DOI:10.14753/SE.2017.2033

SEMMELWEIS EGYETEM
DOKTORI ISKOLA

Ph.D. értekezések

2033.

MIRZAHOSSEINI ARASH

A gyogyszerészeti tudomanyok korszerii kutatési irdnyai

ciml program

Programvezetd: Dr. Antal Istvan, egyetemi docens

Témavezetd: Dr. Noszal Béla, egyetemi tanar



DOI:10.14753/SE.2017.2033

CHARACTERIZATION OF THIOL-DISULFIDE ACID-
BASE AND REDOX EQUILIBRIA WITH SPECIES-
SPECIFIC PARAMETERS

PhD thesis
Arash Mirzahosseini

Doctoral School of Pharmaceutical Sciences

Semmelweis University

VALY

Supervisor: Béla Noszal, DSc

Official reviewers:
Katalin Osz, PhD
Gyorgy Ferenczy, DSc

Head of the Final Examination Committee:
Eva Sz6ko, DSc

Members of the Final Examination Committee:

Gabor Toth, DSc
Miklos Csala, DSc

Budapest, 2017



DOI:10.14753/SE.2017.2033

TABLE OF CONTENTS

Abbreviations

1. Introduction

3.2 NMR spectroscopy measurements

3.3 pH-potentiometric titrations

3.4 UV spectroscopy measurements

3.5 Electrochemical measurements

3.9 Synthetic protocols

3.9.1 Synthesis of ovothiol

3.9.2 General procedures

4. Results

12

20

21

21

21

21

22

22

23

23

25

25

25

29

34

34



DOI:10.14753/SE.2017.2033

4.2 The microscopic protonation constants of cystamine

4.3 The microscopic protonation constants of cysteine, homocysteine,

and penicillamine

4.4 The microscopic protonation constants of cystine, homocystine,

and penicillamine disulfide

4.5 The microscopic protonation constants of glutathione

4.6 The microscopic protonation constants of glutathione disulfide

4.7 The microscopic protonation constants of ovothiol

4.8 The microscopic protonation constants of ovothiol disulfide

4.9 The microscopic protonation constants of lipoic acid and its
QeI IV S
4.10 Determining species-specific redox equilibrium constants and
standard redox potentials

5.Discussion
T UM ALY
8. Osszefoglalas

9. Bibliography

10. Publications

36

37

38

43

46

48

52

55

73

74

75

83

83

84

85



AMARES

Boc,O
Calcd
Cys

CysASH

CysASSCysA

CysSH
CysSSCys
DHLA
DMF

DNA

DSS

Et;N
G(OMe),SH
GLRX

Glu

Gly
GOMeg,SH

GSH

DOI:10.14753/SE.2017.2033

ABBREVIATIONS

advanced method for accurate, robust, and efficient spectral

fitting

di-tert-butyl dicarbonate

calculated

cysteine

cysteamine

cystamine

cysteine

cystine

dihydrolipoic acid
N,N-dimethylformamide
deoxyribonucleic acid
4,4-dimethyl-4-silapentane-1-sulfonate
triethylamine

glutathione dimethyl ester
glutaredoxin

glutamate

glycine

glutathione methyl ester (methylated at the glycinyl residue)

glutathione



GSSG
hCysSH
HMBC
HPLC
HRMS
HSQC
MNA"
MNAH
NAD"
NADH
NADP"
NADPH
NBS

NMR

Obs

Omm
OvOMeSSOv
OvOMeSSOvOMe
OvSH
OvSHAmide
OvSMe

OvSMeAmide

DOI:10.14753/SE.2017.2033

glutathione disulfide

homocysteine

heteronuclear multiple bond correlation
high performance liquid chromatography
high resolution mass spectrometry
heteronuclear single quantum coherence
1-methylnicotinamide
I-methyldihydronicotinamide
nicotinamide adenine dinucleotide
dihydronicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
dihydronicotinamide adenine dinucleotide phosphate
National Bureau of Standards

nucleic magnetic resonance

observed

orders of magnitude minor

ovothiol A disulfide methyl ester

ovothiol A disulfide dimethyl ester
ovothiol A

ovothiol A amide

S-methylovothiol A

S-methylovothiol A amide



OvSSOv
PenSH
PenSSPen
Ppm

Rm
ROS
RSH
RSSG
RSSR
SAM
S.D.
TFA
TOFMS
Uuv

UV/VIS

DOI:10.14753/SE.2017.2033

ovothiol A disulfide
penicillamine
penicillamine disulfide
parts per million

relatively minor

reactive oxygen species
thiol

glutathione heterodisulfide
homodisulfide
S-adenosylmethionine
standard deviation
trifluoroacetic acid
time-of-flight mass spectrometry
ultraviolet

ultraviolet/visible light



DOI:10.14753/SE.2017.2033

1. INTRODUCTION

1.1 Redox homeostasis and oxidative stress

It is through the decomposition of intricate biophysical chemical networks into
elementary steps that the underlying mechanisms of (patho)biochemical processes can
be well understood. The underlying fundamental reactions of metabolism, redox
reactions, form reactive oxygen species (ROS) amid the natural respiration of every
organism. Due to their highly reactive nature, these species are difficult to observe and
therefore the knowledge regarding their biochemistry is hitherto developing. It is
understood that these species play a key role in vital cellular regulation mechanisms,
such as proliferation, cellular motility, transcription, transport, membrane integrity,
immune responses, and programmed cell death [1]. The amount of ROS is regulated by
a powerful antioxidant defense system within the cells to minimize their damage. The
imbalance between the prooxidant and antioxidant pathways in the favor of the former
however, may lead to oxidative stress. Prolonged oxidative damage exerted on DNA,
membrane lipids, proteins, or the mitochondria has a pivotal role in the pathogenesis of
various diseases, such as cancer, neurodegeneration (multiple sclerosis, Alzheimer’s
disease, Parkinson’s disease, amyotrophic lateral sclerosis), cardiovascular diseases
(atherosclerosis, cardiac ischemia, reperfusion), and pulmonary diseases (cystic fibrosis)
to name a few [1]. The intracellular redox homeostasis is maintained mainly by
oxidoreductase enzymes of the antioxidant system. The redox reactions occurring in
biochemical processes, while diverse in character, are one- or two-electron transitions
primarily taking the form of thiol-disulfide exchange. In fact, the thiol-disulfide pool is
thought to be chiefly responsible for the intracellular redox homeostasis [2]. Enzymes
play an undeniable role in governing these biochemical processes. However, it is vital
that the characteristics, fine tuning, and optimization of non-enzymatic, ‘small
molecule’ antioxidants are also understood, since the despondent fight against oxidative
stress is in critical need of a potent antioxidant drug; an urgent unmet therapeutic need

worldwide.
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1.2 Thiol chemistry

The uptake and metabolism of sulfur is a sine qua non process for life. The eminent
peptide- and protein-building sulfur-containing biomolecules are cysteine (CysSH) and
methionine. However, numerous other biochemical processes owe their raison d’étre to
the intriguing chemistry of sulfur [3]. For instance, the high-energy thioester bond in
acetyl (or malonyl) coenzyme A, assembled from the decarboxylated derivative of
cysteine (cysteamine, CysASH), serves as the basis for the junction of almost all of
eukaryote biometabolism. Iron-sulfur clusters [4] and sulfur oxygenation reactions [5]
are the initiators of radical chemistry. Methyltransferase and transsulfuration reactions,
crucial for nucleic acid and protein production, make also use of S-adenosylmethionine
(SAM) cycles [6]. One of the secondary metabolites of methionine metabolism is
homocysteine (hCysSH), a candid risk factor of cardiovascular diseases [7-8]. Direct

thiol-disulfide interchange is often the rate limiting step in protein folding processes.

The thiol-containing biomolecules in the redox homeostasis and signal transduction of
cells bear highly promising therapeutic capacity [9-10]. Acting as a ubiquitous
antioxidant, glutathione (y-L-glutamyl-L-cysteinylglycine, GSH) protects cell organelles
from reactive oxygen species, precluding thus neurodegenerative, cardiovascular and
neoplastic pathobiochemical processes [11-12]. Nevertheless, an efficacious antioxidant
or a set of selective antioxidants are urgent medical needs. In order to achieve these
goals, a thorough understanding of thiol-disulfide equilibria is certainly required.
Glutathione is the single most important non-enzymatic intracellular antioxidant. As the
prime molecule of the physiological defense system against reactive oxygen species, the
agents of oxidative stress, GSH is oxidized to glutathione-disulfide (GSSG) as seen in
Figure 1. Glutathione is a key factor in the maintenance of the redox homeostasis of
biological systems, due partly to its cellular concentration exceeding that of other
antioxidants. The concentration of GSH ranges between 0.5 and 10 mmol/L [13], and is
largely maintained in its reduced form by glutathione reductase [14-15]. Glutathione is
also responsible for the regulation of the thiol-disulfide balance in proteins and biogenic
thiols [16-17]. In addition to its major role in oxidative stress and related
pathophysiological conditions [18], glutathione is also the preeminent means of

detoxification [19]. The ubiquitous and effective GSH-GSSG redox system is the most
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thoroughly studied one [20], does not require enzyme catalysis to function, can be
applied in aqueous media under a wide range of conditions. These advantages make the
GSH-GSSG system a “gold standard” in thiol-disulfide biochemistry; hence every thiol-
containing antioxidant is compared to glutathione [16]. The acid-base properties of
GSH have long been in the focus of scientific interest [21-24], and even the species-
specific protonation constants of GSH [25] and GSSG [26] have been studied.

Nevertheless, these values are only those of the major pathways.

GSSG+2e —==2GS’
e OX|dat|on
° st
H,N
HgN/\/SH H2N\_.)kOH ; OH
Cysteamine ~SH
(CysASH) ) SH
Cysteine )
(CysSH) Homocysteine
(hCysSH)
o] (0] SH (0] i
HO Y N OH
NH, H o SH
. Penicillamine
Glutathione
(GSH) (PenSH)
PP i
<\ ’ I OH HS\/Y\/\)LOH
N e SH
Ovothiol A D'hyd(g’ﬂ'ﬂf acid
(OvSH)
C

GSSG + RSH 2= GSH + RSSG
RSSG + RSH <= GSH + RSSR

GSSG + 2 RSH —*- 2 GSH + RSSR

Figure 1. A: The thiol-disulfide redox half-reaction of glutathione. B: The structural
formulae of the thiols studied. C: Scheme of the thiol-disulfide equilibria at the
macroscopic level. RSH denotes the thiols; RSSR denotes their respective
homodisulfides; RSSG denotes their respective heterodisulfides formed with

glutathione.
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It is a key feature of any thiol-disulfide redox system, that only the deprotonated thiol
species are active in the redox process, i.e. only the anionic thiolate can be oxidized
directly [27-30]. Since the deprotonated fraction of thiols depends on the solution pH,
the oxidation-reduction potential of thiol-containing biomolecules is also pH-dependent.
These interwoven acid-base and redox processes are usually further influenced by
overlapping protonation processes of multiple basic centers on the molecule in question.
Therefore, the redox potential of thiol-containing biomolecules is usually doubly pH-
dependent. Primarily, the deprotonated fraction of every thiol depends on the pH of the
solution, with strong dependence typically in the 6-11 pH range [16]. One clear
exception to this typical acid-base behavior is ovothiol A with extremely low thiolate
basicities [31], which extends the general basicity range for thiolates to 1-10 log units in
terms of protonation constants. Secondarily, the thiolate oxidizability in most
biomolecules is modulated by the adjacent basic groups, since protonation of any such
group exerts an electron-withdrawing effect on the thiolate. In a molecule of n+/ basic
sites the thiolate has 2" different, distinct oxidizabilities within a single, covalently
unchanged molecular skeleton. Thus, macroscopic physico-chemical parameters cannot
quantify the thiolate moiety specifically. A thorough characterization of the thiol-
disulfide equilibria can be achieved by means of species-specific, so-called microscopic

parameters, which are, in fact, well-established terms for acid-base systems [32-33].

Ovothiol A ((25)-2-amino-3-(3-methyl-5-sulfanylimidazol-4-yl)propanoic acid, OvSH)
is a naturally occurring 4-mercaptohistidine derivative [34-36] first observed in sea
urchin (Strongylocentrotus purpuratus) eggs by Turner et al. [37]. Ovothiol A
(henceforth referred to as simply ovothiol), B, and C differ in the level of methylation at
the amino site: latters are mono- and dimethyl derivatives, respectively.
Mercaptohistidines also exist in marine algae [38], trout and salmon eggs [39] and
related aquatic organisms. The function of ovothiols in marine invertebrate eggs is
hypothesized to be defense against oxidative stress agents [39-40]. Ovothiol along with
novel mercaptohistidines has been detected in many parasitic protozoa [41-45]. The
molecular structure of ovothiol is certainly unique among naturally occurring small
molecules: the number and especially the variety of functional groups relative to its low
molecular mass greatly exceeds those of almost all other biomolecules. The uncommon

positioning of the thiol group results in peculiar acid-base properties: the thiolate group

10
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has an extremely low basicity [31,46]. The interaction between the imidazole ring and
the thiol group also results in the significant elevation of the imidazole basicity
compared to that of histidine. The observation that thiolate basicities and thiol-disulfide
half-cell redox potentials are in correlation [16] supports the hypothesis [47-50] that
ovothiol is one of the most potent natural antioxidants even in low pH media. The many
interesting features of this molecule have prompted studies to find candidates for drug
development. A new prospect has emerged in search of a non-synthetic antioxidant [51-
52], anticipating results in neurodegenerative therapy [53]. A different approach
exploits the biological role of ovothiols to create prospective antitrypanosomal
chemotherapeutic agents [54-55] by inhibiting the biosynthetic enzymes; since the
synthesis of ovothiols and trypanothiones (not present in host cells) is essential for the

survival of trypanosomatids.

The direct measurement of the redox potential for thiol-disulfide systems, by usual
electrochemical methods is not feasible due to formation of stable metal-thiolate
complexes at electrode surfaces [56]. Thus the redox potentials of GSH and other thiols
can only be determined indirectly by measurement of equilibrium constants for their
reaction with redox systems of known redox potentials [20]. However, until now only
the apparent redox potential of GSH was determined, largely because the highly
composite species-specific acid-base properties, which are in codependent interference
with the redox behavior, were not known. The general scheme of thiol-disulfide redox
equilibria (as depicted in Figure 1) is generally studied at the level of phenomena; the
three conditional equilibrium constants are expressed by equations (1)-(3) and the

Nernstian redox potential of a thiol-disulfide redox couple are expressed by equation

(4).

_ [GSH][RSSG] O
'“ " [RSH][GSSG]
_ [GSH][RSSR] @

*“ " [RSH][RSSG]

11
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K3c = chch = [GSH]E[RSSR] (3)
[RSH] [GSSG]
E=p+ X, [RSSRZ] “
zF [RSH]

1.3 Species-specific chemical microequilibria

Figures 2, 3 and 4 represent the species-specific protonation scheme of a bidentate thiol
(cysteamine) and its homodisulfide, a tridentate thiol (cysteine, homocysteine,
penicillamine) and its homodisulfide, and a tetradentate thiol (glutathione, ovothiol) and
its homodisulfide, respectively. Macroequilibria (top lines) indicate the stoichiometry of
the successively protonated ligand and the stepwise macroscopic protonation constants.
In the microspeciation schemes, the different microspecies with their one-letter symbols
(a, b, ¢ ...), and the microscopic protonation constants are depicted (K", kx° ...). The
superscript at k for any microconstant indicates the protonating group while the
subscript (if any) shows the site(s) already protonated. S, N, O, G and E symbolize the
thiolate, amino, carboxylate (in cysteine and cystine), glycinyl carboxylate and glutamyl
carboxylate (in GSH and GSSG after their one-letter symbol) sites, respectively. Some

protonation constant examples for cysteine are shown below:

[H,L]

> S [HL ®
_ KL
ﬂ3 - K1K2K3 - [L27][H+]3 (6)
v [b]
©s [a][H'] @)

where K;, K,, K3, are successive macroconstants, f; is one of the cumulative

macroconstants, " is the microconstant of cysteine involved in the production of

12
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microspecies b. The concentrations of the various macrospecies comprise the sum of the

concentration of those microspecies that contain the same number of protons, for

example in GSH:

[H,L = [F]+[G]+[H]+[1]+[J]+[K] @®)

1 2 K‘\ KZ

I == HL === HL | L === HL = HL*>

N
/ \ | -

Figure 2. The protonation macro- and microequilibrium schemes of CysASH (A) and

Eal

CysASSCysA (B) in terms of stepwise macroscopic protonation constants (Kj, K>),
where L, HL, etc. are the successively protonating ligands (top lines). Below are the
species-specific protonation schemes in terms of microspecies (a, b, ¢, d) and

microscopic protonation constants (£, kx> ...).

13
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Figure 3. The protonation macro- and microequilibrium schemes of CysSH (A) and
CysSSCys (B) in terms of stepwise macroscopic protonation constants (K, K3, K3 ...),
where L, HL, etc. are the successively protonating ligands (top lines). Below are the
species-specific protonation schemes in terms of microspecies (a, b, ¢ ...) and
microscopic protonation constants (£°, kx° ...). The components of the major pathways
are in bold. The above schemes are also representative of the other tridentate thiols, i.e.

homocysteine and penicillamine.
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s

where L*, HL”, etc. are the successively protonating ligands (top lines). Below are the

GSSG (B) in terms of stepwise macroscopic protonation constants (Kj, K, K3 ..

..) and

..). For GSSG, only non-identical

species-specific protonation schemes in terms of microspecies (A, B, C

. . . N
microscopic protonation constants (K, A’
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microspecies and microconstants are shown, and only a few of the microconstants are
depicted. The components of the major pathways are in bold. The protonation schemes
of OvSH and OvSSOv are identical to the depicted schemes except Im (imidazole) and

O (carboxylate) moieties are present instead of G and E.

The relationships between the macro- and microconstants defined first in the pioneer

work of Niels Bjerrum [32] can be applied to cysteine:

B =kN+k°+k° )
B, =kNky + KNk + Kk = (10)
B =k k3kS =... (11)

Depending on the path of protonation, equations (10) and (11) can be written in 2 and 6
different, equivalent ways, respectively. Determination of protonation microconstants
needs careful considerations and has been elaborated in detailed in a recent review [33].
The characterization of the microspeciation scheme necessitates the knowledge of the
macroscopic protonation constants (accessible from titrimetric measurements) and the
utilization of a species-specific spectroscopic assay or the introduction of auxiliary
model compounds. The application of a spectroscopic method that delivers selective
information regarding one or some of the basic sites in the molecule in question can in
principle allow the determination of all microconstants. However, with decreasing size
and an omni-interactive molecular skeleton the probability that a selective analyte signal
can be found diminishes rapidly. Minor microspecies influence the analytical signals
(NMR, UV, etc.) insignificantly, but they may be the reactive species in highly specific
biochemical processes [57]. An alternative method for the elucidation of protonation
microconstants is the deductive method; by way of this method model compounds are
synthesized that are the closest possible mimics of the minor microspecies. The

protonation constants of the simpler model compounds are regarded as constituent

16
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elements of the microspeciation scheme. For the case of thiols, the model compounds
were synthesized by methylating the thiol and carboxyl groups, thereby modeling the
protonated form of these moieties. The site in which the methyl group is connected
remains in neutral state, with practically identical electronic effects on the rest of the
molecule as -COOH and —SH groups [58-59]. Using analogous equations as equations
(9) and (11), and by introducing interactivity parameters, the calculation of leftover
microconstants becomes straightforward. The interactivity parameter shows to what
extent the protonation of site A reduces the basicity of site B, and vice versa. The
interactivity parameter is generally considered to be the most invariant quantity in
analogous moieties of different compounds and also in various protonation states of the

neighboring moiety in the same molecule [60].

For the thiol-disulfide redox equilibria, only the apparent or conditional equilibrium
constants (Kj3c) are directly available, by determining the equilibrium concentrations of
RSH, GSSG, RSSR, and GSH in the reaction mixtures. In other words: these
conditional equilibrium constants are pH-dependent parameters in terms of total
concentrations of the thiol and disulfide species that are present, since the spectroscopic
intensity of the analyte signal corresponds to the total concentration of a thiol reactant
that is actually composed of the concentration of the variously protonated microspecies.
The concentration of the macrospecies can be written as the sum of the microspecies of
the same number of bound protons, as shown in equation (8) for H,L" of GSH. The pH-
dependent, apparent constants can be decomposed into pH-independent, species-specific
equilibrium constants, the number of which is large, but definite. For example, the
thiolate moiety in cysteine is adjacent to two other basic sites; the amino and the
carboxylate groups. Therefore, the thiolate-bearing microspecies can exist in 4 different
protonation states. Concurrently, the thiolates in the 4 different microspecies will be in
different electrostatic environments, thus having 4 different oxidizabilities. Considering
the opposite direction of the redox equilibrium, GSH with an amino and two
carboxylate sites can have 8 different thiolate-bearing microspecies with 8 different
electron densities on its sulfur. This leads to 4x8=32 different microscopic redox

equilibria between cysteine and glutathione.

17
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Since redox and acid-base reactions coexist, the observed apparent redox equilibrium
constants, K¢, Kyc, and Kjc are pH-dependent. In order to get a clear insight into the
redox equilibria, purified from the protonation effects, an improved evaluation method
had to be introduced, including a set of species-specific, new type of redox equilibrium
constants (k, k2, k3). As equation (3) shows the complete redox transition includes two
thiols and two disulfides. We therefore confined our efforts to the determination of the
Ksc macroconstants, and the related k3 microconstants, the number of which can
certainly be numerous. This confinement overcomes the highly complex quantification
of the heterodisulfides, which actually improves perspicuity. Keire et al. [16] have
already demonstrated that a) there is correlation between the thiolate basicities and
redox properties and b) purely redox thiol-disulfide equilibrium constants can only be
obtained if these transitions can be decoupled from the acid-base processes by an
appropriate evaluation method. Determination of the redox equilibrium constants
requires all the species-specific protonation constants, including those of the minor
microspecies; otherwise, redox processes could only be characterized at the level of

phenomenon, especially for acidic media.

To epitomize the determination of microscopic redox equilibrium constants (k3) from
the conditional equilibrium constants (Ksc), the calculation of the ks"® for the reaction
involving the b microspecies of cysteine, the corresponding f* cystine microspecies, the
B glutathione microspecies, and the corresponding E’ glutathione disulfide
microspecies will be demonstrated. Note that b and B define that the disulfide
microspecies are f* and E’, since these are the only ones with identical protonation
states in the side-chain. Superscripts b and B therefore unambiguously identify all the 4
microspecies in the microequilibrium in question. This example of the pH-independent,

microscopic thiol-disulfide equilibrium constants is expressed by equation (12):

o _ [BTIf]

> [bPIE]

(12)

18
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Quantification of redox equilibria in terms of such pH-independent, species-specific
constants has long been a conceptual endeavor. The obvious reason why it has not so far
been achieved is the fact that the microspecies concentrations cannot be measured. As
shown below, the species-specific constants can be, however, obtained as the product of
total species concentration and the relative abundance of the respective microspecies.
The relative abundance of the microspecies in turn, is a function of pH and the
microscopic protonation constants. For the b cysteine microspecies, the concentration

can be written as follows:

KN[H']
ﬂlesSH [H+ ] + IBZCysSH [H+ ]2 + ,B;:YSSH [H+ ]3

[b]=[CysSH]z, =[CysSH]— (13)

where [CysSH] is the total solution concentration of cysteine, x, is the relative
abundance of microspecies b (i.e. x, = [b]/[CysSH]), & is the microscopic protonation
constant of cysteine involved in the formation of microspecies b. Substituting analogous
equations as equation (13) for the concentrations of the microspecies in ks, one can

write the equation of the microscopic equilibrium constant as follows:

. [BP[f] _ [GSHY’ x5’ [CysSSCysly, X X

_ _ =K (14)
P [bP[ET  [CysSHT #,’[GSSGlye < 2y Ze

Thus, if Kj3c, the apparent equilibrium constant and the 4 x values (as functions of the
protonation constants and pH) have previously been determined, the k3" value and all
the analogous, pH-independent, species-specific redox microconstants can be

calculated.

19
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2. OBJECTIVES

The objectives of the doctoral thesis are the following:

- determination of the species-specific protonation constants of the most important
biological thiols and their homodisulfides, namely: cysteamine, cysteine,
homocysteine, penicillamine, glutathione, ovothiol, dihydrolipoic acid;

- determination of the species-specific redox equilibrium constants of the thiol-
disulfude interchange reactions respective to glutathione;

- determination of the species-specific standard redox potential of glutathione
using an indirect redox system for comparison, namely: 1-methylnicotinamide;

- determination of the species-specific standard redox potential of the most

important biological thiols.

20
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3. METHODS

3.1 Materials

All chemicals used for analytical and synthetic purposes were purchased from Sigma-
Aldrich (Saint Louis, MO, USA) and used without further purification. Ovothiol and
every model compound were synthesized according to the synthetic protocols described

in section 3.9.

3.2 NMR spectroscopy measurements

NMR spectra were recorded on a Varian 600 MHz spectrometer at 298.2 +£0.1 K. The
solvent in every case was an aqueous solution with H,O:D,0, 95:5, v/v (0.15 mol/L
ionic strength), using DSS sodium (4,4-dimethyl-4-silapentane-1-sulfonate) as the
reference compound. The sample volume was 600 uL, pH values were determined by
internal indicator molecules optimized for NMR [61-62]. 'H NMR spectra were
recorded with the presaturation solvent suppression sequence (number of transients=64,
number of points=16384, acquisition time=851.968 ms, relaxation delay=15 s). For the
N NMR measurements WET-HMBC sequence was used, with tetracthylammonium
chloride (20 mmol/L, -316.7 ppm [63]) as a nitrogen standard. The solutions used to
determine the protonation constants of the thiols also contained dithiothreitol to

preclude oxidation.

3.3 pH-potentiometric titrations

A 716 DMS Titrino automatic titrator (Metrohm AG, Herisau, Switzerland) with a
Metrohm 6.0204.100 combined pH glass electrode was used for the pH-potentiometric
titrations, under automatic PC control. The electrode was calibrated by aqueous NBS
standard buffer solutions. Constant temperature (298.2 +0.1 K) was provided by a
thermostated double-walled glass cell. Difference titrations were carried out in the

absence (blank) and presence of ligands. First 1.5 mL of 0.1 mol/L HCI solutions were
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titrated with 0.1 mol/L NaOH. Constant ionic strength of 0.15 mol/L was provided by
the presence of KCI. Next, a ligand was added to the same volume of HCI solution and
was subsequently titrated with NaOH. The initial concentration of the ligand was
around 5 mmol/L in the titrations. Non-linear parameter fitting with Origin Pro 8
(OriginLab Corp., Northampton, MA, USA) provided the protonation constants from

the interpolated volume differences.

3.4 UV spectroscopy measurements

Absorbance data were recorded on a Jasco V-550 UV/VIS spectrophotometer (serial-no:
C02951185, Jasco Intl. Co. Ltd., Tokyo, Japan). pH values were read on Metrohm
2.780.0010 precision pH meter with a 6.0258.600 Unitrode glass Pt 1000 electrode
(Metrohm AG, Herisau, Switzerland), the pH-potentiometric system was calibrated
using pH 1.68, 4.01, 6.87, 9.18 aqueous NBS standard buffer solutions. The samples
were prepared by mixing an acidic and basic solution of the titrand (adjusted with HCI
and NaOH, 0.15 mol/L ionic strength) in different ratios, the reference solution for the
UV measurements was an aqueous solution adjusted to the same pH as the sample with

HCI and NaOH.

3.5 Electrochemical measurements

The redox electrode (Radeklis OP-6123, Radeklis, Budapest, surface area ~2 cm?) used
for electrode potential measurements was washed with 50 % nitric acid, then distilled
water before each measurement and gently dried by touching onto tissue paper. The
redox electrode was calibrated using ZoBell’s solution (2.64 g K4[Fe(CN)¢].3H,O and
2.06 g Ki[Fe(CN)s].H,O dissolved in 500 mL pH=7 0.15 mol/L Na,HPO4+KH,PO,
buffer). The electrode potential measurements were carried out using a Radelkis
Laboratory Digital pH/mV meter OP-211/2 (Radelkis, Budapest) at 298 +2 K in an 815-
PGB glove box (Plas-Labs Ic., Lansing, MI, USA) under N, atmosphere to preclude

oxidation by air. All potentials were referred to saturated calomel electrode as reference
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electrode. The pH values of the samples were determined using a Metrohm 6.0204.100

combined pH glass electrode, calibrated by aqueous NBS standard buffer solutions.

3.6 Preparation of solutions for equilibrium constant determination

Acidic (pH=0.85) and basic (pH=13.15) stock solutions containing the reagents were
prepared in an 815-PGB glove box (Plas-Labs Ic., Lansing, MI, USA) under N,
atmosphere to preclude oxidation by air. The concentrations of the reagents were
optimized for quantitative NMR, ca. 15 mmol/L. A series of solutions with different pH
values were prepared by mixing the acidic with the basic stock solutions. D,O, DSS,
glutathione reductase, and a pH indicator, which also served as a concentration
standard, were added to the solutions. The samples were protected from sunlight and
kept in the glove box under N, atmosphere (298 +£2 K) for at most 7 days, until the

reactions in all the samples had reached equilibrium.

3.7 Mathematical analysis

For the analysis of NMR titration curves of proton chemical shifts versus pH, the
software Origin Pro 8 (OriginLab Corp., Northampton, MA, USA) was used. In 'H
NMR-pH and potentiometric titrations the non-linear curve fitting regression analysis

option was used with the following functions [64], respectively:

i 5H L 1 Olog/i'[ —ipH
50bs (pH) == n (1 5)
Z 1 Ologﬁ‘ —ipH
i=0

n

Z ll Olog/)’i—ipH
AV(pH)= A2 4D (16)

Z 1 Ologﬂi —ipH
i=0
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where oy, values stand for the chemical shifts of successively protonated ligands, » is
the maximum number of protons that can bind to L, f is the cumulative protonation
macroconstant, 4 is the NaOH volume corresponding to one unit of deprotonation, and
D is the experimental correction fitting factor. The standard deviations of logf values
from the regression analyses were used to calculate the Gaussian propagation of

uncertainty to the protonation microconstants derived in the Results chapter.

For the analysis of quantitative NMR measurements (sample spectrum in Figure 5), the
AMARES [65] time domain fit algorithm (without apodization) of the jMRUI v. 5.1
software package [66] was used. For the regression analyses, the software Origin Pro 8
(OriginLab Corp., Northampton, MA, USA) was used. The standard deviations of the
peak areas obtained by fitting Lorentzian peak shapes, the error of pH determination,
and the standard errors of the microscopic redox equilibrium constants were used to
calculate the Gaussian propagation of uncertainty to the standard redox potentials

derived in the Results chapter.

resizlLJJr;I:
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(Im2H)
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Figure 5. The expanded 'H NMR spectrum of a sample containing ovothiol-glutathione

mixture with example of peak fitting result (pH=9.20).
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3.8 TOF MS measurements

The exact mass of the synthesized and isolated compounds was determined with an
Agilent 6230 time-of-flight mass spectrometer equipped with a JetStream electrospray
ion source in positive ion mode. JetStream parameters: drying gas (N,) flow and
temperature: 10.0 L/min and 598 K; nebulizer gas (N;) pressure: 10 psi; capillary
voltage: 4000 V; sheath gas flow and temperature: 598 K and 7.5 L/min. TOFMS
parameters: fragmentor voltage: 170 V; skimmer potential: 170 V; OCT 1 RF Vpp: 750
V. Samples were introduced (0.1-0.3 pL) by the Agilent 1260 Infinity HPLC system
(flow rate=0.5 mL/min, 70% methanol-water mixture 0.1% formic acid). Reference
masses of m/z 121.050873 and 922.009798 were used to calibrate the mass axis during
analysis. Mass spectra were acquired over the m/z range 100-1000 at an acquisition rate

of 250 ms/spectrum and processed using Agilent MassHunter B.02.00 software.

3.9 Synthetic protocols
3.9.1 Synthesis of ovothiol

The total synthesis of ovothiol has been reported [67] and remains the preferred method
of preparation, compared to the cumbersome task of gathering sea urchin eggs for
extraction [37]. However the total synthesis reported by Holler ef al. contains 9 steps,
constructing the imidazole ring from scratch and has a total yield of 11%. A simpler
method was therefore exploited, making use of histidine as the natural precursor to
synthesize ovothiol in an enantiopure, convenient and cost-effective way (Figure 6).
The configuration of the end-product was verified with optical rotatory dispersion

measurement of ovothiol disulfide.
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Figure 6. The synthesis route of ovothiol.

(25)-2-|(tert-Butoxycarbonyl)amino]-3-[1-(fert-butoxycarbonyl)-1 H-imidazol-4-yl]-
propanoic acid (2). To a suspension of L-histidine (1) (1.43 g, 9.2 mmol) in methanol
(CH30H) (30 mL), 3.24 g (21.2 mmol) of di-tert-butyl dicarbonate (Boc,0) and 1.8 mL
(18.4 mmol) of triethylamine (Et;N) were added. The reaction mixture was stirred at
room temperature overnight. The reaction mixture was then concentrated under vacuum
and the crude product was purified on silica gel with column chromatography
(CHCI5:CH30H 9:1) to give 3.01 g (yield 92%) white solid: mp 346-348 K [68] (from
chloroform, CHCls); 'H NMR (600 MHz, DMSO-dg) d 1.40 (9H, s, N*CO,C(CHs)3),
1.61 (9H, s, N"™CO,C(CHs)3), 2.87 (1H, dd, J 8, 15 Hz, BH), 3.08 (1H, dd, J 4, 15 Hz,
BH), 4.25 (1H, dd, J 4, 8 Hz, aH), 7.29 (1H, s, Im’H), 8.06 (1H, s, Im*H); *C NMR
(600 MHz, CD;0D) 6 28.1 (N*Boc-CHj3), 28.8 (N™Boc-CHj), 31.1 (BC), 56.6 (aC),
80.1 (N“Boc-#-C), 86.9 (N™Boc--C), 116.1 (Im*C), 137.6 (Im°C), 141.1 (Im°C), 148.3
(N"Boc-C=0), 157.5 (N™Boc-C=0), 178.1 (COOH); HRMS m/z [M+H]" Calcd:
356.1822, Found: 356.1824.

Methyl (25)-2-|(tert-butoxycarbonyl)amino]-3-(1-methyl-1H-imidazol-5-
yl)propanoate (3). To the solution of (2) (3.01 g, 8.5 mmol) in 20 mL CH;OH, 1.32
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mL (21.3 mmol) of iodomethane (CH;I) was added at 273 K. The solution mixture was
stirred overnight at 273 K. The reaction mixture was then extracted with ethyl acetate
(after adjusting the pH between 7 and 8) and washed with brine. The resulting organic
layer was dried over anhydrous sodium sulfate and concentrated under vacuum. The
crude product was purified on silica gel with column chromatography (ethyl
acetate:acetone 9:1) to give 1.97 g (yield 83%) white solid (the position of the methyl
group on the imidazole ring was confirmed using NOESY [69] and 'H-'"N HMBC
[70]): mp 382-383 K (from ethyl acetate); 'H NMR (600 MHz, CD;0D) d 1.40 (9H, s,
CO,C(CHj3)3), 2.98 (1H, dd, J 9, 15 Hz, BH), 3.14 (1H, dd, J 5, 15 Hz, BH), 3.66 (3H, s,
NCHj3), 3.74 (3H, s, OCH3), 4.42 (1H, dd, J 5, 9 Hz, aH), 6.78 (1H, s, Im’H), 7.59 (1H,
s, Im*H); °C NMR (600 MHz, CD;0D) 6 27.1 (BC), 28.7 (Boc-CH3), 31.8 (NCHs),
52.9 (OCH3), 54.2 (aC), 80.8 (Boc-#-C), 127.5 (Im°C), 129.4 (Im*C), 139.2 (Im*C),
157.7 (Boc-C=0), 173.4 (COO); HRMS m/z [M+H]" Calcd: 284.1610, Found:
284.1602.

Methyl (25)-3-(4-bromo-1-methyl-1H-imidazol-5-yl)-2-[(tert-
butoxycarbonyl)amino|-propanoate (4). To the solution of (3) (1.02 g, 3.6 mmol) in
10 mL CH3OH, 0.71 g (4.0 mmol) of N-bromosuccinimide (NBS) was added in small
amounts at 273 K. The reaction mixture was stirred at 273 K for 2 hours, and then the
reaction mixture was concentrated under vacuum. The crude product was purified on
silica gel with column chromatography (ethyl acetate:CHCl; 9:1) to give 0.98 g (yield
75%) white glassy solid: 'H NMR (600 MHz, CD3;0D) ¢ 1.38 (9H, s, CO,C(CHs;)3),
2.99 (1H, dd, J 9, 15 Hz, BH), 3.15 (1H, dd, J 6, 15 Hz, BH), 3.69 (3H, s, NCH3), 3.73
(3H, s, OCHj3), 4.40 (1H, t, J 7 Hz, oH), 7.55 (1H, s, Im*H); °C NMR (600 MHz,
CD;OD) o0 27.1 (Boc-CHs), 28.6 (BC), 33.0 (NCHj3), 49.8 (OCH3), 53.7 (aC), 79.4
(Boc-£-C), 115.5 (Im°C), 126.8 (Im*C), 138.9 (Im*C), 157.4 (Boc-C=0), 181.5 (COO);
HRMS m/z [M+H]" Caled: 362.0715, Found: 362.0720.

(25)-2-|(tert-Butoxycarbonyl)amino|-3-{1-methyl-4-[(4-methylbenzyl)sulfanyl]-1H-
imidazol-5-yl}propanoic acid (5). A solution of (4) (0.98 g, 2.7 mmol) and 1 mL (8.1
mmol) of (4-tolyl)methanethiol in 10 mL dry N,N-dimethylformamide (DMF) was
added dropwise in nitrogen (N,) atmosphere to a stirred solution of 98 mg (4.1 mmol)

sodium hydride (NaH) in 10 mL dry DMF. The reaction mixture was heated at 393 K in
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an atmosphere of N, for 3 hours. After cooling, the reaction mixture was concentrated in
vacuo to leave a brown oil. The crude product was purified on silica gel with column
chromatography (CH,Cly:n-hexane 2:1) to give 0.81 g (yield 74%) brown oil: '"H NMR
(600 MHz, CD;0D) ¢ 1.31 (9H, s, CO,C(CHs)s3), 2.27 (3H, s, ArCH3), 2.63 (1H, dd, J
10, 15 Hz, BH), 2.82 (1H, dd, J 4, 15 Hz, BH), 3.67 (3H, s, NCH3), 3.81 (1H, d, J 13 Hgz,
SCH,), 3.86 (1H, d, J 13 Hz, SCH>), 4.09 (1H, dd, J 4, 10 Hz, aH), 6.97 (2H, d, J 8 Hz,
o-ArH), 7,00 (2H, d, J 8 Hz, m-ArH), 7.56 (1H, s, Im’H); *C NMR (600 MHz,
CD;OD) ¢ 21.1 (ArCH3), 28.7 (Boc-CHj3), 31.1 (BC), 32.7 (NCHs;), 41.2 (SCH,), 55.9
(0C), 79.5 (Boc-t-C), 129.7 (0-Ar), 129.8 (Im’°C), 129.9 (m-Ar), 134.5 (p-Ar), 137.5 (i-
Ar), 139.3 (Im*C), 156.9 (Im’C), 161.4 (Boc-C=0), 178.0 (COOH); HRMS m/z
[M+H]" Calcd: 406.1800, Found: 406.1794.

(25)-2-Amino-3-(1-methyl-4-sulfanyl-1H-imidazol-5-yl)propanoic acid, ovothiol
(6). 82 mg (0.2 mmol) of (5) was dissolved in 0.5 mL anisole and cooled to 273 K.
Mercury(Il) trifluoroacetate, 173 mg (0.4 mmol), was dissolved in 5 mL triflouroacetic
acid (TFA) and added to the cooled solution. The mixture was stirred at 273 K for 2 h,
concentrated in vacuo, taken up in 3 mL of water, and washed with 3x1 mL of diethyl
ether. Hydrogen sulfide gas (H,S) was bubbled into the aqueous solution for 15 min, the
suspension was filtered through Celite and the filtrate was concentrated in vacuo to give
67 mg (yield 78%) of the di(trifluoroacetate) salt of the title compound as a pale green
glass: "H NMR (600 MHz, H,0:D,0, 95:5, v/v) § 3.51 (1H, dd, J 8, 16 Hz, BH), 3.67
(1H, dd, J 8, 16 Hz, BH), 4.51 (1H, dd, J 8 Hz, aH), 4.65 (3H, s, NCHj3), 8.75 (1H, s,
Im’H); *C NMR (600 MHz, H,0:D-0, 95:5, v/v) 6 26.4 (BC), 36.8 (NCH3), 53.7 (aC),
122.0 (Im°C), 133.8 (Im*C), 139.0 (Im*C), 172.7 (COOH); UV (/imax, nm, H,0) 237,
278 (shoulder) [67]; HRMS m/z [M+H]" Calcd: 202.0650, Found: 202.0654.

(28,2'S)-3,3'-|Disulfanediylbis(1-methyl-1H-imidazol-4,5-diyl)] bis(2-

aminopropanoic acid), ovothiol disulfide (7). 50 mg (0.1 mmol) of compound (6) was
taken up in 10 mL water, then air was bubbled through the solution for 1 h. NMR
studies showed that the oxidation of (6) commenced quantitatively. Freeze-drying the
solution yielded 49.4 mg (yield 99%) of the tetra(trifluoroacetate) salt of (7): "H NMR
(600 MHz, H,0:D,0, 95:5, v/v) 6 2.35 (1H, dd, J 7.5, 16 Hz, BH), 2.53 (1H, dd, J 7.5,
16 Hz, BH), 3.38 (1H, dd, J 7.5 Hz, aH), 3.63 (3H, s, NCH3), 7.72 (1H, s, Im*H); [a]p""
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+74 (¢ 0.5, 0.1 mol/L HCl(4q)) [67]; UV (Amax, nm, 0.1 mol/L HCl(,q) 257; HRMS m/z
[M+H]" Calcd: 400.0987, Found: 400.0988. Optical rotation was measured on a Jasco
Model P-2000 polarimeter at the D line of sodium.

3.9.2 General procedures

Methyl ester formation was achieved by dissolving the reactant in 5 mL methanol and
adding 1.5 equivalents of thionyl chloride at 273 K. The mixture was stirred at room
temperature overnight, and then the solvent was evaporated in vacuo to give the title
compound which was used in analytical experiments without purification. The

synthesized products are itemized below.

Ovothiol disulfide dimethyl ester (8). '"H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 2.72
(2H, dd, J 8, 20 Hz, BH), 2.88 (2H, dd, J 8, 20 Hz, BH), 3.61 (6H, s, OCH3), 3.82 (2H, t,
J 8 Hz, aH), 3.84 (6H, s, NCHj3), 8.01 (2H, s, ImzH); HRMS m/z [M+H]" Calcd:
401.1066, Found: 401.1052.

Glutathione methyl ester (Gly) (9). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v) § 1.91
(2H, m, BH(Glu)), 2.34 (2H, m, yH(Glu)), 2.75 (2H, m, BH(Cys)), 3.44 (1H, t, J 6 Hz,
aH(Glu)), 3.61 (3H, s, OCH3(Gly)), 3.89 (2H, dd, J 5, 18 Hz, aH(Gly)), 4.22 (1H, dd, J
2.5, 5 Hz, aH(Cys)); HRMS m/z [M+H]" Calcd: 322.1073, Found: 322.1012.

Glutathione dimethyl ester (10). "H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 2.21 (2H,
m, BH(Glu)), 2.58 (2H, m, yH(Glu)), 2.94 (2H, m, BH(Cys)), 3.75 (3H, s, OCH;3(Gly)),
3.91 (3H, s, OCH;3(Glu)), 3.97 (1H, t, J 6 Hz, aH(Glu)), 4.04 (2H, d, J 6 Hz, aH(Gly)),
4.55 (1H, t, J 6 Hz, aH(Cys)); HRMS m/z [M+H]" Calcd: 336.1229, Found: 336.1574.

Cysteine methyl ester (11). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v) 6 3.94 (1H, t, J
5.5 Hz, aH), 3.79 (3H, s, OCH3), 2.98 (1H, dd, J 6, 14 Hz, BH), 2.91 (1H, dd, J 5, 14
Hz, BH); HRMS m/z [M+H]" Calcd: 136.0432, Found: 136.0416.

Cystine dimethyl ester (12). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v) J 4.40 (2H, dd,
J 5,7 Hz, aH), 3.85 (6H, s, OCH,), 3.34 (2H, dd, J 5, 15 Hz, BH), 3.28 (2H, dd, J 7, 15
Hz, pH); HRMS m/z [M+H]" Calcd: 269.0630, Found: 269.0621.
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Homocysteine methyl ester (13). "H NMR (600 MHz, H,0:D-0, 95:5, v/v) 6 4.25 (1H,
t, J 8 Hz, aH), 3.84 (3H, s, OCH3), 2.88 (2H, t, J 7 Hz, yH), 2.40 (2H, m, pH); HRMS
m/z [M+H]" Caled: 150.0589, Found: 150.0593.

Methionine methyl ester (14). '"H NMR (600 MHz, H,0:D0, 95:5, v/v) d 4.30 (1H, t,
J 6.5 Hz, aH), 3.85 (3H, s, OCHj3), 2.69 (2H, t, J 8 Hz, yH), 2.30 (2H, m, BH), 2.13 (3H,
s, SCH3); HRMS m/z [M+H]" Calcd: 164.0745, Found: 164.0751.

Homocystine dimethyl ester (15). "H NMR (600 MHz, H,0:D,0, 95:5, v/v) ¢ 4.31
(2H, t, J 7 Hz, aH), 3.86 (6H, s, OCHj3), 2.90 (4H, t, J 7 Hz, yH), 2.42 (4H, m, BH);
HRMS m/z [M+H]" Calcd: 297.0943, Found 297.0957.

Penicillamine methyl ester (16). '"H NMR (600 MHz, H,0:D,0, 95:5, v/v) 6 1.42 (3H,
s, BCH3), 1.45 (3H, s, BCH3), 3.68 (1H, s, aH), 3.79 (3H, s, OCH3); HRMS m/z [M+H]"
Calcd: 164.0745, Found: 164.0724.

Penicillamine disulfide dimethyl ester (17). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v)
0 1.50 (3H, s, BCH3), 1.57 (3H, s, BCH3), 3.66 (3H, s, OCH3), 4.19 (1H, s, aH); HRMS
m/z [M+H]" Caled: 325.1256, Found: 325.1296.

Amide formation was achieved by dissolving the reactant in 5 mL methanol and adding
0.5 mL concentrated ammonia. The mixture was stirred at room temperature overnight;
subsequently the solvent was evaporated in vacuo to give the title compound which was
used in analytical experiments without purification. The synthesized product is

characterized below.

Ovothiol amide (18). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 3.26 (1H, dd, J 8, 15
Hz, BH), 3.29 (1H, dd, J 8, 15 Hz, BH), 3.76 (3H, s, NCH3), 4.44 (1H, dd, J 7 Hz, aH),
8.26 (1H, s, ImzH); HRMS m/z [M+H]" Calcd: 201.0810, Found: 201.0815.

S-methyl formation was achieved by dissolving the reactant in 5 mL of aqueous
ammonia solution (pH=9) and adding 3 equivalents of CH3l. The solution was stirred at

room temperature for 1 h under N,, and the excess ammonia was eliminated in vacuo.
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The resulting aqueous solution was used in subsequent NMR experiments. The

synthesized products are itemized below.

S-Methylovothiol (19). "H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 2.37 (3H, s, SCH3),
3.19 (1H, dd, J 7, 15 Hz, BH), 3.25 (1H, dd, J 7, 15 Hz, BH), 3.78 (3H, s, NCH3), 3.95
(1H, dd, J 8 Hz, aH), 8.72 (1H, s, ImzH); HRMS m/z [M+H]" Calcd: 216.0961, Found:
216.0960.

S-Methylovothiol amide (20). "H NMR (600 MHz, H,0:D,0, 95:5, v/v) ¢ 3.26 (1H,
dd, J 8, 15 Hz, BH), 3.28 (1H, dd, J 8, 15 Hz, BH), 3.82 (3H, s, NCH3), 4.25 (1H, dd, J 7
Hz, aH), 8.74 (1H, s, ImzH); UV (Amax, nm, H,O) 198, 225 (shoulder); HRMS m/z
[M+H]" Calcd: 215.0967, Found: 215.0959.

S-Methylcysteamine (21). "H NMR (600 MHz, H,0:D-0, 95:5, v/v) 0 3.24 2H, t, J 7
Hz, aH), 2.82 (2H, t, J 7 Hz, BH), 2.73 (3H, s, SCH3); HRMS m/z [M+H]" Calcd:
92.0534, Found: 92.0567.

S-Methylcysteine (22). "H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 3.94 (1H, dd, J 5, 8
Hz, oH), 3.09 (1H, dd, J 5, 15 Hz, BH), 2.99 (1H, dd, J 8, 15 Hz, BH), 2.15 (3H, s,
SCH3); HRMS m/z [M+H]" Calcd: 136.0432, Found: 136.0420.

S-Methylcysteine methyl ester (23). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v) d 4.22
(1H, dd, J 5, 7.5 Hz, aH), 3.83 (3H, s, OCH3), 3.11 (1H, dd, J 5, 15 Hz, fH), 3.00 (1H,
dd, J 7.5, 15 Hz, BH), 2.14 (3H, s, SCH3); HRMS m/z [M+H]" Calcd: 150.0589, Found:
150.0583.

S-Methylpenicillamine (24). "H NMR (600 MHz, H,0:D-0, 95:5, v/v) 0 1.31 (3H, s,
BCH3), 1.52 (3H, s, BCH3), 2.07 (3H, s, SCH3), 3.67 (1H, s, aH); HRMS m/z [M+H]"
Calcd: 164.0745, Found: 164.0687.

S-Methylpenicillamine methyl ester (25). '"H NMR (600 MHz, H,0:D,0, 95:5, v/v) §
1.48 (3H, s, BCH3), 1.56 (3H, s, BCH3), 1.92 (3H, s, SCH3), 3.71 (3H, s, OCH3), 3.88
(1H, s, oH); HRMS m/z [M+H]" Calcd: 178.0902, Found: 178.0930.
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When necessary the thiol formation from a disulfide was achieved with reduction. The
reactant was dissolved in 5 ml of methanol and 2.5 equivalents of sodium
tetrahydroborate were added. After stirring at ambient temperature for 1 h, the reaction
mixture was evaporated in vacuo to yield the title compound which was used in
analytical experiments without purification. The synthesized product is characterized

below.

Homocysteine (26). '"H NMR (600 MHz, H,0:D,0, 95:5, v/v) ¢ 3.85 (1H, t, J 7 Hz,
aH), 2.83 (2H, t, J 8 Hz, yH), 2.27 (2H, m, BH); HRMS m/z [M+H]" Calcd: 136.0432,
Found: 136.0442.

Dihydrolipoic acid (27). 'H NMR (600 MHz, H,O:D,0, 95:5, v/v) ¢ 1.40 (1H, m,
C*Hy), 1.46 (1H, m, C*'Hy), 1.54 (1H, m, C’H,), 1.54 (2H, m, C’H,), 1.69 (1H, m,
C’H,), 1.78 (1H, m, C'H»), 1.94 (1H, m, C'H,), 2.18 (2H, t, J 7.5 Hz, C*H,), 2.67 (1H,
m, C*H,), 2.72 (1H, m, C*H>), 3.02 (1H, m, C°H); HRMS m/z [M+H]" Calcd: 209.0670,
Found: 209.0655.

Dihydrolipoamide (28). 'H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 1.44 (1H, m,
C'H), 1.51 (1H, m, C*'Hy), 1.60 (1H, m, C’H,), 1.60 (2H, m, C’H,), 1.68 (1H, m,
C’H,), 1.78 (1H, m, C'H»), 1.93 (1H, m, C'H,), 2.28 (2H, t, J 7.7 Hz, C*H,), 2.67 (1H,
m, C*H,), 2.71 (1H, m, C*H,), 3.01 (1H, m, C°H), 6.22 (1H, s, NH), 7.54 (1H, s, NH);
HRMS m/z [M+H]" Calcd: 208.0830, Found: 208.0838.

When necessary the homodisulfide formation from a thiol was achieved with in situ
oxidation. The thiol was dissolved in 2% aqueous hydrogen peroxide solution and the
pH adjusted to 8.5. The solution was stirred for 30 minutes, and the resulting aqueous
solution was used in subsequent NMR experiments. The synthesized products are

itemized below.

Glutathione disulfide tetramethyl ester (29) 'H NMR (600 MHz, H,0:D,0, 95:5,
v/v) 0 2.05 (4H, m, yH(Glu)), 2.18 (4H, m, BH(Glu)), 3.05 (4H, m, BH(Cys)), 3.68 (6H,
s, OCHj3(Gly)), 3.87 (6H, s, OCH3(Glu)), 3.45 (2H, t, J 6 Hz, aH(Glu)), 4.16 (4H, d, J 6
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Hz, aH(Gly)), 4.81 (2H, t, J 6 Hz, aH(Cys)); HRMS m/z [M+H]" Caled: 669.2224,
Found: 669.2222.

Glutathione disulfide dimethyl ester (Gly) (30) 'H NMR (600 MHz, H,0:D,0, 95:5,
v/v) 6 2.04 (4H, m, BH(Glu)), 2.11 (4H, m, yH(Glu)), 3.11 (4H, m, BH(Cys)), 3.49 (2H,
t, J 6 Hz, aH(Glu)), 3.68 (6H, s, OCH3(Gly)), 4.16 (4H, dd, J 5, 18 Hz, aH(Gly)), 4.81
(2H, dd, J 2.5, 5 Hz, aH(Cys)); HRMS m/z [M+H]" Calcd: 641.1911, Found: 641.1912.

Cystamine (31). '"H NMR (600 MHz, H,0:D,0, 95:5, v/v) 0 3.40 (4H, t, J 7 Hz, aH),
3.02 (4H, t, J 7 Hz, pH); HRMS m/z [M+H]" Calcd: 153.0520, Found: 153.0517.

Cystine (32). '"H NMR (600 MHz, H,0:D,0, 95:5, v/v) 6 4.23 (2H, dd, J 4, 9 Hz, aH),
3.41 (2H, dd, J 4, 15 Hz, BH), 3.22 (2H, dd, J 9, 15 Hz, H); HRMS m/z [M+H]" Calcd:
241.0317, Found: 241.0320.

Penicillamine disulfide (33). "H NMR (600 MHz, H,0:D,0, 95:5, v/v) 6 1.44 (3H, s,
BCH3), 1.55 (3H, s, PCH3), 4.01 (1H, s, aH); HRMS m/z [M+H]" Calcd: 297.0943,
Found: 297.1017.
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4. RESULTS

The determination of species-specific protonation constants for every compound was
performed based on case-tailored deduction methods, which nonetheless share a
common underlying approach. The design of the deductive method is epitomized in
detail for the simple case of cysteamine. The noteworthy alterations in the deductive
method of the remaining compounds will be highlighted however, due to the intrinsic
complexity of microspeciation of molecular entities with higher number of basic sites:
microspecies are coexisting, inseparable solution entities, with different location and/or
number of protons at the basic sites on a definite covalent skeleton of the molecule,
therefore their concentrations can only be measured indirectly [33]. Since the number of
microspecies increases exponentially with the number of basic sites, complete, correct
microspeciation for non-symmetrical, compact molecules has so far been reported for
molecules of up to three basic sites. Ovothiol, for instance, has four distinct basic sites
with an omni-interactive molecular structure, in which the protonation of any sites has
an effect of a priori unknown magnitude on the basicity of every other site. Studies
have shown [64] that complete microspeciation for molecules of four or more basic sites
cannot be carried out without importing additional information, even though the

protonation percentage is known for every site at each pH.

4.1 The microscopic protonation constants of cysteamine

Cysteamine was titrated under near physiological conditions and non-linear regression
analysis of the 'H NMR chemical shift-pH profiles afforded the macroscopic
protonation constants presented in Table 1. The relationships between the macroscopic
and microscopic protonation constants (equivalent to equations (9) and (11)) actualized

for cysteamine are:

K, =k +k° (17)
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B, =k"k =Kk (18)

Thus, besides the macroconstants, the complete microspeciation of cysteamine needs at
least one additional datum. This can be obtained via a deductive method, wherein the
possible closest model of a minor microspecies is introduced and some appropriate
protonation constant(s) of the model compound(s) is/are regarded as constituent
protonation constants of the parent molecule. In the case of cysteamine, S-
methylcysteamine was used to model the microspecies, in which the thiolate moiety is
protonated. Therefore, the macroscopic protonation constant of S-methylcysteamine
(Table 1) was equated to ks of cysteamine. The remaining microscopic protonation
constants were calculated using equations (17) and (18), and are presented in Table 1.
These data also yielded the interactivity parameter between the amino and thiolate

groups:

logAE,, =logk" —logk; =logk® —logk; (19)

The interactivity parameter shows to what extent the protonation of site A reduces the
basicity of site B, and vice versa. The interactivity parameter is generally considered to
be the most invariant quantity in analogous moieties of different compounds and also in

various protonation states of the neighboring moiety in the same molecule [60].
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Table 1. The macroscopic and microscopic protonation constants (298 K, 0.15 mol/L
ionic strength), and interactivity parameters of cysteamine, cystamine and their model

compound in log units +s.d.

Cysteamine ‘ Cystamine

Macroscopic Protonation Constants

Cysteamine Cystamine
logk;  10.88+0.01 | logK;  9.61+0.02

logk,  8.34+0.01 | logk,  8.76+0.02

S-Methylcysteamine
logk 9.55+0.01
Microscopic Protonation Constants

logk™  10.85+0.01 | logk™  9.31+0.02

logk®  9.67+0.01 | loghky  9.06+0.02

loghy®  8.37+0.01

logks™  9.55+0.01
Interactivity Parameters

logAEns  1.30£0.01 | logAExn  0.25+0.03

4.2 The microscopic protonation constants of cystamine

Cystamine, being the disulfide of cysteamine, is a symmetric molecule with two basic
nitrogens, which can be arbitrarily named N and N’. Due to symmetry, their basicities

are 1dentical:

N = kN (20)

ke =ky 1)

This reduces the multivariable problem to a system with two unknowns only, which can

be resolved using relationships derived from equations (9) and (11):
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logk™ =log K, —log?2 (22)

logky =logK, +log?2 (23)

Macroscopic protonation constants from 'H NMR-pH titration data and calculated
microscopic protonation constants, along with the interactivity parameter between the

two amino groups (logAEn) are presented in Table 1.

4.3 The microscopic protonation constants of cysteine, homocysteine, and

penicillamine

Cysteine, homocysteine, and penicillamine were titrated under near physiological
conditions to afford the macroscopic protonation constants (Table 2, 3, 4). The
microspeciation scheme of a tridendate molecule is a multivariable problem with 7
unknowns. Therefore, in addition to the three macroscopic protonation constants, four
further quantities have to be introduced to elucidate all the microconstants. The kind and
number of extra pieces of information to be introduced depend on the acid-base
properties of the sites in the parent compounds. Chemical evidences clearly indicate that
the inherent basicity decreases in the amino, thiolate, carboxylate order, in which the
basicity of thiolate is “comparably lower”, whereas the basicity of the carboxylate is
typically “orders of magnitude lower” than that of the amino group. Consequently,
those microspecies in which the carboxylate site is protonated, but the amino is not, are
“orders of magnitude minor” (omm) ones, while those in which the thiolate is
protonated, but the amino is not, are expected to be “relative minor” (rm) ones. Omm
microspecies influence the analytical signals (NMR, UV, etc.) insignificantly, but they
may be the reactive species in highly specific biochemical processes [57]. A complete
microspeciation inevitably needs auxiliary derivative compounds that mimic the omm
microspecies, and in many cases the rm microspecies too. The possible closest mimicry
compounds of the d, c, and g cysteine microspecies are cysteine methyl ester, S-
methylcysteine, and S-methylcysteine methyl ester, respectively, where the methyl

moiety at the carboxylate or thiolate site keeps the site in question in its neutral form,
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and has electronic effect on the rest of the molecule highly similar to the -COOH and —
SH moiety, respectively [58]. The macroscopic protonation constants of the model
compounds were also attained using NMR-pH titrations. As a subsequent step, the
microscopic protonation constants were calculated using the principles in equations (9)
and (11), bearing in mind that the macroscopic protonation constants of the model
compounds are regarded as constituents of the cysteine (and homocysteine,

penicillamine) microspeciation scheme.

4.4 The microscopic protonation constants of cystine, homocystine, and

penicillamine disulfide

The microspeciation of cystine, homocystine, and penicillamine disulfide is inherently
simplified by the symmetry of the molecular structure, and also the well-separated
protonation pH range of the two amino and two carboxyl groups. The opposite amino
and carboxylate groups are regarded chemically identical. This results in certain
equalities among the microscopic protonation constants: A=k, k°=k°, etc.
Furthermore, because of the large gap between the first and last two protonation steps,
these steps can be regarded as practically independent systems. The change in '"H NMR
chemical shift recorded during the first two protonation steps is essentially generated by
the protonation of the two amino groups, since the mono- and biprotonated ligands
where any of the two carboxylate groups is protonated are orders of magnitude minor.
The microscopic protonation constants of the major pathways of the microspeciation

can therefore be calculated using equations (24)-(27).

logk™ =log K, —log2 (24)
logk) =logK, +log2 (25)
log kg, =log K, —log?2 (26)
log kg =log K, +log2 (27
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In order to characterize the orders of magnitude minor processes too, the dimethyl ester
derivatives were applied to model the microspecies where both carboxylate groups are
protonated. Using the principles as above, the remaining microscopic protonation
constants were attained. All macroscopic and microscopic protonation constants along

with the interactivity parameters are compiled in Table 2, 3, and 4.
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Table 2. The macroscopic and microscopic protonation constants (298 K, 0.15 mol/L ionic strength), and interactivity parameters of
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cysteine, cystine and their model compounds in log units +s.d.

Cysteine and its derivatives

Cystine and its derivative

Macroscopic Protonation Constants

Cysteine Cysteine methyl ester Cystine Cystine dimethyl ester
logk, 10.39+0.02 logk, 9.03+0.01 logk, 9.17+0.01 logk, 6.80+0.02
logk, 8.52+0.02 logk, 6.87+0.01 logk, 8.19+0.01 logk, 5.86+0.03
logK; 2.02+0.01 S-Methylcysteine logK; 2.25+0.03

S-Methylcysteine methyl ester logk, 8.84+0.01 logKy 1.49+0.04

logk 6.95+0.01 logk, 2.02+0.01
Microscopic Protonation Constants
logk™ 10.15+0.02 logks® 3.91+0.02 logk™ 8.87+0.01 loghan’ 1.95+0.03
logk® 10.07+0.03 logko™ 8.26+0.01 logk® 4.30+0.04 logkon™ 6.60+0.01
logk® 5.03+0.03 logko® 8.95+0.01 loghky™ 8.49+0.01 logkon® 2.25+0.07
logky® 8.76+0.04 logksn® 2.02+0.02 loghky” 3.8440.03 logkon™ 8.05+0.03
logky° 3.1440.04 logkon® 7.64+0.01 loghky° 2.414+0.04 logkon” 3.68+0.04
logks" 8.84+0.01 logkos™ 6.95+0.01 logko™ 8.39+0.02 logkoo™ 6.50+0.02
logko™ 6.98+0.04 logkonn” 1.79+0.04
loghko”' 4.14+0.06 logkoon' 6.16+0.03
Interactivity Parameters

logAENs 1.310.01 logAEg 0 1.12+0.03 logAEx0 1.89+0.01 logAEx 0.38+0.01
logAExo0 1.89+0.01 logAEyx o 0.48+0.02 10gAE oo 0.16+0.05
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Table 3. The macroscopic and microscopic protonation constants (298 K, 0.15 mol/L ionic strength), and interactivity parameters of

homocysteine, homocystine and their model compounds in log units +s.d.

Homocysteine and its derivatives ‘ Homocystine and its derivative
Macroscopic Protonation Constants

Homocysteine Homocysteine methyl ester Homocystine Homocystine dimethyl ester
logK; 10.35+0.02 logK; 9.38+0.04 logK; 9.64+0.03 logK; 7.32+0.02
logk, 8.65+0.02 logk, 7.2240.01 logk, 8.75+0.03 logk, 6.42+0.01

logK; 2.21+0.02 Methionine logK; 2.35+0.04

Methionine methyl ester logk, 9.15+0.01 logKy 1.64+0.04

logk 7.25+0.01 logk, 2.1240.01
Microscopic Protonation Constants
logk™ 10.100.02 logks® 4.02+0.02 logk™ 9.34+0.03 loglan® 2.05+0.04
logk® 9.9440.04 logko™ 8.20+0.01 logk® 4.37+0.05 logkon™ 7.15+0.03
logk® 4.61+0.04 logko® 9.35+0.01 loghky™ 9.05+0.03 logkon® 2.37+0.07
logky® 8.99+0.04 logksn® 2.12+0.02 loghky” 3.954+0.04 logkon™ 8.62+0.01
logky° 2.7140.04 logkon® 8.40+0.01 loghky° 2.47+0.05 logkon” 3.8440.04
logks" 9.15+0.01 logkos™ 7.2540.01 logko™ 8.92+0.02 logkoo™ 7.02+0.02
logko™ 7.44+0.05 logkonn” 1.94+0.04
loghko”' 4.27+0.07 logkoon' 6.72+0.01
Interactivity Parameters

logAENs 0.95+0.01 logAEs0 0.59+0.03 logAEN0 1.90£0.01 logAEnn: 0.29+0.04
logAEN0 1.90+0.01 logAENo 0.42+0.04 logAEo o 0.11+0.06
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Table 4. The macroscopic and microscopic protonation constants (298 K, 0.15 mol/L ionic strength), and interactivity parameters of

penicillamine, penicillamine disulfide and their model compounds in log units +s.d.

Penicillamine and its derivatives ‘ Penicillamine disulfide and its derivative
Macroscopic Protonation Constants
Penicillamine Penicillamine methyl ester Penicillamine disulfide Penicillamine :;f;lﬁde dimethyl

logk, 10.80£0.01 logk, 8.99+0.01 logk, 9.48+0.01 logk, 7.23+0.02
logK, 8.07+0.01 logK, 6.90+0.01 logk, 8.57+0.03 logk, 6.320.01

logK; 2.04+0.01 S-Methylpenicillamine logK; 2.34+0.02

S-Methylpenicillamine methyl ester logK; 9.53+0.01 logK, 1.61£0.04

logk 7.65+0.01 logK, 2.04+0.01
Microscopic Protonation Constants
logi™ 10.78+0.01 logkg® 3.92+40.01 logi™ 9.18+0.03 loghan® 2.04+0.03
logk® 9.34+0.01 loghko™ 8.90+0.01 logk® 4.29+0.02 logkon 6.99+0.03
logk® 5.02+0.01 logko® 8.24+0.01 loghky™ 8.87+0.03 logkon® 2.28+0.06
loghy® 8.09+0.01 logksn® 2.04+0.01 loghky” 3.92+0.02 logkon™ 8.50+0.01
logky° 3.1440.01 logkon® 6.99+0.01 loghky° 2.41+0.01 logkon” 3.79+0.05
logks™ 9.53+0.01 logkos™ 7.65+0.01 logko™ 8.81+0.02 logkoo™ 6.93+0.02
logko™ 7.30+0.06 logkonn 1.9140.04
loghko”' 4.16+0.06 logkoon' 6.62+0.02
Interactivity Parameters

logAENs 1.25+0.01 logAEg 0 1.10£0.01 logAEx0 1.88+0.01 logAEx 0.29+0.03
logAEN0 1.88+0.01 logAEyn o 0.37+0.04 logAEq o 0.11£0.05
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4.5 The microscopic protonation constants of glutathione

In glutathione the glutamyl, glycinyl, and cysteinyl o protons were monitored
throughout the pH range with high resolution '"H NMR. Due to inherent basicities of the
four basic centers in GSH, at basic pH predominantly the amino and thiolate moieties
protonate in an overlapping manner. Upon lowering the pH, the separate, yet again
simultaneous protonation of the two carboxylates takes place. These protonation
pathways comprise the major pathway of the GSH microspeciation scheme.
Furthermore, it is apparent from the chemical shift-pH profiles that each a hydrogen is
selectively (or at least overwhelmingly rendering other protonations insignificant)
perturbed only by the basic moiety in its immediate proximity; i.e. the glycinyl a
hydrogen is selective for the glycinyl carboxylate, the cysteinyl a hydrogen is selective
for the thiolate, and the glutamyl a hydrogen is selective for the adjacent amino and
glutamyl carboxylate protonations. Therefore by fitting sigmoid curves that specifically
express the protonation fraction of each site, one can attain the microscopic protonation
constants of the major pathway. For the pH range 6-14 the following function was fitted

to the data of the glutamyl and cysteinyl o hydrogens:

(5HL _5L)(kX[H+]+K1K2[H+]2) +
1+ (kN +EH[H 1+ K KHT "

5, (pH) = (28)

where Jdqpsphy 15 the observed chemical shift of the given nucleus at a particular pH, dur.
and J;_ are the limiting chemical shifts of the protonated and deprotonated states, and &~
or k¥ was used in lieu of k* for the data of glutamyl and cysteinyl o hydrogens,
respectively. The next separate protonation region is that of the two carboxylates; for
the pH range 0-6 the following function was fitted to the data of the glutamyl and
glycinyl o hydrogens:

(5HL — 5L )(kIzI(S [H+] + K3K4 [H+ ]2)

5., (pH) = N
N FEC T E o T

(29)
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where Jdqps(phy 15 the observed chemical shift of the given nucleus at a particular pH, dur.
and oy are the limiting chemical shifts of the protonated and deprotonated states, and
kns® or kns® was used in lieu of kng™ for the data of glycinyl and glutamyl a hydrogens,
respectively. After attaining the macroconstants and kN, ks, stG, fns® values, the
remaining constants of the major pathway could be calculated with equations analogous
to equations (9) and (11), by regarding the two separate protonation regions as two
bidentate protonation processes; i.e. assuming stG+stE=K3. These data also afford the
amino-thiolate interactivity parameter (logAEnss) and the interactivity parameter

between the two carboxylates (10gAEq).

With the knowledge of the microscopic constants of the major pathway the rest of the
microspeciation scheme can be elucidated with the help of two model compounds.
Glutathione dimethyl ester (G(OMe),SH) and glutathione methyl ester (methylated at
Gly, abbreviated as GOMeg;,SH) mimic the k and d microspecies. By using the
evaluation method described above macroscopic and microscopic protonation constants
of the model compounds were determined. All of the macroconstants of the model
compounds are also compiled in Table 5; it can be seen that the kNSC,E value determined
with two independent methods is in excellent agreement (compare kNSGE with K3 of
GOMeg,SH). The remaining microconstants were calculated with the interactivity
parameters afforded by the model compounds. All species-specific protonation

constants of GSH with the 6 interactivity parameters are compiled in Table 5.
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Table 5. The macroscopic and microscopic protonation constants (298 K, 0.15 mol/L

ionic strength), and interactivity parameters of glutathione and related model

compounds in log units = s.d. The microscopic protonation constants of the major

pathway are in bold.
GSH GOMeg,,SH G(OMe),SH
logk,  9.65+0.01| logk, 9.44+0.04| logk, 8.64+0.01
logk, 8.78+0.01| logk, 8.46=0.03| logk, 7.06=0.01
logk;  3.52+0.01| logK;  2.230.01
logk,  2.22+0.01
Microscopic protonation constants
amino thiolate carboxylate (Gly) carboxylate (Glu)
logk®  9.49+0.01| logk® 9.26+0.01| logk®  4.04+0.04| logk®  4.53+0.03
logks®  9.17£0.02 | logkx® 8.94+0.02| loghk® 3.89+0.02| logky" 2.60=0.03
logks™  9.31+0.01| logks® 8.8740.02| logks® 3.65+0.03| logks"  4.28+0.02
loghks  7.56+0.01| logks® 9.01£0.02| logks® 3.9440.04| logks"  4.43+0.03
logksg"  9.01£0.02| loghns® 8.590.05| logkns® 3.502£0.01 | logkys®  2.35+0.02
loghkss®  7.2440.02| logkn:®  8.71+0.03 | loghkne® 3.79+0.03 | logkng™  2.50 £0.02
logkge™  7.38+£0.01| logkge® 8.62+0.01| logkss® 3.5540.03| logkss® 4.18+0.01
loghsge"  7.08 +0.02 | logknge® 8.32%0.02 | loghnse® 3.40 £0.02 | loghknsc® 2.25 +0.01

Interactivity parameters

lOgAEN/E
IOgAEs/G

1.93 +0.01
0.39 +0.02

1OgAEN/S
logAEsk

0.324£0.02 logAEns
0.25+0.02 logAEGE

0.18 £0.02
0.10+0.02
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4.6 The microscopic protonation constants of glutathione disulfide

Since the microspeciation of the major pathway of GSSG has already been thoroughly
elucidated under the same conditions as presented here [26] (macroscopic protonation
constants of GSSG: logK;=9.71 =+0.01, logK,=8.95 +0.02, logK;=3.91 =+0.02,
logK4=3.23 +0.03, logKs=2.41 +0.03, logKs=1.79 +0.05), only the minor pathway
needed investigation. GSSG diethyl ester (at the glycine residues) was also investigated
by [26] and the carboxylate constants showed excellent agreement with the native
GSSG data, therefore GSSG dimethyl ester was only titrated above pH 7. The
microscopic protonation constants of the symmetric model compounds (GSSG dimethyl
ester (Gly) and GSSG tetramethyl ester) were related to microspeciation scheme of the
GSSG. Furthermore, these data afforded the interactivity parameters pertaining to the
minor pathways. Because of symmetry, the microscopic protonation constants of the
disulfide model compounds could be readily calculated. Introducing the one-side
interactivity parameters of GSH as constituents of the GSSG system, all of the
remaining GSSG microconstants could be calculated using the interactivity parameters
applied to GSSG. The microscopic protonation constants and interactivity parameters of

GSSG are compiled in Table 6.
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Table 6. The microscopic protonation constants (298 K, 0.15 mol/L ionic strength), and
interactivity parameters of glutathione disulfide in log units + s.d. The microscopic
protonation constants of the major pathway are in bold, taken from [26]. *the one-side

interactivity parameters introduced from the microspeciation of GSH.

Microscopic protonation constants
amino carboxylate (Gly) carboxylate (Glu)
logk™ 9.41 £0.01 logk® 3.92 £0.03 logk® 4.45 +0.03
loghyx™ 9.25 +0.02 loghkn® 3.77 £0.02 loghy®" 4.3540.02
loghkg™ 9.26 +0.02 loghy* 3.74 +0.03 loghy* 2.52 +£0.03
loghkg™ 9.23 +0.02 logk® 3.78 £0.03 logkg®" 4.3440.03
loghs™ 9.31 +0.02 loghs” 3.81 +0.03 loghs® 4.34+0.03
loghe™ 7.48 £0.01 loghe© 3.81+0.03 loghe® 4.37 +0.04
loghng™ 9.07 £0.03 loghknn® 3.59 £0.01 loghknn" 2.42 £0.02
loghng™ 9.09 +0.02 loghng® 3.60 +0.02 loghng® 4.24 +0.02
loghne™ 7.3240.02 loghng® 3.63 £0.02 loghng™ 2.4140.03
loghng™ 9.17 +£0.03 loghne® 3.63 £0.02 loghng™ 4.24 +0.02
logksg™ 9.08 £0.01 loghne" 3.66 £0.02 loghng® 2.4140.03
loghkge™ 9.13 +0.03 loghne” 3.66 +0.02 loghne™ 2.44 +£0.03
logkge™ 7.33 £0.02 loghne® 3.63 £0.02 loghwe™ 4.2740.02
logkge™ 9.16 £0.02 loghkae® 3.67 £0.03 logksa™ 4.23 +0.05
loghkge™ 7.30 £0.02 loghgr” 3.67 £0.03 loghkge" 4.26 +0.04
loghee™ 7.38 £0.03 loghkee® 3.70 £0.03 loghksr™ 4.26 +0.04
logknga 8.91 +0.01 loghknng® 3.45 +0.01 loghknnG® 2.31 £0.02
loghnge™ 7.16 +0.02 loghknni® 3.48 +£0.01 loghkang 2.31 +0.02
loghnge™ 7.14 £0.03 loghknni’ 3.48 £0.01 loghknne" 2.34 £0.02
loghngr™ 8.99 +0.03 loghnge® 3.52 +0.03 loghnoa™ 2.30+0.03
loghwee™ 7.24 +£0.03 loghwge® 3.49 £0.03 loghnga™ 4.13 +0.02
loghnge™ 9.02 +0.02 loghnar® 3.49 +0.03 loghnge" 2.33+0.03
logksge™ 7.15+0.01 loghwee® 3.52+£0.03 loghwgr" 2.3340.03
logksor™ 8.98 +0.01 loghee" 3.55+0.03 loghngr"™ 4.16 +£0.02
logkgee™ 7.20 £0.02 loghnge" 3.52+£0.03 loghwge" 4.16 +0.02
logkgre™ 7.23 +0.02 logkgee" 3.56 £0.03 logksge" 4.15 +0.04
logkngae 8.84 +0.01 loghksnce® 3.34 £0.02 loghksnca 2.20 £0.02
logkngae 6.98 £0.01 loghknnce 3.34 £0.02 logka~ge" 2.23 £0.02
loghkngee 7.09 +£0.02 loghknyge® 3.37 £0.02 loghks~ge” 2.23 £0.02
loghwgrs 7.06 £0.02 loghwgee" 3.41+£0.03 loghwgar" 4.05 +0.03
logksgee 7.05 +0.01 loghngee" 3.38+£0.03 logkngar 2.224+0.03
logkngare 6.91 £0.01 loghknnGee " 3.23 £0.02 loghksncaE" 2.12 £0.03
Interactivity parameters
logAExk 1.93 +£0.01* logAEywg 0.15 +0.02 logAEGe 0.11 £0.01
logAEysg 0.18 +0.02* logAEgq 0.14 +0.01 logAEye 0.10 +£0.02
logAExn 0.16 +0.02 logAEg: 0.11£0.01 logAEg 0.08 +£0.03
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4.7 The microscopic protonation constants of ovothiol

The macroconstants of ovothiol were determined on the basis of '"H NMR-pH titrations;
the macroscopic protonation constants are as follows: logK;=10.21+0.03,
logK>=8.63+0.04, logK3=2.02+0.06, 1ogK4=0.95+0.07. For most molecules the chemical
shift-pH profiles provide sufficient information to obtain the pH-dependent protonation
percentage of the basic sites, and to quantitate the species-specific basicities by
translating the experimental data into the relationships between the macro- and
microconstants. However, these data are insufficient to determine the ovothiol

microconstants, for the reasons below:
1. The number of basic sites exceeds three.

2. The proximity of the carbon-bound hydrogens and all proton-binding sites
causes all the basic moieties to interact with one another and the NMR active
hydrogens (i.e. the protonation of each site affects the basicity of all other basic

moieties, and the chemical shift of all carbon-bound hydrogens).

3. Ovothiol has no molecular symmetry element(s) that would reduce the number

of nonequivalent microspecies and simplify the evaluation.

4. Inherent basicities of the imidazole and amino sites highly exceed those of the
thiolate and carboxylate sites, causing two practically separate, but pairwise
overlapping protonation pH regions, and rendering half of the microspecies to be

orders of magnitude smaller.

To elucidate the entire microspeciation of ovothiol, a combination of NMR-pH
titrations and a deductive method were designed. Derivative molecules that are the
possible closest models of the minor microscopic species were synthesized: ovothiol

amide, S-methylovothiol, and S-methylovothiol amide.

In the major protonation pathways of ovothiol, first the imidazole and amino groups
protonate in an overlapping fashion, next the carboxylate and thiolate groups protonate.
In order to determine the species-specific protonation constants of the major
microspeciation pathways, 'H NMR-pH titrations were used, along with Sudmeier-

Reilly type evaluation [71-72] equations. Based on the work of Sudmeier and Reilly
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protonation shifts brought about the protonation of multiple basic sites simultaneously
can be broken down as the sum of the individual standard protonation shifts weighed

according to the degree of protonation as follows:

Aé‘;{)‘f B (PH) = 210 A0 iman + InAOximaon (30)

A8, (PH) = 210 A0Sy T InAOyian 31

obs

where Adgps ™ (pH) and Adgps™ (pH) are the pH-dependent observed protonation shifts
of ovothiol (the observed chemical shift at a particular pH minus the observed chemical
shift at high pH where the molecule is in its completely basic form) at the imidazole C2
and aliphatic a hydrogens, respectively. xi, and xx are the pH-dependent degrees of
protonation at the respective imidazole and amino sites in ovothiol, AéIm/ImZH, A&N”mZH,
AS™™ and AN are the pH-independent, standard chemical shift changes at the
imidazole C2 and o hydrogens, brought about by the complete protonation of the
imidazole and amino sites. Standard protonation shifts quantitate to what extent and
direction the protonation of a particular basic site modifies the chemical shift of the
observed, respective, carbon-bound imidazole C2 or aliphatic a hydrogen. These four
standard protonation shift values could be obtained from the S-methylovothiol titration,
where the amino and imidazole sites protonate in separate steps. Since the xp, and xx

functions, the degree of protonation take on 1 as upper limiting value upon complete

protonation, the maximum values of the observed protonation shifts are:

A5lm2H (maX) — Aé‘lm/ln’le + Aé‘N/[n’QH (32)

obs

A5 (max) = AS™™ + AN (33)

obs
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Even though S-methylovothiol is the closest possible model for the S-protonated
ovothiol, the protonation shift at any carbon-bound hydrogen in S-methylovothiol will
not add up exactly to the respective protonation shift change in ovothiol. The
Aéobslmm(max) and AéobS“H(max) values of S-methylovothiol have therefore been
normalized to that of ovothiol by proportionally multiplying them by a number slightly
different from unity [73-74].

The £™ and A& protonation microconstants are involved in the xy, and xy (pH-dependent
degrees of protonation) functions. We therefore express the x values in terms of these

microspecies, the related microconstants and hydrogen ion concentrations, as follows:

4 = [bl+[f]  _ klm[H*}+ﬂ2[H+}22 (34)
[a]+[b]+[c]+[f] 1+p[H ]+/A,[H']

PRSNGSR £ ' a5)
[al+[b]+[c] +[f] 1+ A[H 1+ A,[H']

By fitting the curves of equations (34) and (35) on the titration data of ovothiol we
obtained the &™ and k" values of ovothiol. The remaining microconstants of the major
pathways were calculated with the interactivity parameter between the imidazole and

amino groups.

The chemical shift change of the o and imidazole 2H protons perturbed by the
carboxylate and thiolate groups could also be calculated, using the standard chemical
shift change values observed in S-methylovothiol (where only the carboxylate moiety is
protonated) and ovothiol amide (where only the thiolate group is protonated)
respectively, with a similar method as described above, using Sudmeier-Reilly type
equations, along with the aforementioned relationships between the macro- and

microconstants.

Since there are two distinct protonation pH regions in ovothiol, the o and imidazole 2H

chemical shift changes perturbed by the carboxylate and thiolate groups could also be
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calculated, using the standard chemical shift change values of S-methylovothiol and
ovothiol amide respectively with a similar method as described previously. The
microscopic protonation constants of the aforementioned derivative compounds
(OvSMe, OvSHAmide, OvSMeAmide) were considered to be constituent
microconstants in the microspeciation of ovothiol. The remaining microconstants were
calculated using the determined interactivity parameters, the relationships between the
macro- and microconstants. The complete set of ovothiol microconstants, interactivity
parameters and protonation shifts are compiled in Tables 7 and 8. The results above
were confirmed with complementary experiments and evaluations, carried out with
three independent techniques: S-methyl 'H NMR-pH titration of S-methylovothiol
amide, UV-pH titration of S-methylovothiol amide, and >N NMR-pH titration of

ovothiol.

Table 7 The species-specific protonation microconstants (298 K, 0.15 mol/L ionic

strength) in log values and standard '"H NMR protonation shifts in ppm of ovothiol %s.d.

Imidazole Amino Carboxylate Thiolate
symbol ‘ value symbol value symbol value symbol value
OvSH Microscopic protonation constants
logk'™ iggz log®  |9.8520.01| logh® [438+0.08| logh® |6.34+0.08
loghy™ | 8.99+0.05 | logky |8.78+0.05| logky> | 3.7+0.1 | logkm, | 2.8+0.2
logko™ [9.43+0.01 | logko" |8.05+0.06| logk® | 2.6+0.1 logky® 4.9+0.1
logks™ | 6.5+0.1 logks™ 8.4 +0.1 logks® | 4.13+0.02| logko® |6.10+0.02
logkon™ | 8.3540.05 | logkom" |6.97£0.03 | logknim | 1.93£0.09 | logknim | 1.3+0.1
loghsy'™ | 5.420.1 | logksm | 7.3£0.1 | logksm® | 3.4£0.1 | logkow |2.47+0.07
logkso™ | 5.80£0.07 | logkso" |6.62+0.02 | logksx® | 2.4£0.1 | logkon® |4.67£0.06
logkson'™ | 4.72 £0.02 | logksom | 5.54 +£0.07 | logksnm- | 1.69 £0.03 | logkonim® | 1.04 £0.03
OvSH Species-specific protonation shifts
0.045 0.040 0.464
Adpymmon | 0.84+0.01 | Adnimeu +0.001 Ado/mman +0.002 Ads/imon +0.005
0.053 0.534 -0.155
Adtm/on +0.003 AON/art +0.009 Adogn | 0.50+0.01 | Ads/on +0.007

Table 8. Interactivity parameters in ovothiol in log values +s.d.

Interactivity parameters
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logAEmN
logAEN0
logAEmo
logAENs
logAE s
logAEos

1.08 +0.05
1.85 +0.05
0.70 £0.05
1.43 £0.06
3.63 £0.07
0.24 £0.08

4.8 The microscopic protonation constants of ovothiol disulfide

The macroscopic protonation constants of ovothiol disulfide were determined using

simultaneous regression analysis on the potentiometric and "H NMR-pH titration data.

The macroscopic protonation constant values and titration curves indicate the amino

moieties protonate in an overlapping fashion followed largely separately by the

overlapping protonation of the carboxylate and imidazole moieties, thus forming two

practically separate protonation pH regions.

Table 9. The macroscopic protonation constants of ovothiol disulfide (OvSSOv) and

related compounds (298 K, 0.15 mol/L ionic strength) in log values +s.d. Abbreviation

of the related model compounds: ovothiol disulfide methyl ester (OvOMeSSOvV),
ovothiol disulfide dimethyl ester (OvOMeSSOvOMe).

logk;
logk,
logkK3

IOgK4
logKs

logKs

OvSSOv
9.05 +0.02

8.22 £0.01
4.87 +£0.01
3.01 £0.02
2.37+0.03
1.65 £0.02

OvOMeSSOv
8.56 +0.01

6.69 £0.01
4.24 £0.02
2.78 £0.02
1.82 +0.02

OvOMeSSOvOMe
7.18 £0.01

6.22 £0.01
3.87 £0.02
1.96 +£0.02

At basic pH, the two amino moieties of ovothiol disulfide are primarily protonated. Due

to symmetry, the relationships between the first two macroscopic protonation constants

and the major amino microscopic protonation constants become:
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logk™ =log K, —log?2 (36)

logky =logK, +log?2 (37)

The difference of the above microscopic protonation constants also afforded the
opposite-side amino interactivity parameter logAEnn'. The entire set of the microscopic
protonation constants and interactivity parameters are compiled in Table 10 and Table

11, respectively.
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Table 10. The species-specific protonation constants (298 K, 0.15 mol/L ionic strength)
of ovothiol disulfide in log values +s.d. The microconstants of the major pathway are in

bold.

Microscopic protonation constants

Amino Imidazole Carboxylate

symbol value £s.d. symbol value £s.d. symbol value +s.d.
logk" 8.75 +0.02 logk™ 6.6 £0.1 logk® 5.08 +0.09
loghky" 8.52 +0.01 loghy™ 5.65 +0.05 loghky” 4.91 +0.06
loghkim 7.8 +0.1 loghy'™ 5.5 +0.1 loghy” 3.23+0.07
loghkim™ 7.67 £0.05 loghy, ™ 5.3 40.1 loghkim” 4.78 +0.09

logko™ 8.58 +0.06 logko™ 6.3 £0.1 logkin’ 4.4 +0.1
logko™ 6.90 +0.05 logko™ 5.9+0.1 logko” 5.03 +0.09
logknim 7.44 +0.05 loghkxn™ 4.57 £0.01 loghkxn’ 3.06 +£0.04
loghnim 7.6 +0.1 loghnm™ 42+0.1 loghnim® 4.21 +0.08
logkno™ 6.67 £0.06 loghym ™ 4.34 +0.08 loghim" 2.93 +0.08
loghno™ 8.35 £0.06 loghno™ 5.2 40.1 loghnim” 4.61 +0.07
logkimim™ 6.7 £0.1 logkyno™ 4.9+0.1 logknim” 2.53+0.09
logkimo™ 7.50 +0.08 logkno™ 5.35+0.06 logkno® 3.18 +0.08
logkimor 5.97 +£0.09 logkno™ 4.8+0.1 logkno” 4.86 +0.07

logkimo 7.65 +0.08 loghkimo™ 4.6 +0.1 logkimim" 4.1+0.1
logkimo™ 5.82 +0.07 loghkimo™ 5.0 +0.1 logkimo® 4.33 +0.09

logkoo™ 6.88 +0.01 logkoo™ 5.6 +0.1 logkimo” 4.6 +0.1
logknimim 6.5 0.1 logkxnm ™ 3.26 £0.06 logknnim® 2.36 £0.06

logknimo'™ 5.74 +0.08 loghknno™ 3.87 £0.08 loghkxnm® 2.76 £0.05
logknimor 5.59 +0.07 loghkano™ 4.27 £0.03 logkyno® 3.01 £0.04
logknimo 7.27 £0.08 logknimor™ 3.64 £0.06 logknimim” 2.23 +0.09

logknoo™ 6.52 +0.01 logknimo™ 3.940.1 logknimim® 3.91 +0.09
loghknimo™ 7.42 £0.07 logknimo ™ 3.5+0.1 loghkimo” 2.48 £0.07
logkimimo 4.9 +0.1 logknoo™ 4.65 +0.06 logknimo” 2.7+0.1
logkimimo 6.57 +£0.09 logknoo™ 4.65 +0.06 logknimo® 4.16 £0.06
logkimoo™ 5.80 +0.05 logknimo™ 4.04 £0.07 logknimo” 4.4 +0.1
logkimoo™ 5.80 £0.06 logkimoo™ 43+0.1 logkimimo” 4.0 £0.1
logknmmo 6.34+0.09  logkxxmo™  2.96£0.05  logkximm*  2.06 £0.06
logknimmor 4.7 0.1 logkxximo™  2.56£0.08  logkxnimol  2.56 £0.04
logkximoo 557+0.06  logkxvoo'™ — 3.57+0.02  logkaximo®  2.31+0.04
logknimoor 5.4+0.1 logkimoo™™ 3.34 +0.05 logknimimo" 3.86 +0.07
logkimmoo™  4.72 £0.08 logknimoo ™ 3.2+0.1 logknimimo 2.18 +0.08

logknimimoo™ 4.49£0.07  logknnimoo'™  2.260.02  loghkyimmo~  2.01£0.05
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Table 11. The interactivity parameters of ovothiol disulfide in log values +s.d.

Interactivity parameters
logAEnN 0.23£0.02  logAEmym  1.31 £0.03 logAEo/or 0.1 +0.1
logAEnim  1.08£0.05  logAEmN 0.9 +0.1 logAEon  0.17 £0.06
logAEonN 1.85+0.05  logAEomm  0.70£0.05  logAEomy  0.30£0.03

At acidic pH the overlapping protonation of the remaining four basic moieties
predominates. To untangle the species-specific protonation constants of the carboxylate
and imidazole moieties, two newly synthesized auxiliary model compounds were used.
Ovothiol disulfide dimethyl ester (OvOMeSSOvOMe) is the closest mimic of the
microspecies protonated at both carboxylates. Thus, the protonation constants of this
compound can be regarded as constituents of the ovothiol disulfide microspeciation
scheme. After the '"H NMR-pH titration of ovothiol disulfide dimethyl ester a basic
solution of this compound was titrated: in the course of titration ester hydrolysis
occurred and ovothiol disulfide dimethyl ester, ovothiol disulfide methyl ester
(OvOMeSSOv), and ovothiol disulfide were formed. However, because unique signals
were available for each of these species in the NMR spectra, their protonation constants
could be measured in parallel with the parent compound values. The relationships
between the macro- and microconstants afforded the remaining microconstants and
opposite-side imidazole-imidazole interactivity parameter. The interactivity parameter
between the carboxylate and imidazole groups residing on the same half of the molecule
(logAEonN) could be imported from the microspeciation of ovothiol, since analogous

moieties in ovothiol and ovothiol disulfide can be assumed to interact similarly.

4.9 The microscopic protonation constants of lipoic acid and its derivatives

Lipoic acid, dihydrolipoic acid, lipoamide, and dihydrolipoamide were titrated under
near physiological conditions. The macroscopic protonation constants are compiled in
Table 12. Lipoamide was only titrated to demonstrate the effect of deprotonation of the
amide group. Because of the complexity of the proton spectra, in addition to 'H NMR-
pH titration, 'H/"*C HSQC-pH titrations were also performed with dihydrolipoic acid, to

aid the chemical shift assessment. Dihydrolipoamide was chosen as the appropriate
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model compound sufficient to elucidate the triprotic system of dihydrolipoic acid, since
appropriately chosen NMR nuclei can provide selective signals of the mid-chain
thiolate, both for dihydrolipoic acid and dihydrolipoamide. The titration curves of lipoic
acid revealed that the protonation shift decreases drastically as the covalent distance
increases between the observed proton and the basic moiety: Adc;=0.218 +0.002,
Aoc3=0.046 +0.002, Adc4=0.038 +0.002, Adcs=0.003 £0.002. In fact, reasonable
titration curves could not be fitted to the chemical shifts of the C6, C7, and C8
hydrogens. Therefore it is safe to assume, that in the case of dihydrolipoic acid and
dihydrolipoamide the C3 and C2 hydrogens will be selective for the S6 moiety of the
two thiolates. The C3 protons are, in fact, the best-conditioned protons for the
evaluation of the S6 thiolate basicities, since apart from selectivity they also have
sufficient sensitivity for the mid-chain thiolate protonation. Therefore, the titration data
of dihydrolipoamide was evaluated as such: the C6, C7a, and C8 hydrogen chemical
shifts were fitted using equation (15), while simultaneously, the C3 proton chemical

shifts were fitted to the following equation:

(8 =S )(10° P 1 ler2et
1+ 1010g,/31 -pH IOIOgﬁZ—ZpH

S, (pH) = +6, (38)

where oy is the C3 chemical shift of the unprotonated dihydrolipoamide, dyy is the C3
chemical shift of the dihydrolipoamide species protonated at S6, £, and f, are the
cumulative macroconstants of dihydrolipoamide. The chemical shift-pH profile of
lipoamide revealed that the protonation shift due to deprotonation of the amide moiety
does not perturb the C3 chemical shift considerably in dihydrolipoamide up to pH 13.5
(our region of interest). The remaining dihydrolipoamide microconstants could be
calculated with equations analogous to equations (9) and (11). The titration data of
dihydrolipoic acid were evaluated analogously: utilizing only the first two
macroconstants, the C6, C7a (IH and 13C), and C8 chemical shifts were fitted to
equation (15), while simultaneously, the C2 ("H and ">C) and C3 chemical shifts were
fitted to the following function:
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(S — 8 )10 P 410122 4 (5, — 5 Y10V

Ops (PH) = 1+ 1QPEAPH | loefa20H 1 (loefi—3nll

+5,  (39)

where J; is the chemical shift (C2, C3) of the unprotonated dihydrolipoic acid, Jyy is the
chemical shift (C2, C3) of the dihydrolipoic acid species where S6 is protonated and O
is unprotonated, Jppr is the chemical shift (C2, C3) of the dihydrolipoic acid species
where S6 and O are protonated, S, f» and p; are the cumulative protonation
macroconstants of dihydrolipoic acid. The *C chemical shifts of the C7 carbon were
chosen, because this nucleus is the most sensitive to the protonation of both thiolate
moieties. Protonation of the thiolates and the carboxylate take place in separate pH
regions, the K3 and ksess” values of dihydrolipoic acid are therefore practically identical.
The remaining microconstants of dihydrolipoic acid could be calculated with equations
analogous to equations (9) and (11). All macro- and microconstants and interactivity

parameters of dihydrolipoic acid are presented in Table 12 and 13.

Table 12. The macroscopic protonation constants of lipoic acid, dihydrolipoic acid, and

dihydrolipoamide (298 K, 0.15 mol/L ionic strength) in log values +s.d.

Dihydrolipoic| Dihydro-

Lipoic acid acid lipoamide

logk, | 4.65+0.01 | 11.17+0.01 | 11.05+0.02
logK, - 9.79+0.03 | 9.69 +£0.03
logK; - 4.64+0.01 -
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Table 13. The microscopic protonation constants (298 K, 0.15 mol/L ionic strength)

and interactivity parameters of dihydrolipoic acid in log values +s.d.

Microscopic protonation constants
mid-chain thiolate (S6) end-chain thiolate (S8) carboxylate (O)
symbol value symbol value symbol value
log®®  10.97+0.01  logk®  10.74+0.03  logk®  4.87+0.05
loghss™ 1023 +0.04  logkse™  9.99+0.03  logks"  4.74 +0.05
loghko™  10.85+0.01  logko™  10.62+0.06  logkss®  4.76 £0.01
logksso™®  10.12+0.07  logkse  9.89+0.04  logksess®  4.64 £0.01
Interactivity parameters
logAEsqss  0.74+0.04  logAEse0  0.12+0.01  logAEsgo  0.10 +£0.05
logAEsgss 0.73 £0.07  logAEsqo  0.10+0.08  logAEsgo  0.12 £0.06

4.10 Determining species-specific redox equilibrium constants and standard redox

potentials

For the thiol-disulfide redox equilibria, only the apparent or conditional equilibrium
constants (K3c) are directly available, by determining the equilibrium concentrations of
RSH, GSSG, RSSR, and GSH in the reaction mixtures. The conditional equilibrium
constants were calculated from the concentrations in the equilibrium reaction mixtures
according to equation (3). The conditional redox equilibrium constant values are listed

in Table 14.
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Table 14. The conditional redox equilibrium constants of cysteamine-, cysteine-,
homocysteine-, penicillamine-, ovothiol-glutathione thiol-disulfide systems. The

uncertainties in the pH and logKsc values are 0.01-0.02 and 0.002-0.004, respectively.

Cysteamine Cysteine Homocysteine Penicillamine Ovothiol

pH logKsc pH logKsc pH logKsc pH logKsc pH logKsc
099  -0.154 0.86 0.028 0.91 0.099 0.84 -0.155 0.85 -0.850
1.31 -0.097 1.25 0.078 1.22 0.137 1.26 -0.119 1.24  -1.402
1.59  -0.071 1.54 0.113 1.54 0.203 1.52 -0.056 1.78 -2.444
1.83 -0.097 1.81 0.176 1.81 0.263 1.85 -0.027 243 -2.924
2.62 -0.222 2.61 0.197 2.61 0.335 231 -0.009 3.02 -3.889
293 -0.252 2.89 0.146 2.89 0.323 291 -0.086 | 4.11 -5.278
3.17 -0.260 3.20 0.122 3.20 0.288 3.25 -0.137 5.09 -5.793
3.95 -0.328 3.40 0.116 3.40 0.174 3.41 -0.237 5.61 -6.124
5.43 -0.319 5.60 -0.273 562  -0.051 5.54 -0.310 6.28 -5.875
6.55 -0.251 6.42 -0.230 6.37  -0.056 6.40 -0.328 7.21 -6.267
7.87 -0.495 7.67 -0.204 7.60  -0.092 7.67 -0.456 8.08 -5.851
7.92 -0.509 8.83 0.105 8.83 -0.048 8.88 -1.046 920 -5412
9.62 -1.347 9.67 0.601 9.67 0.280 9.67 -0.745 9.42 -5.050
10.20  -0.523 9.98 0.779 9.98 0.693 9.90 -0.699 | 10.28 -4.611
10.60  0.021 10.44  1.244 10.44  1.003 10.44  -1.398 | 11.34 -3.972
11.44  0.701 11.86 1.668 11.86 1.443 11.88  0.161 11.95 -3.878

The microscopic redox equilibrium constants were calculated from the conditional
equilibrium constants using analogous equations as equation (14). Obviously, the
conditional equilibrium constants were measured at different pH media, all of which
theoretically afford the same value for a certain microscopic equilibrium constant.
However, each microscopic redox equilibrium constant was calculated at pH values
where the corresponding equation (14) is well-conditioned, i.e. the mole fractions of the
involved microspecies are near-maximal. For &;°® the optimal pH of determination are
5.60, 6.42, 7.67, 8.83 (see Table 14). The mean of the calculated microscopic redox

equilibrium constants are listed in Table 15.

The correlation between the species-specific redox equilibrium constants (within each
block of GSH microspecies) and the thiolate species-specific protonation constants of
CysASH, CysSH, hCysSH is depicted in Figure 7A, while the correlation between the
logks*Y and Alogk (the difference in species-specific protonation constants of the

involved RSH and GSH thiolates) are depicted in Figure 7B.
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Table 15. Species-specific redox equilibrium constants. The uncertainties in the logks values are 0.01-0.03.
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Site(s) of protonation and one-letter symbols of thiolate microspecies

Cysteamine Cysteine Homocysteine Penicillamine Ovothiol
Glutathione | - N - N o NO - N C NO - N o NO - Im N o ImN ImO NO ImNO
a b a b d f a b d f a b d f A B C D F G I L
- A|091 -1.73|1.74 -1.04 0.12 -3.16 |1.42 -043 0.77 -1.86 |0.19 -2.24 -140 -4.51 |-526 -12.52 -7.65 -6.55 -17.26 -12.80 -9.82 -17.85
N B|1.56 -1.40(2.33 -0.30 0.44 -2.74 [2.09 0.19 1.09 -1.17 |0.51 -1.90 -1.07 -4.21 |-494 -12.13 -7.33 -6.22 -16.04 -1242 -9.70 -16.71
G D|1.73 -1.35{239 -0.14 046 -2.68 (2.15 0.18 1.18 -1.09 |0.57 -1.81 -1.06 -4.16 |-4.88 -12.10 -7.25 -6.12 -17.12 -1235 -9.54 -17.22
E E|138 -1.48(2.23 -0.50 036 -2.82 |194 -0.01 1.00 -1.25 [0.43 -196 -1.16 -4.38 |-5.02 -12.27 -7.44 -6.41 -17.02 -12.57 -9.88 -17.42
NG G|230 -0.663.19 044 1.18 -2.00 {283 086 1.83 -041 [1.25 -1.15 -0.35 -349 |-421 -11.45 -6.63 -548 -16.02 -11.76 -8.96 -16.24
NE  H|[2.00 -0.95{2.89 0.16 0.88 -2.30 [2.53 045 153 -0.71 {095 -146 -0.67 -3.75 |-450 -11.74 -6.96 -575 -1635 -12.01 -9.06 -16.49
GE K|[2.10 -0.85(3.10 0.24 098 -2.20 |2.63 082 1.63 -0.61 [1.05 -1.39 -0.55 -3.69 |-440 -11.62 -6.83 -5.65 -16.09 -11.92 -8.96 -16.35
NGE N |288 0.03 [3.64 093 186 -1.32 |3.42 140 251 0.18 [1.93 -043 032 -2.80 |-3.52 -10.78 -592 -4.67 -1534 -11.06 -8.28 -15.34
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Figure 7. A: The correlation between species-specific redox equilibrium constants and
the species-specific thiolate protonation constants. Each symbol represents the thiol-
disulfide equilibria involving various thiol microspecies of cysteamine, cysteine, and
homocysteine with a selected glutathione microspecies (A, B, D, E, G, H, K, N). B: The
correlation between species-specific redox equilibrium constants (logks*Y) and the

difference between species-specific thiolate protonation constants of the involved RSH

and GSH microspecies (Alogk).

Alogk
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Determination of the redox potential of the GSSG/GSH system was achieved indirectly,
applying a redox couple with a known standard redox potential. For this purpose the
biologically ubiquitous NAD/NADH (or NADP'/NADPH) system could be a
straightforward choice. However, based on the structure and triprotic nature of NAD" it
was anticipated that the protonation of these moieties will influence the already pH-
dependent redox potential of the system. Based on preliminary results the chemical shift
of the pyridinium ring-bound hydrogens vary greatly with the protonation of the basic
moieties, therefore the electron density around the pyridinium ring is certainly
perturbed. The redox behavior of the NAD/NADH system is therefore influenced by 1)
the pH of the solution, since hydrogen ions participate in the redox half-reaction, 2) the
8 protonation states of NAD", due to its three basic moieties, 3) the 16 protonation
states of NADH, due to its four basic moieties (two pyrophosphate moieties, an adenine
ring, and an added dihydropyridine ring). Therefore, the simplest nicotinamide
nucleotide analogue system, 1-methylnicotinamide (MNA", the oxidized form), and 1-
methyldihydronicotinamide (MNAH, the reduced form) was used as comparison redox

couple. MNAH can take part in A) acid-base and B) redox reactions.

A) The dihydropyridine ring of MNAH can protonate, described by the following

chemical equilibrium, protonation constant, and law of conservation of mass:

MNAH + H' = HMNAH" (40)

_ [HMNAH'] (41)
[MNAH][H"]

[MNAH]+[HMNAH*]=[MNAH,_,| (42)

B) In redox reactions MNAH can be a two-electron reducing agent with the disulfide

form of glutathione.

The K¢ equilibrium constant of the redox reaction is a pH-dependent, conditional

(apparent) one:
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_ [MNA*][GSH]Z[H*]
¢ [MNAH,,][GSSG]

(43)

The oxidation and protonation of MNAH are interfering, codependent processes. We
have therefore determined the protonation constant of MNAH by 'H NMR-pH titration
(Figure 8A). The resulting logK value is 1.51 £0.01, which indicates that MNAH exists
in solution at pH>2.5 overwhelmingly in its neutral form. The electrode potential of the
MNA/MNAH system was measured in a wide pH range against saturated calomel
electrode, and then converted to redox potential values versus standard hydrogen
electrode. In these measurements the MNA" and MNAH,, concentrations were kept
equal. The practical form of the Nernst equation (expressed with concentrations) for

such a redox transition, where hydrogen ion also takes part in the reaction, is as follows:

RT | [MNA"JH']
zF [MNAH]

E=E°+ (44)

where R is the universal gas constant, 7 is the absolute temperature, z is the number of
moles of electrons transferred in the half-reaction, and F' is the Faraday constant. Based
on the acid-base characterization of MANH, [MNAH] is practically equal to
[MNAHT.] in the pH media where the electrode potentials were measured, thus

equation (44) takes the simpler form:
E:E°+Eln[H*] (45)
zF

Therefore, the linear regression analysis of these data afforded the standard redox
potential as the intercept; E°(MNA/MNAH)=-194 +2 mV (Figure 8B). Below this pH

range however, the relative amount of [MNAH] decreases as it gradually protonates. In
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such an experimental setting, where [MNA+]/ [MNAHT] is constant but the Nernstian
term [MNA']J/[MNAH] is changing, the theoretical curve of the electrode potential
versus pH is given by the following function, as [MNAH] can be expressed from

equation (40):

E=£+ %1 [MNA JIH ]
zF [MNAHg,, ]/ (1+ K[H"])

(46)

where K is the protonation constant of MNAH. Subsequently, since

[MNA+]=[MNAHT0ta1] the above equation becomes:
E=E°+ % In([H ]+ K[H'T) 47)

The curve of equation (47) is simulated on the redox potential data points (Figure 8B) to
demonstrate the deviation of theoretical curve from linear occurring only below pH 2.
The linear regression analysis is therefore certainly valid in attaining the standard redox

potential.

For the redox equilibrium between MNAH and GSSG, only the apparent or conditional
equilibrium constants (K¢) can be determined directly, by measuring the equilibrium
concentrations of GSH, GSSG, MNA", and MNAH . in the reaction mixtures, using
quantitative 'H NMR technique. These pH-dependent, conditional equilibrium
parameters (compiled in Table 16, depicted in Figure 8C) consist of total concentrations
of the involved species, since the integrals of the observed NMR signals correspond to

the total concentration of a reactant or product macrospecies.

Determination of the & microscopic redox equilibrium constants from the K¢ conditional
equilibrium constants and related parameters is demonstrated below with the example of

the &® redox microconstant. Latter involves the B microspecies of reduced glutathione,
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and the corresponding E’ microspecies of glutathione disulfide and can be expressed in
relation with the MNA"/MNAH system by the following equation (in analogy to
equation (15))

oo o IMNATIIBITH'] _ [MNA'GSHT 7" [H']  _ .z’

- — K, 48
[MNAH][ET  [MNAHq,, 12nanlGSSGl e Xnan Xe )

Thus, if K¢, the apparent equilibrium constant and the x values are known the &° value
and all the analogous, pH-independent, species-specific redox microconstants can be
calculated. The species-specific standard redox potentials of the glutathione
microspecies were calculated from the species-specific redox equilibrium constants

using the Nernst equation, for example:

E°, —E° LR g (49)

"
MNA" /MNAH = F

The species-specific standard redox potentials of the additional thiols were calculated
using the species-specific redox equilibrium constants determined previously, and the
standard redox potential of glutathione microspecies B, since it bears the least
uncertainty. The means of the calculated species-specific standard redox potentials are
listed in Table 17. The correlation between the species-specific standard redox
potentials and the species-specific thiolate protonation constants is depicted in Figure

8D.
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Table 16. Conditional redox equilibrium constants in log units of the reaction between

MNA" and GSH. The uncertainties in the logKc values are 0.02-0.04.

pH IOgKC
6.08 -0.50
6.51 -1.21
7.04 -2.20
7.53 -2.82
7.98 -4.08
8.43 -4.50
9.14 -4.80
9.54 -6.64
9.81 -6.73
10.60 -6.28
11.30 -6.95
11.85 -6.52
12.46 -6.40

Table 17. Species-specific thiolate protonation constants and standard redox potentials
of the corresponding thiol-disulfide systems. The one-letter symbols of microspecies are

described in Figures 2-4. The uncertainties in the £° values are 5-10 mV.

microspecies  logk  E° (mV) |microspecies logk  E° (mV)
A 926  -383 a 994  -431

B 894  -374 b 899 373

D 887 372 |TOSH G935 03

E 901  -376 f 84 335

GSH 5 gs9 346 a 934 421
H 871  -355 b 809 317

PenSH

K 862  -352 SH 4 s24 a3

N 832  -325 f 699  -248

a 967  -416 A 634 227

ASH

CysASH ' g37 329 B 28 13
a 1007  -440 C 49 155

b 876  -360 D 61 2189

H H

CysSH 4 g9s 384 | OH 5 101
£ 764 289 G 247 4

1 467 87

L 1.04 121
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Figure 8. A: The plot of 'H chemical shifts versus pH for MNAH; dots are data points,

solid lines are simulated curve fits. B: The pH dependence of the electrode potential

(versus standard hydrogen electrode) of the MNA"/MNAH redox couple. C: The pH

dependence of the conditional redox equilibrium constant K¢ (in log units) for the

reaction between MNAH and GSSG. D: The correlation between species-specific

standard redox potentials and the species-specific thiolate protonation constants for the

various thiols.
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S. DISCUSSION

The distinctive feature of cysteine among amino acids is its thiol group, an inherently
weakly acidic moiety. The deprotonated, thiolate form occurs in physiological media
infrequently only, but it is the reducing agent in redox equilibria, forming disulfides. A
profound submolecular acid-base evaluation of thiol-containing amino acids and their
disulfides facilitates deeper insight compared to the conventional macroscopic pKa
values. Microspecies in the major protonation pathways certainly enjoy significant
preference in abundance; however the minor pathways are also arranged hierarchically.
In cysteine and homocysteine the monoprotonated microspecies are mainly b and c,
while drastically smaller amount of d is present. The biprotonated ligand occurs mainly
as e. Among the minor biprotonated microspecies, the one protonated at the thiolate and
carboxylate groups is favored over the other minor microspecies. When the carboxylate-
protonated microspecies takes on a second proton, the negatively charged thiolate is
favored over the amino group, because the neighbor-group carboxylate protonation
causes a stronger basicity-reducing effect on the adjecent amino than on the relatively
remote thiolate. In the case of cystine and homocystine it is noteworthy that in the
instance of biprotonated ligands (major microspecies: both amino groups protonated)
the most favored minor microspecies is the one with opposite amino and cyrboxylate
groups protonated, due to the Coulombic repulsion between hydronium ions and the
ammonium ion, hence the opposite carboxylate will be slightly more basic. By far the
least favored biprotonated species is the one whith both carboxylates protonated. Since
hydrogen and sulfur are atoms of similar electronegativity, especially in the Mulliken-
Jaffé scale, it is interesting to compare the amino and carboxylate basicities when either
sulthydryl (-SH) or disulfide (-S-S-) moieties are their neighbors. No or minor
differences occur when the appropriate amino constants (logks" of cysteine or

homocysteine and logk™ of their disulfides) are compared.

Ovothiol, with a mere 24 atoms, but tetrafarious acid-base moieties and 32 protonation
microconstants is one of the richest and most multifaceted chemical entities, if not the
very richest among all the small biomolecules. The extremely rich functionality and the

compact and corresponding electron system in ovothiol feature several peculiarities,
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reflected by the microconstants. The logk™=10.07 basicity is very high for an imidazole
nitrogen, obviously due to the connected thiolate. On the other hand, the logkosn'™=4.72
value shows the strong impact of adjacent site protonations on the imidazole basicity. In
fact, to our knowledge, the logAEs/,=3.63 interactivity parameter is the largest value of
this kind among moieties of different type reported in any molecule. No doubt that the
most interesting properties of ovothiol belong to the thiolate site. Even the highest
thiolate basicity (logk®=6.34) is low for this type of moiety, reflecting the intramolecular
electron-withdrawing effects of the surrounding imidazole and amino nitrogens and that
of the carboxylate. The electron-withdrawing effects of these atoms/groups of
inherently high electronegativity greatly increase upon protonation of these sites,
resulting in the unprecedented low logkONImS=1.04 value. This value is some 7 logk
units smaller than the usual thiolate basicities, and also, it is even way below those
observed in thioltransferase (GLRX glutaredoxin) enzymes [75-76], despite the fact that

low thiolate basicity is a sine qua non property of thioltransferases.

The low thiolate basicity (i.e. high thiol acidity) of ovothiol renders this site to be
anionic not only at basic, but also at the entire neutral, and even nearly throughout the
acidic pH ranges. The “naked” thiolate form makes the molecule vulnerable to
oxidation effects. This is most probably the reason why ovothiol has naturally been
found under anaerobe conditions in deep seawater invertebrate eggs. The vulnerability
to oxidation is, in turn, one of the most important preconditions of the antioxidant
capacity. Since the surrounding amino, imidazole and carboxylate groups have been
found to be more basic than the thiolate, and the 3 of these groups can be in a total of 2°
protonation stages, the ovothiol sulfur atom occurs in solution in 8 differently
modulated states of electron density. This provides high versatility in antioxidant

capability within a single molecular skeleton.

The highly interwoven acid-base and redox properties of the GSH/GSSG-RSH/RSSR
system can be decomposed into elementary, component equilibria if @) the species-
specific protonation constants of GSH, GSSG, RSH, and RSSR are determined, and b)
the conditional equilibrium constants of the pH-dependent redox equilibria are also
quantified. As anticipated, the dissection of conditional equilibria into elementary redox

ones in biological thiol-disulfide systems reveals significant differences between
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reactions of apparently highly similar, covalently identical reactants, improving thus our
understanding of redox homeostasis and providing new means to influence it. This is all
the more important in light of the highly complex, parallel protonation equilibria of
these multibasic biomolecules: not only the protonation of the thiolate, its protonation
fraction, and the concomitant redox behavior will be very sensitive to minor pH
changes, but the protonation state of neighboring basic moieties can influence the redox
behavior by various inductive effects on the thiolate moiety. Major trends among the
redox microconstants are that the values strictly increase as the strength and number of
electron-withdrawing moieties increases on the glutathione species and vice versa on
the thiol species. Such effects in the side-chain protonation are strongest in ovothiol
(e.g. k5PN >> k™), due to the proximity and strong interaction of the imidazole moiety
with the thiolate. Protonation of the ovothiol imidazole site decreases the k5*" value by a
factor of 107, while protonation of the amino and carboxylate exert an effect of the same
direction by a factor of 250 and 20, respectively. Effects of the glutathione side-chain
protonation can be observed in columns downward as increasing logks** values. Even
though in glutathione three groups protonate in the vicinity of its thiolate, their
cumulative effect is typically less than 200 fold on the equilibrium constants. Upon
comparing k3™~ and k5™* (10°°? and 1077®) in the ovothiol-glutathione system, the
difference between these values is some 14 orders of magnitude, indicating that side-
chain protonations can immensely modify thiol-disulfide equilibria, while covalent

structures remain exactly the same.

The strong correlation between the species-specific thiolate protonation constants and
species-specific redox equilibrium constants confirm the assumption that the thiol-
disulfide redox reactions proceed via the thiolate form. As the electron density around
the thiolate moiety increases, the proton binding affinity and oxidizability (inversely
proportional to electron affinity) of the thiolate should increase proportionally, since
both processes are governed by electron-density effects. The linear relationship between
logk thiolate protonation microconstants and logks™ redox equilibrium constants
indicates that the acid-base and redox equilibria have been broken down to elementary
reactions. The consistent slope of the correlation (mean value: 2.13 +0.04) for the
different thiol-disulfide equilibria involving various GSH microspecies also supports the

hypothesis that these acid-base and redox processes are driven by the same force, and
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the slope values are also in excellent agreement with the previous works of Keire et al.
[16] (2.17 £0.19) and Szajewski and Whitesides [30] (2.42). In Figure 7B all the data
points align on the same line (slope: 2.11 +0.03), with a very convincing linear
regression going through the origin, indicating the presence of a collective fundamental

process governing all thiol-disulfide transitions.

Concerning the standard redox potentials, the GSSG/GSH redox potential shows modest
variability, owing to the relative remoteness between the sulfur and the other acid-base
functions in the molecule. The highest thiolate oxidizability of GSH (-383 mV) belongs
to the microspecies in which all other basic sites in the molecule are in non-protonated
form. The easiest reducibility of GSSG (-325 mV) is borne by the microspecies of
complete amino and carboxylate protonation. By far the greatest versatility can be
observed on ovothiol, encompassing as many as 348 mV differences between its
species-specific limiting redox potential values. This astonishing variability is due to the
fact that the adjacent basic sites are in the close vicinity of the thiolate. While the
ovothiol versatility way exceeds even the differences between extrema of any arbitrarily
selected different molecules, the actual ovothiol values indicate apparently low intrinsic
reducing capability of OvSH. The fact, however, that OvSH exists as thiolate nearly
throughout the pH scale, makes ovothiol a promising antioxidant. The 30 standard
redox potentials of the thiol-disulfide couples are determined for the first time; these

values characterize the redox processes at the microspecies level.
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6. CONCLUSIONS

The pH-dependent and species-selective equilibrium constants of the thiol-disulfide
redox reactions between glutathione and important biogenic thiols were determined.
The pH-independent species-specific redox equilibrium constant was implemented for
the first time for thiol-disulfide systems; these values characterize the redox processes at
the microspecies level. The different species-specific equilibrium constant values
provide sound means to predict thiolate oxidizabilities, a key parameter to understand
and influence oxidative stress. The standard redox potential values determined show
close correlation with the respective thiolate basicities. The delicate task of medicinal
antioxidants lies in their confinement: ROS (reactive oxygen species) surplus has to be
eliminated, while physiological disulfides in proteins and peptides have to be kept
intact. The major difficulty in designing effective antioxidants without decomposing the
physiological disulfides in biomolecules is that the redox potential of the latter could not
so far be determined. The correlation between the redox and acid-base properties serves
now as a sound basis to quantify reducibility of disulfide moieties in physiological
proteins and peptides, allowing thus the development of potent, selective antioxidant

compounds.
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7. SUMMARY

Species-specific standard redox potential of RSSR/RSH systems was determined to
quantify thiol-disulfide equilibria of biological significance. The highly composite,
codependent acid-base and redox equilibria of thiols could so far be converted into pH-
dependent, apparent redox potentials (£°°) only. Since the formation of stable metal-
thiolate complexes precludes the direct thiol-disulfide redox potential measurements by
usual electrochemical techniques, an indirect method had to be elaborated. The species-
specific, pH-independent standard redox potentials of glutathione were determined
primarily by comparing it to 1-methylnicotinamide, the simplest NAD" analogue. The
elucidation of the complete protonation microequilibria of the most important biogenic
thiols and disulfides allowed the determination of species-specific standard redox
potentials of the two-electron redox transitions of cysteamine, cysteine, homocysteine,
penicillamine, ovothiol, and dihydrolipoic acid using their microscopic redox
equilibrium constants with glutathione. The 30 different, microscopic standard redox
potential values show close correlation with the respective thiolate basicities and

provide sound means for the development of potent agents against oxidative stress.
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8. OSSZEFOGLALAS

Biologiailag nagy jelentdsséggel bird tiol-diszulfid rendszerek részecske-specifikus
standard redoxipotencial értékeit hataroztuk meg. A tiol-diszulfid rendszerek Gsszetett
¢és Osszefliggd sav-bazis és redoxi folyamatait mindezidaig csak pH-fiiggd, latszolagos
redoxipotentiallal (£°°) lehetett jellemezni. Mivel a tiolat ionok stabil komplexet
képeznek minden fémfeliileten a tiolok redoxipotencidlja nem hatdrozhaté meg a
hagyoményos elektrokémiai modszerekkel, ezért egy kdzvetett modszer lett kifejlesztve
a redoxipotencidlok meghatarozasara. Meghataroztuk a glutation részecske-specifikus,
pH-fiiggetlen redoxi egyensulyi 4llandoéit 1-metilnikotinamiddal szemben, amely utobbi
vegyiilet a legegyszeriibb NAD" szarmazék. A tiolok és diszulfidok teljes protonalodasi
mikrosémainak valamint a glutationnal szembeni redoxi egyensulyi alland6inak
ismeretében meghataroztuk a legfontosabb tiolok — ciszteamin, cisztein, homocisztein,
penicillamin, ovotiol, dihidroliponsav — részecske-specifikus standard redoxipotential
értekeit. A 30 kiilonbozd standard redoxipotencial kivald korreldciot mutat a tiolat
bazicitas mértékével, ez biztos alapot jelenthet egy hatdsos €s szelektiv antioxidans

vegylilet kifejlesztéséhez.
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