficult, as detection seemed to be hampered by the
multitude of modifications.

Figure 19: Modification of ASYN by nitrating agents
Linear ion trap mass spectrometry analysis of nitrated ASYN. ASYN (10 µg) was incubated
in the absence (control, upper left) or presence of peroxynitrite (25 µM, 5min),
tetranitromethane (100 µM, 5 h) or Sin1-chloride (1000 µM, 5 h). Comparison of the m/z
(mass divided by charge) pattern of the untreated, full length ASYN with the m/z patterns of
ASYN treated with the three chemical nitrating agents showed the presence of an increased
number of peaks with overall lower peak intensity for the treated samples. MS analyses are
representative for three independent experiments.
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ASYN sequence includes four potential nitration sites, four tyrosine residues: tyrosine 39 in
the N-terminal part and tyrosines 125, 133 and 136 in the C-terminal part of the protein. All
four sites were confirmed as possible nitration sites upon PON treatment in the literature
(Souza et al. 2000b).
For identification of those tyrosine residues nitrated by the chemical nitration approaches
described herein, samples were digested enzymatically for the more detailed reversed phase
liquid chromatography nanospray tandem mass spectrometry (LC-MS/MS). It has recently
been published, that the commonly used trypsin digest is not feasible for MS analysis of
nitration of ASYN, because it only generates one long fragment of the C-terminus (41), which
contains three of the four tyrosines. Hence, an Asp-N digest was tested in collaboration with
the Proteomics facility (University of Konstanz). With the Asp-N digest, a good sequence
coverage of 99% of the unmodified ASYN protein was achieved and several different Cterminal fragments with separated tyrosines were generated, which should allow a better
detection of 3NT (Figure 20 A).
MS/MS analysis showed that a short pulse of PON (1 µM) was sufficient to evoke the
nitration of the C-terminal tyrosine residues Y133 and Y136. With increasing concentrations
of PON also Y125 became a target for nitration, however peptides containing nitrated Y39
could not be identified (Figure 20 B).
In addition to tyrosine nitration, multiple oxidative products of methionine, valine and
phenylalanine residues were identified. It should be noted, that with increasing
concentrations of nitrating agent (≥ 10-100 µM PON), there seemed to be either an ionization
or a digestion problem, making it impossible to detect for example, fragments containing
Y125 during MS measurement. Furthermore, also the sequence coverage and the number of
spectral counts of generated peptides decreased with increasing concentrations of nitrating
agent, making it tedious to test for higher concentrations of the agent and to resolve
fragments containing single tyrosine residues. Thus, a clear tendency or quantitative
numbers of nitration (at the single tyrosine residues) could not be obtained.
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Figure 20: MS analysis of PON-treated ASYN
A: Untreated ASYN was digested enzymatically using Asp-N as described (Danielson et al.
2009). Compared to the standard trypsin digest, digestion with Asp-N lead to better
resolution of the C-terminal tyrosine residues of ASYN by generating multiple fragments
containing only one or two of the four tyrosine residues (labeled in red) contained in the
ASYN sequence.
B: MS/MS analysis revealed increasing nitration of tyrosine residues of ASYN upon
treatment with increasing concentrations of PON originating at the C-terminal tyrosines
towards the N-terminal ones. (/- fragments with and without nitrated tyrosines were
detected, ? no fragments with the corresponding tyrosine residue were detected).

83

Results

4.4.3

Generation of single-tyrosine ASYN variants

In an attempt to allow investigations on the influence of nitration on individual tyrosine
residues in ASYN, we generated and recombinantly expressed ASYN variants containing
only one of the four endogenous tyrosine residues. The other tyrosine residues were either
substituted by the structurally familiar amino acids serine (substituting Y39 and Y133) or
phenylalanine (substituting Y125 and Y136). In another ASYN variant all four tyrosines were
replaced (“SFSF”) (Figure 21A).
4.4.3.1 Treatment of ASYN tyrosine-variants with PON
Upon treatment of the single tyrosine-variants with moderate PON concentrations, it was
observed, that only the variants containing one of the three C-terminal tyrosines (“SYSF”,
“SFYF”, “SFSY”) showed good Western blot signals for 3NT. Treatment with 1 mM dithionite,
a well-described reductant of the 3NT group, diminished nitrotyrosine immunoreactivity.
For the variant “YFSF”, that only comprises the N-terminal tyrosine residue at amino acid
position 39, no significant signals of 3NT were detected.
Dimer formation was detectable for all four ASYN variants containing one tyrosine residue
(Figure 21 B). Consistent with Figure 13 B, the ASYN variant “SFSF”, lacking all four tyrosine
residues, neither showed signals for 3NT nor formation of ASYN dimers.
4.4.3.2 Mass spectrometric analysis of ASYN single-tyrosine variants treated with
nitrating agents
The single-tyrosine variants should simplify LC-MS/MS analysis of the specific nitration sites
as well as of the level of tyrosine nitration at the single residues, since only one possible
target amino acid for nitration is present in the protein.
Exemplarily, the mutants YFSF (Y39 only) and SYSF (Y125 only) were analyzed after
treatment with increasing concentrations of the nitrating agents PON and TNM (Figure 22).
For the SYSF mutant, incubation with moderate concentrations of the nitrating agents
already resulted in nitration of almost 100% of the identified peptides and a plateau was
reached with higher concentrations. Y39 could be nitrated to some extent, but somehow
nitration seemed to be diminished compared to Y125. Nitration was only reached for ~85% of
the identified peptides and for this, higher concentrations of the nitrating compound were
needed compared to the SYSF mutant. Again, it had to be noted, that with high
concentrations of nitrating agent the nitration levels dropped, most likely due to decreasing
sequence coverage and spectral counts. In the case of YFSF treated with 100 mM TNM, no
tyrosine- or 3NT- containing peptides could be identified at all.
Nevertheless, numerous other oxidative modifications on different amino acids were still
observable (not shown, compare 4.4.2)
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Figure 21: Nitration and dimer formation of single-tyrosine mutants of ASYN
A: Schematic representation of recombinant ASYN variants containing no tyrosine residue
(“SFSF”) or only one (labeled in red) of the four endogenous tyrosine residues (“YFSF”,
“SYSF”, “SFYF”, “SFSY”) compared to the wildtype protein (ASYN, “YYYY”).
B: Wildtype ASYN (“YYYY”) was either left untreated (-) or treated with 100 µM PON (+) and
compared to ASYN variants containing only one (marked in red) of the four endogenous
tyrosine residues (“YFSF”, “SYSF”, “SFYF”, “SFSY”) also treated with 100 µM PON (all in
duplicates). Samples were subjected to Western Blot analysis with antibodies directed
against ASYN and 3-nitrotyrosine (3NT). The ASYN variant lacking all four tyrosine residues
(“SFSF”) indicates dependence of nitration and dimer formation on tyrosine residues as no
signals of ASYN dimers and 3NT could be detected. Treatment with 1mM dithionite, a
reducing agent enabling the reduction of aromatic nitro compounds, confirms the constitutive
nitration of the respective tyrosines.
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Figure 22: Determination of nitration at residues Y39 and Y125 in single-tyrosine
mutants of ASYN upon treatment with PON or TNM
The single-tyrosine containing ASYN variants YFSF= Y39 only and SYSF=Y125 only were
incubated in the absence or presence of increasing concentration of the nitrating agents
PON or TNM. After Asp-N digest, samples were analyzed with LC-MS-MS for tyrosine
nitration. Percentage nitrated peptides of identified tyrosine containing peptides was
supported by the presence of at least two peptides.
Consequently, it must be said, that the analysis of nitrated ASYN revealed major drawbacks
of the tested chemical nitration protocols:
1.) The nitration reactions result in a complex mixture of proteins with only a subpopulation of proteins having modified tyrosine residues. The MS data further
indicates that proteins are not uniformly modified, but exhibit complex nitration
patterns of one or more residue.
2.) The protocols have a high propensity for unwanted side reactions. Alongside nitration
of tyrosine residues, treatment with chemical nitrating agents evoke a plethora of
oxidative modifications (e.g. methionine sulfoxidation) and generate a mixture of
monomeric, dimeric and higher oligomeric protein species most likely via covalent
dityrosine cross links in a non-reproducible manner.
3.) The wide spectrum of modifications and harsh reaction conditions impede analysis of
modification sites and make identification of nitration sites and quantification of
nitration on the single residues quite laborious.
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4.5

Generation of site-specifically nitrated ASYN variants

To avoid the aforementioned limitations, new approaches aiming for the generation of sitespecifically nitrated proteins in the absence of other oxidative modifications were explored.
The targeted insertion of 3NT into a recombinant protein should allow elucidating how
nitration at single or multiple sites effects biological function of proteins. In the absence of
other oxidative modifications, observed alterations in protein function could directly be linked
to protein tyrosine nitration at the specific residue.

4.5.1 Generation of site-specifically nitrated ASYN variants using native
chemical ligation
A first approach, the semisynthetic generation of site-specifically nitrated ASYN, was based
on the protocol of Hejjaoui et al., established for the synthesis of ASYN phosphorylated at
tyrosine 125 using native chemical ligation (Hejjaoui et al. 2012).
Native chemical ligation has been developed to facilitate the synthesis of proteins with a size
of ~ 150 amino acids by joining synthetic or recombinant unprotected peptide or protein
fragments through a native peptide bond, allowing generation of proteins otherwise
impossible to generate or decorated by post-translational modifications.
Prerequisites for ligation are 1) peptide(s) bearing an α-thioester group at the C-terminus and
2) (synthetic) peptide(s), typically with a cysteine residue at the N-terminus. In a reversible
trans-thioesterification step, the thiol group of the N-terminal cysteine residue attacks the Cterminal thioester of the second protein fragment in a chemo- and regio-selective way. The
resulting thioester intermediate rearranges by an intramolecular S,N-acyl shift and a native
amide bond is formed at the ligation site (Figure 23). When no cysteines are present in the
protein, endogenous alanine residues can be mutated to cysteine. A desulfuration step can
be used to revert the cysteine back to alanine after ligation (Fauvet et al. 2013, Hejjaoui et al.
2012).
Generation of an ASYN variant nitrated specifically at amino acid position 125 included the
reaction between 1) a recombinantly expressed ASYN(1-123) thioester and 2) a synthetic
peptide ASYN(A124C-140) containing 3NT at position tyrosine 125. The peptide was created
by solid-phase peptide synthesis, allowing the incorporation of the unnatural amino acid at
the desired position. Since the primary sequence of ASYN does not comprise cysteine
residues, the alanine residue 124 of ASYN was replaced by cysteine.
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The ASYN(1-123) thioester was recombinantly expressed by utilizing an intein approach:
based on the mechanism of intein self-splicing, recombinant proteins with a C-terminal
thioester are generated. The commercially available pTXB1 vector was used to fuse the
target gene (Myc-ASYN1-123) at its C-terminus to the GyrA Mini-Intein (~28 kDa) from
Mycobacterium Xenopii, containing further a C-terminal chitin binding domain (CBD, 6 kDa).
The CBD mediates the ability to purify the fusion protein from bacterial lysate in a single
chromatographic step using a chitin resin. The N-terminal myc-tag offered an additional
option for protein detection (for example in Western Blotting).
The ASYN-Intein-CBD fusion protein (ASYN-IntCBD) allowes for intein-mediated protein
ligation: upon binding to a chitin column, intein-cleavage with a thiol reagent like
2-mercaptoethanesulfonic acid (MESNA) generates an α-thioester group at the C-terminus of
the protein, and the ASYN(1-123) thioester is released from the chitin resin (Figure 23 A). It
can then be ligated to the synthetic peptide ASYN(A124C-140) nitrated at position tyrosine
125 (Figure 23 B).
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Figure 23: Mechanism of intein-mediated protein ligation (IPL) and the synthetic
strategy used to generate site-specific nitrated ASYN
A: A target protein is fused to an intein and immobilized via a CBD onto a chitin resin. After
an initial N to S-acyl shift, selective intein-cleavage is induced with a thiol agent forming a Cterminal thioester on the target protein and releasing it from the intein as well as the chitin
resin. The protein thioester and a peptide comprising an N-terminal cysteine can undergo a
thioester exchange followed by an S to N shift to create an amide bond between the two
unprotected peptides in aqueous solution (scheme from ‘ImpactTM Kit-Instruction manual’).
B: For the IPL approach used to generate site-specifically nitrated ASYN, an ASYN(1-123)
thioester was generated using an intein-based approach. A Myc-tagged ASYN(1-123)-InteinCBD fusion protein was recombinantly expressed in E.coli. Upon treatment with a thiol agent
like MESNA, self-cleavage of the intein generates a C-terminal thioester. The peptide
comprising the non-natural amino acid 3-nitrotyrosine (3NT, red) was generated by Fmocbased solid phase peptide synthesis. An N-terminal cysteine (green) had to be introduced
instead of the endogenous alanine at position 124 to enable NCL. NCL reaction between the
synthetic peptide and the ASYN(1-123) thioester results in generation of full-length (140 aa)
semisynthetic ASYN protein nitrated at tyrosine 125.
C: Bacterial lysate of E.coli expressing the ASYN-IntCBD fusion protein was incubated with a
chitin batch. Contaminating E.coli proteins could be removed with repeating washing steps
using chitin buffer. Intein-cleavage was induced by incubation with the thiol agent MESNA.
Simultaneous incubation with the synthetic peptide containing 3NT should lead to generation
of full-length nitrated ASYN protein.
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Expression of ASYN-IntCBD was successfully induced in E.coli Tuner(DE3)pLysS. Bacterial
lysate after sonication and centrifugation was incubated with a chitin batch. After binding of
ASYN-IntCBD and removing undesired E.coli proteins by washing, intein-cleavage and
ligation to the synthetic peptide ASYN(A124C-140) nitrated at ASYN position 125 could be
performed simultaneously by combined incubation with the thiol reagent MESNA and the
synthetic peptide (Figure 23 C).
Incubation with several combinations of both compounds in different concentrations were
tested in small scale. Combination of 4 mM synthetic peptide and 250 mM MESNA resulted
in the best yield of full length protein (Myc-ASYN-C1243NT125, ~15 kDa), clearly
distinguishable from unreacted ASYN(1-123) thioester (~13 kDa) (Figure 24 A). This setup
was used in further experiments. Incubation with only 1 mM peptide also gave rise to full
length protein, but only in ~1:1 ratio with spliced but unreacted ASYN(1-123) thioester.
Subsequent to ligation, target protein and chitin resin could be separated by centrifugation,
although a small portion of full length ASYN as well as ASYN(1-123) thioester remained on
the chitin batch despite several washing steps. Western Blot analysis confirmed the
presence of a nitro-group on the full length ASYN (Figure 24 B).
Upscaling was possible up to incubation of bacterial lysate of a total of 1 l E.coli culture with
MESNA and peptide on chitin in a total volume of 5 ml. Nevertheless, 100% ligation was not
achieved. Incomplete ligation led to a mixture of full-length nitrated ASYN, unreacted
ASYN(A124C-140) peptide, cleaved ASYN(1-123) thioester, MESNA and high salt, making
further purification by HPLC necessary. Separation by RP-HPLC using a C4 column resulted
in 3 protein peaks and a salt peak (Figure 25). MS analysis in negative ion mode identified
peak 1 as unreacted peptide ASYN(A124C-140) nitrated at position tyrosine 125
(MW cal= 2085,12 Da), which could be recycled successfully by further HPLC purification.
Protein peaks 2 and 3 eluted as a mixture of different proteins/peptides. In peak 2, masses of
14460 and 14703 Da were detected, which could not be matched with any masses of
expected proteins. Detection of wildtype ASYN (MW cal= 14460 Da), lacking the N-terminal
myc-tag and the incorporated nitro group, but comprising the endogenous alanine instead of
the incorporated cysteine seemed unlikely. Peak 3 provided another mass of 15890 Da
measured in positive as well as in negative ion mode, most likely matching with a nitrated
form of Myc-ASYN-C1243NT125 lacking amino acid 140 (∆140) (MW cal= 15897 Da) (Figure
25 A). ASYN(1-123) thioester (MW cal= 13900,7 Da) could not be detected.
Additional LC-MS analysis in positive ion mode using a C8 column was able to confirm
successful ligation and the presence of full-length myc-tagged ASYN containing 3NT at the
desired position with a cysteine instead of alanine at position 124 (Myc-ASYN-C1243NT125,
MW cal= 15967,8 Da) (Figure 25 B).
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Figure 24: On-column generation of site-specifically nitrated ASYN via NCL
A: Myc-tagged ASYN-IntCBD fusion protein (~ 49 kDa) was immobilized onto a chitin resin
(bound). To test induction of intein-cleavage and simultaneous NCL reaction, incubation with
either 10, 100 or 250 mM of the thiol agent MESNA and either 1 or 4 mM of synthetic peptide
ASYN(A124C-140) containing the non-natural amino-acid 3NT at position 125 was performed.
Generation of full-length nitrated ASYN (~ 15 kDa) was assessed by Western blot analysis
and staining with antibodies selective for ASYN. Comparison with chitin-bound fusion protein
treated solely with the strongly reducing thiol agent DTT, identified the second band slightly
below the full-length protein as spliced but unreacted ASYN(1-123) thioester (~ 13 kDa).
B: Western Blots using antibodies directed against ASYN revealed that, by centrifugation, the
chitin resin and unreacted fusion protein could be removed from the supernatant containing a
large portion of desired full-length nitrated ASYN (~ 15 kDa) together with unreacted
ASYN(1-123) thioester (~ 13 kDa). Staining with antibodies specific for 3NT confirmed the
presence of nitrotyrosine in the full-length ASYN variant.
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Incomplete ligation led to a mixture of full-length nitrated ASYN, unreacted ASYN(A124C-140)
peptide, cleaved ASYN(1-123) thioester, MESNA and high salt, making further purification by
HPLC necessary. Separation by RP-HPLC using a C4 column resulted in 3 protein peaks
and a salt peak (Figure 25). MS analysis in negative ion mode identified peak 1 as unreacted
peptide ASYN(A124C-140) nitrated at position tyrosine 125 (MW cal= 2085,12 Da), which could
be recycled successfully by further HPLC purification.
Protein peaks 2 and 3 eluted as a mixture of different proteins/peptides. In peak 2, masses of
14460 and 14703 Da were detected, which could not be matched with any masses of
expected proteins. Detection of wildtype ASYN (MW cal= 14460 Da), lacking the N-terminal
myc-tag and the incorporated nitro group, but comprising the endogenous alanine instead of
the incorporated cysteine seemed unlikely. Peak 3 provided another mass of 15890 Da
measured in positive as well as in negative ion mode, most likely matching with a nitrated
form of Myc-ASYN-C1243NT125 lacking amino acid 140 (∆140) (MW cal= 15897 Da) (Figure
25 A). ASYN(1-123) thioester (MW cal= 13900,7 Da) could not be detected.
Additional LC-MS analysis in positive ion mode using a C8 column was able to confirm
successful ligation and the presence of full-length myc-tagged ASYN containing 3NT at the
desired position with a cysteine instead of alanine at position 124 (Myc-ASYN-C1243NT125,
MW cal= 15967,8 Da) (Figure 25 B).
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Figure 25: Characterization of ASYN variants generated via IPL and NCL
After intein-splicing and simultaneous NCL, the resulting mixture of different ASYN variants
was analysed using RP-HPLC and MS. The RP-HPLC elution profile of the crude mixture of
ASYN variants and other components using a C4 analytical column (Vydac; 4.6 mm i.d. x
250 mm, pore diameter: 300 Å, particle size: 5 µm, 214TP54) is shown. The analytical C4
column was used with a flow rate of 1 ml/min, and linear gradient 1%/min 0-75% organic
solvent B (80% ACN, 0.1% TFA). Protein was detected at λ= 220 (& 365) nm. Separation
resulted in 3 protein peaks (1-3) and a salt peak. Retention time (tR) describes the time
between injection and recording of the peak maximum. tR of proteins separated with C4
column are listed in table A.
Table B lists the detected retention times of the protein peaks 1 and 3 separated using a C8
analytical column (Macherey-Nagel; 4.6 mm i.d. x 250 mm, particle size: 5 µm,
NUCLEOSIL® 100-5 SA). Mass spectrometric analysis of the 3 protein peaks after
separation using either C4 or C8 analytical columns in positive (pos) or negative (neg) ion
mode, indicated presence of unreacted ASYN(A124C-140) peptide nitrated at position tyrosine
125 (MW cal = 2085.12 Da) as well as full-length myc-tagged ASYN containing 3-nitrotyrosine
at position 125 and cysteine at position 124 (Myc-ASYN-C1243NT125, MWcal= 15967.8 Da).
The detected mass of 15967.2 Da most likely corresponded to a nitrated form of Myc-ASYNC1243NT125 lacking amino acid 140 (Myc-ASYN-C1243NT125 ∆140, MW cal= 15897 Da), the
mass of 14460.5 Da could not be matched (?).
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The ligation reaction seemed to induce a combination of different protein modifications.
Sufficient purification of desired full-length site-specifically nitrated ASYN from the mixture of
different (unidentified) ASYN variants proved to be difficult due to a lack of suitable
equipment and technical know-how. Desulfurization reactions, needed for reversion of the
cysteine residue back to the endogenous alanine, are usually mediated by free-radicals. If
complete conversion to alanine is desired, they have a high potential to induce additional
oxidative modifications of amino acids, while incomplete desulfurization would leave
cysteine-containing proteins. Desulfurization would therefore entail additional crucial
purification steps to separate ASYN variants differing in only one amino acid (cysteine vs.
alanine).

4.5.2

Site-specific incorporation of 3NT into ASYN by genetic encoding

Due to the limitations of the native chemical ligation based approach, a second approach to
generate site-specifically nitrated ASYN variants, based on targeted co-translational insertion
of 3NT by E.coli, was explored.
Genetic encoding of unnatural amino acids in E.coli emerged in recent years as an approach
for the recombinant generation of full length proteins with defined post-translational
modifications (Wang et al. 2001, Xie&Schultz et al. 2005). It employs the TAG DNA triplet,
and the corresponding mRNA sequence (amber stop codon) that normally leads to
terminating translation. Further, expression of an orthogonal pair of archaeal aminoacyl-tRNA
synthetase/ tRNA is required, to avoid interference with the endogenous translation
machinery of E.coli (Normanly et al. 1990, Wang et al. 2000). Evolution and characterization
of an aminoacyl-tRNA synthetase/ tRNA pair for site-specific and co-translational
incorporation of 3-nitrotyrosine (3NT) into proteins at genetically encoded sites has been
described previously (Neumann et al. 2008, Yokoyama et al. 2010). It allows for the
formation of a recombinantly-generated protein with defined 3NT residues at sites
determined by the amber stop codon.
To evolve an aminoacyl-tRNA synthetase for the site-specific incorporation of 3NT, a
Methanococcus jannaschii tyrosyl-tRNA synthetase (Tyr-tRNA synthetase)/tRNAGUA pair has
been mutated to become orthogonal to any aminoacyl-tRNA- synthetase/tRNA pair from
E.coli. The tRNA was mutated to direct the incorporation of tyrosine in response to the amber
stop codon (UAG) instead of UAC (tRNACUA= 3NT-tRNA). The Tyr-tRNA synthetase was
mutated to recognize the mutated tRNACUA and further mutated to accept 3NT exclusively as
substrate, but not to accept tyrosine or any other amino acids. It should further solely transfer
3NT exclusively to the mutated tRNACUA (3NT-tRNA synthetase) (Neumann et al. 2008)
(Figure 26 A).
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4.5.2.1 Amber stop codon suppression combined with affinity chromatography
The E.coli strain Tuner was modified to express pEvol-3NT coding for the evolved
M.jannaschii 3NT-tRNA synthetase/ 3NT-tRNA pair (regulated by AraC protein) together with
a modified plasmid encoding for ASYN with an amber stop codon (UAG) inserted at amino
acid position 125 (regulated by LacI protein).
In induced bacteria, “amber suppression”, i.e. recognition of UAG by the 3NT tRNA leads to
full length protein with a 3NT group at the position desired. A truncated ASYN variant is
produced, when the stop codon manifests its genuine function and binds to release factor 1.
Expression in medium containing arabinose, IPTG and an excess of 3NT should generate a
mixture of full-length ASYN containing 3NT at position 125 and a truncated ASYN1-124 version
(Figure 26). Purification strategies therefore, besides the removal of E.coli proteins, need to
consider separation of the desired nitrated full length protein from its truncated version.
Affinity-based strategies focusing on the C-terminal part of the protein, that is only present in
the full-length protein, might represent the most elegant options.
A first approach based on the intein tag fused to ASYN containing a chitin binding domain
(CBD), as already described in 4.5.1, should allow establishment of a straightforward and
fast expression as well as purification protocol for the site-specifically nitrated ASYN.
After protein expression, incubation of the bacterial lysate on a chitin batch should allow
enrichment of full-length nitrated ASYN and subsequent treatment with thiols should induce
intein-cleavage and release of the desired nitrated protein from the purification tag. This
approach allowed first proof-of-principle studies that 3NT can be incorporated at each of the
four endogenous tyrosine positions of ASYN, although the yield of nitrated protein seemed to
be dependent on the site of incorporation and bacterial growth conditions (e.g. expression
strain, expression medium, temperature, volume of the medium, etc.). However, inteinsplicing with various thiols was only efficient using high concentrations of the chemicals,
resulting concomitantly in critically decreased 3NT signals during the purification process
(see Supplementary figure 3 and Supplementary figure 4).
To avoid loss of protein during purification and possible modification of the incorporated nitro
group due to the thiols needed for intein cleavage, another purification strategy was set up
based on the FPLC purification strategy using the camelid anti-EPEA nanobody column,
applied already for the purification of ASYN variants (see 4.1.3). The resin for purification of
C-terminal EPEA tagged proteins, to which ASYN belongs naturally, provides a neat option
to easily separate proteins from its C-terminally truncated forms without the use of
artificial/bigger fusion tags.
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Since a free C-terminal EPEA sequence is needed for the purification with anti-EPA
nanobodies, a modified pTxB vector was created encoding for ASYN amino acids 1 to 140
with an amber stop codon (UAG) at amino acid position 125 (Figure 26 B).
Co-transformation of pEvol-3NT together with the modified pTxB plasmid into E.coli and
expression in medium containing arabinose, IPTG and an excess of 3NT allowed generation
of full-length ASYN1-140, including the endogenous C-terminal

137EPEA140

sequence and 3NT

at amino acid position 125 in a mixture with truncated ASYN1-124 with a ratio of ~1:10.
Protein yield was strongly dependent on the E.coli strain as well as on medium and
temperature used for protein expression.
Generation of full-length protein was best with bacterial growth at 37 °C. Expression in the
E.coli B strain Tuner compared to expression in the E.coli K strain SHuffle, engineered to
promote disulfide bond formation in the cytoplasm (Lobstein et al. 2012), yielded similar
amounts of full length ASYN, if 3NT was present in the media. However, only expression in
E.coli SHuffle generated reasonable amounts of nitrated protein. C321.ΔA, an E.coli strain
which has all instances of the amber stop codon (UAG) and release factor 1 (RF1) removed,
was tested for improved yields of full-length nitrated protein, since the strain should not be
able to produce truncated ASYN1-124 due to the missing RF1. Surprisingly, it was not possible
to express ASYN in C321.ΔA.
The yield of nitrated protein was further strongly dependent on the expression medium.
Protein production was monitored in either rich medium (TB) or synthetic medium
(expression medium). In general, more full-length protein was generated in synthetic
medium, whereas the amount of truncated ASYN was comparable for all conditions.
Interestingly, presence of 3NT in ASYN could only be confirmed if cells were grown in
synthetic medium (Figure 26 C).
Expression of nitrated ASYN was followed in E.coli SHuffle over a time course of 24 h.
Production of full-length protein increased over time, whereas generation of the truncated
form was concomitantly stable. A steady state in production of full length protein seemed to
be reached already after 3 to 4 hours after induction of protein expression in synthetic
medium. In the first hours, expression in the rich medium TB yielded less than half the
amount of full-length protein compared to expression in synthetic medium. Expression in TB
seemed to be delayed, since after 24 h comparable ASYN amounts were detectable.
As observed before, signals for incorporated 3NT could only be detected in Western blots if
expression was carried out in synthetic medium. After protein expression in TB medium, only
faint bands for 3NT were observed. 3NT signals peaked 4 to 5 hours after induction of
protein expression and seemed to decrease again afterwards.
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SHuffle was selected as producing E.coli strain in the following experiments. Expression was
from now on carried out solely in expression (synthetic) medium for 4 ½ h (Figure 26 D).
To assure orthogonality of the 3NT-tRNA synthetase/ 3Nt-tRNA pair and therefore selective
integration of 3NT into full length ASYN, the structurally related amino acids tyrosine,
phenylalanine and 3,4-dihydroxyphenylalanine were supplemented during the protein
synthesis period instead of 3NT. Overnight growth in expression medium yielded substantial
amounts of full length protein (~ 14 kDa), only if 3NT was supplemented to the media. The
3NT-tRNA synthetase/ 3NT-tRNA pair appeared to be specific, since tyrosine and all other
derivatives tested led to a truncation at the amber stop codon due to the failure to produce a
loaded corresponding tRNA for this site (Figure 26 E).
For the separation of truncated and full-length ASYN, the approach with bead-conjugated
nanobodies selective for the C-terminal EPEA sequence was initially tested on filter
membranes in small batches as described before (see 4.1.3). Pre-purification after protein
expression was routinely performed by boiling for 4 min. Upon incubation of the bacterial
lysate with aforementioned nanobodies, full-length nitrated ASYN containing the four Cterminal amino acids EPEA was trapped on the chitin resin on top of the filter, whereas
truncated ASYN and other E.coli proteins could be removed by washing with PBS. Elution of
nitrated ASYN could be achieved by incubation with 2 M MgCl2 repeated up to three times.
After boiling and during the time of purification, the signal intensity of 3NT seemed to be
stable (Figure 27 A).
Subsequently, a purification protocol using bead-conjugated nanobodies in association with a
FPLC system for purification of site-specifically nitrated ASYN from bigger batches of E.coli
was established based on the method described in 4.1.4. Pre-purification by boiling removed
large parts of undesired E.coli proteins and subsequent FPLC purification together with
desalting and acetone precipitation allowed enrichment of nitrated ASYN without significant
contamination (< 1%) by truncated ASYN1-124 or other proteins according to Coomassie and
silver staining (Figure 27 B).
In five working days ~ 1-2 mg of protein could be purified from a total of 1 l bacterial culture.
Yet, yields were limited due to the poor ratio (~1:10) between full-length and truncated
protein.
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To further increase the efficiency of 3NT incorporation, a high performance pEVOLenhanced expression vector (pEvol-3NTenhanced), bearing a second-generation amino-acyl
tRNA synthetase (nitroTyr-5B) as described by Cooley was employed (Cooley et al. 2014).
Co-expression of pEvol-3NTenhanced together with the ASYN plasmid in either E.coli Tuner
(Tuner*) or E.coli SHuffle (SHuffle*) led to higher overall yields of the full-length ASYN
protein. Also, the ratio between truncated and full-length protein of almost 1:1 was greatly
improved compared to the old system (<1:10). Expression in Tuner* yielded higher protein
amounts than expression in SHuffle*, but the latter showed a better ratio of nitrated protein to
total protein (Figure 27 C). Also for this modified system, orthogonality could be confirmed
and 3NT was incorporated specifically (Figure 27 D).
With the enhanced tRNA synthetase, in five working days yields up to ~ 10-20 mg of fulllength ASYN protein, site-specifically nitrated at position 125, could be purified from a total of
1 l bacterial culture in both strains, Tuner* and SHuffle*. Using the amber stop codon
suppression technique combined with an enhanced second generation tRNA synthetase, for
the first time generation of large quantities of a highly purified, site-specifically nitrated ASYN
was possible (Gerding et al., manuscript in preparation).
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Figure 26: Site-specific incorporation of 3-nitrotyrosine residues into ASYN using
expanded genetic code technology
A: For incorporation of 3-nitrotyrosine (3NT) instead of tyrosine during protein synthesis by
E.coli, the amber stop codon (UAG) has been re-allocated as triplet coding for 3NT
incorporation. Mutation of archaebacterial tRNA and aminoacyl-tRNA synthetase yielded a
tRNA, complementary (CUA) to the amber stop codon, and a synthetase that allows the
specific recognition of tRNACUA and the selective covalent attachment of 3NT, but not of
tyrosine, without interference with bacterial tRNA/aminoacyl-tRNA synthetases.
B: Mutational insertion of the amber stop codon (UAG) into the DNA sequence of ASYN
leads to the expression of full length protein with a 3NT group at the position desired (in this
case Y125), and a truncated ASYN variant, as a consequence of the stop codon’s genuine
function. Separation of the full-length protein is achieved by utilization of the C-terminal
137EPEA140 of ASYN, that is present in the full length, but not in the truncated protein.
C: Selection of E.coli strain and medium conditions for the synthesis of nitrated ASYN. Two
different media and three different E.coli strains were tested with respect to the total amount
of ASYN formed and the ratio between full length and truncated ASYN at two different
temperatures. The representative Western blot illustrates the formation of ASYN and the
degree of its nitration when synthesized by the E.coli strains Tuner, SHuffle and C321.ΔA, a
strain deficient in amber stop codon (UAG) and release factor 1, in rich medium (TB) or
synthetic (expression) medium (EM) cultured at 28 °C or 37 °C either in absence (uninduced)
or presence of IPTG.
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D: Expression of nitrated ASYN was followed in SHuffle in either the rich medium Terrific
broth (TB) or the synthetic expression medium over a time period of 24 h either in absence
(-) or presence (+) of 2 mM of 3-nitrotyrosine (3NT).
E: To test the selective integration of 3-nitrotyrosine (1) into the ASYN construct during
protein synthesis, either no extra amino acid (-) or the structurally related amino acids
tyrosine (2), phenylalanine (3) and 3,4-dihydroxyphenylalanine (4) were supplemented during
the protein synthesis period instead of 3-nitrotyrosine.
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Figure 27: Optimized expression and purification strategies based on an enhanced
second-generation 3NT-tRNA synthetase and an anti-EPEA nanobody-FPLC approach
A: Purification of ASYN by bead-conjugated nanobodies. ASYN expression was induced in
E.coli by IPTG (1 mM) in the presence of excess 3-nitrotyrosine (3NT) (2 mM) for 4.5 h. The
cell pellet was boiled for 4 min and centrifuged to yield a supernatant fraction containing full
length and truncated ASYN. To obtain a fraction of purified full-length ASYN, the supernatant
was incubated with bead-conjugated cameloid nanobodies, selective for the C-terminal
amino acid sequence EPEA. The mixture is loaded on a filter membrane, truncated ASYN is
eluted by repeated washing steps with PBS. Elution of conjugated full length protein was
achieved by several incubation rounds using MgCl2 (2 M) of 5 min each. Staining of Western
blots indicated the presence of full length and truncated ASYN in the crude supernatant
(lysate) and enrichment of truncated ASYN in the pass through after PBS washing and an
enrichment of full length nitrated ASYN in the eluates after 5,10 and 15 min.
B: For cell lysis of E.coli expressing site-specifically nitrated ASYN, cells were boiled for
4 min. The resulting supernatant after centrifugation contained the desired full length ASYN
as well as truncated ASYN and 5-8 contaminating E.coli proteins. Purification by
FPLC/nanobody column for the specific interaction with the C-terminal ASYN sequence
EPEA, together with an optimized washing/elution protocol, allowed enrichment of full length
nitrated ASYN according to Coomassie and silver staining.
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C: Selection of an E.coli strain for the synthesis of nitrated ASYN. Different strains were
tested with respect to the total amount of ASYN formed and the ratio between full length and
truncated ASYN. The representative Western blots illustrate the formation of ASYN and the
degree of its nitration when synthesized by the E.coli strains “Tuner” and “SHuffle”,
respectively subclones of Tuner and SHuffle (indicated by asterisks) containing a second
generation 3NT-tRNA synthetase with increased incorporation efficiency.
D: Based on the observations made in C, Tuner* was selected as ASYN producing E.coli
strain. To test the selective integration of 3NT (1) into full length ASYN during protein
synthesis, the structurally related amino acids tyrosine (2), 3-aminotyrosine (3),
phenylalanine (4), 3-nitrophenylalanine (5), and 3,4-dihydroxyphenylalanine (6) were
supplemented during the protein synthesis period instead of 3-nitrotyrosine.
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4.6

Formation of 3-aminotyrosine in E.coli

During experiments to optimize the output of nitrated protein, the amounts of full-length
ASYN and 3NT were assessed at different intervals following IPTG/arabinose-dependent
induction of recombinant protein synthesis (exemplarily shown for Tuner*, Figure 28 A).
While ASYN levels continuously increased over time, 3NT-ASYN levels dropped dramatically
after about 4-5 hours. Similar observations were made in SHuffle (see Figure 26 D) and in
Tuner expressing the ASYN-InteinCBD fusion construct (see Supplementary figure 4).
HR-ESI MS analysis of the purified protein after expression for 4.5 h confirmed the presence
of full-length nitrated protein (MW= 14505 Da) and another major peak with a mass of
14474 Da. The mass difference of 30 Da would match with a reduction of 3NT to 3aminotyrosine (3AT), that would not be recognized in Western Blots by antibodies specific for
3NT. Quantitative assessment of 3NT levels indicated that all E.coli strains investigated,
produced 3AT-ASYN in parallel to 3NT-ASYN. In SHuffle*, Tuner and Tuner*, the variant
accounted for almost ~ 60% of the analyzed protein sample. In the SHuffle strain, having
parts of its reductive system removed, potential reduction to 3AT was only observed in 13%
(Figure 28 B).
However, a detailed MS analysis of the purified protein after expression in the SHuffle strain
for 4.5 h showed the presence of full-length nitrated protein (MW= 14505 Da), but also a
second protein population with a mass of 13752 Da was detected, matching an N-terminally
deleted variant of nitrated ASYN (Δ 1-6) (Figure 28 C). The same was observed for
production of nitrated ASYN in SHuffle expressing the enhanced second-generation
synthetase (SHuffle*). In SHuffle, every second ASYN protein was truncated, whereas in
SHuffle* every tenth molecule was affected. N-terminal truncation could not be detected with
mass spectrometry upon generation of nitrated ASYN in Tuner or Tuner* (Figure 28 B).
The E.coli K-12 strain SHuffle and the E.coli B strain Tuner differ genetically to some extent,
for example in expression of the cytoplasmic protease lon, known to play a key role in protein
quality control (Sakr et al. 2010). Expression of lon and some of the other differing genes
was tested for potential influence on the generation of N-terminally truncated ASYN, but
none of the genes could be identified as candidate for positively or negatively mediating the
proteolytic event (not shown).
Since N-terminally truncated ASYN variants, respectively a mixture of truncated and fulllength ASYN, is not favored, for example in membrane binding assays, production of fulllength nitrated ASYN was from now on solely carried out in Tuner*.
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Figure 28: Posttranslational modification of ASYN generated by E.coli
A: 3NT-ASYN was produced in E.coli (Tuner*) as shown in Figure 27 B. ASYN total protein
and its nitration was assessed by Western Blot 1h, 5 h and 8 h after induction of protein
synthesis. Data are representative for ≥ 10 experiments.
B: HR-ESI-MS analysis of purified ASYN, carrying 3-nitrotyrosine at position tyrosine 125,
generated (4.5 h) in the E.coli strains SHuffle or Tuner, as well as in SHuffle* and Tuner*,
that both carry the pEvol-3NTenhanced vector for higher protein yield. The table provides an
overview on the respective amounts of ASYN carrying 3NT or 3AT, as well as ASYN, lacking
the N-terminal amino acids 1-6 (MDVFMK).
C: Representative high resolution electrospray ionization mass spectrometry spectrogram of
ASYN expressing nitrotyrosine at position 125, generated in SHuffle* for 4.5 h.

To study the fate of nitrated ASYN in E.coli, tetracycline was added to block any further
protein synthesis after 4.5 h of IPTG induced expression in the presence of an excess of 3NT
and the remaining ASYN was analyzed 3 h later. Incubation with tetracycline should result in
the complete inhibition of the ribosome-associated protein synthesis and should allow to
monitor degradation of the protein. The data showed that any substantial degradation of
ASYN could be excluded for the 3 h period. During the 3 h of tetracycline incubation a
complete loss of the 3NT signal in Western blots was observed. Detailed analysis by high
resolution electrospray ionization MS identified two peaks before tetracycline incubation. One
of the mass peaks matched with 3NT-ASYN, the other provided further evidence for the
formation of 3-aminotyrosine (3AT) containing ASYN. The mass difference of 30 Da would
match with a reduction of the NO2 group to an amino group (NH2).
ASYN nitrated at position 125 declined within the period of 3 h and the loss was
accompanied by a parallel rise of a potential 3AT containing ASYN species.
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3 h after tetracycline treatment only the peak corresponding to the supposed 3AT125-ASYN
was present (Figure 29 A).
To confirm 3AT formation through an alternative methodology, 3NT125-ASYN was generated
in Tuner*, purified and hydrolyzed. Analysis via amino acid analysis (ASA) confirmed
presence of 3AT, in comparison to a standard amino acid mixture spiked with free 3AT
(Figure 29 B).
In summary, these data sets indicate that E.coli is able to efficiently reduce 3NT groups
contained in proteins into 3AT during the time of protein expression. In order to examine the
plausibility for a reduction of the 3NT group within a polypeptide chain, several potential nonenzymatic candidates were investigated. Purified ASYN, containing 3NT at position 125 was
treated in buffer conditions with biologically-relevant reducing agents such as NADPH,
cysteine, cystine but also with DTT, N-acetyl cysteine, or with transition metals such as iron
or copper (not shown). None of them led to any reduction of 3NT in the protein. Dithionite is a
well described reductant of 3NT and served as positive control. Reaction of dithionite with
3NT125-ASYN was fully blocked by the addition of an excess of free 3NT (Figure 29 C).
To investigate a potential influence of purification conditions on the observed loss of the 3NT
in ASYN, lysis of E.coli following the 4.5 h protein synthesis period by sonication or
subsequent boiling and storage of the cell homogenates at 37°C with and without 20 mM
EDTA for 3 h or overnight at 37 °C had no influence on the 3NT levels detected. (Figure
29 D). These observations indicate that the observed reduction of 3NT occurs only in intact
E.coli and is neither an artefact evoked by the purification procedures, nor is it easily affected
by isolated E.coli components (Gerding et al., manuscript in preparation).
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Figure 29:Posttranslational modification of the 3-nitrotyrosine group by E.coli
A: Pulse-chase experiment of 3NT125-ASYN production and stability of the 3NT group.
3NT125-ASYN was generated for 4.5 h according to the standard protocol (see Figure 27 B).
Then, de novo protein synthesis was inhibited by addition of tetracycline (Tc) (1 mM).
Samples were collected at the time of tetracycline addition (0 h) and 3 h later. Western blot
analysis indicated a loss of the 3NT signal, but not of ASYN over time. Analysis of the same
samples by high resolution electrospray ionization (HR-ESI) mass spectrometry confirmed
loss of the 3NT and emergence of 3AT instead.
B: For an independent confirmation of the formation of 3AT, purified 3NT125-ASYN protein
was completely hydrolysed (6 N HCl, 100 °C) and analyzed for its individual amino acid
composition by HPLC (right). A standard amino acid mixture (100 µM each) was spiked with
3AT (30 µM) as control (left).
C: Purified 3NT125-ASYN was treated with a 10 molar excess of different reducing agents for
18 h at 37 °C. Dithionite (1 mM) was used alone or in the presence of free nitrotyrosine (+
3NT) (1 mM).
D: Influence of the conditions present during different stages of 3NT125-ASYN purification on
the stability of the nitrogroup was tested by expressing 3NT125-ASYN in Tuner*.
Subsequently, samples were collected after the respective purification either by sonication
(100%, 30 s pulse+ 30 s pause, 5 min total) or subsequent boiling (5 min, 100 °C).
Additionally, EDTA was supplemented to test for a potential contribution of cations or cationdependent enzymes to the observed loss of 3NT.
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4.7
Identification of gene products involved in the conversion of
nitrotyrosine to aminotyrosine
For the identification of gene products that may be involved in the reduction of the 3NT
incorporated in ASYN to 3AT, a transposon-mediated insertion mutagenesis screen was
performed. Transposon mediated mutagenesis is a biological process based on the transfer
of genes, in this case a kanamycin resistance cassette, to a host organism’s chromosome,
where the function of existing genes can be modified or interrupted. The method allowed
screening for clones that show a lower activity to reduce the 3NT signal over time and
identification of potential endogenous reductases (Figure 30 A).
With this approach, five clones were isolated and their respective target genes affected by
transposon insertion were analyzed (Figure 30 B). Clones with a completely impaired
reduction of the nitrogroup were not detected.
The hits exhibit a broad range of different functions: envC, a murein hydrolase activator,
plays a role in daughter cell separation during cell division (Ichimura et al. 2002), fucA is
involved in L-fucose degradation (Chakrabarti et al. 1984), the phosphate acetyltransferase
pta catalyzes the reversible interconversion of acetyl-CoA and acetyl phosphate (CastanoCerezo et al. 2009) and the HTH-type transcriptional regulator HdfR negatively regulates
transcription of a flagellar master operon (Ko&Park et al. 2000). The identified integration site
of the Tn5 transposon in the hdfR gene is depicted exemplarily (Figure 30 C).
A role for hdfR was confirmed by specific knockout in Tuner* producing 3NT 125-ASYN, which
led to a significant slowing of 3NT reduction (Figure 30 D).
Only one hit could be related to a reductase function (ferredoxin-like protein yfaE), indicating
that several proteins may be involved indirectly (e.g. as transcriptional regulators).
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Figure 30: Factors contributing to the reduction of 3-nitrotyrosine to 3-aminotyrosine
A: For identification of genes in E. coli contributing to the loss of 3NT, insertional
mutagenesis was applied, allowing random insertion of a transposon into the E. coli genome.
E. coli clones, displaying a high residual 3NT signal intensity after 3 h of tetracycline
incubation, were selected and analyzed for the respective gene(s) affected by transposon
insertion.
B: This method allowed the identification of five target genes including the HTH-type
transcription regulator (hdfR).
C: The identified integration site of the Tn5 transposon in the hdfR gene is depicted
schematically. Topmost line: the identified hdfR gene in its genetic sourroundings with all
regulatory signals (data from EcoCyc database). Second line: The original sequence of hdfR
with the exact integration site. The integration site is duplicated upon integration of the
transposon with its kanamycin (Kn) cassette (marked in red, bottom row). Thickmarked line:
origin of replication of plasmid R6K (oriR6K).
D: An independent knock-out of hdfR in Tuner* was investigated for stability of 3NT125-ASYN.
Following a protein synthesis period of 4.5 h, tetracycline was added to terminate de novo
protein synthesis. 3NT levels in ASYN were detected over a period of 3 h and compared with
3NT levels in ASYN generated in Tuner* without hdfR knockout. Band quantification and
evaluation by trend analysis showed a significant difference in 3NT decay between ASYN
generated in the control and the hdfR-knockout strain.
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4.8
Reduction of 3-nitrotyrosine in E.coli is not specific for ASYN, but
is dependent on the spatial localization of the residue in a protein
As potential factors and proteins involved in the reduction of 3NT to 3AT still remain to be
elucidated, the effect of localization of the 3NT residue within the protein on its reduction
kinetics was investigated.
Therefore, ASYN was expressed in Tuner* with 3NT incorporated either at position 39
(3NT39-ASYN) or 125 (3NT125-ASYN) for 4.5 h. Additional 2 or 5 h of incubation with
tetracycline monitored the degradation of the protein over time and the stability of the
incorporated 3NT at the two different positions. ASYN protein, the full length as well as the
truncated form, was stable over time, but half-life time of the 3NT varied with its position in
the protein. A significant faster decay of 3NT was observed in 3NT125-ASYN (C-terminal
region) compared with 3NT39-ASYN (N-terminal region). Half-life time of the 3NT39-ASYN
variant was ~3 times longer than for the 3NT125-ASYN variant (Figure 31 A).
Successful generation of site-specifically nitrated forms of a second protein, the green
fluorescent protein (GFP), further allowed testing whether the reduction of the nitrogroup is
specific for ASYN. While ASYN is considered an unstructured protein when in solution, GFP
is characterized by its distinct three dimensional barrel structure, and was therefore chosen
as an alternative representative example for genetically encoded 3NT insertion and the fate
of 3NT in E.coli. 3NT was incorporated at two different positions in the GFP protein: 1) at
position tyrosine 66 in the center of the barrel structure (3NT66-GFP) and 2) at amino acid
position 239 at the flexible and unstructured C-terminal tail (3NT239-GFP). To allow
purification under the same conditions as ASYN and detection in Western blots, GFP was Cterminally linked to an ‘EPEA’ sequence.
Similar to ASYN, GFP protein with incorporated 3NT proved to be stable during the observed
time course of tetracycline incubation. Interestingly, also in GFP a loss of the 3NT signal
could be observed. Reduction to 3AT could be confirmed by MS analysis (not shown). As
observed in ASYN, reduction of 3NT to 3AT seemed to be affected by surrounding protein
conformation and secondary structures (Figure 31 B). 3NT239-GFP showed a more than 3fold faster decline of the 3NT signal, compared with the loss of 3NT66-GFP nitration.
The loss of 3NT over time and after incubation with tetracycline could also be kinetically
modelled based on experimentally determined half-live times of ASYN (24 h) and the
detected half-life time of 3NT125-ASYN of 0.4 h, in combination with the following
assumptions: E.coli are in a non-dividing state upon beginning of IPTG incubation and the
expression medium is consumed linearly with a medium depletion after 8 h. All newly
synthesized proteins are nitrated and tetracycline is assumed to block 100% of de novo
protein synthesis.
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The calculated percentage of nitrated ASYN after 4.5 h of protein expression in Tuner* at
9.6% matched to a good degree the percentage of nitrated protein determined by mass
spectrometry (13%) (compare Figure 28 B).
These observations illustrate that the half-life of the 3-nitrotyrosine group, inserted by genetic
encoding into a protein for its recombinant expression in E.coli, is determined by its
localization in the protein. The observations furthermore indicate that the reduction of 3NT is
not specific for ASYN, but may occur in any protein generated by non-natural amino acid
incorporation technology (Gerding et al., manuscript in preparation).
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Figure 31: Influence of the spatial localization of nitrotyrosine in a protein on the
modification of its nitro-group
A: ASYN, carrying a 3NT group either at position Tyr39 or Tyr125 was expressed in Tuner* for
4.5 h. For analysis of 3NT stability, protein synthesis was terminated by tetracycline (1 mM),
3NT levels were assessed thereafter in a time-dependent manner by Western blot analysis
with antibodies selective for ASYN and 3NT. Data are representative of 3 experiments; for
quantification, the 3NT signal is illustrated as pixel intensity on a log2 axis.
B: As alternative protein, green fluorescent protein (GFP) was chosen for targeted insertion
of 3NT during protein synthesis. Tyr66 is located in the core of the GFP barrel, while Cterminal Tyr239 is exposed to the environment.
C: Kinetic model of 3NT and 3AT formation in ASYN, synthesized in Tuner*. The model is
based on the experimentally detected half-life time of ASYN (24 h), and the detected half-life
time of 3NT125-ASYN of 0.4 h, in combination with the assumption of non-dividing E. coli, and
a linear consumption of medium, with medium depletion after 8 h. For termination of de novo
protein synthesis, tetracycline (Tc) is added 4.5 h after initiation of protein synthesis. The
percentage of 3NT-ASYN and 3AT-ASYN is depicted graphically, calculated values at time
t=0 (=4.5 h after induction of synthesis) and 3 h after tetracycline addition (=7.5 h after
induction) are indicated in the table.
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5

Discussion

Increased levels of protein tyrosine nitration have been observed in a variety of disease
conditions and were also associated with the aging process. Therefore, tyrosine nitration has
been well-established as biomarker of nitroxidative stress.
In the recent years, also direct biochemical consequences of tyrosine nitration have been
described for several proteins, involving changes in the protein’s activity, alteration of protein
turnover and degradation, etc. However, the majority of these studies are based on chemical
nitration procedures performing under non-chemoselective conditions.
Using the Parkinson-associated protein ASYN as a model protein in this study, it became
obvious that treatment with standard nitrating agents like PON and TNM results in
heterogeneous mixtures of proteins with different nitration patterns and levels of nitration at
each residue. In addition, they cause also oxidative modifications on other amino acids as
well as inter- and intra-molecular dityrosine crosslinks.
These multiple parallel reactions impede the establishment of direct correlations between
nitration on specific tyrosine residues and observed biological effects.
This study presents an alternative strategy, based on genetic encoding of 3NT in E.coli,
allowing the generation of proteins:
1.) with defined tyrosine nitration sites;
2.) having no other oxidative modifications;
3.) allowing yields in the high milligram amount.
Nevertheless, being the first ones to have a closer look on the generated nitrated proteins
like ASYN, an unexpected 3-nitrotyrosine-reducing capacity of E.coli was identified, resulting
in the formation of 3-aminotyrosine as a novel post-translational modification. This
biochemical reaction depends on the localization of the nitrotyrosine group in the protein and
further applies to other ectopically expressed proteins. It therefore needs to be considered in
optimized production and purification protocols for site-specifically nitrated proteins.
The observations made in this study are further also important for investigations focusing on
the role of tyrosine nitration in E.coli biology.
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5.1

Generation and Purification of ASYN and ASYN variants

Recombinant ASYN was generated to investigate the consequences of chemical nitration
procedures on protein functions.
Recombinant ASYN has been produced in Escherichia coli in large quantities since 1994
(Jakes et al. 1994) by several methods, most commonly based on cell lysis by either
ultrasound sonication or osmatic shock and purification of the protein by heating or
acidification. Purification of ASYN was also reported from erythrocytes and human
neuroblastoma cells overexpressing human wildtype ASYN under non-denaturing conditions
(Bartels et al. 2011) and from human brain (Luth et al. 2015), but only in analytical amounts.
Standard protocols for the expression of recombinant ASYN and ASYN derivatives in E.coli
were successfully transferred and simplified. With the pET system one of the most powerful
system for the cloning and expression of recombinant proteins was used allowing inducible
high expression levels of the desired proteins under the control of the strong T7 promotor
regulated by the LacI protein.
Boiling of bacterial pellets was used simultaneously for cell lysis as well as pre-purification of
protein samples and proved to be a fast, easy and reliable step to eliminate the majority of
undesired E.coli proteins (see Figure 8). Most of the purification protocols of ASYN depend
on boiling of the crude cell lysate for the removal of non-ASYN proteins by precipitation
(Davidson et al. 1998, Giasson et al. 1999). Since ASYN belongs to the group of natively
unfolded proteins, sample heating is not expected to influence ASYN structure, which was
confirmed by Weinreb et al. (Weinreb et al. 1996). The conformational properties of ASYN
were further independent of concentration, pH, salt and chemical denaturants. Hence, boiling
of the cell lysate precipitates most of the contaminating cellular proteins, leaving ASYN as
the major component of the soluble fraction (Jakes et al. 1994).
Subsequent to pre-purification, standard ASYN purification protocols suggest purification via
HPLC systems, or, less frequently, approaches based on fractional precipitation with salt or
solvents, gel filtration, separation via native gels or isoelectric focusing. In this thesis, most of
the abovementioned approaches proved to be not feasible, as they either resulted in
incomplete separation of proteins and thus impure ASYN fractions or were only useful for the
purification of analytical amounts of protein (summarized in Figure 32). Analytical RP-HPLC,
for example, yielded low milligram amounts of pure ASYN (performed by Dr. K. Lindner,
group of Prof. M. Przybylski, University of Konstanz). However, yields varied considerably
with the various ASYN variants expressed and moreover, upscaling to preparative HPLC to
yield two-digit milligram amounts of protein was not successful.
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Using electroelution, performed in a self-designed electroelution chamber, a protocol for the
purification of two-digit milligram amounts of pure ASYN (only one additional band of an
ASYN adduct of ~ 16 kDa according to Coomassie staining and Western blot) in a
reasonable period of time was established (see Figure 10). Electroelution is a method
generally used to extract nucleic acids or proteins from electrophoresis gels after PAGE by
applying current. Previous studies using electroelution to purify target proteins showed that
the method provides excellent recovery and reproducibility and also advantages in terms of
having high loading capacity of sample protein and allowing easy monitoring of the elution
process (Sa-Pereira et al. 2000, Shoji et al. 1995, Thanasarasakulpong et al. 2016). ASYN
and ASYN derivatives purified by electroelution were used with the different nitration
protocols established, nevertheless, limitations became obvious with the observation of
remaining protein-bound SDS in the samples. Traces of the detergent may impair for
example binding studies of ASYN to biological membranes as mitochondria by interrupting
the lipid bilayer. Further, it might interfere with the aggregation propensity of ASYN due to
electrostatic hindrance or lead to a tampered toxicity of ASYN in cell culture experiments.
SDS contamination could be reduced with a combination of dialysis and acetone precipitation
but could not be excluded completely.
Striking was the considerable loss of ASYN protein throughout several of the tested
purification protocols. ASYN seems to have high affinity for plastic ware, which might be the
reason for the incomplete separation from protein mixtures: great losses of proteins were
observed using various plastic filters and desalting columns, substantial amounts of protein
were only recovered after dialysis with special sorts of dialysis sacks and additional mass
peaks of possible ASYN-plastic adducts were detected in MS after boiling of protein samples
in certain tubes. Loss could be limited using special protein low-bind tubes (not shown).
None of these problems are extensively mentioned or discussed in the literature,
nevertheless, ASYN is known to behave different than expected in certain assays. For
example, it migrates on SDS-PAGE with an apparent mass of ~17 kDa, although having a
molecular mass of 14 kDa, most likely due to poor binding of its acidic N-terminus to SDS
molecules (Surguchov et al. 2008).
During the course of this study, a C-tag Affinity Matrix became commercially available, which
combines selectivity for a small 4-amino acid peptide tag (EPEA, glutamic acid-prolineglutamic acid-alanine) with an affinity matrix. The affinity resin, a single-domain camelid
heavy-chain-only antibody devoid of the light-chain polypeptide and the first constant domain
of heavy-chain polypeptide, originally selected by phage display to bind to alpha-synuclein
(De Genst et al. 2010), recognizes the EPEA peptide directly at the C-terminus of a protein
or fused to the C-terminus of a protein via linkers.
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Due to their nanoscale size, robust structure, high affinity and specificity for only one cognate
target (De Meyer et al. 2014, Muyldermans et al. 2013, Siontorou et al. 2013), nanobodies
became research tools for pharmaceutical and biotechnology industries in biotechnology
applications and are considered as ideal ligands for biomolecule purifications owing to
intrinsic stability, their monomeric nature and easy immobilization to solid substrates. The Ctag affinity matrix used in this study was already successfully used for the purification of the
P. falciparum reticulocyte-binding protein homolog 5, currently the leading antigen for
assessment in next generation vaccines for malaria (Jin et al. 2017). Besides the EPEA
sequence, linear peptide recognition by camelid nanobodies was also demonstrated against
amino acid sequence KDEL, a C-terminal signature tag of endoplasmatic reticulum-resident
protein, allowing studies on differences in ER-resident protein expression (Klooster et al.
2009). The C-tag Affinity Matrix can be used as column matrix, compatible with FPLC
systems, that should allow fast and efficient purification of recombinant ASYN in large scales.
To determine optimal washing and elution conditions, in a first step small-scale purification of
ASYN and its derivatives was tested using the nanobodies on disposable spin columns.
Initial purification attempts showed that the nanobodies offer a good binding capacity and
with 2 M MgCl2 mild conditions can be used for protein elution (see Figure 11 B). However,
even after extensive washing of the beads with high salt concentrations prior to elution, two
contaminants remained in the ASYN fractions, which were identified by MS analysis as the
E.coli outer membrane proteins A and F (OmpA and F) (Figure 11 C). The amino acid
sequences of these two proteins do not include a C-terminal EPEA sequence and it was
observed that contamination with the two proteins only occurred in combination with ASYN
present on the column. Purification of boiled cell lysate of E.coli transfected only with an
empty vector, did not yield OmpA/F containing fractions, hinting at a direct interaction of the
proteins with ASYN (not shown). Among the E.coli proteins, only one protein contains a four
amino acid EPEA sequence at its C-terminus, namely the acetyl-coenzyme A carboxylase
carboxyl transferase subunit beta (AccD); however, contamination with this protein was not
detected in the ASYN samples.
Contamination of ASYN fractions with outer membrane proteins might represent a problem
for the application of ASYN in research projects, since OmpF is known to form pores allowing
passive diffusion of small molecules across membranes and also OmpA acts as a porin
(Nikaido&Vaara et al. 1985, Sugawara&Nikaido et al. 1992).
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Like SDS contamination, these two E.coli proteins might strongly influence possible
outcomes of e.g. lipid/organelle binding assays. In the context of recent findings that propose
a possible toxic mechanism of ASYN by lipid membrane disruption due to ASYN oligomers
forming pore-like structures within the lipid bilayers (Furukawa et al. 2006, Kostka et al.
2008, Volles&Lansbury et al. 2002, Volles et al. 2001), high purity of the ASYN fractions
used in in vitro experiments has to be secured and strictly controlled.
Using the camelid nanobodies in combination with an FPLC system, contaminating OmpA
and OmpF protein could be removed by employing a washing block with 2 M NaCl prior to
elution. In combination with FPLC desalting runs and concentration of samples, very pure
fractions of ASYN or ASYN derivatives (A30P, ∆2-11, single-tyrosine mutants, etc.) could be
yielded without significant impurities according to silver staining (see Figure 12). With 15-25
mg per 4-5 working days, yields comparable to the ones achieved by the commonly
performed ion-exchange and size-exclusion chromatography were obtained. Packed
columns could easily be reused after stripping with high salt concentrations/low pH and
binding capacities of the nanobody columns remained stable over the time course of this
study, if columns were stored according to manufacturer instructions.
Taken together, affinity chromatography using nanobodies directed against the four Cterminal amino acids of ASYN provides a suitable alternative to the commonly performed ionexchange and size-exclusion chromatography. Interestingly, purification using nanobodies
outcompeted FPLC runs using commercially available pre-packed anion exchange columns,
as they are recommended in standard purification protocols also used for example from
collaborating laboratories working on ASYN (Mazzulli et al. 2007, Robotta et al. 2017), since
the latter only resulted in poor separation of ASYN from contaminating E.coli proteins (see
Supplementary figure 1).
The highly purified ASYN variants were successfully used to investigate chemical nitration
procedures, but also allowed studies on other, so far unknown, physiological and
pathophysiological actions of the ASYN protein (published in Robotta, Gerding et al. 2014,
Schildknecht, Weber, Gerding et al. 2014, Fallah, Gerding et al. 2017).
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Figure 32: Schematic representation of methods used in this thesis for the production
and purification of ASYN
Establishment of a simplified ASYN production and purification protocol using affinity
chromatography. After transfection of a human recombinant ASYN or ASYN variant
containing plasmid pet11c into E.coli Tuner (DE3), cells were grown for 4 h and expression
was induced by the addition of IPTG for 2 h (1). Cells were centrifuged, the resulting cell
pellet was resuspended and boiled for 4 min to lyse the cells and precipitate most
contaminating E.coli proteins (2). Centrifugation yielded the ASYN containing supernatant
together with 7-8 E.coli proteins (see Coomassie staining). For further purification, several
available techniques were tested, but either resulted in incomplete separation of ASYN and
contaminating proteins (red box) or, though high purities were obtained, only analytical ASYN
amounts could be generated (left yellow box). Gel electroelution resulted in ASYN fractions
with high purity as well as high yields. However, due to incomplete removal of (proteinbound) SDS after electroelution, affinity chromatography using nanobodies direct against the
C-terminal amino acid sequence EPEA became the method of choice for the purification of
ASYN used in this study. Combined with FPLC based desalting, concentration using MWCO
filters and acetone precipitation, two-digit milligram amounts of ASYN were generated in
5 working days and < 1% contaminations according to silver staining.
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5.2

Chemical nitration of ASYN

Having met the requirements of generating large quantities of pure protein fractions without
interfering contaminants, reliable methods for the nitration of tyrosine residues were
established to investigate the influence of tyrosine nitration on the behavior of the model
protein ASYN. ASYN is a known prominent target for PON-mediated nitration in vivo
(Giasson et al. 2000, McCormack et al. 2012), especially due to the pro-oxidant environment
that characterizes the neurons undergoing specific degeneration in Parkinson’s disease
because of their DA content.
At the onset of this study, the consequences of chemical nitration procedures were
investigated. Standard nitration protocols from literature were applied, that make use of
various chemical nitrating agents as authentic PON, which is a major nitrating agent present
in cells. Also, TNM and the PON generating compound Sin-1 chloride are commonly used for
protein nitration (Andrekopoulos et al. 2004, Souza et al. 2000b, Yamin et al. 2003). Due to
their radical mechanisms, they might mimic best the biological nitration mechanisms
occurring in cells. Authentic PON is usually stored and used at a basic pH, being more stable
under these conditions, but recently a nitrating procedure at physiological pH was
established by our group to favour the formation of products normally found in cells under
these conditions (Schildknecht et al. 2011).
Upon treatment of purified ASYN with PON in vitro under physiological pH conditions,
concentration dependent nitration of ASYN monomer was observed by Western Blot
analysis. Given the specificity of the 3NT antibody, detection of nitration of other amino acids
than tyrosine is unlikely. In proteins, several amino acids are preferential candidates for
nitration besides tyrosine such as tryptophan, cysteine and methionine (Corpas et al. 2009).
These amino acids are either not contained in the endogenous amino acid sequence of
ASYN (cysteine, tryptophan) or nitration at these amino acids is described as a very unlikely
event in the literature and was furthermore not detected in MS analysis of the protein
(methionine). Specificity of the anti-3NT antibody was further tested by reduction of 3NT to 3aminotyrosine using dithionite that abolished detection of nitrated protein (see for example
Figure 21 B).
Western blot analysis further revealed that PON also caused the formation of SDS- and heatstable ASYN dimers and higher oligomeric forms, which were also nitrated. Of the oligomeric
forms, the major distinct band corresponded to the ASYN dimer species.
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These unwanted reaction products are most likely the consequence of dityrosine cross-links.
Under physiological pH conditions about 20-30% of peroxynitrite is present in the protonated
form peroxynitrous acid (Goldstein&Czapski et al. 1995, Kissner et al. 1997), that dissociates
readily into a nitrogen dioxide radical (•NO2) and into the highly reactive •OH radical (Merenyi
et al. 1998).
•NO2 represents the predominant nitrating species, whereas interaction of •OH, •NO2 and
also CO3 •- with tyrosine residues concomitantly leads to the formation of tyrosyl radicals,
setting the stage for nitration, but alternatively also for the formation of covalent di-tyrosine
bonds (Pfeiffer et al. 2000, Souza et al. 2000b). Formation of covalently crosslinked ASYN
dimers and inclusions upon exposure to chemical nitrating agents has already been
observed in vitro as well as in vivo (Hodara et al. 2004, Norris et al. 2003, Paxinou et al.
2001, Souza et al. 2000b).
ASYN lacking all four tyrosine residues neither formed covalent dimers or higher oligomers
nor was it nitrated upon exposure to PON (see Figure 13 B), confirming tyrosine-dependent
mechanisms. Same patterns of tyrosine nitration and formation of covalent ASYN adducts
were also observed after treatment of ASYN with Sin-1 and TNM, but were less pronounced
as with comparable concentrations of PON (see Figure 13 and Figure 14). The above stated
observations are in good agreement with the literature (Liu et al. 2011, Norris et al.
2003, Souza et al. 2000b).
The established protocol using authentic PON was also applicable for nitration of an A30P
mutant of ASYN, linked to familial forms of PD. For this mutant, the same nitration and
oligomerization pattern as for the wildtype protein was observed. This is in accordance with
in vitro studies by Takahashi et al. (Takahashi et al. 2002).
Although the antibody directed against 3NT seemed to be specific for the detection of
nitrated tyrosine, it could be observed that the antibody directed against ASYN seemed to
bind better to the ASYN protein after treatment with a nitrating agent and thus, the amount of
protein after treatment could easily be overestimated. Likewise, the amount of ASYN dimer
seemed to be overrated in Western Blots when compared to Coomassie stained gels of the
same samples. Therefore, quantitative evaluation of the Western Blots in this study was not
performed in most of the cases.
Since nitration and oligomer formation of ASYN depend on radical reactions, they can be
blocked by various antioxidants (uric acid, etc.) or by selective peroxynitrite scavengers as
for example the antibiotic minocycline (Schildknecht et al. 2011) or the NOX1/4 inhibitor
GKT13691 as we were able to publish recently (Schildknecht et al. 2014).
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Surprisingly, dimer formation of ASYN seems to be dependent on the presence of •NO2
since incubation of ASYN with substances generating other reactive oxygen species like
•OH, •O2- or H2O2 did not result in substantial amounts of ASYN dimer or other oligomeric
forms. This is in accordance with studies by Sousa et al., who observed less dimer formation
of ASYN after oxidation with myeloperidase and H2O2 compared to oxidation with
myeloperidase and H2O2 in the presence of NO2- (Souza et al. 2000b). A suitable explanation
cannot be given at the moment, but also an antibody artefact, as already described above,
has to be taken in account.
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5.2.1

Influence of tyrosine nitration on biological functions of ASYN

Although the exact physiological function of ASYN is not known so far, the protein shows
characteristic behavior in vitro and in vivo: for example, it is able to aggregate into amyloid
fibrils and it may bind to biological membranes via its N-terminus.
Functionality of the purified ASYN protein and its variants generated in this thesis was
therefore tested in functional assays known from literature, investigating the aggregation as
well as the membrane binding propensity of ASYN. Establishment of these assays
furthermore was a prerequisite to investigate possible effects of tyrosine nitration on ASYN’s
biochemical, biophysical and cellular properties, that might further modulate ASYN-induced
toxicity.
The high aggregation propensity of ASYN is well-studied in the literature. ASYN and also its
disease related point mutants (A30P, A53T) are able to spontaneously form fibrillar
aggregates initiated by the adoption of a partially folded conformation and followed by a
stabilizing self-association to form amyloid-like fibrils, which may then lead to the formation of
proteinaceous aggregates called Lewy bodies, found in Parkinson’s disease or other
neurodegenerative diseases (Spillantini et al. 1997, Uversky et al. 2001a, Uversky et al.
2001b). The aggregation mechanism of ASYN has been studied in detail, but the exact
process of aggregation and also the toxic form(s) are still uncertain. The long-standing notion
that the fibrillary forms of ASYN are the most toxic to the cells is now in part replaced by the
findings that oligomeric forms and ASYN protofibrils are capable of disrupting membranes
and induce toxicity (Conway et al. 2000a, Conway et al. 2000b).
MS analysis of ASYN obtained from Lewy bodies of PD patients revealed numerous posttranslational modifications, including nitration of tyrosines and oxidation of amino acids like
methionine, histidines and lysines and others like phosphorylation, ubiquitination or
SUMOylation. It can be assumed that all these modifications greatly contribute to the
aggregation properties of ASYN.
The aggregation assay established in this study focused on the aggregation propensity of
ASYN, nitrated with high concentration of PON compared to unmodified ASYN. Nitration with
high concentration of PON assumingly leads to a mixture of unmodified, nitrated and
dityrosine-crosslinked oligomeric ASYN species. Fibril formation of unmodified ASYN
monitored by fluorescence intensity of the fluorescent dye ThT at neutral pH followed the
characteristic sigmoidal curve reflecting nucleated polymerization. No evidence for fibril
formation on the time-scale investigated was found for PON treated ASYN. This is consistent
with several studies from literature using comparable nitration conditions, for example ASYN
treated with TNM by Yamin et al. (Yamin et al. 2003).
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In the literature, it was also shown that fibrillization of unmodified wildtype ASYN seemed to
be impaired by the addition of high concentrations of nitrated ASYN species (Uversky et al.
2005). Chemical nitration of ASYN was shown to be able to promote formation of partially
folded states of monomeric ASYN and inhibits fibril formation by stabilization of off-pathway
oligomers (Kaylor et al. 2005, Uversky et al. 2005, Yamin et al. 2003). In contrast to that,
Hodara et al. observed, upon adding purified nitrated ASYN monomer or dimer to unmodified
ASYN wt in sub-stoichiometric concentrations, that the partially folded monomers and dimers
served as fibrillation seed and led to formation of fibrils from unmodified ASYN (Hodara et al.
2004).
Another characteristic of ASYN is its ability to bind to biological membranes. Considered
unstructured in solution, ASYN can undergo conformational changes to form an N-terminal
alpha-helical region together with an unstructured C-terminal domain upon binding to a
water-lipid interface with a negative net charge (Davidson et al. 1998, Eliezer et al. 2001). As
discussed in our recent review on the implication of oxidative and nitrative ASYN
modifications for disease mechanisms in synucleinopathies, it became evident that the
propensity of ASYN to interact with membranes could be relevant for possible
pathophysiological mechanisms (Schildknecht et al. 2013).
A link might be provided by the ROS/RNS-prone environment of double-membrane
organelles like mitochondria or peroxisomes. Oxidative modifications, like nitration on the Nterminal tyrosine 39 (Danielson et al. 2009, Hodara et al. 2004) or the C-terminal tyrosines
(Sevcsik et al. 2011) of ASYN seem to negatively regulate membrane binding. Selective
nitration at position 39 within the lipid interaction region of ASYN was shown to lead to
decreased ASYN binding to synthetic vesicles due to electrostatic repulsion, whereas
nitration of tyrosines 125, 133 and 136 decreased membrane binding by alteration of
conformational states of the C-terminal part of the protein (Hodara et al. 2004, Sevcsik et al.
2011).
A binding assay to assess binding of ASYN and nitrated forms of the protein to isolated
mitochondria was successfully established. Binding of ASYN could be controlled having a
ASYN mutant at hand that is deficient in membrane binding. The ASYN mutant, lacking the
N-terminal amino acids 2-11, showed reduced alpha-helix formation and thus a decreased
membrane-binding ability (Vamvaca et al. 2009).
With this assay, the findings of Hodara and Sevcsik could be reproduced, who observed
impaired membrane-binding upon nitration of ASYN with high concentrations of PON.
The established assay further also contributed to new insights on the conformation of
unmodified ASYN bound to mitochondria analyzed by DEER approaches (Robotta et al.
2014).
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Taken together, the purified ASYN variants proved to be of high quality. Together with
standard nitration protocols transferred from literature, nitrated ASYN species could be
generated that showed characteristics comparable to the ones observed in literature when
tested in different functional assays.
However, it has to be noted, that the existing literature on the effect of tyrosine nitration on
the membrane binding as well as the aggregation propensity of ASYN is to some extend
contradictory and seems to be highly dependent on the nitrating agents and nitrating
conditions used. Above all, it has to be discriminated whether studies use a mixture of
different ASYN species generated upon incubation with nitrating agents, or work with purified
fractions of ASYN monomers or oligomers nitrated at one or more sites.
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5.2.2

Analysis of nitration sites in ASYN and quantification of nitration levels

Most importantly, causal correlations between nitration of specific tyrosine residues and
observed effects on ASYN function have rarely been established at the moment. Especially
in the context, that observed effects of nitration on protein function seem to depend on
several factors including the nitrating agent used, nitration conditions etc., fast and robust
analytic methods are a prerequisite to consequently characterize the generated nitrated
species in every study.
In Lewy bodies of human brains from Parkinson’s disease patients, all four tyrosine residues
contained in the ASYN sequence were identified as potential targets for nitration (Giasson et
al. 2000). Also in vitro, nitration of all four tyrosine residues has been reported (Hodara et al.
2004). However, tyrosines involved in dityrosine formation in vivo and in vitro are not well
studied at the moment.

Analysis of the ASYN species generated by the three established nitration protocols in our
study led to several interesting observations:
1.) HPLC analysis revealed that even with a high molar excess of nitrating agent only a
small portion of ASYN became nitrated.
2.) Nitration resulted in mixtures of mono, di, tri, and tetra-nitrated proteins at different
sites. Western Blot analysis already revealed, that upon treatment of ASYN with
chemical nitrating agents, the protein was not only nitrated but also dimers or higheroligomeric species of ASYN were formed via dityrosine crosslinks.
3.) Besides tyrosine nitration, oxidative modifications of other amino acids, including
methionine sulfoxidation and oxidation of various amino acids as phenylalanine,
valine, were detected in MS analysis, already with moderate concentrations of
nitrating agents.
4.) Determination of the specific tyrosine residues involved in nitration and formation of
dityrosine cross-links as well as of quantitative numbers of nitration on a given
tyrosine residue proved to be laborious and partly infeasible. Analysis via Western
Blotting, HPLC and mass spectrometry did not present a consistent picture.
The complexity of modifications evoked by the treatment with nitrating compounds
exacerbated exact identification of nitrated tyrosine residues as well as evaluation of the rate
of nitration on the single tyrosine residues in total protein mass scans by linear ion trap mass
spectrometry.
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LC-MS/MS analysis after enzymatic digest provided a better analytical option, as a better
resolution of tyrosines per identified peptide could be obtained. Endoproteinase AspN
cleaves peptide bonds N-terminal to aspartic acid (Danielson et al. 2009) and, as observed
here, glutamic acid, generating several C-terminal peptides of ASYN with single tyrosine
residues. Nevertheless, for example no peptides with single tyrosine 136 could be generated
(see Figure 20). Enzymatic AspN digestion of ASYN and subsequent LC-MS/MS analysis
allowed identification of tyrosines 125, 133 and 136 as target sites for nitration with moderate
concentrations (10 µM) of PON. It might be hypothesized that with low concentrations of
PON nitration starts at the most C-terminal tyrosine 136 and then runs through the other Cterminal tyrosine residues. Peptides containing nitrated tyrosine 39 could not be identified.
In an attempt to simplify analysis of nitration on the four possible nitration sites, ASYN
mutants containing only one of the four endogenous tyrosine residues were generated. The
other tyrosine residues were mutated to either phenylalanine or serine, that are not subject to
nitration but structurally most resemble tyrosine in bulk. Exposure of these single-tyrosine
mutants to PON resulted in the formation of SDS-stable dimers, suggesting that all four
tyrosine residues of ASYN are targets for dityrosine crosslinking. Western Blot analysis
further revealed that all three C-terminal tyrosine residues were targets for nitration. MS/MS
analysis after enzymatic digestion of the mutant containing only tyrosine 125 confirmed
increasing nitration of this tyrosine in up to 99% of the peptides found upon treatment with
increasing concentrations of either PON or TNM. A nitration plateau was reached already
with low concentrations of the nitrating agents.
Nitration of tyrosine 39 could hardly be detected in Western blots. MS/MS analysis of AspN
digested YFSF mutant, in contrast to nitrated wildtype protein as mentioned beforehand,
revealed that indeed peptides containing nitrated tyrosine 39 could be identified. A plateau of
around 86% nitrated peptides of peptides found was reached, but only with concentrations of
nitrating agents ten times as high as for the mutant containing only tyrosine 125.
Preferential nitration of single tyrosine residues with PON has been reported for other
proteins (Witting et al. 2001), but in ASYN, belonging to the group of intrinsically disordered
proteins, it is unlikely to be explained by secondary structures shielding the tyrosine from
nitration and also structures hindering antibody binding should not be present in denaturing
conditions of SDS-PAGE. However, some bands of nitrated YFSF mutant became visible
using a polyclonal antibody directed against 3-nitrotyrosine instead of a monoclonal antibody
(not shown).
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In an attempt to investigate potential effects of the proximal amino acid sequence on tyrosine
nitration yield, short tripeptides of the four tyrosine residues in ASYN with their endogenous
neighboring amino acids (LY39V, AY125E, GY133Q and DY136E) were generated. It is known
from literature, that the presence of hydrophobic residues hinders nitration of tyrosine
containing pentapeptides, whereas nitration yield is increased when the tyrosine residue is
flanked by basic or uncharged polar residues (Seeley&Stevens et al. 2012).
Upon treatment with PON, no significant differences in nitration of the four tripeptides with
PON were observed. PON treatment resulted in nitration of all four peptides used (not
shown). Thus, a direct effect of the neighboring amino acids could be ruled out.
In summary, pitfalls were observed in all of the analytical methods used for determination of
nitration sites and levels.
In Western blot analysis of ASYN treated with nitrating agents, it could be noticed that
detection might be hampered by antibody artefacts and non-specific staining. The problem in
detecting nitrated YFSF mutant of ASYN was already described above. In an intrinsically
disordered protein and under the denaturing conditions of SDS-PAGE, that eliminate residual
structures hindering antibody binding, nitration at all four tyrosine residues should be
detected equally well. However, a special role of Y39 could also be seen in MS analysis of the
YFSF mutant.
It was further observed that the affinity of different antibodies was enhanced upon oxidative
modification of the protein upon treatment with nitrating/oxidative agents. This might be owed
to the manufacturing process of the antibodies. It leads to overestimation of some of the
protein fractions if compared to Coomassie staining.
MS/MS analysis of peptide fragments of enzymatically digested single-tyrosine mutants
detected high percentages of peptides with nitrated tyrosine residues. This is in sharp
contrast to the nitration rate of ASYN assessed by HPLC analysis of single amino acids after
Pronase digest. HPLC analysis showed that nitration only increased linearly with PON
concentrations up to 50 µM and then reached a plateau. The yield of 3NT within ASYN did
not exceed 25%. Due to the different nature of these two analytical methods and the use of
different enzymes for protein digestion, it is hard to compare the outcomes of the analysis.
This makes reliable quantification of tyrosine nitration difficult, especially as both methods
might be hampered by the various oxidative modifications induced upon the harsh treatment
conditions using chemical nitrating agents. These sever modifications might impede the
digestion enzymes in recognizing their cleavage sites and thus lead to a loss of
modified/nitrated peptides. In HPLC analysis, including a filtration step after Pronase digest,
this might lead to an overestimation of unmodified tyrosines, as partially-cleaved or
uncleaved peptides would get lost upon filtration.
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Using MS/MS analysis, nitration is quantified by comparing spectral counts of the unmodified
and the nitrated form of an identical peptide. Also in this method, peptides might get lost, if
the used digestion enzyme is not able to work properly due to modified cleavage sites.
This can be observed in the decreasing numbers of spectral counts with increasing
concentrations of nitrating agents, indicating that detection of unmodified and nitrated forms
of the same peptides might be biased. Sometimes quantification could only be supported
with one single detected peptide.
With establishment of reliable nitration protocols for ASYN and its derivatives together with
suitable biochemical assays all prerequisites were set to investigate on the contribution of
nitrative modifications to aggregation propensity as well as binding behavior of ASYN to
biological membranes.
Nevertheless,

to

study

the

effects

of

tyrosine

nitration

on

physiological

and

pathophysiological features of proteins, one major requirement must be met: analytical
methods must be available to gather information on the modifications evoked at different
residues and to quantify nitration levels to be able to establish causal correlations between
the nitration of a given tyrosine residue and a biological effect. This requires also reliable
nitration protocols, which, in the best case, lead to reproducible populations of nitrated
protein in the absence of other oxidative modifications.
In our point of view, these requirements cannot be met with the standard chemical nitration
protocols widely used in literature and tested here. This is also clearly reflected in the fact
that fast and standardized analytical methods for the detection and quantification of protein
tyrosine nitration are still scarce.
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5.3

Generation of site-specifically nitrated ASYN

The abovementioned limitations could be overcome by generation of recombinant proteins
with a defined 3NT site in the absence of other oxidative modifications.
Site-specifically nitrated forms of ASYN can hardly be obtained, as site-specific nitration
reactions are rare. Interestingly, Danielson et al. report generation of ASYN preferentially
nitrated at tyrosine 39 by overexpression of monoamine oxidase B, but the obtained nitration
level of 1% is very low (Danielson et al. 2009).
Site-specifically nitrated forms of ASYN can be achieved by chemical nitration of ASYN
mutants containing only one of the four endogenous tyrosines. Tyrosines are often
exchanged with structurally similar amino acids inert to nitration as for example
phenylalanine. Notwithstanding, mutations often alter protein’s biochemical, biophysical and
cellular properties, especially in proteins containing several mutation sites and are therefore
not favored. In contrast to kinases mediating selective and efficient phosphorylation of ASYN
in vitro and in vivo (Braithwaite et al. 2012, Ellis et al. 2001, Inglis et al. 2009, Nakamura et
al. 2001, Okochi et al. 2000), no enzymes contributing to tyrosine nitration of proteins are
known so far. To study for example phosphorylation of proteins with stable modifications,
also so called phosphomimetics are available. Non-phosphorylated amino acids (e.g.
aspartic acid) that appear chemically similar to phosphorylated amino acids (e.g. phosphorserine) are inserted into proteins to mimic phosphorylated proteins. Amino acids chemically
resembling 3-nitrotyrosine are not known.

5.3.1

Site-specifically nitrated ASYN generated by native chemical ligation

To fill the gap of missing tools and methodologies for the site-specific introduction of posttranslational modifications in proteins, semisynthetic strategies were developed combining
recombinant protein expression, peptide chemical synthesis and native chemical ligation.
Using these strategies, ASYN variants site-specifically phosphorylated at tyrosine 125
(Hejjaoui et al. 2012), Nα-acetylated (Fauvet et al. 2012), mono-ubiquitinated at lysine 6
(Hejjaoui et al. 2011), lysine 12 or di- and tetra-ubiquitinated at lysine 12 (Haj-Yahya et al.
2013, Shabek et al. 2012), SUMOylated at lysine 96 or lysine 102 (Abeywardana&Pratt et al.
2015) or thioamide ASYN (Wissner et al. 2013) were generated. Semisynthesis of nitrated
proteins was not reported at the beginning of this thesis.
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Initial experiments conducted in this study proofed that synthesizing and purifying ASYN sitespecifically nitrated at tyrosine 125 using native chemical ligation is possible (see 4.5.1).
Simultaneous to our proof of concept studies, the Lashuel lab published for the first time the
successful site-specific incorporation of 3NT into proteins, namely at the N-terminal position
39 and in the C-terminus at position 125 of ASYN. The production of low milligram amounts
of the two variants allowed basic investigation of the role of nitration in regulating ASYN
structure, oligomer formation and fibrillation and membrane binding (Burai et al. 2015) and
indicated that there might indeed be differences in the outcome of studies either working with
site-specifically nitrated proteins or with mixtures of dityrosine-crosslinked and nitrated
species.
The semisynthetic strategy for the generation of nitrated ASYN used by the Lashuel group
included numerous reaction and purification steps with in part quite expensive materials (e.g.
peptide synthesis), especially for a three-fragment approach needed to introduce 3NT at
position 39 of ASYN.
We ourselves became aware of several drawbacks during the semi-synthesis of nitrated
ASYN. Despite the in part quite high reaction efficiencies and available recycling steps for
the synthetic peptides, reaction conditions are to some extent quite harsh and led to multiple
modifications on the protein (see Figure 25). Therefore, purification steps have to be included
after most of the reaction steps. This makes expert knowledge and appropriate equipment
necessary.Moreover, native chemical ligation often relies on the presence of cysteine at the
ligation site, although new cysteine-free ligation protocols have been developed
(Crich&Banerjee et al. 2007, Haase et al. 2008, Tam&Yu et al. 1998). This represents a
severe limitation since cysteine, a rare amino acid, makes up for only 1.7% of all amino acid
residues in proteins. Since also the amino acid sequence of ASYN does not comprise a
cysteine residue, an artificial cysteine must be added into the protein sequence. To avoid
possible influences of the cysteine on proper folding of the protein or formation of disulfide
bonds, the cysteine should be converted back into the original amino acid, for example by
desulfurization into alanine (Wan&Danishefsky et al. 2007). The standard desulfurization
approaches are often free-radical based. They have a high potential to modify other amino
acids oxidatively, if a complete conversation of cysteine to alanine is desired, while an
incomplete desulfurization step leaves cysteine-containing proteins. Also, reduction of the
introduced nitro group was observed, making additional purification steps necessary.
Purification procedures have to be very accurate to discriminate between unreacted starting
materials, possible mixtures of proteins with a nitro group or groups reduced to amino and
proteins differing in one amino acid (cysteine vs alanine) after incomplete desulfurization.
This represents a great challenge and, apparently, also limits the yields of the desired sitespecifically nitrated protein variants to a low milligram range.
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5.3.2

Site-specific incorporation of 3NT into ASYN by genetic encoding

The second approach applied in this thesis, the co-translational incorporation of 3nitrotyrosine by genetic code expansion in E.coli, however, fulfilled all conditions for the
generation of proteins with 1) defined nitration sites, 2) without other oxidative modifications
and 3) with yields in the high milligram range.
Large scale production of recombinant proteins are routinely performed in E.coli. However,
E.coli is not able to incorporate most of the eukaryotic posttranslational modifications in
recombinant proteins like phosphorylation, glycosylation and ubiquitination and also further
eukaryotic maturation processes cannot be implemented. Incorporation of unnatural amino
acids by amber codon suppression offers a powerful tool to modify the properties of proteins.
Methods based on this technique have been developed to site specifically install posttranslational modifications into recombinant proteins helping to gain previously unattainable
insights into the role of these modifications on biological functions of the proteins.
An orthogonal 3NT specific aminoacyl-tRNA synthetase/cognate tRNA pair for the sitespecific incorporation of 3NT has recently been generated and applied for incorporation of
3NT in manganese superoxide dismutase and class Ia ribonucleotide reductase (Neumann
et al. 2008, Yokoyama et al. 2010). For expression of the described orthogonal 3NT-tRNA
synthetase/3NT-tRNA pair, an improved pEvol plasmid (pEvol-3NT) designed by Yokoyama
et al. was used. It bears two copies of the 3NT-tRNA synthetase, one giving rise to a
constitutive level of the synthetase and one that is controlled by a strong arabinose inducible
promoter, to boost synthetase levels when the actual expression of nitrated protein is taking
place. The pEvol plasmid has been shown to improve amber stop codon suppression relative
to other constructs (Yokoyama et al. 2010, Young et al. 2010). Based on this approach, sitespecifically nitrated ASYN variants could be generated successfully.
The method allowed incorporation of 3NT at each position in a desired protein, e.g. at each
of the four endogenous tyrosine positions of ASYN, although there seemed to be differences
in the incorporation efficiency (compare Supplementary figure 4 C). In theory, also
incorporation at multiple sites should be possible.
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As well as with the semisynthetic approach, a big issue also for genetic encoding via amber
stop codon suppression is purification of the desired nitrated protein, as the approach usually
generates a mixture of full-length and truncated protein. The purification strategy should
additionally be able to allow cheap and fast (at best one-step) purification of milligram
amounts of the desired protein from a broad mixture of E.coli proteins. Harsh purification
conditions need to be avoided to guarantee stability of the introduced 3NT.
Purification using a self-cleaving chitin-binding domain-intein tag for purification via a chitinagarose affinity resin failed for example due to a need for high concentrations of thiol agents
for the induction of intein-cleavage, that concomitantly led to reduction of 3NT (see
Supplementary figure 3 and Supplementary figure 4).
Affinity chromatography using nanobodies directed against the four C-terminal amino acids
EPEA proved to be an elegant and robust alternative, as it is one of the few strategies, that
allows purification via the recognition of a C-terminal ‘tag’, present only in full-length proteins
and not in truncated variants (see Figure 27 B). The established protocol involving the beadconjugated nanobodies in association with a FPLC system allowed fast purification of full
length ASYN without significant contamination by other proteins or by truncated ASYN.
Orthogonality of the 3NT-tRNA synthetase/3NT-tRNA pair could be confirmed under different
conditions (e.g. different strains, varying expression plasmids of the target protein etc.). Full
length ASYN protein was only produced in the presence of 3NT, while tyrosine and all other
derivatives tested led to a truncation at the amber stop codon due to the failure to produce a
loaded corresponding t-RNA for this site. The data suggests that accidental incorporation of
tyrosine or e.g. 3AT at the amber site did not play a significant role during ectopic protein
synthesis in the E.coli strains applied in this work (see Figure 26, Figure 27, Supplementary
figure 3).
The abovementioned proof of concept studies in manganese superoxide dismutase and
ribonucleotide reductase established the basic tools enabling the work of this thesis. The
thesis provided here put further effort in investigating conditions for improved yield of sitespecifically nitrated protein, for example with regard to E.coli strains, medium and
temperature used for expression and position of the incorporated amino acid in the protein
(see Figure 26, Figure 27, Supplementary figure 4).
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Striking, however, was the constantly poor ratio between the generated full-length protein
and the truncated version (~1:10).
Several approaches have already been used in the literature to improve incorporation
systems for non-natural amino acids: mutagenesis of amino acids in the active site of the
synthetase (Kiga et al. 2002, Wang et al. 2012), optimization of the suppressor tRNA
recognition (Kobayashi et al. 2003), replacement of endogenous tRNA/synthetase pairs
(Iraha et al. 2010) etc. As most common source of poor expression, suboptimal recognition
of the non-natural amino acid by the tRNA synthetase has been revealed in literature.
Richard Cooley and his coworkers therefore re-screened an initial synthetase library with a
modified selection process for 3NT-tRNA synthetases (Cooley et al. 2014), not as stringent
as the one performed before.
Based on their publication, we re-created one of their best performing hits named ‘nitroTyr5B’ by introducing mutations in our 3NT-tRNA synthetase plasmid (pEvol-3NT) leading to a
change of amino acids in 5 different positions. Expression of this high performance pEVOLenhanced expression vector greatly improved the ratio of full-length to truncated protein and
allowed yields of full-length protein in a high milligram range.
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5.4

Formation of 3-aminotyrosine in E.coli

Detailed analysis of the integrity of the genetically encoded 3NT in ASYN also provided first
insights on the stability of the newly introduced 3NT moiety, especially in intrinsically
disordered proteins.
The most striking observation of the present work was a time-dependent loss of the 3NT
signal, detected by Western blot and MS. Tyrosine nitration has long been considered as an
irreversible process in biological systems. However, denitration activities were reported
recently for homogenates of lung, heart, and brain, or in mitochondria (Kuo et al.
1999, Osoata et al. 2012). Most of the studies reporting the denitration of 3NT are based on
an antibody-dependent detection of 3NT-containing protein epitopes. Therefore, it remained
unclear whether these observations are the result of an actual denitration of the 3NT group to
yield tyrosine, a reduction of 3NT to form 3AT, or possibly the consequence of epitope
alterations, independent of the 3NT group (e.g. conformational changes or other chemical
modifications). Specific enzymes, catalyzing either the denitration of 3NT to tyrosine, or 3NT
reduction to 3AT, remained unidentified.
This thesis was able to show that the decline in the 3NT signal was caused by a reductive
process yielding 3AT. Denitration to tyrosine was not detected, indicating that 3AT is quite
stable in E.coli and bacterial deaminases are not involved. ASYN levels were constant over
time, indicating that 3AT comprising ASYN might not be degraded to a big extent. The 3NT
reduction could not be observed in lysates of homogenized E.coli, what is in accordance with
the literature (Lightfoot et al. 2000). It was also not occurring during the lysis of the bacteria
or the protein isolation procedure. An erroneous translational incorporation of 3AT or other
tyrosine-derivatives could be excluded. The reduction of 3NT was not specific for ASYN, but
it was also observed with an entirely unrelated protein, the green fluorescent protein (GFP)
(see Figure 31).
It was further observed, that a major determinant of 3NT reduction in E.coli is the spatial
orientation of 3NT within a protein. GFP has a highly structured β-barrel domain (Espey et al.
2002). 3NT, expressed at the C-terminal end of GFP (GFP239), a position on the flexible tail
at the surface of the protein, was reduced significantly faster than 3NT located in the core of
the β-barrel (GFP66) (Figure 31). ASYN is considered to be an unstructured protein when in
solution (Bertoncini et al. 2005, Fallah et al. 2017), however also in this protein the half-life
time of the 3NT varied considerably depending on its position. Reduction was slowed down if
3NT was positioned in the N-terminal part of the protein on position Y39 compared to position
Y125. This finding reinforced a special role of Y39 in ASYN, that was also somehow protected
from nitration using chemical nitration procedures, hinting at potential residual structures
present in the N-terminal part of the protein.
134

Discussion
The kinetics of 3NT decay therefore cannot only vary between different proteins, but even
between different tyrosine residues within the same protein, as shown for both ASYN and
GFP.
Based on the experimentally detected half-life times for ASYN protein and for the 3NT group
in ASYN, a mathematical model suggests maximal steady-state levels of nitrated ASYN of
about 10% (Fig. 5D). These values are in agreement with our experimental observations.
After 4.5 h of protein expression, a mixture of 3NT and 3AT containing ASYN species is
present - a fact that might be overlooked by WB analysis using antibodies specific for 3NT.
With spatial orientation in a protein being a major determinant for 3NT reduction, the
formation of 3AT may either be the consequence of a redox reaction with low molecular
weight cellular reductants in E.coli, or it may be catalyzed by enzymatic processes. With the
exception of dithionite as a well-known and potent 3NT reductant, all biologically-relevant
compounds tested, such as NADPH, cysteine, or cystine, failed to yield 3AT at 37 °C (see
Figure 29). The literature on such reactions suggests temperatures of 50°C and higher
(Balabanli et al. 1999). It is therefore unlikely that 3NT was reduced by low molecular weightreducing agents in E.coli. However, the cytosol of E.coli is a strongly reducing environment,
and direct chemical reactions cannot be entirely excluded.
An influence of the bacterial cytosolic redox potential, could be observed by direct
comparison of the E.coli strain SHuffle, characterized by a lower reductive potential (Lobstein
et al. 2012), with the E.coli strain Tuner.
Expression in SHuffle indicated a slower rate of 3NT reduction, but not a complete protection
of the nitro group. The observed influence of the cytosolic redox potential on 3NT stability
indicates an involvement of cellular reductases. In a genetic screen, it was probed whether
reductases, contributing to 3NT reduction, could be identified. Five genes could be identified
by this method.
The majority of the hits most likely act as indirect regulators, only one of the identified genes
(yfaE) coded for a regulator of E.coli class Ia ribonucleotide reductases (NrdA and NrdB),
having a reductase activity itself. Ribonucleotide reductases play a crucial role in DNA
replication and repair, catalyzing the reduction of nucleoside 5′-diphosphate to 2′deoxynucleoside 5′-diphosphates via a diferric tyrosyl radical acting as radical initiator
(Mathews et al. 2006, Nordlund&Reichard et al. 2006). In this reaction, yfaE was proposed to
function as one electron donor required for cofactor assembly as well as the reductant to
repair Y• reduced ribonucleotide reductases by reduction of the diferric cluster to the
diferrous state.
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Class Ia ribonucleotide reductases are essential for living E.coli cells, however , class Ib
reductases are expressed under iron-limited and oxidative stress conditions. Interestingly,
YfaE is not essential under normal growth conditions, but is essential under oxidative stress
(Huang et al. 2014, Martin&Imlay et al. 2011).
Individual knockout of the identified genes led to a significant delay in 3NT reduction kinetics,
but never to a complete prevention (see Figure 30). It could be speculated that several
reductive pathways are involved, and interruption of one reducing system, or its upstream
regulator, might lead to a compensation by other systems. Another important aspect in the
interpretation of data obtained by the transposon-mediated gene knockout is the inability of
this method to identify genes essential for E.coli growth and survival (the respective cells
would not be detectable as colonies).

In conclusion, this thesis provides a new method for the production of high milligram amounts
of site-specifically nitrated protein without other oxidative modifications, using geneticallyencoded non-natural amino acids. It opens up new possibilities for the role of tyrosine
nitration in regulating protein structure and function in physiological pathophysiological
conditions. Especially the influence of site-specific nitration on ASYN physiology and
pathophysiology can now be investigated in detail in the established functional assays.
The data further indicate an efficient reduction of 3NT groups into 3AT by E.coli. This aspect
requires consideration in the development of a protocol for the recombinant expression of
3NT-containing proteins by genetic encoding techniques. To obtain pure 3NT-containing
protein, a 3NT-selective antibody-based second purification step could be included.
Alternatively, 3AT-containing recombinant protein could be removed by coupling an affinity
tag to the aromatic amino group, followed by subsequent removal of this fraction from 3NTcontaining protein.
The observations made in the present work however are also important for investigations
focusing on the role of tyrosine nitration in E.coli biology. The efficient reduction of 3NT
groups in proteins could represent a defense mechanism of E.coli to handle fluxes of •NO,
•

O2-, and PON formed under inflammatory conditions of an infected eukaryotic host.

As denitration activities were also observed in mammalian tissue, identification of the
endproducts of these reactions might be of high interest. In rotenone-exposed neurons, for
example, 3AT containing peptides of ASYN have been detected besides tyrosine-nitrated
ones (Mirzaei et al. 2006). 3AT might represent a novel post-translational modification,
potentially relevant in diseases, sharing inflammation and other oxidative stress conditions as
common contributor to pathogenesis.
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Supplementary figure 1: FPLC purification of ASYN using commercially available
columns
Purification of ASYN by FPLC with columns purchased from GE Healthcare.
A: Pre-purified supernatant fractions containing ASYN were subjected to FPLC purification
using a prepacked HiTrap Q Sepharose anion exchange column and a pre-installed Anion
Exchange HiTrapQ application template depicted in blue including sample injection, washing
steps and a gradient elution. Coomassie staining of ASYN containing fractions revealed
several distinct bands of higher molecular weight impurities.
B: Pre-purified supernatant fractions containing ASYN were subjected to FPLC purification
using a Resource Q anion exchange column and a self-designed purification template
depicted in blue including sample injection, washing steps and a gradient elution. Coomassie
staining of ASYN containing fractions revealed a smear of bands of higher molecular weight
impurities. (Buffer A: 10 mM Tris-HCl, pH 7.4; Buffer B: 10 mM Tris-HCl, pH 7.4, 2 M NaCl)

Supplementary figure 2: Nitration of ASYN A30P using authentic PON
Treatment of the familial Parkinson’s disease point mutant ASYN A30P (2 µg) and ASYN
(2 µg) with increasing concentrations of PON (5 min) led to comparable levels of tyrosine
nitration as well as dimer and trimer formation of both variants.
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Supplementary figure 3: Expression and purification strategy for generation of sitespecifically nitrated ASYN using expanded genetic code technology
A: Mutational insertion of the amber stop codon into the DNA sequence of ASYN should lead
to transcripts with UAG codons at the desired site of nitrotyrosine incorporation. ‘Amber
supression’, i.e. recognition of UAG by the 3NT-Tyr tRNA should lead to full length protein
with a 3NT group at the position desired. A truncated ASYN variant is produced, when the
stop codon manifests its genuine function and binds to release factor 1. Separation of the
full-length protein could be achieved by utilization of a chitin binding domain (CBD), Cterminally fused to the protein via an intein, that is present in the full length, but not in the
truncated protein. Self-cleavage of the intein to separate the target protein from the affinity
tag can be induced by DTT.
B: To obtain a fraction of purified full length ASYN, supernatant after French press was
loaded onto a chitin batch. The chitin binding domain (CBD) containing intein tag fused to
ASYN allows purification in a single step. Truncated ASYN was removed by washing.
Induction of cleavage, using the thiol reagent DTT, released the nitrated target protein from
the intein tag.
C: To test the selective integration of 3NT (1) into full length ASYN-IntCBD during protein
synthesis, either no extra amino acid (-) or the structurally related amino acids tyrosine (2),
phenylalanine (3) and 3,4-dihydroxyphenylalanine (4) were supplemented during the protein
synthesis period instead of 3NT.
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Supplementary figure 4: Factors improving recombinant expression of ASYN carrying
defined 3-nitrotyrosine sites
A and B: Selection of medium conditions and E.coli strain for the synthesis of nitrated ASYN.
Two different media and three different E.coli strains were tested with respect to the total
amount of ASYN formed and the ratio between full length and truncated ASYN. The
representative Western blots illustrate the formation of ASYN and the degree of its nitration
when synthesized in Tuner in either the rich medium Terrific broth (TB) or the synthetic
expression medium over a time period of 6 h (A) or when synthesized by the E.coli strains
Bl21, Tuner and SHuffle in rich medium (TB) or synthetic (expression) medium (EM) either in
absence (-) or presence (+) of 2 mM of the 3-nitrotyrosine (3NT) (B).
C: Expression of ASYN carrying a 3NT group either at position Tyr39, Tyr125, Tyr133 or Tyr136
(red) was allowed for 8 h in a culture tube using 0.5 ml of expression medium or flasks using
either 10 or 100 ml of expression medium. For analysis of the incorporation of 3NT at the
different positions dependent on volume of the expression medium, 3NT levels were
assessed by Western blot analysis and staining with antibodies selective for ASYN and 3NT.
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D: For the synthesis of ASYN, carrying a defined tyrosine nitration site, a culture of E.coli
SHuffle was grown overnight. Protein expression is induced and proceeded in the presence
of excess 3NT (induced). Cells were pelleted by centrifugation, washed and resuspended in
20 mM Tris-HCl, 500 mM NaCl and 1 mM EDTA. The bacterial pellet was lysed by French
press and the resulting supernatant fraction (snt after French press) containing full length
and truncated ASYN as well as E.coli proteins was loaded onto a chitin batch. Truncated
ASYN as well as unbound full-length ASYN was washed off (unbound) until no further
contaminating proteins seemed to be present (last wash). After induction of cleavage using
DTT, the nitrated target protein was released from the intein tag and could be separated from
the chitin matrix by either centrifugation (chitin pellet and chitin snt) or by using plastic filters
(plastic filter pellet and snt) or filter paper (filter paper pellet and snt). The representative
Western blots illustrate the purification and cleavage of site-specifically nitrated ASYN and
the degree of its nitration over the purification period using antibodies selective for ASYN and
3NT.
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