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Structural evidence for a dynamic metallocofactor during N,
reduction by Mo-nitrogenase

Wonchull KanglT, Chi Chung Leel:T, Andrew J. Jasniewskil, Markus W. Ribbel:2” Yilin
Hul”

1Department of Molecular Biology and Biochemistry, University of California, Irvine, CA
92697-3900;

2Department of Chemistry, University of California, Irvine, CA 92697-2025

Abstract

The enzyme nitrogenase uses a suite of complex metallocofactors to reduce N, to ammonia.
Mechanistic details of this reaction remain sparse. We report a 1.83-A crystal structure of the
nitrogenase molybdenume-iron protein captured under physiological No-turnover conditions. This
structure reveals asymmetric displacements of the cofactor belt-sulfurs (S2B or S3A/S5A) with
distinct dinitrogen species in the two ap-dimers of the protein. The sulfur-displaced sites are
distinct in the ability of protein ligands to donate protons to the bound dinitrogen species, as well
as the elongation of either the Mo-O5 (carboxyl) or Mo-O7 (hydroxyl) distance that switches

the Mo-homocitrate ligation from bidentate to monodentate. These results highlight the dynamic
nature of the cofactor during catalysis, and provide evidence for participation of all belt-sulfur
sites in this process.

One Sentence Summary:

Asymmetric belt sulfur displacements of nitrogenase cofactor suggest involvement of all belt
sulfur sites in N reduction.

Nitrogenase catalyzes a key step in the global nitrogen cycle: the ambient reduction of
atmospheric dinitrogen (N,) to the bioavailable ammonia (NH3). The molybdenum (Mo)
nitrogenase consists of two component proteins (1-3). One, designated the iron (Fe) protein,
is a homodimer that contains a [Fe4S,4] cluster at the subunit interface and an adenosine
triphosphate (ATP)-binding site within each subunit. The other, designated the molybdenum
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iron (MoFe) protein, is an a,p, heterotetramer that contains two complex metalloclusters
per ap dimer: a P-cluster ([FegS7]) at each a/p interface and an M-cluster (or FeMoco;
[(R-homocitrate)MoFe;SgC]) within each a subunit (4, 5). Catalysis by the Mo-nitrogenase
involves repeated association and dissociation between the two component proteins, which
permits ATP-dependent electron transfer from the [FesS4] cluster of the Fe protein, via the
P-cluster, to the M-cluster of the MoFe protein, where substrate reduction occurs (1-3). The
ability of nitrogenase to shuttle multiple electrons to its cofactor renders the enzyme highly
versatile in substrate reduction. Other than N5 and protons (H*), nitrogenase can reduce

a variety of alternative substrates, such as acetylene (CoH>), cyanide (CN™), and carbon
monoxide (CO) (1, 6, 7).

Considerable efforts have gone into the mechanistic investigation of nitrogenase since its
discovery, with a number of studies focused on the substrate and inhibitor interactions of
this enzyme (1, 3, 8-10). However, characterization of the substrate- or intermediate-bound
states of nitrogenase has proven to be challenging due to the transient nature of these bound
species (11). To circumvent this problem, freeze quench spectroscopic techniques, combined
with strategic genetic modifications of the active site, have been applied to accumulate

and characterize nitrogenase-bound intermediates, leading to the proposal of a reductive
elimination/oxidative addition mechanism (3) and a concurrent refinement of the Thorneley-
Lowe model (8, 9) for N, reduction by Mo-nitrogenase. Moreover, high-resolution crystal
structures of Mo- and V-nitrogenases have been obtained with ligands (e.g., CO or N/O
species) bound to the enzyme (12, 13), pointing to an intriguing mechanism in which

a reactive Fe species is generated upon displacement of a specific belt S (S2B) of the
cofactor by a y-bridging ligand. An elegant crystallographic pulse-chase study using a
Se-reporter further demonstrated a catalysis-dependent migration of belt S (14), highlighting
the dynamic nature of the entire belt region of the cofactor during turnover. Together,

these studies offered invaluable insights into the reaction mechanism of nitrogenase while
providing added incentive for exploration of strategies to specifically capture N, or related
intermediate(s) for mechanistic studies.

One strategy worthy of consideration is to limit excess electron supplies that inadvertently
drive the reaction of Nj-reduction forward, which either reverts the substrate- or
intermediate-bound state to the resting state or renders the enzyme in an indiscernible mixed
state. This is particularly relevant since nitrogenase proteins are routinely isolated in the
presence of excess dithionite, an externally supplied reductant (1). Removal of this artificial
electron source, coupled with quick isolation of the protein in the absence of oxygen,

could facilitate capture of N, or intermediate(s) on the protein upon exhaustion of available
electrons. To obtain a proof-of-concept for this strategy, we first prepared the crude extract
of an Azotobacter vinelandii strain under anaerobic conditions with or without addition

of dithionite upon cell disruption. In both cases, the A. vinelandii strain was actively
expressing a Mo-nitrogenase comprising a histidine-tagged MoFe protein and a non-tagged
Fe protein prior to cell disruption (15, 16). Activity analysis of these samples revealed

that, contrary to the dithionite-treated crude extract, the dithionite-free crude extract was
nearly inactive in substrate reduction, but its activity could be fully restored upon addition
of dithionite and ATP (Fig. S1A). This observation suggests a depletion of electrons (e.g.,
from ferredoxins) and other metabolites (e.g., ATP) in the crude extract when the metabolic
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processes that (re)generate these components are interrupted upon cell disruption. Thus,
when a nitrogenase-expressing culture that is actively performing N, fixation is subjected
to cell lysis without additional electron supplies, the nitrogenase remains functional but is
potentially arrested in a “‘dormant’ N»- or intermediate-bound state due to a withdrawal of
electron flow to the M-cluster. Indeed, following a quick one-step purification under No
from the dithionite-free crude extract, the histidine-tagged MoFe protein (designated Av1*)
was not only active in N, reduction, but also fully functional upon substitution of the gas
atmosphere with CoHy or Ar in an /n vitro activity assay where it was combined with the Fe
protein (designated Av2), ATP and dithionite (Fig. S1B). More excitingly, GC-MS analysis
demonstrated that contrary to Av1 purified with dithionite from a 1°N,-grown culture (Fig.
S1C, black), Av1l* purified without dithionite from the same 1°N,-grown culture released
15N, upon acid quenching (Fig. S1C, red), suggesting capture of Ny or related species

on Av1*. Release of 15N, was not detected from the reductant-free, resting-state Av1
(designated Av1”) upon incubation with °N, (Fig. S1C, brown), pointing to the turnover
conditions as the prerequisite for capturing N, on Av1 while providing further support for
the physiological relevance of Av1l* to catalysis.

Subsequent crystallization of Avl* yielded brown crystals that diffracted to a resolution of
1.83 A (Figs. S2-S4; Tables S1-S3). Strikingly, the two P-clusters in the two ap-dimers

of Av1* (designated P-cluster(*/B) and P-cluster(C-D), respectively) are no longer present in
the all-ferrous, resting state (PN); instead, both adopt the conformation of the previously
reported two-electron-oxidized state of this cluster (POX) (17, 18), with the central S
(designated S1) losing two Fe—S bonds and becoming pi4-coordinated to three Fe atoms of
the a-subunit cubane and one Fe atom of the B-subunit partial cubane (Fig. 1; Figs. S5, S6).
The structural rearrangement of the P-clusters in Av1l*, confirmed by anomalous density
data calculated at 7100 eV and 7141 eV, is accompanied by formation of two Fe—X bonds
with an O atom of a-Ser188 and the backbone N atom of a-Cys88 (Fig. 1; Figs. S5, S6).
EPR analysis provided further support for this assignment, showing a P°%-specific, g= 11.8
signal in the spectrum of Av1* (Fig. S1D) (19). The POX signal of Av1* is indistinguishable
in intensity to that of an equimolar amount of Av1 treated with excess oxidant, suggesting
that all P-clusters of Av1* exist in the POX state (Fig. S1D). The presence of the P-clusters
of Av1* in the POX state not only provides the long-sought-after answer to the physiological
relevance of this state, but also points to a limited electron flow from the P-cluster to

the M-cluster due to the absence of dithionite, leaving the former in an electron-depleted
state while permitting the latter to capture N, and/or intermediate(s) under limited turnover
conditions.

Consistent with this suggestion, in the a-subunit (designated Chain-A) of one ap-dimer of
Av1*, the absence of a belt S (S2B) from the M-cluster (designated M-cluster(™) can be
clearly and reproducibly visualized in the anomalous difference Fourier map calculated with
diffraction data at 7100 eV (Fig. 2A, B; also see Fig. S7A, B); yet, there is electron density
at this location based on analysis of the 2F,-Fc and Fo-F; maps (Fig. S8A), which can be
modeled as a dinitrogen species that binds in a pseudo x4 » bridging mode between Fe2 and
Fe6 (Fig. 2C; see Figs. S9, S10 for ligand modeling). The proximal (Nprox) and distal (Ngjst)
nitrogen atoms of this species are located at 1.8 A and 2.3 A, respectively, to Fe2 and Fes,
rendering it roughly parallel to the M-cluster along the Fe1-C—Mo axis (Fig. 2C; Table S3).
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Additionally, Npyox interacts with the Ne group of a-H195(4), a residue implicated in N,
reduction (20), via hydrogen bonding at 2.9 A (Fig. 2C).

Sulfur anomalous density (designated S(*/B)) is observed at the same sulfur-binding-site
(SBS) at the a/B-subunit interface as that identified earlier in the S2B-displaced, CO-bound
structure of the M-cluster (12). Located ~22 A away from the S2B-site in Chain-A of

Av1* (Fig. S11A, B), the relevance of this sulfur species to the displaced S2B-sulfur is

yet to be established. Displacement of S2B with the dinitrogen species, like that of S2B
with CO, does not have much impact on the structure of the M-cluster, as both ligand-
bound clusters show an overall conservation of the Fe-S, Fe---Fe, and Mo-S distances

as those in the resting-state cofactor (Fig. S12; Table S3) (5). However, contrary to its
CO-bound and resting-state counterparts (12), there is a significant change in the ligation
of Mo by homocitrate in Chain-A of Avl*. While the Mo-05 (carboxyl) distance remains
largely unchanged, there is a notable elongation of the Mo-O7 (hydroxyl) distance, thereby
switching the ligation of Mo by homocitrate from bidentate in the resting-state and CO-
bound structures (Mo—05, 2.2 A; Mo-07, 2.2 A) to monodentate in Chain-A of Avl* (Mo—
05, 2.3 A; Mo-07, 2.7 A) (Fig. 2C).

Surprisingly, in the M-cluster (designated M-cluster(©)) of the a-subunit (designated Chain-
C) of the second a.g-dimer, sulfur is clearly and reproducibly visualized at the S2B position
but not at the S3A and S5A positions in the anomalous difference Fourier map calculated
from diffraction data at 7100 eV (Fig. 2D, E; also see Fig. S7C, D). Like the S2B position
in Chain-A, the electron densities observed at the S3A and S5A positions based on analysis
of the 2F,-F. and F,-F; maps of Chain-C (Fig. S8B) can each be modeled with a dinitrogen
species with a proximal (Nprox) and a distal (Ngjst) nitrogen relative to the cluster Fe atoms
(Fig. 2F; also see Figs. S9, S10). At the S3A site, Nprox is located at 1.8 A and 2.1 A,
respectively, to Fe4 and Fe5; whereas at the S5A site, Nproy is located at 2.1 Aand 1.8

A, respectively, to Fe3 and Fe7 (Fig. 2F; Table S3). As such, the dinitrogen species at

S3A or S5A appears to form an asymmetric 4 1 bridge between two Fe centers, with a
stronger (1.8 A) and a weaker (2.1 A) interaction of Nprox With a primary (Fe4 or Fe7) and
a secondary (Fe5 or Fe3) Fe center. In both cases, the distal nitrogen atoms are directed
away from the M-cluster, rendering the two nitrogen atoms in a somewhat linear alignment
with the primary Fe center. Other than interacting with the cluster, the dinitrogen species

at the S3A site has potential hydrogen bonding interactions with the amide groups of

the protein backbone (a-G356(©) and a-G357(©); Nyist—Namide=2.9-3.4 A); whereas the
dinitrogen species at the S5A site has potential hydrogen bonding interactions with the

side chain of a-R96(°) (Ngis—NRrgs=3.2 A), a residue implicated in N, reduction (21),

and a water molecule (Ngis — Opi,0 = 3.0A) (Fig. 2F). As observed in Chain-A/B, sulfur

anomalous density (designated S(C/D)) appears at the same SBS at the a/B-subunit interface
of Chain-C/D, which is ~19 A and 25 A, respectively, away from the S5A- and S3A-sites
(Fig. S11C, D). Additionally, the M-cluster in Chain-C adopts a conformation that closely
resembles the resting-state structure (Fig. S13) (5). Finally, there is also a clear switch of the
ligation of Mo by homocitrate from bidentate to monodentate in Chain-C. However, the two
Mo-O distances in Chain-C undergo changes opposite to those in Chain-A, with the Mo-05
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(carboxyl) distance lengthened to 2.7 A and the Mo—O7 (hydroxyl) distance shortened to 2.0
A (Fig. 2F).

To further validate the sulfur-displaced conformation captured in Av1* under a limited
electron flux, Av1* was incubated with Av2, ATP and excess dithionite, and re-isolated
from the incubation mixture. Crystallization of this re-isolated Av1 protein (designated
Av1*(TOD); TOD, TurnOver with Dithionite) yielded brown crystals that diffracted to a
resolution of 1.73 A (Figs. S14, S15; Tables S1, S3, S4). Both P-clusters of Av1*(TOD)
adopt the conformation of the reduced PN state (Fig. 3; Figs. S16, S17); whereas both
M-clusters of Av1*(TOD) adopt the resting-state conformation, with all three belt sulfurs in
place and homocitrate assuming bidentate ligation to Mo via O5 and O7 (Fig. 4; Figs.

S18, S19). These observations are consistent with the bound dinitrogen species being
turned over and subsequently released from the M-clusters, as well as the inability of the
M-clusters to (re)capture N, or No-derived intermediates in the presence of excess reductant,
which inadvertently reverts both P- and M-clusters in Av1*(TOD) to the well-established
resting-state conformations. The ability of Av1* to resume turnover further illustrates the
physiological relevance of this conformation to catalysis. Moreover, the ‘return’ of belt
sulfurs to both M-clusters in Av1*(TOD) provides strong validation for the asymmetric
displacement of the belt sulfurs in the two M-clusters of Avl*.

Our observation that the S2B, S3A and S5A sites can each be displaced by a dinitrogen
species is consistent with the previously observed ‘migration’ of a Se-reporter in the entire
belt region upon turnover (14) and points to a possible involvement of all three sites in Ny
reduction. At the S3A site, the backbone amides of a-G356(C) and a-G357(C) that interact
with the dinitrogen species are unlikely to serve as proton donors for N, reduction. At the
S2B site, however, there is a hydrogen bond between a.-H195() and the dinitrogen species
that could provide protons for N reduction. Additionally, an elongation of the Mo-O7
(hydroxyl) distance to 2.7 A would be consistent with a protonation event that breaks this
bond in exchange for N, reduction. At the S5A site, the dinitrogen species seems primed to
accept protons from hydrogen bonds with a-R96(C) and a nearby water molecule. Moreover,
an elongation of the Mo-0O5 (carboxyl) distance to 2.7 A allows O5 to participate in a
hydrogen bond with a nearby water molecule that is positioned at 2.5 A from O5 and ~4 A
from the S5A site. With ample proton sources available, the dinitrogen species at S2B and
S5A are likely more protonated/reduced than N». Interestingly, the binding conformation
of dinitrogen species at S2B is similar to the ¢is-(u1,2) binding mode of a diazene adduct
to a synthetic compound (22, 23). Moreover, modelling of allowable N-N bond distances
suggests the possibility of having diazene-level species bound at both the S2B and S5A
sites while disfavoring the presence of a hydrazine-level species at the S5A site (Fig. S9).
While many mechanisms can be proposed to explain our observations (Figs. S20-S24; also
see discussion in Supplementary Materials), experimental support is yet to be acquired for
any of these proposals. The possibility that all belt sulfur sites are involved in catalysis,
stemming from our observation asymmetric belt sulfur displacements in the two a-dimers
of Avl, should provoke a (re)calibration in the mechanistic thinking of nitrogenase, with an
ultimate goal to elucidate the intricate mechanism of enzymatic N, reduction.

Science. Author manuscript; available in PMC 2021 September 01.
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Fig. 1. The oxidized P-clusters in Avl*.
Structures of P-clusters at (A-C) Chain-A/B interface (P-cluster(*/B)) and (D-F) Chain-C/D

interface (P-cluster(C/D)) of Av1*. Chain-A and Chain-C are the a-subunits, and Chain-B
and Chain-D are the B-subunits of the two ap-dimers of Avl*. (A, D) The P-clusters are
shown in ball-and-stick presentation, and the key residues interacting with the P-clusters
are indicated as sticks. Chain-A and Chain-C are shown as wheat ribbons, and Chain-B

and Chain-D are shown as light-blue ribbons. (B, C) P-cluster®*'B) and (E, F) P-cluster(C/D)
superimposed with (B, E) the anomalous density maps calculated at 7100 eV at a resolution
of 2.18 A and contoured at 4.0 o, showing the position of sulfur atoms (mint-blue mesh);
and with (C, F) the anomalous density maps calculated at 7141 eV at a resolution of 2.1
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A and contoured at 15.0 o, showing the position of iron atoms (red mesh). Color code of
atoms: Fe, orange; S, yellow; O, red; N, blue.
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Fig. 2. The nitrogen ligand-bound M-clusters in Avl*.

Structures of M-clusters in (A—C) Chain-A (M-cluster®) and (D-F) Chain-C (M-cluster(©))
refined at a resolution of 1.83 A. View along the Fe1-C-Mo direction of (A) M-cluster®)
and (D) M-cluster(®) superimposed with the anomalous density maps (mint-blue mesh)
calculated at 7100 eV at a resolution of 2.18 A and contoured at 4.0 o (A) and 5.3 o (D),
respectively, showing the displacement of sulfur at the S2B site in M-cluster®) (A) and

at the S3A and S5A sites in M-cluster(®) (D). Electron densities of the belt sulfurs (SBelt)
relative to the average density of cluster sulfurs (SC!Ust") in (B) Chain-A and (E) Chain-C,
respectively, expressed in sigma values. The average sigma values of the cluster sulfurs in
Chain-A and Chain-C are 4.8 and 5.5, respectively (B, E). Side view of (C) M-cluster®
and (F) M-cluster(®) with key residues interacting with the clusters and the bound nitrogen
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ligands indicated as sticks. M-cluster® and M-cluster(®) are superimposed with the Fo-F
omit map of the nitrogen ligands contoured at 10 o (mint-blue mesh). The peptides and
atoms are colored as those in Fig. 1.
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Fig. 3. The reduced P-clusters in Av1*(TOD).
Structures of P-clusters at (A, B) Chain-A/B interface (P-cluster*/B)) and (C, D) Chain-

C/D interface (P-cluster(¢/D)) of Av1*(TOD). Chain-A and Chain-C are the a-subunits,

and Chain-B and Chain-D are the B-subunits of the two ap-dimers of Av1*(TOD). (B,

D) P-clusters superimposed with the anomalous density maps calculated at 7100 eV at a
resolution of 2.17 A and contoured at 4.5 o, showing the position of sulfur atoms (mint-blue
mesh). The peptides and atoms are colored as those in Fig. 1.
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Fig. 4. The M-clusters in Av1*(TOD).

Structures of M-clusters in (A, B) Chain-A (M-cluster®®) and (C, D) Chain-C (M-cluster(©))
refined at a resolution of 1.73 A. Side view of (A) M-cluster®) and (C) M-cluster(®) with
key residues interacting with the clusters and the bound nitrogen ligands indicated as sticks.
M-cluster® and M-cluster(®) are superimposed with the F,-F; omit maps of the belt sulfurs
contoured at 13 o (mint-blue mesh). View along the Fe1-C-Mo direction of (B) M-cluster(®)
and (D) M-cluster(©) superimposed with the anomalous density maps calculated at 7100 eV
at a resolution of 2.17 A and contoured at 4.0 o, showing the presence of the anomalous
sulfur density (mint-blue mesh) at all belt sulfur positions (S2B, S3A and S5A) in (B)
M-cluster® and (D) M-cluster(®). The peptides and atoms are colored as those in Fig. 1.
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