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ABSTRACT: A central feature of the current understanding of
dinitrogen (N2) reduction by the enzyme nitrogenase is the pro-
posed coupling of the hydrolysis of two ATP, forming two ADP
and two P4i, to the transfer of one electron from the Fe protein com-
ponent to the MoFe protein component, where substrates are re-
duced. A redox-active [4Fe-4S] cluster associated with the Fe pro-
tein is the agent of electron delivery and it is well known to have a
capacity to cycle between a one-electron-reduced [4Fe-4S]'" state
and an oxidized [4Fe-4S]** state. Recently, however, it has been
shown that certain reducing agents can be used to further reduce
the Fe protein [4Fe-4S] cluster to a super-reduced, all-ferrous [4Fe-
48]° state that can be either diamagnetic (S = 0) or paramagnetic (S
=4). It has been proposed that the super-reduced state might fun-
damentally alter the existing model for nitrogenase energy utiliza-
tion by the transfer of two electrons per Fe protein cycle linked to
hydrolysis of only two ATP molecules. Here, we measure the num-
ber of ATP consumed for each electron transfer under steady-state
catalysis while the Fe protein cluster is in the [4Fe-4S]'* state and
when it is in [4Fe-4S]° state. Both oxidation states of the Fe protein
are found to operate by hydrolyzing two ATP for each single-elec-
tron transfer event. Thus, regardless of its initial redox state, the Fe
protein transfers only one electron at a time to the MoFe protein in
a process that requires the hydrolysis of two ATP.

INTRODUCTION

The biological reduction of dinitrogen (N2) to two ammonia (NH3)
is catalyzed by the enzyme nitrogenase.! For the Mo-dependent
nitrogenase, the reaction requires two component proteins desig-
nated the Fe protein and MoFe protein, as well as ATP hydrolysis,
and low-potential electrons (Figure 1).>7 There are two other ni-
trogenase isozymes designated as the V-dependent and Fe-only ni-
trogenases.®'3 All three nitrogenase forms show the same basic
mechanism,'*'> so the Mo-dependent version is typically consid-
ered to represent the mechanistic paradigm for biological nitrogen
fixation.'*1-1° The reduction of Nz, as well as other non-physio-
logical substrates, by nitrogenase requires the delivery of electrons
from the Fe protein to the MoFe protein in a reaction coupled to
hydrolysis of ATP to ADP and inorganic phosphate (Pi).° In the
absence of any other substrate, nitrogenase reduces protons to yield

H.'41617 The redox-active species contained within the Fe protein
is a [4Fe-4S] cluster bridged between two identical protein subu-
nits, each of which contains a MgATP binding site.?

The canonical model for the stoichiometry of MgATP hydrolysis
required to achieve each electron transfer event was developed in
the laboratory of Burris several decades ago.> According to that
model, catalysis is initiated when the Fe protein, having its [4Fe-
48] cluster in the reduced (FeP™4, [4Fe-4S]'") oxidation state and
two bound MgATP molecules, associates with the MoFe protein.3
One electron is then transferred from the Fe protein [4Fe-4S]!'*
cluster to the MoFe protein followed by the hydrolysis of the two
ATP molecules to two ADP and two Pi. The cycle is completed by
dissociation of the Fe protein from the MoFe protein. As noted, this
series of events, called the Fe protein cycle,>?'"%* results in the
transfer of one electron to the MoFe protein and the hydrolysis of
two ATP. After dissociation of the two catalytic partners, a new
cycle can be initiated by re-reduction of the oxidized Fe protein
(FeP°%, [4Fe-4S]?") by a small redox protein such as ferredoxin or
flavodoxin or by an artificial redox mediator such as dithionite
(DT), and with two ATP molecules replacing the two ADP mole-
cules.*6-2425 Fe protein cycles are repeated until sufficient electrons
have accumulated within the MoFe protein to achieve substrate
binding and reduction to product.'4?2%7 In the case of N2 reduc-
tion, 8 Fe protein cycles yields two NH3 and the obligate evolution
of one Hy. 141617212829 Thys, the reduction of one equivalent of N2
requires the hydrolysis of 16ATP, representing a large energy de-
mand.? In the absence of other substrates, MoFe protein acts as a
hydrogenase,>*3! utilizing two Fe protein cycles for reduction of
two protons to yield one Ha with hydrolysis of 4 ATP (Figure
1 A).2‘7’32

As described above, the Fe protein [4Fe-4S] cluster has been typi-
cally considered to act as a one-electron carrier, utilizing the
FeP*/FeP™d ([4Fe-4S]*"1") redox couple.?** It has been more re-
cently demonstrated that the Fe protein [4Fe-4S]'* cluster can be
further reduced to a super-reduced state (FeP¥, [4Fe-4S]%) having
all the associated Fe atoms in the ferrous (Fe(Il)) oxidation
state.’*3> Two different spin states of this super-reduced cluster



have been observed, an EPR-silent (perpendicular mode), non-Kra-
mers state previously assigned as an S= 0 state by an Evans NMR
method (denoted as S = 0 here),
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Figure 1. Nitrogenase Fe protein cycles. (A) One-electron reduced Fe protein (FePred) delivers one electron to one half of the MoFe pro-
tein (2 MoFeP) per Fe protein cycle with hydrolysis of two ATP to two ADP and two inorganic phosphate (Pi). Two such cycles are
needed to reduce two protons to one H2 molecule. (B) Two-electron reduced Fe protein (super-reduced, FePsr) might deliver two electrons
to 2 MoFeP per cycle with hydrolysis of two ATP molecules. One such cycle would be needed to reduce two protons to one Hz molecule.
(C) FeP" might deliver one electron to /2 MoFeP per cycle with hydrolysis of two ATP molecules. Two cycles would be needed to produce
one Hz molecule. (D) Schematic representations of the Fe protein [4Fe-4S] cluster in three redox states with noted spin states (S).

3436 and an S = 4 state, whose EPR signal is observable with paral-

lel-mode detection,>>? with redox potentials for the FePd/FePs
couple of Em =-460 mV vs NHE for the S = 0 state’*3¢ and Em = -
790 mV for the S = 4 state.3®3° The S = 0 FeP* protein can be gen-
erated by treatment of the Fe protein with mild redox potential re-
ductants such as one electron-reduced methyl viologen (MV™*, En
=-450 mV)** and a physiological reductant, the hydroquinone form
of flavodoxin (F1d"Q, Em ~ -460 to -520 mV).'®!%3¢ When the Fe
protein is reduced with artificial reductants having very negative
reduction potentials (e.g., Ti(Ill)-citrate, Cr(II)-EDTA, and Eu(Il)-
L, Em < -800 mV), the § = 4 spin state of the FeP* is
achieved, 18:19:35.38:4041

Discovery of FeP* species raised the possibility that the Fe protein
might cycle between the FeP*" and FeP°* states during each Fe pro-
tein cycle, thus simultaneously transferring two electrons coupled
to the hydrolysis of two ATP (Figure 1B).'%1%3% If such a couple
were indeed operative, this would fundamentally change the exist-
ing concept of the energetics associated with nitrogenase catalysis,
namely, to a requirement for the hydrolysis of only 8 ATP instead
of 16 ATP for each Nz reduction or hydrolysis of 2 ATP instead of
4 ATP for reduction of two protons to evolve one Ha.!'81?

Several reports have established that the two electrons carried by
FeP* can be used to support nitrogenase catalysis.>**>*> However,
the events associated with the transfer of electrons stored in FeP*
have not been established.’®*>* Namely, are the two electrons
transferred through one Fe protein cycle, with FeP**/FeP*" ([4Fe-
4S817"%) as the operative redox couple and with hydrolysis of two
ATP (1ATP per e transferred) (Figure 1B),3%* or through two
consecutive Fe protein cycles with FeP™Y/FePs ([4Fe-4S]"**) and

FeP°*/FePd ([4Fe-4S]*"'") as stepwise operative couples and hy-
drolysis of four ATP in total (2 ATP per e transferred) (Figure
1C)? Earlier studies attempted to establish the nature of the cou-
pling of electron transfer and ATP hydrolysis involving the super-
reduced Fe protein and concluded that it was possible that the
FeP*/FeP*" couple exhibited a stoichiometry of 2e/2ATP.36:43-46

To clearly establish whether or not this claim is correct, the present
work uses selected mediators as reducing agents that populate ei-
ther FeP™d or FeP* as the respective dominant functioning state of
the Fe protein under nitrogenase turnover conditions, as confirmed
by electron paramagnetic resonance (EPR) spectroscopy. Ad-
vances in the ability to measure ATP hydrolysis with high fidelity,
and to precisely measure electrons transferred by quantifying Hz
evolved establish the stoichiometric relationship of hydrolyzed
ATP per electron transferred in each Fe protein cycle.

RESULTS AND DISCUSSION

The reduced states of Fe proteinin the resting state and un-
der turnover conditions under Ar

Dithionite (DT) is typically used to reduce FeP° to FeP™! having
its associated cluster in the [4Fe-4S]'* with a paramagnetic S = %
spin state, which can be quantified by EPR spectroscopy (Figure
2A).161819 Ag previously assigned, use of MV** or F1d"Q as reduct-
ant generates the diamagnetic S = 0 all-ferrous state FeP*, which
therefore does not exhibit an EPR signal.3**¢ Other negative poten-
tial reductants, such as Eu(II)-L (L = EDTA, EGTA, or DTPA) or
Ti(III)-citrate, can also reduce the Fe protein to the FeP* state, but
in these cases the [4Fe-4S]° cluster is paramagnetic having S = 4



with a g = 16.4 EPR signature.!%33384041 The source of the differ-
ences between the S =0 and S = 4 spin states of
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Figure 2. X-band EPR spectra of reduced Fe protein. Shown are perpendicular mode high-field EPR spectra of the Fe protein in the res-
ting state (panel A) or under turnover with MoFe protein (panel B) with the reductant dithionite (DT, black traces) or (SPr)2V* (blue
traces), and parallel mode low-field EPR spectra of the Fe protein (panel C) in the resting state with the reductant (SPr)2V*" (blue trace) or
Ti(IIl)-citrate (red trace) and under turnover with MoFe protein (magenta trace). Panel D shows the structure of (SPr).V™. The EPR
samples for perpendicular mode studies contained either 50 uM (panels A and B) or for parallel mode studies contained 110 uM Fe protein
(panels C) in MOPS buffer (200 mM, pH 7.3) with 20 mM MgATP and an ATP-regenerating system (see Experimental Section) with ei-
ther 20 mM DT or 2.5 mM (SPr)2V* (panels A and B), or 6.5 mM (SPr)2V* or 7.3 mM Ti(Ill)-citrate (panel C). The turnover samples also
contained 5 uM MoFe protein resulting in [FeP]:[MoFeP] = 10:1 for perpendicular mode and [FeP]:[MoFeP] = 22:1 for parallel mode EPR
studies, and were freeze-quenched after incubation for ca. 25 sec at room temperature. Perpendicular mode EPR conditions (panels A and
B): temperature, 12 K; microwave frequency, 9.38 GHz; microwave power, 20 mW; modulation amplitude, 8.14 G; time constant 20.48
ms. Each trace is the sum of five scans. Parallel mode EPR conditions (panel C): temperature, 6.3 K; microwave frequency, 9.38 GHz;
microwave power, 21 mW; modulation amplitude, 4 G; acquisition time, 35 min (blue trace), 24 min (red trace), and 50 min (magenta

trace).

the super-reduced Fe protein has not been determined,'>* but it is
important to recognize that two different super-reduced states can
exist and therefore need to be evaluated individually. Here, the one
electron-reduced radical anion of a viologen derivative, 1,1'-bis(3-
sulfonatopropyl)-4,4'-bipyridinium ((SPr)2V™, Em = -400 mV)*’
(Figure 2D) was used to reduce the Fe protein to the super-reduced
[4Fe-4S]° state as confirmed by the absence of the S = 1/2 [4Fe-
451" EPR signal (Figure 2A and S1). This mediator has been
shown to be effective in supporting in vitro nitrogenase catalysis.*’
The [4Fe-4S]° in this FeP* protein thus generated is diamagnetic
(S§=0), as supported here by the absence of the g ~ 16.4 EPR signal
associated with the S = 4 state’>*! that appears in the low-field re-
gion of the parallel mode EPR spectrum (Figure 2C). This assign-
ment is consistent with that for the FeP* protein generated with the
physiologic reductant F1dHQ 3¢

When DT-reduced Fe protein is mixed with a reaction cocktail that
includes MgATP, an ATP regenerating system, and MoFe protein,
steady-state turnover is rapidly achieved and persists for at least 1

min when high protein concentrations suitable for EPR analysis are
used. When the turnover is conducted under an atmosphere of ar-
gon, protons from solution are reduced to Ha as the sole catalytic
product. Under such steady-state conditions, the solution can be
rapidly frozen in liquid N2 to quench the reaction at a fixed time for
analysis by low-temperature EPR.?® When such assays are con-
ducted using an excess of Fe protein over MoFe protein
([FeP]:[MoFeP] = 10:1), most of the Fe protein is unbound from
the MoFe protein and predominantly exists as EPR-active FePred
(Figure 2B). In contrast, when the same experiment is conducted
using (SPr)2V*in place of DT, the quenched steady-state sample
shows no Fe protein EPR signal, consistent with the unbound ma-
jority of the Fe protein being in the super-reduced, S = 0 state (Fig-
ures 2B and 2C). Hence, the Fe™ protein is the dominant func-
tioning species during nitrogenase turnover with DT as reductant,
while with (SPr)2V™ as reductant, it is the Fe™ (S = 0) protein.

Analysis of the number of ATP hydrolyzed per electron
transferred for nitrogenase catalysis



The analysis of H2 formed during argon turnover provides a highly
accurate way to quantify electron transfer because under these ex-
perimental conditions Hz is the only catalytic product. To evaluate
the ATP hydrolyzed per each electron transfer event, steady-state
turnover assays under Ar were conducted, but in the absence of an
ATP-regenerating system and over shorter times (1-2 min), to min-
imize the potential ADP inhibitory effect on nitrogenase catalysis,
16 after which the reaction was quenched with addition of 5 M NaCl
aqueous solution.*® All experimental turnover samples were ac-
companied by parallel control samples having the same component
concentrations and reaction conditions except with addition of the
quenching reagent prior to initiating nitrogenase catalysis. Using
the corresponding turnover and control quenched samples, a highly
sensitive Malachite green-based colorimetric assay (see Experi-
mental Section and Figure S2) was used to measure the Pi and,
hence, MgATP hydrolysis associated with the H> formation. In this
way, it was possible to establish the amount of ATP hydrolyzed for
each electron transfer event occurring at fixed times during steady-
state turnover.
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Figure 3. Ratio of ATP per electron (ATP/e”). Shown is the ratio
of ATP hydrolyzed per electron accumulated in H2 (ATP/e-) du-
ring a steady-state turnover under Ar with different reductants:
DT, (SPr)2V™, or Ti(Ill)-citrate. All assays were conducted in a
MOPS buffer (100 mM, pH 7.3) with ca. 10 mM MgATP in the
absence of ATP-regenerating system with either 5 mM DT, 3.5
mM (SPr)2V*, or 7.3 mM Ti(Il)-citrate as reductant. Following a
2-min pre-incubation at 30 °C, the reactions were initiated and in-
cubated for 1 min before quenching. For DT and Ti(IIl)-citrate as-
says, a final concentration of 0.42 uM MoFeP and ca. 8 pM FeP
was used. For (SPr)2V*™ assays, a final concentration of 0.5 pM
MoFeP and ca. 4 uM FeP were used.

DT as reductant: As shown in Figure 3, when DT is used as re-
ductant, 1.96 £ 0.09 ATP are hydrolyzed for each electron transfer
event with the Fe protein utilizing the [4Fe-4S]>"!* couple. These
findings are consistent with the findings from a number of earlier
studies.>7-16:32.44

(SPr):V™ as reductant: During Ar turnover when (SPr)2V*™ is used
as reductant, and thus a high percentage of the Fe protein is in the
EPR-silent, super-reduced (FeP*) state previously assigned as be-
ing diamagnetic (S = 0), the corresponding analysis of electrons

consumed and ATP hydrolyzed, again indicates that ~2 ATP are
hydrolyzed for each electron transfer event: ATP/e” of 1.89 £ 0.04,
Figure 3. This behavior with (SPr)>2V* as the reductant persists
upon altering the Fe protein to MoFe protein ratio (Figure S3), the
reaction time (Figure S4), varying ATP concentration (Figure S5),
or varying total MoFe protein concentration (Figure S6): in no case
was a ratio lower than ~2ATP/e” observed. In short, the FeP*" (S =
0) protein is observed to deliver only one electron to MoFe protein
with hydrolysis of two ATP per Fe protein cycle under the range of
conditions examined here.

Ti(IIl)-citrate as reductant: Parallel studies were conducted using
Ti(II)-citrate as reductant,* which was shown to produce the FeP*
protein in a S = 4 state.>* Earlier studies suggested this Ti(III)-
citrate reduced FeP* state might transfer two electrons per Fe pro-
tein cycle coupled to the hydrolysis of two ATP (ATP/e" = 1).43-46
To examine the ATP/e ratio with this reductant, experiments were
carried out using Ti(IlI)-citrate (Figure S7) (7.3 mM) and the same
nitrogenase component protein concentrations used in the earlier
work,** where results were interpreted to indicate that in aggre-
gate only one ATP is consumed for each electron transfer. As
shown in Figure 3, the present high-precision measurements
clearly reveal there is no such change in behavior when Ti(IIl)-
citrate is used as the reductant: the ratio of ATP hydrolyzed per
electron transferred is 2.16 + 0.04, Moreover, this result was ex-
tended by varying the[FeP]:[MoFeP] molar ratios, with use of ei-
ther 20:1 (Figure 3) or 5:1, and through variation of the Ti(II)-
citrate concentration (Figure S8).

The equivalent behavior of DT and Ti(Ill)-citrate as reductants is
directly confirmed by noting that the total H2 formed in a fixed
amount of reaction time (specific activity) is essentially the same
with either DT or Ti(Ill)-citrate as reductant (Figure S9), which is
consistent with the observations in previous reports*>* with these
two reductants for nitrogenase catalysis. The rate-limiting process
in Hz production is the Fe-protein cycle, and it is controlled not by
the electron delivery to MoFe protein, but by release of Pi subse-
quent to ATP hydrolysis.® If FeP*" was delivering 2¢" per Fe protein
cycle (hydrolysis of two ATP), then the amount of H2 formed per
time would be twice that observed when the FeP™™ was operative
(DT as reductant), delivering one-electron per Fe protein cycle.

To gain insight into the discrepancy between the ATP/e” values
with Ti(IIl)-citrate as the reductant measured in this work and those
previously reported, we determined that treatment of the Fe protein
with an excess of Ti(Il)-citrate does indeed form predominantly
the FeP*, S = 4 state, through observation of its EPR signal at g =
16.3 in the parallel mode (Figure 2C).>>° In contrast, the EPR
spectrum taken for the sample trapped during turnover in the pres-
ence of MoFe protein shows a greatly diminished g = 16.3 signal
intensity, indicating the majority of the Fe protein is not in the S =
4 state. A review of the literature explains this result. Earlier work
suggested that although Ti(III)-citrate can reduce the Fe protein to
the FeP* state, the kinetics of this reaction is slow.*>** The EPR
observations during turnover reported here can thus be reasonably
explained as Ti(IIl)-citrate reduction being unable to keep up with
the electron transfer for substrate reduction. In short, in the steady-
state, the Fe protein does not exist primarily as the FeP* state, as
previously assumed,*? but not measured. Instead, the EPR studies
reported here suggest that it is the FeP™ ([4Fe-4S]') state that is
the dominant when Ti(Ill)-citrate is the reductant under turnover
conditions, with the FePs" ([4Fe-4S1°, S = 4) state being a minor
species (Figures 2C).

The diminished g = 16.3 signal for FeP*" (S = 4) during turnover
with Ti(Ill)-citrate as reductant implies that most of the Fe protein
is in its one-electron reduced state, FeP™d (S = %4), which should be



observable in perpendicular-mode. Unfortunately, due to the pres-
ence of high concentration of EPR active Ti(IIl)-citrate (S = }%), the
relatively low concentration of FeP™d (S = 14) signal was over-
whelmed and could not be clearly seen in Figure S1.

To summarize the findings with Ti(IIl)-citrate as reductant, the re-
sults in the present work are not consistent with the earlier sugges-
tion that the FeP* state (S =4) transfers two electrons per Fe protein
cycle coupled to the hydrolysis of two ATP, with FeP°*/FeP*" ([4Fe-
48]%*/0) as the operative redox couple when using Ti(III)-citrate.*>
46 The data presented here instead shows that under the conditions
utilized here, Ti(Ill)-citrate reduced Fe protein delivers 1 e per Fe
protein cycle (2ATP/1¢") The SI presents a discussion of factors
that could have led the earlier work astray.

Eu(Il)-L as reductant: We tested another reductant that has been
used with nitrogenase, Eu(I)-L, with different ligands (L) creating
reductants with different (negative) potentials.*>#>!  There is no
report to date addressing the compatibility of this reductant for ni-
trogenase catalysis in the presence of both nitrogenase component
proteins and MgATP, although there are some reports that Eu(II)-
L can support certain catalytic features of the individual Fe protein
or MoFe protein.!1184132 For example, several Eu(Il)-L reductants
have been shown to reduce Fe protein to FeP™ (S =4).4%4! However,
we find that Eu(II)-EDTA (Em = -840 mV vs NHE) or Eu(Il)-
EGTA (En=-880 mV vs NHE)**3!-33 cannot drive nitrogenase ca-
talysis above background H: formation when used in place of DT
(Figure S10 and S11).

The result of adding sulfite to Eu(Il)-EGTA reaction mixtures was
further investigated, as suggested by a recent report.>* It was found
that when sulfite was added to Eu(1I)-EGTA containing solutions
before initiation of the reaction, the yellow color of Eu(Il)-EGTA
disappeared in less than one minute indicating the oxidation of
Eu(Il)-EGTA by sulfite. The resulting solution was able to drive
nitrogenase catalysis at a level similar to an equivalent concentra-
tion of DT (Figure S12). These combined observations explain the
reported effect of sulfite addition. They indicate that sulfite is re-
duced by Eu(II)-EGTA to SO>’, the active redox species involved
in nitrogenase reduction when dithionite is used as the artificial
electron source.* These results show that it is inappropriate to draw
mechanistic conclusions when the combination of Eu(Il)-L and sul-
fite is used as a source of reducing equivalents during in vitro ni-
trogenase catalysis.>

Flavodoxin/DT as reductant: One of the physiological reductants
for nitrogenase is the flavodoxin (Fld) protein and it has been
shown that the FId"Q form can reduce Fe protein to the FeP* (§ =
0) state.>#23557 Moreover, it has been used in in vitro studies sug-
gesting 1ATP/e-.3%* However, it is hard to apply F1d"? as the sole
bulk reductant for in vitro steady-state kinetic measurements, %3643
due to challenges in maintaining effective concentrations of the hy-
droquinone state, as well as an inhibitory effect on nitrogenase ca-
talysis when F1d"Q is in high concentration.® Therefore, F1d is often
used in combination with DT.%22838 Recently, the application of
this DT/FId method in a steady-state kinetic study of nitrogenase
revealed that the Pi release is the rate-limiting step in the Fe protein
cycle with a determined ATP/e” = 2.° However, the dominant redox
state of Fe protein in that system was unknown. '8 Here, perpendic-
ular-mode EPR now shows (Figure S13) that the S = % FeP™!
([4Fe-4S]') is the dominant functioning partner of MoFe protein
when a combination of Fld and DT are used. The present measure-
ments yield an ATP/e” of 1.98 + 0.04 (Figure S13) for this reducing
system, in agreement with the previous report, but now explicitly
showing the previously assumed involvement of FeP™d,

CONCLUSIONS

Results obtained in the present work demonstrate that during nitro-
genase reduction of protons to form Hz, both the FePrd ([4Fe-4S]'")
state and the all-ferrous FeP*' state transfer only one electron during
each Fe protein cycle in a reaction that is linked to the hydrolysis
of two ATP (Figure 1C). Thus, for proton reduction, a stoichiom-
etry of 1 e transfer coupled to hydrolysis of two ATP as a minimum
for each Fe protein cycle is utilized. It should furthermore be em-
phasized that although an all-ferrous [4Fe-4S] cluster of the Fe pro-
tein can function for in vitro nitrogenase catalysis, there is no evi-
dence to suggest which redox couple of the Fe protein dominates
in vivo under different physiological conditions.

EXPERIMENTAL SECTION

General procedures. All chemicals, unless otherwise noted, were
obtained from Sigma-Aldrich (St. Louis, MO) and used without
further purification. Adenosine-5’-triphosphate (ATP, disodium
trihydrate, Ultra-Pure) was purchased from Gold Biotechnology
(St. Louis, MO). Sodium citrate dihydrate and anhydrous sodium
sulfite were purchased from Avantor Performance Materials (Cen-
ter Valley, PA). Hydrogen and argon gases were purchased from
Air Liquide America Specialty Gases LLC (Plumsteadville, PA).
The argon gas was passed through an activated copper-catalyst to
remove dioxygen contamination prior to use. A. vinelandii strains
DJ995 (wild type MoFe protein) and DJ884 (wild type Fe protein)
were grown, and nitrogenase proteins were expressed and purified
as previously described.”® Flavodoxin (Fld, NifF) was expressed
and purified from E. coli as described before.%° All proteins were
greater than 95% pure as confirmed by SDS-PAGE analysis using
Coomassie blue staining. The Fld contains about 56% FMN as the
active site content determined with a procedure published before,®
and was used as its semi-quinone form. 1,1’-bis(3-sulfonatopro-
pyl)-4,4'-bipyridinium ((SPr)2V) was synthesized and a stock solu-
tion containing 250 mM (SPr)2V*™ with 500 mM KCI was prepared
by bulk electrolysis as described before.*” The Malachite Green
Phosphate Assay Kit (POMG-25H) was purchased from Bioassay
Systems. Proteins and buffers were handled anaerobically in sep-
tum-sealed serum vials under an inert atmosphere (argon or dini-
trogen), on a Schlenk vacuum line, or anaerobic glove box (Tele-
dyne Analytical Instruments, MO-10-M, Hudson, NH). The trans-
fer of gases and liquids were done with gastight syringes.

EPR. For resting state samples in X-band tubes, a final concentra-
tion of 50 uM Fe protein was added to a 200 mM MOPS buffer,
pH 7.3, containing 20 mM ATP, 20 mM MgClz, 30 mM phospho-
creatine, ca. 0.4 mg/mL creatine phosphokinase, and 1 mg/mL bo-
vine serum albumin, with either 20 mM sodium dithionite (DT), or
20 mM DT and 200 uM F1d, or 2.5 mM (SPr)>V* as reductant. For
turnover samples, a final concentration of 5 uM MoFe protein was
contained in the aforementioned buffer system before the addition
of the Fe protein to start the reaction. After the addition of Fe pro-
tein, all samples were incubated at room temperature for ca. 20-25
sec. Then an aliquot of ca. 300 pL of reaction mixture was trans-
ferred into 4-mm calibrated quartz EPR tubes and rapidly frozen in
a hexane/liquid nitrogen slurry and were stored in liquid nitrogen
for EPR analysis. All Q-band EPR samples were prepared with 110
uM Fe protein and same methods with different reductants (Figure
S1). The samples for parallel mode EPR studies were prepared in
X-band tubes with the same component concentrations as those in
Q-band samples.



Continuous-wave (CW) X-band EPR spectra were recorded us-
ing a Bruker ESP-300 spectrometer with an EMX PremiumX mi-
crowave bridge and an EMXPLUS standard resonator in perpendic-
ular mode, equipped with an Oxford Instruments ESR900 continu-
ous helium flow cryostat using VC40 flow controller for helium
gas. Spectra were recorded at the following conditions: tempera-
ture, ~12 K or otherwise stated in the figure legends; microwave
frequency, ~9.38 GHz; microwave power, 20 mW; modulation fre-
quency, 100 kHz; modulation amplitude, 8.14 G; time constant,
20.48 ms. Each spectrum is the sum of five scans as indicated for
each data set as in the figure legends. To evaluate the spin state of
Fe protein reduced with 2.5 mM (SPr)2V™, an increased microwave
power (50mW) was applied in the low-field range (300-700 Gauss)
to inspect any possible integer spin species (S = 4) with 5 scans at
12 K with other parameters unchanged.

Preparation of Ti(lll)-citrate stock solution. Ti(Ill)-citrate so-
lution was prepared by addition of 48 pL Ti(IIT)Cls solution (ca.
30% (2.60 M) Ti(II)Cl3 in ca. 10% (3.66 M) HCI solution) to a
pre-mixture of 500 pL of 500 mM sodium citrate solution and 300
pL of 1 M Tris base solution, giving a final concentration of Ti(I1I)-
citrate is about 146 mM with a [Ti]:[citrate] =1:2. It should be noted
that the 1 M Tris base solution was critical to neutralize the hydro-
chloric acid in Ti(III)Cl3 and bring the final pH to an estimated
range of 7-8. The spectrum of this Ti(IIl)-citrate solution was eval-
uated by UV-vis on a Cary 50 Bio UV-Visible spectrometer (Fig-
ure S7).

Preparation of Eu(ll)-L stock solutions. The Eu(II)-L stock so-
Iution was prepared by dissolving an amount of Eu(II)Cl2 with ei-
ther a 250 mM EDTA (ethylenediaminetetraacetic acid disodium
salt) or EGTA (ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid tetrasodium salt) solution at pH 8.0. For the data
presented in Figure S11, the [Eu(I)]:[L] = 6:5. For those presented
in Figure S10 and S12, the [Eu(II)]:[L] = 1:1.

Determination of the ratio of hydrolyzed ATP per electron
(ATP/e-) transferred for nitrogenase catalysis under Ar. To
eliminate interference from the hydrolysis of phosphocreatine on
quantification of inorganic phosphate (Pi), the reactions were car-
ried out in 9.4 mL sealed serum vials with 1 mL of solution con-
taining 100 mM MOPS reaction buffer, pH 7.3, containing only
MgATP and corresponding reductants in the absence of an ATP
regeneration system (phosphocreatine, creatine phosphokinase,
and BSA) as specified in each figure legend. The concentrations of
ATP and MgCl: are equal in all cases. All reaction mixtures were
pre-incubated in a water bath with shaking (160 rpm) at 30 °C for
2 min prior to starting the reaction by addition of a protein mixture
of MoFe and Fe proteins. For the effect of component ratio studies
with (SPr)2V* as reductant, the Fe protein was added to the reaction
mixture containing MoFe protein to start the reactions. After the
noted reaction time, the reactions were quenched by addition of 500
pL of 5M NaCl solution to the reaction mixture. To obtain proper
backgrounds for H> and Pi quantification for each set of experi-
ments, the corresponding control experiments were done with same
component ratios, and incubation time except that the quenching
agent (NaCl) was added to the reaction mixture before initiation of
the reactions. The total number of electrons transferred during turn-
over was determined based on the quantification of H> formation
after subtracting the backgrounds and adjusted to the proper atmos-
pheric pressures in the laboratory (ca. 640 mmHg, Logan, Utah) as
described before.®! The amount of hydrolyzed ATP as formation of
Pi was determined with a commercial assay kit (Malachite Green
Phosphate Assay Kit, POMG-25H, BioAssay Systems) and a pro-
cedure slightly modified based the protocol provided by BioAssay

Systems. Typically, an aliquot of 10 or 20 pL of the quenched re-
action mixture was taken out of the reaction and diluted to 1 mL
with 1.25 M NaCl solution with final ATP concentrations less than
0.2 mM. Then 200 pL of assay reagent mixture of Reagent A and
B in aratio of 100:1 (v/v) was added to the diluted reaction mixture.
The final mixture was incubated at room temperature for 30 min
before recording the absorbance at 620 nm. A Pi standard curve
was created with the 1 mM Pi standard solution provided by Bio-
Assay Systems with the assay kit (Figure S2). The presented
ATP/e data were derived with the quantified Pi and H: after sub-
traction of proper backgrounds from appropriate control experi-
ments as mentioned above.
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