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Microorganisms ingested by polymorphonuclear leukocytes (PMNs) 1 are exposed 
to a variety of antimicrobial systems (for review see references 1, 2). In our view, the 
predominant antimicrobial system for most organisms is one which consists of 
myeloperoxidase (MPO), H202, and a halide. After phagocytosis, M P O  is released 
into the phagocytic vacuole from adjacent lysosomal granules, where it interacts with 
H202 and a halide, such as chloride or iodide, to form an agent or agents toxic to the 
ingested organisms. MPO-independent  antimicrobial systems also are present in the 
PMN. PMNs which lack MPO,  i.e., from patients with hereditary M P O  deficiency, 
have a major fungicidal and bactericidal defect; however, microbicidal activity is not 
abolished. Bactericidal activity is observed after a lag period, and this residual activity 
is dependent in part on oxygen. Oxygen-dependent, but MPO-independent,  antimi- 
crobial systems are presumably also present in normal PMNs. The nature of these 
systems has been the subject of considerable recent interest. 

Phagocytosis by PMNs (or, more accurately, perturbation of the plasma membrane) 
is associated with the reduction of oxygen to water with the formation of highly 
reactive intermediates. When oxygen accepts a single electron, it is converted to the 
superoxide anion (O~-), a radical which can act both as a reductant or an oxidant. 
In the human PMN, a pyridine nucleotide oxidase, probably located in the plasma 
membrane,  appears to catalyze this reaction (3, 4). The two electron reduction 
product of oxygen, H202, may be formed directly from oxygen by divalent reduction, 
or by the univalent reduction of O~-. A second superoxide radical can serve as the 
electron donor in the latter reaction in a dismutation reaction as follows: 

(a) O~- + O~- + 2H+---~ 02 + H202. 

Dismutation can occur spontaneously or be catalyzed by the enzyme superoxide 
dismutase (SOD) (for review see reference 5). The further reduction of H202 results 
in the formation of highly reactive hydroxyl radicals (OH.) .  One mechanism proposed 
for the production of O H .  is the reduction of H202 by O~- (Haber-Weiss reaction 
[6]) as follows: 

(b )  H 2 0 2  + 0 ~ - - - ~  0 2  + O H -  + O H . .  

The rate constant for the direct interaction of H 2 0 2  and O~- is low compared to 
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competing reactions such as the spontaneous dismutation of O~-, making it unlikely 
that O H .  is formed in this way (7-9). However, recently a modification of the Haber-  
Weiss reaction has been proposed in which a metal ion is first reduced by O~- and 
then oxidized by H202, with the overall reaction being the generation of O H .  from 
H202 and 0 I -  as shown in (b) (10). When a chemical reaction is induced by a O~-- 
and H202-generating system, the inhibition of this reaction by SOD; catalase, and 
O H -  scavengers and its stimulation by H202 has been taken as evidence for the 
participation of O H .  (11). 

An additional, potentially toxic, product of oxygen metabolism is singlet molecular 
oxygen (102), an excited state of oxygen which is formed when one of the valence 
electrons is shifted to an orbital of higher energy with an inversion of spin (for review 
see references 12-15). Singlet oxygen may be formed by the interaction of the various 
products of oxygen reduction. Among the possible mechanisms are: the spontaneous 
dismutation of Off- (16, 17), 

(c) O1- + O~- + 2H + ~ tO2 + H202; 

the interaction of O~- and O H .  (18), 

(d) O~- + O H .  ~ 102 + O H - ;  

and the interaction of O~- and H202 (19, 20) 

(e) 0 I -  + H202 ~ 102 -4- O H -  + O H . .  

As indicated above, the latter reaction (Haber-Weiss) would require a metal or other 
catalyst. The excess energy of 102 can be dissipated by thermal decay, emission of 
light, or chemical reaction. The formation of a relatively characteristic 102 product in 
chemical reactions may be employed as evidence for the presence of 102. One such 
reaction which we have employed for this purpose is the conversion of 2,5-diphenyl- 
furan to cis-dibenzoylethylene (21). 

The aerobic oxidation of its substrate by xanthine oxidase is associated with the 
formation of 0 I -  and H202 (22) which may subsequently interact to form O H .  (11) 
and possibly 102 (19, 20). This has prompted the use of the xanthine oxidase system 
with xanthine, hypoxanthine, or purine as substrate as a model of the oxygen- 
dependent antimicrobial systems of the PMN (23-25). With some microorganisms, 
the antimicrobial effect was inhibited by catalase but not SOD, implicating H202 
(24, 25); in other instances, catalase, SOD, and hydroxyl radical scavengers were 
inhibitory and O H .  generated by the interaction of H202 and Off- was proposed as 
the microbicidal agent (24). In our earlier study with xanthine as substrate (23), very 
little antimicrobial activity was observed unless M P O  and a halide was added, 
suggesting that the most potent product of oxygen reduction was H202  when 
combined with the other components of the peroxidase system. However, in a recent 
study in which acetaldehyde was employed as substrate for xanthine oxidase, lysis of 
erythrocytes was inhibited by xanthine and uric acid (20). This raises the possibility 
that purines employed as substrate for xanthine oxidase may interfere with microbi- 
cidal activity by competing with the microbes for the potentially toxic oxygen 
products. 

In this paper we have reinvestigated the antimicrobial activity of xanthine oxidase 
in the presence and absence of M P O  and a halide, but with acetaldehyde as substrate. 
The inhibitory effect of purines is described and the role of O~-, H202, O H . ,  and 102 
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in the toxicity considered. The  aceta |dehyde-xanthine  oxidase system in the presence 
and  absence of M P O  and  a halide appears to be a useful model of the oxygen- 

dependent  ant imicrobia l  systems of the PMN.  

M a t e r i a l s  a n d  M e t h o d s  
Special Reagents. Xanthine oxidase (bovine milk, 10 mg/ml, --0.4 U/mg suspended in 2.0 M 

ammonium sulfate and 0.01 M EDTA) was obtained from Boehringer Mannheim Biochemicals, 
Indianapolis, Ind. Catalase (bovine liver, 6.1 mg/ml, 60,000 U/rag) obtained from Worthington 
Biochemical Corp., Freehold, N. J., was dialyzed against water before use. Myeloperoxidase 
was prepared from canine pyometrial pus by the method of Agner (26) to the end of step 6 and 
assayed by the ortho-dianisidine method before use (27). 1 U of enzyme is the amount 
decomposing one/~mol of H202 per minute at 25°C. Superoxide dismutase (bovine erythrocytes, 
lyophilized powder, 12,300 U/mg) obtained from Miles Laboratories, Inc., Miles Research 
Products, Elkhart, Ind., was dissolved 5 mg/ml in water and stored at -20°C.  Xanthine 
oxidase, catalase, and myeloperoxidase solutions were heated at 100°C for 15 min and 
superoxide dismutase was autoclaved at 120°C for 30 min where indicated. 

Acetaldehyde (Aldrich Chemical Co., Inc., Milwaukee, Wis.) was distilled and stored in 
aliquots at -20°C.  Cis-dibenzoylethytene, trans-dibenzoylethylene, and tritiated 2,5-diphenyl- 
furan (2/~Ci//~mol) were obtained as previously described (2 I). 1,4-Diazabicyclo[2,2,2] octane 
(DABCO) was obtained from Eastman Organic Chemicals Div., Rochester, N. Y. and xanthine, 
hypoxanthine, and uric acid were obtained from Sigma Chemical Co., St. Louis, Mo. Trypticase 
soy broth and agar were from BioQuest, BBL, & Falcon Products, Becton, Dickinson & Co., 
Cockeysville, Md. Enriched nutrient broth and agar consisted of 12.5 g heart infusion broth, 
2.5 g yeast extract, and either 5.4 g nutrient broth or 23 g nutrient agar in 1 I of water. All 
components were obtained from Difco Laboratories, Detroit, Mi. 

Microbicidal Activity. Staphylococcus aureus 502A was maintained on blood agar plates and 
transferred daily to trypticase soy broth. Overnight cultures were washed twice with 100 mM 
sodium sulfate and suspended in the same solution to the required absorbance at 540 nm. 
Sarcina lutea (yellow) and a pigmentless mutant, strain 93A (white), were the gift of Dr. Norman 
Krinsky, Tufts University, Boston (28). They were maintained on trypticase soy agar slants or 
blood agar plates and were transferred daily to enriched nutrient broth at 30°C (yellow) or 
trypticase soy broth supplemented with 0.5% yeast extract at 37°C (white). Overnight cultures 
were washed twice, dispersed for 1 min in a Potter-Elvehjem homogenizer and suspended in 
100 mM sodium sulfate to the required optical density at 540 nm. 

Components indicated in the legends to the tables and figure were added to 10 x 75 mm test 
tubes and incubated at 37°C in a shaking water bath for 60 rain unless otherwise indicated. A 
0.1-ml portion of the suspension was serially diluted in 100 mM sodium sulfate and the viable 
cell count determined by the pour plate method using trypticase soy agar supplemented with 
0.25% glucose for S. aureus and S. lutea (white) and enriched nutrient agar for S. lutea (yellow). 

Diphenylfuran Conversion. Components of the reaction mixtures indicated in the legends to 
the tables were incubated in 13 x I00 mm test tubes for 60 min at 37°C in a shaking water bath 
oscillating 80 times/rain. Products of diphenylfuran oxidation were determined as previously 
described (method B; 21). Briefly, the reaction mixture was extracted with chloroform and the 
chloroform layer evaporated under nitrogen. The residue was dissolved in 100 ~tl of ethanol and 
10/1t of the solution was separated by thin-layer chromatography with heptane:dioxane (3:1) 
as the solvent. Unlabeled diphenylfuran, trans-dibenzoylethylene, and cis-cibenzoylethylene 
were employed as standards. Spots corresponding to the standards were identitied by short 
wave UV (254 nm) illumination, scraped from the plates, and counted in a Beckman LS-100C 
liquid scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). 10 p.l of the original 
ethanol solution were employed as a standard and the percent of the added radioactivity in 
each spot was determined. The amount ofdibenzoylethylene (nanomoles) formed was calculated 
from the initial amount of diphenylfuran employed and was corrected for the amount of 
dibenzoylethylene found in simultaneous incubations of diphenylfuran in buffer alone. 

Data Analysis. For the analysis of the microbicidal data, reaction mixtures yielding sterile 
pour plates were assigned a value of 10 organisms/ml, the limit of sensitivity of the assay. The 
number of viable organisms/ml was expressed as the logarithm and arithmetic means, standard 
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TABLE I 

Comparison of the Bactericidal Activity of the Xanthine Oxidase System in the 

Presence and Absence of MPO and Chloride* 

Acetaldehyde 

Viable cell count (organisms/ml X 10 -6) 

Acet. + XO + Acetaldehyde Acet. + XO MPO + Cl- 

raM 
20 3.9 0.012~ 
10 3.6 0.005~: 
4 4.2 0.1~ 
2 3.6 3.6 
1 3.7 4.2 
0.4 3.7 4.0 
0.2 4.1 4.5 
0. I 4.9 
0.04 4.2 
0.02 3.9 
0.01 3.9 

o.ooo3, 
0.01:[: 
0.9§ 
5.1 
4.7 

The reaction mixture contained 50 mM sodium phosphate buffer pH 7.0, 43 
mM sodium sulfate, 4 mM ammonium sulfate, 0.02 mM EDTA, 4.5 X 
106/ml S. aureus, acetaldehyde (Acct.) at the concentrations indicated and 
where indicated 10 ~g (4 mU) xanthine oxidase (XO), 50 mM sodium 
chloride and 8 mU MPO in a total volume of 0.5 ml. An isotonically 
equivalent amount of sodium sulfate (33 mM) was omitted from tubes 
containing sodium chloride. Incubation-60 min. Results are the geometric 
mean of three experiments. Significance of difference from initial viable cell 
count: :~P< 0.005; § P <  0.02; all others NS. 

errors, and P values were determined for the logarithmically transformed data (29). The  data 
are expressed as the antilog of the arithmetic mean of the logarithms (the geometric mean of 
the original untransformed values). Statistical differences were determined using Student's two 
tailed t test for independent means (not significant, NS, P > 0.05). 

R e s u l t s  

Bactericidal Activity. T h e  s t aphy loc ida l  ac t iv i ty  o f  the  a c e t a l d e h y d e - x a n t h i n e  oxi- 

dase system in the  presence  a n d  absence  o f  M P O  a n d  ch lor ide  is shown in T a b l e  I. 

A c e t a l d e h y d e  a lone  at t he  c o n c e n t r a t i o n s  e m p l o y e d  was w i t h o u t  effect. Bac te r i c ida l  
ac t iv i ty  was obse rved  h o w e v e r  on  the  a d d i t i o n  o f  x a n t h i n e  oxidase  at a c e t a l d e h y d e  

c o n c e n t r a t i o n s  r a n g i n g  f rom 20 to 4 m M .  T h e  fu r the r  a d d i t i o n  o f  M P O  and  ch lo r ide  

p e r m i t t e d  a 100-fold r e d u c t i o n  in the  m i n i m a l  effect ive  a c e t a l d e h y d e  c o n c e n t r a t i o n  

to 0.04 m M .  In  Fig. 1, the  a c e t a l d e h y d e  c o n c e n t r a t i o n  was m a i n t a i n e d  at 4 m M  a n d  

the  bac t e r i c ida l  ac t iv i ty  o f  the  a c e t a l d e h y d e - x a n t h i n e  oxidase  system was c o m p a r e d  

in the  presence  a n d  absence  o f  M P O  a n d  ch lo r ide  over  a 60-min  t ime  per iod.  T h e  

M P O  a n d  c h l o r i d e - s u p p l e m e n t e d  system h a d  a shor te r  lag pe r iod  before  the  onset  o f  

de t ec t ab l e  ki l l ing (15 vs. 30 min)  a n d  a cons ide rab ly  m o r e  p r o n o u n c e d  bac t e r i c ida l  

effect. 
In  all  subsequen t  s tudies o f  bac t e r i c ida l  ac t iv i ty  wi th  S. aureus as the  test o rgan i sm,  

the  a c e t a l d e h y d e  c o n c e n t r a t i o n  was 10 m M  for the  a c e t a l d e h y d e - x a n t h i n e  oxidase  

system a n d  0.1 m M  for the  M P O  a n d  c h l o r i d e - s u p p l e m e n t e d  system. T a b l e  II 
d e m o n s t r a t e s  the  r e q u i r e m e n t  for each  c o m p o n e n t  o f  t he  a c e t a l d e h y d e - x a n t h i n e  
oxidase  a n d  the  a c e t a l d e h y d e - x a n t h i n e  o x i d a s e - M P O - c h l o r i d e  systems a n d  the  loss o f  
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Flc. 1. Kinetics of Bactericidal Activity. The reaction mixture was as described in Table I except 
that the acetaldehyde concentration was 4 mM and the incubation period was varied as indicated. 
The control consisted ofS. aureus in the phosphate buffer pH 7.0 containing sodium sulfate. Results 
are the geometric mean + SE of four experiments. 
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TABLE I I  

Effect of Deletions* 

Additions 

Viable cell count 
(organisms/ml 

x 10 -6) 

Acet. + XO + Acet. + XO MPO + CI- 

Buffer only 3.4 
Complete system 0.006 0.002 

Acet. omitted 2.5 4.9 
XO omitted 4.5 3.3 
XO heated 3.6 4.5 
CI- omitted 3.2 
MPO omitted 3.8 
MPO heated 3.5 

* The  react ion mix tu re  was as described in Tab le  I except tha t  10 m M  
ace ta ldehyde  was employed  in the Acet. + X O  system and  0.1 m M  in the 
Acet. + X O  + M P O  + CI -  system, and  componen ts  were omi t t ed  or 
hea ted  as indicated.  The  results are the geometr ic  mean  of three exper iments .  

bactericidal  activity on heat inact ivat ion of  xanth ine  oxidase and, where employed,  

M P O .  Catalase strongly inhibi ted the bactericidal  act ivi ty of  the aceta ldehyde-  

xanth ine  oxidase system both in the presence and absence of  M P O  and chloride 

(Table III), whereas S O D  was an effective inhibi tor  only with the unsupp lemented  

xanth ine  oxidase system. Hea ted  catalase and S O D  had no significant inhibi tory 

effect in ei ther system. This  suggests a requi rement  for both H202 and O1-  for the 

bacter icidal  activity of  the ace ta ldehyde-xanth ine  oxidase system, whereas only H202 

is required in the M P O  and chlor ide-supplemented system. 

T h e  requi rement  for both H202 and O1-  by the unsupp lemented  xanth ine  oxidase 

system is compat ib le  with a reaction between the two to form some other, more 
bactericidal ,  agent. Two  candidates  have been proposed: hydroxyl radicals and singlet 
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TABLE III 

Effect of Inhibitors on Bactericidal Activity* 

Inhibitors 

Viable cell count (organisms/ml X I0 -~) 

Acct. + XO + MPO + 
Acet. + XO C1- 

None 0.008 (19) 0.001 (19) 
Catalase, 60/~g/ml 4.1 (4) <0.001 4.9 (4) <0.001 
Catalaseheated 0.03 (4) NS 0.008 (4) NS 
SOD, 1/~g/ml 3.1 (3) <0.001 0.0005 (3) NS 
SOD heated 0.006 (3) NS 0.0004 (3) NS 
Mannitol, 100raM 2.2 (5) <0.001 0.005 (5) NS 
Mannitol, 10mM 0.47 (6) <0.001 0.005 (6) NS 
Mannitol, 1 mM 0.02 (5) NS 0.005 (5) NS 
Benzoate, 10mM 4.1 (3) <0.001 4.7 (2) <0,001 
Benzoate, l mM 0.10 (3) <0.02 0.009 (3) NS 
Benzoate, 0.1 mM 0.007 (3) NS 0.0005 (3) NS 
Azide, 10mM 2.9 (6) <0.001 5.3 (5) <0.001 
Azide, l mM 0.20 (5) <0.01 4.8 (5) <0.001 
Azide, 0.1mM 0.07 (5) <0.05 5.5 (5) <0.001 
Azide, 0.01 mM 0.05 (5) NS 0.20 (5) <0.001 
DABCO, 10mM 4.1 (3) <0.001 3.1 (3) <0.001 
DABCO, 1 mM 3.2 (3) <0.00l 0.002 (3) NS 
DABCO, 0. l mM 0.01 (3) NS 0.0006 (3) NS 
Histidine, 10mM 3.7 (3) <0.001 5.0 (3) <0.001 
Histidine, l mM 3.4 (3) <0.001 4.4 (3) <0.001 
Histidine, 0.1 mM 4.0 (3) <0.001 0.03 (3) <0.05 
Histidine, 0.01 mM 0.02 (3) NS 0.001 (3) NS 

* The reaction mixture was as described for the complete system in Table II except 
that the inhihitors were added at the concentrations indicated. The results are the 
geometric mean of (n) experiments. The significance of the difference from no 
inhibitor is shown. 

m o l e c u l a r  oxygen.  T h e  effect o f  the  hyd roxy l  rad ica l  scavengers ,  m a n n i t o l  a n d  

benzoa te ,  a n d  the  s inglet  o x y g e n  quenchers ,  az ide ,  D A B C O ,  a n d  h is t id ine ,  on  the  

bac t e r i c ida l  ac t iv i ty  o f  t he  a c e t a l d e h y d e - x a n t h i n e  ox idase  sys tem is shown  in T a b l e  

III.  S ign i f i can t  i nh ib i t ions  occu r r ed  at c o n c e n t r a t i o n s  at or  a b o v e  10 m M  m a n n i t o l ,  

1 m M  benzoa te ,  0.1 m M  azide,  1 m M  D A B C O ,  a n d  0.1 m M  his t id ine .  In  cont ras t ,  

the  M P O - s u p p l e m e n t e d  x a n t h i n e  oxidase  system is una f f ec t ed  by  m a n n i t o l  at  all  the  

c o n c e n t r a t i o n s  e m p l o y e d ,  whereas  b e n z o a t e  was i nh ib i t o ry  at 10 m M  (Tab le  III) .  T h e  

10~ scavengers ,  D A B C O  a n d  his t id ine ,  were  i nh ib i t o ry  at 10 a n d  0.1 m M ,  respect ively .  

Azide ,  w h i c h  is b o t h  a IO2 scavenge r  a n d  an i nh ib i t o r  o f  M P O ,  was a more  ef fec t ive  

i nh ib i t o r  o f  the  M P O - s u p p l e m e n t e d  t h a n  the  u n s u p p l e m e n t e d  x a n t h i n e  ox idase  

system. 
X a n t h i n e  a n d  h y p o x a n t h i n e  (like ace t a ldehyde )  are  subs t ra tes  for x a n t h i n e  oxidase ,  

a n d  the  f inal  p r o d u c t  o f  the i r  o x i d a t i o n  is ur ic  acid.  T a b l e  I V  ind ica tes  tha t  1 m M  

x a n t h i n e  a n d  1 m M  h y p o x a n t h i n e  h a v e  a smal l  bu t  s ign i f ican t  i nh ib i t o ry  effect on  

the  bac t e r i c ida l  ac t iv i ty  o f  t he  a c e t a l d e h y d e - x a n t h i n e  oxidase  system. U r i c  ac id  was 

m o r e  s t rongly  i nh ib i t o ry  at 1 m M  a n d  an  effect was also obse rved  at 0.1 raM.  

T h e  effect o f  the  a c e t a l d e h y d e - x a n t h i n e  oxidase  sys tem on  two  s t ra ins  o f  S. lutea 
which  differ  in the i r  c o n t e n t  o f  c a r o t e n o i d  p i g m e n t  is shown in T a b l e  V. A p p r o x i -  

m a t e l y  40% o f  t he  p i g m e n t e d  ye l low o rgan i sms  a n d  99% of  the  n o n p i g m e n t e d  wh i t e  
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TAaLE IV 

Effect of Purines on the Acetaldehyde-Xanthine Oxidase Bactericidal System* 

33 

Viable cell count 
Purine (organisms/ml × 10 -6) 

None 0.008 (19) 
Xanthine,  1.0 m M  0.4 (7) <0.001 

0.1 m M  0.02 (6) NS 
0.01 m M  0.01 (3) NS 

Hypoxanthine,  1 . 0mM 0.06 (7) <0.02 
0.1 m M  0.02 (7) NS 
0.01 m M  0.01 (3) NS 

Uric Acid, 1.0 m M  3.6 (3) <0.001 
0.1 m M  0.2 (3) <0.01 
0.01 m M  0.05 (3) NS 

* The  reaction mixture was as described in Table II for the complete acetal- 
dehyde-xanthine oxidase system except that the purines were added at the 
concentrations indicated. The results are the geometric mean of (n) experi- 
ments. The  significance of the difference from no purine is shown. 

TASLE V 

Effect of the Acetaldehyde-Xanthine Oxidase System on S. Lutea* 

Supplements 
Viable cell count (organisms/ml × 10 -6) 

X lutea (yellow) S. lutea (white) 

Buffer only 5.0 (9) 3.4 (9) 
Complete system 2.0:1: (5) 0.03 (5)~§ 

Acet. omitted 5.4 (5) 4.1 (4) 
X O o m i t t e d  4.6 (5) 2.9 (5) 

* The  complete system was as described for the acetaldehyde-xanthine oxidase 
system in Table II except that 4 m M  acetaldehyde was employed and the 
test organisms were either wild type S. lutea (yellow) or a pigmentless mutan t  
(white). 

:~ P < 0.005 compared to buffer only. 
§ P < 0.01 white compared to yellow (paired analysis). 

TABLE VI 

Conversion of 2,5-Diphenylfuran to Cis-Dibenzoylethylene by Acetaldehyde Plus 
Xanthine Oxidase* 

Components  cis-Dibenzoylethylene 

nmol 

Complete system 25.6 ± 0.7~ (26) 
Xanth ine  oxidase omitted 0.4 ± 0.1 (4) 
Acetaldehyde omitted 0.0 ± 0.1 (4) 
SOD added 5.1 ± 0.7 (5) 
Heated SOD added 23.4 ± 3.0 (4) 
Catalase added 6.0 ± 1.3 (6) 
Heated catalase added 22.0 ± 3.0 (5) 

* The  complete system contained 40 #gm, 16 mU,  xanthine oxidase, 40 m M  
acetaldehyde, 4 m M  a m m o n i u m  sulfate, 0.02 m M  EDTA, 44 m M  sodium 
sulfate, 50 nmol diphenylfuran, and 0.25% ethanol in 2.0 ml of  50 m M  
sodium phosphate buffer, pH 7.0. Xanth ine  oxidase and acetaldehyde were 
omitted and 1 #g /ml  SOD and 60 #g/ml  catalase were added where 
indicated. 

~: Mean + SE of (n) experiments. 
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TABLE V I I  

Effect of lnhibitors on 2,5-Diphenylfuran Conversion by Acetaldehyde Plus Xanthine Oxidase* 

Inhibi tor  

Diphenylfuran conversion (% inhibition) 

Concentrat ion of inhibitor 

100 m M  10 m M  1 m M  0.1 m M  0.01 m M  

Azide (3) 
DABCO (3) 
Histidine (3) 
Mannitol  (4) 
Benzoate (3) 
Xanth ine  (4) 
Hypoxanth ine  (4) 
Uric Acid (3) 

98 + i:1: 99 ± 1:~ 88 ± 1:~ 51 _+ 1:1: 18 + 3~: 
101 + O~ 89 + 2~ 20 + 3:1: 2 + 2 
97 ± 1:~ 98 ± 1:~ 78 + 1:~ 31 ± 2:~ 17 + 7 
33 ± 10~: 2 ± 7 
49 ± 3:]: 5 ± 24 

96 + 1:~ 74 :tz 3~ 
88 ± 4:~ 76 ± 7:~ 
97 + 2:~ 81 zlz 6:~ 

* The  reaction mixture was as described for the complete system in Table VI except that inhibitors were 
added at the concentrations indicated. The  n u mb er  of experiments is shown in parentheses. Results are 
mean ± SE. 

:~ P < 0.05 as compared to no inhibitor. 

organisms were killed by the xanthine oxidase system under the conditions employed. 
This difference was significant (P < 0.01, paired analysis). 

Diphenylfuran Conversion. The conversion of diphenylfuran to cis-dibenzoylethylene 
by acetaldehyde plus xanthine oxidase but not by either alone is shown in Table VI. 
The formation of trans-dibenzoylethylene was negligible (0.4 nmol). Conversion was 
strongly inhibited by catalase and SOD (Table VI) and by the singlet oxygen 
quenchers, azide (_0.01 M), DABCO (_>1 mM), and histidine (_>0.1 mM) (Table 
VII). In contrast, the hydroxyl radical scavengers mannitol and benzoate were 
moderately inhibitory only at the highest concentration employed (100 mM). The 
purines, xanthine, hypoxanthine, and uric acid, were potent inhibitors of diphenyl- 
furan conversion by the acetaldehyde-xanthine oxidase system at concentrations 
_>0.01 M. 

Discussion 

The aerobic oxidation of acetaldehyde by xanthine oxidase in the presence and 
absence of MPO and chloride is employed here as a model of the oxygen-dependent 
microbicidal systems of the PMN. The xanthine oxidase system generates Off-, H202, 
O H . ,  and possibly IO2. A portion of the H2Oz is formed by the dismutation of Off-; 
the remainder by divalent reduction without an apparent Off- intermediate (22). The 
generation of hydroxyl radicals by the xanthine oxidase system is based on the 
formation by this system of ethylene from fl-methylthiopropionaldehyde (methional). 
Ethylene formation is inhibited by SOD, catalase, and the O H .  scavengers, ethanol 
and benzoate, and is stimulated by HzO2, suggesting the interaction of Off- and HzOz 
to form O H .  which initiates ethylene formation (11). 

The acetaldehyde-xanthine oxidase system also appears to form 102. Kellogg and 
Fridovich (19) in a study of linolenic acid peroxidation by acetaldehyde plus xanthine 
oxidase, found an inhibition of peroxidation by SOD, catalase, and scavengers of 102, 
but not by scavengers of O H . .  When 2,5-dimethylfuran was employed as a 102 
scavenger, a product was formed which was identical by thin-layer chromatography 
to the product formed by a known source of 102. It was proposed that 102, like O H . ,  
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was generated by the Haber-Weiss reaction (e). Our finding of the conversion of 2,5- 
diphenylfuran to cis but not trans-dibenzoylethylene (Table VI), the strong inhibition 
of this conversion by SOD, catalase, and the 102 quenchers, azide, DABCO and 
histidine, and the minimal effect of OH-  scavengers (Table VI, VII) provides 
additional support for this mechanism for 102 formation by the acetaldehyde-xanthine 
oxidase system. 

Acetaldehyde plus xanthine oxidase is bactericidal at relatively high acetaldehyde 
concentrations (10 -2 M). The staphylocidal activity of this system is inhibited by SOD 
and catalase (Table III) suggesting a requirement for both O~- and H202. Neither 
O~- nor H202 alone were adequate under the conditions employed because H202 
formation is not decreased by SOD nor is Off- formation decreased by catalase. As 
described above, two possible products of the interaction of O1- and H202 are O H .  
and 102; scavengers of both inhibit the staphylocidal activity of the acetaldehyde- 
xanthine oxidase system (Table III). Further evidence consistent with the participation 
of 102 comes from studies of the effect of acetaldehyde-xanthine oxidase on two strains 
of S. lutea, one yellow and the other white. The pigmented yellow strain was 
significantly more resistant to the bactericidal activity of the xanthine oxidase system 
than was the nonpigmented white strain (Table V), consistent with the protective 
effect of pigment. The strains are thought to differ only in their ability to synthesize 
carotenoid pigments which are potent 102 quenchers and the differential killing of 
these strains by PMNs has been taken as evidence for the participation of 102 in 
PMN microbicidal activity (28, 30). Although these findings are consistent with the 
involvement of both O H .  and ~O2 in the microbicidal activity of the acetaldehyde- 
xanthine oxidase system, it should be emphasized that inhibitor studies must be 
interpreted with caution, because the specificity of an inhibitor for a particular 
mechanism is seldom absolute. 

In our previous study of the bactericidal activity of the xanthine oxidase system, 
xanthine was employed as substrate and very little antimicrobial activity was found 
(23). As shown in Table IV, xanthine, hypoxanthine, and their oxidation product, 
uric acid, inhibit the bactericidal activity of the acetaldehyde-xanthine oxidase system 
at concentrations aA0 (xanthine, hypoxanthine) or aA00 (uric acid) the initial acetalde- 
hyde concentration. Kellogg and Fridovich (20) have observed an inhibition by 
xanthine and uric acid of erythrocyte lysis by acetaldehyde plus xanthine oxidase and 
have proposed the quenching effect of purines on 102 as a possible mechanism. We 
found the conversion of diphenylfuran to cis-dibenzoylethylene by acetaldehyde plus 
xanthine oxidase to be inhibited by low concentrations (<10 ~M) of xanthine, 
hypoxanthine, and uric acid (Table VII), suggesting a high degree ofpurine reactivity 
toward the agent responsible for diphenylfuran conversion, presumably aO2. Purines 
also have high reactivity towards O H .  with rate constants reported to be >109 M -1 
s -1 (31) and thus would serve as very effective O H .  scavengers as well. The inhibition 
of bactericidal activity by xanthine may in part explain our previous difficulty in 
demonstrating xanthine oxidase-mediated microbicidal activity with xanthine as 
substrate. 

The microbicidal activity of the xanthine oxidase system was considerably increased 
by MPO and chloride with either xanthine (23) or acetaldehyde (Table I) as substrate. 
The supplementation of the acetaldehyde-xanthine oxidase system by MPO and 
chloride allowed a 100-fold reduction in the minimal effective acetaldehyde concen- 
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tration, suggesting that the toxic products of the xanthine oxidase system were 
required in considerably higher concentration in the absence of MPO and chloride 
than in their presence. When the acetaldehyde-xanthine oxidase system was compared 
in the presence and absence of MPO and chloride at the same acetaldehyde concen- 
tration (4 mM), the microbicidal activity of the MPO and chloride-supplemented 
system had an earlier onset and killing was more complete (Fig. 1). This difference in 
the rate and extent ofstaphylocidal activity was observed even when the acetaldehyde 
concentration of the xanthine oxidase system was increased to 2.5 times that of the 
MPO-supplemented system (data not shown). 

The staphylocidal activity of the acetaldehyde-xanthine oxidase-MPO°chloride 
system was inhibited by catalase but not SOD, indicating a requirement for H202 
but not Off- (Table III). The MPO-supplemented system was unaffected by mannitol 
at concentrations up to 100 mM suggesting that O H .  are not involved in the toxicity. 
Benzoate, however, was inhibitory at 10 mM concentration, possibly due to a 
mechanism other than the scavenging of O H . .  The 102 scavengers, DABCO and 
histidine, were inhibitory at 10 and 0.1 mM, respectively. Azide, which both scavenges 
102 and directly inhibits MPO, inhibited the bactericidal activity of the MPO- 
supplemented xanthine oxidase system at a considerably lower concentration than 
was required for a comparable inhibition of the unsupplemented system. The for- 
mation of 102 by the MPO system and its involvement in microbicidal activity has 
been proposed (21, 32, 33); however, the data is subject to other interpretations (34), 
leaving open the question of the role of 102 in the MPO system. 

The stimulus for studying the bactericidal activity of the xanthine oxidase system 
was the similarity between its oxygen-derived products and those of phagocytosing 
PMNs. Like the xanthine oxidase system, phagocytosis by PMNs is associated with 
the reduction of oxygen to 0 I- (35) and H202 (36) and their interaction to form OH-  
(37) and possibly 102 (32) have been proposed. These oxygen-derived products are 
formed at the cell surface and presumably within the phagocytic vacuole where they 
can interact with MPO and other released granule proteins. These agents combine to 
rapidly kill most ingested organisms. Microbicidal activity is impaired in the absence 
of MPO, i.e., in PMNs from patients with hereditary MPO deficiency. Fungicidal 
activity against Candida albicans is almost abolished and bactericidal activity is greatly 
decreased (38, 39) despite the increase in phagocytosis-induced oxygen metabolism in 
these cells (40-42). The difference in the kinetics of the bactericidal activity of normal 
and MPO-deficient PMNs is similar to that of the acetaldehyde-xanthine oxidase 
system in the presence and absence of MPO and chloride (Fig. 1). In both, bactericidal 
activity, in the absence of MPO, is characterized by a lag period after which death of 
the organisms is observed (41). The xanthine oxidase system is effective at considerably 
lower acetaldehyde concentrations in the presence of MPO than in its absence 
suggesting a more efficient usage of the products of oxygen metabolism for microbi- 
tidal activity. 

These findings support an important role for the MPO system in the microbicidal 
activity of the PMN. It is the predominant antimicrobial system during the early 
postphagocytic period and its broad specificity and high potency make it unlikely 
that many organisms will survive its action. In the absence of MPO, the respiratory 
burst is increased (40-42), possibly due to an MPO requirement for its termination 
(43), with a corresponding increase in the products of oxygen reduction and excitation. 
Our studies with the unsupplemented acetaldehyde-xanthine oxidase system suggest 
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that under these conditions bactericidal activity may be mediated in part by the 
interaction of O~- and H~O2 to form other more potent bactericidal agents, specifically 
O H .  and aO2. 

S u m m a r y  

The acetaldehyde-xanthine oxidase system in the presence and absence of myelo- 
peroxidase (MPO) and chloride has been employed as a model of the oxygen- 
dependent antimicrobial systems of the PMN. The unsupplemented xanthine oxidase 
system was bactericidal at relatively high acetaldehyde concentrations. The bacteri- 
cidal activity was inhibited by superoxide dismutase (SOD), catalase, the hydroxyl 
radical (OH.)  scavengers, mannitoi and benzoate, the singlet oxygen (102) quenchers, 
azide, histidine, and 1,4-diazabicyclo[2,2,2]octane (DABCO) and by the purines, 
xanthine, hypoxanthine, and uric acid. The latter effect may account for the relatively 
weak bactericidal activity of the xanthine oxidase system when purines are employed 
as substrate. A white, carotenoid-negative mutant strain of Sarcina lutea was more 
susceptible to the acetaldehyde-xanthine oxidase system than was the yellow, carote- 
noid-positive parent strain. Carotenoid pigments are potent 102 quenchers. The 
xanthine oxidase system catalyzes the conversion of 2,5-diphenylfuran to cis-diben- 
zoylethylene, a reaction which can occur by a 102 mechanism. This conversion is 
inhibited by SOD, catalase, azide, histidine, DABCO, xanthine, hypoxanthine, and 
uric acid but is only slightly inhibited by mannitol and benzoate. The addition of 
MPO and chloride to the acetaldehyde-xanthine oxidase system greatly increases 
bactericidal activity; the minimal effective acetaldehyde concentration is decreased 
100-fold and the rate and extent of bacterial killing is increased. The bactericidal 
activity of the MPO-supplemented system is inhibited by catalase, benzoate, azide, 
DABCO, and histidine but not by SOD or mannitol. Thus, the acetaldehyde-xanthine 
oxidase system which like phagocytosing PMNs generates superoxide (O1-) and 
hydrogen peroxide, is bactericidal both in the presence and absence of MPO and 
chloride. The MPO-supplemented system is considerably more potent; however, when 
MPO is absent, bactericidal activity is observed which may be mediated by the 
interaction of H202 and O~- to form O H .  and 102. 
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