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Abstract: Recently, a new naturally occurring covalent
linkage was characterised, involving a cysteine and a
lysine, bridged through an oxygen atom. The latter was
dubbed as the NOS bond, reflecting the individual
atoms involved in this uncommon bond which finds little
parallel in lab chemistry. It is found to form under
oxidising conditions and is reversible upon addition of
reducing agents. Further studies have identified the
bond in crystal structures across a variety of systems and
organisms, potentially playing an important role in
regulation, cellular defense and replication. Not only
that, double NOS bonds have been identified and even
found to be competitive in relation to the formation of
disulfide bonds. This raises several questions about how
this exotic bond comes to be, what are the intermediates
involved in its formation and how it competes with other
pathways of sulfide oxidation. With this objective in
mind, we revisited our first proposed mechanism for the
reaction with model electronic structure calculations,
adding information about the reactivity with alternative
reactive oxygen species and other potential competing
products of oxidation. We present a network with more
than 30 reactions which provides one of the most
encompassing pictures for cysteine oxidation pathways
to date.

Introduction

Cysteine (Cys) residues are well-known for their rich redox
activity.[1] This includes the formation of disulfide bonds by
oxidation of two neighbouring Cys, a staple post-transla-
tional modification in proteins. These bridges play a key
role in protein folding, regulation and stability.[2–4] Recently,
a new covalent cross-link between Cys and lysine (Lys)
residues, which are linked via an oxygen atom, has been
characterised.[5] This linkage, first discovered in the Trans-
ladolase of Neisseria gonorrhoeae, was termed NOS bridge
and has been subsequently shown to occur in a wide variety
of proteins, e.g. the main protease of SARS-CoV-2
(Mpro),[6,7] with very diverse implications for catalytic and
regulatory mechanisms.[6,8,9] A recent study[10] has also shown
how this crosslink can be generated with the use of synthetic
fluorescent proteins.

Surprisingly, this bond forms non-catalytically under
oxidative conditions and the reduced Cys and Lys residues
can be fully recovered under the action of reducing agents.
A recent experiment has demonstrated the functional
reversibility of NOS in the range of 0.1–1 mM H2O2,
concentrations which are expected under oxidative stress.[11]

At supraphysiological concentrations of H2O2, 20 mM, NOS
bridges were no longer detected due to over-oxidation.[12]

The formation of such a cross-link requires the oxidation of
both Cys and Lys residues. Cys residues are broadly known
to oxidise through the thiol moiety leading to a wide variety
of oxidation products such as the thiyl radical, the disulfide
bond or the sulfenic acid under mild oxidation conditions or
the sulfinic acid under higher oxidant concentrations.[13–19] In
this vein, an antioxidizing character is commonly attributed
to the thiol moiety, due to its ability to quench oxidizing
species.[20] A clear biological example being the Glutathione,
a tripeptide found in different organisms, protecting them
against oxidation.[21] On the other hand, Lys residues are less
susceptible to oxidation and in case of oxidation, the
formation of carbonyl groups have been reported.[22–24] It is
therefore surprising to observe a cross-linker formed by
these pair of residues. Still, the formation of single NOS
bridges has now been confirmed after a long-standing
discussion.[5,25–28] These observations have expanded, with
further oxidation of the amino moiety of the Lys being
confirmed. A double NOS bond involving two Cys and a
Lys (SONOS) has been reported by different research
groups in Mpro.[6,7]

There is so far very little information about the potential
mechanism of formation. For the reaction in vivo, hydrogen
peroxide (H2O2) or the superoxide anion radical (O2

*� ) will
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be likely involved as major biological redox signalling
agents.[29] The resolved X-ray structure of the reduced
Transladolase from Neisseria gonorrhoeae (PDB code
6ZWF) showed a molecular oxygen in the vicinity of the
bridging Cys and Lys residues, suggesting that this pocket
could potentially bind the aforementioned reactive oxygen
species (ROS). This same study showed that there were no
significant conformational changes in the system between
oxidised and reduced states (Figure 1). It has also been
observed that NOS bonds can be formed both in the
presence of molecular oxygen and hydrogen peroxide in
solution, the latter being somewhat faster.[5] The exact
identity and the breadth of ROS which can bring about the
reaction are unknown, given that the chemistry of ROS in
water is quite intricate.[30] Take for example the recent
discovery of spontaneous hydrogen peroxide formation in
water microdroplets.[31] We decided to focus foremost on
three potential agents—hydrogen peroxide,[32] triplet and
singlet molecular oxygen[33]—which we believe will be
representative. We extended this list including obvious
suspects such as the superoxide anion radical and the
derivatives that may arise from the decomposition of hydro-
gen peroxide, e.g. the hydroxyl radical (*OH), the hydro-
peroxyl radical (*OOH) and the hydronium radical (*H3O).
The resulting unstable and easily-reactive radical species
generated by the hydrogen peroxide decomposition would
readily react with nearby residues, owing to their low kinetic
barriers and thermodynamic instability.[17,24,34,35] On the
homolytic dissociation of H2O2, the formation of *OH was
reported to be around 50 kcalmol� 1 in gas phase,[36] and in
water the bond was shown to be 2–5 kcalmol� 1 weaker.[37]

Recently, calculations have put forward that in solution
hydrogen peroxide can dissociate to *OH or *OOH and

*H3O with activation barriers of 11.3 kcalmol� 1 and
8.2 kcalmol� 1 respectively, making these species somewhat
accessible.[38] The study of the decomposition mechanism of
H2O2 in water and the review of these values is beyond the
scope of the current work, as we will focus primarily on the
oxidation of the target residues. Albeit pertinent, it is
extremely intricate to clearly identify the ROS responsible
for the reaction, as a multitude of intermediates can form in
solution. The intermediates considered in this study should
be viewed as potential radical species which promote the
oxidation of Cys and Lys residues. Overall, the atomistic
mechanism of the oxidation of Cys and Lys residues in the
framework of NOS formation is not yet understood.[39] An
electronegative atom such as oxygen bridging nitrogen and
sulfur is somewhat counterintuitive, and indeed there are
few examples in lab chemistry for this type of bond.[40,41]

This work is devoted to shed light into the reaction
mechanism for the formation of the cross-link, exploring
different oxidizing agents and intermediates. Particular focus
is given to the question of how NOS formation proves to be
competitive in relation to other oxidizing pathways of Cys,
especially for the formation of the disulfide bond.

Results and Discussion

With the aim of identifying potential intermediate states and
the oxidant chemical species that lead to the formation of
the NOS and SONOS, first we analyse the reduction
potentials of the thiol/thiolate and the amine moieties, as
well as the oxidant species. Thereafter, we present the
reaction mechanisms for the formation of the oxidised
intermediate with different oxidants and finally we present
the reaction mechanism for the NOS and SONOS forma-
tion.

Geometry optimizations and frequency calculations were
performed using the Gaussian16 software package.[42] We
have used Density Functional Theory (DFT), namely the
B3LYP functional[43,44] together with the def2-SVPD basis
set[45,46] for geometry optimizations. All calculations included
Grimme’s D3 dispersion correction[47] with Becke-Johnson
damping function[48] and the SMD continuum model[49] with
the permittivity of water. Transition state searches were
carried out by an in-house nudged elastic band code.[50] For
some cases, it was necessary to manipulate the structures to
obtain sensible starting paths or structures. The determina-
tion of whether the identified structures are minima or
transition states was carried out by analytically differentiat-
ing gradients to obtain harmonic vibrational frequencies.
The connection between transition states and intermediates
was verified by displacing the molecular geometry along the
imaginary mode and relaxing the structures. Subsequently,
the frequencies obtained were used to evaluate the zero-
point vibrational energy (ZPVE) and thermal vibrational
corrections to the Gibbs free energy in the harmonic
oscillator approximation at a temperature of 298 K.
Grimme’s quasi-harmonic approximation was applied for
vibrations under 100 cm� 1 at 298.15 K to correct the vibra-
tional entropies using the Goodvibes program.[51,52] The

Figure 1. X-ray crystallography images of both reduced and oxidised
forms of Neisseria gonorrhoeae transaldolase. The top image (PDB
code: 6ZWF) represents the reduced form with a distance of R(Cα–
Cα)=9.2–9.4 Å, showing two conformations for both residues above
20% occupancy after refinement. The bottom image (PDB code: 6ZX4)
illustrates the oxidised form with a distance of R(Cα–Cα)=9.3 Å.
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electronic energies were refined using the def2-TZVPD
basis set. The barriers were estimated on the basis of
classical transition state theory. For all states with unpaired
electrons, the unrestricted formalism was applied, as well as
in the search for broken-symmetry states. The topological
analysis was performed with Multiwfn 3.8 software
package.[53] The atomic charges were derived using the
Hirshfeld population analysis,[54] the spin densities and the
bond orders were computed using the Fuzzy partition
scheme.[55,56]

Calculation of chemical reactions and benchmarking

With the aim of evaluating the performance of the
theoretical method, we have selected different molecules
whose experimental relative enthalpies, Gibbs free energies
and reduction potentials were documented. We make use of
dissociation and H atom abstraction reactions (see Table S1)
as well as reduction potentials (see Table S2) to benchmark
our approach. We have employed the value of
� 271.91 kcalmol� 1 for the (H+),[57] and obtained a value of
� 98.72 kcalmol� 1 for (e� ) using the standard hydrogen
electrode (SHE) as reference (0.0), computing the values for
the hydrogen molecule with the already mentioned QM
protocol. Overall, the mean absolute deviation (MAD)
values indicate that for the explored chemical reactions, the
deviations of ΔH0 and ΔG0 are within 2.5 kcalmol� 1 whereas
for the reduction potentials the deviations are within 0.09 V.
These results show that the level of theory would be
adequate for the study of the reactive processes targeted.

Choice of model systems

So far, observation of NOS or SONOS bond formation
shows little dependence on the environment.[6] When it was
first reported in the transaldolase enzyme of Neisseria
gonorrhoeae,[5] the possible action of a near-lying glutamic
acid residue (E93) was considered, but ultimately not
confirmed. With the observation of the bond in a wide
variety of locations, hydrophobic to hydrophylic, exposed or
buried, intra- and intermolecular, there is little in common
between the identified neighbouring residues, strongly
suggesting that the general mechanism of formation does
not require the presence of a third specific reaction partner.

Therefore, we believe it is justified to use a simple model
to calculate and compare the different reaction paths. It
should be noted that whenever charges are formed, the
stability of the intermediates or transition states might be
more strongly impacted by local electrostatic potentials.
However, there is no practical way to condense the
information of the dozens of confirmed systems for NOS
formation into a usable model. On the plus side, the
inherent simplicity of the system used does allow for a
comparison of different competing mechanisms in a rather
balanced way, doing away with steric constraints and
potential bias in system preparation.

The Cys and Lys residues are included truncating them
at the backbone Cα atoms. The latter carbon atoms are
saturated with hydrogens and kept constrained to their
crystallographic position during the optimizations. The
reaction mechanism involving the NOS formation is mod-
elled fixing the Cα’s to the Neisseria gonorrhoeae trans-
aldolase (PDB code 6ZX4) data,[5] whereas the reaction
mechanism for the formation of the SONOS is modelled
using the Mpro of SARS-CoV-2 (PDB code 7JR4) coordi-
nates. Without these constraints, the two residues could
aggregate and/or exhibit large motions during the reaction
pathway modelling. The use of observed Cα positions is a
minimum condition imposed on the calculations to avoid
unphysical artefacts of the cluster model.

Reduction and oxidation potentials

The propensity to oxidation of different chemical entities is
analysed through their reduction/oxidation potentials. By
observing these values alone, the thermodynamic propensity
for a reaction to happen can be readily estimated. In
Figures S2 and S3 the computed oxidation potentials of
probable intermediates in the NOS bond formation are
shown. It can be observed that the oxidation of the thiol/
thiolate moiety leads to lower oxidation potentials when
compared to the amino moiety, thereby making the former
more prone to oxidation, as it is generally known. The
results follow chemical common sense that in the first stage
of the oxidation, the thiol moiety is the one likely to be
oxidised.

A variety of oxidation products can be formed departing
from the thiol/thiolate moiety. The thiyl radical, sulfenic and
sulfinic acids lead to the lowest values and are therefore
thermodynamically the most favourable oxidation products.
However, it should be noted that the formation of the
sulfinic acid is known to be a thermodynamic trap. Due to
its high thermodynamic stability the reaction would be at a
dead end.[5] In order to reduce this product, one would
require some sort of catalysis, which in nature can be
achieved by Cys sulfinic acid reductases.[58] This implies that
sulfinic acid cannot play a role as an intermediate and that a
species at a lower oxidation state is required. This would
include species such as the thiyl radical, the sulfenic acid or
the thio-(hydro)peroxy acid, which would allow the reaction
to proceed, ultimately leading to the formation of the NOS
bond. Further oxidation reactions of the already oxidised
thiol/thiolate and amine moieties are also shown in Figur-
es S2 and S3. It can be seen that the thio-(hydro)peroxy acid
is the most unstable species (potentials below � 1.6 V). Once
formed it can be reduced to the thiyl radical or sulfenic acid,
while potentially oxidising nearby chemical entities.

CH3NH3
þ þ CH3SHþH2O! CH3NH2

þOSCH3 þ 4e�

þ4Hþ� E0 ¼ � 1:48 V
(1)

CH3NH2 þ CH3SHþH2O! CH3NHOSCH3 þ 4e�

þ4Hþ� E0 ¼ � 1:33 V
(2)
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We have then considered potential oxidant agents (Fig-
ure S4), in conjunction with Equations (1) and (2), in order
to obtain an estimate for the full redox process of NOS
formation. It is interesting to note that the NOS formation
from the amine and thiol moieties is possible with hydrogen
peroxide (H2O2), as it was reported in the experimental
assays.[5] Moreover, the potential for hydrogen peroxide
reduction closely matches the potential for NOS formation,
in accordance with the reported reversibility of the bond.
The hydroxyl radical (*OH) displays the highest reduction
potential (2.25 V) among the considered oxidants and is able
to oxidise most of the chemical species under study. This
value should be considered with care as this species will
likely further react with water. Ground state molecular
oxygen on the other hand shows the lowest reduction
potential value (0.81 V). Hence, the oxidation with this
species leading to the formation of a NOS bond would not
be a spontaneous process. Having considered the different
redox potentials of the species under study, and the
thermochemistry of NOS bond formation, we now look into
the formation of potential intermediates along the reaction
pathway leading to the NOS cross-link. We introduce the
first reaction pathway results, including also kinetic consid-
erations.

Formation of sulfenic acid

Sulfenic acid is known to be formed upon the thiol oxidation
in the presence of H2O2.

[19] The reduction potentials show
that the formation of such a chemical entity is a thermody-
namically favoured oxidation process and it is herein
considered as a potential intermediate in the formation of
the NOS bond. The formation of such intermediate is
further examined in Figure 2 (a), where its formation upon
the oxidation of the thiol/thiolate with H2O2 is shown. For
completeness, we have also considered the oxidation of the
amine moiety. It is well known that the latter is less prone to
oxidation than the thiol moiety, see Figure S3. This observa-
tion is clear in the calculation results. The oxidation of the
amine moiety has a higher associated activation energy and
the formed oxidised product is thermodynamically less
favored when compared to the oxidation of the thiol, while
all the oxidation products are observed to be exergonic
processes. The caveat of the sulfenic acid intermediate is
that its further oxidation leads to the formation of the
thermodynamically very stable sulfinic acid with a low
kinetic barrier (7.0 kcalmol� 1), shown in Figure 2 (b),
arriving at a reaction dead-end. Therefore, the employed
concentration of the oxidant species could be a crucial
aspect, otherwise one will overoxidise the thiol/thiolate
species leading to sulfinic acid formation.

Formation of thio-(hydro)peroxy acid

We have also considered the thio-(hydro)peroxy acid as a
potential intermediate candidate. Note that the reduction
potential is now higher than for the sulfenic (1.00–1.30 V)

and sulfinic (0.70–0.90 V) acids, but similar to the thiyl
radical formation, about 1.60 V. Its dissociation could lead
to the formation of the sulfenic acid, while at the same time,
oxidising any residue nearby. Moreover, the extended “arm”
of the peroxy moiety would allow to reach the neighbouring
Lys residue, establishing contact between the residues prior
to covalent bond formation. Herein, the formation of the
thio-(hydro)peroxy acid species is considered, taking into
account probable oxidant agents, present in the experimen-
tal assays. This can be seen in Figure 3, where the explored
pathways for the formation of the thio-(hydro)peroxy acid
from a thiol moiety are schematically represented.

Generation with singlet oxygen. The first excited state of
molecular oxygen is a singlet, and can readily oxidise a
variety of compounds, being commonly viewed as bio-
logically toxic.[59] It can be generated in large quantities
through UV light and an organic photosensitizer.[60] It is
longer lived in solution than other ROS, so we deemed it of
interest how it could be involved in NOS formation.

Figure 3 schematically represents the different reaction
pathways we computed to form the thio-(hydro)peroxy acid.
For the reactions involving singlet oxygen (the first step in
pathways (a) and (b)) caution is advised. We opted for
consistency of the different paths to make use of unre-
stricted Kohn–Sham (UKS). However, it is well-known that
the singlet oxygen is severely affected by multireference

Figure 2. The computed oxidation reaction free energies (kcalmol� 1) for
(a): the formation of the sulfenic acid in different protonation states
and the oxidation of the amine moiety and (b): the formation of the
sulfinic acid departing from the sulfenic acid.
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effects. The two barriers are, therefore, expected to carry
significant errors. To give an idea of the potential barrier
magnitude, we adopt the strategy suggested by Mullinax
et al.,[61] and compare the result to the UKS value. The latter
strategy consists of carrying out single points in the triplet
state reactant, with an added correction of 22.5 kcalmol� 1.
The barriers of the singlet state molecular oxygen using the
unrestricted method are 23.7 and 21.0 kcalmol� 1 for (a) and
(b) respectively (both compounds have a hS2i-value of about
1.00). Using the correction to the triplet state, these barriers
change to 11.2 and 8.5 kcalmol� 1. The absolute magnitude
changes dramatically, again emphasising that these values
are tentative at best. But the relative trend is maintained.
Pathway (b) appear to be the most preferred mechanism in
forming thio-(hydro)peroxy acid when the singlet oxygen
attacks the proton of the thiol group. The energy barrier for
the attack by a singlet oxygen at the lone electron pair of
sulfur, pathway (a), is slightly higher. The benefits of
pathway (b) are further enhanced by the subsequent step,
which involves a recombination of the intermediary radicals
with a barrier of only 0.3 kcalmol� 1. On the other hand, the
intermediate in pathway (a) would have to go through a
barrier of 7.0 kcalmol� 1 to befall the proton transfer. It

should be noted that beyond the two mentioned reactions
we did not observe any spin contamination in the stationary
points computed.

Overall, the formation of the intermediates and products
is observed to be an exergonic process in all cases, such that
the final distribution and concentrations should primarily
depend on the activation barriers.

Generation with triplet oxygen. Molecular oxygen is a
triplet species in its ground state. Although thermochemi-
cally not very stable, it poses significant kinetic barriers for
reaction with organic compounds. The oxidation of the thiol
moiety with this oxidant leads to a barrier of about
30 kcalmol� 1 (pathway (c) in Figure 3) and thus leaves little
chance for the reaction to proceed when compared to the
low kinetic barrier in the backward direction. On the other
hand, the reaction intermediate in this mechanism is
observed to be endergonic, by about 25.0 kcalmol� 1, and so
it can be concluded that the oxidation with triplet oxygen is
not a favoured process.

Generation with hydrogen peroxide. Hydrogen peroxide
has been one of the reactants used to push the equilibrium
to the NOS formation.[5] H2O2 is a complex oxidant entity
which can be decomposed into other different ROS. In
order to take this into account, in Figure 3 path (d) we show
the oxidation of the thiol moiety, leading to thiyl radical,
with hydroxyl and hydroperoxyl radicals that can be formed
departing from H2O2, as shown in Figure 3 path (e).

The hydroperoxyl radical exhibits a higher kinetic
barrier (9.4 kcalmol� 1) and leads to a thermodynamically
less favourable intermediate (� 3.5 kcalmol� 1). The hydroxyl
radical has a lower activation barrier (6.1 kcalmol� 1) but
leads to the formation of a thermodynamically much more
favoured intermediate (� 24.9 kcalmol� 1). We have consid-
ered the reaction with the hydrogen atom, which leads to
the lowest activation barrier (0.4 kcalmol� 1) and an exer-
gonic formation of products (� 19.7 kcalmol� 1). However,
we failed to find the transition state of thiol reacting with
the hydronium radical, which is the more realistic existing
form of the hydrogen atom in aqueous solution. Overall, the
formation of the thiyl radical with the studied radical species
shows low kinetic barriers and leads to thermodynamically
favoured values. The newly formed thiyl radical would
thereafter recombine with the hydroperoxyl radical leading
to the thio-(hydro)peroxy acid species through a barrierless
process (see Figure S2).

Formation of NOS

Figure 4 presents a detailed map of the entire reaction
pathway that was investigated. The kinetic barriers and
thermodynamic ΔG values (kcalmol� 1) for all the relevant
intermediates and side products are displayed herein.
Departing from thio-(hydro)peroxy acid, two possible mech-
anisms for the formation of NOS are shown in Figure 5,
namely the ionic and the radical pathways. The ionic
pathway in (a) proceeds by transferring the hydroxyl group
to the nitrogen, followed by a proton transfer to the oxygen
bonded to the sulfur. This pathway was obtained by

Figure 3. The various computed reaction pathways involved in the
formation of SOOH, with corresponding energy values (in black) along
the arrows denoting the activation barriers in their respective
directions. The energies (in colors consistent with the spiral
arm)adjacent to the compounds represent the relative energies of
intermediates and reactants, referenced to the thio-(hydro)peroxy acid
species in the center. It should be noted that Lys is also implicated but
not featured in the image. The pathways include: (a) thiol oxidation
with singlet oxygen directly attacking the sulfur atom, (b) thiol
oxidation with singlet oxygen attacking the S� H bond, (c) oxidation
with triplet oxygen attacking the hydrogen, (d) oxidation with hydrogen
peroxide where hydrogen atom transfer (via H*, HO*, or HOO*

depending on HOOH dissociation) is succeeded by the recombination
of S* and HOO*, and (e) radical dissociation pathways of hydrogen
peroxide.[38]
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restricting the wave function to a closed-shell formalism.
Then, a dehydration reaction takes place, removing the
hydroxyl group from the newly formed sulfenic acid and one

proton from the amino oxide, with the assistance of an
external water, leading to the NOS bridge formation. The
fatal flaw of such pathway, however, is uncovered by

Figure 4. The computed reaction pathways between Cys and Lys in an oxidative environment, with the corresponding values represented in a water
dielectric continuum. The dashed arrow from I1 to P1 reflects that the actual product is, located in the lower right corner, where the oxygen atom
marked in red is released as water and the black one remains in NOS.
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comparing the reaction barrier of transferring the hydroxyl
group to the amine (17.3 kcalmol� 1) and to the sulfur
(9.0 kcalmol� 1). The sulfinic acid is thereby the preferred
product through the ionic pathway and virtually impossible
to reverse due to its high stability. In contrast to the ionic
pathway, the kinetic barrier for the homolytic dissociation of
the O� O bond is merely 1.4 kcalmol� 1, enabling the system
to avoid the formation of the sulfinic acid. A broken-
symmetry solution was used for these calculations. The
resulting hydroxyl radical can then easily strip a proton from
the amine moiety with whom it was interacting, with a
barrier of 2.2 kcalmol� 1, and form a radical species on the
nitrogen atom of the Lys residue. Finally, the radical at the
oxygen of the Cys residue and the nitrogen recombine, with
an activation barrier of 8.2 kcalmol� 1, forming the NOS
bond. An overview of all the involved reactions (and also
other reaction possibilities which are not mentioned directly
in the text) are given in Figure 4. Beside the advantage of
avoiding sulfinic acid formation, another vital property of
the homolytic dissociation pathway is its validity in expand-
ing the NOS to the double-NOS (SONOS), sharing the
same nitrogen.

Formation of SONOS

In Mpro, it was shown that a single NOS takes place with
Cys22 and that further oxidation leads to the SONOS
formation with Cys44.[6] In order to study the reaction
mechanism for the double NOS formation and the prefer-
ence for Cys22 or Cys44 herein, thermodynamic and kinetic
results are presented (see Figure 6). Here we take the
assumption that the oxidation of thiol to thio-(hydro)peroxy
and its further homolytic dissociation are fairly similar for
Cys22 and Cys44. The overall reaction mechanism which
would differ regarding the involved Cys residue is then
divided into two steps. In step (a), the H atom abstraction
from the N atom by the newly formed *OH radical is
studied. The kinetic barrier is slightly lower for the single
NOS with Cys44, by about 4 kcalmol� 1 and no difference is
observed in the thermodynamic stability of the formed
intermediate. However, the reactant state for the single
NOS with Cys22 is thermodynamically favoured by
8 kcalmol� 1, which could potentiate its formation over the
single NOS with Cys44. Step (b) corresponds to the
recombination of the radicals leading to the SONOS
formation. No significant differences are observed for the
kinetic barriers so the preference for the single NOS

Figure 5. Energy diagram of NOS. The heterolytic and homolytic pathway corresponding to the dissociation of thio-(hydro)peroxy acid (computed
without Lys).[62]
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formation with Cys22 is attributed to the relative reactant
stability, or specific environment effects (e.g., exposure to
solvent and oxidant species). In the case where two Cys
residues are present, one also needs to consider the
possibility of disulfide bond formation. In order for SONOS
to be formed, the barrier for S� S formation needs to be
somewhat higher. A well established reaction mechanism
based on PBE50/6-311+ +G** calculations has been pro-
vided by Hagras et al.[63] using hydrogen peroxide as oxidant.
A deprotonated Cys can be oxidised to sulfenic acid with a
reaction barrier of 18.6 kcalmol� 1 (11.3 kcalmol� 1 from this
work in Figure 2). The further cross-linking reaction forming
the disulfide from sulfenic acid and thiol (the neighboring
Cys) was reported to be 15.4 kcalmol� 1. The value is
obtained with a microsolvation model, including two water
molecules. We performed a conformer sampling using
CREST2.11.1[64,65] for the transition state of this cross-linking
step and optimized the conformers using the same level of
theory as in the other reactions we are reporting
(B3LYP� D3(BJ)/def2-TZVPD//B3LYP� D3(BJ)/def2-
SVPD) followed by IRC-calculations. The reaction barriers
for the 18 conformers found are distributed in the range of
8.9–12.5 kcalmol� 1 (Figure 7), which is much lower than that
from Hagras et al. with the Lys assisting the proton transfer.
Averaging the conformers with their Boltzmann-factors and
applying the conformational entropy correction (at
298.15 K) yields an effective reaction barrier of
10.7 kcalmol� 1. Removing the Lys residue and the con-
straints on the Cα atoms gives the general case for a disulfide
bond formation, and the corresponding barriers lie in the
range of 15.5–22.3 kcalmol� 1. The lowest barrier is in good
agreement with the values obtained by Hagras et al.[63] In
summary, the two Cys residues have to overcome a barrier
of 11.3 kcalmol� 1 (for the sulfenic acid formation) followed

by a barrier of at least 8.9 kcalmol� 1 to build the disulfide
bond, both of which are higher than the largest barrier
found on the way of forming SONOS (7.6 kcalmol� 1 in
Figure 6). Moreover, considering the extensive search we
performed to find the lowest possible barrier for disulfide
formation, there would be an overwhelming kinetic advant-
age for SONOS when two Cys residues are found in close
proximity.

Figure 6. Energy diagram of SONOS. (a): The attack of *OH on the formed NOS. (b): The recombination of *O and *N. The energies and curves in
red represent the situation where the NOS-bridge is first built by Lys61 with Cys22 and blue for the NOS-bridge formation with Cys44.[62]

Figure 7. The computed energy diagram of the disulfide bond forma-
tion involving 18 conformers. The conformers with the lowest
transition state barriers are represented by the red lines.
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Conclusion

In the present work, the reaction mechanisms for the newly
characterised single and double NOS bonds in proteins are
computationally investigated. More than 30 reactions were
considered for oxidation pathways involving different ROS.
The results indicate that the sulfinic acid is thermodynami-
cally very favoured and so its formation would lead the
reaction to a dead end. An intermediate with a lower sulfur
oxidation state is required for the formation of the NOS
bond. The sulfenic acid is shown to be a suitable candidate
but its overoxidation could potentially lead to the formation
of the sulfinic acid. In this vein, the thio-(hydro)peroxy acid
is shown to be another potential oxidation intermediate
which allows the formation of the NOS bond. Several
different oxidant agents are considered and it is shown that
radical derivatives of H2O2 are readily able to form this
intermediate. Redox potentials clearly show that the process
should be reversible, which is further supported by the
computed activation barriers. For the formation of the single
NOS, the homolytic dissociation of thio-(hydro)peroxy acid
is shown to be a likely step in the reaction mechanism,
avoiding the formation of the thermodynamic trap, the
sulfinic acid. The double NOS bond formation is then
observed to take place through the same reaction mecha-
nism, departing from an already formed single NOS bond
and a readily oxidised Cys residue. This carries consequen-
ces for the one known system sporting a SONOS bridge,
namely the main protease of SARS-CoV-2. The preference
for the single NOS formation with Cys22 is concluded to
occur due to higher thermodynamic stability of the reactant
state, and could be involved in a conformational change in
the second participating Cys.[6] The preference of forming
SONOS against disulfide due to a thermodynamic stability is
also demonstrated. Further work in our lab include examin-
ing the potential impact of the enzyme environment in the
reported barriers (for a few selected systems). This work is
exploratory, giving a broad perspective of the reactivity
leading to NOS formation. The absolute barrier values
should be taken with caution, given the model approach
taken, and the use of DFT. Multireference effects will
clearly affect the reaction barriers involving singlet oxygen,
but also the relative barriers involving oxidation state
changes to the sulfur atom should be taken with caution.
Similar reactions studied in atmospheric chemistry[66] show
that the level of theory can significantly impact the barriers.
This involves, however, high-level wave function methods
that do not allow for the broad scope intended in this work.
We aim in the future to revisit individual steps of the
presented reaction network and over time refine the data
for kinetic modelling of the rich redox chemistry of Cys
residues. Parallels to atmospheric chemistry would also be
of interest, given that chains of electronegative atoms also
form naturally under those conditions,[67] hinting at the role
of partial desolvation and/or the locality of reaction sites.
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