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Abstract

The kinetics of electron-transfer reactions involving nif-specific proteins from Rhodobacter capsulatus; ferredoxin I, NifF,
Fe-protein of nitrogenase and dithionite were studied using stopped-flow spectrophotometry. Kinetic evidence was obtained
for the formation of a tight (0.44 uM) complex between NifF and Fe-protein. Under the same conditions, FdI interacted only
weakly (K4 > 325 uM) with Fe-protein. There was no evidence for complex formation between NifF and FdI since the
reaction NifFsq+FdI.q had a bimolecular rate constant of 12.5+ 1.2 X 10> M~! 57! These results suggest that NifF, which is
present in only small quantities in the cell, can make a significant contribution to the overall rate of nitrogen fixation due its
high reactivity with Fe-protein. Moreover, the apparent lack of specific interaction between NifF and FdI suggest that they

act in vivo in parallel to reduce Fe-protein and not in series.

© 1998 Elsevier Science B.V. All rights reserved.

Keywords: Nitrogenase; Ferredoxin I; nif-specific Flavodoxin; Stopped-flow kinetics; (Rhodobacter capsulatus)

1. Introduction

Flavodoxins are low molecular weight proteins
containing FMN that act as low-potential electron
carriers in a variety of systems. A great deal is pres-
ently known about the structure and function of fla-
vodoxins (for a recent review see [1]). Of particular
interest to the investigation reported here, a large
number of studies have examined the factors control-
ling the electron transfer capabilities of flavodoxins.

Abbreviations: FdI, ferredoxin I; FdII, ferredoxin II; NifF,
the nif-specific flavodoxin; X4, reduced electron carrier; Xox,
oxidized electron carrier; HQ, hydroquinone; SQ, semiquinone;
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However, most of these studies have described the
interaction of flavodoxin with non-physiological re-
dox partners, such as high-potential iron protein (Hi-
PIP) [2] and cytochrome ¢ [3-10].

In some cases, flavodoxin is induced under condi-
tions of iron limitation where it serves as a replace-
ment for ferredoxin in various aspects of cellular
metabolism, e.g. photosynthesis. In other cases, fla-
vodoxin is induced as part of a specific metabolic
pathway. For example, in Klebsiella pneumoniae
(Kp), a nif-specific flavodoxin, NifF, forms a specific
electron transport pathway from Nif] (pyruvate: fla-
vodoxin oxidoreductase) to the Fe-protein compo-
nent of nitrogenase. In this case, NifF appears to
be the sole electron carrier to nitrogenase in vivo
since nifF mutants are Nif . The interaction of Kp
NifF with nitrogenase has been studied using
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stopped-flow spectrophotometry [11], and it was
demonstrated that NifF and Fe-protein (complexed
with MgATP) form a tight complex (Kgq=13 uM).
This system exhibits exquisite specificity since a
highly similar flavodoxin, NifF from Azotobacter
chroococcum, interacts only very weakly with Kp
Fe-protein (K43 =1000 uM). However, at present
the molecular basis for this specificity is unknown.
In addition, it has not been established until now if
homologous systems present the same degree of spe-
cificity.

Electron transfer pathways to nitrogenase in other
organisms are much less clear. The results of in vitro
analyses of the capacity to drive nitrogenase activity
in a coupled system have been used to suggest pos-
sible in vivo electron carriers to nitrogenase. How-
ever, the ability to extrapolate the results of these
relatively non-specific assays to the in vivo system
has yet to be demonstrated and is therefore question-
able. Genetic studies, for the organisms where this
has been carried out, have produced equivocal results
that are difficult to interpret. An electron transport
chain to nitrogenase in Azotobacter consisting of FdI
and flavodoxin was suggested based on their ability
to couple the reducing power generated by illumi-
nated chloroplast fragments to nitrogenase [12].
However, genetic studies have shown that neither
FdI nor NifF are absolutely required for nitrogen
fixation by Azotobacter vinelandii [13].

The photosynthetic bacterium Rhodobacter capsu-
latus has been shown to contain a plethora of low-
potential electron carriers [14-24]. However, rela-
tively little is known about their physiological func-
tion; including how these carriers are reduced and
the identity of their in vivo electron acceptor. Four
ferredoxins; FdI, FdIII, FAIV and FdV, and flavo-
doxin (NifF), are encoded by nif-specific genes and
therefore presumably play some role in nitrogen fix-
ation. However, in vitro studies have shown that of
these only FdI and NifF can potentially donate elec-
trons to the Fe-protein component of nitrogenase in
vivo. Genetic studies have failed to clarify this ques-
tion. FdI mutants are practically Nif ™ ; however, the
interruption of the FdI gene causes pleiotropic ef-
fects, including decreased stability of the nitrogenase
proteins [25] and decreased transcription of the NifF
gene (unpublished results). NifF mutants retain their
ability to fix nitrogen, albeit at a reduced (59%) rate

[24]. In an attempt to understand this complex sit-
uation, we have initiated the study of the kinetics
and possible physical interactions involved in elec-
tron transfer and complex formation between the
various potentially competent electron carriers of
R. capsulatus and the Fe-protein component of nitro-
genase.

2. Materials and methods
2.1. Purification and manipulation of proteins

FdlI [14], FdII [15] and the Fe-protein component
of nitrogenase [26] were purified essentially as previ-
ously described. In order to obtain sufficient quanti-
ties of NifF for these studies, we developed a scheme
to overexpress NifF from R. capsulatus in Escheri-
chia coli and purify the recombinant protein. As a
first step, nifF containing convenient flanking restric-
tion sites was obtained by PCR amplification using a
3.2-kb Pstl DNA nifF-containing fragment from
pGRI1-1 [24] as template and GC127 (5'-ATTCCTG-
ACAATTTTGCCCG-3’) plus GN835 (5'-GGTCT-
TTCATGGGCAGGTCT-3’) as primers. PCR (10 ul
of each of the phosphorylated primers (GC127 and
GNB835), 16 ul of ANTP stock pool at 1.25 mM, 20 ng
of template DNA, 2.5 U of Tag DNA polymerase
(Gibco BRL) covered with 40 ul oil (modified from
[27]) was carried out for 25 cycles with 1-min steps at
94 and 57°C, and primer extension at 72°C for 2 min.
A 708-bp fragment obtained was used for the con-
struction of pGGR3 using Eam11051 digested BSII
TKS(—) [28] for the direct cloning of PCR products.
To construct a plasmid capable of the IPTG-induci-
ble overexpression of nifF, a Smal and Sall fragment
from pGGR3 was cloned within the same sites in
pTrc99A (Pharmacia Biotech), yielding pGGR4,
which was introduced into E. coli DH10B by electro-
transformation [29].

For production of R. capsulatus NifF protein,
E. coli DH10B/pGGR4, grown overnight aerobically
in LB ampicillin, was used to inoculate 20 1 of Ter-
rific Broth media. IPTG (0.5 g/20 1) was added when
a cell density of about 0.6 at Agy had been obtained,
and the culture was incubated aerobically for an ad-
ditional 10 h at 37°C. Bacteria were harvested by
centrifugation using a Sharples centrifuge and stored
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at —20°C. NifF purification was carried out aerobi-
cally. Cells (~500 g wet weight) were thawed in 500
ml of 0.1 M Tris-HCI buffer (pH 7.4) and sonicated
at 4°C five to seven times (1 min) at maximal power
with a Biosonick III. The sonicate was clarified by
centrifugation (16300 g, 3 h) at 4°C. The crude ex-
tract was loaded on a DEAE-cellulose column
(DE52; 8X2.5 cm) previously equilibrated with 50
mM Tris-HCI buffer (pH 7.4; hereafter referred to
as buffer). The column was then eluted stepwise: 100
mM NacCl in buffer; 160 mM NaCl in buffer; 260
mM NacCl in buffer. The 260 mM NaCl step eluted
recombinant flavodoxin as a green coloured fraction,
which turned yellow upon storage at —20°C. This
fraction was further concentrated on a small DES52
column and desalted on a Sephadex G-50 column.
Final purification to homogeneity (A374/A450 =0.233)
was achieved by FPLC using a Hi-Load 26/10 Q-
sepharose high-performance anion exchange column
(Pharmacia Biotech) and the previously described
elution conditions for NifF from K. pneumoniae
[30]. The final yield was 88 mg.

All other manipulations, except where specifically
noted, were carried out under strictly anaerobic con-
ditions, either in an anaerobic chamber or using lines
carrying nitrogen that had been passed through a
heated tower of BASF catalyst. Fully reduced species
(Fdl eq, Fdll;eq, NifFyg) were generated by the ad-
dition of a small excess of sodium dithionite which
was subsequently removed by gel filtration through a
small column of PDG 8 (equilibrated and eluted with
25 mM HEPES 10 mM MgCl, (pH 7.4)) in the anae-
robic chamber. The oxidized species were exchanged
into 25 mM HEPES 10 mM MgCl, (pH 7.4) where
necessary using the same technique. NifFsq was con-
veniently generated by mixing equimolar amounts of
anaerobically prepared, dithionite-free, NifF,x and
NifFg.

2.2. Mid-point potential determinations

Oxidation-reduction potentials were determined
spectrophotometrically at 25°C in 50 mM HEPES
buffer, pH 7.4. The potential of the NifF OX/SQ
couple was determined by exposing an approximately
equimolar solution of NifF and indigo-5,5'-disulpho-
nate (En7 = —125 mV (SHE)), which also contained
30 mM EDTA, to visible light for short intervals of

time. The extent of flavodoxin reduction was deter-
mined at 458 nm (an isobestic point between the
oxidized and reduced forms of indigo-5,5'-disulpho-
nate). The extent of dye reduction was calculated
from the absorbance at 608 nm after correction for
the contribution of the semiquinone form of flavo-
doxin. The determined equilibrium constant was
used in conjunction with the Nernst equation to cal-
culate the mid-point potential using least squares lin-
ear regression analysis.

The potential of the NifF SQ/HQ couple was de-
termined by complete reduction of NifF to the hy-
droquinone form with excess sodium dithionite fol-
lowed by subsequent titration to the semiquinone
state with sodium sulphite. The obtained redox po-
tentials were ascertained in parallel experiments us-
ing methyl viologen (Ey7;=—446 mV (SHE)). The
mid-point potential of flavodoxin was calculated us-
ing the Nernst equation and the determined experi-
mental redox potential and the relative concentra-
tions of the semiquinone and hydroquinone forms
of flavodoxin.

2.3. Kinetic analysis

All kinetic experiments were carried out at
25%+0.1°C in 25 mM HEPES, 10 mM MgCl,, pH
7.4. Transient kinetics were monitored with a
stopped-flow spectrophotometer (model SF-61), Hi-
Tech Scientific, installed in an anaerobic glove box
(O, <1 ppm). Data were recorded through an RS232
interface with a microcomputer and analysed using
the KinetAssyt Program, Hi-Tech Scientific, with fit-
ting by non-linear least-squares analysis to a single
exponential. All experiments fit well to a single ex-

Table 1
Redox potentials of Fdl, FdII, and NifF from R. capsulatus
Protein Mid-point potential Reference
FdI —490 mV? [32]

—510 mV® [33]
FdII —430 mV (3Fe-4S)®

—630 mV (4Fe-4S)® [34]
NifF —158£2 mV (Ox/SQ)*

—474+£5 mV (SQ/HQ)® This study

4EPR titration.
bCyclic voltammetry.
¢Spectrophotometric titration.
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ponential function. Each point represents the average
of at least four independent traces.

3. Results and discussion
3.1. Redox properties of Fdl, FdIl and NifF

The mid-point redox potentials of Fdl and FdII
have been previously determined (Table 1). Fdl,
which has two 4Fe-4S clusters, demonstrates a single
mid-point potential of —490 mV (EPR titration) or
—510 mV (cyclic voltammetry). FdII, which is anal-
ogous to the well-characterized FdI of A. vinelandii,
contains a 3Fe-4S cluster with a mid-point potential
of —430 mV and a 4Fe-4S cluster with a mid-point
potential of —630 mV. We used spectrophotometric
methods to determine the redox potentials of NifF
from R. capsulatus. We found that the E,; of the
OX/SQ couple, —158 mV, was the same as the
NifF from K. pneumoniae [31] and the E;; of the
SQ/HQ couple, —474 mV, was intermediate between
that of K. pneumoniae, —422 mV [31] and A4. chroo-
coccum, —522 mV [31].

3.2. Reduction of Fdl and FdIl by dithionite

We examined the kinetics of the reduction of FdIl
by dithionite. As far as we are aware this is the first
examination of this sort for a 4Fe-4S, 3Fe-4S ferre-
doxin. As expected, a linear relationship was ob-
tained between kobs and [S037]"/? (Fig. 1), indicat-
ing that the SO;  species is the active reductant. The
bimolecular rate constant, k,, for this reaction is
16.5+1.1 M~'/2 57! (Fig. 1). Thus the rate of reduc-

Kops S
w
1

0.00 0.05 0.10 0.15 020
[S204]12 M1/2

Fig. 1. Dependence of kops on dithionite concentration for the

reduction of FdII by dithionite. The data were obtained by

stopped-flow spectrophotometry at 395 nm with [Fdll] 36 uM

and [S,077] varied between 0.27 and 27.3 mM.

0.2
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[S204]12 M1/2
Fig. 2. Dependence of kqps on dithionite concentration for the
reduction of FdI by dithionite. The data were obtained by

stopped-flow spectrophotometry at 395 nm with [Fdl]165 uM
and [S;03 7] varied between 0.72 and 9 mM.

tion of FdII by dithionite is comparable to that pre-
viously observed for the 2Fe-2S ferredoxin from
spinach (8.6 M~1/2 s71) or for 2 [4Fe-4S] ferredoxins
(11 M~ Y2571 19 M~Y/2 s71) [35]. The amplitude of
the absorbance change observed was consistent with
the complete reduction of both clusters of FdII,
whereas the observed rates of reduction were well
fit by a single exponential function indicating that
the two different clusters are indistinguishable by
this criteria. The appreciable intercept observed indi-
cates a significant rate of reverse reaction (2.89 = 0.1
s~1), which is to be expected due to the extremely
low potential of the 4Fe-4S cluster. On the other
hand, reduction of FdIl was comparatively sluggish
(Fig. 2) with a bimolecular rate constant of
1.69+0.14 M~1/2 57! In agreement with its previ-
ously determined redox potential (—490 mV, —510
mV, Table 1), there was little evidence of a reverse
reaction. As S,0O3™ is in rapid equilibrium with the
SO; radical anion;

k+l * —
8,0 &= 280,

the fact that the observed rate constant is propor-
tional to [S,077]'/? indicates that the reduction of
these ferredoxins occurs mainly by the SO} radical.
Therefore the true rate constant, k, is related to the
apparent rate constant, K,pp, by k= kapp/Kpr, Where
Kpr=kilk—;, =1.4 nM under the conditions used
here [36]. Thus, the true rate constants for reduction
of FdI and FdII are, 5.3x10* M~! s7! and 5.2%x 103
M~! s7!. These compare favourably with those de-
termined for ferredoxin I and ferredoxin II form De-
sulfovibrio desulfuricans, 6x10* M~! s7! and 4x10°
M~ s [37].
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Fig. 3. Dependence of kops on Fdl,x concentration for the oxi-
dation of NifFyq by Fdl,. The data were obtained by
stopped-flow spectrophotometry at 395 nm with [NifFyq] 4.4
UM and [Fdl] varied between 5.2 and 165 uM.

3.3. Interaction of NifF with FdIl and Fdl

We examined the interaction of NifF with FdII
and FdI by following the oxidation of NifFpq by
the oxidized ferredoxin species. In both cases, the
experimental data fit well to pseudo-first-order ki-
netics. Plots of ks versus [Fd] were linear through-
out the ranges of oxidized ferredoxin tested suggest-
ing that there is little specificity for complex
formation between NifF and the two different ferre-
doxins. The apparent bimolecular rate constants ob-
tained from the slopes of plots of ko, versus [Fd]
were: FdI, 2.08+0.05x10° M~ ! s~ (Fig. 3), FdII,
24+1x10° M~! s7! (results not shown). The reverse
reaction for the NifF-FdI couple was also examined.
Again, the reaction gave no indication of satura-
tion, and a plot of ky,s versus [Fd] was linear
with an apparent bimolecular rate constant of
125+£1.2x10° M~! s7! (Fig. 4). A lower limit to
K4 can be estimated as K=2500 uM (Table 2), if

7.54

5.04

Kl
kobs s

0.0

0 100 200 300 400 500 600

Fdl (uM)
Fig. 4. Dependence of kopns on Fdl.q concentration for the re-
duction of NifFsq by Fdl.q The data were obtained by
stopped-flow spectrophotometry at 580 nm with [NifFsq] 4.0
UM and [Fdl,eq] varied between 62.5 and 500 uM.
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0 10 20 30 40 50 60 70

[Fe-Protein] pM
Fig. 5. Reduction of Fdl,, by dithionite catalyzed by Fe-pro-
tein. The data were obtained by stopped-flow spectrophotome-
try at 395 nm with: [Fdl.], 15.7 uM; dithionite, 0.85 mM;
and Fe-protein varied between 14 and 64 uM. Data are plotted
as k' (where k' = kops—kobs ([Fe-P]=0) versus [Fe-protein].

one assumes that curvature would have been ob-
served at the highest [Fd] if it was 20% of Ky. The
ratio of the forward and reverse rate constants deter-
mined here, 0.166, is in relatively good agreement
with the theoretical value calculated from a consid-
eration of the relevant redox potentials, 0.246. (The
equilibrium constant was calculated according to E;
(A)—En7 (B)=RT/nF InK.) We examined the poten-
tial role of electrostatic interactions in the reaction
between NifF and FdI by examining the variation in
kobs With ionic strength (varied by addition of NaCl
up to a final concentration of 0.81 M). The linear
portion of a plot of In kg versus [NaCl]'/? gave a
slope of —0.98 +0.07 (results not shown), indicating
that electrostatic forces, either positive or negative,
do not play a significant role in the interaction of
NifF and Fdl.

3.4. Interaction of NifF and FdI with nitrogenase
Fe-protein

Of course, of major interest is the interaction of
FdI and NifF with the Fe-protein of nitrogenase (all
components from R. capsulatus) as steady-state ex-
periments in which potential electron carriers medi-
ate electron flow from illuminated chloroplast frag-
ments to nitrogenase have shown that both are
capable of reducing nitrogenase in this system
[14,23]. In order to study the interaction of R. cap-
sulatus electron carriers with Fe-protein, we adopted
an approach that has previously been developed and
used for studying the interaction of NifF and Fe-
protein with K. pneumoniae components [11]. It is
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Fig. 6. Reduction of NifFsq by dithionite catalyzed by Fe-pro-
tein. The data were obtained by stopped-flow spectrophotome-
try at 580 nm with: [NifFgq], 10.5 uM; dithionite, 0.85 mM;
and Fe-protein varied between 0.35 and 28.4 uM. Data are
plotted as 1/k" (where k' =kons—kobs ([Fe-P]=0) versus 1/[Fe-
protein].

not possible to measure the rates of electron transfer
in the physiologically important direction [NifFyq to
Fe-protein] as this reaction is too fast to measure
using conventional stopped-flow spectrophotometry
(see also [11]). Therefore, we measured this reaction
in the thermodynamically unfavourable direction,
(Fe-protein)yeq to NifFgq. In the presence of dithion-
ite, the following reaction scheme (adapted from [11])
applies:

NifFy, +[Fe-P],; == NifFy,[Fe-P]

red (k—
-1
2+ -
SO; k4 \LT k480,

NifF,
Under these conditions, electron transfer between
[Fe-Pl.s and NifFsg can be directly observed by
stopped-flow spectrophotometry due to the rapid re-
moval of [Fe-Pl,x by SO5, kis, which effectively
suppresses the back reactions, k—;, k—», k—3. In the
experiments described here the change in absorbance
at 580 nm (i.e. reduction of NifF) was well described
by a single exponential and the amplitude change
corresponded to complete reduction to the hydroqui-
none state, k3> k,,. Therefore the rate of reduc-
tion of NifFsq by Fe-protein can be described by:

K :
red (k——z) leFHQ [Fe - P]

If rapid pre-equilibrium binding of NifF to Fe-
protein is assumed (i.e. k—1>k.;), then (k. otk_1)/
k.1 reduces to k_i/ky1 =Kq4, the dissociation con-
stant for the complex. (Obviously an analogous
treatment applies to interaction of FdI and Fe-pro-
tein.) Here, we have applied this analysis to the R
capsulatus system, i.e. we examined the interaction of
NifF and FdI with the Fe-protein of nitrogenase by
examining their reduction by Fe-protein in the pres-
ence of sodium dithionite. For the reduction of FdI,
a plot of k', where k' = kops—kons ([Fe-P]=0), versus
[Fe-protein] was linear (Fig. 5), indicating that the
reaction was not saturated. The amplitude change
observed was consistent with complete reduction of
FdI. The slope therefore gives an apparent bimolec-
ular rate Kqk>. A lower limit to Ky can be estimated
as K=325 uM (Table 2), if one assumes that curva-
ture would have been observed at the highest [Fe-
protein] if it was 20% of K4. Thus FdI binds only
weakly to reduced Fe-protein. On the other hand,
the reduction of NifFsq by reduced Fe-protein
showed saturation, and the pre-equilibrium binding
constant Ky could be directly determined from a plot
of 1/k" versus 1/[Fe-protein] (Fig. 6). The determined

ox &= NifFyq +[Fe-P],

S0; kg N k580,

[Fe - P] red

K4 was 0.44 uM (Table 2), thus binding of NifF to
Fe-protein is at least three orders of magnitude
greater than the binding of FdlI.

We examined the potential role of electrostatic in-
teractions in the reaction between NifFsqg and re-
duced-Fe-protein by examining the variation in kqps
with ionic strength (varied by addition of NaCl up to
a final concentration of 0.81 M). The linear portion
of a plot of In kops versus [NaCl]'/? gave a slope of
—0.485%0.084 (results not shown). Redox reactions
in which electrostatic interactions have been shown

K, = k,Kp[S,0,71 [Niffy,] + k,, [Fe-P],, [Niff,]

K, K,
k + [Fe-P]

1 red
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Table 2

Bimolecular rate constants determined by stopped-flow spectrophotometry

Reactants ) Ky

FdII ([S,04]) 16.5£1.05 M~1/2 71

FdI ([S,04]) 1.69%£0.14 M~1/2 57!

Nif F(HQ) ([FdI]) 2.08£0.05x10° M~! 57! =850 uM
NifF(HQ) ([FdII]) 24+1x103 M1 g7 =188 uM
NifF(SQ) ([FdI]) 125+1.2%x10° M1 57! =2500 uM
Fdlpx ([Fe-Protein]+DT) 7.79+1.1x102 M~ 57! =325 uM
NifFsq ([Fe-Protein]+DT) 7.05x10° M~! s7! 0.44 uM

to be important demonstrate a much more marked
dependence of the second-order rate constant on
ionic strength. For example, In k, versus I'/2 for
the oxidation of flavodoxin semiquinone by cyto-
chrome ¢ has a gradient of —26 [4] and this measure
for the reduction of cytochrome ¢ by flavocyto-
chrome b, is —5.9 [38]. Thus, electrostatic forces,
either positive or negative, do not play a significant
role in the interaction of NifF and Fe-protein. Ionic
interactions have previously been shown to be impor-
tant in the interaction of Fe-protein and Mo-Fe-pro-
tein [39,40]. This is the first demonstration that the
tight complex observed between NifF and Fe-protein
([11], this study) is not primarily due to ionic inter-
actions between the two redox partners.

4. Conclusion

In this study we have carried out an initial kinetic
characterisation, using components derived from R.
capsulatus, of the interaction of FdI and NifF and
these proteins with the Fe-protein of nitrogenase. We
observed tight-binding between NifF and Fe-protein,
but not between FdI and Fe-protein. In a previous
equilibrium kinetic study where the amount of Fdl
added to a coupled system consisting of chloroplast
fragments and nitrogenase was varied, an apparent
K, of ~1 uM was determined [33]. However, in this
type of analysis, it is not possible to infer a disasso-
ciation constant for FdIl and nitrogenase since the
reaction involves multiple steps and clearly is not
described by a simple Michaelis—-Menton mechanism.
Thus it is not clear what relationship this apparent
K, has with Ky. In the present study, transient ki-
netic analysis, which offers a method for the direct
determination of dissociation constants, was used to

determine Ky, for FdI, NifF, and the Fe-protein
component of nitrogenase. In the only other transi-
ent kinetic study of the interaction of electron car-
riers with nitrogenase [11], tight binding was ob-
served between NifF and Fe-protein from K
pneumoniae, but in that case tight complex formation
required that the Fe-protein was complexed with
MgATP or MgADP. Thus we have extended the
previous studies to another bacterial system. Further
studies are needed to determine the effect of the pres-
ence of MgATP or MgADP on the R capsulatus
system.

It would be interesting to attempt to extrapolate
our results to the in vivo reduction of nitrogenase;
however, at present only rough estimates of the in
vivo concentrations the relevant redox proteins can
be made. Based upon purification results [14,26,23]
and immunoblot analysis [24], the approximate levels
of these proteins are: Fe-protein, 25 uM; FdI, 54
uM; NifF, 3.9 uM, giving a molar ratio of
1:2.2:0.16. The results reported here indicate that
Fdl, although present in high levels in vivo, interacts
only poorly in vitro with Fe-protein. It has been
previously suggested that in some organisms with
multiple low potential electron carriers, ferredoxin
and flavodoxin form a sequential electron transfer
chain to nitrogenase [12]. This appears to be unlikely
for R. capsulatus since we were unable to find any
evidence for specific complex formation between Fdl
and NifF. These considerations along with the ap-
proximate molar ratio of these proteins and the mid-
point potentials and kinetic constants determined
here, suggest that: (1) nitrogenase reduction by
NifF is significant even though NifF is present in
much smaller quantities that FdI; (2) NifF probably
does not function as a redox mediator between FdI
and Fe-protein, but may form a parallel electron
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path to nitrogenase, or interact with its own specific
reductase; and (3) the ultimate reductant should
have an E,, >—500 mV and Fe-protein an E, of
~ —440 mV, intermediate between that of K pneu-
moniae (—398 mV) and A. vinelandii (—480 mV).
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