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ABSTRACT: The [Fe4S4] cluster of the nitrogenase Fe protein from Azotobacter
vinelandii can exist in three redox states: oxidized [Fe4S4]

2+, dithionite reduced [Fe4S4]
1+,

and two forms of the all ferrous [Fe4S4]
0, S = 4 and 0. Operation of the [Fe4S4]

2+/ [Fe4S4]
1+ redox couple transfers one electron

to the MoFe protein during catalysis with hydrolysis of two MgATPs. In contrast, the [Fe4S4]
2+/[Fe4S4]

0 couple transfers two
electrons per binding event, accompanied by hydrolysis of only two MgATPs. Both reactions occur at nearly identical rates even
though the number of electrons transferred differs by a factor of 2. MgATP and MgADP facilitate interconversion of the three
redox states: 2[Fe4S4]

1+ + 4 MgATP = [Fe4S4]
2+(MgATP)2 + [Fe4S4]

0(MgATP)2, as demonstrated by the MgATP reaction. This
reaction was investigated as a possible precursor reaction to provide two electrons in the form of [Fe4S4]

0(MgATP)2 for delivery
to the MoFe protein to then conduct a two-electron substrate reduction. However, experiments showed that this
disproportionation reaction, which readily occurs, was not viable during nitrogenase catalysis utilizing the [Fe4S4]

1+ cluster state.
The known cooperative behavior of the Fe protein in the [Fe4S4]

1+ state taken together with a measured turnover potential of
−460 mV with an n = 2 value, suggest a gating process on the MoFe protein involving a two electron step.

Nitrogenase is a protein complex consisting of two
dissimilar metalloproteins that operates in the input leg

of the earth’s nitrogen cycle to catalyze the formation of
ammonia from atmospheric N2.

1,2 The smaller Fe protein (α2,
Mr = 64 kda) has two ATP binding sites and a redox-active
[Fe4S4] cluster. The protein structure changes in the presence
of nucleotides3,4 and the [Fe4S4] cluster redox potential
becomes more negative. The larger MoFe protein (α2β2, Mr

= 230 kda) contains two pairs of complex metal clusters: the P-
clusters (Fe8S7) bridging αβ subunits and the FeMoco centers
(MoFe7S9-homocitrate) located in the α subunits.5,6 During
enzymatic catalysis, the Fe protein reduction cycle transfers low
potential electrons produced during ATP hydrolysis to the P-
clusters, which in turn transfers electrons to FeMoco centers.
Multiple electrons are either initially stored in the MoFe
protein metallo centers or accumulate there during the Fe
protein cycle in preparation for reduction of the natural
substrate N2 and alternate substrates such as acetylene, H+, and
others.7,8

Nitrogenase catalysis is initiated by ATP binding to the
reduced Fe protein, which shifts the redox potential of the
[Fe4S4]

1+ cluster to −460 mV followed by specific binding of
the activated Fe protein to the MoFe protein. An electron is
transferred to the metal clusters of the MoFe protein coupled
with the hydrolysis of two MgATPs.7,8 However, this process is
more complicated than outlined because the number of
electrons transferred by the Fe protein cycle can be one or
two depending upon the reductant.9,10 Dithionite is the most
commonly used artificial reductant and during catalysis only
supports the [Fe4S4]

2+/[Fe4S4]
1+ redox couple resulting in a

one-electron transfer to the MoFe protein per cycle. As two,
one-electron Fe protein cycles are required for each two-

electron substrate-reduction step, 4−5 ATPs are typically
hydrolyzed.
If reductants are used that support the [Fe4S4]

2+/[Fe4S4]
0

redox state, including the natural flavoprotein reductant, an
apparent two-electron Fe protein cycle operates and the ATP
requirement is halved to values near 2.0.10−12 At specific Fe/
MoFe protein ratios and reductant concentrations, both redox
couples can operate either separately or concurrently, resulting
in ATP/2e values ranging from 2.0 to 5.0.10 What is unusual
about the use of either redox couple (or a combination of both)
is that the rate of substrate reduction is independent of whether
two one-electron transfer reactions occur during which two
ATPs are hydrolyzed at each step or if a two-electron transfer
reaction occurs with hydrolysis of only two ATPs.11,12

Measuring nearly identical rates using the two different redox
states of the Fe protein is not consistent with the well-accepted
view that dissociation of the oxidized Fe protein from the MoFe
protein is the rate-limiting step in nitrogenase catalysis.7,8 If Fe
protein dissociation is rate limiting, the rates should differ by a
factor of 2 between these two Fe protein redox couples instead
of being invariant. This important result shifts focus on how
single and double electron transfers are accommodated and
accumulate at the MoFe protein. An electron gating process has
been proposed13,14 to be operative in the MoFe protein that is
initiated by the Fe protein binding to the MoFe protein. This
gating process is likely the controlling factor of electron flow
into the MoFe protein from either the one- or two-electron
reduced Fe protein.
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The process by which electrons are transferred to the MoFe
protein becomes an important mechanistic issue because the
turnover potential of the MoFe protein was shown by four
independent studies to occur as a rate limiting step near −460
mv with an n = 2 value.15−18 What is significant about these
results is that all four reports used the [Fe4S4]

2+/[Fe4S4]
1+

redox couple for single-electron transfers to the MoFe protein.
An n = 2 value for nitrogenase turnover requires that two
single-electron transfers from Fe protein cycles occur in rapid
succession before a two-electron substrate reduction (2H+ + 2e
= H2) occurs at the MoFe protein. A cooperative interaction of
the Fe protein with the MoFe protein was demonstrated from
steady-state kinetic measurements and is consistent with an n =
2 value.18,19 The recent gating proposal13,14 is applicable if two
sequential Fe protein interactions occur and two electrons are
transferred in the gating process.
The results just outlined form a quite different mechanistic

view of how nitrogenase catalysis is conducted. To further
evaluate and possibly extend this view, we have considered an
alternate possibility for delivering two electrons to the MoFe
cofactor center to satisfy both the n = 2 requirement and the
operating turnover potential of −460 mV observed during
nitrogenase turnover.
The [Fe4S4]

0 form of the Fe protein (either S = 4 or S = 0) is
now well established as an effective catalytic form of the Fe
protein, which functions during nitrogenase catalysis to deliver
two electrons per binding event.9−12 Its formation was
previously proposed to occur by Reaction 1.9 The hypothesis
we wish to explore arises from Reaction 1 and examines the
possibility that the [Fe4S4]

0 form of the Fe protein first forms
either by Reaction 1 or a nucleotide-assisted variation of it
shown as Reaction 1a.

= +2Fer Feo Ferr (1)

= +2Fer(ATP)2 Ferr(MgATP) Feo(MgATP)2 2 (1a)

[Fe4S4]
0 would then function by transferring two electrons to

the MoFe protein at its known redox potential of −460 mV in a
single n = 2 step consistent with the measured turnover
potential of −460 mv.15−18 In what follows, Feo, Fer, and Ferr
are used as convenient abbreviated forms for reactions of the Fe
protein for the respective cluster states [Fe4S4]

2+, [Fe4S4]
1+, and

[Fe4S4]
0.

Evaluation of the above-discussed hypothesis would not only
examine an alternate mechanistic view of electron transfer
during nitrogenase catalysis, but also provide a better
understanding of how the [Fe4S4] cluster states of the iron
protein are interconverted. Here, we report three developments
regarding the interaction of the Fe protein during nitrogenase
catalysis and their mechanistic implications. The first is the use
of formadine sulfinic acid to form the all ferrous S = 0 cluster
spin state of the Fe protein. The second is the nucleotide
assisted interconversion reactions of Feo, Fer, and Ferr shown
in Reaction 1. Finally, the rates for electron transfer to the
MoFe protein from both Fer and Ferr are compared during
nitrogenase catalysis.

■ MATERIALS AND METHODS
Formadine sulfinic acid (FSA) was obtained from Sigma at 98%
purity. Ti(III)-citrate (Ti(III)) solutions were prepared from
TiCl3 and standardized as previously described.10 Conditions
were chosen where inhibition by Ti(IV) and citrate were
minimized.10 Azotobacter vinelandii Fe and MoFe proteins with

specific activities of 1700−2100 nmol H2 mg−1min−1 were
obtained as previously described.12 Fe protein was further
purified by passing it 3−4 times through a 2.5 × 150 cm
Sephacryl column equilibrated with 0.05 M Tris, 0.05 M NaCl,
pH 7.5, containing 1.0 mM sodium dithionite (DT). After this
purification, Fe protein contained no contaminating MoFe
protein as evidenced by adding MgATP to Fer in the absence
of added reductant and measuring no H2 or ethylene formation
from acetylene. Coulometry on the various forms of the Fe
protein was carried out as previously described.9

Fer in the absence of reductant was prepared for kinetic and
equilibrium measurements by reduction with excess DT
followed by size-exclusion chromatography on Sephadex G-25
columns equilibrated in 0.05 M Tris, 0.05 M NaCl, pH 7.5, free
of DT. Ferr was prepared in a similar way after reduction with
0.1 M FSA. In some experiments, Ferr(MgATP)2 was obtained
by Reaction 1a as described later. EPR and vis−UV spectra
were obtained as previously described.9−12 All preparations
were conducted in a Vacuum Atmospheres Glove Box under N2
or argon with O2 levels <1.0 ppm.
Two types of kinetic measurements were conducted that

compared the rates of Fer and Ferr utilization during
nitrogenase catalysis by using an HP 8453 or a Cary 118
spectrophotometer with the cell compartments controlled at
30.0 °C. The first followed the rate of utilization of DT and
Ti(III) at a Fe/MoFe ratio of 5.0 in 0.05 M MOPS pH 7.4 in
the presence of the MgATP regenerating system under both
argon and nitrogen atmospheres. Anaerobic buffer containing
the nitrogenase proteins was equilibrated at 30 °C and then a
concentrated MgATP regeneration system was added to a final
MgATP concentration of 5 mM to initiate the reaction. The
absorbance change was monitored as a function of time and in
identical but separate experiments MgADP was determined by
HPLC analysis.11 In the second type of experiment, 100−1000-
fold excess Fer or Ferr over MoFe protein, all free of DT, were
prepared as described above and were equilibrated at 30 °C.
MgATP was then added to 5 mM to initiate the reaction and
the absorbance change for Fer or Ferr→Feo was monitored at
400, 430, or 460 nm as the Fe proteins were oxidized and
produced H2 (argon) or NH3 (N2). In identical but separate
experiments, MgADP formation was determined by HPLC.11

■ RESULTS
MV at 0.1 mM, Ti(III) at <3 mM and DT at 20 mM only
support the [Fe4S4]

2+/[Fe4S4]
1+ redox couple of the Fe protein,

giving ATP/2e values near 5.0.10 In contrast, Azotobacter
vinelandii flavoprotein, Ti(III), and MV at higher concen-
trations support the [Fe4S4]

2+/[Fe4S4]
0 redox couple giving

ATP/2e values of 2.0.9,12 Ti(III) is unusual in that it forms a
catalytically functional S = 4 spin state20 of the [Fe4S4]

0 cluster,
whereas the other reductants exclusively form an S = 0 state.12

The use of these three reductants for [Fe4S4]
0 formation is

complicated because they or their products have strong g = 2.0
EPR signals or strong optical absorption in the UV−visible
region, which interfere with the observation of [Fe4S4]

0.
Formation of Ferr (S = 0). Figure 1 shows the optical

spectrum of Ferr formed by reduction of Fer by FSA (E1/2 =
−1.2 V). The reaction is slow (∼1 h, 40 °C) as shown in the
inset and the visible spectrum does not show a peak at ∼520
nm characteristic of the S = 4 Fe protein but instead shows an
absorbance decrease from 400 to 800 nm and an increase
between 350 and 400 nm. The rate of reduction of Fer to Ferr
by FSA is first order in both Fer and FSA. The g = 2
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perpendicular EPR signal of Fer is eliminated and no new EPR
signals are observed, results consistent with formation of S = 0
Ferr.12 The inset shows that the overall rate of Fer reduction is
similar with or without added MgADP but the initial small lag
phase noted in the absence of nucleotides is eliminated with
MgADP.
The addition of MgATP to 5 mM does not perturb the

absorption spectrum of Ferr, so MgATP binding cannot be
confirmed by this method. However, by analogy to Fer, whose
spectrum is not perturbed by MgATP but binding is known to
occur, MgATP binding to Ferr is expected (see later).22

Figure 2a shows that the addition of Ti(III) to Fer initially
forms stable Ferr (S = 4). The addition of DT causes an
increase in absorbance at 360 nm but the absorbance remains
constant indicating no reaction with DT occurs. In contrast, the
addition of DT to Ferr (S = 0) formed by reduction with MV
(or FSA) causes immediate loss of DT monitored at 360 nm.
For this latter reaction, a higher concentration of DT was used
to clearly demonstrate DT loss. The difference in background
absorbance in Figure 2a and b arises from the presence of
Ti(III) and MV in the solution. An all-ferrous cluster forms in
both experiments but in different spin states. The ability of the
all ferrous cluster to catalyze DT decomposition is therefore
determined by specific reactivity of its S = 0 spin state.
Disproportionation of Fer. An earlier report suggested

that Ferr could be formed from Fer by three Reactions 1−3 and
might be relevant to nitrogenase catalysis.9 Each of these
reactions has now been examined and their properties and
viability as catalytic species during nitrogenase catalysis have
been evaluated.

= + =K2Fer Feo Ferr 0.0035 (1)

= +

=K

2Fer(ATP)2 Ferr(MgATP) Feo(MgATP)

7.4
2 2

(1a)

+ = + +

= × −K

2Fer 4ATP Feo(MgADP) Ferr(MgATP) 2Pi

5.5 10 M
2 2

18 2 (2)

+ = +

= × −K

2Fer 4ATP Feo(MgATP) Ferr(MgATP)

1.5 10 M
2 2

12 4 (3)

Reaction 1. Reaction 1 is the spontaneous disproportiona-
tion of Fer into Feo and Ferr. The free energy change was
calculated9 as +14.5 kJ/mol (K = 0.0035), which predicts that
the equilibrium for Reaction 1 lies the left. Reaction 1a is a
variation of Reaction 1 and represents what would occur in the
cell where ATP is present at 5.0−10.0 mM. This reaction shows
that the equilibrium is shifted to the right as a consequence of
binding of MgATP to both Feo and Ferr.
Making DT-free Fer and then conducting three separate

experiments confirms the prediction of Reaction 1. Optical and
EPR samples of DT-free Fer were first prepared and their
spectra recorded. Excess DT was added to each and the spectra
compared. No differences in signal intensities were observed
indicating that Fer in the absence of added reductant was fully
present due to the equilibrium being to the left and inadvertent
oxidation not having occurred. Coulometry also verified that
Feo was not present. Reduction at −800 mV demonstrated a
one-electron reduction and the formation of Ferr as previously
described.9 Fer prepared in the absence of external reductant
was used in Figure 3 and other experiments described below.

Reaction 2. This reaction represents the highly spontaneous
disproportionation of 2Fer to Feo and Ferr assisted by ATP
hydrolysis to form ADP and the subsequent binding of ADP
and ATP to the latter two species, respectively. This reaction
would account for the formation of Feo(ADP)2 formed during
nitrogenase catalysis and would provide for the formation of

Figure 1. Reduction of Fer (blue spectrum) by 0.10 M formadine
sulfinic acid at 40 °C at pH 7.5 in 0.05 M Tris buffer containing 0.05
M NaCl to form Ferr (red spectrum). The inset shows separate
progress curves for reduction of Fer to Ferr monitored at 460 nm in
0.10 M FSA (upper curve) and the same reaction in the presence of 5
mM MgADP (lower curve).

Figure 2. DT reactivity of Fe protein with spin states of S = 4 and S =
0. (a) 65 μ Fe protein in 0.05 M Tris containing 0.05 M NaCl pH 7.5
was incubated with 105 μM Ti(III) and DT added to 0.70 mM at 100
s and monitored at 360 nm (ε = 425 M−1 cm−1. (b) Same as (a)
except MV replaced Ti(III) forming the S = 0 EPR spin state and DT
was added to 2.1 mM to initiate the reaction at 100 s.
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mechanistically viable Ferr(MgATP)2 that would transfer two
electrons to the MoFe and hydrolyze only two ATPs during
catalysis. The overall ATP/2e value would be 4.0, resulting
from the hydrolysis of two ATPs via reaction 2 and the
subsequent hydrolysis of two ATPs during the two-electron
transfer from Ferr(ATP)2 to the MoFe protein. While of
potential interest because Ferr(MgATP)2 forms upon addition
of MgATP, this reaction is not mechanistically viable because
addition of ATP to Fer does not form ADP as confirmed by
HPLC and by the absence of the optical spectrum of
Feo(ADP)2.
Reaction 3. This reaction represents the MgATP assisted

disproportionation of Fer into Feo(ATP)2 and Ferr. However,
when the free energy change for reaction 3 was initially
calculated,9 the binding of MgATP to Ferr was not established
and the free energy calculation did not include MgATP binding
to Ferr. The results now show that MgATP binds to Ferr,
making this reaction even more spontaneous (K = 1.5 × 1012

M−4) than originally determined.
Figure 3 shows the optical spectrum of Fer (red) and the

resulting spectrum (black) after MgATP is added. The original
spectrum of Fer undergoes a decrease in absorbance from 300
to 390 nm and an increase from 390 to 550. The use of highly
purified Fe protein free of MoFe protein was essential because
the presence of ∼nanomolar quantities MoFe causes immediate
enzymatic turnover with formation of H2 and Feo(ADP)2 as
shown by Reaction 4 and the top (green) spectrum in Figure 3.

+ = + +2Fer 4MgATP 2Feo(MgADP) H 4Pi2 2 (4)

The green spectrum and coulometry show that catalytic
oxidation of Fer by Reaction 4 did not occur but that Fer
has undergone Reaction 3.
Close inspection of the ATP-modified spectrum of Fer

(black) in Figure 3 shows similarities to Feo(ATP)2 shown as
the upper spectrum but is of a lower intensity. Using the
spectrum of Ferr in Figure 1 and the spectrum of Feo(ATP)2
previously published,22 the black, modified spectrum of Fer in
the presence of MgATP was resolved into a 1:1 mixture of
Ferr(MgATP)2 and Feo(ATP)2, in accordance with Reaction 3.
Coulometry gave a value of 0.47 ± 0.05 e/Fer, a value
consistent with Reaction 3, suggesting an ATP-assisted
disproportionation reaction with formation of Feo(MgATP)2
and Ferr(MgATP)2. The absence of an absorption band at 520
nm demonstrates the absence of the S = 4 spin state and the
exclusive formation of Ferr (S = 0).
Figure 3(a) is an optical titration of Fer with MgATP and

shows the stepwise conversion of Fer into Feo(MgATP)2 and
Ferr(MgATP)2. The optical titration results are shown in
Figure 4 along with corresponding EPR results from which an
overall equilibrium constant of 1.5 × 1012 M−4 was calculated.
The following set of reactions and previous results9 for
Reactions 5 and 1 combine to yield Reaction 6 giving an
MgATP binding constant of 6.6 × 106 M−2. This value
represents modest MgATP binding and is slightly larger than
that of 4.5 × 105 M−2 for ATP binding to Fer calculated
previously22 and known to be a functional species during
nitrogenase catalysis.

Figure 3. Main figure shows the optical spectrum of reduced but DT-free Fe protein (red). MgATP was then sequentially added as shown by the
optical titration from 320 to 400 nm in Inset (a), which attained a final concentration of 5.0 mM giving the black spectrum. Inset (b) shows the
reaction of reduced Fer in 5.0 mM MgATP, which has undergone Reaction 3, with 0.37 μM MoFe, and the resulting Fer(MgATP)2 is oxidized
according to Reaction 4 giving the green spectrum.
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+ = +

= × −K

2Fer 4MgATP Feo(MgATP) Ferr(MgATP)

1.5 10 M
2 2

12 4 (3)

= +

= × −K

Feo(MgATP) Feo 2MgATP

1.5 10 M
2

8 2 (5)

+ = = ×KFeo Ferr 2Fer 2.9 102 (1)

+ =

= × −K

Ferr 2MgATP Ferr(MgATP)

6.6 10 M
2

6 1 (6)

Addition of MgADP to Fer produced similar optical changes
but they differ slightly from those with MgATP, indicating that
MgADP causes a related reaction but perturbs the cluster
differently than MgATP, consistent with the observed optical
spectrum of Feo(ADP)2. The reaction required a higher
concentration of MgADP than that shown in Figure 3a,
suggesting that MgADP is less effective than MgATP in
promoting the MgADP equivalent of Reaction 3. The results
indicate that MgADP binding to Ferr is weaker than to Feo and
Fer.
Reaction 3 shown as inset (a) in Figure 3 might suggest a

mechanism where Fer disproportionation first occurs forming
Ferr(MgATP)2, which then transfers two electrons to MoFe to
initiate catalysis as shown as Inset (b) in Figure 3 with
hydrolysis of two MgATPs. However, two factors argue against
this possibility. The first is that Reaction 3 occurs over several
seconds and this non-instantaneous rate could limit Reaction 3
as a viable step in nitrogenase catalysis unless it is catalyzed by
its interaction with the MoFe protein.
The more serious problem is illustrated by Reactions 3−7,

which show that Fer could produce the mechanistically viable
Ferr(MgATP)2 by Reaction 3 and produce H2 and hydrolyze
two MgATPs. Reaction 4 requires the presence of MoFe
protein to complete the catalytic step (Figure 3b) and
Feo(MgATP)2 formed in Reaction 3 can be subsequently

Figure 4. Plot of the optical titration results in Figure 3(a) monitored
at 350 nm (⧫). EPR amplitude at g = 1.94 (right axis) taken during the
optical titration (■). An equilibrium constant of 1.5 × 1012 M−4 was
determined.

Figure 5. Reaction of Fer (no DT) with MoFe in the presence of 5.0 mM MgATP regeneration system monitored at 425 nm. 30.3 μM Fer and 1.12
nM MoFe in 0.05 M Tes pH 7.4 were equilibrated at 30 C and then MgATP regeneration system was added to 5.0 mM MgATP. A zero order
reaction occurred to ∼100 s from which a specific activity of 2514 nmol H2/min-mg was calculated. A first order reaction from ∼150 to 300 s
occurred (see inset) as Fer was completely oxidized giving a specific activity of 2733 nmol H2/min-mg. Ln(Ainf-A) is the ln of the absorbance after
the reaction is completed minus the absorbance at a given time plotted as a function of time.
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reduced to Fer(MgATP)2 and disproportionate again to form
Feo(MgATP)2 + Ferr(MgATP)2

+ = +2Fer 4MgATP Feo(MgATP) Ferr(MgATP)2 2
(3)

+

= + + +

+Ferr(MgATP) 2H

Feo(MgADP) H 2MgADP 2Pi
2

2 2 2 (4)

+ = +

+ +

2Fer 4MgATP Feo(MgATP) Feo(MgADP)

H 2Pi
2 2

2 (7)

Inspection of Reaction 7 shows the important result that the
MgATP in the product Feo(MgATP)2 has not been hydro-
lyzed, so the net utilization of MgATP is only 2MgATPs per
H2. This gives an ATP/2e value of 2.0 and not 4.0−5.0 as is
observed from operation of the Fer protein cycle. This result
combined with the marginal rate of Reaction 3 demonstrates
that Reaction 3 cannot be a component reaction of nitrogenase
catalysis using Fer. We conclude that even with the various
interconversions of Fer outlined above that could produce
Ferr(MgATP)2 as a viable intermediate, none are feasible.
Therefore, only single electron transfers are possible using Fer,
which result in ATP/2e values of 4−5.
Having concluded that Reactions 1−3 are not mechanisti-

cally viable, we evaluated the relative catalytic rates of
nitrogenase catalysis using Fer and Ferr to provide further
insights into the reactivity of Fer and Ferr in the S = 4 and S = 0
spin states.
Fer as Electron Donor. Figure 5 shows the rate of Fer

oxidation when reductant-free Fer and MoFe protein are first
combined followed by addition of MgATP to initiate the
reaction. This sequence of addition eliminates Reaction 3 from
first occurring and assures that Fer is the initial reductant and
not Ferr. The resulting rate profile consists of two regions: a
linear zero order reaction and a first order reaction beginning
about halfway through the reaction as Fer becomes limiting.
From both kinetic regions, specific activities of 2514 and 2733
nmol H2/mgMoFe-min were determined, respectively, com-
pared to 2100 nmol H2/mg.MoFe-min determined by assay
procedures using DT. The ∼25% increase in specific activity
could be due to a combined consequence of Feo reduction by
DT, which is not instantaneous,23,24 and nucleotide exchange.
The rate of Fer oxidation varies linearly with a 15-fold variation
of MoFe protein, indicating first order behavior in both
proteins. Reaction 4 occurs at a MoFe protein concentration <1
nM and yields a dissociation constant of <10−7 M−1, a similar
value reported from protein dilution studies.25,26 Removal of
such small amounts of MoFe protein requires rigorous
purification of the Fe protein prepared by standard isolation
procedures.
ATP/2e values of 4−5 were determined, demonstrating that

the Fe protein transfers a single electron to MoFe protein with
hydrolysis of two MgATPs. The reaction in Figure 5 consists of
two cooperative binding and two dissociation steps of Fer to
deliver two electrons to the MoFe protein and serves as a
reference for reactions discussed next.
Ferr as Electron Donor. Figure 6a shows the rate of

reaction of Ferr (S = 4) with MoFe protein initially in ∼4.0
mM Ti(III) during which Ti(III) was totally consumed. At 4.0
mM Ti(III), Ferr(MgATP)2 is the functional Fe protein species
but as Ti(III) is consumed, the reaction transitions into the

reaction dominated by Fer(MgATP)2, with intermediate
reaction simultaneously operating with both Ferr(MgATP)2
and Fer(MgATP)2. The rate of Ti(III) utilization is essentially
constant demonstrating a constant rate of electron transfer
from Ferr(MgATP)2, Fer(MgATP)2, or a mixture of both to
the MoFe protein. However, ATP/2e values indicate that the
rate of MgATP hydrolysis increases ∼2.5-fold under the same
conditions. The ATP/2e values were determined in separate
experiments with the reactions initiated at the indicated initial
Ti(III) concentrations.10 The results are consistent with a
constant rate of electron transfer to the MoFe protein
independent of the redox state of the Fe protein but with a
∼2.5-fold increase of MgATP hydrolysis during the reaction
sequence.
Close inspection of Figure 6a reveals that near 500 s a small

deviation in rate is observed. Analysis of the linear portion from
82 to 262 s and that from 442 to 722 s shows the former rate is
∼1.10 times faster than the latter. This result has been observed
consistently in five separate experiments and suggests that
Ferr(MgATP)2 reacts slightly faster than Fer(MgATP)2. This
behavior is not seen in Figure 6b, which utilizes the S = 0 form
of Ferr and suggests that the S = 4 state may react slightly faster
than the S = 0 or Fer forms of the Fe protein.

Figure 6. Oxidation of Ferr (S = 4) and Ferr (S = 0) by MoFe protein.
(a) A 5/1protein ratio of Fe/MoFe in 0.050 M Mops pH 7.4
containing ∼4.0 mM Ti(III) was equilibrated at 30 °C and a
concentrated MgATP regeneration system was added to initiate the
reaction. The Ti(III) concentration was followed at 340 nm as the
nitrogenase catalyzed reaction transferred electrons from Ti(III)
through the Fe protein to form H2. ATP hydrolysis was monitored by
HPLC and shown as the ATP/2e ratio on the right axis. (b) 15 μM
Ferr (S = 0) prepared by Reaction 3 was equilibrated at 30 °C with 3.2
nM MoFe in 0.05 M MOPS buffer pH 7.4 and MgATP was added to
5.0 mM to initiate the reaction. MgADP was measured by HPLC in
separate but identical reactions at the indicated times and converted
into ATP/2e values (right axis).
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Figure 6b shows the kinetic profile for oxidation of
Ferr(MgATP)2 (S = 0), formed by Reaction 3, to form H2
and hydrolyze MgATP (right axis). During this reaction,
Ferr(MgATP)2 is initially oxidized to Feo(MgADP)2 with a
measured ATP/2e value of ∼2.0. However, as the reaction
proceeds, the concentration of Feo(MgADP)2 increases and,
with nucleotide exchange, immediately reacts with the
remaining Ferr(MgATP)2 to form 2Fer(MgATP)2 (the reverse
of Reaction 1a). Fer(MgATP)2 then reacts according to Figure
5, producing an ATP/2e value of ∼5.0. The limiting ATP/2e
values reported in Figure 6b are consistent with Ferr(MgATP)2
transforming into Fer(MgATP)2, with overall ATP/2e values
increasing from ∼2.0 to ∼5.0 and giving an average cumulative
ATP/2e value near 3.8.
The rate of electron transfer remains constant at 2.8 × 10−8

M/s up to ∼480 s but during this time interval the species
change from Ferr(MgATP)2 to a mixture of Ferr(MgATP)2
and Fer(MgATP)2 and finally to Fer(MgATP)2 as the
dominant species at ∼300 s. The rate of electron transfer is
constant and independent of whether Ferr(MgATP)2 or
Fer(MgATP)2 or both is the electron donor, but the rate of
MgATP hydrolysis increases by a factor of ∼2.5 as the species
distribution changes. The results are consistent with a single,
two-electron step when Ferr(MgATP)2 reacts but with two,
single-electron steps for Fer(MgATP)2 interacting with the
MoFe protein with both reactions occurring at the same rate.
The results presented here and previously10,12 show that the

rate of nitrogenase catalysis is identical when Ferr (S = 4 or 0)
or Fer (S = 1/2, 3/2) is the electron donor to the MoFe
protein, even though the number of electrons transferred with
each MoFe encounter differs by a factor of 2. Dissociation of
the Fe protein cannot be the rate-limiting step because the rates
should differ by a factor of 2 instead of being invariant. We
conclude that the rate-limiting step occurs after the
accumulation of two electrons within the MoFe protein as
observed previously for nitrogenase turnover.15−18

Further information regarding the interaction of Fer and
both forms of Ferr with the MoFe protein was obtained by
measuring their rates of reactions at a MoFe concentration of
0.92 nM. Under these conditions, Fer is oxidized rapidly similar
to Figure 5, but when either form of Ferr reacted under similar
conditions, no Ferr oxidation occurred. The results actually
showed that the [Fe4S4]

0 cluster was slowly removed,
presumably by chelation of Fe2+ by the phosphate species
present in the MgATP regeneration mixture. As the MoFe
protein concentration is increased, cluster destruction is
minimized and a low level of reactivity similar to Figure 6b is
observed. Only when the MoFe protein concentration is >5-
fold higher than the concentration where Fer rapidly reacts
does the Ferr (S = 0) cluster react at a rate comparable to that
of Fer. The Ferr (S = 4) species requires a slightly higher MoFe
protein concentration to react, suggesting it has an even lower
affinity for the MoFe protein than the Ferr (S = 0) cluster state.

■ DISCUSSION

Figure 1 shows that reduction of Fer by FSA to form Ferr is a
simple method for forming Ferr with S = 0. FSA also reduces
Feo first to Fer and then Fer →Ferr, with the former step being
slightly faster. The value of using FSA is that it can be obtained
in a pure state (>98%), the dry solid is not oxidized by air, and
it does not have optical or EPR spectral properties that interfere
with observing the various redox states of the Fe protein.

Aqueous solutions are very slowly oxidized by O2 and require
anaerobic conditions.
FSA reacts at a similar low potential27−29 as DT (SO2

−) and
raises the question, “why doesn’t DT form the all-ferrous
state?” The likely explanation is that FSA can be obtained in a
pure state, whereas DT has significant amounts (>15%) of
impurities.21 If DT forms the all-ferrous state, the impurities
oxidize it to Fer as previously proposed.9 Formation of the all
ferrous cluster using Ti(III) does not decompose DT and
suggests that the S = 4 spin state cannot interact with DT or its
impurities. However, the S = 0 form readily reacts with and
destroys DT (Figure 2b). This result predicts that pure DT
should readily form Ferr with S = 0.
The first report9 of the all-ferrous cluster in the nitrogenase

Fe protein used MV as reductant and consequently formed Ferr
with S = 0. The S = 0 spin state also readily forms by reduction
with the natural flavoprotein reductant.12 Other studies used
Ti(III) and formed Ferr with S = 4.20 While it is important to
clarify which form of the Ferr is being used in nitrogenase
experiments, the results reported here show that all reduced
forms of the Fe protein react with the MoFe protein at identical
rates during catalysis. Nevertheless, a proper description of the
redox state of the Fe protein used for catalysis is important in
clarifying other aspects of nitrogenase reactivity. From the
results reported previously9,12 and confirmed and extended
here, it is possible to form the all-ferrous Fe protein (S = 0)
with reduced methyl viologen,9 flavoprotein,12 and now FSA or
by Reaction 3.
The results reported here demonstrate an important aspect

of nitrogenase catalysis. Electron transfer to the DT-reduced P-
clusters (S = 0) of the MoFe protein from Fer with a spin state
(S = 1/2 and 3/2) mixture,30,31 Ferr with S = 4, or Ferr with S
= 0 occurs at identical rates even though large spin state
changes are normally associated with slow rates of reaction (see
Figure 2). Oxidized P-clusters32,33 also have spin state mixtures
(S = 3/2, 5/2, etc.) as do reduced P-clusters.34 The magnetic
state flexibility of the P-clusters is likely responsible for
accommodating the various spin states of the Fe protein to
eliminate these kinetic barriers.
The prediction was previously made that interconversion

from 2Fer → Feo + Ferr (Reaction 1) was unfavorable.9

However, other results (Reactions 2 and 3) and Reaction 1b
suggest that such interconversions to Ferr(MgATP)2 are
allowed and might be relevant to nitrogenase catalysis. These
predictions have now been examined and indicate that, while
the cluster state of Fer can be manipulated to form Ferr by
addition of nucleotides, these interconversions do not take
place prior to catalysis and are not relevant to nitrogenase
catalysis when Fer is the reductant. The results show that Fer
only functions as a single electron reductant during nitrogenase
catalysis but two, cooperative, single electron interactions with
the MoFe protein are required in a rate-determining step.18,26

The S = 0 all-ferrous cluster is readily formed by FSA (Figure
1) as well as by the natural nitrogenase reductant flavoprotein
and is likely of physiologically importance. The facile
interconversion of Fer occurs and forms Ferr(MgATP)2,
which catalytically transfers two electrons to MoFe during
each catalytic step (Figures 3b and 6b). The current view of
nitrogenase catalysis is that the Fe protein cycle delivers
multiple electrons to the resting state of the MoFe protein by
identical one-electron steps and that Feo(MgADP)2 dissociation
is the rate limiting step.7,8 This view cannot be correct. Steady
state kinetic measurements previously demonstrated that
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cooperative and therefore nonidentical reactions of the Fe
protein occurred with the MoFe protein.18,26 Fe protein
cooperatively explained the behavior known as MoFe protein
inhibition at high MoFe/Fe protein ratios.18,26 Figure 6 and
previous results10,12 clearly show that the rate of nitrogenase
catalysis is independent of whether the Fe protein functions to
deliver two electrons to the MoFe protein in two one-electron
steps or in one two-electron step. The significance of this result
is that if dissociation of the “spent” Feo(ADP)2 is rate limiting,
then the rates of these two processes should differ by a factor of
2. Because they do not, we conclude that Fe protein
dissociation is not the rate-limiting step. Previous nitrogenase
turnover results show that the rate-limiting step occurs as an
accumulation of two electrons and establish that nitrogenase
turnover requires a two-electron step.15−18 The present results
suggest that accumulation of two electrons or their internal
electron transfer within the MoFe protein is responsible for the
rate-limiting step during nitrogenase catalysis. This conclusion
is consistent with a gating process occurring within the MoFe
protein that is triggered by the Fe−MoFe protein interaction
prior to electron transfer13,14 to reducible substrate, but the
results presented here suggest it is a two-electron gating
process. The redox state of the reduced Fe protein therefore
controls the amount of ATP consumed during electron transfer
but does not control the rate of catalysis. The rate of catalysis
remains constant and is determined by the MoFe protein and
independent of the redox state of the Fe protein.
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