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1. Introduction

1.1 Oxidative stress and redox signaling

The term “oxidative stress” was formulated by Helmut Sies in 1985. [1] First, it
was delineated as “a disturbance in the prooxidant-antioxidant balance in favor of the
former”. In 2007, to incorporate the term redox signaling the definition was updated to
“an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a
disruption of redox signaling control and/or molecular damage”. [2] This imbalance in
favor of oxidants has been associated with aging, atherosclerosis, carcinogenesis,

diabetes, and neurodegeneration. [3]

The oxidants usually referred to as reactive oxygen species (ROS), are produced
chiefly within the mitochondria throughout the traditional cellular metabolism. However,
within the cytosol and plasma membrane, some enzymes like NADPH oxidase and
cytochrome P450 oxidase can originate them as well. [4] ROS have a vital role against
infectious agents and in cellular signaling systems. Although their effects are beneficial
only if they are present in low or moderate concentrations. [5] In higher concentrations
they can be toxic to organisms, nevertheless, through billions of evolution years, cells
became capable to evolve antioxidant molecules and detoxifying enzymes to deal with
them. [6]

Reactive oxygen species comprise both free radicals and nonradical oxygen
derivatives. [4] Free radicals are chemical species with an unpaired electron, which are
responsible for the high reactivity of these compounds. [7] Some examples of free radicals
include hydroxyl radical (OH") and superoxide anion (O2™), while nonradical oxygen
derivatives can also be chemically stable molecules, such as hydrogen peroxide (H20>)
and organic hydroperoxide (ROOH). [8]

In previous researches, the centre of attention was mostly free radicals, which
persist as a crucial topic. However, studies showed that hydroperoxides and electrophiles
also have fundamental functions in physiologically signaling and regulation of
transcription factors. [9] Redox signaling is part of the physiology of cells. It can be
defined as a process in which the signal is transported through redox reactions and has a

compelling role in pathophysiological responses. [5, 10] For redox signaling to occur, an
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unbalanced redox state is necessary by decreasing the activity of antioxidants or
increasing ROS generation. [5]

In the signaling pathways, it is important to figure out how ROS can modify a
function of proteins. The two principal target residues in the redox regulation are the
sulfur-containing cysteine (Cys) and methionine (Met) in proteins. Cys oxidation
develops reactive sulfenic acid (— SOH) which can form disulfide bonds (- S — S -) with
nearby Cys or go through further oxidation to sulfinic (— SO2H) or sulfonic (~SO3H) acid.
[3, 11] These types of Cys oxidation are noticed when a protein has its activity modified
and may become vulnerable to aggregation and/or degradation. [11] It does not imply that
Cys is the only amino acid in redox signaling, but those are the Cys chemical reactions
that mainly determine redox signaling containing hydroperoxides and some other
electrophiles. [10]

To date there is not, unfortunately, any powerful therapeutic agent to treat chronic
diseases generated by oxidative stress. [12] It is currently an unmet medical need to have
a therapy based on small molecules such as antioxidants to control oxidative stress. [4]

1.2 Thiol-disulfide systems

The sulfur atom can be found in many different functional groups, in some
metabolites (coenzyme A, glutathione - GSH, and mycothiol) and amino acids, such as
cysteine, homocysteine, and penicillamine. Due to its versatile reactivity, sulfur is known
for having a main role in redox biochemistry. [13, 14] The thiol part (SH) of these
compounds has a -2 sulfur oxidation state so they are susceptible to a variety of
oxidations. If the thiol is placed in an environment with chemical and physical properties
that could bring it into its deprotonated form (e.g. a thiolate anion S°), which has the ability
to react with oxidants and electrophilic molecules. [13] As soon as this occurs, thiolate
forms sulfenic acids (RSOH), which is a short-lived species and has the ability to react
with other protein thiols or non-protein thiols. When reacting with protein thiols, RSOH
can generate disulfide bonds (intramolecular or intermolecular) and when associating
with non-protein thiols (e.g., GSH or Cys) it can form mixed (hetero-) disulfide bonds or
it can react with amino groups to form sulfenamides (RSNRH). It is possible that a second
and usually irreversible oxidation of sulfenic acid and sulfenamides occur to form sulfinic
acid (RSO2H) and sulfonic acid (RSOzH). [15]
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The redox homeostasis of these residues is usually handled by thioredoxin (TRX)
and glutaredoxin (GRX) systems, which are conserved oxidoreductases, that use thiol-
disulfide reactions to reduce protein disulfides into thiols. Both enzymes keep a sequence
pattern (Cys-X-Y-Cys) capable to assist and support the reduction of the target protein.
[15, 16]

Regarding the TRX system, the cells carry the cytosolic type TRX1/thioredoxin
reductase 1 (TRXR1) and the mitochondrial type TRX2/TRXR2. [16] The reduction by
thioredoxin occurs initially with a nucleophilic attack, in which one of its Cys attacks the
oxidized thiol of the target protein generating an intermolecular hetero-disulfide bond
between the thioredoxin and the target protein. After this, a second nucleophilic attack
takes place, now the other Cys attacks the previously made disulfide bond and forms an
intramolecular one in thioredoxin, thus completely reducing the target protein. Lastly, the
reduction of the disulfide bond in thioredoxin succeeds with thioredoxin reductase. [15]

The GRX system comprehends the GSH/glutathione-disulfide (GSSG),
glutathione reductase, and glutaredoxin. GSH, like other molecules that contain Cys, is
promptly oxidized and usually, it is the most abundant thiol in cells. [17] This other
important thiol-dependent antioxidant is responsible for the removal of ROS by
glutathione peroxidase. [18] Primarily, glutaredoxin usually attacks target proteins that
are S-glutathionylated, and then an intermolecular disulfide bond with GSH is made.
Another GSH attacks this bond, with this GRX is reduced and GSSG is released. This
oxidized GSH is formed as ROS donates one electron to a GSH. [17] Finally, GSSG is
reduced by glutathione reductase, which is dependent on NADPH. [15] The proportion
of GSH/GSSG in the cells is a relevant indicator to quantify the cellular redox potential.
[16]

Regardless of their differences, these two systems (thioredoxin and glutaredoxin)
can substitute each other in the cells, showing how they are essential for the maintenance
of redox homeostasis and their potential of preventing irreversible thiol modifications.
[15] The complete microspeciation of thiol-containing amino acids was done using *H
NMR-pH titrations by Mirzahosseini and Noszal, which helped to comprehend their inter-
related redox and acid-base processes and may provide a means in the search for

antioxidants molecules. [19]
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1.2.1 Cysteine
The amino acid Cys contains a thiol moiety, which is ionizable and susceptible to
oxidation. It has already been demonstrated that different Cys oxidations are related to
specific redox signals. Besides being a substrate of Met and GSH biosynthesis, Cys
accomplishes several functions as regulating catalysis, structure, and metal ion
trafficking. [13, 20, 21]

Cys is, mainly, a pivotal regulator of redox homeostasis and signaling. Not all
residues of Cys present in proteins are likely to be oxidized, it will depend on the solvent
accessibility, pKa (acid dissociation constant), and polarity of the nearby residues. To
better understand the biological function of Cys oxidation and how this is connected to

some diseases, it is fundamental to be aware of how these modifications occur. [22]

In human plasma, one of the most abundant low molecular weight redox pairs is
the Cys/CysSSCys couple, therefore it is possible to determine the plasma redox status
by them. Cystine (CysSSCys), the oxidized form of Cys, is formed by the coupling of
two Cys via a disulfide bond, which can improve the stability of molecules in adverse
environments. This oxidized form has several roles in cellular and metabolic functions.
As CysSSCys can be found in biological samples (urine or blood), it may be used as a

biomarker for some diseases like cystinosis and metabolic disorders. [23-25]

Another compound also synthesized from Cys and used in this work was S-methyl
cysteine (SMC). For its formation, Cys can be methylated in the free state or cysteinyl

residues can be methylated in peptides and proteins. [26]

1.2.3 Homocysteine

Homocysteine (Hcy), another amino acid containing a sulfur atom, is not involved
directly in the genetic code, so it is known as a nonproteinogenic amino acid. Hcy is
formed from the essential amino acid methionine, which forms S-adenosylmethionine
(SAM) with ATP. Then, SAM as methyl donor generates S-adenosylhomocysteine
(SAH). SAH undergoes hydrolysis and finally, Hcy is produced. [27, 28] Once produced,
Hcy can be a substrate for the production of methionine again, by a remethylation by the
enzyme N5, N10- methylenetetrahydrofolate reductase or it can be transformed to Cys by
cystathionine-synthase. [29]
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The mirrorlike disulfide of Hcy is homocystine (HcySSHcy), their names were
chosen to point out that each carbon chain of their structure included one more -CH:
group than those of, Cys and CysSSCys. [30]

1.2.4 Penicillamine
Penicillamine (PenA), which is also considered a nonproteinogenic amino acid, is
an analog of Cys, as both present similar chemical characteristics. In its structure, two
methyl groups replace the two hydrogens connected to the b-carbon of Cys. PenA
basically is composed of a thiol side chain, a carboxyl group, and an a-amino group. [31,
32]

As PenA is resembling to Cys, penicillamine-disulfide, its oxidized form, is
analogous to CysSSCys. Penicillamine-disulfide has two carboxylic and two amino
groups. [33]

1.25 Cysteamine
Cysteamine (CysASH) is an amino-thiol produced from Cys and pantothenate
(vitamin B5). Together they synthesize coenzyme A, which is degraded into pantetheine.
The enzyme pantetheinase cleaves pantetheine and produces CysASH and pantothenic
acid. Then CysASH can be oxidized into hypotaurine, which can be further degraded by
hypotaurine dehydrogenase into taurine. [34, 35]

This compound is very reactive, and its activity will be relative to its physiological
environment. If oxygen or transition metals are present, CysASH may be oxidized
producing its disulfide form, cystamine (CysASSCysA). However, without these factors
and under a reducing condition, CysASH can behave as an antioxidant. [36] When
CysASH is present in low concentrations, it may impact the cellular redox homeostasis,

as it can help to transport Cys into cells, which is a substrate for GSH. [35]

CysASH and CysASSCysA also exist in equilibrium and act as an effective redox
sensor. [37, 38]

1.2.6 Glutathione
GSH, also known as y-L-glutamyl-L-cysteinyl-glycine, is the main low molecular
weight intracellular antioxidant. This tripeptide is produced by adding Cys to glutamate

proceeded by the insertion of glycine. GSH has several functions as it can transport amino

10
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acids through the plasma membrane, sweeps singlet oxygen and hydroxyl radical, acts as
a cofactor of some enzymes (e.g., glutathione peroxidase) to remove peroxides, and is

also associated with the regulation of the cell cycle. [4, 39]

The participation of GSH in reduction and conjugation reactions is due to the
sulfhydryl group (—SH) inherited from Cys. [39] Besides that, GSH does not have the
toxicity related to Cys, thereby it favorably fits to sustain a particular thiol-disulfide redox
potential. [40] As it has already been said, the oxidation of GSH forms glutathione
disulfide (GSSG), these two compounds together are relevant and broadly studied cellular
redox couple. To be able to do its function, this system does not demand enzyme catalysis

and can be used in aqueous media under different conditions. [41]

GSSG can be reduced to GSH mainly by glutathione reductase using NADPH.
[42] The conversion (oxidation) of GSH into GSSG takes usually place under the
conditions of oxidative stress. As GSSG acts as a prooxidant its accumulation can damage

the cells, showing why the equilibrium between GSH-GSSG is essential. [43]

The difference between GSH and glutathione ethyl ester is that the latter has the
carboxyl group of the glycine residue esterified. Thereby glutathione ethyl ester can be
promptly transported into the cells and hydrolysed leading to higher intracellular
concentrations of GSH. [44]

The last compound, S-methyl glutathione, is a thioether synthesized from GSH
and S-adenosyl-methionine. The chemotaxis methyltransferase presence is also crucial
for its formation. Until today its exact origin is not known, but S-methyl glutathione is
commonly detected in yeasts, brain tissues, and Escherichia coli and it is a usual product
of several methylated drugs and pesticides in animals and plants and also from the
metabolism of methyl halides by glutathione S-transferases. [45, 46] All the thiols and

disulfides structures mentioned are demonstrated in Figure 1.

0 NH, ¢} o
H ~
HS/\H\OH O\ﬂ/bs SYJ\OH \S/\H\OH
NH, O NH; NH,
Cysteine Cystine S-methyl cysteine
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Figure 1. Structural formulae of the thiols and disulfides studied.

1.2.7 Cysteine-containing peptides

Our studies also included 11 cysteine-containing peptides, divided into two

groups. The first group contained 5 peptides with free N- and C- termini, as showed in
Figure 2: Ser-Cys-Ser (SCS), Ala-Cys-Ala (ACA), Val-Cys-Val (VCV), Thr-Cys-Thr

(TCT), and Asn-Cys-Asn (NCN).
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In the second group, there were 6 peptides with N-terminal acetylation and C-
terminal amidation, as presented in Figure 3: Arg-Cys-Arg (Ac-RCR-Amide), Thr-Cys-
Thr (Ac-TCT-Amide), Ala-Cys-Ala (Ac-ACA-Amide), Val-Cys-Val (Ac-VCV-Amide),
Asn-Cys-Asn (Ac-NCN-Amide) and Ser-Cys-Ser (Ac-SCS-Amide). It has been shown
that these modifications can protect the peptides from protease degradation [47].

o) HO HO
H o)
PSS 0
HzN/H’ : H COOQH HQN)ﬁ(N\AN COOH
O ~ e} :,\ H
SH SH
ACA (1) SCS (2)

OH OH
N
H.N N\)\ﬁ COOH HoN : H COCH
: 5 =

SH SH
VCV (3) TCT (4)
H,NOC o CONH,
Pl
H,N N7 "COOH
© SH
NCN (5)

Figure 2. Cysteine-containing peptides with free N- and C- termini.
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Figure 3. Cysteine-containing peptides with N-terminal acetylation and C- terminal
amidation (6-11) and Cys derivatives (12-15).

1.3 Species-specific chemical equilibria

The last years expanded the physicochemical characterization of biomolecules,
regarding the biorelevant species-specific parameters, such as experimental
determination of species-specific partition coefficients, solubilities, and redox

equilibrium constants. [48] The capability to do a correlation between Cys chemical

14
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shifts, redox potential, pKa, and the molecular structure can bring relevant information

about the chemistry of proteins and peptides containing Cys. [49]

It is not possible to measure directly the redox potential for Cys and other thiols
through common electrochemical methods since the formation of stable metal-thiolate
complexes occur at electrode surfaces. [50] Therefore, the redox potential of thiols can
be determined indirectly only, by measurements of equilibrium constants for their
reaction with redox systems of known redox potential. [48]

Although macroscopic parameters are used on large scale, they are in principle
limited to characterizing the molecule as a whole, not its basic sites. Differently,
microscopic parameters can show information and interactions at a submolecular level.
The best known submolecular physicochemical parameter is the microscopic protonation
constant. It has the capacity to quantify the proton-binding potential of submolecular
basic units. [48]

A complete microspeciation of CysASH, Cys, Hcy, and their respective
homodisulfides has been elaborated through *H NMR-pH titrations allowing the
comprehension of the detailed acid-base processes of thiol-containing amino acids at a
submolecular level. [19, 41] The acid-base microspeciation schemes of
CysASH/CysASSCysA, Cys/CysSSCys, and GSH/GSSG were done in previous works
by Mirzahosseini et al., they are shown in Figures 4, 5 and 6, respectively. [41, 51] Now
the observed correlation is extended between standard redox potentials and thiolate logK
[51] to chemical shift values, to highlight the predictive power of NMR parameters

available from relatively simple spectroscopic measurements.

15
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Figure 4.In this figure, the protonation equilibrium schemes of CysASH (A) and
CysASSCysA (B) are represented. Stepwise macroscopic protonation constants (K1 and
K>) characterize the overall basicities of the compounds, where L™ and HL are the
successively protonating ligands (top lines). Below in the schematic networks are the
microspecies (a, b, ¢, d and a’, b’=¢’, d’) and the microscopic protonation constants (kV,
kNs...) characterizing the submolecular localization of the protonation within the

molecule. Symbols N and S represent the amino and thiolate, respectively. The figure

was reproduced from [51].
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Figure 5. The protonation macro- and microequilibrium schemes of Cys (A) and
CysSSCys (B) in terms of stepwise macroscopic protonation constants (K1, Kz, Kz ...),
where L27, HL™, etc. are the protonating ligands (horizontal, top lines). Below are the

species-specific protonation schemes in terms of microspecies (a, b, ¢ ...) and

microscopic protonation constants (kN, kNs...). The components of the principal
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pathways are in bold. The same microspeciation scheme is valid for Hcy, PenA and
their homodisulfides. The figure was reproduced from [41, 51].

4 K, . K . K K, .
A L* === HL®> === H\l s=—== HL ==—== H|L
N
)
i
N G NpH
s S SfH
G N GEH '\
E
3 gH (R p
N NH
S T s S
N G Nr—H </&§§/;’ GFH
s/ g E EEH ELH
N / N
SE E A ELH
G 4 N G =
E \ S E 7
G N
s« E S
N G NS
S 2 SEH
G N GHH
E3 E S E-H
G
E
4 K - 3 K, - 2 K, - Ks - + K‘*‘ 2+
L =—== HL®* =—== H,l* =——= H HL = HL' === H,L

I

XXE XX X ITX XIX
&
>

™™ AT AT rrmm
zommoz
mrmm
TE IIE

N
G
Ex
8 N
N g
g N
N 8
N &
g N
= N
N’ g
E
N G
G NkH =
£ %
G NpH )
) G o,
M EFH Bid
g NkH
& NH NpEH NpEH
EfH EfH EfH
N GHH G GI=H
E N NkH NkH
N E [-H
g E‘:H
E =
4 N
2 EEn
E'}H NH
N GH GHH
Er GH
i NH
S' G-_H/ N
EfH
£ N
g &FH
N GHH
E N=
£
E
gl

Figure 6. The protonation macro- and microequilibrium schemes of GSH (A) and
GSSG (B) in terms of stepwise macroscopic protonation constants (K1, Kz, Kz ....),

where L*7, HL?", etc. are the successively protonating ligands (top lines). Below are the
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species-specific protonation schemes in terms of microspecies (A, B, C ...) and
microscopic protonation constants (k, kn® ...). The components of the major pathways
are in bold. The basic moieties are depicted with their one-letter symbols: N (amino), S
(thiolate), G (glycyl carboxylate), and E (glutamyl carboxylate). The figure was
reproduced from [41, 51].
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Obijectives

The goal of our work is to see whether a correlation anticipated in previous work
from our group, really exists between the redox potential, and the NMR chemical

shifts of nuclei near the sulfur atom in these compounds.

Determination of limiting *H and *3C chemical shifts of 13 compounds (thiols and
disulfides) and 15 Cys containing peptides.

The hypothesized correlation is expected on the basis of changing electron
densities, which are concomitant influencers of both the redox and NMR

parameters.
The correlations were analysed by plotting microscopic logk values pertaining to

the thiolate group in various microspecies and the corresponding chemical shift

values.

20
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3. Results

3.1 Materials

All the thiols and disulfides studied were obtained from Sigma-Aldrich (Saint
Louis, MO, USA) and used without further purification. Except for the compounds (12),
(13), (14) and (15), all the peptides containing Cys, (Figures 2 and 3) were purchased
from ProteoGenix (Schiltigheim, France). Their homodisulfides were created by adding
1% H»0; to the thiols. Deionized water was produced in our laboratory by a Milli-Q

Direct 8 Millipore system.

The Cys derivative compounds (12), (13), (14) and (15) (Figure 3) were
synthesized on TentaGel R RAM resin (0.19 mmol/g) with Fmoc-chemistry on a Rink
amide linker on a 0.1 mmol scale manually. The coupling of Cys was performed as
follows: 3 equivalents of Fmoc-protected amino acid, 3 equivalents of the uronium
coupling agent O-(7-azabenzotriazol-1-yl)-N, N, N’, N'-tetramethyluronium
hexafluorophosphate (HATU) and 6 equivalents of N, N-diisopropylethylamine (DIPEA)
were used in N, N-dimethylformamide (DMF) as solvent with shaking for 3 h. After the
coupling steps, the resin was washed 3 times with DMF, once with methanol, and 3 times
with  dichloromethane.  Deprotection was  performed with 2% 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and 2% piperidine in DMF in two steps, with
reaction times of 5 and 15 min. After the deprotection of the Fmoc-group, the resin was
washed and a further coupling step was carried out with the appropriate benzoic acid
derivative and HATU with DIPEA as the coupling agent. The resin was washed with the
same solvents as delineated previously. The cleavage was performed with trifluoroacetic
acid/water/DL-dithiothreitol (DTT)/triisopropylsilane (T1S) (90:5:2.5:2.5) at 0 °C for 2
h. The cleavage cocktail was evaporated, and the peptide was precipitated with diethyl
ether. After the precipitation, the Cys derivatives were dissolved in a 10% acetic acid
solution and were lyophilized. As a final purification, the solid residue that remained after
lyophilization was digerated with diisopropyl ether. The crystals gained by this step were

washed with diisopropyl ether.

3.2 NMR spectroscopy measurements
NMR spectra were recorded on a Varian 600 MHz spectrometer at 298.15 + 0.1
K. The solvent was H>O:D,0 95:5 (V/V), and ionic strength was adjusted to 0.15 mol/L.
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The pH values were determined in situ by internal indicator molecules (at ca. 1 mmol/L)
optimized for *H NMR. [52, 53] The sample volume was 550 pL and every sample
contained ca. 1 mmol/L DSS (3-(trimethylsilyl)propane-1-sulfonate) as a chemical shift
reference. The H.0 !H signal was suppressed with a presaturation sequence; the average
acquisition parameters for *H measurements were: number of transients = 16, number of
points = 65536, acquisition time = 3.33 s, relaxation delay = 1.5 s. H-13C HSQC
measurements were performed with solvent signal presaturation and the following
parameters: number of transients = 64, number of increments = 96, number of points =
2884, acquisition time = 149.968 ms, relaxation delay = 1 s.

3.3 Statistical Analysis

Non-linear regression analysis on the titrations were performed using R version
4.0.5 (R Foundation for Statistical Computing, Vienna, Austria) [54] with the function on
equation (1):

8 +8y,x10l08K—pH

6ObS (pH) = 1+10logk—pH (1)

where i is the chemical shift of an unprotonated moiety, Jni is the chemical shift of the
protonated moiety, and logK is the base 10 logarithm of the group-specific protonation
constant. Linear regression analyses for the chemical shift-logK data were carried out

using the R version 4.0.5 (R Foundation for Statistical Computing, Vienna, Austria). [54]
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4. Discussion

The species-specific protonation constants of the compounds analysed here were
identical to those obtained in previous works of our group. [19, 55] The species-specific
NMR chemical shifts of the “CH and PCH2 nuclei were determined by measuring *H and
'H-13C HSQC NMR spectra at limiting pH values (corresponding to the plateaus on the
titration curves of the compounds). The species-specific chemical shifts of the
microspecies were determined using Sudmeier-Reilley equations; [56] this method was
recently elaborated for the analogous selenocysteine/selenocystine pair. [57]

Summarily, the chemical shifts of the compounds registered at limiting pH values
afforded the species-specific chemical shift values of the major microspecies
corresponding to those pH values, as the contribution of minor microspecies to the mole
fraction-weighted observed chemical shifts are insignificant. These data provide the
protonation shifts, which in turn allow the determination of the NMR chemical shifts of
the minor microspecies. The species-specific chemical shifts of Cys and CysSSCys
microspecies are compiled in Table 1, sorted according to thiolate-bearing, thiol-bearing,
and corresponding disulfide-bearing microspecies, respectively. The protonation shift is
the chemical shift change a nucleus undergoes when the thiolate moiety changes
protonation state from unprotonated form to the protonated (thiol) form. The protonation
shifts in ppm determined for Cys are as follows: AS*H(PCH2) = 0.29 and -0.03;
ASPC(PCH,) = -2.0; AJ*H(*CH) = 0.36; AS**C(“CH) = -2.6. Analogous data from
CysASH, Hcy, and PenA microspecies are compiled in Tables 2 and 3.
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Table 1. The species-specific chemical shifts in ppm were determined for Cys and
CysSSCys microspecies (Figure 5). For the thiol- and disulfide-bearing species, the
concomitant thiolate protonation constant given in the third column refer to the relevant
thiolate-bearing microspecies that give rise to such thiol- or disulfide-bearing species via

protonation or oxidation, respectively.

- 1 13

class of microspecies thiolate H (ppm) C (ppm)

species logk a B o B
. Cysa 10.07 | 3.099 | 2.460 | 2.894 | 6313 | 34.75
g"o'.ate' Cysb 876 | 3.63L | 2.746 | 3.141 | 6125 | 29.61
(é";‘/;')”g Cysd 895 | 3.479 | 2566 | 2.984 | 61.72 | 33.87
Cysf 764 | 4011 | 2.853 | 3.231 | 59.84 | 28.73
. Cysc 10.07 | 3.461 | 2.745 | 2.861 | 6054 | 32.74
g‘e';)r'i'ng Cyse 8.76 | 3.993 | 3.032 | 3.108 | 58.66 | 27.60
) Cys g 895 | 3.841 | 2.852 | 2.951 | 50.13 | 31.86
Cysh 764 | 4373 | 3138 | 3.108 | 57.25 | 26.72
.. Cys)z 10.07 | 3575 | 2.899 | 3.106 | 57.74 | 46.27
g';“r'l‘;'gde (Cys)2 T 8.76 | 4.125 | 3.186 | 3.387 | 56.05 | 40.23
(Csaacysy [(CY:E 895 | 3.971 | 3.018 | 3.205 | 56.40 | 4517
Cys)ap’ 764 | 4526 | 3.335 | 3.478 | 5461 | 38.76

Multiple linear regression analyses were accomplished on the data found in Tables
1, 2, and 3 using the NMR chemical shifts as independent variables and the logk as the
dependent variable; this result is depicted in Figures 7 and 8. Note that the assignment of
independent and dependent variables is not meant to reflect a causal relationship between
the parameters. It is merely designed to establish a model to predict logK values from
chemical shifts.

Regarding the results from Cys and CysSSCys microspecies, it is demonstrated
that for each of the three cases the “CH *C chemical shift had the most reliable
contribution to the model. It can also be seen from the regression parameters in Table 4
that this chemical shift has the best fit and predictive potential on the logK values.

Although analysing results from CysASH, PenA, and Hcy microspecies in Figure
8 a good fit of the chemical shift data of both *H and *C was noticed. The parameters of
the multiple linear regression analysis are shown in Tables 4 and 5.

It is important to make some distinctions between the regression parameters and
their interpretation; (a) the adjusted R? characterizes the vertical dispersion of the data

points around the linear fit and quantifies how much the linear model explains the
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variability of the data; (b) the slope of the regression line characterizes the degree and
direction of response between the dependent and independent variable, i.e. how much a

particular thiolate basicity is accompanied by a different chemical shift.
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basicities.

26



DOI:10.14753/SE.2023.2817

Table 2. The species-specific chemical shifts (on the ppm scale) were determined for CysASH, Hcy, and PenA microspecies (Figures 4 and
5). The thiolate protonation constants were determined previously in [19]. A0 (Delta delta) indicates how the protonation shift observed on
a nucleus, caused by the protonation of the various basic moieties can be quantified in ppm. Note that A9 is nucleus-dependent; its value is

different and distinctive for all types of nuclei and for every atom in the molecule.

thiolate H (ppm) 13C (ppm)
Microspecies logk o | B | y | CH; o | B | v | CHs;
Cysteamine
CysASH a 9.67 2.646 2.506 48.83 30.57
CysASH b 8.37 3.076 2.720 46.95 25.43
A0 N 0.431 0.213 -1.88 -5.14
40 S 0.129 0.118 -2.08 -1.30
Homocysteine
HCy a 9.94 3.288 1.726 1.805 2.424 58.97 23.71 45.22
HCy b 8.99 3.807 2.020 2.068 2.503 55.68 23.40 43.58
HCy d 9.35 3.653 1.793 1.927 2.492 56.95 23.48 4441
HCy f 8.4 4,172 2.087 2.190 2571 51.18 23.05 42.85
A0 N 0.519 0.294 0.263 0.079 -3.29 -0.31 -1.64
40 S 0.074 0.096 0.108 0.155 0.77 -0.81 -6.22
45 O 0.365 0.067 0.122 0.069 -2.02 -0.23 -0.81
Penicillamine
PenA a 9.34 3.049 1.190 1.435 71.83 49.42 30.91 37.10
PenA b 8.09 3.293 1.291 1.528 69.31 47.81 31.69 35.42
PenAd 8.24 3.464 1.248 1.468 69.94 49.16 30.85 36.66
PenA f 6.99 3.713 1.351 1.566 67.42 47.55 35.36 31.25
A0 N 0.249 -2.520 -5.410 0.10 0.10 -1.61 451
A0S 0.404 -1.770 1.320 0.03 0.19 -1.07 -4.95
45 O 0.415 -1.890 -0.440 0.03 0.06 -0.26 -0.06
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Table 3. The species-specific chemical shifts (on the ppm scale) were determined for
CysASSCysA, HcySSHcy, and penicillamine-disulfide microspecies. The thiolate
protonation constants were determined previously in [19]. 40 (Delta delta) indicates how
the protonation shift observed on a nucleus, caused by the protonation of the various
basic moieties can be quantified in ppm. Note that Ao is nucleus-dependent; its value is

different and distinctive for all types of nuclei and for every atom in the molecule.

'H (ppm)
Microspecies logk| @ | B | v | CHs
Cystamine
CysASSCysA a 9.67 | 2.928 2.807
CysASSCysA d 8.37 | 3.409 3.025
A0 NN' 0.431 0.213
Homocystine
HcySSHcy a 9.94|3.347 | 2.052 1.942 | 2.783
HcySSHcy f 8.99| 3.860 | 2.315 2.247 | 2.826
HcySSHcy k 9.35|3.727 | 2.075 2.123 | 2.859
HcySSHcy p 8.4 | 4.240 | 2.338 2.428 | 2.902
A0 NN’ 0.512 | 0.263 0.305 | 0.043
40 00! 0.380 | 0.023 0.181 | 0.076
Penicillamine disulfide
Penicillamine-disulfide a | 9.34| 3.691 1.296 1.321
Penicillamine-disulfide f | 8.09 | 3.982 1.454 1.398
Penicillamine-disulfide k | 8.24 | 3.989 1.340 1.416
Penicillamine-disulfide p | 6.99 | 4.280 1.498 1.493
A0 NN' 0.007 -0.114  0.018
46 00’ 0.291 0.158 0.077
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Table 4. The regression statistics of the Cys and CysSSCys chemical shift data.

Intercept Slope Statistics

Value Standard Value Standard | Adj. R- P-value
error error square

PFCHATH}z | 22.92|  3.65| -5.204| 1.373| 0.8222| 0.0611
_ PCH.{'H} | 27.66 4.98| -6.141 1.624| 0.8159| 0.0634
2';';’!?;? PCHAC} | -0.16]  3.81| 0284 0.120] 0.6064| 0.1412
“CH{'"H} | 18.19| 058|-2.626| 0.162| 0.9886 0.0038
“CH{®C} | -36.21|  2.01| 0.733] 0.033| 0.9941] 0.0020
PCHo{TH} | 24.43|  4.04| -5204] 1.373] 0.8222| 0.0611
_ PCH{TH} | 27.46|  4.93| -6.141| 1.624] 0.8159] 0.0634
Sge‘:gés PFCHAC} | 041| 357| 0284] 0120] 0.6064| 0.1412
“CH{'H} | 19.14| 064] -2.626] 0.162| 0.9886| 0.0038
“CH{C} | -3431|  1.92| 0.733| 0033| 0.9941| 0.0020
PCHo{TH} | 24.38|  333| -4992| 1.069] 0.8739] 0.0430
~ [PCH{™HY | 2686| 507| -5.465| 1537| 0.7952| 0.0708
ds';‘;'c‘:'edse PCHAC} | -1.25|  3.96| 0237| 0.093] 0.6492| 0.1247
“CH{’H} | 19.07| 060| -2522| 0.148| 0.9897| 0.0034
“CH{®®C} | -3460|  1.20| 0.773] 0.021| 0.9977| 0.0008
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Table 5. The regression statistics of the CysASH, CysASSCysA, Hcy, HcySSHcy, PenA,
and penicillamine-disulfide chemical shift data. The best regression models are

demonstrated in bold with p-values less than 0.05.

Slope Intercept Statistics
Value Standard Value Standard Adzj. p-value
error error R
W | o |03 - 585 - i i
B |-016| - 400 - i i
CysASH se | @ | 144 - 3488 - i i
B | 395 - 766 - : .
CysASSCysA | 'H g 8?; ] i'ig ] ] ]
@ | -057] 002] 892] 021]09951| 0.0016
4y | Ba |-026| 006 424|  057|0.8415| 00543
pa | 026| 002| 436 020]09783| 0.0073
Hey vy |-009 001] 334 0.10]0.9619| 0.0128
« | 498 082 100 7.5/0.9228| 0.0261
c | p | 042] 005 1958  0.46|0.9585| 0.0139
vy | 158 012| 295 1.1]0.9821| 0.0060
@ | -057] 003] 901] 031]0.9898] 0.0034
. Ba | -021| 008 413|  069|0.6941| 0.1078
HoySSHey | "H 1 g0 | .032]  000| 500  004]0.9994| 0.0002
vy |-007| 003] 347| 024]0.6550| 0.1225
@ | -028] 006] 564 052|0.8553| 0.0495
IH | CHsa| -0.07| 001| 184 0.08/0.9431| 0.0191
CHsb | -0.06| 002 197|  013|0.8093| 0.0657
PenA @ | 189] 010 5423] 0.86/0.9909| 0.0031
se | B | 083 037 417 3.0/0.5747| 0.1536
CHaa | -1.91| 081 47.8 6.6/0.6033| 0.1424
CHsb | 251| 083 146 6.8/0.7295| 0.0947
o @ | -025] 001] 602] 0.11]0.9915| 0.0028
Peg:gb‘:ﬁg’;”e IH | CHea | -009| 003 212| 025(/0.7183| 0.0988
CHsb | -0.07|  001| 200  007]0.9574| 0.0143

To broaden the validity of the multiple linear regression model obtained from both

groups data (Tables 4 ad 5), other cysteine-derivatives were included in the analysis;

notably GSH and other tripeptides were meant to model the varying environments of mid-

chain Cys residues. Cys residues with neighboring amino acids of varying electronic

effects (compounds 1 — 11) were assumed to present varying acid-base and NMR

characteristics depending on their neighboring residue. Certain non-peptide Cys

derivatives with exceptionally electron withdrawing conjugates (compounds 12 — 15)
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were also selected to extend the logk range in which data points could be acquired. The
typical range of Cys thiolate protonation constants is expected to fall between logK 8 —
10; however, since oxidoreductase enzymes must have reactive Cys residues bearing
unprotonated thiolate moieties for catalysis, there are plenty of instances in which the Cys
thiolate logk was found to be much lower than 7. [58-61] Therefore, as an attempt to
extend the logk range of the linear model well below 7 the compounds listed in Table 6
were selected for further investigation. The species-specific protonation constants of GSH
and GSSG were brought from former works. [19, 55] The thiolate protonation constants
of the other compounds were determined with *H NMR-pH titrations by plotting the H
chemical shift of the Cys “CH vs pH. Non-linear regression analyses provided the
protonation constants using equation (1). Based on the protonation constants assembled
in Table 6, it is evident that the originally anticipated lower thiolate logk values were not
observed in the Cys derivatives 12 — 15. Tables 6 — 8 include the NMR chemical shift
data determined for these additional compounds as well. In Figure 9 the linear regression
fits of only the “CH !3C chemical shifts are displayed for the entire data set

(Cys/CysSSCys microspecies, GSH/GSSG microspecies and Cys containing peptides).
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Table 6. The species-specific chemical shifts were determined for the compounds studied
bearing thiolate moiety (GSH microspecies and compounds presented in Figures 2 and
3).

compound/ thiolate PCH:2 *CH
thiolate species logk oH 0BC | o'H | o8C
GSHA 9.26| 2.777| 2.856| 29.68| 4.220| 61.12
GSH B 8.94| 2.786| 2.855| 29.65| 4.207| 61.22
GSHD 8.87| 2.779| 2.858| 29.77| 4.230| 61.30
GSH GSHE 9.01| 2.779| 2.855| 29.49| 4.207| 60.93
GSH G 8.59| 2.788| 2.857| 29.74| 4.218| 61.40
GSHH 8.71| 2.789| 2.854| 29.46| 4.195| 61.03
GSHK 8.62| 2.781| 2.857| 29.58| 4.218| 61.11
GSH N 8.32| 2.790| 2.856| 29.55| 4.205| 61.21
1) 8.98| 2.745| 2.930| 29.49| 4.126| 60.93
@) 8.85| 2.871| 2.942| 29.68| 4.320| 60.54
(3) 897 2.711| 2923| 29.51| 4.190| 61.57
4) 8.89| 2.808| 2.964| 29.68| 4.287| 61.12
(5) 8.92| 2.948| 2.986| 29.12| 4.186| 61.50
©6) 832| 2.831| 2.860| 29.49| 4.191| 60.93
(7) 8.57| 2.855| 2.885| 29.49| 4.306| 60.87
(8) 8.69| 2.824| 2.852| 29.49| 4.176| 60.54
9) 8.88| 2.782| 2.844| 29.49| 4.238| 60.93
(10) 8.77| 2.756| 2.845| 29.48| 4.196| 60.93
(11) 8.59| 2.870| 2.903| 29.49| 4.319| 60.54
(12) 9.16| 2.911| 2.990| 29.88| 4.329| 60.93
(13) 8.99| 2.928| 3.015| 29.90| 4.380| 61.10
(14) 8.92| 2.928| 2.991| 29.80| 4.326| 61.00
(15) 9.02| 2.922| 2.999| 29.86| 4.345| 61.01
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Table 7. The species-specific chemical shifts together with the protonation shifts

determined for all the compounds studied bearing thiol moiety. The mean value and
standard deviation of the protonation shifts are 0.14+0.07, 0.08+0.05, -1.62+0.28,
0.37£0.05, -2.64+0.30 for the nuclei found in the table, respectively.

BCH: “CH BCH> aCH

compound/ T T
thiol species SH | oBC | o'H | 0BC | ASH | AdSC AH‘S ég
GSHC |20910]2.975| 28.34| 4580| 58.28|0.14]0.12| -1.3|0.36| -2.8
GSHFE |2.929]2.974] 28.31| 4568 58.38]0.14|0.12| -1.3|0.36| -2.8
GSHI | 2921|2.977| 28.43] 4591|58.46|0.14|0.12| -1.3|0.36] -2.8
GSHJ | 2921|2.973| 28.15| 4.568| 58.09]0.14|0.12| -1.3|0.36| -2.8

GSH rGSHL 12930/ 2.976| 28.40| 4578|58.56|0.14|0.12|  -1.3]0.36| -2.8
GSHM |2931|2.972| 28.12| 4.555|58.19]0.14]0.12| -1.3|0.36] -2.8
GSHO |2923|2.975| 28.24| 4578|58.27|0.14|0.12| -1.3|0.36] -2.8
GSHP |2.933]2.974] 28.21|4.566|58.37|0.14|0.12| -1.3/0.36| -2.8

) 2.027|2.990| 28.12| 4547 58.19|0.18|0.06| -1.4]0.42| 2.7
2 2.068| 3.026| 28.12| 4.680| 58.19]0.10|0.08|  -1.6|0.36| -2.4
@A) 2.806] 2.977| 27.97| 4.658| 58.33| 0.18|0.05| -1.5|0.47| -3.2
@) 2.067| 3.035| 28.12| 4.727| 58.44|0.16|0.07|  -1.6]0.44| 2.7
©) 2.070| 3.028| 27.93| 4.610| 58.19(0.02|0.04| -1.2|0.42| -3.3
©6) 2.036| 2.973| 27.73| 4.494| 58.19]0.10| 0.11|  -1.8]0.30| 2.7
) 2.072] 2.983] 27.93| 4.636| 58.39|0.12|0.10|  -1.6|0.33| -2.5
®) 2.025| 2.962| 27.93| 4.497| 58.01|0.10|0.11| -1.6|0.32| -2.5
) 2.888] 2.935| 27.85| 4.570| 58.70| 0.11]0.09|  -1.6|0.33] -2.2
(10) 2.818| 2.896| 27.73| 4525 58.39]0.06|0.05| -1.8]0.33| -2.5
(11) 2.065| 2.996| 27.73| 4.613| 58.39]0.10|0.09|  -1.8]0.29| -2.2
(12) 3.018|3.098| 28.10| 4.672|58.83|0.11|0.11| -1.8]034] -2.1
(13) 3.037|3.119| 27.80| 4.872| 58.71|0.11|0.10| -2.1|0.49] 2.4
(14) 3.014]3.092] 27.90| 4.660| 58.65]0.09|0.10| -1.9]|0.33| -2.4
(15) 3.023]3.103| 27.93| 4.734]58.73|0.10|0.10| -1.9|0.39] -2.3
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Table 8. The species-specific chemical shifts of the compounds studied bearing disulfide

moiety.
compound/ PCH: °CH

disulfide species o'H o3C oH o3C
GSSG A’ 2947 | 3.298 | 41.06 | 4.758 | 55.21

GSSGFE’ 2.967 | 3.297 | 4145 | 4.746 | 55.38

GSSG r 2956 | 3.343 | 40.85 | 4.769 | 55.17

GSSG M’ 2964 | 3.296 | 41.28 | 4.746 | 55.06

GSSG IGssGX° | 2976 | 3.343 | 40.83 | 4.755 | 55.61
GSSG AA’ | 2957 | 3.292 | 41.24 | 4732 | 55.19

GSSG AF” | 2.963 | 3.342 | 40.63 | 4.755 | 55.39

GSSG AJ 3.015 3.275 41.36 4.744 55.19
homodisulfide of (1) 3.146 | 3.178 | 4241 | 4300 | 55.98
homodisulfide of (2) 3.088 | 3421 | 4235 | 4.278 | 55.94
homodisulfide of (3) 3.207 | 3.400 | 42.68 | 4.261 | 55.63
homodisulfide of (4) 3.153 | 3.435 | 4229 | 4.341 | 5583
homodisulfide of (5) 2989 | 3.185 | 4236 | 4.300 | 55.69
homodisulfide of (6) 3.007 | 3.363 | 4250 | 4522 | 55.79
homodisulfide of (7) 2946 | 3.150 | 4191 | 4.677 | 55.74
homodisulfide of (8) 3.177 | 3.156 | 42.38 | 4.320 | 55.91
homodisulfide of (9) 3.088 | 3.257 | 4226 | 4.299 | 56.12
homodisulfide of (10) 2931 | 3.367 | 42.05 | 4542 | 55.53
homodisulfide of (11) 2.962 | 3.083 | 4242 | 4628 | 55.92
homodisulfide of (12) 3.100 | 3.312 | 4226 | 4.299 | 55.67
homodisulfide of (13) 2988 | 3.351 | 4227 | 4.281 | 56.26
homodisulfide of (14) 3.189 | 3.126 | 42.26 | 4.293 | 55.93
homodisulfide of (15) 3.089 | 3.257 | 4241 | 4.285 | 55.76
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Figure 9. The univariate linear regression fits of the “CH *C data together with 95%
confidence and prediction bands for Cys/CysSSCys microspecies, GSH/GSSG

microspecies and Cys containing peptides (compounds 1 to 15).
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5. Conclusion

In this work, we analysed NMR spectra from Cys, CysSSCys, CysASH,
CysASSCysA, Hcy, HcySSHcy, PenA, penicillamine-disulfide, and cysteine-containing
peptides to determine their thiolate basicities and the related standard redox potential. The
redox potential values were calculated from logk in previous works by Mirzahosseini and
Noszal. [51] Although Cys as amino acid or moiety is the main regulator of redox
homeostasis and signaling, not all Cys residues are expected to be oxidized, it will rely
on the solvent accessibility, thiolate basicity, and polarity of the nearby residues. [22]
Through the *3C/*H chemical shift analysis, a direct and inverse relationship could be
identified between them and logk, respectively.

Due to the different chemical shift ranges, the 'H protonation shifts are
considerably lower compared to the *C counterparts. Besides that, there are smaller
differences between the reduced and oxidized species in terms of *H chemical shifts as
well. In contrast, the *3C chemical shift data of the “CH reveal the redox state of the
species and significant physicochemical properties. As shown in Table 5, it is worthy to
mention a strong linear relationship between almost every nucleus chemical shifts and
thiolate basicities, but particularly in the “CH nuclei, in both *H and **C NMR. To support
this finding, in a preceding work, Sharma and Rajarathnam already showed that o and f3
13C NMR chemical shifts can clearly indicate disulfide bond structure and recognize the
reduced and oxidized state of Cys. [49]

It was feasible to notice a better correlation between all chemical shift data and
logK in compounds shown in Figure 8. As PenA has lower thiolate basicity, likely due to
the shielding effect of the two methyl groups restrained near the thiolate, [26] it is
significant to observe that the correlation is maintained. Nevertheless, it is still essential
to expand this model to compounds with even lower thiolate basicity.

Regarding the protonation constant results of the cysteine-containing peptides
from this work, it is newsworthy to observe that the neighboring residue on a Cys has
virtually no bearing on the acid-base properties of the Cys thiolate, implying that the
properties of a Cys side-chain can only be perturbed via steric interactions in a peptide.
The regression analysis displayed in Figure 9 shows a linear relationship within the data
of Cys and CysSSCys microspecies, whereas the correlation data from cysteine-

containing peptides only show adherence for the case of “CH 3C. This nucleus reveals
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the best conformity to the correlation. Consequently, this is the best option to estimate
thiolate properties from NMR data. This is probably because the *CH carbon and the
sulfur atom are connected via two covalent bonds. The “CH *H chemical shifts of the Cys,
however, are presumably perturbed more by the protonation state of adjacent moieties or
the presence of a peptide bond, which makes this nucleus a poor indicator on the
properties of the status of the sulfur atom. The PCH: nuclei also demonstrate this
phenomenon and have a weaker correlation with logK altogether. These observations hold
for the regression analysis of the thiolate bearing species as well as that of the thiol bearing
and the corresponding disulfide bearing species.

It is frequently assumed that chemical shifts of the NMR active nuclei are highly
susceptible to changes in the intramolecular microenvironment. Besides that, the
correlation from cysteine-containing compound chemical shifts, logK, and redox
potentials could bring better knowledge about the chemistry and the biological function
of its oxidation. [49] Through the gathered chemical shift data set and regression analysis,
it is also possible to estimate thiolate basicity/thiol acidity and the concomitant standard
redox potential.

Even though, the clear limitation of this method is the window of the regression
analysis. Whereas the species-specific thiolate basicities observed in the compounds
analysed are limited to a certain range, and the further analysis of derivative compounds
did not extend this range (the lowest value analysed was from PenA), in order to extend
the scale of the regression more measurements on larger peptides are needed. A detailed
literature search for reported thiolate logK values in the PKAD Database [62] and the
corresponding chemical shift values for the Cys residue using the Biological Magnetic

Resonance Data Bank (BMRM) (http://www.bmrb.wisc.edu) was performed.

Unfortunately, the literature review generated only a handful of data, that were not
reliable enough to incorporate into the model. Thereby our research group is currently
investigating larger peptides as we hope that the determination of species-specific
chemical shifts of added peptides will extend the regression model for better utility.
NMR spectroscopy has a good capacity to predict some characteristics from
simple measurements. Through this technique and analysing the chemical shift of the
carbon near the sulfur atom, it was possible to confirm a strong linear relationship within

the Cys, CysASH, Hcy, PenA, and their homodisulfides for the chemical shift data vs

39


http://www.bmrb.wisc.edu/

DOI:10.14753/SE.2023.2817

thiolate basicity, specifically for the *CH *C. 'H NMR is another indicator when
analysing CysASH, Hcy, and PenA. The forthcoming step in improving this model is to
analyse peptides with lower thiolate basicity and extend the correlation that can be used
on larger proteins in order to estimate acid-base and redox properties of Cys residues
using only the easily accessible NMR chemical shifts. Thereby these results would

provide tools for the development of a selective antioxidant compound.
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6. Summary

Oxidative stress, known as the imbalance between prooxidants and antioxidants
in biological systems in favor of oxidants has been associated with aging, atherosclerosis,
carcinogenesis, diabetes, and neurodegeneration. The main moiety targeted by oxidant
species in the redox signaling pathways is the thiol (SH) group in the Cys residues,
especially in its deprotonated (S°) form. *H and 3C NMR measurements were carried out
to explore anticipated correlations between chemical shifts versus thiolate basicities and
redox potentials of Cys, CysASH, Hcy, PenA, and their homo-disulfides at the
submolecular level. Cysteine-containing small peptides were also studied. Regression
analysis demonstrated a strong linear relationship for chemical shift vs thiolate logK of
the microspecies data. The closest correlation was observed for the aCH nuclei in *H and
13C NMR data. Whereas neither site-specific basicities nor site-specific redox potentials
can be directly measured by any means in peptides and proteins containing several thiols
and/or disulfide units, these data allow a simple method and predictive power to
estimate the above mentioned site-specific physicochemical parameters for analogous

sulfur-containing moieties in related biopolymers.
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