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Abstract

Biological fixation of dinitrogen (Ny), the primary natural source of new bioavailable nitrogen (N) on Earth, is catalyzed by the enzyme
nitrogenase through a complex mechanism at its active site metal cofactor. How this reaction functions in cellular environments,
including its rate-limiting step, and how enzyme structure affects functioning remain unclear. Here, we investigated cellular N,
fixation through its N isotope effect (*°es,), measured as the difference between the »>N/**N ratios of diazotroph net new fixed N and
N, substrate. The value of "es, underpins N cycle reconstructions and differs between diazotrophs using molybdenum-containing
and molybdenum-free nitrogenases. By examining “e5, for Azotobacter vinelandii strains with natural and mutated nitrogenases, we
determined if *eg, reflects enzyme-scale isotope effects and, thus, N, use efficiency. Distinct and relatively stable ez, values for
wild-type molybdenum- and vanadium-nitrogenase isoforms (2.5%. and 5.8-6.6%o, respectively), despite changing cellular growth rate
and electron availability, support ez, as a proxy for isoform type among extant nitrogenases. Structural mutation of active site N,
access altered molybdenum-nitrogenase ’eg; (3.0-6.8%0 for «-70VI mutant). Structure-function and isotopic modeling results
indicated cellular N, reduction is rate-limited by N, diffusion inside nitrogenase due to highly efficient catalysis by the active site
cofactor, exemplifying “eg, as a tool to probe N, fixation mechanisms. Diffusion-constrained reactions could reflect structural
tradeoffs that protect the oxygen-sensitive cofactor from oxygen inactivation. This suggests that nitrogenase function is optimized for
modern oxygenated environments and that pre-Great Oxidative Event nitrogenases were less diffusion-limited and potentially
exhibited larger "eq, values.
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Significance Statement

Nitrogen (N) isotope fractionation by N, fixers is applied to study environmental N cycling, but its links to cellular N, fixation mech-
anisms and the structural evolution of nitrogenase have been unclear. Using growth experiments and N isotope modeling, we find
thatnitrogenase active site structure is a key determinant of fractionation. Nitrogenase N, reduction in vivo is limited by N, transport
within the enzyme, indicating that cellular nitrogenase functions at high catalytic efficiency, which could reflect its structural opti-
mization against inactivation by oxygen following the Great Oxidation Event. Ancient N cycle reconstructions should consider ez,
variability with nitrogenase catalytic efficiency. The results provide insights on the fundamental cellular biology of nitrogenase, a key
enzyme in nature.

Introduction

Nitrogen (N) is required for life and is a limiting nutrient in most en-
vironments (1). Biological nitrogen fixation (BNF) by the metalloen-
zyme nitrogenase is the only natural process that can convert
abundant but inert dinitrogen (N,) gas into bioavailable ammonia
(NHs) (Fig. 1a). Investigations of how the strong N=N triple bond is

cleaved under physiological conditions span decades, guiding agri-
cultural and chemical production efforts (5). In vitro studies of nitro-
genase biochemistry show that it reduces N, by achieving a highly
reduced state through a complex sequence of electron transfers to
the active site cofactor (Fig. 1b and c) (6, 7). Compared to its in vitro
function, in vivo nitrogenase function is subject to additional
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influences, including external N, transport across the cell envelope
andits functional integration with metabolism (8-10). How the nitro-
genase reaction functions in cellular environments, particularly its
rate-limiting step, are unclear. Identifying the in vivo rate-limiting
step is required to understand relationships between nitrogenase
structure, mechanism, and cellular physiology, information critical
to constraining the ecophysiology and evolution of nitrogen fixers.

Stable isotopes probe diverse chemical processes, ranging from
enzymatic reaction mechanism to biogeochemical cycling (11, 12).
Knowledge of environmental BNF and its role in present and past
N cycling relies on estimates of N stable isotopic (**N/**N) fraction-
ation by diazotrophs (1, 13, 14). This fractionation, or “isotope effect”
Peqy, 1s nominally attributed to BNF and can be measured from
the N/™N (or §'°N) difference between dissolved N, and newly
fixed N (i.e. as an excellent approximation, &y, = 6" Ngissolvedns —
515Nnewlyﬁxede where 515NdissolvedN2 = 515NairN2+ 0.7%o, HEW1Y fixed
N is in the form of biomass and excreted N) (12, 15). The mecha-
nisms underlying in vivo *eg,, which can range from 0 to 8%, are
unknown but have been linked to nitrogenase structure and reac-
tion kinetics (Data S2) (8, 16).

The best studied form of nitrogenase uses an iron-molybdenum
cofactor in the active site and is more efficient and prevalent than
later-evolved alternative isoforms that contain vanadium (V) or iron
(Fe) instead of molybdenum (Mo) (17-21). Compared to the Mo iso-
form, alternative nitrogenases are typically slower at N, reduction
and have suboptimal active site structure (21), although all nitroge-
nases are thought to use the same basic mechanisms (2). Values of
eq, are low for diazotrophs using Mo-nitrogenase (0-3%o) and slightly
higher (4-8%.) for V-, Fe-only, and uncharacterized nitrogenases
(Data S2) (16, 22-25). Isoform-dependent relationships of in vivo
eq, with N, reduction rate suggest a possible kinetic basis for ez,
(16, 22, 23, 25). A significantly larger fractionation for purified
Mo-nitrogenase has been observed relative to that of cellular nitroge-
nase (17%o in vitro vs. 2%. in vivo) (8, 26). An even larger fractionation
(27%s) has been estimated for the chemical reduction of N, to 2N2H
(HN=NH or N=NH2), a reaction analog of a key BNF step (27).
Reconciling these results requires quantitative evaluation of g, in-
formed by nitrogenase reaction mechanism. Mechanistic evaluations
of ez, could also provide new insights into nitrogenase reaction ki-
netics (3, 8, 16, 23), since net isotopic fractionation is generally con-
trolled by the rate-limiting step of a reaction network (11, 28).

Here, we aim to decipher the mechanisms of N isotopic fraction-
ation for BNF by Azotobacter vinelandii, a unicellular diazotroph used
in seminal studies of BNF physiology and biochemistry (7, 29). We pro-
pose mechanisms underlying “e;, based on cellular N isotope dy-
namics, then examine the e, and physiology of diazotrophic
strains using structurally different wild-type or mutant nitrogenases.
To quantitatively interpret the results, we use a N isotope model of
eqy informed by nitrogenase reaction mechanism. We find that en-
zymatic isotope effects are the origin of cell-level fractionation.
Small e, values indicate rate-limitation by enzymatic N, diffusion
while larger ez, values reflect greater expression of the kinetic iso-
tope effect (KIE) of N, catalysis. The results indicate that nitrogenases
operate with high catalytic efficiency in vivo, consistent with the opti-
mized cellular functioning of this metabolically expensive enzyme.

Results
Cellular N isotope dynamics for in vivo BNF
by A. vinelandii

To constrain eqy, we focus on in vivo BNF by the aerobic unicel-
lular diazotroph A. vinelandii, an important organism in nitrogen

fixation research (7, 29). We examine the role of isotopically sen-
sitive N, transport and catalysis steps in the net reaction sequence
starting with atmospheric N, gas and ending with fixed N produc-
tion by nitrogenase (left to right, Fig. 1b). At steady state, ez, the
observable isotope fractionation of this multistep process, should
reflect the KIE of the rate-limiting, N-based step and the equilib-
rium isotope effects (EIEs) of preceding steps (11, 28), since proc-
esses after the rate-limiting step do not affect fractionation
(because of complete transformation of subsequent intermedi-
ates into the final product) (30, 31). The availability of electrons
and other substrates for BNF can indirectly affect ez, by influen-
cing the relative rates of N-based reaction steps.

Dissolution of N in air into the aqueous extracellular matrix
(Fig. 1b, leftmost blue arrow) is not expected to constrain ey
since it is not rate-limiting. High N, partial pressure in air (0.79
atm) relative to the dissolved N, concentration at saturation
(<20 ppm (32)) leads to a dynamic equilibrium that is expressed
as a small EIE, 0.7%o. (15, 32). In contrast, N, diffusion through
the cell envelope and cytosol to nitrogenase, can determine eg,
if it constrains N, reduction by nitrogenase (Fig. 1b, green). Since
substrate diffusion/uptake by cells is generally not a highly frac-
tionating process (30, 33, 34), a “Cellular Reservoir” hypothesis
has been proposed (8). This hypothesis maintains that when cyto-
solic N, is limited, the large KIE expected for nitrogenase is incom-
pletely expressed (Fig. 1b, green), leading to small e, values
expected for N, transport into a cell. Low cellular Bes, values for
diazotrophs using Mo-nitrogenase would result from significant
depletion of the cellular N, reservoir by this isoform. Slightly lar-
ger eq, values associated with alternative nitrogenases might
then result from their slower N, reduction and lower degree of
cytosolic N, limitation.

Enzymatic reaction steps shape "eg, if nitrogenase reaction ki-
netics control in vivo BNF rate. The isotopically sensitive enzym-
atic reaction steps comprise cytosolic N, diffusion through the
substrate channel of nitrogenase to its active site (“enzymatic N,
diffusion,” Fig. 1b, orange) and N, catalysis, which includes N=N
binding to the active site cofactor and triple bond breaking
(Fig. 1b, catalysis box) (6). Net enzymatic fractionation (equivalent
to Peqy if cytosolic N, is not limiting) should respond to the relative
importance of enzymatic N, diffusion vs. catalysis for N, reduc-
tion rate, which is influenced by electron transfer to the active
site cofactor (29, 35).

The Thorneley-Lowe kinetic scheme is a long-standing model
for substrate-cofactor interactions that indicates that the resting
state cofactor (Eg) must sequentially accumulate four electrons
and four protons to reach a critical E4-4H state (Fig. 1b) (29, 35).
The reduced cofactor is short-lived as it can oxidatively decay, re-
leasing H, from hydride protonation (Fig. 1b, lower left) if sub-
strate availability is low (i.e. electrons at E,, N, at E4, Fig. 1b,
lower left to middle). Given sufficient N, availability at E;-4H
(Fig. 1b middle), two cofactor-bound hydrides are released as H,
(reductive elimination), yielding a short-lived E4-2H cofactor in
which the remaining pair of electrons and protons bind N=N, pro-
ducing cofactor-bound N,-2H (6, 29). The bond-breaking reduc-
tion of cofactor bound N,-2H to 2N2H (HN=NH or N=NH2) is
generally accepted to be immediate since no additional electron
inputs are required (6), but details on the catalytic mechanism re-
main debated (6, 36-38). Unless H, partial pressure at the active
site is very high (0.7 atm), N, reduction is irreversible (39).
Downstream steps (e.g. cofactor bound-2N2H reduction to 2NHjs)
allow the cofactor to complete its redox cycle back to E,, with
NH; release into the cytosol (Fig. 1b). These dynamics suggest
that enzymatic fractionation is constrained by reaction steps
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Fig. 1. In vivo N, reduction by A. vinelandii nitrogenase. a) Nitrogenase reaction requires protons (H") and electrons (e”) to reduce 1 mol N, to 2 mol NH3
and nmol dihydrogen (H,). Since N, binding necessitates H, release at the active site cofactor, n>1 and varies by reaction condition and Mo- (Nif), V- (Vnf),
Fe-only (Anf) isozyme type (2-4). 2ATP are hydrolyzed to 2ADP and inorganic phosphate (P;) for each electron transferred between Fe-proteins (NifH/AnfH/
AnfH) and active site proteins (NifDK/VnfDK/AnfDK). b) Reaction scheme for cellular N, fixation by nitrogenase. N, transport steps (dissolution, extra- and
intraenzyme diffusion, left of diagram) to the active site precede catalysis (middle to right diagram). Parallel to intraenzyme N, diffusion, cofactor

accumulation of 4e~ from nitrogenase Fe-proteins (bottom left of diagram) results in cofactor activation for catalysis (E4 stage cofactor). Net N isotope

fractionation for cellular BNF (*eg,) is constrained by rate-limiting, N-involving steps (blue) and their isotope effects. Possible mechanisms for **

€, fOCus

on N, dynamics in the cellular reservoir and active site. The §'°N of newly fixed N is calculated using the §'°N and N quotas of particulate (biomass) and

dissolved (excreted) N pools (see Materials and methods, Data S1).

c) Simplified reaction scheme of cellular N, fixation and key isotope effects. The

reversibility of N, diffusion may be affected by slow cofactor activation (*, Cofactor Activation hypothesis, Fig. 1b).

preceding N, catalysis, since this step is likely irreversible underin
vivo conditions (e.g. pH, < 0.7 atm).

When enzymatic N, diffusion is slower than electron transfer
to the cofactor, we suggest that the expression of a larger KIE of
catalysis is masked (“N, Channel” hypothesis, Fig. 1b, orange)
(30, 31, 40). Under this fast electron transfer condition, active
site N, molecules mainly encounter the cofactor at E4 state (41-
43) and proceed to catalysis. This results in limited diffusional
loss of N, from the nitrogenase active site to the enzyme’s exterior
environment. Consequently, enzymatic fractionation would con-
verge on the KIE of the slow enzymatic diffusion step, which is ex-
pected to be relatively small compared to that of catalysis (11).
This hypothesis predicts that, under high cellular N, availability,
the highly efficient redox cycling of the cofactor leads to N, chan-
nel diffusion becoming the rate-limiting step of in vivo BNF (29,
35), resulting in small cell-scale *®eg, values.

Conversely, slow electron transfer to the cofactor could lead to
more reversible N, diffusion as N is less likely to encounter the E4

cofactor (“Cofactor Activation” hypothesis, Fig. 1b) (35, 44), such
that e, shifts towards the expression of the larger KIE of the
downstream catalysis step. This hypothesis predicts an increase
in Pegy, with lower electron availability and nitrogenase Ny:H, ra-
tios (the molar ratios of reduced N, to produced H, from cofactor
decay). Specifically, it suggests that the lower ez, and Ny:H, ra-
tios associated with Mo-nitrogenase compared to alternative ni-
trogenases are derived from this isoform’s higher electron use
efficiency for NH; production, which results from its increased
commitment toward N, catalysis (Fig. 1b) (16).

Many in vitro studies, including Thorneley and Lowe (1983),
have reported electron transfer from Fe-protein to MoFe-protein
(lower left, Fig. 1b), or consequent cofactor activation from E, to
E,, as the rate-limiting step for in vitro Mo-nitrogenase reaction
(35, 44, 45). Harris et al. (37) recently showed N=N bond breaking
to be a previously overlooked slow step for in vitro BNF under fast
electron transfer conditions. How electron and N dynamics play
out in vitro and in vivo environments and link to egy is unclear.
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Diazotrophic cultures of A. vinelandii

To determine the role of nitrogenase enzyme characteristics and
cellular physiology on “®ez,, we grew 13 strains of A. vinelandii util-
izing either the wild-type Mo-nitrogenase (WT), wild-type
V-nitrogenase (V-only), or artificially mutated Mo-nitrogenase
under diazotrophic conditions in batch and chemostat cultures.
Mutant strains with alterations in the NifDK active site protein
(6, 29, 46) or gene deletion for the primary physiological electron
donor to nitrogenase, NifF (10), used to define the BNF reaction
mechanism (Table 1). Based on prior findings, we classified nif mu-
tations into four functional groups: gate keepers of N, substrate
channeling (strains Nal, Na2, Nb, NbE, NbH), proton transfer
(Ha, Hb, NbH), electron transfer (Ea, Eb, NbE), or transition state
stabilization (T) at the active site in the MoFe-protein (Table 1,
Fig. S1, Supplementary Materials and methods S1.1) (6, 58-60).
We grew all strains in batch culture to examine ez, under con-
ditions of maximum diazotrophic growth and a subset of the
strains (WT, V-only, Nal, Na2) at slow growth rates in chemostat
cultures (0.6 and 2 d~* < all batch growth rates) (61, 62). We assessed
the effect of N, partial pressure by using higher levels in chemostat
(0.97 atm pNy) than in batch culture (0.79 atm pN, in air) (63, 64) and
of electron availability by comparing electron-replete batch cultures
with high medium carbon (2% glucose and mannitol) and high head-
space O, (0.21 atm in air) to electron-limited chemostat cultures
with low availability of carbon (0.15% sucrose) and O, (0.03 atm)
(63, 64) (see Supplementary Materials and methods S1.2 and S1.5).
We measured e, for all culture experiments, cell density and
growth rate (w) for all batch cultures, and specific activity per
MoFe-protein for all Mo-nitrogenase strains (Figs. 2 and 3, Data S1).

Enzymatic basis of A. vinelandii cellular "¢,

The WT strain grew faster than all other batch cultured strains
(5.3+0.1d7%, mean+1 SD) and exhibited small, stable cellular
Beqy values (2.5 +0.0%e, Fig. 2, Data S1) for both fast batch culture
growth and slower chemostat growth (0.6 and 2 d™%). V-only batch
cultures grew more slowly (3.9 + 0.1 d~%) and expressed larger eg,
values (6.6+0.1%0). V-only eg, slightly decreased for slow
chemostat growth (5.8 +0.2%0 and 6.1+ 0.2%o at p=0.6 and 2 d~*
respectively). These results are consistent with growth rate and
ey data from previous studies (16, 23, 62).

Batch growth of each nif mutant was slower than for the WT
strain, confirming the negative effect of mutations on diazotrophy
(Table 1, Figs. 2 and 3a). Values of s, for the majority of mutants
were only slightly higher than for the WT (<1%o increase in egy
for 9 of 11 strains, Data S1). Certain substrate channel mutants
with altered N, diffusion and binding (Nal, Nb, and NbE strains)
exhibited higher values (eq, =4.1-6.8%0). We excluded alterna-
tive nitrogenase activity as a cause of higher 1o¢qy for the Nal mu-
tant (Table S2, Supplementary Materials and methods S1.4).

These results rule out a low flux of external N, to nitrogenase as
an important constraint on A. vinelandii cellular ez, (Cellular
Reservoir hypothesis, Fig. 1b). Cellular N, reservoir control on
ey should result in covariation of eg, with diazotrophic p, cell
density, and protein levels when external N, limits nitrogenase.
In contrast, we found no global correlation between Bepe and p
across strains and culture methods (black bars or symbols, Figs.
2 and 3a), consistent with prior studies (16, 23).
Additionally, ™5, remained constant with cell density in batch
cultures (Fig. 3b) and did not vary with protein specific activity
(Fig. 31).

The results demonstrate the enzymatic basis of cellular Pens,
specifically, the pivotal role of nitrogenase structure in governing

this parameter. This interpretation is consistent with an inferred
enzymatic eqy value of ~2.5%o for the WT Mo nitrogenase of
Anabaena, a heterocystous multicellular diazotroph, using inter-
polation of cellular “®eg, data under different headspace pN; levels
(9). Importantly, the finding of large ez, for the nif mutant Nal
equivalent to that of the V-only strain due to substrate channel
mutation demonstrates that the FeMo-cofactor by itself does
not control enzymatic eg, (16, 22). Instead, the data suggest
that cofactor and substrate interactions constrained by nitroge-
nase structure are key controls of enzymatic “egy.

N isotope model of BNF

To quantitatively interpret *eg, as a function of the intraenzyme
steps of the nitrogenase reaction, we constructed a steady state
N isotope model of the net isotope effect for BNF,
any =1+ (Pegy /1, 000), (Fig. 4) based on the Thorneley-Lowe ki-
netic scheme for cofactor N, reduction to NHj (Fig. 1b) (35), N
flux ratios (f in Fig. 4a—c), and experimentally or theoretically de-
termined isotope effects. Biochemical observations and chemical
theory enabled simplification of the nitrogenase reaction mech-
anism (Fig. 1b into c) into two steps, reversible N, diffusion step
followed by irreversible N=N catalysis (top panel of Fig. 4, see
Materials and methods). To investigate the role of different flux
ratios at those enzymatic steps, we formulated the model in three
interconvertible forms:

Ofix = _(KIEcat - KIEdiff) 'fused + KIEcat (1)
afix = (KIEcar — KIEqiff) - faier + KIEqisr 2

v — (KIEgiff - fetc) + KIEcat
fi fctc +1 '

With ¢ referring to fluxes of N, flux ratio fused = $net/Prorwarg 12N~
ging from O to 1 represents the nitrogenase catalytic demand for
N, substrate relative to the supply entering the active site (i.e.
N, use efficiency) (28); fete = $net/Preverse Tanging from 0 to oo is
the commitment to catalysis (30); faitf = Sreverse/Pforwara FANEGINE
from O to 1 is the reversibility of N, diffusion (65). Terms KIEgr
and KIEq: denote the forward kinetic isotope effects of N, diffu-
sion and of N, catalysis, respectively. The flux ratios constrain
ey by dictating where the rate-limiting step of the BNF reaction
sequence occurs and thus the contributions of KIEgg and KIEq,:
to 15(ﬁx4

The magnitudes of KIE4;¢ and KIEq,: have not been empirically
determined. We estimated possible values for KlEgg (from 1
to 1.0068, ie. egirr from O to 6.8%o) based on the physical
chemistry of molecular diffusion (KIEgg in air =1.0089, KIEgi¢in
water = 1.0068) (66). KIEq,: is comprised of the KIE for N, binding
to the cofactor and the KIE of N=N bond cleavage to 2N2H,
which Herzberg (1945, 1950) calculated to be 1.027 (i.e. € of
cleavage =27%o) based on N, vibrational frequencies (27, 67,
68). The KIE of N, cofactor binding is poorly constrained (41,
42), as the binding mode remains unclear (see Supplementary
Results S1.8). To account for possible normal or inverse binding
isotope effects (69), we assume that the binding KIE modulates
KIEca: SO as to cause it to range between 1.017 and 1.037 (i.e. ecat
from 17 to 37%o). The above chemical KIEs represent maximum
possible values for the intrinsic enzymatic KIE (5, 70). We calcu-
lated the equilibrium isotope effect (EIE) for chemical N=N bond
cleavage to 2N2H (E, forward arrow, Fig. 1b) to be 1.065 based on
the vibrational bond energies (R Code S1) (71, 72), which indicates

(3)
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Fig. 2. Cellular "¢g, and growth rate of A. vinelandii Using Natural Mo-, V-,
or Artificially Mutated Mo-nitrogenase for Diazotrophy. Nitrogenase type is
denoted by bar color (see legend below); see detailed strain descriptions in
Table 1. The right column shows growth rate (n) and growth condition
(batch or chemostat denoted by “B” or “C” letters, respectively.

that reversible catalysis would lead to observed ez, between 27
and 65%o. As measured *es, values are always much lower in
amplitude, they do not support reversible catalysis
(Supplementary Results S1.9).

Modeled KIEs and flux ratios for ®es, reveal
variable nitrogenase function

We calculated all best-fit values of KIEgi, KIEcat, and f for each
eqx Observation (Table S1 and Fig. S1, Supplementary Code R2).
The range of f ratios in Fig. 4 represents conditions spanning max-
imum and minimum enzyme function for NH; production (N, use
efficiency, closed vs. open circles in Fig. 4d and e). In the case of
maximum enzyme function, enzymatic N, diffusion strongly con-
strains net rate, and measured “*eg, converges on the relatively
small fractionation egisr (0 to 6.8%0) due to KlEg (1 to 1.0068).
Net rate for poor enzymatic function is more strongly affected
by N=N catalysis, and “°es, reflects the fractionation due to

KIEc,: alone (for asyw1.027 and 1.037, Pesw27 and 37%., when
fusea and feic approach zero, see Egs. (1) to (3)).

Nitrogenase N, uses efficiency, which is represented by fiuseq
(Figs. 4d and e, Table S1), varied substantially between in vivo
and in vitro reaction conditions (1 and 0.4, respectively) but was
less sensitive to enzyme structure and growth condition (> 0.8).
Notably, the high in vivo f,sq values indicate that nitrogenases op-
erate at intermediate to high efficiency under cellular settings. The
results demonstrate the critical importance of reaction setting, and
the optimized function of nitrogenase in a cellular environment.

Overall, the data indicate that the wild-type Mo-nitrogenase
represents the “best” nitrogenase structure as its cellular function
remained very high across all growth conditions, at the highest
possible ranges of fyeeq and fee. Functioning of wild-type
V-enzyme and mutant Mo-nitrogenases was not as high as WT
Mo-nitrogenase. Functional defects were most apparent in N,
substrate channel mutants (e.g. Nal strain) and could vary with
its growth physiology.

Wild-type Mo-nitrogenase "*egy: near perfect catalysis

in cellular environments

The low and stable "eg, values for the wild-type Mo-nitrogenase
indicating N, use efficiency near unity imply that this enzyme
achieves very high in vivo turnover relative to enzymatic N, diffu-
sion across varying electron availability conditions. This function-
al state may reflect this enzyme’s optimized cofactor and amino
acid environment in the active site and meets the definition of
“catalytic perfection” proposed by Knowles and Albery (43) in
which all encounters between enzyme and substrate result in
conversion to product. Indeed, this interpretation is supported
by our kinetic calculations. The in vitro key/Km>1.4x10%/s/M
(Supplementary Results S2.3). The high in vitro e, of 17%o could
reflect less efficient electron transfer to the cofactor than in vivo.
This could result from artificial reaction conditions that are sub-
optimal for the enzyme or other factors (e.g. in vitro assay arti-
facts). The significantly lower cellular *®eg, values must reflect
even higher ke,i/K, values (>10%/s/M) approaching the magnitude
expected for most diffusion-limited enzymes (36, 38).

The operation of nitrogenase at its diffusional limit across all
growth conditions implies that diazotrophs maximize the func-
tion of active (E;) nitrogenase, perhaps by managing total
MoFe-protein pool size or the distribution across E, states. If the
ratio of active MoFe-protein to total MoFe-protein in a cell

8
(E4/ Y En) changes with reaction condition and enzyme type (see
n=0

Supplementary Discussion S3.1), then total enzyme measure-
ments may not be directly comparable across conditions (and
enzymes).

Nif active site mutants: key gatekeeping amino acids
constrain substrate-cofactor interactions and ey

Active site mutations affecting N, access in Mo-nitrogenase had
the largest effects on eg,, particularly those at the a-70 gatekeep-
ing position for substrate N, positioning and selectivity (73-75). A
“gatekeeping” residue refers to an amino acid residue(s) that plays
a critical role in selecting accessibility of a molecule to the en-
zyme’s catalytic center based on the molecule’s size and chemical
properties (76). The gatekeeping status of u-70 was elucidated by
studies of Nal (residue a-70V mutated to I), Na2 (a-70VA), Nb
(a-69GS), and Nc (a-191QP) (Table 1) (58, 60, 73). The Nal and
Na2 enzymes have suboptimal gate widths due to substitution
of a-70 with larger or smaller amino acids, respectively (Table 1),
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Fig. 3. Absence of correlation between cellular **e;, and physiology indicates the control of ez, by intraenzyme process. The physiological factors
measured in our cell cultures include (a) growth rate, (b) cell density, (c) the mass proportion of nitrogenase amongst all intracellular proteins, (d) the
concentration of nitrogenase in cell lysate, (e) the mass ratio of Fe-protein to MoFe-protein, and (f) the rate of fixed N accumulation per gram of
nitrogenase compared to wild type (WT). The absence of global correlation between cellular *es, and physiological metrics indicates an enzymatic basis
for egy. See Methods for rate calculation in (f). For (b), biomass 8*°N differs from "eqy by <1%o, indicating a minimal effect of N excretion on “esy (see

Supplementary Materials and methods).

resultingin less efficient N, fixation (much lower N,:H, ratios) (47,
48,77, 78).

The higher e, relative to WT enzyme for the structurally
suboptimal Nal enzyme for all growth conditions can be explained
by the a-70VI mutation disrupting N, interactions at the FeMo-
cofactor. This leads to more reversible diffusion and decreased
commitment to catalysis (Fig. S4d and e). This interpretation is sup-
ported by recent findings indicating that the bulky sidechain of the
substituting isoleucine in Nal interrupts N, binding to the E4 cofac-
tor by slowing H, elimination (75). This decreases cofactor reactiv-
ity, commitment to catalysis, leading to more active site N, loss

(lower fyseq) and greater expression of the KIEq; in the g, value.
The decrease in Nal ey between batch and chemostat conditions
towards the WT value (6.8 to 3.0%o) indicates that the Nal mutation
effect on cofactor reactivity and substrate use efficiency is modu-
lated by physiological context. Lower cellular electron availability
in chemostat cultures may have suppressed E; cofactor decay
(75), increasing the forward flux ratio for N, conversion to NHj; rela-
tive to batch culture conditions (see Supplementary Results S2.1).
Overall, the Na1l ®eg, data confirm the critical role of the a-70 resi-
due in optimizing the position of N, for high substrate use efficiency
at the active site.
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Fig. 4. '°N fractionation model indicates high N, use efficiencies for nitrogenases in the cellular environment. BNF >N dynamics can be simplified (top
panel, Fig. 1c) into a steady-state >N model (middle panels) based on N, flux ratios representing (a) nitrogenase N, use efficiency, fusq; (b) reversibility of
N, diffusion in nitrogenase, fy;; and (c) commitment to catalysis at the N, bind/bond step, fer. a—c) Steady state sensitivities of modeled "egy, to various
flux ratios given different model-imposed values (see legend color and line style) for KIE4i and KIEc, are shown. d, e) Best-fit model solutions for the
range of flux ratios (dark grey line) complying with measured "¢z, for each nitrogenase strain, given the imposed ranges for KIEg; and KIEc,: (Table S1,
see Supplementary Materials and methods) are shown. Flux ratios represent each nitrogenase functioning at their highest substrate use efficiency (most
committed towards NH; production, filled circles) and lowest efficiency (least committed, open circles). WT Mo-nitrogenase in vitro "eg, is reported in Sra
et al. (26), while all other " eg, values are from this study. Imposed KIE g values were generally <3%o. See Table S1 and Fig. S1 for details.

In addition to Nal, the higher " e;, of other substrate access
mutants (Na2, Nb, Nc) compared to the WT supports reversibility
of enzymatic N, diffusion as a key modulator of *®eg,. But the
smaller isotopic change observed for these enzymes compared
to Nal may indicate weaker mutational effects on cofactor re-
activity (Supplementary Results S2.1).

Other nif mutations affecting the transition state, electron
transfer to or within nitrogenase, or proton pathway led to
small or no changes in °eg, relative to the WT, confirming
the critical importance of substrate access for °eg,. The re-
sults also suggest potential compensatory mechanisms of
in vivo physiology to maintain high efficiency substrate-
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cofactor interaction mutation

Results S2.1).

despite (Supplementary

Wild-type V-nitrogenase "esy: high efficiency catalysis
nearing that of wild-type Mo-nitrogenase
Our analyses of "5, indicate high N, use efficiency, fueeq, for all
nitrogenases, including the V-isoform (fyseq > 0.8 for V-only vs.
>0.9 for WT, Fig. 4d). This provides strong support for the N,
Channel Hypothesis for the in vivo *es, being small compared
to the fractionation by the chemical KIE . Nevertheless, the
Cofactor Activation hypothesis could explain the small-scale
eqy variations between isoforms. Lower electron-use efficiency
of the V-nitrogenase cofactor (21) would cause an increase in
eqx as well as decreases in N,:H, ratio and growth rate (Fig. 3a,
Data S1 and S2). But links between these parameters are hard to
quantify experimentally because there are multiple H, evolving
steps before N, binding (e.g. E, and E, decay, Fig. 1b, see
Supplementary Discussion S3.2). Alternatively, higher ez, values
for the V-isoform could reflect isoform-specific KIE g variation.
Both scenarios are compatible with the relative stability of
V-only e, to physiological changes (5.8-6.6%o, Supplementary
Results S2.2). The data could reflect the same degree of KIE,; ex-
pression across conditions (Cofactor Activation hypothesis) or the
exclusive expression of the isoform-specific KIEy s (N, Channel
hypothesis). Further validation of the specific causes of the con-
sistently high V-only “es, requires clarification on how physiology
and enzyme structure constrain electron use efficiency for
NHs-production and the expression of KlEgg for nitrogenase
isoforms.

Discussion

Using isotope modeling and laboratory experiments, we find that
cellular ez, values in the unicellular model diazotroph A. vinelan-
dii directly reflect the isotope effects of the nitrogenase enzyme, in
particular, the KIE of N, diffusion within the enzyme. These Niso-
tope dynamics can be explained by efficient N,-cofactor interac-
tions driven by a high reactivity cofactor. Data from mutants
indicate how enzyme active site protein structure (particularly
key amino acid residues for optimal N, access and positioning)
promotes substrate-cofactor interactions, affecting catalytic effi-
ciency, which is quantified by es,. However, enzymatic e, of
diazotrophs inhabiting biophysically complex environments (e.g.
multicellular, living in nodules, mats) may be masked by a limited
external N, reservoir, such that organism-scale Loeqy shifts toward
the KIE of external N, transport (Fig. 1b). Thus far, however, stud-
ies indicate relatively minor effects of external N, availability
(~2%0) (8, 9). In addition, studies that infer eg, based on the
8'°N of particulate organic N should consider the isotopic effects
of fixed N excretion, which can cause a few per mil offset from
the true ez, based on the entire newly fixed N pool (23).

Our mechanistic findings should be broadly applicable since
strong conservation of cellular s, values for each natural nitro-
genase isoform across diazotroph lineages (1-3%o. for Mo-, 5-6%o
for V-, and 7-8%. for Fe-isoforms; Data S2 and references therein)
indicates a minor lineage effect on sy Consistent with this,
key functional amino acid residues in modern nitrogenase are
largely invariant (Fig. S2b). Moreover, none of the active site muta-
tions examined here, including the o-70 gatekeeper associated
with large "es, variability, exist in these natural nitrogenases
(Fig. S2b). Thus, all extant nitrogenases likely maintain high
catalytic efficiency (fusea>~0.8) across different physiological

contexts, which likely derives from structural optimization of
the active site for chemical steps relative to the diffusional sup-
ply of Nj.

Our mechanistic findings on BNF es, have implications for
multiple research areas. Most notably, identification of the in
vivo rate-limiting step of N, reduction enables new insights into
the coevolution of enzyme structure-function with cellular physi-
ology and environmental changes in the past and present.

Nitrogenase functional evolution and N cycle
studies

Lower values of measured **eg, (0 to 17%., Data S2) relative to the
fractionation (27+10 %o, see Results) from the expected chemical
KIE (1.017 to 1.037), which reflect high catalytic efficiency, result
from N, diffusion limitation within the optimized active site of
nitrogenase (6, 16, 43). The near complete substrate use for
Mo-nitrogenase is consistent with its earlier evolution than alter-
native nitrogenases (14, 19, 20, 79, 80). This earlier evolution
would have provided additional time for structural optimization
towards higher substrate use efficiency, possibly to keep up with
higher N demand induced by the increasing biomass of Earth’s
ecosystems. Phylogenetic studies suggested the structural opti-
mization of Mo-nitrogenase may have happened after the Great
Oxidation Event (GOE), when the rise of persistent oxidized envi-
ronments augmented bioavailability of Mo, after which the Mo
uptake and cofactor maturation and insertion had sufficient
time to be optimized by genomic evolution (81).

The functional characteristics of nitrogenase are sensitive toits
substrate channel architecture beyond the active site (7, 58-60, 73,
82). Given this, why does the N, substrate channel not allow add-
itional N, transport to maximize NH3 production? For example, a
higher NH; production rate could potentially be achieved with a
higher gas flux channel despite lower substrate use efficiency
in the active site. However, this channel architecture could also
affect diffusion of nontarget molecules like molecular oxygen,
which irreversibly damages the cofactor (83, 84). We suggest
that the evolution of nitrogenase towards diffusion limitation
(low "eg,) was caused or encouraged by environmental oxygen,
the concentration of which varied drastically over Earth his-
tory (82, 85). Nitrogenase with a reactive cofactor and high gas
transport capacity substrate channel (exhibiting higher °es,)
may have been prevalent prior to the rise of atmospheric O,.
Our isotopic analyses strongly support the post-GOE emergence
of the modern Mo-nitrogenase structure (14, 19, 20, 79, 80),
complementing the above-mentioned phylogenetic proposal
about post-GOE evolution of molybdenum uptake system and co-
factor maturase genes (81). Additionally, an active site with high
N, use efficiency shaped by O, would support enzyme function
as a nitrogenase vs. hydrogenase. This would increase the fitness
of diazotrophs in an oxygenated world with low fixed N
availability.

Our analyses confirm that cellular *eg, is a robust indicator of
natural isozyme types in modern environments. But the results
imply that isoform **eg, values could have varied over geological
time scales (e.g. ancient enzymes prior to the GOE with higher
Beqy), suggesting eq,-based inferences of N cycle linkage to en-
vironmental redox state and trace metal availability require re-
examination (14, 16, 86, 87). Re-evaluation of the C isotope record
has also been suggested based on potential differences in C iso-
tope fractionation between modern and ancient Rubisco (88).
Thus, N isotope studies of historical BNF and its role in ancient
N cycling, particularly over periods of environmental oxygen shift,


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf061#supplementary-data

10 | PNAS Nexus, 2025, Vol. 4, No. 3

would benefit from a holistic assessment of eqy (including effects

of structure-function, cellular, and environmental context such
aslocal variations in N, O,, electron availability, and CO, (89, 90)).

A broader assessment of eg, variability and the potential im-
pacts of diagenesis of signal preservation would help reconcile
our results, which imply early nitrogenases produced organic N
with very negative §'°N values, with the predominance of §"°N
values of 0+2%. and higher for Archean sedimentary rocks (91).
The mechanisms identified in this study can guide such assess-
ments and may also inform interpretation of the isotopic records
of other biogeochemical processes (Supplementary Discussion S3.
4) (30, 34, 65, 88).

Biochemistry, physiology, and chemistry
of nitrogen fixation

While our s, study focuses on in vivo nitrogenase kinetics, N
isotopic approaches may also be useful in studies of in vitro nitro-
genase mechanism complementing existing biochemical studies.
For example, in vitro *eg, can help constrain whether the rate-
limiting step shifts from N=N bond-breaking step to N, diffusion
under high electron condition (37). By elucidating *es, sensitiv-
ities to biochemical conditions, these studies can help constrain
relationships between electron and substrate use efficiency to ex-
plain in vivo V-isoform °eg, (Supplementary Discussion S3.2).
Additionally, the role of substrate use efficiency under different
physiological conditions (e.g. nonsteady state) could be evaluated
through measurements of e, Finally, stable isotopic methods
can also aid in understanding carbon compound reduction by ni-
trogenases (acetylene reduction isotope effect, Supplementary
Discussion S3.3) and guide efforts to improve chemical N, fixation
for industry and agriculture (92, 93).

Conclusions

Our study demonstrates that in vivo BNF reaction by nitrogenase
is rate limited by enzymatic N, diffusion. Further elucidation of
the mechanisms and principles underlying nitrogenase function
will advance our understanding of the evolutionary trajectory of
nitrogenase structure to a so-called “perfect enzyme,” which we
suggest is associated with atmospheric oxygenation in Earth his-
tory. Thus, nitrogenase nitrogen isotope dynamics could exem-
plify the effects of global environmental redox change on
enzyme structural evolution. In addition, a better mechanistic
understanding of nitrogenase reaction kinetics achieved with N
stable isotopes may facilitate the development of more environ-
mentally sustainable methods of N, fixation.

Materials and methods

Bacterial cultures

We employed 13 different A. vinelandii DJ strains: WT and V-only
(DJ995 and CA11.70) (62, 94, 95) and the 11 DJ strains (46, 49, 50,
96-98) with nif gene mutations provided by the Dean laboratory
at the University of Virginia (Table 1). Each strain was grown in
aerobic batch cultures in Nunc flask containing 50 mL of a modi-
fied liquid Burk’s medium with replete Mo or V concentrations
(100 nM) at 200 rpm and 30°C (Figs. S3-56) (62). Chemostat experi-
ments were performed on the WT, V-only, and two nif mutant
strains, Nal and Na2. Dilution rates were very slow or slow (0.6
or 2d™Y) relative to batch culture growth rates. The wild type,
V-only, and mutant strains were grown and measured in >4
biological replicates. Cell growth was monitored by ODgyo nm

measurements. Details on nif mutant strain selection, media re-
cipe, batch cultures, chemostat setup and operation, growth
measurements, and cell sampling are in Supplementary
Materials and methods.

Protein quantification

Total protein content in frozen bacterial cell pellets were analyzed
by BCA methods using Pierce BCA Protein Assay Kits (Thermo
Fisher Scientific, Part No. 23225). For NifDKH quantification,
0.2 mg of total protein sample was analyzed by Western blot.
NifDK antibody was provided by the Dean laboratory, and NifH
antibody from Agrisera. For quantitative Western blot, we used
purified NifDK and NifH provided from the Dean Laboratory as a
standard. BCA analysis and Western blots were performed at
RayBiotech, GA (https:/www.raybiotech.com). We note enzymat-
ic N, diffusion western blots may potentially overestimate %NifDK
and thus underestimate specific activity of some strains because
of incomplete removal of proteins stuck to alginate coating during
wash steps.

N, fixation rate estimation

N, fixation rate per cell was estimated by multiplying growth rate
(w) and total particulate and dissolved N per cell measured by
elemental isotope ratio mass spectrometry. This rate is constant
in chemostat. In batch culture, we used the N concentration
measured at mid-exponential phase. Specific activity was calcu-
lated as N, fixation rate per cell divided by total NifDK concentra-
tion per cell.

N quantification and >N analysis
Sample N/*N isotopic content is defined as:

515Nsample = {(15N/14N>samp1e/(1SN/14N)air N2_1}
x 1, 000 in permil (%o).

The observed isotopic fractionation for BNF (*eg,) is measured as
the difference in §*°N between dissolved N, and newly fixed N:

15, _ §15 15 15
&fix =0 Naissolved N2 — 0 Nnewly fixed N where ¢ Niissolved N2

=0.7%o(12).

Newly fixed N is either stored in cellular biomass or excreted into
the medium. Supernatant N comprises excreted N and EDTA.
EDTA is metal chelator in growth medium, contains the 2 N atoms
per molecule, and cannot be used as fixed N source for growth. We
estimated §"°N of newly fixed N (§"°Npewiy fixea n) i culture sam-
ples by separating them into three or two different N fractions:
separated cell biomass pellet, supernatant, fresh medium frac-
tions (method A) or as a combined cell and supernatant fraction
and the fresh medium fraction (method B). Method B was less la-
borious than method A and yielded the statistically similar sam-
ple s, values as method A. See details in the Supplementary
Materials and methods.

Isotope modeling: nitrogenase reaction scheme

We developed a steady state N isotope model of the cellular nitro-
genase reaction based on the Thorneley-Lowe reaction scheme
(29, 35) (see Egs. (1)-(3)). First, to model N, transport, we combined
the external cellular N, diffusion (Fig. 1b green box) step with in-
ternal N, diffusion from the enzyme surface to its active site
(Fig. 1b orange) since we could not constrain the KIE and EIE of in-
dividual steps, particularly those in nitrogenase. Second, we com-
bined N, binding and the N=N bond breaking into a single step
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(Fig. 1b, N, catalysis box), as most biochemical studies of the
mechanism indicate these steps are kinetically inseparable (see
Supplementary Materials and methods S1.7) (6, 36, 37). Third,
we did not include N, unbinding at the E, cofactor (oxidation of
2N2H into N=N and consequent release of N=N from cofactor;
leftward arrow from E4(2N2H) in Fig. 1b) or any further reductions
past N=N bond breaking (from E4-2N2H to E, and 2NHj, Fig 1b)
within the model since N, unbinding has only been detected in vi-
tro at high H, partial pressure (0.7 atm) (39). Irreversible N=N ca-
talysis in cellular environments is supported by our examination
of N isotope effects (Supplementary Materials and methods S1.8).
Possible KIE and EIE values were estimated using biochemical ob-
servation and physical chemical calculations (1 to 1.0068 for
KlEgi, 1.017 to 1.037 for KIEa:, see Results).

Model fitting to measured g,

Model solutions for the KIE4y, KIEq:, and f ratios (see Egs. (1-3))
matching the measured “*e;, values were determined by grid search
(R Code S2). The *®es, measurements comprise data from this study
(13 batch cultures, 7 chemostat cultures) and a prior study (an in vi-
tro WT Mo-nitrogenase measurement (26)). We searched for combi-
nations of the KIE4, KIEca:, and f parameters that minimized the
difference between the estimated and the measured ogy values with-
in <0.0005 (i.e. A¥eq, = |Predicted eg, — Measured Peg,| < 0.5%o).
The searching interval was 0.0001 for KIEgs, 0.001 for KIEc:, 0.01
for fiseq, Over ranges of 1 to 1.0068 for KIEg, 1.017 to 1.0037 for
KIEcat, and 0 to 1 for fieeq. KIE values were assumed to be constant
for the same enzyme regardless of reaction/culture condition, i.e.
only f could vary.
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