
348 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 45713 

T H E  E F F E C T  O F  C O M B I N E D - N I T R O G E N  SOURCES ON T H E  S Y N T H E S I S  

A N D  F U N C T I O N  O F  T H E  E L E C T R O N  T R A N S P O R T  SYSTEM 

O F  A Z O T O B A C T E R  V I N E L A N D I I  

C H R I S T O P H E R  J. K N O W L E S *  AND E R I C  R. R E D F E A R N * *  

Department of Biochemistry, University of Leicester, Leicester (Great Britain) 

(Received May i4th, 1968) 

SUMMARY 

I. Azotobacter vinelandii was grown on a syn the t i c  med ium conta in ing no com- 
b ined  ni t rogen source (i.e., under  ni t rogen-f ixing conditions) and  on media  conta in ing  
urea,  g lu t ama te  or ammonium su lpha te  as ni t rogen sources and  the electron t r anspor t  
sys tem examined.  

2. Elec t ron  t r anspor t  par t ic les  der ived  from cells grown under  ni t rogen-f ixing 
condi t ions  and  on g lu t ama te  or ammonium med ium conta ined  high concent ra t ions  of 
ubiquinone,  f lavoprote in  and  cy tochromes  c 4 + % bl, a 1 and  a 2. Cytochrome a 2 was 
present  in low concent ra t ions  only in par t ic les  from cells grown on urea  medium.  

3. There was only l i t t le  va r ia t ion  of the  succinate,  L-malate  or reduced nicotin-  
amide  adenine dinucleot ide  oxidase act iv i t ies  under  all g rowth  condit ions.  

4- The aerobic  s t eady- s t a t e  reduct ion  of cy tochromes  c 4 + c 5 was grea ter  t han  
cy tochrome b 1 for all growth  condit ions.  Cytochromes c 4 + % b 1 and a 2 were 84-  
IOO % reduced in the  anaerobic  s ta te  of par t ic les  der ived  from cells grown on glut-  
ama te  or ni t rogen-free media ,  bu t  in par t ic les  from cells grown on urea  med ium the 
cy tochrome b 1 was only  55-7 o % reduced in the  anaerobic  s ta te .  

5. In  the  par t ic les  from ni t rogen-free  growth  L-malate,  succinate  or N A D H  
reduced 35-4o % of the  ubiquinone  in the aerobic  s t eady-s t a t e  and  7 ° 8o % in the 
anaerobic  s ta te ,  wi th  no increased reduct ion  b y  add i t ion  of mul t ip le  subs t ra tes .  
There  was no reduct ion  of ubiquinone  b y  ascorbate-2 ,6-dichlorophenol indophenol .  
The ubiquinone  reductase  ra tes  were only  35-6o % of the  oxidase rates.  In  the par t ic les  
from growth  on urea  med ium the ubiquinone  was less reduced in the  anaerobic  s ta te .  

INTRODUCTION 

Varia t ion  of carbon sources is known to affect the  electron t r anspo r t  sys tems 
of bac te r ia  1, bu t  ve ry  l i t t le  is known abou t  the  effects of different ass imi la tory  

Abbreviat ions:  DCIP, 2,6-dichlorophenolindophenol; nitrogen-free, glutamate,  a m m o n i u m  
and urea particles refer to the small part iculate fraction derived from cells grown in media con- 
taining no combined nitrogen source and glutamate,  ammon ium sulphate or urea as nitrogen 
sources respectively. 

* Present  address: Biochemistry Depar tment ,  D a r t m o u t h  Medical School, Hanover ,  New 
Hampshire ,  U.S.A. 

* * Deceased. 
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nitrogen sources on the synthesis and composition of the electron transport system. 
I t  was shown by WILSON, HULL AND BURRIS 14 that Azotobacter vinelandii is 

capable of utilizing certain sources of combined nitrogen such as ammonium salts 
and urea to the virtual exclusion of molecular nitrogen, but other nitrogen sources, 
like the amino acids aspartate or glutamate, are utilized to only a minor extent and 
have little inhibitory effect on the fixation of atmospheric nitrogen. A study has 
therefore been made of the affects of urea and other combined-nitrogen sources on 
the synthesis and composition of the electron transport system of A. vinelandii. 
Previous work ~, 3 has shown that this organism contains high concentrations of flavo- 
protein, ubiquinone (Q-8), and cytochromes c 4 + c 5, b 1, a 1, a 2 and o when grown under 
nitrogen fixing conditions on a medium containing no combined nitrogen. 

MATERIALS AND METHODS 

Chemicals 
NADH was obtained from C. F. Boehringer and Soehne, Mannheim, Germany. 

All other chemicals were obtained from British Drug Houses, Ltd., Poole, England, 
and were of the finest grade available. Glass double-distilled water was used through- 
out. 

Growth and fractionation of bacteria 
Cultures of A. vinelandii (N.C.I.B. 866o) were grown on the nitrogen-free 

medium described by JONES AND REDFEARN ~. For growth of the bacterium with 
combined nitrogen sources NaMoO 4 was omitted from the medium and the following 
nitrogen sources used; 2.4 g (NH4)2SOa, I.O g urea, or 4.8 g sodium glutamate per 1. 
With (NH4)2SO4 as nitrogen source double the normal quantity of phosphate buffer 
and 0.5 g CaCO3 per 1 were used in an attempt to stabilize the pH. 

Cultures of Escherichia coli (strain W) were grown on the minimal salts medium 
described by ASHWORTH AND KORNBERG 4 using 25 mM sodium DL-lactate as carbon 
source and 25 mM (NH4)2SO 4 plus 25 mM urea, 50 mM (NH4)2SO 4 or 50 mM urea 
alone as nitrogen sources. 

The bacteria were grown to the mid-log phase, then harvested, ruptured and 
fractionated as described by JONES AND REDFEARN 2. In all experiments the washed 
small particulate fraction was used. 

Concentrations of the electron carriers 
The concentrations of the individual cytochromes and the total flavoprotein 

were determined from the Na2S204-reduced minus oxidized difference spectra as 
previously described 2. The concentration and redox state of ubiquinone were deter- 
mined by the chemical extraction method of PUMPHREY AND REDFEARN 5. I ml of 
bacterial particles (6-Io mg protein) was incubated at 3 °0 for IO rain. The reaction 
was started by addition of 9/~moles succinate or L-malate, 3 #moles of NADH, or 
0.5 #mole 2,6-dichlorophenolindophenol (DCIP) plus 9/,moles sodium ascorbate in 
o.I ml. The reaction was terminated after a suitable time interval by addition of 4 ml 
of redistilled methanol containing I m g  per ml of pyrogallol at --60 °. Ubiquinone 
was then estimated by the method of PUMPHREY AND REDFEARN 5, but due to the lack 
of interfering lipid the partition step with methanol was omitted. The time taken for 
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oxygen depletion was measured in a parallel experiment at the same temperature, 
using an oxygen electrode. The reduction level of ubiquinone in the anaerobic state 
was measured by addition of 3 mM KCN to the initial incubation mixture, a concen- 
tration that gave ioo % inhibition of all oxidase activities. 

Dual-wavelength spectrophotometry 
The redox states of the cytochromes were determined with an Aminco Chance 

dual-wavelength spectrophotometer using the following wavelength pairs: cyto- 
chromes c 4 + c5, 551-544 m/z; cytochrome bl, 560-568 m#; cytochrome as, 63o-619 
m#. All determinations were carried out at 2o-22 ° in a reaction mixture containing 
ioo /,moles Na~HPO4-KH2PO 4 buffer (pH 7-4) in a volume of 2.97 ml. Reactions 
were started by the addition of 9 /zmoles of succinate or L-malate, or 3 #moles of 
NADH in a volume of 0.03 ml. 

Oxidase activities 
Oxidase activities were measured polarographically by the methods previously 

described ~. 

RESULTS 

Concentration of electron carriers 
The initial stable metabolite of nitrogen fixation is probably glutamate, formed 

by an energy dependent process involving an ammonium intermediate 7. A. vinelandii 
was therefore grown on media containing no combined-nitrogen source, (NH4)2S04 
and glutamate. Growth on (NH4)2SO * medium, even on addition of 0.5 g CaCOa 
per 1 and double the normal quantity of phosphate buffer, resulted in a drastic drop 
in medium pH and low overall growth yields. When urea was used alternatively as a 
source of ammonium-nitrogen the pH remained fairly stable and normal growth 
yields were obtained. 

The concentration of the electron carriers obtained under the different growth 
conditions are shown in Table I. The values obtained for growth under nitrogen-free 
conditions and in the glutamate medium were very similar. The concentrations of the 
electron carriers for growth in (NH4)2SO 4 medium were somewhat lower, though 

T A B L E  I 

THE CYTOCHROME AND UBIQUINONE CONCENTRATIONS OF A.  vinelandii GROWN WITH VARIOUS 
SOURCES OF NITROGEN 

The cells were grown to the  mid- log phase  on med ia  con ta in ing  the  n i t rogen  sources ind ica ted .  
Concen t ra t ions  of carr iers  are expressed i n / , m o l e s  per  g smal l  pa r t i cu l a t e  f rac t ion protein.  D a t a  
for cy toch rome  concen t ra t ions  as descr ibed by  JONES AND I~EDFEARN2; the  molar  ex t inc t ion  
coefficient of cy tochrome  a 1 is unknown.  The va lues  g iven  are each the  average  of 5 exper iments .  

Growth Cyto- Cyto- Cyto- Cyto- Flavo- Ubi- Ratio 
condition chromes chrome chrome chrome protein quinone (Q-8)/b 1 

c 4 + c 5 b I a~ a 1 ((2-8) 

Nitrogen-free  1.63 1.53 o.62 + + 2.o 9.2 6. i 
G l u t a m a t e  1.49 1.29 o.41 + + 1.7 8.9 6.9 
Urea  1.28 1.12 0.08 + 1.6 7.4 6.6 
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their relative concentrations were similar to those of the nitrogen-free and glutamate 
particles. There was remarkably little variation in the concentrations of electron 
carriers from many samples with growth on nitrogen-free, glutamate or urea medium, 
but in the case of growth on (NH4)2SO4 medium there was much more variability in 
concentrations and the small particulate fraction proved more difficult to isolate. The 
difficulty of isolation of the small particulate fraction under these conditions implies 
a structural change in the bacteria with growth in the (NH4)2SO4 medium. 

In the case of the particles from cells grown on urea medium there was a 
drastic 5 to 8 fold decrease in the concentration of cytochrome a 2. There was also a 
small but definite increase in the cytochromes c a + c a to cytochrome b 1 ratio, which 
may reflect a loss of some o-type cytochrome. Cytochrome o having previously been 
shown to contribute to the cytochrome b 1 ~-peak 1°. There was a distinct difference in 
the color of the small particulate fraction of the bacteria grown on urea medium 
compared with that from bacteria grown on nitrogen-free medium; in the former case 
the particles were much redder and were similar in appearance to the red fraction of 
the nitrogen-free particles isolated after fractionation with detergents s. This difference 
is reflected in the spectra obtained (Fig. I), where the ratio of the b and c-type 
cytochromes, giving the red color, to the a-type cytochromes is much higher in urea 
particles than in nitrogen-free particles. 

Urea does not act as a general repressor of as-type cytochromes, as growth of 
E. coli on media containing urea, (NH4)2SO 4 or a combination of the two showed no 
variation in the cytochrome a 2 content. 

In A. vinelandii a ubiquinone to cytochrome b 1 ratio of 6-  7 was found for all 
growth conditions tried. This constant ratio agrees with the findings of WHITE 9 
using Hemophilus parainfluenzae, in which there was a constant naphthoquinone to 
cytochrome bl ratio independent of growth conditions. 

T l A =0.1 

I I I I I I I I 
5 0 0  550 600  650  

(rap) 

Fig. I. Na2S204-reduced minus oxidized difference spec t ra  of A. vinelandii smal l  part icles.  Par t ic les  
su spended  in o.I M K H ~ P O 4 - N a 2 H P O  4 buffer  (pH 7.4). U p p e r  curve,  6.8 m g  p ro te in  per  ml  of 
n i t rogen-f ree  par t ic les ;  lower curve,  lO. 7 m g  pro te in  per  ml  of u rea  part icles.  L igh t  p a t h :  I cm.  
Cy toch rome  a -peaks  shown  are: 63 ° m/~, cy t och rome  as;  595-605 m#,  cy toch rome  a l ;  560 m/*, 
cy toch rome  bl; 551 m/z, cy toch romes  c 4 + c 5. For  bo th  par t ic les  the re  was a Soret  peak  a t  428 m/z. 
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Oxidase activities 
Oxidase activities of particles derived from the bacter ium grown under the 

different conditions are shown in Table II .  The values of the oxidase activities of the 
glutamate  particles are very similar to those of the nitrogen-free particles. In  view 
of the low concentrat ion of cytochrome a 2, a possible cytochrome oxidase in the urea 
particles, it was thought  possible tha t  the oxidase activities of these particles would be 
great ly reduced. However, this was not  so, though there was some reduction of 
activity,  especially in the case of the N A D H  oxidase. Ascorbate-DCIP acts as a high 
potential  electron donor at the cytochrome c 4 + c 5 level in A. vinelandii TM and might  
thus also be expected to show a reduced act ivi ty  in the urea particles. Results for all 
growth conditions were somewhat  variable from sample to sample (0.2 to o.8/~atom 
oxygen uptake per rain per mg protein), but  a large decrease in the ascorbate-DCIP 
oxidase act ivi ty  was not found in the urea particles. 

Dual-wavelength spectrophotometry 
Previous work from this laboratory has shown tha t  in A. vinelandii grown on 

nitrogen-free medium, the s teady-state  reduction of cytochromes c 4 + c 5 was greater 
than tha t  of cytochrome b 1 (ref. io) and in contrast  with the situation found in mam-  
malian systems 6. The redox states of the cytochromes were therefore measured for 
each growth condition in order to see the effect of variat ion of the composition of 
the electron t ransport  system on the function of the individual cytochromes. 

Growth with glutamate  as nitrogen source gave values essentially the same as 
those previously reported for nitrogen-free growth1°; tha t  is, 85-1oo % reduction of 
cytochromes c 4 + % b 1 and a 2 in the anaerobic state and in the aerobic s teady-state  
37 -41% reduction of cytochromes c 4 + % 18 24 % reduction of cytochrome b 1 and 
less than 5 % reduction of cytochrome a2, with succinate, L-malate or N A D H  as 
substrates. 

With  growth in urea medium, the cytochrome a2 content  of the particles was 
too low for measurement  of its redox state. Cytochrome b 1 in the urea particles 
appears to behave differently as it was only 55-7 ° % reduced in the anaerobic state;  
this was part icularly noticeable with L-malate as substrate with which it was never 

TABLE I[  

T H E  O X I D A S E  A C T I V I T I E S  O F  T H E  S M A L L  P A R T I C U L A T E  F R A C T I O N  O F  A .  v ine landi i  G R O W N  O N  M E D I A  

C O N T A I N I N G  D I F F E R E N T  N I T R O G E N  S O U R C E S  

The cells were grown to the mid-log phase on nledia containing the nitrogen sources indicated and 
the oxidase activities measured at 3 °°  with the washed small part iculate fraction. 02 uptake was 
measured with a Clark electrode with a reaction mixture  of 2.4 ml consisting of 2o0 /,moles 
t,2H2PO4-Na~HPO 4 buffer (pH 7.4), a suitable concentrat ion of small part iculate  fraction protein 
and 3 ° #moles of subs t ra te  (2.25 /zlnoles of NADH).  Oxidase activities expressed in / ,a toms 
oxygen uptake  per rain per mg protein and are each the average of 6 determinations.  

Nitrogen Substrate 
SOt~rce 

1¥,4 D H L-~$l alate Succinate 

N~ (air) 3.6 0.60 o.i2 
Glutamate  3.8 0.46 o. 14 
Urea 1. 7 0.32 o.oS 
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more than 6o % reduced. No more than 75 % reduction of this cytochrome was 
noticed with several additive substrates. In the aerobic state the cytochrome b 1 was 
more reduced (27-34 %) in the urea particles than in the other particles. Cytochromes 
c 4 + c 5 exhibited aerobic and anaerobic redox states similar to those found for the 
nitrogen-free particles. 

Kinetics of ubiquinone reactions 
Under all growth conditions tested ubiquinone was present in high concentra- 

tions and in a 6 to 7 fold excess over the cytochromes (Table I), this is similar to the 
excess found in mammalian systems. 
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Fig. 2. The L-malate-ubiquinone reductase of A. vinelandii nitrogen-free small particles. Aerobic 
s teady-state  ( O - - O ) ;  anaerobic reduced state, with 3 mM cyanide ( 0 - - 0 ) .  Assay at  3 °0 by  the 
extract ion technique described in the text.  The oxygen content  ( A - - A )  of the uninhibited 
solution was measured at the same tempera ture  with an oxygen electrode. 

Fig. 3. The L-malate-ubiquinone reductase "of A. vinelandii urea small particles. Aerobic steady- 
s tate  ( O - - O ) ;  natura l  anaerobic state (6~--6~), and toxic anaerobic s tate  with 3 mM cyanide 
( 0 - - 0 ) .  Assay at  3 °o by the extract ion technique described in the text.  The oxygen content  
( A - - A )  of the non-cyanide inhibited solution was measured at the same tempera ture  with an 
oxygen electrode. 

Assay of the L-malate-ubiquinone reductase in the nitrogen-free particles 
showed that  when the oxidase activity was IOO % inhibited by KCN (3 raM), 72 % of 
the total quinone was reduced (Fig. 2). In the absence of cyanide inhibition no more 
than 37 % of the enzymically reducible quinone was found to be reduced, even after 
apparent anaerobiosis (as measured with an oxygen electrode). The reason for the 
lack of further reduction on apparent anaerobiosis is probably due to either oxygen 
diffusion into the system or its introduction by the reaction terminating mixture of 
methanol-pyrogallol.  The values obtained in the absence of cyanide were therefore 
taken as the aerobic steady-state values. 

In the urea particles the methanol-pyrogallol addition step was sufficiently fast 
to terminate the reaction and permit measurement of natural anaerobiosis (Fig. 3). 
At the measurement time of oxygen depletion from the medium (19 sec) a further 
reduction of the quinone occurred to a level in good agreement with the values for 
toxic anaerobiosis with 3 mM KCN. The aerobic steady-state value was taken as the 
reduction level found immediately before oxygen depletion. 

In the nitrogen-free particles very little ubiquinone was reduced either by  
endogenous substrates (5 %) or by ascorbate-DCIP (8 %). Thus the site of action of 
ascorbate-DCIP is either on the oxygen side of the site of action of ubiquinone or, 
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alternatively, acting on another pathway of electron transport. The reduction level 
of ubiquinone in nitrogen-free particles in the aerobic steady-state was similar for 
the succinate, L-malate and NADH-ubiquinone reductase (i.e., 35-40 % reduction). 
In the anaerobic state, ubiquinone was never more than 85 % reduced even with 
addition of several substrates together, and a proportion of the total ubiquinone 
appears therefore never to be active under these conditions. As found for cytoehrome 
bl, the ubiquinone was less reduced in the anaerobic state in the urea particles than 
in the nitrogen-free particles, with a maximum reduction of 69 %. In urea particles 
the ubiquinone was more reduced in the aerobic steady state (48-54 %). 

Comparison of the rate of ubiquinone reduction directly into the anaerobic 
state inhibited with 3 mM cyanide with the uninhibited oxidase rate in the nitrogen- 
free particles for succinate, L-malate or NADH as substrate showed that the ubi- 
quinone reductase rates were only 35-60 %, of the oxidase rates and thus insufficient 
to place all the ubiquinone on the main pathway of electron transport. Similar 
lower rates of ubiquinone reductases have been reported for beef heart-muscle 
preparations~2,1~. The ubiquinone reductases showed first-order kinetics. 

DISCUSSION 

WILSON, HULL AND BURRIS 14 showed that A.  vinelandii grown on a medium 
containing either urea or ammonium salts preferentially utilized the medium nitrogen, 
but continued to use atmospheric nitrogen when grown with glutamate as the medium 
nitrogen. Experiments described in this paper show that A.  vinelandii synthesizes an 
electron transport system identical in composition and activity when grown on 
glutamate or nitrogen-free media. 

As nitrogen fixation is an energy requiring process 7 it would be expected that 
the bacterium grown on media containing fixed sources of nitrogen might synthesize 
an electron transport system of either lower activity or altered composition. The use 
of ascorbate-DCIP as substrate, and inhibitor studies 1° have shown that there is a 
terminally branched electron transport system in A.  vinelandii after growth on 
nitrogen-free medium; the major pathway is via cytochromes b 1 and a 2 and the minor 
pathway is via cytochromes c4 + c5, al and o. This explains the apparently anomalous 
greater reduction of cytochromes c 4 + c 5 than cytochrome b 1 in the aerobic steady 
state. When the bacteria were grown on urea-containing medium, cytochrome a 2 was 
synthesized in a much lower concentration (Table I) and, furthermore, cytochrome b 1 
was only partially reduced in the anaerobic state. It  therefore appears that the cyto- 
chrome bl-cytochrome a 2 pathway is of less importance in cells grown on urea 
medium. The NADH oxidase system, which in the nitrogen-free particles donates 
a greater proportion of electrons to the cytochrome bl-cytochrome a2 pathway than 
the L-malate or suceinate oxidases ~°, was more affected by the reduced capacity of 
this pathway of electron transport in the urea particles, and its oxidative capacity 
was affected more than that of the succinate or L-malate oxidases. Ascorbate-DCIP 
donates electrons to the cytochrome c 4 + c 5 pathway at the cytochrome c 4 + c 5 level 
and as the concentrations of the carriers in this pathway were largely unaffected in 
the urea particles, the ascorbate-DCIP oxidase activity was relatively unchanged in 
the particles from urea-grown cells. 

I t  is possible that the major function of the cytochrome bl-cytochrome a 2 
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pathway is to synthesize high-energy compounds for nitrogen-fixation and which 
are not required in cells grown on sources of combined nitrogen; sufficient energy 
being obtained via the cytochrome c 4 + c 5 pathway in these cells. 

A. vinelandii is comparatively insensitive to most inhibitors of electron trans- 
port 2 and it is therefore difficult to ascertain the precise site of action of ubiquinone. 
However, the lack of reduction of ubiquinone with ascorbate-DCIP as substrate 
suggests that  the ubiquinone acts on the substrate side of cytochromes c 4 + c 5. In 
the urea particles there was less anaerobic reduction of the ubiquinone and of cyto- 
chrome b 1 than in the nitrogen-free particles. The ubiquinone may, therefore, be 
acting either on the cytochrome bl pathway of electron transport, or at the point of 
branching. The results were further complicated by the finding that  as in beef heart- 
muscle preparations TM' ~, the rate of ubiquinone reduction was not compatible with 
the oxidase rates. This finding has been confirmed by  direct spectrophotometric 
measurement of the absorbance change due to ubiquinone in A. vinelandii small 
particles 15. 
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APPENDIX 

Subsequent to the completion of the above work, the accidental death of 
Professor E. R. REDFEARN occurred. I would like to express both my  deep sorrow 
over this tragic event and my gratitude to Prof. REDFEARN for his friendship and 
guidance as my research supervisor (C.J.K.). 
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