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ABSTRACT: In this work, quantum mechanical calculations and Monte Carlo statistical oy~ + 2NO®
mechanical simulations were carried out to investigate the solvation properties of HNO
in aqueous solution and to evaluate the proton-coupled one electron reduction potential
of 2NO to 'HNO, which is essential missing information to understand the fate of INO
in the biological medium. Our results showed that the "HNO molecule acts mainly as a
hydrogen bond donor in aqueous solution with an average energy of —5.5 + 1.3 kcal/
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mol. The solvation free energy of '"HNO in aqueous solution, computed using three

approaches based on the linear response theory, revealed that the current prediction of the hydration free energy of HNO is, at
least, 2 times underestimated. We proposed two pathways for the production of HNO through reduction of NO. The first
pathway is the direct reduction of NO through proton-coupled electron transfer to produce HNO, and the second path is the
reduction of the radical anion HONO®~, which is involved in equilibrium with NO in aqueous solution. We have shown that
both pathways are viable processes under physiological conditions, having reduction potentials of E° = —0.161 Vand E*’ & 1V
for the first and second pathways, respectively. The results shows that both processes can be promoted by well-known biological
reductants such as NADH, ascorbate, vitamin E (tocopherol), cysteine, and glutathione, for which the reduction potential at
physiological pH is around —0.3 to —0.5 V. The computed reduction potential of NO through the radical anion HONO®~ can
also explain the recent experimental findings on the formation of HNO through the reduction of NO, promoted by H,S, vitamin
C, and aromatic alcohols. Therefore, these results contribute to shed some light into the question of whether and how HNO is
produced in vivo and also for the understanding of the biochemical and physiological effects of NO.

B INTRODUCTION

Nitric oxide (NO®) is an important signaling molecule and
plays a key role in a wide variety of biochemical and
physiological processes in the human body as, for instance,
modulation of the immune and endocrine response,
cardiovascular control, regulation of blood pressure, neuro-
transmission, induction of apoptosis, among others.' ™'’ The
discovery that NO is involved in controlling the vascular tone,
as the elusive endothelial-derived relaxing factor (EDRF)," has
stimulated much research on the biochemical functions and
possible therapeutic applications®™ " of NO, and in 1992, NO
was named “Molecule of the Year” by Science.''

Historically, NO® reduction to HNO/NO™ in aqueous
solutions has been considered to not be relevant in biological
media, taking into account that the reduction potential of NO*
is quite negative and outside of the biologically compatible
range (E°(NO®/NO~) = —0.81 V vs NHE)."”"’ At
physiological pH, this process renders the protonated species
'HNO, and as estimated by Lymar and co-workers," it has a
less negative redox potential, being E°(NO®, H*/HNO) =
—0.14 V vs NHE and E°’ = —0.55 V (pH 7)."” However, it
should be mentioned that biological reducing agents such as
NADH and cysteine have reduction potentials around —0.3 V.
Therefore, one electron reduction of NO* to HNO at pH ca. 7
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is still not a biologically favorable process when the estimated
value of —0.14 V is taken as a reference. Moreover, it has been
recently shown that NO can be reduced to "HNO by ascorbate
(vitamin C) and aromatic alcohols,"*"* i.e., those alcohols that
have a tendency toward the formation of more stable free
radicals RO® by oxidation. In all cases, the redox potential is
unfavorable for NO reduction (E°’(RO®, H*/ROH)) at pH 7
ranges from +0.10 to +0.97 V for these alcohols. At this point, it
is relevant to mention that E°(NO°®, H*/HNO) cannot be
measured directly due to the irreversibility of the NO*/HNO
redox couple. The assessment reported by Lymar'* was done
assuming AGP(HNO(aq) ~ 115 kJ/mol.” However, if this
number is overestimated, the NO®*/HNO redox couple could
be inside the thermodynamic range of many biological
reductants. As an example, if E°(NO®, H*/HNO) were shifted
0.3V (e, E° ca. +0.16 V), then E°” would be —0.25 V at pH 7,
a redox value compatible with NADH and cysteine oxidation.
In fact, as we shall see later, the estimated solvation free energy
of 'THNO (between —1.7 and —5.0 kJ/mol) made by Lymar
and Shafirovich is indeed underestimated, and this under-
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estimation has an important impact in the calculation of the
NO*/HNO reduction potential.

Computational chemistry calculations have assisted the
understanding of several structural, spectroscopic, and mech-
anistic properties related to the chemistry and biochemistry of
HNO and NO.'® However, despite the size of the system, the
proton-coupled electron transfer reduction of NO to 'HNO in
aqueous solution, as far as we know, has not yet been addressed
by these calculations. The theoretical treatment of the
NO/'HNO reduction potential in aqueous solution is also a
challenging process for computational studies, requiring the
correct description of the solvent media, representation of the
proton in solution, and also an adequate electronic structure
method to treat these species in different electronic states. We
believe that the correct estimation of the NO*/HNO reduction
potential is essential to shed some light onto the question of
whether and how HNO is produced in vivo, contributing to the
understanding of the biochemical and physiological effects of
NO.

In this context, in this work, we have combined Monte Carlo
statistical mechanics simulations and quantum mechanical
calculations to investigate the solvation of HNO and the
proton-coupled electron transfer reduction potential of NO*®/
HNO. As we shall see, the solvation free energy of HNO is at
least 2 times more favorable than the actual estimated value,
and the NO°®/HNO reduction potential can be as much as +1 V
at physiological pH, meaning that NO can indeed be reduced
to HNO in biological media.

B THEORETICAL DETAILS

Equilibrium geometries and numerical frequencies for the NO
and HNO molecules were obtained at the density functional
theory'” level, using the TPSSh exchange-correlation func-
tional,"® second order Moller—Plesset perturbation theory,"’
and coupled-cluster theory with single, double, and interactive
triple excitations, CCSD(T)."”~*' For both methods, the def2-
TZVP, def2-TZVPP, def2-QZVP, and def2-QZVPP basis sets*>
were employed. Gas phase Gibbs free energy contribution to
the reduction potential was obtained directly from the
numerical frequency calculations. The solvation free energy
contributions were obtained from single-point calculations, at
the optimized geometries, using the SMD model of Truhlar and
Cramer,” with the electrostatic contribution to the solvation
free energy obtained using the conductor-like screening model
(COSMO) of Klamt,** hereafter called the COSMO/SMD
approach.

In order to better understand the behavior of HNO in
aqueous solution, Monte Carlo (MC) statistical mechanical
simulations™> were carried out in the NpT ensemble at 298 K
and 1 atm. The simulations were composed of one solute
molecule (the HNO molecule) and 800 water molecules in a
cubic box of 28.866 A per side, applying the 2periodic boundary
conditions and minimum image convention.” The system was
equilibrated with 40,000 MC steps, followed by an additional
averaging stage of 60,000 MC steps to obtain the
thermodynamic properties. A new configuration is generated
after all solvent molecules sequentially attempt to translate in
all Cartesian directions and also attempt to rotate around a
randomly chosen axis. Therefore, the total number of
configurations generated by the MC simulation was 48 X 10°.
The energy at each MC step was evaluated using a classical
intermolecular pair potential com}gosed of the 12—6 Lennard-
Jones (LJ) plus Coulomb terms.”> The water molecules were
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described with the TIP3P model*® and the solute molecule by
the OPLS force field,”” with the atomic charges obtained
through the CHELPG method.”®

To reduce the number of supermolecular clusters submitted
for quantum mechanical calculations (vide infra), the
configurations were selected according to the autocorrelation
function of the energy.”””° From this a total of 150
uncorrelated configurations were selected, with less than 5%
of statistical correlation, and used in the quantum mechanical
calculation. All Monte Carlo simulations were performed using
the DICE program developed by Canuto and Coutinho.”!

The solvation free energy of 'HNO was computed using
three different approaches. The first approach comes from the
linear response theory (LRT)**** and is shown in eq 1:

AG

solvent >
solv

1 luster
= E<Aljshort> + <E(§ielSte - Ediel

(1)
This approach, proposed by Pliego Jr. and co-workers,”* has
been used to obtain solvation free energies of ions in aqueous
solution. The first term on the right describes the average value
of the energies involved in the solute—solvent short-range
interactions (hydrogen bonds in the present case). This term
was obtained through single point energy calculations at the
TPSSh/Def2-QZVP level of theory on every hydrogen bonded
uncorrelated configuration obtained from the Monte Carlo
simulation. The second term of eq 1 describes the solute—
solvent long-range dielectric interaction. It is divided into two
terms: (i) the dielectric interaction between the hydrogen
bonded cluster with the dielectric, ES%', and (ii) the dielectric
interaction of only the solvent molecules (in their geometries of
the cluster) composing the cluster, Ehent The dielectric
interactions were obtained through single point calculations
using the COSMO model.”> In the 150 uncorrelated
configurations analyzed, only 101 configurations show hydro-
gen bonds; therefore, the computation of the first term of eq 1
involved 202 single point energy calculations at the TPSSh/
Def2-QZVP level of theory. For the computation of the second
term of eq 1, an additional 202 single point energy calculations
at the TPSSh/Def2-QZVP/COSMO level were performed.
Therefore, the computation of the solvation free energy
following eq 1 involved a total of 404 single point energy
calculations.

The second approach used to obtain the solvation free
energy of "HNO was to employ the expression derived from
the LRT, proposed by Carlson and Jorgensen,*

AG, = a(Ugw + Uye) + 7(SASA)

solv

)

where the constants @ = 0.310 and y = 0.014 kcal-mol™"-A™2
were obtained by Carlson and Jorgensen™ though a linear
fitting procedure to reproduce the experimental free energy of
hydration of 13 organic molecules of different sizes and
functions. Using Monte Carlo simulations with the OPLS force
field,”” the fitting procedure generated an rms deviation of 0.88
kcal/mol compared with the experimental values. The first term
on the right side of eq 2 is the average solute—solvent
interaction energy obtained straight from the Monte Carlo
simulation (energies from the Coulomb + LJ intermolecular
interaction potential), and the second term is the contribution
from the cavitation energy being proportional to the solvent
accessible surface area (SASA) of the solute. The advantage of
using this approach is that the necessary data comes straight
from the Monte Carlo simulation and there is no need for
additional quantum mechanical calculations. The third
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approach used to compute the AG,,, of "NHO was employing
the SMD/COSMO approach at the TPSSh/Def2-QZVP level
of theory.

All quantum mechanical calculations regorted in this work
were performed with the ORCA program.™

B RESULTS AND DISCUSSION

Solvation of HNO. The molecular structure of 'HNO, used
in the MC simulation, was optimized at the TPSSh/Def2-
QZVP level and shows ryy = 1.065 A, ryo = 1.201 A, and
£HNO = 108.64°. Figure 1 shows the radial pair distribution,

S L 1 L 1 I I
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1 1
10 11 12

Figure 1. Radial pair distribution functions, g(r), involving HNO and
water. Hygo—Oyy is the g(r) between the hydrogen atom of HNO and
the oxygen atoms of water. Nyyo—Hy is the g(r) between the
nitrogen atom of HNO and the hydrogen atoms of water. Oyo—Hyw

is the g(r) between the oxygen atom of NHO and the hydrogen atoms
of water.

g(r), between HNO and water. The g(r) involving the
hydrogen of HNO and the oxygen of water shows a sharp
peak, starting at 1.6 A and centered at 1.95 A, typical from
hydrogen bonding interactions. Integration of this g(r) from 1.6
to 2.65 A gives an average of 1.04 water molecules as nearest
neighbors. On the other hand, the g(r) involving the nitrogen
and oxygen atoms of HNO with the hydrogen of water do not
show hydrogen bonding peaks. The g(r) between the nitrogen
and the hydrogen of water shows a well-defined first peak
centered at a long distance of 3.65 A. This corresponds to the
average distance that the hydrogen atom of water stays from
the nitrogen of HNO in the first solvation shell, along the entire
simulation. The first solvation shell of the oxygen atom of
HNO shows the hydrogen atoms of the solvent at an even
further average distance of 4.15 A. These structural results show
that the nitrogen and oxygen atoms of HNO are not involved
in hydrogen bonds with the solvent.

Hydrogen bonds are also obtained using a geometric and
energetic criterion. We consider a hydrogen bond formation
when the distance is RDA < 3.2 A, the angle is ZAHD < 30°,
and the interaction energy is lower than 0 kcal/mol. That is, all
stabilizing interaction that satisfies the geometric criteria is
considered as a hydrogen bond. The results of the hydrogen
bond analysis are quoted in Table 1. From the 150 uncorrelated
configurations, only in 101 configurations do we obtain
hydrogen bonds, meaning that in only 67.3% of the
configurations the HNO makes hydrogen bonds with the
solvent. In these 101 configurations, 87 show only one
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Table 1. Statistics of the Hydrogen Bonds (HBs) Formed
between 'HNO and Water”

occurrence ener average distance

HB site of HNO (%) (kcal/mol) (A)
H 95 (79.8) -55+13 1.998 + 0.121
N 3(2.9) -1.7 + 04 2.268 + 0.025
0 21 (17.7) -19 £ 0.7 2.130 + 0.121

“Statistics of the hydrogen bonds in the 101 configurations in which
HNO makes HBs with the solvent.

hydrogen bond, corresponding to 86.1%, 12 configurations
show two hydrogen bonds (11.9%), and only 2 configurations
show three hydrogen bonds corresponding to only 2% of the
configurations. Therefore, in the majority of the configurations,
the HNO molecule makes only one hydrogen bond with the
solvent. In these 101 configurations, we found a total of 119
hydrogen bonds. As can be seen in Table 1, the main hydrogen
bond making site is the hydrogen atom of HNO for which we
found 95 hydrogen bonds with the oxygen of the water
molecules, corresponding to 79.8% of the hydrogen bonds. The
oxygen atom appears as a hydrogen bond acceptor 21 times,
corresponding to 17.7% of the hydrogen bonds, and hydrogen
bonds involving the nitrogen atom as an acceptor appear only 3
times (2.5%). Representative examples of hydrogen bonded
structures of HNO with one, two, and three solvent molecules,
obtained from the 150 uncorrelated configurations from the
MC simulations, are shown in Figure 2.

Figure 2. Representative examples of hydrogen bonded structures of
HNO with one, two, and three solvent molecules, obtained from the
statistically uncorrelated configurations from the Monte Carlo
simulation.

The energies involved in the hydrogen bonds are also quoted
in Table 1. The hydrogen atom of 'HNO makes stronger
hydrogen bonds with the solvent, with an average value of —5.5
+ 1.3 kcal/mol. The nitrogen and oxygen atoms of HNO make
hydrogen bonds with average values of —1.7 + 0.4 and —1.9 +
0.7 kcal/mol, respectively.

The hydration free energy of HNO was computed using the
linear response theory (LRT) approaches represented by eqs 1
and 2, and also using the SMD/COSMO solvation model, and
the results are quoted in Table 2. As we can see, all methods
produce much higher solvation free energies than the estimated
value'” (between —1.7 and —5.0 kJ/mol) on the basis of
structural analogies with HCN and H,CO. This difference can
certainly be attributed to the hydrogen bonds formed when
"HNO is solvated. The hydration free energy of —1.68 + 0.78
kcal/mol calculated using eq 2, with the average solute—solvent
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Table 2. Solvation Free Energy of "HNO Obtained by
Different Approaches

approach” G,y (kcal/mol)
AG,' = %(AU;M) + (Egate — Egn™) (=417 + 0.95)
AG," = a(Ugw + Uy) + 7(SASA) (~1.68 + 0.78)"
AG,,,} = COSMO/SMD —462

“See the Theoretical Details section for a description of the methods
used. “The solvent surface area (SASA) of HNO (152.60 A%) was
computed using the molecular surface module of MarvinView
package.”® The average solute—solvent energy, (Ugqw + Uy =
—12.30 + 0.78 kcal/mol was obtained straight from the MC

simulation.

interaction energy from Monte Carlo simulation, is more than 2
kcal/mol higher than —4.17 + 0.95 kcal/mol, obtained using
the more time-consuming approach from eq 1. It is worth
noting that the result obtained with the SMD/COSMO
protocol (—4.62 kcal/mol) is close to the results obtained
with the sequential Monte Carlo/quantum mechanical treat-
ment from eq 1. Unfortunately, the experimental hydration free
energy of HNO is unknown. However, both methods used in
this work show that the estimated solvation free energy of
"HNO used to obtain the experimental reduction potential
INO/'HNO is, at least, 2 times underestimated.

2NO*/"HNO Reduction Potential. The reduction potential
of NO/HNO was computed using eq 3, as described by
Ruligek*®

E° [V] = 2721(G,, [au] — G4 [au]) — EJ (NHE) [V]

©)
where G,/..q is the Gibbs free energy of the oxidized/reduced
forms and E%,(NHE) is the absolute potential of the normal
hydrogen electrode for which, in this work, we used the
recommended value of 4.281 V suggested by Isse and
Gennaro.”” The Gibbs free energy of the species is obtained
using eq 4

G=E

‘elec—nuc term (4)

where AG,,, is the solvation free energy, G, is the thermal
contribution to the gas phase Gibbs free energy, obtained
within the rigid rotor/harmonic oscillator approach, and
Eeec—nuc is the electronic—nuclear energy of the species. From
eq 4, it can be seen that the solvation Gibbs free energy and the
electronic energy are the main contributions for the
computation of the reduction potential, since the thermal
contributions are usually small and cancel out among the redox

+ AG

solv

+ G,

pair. The Gibbs free energy of solvation was obtained using,
initially, the SMD/COSMO model. The approach used here
has been used successfully to describe the reduction potential of
transition metal compounds.*®**

In order to validate this approach, we first applied it to
describe the reduction potential of similar NO species for
which experimental data are available, as those shown in Table
3. The effect of basis set and electronic structure methods on
the computed reduction potential was tested for the reduction
of nitric oxide to the nitroxyl anion (*NO/>NO~), which has a
reduction potential of E° = —0.8 + 0.2 V vs NHE."” The
reduction potential was computed using the structure and
harmonic frequencies of NO and *NO~ obtained at the DFT,
MP2, and CCSD(T) levels of theory, with different basis sets,
as shown in Table 4. As can be seen, the TPSSh functional

Table 4. Computed (*NO/>NO~) Reduction Potentials with
Different Basis Sets and Theoretical Methods

E°(®NO/*NO™) vs NHE [V]

basis set TPSSh MP2 CCSD(T)
Def2-TZVP —-091 —-1.13 —1.13
Def2-TZVPP —-0.91 -1.13 —-1.23
Def2-QZVP —0.83 —0.98 —1.06
Def2-QZVPP —0.83 —-0.98 —1.06

provides much better results than MP2 and CCSD(T). The
TPSSh/Def2-QZVP value of —0.83 V is in very good
agreement with the experimental value of —0.8 + 0.2 V. The
CCSD(T) results provide the larger deviation (0.25 V) from
the experimental value. Therefore, it seems that the protocol to
compute the reduction potential, applying the SMD solvation
model to obtain the solvation free energies, works better
employing DFT methods in the electronic structure part. The
hybrid meta-GGA functional TPSSh provides good results, as
was also obtained for transmon metal compounds.*®

We have recently shown® by ab initio molecular dynamics
that °NO in aqueous solution is involved in a reversible
equilibrium, starting around 700 fs, generating the radical anion
species HONO®™, according to Scheme 1. This radical anion

Scheme 1

- 2810 - 2 . —
OHaq) + NO'(yq) ~ = 2HONO(,

species can trap one electron and, therefore, be involved in a
competitive reduction process with 2NO, as shown in Scheme
2, opening up a new pathway for the reduction of *NO to

Table 3. Computed and Experimental Reduction Potentials for Some NO Compounds vs NHE

reaction couple Eped®“ (V)
2NO + e”/ONNO™ —-0.1+03
HONNO + H;0* + e”/HONNOH + H,0 1.6 + 0.3
NO + ¢7/>°NO~ —0.9 + 03
NO, + ¢/ NO,” 0.6 + 03
NO, + e”/ NO,~ 19 + 0.3

NO, + H* + ¢7/'HNO,
2NO + H' + ¢ /'HNO

E° P (V), this work .2 (V)
-0.16 —038
1.70 1.75
—0.83 —0.81
0.69
2.11
1.34 1.09¢
027 —0.14°

“Values computed by Dutton and co-workers** at the CBS-QB3 level of theory. Values computed at the TPSSh/Def2-QZVP/COSMO(SMD)
level, treating the proton as Zundel ion [H,O—H—OH,]". “References 43 and 47. 9Obtained through the equilibrium constant of the N,Oy,)/
2NO,(,) and the AG value for the N,O,p), 2H', 2¢7/2HNO,,q) reaction. “Taken from ref 12.
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Scheme 2

OH'(yq)* NOfyy) === ZHONO()

+e
(A) +H;0"

NO () + 2H,0

(B)

*NO™. The reduction potential for pathway B in Scheme 2 was
also computed at the TPSSh/Def2-QZVP/SMD level, yielding
a positive reduction potential of E° = 1.7 V. Therefore, these
two competitive reduction pathways may be the source for the
different, sometimes positive, experimental values reported for
the reduction potential of 2NO to *NO7, as was said previously.

The gas phase TPSSh/Def2-QZVP optimized structures, as
well as Cartesian coordinates, used to compute the reduction
potential of all species quoted in Table 3, can be found in the
Supporting Information. In general, as can be seen in Table 3,
our TPSSh/Def2-QZVP/SMD protocol provides good results
for the reduction potential of NO, species as compared with
the experimental values and they are also in line with the values
predicted by Dutton et al,** with energetics obtained at the
CBS-QB3 level of theory and solvation energies obtained
through the C-PCM model. Since the reduction potential for
the 2NO, H*/'HNO couple is not known experimentally, we
used a similar process, *NO,, H'/'HNO,, in which the
reduction proceeds through a proton-coupled electron transfer
(PCET) to the doublet reactant (*NO,) to generate the singlet
product (*HNO,). For this process, the proton was treated as
the conventional H;O* and as the Zundel ion [H,O--H-
OH,]*.* The experimental value for this process (1.09 V vs
NHE) was obtained through the equilibrium constant for the
reaction N,0,(g) = 2NO,(g) (0.137 + 0.001 atm)* and the
AG value for the reaction N,O4(g) + 2H" + 2 —
2HNO,(aq) (—210.44 kJ/mol).”” The TPSSh/Def2-QZVP/
SMD computed reduction potential using the H;O" cation is
1.78 V, which deviates 0.69 V from the experimental estimation.
However, treating the proton as a Zundel cation improves the
results reducing the computed value to 1.34 V with a much
acceptable deviation of 0.25 V compared with the experiment.
It is worth mentioning that the reduction potential for the
radical anion shown in Scheme 2 also reduces to 1.420 V vs
NHE, when the proton is treated as the Zundel cation. The
reason for the better agreement between the computed
reduction potentials with the experimental values can be
attributed to the higher stability of the Zundel cation in water.
These results show that the Zundel cation is more appropriate
to calculate the PCET reduction potentials.

After validating our protocol, the reduction potential of
*NO* to "HNO was then computed according to Scheme 3. As

Scheme 3

NOfyq) + [HyO--H--OH, ] (4q) +& —— 'HNOygq + 2H,0

was empbhasized in the Introduction, the determination of the
reduction potential E°(*NO, H'/"HNO) is of great importance
due to the inherent difficulty associated with the instability of
HNO in aqueous environment. Also, the accurate determi-
nation of this reduction potential may contribute enormously
to the understanding of the genesis and reactivity of "HNO in
the biological environment. As is shown in Table 3, the
computed reduction potential E°(*NO, H'/'HNO) at the
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TPSSh/Def2-QZVP/SMD level was 0.270 V vs NHE. It is
worth noting that treating the cation as H;O" the reduction
potential obtained is 0.579 V, which is more than twice the
value obtained with the Zundel ion. Our results, therefore,
show that the reduction of *NO* to 'HNO is a favorable
process and, thus, very different from the reported value of
—0.14 V obtained by Shafirovich and Lymar,'* which was
obtained using the experimental values for the enthalpy of
formation*' and standard entropy of HNO* and standard
Gibbs free energy of formation of NO* and assuming that the
hydration energy of HNO is in the same order of magnitude of
HCN and H,CO (approximately —5 and —1.7 kJ/mol,
respectively). However, as we have shown in this work, the
hydration free energy of "HNO is at least 2 times greater than
the estimated value and, therefore, may have an important
impact on the calculation of the reduction potential.

The theoretical results presented in this work, in congunction
with our previous ab initio molecular dynamics study,”” give us
support to propose the processes shown in Figure 3, which can

OH™ + 2NO* ——= 2HONO*~
+ \A)\ (B)
H;0" + ¢ H;0" + e
E°=-0.161 V E°=0.989 V

'THNO + xH,0

Figure 3. General scheme for the reduction of NO to HNO. x = 1 in
pathway A, and x = 2 in pathway B.

be involved in the reduction of NO to HNO in aqueous
solution. NO is involved in equilibrium with the radical anion
HONO®™ which opens two possible pathways for the reduction
of NO, as shown in Figure 3. According to our calculations, the
direct reduction of NO by proton-coupled electron transfer in
pathway A has a reduction potential of E° = 0.270 V vs NHE
and E° = —0.161 V at physiological pH (pH 7). HNO can also
be formed through the reduction of the radical anion species,
following pathway B, with a reduction potential of 1.420 V vs
NHE and E® = 0.989 V at pH 7. Our results show that the
direct reduction of NO through pathway A is a viable process
under physiological conditions, since E°" = —0.161 V is higher
than the reduction potential around —0.3 V of well-known
biological reductants such as NADH, vitamin C (ascorbate)'®
and vitamin E (E° = —0.48 V),"* cysteine, and glutathione.
According to our calculations, the formation of HNO can be
even more favorable through pathway B, with E°" = 1 V.
Interestingly enough, this new reduction potential can explain
several redox processes involving the direct reduction of NO to
HNO. For instance, Filipovic and co-workers have recently
shown that HNO can be produced in vivo by the reaction of
NO or nitrosyl species with H,S.**™>* This reaction would
never happen considering the computed reduction potential
E°’(NO, H*/HNO) = —0.161 V (at pH 7), since E°’(S*",
2H/H,S) = E°(S*", H'/HS™) = 092 V at pH 7.°" The
reduction potential computed for route B can explain this redox
process, since E°’ = (HONO®~, H*/HNO) = 0.989 V at pH 7.
In addition, Doctorovich and co-workers have recently shown
that NO can be reduced to "HNO by vitamin C and aromatic
alcohols."™"® However, in all cases, the redox potential is
unfavorable for NO reduction (E°'(RO®, H'/ROH)) at pH 7
ranges from +0.10 to +0.97 V for these alcohols. These redox
processes can also be explained by the reduction potential E*’
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(HONO®~, H"/HNO) = 0.989 V found in route B. Therefore,
it seems that the radical anion HONO®™ may play an important
role in the direct reduction of NO to HNO. It should be
mentioned, however, that the route leading to the formation of
this species is limited by the equilibrium constant involving NO
and the radical anion HONO®™ which, according to our
estimations, should be small. The experimental detection of this
species is not an easy task; efforts in this regard are underway as
well as the experimental investigation of the reaction of
biological reductant agents with NO, and the results will be
published in the near future.

It is worth mentioning that the reduction potentials
computed here for pathways A and B are based on the
computation of thermodynamical quantities, that is, the Gibbs
free energy of reaction involved in the proton-coupled electron
transfer reduction. However, the reactions involved in pathways
A and B are spin forbidden and, therefore, the spin crossover of
the intermediates along the proton-coupled electron transfer
can also influence the reaction. The calculations reported here
cannot take into account these nonadiabatic effects. Studies
employing the non-adiabatic transition state theory (NA-
TST)>> to investigate these reactions are in progress.

B CONCLUSIONS

In this work, quantum mechanical calculations and Monte
Carlo statistical mechanical simulations were carried out to
investigate the solvation properties of HNO in aqueous
solution and to evaluate the reduction potential of *NO to
"HNO, which are essential missing information to understand
the fate of 2NO in the biological medium.

Our results showed that the "HNO molecule acts mainly as a
hydrogen bond donor in aqueous solution with an average
energy of —5.5 &+ 1.3 kcal/mol. The frequency of hydrogen
bonds on the nitrogen and oxygen atoms acting as acceptors is
small, with average energies of —1.7 & 0.4 and —1.9 + 0.7 kcal/
mol, respectively. The solvation free energy of 'HNO in
aqueous solution was computed using three different
approaches, two based on the linear response theory and the
other based on the COSMO/SMD continuum approach. The
solvation free energy was computed as —4.17 + 0.95 and —1.68
+ 0.78 kcal/mol for the two approaches based on LRT and
—4.62 kcal/mol using the COSMO/SMD approach. These
results revealed that the hydration free energy of '"HNO is at
least 2 times greater than the value of —5 kJ/mol estimated
previously on the basis of chemically related compounds."

We proposed a computational protocol to obtain the
reduction potential in which the electronic energies of the
involved species are treated at the TPSSh/def2-QZVP level of
theory and the solvation energies are obtained through the
SMD model, with electrostatic interactions computed with the
COSMO model. The method was calibrated with reactions
involving NOx species, and the results are in good agreement
with the experimental measurements. We also have shown that,
for the reduction processes involving proton transfer, treating
the proton as a Zundel cation significantly improves the results.

Combining with our previous ab initio molecular dynamics
simulation of NO in aqueous solution, we proposed two
pathways for the production of HNO through reduction of
NO. The first pathway is the direct reduction of NO through
proton-coupled electron transfer to produce HNO and the
second path is the reduction of the radical anion HONO®",
which is involved in equilibrium with NO in aqueous solution.
We have shown that both pathways are viable processes under
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physiological conditions, having reduction potentials of E°’ =
—0.161 V and E°" = 1 V for the first and second pathways,
respectively. The results show that both processes can be
promoted by well-known biological reductants such as NADH,
vitamin C, vitamin E, cysteine, and glutathione, for which the
reduction potential is around —0.3 to —0.5 V. In addition, the
computed reduction potential of NO through the radical anion
HONO®™ can explain the recent experimental findings on the
formation of HNO through the reduction of NO, promoted by
H,S,*>” vitamin C, and aromatic alcohols.'*'> Therefore, we
believe that results presented in this work may contribute
significantly to shed some light onto the question of whether
and how HNO is produced in vivo and also for the
understanding of the biochemical and physiological effects of
NO.
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