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Superoxide-forming Enzyme From Human
Neutrophils: Evidence for a

Flavin Requirement

By Bernard M. Babior and Ruby S. Kipnes

The superoxide-forming activity of 27,000-g neutrophils, no superoxlde-forming ac-

particles prepared from homogenates of tivity is detectable even in the presence of
zymosan-treated human neutrophils is lost FAD; this is true whether or not detergent
if the assay is conducted in the presence of is present in the assay. Particles extracted

0.045% Triton X-100. This loss in activity with detergent prior to assay are fully
in the presence of detergent is prevented active if assayed in the presence of FAD,

by 40 �.tM flavin adenine dinucleotide but show little activity if FAD is omitted

( FAD) , but not by flavin mononucleotide, from the assay mixture. These results sug-
riboflavin, adenosine 5’-diphosphate, or gest that the superoxide-forming enzyme

adenosine 5’-monophosphate. With rest- from human neutrophils is a FAD-requiring

ing particles or particles from zymosan- enzyme.
treated chronic granulomatous disease

T HE EXPOSURE of neutrophils to an appropriate stimulus induces in

these cells a series of far-reaching changes in oxygen metabolism.’ � These

changes, collectively termed the “respiratory burst,” are manifested by marked

increases in oxygen consumption,2 superoxide (0fl59 and H2O23.’o.” pro

duction, and hexose monophosphate (HMP) shunt activity.2 The purpose of

the respiratory burst appears to be to provide a group of highly reactive

products of the partial reduction of oxygen which the cell can use for the de-

struction of invading microorganisms.”8

Recent evidence indicates that the respiratory burst results from the activa-

tion of a particulate enzyme which catalyzes the reduction of oxygen to O�

using NADPH as the electron donor.’2’5 This Ok-forming activity is missing

from the neutrophils of patients with chronic granulomatous disease (CGD),’4”5

a condition characterized by the failure of these cells to display a respiratory

burst in response to stimuli.4’6’7

We are currently engaged in the characterization of the Ok-forming enzyme

from human neutrophils. In the course of these studies, we have been able to

demonstrate a requirement for flavin on the part of the enzyme. The evidence

for this conclusion is the subject of the present report.

MATERIALS AND METHODS

FAD,5 FMN,* riboflavin, AMP,* ADP,* NADPH5 (preweighed vials), zymosan and horse

heart cytochrome C (type VI) were purchased from Sigma Chemical, St. Louis. Bovine erythrocyte

*Abbreviations used in this paper: FAD, flavin adenine dinucleotide; FMN, flavin mono-

nucleotide; AMP, adenosine 5’-monophosphate; ADP, adenosine 5-diphosphate; NADPH, re-

duced nicotinam ide adenine din ucleotide phosphate; CG D, chronic granulomatous disease.
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518 BABIOR AND KIPNES

superoxide dismutase was obtained from Truett Laboratories, Dallas, and Triton X-l00 from New

England Nuclear, Boston. Other reagents were the best grades commercially available and were

used without further purification.

Human neutrophils were prepared and activated with opsonized zymosan by a previously

published � except that I mM NaN3 was present during all steps, and the exposure

of the cells to opsonized zymosan lasted 10 mm. Particles were obtained after 27,000-g centrifu-

gation as described elsewhere.15 Apart from the experiment presented below in Table 5 (the as-

say conditions for which are given in the legend to that table) particulate O�-forming activity was

assayed as previously described,15 except that all assays were conducted at pH 7.0 and all solu-

tions in which the cells or granules were suspended, including the final assay mixtures, contained

I mM NaN3. Assay mixtures contained particles equivalent to 0.1 mg protein (assayed by the
method of Lowry Ct � 0.1 mM NADPH, and other cofactors and detergent as indicated,

the particles being added last. The assays were carried out at 25#{176}C.In every case, the figures

reported are initial rates.

Pretreatment of Particles With Detergent

Certain of the experiments were performed with particles which were exposed to detergent

prior to assay. Pretreatment with detergent was accomplished as follows. Portions (0.6 ml) of

particle suspension (I mg particle protein/mI in 20 mM potassium phosphate buffer containing

I mM NaN3) were added to equal volumes of extraction buffer with or without FAD [0.45#{176},

Triton X-l00 with or without 2 mM FAD/0.I M potassium phosphate buffer (pH 7.0)/0.l M

NaN3 = 1/4/0.05 (v/v)]. They were permitted to stand at room temperature for 5 mm. The two

mixtures (the one containing FAD and the one not containing FAD) were then centrifuged at

27,000 g for 10 mm at 4’C. The supernatants, designated “Triton extracts,” were reserved on

ice. The two sets of detergent-treated particles were washed once with 20 mM potassium phosphate

buffer, pH 7.4, containing I mM NaN3; then each was suspended in 0.8 ml of the same buffer.

The protein concentrations of the detergent-treated particle suspensions were determined, and
the suspensions were diluted to I mg particle protein/mI. A portion of the original (i.e., un-

extracted) particle suspension was set aside to serve as control.

RESULTS

Previous studies have shown that the Of-forming activity from homogenates

of zymosan-stimulated human neutrophils is found in particles sedimenting at

27,000 g.’4”5 Table 1 shows that the activity of such particles was abolished

when the assay was conducted in the presence of0.045#{176}0 Triton X-lOO, but that

virtually full activity was exhibited if 0.2 mM FAD was present in addition to

the detergent. This finding suggests that the Of-forming enzyme is a flavo-

protein.

Table 1 . Effect of FAD on the O�-forming Activity in Particles From Zymosan-treated
Normal and CGD Neutrophils Assayed in the Presence and Absence of Detergent

Conditions

#{176}2Production (nm 01/mm/mg protein)

Experime

Normal

nt 1

COD

Experiment 2

Normal CGDTriton X-100 FAD

- - 36.4 0.4 15.0 0.5

- + 29.7 0.5 19.6 1.6

+ - 1.4 0.7 0.6 0.8

+ + 21.8 0.7 19.9 0.3

Incubations were conducted as described in Materials and Methods. FAD (0.2 mM ) and Triton X-100

(0.045%) were present as indicated. Particles from a different CGD patient were used for each of the two

experiments. In each case, particles from normal and CGD cells were prepared and assayed on the same

day.
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SUPEROXIDE-FORMING ENZYME 519

Table 2. Effect of FAD on the 02-forming Activity of Particles From Resting and

Zymosan-treated Neutrophils Assayed in the Presence of Detergent

Conditions

o;� Pr oduction (nmoles/min/mg protein)

Resting Particles Zymosan-activated Particles

FAD absent 0.6 1.3

FAD present 0.9 9.2

Incubations were conducted as described in Materials and Methods. The concentration of Triton X-100

was 0.045% . FAD (0.2 mM ) was present as indicated.

This conclusion is supported by a number of additional observations. One is

that FAD failed to confer the ability to generate O� onto a particulate fraction

from CGD neutrophils, a preparation which has been shown previously’4’5 to

lack the O�-forming activity (Table 1). Another is that FAD-dependent O�

production was seen with particles from zymosan-stimulated but not resting

neutrophils (Table 2); this finding is in accord with previous work regarding the

occurrence of Ok-forming activity in neutrophil particles.’4”5 The possibility

that FAD-dependent O� formation represented the unmasking of a new O�-

forming enzyme rather than the restoration of the activity of a detergent-

inhibited enzyme is unlikely in view of the fact that FAD had little effect on

O� production in the absence of detergent [rates of O� production by nine

particle preparations were 19.7 ± 3.0 (SE) and 17.4 ± 2.9 (SE) nmoles/min/mg

protein in the presence and absence of 0.2 mM FAD, respectively]. Finally, the

systematic omission ofthe various constituents of the assay mixture has shown

that O� production in the presence ofTriton X-lOO requires both NADPH and

unheatedparticles, in addition to FAD (Table 3).

It was ofinterest to determine whether cofactors other than FAD could pre-

serve the O�-forming activity. Although FAD was used in the initial experi-

ments, it was possible that under the conditions employed the flavin require-

ment would be rather nonspecific. Alternatively, it was conceivable that the

adenine rather than the isoalloxazine moiety was responsible for the preserva-

tion ofenzyme activity. This possibility might occur if, for example, the enzyme

were subject to regulation by adenosyl nucleotides, in which case a binding site

for such a nucleotide would be present, the occupation of which could stabilize

the enzyme against the effect of the detergent.

Table 3. Requirements for FAD-dependent 02 Production by Zymosan-activated

Particles Assayed in the Presence of Detergent

Assay Mixture
Spectral Change

(1O� x �A5�/min)
o;� Production

(nmoles/min/mg protein)

Complete 56 30.3

Omit particles 2.8 1.5

Boiled particles5 5.0 2.7
Omit NADPH 0.9 0.5

Omit cytochrome C 0.9 -

Omit dismutase -2.6 -

Incubations were conducted as described in Materials and Methods, with modifications as noted. FAD

(0.2 mM) and Triton X-100 (0.045%) were present in all assay mixtures.
*Heated 2 mm in boiling water, then centrifuged at low speed to remove precipitated protein.
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520 BABIOR AND KIPNES

Table 4. Specificity of the Cofactor Requirement

Cofactor
o;� Production

(nmoles/min/mg protein)

None (control)

FAD
FMN

Riboflavin

ADP

AMP

27.4

32.6
5.6

3.2

1.0

2.5

Incubations were conducted as described in Materials and Methods. Cofactors (0.04 mM ) were present

as indicated. Triton X-100 (0.045%) was present in all assay mixtures except the one to which no cofactor

was added (the control).

The results of experiments with several cofactors are shown in Table 4. It is

apparent that of the compounds tested, FAD was by far the most effective in

preserving the activity ofthe enzyme. Some activity was seen with FMN, while

riboflavin,* AMP, and ADP were virtually without effect. Substantial preserva-

tion of the O�-forming activity was seen at FAD concentrations of 4 �tM and

higher (Fig. 1 ); at concentrations below 4 iM, the preservation of activity by

FAD was slight. These findings strongly suggest that the cofactor required by

the Of-forming enzyme is FAD.

The dependence of O� formation on the concentration of detergent is il-

lustrated in Fig. 2. As shown in the left-most panels, the rate of O� production

in the absence of detergent fell slowly with time regardless of whether or not

FAD was present in the reaction mixture. Triton X-l00 seemed to accelerate

the loss in the Of-forming capacity of particles incubated without FAD; with

0.045’() detergent, this capacity was lost rapidly enough so that O� pro-

duction did not occur under the conditions of the incubation. With FAD

present, however, stimulation as well as inhibition of O� production could be

seen, depending on the concentration of detergent. In the experiment shown,

the initial rate of O� production in the presence of 0.022#{176}()Triton X-lOO was

almost twice the rate measured in its absence. At higher concentrations, how-

ever, the effect was similar to that seen in the absence of FAD--that is, an ac-

celeration in the spontaneous loss ofO�-generating activity.

The studies described thus far were all conducted with particles which had

30 0

5)

2�2O

� 10 ..+__:_�-��“�“#{149} Fig. 1. Ok-forming activity in the presence of

� � detergent as a function of FAD concentration. Incuba-
..� -�‘. tions were conducted as described in Materials and

0 0.2 � �0 260 Methods. FAD concentrations were as shown. Con-
[FAD] (yM) centration of Triton X-100, 0.045% (.) or 0(o).

5Riboflavin showed some activity at higher concentrations (not shown).
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0 0.009% 0.022% 0.045%

Fig. 2. 0-forming activity as a
function of detergent concentration
in the presence and absence of FAD.

Incubations were conducted as de-
scribed in Materials and Methods.
Upper figures represent incubations
carried out in the absence of FAD;
lower figures, those carried out in
its presence. Triton X-1 00 concen -______ ______ ______
trations indicated above each col-

umn.

not been exposed to Triton X-l00 except during the assay. To ascertain the

reason for the loss in activity of the particulate Ok-forming system in the

presence of detergent, experiments were conducted in which the particles were

pretreated with Triton X-lOO, then assayed in the presence of FAD at detergent

concentrations low enough not to affect O� production (Table 5). These ex-

periments showed that, as long as the assay was carried out in the presence of

FAD, the activity of detergent-extracted particles was roughly comparable to

the activity of particles never exposed to detergent. This situation occurred

Table 5. 02-for ming Activity of Partic les Preincubated With Detergent

o;� Production (nmoles/min)

Particles Treated With Particles Treated With

FAD-containing FAD.free Extraction

Assay Conditions Extraction Butter Buffer Control Particles

Complete reaction mixture 2.32 ± 0.22 1.77 ± 0.06 2.06 ± 0.34
Omit particles 0.52 ± 0.10 0.41 ± 0.05

Omit Triton extracts 1.74 ± 0.26 0.97 ± 0.21

Omit particles and

extracts 0.05 ± 0.05 0.05 ± 0.04

Particles were treated with detergent as described in Materials and Methods. The Ok-forming activity of

the detergent-treated particles and the Triton extracts were determined as follows. Into each of two 1 -ml

cuvettes (1-cm path length) were placed 0.1 ml detergent-treated particles (or 0.1 ml 20 mM potassium

phosphate buffer, pH 7.0, containing 1 mM NaN3), 0.2 ml Triton extracts (or the corresponding extraction

buffer), 0.6 ml assay buffer [0.13 M potassium phosphate buffer (pH 7.0)/2 mM FAD/0.1 M NaN3 =

5/1/0.06 (v/v) for assays containing Triton extracts or extraction buffer without FAD; 0.13 M potassium

phosphate buffer (pH 7.0)/1.2 mM FAD/0.1 M NaN3 = 5/1/0.06 (v/v) for assays containing Triton extracts

or extraction buffer with FAD)], 0.1 ml of 1 mM NADPH, and 0.01 ml ferricytochrome C solution (0.1 g/ml).

To the reference cuvette was added 10 �tl superoxide dismutase (3 mg/mI), while sample cuvettes received

10 �.sl of water. Dismutase-inhibitable cytochrome C reduction was then followed at 25’ C in a Cary 1 18C re-

cording spectrophotometer. Rates of cytochrome C reduction were calculated as previously described.15

Control assays were carried out with particles which had never been exposed to Triton X-100 (see Mate-

rials and Methods). For these determinations, the cuvettes received 0.1 ml particle suspension, 0.2 ml H2 0,

0.6 ml 20 mM potassium phosphate buffer, pH 7.0, containing 1 mM NaN3, plus NADPH, ferricytochrome

C, and either superoxide dismutase or water as described above. Dismutase-inhibitable cytochrome C re-

duction was measured as described above.

The data shown represent the mean ± SE from three experiments, each conducted with particles from a

different preparation of neutrophils.
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522 BABIOR AND KIPNES

whether or not FAD was present during pretreatment of the particles with

Triton X-l00. If FAD was omitted from the assay, however, the activity of

detergent-extracted particles was found to be greatly diminished as compared

with the control (data not shown). The last finding was in accord with the ob-

servations reported above that 0.045�, Triton X-lOO in the assay mixture

virtually abolished O� production unless FAD was present as well. It thus ap-

pears that the effect of Triton X-lOO is to release the flavin from the active site

without causing a major alteration in the activity of the enzyme.

It is of interest that while most of the Ok-forming activity in the detergent-

treated preparation remained with the particles, a small but significant fraction

was released into the extraction buffer. This finding suggests that detergent

treatment might provide a basis for the solubilization of the O�-forming system

from the activated particles. Experiments are currently under way to examine

this possibility further.

DISCUSSION

Despite the fact that the present studies have been conducted with a crude

system rather than with an enzyme purified to homogeneity, we believe that the

evidence supporting the flavoprotein nature of the O�-forming enzyme is com-

pelling. In the first place, O� production in the presence of Triton X-lOO re-

quired both FAD and “live” (i.e., unheated) particles, indicating that under

these conditions both the flavin and an enzyme were necessary for this reaction

to take place. The enzyme appears to be identical to the O�-forming enzyme

which participates in the respiratory burst, since both require a pyridine nucleo-

tide as electron donor, both are found in particles from zymosan-activated but

not resting cells, and both are missing from particles isolated from zymosan-

activated CGD neutrophils. Second, FAD is strongly preferred over other

flavins. This observation supports the notion that O� formation in the presence

of Triton X-lOO requires the participation of the flavin as an enzyme-bound

prosthetic group rather than a nonspecific electron carrier, a function for which

FMN and riboflavin would be equally suitable.

Third, a role for the flavin as a prosthetic group which transports reducing

equivalents from NADPH to oxygen is suggested by the fact that virtually

every flavoprotein described to date’9 has been a redox enzyme which requires

the flavin for electron transport from substrate to oxidizing agent. Indeed, in a

few cases it has been shown spectroscopically that the enzyme-bound flavin

undergoes reduction and oxidation at a rate equal to or greater than the turn-

over number of the enzyme.2#{176} Furthermore, several of these flavoproteins, in-

cluding xanthine oxidase,2’ dihydroorotic acid dehydrogenase,22 lipoyl de-

hydrogenase,23 and glutathione reductase,23 produce some O� during the course

of their activity. From these considerations it seems highly likely that the O�-

forming enzyme of the neutrophil requires a flavin, probably FAD, as a

prosthetic group.

Although the present studies have demonstrated a qualitative requirement

for FAD on the part of the O�-forming system from neutrophils, it is difficult

to draw quantitative conclusions regarding the nature of the interaction be-

tween the cofactor and the enzyme. Flavin-requiring enzymes can be divided
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SUPEROXIDE-FORMING ENZYME 523

into two categories: those to which the cofactor is bound noncovalently, and

those to which the cofactor is attached through a covalent bond.’9 Either could

display the behavior described here. In the case of an enzyme with noncovalently

attached flavin, the detergent could weaken the interaction between the flavin

and the enzyme without destroying the active site, so that the flavin originally

bound to the active site diffuses into solution, and supplementary flavin must

be added to supply the necessary cofactor. A similar situation could exist for

an enzyme with covalently attached flavin, except that in this case the flavin

would not diffuse away into solution, but would merely leave the active site,

remaining attached to the enzyme at the point of the covalent bond but other-

wise assuming a random orientation.

The significance of the relationship between the Of-forming activity and the

concentration of FAD is similarly obscure. While it seems unlikely that the

binding of FAD to the enzyme would be weaker than that corresponding to a

Km of 20 �iM (the lowest FAD concentration yielding substantial preservation

ofactivity compared with the control, i.e., FAD = 0; see Fig. 1), it is possible

that the binding is much stronger, and that the affinity indicated by the concen-

tration dependence data is artifactually reduced by the action of the detergent

on the enzyme.

The demonstration of a cofactor requirement for the neutrophil Of-forming

enzyme raises the possibility that specific therapy may be available for the

treatment of CGD. In this condition, the Ok-forming activity is lacking in

the neutrophils. Although FAD did not restore Of-forming capacity to the

neutrophil particles from the two CGD patients studied here, there may be

other patients whose defect could be corrected by FAD. It is conceivable, for

example, that in some patients an abnormality in the association of FAD with

the enzyme is responsible for the defect in O� formation, a situation analogous

to that described in a patient with a deficiency of the flavin enzyme glutathione

reductase.24 In such patients, it might be possible to correct the defect through

the administration ofpharmacologic doses ofriboflavin or FAD.
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