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derived species superoxide anion and hypochlorous acid 
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Superoxide anion reacts with hyp~hlorous acid to yield free hydroxyl radicals, as shown by the hydroxylation of benzoate. This reaction is 
analogous to the Haber-Weiss reaction but in the absence of metal ions is at least six orders of magnitude faster. 
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1. INTRODUCTION 

There is currently much interest in the chemistry of 
oxidative damage induced by activated neutrophils [I]. 
These cells release hypochlorous acid (HOCI) and the 
superoxide radical (0;~), and their cytotoxic effects may 
be reiated to the formation of hydroxyl radicals (‘OH): 

O;- + HOC1 -3 *OH + Cl- + 0, (1) 

in a reaction analogous to the Haber-Weiss reaction 
where H,O, replaces HOCl: 

O;- + H,O, -+ ‘OH + OH- + 0, (2) 

The Iatter reaction has attracted enormous interest 
because of its possible involvement in i~haemia-rear- 
fusion injury, inflammation and other responses to cel- 
lular oxidative stress [2,3]. However, reaction (2) occurs 
significantly only in the presence of metal ions such as 
iron and copper [3,4]. In contrast, reaction (1) is rapid 
IS], although direct evidence for the formation offree 
‘OH is lacking. In view of the role of activated neutro- 
phils in diverse diseases, it is important to identify the 
damaging chemical species involved in the respiratory 
burst. We have used radiolysis to generate radicals and 
prove free ‘OH is produced in reaction (1). 

2. MATERIALS AND METHODS 

Stock solutions of hypochlorous acid (ca. 0.05 mol.dm-3) were 
prepared by diluting solutions of NaOCl (Aldrich) and adjusting the 
pH to 5.5 with concentrated perchloric acid (Merck). The concentra- 
tion and purity of these solutions were checked by spectrophotometry, 
using the extinction coefficients of HOG, sZz,s nm = 99.9 dn? .rnol-* 
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I cm-’ and &2w nm = 27.1 dm’.mol-’ .cm-’ [6]. No changes of the ab- 
sorption spectrum of the stock solutions (protected from light) were 
observed until 2 h after preparation. Other chemicals were from 
Aldrich, Merck or Sigma and of analytical grade. Solutions were 
prepared using water purified with a ‘Milli-Q’ system (Millipore) and 
saturated with oxygen, nitrous oxide (< 10 ppm OJ or with a mixture 
ofN,O + OZ 20% (v/v), ali purchased from BOC All experiments were 
performed at room temperature (20 + 2’C). 

Steady-state y-irradiations were performed using a @‘Co source with 
a nominal activity of 2,000 Ci. The samples were contained in 15 ml 
gas-tight vials and degassed for 2 30 min before irradiation. The dose 
rate was 32.9 Gy*min-‘, determined by Frieke dosimetry [7]. The 
fluorescence of the samples was measured c: 15 min after irradiation 
using a Perkin Elmer LS 50B luminescence spectrometer. 

Irradiated samples were analyzed by HPLC using a Novapak Cl8 
cartridge column (105 x 4 mm, Millipore) with detection by UV ab- 
sorption (254 nm) and fluorescence (excitation 295 nm, emission 400 
nm). Elution was achieved with a linear gradient (20% to 50% in 5 
min.) of 75% acetonitrile in water against 0.02 mol’dm-3 H,PO, and 
0.02 mol -dme3 KH,PO,. 

3. RESULTS AND DISCUSSION 

Radiolysis of water by 6oCo y-rays generates radical, 
ionic and molecular species [8,9]: 

H,O -+ ‘OH (0,28), ea;7 (0.27), H- (0.34), 
H’ (0.06), H2 (0.05), H,O, (0.07) (3) 

where the numbers in brackets are the approximate 
yields in pmol *J-‘. In the presence of N20 the hydrated 
electrons are converted into *OH (0.6 ymol . J-l): 

N,O + e& + H,O -+ ‘OH + Nz f OH- (4) 

As a probe for hydroxyl radicals /lOI we used the 
hydroxylation of benzoate in aqueous solution to yield 
a mixture of 2-, 3- and 4-hydroxybenzoate [ Ill, of which 
the 2- isomer (salicylate) is easily detected by fluores- 
cence spectroscopy (a,,, = 305 nm, 2, = 410 nm). 
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Table I 

Radiation chemical yields (nmol.J-‘) for formation of salicylate on 
irradiation of aqueous solutions of benzoate (5 mmol. dm-‘) at pH 5.0. 

Initial yield No HOC1 
of ‘OH 

HOC1 1O-4 
mol. dm-’ 

W 
0, 
N,O + 0, 
(20% v/v) 
Air + formate 
(0.1 mol. dmm3) 

= 600 11.1 f 0.2 21 f 1 
= 300 59.5 +_ 0.2 388 f 12 
= 600 93 f 2 

0 5.5 + 0.2 

Upon irradiation of solutions containing benzoate, 
these became fluorescent due to the formation of salicyl- 
ate in concentration proportional to the radiation dose 
(Fig. 1). In N,O-saturated solution the yield of salicylate 
was small (Table I) but it increased ca. j-fold in O,- 
saturated solution. However, in the latter case the yield 
of ‘OH is half that in N,O-saturated solution, because 
e& reacts with 0, rather than with N,O: 

e&+0,+0;- (5) 

Superoxide does not cause the conversion of benzoate 
to salicylate; in aerated solution of benzoate containing 
0.1 mol.dm-3 sodiumformate (yield ofO;- 0.6pmol. J-l) 
there was negligible formation of salicylate. The in- 
crease of the yield of salicylate in oxygen-saturated solu- 
tion arises because ‘OH adds to the aromatic ring of 
benzoate to give the hydroxycyclohexadienyl radical, 
followed by oxidation and deprotonation (Eq. (6)) [12]. 
Therefore, the presence of oxidants increases the yield 
of hydroxylation by increasing the efficiency of the oxi- 
dation step [l 11. 

A similar mechanism can account in part for the in- 
creased yields of salicylate observed in the presence of 
HOCl, as shown by the results with the N,O-saturated 

@a) 

co,- co,- 
+oz- + O;- + H+ 

H*OH I 
OH (6b) 

u aLi 1110 150 200 250 300 350 

dose / Gy 

Fig. 1. Increase of the concentration of salicylate on y-irradiation of 
aqueous solutions of benzoate (5 mmol.dm-‘) saturated with N,O 
(squares) or 0, (circles) in the presence of 1 .O x lo-“ mol. dm-’ HOC1 

(solid symbols) or in its absence (open symbols). 

solutions (Table I), although HOC1 is a less efficient 
oxidant than oxygen. 

The effect of HOC1 is much more pronounced in 
O,-saturated solution: the yield of salicylate increases 
>6-fold compared to the O,-saturated solution without 
HOCl. Under these conditions the concentration of ox- 
ygen is sufficient to convert all the e, to superoxide 
anion (Eq. (5)). The large increase of the yield of salicyl- 
ate implies that superoxide reacts with HOC1 to give a 
species that causes the hydroxylation of benzoate which 
we show to be the hydroxyl radical (Eq. (1)). However, 
this reaction alone would cause the yield of salicylate to 
double. We attribute the ca. 6-fold increase to the reac- 
tion of oxygen with the hydroxycyclohexadienyl radi- 
cals generating O;- (Eq. (6b)) [13], which in turn reacts 
with HOCl, inducing a small chain reaction (chain 
length ca. 3). 

In order to confirm that the reactive species generated 
by reaction of O;- with HOC1 is the free hydroxyl radical, 
we analyzed the HPLC the irradiated benzoate solution 
saturated with oxygen and containing HOCl. The re- 
sulting chromatogram (Fig. 2) shows the peaks of the 
three isomeric hydroxylated derivatives of benzoate 
(identified using appropriate standards). For compari- 
son, Fig. 2 also shows the isomer distribution resulting 
from the action offree ‘OH radicals obtained by irradi- 
ation of a benzoate solution saturated with N,O (and 
20% v/v 0, in order to ensure complete conversion of 
the hydroxycyclohexadienyl radicals to hydroxylated 
products). The relative areas of the peaks show that the 
same distribution of isomers is obtained in both cases. 
This is conclusive evidence for the increased formation 
of ‘OH in the presence of oxygen and HOCl, i.e. for the 
formation of ‘OH on reaction of O;- with HOCl. 

152 



Volume 333, number 1,2 FEBSLETTERS October 1993 

0.025 

0.020 

0.015 

a 

b 
____,___ _...../!;.._....., __-___- q 

2 3 4 5 

elution time / min 

Fig. 2. HPLC elution pattern showing that hydroxyl radicals (‘OH) or superoxide in the presence of hypochlorous acid (O;-/HOCI) induce the 
formation of the same derivatives of benzoate and in the same relative yields. Peak identification: (a) 4-hydroxybenzoate; (b) 3-hydroxybenzoate; 
(c) benzoate; (d) 2-hydroxybenzoate (salicylate). The solid and dotted lines were obtained by absorption (254 nm) or fluorescence (&, = 295 nm, 

A,,,, = 400 mn) detection, respectively. 

The rate constant for the reaction between superoxide 
and HOC1 had previously been determined 
(k = 7.5 x IO6 dm3.mol-‘~s-‘) by monitoring the decay 
of the absorption of O;- in the presence of HOC]; it was 
suggested that singlet molecular oxygen could be 
formed in this reaction [5]. Singlet oxygen is able to 
hydroxylate aromatic compounds, but its regioselectiv- 
ity, i.e. the distribution isomeric products formed is dis- 
tinct from that of ‘OH [14,15]. The formation of ‘OH 
in reaction (1) can also account for the reported hydrox- 
ylation of phenol by a combination of the enzymatic 
systems, xanthine/xanthine oxidase and myeloperoxi- 
dase/H,OJCl- [I 61. Furthermore, the production of 
‘OH by neutrophils by a mechanism dependent on mye- 
loperoxidase and not involving metal ions has been in- 
ferred from spin trapping of the ‘CH(CH3)0H formed 
in the presence of ethanol [ 171. Hydroxylation of benzo- 
ate, generating a characteristic spectrum of products 
(essentially afingerprint) now provides unequivocal evi- 
dence for the generation of free ‘OH in reaction (1). 

The interaction of HOC1 with O;- to yield hydroxyl 
radicals is potentially important in the biological action 
of neutrophils. It presents an alternative pathway for 
the toxicity of HOC], in addition to the well established 
formation of chloramines and inactivation of antipro- 
tease [ 181. It is also a mechanism by which, through the 
release of HOC], neutrophils can transform the unreac- 
tive O;- into the highly reactive ‘OH. In the absence of 
metal ions, reaction (1) is at least six orders of magni- 
tude faster than the Haber-Weiss reaction [5,19]. 
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