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Abstract

The nitrosation of cysteamine (H2NCH2CH2SH) to produce cysteamine-S-nitrosothiol (CANO) 

was studied in slightly acidic medium by using nitrous acid prepared in situ. The stoichiometry of 

the reaction was H2NCH2CH2SH + HNO2 → H2NCH2CH2SNO + H2O. On prolonged standing, 

the nitrosothiol decomposed quantitatively to yield the disulfide, cystamine: 2H2NCH2CH2SNO 

→ H2NCH2CH2S–SCH2CH2NH2 + 2NO. NO2 and N2O3 are not the primary nitrosating agents, 

since their precursor (NO) was not detected during the nitrosation process. The reaction is first 
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order in nitrous acid, thus implicating it as the major nitrosating agent in mildly acidic pH 

conditions. Acid catalyzes nitrosation after nitrous acid has saturated, implicating the protonated 

nitrous acid species, the nitrosonium cation (NO+) as a contributing nitrosating species in highly 

acidic environments. The acid catalysis at constant nitrous acid concentrations suggests that the 

nitrosonium cation nitrosates at a much higher rate than nitrous acid. Bimolecular rate constants 

for the nitrosation of cysteamine by nitrous acid and by the nitrosonium cation were deduced to be 

17.9 ± 1.5 (mol/L)−1 s−1 and 6.7 × 104 (mol/L)−1 s−1, respectively. Both Cu(I) and Cu(II) ions 

were effective catalysts for the formation and decomposition of the cysteamine nitrosothiol. Cu(II) 

ions could catalyze the nitrosation of cysteamine in neutral conditions, whereas Cu(I) could only 

catalyze in acidic conditions. Transnitrosation kinetics of CANO with glutathione showed the 

formation of cystamine and the mixed disulfide with no formation of oxidized glutathione 

(GSSG). The nitrosation reaction was satisfactorily simulated by a simple reaction scheme 

involving eight reactions.
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Introduction

Nitric oxide (NO) is a simple gaseous molecule with fascinating biological functions.1 It is 

one of the most versatile bioactive molecules ever identified. Unlike other free radicals, it is 

relatively stable, but becomes unstable in biological systems due to its reaction with oxygen, 

superoxide anion (O2
•−), and haem proteins.2 Nitrite (NO2

−) is the major end product of its 

reaction with oxygen. Nitrite can also release NO on acidification and by the reductase 

activity of the enzyme, xanthine oxidoreductase, at pH conditions lower than 6.0.3–5

Nitric oxide has been the focus of many research groups in recent years, probably because of 

the realization that it is synthesized by mammalian cells and can act both as a physiological 

messenger and as a cytotoxic agent.6 It is an essential physiological signaling molecule 

necessary for cell-to-cell communication and it is also involved in the regulation of gene 

expression and modification of sexual and aggressive behavior.7,8 It is actively involved in 

smooth muscle relaxation due to its ability to activate guanosine 3′,5′-cyclic monophosphate 

(cGMP) in smooth muscle tissue.9,10 The role of nitric oxide in the physiological system at 

any given time significantly depends on its concentration and its environment. It is known to 

perform most of its beneficial roles, such as vasorelaxation11,12 and neurotransmission,13,14 

at low concentrations, on the order of 5–10 nmol/L.15 At this concentration range it cannot 

effectively compete with superoxide dismutase (SOD) for O2
•−.

NO also readily reacts with O2
•− to produce the highly damaging and genotoxic oxidant 

(peroxynitrite, ONOO−):

[R1]
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The bimolecular rate constant for rxn. [R1] is 6.7 × 109 (mol/L)−1 s−1.15,16 Superoxide anion 

radical concentrations in the physiological environment are in the order of 4–10 μmol/L.15 

When NO concentrations are in the micromolar range, rxn. [R1], which produces the 

deleterious peroxynitrite, becomes competitive with the deactivating reaction that removes 

superoxide anion radical.

Excessive production of nitric oxide has thus been linked to so many cytotoxic activities 

such as septic shock and liver injury.17,18 It is necessary to have processes that can reduce 

NO concentrations to beneficial levels in the physiological environment. Such processes 

would include its reaction with thiols to form S-nitrosothiols (RSNOs). For example, 

RSNOs have been shown to improve end-organ recovery in models of ischemia–reperfusion 

injury in the heart and liver.19,20 Biological nitrosothiol formation is a post-translational 

modification of biological thiols that is subsequently linked to all those functions that are 

attributed to nitric oxide.21 Possible roles of S-nitrosation include the regulation of apoptosis 

through glyceraldehyde-3-phosphate dehydrogenase modification22 as well as involvement 

in the pathogenesis of Parkinson’s disease.23 There are several studies on nitrosothiol 

formation by Williams,24–33 but these studies dwell on formations and characterizations and 

not so much on the mechanisms and kinetics. Despite the potential benefits of the relevance 

of the mechanistic basis of nitrosations (both S- and N-nitrosations),34 very few studies have 

been directed at elucidating these mechanisms.

Cysteamine (2-aminoethanethiol) is a very important physiologically active β-aminothiol. It 

is produced in vivo by degradation of coenzyme A. Coenzyme A is a cofactor in many 

enzymatic pathways, which include fatty acid oxidation, heme synthesis, synthesis of the 

neurotransmitter acetylcholine, and amino acid catabolism.35 Cysteamine is medically 

known as Cystagon and can be used as oral therapy for the prevention of hypothyroidism 

and as a growth enhancer in patients with nephropathic cystinosis.36 Cysteamine and its 

disulfide (cystamine) can also be used in topical eye drops to dissolve corneal cystine 

crystals.37,38 It has also been shown to be an effective molecule against hepatotoxicity 

caused by excessive production of nitric oxide.17

Although a series of studies have been performed on the metabolism of this thiol and its 

metabolites with respect to oxidation by reactive oxygen species,39–41 nothing has been 

done on the elucidation of its mechanism of nitrosation by NO and (or) NO-derived 

metabolites (N2O3 and NO+). Its nitrosation is well-known and has been reported in several 

manuscripts,42,43 but the exact mechanistic details are still unknown. We report herein on 

the detailed kinetics and mechanism of the nitrosation of cysteamine. The nitrosating agent 

is produced in situ, by premixing H+ and NO2 and utilizing a double-mixing stopped-flow 

spectrophotometer. This manuscript also reports on detailed product analysis as well as on 

transnitrosation kinetics. The most prevalent thiol-based antioxidant in the physiological 

environment is glutathione. It is envisaged that, in any discussion of S-nitrosation, 

glutathione would be a major player.
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Experimental

Materials

Cysteamine hydrochloride (CA, 2-aminoethanethiol hydrochloride) 98%, cystamine, 

cysteine (99+%), sodium perchlorate (Acros), glutathione, sodium nitrite, sodium chloride, 

perchloric acid (72%), ferrous sulfate (Fisher Scientific), cuprous chloride, and cupric 

chloride (GSF chemicals) were used as purchased. Stock solutions of CA and nitrite were 

prepared just before use. Reagent solutions were prepared with distilled and deionized water 

from a Barnstead Sybron Corporation water purification unit. Inductively coupled plasma 

mass spectrometry (ICP–MS) was used to show that our aqueous reaction medium did not 

contain enough transition-metal ions to affect the overall reaction kinetics and mechanism 

The highest metal ion concentration was cadmium at 1.5 ppb followed by lead at 0.43 ppb. 

Copper was virtually undetectable.

Methods

All experiments were carried out at 25.0 ± 0.1 °C and at a constant ionic strength of 1.0 

mol/L (NaClO4). The progress of the nitrosation reaction was monitored 

spectrophotometrically by following the absorbance of S-nitrosocysteamine (CANO) at its 

experimentally determined absorption peak of 545 nm, where an absorptivity coefficient of 

16.0 ± 0.1 (mol/L)−1 cm−1 was evaluated. Although CANO has a second absorption peak at 

333 nm, with a much higher absorptivity coefficient of 536.0 (mol/L)−1 cm−1, its maximum 

absorption at 545 nm was used owing to the lack of interference from the absorption peaks 

of nitrogen species (NO2
−, NO+, and HNO2) at this absorption wavelength (see Fig. 1).

Product identification and verification was achieved by complementary techniques: UV–vis 

spectrophotometry, HPLC, quadrupole time-of-flight mass spectrometry (TOF-MS), and 

electron paramagnetic resonance (EPR) spectrometry. Kinetics measurements for fast 

reactions were performed on a Hi-Tech Scientific double-mixing SF61-DX2 stopped-flow 

spectrophotometer. For slower reactions, a PerkinElmer Lambda 25 UV–vis 

spectrophotometer was used.

Stoichiometric determinations were performed by mixing excess perchloric acid and nitrite 

with a fixed amount of CA such that CA was the limiting reagent. The reaction was allowed 

to proceed to completion while rapidly scanning the reacting solution between 200 and 700 

nm. The concentration of CANO was deduced from its maximum absorption at 545 nm.

HPLC technique—The HPLC system utilized a Shimadzu Prominence (Columbia, 

Maryland) SPD-M10A VP diode array detector, dual LC 600 pumps, LPT-6B LC–PC 

interface controller, SIL-10AD auto injector, and Class-VP chromatography data system 

software. All samples were loaded on a reversed phase Discovery 5 μm C18 column 

(Supelco, Bellefonte, Pennsylvania). They were run isocractically at 0.15% trifluoroacetic 

acid (TFA) / H2O to 10% methanol / H2O, and CANO was detected at 545 nm (for selective 

scans) with maximum spectral scan mode employed to detect all eluents. A flow rate of 1 

mL/min was maintained. All solutions for HPLC analysis were made with Milli-Q Millipore 

purified water and filtered with Whatman Polypropylene 0.45 μm pore-size filter devices 
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before injection (10 μL) into the column using the auto injector. To curb the interaction of 

the protonated amines on the analytes with the silanol groups on the stationary phase (which 

was causing tailing of peaks), the sodium salt of 1-octanesulfonic acid (0.005 mol/L) was 

incorporated into the aqueous mobile phase as an HPLC ion-pairing agent. This was 

sufficient to neutralize the protonated amines and produce good resolution while eliminating 

peak tailing.

TOF-MS—Mass spectra were acquired on a Micromass QTOF-II (Waters Corporation, 

Millford, MA) quadrupole time-of-flight mass spectrometer. Analytes were dissolved in 

50:50 acetonitrile / water – 1% formic acid mixture, and analyte ions were generated by 

positive-mode electrospray ionization (ESI) at a capillary voltage of 2.8 kV and a flow rate 

of 5 μL/min. The source block was maintained at 80 °C and the nitrogen desolvation gas 

was maintained at 150 °C and at a flow rate of 400 L/h. Data were visualized and analyzed 

with the Micromass MassLynx 4.0 software suite for Windows XP (Water Corporation, 

Millford, Massachusetts).

EPR Measurements—A Bruker e-scan EPR spectrometer (X-band) was used for the 

detection of radicals and to confirm the release of NO upon the decomposition of CANO. 

Detection of NO was through the use of the NO-specific spin trap, aci-nitroethane.44 The 

following settings were used for a typical run: microwave power, 19.91 mW; modulation 

amplitude, 1.41 G; receiver gain, 448; time constant, 10.24 ms; sweep width, 100 G; and 

frequency, 9.78 GHz. All measurements were taken at room temperature.

Results

The major reaction studied was a simple nitrosation of cysteamine through in situ production 

of nitrous acid as the nitrosating agent. The yield of CANO varied, based on the order of 

mixing reagents. The highest yield, which gave quantitative formation of CANO, was 

obtained by premixing nitrite with acid and incubating the solution for approximately 1 s 

before subsequently reacting this nitrous acid with cysteamine in a third reagent stream of 

the double-mixing stopped-flow spectrophotometer. The value of the absorptivity coefficient 

of CANO at 545 nm adopted for this study of 16.0 mol/L−1 cm−1 was derived from this 

mixing order. Premixing CA with acid before the addition of nitrite gave a lower yield of 

CANO. The available protons are reduced by the protonation of CA.

[R2]

This subsequently reduces the amount of the immediately available nitrosating agent, 

HNO2.

Stoichiometry and product analysis

The stoichiometry, in conditions of excess acid and nitrite over CA, was strictly 1:1.

[R3]
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Stoichiometry rxn. [R3] is attained within a minute of mixing the reagents at high acid 

concentrations, and a little longer in lower acid concentrations. High acid concentrations 

rapidly form the product (CANO), which also rapidly decomposes. A resolvable mass 

spectrum is taken at low acid concentrations, and this generally will show both the reagent 

(CA) and the single product (CANO). This mass spectrum is shown in Fig. 2A. There are no 

other peaks that can be discerned from the reaction mixture, apart from those belonging to 

the reagent and the product. Incubation of the product of nitrosation overnight shows a final 

conversion of the CANO into the disulfide, cystamine (H2NCH2CH2S–SCH2CH2NH2, Fig. 

2B).

[R4]

Nitric oxide can be trapped and observed by EPR techniques through the use of a 

nitroethane trap.44 The aci-anion of this trap, formed in basic environments, generates a 

long-lived spin adduct with NO, which is detectable and quantifiable by its distinct EPR 

spectrum pattern and g value.

[R5]

This adduct ([CH3C(NO)(NO2)]•2−) is EPR-active. No peaks were obtained in the EPR 

spectrum when the nitroethane trap was utilized during the formation of CANO, indicating 

that NO is not released during the S-nitrosation and that it is not a major nitrosation agent in 

this mechanism. Upon use of the trap, however, during the decomposition of CANO, a 

strong EPR spectrum indicating the presence of NO was obtained, proving stoichiometry 

[R4]. Figure 3 shows a series of EPR spectra that proves the presence of NO in the 

decomposition of CANO. The first three spectra show that, on their own, nitroethane, CA, 

and NO2
− cannot generate any active peaks that can be attributed to NO. In excess 

concentrations of the trapping reagent, heights of the spectral peaks can be used, after a 

standardization, as a quantitative measure of the available NO. NO has a very poor solubility 

in water, and so the technique is limited only to low NO concentrations.

Reaction kinetics

The reaction has a very simple dependence on cysteamine concentrations (see Figs. 4A and 

4B). There is a linear first-order dependence on the rate of nitrosation with CA 

concentrations with an intercept kinetically indistinguishable from zero. The reaction 

kinetics are more reproducible in the format utilized in Fig. 4 in which concentrations of 

acid and nitrite are equal and in overwhelming excess over CA concentrations. The effect of 

nitrite is also simple and first-order (see Figs. 5) when nitrite concentrations do not exceed 

the initial acid concentrations. Effectively, under these conditions, all N(III) species in the 

reaction environment are in the form of protonated HNO2. Acid effects are much more 

complex and are dependent on the ratio of initial acid to nitrite concentrations. The 

nitrosation response to acid differs, depending on whether initial proton (H3O+) 

concentrations exceed initial nitrite concentrations. The most important parameter affecting 

the rate of nitrosation is the concentration of HNO2. A set of kinetics traces that encompass 
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a proton concentration variation, which ranges from concentrations that are lower than 

nitrite to those that exceed, was performed. A simple plot of added acid to the rate of 

nitrosation shown in Fig. 6A clearly displays a discontinuity at the point where acid exceeds 

nitrite concentrations. By utilizing the dissociation constant of HNO2, the final 

concentrations of H3O+, NO2
−, and HNO2 can be calculated for each set of initial 

concentrations. These data are shown in Table 1 for the input concentrations used for the set 

of kinetics experiments. Close examination of the data in Table 1 shows that the kinetics of 

the reaction are vastly different depending on whether initial acid concentrations exceed 

initial nitrite concentrations. When nitrite is in excess (the first four readings), there is a 

sharp nonlinear increase in the rate of nitrosation with nitrous acid concentrations (Fig. 6B), 

and a saturation in rate with respect to the actual proton concentrations despite the 

recalculation of the concentrations undertaken in Table 1. Figure 6B would strongly indicate 

second-order kinetics in nitrous acid, and a plot of nitrosation rate versus nitrous acid to the 

second power is linear (plot not shown). Table 1 shows that, in the series of data plotted for 

Fig. 6B, nitrous acid concentrations and excess proton concentrations increase while nitrite 

concentrations decrease, and the final observed rate of nitrosation is derived from these three 

species concentrations and not isolated to nitrous acid. At acid concentrations that exceed 

initial nitrite concentrations, there is a linear dependence in rate on acid concentrations (Fig. 

6C). Note that a saturation would have been achieved in nitrous acid concentrations as 

would be expected in this format in which the nitrous acid saturates at 50 mmol/L. The 

increase in nitrosation rate with an increase in acid after saturation of HNO2 indicates that 

other nitrosants apart from HNO2 exist in the reaction environment.

Effect of copper

Copper has been implicated in many reactions involving organosulfur compounds.45–47 

Cu(I) is known to be much more active than Cu(II). It is easier to assay for Cu(II) and the 

addition of Cu(II) to organosulfur reactions involves its initial conversion to the more active 

Cu(I). Figure 7A shows that addition of Cu(II) rapidly increases the nitrosation reaction. 

Cu(II) ions, however, also catalyze the decomposition of CANO. A plot of the rate of 

nitrosation versus Cu(II) concentrations shows the sigmoidal rate increase followed by an 

abrupt saturation, which is typical of catalytic mechanisms (figure not shown). No 

nitrosation occurs in the presence of nitrite without acid (which is necessary to generate the 

HNO2). Figure 7B, however, shows that, even in the absence of acid, Cu(II) ions can still 

effect the nitrosation of CA. Cu(I) ions, however, could not effect nitrosation in the absence 

of acid. Figure 7C shows the catalytic effect of Cu(II) ions on the decomposition of CANO. 

CANO was prepared in situ from two feed streams of the double-mixing stopped flow 

ensemble. Cu2+ ions derived from cupric chloride were next added from a third feed stream 

after complete production of CANO. All feed streams were buffered at pH 7.4. The two 

control experiments (traces a and b) show the slow decomposition expected from CANO 

solutions at pH 7.4. Trace b was treated with EDTA to sequester all metal ions in the 

reaction solution. This trace is identical to the one without EDTA (trace a), confirming the 

absence of metal ions in reagent solution, which can affect the decomposition kinetics. 

Addition of micromolar quantities of Cu(II) ions effects a big acceleration in the rate of 

decomposition. Higher Cu(II) concentrations give a strong autocatalytic decay of the 

nitrosothiol (trace f in Fig. 7C). The catalytic effect of Cu(II) ions on the decomposition can 
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also be evaluated through the rate of production of nitric oxide, which is known to be the 

major product, together with the disulfide, of nitrosothiol decompositions. Figure 7D shows 

EPR spectra using the nitroethane trap, of the enhanced production of NO with addition of 

Cu(II) ions. All three spectra were taken after the same time lapse from CANO incubation, 

and thus the peak heights of the NO-induced spectra can be correlated with the extent of 

reaction.

Transnitrosation

The most abundant thiol in the physiological environment is glutathione (GSH). A pertinent 

reaction to study would be the interaction of any nitrosothiol formed in the physiological 

environment with glutathione. There is a crucial question about the lifetimes of the 

nitrosothiols formed. If thiols are carriers of NO from the point of production to the point of 

its usage, the nitrosothiols formed should be stable enough and have a long enough lifetime 

to enable them to perform this activity. Spectrophotometric study of transnitrosation is 

rendered complex by the fact that many nitrosothiols seem to absorb around the same 

wavelength and with similar absorptivity coefficients. Figure 8A shows a series of 

superimposed spectra of four well-known nitrosothiols, which show nearly identical spectra. 

Figure 8B shows the spectrophotometric characterization of possible transnitrosation in 

mixtures of CANO and GSH. GSNO has a higher absorptivity coefficient than CANO at the 

same wavelength,48 and this explains the initial increase in absorbance on addition of GSH 

to CANO. LC–MS data have shown that the reaction mixture can transiently (before 

attainment of the equilibrium mixture) contain any of at least six components at varying 

times and concentrations: CANO, S-nitrosoglutathione (GSNO), GSH, CA– CA 

(cystamine), GSSG (oxidized glutathione), and CA–GS (mixed disulfide). The rate of 

transnitrosation will be difficult to evaluate owing to the presence of the mixed disulfide. 

Figure 8B shows that, relatively, CANO is more stable than GSNO because of the rapid rate 

of consumption of GSNO upon its formation as compared with the much slower CANO 

decomposition with or without EDTA. Figure 9 shows a GC–MS spectrum of mixtures of 

CANO and GSH. This involved a 3:5 ratio of CANO to GSH, which is also trace f in Fig. 

8B. The remarkable aspect of this spectrum is the absence of the GSSG, whose precursor is 

GSNO. Thus, GSNO, when formed, rapidly decomposes by reacting with CA to form the 

mixed disulfide and releasing NO. The cystamine formed and observed in the spectrum is 

derived from the normal decomposition of CANO (see rxn. [R10], vide infra).

Mechanism

The overall rate of nitrosation is dependent on the rate of formation and accumulation of the 

nitrosating agents. A number of possibilities have been suggested, and these include HNO2, 

NO, NO2, N2O3, and the nitrosonium cation, +NO. Some nitrosants cannot exist under 

certain conditions; for example, the +NO cannot exist at high pH49 conditions and NO2 

cannot be produced in strictly anaerobic conditions. Figure 10 shows two nitrosation 

reactions at equivalent conditions except that one was run in solutions that had been 

degassed with argon and immediately capped. Aerobic environments can form NO2 from 

NO and subsequently N2O3 will also be formed.50
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[R6]

[R7]

Both NO2 and N2O3 are potent nitrosating agents.29 There is a slightly higher rate of 

nitrosation in aerobic environments when compared with those in anaerobic environments. 

This is a reflection of the low dissolved oxygen concentrations available in aqueous 

solutions at approximately 2 × 10−4 mol/L. Thus, although formation for these nitrosants is 

favored, their viability is hampered by the low concentrations of oxygen as well as NO, 

which is only produced during the decomposition of the nitrosothiol. NO was not detected 

during the formation of CANO. In the aqueous environment utilized for these experiments, 

reaction of aqueous N2O3 to nitrous acid would be overwhelmingly dominant. This is a 

rapid equilibrium reaction that favors the weak acid, HNO2.

[R8]

Early studies by Bunton and Steadman51 had erroneously estimated a value for KH
−1 = 0.20 

(mol/L)−1, which would indicate appreciable amounts of N2O3(aq) over nitrous acid. A 

more accurate evaluation by Markovits et al.52 gavea more realistic value of KH
−1 = 3.03 × 

10−3 (SD 0.23 × 10−3) (mol/L)−1. According to Turney,53 appreciable amounts of N2O3 can 

only exist in highly acidic environments, in the region of 5 mol/L perchloric acid. Such 

conditions are not applicable for the physiological environment. Most nitrosation studies in 

aerobic NO environments neglect the contribution to nitrosation by NO2 and only 

concentrate on NO and N2O3. NO2 concentration will always be negligibly low because of 

rxn. [R6], which is two orders of magnitude greater than the rate of nitrosation by NO2 (1.1 

× 109 (mol/L)−1 s−1 vs 2.0 × 107 (mol/L)−1 s−1, respectively),54,55 is hampered by the low 

concentrations of oxygen available. In the presence of NO, it is more unstable with respect 

to N2O3.

All nitrosation kinetics show first-order dependence in both thiol and nitrite with a complex 

dependence on acid. Data in Figs. 4 and 5 show this strong first-order dependence on CA 

and on nitrite. In conditions in which acid concentrations are less than initial nitrite 

concentrations, the effect of nitrite is more difficult to interpret, since a change in its 

concentrations concomitantly induces a change in both acid and HNO2 concentrations, and 

thus its sole effect cannot be isolated. First-order kinetics in nitrite strongly suggest that the 

major nitrosant at the beginning of the reaction is HNO2, since there is a direct correlation 

between nitrite concentrations and HNO2, especially when there is consistently excess acid 

over nitrite. After performing calculations for the relevant reactive species in the reaction 

medium (Table 1), the plot of the initial rate of nitrosation versus nitrous acid concentrations 

shows a parabolic dependence, which erroneously suggests second-order kinetics in HNO2 

(Fig. 6B) for the region in which initial nitrite concentrations exceed acid. As mentioned in 

the Results section, the data in Table 1 show that HNO2 is not changing in isolation. Both 

nitrite and acid are also concomitantly changing, and so the effect observed in rate is not 

solely attributable to changes in HNO2 concentrations. When acid is in excess over nitrite, 
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the amount of HNO2 saturates, but as can be seen in Fig. 6C, the rate keeps increasing 

linearly with an increase in acid, indicating the presence of multiple nitrosating agents apart 

from HNO2. The simplest rate law that can explain this nitrosation rate involves +NO and 

HNO2. +NO can be formed from the protonation of HNO2:

[R9]

(H(OH)N=O+ is a hydrated nitrosonium cation, +NO + H2O).

The overall rate of reaction, using these two nitrosants gives

[1]

where [N(III)]T is the total concentrations of nitrous acid and nitrite as calculated in Table 1 

(columns 4 and 5) and [H+] is the calculated acid concentration in column 6 of Table 1. Ka is 

the acid dissociation constant of nitrous acid, Kb is the equilibrium for the protonation of 

nitrous acid (rxn. [R9]), k1 is the bimolecular rate constant for the nitrosation of CA by 

HNO2, and k2 is the bimolecular rate constant for the nitrosation by +NO. Ka was taken as 

5.62 × 10−4 (mol/L)−1 and, thus, at high acid concentrations, a plot of Rate/[N(III)]T [CA] vs 

[H+] should give a straight line with slope k2Kb and intercept k1. This type of plot only 

applies to conditions of excess acid over nitrite (Fig. 6C). One can derive values for k1 and 

product k2Kb from these series of plots. A value of k1 = 17.9 ± 1.5 (mol/L)−1 s−1 was 

derived from a series of several complementary experiments. k2 was deduced as 6.70 × 104 

(mol/L)−1 s−1 after assuming a Kb value of 3.16 ×10−2 (mol/L)−1.

Decomposition of CANO

RSNOs differ greatly in their stabilities, and most of them have never been isolated in solid 

form. Homolysis of the S–N bond occurs both thermally and photochemically, but, 

generally, these processes are very slow at room temperature and in the absence of radiation 

of the appropriate wavelength. In vivo decomposition of RSNOs is likely to proceed through 

other pathways apart from these two. The presence of trace amounts of Cu(II) or Cu(I) can 

efficiently catalyze RSNOs to disulfide and nitric oxide (see Figs. 7A–7D).

[R10]

The characterization of the S–N bond is crucial in determining the stability of RSNOs, and, 

unfortunately, very little work has been performed in this area. The little crystallographic 

data available on isolable RSNOs indicate that the S–N bond is weak, sterically unhindered, 

elongated at between 0.17 and 0.189 nm,56 and exists as either the cis (syn) or trans (anti) 

conformers. These conformers are nearly isoenergetic but separated by a relatively high 

activation barrier of ~11 kcal mol−1 (1 cal = 4.184 J). CANO is a primary S-nitrosothiol, 

with primary and secondary nitrosothiols known to be kinetically unstable to decomposition 

when compared with tertiary nitrosothiols.57,58 S-Nitroso-N-acetylpenicillamine is the most 

well-known stable tertiary nitrosothiol.59 The mechanism of decomposition of nitrosothiols 

was believed to proceed through the homolytic cleavage of this weak S–N bond. Computed 
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S–N bond dissociation energies for nitrosothiols show very little variation, however, 

between primary, secondary, and tertiary nitrosothiols, resulting in very similar homolysis 

rates of reaction at elevated temperatures for all nitrosothiols. The computed activation 

parameters for thermal homolysis to occur are prohibitively high for this to be a dominant 

pathway under normal biological conditions. For example, assuming an approximate S–N 

bond energy of 31 kcal,58 a rough calculation will indicate that if decomposition was to 

proceed solely through homolysis, the half-life of a typical nitrosothiol would be in the 

region of years instead of the minutes to hours that are observed.60 This analysis does not 

support the work reported by Roy et al.61 in which they established homolysis as the major 

decomposition pathway. They also managed to trap the thiyl radical, RS·. Close examination 

of their reaction conditions show high trap concentrations (0.2 mol/L DMPO) and 

nitrosothiol (0.1 mol/L). Such conditions would catch even very low concentrations of thiyl 

radical, but would not necessarily indicate that this was the dominant pathway and whether 

it was derived solely from homolytic cleavage of the S–N bond. Nitrosothiol decomposition 

rates in the absence of metal ions are known to be mostly zero order57 and this is 

inconsistent with an S–N bond homolysis-driven decomposition,62 which would have been 

expected to be first order. In the presence of excess thiol, however, decomposition of 

nitrosothiols proceeds via a first-order decay process.59 The absence of first-order decay 

kinetics in the decomposition of CANO also rules out homolysis as a dominant pathway. For 

a series of nitrosothiols, the homolysis-dependent decomposition rates are not dependent on 

the bulkiness of the substituent groups attached to the nitrosothiols, which seems to enhance 

the calculations that showed no discernible difference in the S–N bond energies irrespective 

of whether the nitrosothiol was primary, secondary, or tertiary.63 In aerated solutions, the 

decay was autocatalytic, thus implicating N2O3 as the autocatalytic propagating species (see 

rxns. [R6] and [R7]). Nitrosothiol decompositions were much slower in solutions in which 

NO was not allowed to escape, implicating NO as a possible retardant of nitrosothiol 

decomposition.25 This can be explained by the recombination of the thiyl radical with NO in 

the reaction cage after initial cleavage. Elimination of NO from the medium by bubbling air 

forces rxn. [R11] to the right.

[R11]

No mechanism has yet been proposed for the implication of N2O3 in the autocatalytic 

mechanism. One can assume that N2O3 should assist in the cleavage of the S–N bond, thus 

accelerating the rate of homolytic decomposition of RSNOs.

In aerated solutions, NO then undergoes rxns. [R6] and [R7] to yield N2O3.

[R12]

The incorporation of the NO2
− group in the nitrosothiol would weaken the S–N bond, 

leading to its easy cleavage and regeneration of the N2O3 molecule, which will further 

catalyze the decomposition.
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[R13]

The sequence of rxns. [R11]–[R13] will deliver autocatalysis in N2O3, since rxn. [R13] 

produces N2O3, which recycles back into rxn. [R12].

Recent results have suggested a novel pathway for the decomposition of nitrosothiols that 

involves an initial internal rearrangement to form an N-nitrosation product.64 Typical 

nitrosothiol decomposition products after such an internal rearrangement would include 

thiiranes and 2-hydroxy-mercaptans. This mechanism has been used successfully to explain 

the production of a small but significant quantity of 2-hydroxy-3-mercaptopropionic acid 

(apart from the dominant product cystine) in the decomposition of S-nitrosocysteine. The 

GC–MS spectrum shown in Fig. 2, however, gives a dominant signal for dimeric cystamine, 

with very little evidence of any other significant products, indicating very little initial N-

transnitrosation.

The copper-catalyzed decomposition of nitrosothiols has been well-documented.65–67 The 

varying rates of nitrosothiol decompositions reported by different research groups can be 

traced possibly to adventitious metal ion catalysis from the water used in preparing reagent 

solutions. Even in our case, with the maximum metal ion concentrations of 0.43 ppb in Pb2+, 

small differences can be observed in EDTA-laced reaction solutions and those that are not 

(see traces a and b in Fig. 7C). Nitrosothiol decompositions have also implicated other metal 

ions and not just specifically copper.66 Although Cu(II) ions are used to catalyze nitrosothiol 

decomposition, the active reagent is Cu(I). In this catalytic mechanism, Cu redox cycles 

between the +2 and +1 oxidation states. Only trace amounts of Cu(I) are needed to effect the 

catalysis, and these can be generated from the reduction of Cu(II) ions from minute amounts 

of thiolate anions that exist in equilibrium with the nitrosothiol.

[R14]

[R15]

[R16]

[R17]

The cascade of rxns. [R14]–[R17] continues until the nitrosothiol is depleted and converted 

to the disulfide. The complex formed in rxn. [R16] has been justified through density 

functional theory studies that report that Cu(I) binds more strongly to the S center than to the 

N center of the nitrosothiol.65 This preferential binding weakens and lengthens the S–N 

bond, thus facilitating its cleavage. It is difficult to extrapolate this proposed mechanism into 

the physiological environment, but some experimental results have shown that protein-

bound Cu2+ catalyzed nitric oxide generation from nitrosothiols, but not with the same 
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efficiency as the free hydrated ion.68 Further studies are needed to evaluate the efficiency of 

this catalysis, especially in copper-based enzymes.

Effect of Cu(II) on the nitrosation of cysteamine (Fig. 7B)

The fact that Cu(II) ions can assist in nitrosating CA from nitrite in the absence of acid while 

Cu(I) ions are unable to effect this can be explained by recognizing that nitrosation is an 

electrophilic process, where NO effectively attaches as the (formally) positive charge, while 

eliminating a positively charged proton. Cu(II), in this case, acts by complexing to the nitrite 

and forming a nitrosating species that will release the Cu(II) ions after nitrosation.

Further experiments on the effect of nitrous acid—Since nitrous acid is the major 

nitrosation species, another series of experiments were undertaken in which the effect of 

nitrous acid could be unambiguously determined. For the data shown in Fig. 11A, nitrite and 

acid were kept at equimolar concentrations and varied with that constraint. Final proton and 

nitrite concentrations after dissociation are also equal for electroneutrality (see Table 2). 

Thus, if our simple mechanism is plausible, a plot of nitrous acid versus initial nitrosation 

rate should be linear with the expected slight tailing at either extreme of the nitrous acid 

concentrations owing to nonlinear generation of the free acid derived from the quadratic 

equation. Using the same rate law as eq. [1], a value of k1 can be derived and compared with 

values obtained from the Fig. 6C plot. Kinetics constants derived from the Fig. 11B plot are 

not expected to be as accurate as those from Fig. 6C, but should deliver values close to those 

from high acid environments. For the case of nitrous acid as the nitrosating agent (too low a 

concentration of excess H3O+ to effect equilibrium of rxn. [R9]), data derived from Fig. 11B 

delivered an upper limit rate constant for k1 that was higher than that derived from Fig. 6C-

type data, but well within the error expected for such a crude extrapolation. Other sets of 

kinetics data were derived in which CA concentrations were varied while keeping the 

nitrous acid concentrations constant. Varying nitrous acid concentrations were used and, for 

each, a CA dependence was plotted (data not shown). These were straight lines through the 

origin and with the slope determined by the concentration of nitrous acid and the free 

protons existing in solution after the dissociation of nitrous acid. For these kinetics data, eq. 

[1] had to be evaluated completely, since Ka ≈ [H3O+] and no valid approximation could be 

made. The values of k1 and k2Kb were utilized in eq. [1] to recalculate initial rates and slopes 

with respect to CA concentrations. These values were utilized to check the accuracy of the 

kinetics constants derived from high-acid-dependent experiments. It was noted that, within 

experimental error, these values checked and were generally robust.

Simulations

A small set of simple reactions was utilized to simulate the nitrosation kinetics. This set is 

shown in Table 3. At low acid concentrations, the nitrosation is dominated by HNO2 as the 

nitrosant, and as acid concentrations are increased, both nitrous acid and the nitrosonium 
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cation are involved in the nitrosation. Even though Table 3 includes nitrosation by N2O3, the 

lack of oxygen (approximately kept constant at 2.0 × 10−4 mol/L) and its most favored and 

rapid reaction to nitrous acid made the nitrosation by N2O3 insignificant. N2O3 is the 

dehydrated form of HNO2 (rxn. [R8]), while reaction conditions were in an overwhelming 

excess of water. Its insignificant concentration ensured that the simulations were insensitive 

to value of the bimolecular nitrosation constant for N2O3 (kM8). Figure 12B clearly shows 

that the concentration of N2O3 never rises to a level where it would be significant. The rate 

constants adopted for rxn. [M1] (Table 3) were not crucial for as long as they were fast (in 

both directions) and were connected by Ka. Increasing the forward and reverse rate constants 

while maintaining Ka only slowed the simulations, but did not alter the simulation results. 

Reaction [M2] (Table 3) was also a rapid hydration reaction that strongly favored HNO2, 

thus rapidly depleting any N2O3 formed or merely keeping these concentrations depressed 

should the tandem rxns. [R6] + [R7] have been added to the mechanism. These were not 

utilized for this simulation because EPR experiments had not detected NO at the beginning 

of the reaction and had only detected NO during the decomposition of the nitrosothiol. There 

are no reliable thermodynamics parameters for rxn. [M3] (Table 3), since this would be 

heavily dependent on the pH of the medium. For the purposes of this simulation and some of 

our previous estimates, the equilibrium constant for rxn. [M3] was set at 3.16 × 10−2 (mol/

L)−1. Kinetics constants for rxns. [M4] and [M5] (Table 3) were derived from this study. In 

the absence of significant concentrations of N2O3, the simulations were insensitive to the 

kinetics constants utilized for rxns. [M6] and [M8] (Table 3). Reaction [M7] (Table 3) was 

assumed to be slow and, in the absence of Cu(II) ions or other adventitious ions, this is 

indeed so (see Figs. 7A and 7C). The simulations are shown in Fig. 12A, which gives a 

reasonably good fit from such a crude mechanism. Figure 12B is provided to show the 

concentration variation of some of the species that could not be experimentally determined. 

Of note is that N2O3 concentrations are depressed throughout the lifetime of the nitrosation. 

Even though +NO is also depressed in concentration, this can be explained by its high rate of 

nitrosation as soon as it is formed and an equilibrium that favors its hydration back to HNO2 

once the thiol is depleted.

Conclusion

This detailed kinetics study has shown that, even though there are several possible 

nitrosating agents in solution, in the physiological environment, with its slightly basic pH 

and low oxygen concentrations, the major nitrosant is HNO2. Furthermore, the lifetime of 

CANO is not long enough to be able to be effectively used as a carrier of NO. GSH, which 

has been touted as a possible carrier of NO, appears to have a shorter lifetime than CANO. 

However, because of its overwhelming concentration in the physiological environment it 

might still be a major carrier of NO when it is compared with other thiols. Protein thiols, it 

appears, would be the best carriers by either intra- or inter-molecular transfer of NO through 

protein nitrosothionylation through exposed and accessible cysteine groups.69
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Fig. 1. 
UV–vis spectral scan of reactants 0.01 mol/L cysteamine hydrochloride (CA, a), 0.001 

mol/L NaNO2
− (b), 0.001 mol/L HNO2 (c), and product 0.001 mol/L S-nitrosocysteamine 

(CANO, d).
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Fig. 2. 
Mass spectrometry analysis of the product of nitrosation of cysteamine hydrochloride (CA) 

showing (A) formation of S-nitrosocysteamine (CANO), m/z = 107.9999; (B) product of 

decomposition of CANO after 24 h. Cystamine, a disulfide of CA was produced with a 

strong peak, m/z = 153.0608.
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Fig. 3. 
Electron paramagnetic resonance (EPR) spectra of the NO radical generated during the 

decomposition of S-nitrosocysteamine (CANO) using 0.5 mol/L nitroethane (NE) in 1.0 

mol/L NaOH solution as the spin trap. (A) 0.5 mol/L NE, (B) 0.01 mol/L NO2
−, (C) 0.04 

mol/L cysteamine hydrochloride (CA), (D) [CANO] = 0.01 mol/L, (E) [CANO] = 0.02 

mol/L, (F) [CANO] = 0.03 mol/L, and (G) [CANO] = 0.04 mol/L.
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Fig. 4. 
(A) Absorbance traces showing the effect of varying cysteamine hydrochloride (CA) 

concentrations. The reaction displays first-order kinetics in CA. [NO2
−]0 = 0.10 mol/L; 

[H+]0 = 0.10 mol/L; and (a) [CA]0 = 0.005 mol/L; (b) [CA]0 = 0.006 mol/L; (c) [CA]0 = 

0.007 mol/L; (d) [CA]0 = 0.008 mol/L; (e) [CA]0 = 0.009 mol/L; and (f) [CA]0 = 0.010 

mol/L. (B) Initial rate plot of the data in Fig. 4A. The plot shows the strong first-order 

dependence of the rate of formation of S-nitrosocysteamine (CANO) on CA, with an 

intercept kinetically indistinguishable from zero.
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Fig. 5. 
Initial rate plot from the data derived from varying nitrite ion concentrations in excess acid 

over nitrite. [CA]0 = 0.10 mol/L; [H+]0 = 0.10 mol/L; and [NO2
−]0 was varied from 0.005 to 

0.010 mol/L. The plot shows strong first-order dependence on initial rate of formation of S-

nitrosocysteamine (CANO) on nitrite. CA, cysteamine hydrochloride.
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Fig. 6. 
(A) Plot of the raw kinetics data for the effect of added acid on the rate of nitrosation.[CA]0 

= 0.05 mol/L; [NO2
−]0 = 0.05 mol/L; and [H+]0 was varied between 0.01 and 0.08 mol/L. 

For the first four data points, [NO2
−]0 > [H+]0. The linear potion of the plot represents 

excess proton concentrations over nitrite. Acid concentrations plotted here are those 

experimentally added and not calculated. (B) Plot of initial rate versus nitrous acid 

concentrations of the experimental data in Fig. 6A and calculated in Table 1. This plot 

involves the region at which initial nitrite concentrations exceed acid concentrations. (C) 

Plot showing the linear dependence of the rate of formation of S-nitrosocysteamine (CANO) 

on [H3O+] in high acid concentrations, where initial acid concentrations exceed nitrite 

concentrations. Nitrous acid concentrations are nearly constant in this range (see Table 1).
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Fig. 7. 
(A) Absorbance traces showing the effect of varying Cu2+ concentrations on the rate of 

formation of CANO. There is a progressive increase in the rate of S-nitrosocysteamine 

(CANO) formation with an increase in Cu2+ concentration. [CA]0 = [NO2
−]0 = [H ]0 = 0.05 

mol/L; and (a) [Cu2+]0 = 0.00 mol/L, (b) [Cu2+]0 = 5 μmol/L, (c) [Cu2+]0 = 15 μmol/L, (d) 

[Cu2+]0 = 100 μmol/L, (e) [Cu2+]0 = 1 mmol/L, and (f) [Cu2+]0 = 2.5 mmol/L. CA, 

cysteamine hydrochloride. (B) Absorbance traces showing the formation of CANO via a 

reaction of CA, nitrite, and copper(II) without acid. The amount of CANO formed increases 

with an increase in Cu2+ concentration. No formation of CANO was observed with Cu+. The 

result shows the catalytic effect of Cu2+ on the rate of formation of S-nitrosothiol (RSNO). 

[CA]0 = [NO2 ]0 = [H ]0 = 0.05 mol/L; and (a) [Cu2+] = 0.0025 mol/L, (b) [Cu2+] = 0.0030 

mol/L, (c) [Cu2+] = 0.0035 mol/L, (d) [Cu2+] = 0.0040 mol/L, (e) [Cu2+] = 0.0045 mol/L, 

and (f) [Cu2+] = 0.0050 mol/L. (C) Effect of Cu2+ on the stability of CANO in a pH 7.4 

phosphate buffer. This reaction involves the reduction of Cu2+ to Cu+, which causes the 

decomposition of CANO. [CANO]0 = 0.028 mol/L; (a) [Cu2+]0 = 0.00 mol/L (pure CANO), 

(b) [Cu2+]0 = 0.00 mol/L (pure CANO in 0.00001 mol/L EDTA), (c) [Cu2+]0 = 5 μmol/L, 

(d) [Cu2+]0 = 10 μmol/L, (e) [Cu2+]0 = 20 μmol/L, and (f) [Cu2+]0 = 30 μmol/L. (D) 

Electron paramagnetic resonance (EPR) spectra of the NO radical showing the catalytic 

effect of Cu2+ on the rate of decomposition of CANO. The intensity of the spectra increases 

with an increase in Cu2+ concentration. [CANO]0 = 0.01 mol/L; (a) [Cu2+]0 = 0.00, (b) 

[Cu2+]0 = 1.0 × 10−4 mol/L, and (c) [Cu2+]0 = 2.0 × 10−4 mol/L.
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Fig. 8. 
(A) Superimposed spectra of four well-known nitrosothiols (a) CysNO, (b) S-

nitrosocysteamine (CANO), (c) S-nitrosoglutathione (GSNO), and (d) nitrosothiol of 

penicillamine (SNAP). Three of them nearly have the same ε at 545 nm. The observed 

separation in the absorbances of these three at 545 nm is due to staggering of the time lag 

before acquiring the spectrum. (B) The effect of glutathione (GSH) on the stability of 

CANO in a pH 7.4 phosphate buffer. All experimental traces have [CA]0 = 0.03 mol/L, 

[NO2
−]0 = 0.03 mol/L, and [H+]0 = 0.05 mol/L. (a) [GSH] = 0, (b) [GSH] = 0, (c) [GSH] = 

0.01 mol/L, (d) [GSH] = 0.02 mol/L, (e) [GSH] = 0.03 mol/L, and (f) [GSH] = 0.05 mol/L. 

Traces a and b are controls. Trace a has no EDTA. Trace b is the same as trace a with 10 

μmol/L of EDTA. There is no significant difference between traces a and b, indicating that 

the water used for preparing reagent solutions did not contain enough trace metal ions to 

affect the kinetics. Ten microlitres of EDTA was added to
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Fig. 9. 
A GC–MS spectrum of a 3:5 ratio of S-nitrosocysteamine (CANO) to glutathione (GSH); 

trace f in Fig. 8B. Final products were predominantly the mixed disulfide and cysteamine 

with no evidence of oxidized glutathione (GSSG). CA, cysteamine hydrochloride.

Morakinyo et al. Page 26

Can J Chem. Author manuscript; available in PMC 2015 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 10. 
Evaluating the effect of oxygen on the rate of nitrosation of cysteamine. The solutions 

purged with argon (trace a) give a very slightly lower rate of nitrosation, indicating a small 

and insignifant contribution of nitrosation by N2O3. [CA]0 = 0.05 mol/L; [H+]0 = 0.08 

mol/L; and [NO2
−]0 = 0.07 mol/L. CA, cysteamine hydrochloride.
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Fig. 11. 
(A) Evaluation of unambigous nitrous acid dependence by employing [H+]0 = [NO2

−]0 and 

varying both at the same equimolar concentrations. [CA]0 fixed at 0.25 mol/L. (a) [H+]0 = 

[NO2
−]0 = 0.005 mol/L, (b) [H+]0 = [NO2

−]0 = 0.010 mol/L, (c) [H+]0 = [NO2
−]0 = 0.015 

mol/L, (d) [H+]0 = [NO2
−]0 = 0.020 mol/L, (e) [H+]0 = [NO2

−]0 = 0.025 mol/L, (f) [H+]0 = 

[NO2
−]0 = 0.030 mol/L, and (g) [H+]0 = [NO2

−]0 = 0.035 mol/L. (B) Plot of initial rate of 

nitrosation versus initial nitrous acid concentrations as calculated in Table 2 and derived 

from the data in Fig. 11A. This plot is linear, as opposed to Fig. 6C.
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Fig. 12. 
(A) Simulation of the short set of reactions shown in Table 3. Solid lines are experimental 

data and the symbols indicate simulations. The mechanism is dominated by the value of the 

bimolecular rate constant for the nitrosation of cysteamine hydrochloride (CA) by HNO2 

(k1). [CA]0 = [NO2
−]0 = 0.05 mol/L. (B) Results from the modeling that delivered 

simulations of the two traces shown in Fig. 12A. These simulations show the concentration 

variations of those species that could not be experimentally monitored. Neither N2O3 nor 

NO+ rise to any significant concentration levels.
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Table 1

Input species concentrations and final reagent concentrations for acid dependence experiments (units of 

mol/L).

[H+]added [NO2
−]added [HNO2]initial [NO2

−]final [HNO2]final [H3O+]final

0.01 0.05 0.01 4.01×10−2 9.86×10−3 1.38×10−4

0.02 0.05 0.02 3.04×10−2 1.97×10−2 3.63×10−4

0.03 0.05 0.03 2.08×10−2 2.92×10−2 7.90×10−4

0.04 0.05 0.04 1.18×10−2 3.82×10−2 1.82×10−3

0.05 0.05 0.05 5.03×10−3 4.50×10−2 5.03×10−3

0.06 0.05 0.05 2.22×10−3 4.78×10−2 1.22×10−2

0.07 0.05 0.05 1.07×10−3 4.89×10−2 2.11×10−2

0.08 0.05 0.05 8.93×10−4 4.91×10−2 3.09×10−2
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Table 2

Input species concentration and final reagent concentrations for nitrous acid dependence experiments with 

[H+]0 = [NO2
−]0.

[H+]added [NO2
−]added [HNO2]initial [H3O+]final [NO2

−]final [HNO2]final

5.00×10−3 5.00×10−3 5.00×10−3 1.42×10−3 1.42×10−3 3.58×10−3

1.00×10−2 1.00×10−2 1.00×10−2 2.11×10−3 2.11×10−3 7.89×10−3

1.50×10−2 1.50×10−2 1.50×10−2 2.64×10−3 2.64×10−3 1.24×10−2

2.00×10−2 2.00×10−2 2.00×10−2 3.08×10−3 3.08×10−3 1.69×10−2

2.50×10−2 2.50×10−2 2.50×10−2 3.48×10−3 3.48×10−3 2.15×10−2

3.00×10−2 3.00×10−2 3.00×10−2 3.83×10−3 3.83×10−3 2.62×10−2

3.50×10−2 3.50×10−2 3.50×10−2 4.16×10−3 4.16×10−3 3.08×10−2
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Table 3

The set of reactions used for simulating the nitrosation of cysteamine. RSH, cysteamine.

Reaction
No. Reaction k f k r

M1 H+ + NO2
− ⇌ HNO2 1.10×109 6.18×105

M2 2HNO2 ⇌ N2O3 + H2O 1.0×102 1.0×108

M3 HNO2 + H+ ⇌ +N=O + H2O 3.16×105 1.00×107

M4 RSH + HNO2 → RSNO + H2O 17.9 ~0

M5 RSH + +N=O ⇌ RSNO + H+ 6.7×104 1.0×10−3

M6 N2O3 ⇌ NO + NO2 8.0×109 6.0×108

M7 2RSNO ⇌ RSSR + 2NO 4.0×10−3 ~0

M8 RSH + N2O3 → RSNO + HNO2 5.0×103 ~0

Note: kf, forward rate constant; kr, reverse rate constant.
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