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Abstract: The recent determination that Angeli’s salt may have clinical application as a nitrogen oxide
donor for treatment of cardiovascular diseases such as heart failure has led to renewed interest in the
mechanism and products of thermal decomposition of Angeli’s salt under physiological conditions. In this
report, several mechanisms are evaluated experimentally and by quantum mechanical calculations to
determine whether HNO is in fact released from Angeli’s salt in neutral, aerobic solution. The mechanism
of product autoxidation is also considered.

Introduction Initial comparisons determined that infusion of Angeli’s salt

Recent in vitro and in vivo comparisons of the effects of Immediately prioroto reperfusion exacerbated damage in the
exposure to sodium trioxodinitrate (Angeli's salt) and nitric myocardial model? However, alteration of the time of Angeli’'s

oxide (NO) donors have revealed that Angeli's salt elicits unique Salt €xposure prior to the ischemic insult protectively precon-
and generally orthogonal pharmacological responses to thoseditioned the heart against subsequent reperfusion injury to a
of NO. For instance, Angeli's salt has been determined to 9réater extent than NO dond¥sThese results demonstrate a

enhance myocardial contractility (i.e., exert load-independent critical dependence on timing of donor delivery.
positive inotropy)t whereas the NO adduct of diethylamine The contrast in the protective effects for NO donors and the

(DEA/NO), which is a spontaneous NO donor with a similar delef[e_ri_ous consequences of Angel?’s _salt infusion obseryed in

decomposition rate to Angeli's s&lthas no such propertids.  the initial reperfusion study was similar to that of earlier

In fact, the cardiovascular effects induced by Angeli's salt may Cytotoxicity studie¥ in which necrosis induced by reactive

provide a novel therapy for heart failu¥e® oxygen species was alleviated k_)y NO but augmenteq by Angeli's
NO donors have been shown to be protective toward ischemiaSalt: Low millimolar concentrations of Angeli’s salt itself were

reperfusion injury of the heart, brain, liver, and gut meserftety. significantly toxic, with a magnitude similar to alkylhydroper-
oxides and several orders higher than NO donors. The cyto-

" University of Arizona. _ _ o .. toxicity of Angeli’s salt was dependent upon,Guggesting
" Department of Chemistry and Biochemistry, University of California,  y iy olvement of an oxidized intermediate. Oxidation of the

Los Angeles.
8 National Cancer Institute N . . . .
”_Dep_artment of Molecular and Medical Pharmacology, University of ®) gkea%mggbyéxifﬁghdaégtz’ é]gQRﬁlggEe;g_ Ma, X. L. Lefer, A. M.
California, Los Angeles. ) o (7) Mason, R. B.; Pluta, R. M.; Walbridge, S.; Wink, D. A.; Oldfield, E. H.;
U The Johns Hopkins Medical Institutions. Boock, R. J.J. Neurosurg200Q 93, 99—-107.
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fluorophore dihydrorhodamine (DHR) by Angeli’'s salthas also ~ The condition-dependent dissimilaritiéd’ between the
been shown to be reliant upornp.& chemistry of Angeli’s salt and ONOQas well as the observa-
The usefulness of Angeli’s salt as a cardiovascular treatmenttions of discrete physiological effects for Angeli’s salt and DEA/
requires understanding not only of the physiological effects but NO3.10.11.28.29ed to reevaluatioft-20of the acidity of HNO by
also of the chemical modifications and the chemistry of both quantum mechanical calculations and cyclic voltammetric and
the donor compound and the reactive intermediates. At physi- spectrophotometric analyses. The use of donor compounds in
ological pH decomposition of Angeli’s salt is generally accepted these two studies removed the complicating factor of excess
to be initiated by protonation of the dianion and to produce NO required in the pulse radiolytic analyéfsand the &, for

nitroxyl (HNO) and nitritel4—1° HNO was determined2°to exceed 11. This highKa, which
. N - indicates that the predominant species at neutral pH is in fact
N,O;" +H" — HNO + NGO, 1) HNO, is a function of the different ground states of the acid/

base pairfHNO and®NO~). Due to the fast rate of consumption
In 1970, Gratzel and colleagi@nvestigated the chemistry  of HNO by dimerization (8x 10° M1 s1)25:31

of the reduction products of NO in a pulse radiolytic study and

reported that thelg, of HNO is 4.7. This value indicates that 2HNO— [HONNOH] — N,O + H,0 4)
HNO would deprotonate nearly quantitatively at physiological

and higher pHs. Spectrophotometric observation of peroxynitrite anq to the extraordinarily slow, base-dependent rate of the spin-
(ONOQ") during steady-state photolytic degradation of Angeli's  forpidden proton transfer (5 10° M~1 s°1),25

salt in aerobic, highly alkaline solutiéh provided indirect

evidence for the formation of the nitroxyl anion. IHNO + OH™ — 3NO™ + H,0 (5)

NO + O,— ONOO 2
2 2) formation of NO only becomes significant in alkaline solu-

. . . . . i ,25,32 H
The autoxidation of NO is isoelectronid! to the nearly ~ 1ons*?*%2or at low nanomolar concentrations of HN®.

diffusion-controlled (47 x 10° M1 s~1)2223reaction of NO The oxidant resulting from aerobic decomposition of Angeli's
and superoxide (9). salt at neutral pH has been speculat@éito be a product of
the reaction of HNO with @ through an undetermined

NO + O,” — ONOO" ©) mechanism. The dissimilar reactivity of Angeli’s salt and

synthetic ONOO at neutral pH may then be explained by

The observation of significant ONOQonly at high pH was formation of different intermediates from the reaction ofv@th
propose# to be a result of the pH-dependent degradatiorftate  HNO or NO™ (eq 2)1°27 Alternatively, the possibility that ©
of ONOO™. reacts with Angeli’s salt itself must be considered. Given the

Subsequent photochemical and thermal stdél#sonfirmed potential of Angeli's salt as a pharmacological agent in the
that aerobic decomposition of Angeli’s salt at high pH produces treatment of cardiovascular diseades,confirmation of the
ONOO™ nearly quantitatively. Formation of ONOQwas also mechanism for Angeli’'s salt decomposition and for oxidant
observed at neutral pH following UV flash photolysis, butonly ~ formation is of high interest. Here, we evaluate, both experi-
with a 25% yield. The mechanism is suggested to involve mentally and with quantum mechanical calculations, the mech-
generation of excited states that are energetically favored toanisms that are under current consideration in the literature.
decay to NO rather than to HNO ar!d, therefore,l is unique to ool and Methods
the high-energy system utilized and is not a function of thermal '
degradation. This finding is consistent with comparative aerobic ~Angeli’s salt (NaN;0), DEA/NO (Na[EtNN(O)NO]), and ONOO
studied327 below pH 9 in which the overall chemical profiles ~ We'® synthesized and used as previously descf#?€d*The concen-

of Angeli’s salt and synthetic ONOOwere found to be distinct, trations of St(.)Ck SQIUt'On?(lO mM, Stqred atpH 12 and 20 °C)
ith h th idati i imil were determined in 10 mM NaOH directly prior to use from the
althoug € oxidalive properties were simiiar. absorbance values at 250 nm for Angeli's salt and DEA/NS& 8000

M=t cm 4235 and 302 nm for ONOO (e = 1670 M cm1).36

(13) Miranda, K. M.; Espey, M. G.; Yamada, K.; Krishna, M.; Ludwick, N.;

Kim, S.; Jourd’heuil, D.; Grisham, M. B.; Feelisch, M.; Fukuto, J. M.; Unless otherwise noted, chemicals were purchased from Sigma-
14 \;-\Vr%gliD.AA.G;.in%h%]elglzfgolszgg 211520‘1727- Aldrich and used without further purification and stock solutions were
(15) Bonner, F. T.: Ravid, Binorg. Chem.1975 14, 558-563. prepared fresh daily at 160in MilliQ filtered H,O. The assay buffer
(16) you?,g_h?eg% M. N.; Wimbledon, P. B. Chem. Soc., Dalton Tran976 8, consisted of the metal chelator diethylenetriaminepentaacetic acid

(17) Hendrickson, D. N.; Jolly, W. Linorg. Chem.196 8, 693-694. (DTPA, 50 uM) in either calcium and magnesium-free Dulbecco’s

(18) Hughes, M. N.; Wimbledon, P. B. Chem. Soc., Dalton Tran$977, 17,

1650-1653. (28) Colton, C. A.; Gbadegesin, M.; Wink, D. A.; Miranda, K. M.; Espey, M.
(19) Donald, C. E.; Hughes, M. N.; Thompson, J. M.; Bonner, FInbrg. G.; Vicini, S.J. Neurochem2001, 78, 1126-1134.

Chem.1986 25, 2676-2677. (29) Espey, M. G.; Miranda, K. M.; Thomas, D. D.; Wink, D. Aree Radical
(20) Gratzel, M.; Taniguchi, S.; Henglein, Ber. Bunsen-Ges. Phys. Chem. Biol. Med.2002 33, 827—834.

197Q 74, 1003-1010. (30) Bartberger, M. D.; Liu, W.; Ford, E.; Miranda, K. M.; Switzer, C.; Fukuto,
(21) Yagil, G.; Anbar, M.J. Inorg. Nucl. Chem1964 26, 453-460. J. M.; Farmer, P. J.; Wink, D. A.; Houk, K. NProc. Natl. Acad. Sci. U.S.A.
(22) Huie, R. E.; Padmaja, Eree Radical Res. Commub993 18, 195-199. 2002 99, 10958-10963.
(23) Goldstein, S.; Czapski, Gzree Radical Biol. Med1995 19, 505-510. (31) Kohout, F. C.; Lampe, F. WI. Am. Chem. Sod.965 87, 5795.
(24) Koppenol, W. H.; Moreno, J. J.; Pryor, W. A_; Ischiropoulos, H.; Beckman, (32) Miranda, K. M.; Paolocci, N.; Katori, T.; Thomas, D. D.; Bartberger, M.

J. S.Chem. Res. Toxicol992 5, 834-842. D.; Espey, M. G.; Kass, D. A,; Feelisch, M.; Fukuto, J. M.; Wink, D. A.
(25) Shafirovich, V.; Lymar, S. VProc. Natl. Acad. Sci. U.S.R002 99, 7340- Proc. Natl. Acad. Sci. U.S.£003 100, 9196-9201.

7345. (33) Miranda, K. M.Coord. Chem. Re 2004 in press.
(26) Kirsch, M.; de Groot, HJ. Biol. Chem2002 277, 13379-13388. (34) Smith, P. A. S.; Hein, G. El. Am. Chem. S0d.96Q 82, 5731-5740.

Mitchell, J. B.; Krishna, M. C.; Colton, C. A.; Wink, D. AArch. Biochem. 345.

)

)

(27) Miranda, K. M.; Yamada, K.; Espey, M. G.; Thomas, D. D.; DeGraff, W.;  (35) Addison, C. C.; Gamlen, G. A.; Thompson,RChem. Soc1952 338—
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phosphate-buffered saline (PBS, pH 7.4) or 10 mM NaOH (pH 12). Aqueous solvation energies were calculated as single points on the
All reactions were performed at 3TC. B3LYP optimized gas-phase structures using the PCM mBdel.
Instrumentation. UV —visible spectroscopy was performed with a  Structures were then recomputed using the CBS-QB3 method, which
Hewlett-Packard 8453 diode-array spectrophotometer. Fluorescenceis known to give energies to withitt1 kcal/mol of experimental values
measurements were acquired on a Perkin-Elmer LS50B fluorometer. for the G3 data se€€ The free energy of a species in water was
Electrochemical detection was accomplished with a World Precision determined by combining the CBS-QB3 computed free energy with
Instruments Apollo 4000 system equipped with NQ, @nd HO, the aqueous solvation energy computed by the PCM model. Equations
sensitive electrodes. in the text include changes in gas-phase enthalpids) (and free
Rates of Angeli's Salt DecompositionThe complete decay profiles  energies AG), with aqueous free energy changesGhy) given in
of Angeli’'s salt in either aerated or deaerated PBS or 10 mM NaOH parentheses, in kcal/mol. OnlyG,q values are discussed in the text.
were monitored at 37C while the solution was being stirred and  For calculations involving Angeli’'s monoanion, HBk ™, the structure
protected from room light. The sample was not exposed to the was assumed to be the most thermodynamically stable tautomer,
instrument light source during time intervals. Deaerated solvent was protonated at the nitroso oxygéh.
prepared by purging with argon in bulk 8 min/mL) and then again
(5 min) following Hamilton syringe transfer (3 mL) to an argon-flushed,
raded seal quartz cuvette (Spectrocell; Oreland, PA) stoppered with a . . . .
gS]uba-SeaI sgptum (Sigma—A(\IdFr)ich). The spectrophotor)neterr)tjvas blanked Angeli S salt has b_ee_n a compound of interest since th_e first
after warming the cuvette in the heat block for 5 min, Angeli's salt report of its synthesis in the Iaf[e 1800aind the suggestlon_
(<10 4L of stock) was added by syringe, and the solution was rapidly Several years latérof the production of NOH upon decomposi-
mixed by repeated inversion. tion. Detailed mechanistic studies quickly followed determina-
Kinetic analysis was performed by fitting the data to an exponential tion*> of the crystal structure of Angeli’s salt. The research
decay (absorbance Ae ¥ + c). Fitting of truncated data sets resulted  groups of Bonner and Hughes utilized varied solution conditions,
in significant deviations of the calculated rate constants, indicating that and isotopic labeling to determine that the mechanism of
eXtrapOlaﬂOn to the end pOint-iS not a Viab!e technique for this Ange“’s Sa't decompos|t|on in anaerobic aqueous So|ut|0n
compound. The absorbance maximum for Angeli's salt is pH-dependent i\ olves protonation of the dianion followed by tautomerization

. g e o
(250 nm at high pH for BDs*, shifting to 237 nm for HNOs™ in and heterolytic cleavage of the-NN bond to produce HNO
PBS), and the tail of the absorbance peak for decomposition product and nitritel5.16.18,19.4648

nitrite (eq 1) extends past 240 nm. Therefore, all data were fit at 250 . . .
nm, since the absorbance values approached zero under all experimental W€ recently explo_red this mechanism th_eor_eﬂcéﬁlgnd the
decay conditions. most thermodynamically stable monoanionic tautomer was

Fluorescence AssaysTwo-electron oxidation was evaluated by indeed calculated to be protonated at the oxygen of the nitroso
formation of the fluorescent dye rhodamine 123 (RH) from DHR 123 group. This species was computed to be stable toward heterolytic
(Molecular Probe, Eugene, OR). Formation af}dwas measured by  cleavage to HNO and nitrite by 16.4 kcal/mol, with a 53.8 kcal/
catalysis ofp-hydroxyphenylacetic acid to the fluorescent dimer by mo| barrier. The nitrost-protonated tautomer was determined
horseradish peroxidase. Nitrosation was monitored by conversion of 4 [ie 5.3 kcal/mol above the lowest energy monoanion, but
2,3-diaminonaphthalene (DAN) to the fluorescent 2,3-naphthotriazole. heterolytic cleavage was predicted to be favorable by 3.8 kcal/
Thes.e assays have been previously d.e seribed in ditadate stock mol, with an overall barrier for NN cleavage of 13.1 kcal/
solutions were prepared at 2000 mM in 50 mM NaOH and were mol. These quantum mechanical calculations support the

prediluted in assay buffer, which was then brought to pH 7.4 with 6 M . ., o . .
HCL. mechanism of Angeli’s salt decomposition in anaerobic solution

Superoxide was produced by the oxidation of hypoxanthine by through eq 6, with the slow rate due to the low equilibrium
xanthine oxidase (XO), as previously descriBedhe initial rate of concentration of the nitrosh-protonated tautomer.
O, formation was determined by observing ferricytochranmeduction

Results and Discussion

at 550 nm ¢ = 21000 M cm %)% in PBS containing 0.5 mM Q +0 H* HQ +0

hypoxanthiné” The extent of DHR oxidation was assessed by varying N=N\o‘ -_— N=N - olow

the amount of XO relative to constant DEA/NO, and maximum _

oxidation conditions were subsequently utilized. Q _+(.0 .
Electrochemical Measurement of HO.. The functionality of the H’N N*‘c_) = HNO+NOy (®)

electrode was assessed withQd4 and catalase, which catalytically
consumes bD,. Addition of Angeli’s salt to PBS resulted in a small
rise in electrode signal that was not sensitive to the HNO scav&nger (40)
glutathione (GSH). The signal persisted after the Angeli’s salt was
completely decomposed and was not affected by catalase. The electrode
was found to be highly sensitive to hydroxylamine (MMH; data not
shown), which is a starting material in the synthesis of Angeli's%alt.
Calibration determined that the Angeli’s salt utilized contained less
than 0.1% NHOH. A signal attributable to KD, was not observed
with this preparation. M.; Replogle, E. S.; Pople, J. /& ian 98G ian, Inc.: Pittsburgh
Quantum Mechanical Calculations All structures and reaction PA. 1%%39 & .o Topie, & baussian Srbaussian, inc.: Fsburgh,
transition states were optimized using the B3LYP method with a (41) Cossi, M.; Barone, V.; Cammi, R.; Tomasi,Ghem. Phys. Lett1996

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G. L.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; W. Gill,
P. M.; Johnson, B. G.; W., C.; Wong, M. W.; Andrew, J. L.; Head-Gordon,

) ; ; ; ; 255, 327-335.
6-311+G(d) basis set implemented with the Gaussian 98 progfam. (42) Montgomery, J. A.; Ochterski, J. W.; Peterson, GJAChem. Phys1994

101, 5900-5909.

(43) Dutton, A. S.; Fukuto, J. M.; Houk, K. Nl. Am. Chem. So@004 126,
3795-3800.

(44) Angeli, A. Gazz. Chim. 1tal1896 26, 17.

(45) Hope, H.; Sequeira, M. Rnorg. Chem.1973 12, 286-288.

(46) Akhtar, M. J.; Lutz, C. A.; Bonner, F. Tnorg. Chem.1979 18, 2369~
2375.

(37) Wink, D. A.; Cook, J. A.; Kim, S. Y.; Vodovotz, Y.; Pacelli, R.; Krishna,
M. C.; Russo, A.; Mitchell, J. B.; Jourdheuil, D.; Miles, A. M.; Grisham,
M. B. J. Biol. Chem 1997, 272 11147-11151.

(38) McCord, J. M.; Fridovich, 1J. Biol. Chem.1969 244, 6049-6055.

(39) Wong, P. S. Y.; Hyun, J.; Fukuto, J. M.; Shirota, F. N.; DeMaster, E. G.;

Shoeman, D. W.; Nagasawa, H. Biochemistry1998 37, 5362-5371.
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Figure 1. Spectrochemical monitoring of decomposition of Angeli's salt at’@7in aerobic (A) and anaerobic (B) PBS (initial intervals of 30 s; final
spectra measured at 40 min) or aerobic (D) and anaerobic (E) 10 mM NaOH (initial intervals of 2700 s; final spectra measured at 36 h), coptdining 50
DTPA. Note that the initial concentrations vary slightly between each analysis. Representative decay rates are shown for pH 7.4 (C) and pH 12 (F). The
anaerobic data sets, which were of slightly higher concentration than those of the corresponding aerobic sets, were plotted for this figunestlinetne f

and one data points removed to provide a more accurate pictorial comparison. This did not affect the calculated rate constants, which for #re full sets
(C) 2.7 x 108 s71in air and 2.5x 1073 s ! anaerobically and (F) 3.2 1075 st in air and 2.4x 105 s~ anaerobically.

Currently, the mechanism and products of Angeli's salt or with a nitrogen oxide intermediate following the rate-limiting
decomposition under physiological conditions (pH 7.4,°G7 step in the decomposition pathway.
aerobic) are of interest due to the pharmacological potential of
Angeli’s salt in treatment of heart failuie® and the observa-
tionst2.13.27.49.5Gf formation of an oxidant with the capacity to
cleave double stranded DNA.

Mechanism of Angeli’s Salt Decomposition in Aerobic The first mechanism (eq 7) correlates to the repdrtéd*
Solution. Here, we have evaluated, experimentally and by ©xidation of Angeli's salt by metal complexes such as
quantum mechanical calculations, two pathways by which a RU(NHs)s*" and Fe(CNy*". The pH-dependence of the rates
strong oxidant may be formed from aerobic decomposition of @1d product ratios in the presence of metal complexes is
Angeli’s salt at neutral pH: reaction of,@irectly with Angeli's consistent with the dianion as the reactive species.
anion or dianion (K52 of 9.7)21

0,
HN,O; — intermediate— oxidant (8)

N,O,>” + M*  —NO + NO,” + M*" (9)
2_ —_ .
N,O;” /HN,O; + O, — oxidant (7)
(49) Ohshima, H.; Gilibert, I.; Bianchini, FFree Radical Biol. Med1999 26,
1305-1313.
(47) Bonner, F. T.; Akhtar, M. J.; King, T. V.; Chen, L. H.; Ishida, J.Phys. (50) Chazotte-Aubert, L.; Oikawa, S.; Gilibert, I.; Bianchini, F.; Kawanishi, S.;
Chem.1981, 85, 4051-4056. Ohshima, HJ. Biol. Chem1999 274, 20909-20915.
(48) Bonner, F. T.; Degani, H.; Akhtar, M. J. Am. Chem. Sod 981, 103 (51) Sturrock, P. E.; Ray, J. D.; McDowell, J.; Hunt, H.IRorg. Chem1963
3739-3742. 2, 649-650.
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Table 1. Experimental Rate Constants (=SEM; n = 3) for
Decomposition of Angeli's Salt at 37 °C in Aerobic and Anaerobic
PBS or 10 mM NaOH, Containing 50 uM DTPA

0, status pH Kops (571)/10°
normoxic 7.4 263t 8
12 3.23+ 0.06
anaerobic 7.4 2486
2912
12 2.48+0.03

apH 7.56 and 35C.16

If aerobic decomposition of Angeli’s salt follows a similar redox
mechanism to eq 9, the oxidant in eq 7 would conceivably be
ONOO™ produced via a two-step process:

N,O,> + 0,— NO+ NO, + 0O, (10)

NO + O, — ONOO 3)

Our quantum mechanical calculations predict that formation of
ONOO™ by this electron-transfer mechanism is favorable by
23.5 kcal/mol in water.

AH=—131.9
AG = —133.2(-23.5) _ _
ONOO +NO, (11)

N,O~ + O,
In correlation to the higher reactivity of the dianion toward
metal complexeéd>3 (eq 9), the reaction of Pwith the
most thermodynamically stable monoanionic tautdfhierless
favorable.

a Hp AH=-19 H
AG =-3.6 (-15.1
NN +0, b, N +NO;  (12)

-

To determine the effect of £ we spectrophotometrically
monitored the decomposition rates of Angeli's salt at°€7
and pH 7.4 or 12 in aerobic and anaerobic solution containing
the metal chelator DTPA to eliminate a contribution from eq 9.

Representative spectral changes and rate data are shown in

Figure 1. Reproducibility in the calculated rate constants (Table
1) under these conditions required use of the full kinetic data

via kinetically competitive pathways involving reaction of O
with both NO™ (eq 1, following deprotonation of HNO, and eq

2) and NO3z?~ (egs 10, 3). The contribution of two pathways is
supported by the deviation from isosbestic behavior of aerobic
Angeli’s salt decomposition at pH 12 (compare Figure 1A,B
with 1D,E). Significant accumulation of ONOQAmax = 302
nm)3® was not observed, although there was a slight elevation
in absorbance above 300 nm in aerated, alkaline solution (Figure
1D).

The reaction of NOs2~ with metal complexes such as
Ru(NHg)s®" and Fe(CNg~ (eq 9) has been suggesteef to
proceed through an outersphere mechanism. The inertness of
the metal center to substitution would certainly be expected to
preclude innersphere electron transfer to the Rufdf
complex?® We thus used quantum mechanical calculations to
investigate whether eq 11 also involves outersphere electron
transfer. The MOz /N,0z?~ and HN\Oz/HN,O3~ couples were
predicted to have potentials of 0.5¥ 0.1 and 0.9 V4 0.1
(vs NHE at pH 7; calculations not shown), respectively, which
is consistent with assignméab3 of the dianion as the reactive
species in eq 9. These calculated potentials suggest that the
reaction of Angeli’'s salt with Ru(NEJ¢®" is endergonic by ca.

10 kcal/mol, given the Ru(NgJ®"/Ru(NHs)e2" couple potential

of 0.24 V (1 M vs NHE, H).56 The more negative £0,~
couple potential{0.16 V, 1 M vs NHE at pH 7" is congruent
with the substantially lower rates of the aerobic degradation
of Angeli's salt (Table 1) compared to the reaction with
Ru(NHz)e®" (maximal rate constant of 46 Ms™1 at pH 11.2,

2 °C)52

The calculated aqueous free energy changes predict that
outersphere electron transfer during autoxidation of Angeli’'s
salt is thermodynamically uphill by at minimum 25 kcal/mol.

AH=—80.8
AG = —82.0(25.2)

N,O.> + O, N,O, "+ 0, (13)

AH=61.1

_ AG = 60.4(37.7) . .

HN,O; + O,— HN,O;'+ O, (14)
AH =440

_ AG = 41.1(38.0)

HN,O; +O,——

N,O, " +HO, (15)

sets and changes in absorbance above 240 nm. Our pH 7.4y, contrast, the second step in formation of ONO@q 11),

anaerobic value (2.4 102 s™1) compares favorably with the
earliest reported valdeof 2.9 x 103 s 1 at pH 7.56 and 35
°C. Aerobic conditions did not substantially affect the rate of
Angeli’s salt decomposition at neutral pH. This result correlates
to previous analyses by Liochev and Fridovi€hin which the
decomposition rates at 2% in saturated air or 9solutions
were identical, and by Donald et #l.as well as Shafirovich
and Lymar? in which deaeration did not affect the rate of
Angeli's salt decay during steady-state photolysis.

A larger perturbation of the rate by,@as observed at high
alkalinity (Table 1), in accord with the calculated favorability
of eq 11 and the higher redox reactivity of®?~ toward metal
complexe®53(eq 9). These data suggest that the rep&?#sct®
formation of ONOQO in aerobic, alkaline solution may occur

(52) Akhtar, M. J.; Bonner, F. T.; Hughes, M. N.; Humphreys, E. J.; Lu, C. S.
Inorg. Chem.1986 25, 4635-4639.

(53) Raspi, G.; Cinquantini, AAnal. Chim. Actal974 72, 200-204.

(54) Cambi, L.Gazz. Chim. Ital1929 59, 770.

(55) Liochev, S. I.; Fridovich, |Free Radical Biol. Med2003 34, 1399
1404.
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cleavage of the pD;~ radical into NO and N@, is indicated
to be highly favorable.

AH=-17.8
AG = —28.1(-37.6)

N,O; NO + NO, (16)

Thus, decomposition of XDs~ may assist in driving outersphere
electron transfer forward. Attempts to locate an associative
reaction intermediate between énd either NO3?~ or HN;O3™

in the gas phase were unsuccessful, implying that these processes
are substantially unfavorable.

These calculations suggest that although ONG@mation
from the autoxidation of Angeli’s salt (eqs 11, 12) is thermo-
dynamically favorable, there are no low-energy paths connecting
reactants to products. The slow decomposition rate of Angeli’'s
salt at high pH (Table 1) is thus due to the stability of¥~

(56) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Midvanced
Inorganic Chemistry6th ed.; John Wiley & Sons: New York, 1999.
(57) Wood, P. M.Trends Biochem. Scl987 12, 250-251.
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toward both decompositidhand autoxidation. While HpOz~

is predicted to have an even higher stability toward oxidation,
heterolytic cleavage is accelerated by 100-fold (Table 1). Thus,
decay of the dianion pD3?~, whether through decomposition
or autoxidation, does not occur on a sufficient time scale to
account for the observed neutral pH chemistry. The kinetic
viability of eq 7 therefore requires the involvement of 404~.
However, significant autoxidation of Hi;~ is not supported

by the virtual insensitivity of the decomposition rate te &

pH 7.4555(Table 1, Figure 1) and the calculated unfavorability

mental3-19.25-27.30,46-48,61-63 gnd theoreticald that Angeli’s salt
decomposes by heterolytic decomposition to HNO (eq 6), which
then interacts with @to form a strong oxidan13.27.49.50
Oxidant Characterization. Conversion of DHR to the
fluorescent dye RH was previously used to demonstrate that
the reaction of @ with HNO competes directly with HNO
dimerization32 The rates of the two reactions were equivalent
at approximately 1xM Angeli’s salt under conditions of excess
DHR and Q. RH production was linear with a slope of 1 at
Angeli’s salt concentrations below 2V, indicating that the

of electron transfer (eqs 14,15). These data argue against eq #atio of HNO to G to DHR is 1:1:1, as suggested previou¥ly.

as a principal mechanism under physiological conditions and
strongly indicate that the interaction with, @ust occur after
the rate-limiting step of decomposition (eq 8).

Since determinatidfi of the crystal structure of Angeli’s salt,
the initial products of decomposition have been generally
accepted to be HNO and nitrite (eq 6). However, the literature
does contain the propo§athat Angeli’'s salt cleaves homolyti-
cally to produce different intermediates.

HN,O; — HONO * + NO (a7)
HONO™ is reporte@® to decompose to NO and,B with a rate
of 747 s’L.

HONO + H" —NO+ H,0 (18)
However, if HONO™ (or NO,2") is a powerful reductant, which
is likely considering that the reduction potential of nitrite is
lower than—1 V (vs Ag/AgCl)f0 electron transfer from ©
could be significant.

HONO + 0,—~ 0, +NO, +H" (19)

These reactions would complete eq 8 as follows (excludihg H
and NG~ from the equation),

O
HN,O, — NO + HONO — NO + 0, — ONOO (20)

again providing a mechanism for ONOGQormation.
The homolytic mechanism in eq 17 was abandoned in favor

Beyond this linear region, the ratio with respect to HNO will
increase as dimerization (eq 4) begins to become kinetically
significant. In fact, consumption of LOduring Angeli's salt
decomposition in the concentration range of—200 uM
Angeli’s salt has been showfto be approximately 70%, with

an apparent inverse dependence on Angeli’s salt concentration.
Thus, the conclusion can be made that oxidant formation is
stoichiometric in HNO and @

The mechanism by which the oxidant is formed has been
suggested to proceed through direct associdfioglectron
transfer?6 or hydrogen atom transféb. The composition and
chemistry of the resulting oxidant vary for each mechanism.
We have attempted experimentally and computationally to
determine the correct mechanism.

Production of NO from decomposition of Angeli’s salt in
the presence of Cu,Zn superoxide dismuta$é (SOD) has
been proposed to result either dire8$’ from metal-mediated
oxidation of HNO

Cu(ll) + HNO— Cu(l) + NO+ H™" (22)
or indirectly?® due to scavenging of £, and thus inhibition of
ONOO™ formation (eq 3), following electron transfer from HNO
to 0,70

HNO+ O,—NO+ 0O, +H" (23)
The concentration of NO, as well as the chemistry of NO, would
be expected to be enhanced by SOD in either pathway, and

of heterolytic cleavage (eq 6) due to reevaluation of the reactions these results are well documenféd®’ In the latter scenario

of Angeli's salt with heme proteifis%2 as well as by isoto-
pic?748.63and photochemic# analyses. Heterolytic degrada-
tion is supported by our recent calculatibhgredicting the
favorability of eq 6 and here in which homolytic cleavage was

(eq 23), SOD would also abate the chemistry of bogh énd
ONOO™ and catalyze dismutation of,Oto H,O,. Each of these
effects would be expected to be comparable for similar reactant
fluxes from Angeli’s salt and NO/© generating systems, such

calculated to be energetically unfavorable, due to an aqueous@S SIN-1 or NO donor/XO.

free energy change of 24.2 kcal/mol and an energy barrier of
31.0 kcal/mol.
AH =75.6
AG = 63.1(24.2)

AH*=26.5
AG*=23.8(31.0)

N,O.> NO,>” + NO (21)

Thus, there is every indication, both experi-

(58) Doyle, M. P.; Mahapatro, S. N. Am. Chem. S0d984 106, 3678-3679.

(59) Gratzel, M.; Henglein, A.; Lilie, J.; Beck, ®er. Bunsen-Ges. Phys. Chem.
1969 73, 646.

(60) Sawyer, D. T.; Roberts, J. Experimental Electrochemistry for Chemists
John Wiley: New York, 1974.

(61) Bazylinski, D. A.; Goretski, J.; Hollocher, T. @. Am. Chem. Sod.985
107, 7986-7989.

(62) Doyle, M. P.; Hoekstra, J. W. Inorg. Biochem1981, 14, 351—358.

(63) Bazylinski, D. A.; Hollocher, T. Clnorg. Chem.1985 24, 4285-4288.

(64) Murphy, M. E.; Sies, HProc. Natl. Acad. Sci. U.S.A.991, 88, 10860~
10864

(65) Fukuto, J. M.; Hobbs, A. J.; Ignarro, L.Biochem. Biophys. Res. Commun.
1993 196, 707—713.

(66) Reif, A.; Zecca, L.; Riederer, P.; Feelisch, M.; Schmidt, H. H. HRre
Radic. Biol. Med 2001, 30, 803-808.

(67) Schmidt, H. H. H. W.; Hofmann, H.; Schindler, U.; Shutenko, Z. S
Cunningham, D. D.; Feelisch, MProc. Natl. Acad. Sci. U.S.A996 93,
14492-14497.

(68) Liochev, S. I.; Fridovich, 1J. Biol. Chem2001, 276, 35253-35257.

(69) Liochev, S. I.; Fridovich, 1Arch. Biochem. Biophys2002 402 166—
171.

(70) These equations have been altered to reflect the current data on HNO/
NO~ equilibria. Since the OFtdependent deprotonation of HNOINO~
(eq 5) is the rate-limiting step, with a rate constaof 5 x 10* M~ s71,
at pH 6-8 the half-life of this reaction would be 14604 s. However,
the rate constant for dimerization of HNO (eq 4x8.0° M~ s~1)25 reduces
the lifetime of HNO above 1uM to less than 1 s. This suggests that
deprotonation and subsequent reaction witha@ not kinetically viable
compared to dimerization due to the intersystem crossing barrierfii®
to SNO™. Thus, Q is assumed to only react with HNO at neutral pH.
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Figure 2. Nitrosation of DAN by DEA/NO, DEA/NO+ XO, or Angeli's

salt in the presence of Cu,Zn SOD. DEA/NOyBI) + XO (45 uL of 20

U stock; 1.81uM/min O, production, conditions of maximum nitrosation)

or Angeli's salt (10uM) was added to 2 mL of PBS buffer containing
DTPA (50uM), DAN (30 «M), and hypoxanthine (500M). The solutions
were immediately vortexed and incubated at ¥7 for 30 min. The
fluorescence was measured at 465 nm with excitation at 360 nm with 2.5
mm slit widths. Data were collected in triplicate, and error bars represent
SEM for the illustrative data set shown in the figure. Note that the data are
end-point values, and the connecting lines were added to clarify the dono
used.

Inhibition of oxidation by Angeli’s salt to a similar extent as
SIN-1 was shown in several studié&°to require a minimum
of 5-fold additional SOD, although generation of free NO was
comparablé? The presence of NO was assessed here by
nitrosation of DAN to the fluorescent triazole in aerobic assay
buffer. The fluorescence signal induced by exposure of DAN
to DEA/NO (5uM) was reduced in a concentration-dependent
manner by X&', due to scavenging of NO by O. Addition
of 0.2 mg/mL SOD completely restored this signal (Figure 2).
Triazole was also formed during decomposition of Angeli’s salt
or synthetic ONOO, although with a substantially lower yield
than with NO donor%2° (Figure 2). The 4-fold lower signal
from Angeli's salt (10uM) was enhanced by addition of SOD
toward that of DEA/NO (5uM), which has a comparable
decomposition rate to Angeli’s saltSince DEA/NO decom-
position produces 2 equiv of NO, stoichiometric signals would
be expected at an Angeli’s salt to DEA/NO ratio of 2:1. Aug-
mentation to this level was not achieved even with addition of
5 mg/mL SOD, which is 25-fold higher than required to out-
compete scavenging of NO by,O(Figure 2). This suggests
that triazole is formed as a result of enhanced NO, from oxi-
dation of HNO by SOD (eq 22), rather than due to scavenging
of O, produced during decomposition of Angeli’s salt (eq 23).

Decomposition in PBS of 20 or 5M AS, which is expected
to exceed pharmacologically, and certainly physiologically,
relevant amounts, did not produce detectaby©Hby either
fluorescent assay (Figure 3) or@Gh-sensitive electrode (data
not shown). Addition of 1 mg/mL of SOD (62.6M SOD
monomer), which was 5-fold in excess of the amount required
to completely restore the signal in Figure 2, increased NO

production, as measured electrochemically (data not shown),

but did not significantly enhanceB, (Figure 3). These results
contrast with those of Kirsh and de Grédtwho observed kD,
during aerobic decomposition of Angeli’s salt (5001) in the
presence of SOD (100 or 500 U/mL), although at less than
10% yield. The absence of metal chelators and the2Bfold
higher Angeli’s salt concentrations in ref 26 may provide an
explanation for the observed dissimilarities both here (Figure
3) and in ref 13.
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fluorescene intensity (400 nm)

20 UM AS

20uM AS +SOD
SOUM AS

SOuM AS +SOD
20uMHQ,

Figure 3. Cu,Zn SOD effect on kD, formation from AS. Angeli’s salt
(20 or 50uM final concentration; 1Q:L stock added) was added to 1 mL
of PBS buffer containing DTPA (5@M) + Cu,Zn SOD (1 mg/mL). The
solutions were immediately vortexed and incubated at@7or 30 min.
Subsequently, 10QuL of analyte solution (3 parts of 10 mg/mL

rp—hydroxyphenylacetic acid in 4 to 1 part of 10 mg/mL HRP in pD)

and 1 mL of buffer were added, and the fluorescence was measured at 326
nm with excitation at 400 nm with 2.5 mm slit widths. Fluorescence was
compared to a bD, standard curve ranging from 0 to 20M. Data are
plotted as mear- SEM (n = 3).

These data in conjunction with cited res&f® strongly
support direct interaction of HNO and SOD (eq 22). Other direct
association reactions between HNO and oxidized metal com-
plexes are known, for instance with heme protéirsich as
ferric myoglobin or ferricytochrome. Further, SOD, which is
suggested to react with HNO rather than Angeli's salt it3elf,
is reduced by Angeli’s salt both aerobically and anaerobiéglly,
indicating an independence from.O

Although NO" is a strong reductant (NEMO~, <—0.7 V,

1 M vs NHE)2530 HNO is considerably less potent
(NO,H*/'HNO, <—0.4 V 1 M vsNHE)3%72The reduction of
ferricytochrome ¢ by HNO from Angeli's salt has been
reported? to be 100 times slower than by,Q Assuming
outersphere mechanisms, this indicates that HNO oxidation is
of significantly more positive potential than,O(O./O;, —0.16

V, 1 M vs NHE).>” The potential difference mandates that eq
23 is thermodynamically uphill, precluding formation of ONOO

by an outersphere electron-transfer mechanism.

From this analysis, electron transfer from HNO tg, @nd
thus production of free NO and;O (eq 23), is excluded as a
major pathway of eq 8, leaving direct association or hydrogen
atom transfer as potential mechanisms.

Direct association of HNO andJGs a spin-forbidden reaction
that is predicted to be thermodynamically unfavorable by 13.7
kcal/mol.

AH=12.7
1 3. AG=237(137) .
HNO + °0,——————cisON(H)OO  (24)
The rate constant for this reaction has been estirdatééPat
<3 x 1® M~1s71, Hydrogen atom transfer has been propésed

to overcome the spin-forbidden aspects of direct association of

(71) Doyle, M. P.; Mahapatro, S. N.; Broene, R. D.; Guy, JJKAm. Chem.
So0c.1988 110, 593-599.

(72) The difference in potential is a function of different pathways of oxidation
of tTHNO or 3NO~ to NO as a result of the requirement for a spin change
during proton transfer.
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350 HNO + H,0 == HN(OH), (26)

—e— urate
300 —=a— ascorbate

—+—GSH This hydrated HNO may then react with,.O
HN(OH), + O, — (OH),NH(O,)" 27)

Bartberger et al* have reported a computed equilibrium
constant for hydration of HNO of 2 1073, Sincekops for the
association of HNO with @is estimate#f to be 4x 10?8 M1
s71, Keq 27)Via the hydrate would be 2 1P M~* s™2. If hydrated
HNO exists as HN(OH) then eq 27 may be analogous to the
reaction of NHOH with O, which is slow, with a rate constaht

fluorescence intensity (570 nm)

350 on the order of 10* M~ s under basic conditions. The
a0 B e une difference of 10 orders of magnitude between the estimated rate
B constant for eq 27 and that for hydroxylamine oxidation seems

unlikely to result from substitution of a hydrogen atom for a
hydroxyl group. Further arguments against this mechanism are
that (OHRNH(O,)~ would be expected to be short-lived and
that isomerization to nitrate may be significant. However, a
solvation mechanism cannot be disregarded at this juncture.
The above data leave few possibilities for the oxidant in eq
8, and the direct but spin-forbidden association of HNO with

fluorescence intensity (570 nm)

0
0 § 1'0 1'5 2'0 O, (eq 24) remains a viable reaction. The product would be

expected to rapidly isomerize to the much more stable isomers
of peroxynitrous acid and nitrous acid.

[quencher] ( pM)

Figure 4. Comparison of quenching of Angeli’s salt or ONO@nediate

oxidation of DHR by GSH, ascorbate and urate. (A) Angeli’s salt or (B) AH=—38.7
ONOO™ (5 uM final concentration; 1L of stock added) was added to 2 ON(H)0O AG=~395(35.1
mL of PBS buffer containing DTPA (56M), DHR (50uM), and scavenger

(0—20 uM urate, GSH or ascorbate). The solutions were immediately AH = —41.9
vortexed and incubated at 3€ for 30 min. Fluorescence was measured at AG = _42.1(_'31.9)

570 nm with excitation at 510 nm with 2.5 mm slit widths. Data were ON(H)OO—» cissONOOH (29)
collected in triplicate.

L transONOOH  (28)

AH=-71.7
HNO and Q. This process was calculated to be thermody- ON(H)0O0 AG= TTLACE%8) LINO (30)
namically favorable in waterAG,q of —7.3 (eq 25) or—6% 3
kcal/mol) but to have a relatively high activation barri&Gaq
of 16.3 kcal/mol).

Cis-peroxynitrous acid is proposed to be the initial reactive
intermediate of ONOO. However, the chemical profiles
between synthetic ONOCQand aerobic Angeli’s salt have been

AH=-11
AG=-1.7(-7.3) . showri327to vary substantially. Here, the relative reactivity of
HNO + O, AHE=7.4 NOe + HO, (25) these nitrogen oxides was further assessed through competitive
AGF=15.8(16.3) inhibition of DHR oxidation by the common biological scav-

engers GSH, urate, and ascorbate (Figure 4). The most

The rate constant has been estimated to be 5 orders of magnitudgoteworthy difference lies with GSH, which reacts rapiityith
lower than dimerization (eq 4, indicating severe kinetic  HNO. The divergence in scavenging ability between Angeli's
constraints. Further, hydrogen atom transfer would result in sajt and ONOO provides further evidence that Angeli's salt is
formation of ONOO/ONOOH. Thus, the dissimilarit§-#’ not oxidized directly to NO and © (eq 23) but rather produces
between aerobic Angeli's salt and synthetic ONOigure HNO upon decomposition (eq 1). The dissimilar scavenging of
4) as well as the SOD results (Figures 2 and 3) argue againstyrate and ascorbate for Angeli’s salt (Figure 4) is likely a
both electron and hydrogen atom transfer, leaving the possibility function of unrelated reaction pathways, since ascorbate inhibits
of an associative mechanism. 0, consumption by Angeli's saléimplying a non-G-dependent

The direct associations of HNO with oxidized metal com- association with HNO. The divergence in the reactivity of
plexes, most notably with heme proteihid-"3such as metMb, ~ ONOO™ toward GSH (50% quenching requiring20 uM GSH)
and with thiol$® such as GSH are well established and are quite and urate (50% quenching withi20.54M urate) is interesting,
fast (~1 x 10f; M~1s71).3263The high reactivity of HNO with considering that the rate constants for reaction of With these
thiols, resulting in RSNHOH?71.74.75led to examinatioff of scavengers are nearly identi¢allhis suggests that NOwhich,
the potential for nucleophilic addition of water to HNO. The
resulting solvated species, dihydroxylamine, is analogous to th

e(74) Bartberger, M. D.; Fukuto, J. M.; Houk, K. Rroc. Natl. Acad. Sci. U.S.A.
2001, 98, 2194-2198.

thiol product, RSNHOH. (75) Turk, T.; Hollocher, T. CBiochem. Biophys. Res. Commu992 183
983-988.
(76) Hughes, M. N.; Nicklin, H. GJ. Chem Soc. A971, 164-168.
(73) Bazylinski, D. A.; Hollocher, T. CJ. Am. Chem. Sod.985 107, 7982 (77) Ford, E.; Hughes, M. N.; Wardman, Pree Radical Biol. Med2002 32,
7986. 1314-1323.
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Scheme 1

Angeli’s salt ONOO
X

HNO(X) <— HNO cis-ONOOH

°| |
0 isomerization isomerization
2 ON(H)OO <« Y > NO;

/ homolysis l

two electron oxidation; NO, + ‘OH

hydroxylation

X = nucleophile,
including H,O

l

radical reactions

Y = cis-ONOOH, trans-ONOOH

or unknown

along with *OH, is commonly assumed to be a significant of peroxynitrous acid, results in two-electron oxidation and

product of dissociation of ONOGQ’® may not be responsible

for DHR oxidation.

oxygen insertion reactions with compounds such as benzoates
(Scheme 1). This pathway is supported by the similarity in DHR

The observations reported and cited herein indicate that quenching by urate (Figure 4), which, of the three scavengers
Angeli’s salt initially releases HNO under both deaerated and utilized, does not inhibit @ consumption by Angeli’s salf

aerated conditions (eq 6) and that HNO reacts wighdform

and would explain the lack of both nitration and a £&fect

a species with similar oxidative properties but a distinct overall on oxidation and hydroxylation by Angeli’s s&ft.This mech-

chemical profile compared to ONOOformed from the
NO/O,~ reaction. The correlatidfin the two-electron oxidation
profiles of Angeli's salt and synthetic ONOOcould be
envisioned to arise either from a common intermediate in the

anism would have to preclude back rearrangement to the
thermodynamically favored cis isomer. The rotational barrier
has been computed to be-115 kcal/mol8182

Alternatively, HNO, which is a good electrophile, may react

decomposition pathway or from similarity in the chemistry of directly with the target molecule prior to reacting with,dn

constitutional isomers.

The decomposition pathway of ONOQGs complex and is

not currently fully elucidated but is commonly suggeg#€d

to occur through protonation toisONOOH followed by a

analogy to egs 26 and 27 and to the reaction of HNO with GSH
(Scheme 1). This intimates the existence of specific binding
motifs in biological systems that favor covalent modifications
mediated by HNO in an @dependent manner. In this scenario,

combination of isomerization to nitrate or to the excited trans the absence of other species capable of binding to HNO could

isomer and homolysis to a caged complex @MOH) fol-

lead to the kinetic viability of the spin-forbidden reaction of

lowed by release of the radicals. Quantum mechanical cal- HNO with O; followed by isomerization to nitrate. A combina-
culations suggest that, in analogy to the cis-trans relationshiption of these mechanisms could potentially take place.

for ONOOH, the equilibrium between the HNO/@dduct

Although this study has determined that Angeli’s salt is an

conformations favors the cis isomer by 5.6 kcal/mol, with @ HNO donor even in aerobic solution (eq 6), the mechanism of

computed rotational barrier of approximately 22 kcal/mol

HNO autoxidation under physiological conditions remains

(assumed from the highest energy dihedral angle connectingelusive. This is similar to its highly studied nitrogen oxide

the isomers).

AH =27

. AG = 2.6(5.6)
CcisON(H)OO——— transON(H)OO  (31)

cousins NO and ONOQ whose respective autoxidation and
decomposition mechanisms have provoked substantial contro-
versy. However, the slow rate of autoxidation of HNO may
exclude this pathway from exogenous or endogenous mediation
except under specific conditiofsuch as in cellular membranes

However, the formation of these species from the spin-forbidden or other hydrophobic regions where nitrogen oxide and O

association of HNO and £is predicted to be endergonic by

13.7 kcal/mol (eq 24).

One possible explanation is that the caged complegi®f

concentrations are elevafand where scavengers such as GSH
are in reduced concentration. However, the potential for
therapeutic use of HNO dondrs$ coupled with the clonogenic

ONOOH leads to radical reactions such as phenol oxida- toxicity of the HNO/G product (albeit at suprepharmacological

tion and nitration, while isomerization of eitheissONOOH

or ON(H)OO totransONOOH, or perhaps a different isomer

(78) Radi, R.Proc. Natl. Acad. Sci. U.S.£004 101, 4003-4008.

(79) Lymar, S. V.; Khairutdinov, R. F.; Hurst, J. Knorg. Chem.2003 42,
5259-5266.

(80) Lymar, S. V.; Hurst, J. KChem. Res. Toxicol998 11, 714-715.
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levels (50% cultured cell death at 2 mNBYequires further

(81) Sumathi, R.; Peyerimhoff, S. D. Chem. Phys1997 107, 1872-1880.

(82) Jin, H. W.; Wang, Z. Z.; Li, Q. S.; Huang, X. RHEOCHEM2003 624,
115-121.

(83) Liu, X. P.; Miller, M. J. S.; Joshi, M. S.; Thomas, D. D.; Lancaster, J. R.
Proc. Natl. Acad. Sci. U.S.A.998 95, 2175-2179.
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investigation of the HNO autoxidation mechanism. At present DTPA, diethylenetriaminepentaacetic acid; GSH, glutathione;
the speculation, currently without experimental or theoretical HNO, nitroxyl; NO™, nitroxyl anion; ONOO, peroxynitrite;
confirmation, is that the likely mechanism involves either direct O™, superoxide; PBS, phosphate-buffered saline; RH, rhodamine;
association of @and HNO or nucleophilic addition of HNO  SOD, superoxide dismutase; XO, xanthine oxidase

to a solvent or biological molecule followed by reaction with

O, (Scheme 1). Acknowledgment. K.N..H. acknowledges fina'ncial sgpport
o from the National Institute of General Medical Sciences,
Abbreviations National Institutes of Health (GM 59446).

DAN, 2,3-diaminonaphthalene; DEA/NO, NO adduct of
diethylamine (Na[BNN(O)NO]); DHR, dihydrorhodamine;  JA045480Z
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