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Summary. Rabbit polymorphonuclear leukocyte granules were submitted to 
zonal fractionation through a discontinuous sucrose gradient. Distribution of 
azurophilic and specific granules, enzymatically characterized by peroxidase 
and alkaline phosphatase respectively, was as reported by others. NADPH 
oxidizing activity was associated with azurophilic granules. 3-Amino-lH-1, 
2,4-triazole stimulated NADPH oxidation by azurophilic granules and inhibited 
peroxidase. Relationships between peroxidase and NADPH oxidizing activity 
are discussed. 

INTRODUCTION 

It is well established that phagocytosis in polymorphonuclear leukocytes 

(PMN) is accompanied by increases in the cyanide insensitive respiration, in 

hexose monophosphate shunt (HMS) activity and in H202 production (1-7). The 

enzymatic mechanism of such increases is controversial. Oxidation of re- 

duced nicotinamide adenine dinucleotide (NADH), coupled either with a 

NADPH-linked lactate dehydrogenase (7-10) or with the glutathione cycle (1 l), 

has been proposed by Karnovsky’s laboratory. However experimental 

evidence has been provided by our and other laboratories indicating that an 

increased oxidation of reduced nicotinamide adenine dinucleotide phosphate 

(NADPH), performed by an enzyme system tightly bound to leukocyte 

granules, is the critical step involved in the stimulation of oxidative metab- 

olism (12-21). 

Two enzymatically different populations of rabbit PMN leukocyte 

granules, azurophils and specifics, have been recently described, the 

former characterized by peroxidase and the latter by alkaline phosphatase 

(22-25). In the present study we sought to determine whether NADPH 
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oxidizing activity was also localized in a particular granule fraction of rabbit 

PMN leukocytes. 

MATERIALS AND METHODS 

Polymorphonuclear leukocytes were obtained from heparinized rabbit 

peritoneal exudates induced aseptically with 1% casein. Briefly, each 

rabbit received 200 ml of casein solution at 7 p.m. and the following morning 

an additional 200 ml, containing 4000 IU of heparin, were injected. Exudates 

were collected a few minutes after the second injection and an aliquot sub- 

jected to differential counts in stained smears. The PMN leukocyte content 

averaged 95 to 98 percent. After pelleting by centrifugation, cells were 

suspended in hypotonic saline (0. 2%) and hemolyzed until any trace of red 

blood cell contamination was removed. Cells were harvested by centrifuga- 

tion, washed in 0. 25 M sucrose, centrifuged, and resuspended in 0. 34 M 

sucrose (5~10~ cells/ml). Homogenization was carried out with a Potter- 

type homogenizer equipped with a motor-driven teflon pestle. The homog- 

enate was diluted to 15 ml with 0.34 M sucrose and centrifuged at 250 x g x 7 

minutes. The pellet was washed with 15 ml of 0.34 M sucrose, the two 

supernatant fluids pooled and centrifuged again at 250 x g x 7 min to remove 

clumped granules and residual nuclei. Twenty ml of the resulting super- 

natant represented the starting sample for zonal centrifugation procedures. 

Fractionation was accomplished following the method outlined by Baggiolini 

et al. (22) with the following modifications: -- a) an A MSE zonal rotor instead 

of the B-XIV Spinco rotor was used, b) the rotor was loaded and emptied 

while spinning at 1600 rpm at a rate of 25 ml/min in a Mistral 6L MSE centri- 

fuge, c) the sample was centrifuged at 5000 rpm for 15 minutes. Following 

centrifugation, the gradient was displaced from the spinning rotor with 2. 2 M 
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sucrose and 20 ml fractions were collected. The sucrose concentration of 

individual fractions was determined with an Abbe refractometer (Officine 

Galileo, Milan). Alkaline phosphatase was assayed by the method of Bessey 

et al. (26) with p-nitrophenylphosphate as substrate and 0.025% Triton X-100 -- 

in the assay medium. Myeloperoxidase activity was assayed as the rate of 

tetraguaiacol formation from guaiacol, according to the method of Schultz 

& &. (27) with the cationic detergent cetyl-trimethylammonium bromide 

(0. 02% final) in the medium and 0. 33 mM H202. NADPH oxidizing activity 

was measured as the rate of oxygen uptake at pH 5.5 with 0.5 mM MnC12 and 

1 mM NADPH as previously described (19). Protein was determined by the 

Lowry method (28). Glucose-6-phosphate dehydrogenase was determined by 

the method of Lohr and Wailer (29). 

RESULTS AND DISCUSSION 

Table 1 summarizes the activities of alkaline phosphatase, marker 

enzyme for specific granules, peroxidase, marker enzyme for azurophilic 

granules and “NADPH oxidase” in homogenates of rabbit PMN leukocytes. 

Fractionation of rabbit PMN leukocyte granules yielded the distribution 

pattern shown in Figure 1. The supernatant of PMN homogenates centrifuged 

at 250 x g was used as starting material for zonal centrifugation instead of 

isolated granules, since the clumping which occurred in pure granule 

suspensions hindered the resolution. The 250 x g supernatant contains, 

besides the granule-bound enzymes, portions of the same enzymes that might 

have been released from granules, in soluble form, during homogenization 

procedures. It was necessary therefore to establish preliminarily whether and 

to what extent the enzymes chosen as marker of granule subpopulations were 

present in the soluble phase. In order to do that, distribution of the soluble 
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Figure 1. Fractionation of subcellular components of rabbit PMN leuko- 
cytes by zonal differential centrifugation. Distribution of protein, 
glucose-6-phosphate dehydrogenase (G-6-PD) and of granule-bound 
alkaline phosphatase, peroxidase and NADPH oxidizing activities among 
fractions collected from the discontinuous sucrose density gradient. Per- 
cent recoveries were 89 for protein, 86 for G-6-PD, 98 for alkaline 
phosphatase, 88 for peroxidase and 119 for NADPH oxidizing activity. 

enzyme glucose-6-phosphate dehydrogenase (G-6-PD) was determined. The 

activity was confined to fractions 11, 12 and 13. After centrifugation of 

these three fractions at 100,000 5 g, activity was recovered in the super- 

natant fluids. These supernatants did not contain appreciable NADPH 

oxidizing activity, whereas the percentages of soluble alkaline phosphatase 

and peroxidase activities were 20 and 6, respectively. The soluble portion 

was not taken into account in plotting the distribution of the two enzymes. 
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TABLE 1. ACTIVITIES OF ENZYNES IN HOMOGENATES OF RABBIT POLYMORPHO- 
NUCLEAR LEUKOCYTES. 

Alkaline phosphatase 
(u moles p-nitrophenol/min/108 cells) 

0.6 + 0.16 (6) - 

Peroxidase 
( u moles tetraquiacol/min/108 cells) 

2.6 + 0.33 (5) 

NADPH oxidizing activity 
(u moles oxy~en/min/108 cells) 

0.132 + 0.03? (4) 

Assay for alkaline phosphatase: 25 mll glycine buffer pH 10. j, 0.25 m>I 
M,&l 2.75 mF*l Na-p-nitrophenylphosphate and 0.025%, Triton X-100. 
Voluih 1 ml. Temperature 37'. Reaction was stopped by adding 5 ml of 
0.04 Y NanH. Optical density was measured at 405 nm. 
Assay for peroxidase: 0.1 ?1 phosphate buffer pH 7.0, 13.3 m31 guaiacol, 
0.33 m?l H202 and 0.02% cetyl trimethylammonium bromide. \'olume 3 ml. 
Temperature 37". Reaction was started with 11 0 and formation of 
tetramaiacol recorded at 470 nm. Assay for us A Pti oxidizing activity: 
65 mM phosphate buffer pH 5.5, 0.17 M sucrose, 0.5 m?l YnC12 and 1 mM 
NADPH. Volume 2 ml. Temperature 37'. Oxygen uptake was recorded with 
a Clark oxygen electrode. Results are given as mean + SE%. Number of 
experiments in parenthesis. 

TABLEZ. EFFECT OF 3-AMINO-lH-1,2,4- TRIAZOLE (AMT)ON PEROXIDASE 

AND NADPH OXIDIZING ACTIVITIES OF RABBIT PMN AZUROPHIL GRANULES. 

Peroxidase activity NADPH oxidizing activity 
pmoles tetraguaiacol/min/mg protein pmoles NADPH oxidized/min/mg protein 

None 0.702 0.479 

AMT5mM 0.162 3.444 

For enzyme assays see Table 1. 

Therefore, Figure 1 shows the distribution of true granule-bound alkaline 

phosphatase, peroxidase and NADPH oxidizing activities among fractions 

collected from the gradient. Alkaline phosphatase and myeloperotidase 

assumedunimodal distributions consistentwiththose reported by other 
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authors (22-25, 30). NADPH oxidizing activity was consistently associated 

with the myeloperoxidase-containing granules. 

The association of NADPH oxidizing activity with azurophil granules 

brings about again the problem of whether the so-called “NADPH oxidase” 

is an individual enzyme or NADPH oxidation is performed by myeloperoxidase, 

as Roberts and Quastel have suggested (13). 

It is known, indeed, that several purified peroxidases oxidize pyridine 

nucleotides under various experimental conditions (13, 31-38). However, 

other experimental findings suggest that “NADPH oxidase” and peroxidase are 

distinct enzymes: a) NADPH oxidation in phagocytizing leukocytes is cyanide 

insensitive (14, 15, 17, 19, 20), whereas peroxidase is fully inhibited by cyanide, 

b) myeloperoxidase-deficient leukocytes show a normal metabolic response to 

phagocytosis (39,40), and c) aminotriazole (3 -amino- 1 H- 1, 2,4-trizole) 

inhibits peroxidase activity and stimulates NADPH oxidizing activity in rest- 

ing leukocytes (Table 2). 

Recent studies suggest that myeloperoxidase exists as six dimeric 

molecules originating from three distinct monomeric subunits (41). It has 

been shown also that the two moieties of pig leukocyte peroxidase have 

different affinities for cyanide (37). 

Therefore, although several types of data suggest that NADPH oxidizing 

activity and peroxidase activity are due to distinct enzymes, the additional 

possibility should be considered that the two activities may be due to 

different isozymes or to distinct catalytic sites on the same molecule. 

Acknowledgements. Aided by grant N” 69.01081-l 152865 from the National 
Research Council of Italy. Dr. R. E. Basford is a visiting investigator 

from the Department of Biochemistry of the University of Pittsburgh, 
supported in part by a U. S. Public Health Fellowship GM 52711. Thanks are 

due to Mr. E. Guastalla of the Importex Chimici Farmaceutici, Trieste, for 

supplying a Drake-Willock peristaltic pump. 

835 



Vol. 53, No. 3,1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

References 

1) Baldrige, C. W. and Gerard, R. W., Amer. J. Physiol. 103, 235 (1933). 

2) Becker, H. J., Munder, G. and Fischer, H., Hoppe-Seyler Z. 313, 266 

(1958). 
3) Iyer, G.Y.N., Islam, M. F. and Quastel, J. H., Nature 192, 535 (1961). 

4) Sbarra, A. J. and Karnovsky, M. L., J. Biol. Chem. 234, 1355 (1959). 

5) Rossi, F. and Zatti, M., Brit. J. Exp. Pathol. 45, 548 (1964). 

6) Selvaraj, R. J. and Sbarra, A. J., Nature 211, 1272 (1966). 
7) Karnovsky, M. L., Shafter, A. W., Cagan, R. H., Graham, R. C., 

Karnovsky, M. J., Glass, E. A. and Saito, K., Trans. N. Y. Acad. Sci. 

28, 778 (1966). 
8) Evans, W. H. and Karnovsky, M. L., J. Biol. Chem. 236, PC 30 (1961). 

9) Evans, W. H. and Karnovsky, M. L., Biochemistry 1, 159 (1962). 

10) Baehner, R. L., Gilman, N. and Karnovsky, M. L., J. Clin. Invest. 

.4J, 692 (1970). 
11) Karnovsky, M. L., Bahener, R. L., Githens, S., III, Simmons, S. and 

Glass, E. A., IN “Immunopathology of Inflammation”. Excepta 

Medica International Congress Series N” 229, 121 (1970). 

12) Iyer, G. Y. N. and Quastel, J. H., Canad. J. Biochem. Physiol. 41, 

427 (1963). 

13) Roberts, J. and Quastel, J. H., Nature 202, 85 (1964). 

14) Zatti, M. and Rossi, F., Experientia 22, 758 (1966). 

15) Rossi, F. and Zatti, M., Biochim. Biophys. Acta 121, 110 (1966). 

16) McRipley, R. J. and Sbarra, A. J., J. Bacterial. q4, 1417 (1967). 

17) Rossi, F. and Zatti, M., Biochim. Biophys. Acta 153, 296 (1968). 

18) Stjernholm, R. L. and Manak, R. C., RES-J. Reticuloendothel. Sot. 8, 

550 (1970). 
19) Patriarca, P., Cramer, R., Moncalvo, S., Rossi, F. and Romeo, D., 

Arch. Biochem. Biophys. 145, 255 (1971). 

20) Paul, B. B., Strauss, R. R., Jacobs, A.A. and Sbarra, A. J., Exp. 

Cell Res. 73, 456 (1972). 

21) Reed, P. W., J. Biol. Chem. 244, 2459 (1969). 

22) Baggiolini, M., Hirsch, J. G. and de Duve, C., J. Cell Biol. 2, 529 

(1969). 
23) Baggiolini, M., Hirsch, J. G. and de Duve, C., J. Cell Biol. 45, 586 

(1970). 
24) Zeya, H. I. and Spitznagel, J. K., Science 163, 1069 (1969). 

25) Zeya, H. I. and Spitznagel, J. K., Lab. Invest. 24, 229 (1971). 

26) Bessey, O.A., Lowry, 0. H. and Broth, M. J., J. Biol. Chem. 164, 

321 (1970). 
27) Schultz, J., Shay, H. and Gruenstein, M., Cancer Res. 14, 157 (1954). 
28) Lowry, 0. H., Rosenbrough, N. J., Farr, A. L. and Randall, R. J., 

J. Biol. Chem. 193, 265 (1951). 
29) Lahr, G. W. and Waller, H. D., in “Methods of enzymatic analysis” 

(Bergmeyer, H. U. ed. ), p. 744, Academic Press, New York and 

London (1965). 
30) Robertson, P. B., Ryel, R. B., Taylor, R. E., Shyu, K. W. and 

Fulmer, H. M., Science 177, 64 (1972). 
31) Akazawa, T. and Conn, E. E., J. Biol. Chem. 232, 402 (1958). 

32) Klebanoff, S. J., J. Biol. Chem. 234, 2480 (1959). 

836 



Vol. 53, No. 3, 1973 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

33) Hollander, V. P. and Stephens, M. L., J. Biol. Chem. 234, 1901 (1959). 
34) Odajima, T. and Yamazaki, I., Biochim. Biophys. Acta 206, 71 (1970). 

35) Odajima, T., Biochim. Biophys. Acta 235, 52 (1971). 

36) Odajima, T. and Yamazaki, I., Biochim. Biophys. Acta*, 355 (1972 a), 
37) Odajima, T. and Yamazaki, I., Biochim. Biophys. Acta 284, 360 (1972 b). 

38) Odajima, T. and Yamazaki, I., Biochim. Biophys. Acta 284, 368 (1972 c). 

39) Lehrer, R. J. and Cline, M. J., J. Clin. Invest. 48, 1478 (1969). 

40) Rossi, F., Patriarca, P. and Romeo, D., In “The Reticuloendothelial 

system and immune phenomena” (Di Luzio, N. R. and Ftemming, K., 

editors), Plenum Press, New York (1971), p. 191. 

41) Felberg, N. T. and Schultz, J., Arch. Biochem. Biophys. 148, 407 (1972). 

837 


