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Abstract
The reduction of substrates catalyzed by nitrogenase utilizes an electron transfer (ET) chain
comprised of three metalloclusters distributed between the two component proteins, designated as
the Fe protein and the MoFe protein. The flow of electrons through these three metalloclusters
involves ET from the [4Fe-4S] cluster located within the Fe protein to an [8Fe-7S] cluster, called
the P cluster, located within the MoFe protein and ET from the P cluster to the active site [7Fe-9S-
X-Mo-homocitrate] cluster called FeMo-cofactor, also located within the MoFe protein. The order
of these two electron transfer events, the relevant oxidation states of the P-cluster, and the role(s)
of ATP, which is obligatory for ET, remain unknown. In the present work, the electron transfer
process was examined by stopped-flow spectrophotometry using the wild-type MoFe protein and
two variant MoFe proteins, one having the α-188Ser residue substituted by cysteine and the other
having the ß-153Cys residue deleted. The data support a “deficit-spending” model of electron
transfer where the first event (rate constant 168 s-1) is ET from the P cluster to FeMo-cofactor and
the second, 'backfill', event is fast ET (rate constant >1700 s-1) from the Fe protein [4Fe-4S]
cluster to the oxidized P cluster. Changes in osmotic pressure reveal that the first electron transfer
is conformationally gated, whereas the second is not. The data for the ß-153Cys deletion MoFe
protein variant provide an argument against an alternative two-step ‘hopping’ ET model that
reverses the two ET steps, with the Fe protein first transferring an electron to the P cluster, which
in turn transfers an electron to FeMo-cofactor. The roles for ATP binding and hydrolysis in
controlling the ET reactions were examined using ßγ-methylene-ATP as a prehydrolysis ATP
analog and ADP + AlF4

- as a post-hydrolysis analog (a mimic of ADP + Pi).
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The reduction of N2 to two ammonia molecules by nitrogenase requires eight electrons and
eight protons, with two of the electrons and protons resulting in one H2 formed for each N2
reduced (eqn 1) (1).

(eqn 1)
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For the Mo-dependent nitrogenase, electrons are delivered to substrates via an electron
transfer (ET) chain comprised of three metal clusters that starts at the reduced [4Fe-4S]1+

cluster in the Fe protein (designated as F1+ cluster) (2), then goes to the [8Fe-7S] (P-cluster)
in the MoFe protein, (3, 4) and ends on the [7Fe-9S-X-Mo-homocitrate] cluster or FeMo-
cofactor (M cluster) in the MoFe protein (5), where substrates bind and are reduced (Figure
1). Transfer of a single electron to the FeMo-cofactor is initiated when the Fe protein
transiently associates with the MoFe protein, with each ET event coupled to the hydrolysis
of two MgATP molecules (1). This ET event has recently been shown to be
conformationally gated (6–8). The order of MgATP hydrolysis and ET and the nature of
their coupling remain unknown, although there is evidence to suggest that MgATP
hydrolysis follows ET (1, 6, 9, 10). After ET and hydrolysis of MgATP, the oxidized Fe
protein dissociates from the MoFe protein, enabling the MoFe protein to bind another
reduced, MgATP-containing, Fe protein (11). This cycle must be repeated a sufficient
number of times to support the reduction of the bound substrate.

At least three different models can be considered for the ATP-coupled delivery of an
electron from the Fe protein to the catalytic site FeMo-cofactor. In “direct” ET, the Fe
protein would reduce FeMo-cofactor directly, skipping the P cluster. The known distances
and driving forces make this option theoretically possible (12, 13), but there are several lines
of evidence against such a model, including evidence for changes in oxidation state of the P
cluster during turnover (3, 4), and the location of the P cluster ‘in-line’ between the F and M
clusters in X-ray structures of Fe protein-MoFe protein complexes (14–16). In a “sequential”
or “hopping” model for ET, the rate-limiting step is the initial transfer of an electron from
the reduced [4Fe-4S]1+ cluster of the Fe protein (F1+) to the resting state of the P cluster
(PN), generating a ‘super-reduced’ P-cluster (PS). This initial inter-component ET step
would then be followed by rapid intra-molecular ET from PS to FeMo-cofactor (MN),
resulting in the resting PN state and reduced FeMo-cofactor (MR). This model is not
attractive because it would require the reduction of the all ferrous P cluster (PN) to a state
(PS) that has never been observed for the P cluster (17, 18). In fact, the reduction of an FeS
cluster beyond the all ferrous state has never been observed for any protein (19–22).

A third model can be denoted “deficit-spending”. In this model, the first ET event involves
the transfer of an electron from the PN-cluster to FeMo-cofactor (PN →MN), resulting in the
formation of a P-cluster state that has been oxidized by one electron relative to the resting
PN state (P1+) and reduction of the M cluster by one electron (MR). The electron ‘deficit’ in
the P-cluster is then erased by “back-fill” ET from the Fe protein to the oxidized P cluster
(F1+ → P1+). This model is the most attractive of the three, being consistent with the
available information, although this model has yet to be experimentally tested.

In the present work, we have conducted stopped-flow kinetic measurements of ET from the
reduced Fe protein to MoFe protein of nitrogenase that test both the deficit-spending and
hopping models of ET and examine the roles of ATP binding/hydrolysis and protein
conformational activation in ET. Key to these studies are two MoFe protein variants with
different amino acid substitutions. In one, the ß-153Cys ligand to the P cluster was deleted, a
change which tests aspects of the hopping model for ET. In the other, the β-188Ser located in
close proximity to the P cluster (Figure 2) was substituted by cysteine, giving a MoFe
protein that contains a P cluster that exists extensively in an oxidized state (P1+), (4). This
feature was explained by a negative shift in Em for the P1+/N couple (estimated to be -90
mV) that leaves P1+ as the majority state (~ 65%) even in the presence of the reductant
dithionite, with the remaining 35 % in the PN state. It was also suggested that Em of the P
cluster shifts because β-188Cys forms a P-cluster ligand, thereby stabilizing the P1+ state.
The availability of a catalytically competent MoFe protein whose P-cluster exhibits both PN

and P1+ states in the resting enzyme presented an opportunity to test the deficit-spending
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model by kinetic analysis of inter-component ET from Fe protein to the substituted MoFe
protein through experiments both in aqueous buffer and in solutions of varying osmotic
pressure. The roles for ATP binding and hydrolysis in controlling the electron transfer
reactions were examined using ßγ-methylene-ATP as a pre-hydrolysis ATP analog and ADP
+ AlF4

- as a post-hydrolysis analog (a mimic of ADP + Pi).

Materials and Methods
Materials and protein purification

All reagents were obtained from Sigma-Aldrich Chemicals (St. Louis, MO). Azotobacter
vinelandii strains DJ995 (wild-type MoFe protein), DJ1190 (β-188Cys MoFe protein),
DJ1193 (β-188Cys MoFe protein expressed in a ΔnifB background, resulting in a protein
lacking FeMo-cofactor, called the apo- β-188Cys MoFe protein), DJ1158 (ß-153deletion

MoFe protein), and DJ1003 (wild-type MoFe protein expressed in a ΔnifB background,
resulting in a protein lacking FeMo-cofactor, called the apo-wild-type MoFe protein) were
grown and nitrogenase MoFe proteins were expressed as described previously (23). All
MoFe proteins contained a seven-histidine tag on the α-subunit. This allowed purification of
each protein using the previously described metal affinity chromatography protocol (23).
Based on SDS-PAGE analysis using Coomassie blue staining, all proteins were found to be
greater than 95% homogeneous. The rates for proton reduction were determined using
previously established protocols (24). The activity for wild-type MoFe was found to be
~2100 nmols H2/min/mg MoFe protein while the activity of ß-188Cys was found to be
~1200 nmols H2/min/mg MoFe protein, similar to previously reported values (4). Septum
sealed vials, degassed and under an argon atmosphere, were used for all manipulation of
proteins. Gastight syringes were used to transfer all gasses and liquids.

Stopped-flow spectrophotometry
Electron transfer (ET) from Fe protein to MoFe protein was monitored by the increase in
absorbance at 430 nm. This increase in absorbance results from the oxidation of the Fe
protein [4Fe-4S] from its reduced (1+) state to its oxidized (2+) state. The change in
absorbance was monitored as a function of time after mixing in a Hi-Tech SF61 stopped-
flow UV-visible spectrophotometer equipped with a data acquisition and curve fitting
system (Salisbury, Wilts, U.K.). The sample handling unit was kept inside an N2-filled
glovebox while the temperature of the reaction solutions was controlled using a circulating
water bath kept outside the glovebox (25). All reactions were carried out at a temperature of
25°C, in a 100 mM HEPES buffer, pH 7.4, with 10 mM dithionite. The Fe protein and MoFe
protein, when present, were contained in one drive syringe of the stopped-flow. The other
drive syringe contained buffer with or without a nucleotide. The final concentrations of
proteins and nucleotides were chosen to provide two Fe proteins for each MoFe protein
along with excess ATP as specified in the legends to the figures. The instrument dead-time
following mixing was approximately 2 ms. Earlier work showed that the absorbance
increase associated with the F1+ → F2+ oxidation can be followed by slower absorbance
decreases related to re-reduction of F2+(26). As we are concerned only with the F1+

oxidation step, the overall time-course of a stopped-flow trace was fit to the equation for a
first-order sequential reaction corresponding to F1+→ F2+ → F1+ reaction; we report only
the observed rate constant, kobs, for the F1+→ F2+ step, as the follow-up reaction involves
multiple processes, including dissociation of the Fe-MoFe protein complex. The fits to this
kinetic scheme were carried out in Sigmaplot (Systat Software Inc, San Jose, CA). Osmotic
pressure effects on the ET rate were examined as described (6).
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Results
ET from Fe protein to MoFe protein

Pre-steady state ET from the Fe protein to the resting-state MoFe protein is monitored
through measurement of the increase in the absorbance at 430 nm that accompanies the
oxidation of F1+ to F2+ (27, 28). Stopped-flow mixing of reduced Fe protein with wild-type
resting-state MoFe protein in the presence of saturating MgATP yields stoichiometric
oxidation of F1+ (Figure 3) in a process that is exponential, with a rate constant, kobs = 168
s-1, that is consistent with earlier studies (26).

When the ß-188Cys MoFe protein is mixed with reduced Fe protein plus MgATP, the
absorbance change indicates that ET associated with oxidation of F1+ also is stoichiometric
(Figure 3). However, unlike reaction with the wild-type MoFe protein, the Fe protein
oxidation by ß-188Cys MoFe protein shows an ET “burst”, with ~ 65 % of the F1+ oxidation
occurring during the instrument dead-time (2 ms). The remaining 35% oxidation occurs with
a resolved time-course that can be fit to an exponential with a rate constant kobs = 187 s-1,
essentially the same as observed for the wild-type MoFe protein (25). The ß-188Cys MoFe
protein in dithionite solution was earlier shown to exist as an equilibrium mixture of 3 states
of the P cluster (P1+, P2+, and PN), with the total contribution from the two oxidized forms,
being ~ 65 % of the enzyme present with ~ 35 % existing as the resting oxidation state, PN

(4). The kinetically resolved phase of the stopped-flow trace, with rate constant equivalent to
that for wild-type MoFe protein, is thus assigned to oxidation of F1+ by ß-188Cys MoFe
protein in the PN/MN state, with the “burst” ET phase being assigned to rapid oxidation of
F1+ by P1+ of the ß-188Cys MoFe protein in the P1+/MN state. This assignment is confirmed
below.

In a separate study, when the ß-153Cys of the MoFe protein was deleted, this MoFe protein
variant showed stoichiometric oxidation of F1+ with a rate constant essentially unchanged
from that observed to the wild-type MoFe protein.

The roles of nucleotides in ET
We next consider the contributions of nucleotides to the ET events to the ß-188Cys MoFe
protein. Both the binding and hydrolysis of ATP within the Fe protein is intimately linked to
ET from the Fe protein to the wild-type MoFe protein during substrate reduction. MgADP
and MgATP analogs do not support the ET reaction (29). As shown in Figure 3, MgADP
also does not support oxidation of the Fe protein by the ß-188Cys MoFe protein: neither the
burst nor the resolved kinetic phases are observed. Thus, it can be concluded that MgATP
binding, at a minimum, is required for both the burst-phase reduction of P1+ of the ß-188Cys

MoFe protein in the P1+/MN state as well as the resolved ET to the PN/MN state.

To further differentiate the respective roles of ATP binding and hydrolysis in ET from the
Fe protein to the ß-188Cys MoFe protein, ET reactions were monitored in the presence of
ATP analogs. The complex between Fe protein and MoFe protein that contains the non-
hydrolyzable analog βγ-methylene-ATP was earlier shown to induce conformational
changes in the Fe protein similar to those induced by MgATP, yet the analog is not
hydrolyzed by nitrogenase (30–33). As previously reported (30), βγ-methylene-ATP does
not support ET from the Fe protein to the wild-type MoFe (Figure 4). Likewise, this analog
does not support the resolved phase of Fe protein oxidation by the ß-188Cys MoFe protein.
However, this ATP analog does support the burst ET from the Fe protein to P1+. Thus, the
conformational changes in the Fe protein and/or in the Fe protein-MoFe protein complex
induced by binding of βγ-methylene-ATP are sufficient to enable the rapid F1+ → P1+ ET,
but not the ET from F1+to the MoFe protein in the PN/MN state.
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It has been proposed for several ATP-hydrolyzing enzymes (34, 35), including nitrogenase,
that the state following ATP hydrolysis, but before Pi release, [MoFe-Fe(2MgADP + 2 Pi)],
is simulated when MgADP + AlF4

- is bound (15). In the wild-type nitrogenase, this analog
induces a tight complex between the Fe protein and the MoFe protein (15, 36). This complex
does not exhibit the normal Fe protein oxidation, only very slow ET from Fe protein to
MoFe protein. In agreement with this, we observe no ET over the normal observation times
(0.5 s) for a complex that includes wild-type MoFe protein, reduced Fe protein, and this
nucleotide analog (Figure 5, panel B). Likewise, the resolved phase of Fe protein oxidation
is suppressed in the ß-188Cys MoFe protein-Fe[MgADP + AlF4

-] protein complex; however,
the complex shows that the burst oxidation of the Fe protein during the mixing time is
preserved (Figure 5, panel A). Thus, both the non-hydrolyzable ATP analog, βγ-methylene-
ATP, and the analog for ADP + Pi, MgADP + AlF4

-, promote the rapid F1+ → P1+ ET
reaction, whereas neither analog supports the resolved ET from the Fe protein to either wild-
type or ß-188Cys MoFe protein that contains PN.

The role of FeMo-cofactor in the ET
Electrons transferred into the MoFe protein ultimately end up on FeMo-cofactor. If the ET
burst observed when β-188Cys MoFe protein and Fe protein are mixed with MgATP indeed
reflects ET from the Fe protein [4Fe-4S] cluster to P1+, then the FeMo-cofactor should not
be involved in this ET event and its absence should have no influence on the observed ET
burst. To test this, we purified variants of both wild-type and β-188Cys MoFe proteins that
do not contain FeMo-cofactor (called apo-wild-type and apo-β-188Cys MoFe proteins) (4,
23). When apo-wild-type MoFe protein is used, no ET is observed (Figure 6). When the
apo-β-188Cys MoFe protein and Fe protein were mixed against MgATP, the stopped-flow
trace exhibited an ET burst that was indistinguishable from that seen for the FeMo-cofactor
containing β-188Cys MoFe protein (Figure 6), while the slower, resolved phase was absent.

These observations confirm that the kinetically resolved ET represents PN→MN ET,
whereas the burst observed for the β-188Cys is F1+→P1+ ET.

Conformationally gated ET
Recently, it was shown that the rate of ET from the Fe protein to the wild-type MoFe protein
is sensitive to osmotic pressure, indicating that the rate-limiting step in the ET reaction is
gated by large protein conformational changes (6). Changes in osmotic pressure modulate
the energetics of reactions that involve conformational changes in which the number of
bound waters is changed. The rate constant (km) for such a process varies exponentially with
the molality (m) of added solute according to the equation, km ∝ exp[-(Δn/55.6)m], where
Δn is the number of waters absorbed in the transformation (6).

Repeating this experiment with β-188Cys MoFe protein shows that the relative proportions
of the burst and resolved ET phases are independent of the presence of sucrose as osmolyte
up to a sucrose concentration of ~ 2 m (Figure 7). This indicates that the presence of the
osmolyte does not alter the reduction potential of P cluster, which would alter the relative
proportions of P1+ and PN forms and thus the relative contributions of the two kinetic
phases. Unlike the burst phase, the resolved phase of the ET is dependent on osmotic
pressure. The inset to Figure 7 shows that rate constants (kobs(m)) for ET from Fe protein to
either the wild-type MoFe protein or the resolved phase ET to the β-188Cys MoFe protein
have essentially identical responses to sucrose addition, with the rate constants depending
exponentially on the molality (m) of added sucrose with a slope corresponding to Δn ~ + 80
waters. Taking roughly one water to be bound per ~ 10 Å2 of exposed surface, Δn ~ 80
waters would correspond to a conformational transition in which ~ 800 Å2 of surface
becomes exposed (6).
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The present results thus indicate that ET to the MoFe state that contains PN and MN is
conformationally gated in both wild-type MoFe and β-188Cys MoFe protein, and that the
amino acid substitution of β-188Ser by a cysteine does not alter the conformational gate. In
contrast, the presence of sucrose osmolyte up to 2 m does not affect the burst ET to the point
where it becomes visible after the dead-time of the instrument. These results suggest that
whereas the resolved oxidation of F1+ by the MoFe protein in the PN/MN state is
conformationally gated, the rapid F+1→ P1+ ET event is not.

Discussion
While a deficit-spending scheme for nitrogenase ET events is the most reasonable of the
three proposed, this model has proven difficult to test experimentally. For example, until
now it has not been possible to measure the contributions of the individual inter- and intra-
molecular ET events postulated by this model (kFP and kPM, respectively, Figure 1, panel
B) to the observed ET rate constant (kobs). We discuss how the experiments described in this
report support a deficit-spending model of ET in nitrogenase and further argue against a
hopping ET scheme, and provide insights into the roles of nucleotides in ET. We conclude
by presenting a model for the sequence of events for the entire nitrogenase ET cycle that
integrates the present results with earlier findings.

ET by a deficit-spending mechanism
In the present work, the deficit spending model was addressed by using the ß-188Cys-
substituted MoFe protein, which has P1+ in the resting state (4). This situation offered the
opportunity to directly monitor the F1+→ P1+ ET event (backfill) without the need for a
prior PN → MN ET step. For this substituted protein, the rapid intermolecular ET event from
the Fe protein to the MoFe protein could be assigned to the F1+→ P1+ ET event, which was
found to be faster than the dead-time of the stopped-flow instrument with a rate constant that
can be estimated kFP > 1700 s-1. This rate constant is far greater than kobs = 168 s-1 observed
for ET from the Fe protein to MoFe protein in the PN/MN state, indicating that
intramolecular PN → MN ET is the rate-limiting step.

In the ET traces for ß-188Cys-substituted MoFe protein, the initial ET burst assigned to
F1+→ P1+ is followed by a slower resolved ET phase. This slower phase is assigned to ET
from the Fe protein to the ß-188Cys MoFe protein in the PN/MN state., and its rate constant is
the same as that observed for ET from the Fe protein to the wild-type MoFe protein in the
PN/MN state. Thus, measurement of electron transfer using the ß-188Cys-substituted MoFe
protein reveals both the F1+→ P1+ ET event observed as a burst and the PN → MN ET event
observed as a slower, resolved phase.

These observations are in full accord with expectations based on the deficit-spending model.
In this model, the PN → MN ET event is the rate-limiting step in ET from the Fe protein to
the MoFe protein, and the observed ET rate constant for the oxidation of F1+ by the MoFe
protein in the PN/MN state is assigned to this event: kobs = kPM. The subsequent ‘backfill’
ET (kFP) reaction, F1+→ P1+, does not contribute to the observed ET because it is at least
10-times faster. This sequence of ET events, with the corresponding large differences in rate
constants, provides an explanation for the fact that only very low levels of a P1+ or P2+ state
have been observed by electron paramagnetic resonance (EPR) spectroscopy when the
nitrogenase complex is freeze-trapped during steady-state turnover (1, 37, 38). Although the
P1+ state is EPR active, it cannot build up to any appreciable concentration in the deficit-
spending mechanism because the rate of reduction of P1+ by the Fe protein (F1+→ P1+) is
much faster than the rate of oxidation of PN by M cluster (PN → MN), resulting in mostly
the PN state (which is EPR silent) under steady-state turnover.
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Gated ET
The rate constant for ET from the Fe protein to the MoFe protein (kobs) is sensitive to
osmotic pressure, which has been assigned to protein conformational changes that gate the
intermolecular ET event (6). This conformational change was calculated to involve exposure
of a substantial (>800 A2) protein surface area (6). The present study shows no modulation
of the rapid backfill ET (F1+ → P1+) by changes in osmotic pressure, suggesting that this ET
step is not gated by protein conformational changes; in any case, this step is so rapid that it
cannot be involved in determining the observed rate of ET. Thus, it can be concluded that
the protein conformational gate for ET applies specifically to the PN→ MN intramolecular
ET step.

What conformational processes could be coupled to the PN→ MN ET reaction? Examination
of X-ray structures of various complexes of the Fe protein with the MoFe protein (with or
without nucleotides bound) reveal large changes in the Fe protein-MoFe protein interface,
involving changes in exposed protein surface area, but do not reveal any significant changes
within the MoFe protein that could explain how the Fe protein with two bound 2ATP might
activate the PN→ MN ET (14). An attractive ‘compound gate’ model can be developed,
however, from examination of the X-ray structure of an oxidized MoFe protein (P1+, MN)
(39). From this structure, the P2+ cluster is stabilized by the coordination of the side-chain of
ß-188Ser to an Fe atom of the P cluster (39). We suggest that conformational activation of
resting-state MoFe protein by an as-yet unidentified change in the Fe protein-MoFe protein
interface could cause the ß-188Ser side-chain to transiently coordinate to an Fe atom of PN,
thereby creating an activated state of the P cluster (designated PN*) with a lowering of the
potential to the point that PN* →MN ET becomes favorable. For the ß-188Cys MoFe protein,
the assumption is that a cysteine at this position shifts the equilibrium in favor of the state
with the cysteinate bound to the Fe of the P cluster, and that the redox equilibrium between
PN and P1+ in the presence of dithionite also involves a ligation equilibrium, with ~ 65% of
the P cluster in the form of P1+ with bound cysteine, and ~35% in the form of PN with
cysteine not bound as in the wild-type MoFe protein. This picture would account for the
observation that the resolved ET phase for the ß-188Cys MoFe protein behaves the same as
that for the wild-type MoFe protein. Lowe and Thorneley (26) further treat ET as occurring
only as part of the transfer of an `H-atom', namely an electron and a proton.

Two recent reports describing ET to the MoFe protein in the absence of the Fe protein also
support an activation step that could facilitate the intramolecular PN* →MN ET step. It has
been found that attaching a Ru-ligand complex onto the surface of the MoFe protein near the
P cluster can be used to photoinduce ET from the Ru-ligand complex into the MoFe protein,
allowing acetylene reduction (40). In the absence of the Fe protein, the rates of acetylene
reduction were very low (0.2% of the rate observed with Fe protein and ATP), consistent
with the need for some activation of the P → M ET process to promote full substrate
reduction rates. In a separate study, it was found that a low potential Eu(II)-ligand complex
could be used to drive electrons into the MoFe protein in the absence of the Fe protein in
support of reduction of hydrazine (H2N NH2) to two ammonia (41). In this system, substrate
reduction was observed only when an amino acid residue located between the P cluster and
M cluster was substituted by another amino acid, suggesting that the conformational switch
normally activated by Fe protein binding involves changes in residues located between the P
cluster and FeMo-cofactor and that the key conformational changes can be partially
mimicked by an amino acid substitution (41).

Further evidence against a hopping model
The strongest argument against a hopping or sequential ET model for nitrogenase is the
improbability that the P cluster can be reduced beyond the all ferrous PN state, as would
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occur following an initial ET event: F1+→ PN. Super-reduction of all-ferrous PN would
require the formation of an Fe(I) with tetrahedral coordination by sulfur, an unknown Fe
state. However, our results show that this step would have to be gated, and one might
imagine that the activation process might involve a transient loss of a cysteinate ligand from
one of the Fe atoms. This would create an activated PN† cluster state that has a three-
coordinate Fe(II) and a more positive reduction potential. Such a state might accept an
electron from F1+, and then re-binding of the cysteinate could create a strongly reducing PS

state that undergoes prompt follow-up PS→MN ET.

To test this possibility, we examined ET from F1+ to a MoFe protein where one of the
cysteine ligands to the P cluster was removed (ß-153CysΔ). It was found that the rate of
oxidation of F1+ to this MoFe protein variant is unchanged from the rate to the wild-type
MoFe protein, providing further evidence against the hopping ET model.

Role for nucleotides
MgATP binding and hydrolysis are both essential to intermolecular ET from the Fe protein
to the MoFe protein (42). In the absence of ATP hydrolysis, the Fe protein does not transfer
an electron to the resting-state MoFe protein (PN, MN). The role of ATP hydrolysis in this
ET process cannot be filled by the non-hydrolyzable ATP analog ßγ-CH2-ATP or the ADP
+Pi analog, ADP-AlF4. However, results reported here reveal that ATP hydrolysis is not
necessary for the backfill ET (F1+ → P1+). Rather, the burst ET to the β-188Cys MoFe
protein is supported by both ßγ-CH2-ATP and ADP-AlF4. Thus, the backfill electron
transfer event (F1+ → P1+) is not conformationally gated and requires nucleotide binding but
not hydrolysis.

In contrast to this finding, neither of the ATP analogs supported the slower, resolved phase
ET assigned to the PN→MN ET reaction, pointing to this ET step as requiring an ATP-
bound state that has not yet been achieved. Both MgATP and MgADP binding to the Fe
protein have been shown to equally lower the midpoint reduction potential of the
[4Fe-4S]2+/1+ couple (33), yet MgADP does not support either the PN→MN or the F1+ →
P1+ ET events, revealing that it is not simply an issue of driving force for the ET. Thus, the
studies presented here pinpoint (i) the conformational gate and (ii) the specific need for ATP
binding/hydrolysis to the PN→MN ET step.

Summary sequence of events
The findings presented here, taken with earlier findings, can be used to propose an overall
model for the events associated with ET from the Fe protein to the MoFe protein (Figure 8).
In this model, the ET process is initiated by the association of the Fe protein (2MgATP) with
the resting state of the MoFe protein (Figure 8, step 1). Although the binding of 2 MgATP
to the Fe protein causes a major structural change and lowers its reduction potential by -120
mV (43), the osmotic pressure dependence of the oxidation of F1+ indicates that the complex
initially formed between Fe protein-2MgATP and MoFe protein is not competent for ET (6).
Instead, ET is initiated by a conformational activation (Figure 8, step 2), presumably
involving motion at the Fe protein-MoFe protein interface, with exposure of as many as ~80
water molecules (6). In this model, the interface motion is coupled to a conformational
change (second gate) (Figure 8, step 3) within the MoFe protein that shifts the P cluster to
an activated state (PN*) that that transiently favors intramolecular ET from the PN* state to
the MN cluster (Figure 8, step 4) (6). The final step in this sequence involves the rapid
‘backfill’ ET to the oxidized P cluster (F1+ → P1+), resulting in an oxidized Fe protein and a
reduced MoFe protein that has its metal clusters in the PN and MR states (Figure 8, step 5).
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The specific contributions for MgATP binding and hydrolysis to the individual steps
remains to be resolved, but our studies show that the backfill ET process requires nucleotide
binding but not hydrolysis, while the activated PN*→MN ET initial step is not facilitated by
any of the ATP analogs examined, requiring ATP itself. Studies of a wide range of ATP
utilizing enzymes, in particular transport proteins, have led to the general view that energy
transduction in these proteins occurs during the binding of MgATP, which induces a
conformational state activated for the particular function of the ATPase (‘taut’ state). ATP
hydrolysis occurs after the functional/catalytic step, initiating relaxation from the taut state
to a relaxed state with ADP bound, which in turn leads to a resetting of the system for
another round of catalysis (34, 35).

While the order of ET and MgATP hydrolysis in nitrogenase has not been well established
by previous work, the consensus model is that MgATP hydrolysis follows the ET events (1,
44, 45), in agreement with the current views of ATPase function in other proteins. MgATP
binding to the Fe protein is known to induce protein conformational changes that increase
the affinity of the Fe protein for binding to the MoFe protein, but given that further
activation is needed to induce ET, it would appear that conversion to some as yet
uncharacterized ATP binding state (perhaps a true transition state) is required to activate the
PN→MN ET. In this model, the MgATP hydrolysis reaction is placed late in the reaction,
after all ET events, although as just noted, this order has not been clearly resolved (Figure 8,
step 6). The present results reveal that the backfill ET from F+1 →P1+ requires an ATP-
bound state, but does not require ATP hydrolysis. It thus seems reasonable to suggest that
nitrogenase functions similarly to other ATPases, and that ATP hydrolysis during
nitrogenase ET is a late event that relaxes the Fe protein for dissociation from the MoFe
protein. The rate limiting step for the overall reduction of substrates has been shown to be
dissociation of the oxidized Fe protein with two bound 2MgADP from the MoFe protein
(Figure 8, step 7), with a rate constant of ~ 6 s-1 (26).

Abbreviations

Fe protein iron protein of nitrogenase

MoFe protein molybdenum-iron protein of nitrogenase

FeMo-cofactor iron-molybdenum cofactor

M cluster iron-molybdenum cofactor

F cluster [4Fe-4S] cluster of the Fe protein

P cluster [8Fe-7S] cluster of the MoFe protein

ET electron transfer
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Figure 1. Nitrogenase proteins and electron transfer between metal clusters
(Panel A) The Fe protein (left) is shown docking to an αγ-unit of the MoFe protein (right).
(Panel B) The two electron transfer steps: from the Fe protein [4Fe-4S] cluster (F) to the
MoFe protein P cluster (P) (kFP) and from the P cluster (P) to the FeMo-cofactor (M) (kPM).
Two ATP are hydrolyzed to two ADP and two Pi during each docking event. (Panel C) The
relevant oxidation states of the three metal cluster are shown, with the resting state (in the
presence of dithionite) shown in the middle, and more reduced states shown going up and
more oxidized states going down. Colors are Fe in rust, S in yellow, C in gray, Mo in
magenta, and O in red. The unknown atom X at the center of FeMo-cofactor is shown in
blue. The MoFe protein structure was prepared from PDB file 1M1N.pdb and the Fe protein
was prepared from the PDB file 1FP6.pdb using the program PyMol.
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Figure 2. P-cluster in the oxidized and reduced states
Shown is the P-cluster in the reduced (PN) state (left) and in the oxidized (P1+) state (right)
with the amino acids ß-153Cys, ß-188Ser, and α-88Cys shown. Structures were generated
from the PDB files 1M1N and 2MIN.
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Figure 3. Electron transfer from the Fe protein to MoFe proteins monitored by stopped-flow
spectroscopy
Shown is the absorbance at 430 nm plotted against the time after mixing Fe protein (75 μM)
and MoFe proteins (20 μM) in one syringe against different solutions (without or with
nucleotides at 18 mM). Shown is wild-type MoFe protein and Fe protein mixed with
MgATP (WT+ ATP, green); ß-188Cys MoFe protein and Fe protein mixed with MgATP
(ß-188Cys + ATP, blue); ß-188Cys MoFe protein and Fe protein mixed with MgADP
(ß-188Cys + ADP, orange); and ß-188Cys MoFe protein and Fe protein mixed with buffer
without nucleotides (ß-188Cys - nucleotides, light green). The top two sets of data were fit to
a single exponential (solid lines) for the wild-type MoFe protein data and to a single
exponential with a decline for the ß-188Cys MoFe protein data, with determined rate
constants of 168 s-1 (WT+ATP) and 187 s-1 (ß-188Cys + ATP). The mixing dead-time is ~ 2
ms. Other parameters and equations for fits are described in Materials and Methods.
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Figure 4. Electron transfer from Fe protein to MoFe proteins with the nucleotide analog αγ-
methylene ATP
Shown is the absorbance at 430 nm plotted against the time after mixing Fe protein (75 μM)
and MoFe proteins (20 μM) in one syringe with the nucleotide analog βγ-methylene-ATP
(18 mM). Shown are β-188Cys MoFe protein and Fe protein mixed against βγ-methylene-
ATP (β-188Cys + βγ-methylene-ATP); and wild-type MoFe protein and Fe protein mixed
against βγ-methylene-ATP (WT + βγ-methylene-ATP).
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Figure 5. Electron transfer from Fe protein to MoFe proteins with the nucleotide analog
MgADP-AlF4

-

Shown is the absorbance at 430 nm plotted against the time after mixing MoFe protein (20
μM) and Fe protein (75 μM) with buffer (without or with nucleotide, 10 mM) in the
stopped-flow. Shown in panel A is β-188Cys MoFe protein and Fe protein mixed with
MgADPAlF4

- (β-188Cys + MgADP-AlF4
-, purple); with MgADP (β-188Cys + MgADP,

green); without nucleotide (β-188Cys - nucleotide, light green). Also shown is the difference
spectrum ((ß-188Cys+ADP-AlF4) - (ß-188Cys + ADP), grey). Shown in panel B is wild-type
MoFe protein and Fe protein mixed with MgADP (WT + ADP, green); with ADP-AlF4

-

(WT + ADP-AlF4, purple); and without nucleotide (WT - nucleotide, light green).
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Figure 6. Electron transfer from Fe protein to apo-MoFe proteins
Shown is the absorbance at 430 nm plotted against the time after mixing Fe protein (75 µM)
and MoFe protein (42 μM) with buffer (without or with nucleotides, 10 μM) in the stopped-
flow. Shown are apo-ß-188Cys MoFe and Fe protein mixed with MgATP (Apo-ß-188Cys +
ATP); apo-wild-type MoFe protein and Fe protein mixed with MgATP (Apo-WT + ATP);
and apo-ß-188Cys MoFe and Fe protein mixed with buffer lacking nucleotides (apo-ß-188Cys

- nucleotides). See the legend to Figure 3 for other details.
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Figure 7. Osmotic pressure effects on electron transfer reactions from Fe protein to MoFe
protein
Stopped-flow traces for ET from the Fe protein to the ß-188Cys MoFe protein in the
presence of 0, 0.6, 0.9 and 1.8 m sucrose (traces for 0 and 1.8 m sucrose are shown). The
observed slow phases of the traces were fit to an exponential function to determine the rate
constant (kobs). (Inset) The log of the rate constants (kobs) are plotted against the osmotic
pressure of sucrose (m) for the ß-188Cys (open circle) and wild-type (WT, closed circle)
MoFe proteins and the points are collectively fit to a straight line.
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Figure 8. Models for nitrogenase mechanism
Shown is one catalytic cycle for a functional half of nitrogenase composed of an αß-unit of
the MoFe protein (rectangles) and a homodimeric Fe protein (ovals) with the associated
metal clusters: F = [4Fe-4S] in the 1+ or 2+ oxidation states, P = P cluster in the N or ox
oxidation states, and M = FeMo-cofactor in the N or R oxidation states. The cycle starts at
the top with reduced Fe protein +2 MgATP associating with the αß-unit of the MoFe protein
(1). The remaining steps are numbered (clockwise): (2) the conformational gate, (3) the
second gate, (4) the first ET (kPM), (5) the backfill ET (kFP), (6) ATP hydrolysis, (7) release
of 2 Pi, (1) and replacement of oxidized Fe protein + 2MgADP with reduced Fe protein +
2MgATP.
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