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SUMMARY : It is shown that hypochlorous acid preferentially oxidizes 2,5- 
dimethylfuran, histidine, B-carotene and 1,4-diazabicyclo[2.2.2)octane in 
the presence of hydrogen peroxide without intermediary formation of singlet- 
excited molecular oxygen. It is therefore highly unlikely that the protec- 
tive action of these compounds towards myeloperoxidase-catalyzed chlorination 
reactions is due to singlet oxygen deactivation or removal, and putative evi- 
dence based upon these effects for singlet oxygen participation in bacterici- 
dal reactions of myeloperoxidase-containing leukocytes is equivocal. 

INTRODUCTION: 

The sheer complexity of oxidation occurring in many biological organ- 

elles renders direct identification of discrete reaction mechanisms exceedingly 

difficult. One useful indirect approach to the problem comprises addition of 

exogenous agents capable of reacting with transitory intermediates which might 

be generated in the overall oxidation process. From observed modifications in 

reactivity the existence of particular reaction species and, hence, the sig- 

nificant involvement of biological reactions which produce them, can often be 

inferred. Thus, e.g., in polymorphonuclear leukocytes (l), this sort of evi- 

dence has been obtained which is compatible with the participation of super- 

oxide anion (2-4), hydrogen peroxide (3,5),hydroxyl radical (3,6), singlet mole- 

cular oxygen (7-9) and hypochlorous acid (10-12) in post-phagocytic reactions. 

The underlying premise of the method is that the trapping reactions are selec- 

tive for the intermediate; when the chemical reactivity of the probes is not 

well understood (13-15), the analysis is prone to error. 

ABBREVIATIONS USED: DMFu 2,5-dimethylfuran; lAO2, dioxygen in its first- 
excited singlet state; DABCO, 1,4-diazabicyclo[2.2.2]octane. 

0006~291X/78/0813-0878$01,00/0 
Copyrighi 0 1978 by Academic Press. Inc. 
AN rights of reproduction in any form reserved. 878 



Vol. 81, No. 3, 1978 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

Singlet oxygen formation has been proposed in the myeloperoxidase- 

catalyzed peroxidation of chloride ion from observations of chemiluminescence 

(16) and chemical trapping experiments (17). Specifically, in the latter 

studies, oxidation of 2,5-diphenylfuran gave cis-dibenzoylethylene, the same 
1 

product as that obtained from reaction with AO2; the reaction was inhibited 

by singlet-oxygen quenchers and showed an inverse solvent deuterium isotope ef- 

feet, as expected from the increased lifetime of A02 in this medium. Because 

parallel reaction behavior was observed with hypochlorous acid in the absence 

of myeloperoxidase and hydrogen peroxide, the authors postulated that HOC1 also 

decomposes spontaneously to form singlet oxygen which undergoes subsequent re- 

action in normal fashion. 

In this communication, we demonstrate that oxidative reactions of 

HOC1 with organic substrates do not proceed by intermediary formation of mole- 

cular oxygen. Based upon these observations, our recent kinetic studies of 

HOCl-I3202 redox reactions (18) and a relatively sparsely documented literature, 

we propose an alternative explanation of the dynamic behavior of the myeloper- 

oxidase-H202-C1- system which does not require obligatory participation of 

singlet oxygen. Implications towards the bactericidal action of myeloperoxi- 

dase-containing phagosomal particles are discussed. 

EXPERIMENTAL: 

Materials. Hypochlorite solutions were prepared by reaction of Cl2 with 
HgO (19) or by vacuum distillation at 40' of commercial 5% hypochlorite solu- 
tions acidified to pH 6 with phosphoric acid. Commercial 2,5-dimethylfuran 
(DMFu) was purified by column chromatography over alumina. Other chemicals were 
reagent grade and used without further purification; &carotene used was Sigma 
Type IV. Water was purified by reverse osmosis-ion exchange chromatography. 

Methods. Oxygen concentrations were measured polarographically using a 
Clark-type electrode (Yellow Springs Instrument Co., Model YS-4004). The re- 
actions of HOC1 with Hz02 and DMF'u were studied using either a Gibson-Durrum 
instrument or a variable speed drive assembly coupled to 0.1-1.0 optical cells 
mounted in a Cary 16 recording spectrophotometer. Details of the instrumenta- 
tion and procedures have been published (18). 

RESULTS: 

Kinetic Summary of HOC1 Oxidations of Ii207 and 2,5-Dimethylfuran. The 
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Figure 1: Relative rates of IQ02 oxidation by HOC1 by the various pathways. 
Conditions: (Cl-) = 80 mM, (H202) = 0.6 mM, 37". Solid line, kp-pathway; 
dashed line, kg-pathway; the kl-pathway (not shown) is 0.4% of the k2-path- 
way over this p&range; rates are extrapolated from data in ref. 18. At 
lower (H202), the breakpoint in the curves is shifted towards higher pH values. 

following points from our study (18) bf the reaction are germane to the biolo- 

gical reactivity of HOCl: 

[l] Oxidation of Hz02 by HOC1 proceeds by three concurrent pathways, whose 

rate laws are of the forms: d(02)/dt = kl(H202)(C12) + kp(HOCl)(H+)(Cl-) + 

k3(H02-)(HOCl). Relative rates by the various pathways under conditions ap- 

proximating those found in phagosomes of neutrophilic leukocytes are plotted 

as a function of pH in Figure 1. 

[2] The rate law for the k2-pathway is identical to that for formation of mole- 

cular chlorine; nonetheless, kinetic analysis reveals that reaction does not 

proceed by rate-limiting conversion to Clp, and must therefore involve reaction 

of H202 with an intermediate species, [H20C12], whose formation is rate-limiting. 
1 

[3] Reaction by the k3-pathway gives nearly quantitative formation of A02 as 

determined by reaction with the acceptor molecule, 2,5-dimethylfuran (DMFu). 

Singlet oxygen yields could not be determined for the other pathways because 
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direct oxidation of DMFu by HOC1 is prohibitively rapid under these conditions. 

[4] Oxidation of DMFu by HOC1 in weakly acidic solutions is given by the rate 

law: -d(DMl?u)/dt = [kb + kg(Cl-)](HOCl)(H+). The term for the chloride-de- 

pendent pathway is identical to that for the k2 pathway in the H202-HOC1 reac- 

tion, i.e., k2 = kg, implying that the intermediate ]H20Cl2] is common to the 

two reactions. In solutions containing (Cl-)-O.lM, furan oxidation occurs al- 

most entirely (-98%) by the chloride-dependent pathway. 

[5] Oxidation of II202 gives stoichiometric formation of 02, which is not a 

product of DMFu oxidation. It is therefore possible to determine their rela- 

tive reactivities with [H20C12] from measurement of oxygen yields in competi- 

tive reaction of these compounds for HOCl, i.e., assuming the reaction scheme 

HOC1 + H++ Cl- % [H20C121 
kv 02+H20+ 2HCI 

H202 
k,MFU 

7 Oxidation products 

where k6&02)/k7(DMFu) = 02 formed /(HOC1 reacted-02 formed). No evidence of 

02 formation attributable to reaction by the kg-pathway was found under competi- 

tive reaction conditions with (H202)/(DMFu)=102, implying kc/ky<10-3. Absence 

of measurable oxygen formation could not be ascribed to trapping of 'A02 ini- 

tially formed in Hz02 oxidation by dimethylfuran (20). 

Competitive Reaction of Singlet Oxygen Quenching Agents with H707 for HOCl. 

In experiments similar to those described in paragraph [5], we have measured 02 

yields in the presence of S-carotene, histidine or the tertiary amine, 1,4-dia- 

zabicyclo[2.2.2]octane (DARCO). Results are given in Table I. For comparative 

purposes, quenching efficiencies reported for the reactions forming cis-dibenzoyl 

ethylene are tabulated. Medium conditions are comparable in the different stu- 

dies, excepting our solutions contained H202 in place of the furan. 

DISCUSSION: 

The inhibitors used in our study deactivate singlet-excited oxygen 

principally by physical mechanisms, forming molecular oxygen in its electronic 
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ground state (21-23). I f  the inhibitors were functioning in this capacity in the 

HOCl-Id202 reaction, no loss in oxygen yields would accompany their addition. The 

substantial reduction in 02 yields observed (Table I) can therefore only be at- 

tributed to chemical reduction of HOC1 by the inhibitors in competition with H202. 

This conclusion is consistent with kinetic behavior reported for 

hypochlorous acid with similar organic compounds. Reaction of HOC1 with the 

free base forms of amines (24,25) and amino acids (25) to give chloramines occurs 

at rates approaching diffusion-controlled limits. Although reaction with caro- 

tenoid compounds has not been studied, electrophilic substitution at other un- 

saturated carbon centers occurs readily (26). It is perhaps pertinent to the 

biological reactivity of HOC1 to note that aromatic substitution (27) and oxi- 

dation of organosulfur compounds (28) in the presence of chloride ion proceed 

according to rate laws identical to the kg-pathway, namely, rate = k2(HOCl) 

(H+)(Cl-). Also, in the only study reported examining the influence of sol- 

vent isotopic composition on organic reactions of HOCl, it was found that 

D20 enhances chlorination of an aromatic ether by ca. 2-fold (29), an ef- 

fect comparable in magnitude to those measured for diphenylfuran oxidations 

(17). 

Recognizing the dynamic properties of HOC1 discussed above, it is 

evident that all previously noted observations on the HOCl-diphenylfuran re- 

action which are concordant with singlet oxygen participation can also be ex- 

plained by the direct competitive oxidation of the reaction components by HOCl. 

In addition, the large chloride ion-specific reaction enhancing effects pre- 

viously described in diphenylfuran oxidation (17) find ready explanation in 

the chloride ion-dependent rate law for dimethylfuran oxidation. A basis for 

distinguishing between the alternative interpretations is provided by consider- 

ation of the kinetics of 02 formation by hypochlorous acid decomposition; this 

reaction is immeasurably slow, either in the presence (20) or absence (30) of 

furans, and therefore cannot serve as a source of singlet oxygen. 

The observation of selective oxidation of inhibitors by HOC1 in the 

882 



Vol. 81, No. 3, 1978 BIOCHEMICAL AND B0PHYSlCAl RESEARCH COMMUNICATIONS 

Inhibitor 

TWLE I. Competitive Inhibition of HOC1 Oxidatio,, Reactions 

02 formed a'c 

(HOC1 + H*O*) 

IUUOl 

HOC1 + H20za 

X Inhibition 

HOC1 + diphenylfuranb Myeloperoxidese 

+ H202 + cl-+ 

diphenylfuranb 

NOll.2 660 

&cerotene (low) 211 68 60 89 

Histidine (96M) 33 95 98 95 

DABCO (9OOuM) 125 81 98 90 

a This study; b ref. 17; c medium conditions: 0.025H sodium acetate. pH 5.0, (Cl-) - O.lM, 25O; solvent for 

the runs "Sin8 &carotene ~88 20% ethanol. Reaction "88 initiated by adding HOC1 (30~M) to solutions containing 

either 50uM RpOp (B-carotene) or 1OOpM El202 (histidine, DABCO) and the inhibitor. 

presence of H202 (Table I) also calls to question the reliability of tests 

presumed diagnostic for singlet oxygen in myeloperoxidase-catalyzed chloride 

oxidation reactions, particularly since reaction conditions are nearly identi- 

cal in the two studies. While the issue of substrate activation by myeloper- 

oxidase is unresolved (ll), it has been shown that the enzyme does not require 

organic substrate for turnover in Cl- peroxidation and that HOC1 formed is 

freely diffusible into solution (31). Assuming the subsequent reactions are 

uncatalyzed, appreciable formation of singlet oxygen simply could not occur 

in the myeloperoxidase-Hp02-Cl- system because HOC1 formed would react prefer- 

entially with furan or inhibitors. 

Finally, the protective action of DABCO, furans and carotenoid pig- 

ments on bactericidal (7) and cytotoxic (8) effects of the myeloperoxidase 

system and polymorphonuclear leukocytes (9) is subject to the same interpre- 

tation. Incorporation of chloride ion into insoluble fractions of phagocytiz- 

ing neutrophilic granulocytes has been demonstrated (32), consistent with dir- 

ect chlorination of biological substances by HOCl. Best estimates place re- 

action conditions during HOC1 production within the phagosomal vacuoles at 
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(cl-) = O.O8M, pH 3.5-5 (33), (H202)<0.6 mM (34) (this value estimated from 

rates of formation of,HzOp under conditions where its subsequent reactions are 

largely inhibited (35,36) - consequently, it is likely an upper limit). Un- 

catalyzed reactions of HOC1 will therefore generally proceed according to the 

kZ-pathway (Figure 1). Given the high reactivity of biological amines and 

amino acids, sulfhydryl compounds (37), aromatic and other unsaturated carbon 

groups under these conditions, the question of which reactions occur is likely 

more a matter of proximity to redox partners (38) than of their relative re- 

activitites. 
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