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ABSTRACT: Azanone (nitroxyl, HNO) is a highly reactive compound whose biological role is still a matter of debate. One possi-
ble route for its formation is NO reduction by biological reductants. These reactions have been historically discarded due to the
negative redox potential for the NO,H+/HNO couple. However, the NO to HNO conversion mediated by vitamins C, E and aro-
matic alcohols has been recently shown to be feasible from a chemical standpoint. Based on these precedents we decided to study
the reaction of NO with thiols as potential sources of HNO. Using two complementary approaches, trapping by a Mn porphyrin,
and an HNO electrochemical sensor, we found that under anaerobic conditions aliphatic and aromatic thiols (as well as selenols) are
able to convert NO to HNO, albeit at different rates. Further mechanistic analysis using ab-initio methods show that the reaction
between NO and the thiol produces a free radical adduct RSNOH*, which reacts with a second NO molecule to produce HNO and a
nitrosothiol. The nitrosothiol intermediate reacts further with RSH to produce a second molecule of HNO and RSSR, as previously

reported.

HNO (nitroxyl, or azanone), is an increasingly important bi-
ochemical active molecule, whose elusive nature originates in
its extremely fast dimerization (kg, = 8 x 10° M'ls'l), that
limits its maximum concentration and life time." It also reacts
fast with NO (k = 5.6 x 10° M's™),? thiols (k =3 x 10° M™'s™),
% metalloproteins (k= 0.5—5x 10°M's™) °** and at moder-
ate rate with oxygen (k=3 x 10° M''s™")."'*"* Given the men-
tioned instability, azanone donors are used in most
(bio)chemical studies.'”” The biological relevance of HNO
has two main aspects. The first one concerns the study of its
pharmacological effects - mainly related with the cardiovascu-
lar system, including the treatment of heart failure'®'® and the
elucidation of its overlapping and differential reactivity with
NO. The second aspect, and most relevant in the present case,
concerns the possibility of its endogenous production.'”?'
Enzymatic proposed physiological relevant routes to HNO,
concern oxidation of arginine,”" > or the reaction of NO*' or
nitrosyl species® with H,S.”> Although they make a strong
point for enzymatic HNO production, it should be stressed that
none of them has been confirmed in-vivo."

The chemical (non-enzymatic), biological compatible,
routes to HNO have been much less pursued.”® The most direct
route, chemical reduction of NO, has been historically dis-
carded, possibly due to the negative reduction potential of —0.8
V proposed for the NO/NO™ couple.”” However, at physiolog-
ical pH, 'HNO is expected to be the main species with an
estimated E° (NO,H/'"HNO) ~ —0.11 V, becoming —0.55 V at
pH 7.7 Furthermore, this value is nowadays under revision:
recently Rocha et. al. computed E° (NO,H/'HNO) =~ -0.16 V
at pH 7 in aqueous solution, using quantum mechanical calcu-
lations and Monte Carlo statistical mechanical simulations.”®

Moreover, the reduction of NO to HNO is necessarily coupled
to other reactions that produce compounds such as N,O, which
could drive the reaction forward, overcoming an unfavorable
thermodynamic barrier.”** This chemical reductive route
recently received key support, showing that NO can be
converted to HNO by hydrogen sulfide (H,S)* or aromatic
alcohols (i.e. ascorbic acid, tyrosine).”’

H-atom abstraction from thiols could in principle be another
reductive pathway for HNO formation. Early studies showed
that NO “‘slowly’” reacts with thiols leading to formation of
disulfides, N,O and eventually N, Pryor and coworkers
found that anaerobic aqueous solutions of thiophenol (PhSH)
and thiols exposed to NO, result in quantitative formation of
the corresponding disulfides (RSSR).”* This reaction becomes
faster to completion as the pH gets closer to the pKa of the
thiol. However, HNO for mation was ruled-out due to the
observation of base catalysis, despite N,O being a major reac-
tion product. A few years later, Nagasawa and coworkers,
studied the anaerobic reaction of albumin (a thiol-containing
protein) and other biological thiols such as glutathione with
large excess (> 10 times) of NO. These reactions, which took
place in minutes, were shown to produce N,O, and the
corresponding sulfenic acids RS-OH were proposed as inter-
mediates. In both works the initial formation of a thionitroxide
radical RSNOH® was suggested (Scheme 1), but while Pryor
proposed dimerization of the free radical leading to the
disulfide, Nagasawa suggested that it could react with excess
NO, leading to an N-nitroso intermediate that would yield the
sulfenic acid and N,O. The rate constant for the anaerobic
reaction of NO with cysteine at 25 °C was determined to be
3.7 x 10° M's'* assuming the mechanism proposed
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by Pryor.”> The fact that these authors disregarded HNO as a
reaction intermediate, possibly originates in a lack of precise
detection tools for HNO, being all indirect at the moment
(between 1982 and early 2000). In any case, the presence of
N,O as a final product and the observed NO to HNO conver-
sion mediated by alcohols suggest that the reaction of thiols
with NO could involve HNO as an intermediate.

Scheme 1.
RSSR + HON=NOH — N,0 + H,0

RSH +NO
RSN(OH) =, RSOH +N,0

NO

Another important point is related to the formation of nitro-
sothiols (RSNO) and their subsequent reactions, yielding
disulfides and HNO.® On the other hand, HNO reacts with
thiols at a fast rate (ca 10° M'ls‘l) yielding a thiol-bound
hydroxylamine that decays to several thiol oxidized species
including predominantly the disulfide.” N,O release from the
reaction of GSNO and GSH was detected (k ~ 10° M''s™),°
even in the presence of 10 equivalents of GSH. This observa-
tion implies that it is possible to detect HNO in the presence
of an excess of thiol, although it is generated in a "slow" man-
ner and reacts ’’quickly’’ with the free thiol.

Therefore, in this complex scenario of cross reactions be-
tween thiols, NO and HNO, it is of primordial relevance to be
able to detect and quantify HNO in-situ and reliably in small
concentrations to assess its presence unequivocally and under-
stand the underlying reaction mechanisms. For this sake, in
the present work we investigated the rate of HNO production
from the reaction of NO with thiols.

We begin our analysis of the reactions of NO with 1-
hexanethiol (RgSH), cysteine (Cys), benzenethiol (Ph-SH),
and benzeneselenol (Ph-SeH), using Mn(III)TCPP as a trap-
ping agent for HNO.?® Figure 1A (inset) shows the absorbance
changes observed upon addition of Cys to a solution of NO
containing Mn(III)TCPP, which are indicative of porphyrin
conversion to Mn(NO)TCPP due to HNO production (no
reaction with the porphyrin, i.e no spectral changes, are ob-
served either with the addition of NO or any of the thiols
alone during the experimental timescale). Figure 1A shows
that the amount of trapped HNO, as revealed by the growth in
nitrosylporphyrin (Absg4.m), increases with time and is larger
for higher Cys concentrations. Similar results are observed for
the other thiols and selenol (Figure 1B), although the rate and
amount of produced HNO varies in the following order: Ph-
SeH > Ph-SH >> Hex-SH > Cys. This order is possibly relat-
ed to the decreasing stability of the corresponding RSe® or
RS* free radicals (see below).
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Figure 1. A) [Mn(NO)TCPP] produced after mixing 2 mM
NO with Cys 50 uM (blue), 100 pM (green) and 200 pM
(red), duplicated runs. Inset: [Mn(NO)TCPP] (black, t= 4000
sec; grey, t=1500 sec) produced as a function of time by mix-
ing NO (2 mM) with Cys (200 uM) in the presence of
Mn(III)TCPP (1 pM, orange, t=0 sec). B) [Mn(NO)TCPP]
produced after mixing 2 mM of NO with 50 uM of each thiol:
Cys (blue), R¢SH (orange), Ph-SH (green) and Ph-SeH (red).
The reaction starts when the thiols are added (t=100 sec).

To have an independent confirmation of HNO production
and in order to determine the corresponding reaction rates, we
measured the time courses of [HNO] for the above described
reactions using an HNO selective electrode.””® Figure 2A
shows the [HNO] vs. time plot obtained after addition of Cys
to an NO solution, clearly evidencing how the electrode signal
raises rapidly, revealing the presence of produced HNO (see
the other compounds in SI). Figure 2B shows that the initial
HNO production rate (v;) scales linearly with both RsSH
(orange) and NO (gray) concentrations, while the other reac-
tant concentration is maintained constant and in excess. From
these plots an effective bimolecular reaction rate constant
(kefr), corresponding to equation 1, can be determined. Finally,
the corresponding log vs. log plots (shown in SI) confirm that
the reaction is first order in both reactants.

v = d[HNOJ/dt = k. [NO] [RSH] (1)
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11 Figure 2. A) In blue, [HNO] determined electrochemically
12 after addition of Cys (20 uM) to an anaerobic solution of 200
13 uM NO in the presence of DPTA 10™* M. k,: is determined
14 from the slope of the electrode signal vs time plots. In green,
15 [HNOY] after simultaneous addition of Cys (20 uM) and O, (20
16 uM) to an anaerobic solution of 200 uM NO. B) v; vs [R¢SH]
17 or [NO], while the other reactant concentration is maintained
18 constant (10 pM).
19
20 Similar results were obtained for Ph-SH and Ph-SeH (see
21 Figure SI3 and SI4). The resulting effective rate constants
22 reported in Table 1 show that Cys and Rs-SH, both aliphatic
23 thiols, display similar rates, about 4 times smaller than those
24 observed for Ph-SH and Ph-SeH. It should be taken into ac-
25 count that the rate constants of HNO production (kyno.rsh)
26 could be significantly higher, because the obtained k.gs also
27 comprise HNO consumption (i.e. HNO reaction with NO, see
28 below).
29 We also tested whether O,, Fe(II), Mn(II) and Cu(II) affect-
30 ed HNO production in the described reactions. Electrochemi-
31 cal [HNO] measurements were performed in both the absence

and presence of various metal ions (final added concentration
32 of 0.02 mM). Figure 3 shows the relative peak [HNO] with
33 respect to the ion free reaction (performed in the presence 0.1
34 mM DPTA as chelating agent) for the three tested ions Cu(II)
35 Fe(IT) and Mn(II). As shown in Figure 3, there is no catalytic
36 effect of iron, consistent with previous results.” Copper has
37 been shown to catalyze the production of RS* and according-
38 ly, there is an increase in the peak for [HNO], but the increase
39 is moderate (twofold). The results for Mn are in between. .
40
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51 Figure 3. Relative HNO production in the described reactions
52 by using the electrochemical nitroxyl sensor in the presence of
53 Fe(II), Mn(II) and Cu(II), with respect to the ion free reaction.
54
55 When O, was added to the reaction in 1:1 ratio with respect
56 to Cys (see Figure 2A — green line, Table S12), faster produc-
57 tion of HNO was observed. This is consistent with the rapid
58
59
60
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formation of nitrosothiol in the presence of O,, as previously
described,” and subsequent reaction of RSNO with RSH to
produce HNO.® However, the rate and amount of produced
HNO decreases as the amount of added O, is increased by ten
times or more, as previously shown.”

Table 1. ki and N,O - nitrite ratio obtained for the reac-
tions of thiols with NO (pH = 7.4, rt, anaerobic, in the
presence of DPTA).

Compound kegM '™ NO,™:N,0 Ref

Ph-SeH 125+ 5 (115) 0.9+0.1 This work
Ph-SH 110 + 8 (105) 1.0+0.1 This work
R¢-SH 35£532) 0.9+0.1 This work
Cys 25+ 6 (20) 1.2+0.1 This work

Cys 370* - 3

BSAl 0.6 - *

Ascorbic Acid 8 1.2 ?

Hydroquinone 6 1.2 »

Tyrosine 1 1.2 »

The high reactivity of reactants and products results in a
complex mechanistic scheme.””° Therefore, to analyze possi-
ble mechanisms we quantified several products, especially
those that have not been previously characterized.”> The first
important reaction to consider (Eq. 2), is that between NO and
HNO shown below (k=6 x 10°M's™).2

2NO + HNO -»——NO, +N,0  (2)

For each reaction, the final concentrations of nitrite in solu-
tion, and the amount of N,O in the reaction chamber head-
space were determined (see SI).Zg‘37 The results presented in
Table 1 show that in all cases N,O and NO, are produced in
approximately a 1:1 ratio, as expected from eq. 2. Reaction of
HNO with thiols could lead to further reduced species such as
hydroxylamine or even ammonia.® NH; was quantified by
acid/base titration and its yield is ca. 20-35% based on the
total initial amount of NO (see SI). Hydroxylamine was not
detected (see SI). Accordingly, NH,OH is expected to be
further reduced to NH; (Egs. 3 and 4).6’41

RSH + RSNO — RSN(OH)SR  (3)
RSN(OH)SR + 4RSH ———> RSSR + H,0 + NH; @)

The sum of the recovered nitrogen yield based on the total
amount of reacting NO varies from 61% in the case of Cys to
96% for Ph-SeH after 2 h of reaction (4-9% of NO was left
unreacted). We also used NMR spectroscopy to characterize
the thiol-derived end products. In all cases the disulfides were
observed, i.e cystine, diphenyl disulfide - as shown in previ-
ous works,”” di-N-hexyl disulfide, and diphenyl diselenide.

To gain a deeper understanding of the studied reaction we

used ab-initio methods to determine the energetics and struc-
tures of all possible reaction steps and species, taking as start-
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ing points the proposals by Pryor and Nagasawa’> as well as
our previous work with aromatic alcohols.”*’ The results
presented in Scheme 2, and SI, show that the first step com-
prises a proton-coupled nucleophilic attack (PCNA) of the
thiol to NO,”*" that yields a thionitrite radical intermediate
RSNO(H)".

Scheme 2.
AE=-0.68 . — .16
- [RsNHO| 222~ HNO +RSNO
RsH —NO NO' N\
. o HO
[RSNOH NS O, No RSSR
AE=5.13 AE=-8.7 N° SR +N,0

7

(unstable) R +N,0

By using hydration with Zundel ions it can be shown that
the reaction varies from slightly exergonic to endergonic
depending on the protonation site (-0.68 to +5.13 kcal/mol for
R=CHj; and -2.51 to 1.88 kcal/mol for R=Ph), and that the
radical has two tautomers: one with the proton on the oxygen
atom and the other, slightly more stable, on the nitrogen atom.
For R = Ph (Figure 4), the first step barrier shows a value of
19.67 Kcal/mol, which is in reasonable agreement to the one
predicted using the kinetic constant k. (ca. 15 Kcal/mol).
Similar results were obtained using open shell DFT calcula-
tions with polarizable continuum model (see SI).

)

1.682

25 1.427

19.67

AG (kcal/mol)

RSH

Figure 4. A) Proton-coupled nucleophilic attack of the RSH
to the nitrogen atom of NO, mediated by a Zundel ion (R =
Ph). The transition state has an imaginary frequency of
510.03i cm™ and the nuclear motion associated with this mode
is the concerted motion of the hydrogen atoms from the S-H
group to the water and from the water to the nitrogen of the
NO molecule, forming the N-H bond. Results are in kcal/mol

Direct decomposition of RSNO(H)® to yield HNO and a
thiyl radical RS® is highly unfavorable (>30 kcal/mol), there-
fore the thionitrite is expected to react rapidly with a second
molecule of NO, yielding either di-NO-thiol intermediates
(species (I) in Scheme 2) or HNO and RSNO.* The decay of
these di-NO-thiol intermediates to produce RSNO and HNO
is endergonic (7.3 kcal/mol). If an excess of thiol is present,

RSNO can react with a second molecule of thiol to yield di-
sulfide and HNO, as previously suggested (see SI).* Last but
not least, as proposed by Nagasawa,” another alternative is
rearrangement of the O-protonated di-NO-thiol (I), yielding
an intermediate sulfenic acid and N,O. Besides, a possible
HNO producing chain reaction mechanism is shown in SI.

Our results show that the reaction between NO and thiols
generates HNO. The effective bimolecular rates (reported in
Table 1) show that cysteine produces HNO about 3 times
faster than the fastest aromatic alcohol -ascorbic acid-, and
that the aromatic Ph-SH is even faster. To understand the
relative reactivity and overall HNO yield two important issues
stand out. First, as for the aromatic alcohols, the key and
possible rate limiting step concerns formation and stability of
the first radical intermediate, which in this case is the thio-
nitrite radical RSNO(H)®. This intermediate is only stable
after proton migration to either the O or N atoms, which al-
lows the radical to be localized on the X-S (X=Cys, Ph, R¢)
and not on the nitroso group. Aromatic groups allow for better
stabilization of the unpaired spin, and thus show faster effec-
tive rates. Concerning the fate of RSNO(H)®, several possibil-
ities need to be considered. Spontaneous decay to HNO and
the thiyl radical is endergonic and is rendered unlikely. A
clear difference when compared to alcohols such as ascorbic
acid or hydroquinone which mainly react by this route. Di-
merization of the radical -as proposed by Pryor’* is expected
to be slow due to its low effective concentration. Instead,
reaction of the radical with a second molecule of NO is more
likely under the present conditions (relatively high NO con-
centration), yielding HNO and RSNO. Interestingly, in the
presence of excess thiol, RSNO reacts to yield another mole-
cule of HNO and the disulfide, which is the main observed S
containing organic end product. In this route, two molecules
of one-electron reductants -the thiols- behave as one molecule
of two-electron reductant -like ascorbic acid- according to the
overall reaction (Eq. 5):

2NO + 2RSH — 2HNO + RSSR ®)

The second point is related to thermodynamics, particularly
to the reduction of NO to HNO. Recently, E°(NO,H /HNO)
was calculated by state of the art computational methods,
rendering the value -0.16 V,'® while that for (RSSR,2H"/2
RSH) is close to -0.25 V,*’ and thus an outer sphere electron
transfer is in principle thermodynamically favorable. Moreo-
ver, under conditions where NO is physiologically produced
(or added pharmacologically) the relative [NO]/[HNO] ratio is
expected to be over 1000, resulting in an effective E of ca. 0
V for the (NO,H" / HNO) couple, amenable to be reduced by
biological reductants such as cysteine, glutathione, FAD,
NAD, tyrosine and vitamin C, infer alia.

In summary, the present work provides clear evidence for
the reaction of NO with several thiols, as an HNO source. The
reactions of NO with thiols have been studied for over thirty
years yielding a rich picture of chemical reactivity which is
still far from being completely understood. In this context,
HNO emerges as a new reaction intermediate and a key player
of this complex and highly reactive environment. The rela-
tionship between HNO and thiols is dual: thiols could be
involved in HNO formation but they are also the main targets
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1
2 for HNO bioactivity. Due to the high reactivity of HNO, it is
3 expected that its steady state concentration inside cells should
4 be several orders of magnitude lower than that of NO. There-
5 fore the “physiological” redox potential for the (NO,
6 H'/HNO) couple is probably even more positive than that of
7 (0,/0,%), i.e. easily accessible. With the expanding arsenal of
8 analytical tools for HNO detection’®*®** both in solution
9 and in cells, there is no doubt that we are getting closer to
10 understand the in vivo chemistry of HNO.
11 ASSOCIATED CONTENT
12 Kinetic analysis, ab initio calculations, and other experimental
13 details can be found in the Supporting Information. This material
14 is available free of charge via the Internet at http://pubs.acs.org
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