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ABSTRACT: Three genetically distinct, but structurally similar,
isozymes of nitrogenase catalyze biological N, reduction to
2NHj;: Mo-, V-, and Fe-nitrogenase, named respectively for the
metal (M) in their active site metallocofactors (metal-ion
composition, MFe,). Studies of the Mo-enzyme have revealed
key aspects of its mechanism for N, binding and reduction.
Central to this mechanism is accumulation of four electrons and
protons on its active site metallocofactor, called FeMo-co, as
metal bound hydrides to generate the key E,(4H) (“Janus”)
state. N, binding/reduction in this state is coupled to reductive
elimination (re) of the two hydrides as H,, the forward direction
of a reductive-elimination/oxidative-addition (re/o0a) equili-
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brium. A recent study demonstrated that Fe-nitrogenase follows the same re/oa mechanism, as particularly evidenced by
HD formation during turnover under N,/D,. Kinetic analysis revealed that Mo- and Fe-nitrogenases show similar rate constants
for hydrogenase-like H, formation by hydride protonolysis (kyp) but significant differences in the rate constant for H, re with
N, binding/reduction (k,). We now report that V-nitrogenase also exhibits HD formation during N,/D, turnover (and H,
inhibition of N, reduction), thereby establishing the re/oa equilibrium as a universal mechanism for N, binding and activation
among the three nitrogenases. Kinetic analysis further reveals that differences in catalytic efficiencies do not stem from
significant differences in the rate constant (kyp) for H, production by the hydrogenase-like side reaction but directly arise from
the differences in the rate constant (k,,) for the re of H, coupled to N, binding/reduction, which decreases in the order Mo > V

> Fe.

itrogenases are microbial enzymes that reduce dinitrogen
(N,) to ammonia (NH,) as part of the global nitrogen
cycle.'™ The nitrogenase family consists of three known
isozymes, Mo-nitrogenase, V-nitrogenase, and Fe-nitrogenase,
with each form encoded by unique gene clusters: Mo-
nitrogenase by nif, V-nitrogenase by vnf, and Fe-nitrogenase
by anf*” They are all two-component systems. The Fe
protein components, designated NifH, VnfH, and AnfH, are
agents of electron delivery to the catalytic components,
designated MoFe protein (NifDK), VFe protein (VnfDGK),
or FeFe protein (AnfDGK). The catalytic components house
the sites for substrate binding and reduction, which are
complex, structurally similar metallocofactors denoted FeMo-
cofactor (FeMo-co), FeV-cofactor (FeV-co), or FeFe-cofactor
(FeFe-co), with structural representations of these cofactors
shown in Figure 1.%>*7"7
Our understanding of the nitrogenase mechanism primarily
comes from studies with the Mo-nitrogenase, which is the
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most widespread and largest contributor to the nitrogen cycle
and therefore the best studied of the three forms. Substrate
reduction by Mo-nitrogenase involves electron delivery to
MoFe protein by the Fe protein, which transfers one electron
during association of the two components, followed by
hydrolysis of two ATP molecules bound to the Fe protein to
initiate their dissociation.”'”'*™*" The stepwise process of
electron and proton accumulation by the cofactor can be
visualized as shown in Figure 2A, which is a simplified version
of the kinetic scheme proposed by Lowe and Thorneley
(LT)*" and recently established by studies of trapped catalytic
intermediates.'””*~>* This scheme omits proposed reactivity at
E3, which is not significant under the high flux conditions used
here. N, binds to the cofactor after delivery of 4e™/4H" has
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Figure 1. Nitrogenase cofactors. Structures of the FeMo-cofactor of Mo-nitrogenase, FeV-cofactor of V-nitrogenase, and proposed structure of the

FeFe-cofactor of Fe-nitrogenase. View is looking down on the Fe2, 3, 6, 7 face with Fe atoms numbered. R-homocitrate would be to the right in
each (not shown).

H, H, H, Mo-nitrogenase:

N, + 8H' + 16MgATP + 8¢~ — 2NH, + 1H, + 16MgADP + 16P,

i (1)
Eo Eq(H) M- £y(2H) €L Eq(3H) E4(4H) _

Janus V-nitrogenase:
E 2NH, jb N, + 12H" + 24MgATP + 12¢~ — 2NH, + 3H, + 24MgADP + 24P,
2)

4(eH") E4(2N2H) Fe-nitrogenase:
N, + 20H* + 40MgATP + 20e” — 2NH, + 7H, + 40MgADP + 40D,
H, 3)
High Flux Knp Such differences in limiting H,/N, stoichiometry would
—— suggest different mechanisms of N, reduction by the three
E,(2H) kac ~ |[E4(4H) nitrogenases and that they differ greatly in their tendency to
2 undergo hydride protonolysis to generate H, in a hydrogenase-

K N, like side reaction.
Kk re In fact, a recent study of the Fe-nitrogenase has
oNH cat 2 demonstrated that this enzyme does not exhibit the limiting
3

E4(2N2H) behavior of eq 3 but rather follows the re/oa mechanism for N,
binding, with the stoichiometry of eq 1 established for Mo-
nitrogenase.'”*” In that report, it was suggested that the V-
nitrogenase behaves similarly, following the re/0a mechanism,
but this was not experimentally verified. We do so in the
present study, thereby completing the demonstration that all

Figure 2. Kinetic schemes. (A) Simplified Thorneley and Lowe
kinetic scheme for N, reduction. The “red box” highlights the key step
in catalysis, the reductive-elimination/oxidative addition. This scheme
maps onto (B) under high-flux, steady-state turnover conditions.
Starting at E, the enzyme can either perform hydride protonolysis

(HP) with rate kyp resulting in the E, state from which E, is three niFrog:enases. exhibit the re/oa m.ec.hfmism f.or NZ binding
regenerated at the rate of electron accumulation k,. or capture N, and activation, with the attendant limiting stoichiometry of
with rate k,, that is fully reduced to 2 NH; with an overall rate H,/N, — 1 as Py, — oo. The results further provide a

constant of k. Full N, reduction regenerates E; and subsequently E,
before E, is regenerated, but for the purposes of this simplified model
E, and E, are not considered.

comparison of key kinetic parameters for the three nitro-
genases, thus providing a complete picture of the differences in
reactivity of the catalytically central E,(4H) intermediate
among the three enzymes.

generated E,(4H), which stores them as two bridging hydrides, W MATERIALS AND METHODS
Reagents and General Procedures. All reagents were

[Fe—H—Fe]. T‘he tv‘vo‘hyc.lrldes of this key 1nterrr.1ed.1ate c‘an obtained from Sigma-Aldrich (St. Louis, MO), Fisher Scientific
undergo reductive elimination (re) of H,, and N, binding with (Fair Lawn, NJ), or Bio-Rad (Hercules, CA) unless specified
displacement of H, leads to cleavage of the N=N triple bond otherwise and used without further purification. Argon and

to generate the E,(2N2H) state.'””'™*° The subsequent dinitrogen gases were purchased from Air Liquide America
delivery of 4 additional electrons/protons produces 2 NH, Specialty Gases LLC (Plumsteadville, PA). Manipulation of
products to complete the catalytic cycle. Based on their overall proteins and buffers was done anaerobically in septum-sealed

serum vials and flasks using a vacuum Schlenk line, argon or

nitrogenases would seem likely to follow this same general dinitrogen atrpospher.es, and‘ gastight syringes. Gas transfers
4,8,9,12,14—17 were made using gastight syringes.

mechanism of electron delivery and accumulation. ™ Bacterial Growth and Protein Purification. Fe-nitro-
genase proteins (FeFe and Fe protein) were expressed and
H, produced per N,, resulting in different limiting purified from Azotobacter vinelandii strain DJ1255 as previously

stoichiometries for the overall reaction (eqs 1-3).%'%?"%% described."> Mo-nitrogenase proteins (MoFe and Fe protein)

structural similarities to the Mo-nitrogenase, the V- and Fe-

However, it has been reported that they differ in the amount of
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were expressed and purified from Azotobacter vinelandii strains
DJ995 (His-MoFe protein) and DJ884 (Fe protein) as
previously described.”*™** V-nitrogenase proteins (VFe and
Fe protein) were expressed and purified from Azotobacter
vinelandii strain Lipman 1903 as previously described.*’
Additional V-nitrogenase Fe protein was expressed and
purified from Azotobacter vinelandii strain DJ1258 by
previously described methods with minor modifications,
substituting 10 mM Na;VO, for the Na,MoO, in the growth
media.’*™>* All proteins were concentrated anaerobically
under an inert gas atmosphere. Protein concentrations were
determined using the Bio-Rad DC Protein Assay Kit or the
Biuret method. Protein purity was assessed by SDS-PAGE with
Coomassie Brilliant Blue staining.

Proton and Dinitrogen Reduction Assays and
Inhibition of N, Reduction by H,. Substrate reduction
assays were performed in 9.4 mL serum vials containing a
MgATP regeneration buffer (6.7 mM MgCl,, 30 mM
phosphocreatine, 5 mM ATP, 0.2 mg/mL creatine phospho-
kinase, 1.2 mg/mL BSA) and 10 mM sodium dithionite in 100
mM MOPS buffer at pH 7.0. Reaction vials were made
anaerobic, and their headspaces were adjusted to the partial
pressure of N, gas or H, gas desired with the remaining
headspace made up of argon. In H, inhibition of N, reduction
assays N, gas in the headspace was held constant at 0.4 atm
with H, gas varied. The MoFe, VFe, or FeFe protein was then
added to the vials, the vials were vented to atmospheric
pressure, and the reactions were initiated by the addition of the
appropriate Fe protein (NifH, VnfH, or AnfH). MoFe, VFe, or
FeFe concentrations in reactions were 0.1 mg/mL, corre-
sponding to ~0.4 nmol per reaction vial. Assays were
performed at a molar ratio of 1:20 for MoFe:Fe protein,
1:20 for VFe:Fe protein, and 1:30 for FeFe:Fe protein, except
in a series of measurements designed to test the specific
activity as a function of the electron flux, which is controlled by
this ratio. Reactions were conducted at 30 °C for 8 min and
then stopped by the addition of 300 uL of 400 mM EDTA
(pH 8.0). The flux dependence of N, reduction by Mo-
nitrogenase employed a buffer containing a MgATP regener-
ation system (S mM MgCl,, 22 mM phosphocreatine, 3.8 mM
ATP, 0.15 mg/mL creatine phosphokinase, 0.8 mg/mL BSA)
with 0.125 mM 1,4-dithiothreitol, 0.6 mM flavodoxin in the
hydroquinone state (FId"?), and 12 mM sodium dithionite in
100 mM MOPS at pH 7.3. The Fe protein concentration was
fixed at 0.1 mg/mL, and the MoFe protein concentration was
varied from 0.2 to 6.4 mg/mL to give a ratio of [MoFe]/[Fe]
from 0.5 to 16. The reactions were incubated at 30 °C for 30 s
under 1 atm of N, and then stopped by the addition of 500 uL
of 400 mM EDTA (pH 8.0). H, and NH; were quantitated
according to published methods.”"**

Kinetics Analysis. Kinetics equations were modeled in
Mathcad 15 or QtiPlot v5.6.1 and fit to experimental data
using the latter.

HD Production. Turnover samples were prepared,
initiated, and terminated as described above with the exception
that they were turned over for 1S min. Paired control samples
with proteins excluded and the liquid volume contribution
from the proteins substituted with EDTA were prepared and
handled identically to the turnover samples to establish HD
contamination levels in the D, gas. The D, gas in the
headspace was held constant at 0.3 atm with N, gas varied. In
turnover samples, VFe protein was used at 0.2 mg/mL and Fe
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protein was used at 0.38 mg/mL for a VFe:Fe protein molar
ratio of 1:7.5.

Volumes of HD produced by V-nitrogenase during reaction
in the vials were measured with Inficon L100 RGA as
previously described; note that the capillary was 30 ym id."”
The mass-to-charge ratio (m/z) of 3 for HD was used. No-
turnover blank samples prepared without proteins but with the
same volume of solvent and the same gas mixture as turnover
samples were tested for the background level induced by HD
contamination of the D, gas. The headspace of each sample
vial was tested for the m/z = 3 responses multiple times, and
the measured levels were higher for VFe turnover samples than
for no-turnover samples of the same N,/D, ratio mixture. The
difference levels after background subtraction were assigned to
HD produced during reaction and converted into volume unlts
with previously obtained calibration.'> Comparison of m/z =
and 4 signals acquired for no-turnover samples gave an
estimate of 0.18 + 0.03% for HD contamination of the D, gas
(note: in the previous similar study of FeFe nitrogenase the
contamination was determined as 0.15 + 0.02%).

B RESULTS

Kinetic Analysis. The critical step in the re/0oa mechanism
that has been shown to characterize both the Mo- and Fe-
nitrogenases is the re of the two bridging hydrides of the
E,(4H) Janus intermediate to generate H,, with release of H,

upon bmdm% of N, and cleavage of the N=N triple bond
(Flgure 3). 5T013,22 025,36 However, this reaction at E,(4H)

H+
Fe > Fe HH Fe3 > Fe7 Fe/S\Fe
S\ \S 4# s< " /s _&_Z 2N2H; S
Fe Fe FeZ\Hi> W Fo ,Z‘F/e

Figure 3. Reactions of the E, state. The E,(4H) state (middle) is
shown reacting to the left by hydride protonolysis (HP) to generate
E,(2H) with H, production, rate constant kyp, or undergoing re
(reductive elimination) and to the right, loss of H, upon binding/
reaction of N,, rate constant k,. The hydride and proton positions
represent the structure populated at cryogenic temperatures and the
lowest energy structure in DFT computations.”® The computations
show a number of nearly isoenergetic isomers that are likely accessible
at room temperature. The possible hemilability of an S is noted with
dotted lines; “2N2H” denotes a diazene-level intermediate of
undetermined structure.

occurs in competition with the hydride protonolysis (HP)
reaction to generate H, without N, binding, as shown in
Figures 2A and 3212 As a result, under most conditions of
electron-delivery “flux” and partial pressure of N, (Py,), the

ratio of H, produced to N, reduced, r = H,/N, > 1. To achieve
the limiting stoichiometry of eq 1 requires not only high Py as

evidenced by Simpson and Burris”” but also high electron flux,
characterized by a high [Fe]/[MFe] ratio, with a resulting rate
of electron delivery during electron accumulation (rate
constant k,. in Figure 2, Scheme B) much greater than that
for the competing H, production by HP (rate constant kyp) at
states E,, n = 2, 3 in Scheme A* Under these high flux
conditions, catalytic behavior can be represented as shown in
Figure 2, Scheme B, in which H, production at electron-
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accumulation stages, E, n < 3, is suppressed during turnover
as these states become depopulated in favor of the E,-level
states, and all reaction occurs at E,(4H). Thus, high-flux,
steady-state experiments (Figure 2, Scheme B) are of particular
importance in that they emphasize the role of E,(4H) as the
“Janus intermediate”, a catalytic “branch point” that can react
in one of two ways. It can “fall back” in a hydrogenase-like
catalytic cycle, releasing H, by the first-order HP process (rate
constant kyyp) without further electron accumulation, or it can
be “captured” by a second-order reaction with N, (rate
constant k,,) with accompanying release of H, formed by re, to
produce E,(2N2H) (Figure 3), which irreversibly carries on to
generate 2NH; with a composite rate constant, k..>” Of
central significance in steady-state turnover experiments
described by Scheme B, k, and k. are composite rate
constants, while the rate constants kyp and k,, correspond
precisely to the rate constants for reaction of E,(4H) in
Scheme A and indeed in the full LT scheme. High-flux
experiments thus provide precision measurements of the
centrally important mechanistic rate constants that define the
E,(4H) branch point: kyp and k,..””

As previously shown, during steady-state turnover the
differential equations for the rates of formation of H, and
NH; and loss of N, are zero-order in time, and the total
formation of 2NHj;/loss of N, and the formation of H, during
a turnover experiment are simply proportional to their
respective steady-state rate constants (eq 4), where E,” is the
total enzyme concentration.

dNH,
dt

dN, ss 0
— = kanEo

dt

dH, ss

- kHz-Eg

(4)

The rate constant for NH; formation per electron is given by
eq S; the bracketed term in the second form of eq S has the
form of a binding isotherm, with the flux-dependent apparent
binding constant, K;?. The dependence of NH; production is
here written as a function of the ratio of rate constants for
electron delivery and HP, z = k,./kyp, which increases with an
increasing ratio of nitrogenase component protein concen-
trations

R s§ 1 M _ka(: :boﬂ
iy = <y —p 4 [ 1) (krer) Kyp [MFe]
I+= |+
z k - kk
k: ac”"cat
bothy| ©
-| K°P,
- (D
4) | 1+K°P,, K T(1+2)k

where z is defined as the inverse of the definition in our earlier
report.”” This is a more natural formulation: z as defined in eq
S now increases with flux, as the efficacy of electron delivery
from Fe protein > MFe protein increases. The corresponding
rate constant for H, production for Scheme B is presented in
eq S1.

Scheme B and the resultant steady-state turnover rate
constants provide a clear mathematical formulation of the
competition at the E,(4H) branch point between the first-
order process of H, formation by HP without N, binding and
the second-order re process in which the binding and reduction
of one N, accompany the re of one H,. This ability of a
second-order process to out-compete a first-order one is most
clearly captured by taking the ratio of the rate constants for
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production of H, (eq S1) and N, consumption (eq S) denoted
r, which can be written, in terms of the rate-constant ratio for
the two processes, p, as eq 6. See ref 29 for further discussion
of the equations describing Scheme B.

1 4
1+ — || 1+— | pB,
K _ (4][ z j P
ks 1
= NepP
( 4 Plya

Kinetic Measurements. When Mo-nitrogenase is turning

over under 1 atm of N, at high electron flux (20 Fe protein to

1 MoFe protein), the ratio of H, formed to N, consumed is ~2
(Figure 4). As the electron flux through nitrogenase decreases,

©)

=

30

25

Mo-Nzase

(O}

0.1 1
Fe: MFe (nmol:nmol)

10

Figure 4. Ratio of H, formed to N, reduced as a function of flux
under 1 atm N,, which is proportional to the ratio of Fe protein to
MFe protein (where M = Mo, V, or Fe) for all three forms of
nitrogenase (Mo-nitrogenase in red, V-nitrogenase in brown, and Fe-
nitrogenase in blue). Traces were calculated by fixing p as determined
below (Table 1) and fitting the parameter b in eq 6. One data set is
shown, which is representative of two data sets. Fit parameters were
the same for the two data sets. Assays were performed as described in
Materials and Methods.

by lowering the ratio Fe protein to MoFe protein, the ratio of
H, formed per N, consumed increases. These data, and the
corresponding measurements for Fe- and V-nitrogenases, can
be fit to eq 6 that describes the relationship between the H,/
N, ratio and the flux parameter, z, defined in eq S as a ratio of
Fe protein to MFe protein (Fe:MFe) with a proportionality
constant, b, which relates the flux and protein ratio. Values of b
for the three nitrogenases obtained by fitting the data are listed
in Table 1. Note that because the value is different for the
three enzymes, care must be taken when comparing activities
at a fixed ratio, [Fe]/[MFe], unless in the high-flux limit.

As seen earlier, Fe-nitrogenase shows the same general trend
of decreasing H,/N, as the electron flux increases (Figure 4),
with a notable difference from Mo-nitrogenase that the ratio of
H, formed to N, reduced at Py, = 1 atm is higher at every flux

and approaches just a ratio of ~7 at high electron flux.”” Both
Mo- and Fe-nitrogenase show a sharp decrease in the H,/N,

DOI: 10.1021/acs.biochem.9b00468
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Table 1. Kinetic Parameters Obtained from High-Flux
Turnover (Fe/MFe) > 20

M p(atr]r(F{I)cEP (s_la]:;;_l)c Iletm’fie)/"k (f-“[ic (s-kl)“ b

Mo 5.1(1) 83.5 7.3(3) 164 113 41(2)
\ 1.1(1) 24.2 2.7(3) 22 8.8  2.9(4)
Fe 0.78(3) 8.4 1.8(1) 10.8 46 22(1)

“Obtained from fits of data in Figure S to eq S. bObtained from fits of
data in Figure 6 to eq 6 allowing z to be large. Standard errors from
three measurements are shown in parentheses. “Calculated from other
parameters using definitions in eqs S and 6. 9Obtained from fits in
Figure 4 using eq 6 with p fixed to the value shown in the table.

ratio as flux increases to approximately 1 Fe protein to 1 MoFe
protein. Above this ratio (higher flux), the H, to N, ratio
remains constant, indicative of the transition to the “high-flux”
regime. Figure 4 also shows the H,/N, ratio for V-nitrogenase
as a function of electron flux (Fe:VFe), which was not
previously reported. As can be seen, V-nitrogenase behaves
similarly to the Mo- and Fe-nitrogenases, transitioning to the
high-flux regime at a Fe:MFe ratio of ~1, but with the ratio of
H,/N, at Py, = 1 atm falling between the values for Mo- and

Fe-nitrogenases for every value of the flux.

3
025
(]
w2
Z £
Q
25 °
25
2915
o £
£ £
£3
I
gz 1
? 3
é 0.5
oi
0.01 0.1 1
PN, (atm)

Figure 5. Specific activities for N, reduction by all three forms of
nitrogenase as a function of partial pressure of N, at high flux (Fe/
MFe) > 20 (Mo-nitrogenase in red, V-nitrogenase in brown, and Fe-
nitrogenase in blue). Overlaid are fits to eq S obtained with QtiPlot;
values for k and K7 for each are listed in Table 1. One data set is
shown, which is representative of two data sets. Fit parameters were
the same for the two data sets. Assays were performed as described in
Materials and Methods.

Figure 5 shows the specific activities for N, reduction as a
function of partial pressure of N, (Py,) for all three

nitrogenases. The Py dependence for each is well fit by eq

S, which provides values for the apparent binding constant,
which at the high flux values z — co approaches the limiting
form, K, = k,/k, the ratio of rate constants for N, capture,
generating E,(2N2H) (k,.), and apparent velocity parameter
(k), with the resulting measured and calculated values for the
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three nitrogenases listed in Table 1. The k, for N, of V-
nitrogenase is intermediate between that for Mo- and Fe-
nitrogenases, being ~3.5 times lower than the value for Mo-
nitrogenase and ~3 times higher than the value for the Fe-
nitrogenase. On the other hand, K, for V-nitrogenase is only
~L.§ times greater than that for Fe-nitrogenase but is ~3 times
less than for Mo-nitrogenase. Interestingly, k for V-nitrogenase
is very similar to that for Mo-nitrogenase, while k for Fe-
nitrogenase is at least 50% less than for Mo- and V-

nitrogenases.

10

Fe-Njase

6
oN
<
T
4 V-Njase
Mo-Njase
2
0
0.1 1 10

PN, (atm)

Figure 6. Ratio of H, formed to N, reduced as a function of partial
pressure of N, for all three forms of nitrogenase at high flux (Fe/
MFe) > 20 (Mo-nitrogenase in red, V-nitrogenase in brown, and Fe-
nitrogenase in blue). Overlaid are fits to eq 6 obtained with QtiPlot.
Measured values for p = (k,,/kyp) are listed in Table 1. One data set is
shown, which is representative of two data sets. Fit parameters were
the same for the two data sets. All assays were performed as described
in Materials and Methods.

Figure 6 presents the high-flux H,/N, ratio as a function of
Py,. The measurements for all three forms are well-described

by the expression of eq 6 as derived from Scheme B. The single
parameter, p = k,/kyp, that controls this expression precisely
captures the competition between the productive (rate-
constant, k,) and nonproductive (kyp) reactions of the
E,(4H) Janus intermediate illustrated in Figure 3. The value
of p for the V-nitrogenase is quite comparable to that for Fe-
nitrogenase, with the two being ~5-fold less than p of Mo-
nitrogenase. By combining the parameters obtained from the
fits of the specific activities (Figure 5) and H,/N, ratios
(Figure 6) to eqs S and 6, respectively, one obtains the
individual rate constants kyp and k,, for the three nitrogenases,
Table 1. Comparison reveals that kyp is less that a factor of 2
larger for the two alternative nitrogenases compared to the Mo
variant, whereas k,, for V-nitrogenase is 3-fold smaller than for
the Mo form, and that for Fe-nitrogenase is 10-fold smaller.
H, Inhibition of N, Reduction in V-Nitrogenase. A
mechanistically important feature of the Mo- and Fe-
nitrogenases is the inhibition of N, reduction by H,.>'013:36
This can be understood as arising because H, acts through the

DOI: 10.1021/acs.biochem.9b00468
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re/oa equilibrium (Figure 2A), to disfavor N, binding/
reduction and ultimately NH; formation. Figure 7 shows that

0.2 0.3 0.6

1.2

0.8

0.6

0.4

Specific Activity N,
(nmol NHs/nmol protein/sec)

0.2

0 01 .
PH, (atm)

Figure 7. H, inhibition of N, reduction for V-nitrogenase: specific
activity for NH; production as a function of Py, for Py, = 0.4 atm.

Data are the average of two independent experiments (with error
bars), performed as described in Materials and Methods.

at high flux, when Py, is held constant at 0.4 atm, which is close

to the measured Ky (Ky = 1/K, = 0.37 atm), as the partial
pressure of H, is increased the specific activity for N, reduction
decreases, showing ~35% inhibition at an H,/N, ratio of 0.6
atm/0.4 atm, as expected for the re/oa mechanism (Figure 3).

HD Formation. The most compelling test of the re/oa
mechanism is to carry out N, inhibition under a partial
pressure of D,, rather than H,. In the absence of N,, D,
completely fails to react with nitrogenase, but in the presence
of N,, D, is consumed, stoichiometrically forming two
HD.>'%*%%" This observation is explained by the re/oa
mechanism. D, reacts with E,(2N2H) and undergoes oa to
form E,(2H2D), which contains two bridging D7; all other
exchangeable sites contain protons from the H,O buffer.
Hydrogenase-like protonolysis of those deuterides (DP)
produces the observed two HD (see Figure S1). The HD
formation is thus a signature of the re/oa mechanism, which
was long-known for Mo-nitro%enase, and we recently showed it
to occur for Fe—nitrogenase.s’ 013,36,37

The V-nitrogenase was thus tested for HD formation in the
presence N, and D, In these experiments, the partial pressure
of D, (Pp,) was held constant at 0.3 atm, and the partial

pressure of N, was varied (Figure 8). The HD was quantitated
after turnover for a fixed time by mass spectrometric analysis of
the gas phase. As can be seen, HD is indeed produced by V-
nitrogenase, and the amount increases with increasing Py, at a
fixed partial pressure of D,. Both observations are as expected
from consideration of the re/oa equilibrium (Figures 2 and 3),
in which the concentration of E,(2N2H) increases with Py ;
the rate of oa reaction of D, to generate E,(2H2D) is
proportional to Pp and the concentration of E,(2N2H).

Subsequent relaxation of E,(2H2D) generates a single
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Figure 8. HD formation by V-nitrogenase. Volume of produced HD
in the turnover sample vials as a function of Py, with Pp, fixed at 0.3
atm. Error bars represent standard deviations for two independent
assays performed as described in Materials and Methods.

molecule of HD and an intermediate, E,(HD), that in turn
can relax to E, through generation of a second HD.

B DISCUSSION

The majority of studies aimed at understanding the kinetics
and mechanism of N, reduction by nitrogenase has focused on
the Mo-nitrogenase.”'**"*® These studies have marked
significant progress, producing kinetic schemes for Fe protein
and MoFe protein cycles,”*™* multiple solved struc-
tures,'”**™* and an understandin§ of the steps leading to,
and mechanism of, N, binding.' 22726 Quch studies were
recently extended to the alternative Fe-nitrogenase,”'**” but
the prior work on the V-nitrogenase”**™>> was not similarly
extended. Structural studies have shown that the multimetallic
FeV-co of V-nitrogenase'*** has a quite similar structure to
that of FeMo-co, and a corresponding similarity is presumed
for FeFe-co.'” However, despite overall structural similarities,
the different nitrogenases appeared to show fundamental
differences in reactivity toward N, and protons.”'**”** Most
significantly, the accepted view that they each exhibit a
different limiting stoichiometry of H, produced for each N,
reduced, eqs 1—3, implied that each has a different mechanism
for N, reduction. The present report instead completes the
determination that the three forms each function through a
common re/oa mechanism, as originally established for Mo-
nitrogenase.

Mechanism of N, Binding and Activation. The first
indicator of mechanism for the nitrogenases is inhibition of N,
reduction by the presence of H, (Figure 7), which is explained
by the re/oa mechanism, Figure 3. Such inhibition is well-
known for Mo-nitrogenase, was recently shown for the Fe-
nitrogenase, and is here reported for the V-nitrogenase.”'>*!
However, the gold standard for establishing reversibility of the
E,(4H) < E,(2N2H) couple is the formation of HD when the
enzyme is turned over in the presence of D, and N,, as a
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consequence of the re/oa mechanism.™ ™ "7’ As can be seen

in Figure 8, V-nitrogenase shows HD formation that increases
with increasing Py, as a result of increases in the population of

E,(2N2H) with Py,. When normalized for protein concen-

tration, the HD produced by V-nitrogenase is twice that
previously seen with the Fe-nitrogenase, which is in agreement
with the ~2-fold greater specific activity for N, reduction of V-
nitrogenase over Fe-nitrogenase per Py (Figure 5)."% This

observation that V-nitrogenase also follows a re/oa mechanism
shows that all three nitrogenases follow a universal mechanism
for N, reduction: the re/oa equilibrium activation process of
Figures 2 and 3.

Kinetic Analysis. An understanding of the source of the
differences in reactivity among the three nitrogenases comes
from the careful kinetic analysis of the relative reactivities for
N, and proton reduction as a function of the partial pressure of
N, under different electron flux conditions (ratio of Fe protein
to the catalytic component). The steady-state kinetic model
recently applied to Mo- and Fe-nitrogenases, and here applied
systematically to all three enzymes, provides an understanding
of the similarities and differences of the three nitrogenases that
is inaccessible to pre-steady state kinetic approaches.””

First, the three enzymes differ only modestly in their ability
to accumulate electrons, with the flux parameter, z = b[Fe]/
[MFe], characterized by a proportionality constant, b, varying
for the three in the ratio Mo/V/Fe ~ 4/3/2 (Table 1), and
with all three transitioning to the high-flux limit of electron
accumulation by, or slightly above, the component ratio, [Fe]/
[MFe] ~ 1, Figure 4.

Monitoring the ratio, r = H,/N, under the high-flux limit in
the steady-state as a function of Py, reveals how the differences

in catalytic effectiveness of the three nitrogenases arise from
the difference in the reactivity of their E,(4H) states. The
parameter p produced through fits of the data in Figure 6 to eq
6 is the ratio of the key rate constants for the competing
reactions of the central E,(4H) state, k,/kyp. This ratio
captures the relative tendency for the enzymes to relax by HP
and evolve H, or proceed productively by re of H, with
coupled capture/reduction of N,. The rate constant for
hydride protonolysis (kyp) varies by less than a factor of 2
among the three enzymes, but the rate constant for cleavage of
the N=N triple bond, the key step in which re of H, is
coupled to N, binding/reaction (k,) for Mo-nitrogenase, is
~3-fold higher than for V-nitrogenase, and ~10-fold higher
than for Fe-nitrogenase. Thus, the differences in reactivity
among the three nitrogenases result from differences in the
reactivity toward N, rather than differences in rate constants
for hydride protonolysis.

Of particular note, the finding that high-flux turnover by all
three enzymes is described by eq 6 for r implies that all three
nitrogenases approach the ratio, » = H,/N, — 1 that is
exhibited by this equation at sufficiently high Py, namely the

stoichiometry of the re/oa mechanism, eq 1. The erroneous
limiting values previously reported for V- and Fe-nitro-
genases”'7*® (eqs 2 and 3) merely represent experimental
limitations in the abilities to employ pressures of N, that are
sufficient to approach the true limiting value. For Mo-
nitrogenase, r approaches unity at Py, ~ SO atm.”’
Considerably higher pressures would be needed for the other
two, not because they have a greater tendency for E,(4H) to
relax by hydride protonolysis (kyp), but because they are less
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capable of undergoing productive conversion to E,(2N2H) —
their rate constants k,, are less.

Origin of the Differences in Catalytic Efficiency. These
high-flux studies of the three nitrogenases focus on the
competing reactions of their E,(4H) Janus intermediate:
“productive” re of H, with binding/reaction of N,, rate
constant, k., vs HP of a bridging hydride that relaxes the
enzyme back toward E, rate constant, kyyp, Figure 3. As noted
just above, examination of Table 1 shows the value of kyp
varies little with the identity of the enzyme. This would seem
to be unsurprising, as it implies that the reactivity of an Fe—
H—Fe bridging hydride with a proton on or near FeM-co is
largely independent of the “terminal” heterometal M. In
contrast, the rate constant for re of H,, k,, is extremely
sensitive to the nitrogenase form, being 3-fold smaller for V-
nitrogenase than the Mo-nitrogenase and 10-fold smaller for
Fe-nitrogenase. The protein environment of the active-site
FeM-co is known to play a significant role in reactivity, and
these differences likely contribute to the differences in
reactivity.'”>*™” In addition, a direct sensitivity to the
heterometal is a strong possibility, given recent X-ray”® and
theoretical reports of strong metal—metal bonding between the
heterometal and the Fe ions. The reductive-elimination of H,
implies the concomitant double-reduction of the FeM-co, and
this is accompanied by N, binding/reduction. The presence of
such metal—-metal bonding suggests that this process may
depend on the electronic structure of the FeM-co as a whole
and that this is differentially “tuned” by the different
heterometal ions. For example, a variation of k, with
heterometal might reflect a much greater difficulty in reducing
FeFe-co through re of H, than FeMo-co and a noticeably
greater difficulty in reducing FeV-co.
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