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1H and 13C NMR measurements were carried out to explore anticipated correlations between chemical shifts versus thiolate
basicities and redox potentials of cysteamine, homocysteine, penicillamine, and their homodisul�des. All correlations were
analyzed and statistically evaluated. �e closest correlation was observed for the αCH nuclei concerning 1H and 13C NMR data.
Since neither site-speci�c basicities nor site-speci�c redox potentials can be directly measured by any means in peptides and
proteins containing several thiol and/or disul�de units, these data provide a simple method and predictive power to estimate the
aforementioned site-speci�c physicochemical parameters for analogous sulfur-containing moieties in related biopolymers.

1. Introduction

Oxidants in biological systems, commonly known as reactive
oxygen species (ROS) or reactive nitrogen species (RNS), are
produced chie�y in the mitochondria during the normal
cellular metabolism. In the cytosol and plasma membrane,
certain enzymes such as NADPH oxidase and cytochrome
P450 oxidase are able to produce ROS/RNS as well [1]. ROS
have an important role against infectious agents and in cel-
lular signaling systems, although their e�ects seem to be
bene�cial only at low and highly regulated concentration [2].
At higher concentrations, these species evolve oxidative stress
and can become toxic. During evolution, cells have adapted to
counter the detrimental e�ects of ROS using small antioxi-
dant molecules and detoxifying enzymes [3]. However, when
the antioxidant processes are not su�cient, free radicals in
various tissues will lead to organ damage and in the long term
will act as risk factors of serious illnesses, such as cancer,
arthritis, and various neurodegenerative diseases [4].

In biological systems, the major defensive process
against oxidative stress is the transition of the thiol (-SH)

groups into disul�des (-S-S-), ensuring thus the redox ho-
meostasis. �e thiol-containing cysteine (CysSH or Cys) is a
principal chemical entity targeted by oxidizing species in the
redox signaling routes [5]. �e two main low molecular
weight redox couples in human plasma are cysteine/cystine
(CysSSCys) and glutathione (GSH)/glutathione disul�de
(GSSG) [6]. Redox transitions are known to actually take
place via the thiolate (-S-) form, which has not only reducing,
but also, proton-binding propensities, and the involvement
of the perturbing acid-base processes is therefore inevitably
necessary. Apart from perturbing redox and NMR phe-
nomena, protonation states within a molecule are known to
have an e�ect on other spectroscopic properties as well
[7–11]. �is work is focused on extending the co-dependent
relationship observed between the NMR chemical shifts of
the aforementioned thiols and their acid-base characteristics
to the following compounds: cysteamine (CysASH)/cyst-
amine (CysASSCysA); homocysteine (hCysSH)/homocys-
tine (hCysSShCys); penicillamine (PenSH)/penicillamine
disul�de (PenSSPen). �e studied compounds are pre-
sented in Figure 1, where the reduced form is always in the
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redox-active thiolate form. .e neighboring basic moieties
are in all possible combinations of protonation state. .e
oxidized forms are also depicted.

Cysteamine, the decarboxylated derivative of cysteine,
can be oxidized in the presence of oxygen or transition
metals, producing its disulfide form, cystamine [12].
However, without these factors and in a reducing condition,
cysteamine can behave as an antioxidant [13]. When this
biogenic amine is present in low concentrations, it may
impact the cellular redox homeostasis, as it can help to
transport cysteine into cells, which is a substrate for glu-
tathione [14]. .e other studied compound, homocysteine,
is an amino acid that acts as an intermediate product in the
metabolism of cysteine and methionine [15]. Its oxidation
generates homocystine leading to the production of hy-
drogen peroxide that may cause damage of endothelium

[16]. Penicillamine is an analog of cysteine, with two extra
methyl groups instead of the methylene protons; its thiolate
site is therefore more sterically hindered than the one in
cysteine [17]. Nevertheless, when exposed to oxidizing
agents, the oxidation of penicillamine leads to the formation
of penicillamine disulfide [18].

In 2016, our group reported an indirect method through
species-specific standard potential to describe thiolate-
disulfide equilibria with pH-independent parameters [19].
For better comprehension about the biological role of
cysteine oxidation and also to establish an appropriate
antioxidant therapy, which could eliminate the currently
unmet medical need of oxidative stress [1, 20], it is essential
to elaborate newmethods to reveal the potential relationship
between the co-dependent, subtle redox, acid-base, and
spectroscopic features.
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Figure 1: Structural formulae (and their one letter symbol) of the various protonation states of the studied compounds in thiolate form and
their related disulfide derivatives.
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.e acid-base protonation microconstants of cysteine,
homocysteine, penicillamine, and their respective
homodisulfides have been determined, using 1H NMR-pH
titrations and appropriate evaluations [21, 22]. In this
work, we are extending the correlation between standard
redox potentials and thiolate logK values [19] to chemical
shifts as well, to emphasize the predictive ability of NMR

parameters obtainable from fairly simple, single spec-
troscopic measurements. A recent work from our group
[23] reported such a correlation between the NMR
chemical shift and thiolate protonation constants for
cysteine and cysteine-containing peptides. Here cyste-
amine, homocysteine, penicillamine, and their homo-
disulfides are investigated.

2.78 2.76 2.74 2.72 2.70 2.68 2.66 2.64 2.62 2.60 2.58

ppm

2.56 2.54 2.52 2.50 2.48 2.46 2.44 2.42 2.40 2.38

56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24

ppm

Figure 2: Sample 1D NMR spectra (top 1H and bottom 13C) recorded for cysteamine at pH 13.

Table 1: .e species-specific chemical shifts (on the ppm scale) determined for cysteamine, homocysteine, and penicillamine microspecies
(the thiolate protonation constants were determined previously in [21]; the N, S, and O symbols represent the amino, thiolate, and
carboxylate basic moieties, respectively).

Logk 1H 13C
α β c CH3 α β c CH3

Cysteamine
CysA a 9.67 2.646 2.506 48.83 30.57
CysA b 8.37 3.076 2.720 46.95 25.43
Δδ N 0.431 0.213 −1.88 −5.14
Δδ S 0.129 0.118 −2.08 −1.30
Homocysteine
hCys a 9.94 3.288 1.726 1.805 2.424 58.97 23.71 45.22
hCys b 8.99 3.807 2.020 2.068 2.503 55.68 23.40 43.58
hCys d 9.35 3.653 1.793 1.927 2.492 56.95 23.48 44.41
hCys f 8.4 4.172 2.087 2.190 2.571 51.18 23.05 42.85
Δδ N 0.519 0.294 0.263 0.079 −3.29 −0.31 −1.64
Δδ S 0.074 0.096 0.108 0.155 0.77 −0.81 −6.22
Δδ O 0.365 0.067 0.122 0.069 −2.02 −0.23 −0.81
Penicillamine
Pen a 9.34 3.049 1.191 1.437 71.83 49.42 30.91 37.10
Pen b 8.09 3.298 1.294 1.535 69.31 47.81 35.42 31.69
Pen d 8.24 3.464 1.250 1.470 69.94 49.16 30.85 36.66
Pen f 6.99 3.713 1.353 1.568 67.42 47.55 35.36 31.25
Δδ N 0.249 0.103 0.098 −2.52 −1.61 4.51 −5.41
Δδ S 0.404 0.187 0.031 −1.77 −1.07 −4.95 1.32
Δδ O 0.415 0.059 0.033 −1.89 −0.26 −0.06 −0.44
Δδ (Delta delta) shows how the protonation shift observed on a nucleus, caused by the protonation of the various basic moieties can be quantified in ppm.
Note that Δδ is nucleus-dependent; its value is different and distinctive not only for all types of nuclei but also for every atom in the molecule.
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2. Materials and Methods

2.1. Materials. All the compounds, cysteamine, cyst-
amine, homocysteine, homocystine, penicillamine, and
penicillamine disulfide were purchased from Sigma
(Merck) and were used without further purification.
Deionized water was prepared with a Milli-Q Direct 8
Millipore system.

2.2.NMRSpectroscopyMeasurements. AVarian Unity Inova
DDR spectrometer (599.9MHz for 1H) with a 5mm 1H
{13C/31P-15N} pulse field gradient triple resonance probe-
head at 298.15± 0.1K was used to record all the NMR
spectra. As a solvent, H2O: D2O 95:5 (V/V) was used with
ionic strength settled to 0.15mol/L. .e pH evaluation was
stated in situ through internal indicator molecules (at ca.
1mmol/L) optimized for 1H NMR [24, 25]. Regarding
the sample, the volume was 550 μL and all of them contained
ca. 1mmol/L DSS (3-(trimethylsilyl) propane-1-sulfonate)
as chemical shift reference. It was used a
presaturation sequence to suppress the H2O 1H signal; the
mean acquisition parameters for 1H measurements
are number of transients� 16, number of points� 65536,
acquisition time� 3.33 s, and relaxation delay� 1.5 s. 1H
decoupled 13C measurements were recorded with number of
transients� 32768, number of points� 262144, and relaxa-
tion delay� 1 s.

2.3. Statistical Analysis. To analyze the titration data, non-
linear regression was performed using R version 4.0.5 (R

Foundation for Statistical Computing, Vienna, Austria) [26]
with the function

δobs(pH) �
δL + δHL × 10log K− pH

1 + 10log K−pH
, (1)

where δL is the chemical shift of an unprotonated moiety,
δHL is the chemical shift of the protonated moiety, and logK
is the base 10 logarithm of the protonation constant. Linear
regressions were carried out using R version 4.0.5 (R
Foundation for Statistical Computing, Vienna, Austria) [26]
to analyze the chemical shift-logK data.

3. Results

.e species-specific protonation schemes of cysteamine,
homocysteine, penicillamine, and their respective homo-
disulfides were elaborated and shown in two previous studies
[19, 21]; the thiolate-specific protonation constants of these
compounds are imported from the aforementioned litera-
ture. .e species-specific NMR chemical shifts of the αCH
and βCH2 nuclei were determined by measuring 1D NMR
spectra at pH values corresponding to the plateaus on the
titration curves of the compounds. In Figure 2, sample NMR
spectra are presented that were obtained for cysteamine at
basic pH. .e limiting chemical shifts of all studied com-
pounds were determined analogously followed by the cal-
culation of species-specific chemical shifts using
Sudmeier–Reilley equations [27]; this determination
method was recently formulated for the similar selenocys-
teine/selenocystine pair [28]. .e species-specific chemical
shifts are assembled in Tables 1 and 2, for the reduced and
oxidized forms of the compounds, respectively. .e species-
specific chemical shifts also afford the protonation shifts (Δδ)
associated with the various basic moieties. .e protonation
shift is the chemical shift change a nucleus undergoes when a
certain basic moiety protonates.

A multiple linear regression analysis was performed on
the grouped data from both Tables 1 and 2 using the NMR
chemical shifts and logK values as independent and de-
pendent variables, respectively. .e result of the linear re-
gression is shown in Figure 3, where a good fit can be
observed for the chemical shift data of both 1H and 13C.
Table 3 presents the parameters of the regression analysis,
expanding the results from our last work [23].

4. Discussion

.e sulfur atom of biomolecules can be found in many
different functional groups, in some metabolites (coenzyme
A, glutathione—GSH, and mycothiol) and amino acids such
as cysteine, or its derivatives cysteamine, homocysteine, and
penicillamine. Among its versatile reactivities, sulfur has an
important role in the redox biochemistry [29, 30]. As shown
in our previous work [23], the analysis of the chemical shift
data demonstrated a direct and inverse relationship between
the thiolate logK and chemical shifts of the nearby 13C/1H
nuclei. .e linear relationship found for the studied com-
pounds is presented in Table 3 and Figure 3; it is noteworthy
to highlight the strong correlation between almost all the

Table 2: .e species-specific chemical shifts (on the ppm scale)
determined for cystamine, homocystine, and penicillamine disul-
fide microspecies (the thiolate protonation constants were deter-
mined previously in [21]).

Logk 1H
α β c CH3

Cystamine
CysA2

a 9.67 2.928 2.807
CysA2

d 8.37 3.409 3.025
Δδ NN′ 0.480 0.219
Homocystine
hCys2a 9.94 3.347 2.052 1.942 2.783
hCys2f 8.99 3.860 2.315 2.247 2.826
hCys2k 9.35 3.727 2.075 2.123 2.859
hCys2p 8.4 4.240 2.338 2.428 2.902
Δδ NN′ 0.512 0.263 0.305 0.043
Δδ OO′ 0.380 0.023 0.181 0.076
Panicillamine disulfide
Pen2a 9.34 3.691 1.296 1.321
Pen2f 8.09 3.982 1.454 1.398
Pen2k 8.24 3.989 1.340 1.416
Pen2p 6.99 4.280 1.498 1.493
Δδ NN′ 0.291 0.158 0.077
Δδ OO′ 0.298 0.044 0.095
Δδ (Delta delta) shows how the protonation shift observed on a nucleus,
caused by the protonation of the various basic moieties can be quantified in
ppm. Note thatΔδ is nucleus-dependent; its value is different and distinctive
not only for all types of nuclei but also for every atom in the molecule.
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studied nuclei and thiolate basicities. Similar to the case of
cysteine and cysteine-containing peptides, the αCH nuclei
showed the best correlation, for both 1H and 13C chemical
shifts. .is finding further supports the claim that the αCH
nuclei are the best choice as an estimator of thiolate basicity

from NMR data. .is statement could also be stated purely
based on the fact that the covalent distance of the sulfur atom
to these nuclei is the optimal one. Among the studied
compounds, the thiolate in penicillamine has lower basicity
when comparing equivalent protonation states, due to the
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shielding effect of the two methyl groups that restrain steric
freedom near the thiolate [31]; however, it is important to
observe that the correlation is still maintained. Further
expansion of the correlation window to lower logK values is
indispensable to expand this regression model for better
utility; therefore, larger peptides are also in search for the
determination of species-specific chemical shifts and pro-
tonation constants.

It is usually assumed that the chemical shift of an NMR
active nucleus is sensitive to changes in the electron
density of geminal and vicinal atoms. Furthermore, the
correlations between cysteamine, homocysteine, and
penicillamine chemical shifts, logK, and redox potentials
could lead to better comprehension regarding the acid-
base and redox chemistry and the biological functions of
these oxidations [32].

5. Conclusion

Besides the already known strong linear relationship
within the cysteine microspecies for the chemical shift
data versus thiolate basicities, it is hereby shown that this
correlation holds true for the cysteine derivatives cyste-
amine, cystamine, homocysteine, homocystine, penicil-
lamine, and penicillamine disulfide. .e highest degree of
correlation was observed for the αCH nuclei concerning
both 1H and 13C NMR data of all studied compounds. .e
next step is expanding this model to study cysteine-

containing peptides with lower thiolate basicities and extend
the correlation model to be used on larger proteins to es-
timate the otherwise unmeasurable site-specific acid-base
and redox properties of their cysteine residues using only the
NMR chemical shifts.
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Table 3:9e regression statistics of the cysteamine, cystamine, homocysteine, homocystine, penicillamine, and penicillamine disulfide chemical
shift data.

Slope Std. err Intercept Std. err Adj R2 p value

Cysteamine
1H

α −0.33 — 5.85 — — —
β −0.16 — 4.09 — — —

13C
α 1.44 — 34.88 — — —
β 3.95 — −7.66 — — —

Cystamine

1H
α −0.37 — 6.50 — — —
β −0.17 — 4.43 — — —

1H
α −0.57 0.02 8.92 0.21 0.9951 0.0016
βa −0.26 0.06 4.24 0.57 0.8415 0.0543
βb −0.26 0.02 4.36 0.20 0.9783 0.0073

Homocysteine 13C

γ −0.09 0.01 3.34 0.10 0.9619 0.0128
α 4.98 0.82 10.0 7.5 0.9228 0.0261
β 0.42 0.05 19.58 0.46 0.9585 0.0139
γ 1.58 0.12 29.5 1.1 0.9821 0.0060
α −0.57 0.03 9.01 0.31 0.9898 0.0034

Homocystine 1H
βa −0.21 0.08 4.13 0.69 0.6941 0.1078
βb −0.32 0.00 5.09 0.04 0.9994 0.0002

Panicillamine

1H

c −0.07 0.03 3.47 0.24 0.6550 0.1225
α −0.28 0.06 5.64 0.52 0.8613 0.0473

CH3a −0.07 0.01 1.84 0.08 0.9382 0.0208
CH3b −0.06 0.02 1.97 0.13 0.7782 0.0769

13C

α 1.89 0.10 54.23 0.86 0.9909 0.0031
β 0.83 0.37 41.7 3.0 0.5747 0.1536

CH3a −2.01 1.28 49.5 10.5 0.3255 0.2581
CH3b 2.61 1.38 12.8 11.3 0.4643 0.1982

Penicillamine disulfide 1H
α −0.25 0.01 6.02 0.11 0.9915 0.0028

CH3a −0.09 0.03 2.12 0.25 0.7183 0.0988
CH3b −0.07 0.01 2.00 0.07 0.9574 0.0143
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