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The oxidation-reduction potentials (El and X0) of azotoflavin deter- Sumarv: 
mined by equilibration with indicator dyes were -464 and -270 mV, respectively, 
at pli 7.7. The reduction of aeotoflavin to the aemiqufnone waa greatly atimu- 
lated by catalytic coucentrationa of methyl viologen and waa observed with 
three diverse reducing ayatema: dithionite, illuminated chloreplarta, and MADPE 
plw ferredoxin-NAUP reductaae. The rate of aeaiquinone oxidation ma increeaed 
lo- to 15-fold by methyl viologen at 6.25 x 10-e H. Biological activity of 
axotoflavla in the nitrogenase reaction waa considerably 8tiPulated by addition 
of low concentration8 of arotobacter ferredoxin or methyl vlologen. The joint 
requirement for axotoflavin and ferredoxin for meximal nitrogenare activity is 
discussed in reference to recent auggeationa on renaalng aaotoflavfn. 

Anotoflavin, a flavoprotein electron transport carrier isolated from the 

aerobic nitrogen-fixing bacterium Anotobacter vinelandii, ia active in the 

nitrogenaae system of this organism (1). Evidence showing aaotoflavin to be 

an endogenoua reductant in the nitrogenase system of 1. vinelandli came from 

experiments in which the reducing power generated by illuminated chloroplaats 

waa coupled to the nitrogenase ayatem. Illuminated chloroplaata donated elec- 

trons to nitrogenase only through intermediate electron carriera, aaotoflavin 

(1) and aeotobacter ferredoxine I and II (Fd I and Fd II) (2J). The phyaio- 

logical electron donor system for &. vinelindli nitrogenare appeara to be 

NAUPH-linked, requiring, in addition to axotoflavin, l xotobacter Fd I and 

ferredoxin-NAUP reduc tese (4). A protein with the aame chemical propertiea as 

thoae of aaotoflavin (Shethna flavoprotein) was prevloualy isolated by Shethna 

et al. (5) and by liinkson and Bulea (6) from 8. vlnelandii; however, no bio- 

logical activity waa reported. 

This paper report8 the oxidation-reduction potentiala of axotoflavin, the 

influence of methyl viologen on its oxidation and reduction, and the atimulatory 

effect of ferredoxin and methyl viologen on azotoflavln-linked nitrogenaee 

ac’tivity. 

NETHOUS 

&otoflavin was purified according to Penemenn et al. (1) to near homo- 

geneity (absorbance ratio A =,:A- = 4.8). Aaotobacter nitrogenaae waa prc 
pared and aaaayed with chloroplaata aa a reductant aa previously described 

(1,4). Ferredoxin-NAUP reductase was supplied by B. K. Chain. Azotobacter 
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Fd I and II were prepared as described by Yoch and Arnon (3); axotobacter iron- 

sulfur proteins I and II, as described by DerVartanian &a. (7). 

Chloronlast nrewration.-Ghloroplasts were prepared by blending 20 g of 

fresh spinach leaves (freed of midribs) in a Waring blendor for 20 set with 

65 ml of preparative solution (0.4 M sucrose; 0.05 lf Tris-DC1 buffer, pb 7.8; 

and 0.01 M NaCl). The slurry, filtered through several lqyers of silk, was 

centrifuged at 2,5CO x a for 1 min. The supernatant was discarded and the 

intact chloroplasts in the pellet were disrupted and washed free of ferredoxln 

by resuspensfon in 50 ml of preparative solution diluted 1:lO. Chloroplast 

fragments were collected by centrifugation (10,000 x & 5 Pin) and resuspended 

in a small volume of 5 mM Tris buffer, pH 7.8, and chlorophyll was estimated 

(8). The chloroplasts were heated at 550 for 5 tin to destroy their oxygen- 

evolving capacity. 

Msasurement of oxidation-reduction notentials.--Oxidation-reduction 

potential measurements of atotoflavin were as previously described by Vettar 

and Knappe (9) for Rscherichia a flavodoxin. The oxidation-reduction 

potential (El)* for the couple atotoflavin semiquinone-fully reduced aeoto- 

flavln was determined from equilibrium reactions (system reduced with dithi- 

onite and reoxldfced step-wise with air) with equimolar mixtures of azotoflavln 

and methyl viologen; En, the potential of the couple oxidleed arotoflavfn- 

azotoflavfn semiquinone, was determined from equilibrium reactions with equal 

concentrations of bensyl viologen or safranine T. A catalytic concentration of 

methyl viologen (low6 M) was required to facilitate the equilibrium between 

asotoflavin semiquinone and safranine T [because of stability of semiquinone to 

air oxidation (5,12)]. At equilibrium, the ratio of oxidixed to reduced dye 

and acotoflavin was determined and the resulting midpoint potential (91 or En) 

of the azotoflavin redox couple was calculated from the Nernst equat.ion (see 

ref. 9). 
RESULTS AND DISCUSSION 

Oxidation-reduction potentials. --Spectral analysis shared that methyl 

viologen equilibrates with only the couple aeotoflavin semiquinone-fully 

reduced arotoflavln, while benzyl viologen and safranine T equilibrate with the 

couple oxidized axotoflavin-arotoflavin semiquinone. The oxidation-reduction 

potential (Xl) for the couple azotoflavin smiqufnone-fully reduced axotoflavin 

was -464 mV, while En, the couple oxidized arotoflavin-asotoflavin sedquinone, 

determined with two different indicator dyes, was approximetely -270 mV 

(Table I). 

The potentials, El and Ep, of atotoflavin, while similar to those of S. 

coli flavodoxln (p), are approximately ‘75 and 150 mV, respectively, more 

*Notation recmnded for flavoproteins (10) and flavodoxins (11). 
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Fig. 1. Xffect of methyl viologen on the rate of azotoflavin reduction with 
various reducing ryatema. Reaction mlxtureo (2.0 ml) contained phorphate buffer, 
pE 7.0, 200 nmoler; methyl viologen (NV), where indicated, 0.001 umole8, pluo 
the following: (A) azotoflavin, 0.130 umoles, and dithionlte, 1.2 umoles; (B) 
azotoflavin, 0.045 umolas, spinach chloroplaotr, 100 ug chlorophyll, l acerbate, 
10 umole8, 2,6-dichlorophenol indophenol (DPTP), 0.05 nmoler; (C) asotoflavin, 
0.62 nmoles, NADPR, 0.02 umoies, and ferredoxin-RADP reductare, 0.01 mg. 
Cuvetter, stoppered, evacuated, and flushed (5 timer) with argon. Anaerobic 
solution8 of dithionite and XADPR added by syringe to start appropriate reac- 
tionr. Chloroplart system illuminated at saturating light intensity. 

negative than those of clostridial flavodoxina (15,11,16). It is assumed that 

Xe, the couple oxidized uotoflavin-•rotoflavin remiquinone, is too positive at 

-270 mV to be active in reducing nitrogenare and that therefore the semiquinone- 

fully reduced couple (-465 IBV) of asotoflavln is active in nitrogen fixation. 

Influence of methyl violoeen on the oxidation-reduction nronertfer of asoto- 

flavin. --The obrervatioa of Benemann et al. (1) and Xdmondson and Tollin (17) 

that a catalytic amount of eathyl viologen greatly increase8 the rate of azoto- 

flavin remiquinone formation when dithlonite ie used as reductant has been 

extended to show that the increased rate of arotoflavin eamiqulnone formation 

(indicated by an increase in absorbance at 590 nm) in the presence of methyl 

viologen ir independent of the reducing ryetem (Fig. 1). Both dithionite (Fig. 

1A) and illuminated chloroplastr (Fig. 1B) rapidly reduced asotoflavin to the 

remiquinone in the presence of methyl viologen, whereas in its absence thi8 

transition va8 considerably slower. XADPE (plus ferredoxin-XADP reductare) 

also reduced uotoflavln to the semiquinone (Fig. 1C); although the rate of this 

reaction was much slower than with the stronger reductants, it wa8 alro rtlmu- 

lated by a catalytic concentration of methyl viologen. 
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Ihe striking effect of methyl viologeu on asotoflavin reduction my indicate 

that a protein electron carrier serves a similar function In the cell. & 

viuelasdii contains a mssber of low-potential iron-sulfur electron carrier 

protein5 capable of one-electron transfers similar to those of DIcthyl viologen. 

Asotobacter iron-sulfur protein II (5,7) and Fd I and II (2,3) were tested for 

theft ability to stimulate azotoflavin reduction to the semiquinone with illu- 

minated chloroplasts serving as the electron donor system. The results were 

inconclusive, as Fd I and II stimulated the rate of azotoflavin reduction on 

occasion but did not do so consistently, while asotobacter iron-sulfur protein 

II actually inhibited asotoflavin reduction. 

Although the flavodoxins react slowly with 05 (11), asotoflavin is unique 

aswng the flavoproteia electron carriers in that the half-tims for its seai- 

quinone oxidation is 2OOO-3OOO min, a rate 20-23 tism slower than that of flavo- 

doxins from the obligate anaerobes Peetostrevtococcus &sdesii and & pa8teuti- 

anum under the same conditions (17). This characteristic may reflect an adapta- 

tion by an obligate aerobe such as &otobacter to generate under aerobic condi- 

tions the strong reductant required for nitrogen fixation. 

Asotoflavin semlquinone oxidation by 05 was greatly stimulated by the addi- 

tion of catalytic concentrations of methyl viologen (Fig. 2), which had a con- 

centration-dependent effect: the rate of oxidation increased with increasing 

methyl viologen concentration. The pseudo first-order rate constant of asoto- 

flavin semiquinona oxidation was 1.05 x 10” min’l; this rate was increased to 

1.35 x 10-e mfnWf in the presence of 6.25 x lOed H methyl viologen. Other 

electron carrier5 that have been shown to stimulate semlqutone oxidation by 0, 

are DPIP, bensyl viologen, ferricyaaide, tetrasolium blue, and horse heart cyto- 

chrome c (6). Neither asotobecter iron-sulfur protefn II nor Fd I or II would 

replace methyl viologen in stimlating aaotoflavin semiquiuoue oxidation. 

In studying the oxidation characteristics of asotoflavis, buffer and pg 

wst be chosen with care, I.e., in phorphate buffer, pff 6.0, the half-tfms of 

the semiquinone oxidation is approximately 2OQO ain in an at-sphere of air at 

room temperature. Under the sams conditions in WS [2-(l-morpholino)ethane 

sulfonlc acid1 buffer, pH 6.0, the half-time of the semiquinone oxidation is 

only 180 min (unpublished observations). 

Biolonical activity of asotoflavin .--The ssmked stlmlation by wthyl 
viologen of the reduction of aaotoflavin to the semiquinone (Fig. 1) and its 

reoxfdation (Fig. 2) raised the question whether electron trauofer in biological 

SystQpls via aeotoflavin may also be stimulated by one-electron carrfers edog- 

enou* to asotobacter cells. The influence of three asotobactsr non-hems iron 

electron carriers--iron-sulfur protafn II (5,7), Fd I (2,3), ad Fd 11 (3)--n 
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Effect of methyl viologen on aaotoflavin semiquinone oxidation by Fig. 2. 
oxygen 

I 
first-order rate plot). Complete re&CtlOn mixture (2.0 ml) contained 

(nmoler : aaotoflavia, 0.072; phosphate buffer, pH 7.7, 200; and methyl 
viologen as indicated. Aaotoflavln initially reduced to the semiquinone with a 
alight excess of sodium dithionite. 

the effectiveners of arotoflavin as a link between the reducing power generated 

by spinach chloroplasts and asotobacter nitrogenare activity was measured, but 

only Fd I gave an appreciable stimulation of the atotoflavin-mediated nitrogenare 

activity (Table II, experiment A). The aaotobacter nitrogenare preparation had 

previously been passed over a bed of DgAGcellulose to remove all endogenoua 

elec troa carriers ( 4). Nitrogenare activity with arotoflavin supplemented with 

Fd I was 1.5 to 2.0 timea greater than the sum of the nitrogenase activity when 

each of the two carriers war added separately. Table II alao shows that the 

addition of methyl viologeu at a low concentration greatly stimulated asotoflavin- 

linked nitrogenase activity. Wmilarily, spinach ferredoxin, which at 2 uM 

gave little or no activity, gave some rtimulation when combined with 10 @f 

aaotoflavin. Benayl viologen or other one-electron carriers of less negative 

potential did not substitute for methyl viologen. 

When aaotoflavin and aaotobacter fetredoxin were found to link the reducing 

power generated by illuminated chloroplarts to ezotobecter aitrogeaeee ectivlty, 

their effectiveness as electron carriers appeared to be only additive (2). 

Subsequently, with WPH ae the source of reducing power, aaotoflavin and 

asotobacter ferredoxia were both required as electron carriers for the aaoto- 

batter aitrogeuase system (4)--consistent with the now-observed eynergyrtlc 

effect of these two electron carriarrs in linking the reducing power of Fllumi- 
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Table If 

STIWLATION OF AZOTOFLAVIN-C NITROGRNASR ACTIVITT 

BY AiXYTOBACTRR PRRRRDOXIN OR RPTRTL VIOLOGgN 

Experiment Addition Rthylcne formed 

(nmoles/mfn) 

A 

B 

Azotoflavln (10 UM) 11.7 

Azotobacter Pd I (1 UH) 25.2 

Azotoflavin (10 W) + Azotobacter Fd I (1 UN) 60.2 

Done 0 

Azotoflavin (10 ul4) 12.2 

Methyl viologen (0.67 UN) 1.8 
&otoflavin (10 uR) + Methyl viologen (0.67 UN) 41.5 

Reaction mixture (1.5 ml) contained DIM-cellulose-treated azotobacter extract 
(5 mg), chloroplaets (300 Dg chlorophyll), methyl viologen or axotobacter 
electron carriers as indicated; and the following (umoler): RRPRS buffer, pR 
7.4, 50; ascorbate, 10; DPIP, 0.05; Mg*, 5; creatine phosphate, 40; ATP, 4; 
and creetine phorphokinase, 0.05 mg. Light Intensity, 9,000 ft-candles; gas 
phase, n$ argon + 2746 acetylene; temperature, 300. 

nated chloroplarts to aaotobacter nitrogenaee activity (Table II). A joint 

requirement of azotoflavin and an iron clulfur-type protein (18) for nitrogenare 

activity has alro recently been obactved in cell-free extracts of nodule 

bacteroide ( 19). 

When the biological activity of aeotoflavin wae initially characterfted, it 

was noted that it differed from flavodoxin by its “total or virtual inability” 

(emphasis added) to replace ferredctxin in the photochemical reduction of NADP by 

illuminated chloroplastr (1). This low activity of axotoflavin as a substitute 

for ferredoxin in the photoreduction of NADP by chloroplastr wae recently con- 

firmed by van Lin and Bothe (20) who found that azotoflavin at a 20-fold higher 

concentration gave half of the rate of NADP reduction obtainad with ferredoxfn 

(Fig. 5 in ref. 20). Rowever, van Lin and Botha (20) use thcae data as a basis 

for classifying azotoflavin as a flavodoxio. Of all of the reactions which fer- 

redoxins catalyze in bacteria (see review, 21), azotoflavin catalyzes only the 

nitrogenase reaction with an equiroolar efficiency (approximately 30$) comparable 

to a ferredoxin. Since flavodoxin was introduced to dercribe a type of flavo- 

protein serving as a substitute for ferredoxin and formed by cells under condi- 

tions that do not favor the formation of ferredoxin (22), thir clarrification of 
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azotoflavin (= Shethna flavoprotein) appears to be without merit. Both azoto- 

flavln and ferredoxln are normal components of aaotobacter cells and they appear 

to operate jointly la electron transfer to nitrogenase, characteristics not com- 

mon to the flavodoxins. 
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