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1. Introduction

. One.of the major problems concerning niirogen.

fixation in obligate aerobes is the generation of reduc-
ing equivalentis for nitrogenase. Current evidence with.

Azotabacter vinelandii [1-5] and with pea nodule
bacteioids {6--8] indicates that the generation of
reducing equivalents rather than the ATP production
is the raie limiting factor in the process of aerobic
nitroges fixation. It was shown that the energized
state and ihe integrity of the cytoplasmic membrane
_conirols the supply of reducing equivalents to nitro-
genase. Recently, a proposal has been niade for the
electron transport to nitrogenase in 4. vinelandii [2].
According to this hypothesis the protonmotive {orce
across the cytoplasmic membrane, generated by respi-
Tation, drives the therrnodynamically unfavourable

reduction of flavodoxin to its hydroquinone form by
NADH via a NADH flavodoxin oxidoreduciase. This -

driving force the so-called electrochemical proton
gradient {&‘UW) is composed of an clectrical (A%}

- and a concentration gradient (ApH) across the mem-
brane [9—11] and specific ionophores are knowi io
dissipate either one of these gradients [12].

Here we investigated the effect of jonophores on
nitrogen fixation by respiring bacteroids of Rhizobium:
{eguminosarum. Evidence is presented that the mem-
brane petential (AY) across the cytoplasmic mem-

Abbreviations: Tes, N-tristhydroxymethy)methyl-2-amino-
ethanesulfonaie; BSA, bovine serum aibumin; TYFB,
4.5.6 7-tetmc]hlum-Z-tnﬂuommethylbenz:mtdazcl Ph P,

) tetraphenylphospho'uumbmmsde : :
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brane of bactercids regulates the generation of reduc-
ing equivalents for nitrogenase. -

2. Materials and methods

2.1. Bacteroid suspensions aid myogilobin preparation
Bacteroids of R. feguminosarum {(strain PRE) were
preduced under controlled conditions or: peas (Pisum
sativiim L. cv. Rondo) and isolated from the root
nodules as in [G]. Bacteroids were washed twice by
centrifugation in a2 medivm containing 25 mM Tes/

NaOH, 2.0 mM MgCl-, 1.0 mM KCl, 0.3 M sucrose and

2.5% faity acid-free BSA, final pH 7.4. They were
finally resuspended and stored at 0°C at ~60 mg
protein/m! in the sarne medium except that BSA was

_ omitted.

Myoglobin was oxy genated as descnbed [13‘

2.2, Analytzea? methods : ‘
The nitrogenase activity (acetylene reduction) of

bacteroids was measured in the assay system on 16.8].
In all experiments the oxygen supply was sufficient

" 1o allow maximal rates of acetylene reduction (see

161, fig.3). The siandard incubation buffer contained:

25 mM Tes/NaOH, 2.0 mM MgCl,; 1.0 mM KCi,

0.3 M sucrose and 20 mM sodium succinate, final
pH 7 4 o1.6.7. When the rate of acetylene reduction
was constant ionophores were added and mcuhanon
was continued for 28 min.’

Flow dialysis experiments were conducte_d acrob-
ically at 25°C agin [14]. The upper and lower cham-
bers were separated by dialysis tubmg (Vnshkmg pore
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diam. 2.4 nm). The upper chamber (0.85 mi) con-
tained the standard buffer at a given pH and 230 uM
oxygenated myoglobin. Reactions were started by the
addition of cells (0.05 ml), since the endogeneous rate
of respiration was rather high. Further additions were
made as indicated. The same buffer without myoglo-
bin was pumped through the lower chamber at 3 mi/
min. Fractions (1.0 mi} were collected and assayed
for radioactivity. The experiments were performed
under optimal conditions for nitrogen fixation. This
was done by flushing pure oxygen over the medium
in the upper chamber and by adjusting the stirring
speed or the amount of cells. ApH and the A¥ were .
calculated from the steady-state concentration gra-
dients of acetate and teiraphenylphosphoniumbro-
mide (Ph.P") [14,15], respectively. The internal
volume of the bacteroid was determined asin [16]
and was calculated to be 5.2 ul/mg cell protein. Flow
dialysis figures are presented asin [17].

The intracellular levels of ATP, ADP and AMP
were determined as in [1].

Protein concentrations were determmed by the
biuret method.

[U-**ClAcetic acid (60 Ci/mo]) was obtained from the

Padiochemical Centre (Amersham, Buckinghamshire).
[U-*H] Tetrapbenylphosphoniumbromide {113.5 Ci/
mol) was a generous gift of Dr H. R. Kaback.

3. Results and discussion

To investigate the role of A;}'Hq» or its components
on the process of nitrogen fixation valinomycin and
nigericin were used. Valinomycin, facilitates the elec-
trogenic movement of K~ across the membrane,
causing dissipation of the membrane potential (AY)
and, in some instances, reciprocal enhancement of the
transmembrane pH difference (ApH). Nigericin, on the
other hand, facilitates the electroneutral exchange of
H” mainly for K, causing dissipation of the ApH and,
in some cases, rccmrocal enhancement of the AW
[12,14,15,18]. |

Figure ] illustrates the effect of valmomycm {panels
A) and nigericin (panels B) on the mtrogenase activity
and the ATP/ADP ratio (I} as well as on AIJH‘ AN\
ApH and the intracellular pH (1) in bacteroids of

R. leguminosarim. The panels I1A and B compile the
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Fig.1. Effect of valinomycin (panels A) and nigericin (pancls .

) B}\Ion nitrogenase activity (N,ase), ATP/ADP ratio (),

Auyt, A, APH and internal pH (ID) in bacteroids of R. -
leguminosarum. Bacteroids were isolated and experiments
were performed at an external pH 7.4 as described in section
2. To the standard incubation buffer bactercids and myo-
globin were added to final conc. 4.0 mg protein/ml and

230 M, respectively. Data in panels I were obtained from
flow dialysis as presented and described in fig.2.

daia obtained from flow dialysis experiments as pre-
sented in fig.2. Addition of increasing amounts of
valinomycin resulted in a decrease of the nitro-
genase activity and an increase of the ATP/ADP

- ratio, while the rate of succinate oxidation was

hardly influenced. At low concentratmn (L2 uM)
valinomycin hardly affected ihe ApH since the -

- decrease in A¥ was compensated by an increase in

ApH. This phenomenon is quite similar to that
observed in membrane vesicles of Escherichia coli

[ #4]. Under optimal conditions for nitrogen fixation

the ApH was calculated to be 0.45 pH units. The
intracellular pH is therefore ~7.9. As the concentra-

+ tion of valinomycin was increased, the internal pH

rose to a fairly constant level of ~8.1.
Nigericin at <0.Z uM stimulated the nitrogenase
activity signifi cant]y, while at higher concen!ratlons
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Fig.2. Effect of valinomycin and nigericin on uptake of ietraphenyiphosphonioi (A,B) and acetaie (C,D) by bactercids of .

CRummosaiem, as determined by flow dialysis. Bacteroids were isolated and experiments were performed at an exteinal pH 7.4

a3 deseribed in section 2. Oxygenated myoglobin, [°H lietzaphenylphosphoniom and [*“Clacetate weze added to the upper chamber

st final conc. 230 uM, 24 M and 30 M, respectively. Reactions were started by the addition of 0.05 ml cells, final conc. 5.3 mg/
“mi Valinomycin (V¥ AL}, nigericin {NI{G) and uncoupler (TTFB) were added at the times indicated by agrows up to final conc.

1 =M (first addition, 2 @M second addition), 0.14 ;uM {fixrsg .uidmon 0 35 uM second addition) and 10 M, vespe:l,iwc]v Fxburcs :

are prescmed as described [1 7 I

~ the rate of acetylene reduciion was inhibited (panel
IR). The ATPfADP ratio znd the raie or respiration -
remained unchanged within the concentration range
used. The increase in nitrogenase activity was accom-
panied by an increase in &Y, while the transmembrane
pH difference as well as the internal pH decreased.
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Nigericin at >0.2 uM had an uncouphno ciffect, as can :

be seen by the decline in A#H“ :

" In vivo nitrogenase funciions only when cells genep

7 ate enough energy in the form of ATP and reducing

equivalents with a sufficiently low potential. Since the
intracellular level of ATP (expressed in the ATPADP
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ratio) is hardly influenced by the addition of valino-

mycin or nigericin, it is clear that the decline or stim-

ulation of the nitrogenase activity by the addition of
these ionophores is not due to a decreased supply of

ATP to nitrogenase. Furthermore, our results indicate

that the decline in nitrogenase activity is not caused

by a decrease in A;'}'H+_ In our opinion, two possible
explanations remain which can account for the
observed effects of these ionophores on nitrogen
fixation by bacteroids:

1. By an effect of the internal pH on mtrogenase
itself or on the electron transport system to nitro-
£CNasc,

2. By a dirsct effect of A on the electron transport

sysiem to niirogenase.

Figure 3 shows the relatxonshlp between the nitro-
genase activity and AyH«» (A), ApH (B) and AY (C).
In addition the internal pH values are given. It should
be noted that the nitrogenase activity resembles the
flow of reducing eguivalents to nitrogenase, since the
ATP/ADP ratios under the applied experimental corni-
ditions are hardly influenced. This figure also con-
tains the results obtained from experiments performed
at an external pH 6.7 instead of 7.4 (open symbols).
At an external pH 6.7 the nitrogenase activity, at a
fixed oxygen supply, was still 90% of the activity at
7.4. At pH <6.7 the niirogenase activity declined
dramatically. Like in several bacteria [19-21]} the
ApH varied markedly with external pH. Despite an
increase in ApH, at lower external pH, the internal
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pH and the AW remained fairly constant. Intraceilular
pH values at extracelivlar pH 6.7—-7.4 were almost
~ constant at 7.65—7.85. Consequently, A#H“ rose
from about —130 mV at pH 7.4 to —160 mV at
- pH 6.7, while the nitrogenase activity was 10% lower
and the ATP/ADP ratio hardly changed (not shown}.
The effect of valinomycin on the nitrogenase activity
appeared to be independent of th= external pH. At
1 uM the nitrogenase activity dropped in both cases
t6 20%. However, nigericin was far more effective at
pH 6.7 than at pH 7.4. This observation is consistent
with the finding that at a higher extenal pH the ApH
is only small. At «n external pH 6.7 nigericin at
0.014 uM stimulaied the nitrogenase activity max-
imally by 40%, while at pH 7.4 more nigericin (0.06
uM) was necessary for maximal stimulation of the
nitrogenase activity (20%). -
Figure 3 clearly demonstrates that there is no cor-
‘relation between the flow of reducing equivalents to
- mitrogenase and ApH+ or ApH in bacteroids of
R_ legumirosarum. The nitrogenase activity changes
“markedly, while A;'}'H«L or ApH are not influenced. On
the other hand, there is a clear relationship between
the nitrogenase activity and AW_ All data, whether they
are obtained from different experiments performed at
different external pH or in the presence of ioncrhore
fit into this relationship. Since the internal pH does -
not change significantly under these conditions
(fig-3C), it is clear that electron transport to nitro-
genase is regulated by the AW and extremely sensitive

T T L T ¥ T ] T T LA | T H T 1 [] T T T 1 T T T T
L0 A e B — C
ya.N Pa
- N A
x - —t —_—
Py
Z wo}- 4 pp €1 e = 1 o
2 m (1]
- -+ —+ g
g 3
g 60} & -+ a -+ —8 §_
z o .
: L 4 4 47.T
20+ ® 4 a I s
o ® o ® o x
_/[! 3 1 ,_l_c 1 1 4 3 1 W R Z 1 é 1 1 1 1 YIRS | H 1 1 1 1
180 160, _u0 120 100 770 50 30 10 EET) 110 a0 70
Ay (mV) DpHimV) '

LAY {mV)

Fig_3. Relationship between nitrogenase activity and'A;}'H+ {A), ApH (B). &Y (C) in bacteroids of R. ieguminosarum. Data atan
external pH 7.4 {(dark symbols) are obtained from experiments presented in fig.1. Open symbols represent the results obtained at
an external pH 6.7 (see text). 100% nitrogenase activity =20 nmol ethylene produced .min".mg bactermd protem" atpH 7.4.°
{o,=) Without addmo'l (» ) with nigericin; (0 ,@) with valinomycin; (v v inteinal pH.
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towards changes in AW. At AW <-80 mV no func-
tional reducing cquivalents are generated while at
>—120 mV the machinery which produces reducing
equivalents seems to function maximally. Especially
small changes in AW centered around —100 mV are
accompanied by marked changes in the flow of reduc-
ing equivalents to nitrogenase.

We also studied the effect of valinomycin and
nigericin on the ATP/ADP ratio and on the nitrogenase
activity of the free-living nitrogen fixer 4. vinelandii
(not shown). Valinomycin and nigericin were found
1o be very active in 4. vinelendii provided cells were
pretreated with EDTA [22). However, both the rate
of acetylene reductior: as well as the ATP/ADP ratio
dropped considerably when low concentrations of.
valinomycin or nigericin were added. A. vinelandii
accumulates K™ actively during respization and K is
required for an optimal functioning metabolism [23].

- For example, the rate of respiraﬁon -decreased ~2-
fold when K™ was omitied from the medium. Further-
more, without X little niﬁrbgenase_ activity could be
observed. Since valinomycin and nigericin disturb ihe
K’ gradient in vivo, ii seems reasonable to suggest that
they also influence essential processes for nitrogen
fixation. We observed no influence of K™ on the -
-metabolism of R. leguminoserum bacteroids. In our
opinion, bacteroids do not need a K™ -accumulating
system, since bacteroids are localized within the plant
host cell which d]ready contzins a relatwely high con-
centration of K. :

At this stage of investigation the mechanism of a
A¥r-dependent formation of reducing equivalents in
bacteroids of R. leguminosarum is not understood.
Work is in progress to characterize the function of the
AW in the generation of reducing equivalents with a
sufficiently low potential for nitrogenase in isolated
membrane vesicies of R. leguminosarum bacteroids;
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