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Abstract

Ergothioneine (ET) is a histidine betaine derivative with a sulfur atom attached to the
position two of the imidazole ring. As established, ET eradicates singlet oxygen ('02)
and has been considered an antioxidant. Various functions of ET regarding reactive
oxygen species (ROS) have been proposed and much progress concerning ET has
been attained. However, no mechanism for the regeneration of ET after a reaction
with ROS has been determined. In fact, if ET is an important antioxidant, like
ascorbate, glutathione (GSH), ubiquinol and vitamin E, and if the benefit of ET in
living organisms is continual and does not lose its capacity to eradicate oxidants after
a single chemical reaction, then the ET should be regenerated from its oxidized
product so as to be an efficient antioxidant. In this work, a non-enzymatic mechanism
for the regeneration of ET after reaction with 'O, was discovered. For this
mechanism, four molecules of GSH are needed to detoxify 'O, into water and
oxidized GSH (GSSG) as a by-product. Clean 'O, was generated by thermolysis at 37
°C of the endoperoxide DHPNO>. Addition of 1 mM ET to 10 mM DHPNO; and 10
mM GSH increased the production of GSSG by factor of 26 (in water) and 28 (D-0),
respectively, measured by means of LC-MS/MS. The ring of ET was responsible for
the whole reaction cycle and the zwitterionic amino acid backbone was not involved,
since only the ring of ET, and 4-methyl ET ring significantly generated GSSG, with
equally high intensity as ET. According to the results from the production of GSSG in
the present work, the data suggest that ET reacts with !0, 150-fold more efficiently
than GSH, and ET reacts at least 4-fold faster than ascorbic acid towards 'O,. The
necessary thiol foundation (GSH) exists naturally in all mammalian and vertebrate
cells as well as in all species that produce ET, such as cyanobacteria, mycobacteria,
and fungi with relatively high intracellular concentrations (5 - 10 mM). The byproduct
GSSG, regenerates to GSH in living organisms by glutathione reductase, utilizing a
NADPH dependent-enzyme. Based on that, ET must now be viewed as closely linked
with the redox couple GSH/GSSG. These findings prove the importance of ET over
other reactive compounds, that are non-recoverable, for the detoxification of noxious

10;.
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Summary

Summary

Ergothioneine (ET) eradicates singlet oxygen ('0,) and has been considered an
antioxidant. Various functions of ET regarding reactive oxygen species (ROS) have
been proposed and much progress concerning ET has been attained. However, so far,
no mechanism for the regeneration of ET after a reaction with ROS has been
determined. In fact, if it is an important antioxidant, like ascorbate, glutathione
(GSH), ubiquinol and vitamin E, and if the benefit of ET in living organisms is
continual and does not lose its capacity to eradicate oxidants after a single chemical
reaction, then the ET should be regenerated from its oxidized products so as to be an
efficient antioxidant. Therefore, the aim of this project was to investigate whether ET

can be regenerated from its oxidized products after reaction with 'O».

In this project, a non-enzymatic mechanism for the regeneration of ET after reaction
with !0, was discovered. Several experiments regarding to the regeneration
mechanism of ET were performed in the laboratory and could describe a novel ET
regeneration mechanism after the reaction with noxious 'O, by LC-MS/MS.
Additionally, the DFT computations could also support all the steps of the proposed

ET regeneration mechanism after reaction with 'O,.

For the ET regeneration mechanism, 4 molecules of GSH are needed to detoxify 'O
into water and GSSG as a by-product. GSH exists naturally in all mammalian cells
with relatively high intracellular concentrations (5 - 10 mM). The byproduct GSSG
regenerates to GSH in living organism by glutathione reductase, utilizing NADPH as
an electron donor. Thus, the discovered mechanism of ET regeneration after the

reaction with 'O, occurs without loss of ET.

In this discovered regeneration mechanism, the ring of ET (1,3-dihydroimidazole-2-
thione) is not only responsible for the reaction of ET with 'Oy, but also supports the
ET regeneration mechanism from its reaction products means a thiol group of other
compound like GSH that is present in all mammalian cells. In addition, the

zwitterionic amino acid backbone of ET is not involved in the regeneration cycle.

18



Summary

The GSSG production data in the present work suggest that ET reacts with 02 150-
fold more efficiently than GSH. In addition, ET reacts at least 4-fold faster than

ascorbic acid towards 'O..
Based on that, ET must now be viewed as closely linked with the redox couple
GSH/GSSG. These findings prove the importance of ET over other reactive

compounds, that are non-recoverable, for the detoxification of noxious 'O..

Moreover, for further research projects, the finding of the ET regeneration mechanism

should be tested and confirmed in living cells to be relevance for humans.
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Zusammenfassung

Zusammenfassung

Ergothionein (ET) ist ein Antioxidans und ist als solches in der Lage reaktiven
Singulettsauerstoff  (!02) abzufangen. Im Zusammenhang mit reaktiven
Sauerstoffspezies (ROS) wurden viele verschiedene Eigenschaften von ET untersucht
und viele Erkenntnisse gewonnen. Allerdings ist bisher kein Mechanismus zur
Regeneration von ET nach einer Reaktion mit ROS bekannt. Damit ET ein wichtiges
Antioxidans fiir den Organismus darstellen kann, welches mit der Bedeutung von
bekannteren Substanzen, wie Ascorbat, Glutathion (GSH), Ubichinol und Vitamin E
gleichzusetzen ist, muss ein Regenerationsmechanismus existieren, um eine
kontinuierliche antioxidative =~ Wirkung gegeniiber ROS zu garantieren.
Aufgrunddessen war das Ziel dieser Arbeit die Untersuchung, ob ET nach einer

Oxidation mit 'O regeneriert werden kann.

Im Rahmen dieses Projekts konnte ein nicht-enzymatischer Mechanismus zur
Regeneration von ET nach einer Reaktion mit 'O, nachgewiesen werden. Dazu
wurden verschiedene Experimente beziiglich der Wiedergewinnung von ET
durchgefiihrt, wodurch die einzelnen Reaktionsschritte mittels LC-MS/MS aufgeklart
werden  konnten.  DFT-Berechnungen  konnten den  neu  entdeckten

Regenerationsmechanismus zusétzlich belegen.

Bei der Regeneration von ET werden vier Molekiile GSH zur Detoxifizierung eines
Molekiils 'O, benétigt, dabei werden zwei Molekiileoxidiertes GSH (GSSG) als
Nebenprodukt gebildet. Physiologisch liegt GSH in allen Siugerzellen in relativ
hohen intrazelluldren Konzentrationen (5 bis 10 mM) vor. Das gebildete GSSG wird
im Organismus unter Verbrauch von NADPH iiber das Enzym Glutathion-Reduktase
zu GSH reduziert. Somit erfolgt der Regenerationsmechanismus nach einer Reaktion

mit 'O, ohne Verlust von ET.
Bei der Regeneration von ET ist die Ringstruktur (1,3-dihydroimidazol-2-thion) nicht

nur entscheidend fiir die Reaktion von ET mit 'O,, sondern fiihrt mithilfe von

Thiolgruppen anderer physiologischer Substanzen beispielsweise GSH zu einer
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Zusammenfassung

Regeneration der entstandenen ET-Produkte. Dabei ist der zwitterionische

Aminosdurerest nicht beteiligt.

Die Ergebnisse des durchgefiihrten GSSG-Generationsassays weisen darauf hin, dass
die Reaktion von ET mit 'O> im Verhiltnis zu GSH 150-fach effizienter abliuft. Des

Weiteren reagiert ET mit 'O viermal schneller verglichen mit Ascorbinséure.

Anhand der Ergebnisse muss von einer engen Beziehung zwischen ET und dem
Redoxpaar GSH/GSSG ausgegangen werden. Die im Rahmen dieser Arbeit erlangten
Erkenntnisse belegen die Bedeutung von ET bei der Entgiftung von schidlichem 'O,

gegeniiber Substanzen, die iiber keinen Regenerationsmechanismus verfiigen.
Zur Bestitigung, ob der ermittelte in vitro Regenerationsmechanismus von ET fiir den

menschlichen Organismus iiberhaupt von Relevanz ist, miissen weitere Experimente

in lebenden Zellen durchgefiihrt werden.
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1 Introduction

1.1 Ergothioneine

Ergothioneine (ET), a naturally occurring compound, is considered as a powerful
antioxidant [1, 2]. Charles Tanret discovered ET in 1909 and it was first purified from
the ergot fungus (Claviceps purpurea) [3, 4]. Several functions of ET have been
suggested, however its precise physiological purpose is still unresolved. Moreover,
numerous studies have been proposed that polymorphisms in the SLC22A4 gene,
which cods for the ergothioneine transporter (ETT) [5], are associated with
susceptibility to inflammatory diseases such as ulcerative colitis, Crohn’s disease,
gout and type I diabetes [1, 6]. Several studies have provided potential effects of ET
against neurodegenerative diseases [7]. Recently, ET was proposed to be a possible
vitamin [8, 9]. Overall, most of our food contains very little ET [10], however, some
mushrooms contain around 1 mg/g of dried material [11]. In humans, ET is received
exclusively from the food. After ingestion, ET is removed from the circulation and
stored in the body with very little metabolism [12]. Furthermore, the ergothioneine
transporter (ETT) is expressed in some human tissues so as to import ET into the cells
in order to protect them from oxidative damage [13]. Therefore, ET accumulates in
high concentration in cells and tissues which are exposed to injury by oxidative stress

e.g. erythrocytes, bone marrow, kidney and eyes [14, 15].

1.1.1 Properties of ergothioneine

Ergothioneine is a histidine betaine derivative with a sulfur atom attached to position
four of the imidazole ring [16]. ET is synthesized in micro-organisms starting from
histidine [17]. Due to the weakness of double bond C=S in the planar imidazole ring
and the high stability of the aromatic heterocyclic five-membered ring, a second

zwitterionic resonance structure is formed [18]. ET is a highly hydrophilic structure
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and it is very soluble in aqueous solutions [13]. In addition, ET is relatively resistant

in acidic and in warm environments [1].

Ergothioneine is a tautomer in nature, in other words, it can be found in the thiol or
thione form, however, the thione form (Figure 1) predominates under the
physiological pH and this is an important distinguishing feature over other

intracellular sulfur-containing molecules [1].

o | |
> N® o@ > N® 0@
N - — N
S:< | HS*</ |
N N
Thione Thiol

Figure 1. The structure of thione-thiol tautomers of ET. The thione form (left)
predominates under physiological conditions at neutral pH.

Humans and other vertebrates can not produce ET, however, cyanobacteria [19],
mycobacteria [20] and certain fungi such as Asperigillus oryzae and Streptomyces
species [11, 21] are capable of synthesizing high levels of ET (0.1 - 2 mg/g of dried
material). The absorption of ET in the human body takes place in the small intestine
and ET is recovered almost completely in the kidney. Therefore, the detection of
proposed ET metabolites is very low in the urine (< 4% of administered ET) [5, 22,
23].

The free energy from the oxidation of ET to ET-disulfide is low in comparison to the
energy released from the production of other alkyl disulfides from thiol compounds,
which exist in biological organisms such as glutathione (GSH) and Cysteine. Thus,
the thione structure of ET is thermodynamically more stable [24]. Moreover, ET is

not autoxidized like GSH under physiological conditions, because of its special
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structure that includes the thione group [25]. ET is present in many if not all, human
cells, but it accumulates to high levels (0.1 — 2 mM) in the erythrocytes, bone marrow,

kidneys and lenses of the eye [26, 27].

1.1.2 The ergothioneine transporter

The ergothioneine transporter (ETT; human gene symbol SLC22A4) was discovered
by Griindemann et al. in 2005 [5]. Before then, it was not known how ET was
transferred into the cells, due to the fact that ET has a very hydrophilic zwitterion
structure and cannot cross on its own the phospholipid bilayers of the cell plasma

membrane.

ETT is a membrane protein that belongs to the solute carrier (SLC) family 22. SLC
transporters currently content 395 human transporters with 52 families [28]. The
structure of most SLC transporters has 12 transmembrane segments with a length of
400-800 amino acids. Moreover, the family SLC22 consists of 23 transporters and
due to their function and localization they are drug targets [29]. ETT is composed of
551 amino acids and it is highly specific for the uptake of ET, which has a low Kn
value (20 uM) [5, 23].

ETT is a powerful sodium-driven uptake transporter of the cell membrane [30, 31].
Moreover, ETT is present in humans and in all vertebrates and it provides the
opportunity to transfer ET into the cells. The accumulation of ET exclusively depends

on the activity of ETT [32, 33].

Cells missing ETT are not able to accumulate ET, which was shown in humans, ETT-
knockout zebra fish and ETT-knockout mice [5, 34, 35]. The distribution of ETT in
human tissues was analyzed by real-time quantitative polymerase chain reaction (RT-
PCR) to determine ETT mRNA levels (Figure 2). The data showed high levels of
ETT mRNA in bone marrow, cord blood and fetal liver. Furthermore, the content of
ET in the tissues of wild-type and ETT-knockout zebra fish was examined (Figure 3).

In addition, data from Figure 3 show high ET levels in the intestine, kidney, eye,
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liver, brain and gills of the wild-type control, whereas ET was hardly measurable in

the knockout ETT zebrafish.

Human

bone marrow

bone marrow stromal cells
bone marrow CD15* cells
bone marrow CD33* cells
bone marrow CD34* cells
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Figure 2. Various tissues and their ETT mRNA content in humans (left) and in
zebrafish (right) were analyzed by real-time PCR. Left: a relative expression of ETT
mRNA in the selected tissues in relation to the ETT mRNA of bone marrow. Right: a relative
expression of ETT mRNA relative to the level of ETT mRNA in the brain. Data shown are
mean £ SEM (n = 3), NS = No signal. Modified from [5, 36].
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Figure 3. ET content in the tissues of wild-type and ETT-knockout adult zebrafish. ET

content of tissue lysates was determined by LC-MS/MS. Data shown are mean = SEM (n =2
or 3). Modified from [36].

Mutations in the gene SLC22A4, that is responsible for expression of ETT, are
associated with susceptibility to type I diabetes and chronic inflammatory diseases
such as ulcerative colitis, Crohn’s disease and gout [36, 37]. In patients with Crohn’s
disease, the concentration of ET and the ETT mRNA levels in the small intestine was
relatively elevated in comparison to healthy human [38]. Moreover, the 503F variant
of the SLC22A4 gene that is associated with Crohn’s disease has about 50% higher
transport efficiency than the non-mutated variant 503L [39]. In addition, the
concentration of ET in the blood of patients with crohn’s disease was much reduced
compared to healthy volunteers [34]. It is currently unknown how this mutation

promotes disease [1, 6].

Earlier studies demonstrated the effect of ET on type I diabetes, particularly in
pregnant women, since type I diabetes in pregnancy is very common due to their
altered metabolism. Moreover, the glucose-mediated free radical dependent embryo

malformation can be inhibited by the combination of ET and vitamin E and this could
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manage the diabetic embryopathy [40], because free radicals have an important role in

the diabetic teratogenic effect [41-43].

1.1.3 Physiological role and therapeutic potential of

ergothioneine

Although various functions of ET have been proposed, the exact physiological
function is still unresolved [12]. Numerous studies considered ET as an antioxidant
and its activity is attributable to the thiol group and double bond in the imidazole ring
[1, 2]. In vitro, Motohashi and Mori showed the scavenge effect of ET against the
highly reactive hydroxyl radicals (HO-), and they suggested that ET might react as a
radical scavenger in pathological systems [44]. Furthermore, ET acts as a chelator for
copper ions by forming a redox-inactive ET-copper-complex to prevent copper-
induced DNA oxidative damage [45], and further inhibits HO- that are generated from
reactions of transition metal ions with H>O; [46]. In fact, copper ions oxidize
hemoglobin [47], NADH/ NADPH [48] and erythrocyte plasma membrane [49]. In
addition, ET protects alphal-Antiproteinase against inactivation by peroxynitrite
(ONOO) [50] and hypochlorous acid (HOCI) [46]. ET can reduce ferrylmyoglobin 4
(Mb"Y) to ferrylmyoglobin 3 (Mb'™). The Mb' itself is produced from the oxidation
of myoglobin (Mb) by H>O> [51, 52].

The protection of ET against radicals was performed in cells. For instance, the
cytoprotection of ET towards H>O> and superoxide anion generated by pyrogallol was
examined in HeLa cells with and without ETT. The HeLa cells without ETT had a
lower viability in comparison to cells including ETT [31]. Deiana et al. reported that

ET protects the organs of rats against lipid peroxidation [53].

Pfeiffer et al. have investigated the role of ET in zebrafish, and reported that the skin
of unstressed ETT knockout zebrafish contained 4-fold more 8-oxoguanine than in the
wild-type [36]. 8-oxoguanine is produced from the reaction of guanine with 'O, or

hydroxyl radicals. In fact, 8-oxoguanine reacts 100 times faster than guanine towards
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0, and the ring of 8-oxoguanine is similar to the ring of ET [54]. Interestingly,
hydroxyl radicals react with all DNA bases (guanine, adenine, cytosine and thymine)
but ET reacts only with guanine [55]. Therefore, it was proposed that the specific
function of ET might be to eradicate 'O».

The reaction of ET towards 'O, was compared with other compounds that contain
thiol groups such as GSH, cysteine, 2-mercaptopropionyl-glycine, and
mercaptoethanol. Moreover, in the experiments that were performed in vitro, ET was

more reactive towards 'O, than other above-mentioned compounds [56].

Johanna Kriiger [57], and Christopher Stoffels [58], from the work group of professor
Dr. D. Griindemann did compare the reaction of ET and GSH with 'O in vitro as well

as intracellularly, and both of them confirm that ET is more reactive towards 'O, than

GSH.

1.2 Reactive oxygen species

Reactive oxygen species (ROS) are a group of unstable and chemically reactive
molecules that contain oxygen such as the hydroxyl radical, singlet oxygen,
superoxide anion and hydrogen peroxide (Figure 4) [59, 60]. However, the reactivity,

lifetime and diffusion distance of the different ROS vary strongly.

The hydroxyl radical has the highest reactivity of the aforementioned ROS, which
explains its very low diffusion and lifetime; therefore, its reaction takes place at the
site of generation. Other ROS have longer lifetimes and can diffuse further from their

site of production [61].
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diffusion distance

«OH 0, 0, H,0,

Figure 4. Lifetime, reactivity and diffusion distance of ROS in cells. The highest reactivity
of hydroxyl radical (-OH) explains why it reacts with almost everything available in living
organisms; whereas 'O, is relatively less reactive than -OH, has a longer lifetime and a longer
diffusion distance that make it a unique molecule and may provide the opportunity for 'O, to
select its reaction partner. Modified from [59].

ROS are considered to be toxic byproducts of metabolism and they can be responsible
for cell damage and death. Furthermore, ROS can damage DNA, lipids, proteins and
many important molecules in the cells and tissues [62]. Moreover, many human

diseases are associated with oxidative stress related to ROS [63].

Due to the variability in reactivity, lifetime and diffusion distance of ROS, each of
them has specific properties e.g. hydroxyl radicals react with all compounds that are
available in the biological system [64], however, singlet oxygen selectively chooses
its reaction partner. For example, hydroxyl radicals react with all DNA and RNA

bases, but singlet oxygen reacts only with guanine [65].
Furthermore, while hydroxyl radicals react with all amino acids, singlet oxygen reacts

with only five of them, which are; methionine [66], histidine [67], cysteine [68],
tryptophan [69], and tyrosine [70].
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1.3 Singlet oxygen

Singlet oxygen is an oxygen species with extra energy; hence, it is a highly reactive
molecule that can damage living organisms. In fact, the oxygen molecule in its ground
state is called dioxygen (O or *0.) and has two electrons with parallel spins in two
separate orbitals (7 —orbitals) [71]. The symbol *X of the ground state oxygen
indicates that O» exists as a triplet molecule. In addition, dioxygen needs energy to

react with other molecules and this activation energy is relatively high (96 kJ/mole).

The first excited state has two electrons with opposite spins in the single orbital in a
singlet state and this indicates 'A state (Figure 5). However, the second excited state
13" has only a lifetime of 1 x 10"'! s and converts immediately to the 'A state [72, 73].
Moreover, there is no evidence that the second excited state exists under the
physiological conditions [72]. Therefore, singlet oxygen or the symbol 'O that is

used in this work refers to oxygen in the '4 state.

Oxygen molecule Symbol Energy Orbital occupancy
Second excited state 12 37 kcal + +
First excited state 1A 22 keal % —

Ground state 5 + +

Figure 5. Oxygen molecule types according to energy level. The singlet oxygen in the first
excited state ('4) is indicated as singlet oxygen ('0). Modified from [72].
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The energy difference between singlet oxygen and ground state oxygen is very
specific; therefore, singlet oxygen can be detected by its chemiluminescence at 1270

nm [74, 75].

1.3.1 Generation of singlet oxygen

In the human body, 'O» is produced by photosensitizers in the skin and eye when
activated by sunlight and as a by-product of enzymatic oxygen conversions by

hemoglobin and peroxidases [12].

Several methods such as using photosensitizers or endoperoxides were improved in

order to generate singlet oxygen experimentally.

1.3.1.1 Photosensitizers

Photosensitizers are compounds that absorb light of a specific wavelength from an
electromagnetic radiation source to produce an excited state in other compounds by
photochemical processes [76]. Photosensitizers such as tetrakis (N-methyl-4-pyridyl)-
21,23H-porphyrin tetratosylat (TMPyP) and rose bengal are frequently used in vitro
and cells experiments in order to produce 'O,. In addition, photosensitizers require
only light as energy and dioxygen that is dissolved in aqueous solutions as the

oxidizing agent, in order to produce '02 [77].

The advantages of this approach are that photosensitizers can easily enter the cells due
to their specific structure. For instance, TMPyP is positively charged and may
penetrate through the cell membrane by the process so called self-promoted uptake,
and then accumulates in the cell’s nucleus where the negative charge exists (Figure
6A) [78, 79], and rose bengal has a specific non-polar structure and it accumulates in

the plasma membrane (Figure 6B) [80].
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(A) (B)

Rose Bengal

Figure 6. The Structure of the photosensitizers TMPyP and rose bengal. (A) The
structure of TMPyP shows a positively charged compound. (B) The non-polar structure of
rose bengal represents a negatively charged molecule. Modified from [77].

Photosensitizers such as TMPyP, rose bengal and methylene blue can rapidly absorb
energy from the ultraviolet or visible section of the light spectrum and transform from

their ground state to an excited state, where they become unstable (*Sen*) (Figure 7).

Moreover, the formation of singlet oxygen needs not only a photosensitizer and light
but also needs triplet oxygen that is dissolved in an aqueous solution. The excited
photosensitizer (*Sen*) can react via two mechanisms, Type I or II. In the type I
reaction, *Sen* attracts an electron from another molecule (X) to form photosensitizer
radical (Sen-") and substrate radical (X-"). After that, the photosensitizer radical
transfers this electron to the ground state oxygen dissolved in the aqueous solution
forming superoxide anion and returns to its ground state (Sen). Afterwards, the
superoxide anion reacts with water, forming hydrogen peroxide and hydroxyl radical.
In the type II reaction, *Sen* transfers its energy to the ground state oxygen dissolved

in solution, resulting in 'O [81].
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X T+ Sen L_F» Sen + O, — H,0, and HO
X .
- X
SenL 3Sen*
302
1()2
Type II

Figure 7. Formation of reactive oxygen species through two major pathways of
photosensitization processes. Photosensitizers capture the energy of light and turn from their
ground state (Sen) to the excited state (*Sen*). Then there are two possibilities to react
further; in the Type I, 3Sen* attracts an electron from another molecule (X) to form
photosensitizer radical (Sen-) and substrate radical (X-*). Next, the photosensitizer radical
transfers an electron to the ground state oxygen dissolved in aqueous solution forming
superoxide anion (O") and then returns to its ground state (Sen). Afterwards, superoxide
anion (O,") reacts with water forming hydrogen peroxide (H,O:) and hydroxyl radical (OH-).
In the type II, 3Sen* transfers its energy to ground state oxygen dissolved in solution,
resulting in singlet oxygen ('O.). The * is a symbol of an excited state. Modified from [82].

Photosensitizers generate a large amount of 'O and it can be used multiple times.
Moreover, they are light dependent, which means that they can form 'O» from triplet
oxygen only in the presence of light. The disadvantages of using a photosensitizer is
that not only 'O can be generated, but also hydroxyl radicals, superoxide anions and
hydrogen peroxides will be produced at the same time and this might affect the
results. Thus, the results can be ambiguous, since it cannot be distinguished whether
the results were yielding from 'O, or from some other ROS. Therefore, the best
alternative is an endoperoxide such as N,N'-di(2,3-dihydroxypropyl)-1,4-
naphthalenedipropanamide 1,4-endoperoxide (DHPNO>) in order to produce pure
10,.

1.3.1.2 Endoperoxide (DHPNO?)

The naphthalene derivative N,N"-di(2,3-dihydroxypropyl)-1,4-
naphthalenedipropanamide 1,4-endoperoxide (DHPNO2) is a compound that has very
specific properties, which make it an essential tool to apply in this work. DHPNO: is

well soluble in aqueous solutions and produces pure 'O, by heating to 37 °C, which
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means that it is the ideal compound for generating 'O by thermolysis at physiological
temperature [12]. Moreover, DHPNO: generates 59% 'O, and 41% 3O, (Figure 8) and
the half-life of DHPNO:z is 23 min at 37 °C [83].

DHPNO, DHPN

HO HO

H H

N (o] N (0}
HO HO

T
+ 102 and 302
1()2

HO HO

N o] N (o}

H H
HO HO

Figure 8. Generation of 'O, from DHPNO; by thermolysis. DHPNO, converts to DHPN
and generates 59% 'O and 41% 30, at 37 °C [83]. The reverse reaction occurs under an 'O,
source, such as photosensitizer and light at 4 °C [12].

The biggest advantage of DHPNO: is that it generates clean 'O> without production of
any other ROS; therefore, one can be sure that the observed reactions occur only with
!0, when DHPNO; is used. In contrast, photosensitizers produce, besides 'O, all
other ROS (hydroxyl radical, super oxide anion and hydrogen peroxide).
Interestingly, DHPNO> is not able to generate 'O at <4 °C, which is the second big
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advantage of DHPNO,, as it provides the opportunity to control the experiment

concerning starting or stopping the reaction.

The disadvantage of DHPNO> in comparison to photosensitizers is that once 'O is
released from DHPNO, no further 'O can be produced from this molecule. In other
words, the generation of 'O by DHPNO; is limited to its concentration and can be
used only once. By contrast, photosensitizers are able to produce ROS in the form of
multiple turnovers when activated by light and in the presence of triplet dissolved
oxygen in the solution. DHPNO:> can diffuse through the plasma membrane of cells
and releases 'O. in the cytosolic space; therefore, it is the most suitable compound for

10, generation for cellular experiments [84].

1.3.2 Properties and reactions of singlet oxygen

Singlet oxygen ('02) belongs to the reactive oxygen species. Although temperature
has a significant effect on oxygen in its ground state, it has less effect on singlet
oxygen. In addition, the oxidation effect of singlet oxygen is dependent on the nature
of the reaction environment and the nature of the compounds that !0, can react with
[82]. The half-life of 'O, is solvent-dependent. In water, the half-life of 'O is 3 us
with a maximum diffusion distance of 155 nm [85, 86]. However, the half-life of !0,
in deuterated solvents (D2O) increases to 68 us [87]. This feature makes 'O
distinctive in comparison to other ROS, and such solvents are usually used to show

the specificity of singlet oxygen.

In fact, all molecules attempt to exist with minimal energy, therefore, !O» that has a
high excess of energy has to be rid of its extra energy and this can be achieved via
physical or chemical quenching. In physical quenching, 'O, moves from its excited
state to its ground state, without any change in its structure and the excess energy is
transformed into heat. Examples of physical quenchers are azide, beta-carotene and
lycopene [88, 89]. In chemical quenching, compounds with a specific function react

with 'Oz and a covalent bond will build between them. In other words, the 'O
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molecule will transform into another molecule and there will be less or no more 'O» in

the solvent or system.

Singlet oxygen reacts with compounds that have high electron density such as double
bonds or amino acids, which contain a sulfur atom, like methionine and cysteine [66,
68, 90, 91]. Based on that, 'O, can react with unsaturated lipids, nucleic acids that
include the guanine base, anions, amines, sulfides, and carbon-carbon double bonds
[71]. Thus, 'Oz will attack proteins (68%), Ascorbate (16,5%), RNA (6,9%), DNA
(5,5%), Beta-carotene (>1%) as well as GSH (>1%) [58, 92].

Singlet oxygen reacts selectively with many compounds available in biological

systems. However, these compounds must have specific properties.

First of all, 'O, reacts with double bonds via three main additions reaction

mechanisms (Figure 9):

(1) The “ene” type reaction [90]; this occurs when singlet oxygen reacts with olefins
and results in the formation of Alkyl hydro peroxides e.g. reaction of singlet oxygen

with unsaturated lipids or with cholesterol in the biological systems [93].

(2) The [2+2] cycloaddition type reaction [94]; In this case, 'O, is attached to
activated double bonds, forming a dioxetane intermediate which is unstable and

decomposes into hydroxyl or ketone structures [95].
(3) The [4+2] cycloaddition type reaction (Diels-alder-addition) [96, 97]; in this

reaction type, 'O, will entrench itself across double bonds of cyclic conjugated

dienes, yielding an endoperoxide.
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Figure 9. The three main addition reaction types of singlet oxygen to double bonds. (A)
The “ene” type reaction yielding hydroperoxide. (B) The [2+2] cycloaddition type reaction
resulting in a dioxetane, which decomposes to either enol or ketone structures. (C) The [4+2]
cycloaddition type reaction, yielding an endoperoxide. R and R" are alkyle moieties.

Secondly, 'O; reacts also with molecules that contain heteroatoms, such as sulfur e.g.

methionine. In this case, sulfides are oxidized by 'Oz to sulfoxides (Figure 10). [72].
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Figure 10. Singlet oxygen reacting with heteroatomic molecules. Oxidation reaction of
methionine by singlet oxygen, yielding methionine-sulfoxide.

Moreover, 'O, can react with reducing agents via electron transfer reaction, without
building a covalent bond with these agents. For instance, 'O, receives one or two
electrons from ascorbic acid and converts to superoxide anions that react with protons
to form hydrogen peroxide, but then, ascorbic acid (AA) is oxidized to

dehydroascorbic acid (DHA) (Figure 11) [89].

OH OH
o | 0 |
o CHCH,OH (0] CHCH,OH
1 k
+ 02 + H+ —_— + H202
0 OH (o] o
Ascorbate DHA

Figure 11. Reaction of singlet oxygen with ascorbic acid via electron transfer reaction.
An electron-reducing agent (Ascorbate) reduces '0> to H>O», and the reduced form of agent
(Ascorbate) is transformed to the oxidized form (DHA). The reaction is rapid and k (reaction
rate coefficient) is 3 x 103 M s! [98].
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The reactivity of AA towards 'Oz is also much greater at the physiological pH due to
the deprotonation of AA (pKa = 4.0) [98]. Furthermore, Bisby et al. suggested that
AA is the most efficient quencher of 'O,, and the reaction of ascorbate monoanion
with 'O, is very fast (k = 3 x 108 M s'!). Moreover, the concentration of AA in the
cells is high (2-4 mM), therefore, it has been proposed that AA could be an important

chemical quencher for !0, in vivo [98].

1.4 Antioxidants

Antioxidants are compounds that prevent or delay oxidation (chemical reaction) via
their ability to be oxidized more easily and effectively than the protected material
[99]. The oxidation itself is a process that can lead to production of ROS.
Antioxidants are powerful substances that protect living organisms and cellular
components from injury or damage caused by free radicals. Antioxidants differ in
their selectivity for various classes of molecules. There are many types of
antioxidants, some produced in the body and others not. The ones produced in the
body are called endogenous antioxidants and they include glutathione, ubiquinol and
uric acid. The antioxidants which cannot be synthesized in the human body are called
exogenous and need to be provided through our diet. Examples of these are ascorbic
acid and vitamin E. Furthermore, antioxidants provide several benefits due to their
properties. For example, ascorbic acid and glutathione are soluble in aqueous
solutions and can scavenge oxidants in the blood plasma and cytosolic space of the
cells, whereas ubiquinol and vitamin E are fat-soluble and protect the plasma

membrane of cells from damage [61].

1.4.1 Regeneration of antioxidants

The concentration of an antioxidant in living organisms is very important in providing
the ability for defense against oxidants. However, in the absence of regeneration, the

antioxidant’s efficiency will be limited by their intracellular concentration and the
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purpose will be lost after a single chemical reaction with oxidants. In addition, the
protection of cells and tissues from ROS must be continuous in order for them to be
sheltered. Therefore, all-important antioxidants, such as ascorbic acid, GSH, vitamin
E, ubiquinol and uric acid, have the capacity to be regenerated from their oxidized
form [100-103]. Clearly, the capacity of an antioxidant effect without regeneration
provides less physiological meaning, whereas, antioxidants that are able to be
regenerated from their oxidized form provide a continuous protection which is of

prime physiological importance. [103].

1.4.1.1 Regeneration of ascorbic acid

Ascorbic acid (AA), also known as vitamin C, is a highly important and powerful
antioxidant and it has several functions that include the prevention of cellular and
tissue damage, as well as treating the scurvy disease [104-107]. AA reacts with ROS
and is oxidized into dehydroascorbic acid (DHA). AA is required in the human body
not only for its function as an antioxidant but also for activating many enzymes and

acting as a co-factor in some enzymatic reactions, such as collagen synthesis [108].

Furthermore, both AA and ascorbate, the deprotonized form of AA wunder
physiological condition, exist in the human body depending on the respective pH
value. Moreover, AA can act as a hydrogen donor and it recycles vitamin E from its

oxidized product Fig [109].
AA regenerates from its oxidized form DHA by GSH. In this mechanism, two

molecules of GSH are needed and one molecule of GSSG is produced per cycle as a

by-product (Figure 12) [89, 109].

40



Introduction

OH OH
0 | 0 |
o CHCH,OH (o) CHCH,OH
1 k
+ 0, + HY —— > + H,0,
0 OH o (o)
AA DHA
+ GSH + GSH
GSSG OH
o
0 CHCH,OH
GS
HO o

Figure 12. Regeneration of ascorbic acid (AA) from its oxidized form dihydroascorbic
acid (DHA) by glutathione (GSH). Two molecules of GSH are needed to regenerate AA
from DHA and produce one molecule GSSG per cycle [109].

1.4.1.2 Regeneration of glutathione

Glutathione (GSH) is an important compound that has several functions in living
organisms [110-112]. It is a major antioxidant due to its ability to protect cells from a
variety of free radicals. GSH is found in all mammalian cells with relatively high
intracellular concentration (5 - 10 mM) and it is also found in almost every
compartment of the cell [113, 114]. Moreover, GSH synthesized from glutamate,
cysteine and glycine, yielding the peptide (GSH) that is relatively stable in the cells.
The y—carboxyl group of glutamate rather than a—carboxyl group is linked with
amino group of cysteine and providing a specific peptide bond, because a—carboxyl
peptide bonds are common linkage in proteins. Therefore, this unusual peptide bond

keeps the GSH away from being hydrolyzed by peptidases [114].

The property of GSH as a reducing agent is related to the thiol group of the cysteine
residue in its structure. Moreover, GSH as an electron donor is able to reduce
disulfide bonds that are formed in the cells and during this process GSH is oxidized

into glutathione disulfide (GSSG). For example, GSH breaks the disulfide bonds of
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proteins to cysteine residues by a reduction reaction. Furthermore, GSH as an
electron donor is also able to regenerate AA from its oxidized product DHA and it is

converted in this reaction to its oxidized product GSSG.

The ratio of GSH to GSSG within living organisms is usually used to measure
oxidative stress [115, 116]. GSH is regenerated from its oxidized form by the enzyme
glutathione reductase (GR), utilizing NADPH as an electron donor in the cells [109,
117]. In this case, NADPH is converted to NADP, however, NADP is reduced to
NADPH again with the aid of glucose 6-phosphate dehydrogenase (Figure 13) [118].

Membrane Transport Vit. E quinone
TLoss TLoss
Co, NADPH GS88G Vit. E-radical
+
Pentose
A- radlcal
G-6-P NADP
T Loss

Glucose
Diketo- L-gulonlc acid

Figure 13. Regeneration mechanism of some important antioxidants from their oxidized
products in the cell. Vitamin E regenerates from its oxidized form E-radical with the aid of
ascorbic acid (AA) and AA non-enzymatically regenerates from its oxidized product
dehydroascorbic acid (DHA) through glutathione (GSH). GSH is recycled from its oxidized
form glutathione disulfide (GSSG) through NADPH-dependent enzyme and glutathione
reductase. Some oxidized forms of those compounds may be lost from the cycles; therefore,
the regeneration of those antioxidants is not complete (< 100%). DHA may degrade to
diketo-L-gulonic acid, GSSG may transfer from the cells, and E-radical may be converted to
less reactive E quinone. Vit. = Vitamin, G-6-P = Glucose 6-phosphate dehydrogenase enzyme
[109].
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1.4.1.3 Regeneration of vitamin E

Vitamin E (a—,—,y—, 8 —tocopherol and a—, f—,y—, § —tocotrienol) is a fat-
soluble antioxidant which is incorporated into the plasma membrane of cells and has
various biological functions [119]. In order to inhibit the damaging effect of oxidants,
vitamin E can donate a hydrogen atom from its hydroxyl group of the phenol structure
to free radicals to scavenge or detoxified them, because the covalent bond between
the hydrogen- and oxygen atom (O-H) in vitamin E is weak in comparison to other
phenols [120]. After the donation of hydrogen atoms from vitamin E, the oxidized

form of vitamin E, which is tocopheryl radical, will be formed.

Vitamin E is regenerated from its oxidized product with the aid of ascorbic acid via a
redox reaction. In this process, the ascorbic acid acts as a hydrogen donor (Figure 13)

[108, 109].

1.4.1.4 Regeneration of ubiquinol

Ubiquinol is a highly effective and only fat-soluble antioxidant that is synthesized in
the human body [121]. Ubiquinol can reduce free radicals and is converted to its

oxidized form ubiquinone (coenzyme Qo).

The function of ubiquinol is related to its ability to exchange two electrons which will
move between reduced and oxidized forms [122]. Its ability to be regenerated from its
oxidized form makes it unique [102]. Moreover, ubiquinol can be recycled from
ubiquinone in the redox process with the aid of lipoamid dehydrogenase, glutathione

reductase and thioredoxin reductase (Figure 14).
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Ubiquinone NAD(P)H + H*
TrxR-1
LipDH
GR
ROS Ubiquinol NAD(P)*

Figure 14. Regeneration of ubiquinol after reaction with reactive oxygen species (ROS).
Ubiquinol is recycled from its oxidized form ubiquinone through thioredoxin reductase
(TrxR-1), lipoamide dehydrogenase (LipDH) and glutathione reductase (GR) [102].

Consequently, all-important antioxidants, which are oxidized in living organisms,
need to be regenerated to be capable of a sustained effect. Ergothioneine is considered
a powerful antioxidant, however, it is unclear whether this is of physiological
significance. Because all significant antioxidants can be regenerated from their
respective oxidized products, this leads to the question whether ergothioneine can be

regenerated as well.

1.5 The aim of this project

Ergothioneine (ET) is readily oxidized in aqueous solutions by singlet oxygen.
Stoffels et al. did identify in vitro the reaction products of ergothioneine with singlet
oxygen [12]. Several molecules such as 246 (respective numbers in this thesis
represent m/z ratios of parent ions), 262 and 264 as reaction products of ET with 'O,
were found by means of LC-MS/MS. However, in the presence of GSH, the products
551 and 553 were produced (Figure 15).
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Figure 15. The proposed reaction pathway of ET with 'O, in water or Tris. The scheme
provides the reaction products of ET with 'O in the presence of GSH [12].

Building on this previous work, the aim of the present work was originally to analyse
the stability of the reaction products of ET with 'Oz both in the presence and absence
of various concentrations of GSH and to investigate whether those products (551,

553, 246 and 264) could react further or decompose to other compounds over time.

ET has been considered as an antioxidant because it eradicates reactive oxygen
species and particularly '0O,. However, it is unclear whether ET is of physiological
significance, since, as mentioned above, all-important antioxidants such as ascorbic
acid, glutathione, vitamin E (tocopherols and tocotrienols), uric acid and ubiquinol are
regenerated from their main oxidized products, yet there is still no mechanism of
regenerating ET after the reaction with a ROS. Therefore, the core target of this
project was to elucidate whether ET regenerates from its oxidized products, which
arise from the reaction of ET with 'O, using GSH as a reducing agent (thiol

compound).
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In the absence of regeneration, the efficiency of ET as a powerful antioxidant will be
limited by its intracellular concentration and the benefit will be lost after a single
chemical reaction with ROS. Moreover, the protection of cells and tissues in the
human body from oxidants must be continuous in order for them to remain intact.
Obviously, the capacity of an antioxidant effect without regeneration provides less
physiological meaning, whereas antioxidants that can be regenerated from their
oxidized form provide a continuous protection which is of prime physiological

importance.
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2 Materials and Methods

All experiments carried out for this work were performed in the center for
pharmacology of the University hospital of Cologne in the work group of professor

Dr. Dirk Griindemann.

The endoperoxide DHPNO; was synthesized by members of the work group of
professor Dr. Hans-Gilinther Schmalz at the Institute of organic chemistry of the

University of Cologne.

Density functional theory (DFT) computations were performed by professor Dr.

Bernd Goldfuss at the institute of organic chemistry of the University of Cologne.

2.1 Materials

The commerical compounds used in this work are the following: Ergothioneine
(THD-201, Tetrahedron, France), Glutathione (G4251, Sigma-Aldrich, Munich,
Germany), Methimazole, L-Ascoric acid, Deuterium oxide, L-Serine and Ammonium
hydrogen carbonate (M8506, A92902, 151882, S4500 and 09830, respectively,
Sigma-Aldrich, Darmstadt, Germany), 2-Thiohydantoin and (L)-Dehydroascorbic
acid (T30406 and 261556, Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany), 3-
(5-Ox0-2-thioxo-4-imidazolidinyl)-propanoic acid (CDS002303, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), 2-Sulphanyl-1H-imidazole (OR8823, Apollo
Scientific, Bredbury, Stockport, United Kingdom), 1,3 Dihydro-imidazol-2-one (sc-
357477A, Santa Cruz Biotechnology, Inc, Heidelberg, Germany), 4-Methyl-1H-
imidazole-2-thiol (ST02626, Synthon Chemicals GmbH & Co. KG, Bitterfeld-
Wolten, Germany), L-Cysteine Separopore 6B-CL (201811581, bioWORLD, Dublin,
OH, USA; nparticle size range: 52 — 180 um), L-Serine Separopore 6B-CL
(201811621, bioWORLD, Dublin, OH, USA; particle size range: 52 — 180 um), pH
test strips (92125, 92150, Carl Roth GmbH & Co, Karlsruhe, Germany), Sodium
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chloride (92652, Carl Roth GmbH + Co. KG, Karlsruhe, Germany). All other

chemicals were at least of analytical grade.

Plastic- and glass wares were obtained from the companies Becton Dickinson
(Heidelberg, Germany), VWR international (Darmstadt, Germany) and Sarstedt
(Nimbrecht, Germany). Non-sterile materials were autoclaved by means of autoclave
from company of H + P Labortechnik (Oberschleissheim, Germany) at 121 °C and
1.2 bar for 20 min. All glasswares were sterilized in a sterilizer (type T12, Heraeus

Instruments, Diisseldorf, Germany) at 200 °C.

2.2 Solutions and buffers

The solutions and buffers were prepared with deionized water from the Milli-Q
Advantage A10 water treatment plant (Merck Millipore, Darmstadt, Germany) at
room temperature and sterile filtered (Sterile Syring Filter w / 2.2 pum

polyethersulfone membrane, VWR International, Leuven, Netherlands).

In assays without buffer, all solutions were checked for neutral pH and adjusted if

necessary by adding small amounts of concentrated ammonia solution.

2.3 Generation of singlet oxygen ('O2)

In order to generate 'O> in aqueous solution in the present project, the photosensitizer

TMPyP and endoperoxide DHPNO: were utilized.
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2.3.1 Generation of singlet oxygen through the
photosensitizer TMPyP

The photosensitizer TMPyP is frequently used in literatures to generate 'O, [80],
because TMPyP has considerable advantages, such as generating a high amount of
'0,, and beeing light dependent, which means that the photosensetizer TMPyP can
produce 'Oz from triplet oxygen only in the presence of light, and in the absence of
light, no 'O, will be generated. Therefore, this can helpe to control the reaction of the
experiments by starting and stopping the production of 'O by switching on or off the
light. However, the disadvantages of using the photosensitizer TMPyP for 'O
production is that the other reactive oxygen species, such as hydroxyl radical,
superoxide anion and hydrogen peroxide are produced alongside the 'O, production

[123].

The optimal excitation UV-wavelength of the photosensitizer TMPyP is at 422 nm,
however, a wavelength at 365 nm was applied because this was available from the

UV-device in our laboratory and this is still within the stimulation range of TMPyP.

In the experiments where TMPyP was used as a 'O generator, the 6 and 12 well-plats
with a radious of 30 mm and depth of 20 mm without cover were utilized to allow the
reaction solution to recieve the UV-light. The total volume of the reaction solution for
each sample was 300 pl with 100 uM end concentration of TMPyP in H>O, DO or
buffer. The samples were incubated in a waterbath at 37 °C. The light was applied for
20 min or for time cross between 0 and 20 min. The distance between the UV-light

device and the samples was 14 cm.

The negative control for the experiments with photosensitizer TMPyP were always
the identical reaction conditions but in the absence of light (Figure 16). The reactions
were stopped by turning the light off, and then diluting the samples 1:100 with ice-
cold water or buffer. Afterwards, the samples were put in a closed box that included
ice to avoid any effect of light outside the dark room and temperature, and then the

samples were directly analyzed by LC-MS/MS.
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Figure 16. Picture of an experiment using the photosensitizer TMPyP as 'O, generator.
The reaction in this example took place in 6-well plats in a 37 °C water bath. The UV-light
source which was responsible for the production of 'O, and started the reaction was at a
height of 14 cm.

The disadvantages of using a photosensitizer is that not only 'O, can be generated, but
also hydroxyl radicals, superoxide anions and hydrogen peroxides will be produced at
the same time and this will affect the results. Thus, the results can be ambiguous,
since they cannot solely be attributed to 'O,. Based on that, the best alternative 'O,
generator in order to produce pure 'O: is an endoperoxide, such as DHPNO..
Therefore, the results from the experiments that utilized TMPyP as a 'O, generator
had to be confirmed by experiments that were performed with DHPNO, as a 'O
generator, since DHPNO produces a clean 'O, and the results cannot be ambiguous

[12].
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2.3.2 Generation of singlet oxygen through the endoperoxide

DHPNO:

Since the endoperoxide DHPNO: is not available, as it cannot be commercially
obtained, it was synthesized for previous projects and also for this work by the work
group of prof. Dr. Schmalz (University of Cologne, Institute of organic chemistry).
DHPNO: is stored at -80 °C and it is stable for a longe time (months). The DHPNO;
is inactive at temperatures of < 4°C and the generation of 'O, can only occur through
warming. In addition, the DHPNO; dissolves very well in water (39 mmol/l at 20 °C)
and it has a half-life of 23 min at 37 °C to release 59% 'O, and 41% 30, [83]. In fact,
the synthesis of DHPNO> proceeded through various steps to produce the compound
DHPN, and then, DHPN was incubated with the photosensitizer methylene blue at 4
°C under a suitable wavelength of light to provide oxygen for DHPN to react with.
Furthermore, the 'O, reacted with double bonds of the DHPN ring through [4+2]
cycloaddition reaction to produce DHPNO; (Figure 8). In addition, this experement

was performed in D>O in order to increase the yield [12].

The advantages of this approach are that DHPNO; on the one hand, produces pure 'O,
and not other ROS, like photosensitizers, and on the other hand, DHPNO; is well
soluble in water and not highly polar. In other words, DHPNO: is the best choice for
cell experiments among other endoperoxides, such as NDP [84] and NDMOL [124]
which have more ionic groups like 3,3 '- (1,4-naphthyl) -dipropionic acid and 1,4-

naphthalenedimethanol, respectively, to generate pure 'O in cells [58].

In the experiments that were performed utilizing DHPNO, as 'O, generator, the
reactions were started by adding ice-cold DHPNO: to the reaction solution at 37 °C,
and the reactions were stopped by adding ice-cold water or buffer (depending on the

reaction condition), and then moving the reaction solution directly into the ice.
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2.4 The reaction of ergothioneine with singlet oxygen in the

presence and absence of glutathione

Various conditions were tested for the in vitro reaction of ET with 'O, in the presence
and absence of GSH. For the reactions that utilized DHPNO; as 'O, generator, all
experiments were performed with an end volume of 50 or 100 ul in brown
polypropylene Eppendorf tubes (Sarstedt, Niimbrecht, Germany) in buffered water
(10 mM ammonium hydrogen carbonate at pH 7,4 or 8,0). 10 uM of ET reacted with
10 mM DHPNO; with and without (control) 10 mM GSH, in the time range 0 to 16
min at 37 °C on a shaker (300 rpm). After the indicated times, 10 puL of each sample
were diluted with ice-cold buffered water in a ratio of 1:2, 1:10 or 1:100. Afterwards,

the samples were immediately analyzed by LC-MS/MS for ET and ET-products.

For some experiments, additional conditions were tested. For instance, 100 uM of ET
reacted with 10 mM DHPNO; and (0, 0.1, 0.3, 1, 3, 10, 30 or 100) mM GSH as a
function of GSH concentration in 10 mM ammonium hydrogen carbonate at pH 7,4
for 10 min at 37 °C on a shaker (300 rpm). After the indicated times, samples were
diluted with ice-cold buffered water in a ratio of 1:10 and then immediately analyzed
by LC-MS/MS for the compounds 551:244, 551:200, 553:246, 553:308, 264:188,
246:202 and 246:125.

2.5 The assay of oxidized glutathione (GSSG)

In order to analyze and quantify the glutathion disufide (GSSG) in the present work,
numerous experiments were performed. The mixture (V = 100 pl) of 10 mM GSH
and 10 mM DHPNO: in the presence and absence (control) of 1 mM of the respective
substance (Ergothioneine, L-Ascorbic acid, Methimazol, 3-(5-Oxo-2-thioxo-4-
imidazolidinyl)-propanoic acid, 2-Sulphanyl-1H-imidazole, 1,3 Dihydro-imidazol-2-
one, 4-Methyl-1H-imidazole-2-thiol and 2-Thiohydantoin) in DO were incubated in
the time range of 3 to 12 min at 37 °C and 300 rpm on a shaker. As a second control,

a reaction of 10 mM GSH and 1mM ET was also performed under the same condition
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but without DHPNO,. Samples of 10 ul were taken at the indicated time-points and
diluted with ice-cold water to a ratio of 1:100 and then put on ice. Afterwards, the
samples were immediately analyzed by LC-MS/MS for the GSSG: the compounds
307:130, 613:355 and 613:484.

In the case of GSSG generation as a function of GSH concentration, a solution of 0,1
mM of ET, 10 mM DHPNO?2 and (0, 0.1, 0.3, 1, 3, 10, 30 or 100) mM GSH in 10
mM ammonium hydrogen carbonate pH 7,4 were incubated for 10 min at 37 °C. The

production of GSSG was immediately analyzed by LC-MS/MS.

Parallel experiments of GSSG production from the reaction of GSH with TMPyP as
!0, generator, with and without ET (control) were performed. For all reactions that
utilized TMPyP as 'O, generator, the mixture (V = 300 or 1000 ul) of 10 mM GSH
and 100 uM TMPyP in D20 was incubated in the time range of 5 to 20 min at 37 °C
in the presence of UV-light at 365 nm. The controls were made under the same
reaction conditions but in the absence of UV-light. The reaction was started by
switching the UV-light on. In addition, the reaction took place in the 6 or 12 well
polystyrene plates (Sarstedt, Niimbrecht, Germany). Samples of 10 ul were taken at
the indicated time-points and diluted with ice-cold water to a ratio of 1:100 and then
put on ice. Subsequently, the samples were immediately analyzed by LC-MS/MS for
GSSG.

2.6 Capturing the reaction intermediates that arise from the

reaction of ergothioneine and singlet oxygen

In order to prove the mechanism of ET regeneration, the reaction intermediates that
arose from the reaction of ET with 'O, were captured by using cross-linked agarose
beads that were covered with free thiol groups. In the solution (V =50 pl), I mM ET
+ 0.1 mM GSH in buffer (10 mM ammonium hydrogen carbonate pH 8.0) with and
without (control) 10 mM DHPNO; were mixed with 100 pl of sedimented cysteine

(8-fold molar excess of thiol groups versus ET) or serine cross-linked agarose beads
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(201811581, 201811621, bioWORLD, Dublin, OH, USA; particle size range: 52 —
180 pwm; approx. 4 nmol L-cysteine/ L-serine per pl of gel) in polypropylene reaction

tubes (72.690.001, Sarstedt, Niimbrecht, Germany).

The samples were incubated for 10 min at 37 °C and 1200 rpm in a shaker, then the
beads were transfered into polypropylene microliter tips (70.762.010, Sarstedt,
Niimbrecht, Germany) that were already plugged with very small pieces of cotton.
Subsequently, the beads were washed three times with 500 pul 100 mM NaCl in
buffer. In the next step, 100 ul buffer, 100 pl 10 mM serine in buffer and 100 pl 10
mM GSH in buffer were added to the bead columns at room temperature
consecutively. The respective flowthrough fractions were immediately analyzed by

LC-MS/MS for ET.

2.7 The assay of oxidized ascorbic acid

In order to analyze the oxidized ascorbic acid, the main oxidized products of AA were
identified after the reaction with !O» and they were compared with the relevant
literature. For this analysis, the full scan method was used in which the reaction
solutions of I mM AA and 10 mM DHPNO; were incubated in H>2O or D>O for 0 and
12 min at 37 °C in a shaker (300 rpm). When the time point was at 0 minutes, the
samples were incubated directly on ice. The data from the full scan measurement of
MS were analyzed by the difference shading method (Figure 43). The main products
209:191 and 191:147 that were mentioned in the literature [125], were indeed found
during a full scan, therefore, these compounds were analyzed through the SRM
method as oxidized products of AA, since the major oxidized product DHA,

hydrolyses in aquious solutions.

After identifying the oxidized products of AA, experiments of ImM AA and 1 mM
DHPNO: in the presence and absence (control) of ImM ET or I mM His in D>O were

incubated in the time range of 3 to 12 min at 37 °C and 300 rpm in a shaker. As an
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additional control, a reaction under the same conditions but without DHPNO; was
also performed. Samples of 10 ul were taken at the indicated time-points and diluted
with ice-cold water to a ratio of 1:100 and then put on ice, and then, the samples were

immediately analyzed by LC-MS/MS for compounds 209:191 and 191:147.

2.8 High-performance liquid chromatography coupled with

tandem mass spectrometry

The combination of liquid chromatography (HPLC or LC) and mass spectrometry
(MS) is one of the most important analytical techniques that is utilized for the
characterization of organic and inorganic compounds. This tandem (LC-MS) provides
the opportunity to separate many compounds in mixtures by LC and identify the
molecular structure of the individual compounds qualitatively and quantitatively with

high sensitivity by MS according to their mass-to-charge ratio (m/z) [126, 127].

The LC-MS device that was used in this work was a combination system of HPLC
(SLC-20AD Prominance, Shimadzu, Duisburg, Germany) and MS (Q Trap 4000, AB

Sciex, Darmstadt, Germany).

2.8.1 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is a technique that is frequently
utilized in the analytic researches to separate and identify each compound in a sample
mixture [128]. The mixture moves through a column which included a solid adsorbent
material called stationary phase, by mobile phase. Each molecule in the mixture
interacts slightly with the stationary phase according to its chemical structure, the
nature of the adsorbent material and the composition of the mobile solvents, leading
to the difference in the flow rates for various molecules [129]. Thus, compounds will

be separated as they flow out of the adsorbent material. The time that each compound
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needs to elute from the column is called retention time and this is important in

identifing the analyte.

The several types of columns that were filled with many different adsorbent materials

which have different particle sizes are used in this work (Table. 1).

Table 1: Several types of HPLC columns.

Column Producer Precolumn Dimensions
Dichrom, Marl, Particle size Spm,
ZIC-HILIC No precolumn
Germany ? 2,1 x 100 mm
Waters, Dublin, Particle size 5 pm, Particle size Sum,
HILIC
Irland ? 3,9 x 20 mm @ 3 x 50 mm
T Waters, Dublin, Particle size 5 pm, Particle size Spum,
Irland ? 3,9 x 20 mm ? 3 x 100 mm
Dichrom, Marl, Particle size Sum,
ZIC-pHILIC No precolumn
Germany ? 2,1 x 100 mm
xBridge Dichrom, Marl, Particle size 5,3 um, | Particle size Spum,
Shield RP18 Germany ? 3 x 20 mm ® 3 x 100 mm

Usually, small particle sizes (3-10 pm) are used for HPLC in order to receive
sufficient chromatographic resolution, therefore, high pressure has to be applied on
the column [130]. On the other hand, the mobile phase is made of a combination of
water and organic solvents, such as acetonitrile and methanol, with or without
additives. In addition, in some cases fomic acid, acetic acid or salts, such as
ammonium formiat and ammonium acetat, are added to the mobile solvents to assist
the separation of molecules in the mixture [129]. Moreover, the composition of the

mobile solvents in some operations are changed during the elution (gradient method)
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or kept steady (isocratic elution) for molecules that are different in their assinity to

adsorbent material.

In order to detect a method which provides a sufficent separation, a series of analytic
measurement were performed in this Project. For instance, the mobile solvents and

their composition were changed by varying the gradient conditions.

After performing experiments and diluting the samples, a 10 or 20 pL of each sample

was analyzed by means of HPLC, according to the condition below ( Table. 2-10).

After the separation, the compounds are moved directly to the mass spectrometer for

the analysation, since a coupling of HPLC with MS analysis are utilized.

Table 2: HPLC conditions for ET, ET-product and GSSG. This table shows the HPLC
condition for the compounds 230:127, 230:186, 551:244 , 551:200, 553:246, 553:308,
246:202 , 246: 225, 264:188, 262:245, 613:355, 613:484 and 307:130.

Compounds ET, ET-product and GSSG
Column ZIC-HILIC
Eluent A 0,1 Formic acid in H,O
Eluent B 0,1 Formic acid in acetonitrile
Flow rate 0,2 mL/min
Gradient:
Flow 90% B at 0 min, 90% B at 0,5 min, 10%
B at 9 min, 10% B at 10 min, 90% B at
14 min, 90% at 15 min
Running time 15 min
Injection volume 20 uL
Temperature 35°C
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Table 3: HPLC conditions for oxidized products of ascorbic acid by 'O, (209:191 and
191:147 for negative polarity).

Compounds 209:191 and 191:147
Column ZIC-pHILIC
Eluent A 10 mM Ammonium acetate pH 8,9
Eluent B Acetonitrile
Flow rate 0,3 mL/min

Flow Isocratic: 70% B
Running time 4,5 min
Injection volume 20 uL
Temperature 40 °C

After the separation, the compounds are moved directly to the mass spectrometer for

the analysis, since a coupling of HPLC with MS analysis are utilized.

2.8.2 Mass spectrometry

Mass spectrometry (MS) is one of the most powerful analytical techniques that is
employed for the identification of substances qualitatively and quantitatively in a pure
sample or complex mixtures [131]. The principle of MS is to produce ions from
compounds to separate these ions by their mass-to-charge ratio (m/z) and then analyse

them by a detector with high sensitivity.

Morover, the MS consists of three units: an ion source, a mass analyzer and a
detector. In the first stage, ions are produced by an appropriate method, such as
electrospray ionization (ESI), chemical ionization (CI) and atmospheric pressure

chemical ionization (APCL), depending on the analytical method and the nature of the
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compounds, whether hard or soft ionization is needed for the ion generation. In the
second stage of MS, the ions that are produced in the ionization unit will be separated
by the quadrupole filters (mass analyzer) according to their mass-to-charge ratio and
moved towards the detector. In addition, specific ions can be selected and fragmented
in this stage. The last stage of MS is the detector that generates an electrical current
proportional to the frequency of the incident ions which pass through the mass

analyzer [132].

2.8.2.1 Electrospray ionisation process

Electrospray ionization (ESI) is one of many techniques utilized in mass spectrometry
in order to generate ions. In this process, a high voltage will be applied to scatter the
liquid containing the analytes under atmospheric pressure and transfer the drops into a

fine aerosolized form [133].

The solvent of drops evaporates increasingly with the aid of high temperature and
heated inert gas, such as nitrogen, forming charged droplets which explod upon
reaching their Rayleigh limit, producing smaller and more stable microdrops. Thus,
the increasing charge in the microdrops leads to further explosion, creating a stream
of positive or negative charge that transfers to the mass analyzer (Figure 17) [134,

135].
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Figure 17. Schematic diagram of electrospray ionization in positive mode. After the
eluents are arrived at the ionization unit, high voltage and temperature are applied. Thus, the
Taylor cone emits droplets of liquid that gradually evaporate, so that they are charged
progressively. When the charge density in the drops are increases, the droplets explode and
leave a stream of charged ions (positive ions for positive mode). Modified from [136].

2.8.2.2 The quadrupole filters of the mass spectrometry

The charged analytes that are generated in the ionization unit flow to the quadrupole
filters of MS that consist of four parallel cylindrical metal rods with the same
diagonal distance from the center axis (Z). The diagonally-opposite poles receive a
voltage and an opposite voltage polarity is applied on the adjacent poles. Therefore,
an electric field with very fast varying phases is produced inside the quadrupole part
and oscillates ions in the X and Y directions to stabilize their paths towards the
detector. Particular ions with a specific m/z pass though the quadrupole, when specific
voltage is applied. In addition, all other ions with a different m/z shift from the right

direction and collide with the metal rods and become discharged (Figure 18).
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Figure 18. Schematic diagram of Quadrupole MS. The quadrupole MS includes four
parallel cylindrical metal rods inside a vacuum chamber, placed equidistantly from the center
line. Ions will be produced in the ionization unit and then accelerated in the Z-direction
towards the quadrupole sector. The diagram shows how voltage is applied to diagonally-
opposite poles and an opposite voltage polarity is applied on the adjacent poles. Thus, an
electric field with very fast varying phases is created inside the quadrupole part and this is
oscillates ions in the X and Y directions. Particular ions in a specific m/z pass though the
quadrupole towards the detector when specific voltage is applied. Modified from [137].

The purpose of the first filter (Q1) is to permit only selected molecules with certain
m/z to pass and move towards the detector. In the second quadrupole (Q2), the only
selected molecules with a specific m/z, so-called parent ions, will be fragmented. The
fragmentation process occurs by breaking the parent ions by applying the required
energy through nitrogen gas, producing specific fragment patterns (daughter ions) that
are different for each selected ion (parent ion) in the Q1. Afterwards, the specific
fragments pass the second mass filter (Q3) to reach and hit the detector, creating an
electron current that is converted into a digital signal (Figure 19) [138]. The
measurement of the produced fragments can be compared with their respective parent
ion and this helps achieve a precise identification and quantification analysis of the

selected ion.
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Figure 19. Schematic diagram of detecting a specific m/z molecule in a triple quadrupole
mass spectrometer. Charged compounds will be accelerated in the QO after ionization in the
ionization unit, and then specific ions (parent ions) will pass through the filter in Q1 towards
Q2. In the Q2 chamber, the parent ions will be fragmented by nitrogen gas. Only the
produced fragments of the preselected ions with a specific m/z will pass through the second
mass filter in the Q3 chamber to reach the detector, and then an electron current will be
released, converted into a digital signal. Modified from [139].

2.8.2.3 Fullscan process

Full scan (FS) is a method in mass spectrometry that is utilized in order to detect all
molecules in a reaction mixture. In this process, all reactants and reaction products are
analyzed in Q1 after becoming charged in the ionization unit. In other words, Q2 and
Q3 are not involved in this analysis. This method indicates only the intensities of each
m/z compound (parent ions) without fragmentation and provides an overview of the
molecular mass of the contained sample mixture. This method is less sensitive, since
many compounds may have similar molecular m/z. Therefore, the FS method is
followed usually by selected reaction monitoring (SRM) (2.8.2.7) to analyze each

indicated parent ion further, individually

In this work, the range analysis of m/z compounds was between 50 and 500 m/z for a
scan time of 2 sec. In the work group of Prof. Griindemann, five columns with
different adsorbent material and various mobile solvents were tested. In addition, the

FS method can be performed in a positive or negative mode (Table 4 and 5).

62



Table 4: HPLC conditions of the fullscan analysis for positive mode

Materials and Methods

Column ZIC-HILIC HILIC DC18
Ammonium 0,1 Formic acid in | 0,1 Formic acid in
Eluent A
formate pH 3,75 H>O H>O
0,1 Formic acidin | 0,1 Formic acid in
Eluent B Methanol
acetonitrile acetonitrile
Flow rate 0,2 mL/min 0,3 mL/min 0,3 mL/min
Gradient: Gradient: '
Gradient:
70% B at 0 min, 90% B at 0 min,
10% B at 0 min,
70% B at 0,5 min, | 90% B at 0,5 min,
Flow

30% B at 9 min,
30% B at 10 min,
70% B at 14 min

10% B at 9 min,
10% B at 10 min,
90% B at 14 min

10% B at 0,25 min,
80% B at 6 min,
10% B at 9 min

Running time 15 min 15 min 11 min
Injection volume 20 uL 10 L 20 uL
Temperature 40 °C 40 °C 35°C
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Table 5: HPLC conditions of the fullscan analysis for negative mode

Column ZIC-pHILIC xBridge Shield RP18
10 mM Ammonium acetate 10 mM Ammonium acetate
Eluent A
pH 8,9 pH 8,9
FEluent B Acetonitrile Methanol
Flow rate 0,2 mL/min 0,2 mL/min
Gradient: Gradient:
Flow 70% B at 0 min, 70% B at 0,5 | 30% B at 0 min, 30% B at 0,5

min, 30% B at 9 min, 30% B
at 10 min, 70% B at 14 min

min, 70% B at 9 min, 70% B
at 10 min, 30% B at 14 min

Running time 15 min 15 min
Injection volume 10 uL 10 uL
Temperature 40 °C 40 °C

After measurement of the intensity for all compounds in the sample mixture by MS,

the data are analyzed with the aid of difference shading.

2.8.2.4 Difference shading

The data that were obtained from the measurement with the aid of the full scan

method in MS were transferred into jdx-files using the program analyst 1.6.3 (AB

Sciex, Darmstadt, Germany). Afterwards, the data were converted into BD-files

through the program DS DataConvert (version 1.6) in order to render their evaluation

compatible with the DS FullView program.
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Both programs, DS DataConvert DS and FullView were discovered by Prof. Dr.
Griindemann (Center for pharmacology, University Hospital of Cologne) [5].
Consequently, the data show in three dimentional mass spectra which the intensity (y-

axis), retention time (x-axis) and m/z (z-axis) are (Figure 20).

10°

Figure 20. Schematic of 3D ion chromatogram resulting from the analysis of full scan
experiment. This raw data show full scan mass spectra obtained at consecutive times and
provide the retention time, intensity and the mass-to-charge ratio (m/z) [140].

Moreover, the intensities from the measured samples (effect and control), are
compared in the 8-bit color mode of the sSRGB color space. The overlap of images

provides a gradiant of color between white for high intensities and black for low or no
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intensities. The difference of intensities between the effect and control samples leads
to gray shades which can be analyzed and show either a red or a cyan signal (Figure

21 and 22).

W o

Intensity
Effect Control Effect Control
R:200 R:30 R:200
(B) G200 G:30 (C) G200
B:200 B:30 B:200
R:200 R:30
G:30 G:200
B:30 B:200

Figure 21. Schematic of the intensities calculation in the difference shading. (A) Show
the intensity in the sRGB color range for each mass spectrum. Dark color indicates low
intensity or no peak, whereas light is for high intensities. (B) Red signals are displayed when
the intensity from the effect sample is higher than the intensity from the control sample. (C)
Cyan signals show up when the intensities from the control are higher than the intensity from
effect. Modified from [29].

Time

v

Figure 22. Schematic of results yielded through LC-MS difference shading. The
compounds which are presented in the effect or control samples, show in red or cyan,
respectively. The white color appears when the intensities from the effect and control samples
are the same. Black indicates low intensities. Modified from [5].
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An example of difference shading analysation in this work is the detection of the
reaction product of ascorbic acid (AA) and singlet oxygen (102) (Figure 43). In this
case, samples from the reaction of AA with DHPNO, (DHPNO, generates 'O
through warming) for 12 min at 37 °C were the effect samples, and samples taken at 0
min were the control samples, since DHPNO; produces no 'O> at 0 min. The red
signals were obtained from the reaction products of AA with 'O, (effect samples). In
addition, each red signal provides the m/z of a parent ion (reaction product) at a

specific retention time.

Moreover, this results (m/z and retention time for each parent ion) from difference
shading can be used for futher and more sensitive analysation with the aid of product

ion scan.

2.8.2.5 Product ion scan

The product ion (MS/MS or MS?) scan is a method used for the accurate
identification of compounds. In this process, a specific molecule (parent ion) with a
certain m/z (m/z could be obtain from a signal in the full scan of an unknown
compound) will be selected in the first MS chamber (Q1) and only then can this
selected molecule pass to the second MS chamber (Q2). In the Q2, a specific energy
will be applied on the selected molecule and break it, forming certain fragments
called daughter ions that are move towards the detector. In addition, all fragments that
are produced in the Q2 can be analyzed by the detector or the Q3 can be set to allow
only one fragment to pass the Q3 filter to reach the detector (Figure 19). The
molecular structure can be determined by comparison with a data bank, such as
MassBankjapan.de [141] or Metlin [142]. Furthermore, if the fragments can not be
found in any databases, then possible molecular structures can be postulated by
interpreting the resuting fragments. Moreover, the identified fragments can be

transferred into a selected reaction monitoring (SRM) method (2.3.4 ) which provides
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more accurate analysation, since the quantification in this method is based on a

specific molecule (parent ion) and its specific fragment (daughter ion).

2.8.2.6 Tuning process

The tuning process is a method that identifies the optimal conditions to measure a
specific material. In this method, a pure substance is injected directly into the mass
spectrometry by means of a syringe. This process provides the information about the
m/z of a parent ion of the substance and its respective fragments (daughter ions),
forming after appling an energy on the parent ion in the fragmentation chamber (Q2)
of the MS. In addition, the method itself changes automatically the applied energy and
selects a suitable energy to determine the optimum fragmentation conditions.
Afterwards, the data obtained from the tuning will be merged into an appropriate
method and tested through various columns with a different HPLC conditions method

to become significant signal for the substance after moving through the colums.

Moreover, the tune method was utilized in this work to find the best condition for LC-
MS/MS to measure the substances oxidized GSH (GSSG) and dehydroascorbic acid
(DHA).

2.8.2.7 Selected reaction monitoring (SRM)

Selected reaction monitoring (SRM) is a sensitive method that used in the LC-MS/MS
to identify substances. In this method, a certain parent ion that already has a charge or
becomes a specific charge (positive or negative) in the ionization unit (QO0) (Figure
19) will be selected in the first quadrupole (Q1) and only this parent ion will be
allowed to pass to the fragmentation chamber (Q2). In the Q2, the parent ion receives
a suitable energy (collision energy) which breaks it up into fragments. The specific

fragment or all fragments (daughter ions) which belong to the parent ion can then pass
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through the Q3 towards the detector to be analyzed. This process can be performed on

triple quadrupole mass spectrometers.

Thus, specific molecules can be exactly identified by means of a calibration series of
pure substances. For instance, for ET and GSSG quantification, a calibration series of
the concentrations 0, 50, 100, 200, 400 and 800 ng were prepared in respective
solutions of this experiment and then used. However, in some cases where no
calibration series can be made, the data from the integration of the peak areas were
demonstrated in order to identify the products. The data presented in this work were
analyzed with the aid of the program called Analyst 1.6.3. Table 4 shows various
substances which were identified through the SRM method.
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Table 6: Analysis and quantification for the m/z compounds by MS via SRM. The
fragmentation was performed by collision with nitrogen at Q2. DP: declustering potential,
CE: collision energy, CXP: collision cell exit potential, and the scan time for all fragments

was 150 ms.

Compound Parention | Fragment DP (V) CE (V) CXP (V)
(m/z) (m/z)

ET 230 127 41 27 8

ET 230 186 41 27 8

ET + !0, 262 245 60 30 10

ET +'0, + GSH 264 188 60 30 10
ET +'02 + GSH 246 202 60 25 10
ET +'02 + GSH 246 125 60 25 10
ET +'0,+ GSH 551 244 60 40 10
ET +'0,+ GSH 551 200 60 40 10
ET +'0,+ GSH 553 246 60 25 10
ET +'0,+ GSH 553 308 60 25 10
GSSG 613 355 71 33 14
GSSG 613 284 60 25 10

GSSG 307 130 56 21 6
AA +10; 209 191 -30 -10 -25
AA +10; 191 147 -30 -10 -25
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2.8.2.8 Ion trap (MS?)

The ion trap (MS?) process is a fail-safe method that can only be performe with ion-
trap-based mass spectrometry [138]. In this method, a certain fragment (daughter ion)
that was produced in Q2 from a selected ion in Q1 (parent ion) will be collected in the
Q3 chamber and fragmented further by applying a specific collision energy to it,
yielding further fragments which hit the detector and are analyzed (Figure 23). This
process is often used and performed in order to distinguish between two or many
molecules which have the same mass-to-charge ratio and both or all of them produce
a fragment that has identical m/z value. In other words, it demonstrates information
about further fragmentation of the desired fragment ions [138]. MS? can analyze only
the parent ions and the respective daughter ions, whereas the MS? method can identify

the fragments of the daughter ion as well.

7

=)
0,0 O Do la aaly!
C} ( ..—r...qi —Aas

A

Qo Q1 Q2 Q3

Figure 23. Schematic diagram of MS® for quantitative analysis by LC-MS. Charged
compounds will be accelerated in the QO, and then, a specific analyte ione is selected in QI
and fragmented in the Q2. Specific fragment ions from Q2 are trapped in Q3 and fragmented
further to generate product ions which are analyzed by the detector. Modified from [143].

In the present work, the MS® method was performed to analyze the compound 264 in
order to distinguish between its two variants, both of which are ET and include two
hydroxyl functional groups, which occupy either vicinal at position 4 and 5 (vicinal
hydroxyls) or both hydroxyl functional groups bond to the same carbon atom at

position 5 (geminal 5-diol). The MS? could not distinguish between them, since both
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variants produce the same fragment 188 arising after the loss of thiourea form either a
vicinal enediol or an acrylic acid structure, respectively. The MS® experiment was
able to collect the fragment 188 itself and fragmented it further to identify its product.
The fragmentation of 188 produced a robust signal at 160 (Figure 28), which must
correspond to the loss of CO. Thus, this robust fragment at 160 can only agree with
the vicinal enediol. Therefore, the compound 264 contains hydroxyl groups at
position 4 and 5 separately, resulting from an attack of water at position 4 of the enol

structure 246:202 and not from an attack at position 5 of the imidazole ring.

The condition of the MS? method that were used in the analyzation of the compound

264 were showed in Table 7.

Table 7: Analysis and quantification for the compound 264 by MS via MS>. The first and
second fragmentations were performed at Q2 and Q3, respectively. The parameters in the Q1
are DP: declustering potential, CE: collision energy, CXP: collision cell exit potential, and the
scan time. The parameters in the Q3 are AF2: Excitation energy, SR: Scan rate, ET:
Excitation time, DFT: Dynamic fill time.

Parent ion 264
Fragment (Q2) 188
DP (V) 60
CE (V) 30
CXP (V) 10
Scan time (ms) 150
Fragment (Q3) 160
AF2 45

SR (Da/s) 1000
ET (ms) 75

Fill time (ms) DFT
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2.9 Calculations and statistics

Results are presented, if not indicated otherwise, as the arithmetic mean = SEM with
at least n = 3 replicates. All assays were performed at least twice, on separate days.

For each experiment the substances were freshly prepared.

The area of the intensity vs. retention time was integrated for each analyte. Linear
calibration curves from six standards were prepared for ET and GSSG, in the

respective solvent of each experiment and were analyzed with a weighting of 1/y>.

Linear regression slopes were compared (in two groups each, control and sample)
utilizing GraphPad Prism version 8.0.1 for macOS, GraphPad Software, San Diego,
California, USA. The P values (two-tailed) indicate the possibility that randomly
selected data points would have slopes as different as (or more different than)

observed. P values < 0.05 were considered significant.

Density functional theory (DFT) computations were performed with the Gaussian 16
package [144]. All minima and transition structures were fully optimized and
characterized by frequency computations using the B3LYP/6-31G*-GD3-BJ method.
Gibbs-energies (unscaled, 298.150 K, 1 bar) were used to assess relative stabilities

and reaction barriers [103]
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3 Results

3.1 The reaction of ergothioneine with singlet oxygen in the

presence and absence of glutathione

Many experiments of ET with 'O, in both the presence and absence of GSH were
performed in this work in order to analyse the stability of their reaction products and
investigate whether those products could react further over time or decompose to
other compounds. The compound 246:202 (respective numbers in this thesis represent
m/z ratios of parent ions and their respective fragments) produced much faster than
other products formed from ET and 'O,. However, it was observed that the addition
of 10 mM glutathione (GSH) prevented the loss of ET almost completely (Figure
24A) and nearly all ET-products disappeared or decreased, despite the fact that the
reactivity of ET toward 'O is about fifty-fold faster than GSH [12].

In the control assay made of ET and singlet oxygen, the content of compound 246:202
decayed and follow the decrease of ET over time in the absence of GSH, whereas in
the assay including GSH, the compound 246:202 was markedly reduced, but literally
unchanged (Figure 24B). This could indicate that GSH reacts with the product
246:202 in order to form a new compound or that GSH is able to minimize the

production of 246:202.
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Figure 24. Addition of GSH prevents the loss of ET during the reaction with '0,. 10 uM
ET and 10 mM DHPNO, without (Control) or with 10 mM GSH in 10 mM ammonium
hydrogen carbonate, at pH 7.4, were incubated (V = 50 pl) for the indicated times at 37 °C.
All samples were diluted 1:100 and analyzed immediately by LC-MS/MS for ET (A) and for
the compound 246:202 (B). Exponential decay functions and linear regression (GSH in B)
were used to describe the data.

Singlet oxygen can be added to the double bond of the imidazole ring of ET and
generates a hydroperoxide (compound 262), which decomposes yielding a lactam
intermediate (Figure 25). This lactam intermediate (244) can be reduced to the
compound 246 with the aid of ET and yields the by-product ET-disulfide. The
compound 262 is a side product that arises from water attacking the compound 244 on
the position 4 of the imidazole ring. However, in the presence of GSH, the position 4
of compound 244 will likely be attacked by GSH and the intensity of the compound
262 will be declined (Figure 26).

In addition, the compound 551 is produced after the attack of one molecule of GSH.

Afterwards, the compound 551 will be reduced to 246 by a second molecule of GSH
and the oxidized GSH (GSSG) appears as a side reaction.
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Figure 25. The proposed reaction of ET with 'O, with and without GSH. In the first step
of the reaction of ET with 'O,, singlet oxygen is added to the double bond of ET, yielding a
hydroperoxide which decomposes to the intermediate compound 244, which is reduced by ET
to an enol structure 246 and ET-disulfide as a by-product (blue). The compound 244 can also
be attacked by water, yielding a second by-product 262. In the presence of GSH (brown), the
intermediate compound 244 will be attacked by a GSH molecule producing the compound
551, which is reduced by a second GSH molecule, yielding the enol structure 246 and GSSG

as a by-product.
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Figure 26. Declining the intensity of 262:145 through increasing the concentration of
GSH. 100 uM ET, 10 mM DHPNO,, and GSH as indicated in 10 mM ammonium hydrogen
carbonate, pH 7.4, were incubated (V = 100 ul) for 10 min at 37 °C. The diagram shows how
the compound 262:145 decays and then stays constant when the concentration of GSH
increases. Samples were diluted 1:10 and directly analyzed by LC-MS/MS for the compound
262:145. Exponential decay function was used to describe the data. Each dot represents a
sample.

The compound 246 can react with GSH or H>O yielding the compounds 553 or 264
respectively (Figure 27) [12]. However, the exact mechanism of this addition reaction

is unknown.

In fact, the enol structure of the compound 246 has a corresponing ketone form that is
more stable (Figure 27) according to the density functional theory (DFT)
computations that were performed by Professor Dr. B. Goldfuss from the Department
of Organic Chemistry of the University of Cologne. The LC-MS/MS cannot make a
distinction between enol and ketone form, since both of them have the same mass-to-
charge ratio (246). Moreover, it is also unknown whether the attack of GSH on the
compound 246 will be at the position 4 or 5, because the results from both reactions

have the same mass-to-charge ratio (553).
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Figure 27. The proposed reaction of GSH with the compound 246. GSH can react with the
compound 246, yielding the compound 553. GSH can attack the position 4 of the imidazol
ring of the enol structure 246 or it can attack the position 5 of the ketone structure 246. The
reaction products yielded from the attack of GSH on the position 4 or 5 cannot be distiguished
by LC-MS/MS. H>O can also react with the compound 246 yielding the compound 264 as a
by-product.

The fragmentation data of compound 553 by LC-MS/MS cannot resolve the question
of whether GSH prefers position 4 or 5 of the imidazol ring for the attachment [12]. In
addition, DFT computation showed that the barriers for the addition of methanethiol
to the enol C(4)=C(5)-OH function are similar for the Me-S-C-C(H)-OH (38.9
kcal/mol) or HC-C(SMe)-OH (32.9 kcal/mol) products. Thus, the DFT computation

could not indicate which position (4 or 5) is favored.

Subsequently, the idea came from the side reaction 264 that an ET included two
hydroxyl functional groups which occupy either vicinal at position 4 and 5 (vicinal
hydroxyls) or both hydroxyl functional groups bond to the same carbon atom at
position 5 (geminal 5-diol). Although on the one hand the MS? could not distinguish
between the vicinal hydroxyls and geminal 5-diol, because both variants produce the

same fragment 188 arising after the loss of thiourea to form either a vicinal enediol or
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an acrylic acid structure, respectively, on the other hand, the MS? experiment was

able to solve this issue (Figure 28).

In this process (MS?), the fragment 188 itself was collected and fragmented further in
ion trap mode (see 2.8.2.8) to check what could be produced. The fragmentation of
188 produced a robust signal at 160 (Figure 29), which must correspond to the loss of
CO in this case.

Thus, this robust fragment at 160 can only agree with the vicinal enediol. Therefore,
the compound 264 contains hydroxyl groups at position 4 and 5 separately, resulting
from an attack of water at position 4 of the enol structure 246:202 and not an attack at
position 5 of the imidazole ring. Thus, GSH molecules can attack at the position 4 of
the enol structure 146:202, by analogy. However, this cannot completely rule out an

attack at position 5 of the ketone structure 246:202.
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Figure 28. The MS? experiment of the proposed reaction of H,O with the compound
246:202. H,O can react with the compound 246:202, yielding the product 264:188. H,O can
attack at the position 4 of the imidazol ring yielding a vicinal hydroxyl (one hydroxyl group
on the position 4 and one on the position 5) or H,O can attack at the position 5 producing the
geminal 5-diol (two hydroxyl groups on the position 5). MS? produces the main fragment 188
which is the same fragment for both variants (Geminal 5-diol and vicinal 4,5-diol), arising
after loss of thiourea. In the MS?, the main fragment 188 is further fragmented and the
compound 160 was produced after loss of CO, which can only be produced from water
attacking at the position 4 of the imidazole ring.
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Previously, the products from the reaction of ET and 'O in the presence of GSH, i.e.
compounds 551:244 and 553:308 were identified [12]. The compounds 551:244 and
553:308 are produced from an attack of the GSH molecule at the intermediate
compound 244 and an attack of GSH at the compound 246:202, respectively (Figure
25 and Figure 27). In this project, both compounds were further analyzed in order to
investigate what could change when the concentration of GSH changes. Therefore,
the accumulation of both compounds 551:244 and 553:308 were measured as a

function of GSH (Figure 30A).

It is obvious from (Figure 30A) that the amounts of both compounds that are formed
are dependent on the concentration of GSH. In fact, the data show that the compound
551:244 predominates at low concentrations of GSH (0.1 - 1 mM), but gradually
disappears when the concentration of GSH progressively increases. Moreover, the
compound 551:244 completely disappears at a concentration of around 10 mM of
GSH or higher. By contrast, the production of compound 553:308 depends on a
higher concentration of GSH; it increases by increasing the concentration of GSH and

it accumulates maximally around 10 mM GSH and then declines.

This diagram (Figure 30A) supposes that the compound 551:244 reacts with GSH if it
is available in sufficient concentration. Moreover, the generation of compound
553:308 perhaps follows the transformation of 551:244, however, it is less efficient
than 551:244, since around 100-fold higher concentrations of GSH are needed to
make the compound 553:308 appear. In addition, the compound 553:308 decreases at
very high concentrations of GSH and it might react with GSH as well. On the other
hand, the diagram of the compound 246:202 shows a decline in its intensity by
increasing the concentration of GSH and then stays constant (Figure 30B). The
decrease of the compound 246:202 in this case also supports the idea (Figure 24B)
that either GSH reacts with the compound 246:202 or decreases the production of it.
The compound 264:188 (Figure 30C) that is a product of ET and 'O, is still in the
measurement levels even at very high GSH concentration and this shows the
efficiency of ET over GSH towards 'O,. If GSH would merely capture most of the
'02 in this experiment, then all compounds made from ET and 'O should decline at
high GSH. This was not the case for compounds 264:188 (Figure 30C) and 246:202
(Figure 30B) up to a 1000-fold excess of GSH over ET.

82



Results

(A)
”.0X105 - o * 553:308
' ¢ 551:244
1.6x10°%
& ]
©  1.2X10° 4
4
] i
(5]
o 8.0x104 -
4.0x10% A
0.0X100' T T T TTITIT
1071 100 101 102
GSH (mM)
(B) ©
246:202 264:188
8"104' 2"106'
@
3 ‘ 3 .
® © 6
4%10%= 1x%10°+ [ 0
2 e g O o s 0
0= 0-
T T, [ TT TN Ty
0.1 1 10 100 01 1 10 100
GSH (mM) GSH (mM)

Figure 30. Production of compounds 551 and 553 from the reaction of ET, '0, and GSH
as a function of GSH concentration. 100 uM ET, 10 mM DHPNO,, and GSH as indicated
in 10 mM ammonium hydrogen carbonate, pH 7.4, were incubated (V = 100 ul) for 10 min at
37 °C. (A) Data show how the generation of compounds 551 and 553 is affected by changing
the concentration of GSH. (B) The data represent how the compound 246 decays and then
stays constant when the concentration of GSH increases. (C) The data show that the
compound 264:188 produced from ET and 'O, is stable. Samples were diluted 1:10 and
directly analyzed by LC-MS/MS for compounds 551:244, 553:308, 246:202 and 264:188.
Results from a single experiment are shown; each dot represents a sample.
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Based on that, GSH molecules can react with the compound 246:202, producing the
compound 553:308 that can be reduced by another GSH molecule to obtain ET and
the by-products GSSG (oxidized GSH) as well as H,O (Figure 31).

R R
H H
N sG N
+ GSH
S:< > S:< |
H - GSSG H
OH _H,0
553 230

Figure 31. The proposed reaction of GSH with the compound 553. GSH can react with the
compound 553, yielding the compound 230 (ET).

In agreement with these findings (Figure 25, 27, and 31), a non-enzymatic multi-step
cycle for the regeneration of ET after reaction with 'O2 was proposed (see discussion,
Figure 46). This proposed mechanism of regeneration of ET consumes four molecules
of GSH and produces two molecules of oxidized glutathione (GSSG) and two

molecules of water per cycle.

In order to prove this mechanism, a series of procedures were performed
independently: various experiments on the assays of GSSG and isolating the reaction

intermediates.

First of all, the by-product GSSG (oxidized GSH) is a stable and quantifiable product
in the absence of coenzyme NADPH and the enzyme glutathione reductase (in vitro).
Therefore, if ET regenerates from its oxidized product in the presence of GSH, then

the concentration of GSSG must be increased in this mechanism experiment.
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3.2 The assay of oxidized glutathione (GSSG)

GSSG is an oxidized form of GSH and it is a disulfide compound that is produced
from two glutathione molecules after reducing another compound. Moreover, the
disulfide bond that connects both GSH molecules is stable in the absence of enzymes
(Figure 32) [109]. In this work, the concentration of GSSG was measured in order to
prove the proposed regeneration mechanism of ET after reacting with 'O,, since the
proposed regeneration cycle is dependent on the GSH that is oxidized to GSSG. For
each regeneration cycle, four molecules of GSH are required to regenerate one
molecule of ET from its oxidized product, arising after reaction with 'O2. The four
molecules of GSH that are needed are oxidized to two molecules of GSSG after
reducing the intermediate compounds which are involved in the proposed mechanism.
Therefore, the concentration of GSSG in this experiment has to increase in line with

this proposed regeneration cycle.
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Figure 32. The structures of glutathione (GSH) and its oxidized form glutathione
disulfide (GSSG) that are used and discussed throughout this work. Colors in structures
display the amino acids that are included in GSH. The arrow shows the disulfide bond in the
structure of GSSG.
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In order to measure GSSG, an LC-MS/MS method had to be developed to detect the
mass-to-charge ratios of the compound GSSG and its fragments. Therefore, the
substance GSSG was tuned and fragmented by means of MS/MS and then the results
were confirmed by comparing the results with a data bank such as, MassBank [141].
Furthermore, to be sure that the GSSG from the experiments in this work has the
same parent ions and identical fragments, the GSSG and its fragments were measured
by LC-MS/MS using the method of selected reaction monitoring (SRM) for the
samples from the experiment made of 10 mM GSH and 10 mM DHPNO; that
generates pure 'O,. Moreover, this experiment was performed in DO for 12 min at 37
°C and then samples were diluted 1:100 and immediately measured by LC-MS/MS
for GSSG (Table 8).

The two highest intensities from the peak area of the GSSG generated by the tuned
method were 307:130 and 613:355 respectively. In addition, these were similar to the
first two intensities that were yielded from oxidized GSH by 'O, experimentally.
Therefore, in this work, the primary focus was on both of these ions to investigate the
oxidized GSH in the experiments as well as the other fragment ions of GSSG which
are listed in the Table below and which were also measured for comparison to

confirm and further support the results.
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Table 8: Measurement and fragmentation of oxidized GSH. The method tuning was used
for material GSSG through MS/MS to examine its m/z of the parent ion and the
corresponding fragments. The parent ion and fragments of oxidized GSH (GSSG) were
compared and verified through oxidized 10 mM GSH by 'O, (generated by 10 mM DHPNO,)
for 12 min at 37 °C in D,0 and were measured by LC-MS/MS using the SRM method. In this
table, the parent ions are listed with their fragments, retention time, exact masses, intensities
and the reaction mixtures. Cps = counts per second.

Parent ion Fragment Retention | Exact mass Intensity Reaction
(m/z) (m/z) time (min) (g/mol) (cps) mixture
613 355 8.0 612.152 164000 800 ng GSSG
613 231 8.0 612.152 149500 800 ng GSSG
613 484 8.0 612.152 105000 800 ng GSSG
307 130 8.0 612.152 331500 800 ng GSSG
307 274 8.0 612.152 3870 800 ng GSSG
613 355 8.0 612.152 196000 GSH +'0;
613 231 8.0 612.152 168000 GSH +'0;
613 484 8.0 612.152 135666 GSH + 0
307 130 8.0 612.152 743333 GSH + 0
307 274 8.0 612.152 9576 GSH +'0,

The production of GSSG (compounds 613:355 and 307:130) was measured by LC-
MS/MS in an experiment using 10 mM GSH and 10 mM DHPNO:; with and without
ET in water. In the control assay made with 10 mM GSH and 10 mM DHPNO., the
production of GSSG in the time range of 3 to 12 min was very low, at 0.6 £ 1.3 uM
min~!. The addition of 1 mM ET markedly increased the production of GSSG to 14 +
4 uM min~! (Figure 33).
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Figure 33. GSSG generation assay in H,O. The diagram shows the effect of ET regarding
the GSSG generation. The control assay contains 10 mM GSH and 10 mM DHPNO: in H,O.
ET was added to a final concentration of 1 mM. Samples were incubated at 37 °C for 3 to 12
min, diluted 1:100, and then immediately analyzed by LC-MS/MS for GSSG. This data is

representative and is derived from a single experiment; each dot represents a sample. Data
were analyzed by linear regression; the slopes represent GSSG production rates.

When water was replaced by deuterium oxide (D20) in the GSSG generation assay,
both rates increased significantly due to the longer 'Os lifetime in DO [85]. Values
reached 4.5 + 1.1 uM min~' for the control and 125 + 14 uM min~' in the presence of
ET (Figure 34). However, the ratio of rates was similar whether in H>O (factor = 26)
or in DO (factor = 28). ET was compared with AA, because AA regenerates from its
oxidized form dehydroascoric acid (DHA) by GSH and generates one molecule of
GSSG per turn [109]. As a negative control, L-histidin (His) was added to the control
in this assay (Figure 34), since His does not regenerate from its product after a
reaction with 'O, [92]. The addition of His had, as expected, no effect, because no
improvement in GSSG production was observed (2.3 + 1.9 uM min~!). However, a
relatively low stimulation of GSSG was observed by the addition of AA (19.2 £ 1 uM
min') (Figure 34).
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Figure 34. GSSG generation assay in D;0. The graph demonstrates the efficiency of ET
regarding GSSG production in comparison with AA and His. The control assay contained 10
mM GSH and 10 mM DHPNO; in D;O. ET, AA and His were added to a final concentration
of 1 mM. Samples were incubated at 37 °C for 3 to 12 min, diluted 1:100, and then analyzed
immediately by LC-MS/MS for GSSG. This data was derived from a single representative
experiment; each dot represents a sample. Data were analyzed by linear regression; the slopes
represent GSSG production rates.

To distinguish the reaction efficiency of ET versus AA towards 'O», the production of
GSSG in both was compared. After the subtraction of the GSSG production from the
control assay, it turned out that the production of GSSG with ET was eight times
higher than with AA. Since the regeneration of AA from DHA produced only one
GSSG per turn [109], ET reacts at least 4-fold faster than AA with 'O,, under the
assumption that the ET cycle does not operate faster than AA cycle.

In the proposed ET regeneration mechanism, the whole reaction solely depends on the
imidazole ring of ET. In order to verify this claim and investigate the importance of
sulfur atom on the position 2 and nitrogen atoms within the imidazole ring of ET, ET
was compared to several other imidazole derivatives (Figure 35) in the GSSG

generation assay.
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Figure 35. The structures of ET and several imidazol derivatives with their
abbreviations used in the text.

Moreover, the experiment made of 10 mM GSH and 10 mM DHPNO: (control) with
and without 1 mM ET, as well as the control with and without 1 mM of many
compounds (Figure 35) was performed at least 3 times in order to verify whether the
ketone form of the intermediate 246:202 (Figure 27) might be a part of the
regeneration mechanism of ET or not, and also to find out the effect of the sulfur and

nitrogen atoms within the imidazole ring of ET in the regeneration cycle. In each
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experiment, assays with ET (average relative rate = 1 = 0.13) and without ET (control,

0.03 £ 0.02) were carried out in parallel (Figure 36).

An additional control shows that the combination of 10 mM GSH + 1 mM ET without
!0, barely generates any GSSG. The addition of His in the assay with 'O> had no
measurable effect (0.02 = 0.04), whereas a small stimulation by AA (0.15 + 0.02) was
observed as expected, because AA reacts with 'O, yielding DHA which can be
regenerated to AA by GSH, producing GSSG as a by-product. However, the
regeneration mechanism of AA from DHA requires only two molecules of GSH

producing just one molecule of GSSG per cycle.

The results from this investigation were in agreement with the notion that the ring of
ET is responsible for the whole reaction cycle, because the ring of ET, 1,3-
dihydroimidazole-2-thione (DHIT) and also 4-methyl-1H-imidazole-2-thiol (4-methyl
ET ring) generated GSSG, equally significant as ET.

In line with that, the methylation of the ET ring on the position 4 of the imidazol ring
(4-methyl ET ring) had no effect on the generation of GSSG. This confirms the point
that the rest of the ET that is bound to position 4 of the ET ring was not involved in
the reaction of ET with 'O>. However, the methylation of the ET ring on one of the
two nitrogens (drug names: INN thiamazole, USAN methimazole) reduced the
production of GSSG (0.58 £ 0.09) by around 50%. Furthermore, the substitution of
sulfur with oxygen in the ET ring markedly decreased the production of GSSG (0.29
+0.08).

Thus, it was demonstrated that the ring of ET is the sole important part of the ET
structure in the proposed regeneration mechanism. Moreover, it could be
demonstrated that both the sulfur and nitrogen atoms in the ET-ring have a significant

function.
As explained above, the MS® suggested that GSH attacks the enol structure of the

compound 246:202 in the proposed regeneration cycle of ET and it was proven that

the corresponding ketone was not involved (Figure 27). In order to confirm that the
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ketone form of the compound 246:202 does not form a part of the regeneration cycle
via GSSG assay, two compounds that included a ketone function and similar to the

ET ring were compared with the ET in the GSSG generation assay.

The compounds 2-thiohydantoin and 3-(5-Oxo-2-thioxo-4-imidazolidinyl)-propanoic
acid that contain a ketone function on the position 5 of the ET ring, instead of a
hydroxyl function in the intermediate compound 246:202 (Figure 27), generate the
GSSG on the control level (0.05 £ 0.03) and (0.09 £ 0.02), respectively (Figure 36).
Therefore, the intermediate molecule including a ketone function can not be a part of
the regeneration mechanism of ET and this supports the third addition of GSH at the
position 4 of the imidazol ring of ET as well (Figure 27 and 28).
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Figure 36. GSSG generation assay in D,O. This graph represents the combined results from
several experiments. The effectiveness of ET regarding GSSG production was compared to
various compounds. The control assay contains 10 mM GSH and 10 mM DHPNO; in D;O.
The compounds were added as indicated to a final concentration of 1 mM. Samples were
incubated at 37 °C for 3 to 12 min, diluted 1:100, and then immediately analyzed by LC-
MS/MS for GSSG. Rates were normalized to the GSSG production rate in the presence of ET
and then averaged (each point is the average of at least 3 experiments). GSH + ET represent
10 mM GSH plus 1 mM ET without DHPNO: as an additional control. Error bars indicate the
SEM; an asterisk denotes that the slope of the sample group was significantly different from
the respective control group.

The production of GSSG as a function of GSH concentration could be described by a
simple hyperpola (Figure 37). The half-maximal rate was at 1.8 mM (95% confidence
interval, 1.5-2.2).
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Figure 37. GSSG generation assay as a function of GSH concentration. The assay
contains 0.1 mM ET, 10 mM DHPNO; and GSH as shown in the water buffer (10 mM
ammonium hydrogen carbonate in H,O, pH 7.4). Samples were incubated for 10 min at 37
°C, diluted 1:10, and then immediately analysed by LC-MS/MS for GSSG content. These
data come from a single experiment; each dot represents a sample. The data were analysed by
non-linear regression, using a hyperpola analogous to the Michaelis-Menten equation.

3.2.1 Using photosensitizer as a singlet oxygen generator in

the GSSG generation assay

Parallel to the experiments with DHPNO, as a 'O, generator, some experiments with
TMPyP were also performed. TMPyP is a photosensitizer and it is a commonly used
material in publications as a 'O, generator. The GSSG generation assay for 10 mM
GSH with 100 pM TMPyP without ET (control) and with 1 mM ET in DO were
performed in both the presence and absence of UV light, since photosensitizers absorb

light at a specific wavelength to generate 'O (Figure 38).
The optimal excitation wavelength of TMPyP is 422 nm [58], however, in our

laboratory, the wavelength of 365 nm was available to apply, which is still within the

range of excitation of this photosensitizer.
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The data from graph (Figure 38A) represents the efficiency of ET concerning GSSG
production in comparison with the control that contains 10 mM GSH and 100 uM
TMPyP in D-O.

The data of the experiment in the presence of light shows that the generation of GSSG
was strongly increased (29 + 0.1 pM min~') exactly as expected when ET was added
to the control to a final concentration of 1 mM, as indicated (Figure 38A). However,
the production of GSSG from the control assay made up of 10 mM GSH and 100 uM
TMPyP increased slightly (5 + 0.2 uM min'), and this was to be expected, since
TMPyP generates not only 'O but also all other reactive oxygen species (hydroxyl
radical, superoxide anion and hydrogen peroxide), which can also oxidize GSH and
affect the results. Therefore, the data from the experiments that were performed using
DHPNO: as 'O, generator were more precise (Figure 34), since DHPNO, produces

pure 'O, and confirms that the reactions occur only with the use of 'O».

As a negative control, 1 mM ET and 10 mM GSH were mixed without TMPyP (GSH
+ ET + Light) and the data showed no measurable effect (0.4 + 0.1 uM min™!), which
confirmed the data from the experiment with DHPNO,.

In the absence of light, no effect was observed, as expected, since ROS are not
produced from photosensitizer compounds without light and at a suitable wavelength
(Figure 38B). Furthermore, the slopes in the absence of light showed no improvement
and they were calculated for the control (GSH + TMPyP), control + ET and the
second control (GSH + ET) at 2 + 0.01 uM min~!, 2 + 0.05 pM min~! and 0.2 + 0.1

uM min~!, respectively.
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Figure 38. GSSG generation assay for GSH with and without ET in D;0 in the presence
of ROS. 10 mM GSH was present in all samples. (A) The graph represents the efficiency of
ET concerning to GSSG production in comparison with the control. The control assay
contains 10 mM GSH and 100 uM TMPyP in D,O. ET was added as indicated to a final
concentration of 1 mM. As a second control, 1 mM ET and 10 mM GSH were mixed without
TMPyP. Samples were incubated at 37 °C for 3 to 12 min under the UV light at 365 nm. (B)
The graph shows GSSG production in the absence of light as a control. All samples were
diluted 1:100, and then immediately analyzed by LC-MS/MS for GSSG. These data come
from a single experiment; each dot represents a sample. Data were analyzed by linear
regression; the slopes represent GSSG production rates.
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In fact, the generation of 'O> from DHPNO, decreases exponentially with the half-life
of 23 min and follows the equation for radioactive decay: N(t) = No * exp(- A * t) with
N = amount / time [103]. Definite integration gives the sum of released 'O, as a
function of time: n = nmax * (1 - exp(- A * t)). In addition, the production of GSSG is
proportional to the total amount of released 'O,. Moreover, the (Figure 39A)
represents the accumulation of GSSG in the presence of ET to explain that there is no
deviation from using linear regression instead of non-linear curve. The accumulation
of GSSG from (Figure 39B) is supposed to be non-linear, however, the linear rate was

applied because there is no significant deviation from linearity for the short time used.
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Figure 39. Illustration using linear regression instead of non-linear curve for short time
cross. The data used are 10 mM GSH + 1mM ET in the presence of 10 mM DHPNO, and
represent the production of GSSG. (A) The brown curve shows the fit from non-linear
regression. (B) The enlarged section of (A) shows that the deviation from linearity is very
slight.

The secound series of procedures performed in this work in order to prove the
proposed regeneration mechanism of ET, involved capturing the reaction

intermediates that arise from the reaction of ET with '0;
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3.3 Capturing the reaction intermediates arising from the

reaction of ergothioneine with singlet oxygen

The proposed regeneration mechanism of ET after the reaction with 'O, was, on the
one hand, supported by the GSSG production assay described before (3.2). On the
other hand, regarding the proof of the proposed mechanism, an approach was found.
What was necessary to clarify the regeneration was whether isolating one of the
products from the reaction of ET with 'O, and then adding GSH to the isolated
product (product of ET + 'O,) would stimulate the reaction and continue the
regeneration cycle and yield ET. Therefore, if this hypothesis could be proven, the
proposed mechanism of ET regeneration after reaction with 'O2 would be strongly

supported and would ascertain that GSH regenerates ET from its oxidized product.

In many experiments in the present work, it was attempted to isolate the reaction
products of ET with 'O» through several kinds of thin-layer chromatography
according to their polarity. In addition, several different detector materials with high
selectivity were used to visualize the ET products. However, isolating this compounds

was really challenging due to their instability and sensitivity.

From another standpoint and in order to prove the suggested mechanism of ET
regeneration, it was attempted to capture the reaction intermediates that arise from the
reaction of ET with 'O, by using cross-linked agarose beads that were covered with
free thiol groups. The hypothesis behind this idea is that the thiol groups of the
compound that are bound to the beads should react with the product of ET and 'O
reaction at the position where the thiol group of GSH would attack (Figure 25). In this
case, unreacted ET will be removed after washing the beads, and only the reaction
product of ET with 'O, should remain bound to the beads. Furthermore, the added
GSH to the beads should react with the oxidized product of ET which is bound to the

beads, and the mechanism cycle will be stimulated towards ET.

In the experiment made of 0.1 mM ET with and without 10 mM DHPNO., the
reaction mixture was incubated on a shaker (1200 rpm) for 10 min at 37 °C in the

presence of 100 pl of sedimented beads. These were covered with thiol groups of the
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amino acid L-cysteine or, as negative control, with the hydroxyl groups of the amino
acid serine. The amino acids were covalently linked via their amino groups to the
insoluble, cross-linked agarose beads. In this experiment, 100 puL bead-gel were used;
This corresponds to an 8-fold molar excess of thiol groups versus ET (Figure 40A). In
the reaction solution, 0.1 mM GSH was present to diminish disulfide formation
between ET and the Cys ligands (Figure 41). Afterwards, the beads were transferred
into polypropylene microliter tips, wich were plugged with small pieces of cotton

(Figure 40B).

(A) (B)
COOH

HN—CH—CH,—SH

Cysteine cross-linked agarose beads

COOH

HN—CH—CH,—OH

Serine cross-linked agarose beads

Polypropylene microliter tip
Plugged with a small piece of cotton

Figure 40. Cysteine/serine cross-linked agarose beads and the column used for capturing
the oxidized product of ET. (A) The Figure shows how the amino groups of cysteine and
serine are covalently linked to the insoluble cross-linked agarose beads. (B) The picture
shows a polypropylene microliter tip plugged with a small pieces of cotton and used as a
column to isolate the oxidized products of ET which are formed after the reaction of ET with
'0,.

After washing the beads three times with 100 mM NacCl in buffer, the removal of
unreacted ET was complete, since the washing buffer contained no ET (Figure 42). In
the assay without 'O, (as a negative control), 100 ul buffer, 100 ul 10 mM L-serine in
buffer and 100 pl 10 mM GSH in buffer were added to the bead columns in room

temperature, consecutively.
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The respective flowthrough fractions were immediately analyzed by LC-MS/MS for
ET. Moreover, the data showed that in the assay without 'Oz (as a negative control), a
small amount of ET was released from the columns by GSH. However, in the
presence of '0», large amounts of ET were released by washing the beads with GSH.
This suggests that products from the reaction of ET and 'O, were indeed captured by
the beads. There is relatively no detection of ET when simply adding buffer and
serine to the beads, respectively. However, adding GSH stimulated a further reaction
towards ET and an impressive amount of ET was detected. In parallel controls, the
cross-linked agarose beads that carry L-serine also captured some reaction
intermediates, but the amount of ET released from the cys beads was almost 3-fold
higher than the amount of ET from serine beads (after subtraction of the background
in '0s-negative assays). In fact, these data strongly suggest that ET is regenerated

from Cys-attached intermediates by the thiol function of GSH.
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Figure 41. GSH diminish disulfide formation between ET and Cys ligands of the beads.
The control reaction mixture contained 1 mM ET and 50 ul of sendimented cys beads in 10
mM ammonium hydrogen carbonate pH 8.0 buffer (V = 50 uL) in the polypropylene reaction
tubes. GSH was added to a final concentration of 0.1 mM. The reactions were incubated for
10 min at 37 °C on a shaker (1200 rpm), then the beads were transferred into polypropylene
microliter tips which were plugged with small pieces of cotton. After 3 washes, each with 500
pl of 100 mM NacCl buffer, 100 pl buffer and 100 pl 10 mM GSH in buffer, were applied in
succession to the columns (at room temperature). The eluates were directly analyzed by LC-
MS/MS for ET content. Error bars indicate the mean + SEM.
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Figure 42. GSH regenerates ET from its oxidized products that were captured by
cysteine or serine agarose beads. In the polypropylene reaction tubes, the reaction mixture
made of | mM ET = 10 mM DHPNO:; in 10 mM ammonium hydrogen carbonate pH 8.0
buffer (V = 50 pL) was mixed with 100 pl of sendimented cys or ser beads that corresponds
to an 8-fold molar excess of thiol groups vrsus ET. 0.1 mM GSH was present in the reaction
mixture to diminish the disulfide formation between ET and the Cys ligands (not shown). The
reactions were incubated for 10 min at 37 °C on a shaker (1200 rpm), then the beads were
transferred into polypropylene microliter tips which were plugged with small pieces of cotton.
After 3 washes, each with 500 pl of 100 mM NaCl buffer, the following solutions were
applied in succession to the columns (100 pl each, at room temperature): buffer, 10 mM L-
serine in buffer, and 10 mM GSH in buffer. The eluates were directly analyzed by LC-
MS/MS for ET content. Data shown are median £ median absolute deviation.
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3.4 The assay of oxidized ascorbic acid

In this work, the oxidized form of glutathione (GSSG) was quantitatively measured in
order to prove the mechanism of ET regeneration after reaction with '0,. As ET was
regenerated from its oxidized product, accourding to the proposed mechanism (see
discussion, Figure 46), the production of GSSG was markedly increased, since the
regeneration mechanism of ET requires the reducing agent GSH that oxidized to

GSSG (Figure 34).

Here, it was examined whether AA is able to regenerate ET from its oxidized product

or not, since AA is also a reducing agent and is present at 1-2 mM in human cells
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after absorbtion from food. The hypothesis behind this experiment is that the oxidized
form of AA should be increased if AA is able to regenerate ET from its oxidized

product.

3.4.1 Oxidized ascorbic acid

In fact, DHA (dehydroascorbic acid) is an oxidized form of ascorbic acid (AA) which
is produced after reducing another compound. DHA can be regenerated to AA in the
presence of GSH (Figure 12). In the absence of GSH, however, DHA is hydrolyzed to
other oxidized forms in aqueous solutions [125]. Therefore, the measurement of DHA
as an oxidized form of AA by LC-MS/MS in this case would not be precise. In order
to find out the most stable and measurable product of AA oxidation, a full scan of all
products arising from the oxidation of AA with the use of 'O, was performed. In this
experiment, | mM AA and 10 mM DHPNO; were incubated for 0 and then 12 min at
37 °C in water. Then, all reaction products from both samples were measured by LC-

MS and analyzed by the difference shading method (2.8.2.4).

In the reaction of AA with 'O, red signals were identified at 209, 191 and 147 with a
retention time of 3.6 min (Figure 43). In this case, the red signals indicate that the
measured intensity in the effect sample (12 min at 37 °C) is higher than the intensity
from the control sample (0 min at 37 °C). Moreover, at 0 min and 37 °C, no 'O is
produced and no oxidation of AA occurs, whereas after 12 min at 37 °C, !0, was

being produced for 12 min.

The windows at the top left of the figure 43 show the signal 209 in the replicates of
two more identical samples at the same retention time of 3.6 min. These experiments
were performed in H>O and D20 and provided similar results, however, the intensities

were higher in the experiment in D,0, since 'O, has a longer lifetime in D,O.
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Figure 43. Difference shading image of the reaction of AA with '0,. AA was incubated
with DHPNO; for 0 or 12 min at 37 °C. The reaction mixtures were measured with the full
scan analysis method by LC-MS. The two windows at the top left show replicates of signal
209. Both signals at 191 and 147 are the signal from two fragments of parent ion m/z. Red
signals show higher intensities in the effect samples and turquoise signals show higher
intensities in the control samples. White color represents signals where the intensities from
the effect and the control samples are the same; black represents no signal.

Generally, the detected signals are fragmented by a product ion scan and based on the
fragments, the molecular structure can be determined by comparison with a data bank
or the literature. Furthermore, if the fragments can not be found in any databases, then
possible molecular structures can be postulated by interpreting the resuting fragments.
In order to analyze and fragment the detected signals in full scan (209, 191 and 147),
the experiment of 1 mM AA with 10 mM DHPNO> that generates clean 'O,, was
performed in water for 12 min at 37 °C and then samples were diluted 1:100 with
H>0 and immediately measured by LC-MS/MS for 209 and 191. The fragmentation
of compounds 209 and 191 yielded the fragments 191/147 and 147, respectively
(Table 9).

Table 9: Measurement and fragmentation of oxidized AA. The parent ion and the
fragments of oxidized products of AA by 'O, were measured by LC-MS/MS using the method
SRM. Samples made of | mM AA and 10 mM DHPNO, were incubated for 12 min at 37 °C
in D>O or H>O. In this table, the parent ions are listed with their fragments, retention time,
exact masses, intensities and the reaction mixtures. Cps = counts per second.

Parent ion Fragment Retention | Exact mass Intensity Reaction
(m/z) (m/z) time (min) (g/mol) (cps) mixture
209 191 0.9 176.124 200933 AA +10;
209 147 0.9 176.124 12873 AA +10;
191 147 0.9 176.124 9103333 AA +10;
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The data were compared to the relevant literature and it was found that the relatively
stable oxidized product of AA is the compound 209, called monohydrated
diketogulonate (Figure 44) [125]. Therefore, in this work, the compound 209:191 and
209:147 were measured with a selected reaction monitoring (SRM) method to obtain
a specific measurement of the compounds 209:191 and 209:147 by LC-MS/MS. In
contrast, the compound DHA was not used as an oxidized AA indicator for

subsequent experiments, due to its hydrolysis after a couple of minutes in aqueous

solution.
Monohydrated diketogulonate (m/z = 209)
S ©
co, CO,
HO——C——OH cC=—0
c—o HO—C——OH
CHOH CHOH
CHOH CHOH
CH,OH CH,OH

Figure 44. The structures of DHA hydrolysis at neutral pH after oxidizing AA. The
compound 209 is relatively stable and measurable by LC-MS/MS. Data shows the structure of
monohydrated diketogulonate with hydroxyl groups on the position 2 or 3, and both of them
have the same mass to charge ratio (209). Modified from [125].
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3.4.2 Does Ascorbic acid regenerate ergothioneine from its

oxidized form?

In order to answer this question, the hypothesis behind it should be clarified. As
mentioned above (3.3.1), if ascorbic acid (AA) can regenerate ET from its oxidized
product, then the oxidized product of AA must be increased exactly like increasing
the oxidized form of GSH. Therefore, the production of oxidized AA (209:191 and
209:147) in an experiment of 1 mM AA and 1 mM DHPNO:> with and without ET in
D>0 was measured by LC-MS/MS. In the control assay made by AA and DHPNO-,

the production of 209:191 in the time range 3 to 12 was at 16.2 + 0.2 mM min™".

The addition of 1 mM ET to the control assay markedly decreased the production of
209:191 (reduced for more than 50%) to 6.8 + 0,1 mM min~! (Figure 45A), and that
demonstrates that the production of the oxidized product of AA did not increase and
AA is not able to regenerate ET from its oxidized form. In contrast, this data show
and prove that ET is more reactive than AA towards 'O, since ET could protect AA

from 'O, and reduces its oxidation.

The addition of His could also slightly reduce the production of 209:191 (10.1 £ 0,1
mM min!), since His is also one of the 'O, quenchers, however, it is not as potent as
ET (Figure 45B). As an additional control (ET + AA), AA and ET were incubated in
the same experiment in the time range 3 to 12 min without 'O,, however, the data

showed no effect (0.4 = 0.2 mM min™").
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Figure 45. Generation of compound 209:191 over time arising from the reaction of AA
with 0, in D,O. (A) The graph shows the efficiency of ET regarding the protection of AA
from 'O,. The control assay contains | mM AA and 1 mM DHPNO; in D,O. ET and His were
added as indicated to a final concentration of ImM. Samples were incubated at 37 °C for 0 to
12 min, diluted 1:100, and then analyzed immediately by LC-MS/MS for compound 209:191.
These data come from a single experiment. Data were analyzed by linear regression; the
slopes represent the production rates of compound 209:191. (B) The graph shows an overlap
of slpoes from (A), a median was applied.

106



Discussion

4 Discussion

As established, ergothioneine (ET) eradicates singlet oxygen ('O2) and has been
considered an antioxidant [1, 2]. Moreover, various functions of ET regarding
reactive oxygen species (ROS) have been proposed and much progress concerning ET
has been attained [36, 45, 46, 50-53]. However, no mechanism for the regeneration of
ET after a reaction with ROS has been determined. In fact, if it is an important
antioxidant, like ascorbate, glutathione (GSH), ubiquinol, vitamin E and so on, and if
the benefit of ET in living organisms is continual and does not lose its capacity to
eradicate oxidants (e.g. 'Oz in this project) after a single chemical reaction, then the
ET should be regenerated from its oxidized product so as to be an efficient
antioxidant. Therefore, the aim of this project was to investigate whether ET can be

regenerated from its oxidized products after reaction with '0x.

In this project, a non-enzymatic mechanism for the regeneration of ET after reaction
with 'O, was discovered. This finding is supported by evidence. For this mechanism,
4 molecules of GSH are needed to detoxify 'O, into water and GSSG as a by-product.
GSH exists naturally in all mammalian cells with relatively high intracellular
concentrations (5 - 10 mM) [113, 114]. The byproduct GSSG regenerates to GSH in
living organism by glutathione reductase, utilizing NADPH as an electron donor [109,
117]. Thus, the discovered mechanism of ET regeneration after the reaction with 'O,
occurs without loss of ET. However, in the assays that were performed in vitro in this
work, the recovery of ET after the regeneration from its oxidized products was

slightly reduced by side reactions.

4.1 Generation of singlet oxygen

For the generation of 'O» in aqueous solution in the present work, the photosensitizer

TMPyP and the endoperoxide DHPNO, were used.
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4.1.1 Photosensitizer (TMPyP)

The photosensitizer TMPyP is frequently used in the literature to generate 'O..
However, the main drawback of this approach is that other ROS, such as hydroxyl
radical, superoxide anion and hydrogen peroxide are produced alongside 'O
production [123]. Thus, the results will be affected and can be ambiguous, since they
cannot solely be attributed to !O,. Based on that, the best alternative 'O> generator in
order to produce pure 'O; is an endoperoxide, such as DHPNO,. Therefore, the results
from the experiments that utilized TMPyP as a 'O, generator had to be confirmed by
experiments that were performed with DHPNO, as a 'O2 generator, since DHPNO;

produces a clean '05 and the results cannot be ambiguous [12].

4.1.2 Endoperoxide (DHPNO>)

In order to study the reaction of ET with 'O2, a production system of 'O, was needed.
In this work, 'O> generated from endoperoxide (DHPNO,) was used in order to
produce pure 'O,. The advantages of endoperoxide (DHPNO,) are not only the clean
production of singlet oxygen by heating at 37 °C, but also its stability at low
temperatures < 4 °C [145]. DHPNO> produces 59% 'O and 41% unreactive triplet
oxygen (°02) only once [83], and the number of produced 'O, molecules is limited to
the concentration of DHPNO; that is used. Therefore, the produced amount of 'O, in

each experiment can be calculated.

The DHPNO, that was used in this work was synthesized and verified in vitro in the
work group of Professor H. Schmalz and it was also tested in the work group of
Professor D. Griindmann [58]. Indeed, the half-life of 'O, was determined through
time course and it was 26 min at 37 °C [58], which approximated the value of 23 min

in the literature [83].
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4.2 Reaction of ergothioneine with singlet oxygen in the

presence and absence of glutathione

Stoffels et al. did identify, on the one hand, the reaction products that arise from the
reaction of ET with 'O, in the absence of GSH, which are 246:202, 262:245, and
264:188, and on the other hand, the reaction products of ET with 'O in the presence
of GSH, which are 551:244 and 553:308, analyzed by LC-MS/MS [12].

In the present work, several experiments of ET with 'O, in both the presence and
absence of GSH were performed in order to analyse the stability of their reaction
products through changing the concentration of GSH and performing time course
experiments to investigate whether those products could further react over time or,
conversely, decompose to other compounds. The results from many experiments
suggested that the main reaction product of ET with 'O, is the compound 246:202,
since it is produced much faster than the other observed products. Moreover, when 10
mM GSH was added to the reaction of ET with 'O», it was observed that the loss of
ET was prevented almost completely, although the reaction product of ET + 'O, (The
compound 264:188) is still measurable by LC-MS/MS (Figure 30C).

Consequently, the regeneration mechanism of ET from its oxidized product by GSH
was developed (Figure 46). In fact, ET was considered as a powerful antioxidant and
all-important antioxidants are regenerated from their oxidized products in order to
protect living organisms from damaging ROS, it is essential not to lose this function

after a single chemical reaction with oxidants.

109



Discussion

5 Schenck ene
535 R @' i \a\adion R
“: / +'0; <N\ 262
SG S
s:\/ ./ A\ OH
— N o

Hydroperoxide

Second + GSH - H,O
reduction

N
SG N
s:< H o
N +2.GSH

553 H OH \ + GSH + H,0

R Nucleophilic 262
264~ N\ N R addition
+H0 | - GSSG H -
S
H S:< 4/ \_’@G
OH N
246 551 H \‘o H@

First reduction

Figure 46. The proposed mechanism cycle of ET after the reaction with singlet oxygen.
The scheme represents the products that were detected by LC-MS (blue), and the proposed
reaction intermediates (maroon), and the potential side reactions (gray). The m/z values (italic
numbers) correspond to acidic LC conditions.

The proposed mechanism of ET regeneration after reaction with 'O, was clarified and
experimentally proven step by step in this work (Figure 46). The first step of this
regeneration cycle is a reaction of ergothioneine with 'O, that can be easily described
by a Schenck ene addition of 'O, to the double bond of ET which generates the
hydroperoxide 262, which decomposes, yielding the lactam intermediate 244 after the
loss of one molecule of water [12]. This step demonstrates the importance of the
proton of the nitrogen atom within the ET ring. This proton allows the double bond in

the ET ring to move to the neighboring position, when 'O, is added to the double
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bond at position 5. The compound 244, a lactam intermediate, can react with one
GSH molecules forming the compound 551:244 which is reduced by another
molecule of GSH, yielding the compound 246:202 and the oxidized GSH (GSSG) as
a by-product. These two reaction steps of GSH with the intermediate compound 244
produce the compound 551:244 and then, reducing the compound 551:244 to the
compound 246:202 by GSH is similar to the reaction (Figure 12) of GSH with
dihydroascorbic acid (DHA) in the regeneration mechanism of ascorbic acid (AA)
from its oxidized form (DHA) by GSH [109]. In addition, the reaction of the lactam
intermediate compound 244 with GSH can be considered as a highly efficient
nucleophilic addition to an electron-deficient imine substructure. Moreover, the
S=C —N=C (N-thioacylimine) system resembles a, f —unsaturated ketones in the
Michael additions [103, 146, 147]. Furthermore, the position 4 of the imidazole ring
represents a soft electrophilic site which is generally a target for thiols, which are the

softest biological nucleophiles [103, 148].

Afterwards, addition of a third GSH molecule to the compound 246:202 involved a
lot of discussion about how to explain and prove this step, because there were two
possibilities of adding the GSH molecule to the compound 246:202, and both ways
could produce the same compound 553:308. On the one hand, GSH can attack
position 4 of the imidazole ring of the enol structure 246:202 (Figure 27), producing
the compound 553:308. On the other hand, GSH can attack position 5 of the
imidazole ring of the ketone structure 246:202, yielding the compound 553:308.

In fact, the enol structure of the compound 246:202 has a corresponding ketone
tautomer that is relatively more stable, but the LC-MS/MS could not distinguish
between the enol and ketone structures, since both of them have the same mass-to-
charge ratio (246:202). Moreover, it was also unknown whether the attack of GSH at
the compound 246:202 would be on position 4 or 5, because the results from both

reactions have the same mass-to-charge ratio (553:308).

Analyzing the fragments of the compound 553:308 by LC-MS/MS could not resolve
the question of whether GSH prefers position 4 or 5 of the imidazole ring of the
compound 246:202 [12]. As a posibility, it was suggested that the density functional
theory (DFT) method might confirm the addition of GSH to the compound 246:202.
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Therefore, DFT computation was performed and showed that the barriers for the
addition of methanethiol to the enol C(4)=C(5)-OH function are similar for the Me-S-
C-C(H)-OH (38.9 kcal/mol) or HC-C(SMe)-OH (32.9 kcal/mol) products [103].
Based on that, the DFT computation could not specify which position (4 or 5) is
favorable. Afterwards, and in order to answer the question, the idea originated from
the side reaction 264 [12] that an ET included two hydroxyl functional groups,
occupying either vicinal at position 4 and 5 (vicinal hydroxyls) or both hydroxyl
functional groups bound to the same carbon atom at position 5 (geminal 5-diol). Even
though, on the one hand the MS? experiments could not distinguish between the
vicinal hydroxyls and geminal 5-diol, since both variants produce the same fragment
188 arising after the loss of thiourea to form either a vicinal enediol or an acrylic acid
structure, respectively, on the other hand, the MS?® experiment achieved solving this
issue (Figure 28). In this process, the fragment 188 itself was collected in ion trap
mode and further fragmented in order to check potential products. The fragmentation
of 188 produced a robust signal at 160 (Figure 29), which clearly corresponds to the
loss of CO in this case. Thus, this fragment at 160 can only agree with the vicinal
enediol. Therefore, the compound 264 contains hydroxyl groups at position 4 and 5
separately, as a result of attack water at position 4 of the enol structure 246:202 and
not an attack at position 5 of the imidazole ring. Thus, by analogy, GSH molecules
should prefer to attack at the position 4 of the enol structure 146:202. This, however,

cannot completely exclude an attack at position 5 of the compound 246:202.

Based on that, the addition of a third GSH molecule to the C=C-function of the enol
structure 246:202 produces the compound 553:308, which is assisted by GSH to
eliminate water, forming the compound 535, which includes an imino function
(S=C—N=C system that is called N-thioacyl imine). Finally, the compound 535 is
reduced by a fourth molecule of GSH, yielding ET and the by-product GSSG.

The DFT computations that was performed by Professor B. Goldfuss from the
Department of Organic Chemistry of the University of Cologne could also support all
the steps of the proposed ET regeneration mechanism and explained the details of the
final step of the regeneration mechanism as follows: the second reduction by GSH,
producing an enamide anion and the protonated disulfide GSSG, and then the proton

transfer, yielding ET and GSSG as a by-product (Figure 47).
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Figure 47. Detailed reaction cycle of ET after the reaction with '0,. The reaction of
ergothioneine with 'O, and the subsequent regeneration with GSH was computed by
employing the B3LYP/6-31G*-GD3-BJ method. A Schenck ene addition of 'O, to ET
generates an alkylhydroperoxide (a), which decomposes, yielding a lactam intermediate (b).
Addition of HSMe (as a GSH model) to the N=C-function of this lactam yields an adduct (c),
which is subsequently reduced by reaction with a second HSMe molecule via a SN2(S)
reaction, yielding an enol structure and the disulfide Me-S-S-Me byproduct (d). Addition of a
third HSMe molecule to the C=C-function of the enol generates an adduct (¢), which (assisted
by MeSH or water) eliminates water, forming an imino function (f). The second reduction
proceeds via reaction with HSMe, yielding an enamide anion (g) and the protonated disulfide
Me-S(H+)S-Me. Proton transfer yields Me-S-S-Me and ergothioneine (h). Text passages
mostly cited from [103].
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The potential side reaction 262:145 (gray) could be produced by the attack of water to
the N=C-function of the lactam intermediate 244. However, the compound 262:145
completely disappears when the concentration of GSH is up to 0.3 mM (Figure 26).
At high concentrations of GSH (up to a 1000-fold excess of GSH over ET), the
potential side reaction 264:188 (Figure 46, gray) produces.

4.3 GSSG generation assay

In this work, the concentration of GSSG was measured and quantified in order to
prove the proposed ET regeneration cycle after reaction with 'O> (Figure 46), since
this regeneration mechanism occurs only in the presence of GSH. For each
regeneration cycle, four molecules of GSH are needed to regenerate one molecule of
ET from its oxidized products which arise after the reaction with 'O>. The four
molecules of GSH which are required are oxidized to two molecules of oxidized
glutathione (GSSGQG) after reducing the intermediate compounds (oxidized products of
ET), which are involved in the proposed regeneration cycle. Thus, the concentration
of GSSG in this case must be increased with every regeneration cycle. In the reaction
experiments that were performed in vitro in this project, no enzymes were present.
Therefore, the disulfide bond that is formed in the disulfide compound (GSSG) is
stable and in this case the GSSG is not able to be reduced back to GSH in the absence

of enzymes (Figure 13 and Figure 32) [109].

The results from the reaction of GSH with 'O (Figure 34) demonstrate that there was
a slight production of GSSG from 10 mM GSH (control), although in the literature the
production of GSSG accounts for 63% of the 'O, reaction products [149]. In fact, the
GSH molecule and other cystein-based thiols were less efficient towards 'O, than ET,
however, the differences were not as marked as in the present work. The ratio of rate
constants (f) for ET and GSH, was 13 [149] or 3 (at pH 7.4; GSH was represented
here by 2-mercaptopropionyl glycine) [56]. Stoffels et al. suggested that ET is at least
50-fold more reactive than GSH towards 'O> [12]. However, the GSSG production
data in the present work (Figure 34) suggest f =30 /2 * 10 = 150; in other words ET
reacts with 'O, 150-fold more efficiently than GSH. Furthermore, the methods that
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were utilized in the mentioned literature [56, 149] were completely different from the
method used in this project: both groups [56, 149] have measured
chemiluminescence at 1270 nm, since the energy differential between !0, and ground
state oxygen (*0») is very specific [74, 75], and based on that, their measurement is
proportional to the available 'O,. Devasagyam et al. determined the rate constants
from Stern-Volmer plots, which in turn were based on only two points: the initial
steady-state chemiluminescence (So) and the end-point chemiluminescence (S), after
ET or thiol had completely reacted (Figure 48 and 49) [149]. This method did not
observe the initial rates of the reaction; if ET reacts further with initial ET-'O;
products as suggested in the present work, then the efficiency of ET will be
underestimated. Moreover, Rougee et al. have utilized a photosensitizer as a 'O
generator [56], however, other ROS (such as hydroxyl radical, superoxid anion and
hydrogen peroxide) were produced alongside the 'O, generation simutaneously and

possibly affected their results.

) NDPO, Ergothioneine NDPO; Cysteine
P o
=
E
° b
c
R=d
U 1
3
=4
e et
3
IJ'J e "
] I ] | I !
0 5 10 0 5 10

Timel{min)

Figure 48. Quenching of the NDPO,-generated 'O, monomol emission signal at 1270 nm
by 1 mM ET and 1 mM cysteine at 37 °C (Figure from Devasagyam et. al [149]). 5 mM
NDPO, was added to 50 mM sodium phosphate buffer in D,O (pD 7.4). At the peak of
monomol emission, the thiol dissolved in the above buffer was injected. The graph shows the
efficiency of ET and cysteine through their ability to quench '0,[149].
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Figure 49. Stern-Volmer plot for the overall Quenching (kq + ki) of 'O, by ET and
cysteine at 37 °C in 50 mM sodium phosphate buffer in D,O (pD 7.4) (Figure from
Devasagyam et. al [149]). The diagram shows that the overall quenching ability was
markedly decreased by cysteine in comparison with ET. Sy and S are the chemiluminescence
intensities in the absence and presence of the quencher respectively, kq is the physical
quenching rate constant, k; is the chemical reaction rate constant [149].

The ET regeneration cycle by GSH after the reaction with 'O, bears a striking
resemblance to the non-enzymatic regeneration of ascorbic acid (AA) from its
oxidized form dehydroascorbic acid (DHA) by GSH. Moreover, the mechanism of
reducing DHA back to AA needs two molecules of GSH, which are oxidized to one
molecule of GSSG per turn (Figure 12). The by-product GSSG is reduced to GSH by
NADPH-dependent enzymes in living organisms [109].

In fact, the concentration of AA in the cytosol of the cells is high (2-4 mM) and the
reaction of the ascorbate monoanion with 'O; is rapid, k = 3 x 108 M! s, It has been
suggested, therefore, that ascorbate is the most effective chemical quencher of 'O
and could play a significant role in vivo [98]. However, the data of the present work

demonstrate that ET is a superior interceptor of 'O, than AA [103].

According to the GSSG generation assay, the production of GSSG from the reaction
of GSH + 'O, (control) (Figure 34) in the presence of 1 mM ET is 8-fold higher than
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the production of GSSG from the reaction of control + 1 mM AA, after the
subtraction of GSSG levels in the control. Therefore, the number of ET molecules that
reacted with 'O, was at least 4 times higher than the number of ascorbate molecules,
since the regeneration of AA from its oxidized form (DHA) produces only one GSSG
molecule per cycle [109], whereas the regeneration of ET from oxidized products of
ET produces two molecules of GSSG per turn. Thus, and under the assumption that
the loss of AA (from the DHA hydrolysis in aqueous solution) and ET (from the
potential side reaction) are nearly similar, then ET reacted at least 4-fold faster than
ascorbic acid towards !O». Furthermore, if the ET cycle took more time than the AA
cycle, then the difference would be even larger. Note that, the reaction of ET with 'O,
followed by the regeneration cycle entirely deactivates 'Oz, whereas the reaction of
AA with 'O, produces not only dehydroascorbic acid (DHA), but also stoichiometric
levels of H>O» [89], which provides further oxidative challenges for cells and tissues.
Therefore, the ET reaction is not only faster than the AA towards 'O, but also more
efficient and less harmful than AA. In fact, it should be taken into consideration that
DHA, depending on the reaction condition, may not be completely reduced back to
AA in vitro [109]. Moreover, in the ET regeneration mechanism, although some side
reactions are possible in vitro, the results that are presented in this work demonstrate

that ET levels are virtually stable in the presence of 10 mM GSH (Figure 24A).

According to the GSSG generation assay, the efficiency of ET as an interceptor of 'O
can be clearly estimated. The endoperoxide (DHPNO;) that was utilized in the
experiments of this project decays at 37 °C with a half-life of 23 min, to release 59%
of 'O [83]. Moreover, the decay of DHPNO; follows the equation N(t) = No * exp (-
lambda * t) with lambda = In (2) / ti2, which shows that after 12 min DHPNO; has
decayed by 30% to release 10 mM * 0.30 * 0.59 = 1.8 mM 'O, [103]. With the 2
molecules of GSSG that were produced per ET regeneration cycle, it follows from the
difference in the rates (see results) that in 12 min in DO, 0.72 mM ET was
regenerated, after the reaction with 'O2, and that means that ET chemically quenched
an impressive 40% of the released 'O,. Furthermore, the rest of 'O, was surely
quenched physically by non-toxic, unreactive collisions with the solvent or other

molecules.
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In accordance with the addition reaction of 'O, to ET (Schenck ene reaction), the
double bond in the imidazole ring of ET is responsible for the reaction mechanism.
The GSSG generation assay completely agrees and supports the suggested reaction
mechanism and demonstrates that the aromatic ring of ET (compound DHIT) is
entirely sufficient for the complete regeneration mechanism of ET (Figure 36); in
other words, the zwitterionic amino acid backbone is definitely not involved.
Moreover, the GSSG production for the compound thiamazole (= DHIT with an
additional methyl group, on either one of the nitrogen atoms at positions 1 or 3 in the
ring) was only at the half level of the compound DHIT. Furthermore, this is in
accordance with the Schenck ene reaction (first step), which needs a proton on the
nitrogen atom at the position 3 of the ET ring. However, if the residual GSSG
produced from an attack of 'O» on the other side of the ring (position 5), then the
proton on the nitrogen atom at position 1 of the ET ring will be used. Therefore,
blocking one of the two nitrogen atoms in the ET ring by using the methyl group,
halved the production of GSSG. This demonstrates the importance of both nitrogen

atoms with their protons in the ET ring.

The GSSG generation assay could illuminate the second attack of GSH in the
proposed regeneration mechanism of ET which was already clarified in this work by

means of MS>.

In fact, the results from the MS® method (Figure 29) clearly indicated that the enol
structure 246:202 is a part of the ET regeneration cycle (Figure 46) and the
corresponding ketone (Figure 27) is not involved, although the ketone is a more stable
tautomer according to the DFT computations (not shown). In order to support these
results, the compounds 2-thiohydantoin and 3-(5-oxo-2-thioxo-imidazolidin-4-yl)-
propionic acid (Figure 35), which have a ketone function on the position 5 of the
imidazole ring, were tested in the GSSG generation assay. Both model compounds
failed to drive the generation of GSSG (Figure 36). Therefore, the enol structure
246:202 is the crucial intermediate compound in order to initiate the second reduction
of the ET regeneration cycle (Figure 46). Moreover, the ET ring promotes this step
via its ability to form a zwitterionic resonance structure with a positive charge on the
nitrogens (Figure 50) [150], and in this case, the imidazole-2-thiols may activate the

C=C bond by decreasing the electron density of the double bond, since a simple enol
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C=C-OH is similar to simple C=0 functions [148] and it would not readily react with
a thiol function under physiological conditions. Therefore, the compound 1,3-
dihydroimidazol-2-one (= Compound DHIT with an oxygen instead of sulfur at
position 2) produced GSSG 3-fold lower than the compound DHIT in the GSSG
generation assay (Figure 36), since the activation of the double bond C=C by
decreasing the electron density in imidazole-2-thiones may be better than in

imidazole-2-ones.

Figure 50. Three possible resonance structures for ET. The ring of ET is able to form a
zwitterionic resonance structure with a positive charge on the nitrogens. Modified from [150].

Thus, the results show that the thione on position 2 of the ET ring is important.
Furthermore, alkyl substitution at position 4 of the ET ring (DHIT) does not influence
the reaction, because the 4-methy-1H-imidazol-2-thiol (= 4-methyl ET ring) was as
effective as ET and DHIT to drive the production of GSSG (Figure 36).

Based on that, the ring of ergothioneine (1,3-dihydroimidazole-2-thione) is not only
responsible for the reaction of ET with 'O, but also supports the ET regeneration
mechanism from its reaction products by means of a thiol group of other compounds
such as GSH, which is present in all mammalian cells. Apparently, every single
element in this ring has its own unique importance and is irreplaceable for the

production of desired results.
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4.4 Capturing the oxidized product of ET after the reaction

with singlet oxygen

The suggested ET regeneration cycle after reaction with 'O, (Figure 46) was
supported not only by the GSSG generation assay described above (3.2), but also by
capturing the reaction intermediate of the regeneration mechanism by sedimented
agarose beads. Agarose beads are usually used for protein purification and they are
insoluble, crosslinked, pressure-stable and immediately submersible.

In this section of the present project, the oxidized product that arose after the reaction
of ET with 'O, was isolated by means of beads that were covered with thiol groups.
The thiol groups are provided by the amino acid L-cysteine, which was covalently

linked to insoluble cross-linked agarose beads via its amino group.

The point behind this strategy is that the thiol group on the beads” surface should react
and bind with the oxidized products of ET, exactly at the position where the thiol
group of GSH should attack (Figure 46), and then, after washing the beads and
removing the whole reactants, the oxidized products of ET that were bound to the
thiol group of cysteine should be reduced towards ET by adding the GSH to the
beads. Therefore, the proposed mechanism of ET regeneration after reaction with 'O,
was strongly supported and proven after successfully reducing the oxidized ET
product to ET by GSH, and thus it was confirmed that GSH regenerates ET from its

oxidized product.

In the experiment made of 0.1 mM ET with and without 10 mM DHPNO., the
reaction mixture included 100 pl of sedimented beads. This experiment was
performed in 10 mM ammoniumhydrogen carbonate buffer at pH 8.0 to activate the
nucleophilic addition of thiol via deprotonation. Moreover, the concentration of L-
cysteine that was utilized in this experiments was approximately 4 nmol per pl of gel;
this corresponds to an 8-fold molar excess of thiol groups vs. ET to minimize the
intervention that could occur by the thiol group of ET. In addition, the reaction of the
amino acid cysteine with 'O, produces the cysteine disulfide (Figure 51) [92], which

means that ET can react with cysteine to yield disulfide compounds. Therefore, 0.1
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mM GSH was added to the reaction solution in order to avoid the disulfide formation

from ET (see results).

= G')‘""s @o &r?ma @%ma o
\c <|: CH,—SH + 1o Cysteine \ | (|': c/
—C——CH,— e C—C——CH,—S——S—H,c——C—
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Cysteine Cysteine disulfide

Figure 51. The reaction of the amino acid cysteine with 'O, producing cysteine disulfide.
In the presence of 0.1 mM GSH, the formation of the disulfide bond will be avoided [12, 92].

After the reaction mixture was incubated on a shaker (1200 rpm) for 10 min at 37 °C,
the whole reaction solution with beads was transfered immediately into the column.
Afterwards, the reaction solution was removed, including all the reactants, while the
oxidized product of ET that would bind itself to the beads should remain in the
column.

In addition, the beads were washed three times with 100 mM sodium chloride to
avoid any possible interaction of the initial ET with the beads (not shown).
Furthermore, the removal of unreacted ET from the column was complete, since no
ET was detected by LC-MS/MS from eluted buffer (10 mM ammoniumhydrogen
carbonate) collected after addition to the beads (Figure 42). Moreover, there was also

no detection of ET by addition of 10 mM amio acid L-serine (in buffer) to the beads.

In the assay without 'Ox (as a negative control), no ET was detected from the eluted
buffer and 10 mM amio acid L-serine that were added to the beads, respectively, and
then, a very small amount of ET was released from the columns by adding 10 mM
GSH. However, in the case of an presence 'O, a large amount of ET was released by
adding GSH. This suggests that products of oxidized ET were indeed captured by the
beads, since there was no detection of ET by addition of the buffer and serine to the
beads, respectively; However, adding 10 mM GSH stimulated the reaction

mechanism towards ET and a huge amount of ET was detected by LC-MS/MS.
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In parallel controls, the cross-linked agarose beads that carry L-serine (beads that
were covered with hydroxyl groups of the amino acid serine instead of thiol groups of
the amino acid cysteine) also captured some reaction intermediates but the amount of
ET released from serine beads was almost 3-fold lower than the amount of ET
obtained from cysteine beads (after subtraction of the background in 'O,-negative
assays).

In fact, these results strongly suggest that ET is regenerated from Cys-attached
intermediates by the thiol function of GSH.

4.5 The reaction of ascorbic acid with singlet oxygen

In order to find evidence for the proposed ET regeneration cycle after the reaction
with 'O,, the analyzation of the oxidized form of glutathione (GSSG) proved the
regeneration mechanism of ET, since the regeneration of ET requires the reduced
agent GSH which is oxidized to GSSG. The results of the experiments did show that
GSSG markedly increased when the ET regenerated from its oxidized product.
Therefore, the question arose here of whether the AA can regenerate ET from its
oxidized products back to ET. It was examined whether ascorbic acid is able to
regenerate ET from its oxidized products or not, since AA is also a reducing agent
and can be found at 2-4 mM in human cells after absorption from food [103]. The
hypothesis that led to this experiment is that the oxidized form of AA should be

increased if AA is able to regenerate ET from its oxidized product.

Obviously, if we look at the regeneration mechanism (Figure 46), it would be
apparent that the mechanism cycle needs a thiol group compound and although AA is
a reducing agent, however, it includes no thiol function. In addition, if AA should be
able to regenerate ET from it oxidized product, then the AA must be oxidized and the

oxidized form of AA should increase.
In a process similar to the GSSG generation assay (see 3.2), the oxidized products of

AA (arising after the reaction with '0,) were analyzed by LC-MS/MS. In fact, the
oxidized form of AA is dehydroascorbic acid (DHA) [109], however, DHA
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hydrolyses into other oxidized forms in aqueous solvents over time (Figure 52) [125].
Furthermore, the degradation of DHA depends on various factors, such as the amount
of dissolved oxygen in the solution, pH, temperature, and light exposure [125, 151].
For instance, in acidic solutions, DHA 1is stable in a biocyclic hemiketal
(monohydrated) form [152], whereas it hydrolyses fast in neutral or basic solutions
[153]. Therefore, the measurement of DHA as an oxidized product of AA by LC-
MS/MS in H2O would not be accurate.
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Figure 52. First steps of the degradation of the dehydroascorbic acid at neutral pH in
aqueous solution. The measurement was done in buffered water (50 mM ammonium acetate,
pH 7.0 £ 0.1) after different incubation times at 27 °C. DAAH = dihydroascorbic acid

(DHA). Modified from [125].
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In order to find a stable and measurable oxidized product of AA in water (pH was
adjusted to 7.4 by adding a small amount of ammonia solution), a full scan of all
products arising from the AA oxidation by '0», was performed. The compounds with
high intensity which were identified by LC-MS and analyzed by the difference
shading method [5], were 209, 191 and 147, produced from an oxidation of AA with
10, (Figure 43).

These results were confirmed by comparing the identified oxidized products of AA
with the literature [125], and the relatively stable oxidized products of AA were
identified as the compounds 209 (monohydrated diketogulonate) and 191
(monohydrated DHA) (Figure 52). Therefore, in the present work, both the
compounds 209:191 and 209:147 were analyzed with a selected reaction monitoring
(SRM) method to obtain a specific measurement of the 209:191 and 209:147 by LC-
MS/MS so as to indicate the oxidized product of AA. In contrast, DHA (compound
173) was not used as an oxidized AA indicator for subsequent experiments, due to its

ability to hydrolyse over time in aqueous solvents (Figure 53) [125].
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Figure 53. The intensity of compounds 191 and 209 forming in the process of DHA
hydrolysis (173) measured by LC-MS/MS. Data show that the intensity of DHA (173)
decreases with time and then disappears, whereas the intensity of the compounds 209 and
191, which were relatively stable intermediate compounds in the degradation process,
increases. Modified from [125].

The results (Figure 45) demonstrate that AA is not able to regenerate ET from its
oxidized product; there was an increasing production of oxidized AA (the compound
209:191) over time from 1 mM AA and 1 mM DHPNO: (control). The addition of 1
mM ET to the control did not increase the production rate of 209:191, however, the
production of 209:191 markedly decreased to around 50% compared to the control
assay. Based on that, AA is not able to regenerate ET from its oxidized products,
since the production of oxidized forms of AA did not increase.

Furthermore, ET was able to eliminate a large amount of 'O, and left a small part of
!0, in the solution for AA to react with. Moreover, ET could protect AA from 'O
and decrease its oxidation, although the reaction of AA with 'O, s rapid, k = 3 x 10®

M1 5! and AA was considered one of the best 'O> quenchers. In other words, these
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results suported the data from the GSSG production assay (Figure 34) and proved that
ET is more efficient than AA towards 'O,.

The addition of His to the control assay could also slightly reduce the production of
209:191, since His is also one of the 'O, quenchers, however, it is not as effective as
ET (Figure 45). Furthermore, the data from the additional control (ET + AA without

10,) showed no effect.

Based on that, and according to the results that were demonstrated in the present
work, ET must now be viewed as closely linked with the redox couple GSH/GSSG.
Moreover, the necessary concentration of 5-10 mM GSH is present in humans and all
mammalians as well as vertebrate cells [114]. Furthermore, GSH and mycothiol are
present in all species that synthesize ET, such as cyanobacteria [154], mycobacteria
[155], and fungi [156]. At the time of the establishment of the syntheses of ET in
cyanobacteria for the first time [157], built-in auto-recycling obviated the necessity to
develop an extra regenerative enzyme. It is obvious now that the ET regeneration
mechanism, after the reaction with 'O,, requires high levels of GSH and can only
operate in concert with GSH. However, in the absence of GSH, it could be expected
that ET, by its nucleophilic thiol tautomer, functions like GSH, so that ET dimers are
produced and it consumes itself. Nevertheless, in the presence of only 0.1 mM GSH,

ET disulfide production is totally inhibited [12].

It is uncertain at present whether the two proposed [12] alternative initial reactions
between ET and 'O, have any effect on the suggested regeneration mechanism of ET,
because the large amount of ET is regenerated from its oxidized product though the

cycle shown in this project.

In the present project, on the one hand, several experiments regarding to the
regeneration mechanism of ET were performed in the laboratory and could prove this
regeneration mechanism via LC-MS/MS and LC-MS/MS/MS. On the other hand, the
DFT computations could also support all the steps of the proposed ET regeneration

mechanism after reaction with 'O».
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S Prospect

In this project, a non-enzymatic mechanism for the regeneration of ET after reaction
with 'O, was discovered. This regeneration mechanism needs a thiol group of the
reduced agent glutathione that is present in all mammalian cells, to occur. Thus, for
further research projects, it is important to investigate whether this regeneration
mechanism could operate with the aid of other compounds which include a thiol
group in their structures such as mycothiol, N-(2-mercaptopropionyl)glycine or

dithiothreitol.

Moreover, it is interesting to find out whether ET can be regenerated from its oxidized
products after the reaction with other reactive oxygen species such as hydroxyl

radical, superoxid anion and hydrogen peroxide.

Furthermore, this finding of the ET regeneration mechanism should be tested and

confirmed in living cells to be relevance for humans.

The in vitro experiments performed in order to find a stable and measurable oxidized
product of ascorbic acid, the compounds 209:191 (monohydrated diketogulonate) and
191:147 (monohydrated DHA), which were identified in this work through difference
shading method, were analyzed by LC-MS/MS. In addition, although these
compounds are relatively more stable than DHA, the hydrolysis process in aqueous
solutions is continiual, therefore, further research in order to identified all reaction

products of AA and 'O, and investigate their stability over time could be important.
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ARTICLE INFO ABSTRACT

Ergothioneine (ET), an imidazole-2-thione derivative of histidine betaine, is generally considered an antioxidant.
Important antioxidants are typically regenerated from their oxidized products, to prevent the interceptors from
being lost after a single chemical reaction with a reactive oxygen species. However, no mechanism for the
complete regeneration of ET has yet been uncovered. Here we define a non-enzymatic multi-step cycle for the
regeneration of ET after reaction with singlet oxygen (*0,). All reaction steps were verified by density functional
theory computations. Four molecules of GSH are used per turn to detoxify 'O, to water. Pure 'O, was generated
by thermolysis at 37 °C of the endoperoxide DHPNO,. Addition of 1 mM ET to 10 mM DHPNO, and 10 mM GSH
increased the production of oxidized GSH (GSSG), measured by LC-MS/MS, by a factor of 26 (water) and 28
(D,0), respectively. In the same assay, the ring of ET alone was able to drive the cycle at equal speed; thus, the
zwitterionic amino acid backbone was not involved. Our data suggest that ET reacts at least 4-fold faster with
10, than ascorbic acid. ET must now be viewed as tightly linked with the GSH/GSSG redox couple. The necessary
thiol foundation is present in all mammalian and vertebrate cells, and also in all species that generate ET, such as
cyanobacteria, mycobacteria, and fungi. Regeneration provides a decisive advantage for ET over other reactive,
but non-recoverable, compounds. Our findings substantiate the importance of ET for the eradication of noxious
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1. Introduction

Certain bacteria and fungi synthesize ergothioneine (ET). Starting
from L-histidine, the amino group is completely methylated and a sulfur
atom is added at position 2 of the planar imidazole ring [1-3]. ET has
several properties that are markedly different from ordinary thiols like
the ubiquitous glutathione (GSH). This can be explained by the pro-
minent involvement of a thione tautomer [4-6].

Humans and other vertebrates cannot synthesize ET; it must be
absorbed from food. Most of our contemporary food contains very little
ET, but some mushrooms [1,7] and cyanobacteria [8] contain much,
around 1 mg/g of dried material. After ingestion, ET is rapidly cleared
from the circulation and then retained in the body with minimal me-
tabolism.

Due to its highly hydrophilic zwitterionic structure, ET on its own
can hardly traverse the phospholipid bilayers of cell membranes; it can
be translocated, however, by a dedicated protein, the ET transporter
(ETT; human gene symbol SLC22A4) [9]. ETT is a powerful sodium-
driven uptake transporter of the plasma membrane [10,11]. In all
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vertebrates, the ability to absorb, distribute, and retain ET depends
entirely on the activity of this highly specific transporter [12-16]. Cells
lacking ETT practically do not accumulate ET. In the human body, ETT
is strongly expressed in certain cells and tissues only: erythrocyte pro-
genitor cells of the bone marrow, the small intestine (ileum), kidney,
trachea, cerebellum, and monocytes. Case-control studies have shown
that polymorphisms in the SLC22A4 gene are associated with suscept-
ibility to chronic inflammatory diseases, such as Crohn's disease, ul-
cerative colitis, and type I diabetes [14,17]. It is unknown, however,
how these mutations promote disease.

The mere existence of ETT and its strict evolutionary conservation
across all vertebrates imply that ET fulfills a beneficial role, like vita-
mins and essential nutrients. Numerous functions have been proposed
for ET. Mostly, it is considered an antioxidant [17,18]. However, its
precise physiological purpose is still unresolved. Why do particular
tissues or cells accumulate ET despite a 10-fold excess of GSH, the
general antioxidant?

Recently, we have reported that in the skin of unstressed ETT
knockout zebrafish, the content of 8-oxoguanine was increased 4-fold

Received 15 November 2018; Received in revised form 24 January 2019; Accepted 30 January 2019

Available online 02 February 2019
0891-5849/ © 2019 Elsevier Inc. All rights reserved.



M. Oumari et al.

Free Radical Biology and Medicine 134 (2019) 498-504

Abbreviations

o, singlet oxygen

AA ascorbic acid

DFT density functional theory
DHA dehydroascorbic acid

DHIT 1,3-dihydroimidazole-2-thione

DHPNO, N,N-di(2,3-dihydroxypropyl)-1,4-

naphthalenedipropanamide 1,4-endoperoxide; ET, er-

gothioneine
ETT ergothioneine transporter
GSH glutathione
GSSG oxidized GSH
LC liquid chromatography
MS mass spectrometry
ROS reactive oxygen species

vs. wild-type [19]. This led to the hypothesis that the specific purpose
of ET could be to eradicate noxious singlet oxygen (*O,), not only in
vertebrates but also in the ET producers. In a subsequent in vitro study,
we have shown that ET is much more reactive towards singlet oxygen
than GSH [20]. Among the reactive oxygen species (ROS), 10, is less
reactive than the hydroxyl radical, but more aggressive than the su-
peroxide anion and hydrogen peroxide [21]. This translates into a re-
latively long intracellular half-life (t;,» = 3 ps) [22]. The radius of the
sphere of activity of 'O, from its point of intracellular production was
estimated at 155nm [23]. While the hydroxyl radical reacts with al-
most anything, 'O, is selective about its reaction partner. For example,
the hydroxyl radical attacks all 4 DNA bases, but 10, confines itself to
guanine [24]. In the human body, 'O, is generated by sunlit photo-
sensitizers in the skin and eye and as a by-product of enzymatic oxygen
conversions by hemoglobin and peroxidases [25].

All important antioxidants such as GSH, ascorbic acid, vitamin E
(tocopherols plus tocotrienols), uric acid, and ubiquinol are regenerated
to a large part from their oxidized products [26-28]. The efficient re-
cycling of antioxidants are of utmost importance to prevent the inter-
ceptors from being lost after a single chemical reaction with a ROS.
Only continual turnover results in long-lasting antioxidative protection.
An antioxidant effect without regeneration of the protective compound
is therefore typically of minimal physiological significance. Conversely,
effective regeneration provides strong evidence for the importance of
the primary interception reaction.

A mechanism for the extensive regeneration of ET after a reaction
with a ROS has never been defined. Here we report a non-enzymatic
multi-step cycle for the regeneration of ET after reaction with singlet
oxygen.

2. Materials & methods
2.1. Singlet oxygen reaction assays

The endoperoxide DHPNO, was prepared and used as described
[20] to generate pure ‘O, by thermolysis at 37 °C. Standard assays, with
a total volume of 100pl in brown polypropylene reaction tubes
(72.706.001, Sarstedt, Niimbrecht, Germany), contained 10 upMET =+
GSH in 10 mM ammonium hydrogen carbonate/ammonia (pH 7.4 or
8.0) or in water. In assays without buffer, all components were checked
for neutral pH before mixing and adjusted if necessary by adding con-
centrated ammonia. Reactions were started by adding ice-cold DHPNO,
(68 mM) solution to a final concentration of 10 mM and then incubated
at 37 °C on a shaker (300 rpm). After the indicated times, 10 ul samples
were removed, diluted 1:10 or 1:100 with ice-cold buffer or water, and
then directly analyzed for ET and ET products by LC-MS/MS. Zero time
controls were kept on ice throughout. GSSG generation assays
(V = 100 pl) contained 10 mM GSH +10 mM DHPNO, = 1 mM test
compound in D,0.

2.2. LC-MS/MS

Ten microliters of the ice-cold reaction samples were analyzed by
HPLC coupled to a triple quadrupole mass spectrometer (4000 Q TRAP,
AB Sciex, Darmstadt, Germany). For HPLC (Shimadzu SLC-20AD
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Prominence HPLC; flow rate 0.2 ml/min, autosampler temperature 4 °C,
oven temperature 35 °C), a ZIC-HILIC column (5um, 2.1 X 100 mm;
Dichrom, Marl, Germany) was used with the following gradient: A,
0.1% formic acid and B, 0.1% formic acid in acetonitrile. Gradient flow
was set as: 90% B at 0 min, 90% B at 0.5 min, 10% B at 9 min, 10% B at
10 min, 90% B at 14 min, and 90% B at 15 min. At the MS interface,
ions were generated by atmospheric pressure ionization with positive
electrospray (ESI). Fragmentation by collision with nitrogen on Q2 was
used to record product ion spectra (entrance potential 10V, declus-
tering potential (DP) 60V, collision cell exit potential (CXP) 10V,
collision energy (CE) variable). The following fragmentations (scan
time 150 ms) were chosen for analyte quantification by selected reac-
tion monitoring (SRM; m/z parent:m/z fragment): ergothioneine,
230:127 and 230:186 (DP 41 V, CXP 8V, CE 27 V); GSSG, 307:130 (DP
56V, CXP 6V, CE 21V) and 613:355 (DP 71V, CXP 14V, CE 33V);
compound 246, 246:202 (DP 60V, CXP 10V, CE 25V); compound 551,
551:244 (DP 60V, CXP 10V, CE 40V); and compound 553, 553:246
(DP 60V, CXP 10V, CE 25V).

For each analyte, the area of the intensity vs. time peak was in-
tegrated. For ET and GSSG, linear calibration curves were constructed
(weighting 1/y?) from six standards which were prepared using the
solvent of the respective experiment. Sample analyte content was cal-
culated from the analyte peak area and the slope of the calibration
curve.

2.3. Calculations and statistics

All assays were performed at least three times on separate days.
Results are presented, if not indicated otherwise, as the arithmetic
mean = SEM with at least n = 3. For the data shown in Fig. 4, the
slopes from linear regression were compared (in 2 groups each, control
and sample) using GraphPad Prism version 8.0.1 for macOS, GraphPad
Software, San Diego, California, USA. The P values (two-tailed) indicate
the chance that randomly selected data points would have slopes as
different as (or more different than) observed. P values < 0.05 were
considered significant.

Density functional theory (DFT) computations were performed with
the Gaussian 16 package [29]. All minima and transition structures
were fully optimized and characterized by frequency computations
using the B3LYP/6-31G*-GD3-BJ method. Gibbs-energies (unscaled,
298.150 K, 1 bar) were employed to assess relative stabilities and re-
action barriers.

2.4. Materials

Commercial compounds (from Sigma-Aldrich, Munich, Germany,
unless noted otherwise) used include: L-ascorbic acid (A92902), L-
Cysteine Separopore 6B-CL (201811581, bioWORLD, Dublin, OH,
USA), L-dehydroascorbic acid (261556), deuterium oxide (151882),
1,3-dihydro-2H-imidazol-2-one (sc-357477A, Santa Cruz
Biotechnology, Heidelberg, Germany), L-(+)-ergothioneine (THD-201,
Tetrahedron, Vincennes, France), glutathione (G4251), 1H-imidazole-
2-thiol (OR8823, Apollo Scientific, Cheshire, United Kingdom), methi-
mazole (M8506), 4-methyl-1H-imidazole-2-thiol (ST02626, Synthon
Chemicals, Bitterfeld-Wolfen, Germany), 3-(5-0x0-2-thioxo-4-
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imidazolidinyl)-propanoic acid (CDS002303), L-serine (S4500), L-
Serine Separopore 6B-CL (201811621, bioWORLD), and 2-thiohy-
dantoin (T30406). All other chemicals were at least of analytical grade.

3. Results

Ergothioneine (ET) at 10 uM was rapidly oxidized in buffered water
by singlet oxygen ('0,), generated by the thermolysis of DHPNO, at
37 °C. Addition of 10 mM glutathione (GSH) largely prevented the de-
cline of ET (Fig. 1A). We have shown previously that compound
246:143 is generated much faster than other products made from ET
and 10, [20]. To avoid an interference from GSH at > 5mM, we have
measured this compound by SRM as 246:202 here. In the control, the
content of 246:202 followed the decrease of ET over time (Fig. 1B). In
the presence of GSH, 246:202 was reduced. This could indicate that
GSH reacts with 246:202 or diminishes the generation of 246:202. If
GSH would merely capture most of the 10, in this experiment, then all
compounds made from ET and O, should decline strongly at high GSH.
This was not the case for compounds 264 (Fig. 2B) and 246:202
(Fig. 2C) up to a 1000-fold excess of GSH over ET. Fig. 2A shows the
accumulation of compounds 551 and 553 as a function of GSH con-
centration; both compounds are reaction products of ET and 'O, and
GSH [20] (see Fig. 3 for structures). Compound 551 predominates at
low GSH concentrations (0.1-1.0 mM), but disappears at 10 mM GSH or
higher. By contrast, the generation of compound 553 depends on higher
GSH concentrations; it accumulates maximally around 10 mM GSH and
then declines. These profiles suggest that compound 551 reacts with
GSH if available in sufficient amounts. The generation of compound
553 probably follows the transformation of 551; it is less efficient than
the generation of compound 551, since 100-fold higher GSH levels are
necessary. The decline of 553 at very high GSH could mean that this
compound also reacts with GSH. Based on the above and our previous
findings, a circular reaction scheme (Fig. 3) was devised that defines the
regeneration of ET. Supplementary Fig. 1 shows the detailed reactions,
with transition states and activation energies from DFT computations.

The proposed regeneration cycle consumes 4 molecules of GSH and
generates 2 molecules of oxidized glutathione (GSSG) and 2 molecules
of water per turn. The production of GSSG was measured by LC-MS/MS.
In control assays made of 10 mM DHPNO, and 10 mM GSH, the pro-
duction of GSSG at 37 °C in the time range of 3-12min was low, at
0.6 + 1.3uMmin". Addition of 1mMET markedly increased the
production of GSSG to 14 + 4 uM min™'. When water was replaced by
D,0, both rates increased strongly, because of longer 10, life time, to
4.5 + 1.1 pMmin™ (control) and 125 = 14 uM min™ (+ET). The ratio
of rates was similar in H,O (f = 26) and D,O (f = 28).

In the GSSG generation assay, ET was compared to several other
compounds (Fig. 4). In every experiment, assays with (average relative
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rate = 1 = 0.13) and without ET (control, 0.03 + 0.02) were per-
formed in parallel. It was verified that 10 mM GSH plus 1 mMET
without DHPNO, hardly generate GSSG (Fig. 4B, rightmost bar). Ad-
dition of L-histidine had no effect (0.02 = 0.04). Stimulation by as-
corbic acid (AA) was relatively small (0.15 * 0.02). After subtraction
of the control, ET produced 8 times more GSSG than AA. The re-
generation of AA from dehydroascorbic acid (DHA) generates only 1
GSSG per cycle [30]. Thus, under the assumption that losses of AA
(from DHA hydrolysis) and ET (from side reactions) are roughly similar,
ET reacted at least 4-fold faster than AA with 'O,. If it would take more
time to complete the ET cycle than the AA cycle, then the difference
would be even greater. The ring of ET, 1,3-dihydroimidazole-2-thione
(DHIT), was working exactly as good as ET, as was the 4-methyl ET ring
(Fig. 4B). Methylation of the ET ring on one of the 2 nitrogens (drug
names: INN thiamazole, USAN methimazole) halved GSSG production
(0.58 = 0.09). Substitution in the ET ring of sulfur with oxygen
markedly reduced GSSG generation (0.29 * 0.08). With 2-thiohy-
dantoin, the GSSG production (0.05 + 0.03) was on the control level.

The generation of GSSG as a function of GSH concentration could be
described by a simple hyperbola (Fig. 5). The half-maximal rate was at
1.8 mM (95% confidence interval, 1.5-2.2).

To prove regeneration of ET, we tried to capture reaction inter-
mediates by means of thiol groups attached to an insoluble matrix. Low
background binding of ET was obtained with cross-linked agarose beads
that carry L-cysteine covalently linked via its amino group. In the as-
says, ET was incubated with and without DHPNO, in the presence of
the beads, which were then transferred to mini-columns for washing
and elution. After washing, removal of unbound original ET was com-
plete, since the buffer eluates contained no ET (Fig. 6). Without 10, in
the initial reaction, little ET was released from the columns by GSH.
When 10, had been present, however, a large amount of ET was re-
leased by washing with GSH. This suggests that products from the re-
action of ET and 'O, were indeed captured by the beads. Addition of
GSH, but not of serine, stimulated further reaction towards ET. In
parallel controls, beads with L-serine ligands also captured some reac-
tion intermediates, but the amount of ET released from Cys beads was
almost 3-fold higher than from Ser beads (after subtraction of the
background in 'O,-negative assays). These data strongly suggest that ET
is indeed regenerated from Cys-attached intermediates by the thiol
GSH.

4, Discussion

Numerous functions have been proposed for ET; most of these are
related to reactive oxygen species (ROS). However, no mechanism for
the complete regeneration of ET after a reaction with a ROS has ever
been uncovered. If a specific reaction of ET has continual antioxidative

Fig. 1. Addition of GSH diminishes the loss of ET
in the reaction with '0,. 10uMET and 10 mM

8 contro’ DHPNO, without (control) or with 10 mM GSH in
10mM ammonium hydrogen carbonate, pH 7.4,
were incubated (V = 50 pl) for the indicated times at

o 37°C. Samples were diluted 1:10 with buffer and
s .

analyzed directly by LC-MS/MS for ET and com-
pound 246:202. Exponential decay functions and
linear regression (GSH in B) were used to describe
the data.
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relevance, then there must be regeneration. Here we report a non-en-
zymatic multi-step cycle for the regeneration of ET after reaction with
10,. Four molecules of GSH are used per turn to detoxify 'O, to water.
The cycle itself operates without loss, but in our in vitro assays the
recovery of ET was slightly reduced by side reactions. Further experi-
ments are required to confirm our findings in living cells, to verify that
ET cannot be regenerated after reaction with the other ROS species, and
to examine the relevance for humans. It is also unclear at present
whether the 2 proposed [20] alternative initial reactions between ET
and 'O, have any relevance compared to the large flow of ET through
the cycle shown here.

The data of Fig. 4 strikingly demonstrate (and provide a meaningful
answer to our fundamental question from the Introduction) why GSH is
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Fig. 2. Generation of products 551 and 553 from
the reaction of ET + 'O, + GSH as a function of

264

x10%] * GSH concentration. 100 uyM ET, 10 mM DHPNO,,
] L and GSH as indicated in 10 mM ammonium hy-

81 s s H s drogen carbonate, pH 7.4, were incubated
(V =100ul) for 10 minat 37 °C. Samples were di-

0 luted 1:10 and analyzed directly by LC-MS/MS for

the analytes 551, 553, 264, and 246:202. Results
from a single experiment are shown; each dot re-
presents a sample.

246:202

41 o

T
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GSH (mM)

no substitute for ET in the reaction with *O,: there was little production
of GSSG from 10 mM GSH (control), although GSSG accounts for 63%
of the 0, reaction products [31]. In previous reports, GSH and other
cysteine-based thiols were also less reactive towards 'O, than ET, but
the difference was not as marked as in our work: f, the ratio of rate
constants for ET and GSH, was 13 [31] or 3 (at pH 7.4; GSH was re-
presented here by 2-mercaptopropionyl glycine) [32], whereas our
GSSG generation data (Fig. 4) suggest f = 30/2 * 10 150. The
methods used were very different to our methods: both groups have
measured chemiluminescence at 1270 nm, a readout that is propor-
tional to the available '0,. Sies and coworkers [31] determined their
rate constants from Stern-Volmer plots that in turn were based on two
points only, the initial steady-state chemiluminescence (= S,) and the

Fig. 3. Regeneration of ET after reaction with singlet
oxygen. The simplified scheme (cf. Supplementary Fig. 1)
shows products that were detected by LC/MS (black), pro-
posed reaction intermediates (blue), and potential side re-
actions (grey). The m/z values (italic numbers) correspond to
acidic LC conditions. R represents the amino acid moiety
shown for ergothioneine. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to
the Web version of this article.)

535 H_[ e o o
s=( 36( “Gsse +10, 5= I 262
lgH _sG N ?
Second OH
reduction Hydroperoxide
+GSH =S
-H,0
H R N\ R
SG 244
s
o~ 1 ~< 1
553 N~ ow . :
+ GSH + 2+ GSH
Nucleophilic
addition
- GSSG
H R ~ H R
N N SG o
S=< I S=< % _3G
N~ o 551 N Qo H®
246:202 First reduction

501



M. Oumari et al.

A 06

Control +ET + His + Ascorbate
S 0.4 y
£ 4
(O]
7))
B o2
P fwit—t l/././.
0- T T T 1 r T T 1 T { 5 T 1 T T T 1
3 12 12 3 12 3 6 9 12
Time (min)
* * &
B
— 17
[0]
=
T
D 0.81
~— *
2
S 0.6
C
i)
© *
60'4-
[
>
5 0.2 *
9]
3
0+ —=—
Q 3& @ <O . @ . RN A
IO A o
< ° & go .{,,Q Qio @ S
s @ ,SQ &
3 v
3 R 3

Fig. 4. GSSG generation assays. All assays contained 10 mM GSH and 10 mM
DHPNO, in D,0. Further compounds were added as indicated to a final con-
centration of 1 mM. Samples were incubated at 37 °C for 3-12min, diluted
1:100, and then analyzed directly by LC-MS/MS for GSSG content. (A)
Representative results from a single experiment; each dot represents a sample.
Data were analyzed by linear regression; the slopes approximate initial GSSG
production rates. Since the rate of 'O, generation from DHPNO, decreases with
a half-life of 23 min, an exponential function (n = npax * (1 - exp(- A *t)))
would be more correct; the deviation from linearity is very slight, however, in
the chosen time intervall (not shown). (B) Combined results from several ex-
periments. Rates were normalized to the GSSG generation rate in the presence
of ET and then averaged (n = 3 or 4). Note that the rightmost bar, GSH + ET,
shows an additional control where 10 mM GSH plus 1 mM ET were incubated
without DHPNO,. Error bars indicate the SEM; an asterisk denotes that the
slope of the sample group was significantly different from the respective control
group.

end-point chemiluminescence (= S), after all ET or thiol had reacted
(Figs. 1 and 2 in the cited reference). This method did not monitor
initial rates of reaction; if ET reacts further with initial ET-'0, products
as suggested by our work, then the reactivity of ET will be under-
estimated. Rougee et al. [32] have used a photosensitizer for 'O, pro-
duction; other ROS were generated simultaneously and may have had
an impact on the results.

Because of the regeneration cycle, ET must now be viewed as tightly
linked with the GSH/GSSG redox couple. The necessary, almost optimal
(Fig. 5), foundation (5-10 mM GSH) is present in all mammalian and
vertebrate cells [33], and also (GSH and mycothiol) in all species that
generate ET, such as cyanobacteria [34], mycobacteria [35], and fungi
[36]. When cyanobacteria established the synthesis of ET for the first
time [3], built-in auto-regeneration obviated the need to develop an
additional regenerative enzyme. It is clear now that ET will work
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Fig. 5. Generation of GSSG as a function of GSH concentration. Assays
contained 0.1 mM ET, 10 mM ammonium hydrogen carbonate pH 7.4, 10 mM
DHPNO,, and GSH as shown. Samples were incubated for 10 min at 37 °C and
then analyzed directly by LC-MS/MS for GSSG content. Results from a single
experiment are shown; each dot represents a sample. The data were analyzed by
non-linear regression, using a hyperbola function analogous to the Michaelis-
Menten equation.
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Fig. 6. GSH regenerates ET from reaction products of ET and 'O, captured
by cysteine agarose beads. In polypropylene reaction tubes (72.690.001,
Sarstedt, Niimbrecht, Germany), 1 mMET * 10 mM DHPNO, in 10 mM am-
monium hydrogen carbonate pH 8.0 buffer (V = 50 ul) was mixed with 100 pl
of sedimented Cys beads (Separopore 6B-CL, bioWORLD, Dublin, OH, USA;
particle size range, 52-180 um; approx. 4 nmol L-cysteine per pl of gel; this
corresponds to an 8-fold molar excess of thiol groups vs. ET); 0.1 mM GSH was
present to diminish disulfide formation between ET and the Cys ligands (not
shown). The assays were incubated for 10 min at 37 °C on a shaker (1200 rpm),
then the beads were transferred into polypropylene microliter tips (70.762.010,
Sarstedt, Niimbrecht, Germany) and onto a small cotton plug. After 3 washes
each with 500 pl of 100 mM NaCl buffer, the following solutions were applied in
succession to the column (100 pl each, at room temperature): buffer, 10 mM L-
serine in buffer, and 10 mM GSH in buffer. The eluates were directly analyzed
by LC-MS/MS for ET content. Data shown are median + median absolute de-
viation.

steadily only in concert with GSH; recycling depends on high thiol le-
vels. In the absence of GSH, we expect ET, by its nucleophilic thiol
tautomer, to function as a reductant like GSH, thereby creating ET
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dimers and consuming itself. However, in the presence of 0.1 mM GSH,
ET disulfide formation was completely abolished [20]. In other words,
ET must be accompanied by 10 mM GSH in order to sustain its efficacy
against '0,.

The regeneration of ET by GSH bears some analogy to the non-en-
zymatic regeneration of ascorbic acid (AA; vitamin C). The oxidized
form of AA, dehydroascorbic acid (DHA), is reduced back to ascorbic
acid by 2 GSH molecules. The resulting GSSG is then reduced to GSH by
NADPH-dependent enzymes [30]. It has been suggested that ascorbate
is the most efficient chemical quencher of *O,. The reaction is rapid,
k=3 x10°M"'s? for the reaction of the ascorbate monoanion with
10, [37]. The very fast reaction of ascorbate with 'O, and its high
concentration (2-4 mM) in the water space of cells suggested that it
could be an important sink for 'O, in vivo. However, our data indicate
that ET is a superior interceptor of 'O, (Fig. 4A). Judging by the gen-
eration of GSSG, the number of ET molecules that reacted with 10, was
at least 4 times higher than the number of ascorbate molecules.
Moreover, the reaction with ET followed by the regeneration cycle
completely defuses 'O,. By contrast, the reaction of ascorbate with 10,
results in, besides DHA, the stoichiometric production of HyO, [38],
which poses further oxidative challenge for cells and tissues. Note that
in vitro DHA, depending on the reaction conditions, may not be re-
cycled completely [30]. Also in the ET regeneration cycle, some side
reactions are possible in vitro, but our results (Fig. 1A) demonstrate
that, in the presence of 10 mM GSH, ET levels are largely stable.

It is interesting to estimate the efficiency of ET as an interceptor of
10, here. DHPNO, decays at 37 °C with a half-life of 23 min to release
59% 10, [39]. It follows from N(t) = N, * exp (-lambda *t) and
lambda = In (2)/t; » that after 12 min, DHPNO, has decayed by 30% to
release 10 mM * 0.30 * 0.59 = 1.8 mM '0O,. With 2 GSSG produced per
ET regeneration cycle, it follows from the difference of rates (see Re-
sults) that in 12 min in D50, 0.72 mM ET was recycled after reaction
with 10,. In other words, an impressive 40% of released 'O, was
quenched chemically by ET. Some, if not all, of the rest was certainly
quenched physically (by non-toxic unreactive collisions with the sol-
vent or other molecules).

The GSSG generation assay demonstrates that the aromatic ring of
ET (compound DHIT) is fully sufficient for the complete cycle (Fig. 4B);
the zwitterionic amino acid backbone is not involved. With thiamazole
(= DHIT plus methyl group on one nitrogen), the GSSG production was
only at half of the DHIT level. This fits with the Schenck ene reaction
(first step) that requires a proton on the nitrogen at position 3. The
residual GSSG comes from an attack of 'O, on the other side of the ring,
then using the proton on the position 1 nitrogen. The reaction of the
proposed intermediate 244 (Fig. 3) with GSH can be considered as a
highly efficient (cf. Fig. 2) nucleophilic addition to the electron-defi-
cient imine substructure. This S=C-N=C (N-thioacyl imine) system
resembles a,B-unsaturated ketones in Michael additions [40,41]. Posi-
tion 4 of the imidazole ring represents a soft electrophilic spot and thus
the most likely target for thiols, the softest of the biological nucleo-
philes [42].

If we explain the drop in 246:202 levels (Fig. 1B) by the reaction of
GSH with this compound, then the enol 246:202 is not a side product,
but part of the cycle. The corresponding ketone, according to our DFT
computations (not shown), is the most stable tautomer. However, the
ketone cannot be part of the cycle, because the model compounds 2-
thiohydantoin (Figs. 4B) and 3-(5-oxo-2-thioxo-imidazolidin-4-yl)-pro-
pionic acid (not shown) failed to drive the production of GSSG. We
therefore suggest that the aromatic enol 246:202 is the crucial inter-
mediate to initiate the second reduction (Fig. 3). We presume that the
ET ring promotes this step, since a simple enol C=C-OH, like simple
C=0 functions [42], would not react easily with a thiol under phy-
siological conditions. Because of the higher prevalence of zwitterionic
resonance structures with a positive charge on the nitrogens [4], imi-
dazole-2-thiones may activate better (by withdrawing electron density
from the C=C bond) than imidazole-2-ones. The 3-fold lower GSSG

503

Free Radical Biology and Medicine 134 (2019) 498-504

production by 1,3-dihydroimidazol-2-one (Fig. 4B), with oxygen in-
stead of sulfur, could originate from this step.

It remains uncertain whether GSH prefers position 4 or 5 of the
imidazole ring for attachment. Our MS fragmentation data of com-
pound 553 cannot resolve that question [20]. Our DFT computations
(see Methods) show that the barriers for the addition of methanethiol to
the enol C(4) = C(5)-OH function are similar for the MeS-C-C(H)-OH
(38.9 kcal/mol) or HC-C(SMe)-OH (32.9 kcal/mol) products. Since the
ET ring (DHIT) was as effective as ET and the 4-methyl ring to drive
GSSG production (Fig. 4B), alkyl substitution at position 4 probably
does not influence the reaction at this stage. Thus, if there is a preferred
attack site, it is governed only by the hydroxyl at position 5, all else
being symmetrical in the simple ET ring. The side product 264 (cf.
Fig. 3) represents ET with 2 oxygen atoms. This could mean vicinal
hydroxyls at positions 4 and 5 [20] or a geminal 5-diol. MS? could not
distinguish these alternatives, because the observed main fragment at
m/z 188 is plausible for both variants, representing, after loss of
thiourea, either a vicinal enediol or an acrylic acid structure. However,
in a MS® experiment, the fragment m/z 188 yielded a robust fragment at
m/z 160 (not shown), which must correspond to the loss of CO here.
This agrees with the vicinal enediol only. Therefore, compound 264
contains hydroxyls at positions 4 and 5, resulting from an attack of
water at position 4 of the enol 246:202. GSH should then, by analogy,
attack at position 4; however, we cannot entirely rule out an attack at
position 5.

Elimination of water (possibly GSH-assisted) from the MeS-C-C(H)-
OH adduct yields a S=C-N=C (N-thioacyl imine) system (compound
535). In the final reduction step, the S=C function helps to accom-
modate electron density at the imino function.

In conclusion, the ring of ergothioneine (1,3-dihydroimidazole-2-
thione) is not only an outstanding reaction partner for singlet oxygen,
but it also supports, in concert with a thiol like glutathione, a cycle of
regeneration. Four molecules of GSH are used per turn to transform 'O,
to water, without any enzyme involvement. The necessary thiol foun-
dation is present in all species that generate or use ET. Regeneration
provides a decisive advantage for ET over other reactive, but non-re-
coverable, compounds. Our findings substantiate the importance of ET
for the eradication of noxious '0s.
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ARTICLE INFO ABSTRACT

Keywords: The candidate vitamin ergothioneine (ET), an imidazole-2-thione derivative of histidine betaine, is generally
Ergothioneine considered an antioxidant. However, the precise physiological role of ET is still unresolved. Here, we in-
Singlet oxygen vestigated in vitro the hypothesis that ET serves specifically to eradicate noxious singlet oxygen (*O,). Pure 'O,
Glutathione was generated by thermolysis at 37 °C of N,N'-di(2,3-dihydroxypropyl)-1,4-naphthalenedipropanamide 1,4-en-
]Aitlf)il dant doperoxide (DHPNO,). Assays of DHPNO, with ET or hercynine (= ET minus sulfur) at pH 7.4 were analyzed by
Imidazole LC-MS in full scan mode to detect products. Based on accurate mass and product ion scan data, several products
Hydroperoxide were identified and then quantitated as a function of time by selected reaction monitoring. All products of

hercynine contained, after a [4+ 2] cycloaddition of 'O, a carbonyl at position 2 of the imidazole ring. By
contrast, because of the doubly bonded sulfur, we infer from the products of ET as the initial intermediates a 4,5-
dioxetane (after [2+ 2] cycloaddition) and hydroperoxides at position 4 and 5 (after Schenck ene reactions). The
generation of single products from ET, but not from hercynine, was fully resistant to a large excess of tris
(hydroxymethyl)aminomethane (TRIS) or glutathione (GSH). This suggests that '0, markedly favors ET over
GSH (at least 50-fold) and TRIS (at least 250-fold) for the initial reaction. Loss of ET was almost abolished in
5 mM GSH, but not in 25 mM TRIS. Regeneration of ET seems feasible, since some ET products — by contrast to
hercynine products - decomposed easily in the MS collision cell to become aromatic again.

1. Introduction

Ergothioneine (ET) is a natural compound that humans and other
vertebrates cannot synthesize; it must be absorbed from food. Most of
our contemporary food contains very little ET, but many mushrooms
[1,2] and cyanobacteria [3] contain around 1 mg/g dried material.
After ingestion, ET is rapidly cleared from the circulation and then
retained in the body with minimal metabolism. During the biosynthesis
of ET, 1-histidine is converted to a betaine and a sulfur atom is attached
to position 2 of the imidazole ring [1,4]. ET can be considered a deri-
vative of thiourea. Because of the prevailing thione tautomer [5,6], ET

has several properties that are markedly different from ordinary thiols
like the ubiquitous glutathione (GSH).

Previously, we discovered an ET transporter (ETT; human gene
symbol SLC22A4) [7]. ETT is a powerful sodium-driven uptake trans-
porter in the plasma membrane [8,9]. Cells lacking ETT do not accu-
mulate ET since phospholipid bilayers are virtually impermeable to this
hydrophilic zwitterion. In the human body ETT is strongly expressed in
erythrocyte progenitor cells in bone marrow, the small intestine
(ileum), trachea, kidney, cerebellum, lung, and monocytes. The ability
to absorb, distribute, and retain ET depends entirely on this highly
specific transporter [10-13].

Abbreviations: 10, singlet oxygen; DHPN, N,N'-di(2,3-dihydroxypropyl)-1,4-naphthalenedipropanamide; DHPNO,, DHPN 1,4-endoperoxide; ET, ergothioneine; ETT, ergothioneine
transporter; GSH, glutathione; HPLC, high-performance liquid chromatography; HRMS, accurate ion mass measurement at high resolution; LC, liquid chromatography; MS, mass
spectrometry; NMR, nuclear magnetic resonance; SRM, selected reaction monitoring; TMPyP, 5,10,15,20-Tetrakis(N-methyl-4-pyridyl) —21,23H-porphyrin tetratosylate; TRIS, tris(hy-

droxymethyl)aminomethane
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Case-control studies suggest that polymorphisms in the SLC22A4
gene are associated with susceptibility to chronic inflammatory dis-
eases, such as Crohn's disease, ulcerative colitis, and type I diabetes
[12,14], but it is unknown how these mutations promote disease. The
mere existence and evolutionary conservation of ETT imply that ET
fulfills a beneficial role, perhaps like a vitamin. In general, ET is con-
sidered an intracellular antioxidant [5,14]. However, its precise phy-
siological purpose is still unresolved. Why do we accumulate ET in
particular tissues or cells despite a 10-fold excess of GSH, the general
antioxidant?

Recently, we have reported that in the skin of unstressed ETT
knockout zebrafish, the content of 8-oxoguanine (80G; alias 8-o0x0-7,8-
dihydroguanine) was increased 4-fold vs. wild-type [15]. This led to the
hypothesis that the specific purpose of ET could be to eradicate noxious
singlet oxygen (*0s).

10, is a member of the ROS (reactive oxygen species) quartet; it is
less reactive than the hydroxyl radical, but more aggressive than the
superoxide anion and hydrogen peroxide [16]. This translates into a
relatively long intracellular half-life (t;,5 = 3 ps) [17]. The radius of
the sphere of activity of 'O, from its point of intracellular production
was estimated at 155 nm [18]. While the hydroxyl radical reacts with
almost anything, 10, is selective about its reaction partner. For ex-
ample, the hydroxyl radical attacks all 4 DNA bases, but 'O, confines
itself to guanine [19]. In guanine, 10, reacts via [4+ 2] cycloaddition
with the imidazole ring to create a 4,8-endoperoxide, an 8-hydroper-
oxide and, after reduction, an 8-carbonyl [20,21]. Interestingly, a
doubly bonded oxygen (carbonyl group) at position 2 of the imidazole
ring stimulates reactivity very much: 80G - which bears obvious simi-
larity in the imidazole ring with ET - reacts at least 100-fold faster with
10, than guanine [22].

In the human body, 'O, can be generated by sunlit photosensitizers
in skin and eye. It is clear from the rare human disorder erythropoietic
protoporphyria that sunlight does also impinge on erythrocytes in cir-
culating blood, a major site of ET accumulation in all vertebrates.
Symptoms include itching, severe pain, swelling, and skin ulcers. Here,
sunlight drives 'O, production from protoporphyrin IX, the iron-free
precursor of heme. Binding of Fe>" to the porphyrin ring blocks 'O,
production almost completely [23]. However, if only a small fraction of
heme in erythrocytes was degraded to iron-free porphyrin, deleterious
10, would be produced. Alternatively, even intact hemoglobin may
generate singlet oxygen, because of its peroxidase activity [24-26].
Peroxidases such as myeloperoxidase, eosinophilic peroxidase, lacto-
peroxidase and thyroid peroxidase are closely related heme proteins.
They generate 'O, as a by-product of enzymatic oxygen conversions
[27]. In monocytes and macrophages - another site of prominent ET
accumulation - peroxidases produce highly reactive defence molecules
(respiratory burst). Here, the collateral production of singlet oxygen
[28,29] could also cause cellular damage.

Information on the reaction of ET with 0O, is scarce. Hartman and
coworkers reported conflicting results; at least in an assay with rose
bengal, ET was a better quencher than azide [30,31]. Other groups have
measured that in simple aqueous solution ET reacts faster than GSH
with 'O, [32,33]. To the best of our knowledge, the reaction products
of ET and '0,, if any, are unknown.

Recently, the reaction of ET in aqueous solution with the oxidants
hypochlorite (ClO), peroxynitrite (ONOO"), and hydrogen peroxide =
myoglobin was investigated [34]. By LC-MS, 3 products were detected:
ET disulfide, ET sulfonic acid, and hercynine (= ET minus sulfur). It
was hypothesized that hercynine is generated in a pathway involving
hydrolysis of ET disulfide.

The aim of our study was to define by LC-MS the products of ET and
10, that are generated in aqueous solution at 37 °C and physiological
pH. The reactivity of ET towards 'O, was compared with hercynine.
The responses to the addition of TRIS and GSH were used to devise a
model of the reaction pathways.

To generate 'O, in aqueous solution, photosensitizers like rose

Free Radical Biology and Medicine 113 (2017) 385-394

bengal, methylene blue, or TMPyP [35] are frequently used. The major
drawback of this approach is that superoxide anion, hydrogen peroxide,
and hydroxyl radical are generated alongside with singlet oxygen, so
results can be ambiguous. A brilliant alternative is based on the re-
versible binding (Diels-Alder addition) of 'O, to polycyclic aromatic
hydrocarbons like naphthalene and anthracene [36]. The resulting
endoperoxides are stable in the cold (=< 4 °C), but release 10, (together
with some unreactive triplet oxygen) upon mild warming. A very useful

Table 1
Products from the reaction of ET or hercynine with 0,.

Compound SRM Assay Accurate Peak Top  Full Scan
Code Mass (Da)  Elution Peak Area
Delta Time
(mDa) (min)
230 early 230:171 hercynine +  230.1133 6.1 7.1
10, 0.7
230 late 230:153 hercynine +  230.1134 7.2 4.2
0, 0.6
246:229 246:229 hercynine +  246.1084 6.2 3.1
10, 0.5
246:143 246:143 ET + 'O, 246.0905 6.6 -1.9
0.7
248 248:188 hercynine +  248.1241 7.0 6.2
0, 0.5
262 262:245 ET + 'O, 262.0854 5.4 10
0.7
264 264:188 ET + 'O, 264.1012 6.7 1.3
0.6
288 288:212 hercynine +  288.1120 8.5 1.0
0, + 1.0
0.1 mM
thiourea
333 333:274 hercynine + 333.1767 6.7 29
'0, + 5mM 0.7
TRIS
365 early 365:230 ET + 'O, + 365.1490 6.8 combined 13
365 late 365:244 5mM TRIS 0.4 7.2
519 519:460 hercynine + 519.1863 7.9 4.4
10, + 1.0
0.1 mM GSH
535 535:228 hercynine + 535.1814 7.8 6.4
10, + 1mM 0.8
GSH
551 551:244 ET + '0, + 551.1583 7.7 1.7
0.1mM GSH 1.0
553 553:246 ET + 'O, + 553.1741 7.9 0.95

1 mM GSH 0.9

All assays contained 100 uM ET or hercynine plus 10 mM DHPNO,. Full scan peak area
(in units of 10° counts x min) was calculated as the difference of the area under the curve
between 60 min and 0 min samples. SRM states parent and fragment masses. Delta, exact
mass of proposed compound minus accurate mass.

MeO.__O MeO.__O :Zj\/ﬂ o :Zj\/n 0
=
o o 0 .Y
N
MeO” S0 MeO” S0 :co)j/\u o :Zj/\u 0
1 2 DHPN DHPNO,

Fig. 1. Synthesis of DHPNO,. Structures of intermediates and products. See Section 2 for
details.
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Fig. 2. Products of hercynine and 'O, in water. For each compound (see Table 1 for
compound codes and further details) the product ion spectrum after collision induced
fragmentation is shown on the left. Structural interpretations of the main peaks are shown
on the right. The imidazole ring numbers are shown for hercynine. A hercynine product at
m/z 214 was observed by HRMS only (accurate mass = 214.1181 Da; weak fragments at
m/z 127 and 111) because of high background in the QTRAP machine. With 1-methyl-
hercynine, products analogous to the hercynine products were obtained at m/z 262, 260,
and 244 (not shown).

derivative, developed by Aubry and coworkers [37], is N,N-di(2,3-di-
hydroxypropyl) — 1,4-naphthalenedipropanamide (DHPN). The corre-
sponding endoperoxide DHPNO,, dissolves well in water (39 mmol/I at
20 °C) and decays with a half-life of 23 min at 37 °C to release 59% 10,
[36]. Best of all, the non-ionic DHPNO, can passively penetrate the
plasma membrane of living cells to release by thermolysis pure 'O, in
the cytosol [36,37]. In our study, we have used DHPNO, to ensure the
generation of clean '0O,.

2. Material and methods
2.1. Reaction of ergothioneine or hercynine with 10,

All assays (total volume 100 pl) were incubated in brown
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Time (min)

Fig. 3. Difference Shading image of products of ET and 'O, in water. Notable signals (red
indicates an increase, cyan a decrease) are marked with an arrow and the m/z value.
Sodium echo denotes a (somewhat less intense) peak with an identical elution profile at
+22 Da relative to the base signal; this suggests, in the present context, the presence of a
carboxyl moiety in the compound. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

polypropylene reaction tubes (72.706.001, Sarstedt, Niimbrecht,
Germany) at 37 °C with 100 uM substrate in water. Some assays ad-
ditionally contained TRIS-HCI pH 7.4 buffer (5 or 25 mM) or GSH (0.1,
1, or 5mM). Reactions were started by adding ice-cold DHPNO, stock
solution (around 70 mM on average) to a final concentration of 10 or
1 mM. After the indicated times, reactions were stopped by adding
100 pl ice-cold water and then put on ice. Zero time controls were kept
on ice throughout. Assays (300 pl) with the photosensitizer TMPyP (100
or 10 uM) were incubated in 12-well polystyrene plates (83.3921,
Sarstedt) on a shaker (300 rpm, 20 min, room temperature). UV light
was cast 20 cm from above with an upside-down UV table set to
365 nm.

2.2. LC-MS/MS

10 pl of the ice-cold reactions were immediately analyzed by LC-MS.
For HPLC (Shimadzu SLC-20AD Prominence HPLC; flow rate 0.2 ml/
min, autosampler temperature 4 °C, oven temperature 35 °C), a ZIC-
HILIC column (5 um, 2.1 X 100 mm; Dichrom, Marl, Germany) was
used with the following gradient: A: 0.1% formic acid, B: 0.1% formic
acid in acetonitrile; gradient flow: 90% B at 0 min, 90% B at 0.5 min,
10% B at 9 min, 10% B at 10 min, 90% B at 14 min, and 90% B at
15 min. At the interface to the triple quadrupole mass spectrometer
(4000 Q TRAP, AB Sciex, Darmstadt, Germany), ions were generated by
atmospheric pressure ionization with positive electrospray (ESI).

LC-MS difference shading [7] was used to search robustly for re-
action products. In order to compare two samples, e.g. reaction mix-
tures after 0 and 60 min, full scan data (50-650 Da; declustering po-
tential (DP) 60 V, entrance potential 10 V) were collected on Q1. Then,
two gray scale images with axes of m/z and time were generated, in
which the lowest intensities are rendered black (red green blue model:
0, 0, 0) and the highest intensities are rendered white (255, 255, 255).
Finally, a difference image was created, combining for each pixel the
red component of the 60 min image with green and blue of the zero
time image. Thus, newly made compounds can be spotted as red signals
(e.g., 64, 0, and 0), while compounds present in equal amounts in both
sets remain in gray tones (e.g., 100, 100, and 100).

Fragmentation by collision with nitrogen on Q2 was used to record
product ion spectra (DP 60 V, entrance potential 10 V, collision energy
(CE) 25V, collision cell exit potential (CXP) 10 V). The m/z values of
parent and fragment used for analyte quantification (SRM, selected
reaction monitoring [38]; scan time 150 ms; DP 60 V; CXP 10 V; CE 25
or 30 V) are mostly listed in Table 1. ET dimer, SRM 229:185; ET sul-
fonic acid, SRM 278:154; hercynine, SRM 198:95; thiourea, SRM 77:60.
SRM with DP 41 V and CXP 8 V: ET, SRM 230:127, CE 27 V; compound
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Fig. 4. Products of ET and 'O, in water. See legend to Fig. 2 and Table 1 for further details. The signal at m/z 60 is thought to represent trimethylammonium for all compounds.
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248, CE 15 V; compound 288, CE 25 V. For each analyte, the area of the
intensity vs. time peak was integrated.

2.3. Accurate mass LC/MS

Samples were analyzed by quadrupole time-of-flight mass spectro-
metry and MS/MS on a maXis 4G instrument (Bruker Daltonics,
Bremen, Germany) equipped with an electrospray ionization source,
after HPLC separation on a Dionex HPG 3200 system (Thermo
Scientific, Dreieich, Germany) as described above. The mass spectro-
meter was operated in positive-ion mode with the following operating
conditions: dry gas (nitrogen): 81/min, dry heater: 220 °C, nebulizer
pressure: 1.8 bar, capillary voltage: 4500 V. Internal calibration
through automation was performed in high precision calibration mode
using a reference mass list of sodium formate clusters. The resulting
error was below 1 ppm for all reference masses.

2.4. Calculations and statistics

All assays were at least performed three times, on separate days,
with 3 replicates per condition. The graphs shown in time courses were
estimated by non-linear regression with the function y = scalel * exp
(-kdown * x) - scale2 * exp(-kup * x) where scalel and scale2 describe
maximal deflections and kdown and kup are rate constants. Full scan
peak area represents the difference of the area under the curve of 2
samples, e.g. 60 min area minus zero time area in the time interval of
peak elution.

2.5. Materials

Ergothioneine (THD-201, Tetrahedron, France), TRIS (AE15.3, Carl
Roth, Karlsruhe, Germany), GSH (G4251, Sigma-Aldrich, Munich,
Germany), TMPyP (PO890204, Porphyrin Systems, Appen, Germany).
All other chemicals were at least of analytical grade.

2.6. Synthesis of hercynine

Hercynine was synthesized from 60 mg a-N,N-dimethyl-L-histidine
(F3625, Bachem, Bubendorf, Switzerland) and methyl iodide as de-
scribed [39]. The raw product was dried, dissolved in 1 ml methanol/
H,0/25% (v/v) NH3 (10:2:1) (= mobile solvent), and applied by
gravity flow to a silica gel column (60741, Sigma-Aldrich; length of
packed gel cylinder 10 cm, diameter 2.8 cm). Fractions of 2 ml were
collected and pooled guided by results from thin layer chromatography
(Silica gel 60 Fos4 plastic sheets 20 x 20; 1057350001, Merck, Darm-
stadt) with iodine staining. The yield of hercynine was 21 mg.

2.7. Synthesis of DHPNO,

A novel 4-step route towards DHPN was developed using a double
Heck reaction as the C-C bond forming key step. Products were char-
acterized by FT-IR, 'H NMR, ">C NMR, GC-MS, HRMS, and analytical
TLC on Merck silica gel 60 Fys54 plates.

1,4-Dibromonaphthalene was synthesized, based on a published
procedure [40], from 1.0 equiv. 1-bromonaphthalene and 1.1 equiv.
bromine in dichloromethane at —30 °C under light exclusion and
argon. The product was crystallized from n-hexane with an average
yield of 70%.

Compound 1 (Fig. 1) was synthesized at 120 °C in dimethylforma-
mide from 1.0 equiv. 1,4-dibromonaphthalene and 2.9 equiv. methyl
acrylate in the presence of 2.5 equiv. anhydrous sodium acetate, 0.015
equiv. palladium(Il) acetate, and 0.06 equiv. triphenylphosphine. The
product was crystallized from n-hexane and ethyl acetate with a yield of
82%.

Compound 2 was obtained by catalytic hydrogenation at room
temperature in dichloromethane/methanol (2:1) from 1.0 equiv. of
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diester 1 and hydrogen gas in the presence of 0.05 equiv. palladium on
carbon. After filtration over Celite and solvent evaporation, the yield
was > 99%.

DHPN was synthesized, based on patent EP 2551291 A1 (M. Ito and
H. Shibata, 2013), at 110 °C in methanol from 1.0 equiv. of diester 2
and 2.3 equiv. 3-aminopropane-1,2-diol in the presence of 0.2 equiv.
sodium methoxide. The product was dissolved in water and purified by
reversed phase silica column chromatography with a yield of 78%.

DHPNO, was generated as described [36,41]. In detail, 1.0 g of
DHPN was dissolved in 33 ml of 0.2 mg/ml methylene blue in D,O by
slight warming. The solution was filled into an irradiation tube with
internal cooling (3 °C) and illuminated for 7h with a LED lamp
(2700 Im, 3000 K; ca. 10 cm distance) under constant O, bubbling.
After transfer of the mixture to a flask immersed in an ice-water bath,
1.0 g of Chelex ion exchanger was added under stirring and argon
bubbling. The suspension was stirred at 4 °C for 20 min and then fil-
tered through a Schott filter (porosity IV). The solid was washed with a
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Fig. 6. Products of ET or hercynine and 'O, made with TRIS. See legend to Fig. 2 and
Table 1 for further details.
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Fig. 7. Relative compound levels as a function of GSH concentration in assays with ET
and 'O, in TRIS. Peak areas were determined by SRM as defined in Table 1. 10, was
generated from 10 mM DHPNO,; TRIS was used at 5 or 25 mM as indicated.
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few ml of D50O; the combined filtrates were directly frozen in liquid
nitrogen. HPLC analysis showed on average 80% conversion of DHPN
to DHPNO,.

3. Results
3.1. Reaction products of hercynine and singlet oxygen

100 puM hercynine was incubated at 37 °C with 10 mM DHPNO,, (to
generate 10,) in water. Comparison of 60 min versus zero time control
samples by LC-MS difference shading revealed (not shown) products at
m/z 248, 246, and two products at 230. Plausible structures could be
deduced from the respective fragmentation patterns (Fig. 2). Molecular
formulas of parent compounds were confirmed by accurate ion mass
measurements at high resolution (HRMS). The robust signal at m/z 248
(Table 1) thus corresponds to a hercynine derivative with 3 oxygen
atoms at positions 2, 4, and 5 of the imidazole ring. Compound 246:229
(Table 1) contains, relative to 248, a carbonyl at position 5. Compound
230 late contains a carbonyl at position 2, a hydroxyl at position 5, and
a double bond between positions 3 and 4. Compound 230 early is an
isomer of 230 late with the hydroxyl at position 4 and the double bond
between positions 1 and 5.

ET + ’02 +TRIS

Free Radical Biology and Medicine 113 (2017) 385-394

3.2. Reaction products of ergothioneine and singlet oxygen

100 uM ET was incubated at 37 °C with 10 mM DHPNO, in water.
Comparison of 60 min versus zero time control samples by LC-MS dif-
ference shading revealed (Fig. 3) intense product peaks (red color) at
m/z 262 and 264 and additional signals at 248, 246, 230, and 288. The
signal at m/z 198 (isotope echo at 199; sodium echo at 220; see figure
legend) corresponds to hercynine (full scan peak area: 6.0 x 10°), the
cyan signal at m/z 229 to ET disulfide dimer, and the signal at m/z 278
to ET sulfonic acid [34].

Based on HRMS and fragmentation data from MS? product ion
spectra, compound 264 is an ET derivative with 2 hydroxyls at positions
4 and 5 of the ring (Fig. 4). Similarly, compound 262 contains a car-
bonyl instead of a hydroxyl moiety. Few compounds of this study, like
ET and hercynine, show a loss of CO, (minus 44) in the fragmentation
spectrum. We interpret this to indicate an aromatic ring. Thus, com-
pound 246:143 likely contains an aromatic ring with a hydroxyl at
position 5. The products 248 and 230 correspond to the hercynine
products described above. Compound 288 was not detected in assays
(reaction time 60 min) with 100 uM hercynine and 10 mM DHPNO,;
however, a large amount was generated when 100 uM thiourea was
added (full scan peak area, calculated here as the area difference be-
tween + thiourea and + urea assays: 1.7 X 107). By contrast, no red
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Fig. 8. Relative compound levels as a function of time in assays with ET or hercynine and 'O, in water + TRIS. Peak areas were determined by SRM as defined in Table 1. 'O, was
generated from 10 mM DHPNO,. Note that ET peak areas, probably because of ion suppression, were somewhat reduced in the 25 mM TRIS samples.
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signals in the range 100 < m/z < 500 were observed in difference
shading when ET + 'O, + thiourea was compared with ET + 'O, or
with ET + 10, + urea.

The above products were also observed when 100 uM ET and
100 uM of the photosensitizer TMPyP were mixed in water and illu-
minated at 20 °C for 20 min to (predominantly) generate 'O,. These
products were not created in the absence of ET or TMPyP. At low '0,
(10 uM TMPyP), the order of full scan peak areas was
264 > 262 > > 246:143.

The detailed time course of product generation was analyzed by
selected reaction monitoring (SRM) (Fig. 5). Here, 100 uM ET and
10 mM DHPNO, were incubated at 37 °C in 5 mM TRIS to set the pH to
7.4. ET decreased exponentially (measured half-life 20 min). The
compounds 264 and 198 (hercynine) were formed rapidly; the slope of
compound 262 was slightly lower. The ET dimer 229 (= disulfide) at
first accumulated rapidly but later depletion dominated; the full scan
peak area (Fig. 3) was therefore negative: —5.1 x 10° Compound
246:143 was generated even faster, but then also declined. The hercy-
nine product 248 followed the generation of hercynine. With further
delay, the hercynine products 246:229 and 288 were generated. The
production of all compounds and the depletion of ET were vastly di-
minished when DHPNO, was reduced from 10 to 1 mM.

3.3. TRIS intercepts reaction intermediates

In the reactions of 'O, with ET or hercynine, the generation of some
products was inhibited by 25 mM tris(hydroxymethyl)aminomethane
(TRIS). At the same time, large peaks for compounds containing TRIS
appeared for ET (m/z 365) and hercynine (333). Based on HRMS and
fragmentation data, the hercynine derivative 333 likely contains
(Fig. 6) a stable aromatic ring (judging from the loss of CO,), an oxygen
at position 2, and TRIS probably at position 5. The major fragments of
the hercynine derivative 333 suggest that TRIS cannot leave here.

The signal at 365 was resolved to 2 largely overlapping peaks.
Compound 365 late broke easily in the collision cell and even in the
source of the mass spectrometer, releasing TRIS and a fragment ion at
m/z 244 (Fig. 6). This compound likely is an ET derivative with TRIS at
position 4 and a carbonyl at position 5. Compound 365 early was split
almost entirely into TRIS and a fragment ion at m/z 230. The latter was
identified as ET by disintegration in the ion trap into ions at m/z 186
and 127 (compare ET product ion spectrum, Fig. 4). Thus, 365 early is
an isomer of 365 late, most likely with interchanged TRIS moiety.
Addition of glutathione (GSH) to the ET/TRIS assay (Fig. 7) inhibited
the generation of 365 late (ICs5o at 5 mM TRIS = 0.2 mM). By contrast,
production of 365 early was stable.

The detailed time course of generation of products was analyzed by
SRM (Fig. 8). Here, 100 uM ET and 10 mM DHPNO, were incubated in
paired assays at 37 °C either in 5 or 25 mM TRIS pH 7.4 or in water. The
TRIS product 365 late was generated rapidly and vigorously. The
generation of ET product 264, 246:143, and the hercynine product 248
were vastly inhibited by 25 mM TRIS. By contrast, the generation of ET
dimer, hercynine, and ET product 262 were hardly affected. In the
hercynine assays (Fig. 8), the products 248, 230 late, and 246:229 were
strongly reduced by 25 mM TRIS. Again, the TRIS product 333 was
generated rapidly and in large amounts.

3.4. Glutathione competition assays

GSH was tested at 0.1, 1, and 5 mM as a reductant and nucleophilic
competitor to water in the assays with 100 uM ET and 10 mM DHPNOs,.
Difference shading revealed small specific peaks at m/z 551 and 553.
Based on HRMS and fragmentation data, the compound at m/z 553
likely is an ET derivative with a hydroxyl at position 5 and GSH at
position 4 of the imidazole ring (Fig. 9). Compound 551 contains a
carbonyl.
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Fig. 9. Products of ET or hercynine and '0, made with GSH. See legend to Fig. 2 and
Table 1 for further details. Additional doubly charged hercynine product ions were ob-
served at m/z 260 (= (519+1)/2) in 0.1 mM GSH and at m/z 268 (= (535+1)/2) in
1.0 mM GSH. In 5 mM GSH, both ions were absent.

In assays with 100 uM hercynine and 10 mM DHPNO,, addition of
1 mM GSH yielded new compounds at m/z 519 and 535. Compound
519 likely is an aromatic hercynine derivative with a carbonyl at po-
sition 2 and GSH at position 5 of the imidazole ring (Fig. 9). Compound
535 contains a carbonyl at position 2, GSH at position 4, and a carbonyl
at position 5.

Precise quantitation by SRM (Fig. 10) of ET products revealed that
compound 262 was completely eliminated by 1 mM GSH. Compound
264 was increased from water to 0.1 mM GSH and then remained stable
at 1 and 5mM GSH. ET product 246:143 was reduced with 0.1 mM
GSH, but partly restored in 1 mM GSH. Products made from ET, '0,,
and GSH changed markedly with GSH concentration: at 0.1 mM GSH,
the sole product was at 551. At 1.0 mM GSH, the major product was
553. At 5 mM GSH, both compounds were reduced. The ET dimer was
completely eliminated by 0.1 mM GSH or higher. The initial production
of hercynine from ET remained stable, even at 5 mM GSH; the hercy-
nine product 248 declined in the presence of GSH.

In the hercynine SRM assays, 1 mM GSH greatly diminished the
production of 230 and 248; the initial production of 246:229 was also
reduced. The hercynine/GSH product 519 was generated more rapidly
than compound 535; both compounds were stable. At 5 mM GSH, only
535 gave a small signal in difference shading (not shown).
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Fig. 10. Relative compound levels as a function of time in assays with ET or hercynine and 'O, in water + GSH. Peak areas were determined by SRM as defined in Table 1. 'O, was

generated from 10 mM DHPNO,.

4. Discussion

For proper interpretation of our data, it is important to mind the
constraints of the present study: 1.) Generation of 'O, decreases ex-
ponentially with time; the half-life of DHPNO,, at 37 °C is 23 min [36].
Thus, after 76 min the rate of 'O, generation is down to 10% of the
initial rate obtained shortly after mixing in the ice-cold DHPNO,. 2.)
The temperature-dependent release of 'O, from DHPNO, could pro-
mote reactions after assay termination at temperatures above room
temperature. This may have been relevant for our zero time samples at
the beginning of HPLC separation in LC-MS. We have not used azide as
a physical quencher of 'O, here to stop reactions, since azide as a nu-
cleophile could modify results. 3.) We could not detect unstable inter-
mediates that react very fast. Structures were assembled based on SRM
and HRMS data only, so some details remain tentative. NMR studies
could refine structures, but it may be difficult to purify many com-
pounds identified in this study in sufficient amounts since they were
unstable during storage of samples at —20 °C (data not shown). 4.) A
comparison of product amounts is not possible on the basis of the SRM
peak area results (Figs. 5, 7, 8, and 10) since the efficiencies of fragment
generation could be widely different. In the absence of authentic
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standards, we resorted to the comparison of full scan peak areas
(Table 1). In this mode, ionization efficiencies of related compounds
might be roughly similar.

Our reactions products of hercynine and 'O, (Fig. 2) agree mostly
with previous reports on photooxidation products of histidine and de-
rivatives [42,43]. It was suggested that some of the detected products
were hydroperoxides [42], but in that study no MS fragmentation was
performed. Our fragments look plausible without assuming hydroper-
oxides in the parent compounds. Moreover, it was calculated that
imidazole hydroperoxides should be rather unstable [44].

The in vitro reaction of ET and 10, at pH 7.4 directly yielded 3 main
products: compounds 264, 262, and 246:143 (Table 1, Figs. 3 and 5). In
parallel, ET is partly (see below) converted to hercynine which then
yields further 'O, reaction products like 248 and 246:229. Although the
initial slope of production of 264 was greater than that of 262 (Figs. 5
and 8), 262 was actually generated about 5 times faster than 264, since
the full scan peak area of 262 at 60 min (Table 1) was 8 times higher.
The initial increase of 246:143 at 10 mM DHPNO, was not resolved
here, but the markedly lower curve for 1 mM DHPNO, proves that
246:143 is truly a 'O, reaction product. The decrease over time in-
dicates a further reaction.
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Fig. 11. Reaction of ET with singlet oxygen. The scheme shows the major products and
proposed reaction intermediates. See Table 1 for compound codes.

By analogy to previous reports [42] we expect uncharged TRIS to
act as a simple amine nucleophile in the addition to imine intermediates
[43]. At pH 7.4 and 37 °C, 25 mM TRIS corresponds to 8.1 mM free
(uncharged) base (pK, 37 °C = 7.72). In the ET assays we have dis-
cerned a large amount of two TRIS products, 365 early and 365 late.
Production of 365 late was inhibited by GSH, whereas 365 early was
unaffected (Fig. 7). To explain this striking difference, we propose as
reaction intermediates 2 isomeric hydroperoxides (Fig. 11). The com-
pound with the hydroperoxide at position 5 of the ring contains a
geminal proton which allows the intramolecular elimination of water
[45] to yield an intermediate (M, = 244) that can react by addition of
TRIS or GSH to the imine moiety. The 4-hydroperoxide has no geminal
proton; here, reaction with TRIS is possible to yield 365 early, but lack
of inhibition suggests that GSH cannot react. Interestingly, in the mass
spectrometer collision of 365 early (but not of 365 late) with nitrogen
gas regenerated ET (Fig. 6). At the same time, TRIS should be released
as a C-nitroso compound. In agreement with our model (Fig. 11),
raising TRIS from 5 to 25 mM increased 365 late; however, it is unclear
why 365 early was diminished (Fig. 7).

Addition of 25 mM TRIS to the ET assay vastly inhibited the gen-
eration of 246:143 and 264 (Fig. 8). These compounds thus probably
are following the postulated intermediate (M, = 244) that leads to the
TRIS compound 365 late; reduction by ET (oxidized to the dimer) or
GSH (see below) would yield 246:143 directly and 264 indirectly (ad-
dition of water to an imine). Amazingly, TRIS even at 25 mM did not
inhibit the generation of compound 262 (Fig. 8). This suggests that
generation of 262 does not involve an external nucleophilic attack like
addition to an imine: both oxygen atoms from the initial attack of 10,
should be incorporated into this compound. We propose here the in-
tramolecular conversion of a dioxetane intermediate to compound 262
(Fig. 11). In the hercynine assays, 25 mM TRIS vastly diminished the
generation of all products (Fig. 8). By contrast to ET product 262, there
is no TRIS-resistant hercynine reaction pathway.

TRIS and GSH are both good nucleophiles, but in contrast to TRIS,
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GSH is also a potent reductant: 25 mM TRIS hardly affected (Fig. 8), but
0.1 mM GSH completely inhibited ET dimer formation (Fig. 10), in
agreement with previous reports [46]. The responses to GSH challenge
in the ET assay are therefore more complex (Fig. 10). Most importantly,
compound 262 is completely gone at 1 mM GSH or higher. However,
compound 264 is doubled from water to 0.1 mM GSH and then remains
high even at 5 mM GSH. Since 262 was stable with 25 mM TRIS (Fig. 8),
only reduction of compound 262 (to yield 264) or reduction of a pre-
cursor of 262 would be plausible. Compounds 551 and 553, which in-
corporate GSH, were rapidly formed (Fig. 10), but then declined - by
contrast to the stable TRIS compound 365 late. This probably indicates
relatively rapid turnover on top of declining 'O, levels. Remarkably, at
0.1 mM GSH the production of 551 was high, but production of 246:143
was low. The further increase of GSH attenuated production of 551, but
increased 246:143. 553 was high at 1 mM GSH, but lower at 5 mM GSH.
The much lower accumulation of GSH products compared to TRIS pro-
ducts (based on full scan peak area data, Table 1) suggests swift decay of
ET GSH products. GSH at 5 mM may operate predominantly as a re-
ductant at a step preceding the imine addition steps. We propose re-
duction of the dioxetane (Fig. 11) to yield compound 264.

Remarkably and by contrast to 25 mM TRIS (Fig. 8), at 5 mM GSH
the level of ET was almost stable (Fig. 10). This suggests that GSH in-
hibits the major processes that cause ET loss in water. Alternatively or
additionally, GSH might open up a (reductive) route to regeneration of
ET that is not available with TRIS. Note that the production of hercy-
nine from ET continued unabated in 5 mM GSH (Fig. 10). This uni-
dentified path must therefore have minor importance for the depletion
of ET in these assays.

In the hercynine assays, 1 mM GSH attenuated the depletion of
hercynine (Fig. 10). Fittingly, GSH abolished the generation of 248 and
230 late, and decreased the rate of production of 246:229. Thus, by
contrast to the ET product 264, the generation of all hercynine products
was inhibited by GSH. This difference reveals an astounding affinity of
ET for '0,: although the thiol in GSH is a notable target for 'O, itself
[471, a 50-fold excess of GSH (5 mM) over ET (0.1 mM) did not inhibit
production of compound 264. In other words, '0, favors ET over GSH
for the initial reaction by at least a factor of 50.

Release of thiourea might be a minor side reaction in the ET + 'O,
assays (Fig. 4), but thiourea corroborates the difference between ET and
hercynine: thiourea reacted vigorously with hercynine + 'O, to yield
the stable aromatic compound 288, but no products containing thiourea
were detected with ET + '0O,. This may reflect rapid breakdown of ET
intermediates after nucleophilic attack of thiourea. Attack via sulfur
seems likely, since urea (0.1 mM) did not generate products in the
hercynine + 'O, and ET + 'O, assays.

Overall, our data demonstrate that the reactivity of ET towards 'O,
is very different from hercynine. While the imidazole ring of hercynine
simply offers the reaction paths of imidazole/histidine based on an
initial [4+ 2] cycloaddition, in ET the doubly bonded sulfur at position
2 effectively blocks this position for endoperoxide resolution. We pro-
pose that the 4,5-dioxetane (from a [2+2] cycloaddition of 10,
[48,49]) and two hydroperoxides (from Schenck ene reactions [50]) are
the initial products here (Fig. 11). Full methylation of the amino group
prevents the subsequent intramolecular reactions known from histidine
[42]. The consequences are apparent from the TRIS products: the her-
cynine product 333 has a stable aromatic ring which resists fragmen-
tation; the ET products 365 early and 365 late break up easily to be-
come aromatic. This hints at a facile route to regenerate ET. Indeed, in
our pilot studies, ET was not consumed when 'O, was generated mas-
sively with an illuminated photosensitzer inside living cells. With ty-
pical intracellular concentrations of 5-10 mM [51], we expect GSH to
be the partner for regeneration here, perhaps by decomposition of the
GSH products.

It remains to be seen whether ET provides relevant protection inside
living cells under 'O, attack, in particular in erythrocytes. The typical
ET content at 1 mM is not far away from the hemoglobin concentration
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of roughly 20 mM (calculated for the monomer). We estimate that ET
would make a difference if it was roughly 100-fold more reactive in this
cellular context towards 'O, than the accessible His residues in the
hemoglobin tetramers.

In conclusion, the in vitro products of singlet oxygen identified here
establish fundamental differences between ergothioneine and hercy-
nine. While hercynine like other imidazoles engages in [4+2] cy-
cloaddition, ET - because of the doubly bonded sulfur - supports [2+ 2]
cycloaddition and Schenck ene reactions. The generation of specific
products from ET, but not from hercynine, was resistant to a large ex-
cess of TRIS and GSH. This suggests that 'O, markedly favors ET over
GSH (at least 50-fold) and TRIS (at least 250-fold) for the initial reac-
tion. Loss of ET was nearly abolished in 5 mM GSH, but not in 25 mM
TRIS. MS fragmentation data hint at a path to regeneration, since some
ET products — by contrast to the corresponding hercynine products -
decomposed easily to become aromatic.
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