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ABSTRACT

The reactive nitric oxide species (RNOS) nitroxyl (HNO) has exhibited both

beneficial and deleterious biological effects. In particular, HNO autoxidation can lead to

harmful modifications of biomolecules, yet the products of HNO/O2 remain

undetermined. A conceivable product is peroxynitrous acid (ONOOH), however a

comparison of the chemistry of HNO/O2 to synthetic peroxynitrite (ONOO-) determined

that these RNOS have distinct reactive profiles.  This study compares the reactivity of

HNO and NO- in the presence of O2 to synthetic ONOO- and the autoxidation of HNO at

high pH (NO-/O2) in an effort to shed light on the products of HNO autoxidation. All

species exhibited the capacity for two-electron oxidation, but differences between

ONOO- and NO-/O2 and HNO/O2 were observed in terms of one-electron oxidation,

hydroxylation, nitration and buffer effects. NO-/O2 exhibited a reactive profile similar to

ONOO-, suggesting that protonation of ONOO- leads to a unique species from the

autoxidation of HNO.
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INTRODUCTION

In the 1980’s, nitric oxide (NO) was discovered to be produced endogenously in

mammalian systems.  NO has since been determined to be vital in various physiological

processes.  For instance, NO plays a key role in the relaxation of smooth muscle [1], as

well as other regulatory functions, such as platelet adhesion, neurotransmission and

vascular permeability [2, 3]. NO also participates in the anti-tumor and anti-pathogen

immune defense mechanism of organisms [4, 5]. The multifaceted chemistry of NO in

part results from conversion into other reactive nitric oxide species (RNOS) by reaction

primarily with oxygen species.  While these RNOS may alter essential biological

molecules, such as enzymes or DNA, they also neutralize oxidants formed during

oxidative stress, and thus reduce toxicity [6, 7].

1. NO Autoxidation

The first important RNOS-producing reaction to consider is the autoxidation of NO.

In the gas phase, the products of NO and O2 are nitrogen dioxide (NO2) and dinitrogen

trioxide (N2O3) (Eq. 1, 2) [8].

2 NO + O2 2 NO2 (1)

NO2 + NO N2O3 (2)
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The NO2 radical induces peroxidation or nitration of lipids and oxidizes amino acids [9].

N2O3 has been implicated in modification of primary amines in nucleic acids, leading to

deamination and mutation, as well as modification of proteins containing thiol residues

[10].

In water, N2O3 undergoes hydrolysis to nitrite (NO2
-) (Eq. 3) [10].

N2O3 + H2O 2 H+ + 2NO2
- (3)

Nitrite can also be reduced to NO (Eº = +0.37 V, pH 7) (Eq. 4) [11]. The importance of

this is that nitrite has been suggested to serve as an intracellular store of NO via reduction

by heme systems [12].

NO2
- + e- + H2O NO + 2OH- (4)

2. NO and superoxide

The reaction between NO and superoxide (O2
-) (Eq. 5) forms peroxynitrite (ONOO-)

at a near diffusion controlled rate (k = 6.7 × 109 M-1s-1) [13].

NO + O2
- ONOO- (5)

With a pKa of 6.8 [14], both preoxynitrous acid (ONOOH) and ONOO- are present at

physiological pH.  The short half-life of ~1 s for ONOOH under physiological conditions

brings challenges to studying the chemistry of this molecule. Peroxynitrous acid can

decompose via two different pathways. One pathway induces homolytic cleavage to

form nitrogen dioxide and the hydroxyl radical (~30%) (Eq. 6), which can both mediate
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destructive chemistry.  The other pathway leads to isomerization to nitrate (~70%) (Eq.

7), which is excreted [15].

ONOOH NO2 + OH (6)

ONOOH NO3
- + H+ (7)

The resulting radicals (Eq. 6) primarily participate in deleterious biological reactions,

such as oxidation and lipid peroxidation, hydroxylation or nitration of aromatic

compounds, and nitrosation or oxidation of thiols [16]. However, overall Eq. 5 is

considered to be a detoxifying pathway since ~70% of O2
- is depleted.

3. Chemistry of HNO and NO-

As with O2, NO can be reduced by one electron. With a pKa >11, HNO should be the

primary species present under physiological conditions (Eq. 7) [17, 18]. However, proton

transfer is complicated by a difference in spin state, such that a typical acid-base

relationship is not observed. The spin forbidden proton transfer has a high kinetic barrier,

and thus a low probability of occurrence and a slow rate [19]. HNO is a ground state

singlet, while the corresponding anion (NO-) is in a triplet ground state, isoelectronic to

O2. Proton loss from HNO has a rate constant of (5 х 104 M-1s-1)[OH-] [17].  While the

back reaction is not pH-dependent, the rate constant is extremely low for proton transfer

at 1 х 102 s-1.
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1HNO 3NO- (8)

For both 1HNO and 3NO-, a rapid dimerization reaction has a rate constant ( ≥ 8 10-6

M-1s-1 [17]), leads to dimerization out-competing the proton transfer pathway (Eq. 9,10).

1HNO + 1HNO N2O + H2O (9)

3NO- + 3NO- + H+ N2O + H2O (10)

Due to the high kinetic barrier of proton transfer and slow protonation at pH 7.4, a true

equilibrium state does not occur at suprananomolar concentrations [17]. Given the high

reactivity of HNO and NO-, other consumption pathways are often more favorable than

proton transfer. Thus, one beneficial consequence is that the chemistry observed

experimentally results from the initial species.

The propensity for dimerization is a major obstacle for storage of HNO, therefore donor

molecules are a convenient remedy not only for storage but also for use in biological and

analytical studies.

4. Reduction of NO

Considering the reduction potentials of NO to HNO, Eº >> -0.4 V (vs. NHE), or to

3NO-, Eº < -0.7 V (vs. NHE) [18], the reduction of NO to HNO is more favorable than the

reduction of NO to NO- but kinetically slow. Under aqueous conditions, rather than be

(5 х 104 M-1s-1) [OH-]

1 х 102 s-1



14

oxidized, HNO tends to function as a selective reactant with soft nucleophiles, such as

amines and thiols [20].

5. Reaction of HNO or NO- with O2

As with NO, HNO and NO- can be autoxidized. Like the reaction between NO and

O2
-, the spin matched reaction between O2 and NO- produces ONOO- at a near diffusion

controlled rate (k = 3 х 109 M-1s-1) (Eq. 11) [13, 21].

NO- + O2 ONOO- (11)

Currently, the products of the reaction between HNO and O2 (k = 3 103 M-1s-1) [22] at

physiological conditions have yet to be identified. The products of the physiological

reaction between HNO and O2 are capable of inducing DNA damage, including both

single and double strand breaks [23].

6. HNO donors

Due to the rapid rate of dimeriziation (Eq. 9), in biological and analytical studies of

the chemistry of HNO, donor molecules are commonly used to produce HNO in situ.

Piloty’s acid, an N-hydroxysulfenamide, with a pKa of 9.29 [24], undergoes a base

catalyzed deprotonation and subsequent heterolysis of the S-N bond to yield HNO and

benzenesulfinate (Scheme 1) [24]. However, at neutral pH, the decomposition of Piloty’s

acid is slow and may undergo oxidation to produce NO [25].
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Scheme 1:  Deprotonation and heterolysis of Piloty’s Acid.

Unlike Piloty’s acid, Angeli’s

salt (Na2N2O3) is more suited as

an HNO donor for use in

biomedical studies due to

spontaneous decomposition at

physiological pH.  Angeli’s salt

belongs to the diazeniumdiolate

class of molecules, or NONOates,

named for the characteristic NONO-

moiety (RN(O)=NO-). In the case of

Angeli’s salt, the R group is an oxygen

atom.   Angeli’s salt decomposes to produce HNO and NO2
- with a constant rate between

pH 4 and 8, (Figure 1) [26].

Figure 1:  Dependence of the rate constant for
decomposition of Angeli’s salt on pH. The ()
show the experimental rate constants [26] of the
disappearance of Angeli’s salt, and the line shows
the fit of Eq 4 to the experimental data utilizing
computed pKa values [27].
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After protonation of the dianion, a tautomerization step occurs that leads to heterolytic

cleavage of the N-N bond (Scheme 2) [26, 27].

Scheme 2:  Decomposition mechanism of Angeli’s salt at pH > 4.

The rate of decomposition decreases above pH 8, and thus Angeli’s salt can be stored in

solution under basic conditions.  At pH < 4, decomposition produces NO and H2O

(Scheme 3)[26, 28].  The anion is protonated a nitro oxygen, followed by tautomerization

to yield a diprotonated oxygen. This species dissociates to produce water and two

equivalents of NO [27].

Scheme 3: Decomposition mechanism of Angeli’s salt at pH <4.

The diazeniumdiolate isopropylamine NONOate (IPA/NO) is also suitable for

biomedical or analytical studies.  IPA/NO is a primary amine diazeniumdiolate and a dual

donor of both HNO and NO under physiological conditions [29].   The decomposition
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mechanism of IPA/NO is pH-

dependent (Figure 2). At pH <

5, NO is released.  While at pH

between 5 and 8, both HNO

and NO are produced, and at

pH greater than 8, HNO is

exclusively released. The

mechanism of decomposition

for primary amines follows two

pathways (Scheme 4). Under acidic

conditions, the terminal oxygen is protonated and following tautomerization, cleavage of

the bond between the NONOate moiety and the amine yield NO and the parent amine

[30].

N N

O

H N O

R

N N

O

N O

R

N N

O

H N OH

R

N N

O

H N O

R

H

H

RNH2 + 2 NO

N N

OR + HNO

Scheme 4: Dual decomposition mechanisms available for primary amine NONOates [32].

Figure 2:  Decomposition of IPA/NO (100 μM) at 37
ºC in PBS (+50 μMDTPA) measured at 250 nm (log
scale inset) [29].
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However, as conditions become more basic, tautomerization of a proton to the nitroso

nitrogen is followed by cleavage of the N-N bond producing HNO and a diazolate ion

[30]. The flexibility of diazeniumdiolates to produce NO and/or HNO

under physiological conditions makes them ideal for the study of the biological effects of

HNO and NO.

7. Biological effects of HNO

Although endogenous production of HNO has yet to be confirmed, the use of an HNO

donor provides convenience and the potential to directly observe the chemistry of HNO.

As the first clinically dispensed donor of HNO, cyanamide has been used in the treatment

of alcoholism [31, 32]. Upon oxidation by catalase, an

N-hydroxycyanamide intermediate is formed, which in turn spontaneously decomposes to

yield cyanide and HNO (Eq.12) [33], HNO subsequently inhibits aldehyde

dehydrogenase by modification of an active site cysteine [31, 32].

H2NCN + catalase/H2O2 HOHNCN HNO + CN- + H+ (12)

This clinical application opened the door to other potential pharmaceutical treatments

utilizing HNO.   Recently HNO has become of great interest, particularly as a potential

pharmaceutical treatment for cardiovascular disease [34].

Paolocci et al., determined that the HNO donor, Angeli’s salt, enhanced the end

systolic pressure-dimension relation of canine cardiac muscle, a measure of contractility



19

[35]. The effects of Angeli’s salt were compared to the NO donor diethylamine

diazeniumdiolate, (DEA/NO), and nitroglycerine, which did not

significantly impact contractility [36]. Thus, interest has heightened for development of

an HNO donor to treat heart failure.

Pagliaro et al. demonstrated the pre-ischemic cardiovascular effects of NO and HNO

in isolated rat hearts [37]. Ischemia results from restriction of blood supply, such as

occurs during a heart attack or stroke. HNO or NO donors were administered before

ischemia was induced, and the effect on reperfusion injury measured.  Upon reperfusion,

tissue injury and damage caused when blood flow resumes is due to oxidative damage, to

an imbalance of oxygen and glucose and to the formation of free radicals. Pre-ischemic

administration of HNO or NO donors resulted in decreased tissue damage, however the

HNO donor was more effective.

Ma and co-workers explored the effects of HNO or NO when administered post-

ischemia and found that HNO significantly increased the myocardial and endothelial

injury in rabbit cardiac tissue. Overall, an O2-dependence of response for HNO was

observed in cardiac tissue suggesting a deleterious effect for HNO autoxidation [37, 38].

In contrast, the NO donor exhibited a protective effect [38].

Although there are evident beneficial effects of HNO donors, under aerobic

conditions, Angeli’s salt is markedly more cytotoxic than other RNOS donors, such as

ONOO- [23]. Currently, the products of the reaction between HNO and O2 at
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physiological conditions have yet to be identified [39], however are capable of inducing

DNA damage [23]. A concentration-dependent cytotoxicity was

observed, as well as strand breakage and activation of the 2-poly(ADP-ribose)

polymerase (PARP) enzyme, in which over expression depletes cellular ATP and results

in cell death [40]. A subsequent study by Sidorkina et al. found that the zinc finger

motifs in PARP can be modified by HNO, inhibiting their function [41].

HNO has a demonstrated affinity for thiols, such as reduced glutathione (GSH).  Under

physiological conditions, the reaction is rapid, such that the rate constant of consumption

of HNO via GSH (k = 2 х 106 M-1s-1) is nearly competitive with that of the dimerization

of HNO [22].  The reaction of thiols and HNO produces an N-hydrosysulfmenamide

intermediate, which subsequently rearranges to sulfinamide (Eq. 8) [42].

RSH + HNO [RSNHOH] RS(O)NH2 (13)

In the presence of excess thiol, the intermediate will react with a second thiol to produce

a disulfide product and hydroxylamine (Eq. 14) [43].

RSNHOH + R'SH RSSR' + NH2OH (14)

The use of L-cysteine in bioassays has been proposed for differentiation between HNO

and NO [44].

Another biological target for HNO is ferric hemes.  Reductive nitrosylation of

metmyoglobin (metMb) (k = 8  105 M-1 s-1) [22] (Eq. 15), is utilized for detection

via UV-visible spectroscopy. The reaction is typically run in air, to discriminate from

NO, but the slow re-oxidation to metMb does inhibit quantitative detection.
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Fe(III) + HNO Fe(II)NO + H+ (15)

8. HNO autoxidation

The products of HNO and O2 have yet to be determined. A reasonable result from this

reaction would be peroxynitrous acid (ONOOH). Thus, comparison of the chemistry of

HNO/O2 to that of other RNOS, such as ONOO-, may help elucidate more information

toward identification and insight to the chemical basis for the observed deleterious

effects.

Analysis of HNO chemistry is commonly done via indirect methods, such as assays

including biological targets and/or products of HNO chemistry.  A previous study by

Miranda et al. showed the chemistry of the autoxidation of HNO exhibits a different

profile from that of ONOO- [39].

Assays chosen for the study were those that simulate biological modifications, such as

two- or one-electron oxidation, nitration and hydroxylation.  The two-electron reduction

of dihydrorhodamine 123 (DHR) produces the fluorescent product rhodamine (RH)

(Scheme 5).

Scheme 5: Two-electron reduction of dihydrorhodamine 123 to the fluorescent product rhodamine.
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The formation of the nitrated product is monitored using UV-Visible spectroscopy at 430

nm (ε = 4400 M-1s-1) [15]. Overall, it was determined that ONOO- was more effective at

nitrating HPA than was Angeli’s salt (data not shown) [39].

Summarizing these results, ONOO- mediates both one- and two-electron oxidations

and is effective at nitration of HPA.  Angeli’s salt only mediates two-electron oxidation

and is more effective at hydroxylation of benzoic acid.

Another essential consideration is the composition of the buffer.  Carbonate buffer

maintains the pH of blood plasma. Carbon dioxide (CO2) has been shown to effect the

chemistry of ONOO- [50] due to formation of an adduct that may go on to react with

biological targets (Eq. 16) [51].

ONO2
- + CO2 ONO2CO2

- (16)

The nitrosoperoxycarbonate adduct (ONO2CO2
-) has a t1/2 ≤ 1 ms [50]. Homolytic

cleavage of the O-O bond results in formation of the major products NO3
- and CO2

(~65%; Eq. 17), and minor products •NO2 and •CO3
- (~35%; Eq. 18).

ONO2CO2
- [ONO2CO2

-] NO3
- + CO2 (17)

ONO2CO2 [ONO2CO2
-] •NO2 + •CO3

- (18)

It was suggested by Lymar et al.[50], that the carbonate radical, as a strong oxidant, is

the primary species responsible for the reactivity observed in carbonate buffer [50].  The

remaining product NO2, also a strong oxidant, may undergo reactions with NO (Eq. 2) or

hydrolysis (Eq.19).
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9.  Project Rationale

Thus far, it has been determined that the chemistry of HNO/O2 leads to deleterious

biological processes. This leaves the question as to identification of products of

HNO/O2. Peroxynitrous acid (ONOOH) is a reasonable prediction for

the products of HNO/O2, similar to the product of NO/O2
- and H+. However, HNO/O2

does not exhibit the same chemistry as synthetically produced ONOO-. Considering the

reaction of NO- with O2 also produces ONOO-, how does the chemistry of HNO/O2

compare to that of NO-/O2 and H+? And subsequently, how does the chemistry of one

preparation of ONOO- compare to another?  The current study compares HNO/O2,

synthetic ONOO- and NO/O2
- in order to elucidate more information on the products of

HNO and O2. A complete understanding of the chemistry of HNO/O2 is important as

HNO has shown great potential to be incorporated into pharmaceutical treatments.
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METHODS AND MATERIALS

Unless otherwise noted, chemicals were purchased from Sigma-Aldrich and used

without further purification.  Buffer and stock solutions, aside from the RNOS donors,

were prepared in MilliQ or Barnstead Nanopure Diamond filtered H2O unless specified.

Instrumentation

UV-visible spectroscopy was performed with a Hewlett-Packard 8453 diode-array

spectrophotometer, equipped with an Agilent 89090A thermostat.  Fluorescence

measurements were made on a Thermo Spectronic Aminco Bowman Series 2

Luminescence Spectrometer.

Synthesis of Peroxynitrite

A solution of 0.5 M NaNO2 in 0.5 M HCl was simultaneously combined with a

solution of 0.5 M H2O2 via a y-shaped plastic tube [53].  The reaction was stabilized with

1 M NaOH. To the resulting solution, MnO2 was added to remove excess H2O2 and

subsequently removed through gravity filtration. The solution was stored at -20°C.

Solution concentration was determined at 302 nm (ε =1670 M-1 cm-1) [53].
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Synthesis of IPA/NO and Angeli’s Salt

IPA/NO (Na[(CH3)2CHNH(N(O)NO], sodium 1-(N-isopropylamino)diazen-1-ium-

1,2-diolate) was synthesized and utilized as previously described [54, 55]. Concentrations

of stock solutions (>10 mM), prepared in 10 mM NaOH and stored at -20 °C, were

determined directly prior to use from the absorbance at 250 nm, using the

spectrophotometrically calculated extinction coeffiecient (ε = 9400 M-1 cm-1).  Angeli’s

salt (Na2N2O3) [56, 57] was also synthesized from a published procedure. Stock solution

concentrations were determined at 250 nm in 10 mM NaOH, with the extinction

coefficient as 8000 M-1 cm-1 [57].

General Assay Method

Stock solutions of ONOO- and IPA/NO were diluted into 775 mM phosphate buffer,

while Angeli’s salt stock was diluted into 100 mM phosphate buffer.  Reagents were

added to buffer, containing 50 μM of the chelating agent diethylenetriaminepentaacetic

acid (DTPA), followed by stock solutions for a final volume of 1 mL.  Triplicate samples

were incubated for 30 min, 37°C  for Angeli’s salt, and room temperature for ONOO- and

IPA/NO.
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Hydroxylation of Benzoic Acid Assay

Benzoic acid (0.5-10 mM), and 500 μM RNOS donor were diluted in phosphate buffer

( 25 mM HCO3
-) and incubated as previously described [39].  After incubation, samples

were diluted with 1 mL of nano-pure water, the fluorescent product was detected at 410

nm, with an excitation of 375 nm.

HPA Modification

A stock solution of 100 mM 4-hydroxyphenylacetic acid (HPA) was prepared in nano-

pure water.  For one-electron oxidation of HPA, 1 mM of HPA stock with variable

concentrations of RNOS donor (50-250 μM) were diluted in  phosphate buffer ( 25 mM

HCO3
-) for a total sample volume of 1 mL and incubated as previously described [39].

After dilution with 1 mL of nano-pure water, formation of the fluorescent dimer was

measured at 400 nm, with an excitation of 326 nm.

Nitration of HPA samples were prepared and incubated following the procedure for

oxidation samples.  After incubation, the samples were diluted with 1 mL of 10 mM

NaOH.  The nitration product was quantified via absorbance at 430 nm (ε = 4400 M-1cm-

1) [49].
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DHR Oxidation

Stock solutions of 50 mM DHR (10 mg) were prepared in N,N-dimethylformamide

(DMF) (600 μL) immediately prior to use. Further dilutions in DMF were prepared such

that the amount of DMF added to the assay buffer was minimized (10 L). Typically,

addition of DHR to 1 mL of assay buffer, containing 25 mM HCO3
-, was followed by

addition of an aliquot of RNOS donor compound to yield a final RNOS concentration of

10 M. After 30 min incubation for AS at 37 °C, and 30 min at room temperature for

ONOO- and NO-/O2, 1 mL of H2O was added, and the fluorescence was measured at 570

nm with excitation at 500 nm. Since DHR slowly autoxidizes to RH, background

fluorescence in assay buffer alone was subtracted from the measured values with RNOS

donors. The same procedure for oxidation was followed with the addition of 10 mM

HEPES.



Figure 8: 1 mM IPA/NO decomposition in 1 M NaOH at
room temperature for 18000 s, with spectra recorded every
180 s.

32

RESULTS

Decomposition of IPA/NO

The decomposition of IPA/NO was monitored spectrophotometrically at 250 nm.  The

disappearance of the peak indicated

the complete decomposition of the

NONOate.  Over time, a peak grew

at 302 nm signifying the formation

of ONOO-. The conditions for

maximum intensity at 302 nm with

the lowest signal at 250 nm were

determined by varying the pH,

concentration and temperature.

Solutions of IPA/NO were

decomposed in phosphate buffer at pH 11-14.  The concentration of IPA/NO was varied

from 1-6 mM. Temperature was also varied from 4ºC, room temperature, 40ºC and 60ºC.

Maximum signal at 302 nm was observed at a concentration of 1-2.5 mM IPA/NO and a

pH of either 13 or 14 at room temperature. Cooling slowed the decomposition of

IPA/NO greatly and did not produce a significant peak at 302 nm in comparison to room

temperature. Heating decomposed the sample rapidly with no detection of a peak at 302

Figure 8: 1 mM IPA/NO decomposition in 1 M NaOH at
room temperature for 18000 s, with spectra recorded every
180 s.

32

RESULTS

Decomposition of IPA/NO

The decomposition of IPA/NO was monitored spectrophotometrically at 250 nm.  The

disappearance of the peak indicated

the complete decomposition of the

NONOate.  Over time, a peak grew

at 302 nm signifying the formation

of ONOO-. The conditions for

maximum intensity at 302 nm with

the lowest signal at 250 nm were

determined by varying the pH,

concentration and temperature.

Solutions of IPA/NO were

decomposed in phosphate buffer at pH 11-14.  The concentration of IPA/NO was varied

from 1-6 mM. Temperature was also varied from 4ºC, room temperature, 40ºC and 60ºC.

Maximum signal at 302 nm was observed at a concentration of 1-2.5 mM IPA/NO and a

pH of either 13 or 14 at room temperature. Cooling slowed the decomposition of

IPA/NO greatly and did not produce a significant peak at 302 nm in comparison to room

temperature. Heating decomposed the sample rapidly with no detection of a peak at 302

Figure 8: 1 mM IPA/NO decomposition in 1 M NaOH at
room temperature for 18000 s, with spectra recorded every
180 s.

32

RESULTS

Decomposition of IPA/NO

The decomposition of IPA/NO was monitored spectrophotometrically at 250 nm.  The

disappearance of the peak indicated

the complete decomposition of the

NONOate.  Over time, a peak grew

at 302 nm signifying the formation

of ONOO-. The conditions for

maximum intensity at 302 nm with

the lowest signal at 250 nm were

determined by varying the pH,

concentration and temperature.

Solutions of IPA/NO were

decomposed in phosphate buffer at pH 11-14.  The concentration of IPA/NO was varied

from 1-6 mM. Temperature was also varied from 4ºC, room temperature, 40ºC and 60ºC.

Maximum signal at 302 nm was observed at a concentration of 1-2.5 mM IPA/NO and a

pH of either 13 or 14 at room temperature. Cooling slowed the decomposition of

IPA/NO greatly and did not produce a significant peak at 302 nm in comparison to room

temperature. Heating decomposed the sample rapidly with no detection of a peak at 302



33

nm. Decomposition time ranged from 5 to 10 h. Fluctuation in room temperature is

suspected to play a role in the wide variation of decomposition time. Subsequent ONOO-

stock solutions were prepared from IPA/NO decomposed in pH 13 phosphate buffer,

while stirring and open to air at room temperature. Sample concentrations were

calculated from the absorbance at 302 nm, with ε = 1610 M-1cm-1 (Figure 8) [15, 29].

Hydroxylation of Benzoic Acid

The capacity for hydroxylation was evaluated by determining the modification of

benzoic acid to the fluorescent compound 2-hydroxybenzoic acid (Scheme 6). From the

double reciprocal graph, results from the hydroxylation of benzoic acid indicate that

Angeli’s salt is more effective at hydroxylation than either ONOO- or NO-/O2.  The yield

from NO-/O2 falls between those of synthetically produced ONOO – and Angeli’s salt,

indicating a similar but slightly greater capacity for hydroxylation to ONOO- (Figure 9).

This is also confirmed by the Xm values for the representative graph: 0.421  0.01 mM for

HNO/O2, 1.44 0.04 mM for ONOO-, and 0.577  0.02 mM for NO-/O2. These values

indicate that a lower concentration of BA is needed to produce 50% 2-hydroxybenzoic

acid in the presence of Angeli’s salt.
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The maximum yield of 2-hydroxybenzoic acid, defined as Yint
-1, is higher for HNO/O2

(377  8 mM for HNO/O2, 204  13 mM for ONOO-, and 177  10 mM

Figure 9:  Representative graph of the hydroxylation of benzoic acid (BA) to the

fluorescent product, 2-hydroxybenzoic acid. Increasing concentrations of BA (0.5-10

mM) were added to phosphate buffer containing 50 μM DTPA, at pH 7.4, then exposed to

either 500 μM of Angeli’s salt (red ), synthetic ONOO- (blue ) or NO-/O2 (green)

to a total sample volume of 1 mL. After 30 min incubation at 37°C for Angeli’s salt, room

temperature for ONOO- and NO-/O2, samples were diluted with 1 mL of nano-pure

water.  Fluorescence was measured at 410 nm, with an excitation of 290 nm.
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for NO-/O2). The trend correlates well with the previous study [39] in that HNO/O2 has a

higher capacity for hydroxylation of benzoic acid than ONOO-.

Hydroxylation of Benzoic Acid in Carbonate Buffer

Figure 10:  Representative graph of the hydroxylation of benzoic acid (BA) to the fluorescent

product, 2-hydroxybenzoic acid. Increasing concentrations of BA (0.5-10 mM) were added to

phosphate buffer with 25μM HCO3
- containing 50 μM DTPA, at pH 7.4, then exposed to either

500 μM of Angeli’s salt (red ), synthetic ONOO- (blue ) or NO-/O2 (green) to a total

sample volume of 1 mL. After 30 min incubation at 37°C for Angeli’s salt, room temperature for

ONOO- and NO-/O2, samples were diluted with 1 mL of nano-pure water.  Fluorescence was

measured at 410 nm, with an excitation of 290 nm.
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Due to the effect of CO2 on the chemistry of ONOO-, hydroxylation capacity was

examined in the presence of 25 mM HCO3
- [50]. Overall, there was a

marked decrease in the effectiveness of all three compounds to hydroxylate benzoic acid

in the presence of 25 mM HCO3
-, as may first be observed by the

large change in the magnitude of the scale on the y-axis (Figure 10). This indicates that

the presence of CO2 inhibits the mediation of hydroxylation by HNO/O2, ONOO- and

NO-/O2.  Hydroxylation by both ONOO- and NO-/O2 were more effected as can been

seen by the increase in Xm values, 6.86  1 mM and 0.989  0.02 mM respectively, and

decrease in the Yint
-1, 1.39  0.2 mM and 13.3  0.4 mM respectively. While the

magnitude of hydroxylation by HNO/O2 was diminished to a less extent, Xm = 0.549 

0.0005 mM and Yint
-1, 85.5  4 mM.

Oxidation of HPA

In the presence of strong oxidants, HPA undergoes one-electron oxidation resulting in

formation of a fluorescent dimer (Scheme 7).  Both ONOO- and NO-/O2 exhibit a

concentration-dependent one-electron reduction of HPA (Figure 11).  Angeli’s salt does

not appear to mediate one-electron reduction of HPA at any concentration, as previously

reported [39].
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Figure 11:  Representative graph of the oxidation of HPA to the fluorescent product

2,2’-dihydroxy-biphenyl-5,5’ diacetate. Increasing concentrations of RNOS donor (0-

250 μM) were added to phosphate buffer with 100 mM HPA containing 50 μM DTPA  at

pH 7.4 to a total sample volume of 1 mL:  Angeli’s salt (red ), synthetic ONOO- (blue

) or NO-/O2 (green).  After 30 min incubation at 37°C for Angeli’s salt, room

temperature for ONOO- and NO-/O2, samples were diluted with 1 mL of nano pure

water.  Fluorescence was measured at 400 nm, with an excitation of 326 nm.
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Oxidation of HPA in Carbonate Buffer

Signal response for ONOO- clearly decreased in the presence of 25 mM

Figure 12:  Representative graph of the oxidation of HPA to the fluorescent product 2,2’-

dihydroxy-biphenyl-5,5’ diacetate in carbonate buffer. Increasing concentrations of

RNOS donor (0-250 μM) were added to phosphate buffer containing 50 μM DTPA, 25 μM

HCO3
- and 100 mM HPA at pH 7.4 to a total sample volume of 1 mL:  Angeli’s salt (red

), synthetic ONOO- (blue ) or NO-/O2 (green).  After 30 min incubation at 37°C for

Angeli’s salt, room temperature for ONOO- and NO-/O2, samples were diluted with 1 mL

of nano pure water.  Fluorescence was measured at 400 nm, with an excitation of 326

nm.
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HCO3
-, while the NO-/O2 response exhibited a smaller decrease in response (Figure 12).

One-electron oxidation by Angeli’s salt remained ineffective.

Nitration of HPA

Biologically, the nitration of proteins had been determined to have a role in

neurodegenerative diseases [58].  The capacity of RNOS to nitrate HPA is detected

spectrophotometrically. Both ONOO- and NO-/O2 exhibit a

concentration-dependent increase in the nitration of HPA, (Figure 13) which again

compare well to prior data [39]. Angeli’s salt does not appear to mediate nitration.

Nitration of HPA with Carbonate Buffer

The nitration of HPA in carbonate buffer (Figure 14) significantly increased for both

ONOO- and NO-/O2 over measurements made in phosphate buffer (Figure 13).  The

magnitude of the increase can also be noted by the change in magnitude of the y-axis.

Both compounds exhibited a concentration-dependent increase in the nitration of HPA,

which also compare well to previous studies [39]. Angeli’s salt does not appreciably

mediate the nitration in either phosphate or carbonate buffers.
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Figure 13:  Representative graph of the nitration of HPA to produce 3-nitroHPA. Increasing

concentrations of RNOS donor (0-250 μM) were added to phosphate buffer containing 50 μM

DTPA , and 100 mM HPA  at pH 7.4 to a total sample volume of 1 mL:  Angeli’s Salt (red ),

synthetic ONOO- (blue ) or decomposed NO-/O2 (green).  After 30 min incubation at 37°C

for Angeli’s salt, room temperature for ONOO- and NO-/O2, samples were diluted with 1 mL of

10 mM NaOH.  Nitration product was quantified via absorbance at 430 nm (ε = 4400 M-1cm-1).
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Buffer Effects on Oxidation of DHR

Effects of buffer composition are exhibited in the two-electron oxidation of

Figure 14:  Representative graph of the nitration of HPA to produce 3-nitroHPA in carbonate

buffer. Increasing concentrations of RNOS donor (0-250 μM) were added to phosphate buffer

containing 50 μM DTPA, 25 mM HCO3
- and 100 mM HPA  at pH 7.4 to a total sample volume

of 1 m:,  Angeli’s salt (red ), synthetic ONOO- (blue ) or decomposed NO-/O2 (green).

After 30 min incubation at 37°C for Angeli’s salt, room temperature for ONOO- and NO-/O2,

samples were diluted with 1 mL of 10 mM NaOH.  Nitration product was quantified via

absorbance at 430 nm (ε = 4400 M-1cm-1).

0

5

10

15

20

0 50 100 150 200 250

[3
-n

itr
o-

H
PA

] (
µM

)

[RNOS] (µM)



42

DHR.  The addition of physiological levels of CO2 to the buffer did not have an effect on

the DHR oxidation profile of Angeli’s salt, however addition of HEPES to
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Figure 15:  Representative graph of the oxidation of dihydrorhodamine 123 (DHR) to the

fluorescent product, rhodamine. Increasing concentrations of DHR (5-100 μM) were added to

phosphate buffer containing 50 μM DTPA and 25 mM HCO3
- at pH 7.4, then exposed to either

10 μM of Angeli’s salt without HEPES (red ), or with HEPES (blue ) to a total sample

volume of 1 mL. After 30 min incubation at 37°C for Angeli’s salt, samples were diluted with 1

mL of nano-pure water.  Fluorescence was measured at 570 nm, with an excitation of 500 nm.



43

the buffer lowered the capacity for oxidation. Angeli’s salt without HEPES (Xm = 3.93 

0.00002 μM, Yint
-1 = 900  45 μM) was more effective at oxidizing DHR
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Figure 16:  Representative graph of the oxidation of dihydrorhodamine 123 (DHR) to the

fluorescent product, rhodamine. Increasing concentrations of DHR (5-100 μM) were

added to phosphate buffer containing 50 μM DTPA and 25 mM HCO3
- at pH 7.4, then

exposed to either 10 μM of ONOO- without HEPES (red ), ONOO- with HEPES (blue

), and NO-/O2 without HEPES (green), NO-/O2 with HEPES (black), to a total

sample volume of 1 mL. After 30 min incubation at room temperature, samples were

diluted with 1 mL of nano-pure water.  Fluorescence was measured at 570 nm, with an

excitation of 500 nm.
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than Angeli’s salt with HEPES added to the buffer (Xm = 6.03  0.0001 μM, Yint
-1 = 470 

24 μM) (Figure 15).

With ONOO- and NO-/O2, a change in the oxidation profile was seen both without

(ONOO- Xm = 7.31  0.007 μM, Yint
-1 = 229  11 μM; NO-/O2 Xm = 9.02  0.004 μM, Yint

-

1 = 185  9 μM) and with addition of HEPES (ONOO- Xm = 12.4  0.004 μM, Yint
-1 = 168

 8 μM; NO-/O2 Xm = 25.6  0.004 μM, Yint
-1 = 258  13 μM) (Figure 16).  In comparing

the increase of y-axis scales between Figures 15 and 16, a suppression of the ability of

ONOO- and NO-/O2 to oxidize DHR in the presence of CO2 is also observed.
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DISCUSSION

Understanding the chemical properties of HNO will assist in clarification of its role

as a biologically important molecule.  Studies have demonstrated a significantly greater

magnitude of cytotoxicity for Angeli’s salt than for other RNOS [23]. Cytotoxicity is

dependent on the exposure of HNO to O2.  The reactivity of HNO/O2 was compared to

the reactivity of synthetic ONOO- and NO-/O2 with dual purpose in mind.  The first being

to elucidate additional chemical properties of the HNO/O2 products in comparison to

ONOO- and NO-/O2 products, the second to compare the common synthetic procedure for

production of ONOO- to the method of decomposing IPA/NO at high pH.

Synthetic ONOO- is commonly made by combining nitrite (NO2
-) in an acidic solution

with hydrogen peroxide(Figure 17, [47]), and subsequently quenching in base [53].

However, the resulting solution contains contaminants, such as nitrite.  Peroxynitrite has

a characteristic absorbance at 302 nm, while nitrite absorbs near 200 nm [53].

The decomposition of IPA/NO at pH > 11.4 produces NO-, thus IPA/NO is used as the

NO- donor.  An additional objective of this project is to synthetically provide a new route

for bulk synthesis of ONOO-, which contains less nitrite
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contamination, and may give a more accurate determination of the chemistry of ONOO-.

Both ONOO- and NO-/O2 demonstrated the capacity for one- and two-electron

oxidation, unlike Angeli’s salt, which only exhibited the capacity for two-electron

oxidation. In contrast, Angeli’s salt exhibited a greater affinity for the hydroxylation of

benzoic acid.

All of the compounds were found to meditate the two-electron oxidation of DHR.

Considering buffer composition, only a HEPES effect was observed with Angeli’s salt,

however both a HEPES and CO2 effect were evident with ONOO- and NO-/O2.

Therefore, autoxidation of NO- exhibits similar chemistry to that of synthetically

produced ONOO- but not to that of HNO/O2.

Preparation of synthetic ONOO- is a reasonable method given the consistent results

with previous studies [39], however nitrite contamination can be observed

in the absorbance spectrum.  In order to fully examine the physiological chemistry of

ONOO-, a storable and clean sample is desirable.  The products of IPA/NO decomposed

at pH 13, open to air, may provide such a sample.   Quantification of nitrite and organic

Figure 17: Mechanism of production of peroxynitrous acid from acidified
nitrite and hydrogen peroxide [47].
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species is necessary to determine if the decomposed IPA/NO is a cleaner, less

contaminated, sample of ONOO- in comparison to the traditional synthetic product.

In metabolism of NO, nitration (donation of NO2
+) and nitrosation (donation of NO+)

are important reactions biologically.  Both nitration and nitrosation have been

demonstrated by ONOO- [59]. Nitration and nitrosation reactions require either the

presence of CO2 or an excess of NO respectively [59]. Nitration of HPA was observed

with ONOO- and NO-/O2, however Angeli’s salt did not produce appreciable amounts of

3-nitro HPA.  Thus Angeli’s salt does not substantially nitrosate low molecular weight

phenols.

Experimental results thus far are different for the autoxidation of HNO and the

products of NO-/O2, so the question of what are the products of HNO and O2 remains

unanswered at this time.
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FUTURE STUDIES

In order to complete the current project, further experimentation is necessary.  Both

Angeli’s salt and ONOO- have exhibited the aptitude for conversion of DHR to RH,

however the yield of RH for Angeli’s salt was reported greater than that for ONOO- [39].

The effects of pH on oxidation of DHR to RH will be an effective reaction in order to

determine the buffer effects of CO2 and HEPES.  The chemical nature of NO-/O2 can be

further clarified by utilizing the DHR conversion with selective scavengers.  The

selection of scavengers would include azide (N3
-) as an N2O3 scavenger, urate for NO2,

and GSH for both HNO, NO2 and N2O3.

Examination of the toxicity and DNA damage to cells was previously compared with

Angeli’s salt and ONOO- [52]. Angeli’s salt was found to both more cytotoxic and to

mediate greater DNA damage than ONOO-.  Clonogenic assays can be used to determine

the cytotoxicity of NO-/O2, while plasmid cleavage assay of DNA from E.coli will

indicate the affinity for NO-/O2 for DNA damage [52].

In conclusion, the product of HNO/O2 may be a different isomer than that of -

NO/O2 or NO-/O2 (Figure 18) [39].  Distinction of the different isomers may be able to be

done utilizing isotope labeling of the nitrogen atom during synthesis of Angeli’s salt

(HNO), NO and IPA/NO (NO-).  Highly basic conditions would stabilize the products

reaction with O2 or O2
-.  Capillary electrophoresis (CE)
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could be done to separate the three isomers due to the differing charge distribution. Mass

spectrometry and 15N nuclear magnetic resonance may be able to give structural

information to discern the different isomers.

.

Figure 18: Prospective products of NO-/O2,
-NO/O2 and HNO/O2 [39].
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