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ABSTRACT: Of the three forms of nitrogenase (Mo-nitrogenase, V-nitrogenase, Eq(4H) E4(2N2H)

and Fe-nitrogenase), Fe-nitrogenase has the poorest ratio of N, reduction relative to Fe< S>|:e N, HH Fe S\Fe

H, evolution. Recent work on the Mo-nitrogenase has revealed that reductive / H \ re /

elimination of two bridging Fe—H—Fe hydrides on the active site FeMo-cofactor to  § SH"‘/—T\T‘ &

yield H, is a key feature in the N, reduction mechanism. The N, reduction \ AN / EN_NF\‘/

mechanism for the Fe-nitrogenase active site FeFe-cofactor was unknown. Here, we Fe\s/ Fe. N HH Fe\s/ ©
S

FeFe-cofactor
Fe-nitrogenase

have purified both component proteins of the Fe-nitrogenase system, the electron-
delivery Fe protein (AnfH) plus the catalytic FeFe protein (AnfDGK), and
established its mechanism of N, reduction. Inductively coupled plasma optical
emission spectroscopy and mass spectrometry show that the FeFe protein component does not contain significant amounts of
Mo or V, thus ruling out a requirement of these metals for N, reduction. The fully functioning Fe-nitrogenase system was found
to have specific activities for N, reduction (1 atm) of 181 + S nmol NH; min~' mg™" FeFe protein, for proton reduction (in the
absence of N,) of 1085 + 41 nmol H, min~' mg~" FeFe protein, and for acetylene reduction (0.3 atm) of 306 + 3 nmol C,H,
min~' mg~' FeFe protein. Under turnover conditions, N, reduction is inhibited by H, and the enzyme catalyzes the formation of
HD when presented with N, and D,. These observations are explained by the accumulation of four reducing equivalents as two
metal-bound hydrides and two protons at the FeFe-cofactor, with activation for N, reduction occurring by reductive elimination

of H,.

itrogenase is the microbial enzyme responsible for

biological dinitrogen (N,) fixation to ammonia (NH,)
and represents the largest contributor of fixed nitrogen (N) to
the global biogeochemical nitrogen cycle.'™ There are only
three known forms of nitrogenase designated as the
molybdenum (Mo)-dependent, the vanadium (V)-dependent,
and the iron (Fe)-dependent enzymes," ® each encoded by
unique gene clusters, designated nif, vnf, and anf, respec-
tively.”” Each nitrogenase contains a complex metal cluster
called the FeMo-cofactor, FeV-cofactor, and FeFe-cofactor, as
the active site for substrate reduction (Figure 1B). These
multimetallic cofactors all contain Fe and S, with available
evidence indicating that all three are similar, with substitution
of one metal (Mo, V, or Fe).”>'°~"* The X-ray structure of the
Mo-nitrogenase has been well established,'* and a recent X-ray
structure of the V-dependent nitrogenase confirms that the
basic architectures of FeMo-cofactor and FeV-cofactor are
similar, with V substituting for Mo."® Additionally, the structure
of FeV-cofactor shows a molecule replacing one of the bridging
sulfide atoms found in FeMo-cofactor. While the identity of the
molecule replacing S is unknown, it has been proposed to be

carbonate."® No structural information is available for the FeFe-
cofactor in Fe-nitrogenase.

Mo-nitrogenase is the best studied of the three nitrogenase
forms. It is a two-component system comprising a catalytic
MoFe protein (NifDK) and electron-delivery Fe protein
(NifH) (Figure 1A). The Fe protein is a homodimer that
contains a single Fe,S, cluster and two MgATP-binding sites.”
The MoFe protein is a @/, heterotetramer that forms two
catalytic halves, with each half containing a FegS, cluster (P-
cluster) and a MoFe,S,C-homocitrate active site cofactor
(FeMo-co). During catalysis, the two component proteins
transiently associate, during which the Fe protein donates one
electron to the MoFe protein, coupled to the hydrolysis of two
MgATP. Electrons are accumulated on FeMo-cofactor, with the
P-cluster proposed to act as a “deficit-spending” electron
shuttle between the Fe protein and FeMo-cofactor.”"” Studies
of the MoFe protein trapped during catalysis have shown how
electrons and protons accumulate on FeMo-cofactor and how
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Figure 1. General nitrogenase architecture, nitrogenase cofactors, and N, activation mechanism. (A) Schematic of nitrogenases showing the electron
delivery component (Fe protein), catalytic component (MoFe, VFe, or FeFe protein), metal clusters, and electron delivery pathway. The differing
metal atom (M in red) is Mo, V, or Fe. MoFe protein is an a,f, heterotetramer, while VFe and FeFe proteins are a,f,y, heterohexamers. (B)
Structural models of nitrogenase cofactors with homocitrate on the right based on crystal structures for MoFe and VFe proteins. The carbonate in
the FeV-cofactor has not been unambiguously assigned. No structure for the FeFe-cofactor is available, so a model is proposed based on available
data. (C) Simplified form of the N, activation mechanism, with cartoons of the Fe 2, 3, 6, 7 face of FeMo-cofactor in the Ey, E,, and E, states
(designation from the Lowe—Thorneley kinetic model) showing hydrides and protons and showing both the re/oa equilibrium with loss of H, and
binding/reduction of N, (going right) and the two steps of H, generation by hydride protonation that occur in the absence of N, (going left). The

exact location of the bound hydrides and protons is proposed.

the enzyme is activated for N, binding and reduction (Figure
1C)."* In short, four electrons and protons must be
accumulated on FeMo-cofactor to create the E,(4H) state
before N, can be reduced. This E,(4H) state contains two Fe—
H-—Fe bridging hydrides. The two hydrides combine to make
H, in a reductive elimination (re) reaction that is coupled to N,
binding and reduction by two electrons/protons to the first
bound intermediate, a diazenido-metal complex (E,(2N2H)).
The re step is reversible, with the oxidative addition (0a) of H,
by E,(2N2H) leading to N, release.'”'°~"? The reversibility of
this re/oa step explains early findings that two HD are formed
for every D, consumed when nitrogenase is turned over in the
presence of D, and N,.*>*" This observation can be understood
from the mechanistic model as resulting from oa of D, by the
E,(2N2H) state, which leads to formation of two metal-bound
D™ with loss of N,. These nonexchangeable deuterides each
react with H* derived from solvent, yielding two HD.”*”!
Overall, the two signature features of the re/oa mechanism for
N, activation by nitrogenase are the observations that H, can
inhibit N, reduction and that turnover in the presence of N,
and D, results in the formation of HD.

Studies on V-nitrogenase have indicated that while it does
reduce N,, it does so at a lower rate compared to Mo-
nitrogenase, and little is known about its catalytic mecha-

. 4,610,12,22 .
nism.”” " “““ Even fewer studies have been conducted on Fe-

nitrogenase, and less is known about its mechanism for N,
reduction.””'"1»>3728 T ike Mo- -nitrogenase, Fe-nitrogenase
comprises an electron-delivery Fe protein (AnfH) and catalytic
“FeFe protein” (AnfDGK) (Figure 1A). Compared to the
MoFe protein, the FeFe protein incorporates an extra gamma
subunit per catalytic half, forming an a,f,y, heterohexamer
(Figure 1A). Amino acid residues in the Fe protein of Mo-
nitrogenase that coordinate the Fe,S, cluster and nucleotide
binding sites, as well as those in MoFe protein that coordinate
the P-cluster and FeMo-cofactor, are conserved in the Fe-
nitrogenase proteins.””*”*" Spectroscopic studies predict that
Fe-nitrogenase contains a metallocluster called FeFe-co that is
structurally homologous to FeMo-co of Mo-nitrogenase.''

While structurally and functionally similar, some aspects of
catalysis by the three nitrogenases are not identical. In the case
of Mo-nitrogenase, the re/oa equilibrium incorporates a
mechanistically required limiting stoichiometry (eq 1) for N,
reduction

N, + 8H" + 16MgATP + 8e~
— 2NH; + H, + 16MgADP + 16P, (1)

as proposed by Lowe and Thorneley.”’ This limitin
stoichiometry is, in fact, approached under high N, pressures.’



In contrast, under 1 atm partial pressure of N, (Py), the

optimal stoichiometry for Fe-nitrogenase is about 9 H, per N,
reduced.” The mechanism-determined ratio of H, formed per
N, reduced for V-nitrogenase is not known, but the observed
H, produced/N, reduced ratio is between the values for the
Mo- and Fe-enzymes. Overall, there is no experimental
evidence to establish that the V- and Fe-nitrogenases follow
the same re/oa mechanism for N, activation and the same
mechanistic stoichiometry proposed for N, activation by the
Mo-enzyme. Indeed, the absence of Mo in the Fe-enzyme
directly raises the possibility that this enzyme could follow a
different mechanism for N, reduction.

Here, we have purified both component proteins for the
Azotobacter vinelandii Fe-nitrogenase and carried out experi-
ments that reveal that this nitrogenase indeed follows the re/oa
mechanism established for Mo-nitrogenase, with its “eight-
electron” stoichiometry (eq 1).

B MATERIALS AND METHODS

Reagents and General Procedures. All reagents were
obtained from Sigma-Aldrich (St. Louis, MO) or Fisher
Scientific (Fair Lawn, NJ) unless specified otherwise and used
without further purification. Argon, dinitrogen, dihydrogen, D,,
acetylene, and ethylene gases were purchased from Air Liquide
America Specialty Gases LLC (Plumsteadville, PA). Manipu-
lation of proteins and buffers was done anaerobically in septum-
sealed serum vials or flasks under an argon atmosphere or on a
Schlenk line. Gas transfers were made using gastight syringes.

Strain Construction, Bacterial Growth, and Protein
Expression and Purification. A. vinelandii strain DJ125S was
constructed in two steps. First, the tungsten-tolerant phenotype
was transferred to DJ33, which is deleted for the nif DK enes,”>
by using chromosomal DNA isolated from CA11.6.”* This
strain is designated DJ1254 and is inactivated for the Mo-
dependent system but has both the V-dependent and Fe-only
nitrogen fixation systems intact. Subsequently, the V-dependent
system from DJ1254 was inactivated by transformation using
pDB1087 DNA that carries a kanamycin-resistance gene
cartridge located within the N-terminal coding region of
vnfK. This strain, DJ1255, is inactivated for both the Mo-
dependent and V-dependent nitrogenases but retains an intact
Fe-dependent nitrogenase.

Fe-nitrogenase proteins, FeFe protein (AnfDGK) and Fe
protein (AnfH), were expressed in A. vinelandii strain DJ1255
cells grown under N, fixing conditions at 30 °C in Burk N-free
medium® with Na,MoO, omitted in a custom-built 100 L
fermenter with stirring and aeration to an ODyg, of 1.8—2.0 and
then harvested. Mo-nitrogenase proteins were expressed in A.
vinelandii strains DJ99S (MoFe protein, NifDK) and DJ884 (Fe
protein, NifH) and grown as previously described.” For Mo-
nitrogenase proteins, crude cell extracts were prepared and
proteins were purified according to previously described
methods with minor modifications.”>™*’ For Fe-nitrogenase
proteins, cell extracts were prepared using a French pressure
cell (SLM Aminco FA-078, Aminco, Rochester, NY) operated
at 1500 Ib/in” in a degassed SO mM Tris-HCI buffer (pH 8.0)
with 2 mM sodium dithionite. All steps were conducted with
oxygen-free buffers under Ar gas. This is the base buffer used
throughout the purification with varying concentrations of
NaCl as indicated. The cell extract was centrifuged at 50 000g
for 1 h to remove cell debris. Lysate was then loaded onto a
~170 mL Q-Sepharose column that had been previously

washed in buffer containing 1 M NaCl and then rinsed and
equilibrated in no salt buffer. The column was then washed for
2 column volumes (CV) with 10% NaCl. Proteins were
separated with a NaCl gradient (20—45% NaCl over 6 CV at §
mL/min). AnfH eluted off the column as a dark brown fraction
at 24—27% NaCl, and AnfDGK eluted as a dark brown fraction
at 29—-35% NaCl. AnfH and AnfDGK fractions were then
further purified with Sephacryl S-200 or Sephacryl S-300
columns, respectively, in buffer with 250 mM NaCl. Pooled
fractions of AnfH or AnfDGK were concentrated using an
Amicon (EMD Millipore, Billerica, MA) concentrator with a 60
or 100 kDa cutoff membrane, respectively, and stored in liquid
nitrogen. Protein concentrations were determined by the Biuret
assay using BSA as a standard. Protein purity of >85% was
confirmed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis using Coomassie blue
staining.

Protein Identification. Protein identification from gel
bands and solution digestion was performed according to
standard protocols recommended by the manufacturers using a
trypsin (Promega, Madison, WI) protease/complex ratio of
1:50 overnight at 37 °C (in-gel digestion) and 1:100 for 3 h at
37 °C (in-solution digestion). Proteins were identified as
described®® using a maXis Impact UHR-QTOF instrument
(Bruker Daltonics, Billerica, MA) interfaced with a Dionex
3000 nano-uHPLC (Thermo-Fisher, Waltham, MA) followed
by data analysis in Peptide Shaker.”” Protein homology models
were generated by Phyre2."’

Dinitrogen, Acetylene, Proton Reduction, and H,
Inhibition of N, Assays. Substrate reduction assays were
conducted in 9.4 mL serum vials containing an assay buffer
consisting of a MgATP regeneration system (6.7 mM MgCl,,
30 mM phosphocreatine, 5 mM ATP, 0.2 mg/mL creatine
phosphokinase, 1.2 mg/mL BSA) and 10 mM sodium
dithionite in 100 mM MOPS buffer at pH 7.0. After solutions
were made anaerobic, headspace gases in the reaction vials were
adjusted to desired partial pressures of relevant gaseous
substrates or inhibitors (N,, C,H,, or H,) per condition
indicated. Any remaining headspace was filled by argon. The
FeFe or MoFe protein was then added to the vials, the vials
were ventilated to atmospheric pressure, and the reactions were
initiated by addition of the relevant Fe protein. FeFe and MoFe
proteins were used at a 0.1 mg/mL concentration. Fe proteins
were used at a saturating concentration of 30:1 molar ratio of
Fe/FeFe and 20:1 molar ration of Fe/MoFe. Reactions were
conducted at 30 °C for 8 min and then quenched by the
addition of 300 uL of 400 mM EDTA (pH 8.0). The products
(NH,, H,, and C,H,) from different substrate reduction assays
were quantified according to published methods with minor
modifications.*"**

Metal Content Analysis. Molybdenum and iron concen-
trations were determined at the Utah State University Analytics
Lab on a Thermo Fisher Scientific (Waltham, MA) iCAP 6300
ICP-OES (minimum detection limit, 0.0001 y#g/mL; minimum
reporting limit, 0.001 yg/mL). Vanadium concentrations were
determined at the Utah Veterinary Diagnostic Laboratory
(UVDL, Logan, UT) using a validated protocol with argon
plasma mass spectrometry (minimum detection limit, 0.0001
pg/mL; minimum reporting limit, 0.001 #g/mL). To quantify
the vanadium content, analyses were performed using nitric
acid digested samples. The samples were digested (1:1) in trace
mineral grade nitric acid (Fisher Scientific, Pittsburgh, PA) in
sealed 10 mL Oak Ridge screw-cap Teflon digestion tubes



(Nalge Nunc International, Rochester, NY) on a heat block for
2 h at 90 °C. The digests were diluted 1:10 with 18.2 mOhm
water in a 15 mL polypropylene trace metal free tube. This
provided a 5% nitric acid matrix for analysis, which was matrix
matched for all standard curve and quality control samples.
Vanadium analysis was performed using an ELAN 6000
inductively coupled plasma mass spectrometer (ICP-MS)
(PerkinElmer, Shelton, CT). Five-point standard curves
(0.010, 0.050, 0.100, 0.250, and 0.500 ug/mL) and quality
control (QC) samples were analyzed every five samples. QC
analyses were considered acceptable at +10% of the known
vanadium concentration, but they were generally less than
+5%.

HD Production. Turnover samples were prepared, initiated,
and terminated as described above. Paired no-turnover control
samples with both proteins excluded and the liquid volume
contribution from the proteins substituted with EDTA were
prepared and handled identically to the turnover samples. The
ratio of the partial pressures of N, and D, in the headspaces of a
sample pair was varied as desired, with Ar filling the remaining
headspace. In turnover samples, FeFe and Fe proteins were
each used at a 0.4 mg/mL concentration for a Fe/FeFe molar
ratio of 4:1. MoFe and Fe proteins were each used at a 0.2 mg/
mL concentration for a Fe/MoFe molar ratio of 4:1.

The headspace volumes of all samples were tested with an
Inficon L100 RGA for the presence of H, and HD produced
during reaction. In these experiments, a 300 um i.d. fused silica
capillary connected to the vacuum chamber on which the RGA
was mounted was passed into the sample vial through a hollow
needle, which had punctured the septum of the vial. Current
measurements were acquired for m/z = 2 and 3, averaged over
~1 min for each vial; typical measurement traces are presented
in Figure S1. For each gas mixture, multiple samples were each
subjected to multiples of such independent measurements. The
differences in paired turnover and no-turnover samples were
converted into volume units of H, and HD (at 1 atm, 295 K)
from a calibration obtained with a set of appropriately prepared
standards containing a known H, gas volume, which was varied
from 10 to 60 uL. Comparison of paired turnover and no-
turnover samples allowed us to take into account an m/z = 2
background, formed from H,O and D, and present in all vials,
which varied with the tested N,/D, mixture, as well as an m/z =
3 background caused by contamination of the D, gas with HD.
Measurements of m/z = 3 and 4 signals in no-turnover samples
indicate the HD contamination as 0.15 + 0.02%.

Statistical Analysis. Statistical significance tests (Student’s
t test) were run for the variations of H, and HD production as a
function of the ratio of partial pressures of N,/D, (Figure 7,
upper and lower), using the online “t test” calculator https://
www.graphpad.com/quickcalcs/ttest2/. Results are reported
below in terms of the output P value, which varies between 0
and 1, and is the probability of observing a difference in the
average values of two sets of measurements as large as observed
in experiment, even if the two population means are identical.

Data obtained for H, production (upper plot of Figure 7)
reveal P values ranging from 0.08 to 0.79 for the first four N,/
D, ratios, indicating that differences in the measured H,
production during FeFe-protein turnovers at N,/D, ratios of
0.1/0.9, 0.3/0.7, 0.5/0.5, and 0.7/0.3 are not statistically
significant. For the highest ratio, N,/D, = 0.9/0.1, the value of
P ranges between 0.0011 and 0.047 in comparison with the four
lower ratios, which implies that the decrease in the H,
production induced by high pressure of N, during FeFe-

protein turnover can be considered statistically significant or
even very significant. The same statistical significance test
applied to HD production (lower plot of Figure 7) gave P
values of 0.0011 or less when comparing the two ratios with the
highest HD production measured at N,/D, = 0.5/0.5 and 0.7/
0.3, with production at both lower and higher extremes of the
N,/D, ratio, indicating the decreases in HD production at low
and high N,/D, ratios are very or even extremely statistically
significant.

B RESULTS

Fe-Nitrogenase Properties. Both Fe-nitrogenase compo-
nent proteins were expressed in a strain of A. vinelandii
(DJ1255) that contains deletions in the Mo-nitrogenase
structural genes (nif DK) and the V-nitrogenase structural
genes (vnfDGK), thus precluding the presence of those other
nitrogenases. AnfH (Fe protein) and AnfDGK (FeFe protein)
were purified using a combination of ion exchange and size
exclusion chromatography to near homogeneity, as judged by
the migration on SDS-PAGE with Coomassie blue staining
(Figure S2). The AnfH protein appeared as one protein on
SDS-PAGE at the expected molecular weight (not shown). The
AnfDGK protein appeared as three proteins, corresponding in
mass to the expected subunits, with approximate 1:1:1
stoichiometry from densitometry of the Coomassie stained
gel (Figure S2). The identity of all component proteins
(AnfHDGK) was established by performing a trypsin digest on
SDS gel fragments and analyzing the peptide fragments by mass
spectrometry. Proteins were identified with 100% confidence
based on 88, 76, and 23 proteolytic peptides providing 76, 66,
and 65% sequence coverage for AnfK, AnfD, and AnfG,
respectively. AnfH was identified with 100% confidence based
on 58 proteolytic fragments providing 63% sequence cover-
age®’ (Figure S3). The minor protein below 48 kDa was
identified as NifS.

The purified FeFe protein was subjected to inductively
coupled optical emission and mass spectrometry to establish
the metal content. Mo and V content were at or below the
detection limits for the measurement (1 ppb), indicating a
maximum possible Mo content of 0.07 mol Mo/mol protein
and V content of 0.005 mol V/mol protein. Fe content was
found to be 27.8 + 0.9 mol Fe/mol protein. The predicted Fe
content is 16 Fe from two P clusters and 16 Fe from the two
FeFe-cofactors for a total of 32 mol Fe per mol protein. The
measured Fe content is 87% of the predicted value and is
consistent with occupancies in prior studies.” The very low
upper limits to the Mo and V content confirm that the
measured substrate reduction activities are not associated with
these elements.

Substrate Reduction and Inhibition. The purified Fe
protein (AnfH) and FeFe protein (AnfDGK) were tested for
reduction of H, C,H,, and N, in an assay with MgATP,
creatine phosphate, and creatine phosphokinase as an ATP
regenerating system. Activity was only detectable in the
presence of both component proteins and MgATP. Optimal
activity was seen at pH 7.0, with lower activity seen above pH
7.3. Sodium dithionite (Na,S,0,) concentrations above 2 mM
did not increase activity, showing that the reactions are
saturated for this reductant. Concentrations above 6 mM did
not inhibit activity as has been previously reported for the FeFe
protein purified from Rhodobacter capsulatas.” The specific
activity was dependent on the electron flux as determined by
the molar ratio Fe protein/FeFe protein, with activity
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Figure 2. Specific activities for substrate reduction by Mo- and Fe-nitrogenases. Shown are the N, partial pressure dependence of NH; formation

(left) and C,H, on C,H, formation (right) in Fe-nitrogenase (®) and Mo-nitrogenase (M). N, and C,H, apparent K, and V,,,
determined by a fit of the data to the Michaelis—Menten equation (lines). Mo-nitrogenase: apparent K, N, = 0.13 + 0.03 atm,

values were

Vi = 713 £ 19

max

nmol NH; min~" mg™" MoFe protein, and apparent K, C,H, = 0.009 + 0.0005 atm, V,.,, = 1876 + 20 nmol C,H, min~' mg™' MoFe protein. Fe-
nitrogenase: apparent K, N, = 0.56 & 0.06 atm, V.., = 286 + 15 nmol NH, min~* mg_1 FeFe protein, and apparent K, C,H, = 0.14 + 0.01 atm,

V.
as described in Materials and Methods.

o = 430 + 18 nmol C,H, min™' mg™" FeFe protein. Data are the average of two independent experiments with error bars. Assays were performed

Table 1. Specific Activities and Total Electron Flux in Mo- and Fe-Nitrogenase

substrate
enzyme H* N,“ C,H,”
H, specific H, specific NH; specific H, specific C,H, specific
activity total e~ activity activity total e™* activity activity total e
nitrogenase  nmol/min/mg  nmol/min/mg  nmol/min/mg nmol/min/mg nmol/min/mg  nmol/min/mg nmol/min/mg nmol/min/mg
Mo 2226 + 35 4452 + 69 600 + 4 605 + 9 3016 + 36 ND* 1819 + 20 3639 + 43
Fe 1085 + 41 2170 + 83 599 + 57 181 +§ 1739 + 128 484 + 3 306 + 3 1580 + 13

21 atm N,. 0.3 atm C,H,. “Total e~ is 2X nmol H, + 3X nmol NH,. “Total e~ is 2X nmol H, + 2X nmol C,H,. °ND, not detectable.

increasing with molar ratios up to 20:1 and saturating above
30:1.

The dependence of the specific activities for N, and C,H,
reduction on their partial pressures is presented for both MoFe
and FeFe in Figure 2. Fits of the data to a binding isotherm
show that Fe-nitrogenase has a 4—5-fold higher apparent K,
(0.56 + 0.06 atm) for N, than Mo-nitrogenase (0.13 + 0.03
atm) and a 2.5-fold lower V,,,. Carrying the fits out to high Py,
shows that MoFe protein would asymptotically approach
saturation for Py 2 SO atm, consistent with the experimental
study carried out to 50 atm.”” Because of the higher apparent
K, for FeFe protein, an equivalent approach to saturation
would require a far higher value, Py, 2 210 atm. For the
reduction of acetylene, Fe-nitrogenase shows a 4-fold lower
Vinax and a ~16-fold higher apparent K, compared to those of
Mo-nitrogenase (Figure 2). Specific activities and total electron
flux at Py, = 1 atm and Pc ;= 0.3 atm are summarized in Table
1.

The effect of the partial pressure of N, and C,H, on electron
partitioning between N, or C,H, reduction and proton
reduction to make H, was examined (Figures 3 and 4). For
Mo-nitrogenase, increasing Py, rapidly inhibits H" reduction,
with ~70% inhibition at 1 atm N,. At this value of Py, the ratio
of H, formed to N, reduced is the product ratio H,/(NH,/2)
~ 2, about twice the limiting value of unity that is found at 50
atm and is associated with eq 1. For Fe-nitrogenase, the H,
production in the absence of N, is about half that of Mo-
nitrogenase and N, is about half as effective as an inhibitor of
H, formation, decreasing it by ~40% at Py, = 1 atm (Figure 3
and Table 1). However, because Fe-nitrogenase is significantly
less active in reducing N, at Py = 1 atm the ratio of H, formed
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Figure 3. Effect of increasing partial pressure of N, (Py,) on N, (@)

and H' (M) reduction in Mo-nitrogenase (top) and Fe-nitrogenase
(bottom). Data points are connected with a solid line as a guide. Data
are the average of two independent experiments with error bars. Assays
were performed as described in Materials and Methods.

per N, reduced is given by the product ratio, H,/N, ~ 7, close
to that reported previously and more than triple the value for
Mo-nitrogenase at this N, pressure.

C,H, is a good substrate and potent inhibitor of H*
reduction in MoFe, essentially quenching all H, production
by Pcy, ~ 0.2 atm (Figure 4). In the case of FeFe protein, the

inhibition is far weaker, with H, formation decreased by only
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guide. Data are the average of two independent experiments with error
bars. Assays were performed as described in Materials and Methods.

about a factor of 2 at Pcy, = 0.3 atm, at which pressure more

H, is still formed than C,H, (Figure 4).

H, Inhibition of N, Reduction. The ability of H, to inhibit
N, reduction was examined. For Mo-nitrogenase, when N, is
held at 0.2 atm, increasing H, up to 0.8 atm suppresses of N,
reduction by up to 70% compared to the no-H, condition. For
Fe-nitrogenase, even though the activity is half that of MoFe in
the absence of added H,, a similar trend is observed. At 0.6 atm
N,, addition of H, up to 0.4 atm shows approximately 60%
inhibition of N, reduction (Figure ).

HD Formation. D, does not interact with nitrogenase in the
absence of N,. As a result, the most dramatic manifestation of
the re/oa mechanism in Mo-nitrogenase is seen during
reduction of N, in the presence of D,. Under these conditions,
D, does react, being stoichiometrically reduced to form 2HD
formed per D, according to eq 2

+ - N
D, + 2H"(aq) + 2¢” ——— 2HD

nitrogenase

@)

This phenomenon is explained as arising through the oa of
D, with release of N, and formation of two solvent
nonexchangeable, bridging deuterides, [Fe—D—Fe], and then

the sequential protonation of these D™ by H' from solvent
(Figure 6).

Fe—S~~re e—S~f

N, D F e
% 2“2
\/ D >SH‘¥ S< 2N2H \f
HD Fe<;_>Fe re/oa Fé\s _¥e

HD Fe— S—re
<LS< E»(HD) >s
Fe<§>Fe

R+

Figure 6. HD formation by nitrogenase. Shown is one FeS face of
FeMo-cofactor with a reversible re/oa equilibrium for N, or D,
binding. The pathway to the left leads to the formation of 2 equiv
of HD. The deutrides (green) are not solvent exchangeable, whereas
the protons (red) are solvent exchangeable.

To test for HD formation by Fe-nitrogenase, the enzyme was
turned over under a range of partial pressures of N, and D,, and
the production of H, and HD was monitored by mass
spectrometry. The volumes of H, produced, as measured in the
headspace of the reaction vials, do not vary significantly up to a
ratio of partial pressures N,/D, = 0.7/0.3 (Figure 7, top). Upon
further increase of this ratio, to a N,/D, = 0.9/0.1 gas mixture,
the volume of H, produced may begin to decrease, as might be
expected from an increase in the proportion of the turnover
electron flux going to N, reduction, leaving less for H,
formation. However, the small magnitude of this effect, even
at the N,/D, = 0.9/0.1 pressure ratio, is consistent with
literature reports and with our results for N, reduction
presented above.

In testing for HD formation during N, reduction, it is
important to note that HD is present in all samples, including
no-turnover samples, because of HD contamination in the D,
gas (Table S1). However, every FeFe protein turnover sample
contained more HD than its paired no-turnover sample. This
establishes that HD is produced by Fe-nitrogenase during N,
turnover in the presence of D,, an observation that by itself
requires that Fe-nitrogenase carries out nitrogen fixation by the
same re/oa mechanism as has been established for Mo-
nitrogenase (Figure 6).

The amount of HD produced under various assay conditions
was determined by subtraction of the HD background
measured in the corresponding no-turnover samples. Figure
7, bottom, shows that the amount of HD produced during Fe-
nitrogenase turnover exhibits a strong dependence on the ratio
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in Methods. For Mo-nitrogenase, N, was held at 0.2 atm and H, was varied. For Fe-nitrogenase, N, was held at 0.6 atm and H, was varied.
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Figure 7. HD formation by Fe-nitrogenase. Volumes of produced H,
(upper) and HD (lower) (1 atm, 295 K) in the headspace of turnover
sample vials as a function of the ratio of N, and D, partial pressures
(see Materials and Methods); error bars represent standard deviations.

of the pressures of N, and D, during reaction: The HD volume
maximizes at ratios N,/D, ~ 1-2 (0.5/0.5 and 0.7/0.3 atm)
and is significantly lower at both higher and lower tested ratios,
as revealed by statistical tests described in Materials and
Methods. During turnover by Fe-nitrogenase and Mo-nitro-
genase at the same Fe protein to MoFe protein/FeFe protein
ratio, Fe-nitrogenase produces its maximum amount of HD, ~6
uL per 0.4 mg FeFe protein, at the ratio N,/D, = 0.7/0.3 =
2.3, whereas the HD maximum of Mo-nitrogenase occurs at a
ratio less than unity, N,/D, = 0.2/0.6 = 0.33, where it
produces roughly ~12-fold more HD per mol of protein, ~35
1L per 0.2 mg MoFe protein (Figure S4).

This dependence of HD formation by Fe-nitrogenase on the
N,/D, ratio (Figure 7, bottom) is explained by and reveals
details of the re/0a mechanism. HD formation maximizes when
the ratio of partial pressures is such that the N, partial pressure
is high enough that the re/o0a equilibrium significantly populates
E,(2N2H), N,/D, ~ 1-2, but at the same time the partial
pressure of D, is sufficiently high that D, can effectively react
with this state through oa with the release of N, and formation
of the HD-producing E,(2H,2D) state (Figure 6). As the N,
partial pressure is increased and D, decreased (e.g,, N,/D, =
0.9/0.1), the population of the E,(2N2H) state increases, but
because the partial pressure of D, is now small, so is the extent
of D, oa by the E,(2N2H) state to form the HD-producing
dideuteride intermediate, E,(2H,2D), and so HD production
decreases.

At the other extreme of the N,/D, ratio, when N,
concentration is low and D, is high (e.g, N,/D, = 0.1/0.9),
the population of E,(2N2H) is low, which precludes substantial
oa of D, by E,(2N2H) to form the E,(2H,2D) state, despite
the high D, partial pressure, and so HD production is low.

B DISCUSSION

N, Reduction without Mo. The discovery of Mo-
dependent nitrogenase was followed by the synthesis of
mononuclear Mo-complexes that bound, activated, and
ultimately reduced N,.***> Combined, these findings led to
the assumption that Mo was necessary for N, reduction in
nitrogenase. This assumption was later challenged by the
demonstration of N, fixation by bacterial strains with deletions
of the Mo-nitrogenase genes and cells grown in Mo-deficient
media.**"** However, doubts about Mo-independent N,
reduction remained until purified V- and Fe-nitroge-

ase”™%* 751 gystems with very little Mo content were
shown to be capable of N, fixation, solidifying that Mo was
not essential for N, reduction in nitrogenase. As reported here,
highly purified FeFe protein from A. vinelandii has Mo and V
below the detection limit of our plasma emission method,
placing the Mo and V content below 0.07 mol Mo or 0.005 mol
V/mol FeFe protein. We find that the FeFe protein has an N,
reduction specific activity of 181 nmol NH;/min/mg FeFe
protein compared to a value of 605 nmol NH;/min/mg MoFe
protein. The 3-fold lower N, reduction activity for the FeFe
protein compared to the MoFe protein contrasts with the
greater than 28-fold difference in Mo or V content (2 Mo per
MoFe protein versus <0.07 Mo or <0.005 V per FeFe protein).
Combined with the earlier work, these results clearly indicate
that Mo and V are not required for nitrogenase N, reduction.

This conclusion is in line with other evidence pointing to the
FeS portion of the nitrogenase active site providing the location
of hydride accumulation and N, activation."® First, amino acid
substitution studies near FeMo-cofactor pointed to one FeS
face, the one that includes Fe atoms 2, 3, 6, 7 (numbering from
the X-ray structure), as the site of N, binding.“’52 Second,
Mo ENDOR showed that Mo is not an “anchoring” atom of
the two metal-bridging hydrides of E,(4H), which thus have the
form [Fe—H—Fe].”® Further, ENDOR/ESEEM spectroscopic
studies of a catalytic intermediate of N, reduction by the MoFe
protein enriched with **Mo showed no evidence for substrate
binding or for oxidation state changes of the Mo."”"” The
findings certainly implicate the FeS portion of the active site
metal cluster in substrate reduction, but they do not exclude the
involvement of Mo in some as yet untrapped state. In support
of the reactivity of the Fe portion of FeMo-co are a number of
recent studies on Fe-complexes that have been shown to
activate and reduce N,.”**> Taken together, these observations
demonstrate that N, reduction can occur at Fe-based metal
clusters, both outside and within nitrogenase proteins, and that
many, if not all, of the stages of N, reduction by nitrogenase
occur at Fe.

N, Reduction Mechanism. N, reduction by Mo-nitro-
genase can be understood in terms of a reductive elimination
mechanism whereby two bridging hydrides bound to Fe atoms
of the E, state of FeMo-cofactor combine to generate H, and a
doubly reduced FeMo-cofactor that is primed for N, binding
and activation."> This mechanism explicitly incorporates, as a
limiting stoichiometry of reaction, that eight electrons and
protons are required and one H, is produced for each N,
reduced, consistent with experiments at Py, = 50 atm.”
However, the reaction stoichiometry observed for the Fe-
nitrogenase, both in earlier work” and as reported here, clearly
show that even at Py, = 1 atm, Fe-nitrogenase makes much

more H, than Mo-nitrogenase, and the ratio of product
formation is H,/N, ~ 6—7, raising the question: does Fe-
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nitrogenase follow the same reductive elimination mechanism
for N, activation?

This question is answered by an analysis of two properties of
N, reduction catalyzed by nitrogenase: (i) the ability of H, to
inhibit N, reduction and (ii) the ability of nitrogenase to
catalyze the formation of HD when run under N, and D,. H,
inhibition of N, reduction by nitrogenase was reported in some
of the earliest kinetic studies of nitrogenase.”® This inhibition
can be understood in terms of the reversibility of the N,
binding/H, release step in the reductive elimination/oxidative
addition mechanism (Figure 1C). Excess H, reverses the E, re/
oa equilibrium to the left, in effect introducing a nonproductive
reaction pathway, lowering the occupancy of the N, bound
state and net N, reduction activity, and enhancing the return to
the resting state with loss of two H,. This re/oa equilibrium has
been validated by spectroscopic quantification of trapped states
under different N, and H, concentrations.'®™** As can be seen
in Figure S5, Fe-nitrogenase shows a similar pattern of H,
inhibition of N, reduction to that observed in Mo-nitrogenase,
although at different concentrations of N, and H,. This
parallelism in H, inhibition of N, reduction between the two
nitrogenases suggests that they share a similar mechanism
(Figure 1C).

The formation of HD when nitrogenase is turned over under
a mixture of N, and D, is, however, the definitive test for a
reversible re/oa mechanism at E, in nitrogenase.”” No
explanation had been offered for the fact that whereas Mo-
nitrogenase does not react with H,/D, at all in the absence of
N,, the enzyme nonetheless acts as catalyst for the
stoichiometric reduction of D, to 2HD, with N, as a cocatalyst,
eq 2, until it was recognized that the re/oa equilibrium explains
this reaction as shown in Figure 6."* The present experiments
clearly show that, as is observed for Mo-nitrogenase, Fe-
nitrogenase likewise catalyzes the reduction of D, to HD
dependent on the presence of N, (Figure 7). Thus, based on
the observations of H, inhibition and HD formation, the
conclusion is inescapable that both Mo- and Fe-nitrogenase
utilize a similar re/0oa mechanism for N, reduction.

Measurements presented above offer an explanation for why
the observed product ratio, H,-formed/N,-reduced, at Py = 1

atm is so much greater for Fe-nitrogenase than for Mo
nitrogenase: H,/N, ~7 versus ~2. The activity measurements
actually show that Fe-nitrogenase is 2-fold less active at proton
reduction in the absence of N, than Mo-nitrogenase (e.g., Fe-
nitrogenase has an overall lower electron flux). They also show
that Fe-nitrogenase has a rather similarly decreased effective-
ness for N, reduction, having a V_,, for N, reduction ~2.5-fold
smaller than that for Mo-nitrogenase. Thus, the replacement of
Fe for Mo and the different protein environments of the two
proteins decrease the effectiveness of both H" reduction to H,
and of N, reduction by roughly similar amounts in Fe-
nitrogenase, and therefore these changes cannot account for the
high value of the H,/N, ratio for Fe-nitrogenase. Instead, the
significant difference between the two enzymes is that they
differ sharply in the K, for N,, which is 5-fold higher for Fe-
nitrogenase than for Mo-nitrogenase. In short, it appears that
the greater production of H, by Fe-nitrogenase under 1 atm of
N, is largely because the N, pressures used to date (1 atm or
less) are insufficient for N, reduction to suppress/outcompete
hydride protonation to form H,.

The differences between the reactivity at FeMo-co and FeFe-
co surely reflect the presence of Mo versus Fe, but it can be

influenced by the differences in the protein surrounding each
cofactor. A homology model for the protein environment
predicted around FeFe-co has been reported, showing many
similarities to the MoFe protein environment around FeMo-co,
as well as some key alterations in amino acids.”® Analysis of the
influence of these protein changes on reactivity will require
additional experimental and theoretical studies. Given the
recent observation of carbonate instead of a sulfur in the VFe-
cofactor,'? it is possible that such a variation in ligands may also
be found in the FeFe-cofactor, influencing reactivity. Deducing
the relative roles of these factors in controlling the reactivity of
Mo- and Fe-nitrogenase will provide valuable insights into how
these enzymes meet the challenge of N, reduction, but
ultimately, as shown here, they both utilize the same
fundamental mechanism for N, binding and activation.
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