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The reaction of superoxide with nitrogen monoxide has been reinvestigated. Photolysis of alkaline peroxynitrite
solutions results in the formation of superoxide and nitrogen monoxide, which subsequently react at a rate of
(1.5+ 0.1) x 10 M~ s71. When hydrogen peroxide is photolyzed in the presence of nitrogen monoxide,
hydroxyl radicals are formed; these react with hydrogen peroxide to form superoxide, which then reacts with
the nitrogen monoxide present. For the reaction of nitrogen monoxide with superoxide, a rate constant of (2.0
+ 0.4) x 10'°M s tis derived. Photolysis of nitrite gives rise to hydroxyl radicals and nitrogen monoxide.

In the presence of formate and oxygen, the hydroxyl radicals subsequently form superoxide radicals, which,
in turn, react with nitrogen monoxide. From these experiments, a rate constant &f (123 x 10°°M1s?

is derived. We thus report a rate constant of &.6.3) x 10'*° M~! s™%, the weighted average of these three
photolysis experiments.

Introduction higher than the one they reported and more comparable to that

Formation of peroxynitrite [systematic name: oxoperoxoni- oUnd when oxoperoxonitratef) is photolyzed.

trate(X-)] in vivo has been ascribed to the reaction of superoxide . )
with nitrogen monoxide, reaction 1 (Table Y1)Four rate Experimental Section
constants are found in the literature for this reaction. Two were

All chemicals used were of the highest purity available.
determined by pulse radiolysis, 3:810° M1 s™1 2and 4.3x g purtty

. Nitrogen monoxide was further purified by passing it three times
1413 114
16° M™% 57 and two by flash photolysis, 6% 10°M ™ s through a concentrated potassium hydroxide solution to remove

Op—1c15 i i i
and 1.9x 10! M_ s %> The pulse radiolysis experiments are higher oxides. Oxoperoxonitrate{) was synthesized according
based on reactions-® and 15 to generate the reactants ;. "iha method of Kissner et &l

superoxide and nitrogen monoxide. Similarly, flash photolysis
requires reactions 10, 11, 6, and 7eaction 2 or reactions
12—15 (this paper). The published rate constants for what is
arguably the fastest reaction in biology differ by a factor of 5,
an unacceptable range. In experiments previously desctibed,

Milli-Q water (Millipore) was used for all solutions. To
remove oxygen, solutions were evacuated to boiling at room
temperature for 5 min and then saturated with argon; this process
was repeated three times. Solutions containing nitrogen mon-
. . ; ) oxide were treated in the same way, except that, after the last
an anaerobic alkaline solution of oxoperoxonitrate(iwas . . . .

evacuation, the desired amount of nitrogen monoxide was added,

flashed (reaction 2), which resulted in an immediate increase followed by argon to ambient pressure. The nitroaen monoxide
in absorption at 250 nm and a decrease at 300 nm, near the yarg P : 9

absorbance maxima of superoxide and oxoperoxonitrale(1 concentration was detgrmined_from its partial pressure. .
respectively. Over several microseconds, these absorptions quer flash phothyS|S experiments were carneq out with an
returned to their original values. Even after hundreds of fIashes,Appl"g‘OI Photophysics LKS 50 instrument. The third (355 nm,
the kinetics remained unchanged. From these experiments, we200 mJ/pulse) or fourth (266 nm, 000 mJ/pulse) haf”_‘or?'c
concluded that, upon irradiation, oxoperoxonitrate)l‘homo- of a Nd:YAG Iasgr (Quantel Brilliant B) was u;ed for excitation.
lyzes to form superoxide and nitrogen monoxide, which Fgr the pho'toly5|s of hydrogen.per'o.><|de, solutions were pumped
subsequently recombine with a rate constant of {.9.2) x with & syringe pump (deC|ent|f|c_ kd_3220) f_rom gastight
10'°M~1s™ L. Although our method “should provide the cleanest Hamilton syringes through PVC tubing into a mixer and from
route for the determination &*NO + O,"")",6 the rate constant there thrqugh a glass capillary into a quartz sample cell .W'th a
was challenged by Méngi et al.5 because we reported small 1 cm optical path Iength. The photolysis of oxoperoxonitrate-
gas bubbles after 800 flashedhese bubbles were ascriied 1-) was carried out in a fluorescence quartz cell that could be
to side reactions that we had rigorously ruled dM{e show closed with a Young;_typ(_a valve. A water thermostat was used
here that these small gas bubbles do not form when the for temperat.ure tstablllza.tlon. . ) o
oxoperoxonitrate(®) is kept at a constant temperature, that a Pulse radloly5|s_ experiments were carried out by |rrad|at|_on
rate constant comparable to 1x9101° M~ 571 is found when of the samples with a Febetron 705 accelerator as described
an alkaline solution of hydrogen peroxide is flashed in the €arlier?

presence of nitrogen monoxide, and that the flash photolysis

experiment of Huie and Padma&jeesults in a rate constant Results

* To whom correspondence should be addressed. Phone: 41-1-632-2875, Flash Photolysis of ONOO'. We repeated the photolysis
Fax: 41-1-632-1090. E-mail: koppenol@inorg.chem.ethz.ch. of oxoperoxonitrate(+)> under argon, reaction 2 (Table 1).
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Reaction of Superoxide with Nitrogen Monoxide

TABLE 1: Rate Constants Relevant to the Reaction of Superoxide with Nitrogen Monoxide

J. Phys. Chem. A, Vol. 106, No. 16, 2008085

reaction no. reactants products rate constant
1 O + NO° ONOO™ 1.6 x 10 M~1 s 1(this paper)
2 ONOO + hv O~ + NO°
3 H,O (pulse radiolysis) *Bag HT, *OH, H', H,0,, H,
4 NG~ + €7 oq NO22~ 4x1°PM1s1®
5 NGOy + H,0 NO* + 2 OH™ 5x 10*st10
6 HCOO + *OH COs~ + HO 32x 1°M 119
7 CO, + O~ 20x 1®°M-1gttt
8 3 1.9x10°9M 1ttt
9 1.2x 10°°M-1gt11

pK=11.9

75x 1°M-1s19
27x 100 M~1gt9
pK = 4.72

HO™ + HO 1.1x 10°M-1gt9
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Figure 1. Photolysis of oxoperoxonitratety with 355 nm laser light Figure 2. Oxygen-free production of superoxide in the presence of
to superoxide and nitrogen monoxide and subsequent recombinationexcess nitrogen monoxide (38) monitored at 310 nm. Hydrogen
monitored at 310 nm. One thousand flashes were given tedhee peroxide (83 mM) in alkaline solution (1.7 mM KOH) is photolyzed
argon saturated solution of 2QfM oxoperoxonitrate(t) at pH 12, by 266 nm laser light to hydroxyl radicals which oxidize more hydrogen
which contained 6@:M nitrite as a contaminant. For measurementand peroxide to superoxide. The absorption increase shown here is attributed
display, the first 10 and then 10 times 99 experiments were averaged.to the formation of oxoperoxonitratet). A rate constank; of 2 x

The main source of experimental scatter is the stability of the Xe-arc 101° M~1 s1 s derived from this particular experiment (fit). Inset:

lamp over ca. 30 min, the duration of the experiment. The observed dependence of the observed rate constant (95% confidence) on the NO
kinetics follows a second-order law over 4.5 half-lives with a rate concentration.

constant of (1.5+ 0.1) x 101°M~1sL,

Solutions of approximately 200M oxoperoxonitrate(t) and generating superoxide from hydrogen peroxide in the presence
60 1M nitrite at pH 12 were flashed with laser pulses of 6 ns ©f nitrogen monoxide (see reactions-185). An argon-saturated
duration and approximately 200 mJ energy at a wavelength of solution of 100 mM hydrogen peroxide in a 50 mL syringe was
355 nm, and 1000 laser pulses were delivered to the samemixed with a solution of either 120 or 200 mbar of nitrogen
sample. The first 10 and then every 99 traces were averagedmonoxide in 10 mM potassium hydroxide in a 10 mL syringe.
and the 11 resulting traces are shown in Figure 1. With The mixture with a partial pressure of 20 mbar of nitrogen
extinction coefficients at 310 nm of 100 and 1620 ¥m™1 monoxide (38«M) was flashed with 5 ns laser pulses at 266
for superoxide and oxoperoxonitrate(), respectively, a re-  nm. Absorbance vs time traces were recorded between 265 and
combination rate of (1.5 0.1) x 10'°°M~1s 1 was determined. ~ 340 nm. This experiment was carried out with 36 separate
Results obtained at a single wavelength, 310 nm, were analyzedsamples. The laser energy was tuned such that the resulting
The noise in Figure 1 is mainly due to digitization. In the absorption did not exceed £ 103 units at 310 nm and no
thermostated cell, no bubbles were detected after this experi-more than 4(M oxoperoxonitrate(*) was formed to maintain
ment, in contrast to the results presented befdmahe presence  pseudo-first-order conditions for the experiment where:8B
of oxygen, degradation of approximately 50% of oxoperoxoni- nitrogen monoxide was present. A total of 44 solutions with a
trate(:-) could be observed during the 1000 laser pulses. nitrogen monoxide concentration of 3V (33 mbar) were
However, the values measured foe kere the same for all  treated accordingly. These results are shown in the inset of
1000 flashes, and again, no bubbles were visible. Although a Figure 2. On the assumption that reaction 1 is bimolecular, a
thermostat was used, the temperature of the solution during thisline was drawn through the origin, and a rate constant of (2.0
experiment increased by °C. + 0.4) x 10" M1 s7 was calculated. For the best line, but
Flash Photolysis and Pulse Radiolysis of D, in the one that is not forced through the origin, a rate conskarmtf
Presence of NG. We also determined the rate constant for the (1.4+ 0.2) x 10*°M~1s1is found. This experiment was also
reaction of superoxide with nitrogen monoxide by anaerobically carried out by pulse radiolysis and is based on reactions 16, 14
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result in a significantly lower value, a finding for which we
have as yet no explanation. As this method relies on a larger
number of consecutive reactions (reactior®93Table 1) than

L the flash photolysis methods to yield superoxide and nitrogen
monoxide, it is possible that one of these is rate-limiting.

We show that, when an oxoperoxonitrate{lsolution is
irradiated at constant temperature under argon, no bubbles form
even after 1000 pulses, that there is no degradation, and that
the results are reproducible (Figure 1). From these results, a
rate constant of (1.5 0.1) x 101 M1 s~ was calculated for
! ! ki. We also generated oxoperoxonitratejlby photolysis of
. ; | | an oxygen-free, alkaline hydrogen peroxide solution that

! ‘ contained nitrogen monoxide and by pulse radiolysis of such

-1 solutions (not shown). A rate constdatof (2.0 + 0.4) x 10t°

-100 0 100 200 300 400 M~1s1was obtained. Reproduction of the experiments of Huie
time / ps and Padmajaresulted in a rate constakt of (1.3 & 0.2) x
Figure 3. Oxoperoxonitrate(z) is produced by photolysis with 355 ~ 10" M~ s%. The error of the results of the flash photolysis
nm light of an aereated aqueous solution containing 4.5 mM nitrite, €xperiments with hydrogen peroxide is higher than that of the
90 mM formate and 8 mM phosphate buffer (pH 8.2). Superoxide and other two experiments. In addition, uncertainties in the nitrogen
nitrogen monoxide are produced in aequimolar amounts through monoxide concentration and the mixing may increase the error
reactions 10, 11, 6, and 7. The trace shown is an average of five 14 3004. |f we weigh the results of these three different methods

experiments observed at 310 nm. The corresponding least-squares, . . . .
second-order fit (solid line) leads to a rate constanof 1.2 x 10%° with their corresponding errors, we obtain a valuekpof (1.6

M-1sl + 0.3) x 10 M~ s7%, in agreement with our earlier value of
(1.9+ 0.2) x 10'°M~1 s71, We propose the value of (16

and 15. Because of higher noise, only a lower limit for the rate 0-3) x 101 M~*s™* for further use.
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constant could be derivedq(> 10 M~ s™%, results not Acknowledgment. We thank Dr. P. L. Bounds for helpful
shown). discussions. Supported by the ETHZ and the Swiss National
Flash Photolysis of NQ~ in the Presence of Q and Science Eoundation.

HCO,~. We repeated the flash photolysis experiments of Huie

and Padmajaunder slightly different conditions. An air or ~ References and Notes

dioxygen saturated solution of 4.5 mM nitrite, 90 mM formate, (1) Beckman, J. S.; Beckman, T. W.; Chen, J.; Marshall, P. A;
and 8 mM phosphate buffer at pH 8.2 was flashed either with Free(rzn)alrlbsé;gz[]?,ck.’\;lﬁikﬁﬁ?fig;mL/Ja',S'sf.l%:gh(ler?]?'slc?cz.%gﬁ%ﬁ'Trans.
the third (355 nm) or fourth (266 nm) harmonic of the Nd: 1995 2885-2889.

YAG laser. The yields of both superoxide and nitrogen (3) Czapski, G.; Goldstein, ree Radical Biol. Med1995 19, 785~
monoxide were ca. 8 times lower than those in the experiments794-4 Huie. R, E. Padmaia Sree Radical Res. C 1993 18
of Huie and PadmajaAlthough similar spectra were obtained, 195£1)99.u'e’ - B Padmaja, Siree Radical Res. Commuaige3 18,
the rate constant was (180.2) x 101° M~ s71 based on 78 (5) Kissner, R.; Nauser, T.; Bugnon, P.; Lye, P. G.; Koppenol, W. H.

averages of two experiments, which is twice the value reported Che(’g)- ?A%Sré:y ?ch?li’i?]g 1‘]03 é%?g;éizngzs- . Coapski, & Phys. Chem. A
by Huie and Padmajé. 1999 103 5685-5601. o IR '

Pulse Radiolysis of NQ~ in the Presence of @ and (7) Koppenol, W. H.; Kissner, R.; Beckman, J.\8ethods Enzymol.
HCO,. We also repeated the determination kafby pulse 1996 269, 296-302.
radiolysis (not shown) and found no major deviations from .. (8) Nauser, T.; Bbler, R. E.J. Chem. Soc., Faraday Trar994 90,

- 3651-3656.
published daté3 (9) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, AJB.
Phys. Chem. Ref. Dati988 17, 513-886.
Discussion (10) Gréazel, M.; Henglein, A.; Lilie, J.; Beck, GBer. Bunsenges.

Physik. Chem1969 73, 646-653.
The present results show that three different photolysis-based (11) Ross, A. B.; Bielski, B. H. J.; Buxton, G. V.; Cabelli, D. E.;

i i ~ oM-1g1 Greenstock, C. L.; Helman, W. P.; Huie, R. E.; Grodkowski, J.; Neta,
experlments_all yield rate c:_onstaﬂtﬁ . 1.6 x 10° M. s PNDRL-NIST Solution Kinetics Database: Ver.Rational Institute of
for the reaction of superoxide with nitrogen monoxide. Pulse standards and Technology: Gaithersburg, Maryland, 1994.

radiolysis experiments of nitrite-containing formate solutions  (12) Bielski, B. H. J.Photochem. Photobioll97§ 28, 645-649.



